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PREFACE 

Although morphological events in mammalian spermatogenesis have been known for many 
years, it is only through recent development of experimental techniques in cellular and molecular 
biology that made it possible to iderstand molecular biology of male gametogenesis in 
sufficient detail. However, despite considerable research over past several decades, there has 
been no systematic attempt to organize protein sequences/structures involved in 
spermatogenesis. The PROTEOMICS OF SPERMATOGENESIS, first of its kind, is the first 
ever effort to describe proteomics of an organ system such as male reproduction and deals 
with germ cell specific proteins ftom the point of view of their structures and functions as well 
as their clinical applications. However, the subject focuses mainly on the description of protein 
isoforms, which have been either considered specific to- or dominantly expressed in germ cells 
and fmally localized in spermatozoa. The book has been written keepkg in mind that the 
subject may be beneficial not only to students of reproductive biology in understanding 
spermatogenesis, but may be useful in understanding the causes of genetic infertility in human 
males and in other mammalian species, although few examples on proteins during 
spermatogenesis of non-mammalian species also have been cited. The salient feature of 
proteomics of spermatogenesis is the compilation of up to date information, based on the 
available data in literature, which has been interpreted and described in the words of original 
researchers. More importa&ly, each chapter in relation to a group of proteins has been 
introduced, although the classification of these proteins is arbitrary and based on their cellular 
localization or their functions. The knowledge of germ cell specific protein isoforms and 
understanding of sperm 'specific proteins and polypeptides acquired during maturation in 
epididymis offers potential application for targeted intervention in testis without generalized 
effects on stages of spermatogenesis, and in the development of a contraceptive vaccine in 
males and females. Although each chapter is unique, but under a broader base the book can be 
classified into sections such as (i) Spermatogenesis (Chapters 1-5), (ii) Cytoskeleton proteins 
(Chapters 6-10, and Chapter 25), (iii) Proteins involved in the regulation of gene expression, 
and in the transcription1 and translational activity (Chapters 11-17), (iv) Informational 
macromolecules and their relevance in cell communication during spermatogenesis and sperm- 
oocyte interactions (Chapte~18-22), (v) Proteins participating in cell adhesion and fertilization 
(Chapters 23-27, and Chapter 34), (vi) Is-proteins which regulate sperm motility (Chapters 28- 
29) and participate in quality control of sperm functions (Chapters 30 and 3 1). In addition, the 
discovery of association of germ cell specific isoforms with non-germ cell/ somatic cell tumors 
has opened new challenges for their application in the diagnosis and prognosis of oncogenesis 
and immunotherapy of variety of malignancies (Chapter 32). Therefore, the main objectives of 
proteomics of spermatogenesis were to acquaint the reproductive biologists and andrologists 
with the current status of basic and applied research on specialized proteins of mammalian 
germ cells, their role in spermatogenesis, and to help in identifying research strategies that 
might yield information useful in the design of male anti-fertility agent, and antigenic peptides 
as future perspectives for development of contraceptive-cum-cancer vaccines in males and 
females. Since each topic has been properly introduced, proteomics of spermatogenesis may 
be referred to as a text book for students undergoing advanced training in reproductive biology 
and as a guide for Research and Development by pharmaceutical industries. 
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Chapter 1 

SPERMATOGENESIS 

1.1. TESTGS COMPARTMENTS 

The main function of testis is to vroduce the male gametes and steroid hormones. - 
Spermatogenesis and steroidogenesis take place in two different compartments: seminiferous 
tubules and interstitium respectively that are morphologically and functionally distinguished 
from each other. Although anatomically divided, both compartmenta are functionally connected 
to each other, and their integrity is essential for normal germ cell production. The functions of 
the testis and thereby also the functions of its compartments are primarily regulated by the 
hypothalamus and the pituitary gland, whereas at the testicular level various local regulatory 
molecules modulate the endocrine hormone actions in somatic and germ cells directly. In 
mammalian species, the testicular tubular compartment consists of a variety of cell types. The 
Sertoli cells comprise the main structural component of the seminiferous epithelium. They are 
responsible for the physical support of the germ cells, in addition to providing nutrients and 
growth factors. The germ cells are sequentially organized into several layers signifying the 
respective mitotic or meiotic processes and spermatid development. The presence of distinct 
germ cell associations allowed stages of the spermatogenic cycle ofthe seminiferous epithelium 
to be described on the basis of morphological changes in spermatid morphology. Although 
the staging is arbitrary, it is of great help in describing structural and physiological changes 
in the seminiferous epithelium. Each seminiferous tubule is surrounded by mesenchymal 
cells, which comprise the peritubular myoid cells whose contractile elements generate peristaltic 
waves along the tubules, but do not present a tight diffusion barrier. The interstitium, the 
other compartment is populated by androgen producing Leydig cells, which are heterogeneous 
in respect to their physiological and structural features. Vascular smooth muscle cells, 
macrophages and endothelial cells are also located in the interstitial space of the testis. The 
physiological function of macrophages has not been well studied. However, their presence is 
crucial for (re)population of Leydig cells during development and after experimental depletion. 
Immune cells, known to secrete a number of growth factors and cytokines, are part of the 
intra-testicular communication pathways. In addition, neuronal connections also influence 
cellular interaction in the testis. 

1.1.1. Intra-Testicular Communication 

At the organ and cell levels, a number of signaling factors operate for rapid communication 
and responsiveness. Presently, cellular communication is categorized into endocrine, p a r a c ~ e  
and autocrine signaling. A signaling molecule can functionally cover more than one category. 
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Fig.l.1: Hypothalmus-pituitary-testis axis in mammalian male reproduction. 

To ensure coordinate organ function, response and activation, cells in one organ synthesize 
and release signaling molecules that act on distant organs. This signaling mechanism, termed 
endocrine signaling is mediated by hormones. Hormones are transported via the bloodstream 
fiom the site of production, and reach their cellular target through diffusion or mediated by 
receptor. Hence, endocrine communication, albeit indispensable and highly effective, is 
relatively slow (Fig 1.1). 

In addition to the regulation of testis function by hypothalamus and the pituitary gland, 
another level of interaction exists between the neighbouring cellular elements within each of 
two testicular compartments. While paracrine factors secreted fiom cells act through diffusion 
on neighbouring cells, the secreted molecules that act back on the cells from which they 
originate are referred to autocrine factors. Intracrine signaling has occasionally been used to 
describe factors that are produced and active within the same cell. In juxtacrine signaling, 
exoplasmic components of plasma membrane bind and act on adjacent cells through direct 
cell contact. However, same molecule can work for endocrine, paracrine and autocrine functions. 
Within testis, paracrine communication comprises not only signaling between neighbouring 
cells but also between the testicular compartments and among cells far &om being in close 
proximity to each other. In testis, the paracrine mechanisms occur between immune cells, 
fibroblasts and Leydig cells in the interstitiurn, between interstitial cells and peritubular cells, 
between peritubular cells and Sertoli cells, between Sertoli cells and germ cells and among 
germ cells themselves. Sertoli cells are closely linked by tight and gap junctions fiom puberty 
onwards. This structure is known as the 'blood-testis barrier', which represents a tight diffusion 
barrier dividing the testis into two functional compartments (basal and adluminal) within each 
seminiferous tubules. Sertoli cells, the only cell type extending into two compartments have 
the important role of coordinating the secretion of signaling factors into tubular compartments 
(Fig. 1.1). Sertoli cells also are endowed with a variety of structural features, which enable 
them to establish and maintain contact with the adjacent germ cells. It is evident that 
communication between the compartments is essential for functioning of the testis although 
the precise mechanisms of these interactions are less evident. Presently, more than 100 local 
factors have been identified and considered to be important for the testis function, but little is 
known concerning the relevance of these factors in human male infertility. Hence it would 
seem necessary to distinguish between local factors that are essential for spermatogenesis 
and those that show redundancies. 
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1.1.2. Seminiferous 'hbules 

Seminiferous tubules are enclosed by one or more layers of adventitial cells derived fiom 
primitive connective tissue elements of the interstitium. In rodents, a single layer of polygonal 
cells form a continuous epitheloid sheet surrounding the tubule. Because of their atypical 
shape and epitheloid organization, they are referred to as myoid cells or peritubular cells. In 
larger species, ram, bull, boar, man and monkey the adventitial cells form multiple layers. The 
properties of these cells differ fiom species to species. In adult mammals, the seminiferous 
tubules are lined by a complex stratified epithelium composed oftwo major categories of cells, 
supporting cells and spermatogenic cells. Supporting cells of single kind, called Sertoli cells 
were earlier believed to form a syncytium. But later they were shown to be individual cells 
uniformly spaced on the basal lamina with germ cells occupying expanded intercellular spaces 
between them. Sertoli cells cease to divide at the time of puberty but persist for whole life of 
an individual. The three dimensional configuration of Sertoli cell is extraordinarily complex. 

The spermatogenic cells include severed morphologically defined cell types: 
spermatogonia, primary spermatocytes, secondary spermatocytes, spermatids and 
spermatozoa. Ontogenetically these spermatogenic cell types are not distinct but are 
successive stages of a process which after proliferation and differentiation lead to formation 
of mature differential spermatozoon. The proliferative activity in epithelium is confined to 
spermatogonia and spermatocytes near the base. The earlier cells, speramatogonium rests on 
the basal lamina propria or boundary tissue. Thus seminiferous epithelium in adults consists 
of a fixed population of non-proliferating supporting cells and a highly proliferating and 
differentiating population of germ cells with their stem cells at the base of the epithelium. As 
they develop, the germ cells are displaced upward along the sides of supporting cells. The 
topographical relations between germ cells and Sertoli cells change as germ cells move upwards 
from the base to the lumen, and have important implications in cell adhesion and 
communications. In seminiferous tubules, typical gap junctions or desmosomes are not found 
between Sertoli cells and germ cells in the upper two thirds of epithelium, due to fiee movement 
of germ cells to move upward as seen in other somatic tissues. However, specialized junctions 
(occluding junctions), described between adjacent Sertoli cells near the base of the epithelium, 
form the morphological basis of blood testis permeability barriers. These junctions divide the 
epithelium into basal compartment containing stem cells of spermatogenesis and adluminal 
compartment consisting of more advanced stages of spermatogenesis. In addition, these 
junctions regulate the permeability selective molecules necessary for spermatogenesis, without 
interruption of the permeability barrier. A number of studies have suggested that the basement 
membrane (BM) around seminiferous tubules has an important role in supporting testis 
differentiation, influencing in particular the differentiation of peritubular cells and the 
proliferation and differentiation of Sertoli cells, and their interaction with germ cells. In addition 
to compartmentalization, BM of seminiferous tubules acts as substrate for cells in contact and 
also provides important signals for differentiation, maintenance, and remodeling of tissues. 

1.2. SPERMATOGENESIS 

Spermatogenesis is a process by which spermatozoa are formed fkom spermatogonial stem 
cells during adult's reproductive phase. The process of sperm formation is initiated in the 
mouse embryo at around day 1 1.5 postcoitum @c), when primordial germ cells (PGC) colonise 
the genital ridge. Under the influence of Y chromosome bearing Sertoli cells, the PGCs proliferate, 
some of which undergo apoptosis, while the remainder convert to gonocytes. The gonocytes 
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proliferate for a few days and then arrest in Go/Gi phase of cell cycle. After remaining quiescent 
until after birth, gonocytes are reactivated, and differentiate into spermatogonia to initiate the 
process of spermatogenesis. In rat and mouse the gonocytes resume proliferation (first wave 
of proliferation) within a few days after birth to form adult type spermatogonia. In mice the 
first wave of spermatogenesis occurs on day 5 after birth and at 6 months of age after birth in 
men. While some spermatogonia become self-renewing spermatogonial stem cells, most of 
them differentiate into spermatocytes, and meiosis begins at approximately day 10 pp in mice 
and at puberty in man. In the mouse, haploid spermatids are generated by day 20, and 
spermatozoa fmt appear in seminiferous tubules by approximately day 35. The onset of 
puberty and associated increase in gonadotrophin and androgen levels result in the 
progression of spermatocytes and the appearance of haploid spermatids. Thus, the entire 
process of spermatogenesis occurs in three sequential phases of cell proliferation and 
differentiation called: i) mitotic phase, ii) meiotic phase, and iii) post-meiotic phase, which 
involves stepwise progression of morphologically undifferentiated spermatids to highly 
differentiated spermatozoa. In mouse spermatogenesis, the mitotic phase lasts for 10 days, 
meiotic phase for 11 days, while post-meiotic phase lasts for 14 days. The h a 1  division 
produces preleptotene spermatocytes, which begin meiotic phase and undergo last cell cycle 
S-phase of spermatogenesis.. 

1.2.1. Mitotic Phase 

In mitotic phase, also called spermatocytogenesis, primitive spermatogonia proliferate by 
mitosis to give rise to several successive generations of spermatogonia, each generation 
being more differentiating than the preceding one. Traditionally spermatogonia have been 
divided into two types of spermatogonia (A and B type). These can be distinguished with 
little difficulty. The type A spermatogonia do not have heterochromatin, whereas type B 
spermatogonia possess abundant heterochromatin in their nuclei. In human testis, the type A 
spermatogonium has a spherical or ellipsoid nucleus and one or two nucleoli attached to inner 
part of nuclear envelope. The type B spermatogonium has spherical nucleus containing a 
single nucleolus and the chromatin of varying size (heterochromatin), many of which are 
distributed along the nuclear envelope. In rats and mice intermediate type spermatogonia can 
also be observed. The A type spermatogonia undergo a series of divisions that result into 
other type A spermatogonia. During spermatogonial division, A single (As), a paired (Ap) and 
A aligned (A,) spermatogonia can be seen according to their arrangement on the basal side 
of seminiferous tubules. Single spermatogonium (As) is the stem cell for spermatogenesis. On 
division, As produces two new stem cells, where as A spermatogonia are connected through 
intercellular cytoplasmic bridges, the functional significance of which is not clear. The paired 
spermatogonia (Ap) further divide to form chains of 4,8 and 16 A,spermatogonia (Fig.l.2). 
The A s ermatogonia undergo five successive divisions giving rise to A2, A3, A4, , .p intermediate and finally B spermatogonia. B spermatogonia further divide to give primary 
spermatocytes, which are produced by last mitotic division during spermatogenesis (de Rooij 
and Grootegoed, 1998). m e  A spermatogonia express a very high level of telomerase 
(Ravindranath et al., 1997). The expression of telomerase decreases with further stages of 
spermatogenesis and disappears in late spermatids. 
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Fig.l.2. Scheme of spermatogonial multiplication 
and stem cell renewal, which probably applies to all 
mammals except humans. Stem cells (A,) 
proliferate, renewing the stem cell pool and also 
producing undifferentiated A type paired 
spermatogonia (Ap), joined together by intercellular 
cytoplasmic bridges Further division of APT produce 
chains of aligned spermatogonia (A;,,), which 
differentiate through six mitotic divisions into Al ,  
A2, A3, A4, intermediate (In), and B spermatogonia 
to become primary spermatocytes. Reproduced with 
perm~ssion from de Rooij DG, Grootgoed JA.Curr 
Opm Cell B~o l  10: 694-701: 1998 O Elsevier 
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Most of the somatic cells contain chromosomes in pairs and hence called diploid, while 
gametes (sperm and ovum) possess only one of each pair. Such cells are called haploid. 
Haploidy of mammalian gametes is essential, since after fertilization, the zygote establishes 
the diploid character of chromosome number. The special type of nuclear division, which 
forms haploid gametes, is termed 'Meiosis'. The meiotic phase terminates at the primary 
spermatocytes, which at first resembles the cytological characteristics of spermatogonia from 
which they arise. Primary spermatocytes enter into prophase I of maturation or meiotic 
division. Their chromatin reorganizes into thread like chromosomes, characteristic of leptotene 
stage of meiosis. During meiotic phase (leptotene, zygotene, pachytene, diplotene and 
diakinesis) chromosomes condense. Two important events in meiosis are: linear pairing of 
chromosomes and interchange of genetic segments between homolgous chromatids during 
zygotene stage through formation of synaptonemal complex. This is followed by two meiotic 
divisions that occur in rapid succession without DNA replication to produce spermatids, 
which are re-modeled into spermatozoa. The process of meiosis and formation of synaptonemal 
complex has been discussed in more details in Chapter 6 .  During meiosis a wide variety of 
genes are up-regulated in spermatocytes. Some of these genes are transcribed only in 
spermatogenic cells, whereas others produce transcripts specific or unique to spermatocytes. 
The expression and regulation of several of these genes during meiosis has been recorded 
during last decade (McCarrey, 1998; Eddy and O'Brien, 1998) (see Chapter 14). The RNA 
synthesis is low at preleptotene, leptotene, zygotene and early pachytene spermatocytes. 
However, RNA synthesis increases rapidly in pachytene spermatocytes of mouse, rat, hamster, 
and human testes. Nuclear RNA synthesis is highest at zygotene stage in both mouse and 
human spermatocytes suggesting that RNA synthesis occurs during meiosis (Eddy and 
O'Brien, 1998). 
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Fig.l.3. Various steps of human spermiogenesis. Reproduced with permission from Hamilton, D.W. in: 
Cellular and Molecular Events in Spermiogenesis 1990 O WHO. 

1.2.3. Post-meiotic Phase (Spermiogenesis) 

Spermiogenesis is the final phase of differentiation of male germ cells prior to their release 
from seminiferous epithelium. During this phase the round spermatids, which are relatively 
less undifferentiated haploid germ cells, undergo complex morphological, biochemical and 
physiological changes that result in the formation of asymmetrical flagellated spermatozoa. 
During last decade it has been possible to study spermiogenesis in greater details. Formation 
of acrosome and formation of sperm tail are two major transforming events occurring during 
spermiogenesis. Spermiogenesis is relatively a long process in mammals occupying time 
duration of about 14 days in mice and 22 days in humans. Though spermiogenesis is a 
continuous process, it has been divided into a number of morphological events. In most of 
the species these events can be grouped into Golgi phase, cap phase, acrosome phase and 
maturation phase of spermiogenesis (Clermont et al., 1990)(Fig. 1.3). 

Golgiphase: The earliest spermatids, somewhat smaller than secondary spermatocytes from 
which they are formed are round and have a nucleus of 5-6 &I in diameter. The cytoplasm 
contains abundant organelles as seen in electron microscope. A small Golgi apparatus is seen 
in juxta-nuclear cytoplasm. The Golgi-lysosomal complex in spermatids is more complex than 
in other cells. The first sign of differentiation of spermatozoon is the formation of several 
granules within Golgi. These pro-acrosomal granules are rich in carbohydrates and enclosed 
within a membrane vesicle. These granules, as well as vesicles, coalesce to form acrosomal 
vesicle. At certain time the membrane of vesicles attaches to the nuclear envelope. As the 
acrosomal vesicle begins to develop, the centrioles found close to Golgi, translocate to the 
pole opposite to the developing acrosome, and establish the longitudinal polarity of the cell. 
The distal centriole becomes oriented parpendicular to the cell surface and elaborates the 
formation of flagellum. The proximal centriole also attaches to the nuclear envelope and 
eventually forms the connecting piece in the neck region of the sperm. At the same time 
cytoplasmic tubules arise and form cylindrical structure called manchette. The stimulus and 
the mechanism of translocation of centriole and its attachment to the nucleus are unknown. 
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Manchettes are sleeve like structures and composed of large number of parallel arrays of 
microtubules extending caudally from spermatid nucleus and attached to cell membrane located 
at the posterior margin of acrosomal cap. The elongation of spermatid is attributed to flow of 
cytoplasm back along the manchette. The manchette is one of the several transient organelles 
that develops during spermiogenesis and disappears without leaving any remanant in 
spermatozoa. Another morphological event during Golgi phase of spermiogenesis involves 
clustering of mitochondria. At the beginning, mitochondria are around the nucleolus. During 
Golgi phase, these disperse close to periphery of the cell and close to plasma membrane. The 
cause and the mechanisms of morphological changes in mitochondrial redistribution are 
unknown (Hamilton, 1990). 

Cap phase: In cap phase of spermiation, just after the acrosornal vesicle attaches to the 
nuclear envelope, the attachment site begins to extend distally towards the caudal end of the 
cell resembling a partially inflated balloon, until it covers half of the nuclear surface (Hamilton, 
1990). The cap phase is followed by acrosome phase during which acrosome completes its 
differentiation; mitochondria migrate from cell periphery and come closer to the developing 
flagellum. Associated with the movement of mitochondria towards developing axoneme is the 
development of annulus / and elaboration of outer dense fibres associated with the axoneme 
and fibrous sheath. The development of annulus delimits the boundary of mitochondrial 
sheath. Followed by mitochondrial sheath formation, the cell nucleus is condensed and 
spermatids begin to elongate, a process which is characteristic of mature sperm. The f i a l  
stage of spermatid terminal differentiation involves the removal of their bulk of cytoplasm in 
a process known as spermatid individualization. 

At cap phase flagellum consists only of axial filament-complex called axoneme. Axoneme 
is made of two central fibrous and nine peripheral doublets, which are in continuation with the 
wall of distal centriole. During further differentiation of the tail, nine longitudinally oriented 
segmented columns arise around the central doublet. These are connected to each other 
proximally and to the base of the condensed nucleus to form chromatid body, which appears 
and disappears quickly. As manchette disappears, mitochondria gather around the segment 
of the flagellum between annulus and the nucleus and arranged helically around it to complete 
differentiation of middle piece (Fig. 1.3). While these developmental events are in progress, a 
succession of circumferentially oriented ribs are deposited around the tail, distal to the annulus 
to form fibrous sheath of principal piece (Bloom and Fawsett, 1971). 

Maturation: With the completion of formation of tail, spermatozoa are separated from the 
excess cytoplasm, which remains attached to the epitehlium in the form of residual body, rich 
in fine granules, lipid droplets and degenerating excess organelles. For all other purposes 
spermatid at this stage appears like a fully formed sperm. Chromatin remodeling continues 
during sperm maturation (Manfredi Romanini et al., 1986). It is possible to distinguish and 
analyze the two processes involved in sperm maturation, i.e. chromatin condensation (compact 
structure) and chromatin stabilization (a tough structure, which protects the genomic DNA). 
The first process, involving a reduction in the nuclear size and a decrease in the amount of 
sperm DNA reaches its maximum in caput epididymidis sperm, in which the sheared chromatin 
was mainly organized into 120 A thickknobby fibers. On the contrary, chromatin stabilization, 
the onset of which occurs in the testis (at the late spermatid stage) via the formation of -S-S- 
cross links, is completed in the vas deferens, where chromatin has a superstructure consisting 
of thicker fibers, with diameters of 210 and 350 A. Associated with these morphological 
charges is a remarkable transformation in basic proteins, in which histones are replaced by 
protamines during spermiogenesis. Protamines are arginiie rich small mol wt proteins, which 
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are synthesized and associate with condensing chromatid. The shaping of sperm nucleus 
occurs due to aggregation of DNA protein complexes. Pericentromeric regions of 9 
chromosomes of the rat show few tandem associations in spermatids at steps 1-8 of 
spermiogenesis. At step 9, pericentromere regions are associated to form an elongated cluster 
in the spermatid nucleus and continue to be so in the sperm nucleus. Telomere signals showed 
a tendency for pair wise association, which was more pronounced in elongated spermatid and 
epididymal sperm nuclei. Spermatozoa showed telomeres at the periphery and the 
pericentromeres located in the nuclear interior. Chromosome 2 and 12 predominantly occupied 
compact and variably shaped territories during spermatid maturation. It appeared that the 
associations of pericentromeres during step 9 render a well-defined nuclear topology, which 
facilitates the ordered compaction of the genome at subsequent stages (Meyer-Ficca et al., 
1998). Moreover, apoptotic proteins, including the activation of caspases play an essential 
role during spermatid individualization in D. melanogaster (Arama et al., 2003). However, 
testicular spermatozoa are not fertile and further maturation of sperm occurs in epididymis in 
order to produce a specialized cell, which can fertilize the egg (see Chapter 34). 

Centromere Protein B andSpermiogenesis: The centromere protein B (CENP-B) is a centromeric 
DNA binding protein. It recognizes a 17-bp sequence motif called the CENP-B box, which is 
found in the centromeric region of most chromosomes. It binds DNA through its amino 
terminus and dimerizes through its carboxy terminus. Localization of centromere proteins 
allowed us to follow their movements during the different phases of spermiogenesis. Since 
the number of centromeres remained close to the number of chromosomes until the cap phase 
of spermatid differentiation, it has been hypothesized that the labeling of young spermatids 
corresponds to centromeric proteins associated with their specific DNA counterparts, while 
the centromere proteins, possibly detached from their DNA loci, were released from nuclei of 
old spermatids in the same way as are histones and transition proteins (Courtens et al., 1992). 

1.3. ENDOCRINE HORMONES AND SPERMATOGENESIS 

Leutinizing hormone (LH)/testosterone and follicle stimulating hormone (FSH) are the prime 
regulators, which control spermatogenesis. However, androgens are indispensable for initiation 
and maintenance of spermatogenesis. Although testosterone feeds back on both 
gonadotrophic hormones, an additional feedback loop exists between the testis and the brain 
for FSH. Inhibin, activin and follistatin are involved in this regulatory system. While inhibin 
functions to suppress FSH secretion, the homodimer activin stimulates FSH release, whereas 
follistatin antagonizes activin action. Testicular receptors for LH, FSH, and androgens are 
confined to somatic cells. a) Testosterone, but not FSH, is required for Sertoli cell proliferation 
during fetal and early neonatal life; b) FSH and testosterone both regulate the late stages of 
Sertoli cell proliferation; c) FSH has a general trophic effect on Sertoli cell activity in the 
pubertal and adult mouse; and d) androgens are required for specific transcript expression 
during prepubertal development (Johnston et al., 2004) (Fig.l.1). 

1.3.1. Action of LH 

The LH stimulates testosterone synthesis in the Leydig cells, whereas FSH governs 
spermatogenesis through paracrine action of the Sertoli cells. In adult mammals, including 
man, early deprivation of gonadotrophin and testosterone results into a stage specific 
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degeneration of germ cells in the testis. The earliest morphological signs of germ cell 
degeneration involved preleptotene and pachytene spermatocytes, step 7 and step 19 
spermatids. The germ cell degeneration was accompanied by a significant increase in apoptosis. 
It suggested that germ cells die in the testis in response to a lack of hormonal stimulation 
(Hikim et al., 1995). The stimulatory effects of LH or human chorionic gonadotrophin (hCG) on 
male gametogenesis are mediated by testosterone, through the expression of the key genes of 
3 p HSDI in adult Leydig cells, which are dependent on LH signaling (Zhang et al., 2004). In 
the majority of the species both LWtestosterone and FSH are needed to ensure normal 
production of germ cells in testis. In certain animal species, e.g. Djungarin hamsters, FSH is 
the only hormone responsible for spermatogenesis. Although LH and testosterone are 
necessary for the development of androgen dependent organs, and sexual behaviour, both 
gonadotrophins are necessary for spermatogenesis in primates. Immunization either against 
LH or FSH affects spermatogenesis in most rodents and in primates, and the inactivation of 
LWFSH receptors does interfere with testicular function and spermatogenesis, although to 
varying degrees. It is also clear fiom many studies that gonadotrophic hormones have primacy 
over local factors since lack of these endorcrine hormones cannot be compensated for by 
local factors. In addition, compelling evidence suggests that the activity of endocrine factor 
/receptors is controlled at the testicular level by local factors (Weinbauer and Wessels, 1999). 
The testicular production of androgens is dependent on hypothalamus and the pituitary, and 
the interrelationship between the hypothalmo-hypophyseal system and the gonad is 
coordinated through feedback systems. Effect of hypophysectomy and subsequent 
testosterone administration on germ cells indicates that cell-specific mRNAs appear 
concomitantly with germ cell reappearance in a time-dependent manner in the testes of 
testosterone treated hypophysectomized adult rats (Trasler et al., 1992). However, the 
intrauterine sex differentiation of each sex is independent of LH action, which plays a crucial 
role in attaining sexual maturity post-natally. This was demonstrated in LH receptor (LHR) 
knockout (LuRKO) mice, which delivered phenotypically normal males and females. However, 
postnatal growth and maturation of testes and accessory sex organs were blocked in LuRKO 
delivered males, and their spermatogenesis was arrested at the round spermatid stage, in 
association with low number of Leydig cells and sex hormone, but elevated gonadotrophin 
levels (Zhang et al., 200 1). Expression of gonadotropin receptors and aromatase transcripts in 
pigs were detected as early as 25 dpc for the LH receptor and aromatase, and 28 dpc for the 
FSH receptor in testis (Parma et al., 1999). 

1.3.2. FSH Action 

In response to FSH, the Sertoli cells express a large number of differentiated gene products, 
such as transferrin, kit ligand, androgen binding protein and several others (see Chapter 2). 
Transgenic mice, crossed into the hypogonadal (hpg) mouse genotype showing absence of 
LH but secreting FSH alone showed increase in testis weights up to 5-fold relative to non- 
transgenic hpg controls (Allen et al, 2001). 

1.3.3. FSH Receptor 

The FSH receptor (FSH-R) belongs to a superfamily of receptors that act through interactions 
with G-proteins, as do receptors for LWhCG (chorionic gonadotrophin) and thyroid stimulating 
hormone (TSH). These receptors in the superfamily contain seven transmembrane domains 
and a large glycosylated extracellular domain required for interaction with the complex 
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Fig.l.4. Aligned amino acid sequences of FSH receptors (FSH-R) from newt, human. ovine. rat. and chicken 
and GTH-RI of amago salmon . Cysteine residues are marked by (*).Transmembrane domains (I . VII) are 
light shaded with roman numerals . N-glycosylation sites are shown by stippled boxs . Acidic-Arg-aromatic 
motif (ERW) is shown by an open box . The signal peptide is underlined with dashed line . Solid line indicates 
heterologous region . Potential phosphorylation sites in newt FSH-R are double underlined . Reprinted with 
permission from Y . Nakayama et al. Biochem Biophys Res Commun 275; 121-28 : 2000 O Elsevier 
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heterodimeric structure formed by a and d subunits of these hormones. Binding of the 
hormones to the receptor activates a G-protein, which then stimulates the membrane bound 
adenylyl cyclase, resulting in the elevation of the intracellular cAMP concentration. The 
biochemical effects of FSH in mammals are mediated through its interaction with its receptor 
that is specifically expressed in Sertoli Cells. FSH action on SC is mediated via a specific 
Sertoli cell G protein coupled-receptor. In a transgenic model the action of a mutant human 
FSH receptor (FSHR+) containing a single amino acid substitution (Asp567Gly) revealed that 
transgenic FSHR+ could stimulate a constitutive FSH-like Sertoli cell response in gonadotropin- 
deficient testes through pathways that involved LH-independent testicular steroidogenesis 
(Haywood et al., 2002). The FSH-R cDNAs have been cloned &om several species of mammals 
such as human (Minegishi et al., 199 1; Yarney et al., 1993), sub-human primates (Gromoll et al., 
1993), equine (Robert et al., 1994), porcine (Remy et al., 1995), ovine, bovine and other species 
including amphibians (see Nakayama et al., 2000) (Fig.l.4). 

The amino acid residues 9-30 in the extracellular domain of rat FSH-R comprise a specific 
FSH binding domain. The corresponding sequence in newt FSH-R is highly homologous with 
those in mammals. However, in rats there is an additional site (residues 300-3 15) for interaction 
with FSH, but this sequence is highly heterologous between ~ammals  and newt (see c/r 
Nakayama et al., 2000). The FSH receptor is modulated by CAMP-related transcription factors, 
CREB and CREM. Protease activity in Sertoli cells might be involved in the control of protein 
half lives (Monsees et al., 1998) and in determining stage dependent effects on spermatogenesis. 
The germ cell stage-specific expression of the FSH-R gene in the prepubertal and adult rat 
seminiferous epithelium suggests that the onset of stage-specific FSHR gene expression is 
concomitant with maturation of the Sertoli cell population and completion of the first generation 
of spermatocytes indicating that spermatogonia and spermatocytes may be involved in the 
regulation of FSHR gene expression (Rannikko et al., 1996). However, the trophic actions of 
gonadotrophic hormones within the testis are subject to modulation by local growth factors 
(review Weinbauer and Wessels, 1999). 

Activation of Protein Kinase-A Pathway: Activationofprotein kinase A (F'KA) by FSH and 
cAMP in Sertoli cells plays an important role in the regulation of testicular functions. The 
regulatory subunit, RIIP of PKA is transcriptionally induced in Sertoli cells by CAMP. The 
basic helix-loop-helix (bHLH) family of transcription factors has been shown to influence 
FSH-mediated gene expression in Sertoli cells. Knutsen et al, (1997) localized a footprint, 
which overlaps one of the major transcription initiation sites in the basal promoter (-293 to - 
123). The protein binding this sequence belongs to the NF-1 family of transcription factors 
and to a bHLH response element. An upstream region (-723 to - 395, CAMP-responsive 
region) was found to enhance CAMP responsiveness in Sertoli cells but not in peritubular 
cells (Knutsen et al., 1997). It appears that the functions ofthe bHLH proteins are modulated 
by Id (inhibitor of differentiation) proteins, which lack the DNA binding basic domain. The Id 
protein forms transcriptionally inactive dimer with bHLH proteins and thus regulates the cell 
proliferation and differentiation. Since there inhiitors of differentiation Sertoli cells co-express 
all four isoforms of Id (Idl, Id2, Id3, and Id4), it was suggested that these inhibitors of 
differentiation are differentially regulated and may have distinct functions (Sablitzky et al., 
1998; Chaudhary et al., 2001). In addition to PKA activation, Crepieux et al, (2001) demonstrated 
that FSH activates the ERK in MAP-kinase pathway following dual coupling of the FSH-R 
both to GI and to Gi heterotrimeric proteins, in a PKA- and also Src-dependent manner. 

c-Fos Gene and Sertoli Cell Activation by FSH: The expression c-fos is known to be associated 
with the transduction of cell surface stimuli into changes in nuclear function. The FSH induces 
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a transient expression of c-fos in cultured Sertoli cells. This induction is probably mediated by 
CAMP and likely involves an increased transcription of the c-fos gene (Hall et al, 1988). 
Although the action of FSH on Sertoli cells is considered to be mediated by CAMP, dibutyryl 
cAMP (dbcAMP), an analogue of CAMP, induces much less c-fos mRNA expression than 
FSH, suggesting that additional cAMP independent mechanisms may mediate the effect of 
FSH, on c-fos. Specific intracellular inhibitors of PKC and enhancer of (Ca2+), demonstrated 
that Sertoli cell c-fos mRNA expression is under multifactorial regulation such as CAMP, 
calcium and PKC (Jia et al, 1996). Sertoli cell differentiation of basement membrane is mediated 
by the c-fos protooncogene. To examine the role of c-fos in Sertoli cell attachment, spreading, 
and differentiation on extracellular matrix, Papadopoulos and Dym (1994) suggested that c- 
fos might mediate the events involved in Sertoli cell attachment and spreading upon contact 
of the cells with extracellular matrix. 

The regulation of c-fos by FSH was investigated with various CAT constructs containing 
segments of the c-fos promoter, such as SRE, CRE, and APlIphorbol ester/TPA response 
element (TRE). Transfection experiments indicated that the FSH can stimulate all three response 
elements, as well as a whole c-fos promoter construct. More dramatic effect was seen on the 
SRE-CAT than on a cAMP analogue. Nuclear extracts of FSH-stimulated Sertoli cells caused 
labeled AP1 oligonucleotide to form a DNAIprotein complex indicating activation of the c-jbs 
gene and binding of the c-fosljun complex. The induction of Sertoli cell differentiation appears 
to involve the serum response element (SRE) of the c-fos promoter to activate c-fos and 
intermediate bHLH factor(s) that regulate down-stream Sertoli cell-differentiated genes. The 
SRE of the c-fos promoter is influencedthrough serum response factor (SRF). E-box nucleotide 
sequence is present within the SRE. The bHLH proteins may directly influence the SRE of the 
c-fos promoter. The activation of the c-fos promoter in Sertoli cells was found to be inhibited 
with the over-expression of the inhibitory HLH protein, Id. The Id specifically inhibited the 
activation of SRE in Sertoli cells and no other elements tested. This provides a direct role of 
bHLH proteins in regulating SRE activity in Sertoli cells. The SRF and bHLH proteins appear 
to bind the SRE and activate the c-fos promoter in Sertoli cells. Observations provide evidence 
that a bHLH protein can interact with the SRE of the c-fos promoter to influence hormone- 
induced promoter activation. Cross-talk between these nuclear transcription factors appears 
to be instrumental in the control of Sertoli cell-differentiated functions (Chaudhary et al, 1996; 
Chaudhary and Skinner, 1999). Therefore, FSH appears to act through multiple transcriptional 
activation pathways. The fist  involves CAMP and the CRE at both early-event genes (e.g., c- 
fos) and downstream genes (e.g., transferrin). It is likely that other pathways involve alternate 
signal transduction events (e.g., calcium mobi1ization)and promoter response elements (e.g., 
SRE). 

FSH Stimulation of LH Receptor in Leydig Cells: Although earlier reports suggested a 
stimulatory effect of FSH on Leydig cell function, controversy existed due to unavailability of 
FSH preparations free of contaminating LH. Availability of recombinant human FSH 
preparations made it possible to reinvestigate the role of FSH on leydig cells. Immature male 
rats were hypophysectomized and implanted with osmotic minipumps releasing recombinant 
FSH (rFSH) or pituitary FSH (hpFSH). After treatment, increase in testicular weight was found 
associated with the increase in LH receptor number and with the increase in LH receptor 
mRNA levels. It seems that rFSH, like purified pituitary FSH, is capable of increasing the LH 
receptor content and steroidogenic responsiveness of Leydig cells through paracrine 
mechanisms together with a stimulatory effect on spermatogenesis (Vihko et al, 1991). 
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1.3.5. Local Factors in Tkophic Hormone Action 

The LH-induced testosterone synthesis is modulated by local factors in testis. Mice expressing 
a mutant form of colony stimulating factor (CSF)-1 lack tissue macrophages and produce low 
levels of testosterone and low fertility, which is restored after administration of CSF-1 to these 
animals. A macrophage derived factor was identified that stimulated testosterone production 
(Lukyanenko et al., 1998). Various Sertoli cell factors also are known to influence testosterone 
synthesis and secretion by Leydig cells following hormonal activation (Saez, 1994). Insulin 
like growth factor (1GF)-1, activin and inhibin increase LH responsiveness whereas transforming 
growth factors (TGF-a, TGFP) inhibit LH responsiveness and number of LH receptors. The 
stimulatory effects of IGF-I are mediated through prolonged half life of mRNA (Zhang et al., 
1998). Progesterone also has been reported to regulate LH receptor expression negatively (El- 
Hahawy and Huthaniemi, 1998). Co-culture of human Leydig cells and Sertoli cells prolong 
testosterone synthesis and enhance the responsiveness in terms of testosterone release to 
hCG. Anti-Muellerian hormone (AMH) inhibits LH receptors expression in vitro and prevents 
Leydig cell differentiation (Josso et al., 1998) and suppresses LH induced testosterone 
production and Sertoli cell aromatase activity (Rouiller-Fabre et al., 1998). Platelet derived 
growth factor A (PDGF-A) deficient mice showed that PDGF-A gene is essential for 
development of Leydig cell lineage and that PDGF-A may play a role in cascade of genes 
involved in testis differentiation (Gnessi et al., 2000) (see Chapte~ 3). 

1.4. TESTOSTERONE AND SPERMATOGENESIS 

Testosterone is the classical hormone that initiates androgen dependent functions in the 
entire organism. While the androgen receptor is ubiquitously expressed in the entire organism, 
testosterone plays specific functions in the testis. Androgen receptor is a ligand dependent 
transcription factor whose properties have been well characterized (Quigley, 1998). The intra- 
testicular importance of testosterone is well established in maintaining and resorting quantitative 
spermatogenesis in all species. In addition, substantial restoration of spermatogenesis can be 
achieved in regressed testis after administration of testosterone in GnRH immunized rats or 
gonadotrophin deficient mice (McLachlan et al., 1994; Singh et al., 1995). 

The testosterone, produced by Leydig cells in interstitial compartment, acts on different 
cell types present in both the interstitial and the tubular compartments. During postnatal 
development testosterone promotes the functional maturation of myoid cells and Sertoli cells. 
The stimulatory effects of testosterone on gametogenesis are indirect since testosterone 
only binds to somatic testicular cells. It is likely that as yet unknown local mediators of 
testosterone action could exist (Saez, 1994). Testosterone acts within the testis following 
conversion into dihydrotestosterone (DHT) by 5a-reductase activity. At comparable dose, 
DHT is as effective as testosterone in stimulating spermatogenesis. 5 4  reductase of 
testosterone by 54reduction is particularly important for progression through mid- 
spermiogenesis, since this phase of germ cell development is more sensitive to withdraw1 of 
androgens (O'Donnell et al., 1999). Evidence also suggests that local aromatization of 
testosterone into oestrogen might be needed for intact spermatogenesis. Apart from the 
trophic action of testosterone on the germinal epithelium, testosterone also plays an important 
role in the morphological and presumably functional differentiation of the somatic testicular 
cell types prior to the onset of spermatogenic activity (Quigley, 1998). Testosterone is also 
capable of modifying Leydig cell function. It is well known that the differentiation of Leydig 
cells from their fibroblast precursors is under the control of LWandrogens. This view is 
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Fig.l.5. Structural organization of androgen receptor (AR) gene and the androgen receptor protein. The AR 
gene, located on X-chromosome, consists of 8 exones, which encode A k  protein with 919 amino acid 
residues. The three major domains of AR (TAD = Transactivation domain, DBD = DNA-binding domain, and 
LBD = ligand-binding domain) are marked. The two homopolymeric regions encoding glutamine (CAG)n and 
glycine (GGC)n repeats are shown in the figure. Bipartite signal is marked by (*). 

supported by the demonstration that exogenous administration of testosterone increases 
androgen receptor expression on Leydig cells, and that the functional maturation of Leydig 
cells is controlled by L ~ C G .  Hence, testosterone is an example of a molecule involved & 
endocrine, paracrine and autocrine signaling in the male. Observations suggest also an FSH 
dependent local interaction between Sertoli cells and peritubular cells during androgen action 
in the primate testis (Weinbauer and Wessels, 1999). 

1.4.1. Androgen Receptors 

One potential mechanism for the tubular specificity of response to androgens is differential 
expression of the androgen receptor (AR). The testis contains at least fivefold more testosterone 
than needed for the maintenance of spermatogenesis and for saturation of total receptor 
binding sites. The site(s) of androgen action within the testis, i.e. the cellular distribution of 
the androgen receptor, is not very clear. Early studies favored the hypothesis that both germ 
cells and somatic cells express an AR moiety different from androgen binding protein. In 
contrast, other investigators were unable to measure androgen receptors in germ cells. In 
contrast to its established effects, the mechanisms of testosterone action are poorly 
understood. Nonetheless, when androgen receptor was studied by immuno-chemical 
techniques, conflicting results appeared. Within the testis, androgen receptors are found in 
Leydig cells, peritubular cells and Sertoli cells in rat and human. Germ cells are devoid of 
androgen receptors although the presence of receptors on elongating spermatids of steps X- 
XI1 has been suggested. However, androgen effects on germ cells are conveyed by the 
somatic cells of the testis. Both FSH and testosterone influence the expression of the androgen 
receptor, which is stage specific phenomenon (Suarez4uian et al., 1999). The molecular 
cloning of rat androgen receptor allowed deduction of the amino acid sequence of the receptor 
and the synthesis of unique peptide segments ofthis protein (Bremner et al., 1994; Ornerier et 
a]., 1995; Vornberger et al:, 1994). Mutations in androgen receptor may result in complete 
feminization to idiopathic male infertility. Studies confirmed that missense amino acid 
substitutions in the ligand binding domain of androgen receptor leads to infertility through 
defective protein-protein interactions between receptor domains and coactivator proteins 
(Yong et al., 2003) (Fig.l.5). Expression of androgen receptor in Sertoli cells is highly dependent 
on the androgenic milieu in adult animals but less so in immature animals. 
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The androgen receptor binds its ligand in the cytoplasm, then translocates to the nucleus 
and thus stimulates the transcription of specific genes in rat and man. Localization of androgen 
receptor remains unchanged regardless of the status of spermatogenesis indicating that 
changes in the expression of androgen receptor are not the major cause for defects of 
spermatogenesis. Although many efforts have been made, the expression of any specific 
gene product or protein could not be correlated with the early effects of testosterone 
withdrawal. However, during the first few days of androgen deficiency, an overall stimulation 
of gene expression and protein production is dependent on the presence of all germ cell types 
and appears to be mediated through androgen binding protein (ABP). The ABP reaches its 
peak in the spermatogenic cycle, in which the first effects of androgen deficiency are observed 
at stages, VII VIII. (review-Schlatt et al., 1997). This observation speculates on possible non- 
androgen receptor mediated testosterone action. Using CreIloxP technology, De Gendt et al., 
(2004) generated mice with a ubiquitous knockout of androgen receptor as well as mice with 
a selective androgen receptor knockout in Sertoli cells (SC) only. Expression of the homeobox 
gene Pern, which is androgen-regulated in SC, was severely decreased in association with 
decrease in testis weight. This observation established the absolute requirement of androgen 
receptor in SC for androgen maintenance and spermatogenesis (De Gendt et al., 2004). 

After various considerations, implications for androgen regulation of spermatogenesis 
suggest: 1) The presence of androgen receptor (AR) in adult rat testis Leydig cells is consistent 
with the hypothesis that androgens modify Leydig cells activity in an autocrine fashion. 
Since, all Leydig cells did not exhibit AR immunostaining at steady state a differential hctional 
activity of these cells within the population can be suggested. 2) The intense AR 
immunostaining of smooth muscle cells present in the interstitium indicates that these cells 
are targets for androgens. 3) Presence of AR in both Sertoli and peritubular myoid cells 
suggests their indirect involvement in the androgenic control of spermatogenesis. 4) The 
stage specific AR imrnunoreactivity in Sertoli cells may, however, be more indicative of a 
specific androgen response during these stages, whereas, peritubular myoid cells and Leydig 
cells may participate in the total maintenance of spermatogenesis. Moreover AR is detectable 
by day 5 and becomes stage specific between days 2 1-35 at the stage of elongated spermatids. 
The specific presence of AR in elongated spermatids indicated that androgens could act 
directly on germ cells to regulate spermatogenesis (Vornberger et al., 1994; Bremner et al., 
1994). Observations led to evolve into current view that androgens control spermatogenesis 
indirectly by manifesting their action solely in somatic cells of the testis, principally in Sertoli, 
Leydig, and pertibular cells. In primates, androgens exert important effects during prepuberal 
development by stimulating the proliferation and differentiation of peritubular cells and Sertoli 
cells. In adult rats, androgen withdrawal leads to germ cell depletion with the first detrimental 
effects observed in spermatids after only 3 days that showed signs of degeneration and 
subsequent release into the lumen. 

1.4.2. Androgen Binding Protein 

Androgen binding protein (ABP) and sex hormone binding globulin (SHBG) are secretory 
glycoproteins that bind dihydrotestosterone (DHT), testosterone, and estradiol with high 
affmity. They share the same amino acid sequence but differ slightly in oligosaccharide 
content. The ABP is produced by the Sertoli cells in the seminiferous tubules and is secreted 
into the luminal fluid. After transport to the epididymis with maturing sperm, it is internalized 
by the epithelium in the initial segment and proximal caput epididymis possibly by a receptor 
mediated process. Nonetheless, reports also suggested that ABP is produced by epididymis 
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where it is present in high concentration. It shows that secretion of ABP occurs along the 
entire epididymis, whereas endocytosis is region specific and suggests an important 
physiological role of this region in the induction of sperm maturation (Hermo et al., 1998).The 
ABP is produced by Sertoli cells in many mammals, including humans, rats, and mice. The 
livers of most adult animals, but not ofrodents, secrete SHBG into the blood, where it circulates 
as the major sex steroid binding protein. Although the best-characterized ABP was isolated 
fiom the rat epididymis, the mouse also synthesizes ABP mRNA in the testis and transports 
ABP to the epididymis. 

ABP is thought to regulate spermatogenesis and sperm maturation by maintaining high 
androgen levels in the testis and epididymis. The identification of ABPISHBG membrane 
receptors in several potential target tissues and increase in cellular CAMP levels in response 
to SHBG and sex steroid administration suggests that these proteins have a much broader 
function possibly as hormones (Joseph et al., 1997). The SHBG is endocytosed by germ cells 
in monkeys and rodents that suggests that sex hormone binding protein is required for 
spermatogenesis. In monkeys, it has been suggested that steroid binding proteins may be 
required for spermatogenesis by acting at the germ cell lineage site either by themselves or by 
serving as steroid transmembrane carriers. The ABP can influence the testicular and intra- 
tubular distribution of androgens. The ABP levels are highest during the fmal stages of 
spermatid maturation (stages VIII-XII), and its production is controlled by testosterone and 
FSH; its content in testis is lowered by gonadotrophin deficiency. Dihydrotestosterone binding 
activities in the testis and epididymis of the homozygous transgenic mice were elevated as 
compared to wild animals. Increased ABP levels in the transgenic mice are associated with 
structural and functional abnormalities in the testis. The variable spermatogenic disorder was 
associated with variable male fertility. The homozygous transgenic male and female mice also 
had a serious motor dysfunction affecting their hind limbs (Joseph et al., 1997; Reventos et 
al., 1993). Testicular and epididymal ABP levels can be maintained in hypophysectomized rats 
with pregnenolone treatment alone, and that sperm fertilizing ability can be maintained when 
intraluminal androgen levels are low and ABP levels are near normal. This suggests that ABP 
may be important in the maintenance of normal sperm fertilizing ability. A postnatal study 
revealed that ABP secretion is regulated by different factors. 

The rat and human ABPJSHBG genes have been cloned and their organizations 
characterized (Joseph, 1996b; Joseph et al., 1997; Sullivan et al., 1993). The rat ABP is regulated 
by two promoter genes: PA and P,. While promoter P, regulates the synthesis of an mRNA that 
encodes the secreted Sertoli cell form of ABPJSHBG, PA regulates an mRNA that encodes an 
alternate form of ABPJSHBG with a different N-terminal sequence, which targets ABPJSHBG 
to the nucleus (Joseph et al., 1996a). To study the expression of the rat ABPJSHBG gene, 
transgenic mice were developed with a genomic DNA fragment, containing 1.5 kb upstream of 
the P, transcription start site and all the exons, capable of directing tissue specific gene 
expre&on in the testis and ovary. 

1.4.3. Estradiol 

The presence of the enzyme aromatase in sperm initiated the idea that conversion of androgens 
into oestrogens in the duct system is used as a physiological signal for the quantity of sperm 
released fiom the testis and might act as a signal for the regulation of organ function. Now 
estradiol has become a 'male' hormone over the past few years since the discovery that male 
patient lacking estrogen receptor or aromatase activity show incomplete bone maturation. 
This steroid has been considered as a new local regulator of spermatogenesis: mice lacking 
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estrogen receptor exhibited severe impairment of spermatogenesis and were infertile (Eddy et 
al., 1996) (see Chapter 4). 

1.5. PROLACTIN 

Prolactin (PRL, 23000 Mr) is an anterior pituitary hormone present in many species and it 
expresses various functions. In mammals, PRL stimulates gonadal tissues and mammary glands 
and exerts immunomoduatory effects on the mammalian body. In vertebrates, PRL acts as an 
osmoregulatory hormone. The effects of PRL on mammalian testes have been studied with 
various experimental models such as PRL deficient hereditary dwarf mice, hypophysectornized 
rats andlor dopamine agonist treated animals. The PRL reduces testicular shrinkage in short 
term hypophysectomized mice, while it increases testicular weight in long term treatment in 
hypophysectomized mice. Although it is known that PRL binds to Leydig cells and increases 
the binding activity of hCG to Leydig cells, the exact role of PRL in the regulation of testicular 
function is controversial. 

Prolactin receptor (PRL-R) mRNA has been detected in rabbit and rat testis. In situ 
hybridization shows that mRNA is expressed not only in Leydig cells but also in the fmt layer 
of the seminiferous epithelium (Ouhtit et al., 1993). However, in contrast to report of Ouhtet et 
al, (1993), Hondo et al, (1995) detected PRL-R on the surface of Leydig cells, Sertoli cells, all 
phases of spermatogonia, elongated spermatids and spermatocytes, and spermatozoa, where 
as mRNA is expressed in all stages of spermatogenic cycle. Results indicated that PRL-R 
mRNA expression is almost consistent with PRL binding sites except for elongated spermatids 
and spermatozoa, and suggested that PRL may have direct effects on spermatogenic cells. 

Prolactin modulates also testicular function by increasing testicular LH receptors and 
therefore responsiveness to LH. Seasonal changes in testicular function are not only the 
result of changing serum concentrations of LH, FSH, and PRL, but also concomitant changes 
in testicular responsiveness to these hormones. For example testicular regression induced by 
short days in the golden hamster is associated with a progressive loss of testicular LH, FSH, 
and PRL receptors, whereas recrudescence induced by long days is associated with a 
progressive increase of LH, FSH, and PRL receptors. Howell-Skalla et al., (2000) investigated 
the expression of testicular LH, FSH, and PRL receptor mRNA during the non-breeding and 
breeding seasons and cloned and sequenced a fkagment of the extra-cellular portion of the 
(LH-R: 852 bp) and (PRLR: 680 bp) in the black bear. Comparisons of the partial cDNA and 
predicted amino acid sequences of these receptors fkom many species suggested that the LH- 
Rand FSH-R are highly conserved (LH-R: 87.1 - 93.7%; FSH-R: 86.0 - 92.7%) whereas the PRL- 
R is less well conserved (8 1- 87%) and that the expression of testicular gonadotropin and PRL 
receptor mRNA is seasonally regulated (Howell-Skalla, 2000). 

1.6. SEROTONIN RECEPTORIN SERTOLI CELLS 

The Sertoli cell-germ cell co-cultures showed the presence of a cDNA of 355-nt that is up- 
regulated in Sertoli cells by pachytene spermatocytes. The mRNA sequence revealed a 
homology of 9 1% (nt) and 86% (aa) to a serotonin receptor present in Sertoli cells. Its induction 
did not require cell contact, as germ cell conditioned medium also induced the mRNA. The 
search of germ cell factor(s) inducing the serotonin receptor mRNA revealed it a factor of 
more than 10-kDa that survived fieezing and thawing, and was heat sensitive. The induction 
of a serotonin receptor mRNA in Sertoli cells by pachytene spermatocytes demonstrates that 
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meiotic germ cells induce mRNA encoding this important receptor in Sertoli cells by a distinct 
pathway (Syed et al., 1999). 

Conclusion: Although either of the LWtestosterone and FSH is capable of stimulating all 
phases of the spermatogenic cycle including the formation of sperm, the combination of 
testosterone and FSH is necessary in most instances to achieve quantitatively normal germ 
cell numbers. Evidence for differential effects of testosterone and FSH on male gametogenesis, 
however, is lacking and a synergistic effect is observed when they are combined. 
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Chapter 2 

PARACRINE ROLE OF SERTOLI CELL 

2.1. SERTOLI CELL 

Enrico Sertoli in 1865 first proposed that Sertoli cells in testis function as "nurse cells". In 
other words, these cells provide nutrients and regulatory factors for the sustenance of germ 
cells. Since the time of E. Sertoli (1 865), number of morphological studies showed intimate 
relationships between the plasma membrane of Sertoli cells and different categories of germ 
cells. As stated in Chapter 1, the seminiferous tubules are separated into compartments by 
tight-junctional complexes between adjacent Sertoli cells. The timely opening and closing of 
inter-Sertoli cell tight junctions in the testis are essential cellular events in the completion of 
spermatogenesis. Blood macromolecules are effectively excluded fkom the inner or adluminal 
compartment, and the milieu in this compartment is composed of secretions fkom Sertoli cells 
and germ cells. Germ cell development is dependent on the interaction of groups of germ cells 
with Sertoli cells. The first constructed Sertoli cell from a rat displayed contact with nearly 
different germ cells of 4 different cell types (type B spermatogonia, pachytene spermatocytes, 
step 5 spermatids and step 17 spermatids). While assessing the effect of various inhibitors of 
protein phosphatases and kinases on the inter-Sertoli tight junction permeability barrier, it 
appeared that the interplay of protein kiiases and phosphatases is very crucial in modulating 
the assembly and maintenance of inter-Sertoli tight junctions in the testis (Li et al., 2001). 

Sertoli cells divide during the prepuberal period until the blood testis barrier is established. 
Sertoli cells coordinate germ cell proliferation and development, and determine adult testis 
size and sperm production. The evidence for production of sperm cells is compelling since 
under normal and pathological conditions, the number of Sertoli cells is correlated precisely 
with the number of sperm produced. Sertoli cell secretion is influenced by the type of germ 
cells, which are present in the seminiferous epithelium. In the rat, FSH establishes the 
competence of Sertoli cells to bind round spermatids. In these studies, while testosterone 
alone stimulated spermatid binding once the Sertoli cells had been primed with FSH, the FSH 
deprived Sertoli cells lost the ability to bind spermatids. But testosterone could restore the 
spermatid binding only in presence of FSH. Studies on heterologous germ cell transplantation 
also suggested that mouse testis could support the development of rat germ cells including 
the formation of spermatozoa in association with mouse Sertoli cells. 

2.1.1. Co-culture Experiments 

Reports from several laboratories strongly suggest that Sertoli cells exert a paracrine control 
of the two main testicular functions: androgen secretion and spermatogenesis. Supporting 
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evidence of this role of Sertoli cells was obtained by co-culture of Sertoli cells with other 
testicular cells. i) Co-culture of pig or rat Sertoli cells with pig Leydig cells produces an 
increase in the hCG receptor number and an increase in steroidogenic activity of Leydig cells. 
Pretreatment with FSH further increased the values of these two parameters. The effect of 
Sertoli cells on Leydig cells depends upon the ratio of the two cslls and on the substrate in 
which the cells are cultured. Moreover, Leydig cells produce an increase in the FSH receptor 
number and an increase in the FSH stimulation of plasminogen activator by Sertoli cells. ii) 
Co-culture of rat or pig Sertoli cells with rat germ cells induces an increase in the RNA and 
DNA biosynthetic activities of germ cells. Most of the stimulatory effects seemed to be 
mediated by diffusible factors, secreted by Sertoli cells, but full expression of the stimulatory 
action was observed when germ cells were in contact with other cells. In this co-culture 
system, a fi-action of rat germ cells containing mainly mature forms of spermatocytes inhibited 
rat Sertoli cell RNA and DNA synthesis, but had no effect on pig Sertoli cells. iii) On the 
contrary, a fi-action of rat germ cells richer in spermatogonia and preleptotene spermatocytes 
stimulated rat Sertoli cells DNA synthesis but was without effect on pig Sertoli cell (reviewed 
in Saez et al., 1986). iv) Sertoli cells conditioned medium derived fiom 12 days old rats possess 
factors, which show natural killer cell activity of mammalian lymphocytes and age related 
stimulation of quiescent rat pre-spermatogonia. A dose dependent inhibition of T and B 
lymphocyte proliferation has also been shown by pre-pubertal Sertoli cell secreted protein 
(pSCSP). These results suggested that by the time the blood testis barrier had been formed, 
Sertoli cell in rat testis had already synthesized immuno-regulatory proteins (Martinova et al., 
1993). v) Sertoli cells provide regulatory factors for the sustenance of germ cells. The promoter 
sequences fiom the Pem homeobox gene that directs Sertoli ce!l specific expression have 
been identified. A 0.6-kb 5'-flanking sequence directs transgene expression specifically in the 
testis and the epididymis but not in any other tissue, has been tested. There are at least two 
regulatory regions in the Pem proximal promoter: one that directs androgen receptor-dependent 
expression specifically in Sertoli cells and another that confers stage-specific expression in 
neonates and adults by acting as a negative regulator (Rao et al., 2003). 

2.1.2. Dependence of Sertoli Cell Products on Stage of Spermatogenesis 

Large percentage of protein synthesis by Sertoli cells is related to the secretion of glycoproteins, 
which can be classified in categories as: i).The transport or bioprotective proteins that are 
secreted in relative high abundance. These include metal ion transport proteins such as 
transferrin and cerulloplasmin. ii). The second category of secreted proteins includes proteases 
and protease inhibitors, which play important role in tissue remodeling that occurs during 
spermiation and movement of pre-leptotene spermatocytes into the adluminal compartment. 
iii). Another category of Sertoli cells secretion includes the glycoproteins that form the 
basement membrane between the Sertoli cells and the peri-tubular cells. iv) Sertoli cell regulatory 
glycoproteins are produced in very low abundance but sufficient to carry out their biochemical 
roles. These categories of glycoproteins function as growth factors or paracrine factors and 
include product such as Mullerian inhibiting substance, inhibin and others. Secretory products 
of Sertoli cells depend on stages of spermatogenesis. According to Griswold (1995), cycle of 
the seminiferous epithelium in the rat consists of a series of 14 columns that describes a 
different group of cellular associations found in the testis. In rodents, the stages of cellular 
associations are arranged in a consecutive and linear fashion along the seminiferous tubule. 
An alternative way to depicting thii cycle is the expression in the form of circular representation 
where the duration of the stages is proportional to the arc of the circle. Germ cell development 
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Fig.2.l. Diagramatic representation of 14 stages of cycle of seminiferous epithelium in rat. Cycle is pictured 
as a circle with each stage defining an arc proportional to the duration of that stage. Germ cell development 
is pictured as a spiral from the center circle of A, spermatogonia. While oval in the center of diagram encloses 
developmental events that occur in basal compartment, shaded region encloses pre-meiotic events within 
adluminal compartment. Out side shaded area are post-meiotic stages that also occur in adluminal compartment. 
Am - mitosis of A spermatogonia; B-B spermatogonia; I-zygotene; Me - meiotic divisions I and 11. Spermatid 
steps are numbered 1-19. Reprinted with permissiom from M.D. Griswold. Biol Reprod.52; 221-16:1995 O 
American Society for Study of Reproduction. 

can be depicted as a spiral beginning from the A1 spermatogonia to the spermatids. Several 
molecular events taking place in Sertoli cells and germ cells have shown that the secretions by 
Sertoli cells and thus the immediate environment in the seminiferous epithelium varies as a 
function of the stage of the cycle. Sertoli cells associated with germ cells at one stage of the 
cycle express gene different from those in other parts of the cycle. This activity is exemplified 
by cathepsin, which is secreted from Sertoli cells at stages VI and VII, where as cystatin, a 
protease inhibitor specific for cathepsin L, is secreted primarily at stages XII-I. The secretion 
of these two proteins clearly varies in different parts of the cycle. Similar analysis has been 
done for number of proteins, which suggest a dual mode of Sertoli cell function. One mode 
includes the stages of meiotic division, in which the secretion of a group of Sertoli cell 
products is maximal and the other mode includes the spermiation stages (Griswold, 1995) 
(Fig.2.1). 

2.2. BASEMENT MEMBRANE COMPONENTS OF SEMINIFEROUS TUBULES 

It is now clear that a large degree of molecular heterogeneity exists in basement membranes 
(BMs) of different tissues and at different stages of development. Basement membrane function 
is altered in acquired and genetic diseases, such as Good pasture syndrome, Alport syndrome, 
and diffuse leiomyomatosis. Therefore, it is important to analyze the molecular changes in 
BMs that are associated with key cellular changes in the developing testis (Loveland et al., 
1998; Kahsai et al., 1997). Sertoli and myoid cells are known to produce several components of 
basement membrane. A cooperative interaction between Sertoli and peritubular cells is 
necessary for the synthesis and deposition of the seminiferous tubule BM, which is influenced 



24 Proteomics of Spermatogenesis 

by locally produced factors such as platelet derived growth factor. Abnormal thickening of 
the seminiferous tubule BM is frequently associated with reduced spermatogenic function in 
humans, and it has been suggested that deregulated production of BM components directly 
influences the phenotype of Sertoli and peritubular myoid cells. 

2.2.1. Collagen 'lSrpe N and Qpe II 

Type IV collagen, the major constituent of BMs has been linked to the pathogenesis of many 
disorders. Type IV collagen comprises a family of triple-helical isoforms consisting of six 
genetically distinct chains designated al(1V) to ~ ( I v ) .  The existence of six a(IV) chains 
allows for as many as 56 different kinds (isoforms) of triple helical molecules, which differ in 
type and stoichiometry of various chains. Evidence for heterotrimers having composition of 
[a1 (IV)] , a 2  (IV) and [a3(IV)], a4  (IV) has been obtained. The six MIV) chains differ 
considerably with respect to tissue distribution. The a 1  (IV) and cQ(IV) chains have aubiquitous 
distribution whereas the a3(IV), oA(1V) and a5(IV) chains have a restricted distribution in 
both human and rodent tissues. Seminiferous tubule basement membrane (STBM) in testis is 
composed of all six a-chains oftype IV collagen. The content of a3(IV) chain (40%) and the 
~ ( I v )  chain (1 8%) in STBM is substantially higher than in any other basement membrane 
collagen. During structural reorganization of BMs of normal testicular development, Collagen 
VI is initially restricted to the interstitial matrix between seminiferous cords of the fetal and 
early postnatal rat testis, and subsequently it is observed to be associated with the BM 
around Sertoli cells and peritubular cells by Day 14, when these cell types are beginning to 
differentiate. In the mouse, collagen &V) chains may have a role in spermatogonial 
proliferation. In addition, three major hemmer populations were found that represent the 
classical network of the al(1V) and ~ ( I V )  chains and two novel networks, one composed of 
the al(1V)-a6(IV) chains and the other com osed of the a3(IV)- a6(IV) chains. The results 
established a structural linkage between the a&(IV) and a5(IV) chains, suggesting a molecular 
basis for the conundrumin in which mutations in the gene encoding the a5(IV) chain cause 
defective assembly of the aS(IV) chain in the glomerular basement membrane ofpatients with 
Alport syndrome (Kahsai et al., 1997). 

The gene for type I1 collagen, Col2c#, is known as a target of Sox9 in mouse chondrocytes 
and Co19a3 as a Sox9 target in testis. The nonchondrocytic collagen transcript isoforms are 
also expressed in the early male mouse gonad. Male-specific, gonadal expression of 
nonchondrocytic Col2al was first seen at 11.5 dpc and undetectable by 13.5 dpc. This was 
accompanied by increasing expression of nonchondrocytic Col9a1, Co19a2, and Co19a3, 
first detected at 11.5 dpc. Germ cells depleted testes showed that Co19a3 and Col2c# are 
expressed in Sertoli cells within the developing testis cords. Nonchondrocytic type I1 collagen 
contains a cysteine-rich domain that binds members of the transforming growth factor P 
superfamily of signaling molecules. This interaction may play a role in the development of 
testis (McClive et al., 2003). 

2.2.2. Laminin 

Sertoli cells alone produced laminin and collagen IV but not fibronectin, while myoid cells 
produced all three proteins. In Sertoli-myoid co-cultures, a sequential deposition of the 
components into extracellular fibers has been noted during 5 days of culture. Analysis revealed 
that mRNA levels for the laminin B 1 chain and collagen IV increased fiom Day 3 to 5 in Sertoli 
cell monocultures. By contrast, the levels of laminin B1, collagen IV, heparan sulfate, 
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proteoglycan and fibronectin decreased in the co-cultures. Transcripts for the laminin A 
chain were not detected in the myoid cell; instead these cells produced the mRNA for the 
laminin homologue merosin. This provides the basis for the mechanisms that regulate the 
expression of the basement membrane genes by Sertoli and peritubular myoid cells in the 
testis (Richardson et al., 1995). Rat Sertoli cells respond to extra-cellular matrix macromolecules 
by increase of CaZ+. Laminin dependent Ca2+ increase was down-regulated by FSH (Taranta et 
al., 2000). 

2.2.3. Fibulins and Other Components 

Fibulins are anew class of matrix glycoproteins characterized by the presence of 9-1 1 epidermal 
growth factor like repeats that include consensus sequences for Ca2+ binding. Two members 
have been identified: fibulinl and fibulin 2. Fibulin 1 is a 9OkDa monomer protein of fibulins 
which has four alternate splice variants. Fibulin 2 has a larger N-terminal domain and it is a 
dimmer of two disulfide bonded 195 kDa monomers. The tissue expression pattern of fibulinl 
and fibulin2 are broad in interstitial matrices and BMs of embryonic and adult tissues. Analyses 
of interactions with other extracellular matrix components have shown that both fibulin-l and 
fibulin-2 bind strongly to nidogen and fibronectin and more weakly to some other components, 
by Ca2+ dependent mechanisms in most cases. This suggests a potential role for fibulins in 
matrix assembly. Fibulins may be involved in the structural reorganization of BMs during 
testis development. Localization of fibulins has been compared with localization of other 
components (Laminin, nidogen, perlecan, collagen VI, and fibronectin) alongwith propyl- 
thiouracil (PTU) treated hypothyroid rats, in which testis development is significantly delayed 
(Loveland et al., 1998). The delay in maturation of the seminiferous tubule BM in the testes of 
PTU-treated rats demonstrates a correlation between changes in the composition of the tubule 
BM and cellular development ofthe testis (Loveland et al., 1998). 

2.3. SERTOLI CELL PRODUCTS IN GERM CELLS DEVELOPMENT 

Sertoli cells synthesize and secrete a large variety of factors including steroids, proteins, 
growth factors, opioids, proteases and prostaglandins. With this scenario the Sertoli cells 
control the spermatogenic process in all aspects and guide the germ cells along their long and 
complex development from a stem cell spermatogonium into elongdted spermatid. Sertoli cells 
and germ cells are in fact intimately associated on a functional and morphological basis, and 
for that Sertoli cells possess specialized processes for interaction with germ cells. Strong 
evidence comes from transplantation studies of germ cells, which suggested that rat 
spermatozoa are produced in mouse testes along with mouse germ cell production. 
Morphologically rat and mouse sperm were nourished by mouse Sertoli cells maintaining 8 
days spermatogenic cycle in mice and 12 days in rats (Franca et al., 1998). Cell-cell interaction 
between germ and Sertoli cells controls the duration of cell cycles and cellular organization. 
Rat germ cells that were transplanted and supported by mouse Sertoli cells always differentiated 
with the cell cycle timing characteristic of the rat and development spermatogenic pattern of 
rat, demonstrating that germ cell differentiation during spermatogenesis is regulated by germ 
cells alone (~ranca et ai ,  1998). The obvious conclusi&from various experiments is that the 
number of germ cells appears to be directly related to the number of Sertoli cells and probably 
to their synthetic capability. Notwithstanding, the fundamental notion that androgens and 
FSH are required for the onset and the maintenance of spermatogenesis is relatively 
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unchallenged. It appears that Sertoli cells probably involve the expression of a number of 
genes unique to prenatal differentiation. The Tyro3, Ax1 and Mer receptors are normally 
expressed in Sertoli cells during postnatal development whereas their ligands, Gad  and 
protein S are produced by Leydig cells before sexual maturity, and by both Leydig and Sertoli 
cells thereafter. The concerted activation of Tyro 3, Ax1 and Mer in Sertoli cells is critical to the 
role that these cells play as nurturers of developing germ cells. 

The expression of germ cell specific genes in co-cultures of Sertoli cells with either 
pachytene spermatocytes (PS) or round spermatids (RS) showed that the mRNAs encoding 
phosphoprotein p19 and the testis specific histone TH2B were specifically expressed in 
pachytene spermatocytes whereas those encoding the transition proteins TP1 and TP2 were 
specific to round spermatids (Weiss eta]., 1997). Differential display gene expression induced 
by co-culturing rat Sertoli cells and germ cells identified cDNAs that are either down regulated 
or up-regulated in co-cultures of germ cells and Sertoli cells. In conclusion, it showed that a 
number of specific genes are important in cell-cell communication during spermatogenesis 
(Syed and Hecht., 1997). Syed and Hecht (2001) concluded that the Sertoli cells fiom aged 
regressed testes are unable to respond to selective signals from germ cells of young rats; 
germ cells from regressed testes showed a similar selective loss. Among these most notable 
was the expression by Sertoli cells of Serotonin gene expressed, which failed to express in 
germ cell regressed testes. Such disruptions in communication between Sertoli cells and germ 
cells likely contribute to germ cell loss during aging (Syed and Hecht, 2001). Besides several 
growth factors, ABP, FSH regulatory factors (inhibin family) (discussed in chapter 3), secreted 
by Sertoli cells, and some of the recently discovered factors need attention for future study. 
N-cadherin has also been suggested as a candidate for mediating the endocrine controlled 
interaction between Sertoli cells and round spermatids (Penyman et a]., 1996). 

2.3.1. Cytokines 

Cytokies are small secretory cellular proteins that attach to cell surface receptors. Cytokines 
trigger cell proliferation and differentiation. A role for TNFa in Sertoli-germ cell communication 
and leukaemia inhibitory factor has been implied in the autocrine control of Sertoli cell 
proliferation (Ham et a]., 1998). Cytokines show discrepant effects on tumour cells varying 
fiom anti- to pro-apoptotic activities. Testicular germ cell tumors (TGCT) express a functional 
form of the pro-inflammatory cytokine interferon-y (IFNy). Analysis of TGCT cell lines 
demonstrated that they were resistant to the endogenous IFNy. In order to explain tumour 
resistance to endogenous IFNy, Schweyer et al., (2003) suggested that despite secreting 
biologically active IFNy, the concentration of the endogenous IFNy is too low to stimulate 
the IFNyRISTAT signaling pathway in TGCT in an autocrine andlor paracrine manner. 

Associated molecule with SH3 domain of STAM (AMSH) is critical in the cytokine- 
mediated intracellular signal transduction downstream of the JalQlJak3-STAM complex. A 
related molecule of AMSH in the mouse brain is AMSH-FP (AMSH-Family Protein), which 
may act as an adaptor of gene transcription. AMSH-FP has two splicing forms: one is 
ubiquitous, whereas the other one is restricted to testis. The abundant type is named as 
AMSH-FPa and the testis form as AMSH-FPP. The AMSH-FPP is a variant lacking N-terminal 
166 amino acid residues of AMSH-FPa. Analysis of the 5'-untranslated regions in AMSH- 
FPP and AMSH-FPP mRNAs and exon-intron structure of AMSH-FP gene suggested that 
testis-specific transcripts are generated due to alternative promoter usage and/or alternative 
splicing. Importantly, AMSH-FPP mRNA was not detected in juvenile and infertile mouse 
testis but was restrictively expressed in the haploid stage of testicular germ cells in the normal 
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mature testis. The AMSH-FPP appears to have a functional role in the spermiogenesis (Kitajima 
et al., 2003). 

IL-1 and U: Among several other growth factors in the testis, interleukin-1 (IL-1) is particularly 
significant. I L l a  is present in rat and human testis, where it may promote DNA synthesis and 
differentiation of spermatogonia and preleptotene spermatocytes in the rat testis, whereas 
mice lacking IL-1 type-1 receptor were fully fertile. Sertoli cells produce IL-la, whose secretion 
is enhanced by known activators of macrophages/monocytes, such & LPS and latex beads. 
Constitutive expression of IL-lamRNA in rat Sertoli cells is dependent on interaction of germ 
cells (Jonsson et al., 1999). Other IL-6 family members, which are important in cardiac 
differentiation and pleiotropic functions in the hematopoietic and immune systems are also 
produced by Sertoli cells. In contrast to IL-1, IL-6 may be an inhibitor of pre-meiotic DNA 
synthesis within the seminiferous epithelium. IL-1 and IL-6 productions are stimulated by 
residual bodies, which are cytoplasmic ffagments of spermatids that are shed at the time of 
sperm release in testis. It is suggested that 1L-1 produced by Sertoli cells in response to LPS 
or residual bodies induces IL-6 through the lipoxygenase pathway (Syed et al., 1995). In 
addition to growth factors, Sertoli cell produces energy substrates such as lactate. Lactate 
represents a preferential energy substrate for germ cells. The inability of germ cells to use 
glucose to energize their metabolism, their preference for lactate as an energy source have 
generated a concept related to Sertoli cells-germ cell metabolic cooperation, with lactate 
playing a pivotal role. Assuming that IL-la is produced by both Sertoli and germ cells, which 
utilii lactate for their energy metabolism, Nehar et al, (1998) suggested that & l a  may represent 
a signal in the metabolic cooperation existing between Sertoli cells and germ cells, resulting 
into a redistribution of LDH isoforms. 

Tumor Necrosis Factor a (TNF-a): Tumor necrosis factor a (TNF-a) released by spermatids 
is detected by Sertoli cells and may serve as a paracrine factor, regulating as yet a defmed 
process in spermatogenesis @e et al., 1993; Benahmed, 1997)). The presence of TNF-a. appears 
to provide TM4 Sertoli cells with the active cofactor for NO production. Although the mechanism 
of action is unknown, the TNF-a-induced signaling for induction of NO synthesis is not 
dependent on protein kinase C activation (Chung et al., 2000). The bioactive plasminogen 
activator inhibitor- 1 (PAI-1) protein and PAI-1 mRNA are stimulated by TNF-a. It was suggested 
that some of the biological effects of TNF-a on PAL1 might be secondary to de novo synthesis 
of EGFR and may occur in the context of physiological interactions between the testis and the 
immune system (Le Magueresse-Battstoni et al., 1997). 

Interferons: Interferon (IFN) proteins are known for their antiproliferative and 
irnmunoregulatory activities and their crucial involvement in cellular antiviral action. There 
are two types of IFNs : type I IFNs (IFNsa, IFNsP, IFNQ, and IFNG and type I1 IFN 
(IFN-y). Peritubular and Sertoli cells in testes secrete substantial amount of type I IFNs. In 
contrast, the meiotic pachytene spermatocytes and the postmeiotic haploid early spermatids 
produce low levels of type I IFNs constitutively. In the search of the testicular antiviral 
defense system, Dejucq et a1 (1998) studied IFN production by Leydig cells, testicular 
macrophages, and spermatogonia after exposure to Sendai virus and found that spermatogonia 
do not constitutively express IFNs and give a very poor response to the virus. In contrast, 
testicular macrophages constitutively produce type I IFNs, which was markedly 
stimulated by Sendai virus. Leydig cells produced twice as much type I IFNs as testicular 
macrophages after viral exposure, producing both IFNa and -y. The Sendai virus stimulated 
testosterone production by Leydig cells. Thus, the potential antiviral system is represented 
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by Leydig cells and, also by macrophages, which play a key role in protecting both androgen 
production and spermatogenesis (Dejucq et al., 1998). Targeted gene mutations studies 
suggested that IF& can alter the development of testicular germ cells. In transgenic mice 
over-expressing either the IFNa or IFNP gene, the process of spermatogenesis is disrupted 
with concomitant destruction of germ cells. Such effects of IFNs and those of Dejucq et a1 
(1998) are suggestive of specific receptor molecules as targets interacting with cytokine 
ligands within the seminiferous tubule (Sertoli andlor germ cells) or interstitiurn (e.g. Leydig 
cells). Interferon-y (IFN-y) like IL-6 is a multifunctional cytokine that regulates cell function 
through tyrosine phosphorylation of latent proteins. It was shown that IFN-y transmits its 
signal through a cell surface receptor (IFNy-R), which consists of a primary ligand binding 
a-chain (IFNyRa) and a signaling P-chain (IFNyRP) (see Kanzaki and Morris, 1998). 
Kanzaki and Moms (1998) studied the expression of (IFNyRa) and (1FNyRP)subunits in 
purified rat testicular cells and their differential regulation by cytokines in Sertoli cell cultures, 
as well as the cell signaling pathway of testicular IFNyR, and its functional role using primary 
Sertoli cells. It was demonstrated that the mRNAs and their proteins for both chains of IFNyR 
subunits are present in cultured primary Leydig and Sertoli cells of testis of immature rats. The 
expression of both IFNyR component mRNAs in Sertoli cells was increased by its specific 
ligand (IFNy), as well as IL- l a  and TNF-a. IFNy-activation of the Janus tyrosine kinases 
(JAK) indicated that IFNyR, expressed in the Sertoli cell, is functional. Moreover, IFNy 
modulates the expression of interferon regulatory factor (1RF)-1 and IL-1 P converting enzyme 
genes in Sertoli cells. Data suggested a role@) for IFN-y in the regulation of distinct gene 
expression and cell-specific sensitivity to apoptosis in the testis (Kanzaki and Moms, 1998). 

The binding of K-6 and IFN-a to distinct membrane receptors activates several members 
of the Jak family and with subsequent tyrosine phosphorylation of the receptor and its 
associated binding component, gp 130 mediated in part by activation of kinasesand STAT3 
phosphorylation. Jenab and Morris (1997) showed that IL-6 and IFN-a induce nuclear factor 
STAT3 and STAT-1 DNA-binding activity to the cis-inducible element of c-fos in a genistein 
-dependent pathway. Quantitative analyses showed that differential induction of c-fos, junB 
and c-myc mRNA by these cytokines occurs at transcriptional levels. Genistein treatment 
blocks the induction of c-fos and junB gene expression demonstrating that tyrosine 
phosphorylation of STAT proteins is involved in the cytokine regulation of the Sertoli immediate 
early genes. Thus transcriptional regulation of Sertoli cell immediate early genes by IL-6 and 
IFN-Y is mediated through phosphorylation of STAT3 and STAT-1 proteins (Jenab and 
Morris, 1997). 

Leukemia Inhibitory Factor: Leukemia inhibitory factor (LIF), a member of IL-6 ciliary 
neurotrophic and gp130 pleiotropic family of growth factors, inhibits differentiation of 
embryonic stem cells, induces tubdogenesis in the embryonic kidney, and regulates sperm 
differentiation. Leukemia inhibitory factor has been shown to enhance the survival of rat 
testicular gonocytes and Sertoli cells (De Miguel et al., 1998). The gp130 and LIF mRNAs 
expressed in the somatic (the Sertoli and Leydig cells) and specific germ cells (spermatogonia, 
pachytene, round, and elongated spermatids) of rodent testes are suggestive of cell specific 
LIF mediated functions (Jenab and Moms, 1998) (see Chapter 3). 

2.3.2. Growth Factors 

Growth factors are mainly polypeptide molecules that upon binding to surface receptors in 
target cells elicit the activation of signal transduction pathways involved in cells division and 
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Fig.2.2. Contact of Serfoli cell with all other germ cells. Stem cell factor (SCF) produced by Sertoli cells and 
Leydig cells interacts at FSH-R in Sertoli cell. The SCF binds stem cell/spermatogonial c-kit receptor with 
protein kinase activity, and initiates spermatogonial proliferation. SC, Serfoli cell cytoplasm; Sg, spermatogonia; 
Sp, spermatocyte; Rs, round spermatid; E, elongating spermatid. 

cell specific differentiation. The action of growth factors can be stimulatory or inhibitory and 
this has also been shown for many factors using cultured testicular cells. Several of these 
factors (FGF, IGF) have been found in Sertoli cells and germ cells. On the other hand, EGFITGF 
have been specifically implicated in the survival and proliferation of rat type A-spermatogonia. 
Nerve growth factor (NGF) is a protein by which germ cells communicate with Sertoli cells. 
The fibroblast growth factor (FGF) family represents signal molecules of another group. 
Sertoli cells and germ cells produce FGF-like proteins. FGF receptors are present in Sertoli 
cells. A similar category of FGFs function has been postulated for the insulin like growth 
factor (IGF) family, which includes three structurally related peptides: insulin, IGF-I (also 
called somatomedin C) and IGF-11. Another molecule probably acting mainly as an 
environmental factor is transforming growth factor (TGF)-a. It is synthesized and secreted by 
Sertoli cells, Leydig cells and peritubular cells while Sertoli cells express the TGFIepidermal 
growth factor receptor. The large family of TGF-P growth factors, which also includes the 
inhibins and activins, is the most versatile group with the largest multifunctional spectrum of 
effects among all known growth factors. The proteins or mRNAs for several growth factors 
and growth factor receptors have been identified in the testis. The EGF receptors are present 
on Sertoli, Leydig and peritubular cells (see Chapter 3 for details) ( Schlatt et al., 1997; Weinbauer 
and Wessels, 1999). 

2.3.3. Stem Cell Factor 

Unlike cytokines, the need for stem cell factor (SCF) for spermatogenesis is clearly established 
(Loveland and Schlatt, 1997) (Fig.2.2). Sertoli cell is the only cell in seminiferous tubules that 
produce SCF. Mutant mice lacking either c-kit or SCF are sterile and their gonads are deficient 
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in germ cells. Testicular expression of SCF is under control of FSH. Investigations have 
yielded compelling evidence that the c-kit/SCF system is pivotal for spermatogonial 
differentiation in rodents and humans. The stem cell factor is an important local regulator and 
mediator of spermatogonial development in vivo, which is synthesized and secreted by somatic 
cells, acts on germinal cells and whose expression is under endocrine control. In human testis, 
c-kit is present in spermatogonia and SCF in Sertoli cells (Strohmeyer et al., 1995; Sandlow et 
al., 1997). A correlation between spermatogonia and seminal SCF in men has been suggested 
(Fujisawa et al., 1998) (see Chapter 17). 

2.3.4. Sertoli Cell's Cystatins 

The cystatins are a superfamily of cysteine proteinase inhibitors that consist of three related 
families. The in vivo function of cystatins is not understood. Sertoli cells synthesize and 
secrete cystatin C, a potent inhibitor of cysteine proteases. Cultured Sertoli cells secrete three 
forms of cystatin C: a predominant pair of proteins of 13-14-kDa and a less abundant 20-kDa 
protein. Rat testis does not show cystatin C in spermatogonia or spermatocytes. Sertoli cells 
contain a 700-nt cystatin C transcript. Population of spermatocytes contained a 550 nt transcript 
whereas RNA fiom purified spermatids contains a small 550-nt transcript. The 700-nt transcript 
is present in testes of rats of 5-79 days of age, the 500-nt transcript is detected initially in testis 
fiom 24 days old rats, and the 550-nt transcript is detected initially at 35 days of age. The RNA 
fiom stage synchronized testes showed that steady state level of both the 550 and 700-nt 
transcripts were lowest in stages VI-VII of the cycle. The cystatin C in the testis may inhibit 
the proteolytic activity ofthe cysteine protease, cathepsin L in all stages except stages VI-VII 
(Tsuruta et al., 1993). Two new members of mouse cystatin multigene family called cystatin SC 
(cystatin-related gene expressed in Sertoli cells) and cystatin TE-1 (cystatin-related gene 
highly expressed in testis and epididymis) have been characterized recently (Li et al., 2002). 
The full length cDNA sequences of cystatin SC contains an open reading h e  that enodes 
a putative signal peptide of 20 amino acids and a mature protein of 1 10 amino acids, whereas 
that of cystatin TE-1 encodes a protein of 128 amino acids. Both ofthese cystatins sequences 
contain four highly conserved cysteine residues in precise alignment with other cystatins. 
The cystatin SC mRNA was detected only in testis, whereas cystatin TE-1 was highly expressed 
in testis and epididymis. The functions of these proteins in vivo are unknown (Li et al., 2002). 

2.3.5. Mannose-6-phosphate Receptor 

Sertoli cells secrete glycoproteins containing mannose-6-phosphate. Analysis of the 
conditioned medium for lysosomal enzyme precursors, which typically bear the M-6-P 
recognition marker, indicated that Sertoli cells selectively secreted P-N-acetylhexosaminidase 
and a-mannosidase, but not #glucuronidase or P-galactosidase. Thus it provides evidence 
that mannosed-phosphate receptors (MPRs) on the surface of spermatogenic cells endocytose 
secreted glycoproteins that are likely to be present in the seminiferous epithelium (O'Brien et 
al., 1993; Garnzu et al, 1998). The relative expression of mannose recelitors mRNAs in 
spermatogenic and Sertoli cells, p l y  (A) RNAs were examined by using cDNA probes specific 
for the cation independent (CI-) and cation dependent (CD) MPRs. A single CI-MPRtranscript, 
of 10 kb in size, ubiquitously present in all tissues or cell types is more abundant in Sertoli 
cells than in spermatogenic cells of adult testes. Multiple CD-MPR are synthesized by 
pachytene spermatocytes and round spermatids including a 2.4-kb CD-MPR mRNA that is 
indistinguishable fiom small CD-MPR transcripts of somatic tissues and Sertoli cells. Smaller 
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CD-MPR mRNAs of 1.4 and 1.6 kb are prominent in pachytene spermatocytes and round 
spermatids, respectively, but undetectable in somatic tissues. It appeared that alternate 
polyadenylation signals are used to produce multiple CD-MPR transcripts in spermatogenic 
cells (O'Brien et al., 1994). The significance of MPR in spermatogenesis needs to be investigated 
in details. 

2.3.6. Other Sertoli Cell Products 

It seems Sertoli cells synthesize and secrete many serum proteins behind blood testis bamer 
that are also produced by hepatocytes (Braghiroli et al., 1998). Sertoli cells provide 
proteoglycans needed for structural support of germ cells. Cell surface proteoglycans are 
mostly heparan sulfate (HSPG) produced by immature rat Sertoli cells. Expression of three 
HSPG, syndecan-1, syndecan-4 and glypican-1 in Sertoli cells of 20 day old rat suggested a 
regulation of their expression by the phosphatidyl inositol pathway. This over expression 
could be related with paracrine factors secreted by germ cells (Brucato et al., 2000). Among 
these proteoglycans glypican-l, syndecans-1 and -4 mRNAs were expressed and differentially 
regulated. Glypican-1 and syndecan-1 mRNA expression was up-regulated under PKC 
activation in contrast to syndecan-4 mRNA, which was not affected (clr Brucato and Villers, 
2002). Proteoglycans synthesis is regulated by insulin growth factor-I (see chapter 3). In 
addition, a physiological effector of the PKC such as ATP gave similar effects. 

It has been proposed that stage-specific gene expression in Sertoli cells results from 
sequential activation and repression of transcription. However, the exact molecular mechanisms 
are unknown. By use of gene trapping strategy, one can identify genes, which in Sertoli cells 
are either up-or down-regulated by signals emitted by germ cells. Using this technique gene 
encoding Fral, a component of APl transcription complex was identified. Accumulation of 
Fral mRNA was induced in Sertoli cells by addition of either round spermatids or nerve 
growth factor (NGF). The effect of NGF was mediated by the TrkA receptor through ERK1- 
ERK2 kinase pathway. Results suggested that AP1 activation might be an important relay in 
the Sertoli cell-germ cell cross-talk (Vidal et al., 2001). 

A new gene product SERT shows no homology to any of the known gene sequences in 
the GenBank database. But some homology was found with short sequences in EST database. 
It is a Sertoli cell product which shows no homology in Genbank database. The SERT is an 
RNA binding protein motif involved in Drosophila sex determination (Chaudhary et al., 2004). 
A 3-kb genomic fragment immediately upstream of the rat cathepsin L translation start site has 
been identified in Sertoli cells of transgenic mice, in a manner comparable to that of the 
endogenous gene (predominantly in stages VI-VIII tubules). 

Transferrin : In vivo evidence for the role of several proteins in spermatogenesis is lacking in 
most of the cases. One exception is the putative role of transferrin (To, an iron transport 
protein. Transferrin seems to play complex physiological roles related to cell function, 
differentiation and proliferation. The Sertoli cell makes transferrin as part of a proposed iron 
shuttle system that effectively transports iron around the tight junction complexes to the 
developing germ cells. However, existence of an iron shuttle system does not prove that iron 
transport is necessary for germ cell development. The protein is essentially synthesized in 
hepatocytes, but also in Sertoli cells, in the epithelial cells of the choroid plexus in rodents and 
in oligodendrocytes in all species analyzed (Zakin et al., 2002). 

Nuclear Factor kp (NF-kP): The Revnuclear factor (NF) KP family of transcription factors is 
important intracellular conveyors of extra-cellular signals in a number of systems. NF-KP p50 
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and p65 proteins have been found to be constitutively present and active in the nucleus of 
Sertoli cells, of rat testis. In vivo, NF KP proteins are present in the nucleus of Sertoli cells 
during all 14 (I-XI) cyclical stages of spermatogenesis with elevated level of expression in 
stage X IV. In contrast, NF KP p50 and p65 subunits are transiently expressed in the nuclei of 
germ cells with peak levels found in pachytene spermatocytes during stages VII-XI and at 
lower levels in stage I-VII spermatids. The TNF-a, which is produced by round spermatids in 
the testis, increased nuclear NF-KP binding activity to Sertoli cells. Stimulation of Sertoli cells 
with activators of PKA signaling pathway such as forskolin or FSH also increased NF-KP 
DNA binding activity. Addition of TNF-a to Sertoli cells further stimulated KP enhancer 
mediated transcription. Thus, NF-KP proteins are stage specifically localized to Sertoli cell and 
spermatocytes nuclei and play a role in the regulation of stage specific gene expression 
during spermatogenesis (Delfino and Walker, 1998; Lilienbaum et a]., 2000). 

2.4. SERTOLI CELL JUNCTION ADHESIONS 

2.4.1. Neural Cell Adhesion Molecule @CAM) at Sertoli Cell-Gonocyte Junction 

During neonatal development gonocytes resume mitotic activity and or migrate to basal 
lamina. These crucial events occur without added factors or hormones and are hence likely to 
depend on interaction with adjacent Sertoli cells. It seems likely that changing intercellular 
adhesion is a function of progessive development of Sertoli cells. Coupling of the kit receptor 
protein on gonocytes to stem cell factor from Sertoli cells is vital for successful migration by 
gonocytes. During the neonatal period, neural cell adhesion molecule (NCAM) is the main 
adhesive molecule expressed and functioning at birth, with a progressive decline as 
development proceeds. This factor is recognized in supporting of Sertoli cell differentiation 
(Newton and Millette, 1992). Gonocytes or Type A spermatogonia, persist in long-term co- 
culture maintained for 15 days and that NCAM continues to be expressed at high levels in 
these cultures. Other avenues including secretion of growth factors and other peptides also 
exist in the makeup of the extracellular matrix, which Sertoli cells and gonocytes contact (Orth 
et a]., 2000). Gonocyte-Sertoli cell adhesion is very susceptible to phospholipase C in co- 
cultures isolated from newborns. The way in which gonocytes adhered to Sertoli cells appeared 
to change during the immediate postnatal period, as observed by change in phospholipase 
sensitivity. This perhaps indicates production of a phospholipase C-resistant NCAM isoform 
following several days after birth. The NCAM is found ubiquitously at cell-cell interfaces 
within the seminiferous cord fTom birth through day 10 and thereafter is restricted to interstitial 
cells. Moreover, only polysialic acid-negative 140-kDa NCAM is expressed in the testis and 
supported the view that 140-kDa NCAM is prominent in neonatal testes but is down- regulated 
by as yet unidentified mechanisms thereafter (Li et al., 1998). Although down-regulation of 
NCAM-based intercellular adhesion during postnatal maturation is likely to be important for 
appropriate differentiation of testicular cells, such down-regulation of NCAM fails to occur in 
hormone-and serum free Sertoli cell-germ cell cocultures. Besides NCAM, P-cadherin is also 
present in neonatal testicular cords, and seems to disappear from the seminiferous epithelium 
after the fust postnatal week. Thyroid hormone T3 is involved in control of Sertoli cell 
proliferation and differentiation. The effects of T3 on adhesive factors showed down-regulation 
of NCAM expression in vitro, in contrast to the continued expression of NCAM in cultures 
without added T3. This suggested that T3 acts as a regulator of NCAM expression in neonatal 
testicular cells and as a modifier of gonocyteISertoli cell adhesion in vitro (Laslett et a]., 2000). 
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2.4.2. a6p1 Integrin 

On the basis of various evidences, it has been suggested that Sertoli cells express (31 and a 6  
integrin chains, which are associated to form a6p1 diners. The receptor a6pl is localized 
within the seminiferous epithelium suprabasally, at a less defined lzvel possibly at the point of 
contact between Sertoli cells and basal germ cells andlor inter-Sertoli cell junctions. The 
pattern of expression strongly suggests that a6pl integrin localizes in Sertoli cell at the level 
of ectoplasmic specialization (ES) containing cell-to-cell contacts, and that the receptor belongs 
to the Sertoli cell lateral domains engaged in the ES junctional structures at the level both of 
inter-Sertoli junctions and at the contacts between Sertoli cells and elongating spermatids. 
The receptor belongs to the inter-Sertoli junctional machinery and its expression requires 
FSH stimulation (Salanova et al, 1998). 

2.4.3. Connexin 43 and Zonaoccludin-1 

Connexin43 (Cx43), the gap junction protein encoded by the Gjal gene, is expressed in several 
cell types of the testis. Cx43 at gap junctions couple Sertoli cells with each other, Leydig cells 
with each other, and spermatogonia/spermatocytes with Sertoli cells. Cx43 based cell-cell 
communication is regulated by growth factors and oncogenes. Ultrastructure analysis of 
Sertoli cell line (42GPA9) revealed that 42GPA9 cells form gap junctions as small electron- 
dense bridges that connect the plasma membranes of adjacent cells. These gap junctions 
contained protein connexin 43 (Lablack et al., 1998). The underlying protein interacting with 
Cx43 is zonaoccludin-1 protein (Zo-1). The Zo-1 is a 220 kDa peripheral membrane protein 
having multiple protein interaction domains including 3 PDZ domains and a SH3 (Src 
homology-3) domain. The interaction of Cx43 with Zo1 occurs through second PDZ domain 
of Zo- 1. The Cx43 and Zo-1 are co-localized at gap junctions (Giepmans and Moolenaar, 1998). 
Histological examination in mice lacking Cx43 indicated that the development of grafted testes 
kept pace with that of non-grafted testes in terms of the onset of meiosis, but this development 
required the presence of the host gonads. Cx43 null mutant neonates had a germ cell deficiency 
that arose during fetal life, and this deficiency persists postnatally, giving rise to a "Sertoli cell 
only" phenotype. Thus intercellular communication via Cx43 channels is required for postnatal 
expansion of the male germ line (Roscoe et al., 2001). 

The Tpx-1 is a testicular cell adhesion molecule responsible for the specific interaction between 
spermatogenic and Sertoli cells. Tpx-1 is produced and secreted from spermatogenic cells at 
various differentiation stages and mediates the interaction of these cells with Sertoli cells 
(Maeda et al., 1998; 1999). As Sertoli cells interact with spermatogenic cells and eliminate 
degenerating cells by phagocytosis, it is possible that Tpx-1 might play some role in this 
phenomenon. The Tpx- 1 has been reported to exist in the acrosome (Foster and Gerton, 1996) 
or the outer dense fiber of sperm (O'Bryan et al., 1998). It mediates the binding of spermatogenic 
cells to Sertoli cells of the rat in primary culture. Structure h c t i o n  analysis revealed that the 
101-amino terminal residues were sufficient for cell adhesion activity, whereas the carboxyl- 
terminal cysteine-rich region was dispensable. 

The TPX-1 (or AA1, the guinea pig homologue of TPX 1) is abundantly present in the 
mouse sperm acrosome. The synthesis of the mRNA and protein of AAl becomes detectable 
at the pachytene spermatocyte stage, reaching a peak in round spermatids, and thereafter 
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stably present in spermatogenic cells. However, reports also suggest that TPX-I may not be 
solely responsible for the adhesion of spermatogenic cells to Sertoli cells, since an anti-TPX- 
1 polyclonal antibody inhibited it by only 50%. Other testicular proteins e.g. 1,4 
galactosyltransferase and N-cadherin are likely to be also involved in the specific interaction 
between the two cell types. In addition to 1,4 galactosyl transferase, multiple fucosyl 
transferases and their lectinkielectin ligands are involved in mediating germ cell-Sertoli cell 
adhesion to form a cohesive epithelium and thus help in germ cell adluminal translocation 
within the seminiferous epithelium (Raychoudhury and Millette, 1997). 

Characterization: The Tpx-l consists about 243 amino acids with a cluster of hydrophobic 
amino acid residues near the amino terminus and a cysteine rich region in the carboxyl- 
terminal half, with no sequences identified that are considered to be transmembrane regions 
or N-linked glycosylation site. Within the Cys-rich region, five Cys residues appear every 
nine amino acids near the C-terminus. These characteristics of Tpx-1 classify it to be a member 
of the CRISP family of proteins and epididymal protein called acidic epididymal glycoprotein 
(AEG) that is synthesized in epididymal epithelium. Since more than 55% of the amino acid 
sequence of Tpx-1 is identical to that of AEG, these two proteins could possess similar 
biological functions (Maeda et al., 1998; 1999)) (Fig.2.3). 

The specific gene Tpx-1 is located between Pgk-2 and Mep-1 on mouse chromosome 17. 
The predicted coding sequence of Tpx-1 from BALBIc mice showed 64.2% nucleotide and 
55.1% amino acid sequence similarity with that of a rat sperm coating glycoprotein gene. The 
mouse Tpx-I, and human counter part TPXI showed 77.8% nucleotide and 70% amino acid 
sequences similarity. The Tpx-l from mouse is more similar to TPXI from man than it is to a rat 
sperm coating glycoprotein gene. Thus Tpx-1 (TPX1) and a sperm coating glycoprotein gene 
are closely related, but distinct gene products belonging to the same gene family. The TPX-I 
was mapped to chromosome 6 p 21 qter (Kasahara et al., 1989). The mouse Tpx-I gene was 
found to contain ten exons, with an unusually large intron (approximately 17.0-kbp) between 
exons 8 and 9. 

Sulfated glycoprotein-2 (SGP-2, Clusterin) is a heterodimeric glycoprotein produced by a 
wide array of tissues and found in most biological fluids. Clusterin was originally isolated 
from ram rete testis fluid on the basis of its ability to elicit aggregation of Sertoli cells fiom 
testes of immature rats. Clusterin constitutes - 18% of the total protein of ram testis fluid, The 
main source of clusterin in the testis appears to be the Sertoli cells but testicular epithelial 
cells can also secrete clusterin in vitro, and also produced by epididymal cells (see Chapter 
34). The concentration of clusterin in testis is several told higher than in serum. Clusterin is 
localized mainly in the adluminal region of the seminiferous epithelium and the epithelial cells 
of the rete testis and caput epididymis (Ackland et al., 1992; O'Bryan et al., 1994). Clusterin 
also aggregates erythrocytes from several species and TM 4 Sertoli cells derived from mouse 
testis. Clusterin is implicated in many biological processes including cell adhesion, apoptosis 
and transformation. Clusterin expression was demonstrated during sperm maturation and is 
over-expressed in different malignancies. Disulfide linked dimeric clusterin fiom ram rete testis 
fluid has a molecular mass of - 80-W)a under non-reducing conditions and comprises two 
monomers of 40kDa that have identical pI of 3.7 and are rich in carbohydrates. Testicular 
clusterin has two molecular forms that have almost identical amino acid compositions and 
identical N-terminal amino acid sequences. Each form consists of two subunits that are non- 
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Fig.2.3. (A). Nucleotide and predicted amino acid sequence of rat Tpx-1 (cDNA clone #97). The N-terminal 
hydrophobic sequence and a presumed polyadenylation signal are underlined. The five Cys residues near C- 
terminus are circled. (B). Amino acids similarity among rat Tpx-l ( clone #97), mouse Tpx-1, guinea pig auto 
antigen A.4-1 and human TPX-1. Gaps are shown by slashes. Identical amino acid residues are indicated by 
horizontal bars and those conserved amino acids are asterisked (*).Reprinted with permission from Maeda et 
al, Biochem Biophys Res Commun 248; 140-46: 1998 O Elsevier. 
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identical to each other in their amino acid composition. Deglycosylation of testicular clusterin 
also leads to a reduced molecular mass with no biological activity, suggesting that the serum 
form is nonglycosylated clusterin and that glycosylation is necessary for biological activity. 
Rat clusterin isolated fiom culture medium of Sertoli cell enriched cultures also comprises of 
two subunits of 43- and 38-kDa. The subunits, though not identical to each other, show 
marked similarities, with the respect to ram subunits. (Law and Griswold, 1994; O'Bryan et al., 
1994). The disulfide linked dimeric protein secreted by Sertoli cells and found in seminiferous 
tubule fluid is composed of monomers of Mr 47000 and 34000 whereas the epididymal protein 
exhibits monomers of Mr 40000 and 29000. (see Chapter 34). Clusterin is associated with 
normal germ cell development and the loss of clusterin expression might play a role in the 
malignant transformation of germ cells (Behrens et al., 2001). 

2.4.6. Osteopontin 

A bone cell adhesion molecule, osteopontin (OPN) is present in the rat testis, epididymis and 
rat sperm. The OPN is a multifunctional phosphoprotein, which is regulated by circulating 
androgens in epididymis. A 30kDa band from epididymis and a 60kDa band fkom testis, OPN 
stains in spermatogonia and early spermatocytes, suggesting its role in adhesion of these 
cells wth adjacent Sertoli cells (Luedtke et al., 2002). Sequence analysis of one of four positive 
cDNA clones, designated as PREPS, revealed identity with rat OPN cDNA. The partial cDNA 
clone pREP5 encompasses 64% of the 1,457 residues. The OPN is detected in rat testis as well 
as in epididymal fluid and sperm extracts. The OPN appears to be a Sertoli cell product. 
Though the function of OPN in testis is uncertain but the characterization of this protein 
suggests that OPN could play a role in testicular cell adhesion during spermatogenesis (Siiteri 
et al., 1995). 

2.4.7. Other Junction Proteins 

Oligodendrocyte Specific Protein: Among unknown FSH targets, oligodendrocyte-specific 
protein (OSP) mRNA was identified by Hellani et al. (2000). The OSP was initially shown being 
produced in oligodendrocytes, which are supporting cells for specialized neurons. The OSP 
has been identified as a new member of claudin family (claudin 11). The key role of OSP in 
central nervous system myelin and Sertoli cell tight junction strands was demonstrated in 
osp/claudin 1 1 null mice. The testicular expression of OSP is dependent upon male gonad 
development and systemic and local signaling molecules. The OSP is expressed early in fetal 
development in Sertoli cells, immediately after the peak of SRY (sex-determining region, Y 
gene: Chapter 10) expression, but just before that of the anti-Mullerian hormone. The OSP 
expression, regulated by FSH and T N F ~  starts fkom day 3 postnatally and reaches a plateau 
between days 6 and 16. It appears that OSP expression during fetal life is under SRY control 
during male sex differentiation (Hellani et al., 2000). 

Testin: Sertoli cells express testin, which is tightly associated with the disruption of Sertoli- 
germ cell junctions (Grima et al., 1997). Treatment of rats with CdC12, which disruptedthe inter- 
Sertoli tight junctions, failed to induce any change in testicular testin expression. In constrast, 
lonidamine, an antispermatogenic drug that rearranges the Sertoli cell adhesion junctions, 
induced a drastic increase in testicular testin expression (Grima and Cheng, 2000). 
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In areas of Sertoli cell crypts attached to the heads of elongate spermatids occurs a class of 
actin-related adherent junctions (AJs) termed ectoplasmic specializations (ESs). Each of these 
structures consists of the plasma membrane in regions adherent to the spermatid head, a cistern 
of endoplasmic reticulum, and an intervening layer of hexagonally packed actin filaments. The 
three elements of the plaque occur as a structural unit that remains attached to the spermatid 
when the latter is mechanically separated fi-om the epithelium. Actin filaments of 6-7 nm in 
diameter are concentrated in specific regions of spermatogenic cells and Sertoli cells. In 
spematogenic cells actin filaments occur in intercellular bridges and in the sub-acrosomal space. 
In Sertoli cells they are abundant in ectoplasmic specializations and in regions adjacent to 
tubulobulbar processes of spermatogenic cells. Fluorescence generated by labeled actin in 
ectoplasmic specializations shows linear tracts that follow the outer contour of spermatid heads, 
demonstrating that Sertoli cell ectoplasmic specializations remain attached to spermatids, 
mechanically dissociated fi-om the seminiferous epithelium. Vinculin, also present in ectoplasmic 
specializations, is co-distributed with actin bundles within each ectoplasmic specialization. In 
vivo, the endoplasmic reticulum component of the plaque is related, on its ~ ~ & ~ l a s m i c  face, to 
microtubules (Pfeiffer et al., 1991). During spermatogenesis, actin-based ectoplasmic 
specializations, between Sertoli and germ cells undergo extensive restructuring in the seminiferous 
epithelium to facilitate germ cell movement across the epithelium. One of these events is the 
movement or translocation of spermatids to the base and then back to the apex of the epithelium. 
The physiological significance of this translocation event is not known. This change in position 
occurs after spermatids have acquired an elongate shape and while they are attached to apical 
invaginations (crypts) of Sertoli cells. 

The espins are actin-binding and -bundling proteins localized to parallel actin bundles. 
The 837- amino-acid "espin" of Sertoli cell-spermatid junctions (ES) and the 253-amino acid 
"small espin" of brush border microvilli are splice isoforms that share a C-terminal 1 16-amino- 
acid actin-bundling module but contain different N-termini. Properties of espin suggested 
that it is a major actin-bundling protein of the Sertoli cell-spermatid junction complexes. 
Scinderin is detected in a region corresponding with the sub-acrosomal space in the round 
spermatids and with the acrosome in the elongated spermatids. In Sertoli cells, scinderin may 
contribute to the regulation of tight junctional permeability and to the release of the elongated 
spermatids by controlling the state ofperi-junctional actin (Pelletier et al., 1999). 

The AJ assembly is associated with a transient induction of pl-integrin, vinculin, p 
FAK-l)~(397), and phosphatidylinositol3-kinase (PI3K) but not the nonphosphorylated form 
of focal adhesion kinase (FAK), paxillin, and p130 Cas. However, phsphorylated form of focal 
adhesion kinase (p-FAK) is involved in the events of Sertoli-germ cell AJ assembly and 
disassembly. In addition, AJ dynamics in the testis, particularly at the site of ES, are regulated 
by proteins that are found in the focal adhesion complex (FAC) in other epithelia, such as pl- 
integrin, vinculin, and nonphosphorylated form of focal adhesion kinase (FAK) utilizing the 
integnn/pFAK/PI3K/pl30 Cas signaling pathway (Siu et al., 2003). The action, though, mediated 
by the effects of TGF-$I involved integral membrane proteins and adaptors of TJ and AJs, it 
did not involve protease inhibitors (Wong et al., 2004). 

Though the mechanism(s) that regulates AJ dynamics in the testis is virtually unknown, 
Rho GTPases have been implicated in the regulation of these events in other epithelia. The in 
vitro assembly of the Sertoli-germ cell AJs but not of TJs is associated with a transient but 
significant induction of RhoB. RhoB displays a cell-specific association during the epithelial 
cycle and localizes in the seminiferous epithelium in stage specific manner, being lowest prior 
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to spermiation. In conclusion, it was confirmed that Sertoli-germ cell AJ dynamics are regulated, 
at least in part, via the integrin'ROCKlLIMKlcofi1in signaling pathway (Lui et al., 2003a). 

2.6. SERTOLI CELL TIGHT JUNCTIONS DYNAMICS 

Several molecules have been shown to regulate Sertoli cell tight junctions (TJ) dynamics; 
they include, for example, transforming growth factor P3 (TGFP3), occludin, protein kinase A, 
protein kinase C, and signaling pathways such as the TGFP31p38 mitogen-activated protein 
kinase pathway. Yet the mechanisms that regulate these events are essentially unknown (Lui 
et al., 2003b, c). CAMP and cGMP are known modulators of Sertoli cell TJs. The assembly of 
TJ barrier is associated with a significant plummeting in the levels of iNOS (NO synthase) and 
eNOS, suggesting that their presence might perturb TJ assembly through production of NO. 
Subsequently it was confirmed that iNOS (no synthase) and eNOS are linked to TJ-integral 
membrane proteins, such as occludin, and cytoskeletal proteins, such as actin, vimentin, and 
a-tubulin. In addition inhibition of protein kinase-G facilitated the Sertoli cell TJ barrier 
assembly. Cytokines, such as TGF-P and TNF-a, known to perturb the Sertoli cell TJ barrier, 
also stimulated Sertoli cell iNOS and eNOS expression in vitro. These results suggestedNOS 
as an important physiological regulator of TJ dynamics in the testis, exerting its effects via the 
NOIsoluble guanylate cyclase/cGMP/protein kinase-G signaling pathway (Lee et al., 2003). 

The significance of TGFP3 in the regulation of Sertoli cell TJ dynamics was evident 
possibly via inhibitory effects of TGFP on the expression of occludin, claudin-1 1, and zona 
occludin-l(Z0-1). The TGFP3-induced effect on Sertoli cell TJ dynamics appears to be mediated 
via the p38 MAP-kinase pathway (Lui et al., 2003a). The blood-testis barrier (BTB) functions, 
studied by the CdC1,-induced damage in rats demonstrated a significant reduction in testicular 
occludin along with a loss of immunoreactive occludin in the seminiferous epithelium at the 
site of the BTB. This was followed with a surge in testicular TGF-P3, as well as p-p38 MAP 
kinase (the phosphorylated/activated form of p38), but not p38 MAP kinase, nor ERKIp-ERK. 
It appearedthat BTB dynamics in vivo are regulated by the TGF-P3Ip38 MAP kinase pathway, 
which in turn determines the level ofoccludin at the site of Sertoli cells TJs (Lui et al., 2003~). 

2.7. SPERMIATION 

Mechanisms leading to the control of spermiation process, and the proteins that interact to 
adhere mature spermatids to Sertoli cells, are poorly understood. The tubulin, actin, paxillin 
and vinculin are present at the luminal edge of the seminiferous tubule (Wine and Chapin, 
1999). These proteins have been co-localized with P- integrins in other cells. Clear evidence 
was also found for the presence of N-cadherin and its associated intracellular proteins: P- 
catenin, pp120, desmogein, pp60 (src), and Csk. In addition, N-cadherin and desmogein were 
found around spermatids retained by epithelium. This suggests a mechanism for spermatid 
adhesion and the control of spermiation in rat testes (Wine and Chapin, 1999). Observations 
related to the spatial and temporal distribution of integrin-related signaling molecules at ESs, 
and the presence of pl  integridintegrin related kinase (ILK) interaction in non-cultured 
epithelium suggested their role in Sertoli-spermatid junctions. Pan-cadherin and p-catenin 
and focal adhesion kinase (FAK), a known integrin-associated molecule, did not associate 
with these adhesion molecules present there in or with ES. Rather phosphotyrosine residues 
were found to be located in ES particularly during sperm release and turnover of basal junction 
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complexes. These observations indicated that ESs share cell signaling features both of cell- 
cell junctions and of cell-extracellular matrix junctions (Mulholland et al., 200 1). Chapin et a1 
(200 1) identified specific proteins linked together as part of multiprotein complex, as well as 
several additional proteins (cortactin, ERKlR, and 14-3-3 zeta) that may be functioning in 
both structural and signal transduction roles. The data suggested that protein phosphorylation 
is central to the control of spermiation ( Chapin et al., 1996; Chapin et al., 2001). Since the 
effect of NGF is mediated by the TrkA receptor and the ERK1-ERK2 kinase pathway, it was 
suggested that APl activation may be an important relay in the Sertoli cell-germ cell cross-talk 
(Vidal et al., 2001). Nevertheless, a phospholipid kinase is known to regulate actin organization 
and intercellular bridge formation during germlie cytokinesis (Brill et al., 2000). 

Microtubules are prominent elements of the Sertoli cell cytoskeleton. They surround 
apical crypts containing elongate spermatids, generally arranged parallel to the axis of spermatid 
translocation, and have their positive ends positioned at the base of the epithelium. The 
nature of motor proteins involved in transport of the spermatid/junction complexes along 
microtubules in not well known. Specialized junction plaques between Sertoli cells and 
spermatids in the rat testis support microtubule translocation in vitro. It has been proposed 
that motor proteins on the endoplasmic reticulum in ES interact with adjacent microtubules to 
translocate the junction plaques, and hence the attached spermatids, within the epithelium. 
The microtubule-based motility of spermatid translocation has been consistent with several 
observations (Beach and Vogl, 1999). Besides in spermatid manchettes and in Sertoli cell 
cytoplasm, dynein has been also found in ectoplasmic specializations associated with 
spermatids during early stages of differentiation. Kinesin has been detected in the spermatids 
manchette and the Sertoli cell trans-Golgi network. In addition, the heterotrimetic motor protein 
kinesin-I1 has been localized in the mid-piece and flagellum of echinoderm sperm. The subunits 
of this protein show considerable sequence homology with the mouse kinesin-like proteins 
KIF3A and KIF3B. KIF3B is present in high concentration in testis. In order to determine the 
presence of a microtubule-dependent motor proteins in Sertoli cell region involved with 
spermatid translocation, it was shown that an isoform of cytoplasmic dynein may be responsible 
for the apical translocation of elongated spermatids that occurs before sperm release whereas 
kinesin-I1 was associated with spermatid.tails (Miller et al., 1999) (see chapters 9 and 25). 

Gelsoli is concentrated in ES adhesion complexes, besides phosphatidylinositol4,5- 
bisphosphate and phosphoinositide specific phopholipase C. Treatment of spermatid - Sertoli 
cells junction complex with phospholipase (PLC) resulted in release of gelsolin and loss of 
actin from the complex. It seems that the hydrolysis of phosphatidylinositol4,5 bisphosphate 
may result in a local Ca2+ surge via the action of inositol triphosphate on junctional endoplasmic 
reticulum. This Ca2+ surge would facilitate the actin severing function of gelsolin within the 
adhesion complex (Guttman et al., 2002). 

Interaction between protease and protease inhibitors seems to play an important role in 
remodeling and restructuring of the seminiferous tubule during spermatogenesis. Controlled 
proteolytic activity is also involved in the migration of germ cells fiom the basal compartment 
to the lumen of the seminiferous epithelium, and in the release of spermatids during spenniation. 
The reported occurrence of Sertoli cell membrane - associated proteases indicates the possible 
involvement of regulatory peptide systems within these paracrine systems, the kallikrein- 
kinin system, in cells of the seminiferous tubule (Monsees et al., 1998). 

Suppression oftesticular testosterone in adult rats by low-dose testosterone and estradiol 
(TE) treatment causes the premature detachment of step 8 round spermatids fi-om the Sertoli 
cell. At higher doses of testostesterone, newly elongating spermatids associated with ES 
proteins within 2 days. Thus it suggested that Sertoli cell ES structure was qualitatively 
normal in TE-treated rats, and thus the absence of this structure is unlikely to be the cause of 
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round spermatid detachment. The study suggested that defects in adhesion molecules between 
round spermatids and Sertoli cells are likely to be involved in the testosterone dependent 
detachment of round spermatids from the seminiferous epithelium. 

2.8. GERM CELL-SERTOLI C E U  INTERACTIONS 

Sertoli cells and germ cells are in fact intimately associated on a functional and morphological 
basis, and for that Sertoli cells possess specialized processes for interaction with germ cells. 
On the other hand, evidence has also accumulated to support the view that the germ cells also 
control the activity of the Sertoli cell, since elimination of a specific germ cell type by specific 
testicular toxins, provoked stage dependent changes in the secretion of inhibin from Sertoli 
cells (Sharpe, 1994). Germ cells composition and their number have considerable influence on 
Sertoli cell function. The induction of a serotonin receptor mRNA in Sertoli cells by pachytene 
spermatocytes demonstrated that meiotic germ cells induce mRNA encoding an important 
receptor in Sertoli cells (Chapter 1). 

It is hypothesized that germ cells, in particular pachytene spermatocytes and early 
spermatids, may influence Sertoli cell function during sexual development in the rat. The 
ability of pachytene spermatocyte proteins to induce specific Sertoli cell secretion indicated 
that the pachytene spermatocytes are able to influence their surrounding milieu, and provided 
!irther support to the concept of a paracrine interaction between germ cells and Sertoli cells 
during spermatogenesis @jakiew and Dym, 1988; Tanaka et al, 1999). A 24.5kDa protein and 
haspin (a nuclear protein kinase) derived fiom rat spermatids are associated with Sertoli cell 
secretory function. Cleaved internal fragment of 24.5 kDa protein participates in the negative 
regulation of Sertoli cell function during spermatogenesis. Besides 24.5-kDa protein and 
haspin, another 29-kDa protein present in cytosolic hction of round spermatids also influences 
Sertoli cell functions (Onoda and Djakiew, 1993). Testicular germ cells secretion can stimulate 
Sertoli cell 02-macroglobulin (a,-MG) expression. Enriched populations of germ cells fiom 
adult rats has been found to influence 20 day old rat Sertoli cell secretory activity by stimulating 
ABP and inhibiting oestradiol 17P production in the presence of FSH as well as of dibutyryl 
cyclic AMP (dbcAMP). The androgen dependent changes in secretion of proteins, which 
occur specifically at stage VI-VIII of the normal spermatogenic cycle, are largely dependent 
on anormal germ cell complement, with each germ cell type regulating the secretion of proteins 
essential for its own development (Mckimell and Sharpe, 1992). Information on co-cultures 
of rat pachytene spermatocytes and round spermatids suggested that germ cells interact with 
Sertoli cells, possibly by a protein that acts as a short loop paracrine factor, which regulates 
the expression of proenkephalin gene in Sertoli cells and that the, stage specific regulation of 
proenkephalin levels in Sertoli cells may occur in vivo (Fujisawa et al., 1992). Spermatogenic 
immunoglobulin superfamily (SgIGSF), a mouse protein belonging to the Ig superfamily is 
expressed in the spermatogenic cells of seminiferous tubules. The SgIGSF on the surface of 
spermatogenic cells binds to some membrane molecules on Sertoli cells in a heterophilic 
manner and thereby may play diverse roles in the spermatogenesis (Wakayama et al., 2003). 
An upstream domain that mediated an inhibitory effect by male germ cells was found within 
this 3-kb promoter region, which is associated with the regulatory elements for transcription 
(Charron et al., 2003). A 120-bp region that spans the transcription start site of the rat cathepsin 
L gene was sufficient to activate transcription in Sertoli cells. Within this region, Sp3 specifically 
bound to a GC-box, where as Sp 1-binding activity was absent from nuclear extracts of Sertoli 
cells. The GC-box was found to be essential for promoter activity. It supported that the GC- 
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box is a critical regulatory element for the cathepsin L promoter in mature Sertoli cells (Charron 
et al., 2003). The mature human sperm after passing through male ejaculatory tract is shown in 
Fig. 2.4. 

Basigin is a transmembrane glycoprotein, ablation of which leads to azoospermia in mice. 
In mouse testis basigin is localized not only on the plasma membrane of spermatocytes and 
spermatids, but also on the plasma membrane of the Sertoli cell processes, which contact the 
spermatocytes and spermatids. Experimental cryptorchid testes, which contained only 
spermatogonia and Sertoli cells did not show basigin activity. The concomitant expression of 
basigin with appearance of spermatocytes suggested that basigin is involved in the interaction 
between Sertoli cells and germ cells at specific stages of spermatogenesis (Maekawa et al., 
1998). Allurin represents the first vertebrate sperm chemo-attractant, which belongs to CRISP 
family to be found in the female reproductive tract (Olson et al., 2001) (see Chapter 34) 
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2.9. P-MODS FROM PERITUBULAR CELLS 

P-Mod-S, a paracrine and a mesenchymal factor modulates the functions of Sertoli cells. 
Skinner and Fritz (1985; 1986) isolated a factor fiom conditioned medium of pertitubular cells 
that stimulated Sertoli cell production of transferrin, ABP, and several other proteins. This 
factor did not have any mitogenic activity and was found to be trypsin sensitive but was heat 
and acid stable and bound to heparin. The protein was called P-Mod-S for the factor fiom 
peritubular (P) cells that modulates (Mod) Sertoli (S) cell functions. Further characterization 
showed that there are two proteins of 54 and 56-kDa, which have been termed P-Mod- S A and 
-B (Skinner et al., 1988). Norton and Skinner showed that P-Mod4 increases transferrin and 
ABP mRNA levels in cultured Sertoli cells and elevated intracellular cGMP but not CAMP. P- 
Mod-S is more active than FSH alone and was almost as effective as a combination of FSH, 
testosterone, retinol, and insulin in stimulating Sertoli cell function (Ackland et al., 1992). The 
P-Mod4 can activate the c-fos promoter through the SRE and cis-inducible element, CRE and 
TPA response element (TRE). P-Mod -S does not act through stimulation of CAMP and PKA 
pathways. P-Mod-S can activate c-fos promoter through SRE and SIE and can cause activating 
protein 1 (AH) oligonucleotide to form a DNA-protein complex, indicating activation of the c- 
fos gene and binding of the c-fos-jun complex. When transfected into Sertoli cells, the 58 1-bp 
transferrin minimal promoter (Tf) responded to P-Mod-S slightly, but was activated by FSH. 
However, the 2.6-kb Tf promoter construct responded to P-Mod-S. This shows that response 
elements of c-fos promoter involve intermediate transcription factors in induction of Sertoli 
cells differentiation by P Mod S (Whaley et al, 1995). 
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Chapter 3 

NON-STEROIDAL SIGNAL MOLECULES IN 
SPERMATOGENESIS 

Non-steroidal growth factors are mainly polypeptides that upon binding to surface receptors 
in target cells elicit the activation of signal transduction pathways involved in cell division 
and cell specific differentiation. The action of growth factors can be stimulatory or inhibitory 
as shown using cultured testicular cells. Since growth factors elicit diverse effects in variety 
of organ systems during development, it has been difficult to establish and to assign a 
specific function to a specific growth factor during the process of spermatogenesis. Situation 
is further complicated by the fact that several of these factors (FGF, IGF) have been found in 
Sertoli cells and germ cells. On the other hand, EGF and TGF have been specifically implicated 
in the survival and proliferation of rat type A-spermatogonia. 

3.1. INHIBIN FAMILY 

Inhibin and activin are dimeric glycoproteins sharing a common-p subunit. Inhibin contains 
an inhibin specific a-subunit and one of the two closely related-P subunits (PA or P,), whereas 
activin is a homo- or heterodimer of P-subunits. Imrnunoreactive and bioactive inhibin, and 
three inhibinlactivin subunit mRNAs (a, PA, and P,) were identified in Sertoli cells. Small 
amounts of imrnunoactive inhibin, inhibin a-subunit proteins and activin, and the subunit 
rnRNAs were also detected in the Leydig cells of rat testis and in Leydig derived cell lines. 

3.1.1. Inhibin 

Inhibin isolated from follicular fluid is a heterodimeric glycoprotein that exists in multiple 
biologically active forms. Porcine inhibin is a 32-kDa protein, which is composed of two 
disulfide bound subunits of 18kDa (a) and 14 kDa (P). Two related, yet distinct forms of the 
smaller p subunit, termed PA and p, have been described, and both these subunits form 
complex with the a-subunit to form biologically active inhibin (termed inhibin A and inhibin 
B). The amino acid sequences of inhibins for porcine, bovine, human, and rat sources have 
been described by molecular cloning of the corresponding cDNAs. Structural analysis has 
revealed that each of the three inhibin subunits is encoded by a separate gene and that each 
mature subunit resides at the carboxy terminal end of a much larger precursor protein. In 
addition, the subunits of inhibin share a substantial sequence identity with an emerging 
family of proteins with growth regulating properties, the prototype of which is transforming 
growth factor+ (TGF-P). 

47 
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Expression and Regulation: In males, the Sertoli cell appears to be the major producer of 
inhibin. However, reports also suggest that the a-subunit and possibly inhibin itself are 
produced by Leydig cells also, whereas PA is present in the nuclei of spermatocytes (Ackland 
et al., 1992). Inhibin, originally considered only as gonadal hormone preferentially suppresses 
FSH secretion in the in a classic negative feedback loop with FSH. FSH has been 
shown to be a major regulator of inhibin. In males inhibin and its mRNA levels are positively 
regulated by FSH in vivo and in vitro, but regulation of its a and P chains is independent. In 
addition to FSH, adenosine and EGF stimulate the production of inhibin by Sertoli cells, 
whereas endorphin is inhibitory. The IGF-I has no influence on the level of inhibin in Sertoli 
cells. The role of inhibin in adult males is less clear except in seasonal breeders where it 
appears to regulate FSH during testicular growth. Inhibin is also present in different regions 
of human epididymis. The epididymal inhibin was found to be bioactive, since it suppressed 
specifically the FSH levels of rat pituitary in vitro. 

Analysis by in situ hybridization in rat testis showed that inhibin PA mRNA expresses in 
Sertoli cells in a highly stage specific manner. The mRNA levels started to accumulate in 
Sertoli cells at stage VIII ofthe cycle and were highly expressed during stages IX-XI. Follistatin 
mRNA expression was identical to that of inhibin PA, while inhibin P, mRNA expressed 
maximally in Sertoli cells at stages XIII-111. Coexpression of inhibin PA and follistatin mRNAs 
in stage IX-XI Sertoli cells suggested a close interplay between these.molecules. The pattern 
of inhibin P, mRNA expression was similar to that of inhibin-a mRNA. Localization of activin 
A receptor"mRN~ in spermatogenic cells suggested that activin might influence meiotic 
division and early stage of spermiogenesis (Kaipia et al., 1992). 

The evidence for the presence of immunoreactive inhibin and its regulation by specific germ 
cell type in rat testis has been presented by various authors. Pineau et al., (1990) provided 
evidence for the involvement of germ cells, particular of early spermatids, in the local testicular 
regulation of inhibin gene expression and its production in the rat. This may be of crucial 
importance for the ontogeny of this parameter of Sertoli cell function, and may have important 
implications with regard to postulated roles of inhibin. Exogenously administered inhibin 
impairs spermatogenesis and alters steroid production. In this regard inhibin appears to be 
highest in mature animals and appears to depress following the initiation of spermatogenesis 
and formation of the blood testes barrier. This pattern has also been seen with both a and P 
inhibin mRNA in rat testes. However, Bhasin et al., found that inhibin mRNA content within 
seminiferous tubules varied with the stage of the cycle (review Ackland et al., 1992). 

3.1.2. Activins 

Activins are involved in the regulation of several reproductive processes in higher vertebrates. 
The active form of activin is composed of two P subunits covalently attached by a single 
disulphide link. So far, five P subunits have been identified, but only PA and P, subunits have 
been shown to dimerize, giving three possible types of activin species, which are named 
according to the subunit species of which they are composed (activin A, B and AB). The 
activin-inhibin subunits are structurally related to the transforming growth factor+ (TGF-P) 
family of peptides, which also include bone morphogenetic proteins (BMP), Mullerian inhibiting 
substance (MIS) and growth and differentiation factor (GDF). Originally, activins were 
considered as regulatory proteins mainly in the gonadal-pituitary axis since they were capable 
of positive regulation of pituitary FSH secretion. Several studies have confmed this activity 
of activin on FSH production as well as other pituitary produced proteins, such as follistatin 
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(Phillips and de Kretser, 1998). Subsequently it was accepted that activin could modulate 
many ovarian cell functions, at least in vitro. 

Inhibin andActivin as ParacrindAutocrine Factors: Activin, which is composed of disulfide 
bonded homodimeric-P subunits PAPA or PBPB (activin A and B, respectively) or heterodimeric 
P-subunits (activin AB), stimulates FSH secretion. Activin like inhibin has been suggested, 
fkom their expression profiles, to act as paracrine and autocrine regulators of spermatogenesis. 
The Sertoli cells are the major sites of activin and inhibin production although the Leydig cells 
may produce low levels of the a-subunit. Activin appears as an inhibitor of LWhCG action on 
androgen biosynthesis at all stages of Leydig cell differentiation whereas inhibin facilitates 
LH action only on immature Leydig cells. Activin also stimulates the proliferation of 
spermatogonial cells in vivo and in vitro, where as inhibin decreases spermatogonial 
proliferation when injected locally to hamster testis (reviewed in Tanimoto et al., 1999). Now 
inhibin and activins are as important for males as they are for female reproductive processes. 
Activin A stimulates proliferation of testicular cells in immature rats. However, activin actions 
on testicular cells are age specific. In the presence of FSH, activin A stimulates the proliferation 
of Sertoli cells fkom 9 days old rats but not fkom 18 days old rats (Boitani et al, 1995). Transgenic 
mice, over-expressing the A subunit in the testis showed that the control of the expression of 
the subunits is critical for male gonadal functions (Tanimoto et al., 1999). The localization of 
activin receptor mRNA in rat seminiferous epithelium by Kaipia et al. (1993) provided evidence, 
which suggests that inhibin and activin are paracrinelautocrine regulators in the testis. The 
genes encoding the inhibidactivin subunits are widely expressed in many tissues suggesting 
that inhibin and activin may also act as paracrine I autocrine factors to regulate cellular 
functions in tissues other than testis and ovary. 

Distribution ofActivins in Testis: In rat testes, the mRNAs expression encoding the P-subunits 
localized in the Sertoli cells is dependent on the seminiferous epithelial cycle. The PA-subunit 
mRNA starts to appear at stage VIII, reaches a maximum at stages IX-XI, whereas maximum 
PB-subunit mRNA concentrations are observed at stage XI11 (Kaipia et a]., 1992). However, 
despite the presence of its rnRNA, the subunit protein was not detected in the rat testes, 
although the activin dimmer was detected in Leydig and Sertoli cells (Wada et a]., 1996). The 
protein distribution and the developmental expression of PB subunits in the testes appear to 
be different from those of the PA subunit, at least in rats. During development PA subunit 
synthesis was immunochemically detected in fetal Leydig cells but the signal decreased 
markedly after birth, whereas the PB subunit was detected in the Sertoli cells and its abundance 
increased after birth (Majdic et al., 1997) indicating different role for the subunits during the 
testicular maturation. 

Blauer et al., (1999) provided evidence for intra-nuclear activintinhibin PA subunit of 24 
kDa and showed its distribution in the rat seminiferous epithelium. PB subunit precursor 
contains a functional nuclear localization signal within the lysine rich sequence corresponding 
to amino acids 23 1-244. In all stages of the rat seminiferous epithelial cycle, an intense activity 
of nuclear PA was demonstrated in intermediate or type B spermatogonia or primary 
spermatocytes in their initial stages of the first meiotic prophase, as well as in pachytene 
spermatocytes and elongating spermatids. Results suggested that activid inhibin PA may 
elicit its biological functions through two parallel signal transduction pathways, one involving 
the dimeric molecules and cell surface receptors and the other an alternately processed PA 
sequence having molecular weight 1.5 times that of present in dimeric molecule and acting 
directly within the nucleus. PA may play a significant role in the regulation of nuclear functions 
during meiosis and spermiogenesis (Blauer et al., 1999). 
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Expression of activin receptors in testes: The expression of ActR IIB gene in Sertoli cells 
around meiotically dividing spermatocytes suggested a possible role of activin during meiotic 
maturation in addition to stirnulatory effect on spermatogonial proliferation. Like most members 
of the TGF-f( family, activins mediate their action by binding to a complex of transmembrane 
serine and threonine kinase receptors. So far, four activin receptors have been identified by 
their ability to bind activin. These proteins can be classified into two main categories namely 
the type I receptor group, which comprises activin receptor like kinase ALK2 and ALK4, and 
the type 11 receptor group, comprising the activin type I1 and activin type IIB receptor (ActRII 
and ActRIIB). In addition, five i sofom of ActRIIB, generated by alternative splicing of its 
mRNA, have been identified in mice and bovine species. Thus, activins have the potential to 
act through several forms of receptors. The ALK2 gene is expressed in bovine testes, and 
there is a change in mRNA profile during testicular maturation. The cDNAs encoding two 
type I1 activin receptors (ActR I1 and ActR IIB) have been cloned. The mRNAs coding these 
receptors are detected in the specific populations of germ cells. Activin-A receptor I1 mRNA 
was localized mainly in spermatogenic cells with maximal expression in late primary 
spermatocytes at stages XIII-XIV and in early round spermatids at stages I-IV, with a low level 
of expression by Sertoli cells. The ActRIIB mRNA was localized to spermatogonia. In rats 
ActR I1 appears to be expressed mainly in spermatogenic cells whereas the ActR I1 mRNA is 
present at a very low level or absent. The ActR I1 B mRNA has also been detected in bovine 
and mouse testes (Ethier et al., 1997; Wu et al., 1994). The examination of isoform mRNA 
expression of both activin receptor type II (ActR- 11) and type I1 B (ActR- I1 B) genes showed 
high levels of the 6.0-kb mRNA in overies, whereas the 3.0-kb transcript was major mRNA 
found in the testis. The isoforms II B2 and I1 B4 are the major mRNA species expressed in both 
female and male gonads and extra-gonadal reproductive tissues (Wu et al., 1994). Mice with 
inhibin a subunit gene deletion develop testicular tumors. These mice were associated with a 
200 folds increase in testicular expression of activin PA subunit mRNA form of 6.5 kb and a 
minor form of 4.5 kb. Testicular expression of the type I1 activin receptors was decreased 3 fold 
in these mice. Therefore, increased expression of activin is accompanied by a tissue specific 
reduction in the expression of its own receptors mRNA in vivo (Ethier and Findlay, 2001). 

Cell Signaling and transcriptional activation by activins: Activins have the potential to act 
through their receptors. It is thought that activin binds first to an activin type I1 receptor and 
then an activin type I receptor is recruited into the complex. The formation of this ligand 
receptor complex induces the activation of the type I receptor by the kinase activity of the 
nearby type I1 receptor (Mathews, 1994). Once activated, the kinase of activin type I receptor 
stimulates the down stream pathways. The direct substrates for the kinase type I receptor to 
form a novel family of proteins are called Smads. 

Smad proteins: The Smad proteins, which are transcription factors found in vertebrates, 
insects and nematodes, are the only TGF-PI receptor substrates, that possess the ability to 
propagate signals. These proteins can be grouped in three subclasses: the receptor activated 
Smads, the common Smads, and the inhibitory Smads. They are downstream mediators for the 
family of TGFP growth factors and associated with both T G F ~  and activin signaling. However, 
very little is known about the expression and regulation of the Smad signaling proteins in the 
testis. Smad2 and Smad3 proteins are expressed in the postnatal testes of rats fiom 5 days to 
60 days of age. Their mRNA levels run parallel to protein synthesis. These proteins are mainly 
localized in the cytoplasm of meiotic germ cells, Sertoli cells, and Leydig cells, whereas Smad3 
protein is localized to the nucleus of preleptotene to zygotene primary spermatocytes in 
young rats. The presence of these downstream mediators in these cell types supports a role 
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Fig.3.1. (A) Smad structural domains and their functions. (B) Three dimemsional structure of (i) Smad3 MHI 
domain bound to AGAC in SMAD-MHIIDNA complex and (ii) Smad2 MH2 domain. Reprinted with permission 
from J. Massague and D. Wootton, The EMBO Journal 19; 1745-54: 2000 O http://www.nature.com/ 

for T G F ~  and activin during spermatogenesis. The difference between the expression of 
Smad2 and Smad3 suggests that they may have different functions within the testis (Xu et al., 
2003). Activin can signal specifically through Smad2 and Smad3. Once Smad2 or Smad3 are 
activated by phosphorylation, they associate with Smad4 and the dimer migrates to the 
nucleus. The Smad complex can then bind to specific promoters and associate with 
transcriptional co-factors and co-activators to induce a transcriptional response (Massague 
and Chen, 2000; Ethier and Findlay, 2001) (Fig.3.1). 

3.1.3. Follistatin 

Follistatin (FS) is a monomeric glycosylated polypeptide originally isolated from follicular 
fluid as an inhibitor of FSH secretion. It is also produced in a wide range of non-reproductive 
tissues and is a high affinity binding protein of activin and to a lesser extent of inhibin. 
Shimasaki et al., (1988) and Robertson et al., (1987) independently reported the isolation of 
three single chain proteins with FSH release inhibitory activity from bovine follicular fluid, all 
having same amino terminal amino acid sequence as porcine FS. The cDNA cloning of the 
porcine ovarian FS precursor revealed two populations of cDNAs, which differed at the 3'- 
region of the open reading frames; one population encodes a precursor of 3 17 amino acids 
while the other encodes another precursor having the same 317 amino acids but with an 
additional 27 amino acids at the carboxy terminal; the two populations of FS mRNAs are 
generated by alternative splicing. The FS gene is approximately 6 kb long and consists of six 
exons separated by five introns. The first exon encodes the putative signal sequence, followed 
by four exons, which encode the four domains of FS, three of which are highly homologous to 
the other. The last exon encodes the extra 27 amino acid carboxy terminal domain of the 
residual precursor (Shimasaki et al., 1988; Houde et al., 1994). 

Follistatin is present in the cytoplasm and nucleus of late pachytene spermatocytes. 
Although the reaction in the cytoplasm disappeared after meiosis, it continued to be intense 
in the nucleus from pachytene spermatocytes to round spermatids (Ogawa et al., 1997). A role 
for follistatin in male germ cell differentiation was studied at the time when spermatogonial 
stem cells and committed spermatogonia first appear in the developing testis. Germ cells have 



52 Proteomics of Spermatogenesis 

the potential to regulate their own maturation through production of endogenous activin A 
and follistatin, whereas Sertoli cells, which produced the activinlinhibin PA subunit, the inhibin 
4 subunit, and follistatin, have the potential to regulate germ cell maturation as well as their 
own development (Meehan et al., 2000). It was suggested that the main function of follistatin 
is to act as a regulator of bioactivity rather than as a carrier protein. It could be possible that 
the relative abundance of follistatin and activin in a cell may determine cell proliferation 
(Mather et al, 1993). In the rat testis, follistatin mRNA is expressed in Sertoli cells and the level 
of expression varies in a stage specific manner. The protein has been localized to Sertoli and 
Leydig cells (Majdic et al., 1997). In addition to Leydig and Sertoli cells of the testis, the 
prostate gland and seminal vesicle may form the predominant source of follistatin in seminal 
plasma (Anderson et al., 1998). 

3.2. GROWTH FACTORS 

3.2.1. Insulin Like Growth Factors 

The insulin like growth factor (IGF) system is well defined, with profound effects on the 
growth and differentiation of normal and malignant cells. The established components of the 
IGF system include IGFs (IGF-I and IGF-11), type I and type I1 IGF receptors, IGF binding 
proteins (IGFBPs), and IGFBP proteases. The IGF-I (also called somatomedin C) and IGF-11, 
which are structurally similar to insulin, are two highly homologous hormone peptides of 
approximately 70-kDa molecular mass. The IGFs interact with specific cell surface receptors, 
designated type-I and type41 IGF receptors, and can also interact with the insulin receptor. 
The type-I IGF receptor, like the insulin receptor, is a receptor with tyrosine kinase activity. 
The type II IGF receptor is structurally distinct, binds primarily IGF-I1 but also serves as a 
receptor for mannosed-phosphate containing ligands. There are at present, six well 
characterized mammalian IGFBPs, designated IGFBP- 1 through4 Of particular interest is the 
discovery of several groups of cysteine rich proteins with discrete but striking, structural and 
functional similarities to the IGFBPs (Hwa et al., 1999). 

ZGF and ZGF Receptors in Testis: Insulin and its receptors have been extensively studied in 
the gonads and is the subject of several reviews. Based on the sequence analysis of the 
complete IGF-1 mRNA, it seems that the protein is synthesized as a precursor containing a 
signal peptide of 22 or 25 amino acid residues. In addition, the sequence extended in the 3'- 
direction showed the presence of multiple polyadenylation sites in IGF-1 message (Le Bouc et 
a]., 1986). Insulin like growth factor-I has been found in all cell types in rat testis. In addition 
to its fmding in Sertoli cells, IGF-I is present over peritubular cells. The IGF-I was apparent in 
spermatogenic cells, Sertoli cells, and Leydig cells only during the fvst 2 wk after birth, and 
declined thereafter in adults (Hansson et al., 1989). 

Anterior pituitary hormones regulate IGF-1 release and synthesis in the testis. Testicular 
IGF was decreased after hypophysectomy, and LH and FSH could restore levels of IGF-I 
mRNA but not IGF-11. In addition to gonadotrophins, stroids have a stitnulatory effect on IGF- 
I in the testis. Growth hormone (GH) is important in stimulating IGF in liver and its secretion 
fiom the gonads. A slight increase is found in IGF-I RNA after GH exposure, and expression 
was greatly enhanced by addition of DES with GH (review Ackland et al., 1992). In contrast, 
IGF-I1 mRNA expression was detected in all testicular cell types irrespective of the hormonal 
treatment (Dombrowicz et a]., 1992). 
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The IGF-1 receptors have been identified on all cell types in testis. Receptors for IGF-1 
have been found on Leydig cells and pachytene spermatocytes. IGF receptors are regulated 
both developmentally and hormonally, and hence IGF-I may be more important during 
developmental stages. The FSH, CAMP analogues, and a calcium ionophore reduce the 
production of IGF binding protein-1 by rat Sertoli cells in vitro. In situ hybridization studies 
revealed that IGF-I mRNA was not detected in human testis, whereas IGF-I mRNA was abundant 
in testicular blood vessels and peritubular connective tissue. Both IGF-I and IGF-I1 receptors 
mRNAs were most abundant in the germinal epithelium. Insulin like growth factors binding 
protein-1 mRNA was not detected while IGFBP 2-6 mRNAs were expressed abundantly. 

Functions of ZGF in Testis and Sperm: Insulin and the IGFs have a variety of effects on 
gonadal cells, including increasing proliferation, affecting steroidogenesis, and influencing 
other aspects of differentiation. As IGF-I and IGF-I1 are locally produced in the testis these 
factors have a selective paracrine or autocrine role in the regulation of spermatogonial 
proliferation during spermatogenesis. The IGF-I and IGF-I1 and insulin promote differentiation 
of spermatogonia to primary spermatocytes in organ culture of newt testes (Nakayama et al., 
1999; Tajima et al., 1995). The growth-promoting role of the IGFs has been demonstrated 
conclusively fi-om the dwarfmg phenotypes observed after targeted mutagenesis of the mouse 
Igfl, I&, and Igflr genes. The testes are reduced in size and sustain spermatogenesis only 
at 18% of the normal level. Despite the mutational impact on the epididymis, capacitated 
sperm are able to fertilize wild type eggs in vitro. The infertility of male mutants is due to 
failure of androgen synthesis resulting in drastically reduced levels of serum testosterone 
(Baker et al., 1996). The IGF-I deficiency may play a pathogenetic role in hypogonadism of 
cirrhosis. Low doses of IGF-I reverse testicular atrophy and appear to improve hypogonadism 
in advanced experimental cirrhosis (Castilla-Cortazar et al., 2000). 

Evaluation of the transgene expression during testicular development revealed that 
expression beginsbetween 10 and 15 days of development, coinciding with the appearance of 
the zygote and pachytene primary spermatocytes during early spermatogenesis. The over- 
expression of IGF-I induces increased IGFBP localization in the testis. Inhibition of IGF activity 
by IGFBP would explain the lack of dramatic physiological effects in IGF-I transgenic mice, 
despite the presence of elevated testicular IGF-I. Thus induced IGFBP in testis due to over- 
expression of IGF-I confirms the existence of a well-regulated testicular IGF system in testicular 
function (Dyck et al., 1999; Suh et al., 1997). 

Insulin and IGF-1 are found to inhibit germ cell synthesis of sulfogalactosylglycolipid 
(SGG), which is a differentiation marker in spermatogenesis (Lingwood et al., 1994). Soluble 
factors have been shown to potentially mediate regulatory interactions between peritubular 
cells and Sertoli cells. IGF-I ubiquitously produced in the testis stimulates proteglycans (PG) 
synthesis in several cell types. The exposure of peritubular cells from immature rat testis to 
IGF-I induces time dependent increase of newly synthesized proteoglycans. The stimulation 
of PG synthesis by IGF-I appeared to be due, at least partially, to cn increase of glycosylation 
process, and appeared to be mediated by the classical tyrosine kiiase-signaling pathway. 
Although the mechanism of hyaluronic acid synthesis was completely different from those of 
other glucosaminoglycan (GAG), IGF-I dramatically enhances its production by PT cells 
(Thiebot et al., 1997). 

The presence of IGF-IR on sperm and the presence of IGF-I in semen, and the ability of 
IGF-I to stimulate sperm motility provide evidence that the IGF system is involved in the 
fertilization in the bovine species (Henricks et al., 1998). IGF-IR is present primarily in the 
equatorial region, along with a weak binding in the acrosomal region of human spermatozoa. 
Since the IGF-IR has tyrosine kinase activity and its ligand IGF-I is present in the seminal 
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plasma, the IGF-I system may be involved in the signal transudation leading to sperm 
capacitation and acrosome exocytosis (Naz and Padman, 1999). 

3.2.2. Fibroblast Growth Factors 

Fibroblast growth factors (FGFs) are a family of heparin binding polypeptides involved in an 
array of biological processes during development and adult life. The FGF family consists of at 
least 12 members. Heparan sulfate proteoglycans (HSPGs) are low-aEhity binding sites for 
FGF ligands and are present in the extracellular matrix or as cell surface-bound molecules. 
Fibroblast growth factor exists in two highly homologous forms, acidic (aFGF) and basic 
(bFGF) that can bind to the same receptor. The aFGF has a limited tissue distribution and is not 
found in the gonads. Basic FGF has been isolated fkom testis and has been shown to be 
bioactive. Basic fibroblast growth factor of 30-kDa restricted to the tubular compartment is a 
1 146-amino acid peptide composed of a single chain, which can exist in a truncated form that 
has the first 15 amino acids fkomthe amino terminus deleted. Basic FGF is a potent mitogen but 
also has differentiating capabilities. It has been implicated in many functions (et al., 1991). 

In the male gonads, FGFs are implicated in spermatogonial and Sertoli cell mitosis and in 
Leydig cell function. Sertoli cell extracts were shown to contain bFGF. Observations suggest 
that the autocrinelparacrine actions of FGFs take place in both the compartments of testis. The 
FGF-1, FGF-2 and FGFR-I have been localized in adult testis. Immature Leydig cells bind FGF- 
1 and FGF-2 in vitro through a specific FGFR. The FGFR-I mRNA has been detected in the 
immature rat testis, and levels were found to decrease during development. It can stimulate c- 
fos mRNA in Sertoli cells in vitro, and this induction appears to be independent of CAMP and 
Ca2+/phospholipids pathways. In immature pig Sertoli cells in culture, bFGF stimulates cell 
proliferation and DNA synthesis. In addition, bFGF could increase FSH receptors on Sertoli 
cells and could act synergistically with EGF to increase PA. It has been shown that bFGF 
affects steroidogenesis in various testicular cells. Basic FGF regulates aromatase activity in 
porcine Leydig cells. It was found to inhibit LH- and forskolin induced testosterone production 
in rat testicular cell cultures but did not decrease progesterone production. It also inhibited 
conversion of exogenous progesterone and testosterone, indicating that bFGF may suppress 
17~hydroxylase activity. However, in immature porcine Leydig cells, bFGF augmented hCG- 
stimulated testosterone production. 

Four high-affinity FGF receptor (FGFR) genes have been characterized; these encode 
transmembrane protein tyrosine kinase receptors. The FGF-2 is involved in the autocrine and 
paracrine regulation of proliferation and differentiation of spermatogonia and spermatocytes 
via the receptors FGFR-1, FGFR-3 and FGFR-4, which were localized to germ cells of human 
testis (Steger et al., 1998; Resnick et al., 1998). In the fetal testis, reactivity for FGFR-1 was seen 
in gonocytes, Sertoli cells, Leydig cells, and mesenchyme, and FGFR-3 was localized in 
gonocytes. The FGF-2 stimulates steroidogenesis by immature Leydig cells in the absence of 
LH, mediated through HSPGs. The HSPGs are also essential for the autocrine growth factor 
regulation of adult Leydig cell steroidogenesis. In the immature testis, FGFR-1 was localized to 
spermatogonia, and all four FGFRs were localized in pachytene spermatocytes, immature Leydig 
cells, and peritubular cells. In the adult testis Sertoli cells were immunoreactive for FGFR-4, and 
germ cells were immunoreactive for all four FGFRs (Cancilla and Risbridger, 1998). 

3.2.3. Epidermal Growth Factor 

Epidermal growth factor (EGF) is a single polypeptide of 53 amino acids that was fmt isolated 
and purified fkom the submandibular glands of male mice and contains three disulphide bonds. 
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The EGF is shown to be equivalent to urogastrone, which was isolated from human urine. The 
mature EGF (EGFJ is a proteolytic processed polypeptide of EGF precursor (EGFp), an integral 
membrane protein of 140,000 Mr that exhibits eight EGF like repeats in addition to the EGF,. 
Although the normal physiological action of EGF, remains obscure, several biological effects 
have been attributed to it, including growth and differentiation effects on the cells in vitro. 
The EGF has been implicated in the regulation of spermatogenesis. For example, ablation of 
the submandibular gland (sialoadenectomy) in adult male mice led to a marked decrease in 
circulating levels of immunoreactive EGF, without diminishing testosterone and FSH, but 
correlated with decrease of epididymal sperm. These effects were reversed by administration 
ofEGF,. 

The EGF is involved in differentiation of the male reproductive system through modulation 
of androgen receptor activity. It was suggested that proper EGF expression is important for 
completion of spermatogenesis (Wong et a]., 2000). EGF administration was required to reverse 
the infertility. It appears that the effects are mediated via the testicular somatic cells. Epidermal 
growth factor like activity has been detected in human seminal plasma. Specific EGF binding 
activity was detectable in testicular membrane preparations but not in membranes prepared 
fiom human prostate, seminal vesicle, epididymis, or spermatozoa (Gupta, 1996). 

Epidermal growth factor can stimulate Sertoli cell proliferation and has an additive effect 
with other growth factors. In Leydig cells, EGF, also affects androgen production. Consistent 
with studies was the demonstration that both Leydig cells and Sertoli cells in rodent, nonhuman 
primates, and human testes exhibit EGF receptor. The EGF has been observed in the mouse 
and human testis and produced specifically in the mature germ cells residing in the adluminal 
compartment of the blood testis barrier. It has been suggested that the testis must be included 
in the list of tissues capable of synthesizing EGF, It induces differentiation of type A 
spermatogonia in cryptorchid testis at 100-200 ng/ml, whereas EGF at lower concentrations (1 
to 100 ng/ml) inhibited mitotic activity in spermatogonia. The action on EGF receptor (EGFR) 
expression and inhibition of EGFR results in inhibition of WolEan duct differentiation. A zinc 
finger protein, ZPRl binds to the cytoplasmic tyrosine kiiase domain of the epidermal growth 
factor receptor (EGFR). This interaction is mediated between zinc fmgers of ZPRl and sub- 
domains X and XI of the EGFR tyrosine kinase. Treatment of mammalian cells with EGF 
caused decreased binding of ZPRl to the EGFR and the accumulation of ZPRl in the nucleus. 
The ZPRl represents a prototype class of molecule that binds to the EGFR and is released 
from the receptor after activation (Galcheva-Gargova et al., 1996). EGF-receptor is localized in 
the head of bull spermatozoa and can induce the acrosome reaction in its typical dose 
dependent manner. Epidermal growth factor also stimulates human sperm capacitation by 
activating the tyrosine kinase of the EGF receptor, which regulates phosphorylation at 
multisites.(lax et al, 1994). 

3.2.4. Transforming Growth Factor-a 

Transforming growth factor a is biologically and structurally related to EGF. From the 
expression patterns of EGF, TGF-a and their common receptor, TGF was suggested to act 
during early pubertal stages to support the active somatic cell growth in testis. However, its 
role in spermatogenesis is not evident. Transforming growth factor 4 is a 50 amino acid 
polypeptide and is highly homologous to EGF, sharing -2 1 residues with mouse EGF, including 
three intra-chain disulfide bonds. Both TGF-4 and EGF bind to the same receptor and have 
similar action in many cell systems. But they can also have distinct effects. In males, TGF-a 
mRNA (but not EGF) is found in peritubular cells and Sertoli cells, and cultures of Sertoli cells 
secreted immunoreactive TGF-a. While TGF-4 is essentially observed in somatic cells, 
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specifically in perinatal Leydig cells and in mature Sertoli cells, EGF is localized both in germ 
cells and in somatic cells with a preferential tubular expression. EGF receptor was localized to 
peritubular cells, but none was found on Sertoli cells consistent with the finding that TGF-a 
stimulated proliferation of peritubular cells but not Sertoli cells (Caussanel et al., 1996). A 
study by Levine et al., (2000) was an investigation of the hypothesis that TGF-a is involved 
in regulating embryonic testis growth. Characterization of cell proliferation in the rat testis 
throughout embryonic and postnatal development indicated that each cell type has a distinct 
pattern of proliferation. Both TGF-a and the EGFR were found to express in the embryonic 
and postnatal rat and mouse testes. Perturbation of TGF-4 h c t i o n  by anti-TGF-4 Abs on 
testis organ cultures dramatically inhibited the growth of both embryonic and neonatal testis. 
Therefore, TGF-a appears to influence embryonic testis growth but not morphogenesis (i.e. 
cord formation). Treatment of embryonic testis organ cultures with exogenous TGF-a also 
perturbed development, leading to an increased proliferation of unorganized cells. TGF-a 
knockout mice had no alterations in testis phenotype, while EGFR knockout mice had a 
transient decrease in the relative amount of interstitial cells. This suggests that there may be 
alternate or compensatory factors that allow testis growth to occur in the apparent absence of 
TGF-a actions in the mutant mice. It seems that TGF-a is an important factor in the regulation 
of embryonic testis growth, although other factors may also be involved in the process. 

3.2.5. 'Ikansforming Growth Factor-p 

The transforming growth factor-fi (TGF-@) family of secretory polypeptides includes various 
forms of TGF-P/, the bone morphogenetic proteins (BMPs), the Nodals, the activins, the anti- 
Mullerian hormone, and many other structurally related factors in vertebrates, insects and 
nematodes. More than 30 proteins have been identified in this family. These factors regulate 
cell migration, adhesion, multiplication, differentiation and apoptosis throughout the life span 
of various cells. Transforming growth factor-p is a 25000 Da peptide composed of two identical 
subunits. Each subunit contains nine cysteine residues, seven of which are conserved 
throughout the TGF-PI family. The protein is highly conserved among species; the human, 
bovine, and porcine sequences are identical and differ fkom that of the rat by only one amino 
acid. Most cell types contain TGF-P and its receptor, and it may act in an autocrine fashion. 
Transforming growth factor is secreted in an inactive form and can be activated with acid or 
plasmin. Unlike classical hormones, whose actions are few and concrete, the members of the 
TGF-P family have many different effects depending on the type and state of the cell. For 
example, in the same healing wound TGF-PI may stimulate or inhibit cell roliferation depending 
on whether the target is a fibroblast or a keratinocyte. Hence TGF-&ignaling is regulated 
positively or negatively. Positive regulation amplifies signals to a level sufficient for biological 
action. Negative regulation occurs at the extracellular, membrane, cytoplasmic and nuclear 
levels. TGF-PI signaling is often regulated through negative feedback mechanism, which limits 
the magnitude of signals and terminates signaling. Regulation of TGF-P signaling might be 
tightly linked to tumor progression, since TGF-PI is a potent growth inhibitor in most cell types 
(Miyazono, 2000). The TGF-P family members are multifunctional hormones, and hence the 
TGF-P signal transduction pathways may be numerous and complex in order to account for 
diversity of responses. However, mediation of diverse TGF-8( responses, like activins, is 
explained by the presence of a family of receptor substrates, the Smad proteins that move into 
the nucleus where they act as transcription factors. The TGF-P (ligand) assembles the receptor 
complex that activates Smads, and the Smads assemble multi-subunit complexes that regulate 
transcription.The developmental expression of the multiple forms of TGF-P (TGF-PI, P2, P3) 
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genes in whole testis and isolated somatic cell type showed that TGF-P 1 and TGFP2 mRNA 
expression was predominant in the immature testis and decreased at the onset of puberty. The 
TGF-P has dramatic effects on peritubular cell differentiation and the production of specific 
proteins. TGF-P3 mRNA expression peaked at an early pubertal stage, coincident with the 
initiation of spermatogenesis. Peritubular and Sertoli cells expressed each isoform of TGF-P 
during development. Peritubular cells mRNA expression of TGF-P 1, P2, and P3 decreased 
transiently at the onset of puberty. Both cultured peritubular and Sertoli cells can produce the 
proteins for TGF-P 1, P2 and P3.The FSH causes a dramatic decrease in Sertoli cell TGF-P2 
expression, and has no effect on TGF-PI or TGF-03 expression. TGF-PI has no effect on 
Sertoli cell proliferation (Mullaney and Skinner, 1993). Germinal cells express a unique transcript 
of TGF-P1 and respond to TGF-P1. This suggests that TGF may play an important role in 
morphogenesis and differentiation of the spermatogenic cells. Local production of TGF-P 
may also act to limit the action of growth stimulators in the tubule. Three TGF-P genes have 
been cloned, designated TGF-P,, TGF-P, and TGF-P, (Derynck et al., 1988). 

Wang and Zhao (1 999) examined the expression of Smad2, the signal transducer of the 
TGF-P in mouse testes. Both Smad2 mRNA and protein are present in meiotic germ cells from 
preleptotene to pachytene spermatocytes but not in postmeiotic germ cells. Smad2 expression 
was also observed in interstitial cells and Sertoli cells. Presence of Smad2 in testis provides 
molecular evidence for TGF-P signal transduction during spermatogenesis. The DNA-Smad 
interaction are shown in Fig.3.1 (Massague and Wootten, 2000). 

In addition to the role of gonadotrophins in testis, it is now clear that TGF-P is another 
important factor for spermatogenesis. Both TGF-P mRNA and TGF-P like immunoreactive 
material are present in the testis of several mammals. In rats, Sertoli cells and peritubular cells 
express TGF-P mRNA and secrete TGF like peptides in vitro. Leydig and Sertoli cells from 
immature pig testis express TGF-P rnRNA and protein both in vivo and in vitro. In adult mouse 
testis TGF-P transcript of small size was also found in germ cells. Isolated testicular cells, 
including germ cells and Sertoli cells, contain mRNAs for the three types of TGF-P receptors 
(Avallet et al., 1997). Sertoli cells express a single TGF-P transcript of 2.5-kb, but no TGF-j3 
protein could be detected in Sertoli cell conditionedmedium. Neither TGF-P mRNA nor protein 
could be detected in either pachytene spermatocytes or early spermatids. Co-culture of Sertoli 
cells with either spermatocytes or spermatids resulted in a 2 folds increase of TGF-P protein. 
Thus Sertoli cell-germ cells interactions regulate TGF-P expression (Avallet et al., 1997). 

TGF-P Receptors: The mechanism of the TGF-P receptor activation involves two different 
transmembrane protein serinetthreonine kinases, receptor types4 and -11 (TPRI and TPRII) 
brought together by the ligand that acts as a receptor assembly factor (Massague and Wotton, 
2000). Both (TPRI and TPRII) type of receptors are present in the rat testis. In situ, Leydig 
cells showed a strong TPRII immunoreactivity whereas the type-1 receptor (TPRI) activity 
was weak. The TPRII was detectable in Sertoli cells and in germ cells. The expression of both 
receptors depended on the seminiferous cycle stage. TPRI first appeared in pachytene 
spermatocytes and was absent in elongated spermatids from stage XIV onwards, whereas 
TPRII was observed as early as the spermatogonia stage; it increased in pachytene 
spermatocytes at the onset of TPRI and disappeared in elongating spermatids from stage XI 
onwards. This showed that TGFP could affect somatic cells functions and exert a direct effect 
on germ cells (Olaso et al., 1998). 
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3.2.6. Anti-Mullerian Hormone 

During male sexual development in mammals, anti-Mullerian hormone (AMH) induces the 
regression of the Mullerian ducts that form the primordia of the female reproductive tract. 
Anti-Mullerian hormone, also known as Mullerian-inhibiting substance (MIS), a member of 
the transforming growth factor d family produced by immature Sertoli cells and, to a lesser 
degree, by granulosa cells fiom birth to the end of reproductive life, does not affect gonadal 
determination but has a negative effect upon gonadal development in both sexes. The AMH 
represents a useful marker of androgen and FSH action within the testis, as well as of the 
onset of meiosis. It blocks meiosis in fetal ovaries and inhibits the transcription of aromatase 
and LH receptor. AMH also affects the development and function of the adult testis by 
blocking the differentiation of mesenchymal into Leydig cells and by independently decreasing 
the expression of steroidogenic enzymes &yet et al., 1995; Josso et al., 1998). Like other 
members of TGF-P family, AMH signals through two related but distinct receptors, both 
serinelthreonine kinases with a single transmembrane domain, type I and type I1 receptors. 
The type I1 receptor has been cloned and is expressed solely in AMH target organs. AMH 
appears to involve the type I receptor BMPR-IB and downstream effector Smad. However, its 
role in AMH biological actions remains to be seen (Josso et al., 2001). Clinical studies 
demonstrated a negative correlation between serum AMH and testosterone in puberty but 
not in the neonatal period. In normal mice, intratesticular testosterone repressed AMH 
synthesis, but not by serum testosterone, explaining why AMH is down-regulated in early 
puberty when serum testosterone is still low. In neonatal mice, AMH is not inhibited by 
intratesticular testosterone due to deficient expression of androgen receptors by Sertoli cell. 
Androgen insensitive patients exhibit elevated AMH in coincidence with gonadotrophin 
activation. In immature normal and in androgen insensitive Tfin mice, FSH administration 
gives elevation of AMH levels, indicating a role of androgens. The role of meiosis on AMH 
was investigated in Tfin and pubertal XXSxrb mice, in which germ cells degenerate before 
meiosis. It was found that meiotic entry acts in synergy with androgens to inhibit AMH (Al- 
Attar et al., 1997). 

Sequence comparisons of MIS type I1 receptor gene demonstrated that MIS gene (Amhr) 
is highly conserved (Mishina et al., 1997). GATA-4, a zinc finger transcription factor and 
nuclear receptor steroidogenic factor (SF-1) are early markers of Sertoli cells that have been 
shown to regulate MIS transcription. GATA and SF-1 binding sites are adjacent to one another 
in the MIS promoter. Co-expression of both factors lead to a strong synergistic activation of 
the MIS promoter. GATA-4 enhances MIS transcription by binding at its DBD in promoter 
region and its direct interaction with SF1. GATA-4 can also synergize SF1 promoter by direct 
protein - protein interaction with SF-1 mediated through the zinc finger region of GATA-4 
(Tremblay et al., 1999) (Fig.3.2). An orthologue of AMH from the tammar wallaby (Macropus 
eugenii) is highly conserved with the eutherian orthologues within C-terminal mature domain. 
The N-terminus of marsupial AMH is divergent and larger than that of eutherian species. It is 
located on chromosome 314, showing autosomal localization in other species. Like eutherian 
AMH genes, the wallaby 5' regulatory region contains binding sites for SF1, SOX9, and 
GATA factors, in addition to a putative SRY-binding site. In the developing testis, AMH is 
localized in the cytoplasm of the Sertoli cells but is lost by adulthood (Pask et al., 2004). 

3.2.7. Platelet Derived Growth Factor 

Platelet derived growth factor (PDGF), initially isolated fiom platelets stimulates fibroblast 
growth. The PDGF plays paracrine and autocrine roles in the testis, and may mediate 
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Fig.3.2: Role of GATA-4 in Mullerian inhibiting substance (MIS) gene expression. (A). Schematic diagram of 
GATA-4 protein showing DNA binding domain (DBD), nuclear localization signal (NLS), and zinc finger 
(ZnF) domain. (B). Control of MIS transcriptional regulation by different transcriptional factors (GATA-4, 
Sox9, WTl and SF1) (see text). 
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communication between the interstitial compartment and the seminiferous epithelium. The 
PDGF is composed of two homopolymer chains of 3 1 kDa. The direct action of PDGF is on 
spermatogenesis and its local production in testis is not known. However, PDGF-A-deficient 
male mice are associated with progressive loss of testicular size, Leydig cells loss, and 
spermatogenic arrest. The testicular defects seen in PDGF-A-1- mice, combined with the 
normal developmental expression of PDGF-A and PDGF-Ra indicated that the PDGF-A gene 
is essential for the development of the Leydig cell lineage. The Leydig cell loss and the 
spermatogenic impairment in the mutant mice are reminiscent of cases of testicular failure in 
man (Gnessi et al., 2000). Platelet derived growth factor ligand and receptor (PDGF-R) a ,  P 
subunits mRNA express in the Sertoli and Leydi cells of the rat testis. The Leydig cells 
contained predominantly mRNA encoding PDGF-ffsubunits, while the Sertoli cells contained 
abundant mRNAs encoding both ligand subunits. None of the PDGF subunit mRNA was 
detected in the germ cells (Loveland et al., 1995; Luconi et al., 1995). 
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3.2.8. Nerve Growth Factor 
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Nerve growth factor (NGF) is a protein by which germ cells communicate with Sertoli cells. 
The NGF is known to have important functions in the development and maintenance of 
sensory and sympathetic neurons. In the adult rat testis, the NGF and its gene are localized to 
spermatocytes and early spermatids of all stages, while NGF receptor mRNA was detected in 
Sertoli cells of testis of immature and mature cells and is down-regulated by testosterone. The 
NGF immunoreactivity and mRNA have been detected in the testis of the adult mouse, rat and 
human. Hypophysectomy increased both NGF-R mRNA in testis and the number of NGF-R 
hybridizing cells in seminiferous tubules. This was suppressed by treatment with hCG or 
testosterone, but not with FSH. The NGF-R mRNA also increases after destruction of Leydig 
cells or blocking of the androgen receptor. This suggests that NGF produced by male germ 
cells regulates testicular function in an androgen-modulated fashion by mediating an interaction 
between germ and Sertoli cells. NGF stimulates in vitro DNA synthesis of seminiferous tubule 
segments with preleptotene spermatocytes at the onset of meiosis suggesting that NGF is a 
meiosis growth factor that acts through Sertoli cells (Parvinen et al., 1992). 
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The neurotropin receptors consist of a low-affinity p75 nerve growth factor receptor 
(p75NGF-R) and a family of high-afiity tyrosine receptor kinases (trk). Both the p75NGF-R 
gene product and the trk receptor gene product were detected in immature rat testis, with 
maximal expression found in stages VII and VIII of the cycle, the sites of onset of meiosis in 
rats. The low-affinity NGF receptor protein was in the plasma membrane of the apical Sertoli 
cell processes as well as in the basal plasma membrane of these cells at stages VII to XI. 
Tyrosine kinase receptor (trk) mRNA encoding an essential component of the high- e i t y  
NGF receptor is also present at all stages. Expression of the testicular p75NGF-R and the trk 
receptor progressively decline in older animals so that they are barely detectable in 90-day- 
old adult rats. The p75NGFR was detected in membrane fi-actions of Sertoli cells, and not in 
membrane fi-actions of round spermatids and primary spermatocytes, while microsomal fi-actions 
of peritubular myoid cells were immunoreactive for a 65-kDa band (Djakiew et al., 1994). The 
expression of p75NGF-R during early gonadal development has been demonstrated in 
mesenchymal cells of the embryonic mouse and rat testes. The expression in the prepuberal 
and adult mouse and rat testis, of an abundant and shorter transcript of 3.2kb that cross- 
hybridizes to receptor mRNA (3.7-kb) also has been shown. This new mRNA species, which 
appears at the beginning of spermatogenesis, is expressed in pachytene spermatocytes and 
round spermatids (Russo et al., 1995). 

3.2.9. Neurotrophic Factors 

Normally neurotrophic factors (NTs) are defmed as molecules that maintain neuronal cells. 
However, they possess a range of other functions, which are performed outside nervous 
system. For example, glial cell line derived neurotophic factor, leukemia inhibitory factor, and 
IL-6 all belonging to neurotrophic factor family, play non-neural functions in stem cell 
differentiation and kidney morphogenesis during embryogenesis, maintenance of immune 
cells, sperm cell differentiation and others. The expression of NTs and their receptors in the 
human fetal testis during the second trimester indicated the possible roles of neutrophins in 
the proliferation and survival of germ cells and peritubular cells (Robinson et al., 2003). 

Neurotropin-3: The neurotropins are involved in embryonic morphological events (cord 
formation; NT3) and in growth of the perinatal testis (NT3 and NGF on postnatal Day 0). 
Nerve growth factor and NT3 alone or in combination inhibited expression of mRNA for TGF- 
4 while N T ~  increased mRNA expression of EGFR. The combination treatment of neurotropins 
inhibited expression of TGF-dl and increased expression of TGF-P1 . This suggests that NT3, 
NGF, trk A and trk C are localized to cells critical to seminiferous cxd  formation and appear to 
be important regulators of morphological sex determination. In addition to these morphological 
effects, both NT3 and NGF stimulate postnatal Day 0 testis growth and may elicit their action 
through altering the expression of locally produced growth factors such as TGF-P( and TGF- 
d <cupp et al., 2000). 

Gl i l  Cell Linederived Neurotrophic Factor: Glial cell line-derivedneurotrophic W r  (GDNF) 
is essential for ureteric branching in kidney morphogenesis and regulating the fate of stem 
cells during spermatogenesis. The expression of GDNF family ligands and related receptors 
are present in germ cells of adult mice. Though the GDNF mRNA was detected in ovary, it was 
not detectable in testis. Neuroturin (NTN), another ligand in this family, gave rise to strong 
mRNA hybridization signals in testis at stages IX-XI1 and 1-11 of the spermatogenic cycle. In 
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testis, the transducing receptor, RET as well as GDNF receptor a-1 (GFR) a-1 and GFR a-2 are 
distributed in complementary and overlap ing patterns, the former at stages XI-XII-I and the 
latter at stages VII and VIII, while (GFR) 4 3  couldnot be detected (Widenfalk et al., 2000). In 
another study, GFR 41 and GFR 4 2  were found to be expressed in germ cells while GDNF and 
NTN were expressed by Sertoli cells. Thus, GDNF-family ligands may act as paracrine factors 
in spermatogenesis and the circuit may be active in germ cell tumors (Viglietto et al., 2000). 
Transgenic loss of function and over-expression models showed that the dosage of GDNF 
produced by Sertoli cells regulates cell fate decisions of undifferentiated spermatogonia that 
include the stem cells for spermatogenesis. Gene-targeted mice with one GDNF-null allele 
showed depletion of stem cell reserves, whereas mice over-expressing GDNF showed 
accumulation of undifferentiated spermatogonia. They were unable to respond properly to 
differentiation signals and undergone apoptosis upon retinoic acid treatment,Non-metastatic 
testicular tumors were regularly formed in older GDNF-over expressing mice. Thus, GDNF 
contributes to paracrine regulation of spermatogonial self-renewal and differentiation (Meng 
et al., 2000). 

3.2.10. Vascular Endothelial Growth Factor 

Vascular endothelial growth factor (VEGF), also known as vascular permeability factor (VPF), 
and its receptors hs-like tyrosine kinase (Flt-1) and fetal liver kinase (KDR in humans and 
FIk-1 in mouse) are present in the human testis. The VEGF mRNA was detected in the human 
testicular tissue and in hgments of seminiferous tubules. VEGF antibody revealed two protein 
bands corresponding to 24 and 49kDa in testis. Studies suggested that VEGF acts as a paracrine, 
mitogenic and angiogenic factor, responsible for modulating the capillarization of the human 
testicular tissue and maintaining the functions of testicular microvasculature. The VEGF may 
also influence the permeability of capillaries passing through the group of Leydig cells and 
those localized within the lamina propria of human seminiferous tubules. The differences in 
the expression pattern of the VEGF receptors in the human testicular tissue probably reflect 
different VEGF effects in different compartments of human testis (Ergun et al., 1997). While 
VEGF and VEGF receptors mRNA are present in the human epididymal tissue, VEGF protein 
was localized in peritubular and basal cells of the epididymal duct (Ergun et al., 1997). However, 
Korpelainen et al., (1998) produced evidence that over-expression of VEGF in the testis and 
epididymis of transgenic mice causes infertility. Findings suggested that the VEGF transgene 
has non-endothelial target cells in the testis and that VEGF may regulate male fertility. 

3.2.11. Hepatocyte Growth FactorlActivator-Inhibitor 

The hepatocyte growth factor (HGF) is known to regulate cell growth, movement and cell 
differentiation, and is involved in embryonal morphogenesis. The hepatocyte growth factor 
receptor (HGFR, c-MET), a tyrosine kinase receptor protein transduces multiple effects in 
mammalian tissues, and is widely expressed in different cell types including the male 
reproductive tract. Both c-MET mRNA and protein are expressed in prebuberal rat testis. The 
interstitial tissue is also c-MET positive. The protein encoded by the c-METproto-oncogene 
is present in myoid cells. HGF induces morphological changes in myoid cells and in c-MET- 
expressing Sertoli cells where it is developmentally regulated and functionally active in 
postpuberal Sertoli cells. In rat testis c-MET is expressed during postnatal life until the sexual 
maturity. The c-MET expression persists in myoid cells during postnatal testis development 
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and its expression in Sertoli cells correlates over time with germ cell de-differentiation and 
lumen formation The co-expression of factor and receptor in the myoid cells suggests a role 
for HGF as autocirne regulator of myoid cells and, possibly, as regulator of mammalian testicular 
function (Catizone et al., 2001). 

Mouse hepatoma-derived growth factor (I-lDGF)-related protein (HRP)-1 and -2 genes 
are mouse homologues of the HDGF gene isolated from a mouse testis cDNA library. The 
HRP- I, HRP-2 and HDGF, which comprise an HDGF gene family, have a highly conserved 
sequence in their N-terminal region, called the HATH region (homologous to the amino terminus 
of HDGF). All of these genes are highly expressed in the testis. Although HRP-2 and HDGF 
genes are ubiquitously expressed in many organs, the HRP-1 gene is exclusively expressed in 
the testis. The HRP-1 gene is not expressed in the ovary but its product was detected in the 
nuclei of germ cells, not in somatic cells. The HRP-1 gene is expressed through pachytene 
spermatocyte to round spermatid (Kuroda et al., 1999). 

Hepatocyte growth factor activator inhibitor type 1 (HAI-1) and type 2 (HAI-2) are newly 
identified integral membrane Kunitz-type proteinase inhibitors. These inhibitors have important 
regulatory roles in pericellular activation of hepatocyte growth factor/scatter factor (HGF/ 
SF). HGFISF is also involved in testicular development and spermatogenesis. In human testis, 
HAL2 was strongly expressed whereas HAI-1 mRNA was hardly detectable. The mRNA size 
of HAI-2 was shorter in the testis (1.2 kb) than those in the other tissues such as placenta (1.5 
kb). Two major transcription start sites in the HAI-2 gene are located at -30 bp and -360 bp 
upstream £?om the translation initiation codon. The site at -360 appeared to be mainly used in 
the placenta and the other non-testicular organs, where as site at -30 is used in testis, resulting 
in the -300 bp shorter mRNA. HAL2 is expressed exclusively in primary spermatocytes 
(Yamauchi et al., 2003). 

3.3. PLASMINOGEN ACTIVATORS 

It has been well established that limited proteolysis plays a role in spermatozoa1 maturation 
and capacitation. Plasmin, a tryptic protease, is thought to play an important role in extracellular 
proteolysis. It is generated from plasminogen by limited proteolysis catalyzed by plasminogen 
activators, i.e. tissue plasminogen activator (PA) and urokinase plasminogen activator (uPA). 
Binding of uPA to a high affinity, specific plasma membrane receptors (uPAR) that is present 
on a variety of different cell types localizes the generation of plasmin to the close environment 
of the cell surface. Ejaculated mouse spermatozoa have cell surface associated uPA, which is 
synthesized by epithelial cells of the caudal part of epididymis and the vas deferens. Binding 
of uPA to spermatozoa suggested the presence of uPA receptors on sperm surface. Surface 
bound uPA of mouse sperm appears to be acquired from genital tract secretions at ejaculation. 
In situ hybridization demonstrated the presence of uPA-R mRNA in germ cells. Binding of 
uPA, but not of a mutant enzyme lacking the receptor binding domain, indicated the presence 
of uPA-R on spermatids and sperm (Zhou and Vassali, 1997). 

Both uPA and tPA-like activities are found in seminiferous tubules and are secreted by 
Sertoli cells, and are under the control of FSH (Vihko et al., 1986). Sertoli cells secrete PA, 
which is under the regulation of FSH, c-AMP and neighbouring spermatogenic cells. Pre- 
leptotene spermatocytes are important regulators of uPA secretion. Cyclic secretion of PA 
starts at the age of 28 days, and from 40 days onwards. The high secretion rates are localized 
in stages VII and VIII of the cycle of the seminiferous epithelium. The PA secretion in vitro by 
Sertoli cells is strongly enhanced by those Sertoli cells that had phagocytosed E. Coli. 
Residual bodies (RB) play a role in the regulation of proteolytic system in testis and in 
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coordination of spermatogenesis. Addition of RBs to Sertoli cells in culture and their 
phagocytosis by Sertoli cells leads to rapid stimulation of Sertoli cell 1 ~ - 1 4  which regulates 
spermatogenesis. It seems that RBs stimulate PA, which is regulated by IL-la (Sigillo et al., 
1998). 

3.3.1. Ly-6RTrokinase-'Qpe PlasminogenActivator Receptor 

A member of the Lyd/urokinase-type plasminogen activator receptor (uPA-R) superfamily of 
receptors, SAMP14 has been identified in testis. The SAMP14 is retained on the inner acrosomal 
membrane of the human spermatozoa following the acrosome reaction and may play a role in 
fertilization. The SAMP14 sequence predicted a glycosylphosphatidylinositol (GP1)-anchored 
protein with a signal peptide, a transmembrane domain near the carboxyl terminus, and a 
putative transamidase cleavage site in the proprotein. The SAMP14 has a single functional 
domain similar to the Ly-6 urokinase plasminogen activator receptor superfamily proteins, 
and the gene mapped to 19q13.33, near the PLAUR locus for uPAR at 19q13.2. The SAMP14 
was localized to outer and inner acrosomal membranes as well as the acrosomal matrix of 
ejaculated human sperm. Some SAMP14 is loosely associated with the plasma membrane. 
SAMP14 represents a GPI-anchored putative receptor in the Ly6/uPAR family that is exposed 
on the inner acrosomal membrane after the acrosome reaction (Shetty et al., 2003). 

3.3.2 Plasminogen Activator Inhibitor Proteins 

Sertoli cells secrete PAS on both sides of the blood testis barrier, i.e. in the basal and apical 
compartments of the seminiferous tubules, whereas peritubular cells secrete plasminogen 
activator inhibitor-1 (PAI-1). Both types of PA are inhibited specifically by PAI-1. The PAL1 
mRNA and bioactive PAL1 protein are stimulated by l ' ~ ~ - d . T h e  biological effects of TNF-a 
on PAI-1 might be secondary to de novo synthesis of EGFR and may occur in the context of 
physiological interactions between the testis and the immune system (Le Magueresse-Battstoni 
et a]., 1997). The signal intensity of PAI-1 increases in the course of differentiation until a 
maximum is reached at stages VII-VIII and remains associated with germ cells after spermiation 
and during maturation in the epididymis. In mature caudal sperm, PAI- I is localized on the 
plasma membrane surrounding the head. In addition the activity was detectable in the acrosome 
and in the tail (Manske et al., 1994). It appeared that there exists a direct linkage between 
molecular events triggered by phagocytosis and the regulation of tPA and PAI-1 in Sertoli 
cells (Bourdon et al, 1999). 

Since Sertoli cells secret PA, primarily of uPA type, and under FSH stimulation, of the tPA 
type, whereas peritubular cells secrete PAI-1, it was hypothesized that cell-cell interactions 
between these two cell types may regulate net protease activity within the seminiferous 
tubules. While it is possible that PAI-1 produced by peritubular cells counteracts the basal 
secretion of PA, the nature of the PA inhibitor acting in the apical compartment was a PAL1 
protein that was secreted by Sertoli cells. Sertoli cells contain a transcript of 3-3.2-kb, which 
hybridizes specifically to a PAL1 cDNA. The secreted protein complexed with t-PA was 
biologically active. This protein co-migrated with purified PAL1 as a doublet of 46 and 49 kDa 
and is under a complex hormonal (FSH) and paracrine andlor autocrine control exerted at least 
by bFGF and TGF-dl (Le Magueresse-Battstoni, eta]., 1998). 
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3.4. PEPTIDE HORMONES 

3.4.1 Rennin-Angiotensin System 

The rennin angiotensin system (RAS) has long been considered to be a circulating hormonal 
system responsible for the regulation of blood pressure and electrolyte balance. Presently 
there has been a shift in emphasis from endocrine to paracrine and autocrine functions of the 
RAS in tissues. Key components of the RAS, notably angiotensinogen and rennin, need to 
be present for local RAS. These components have been demonstrated in a number of tissues 
with physiological relevance. In the reproductive tissues, RAS may be important in the 
regulation of reproductive functions (Vinson et al., 1997). 

3.4.2. Angiotensin Converting Enzyme 

Angiotensin I-converting enzyme (ACE, EC 3.4.15.1) is primarily a dipeptidyl carboxy peptidase, 
responsible for removing dipeptides fkom the C-terminus of circulating angiotensin I (Al, 
DRVYIHPFHL), bradykinin (RPPGFSPFR), and the hemo-regulatory peptide, N-acetyl SDKP 
(AcSDKP) and participates in blood pressure regulation. Human ACE exists in two isoforms: 
somatic ACE (sACE, Mr 150- 180 x 1 O3 Da) and testicular or germinal ACE (gACE, M 100-1 10 
x lo3 Da). The ACE is expressed in somatic tissue (vascular endothelial cells and at the brush 
border of renal proximal convoluted tubule, jejunal villus, and epididymal duct epithelia), 
whereas the germinal form is expressed uniquely in germinal cells with a precise stage specific 
pattern, starting in round spermatids and finishing in spermatozoa. In situ hybridization 
demonstrated that there was no direct correlation between the levels of ACE mRNA and the 
enzyme it encodes for, i.e. ACE in a given epithelium (clr Sibony et al., 1994). The larger sACE 
is anchored to the plasma membrane by a hydrophobic sequence towards the C-terminus and 
has two catalytically active domains. The two domains have a high level of sequence homology. 
The structure of the mammalian ACE gene has clearly arisen from a gene duplication event 
during the course of evolution. Amino acid sequence of the C-domain is identical with gACE, 
apart fiom a 68 amino acid N-terminal sequence. The predicted pro-protein has a signal sequence 
for secretion, and when a full length cDNA for human gACE is expressed in transfected 
Chinese hamster ovary cells, gACE is expressed as both a membrane bound and a soluble 
secreted enzyme. In rats, the link of gACE in maturing spermatids and spermatozoa1 protein 
differs fkom plasma membrane sACE in that the germinal enzyme is processed to a soluble 
protein with an intracellular localization (Isaac et al., 1997). 

Ontogeny: In rat and mouse, testis specific ACE mRNA and its gene product are present only 
after completion of meiosis. The ACE mRNA and its corresponding protein are first synthesized 
during the cap phase (steps 4-7), followed by maximum expression during the acrosome phase 
(Steps 8-12). The ACE mRNA is not detectable in spermatids beyond step 14, whereas its 
gene product is expressed until the end of spermatid maturation (Sibony et al., 1994). However, 
Langford er al, (1993) noted that although testis ACE protein is first detected in step 10 
spermatids, testis ACE mRNA is first detected in a developmentally younger cell population, 
late pachytene spermatocytes. Thus, testis ACE mRNA is translationally arrested for a period 
of several days &ti1 late in spermiogenesis. The localization of gACE to the acrosome and the 
Golgi apparatus close to the acrosome, at a stage when this organelle is very active in secretion 
led to consider the possibility that gACE is involved in the intracellular processing of spermatid 
peptide pro-hormones. The peptide hormone intermediates with LydArg-Arg at the C-terminus 
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are high affinity substrates for human gACE. The gACE from human sperm cleaves Arg-Arg 
from the C-terminus of the CCK5-GRR (GWMDFGRR), a peptide corresponding to the C- 
terminus of CCK-gastrin pro-hormone intermediate. It was suggested that gACE might be an 
alternative for carboxypeptidase E for trimming of basic dipeptides from the C-terminus of 
intermediates generated from pro-hormones by subtilisin like convertase in human male germ 
cells (Isaac et al., 1997). 

Characterization: Testis ACE (gACE) is produced in large quantities during mammalian 
spermatogenesis and the testis is considered a tissue with the highest levels of gACE in an 
adult male animal. Germinal and somatic forms of ACE are encoded by a single gene. Testis 
ACE cDNA contains 2,435-bp and encodes a protein of 732 amino acids. The N-terminal66 
amino acids are unique to testis isozyme while remaining 666 are identical to carboxyl half of 
mouse somatic ACE (Ehlers et al., 1989) (Fig.3.3). The overall conservation of amino acid 
sequence between the testis isozymes of themouse, rabbit, and human is 78 to 84%. The 
conservation of amino acids for the N-terminal domain uniquely expressed within the testis is 
63 to 67% between these species. RNA transcription of the testis ACE isozyme begins 16 or 
17 bases upstream from the translation start site. To create the unique isozyme of gACE, the 
testis begins mRNA transcription in the middle of the exonic-intronic structure of somatic 
ACE, within a sequence treated as an intron by somatic tissues. Testis ACE is not the result 
of alternative RNA splicing but seems due to the start of transcription at a unique site within 
the ACE gene (Howard et al., 1990). Both somatic and testicular ACE isoenzyrnes are anchored 
by a single hydrophobic transmembrane polypeptide near the C-terminus. The majority of the 
enzyme's mass including its catalytic site@) is exposed to the extracellular milieu. Therefore, 
ACE fulfils the criteria of an ectoenzyme (Kohn et al., 1998). A protein of 68-70-kDa showing 
strong homology with number of ACE is present in equine sperm. An 84% identity is found 
between testis svecific and somatic forms of human and mouse ACE. The stallion vrotein is 
specific for the peri-acrosomal membrane of ejaculated, epididymal, and testicular spermatozoa 
(Dobrinski et a]., 1997). 

Gene organization: The transcription of testis ACE is initiated in the middle of this gene, 
within introns 12 of somatic ACE. This organization into two transcription units reflects the 
presence of a sperm specific promoter within the ACE gene. Using transgenic mice, Langford 
et al., (1991) have localized this tissue-specific promoter of a 700 bp genomic region, which 
induces high levels of reporter gene transcription only within developing spermatozoa. In 
order to define the minimal testes ACE promoter and to characterize DNA protein interactions 
mediating germ cell specific expression, studies showed that cell and stage specific expression 
of testis ACE requires only a small portion of the immediate upstream sequence extending 
from 9 1 to - 9 relative to transcriptional start site. A critical motif within this core promoter is 
a CRE sequence that interacts with a testis specific transactivating factor. Since this putative 
CRE has been conserved within the testis ACE promoter of different species and found at the 
same site in other genes that are expressed specifically in the testis, it is likely that CRE may 
provide a common mechanism for the recognition of sperm specific promoters. Howard eta]., 
(1 993) have suggested two important DNA regulatory elements starting at positions - 55 and 
-32. DNA constructs were made in which these motifs were either eliminated or substituted. 
Disruption of either motif reduced in vitro transcription to about 30% while mutation of both 
elements abolished transcription. The DNA element at -55, TGAGGTCA, is homologous to a 
consensus CRE. The motif at - 32, TCTTAT, is located at a position analogous to a TATA box. 
Substitution of the -32 motif with a consensus TATA box sequence (TATAAA) stimulated 
transcriptional activity about 3-fold. As measured by gel mobility shift, oligonucleotides 



66 Proteomics of Spermatogenesis 

1 WX?GWATPGL PSFLFLLLCC GBBLLVLSQV ATDAVTANQG ITNQATTRSQ TTTHQATIDQ 
61 TTQIPNLETD EAKADRFVEE YDRTAQVILN EYAEANWQYN TNITIEGSKI LLEKSTEVSN 
121 HTLKYGTRAK TFDVSNFQNS SIKRIIKRLQ NLDRAVLPPK ELEEYNQILL DMETTYSLSN 
181 ICYTNGTCMP LEPDL- TSRKYEELLW AWKSWRDKVG RAILPFFPKY VEFSNKIAKL 

NGYTDAGDSW 
PAHLLGNUWA 
VPPEPWNKSM 
kuQYKDLPvT 
ALDKIAFIPF 
KFHVPANVPY 
SKPWPEAMICT. 
STAESNRVNF 
PQFGSEVELR 

RSLYESDNLE 
QTWSNIYDLV 
LEKPTDGREV 
FREGANPGFH 
SYLIDQWRWR 
VRYFVSFIIQ 
ITGQPWAS 
LGLYLEPQQA 
BS 

QDLEKLYQEL 
APFPSAPNID 
VCHPSAWDPP 
EAIGDIMALS 
VFDGSITKEN 
FQFHEALCRA 
AhMNYFKPLT 
RvGQwvzLn 

QPLYLNLHAY 
ATEAMIKQGW 
NGKDFRIKQC 
VSTPKHLYSL 
YNQEWWSLRL 
AGHTGPLHKC 
EULVTENRRH 
GVALLVATVG 

VRRSLHRHYG 
TPRRI FKEAD 
TSVNMEDLVI 
NLLSTEGSGY 
KYQGLCPWP 
DIYQSICEAGK 
GETLGWPEYN 
LAHRLYN I RN 

SEYINLDGPI 
NFFTSLGLLP 
AHHEMGHIQY 
EYDIN- 
RSQGDFDPGS 
LLADAmLGY 
UAPNTARAEG 
HHSLRRPHRG 

Fig.3.3. Amino acid sequence of angiotensin-converting enzyme (ACE) {peptidyl-dipeptidase A (EC 3.4.15.1) 
)from mouse testis. Source: httpllwww. ncbi.nlm.nih.gov (accession number ,435655) 

encompassing the - 32 motif and the consensus TATA box formed different DNA protein 
complexes. However, the -32 nt motif was recognized by nuclear liver or testis proteins (Zhou 
et al., 1995). 

Sperm ACE: ACE is mainly located at the plasma membrane of the acrosomal region, equatorial 
segment, postacrosomal region and mid-piece. In contrast, only weak ACE like 
immunoreactivity was found at the flagellum. In case of cells with missing plasma membranes, 
ACE seems to be located at the surface of the outer acrosomal membrane. Kohn et al., (1 998) 
did not indicate direct effects of ACE on the capacitation process or acrosome reaction. ACE 
is important for achieving in vivo fertilization and that sperm from mice lacking both ACE 
isozymes showed defects in transport within the oviducts and in binding to zonae-pellucidae. 
Evidence for the importance of ACE in fertilization has been obtained from mice carrying an 
insertional mutation resulting in the inactivation of both sACE and gACE. Male mice 
homozygous for the deficient mutation are infertile. The effect of the absence of gACE on 
male fertility is not due to the failure to generate ACE, since male mice that do not express the 
angiotensinogen gene are fertile. Males generated by gene targeting that lack sACE but 
retained gACE were normally fertile. Moreover, angiotensin I was not essential substrate for 
testis ACE (Hagaman et al., 1998; Krege et al., 1995; c/r Isaac et al., 1997). 

Effect ofAngiotensins (Angiotensin Receptors on Sperm): Males lacking somatic ACE but 
retaining testis ACE are normally fetile, establishing that somatic ACE in males is not essential 
for their fertility. Furthermore, male and female mice lacking angiotensinogen have normal 
fertility, indicating that angiotensin I (ATI) is not a necessary substrate for testis ACE. 
Moreover, angiotensin I1 induced the acrosome reaction whereas angiotensin I had no effect. 
The effect of angiotensin I1 seems to be calcium dependent and mediated by protein kinases 
(Kohn et al., 1998). On the other hand Gur et a1 (1998) showed involvement of AT1-R in 
acrosome reaction induced by AT2. In capacitated sperm, AT2 and AT1-R are localized in the 
head and tail, whereas in non-capacitated cells, the receptors are localized in the tail only. 
Angiotensin I1 markedly stimulates acrosomal exocytosis of capacitated bovine sperm in 
vitro, while AT2 did not show any effect on non-capacitated sperm. Ability of AT2 to stimulate 
the acrosome reaction depends on the presence of calcium ions. AT2 via activation of AT1 -R 
may play a regulatory role in the induction of the acrosome reaction (Gur et al., 1998). Motility 
data on stimulated and unstimulated human sperm showed that AT2 may increase both the 
percentage of motile sperm and their linear velocity, while the AT1-R (AT1-angiotensin type 
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I receptor) antagonist DuP753 inhibits the action of AT2. The AT1-Rs are present in primary 
spermatogonia and in spermatid tails, but immunoreactivity is not seen in sperm contained in 
caput or cauda epididymis, showing that AT1 receptor function is regulated during transit 
through the reproductive tract. Since local tissue rennin angiotensin systems are present in 
both male and female tracts, it was suggested that AT2 has a role in the maintenance of sperm 
function and fertility (Vinson et al., 1997). Angiotensin II induces contraction, growth, and 
increase in intracellular calcium in rat peritubular myoid cells via angiotensin I1 type I receptors, 
and suggests that Ang I1 is involved in the paracrine regulation of the seminiferous tubule 
function (Rossi et al., 2003). 

Angiotensin System in Epididymis: The rennin-angiotensin system (RAS) has been 
implicated in epididymis on the basis of the presence of immunoreactive angiotensin I and 
11, the rennin and ACE like activities in epididymal cells. Angiotensin I1 (Zhao et al., 1996) 
and its receptor subtypes, ATl-R and AT2-R have been localized to the epithelial cells of 
the rat epididymis, indicating that a tissue RAS may play a role in electrolyte and fluid 
secretion (Leung et al., 1999). 

3.4.3. Kallikrein-Kinin System 

Four components of the kallikrein-kinin system kininogens, tissue kallikreins, kinins, and 
kininases have been found to be present in human male genital secretions. Kinins are 
continuously released from seminal plasma kininogens through limited proteolytic action of 
kininogenases on tissue kallikrein from prostate and sperm acrosin. Kinins are the terminal 
effectors of the kallikrein-kinin system that increase sperm motility and sperm metabolism at 
nanomolar concentration. These effects are possibly mediated by a specific sperm membrane 
integrated, subtype B2 receptors, which exhibit high affinity for bradykinin and kallidin (lys- 
bradykiiin). B2 receptor expresses in Sertoli cell and peritubular cells of mature and immature 
rat testes. Specific staining of B2 receptors occurred on spermatocytes and spermatids. The 
B, sub-type receptor is almost absent (Monsees et al., 2002). The two major kinases that are 
present in seminal plasma are kinase I1 and neutral metallo-endopeptidase. Kininase I1 identical 
with ACE, is also involved in the rennin-angiotensin system as it converts angiotensin I into 
angiotensin 11, and thus it is the connecting enzyme of both systems. Apart from the observed 
effects of kinins on sperm motility, the kallikrein-kiiin system is thought to be involved in the 
regulation of spermatocytes, and the 3H- thymidine incorporation of testicular tissue enhances 
glucose intake, and can increase testicular blood flow. Clinical trials suggest that systemic 
administration of kallikrein is particularly useful for treatment of infertile men suffering from 
asthenozoospermia andlor oligozoospermia. The B2R mRNA and protein were localized in 
mature testis exclusively on pachytene spermatocytes and round and elongated spermatids 
besides in blood vessels. B2R mRNA and protein were additionally located in peritubular 
cells in pre-pubertal rat testis. Tissue kallikrdin (tK) was localized to acrosomal cap ofround 
and elongated spermatids in addition to endothelial cells of blood vessels (Monsees et al., 
2003). 

Specific immunostaining demonstrated that the kininogenase tissue kallikrein is present 
in round and elongated spermatids and absent from Leydig cells, Sertoli cells, peritubular 
cells, spermatogonia and spermatocytes. Bradykimin in the supernatant of Sertoli cell cultures 
was effectively degraded. Specific protease confirmed the occurrence of several 
metalloproteases on Sertoli cell membranes, including neutral metalloendopeptidases kininase 
type I1 (ACE) and kininase type I (metallocarboxypeptidase) as well as bradykinin B2 receptor 

- - 

mRNA in testis and Sertoli cell extracts. 
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3.4.4. Proopiomelanocortin Peptides 

Three classes of opioid receptors 4, 6 and 4 mediate physiological and pharmacological 
functions of the endogenous opioid peptides and exogenous opioid compounds in the central 
nervous system as well as in peripheral tissues, and the action of each is mediated by PKC 
pathway. +opioid receptor gene expression in Sertoli cells is under intereukind regulation. 
The prototype peptides fmt identified in other tissues and later found localized in reproductive 
tissues are the proopiomelanocortin (P0MC)-derived peptides, including ACTH, MSH, and 
#endorphin. The ACTH and endorphin are found in the male reproductive tract of several 
species. In rats, ACTH and mdorphin like material were described in Leydig cells, epididymis, 
seminal vesicle, vas deferens, and prostate. P-endorphin was localized in human and rat 
Leydig cells. Characterization of the POMC derived peptides produced in gonadal tissues has 
indicated that processing of the precursor to MSH and hndorphin occurs in the testes, as 
occurs in the intermediate pituitary. A POMC like mRNA of -200-nt shorter than the authentic 
1,050-nt pituitary POMC mRNA was found in the testis. It now appears that the germ cells 
also produce lesser amounts of POMC mRNA as shown by in situ hybridization and by 
analysis of germ cell deficient mutant mice. The small sized POMC mRNA present in pachytene 
spermatocytes has also been found in the ovaries of rats, mice, and monkeys. In testis, 
POMC mRNA levels can change in response to maturational or hormonal signals and 
developmentally regulated in mice. The expression ofthe POMC gene in testis is regulated by 
gonadotrophins but not by glucocorticoids, which regulate the gene in the anterior pituitary. 
Opiate receptors have been found in Sertoli cells but not in Leydig cells, suggesting that d- 
endorphin produced by Leydig cells, acts in a paracrine fashion on Sertoli cells. The POMC 
mRNAs are most abundant in a subpopulation of Leydig cells associated with tubules in 
specific stages of the cycle of the seminiferous epithelium. The POMC transcripts of 
approximately 800-nt are present in enriched populations of meiotic prophase spermatocytes 
and in caput epididymis but are absent in cauda epididymis and vas deferens (Gizang-Ginsberg 
and Wolgemuth, 1987). 

3.4.5. Proenkephalin and Prodynorphin peptides 

Two precursor proteins encoding opioid peptides are proenkephalin and prodynorphin 
(proenkephalin &. These two genes like POMC are expressed in testes. The gene for the 
opioid precursor proenkephalin is expressed in both spermatogenic and somatic cells. 
Proenkephalin and POMC derived peptides produced by germ cells may function at different 
stages of spermatogenesis. In the mouse and rat, spermatogenic cells produce a 1700-nt 
proenkephalin RNA, while somatic cells selectively express a 1450-nt form. The mRNA size of 
the spermatids pre-proenkephalin is about 1900 bases, which is larger than the other pre- 
proe&ephalin genes. The spermatids contained small amounts of enkephalin protein, but 
little or no met-enkephalin. The proenkephalin gene is developmentally regulated during 
spermatogenesis, with the highest expression occurring in late pachytene spermatocytes and 
p&neiotic round spermatids. The production of proenkephalin by rat Sertoli cells and Leydig 
cells is stimulated by FSH or CAMP. Prodynorphin mRNA likewise is also found in testis. A 
200 nt mRNA shorter than hypothalamic counter-part is present in Leydig cells and is stimulated 
by CAMP (Ackland et a]., 1992). 

cDNA: The rat and mouse proenkephalin genes are selectively expressed fiom an alternate, 
germ cell specific promoter in meiotic and early haploid cells. Germ cells interact with Sertoli 
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cells, possibly by a protein that acts as a short loop paracrine factor, which regulates the 
expression of proenkephalin gene in Sertoli cells. Sequence analysis of proenkephalin cDNA 
from the testis has revealed that the germ cell derived transcript contains a novel 5'-terminal 
region in which the somatic exon 1 sequence is replaced with a portion of the first intron 
(intron A), which separates the somatic exons 1 and 2. Although the testis contains relatively 
high levels of proenkephalin mRNA, only small quantities of proenkephalin or proteolytic 
products are found in testis extracts. Rat testis cDNA library showed two types of 
proenkephalin cDNA, corresponding to somatic and germ cells specific transcripts. The germ 
cell specific transcripts translate in vtiro with lower efficiency than do somatic transcripts. 
Translational inefficiency is mediated primarily by the presence of four upstream AUG codons 
followed by short open reading frame within the leader sequence. Secondary structure in the 
form of a stem-and-loop upstream of the initiator codon for proenkephalin was found to have 
a inhibitory effect on the rate of translation (Rao and Howells, 1993). Two distinct forms of 
proenkephalin mRNA are present in the murine testis, a family of 1.7-kb germ cell specific 
transcript and a 1.45 kb form that is also found in somatic tissues. Both forms of proenkephalin 
mRNA transcripts are present in cells undergoing meiosis and spermiogenesis, whereas the 
1.45-kb mRNA was detected primarily in type B spermatogonia. In contrast, in situ hybridization 
analysis did not detect significant amount of the 1.45 kb transcript in any of the spermatogenic 
cells types. The two mRNAs expressed differently during development. The 1.45 kb transcript 
was the only form present in the prepubertal testis and localized mainly in interstitial cells. In 
contrast, the 1.7-kb transcripts were the major mRNAs observed in the adult testis and were 
localized to spermatogenic cells. A transition from the prepubertal to the adult pattern occurred, 
when proenkephalin expressing pachytene spermatocytes began to populate the seminiferous 
tubules. Proenkephalin gene expression in mutant (atlat) mice, which lacked germ cells, was 
identical to that observed in the early prepubertal testis. This suggested that the 1.45 kb 
proenkephalin mRNA is developmentally down-regulated in mouse interstitial cells and that 
this process requires ongoing spermatogenesis (Mehta et al., 1994). 

Promoter: Using cDNA sequencing, the rat and mouse germ cells proenkephalin RNAs 
were generated by alternative transcriptional initiation. Transcription of the rat and mouse 
spermatogenic cell RNAs is initiated downstream from the proenkephalin somatic promoter 
in the first somatic intron (intron As). In both species, the germ cell cap site region consists 
of multiple start sites distributed over a length of approximately 30bp. Within rat and mouse 
intron A ,  the region upstream of the germ cell cap site is GC rich and lacks TATA sequences. 
A consensus binding site for the transcription factor Spl was identified in introns As 
downstream of the proenkephalin germ cell cap site region. These features are characteristic 
of several promoters that lack TATA sequences. Homologies were also identified between 
the proenkephalin and rat cytochrome c spermatogenic cell promoters, including the absence 
of a TATA box, a multiple start site region, and several common sequences. This promoter 
motif thus may be shared with other genes expressed in male germ cells. In proenkephalin 
transgenic mice, a short promoter confers high testis expression and reduced fertility. Studies 
support a role for specific promoter sequences in testis expression (Kilpatrick et al., 1987; 
O'Hara et al., 1994). 

The rat minimal proenkephalin germ line promoter comprises to a 116-bp region 
encompassing the transcriptional start site. Further, a proximal 5 1-bp sequence located in the 5' 
flanking region is absolutely required for promoter activity. This 5 1-bp sequence corresponds 
to a binding element (GCPl) that forms cell specific complexes with rat germ cell nuclear factors 
distinct from CREB proteins. Further, GCPl contains direct repeat sequences required for 
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factor binding and transgenic expression in spermatogenic cells. These repeat elements are 
highly similar to sequences with the active regions of other male germ line promoter expressed 
during meiosis. The GCP 1 may, therefore contain transcriptional elements that participate during 
meiosis in the differentiation of spermatocytes and early haploid spermatids (Liu et al., 1997). 

3.4.6. Action of Other Peptide Hormones 

Corticotropin Releasing Factor: Corticotropin releasing factor (CRF) is a 4 1 amino acid peptide 
originally isolated from sheep hypothalamus. Hypothalamic CRF increases secretion and 
synthesis of ACTH and stimulates release of #endorphin from the pituitary. It may have a 
similar function of regulating POMC gene products in the gonads. Corticotropin releasing 
factor oftesticular origin is identical to hypothalamic CRF and has been localized on the Leydig 
cells of several species and to the germ cells of rats. Local synthesis of CRF has been confirmed 
in rat testis, which is developmentally regulated. Corticotropin releasing factor had no effect 
on basal testosterone level produced by Leydig cells but decreased hCG stimulated production. 
The CRF also acted to decrease CAMP, and these effects appeared to be mediated via PKC- 
mediated mechanism, since CRF effects can be mimicked by phorbol esters (Ackland et al., 
1W). 

Growth Hormone Releasing Hormone: A growth hormone-releasing hormone (GHRH) mRNA 
has been identified in placenta and testicular germ cells besides in hypothalamus. GHRH, 
secreted from rat adult Leydig cells, stimulates basal and LH-induced CAMP formation and 
steroidogenesis. In some studies CAMP production in Sertoli cells was stimulated by GHRH. 
Fabbri et al., (1995) described a potential paracrine action of GHRH in the Sertoli cells, with 
stimulation of extracellular CAMP formation which was more prominent in pubertal than in 
adult cultures. The GHRH like immunoreactivity was present in rat interstitial cells and in the 
acrosomal region of early and intermediate spermatids at stages 111-VI of the seminiferous 
epithelium cycle. It seems that GHRH acts synergistically with FSH to promote CAMP production 
in Sertoli cells in culture. Testicular GHRH of Leydig and germ cell origin may be an important 
paracrine regulator of Sertoli cell function. Alternatively, GHRH present in germ cells may exert 
stage specific intracrine functions (Fabbri et al., 1995). The GHRH mRNA produced by 
spermatogenic cells is approximately 1700 nt in length, whereas GHRH transcripts in 
hypothalamus and placenta are 750 nt. The S'end of germ cell GHRH mRNA and its comparison 
with the genomic sequence shows that GHRH transcription in testis initiates approximately 700 
bp 5' to transcription initiation in placenta and 10.7-kb pairs 5' to that in hypothalamus. The 5'- 
flanking region of the testicular GHRH gene contains a TATA-like motif and sequences 
homologous to spermatogenic specific cis-acting elements. Analysis of rat liver DNA suggested 
that just one GHRH gene is present in rat and that both alternative transcription initiation and 
splicing of the GHRH gene exist in rat testicular germ cells (Srivastava et al., 1995). Expression 
of the GHS-R gene in rat testis takes place in a developmental, stage-specific, and hormonally 
regulated manner (Barreiro et al., 2003). 

Thyroid Hormone: Thyroid hormone (TH) plays a pivotal role in the regulation of prepuberal 
testis development with specific influence on the differentiation of Sertoli cells, the only cell 
type that expresses thyroid hormone receptors in testes. The H directly affects the development 
of prepuberal testes and the regulation of FSH-R and ABP gene expression in Sertoli cells, and 
LH-R mRNA levels in Leydig cells. Resulting action may lead to fiuther modulation of the 
effect of gonadotropins on testes function (Rao et al., 2003). Though TRH mRNA is expressed 
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in testis, it could not be detected as early as day 8 post-natal. TRH mRNA signals were 
detected on day 15 and progressively increased till day 90. It seems that the transcription of 
TRH-R gene in the rat testis was development-dependent (Liu et al., 2003). 

Gondotrophin Releasing Hormone: Gondotrophin releasing hormone (GnRH), a decapeptide 
originally discovered fiom hypothalamus, acts on anterior pituitary and secretes LH and FSH, 
which regulate gonadal functions. However, in surprising results, GnRH agonists were found 
to have antigonadal effects in both sexes leading to reduction of estrogen, progesterone and 
LH receptors. This led to suggest that GnRH had direct gonadal site for action. Hence receptors 
for GnRH were observed in testis. Several reports suggest that GnRH like activity is present in 
Sertoli cells and in the nuclei of germ cells. However, gonadal GnRH is not the same product as 
produced by hypothalamus. The GnRH receptors with high or low affinity for GnRH have been 
observed in several species. In rat G~RH-R have been noticed in kydigcells and appear to be 
coupled to PKC, PLC and Ca2+ turnover (Ackland et al., 1992 and other cited reviews). 

Neurohypophyseal Hormones: The presence of oxytocin and vasopressin in the gonads has 
been reviewed and the reader is referred to Wathes (1989) and Ackland et al., (1992) for a 
comprehensive treatment of two hormones in reproductive tissues. 

Oxytocin: Immunoreactive oxytocin (OT) is found in testis of many species, including rats. 
The presence of neurophysin and the finding of oxytocin mRNA suggests a local site of 
synthesis but this has not been confmed. Oxytocin in the efferent ducts and the epididiymis 
is apparently not synthesized locally but may be taken up by endocytosis produced from 
other sources. The oxytocin receptor (OTR) gene and protein is expressed in the human 
epididymis and stimulates in vitro contractility. The receptor is not only present in the 
smooth muscle cells of the human epididymis but also in the epithelial compartment. The OT 
induces the release of another potent stimulator of epididymal contractility, endothelin-1 
(ET-1). Thus OT seems to control epididymal motility and sperm progression through the 
male genital tract (Filippi et al., 2002). 

Vasopressin: Wathes (1989) reported the prsence of arginine vasopressin (AVP) in the human 
and the bovine male reproductive tissues. Immunoreactivity has been reported in both Sertoli 
cells and Leydig cells of rats. Similar to oxytocin, AVP exerts paracrine effects on gonadal 
function. Vasopressin produces a dose dependent decrease in gonadotropin stimulated 
androgen biosynthesis in cultured testicular cells. Members of the vasopressin family were 
also shown to increase progesterone synthesis by the Leydig cell. Both AVP and AVT appear 
to act by deceasing levels of 17-a hydroxylase and 17,20 desmolase. AVP also increases basal 
level of testosterone. But in presence of hCG, AVP decreases its production. The effects of 
AVP on Leydig cells are mediated by the V,-receptor in rats and humans. After hypophysectomy 
these receptors in the testis are decreased but can be restored with the administration of 
exogenous LH or GH. (Ackland et al., 1992). 

Calcitonin Related Peptide: Calcitonin gene-related peptide (CGRP) is a 37-amino acid 
neuropeptide with widespread expression and a wide variety of biological effects. It influences 
many aspects of mammalian development and affects the function of male and female 
reproductive tissues. The major cell response to CGRP is an increase in the levels of intracellular 
CAMP. The CGRP-receptor component (RCP) proteins are highly homologous among species 
and present in many tissues. Particularly striking is the high levels of expression in murine 
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testis, where CGRP-RCP are present in the head region of spermatozoa. The high concentration 
of CGRP-RCP in acrosome of murine spermatozoa suggests that this protein plays an important 
function in reproduction. After acrosome reaction in vitro, spermatozoa no longer exhibited 
CGRP-RCP immunoreactivity. This loss indicated that the release or breakdown ofthis protein 
occurs upon acrosomal discharge (Balkan et al., 1999). CGRP is present in many regions of the 
male reproductive tract, where it appears to function as a modulator of secretion. Although the 
role of CGRP in sperm is unclear, other neuropeptides are known to affect the function of these 
cells. There is also some evidence that calcitonin affects sperm function. Semen contains a 
high concentration of calcitonin, and human spermatozoa possess calcitonin receptors. 
Although human calcitonin has no effect on the motility of human sperm, salmon calcitonin 
does inhibit motility (Balkan et al., 1999). 

Atrial Natriuretic Peptides: Atrial natriuretic peptides (ANPs), originally isolated from heart 
muscle, have been shown to have potent diuretic and hypotensive effects. Immunoreactive 
ANP receptors are present on Leydig cells but not in the tubular compartment of rat testis, and 
discussed in Chapter 18. 
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Chapter 4 

SPECIFICITY OF RETINOL, ESTROGEN AND 
STEROID LINKED PROTEINS 

4.1. ACTION OF RETINOIDS 

Retinoids and estrogens are small lipophilic compounds, which play important roles in 
verteberate development, reproduction and homeostasis. Both ligands are activators of their 
own receptors, which belong to nuclear superfamily and act as transcription factors. The 
requirement of vitamin A in spermatogenesis became clear from vitamin A deficient (VAD) 
mice, which showed the presence of only Sertoli cells and undifferentiated A spermatogonia in 
testis, with loss of subsequent stages of spermatgenesis. Vitamin A deficient mice showed 
germ cell arrest at the end of S phase of cell cycle. H1 histone kinase, the marker of M phase, is 
decreased in vitamin A deficient testis but restored or increased following retinol treatment 
(Wang and Kim, 1993). Retinoic acid receptors have been identified in testis germ cells by many 
investigators. In part of this section, our main concern would be to describe the characteristic 
features of the retinol binding proteins (the transport proteins of retinol), specific enzymes 
involved in retinol metabolism, the retinol receptors and their nuclear receptor homologues 
found in testis as orphan receptors. The molecules that received considerable attention during 
recent years, comprise derivatives of vitamin A (retinol) called retinoids. Retinol is converted 
to active metabolites including all-trans-retinoic acid (RA) through multiple metabolic pathways. 
Retinoids are important molecules whose action is mediated through receptors during 
development and differentiation. 

4.1.1. Retinol Binding Proteins 

As hydrophobic nutrients, retinoids and fatty acids exist in aqueous environments bound to 
specific carrier proteins. These proteins belong to a superfamily of cellular lipophilic transport 
proteins that are believed to be involved in the uptake, transport, and metabolism of their 
ligands. This superfamily includes retinoid-bindii protein Emily, the fatty acid binding protein 
family, adipocyte lipid binding protein and myelin P2. These proteins are small (14-15kDa) in 
molecular size and have high degree of sequence conservation across species. They have 
strikingly similar tertiary structures and many physical characteristics in common. 

Cellular retinol-binding protein (CRBP) has been known in testis and epididymis since 
long. The CRBP was found in the seminiferous tubules, with a striking localization within 
Sertoli cells. A distinct cyclic variation of specific staining for CRBP within Sertoli cells is 
observed during the spermatogenic cycle. Within the epididymis CRBP is selectively localized 
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to the proximal portion of the caput epididymis. In vitamin A-deficient rats the CRBP is markedly 
reduced in both testes and epididymis (Kato et al., 1985). The distribution studies of CRBP and 
cellular retinoic acid-binding protein (CRABP) in rat testis indicated that the level of CRABP in 
Sertoli cells preparations containing germ cells was approximately five times greater than that 
observed in Sertoli cells h e  fiomgerm cells (Blaner et a]., 1987). The presence of lecithin retinol 
acetyltransferase activity withim adluminal germ cells suggests that germ cells receive vitamin 
A as retinol and synthesize the retinyl esters that have been shown to be present in mature 
sperm (Schmitt and Ong, 1993). Retinyl esters are converted to retinoic acids. 

The CRABP has been isolated fiom male germ cells. The cDNA clone of 561-bp of CRABP 
containing a full open reading fiame codes a protein of 132 amino acids. The protein has 58% 
amino acid sequence identity to bovine myelin P2, 58% identity to urine adipocyte lipid- 
binding protein, and 40% identity to rat CRABP. Binding of carboxyl groups suggested fatty 
acid or an acidic retinoid as ligands, and appears to be restricted to late germ cells. Irnmunostaining 
was first detectable in mid-pachytene spermatocytes and increased in intensity as these cells 
progressed to elongated spermatids, suggesting that this testis lipid binding protein has a 
specific role in sperm development (Schmitt et al., 1994). 

4.1.2. Retinol to Retinoic Acids 

Retinol is converted to several forms ofretinoic acids (4 0x0-RA). Hydroxylation into 4-hydroxy 
retinoic acids is the main route. The formation of 4 0x0-RA is catalyzed by cytochrome P450 
(CYP). The CYP enzymes are active in hydroxylation of endogenous and exogenous (xenobiotic) 
compounds. Retinoic acid is a potent inducer of in vivo proliferation of growth-arrested A 
spermatogonia in VAD mouse testis (Gaemer et al., 1996). A specific RA-hydroxylase has been 
cloned fiom regenerating dorsal zebrafish fm, representing a new CYP subfamily designated as 
CYP26. Subsequent cloning of CYP26 fiom mouse, Xenopus and humans has shown that 
CYP26 is highly conserved among these species. All CYP26 homologues possess specific 
properties of the CYP superfamily, such as a transmembrane anchoring domain, a proline-rich 
domain, a steroid and oxygen binding site, and a conserved heme-binding domain including 
the highly conserved cysteine residue at position 442. Amino acid sequence comparison of 
CYP26 revealed 93% identity between human and mouse, 66% between human and Xenopus, 
and the human and zebrafish sequences were 65% identical. The CYP26 is rapidly induced by 
retinoic acid in a variety of cell lines (van der Burg et a]., 1999). 

4.1.3. Stra 8-A: A Retinoic Acid Inducible Gene 

The full-length cDNA corresponding to Stra8, a gene inducible by retinoic acid in embryonal 
carcinoma cells, encodes a 45-kDa protein. Both Sea8 mRNA and protein are induced in cell 
treated with all trans and 9-cis retinoic acids. The two stereoisomers of 4 0x0-RA differentially 
regulate the phosphorylation status of the Stra8 protein, which exists in differentially 
phosphorylated forms. Stra 8 protein is a cytoplasmic protein. During mouse embryogenesis, 
Stra8 expression is restricted to male gonadal development where as in adult male mice Stra8 is 
restricted to the pre-meiotic germ cells in testis. Thus, the mouse Stra8 protein may play a role 
in the pre-meiotic phase of spermatogenesis (Miyamoto et al., 2002; Oulad-Abdelghani et al., 
19%). 
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Fig.4.1. Comparison of several members of nuclear receptor superfamily. Mouse (m) germ cell nuclear factor 
(rnGCNF), retinoid-X-receptor (mRXRa), retinoic acid receptor-a (RARa), peroxisome proliferators-activated 
receptor (PPAR), progesterone receptor (PR), estrogen receptor (mER), steroidogenic factor (SF-I), and rat 
thyroid receptor P (rTRP). Number of amino acids in each receptor are mentioned on top of each bar. DNA 
binding domain (DBD) and Ligand binding domain (LBD) I and LBD 11 are shown. 

4.2. NUCLEAR RECEPTORS 

The nuclear receptor superfamily comprises a group of ligand dependent transcription factors 
that include the receptors that bind to and activated by retinoids, steroids, and thyroid 
hormones. Ligand activated receptors regulate the expression of target genes by binding cis- 
acting sequences. The common structural feature of nuclear receptor superfamily is a tripartite 
domain structure consisting: i) a hypervariable N-terminus that contributes mainly to the 
transactivation function, ii) a highly conserved DNA binding domain, which is responsible for 
DNA recognition and dimerization and iii) the conserved C-terminus, which contains the sub- 
domains I1 and 111 and is involved in nuclear localization, ligand binding, receptor dimerization, 
silencing and transactivation. The most conserved DNA binding domain contains 65-68 amino 
acid residues. Eight of the nine non-variant cysteins form two type41 zinc modules. The sequence 
identity in the DNA binding domain of any member to the rest of the family ranges between 40- 
99%. The DNA binding domain contains two zinc finger motifs and mediates the interaction of 
the receptor with specific DNA sequences (hormone response elements HRE). These response 
elements consist of either a direct or inverted repeat or a palindrome. The ligand-binding 
domain contains a ligand inducible transactivation function and a heptad repeat motif implicated 
in the dimerization function of nuclear receptors. Based on the sequence and structural 
similarities with known members of the steroids hormone superfamily, a variety of orphan 
receptors have been cloned for which the ligands are yet to be identified. The nuclear receptors 
modulate transcription by interacting with those DNA regulatory elements, which control 
RNA polymerase complex (see Chapter 1 for androgen receptor and Chapters 14 and 16 for 
transcription factors). Although progesterone receptors have been identified on sperm surface, 
they are different ftom nuclear receptors and have not been related with transcriptional activity. 
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Many of the orphan receptors with apparent no known ligands have homology with retinoic 
acid receptors (Fig. 4.1). 

4.3. RETINOID RECEPTORS AND THEIR HOM0UX;UES 

4.3.1. Retinoid Receptors 

The retinoid receptors belong to the steroid/vitamin D (VDR), thyroid (TRs) hormone nuclear 
receptor superfamily. Two distinct classes of retinoid receptors, RARs (retinoic acid receptors) 
and RXRs (retinoid X receptors) have been described. They are characterized by their ligand- 
and DNA-binding abilities, and by their possible dimerization partners. Retinoic acid receptors 
(RARa) are present in spermatogenic cells while RXRP receptors are located in Sertoli cells. A 
receptor related to retinoids called GCNF or RTR is present in round spermatids and developing 
oocytes. Each class is composed of three genes (RARa, -P, -y, and RXRa, -P, -y), the 
transcription of which results in several isoforms because of alternative promoter usage and 
mRNA splicing. Both, all trans-retinoic acid (ATRA) and 94s-retinoic acid (9-cisRA) can bind 
to RARs, but only 9-cis-RA is capable of binding to MRS. In addition to the existence of 
different ligands and receptors, the complexity of retinoid signaling is increased by the possible 
formation of different receptors homo- and heterodimers. These dimers can bind to different 
response elements in the promoters of certain genes and act as transcription factors. The 
actions of the RXRs are very diverse as they are involved in several signaling pathways as 
heterodimeric partners involved in DNA binding. The RXRs can form heterodimers with RARs 
and a number of other members of the steroid hormone receptor family and, upon binding of 9- 
cis-RA, RXRs can also form homodimers that bind to response elements other than the 
heterodimers (Brocard et al., 1996). An important role for RARs and RXRs during development 
was clear from their specific expression patterns, coinciding with most of the target tissues 
affected in vitamin A-deficient (VAD) mouse embryos. 

The expression patterns of RARs and RXRs have been studied in a number of tissues. In 
the mouse testis, all three RARs are present. Both RARa and RARy null mutant mice were 
found to be sterile. In contrast, mice lacking all RARP isoforms develop normally and are fertile. 
This does not necessarily mean that RARP is not involved in spermatogenesis, since there is 
evidence of functional redundancy among the RARs. On the contrary, RXRP null mutant mice 
are sterile because of abnormal spermiogenesis (Gaemers et al., 1998). Receptor knockouts of 
members of the RARIRXR provided extensive support that RARs and RXRs are indeed the 
mediators of known functions of retinoids during development (Kastner et al., 1995,1997). It is 
postulated that retinoic acid may regulate the differentiation of spermatogenic cells either 
directly or through its actions on Sertoli cells. Furthermore the differential effects of testosterone 
on the steady-state levels of mRNA of testicular retinoic acid receptors-a (RARa) and -y 
suggested that a RAR-mediated mechanism may be involved in the testosterone regulation of 
some Sertoli cell functions (Huang et al., 1994). 

Both Sertoli cells and germ cells are capable of expressing different retinoic acid receptors. 
The RAR-a mRNAs are present in both Sertoli and germ cells of the testis. A 2.7-kb mRNA was 
expressed solely in Sertoli cells, whereas a 3.4-kb mRNA was distributed in both Sertoli and 
germ cells. In addition, two minor germ cell-specific mRNAs are detected primarily in the 
pachytene spermatocytes. By contrast, only one transcript for RARP was found exclusively in 
Sertoli cells, suggesting that each mRNA may have specific functions in mediating the effects 
of retinoids during spermatogenesis. The expression of RAR-a mRNAs was regulated during 
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the spermatogenic cycle, which supported that a-mRNA transcription is necessary in advanced 
germ cells than preleptotene spermatocytes. The highest level of retinoic acid receptor (RAR- 
a )  transcripts occur in round spermatids at stage VIII of the spermatogenic cycle (Akmal et al, 
1997). The precise regulation of receptor by retinol suggests that its synthesis is required 
before it can be used to modulate the transcription of retinoid-inducible genes. While Sertoli 
cells and spermatocytes attained high level of 3.4-kb RARy, trace amount was also present in 
spermatids. Testosterone administration resulted in an increase of both 3.4 and 2.7-kb RARy 
(Humg et al., 1994). Analysis in the developing testes revealed that the mRNA level was high 
from 10-1 5 days of age, both in Sertoli cells and in germ cells, and then declined in 20 day-old 
rats. These results suggested a role for RAR-a during meiosis, at the transition from round to 
elongating spermatids and in Sertoli cells of developing testis. 

All-trans-retinoic acid (ATRA) and FSH modulate RARa receptor sub-cellular localization, 
leading to changes in its transcriptional activity and protein expression in mouse Sertoli cell. It 
was shown that ATRA induced the nuclear localization of RAR-a within 30 min and that 
exposure for longer term increased the receptor transcriptional activity and RAR-a protein 
expression. Conversely, FSH suppressed the ATRA-induced nuclear localization, transcriptional 
transactivation, and protein expression of RAR-a. Treatment with protein kinase A-selective 
antagonists suggested the involvement of protein kinase A in mediating the inhibitory effects 
of FSH. This is an example of a unique signaling convergence between the RAR-a and the FSH 
mediated signaling pathways, which may have significant implications in the testis since both 
are critical regulators of testis physiology (Braun et al., 2000). 

4.3.2. Germ Cell Nuclear Factor (GCNF) 

The study of orphan receptors has expanded our view of the super family of nuclear receptors. 
It has facilitatedthe discovery of new ligands. For example 9-cis-retinoic acid has been identified 
as a ligand for the retinoid-X-receptor (RXR). Chen eta]., (1994), cloned anovel member of the 
nuclear receptor super family that was designated as germ cell nuclear factor (GCNF). The 
GCNF is a putative transcription factor, based on homology to the nuclear receptor super 
family of ligand-activated transcription factors. The GCNF binds specifically to DRO as a 
homodimer and does not bind with high affinity to DR1-DR6 sequences (Cooney et al., 1998). 
The deduced protein sequence of GCNF contains 495 amino acids and consists of the 
characteristic DNA binding and ligand binding domains of the nuclear receptor super family. 
The primary sequence of this new orphan is distinct from those of previously cloned members 
and subgroups. It showed maximum 61% identity in amino acids with murine RXRa in DNA 
binding domain I. This orphan receptor binds to the sequence TCAAGGTCA that includes the 
steroidogenic factor 1 half site and direct repeat with base pair spacing elements. The receptor 
was predominantly expressed in the testis. In situ hybridization experiments showed it to be 
located in the spermatogenic cells. High expression of this gene is restricted to developing 
germ cells, the occytes and spermatogenic cells. It was speculated that this orphan receptor is 
a molecule involved in regulating some aspect of meiosis, and in the regulation of gene expression 
in germ cells during gametogenesis. In situ hybridization showed that GCNF mRNA is lacking 
in the testis of hypogonadal mutant mice, which lacked developed spermatids, as against in 
wild type testis. The GCNF mRNA was most abundant in stage VII round spermatids in wild 
type testis, and its expression first occurred in testis of 20day old mice, when round spermatids 
first emerged. Therefore, GCNF expression, in male, occurs post-meiotically and may participate 
in the mo~hological changes of the maturing spermatid;. In contrast, female expression of 
GCNF was shown in growing oocytes that had not completed the first meiotic division. Although 
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1 MERDERPPSG GGGGGGSAGF LEPPAALPPP PRNdFCQDEL AELDPGTNGE TDSLTLQQCH 
61 IWSVPDDRR EQRTCLICGD RATGLRYGII SCEGCKGFFK RSICEllCRVPR CSRDKNCVMS 
121 RKQRNRCQYC R U X C w  NRNLIREDGM PGGRNKSIGP VQISEEEIER IEhSOQEPEEE 
181 ANHWSNHGDS DHSSPGNRAS ESNQPSPGST LSSSRSVELN GFhaFRDQYM GUSVPPHYQY 
241 IPHLFSYSGB SPLLPPQARS LDPQSYSLIH QLMSAEDLEP LOT-IEDG YAVTQAELFA 
301 LLCRLADELL FFQIAWII(I(L PFFCELSIKD YTULSSTWQ ELILLSSLTV YSKQIFOELA 
361 DVTAKYSPSD EELHRFSDEG MEVIERLIYL YHKFHQWVS NEEYACMKAI NFLNQDIRGL 
421 TSASQLEQLN XRYWYICQDF TEYKYTHQPN RFPDLhMCLP EIRYIAGKMV NVPLEQLPLL 
481 FINVLHSCXT STVICE 

Fig.4.2: Amino acid sequence of orphan nuclear receptor RTR homologue from mouse testis. Source: httpl 
/www.ncbi.nlm.nih.gov (accession number 464249). 

mRNA messages contained the DNA binding domain in both, only the larger message was 
recognized from the extreme 3'4mtranslated region. In addition the coding region and portion 
of the 3'-untranslated region of the GCNF cDNA are conserved in the rat (Katz et al., 1997). 
The GCNF was highly expressed with two transcripts (7.4 and 2.1 -2.3-kb) in mouse testis and 
with only one transcript (7.4-kb) slightly expressed in brain, liver, and kidney. TWO Gcnf 
transcripts, encoded by a single copy gene, are expressed in the testis of several mammalian 
species. The 3'-UTRs of two transcripts are quite distinct. The 7.4-kb transcript, which appears 
earlier in spermatogenesis, has a very long 3'-UTR of 445-nt. In contrast, the 2.1 -kb transcript, 
which is expressed predominantly during the haploid phase of spermatogenesis, has a 3'-UTR 
of only 202-nt in length. Both transcripts share the same coding region and are associated with 
polysomes. The GCNF is localized in the nuclei of pachytene spermatocytes and round 
spermatids, and was first detectable in early pachytene spermatocytes (stage 11) until spermatids 
began to elongate in stage IX. The GCNF is distributed throughout the nucleus, more 
prominently in heterochromatic regions at some stages and in condensed chromosomes 
undergoing the meiotic divisions. This expression profile suggested that GCNF plays a role in 
transcriptional regulation during meiosis and the early haploid phase of spermatogenesis 
(Yang et al., 2003). It also expresses in epididymis, albeit at a very low level. The expression of 
GCNF transcripts in epididymis were down regulated by androgen in mice. The two epididymal 
mRNAs (7.4 and 3.1-kb) encode for the same protein as in testis. Its expression was localized in 
the principal cell in the corpus region (Hu et al., 2003). 

4.3.3. Retinoid Testis Receptor (RTR) 

Hiose et al., (1995a) identified and cloned another member of the nuclear receptor super family 
from murine testis, referred to as retinoid receptor related testis associated receptor or RTR. 
The amino acid sequence of RTR is most closely related to that of the mouse RXR with an 
overall identity of 32-34%. The highest similarity (6 1 %) is observed in the DNA binding domain 
(Fig.4.2). The RTR is predominantly expressed in the testis and RTR-mRNA is not expressed in 
early germ cells or Sertoli cells but is most abundant in round spermatids. This putative 
transcription factor was suggested to play arole in the regulation of gene expression particularly 
during the post-meiotic phase of spermatogenesis. 

4.3.4. Tr 2-11 Homologue 

Lee et a1 (1996) suggested that a Tr 2- 1 1, a putative DNA binding protein of the zinc finger type 
fiom mouse testis is highly homologous with the human and rat orphan receptor Tr2-11 isolated 
from prostate. This transcript was detected in early to mid-gestation embryos and was seen to 



Specificity of Retinol, Estrogen and Steroid Linked Proteins 83 

level off during later stages of development. In adult animals, a high expression was detected 
only in the testis starting at postnatal day 18, a stage when active meiosis begins to occur. In 
mice fed a vitamin A depleted diet, where the testes were depleted of advanced germ cells, 
expression of this protein could not be detected, suggesting a biological relation of this receptor 
in male germ cell differentiation. Using a retinoic acid response element (RARE), the expression 
of this protein dramatically repressed both the basal and the retinoic acid (RA) regulated 
promoter activities of this reporter. Thus, this orphan receptor appears to play a role in modulating 
both the basic transcription machinery and the RA signaling pathway during embryogenesis 
and male germ cell differentiation (Lee et al., 1994). 

Anew member of orphan receptor family is TAKI, which is highly expressed in several tissues 
including testis. A 9.4-kb TAKl transcript is expressed ubiquitously in human tissues but a 
2.8-kb mRNA was largely restricted to the testis. Most of the sequences of TAKl are identical 
to the sequence of the DNA binding domain of known members of the nuclear receptor family 
and included retinoic acid receptors! (RAR-a), retinoid XP (RXR-P) receptor, thyroid hormone 
receptor and the human homologue of Nurrl. However, one fkagrnent constituted a unique 
sequence not previously known. The predicated amino acid sequence suggested that this 
DNA fiagment encodes the DNA binding domain of a novel member of the steroid hormone 
receptor super family, which was named TAK1. 

Analysis of the TAKI gene revealed a long ORF that starts with aputative initiation codon 
at nucleotide 24 1 and stop codon at nucleotide 2029. TAKl encodes a protein of 596 amino acid 
residues with a predicted mol wt of 66-kDa. In vitro translation of a full-length coding region of 
TAKl cDNA revealed that the major protein migrated at approximately 65-kDa band on SDS- 
PAGE. Like other members of this family, the putative DNA binding domain (amino acid residues 
116-1 82) of TAKl contains nine cysteine residues, eight of which participate in the formation 
of two zinc fingers. The carboxyl terminus of the protein may contain a ligand-binding domain. 
The TAKl exhibits a 64% identify with the human Tr2-I1 receptor from a human testis cDNA 
library. The greatest similarity between TAK I and Tr2-1 I occurs in the putative DNA binding 
domain in the region I, where 82% of 66 amino acids are identical in the ligand- binding domain. 
The amino acid residues in regions I1 and 111 between TAKl and Tr2-I1 are respectively, 8 1% 
and 91% identical. Outside these three regions much homology between TAKl and Tr2-11 
does not exist. The N-terminal region and the region between the DNA and ligand binding 
domains exhibit only a 36% and 42% identity, respectively. Although the similarity between 
TAKl and Tr2-11 is substantial, it is much lower than the similarity among members of the 
retinoic acid receptor family. The next best homology was observed between the DNA binding 
domains of TAKl and COUPTFs (73% identity) and the RXR receptor (70% identity) (Hirose et 
al., 1994) (Fig.4.3). The amino acid sequence of mouse TAKl (mTAK1) is highly homologous 
to that of human TAKl, with an overall identity of 98%. The TAKl transcript is predominantly 
expressed in pachytene spermatocytes, at a low level in round spermatids, but not in germ cells 
at earlier of spermatogenesis or in Sertoli cells. The TAKl gene is located on human 
chromosome 3 (Hirose et al., 1995b). 

4.3.6. Nuclear Receptor Co-activator 

Transcriptional activities of nuclear receptors are modulated by co-activators and co-repressors. 
The amplified in breast cancer-3 protein (AIB3, also known as ASC-2, RAP250, PRIP, TRBP, 
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1 MTSPSPRIQI ISTDSAVASP QRIQIVTDQQ TCQKIQIVTA VDASOSSKQQ FILTSPDGAG 
61 TGKVILASPE TSSAKQLIFT TSDNLVPGRI QIVTDSASVE RLLGlULDVPR PQVVEYCWC 
121 GDKWGRBYG AVSCEGCKGF FKRWWNLT YSCRSSQDCI INKHWRNRCQ F- 
181 CMKMZSIQSE RlCPFDVQREK PSNCAASTEK IYIRKDLRSP LIATPTFVAD KDGARQTCLL 
241 DPGMLVNIm PLIREDGTVL LAADSKAETS QGALGTLANV VTSLANLSES LNNGDASEMQ 
301 PEDQSASEIT RAmTLAKAL NTTDSASPPS LADGIDASGG GSIHVISRDQ STPIIRlEGP 
361 LLSDTHVTFK LTMPSPMPEY LNVHYICESA SRLLFLSMiW ARSIPAFQAL WCNTSLVR 
421 ACWNELFTLG LAQCAQVMSL STIIAAIVNH LQNSIQEDlUa SGDRIKpvMe HI-FCN 
481 SMIKLDIDGY EYAYLKAIVL FSPDBPGLTG TSQIEKE'QEK AWELQDYVQ KWSEDTYRL 
541 ARILVRLPAL RLMSSNITEE LFfiGLIGNV SIDSIIPYIL lUC3TAEYNGQ ITGASL 

Fig.43: Amino acid sequence of orphan nuclear receptor TAK homologue from mouse testis. Source: http/ 
/www.ncbi.nlm.nih.gov (accession number JC 4299). 

and NCR) is a newly identified nuclear receptor co-activator that is amplified and over-expressed 
in breast cancers. The concentrations of AIB3 mRNA differ substantially in different tissues in 
a descending order fiom the following: testis, brain, thymus, white fat, pituitary, ovary, adrenal 
gland, lung, uterus, kidney, heart, skeletal muscle, liver, and virgin mammary gland. The AIB3 
mRNA level in the testis is 165-fold higher than that in the virgin mammary gland (Zhang et al., 
2003). 

44. ACTION OF ESTROGENS 

It is widely accepted that "estrogen" is a "female" hormone. However, it has been reported that 
estrogen is present in some male vertebrates and that it's receptors are expressed in the male 
reproductive organs. In mammals, estrogen appears to regulate the re-absorption of luminal 
fluid in the epididymis and its effect on sexual behavior has been a noticeable. The fact that the 
rete testis and the efferent ducts are target organs for oestrogen action led to the hypothesis 
that efferent duct ligation under oestrogen deficiency is the primary cause for testicular fluid 
accumulation and subsequent damage of the seminiferous epithelium. Estrogen inhibits 
expression of aquaprorin-1 , a water channel protein, confirming the mle of estrogen in fluid re- 
absorption. Hence it appears that estrogendoes not act on the gametogenic epithelium directly. 
The newly discovered role of estrogen in the regulation of fluid re-absorption in the efferent 
ductules of testis has been reviewed (Hess, 2000). In vitro effects on spermatogonial stem cells 
and in vivo studies on Japanese eel of estradiol-l7fl( (E,) and spermatogenic cells in 
diethylstilbestrol (DES) treated newborn rats confirmed that estrogen is an indispensable 
"male hormone" in the early spermatogenetic cycle (Miura et al., 1999; Toyama et al., 2001). 
Further studies revealed the stimulation of rat gonocyte proliferation by estorgens in vitro (Li 
et al., 1997) and that aromatase inhibitors impaired the development of spermatids in monkeys 
(Shetty et al., 1997, 1998). Observations suggested that the mode of testosterone action on 
spermatogenesis / sperm transport is not only mediated by DHT but also by estradiol as a local 
factor involved in male mouse gametogenesis. Whether this also holds true for other species 
remains to be seen (Weinbauer and Wessels, 1999). Growth factors have been shown to 
synergize in estrogen signaling pathway, although the mechanism largely remains unknown. 
Kato et al., (2000) reviewed that the MAP-kinase activated by growth factors phosphorylates 
the Ser 1 18 residue of the human E R ~  A/B domain and this phosphorylation potentiates the N- 
terminal trans-activation function (AF-1) of human E R ~  indicating the possible molecular 
mechanism of a novel cross-talk between ER and growth factor signaling pathways. 
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4.4.1. Estrogen Receptors 

Estrogen receptors (ERs) have been identified in Sertoli and Leydig cells but not in myoid and 
endothelial cells of rat and mouse testes. Less clear is the expression of ER in the human testis 
(Saati et al., 1993; clr Ciocaa et a]., 1995). Most of the ER-regulated genes are present in classic 
estrogen target tissues. The estrogen receptor(s) protein functions as a trans-acting regulatory 
factor (transcription factor) interacting with specific cis-acting regulatory sequences termed 
estrogen-responsive elements (EREs), which are located in the promoter (5'-flanking) regions 
of the target genes. Most of the genes regulated by estrogens respond within one or more 
hours after estrogen administration increasing their mRNA levels. Only a few, such as c-Myc 
and pS2 found in breast cancer cells, respond within 15 min after steroid administration. There 
are several other proteins, mainly enzymes that are modulated by estrogens, but at present we 
do not know with certainty whether they are activated via ER or by post-translational 
modifications. Ciocca et a1 (1995) implicated estrogen, estrogen receptor and hsp27 in a short 
feedback control mechanism of androgen production. 

Estrogen receptor exists in two forms. ERa is found in all reproductive tissues and most 
abundant. However, ERP is the product of a different gene, which does not bear much similarity 
with ERa. The ERa and ERP both bind with oestradiol and interact with ERE sequences in 
DNA in target tissues. Both receptors show different transcriptional activity, ERP being less 
active than ERa. Nonetheless, ERa is most abundant than ERP. The ERP transcripts have been 
identified in breast, ovary, uterus, thymus, lung, intestine and kidney as well as in male 
reproductive tissues including testis (reviewed in Hewitt and Korach, 2003). The ERP has high 
homology and resembles many of the physiological characteristics of ERa. Both forms are 
present in epididymis. Estrogen receptor-a is expressed in Leydig cells and ERP in Sertoli cells 
and in mitotic and meiotic germ cells (Saunders, 1998). Lambard et al., (2004) observed an ERa 
isoform variant that lacks exon 4 in human germ cells and P450 arom as a single band of 49-kDa 
in germ cells, as was reported for human ejaculated spermatozoa. The ERP was seen at 50 and 
60-kDa, which could correspond to the long and short forms of ERP formed from the use of 
alternative start sites. Two proteins were also observed in human immature germ cells: one of 
the expected size (66-kDa) and a second one of46-kDa. In mature spermatozoa, only the 46-kDa 
protein was observed (Lambard et al., 2004). Presence of receptor P in germ cells suggests an 
important role during gametogenesis. However, elimination of the receptor by gene targeting 
failed to alter fertility of male mice but provoked signs of prostate and bladder hyperplasia. 

The gonocytes of rat fetal testis at 16 days post-coitum and testes of 4-day old animals, 
contained the ER-P mRNA in their cytoplasm and the ER-P protein in their nucleus. In testes of 
11- and 15-day-old rats, ERP mRNA and protein were detected in Sertoli cells and type A 
spermatogonia. No signal was found in other types of germ cells. In the adult testes, expression 
of ERP mRNA as well as ERP protein was found in pachytene spermatocytes from epithelial 
stages VII-XIV and in round spermatids from stages 1-VIII. Low ERP expression was observed 
in all type A spermatogonia, including undifferentiated A spermatogonia, whereas no expression 
was found in type B spermatogonia and early spermatocytes. At all ages, Sertoli cells showed 
a weak hybridization signal as well as weak imrnunoreactivity for ERP. ERP mRNA or protein 
was not detected in the interstitial tissue of adult rats indicating that Leydig cells as well as 
Sertoli cells and peritubular cells either do not express or express weak activity of ERP (van Pelt 
et al., 1999). 

Estrogen receptor a is more abundant in the efferent ductules of the testis than in any 
other tissue of the male or female. The structure of the efferent ductules is important, as these 
tubules are responsible for the re-absorption of almost 90% of the luminal rete testis fluid. It 
was reasonable to hypothesize that oestrogen receptors play a role in the regulation of fluid re- 



86 Proteomics of Spermatogenesis 

absorption in males. The oestrogen receptor a knockout mice indicated complete infertility in 
both male and female aERK0 and aPERKO mice, whereas &RK0 males exhibited normal 
fertility, and @KO females exhibited overall decreased fertility, with three subsets of phenotypes 
in a continuous mating study (Hewitt and Korach, 2003). In this model, the efferent ductules 
are altered markedly fiom a re-absorptive epithelium to squamous epithelium devoid of 
lysosomes and endocytotic organelles. Although the separate roles for oestrogens and 
androgens in the regulation of fluid re-absorption are controversial and remain to be resolved, 
it is now evident that structure and function of efferent ductules are essential for fertility. 
Mechanisms involved in the regulation of water and ion transports in the male reproductive 
tract by estrogens need to be investigated (Hess, 2000). 

4.4.2. P450 Aromatase 

Early work on estrogen synthesis indicated that Leydig and Sertoli cells were the only important 
cells in the production of this steroid in the adult testis. Now it is clear that germ cells and 
spermatozoa, besides Leydig cells also contain aromatase and produce oestrogen. Testicular 
expression of P45O aromatase (P450arom), the enzyme that converts androgens into estrogens, 
has been shown in both somatic and germ cell types in several species. Human spermatozoa 
are the potential sites of estrogen biosynthesis (Aquila et al., 2002). P450arom is highly 
conserved among mammals and all vertebrates, and demonstrates 50-90% peptide sequence 
identity between fish and mammalian forms of the enzyme despite differences in gene size 
(Conley and Hinshelwood, 2001) (Fig.4.4). The P450arom activity is present in germ cells 
(pachytene spermatocytes, and round and elongated spermatids), and that germ cells are a 
source of testicular estrogens (Levallet et al., 1998a,b). The sequence of PCR products fiom 
spermatozoa shares 98% identity with published human p450arom sequence. On Western blot 
with a mAb directed against aromatase, Lambard et al., (2003) detected two bands (53 and 49- 
kDa) in microsome preparations h m  purified spermatozoa, whereas in total extracts of purified 
spermatozoa (with and without cytoplasmic droplets), authors found the aromatase 
corresponding to a 49-kDa band with a stronger intensity when cytoplasmic droplets were 
present. The presence of aromatase in sperm initiated the idea that conversion of androgens 
into oestrogens in the duct system is used as a physiological signal for the quantity of sperm 
released h m  the testis and might act as a signal forthe regulation of organ function. Aromatase 
deficiency was associated either with macroorchidism or with smaller testes and impaired 
fertility. Aromatase activity is much more abundant in younger than in mature germ cells and 
the activity is two to four fold greater in spermatozoa. 

The P450arom complex consists of two components: aromatase cytochrome P450 and, 
coupled to it, a ubiquitous flavoprotein, NADPH-cytochrome P450 reductase. P450arom is a 
member of P45O super family of enzymes, in a subgroup referred to as the steroid hydroxylases. 
The reaction mechanism of P450arom has been reviewed (Conley and Hinshelwood 2001). 
Typically cytochromes P450 incorporate molecular oxygen into substrates by reactions that 
are dependent on efficient electron transfer from donor molecules. However, the catalytic 
process leading to the aromatization of androgens is unusually complex. The reaction is thought 
to involve two consecutive hydroxylations at the C19 methyl group (19-hydroxylase activity) 
of the steroid substrate, forming 19-hydroxy and eventually 19-0x0-intermediates. A third 
oxidative event, which is still debated culminates in the cleavage of the angular C19 methyl 
group (by desmolase activity) and estrogen formation. Androstenedione and testosterone are 
the most common, physiologically important substrates for P450arom. 
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Fig.4.4. Amino acid sequence of human aromatase.Source: http//www.ncbi.nlm.nih.gov (accession number 
112503). 

4.4.3. P450 Arom Gene (CYP19) 

The aromatase gene is unique and its expression is regulated in a tissue and a cell-specific 
manner via the alternative use of various promoters located in the first exon I. Aromatase 
enzyme is the product of CYPI9 gene, which encode aromatase in most of the mammals. 
Although there may be multiple first exons that are involved in tissue-specific expression, 
these exons are untranslated in most species. Therefore, P450arom expressed in different tissues 
represents only one protein with one amino acid sequence. High conservation is particularly 
evident in the gonad- and brain-specific first exons and promoters for which the cDNAs and 
genes from many mammalian species have been cloned (Hinshelwood et al., 1997; 2000). The 
human CYPI9 gene extends over 70-kb, whereas the medaka CYPI9 gene only 2.6-kb. Partial 
sequence analysis indicated that the pig gene and other mammalian genes use the same splice 
sites as the human gene, even in the 5'-untranslated region of the transcript. Expression of 
P450arom in adult rat germ cells gave cDNA products of 334-bp in length that corresponded to 
the size expected from the final nested amplification. Rat genomic DNA yielded a product for 
P450arom of approximately 2000-bp, suggesting that the rat gene contains an intron in the 
amplified region, as in human P450arom gene. The mouse Cypl9 gene includes three different 
promoters that specifically direct expression in ovary, testis, and brain (Golovine et al., 2003). 

Testosterone (T) enhances CYP19 gene expression in Leydig cells and germ cells, and 
augments the estradiol outputs. The non-aromatizable androgen Sa-DHT induces the same 
effect as Ton P450 aromatase (P45Oarom) gene expression but was inefficient on the estradiol 
output. In rat germ cells, the aromatase gene expression is not under androgen control but 
subjected to cytokine, TNFa and growth factor, TGFP regulation (Carreau eta]., 2001). In germ 
cells, TNFa likely enhances expression of aromatase through promoter PI.4 in primary 
spermatocytes, possibly via an AP 1 site upstream the GAS element, while in round spermatids 
TNFa requires glucocorticoids as a co-stimulator to increase CYP19 gene expression. Using an 
in vitro model of mature rat Leydig cells, pachytene spermatocytes and round spermatids, it 
has been suggested that several factors direct the expression of the aromatase gene and it is 
obvious that not only promoter PI1 but also promoter PI.4 are concerned (Bourguiba et al., 
2003). 

Two Isoforms of P450arom in Rat Germ Cells: Two unusual isoforms (ExlO-S and MT) of 
P450arom are expressed in rat germ cells. These sequences demonstrated that an alternative 
splicing event occurred first at the exon-intron boundary of the GT consensus sequence of the 
last coding exon, and second in the internal 5' donor inside exon 9 used as a minor cryptic 
splicing site. These isoforms lacked the last coding exon, which contained the heme-binding 
domain; in addition, for the ExlO-S transcript, the catalytic domain was also absent because of 
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a £tame shift in the open reading £tame. The truncated P45-arom polypeptides without the 
heme-binding domain were unable to convert androgens into estrogens. Adult rat germ cells 
are able to express P450arom rnRNA, which is then translated into a biologically active enzyme, 
involved in estrogen production. Alternative splicing events of P450arom mRNA exist in 
pachytene spermatocytes and round spermatids, which probably cannot encode functional 
aromatase molecules (Levallet et al., 1998). 

4.4.4. P450arom Deficiency 

Human aromatase deficiency is a rare disorder and is usually caused by single base-pair 
changes resulting in amino acid substitution or premature stop codons resulting in virilization 
in the third trimester of pregnancy. The mice deficient in aromatase developed disruptions to 
spermatogenesis despite normal levels of androgens. Spermatogenesis primarily was arrested 
at early spermatogenic stages, as characterized by an increase in apoptosis and the appearance 
of multinucleated cells. There was a significant reduction in round and elongated spermatids 
with out any change in Sertoli cells and early germ cells. It appeared that local expression of 
aromatase is essential for spermatogenesis and provides evidence for a direct action of estrogen 
on male germ cell development (Robertson et al., 1999). The aromatase knockout male mouse 
(ArKO) has shortened femur length and bone mineralization. MaIe ArKO mice testes 
demonstrated arrest of spermatogenesis at the level of round spermatids and Leydig cell 
hyperplasia. ArKO mice also exhibited evidence of insulin resistance and visceral adiposity 
(Bilinska et al., 2000; Simpson, 2000; Conley and Hinshelwood, 2001). 

45. OTHER STEROIDS LINKED ENZYMES IN GERM CELLS 

Normal reproductive development in mammals is critically dependent on the regulated 
biosynthesis of sex steroids. Many diseases and conditions affecting fertility and general 
health are accompanied by aberrations in androgen or estrogen metabolism. Therefore, the 
balance between androgen and estrogen production is not only essential for normal sexual 
development and reproduction, but also for the normal growth and physiological well being of 
both sexes. 

4.5.1. Testis-Specific Lanosterol 14a-Dernethylase (CYPSI) 

In contrast to the majority of tissues in which cholesterol is the main product, male and female 
gonads over-produce two late intermediates of the cholesterol biosynthetic pathway: follicular 
fluid meiosis activating sterol (FF-MAS; 4,4-dimethyl-54cholesta4, 14,244riene-3 b l )  and 
testis meiosis activating sterol (T-MAS; 4,4-dimethy 1-5a-cholesta-8,24-diene-3f$ol) (Byskov 
et al. 1999; Yoshida et al., 1996). Both tissue-isolated FF-MAS, the product of lanosterol 14a- 
demethylase (CYPS 1) and chemically synthesized FF-MAS (Grondahl et al. 1998), and T-MAS, 
the product of sterol 14a-reductase, stimulate reinitiation of meiosis in mouse oocytes in vitro 
and are believed to have important, but not yet fully understood roles in fertilization (Byskov 
et al. 1999; Grondahl et al. 1998; Yoshida et al., 1996; Debeljak et al., 2003). The CYPS 1 removes 
l 4 a  methyl group h m  lanosterol forming 4,4 dimethyl 5a-cholesta-8,14,24-triene 3#0l (FF- 
MAS). At least six enzymatic steps a h r  CYPS 1 are needed for the production of cholesterol 
£tom its precursors (Fig.4.5). Human sperm lysates can synthesize cholesterol in vitro but the 
activity is too low to contribute fiee cholesterol content of the sperm (Cross, 1998). 
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Fig.4.5. Formation of meiosis-activating sterol (FF-MAS), T-MAS, MAS-412, and MAS-414 from lanosterol 
and relating enzymes during cholesterol biosynthesis in post-meiotic male germ cells. 

Lanosterol 14a-demethylase is a cytochrome P450 (CYPS1) enzyme of the cholesterol 
biosynthetic pathway belonging to the CYPSI gene family, which is evolutionarily conserved 
member of the CYP super family. Mammalian CYP.51 genes are unique in sharing several 
common characteristics: highly conserved exodintron borders and proximal promoter structures, 
ubiquitous expression at the highest level in the testis, and appearance of testis-specific 
transcripts that arise from differential polyadenylation site usage. The CYP51 enzyme of 
eukaryotes catalyzes the 14a-demethylation of 14-methylsterol, which is an essential step in 
sterol synthesis. The CYPS 1 oxidatively demethylates substrates in the presence of NADPH, 
molecular oxygen and the microsomal NADPH-cytochrome p450 reductase (Shyadehi et al. 
1996). Lanosterol is synthesized from squalene through sequential epoxidation and cyclization 
reaction that are catalyzed by squalene epoxidase and oxidosqualene cyclase (Fig.4.5). 

Ontogeny and Localization in Testis: Testis-specific CYP.51 mRNA arises from the use of an 
upstream polyadenylation site and is restricted to germ cells, being most abundant in elongating 
spermatids in stages VII-XIV whereas somatic CYP.51 transcripts are present in all cells. In 
contrast, the mRNA levels of squalene synthase (an enzyme preceding CYPS 1 in the pathway) 
are maximal in round spermatids, and no germ cell-specific transcript is observed. The rat male 
germ cell specific CYPSI transcript is translated in vitro to two proteins of 55 and 53.5-kDa. The 
CYPS 1 activity is higher in protein extracts oftestes andgerm cells of sexually mature rats than 
in prepubertal animals, in which postrneiotic germ cells are not yet present. This shows increased 
capacity for the production of T-MAS sterols by male germ cells that have already completed 
meiosis, suggesting that they serve a role different from meiosis activation (Stromstedt et al., 
1998). A comparative study of CYPS 1, NADPH P450-reductase and squalene synthase was 
made during spermatogenesis. The CYP51 was detected in step 3-19 spermatids where P450 
reductase was also present. Squalene synthase was present at stage 2-1 5 spermatids indicating 
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that squalene synthase and CYP5l proteins are not equally expressed in same stages of 
spermatogenesis. The study provided evidence that step 19 spermatids and residual bodies of 
the rat testis have the capacity to produce T-MAS sterols in situ (Majdic et a]., 2000). 

The CYP5 1 has been unequivocally localized to acrosomal membranes of male germ cells 
in mouse, bull, and ram, in which it synthesizes FF-MAS in the presence ofthe acrosomal form 
ofNADPH2-P450 reductase. The CYP51 is localized on inner and outer acrosomal membranes 
of male germ cells, the round and elongated spermatids. Significance of CYPS 1 localization on 
the acrosome, which is a Golgi-derived organelle, is not known. But it was proposed that 
CYP5 1-formed FF-MAS could function as a signaling sterol during fertilization (Cotman et a]., 
200 1). In the mouse, CYPS 1 (53-kDa) resides in endoplasmic reticulum (ER) and Golgi during all 
phases of acrosome development, indicating an intracellular transport from ERs through the 
Golgi to the acrosome. Demethylation of lanosterol to FF-MAS by the acrosomal lanosterol 
14a-demethylase enzyme complex demonstrated the ability of ejaculate sperm to synthesize 
meiosis-activating sterols. While sterol regulatory element binding protein (SREBP)-dependent 
transcriptional regulation of CYP5 1 contributes to synthesis of cholesterol, the germ-cell- 
specific cAMF'lCREMz -dependent upregulation might contribute to increased production of 
MAS (Debeljak et al., 2003). 

Characteization and Regulation ofCYP51: The amino acid sequences of the rat and human 
CYPS 1 enzymes exhibit 93% identity and 35-42% homologyto those of lower eukaryotic CYPS 1s. 
Human CYP51 mRNA is expressed in all tissues, with particularly high levels in testis. In 
addition to the functional CYP5I gene, intronless CYPSI pseudogenes are found in human 
and rat. Processed pseudogenes arise from reverse transcription of mRNA in germ cells followed 
by their random incorporation into the genome. Only genes highly expressed in germ cells 
have such intronless gene copies, and discovery of CYP51-processed pseudogenes suggested 
that the high level of CYPS 1 expression in testis includes expression in germ cells. 

In contrast to the liver, regulation of pre- and post MAS gene differs in the testis. Genes 
encoding pre-MAS enzymes [HMG-CoA synthase (SYN), HMG-CoA reductase (RED), farenesyl 
diphosphate synthase (FPP), squalene synthase (SS), and CYP511 are upregulated during 
sexual development of the testis, although not all genes are turned on at the same time. 
Furthermore, two post-MAS genes, C-4 sterol methyl oxidase and sterol A7-reductase, are 
expressed at low levels and are not upregulated either in rat or human. As a cholesterogenic 
gene, CYP51 is regulated by a sterollsterol regulatory element binding proteins (SREBPs) 
dependent pathway in somatic tissues. The SREBPs are basic helix-loop-helix (bHLH)-Zip 
proteins, which are synthesized as membrane-bound precursors, are cleaved to form a soluble, 
transcriptionally active mature SREBP that regulates the promoters for genes involved in lipid 
synthesis. Homeostasis is controlled by sterol feedback inhibition of this maturation process. 
Although, the expression of SREBP genes occurs in male germ cells, the role of these proteins 
in the control of sterol regulatory elements during spermatogenesis has been unclear. In contrary 
to SREBP-dependent gene regulation in somatic ceIls, expression of some of these genes in 
male germ cells does not depend on sterols (Wang et al., 2002). A novel isoform of SREBP2, 
called SREBP2gc is highly enriched in rat and mouse spermatogenic cells. The SREBP2gc is 
expressed in a stage-dependent manner as a soluble, constitutively active transcription factor 
that is not under feedback control of sterols. These findings likely explain the apparent sterol- 
insensitive expression of lipid synthesis genes during spermatogenesis (Wang et a]., 2002). 

In addition, male germ cells contain alternative routes to control expression of 
cholesterogenic genes (Roman et a]., 1999). Promoters of the human and rat CYP5I genes also 
contain SRE and CRE elements, which indicates the presence of two main regulatory routes: 
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Fig.4.6. cDNA and deduced amino acid sequences of rat StAR from rat testis. The polyadenylation signal is 
underlined. Reproduced with permission from Lee et al, Biochem Biophys Res Commun 230; 528-32; 1997 
O Elsevier. 

the sterol dependent regulation and the CAMP-dependent regulation of CYPS 1 genes. While 
feedback regulation by sterols is characteristic for all genes involved in cholesterol biosynthesis 
and homeostasis, the CAMP-dependent regulation is unique, indicating that CYPS 1 may play 
tissue-specific roles distinct from cholesterol biosynthesis (Rozman, 2000). In testis, CAMP/ 
CREMr-dependent regulation of CYPSI predominates, leading to increased levels of shortened 
CYPSl mRNA transcripts. CREM -1- mice lack the abundant germ cell-specific CYPSI mRNAs 
in testis while expression of somatic CYPSI transcripts is unaffected. The mRNA levels of 
squalene synthase in testis of CREM-I- mice remained unchanged as compared with wild-type 
animals, showing that regulation by CREMT is not characteristic for all cholesterogenic genes 
expressed during spermatogenesis. The -334/+3 14-bp CYP5 1 region can mediate both sterol1 
SREBP dependent as well as cAMP1CREMz-dependent transcriptional activation. The CAMP- 
dependent transcriptional activator CREMr fiom germ cell nuclear extracts binds to a conserved 
CYP51 CRE2 element while no SREBP-1 binding is observed in germ cells. The two regulatory 
pathways, mediating expression of CYP51 describe this gene as a cholesterogenic gene and 
also as a haploid expressed gene. Besides CREM, other unknown transcription factors control 
expression of individual cholesterogenic genes during spermatogenesis. Since T-MAS in testis 
increases 8 fold during development where as MAS is hardly detected in liver, it seems that the 
lack of a coordinate transcriptional control over the cholesterol biosynthetic pathway 
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Fig.4.7. Nucleotide and deduced amino acid sequences of mouse Tex261. The region of homology with rat 
StAR cDNA is at nt106 to 433. The polyadenylation signal is underlined. Reproduced with permission from 
Lopez-Fernandez et al, Biochem Biophys Res Commun 242; 565-69; 1998 O Elsevier. 

contributes importantly to over-production of the signaling sterol T-MAS in testis (Tracer et 
al., 2002). 

4.5.2. Steroidogenic Acute Regulatory (StAR) Protein and Homologues 

In steroidogenic cells, during acute regulation of steroid hormone biosynthesis in response to 
the trophic hormone, the immediate effect is to transport cytosolic cholesterol to the matrix side 
of mitochondria1 inner membrane where cholesterol is transformed into pregnenolone by a 
cholesterol side chain cleavage enzyme. A 30-kDa phosphoprotein is candidate protein 
responsible for acute control of steroid hormone biosynthesis. The cDNA for the 30-kDa- 
proteins, now called steroidogenic acute regulatory (StAR) protein, has been cloned first in 
mouse and later in human, bovine, ovine and rat (c/r Lee et al., 1997). The multiple alignment of 
these deduced amino acid sequences revealed that they have 85%-88% identity and more than 
90% similarity. The deduced amino acid sequence from rat StAR clone has an additional 86 
amino acid stretch at amino terminus when it was compared with those sequences in other 
species. The other part of the amino acid sequence has 94% identity to mouse StAR protein 
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sequence. Three transcripts (1.3-b, 1.6-kb, and 3.5-kb), which hybridized to the clone, were 
detected in testis, ovary and adrenal gland. The cDNA expressed 30-kDa and 47-kDa proteins 
in COS1 cells (Lee et. al., 1997) (Fig. 4.6). It has been proposed that L l a ,  which is constitutively 
produced by the rat testis, is an important paracrine regulator of postnatal Leydig cell maturation. 
Regulation of StAR protein expression is one of the possible mechanisms by which IL-la 
contributes to the differentiation of immature Leydig cells into adult cells (Svechnikov et al., 
2003). 

Tex261: The Tex261 is another S A R  like gene cloned from a subtractive cDNA library from 10- 
day postnatal mouse testis. Tex261 and StAR are differentially localized presumably with 
different functions. The Tex26I transcribes three mRNAs of 3.5, 1.6, and 1.4-kb. The 3.5 and 
1.4-kb transcripts are expressed in different gonadal and somatic tissues where as the 1.6-kb 
transcript is only detected in testis and differentially regulated during development. This 1.6- 
kb mRNA is highly expressed in adult testis, beginning at 15 days of postnatal life, which 
coincides with the presence of pachytene cells in prepuberal mouse. A region of 86 amino 
acids from the predicted Tex26 1 has been reported as a part of the steroidogenic acute regulatory 
protein StAR gene by its sequence identity to the rat StAR cloned cDNA (Fig.4.7). Lopez- 
Fernandez et al., (1998) demonstrated that, in the mouse, SfAR and Tex261 are two different 
genes with different functions, yet a high identity (43%) at amino acid level is detected in a 
region of 153 amino acids corresponding to a transmembrane protein. 

FWA binding motif (RBM) is an RNA-binding protein encoded on the Y-chromosome in mammals 
and is expressed only in the nuclei of male germ cells (see chapters 10 and 14). Of a number of 
potential partners for RBM identified, the most frequent isolate encoded is a RNA-binding 
protein, termed T-StAR that is closely related to SAM68, a Src-associated protein of unknown 
function. The mouse homologue was also cloned and designated ETOILE. It mapped to 
chromosome 15, while T-StAR mapped to the syntenic region on human chromosome 8. The T- 
StAWetoile is expressed primarily in the testis. In rat germ cells, the expression of both T- 
StAWetoile and SAM68 is regulated during meiosis. Transfection of T-StAWetoile caused an 
accumulation of protein in the compartment of the nucleus, adjacent to the nucleolus but 
distinct from the peri-nucleolar compartment. The RBM and other hnRNP G family members are 
candidate downstream targets for regulation by T-StAWetoile and SAM68 (Venables et al., 
1999). 
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Chapter 5 

HOMEOSTASIS OF GERM CELLS 
AND APOPTOSIS 

5.1. APOPTOSIS 

During development of most metazoan animals, many more cells are produced than are eventually 
needed. If cells are no longer needed, they commit suicide by activating an intracellular death 
program. The pattern of events in death by suicide is so orderly that the process is often called 
programmed cell death or PCD or apoptosis. Apoptosis or programmed cell death is a 
morphologically distinct form of cell death, which is designed to remove unwanted and potentially 
dangerous cells. Apoptosis is the orchestrated collapse of cells staging membrane 
fragmentation, cell shrinkage, mitochondria1 breakdown, release of cytochrome C, protein 
fragmentation, chromatin condensation and DNA degradation followed by rapid engulfment 
of corpses by neighboring phagocytic cells. Thus apoptosis plays a key role in removing 
surplus cells and sculpting the developing embryo. Regulation of apoptosis is associated with 
a variety of diseases including cancer, AIDS, neuro-degenerative diseases and ischaemic 
stroke. Apoptosis represents an active, gene directed mechanism and offers a possible method 
to control diseases by therapeutic purposes. Several molecules that are responsible for the 
regulation and execution of apoptosis have been identified during last decade. Now it is clear 
that an unusual class of cysteine proteases, termed caspases is responsible for execution of 
cell death. The basic pathways of apoptosis have been conserved throughout animal evolution, 
although nature of molecules/molecular complexes has changed with evolution of species. 
The basic molecules involved in mammalian apoptosis are listed in Table-5.1 (reviews - Song 
and Steller, 1999; Lawen, 2003)). Thus the cellular machinery of programmed cell death turns 
out to be as intrinsic to the cell as, mitosis. Programmed cell death is needed to destroy cells 
that represent a threat to the integrity of the organism. For example cells infected with viruses 
and cells with damaged DNA are needed to be destroyed by apoptosis. The early steps in 
apoptosis are reversible - at least in C. elegans. In some cases, final destruction of the cell is 
guaranteed only with its engulfment by a phagocyte. 

5.1.1. Death Signals 

The apoptosis occurs when the balance between the positive signals, which are needed for 
continued survival, and the receipt of negative signals which are responsible for cell loss, is 
lost. Some examples of positive signals include growth factors for neurons and interleukin-2 
(IL-2), an essential factor for the mitosis of lymphocytes. The continued survival ofmost cells 
requires that they receive continuous stimulation from other cells and, for many, continued 
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Table 5.1. Basic Components of Apoptotic Pathways in Mammalian Cells. 

Component Intrinsic Pathway Extrinsic Path way 

1. Apoptosis Promoter Baxl BH3 only proteins FaslFasL, TNFRlITNFa 

2. Apoptosis Inhibitor Bcl-2, Bcl-x, FLIP 

3. Adaptor Apaf- 1 FADD, TRADD 

4. Initiator Caspase Caspase-9 Caspase-8 

5. Caspase Inhibitor IAP IAP 

6. IAP Inhibitor SmacDiablo SmacDiablo 

7. Effector Caspase Caspase-3, Caspase-7 Caspase-3, Caspase-7 

adhesion to the surface on which they are growing. Negative signals include: i) increased 
levels of oxidants within the cell, ii) damage to DNA by these oxidants or other agents like 
ultraviolet light, x-rays, chemotherapeutic drugs, iii) accumulation of proteins that fail to fold 
properly into their proper tertiary structure, and iv) molecules that bind to specific receptors 
on the cell surface and signal the cell to begin the apoptosis. These death activators include: 
tumor necrosis factor-a (TNF-a) that binds to the TNF receptor; lymphotoxin that also binds 
to the TNF receptor; Fas ligand (FasL), a molecule that binds to a cell-surface receptor Fas 
(also called CD95). 

5.1.2. Caspases 

Caspases are a family of proteases that have cysteine at the active site (cysteine proteases) 
and function during apoptosis or cytokine processing, or both. They get their name because 
they cleave proteins -mostly each other - at aspartic acid (Asp) residues. They are synthesized 
as pro-enzymes (or zymogens) and remain inactive in most healthy cells. Upon activation by 
different death signals, the single chain pro-caspase is cleaved at specific aspartic acid residue 
by other caspases in proteolytic cascade to remove an inhibitory N-terminal pro-domain and to 
generate two distinct subunits. These subunits assemble into a heterotetramer to form the 
active protease. Once activated, caspases are thought to cleave many important cellular proteins 
and there by bring about the characteristic apoptotic morphology (Song and Steller, 1999). 
Caspase 9 is one of a family of over a dozen caspases. Caspase 9 cleaves and, in so doing, 
activates other caspases. The sequential activation of one caspase by another creates an 
expanding cascade of proteolytic activity (rather like that in blood clotting and complement 
activation), which leads to digestion of structural proteins in the cytoplasm, degradation of 
chromosomal DNA, and phagocytosis of the cell. 

5.2. THE MECHANISMS OF APOFTOSIS 

The initiation of apoptosis is regulated by many signals, which can originate either fiom within 
the doomed cell or fiom its extracellular environment. It shows that multiple mechanisms are 
used to control the conversion of the caspase zymogene to the active protease. Pro-caspase 
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Fig.5.1. A. A model showing three mechanisms of apoptosis: (1 )  The Intrinsic or Mitochondrial Pathway; 
(2) The Extrinsic or Death Receptor Pathway, and (3) Apoptosis-Inducing Factor (AIF) Release Pathway. B. 
The Intrinsic or Mitochondrial Pathway, showing release of cytochrome C and formation of apoptosome. 

activation of target cell can be triggered from out side by activation of cell receptor present on 
the cell surface. For example, killer lymphocyte produces Fas ligand (FasL), which triggers 
target cell by binding with Fas receptor (FasR) present on target. Intrinsic pathway is generated 
by signals arising within the cell. Presently, there are 3 different mechanisms by which a cell 
commits suicide by apoptosis (Fig.5.1A). 

5.2.1. The Intrinsic or Mitochondrial Pathway 

Intrinsic pathway is generated by signals arising within the cell. When cells are damaged or 
stressed from within the cell, mitochondria are induced to release cytochrome C into the cytosol. 
i). In a healthy cell, the outer membranes of its mitochondria express the protein Bcl-2, which is 
bound to the protein Apaf-1 (apoptotic protease activating factor-1). The adapter protein, 
Apaf-1 is represented by CED-4 in C. elegans. ii). Internal damage to the cell (e.g., fromreactive 
oxygen species) causes Bcl-2 to release Apaf-1, and a related protein, Bax to penetrate 
mitochondria1 membranes, causing cytochrome C to leak out. The released cytochrome C and 
Apaf-1 bind to molecules of caspase 9. The resulting complex of cytochrome C, Apaf-1, caspase 
9, (and ATP) is called the apoptosome. These proteins form aggregates in the cytosol (Fig.5.1 B). 
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The CED-4 or Apaf-1 regulates the activation of a cytoplasmic caspase cascade by complex 
formation, possibly in a manner similar to the model described for CD-95/Fas system. In this 
process, the release of cytochrome C is a crucial step. However, the precise circumstances 
during which cytochrome C is released in situ, and its role in the regulation of apoptosis in 
vivo, remain to be determined. Nevertheless, it appears that Apaf-1 can bring pro-caspase 
molecules into close proximity, so that they can activate one another to form apoptosome 
(Fig.5.1B). Apaf-1 activity has been identified in testis and its role in germ cell apoptosis is 
being appreciated. 

5.2.2. The Extrinsic or Death Receptor Pathway 

Extrinsic pathway is triggered by death activators by binding to receptors at the cell surface. 
The death activators include: TNF-g lymphotoxin, and Fas ligand (FasL). Fas and the TNF 
receptor are integral membrane proteins with their receptor domains exposed at the surface of 
the cell. Binding ofthe complementary death activator (FasL and TNE respectively) to membrane 
receptor transmits a signal to the cytoplasm that leads to activation of caspase 8 (Fig.5.lA). 
Caspase 8 (like caspase 9) initiates a cascade of caspase activation leading to phagocytosis 
of the cell. The best understood pathway for activating caspases through induced proximity 
is the CD-95/Fas/Apo-1 system. The CD-95/Fas belong to the tumor necrosis factor receptor 
(TNFR) family and function in the removal of activated cytotoxic T cells at the end of the 
immune response. Binding of extra-cellular ligands, such as the Fas ligand (FasL), to these 
receptors induces trimerization of the receptor. This trimerization, in turn, recruits the adaptor 
molecule FADD and pro-caspase-8 into a multimeric complex termed DISC (death inducing 
signal complex) in which caspase-8 is activated. Activated caspase goes on to cleave 
downstream caspase zymogens, such as caspase-3. In addition to activating caspase-3, 
caspase-8 also cleaves a pro-apoptotic member of the Bcl-2 family that amplifies the death 
signal received fiom the cell surface. Several of these steps are mediated by NO actions 
(Chung et al., 2001). 

5.2.3. Apoptosis-Inducing Factor (AIF) Release Pathway 

A third mechanism may be triggered by dangerous reactive oxygen species. Neurons, and 
perhaps other cells, have another way to self-destruct that - unlike the two paths described 
above - does not use caspases. In this mechanism, apoptosis-inducing factor (AIF) is released. 
The AIF is a protein that is normally located in the intermembrane space of mitochondria. 
When the cell receives a signal telling it that it is time to die, AIF is released fiom the mitochondria 
(like the release of cytochrome C in the f i t  pathway), migrates into the nucleus, binds to 
DNA, which triggers the destruction of the DNA and cell death (Fig.5.1A). 

Oxidative Stress and Apoptosis Signal-Regulating Kinase 1 (ASKl) 

Apoptosis signal regulating kinase (ASKl) mediated apoptosis MAP-kinase cascade is 
evolutionarily well conserved in all eukaryotic cells and consists ofthree kinases that establish 
a sequential activation pathway (see Chapter 19). The ASKl is a member of the MAPKKK 
family and activates both the SEKl INK and MKK3/MKK6-p38 signaling cascades. The 
ASKl is activated in cells after treatment with inflammatory cytokines and to various types of 
stresses. Over-expression of wild ASKl is a key element in cytokine and stress induced 
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apoptosis. Moreover apoptosis is reduced in ASKl knockout mice (review-Matsuzawa and 
Iehijo, 2001). Oxidative stress induced activation of ASKl results in apoptosis. Thioredoxin 
(Trx) has been identified as a negative regulator of ASKltJNK-p38 pathway (Saitoh et al., 
1998). The Trx is also present in testicular germ cells, although its associating protein ASKl 
is yet to be known (see Chapter 29). The Trx is redox regulatory protein, which has two redox 
sensitive cysteine residues at the active center. Only a reduced form of Trx is associated with 
the N-terminal regulatory domain of ASKl and silences the activity of ASK1; oxidization of 
Trx results in the dissociation of ASKl to active kinase. The ASKl-Trx complex is thus 
thought to be a redox sensor, which functions as a molecular swkch of external and internal 
redox status for the kinase-signaling module. The 14-3-3 protein is another class of proteins 
that directly bind to ASKl and that over-expression of 14-3-3 proteins blocked ASKl induced 
apoptosis. Recently, protein serinetthreonine phosphatase-5 (PP5) was identified as a negative 
regulator for activated ASKl in response to various types of stresses. Though, these 
components have been identified in testis, their role and correlation with apoptosis of germ 
cells in testis needs exploration (review-Matsuzawa and Iehijo, 200 1). 

NO as Regulator of Apoptosis 

Nitric oxide (NO) can promote apoptosis (pro-apoptosis) in some cells, whereas it inhibits 
apoptosis (anti-apoptosis) in other cells. This complexity is due to the rate of NO production 
and its interaction with biological molecules such as iron, thiols, proteins, and reactive oxygen 
species. Long-lasting steady state level of NO acts as a proapoptotic modulator by activating 
caspase family proteases through the release of mitochondrial cytochrome C into the cytosol, 
upregulation of p53 expression, activation of JNWSAPK, and altering the expression of 
apoptosis associated proteins including Bcl-2 family of proteins. However, physiological 
concentration of NO prevents cells from apoptosis induced by Fas, TNFa, and 
lipopolysaccharide. The anti-apoptotic mechanism can be understood via expression of 
protective genes such as heat shock proteins, Bcl-2 as well as direct inhibition of apoptotic 
caspase family proteases by S-nitrosylation of the cysteine thiol (Chung et al., 2001). 

NO as a Pro-apoptotic Inducer: High concentrations of NO or peroxynitrite induce apoptotic 
cell death, in several cell types. Most of the proapoptotic effects of NO on these cells seem to 
be independent (but not all) of cGMP. The NO mediated apoptosis can be influenced by the 
redox state of the transition metal complexes within cells and expression of survival genes as: 
(a) NO can directly induce cytochrome C release through mitochondrial membrane potential 
loss by binding to iron of cytochrome c oxidase (complex IV) in mitochondrial electron transfer 
chain. Under this condition, superoxide generated from mitochondria interacts with NO to 
form peroxynitrite, which induces cytochrome C release. The effect of NO on cytochrome C 
release depends on intracellular redox potential and levels of target molecules, such as iron, 
glutathione, and superoxide. (b) NO mediates p53 accumulation, which induces cell cycle 
arrest by p2 1 upregulation or apoptosis by increase in the ratio of Bax/Bcl-s, cytochrome C 
release, and caspase activation. (c) NO activates the c-Jun N-terminal kinase (JNK)/stress 
activated protein kinase (SAPK) group (MAPKs) which is involved in NO-mediated apoptotic 
cell death. NO produced either by NO donors or by NO synthase induces apoptotic cell death 
with the activation of JNWSAPK and p38 MAPK and caspase-3 activation. JNK/SAPK and 
p38 MAPK may be a critical mediator for NO-induced caspase-3 activation. (d) NO donors 
increase cellular ceramide level. Ceramide formation can induce several apoptotic signal 
pathways including the release of mitochondrial cytochrome C into cytosol, the activation of 
caspases-9 and -3, JNWSAPK activation the inhibition of protein kinase B/Akt and the 
suppression of Bcl-2 expression (Chung et al., 2001). 
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NO as Anti-apoptotic Modulatoc The NO can protect some cells from apoptosis induced by 
many different types of stimuli such as TNFa and oxidative stress. The mechanism underlying 
NO-mediated anti-apoptotic effects may depend on cell type specific with multiple signal 
pathways (review Chung et al., 2001). Antiapoptoic effects of NO can be cGMP-dependent 
and cGMP-independent. In some cells such as hepatocytes, antiapoptotic effects of NO are 
associated with cGMP production, which suppresses mitochondria1 cytochrome C release, 
ceramide generation and caspase activation. Moreover, both NO and cGMP protect splenic B 
lymphocytes fkom apoptosis by increasing the expression of Bcl-2 and the activation of AktI 
PKB, which induces phoshorylation of Bad and procaspase-9. Inhibition of Caspase Activity 
is caused by S-Nitrosylation. 

Nitric oxide potentially induces the expression of several cytoprotective genes inducing 
HSP70 and HSP32 (Heme oxygenase), which are protectors of apoptosis. The molecular 
mechanism underlying the antiapoptotic effect of NO-induced HSP70 may be associated with 
two possibilities: i) HSP70 inhibits oligomerization of Apaf-1 by associating with the caspase- 
recruitment domain (CARD) of Apaf-1 resulting in the suppression of the apoptosome 
formation. ii) HSP70 involves the chaperone-mediated import of precursor proteins into the 
mitochondria, thus inhibiting cytochrome C release. NO can also regulate the Bcl-2 family 
proteins. NO donor elevates Bcl-2 expression both at mRNA and protein levels and prevents 
apoptotic cell death (Chung et al., 2001). 

5.3. INHIBITORS OF APOPTOSIS PROTEINS (TAF'S) 

Several inhibitors of apoptosis proteins (IAPs) have been discovered during their ability to 
inhibit apoptosis. The characteristic structural motif of all IAPs is the baculovirus repeat 
@IR) of 70 amino acids. Besides the BIR domains, some IAPs also contain additional structural 
motifs such as a RING and a CARD domain. Homologs of IAPs have been identified in 
mammals and even in yeast. The IAPs appear to inhibit cell death through direct interactions 
with caspases. The well-known human anti-apoptotic factors directly bind to and inhibit 
caspases and pro-caspases, which are the major executioners of apoptosis. In turn, Smacl 
DIABLO, a recently identified pro-apoptotic molecule is released fkom the mitochondria and 
promotes apoptosis by binding to and inhibiting IAPs. The CAD (caspase-activated 
deoxyribonuclease) causes nuclear DNA fragmentation by its apoptosis signal specific DNase 
activity (Matsuzawa and Ichijo, 2001; Song and Steller, 1999). 

5.4. APOPTOSIS DURING SPERMATOGENESIS 

Fate of male germ cells in testis is determined by a complex network of external and internal 
signals, which include stem cell factor (SCF), leukemia inhibitory factor (LIF) and Desert 
Hedgehog (Dhh), as well as endocrine signals such as pituitary gonadotropins and 
testosterone. Like various other cell types, male germ cells also respond to external signals, 
and to their internal milieu, by activating intracellular signaling pathways that ultimately 
control their fate and maintain their homeostasis. The FasLEas-R, p53 and proteins of the 
Bcl-2 family provide few of the signaling apoptotic pathways that appear to be essential for 
male germ cells homeostasis. The competitive interactions of the pro- and anti-survival Bcl2 
family proteins regulate the activation of the proteases (caspases), which dismantle the cell 
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Fig.5.2. Apoptosis of different germ cell types during spermatogenesis. Signals that regulate germ cell 
apoptosis are given by mows indicating promotion of apoptosis and by -I indicating inhibition of apoptosis. 
Genetic modifications of apoptosis regulators and the effects of mutations in genes encoding apoptosis 
regulators are indicated below the appropriate cell type. (BMP, bone morphogenetic protein; SCF, stem cell 
factor, IL, interleukin; LIF, luekaemia inhibitory factor, FGF, fibroblast growth factor) (Print and Loveland, 
2000) 

by the mechanisms that are not fully understood. The subject has been extensively reviewed 
by Print and Loveland (2000) (Fig.5.2). In order to achieve homeostasis of each germ cell type 
in the adult, germ cell renewal, proliferation, export and apoptosis must be finely balanced. 
The exact incidence of adult male germ cell apoptosis remains unclear, since not all- 
degenerating germ cells display the classical morphology of apoptosis. Spermatogonia and 
round spermatids almost certainly die by apoptosis, since they display many of its classical 
morphological and biochemical features. Apoptotic germ cells are either sloughed into the 
tubule lumen, or phagocytosed by Sertoli cells (Print and Loveland, 2000) (see Chapter 2). 

5.4.1. FAS System in Testis 

The Fas (CD95) is a transmembrane receptor protein that belongs to the tumor necrosis 
factor-related type-I1 transmembrane receptor protein (TNFR). It contains a "death domain" 
and is capable of initiating apoptosis when stimulated by receptor cross-linking or binding to 
its ligand, FasL (CD95L). The FasL-Fas interaction triggers the death of cells expressing Fas, 
a process best studied in lymphoid cells. The biological importance ofthe FasL-Fas interaction 
is understood by abnormalities seen in several strains of mutant mice, in which the Fas 
system is not functional. In testis, the Fas system has been implicated in maintaining immune 
privilege. By transplanting Sertoli cells lacking functional FasL across immunological barriers, 
Bellgrau et al. showed that FasL was critical to prevent immune rejection (Lee et al., 1997). In 
testis, FAS system is the key regulator of spermatogenesis. Both Fas ligand (FasL) and Fas 
receptor (Fas) are expressed post-natally in rat testis with peak expression associated with the 
high levels of germ cell apoptosis found during the first wave of spermatogenesis. The Fas 
has been localized to germ cells where as FasL to Sertoli cells. FasL expressed by Sertoli cells 
initiates the apoptotic death of germ cells expressing Fas. The expression of Fas occurs on 
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germ cells including spermatogonia, spermatocytes, and spermatids. The Fas expression on 
germ cells was increased following cryptorchidism. But the expression of Fas on germ cells 
does not correlate with spontaneous apoptosis or apoptosis induced by cryptorchidism (Ogi 
et al., 1998). During photoperiod-induced testicular regression, the Fas system is activated 
(Young and Nelson, 2001). The Fas and FasL genes are dramatically up-regulated after exposure 
to mono-(2-ethylhexI) phthalate (MEHP) and 2,5-hexanedione, two widely studied Sertoli cell 
toxicants known to induce germ cell apoptosis. The testicular expression of RIP and FAP-1, 
components of the Fas activating complex, increased after exposure to MEHP, which induces 
massive germ cell death through Sertoli cells. Finally, the expression of additional apoptosis- 
inducing genes, including tumor necrosis factor receptor (TNFR), FADD, TRAIL, and DRS, 
were detected in mammalian testis. These results provide strong support to the concepts: (1) 
Sertoli-germ cell interactions are important in the control of germ cell apoptosis; and (2) the 
Fas system and similar paracrine systems are important modulators of testicular germ cells 
homeostasis (Boekelheide et al., 1998 ; Lee et al., 1997). The Fas appears to mediate germ cell 
apoptosis via caspase path way, since caspase inhibitor, benzyloxycarbonyl-Val-Ala-Asp 
(OMe) fluoromethylketone inhibited germ cell death (Pentikainen et al., 1999). It is thus possible 
that apoptosis of spermatogenic cells is induced by the binding of Fas L to Fas through 
interaction between Sertoli cells and spermatogenic cells. If this is the case, Sertoli cells are 
presumably responsible for both apoptosis induction and heterophagic elimination of 
spermatogenic cells. In this action of phagocytosis, class B scavenger receptor type1 (SR-BI) 
functions at least partly as a PS receptor, enabling Sertoli cells to recognize and phagocytose 
apoptosis spermatogenic cells at all stages of differentiation (Shiratsuchi et al., 1997; 1999). 

5.4.2. Apaf-1 and Cytochrome C in Germ Cell Apoptosis 

A complex composed of Apaf-1, dATP, and cytochrome C activates cytoplasmic caspases 
leading to apoptotic cell death. In Apafl (-I-) knockout model, most Apaf-1 mutants died pre- 
natally and frequently exhibited neural lesions. The neural lesions that developed in the 
knockout were due to an excess of neural progenitor cells that manifested as early as embryonic 
day 9.5 in development. In contrast to previous reports on the Apaf-1 knockout mice, 5% of 
the mutants successfully survived to adulthood. In these survivors, the brain develops 
normally, but in males, there is degeneration of spermatogonia resulting in the virtual absence 
of sperm. Thus, it was suggested that cytochrome C-mediated apoptosis is not absolutely 
required for normal neural development, but is essential for spermatogenesis. These findings 
suggested that alternative apoptotic pathways are present in conjunction with and parallel to 
Apaf-1 , that modify effects on programmed cell death (Honarpour et al., 2000). 

5.43. p53 Induced Pathway 

DNA damage can trigger apoptosis. This response requires p53, which can activate 
transcription of genes that encode proteins participating in the release of cytochrome C fkom 
mitochondria. The p53, cell cycle regulator appears to be required for radiation induced 
apoptosis of differentiating spermatogonia. There are also p53 independent mechanisms. For 
example, p53 may not be required for radiation induced apoptosis of stem spermatogonia, 
which are more radio-resistant, while p53 and p21 and other mechanisms contribute to 
spermatocyte apoptosis in ATM deficient mice (reviewed in Print and Loveland, 2000) 
(Fig.32.1). The p53 is also a tumor suppressive factor, which has important functions in the 
control of somatic cell growth and differentiation (see Chapter 32). During normal 
spermatogenesis, absence of p53 from spermatogonia, but its presence at unusual high 
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concentration in tetraploid pachytene spermatocytes at both rnRNA and protein level are 
suggestive of its role during the meiotic prophase. In p53-deficient mice, however, the testis 
contains about 50% more A, spermatogonia than in wild-type mice. This indicates that either 
p53 is involved in cell cycle regulation of undifferentiated spermatogonia or p53 normally 
induces apoptosis in some of these cells. However, strong immunohistochemical staining for 
p53 seen in spermatogonia following 4Gy of X-irradiation indicated its role in extensive 
apoptosis of differentiating spermatogonia. Apparently, in differentiating spermatogonia, 
increased p53 expression correlates with increased apoptosis (de Rooij and Grootgoed, 1998). 
The p53 is required for radiation-induced apoptosis in many cells. But in radiation induced 
damage of germ cell loss, it has been found that differentiating spermatogonia died of apoptosis 
that is dependent on p53 where as stem spermatogonia, which are more radio-resistant did not 
(Hasegawa et al., 1998). In a recent study, however, apoptosic and up-regulation of Fas 
following radiation have been linked to p53-dependent events. Surprisingly, Fas is necessary, 
in part, for radiation-induced p53-dependent apoptosis, where as FasL is not (Embree-ku et al, 
2002). 

A growing body of evidence demonstrates that germ cell death during normal 
spermatogenesis and that induced by increased scrota1 temperature occurs via apoptosis. 
However, it is unknown that the germ cell loss associated with cryptorchidism occurs by 
apoptosis. But presence of p53 in tetraploid pachytene spermatocytes, a germ cell stage most 
vulnerable to heat stress, suggests that p53 is involved in apoptosis. Testicularp53 is associated 
with the nuclear envelope and translocated into the nucleus in response to heat stress. In 
experimental unilateral cryptorchidism, the testicular germ cell loss, and DNA hgmentation 
all began in the cryptorchid testes on Day 6-7 in wild-type mice. In contrast, these changes 
were delayed by 3 days in p53-1- mice. This suggested that abdominal heat stress induces 
germ cell loss through two apoptosis pathways: a p53-dependent pathway responsible for 
the initial phase of germ cell apoptosis, and a p53-independent pathway that accounts for 
subsequent apoptosis (Yin et al., 1998) (see Chapter 32). 

The p63, a member of p53 gene family, is required for p53-dependent apoptosis and can 
induce apoptosis in the absence of p53 through the activation of p53-target genes. Nakarnuta 
and Kobayashi (2003) examined the expression pattern of p6? in the mouse testis fiom 
embryonic day (Ed) 13.5 to Ed 18.5 to clarify their possible role in germ cell apoptosis. The p63 
was found in the nucleus of germ cells at Ed 13.5, and continuously observed until Ed 18.5. 
The RT-PCR using specific primers for the p63 isotype showed that both transcripts were 
expressed in the fetal gonads. Thus, p63 appears to play a role in the embryonic testes 
(Nakamuta and Kobayashi, 2003). 

5.4.4. Bcl-2 Protein Family 

Male germ cells respond to the various external signals and to their internal milieu, by activating 
internal signaling mechanisms that ultimately determine their fate. Proteins, which arbitrate 
germ cell apoptosis include B-cell lymphoma/leukemia-2 (Bcl-2). In C.elegans, the Ced-9 
encodes a protein homologous to mammalian Bcl-2-like molecule that regulates apoptosis in 
mammals. A connection has been established between members of the CED-9Bcl-2 family 
and caspases. Bcl2 proteins characterized by presence of Bcl2 homology (BH)I and BH2 can 
either induce or inhibit apoptosis. Hence Bcl-2 family proteins are divided into three categories: 
the anti-apoptotic members such as Bcl-2, Bcl-q, Bcl-w, Mcl-1, and BfllIAl; the pro-apoptotic 
members such as Bax, Bak, and Bok; and the pro-apoptotic BH3-only proteins such as Bad, 
Bid, Bik, Bim, Blk, Hrk and Noxa (Srivastava et al., 1999). The mechanisms by which Bcl-2 
family proteins regulate mitochondrial dependent apoptosis are still being debated. The voltage 
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dependent anion channel (VDAC) has been suggested as one of the targets (Shimizu et al., 
1999) for Bcl-2 family and thus each Bcl-2 family protein functions as a gatekeeper of the PT 
pore by either promoting or preventing the release of cytochrome. Because Bcl-2 is present 
in the outer mitochondria1 membrane, it has been suggested that it blocks apoptosis by 
inhibiting the release of apoptosis inducing factors, such as cytochrome C from mitochondria 
(Fig 5.1A). One important property of Bcl-2-like proteins is their ability to form homo- and 
heterodimers with other family members to modulate their activity. Therefore, the battle between 
these antagonistic Bcl-2 family members could provide a mechanism to fine tune the levels of 
protection against cell death. 

Presence of Bcl-2 itself in spermatogonia is not well established (Furuchi et a1 1996; 
Sugiyama et al., 2001 and ch). Nevertheless, Bcl-2 over expression has dramatic effects on 
spermatogenesis, associated with a massive accumulation of spermatogonia. Hence, members 
of the Bcl-2 family may control this aspect of spermatogenesis, although the Bcl-2 protein 
itself does not seem to be involved. Probably, the Bcl-x gene encodes the relevant factor. In 
the testis, at least two splice variants of Bcl-x are expressed: Bcl-x, and Bcl-x,. Whereas Bcl- 
x, suppresses apoptosis, Bcl-% has on opposing effect. Both forms of Bcl-x, Bcl-x, andfor Bcl- 
x, were found strongly expressed in spermatogonia in the human testis. These observations 
suggested that pro-survival, Bcl-x, is important in germ cell density regulation. Since Bcl-x, 
knockout mice die during embryogenesis, however, conditional gene knockout studies are 
required to dissect Bcl-s's function after birth. 

Another member of the Bcl-2 family such as the pro-apoptotic Bax protein plays a 
fundamental role. Since male Bax knockout mice possess germ cells, Bax is not essential for 
germ cell survival in the embryo. The Bax protein appears localized to those germ cells, which 
are under-going apoptosis during the first spermatogenic wave. The Bax, however, appears to 
be essential for germ cell survival during the first wave of spermatogenesis. The Bax may 
trigger the physiological apoptosis of spermatogenesis and spermatocytes. Genetically 
modified mice also revealed a critical influence of Bax on germ cell homeostasis. Testes of 
adult bm knockout mice contained excessive numbers of spermatogonia and pre-leptotene 
spermatocytes, consistent with failed apoptosis during the fmt wave of spermatogenesis 
(Print and Loveland, 2000). The Bax is a potent inducer of apoptosis in adult male mice as well. 
The Bm gene knockout adult male mice are sterile. The histological features of the testes of 
Bm knockout mice resemble those of the Bcl-2 and Bcl-x, transgenic testes, showing an 
accumulation of spermatogonia. This indicated that Bax is an important factor in the control of 
spermatogonial apoptosis. Probably the balance between the expression and action of Bcl-x, 
and Bax control the cell-density-related apoptosis of spermatogonia (review- de Rooij and 
Grootgoed, 1998). 

Male germ cell apoptosis, of which the default pathway is similar to that of the female, is 
likely to be influenced by male gonadal environments (Kasai et al., 2003). Similar to rodents, 
mild testicular hyperthermia results in azoospermia and oligozoospermia in monkeys through 
increased germ cell apoptosis with minimal effect on the hormonal milieu. Short-tm exposure 
of rat testis to mild heat results, within few hours, cell-specific activation of germ cell apo$osis. 
Among initial events was the redistribution of Bax from a cytoplasmic to paranuclear sites in 
heat-susceptible germ cells. The relocation of Bax was followed by sequestration of 
mitochondria and endoplasmic reticulum (ER) into paranuclear areas, cytosolic translocation 
of cytochrome c in association with activation of the initiator caspase 9 and the executioner 
caspases 3,6, and 7, and cleavage of PARP. Furthermore, though the Bax was co-localized 
with ER in the susceptible germ cells, the Fas system was dispensable for heat-induced germ 
cell apoptosis in these studies. The mitochondria- and possibly also ER-dependent pathways 
could be the key apoptotic pathways for heat induced germ cell death in the testis (Lue et al., 
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2003; Hikim et al., 2003; SinhaHikim et al., 2003). 
The Bcl-w is expressed in spermatids and Sertoli cells and does not seem to function in 

spermatogonia. The pro-survival protein Bcl-w plays a different role. The Bcl-w appears to be 
dispensable in testis during embryogenesis and during the fmt two weeks after birth. The 
incidence of germ cell apoptosis in Bcl-w knockout mice, however, becomes dramatically 
elevated between two and four weeks of age. The testes of six weeks old Bcl-w knockout mice 
contained numerous apoptotic cells, many of which remained linked as multinucleate 
symplasts. Testicular degeneration was observed in Bcl-w deficient mice, however (Print et 
al., 1998; Ross et al., 2001). 

Among other members of the Bcl-2 family that are expressed in testis but their role in 
spermatogenesis has not been investigated, include Bfl-1 (Al) whose cellular distribution is 
unknown. The Bad, Bok and Bim are also expressed in adult testis. The DIVA or Boo, a new 
member of the Bcl-2 family, is apparently expressed only in reproductive tissues; its role, 
however, is controversial. Inohara et a1 (1998 c/r Song et a1 1999) observed this protein in 
spermatids, where they suggest it to perform a pro-apoptotic role, while Song et al, (1999) 
suggested that it is in fact anti-apoptotic, and observed transcripts in epididymis but not 
testis. The expression of Boo was highly restricted to the epididymis implicating it in the 
control of sperm maturation. Boo inhibits apoptosis, homodimerizes or heterodimerizes with 
some death promoting and suppressing ~ c l - 2  f&ly members. More importantly, Boo interacts 
with Apaf-1 and forms a multimeric protein complex with Apaf-1 and caspase-9 (Song et al., 
1999). The Mcl-1, another member of Bcl-2, has been detected in Leydig cells and residual 
bodies but not germ cells. 

5.5. FACTORS CONTROLLING APOFTOSIS IN SPERMATOGENESIS 

5.5.1. Paracrine Control of Apoptosis 

Several paracrine and endocrine signals are prime regulators of germ cell fate, and may be 
particularly important during embryonic development and PP spermatogenesis. For example, 
PGC express leukemia inhibitory factor (LIF) receptors and the survival of PGC in culture is 
promoted by LIF. The role played by LIF in vivo is unclear however, since mice lacking the LIF 
gene are fertile. The expression patterns, and the fmding that Gas 6 promotes PGC survival in 
vitro, suggest that Gas 6 may promote PGC survival in the embryo. Other factors, which 
promote PGC survival in vitro include: interleukin-4, basic fibroblast growth factor (bFGF), the 
stem cell factor (SCF or Steel factor) (Chapter 17), and bone morphogenetic protein (BMF')-4. 
In contrast, T G F ~  promote gonocyte apoptosis in vitro. In the adult, members of the BMP 
family promote germ cell survival in vivo. BMP-8A and BMP-8B, secreted by round spermatids, 
appear to provide survival signals to spennatocytes. Dhh is a paracrine signal, which appears 
to promote germ cell survival indirectly. The Dhh, encoded by hedgehog gene Dhh and 
secreted by Sertoli cells appears to activate transcription of thepatchedgene in Leydig cells. 
Mice lacking Dhh exhibited accelerated spermatocyte apoptosis, possibly due to abnormal 
Leydig cell indicating its function in germ cell homeostasis (hint and Loveland, 2000) (Fig.5.2) 

5.5.2. Endocrine Control of Apoptosis 

Endocrine hormones such as testosterone and the FSH and LH have been known to influence 
germ cell apoptosis. Withdrawl of gonadotropin and testosterone causes apoptosis of 
spermatogonia. But this occurs through indirect effects, since hormone receptors are present 
on somatic but not germ cells. Accordingly, in both breeding and non-breeding state, the fate 
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of male germ cells is dependent on extracellular signals and on the quality of internal 
environment, which influence endocrine state of the organisms (Young and Nelson, 2001). 
Oestrogen treatment also induced apoptosis of all germ cells including elongating spermatids. 
The mechanism by which androgen withdrawal induces germ cell death remains unclear. 
Possibly androgen withdrawal alters expression of the Bcl-2 family proteins in germ cells, 
since Bcl-x, and Bcl-2 expression in the testis was altered following long term anti-androgen 
treatment for prostate cancer. The relationship between apoptosis and apoptosis related 
genes was studied for a short term using EDS to withdraw androgen support. Though the 
apoptotic index enhanced, 8 days after EDS administration as demonstrated by fragmented 
DNA, there was no significant change in the levels of clusterin, Bcl-xl, Bak, and Bad, where as 
the expression of Bcl-2 and Bax was up-regulated at 8 days after EDS administration. The 
induction of Bax at this time suggests that it may play a role in germ cell apoptosis following 
androgen withdrawl. The concomitant elevation in Bcl-2 expression and also a decline in the 
expression of Fas-L and Fas-R in the pachytene spermatocytes and spermatids may represent 
a survival mechanism for the remaining germ cells (Woolveridge et al., 1999). It appears that a 
network of signals, including the endocrine, paracrine and direct cell contact signals described 
combine to maintain homeostasis of each germ cell type at each developmental stage. 

5.5.3. Selective Apoptosis of Damaged G e m  Cells 

Apoptosis of male germ cells occurs when spermatogenesis cannot proceed beyond certain 
points due to molecular insufficiencies. For example, spermatocytes of mice lacking the heat 
shock protein 70.2 or the DNA mismatch repair protein Mihl could not complete meiosis and 
were subsequently deleted by apoptosis. The high incidence of spermatocyte and round 
spermatid apoptosis has been described in infertile men. In addition, men with ataxia 
telangiectasia and mice lacking the ATM gene are infertile as a result of extensive spermatocyte 
apoptosis following failed meiosis. Apoptosis may also selectively remove damaged 
spermatogonia and damaged haploid spermatids. Vasectomy induces a large amount of germ 
cell apoptosis in association with activation ofh4APKs. In contrast to the delayed phase up 
to 24 weeks after vasectomy, Shiraishi et al., (2002) observed hyperdynamic cellular turnover, 
spermatocyte loss through apoptosis and enhanced germ cell proliferation transiently at the 
early phase after vasectomy (Shiraishi et al., 2002). 

Spermatids of mice lacking the CREM protein showed spermatogenic arrest in the fust 
step of spermiogenesis and appeared to be subsequently removed by apoptosis. A variety of 
extracellular stimulii seem to mediate the selective apoptosis of damaged germ cells. Disruption 
of spermatogenesis and germ cell apoptosis in cryptorchid testis probably results fkom abnormal 
expression of temperature related genes. Three temperature-related expressed sequence (TRS) 
tags (ESTs), TRS~,  TRS3, and T R S ~ ,  expressed sp&ifically in scrota1 testis have been related 
to apoptosis. The TRSl was mainly expressed in the spermatocytes and the round spermatids, 
while TRS 1, TRS2, and TRS3 were found to be temperature related ESTs during spermatogenesis 
(Cai-xia et al., 1999). Liu et al., (2003) cloned a gene, called TSARG3 gene, which is related to 
human testis spermatogenesis apoptosis. A mouse homolog of this gene was also identified. 
Galectin-1, a conserved beta-galactoside-binding protein, induces apoptosis of activated T 
cells and suppresses the development of autoimmune responses and chronic inflammation. 
In rat testes, expression of galectin-1 was developmentally regulated, and was present 
throughout the spermatogenic cycle including sperm, which were strongly labelled. During 
spermiation (stages VI-VIII), a strong labeling was observed at the lurninal pole of seminiferous 
epithelium, and localized on apical stalks of Sertoli cells, on heads of mature spermatids, and 
in the cytoplasm of residual bodies (Dettin et al., 2003). 
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5.5.4. Sertoli Cell-Germ Cell Contact 

Signals that promote proliferation can also promote apoptosis. Thus germ cells apoptosis 
also depends upon signals delivered from Sertoli cells by direct membrane contact. Of these, 
stem cell factor (SCF) has received the most attention. The mechanism though not fully 
understood but SCF is also required during the first wave of spermatogenesis (see chapter 
17). The membrane bound SCF is expressed on the basal regions of Sertoli cells, while c-kit is 
expressed on the corresponding surface of spermatogonia. When SCF/c-kit interaction in 
adults was blocked in vivo, the incidence of apoptosis in spermatogonia and spermatocytes 
was increased (Packer et al., 1995). As stated earlier, Sertoli cells also depend on the Fas 
system to regulate germ cell fate, since Fas-L (ligand) is expressed on Sertoli cells, while Fas 
is expressed on the surface of adjacent spermatogonia. In rodent testes, germ cell apoptosis 
was accompanied by increased expression of Fas on the germ cell surface, and by increased 
expression of Fas ligand on Sertoli cells. Male mice that completely lack Fas are fertile, however, 
arguing that while Fas may contribute to gem cell homeostasis, it is not essential. 

5.5.5. Phagocytosis of Apoptotic Cells 

Apoptotic cells are rapidly removed by phagocytosis by cells in direct contact with apoptotic 
bodies. The phosphatidylserine (PS), which is normally hidden within the plasma membrane, 
is exposed on the surface during apoptosis. The PS is bound by receptors on phagocytic cells 
like macrophages and dendritic cells, which then engulf the cell fbgrnents. The phagocytic 
cells secrete cytokines that inhibit inflammation (e.g., IL-10 and TGF-a). Among other 
molecules, whichcan recognize apoptotic cells are: lectins, w#3 intergrin (vitronectin receptor)/ 
CD36 complexes, and scavenger receptor like molecule, all of which most likely capture target 
cells by binding to sugars, thrombospondin, and ABC transporter ABCI. Sertoli cells 
phagocytose degenerating spermatogenic cells and are thus likely to be involved in the 
elimination of apoptotic spermatogenic cells in the testis. However, little is known about the 
regulation of phagocytic function of Sertoli cells. From primary cocultures of spermatogenic 
and Sertoli cells of the rat, it appeared that upon induction of spermatogenic cell apoptosis, 
PS and probably other acidic phospholipids, which are normally localized in the inner leaflet 
of the plasma membrane of Sertoli cells, translocate to the outer leaflet and serve as a signal 
for phagocytosis by Sertoli cells. The PS thus most likely serves as a common phagocytosis 
signal for several different phagocytes such as macrophages, vascular smooth muscle cells, 
and Sertoli cells, but the modes of recognition of target cells by these phagocytes are 
presumably somewhat different (Shiratsuchi et al., 1997; 1999). 
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Chapter 6 

NUCLEAR SKELETON PROTEINS: 
NON-HISTONES 

6.1. CHROMOSOMAL ORGANIZATION 

The function of chromosomes is to carry the genetic information ftom one cell generation to 
another. The replication of chromosome depends on the precise mechanism of replication. The 
major chemical components of chromosomes include DNA (35%), RNA (5%) and proteins 
(60%), which comprise histone proteins and non-histone proteins. In situ hybridization to 
telomeric cDNA showed that chromosomes are arranged tandemly and in a defined order in the 
sperm nucleus. Among five types of histones, which have been differently designated, H1 
histone is most easily removed and so is least tightly bound. Histones are rich in basic amino 
acids and hence histones are positively charged and combine with negatively charged DNA to 
form DNA-Histone complex. Histone proteins play a structural role rather than a regulatory 
role. However, chromatin reconstitution and other experiments established that histones do 
play a regulatory role as well. This regulatory role of histones is more of general than of nature 
specific and is exercised by repressing the activity of genes. The basic chromatin structure 
involving DNA and histones was proposed by R.D. Kornberg and J.O. Thomas in 1974. In this 
model DNA interacts with a tetramer (H3,-H4,) and two molecules of an oligomer (H2A-WB), 
so that a tetramer involving two molecules each of the histones H3 and H4, is associated with 
two molecules each of the histones H2A and H2B and with 200 base pairs of DNA making a 
repeating unit. One molecule of HI is also associated with each repeating unit. P. Oudet et al., 
(1975) proposed the term nucleosome for repeating units, which were observed as beads on 
strings in electron microscope. The non-histone proteins display more but still limited diversity 
and include RNA polymerase. Heterogeneity of these proteins indicates that these proteins 
are not as conserved in evolution as histones. The non-histone proteins differ between different 
tissues of the same organism suggesting that they regulate the activity of specific genes. 
Chromatin reconstitution experiments confirmed and established in a number of cases that 
specific non-histone proteins switch on specific genes. Certain non-histones induce RNA 
synthesis in vitro. 

6.2. CELL DIVISION 

Spermatogenesis can be divided into three principal phases. In the first phase called 
spermatocytogenesis, the most primitive spermatogonia proliferate by mitotic division to replace 
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Fig 6.1. Cell cycle of a diploid cell. 

themselves by successive generations of spermatogonia, each more differentiated than the 
preceding one. During last stage of mitosis, type B spermatogonia yield preleptone 
spermatocytes. The second phase of spermatogenesis is marked by meiosis in which 
spermatocytes undergo maturation divisions in which chromosome number is reduced to half 
and produce a cluster of cells called spermatids. During last phase of spermatogenesis, called 
spermiogenesis, the spermatids undergo a series of morphological transformation leading to 
formation of spermatozoa. Therefore brief description of arrangement of chromosomes during 
mitosis and meiosis will be necessary before taking up molecular basis of spermatogenesis. 

6.2.1. Mitosis 

In continuously dividing cells, an individual cell passes through four phases, shown in figure 
(Fig.6.1). The figure depicts that prior to mitotic phase cell prepares for cell division, marked by 
interphase. Interphase can be divided by three phases GI, S and G,where GI is a resting phase, 
followed by a synthetic S phase. During S phase, DNA synthesis takes place and G, phase is 
again a resting phase following DNA synthesis. The three phases viz. G,, S and G, constitute 
interphase. The mitotic division takes place during M phase. During interphase there is little 
microcopically resolvable structure. The mitotic phase consists of the following stages (Gupta, 
1999; Bloom and Fawsett,1970). 

Prophme: Although the DNA synthesis is already completed during interphase, at prophase 
of mitosis, the cell is still preparing for division. During initial stage of prophase chromosomes 
appear as thin, filamentous uncoiled structures. As the time passes, chromosomes continue to 
condense, and become thicker and distinct. Each chromosome is double consisting of two 
sister chromatids. Chromatids are functional units of chromosomes. An important characteristic 
of mitotic prophase is longitudinal splitting of each chromosome into two sister chromatids. 
Double structure of each chromosome thus may be conspicusous at late prophase. Sister 
chromatids at this stage are attached only at centromere. At this position two chromatids will 
remain attached to spindle tubule. Soon after, nucleolous diminishes in size and disappears 
before the cell enters mitotic metaphase and the nuclear membrane disappears at late prophase. 
The disappearance of nuclear envelope brings the end of prophase. 

Metaphme: The mitotic spindle tubules start appearing and chromosomes begin to gather in 
the same plane at late prophase or early metaphase. The spindle tubules get attached at 
primary constriction of chromosomes called centromeres. The chromosomes begin active 
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movement leading to arrangement of chromosomes in the center or at equatorial plate. Spindle 
is an organelle responsible for orderly arrangement and separation of chromosome strands late 
during cell division. The spindle apparatus, which helps in arrangement of chromosomes at the 
plate, is formed with the help of centrosome particularly in case of animal cells. Centrosome 
comprises of two centrioles, which separate and move to opposite poles of the spindle at the 
time of spindle formation. As the two centrioles separate, astral rays appear radiating out into 
the surrounding cytoplasm from each centriole. These rays when join form spindle fibres. 
Howevei; in most of the plant cells, centrosomes are missing, but spindle is still formed. 

Anaphase: Following spindle formation and arrangement of chromosomes on equatorial plate 
at metaphase, chromosomes separate and split at centromere also. The two sister chromatids 
appear as a separate structures, which are called chromosomes. At the close of anaphase the 
two groups of chromatids, now called daughter chromosomes are separated and move towards 
opposite poles where they gather near spindle poles. How chromosomes move at anaphase, is 
still a matter of debate. It seems that there is repulsion between centrosomes and that there is 
contraction of spindle fibres, which help the movement. Kinesin and cytoplasmic dynein 
ATPases seem to be involved in this process (Chapter 9). 

Telophase: After anaphase, chromosomes reach the poles, the discontinuous segments of 
nuclear membrane is reconstructed around chromosomes grouped at the poles giving rise to 
one nucleus at each pole. The nucleoli also reappear at this stage. With these events 
karyokinesis is complete. Karyokinesis is followed by cytokinesis in which cytoplasm is divided 
leading to the formation of two cells. The two daughter nuclei are genetically identical and 
attain interphase condition. 

6.2.2. Meiosis 

All somatic cells divide by mitosis. But in reproductive cells, cell division occurs through a 
process, called meiosis. In sexual method of reproduction, fusion of sex cells-spermatozoa and 
ovum is essential. Meiotic division consists of two successive divisions of a cell, so that one 
complete meiotic division results into four daughter cells. The fwst meiotic division results in 
separation of two members of each pair ofhomologous chromosomes followed by reduction in 
number of chromosomes to half without any division of chromosomes, while the second 
meiotic division involves separation of chromatids of the chromosomes. Consequently, number 
of chromosomes, which is reduced during first meiotic division, remains constant (haploid) 
during second division. Therefore, meiosis is described in two parts: (i) first meiotic division, 
and (ii) second meiotic division. Preceding meiosis, there is also an interphase just like the one 
described in mitosis, consisting of G1 phase, S phase and G2 phase. However, in meiosis G2 
phase is of short duration or altogether absent, so that meiotic division takes over just after 
DNA synthesis is complete. Gametes formed after meiosis consist half the number of 
chromosomes as compared to somatic cells and are described as haploid. The male and female 
haploid cells after fertilization, restore the normal chromosome number in fertilized egg (zygote). 

First Meiotic Division 

First meiotic division is more important than the second meiotic division, since it is the reduction 
division, while second division is like a mitotic division and is called equational division. Like 
any cell division, fmt meiotic division also consists of prophase, metaphase, anaphase and 
telophase. 
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(a). First Prophase: First prophase is of a very long duration and is also complex, diiering 
from mitotic prophase in several respects. For convenience, first prophase has been subdivided 
into five stages, namely, leptotene, zygotene, pachytene, diplotene and diakinesis. 

(i). Leptotene (leptonema).This is the earliest stage of meiosis following interphase. At this 
stage chromosomes appear as long thin, thread-like structures, which are loosely interwoven. 
On these thread like chromosomes, bead-like structures called chromomeres are found all 
along the length of chromosomes. In some animals, particularly in insects, chromosomes have 
their ends drawn together at a point on nuclear membrane, near centriole. The polarization of 
chromosome ends is not seen in plants, and appears to be due to absence of centrosome. 

(ii). Zygotene (zygonema). Zygotene is characterized by pairing of homologous chromosomes 
(synapsis). This pairing occurs between homologous segments even if they are present in 
non-homologous chromosomes (e.g. in case of translocations). The pairing is brought about 
in a zipper-like fashion and may start at centromere, at chromosome ends or at any other 
position. Another important feature of this pairing is that pairing is allowed only between two 
chromosomes in one region. For instance, in an autotetraploid, where there are four homologous 
chromosomes, only two chromosomes in a particular region will pair. However, the pairing 
between giant chromosomes in somatic cells of salivary glands ofDrosophila is exception and 
may not result into meiotic pairing. Moreover, the factors, which bring about pairing of 
chromosomes in meiotic prophase remain unresolved. 

(iii). Pachytene (pachynema). After chromosomes pairing at zygotene, the chromosomes begin 
to contract and the cell enters the stage of pachytene, where chromosomes are shortened and 
coiled, and chromosomes appear as thickened thread-like structures, haploid in number. Each 
thread, however, if carefilly examined has two homologous chromosomes closely appressed 
against each other. Such appressed pairs of homologous chromosomes are called bivalents. 
Each chromosome in a bivalent form has two chromatids, and each bivalent consists of four 
chromatids, called a tetrad. Crossing over or exchange of segments of chromatids is brought 
about at this stage. The nucleolus still persists. Attached to nucleolus can be seen the nuclear 
organizing bivalent. 

(iv). Diplotene (diplonema). At diplotene thickening and shortening of chromosomes take 
place further and paired chromosomes start separating from one another along their length. 
This separation starts at centromere, and travels towards the ends. This type of separation 
from centromere towards the ends is known as teminalization. After separation, dual nature of 
a bivalent becomes distinct and hence the name diplotene. Homologous half chromosomes 
make contact across one another and are held together only at certain points along the length. 
Such points of contact between homologous chromosomes are known as chiasmata (singular, 
chiasma) and represent the places of crossing over or exchange of chromosomal segments 
leading to a genetic phenomenon o f  crossing over". As terminalization occurs, these chiasmata 
move towards the ends of chromosomes. During crossing over at one point, only two chromatids, 
one from each of the two homologous chromosomes, participate. Chiasmata are however, not 
the cause but are the consequence of crossing over. The mechanisms of crossing over and 
chiasma formation have been reviewed (Gupta, 1999). 

(v) Diakinesis. At diakinesis, chromosomes continue to undergo further contraction, which 
is the only distinction between diplotene and diakinesis. Nucleolus disappears at this stage. 
Due to further terminalization and contraction, bivalents appear as rounded bodies darkly 
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stained and evenly scattered throughout the cell. As a result chiasmata are mainly terminal and 
chromosome counting becomes easy at this stage. 

(b) First Metaphase: At metaphase chromosomes are most condensed and have a smooth 
outline. The spindle apparatus starts appearing and bivalents become attached to spindle 
through centromeres as in mitosis. Bivalents then appear in the form of metaphase plate, due to 
the movement known as congression. 

(c) First Anaphase: The movement of chromosomes of a bivalent fkom equatorial plate to 
poles constitutes &st anaphase. In first anaphase of meiosis, sister chromatids do not separate 
but go to the same pole and thus differs fkom mitotic anaphase. In other words, when sister 
chromatids go to same pole, it is called a reductional or disjunctional division; whereas when 
they separate and go to two poles it is an equational division. After anaphase I, each pole has 
a haploid number of chromosomes and thus the chromosome number is reduced. The meiotic 
division is also called a reduction division, due to reduction in chromosome number. 

(4 First Telophase andInterphase :At first telophase, nuclear membranes are formed around 
the groups of chromosomes at the two poles. In mammals, nuclei are reconstituted for a brief 
time but in other forms the chromosomes may proceed directly into second division without 
full reconstitution of nucleus. After formation ofnuclei, chromosomes pass into a small interphase 
before the second meiotic division will start. First meiotic division, which is completed at frst 
telophase, may be followed by cytokinesis giving rise to a dyad. Such a division is called 
successive division. However, cytokinesis may be postponed till the end of second division, 
when four cells are formed due to simultaneous division. 

Second Meiotic Divbion 

First meiotic division is followed by a second meiotic division with or without intervening 
interphase. The second meiotic division is identical to that seen in mitotic division and is 
sometimes referred to as meiotic mitosis. At second prophase, chromosomes are already double, 
each having two sister chromatids with a single functional centromere. These chromosomes 
soon arrange at metaphase plate during second metaphase. The centromere, then splits and 
two chromatids, which may now be called chromosomes pass to two poles during second 
anaphase. This is soon followed by second telophase and cytokinesis. 

6.3. THE SYNAFTONEMAL COMPLEX 

Synaptonemal complex (SC) is a feature ofmeiotic prophase. Synaptonemal complex is a tripartite 
structure usually found between the two-paired homologous chromosomes of each bivalent in 
all animal and plant nuclei undergoing meiosis. This is believed to be a physical structure, 
which is associated with synapsis of homologous chromosomes. The synaptonemal complex 
is a configuration in which the lOnm fibres of the chromosomes are arranged into a superstructure 
that can be viewed under the electron microscope. It is composed of three parallel, electron 
dense elements that are separated by less dense areas. The two lateral elements seem to be 
composed of fibers that are slightly wider than 10 nm and are called synaptomeres. They vary 
in structure at different stages of meiotic prophase 1 within a species. The central element is 
ladder like configuration in the center of SC. In some species it is comparatively more pronounced 
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Fig.6.2. The electron micrograph of a bivalent with a synaptonemal complex showing central and lateral 
elements. 

(Fig. 6.2). The transverse elements are electron dense filaments that interconnect the central 
element with the lateral elements. The lateral regions establish contacts with DNA of the sister 
chromatids of each homologue, and the central region connects the two lateral regions through 
an array of transverse filaments. The lateral elements may be spaced at a distance ranging fiom 
20-30nm to as much as 100-125nm. The lateral elements are rich in DNA, RNA and proteins, but 
the central element contains mainly RNA, protein and some DNA. Sometimes SC like structures 
are not associated with synapsed chromosomes. The lateral elements of these anomalous 
complexes may differ in size and density from those in the true synaptonemal complexes of that 
species. However, the true autosomal synaptonemal complex is always aunit tripartite complex 
but anomalous complexes are often multiple stacks of alternating lateral elements and central 
elements. 

The synaptonemal complex is more directly related to the process of recombination. The 
synaptonemal complex appears mainly to be a protein h e w o r k  that is responsible for proper 
alignment of the homologous chromosomes. Inhibition of DNA synthesis, which occurs at 
very low level, at meiotic prophase, can arrest the functions of SC. However, during 
recombination by crossing over, it is necessary that DNA of the paired chromatids should 
reach the central component of SC within a distance of 1 .O pm for the recombination to occur. 
At diplonema the SC is shed from the bivalents with the exceptions of the regions in which the 
repelling homologues are held together each by a chiasma. Thus, a chiasma contains a piece of 
synaptonemal complex that will finally disappear and would be replaced by a chromatin bridge. 

Unlike eutherian males, pairing of the sex chromosomes in marsupial males during the first 
meiotic prophase is not mediated by a synaptonemal complex. Instead, a specific structure, the 
dense plate, develops during pachytene between the sex chromosomes. It was proposed that 
the unique modifications of the comvosition and structure of the axial elements of the sex 
chromosomes in meiotic prophase might result in the prescription of synaptonemal complex 
formation between male marsupial sex chromosomes, where the dense plate is an extension of 
the axial elements of sex chromosomes. This replaces synapsis to maintain X and Y association 
during fmt meiotic prophase (Page et al., 2003). 
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6.4. SYNAPTONEMALCOMPLEXPROTEINS 

The transverse filaments mediate synapsis and contain a 125-kDa protein, termed SYNl in 
hamster (synapsis; Dobson et al., 1994) or SCPl in rat/mouse (synaptonemal complex protein 
1. The SYNlISCPl is recruited to the SC at zygotene and it fully assembled at pachytene, when 
complete synapsis is detected. By late pachytene, the gradual displacement of SYNlISCP1 
fkom the chromosomes initiates, marking the beginning of SC dissolution (Dobson et al., 1994). 
The fist identified component of the axial elements (cores) of the lateral regions of the SC was 
termed SCP3 in ratlmouse (synaptonemal complex protein 3), and CORl in hamster. A second 
component ofthe meiotic chromosome cores, termed SCP2 in rat and human has been identified 
(Offenberg et al., 1998; Schalk et al., 1998). The displacement and degradation of SYNlISCPl 
and CORllSCP3 are precisely programmed. Both proteins with ubiquitin conjugating enzyme 
Ubc9 indicated that ubiquitination could be the signal for initiation of their degradation 
(Tarsounas et al., 1999). 

Monoclonal antibodies against synaptonemal complex proteins recognized (i) a 190-kDa 
polypeptide, (ii) a 30 and a 33-kDa polypeptide, (iii) two polypeptides with molecular weights of 
about 120-kDa and (iv) polypeptides with molecular weights of 66-55-kDa within sperma&ytes. 
The 66 to 55-kDa polypeptides were not confined to SC; rather, these polypeptides appeared to 
be chromosomal components. The 190,30, and 33-kDa polypeptides were part of the lateral 
elements of paired as well as unpaired segments of SCs. The 120-kDa polypeptides were 
localized on the inner edge of the lateral elements, specifically in paired segments of SC. The 
190,120,30 and 33-kDa polypeptides turned out to be specific for nuclei of zygotene up to and 
including diplotene spermatocytes. Only in some early spermatids, the 190-, 30-, and 33-kDa 
polypeptides could be detected presumably in remnants of synaptonemal complexes and seemed 
to arise by rearrangements of preexisting components in the nucleus but their major components 
were synthesized in meiotic prophase (Heyting et al., 1989). A 65-kDa protein is present in rat 
SC called SC65 (Chen et al., 1992). The longest open reading h e ,  initiating at an ATG codon, 
encodes a protein of 43 1 amino acids, with a relative molecular mass of 5OkDa. The SC65 was 
located on the SC between the pairing faces of the parallel-aligned cores of homologues 
chromosomes in spermatocytes. However, the product was not specific since SC65 gene is 
transcribed in testis, brain, and heart at similar levels, and in the liver at a much lower level and 
could be a similar product of 65-kDa shown by Heyting et al, (1989). Another 220-kDa protein 
is present during meiosis and spermiogenesis. Its localization in the nuclear matrix suggests 
the participation of pre-existing nucleoskeletal proteins in the molecular organization of the SC 
and its dynamics during meiotic prophase (Gil-Alberdi and del Mazo, 1992). 

6.4.1. Synaptonemal Complex Protein-1 

In yeast, several defective mutants of meiosis have been shown to be defective in SC assembly 
or disassembly. The transverse filaments mediate synapsis and contain a 125-kDa protein, 
termed SYNl in hamster or SCPl in rat/mouse (synaptonemal complex protein 1). The SCPl 
protein contains a long central coiled-coil motif and the molecules are probably organized as 
dimmers, each forming a coiled-coil fiber. The N-terminal end of the SCPl protein is located 
within the central element of the synaptonemal complex, whereas the C-terminal end is close to 
or within the lateral element of the synaptonemal complex. This supports the notion that SCPl 
is an extended filamentous protein and that the two molecules of SCPl dimmer are likely to have 
the same polarity. SCPl dimmers, anchored in opposite lateral elements, could establish contact 
with each other in the central element via their N-termini. Liu et al., (1996) found that the N- 
terminal end of the SCPl protein indeed interacted with itself, but not with other protein 
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domains tested. It was suggested that a transversal filament consists of one or more pairs of 
SCPl dimmers, each pair being organized in a head to head arrangement with the C-termini 
anchored in the lateral elements and the two N-termini being joined in the central element (Liu 
et al., 1996). The SYNl/SCPl is recruited to the SC at zygotene and it fully assembled at 
pachytene, when complete synapsis is detected. By late pachytene, the gradual displacement 
of SYNlfSCPl fromthe chromosomes initiates, marking the beginning of SC dissolution (Dobson 
et al., 1994). A cDNA encoding SCPl has been isolated fromthe rat and human and is believed 
to be a major component of the transverse filaments of SCs. The human homologue of SCPl is 
mapped to human chromosome lp13 (Kondoh et a]., 1997). The Scpl gene probe hybridized 
with two sequences on different chromosome; Scp-rQ was mapped to Chr3, whereas Scpl-rs3 
was mapped to Chr7 (Taketo et al., 1997). 

The SCPl consists of three domains: i) a short, proline rich N-terminal part, ii) a stretch of 
700 amino acid residues capable of forming an amphipathic h e l i x ,  and iii) a C-terminal domain 
of 240 amino acid residues, that is capable of binding to DNA. Polyclonal antibodies against 
three non-overlapping hgments of SCPl were used to study the orientation of SCPl in sections 
of rat testis. On the basis of the distribution of immunogold label and the predicted secondary 
structure and dimensions of SCPl molecules, it was suggested that: the C-terminus of SCPl 
lies in the inner half of the LE, the molecules protrude from the LE through the central region 
into the CE, and end up with their N-terminus between the center of the CE and the opposite LE, 
so that the N-termini of SCPl molecules fiom opposite LEs overlap. The model has several 
implications for the assembly of SCs and the possible functions of SCPl (Schmekel et al., 1996). 
The SCPl, evolved by specialization of a nuclear matrix protein (Meuwissen et al., 1992), 
consists of 946 amino acid residues and has a molecular weight of 11 1-kDa. It shares several 
features with nuclear lamins and other nuclear matrix proteins. The major part of SCPl consisting 
of long stretches capable of forming amphipathic helices shows amino acid similarity to coiled 
coil region of myosin heavy chain. A leucine zipper is included .h this region. The carboxy 
terminus has two small basic domains and several SiT-P-X-X motifs, which are characteristic of 
DNA binding proteins. One of these motifs is a potential target site for p34*& protein kinase. 
The amino terminus is acidic and relatively proline rich, but does not contain the SIT-P-X-X 
motif (Fig. 6.3 ). The transcription of the gene encoding SCP 1 is restricted to zygotene diplotene 
spermatocytes. 

Constructs with Scpl5' upstream sequences directed the expression of reporter genes to 
pachytene spermatocytes in transgenic mice. A short fragment encompassing the transcription 
start (nt -54 to +102) was sufficient for stage specific expression and for temporal regulation 
during development. Upstream enhancer element@) quantitatively regulating expression were 
localized in the region between -54 and -260. The gene is normally expressed both in the male 
and female gonads, but none of the promoter sequences active in the testis allowed the 
expression of reporter genes during meiosis in the ovary (Sage et al., 1999). 

SCPI as Cancer-testis Antigen (CTA): The Scp-I is also expressed selectively in a variety of 
neoplastic tissues and tumor cell lies. The Scp-1 differs from other members of the class of 
CTA by its localization on chromosome-1 and its fiequent expression in malignant gliomas. 
The aberrant expression of SCP-1 in tumors might contribute to their genomic instability and 
suggests that the functional role of other CTA might also relate to meiosis (Tureci et al., 1998) 
(see Chapter 32). 

Ott: Ott (ovary-testis transcribed) homologul ofthe rat SC protein SCPl is expressed in embryonic 
ovary, adult brain and testis. At least seven Ott genes are transcribed specifically during 
meiosis and are predicted to encode "pioneer" proteins with an unusual structure, containing 
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l l s l  GM ~m AM ACT GAG cn GM AM O M  MA CTT w MT a n  OM WA a n  c c r  rrc KT c l e  ~ r c  cn no CTT c r o  MC AM AM m 
~ S I E H K T E L E K E K L X N I D L T A N S D ~ L L L E N K K L  

1141 GTA CAA C M  CCA ACT CAT A% C K  CTA C M  CTC W A M  CAT CAA CIA CAT ATC ACI  AAT TCC M A  A M  C A I  CAA CAA ffiC AT% TTG M A  
H ~ V Q E A S O ~ ~ L ~ L ~ K H Q E ~ I ~ N C K ~ Q E ~ ~ ~ L K  

1531 CM MA OM ACF ICO OM CAA AM OM a r c  MT TTA *u; CAT CM n o  CAI KA CIA ACA AM c f f i  TTC ATA CAC CM ccr CAT c u  c n  
S ~ ~ Q I E T L E E K C ~ N L R D E L E S ~ R K E ~ ~ Q Q ~ D E ~  

1621 AM m~ M TT(~ CAC MG LGT CM CAI MT CCT c c ~  rcc m o m  TAT o a r  c m  CIA a r c  rrr crr w CAC m MC A ~ A  TTA OM MY 
S ~ I ~ C K L ~ K ~ E D N A R I ~ E ~ I V L K I ~ I ~ ~ I I L ~ M  

1711 AM KT LIT MT TTA AAC AM CIA AK CAI AAT AM ACC LAG AAT ATT CIA CN: ETT m e  CAG CAG MT MA cec m r a r  ur rrr f f i ~  
~ ~ I K C N ~ L K ~ Q ~ ~ N ~ ~ K N ~ ~ ~ L ~ : Q ~ N ~ A L K K K ~  

1001 TCA OCA m MC AM WI em MT OCI TAT GM ATA M OK MT AM m a  CAC TTG CM TTA OCA A G ~  ACC MG CM AM m c u  CM 
6 0 1 S A E N K Q L U L X S I K V N x L E L E L A s T K Q K ? E I  

1891 1% ATT MC rnc rle cffi AM o~ m OM ATA MA MC AW WA CAA CAA r f f i  crr m c c r  CAC CTT c f f i  AM ccc ur CCA ACA c n  
~ ~ I N I ~ N ~ Q ~ E I ~ ~ K K I ~ E K K I , I . ~ K V K K A K A T ~  

1981 CAT DM ccc GTA MO TTA CAC AM OM ATT GAT TTA f f i ~  rcc CM CAT ur ATA c n  CAC h r c  crr ccr m rrc CM MA CAT AM CAC 
~ ~ I O E A V K L ~ K ~ I D L R C Q H K I A E ~ ~ A L ~ E ~ ~ ~ H  

2011 C M  TAT CAT MC A W  CTT E M  C M  ACA GAC K A  C M  TTh GCA CT? TAT M A  M C  M A  CAA CAC C M  CAC TCT K A  CCA M C  CTT CCT 
H I ~ ~ D K I V E E R D S E L ~ L Y K N R E Q E Q ~ ~ A ~ ~ A L  

2161 Cffi ACT G M  TYA TCT M T  A X  ACA M C  C M  CTT CTA TCC FT7 M W C M  CTT O M  CTA G M  AM C M  C M  MA CAC TTA AM ATC 
7 2 1 S T E L S N I R N E L V S L K K Q L t V L K I E K E K L K H  

2251 C A I  C I A  G M  M C  A M  CCT ATT CTC ACA GAT M A  A M  CAC Affi  M A  ATA CAG GCA TCT TTC CTG CIA K A  CCT C M  CCC ACT ACT +bC M A  
7 5 1 E O E N T A l L T D K K D K l i I Q A s L L E S P E A T S W K  

2311 T R  CAT TCI IM ACA ACT CCC TCA C M  M T  ATA KT CCC CTT TCC TCA TCA A G  CAT ACT CCC AM TCC AM CAT M C . M 4  GAT ACT CtO 
7 l l ~ D S K T T P S Q N t S n L S S S H D S C K S K V W I D S L  

2131 CCC CCA TCT CCC AM AOC A f t  TTA Xt ACA ACA CTT ACA AAC C A I  TAT ACA C W  AAC ACA CCA ACT A M  Affi  ACC AT8 TAT C M  ACA C M  
~ I I R A S A K S I L S T T V T K ~ ~ T ~ K T P T ~ K S I ~ Q R ~  

as21 MC MG TAT RA m m MA ocr AOT MT AM MC MA n n  m c r c  m GM TTT CAT o w  AAT TCA CAT ACT NA CAI ACT ACT CAT 
8 ~ 1 ~ r ~ ~ r r o o s w n ~ ~ r ~ v ~ ~ r ~ v ~ s ~ s s ~ ~ ~ ~  

2611 CTT rn Ace m o n  KA am ou or7 ATA rcr AAC sn; rrt rnr MT mr AAT r r n  w n  CAT TlT   AT em TTA CTP AM ALT nlr AM 
8 7 l L L S L V S E S D l S N I i Y N W N ' ~ ~ l ' I ~ C i I I ~ I . V K T I ~ K  

2701 CAG ~ c r  cm TYA TCT RA rn #n at OCI TCI m rcc u c  nr c c r  ACT CTC MA AM AX MA GM CAC f f i r  m ECA rffi ATT c n  
9 0 l Q T P L S L 8 t ? A S F T K P C S L K K I R E D R V A T l A  

2791 AM ~n cmT AGO MA LOI LOI CT. LP OM CCA CIA AM r r ~  m m TAA 
9 3 l K l D R X I I L ~ I A E K I ~ V T  

Fig.6.3: The nucleotide and amino acid sequence of rat synaptonemal complex protein 1 (SCP-1). Reprinted 
with permission from Meuwissen et al., The EMBO Journal 11; 5091-5100: 19920 http://www.nature.com/ 
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1 MPIRPDLQQL EKCIDDALRK NDFKPLKTLL QIDICEDVKI KCSKQWBlOI DNLICRELNK 
61 EDIRNVSAIL VSVGRCGKNI SVLGQAGLLT M1KQGLT.W VAWPEKSKDI IQSQONSKDE 
121 AVLNMIEDLV DLLLVIHDVS DEGFXQVVES FVPRICSLVI DSRVNICIQQ EII- 
181 D-DARK1 LSNQEMLIIH SSMGERILDA GDYDLQVGIV EALCRMTTEK QRQELAIIQWF 
241 SMDFIAIUWK RIKDSEWTD CRIFLNLVEIG MLGDKRRVFT FPCLSAFLDK YELQIPSDEK 
301 LEEEWIDFNL GSQTLSFYIA GDNDDHQWEA VTVPEEKVQI YSIEVRESKK LLTIILKNTV 
361 KISKREGKEL LLYFDASLEI TNVTQKIFGA TKHRESIRKQ GISVAICTSLH ILEDASGSQI 
421 LVPESQISW GEELVSLKEK SKSPKEFAKP SKYIKNSDKG NRNNSQLEKT TPSKRXMSEA 
481 SMIVSGADRY TMRSWLFSN TSIPPRRRRI KPPLWSSA EKPSVSQTSE NRMNAASW 
541 SRSSEGRHRR DNIDKHIKTA ICCVENTENICN VEFPNQNFSE LQDVIPDSQA AEmHTILP 
601 GVLDNICGNK IHSKWACWTP VTNIELCNNQ RASTSSGDTL NQDIVINKKL TKQKSSSSIS 
661 DHNSEGTGKV KYKKEQTDRI KIDKAEVEVC KKHNQPQNHP KYSGQKNTEN AKQSDWWES 
721 ETTFKSVLLN KTIEESLIYR FXYILSKDVN TATCDIUiPSA SKNVQSHRIUL EKELTSELNS 
781 WDSKQKKMRE KSKGKEFTNV AESLISQINK RYKTKDDIKS TRKLKESLIN SGFSNKWVQ 
841 LSKEKVQKKS YPXLKTTFVN VTSECPVNDV YNFNLNGADD PIIKLGIQEF QATAKEACAD 
901 RSIRLVGPRN HDELKSSVKT KDFXIITNHQ KXNLFSDTET EYRCDDSKTD ISWLREPKSK 
961 PQLIDYSRNK NVKNHKSGKS RSSLEKGQPS SKMTPSKNIT m K T I P E G  RIRLPRKATK 

1021 TKRNYKDLSN SESECEQEFS HSFKENIPVK EENIHSRMKT VKLPKKpPKV FCAETEKELS 
1081 KQWKNSSLLR DAIRDNCLDL SPRSLSGSPS SIEVTRCIEK ITEKDFTQDY DCITKSISPY 
1141 PKTSSLESLN SNSGVGGTIK SPKNNEIUiFL CASESCSPIP RPLFLPRHTP TKSNTIVNRK 
1201 KISSLVLTQE TQNSNSYSW SSYSSEEREM EIESPHINEN YIQSKREESH LASSLSKSSE 
1261 GREKTWFDMP CDATBVSGPT QHLSRI(RIY1 EDNLSNSNEV EMEEKaRRA NLLPKKLCKI 
1321 EDADHHIHKM SESVSSLSTN DFSIPOJETWQ NEFAGIEMTY ETYERLNSEF KRRNNIRHXM 
1381 LSYFTTQSWK TAQQHLRZMN HQSQDSRIKK LDIUQFIIIE ELENFEKDSQ SLKDLEKEFV 
1441 DFWEKIFQKP SAYQKSEQQR LHLLKTSLAK SVFCNTDSEE TVFTSEMCLM KEDMRVLQDR 
1501 LLKDMLEEEL LNVRRELMSV EBSHERNANV 

Fig.6.4. Amino acid sequence of  human synaptonemal complex protein 2 (SCP-2). Source: httpl 
www.ncbi.nlm.nih.gov (accesson number NP-055073). 

tandam arrays of a degenerate eight amino acid repeat (Kerr et al., 1996). One gene is stringently 
testis specific and another is expressed exclusively in testis and embryonic ovary. The latter 
clone is not expressed in the testes of adult sex reversed mice, which lack germ cells, and 
therefore represents a meiosis specific gene. Steady state levels of a 2.3-kb polyadenylated Ott 
mRNA are high through out meiotic prophase in the testis when the X chromosome is generally 
transcriptionally inactive. A second transcript of 1-kb was also detectable at 4 weeks age and 
onwards. The two mRNAs have different 3'-ends and contain different protein coding 
information. 

6.4.2. Synaptonemal Complex Protein3 

A second component of the meiotic chromosome cores, termed SCP;! in rat and human, has 
been identified (Offenberg et al., 1998; Schalk et al., 1998). The major protein components of SC 
have electrophorectic mobilities that correspond to (Mr) 30000 - 33000 and 190000-Da. The 
nucleotide of the cDNA corresponding to 196-kDa-protein was called SCP2. The SCP2 is a 
basic protein @I, 8.0) with a molecular mass of 173-kDa. At the C-terminus, a stretch of 
approximately 50 amino acid residues is capable of forming coiled-coil structures. The SCP2 
contains two clusters of serinelthreonine-P motifs, which are common in DNA binding proteins. 
These clusters flank the central, most basic part of the protein @I, 9.5). Three of the serinel 
threonine-P motifs are potential target sites for p34 (Cdc2) protein kinase. In addition, SCP2 has 
eight potential cAMP1cGMP dependent protein kinase target sites. The gene encoding SCP2 
is transcribed specifically in the testis, in meiotic prophase cells. At the amino acid sequence 
and secondary structural levels SCP2 shows some similarity to the Radl protein, which is 
involved in meiotic recombination and the assembly of axial elements of SCs in yeast. It seems 
that SCP2 is a DNA binding protein involved in the structural organization of meiotic prophase 
chromosomes (Offenberg et al., 1998) (Fig.6.4). 
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6.4.3. Synaptonemal Complex Protein3 

The fust identified component of the axial elements (cores) of the lateral regions of the SC was 
termed SCP3 in ratlmouse (synaptonemal complex protein 3); and CORl in hamster. Two- 
hybrid analysis showed that the interaction between CORl(SCP3) molecules is mediated by 
the coiled-coil domains present in the carboxyl half of the molecule. It is likely that CORl/SCP3 
is involved with the attachment of the DNA to SCs, and based on its persistence along the 
separated chromosomal axes after dissolution of synapsis. It has been postulated that it is 
involved in sister chromatid cohesiveness at meiosis. At metaphase 11, CORl or SCP3 localizes 
to the sister kinetochores, suggesting a role in their cohesiveness until the final meiotic 
segregation. The SCP3 is one of the major protein components of the lateral elements (LEs) of 
SCs of the rat, with Mr of 30-kDa. It has significant amino acid similarity to the pM1 protein, 
which is one of the predicted products of an X-linked lymphocyte regulated gene family of the 
mouse: there are 63% amino acid sequence similarity and 35% amino acid identity between the 
SCP3 and pMl proteins. However, the two proteins still differ (hnmers et al., 1994). Di Carlo et 
al., (2000) observed that male primordial germ cells also express SCP3 for a short time before 
undergoing G1 arrest. This supports the hypothesis that primordial germ cells are programmed 
to enter meiosis irrespective of the sex and that foetal testis produces a factor that inhibits such 
programme. The chromosome behaviour accompanying the transition to metaphase I in rat 
spermatocytes was studied using antibodies against CORllSCP3 and against the synaptic 
protein SYNlISCPl. An interesting aspect related to the dynamics of SCPl and SCP3 on the 
meiotic chromosomes is the precise timing of their departure £tom the chromosomes: SYN11 
SCPl displacement coincides with the repulsion of homologue at diplotene, while CORlISCP3 
disappears at metaphase I1 synchronously with sister chromatid separation. This suggests 
that the displacement and degradation of SYNIISCP 1 and CORllSCP3 are precisely programmed. 
Both proteins with ubiquitin conjugating enzyme Ubc9 in a two-hybrid system indicated that 
ubiquitination could be the signal for initiation of their degradation (Moens and Coworkers- 
reviewed in Tarsounas et al., 1999). Okadaic acid, an inhibitor ofthe protein, induces a rapid SC 
dissolution and bivalent separation, followed by chromosome condensation and chiasmata 
formation, similar to the succession of events in untreated germ cells in cultures. This cell- 
culture system can be used in the study of this transition at the molecular level flom pachytene 
to metaphase and provides a model for in vivo transition. The effect of okadaic acid is most 
likely mediated by the activation of tyrosine kinases. The okadaic acid induced progression to 
the metaphase 1 arrest is not affected by the inhibition of protein synthesis. However, pachytene 
spermatocytes, in the presence of inhibitors, showed loss of synapsis, which is abnormal in 
that it is not accompanied by chiasmata formation. The two meiotic specific proteins (SCP11 
SCP3) were phosphorylated in vitro by extracts isolated fkom pachytene cells. The hypothesis 
proposes that phosphorylation of SYNlISCPl and CORllSCP3 targets their removal flom the 
chromosomes and that activity of the kinases involved correlates with the presence of these 
two proteins on the chromosomes (Tarsounas et al., 1999). 

A null mutation in the SCP3 gene of homozygous mutant males lead to sterility due to 
massive apoptotic cell death during meiotic prophase. The SCP3 deficient male mice failed to 
form axiavlateral elements and SCs, and the chromosomes in the mutant spermatocytes failed 
to synapse. While the absence of SCP3 affected the nuclear distribution of DNA repair and 
recombination proteins Rad51 and RPA, as well as SCP1, a residual chromatin organization 
remained in the mutant meiotic cells (Yuan et al., 2000). The human testis-specific SYCP3 is 
associated with human non-obstructive azoospermia. Miyamoto et al., (2003) suggested that 
SYCP3 has an essential meiotic function in human spermatogenesis that is compromised by 
the mutant protein via dominant negative interference. 
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6.4.4. Other SC Proteins 

Stag: The Stag3, a member of the stromalin protein family, is expressed specifically in testis and 
associates to the synaptonemal complex. The mammalian STAG3 is expressed in germinal cells, 
although its function in meiosis is not well known. STAG3 has a role in sister chromatid arm 
cohesion during mammalian meiosis. Studies in prophase I cells suggest that STAG3 is a 
component ofthe axialflatera1 element of the SC. Inmetaphase I, STAG3 is located at the inter- 
chromatid domain and is absent fkom the chiasma region. In late anaphase I and at the later 
stages of meiosis, STAG3 is not detected. The STAG3 interacts with the structural maintenance 
chromosome proteins SMCl and SMC3, which have been reported to be subunits of the 
mitotic cohesion complex. Human STAG3 gene is mapped at Tq22 of chromosome 7. The 
STAG3 is involved in chromosome pairing and maintenance at SC structure, and The STAG3 
duplications predispose to germline chromosomal rearrangement within SC (Pezzi et al., 2000; 
Prieto et al., 2001). Mouse Stag3 gene has been assigned to cM 78 on chromosome 5. The rat 
Sfag3 cDNA is 4181 nt long, contains a highly polymorphic hexanucleotide repeat in the 
coding region, and encodes a 1256 amino acid protein with 93 and 77% sequence identity to 
mouse and human Stag3 respectively. Stag3 is not responsible for the aspermic phenotype in 
as/as males nor suggests that the SC structures are primarily affected in these rats (Bayes et 
al., 2001). 

FK506 Binding Protein (Fkbp6): The FK506 binding protein (Fkbp6) localizes to meiotic 
chromosome cores and regions of homologous chromosome synapsis. Targeted inactivation 
of Fkbp6 in mice results in aspermic males and the absence of normal pachytene spermatocytes. 
Loss of Fkbp6 results in abnormal pairing and misalignments between homologous 
chromosomes, nonhomologous partner switches, and autosynapsis of X chromosome cores 
in meiotic spermatocytes. Fertility and meiosis are normal in Fkbp6 mutant females. Thus, 
Fkbp6 is a component of SC essential for sex-specific fertility and for the fidelity of homologous 
chromosome pairing in meiosis (Crackower et al., 2003). 

CPEB: CPEB is a sequence specific RNA binding protein that regulates translation during 
vertebrate oocyte maturation. Male CPEB null mice also contained germ cells arrested at 
pachytene. The germ cells from the knockout mice harbored fragmented chromatin, suggesting 
a possible defect in homologous chromosome adhesion or synapsis. Two CPE containing SC 
protein mRNAs interacting with CPEB contained shortened poly (A) tails and mostly failed to 
sediment with polysomes in the null mice. Synaptonemal complexes were not detected in these 
mice. The CPEB, therefore, controls germ cell differentiation by regulating the formation of the 
synaptonemal complex (Tay and Richter, 2001). 

6.5. STRUCTURAL MAINTENANCE CHROMOSOME PROTEINS 

Establishing and maintaining proper sister chromatid cohesion throughout the cell cycle are 
essential for maintaining genome integrity. Cohesins are mutli-subunit protein complexes 
involved in sister chromatid cohesion. The association / dissociation of these complexes are 
the key steps in chromosome segregation. The relatively easy procedure developed for the 
purification of proteins specifically associated with chromosomes made possible the 
identification of proteins associated with them (Hirano et al., 1997). Structural maintenance 
chromosome (SMC) proteins are components of cohesion complexes that function in 
chromosome cohesion. The SMC proteins exist in the form of two high molecular weight 
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complexes (8s and 13S), termed condensins. In somatic cells, the heterodimeric SMC proteins 
are involved in chromosome condensation and gene dosage compensation (SMC2 and 4, 
and sister chromatid cohesion and DNA recombination (SMC1 and -3). The SMC l a  and SMC3 
are localized to wild-type mouse meiotic chromosomes, but with distinct differences in their 
patterns and hence these proteins are involved in meiosis. The SMC protein encoded by the 
fission yeast radl8 gene is involved in several DNA repair processes and has an essential 
function in DNA replication and mitotic control. It has a hetero-dimeric partner SMC protein, 
like Sprl8, with which it forms the core of a multi-protein complex. In testis, intense SMC 
chromatin association occurs in meiotic prophase cells, weaker staining in round spermatids 
and absence of the SMC proteins in elongated spermatids. In spermatocytes nuclei spreads, 
the SMCl and SMC3 proteins localize in a beaded structure along the axial elements of 
synaptonemal complexes of pachytene and diplotene chromosomes. Both SMC proteins are 
present in rat spermatocytes and SC where SMC proteins interact with SCP2 and SCP3. This 
study suggests a model for the arrangement of SMC proteins in mammalian meiotic chromatin 
(Eijpe et al., 2001). 

The hSMC6 and hSMCS proteins interact to form a tight complex analogous to the yeast 
Radl8lSpr18 hetero-dimer. In proliferating cells these proteins are bound to both chromatin 
and the nucleocytoskeleton. A phosphorylated form of hSMC6 localizes to interchromatin 
granule clusters. Total level of hSMC6 and its phosphorylated form remain constant through 
the cell cycle. The hSMC5 and hSMC6 proteins are expressed at extremely high levels in the 
testis and associate with the sex chromosomes in the late stages of meiotic prophase, suggesting 
a possible role for these proteins inmeiosis (Taylor et al., 2001). Lee et al., (2003) suggestedthat 
mammalian Rec8 protein, in association with SMC3 and SMClP but not SMCla, is involved in 
meiosis-specific chromosome behavior, and that homologous chromosome separation is 
triggered by selective loss of Rec8 from chromosome arms in meiosis I, while sister chromatid 
cohesion is maintained until metaphase IYanaphase I1 transition by centromeric Rec8 during 
mammalian meiosis. 

The SMC protein (SMCl P) with a unique basic-DNA binding C-terminal motif is highly 
homologous to SMCl (now called SMCla) and is not present in the yeast genome. The SMCl 
is specifically expressed in testes and coimmunoprecipitates with SMC3 from testis nuclear 
extracts, but not from a variety of somatic cells, showing tissue specific nature of SMC protein 
isoforms. Various stages of meiosis revealed localization of SMCl P along the axial elements of 
SCs in prophase 1. Most SMCl P dissociates h m  the chromosome arms in late-pachytene 
diplotene cells. However, SMClP but not SMCla, remains chromatin associated at the 
centromeres up to metaphase 11. Thus, SMCl P and not SMCla is likely involved in maintaining 
cohesion between sister centromeres until anaphase I1 (Revenkova et al., 2001). Anti-SMC3 
coincided with axial elements of the synaptonemal complex, while SMC 1 a was found mainly in 
regions where homologues were synapsed. This pattern was especially visible in pachytene 
sex vesicles where SMCla localized only weakly to the asynapsed regions. At diplotene, 
SMC3, but not SMCla, remained bound along axial elements of desynapsed chromosomes. 
The study suggested that two cohesin proteins might not always be associated in a dimer and 
may function as separate complexes inmammalian meiosis, with SMCla playing amore specific 
role in synapsis. In addition, results indicated that cohesin cores c& independently form 
double-strand break and homologous pairing (James et al., 2002). 

Darwiche et a1 (1999) cloned mouse orthologues of proteins involved in sister chromatid 
cohesion in other organisms. The mouse orthologues, of SMC1S.c. and SMC3S.c., mSMCB 
and mSMCD respectively are transcribed at similar levels in adult mouse tissues except in 
testis, which has an excess of mSMCB transcripts. The bulk of the mSMCB, mSMCD and 
PW29 (an orthologue of Medlp S.C.) proteins undergo redistribution from the chromosome 
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vicinity to the cytoplasm during prometaphase and back to the chromatin in telophase. This 
pattern of localization suggests a complex role for this group of SMC proteins in chromosome 
dynamics. The PW29 protein and PCNA, which have both been implicated in sister chromatid 
cohesion, indicated that these proteins may not function in the same cohesion pathway. Over- 
expression of a PW29-GFP fusion protein inmouse fibroblasts leads to inhibition ofproliferation, 
implicating this protein and its complex with SMC proteins in the control of mitotic cycle 
progression (Darwiche et al., 1999). 

Complete t haplotype chromosomes contain a number of genes that cause sterility in compound 
tXltYmales and affect transmission ratios of sperm in heterozygote, tx/+ males. However, Silver 
et al., (1983) described a group of polypeptides, five of which are certainly encoded by genes 
within the t complex and are expressed in mouse testis. The mouse t complex polypeptides, 
TCP-3 and TCP-7, are synthesized in a testes-specific manner with highest levels of expression 
during haploid stages of spermatogenesis. A third, TCP-1, is also expressed at highest levels 
in haploid cells, and continues until the last residual body stage of spermatogenesis. Some of 
these t complex polypeptides (TCPs), such as TCP- 1 may be correlated with transmission ratio 
distortion factor; others, TCP-3 and TCP-7, may be correlated with a factor (tcs-2) involved in 
the sterility of compound tx/ty males (Silver et al., 1987). 

The TCP-1 is one of the best studied o f t  complex polypeptides and is apparently a non- 
glycosylated external membrane protein. It exists in two electrophoretic forms: TCP-1A and 
TCP-1B. The TCP-1 A is encoded by all complete t haplotype chromosomes, where as all inbred 
strains encode TCP-1B. The TCP-1A has the same molecular weight as TCP-1B but has a more 
acidic isoelectric point. Some of these t-complex polypeptides are abundantly present in testes. 
Willison (1986) cloned the gene for germ cell variant form, TCP-1A. The cDNA clone, pB 1.4, 
which hybridizes to a 19s mRNA is abundant in haploid cells during mouse spermatogenesis 
and derives from the 3'end of the mRNA encoding TCP-1B. The Tcp-1 gene shows multiple 
changes between the predicted amino acid sequences of TCP-1B and TCP-1 A. An additional 
Taq-1 site is created by a T to C transition in the predicted ORF of the Tcp-la gene (Fig. 6.5). 
The resultant RFLP has allowed typing of the Tcp-1 gene cluster in 54 complete and partial t 
haplo-type chromosomes. DNA sequence comparison of the Tcpl gene suggests that the t 
haplotype chromosome arose within the genus Mus more than million years ago (Willison et 
al., 1986). 

6.6.2. Tcte 2 

Tcte2 (t complex testes expressed 2) is a male meiosis-specific gene that maps to band 3.3 of 
mouse chromosome 17. Two distinct male fertility defects, hybrid sterility and transmission 
ratio distortion, have been mapped to this region. Hybrid sterility arises in crosses between 
different mouse species and the F1 generation males have defects in the first meiotic division 
and are sterile. Transmission ratio distortion is shown in males heterozygous for the t haplotype 
form of chromosome 17. The Tcte 2 gene expresses a coding mRNA and a number of putative 
non-OW transcripts in meiosis. A deletion of the 5' part ofthe locus abolishes Tcte2 expression 
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Fig.6.5. Nucleotide and deduced amino acid sequences of Tcp-lh and partial nucleotide sequence of Tcp-la 
cDNA (874 bases). Reprinted with permission from K.R. Willison et al. Cell 44; 727-38: 1986 O Elsevier. 

on the t haplotype form of chromosome 17. Additionally, the series ofputative non-ORF RNAs 
at the Tcte2 locus are differentially spliced in species that show hybrid sterility when crossed 
to laboratory mice. Polymorphisms in t haplotype and in different mouse species allow alleles 
of Tcte2 to be proposed as candidates for loci, which contribute to both meiotic drive and 
hybrid sterility phenotypes. The Tcte2 is the candidate gene to support this link at a molecular 
level (Bradotti and Barlow, 1997). 
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6.7. CENTROMERE PROTEIN-B 

The centromere protein B (CENP-B) is a centromeric DNA binding protein. It recognizes a 17- 
bp sequence motif called the CENP-B box, which is found in the centromeric region of most 
chromosomes. It binds DNA through its amino terminus and dimerizes through its carboxy 
terminus (Fig.6.6). Localization of centromere proteins allowed us to follow their movements 
during the different phases of spermiogenesis. Since the number of centromeres remained 
close to the number of chromosomes until the cap phase of spermatid differentiation, it has 
been hypothesized that the labeling of young spermatids corresponds to centromeric proteins 
associated with their specific DNA counterparts, while the centromere proteins, possibly 
detached fkom their DNA loci, were released from nuclei of old spermatids in the same way as 
are histones and transition proteins (Courtens et al., 1992). Though CENP-B protein has been 
proposed to perform a vital role in organizing chromatin structures at centromeres, other 
evidences do not agree with this view. For example, CENP-B found at inactive centromeres on 
stable dicentric chromosomes, and also mitotically stable chromosomes lacking alpha satellite 
DNA have been reported. Moreover, male and female CenpB null mice had normal body weights 
at birth and at weaning, but these subsequently lagged behind those of the heterozygous and 
wild type animals. The weight and sperm content of these testes of CenpB null mice were also 
reduced. Otherwise, null mutant mice lacking CENP-B were viable and fertile indicating that 
mice without CENP-B undergo normal somatic and germline development. These results 
suggested that CenpB is not essential for mitosis or meiosis, although the observed weight 
reduction raised the possibility that CenpB deficiency may subtly affect some aspects of 
centromere assembly and function (Hudson et al., 1998; Perez Castro et al., 1998). The crystal 
structure of the'complex of the DNA-binding region (129 residues) of CENP-B and CENP-B box 
DNA at 2.5 A indicated involvement of two helix-turn-helix domains, which are bound to 
adjacent major grooves of DNA. The DNA is kinked at the two-helix contact sites; the DNA 
region between the kinks is straight. The overall bending angle of 59" was suggested to be 
important for centromere-specific chromatin structure (Tanaka et al., 200 1) (Fig.6.6). 

6.8. NUCLEAR LAMINS 

The nuclear lamina is a karyoskeletal structure located at the periphery of cell nuclei in the form 
of nuclear envelope. The major constituents are the lamins, which belong to the evolutionary 
conserved multigene family of intermediate filament proteins. Lamins show a conspicuous cell 
type-specific expression pattem.(Benaventa and Krohne, 1985) Somatic cells of vertebrates 
express A-type (lamins A and C) as well as B-type (lamins B1 and B2) lamins. Spermatogenic 
lamin isoforms B3 and C2 are shorter splicing variants of their somatic counterparts. Although 
a lamina structure has been demonstrated to be a ubiquitous component of somatic nuclei, its 
existence in certain meiotic stages during spermatogenesis has been a matter of debate. A 
lamin protein of 52kDa selectively expressed during spermatogenesis, appears to belong to 
nuclear family selectively expressed during meiotic stages of spermatogenesis in rat. Vester et 
al., (1 993) suggested that the nuclear lamina structure is present in rat pachytene spermatocytes 
and the expression pattern is similar to lamin B 1. 

However, anti-lamin B has been found to bind to the nuclear periphery of all cell types 
examined, including Sertoli cells, primitive type A spermatogonia, preleptotene, leptotene, 
zygotene and pachytene spermatocytes, and round spermatids in testis. In sperm nuclei, the 
antigenic determinants were localized to a narrow domain of the nucleus, where as, after 
removing the perinuclear theca, anti-lamin B localizes to the entire nuclear periphery in a 
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Fig.6.6. The crystal structure of the CENP-B,.,,, complexed with 21 mer DNA. (A) The 21 mer DNA 
sequence with CENP-Box. The three boxes marked 1 ,  2, and 3 indicate the essential bases for CENP-B 
binding to CENP-B box DNA. Closed triangles indicate the thymine residues, each of which was replaced by 
5'-iodouracil for phasing. (B) Overall structure of CENP-B,.,,, complex. (C). Amino acid sequence and 
secondary structure of CENP-B,.,,, Reprinted with permission from Y. Tanaka et al, The EMBO Journal 20; 
6612-18: 20010 http://www.nature.com/. 

punctate pattern, to determinants previously covered by the theca constituents. Anti-lamin B 
reacts with approximately 68-kDa polypeptide in all germ cells and, to a lesser extent, with four 
additional polypeptides present only in meiotic and post-meiotic nuclear matrices. In contrast 
to anti-lamin B, anti-lamin A and C did not bind to the germ cells at any stage of spermatogenesis 
(Moss et al., 1993). Furukawa and Hotta (1993) reported the cDNA of a 53-kDa lamin from 
mouse spermatocytes, termed lamin B3, and restricted to spermatagenic cells. The Lamin B3 
gene is generated from lamin B2 gene by differential splicing and alternative polyadenylation. 
When lamin B3 was introduced into somatic cells in culture, their nuclear morphology was 
transformed from spherical to hook shaped. This suggested that the germ cells specific lamin 
B3 (Fig. 6.7) is involved in the reorganization of nuclear and chromosomal structures during 
meiotic division. 

A-type lamin of 52-kDa from mouse pachytene spermatocytes, termed lamin C2 because of 
its similarities with lamin C, has a sequence identical to that of lamin C except that the N- 
terminal segment, containing the head and the a helical coill-A domain is replaced with a short 
non-4-helical stretch of amino acids. In mice, lamin C2 is specifically expressed in germ cells 
and arises from differential splicing of somatic type A lamin gene. The specific expression and 
unique structure suggests a role for lamin C2 in determining the organization of nuclear and 
chromosomal structures during spermatogenesis (Furukawa et al., 1994). Lamin C2 is selectively 
expressed in spermatocytes and regulated at the transcriptional level. This is in contrast to the 
situation during amphibian oogenesis, where lamin expression is largely post-transcriptionally 
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Fig,6.7. Amino acid sequence comparison of murine lamins B2 and B3. Alpha helical coils are underlined. 
Identical amino acids are marked with double dots. Asterisks indicate three areas of lamin B2 specific 
sequences. Two sequence motifs that are phosphorylated by Cdc2 kinase are indicated by dotted lines. 
Reprinted with permission from K. Furukawa and Y. Hotta, The EMBO Journal 12; 97-106: 19930 http:// 
www.nature.com/. 

regulated. Moreover, the expression pattern of lamin C2 temporally coincides with that of 
structural protein components of the synaptonemal complex. This indicated that pairing and 
recombination of homologous chromosomes during meiotic prophase is accompanied by 
significant changes in the organization ofthe karyoskeleton of SC, which are accomplished by 
the expression of stage-specific proteins (Alsheimer and Benavente, 1996). Wang et al, (1 992) 
identified a cDNA fiagrnent fiom Drosophila testis that exhibited a complete sequence similarity 
with the cDNA of the laminin B2 chain. Transcripts of laminin B2 were detected in the RNA of 
male germ cells. Antigenic sites against laminin B2 were found in the lamp brush loops in 
primary spermatocytes, in nuclei of spermatids and in heads of spermatozoa. 

6.9. NUCLEAR ASSOCIATED PROTEIN (NASP) 

Among sperm specific proteins that function in fertilization, an autoantigenic post-acrosomal 
sperm protein has been found to originate in the testis as a nuclear associated protein (NASP) 
and has several structural features of nuclear proteins. In testis NASP was first detected in the 
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nuclear area of primary spermatocytes. During the subsequent meiotic divisions, NASP was 
partitioned into the cytoplasm and then re-associated with the reforming nucleus. During 
spermiogenesis, NASP became restricted to the post-acrosomal region of the spermatozoon, 
although some labeling appeared in residual bodies and subsequently in the lumen of the 
tubule. The detection of NASP mRNA transcripts in primary sp&natocytes supported by in 
situ hybridization indicated that NASP expression was under transcriptional control (Welch 
and O'Rand, 1990). The NASP contains a c-terminal nuclear translocation signal and has 
structural similarities to the lamins and other nuclear proteins; its 2.5-kb mRNA is apparently 
tissue, but not species specific. The polyadenylated mRNA has 39 bases of 5' untranslated 
sequence, an open reading fiame of 2043 bases encoding 680 amino acids, and a 104 base 
3'untranslated region (2186). The encoded polypeptide has a calculated molecular weight of 
73533Da and a pI = 4.06, containing 25% acidic residues. Secondary structure predictions for 
NASP showed that 69% of the molecule had a high probability of forming a-helices and that 
several +helical regions had a characteristic repeating heptad pattern that in the intermediate 
filaments and nuclear lamins is involved in coiled-coil interactions with other molecules. In 
addition to the nuclear translocation signal common to many nuclear proteins, NASP also 
showed homology with the Xenopus histone-binding protein, N1/N2 (Welch et al., 1990). 
Batova and O'Rand (1996) determined the number, location and activity of the histone-binding 
domains on the primary sequence of human NASP WASP). Recombinant polypeptides 
expressing the full-length hNASP were tested for the polypeptides spanning the N-terminal 
region (amino acids 32-192) and two additional regions (amino acids 193-352 and aa 353-572). 
The lack of binding to the expressed C-terminal (amino acid 573-787), which also contains 
polyacidic amino acids, suggested that the binding of hNASP to the somatic core histones is 
a sequence-specific and also involves electrostatic interaction. Thus, there are at least three 
fimctional histone-binding domains in hNASP, two of them encompassing the predicted histone 
binding sites, homologous to the N1/N2 protein, and a third novel domain. Therefore, hNASP 
may be defined as a nuclear histone-binding protein found in human testis. A somatic form of 
NASP (sNASP) is also present in mitotic cells (Richardson et al, 2000). The NASP h m  myeloma 
cells is complexed only with HI, linker histones. The sNASP is a shorter version of testicular 
NASP (tNASP) with two deletions in the coding regions and differs fiom tNASP in its 5' 
untranslated regions. Expression of sNASP mRNA is regulated during cells cycle and consistent 
with arole as a histone transport protein. Expression ofNASP mRNA parallels with the expression 
of histone mRNA. 

6.10. SPERM CYLICIN 

In the mammalian sperm head the nucleus, in its posterior part, is tightly associated with a large 
and dense non-filamentous cytoskeletal structure, the calyx, whose major proteins are basic, 
representing a novel category of cytoskeletal element. One of these calyx proteins, termed 
cylicin I1 (calicin), has been characterized fiom bull and man. The polypeptide of 588 amino 
acids (Mr of 66,889; pI = 8.l), very similar in the two species, is encoded by a approximately 2.2- 
kb mRNA that has been detected only in testis but not in any other tissue or cell cultures. 
Cylicin is homologous to the kelch protein of the ring canal structure of Drosophila ovaries. In 
particular, cylicin contains three consecutive repeating units of 48 amino acids each, which are 
homologous to the so-called "P-strand folds" occurring in proteins of the kelch family, including 
the scruin of Limulus sperm (Chapter 24) and a series of the eukaryotic, bacterial, and viral 
proteins. The amino terminal domain of cylicin contains a region of about 100 amino acids 
homologous to an extended motif shared by the kelch protein as well as various zinc finger and 
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poxvirus proteins (Hess et al., 1993; 1995). Cylicin seems to function as a morphogenic 
cytoskeletal element in spermatogenic differentiation besides its relation to the demonstrated 
absence or altered arrangement in human tertozoospermia such as "round-headed" or other 
post-acrosomal sheath defect- sperm malformations (van Bulow et al., 1995). 

6.11. NUCLEAR PORE ASSOCIATED PROTEINS 

A cDNA (BS-63) was found to consist of 1933-bp with an open reading frame of 1824 bp. The 
deduced polypeptide consisted of 608 amino acid residues containing XFXFG or FG motifs 
that are characteristic of nuclear pore complex (NPC) proteins and act as potential binding sites 
for Ran. The N-terminal end has high homology with Ran BP2hJu 358. The BS-63 is transcribed 
in two transcripts i.e. 6.0 and the 8.5kb. The 8.5kb transcript was present in low amounts in 
somatic tissues whereas the 6.0kb transcript is expressed only in testis. In situ hybridization 
analysis of human testis showed that BS-63 mRNA is expressed only in germ cells at all stages 
of spermatogenesis but not in Sertoli cells (Wang et a1 1999). 

An mRNA with a substantial similarity to the rat p62 mRNA that encodes a nucleoporin, 
was cloned from the rat testis. Nucleoporin related (NPR) cDNA revealed an mRNA of 1.3kb, 
different from the 2.7-kb transcript attributed to the p62 gene and found primarily in the 
haploid germ cells of the adult testis but not in Sertoli cells. The central region of the NPR 
CDNA sequence was identical to the 3'portion of the p62 cDNA containing heptad repeat 
sequences. However, the S'region and the extreme 3'region of the NPR cDNA sequence were 
different from the p62 cDNA. The extreme 3' untranslated region (UTR) contained a 212-bp 
inverted repeat of a sequence located in the middle of the NPR cDNA that is identical to the p62 
sequence. The inverted repeats of the NPR sequence could hybridize, leading to the formation 
of circular transcripts (Wang et al., 1994). 

A 3kb cDNA, encoding a rat nuclear pore- associated protein (Npap60) was cloned and 
characterized. The predicted NPAP60 protein contains 38 1 amino acids with a composition of 
25.6% charged residues and is highly hydrophilic. The Npap60 gene appears to be conserved 
in mouse, rat, and human. The NPAP60 colocalizes with nuclear pore complexes in RATlA 
cells. The expression ofNpap60 is about 10.20 times higher in rat testis than in somatic tissues. 
The sub-cellular localization of NPAP60 protein changes dramatically during male germ cell 
differentiation, from nuclear pore complex-like staining in spermatocytes to whole nucleus 
staining in mature spermatozoa. These changes are temporally and spatially related to nuclear 
reorganization during male germ cell differentiation (Fan et al., 1997). 

6.12. HIGH MOB- GROUP (HMG) PROTEINS 

The testis contains a substantially higher level of HMG2 than any other rat tissue. High levels 
of HMG2 in the testis were due to pachytene spermatocytes and early spermatids. 
Spermatogonia, early primary spermatocytes, late spermatids, Sertoli and Leydig cells showed 
very low levels of HMG2 similar to those in non-proliferating somatic tissues. HMG proteins 
are synthesized in spermatogonia and primary spermatocytes, but not in spermatids. Rat testis 
HMG2 exhibited two bands, A "slow" form co-migrated with somatic cell HMG2, while the 
other "fast" band migrated ahead of the somatic form and appeared to be testis specific 
accounting high level of HMG2. The very high level of HMG2 in testis is not associated with 
proliferative activity (J3ucci et al., 1984). 
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A cDNA encoding a DNA-binding protein has been isolated by screening a mouse testicular 
expression cDNA library with a concatemer of a 12-bp putative protein-binding element present 
in the promoter of the testis-specific gene PGK-2. Sequence analysis of the isolated cDNA 
indicated the presence of an open reading £tame that encodes a protein with two-conserved 
DNA-binding motifs of high-mobility group. Expression of the gene is restricted to the post- 
pubertal testis and located predominantly in the nuclei of elongated spermatids at step 9 and 
10. The HMG box protein gene may be involved in the regulation of gene expression of the 
haploid male genome. The gene has been termed testis - specific HMG (tsHMG) (Boissonneault 
andLau 1993). 

The testis specific high mobility group (tsHMG) protein, similar to the human mitochondria1 
transcription factor-1 and to the linker associated protein 6 of Tetrahymena thermophila 
micronuclei, is thought to play a structural role. TsHMG is restricted to quiescent elongating 
and condensing spermatids and displays preferential binding to supercoiled plasmid DNA and 
protects DNA £tom relaxing activity. The tsHMG protein can also introduce negative supercoils 
into a relaxed plasmid substrate in a topoisomerase 1-dependent manner. The tsHMG protein 
was substrate of a CaZ+ phospholipid dependent protein kinase C present in testis of adult mice 
and that the phosphorylation by PKC is required for both DNA binding and topoisomerase I 
dependent supercoiling activities of tsHMG. This supports that the spermatid tsHMG protein 
is a topological factor (transition protein) that can modulate the activity of topoisomerase 1 
and can contribute to the important transition in chromatin structure, which leads to the decrease 
in transcriptional activity, which is observed at the early stages of spermatid elongation (Alami- 
Ouahabi et al., 1996). 

The Sox-5 is one of a family of genes, which shows homology to the HMG box region of 
the testis-determining gene SRY. The Sox-5 protein is localized on the nucleus of post-meiotic 
round spermatids in the mouse testis. The Sox-5 binds specifically on the sequence AACAAT 
with moderately high affinity. Moreover, interaction of Sox4 with its target DNA induces a 
significant bend in the DNA, characteristic of HMG box proteins. Circular dichroism 
spectroscopy of the Sox-5 HMG box and its specific complex with DNA shows an alteration in 
the DNA spectrum, perhaps as a consequence of DNA binding. Analysis of the structure of 
the Soxd HMG box by 2D NMR suggests that both the location of helical secondary structure 
as well as the tertiary structure is similar to that of HMG 1 box 2 (Connor et al, 1994) (Chapter 10). 

6.13. OTHERNUCLEAR ANTIGENS 

Germ Cell Nuclear Antigens: A mouse germ cell nuclear antigen (GCNAl) is present in pre- 
spermatogonia (gonocytes) in males and in oogonia and oocytes of females within the gonadal 
ridge from embryonic day 1 1.5 onward, but rarely in primordial germ cells prior to their arrival at 
the gonadal ridge. The GCNAl is abundantly present in spermatogonia, spermatocytes but 
decreases subsequently in spermatids. The antigen is approximately 80-1 lOkDa on immunoblots 
of isolated pachytene spermatocytes and round spermatids. The GCNAl serves as a common 
marker of the germ cell lineage in male and female mice after primordial germ cells arrive in the 
gonadal ridge until they reach the diploteneldictate stage of the first meiotic division (Enders 
and May, 1994). A series of antigens, specific to germ cells have been described through use 
of mAb(s) (Tsuchidaet al. 1995; Tanaka et al. 1997; Ling et al., 1998; Periera et al2000). TRA 54 
mAb recognized antigen in the range of Mr of 200-, 190-, and 85-kDa whereas mAb TRA55 
showed positive bands with molecular weights of 43-, 46-, 49- and 55-kDa. A monoclonal 
antibody (mAb TRA 104) raised against mouse testicular germ cells was able to recognize the 
nuclei of testicular germ cells at all the stages of differentiation £tom embryonic gonocytes to 
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spermatids and did not react with any somatic cells. The antigen(s), referred to as a germ cell 
specific nuclear antigen(s) (GENA) is first detected in the genital ridge at around 12 days of 
gestation and increases gradually until adulthood. The GENA may be a useful marker to study 
the mechanism of germ cell differentiation in testis (Tanaka et al, 1997). 

Another germ cell nuclear antigen with approximately 44-kDa was identified in the nuclei 
of early meiotic cells fkom pre-leptotene to early pachytene spermatocytes exhibiting a stage 
specific appearance in the cycle of the seminiferous epithelium. The activity was associated 
with the meiotic chromosomes but absent fkom late pachytene spermatocytes or more advanced 
stages of spermatogenesis and also absent fkom spermatogonia, Sertoli and Leydig cells. The 
pattern of expression of the antigen during early meiotic stages of spermatogenesis could 
strengthen its possible role in meiotic division (Atanassova et al., 2000). 

The cDNA cloning of a novel 60kDa skeletal protein fkom mouse spermatocytes, termed 
MNSl (meiosis-specific nuclear structural protein), whose computer-predicted protein 
configuration indicates long a-helical coiled-coil domains flanked by non-helical terminal 
domains.The MNSl protein is specifically expressed at the pachytene stage during 
spermatogenesis, so that its function may involve the determination and maintenance of the 
appropriate nuclear morphology during meiotic prophase (Furukawa et al., 1994b). 

Nicolin 1: A mammalian gene, termed nicolin 1 gene (NICNI) is present in human, dog and 
mouse and absent fkom the available genome sequences of non-mammalian organisms. The 
NICNl gene consists of six exons and spans about 6-kb of genomic DNA. It encodes a 213 
amino acid protein that does not belong to any known protein family. Nicolin 1 is a nuclear 
protein, which is expressed fkom a 2.5-kb NICNl mRNA in a tissue-specific manner. The highest 
NICNl expression levels were found in brain, testis, liver, and kidney with weak expression in 
spleen, leukocytes, small intestine and colon (Backofen et al., 2002). 

Nucleoplasmin : Nucleoplasmin, one of the most abundant proteins inxenopus Iaevis oocytes, 
has been involved in the chromatin remodeling that takes place immediately after fertilization. 
This molecule is responsible for the removal of the sperm-specific proteins and deposition of 
somatic histones onto the male pronuclear chromatin. The pentameric form of nucleoplasmin 
binds to a histone octamer equivalent consisting equal amounts of the four core histones, 
H2A, H2B, H3, and H4, without any noticeable preference for any of them. Interactions other 
than those electrostatic in nature (likely hydrophobic) probably also play a critical role in the 
formation of the complex between the negatively charged nucleoplasmin and positively charged 
histones (Arnan et a]., 2003). 

SP17: Sp17 is mammalian testis and sperm protein that has been characterized fkom human, 
rabbit and mouse testis and spermatozoa. In the rabbit, Sp 17 is a member of the RSA family (1 7- 
kDa) of rabbit sperm-specific autoantigen that binds rabbit zona pellucida as well as sulfated 
carbohydrates. In other species (human, pig, mouse), RSA-like molecules have been identified. 
The mouse mRNA for Sp17 encodes a 149-amino acid protein with a predicted molecular 
weight of 17296Da. The mouse Sp17 (MSp 17) cDNA sequence is 82% identical to the rabbit 
Sp17 cDNA sequence while the MSpl7 protein sequence is 74% identical to the rabbit protein 
sequence. Mouse native Sp17 has an apparent molecular mass of 24kDa on SDS-PAGE. In the 
absence of proteolytic inhibitors, part of the C-terminal ofnative MSpl7 is cleaved, giving rise 
to an 18-kDa band. The SP17 is present in spermatocytes in the testis. In spermatozoa, Sp17 
antibody is not able to bind acrosome of intact spermatozoa, but it is present on the equatorial 
surface of live-acrosome reacted spermatozoa (Kong et al., 1995) (Chapter 24). Recent data 
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Fig.6.8. The nucleotide and deduced amino acid sequence of meichroacidin cDNA. The deduced amino acid 
sequence of longest ORF is given under DNA sequence. Stop codons are shown by asterisks. The putative 
polyadenylation signal is underlined in bold face and phosphorylation signals are boxed. The glutamic acid 
rich region is double- underlined. An open arrow indicates a potential glycosylation site (N-X-SIT). Closed 
arrow shows the 5' end of the A-2 cDNA fragment. Reprinted with permission from J. Tsuchida et al. Dev 
Biol 197; 67-76: 19980 Elsevier. 

indicated that Sp17 might be expressed more widely, both in tumours and in normal somatic 
tissues albeit at a much lower expression than in the testis. On the basis of the extremely high 
sequence conservation throughout the N-terminal half of Sp17, and the presence within this 
region of A-kinase anchoring protein (AKAP)-binding motif, it has been postulated that the 
proposed role of Spl7 in zona pellucida binding is unlikely to be its principal function (Frayne 
and Hall, 2002). 

Meichroacidin:The deduced amino acid sequence of a nuclear protein consists of 284 aa 
residues, including a nominal repeat structure in the N-terminal region and a transcript of 1.3- 
kb exclusively expressed in the testis and ovary with a molecular weight of approximately 40- 
kDa and pI of 4.9 (Fig 6.8). The protein was predominantly present in the cytoplasm of pachytene 
spermatocytes to round spermatids. However, during the disappearance of the nuclear envelope 
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at both the first and second meiotic divisions, the protein was localized around the metaphase 
chromosomes and spindles, hence named meichroacidin, which stands for male meiotic 
metaphase chromosome-associated acidic protein (Tsuchida et al., 1998). 

Tsg 118 protein: A murine gene encoding a nucleolar protein called Tsgll8, with a predicted 
molecular mass of 59.4-kDa and a high content of basic amino acids has been shown to be 
associated with condensed chromosome in mitotic cells. Homologous human gene was localized 
to chromosome 161312.3. The Tsgll8 protein is predominantly expressed in proliferating somatic 
cells and in male germ cells. Tsgll8 shows localization to the dense fibrillar component of the 
nucleolus. The nucleolar localization of the Tsgl18 protein appears to be temporally restricted 
to the interphase stages of the somatic cell cycle and to the meiotic phase of spermatogenesis. 
As the nucleolar signal disappears in mitotic cells, the Tsgll8 protein instead becomes 
associated with the surface of the condensed chromosomes (Larsson et al., 1999). 

Tstis-Specific Protein-57 (Tsp57) :A nuclear receptor-associated protein-80 (RAPSO) is highly 
expressed in spermatocytes and appears to have a role in regulating gene expression. Protein 
interacting with RAP80 was named as testis-specific protein (Tsp), referred to as Tsp57. Tsp57 
encodes a basic protein with a mass of 56.8-kDa. The amino acid sequence of Tsp57 is highly 
conserved (87%) between mouse and human (Kim et al., 2004). The mouse and human Tsp57 
genes map to chromosomes 9A1 and 1 lq21, respectively. The expression of Tsp57 mRNA was 
highly restricted to the testis and temporally regulated during testicular development, and 
greatly induced between Day 21 and Day 25 of postnatal testicular development. The 
hybridization signal for Tsp57 rnRNA was strongest in seminiferous tubules at stages VI-VIII 
of spermatogenesis, consistent with the idea that Tsp57 is most highly expressed in round 
spermatids. However, Tsp57 expression was absent fiom testes in vitarnh A-deficient mice, 
which do not have round spermatids. Thus Tsp57 protein plays a role in the postmeiotic phase 
of germ cell differentiation. The Tsp57 contains two putative nuclear localization signals: NLS 1 
and NLS2. The cellular localization showed that the Tsp57 hctions as a nuclear protein (Kim 
et al., 2004). 
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Chapter 7 

NUCLEAR SKELETON PROTEINS: 
CHROMOSOMAL BASIC PROTEINS 

During spermatogenesis, there are dramatic changes in basic nuclear proteins as the germinal 
cells progress through spermatogenesis. DNA is associated with five types of histone proteins 
in eukaryotes. The structural unit of chromatin (the nucleosome) consists of a core containing 
two copies of each histone H2A, H2B, H3, and H4 with approximately 146 bp of DNA coiled 
around the core (Richmond, et al., 1984). Very little work has been conducted on the average 
spacing between nucleosomes during the spermatocytes and early spermatid stage of 
spermatogenesis. It is accepted that two classes of histone H1 genes are present in most 
eukaryotes: 1) Replication-dependent histones are expressed during the S-phase of the cell 
cycle and further characterized by genes that do not have introns and have corresponding 
mRNAs that lack polyadenylation. 2) Histone genes of the second class can have intrones 
and can have corresponding rnRNAs that are polyadenylated and expressed at a low but 
constant level throughout the cell cycle. But a third class of histones is the testis specific 
histone subtypes expressed in the germinal cells during spermatogenesis (Meistrich, 1989; 
Wolfe and Grimes, 1999). The levels and synthesis of histone variants have been measured in 
spermatogonia and in various stages ofprimary spermatocytes. The results showed a difference 
in regulation of the synthesis and accumulation of testis - specific histones Hlt, TH2A, 
TH2B, and TH3. The TH3 is present and actively synthesized in A and B spermatogonia. 
While no detectable amounts of Hlt were found, only low levels of TH2A and TH2B could be 
found in spermatogonia, TH2A and TH2B are already present and actively synthesized in 
early primary spermatocytes (around the preleptotene stage), and Hlt does not accumulate 
until the pachytene stage. 

In mammals, core and HI histones function not only to package DNA into the 10 nm fiber 
containing nucleosomes and into the 30 nm coiled fiber but apparently they also function to 
regulate transcription of some genes, possibly by interfering with binding of essential 
transcription factors. A high degree of conservation among Hlt genes from different species 
supports an important role for this specific histone that cannot be filled by other H1 variants. 
Using Xenopus egg extracts, while the somatic Hl s significantly inhibited DNA replication in 
Xenopus sperm nuclei, little or no inhibition was seen with Hl t. The differences in H 1 -chromatin 
interactions might explain some of the diversity in H1 function. Using a series of domain- 
switch mutants of Hl(0) and Hlt, De et al., (2002) identified the H1 carboxyl-terminal domains 
as the domains responsible for the differential affinity for chromatin and for the differential 
effects of Hl variants upon DNA replication. 



138 Proteomics of Spermatogenesis 

Nevertheless, approximately 15% of the DNA remains associated with histone in a 
sequence specific manner in human sperm. HI is absent while histone H2 takes the minor form 
of H2AX and H2AZ variants. The H3 and H4 are highly acetylated. Since remodeling of 
chromatin structure contributes to various aspects of gene activity, such as transcription, 
replication, repair and recombination, it can be suggested that histones in sperm could influence 
which genes are transcribed after fertilization. Additional factors involved in chromatin 
remodeling include histone modifying enzymes, multi-subunit ATP dependent chromatin 
remodeling factors and histone chaperones. The TAF-1 has histone-binding and nucleosome 
assembly and remodeling activities, and is a novel histone chaperone. Recombinant human 
and Xenopus TAF-1B decondenses Xenopus sperm chromatin. It was suggested that TAF-1 
associates with the chromatin through its interaction with histones H3/H4 (Matsumoto et al., 
1999). Gardiner et a1 (1998) suggested that sperm chromatin structures are generally similar in 
different men but the length of histone-associated regions can vary. The association of sperm 
DNA with histones or protamines sometimes changes within as little as 400 bp of DNA 
suggesting that there is a fme control over the retention of histones (Gardiner et al., 1998). 

7.2.1. Somatic Variants 

The H2A. 1 and H2A.2 (somatic H2A variants) and H2A.X (a germ cell enriched variant) seems 
to be the most abundant of the H2A histones, within spermatogonia. The mouse histone 
H2A.X gene promoter is regulated by the transcr&ion f&or E ~ F  &d CCAAT binding protein 
(Yagi et al., 1995). The promoter region of the mouse H2AX gene showed that maximal promoter 
activity is present in the construct containing up to -282 bp H2A.X upstream region. Within 
this region, two sequences regulating the promoter activation were detected. One was an E2F 
site and another was a CCAAT box. These sequences are also required for the DNA protein 
binding activities. Thus the promoter of the H2A.X gene was controlled by both the transcription 
factor E2F and HlTF2 through the E2F and CCAAT element (Yagi et al., 1995). 

7.2.2. Testis Specific TH2A Variant 

The testis-specific histone T E A  is synthesized and accumulates in spermatocytes. The 
synthesis of TH2A begins in early spermatocytes and accumulates to about 25% of the H2A 
complement in pachytene spermatocytes. TH2A synthesis is not detected in early spermatids 
but the histone is present in these cells. As will be found later that one H2A variant gene is 
paired with the somatic H2B gene in the rat. In addition, the testis-specific TH2A variant gene 
is paired with the testis-specific TH2B variant gene. The genes encoding rat somatic and 
testis-specific H2A and TH2A histones share 300 bp of 5'upstream region with somatic H2B 
genes and testis specific TH2B genes respectively (Huh et al, 1991). These genes are 
transcribed divergently fiom promoter regions that overlap. The deduced amino acid sequences 
showed that H2A and TH2A histones have eight amino acid difference in the frst half of the 
molecules and three consecutive changes in the C-terminal region. The TH2A gene is expressed 
only in testis, independent of DNA replication. Nevertheless, the promoter of the TH2A gene 
contains the octamer-lie element "ATTTGCCAT", an S-phase specific transcription regulatory 
element responsible for the S-phase specific transcription of the human H2B gene. Although 
synthesis of TH2A and TH2B histones is independent of DNA replication and insensitive to 
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inhibitors of DNA synthesis in testis, the regulatory region shared by the two genes contained 
a bi-directional S phase - specific transcription regulatory element. In addition, TH2A gene, 
like TH2B gene, contains the consensus sequence elements in the 3'non-coding region, 
which is involved in the S phase - specific stabilization of histone mRNA. 

7.3.1. Somatic H2B Variants 

There are at least two variants of H2B in rat testis, a somatic variant of H2B and a testis 
specific variant TH2B. The somatic variant of H2B appears to predominate in spermatogonia. 
The synthesis of testis-specific variant TH2B begins in spermatocytes and accumulates in 
pachytene primary spermatocytes (Meistrich, 1989). Synthesis of H2B histones has not been 
detected in spermatids but H2B and TH2B are present in early spermatids (step 1-8 in the rat). 
However, inhouse testis, the H2B transcription occurs in round spermatids. The sequence of 
H2B cDNA clone predicts a protein that is extremely similar to other mouse H2B proteins, 
except at the carboxyl-terminus where the testes H2B contains an additional 12 amino acids, 
seven of which are hydrophobic. In contrast to the replication-dependent histone mRNAs, 
the 3'-untranslated region of this cDNA contains the poly (A) addition sequence (AAUAAA) 
upstream of a poly (A) tract. Furthermore, the conserved hairpin structure immediately upstream 
of replication-dependent histone mRNA termini is not present. H2B mRNA transcript is 
spermatid specific and it is translated during spermiogenesis (Moss et al, 1989). Three sperm 
H2B sub-types have been identified. Messenger RNAs encoding the sperm specific H2B and 
H1 proteins have been identified in testes of three different seaurchin species. These transcripts 
are found only in testis and not in any other adult tissue or embryonic stage tested (Lai and 
Childs, 1986). 

A spermatid-specific H2B (ssH2B) variant has been identified in mouse round spermatids 
that has an additional 12 amino acids at its carboxyl terminus as compared to somatic H2Bs. 
The mRNA encoding this protein was also present in rat round spermatids (Unni et al, 1995b). 
The ssH2B was detected in tubule sections at stages 11-VI. It reached a maximum level at 
stages VII-VIII and then decreased to minimum level at stages XIII-I. Since ssH2B was not 
detected in pachytene spermatocytes, the stage-specific levels of ssH2B corresponded to the 
respective steps of spermatids present in the tubules. While ssH2B constituted a relatively 
small amount (approximately 2%) of total H2B protein in round spermatids, its presence in 
mouse and rat suggests that its function may be conserved in mammalian spermatogenic cells 
(Unni et al, 1995b). Although the S-phase specific regulatory elements (SPRE) for several 
histone genes have been characterized, none of the genes seems to have any common sequence 
elements for the S-phase specific regulation. This suggests that the S-phase specific 
transcription of different histone genes may be regulated by different mechanisms or by 
different trans-acting factors. A nuclear protein factor, which interacts with the human H2B 
SPRE containing an octamer motif (ATTTGCAT) has been purified fiom HeLa cell nuclear 
extracts and seems to stimulate transcription of the H2B gene in vitro. 

7.3.2. Testis TH2B 

Rat TH2B: The rat testis specific TH2B histone gene is restricted to pachytene spermatocytes. 
The gene has conserved the promoter elements involved in the S-phase specific expression 
of somatic H2B histone genes as well as the S-phase specific stabilization of histone mRNA. 
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Therefore, the gene has the potential to be expressed during the S phase in all tissues as well 
as during early stages of spermatogenesis in which spermatogonia undergo rapid cell divisions. 
One of the basic questions is how a gene, which does not have any cell type specific regulatory 
element can be expressed in a cell type-specific manner during spermatogenesis. In TH2B 
gene, this appears to be achieved at least at two levels: i) assembly of germ cell specific 
chromatin structure as evidenced by the hypomethylation of the gene from the beginning to 
the end of spermatogenesis, and ii) repression of the gene transcription in non-expressing 
spermatogenic cells (Hwang et al., 1990). 

In contrast to somatic histones, the TH2B gene contains S-phase specific regulatory 
elements (SPRE). Since the gene is not expressed except in pachytene spermatocytes, the 
SPRE are most probably repressed in somatic cells. In pachytene spermatocytes, the SPRE 
could be either repressed or involved in the cell - type specific expression of TH2B gene. The 
DNA sequence elements involved in the So phase-dependent transcription of the cloned 
TH2B gene in somatic cells were characterised (Hwang et al., 1990). The cloned TH2B gene 
has two DNA sequence elements, which stimulate transcription of the cloned gene in an S- 
phase dependent manner when introduced into somatic cells. The factors interacting with the 
two elements, CCAAT at -127 bp and octamer ATTTGCAT at -93 bp, interact with each other 
to bring about a maximum stimulation of S-phase dependent-transcription. The level of CCAAT 
and octomer-binding proteins is unchanged during the cell cycle, and the S-phase dependent 
transcription of TH2B and endogenous mouse H2B genes does not require synthesis of new 
proteins during the S phase. Thus, cell cycle specific postranslational modification of regulatory 
proteins may be responsible for the S-phase-dependent transcription of H2B histone genes 
(Hwang et al, 1990). 

Another study revealed that DNA methylation plays a key role in the transcriptional 
repression of the germ cell-specific TH2B gene (Chapter 14). The CpG methylation sites 
within the promoter of the TH2B gene are hypomethylated in germinal cells but they are 
methylated in somatic tissues. This is consistent with the hypothesis that DNA methylation 
inhibits gene activity by preventing the binding of transcription factors to their recognition 
sequences. The binding of ubiquitous transcription factors to the promoter region of TH2B 
gene may be blocked in nuclei of liver and DNA methylation can directly interfere with the 
binding of transcription factors recognizing a hexamer (ACGTCA) motif. In vitro DNA 
methylation and transfection experiments demonstrated that expression of TH2B gene is 
inhibited by DNA methylation in vivo (Choi and Chae, 1991). Although the gene is 
hypomethylated at all stages of spermatogenesis, it is not expressed in germinal cells before 
the pachytene spermatocytes stage. The low level of TH2B rnRNA in these early spermatogenic 
cells may be a result of transcriptional repression of the gene by a pre-meiotic cell-specific 
protein, which binds to a site between the TATA element and the transcription initiation site 
of the TH2B gene (Lim and Chae. 1992). The regulation expression of the rat TH2B gene 
appears to be quite different from the regulation of expression of the sea urchin sperm H2B-1 
gene where a protein factor from sea urchin embryos binds over a CCAAT box preventing 
interaction with a positive-active CCAAT-binding factor resulting in a block to transcription. 
In sperm cells the CCAAT-binding factor binds resulting in transcription of the sperm H2B-1 
gene. 

Human TH2B: In contrast to spermatozoa from other species, human spermatozoa still contain 
a significant amount of histone, including testis - specific histone 2B (hTH2B). It has been 
shown that an antibody targeting tyrosine hydroxylase, which cross reacts with rat TH2B, 
specifically reacts with human TH2B on Western blots due to homology at N-terminus. In 
human testis, hTH2B immunostaining, first apparent in spermatogonia shows marked variation, 
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especially at the pachytene spermatocyte state and then reached an intense signal in round 
spermatids. During condensation of the spermatid nucleus, the imrnunodetectability of THlB 
disappears gradually and is completely absent at end of spermatogenesis.The immunostaining 
of hTH2B was observed only when spermatozoa obtained from semen were decondensed to 
make nuclear proteins accessible to the antibody (van Roijen et al., 1998). It has been suggested 
that the N-terminus of rat TH2B is less tightly bound to DNA or to other proteins at this time 
in preparation for the removal of TH2B and other histones. 

The amino acid sequence of TH2B deduced from cDNA sequences showed extensive 
sequence divergence at the N-terminal end among H2B and TH2B histones; the rest was 
highly conserved. TH2B contains one cysteine whereas no cysteine is present in somatic 
histones. The TH2B in testis is detected 14 days after birth, reaching a maximum at Day 20. 
The level of H2B mRNA showed a reciprocal pattern. This contrasting pattern can be due to 
the gradually changing proportion of cell types with testicular maturation (Kim et al., 1987). 
The human testis/sperm-specific histone hTH2B is 85% homologous to somatic H2B and has 
over 93% homology with the testis H2B of rodents. Two genetic alleles of hTH2B were found 
in the human population. The hTH2B gene is transcribed exclusively in testis, and the 
corresponding protein is also present in mature sperm. The hTH2B was concentrated in spots 
located at the basal nuclear area of a subpopulation (20% of cells) of mature sperm. This fact 
may be of particular importance, because the hTH2B "positive" and "negative" sperm cells 
may undergo significantly different decondensation processes following fertilization (Zalensky 
et al., 2002). 

7.4. HISTONE H3 /IW VARIANTS 

The germ cell-specific histone TH3 is the only testis-specific histone to appear in spermatogonia 
(Meistrich, 1989). A somatic variant, most likely H3.2, is most abundant at this stage. Histone 
TH3 synthesis is not detected in spermatocytes but its presence is found in spermatocytes 
and early spermatids. TH3 from rat testis has been characterized by amino acid analysis, 
byptic peptide mapping, labelling with cystine, and by electrophoretic mobility as a variant of 
somatic H3. Its mobility on gels is retarded more than that of the somatic variants H3.2 and 
H3.3, but less than that of H3.1; it migrates between the H2As and Hls. The TH3 is found in 
significant amount in spermatogonia and in similar or slightly higher amount in spermatocytes 
and round spermatids. Synthesis of TH3 takes place in the spermatogonia but not in 
spermatocytes, in contrast to the other testis-specific histones (TrostlsWeige et al, 1984). 

In an attempt to defme patterns of replacement of histone H3.3 gene expression during 
male germ cell differentiation, Bramlage (1 997) isolated cDNAs corresponding to the murine 
H3.3A and H3.3B genes. RNase protection assays showed that H3.3A mRNA is present in 
pre- and post-meiotic cells, whereas expression of the H3.3B gene is essentially restricted to 
cells of the meiotic prophase. The gene structure of human H3.3B showed characteristic 
features of H3.3 gene. It contains an intron of about 0.5-kb in the S'untranslated region and 
two smaller introns within the coding gene portion. Secondly, no histone gene-specific dyad 
symmetry element was found in the 3'untranslated region, but three putative polyadenylation 
signals were detected downstream of the gene. The human H3.3B gene was mapped to the 
telomeric region of chromosome 17 (17q25). This localization of the H3.3B gene and its solitary 
arrangement contrast with the majority of the replication-dependent histone genes, which 
form a large cluster on chromosome 6 and a second cluster on chromosome 1 (Albig et al., 
1995). 
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Fig.7.1. Comparison o f  the coding and non-coding regions o f  the rat somatic (S)  and germinal (G)  histone 
H4 genes. Asterisks mark nucleotides which differ within the coding regions. Reproduced with permission 
from S. A.  Wolfe et al. Biochim Biophys Acta 1007; 140-50: 1989 O Elsevier. 

7.5. HISTONE H4t 

The germinal histone H4t and H1t genes are expressed during spermatogenesis in rat pachytene 
spermatocytes, and the somatic histone H4 gene expressed only in nongerminal cells of rat 
and somatic tissues. Only one histone H4t polypeptide has been identified in rats. The H4t is 
a highly conserved polypeptide having 102 amino acids in length (Grimes et al., 1987; Wolfe, 
et al. 1989) (Fig.7.1). Multiple unique rat histone H4t genes have been sequenced and there 
may be about 6 or 7 different H4t genes in mammals. Apparently these different genes are 
differentially expressed so that only a sub-set is expressed in testis germinal cells like the 
other testis histone genes. High synthesis of H4t in pachytene spermatocytes occurs at a 
time when there is no DNA synthesis, and therefore at least one of the H4t genes is transcribed 
in male germinal cells that are not replicating DNA. Although the H4t gene is closely linked to 
the testis-specific histone H l t  gene that is transcribed only in testis, the H4t gene is transcribed 
in both testis and non-testis tissues. The deduced amino acid sequence of the rat H4 histone 
is identical to that of the sequence of human histone H4 but the nucleotide sequence of the 
coding region differs significantly from the coding region of the human histone H4. The S1- 
nuclease protection analyses revealed that mRNAs of both species are present in a fraction of 
testis cells highly enriched in pachytene spermatocytes, while only the H4 mRNA species 
was present in a rat myeloma cell line (Grimes et al, 1987). 

Although the predicted amino-acid sequences of testis specific and somatic H4 were 
identical, 49 out of 102 codons differed. The leader sequence of the germinal histone H4t 
mRNA was 17 bases compared to 40 bases for the somatic histone H4 mRNA, and the 3' 
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terminal sequence of the germinal histone H4t mRNA was 52 bases compared to 75 bases for 
the somatic histone H4 mRNA. The germinal histone H4t gene also lacked a consensus 
purine-rich motif, which was present in the 5' noncoding region of the somatic histone H4 
gene (Wolfe et a1 1989). The histone H4 gene promoter is functional in rat testis. Examination 
of the proximal promoter of the histone H4 gene indicated that specific protein-DNA interactions 
occur when pachytene spermatocyte nuclear proteins were mixed with promoter fragments 
essential for regulating transcription ofthe histone H4 gene (Wolfe and Grimes, 1991). Mouse 
and human H4t genes, associated withHlt gene, were sequenced by Drabent et a1 (1995). The 
deduced amino acid sequences were identical to the other mouse or human H4t histone but 
the gene differed significantly in their nucleotide sequences. Both human and mouse genes 
were located on the same DNA strand compared with Hlt gene. In contrast to this identical 
transcriptional orientation of Hlt and its neighbouring H4t gene in mouse and man, the H4t 
gene with the opposite orientation has been described in the vicinity of rat Hlt gene. It was 
concluded that both murine and human H4t gene like the Hlt gene are expressed in testicular 
cells whereas H4t gene, in contrast to Hlt gene is expressed in non-testicular human and 
mouse culture cells. 

Acerylation ofH4t: Mouse spermatogonia and preleptotene spermatocytes contain acetylated 
core histones H2A, H2B and H4, whereas no acetylated histones were observed throughout 
meiosis in leptotene or pachytene spermatocytes or in most round spermatids. Acetylated 
forms of H2A and H2B, H3 and H4 reappeared in step 9 to 11 elongating spermatids, and 
disappeared later in condensing spermatids. Observations suggested that deacetylases are 
responsible for maintaining a deacetylated state of histones in these cells. The regulation of 
histone deacetylase activity / concentration appears to play a major role in controlling histone 
hyperacetylation and probably histone replacement during spermiogenesis (Hazzouri et al., 
2000; Wade et al., 1997). During early spermatids when the histones are beginning to be 
replaced by the transition proteins, the core histone H4 becomes hyperacetylated (Meistrich, 
et al., 1992). Though most of the testicular cells were acetylated, histone H4t from &actions 
enriched in elongated sperrnatids was hyperacetylated (Grimes and Henderson, 1984). It 
appeared that histone hyperacetylation is a physiological process that precedes and facilitates 
the removal of the core histones &om the nucleosome during this time period in mammals as 
found in trout testis. As such, it is an obligatory step in the removal of the histones. 
Alternatively, the process of acetylatioddeacetylation of histones may be one of the 
mechanisms responsible for initiation of transcription at the sites of acetylation of DNA- 
histone complex, and thus controlling stage specific expression of several proteins during 
meiosis. 

7.6. HISTONE H1 AND TESTIS VARIANT Hlt  

7.6.1. Histone H1 

Each cell contains a complement of Hl family histones, which can vary during development 
and differentiation. Some H1 subtypes are present in only a specific cell lineage such as the 
Hl t subtype found in only germinal cells of the mammalian testis and the H5 subtype found 
in nucleated erythrocytes. The H1 family of histones is the largest and most variable of the 
histones. The H1 linker histones are components of chromatin associated with the lOnM 
nucleosome containing DNA fiber, which changes into a higher ordered structure, the 30nm 
solenoid. This transition results in sequestering of genes into heterochromatin. The primary 
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function of H1 appears to be structural in chromatin but it has also been noted to be involved 
in the repression of transcription of some genes, possibly by the displacement of essential 
transcription factors. Members of the H1 family exhibit the common characteristics of having 
a short, randomly coiled basic amino-terminal arm and a long, randomly coiled, basic carboxy- 
terminal arm, which flanks a central, trypsin-resistant, globular domain. The basic N- and the 
C-terminal arms are thought to interact with linker DNA while the globular domain is essential 
for H1 interaction with the nucleosome. Cross species comparisons have shown that the 
properties of most of the subtypes are conserved. Vertebrates have seven known different 
subtypes of the histones H1 gene including histone HI0. The period of HI. 1 gene transcription 
is restricted to the proliferative phase in which cells undergo successive divisions, whereas 
the H1.l protein is a component of the proliferative, meiotic, and spermatogenic phases 
(Franke et al., 1998). The relative amounts of histone subtypes H1.2 is high in dividing cells, 
while subtypes H1.3 and H1° are higher in non-dividing cells. Subtypes H1.3, H1.4, H1.5 and 
HI0, which constitute the largest amount of histone H1 in somatic tissues, are much less 
abundant in germinal cells. During spermatogenesis somatic histone subtypes initially make 
up about 50% of the H1 histone and drop off to 1% by the late pachytene stage. While H1.l 
mRNA and protein was already present in spermatogonia of the prepuberal testis, the H1.l 
mRNA remained confined to the most peripheral layer of gem cells of 20-day-old and adult 
mice. In contrast to the HI. 1 mRNA, the H1.l protein persisted in the germ cell chromatin with 
decreasing concentration throughout meiosis and in postmeiotic cells. The somatic histones 
are fust replaced by H1.l and H1.2 in the spermatogonial stage where they are most abundant 
accounting of about 80% of HI. These two histones are then replaced by the testis-specific 
histone Hlt  in the primary spermatocytes stage where it constitutes about 60% of the H1 
complement in late pachytene spermatocytes. 

Yan et al., (2003) identified a spermatid-specific linker histone H1-like protein (termed 
HILS 1) in the mouse and human. Both mouse and human HILS1 genes are located in intron 8 
ofthe alpha-sarcoglycan genes. HILSl is highly expressed in nuclei of elongating and elongated 
spermatids (steps 9-1 5). The HILS 1 displays several biochemical properties that are similar to 
those of linker histones. Because HILS 1 is expressed in late spermatids that do not contain 
core histones, HILS 1 may participate in spermatid nuclear condensation through a mechanism 
distinct from that of linker histones. HILSl may also regulate gene transcription, DNA repair, 
and/or other chromosome processes during mammalian spermiogenesis (Yan et al., 2003) 

Functions ofhistone HI: Histone H1 participates in transcriptional regulation by stabilization 
of nucleosomes and conversion of DNA into a higher ordered structure. Recently, histone H1 
has been shown to compete with transcriptional activators as measured by in vitro competition 
for binding to specific sites on DNA. Histone H1 added to naked DNA was shown to inhibit 
transcription of a test gene flanked by binding sites for Spl, GAL4-VP16, or the GAGA factor. 
Addition of the appropriate factor was shown to counteract the H1 mediated repression. The 
results from these experiments provide evidence that histone H1 can act as a general repressor 
that can be selectively removed or depleted by specific transcriptional factors. The repressor 
function of histone H1 may not be a generalized mechanism whereby the whole chromosome 
is covered nonspecifically by H1, but occurs in specific localized regions (Croston et al., 1991; 
c/r Wolfe et al., 1999). Although assumed to mediate chromatin condensation, Hlt binds DNA 
with lower affinity than other H1 variants, rendering it relatively more sensitive to DNase I. 
Studies leading to these conclusions [De Lucia et al, 1994; Khadake et al, 19941 provide 
compelling evidence supporting a suggestion that Hlt maintains chromatin in a relatively 
decondensed state, facilitating events such as recombination @e Lucia et al, 1994; see vanWert 
et al., 1996). 
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Fig.7.2. Nucleic acid sequence of the rat H l t  gene and the predicted amino acid sequence of ORF of Hlt. 
Underlined regions show homology with other H1 variants. Reproduced with permission from K.D.Cole et al: 
J Biol Chem 261; 7178-83: 1986 O The American Society of Biochemistry and Molecular Biology. 

7.6.2. Testis Specific Histone-1 (Hlt) 

Germinal cell histone, Hlt,  is found in most mammalian species and in most vertebrates. 
Translation of rat histone H l t  occurs exclusively in pachytene primary spermatocytes and it 
is the most abundant H1 variant in these meiotic cells. Synthesis of H l t  is dependent upon the 
steady-state level of H It mRNA. The H l t  mRNA does not accumulate in the testis before the 
spermatocytes stage. Moreover, there is no detectable H l t  mRNA in early spermatids or in 
nongerminal testis cells such as Leydig cells. Examination of enriched populations of the 
various cell types from testis showed transcriptional initiation in both the pachytene 
spermatocytes enriched fi-action. It is presumed that the testis H l t  may be essential for the 
unique chromatin structure and for the unique transcription pattern in primary spermatocytes, 
although these possibilities have not been adequately tested. However, Drabent et al(1998) 
showed that mouse H l t  gene begins to express at premeiotic stages of spermatogenesis and 
that H l t  mRNA is detectable even in spermatogonia, albeit at a low level. In contrasts to Hl t  
mRNA, the Hl t  protein has not been detected in spermatogonia (Drabent et al., 1998). However, 
the Hl t  is detected in the chromatin of mouse meiotic prophase chromosomes, only after 
synapsis and synaptonemal complex (SC) assembly is completed and before core separation 
is initiated. The H l t  protein is evenly distributed over euchromatin, heterochromatin and SC 
(Moens, 1995). 
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Mice homozygous for the mutated Hlt gene locus developed normally and showed no 
anatomic abnormalities until the adult stage. The Hl t deficient mice were fertile and reproduced 
as wild-type mice. The process of spermatogenesis and the testicular morphology remained 
unchanged in the absence of Hlt. RNase protection analysis demonstrated that H1.1, H1.2 
and H1.4 histone gene expression is enhanced during spermatogenesis in Hlt-deficient mice 
(Drabent et al, 2000; Fantz et al., 2001; Rabini et al, 2000). 

Aminoacid Sequence of Hlt: The rat Hl t gene encodes 207-amino-acid protein (excluding the 
initiating methionine) that perfectly matches with amino-acid sequence determined directly. 
The gene lacks introns and has good matches to all the consensus sequences known to lie 
upstream from a variety of H1 genes from diverse organisms. It has also the standard 
downstream palindromic sequence that specifies the 3' end of most histone messages (Cole 
et al, 1986a) (Fig. 7.2). The amino acid sequence determined for Hlt isolated from boar testes 
showed that the protein is composed of 21 1 amino acids with the composition having 3 
aspartic acids, 6 asparagines, 13 threonines, 21 serines, 7 glutamic acids, 7 glutamines, 15 
prolines, 14 glycines, 37 alanines, 11 valines, 1 methionine, 3 isoleucines, 14 leucines, 1 
tyrosine, 1 phenylalanine, 42 lysines, 15 arginines and a calculated molecular weight of 22,059 
disregarding post-translational acetylation of the amino-terminal alanine. The carboxyl-terminal 
half of Hlt is distinguished from the standard somatic family by being somewhat shorter and 
by the presence of 10 arginine residues. In contrast to many H1 proteins, the carboxy-terminal 
region of Hlt  does not show an obvious pattern of peptide repeats (Cole et al. 1984). There is 
a high degree of conservation in amino acid sequence of histone Hlt from different mammalian 
species. This is in contrast to the high degree of variability between the seven subtypes of 
Hlt, which have a lower degree of conservation than the core histones (Koppel et al, 1994). 
The Hlt, like other H1 variants, has a variable N-terminal domain, a conserved central globular 
domain, and a basic and highly variable C-terminal domain. Globular domains of H1 histones 
including H5, a variant found in nucleated erythrocytes, are evolutionarily conserved. This 
domain binds to DNA and two probable DNA binding sites have been identified [Ramakrishnan 
et al, 19931. The Hlt  globular domain may have similar DNA binding sites. 

The sequence of the f i t  108 residues of rat Hl t has been compared against boar Hlt and 
also with a consensus sequence, characteristic of standard somatic H1 variant (Cole et al, 
1986b). The two versions of Hlt share a common pattern of divergence from the standard 
somatic consensus. For example, they both share many substitutions within the H1 globular 
region (residues 40- 1 lo), a portion of the molecule that is virtually invariant among the common 
somatic variants. Within the entire region, there are 28-shared locations, where both forms of 
Hlt differ from the somatic consensus. However, identical substitutions occur at only 15 of 
these sites, and each protein also differs from the consensus at five (boar) or ten (rat) additional 
locations that are not shared. These results established that Hlt from diverse sources shows 
a characteristic pattern of divergence from the sequence of standard somatic H1 proteins 
(Cole et al, 1986b). 

Promoter of H l t  / CCTAGG element: The human Hlt gene is located on chromosome 6 
(Koppel et al., 1994). Understanding the regulation of Hlt gene is challenging since its promoter 
shares all its control elements of somatic or early spermatogenic cell H1 genes. Cis acting 
elements sufficient for regulating testis specific transcription, have been found within 2.4-kb 
upstream and 3.78-kb down stream of Hlt gene. Understanding transcriptional regulation of 
Hlt gene has been recently reviewed (Grimes et al., 2003). A unique 40-base pair promoter 
element designated Hlt/TE is essential for spermatocyte-specific expression. The HltfTE 
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Fig.7.3. Conserved promoter regions of mammalian Hl t  genes. The HltITE region is conserved in all the 
promoters. The transcription start site of rat gene is indicated by an arrow and those of rat, mouse and human 
by bold character. Reproduced with permission from S. A. Wolfe et al. Biochemistry 34; 12461-69: 1995 O 
The American Chemical Society. 

element contains three subelements designated TE2, GC-box, and TEI based on in vitro 
footprinting and electrophoretic mobility shift assays. The TEI sub-element is bound to a 
protein complex. Mutation of TE1 leads to a drop in H1 t promoter activity in germinal GC-2spd 
cells as well as in nongerminal cell lines. The rat TEI but not TE2 contains a CpG dinucleotide, 
which is methylated in liver but not in primary spermatocytes. Methylation of the cytosine at 
this site almost eliminates nuclear protein binding. Thus, there are significant functional 
differences in the TE2 and TE1 sub-elements of the Hl t  promoter with TEI serving as a 
transcriptional activator-binding site and TE2 serving as a repressor- binding site in some cell 
lines (Wilkerson et al., 2003) (Fig. 7.3). 

A unique 18-bp sequence element is present between the HIIGC box and HIICCAAT box 
seen in the rat and the human Hl t  promoters (Wolfe and Grimes, 1993). Testis nuclear proteins 
to the unique base sequence element within the Hl t  promoter showed relatively tight binding 
with an excess of homologous DNA but not with a mutated element. Testis proteins from 
prepubertal animals did not bind to the 18-bp promoter element but proteins from enriched 
populations of primary spermatocytes did bind. Therefore, the temporal correlation between 
onset of transcription of the H l t  gene and the time when the specific HIt  promoter-binding 
proteins detected in primary spermatocytes suggested that the DNA-binding proteins could 
be germinal cell-specific transcription factors that participate in the formation of an active Hl t  
transcription initiation complex. 

Transgenic mice carrying a 6.8-kb fragment of rat genomic DNA encompassing the H l t  
gene expressed rat H l t  at high levels in the testis and in no other organ examined. H l t  
fragments truncated to within 141 bp of the gene in the 5' direction or within 837 bp in the 3' 
direction retained testis specificity. Expression of rat H l t  protein was also evident in the 
testes of the transgenic mice. The stage of spermatogenesis of transgene expression was 
restricted to germinal cells in three different constructs, and H l t  (-948/+71)-lacZ fusion was 
expressed specifically in the spermatocytes and round spermatids of a transgenic line, 
confirming that sequences sufficient for correct, tissue and developmental expression lie 
within this 1019-bp segment ofthe gene (Bartell eta]., 1996). H l t  gene for the testis-specific 
linker histone did not demonstrate an intragenic activating region (IAR). While H l t  has a 
similar a sequence and did bind YY 1, it lacks the R( homologies of H l d  (Horvath et al., 2003). 

Examination of the Hl  t promoter revealed a sequence element located between the HI1 
GC box and the HIICCAAT box homologous to an element that directs the testis specific 
expression of 13-tubulin in Drosophila. The central portion of the element contains the 
palindromic sequence CCTAGG. Additionally, this palindrome is found in the human, monkey, 
and rabbit H l t  promoters in the same location. The HltICCTAGG palindrome is actually the 
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center of a large 18-19 bp element. The nucleotide sequence within this element is highly 
conserved with only two base differences being noted upon comparison of five species of 
mammals. Thus far, this element has been found only in histone Hlt  promoters. The Hltl 
CCTAGG containing sequence element currently appears to be an excellent candidate for 
interaction with a transcriptional regulatory protein. Since this element is highly conserved in 
mammalian Hlt promoters, it potentially represents a binding site for a transcriptional factor 
(Clare et al, 1997b; Wolfe et al, 1995) (Fig. 7.3). 

TE Elements: Histone Hlt genes from both Sprague-Dawley rats and humans are very similar, 
but they differ substantially from nongerminal H1 gene (Cole et al., 1986; Drabent et al., 1991; 
Wolfe and Grimes, 1993). The appearance of testis-specific nuclear proteins that bind to a 
unique promoter sequence element designated Hlt/TE located between the Hl/AC box and 
the HIICCAAT box correlates with the onset of transcription ofthe Hlt and H4t genes during 
the meiotic cell cycle. In order to determine whether sequences flanking the rat Hlt gene are 
sufficient to confer tissue-specific expression in vivo, a 6859 bp EcoRI restriction fragment of 
genomic DNA containing the rat histone Hlt gene was microinjected into mouse embryos. 
The descendent of resulting transgenic mice expressed the rat gene in proper tissue and at 
proper meiotic cell cycle stage. The appearance of appropriate meiotic cell cycle-specific 
transcription indicated the importance of the conserved promoter sequence elements between 
the two species (vanWert et al., 1995 ; Bartellet al., 1996).The Results &om transgenic mice in 
other experiment showed that the truncated form of 6859 bp rat genomic Eco R1 shortened Hlt 
promoters extending 210 bp upstream from Hlt gene ATG start codon, was sufficient to 
generate high levels of rat Hlt  mRNA in testis oftransgenic mice. But northern blots failed to 
detect rat Hlt mRNA in other tissues (Bartell et al, 1996). 

Comparison of DNA sequences of human, monkey, mouse and rat revealed the presence 
of almost identical sequences in the proximal promoter region extending from the Hl/AC box 
through the TATAA box. In addition to conserved elements common to replication-dependent 
H1 promoters, the Hlt promoter contains a unique TE element, and sequences within this 
element may contribute to enhanced expression of the gene in primary spermatocytes. Two 
imperfect inverted repeat sequences designated TE1 and TE2, that are located within the large 
TE element, overlap a central GC-rich region and bind specifically to nuclear proteins derived 
from primary spermatocytes where Hlt gene is transcribed. Binding activity was also present 
in spermatids. Protein interactions experiments indicated that a complex of proteins with a 
molecular mass of approximately 180 kDa binds TE1. The GC-rich region in Hlt  and in some 
replication dependent histone H1 promoters contains an Spl consensus sequence. Although 
the HltITE element that contains the GC-rich region binds nuclear proteins, it does not appear 
to bind Spl obtained from cell populations enriched in primary spermatocytes (Wolfe et al. 
1995; vanWert et al, 1996). 

Although, subtle differences are found in the Hlt promoter compared to the other HI 
promoters, lines of evidence support the hypothesis that the sequence element TE located 
within the Hlt promoter is essential for enhanced testis-specific transcription of this gene. 
Transgenic mice bearing a rat Hlt transgene, which contains a replacement of the TE element 
with stuffer DNA, failed to express rat H lt  mRNA. In addition, an upstream sequence appeared 
to function as a silencer element that leads to transcriptional repression of the Hlt  gene in 
nongerminal cells. Thus, multiple promoter elements appear to contribute to the regulation of 
Hlt gene (Grimes et al, 1997). 

When the native rat Hlt gene along with flanking sequences, including 2453 bp upstream 
and 3784 bp downstream from the coding region, was microinjected into mouse embryos, the 
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offspring of the resulting transgenic mice transcribed the transgene in a tissue specific manner 
and only in primary spermatocytes. In one study the TE promoter element was deleted and 
replaced with a heterologous stuffer DNA fragment. When the mutant rat DNA fragment was 
used to create transgenic mice, off springs of the mice bearing the promoter mutation did not 
transcribe the rat Hlt gene in any tissue. On the other hand, transcription of the rat H4t 
transgene, which is located approximately 1.5kb downstream from the Hlt  gene, occurred in 
these animals. These studies support the hypothesis that the TE element is essential for 
enhanced testis - specific transcription of the Hlt gene in primary spermatocytes (van Wert 
et al, 1998). 

Transcriptional Repression: Recently there has been a focus upon transcriptional repressors. 
RNA polymerase I1 requires a set of proteins (general transcription factors and others) to 
assemble around the start point of transcription guided in part by the TATA box (Chapter 14). 
Efficient transcription may require activator proteins, which may require additional proteins 
termed mediator components that associate with RNA polymerase 11. Eukaryotic repressors 
work at least in three ways: 1) they bind to DNA by interfering with the binding of activator. 
2) They bind with DNA alongwith activator and quench the activity of activator. 3) In third 
mechanism, repressor acts on transcription machinery. Therefore, Hl t may have multiple key 
functions during spermatogenesis. At present, it is not yet clear that histone Hlt is essential 
to the process of spermatogenesis. However, subtle changes in the H1 promoter lead to 
spermatocyte-specific regulation. Studies summarized by Grimes et a1 (1 997) have indicated 
that a sequence upstream fiom Hl t/ AC box may act as a silence element and may be involved 
in repression of transcription of Hlt gene in non-germinal cells. Clare et al(1997a) indicated 
that Hlt gene is strongly repressed by a G/C-rich region downstream of the TATA box. 

Studies with proliferating cell lines revealed several upstream elements that may contribute 
to control of testis specific histone Hlt gene transcription (Drabent and Doenecke, 1997). Hlt 
transcription as detected with reporter constructs driven by the Hlt promoter is low compared 
to transcription from somatic Hlt  constructs in cells undergoing mitosis. Low transcriptional 
activity seen with the Hlt  promoter indicated the presence of silencer elements and of 
significant differences within the proximal promoter that render HI t less efficient in interacting 
with transcriptional factors utilized by the somatic variants. Prior work suggested that regulation 
of Hlt  gene transcription during the mitotic cells cycle might be influenced by sequences 
upstream from the Hlt proximal promoter. The question that needs to be addressed is whether 
there are active mechanisms that silence transcription of Hlt  gene or they maintain its 
transcription at a low level in somatic cells. The transcription of the Hlt gene appears to be 
reduced by sequences between -1999 and 1506. But no regulatory effect could be shown for 
the H1 gene specific for TG box, 452bp upstream oftranscription start-site in the expression of 
the mouse Hlt  gene (Drabent and Doenecke, 1997). 

To assess the contribution of the upstream DNA sequence to Hlt transcription silencing 
in non-expressing cells, a set of histone Hlt-promoted reporter vectors was constructed. 
Transient transfection of mouse C1271 cells with these reporter vectors allowed Wolfe et al 
(1 999) to identify a transcriptional silencer located between 948bp and 780bp upstream from 
the Hlt transcriptional initiation site. Histone Hlt promoted luciferase activity increased 
when the region between 948 bp and 875 bp upstream from the transcriptional initiation site 
was eliminated. Addition of a 73bp rat Hlt promoter fragment (-948 to -875, containing the 5' 
portion of the silencer region) to a site immediately upstream from the histone Hlt proximal 
promoter led to significantly reduced luciferase expression upon transient transfection. Nuclear 
proteins were found to bind DNA within the H15 silencer region when assayed by in vitro 
DNase 1 foot printing. Thus inactive transcriptional silencer mechanism involving a specific 
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and autonomous Hl t promoter element (nt -9481-875) may be operative to minimize expression 
of the Hl t gene in non-testicular cells. Further examination of nuclear binding protein to this 
DNA regulatory region by EMSA using extracts revealed that n~n-eqress&~ cells might 
contain proteins that repress Hlt gene transcription (Wolfe and Grimes, 1999). 

Hlt promoter shares all of the recognized control elements with somatic H1 genes. To 
investigate the mechanism of this apparent repression, inhibitory sequences were located 
immediately downstream of the TATA box in Hlt gene. A series of deletions and short 
oligonuclotide mutations, scanned across the region between the TATA box and cap site, 
identified two tracts of C (GC box 2) as the inhibitory sequences. While both Spl and Sp3 
bind to this region weakly in vitro and may not be responsible for the inhibitory effect of GC 
box 2, additional binding proteins (CTB-4 and CTB-5) were identified as better candidates for 
mediating the repressive effect. Repression of the H1 t promoter was relieved by mutation of 
GC box 2, whereas additional mutations in GC box 1 upstream ofthe CAAT box led to a large 
decrease in activity. This indicated that these two GIC-rich elements, GC Box IIGC Box 2, have 
opposite effects on promoter activity of Hl (Grimes et al, 1992; Wolfe et al, 1995; Clare et al, 
1997). GC-box is a consensus site for binding of Sp transcription-factors family members 
among which Sp1 and Sp3 are present in testis of 9-day-old and adult rats and in pachytene 
primary spermatocytes and early spermatids. A 95- to 105-kDa form of Spl is most abundant 
in the tissues and cell lines examined, but a 60-kDa form of Spl is the most abundant species 
in spermatocytes and early spermatids. Sp 1 and Sp3 &om adult testis, primary spermatocytes, 
and early spermatids can bind to the HltlTE element. Thus Sp transcription factors might be 
involved in transcription of the Hlt gene and the GC-box and the TEI sibelement are required 
for activation of the Hlt  promoter (Wilkerson et al., 2002). 

This supports that multiple mechanisms are involved in transcriptional repression of the 
Hlt gene in other cell types. 1) Transcriptional repression of Hlt gene is mediated in part by 
specific proximal and distal promoter elements, and 2) in some cell types by methylation of 
CpG dinucleotides within the promoter. A distal promoter element located between 948 and 
780 bp upstream from the transcription initiation site and a GC-rich region between the TATA 
box and transcription initiation site are known to contribute to repression. In addtion, 
transcriptional repression of the histone Hlt gene is regulated by an element within the 
proximal promoter. This element was designated Hlt promoter repressor element (RE) located 
between -130 and -106 bp. Transcriptional repression mediated by the RE element in NIH 3T3 
cells differs significantly from the mechanism mediated by the GC-rich region. Furthermore, 
binding proteins that form the RE complex are not present in rat testis where the gene is 
actively transcribed (Wolfe and Grimes, 2003). 

7.7. HISTONES IN CHROMOSOME ASSEMBLY 

Phosphorylation of Histones: During mitosis, the relaxed interphase chromatin undergoes 
dramatic changes resulting in the formation of highly condensed mitotic chromosomes. 
Though the process of chromosome assembly is still poorly understood, the SMC (structural 
maintenance of chromosomes) family proteins seem to play an essential role in chromosome 
condensation. The SMC proteins exist in the form of two high molecular weight complexes (8s 
and 13S), termed condensins. The 13s condensin, phosphorylated by Cdc2 in vitro, seems to 
be responsible for the triggering of chromosome condensation. Chromosome assembly is 
also accompanied by phosphorylation of histones H1 and H3. Linker histone H1 is highly 
phoshyorylated at the beginning of mitosis in cells in culture and is rapidly dephosphorylated 
after anaphase, suggesting a role for these modifications in chromosome condensation. 
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However, other experiments showed that the absence of linker histones does not affect either 
chromosome condensation or nuclear assembly, thus arguing against a role for histone H1 
hyperphosphorylation in these processes. On the contrary, histone H3-SerlO phosphorylation 
is tightly correlated with chromosome condensation during both mitosis and meiosis. In 
addition, this modification of histone H3 seems to be required for the initiation but not the 
maintenance of the chromosome condensed state. It was also shown that H3-SerlO 
phosphorylation is linked to chromosome condensation and segregation in vivo and is required 
for proper chromosome dynamics (Wei et al., 1999). The mRNAs encoding the testis specific 
histone TH2B show temporal expression with the phosphoprotein p19 and the transition 
proteins TP 1 and TP2 during pubertal development and throughout the spermatogenic cycle 
ofrat (Marret et al.. 1998). 

An important contribution to study chromosome assembly was made by the use of mitotic 
extracts isolated from Xenopus eggs: incubation of demembranated Xenpous sperm nuclei or 
somatic nuclei in such extracts resulted in the assembly of mitotic chromosomes. These in 
vitro assembled-chromosomes exhibited identical ph&al properties to those of native 
chromosomes (Houchmandzadeh and Dimitrov, 1999). The use of mitotic extracts demonstrated 
that topoisomerase I1 is required for assembly and condensation, but not for structural 
maintenance of mitotic chromosomes. Both SMC proteins and topoisomerase I1 interact with 
DNA: 13s condensin and inducing an ATP-dependent positive supercoiling in closed circular 
DNA. 

Histone Tails: In another study (reviewed in de la Barre et al., 2000), the effect ofhistones was 
investigated on the interactions of SMC protein and topoisomerass I1 with nucleosomal DNA 
keeping in mind that the nucleosome is composed of two superhelical turns of DNA wrapped 
around an octamer of core histones consisting of two each H2A, H2B, H3 and H4. The 
structure of the histone octamer determined by X-ray crystallography represents a tripartite 
assembly with a centrally located (q-H,) tetramer, flanked by H2A-H2B dimers. All four 
histones within the octamer consist of an elongated folded domain (the 'histone-fold') and 
extremely located N-terminal tails with a large number of positively charged residues. The N- 
terminal tails are highly flexible and they contain the sites for different histone post-translational 
modifications (Luger and Richmond, 1998). The tails are found to be active players in numerous 
vital functions in eukaryotic cells. For example, acetylation of the tails seems to be involved in 
transcriptional regulation. It was also shown that the N-terminal tails interact with repressor 
proteins and that they are essential for the assembly of specific protein complexes required 
for the establishment of chromatin silencing. Moreover, acetylation at specific tail lysines is 
involved in chromatin assembly in vivo. The histone tails also seem to be implicated in 
nucleosome positioning in some yeast gene promoter. Evidence has been presented that 
shows that flexible histone tails are essential players in the chromosome condensation process. 
Based on these results it has also been shown that chromosome assembly is correlated with 
phosphorylation of histone H3 at SerlO by a specific kinase, which is involved in chromosome 
assembly (reviewed in de la Barre et al., 2000). De la Barre (2000) studied the role of core 
histone tails in the assembly of mitotic chromosome. Incubation of sperm nuclei in the Xenopus 
egg extracts led to the formation of mitotic chromosomes, a process, which correlated with 
phosphorylation of the N-terminal tail of histone H3 at SerlO. When the extracts were 
supplemented with H1 depleted oligosomes, they were not able to assemble chromosomes. 
Selective elimination of oligosome histone tails by trypsin digestion resulted in dramatic 
decrease in their ability to inhibit chromosome condensation. The chromosome assembly was 
also inhibited by each of the histone tails with differing efficiency. In addition, it was found 
that nucleosomes were recruiting through the flexible histone tails some chromosome assembly 
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factors, different from topoisomerase I1 and 13s condensin. Thus it was demonstrated that 
histone tails play an essential role in chromosome assembly. Evidence indicates that the 
nucleosomes, through physical association, were able to deplete the extracts from the kinase 
phosphorylating histone H3 at SerlO, suggesting the role of a kinase in chromosome 
condensation (de le Barre et al., 2000). 

Although much is not known regarding the levels of ubiquitinated histones during mammalian 
spermatogenesis, studies in other vertebrate groups have established that they vary during 
development. In the rooster, the levels of uH2A increase markedly from ari undetectable level 
in pachytene spermatocytes to the highest level in late spermatids, just before the histones 
are replaced by protarnines. In contrast, the level of uH2A remains unchanged from early to 
late stage germ cells in trout testes, whereas there is a decline in uH2B and an increase in 
u2H2B (deubiquitinated form). The major role for ubiquitination in cells is the targeting of 
proteins for degradation by polyubiquitination. In contrast, some proteins, particularly the 
histones H2A and H2B are often mono-ubiquitinated, which appear to be involved in processes 
other than degradation. The role of histone mono-ubiquitination is currently not clear, but it 
has been shown that uH2A and uH2B are associated with transcriptionally active chromatin. 
Mono-and polyubiquitinated H2A and H2B were more readily dissociated from chromatin by 
salt, indicating that they destabilize the nucleosome. Because of potential role of histone 
ubiquitination in altering chromatin structure, Chen et a1 (1998) characterized the levels of 
ubiquitination of specific histones in meiotic and postmeiotic germ cells in rat testes and 
observed that the levels of the major ubiquitinated histone forms, mono and poly-ubiquitinated 
H2A, were highest in the pachytene spermatocyte stage, declined or undectable thereafter 
through the round spermatid stage, and reached their lowest levels with increase in elongating 
spermatids. Three additional ubiquitinated histone species, besides H2A in the fkaction enriched 
in elongating spermatids corresponded to uH3, uTH3, and uH2B. From these studies, it was 
speculated that ubiquitination of histones could loosen the nucleosome structure in preparation 
for histone removal, be a consequence of nucelosome relaxation or disruption caused by 
other means, or target H3 for degradation (Chen et al, 1998) (Chapter 3 1). In the HR6B knockout 
mice lacking ubiquitin enzyme, an overt defect in the overall pattern of histone ubiquitination 
was not detected. The most intense uH2A signal in pachytene spermatocytes was detected in 
the sex body that contains the heterochromatic X and Y-chromosomes. The postmeiotic 
uH2A immunoexpression in elongating spermatids indicated that nucleosome destabilization 
induced by histone ubiquitination might play a facilitating role during histone to protarnine 
replacement (Barrends et al, 1999). 

7.9. TRANSITION PROTEINS 

Transition proteins (TPs) are basic proteins, which participate in remodeling of chromatin by 
replacement of histones during spermiogenesis. The transition proteins TPl and TP2 are the 
most abundant basic transition proteins, which alongwith their genes have been studied in 
more details. The genes of TPl and TP2 are transcribed and their mRNAs accumulate in early 
spermatids (steps 1-8) but the mRNAs are not translated until about step 9 when the TP 
proteins begin to accumulate (Hecht, 1989; Kistler, 1989). Although other TPs exist, TP1 and 
TP2 are the predominant ones found in the nuclei of rodent spermatids. The TPl, a 6.2-kDa 
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protein, consists of -20% arginine and 20% lysine and lacks cysteine. The TP2, a 13-kDa 
protein, consists of -10% each arginine and lysine and 5% cysteine. TPl is expressed 
abundantly in most mammals and is highly conserved showing cDNA nucleotide and amino 
acid sequence homologies of 90% across species. The TPs in the rat constitute >90% of basic 
chromosomal protein of spermatid nuclei. A cDNA clone for the smallest TP1 showed that its 
message first appears postmeiotically in late round spermatids. The message remains 
translationally inactive for some 3-4 days before translation occurs in early elongating 
spermatids. While translationally repressed, TP1 message is nonpolysomal and has a discrete 
size of about 590 bases, including a 140-residue poly (A) tail. In colltrast, polysome-associated 
message is of heterogeneous size due to variability of poly (A) lengths (Heidaran and Kistler, 
1987). Sequential expression of nucleoproteins during spermiogenesis has been studied (Kistler 
et al, 1996; Oko et al, 1996 Steger et al, 1998; Siff?oi et al, 1999). Transition protein 2 was the 
first to appear as a faint band at stages IX-XI, followed by high levels at stages XII-XIV of the 
cycle. TP1 showed a low expression at stage XI1 of the cycle and peaked at stages XIII-1, 
whereas protamine 1 frst appeared at stage 1 of the cycle and remained high throughout the 
rest of the spermiogenesis. It appeared that TP2 is the first nucleoprotein that replaces histones 
from the spermatid nucleus, and its appearance is associated with the onset of nuclear 
elongation. The TP1 shows up along with the compaction of the chromatin. Thus, the two 
transition proteins seem to have distinct roles during transformation of the nuclei and 
compaction of spermatid DNA (Kistler et al, 1996; Oko et al, 1996). 

Transition protein-2 (TP2), which is expressed during stages 12-15 of mammalian 
spermiogenesis, undergoes phosphorylation immediately after its synthesis. The TP2 is 
phosphorylated in vitro at threonine 10 1 and serine 109 by spermatid nuclei with the help of 
sperm-specific isoform of protein kinase A (Cs-PKA). The Cs-PKA was present in the haploid 
spermatids and absent from premeiotic germ cells. The sequence of rat Cs-PKA at the N 
terminus differs from mouse and human by one amino acid. The cytoplasmic factors and ATP 
are absolute requirements for translocation of TP2 into the nucleus. Phosphorylation up- 
regulates the NLS dependent import of TP2 into the nucleus (Ullas and Rao, 2003). 

In vitro, TPl decreases the melting temperature of DNA and relaxes the DNA in 
nucleosomal core particles, which led to the proposal that TPl reduces the interaction of 
DNA with the nucleosome core. In contrast, TP2 increases the melting temperature of DNA 
and compacts the DNA in nucleosomal cores, suggesting that it is a DNA-condensing protein. 
These apparently distinct functions of TPl and TP2, as well as the absence of TPl in human 
with spermatid arrest, suggest that TP1 is essential for histone displacement and other aspects 
of spermatid development. These predictions were tested in mice lacking TP1 protein generated 
by targeted deletion of the TP1 gene in embryonic stem (ES) cells. Surprisingly, testis weights 
and sperm production were normal in the mutant mice, and only subtle abnormalities were 
observed in sperm morphology. Electron microscopy revealed large rod-like structures in the 
chromatin and mutant step 13 spermatids, in contrast to the fme chromatin fibrils observed in 
wild type. Steps 12-13 spermatid nuclei from the testis of Tpl-null mice contained, in place of 
TP1, elevated levels of TP2 and some Prm2 precursor. Most of the precursor was processed to 
mature Prm2, but high levels of incompletely processed forms remained in epididymal 
spermatozoa. Sperm motility was reduced severely, and -60% of Tp-1 null males were infertile. 
Thus, TPl is not essential histone displacement or chromatin condensation. The absence of 
TPl may partially be compensated for by TP2 and Prm2 precursor, but this deregulation of 
nucleoprotein replacement results in an abnormal pattern of chromatin condensation and in 
reduced fertility (Yu et al., 2000). These observations opened new suggestions aimed at the 
identification of conserved upstream sequence elements required for testis-specific 
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transcriptional activation. The report by Caron et a1 suggests a repair role for TP-1 in DNA 
single-strand breaks (sSB) both in vivo and in vitro. The sSB may be the consequence of 
topoisomerase I1 activity present in spermatids. Essentially, the basic TP-1 has the ability to 
interact with the phosphate groups of the disrupted single-strand DNA and enables a still 
unknown ligase to repair the gap. This TP-1DNA interaction is facilitated by a loss of the 
supercoiled nature of DNA. Chromatin condensation can proceed once the repair is completed. 
This is supported by the observation that chromatin condensation is abnormal in TP1 null 
mice Eierszenbaum. 2001). 

During human and mouse spermiogenesis, the transition proteins (TPs) are replaced by 
two protamines, protamine 1 (Prml) and protamine 2 (Prm2). Whereas Prml is synthesized as 
a mature protein, Prm2 is synthesized as the precursor. In mouse, mature Prm2 of 63 residues 
is derived from the precursor, pPrm2, of 106 residues by sequential proteolyses that produces 
at least six identifiable intermediates. The genomic loci for the protamines are found in the 
same gene cluster as TP2 in all mammals examined, suggesting some functional relationship 
among three proteins. The TPl, however, is on a separate chromosome and is not clearly 
related to the other three proteins. Steger et al(1998) studied the sequential expression of Hlt 
and the TPl and TP2 during human spermatogenesis. While TP-1 mRNA was present in 
spermatids from step 2 to early step 4, the TPl protein occurred, with temporal delay, in the 
nuclei of step 3 and step 4 spermatids. The TP2 protein was observed in the nuclei of spermatids 
from step 1 to step 5. Since the TP 1 protein appeared with temporal delay, it could be assumed 
that the corresponding TP- 1 mRNA is translationally delayed (Steger et al, 1998). Sifioi et a1 
(1999) showed that, at the end of spermatid elongation phase, the disappearance of TP1 and 
Prm 1 transcripts may be related to the transcriptional activity while the deposition of transition 
proteins and protamines occurs successively within spermatid nuclei. Thus, TPs may be 
implicated in arrest of transcriptional activity at mid-spermiogenesis besides their role in 
histone to protamine replacement such as replacement of Prml and Prm2, Prm3 and Prm4 (c/r 
SifEoi et al, 1999). Studies on the gene expression of Hlt, CREM, and TPl in testicular biopsies 
fkom men with normal spermatogenesis and with round spermatid maturation arrest indicated 
that TP 1 is an important parameter in the histone to protamine exchange and in the initiation 
of spermatid elongation. The CREM is involved in the regulation of TP1 gene expression and 
consequently plays a vital role in the correct differentiation step from round spermatids to 
mature spermatozoa (Steger et al, 1999). 

Reinhart et al (1991) studied the nucleotide sequence and organization of the gene for 
TP2. The Tp2 gene, isolated fiom a bull cosmid library, was found to contain a single intron of 
910 bp. The coding sequence consists of 390 bp and has a similarity of about 70% to that of 
the TP2 c-DNA of mouse and rat. On amino-acid sequences basis, the bull TP-2 is 14 and 15 
amino acids longer than that of mouse and rat, respectively, with 4 2 4 %  similarity between 
bull and rodents. However, the evolutionary divergence does not occur at the cost of basic 
amino acids, which are of functional importance in DNA-protein interaction in the condensing 
spermatid nucleus. The TP2 gene is closely linked to the protamine genes in the bull genome 
(Reinhart, et al 1991). Nayemia and colleagues pursued the identification of the regulatory 
region of TP-2 directing the expression of the CAT reporter gene in spermatids. They fmd that 
a 525-bp stretch of the 5'-flanking sequence of rat TP-2 gene regulates CAT gene expression 
in round spermatids and that the translation ofthe mRNA is delayed by 6 days. This temporal 
expression pattern is similar to that reported for TP-2 during spermatogenesis. 

TP-DNA Interaction: The apparent association constant for binding of TP2 to these nucleic 
acids was found to be 1.63. Thermal denaturation studies of calf thymus DNA and its complexes 



Chromosomal Basic Proteins 155 

with TP2 showed that at ImMNaCI, TP2 shifted the Tm fiom 53' C to 62-67' C while at 60 mM 
NaC1, the Tm shifted fiom 72 to 78'C - suggesting that TP2 is a DNA stabilizing protein. 
Circular dichroism studies of TPl-DNA and TP2-DNA complexes revealed that TP2 has a 
better DNA condensing property than TP1 (Bhaskaran and Rao, 1990). Rat TP1, having 
higher affmity for single-stranded DNA, induces local melting of DNA. Rat TP2 with two 
possible zinc finger motifs prefers and stabilizes a GC-rich sequence, a phenomenon, which is 
zinc-dependent. The transition in nuclear proteins requires changes of activities of topology- 
modifjmg enzymes such as topoisomerase 11. The testis-specific high-mobility-group protein 
fiom mouse late spermatids has been reported to be a DNA-packaging factor that can modulate 
the activity oftopoisomerase I (clr Akama et al, 1999). Akama et al (1999 clr Akamaet al, 2000) 
developed methods for isolating intact boar TP1-4, and reported that boar TPl and TP3, 
having higher affinity for single-stranded DNA, and boar TP4, having higher affinity for 
double-stranded DNA, are DNA-melting proteins, mediated thrmgh the stacking of Tyr-32, 
Trp-18 and Trp- 126 with nucleic acid bases, respectively. 

7.10. PROTAMINES 

7.10.1. Characterization and Functions 

The nuclear compaction of the sperm nucleus during spermiogenesis involves the sequential 
replacement of histones by transition proteins and then by protamines. These chromation 
changes contribute to the cessation of transcription in the maturing spermatids. Since 
transcription of the two mouse protamine genes is temporally coordinated it is likely that 
similar sequences in the 5'-flanking regions of the protamine genes participate in their regulation 
(Yiu et al, 1997). Protamines (Prms) are small, arginine-rich proteins expressed only during the 
postmeiotic stages of spermatogenesis. In most mammals there are two distinct protamine 
(Prm) proteins and two corresponding Prm genes (Hecht, 1989). In rats both Prm genes are 
expressed in appropriate amount but protamine 2 does not accumulate in rat spermatids 
(Hecht, 1989). Protamine-2 in mouse and other mammals is translated as a precursor molecule 
requiring post-translational processing. The absence of mature rat Prm2 protein in spermatozoa 
may partly be due to a reduced level of Prm2 precursor mRNA and perhaps also due to the 
inability of the rat testis to process Prm2 precursor protein completely. These proteins have 
been isolated fiom large number of vertebrates including fish, domestic fowl and several 
mammals. Prms associate ultimately with DNA through transition of several nuclear basic 
proteins including somatic histones, testis-specific histones and spermicidal basic proteins. 
Thereafter, the cysteine residues in the nucleoprotamine complex are completely cross-linked 
to form a tight network structure during transit of spermatozoa in epididymis. 

By the criterion of protein gel electrophoresis, the spermatozoci of most mammals have 
only one protamine. Exceptions are the mouse and hamster, those have two Prms, while the 
humans have four Prms. Prm2 is the main component of proteins composed of Prm2, Prm3 and 
Prm4, which differ only by an amino terminal extension of one to four residues. Prml, P d ,  
Prm3, and Prm4, have 50,57,54 and 58 amino acids respectively. The amount of Prm 2 in 
spermatozoa varies fiom about 70% of the protamine in the mouse to an undetectable level by 
gel electrophoresis in the rat and most other mammals. Although the reason for this variability 
is not understood, apparently there is much flexibility in the number and/or type of proteins 
needed to compact the DNA in sperm. The genes for the mouse and human protamines are 
closely linked and present as single copy gene on chromosome 7 and 16 respectively. 
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Fig.7.4. Nucleotide and corresponding amino acid sequences of the cDNA of mouse Prml and Prm2. The 
deduced amino acid sequence is presented above the nucleotide triplets. Amino acids are numbered beginning 
with alanine for for Prml and valine for Prm2 because methionine does not appear at the amino terminus of 
protamines. The termination codon, TAG for Prml and TAA for Prm2, are denoted by asterisks. The 
canonical hexanucleotide, AATAAA, is underlined. Reproduced with permission from N.B.Hechet: In: Cellular 
and Molecular Events in Spermiogenesis, 1989 O WHO 

Intermediate basic proteins HPI-1 and HPI-2 are common precurssors of Prm2 protamine 
family. These proteins are synthesized in large amounts in human spermatids during elongation 
phase and disappear almost totally in mature spermatids when deposition of protarnines is 
completed in condensed nuclei (Prigent et al, 1998). 

Ontogeny: During spermiogenesis, round spermatids morphologically differentiate into mature 
spermatozoa. The protamine gene in the bull is postmeiotically expressed and the mRNA is 
synthesized as a 680 nt long molecule (Lee et al., 1987). Protamine transcripts of 0.6-kb and 
90.9-kb in lengths for Prml and Prm2, respectively, were detected only in testicular RNA. 
When cDNA clones from boar (BPrm-1 and BPrm-2) were used for hybridization experiments 
with the testicular RNA of those mammalian species, which lack protarnine 2 in their 
spermatozoa, the presence of transcripts for both protamines was detected. Protarnines were 
not observed in association with spermatogonia, spermatocytes, Sertoli cells, or interstitial 
cells. Thus, the human Prml and Prm2 transcripts are expressed postmeiotically in round and 
elongating spermatids. (Wykes et al, 1995). The genes for these basic nuclear proteins exist as 
a single linear array of Prml, Prm2, and also TP2 on human chromosome 16p 13.2. 

Characterization: The Prml has a molecular weight of 7400 and is characterized by the 
presence of arginine, cysteine, lysine, and tyrosine. By contrast, Prm2 is unusual in containing 
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an abundance of arginine, histidine, lysine, and cysteine, but no tyrosine. The primary structure 
of Prm2 with a molecular weight of 8841-Da contains 62 amino acids and includes six clusters 
of arginine and histidine, distributed throughout the polypeptide, each ranging from five to 
eight amino acids in length. Sequence comparisons of mouse and human protamines revealed 
greater homology between human Prm2 and mouse Prm2 than within the Prml family from the 
two mammalian species. The Prm2 family proteins are synthesized as a larger precursors 
having between 66 and 101 residues from a single copy gene present on chromosome 16 in 
humans and processed to matured form of the polypeptide within the condensing spermatids 
nucleus (Alimi et al., 1993). In mouse, Prm2 is synthesized as a precursor of 106 aminoacids, 
which finally matures into 63 amino acid protein found in sperm (Fig.7.4). It has been 
demonstrated that the bull, boar and rat lack Prm2 in the sperm nucleus but still contain the 
Prm2 gene in their respective genomes. The lack of Prm2 in the boar and bull has been 
attributed to mutations in their genes. However, evidence for the presence of Prm2 precursors 
in the mature rat sperm has been presented (Bunick et al., 1990; Dominjoud et al., 1990). 

Complete amino acid sequences for members of the Prml family have been determined for 
bulls, boars, rams, and humans and based on cDNA sequencing, sequence for mouse Prml 
has been predicted. Primary sequences for members of the Prm2 family have been determined 
for human by protein sequencing and for mouse by cDNA sequencing. The Prml s from these 
mammalian species have proven to be comparable in length (50 amino acids), each consisting 
of a central core of three arginine clusters and the less basic amino and carboxyl-terminal 
regions.The protamines of mouse, bull, and boar are organized into three domains, a central 
highly basic core consisting of clusters of arginines and two less basic regions at the amino 
and carboy termini. The conserved domains of arginine are considered to interact tightly 
with DNA to yield highly condensed nucleoprotamine, with the cysteine groups stabilizing 
the complex through the formation of covalent disulfide bonds. The amino acid sequence of 
boar protarnine is given as: 

Both Pnns shared 80% homology between boar and bull protamines. The 404-bp cDNA 
encoding the cysteine-rich tyrosine-containing mouse Prml encodes a polypeptide of 50 
amino acids ofwhich 28 are arginine, 9 are cysteine, and 3 are tyrosine. The insert contains the 
complete 3'non-coding region of 15 1 bases and most of the S'noncoding region. The predicted 
amino acid sequence of mouse Prml is about 80% homologous to boar Prm and 67% 
homologous to bull Prm and contains the central, highly basic domain of four arginine clusters 
found in the trout protamines (Kleene et al, 1985). From the kinetics of DNA condensation and 
decondensation by Prml and synthetic peptides corresponding to specific segments of the 
bull PrmI DNA binding domain, it appeared that the number of clustered arginine residues 
present in the DNA binding domain is the most important factor affecting the condensation 
and stability of the DNA-protarnine complex prior to the formation of inter-protamine disulfide 
cross-links. The use of Arg, rather than Lys residues, and the inclusion of Tyr or Phe residues 
in the hinge regions between anchoring domains provide additional stability to the complex. 

7.10.2.Protamine Genes 

Protarnine Genes: The first initiation codon (AUG) is located 78 bases from the S'end of Prm- 
1 and appears in the context of a sequence (GCACCAUGG) that closely matches the consensus 
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sequence (CCA/GCCAUGG) for initiation of protein synthesis in eukaryotes. Mouse Prml, a 
polypeptide of about 55 amino acids contains 4 tyrosines, 9 cysteines and no histidine, 
whereas mouse Prm2, a polypeptide of 65 amino acids includes 12 histidines, 3 cysteines, and 
no tyrosines. The predicted amino acid composition of the protarnine encoded by mouse 
Prml agrees almost perfectly well with the composition of protamine 1 in the number of 
arginine (28 vs 32), cysteine (9 vs. 9), tyrosine (3 vs 4), serine (4 vs 4) and alanine, threonine, 
and isoleucine (1 vs 1). The 3'-untranslated sequence of mouse Prml-mRNA is 151 bases 
excluding the poly (A) tail. The total length of the 5'-untranslated sequence of the mRNA for 
protamine was deduced to contain 113 bases from the combined length of the coding and 3' 
untranslated region of mPrm-I excluding the poly (A) and the size of protamine mRNA after 
deadenylation with RNAse H, 420-307 bases. Hence, mPrml-1 lacks about 30 bases at the 5'- 
end (Bellve et al., 1988; Kleene et al, 1985). 

While comparing the rat and mouse Prm2 gene sequences, Bunick et al, (1 990) showed 
that rat gene sequence encompasses 435 nt of the coding region, which includes an intron of 
120 nt, 461nt 5' to the coding sequence and 181 bases 3' to it. In the mouse the Prm2 gene is 
abundantly transcribed and translated. There are two deletions of 38 and 20 nt in length and 
three insertions of 8,13 and 6 nt in length in the rat rPrm2 gene. The mPrm2 protein is initially 
synthesized as a precursor and then proteolytically processed to yield the mature protein. In 
contrast, the rat Prm2 transcripts are present at 2-5% that found in the mouse. The mature 
protein was not detected in rat spermatozoa. Although there is 92% nucleotide similarity 
between rat and mouse genes and 9 1% similarity of the predicted amino acids sequences, the 
rPrm2 promoter was only 30% as efficient as the mPrm2 promoter. Analyses of total sperm 
basic nuclear proteins using a monoclonal antibody specific for Prm2 suggested that the rat 
Prm2 mRNA is translated in vivo but is not properly processed. 

Each of the human Prml and Prm2 genes contains a single intron consisting of 91 and 
163bp, respectively. The 5'-noncoding region ofPrml contained 664 bp, while the 5'-noncoding 
region of Prm2 showed 902bp. Both genes possess typical TATAA and CAAT boxes at 
conventional distances from the transcription start points, which could be assigned to 
nucleotides -91 and -110 for Prml and Prm2 genes, respectively. Comparison of the 5'- 
noncoding region of Prml and Prm2 genes reveals 12 different motifs in common, 8 of which 
are clustered in both genes and could reflect regulatory elements for testis-and spermatid- 
specific gene expression. Both human genes are found to be clustered at a distance of 4.8 kb. 
Comparison of the genomic organization of human and mouse protamine genes revealed 
greater similarities between the two in the 5'- noncoding region (Domenjoud et al, 1990). 

Choudhary et a1 (1 995), addressed the mechanism governing transcriptional potentiation, 
of a region of approximately 40kb of the human genome encompassing Prm(s) genes. The 
region containing these genes was introduced into the germ line of mice. In situ hybridization 
and Southern analysis showed that this segment of the human genome integrated into 
independent chromosomal sites while maintaining its fidelity. The expression of the 
endogenous mouse protamine Prml and Prm2 genes as well as the mouse, TP2 gene were 
expressed along with their human transgene counterparts. In sperm the human Prml + Prm2 + TNP2 genomic domain was contained as 28.5-kb contiguous segment bounded by an array 
of nuclear matrix associated topoisomerase I1 consensus sites. 

Cis-acting Elements: Protarnine gene expression may be controlled at many levels. To identify 
cis-acting sequences that regulate the stage and cell-specific expression of the two coordinately 
regulated protamine genes in the mouse, the nucleotide sequences of the 5'- flanking regions 
and coding regions were compared. Unlike most histone genes and the multigene family of 
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trout protamine genes, which are intronless, each mouse protamine gene has a single, short 
intervening sequence. Although the coding regions do not share significant nucleotide 
homology, the 5'-flanking regions contain several short homologous sequences that may be 
involved in gene regulation. An additional shared sequence is present in the 3'-untranslated 
region surrounding the poly (A) additional signal in both genes. 

Johnson et a1 (199 1) identified short nucleotide sequences, which are present in the mouse 
Prml and Prm2 and other testes specific genes, which may be necessary for their testis 
specific expression.The genes for these two protamines are coordinately regulated and are 
transcribed only in the round spermatids. The poly (A) tails of both mRNAs are shortened, 
concurrent with their appearance on polysomes. Specific fragments of the 5'-flanking regions 
of both the mPrml and mPrm2 genes were shown to be sufficient to confer testis-specific 
expression on marker genes in transgenic mice. The nucleotide sequences of these 5'-flanking 
regions contain several shared sequences, which were called the X, A, F, C, D, E and B boxes. 

In order to detect regulatory conserved DNA elements within the Prml-encoding gene 
(PI0 promoter), Queralt and Oliva (1993) have sequenced this region from the rat, guinea pig, 
gorilla, orangutan, anubis-baboon and red monkey Prml genes and compared it to the 
homologous human, bull, boar, and mouse nt sequences. Authors demonstrated the presence 
of a consensus sequence, HSMCYTCAYAAT (Prot IC: protamine 1 consensus), from nucleotide 
position -64 to position -53 in all Prml genes whose promotor sequences were known. 
Sequences similar to ProtlC are found in the promoter region of other testis-specific genes, 
such as the transition protein 1-encoding gene promoter, which is thought to have derived 
from the Prml genes. The relevance of this conserved element in the expression of Prml 
genes is strongly supported by the demonstration of a mouse testis trans-acting factor (Tet- 
1) which binds and matches, in the mouse, the fmt 11-bp of the corresponding consensus 
Prot lC sequence reported. Another highly conserved element (TGTGAGG) has also been 
identified at 203-nt upstream Erom ProtlC. The sequence forms a perfect palindrome with the 
central 7-nt of ProtlC and is absent in the homologous region of other genes. Further upstream, 
at positions -113 to -132, a third highly conserved region is present 
(MATGCCCATATWTGGRCAYG), which is similar to the c-fos SRE (serum-response element) 
and contains the central core common to all SREs. This element has not been found in the 
homologous region of other sperm-specific genes (Queralt and Oliva, 1993). 

Zambrowicz et a1 (1993) from transgenic mice concluded that a 1 13-bp region from -1 5 to 
-37 could direct spermatid-specific transcription, which has defined sequences that are 
essential for proper function. A number of ubiquitous and testis-specific proteins bind within 
this region including nuclear protein Tet-1, which binds to an 11-mer sequence at -64. Tet-1 
has been proposed to activate the transcription of mPrm 1. In vitro DNA-protein interaction, 
using rat testis nuclear extracts suggested that Tet-1 is a tissue specific trans-acting factor. 
The Tet-1 recognizing sequence was delineated to 11-mer TGACTTCATAA at position - 64. 
Tet-1 appears to be distinct from known CAMP responsive element binding factors (Tamura et 
al, 1992). Likewise, a 859-bp region of the mF9m2 gene immediately upstream of the transcription 
start site confers specific expression in round spermatids. Analyses of the mPrm2 promoter 
by in vitro transcription assays identified a potential positive regulatory region from nucleotide 
-10 to -29. Mobility shift assays of mPrm2 promoter region -140 to -23 detected the binding of 
ubiquitous and testis-specific proteins (c/r Yiu et al., 1997). 

mPrm2 Gene-Protein Interactions: Studies analyzing protein-DNA interactions within the 
proximal mPrm2 promoter have identified five protein-binding sites (Haet al, 1997). Site-1 (-64 
/ -48) contains the single core motif AGGTCA recognized by orphan nuclear receptors that are 
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believed to be important for gonadal and brain development (Enmark et al., 1995). Site-1 also 
contains a half-site of CRE that binds CREB or CREM and a sequence similar to CRE element. 
Site 2 has a putative Y-box at -83 1-72 nt that binds a family of sequence-specific DNA- 
binding proteins; one of them capable of activating germ cell-specific transcription (c/R Yiu et 
al, 1997). A testicular Y-box protein has also been shown to bind to a putative Y-box at 4891 
-478 of the mF%nL! promoter. 

The functional significance of protein-DNA instructions within 180-bp upstream of mPrm2 
was studied by mutational analysis. Deletion and mutational analyses revealed two positive 
regulatory sequences for mPrm2 transcription at positions -591-47 and -831-72 of the mPrm2 
promoter. The proximal element at -59 1 -47 binds to a testis-specific protein that was named 
protamine-activating factor- l (PAF-1). The PAF- 1 reaches high levels in round spermatids at 
the time of mPrm2 transcription. Deletion of the -591-47 sequence resulted in about a 3-fold 
reduction of mPrm2 transcription in vitro. Although the PAF-1 binding site (PAF -responsive 
element, PAF-RE) contains the sequence GTCA present in the CRE and is very similar to the 
estrogen responsive element, mobility shift assays revealed that neither the CAMP-responsive 
element modulator nor the estrogen receptor is the protein@) binding to PAF-RE. Competition 
mobility shift assays showed that the second positive regulatory element at -831 -72 binds a 
Y-box-binding protein. It suggested that the testis-specific PAF-1 and a Y-box binding protein 
are needed to activate mPnn2 transcription in postmeiotic male germ cells (Yiu et al, 1997). The 
coordinate transcription of the mouse protamine genes suggested that they might contain 
common regulatory elements responsible for their expression. 

Translational regulation ofPrm gene: The synthesis of protamines is regulated during germ 
cell development by mRNA storage in the cytoplasm of differentiating spermatids. N o  highly 
conserved sequences, the Y and H elements present in the 3'-untranslated regions (UTRs) of 
all knownmarnmalian protamine rnRNAs, form RNA-protein complexes and specifically bind a 
protein of 18-kDa. Kwon and Hecht (1 993) showed that translation of fusion rnRNAs was 
markedly repressed in reticulocyte lysates supplemented with a mouse testis extract enriched 
for the 18-kDa protein when the mRNAs contained the 3'UTR of Prm2 or Y and H elements of 
Prm2. The 18-kDa-protein is developmentally regulated in male germ cells and requires 
phosphorylation for RNA binding. It was proposed that a phosphorylated 18-kDa protein 
plays a primary role in repressing translation of mPrm2 mRNA by interaction with the highly 
conserved Y and H elements (Chapter 14). 

7.11. NATURE OF BASIC PROTEINS IN OTHER SPECIES 

During the final stages of spermatogenesis, the compaction of DNA in many organisms is 
accomplished by the replacement of histones with transition proteins TP1 and TP2 and fmally 
with a class of arginine-rich proteins called protamines. In other organisms, however, 
condensation of sperm DNA can occur with comparable efficiency in the presence of somatic- 
type histones or, alternatively, an intermediate class of proteins called protamine-like (PL) 
proteins. Lewis and Ausio (2002) proposed a model for a chromatin structure in the sperm of 
closely related species that is mediated by somatic-type histones, which are frequently found 
associated with these proteins. This structure supports the concept that the protamine-like 
(PL) proteins may represent various evolutionary steps between a sperm-specific histone HI 
precursor and true protamines. There is an unequivocal support to the notion that vertebrate 
protamines evolved from histones (Lewis et al., 2004). The S. solidissima sperm has an SNBP 
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Fig.7.5. Nucleotide and predicted amino acid sequence of a genomic clone 2B of a high molecular weight 
chromatin protein from winter flounder sperm. The translation stop site is shown by asterisk. Matches to 
HMBNP hepatapeptide and dodecapeptide repeats are underlined. The histone HI-like globular core region 
begins at residue 189 and ends at 266. Reproduced with permission from C.E. Watson and P.L. Davies: J Biol 
Chem 273; 6157-62: 1998 O The American Society of Biochemistry and Molecular Biology. 

composition in which about 80% of a PL- 1 protein coexists with 20% sperm specific histones. 
The PL-1 is HI like protein and contains cysteine. This protein is responsible for aggregation 
behaviour. The cysteine residue is located in the globular part of the protein, and is consistently 
present in PL-I proteins from sperm of other bivalve mollusks. It seems that cysteine is mainly 
present in invertebrate HI, with the exception of H5 isoform of Japanese quail (Zhang et al., 
1999). 
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7.11.1. Basic Proteins of Winter Flounder 

The winter flounder is a fish that does not replace its testis histones with protamines. On the 
contrary, it retains somatic histones throughout spermatogenesis and does not synthesize 
significant quantities of sperm- specific histone variants. Instead, this fish produces a unique 
group of high molecular mass basic nuclear proteins (HMBNPs) in mid-spermatids that are 
retained in the mature sperm, and make up - 25% of the total acid-soluble nuclear proteins. 
These HMrBNPs have Arg-, Ser-, Lys-, and Pro- repeat lengths rich in apparent molecular 
mass ranging from 80-200-kDa. They do not contain cysteine, and they have only very limited 
quantities of hydrophobic amino acids. When the HMrBNPs first appears in mid-spermatid 
nuclei they are extensively phosphorylated, approximately one in five residues is 
phosphoserine. Dephosphorylation of the HM,BNPs in late spermatids coincides with a 
major re-arrangement of the chromatin, in which'the nucleosome repeat length increases from 
195 to 220bp. A similar change in nucleosome repeat length is also seen in developing sea 
urchin sperm, where the repeat increases from 220 to 250bp, and in chicken erythrocytes, 
where it increases from 190 to 212bp. Based on their size and amino acid composition, the 
HMrBNPs do not fit into either the histone or protamine category. The HMrBNPs appear to 
have evolved fkom an extreme H1 variant that has anN-terminal tail of HMrBNP-like sequence 
linked to an H1 globular region. Based on sequences of the most abundant HMBNP cDNAs, 
and the lack of hybridization between HMBNP mRNAs and a DNA probe for the H1 globular 
region, the latter domain appears to have been lost during expansion and amplification of the 
HMrBNP-like repeats. Transcripts of the HMrBNP and Hq variant gene are present in testis 
RNAs only during the mid-spennatid stage of spermatogenesis, at the same time that HM,BNPs 
in their highly phosphorylated form first appear in the nucleus. Judging by the lack of a lag 
between HMrBNP mRNA synthesis and translation, the mRNAs for these highly basic proteins 
are not stored for any length of time. Instead, the deposition of HM-NNPs onto DNA, which 
coincides with the major reorganization and silencing of the chromatin, may be controlled by 
dephosphorylation (Watson et al, 1999). 

Although the HMrBNPs have no obvious homology to histones, protamines, or other 
sperm-specific chromatin proteins, isolation of a clone (2B) from a winter flounder establishes 
a link between the HMrBNPs and histone H1 (Watson and Davies, 1998; Eatson et al, 1999 c/ 
r Watson et al., 1999). The 2B sequence contains an open reading m e ,  which encodes a 265- 
residue protein. At its N terminus the translation product contains numerous simple repeats 
that match the oligopeptides contained within the HMrBNPs (Fig 7.5). Unexpectedly, the C 
terminus of the putative protein shows 66% identity and 76% conservation to the histone HI 
globular domain. This connection suggests that the HMrBNPs may have originated from the 
extended N-terminal tail region of a testis- specific, HI-like linker histone (Watson and Davies, 
1998). 
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Chapter 8 

MICROTUBULES 

8.1. INTRODUCTION 

Microtubules (MT) in eukaryotes are made on a common frame-work. They are about 25 nm in 
diameter and appear as hollow cylinders with a central lumen of about 15 nm in width. The wall 
of the microtubule is formed ftom a circle of subunits, each 4 nm in diameter and 8 nm long. 
Microtubules have specific functions in the mitotic and meiotic spindle, in the centriole, in the 
manchette and flagellar axoneme of spermatozoa, in secretion and transport in many cell types 
and may act as tracks for vesicles and organelle transport. Microtubules interact with force- 
generating proteins to generate a variety of intracellular movements, including intracellular 
particle transport, ciliary-flagellar beating, and chromosome-spindle movements during mitosis- 
meiosis. The core of the eukaryotic flagellum is the axoneme, a complex motile organelle 
composed of approximately 200 different polypeptides. The most prominent components of 
the axoneme are the central pair and nine outer doublet microtubules. Each doublet microtubule 
contains an A and a B tubule; these are composed, respectively, of 13 and 10-1 1 protofilaments. 
Microtubules are assembled from heterodimers of two closely related proteins called a- and P- 
tubulins along with microtubules-associated proteins such as tektins. Each a and P subunit, 
in a- and P-tubulins contains a dynein binding domain located near the C-termini of their 
respective tubulin subunits. Blocking either a and P tubulin binding domains of dynein 
attenuates motility in demembranated sea urchin sperm up to 50% whereas blocking of both 
a-and P-tubulin binding domains on dynein produces greater decrease in motility. Among the 
most interesting proteins associated with microtubules are the energy-transducing ATPases, 
known as dyneins, which act as microtubule motors. These motor proteins, which are able to 
produce sliding between adjacent microtubules as well as transport of cytoplasmic particles 
along a single microtubule, occur widely in many types of cells. Flagellar dynein binds to both 
subunits of the MT polymer, a-and P-tubulins, although the two subunits appear to contribute 
equivalent, but hctionally separate roles to flagellar motility (Goldsmith et al., 1995). 

The direction of movement on microtubules is determined by their structural polarity, 
which derives fiom the head to tail organization of their constituent a, P-tubulin heterodimers. 
In the cytoplasm of many cells, microtubules exist in a state of dynamic instability at both 
ends, with phases of growth by polymerization of tubulin alternating stochastically with 
phases of shrinkage by relatively rapid depolymerization. The net growth of the microtubule 
occurs more rapidly at one end, known as the plus end, than at the other end, known as the 
minus end, and it can thus be used to obtain a marker of microtubules in a variety of cells, the 
polarity that is visible by light microscopy. Study of the polarity of microtubules in a variety 
of cells has shown that they are most often oriented uniformly with their minus ends lying 
toward the centrosome and their plus ends toward the cell periphery. In spite of their generally 
constant structure, microtubules are capable of playing diverse roles in several forms of cell 
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Fig.8.l. Schematic diagram of a transverse section of a flagellum or cilium, illustrating the 9 + 2 arrangement 
of microtubules. The microtubules link together at regular intervals along the length of the axoneme, through 
various projections from microtubules. 

motility, as well as fulfilling a more static skeletal function in maintaining cell shape and 
asymmetry. 

8.2. FLAGELLAR STRUCTURE AND DOUBLET SLIDING 

Cilia and flagella are unique motile systems that can be isolated with great ease from the rest 
of the cell and reactivated. After mild treatment with detergent, flagella can then be purified, 
leaving an axoneme, a cylinder of 9 doublet microtubules (which consist of 13 complete 
protofilament A-tubules and 1 1 protofilament B-tubules) surrounding 2 singlet microtubules, 
all interconnected by numerous microtubule-associated proteins and protein complexes. 
Dyneins are attached to outer doublets in two rows of projections or "arms" along each A- 
tubule. These arms extend toward the B-tubule of an adjacent doublet, where they form rigor- 
like cross-bridges in the absence of ATP, and transient, force-generating attachments when 
Mg-ATP is present. The outer row consists of a single variety of dynein with a 24-nm periodicity, 
whereas the inner row contains several dyneins arrayed in a 960nm repeat pattern. Brief 
exposure of axonemes to protease before addition of Mg-ATP prevents beating, but releases 
the potential for doublet microtubules to slide, one along the next, until all nine doublets lie 
end to end. This simple observation reveals the basic slidingmechanism that underlies flagellar 
motility. Axonemes can be structurally divided into two systems: the central pair complex and 
the outer doublet complex. The two single-micotubules of the central pair are inter-connected 
by short bridges at a periodicity of 16nm. Other structures project off of these microtubules 
with periods of 16 or 32 nm to encircle the microtubules in a cylindrical cage. In some organisms 
the entire central pair complex has been observed to rotate relative to the surrounding cylinder 
of doublet microtubules. The central pair complex may regulate dynein activity but may not be 
essential for doublet sliding or bend propagation (Mitchell 1994) (Fig. 8.1). Doublets are 
interconnected at 96 nm by bridges callednexin links located in the same region as inner row 
/arm dyneins. The nexin link is a major part of dynein regulatory complex (Woolley, 1997). 
Nexin links have been distinguished from dyneins by their resistance to conditions that 
extract dyneins. It seems that nexin links maintain interdoublet connections without generating 
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any sliding resistance, and that stiftners of ATP depleted axoneme is entirely due to rigor 
dynein cross-bridges (Bozkurt and Woolley, 1993). 

Radial spokes project from each outer doublet toward the central pair complex, where they 
appear to form contacts with central pair projections. Spokes are found in groups of two or 
three (depending upon the organism) at a repeat interval of 96 nm, with the S2 spoke in each 
group located just proximal. Numerous spoke assembly mutations have been isolated; 17 
proteins have been identified as spoke components, and S3 have already been cloned and 
sequenced. Defects in radial spoke assembly inhibit flagellar motility, but bypass suppressor 
mutations have been characterized that can restore motility without restoring the spoke 
structures (Mitchell, 1994). All flagellar dyneins tested are minus-end directed motors and 
induce sliding of an adjacent doublet toward the tip of the axoneme. 

In most eukaryotes the tubulin genes comprise small multigene families with approximately 
equal numbers of genes for a- and P-tubulin, the structural proteins of microtubules. Tubulin 
dimers, formed from globular a and P-subunits, and the tektins, three equimolar a-helical 
proteins that form filaments, mutually associate to form the junctional regions of doublet and 
triplet microtubules. The a- and P-tubulins are tightly bound together by noncovalent bonds. 
Each tubulin monomer has a binding site for GTP. It appears that microtubules, regardless of 
source, are the only structural constituent of the spindle apparatus essential for cleavage 
furrow induction (Alsop and Zhang, 2003). 

The properties of the microtubule network are regulated at various levels including tissue- 
dependent isotype switching, post-translational modification of a- and P-tubulin, and by a 
variety of microtubule-associated molecules. The azhtazh (for abnormal sperm head shape) 
mouse mutant is an ideal model for analyzing tubulin isotypes and microtubule-associated 
proteins of the manchette and axoneme in light of a potential role of the manchette in the 
shaping of the sperm head and formation of the tail. The cationic dye, stains-all, is known to 
stain brain P-tubulin blue and a-tubulin red. This stain can also be applied to detect 0-tubulin 
in axonemal tubulins from various sources such as cilia of protozoa and sperm flagella. 
Furthermore, it selectively stains isoforms of axonemal P-tubulin blue following isoelectric 
focusing, whereas those of a-tubulin are stained red. Stains-all staining is a useful tool for 
electrophoretic analysis of axonemal tubulms (Nakamura et al., 1990). While searching possible 
differences in tubulin isotype variants in stage specific manchettes and axonemes of wild 
type and azh/azh mutant mice, Mochida et al., (1999) found that (1) manchettes of azh/azh 
abnormal mutants are longer than in wild type mice; (2) manchette and sperm tail axonemes 
display a remarkable variety of post-translationally modified tubulins (acetylated, glutamylated, 
tyrosinated, a-317 tubulins). (3) an acidic 62-kDa protein was identified as the main component 
of the peri-nuclear ring of the manchette in wild type and azh/azh mice; (4) bending of looping 
of the mid-piece of the tail of azh/azh sperm, accompanied by a dislocation of the connecting 
piece from head attachment sites, were visualized in about 35% of spermatiddsperm; and (5) 
a lasso-like tail configuration was predominant in epididymal sperm of azh/azh mutants. It 
appeared that spermatid and sperm tail abnormalities in the azh/azh mutant reflected structural 
andlor assembly deficiencies of peri-axonemal proteins responsible for maintaining a stiffened 
tail during sperm maturation (Mochida et al., 1999). 

Results in Drosophila also indicated that the post-translational modification occurs 
(PTM) as a very late event, after complete assembly of axonemal microtubules, and that the 
axonemal tubulin becomes modified when axonemal microtubules become coupled with the 
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membrane, suggesting that the modification may in some way be induced by the microtubule 
membrane interaction (Bressac et al., 1995). The PTM occurring in the C-terminal tail of axonemal 
tubulin from sea urchin, Paracentrotus lividus, spermatozoa suggested that the majority of 
the isolated C-terminal peptides were unmodified and that polyglycylation and 
polyglutamylation could occur simultaneously on a-tubulin (Mary et al., 1997). 

8.4. MICROTUBULES IN SPERMATOGENIC CELLS 

In Sertoli cells microtubles are composed of tubulin subunits, which preferentially polymerize 
to one end of microtubules giving them fast growing [+I and slow growing [-I ends. The 
majority (greater than 93%) of microtubules in Sertoli cells are oriented with their [+I ends 
towards the cell nucleus and their [-I ends toward the lumen of the seminiferous tubule. Thus, 
the bulk transport of seminiferous tubule constituents must be towards the [-I ends of the 
microtubules. In contrast to Sertoli cells, axons have microtubules oriented [-I ends towards 
the nucleus. Microtubules dependent transport in Sertoli cells probably involves molecules 
that can bind to and move along microtubules. The translocation of maturing spermatids to 
the seminiferous tubule lumen from a basal location during stages V-VI has been hypothesized 
to involve cytoplasmic specialization and microtubules. 

Another prominent microtubule structure in the testis is the manchette, which consists of 
parallel, cross-linked arrays of microtubules extending from the nuclear ring of the maturing 
elongate spermatids towards the lumen of the seminiferous epithelium. Manchettes fust form 
within the spermatid cytoplasm as they begin to elognate and begin to break up as spermatids 
are translocated through the seminiferous epithelium during stages IV-VI. During disassembly, 
hgments of manchettes have been observed in the cytoplasm of horse and cat spennatids. 
Ultrastructural observations from mutant mice and chemically disrupted manchette models 
indicated that manchettes might be involved in spermatid nuclear reshaping although 
chromatin condensation may also be important in this process. The observed association of 
cytoplasmic vesicles with manchette microtubules has led to an additional hypothesis that 
manchettes "may serve as a track or conveyor along which the cytoplasm is translocated from 
the anterior to the caudal region of the cell". 

The a- and P-tubulins exist in a number of different isotypes with distinct expression patterns 
during development. The appearance of tubulin mRNA transcripts in meiotic and post-meiotic 
testicular cells has been studied by isolation of a mouse testis a-tubulin cDNA clone, the 3' 
end to which is homologous to atleast two different a-tubulins. These transcripts are desirable 
only during the haploid phase of spermatogenesis. The un-translated 3'-end of this DNA is 
homologous to two RNA transcripts present in post-meiotic cells of the testis but absent from 
meiotic cells and from several tissues including brain. The temporal expression of this a - 
tubulin cDNA provides evidence for haploid expression of a mammalian structural gene (Distel 
et al., 1984). The absence of transcripts homologous to pRDaTT.3 in mouse brain suggests 
that the testicular and brain a-tubulins are from different genes. Multiple a-tubulin mRNAs 
are found in sea urchin testes and a testis specific P-tubulin is present in Drosophila. However, 
in contrast to the Drosophila tubulin, the transcript from mouse a-tubulin gene is detected 
only in haploid cells. The appearance of transcripts of this a-tubulin in round spermatids 
coincides with the formation of the manchette and flagellar axoneme. Thus, the haploid- 
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Fig.8.2. Nucleotide and predicted amino acid sequences of the cDNAs of rat brain and mouse testis a-tubulins. 
Reproduced from N.B.Hechet: In: Cellular and Molecular Events in Spermiogenesis, 1990 O WHO. 

specific tubulin mRNA may be involved in these structures, both of which are unique to 
spermatogenesis (Distel et al., 1984; Hecht, 1990) (Fig. 8.2). 

Five mouse isotypes of a tubulin described are distinguished by the presence of unique 
amino acid substitution within the coding region. In most, but not all, their specific amino 
acids are clustered at carboxy-terminus. One of the tubulin epitope is testis specific and is 
coded by two closely related genes (Ma3 and Ma7), which have homologous 3'-untranslated 
regions but differ at multiple third codon positions and in their 5'-untranslated regions. Same 
family of a tubulin of testis specificity is present in human testis. Another a-tubulin gene 
Ma6 is expressed ubiquitously whereas a third gene Ma4 is unique in that it does not encode 
a carboxy terminal tyrosine residue and yields two transcripts of mRNA: one 1.8-kb mRNA 
that is abundantly present in muscle and the other transcript of 2.1-kb, which is abundant in 
testis (Villasante et al., 1986) (Fig.8.3). 



172 Proteomics of Spermatogenesis 

380 
V a l  G l y  I l c  Asn T y r  Oln pro Pro 
GTG GGT ATT M C  TAC CAI2 C C T  CCC 

T T  CTC TOO W O  C C 

370 
Thr V a l  V a l  P r o  61y 61y Asp Leu A l a  Lys V a l  G l  n A r g  
ACT GTG QTC CCT GGG CGA GAC CTG GCC AM GTG CAG COG 

A C G 

380 
AYa V a l  C y r  M e t  L e u  Ssr A m  mr Tht A l a  f l s  A l a  W u 
GCC GTG TGC ATG CTG AGC M T  ACC ACG GCC ATC GCA GAG 

C T G 

390 
A3 a T r p  A1 a A r g  Leu Asp H1s L y s  P k a  Asp Leu W e t  Ty r 
GCC TOG GCC CGC CTG GAC CAC AAA.TTT W C  CTG ATG TAC 

T G C T C  T 

400 a10 
A l a  LYS A r g  A1 a P h c  V a l  M i  s T r v  Tyr V a l  G l y  G l  u G l  y 
GCC AAG C W  GCC T T T  GTG CAT TGG TAC GTG GGA OM GGC 

T C C 

*to 
Met G l u  G l u  G l y  G l u  P h c  Scr G l u  A l a  A r g  G l u  A s p  Leu 
ATG GAG OM GGG GAG T T C  TCC -6 GCC CGG GAG GAC 75TF 

A G A  C 

430 
A l r  A l a  L e u  G l u  Lys AaP T y r  GYu G l u  V a l  G l y  V a l  Asp 
SCA OCG CTG GAG M G  GAC TAT OM GAG GTG GGC GTG GAT 

T A 

440 450 
S l r  V a l  G l u  A l a  G l u  A l a  G l u  S l u  G l y  G l u  G l u  T y r  
TCC GTG GAA GAG n* GAA GAA GGG GAG W G  T I C  TGA 

C A A  

GCGCATG06TCTGGCTGGCOOC:CGTCCA~ATGTCTTC 
G G *  G G s+:C CboC$zG G G ,  

CCCACCKTTGGAAAT GGATATATIATTh 
T T C T AICL T C G AA6GCCMG 

Fig.8.3. A human a-tubulin gene, H2a encoding a isotype similar to MaYMa7. Figure shows the amino acid 
differences between the two. Deletions are marked by asterisks. Reproduced with permission from A. Villasante 
et al, Mol Cell Biol 6; 2409-19: 1986 O American Society for Microbiology 

8.4.2. Cell Specific Expression of P-lhbulin Isoforms 

The p l ,  P2 and P3 tubulins are distributed very specifically in Drosophila testes.The P3- 
tubulin is present exclusively in cytoplasmic microtubules of somatic cells, while the pl  
isotype is localized in the somatic cells and in early germ cells of both the microtubules of the 
cytoskeleton as well as in the mitotic spindle. In constrast, P2-tubulin is present in all 
microtubular arrays of germ cells from meiotic prophase onward, though not detectable in 
somatic cells. Thus, a switch of p tubulin isotype from Pl to P2 occurs during male germ cell 
differentiation. The co-polymerization properties of the different tubulin isotypes revealed 
that neither pl  nor P3 is detectable in the axoneme in the wild-type situation. Analysis of 
transgenic flies revealed that both P1 and P3 tubulin isotypes have the potential to co- 
incorporate with P2-tubulin into microtubules ofthe sperm axoneme. Male flies homozygous 
for the hsion genes (P2-Pl or P2-P3) remain fertile, despite the mixture of p tubulin isotypes in 
the axoneme (Kaltschmidt et al., 1991). 

The P-Tub85D gene encodes the testis-specific P2-tubulin isoform in D melanogaster.The 
fimctional capacity of different P-tubulin isoforms was tested in vivo by expressing P3-tubulin 
either in place of or in addition to P2-tubulin in the male germ line of D. melanogaster. The 
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testes-specific p2-isoform is conserved relative to major metazoan P-tubulins, while the 
developmentally regulated, P-3 isoform is considerably divergent in sequence. P3-tubulin is 
normally expressed in discrete subsets of cells at specific times during development but not 
expressed in the male germ line. P2-Tubulin is normally expressed only in the post-mitotic 
germ cells of the testis, and is required for all microtubule based functions is these cells. 
Functions of P2-tubulin include assembly of meiotic spindles axonemes, and at least two 
classes of cytoplasmic microtubules, including those associated with the differentiating 
mitochondrial derivatives. Study shows that P3-tubulin can support only a subset of the 
multiple functions normally performed by P2, and that the microtubules associated with the 
mitochondrial derivatives mediate their elongation. Data suggested that the Drosophila P 
tubulin isoforms P2 and P3 are not equivalent in intrinsic functional capacity, and that the 
assembly of the doublet tubules of the axoneme imposes different constraints on P tubulin 
function than does assembly of singlet microtubules (Kemphues et al., 1982; Hoyle and Raff, 
1990; Hutchens et al., 1997; Raffet al., 1997). 

Mutant Pies: Mutations responsible for different classes of functional phenotypes are 
distributed throughout the P2-tubulin molecule. The amino acid sequence of the P2-tubulin 
internal variable regions is required for generation of correct axoneme morphology and not for 
microtubule functions. The P2-tubulin carboy-terminal isotype-defming domain is required 
for sub-structural organization of the axoneme. The P2 variant lacking the carboy-terminus 
and the B2t6 variant (an allele within an internal cluster of variable amino acids in vertebrate 
j3-tubulins) complement each other for mild-to-moderate meiotic defects but do not complement 
for proper axonemal morphology. It was proposed that the integrity of this structure in the 
Drosophila testis P2-tubulin isoform is required for proper axoneme assembly but not necessarily 
for general microtubule functions (Fackenthal et al., 1995). A recessive male sterile mutation 
(B2t8) that encodes a stable variant of the testis-specific P-2-tubulin of Drosophila causes 
the assembly of aberrant microtubules both in vivo and in vitro. The B2t8 mutation appears to 
cause defects in the formation of inter-protofilament bonds. In homozygous mutant males, 
the most commonly observed aberrant structures are sheets of protofilaments curved to form 
an S in cross-section rather than a normal, closedmicrotubule (Fuller et al., 1987). 

Regulation of PI-tubulin gene in Drosophila: The pl isotype is localized in microtubles of 
somatic cells and early germ cells. A switch of tubulin isotypes fiom P l  to P2 occurs during 
male germ cell differentiation. Pl-tubulin gene is regulated by a short upstream sequence 
while intron elements guides, expression in somatic cells. Within the male gonads, expression 
of the p 1-tubulin gene is under cell-type-specific control mediated by independent cis-acting 
elements. Therefore in the germ line, control of Pl-tubulin expression is strictly governed by 
promoter-proximal elements, while for the somatic parts of thetestis enhancer elements confer 
less stringent expression control (Buttgereit and Renkawitz-Pohl, 1993). In mammals, like in 
Drosophila, the two PIV isotypes (PIVa and PIVb) contain a specific acidic seven amino acid 
sequence in its carboxyl terminus (Jensen-Smith et al., 2003). Using different mAbs, 
immunocytochemical staining discriminated between various parts of a spermatozoon epitopes 
of class I11 P-tubulin present in the flagellum of boar sperm. A tubulin epitope from the C- 
terminal domain of P-tubulin was detected in the triangular segment of the post-acrosomal 
part of the sperm head. Ionophore induced acrosome reaction indicated its participation in 
early fertilization. Three mAbs directed against epitopes on the C-terminal end of neuron- 
specific class I11 P-tubulin stained the flagella. This suggested that various tubulins are 
involved in the functional organization of the mammalian sperm flagellum and head (Peknicova 
et al., 2001). 
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8.4.3. Glutamylated and Glycosylated Tubulins (Post-Translational Modifications) 

Microtubule diversity can be maintained not only by differential genetic expression of tubulin 
polypeptides but also by tubulin monomer acetylation and detyrosination, and post- 
translational modifications of a-tubulin. The distribution of post-translationally modified 
microtubules in the cells of the seminiferous epithelium showed a distinct pattern of staining 
of anti-Glu antibody. In mammalian sperm flagellum glutamylated and glycylated tubulin 
isoforms are detected according to longitudinal gradients and preferentially in axonemal 
doublets 1-5-6 and 3-8, respectively. This suggested a role for these tubulin isoforms in the 
regulation of flagellar beating (Hermo et al., 1991). Glutamylated tubulin in the flagellum of 
mouse and man spermatozoa were detected by using two mAbs: TAP 8\952 and AX0 49 
glycosylated tubulin was not found in centrioles and cytoplasmic microtubules (manchette) 
of germ cells. In human mature sperm axonemal microtubules are rich in monoglycosylated 
tubulin h m  base to tip of the flagellum. In mouse sperm flagellum a similar gradient of mono- 
glycosylated tubulin was present in addition to an opposite gradient to poly-glycosylated 
tublulin. In both species monoglycosylated tubulin predominated in doublet 3-8 whereas 
glutamylated tubulin occurred in doublet 1-5-6. The distribution of these tubulin isoforms and 
the known inhibition of motility by their specific antibodies are consistent with a 
complementary role of tubulin glycylation and glutamylation in the regulation of flagellar 
beating in mammalian spermatozoa (Kann et al., 1998; Fouquet et al., 1994). 

Using two mAbs GLU-1 and A1-6, raised against y-L-glutamyl-glutamic acid dipeptide 
(Glu-Glu) and Ca2+ dependent ATPase fkom Paramecium, respectively, it was suggested that 
GLU-1 and A1.6 are able to recognize the glutamylated form of P-tubulin. The C-terminal Glu- 
Glu sequence is present in the C terminus of the detyrosinated form of a-tubulin and the 
glutamlyl side chain of P-tubulii and that stable axonemal microtubules appeared to be rich 
in post-translationally modified tubulin subunits (Kuriyama et al., 1995). In mouse and man, 
the glutamylated tubulin could be involved in a functional heterogeneity of microtubules in 
peripheral doublets of the sperm flagellum. It was suggested that the glutamylated tubulin 
interact with other axonemal and/or periaxonernal proteins, which could be involved in flagellar 
beating and its regulation. Microtubules of some Sertoli cell branches were not acetylated but 
glutamylated. Sperm extracts showed a high level of a- and P-tubulin heterogeneity, comparable 
to that found in brain. The major testis-specific tubulin isotypes (murine a 317 and murine P 
3) are also glutamylatable. These results showed a sub-cellular sorting of post-translationally 
modified tubulin isoforms in spermatids and the glutamylation being associated with the most 
stable microtubule structures (Fouquet et al., 1994). 

In contrast to mammalian sperm flagellum in rodent lung ciliated cells, all tubulin isoforms 
are uniformly distributed in all axonemal microtubules with a unique deficiency of glutamylated 

- - 

tubulin in the transitional region. A similar distribution of tubul& isoforms is observed cilia 
of Paramecium, except for a decreasing gradient of glutamylated tubulin in the proximal part of 
axonemal microtubules. In the sea urchin sperm flagellum, predominant labeling of tyrosinated 
and detyrosinated tubulin in 1-5-6 and 3-8 doublets, respectively, were observed together 
with decreasing proximo-distal gradients of glutarnylated and polyglycylated tubulin labeling 
and an increasing gradient of monoglycylated tubulin labeling. In flagella of Chlamydomonas, 
the glutamylated and glycylated tubulin isoforms are detected at low levels. 

The sea urchin sperm comprising the nine outer doublets, differ strongly in tubulin 
variants. A tubule contains over 95% unmodified, tyrosinated a P-tubulin. In P tubules, a- 
tubulin is approximately 65% detyrosinated and both a- and P-tubulins are 40-45% 
polyglycylated. This raises the possibility that post-trasnlational modifications of tubules 
reflect or specify structurally and functionally distinct microtubules (Multigner et al., 1996). 
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From the panel of mAbs against sea urchin sperm axonemal proteins, the antitubulin mAb B3, 
which inhibited the flagellar motility of sperm, recognizes predominantly a-tubulin of sperm 
axoneme as well as brain 4 and #tubulins. The B3 epitope was restricted to the last 13 amino 
acid residues of the C-terminal domain of a-tubulin and recognized polyglutamylated motifs 
in the C-terminal domain of a-tubulin. With the exception of the anti-polyglutamylated mAb 
GT335 and mAb B3 other mAbs had no effect on motility. The B3 and GT335 acted by decreasing 
the beating amplitude without affecting the fallgellar beat frequency. The antigens 
corresponding to these mAbs revealed their presence along the whole axoneme of sea urchin 
spermatozoa. This indicated that the polyglutamylated lateral chain of a-tubulin plays a 
dynamic role in a dynein-based motility process (Gagnon et al., 1996). To sum up, these 
results show different composition and organization of tubulin isoforms of cilia and flagella, 
suggesting various models of functional organization and beating regulation of the axoneme 
(Pechart et al., 1999). 

y-Tubulin: 4tubulin is an essential component of link between the centrosome and the 
microtubule suggesting a direct role in microtubule nucleation in Xenopus eggs (Steams and 
Kirschner, 1994). Human centrosome h b u l i n  requires at least three proteins h102p, h104p 
and h76p for microtubules nucleation (Fava et al., 1999). Recently several novel proteins 
complexes found in centrosome have been implicated in the role of ytubulin with the nucleation 
of microtubules (see Centrosome). 

A screen for flagellar mutants in the green alga Chlamydomonas reinhardtii has led to the 
identification of a fourth member of the tubulin gene superfamily, 8-tubulin. The deficiency in 
a functional Gtubulin gene copy causes aberrant numbers of flagella, depending on the age 
of the corresponding basal bodies; mutants also show abnormal ultrastructure of the basal 
bodies and a misplacement of the cleavage h o w  at mitosis. The mouse btubulin homolog 
gene is highly expressed in testis. In the elongating spermatid, btubulin associated with the 
manchette is responsible for reshaping of the sperm head. The protein is specifically localized 
at the peri-nuclear ring of the manchette, at the centriolar vaults and along the principal piece 
of the sperm flagellum. In somatic cell lines, unlike most other tubulins, mammalian 8-tubulin 
is both cytoplasmic and nuclear and does not co-localize with microtubules. The protein was 
enriched at the spindle poles during mitosis. The role of mammalian Gtubulin appears to be 
distinct fiom other tubulins (Smrzka et al., 2000). 

8.5.1. Tektins 

A tektin heteropolymer forms a unique protofilament of flagellar microtubules. Contrary to 
what is generally assumed, at least one protofilament in the wall of the A tubule is not 
composed of tubulin. This nontubulin protofilament is primarily composed of tektins, which 
show some structural similarity to intermediate filament proteins. A 480A axial periodicity 
within these ribbons, can be related to the structure of tektin and may determine the large- 
scale structure of the axoneme in terms of the binding of dynein, nexin and radial spokes to the 
doublet microtubules (Nojima et al., 1995). Tektins comprise a family of filament forming 
proteins that are known to co-assemble with tubulins to form ciliary and flagellar rnicrotubules. 
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They do not show obvious similarity with a and p tubulins. Tektins contain higher cysteine 
and tryptophan content than desmin and vimentin and have twice a-helical content as tubulin. 
Besides microtubules, tektins are associated with several mammalian cell lines (Steffen and 
Linck, 1992). The protofilament ribbon (pf-ribbon) from ciliarylflagellar axonemes can be 
obtained with treatment of detergents.~he Pf ribbons consisting of 3-4 longitudinal 
protofilaments, are composed of cr/P tubulin, tektins A (55-kDA), B (5 l-ma), and C (47-ma), 
and two polypeptides with molecular masses of 77- and 83-kDa. Although axonemal tektins 
possess biochemical and immunological properties similar to intermediate filament protein 
(IFs), sequence analysis of cDNAs encoding the tektins from sea urchin and mammals has 
revealed that they represent an independent class of filamentous proteins, distinct from the 
IFs. Analysis of isolated pf-ribbons has shown that the tektins assemble as a heteropolymeric 
filament within the wall of the axonemal A-tubule. Tektin filaments contribute to the stability 
and three-dimensional form of doublet microtubules. In addition to their association with 
doublet microtubules, the tektins have been localized to the basal body, the interphase 
centrosomes/centrioles and the mitoticlmeiotic spindle poles of species ranging from clam to 
human (Hinchcliffe and Linck, 1998). 

The sequences oftektin A k53-ma), B k 5  l-kDa) and C @7-kDa), predicted from cDNAs 
fi-om sea urchin (Strongvlocentrotus purpuratus) sperm flagellar microtubules, and partial 
sequences from mouse and human were compared (Norrander et al., 1996) The predicted 
amino acid sequence identitieslsimilarities are: for tektins A and C, 42/54%, for tektins A and 
B, 3415 1%, for tektins B and C, 29/42%, for tektins C and a partial cDNA clone from mouse 
testis, 55165%, and for tektins B and a partial cDNA clone from the human brain, 45147%. The 
three tektins and human clone possess a sequence repeat RPNVELCRD. The structural pattern 
of all three tektins is similar to intermediate protein filament proteins. Tektins are predicted to 
form extended rods composed of two a-helical segments (approximately 180 residues long) 
capable of forming coiled-coils, which are interrupted by short non-helical linkers. Along 
each tektin rod, cysteine residues occur with a periodicity of approximately 8 nm, coincident 
with the axial repeat of tubulin dimers in microtubules. The segment length of tektins AB 
heterodimers is likely to be 16 nm. Both segments of tektins C may be 24 nm long but one may 
be 16 nm. On the basis of the available evidence, it was proposed that co-assembly of tektin 
AB heterodimers with tektins C dimers produces filaments with over all repeats of 8,16,24,32, 
40,48,96 nm (Norrander et al., 1996). 

During development, mammalian TEKTl RNA expression is detected in spermatocytes 
and in round spermatids of mouse testis. Anti-Tektl antibodies showed no distinct labeling 
of any subcellular structure in spermatocytes, whereas in round spermatids anti-Tektl 
antibodies co-localized with anti-ANA antibodies to the centrosome. At a later stage, elongating 
spermatids displayed a larger area of anti-Tektl staining at their caudal ends; and as 
spermiogenesis proceeds, the anti-Tektl staining disappears. These results provide the intra- 
species evidence to suggest that Tektl is transiently associated with the centrosome, and 
that Tektl is one of several tektins to participate in the nucleation of the flagellar axoneme of 
mature spermatozoa perhaps being required to assemble the basal body (Larsson et al., 2000). 
Tektin-t from mouse haploid germ cells encodes a protein of 430 deduced amino acids 
possessing RSNVELCRD, the conserved sequence of tektin family proteins, having a molecular 
weight of 86-kDa. Tektin-t is localized in the flagella of elongating spermatids from 
developmental step 15 to maturity (Iguchi et al., 1999) (Fig.8.4A and B). 

Another product of tektin gene family from the human fetal brain, named as human 
Tektinl gene consists of 1375-bp and has a putative open reading frame encoding 4 18 amino 
acids. The predicted protein is 48.3-kDa in size, and its amino acid sequence is 82% identical 
to that of the mouse, rat and dog. One conserved peptide RPNVELCRD is observed at 323-33 1 
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Fig.8.4 (A). The nucleotide and amino acid sequence of germ cell specific tektin-t from mouse testis. 
Asterisks at stop codons (nt 87-89 and 1407-1409) are indicated. The polyadenylation signal is underlined. 
Sequence at amino acid 324-332 corresponds to RPNVELCRD repeat present in many tektins. Potential 
glycosylation sites are boxed. (B). Maximum alignment of deduced amino acid sequence of tektin-t with other 
tektins from sea urchin sperm flagella. Asterisks indicate the conserved RPNVELCRD repeat. Reproduced 
with permission from N. Iguchi et al, FEBS Lett 456; 315-21: 1999 O Elsevier. 
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of the amino acid sequence, which is a prominent feature of tektins and is likely to represent 
a hctionally important protein domain. Tektinl gene was mapped to the human chromosome 
17-bp and is predominantly expressed in human testis. Its mRNA was localized to 
spermatocytes and round spermatids in the seminiferous tubules of the mouse testis, indicating 
that the homologous protein may play a role in spermatogenesis (Xu et al., 2001). A recently 
discovered member of the Tektin gene family from mice is Tektin3, which encodes a 1.7-kb 
transcript in the testes of adult mice with Tektin3 mRNA expression in late pachytene 
spermatocytes and early round spermatids. The putative mouse TEKTIN3 protein shares 
83.5% overall sequence identity with the human ortholog and includes a fully conserved 
carboxy terminal nonapeptide signature sequence present in all TEKTIN family members. The 
Tektin3 gene maps to murine chromosome 11 in a region that is syntenic to the human 17p12 
chromosomal region containing the human TEKTIN3 gene. Studies demonstrated that 
TEKTIN3 is a novel evolutionarily conserved male germ cell-enriched protein that might 
perform important roles in male reproductive development (Roy et al., 2004) 

8.5.2. Microtubule Associated Protein-2 like Proteins 

Microtubules, composed of +and P-tubulin subunits, are polymerized and stabilized by a 
variety of microtubule-associated proteins (MAPs). Several MAPs have been identified in 
the testis. MAPs from mammalian brain stimulated outer doublet tubulin assembly, decorating 
the microtubules with fine filamentous projections. Sertoli cell microtubules have also been 
implicated in directing spermatid translocation in the seminiferous epithelium. In relation to 
structural elements, tubulin is localized to the region of the axoneme, the centriolar adjunct 
and the equatorial part of the acrosome, while microtubule associated protein-1 and-2 (MAP1 
and MAP2) were localized to the post-nuclear region and in the fibrous sheath of the principal 
piece ofthe flagella. A putative MAP2 protein of 255-kDa has been identified in bull sperm. A 
MAP2-like protein is present in both somatic and germ cells, with a particularly distinct 
localization within the cytoplasm of primary and secondary spermatocytes during meiotic 
metaphase. The MAP2 mRNA is processed into at least two variants encoding proteins 
designated MAP2a, MAP2b, and MAP2c. Of the 5.7-kb of coding sequence in the 9-kb 
mRNA that encodes MAP2a and MAP2b, a deletion of approximately 4-kb produces mRNA 
encoding MAP2c, which consists of only the N- and C-terminal regions of MAP2b. Using 
polyclonal and monoclonal antibodies reactive with MAP2, a 74-kDa protein corresponding 
to MAP2c was detected in the rat testis. The predominant mRNAs in testis of 6-kb and 2.5-3.5- 
kb corresponded to MAP2c. A single 6-kb mRNA with the poterdial to encode MAP2c was 
detected in enriched preparations of immature Sertoli cells and adult Leydig cells. Round 
spermatids contained at least two MAP2 mRNA between approximately 2.5 and 3.5-kb size 
that displayed a stage-specific pattern of expression. In general the MAP2 protein contains 
domains that mediate binding to microtubules, to calmodulin, and the regulatory subunit of 
the CAMP-dependent kinase (PKA). Involvement of MAP2 in microtubule bundling is 
suggested by the formation of stable bundles of microtubules (Loveland et al., 1996). 

The phosphorylation state of bovine spenn MAP2 is uniquely sensitive to regulation by 
intracellular pH (pHi), calcium, isobutyl-3-methylxanthine (MIX), H-8, and fluoride. The 
phosphoprotein co-sediments along with the particulate sperm heads during sub-cellular 
fractionation, and is not detectable in other sperm fractions. Sperm MAP2 is phosphorylated 
on serine residues, resulting in change in electrophoretic mobility. The co-localization of 
sperm MAP2 with the head fraction and the unique sensitivity of its phosphorylation level to 
modulators, which are known to regulate capacitation and the acrosome reaction, suggest 
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that sperm MAP2 phosphorylation may be an intermediate step in the regulation of one or 
both of these sperm processes (Carr and Acott, 1990). 

Tau: Tau is a heat stable MAP previously believed to be limited in its expression in mammals 
to the nervous system. It has been identified in rat and bovine testis, a unique non-neuronal 
location. Total rat testis RNA showed a 1.7-kb that hybridizes with a 5 1 aucleotide oligomer 
complementary to a conserved portion of the tau transcript. In the bull testis, tau is localized 
to the spermatid manchette. Tau most likely plays a structural role in the manchette; however, 
tau immunoreactivity also is observed in late stage 1 spermatids prior to manchette formation, 
suggesting that tau may serve a function in manchette assembly (Ashman et al., 1992). 

E-MAP77: In echinoderms the major microtubule-associated protein is also a 77-kDa, WD 
repeat protein, called E W .  The EMAP-related proteins have been identified in sea urchins, 
starfish, sanddollars, and humans. Unlike MAP-2, MAP-4, or tau proteins, E W  binding to 
microtubules is not lost by cleavage of tubulin with subtilisin. In addition to binding to the 
microtubule polymer, EMAP binds to tubulin dimmers in a 1: 1 molar ratio. These results 
indicated that EMAP, unlike brain microtubule-associated proteins promotes microtubule 
dynamics (Hamill et al., 1998). 

The 77183-kDa polypeptides, termed Sp77 and Sp83 from sperm flagella of the sea urchin 
Stronglyocentrotus purpuratus, are structural proteins associated with stable doublet 
microtubules, and may be components of basal bodies and centrioles of sea urchins and 
mammalian cells (Hinchcliffe and Lick, 1998). Studies have shown that like tektins, present in 
the basal bodies and centrosomes1centrioles of cells ranging from clam to human, the Sp83 
decorates the spindle poles in sea urchin zygotes, and the interphase centrosome and spindle 
poles in CHO cells. The 80-kDa-polypeptide is associated with the centrioles themselves. 
Thus Sp77 and Sp83 can be considered structurally defied proteins within the axoneme, 
exclusive to the stable region of the flagellar A tubules. The Sp77183 are completely solubilized 
from the taktin filament by treatment with 0.5% sarkosyl and 2M-urea and are distinct fi-om the 
tektii proteins. 

8.5.3. E-MAP-1151 MTEST 60 

A microtubule-associated protein E-MAP-115, originally characterized from HeLa cells, is 
predominantly expressed in cells of epithelial origin. It is involved in the regulation of cell 
polarization. The presence of E-MAP- 1 15 in the mouse and rat seminiferous epithelium indicates 
its distinct association with the spermatid manchette. At steps 15-16 when manchette had 
been disassembled, the E-MAP-115 disappeared. The E-MAP-115 is a single polypeptide 
whose gene appears in two mRNA species (3.4 and 2.4-kb). The MTEST 60, a spermatid- 
specific transcript, showed a 100% homology over region of 68-193-bp of E-MAP-115 
sequence. The reported specific localization of E-MAP-115 to the spermatid manchette strongly 
supports its role as aregulator of cell polarization (Penttila et a]., 2003). 

8.5.4. TBP-1-Like Subfamily with ATPase and Protease Domains 

Rivkin et a1 (1997) cloned a TBP-1 (tat-binding protein-1; designated rat testis TBP-1 (rtTBP- 
I), a new member of the family of putative ATPases associated with the 26s proteasome 
complex. The 1.63-kb rtTBP-1 cDNA encoded a49-kDa protein with 99% amino acid identity 
to human TBP-1 protein. The RtTBP-1 protein present in the rat spermatid manchette and 
outer dense fibers of the developing sperm contains a heptad repeat of six leucine-type zipper 
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Fig.8.5. (A) Schematic presentation of rat tat binding protein-1 (rt TBP-1) with various motifs. (B) 
Amino acid sequence of rt TBP-1 and its comparison with human TBP-1 and other proteins. Reproduced with 
permission from E. Rivkin et al, Mol Reprod Dev 48;77-89:19970 John Wiley & Sons. Inc htto:ll 
www3.interscience.wilev.com/c~i-bin/iabout~7692/ProductInformation.htmI. 

fingers at the amino terminal end and highly conserved ATPase and DNA/RNA helicase 
motifs towards the carboxyl terminal region. Rat testis TBP-1 consists of a triplet with a 
molecular mass of 52-48-kDa and acidic pI (5.0-5.9) (Fig.8.5). A identical immunoreactive 
triplet was detected in pachytene spermaocytes, round spermatids and epididymal sperm. 
RtTBP-I immunoreactive sites co-localize with a-tubulin-decorated manchettes of elongating 
spermatids. The TBP-1 is one of the 20 subunits forming the 19s regulatory complex of the 26s 
proteasome (see Chapter 3 1) (Mochida et a]., 2000). 

Another protein component of peri-nuclear ring termed CLIPS0 because of its high similarity 
at the C-terminal region of the microtubule-binding protein CLIP- 170frestin was characterized 
(Tarsounas eta]., 200 1). The CLIP-50 lacks the characteristic microtubule-binding motif, but 
retains a portion of the predicted coiled-coiled domain and the metal-binding motif. The CLIP- 
50 transcript and protein are abundant in testis and also expressed in heart, lung, kidney, brain 
and skin. In the spermatids, CLIP-50 protein localizes specifically to the centriolar region 
where the sperm tail originates, and to the peri-nuclear ring from which the manchette emerges. 
The CLIP-50 staining is retained in the ring throughout its migration over the surface of the 
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nucleus, which accompanies the nuclear shaping into its characteristic sperm configuration. 
The localization pattern indicates a specific function for this CLIP derivative during mouse 
spermiogenesis. 

8.5.6. CAS 

Human CAS cDNA encodes a 971-aa open reading frame that is homologous to the yeast 
gene CSE1. The CSEl is involved in chromosome segregation and is necessary for B-type 
cyclin degradation in mitosis. The CAS levels are high in proliferating and low in non- 
proliferating cells. The CAS is an approximately 100-kDa protein present in the cytoplasm of 
proliferating cells at levels between 2X105 and 1X lo6 molecules per cell. The intracellular 
distribution of CAS resembles that of tubulin. In interphase cells, anti-CAS antibody shows 
microtubule-like patterns and in mitotic cells it lebels the mitotic spindle. The CAS is diffusely 
distributed in the cytoplasm with only traces present in tubulin paracrystals or bundles. 
Thus, CAS appears to be associated with but not to be an integral part of microtubules. 
Elevated level of CAS is observed in proliferating cells such as testicular spermatogonia, in 
the basal layer cells of the colon, and in axons and purkinje cells in the cerebellum, which 
contain many microtubules. The cellular location of CAS is consistent with an important role 
in cell division as well as in ciliary's movement and vesicular transport (Scherf et al., 1996). 

8.6. RNA BINDING PROTEINS IN MICROTUBULES 

In addition to Spnr, TB-RBP and other RNA binding proteins present in sperm (Rohwedder et 
al., 1996), human spermatozoa are positive for HLA class I mRNA for #actin, retinoblastoma 
(RB), CD4, or kappa light chain genes in the sperm. Physiological role of HLA transcripts in 
sperm is unknown (Chiang et al., 1994). 

8.6.1. Spermatid Perinuclear RNA Binding Protein (Spnr) 

Murine RNA-binding protein is localized to cytoplasmic microtubules. Six independent clones 
that encode Spnr, a spermatid peri-nuclear RNA binding protein, have been observed in 
sperm. Spnr is a 71-kD protein that contains RNA binding domains. The Spnr mRNA is 
expressed at high levels in the testis, ovary, and brain, and is present in multiple forms in those 
tissues. In testis it is expressed exclusively in post-meiotic germ cells and localized to the 
manchette of developing spermatids (Schumacher et al, 1995; Schumacher et al., 1998). Despite 
the highly abnormal manchettes and microtubule aggregates formed in azh, hop-sterile, tw2, 
and tw8 mutants, Spnr remains associated with the manchettes. Localization of Spnr to the 
abnormal manchettes suggested that Spnr is tightly bound to the manchette. Spnr could bind 
manchette microtubules directly, or it could bind indirectly via an interaction with amicrotubule- 
associated protein (MAP). In addition to its function as an RNA-binding protein, Spnr is also 
a bona fide MAP. Spnr (GT) mutants show a high rate of mortality, reduced weight, and an 
abnormal clutching reflex. In addition to minor anatomical abnormalities in the brain, males 
exhibit defects in spermatogenesis. The sperm from mutant males display defects in the 
flagellum and consequently show decreased motility and transport within the oviducts. Thus 
Spnr (GTIGT) mutant male mouse is a unique model for some human male infertility cases 
(Pires-dasilva et al., 2001). 
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8.6.2. Testis-Brain RNA Binding Protein 

Numerous hct ions  have been proposed for the testis-brain RNA-binding protein and its 
human homolog, Translin, ranging fiom mRNA transport and translational regulation to DNA 
rearrangement and repair. The TB-RBP interacts with the TER-ATPase in vitro and in vivo. 
TB-RBP co-localizes with actin in the cytoplasm of male germ cells and serves as a link in 
attaching specific mRNAs to cytoskeletal structures. It suggests an involvement for the 
ubiquitously expressed TER ATPase in intracellular and intercellular mRNA transport (Hecht, 
2000; Wu et al., 1999). The intracellular association between TB-RBP and specific target 
mRNAs suggests an involvement of TB-RBP in microtubule-dependent mRNA transport in 
the cytoplasm of cells (Morales et al., 1998; Wu and Hecht 2000). The TB-RBP gene encodes 
three mRNAs of 3.0, 1.7, and 1.0-kb, which differ only in their UTRs. The 1-kb mRNA 
predominates in testis, while somatic cells preferentially express the 3 .O-kb TB-RBP mRNA. 
The I-kb mRNA is translated several-fold more efficiently than the 3-kb TB-RBP in rabbit 
reticulocyte lysates. Polyadenylation factor, CstF 64 is abundant in the testis and preferentially 
binds to a distal site in the TB-RBP pre-mRNA that produces the 3-kb TB-RBP. Moreover, up- 
regulation or over-expression of CstF 64 increases the poly (A) site selection for the 1-kb TB- 
RBP mRNA. It has been proposed that the level of CstF 64 modulates the level of TB-RBP 
synthesis in male germ cells by an alternative processing of the TB-RBP pre-mRNA 
(Chennathukuzhi et al., 2001; Wu et al., 1999). 

8.6.3. Fragile X Mental Retardation-1 Protein 

Fragile-X-mental retardation-1 protein (FMRP) is the archetype of a class of cytoplasmic 
mRNA-binding protein that includes the fragile X-related 1 and 2 proteins (FXRlP and FXR2P). 
In mouse the highest level of FXRlP is found in the adult testis. In young animals, changes in 
mRNA spliced variants and their corresponding protein isoforms occur during 
spermatogenesis. The FXRlP is associated with microtubule elements. Since the cytoskeletal 
h e w o r k  is implicated in cellular plasticity as well as inmRNA transport new possibilities for 
the function(s) of the FXR proteins exist (Huot et al., 200 1). 

87. OTHER MICROTUBULE ASSOCIATED PROTEINS 

RS20: RS20 is a 20-kDamicrotubule-associated protein found in several human tissues. The 
intercellular distribution of RS20 in spermatozoa fiom both human and rat shows that RS is 
mainly a flagellum protein, but in rats, it is also abundant in the sperm head. In the sperm tail, 
RS20 was co-localized with P-tubulin, the major component of the axoneme, suggesting that 
RS20 is also associated with the flagellum axoneme (Whyard et al., 2000). 

MAST205: MAST205 colocalizes with the spermatid manchette. Sequencing of full-length 
cDNA clones encoding MAST205 revealed it to be a novel serinelthreonine kinase with a 
catalytic domain related to those of the A and C families. The testis specific MAST205 mRNA 
increases during prepuberal testis development, peaking at the spermatid stage. The MAST205 
protein complex may function to link the signal transduction pathway with the organization of 
manchette microtubules (Walden and Cowan, 1993) (see protein kinases). 

Sperm contain two isozymes of creatinine kinase (Crk). In sea urchin sperm, one enzyme is 
located in sperm head and another in the tail. Tail isozyme exists along the entire flagellum. 
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This unusual Crk isozyme of Mr 145 kDa, is a component of the flagellar axoneme. Thus, 
although the two sperm isozymes have similar kinetic properties, they differ in affinity for 
microtubules, a characteristic that may determine the regional differentiation needed for 
establishing a phosphocreatine shuttle (Tombes et al., 1988). 

VCY2: The function of VCY2 is still unknown. An interacting partner of VCY2 is VCY2IP-1 
that encodes an ORF of 1059 amino acids. The amino acid sequence of VCY2IP-1 shows 
59.3% and 4 1.9% homology to two human microtubule-associated proteins (MAPs), MAPlB 
and MAPlA, respectively. The VCY2IP-1 has an extensive homology to the N-terminus and 
C-terminus regions of MAPlB and MAPIA, placing it within a large family of MAPs. The 
VCY2IP-1 is localized to chromosome 19p13.11. The VCY2IP-1 gene spans 15-kb and consists 
of seven exons. A 3.2-kb VCY2IP-1 transcript is predominantly expressed in human testis. The 
VCY2IP- I transcripts are present in germ cells whereas VCY2 and VCY2IP-1 transcripts are 
present in human ejaculated spermatozoa (Wong et al., 2004). 

Bubl: The cDNA sequences from several organisms with highly significant predicted protein 
sequence homologies to S. Cerevisiae Bublp, a protein required for function of the spindle 
assembly checkpoint in budding yeast have been characterized. Multiple-tissue Northern 
analysis indicated conservation of expression pattern in mouse and human with markedly 
high mRNA levels in testis. Checkpoint protein gene products from human BUB 1 and MAD2 
reveals an expression pattern with common tissue distribution, consistent with their roles in 
a common pathway. In addition an mRNA fiom fibroblast transformation system encodes rat 
BUB 1 (Pangilinan et al., 1997). 

Mitotic Spindle Associated Protein 126: The cDNA ofhh4AP126 mitotic spindle associated 
protein has been obtained fiom human testis. This gene encodes a protein of 1120 amino 
acids. The hMAP1 is abundantly expressed in the testis. Furthermore, hMAP 126 was identified 
to be post-translationally modified and phosphorylated by ~ 3 4 ~ ~  kinase in vitro. The hh4AP- 
126 may be involved in the functional and dynamic regulation of mitotic spindles (Chang et al, 
2001). 

Glycolytic Enzymes: Mammalian sperm is active in glycolysis and uses energy substrates 
required during sperm motility. Hence several unique isoforms of proteins of glycolytic pathway 
and respiratory energy metabolism are present in sperm flagella. Phosphoglycerate hydrolase 
is most abundant in mature spermatozoa and in residual cytoplasmic bodies detached from 
elongating spermatids. Enolase is localized mostly to the tail of mature spermatozoa and only 
4 isoform of derived cytosolic enolase (4.9%) co-sediments with microtubules stabilized in 
the presence of tax01 (Gitlits et al., 2000). Other isozymes, which are highly specific to sperm 
and present in sperm flagella include LDH-C,, PGK2, PDH2 and sperm specific hexokinase 
(see Chapter3 1). 

8.8. CENTROSOME 

Microtubules are generally nucleated fiom a specific intracellular site, known as microtubule- 
organizing center (MTOC). The MTs are nucleated at their minus end. In animal cells, most 
microtubules are anchored at one end in a structure called the centrosome. During mitosis, the 
centrosome duplicates to form the spindle poles which is the single well-defined MTOC 
located near the nucleus. Electron microscopy revealed that the centrioles are composed of 
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nine triplet microtubules arranged to form a short cylinder, and are surrounded by a dense 
amorphous material (the pericentriolar material, or centrosome matrix). Cells lacking centrioles 
contain a focus of microtubule growth, with antigenic determinants common to those found 
in the centrosome. The centrosome nucleates the growth of microtubules and thereby 
determines the number, and the distribution of hundreds of microtubules in an animal cell. The 
centrosome and its associated microtubules direct the events of mitosis, and they play a 
central role in the organization of the interior of the cell during interphase. The centrosome 
undergoes characteristic structural changes during the cell cycle. Understanding the molecular 
events that underlie the observed function of the centrosome is matter of future investigations. 

Centriole andspindle Pole Body: Many eukatyotic cells do not contain the classic centrosome 
structure found in animal cells, although they contain functionally analogous organells. In S. 
Cerevisiae, for instance, microtubules are organized by a structure called spindle pole body 
embedded in the nuclear envelope and contain no centrioles. The centriole bears a structural 
resemblance to the basal body. Functions of centrioles remain unknown. Many of the spindle 
poles formed do not contain centrioles, but appear to function normally, suggesting that 
centrioles do not play an essential role. The animal cell centrosome and the spindle pole body 
of yeast are structurally distinct, but functionally similar. 

Centrosome Assembly andDuplication: Earlier it was thought that the centrosome is arelatively 
static structure that simply nucleates microtubules. Now, it is becoming clear that the 
centrosome is a dynamic organelle that is constantly changing during the cell cycle. The 
centrosome must duplicate once and only once in order to assemble a bipolar spindle and to 
segregate the chromosomes accurately. The mechanism by which centrosome duplication 
occurs is unknown. Formation of a new centrosome normally occurs in association with a pre- 
existing centrosome. But in some cases formation of new centrosome can occur independently 
of a pre-existing centrosome. Evidences suggest that proteins present in the cytoplasm can 
assemble to form a new MTOC (Kellogg et al., 1994). Mutation in Cdc3 1 of budding yeast 
affects both mitotic and meiotic division and the defect lies at cytoplasmic side of the half 
bridge of the spindle body responsible for spindle pole body duplication. 

Centosome in Microtubule Nucleation: The role of centrosome is MT nucleation is largely 
unknown. In all cells, the centrosome catalyzes the formation of small microtubule seeds that 
are capable of microtubule nucleation at tubulin concentrations where individual microtubules 
are unstable and can exist only transiently (Mitchison and Kirschner, 1984). The centrosome 
appears to have distinct microtubule-nucleating sites that are regulated during the cell cycle. 
Entry into mitosis in animal cells is associated with a several fold increase in the number of 
microtubules nucleated by the centrosome. 

In vertebrate cells, the increase in the number of microtubules begins at about the time of 
prophase, and is accompanied by a dramatic increase in both the amount of pericentriolar 
material and the level of phosphorylation of centrosomal proteins. Since cyclin-dependent 
protein kinase (Cdk) complex can induce mitosis it is likely that they are responsible for 
causing the increased ability of the centrosome to nucleate microtubules. It is, however, not 
clear whether these Cdks directly phosphorylate centrosomal proteins or instead initiate a 
cascade of other events that lead to the observed changes in the centrosome. However, 
cyclin A has been localized to the centrosome during prophase, and cyclin B and protein 
kinase P34h2 are localized at or near centrosome during G2. These observations suggested 
that cyclin-dependent kinase complexes might directly phosphorylate centrosomal proteins. 
However, GTP-bound -Ran induces microtubule and pseudo-spindle assembly in mitotic egg 



extracts in the absence of chromosome and centrosomes, and that chromosomes induce the 
assembly of spindle microtubules in these extracts through generation of Ran-GTP. The Ran- 
GTP has independent effects on both the nucleation activity of centrosomes and the stability 
of centrosomal microtubules, and the inhibition of Ran-GTP production prevents assembly of 
a bipolar spindle in M-phase extracts (Carazo-Salas et al, 2001). A complete understanding of 
microtubule nucleation requires the identification of the proteins that are directly involved. 
Several lines of evidence support the view that y-tubulin is involved inmicrotubule nucleation. 
However, like other cellular process, it is necessary to reconstitute a system in vitro with 
purified components to justify the function. During recent years different centrosomal proteins 
have been identified in different species. It will be important to identify the homologues of 
centrosomal proteins in diverse species, and allow their functions to be characterized in 
organism, experimentally accessible. 

8.9. CENTROSOME PROTEINS 

While the develovment of vrotocols for centrosome isolation has not been successful but 
has helped in characterization and in identification of a number of centrosomal proteins. 
Although a number of centrosomal proteins have been identified a total of about 10 proteins, 
from a wide range of organisms were reviewed, and the list is growing (Kellogg et al., 1994). 
Sequence analysis indicates that the Cdc3 1 protein belongs to a family of Ca2+ binding proteins 
that includes centrin and calmodulin. The Cdc3 1 is 50% identical to centrh, a highly conserved 
centrosomal protein. Other genes involved in pole body duplication include KARI, mpsl and 
NDCl gene. Pericentrin, a centrosomal protein from human is probably the best characterized 
of the centrisomal proteins. The DMAP19O is a l9OkDa protein from Drosophila microtubule. 
Another protein that interacts with microtubules is LK6. The LK6 antibodies recognize a 180- 
kDa protein in crude extracts and an approximately 200-kDa protein in the fraction of proteins 
that bind to a microtubule affinity column and localized to centrosome. The sequence of the 
LK6 has shown it to be a kinase that phosphorylates itself in vitro. 

8.9.1. y-Tubulin in MT Nucleation 

y-Tubulin: y-Tubulin is an essential component that links the centrosome and the microtubule 
and suggests a direct role in microtubule nucleation in Xenopus eggs (Steams and Kirschner, 
1994). The role of y-tubulin in the nucleation of microtubules was fmt suggested by inferences 
drawn from genetic and immunocytochemical observations (Joshi et al., 1992). y-tubulin in 
humans centrosome requires at least threee proteins h102p, h104p and h76p for microtubules 
nucleation (Fava et al., 1999). Recently several novel proteins complexes found in centrosome 
have been implicated in the role of y-tubulin with the nucleation of microtubules. y-tubulin is 
a member of the tubulin family whose sequence is highly conserved from yeast to man. This 
motor microtubule protein is localized to the microtubule organizing centers. A mutation in 
the gene encoding y-tubulin produces a microtubuleless mitotic arrest in Aspergillus nidulans. 
A polyconal antibody that binds to a highly conserved segment of y-tubulin revealed that the 
this antibody binds to native centrosomes at all phases of the cell cycle. In the presence of the 
y-tubulin antibody, microtubules fail to regrow into cytoplasmic arrays after depolymerization 
induced by nocodazole or cold. Moreover, cells injected with Ab immediately before or during 
mitosis failed to assemble a functional spindle. This shows that y-tubulin is required for 
microtubule nucleation throughout the mammalian cell cycle. 
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W o  genes corresponding to y-tubulin have been identified in Drosophila: y tubulin 23C 
(y-Tub230 and y-Tub37CD (Wilson et al., 1997). Analysis showed that y-Tub37CD and y- 
Tub23C are differentially expressed during gametogenesis and development. During oogenesis, 
y-Tub23C was detected by centrosomes and in the cytoplasm of mitotic germ cells, but not in 
germ cells following completion of mitosis. In contrast, y-Tub37CD was not detected in 
proliferating germ cells, but appeared to accumulate in germ cells during egg chamber 
development and none of the y-tubulin isoform was detected at the anterior or posterior poles 
of developing oocytes. During spermatogenesis, only y-Tub23C was detected at centrosomes, 
where it showed cell cycle- and differentiation dependent organization. Following reconstitution 
of a canonical centrosome at fertilization, only y-Tub37CD was detected at centrosomes in 
syncytial embryos, but both y-Tub37CD and y-Tub23C were detected at centrosomes in 
cellularized embryos. Co-localization of these two isoforms suggests that y-Tub23C and y- 
Tub36CD both contain structural features of y-tubulins essential for localization to 
centrosomes (Wilson et al., 1997). To assess the role of y-tubulin in spindle assembly in vivo, 
Sampaio et al (2001) followed meiosis progression in y-Tub23(PI) mutant spermatocytes. 
Study suggested that microtubule polymerization or stabilization from the centrosome might 
be possible in a y-tubulin independent manner in Drosophila spermatocytes. However, y- 
tubulin seemed to be essential for spindle assembly in these cells (Sampaio et al., 2001). 

Xgrip210 and y-Tubulin Ring Complex (y-TuRC): The y-tubulin ring complex (y-TuRC) 
isolated from the cytoplasm of vertebrate and invertebrate cells is a microtubule nucleator in 
vitro. The y-TuRC is a lock-washer shaped structure and topped with a cap. Microtubules are 
nucleated from the uncapped side of the y-TuRC. Hence, the cap structure of the y-TuRC is 
distal to the base of the microtubules, giving the end of the microtubule the shape of pointed 
cap. The Xgrip210, a subunit ofxenopus y-TuRC is a conserved centrosomal protein that is 
essential for the formation of y-TuRC. The Xgrip210 is localized to the ends of microtubules 
nucleated by the y-TuRC, which is localized more distally toward the tip of the y-TuRC cap 
structure, than that of y-tubulin. Immunodepletion of Xgrip 210 blocks not only the assembly 
of the y-TuRC, but also the recruitment of y-tubulin and its interacting protein, XgriplO9, to 
the centrosome. Thus Xgrip 210 is a component of the y-TuRC cap structure that is required 
for the assembly of the y-TuRC (Martin et al., 1998; Zhang et al., 2000). 

8.9.2. Centrin and Other Proteins in Centrosome 

The Vf12 gene in Chlamydomonas encodes centrin (also known as caltractin), a protein 
originally identified in basal body in the alga, Tetraselmis but later found in all organisms. 
Centrin is a member of a family of EF-hand-Ca2+ binding proteins that includes calmodulin and 
Cdc3 1. In Drosophila several proteins form centrosomal complexes. Two proteins have been 
named DMAP60 and DMAP85, respectively. The cDNA that encodes DMAP60 has been 
cloned. It contains six consensus sites for phosphorylation by cyclin-dependent kinases. 
The DMAP60 and y-tubulin interact with each other. The cDNA encoding human centrin 
contains the open reading frame of 5 16 bp and predicts a product of 172 amino acids with a 
molecular mass of 19,528Da and a pl4.61. The human centrin sequence has four putative 
calcium binding domains as defmed by the EF-hand consenus. Human centrin is a protein of 
approximately 20,000 M(r) as predicted h m t h e  cDNA clone. In HeLa cells centrin is localized 
at the centrosome of intephase cells and redistributes to the region of the spindle poles 
during mitosis. Thus centrin is a ubiquitous component of centrosomes and mitotic spindle 
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poles of diverse organisms and suggests that centrin plays a role in centrosome separation at 
the time of mitosis (Errabolu et al., 1994). 

h76p: The y-tubulin and other associated proteins h103p (hGCP2), h104p (hGCP3) and h76p 
(hGCP4) besides recently discovered protein complexes seem to be essential in MT nucleation. 
These proteins are also present in soluble complexes. Several pieces of evidence indicate that 
h76p, besides h103p and h104p is involved in microtubule nucleation. y-tubulin complexes 
containing h76p bind to microtubules. The h76p is recruited to the spindle poles and to 
Xenopus sperm basal bodies and is necessary for aster nucleation by sperm basal bodies. 
The h76p also shares partial sequence identity with human centrosomal proteins h103p and 
h104p, suggesting a common protein core. Hence, human y-tubulin appears associated with 
at least three evolutionary related centrosomal proteins, whose functions at the molecular 
level are unknown (Fava et al., 1999). 

Spc98: Since crucial functions such as microtubules nucleation can be maintained by common 
mechanism, hence components Spc98p and Spc97p present in trimeric complex formed by y- 
tubulin of spindle pole body in yeast must be present in divergent species. The deduced 
protein sequence of human Spc98p showed 22% identity and 45% similarity with yeast 
homologue, and is generated by alternate splicing at 3'end. Human Spc98p like yeast is 
concentrated at centrosome although also present in cytosol complex. Both human y-tubulin 
and human Spc98p are in same complex. Anti-Spc98p antibody inhibited microtubule 
nucleation suggesting that Spc98p is required for microtubule nucleation (Tassin et al., 1998). 

Abnormal Spindle (Asp): Abnormal spindle (Asp) is a 220-kD microtubule-associated protein 
from Drosophila that has been suggested to be involved in microtubule nucleation from the 
centrosome. The Asp is enriched at the poles of meiotic and mitotic spindles and localizes to 
the minus ends of central spindle microtubules. Localization of Asp to these structures is 
independent of a functional cenlrosome and Asp is not an integral centrosomal protein. In 
asp mutants, microtubule nucleation occurs from the centrosome, and y-tubulin localizes 
correctly however, spindle pole focussing and organization are severely affected. Wakefield 
et al(2001) determined the role of Asp in the absence of centrosomes. Phenotypic analysis in 
asp and asterless double mutants shows that Asp is required for the aggregation of 
microtubules into focused spindle poles, reinforcing the conclusion that its function at the 
spindle poles is independent of any putative role in microtubule nucleation. Study also 
suggested that Asp has a role in the formation of the central spindle. The inability of Asp 
mutants to correctly organize the central spindle leads to disruption of the contractile ring 
machinery and failure in cytokinesis (Wakefield et al., 2001). 
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Chapter 9 

MICROTUBULE BASED MOTOR PROTEINS: 
Kinesins and Dyneins 

Motor proteins use energy of ATP hydrolysis to move along microtubules or actin filaments. 
The first motor protein identified was skeletal muscle myosin, which generates force for 
muscle contraction and moves on tracks of actin filaments. The motor proteins that move on 
microtubules belong to either kinesin superfamily or dynein family. Dyneins, kinesins and 
myosins represent the three major classes of molecular motors that translocate along 
cytoskeletal elements. Recent Studies show that dyneins exhibit much greater molecular 
complexity than the other cytoskeletal motors: For example, the kinesin is a 360-kDa tetramer 
whereas the outer dynein arm has a molecular mass of 1.9-MDa, having 13 different polypeptide 
components. Unlike in myosin and kinesin, the microtubule-binding domain in dynein is 
located far from the ATP-hydrolysis site. The in vitro microtubule-translocation parameters of 
dynein also are quite different from those of kinesin. Studies indicate that the dynein motor 
unit is constructed around a series of AAA (ATPase Associated with diverse/cellular 
Activities) domains, which suggest that this enzyme class is fundamentally distinct from - 
kinesin and myosin at both the structural and mechanistic levels. 

9.1. KINESIN MOTOR 

Kinesin was first isolated from squid axoplasm and has since been isolated from various 
sources. Kinesin is a unidirectional motor moving towards the [+I end of microtubules. Kinesin 
may be involved in fast axonal transport in axons, mitotic spindle movement in sea urchins 
and the formation of tubulovesicular networks. Cytoplasmic dynein first isolated from sea 
urchins, moves unidirectionally towards the [-I end of microtubules and has been implicated 
in organelle transport and mitotic spindle rearrangements. Hirose et a1 (1995) re-examined the 
polarity of microtubules and sheets decorated with kinesin motor domain. A conflicting 
conclusion was that the main mass of the kinesin head is associated with the tubulin closer to 
the plus end of a microtubule. 

The kinesin superfamily of motor proteins comprises of more than 100 proteins that 
participate in a wide variety of movements within cells. Many kinesin-related proteins (KRPs) 
participate in spindle morphogenesis and chromosome movement in cell division. Kinesins, 
like myosin 11, are tetrameric proteins made of two heavy chains (KHCs) and two light chains 
(KLCs) of 124 and 64-kDa, respectively, with a total length of around 80 nm, and involved in 
transport of cargo across microtubules. All kiesins have a conserved motor domain containing 
the sites for ATP hydrolysis and microtubule binding required for the generation of force 
against microtubules. In addition to variation in motor domain placement, the homology of 
superfamily members to one another decreases dramatically outside the motor domain. The 
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Fig.9.1. Comparison of KIFCS-like Isoforms. (A) A schematic presentation of KIFCS like c-DNAs. The 
head domain (black) is located at C-terminus (The KIFCSB and KIFCSC clones are partial as shown by zigzag 
lines and contain tail domains only). Small black boxes indicate areas of sequence differences. The circled 
region in KIFSC shows multiple nucleotide differences in this region. (B) The aligned amino acid sequences of 
three KIFCS molecules (Navolanic and Sperry, 2000). 

divergent "tail" domains of these proteins are thought to specify the cargo to which they 
attach and move. The presence of kinesin-like motor protein in the testis was demonstrated in 
the spermatid manchette and the Sertoli cell trans-Golgi network (Yoshida et al., 1994). In 
addition, the heterotrimeric motor protein kinesin-I1 of 85-kDa and 1 15-kDa subunits has been 
localized in the mid-piece and flagellum of echinoderm sperm. The kinesin41 localization 
pattern is punctate and discontinuous. In flagella it is quite distinct from the continuous 
lebeling present in sperm labeled with anti-flagellar dynein. In the mid-piece the kinesin41 
staining is similar to the pattern present in sperm labeled with an anti-centrosomal antibody 
(Henson et al., 1997). The subunits of this protein show considerable sequence homology 
with the mouse kinesin-like proteins KIF3A and KIF3B (Kinesin family like). The KIF3B is 
present in high concentration in testis. Although alternative splicing of mRNA is common 
mechanism, which generates diversity of proteins, this mechanism does not seem to operate 
in kinesin superfamily. Only kinesin-associated proteins (KAP), such as KAP3, associated 
with kinesin family like 3A (KIF3A), KIFSB, and the kinesin light chains (KLCs) have been 
shown to be the products of alternatively spliced genes. 

9.1.1. Kinesin Related Proteins 

There are at least ten families of kinesin related proteins (KRPs). Most of them have motor 
domain at the N-terminus of heavy chain and walk toward the [+I end of the microtubule. But 
one family has the motor domain at the C-terminus and walks in opposite direction, toward [- 
] end ofthe MT. Many ofthe kinesin family members have specific roles inmitotic and meiotic 
spindle formation and chromosome separation during cell division. Six members of the kinesin 
superfamily (KRP 1-KRP6), those are expressed in the seminiferous epithelium of the rat were 
reported by Sperry and Zhao (1996), and one member of this group from the mouse has been 
cloned by Navolanik and Sperry, (2000) (Fig. 9.1). Members of this family share a highly 
homologous head domain responsible for force generation attached to a divergent tail domain 
thought to couple the motor domain to its target cargo. Among six (KRP1-KRP6) kinesin 
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related proteins, three are expressed in seminiferous epithelial regions rich in meiotic cells and 
KRP2 showed to be promising for a motor in meiosis and homologous to mitotic apparatus. 

Spermatogenesis Related Factor-1 (SRF-1): The SRF-I is a new gene product that may 
function as a molecular motor in meiosis in rat testis. The gene with testis specific expression 
coinciding with spermatogenesis was cloned and appeared spermatogenesis related factor-1 
(SRF-1) specific gene. Expression was detected from 5 weeks of age and increased up to 15 
weeks; the 750-bp cloned gene was coded for an open reading fiame of 202 amino acids and 
expressed mainly in spermatocytes. The deduced amino acid sequence of SRF-1 showed 
partial homology with kinesin-related proteins (Yamano et al., 2001). 

A Spermatogenesis-associated Factor (SPAF): The SPAF is aberrantly expressed at the 
malignant conversion stage in a clonal epidermal model of chemical carcinogenesis. Sequence 
analysis revealed two ATPase modules, classifying this protein as a new member of the 
AAA-protein family. The expression of AAA protein occurs in mouse spermatogonia and 
early spermatocytes in the seminiferous tubules. In view of mitochondria1 localization, it 
seems that SPAF may be involved in morphological and functional transformations of 
mitochondria during spermatogenesis (Liu et al., 2000). 

9.1.2. Kinesin Family C-Terminal5A Gene (KIFCSA) 

The full-length coding sequence for mouse KIFCSA (kinesin family carboxy-terminal 5A) 
cDNA, encoding a motor protein found in the testes is homologous to a group of carboxyl- 
terminal motors, including hamster CH02, human HSET, and mouse KIFC 1 and KIFC4. The 
KIFC 5A and KIFC 1 cDNAs are nearly identical except for the presence of two additional 
sequence blocks in the 5'end of KIFCSA and a number of single base-pair differences in their 
motor domains. PCRamplification and sequencing ofthe 5'end of KIFC5A identified 3 distinct 
RNA species in testes and other tissues. In order to examine the possible role of these motors 
in germ cells of the testes, experiments suggested that KIFC5-like motor proteins are associated 
with multiple microtubule complexes in male germ cells, including the meiotic spindle, the 
manchette, and the flagella (Navolanic and Speny, 2000). 

Kinesin light chain-3: The function of light chains may be in cargo binding and regulation of 
kinesin activity. In mouse, gene for KLCI is expressed in neuronal tissue and plays a role in 
transport whereas KLC2 is more widely expressed in other tissues. In mouse, an additional 
gene KLC3, codes for another isoform of KLC. The KLC3 gene is located in close proximity to 
the ERCC2 gene. The KLC3 can be classified as a genuine light chain: it interacts in vitro with 
the kiiesin heavy chain (KHC); the interaction is mediated by a conserved heptad repeat 
sequence, and it associates in vitro with microtubules. In mouse and rat testis, KLC3 protein 
expression is restricted to round and elongating spermatids, and KLC3 is present in sperm 
tails. In contrast, KLCl and KLC2 are detected before meiosis. However the expression profiles 
of the three known KHCs and KLC3 differ significantly: Kzpa and kipb  are not expressed 
after meiosis, and kzpc expressed slowly at spermatid, is not detectable in sperm tails. The 
KLC3 gene characterization shows that it carries out a unique and specialized role in spermatids 
(Junco et al., 2001). 

Function of Heavy Chain: Kinesin and myosin have been proposed to transport intracellular 
organelles and vesicles to the cell periphery in several cell system. In search of a function 
local burst of CaZ+ regulated exocytosis was triggered by wounding the cell membrane and the 
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resulting individual exocytosis events in real time were visualized depending on the sensitivities 
to reagents targeting different motor proteins. The function blocking anti-kinesin antibody 
SUK4 as well as the stalk-tail fiagment of kinesin heavy chain specifically inhibited a slow 
phase, while myosin ATPase inhibitor inhibited both the slow and fast phases. The blockage 
of Ca2+ calrnodulin-dependent protein kinase I1 with auto-inhibitory peptide also inhibited the 
slow and fast phases, consistent with disruption of a myosin-actin dependent step of vesicle 
recruitment. These direct observations provide evidence that in intact living cells, kinesin and 
myosin motors may mediate two sequential transport steps that recruit vesicles to the release 
sites of CaZ+ regulated exocytosis, although the identity of the responsible myosin isoform is 
not yet certain. These results provide in vivo evidence for the cargo-binding function of the 
kinesin heavy chain tail domain (Bi et al., 1997). In addition to motor function of kinesin, 
Macho et al., (2002) suggested that kinesin controls the activity of a transcriptional co- 
activator by a tight regulation of its intracellular localization. Functional relation between 
CREM and ACT, present in round spermatids showed that ACT selectively interacts with 
KIF 1 7b, a kinesin mainly expressed in male germ cells. The ACT-KIF 1 7b interaction is restricted 
to specific stages of spermatogenesis and directly determines the intracellular localization of 
ACT. 

9.1.3. Kinesin Motor in DrosophiIa 

Drosophila kinesin heavy chain alone, without the light chains and other eukaryotic factors, 
is able to induce microtubule movement in vitro, and that a hgment likely to contain only the 
kinesin head is also capable of inducing microtubule motility. It was shown that the amino 
terminal of 450 amino acids of kinesin contains all the basic elements needed to convert 
chemical energy into mechanical force (Yang et al., 1990). In Drosophila, kinesin like protein 
3A (KLP3A) localizes to the equator of the central spindle during late anaphase and telophase 
of male meiosis. Mutations in the KLP3A gene disrupt the interdigitation of microtubules in 
spermatocytes central spindles. Findings suggestedthat the KLP3A presumptive motor protein 
is a critical component in the establishment or stabilization of the central spindle. These 
results imply that the central spindle is the source of signals that initiate the cleavage furrow 
in higher cells (Williams et al., 1995). Drosophila melanogaster females homozygous for 
mutations in the gene encoding the W 3 A  are sterile. Williams et al(1997) investigated the 
basis of this sterility. The major defect caused by depletion of the KLP3A protein was either 
in specification of the female pronucleus, or in migration of the male and female pro-nuclei 
toward each other. 

9.1.4. Structure-Function Relation 

Kinesin has two identical 7-nm long motor domains, which it uses to move between consecutive 
tubulin binding sites spaced 8-nm apart along a microtubular protofilarnent. The molecular 
mechanism of this movement may be common to all families of motor proteins. A region 
adjacent to kinesin's motor catalytic domain (the neck) contains a coiled-coil that is sufficient 
for motor dimerization and has been proposed to play an essential role in processive movement. 
However, our understanding on-how kiiesin generates force and motion remains incomplete. 
The domain organization of kinesin, its docking on microtubule protofilament and the 
comparison of kinesin motor (a plus end directed motor) with ncd (a minues end directed 
motor invoved in chromosome segregation) are shown in Fig. 9.2. In contrast to continuous 
coiled-coil of ncd neck, the kinesin neck consists of two short &strands (termed the neck 
linker) followed by coiled-coil helilx (neck-coiled-coil), all of which are connected by short 
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Fig. 9.2. (A) Domain organization of kinesin and ncd homodimers. The polypeptide chain of the monomer 
is organized into four domains (left to right in kinesin, right to left, C to N terminus, in ncd ) I. A globular 
catalytic core, which contains the ATP- and microtubule-binding sites and is conserved throughout the 
kinesin superfamily. I1 is a 'neck' region, which is adjacent to the catalytic core and is defined by the class- 
specific sequence conservation. The neck of ncd contains 13 class conserved amino acids (R335-G347) that 
precede the first PI-strand of the catalytic core. Kinesin's conserved neck (35 residues) emerges from the C 
terminus of the catalytic core and consists of two distinct regions. The first ten residues, termed the 'neck 
linker', are highly conserved among all plus end directed motors and interdct with the catalytic core. The 
subsequent region form a coiled-coil('neck coiled-coil'), does not interact with the core, and is conserved 
among conventional kinesin subfamily. 111. An 4-helical 'stalk' domain that enhances dimer formation 
through an extended coiled-coil. HI  and H2 indicate flexible hinge region. IV. A small C-terminal 'tail" or 
attachment domain. (B) Model showing the ncd and kinesin dimer structures docked onto a tubulin 
protofilament. The bound ncd and kinesin heads are positioned similarly, with loop L12 docked onto the 
tubulin (background). Because of the distinct architectures of the kinesin and ncd necks, the unbound kinesin 
head points towards the plus end, whereas the unbound ncd head is tilted towards the minus end of the 
protofilament. Reproduced from E.P. Sablin et al Nature 395, 813-16;19980 nature.com/nature. 

loops (Fig 9.2.A) (Sablin et al, 1998). Models have suggested that the neck enables head-to- 
head communication by creating a stiff connection between the two motor domains, but also 
may unwind during the mechano-chemical cycle to allow movement to new tubulin binding 
sites. To test these ideas the neck coiled-coil was mutated in a 560-amino acid (aa) dimeric 
kinesin construct and then the processivity of molecules moving along a microtubule was 
determined. Results showed that replacing the kinesin neck coiled-coil does not greatly reduce 
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the processivity ofthe motor. This result argues against models in which extensive unwinding 
of the coiled-coil is essential for movement. Furthermore, deleting the neck coiled-coil decreases 
the processivity but does not abolish it. It was also demonstrated that processivity is increased 
by three-fold when the neck helix is elongated by seven residues. These structural features of 
the neck coiled-coil, although not essential for processivity, but seemed to tune the efficiency 
of single molecule motility (Romberg et al., 1998). 

Kawaguchi and Ishiwata (2000) examined the effect of temperature on the gliding velocity, 
force, and processivity of single kinesin molecule interacting with a microtubule between 15 
and 35OC. The average run length, (a measure of processivity of kinesin), and the gliding 
velocity increased with temperature with Arrhenius activation energy of 50 KJImol, showing 
temperature dependence of the microtubule-based ATPase. It appeared that the force 
generation is attributable to the temperature-insensitive nucleotide-binding state(s) and/or 
conformational change@) of kinesin-microtubule complex, whereas the gliding velocity is 
dependent on ATP hydrolysis. 

9.2. DYNEIN MOTORS 

Dyneins are large, multi-subunit energy transducing ATPases that interact with microtubules 
to generate force and the sliding movement between tubules that underlies the beating of cilia 
and flagella of eukaryotes. They are a family of minus-end-directed microtubule motors, but 
not related to kinesin superfamily. Dyneins are present in eukaryotic cilia and flagella and are 
present in the cytoplasm, where they are involved in the transport of particles and organelles 
along microtubules and in the transport of condensed chromosomes during mitosis. In addition, 
these motor proteins are found in association with many forms of cytoplasmic motility, including 
axonal transport centripetal localization of Golgi vesicles and are present in simple non- 
flagellated organisms as D. discoideum and S. cerevisisae. As molecular motors, dyneins are 
unique for their large size, variety, and subunit complexity. Dynein motor proteins comprise a 
single homologous family with three main branches, cytoplasmic dynein, axonemal dynein, 
and a third branch represented by DYHlB that lies between the other two. The cytoplasmic 
dyneins are heavy chain homodimers, with two large motor domains as heads. The axonemal 
heavy chain dyneins include heterodimers and hetrotrimers, with two or three motor domain 
heads, respectively. Axonemal outer arm dyneins are more abundant than inner row dyneins 
and have higher ATPase activity. Genetic and biochemical dissection of flagellar dyneins has 
revealed that several similar but unique types are present in any given cilium or flagellum, and 
that some dyneins contain as many as 3 catalytic heavy chains, each greater than 500-kDa, 
and up to 12 smaller proteins, while others appear to have a single heavy chain and 2 or 3 
smaller subunits. In just one organelle, the Chlamydomonas flagellum, at least 11 dynein 
heavy-chain isoforms are present, distributed among 5 or more unique enzyme complexes. 

In all branches of the family, the dynein heavy chain has four copies of the P-loop motif 
for a nucleotide-binding site spaced approximately 300 residues apart in its mid-region, with 
amino acid sequence GPAGTGKT in the P-loop of the hydrolytic ATP-binding site. Heavy 
chains are encoded by multiple genes, and their non-hydrolytic P-loop motifs are much more 
divergent with little trace of their origin by gene duplication. The DYHlB subfamily is more 
closely related to the cytoplasmic dyneins in sequence, but appears related to axonemal 
dyneins in function and has not been found in organisms, such as yeast and Dictyostelium, 
that are totally without cilia or flagella (Gibbons, 1995). Axonemal dyneins have two or three 
globular heads joined by flexible tails to a common base, with each headtail unit consisting of 
a single heavy chain polypeptide of relative molecular mass greater than 400-kDa. Defects in 
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human axonemal dynein complexes have been shown to be associated with Kartagener's 
syndrome. 

Cytoplasmic heavy chains and heavy chains from the outer arms of axonemes are the 
best characterized of the dynein genes. These share extensive sequence similarity and are 
conserved throughout species. In recent years several genes encoding intermediate and light 
chains have been identified; these have a remarkable diversity of products, which also seem 
to be highly conserved between species, although they fall into several complex groups 
(Milisav 1998). Knowledge of flagellar motors and their potential significance for flagellar 
function is important for understanding of sperm motility relating to fertility. 

9.3.1. Doublet lbbules of Sperm Flagella 

The propagated bending waves of cilia and flagella are the result of localized sliding between 
doublet tubules in the axoneme. The doublet tubules of cilia and sperm flagella contain three 
forms of dynein cross-bridges, termed "arms", with one form of outer arm and two forms of 
inner arm being disposed along the length of the tubule in a regular pattern (Fig. 9.1). Each 
form has aunique polypeptide composition, with a total Mr of 1,200,000-1,900,000. The structure 
and function of the outer arms are better known than those of the inner arms. Outer arm 
dyneins each contain two or three distinct heavy chain polypeptide subunits of Mr>35O,OOO, 
termed a and d (and y if required) as well as anumber of subunits of lesser weight. Solubilized 
outer arm dynein consists of two or three globular heads joined by flexible stems to a common 
base; in favorable instances it is possible to see also a projection about 10-nm long extending 
from each of the globular heads at an angle relative to the flexible stem. Each of the dynein 
ATPase subunits isolated from inner arms appears to contain a single subunit of actin, the 
function of which remains obscure as actin normally associates with myosin. In situ, the ATP 
cyclic cross-bridging of the dynein arms appears to involve the interaction of the projections 
on the globular heads with tubulin subunits in the B-tubule of the adjacent doublet. The angle 
of attachment of globular heads to B tubules depends on the presence and absence of ATP. 

Axonemal dyneins show extreme polymorphism, with all the ATPase subunits of the 
outer arms and the two species of inner arms differing from each other in both structure and 
polypeptide composition. While the enzymatic regions of the dynein subunit ATPases are 
highly conserved, their non-enzymatic regions appear to be less highly conserved than other 
proteins associated with motility. The low level of immunological cross-reactivity among the 
isoforms of dynein in a given species, considered in conjunction with the nearly uniform 
diversity of dynein arm structure in different species, strongly suggests that the different 
isoforms of the dynein heavy chain are encoded by a highly conserved multigene family, 
rather than being the result of post-translational modification or of alternative RNA splicing. 

9.3.2. Outer Row Dyneins 

Axonemal outer arm dyneins are more abundant and better studied than inner row dyneins 
and have higher ATPase activity. The subunit composition of outer row dynein varies slightly 
among organisms, but all contain 10-15 proteins spanning over a range of molecular weights. 
Outer row dyneins of Chlamydomonas contain three 500-kDa catalytic heavy chains (a, d, 
and y), two intermediate chains of 78-kDa and 70-kDa (IC78 and IC70), and eight light chains 
of 22-kDa to 11-kDa. Both intermediate chains and two of the three heavy chains have been 
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cloned and sequenced. Paramecium outer row dynein, like that of Chlamydomonas, has also 
three heavy chains, two intermediate chains (88-kDa and 76-kDa) and eight light chains. 
Tetrahymena outer row dynein differs &om Chlamydomonas and Paramecium in having 
three IC chains rather than only two. In sea urchin sperm, outer row dynein consists of only 
two heavy chains ( a  and P), three intermediate chains of 1 12-kDa, 79-kDa, and 70-kDa (IC1, 
IC2, and IC3), and at least six light chains of 23-kDa to 6-kDa. Sea urchin P-chain was the first 
dynein heavy chain to be cloned and sequenced (Mitchell, 1994). Information on mammalian 
sperm dynein chains from different species is scanty. Our main aim would to concentrate the 
knowledge available on mammalian species. For comparison, however, limited data available 
on species other than mammals would also be reviewed. 

Light chains: Little is known about the structure and function of the dynein light chains. In 
Chlamydomonas, high salt solution dissociates a smaller complex containing the j heavy 
chains and two light chains (22-kDa and 18-kDa) from a complex containing the remainder of 
the enzyme. Further treatment with detergent or low ionic strength dialysis can be used to 
purify sub-complexes of the mchain and 16-kDa and 18-kDa light chains. In similar dissociation 
studies, sea urchin outer row dynein can be split into three fractions consisting of the a-chain 
alone; the P-chain and ICl; and a complex IC2, IC3, and several light chains. There is no 
evidence for tight association of heavy chains and light chains in sea urchin dyneins. 

The mAb (D405-14) inhibiting the motility of demembranated-reactivated sperm models 
at low concentrations recognized a single polypeptide of 33-kDa (p33) in sea urchin axonemal 
proteins. A full-length cDNA clone encoding the 33-kDa protein predicted a polypeptide of 
260 amino acids having a mass of 29730-Da and a pI = 9.3. Sequence comparison indicated 
that p33 is 66% identical (74% similar) to the p28 light chain of axonemal inner dynein arm of 
Chlamydomonas reinhardtii and suggested the possibility of a p28 light chain homolog in 
sea urchin sperm axoneme (Gingras et al., 1996). 

Human Inner-Dynein Light Chain Gene: Splice-site mutations in the Chlamydomonas inner 
dynein arm gene (p28) are associated with impaired flagellar motility. The human homolog of 
the Chlamydomonas dynein p28 gene is an attractive candidate gene for patients with ICS. 
The human homolog (hp28) of Chlamydomonas p28 is coded by a transcript of 921-bp with an 
open reading frame of 257 amino acids. The hp28 gene was mapped to human chromosome 
lp35.1. The hp28 cDNA probe hybridizes to sequences in species from yeast to human. Two 
hp28 gene transcripts of 0.9 and 2.5-kb are present in many tissues. The 0.9-kb transcript is 
expressed at a 20-fold higher level thanthe 2.5- kb transcript in the testis (Kastury et al., 1997). 

Intermediate chains: Sequence analysis showed that outer row dynein intermediate chains 
from many organisms retain at least limited homology. Antibodies against the smaller 
Chlamydomonas (IC70) react with sea urchin IC3 and trout sperm IC2. A mAb specific to 
Chlamydomonas IC78 also reacts with trout sperm IC2, indicatingthat the two Chlamydomonas 
sequences are themselves related. A low similarity between IC78 and IC70 can be observed in 
sequence alignment. The IC70 also shows homology to a 74-kDa intermediate chain of 
mammalian cytoplasmic dynein. Based on comparison with the rat brain cytoplasmic dynein 
intermediate chain, the Chlamydomonas IC70 protein can be divided into three regions: an N- 
terminal region with no obvious sequence similarity, a central regio~ that retains approximately 
28% similarity to the C-terminal portion of the cytoplasmic dynein subunit, and a short C- 
terminal region that has a high probability of forming an +helical coiled coil. In 74-kDa brain 
dynein, a coiled coil structure is predicted as an N-terminal rather than C-terminus domain. 
The functional significance of these predicted a-helical structures seems to participate in 
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subunit interactions, perhaps between the two intermediate chains or between an intermediate 
chain and a heavy chain. 

To assess the microtubule translocation ability of individual ATPase subunits of outer 
arm dynein, it was demonstrated that a single sub-domain in dynein, the b/lCl ATPase, is 
sufficient for microtubule sliding activity (Sale and Fox, 1988). To investigate the role of 
axonemal components in the mechanics and regulation of flagellar movement, Gagnon et a1 
generated a series of monoclonal antibodies (mAb) against sea urchin (Lytechim pictus) 
sperm axonemal proteins. One of these mAb, Dl  recognizes an antigen of 142-kDa axonemal 
proteins and a purified outer arm dynein, suggesting that it acts by binding to the heaviest 
intermediate chain (ICl) of the dynein arm. Antigen revealed its presence on the axonemes of 
flagella from sea urchin spermatozoa and 0. marina but not on the microtubule network of the 
dinoflagellate (Gagnon et al., 1996). Newt Cynopspyrrohogaster spermatocyte dynein IC 
cDNA was found to encode a polypeptide consisting of 694 amino acids residues with 66.8% 
and 45.8% amino acid similarity to sea urchin dynein IC3 and Chlamydomonas respectively. 
The predicted protein contains five WD repeats and a novel repeated motif in the C-terminal 
region. Newt dynein IC mRNA was expressed in the spermatocytes and round spermatid 
stages, suggesting that dynein IC plays a role in formation of flagella as well as in meiotic 
events (Yamamoto et al., 200 1). 

Heavy chains: Comparison of cleavage maps with maps based on the predicted amino acid 
sequence has provided an initial framework for proposing relationships between chemically 
reactive sites and conserved sequence motifs common to the catalytic sites of other nucleotide 
metabolizing enzymes, and between quaternary structures observed by electron microscopy 
and secondary structure predicted from the sequence. Regions predicted to form a-helical 
coiled-coils and an N-terminal domain sufficient to support dynein assembly of 
Chlamydomonas P heavy chain. 

%O flagellar dynein heavy chain sequences, published in early 1990s (Gibbons et al., 
1991 ; Ogawa 1991), belong to outer row dynein P-chains from sea urchin embryonic cilia (see 
Mitchell, 1994). Most of the work appearing from Gibbons laboratory was based on use of 
vanadate and UV radiation. The cDNA encoding the P heavy chain of a dynein motor shows 
the predicted amino-acid sequence with four ATP-binding consensus sequences in the central 
domain. The dynein P heavy chain is thought to associate transiently with a microtubule 
during ATP hydrolysis, but the ATP-dependent microtubule binding sequence common to 
the kinesin super-family is not found in the dynein P heavy chain. These unique features 
distinguish the dynein P heavy chain from other motor protein super-families (Ogawa, 1991). 
P-heavy chain of sea urchin has 4466 residues and contains the consensus motifs for five 
nucleotide binding site. The probable hydrolytic ATP-binding site can be identified by its 
location close to or at the V1 site of vanadate-mediated photo-cleavage. The predicted 
secondary structure of the P heavy chain consists of an alp type pattern along its whole 
length. The two longest regions of potential a helix, with unbroken heptad hydrophobic 
repeats of 120 and 50 amino acids length, may be of functional importance. But dynein does 
not seem to contain an extended coiled-coil tail domain (Gibbons et al., 1991). 

These two sequences showed dyneins to be unrelated to other motor enzymes such as 
myosin and kinesin, except for the presence of P-loop motifs. Tho cytoplasmic heavy chain 
sequences, from rat brain cDNAs and fYom the slime gave some insights into regions that may 
be common to all dyneins and regions that may be specific to dyneins designed for flagellar 
motility rather than cytoplasmic transport. Further insights into specialization within outer 
row dyneins were made available from the sequences of the three ~hlam~domonas outer row 
dynein heavy chains. Amino acid sequences of a, P and y chains showed a striking feature 



200 Proteomics of Spermatogenesis 

of four nucleotide binding consensus sequences within the central third of the molecule 
among all dynein heavy chains. While the first of these four sites (PI) is thought to be the 
catalytic site for ATP hydrolysis, based on its location at the approximate site of Vl 
photocleavage, functions for the remaining three sites were not completed (Mitchell, 1994). 
Like kinesin and myosin, dynein heavy chains appear as globular heads attached to extended 
tails. Unlike those other motor enzymes, dynein tails do not dimerize through formation of a- 
helical coiled coils. Many regions of each heavy chain are predicted to exist in a-helical 
structures, but few possess the heptad hydrophobic repeat typical of coiled-coils and none 
of these are very extensive. 

The 19s outer arm dynein of trout sperm flagella is made of two heavy chains, five 
intermediate chains and at least six light chains. P-heavy subunit antibody recognized the 
dynein intermediate chains and tubulins. A Mg2+ dependent ATPase activity £tom trout sperm 
axonemes cross-reacted with a heterologous anti-sea urchin dynein antiserum. The RNA 
transcripts which were detected had a size (7.5-12 kb) consistent with those expected for the 
dynein heavy chains. All the dynein heavy chain (DHC) cDNAs encode portions of a highly 
unusual DNA coding sequence comprised of 2 1-bp direct repeats. The predicted open reading 
fiame of this repeat is ILeLeu-His-Val-ILe-Gln-Tyr-Ser and is characteristic of an extensive a- 
helical coiled-coil domain. The presence of an i n - w e  translation termination codon indicated 
that this domain is located at the carboxyl-terminus of the DHC (Garber et al., 1989). The 
specific anti-trout P dynein heavy chain (DHC) reacted with the DHC fiom the sea-urchin 
sperm 2 1 S dynein and with heavy chain (>400-kDa) of demembranated ram sperm but did not 
react with heavy chains in trout brain or liver extracts, sheep brain extract or purified brain and 
testicular cytoplasmic dyneins. Thus the specific eptitope of one of the sperm outer arm 
dynein heavy chain is conserved throughout evolution and this epitope is not present on 
cytoplasmic dynein (Gatti and Dacheux, 1996). Marchese-Ragona et a1 (1987) used STEM to 
elucidate the structures and masses of 12s and 19s dynein fiom bull sperm flagella. The 12s 
particle was a single globular particle, whereas the 19s dynein particle consisted of globular 
heads joined to a common base. The average mass of the 19s particle was 1.6*0.04. X 106Da. 
Thus, with the exception of the larger mass, the bull sperm, 19s dynein molecule resembles the 
two-headed 2 1 S dynein fiom sea urchin sperm flagella and the 18s dynein £tom Chlamydomonas 
with the possibility of a third head giving rise to the 12s particle. The structure, mass and 
polypeptide composition of bull sperm flagella dynein were compared with outer arm dyneins 
from Chlamydomonas, Tetrahymena, and Sea urchin sperm flagella (Eyer et al., 1990; Inaba, 
1995). 

A dynein related human transcript (designated DNELl) can encode a protein with a size 
of 91087-Da. The DNEL1 mRNA is expressed specifically in testis. Analysis of whole genome 
has placed DNELl in 17q distal to the ERBA2L locus. The DNELl shares a high sequence 
identity and amino acid similarity with the C-terminal region of the outer arm axonemal dynein 
#heavy chains derived from sea urchin and other species, but not to any gene encoding 
dynein intermediate or light chains. The similarity in C-terminal region of DNEL-1 described 
suggests an origin fiom a common progenitor gene and seems to play a possible role in sperm 
development or motility (Milisav et al., 1996). 

9.3.3. Outer Arm Dynein Structure 

Outer arm dyneins are better studied than the inner arm dyneins. They have the property of 
adhesion hence could be exploited for EM preparation. Upon adhesion to the surface they 
usually spread into a fan shaped bouquet in which globular domains are joined at bases 
through extended structure of heavy chain. The different globular heads with unique shapes 
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and a short thin, knobbed antinna projects from each head in unique orientation. The heavy 
chain domains cannot be deduced from amino acid sequence. However, the isolated structure 
based model does not reconcile with views is situ outer arm structure as seen in EM. Many 
discrepancies seem to exist possibly due to preparation artifacts or change in conformation in 
isolated preparation (Mitchell, 1994). 

Sequence of IC 1 of the outer arm dynein of sea urchin sperm axoneme shows a unique 
primary structure: the N-terminal part is homologous to the sequence of thioredoxin: the 
middle part consists of three repetitive sequences, homologous to the sequence of nucleoside 
diphosphate kinase, and the C-terminal part contains a high proportion of negatively charged 
glutamic acid residues. Thus IC1 dynein intermediate chain is distinct from IC2 and IC3 and 
may be a multifunctional protein. The thioredoxin-related part of IC1 is more closely related to 
those of two redox-active Chlamydomonas light chains than thioredoxin. It is proposed that 
the three intermediate chains are the basic core units of sperm outer arm dynein because of 
their ubiquitous existence. The recombinant thioredoxin-related part of ICl and outer arm 
dyneins from sea urchin and distantly related species were specifically bound to- and eluted 
from a phenylarsine oxide affinity column with 2-mercaptoethanol, indicating that they contain 
vicinal dithiols competent to undergo reversible oxidation/reduction (Ogawa et al., 1996). 

9.3.4. Tctex-1: A Cytoplasmic LC Dynein in Inner Dynein Arm 

The Tctexl (Tcdl) has been identified as a light chain (LC) of cytoplasmic dynein, an inner arm 
dynein of Chlamydomonas. The murine t complex (haplotype) is an alternate form of the 
proximal 30-40 Mb of chromosome 17. The t form of this chromosome contains a series of 
inversions that serve to suppress recombination with wild type and, therefore, the t complex 
is normally inherited intact. The most striking property of this famous genetic unit is that 
heterozygous (+It) males pass the t-bearing copy ofthe chromosome to > 95% oftheir progeny. 
This phenomenon is referred to as transmission ratio (TR) distortion or meiotic drive. 
Transmission ratio distortion (TRD) in mouse t-haplotypes remains the most significant example 
of meiotic drive in vertebrates. While the underlying mechanism that fuels it is still mysterious, 
TRD is clearly a complex multi-gene phenomenon and a combined effect of 4-5 gene products. 
All of these genes encoding distorters and responder proteins (expressed during late 
spermiogenesis) are located within t complex. Although much is known about genetics oft  
complex, molecular basis involved in the effects of spermiogenesis and neural tube formation 
remains obscure (King et al., 1996). 

Unexpectedly, the deduced amino-acid sequence of LC3 (12.3-kDa) of outer arm dynein 
of sea urchin sperm flagella is highly homologous to that of mouse and human Tctexl, a 
protein encoded by a member of the multi-gene family in the t complex region involved in 
spermiogenesis. The cytoplasmic dynein light chain Tctexl is a candidate for one of the 
distorter products involved in the non-Mendelian transmission ofmouse t haplotypes. It has 
been unclear, however, how the t-specific mutations in this protein, which is a cytoplasmic 
dynein in many tissues, could result in a male germ cell-specific phenotype. It was 
demonstrated that Tctexl is not only a cytoplasmic dynein component, but is also present 
both in mouse sperm and Chlamydomonas flagella. Genetic and biochemical dissection of the 
Chlamydomonas flagellum revealed that Tctexl is a component of inner dynein  am^ II. Combined 
with the identification of another putative t complex distorter, Tctex2, within the outer dynein 
arm, results support the hypothesis that transmission ratio distortion (Meiotic drive) of mouse 
t haplotypes involves dysfunction of both flagellar inner and outer dynein arms but does not 
require the cytoplasmic isozyme (Harrison et al., 1998; Kagami et al., 1998) (Fig.9.3). 
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Fig.9.3. The cDNA and putative amino acid sequence of Chlmydomonas Tctexl. The 5' untranslated region 
contains three in-frame stop codons. Reprinted with permission from A. Harrison et al. J Cell Biol 140; 1137- 
47: 1998 O The Rockefeller University Press. 

9.3.5. C and A Heavy Chain Dynein (CIA Dynein) 

The CIA dynein is present in sea urchin sperm flagellar axoneme and composed of C and A 
heavy chains and some low molecular mass polypeptide chains. The ATPase activity of CIA 
dynein is about one half that of outer arm 21 S dynein at 25'. The CIA dynein was able to 
translocate the microtubules towards its plus end. Cross bridges were formed between adjacent 
microtubules in the bundle with an axial periodicity of about 24 nm. The ATPase activity of CI 
A dynein was enhanced several fold by the microtubules at concentration as low as 1 mglml. 
On the other hand, 2 1 S dynein bound to microtubules showed 24-nm axial periodicity only in 
the absence of ATP, without activating its ATPase activity by the microtubules. The CIA 
dynein is considered to be a component of inner arms in the axonemes of sea urchin sperm 
and binds to- and bundles the microtubules in the absence of ATP. In contrast to outer arm 
2 1 S dynein CIA dynein is not released from the microtubules in the presence of ATP. Thus the 
mode of interaction of CIA dynein with microtubules in the presence of ATP was distinct from 
that of flagellar or ciliary outer arm dyneins. Thus CIA dynein, as a component of inner arms 
plays a distinct role in the flagellar movement of sea urchin sperm (Yokota and Mabuchi, 1994; 
1997). 

Homozygosity for the t haplotype allele of the testis-specifically expressed axonemal 
dynein heavy chain (axDHC) gene, Dnahc8, has been linked to male sterility resulting from 
aberrant sperm motility. However, the near absence of Dnahc8 expression has been associated 
with male sterility resulting from an early breakdown in sperm flagellar development. Samant 
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et al., (2002) studied the organization and expression of 111-length Dnahc8(+) andDnahc8(t) 
transcripts. At least two alternatively spliced, testis-specific Dnahc8 mRNAs transcribed 
from both the + and t alleles have been obtained. A highly expressed isoform encodes a 
protein with significant homology with the 4 heavy chain of the Chlamydomonas axonemal 
outer arm dynein, while a more poorly expressed isoform codes for a protein, which diverges 
from that of other axDHCs at both its N and C termini. While both mRNA species accumulate 
exclusively in mid- to late spermatocytes, each isoform showed spatial independence. The 
Dnahc8 may have acquired functional plasticity in the testis through the tightly controlled 
expression of both typical and unusual isoforms (Samant et al., 2002). 

9.4. RADIAL SPOKE PROTEINS 

The radial spokes of sea urchin sperm axoneme appear to be arranged in triplets with intra- 
triplet distance of 40 nm, distance between spoke 1 and 2 of 32 nm and between spoke 2 and 
3 of 24 nm. Spoke 1 is thicker than others; the complex of the triplets around the 9 microtubules 
doublets forms a helix of 96 nm pitch. Nexin links connect the A tubule of a doublet with the 
B ofthe adjacent one, and also form a helix of 96 nm pitch (E3accetti et al., 1985). Radial spokes 
have been analyzed genetically through mutations. Several radial spoke subunits have been 
cloned and sequenced and several bypass suppressor mutations have been isolated that 
allow motility in the absence of spokes. One suppressor (sup-pf-I) is an wter arm &dynein 
mutation, whereas mutations at five other suppressor loci were all found missing a subset of 
same six axonemal proteins. These proteins, which range in size from 108-kDa to 29-kDa were 
called as the dynein regulatory complex or DRC. There are evidences to support that both 
radial spokes and the DRC play important role in dynein regu!ation but the mechanisms 
through which that control is exerted remain largely unknown. The tentative position at spoke 
S2 has been ascertained. Although flagella missing radial spokes do no beat, their doublet 
microtubules can still slide if they are treated with trypsin in the presence ofATP: Comparison 
of sliding rates of axonemes in absence of radial spokes consistently suggests that dyneins 
are only partially inhibited by the absence of radial spokes (Mitchell, 1994). 

Perturbing effects of anti-body D-3 16 resulted in isolation of a 90-kDa protein from sea 
urchin sperm. The 90-kDa protein exists as a complex in its native form. A full length cDNA 
encoding the 90-kDa protein predicts a protein of 552 amino acids (pI=4.0) with a mass of 
62.72-kDa (p63). Sequences in databases indicated that p63 is related to radial spoke proteins 
4 and 6 (RSP4 and RSP6) of Chlamydornonas reinhardtii, which share 37% and 35% similarity 
respectively with p63. But sea urchin protein has features distinct from RSP4 and RSP6 such 
as presence of three major acidic stretches, which contain 25,17 and 12 aspartate and glutamate 
residues of 34-, 22- and 14- amino acid long stretches respectively that are predicted to form 
+helical coiled-coil secondary structures. A major role for p63 in the maintenance of a planer 
form of sperm flagellar beating or radial spoke heads has been predicted (Gingras et al., 1998). 

9.5. FORCE GENERATION BY DYNEIN AFtMS AND BEAT RHYTHMICITY 

Eukaryotic flagella beat rhythmically. Dynein powers flagellar motion, and oscillation may be 
inherent to this protein. When the dynein arms on the doublet microtubule make a contact, a 
singlet microtubule and activated by photolysis of caged ATP, they generate a peak force of 
approximately 6pN and move the singlet microtubule over the doublet microtubule in a 
processive manner. The force and displacement oscillate with a peak-to-peak force and 
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Fig.9.4. Interaction of singlet microtubule with dynein arms present on doublet microtubules. a. Schematic 
diagram of exposed dynein arms on a doublet microtubule @), interacting with a singlet microtubule (MT). 
The singlet MT is manipulated by means of an optically trapped streptavidine-coated bead. A two-headed 
arm pulls the singlet MT in the direction of its plus (+) end, causing the bead to move away from the centre 
of the trap force (black arrows). b. Possible orientations of doublet MT (D) on the glass surface (bottom) with 
outer and inner dynein arms. Dynein arms pointing upwards may be capable to interact with a singlet MT. c. 
Electron micrograph showing two singlet MTs interacting with dynein arms (white arrowheads) on a doublet 
MT @). Scale bar, 100 nm. Reproduced with permission from C. Shigyoji et al. Nature 393; 711-14: 1998 8 
Macmillan Magazines, Ltd. http:llwww.nature.comM~. 

amplitude of approximately 2pN and approximately 30nm, respectively. The geometry of the 
interaction indicates that very few (possibly one) dynein arms are needed to generate the 
oscillation. The maximum frequency of the oscillation at 0.75 mM ATP is approximately 70-Hz. 
This frequency decreases as the ATP concentration decreases. A similar force was generated 
by inner dynein arms on doublet-microtubules that were depleted of outer dynein arms. Thus 
it showed that the oscillation of the dynein arm may be a inherent basic mechanism underlying 
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flagellar beating (Shingyoji et al., 1998) (Fig. 9.4 ). However, the force generated by a detergent- 
extracted reactivated bull sperm flagellum during and isometric stall was 2.5 0.7 x 10" dyne (2.5 
0.7 x 10-'ON). Schmitz et a1 (2000) suggested that more than 90% of the sustained force 
component is generated by the part of the flagellum between the probe and the flagellar base. 
Based on this premise, the isometric stall force per dynein head estimated to be 5.0 x lo7 dyne 
(5 pN). This equals approximately 1.0 x dyne (10 pN) per intact dynein arm. These values 
are close to the isometric stall force of isolated dynein. 

9.6. CYTOPLASMIC DYNEINS 

Cytoplasmic dynein is a complex of two catalytic heavy chains and at least seven co-purifying 
polypeptides of unknown function. The most prominent of these is a 74-kDa electrophoretic 
species, which can be resolved as two to three bands. Paschal et al., (1992) selected the rat 
brain cDNAs encoding the 74-kDa species. Deduced sequence of a full-length cDNA predicts 
a 72,753 Da polypeptide determined by microsequencing. Analysis suggested the existence 
of at least three isoforms of 74-kDa cytoplasmic dynein subunit and revealed the carboxyl- 
terminal half of the polypeptide to be 26.4% identical and 47.7% similar to the product of the 
Chlamydomonas outer dynein arm6 (ODA6) gene, a 70-kDa intermediate chain of flagellar 
outer arm dynein. The 74-kDa peptide is widespread in tissue distribution, as expected for a 
cytoplasmic dynein subunit. Nonetheless, the antibody recognized a 67-kDa species in ram 
sperm flagella and pig tracheal cilia, supporting the existence of a distinct but related 
cytoplasmic and axonemal polypeptides in mammals. The 74kDa polypeptide, perhaps mediates 
the interaction of cytoplasmic dynein with membraneous organelles and kiietochores (Paschal 
et al., 1992). 

Under electron microscopy, solubilized dynein appears as a set of globular heads joined 
by flexible stems to a common base, with the number of heads being equal to the number of 
ATPase subunits present. Dynein ATPase activity is inhibited by low concentrations of 
vanadate, with concomitant loss of function and ATPase activity. There have been several 
reports of high molecular weight ATPase in sea urchin eggs that have properties resembling 
axonemal dynein. The closest homology between axonemal and cytoplasmic dyneins seems 
likely to occur at the energy-transducing level at which the ATP-driven cycling domains, 
putatively located in the microtubule being moved along. 

9.6.1. Tctex-2 : An Analogue of Outer Dynein Arm LC2 

The Tctex2 (Tcd3) is one of the LCs of axonemal outer dyneins from Chlamydomonas and sea 
urchin and murine sperm flagella. As stated, Tctex-2 is also a distorter gene of mouse t 
haplotypes. King and associates by identifying Chlamydomonas insertional mutants with 
deletions in the gene encoding LC2 dynein demonstrated that the LC2 gene is the same as the 
outer dynein arm 12 (ODA12) gene. Complete deletion ofthe LC2/ODA12 gene causes loss of 
all outer arms and rescues the motility phenotype. Therefore, LC2 is required for outer ann 
assembly. The fact that LC2 is an essential subunit of flagellar outer dynein arms led to 
propose a mechanism whereby transmission ratio distortion is explained by the differential 
binding of mutant (t haplotype encoded) and wild-type dyneins to the axonemal microtubules 
of t-bearing or wild-type sperm, with resulting differences in their motility (Pazour et al., 1999). 

The Tctex2 maps to the t-complex and encodes a membrane-associated protein found 
exclusively on the sperm tail. The t-haplotype form of Tctex2 is aberrant in both the levels of 
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Fig.9.5 Amino acid comparison o f  mouse Tctex2 dynein light chain with 19kDa LC dynein from 
Chlmydomonas (Chlasy), trout LC2, and sea urchin LC1 (SU). Identical amino acids are marked by asterisks. 
Phosphorylation sites by PKA are boxed. Reprinted with permission from K. Inaba et al, Biochem Biophys 
Res Commun 256; 177-83; 1999 8 Elsevier. 

its expression and its primary amino acid sequence. The multiple amino acid changes make it 
unlikely that it can function normally and, since it is found on sperm tails, suggest that it may 
actively interfere with the development of normal gamete function in males and sterility (Huw 
et al., 1995). Molecular analysis of a 19,000-Mrprotein from the Chlamydomonas flagellum 
reveals that it is homologous to the t complex-encoded protein Tctex-2. The 19,000-Mr protein 
extracted from the axoneme co-migrates with the outer dynein arm in sucrose density 
This protein also is specifically missing in axonemes prepared from a mutant that does not 
assemble the outer arm. These results raise the possibility that Tctex-2 is a sperm flagellar 
dynein component (Patel-King et al., 1997). 

A dynein-mediated TRD model has been proposed to the mechanism for how the +/- 
sperm become defective during spermatogenesis in +/t males, in motility by the action of 
Tcds. It has been concluded that the mutations of Tcds resulting into the defective sperm 
motility depends on abortive loss of CAMP-dependent phosphorylation of sperm axonemal 
components. The major target of CAMP-dependent protein phosphorylation is the structural 
component of dynein. Although OAD generally contains six to eight LCs, only a few, or in 
most cases only one LC can be phosphorylated by PKC. The dynein LCs known to be 
phosphorylated in a CAMP-dependent manner include a 29-kDa LC inparamecium cilia, a 20- 
kDa LC in Spisula gill cilia and a 18-20kDa LC in Ciona sperm. The 22-kDa OAD LC in 
salrnonid fish is phosphorylated in a CAMP-dependent manner in parallel to the activation of 
sperm motility. In a similar fmding, Inaba et a1 (1999) identified a Tctexkelated LC of OAD 
from sea-urchin sperm as the only LC to be phosphorylated. Molecular analyses of the 
phosphorylated LCs from sperm flagella of the salmonid fish and sea urchin revealed that the 
light chains are homologs of the mouse Tctex2, a putative t complex distorter. Thus mouse 
Tctex2 might also be a light chain of flagellar outer arm dynein and that the abortive 
phosphorylation of Tctex210AD light chain might be related to the loss of progressive 
movement of sperm (Inaba et al., 1999) (Fig. 9.5). 
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9.6.2. Cytoplasmic Dynein in Sertoli Cells and Germ Cells 

The Sertoli cells cytoskeleton is complex and morphologically related to a number of events 
regulating spermatogenic cells. One of these events is the movement or translocation of 
spermatids to the base and then back to the apex of the epithelium. This change in position 
occurs after spermatids have acquired an elongate shape, and while they are attached to 
apical invaginations (crypts) of Sertoli cells. Microtubules are prominent elements of the 
Sertoli cell cytoskeleton. They surround apical crypts containing elongate spermatids, generally 
arranged parallel to the axis of spermatid translocation, and have their positive ends positioned 
at thebase of the epithelium. T; determine whether motor proteins a& present in &oli cell, 
it was shown that besides presence of dynein, kinesin I1 Ab reacted with sperm tail regions 
involved with spermatid translocation. Some of the dynein was found associated with Sertoli 
cell junction plaques attached to spermatids concluding that cytoplasmic dynein may be 
responsible for apical translocation of elongate spermatids that occurs before sperm release 
(Miller et al., 1999). Criswell and Asai (1998) presented evidence for four cytoplasmic dynein 
heavy chain isoforms in rat testis. Cytoplasimic dynein was observed in Sertoli cells during all 
stages of spermatogenesis, with a peak in apical cytoplasm during stages IX-XIV. Cytoplasmic 
dynein was also localized within Sertoli cells to steps 9-14 (stage IX-XIV) germ cell-associated 
ectoplasmic specialization. Yoshida and Coworkers (1994) localized cytoplasmic dynein, to 
spermatid manchettes and also noted a moderately intense staining in Sertoli cells. 

In germ cells, cytoplasmic dynein was present in manchettes of steps 15-1 7 (stages I-IV) 
spermatids followed by observation of small, hollow circular structures in the cytoplasm of 
step 17 and step 18 spermatids. The stage-dependent apical Sertoli cell cytoplasmic dynein 
immunofluorescence was consistent with the hypothesis that cytoplasmic dynein is involved 
in Sertoli cell protein transport and secretion. The localization of cytoplasmic dynein and 
kinesin to manchettes is consistent with current hypotheses concerning manchette function. 
Cytoplasmic dynein is the only known kinetochore protein capable of driving chromosome 
movement toward spindle poles. In grasshopper dynein is a transient component of 
spermatocytes and binding is sensitive to presence of microtubules. As a result the bulk of 
dynein leaves the kinetochore very early in mitosis soon after kinetochores begin to attach 
microtubules. Thus the possible function of this dynein fraction is limited to the initial 
attachment and movement of chromosomes and/or to a role in the mitotic checkpoint (Hall et 
al., 1992; King et al., 2000b). 

9.7. STRucruREmcrION RELATIONS IN DYNEINS 

Unfortunately much of the work on dyneins relating to motility with outer arms in situ involves 
Chlamydomonas mutants, while work on purified fractions was concentrated on sea urchin 
sperm dyneins. Hence making co-relation is difficult. The questions to be answered include 
whether both (all three) outer arm heavy chains participate equally in force generation, and 
whether any of the smaller chains serve specific regulatory roles in modulating heavy chain 
activity. Sequence data showed that three outer arm heavy chains retain only about 45% 
sequence identity suggesting functional diversity within outer arm, where each heavy chain 
seems to contribute differently to flagellar motility (Mitchell, 1994). For example mutations in 
cr/ and p subunits yield different results functionally. Sea urchin a and p heavy chains differ in 
their microtubule binding properties as shown by an assay based on bridging of microtubules. 
The a/ subunit of sea urchin sperm outer arm dynein mediates structural and rigor binding to 
microtubules (Moss et al., 1992). The pH dependent changes in normal and lacking outer 
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Fig.9.6. Organization of the dynein motor domain. (A) Generic model of a dynein particle containing two 
heavy chains (HCs). C-terminal portion of each HC forms a globular head containing ATPase sites and has a 
small stalk-like structure that terminates in a microtubule-binding globular unit. The base of dynein particle 
consists of N-terminal end of HCs and other accessory proteins, which help in cargo binding besides other 
putative functions. (B) Map of gamma HC from Chlmydomonas outer arm dynein having six AAA# 1- 
AAM-6 domains (both evident and cryptic P loops), microtubule binding region and coiled-coil segments. It 
illustrates the regions involved in HC-HC and HC-IC interactions besides a unrelated C-terminal sub-domain. 
(C) Model of each HC illustrating heptameric structure of the head. Reprinted with permission from S.M 
King. J Cell Sci 113; 2521-26: 2000 O The Company of Biologists Ltd. 

dynein arm (LODA) sperm population suggested a role for outer dynein arms in the initiation 
of the propagation of flagellar bends at alkaline pH depending on the CaZ+ in the medium. 
Thus a functional difference between outer and inner dynein arms of spermatozoa depends 
on pH sensitivity. It was concluded that the dynein arms generate force in both directions and 
this feature of the dynein arms arises from at least the inner dynein arms. In addition to 
hydrolyzing ATP to generate the driving force necessary for microtubule sliding within the 
axoneme, 19s dynein may also interact with ATP to polymerize tubulin into microtubules 
(Eyer et al., 1987). 

9.7.1. AAA Domains and Organization of the Dynein Motor Unit 

Present studies indicate that the dynein motor unit is constructed around a series of AAA 
(ATPase Associated with diverse/cellular Activities) domains, which suggests that this enzyme 
class is fundamentally distinct from kinesin and myosin at both the structural and mechanistic 
levels. The AAA domain is found in a very wide variety of proteins ranging from bacterial 
protease regulators and metal chelatases to transcriptional regulators and the microtubule- 



severing protein katanin. The EM and other structural analysis of 2-3 proteins having AAA 
domain have suggested the present dynein domain organization (Fig. 9.6). This domain 
consists of an ATP-binding motif and P-loop combined with a core dP( structure on which 
protein-specific modules are added (King, 2000b). In combination with the recent sequence 
comparisons revealing dynein as a member of this group, the new structural data allow us to 
draw conclusions about the organization of this motor and the mechanisms of dynein function. 
A spermatogenesis-associated factor (SPAF) is aberrantly expressed at the malignant 
conversion stage in a clonal epidermal model of chemical carcinogenesis. Sequence analysis 
revealed two ATPase modules, classifying this protein as a new member of the AAA-protein 
famiy. 

Dyneins consist of a large number of globular motor domains depending on number of 
heavy chains present in each enzyme. Globular motor domains are attached to a cargo-binding 
unit, through stems. These enzymes are built around 1-3 heavy chains of 520kDa each, which 
contributes an N-terminus, a stem and a C-terminus globular head that contains a ATP 
hydrolysis sites. The microtubule-binding region is located at small globular domain emanate 
at the tip of stalk that protrudes fiom the main head. A generic model of dynein motor containing 
two heavy chains is shown in Fig. 9.5 (King, 2000a). 
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Chapter 10 

SEX CHROMOSOMAL PROTEINS AND 
AUTOSOMAL HOMOLOGUES 

Abnormal spermatogenesis is caused due to multiple reasons. Survey suggests that among 
infertile couples, male infertility is responsible for 9 0 %  out of which 10.7% are awospermic 
or oligospermic. The problem in these men appeared to be related to the failure of 
spermatogenesis, the cause of which is unknown. In many cases the failure of spermatogenesis 
is due to genetic defects. Although the process of spermatogenesis has been intensively 
studied, our knowledge on the genetic basis of spermatogenesis is meager. Chromosomal 
abnormalities constitute an important factor, which can cause spermatogenic breakdown at 
various points resulting in chromosomally derived sterility (review Ma et al., 2000; Shah et al., 
2003; Harley et a1 2003). In recent years deficiency of certain proteins associated with genes 
on sex chromosomes has been ascribed as the cause of oligo- or azoospermia. Y chromosome 
plays significant role in such infertility. Now it is clear that the Y chromosome is necessary not 
only for sexual development but also for spermatogenesis. Y-chromosome controls the sex in 
Homo sapiens and other mammals like Melandrium. Turner's syndromes (XO) are sterile 
female individuals having certain abnormalities. Similarly, Klinefelter's syndromes (XXY) are 
males, despite presence of two X-chromosomes. Klinefelter syndrome, with an incidence of 
1 :600 male newborns, is the most frequent form of male hypogonadism. However, despite its 
relatively high frequency, the syndrome is 0 t h  overlooked (Kamischke et al., 2003). In contrast 
to this, a Drosophila fly with 2A + XXY, which is exactly like Klinefelter's syndrome of human 
beings in chromosome constitution, is a normal female individual and XO Drosophila fly is 
male. This suggests that in human beings sex determining mechanism is like that in plants and 
not like that in ~ r o s o ~ h i l a .  Genetic studies of male infertility have demonstrated that the long 
arm of the Y chromosome (Yq) harbors at least 15 gene families, some of which are necessary 
for spermatogenesis. With the advent of present molecular techniques, a variety of Y-deletions 
of different locations are being identified in infertile patients with different phenotypes 
(Fig.lO.1). Chromosomal aberrations may be of two types (i) numerical and (ii) structural. The 
former type-1 aberrations arise either because of missing or due to addition of accessory 
chromosome due to meiotic non-disjunction in paternal or maternal germ cells. Accessory 
chromosome may be an autosome or sex chromosome or both leading to somatic or reproductive 
cell defects. However, structural chromosome aberrations may involve loss or duplication of 
genetic information from one chromosome to another. Such aberrations can be at microscopic 
level or may be located at molecular level due to point mutations. Such aberrations may be in 
hundreds due to phenotypic abnormalities. The sex-linked sequences generally are less 
nuclease sensitive than are autosomal sequence. Interestingly, a hot spot of recombination 
(within the Eb gene) showed a high level of nuclease sensitivity, while a cold spot of 
recombination (centromeric satellite region) exhibited lower sensitivity, more similar to that of 
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Fig.lO.1. Diagrammatic representation of sex chromosomes showing genes on the X and Y chromosomes 
that have been found to be associated with either spermatogenesis or the differentiation of the male phenotype. 
The Y chromosome is divided into AZFa, AZFb, AZFc, and AZFd regions and mapped to intervals 5 and 6. 
Pseudoautosomal regions on X and Y (PAR1 and PAR2) chromosomes are shown. Genes located on AZF 
regions are also indicated (Ma et al 2000). 

sex-linked sequences. Thus, in pachytene spermatocytes the XY chromosome pair is more 
condensed and inaccessible to enzymatic digest, whereas the autosomal chromatin is in a 
more open configuration and more accessible for enzyme digestion. In addition, while 
autosomal gene nuclease sensitivity was equivalent to that at the pachytene stage, X-linked 
sequences were more nuclease sensitive. These differences in chromatin nuclease sensitivity 
correlate with differences in meiotic recombination activity and may be mechanistically related 
(Wiltshire eta]., 1998). 

10.1. X-CHROMOSOME ABERRATIONS AND SPERMATOGENESIS 

Infertility is caused by minor deletions or translocations of gene on the X chromosome. 
Pronounced effects are seen after deletion of major portion of X chromosome. 

10.1.1. Xp22 Contiguous Gene Syndrome 

The Xp22 contiguous gene syndrome is a rare disorder. De-novo deletion of Xp22 pter from 
the X chromosome affects several genes, including those responsible for glycerol kinase 
deficiency and Kallmann's syndrome (KAL1). KAL-1 is deleted in -50% of the patients with 
the Xp22 contiguous gene syndrome, causing a primary deficiency in GnRH resulting into 
failure of sperm production (Diemer and Desjardins, 1999). 

10.1.2. Translocation of X-Chromosome Genes to Autosomes and Y-Chromosome 

Normal spermatogenesis is dependent on X chromosome inactivation, a process directed by 
an X-linked gene during the spermatocytes stage of germ cell development. The pairing and 
recombination of X and Y-chromosomes, followed by X inactivation, is limited to the pseudo- 
autosomal regions and occurs when both chromosomes are transcriptionally inactive. 
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Translocation of genes on the X chromosome to either autosomes or the Y chromosome is not 
a common cause of male infertility. But balanced translocations of genes on the X chromosome 
to either autosome or Y chromosome interfere with male sexual differentiation or 
spermatogenesis or both. Such translocations typically occur at break points in the pseudo- 
autosomal boundary region of the X chromosome (Xp-22-pter) and in the Yq11 region of the 
Y chromosome. Sexual differentiation is affected by translocations in Xp2 1.2-pter (GDXY) 
and this region appears to be crucial for the differentiation of the male phenotype. The DM- 
I, a gene located at Xp21, is a decisive X gene for sexual differentiation. Expression of DM- 
I in mice indicates that it plays a critical role in early differentiation of adrenal and Sertoli cells 
in the genital ridge but prolonged expression of DAX-1 interferes with testis development 
(Swain et al., 1998 clr Diemer and Desjardins, 1999; Shah et al., 2003). 

1 0 2  X-CHROMOSOME LINKED PROTEINS 

Certain X-chromosomal genes remain transcriptionally silent in spermatids. In contrast, other 
X-chromosomal genes such as UbeIx and MHR6A are post-meiotically transcribed genes (see 
Chapter 31). The inactivation of Pgk-1 and Pdha-1 in spermatocytes and spermatids is 
compensated by testis specific expression of the autosomal genes Pgk-2 and Pdha-2, which 
encode corresponding isozymes. The Pgk-2 and Pdha-2 are intron-less retroposons that 
originated fkom reverse transcription of mRNA molecules. The X-chromosomal gene glucose- 
6-phosphate dehydrogenase (G6pd) is expressed in most cell types of mammalian species. In 
the mouse, the chromosomal G6pd-2 encoding a G6PD isoenzyme also does not contain 
introns and appears to represent a retroposed gene (see Chapter 28). 

The fibrous sheath pro-AKAP82 is an X-linked gene that is mapped to human chromosome 
Xpl 1.2, and is localized to sperm flagellum. The cDNA sequence of human sperm pro-hAKAP82 
is highly homologous to the mouse pro-mAKAP82 sequence, and the functional domains of 
the pro-hAKAP82 protein, the protein kinase A binding, and the pro-hAKAP82/hAKAP82 
cleavage sites are identical to those of the mouse protein. Compared with pro-mAKAP82, pro- 
hAKAP82 was considerably less processed in human sperm. Although sperm pro-mAKAP 
localizes only to the proximal portion of the principal piece of the flagellum, pro-hAKAP82 
localized to the entire length of the principal piece. The pro-hAKAP82 gene, mapped to 
human chromosome Xpl 1.2, indicated that defects in this gene are maternally inherited. It was 
suggested that hAKAP82 plays several roles in sperm motility, including the regulation of 
signal transduction pathways (Turner et al., 1998). The primary structure of bovine bAKAP82 
is highly conserved in amino acid sequence corresponding to the region of mAKAP82 
responsible for binding to regulatory subunit of protein kinase A (see Chapter 29). 

10.2.2. SPAN-X 

Testis-specific protein designated SPAN-X is a sperm specific protein associated with the 
nucleus on the X chromosome. SPAN-X sequences showed no significant similarity with 
known peptide sequences. Its peptide sequences contained three overlapping consensus 
nuclear localization signals, a high percentage (33%-37%) of charged amino acid residues, 
and a relatively acidic isoelectric point @I, 4.88-6.05). The SPAN-X mRNA is expressed in 
haploid, round and elongating spermatids. The SPAN-X gene was mapped to chromosome 
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Xq27 1. Anti-recombinant SPAN-X antibodies reacted with broad bands migrating between 
15-20-kDa. Human spermatozoa demonstrated SPAN-X localization to nuclear craters and 
cytoplasmic droplets. Expression of SPAN-X, exclusively in haploid spermatids leads to 
interesting questions regarding the transcription of sex-linked genes during spermiogenesis 
(Westbrook et al., 2000). Wang et al., (2003) demonstrated that the X-linked gene encoding 
SPAN-Xb is expressed in multiple myeloma and other hematologic malignancies such as 
chronic lymphocytic leukemia (CLL), chronic myeloid leukemia (CML), and acute myeloid 
leukemia (AML). Thus, SPAN-Xb is a cancer/testis antigen that shows a restricted normal 
tissue expression (Wang et al., 2003). 

10.2.3. Cleavage Stimulation Factor Like Protein 

To determine whether the 64-kDa protein ofthe cleavage stimulation factor (CstF-64) is altered 
in male germ cells, Wallace et al., (1999) examined its expression in mouse testis. In addition to 
the 64-kDa protein a 70-kDa related protein was abundant in testis and undetectable in other 
tissues except in brain at low level. The CstF-64 was limited to meiotic spermatocytes and 
post-meiotic spermatids. In contrast, the 64-kDa form was absent f?om spermatocytes, 
suggesting that the testis specific CstF-64 might control expression of meiosis-specific genes. 
The CstF-64 may be absent in spermatocytes because the X chromosome is inactivated 
during male meiosis. Wallace et al, (1999) suggested that testis specific CstF-64 may be 
expressed from an autosomal homologue of the X chromosomal gene. 

10.3. YCHROMOSOME ABERRATIONS 

The human Y chromosome contains over 60 million nucleotides, but least number of genes 
compared to any other chromosome and acts as a genetic determinant ofthe male characteristic 
features. Thus far, 156 transcription units, 78 protein-coding genes and 27 distinct proteins of 
the Y chromosome have been identified. The male specific region, MSY, comprising 95% of 
the Y chromosome represents a mosaic of heterochromatic and three classes of euchromatic 
(X-transposed, X-degenerate and ampliconic) sequences. The MSY euchromatic sequences 
show frequent gene conversion. Of the eight massive palindromes identified on the human Y 
chromosome, six harbor vital testis specific genes ( ~ l i  and Hasnain, 2003; Skaletsky et al., 
2003) (Fig.lO.1). The human male infertility has been attributed to mutations in the genes on 
Y chromosome and autosomes and failures of several physical and physiological features 
including paracrine controls. In addition, deletion of any one or all the three azoospermia 
(AZFa, AZFb or AZFc) factor(s) and several unidentified regulatory elements located elsewhere 
in the genome result in infertility. The Yqll region is an important region that contains several 
genes that regulate transcription and are required for spermatogenesis such as AZF (Vogt, 
1998). Characterization of palindromic complexes on the long arm of Y chromosome 
encompassing AZFb and AZFc regions and identification of some of endogenous retroviruses 
close to AZFa region have facilitated our understanding on the organization of azoospermia 
factors. Considerable overlap has been shown to exist between AZFb and AZFc regions 
encompassing a number of genes and transcripts. However, with the exception of AZF, 
information on the exact number of genes or the types of mutations prevalent in the infertile 
male is not available. Similarly, roles of sizable body of repetitive DNA present in close 
association with transcribing sequences on the Y chromosome are yet not clear (Ali and 
Hasnain, 2003; Skaletsky et al., 2003). 
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10.3.1. Y-Chromosome and Sex Reversal 

Most direct evidence for the presence of the spermatogenetic factor on the Y chromosome 
came from the study of Sxr" gene, a dominant mutation causing sex reversal of female mice. 
The sex reversed XX males in mice resulted due to transfer of a sex reversing factor (Sxr) from 
a Y chromosome carrying a duplication for a region of its minute short arm translocated to the 
distal end of its long arm (this Y chromosome was designated Ym). This duplicated segment 
was transferred to X-chromosomes due to crossing over during male meiosis and then was 
found to be on the distal arm of X-chromosome, which presumably pairs with a segment of Y 
chromosome. In situ hybridization to mitotic chromosomes of XYm' males showed that the 
rearranged chromatin is located distal to the telomeric signal and that the rearrangement arose 
from a recombination event involving the distal Y telomere sequences, i.e., within the telomere, 
a structure historically assumed to be incapable of participating in chromosome rearrangements 
(Ashley et al., 1995). 

Cases of XX sex reversal were also reported in goats and humans. It has been found that 
these XX sex reversed males may result from either of the following two reasons: (i) due to 
transfer of a segment (called TDF = testis determining factor) of Y chromosome to X due to 
abnormal crossing over, in the same manner as the Sxr is transferred from Y to X in mice or (ii) 
due to mutation in a locus (which represses testis development), so that XX individuals now 
develop testes. Most of XX males are found to possess Y derived DNA sequences thus 
supporting the frst model. 

10.3.2. The SRY: a Sex-Determining Region on YGene in Mammals 

In 1980s gene ZFY (ZF= zinc finger) was found on human Y chromosome, which was once 
believed to be TDF (testis determining factor) and was found in sex reversed XX males, but 
absent in sex reversed XY females. We now know that ZFY does not produce the functional 
transcripts, playing a role in sex determination. On the other hand, another gene SRY in 
humans (or Sry in mouse) has been located in sex determining region of the Y chromosome in 
1990s. This gene has many properties expected for TDF. In some sex reversed XY human 
females, a de novo mutation found in the SRY gene, confirmed that SRY is required for male 
sex determination. 

Deletions and Mutations of the SRY Gene: The human sex-determining region SRY located 
on the Y chromosome seems to be conserved and specific to the Y chromosome of all mammals 
examined. In pig genital ridges SRY transcripts were frst detectable from 23 days post-coitum 
(dpc), then declined sharply after 35 dpc. The SRY is required for the regression of Mullerian 
duct and the subsequently formation of testes, the two sequential step in male sexual 
differentiation. The SRY gene is located on the short arm of the Y chromosome at Yp11.3, 
adjacent to the pseudo-autosomal boundary on interval 1. Over 26 inactivating point mutations 
in SRY have been discovered so far, and all are associated with gonadal dysgenesis or sex 
reversal syndromes or both. Point mutations in SRYproduce structural and functional effects 
similar to those seen following deletion or translocation. The SRY gene spans over 35-kb pairs 
with an HMG box region of 80 amino acids, crucial for gene function. Mutations in HMG box 
of 240-bp conserved-motif of SRYhave most deleterious effects. The 5'-regions of SRYgene 
from several mammalian species including human and sub-human primates have been identified. 
Highly conserved potential regulatory elements in 10 species are: APl, Barbie, GATA, Gfil, 
cMyb, NF1, Octl, Spl, and SRY (Margarit et al., 1998). The SRY is absent in some patients due 
to deletion or translocation to X-chromosome during paternal meiosis. Translocation of SRY 
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61 KRPbNAFIVW SRDQ- EN-SET SKQLGYQVIKM LTEAEPXPFF QEAQKLQAMH 
121 REKYPNYKYR -PK NCSLLPADPA SVLCSEVQLD NRLYRDDCTK ATHSRMEHQL - 
181 GHLPPINAAS SPQQRDRYSH ODTKL 

Fig.10.2. Amino acid sequence of sex determining region on Y chromosome (SRY) protein. Source: httpll 
www.ncbi.nlm.nih.gov (Accession no. 005066). 

to the X chromosome during meiosis results in either XY female or XX male genotypes in the 
off spring. The SRY encodes for a DNA binding protein SRY and is transcribed as a single 
exon (Cameron and Sinclair, 1997). This protein functions as a transcription factor regulating 
the formation of the testis in fetal development. The binding of SRY protein produces a 
bending to target DNA, and is crucial for male development. However, more recent studies 
revealed that testes might fail to differentiate in patients with a 46, XY complement of 
chromosomes and normal SRY gene expression, indicatingthat genes fkom other chromosomes 
are required for spermatogenesis and the differentiation of the male phenotype. In mice Sry is 
expressed just before the overt differentiation of the bipotential gonad and for a brief period 
in somatic cells, to differentiate Sertoli cells (clr Harley et al., 2003). In addition, the family of 
SRYIsex proteins seems to be involved in other function such as in the down regulation of 
mouse Msh4 (MutS homologue 4) gene expression through regulation of promoter 
transcriptional activity (Santucci - Darmanin et al., 200 1). 

In the absence of Sry expression, neither XX nor XY develop testes, where as alterations 
in Sry expression are often associated with abnormal sexual differentiation. Nef et al., (2003) 
showed that the insulin receptor tyrosine k i i e  family, comprising Ir, Igflr and Irr, is required 
for the appearance of male gonads and thus for male sexual differentiation. XY mice that are 
mutant for all three receptors develop ovaries and show a completely female phenotype. 
Reduced expression of both Sry and the early testis-specific marker Sox9 indicates that the 
insulin signaling pathway is required for male sex determination (Nef et al., 2003). It is now 
assumed that SRY acts upstream of SOX9 in the sex determination cascade, but the regulatory 
link, which should exist between these two genes remains unknown patmetier et al., 2003). 

Characterization of SRY: The ORF of human SRY is contained within a single exon and 
encodes a protein of 204 amino acids. The protein chain can be divided into three regions, a 
central domain and two nuclear localization signals. The central domain contains 79 amino 
acids, which forms HMG box and functions as a DNA-binding and DNA-bending domain. 
The C-terminal domain of 7 amino acid have the potential to interact in vitro with PDZ proteins, 
whereas the N-terminus can enhance DNA binding activity after phosphorylation within this 
domain. The HMG box within SRY is conserved motif, which can recognize DNA. This motif 
has the ability to bind specifically to AITAACAATIA sequences with high affinity, and non- 
specifically to cruciform DNA (Fig10.2). The affinities and specificities of full-length hSRY 
and the hSRY-HMG domain for 20-bp DNAs containing cisplatin, target sites in the CD3 
epsilon gene enhancer (AACAAAG) suggested that SRY offers a role in the study of 
cytotoxicity and organotropic specificity of cisplatin and hence therapeutic target for testicular 
tumors (Trimmer et al., 1998). 

The NMR structure of HMG box in SRY-DNA complex revealed that HMG box consists of 
three alpha helixes forming an L-shape structure. Helix-1 and helix-2 run anti-parallel and form 
short arm. The longer helix3 runs anti-parallel to the N-terminal sequence strand and forms 
long arm. The structure is stabilized by conserved aromatic amino acids, which form 
hydrophobic core of the protein (Fig.10.3A) Binding of SRY causes DNA to unwind and 



Sex Chromosomal Proteins 217 

Fig. 10.3. (A) The L shaped structure and three alpha-helices (1,  2 and 3) of SRY derived by NMR. Adapted 
from http:ncbi.nlm.nih.gov. (B) The HMG box of SRY bound to the minor groove of DNA causes DNA to 
bend and unwind. Adapted with permission from M.H. Werner et el, Cell 81;706-14:1995b O Elsevier. 

bending of DNA by about 80 degrees. The bending of DNA presumably results into a particular 
DNA architecture in chromatin responsible for displacing of a nucleosome at fra-2 promoter 
(Ng et al., 1997; Werner et al., 1995a,b) (Fig.103 B). The SRY and other HMG-box proteins can 
also bind cruciform DNA with normal affinity as compared to its 50-fold less binding affinity 
with Ile68Thr SRY protein variant (Rev: Harley et al., 2003). 

SRY Interacting Proteins: SRY protein contains a bipartite nuclear localization signal (NLS) 
at the N-terminal end and a simian virus 40-type at C-terminal end of the HMG box (Argentaro 
et al., 2003)(Fig. 10.4.). The N-terminal NLS forms part of CaM-binding domain, which helps 
in the nuclear import of other proteins through CaM. The C-terminal of SRY binds importin 
beta. Another protein, SIP1 interacts with SRY via a PDZ- type domain. The biological 
significance of these interactions is unknown. 

Other Sex Determining Genes: In addition to Y linked testis-determining gene SRY, a number 
of other sex determining genes have been identified, which are associated with a failure of sex 
determination. These include W T I ,  DAXI, SOX9 and ATRY. Most cases of human sex reversal, 
XY females and XX males, need not necessarily be caused by mutations in these genes 
(McElreavey and Fellous, 1997). Among other sex determining genes, the key stage seems to 
be 28-dpc, in which SOX9, an autosomal gene expression switches between the male and 
female, and anti-Muellerian hormone (AMH) expression begins to attest Sertoli cell differentiation 
and the corresponding seminiferous cord formation in the male (see autosomal genes). 

10.4. Y CHROMOSOME AND SPERMATOGENESIS 

Translocations between the Y chromosome and autosomes in men have shown adverse 
effects and severe disorders in spermatogenesis. Analysis of testicular biopsies suggests 
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that translocations of the Y chromosome explain multiple disorders in spermatogenesis ranging 
fiom failure of spermatogonial differentiation to formation of post-meiotic cells. Many effects 
are due to interference with sex chromosome pairing and incomplete defective inactivation of 
X chromosome @iemer and Desjardins, 1999; Ma et al. 2000). 

Drosophila: The Y chromosome has long been considered to be important in Drosophila 
spermatogenesis since lack of the Y chromosome would result in XO male sterility. The 
spermatogenesis in XO males of D. melanogaster is caused due to meiotic arrest (Ma et al., 
2000). It was later demonstrated that deletions of the regions containing kl-5, kl-3 and ks-1 
would prevent the formation of the outer dynein arm of the axoneme, leading to the collapse 
of spermatogenesis while deletion of ks-2 would result in a complex phenotype with nuclear 
crystal formation and abnormal meiosis. The presence of lampbrush loop like structure formed 
from the Y chromosome in the primary spermatocyte suggested that a lampbrush loop is a 
male fertility gene, and it contains only one complementation group (Hackstein and 
Hochstenbach; 1995). Subsequent study revealed that repetitive DNA sequences of fertility 
gene of D. Hydei are conserved on the Y chromosome in humans. More over seven of these 
DNA sequences, known as the pY6H were located to interval 6 of human Y chromosome. 
Three members of pY6H family, pY6HP35, pY6HP52 and pY6BS651E were found missing in 
oligospermic and azospermic men. 

In primary spermatocytes, three of the loci in lampbrush loops contain RNA transcripts 
and associated proteins. The identities and functions of these Y chromosome loop-binding 
proteins are largely unknown. The RB97D protein, which is essential for spermatogenesis and 
bound to a specific lamp brush loop, contains two copies of a well characterized RNA binding 
domain, the RNA recognition motif, followed by a proline-glutamine rich domain and found in 
only spermatocytes nuclei. The protein and its loop binding function are evolutionarily 
conserved and can be essential for fertility (Heatwole and Haynes, 1996). Another gene, 
Dhmst 101 is a member of small gene family specifically expressed in D. hydei and encodes a 
protein of 344 aa with a Mr of 37793 Da. The main portion of the protein contains repetitive 
highly charged amino acids. The protein is localized in elongated spermatids (Neesen et al., 
1994). The bode (bol) gene has been identified in Drosophila. Bode cDNA codes a protein 
of 228 amino acids that contained a single RNP type RNA binding domain. The putative RNA 
binding motif of Boule protein is most similar (42%) to that of human DAZand mouse protein 
Dazll. The DAZmaps to Yq in humans, but bode and mouse Dazll are autosomal (see section 
10.4.2) 

Mouse: Observations from different laboratories suggested the existence of a gene or genes 
involved in spermatogenesis in the Sxr" region, since the germ cells entered meiosis normally 
(Burgope, 1979). Another mutant called Sxr" discovered in 1984 also showed complete block 
of spermatogenesis at pre-pubertal stage at the onset of meiosis in adult testis. It has been 
found that Sxrb is derived from Sxr" gene, which is a deleted portion of DNA that contains 
genes for spermatogenesis (review Ma et al., 2000). However, the genetic background has a 
significant influence on the sperm morphology and fertilization efficiency in mice after Y 
chromosome deletion. spermatozoa from CBA mice with B1O.BR-Ydel strain showed 
deformation in acrosome region suggesting that Y chromosome has a regulatory role in 
spermiogenesis (Styma et al., 2003). The deletion of Y chromosome also affects the epididymal 
maturation of sperm and their motility (c/r Styrna et al., 2003). 

Human: Translocation of a part of the Y chromosome to autosomes typically occurs in 
chromosomes 1, 3 and 11 and impairs spermatogenesis. Breakpoints in the Y chromosome 
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6-equently arise in the Yqll or Yq12 region. Genes affected by these translocations have not 
been identified but probably include those in the azoospermia factor (AZF) region of the Y 
chromosome. This region has been divided into three sub-regions (AZFa, AZFb, AZFc; 
Table 10.1) where genetic defects have been associated with different grades of impairment 
and arrest of spermatogenesis due to chromosomes pairing. A new locus, AZFd locus was 
discovered below AZFb and AZFc (Kent-First, 1999). Infertile men subsequently showed the 
identification of four gene families for AZF: They are RNA binding motif (RBM) (previously 
named Y-linked RNA recognition motif (YRRM)), deleted in azoospermia (DAZ), chromodomain 
Y (CDY) and Drosophila related fat facets related Y (DFFRY) (Fig. 10.1). Many effects are 
due to interference with sex chromosome pairing and incomplete or defective inactivation of 
X chromosome. 

10.4.1. AZFa Region 

Deletion analysis of Yql 1 region has revealed more than 15 genes, which have been identified 
as AZF candidates, and several studies are in progress. Three different regions of Yql 1.2 1-23 
within interval 5 and 6 (AZFa, AZFb, AZFc; Fig.lO.1.) have been mapped. The DFFRYand 
DFFRX are homologues of the Drosophila developmental gene fat facets fan, which have 
been mapped to the proximal Yq11.2 and Xp11.4 respectively in humans. The faf gene is a 
member of the gene family encoding deubiquitinating enzymes, which remove ubiquitin 6-om 
protein ubiquitin conjugates (Chapter 3 1). The mouse D m  homologue has been characterized 
and mapped to the Sxrb region on the short arm of the Y chromosome. Deletion of Sxrb has 
been shown to be associated with early spermatogenic failure with an almost total loss of 
germ cells in meiosis. The expression of mouse D& is restricted to the testis and can be fmt 
detected between 7.5 and 10.5 days after birth, when type A, type B spermatogonia, 
preleptotene and leptotene spermatocytes are present (Brown et al., 1998). 

The human DFFRY gene is expressed ubiquitously in adult and embryonic tissues, 
including the testis (Ma et al., 2000). The DFFRY gene is mapped to AZFa and deleted in 
azospermic and oligospermic men. De novo deletion of genes in the Yq11.21 (AZFa) causes 
the complete loss of germ cells production. Deletions within AZFa- region occur at much 
lower frequency than for AZFb and AZFc. AZFa deletions are generally associated with 
Sertoli cell only syndrome. Candidate genes for infertility within this region include DFFRY, 
DBY (Dead box Y gene) and UTY(ubiquitous transcribed repeat gene on Y chromosome). The 
DFFRYencodes an ubiquitin-specific hydrolase, which is involved in oocyte development in 
Drosophila and also plays a role in ubiquitin-dependent degradation of proteins; it specifically 
targets D-jun (see chapter 17) and other members involved in the regulation of D-Jun activity. 
The DBY encodes a protein that contains the DEAD box motif generally found in RNA 
helicases (see Chapter 13). The role of UTYis currently unknown (c/r Shah et a1 2003). 

10.4.2. ZFb Region 

Within the Yq11.22-23 region (AZFb; Fig.lO.l.), four genes (RBM1, SMCY TSPYandElFIAY) 
with suspected implications for spermatogenesis have been identified. RBMI (RNA binding 
motif 1) and multiple repeats of the RBM gene family are distributed on the Y chromosome. 
Deletion of regions containing either RBMI, SMCY or the other genes results in early arrest of 
spermatogenesis at the level of pre- and post-meiotic spermatocytes in testis. Ejaculates from 
patients with deletions in the AZFb region are most commonly accompanied with azoospermia, 
or severe oligozoospermia. Some of these genes encode RNA binding proteins, which are 
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structurally similar to other human RNA binding proteins, while others function as translation 
initiators and proteases. Certain genes, such as RBM1, are only transcribed in the testis at 
specific stages of germ cell development (Delbridge et al., 1997; clr Diemer and Desjardins, 
1999). HSFY (heat shock transcription factor, Y chromosome) has been mapped in the AZFb 
region of the Y chromosome, whose deletion results in severe male infertility. It belongs to the 
heat shock factor family that is being implicated in spermatogenesis. Alternative splicing 
generates three different transcripts and proteins, each containing an HSF domain typical of 
HSF proteins. Two identical and functional full-length copies of HSFY map in palindrome P4 
of AZFb, whereas four similar sequences mapping in two clusters in palindrome P 1 of AZFc 
and P3 seem to represent pseudogenes. Sequences similar to few HSFY exons are also located 
in the short arm of chromosomes Y, X and 22. The three HSFY transcripts are differentially 
expressed; transcript 1 being present in many tissues including testis and ejaculated sperm, 
and transcripts 2 and 3 being testis-specific (Tessari et al., 2004). 

10.4.3. AZFc Region 

The Yq11.22-23 region also contains AZFc that regulates spermatogenesis related DAZ and 
SPGYgenes (spermatogenesis gene on Y also referred to as DAZ2) and located distal of DAZ. 
Two new candidate genes TTYl and l7Y2 have also been known but their translation in germ 
cell development has not been confirmed. The DAZ and SPGY (DAZ2) share high structural 
homologies, by having an identical 72 base pair exons, but appear to function as independent 
genes of the same family. Deletions of DAZand DAZ2 interfere with the maturation of spermatids 
(Table 10.1). Genes in the Yq11.21-23 region (Fig.lO.1) share similar functions and regulate 
the transcription of other genes involved in the germ cell development. In recent years RNA 
binding motif (Rl3M) proteins similar to DAZ in humans have been located on autosomes (see 
autosomal DAZ l i e  proteins). Vogt and Femandes (2003) discussed also the polymorphic 
DAZ gene family and disclosed putative origins of its molecular heterogeneity in fertile and 
infertile men identified by the analyses of Single Nucleotide Variants (SNVs) in this AZFc 
gene locus. 

10.4.4. RBM Gene Family 

RNA recognition motif of RBM encodes approximately 90 amino acids, a hallmark of a super- 
family of RNA binding proteins, the heterogenous nuclearribonucleoprotein (hnRNP) family. 
Y chromosome Rbrn genes are found in all mammals and are related to the X chromosome 
gene, which encodes hnRNPG. Its closest member hnRNPG RNA binding protein is widely 
expressed in the human, and mapped to the short arm of chromosome 6p12. The RBM is a 
nuclear protein expressed in fetal, pre-pubertal, and adult male germ cells. Rbrn sequences 
found on both arm of the Y chromosome make genotype phenotype correlations difficult for 
this gene family. In the absence of detectable Rbrn expression, one can see stages of germ cell 
development up to early meiosis, but not past this point into the haploid phase of 
spermatogenesis (Elliott et al., 1997). In man, deletion of the functional copies of Rbrn is 
associated with meiotic arrest rather than sperm anomalies (Mahadevaiah et al., 1998). The 
expression of the Rbrn and,RBM proteins is found exclusively in germ cells in the testis. The 
deletion of RBM member@) in the AZFb region appears to be associated with spermatogenic 
arrest at meiosis (Elliot et al., 1997; 1998). The RBM protein consists of four tandem repeats at 
37 residue peptide, named the 'SRGY box' because of its high content of Ser-Arg-Gly-Tyr 
amino acids. The Rbrn is a multi-copy gene family with an estimated 30-40 members (some of 
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Table 10.1. Sex Chromosomal of Gene Products in sex differentiation and testis development 

Gene Protein 'Qpe Comments 
SKY Sex related Y protein Transcription factor, determines sex in 

Sox 9 

D M 1  

m 

GATA 4 

m 4  

DMRTl 

RBM 

DAZ 

SPANX 

HR6A 

HR6B 

SRY related HMG Box 
(SOX) protein 

DAXl 

WT 1 Zinc fmger protein. 

GATA 4 

WTN4: Cysteine rich 
Transcription factor. 
Male specific protein 
with DNA binding 
domain (DBD) 
RBM containing protein 

DAZ and SPGY RNA 
binding proteins 

SPANX 

mammals, located on Y chromosome; related 
to sex differentiation and spermatogensis in 
males, mutation in SRY gene leads to sex 
reversal in females. 
Transcription factor located on Y chromosome; 
regulates sex differentiation and bone 
morphogenesis; involved in sex reversal in 
females. 
Nuclear hormone receptor, located on genital 
ridge of both male and females; Deficiency 
causes congenital adrenal hypoplasia and 
dosage dependent sex reversal. 
Transcription factor; XY male develope into 
females. 
Embryonic development, expresses in both 
sexes, relates to testis differentiation through 
AMH. 
Dose dependent sex differentiation; Regulator 
ofDAXl 
Expresses in genital ridge in both sexes; 
Mutation in DBD shows incomplete testis 
development 

Regulate spermatogenisis; deficiency causes 
oligospermia in men. 
Regulate spermatogenisis and matulation 
spermatids;deficiency causes oligospermia in 
men. 
Expresses in spermatogenisis and in leukemic 
patients (C11, CML, AML) 
X chromosome protein, defficiency causes 
male infertility. 
Y chromosomal and autosomal protein, located 
on elongating spermatids involved in ubiquitin 
conjugation. 

which are pseudogenes), spread over both arms of the Y chromosome but mainly in intervals 
5 and 6 (Delbridge et al., 1999; Mazeyrat et al., 1999; Elliott et al., 2000b). 

Interestingly, the Rbm genes in mice and marsupials contain only one SRGY box, which is 
also the case in the hnRNPG gene. This led to the proposal that the Y-linked RBM family may 
have resulted from a transposition of an h n W G  like ancestral gene to the Y chromosome. 
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The mouse Rbm gene was initially thought to be a single one. However, it is now known that 
this has multiple copies, some of which have been mapped to the S d  region. At least 25 and 
probably > 50 copies of Rbm are present on the mouse Y chromosome short arm located 
between Siy and the centromere. As in human, RBM plays a role in spermatogenesis in mouse 
testis, but there are some differences in pattern of expression in two species. Mice carrying 
deletion Ydl that maps on proximal Y short arm are female due to position effect resulting in 
non-expression of Siy. 

The functions of RBM and hnRNPG are unknown. The RBM has a different expression 
profile from its closest homologue hnRNPG. Despite its ubiquitous expression in all 
transcriptionally active germ cell types, the proportion of RBM, distributed between punctuate- 
nuclear structure and the remainder of the nucleoplasm, is dynamically modulated over the 
course of germ cell development. Moreover, pre-mRNA splicing components are targeted to 
the same punctate nuclear regions as RBM during the early stages of germ cell development, 
but this spatial association breaks down in late meiosis. After meiosis, pre-mRNA splicing 
components are differently targeted to a specific region of the nucleus, suggesting dynamic 
and possibly multiple functions for RBM in germ cell development (Chai et al., 1997; Elliot et 
al., 1998). 

Some RBM homologue has been identified on the X chromosome and chromosome 1 1. 
The RBM member of hnRNP gene is identified as a single copy gene on chromosome 1 1. The 
gene hnRNP G-T contains an uninterrupted open reading frame and no introns, consistent 
with derivation fiom a retroposon. However, unlike many retroposon-derived genes, hnRNP 
G-Tis not a pseudogene. It is highly expressed in germ cells and in particular in the nuclei of 
meiotic spermatocytes. Human like hnRNP G-T protein is present in the testis of several 
mammals and is highly conserved (Elliot et al., 2000b). Within germ cell nuclei, protein-protein 
interactions showed that RBM protein directly interacts with members of the SR family of 
splicing factors and in addition, strongly interacts with itself. The SRproteins appear the only 
splicing factors bound by RBM, which are required for splicing of panel of pre-mRNAs and 
that RBM protein is a conserved mammalian splicing regulator, which operates as a germ cell- 
specific cofactor for more ubiquitously expressed pre-mRNA splicing activators (Elliott et al., 
2000a). 

10.5. THE DAZ GENE FAMEY AS AZF CANDIDATE 

It is now clear that DAZis a multiple gene family with at least seven copies clustered within a 
1-Mbp region in the distal interval 6. The DAZ family shares certain characteristics with the 
RBM family, namely it also encodes RNA binding protein and expressed in germ cells only. 
Another member of this family and related to DAZ, named SPGY was identified and the 
complete sequence of SPGY has been released. The DAZ family contains 7 to 24 tandem 
repeats (termed DAZrepeat) of 72 bp with homology to the DYSl repeat. Y-linked DAZ is seen 
only in old world monkeys but not in other mammals. The Y-linked DAZwas believed to be the 
best candidate for AZF by some investigators because of its deletions found in a number of 
azoospermic or oligospermic men. However, individuals lacking DAZ show various phenotypes 
ranging kom azoospermia, oligospermia and some are even fertile. These observations imply 
that the gene is not required for the completion of normal spermatogenesis. Further studies 
reveal that the sequence of the bode gene is more like that of the autosomal DAZLl and 
Dazll than that of the Y-linked DAZ (Ma et al., 2000). 

Proteins that interact with DAZ proteins have been identified. The PUM2, a human 
homologue of Pumilio, a protein required to maintain germ line stem cells in Drosophila and C. 
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elegans, forms a stable complex with DAZ through the same functional domain required for 
RNA binding, protein-protein interactions and rescue of Pumilio mutations in flies. The PUM2 
is expressed predominantly in human embryonic stem cells and germ cells and co-localizes 
with DAZ and DAZL in germ cells. It seems that PUM2 is a component of conserved cellular 
machinery that may be required for germ cell development (Moore et al., 2003). 

10.6. THE CDY GENE FAMILY 

The human chromodomain Y(CDY) is a gene family with at least three members identified and 
named as CDYl major, CDY 1 minor and CDY2. The CDY family encodes a protein containing 
a chromatin-binding domain and a catalytic domain. The predicted coding regions of CDYl 
and CDY2 were 98% identical in amino acid sequence of the predicted proteins. Most of the 
putative protein encoded by the CDYI minor transcript is identical to that encoded by the 
major transcript except that its carboxy terminus is divergent. The CDYI genes are mapped to 
intervals 6F and the CDY2 to 51 of the Y chromosome. Like the DAZfamily, the human CDY 
has an autosomal homologue, referred to as CDY-like (CDYL), mapped to the distal short arm 
of chromosome 6. The Y-linked CDY genes are restricted to primates, while the autosomal 
CDYL homologues are widely present in other mammals. In mice, the CDYL homologue, 
known as Cdyl has been mapped to chromosome 13. The predicted mouse CDYL and human 
CDYL proteins have 93% overall amino acid identity, while the predicted human CDYL and 
CDY proteins have only 63% identity. Location of CDY on the region important for 
spermatogenesis and its testis-specific expression has made it a potential candidate for AZF 
@ia et al., 2000). 

H-Y Antigen: The H-Y antigen is male specific antigen, which was fust described during skin 
graft experiments. The mouse H-Y antigen gene (Hya) locus (termed Smcy) has been cloned 
from the region encoding Spy and Hya (Agulnik et al., 1994). The human homologue (SMCY) 
has also been mapped to the same deletion interval as human H-Y antigen locus, HYA (Agulnik 
et al., 1994). Now several Hys have been identified, including MHC class I-restricted and 
MHC class 11-restricted epitopes. 

TSPY: The TSPY, "the testis-specific protein, Y-encoded", is the product of a tandem gene 
cluster on human proximal Yp. Testis specific protein Y is a human Y-chromosome derived 
gene with numerous functional and non-functional copies. The TSPY has homology with 
other human and non-human proteins, including SET and NAP, factors that are suggested to 
play a role in DNA replication. A set of distinct TSPY transcripts has been identified with 
diverse exon compositions. The TSPY occurs mainly in a modified, putatively phosphorylated 
form. By immunostaining it was detected in distinct subsets of spermatogonia, and also 
strongly immunostained in early testicular carcinoma in situ, while seminomatous tumour 
cells showed low activity. The data point to a phosphorylation-dependent TSPY-function in 
early spermatogenesis, immediately prior to the spermatogonia-to-spermatocytes transition, 
and in early testicular tumorigenesis (Schnieders et al., 1996). Specific expression patterns in 
testis and testicular tumors, as in prostate cancer samples and cell lines led to the postulation 
of a potential role in cell proliferation, supported by the presence of a suppressor of variegation, 
enhancer of zeste and Trithorax/nucleosome assembling protein (nucleosome assembly protein) 
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domain in the mature protein. TSPY expresses in two transcripts of variable length, termed 
TSPY-S and -L, which differ in their 3'-translated region due to alternative splicing, and in the 
level of transcripts; TSPY-S being 3-4-fold more abundant than TSPY-L. Surprisingly, no 
evidence of a G-G-18 haplotype was found for the TSPY-L transcript, while this haplotype 
makes up almost 50% of all TSPY-S transcripts. This excludes the corresponding TSPY-1 
locus fiom alternative splicing. The only significant differences between the TSPY-1 locus 
and eight other loci were located in the promotor region as revealed by sequence comparisons 
(Krick et al., 2003). 

PRY Genes: PRY PTP-BL related on the Y chromosome) has been proposed as a candidate 
spermatogenesis gene. Comparison of the cDNA sequence with the genomic sequence revealed 
five exons. The Y chromosome revealed the presence of two full-length copies in AZFb 
(PRY1 and PRY2) and two shorter versions of the PRY gene containing exons 3,4 and 5 in 
AZFc (PRY3 and PRY4). A clone containing exons 3,4,5 is located in area 5L (between AZFa 
and AZFb), a clone containing a sequence homologous to exon 5 is located in the area 5M (in 
AZFb) and a clone containing a fiagrnent homologous to exon 3 is located in 6E A repeat 
structure of exons 1 and 2 is present on the short arm of the Y chromosome as well as on the 
long arm. The PRY1 and PRY2 gene copies that are located in A m ,  are known to be expressed 
in the testis (Stoufs et al., 2001). 

VCXN Proteins: Expression and localization of VCXlY proteins and their possible involvement 
in regulation of ribosome assembly during spermatogenesis have been identified recently 
(Zou et al., 2003). The VCY2 is a testis-specific protein withunknown function. It is located in 
the AZFc region on chromosome Yq and is fiequently deleted in infertile men with severe 
oligozoospermia or azoospermia. Ubiquitin-protein ligase E3A (UBE3A) contains a HECT 
domain that binds VCY2. Two UBE3A transcripts of 1.4 and 2kb are abundantly expressed in 
human testis. Both VCY2 and UBE3A mRNAs are expressed in ejaculated human spermatozoa, 
indicating that both genes localize in the germ cell compartment. This suggests that UBE3A 
ubiquitination may be required for VCY2 function (Wong et al., 2002). An interacting partner 
of VCY2 is VCY2IP-1 that encodes an ORF of 1059 amino acids. The amino acid sequence of 
VCY2IP-1 shows 59.3% and 4 1.9% homology to two human microtubule-associated proteins 
(MAPS), MAPlB and MAPIA, respectively. The VCY2IP-1 has an extensive homology to the 
N-terminus and C-terminus regions of MAPlB and MAP 1 A, placing it within a large family of 
MAPS. VCY2IP- 1 is localized to chromosome 19p13.11. The VCY2IP-1 gene spans 15-kb and 
consists of seven exons. A 3.2-kb VCY2IP-1 transcript is predominantly expressed in human 
testis. The VCY2IP- 1 transcripts are present in germ cells, while VCY2 and VCY2IP- 1 transcripts 
are present in human ejaculated spermatozoa (Wong et al., 2004). 

10.8. AUTOSOMAL GENES PRODUCTS 

Cystic fibrosis (CF) is most common fatal autosomal recessive disorder, found among 
Caucasians. It arises because of mutations in cystic fibrosis transmembrane conductance 
regulator gene (CFTR) (Hargreave, 2000). The CFTR codes for a membrane protein that 
functions as an ion channel and also influences the formation of male reproductive tract. The 
CFTR protein is expressed in human epididymis, which generates proper environment for 
sperm maturation and sperm transport (see Chapter 32). 
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1 MNUDPFMKM TDEQEKGLSG APSPTMSEDS AGSPCPSGSG SDTENTRPQE NTFPKGEPDL 
61 KKESEEDKFP VCIREAVSQV LKGYDWTLVP MPVRVNGSSK NKPINllRPMN AEMWAQAAR 

121 PJUADQYPHL HNAELSKTLG KLWRLLNESE KRPFVEEAER LRVQHKKDHP DYKYQPRRRK 
181 SVKNGQAEAE EATEQTHISP NAIFKALQAD SPHSSSWE VHSPGEHSGQ SQGPPTPPTT 
241 PKTDVQPGKA DLKREGRPLP EGGRQPPIDF RDWIGELSS DVISNIETFD VNEFDQYLPP 
301 NGHPGVPATH GQVTYTGSYG ISSTAATPAS AGHVWMSKQQ APPPPPQPPP QAPPAPQAPP 
361 QPQAAPPQQP AAPPQQPQAH TLTTLSSEPG QSQRTHIKTE QLSPSHYSEQ QQHSPQQIAY 
421 SPFNLPHYSP SYPPITRSQY DYTDHQNSSS YYSHAAGQGT GLYSTFTYMN PAQRPMYTPI 
481 ADTSGVPSIP QTHSPQHWEQ PVYTQLTRP 

Fig.lO.4. Amino acid sequence of SOX9 [SRY-related high-mobility group (HMG) box 91. Source: httpN 
www.ncbi.nlm.nih.gov (accession number P48436). 

10.8.1. SOX9 and Other SOX Proteins 

The Sox (Sry-type HMG box) group of transcription factors, which is defined by a high- 
mobility group (HMG) DNA-binding domain, is categorized into six subfamilies. The effects 
of autosomal translocations on spermatogenesis involves on the formation of synaptonemal 
complexes. More important is the formation of asynaptical and hetero-synaptical complexes 
formed between non-homologous chromosomes and still more important with sex chromosome 
bivalent. Such interactions may lead to interfere in the inactivation of X chromosome, and 
hence meiosis cycle. 

Disorders in SOX-9 (SRY type HMG box gene 9), originating at any level, cause a semi- 
lethal, recessive disorder with a range of skeletal malformation syndrome known as campomelic 
dysplasia (CD) and the inability to develop testis. The protein encoded by this gene recognizes 
the sequence CCTTGAG along with other members of the HMG-box class DNA-binding 
proteins. It acts during chondrocyte differentiation and, with steroidogenic factor 1, it regulates 
transcription of the anti-Muellerian hormone (AMH) gene. The SOX-9 is the first sex- 
determining gene to be discovered on autosomes. Deletion, translocation and inactivating 
mutations involving SOX-9 cause CD, including sex reversal in individuals with a normal male 
karyotype, 46, XY (Pringle and Page, 1997). These features are associated with translocations 
at breakpoints located at q24.3-25.1 region of chromosome 17. All these chromosomal changes 
appear to involve a defect in the promoter element for SOX-9. 

The human S O B  gene encodes a protein of 509 amino acids. The HMG box of SOX9 shares 
70% homology with HMG of SRY protein. Hence SOX9 is SRY-related transcription factor and 

SOX9 
SRY 
SOX1 
SOX4 
SOX13 
SOX17 
SOX20 
SOX30 

Calmodulin Importin $ 
DPYPHLHNAELSKTLGKfAiRLLElESEKRPNEEAERLRVQHKKDPW 
LENPRMRNSEISKQtGV~KHLTEAEKHPFaEAQKLPRHREKYPNY 
QENPWRNSEISKRLGAEWKVMSEAEKRPFIDEAKRLRALHMKEHPDY 

IMEQSPDMXNAEISKRLFKRWKLLKDSDKIPFIREAERLRLKHMADYPDY 
LQAFPDMHNSSISKILGSRHKSMTNQEKQPYYEEQARLSRQHLEKYPDY 
QNPDLHNAELSI(MLGKSWKALTLAEKRPFVEEAERLRVpHMQDHPNY 
NPKHLHNSEISKRLGAQWKLLDEDEKRPWEEAKRLRARHLRDYPDY 

LAKANPAANNREISVQUjLEWNKLSEEQKKPYYDEAQKIUEKHREEEPGW 

N-NLS (bipartite NLS) (SV404ke) C.NL8 

Fig.10.5. Calmodulin and importin beta binding domains of SRY HMG doman. An alignment of the HMG box 
of SOX protein (representative from each gr oup). The shaded region represents the CaM binding domain 
mapped in SRY. The N-andC-terminal NLS sites are underlined. Note lack of conservation of CaM and 
importin beta domains between SOX and non-SOX proteins. Adapted from 4 Argentaro et al. J Biol Chem 
278;33839-47;2003 0 ASBMB. 
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Table 10.2. Autosomal Genes and Their Products in Gametogenesis 

Gene Protein 'Qpe Comments 
Dazl RNA binding protein Located in cytoplasm of premeiotic cells, 

deficiency causes-male and female infertility 

HR6B 

BMP 8B 

Dhh 

Hsp 70-2 

Pms2 

Mlhl 

Msh4 

Fertilin 

AKAP 82  

ATMATR 

Signaling Protein (TGF- 
PliW 
Signaling 

Heat-shock protein 

PMS mismatch repair 
Protein 
MLHl mismatch repair 
Protein 

MSH4 mismatch repair 
Protein 

Fertilin d 

Protein kinaseA 
anchoring protein 82 

Check point kinases 

Y-chromosomal homologue, present in 
spermatids, deficiency causes male infertility. 

Present in round spermatids, causes germ cell 
development. 
Present in Sertoli cells, causes germ cells 
development 
Present on synaptonemal complex, chaperone 
protein, responsible for male fertility. 

Related to DNA recombination repair, 
responsible for male infertility. 
Present on synaptonemal complex, related to 
DNA recombination repair, responsible for male 
infertility, and growth retardation. 
Causes male infertility, related to DNA 
recombination repair, responsible for male 
infertility. 
Sperm acrosomal protein involved in 
fertilization of ovum. Deficiency causes failure 
of fertilization. 
Present on fibrous sheath of sperm, 
responsible for capacitation and fertilization. 

Present on synaptonemal complex, deficiency 
causes male and female infertility. 

binds with high affinity at SRY binding site AACAAT and TCFl site, AACAAAG (Fig. 10.4). 
In addition, SOX9 contains other protein domains including two translational activation domains. 
SOX9 is more conserved protein than SRY protein. Mutations in SOX9 gene have been found 
in individuals who are chromosomally males but phenotypically females. Studies in transgenic 
mice showed that female-to-male sex reversal occurs when female mice carry Sox9. Studies 
also suggest that the expression of Sox9 is up-regulated in the Sertoli cells shortly after ST 
expression in mice, and that the Sox9 is activated by Sry (Clarkson and Harley, 2002; Harley et 
al2003). Apart fiom sharing a high level of homology with orthologs, the C-terminal domain of 
SOX9 also shares homology with other SOX proteins, such as SOX8 and SOXIO. SOX9 
contains several putative sites for phosphorylation including seven sites for casein kinase 11, 
five for PKC and two for PKA. The regulatory region of SOX9 promoter seems to be very large 
and the expression of SOX9 is likely to be complex. Analysis of 6.8-kb fragment of mouse Sox9 
promoter in testis and overy from 13.5 dpc embryos showed that a minimal interval located 
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between -193 and -73 from Sox9 transcription start site was sufficient to direct maximal 
promoter activity in male and female gonadal cells (clr Harley et al., 2003) (Fig 10.5). 

Sox& Sox8 is a member of the Sox family of transcription factor genes and is closely related to 
Sox9. Like Sox9, Sox8 is expressed in the developing mouse testis around the time of sex 
determination, suggesting that it might play a role in regulating the expression of testis- 
specific genes. The expression of anti-Mullerian hormone (AMH) in Sertoli cells requires the 
interaction of several transcription factors, including SFl, SOX9, GATA4, WT1, and DAN. 
Expression of Sox8 begins just prior to that of Amh at 12 dpc in mouse testes and continues 
beyond 16 dpc in Sertoli cells. In vitro, SOX8 binds specifically to SOX binding sites within 
the Amh minimal promoter and, like SOX9, acts synergistically with SF1 through protein- 
protein interaction to enhance Amh expression at lower levels compared with SOX9. This 
provides evidence that SOX8 may partially compensate for the reduced SOX9 activity in 
campomelic dysplasia and substitute for Sox9 where Sox9 is either not expressed or expressed 
too late to be involved in sex determination or regulation ofAmh expression (Schepers et al., 
2003). 

Sox5 and Sox6: Sox5 and Sox6 belong to the group D subfamily, which is characterized by 
conserved N-terminal domains including a leucine-zipper, a coiled-coil domain and a Q-box. 
These genes are expressed as long and short transcripts that exhibit differential expression 
patterns. In mouse, the long form of Sox5, L-Sox5, is co-expressed and interacts with Sox6. 
Together, these two proteins appear to play a key role in chondrogenesis and myogenesis. 
The SOXLZ/S;X~ contains a leucine zipper motif in addition to an HMG box, which is its DNA 
binding domain. A SoxLZ/Sox6 binding protein, termed Solt, is present in mouse testis. Like 
SoxLZISox6 mRNA, Solt mRNA was exclusively expressed in the testis of mouse. Solt contains 
an unusual leucine zipper, which bound to the leucine zipper region of SoxLZ/Soxd in vitro. In 
transient transfection assays with SoxLZ./Sox6 expression of a reporter gene that carries a cis- 
binding region for Sox proteins was enhanced co-expressing Solt and Ca2+/calmodulin- 
dependent protein kinase N (Yamashita et al., 2000). 

In humans, unlike the short form, which shows testis-specific expression, L-SOX5 is 
expressed in multiple tissues. L-SOX5 shows strong expression in chondrocytes and striated 
muscles, indicating a likely role in human cartilage and muscle development, like SOX6. The 
human L-SOX5 cDNA encodes a 763-amino-acid protein that is 416 residues longer than the 
short form and contains all of the characteristic motifs of group D Sox proteins. The predicted 
human L-SOX5 protein shares 97% amino acid identity with its mouse counterpart and 59% 
identity with human SOX6. The L-SOX5 gene contains 18 exons and shows similar genomic 
structure to SOX6. %o transcription start sites in L-SOX5 with multiple alternatively spliced 
mRNA variants that are distinct from the short form, have been observed (Ikeda et al., 2002). 

10.8.2. Autosomal DAZ like (DAZL) Proteins 

Autosomal gene DAZL is a family of genes (DAZL, DAZ BOULE), all of which contain a 
consensus RNA binding domain and are expressed in germ cells. Although the DAZ 
homologues are present on the Y chromosomes of only great apes and old world monkeys, 
yet all mammals contain a single copy DAZ- like gene, DAZLI, on their autosomes. Autosomal 
DAZ homologous genes have been characterized and mapped to chromosome 17 in mice and 
named Dad1 (formerly DAZla) and DAZLl (DAZh) mapped to chromosome 3p24 in humans. 
It has been proposed that the human Y-linked DAZ family is derived from a DAZLI-like 
autosomal ancestral gene. Like the Y-linked DAZ, DAZLl and Dazll are cytoplasmic proteins 
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expressed exclusively in testis and ovary. The Dazll knockout mice express reduced number 
of germ cells and complete absence of gamete production in both males and females. These 
observations suggested that Dazll is required for gametogenesis. In absence of Dazl protein, 
germ cells can complete mitosis, and embark on functional differentiation but progression 
through meiotic prophase requires this RNA binding protein in both male and females (Saunders 
et al., 2003). The DAZLl like DAZ encodes proteins with an RNA recognition motif RRMI 
RBM and varying numbers of copies of DAZ and repeat DAZL1 has a single copy. The DAZ 
and DAZLl have 85% sequence similarity over most of their lengths, including the RBM 
domain and the DAZrepeats, but they have different C terminal sequences due to a fiame shift 
downstream of the DAZ repeat region. A role for DAZ and DAZLl in spermatogenesis is 
supported by their exclusive expression in germ cells, their homology to a Drosophila male 
infertility gene, bode, and the sterility of Dazll knock out mice. The tubules contain only a 
few premeiotic spermatogonia that rarely progress into meiosis suggesting that Dazll is 
required for both the development and the maintenance of the germ cells. 

In the mouse 3.5-kb and 4.5-kb mRNA transcripts of Dazll are detected in male and female 
embryonic gonads at 12.5 dpc (days post coitum). During this period, the only germ cells 
present in the gonad are primordial germ cells. The Dazh transcripts were not detected in 
embryonic gonads of mice that lack germ cells because of mutation in W gene, suggesting 
that expression is limited to germ cells (Seligman and Page, 1998). Though DazL protein is 
strictly cytoplasmic and that human DAZ protein is restricted to post-meiotic cells, by contrast 
human DAZ and human and mouse DAZLl proteins are present in both the nuclei and 
cytoplasm of fetal gonocytes and in spermatogonial nuclei. The proteins reallocate to the 
cytoplasm during male meiosis. In situ hybridization shows that Dazla (DAZLI) expression in 
mouse testis is restricted to pre-meiotic stage IV-VI of spermatogenesis (Neiderberger et al., 
1997). Unlike DAZ, human DAZL protein persists in spermatids and even spermatozoa. The 
DAZL transcripts are reduced in men in association with spermatogenic cells (Reijo et al., 
2000, Lin et al., 2001). While in other reports, the DAZLl has been found abundantly in the 
cytoplasm of pachytene spermatocytes &d to a lesser degree in the cytoplasm of type B 
spermatogonia and preleptotene and zygotene spermatocytes (Ruggiu et al., 1997), whereas 
DAZ is localized either to late spermatids and sperm tails (Habermann et al., 1998) or to 
spermatogonia to spermatocytes (Dorhan et al., 1999). The DAZ proteins function in the 
RNA metabolism of late spermatids, presumably in the storage or transport of testis specific 
mRNA, the translation of which is repressed until the formation of mature spermatozoa. 
Deletion of DAZ genes does not interfere with human sperm maturation but results in a 
gradual reduction of mature spermatozoa (Habermann et al., 1998). Tsui et a1 (2000) found that 
DAZLl and DAZ bound to various homopolymers in vitro. The sedimentation profile in 
sucrose gradient indicated that DAZLl is associated with polyribosomes. Further capture of 
DAZLl on oligo (dT) beads demonstrated that association is mediated through binding of 
DAZLl to poly (A) RNA and suggests that DAZL1 is involved in germ cell specific regulation 
of mRNA translation (Tsui et al., 2000). 

10.8.3. Murine DazLl Binding mRNAs 

Jiao et al(2002) identified mRNAs fiom testes that were specifically bound by Dazll. One 
mRNA encoded the Tpx- 1 protein, a germ cell adhesion protein essential for the progression 
of spermatogenesis (see Chapters 1 and 34). A 26 nt region necessary and sufficient to bind 
Dazll was found within additional mRNAs isolated. These included (i) mRNA encoding Pam, 
a protein associated with myc, (ii) GRSFl , an mRNA binding protein involved in transcriptional 
regulation, and (iii) TRF2, a TATA box binding protein like protein involved in transcriptional 
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Fig.lO.6. Comparison of Boule and DAZ proteins. (a) Sequence of Bode protein. (b) Domain organization 
of boule and DAZ proteins (mouse DAZ like = Dazla and human DM) .  RNA recognition motif (RRM), RNA 
binding domains and DAZ motifs are indicated by black and shaded boxes respectively. (c) and (d) Alignment 
of RRM (c) and DAZ (d) domains of boule, DAZ and Dazla. The RNP domains are indicated by lines in (c). 
(d) Alignment of 24 amino acid D M  motif and 5 amino acid extension found in Boule, D M  and Dazla. 
Reproduced with permission from C.G. Eberhardt et al. Nature 381: 783-5: 1996 O Macmillan Magazines 
Ltd. http:Nwww.nature.com/Nature. 

regulation. Each mRNA containing the Dazll binding site was specifically bound by DazLI 
protein. A similar sequence is also present in the Cdc25A, a threonineltyrosine phosphatase 
involved in cell cycle progression. The Dazll and Cdc25A homologues are functionally linked 
in Drosophila and are necessary for spermatogenesis. These results demonstrated that murine 
Dazl regulates a subset of mRNAs necessary for germ cell development and cell cycle 
progression (Jiao et al., 2002). 

10.8.4. Boule and DAZ 

The bode (bol), the infertility gene was identified in Drosophila. Boule cDNAs encoded a 
protein of 228 amino acids that contained a single RNP type RNA-binding domain. The 
putative RNA binding domain of the Boule protein is most similar (42% identify) to that of the 
human DAZ protein and a closely related to mouse protein, Dazll. Boule also has 33% sequence 
similarity to a second region of DAZ and Dazll . This region contains a motif, termed a DAZ 
repeat that is present once in the mouse sequence and seven times in the human protein. The 
positions of the RNP domain and the first DAZ repeat are conserved among the fly, mouse 
and human proteins. Male flies with the boule mutation have morphologically normal primary 
spermatocytes, which fail to enter into meiotic division, suggesting that bode is required for 
the G2/M, transition. Northern analysis of RNA from adult male and female flies demonstrated 
that bode expression is limited to male. In bol homozygotes, this transcript, which is normally 
3.0kb in length, is truncated to just 1.lkb and the RNA is severely reduced in contents 
(Fig.lO.6). The defect in spermatogenesis seen with either allele in trans to a deletion is 
indistinguishable from that seen with boule homozygotes, suggesting that the phenotype of 
the boule gene could be brought about by a strong or complete loss of gene function 
(Eberhardt et al., 1996). Loss of boule function results in azoospermia; meiotic divisions are 
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blocked, although limited spermatid differentiation occurs. Histological examination of boule 
testis with cell cycle markers indicates that the primary defect is at the meiotic G2M transition 
(Eberhardt et al., 1996). 

10.8.5. MORC Gene 

Inoue et al., (1999) described the autosomal recessive mouse morc TgN (Tyr) 1Az (microchidia) 
mutation, which causes arrest of spermatogenesis prior to the pachytene stage of meiosis 
prophase I, and characterization of the morc locus and positional zloning of a gene disrupted 
by the morc TgN (Tyr) 1 Az mutation. This gene termed Morc, encodes a 108-kDa protein 
expressed specifically in male germ cells. The transgene integrated within the first intron of 
morc and was accompanied by an intragenic deletion of approximately 13-kb of genomic 
sequences, removing exons 2-4 and abrogating expression of the wild type transcript. MORC 
protein sequences revealed putative nuclear localization signals, two predicted coiled-coil 
structural motifs and limited homology to GHL (GyraseB, Hsp90, Mutl) ATPase. The human 
MORC homologue showed that it too is testis-specific, but closely related human genes, and 
transcribed in multiple somatic tissues. 

9.8.6. Other Gene Products in Infertility 

A male-enhanced antigen-1 (MEAI) appears to be serologically detectable male antigen and 
associated with chromosome 17 (Ohinata et al., 2002). The Zfi in mice (ZFY in humans), once 
considered to be the best candidate for the testis-determining gene (Td$ (Page et al., 1987), is 
now suggested to be involved in germ cell proliferation and development. The Y353/B, 
originally isolated from a mouse Y chromosome-enriched DNA library and mapped to the long 
arm of the Y chromosome (Bishop et al., 1985), has recently been proposed as a candidate 
multiple-copy spermiogenesis gene (Conway et al., 1994; Burgope et al., 1992). Lahn and 
Page (1997) isolated twelve new genes or gene families mapped to the non-recombination 
region of the Y chromosome, or NRY. Seven of these genes are Y chromosome specific and 
only expressed in the testis (Lahn and Page, 1997). The DAXl codes a nuclear hormone 
receptor protein, which is related to the congenital adrenal hypoplasia and sex reversal in 
humans. Daxl proteins are present in the early genital ridge of both males and females. Since 
Daxl is expressed at the same time as Sry, it is found that Sry and Daxl are antagonistic to 
each other (Veitia et al., 2001). The WTN4 gene encodes cysteine rich glycoproteins that 
regulate transcriptional control during male sexual development. Its over-expression in humans 
is considered to result in XY sex-reversal. During sex determination, WNT4 up-regulates the 
expression of DAXl (Jordan et al., 2001 c/r Shah et al., 2003) 

10.9. XY BODY 

During the fust meiotic prophase of mammalian spermatogenesis, the sex chromosomes X 
and Y show characteristic allocyclic behaviour with respect to autosomes. This is particularly 
evident during pachytene stage when X and Y sex chromosomes condense to form the so- 
called sex vesicle, sex body or XY body, which is morphological manifestation of the process 
of meiotic sex chromosome inactivation (MSCI) and is visually distinct from transcriptionally 
active autosomes. This structure is characterized by the condensed state of chromatin, 
transcriptional inactivity, and the limited extension of chromosome pairing, which is usually 
restricted to a short segment of sex chromosome axial elements. The molecular basis and 
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functional significance of sex vesicle formation particularly heterochromatinization during 
mammalian spermatogenesis remains obscure. A large number oT sex body located proteins 
are being identified but their functions are unclear. Meiosis-specific sex vesicle protein called 
XY40 (40 kDa; pl5.7.5.8) can be extracted fiom rat pachytene spermatocytes and recovered in 
particles of 9.5 S with a native molecular mass of approximately 152 kDa. It was proposed that 
protein XY40 may be involved in the allocyclic behavior of sex chromosomes during male 
meiotic prophase (Smith and Benavente, 1992% b). 

X inactive specific transcript (Xist) plays a crucial role during X-chromosome inactivation. 
Xist is exclusively transcribed from inactive X chromosome. In eutherian mammals, the Xist 
RNA is concentrated in the XY body. This suggests that Xist RNA is involved in the 
inactivation of the male X chromosome, and that it has spreading capability, not only in cis 
but also in a quasi-cis mode, to juxtaposed non-X chromosomes (Ayoub et al., 1997). 
"Asynaptin" (ASY), detected in male meiosis exclusively in association with the X and Y 
chromatin of sex body, is also expressed in pachytene oocytes of XY females where it coats 
the chromatin of the asynapsed X in the absence of MSCI. Furthermore, in pachytene oocytes 
of females carrying a reciprocal autosomal translocation, ASY associates with asynapsed 
autosomal chromatin. Thus the location of ASY to the sex body during male meiosis is likely 
to be a response to the asynapsis of the non-homologous regions of the heteromorphic X-Y 
bivalent, rather than being related to MSCI. In contrast to ASY, another sex body protein 
XY77 proved to be male sex body specific (Turner et al., 2000). 

The HPl class of chromobox genes is thought to encode proteins involved in the 
packaging of chromosomal DNA into repressive heterochromatin domains. Two proteins that 
have been implicated in effecting chromosome condensation through meiotic prophase are 
the mammalian HP1-like protein M31 (HPlb or MOD1) and the unusual core histone 
marcoH2A 1.2. Analyses of M3 1 and macroH2A1.2 localization in mouse testis indicated that 
both proteins are components of meiotic centromeric heterochromatin and of the sex body. 
The presence of M3 1 and H2A1.2 in sex body raised the possibility that these proteins co- 
operate in meiotic sex chromosome inactivation. In order to investigate the roles of M3 1 and 
macroH2A1.2 in meiosis, Turner et al., (2001) examined the localization patterns of these 
proteins in surface spread meiocytes from male and female mice. Study of the distribution of 
a murine M3 1 during spermatogenesis revealed spreading from the tip of the XY body in mid 
stage pachytene spermatocytes to include the whole of the XY body in late pachytene 
spermatocytes. Moreover, the formation of the XY body during spermatogenic progression 
in neonatal mice coincides with the expression of nuclear isoform of M3 1, M3 1 (p2 1). In 
addition to their previous patterns, both proteins localize to a focus within the portion of the 
pseudoautosomal region (PAR) that contains the steroid sulphatase (Sts) gene (Tumor et al., 
2001). It supports the view that a common mechanistic basis exists for heterochromatin induced 
repression, homeotic gene silencing, sex chromosome inactivation and complete desynapsis 
of the terminally associated X and Y-chromosomes prior to anaphase during mammalian 
spermatogenesis (Motzkus et al., 1999; Turner et al., 2001). 
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Chapter 11 

CELL CYCLE COMPONENTS 

11.1. CELL CYCLE 

In continuously dividing cells, an individual cell passes through four phases, shown in 
Fig. 11.1. G1 is the resting phase. During S phase DNA synthesis occurs. The S phase is 
followed by G2 phase, which is again the resting phase after DNA synthesis. The three phases 
viz. G1, S and G2 constitute interphase, while the mainmitosis takes place during M phase. The 
duration of different phases of cell cycle depends not only in different organisms but also 
varies in different tissues of same organism. The crucial features in cell cycle include the 
existence of two transition control points, at G2iM boundary and during G1 phase. The M 
phase is characterized by activation of a kinase, which is described by various names depending 
on the assay such as MPF or H1 kinase or by neutral name M phase kinase. The identification 
of multiple forms of protein kinases in cell cycle and cell cyclins in spermatogenesis indicates 
that mitotic and meiotic phases of spermatogenesis are regulated at multiple points and many 
fold more complicated than the cell cycle thought in yeast or Xenopus oocytes. 

11.2. CELL CYCLE GENES IN YEAST 

Earlier investigations on cell division conducted on budding yeast (Saccharomyces cerevisiae) 
and the fission yeast (Schiiosaccharomyces pombe) were responsible for major breakthrough 
in the discovery of present day research in cell cycle. Budding yeast is an oval shaped cell that 
divides by forming a bud. The fission yeast is a rod shaped cell, which grows by elongation at 
its ends. Despite of differences in their shapes, they share a number of features, which are 
useful for genetic studies. A large number of mutants, which helped in the discovery of cell 
division cycle (cdc) were isolated. These mutants arrest the cell cycle at specific checkpoints. 
The products of mutant genes were analyzed and compared with the proteins isolated and 
studied through the biochemistry of the cell division. Cell cycle components controlling cell 
cycle are highly conserved from yeast to mammalian cells. 

11.2.1. CdcZ, Cdc28 and Cdcl3 Genes 

The study on yeast mutants suggested that the Cdc2 gene in fission yeast and Cdc28 gene in 
budding yeast were responsible both for passage through start (i.e. transition fiom G1 to S 
phase), and for transition from G2 to M phase. Therefore, these two genes are considered to be 
equivalent to each other. The protein product of these genes and of their homologs in other 
organisms, named p34cdc2 (Mr 34kDa, p34cdc2), is found in all eukaryotic cells. Another 
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Fig 11.1. Cell cycle of a diploid cell showing effects of M-Phase Kinase and of S-Phase Promoting factor. 

fission yeast gene Cdcl3, which produces a cyclin or its homolog, is also required for the 
induction of mitosis. The products of Cdc2 and Cdcl3 (p34cdc2 and cyclin) have been 
demonstrated to participate in cell division (Fig.11.2). 

11.2.2. Cdc25 and Wee1 Genes 

The coordinated activity of Cdc2 and Cdcl3 is regulated by two additional genes: Cdc25 
(stimulates entry into mitosis), and Wee1 (inhibits entry into mitosis), which act antagonistically 
to control and regulate the entry of cell into mitosis. Another gene niml exercises a negative 
control on Weel. While niml and Wee1 produce b a s e s  that cause phosphorylation, the 
Cdc25 produces a phosphatase, which causes dephosphorylation of phosphate group at a 
tyrosine residue of p34cdc2. Thus, these genes act through regulation of protein 
phosphorylation and dephosphorylation. An increase in the ratio of activities of two genes, 
namely that of Cdc25 to Wee 1, increases the cell size required for entry into mitosis, while a 
decrease in this ratio leads to a decrease in the critical cell size. The over-expression of Cdc25 
in a mutant for Weel, causes premature entry into mitosis resulting into lethality. Several nim 
mutants such as nim A (nim= never-in-mitosis; bim= blocked-in- mitosis) arrest cell cycle in G2 
phase in Aspergillus. A Drosophila gene named string and and temperature sensitive nim T in 
Aspergillus are homologs of Cdc25 of fission yeast (Fig.ll.2). 

11.2.3. Cyclin and Other Genes in Budding Yeast 

Two types of cyclins are mainly involved in mitotic cell division in budding yeast : G1 cyclins 
and M (mitotic) cyclins (called cyclin B). G1 cyclins play an essential role in start. Originally 
three cyclin genes (Clnl, Cln2, Cln3) were identified in budding yeast. The levels of cyclin 1 
(CLN1) and CLN2 undergo periodic changes with the phase of cell cycle, peaking in late G1, 
whereas CLN3 is low throughout the cell cycle. In addition, two more genes SWI4 and SWI6 
(and also Cdc 28) (SWI = for switching) are required for transcription of HO gene coding an 
endonuclease. The products of SWI4 and SWI6, required for transcription of Clnl and Cln2 are 
components of a transcription factor (SBF) that binds the promoter element responsible for 
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Fig. 11.2. Induction of mitosis in the fission yeast. Stimulation (4 )and inhibition(+) of genes by gene 
products are shown. cdc2 and cdcl3 gene products are shown acting in concert of each other to induce mitosis. 

activation of HO, Clnl and Cln2 genes. If these genes are absent, cancer like situation may 
arise, and if positive feedback loop is dampened, the cells stop undergoing rapid cell divisions. 
In mammalian cells several classes of genes have been identified, that regulate cell cycle (see 
section 1 1.6). In addition to cyclin genes, a gene for duplication of centrosome and a number of 
genes required for spindle function have been identified in budding yeast. 

113. DEPENDENCE OF MlTOSlS ON DNA SYNTHESIS 

In several organisms, mitosis can be arrested by the inhibitors or by inactivation of replication 
enzymes due to mutations. Temperature sensitivemutants defective in DNA synthesis machinery 
have been isolated, which do-not normally undergo mitosis at the restrictive temperaturd. 
These mutations, induced by irradiation in fission yeast, involve genes codng for DNA 
polymerases, viz., Cdcl7 (DNA polymerase I), Cdc9 (DNA polymerase 11) and cdc2 (DNA 
polymerase 111); the corresponding genes in budding yeast are POL], POL2 and POL3. However, 
the dependence of mitosis on DNA synthesis in these mutants is relieved by a complete 
deficiency of RAD9. It suggests that RAD 9 gene inhibits mitosis in these mutants. It is 
speculated that RAD 9-gene product may interact with MPF or other components, which are 
essential for the initiation of mitosis. 

The cell cycle controls the initiation of DNA replication once per cycle by an efficient 
mechanism. Only GI cells are competent to initiate DNA replication. Molecular approaches 
revealed that DNA replication begins at origins of replication in chromosomes. In budding 
yeast, several gene products and their regulators are controlled by a common upstream 
regulatory element, which represents a recognition site. The origin recognition complex (ORC), 
a multi-protein complex has been identified in budding yeast. These complexes bind the 
replication origins through out cell cycle. One of these regulatory proteins is Cdc6. During 
most part of the cell cycle Cdc6 remains at very low level, but increases transiently at early GI. 
The Cdc6 binds at ORC and assembles related proteins of a pre-replicative complex @re-RC). 
At this point the S-phase cyclin-cdk complex triggers the S-phase DNA replication by 
phosphorylating proteins at DNA replication origin. The mechanism ensures that DNA is 
duplicated only once per cycle. 
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11.4. BIOCHEMISTRY OF CELL DIVISION: AN OVERVIEW 

11.4.1. MPF and Kinase Activity 

A significant progress was made in understanding the biochemismy of cell division fiom 
Xenopus eggs. The transition fiom GI into M phase requires the higher eukaryotic cells to 
initiate complex processes including nuclear envelope breakdown, chromatin condensation, 
and reorganization of the cytoskeleton, in a highly coordinated manner. The onset of M phase 
is only normally permitted after completion of around of DNA replication. The major biochemical 
event that controls cell division was the discovery of maturation promoting factor or MPF (a 
protein) fkom immature fkog eggs. The MPF causes the eggs to undergo meiosis and divide, 
and thus prepares the egg for fertilization. Subsequently, it was shown that MPF could also 
induce mitosis. The MPF induces chromosome condensation, nuclear envelope breakdown 
and assembly of spindle. MPF also activates enzymes that conjugate ubiquitin to cyclin leading 
to cyclin degradation, which render MPF inactive. Cyclin degradation and MPF activation lead 
to chromosome segregation, chromosome decondensation, nuclear deformation and cytokinesis. 
Now it has become apparent that a central and rate limiting function in the transition fiom G2 
into M is performed by a protein kinase that is highly conserved on its primary amino acid 
sequence and completely conserved in its M-phase-promoting activity throughout the 
eukaryotes. It is now known that MPF activity depends on two protein species present in 
equimolar amounts in purified MPF preparations. The fust component is the protein kinase 
catalytic subunit p34cdc2, independently identified genetically in yeast as having a function 
required for the onset of M phase. The second component of MPF is a B cyclii protein, the 
biochemical role of which remains unclear, though potential functions include specification of 
localization of the MPF protein kinase heterodimer. It was also shown that MPF activity is not 
constant but fluctuates during the cell cycle, i.e. it rises when the cell enters cell division and 
drops sharply after the division is complete. Presence of a similar cyclin protein was observed 
in sea urchin eggs and clam eggs. The cyclin activity also fluctuated like MPF. Later, cyclin was 
shown to be a part of MPF. Mutation analysis in fission yeast showed that cdc2 gene codes for 
p34cdc2, the kinase responsible for phosphorylation of cyclin. The predicted ATP binding 
region of the protein is phophorylated during interphase, resulting in inactivation of the pre- 
MPF complex until M phase onset. The protein MPF was isolated and purified and was shown 
to consist of a 45 kDa cyclin protein and a 34 kDa cdc2 kinase (p34cdc2 )the catalytic subunit 
of MPF. These two proteins (particularly p34cdc2 ) are highly conserved and have been found 
in a wide range of organisms ranging fiom yeast to humans. Though the level of p34cdc2 is 
constant during the cell cycle, the level of cyclin rises in the cell cycle at two points (GI cyclins 
accumulate upto 'start' point and M cyclins accumulate upto metaphase). After reaching their 
peak values, cyclins undergo degradation, failing which the cell division cannot proceed further. 
It was later shown that cyclin synthesis itself is sufficient to activate the p34cdc2 component 
of MPF and makes fiog eggs undergo mitosis. Further, the cyclins accumulate in each interphase 
and their destruction was necessary (but not sufficient) to shut off p34cdc2 component of 
MPF thus permitting completion of cell division through inactivation of MPF. 

In Xenopus egg extracts, three mitotic MPF (Cdc2-cyclin) complexes have been identified; 
they are activated and inactivated sequentially, beginning with Cdc2-cyclin Al, followed by 
Cdc2-cyclin B 1, and finally Cdc2-cyclin B2. The last of the three, Cdc2-cyclinB2 is inactivated 
just after nuclear envelope breakdown. Chromatin condensation and nuclear envelope break 
down persist throughout the remainder of M phase in the absence of active Cdc2. This 
persistence could be the result of slow reversal of the effects of Cdc2. Alternatively, these 
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aspects of mitosis could be actively maintained by some regulatory protein other than Cdc2 
(Guadagno and Ferrel, 1998). 

With the help of certain mutants, which replicate their DNA twice in fission yeast, it was 
also concludedthat immediately after M phase, Cdc2 molecule (or p34cdc2 1 Cdkl) is in a form, 
described as S-form, which can be converted into active SPF (due to linkage with G1 cyclins) 
and induce DNA replication. At some point after start, but before the completion of DNA 
replication, the Cdc2 molecule is converted into a form described as M form, which can be 
converted into active MPF and not into active SPF. The formation of active MPF guarantees 
completion of S phase. During the passage through mitosis, M form of Cdc2 again gets 
converted into S form. This is possibly brought about by a separate Cdk-activating kinase 
(CAK). In mitotic cells, this is accomplished by a complex of cyclin H and Cdk7. Cyclin WCdk7 
complexes, present during meiosis, form active complexes in testicular cells and are strong 
candidates for the activating kinase for cyclin Al-associated kinase (Kim et al., 2001). Thus S 
and M forms of Cdc2 are distinguished from each other due to post-translational modification 
of this protein. 

11.4.2. Phosphorylation /Dephosphorylation of Cdc2 

During the cell cycle, besides the reversible phosphorylation of cyclin protein, Cdc2 also 
undergoes phosphorylation and dephosphorylation, which regulate its activity. After passing 
through 'start', the cells synthesize mitotic cyclins (cyclin B), which accumulate and bind to 
Cdc2. This complex is initially inactive, due to associated phosphorylation of tyrosine-15 (QT- 
15) of Cdc2 (Tyr-15 phosphorylation inhibits kinase activity). This inactive complex undergoes 
further phosphorylation at threonine-160 (Thr-160), which is necessary for MPF activity, but is 
not sufficient to overcome the inhibitory effect of tyrosine phosphorylation. Nonetheless, the 
phosphorylation of nuclear lamins to promote nuclear disassembly, and the phosphorylation 
of vimentin and caldesmon, substrates potentially involved in cytoskeletal rearrangement, are 
reasonably well-substantiated roles for Cdc2 at M phase onset. While protein phosphorylation 
is clearly of fundamental importance for initiation of M phase, protein phosphatases also have 
important roles to play, not only in the activation ofthe pre-MPF complex, but also in removing 
MPF-driven phosphorylation to restore the interphase state on completion of M phase. One 
interesting possibility, suggested initially by analogy with yeast systems, is that Cdc2 is 
required for G1 commitment in animal cells, as well as for M phase onset. Subsequent removal 
of tyrosine phosphate fiom Cdc2 during G2 activates MPF and leads to induction ofmitosis (M 
phase). In fission yeast, tyrosine kinase is the product of Wee1 gene, whereas phosphatase is 
the product of Cdc25 gene. Active MPF activates tyr-phosphatase and inhibits tyr-kinase. 
This leads to entry into mitosis. The corresponding genes (Weel, and Cdc25) and their protein 
products have been identified in mammalian male germ cells . During G2, the cyclin B-Cdc2 
complex accumulates in the oocyte. But it is kept inactive through phosphorylation of Thr-14 
and/or Tyr-15 by the Wee1 kinase(s). Inactivation of Wee1 kinase and/or activation of 
phosphatase Cdc25 triggers dephosphorylation of Thr-14 and Tyr-15 and cause activation of 
MPE A possible link between activation of MAPKs and MPF has been proposed on the basis 
of the fmding that MAPK activated p90rsk binds to and phosphorylates the Wee1 homolog, 
Mytl . This phosphorylation inhibits Mytl activity and interferes with inhibition ofMPF activity 
in vitro (see MAPK signaling pathways). 
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11.5. MPFACI'lVITY IN SPERMATOGENESIS 

While the role of MPF in controlling meiosis in oocytes has been well documented, very little 
is known about its function in male germ cells. The localization of cyclin B 1 and Cdkl within 
the testis showed that both cyclin B1 and Cdkl were present at highest levels in pachytene 
spermatocytes, with lower levels in the post-meiotic cells. Zhu et a]., (1997) suggested the 
requirement of HSP 70-2 during Cdkl activity. The Hsp 70-2 gene is expressed only in 
spermatogenic cells at a significant level. This provides an evidence for a link between an 
HSP70 molecular chaperone and Cdkl activity, essential for meiosis during spermatogenesis 
(Zhu et a]., 1997). While Cdkl and cyclin B1-associated kinase activities were present in 
meiotically dividing pachytene spermatocyte, with no activity in post-meiotic spermatids, PCNA 
was detected in the mitotically proliferating spermatogonia, but not in spermatocytes, which 
had just entered meiosis. PCNA staining reappeared in later stages of meiotic prophase, in 
particular zygotene and pachytene spermatocytes. As these cells are undergoing meiotic 
recombination, the presence of PCNA in these pre-meiotic cells could suggest a second function 
such as in DNA excision repair (Chapman and Wolgemuth, 1994a, 1994b). 

11.5.1. Cdk activity in Spermatogenic Cells 

Besides the immature fiog eggs, spermatocytes also produce MPF required for mitotic cell 
division, suggesting that MPF activity is needed for mitosis as well as for meiosis, and is 
associated with metaphase state. A line of research established that a 34-kDa protein kinase for 
entry into mitosis in yeast is functionally conserved in human cells. In mouse, cyclin dependent 
kinase (Cdk) family genes are expressed not only in dividing but also in terminally differentiated 
mouse germ cells, suggesting their possible function during both cell division and differentiation. 
Whereas in yeast cell cycle control is achieved by a single Cdk p34cdc2 or p34cdc28, in higher 
eukaryotes, multiple genes appear to function. These various Cdks have high homology in 
amino acid sequence, and the PSTAIRE motif, where cyclins bind is highly conserved. The 
genes whose products are known to interact with cyclins or to be functionally homologous to 
the yeast Cdcs are designated as Cdks (Cdkl to Cdk6; Pines, 1993). Other structurally and 
functionally related kinases whose cyclin partners are not known have been named by virtue 
of their amino acid homologies in a conserved domain (Pines1993; Rhee and Wolgemuth, 
1995). The roles of Cdk family in murine germ cell development have been examined by studying 
the expression of five Cdk family genes (Cdc2, Cdk2, Cdk4, Pctaire- 1, and Pctaire-3) in mouse 
reproductive organs. Analysis revealed distinctive expression pattern of these genes with 
striking cellular lineage, and developmental stage specificity. In premeiotic spermatocytes in 
the testis, Cdc2 and C W  transcripts were most abundant in late pachytene to diplotene 
spermatocytes soon to undergo meiosis. Expression of Cdk family genes has been also 
observed in non-proliferating cell types. All five Cdk family genes examined are expressed in 
Sertoli cells of the adult testis; Pctaire 1 and Pctaire 3 showed highest expression in post- 
meiotic spermatids with high levels of Pctairel in post-meiotic germ cells. This showed that 
Cdk family kinases may exhibit various functions in germinal and somatic cells during 
spermatogenesis, not only in the cell cycle but also in other regulatory processes, including 
differentiation (Rhee and Wolgemeuth, 1995). 

11.5.2. Multiple Forms of Cdks in Spermatogenesis 

W i g  last decade, several Cdks genes have been cloned which are related to amino acid 
homologies but their functions in cell cycle are unknown due to want of cyclins as partners; 



Cell Cycle Components 24  1 

401 TCCICTGClGGCAAAGAGlCACCIAAAGTTCGGCGGCACTCCAGCCCCAGClCGCCAACGAGTCCCAAAlTTGGAAAAGCTGACTCATACGAAAAACTGC 
I M S S A G K E S P K V R R H S S P S S P T S P K F G K A D S Y E K L  

801 ACCTGCTGCGAGGACTGTCTTACATCCACCAGCGITATATTITGCACAGAGACCTGAAACCGCAGAACCIICTCATCAGCGATACGGGGGAGTTGAAGCT 
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3931 CTAGTAAGGAATGCACCAACACTTTGGCATGACAATIGTATGAAAGCAACCTCACTCCACAAAGTATTTGGAAAAGAAGTATGGGACTTAGTTTCTAlCT  
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4101 ATGCAAGGAIGAAAATCTGTTICCAGCTCTCAAGTGGCTAAAAGITTCCAAGAGAGICCGTGGGATTATAGGAAAACCAGGGCCTCTTGGTACCCIGTCC 
4201 T C A G A G T G T G T G A C A G C C A C I G T A A T C A G T G C I C T A T G T A T G C C T C C A 1 A G C A G A C A C T C A T C T G T G A A T A T C G C T G G G T T T G T A A T C T T T T G T T A l A T A  
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C T T G l A G A C A G A G G A A A C T G ~ A I G T T A G C C T T C A G l T T C C T C A T A T A C C A A A C 1 G A A A A C G l T  TAAAICTCAAATCAAGTAAGCAACGTICTGTTCTCAC 
lGCCCACi lTCTCAGCACCATATATTAGA 

Fig. 11.3. Nucleotide and deduced amino acid sequence of murine Pflaire-].The Kinase domains are underlined 
and numbered. The polyadenylation signal is shown in bold letters. Reproduced with permission from V. 
Besset et al. Mol Reprod Dev 50;80-29:1998 O John Wiley & Sons Inc. htto://www3.interscience.wilev.com/ 
cei-bin/iabout/37692/ProductInformation.html. 
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some of these kinases with PSTAIRE and Ckd5 are not directly related to mitosis. The PCTAIRE 
genes fiom human, mouse and lower organisms have been cloned. Gene PCTAIREl is expressed 
abundantly in highly differentiated tissues. Mouse Pctairel encoded two major proteins of 
Mr-62,000 and -68000, found predominantly in testis and brain. Within these two tissues, 
Pctaire 1 was most abundant in the cytoplasm of terminally differentiated cells, notably, the 
pyramidal neurons in brain and elongated spermatids in testis. A kinase activity toward myelin 
basic protein was associated with Pctaire 1 in the adult testis and brain and that its activity was 
poten6ally regulated through association with regulatory partner(s) (Besset et al., 1999). 

The murine Pftaire-1 has 50% and 49% amino acid identity with Cdk5 and Pctaire-3, 
respectively, and contains the eleven sub-domains characteristic of the protein kinases. It has 
two transcripts of approximately 5.5 and 4.9kb in size, which are expressed at low level in all 
murine tissues, except in the brain, testis and embryo, where high expression was detected. 
The mRNAs analysis shows that Pftaire-1 is expressed in late pachytene spermatocytes in the 
testis and in post-mitotic neuronal cells both in the brain and embryo suggesting a role of 
Pftaire 1 in the process of meiosis as well as neuron differentiation andlor neuron function 
(Besset et al., 1998) (Fig. 11.3). The putative Cdkl (Cdc2) related serinelthreonine protein 
kinase isolated from a Hela cell cDNA library encodes a protein of 469 amino acids, sharing 
95% identities with the mouse PFTAIRE1 throughout the entire protein sequence. This gene, 
designated human WFTAIRE 1, is located at human chromosome 7q2 1.13. Another 6kb transcript 
is detected with varied levels of expression of WFTAIREl in 16 human tissues. The WFTAIRE 1 
was highly expressed in brain, pancreas, kidney, heart, testis, and ovary and exhibits cytoplasmic 
distribution (Yang and Chen, 2001). 

11.5.3. Human Wee1 

Regulatory phosphorylation of the Cdc2p kinase by Wee type kinases prevents eukaryotic 
cells from entering mitosis or meiosis at an inappropriate time. This suggests that a novel, 
sperm-specific pathway negatively regulates WEE-1.3 to allow the G2/M transition of male 
meiosis I, and that dominant wee-1.3 mutants prevent this negative regulation. In S.pombe, 
Wee1 shows a genetic control of integeration between growth and cell division. Nakanishi et 
al. (2000) identified human WeelB (a new member of Wee1 family of Cdk-inhibitory kinases) 
protein comprising of 561 amino acids. Human WeelB mRNA is particularly abundant in testis. 
GFP-WeelB showed a predominantly nuclear localization in Hela cells. Recombinant human 
WeelB effectively phosphorylated cyclin B associated Cdkl on tyrosine- 15, resulting in the 
inactivation of the kinase activity of Cdkl. The identification of WeelB suggests that inhibition 
of Cdkl is mediated at multiple levels in mammals. All metazoa also have a membraneassociated 
Weelp-like kinase named Mytl, which is less well characterized. The canonical Weelp kinase 
is a soluble protein that functions in the eukaryotic nucleus. The C elegans Mytl ortholog is 
encoded by the weel .3 gene, and six dominant missense mutants prevent primary spermatocytes 
from entering M phase. These mutants revealed that WEE-1.3 protein is required for embryonic 
development, germline proliferation and initiation of meiosis during spermatogenesis (Lamitina 
and L'Hernault 2002). 

11.5.4. Other Protein Kinases in Cell Cycle 

A heterodimeric surface receptor of 65-kDa (p65) and 95-kDa (p95) is expressed on the surface 
of proliferating cells such as activated T lymphocytes and other mitotic cells. The ~ 6 5 1 ~ 9 5  
receptor associated with kinase activity is involved in the regulation of mitotic cell division. 
All cells undergoing mitotic or meiotic division in the rat testis express the ~ 6 5 1 ~ 9 5  receptor. 
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The p651p95 receptor is localized on cell surface as well as in the nucleus on chromosomes 
associated with mitotic and meiotic divisions. Cells that do not divide, did not express this 
receptor. It seems that further studies on this receptor and its ligand should provide a better 
understanding of the control of cell division (Roux et al., 1998). 

The 95-kDa nuclear protein (NP95), which contains a leucine zipper motif, a zinc finger 
motif, a putative cyclin ME-cyclin dependent protein kiase 2 phosphorylation site, and 
retinoblastoma protein binding motifs, is associated with S-phase progression of mouse cells. 
It is suppressed during G1 and G2iM phases in normal thymocytes but expressed at a constantly 
high level irrespective of cell stage in mouse T cell lymphoma cells. The NP95 is known to be 
expressed strongly only in proliferative tissues and cells, and is localized in S-phase nuclei. 
Double immunostaining of NP95 and PCNA showed that NP95 was co-localized with PCNA. 
Construction of 3-D images indicated that NP95 was localized with PCNA in replication sites in 
a somewhat distinct temporal manner. During meiosis, NP95 was present not only in proliferating 
spermatogonia but also in meiotic spermatocytes and differentiating spermatids, which were 
not proliferating (Uemura et al., 2000). Association of PCNA and NP95 suggests that NP-95 is 
involved in mitosis and meiosis in testis. 

Cyclins are a family of proteins implicated in the induction and control of mitosis and were first 
described as proteins periodically synthesized during early embryonic development of murine 
invertebrates. They are characterized by their accumulation in the interphase and dramatic 
destruction at the end of each cell cycle via the ubiquitin pathway. Cyclic changes in levels of 
cyclins result in cyclic assembly and activation of cyclin-Cdk complexes. Cyclins described 
above can be of three types: 1) M-cyclins (cyclin B) found during mitotic phase; 2) S-cyclins 
(cyclin A) found during S-phase and 3) G11S cyclins (called Cln in yeast and cyclin E in 
vertebrates) found at the end of G1 phase of the cell cycle and commit the cell for DNA 
replication. In combination with mitotic cyclins, p34cdc2 can form active protein kinase, known 
as growth associated HI kinase (Histone H1 as substrate) or MPF, which induces the events of 
mitosis. In addition, G1 cyclins (cyclin D), a fourth class of cyclins, are associated to promote 
the passage through start or restriction point in late GI. Thus, Cdk can combine with G1 
cyclins, and catalyze passage through start (an event that commits the cell to initiate DNA 
replication). The Cdk-G1 cyclin complex is described as start promoting factor (SPF). Thus the 
alternation of replication (S phase) and segregation (M phase) is actually brought about by 
alternating activation of Cdk component of the SPF and MPF activities. 

However, presently ten classes of cyclins (designated cyclin A through I and cyclin K) 
have been reported in animal cells; several of them have multiple members. The cyclins have 
been found to contain a well conserved amino acid sequence known as the cyclin box. All 
proteins designated as cyclins contain this structural motif, which has necessary information 
for binding of Cdks (Zhu andNaz, 1998). Three forms of cyclii D @I-D3) have been described 
for the mouse testis, but none of them appear to be associated specifically with dividing germ 
cells (Ravnik et al., 1995). Moreover, cyclin Dl was found in the Sertoli cells, which are non- 
dividing in the adult, and cyclin D3 (also non-dividing) was found in round spermatids. Cyclin 
D2 has been seen in both spermatogonia and in Sertoli cells (Nakayama et al., 1996); testis size 
is largely reduced in cyclin D2-deficient mice (Gromoll et al., 1997). 
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11.6.1. Cyclin B: A Component of MPF 

During cell division, cyclin levels were seen to peak at each M phase, with two types of cyclins 
A and B, being distinguished by their different gel mobilities and the slightly earlier appearance 
and disappearance of the A type. Molecular cloning of cyclin genes from a variety of eukaryotes 
confirmed the distinction between the A and B type cyclins at the amino acid level. The 
description of cyclin behaviour in the early embryo set the stage for the discovery that the 45- 
kDa component of purified MPF was a B cyclin. No enzymic activity has been attributed to the 
cyclin B moiety, while p34cdc2 (Cdc2) hasprotein kinase activity, which is essential for initiation 
of M phase. It was concluded from several studies that cyclin B has an accessory function for 
MPF and has no catalytic activity of its own. 

In constrast to other cyclins, which are nuclear, cyclin B accumulates in the cytoplasm of 
interphase cells and stays there until the beginning of mitosis. Only a limited number of studies 
have addressed the role of cyclins in spermatogenesis, and a general scheme has yet to 
emerge. In the rat testis, cyclin B and its kinase are associated with spermatogoniaVearly 
spermatocyte proliferation whereas in the mouse testis, mRNA expression of two cyclins (B 1 
and B2) correlates with second meiotic division and early round spermatid development. For 
mouse cyclin Al, expression is testis specific and is confmed to meiotic divisions (Sweeny et 
al., 1996). 

Characterization: Sequence analysis of the isolated cyclin B 1 clones obtained from a rat testis 
library revealed sequence identity to a rat cyclin B1 that has been isolated fkom a rat embryo 
fibroblast cell line. The 3'-untranslated region in cDNA clones (37 bp) was significantly shorter 
than the sequences from the rat (-840 bp) and the mouse (-720 bp). When the amino acid 
sequences of cyclin B 1 of different species were compared, characteristic elements such as the 
cyclin destruction boxes, the typical cyclin B 1 motif, and the cytoplasm retention signal displayed 
very high homology. Trembley et al., (2000) cloned 1.8 kb of DNA sequence upstream of the rat 
cyclin B 1 gene translation start site and confirmed the mRNA transcription start point (tsp) at 
approximately lOObp upstream of the translation start site. A second potential tsp was also 
located at approximately 32bp downstream from the fmt. Like many other cyclin promoters, 
there was no apparent TATA box upstream of the transcription initiation sites. However, 
computer analysis of the promoter region identified a group of consensus transcription factor 
bindimg sites, some of which are also reported in other cyclin promoters. These include those 
for p53, p2 1, Apl, Ap-2, Ets- 1, CAAm, E-Box and Y 1. The E-Box and/or CCAAT binding sites 
appeared to be important for transcription. In addition, there may be negative regulatory 
elements present between 1800 and 1 1 OObp upstream of the translation start sites (Trembley et 
al., 2000). 

Localization in testis : A single 1.7 kb cycB2 expression was most abundant in the germ cells, 
specifically in pachytene spermatocytes. This is in constrast to the highest levels of expression 
of cycBl being present in early spermatids. There are lineage and developmental specific 
differences in the pattern of the B cyclins in mammalian germ cells, in constrast to the co- 
expression of B cyclins in the early conceptus (Chapman and Wolgemuth, 1993) (Fig. 11.4). 
Therefore, B l  and B2 cyclins exhibit different patterns of expression during murine 
spermatogenesis. Cyclin B2 transcripts are most abundant in pachytene spermatocytes whereas 
the highest levels of expression of cyclin B1 are present in early spermatids. However, cyclin 
B 1 protein appears more abundant in pachytene spermatocytes than in the post-meiotic round 
spermatids. Moreover, cyclin B2 null mice developed normally and were fertile, whereas cyclin 
B1-null mice died in utero (Brandeis et al., 1998). This indicates that cyclin B2 is dispensable for 
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Fig 11.4. Nucleotide sequence and deduced amino acid sequence of mouse cycB2 cDNA are shown. A 
termination codon is shown at the end with an asterisk(*).The boxed region (called cyclin box) of amino acids 
is most highly conserved among cyclin. The polyadenylation signal in 3' untranslated region underlined. 
Reproduced with permission from D.L. Chapman and D.J. Wolgemuth, Development 118;229-240:1993 0 
The Company of Biologists, Ltd. 

murine spermatogenesis whereas cyclin B 1 protein has a role in this process. 
Gromoll et al., (1 997) found B 1 mRNA in cytoplasm of pimay andsecondary ~~errnatocytes 

and round spermatids but cyclin B1 protein was present only in round spermatids, leading 
these authors to conclude that "a role for this cyclin in the second meiotic division is unlikely". 
In situ hybridization of Cdkl mRNA in the mouse testis has shown that this gene is expressed 
primarily in meiotic cells of the testis (Rhee and Wolgemuth, 1995). However, 
immunocytochemical detection of Cdkl has revealed a lower staining of meiotically dividing 
spermatocytes than of early pachytene spermatocytes (Ravnik and Wolgemuth, 1999). This 
later result challenges somewhat the widely recognized role of Cdkl in the G2M transition of 
both mitotically and meiotically dividing cells. By constrast, Cobb et al., (1999) observed 
similar amount of Cdkl (and cyclin B1) in young and late spermatocytes (c/r Godet et al., 2000). 
In rat, cyclin B1 and Cdkl were high in young pachytene spermatocytes just before the fmt 
meiotic division. The relative levels of the two proteins remained high in secondary spermatocytes, 
then decreased in round spermatids at the exit of meiosis. H1 k i e  activity was higher in 
pachytene spermatocytes than in round spermatid fractions from both adult and young rats. 
This suggested that the meiotic G2M transition is associated to high levels of cyclin B1 and 
Cdkl indicating a high MPF activity irrespective ofthe age of the animals (Godet et al., 2000). 

Functions :The similarity of the spermatid-specific expression patterns in the mouse and rat, 
and the observation that cyclin B1 protein is present in these spermatids, lent support to the 
view that B-type cyclins could be involved in spermatid differentiation. Although rat and 
mouse cyclin B1 are highly homologous (93%), the timing of their appearance during the 
spermatogenic cycle is different in the two species. Rat cyclin B 1 mRNA is already expressed 
in late pachytene spermatocytes and during the second meiotic division, but since the protein 
was not found in these cells, a role for this cyclin in the second meiotic division is unlikely. In 
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Fig.ll.5. Comparison of amino acid sequences of rat, mouse, hemester, human, and bovine cyclin B1. The 
destruction box and cyclin box are shown. The conserved moti for B-type cyclins is underlined. Reprduced 
with permission from J.Gormoll et al, Biol Reprod 57;1312-19:1997 O Society for the Study of Reproduction. 

vitro studies have shown that human cyclin B 1 is cytoplasmic throughout G2-phase but that it 
translocates into the nucleus at the beginning of mitosis. The translocation from the cytoplasm 
into the nucleus takes place as a complex consisting of cyclin B1 and Cdc2 during mitosis. This 
complex is associated with the spindle caps and the main spindle and probably, directly interacts 
with microtubules. However, in the study of Gromoll et al. (1997), cyclin B 1 protein could be 
detected only in the cytoplasm and not in the nucleus of germ cells. Since cyclin BI has to 
combine with Cdc2 to form the MPF complex, it may be that cyclin B 1 remains cytoplasmic due 
to the lack of Cdc2 expression. The presence of Cdc2 in mouse Sertoli cells and finding of the 
nuclear localization of cyclin B 1 in the rat Sertoli cell, a location in which cyclin B 1 should 
normally be detected together with Cdc2 during mitotic divisions in somatic cells, might indicate 
other functions of the MPF, e.g. cell differentiation. Cyclin B 1 protein was seen only in round 
spermatids, in constrast to cyclin B I mRNA expression in late meiotic spermatocytes and early 
round spermatids. Similar to other gene products whose RNA is transcribed and stored and 



Cell Cycle Components 247 

Fig. 11.6. Nucleotide sequence of the cDNA clones encoding murine cyclin. Al from adult testis library. The 
amino acid sequence of encoded polypeptide is shown above the nucleic acid sequence. Reproduced with 
permission from C. Sweeney et al. Development 122; 53-64: 1998 O The Company of Biologists, Ltd. 

translated several days later since spermatids have no proliferative activity, the presence of 
regulatory and stimulatory components of the cell cycle implies that cyclins serve other functions 
than control of cell division in these cells. However, the functional significance of cyclin 
expression in spermatids remains unknown (Gromoll et a]., 1997) (Fig. 11.5). 

Factors Controlling B Cyclin Activity : At M phase of the cell cycle, the HI histone kinase 
activity associated with the Cdc2 kinaselcyclin B complex is an excellent indicator of mitosis 
(M phase). Various factors control cell cycle in testes. Depletion of gonadotropins did not 
change the expression pattern of cyclin B1 in the testis after treatment with antagonist of 
GnRH. This indicated that cyclin B 1 is not influenced by gonadotropins and that it might be 
regulated by paracrine factors deriving from a Sertoli cell-germ cell or a germ cell-germ cell 
interaction. This provided evidence that the signals triggering the onset of cyclin B 1 expression 
does not originate from the pituitary within the germinal epithelium. 

The germ cells of vitamin A deficient testis begin to enter the M phase around 4 h after 
retinol injection, with the highest percentage of cells entering at 12 h. These results are consistent 
with the suggestion regarding origin of synchronous spermatogenesis in regenerated 
seminiferous tubules at the end of the S phase of the cell cycle (Wang and Kim, 1993). The 
abdominal temperature though has no significant influence on the transcription of Cdc2 and 
Cyclin B 1 in the spermatogonia and pachytene/diplotene primary spermatocytes, but it blocks 
the translation of both of them. Due to the deficiency of p34cdc2 or Cdc2 and Cyclin B I, the 
spermatogonia and pachytene/diplotene primary spermatocytes failed to form MPF and hence 
could not undergo karyokinesis. The development of primary spermatocytes was arrested at 
the G2/M phase transition. Moreover, testosterone could regulate the cyclin B 1 expression in 
spermatogenic cells since testosterone could recover spermatogenesis in the unilateral scrota1 
testis, which was influenced by the contralateral cryptorchid testis. However, testosterone 
could not salvage the spermatogenic block in the cryptorchid testis (Kong et a]., 2000). 

11.6.2. Cyclin A1 in Male Germ Cells 

The mammalian A-type cyclin family consists two members, cyclin A1 (encoded by Ccnal) and 
cyclin A2 (encoded by Ccna2). Cyclin A2 promotes both GUS and G2M transitions, and 
targeted deletion of Ccna2 in mouse is embryonic lethal. In contrast to cyclin Al,  cyclin A2, 
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Fig.ll.7. Spermatogenesis abnormalities in Cenal-/-mice. b and d indicate metaphase of first mciotic division 
in Cenal-1- mice and b show immunohisto chemical localizationof cyclin A1 indicating immediately proceeding 
the first meiotic division in wild type (c) and in mutant mice (d) Arrow shows the appearance of multinucleated 
giant cells. Reproduced with permission from D. Liu et al, Nature Genet 20;377-80:1998 0 www/ 
http.nature.com/ 

which has greatest sequence identity with human cyclin A and Xenopus cyclin 142, is expressed 
in embryos and all tissues analyzed. Sweeney et al., (1 996) showed the existence of two A- type 
cyclins in the mouse germ cells (Fig.ll.6). In the adult mouse, the expression of cyclin Al, 
which has greatest sequence identity with Xenopus cyclin Al, is restricted to germ cell lineage 
and expressed in humans at highest levels in the testis and brain among normal tissues, in 
addition to certain myeloid leukemia cells and cyclin A1 induced leukemia in a transgenic 
mouse model. The Ccnal-1- males are sterile due to a block of spermatogenesis before the fust 
meiotic division, whereas females were normal. Arrest of meiosis in Ccnal-1- males was 
associated with increased germ cell apoptosis, desynapsis abnormalities and reduction of 
Cdc2 b a s e  activation at the end of meiotic prophase (Liu et al., 1998) (Fig. 11.7). Cyclin A1 
expression was very low in breast cancer, non-small cell lung cancer and in cervical carcinoma. 
However, substantial expression of cyclii A1 was found in testicular and ovarian cancer and in 
endometrial cancer. 
Cyclin A1 gene, a human cyclin A like gene has 48% identity with human cyclin A and is more 
related to the cloned murine cyclin Al. The expression of cyclin A1 mRNA is differentiation 
and cell cycle regulated in the ML-1 cells. Its antibody recognizes the Mr 65 kDa cyclin Al, 
along with theMr 33 kDa Cdk and other proteins at Mr 39,42,45,95 and 1 10 kDa. In an in vitro 
assay Cdk cyclin A1 revealed activities against histone H1. Cyclin A1 binds to Cdk2 but not to 
Cdc2, Cdk4 and CdkS. Human cyclin A1 gene was mapped to chromsome 13q12.3-q13 
approximately 1000 kb from the sequence tagged site marker WI-3374 (Yang et al., 1997; 1999). 
Cyclin A1 could bind to cell cycle regulators such as the transcrption factor E2F-1, and the p2 1 
family of proteins. The in vitro interaction of cyclin A1 with E2F-1 is greatly enhanced when 
cyclin A1 is complexed with Cdk2. Associations of cyclin A1 with Rb and E2F-1 in vivo with 
several cell lines suggested that the Rb family of proteins and E2F-1 may be important targets 
for phosphorylation by the cyclin Al-associated b a s e  and thus cyclin A1 may function in 
the mitotic cell cycle in certain cells and possibly in testis (Yang et al., 1999). 

The levels of cyclin A1 mRNA rise dramatically in late pachytene spermatocytes and 
become undetectable soon after completion of the meiotic divisions, suggesting its expression 
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to be cell cycle regulated. In lysates of germ cells fiom adult testes, cyclin A1 is present in 
pl3sucl precipitates and possesses H1 kinase activity. Three kinase partners of cyclin A1 
have been identified: p34cdc2, a polypeptide of 39 kDathat is related to p33cdk2 and, in lesser 
quantities, p33cdk2. Cyclin A1 is also present in metaphase I and metaphase I1 oocytes, where 
a proportion of the cyclin A1 co-localizes with the spindle. This indicates that mammalian germ 
cells contain cyclin Al-dependent kinases that either act as a substitute for, or in addition to 
the cyclin AZdependent kinases characterized in somatic tissues (Sweeney et al., 1996) 
(Fig.ll.6). 

11.6.3. Cyclin A2 

The cyclin A2 expresses mainly in stem germ cells, the spermatogonia, and at highest levels in 
preleptotene spermatocytes, in which premeiotic DNA synthesis occurs. The concurrent 
localization of cyclin A2 mRNA and protein suggested that cyclin A2 is regulated at the level 
of transcription in these cells. The observed cellular specificity of cyclin A2 expression is 
consistent with its function during mitosis in the stem cell stage of this lineage, while the 
restricted localization at meiotic stage suggests its function in GUS or S but not in the meiotic 
divisions per se (Ravnik and Wolgemuth, 1996). The cellular distribution of the cyclin A1 and 
cyclin A2, and their Cdk partners, Cdkl and Cdk2 in the spermatogenic lineage showed that 
cyclin Al is present only in male germ cells just prior to or during the frst, but not the second, 
meiotic division. By constrast, cyclin A2 was expressed in spermatogonia and was most 
abundant in preleptotene spermatocyte cells, which were ready to enter the meiotic pathway. 
The Cdkl was most apparent in early pachytene spermatocytes, followed by declie in diplotene 
and meiotically dividing spermatocytes, the cells in which cyclin Al expression was strongest, 
whereas Cdk2 highly expressed in all spermatocytes. Notably, in cells undergoing the meiotic 
reduction divisions, Cdk2 appeared to localize specifically to the chromatin. This was not the 
case for spermatogonia undergoing mitotic divisions. In contrast to binding of cyclin A1 to 
both Cdkl and Cdk2 in earlier studies, Ravnik and Wolgemuth (1999) showed that cyclin A2 
binds only Cdk2, and suggested that the A-type cyclins and their associated kinases have 
different functions in the initiation and passage of male germ cells through meiosis (Ravnik and 
Wolgemuth, 1999). Role of cyclin A1 in G2/M transition during meiosis of germ cells was 
confirmed in mice in which targeted disruption of A-type cyclin gene, results in block of 
spermatogenesis prior to the entry into metaphase I. The meiotic arrest is accompanied by a 
defect in Cdc2 kinase activation at the G2M transition, raising the possibility that a cyclin Al- 
dependent process dictates the activation of MPF. Subsequently it was shown that like Cdc2, 
the expression of B-type cyclins is retained in cyclin Al-deficient spermatocytes, while their 
associated kinases remained at inactive states. Treatment of arrested germ cells with the protein 
phosphatase type-1 and type2A inhibitor okadaic acid restored the MPF activity and induced 
entry into M phase and the formation of normally condensed chromosome bivalents, 
concomitant with hyperphosphorylation of Cdc25 proteins. Conversely, inhibition of tyrosine 
phosphatases, including Cdc25(s) by vanadate, suppresses okadaic acid induced metaphase 
induction. Further more, the protein kinase complex of cyclin A1 and Cdk2 phosphorylated 
Cdc25A and Cdc25C in vitro. These studies suggest that in normal meiotic male germ cells, 
cyclin A1 participates in the regulation of other protein kinases or phosphatases critical for the 
G2/M transition and may be directly involved in the initial amplification of MPF through 
activating phosphorylation of Cdc25 phosphatases (Liu et al., 2000). 
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11.6.4. DType Cyclins 

The D-type cyclins have been shown to be differentially expressed in a number of isolated cell 
types and cell lines, suggesting distinct roles in cell cycle regulation in particular cell lineages. 
The D-type cyclins (Dl, D2 and D3) are critical governors of the cell cycle during G1 phase of 
the mammalian cell cycle. These D type cyclii are expressed in overlapping, apparently 
redundant fashion in the proliferating tissues. To investigate why mammalian cells need three 
distinct D-type cyclins, Sicinski et al., (1996) generated mice bearing a disrupted cyclin D gene 
by gene targeting in embryonic stem cells. Cyclin D2 deficient females were sterile owing to the 
inability of ovarian granulose cells to proliferate normally in response to FSH, whereas mutant 
males displayed hypoplastic testes. Despite a low size of testis, microscopic picture was normal 
and there was no sign of impairment of fertility. In ovarian granulose cells, cyclin D2 specifically 
induced by FSH via a c-AMP-dependent pathway indicated that expression of the various D- 
type cyclins is under control of distinct intracellular signaling pathways. The hypoplasia seen 
in cyclinD2 ovaries and testes prompted to examine human cancers deriving fiom corresponding 
tissues, and found that some human ovarian and testicular tumors contain high levels of cyclin 
D2 mRNA (Sicinski et al., 1996). 

Major transcripts of cyclin Dl, cyclin D2, and cyclin D3, respectively of Mkb, 6.8 kb, and 
2.3-kb have been detected in the adult mouse testis. Additional transcripts of 1.8 and 2.7-kb 
were detected for cyclin D3 in the testis. Other tissues, did not have additional transcripts, 
which were limited to germ cells cyclin. Cyclin Dl was expressed in a pattern consistent with 
expression of non-dividing Sertoli cells, while cyclin D2 levels appeared slightly enriched in 
germ cell deficient testes as compared to intact testis (Musa et a1.,1998; Ravnik et al., 1995). 
However, cyclin D3 expression was highest in the non-dividing, haploid, round spermatids 
(Ravnik et al., 1995; Zhang et al., 1999). 

Temporal and spatial expression studies of cyclin D3 during rat testis development showed 
no detectable cyclin D3 in Sertoli cells, interstitial cells, or fibroblasts within seminiferous 
tubules or blood vessels whereas known cyclin D3 partner, Cdk4 was located mainly in nuclei 
of spermatogonia and in early stage of primary spermatocytes. But cyclin D3 was detectable in 
meiotically active male PCNA-positive germ cells. Moreover, in contrast to in vitro reports, 
cyclin D3 was not located in the nucleus, but rather in the cytoplasm of male germ cells in vivo. 
The presence of cyclin D3 in spermatocytes and its location in the cytoplasm seems to speculate 
that cyclin D3 may have functions in male germ cells other than mitosis (Kang et al., 1997; 
Zhang et al., 1999). Feng et al., (2000) suggested that SCF induced cyclin D3 expression and 
phosphorylation of retinoblastoma protein through pathway that is sensitive to both 
wortmannian and rapamycin. 

In contrast to adult testis in the early stages of postnatal testicular development, cyclin D3 
protein was detected in spermatogonia and Leydig cells. Cdk-4 and p27 were expressed in a 
similar subset of testicular cells, suggesting that they may regulate cyclin D3 function during 
testicular development in a cell type specific manner. Cyclin D3 with associated kinase activity, 
detected in immature, but not adult testes suggests unique role for cyclin D in the control of 
cell division and differentiation in the germ line (Zhang et al., 1999). 

Cyclin 0 2  Eexpression in GCTs: Human male germ cell cyclin D2 expression in germ cell 
tumors (GCTs) arises in the spermatocytic lineage, and subsets display embryonal like 
differentiation. Virtually all human male germ cell tumors exhibit multiple copies of the short 
arm of chromosome 12. Among the candidate amplified genes mapped to 12p, expression of the 
cyclin D2 gene was deregulated in a panel of GCT cell lines, with the relative level of steady 
state mRNA and protein inversely correlated. The GCT cell lines with a more differentiated 
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Fig. 11.8. Cell cycle regulation by ubiquitin proteasome pathway. (A) Ubiquitin polymerization on the target 
protein and its subsequent degradation by 26 Sproteasome. (B) Roles of two distinct ubiquitin ligases in 
regulation of cell cycle. Reproduced with permission of K. Nakayama et al, Biochem Biophys Res Commun 
282;853-60;20010 Elsevier. 

phenotype displayed lower cyclin D2 expression with a concurrent increase in expression of 
the cell cycle inhibitor p21. In the GCT cell lines in which cyclin D2 was highly expressed, 
cyclin D2 was in complex with its expected catalytic partners (Cdk4 and Cdk6). Whereas no 
detectable cyclin D2 expression was evident in normal human germ cclls, cyclin D2 was expressed 
in the abnormal germ cells of all carcinoma in situ. In GCT specimens that displayed no evidence 
of differentiation (seminoma) or primitive differentiation (embryonal carcinoma), cyclin D2 
expression was detected. However, in tumor specimens with certain patterns of differentiation 
(teratoma and yolk sac tumor), expression was down or up-regulated depending on the pattern. 
Thus, aberrant cyclin D2 expression is an early event in germ cell tumorigenesis (Houldsworth 
et al, 1997). 

Cyclin D and its Partner Cdk4: The mechanism by which cyclin DICdk4 complex regulates cell 
cycle progression is not clear. Although several factors have been implicated in the regulation 
of Cdk4 activity, little is known regarding the contribution of cyclin dependent kinase inhibitors 
(CKIs) in Cdk4 activation in the mid-G1 phase. Cyclm DlCdk4 appears to initiate phosphorylation 
of retinoblastoma protein (Rb) leading to inactivation of the S-phase inhibitory action of Rb. 
However, cyclin DlCdk4 has been postulated to act in a non-catalytic manner to regulate the 
cyclin EICdk2-inhibitory activity of p27 kip1 by sequestration. Cdk4 (-I-) mice survived 
embryogenesis and showed growth retardation and reproductive dysfunction associated with 
hypoplastic seminiferous tubules in the testis and perturbed corpus luteum formation in the 
ovary. These phenotypes appear to be opposite to those of p27-deficient mice such as gigantism 
and gonadal hyperplasia. A majority of Cdk4 (-I-) mice developed diabetes mellitus associated 
with degeneration of pancreatic islets, and quiescent fibroblast exhibited substantial delay in 
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S-phase entry after serum stimulation. The cell cycle delay was due to increased binding of p27 
to cyclin EICdk2 and diminished activation of Cdk2 accompanied by impaired Rb 
phosphorylation. Importantly, fibroblasts fiom Cdk4 (-I-) p27 (-I-) embryos displayed partially 
restored kinetics of the GIS transition, indicating the significance of the sequestration of p27 
by Cdk4. These results suggest that at least part of Cdk4's participation in the rate limiting 
mechanism for the GIS transition consists of controlling p27 activity (Tsutsui et al., 1999 ; 
Nakayama et al., 2001) (Fig 11.8). Takahashi et al., (2000) found that most of Cdk4 remained 
bound to p15 when cells were in a quiescent state. Following CSF-1 stimulation, Cdk4 bound 
to cyclin Dl and then to p21, concomitant with the dissociation of pl5 fiom the complexes. The 
activation of Cdk4 correlated well with p21 binding to the complexes, and the majority of active 
Cdk4 complexes contained p2 1. Taken together, it was suggested that p2 1 and cyclin D 1 act 
cooperatively as activators of Cdk4 through the release of CKIs of the INK4 family. 

11.6.5. Cyclin G Associated Kinase (GAK)-Cdk5 

Human cDNA encoding GAK, an association partner of cyclin G and CDK5 encodes GAK of 
13 11 amino acids and shows all the unique motifs that characterize rat GAK, such as the 
presence of a SerIThr kinase domain, a tensidauxilin homologous domain and a Tyr 
phosphorylation target site. The expression profiles of GAK and cyclin G during the Hela cell 
cycle showed that GAK expression oscillates slightly, peaking at Glphase, although the histone 
H1 kinase activity remains constant throughout the cell cycle. Also the kinase activity in 
cyclin G-antibody complex fluctuated during the cell cycle with a peak at GI phase, although 
the expression level of cyclin G remained constant. The GAK is expressed ubiquitously, with 
the highest level of expression being observed in the testis. The chromosomal localization of 
GAK has been assigned to 4p 16 (Kimura et al., 1997). 

11.6.6. Cyclin H 1 Cdk7 Complex 

Cell division requires that Cdks be activated by phosphorylation. In mitotic cells, this is 
accomplished by the Cdk activating kinase (CAK), which is a complex of cyclin H and Cdk7. 
Kim et al., (2001) have shown that cyclin A1 is meiosis specific and forms an active kinase with 
Cdk2. Because cyclin A1 is required for meiosis and its associated kinase must be 
phosphorylated, it was proposed that cyclin WCdk7 functions to activate cyclin AlICdk2 in 
meiotic cells. Cyclin H and Cdk7 have been found during meiosis and the mRNAs encoding 
cyclin H and Cdk7 are abundant in the nucleus of spermatocytes in stages IV to XI1 of the 
spermatogenic cycle, overlapping the same stages that express cyclin Al-associated kinases. 
Finally, HI-kinase assay in irnmunoprecipitates of cyclin H and Cdk7 fiom testicular extracts 
showed that these proteins interact to form an active kinase. This indicated that cyclin WCdk7 
complexes, present during meiosis, form active complexes in testicular cells and are strong 
candidates for the activating kinase for cyclin Al-associated kinase (Kim et al., 2001). 

11.6.7. Sperm Cyclin I 

The presence of cell cyclins has also been demonstrated in spermatozoa. Besides the presence 
of A and B cyclins, the human sperm showed the presence of an isoform of cyclin I, designated 
cyclin ITI. The cyclin IT1 cDNA is 1443 bp long and has an ORF of 178 amino acids with the first 
ATG Met start codon at nt 1. It has a well conserved sequence of cyclin box. The 5' flanking 
sequence of 728-pb has a high similarity (99.6%) with the 5' introns of the human -polymerase 
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gene. The nucleotide sequence of cyclin IT1 cDNA has high similarity (99.3%) with the cyclin 
I gene sequence (Fig. 1 1. lo). The cyclin IT1 was found to have three amino acids mutations at 
nt 25,172,223, respectively, including one in the well conserved sequence of cyclin box. The 
cyclin IT1 is expressed in human testis at an increased level compared to other tissues, indicating 
its presence in human sperm. This new I isoform may have a role in spermatogenesis or human 
sperm especially in capacitation and or acrosome reaction (Zhu and Naz, 1998). 

11.6.8. Cyclin K 

Human cyclin K is a RNA polymerase II associated cyclin having both carboxy terminal domain 
kinase and Cdk-activating kinase activity. The cyclin K gene encodes a 357-amino-acid protein 
most closely related to human cyclins C and H, which have been proposed to play a role in 
regulating basal transcription through their association with and activation of cyclin dependent 
kinases that phosphorylate the carboxyl-terminal domain (CTD) of the large subunit of RNA 
polymerase I1 (RNAPII). Murine and Drosophila melanogaster homologues of cyclin K have 
also been identified. Cyclin K mRNA is ubiquitously expressed and most abundant in the 
developing germ cells of the adult testis and ovaries. Cyclin K is associated with potent CTD 
kinase and Cdk activating kinase (CAK) activity in vitro and coimmunoprecipitates with the 
large subunit of RNAP 11. Thus, cyclin K represents a new member of the transcription cyclin 
family, which may play a dual role in regulating Cdk and RNAP I1 activity (Edwards eta]., 1998). 

11.7. -5 PHOSPHATASES IN MALE GERM CELLS 

The Cdc25 family of protein phosphateses positively regulate the cell division cycle by 
activating cyclin-dependent protein kiiases. The Cdc25 belong to protein threonineltyrosine 
phosphatases that activate cyclin dependent kinases. In humans and rodents, three Cdc25 
family members denoted Cdc25A, B, and C have been identified. The murine forms of cdc25 
exhibit different pattern of expression during development and in adult mouse tissues. Cdc25A 
and Cdc25C were differentially localized in rat germ cells during spermatogenesis. Cdc25A 
protein was distributed in the cytoplasm of germ cells, whereas Cdc25C was localized to the 
nucleus of late spermatocytes and round spermatids. Among two Cdc25A transcripts, one 
transcript of 3.8 kb was expressed in the early germ cells including spermatogonia, and the 
other of 3.3-kb was highly expressed in spermatocytes and round spermatids. The mRNA 
levels for Cdc25A were highest in diplotene spermatocytes and round spermatids but 
undetectable in Sertoli cells. Both transcripts for Cdc25A increased with retinol treatment in 
the vitamin A-deficient testis. Results suggest that cdc25A may function during mitosis of 
spermatogonia. A cDNA encoding the murine homologue of the human Cdc25C gene was 
isolated. Murine Cdc25C transcripts of 2.lkb were detected in midgestation embryos and in 
several adult tissues, including testis and ovary; the highest levels were detected in the testis, 
with abundant level of a 1.9-kb transcript that was not detected in the other tissues. In the 
testis, Cdc25C expression was localized in germ cells, specifically in late pachytene diplotene 
spermatocytes and round spermatids, whereas Cdc25B expression was detected in the somatic 
cells. The study not only indicates the expression of the murine Cdc25 genes to be lineage and 
developmental stage-specific in the mouse testis but also suggests that the Cdc25 genes may 
have different functions in the germinal and somatic compartments some ofwhich are involved 
in cellular proliferation (Wu and Walgemuth, 1995 b; Mizoguchi and Kim, 1997). Among adult 
tissues in which Cdc25C is detected, its transcripts are most abundant in testis, followed by 
thymus, ovary, spleen, and intestine. Mice lacking Cdc25C were fertile, indicating that Cdc25C 
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does not contribute an essential function during spermatogenesis or oogenesis in the mouse. 
Cdc25C(-I-) mice are viable and do not display any obvious abnormalities. T- and B-cell 
development was also normal in Cdc25C(-I-) mice, and Cdc25C(-I-) splenic cells exhibited 
normal proliferative responses in vitro. Findings indicated that Cdc25A andor Cdc25B may 
compensate for loss of Cdc25C in the mouse (Chen et al., 200 1). 

%he, the homolog of gene Cdc25 has been found in Drosophila. String but not twine 
transcripts express in the proliferating cells of newly cellularized embryos. Both genes are 
abundantly expressed in nurse cells during oogenesis. In the testis, twine transcripts are seen 
in the growing stage of premeiotic cysts. Analysis of a twine mutant suggests a requirement 
for the gene during oogenesis, during syncytial embryonic development, and for male meiosis 
(Alphey et al., 1992). Sigrist et al., (1995) analyzed the requirement for Drosophila cdc2 kinase 
during spermatogenesis in temperature sensitive mutant lines (Dmcdc2ts). While meiotic 
spindles and metaphase plates were never formed in Dmcdc2ts mutants at high temperature, 
chromosomes still condensed in late spermatocytes and spermatid differentiation (sperm head 
and tail formation). The same phenotype was also observed in twine and twine/ Dmcdc2ts 
double mutant testes, consistent with the idea that the cdc2 kinase activity required for meiotic 
divisions is activated by the TwineIcdc25 phosphatase. Conthing this notion, it was found 
that entopic expression of the string/cdc25 phosphatase, which is known to activate the cdc2 
kinase before mitosis, results a partial rescue ofmeiotic divisions in twine mutant testis (Sigrist 
et al., 1995). However, in comparison to fission yeast, in mammalian male germ cells, the functions 
of cdc25 isoforms are not well defined since cdc25c(-I-) male mice are viable and fertile (Chen et 
al., 200 1) (Chapter 20). 

The activity of Cdks, which play a key role in cell cycle progression in eukaryotic cells is 
regulated through a number of mechanisms. One of the regulatory mechanism has emerged 
with the discovery of the Cdk inhibitors (Cyclin dependent Kinase Inhibitors, CKIs). Two 
families of CKIs, the INK4 family and the CipKp family, have been reported in mammalian 
cells. These two classes are structurally distinct, and their members interact with cyclins and 
Cdks in completely different ways. These CKIs are able to modulate Cdk activity during GlIS 
phase transition. Members of INK4 family specifically bind and inhibit cyclin D-dependent 
kinases, whereas CipKip family proteins bind and regulate A-, D-, and E-dependent kiiases. 
Members ofthe INK4 Edmily comprising four polypeptides of Mr 15-19 kDa (p16 or INK4a; pl5 
or INK4b; p 18 or INK4c and p 19 or INK 4d) share characteristic four fold ankyrin repeats and 
bind specifically to Cdk4 and its close homolog Cdk6. In contrast to INK family CipKp proteins 
(p21, p27, and p57) share a homologous amino terminal domain that contains contiguous 
cyclin and Cdk-binding regions, and bind to a wide range of cyclinl Cdk complexes. Another 
characteristics of the CipKip family of CKIs is that the p2 1 molecule can be a component of 
catalytically active enzymes, raising the possibility that p21 may have roles to play in cell cycle 
regulation of other than as a CKI. 

11.8.1. INK4 Family 

By disrupting cyclin D-dependent holoenzymes, INK4 proteins prevent phosphorylation of 
the retinoblastoma (Rb) protein and block entry into the DNA synthetic phase of the cell 
division cycle. The p16 (INK4a) is a potent tumor suppressor in human, whereas involvement, 
if any, of other INK4 proteins in tumor surveillance is less well documented. p18 (INK4c) and 
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p19 (INK4d) are expressed during mouse embryogenesis in stereotypic tissue specific pattern 
and are also detected, together withp15 ( W b ) ,  in tissues of young mice. The p16 is expressed 
neither before birthnor readily at appreciable levels in young animals, but its increased expression 
later in life suggests that it plays some checkpoint function in response to cell stress, genotoxic 
damage, or aging per se. 

Mice lacking p19 gene developed into adulthood, had a normal life span, and did not 
spontaneously develop tumors. Tumors did not arise at increased frequency in animals 
neonatally exposed to ionizing radiation or the carcinogen, dimethylbenzanthracene. Mouse 
embryo fibroblasts, bone marrow-derived macrophages, and lymphoid T and B cells fiom these 
animals proliferated normally and displayed typical lineage specific differentiation markers. 
Males exhibited marked testicular atrophy associated with increased apoptosis of germ cells. 
The absence of tumors in p19 (INK4d) deficient animals demonstrated that, unlike p16, p19 is 
not a tumor suppressor but is instead involved in spermatogenesis (Zindy et al., 2000). The 
p19 negatively regulates the proto-oncogenic cyclin DlCdk4 complexes whose ability to 
phosphorylate the tumour suppressor promotes GlIS transition. Bartkova et a1 (2000a) examined 
the presence of p19 (INK4d) in the human testis, at various stages of germ cell tumour 
pathogenesis. It was found that the p19 protein is abundant in spermatocytes of normal human 
adult testes, whereas p19 was not detectable in testicular cancer, including the preinvasive 
carcinoma in situ stage. Together with the lack of pl9 in human foetal germ cells, these results 
supported the concept of foetal origin of the testicular germ cell tumors, and helped to 
understand better the emerging role of the Rb pathway in spermatogenesis and tumorigenesis 
in the human testis (Bartkova et al., 2000). 

Male mice lacking both the p18 (INK4c) and p19 (INK4d) genes are infertile, whereas 
female fecundity is unaffected. Whether or not p19 is present or absent, animals lacking p18 
develop hyperplasia of interstitial testicular Leydig cells, which produce reduced levels of 
testosterone. The anterior pituitary of fertile mice lacking p 18 or infertile mice doubly deficient 
for pl8 and p19 produces normal levels of LH. By contrast, p19 null or double null mice 
produce elevated levels of FSH. Because p19-null mice are fertile, increased FSH production 
by the anterior pituitary is also unlikely to contribute to the sterility observed in p18lp19 
double null males. Thus p18 and p19 are essential for male fertility. These two Cdk inhibitors 
collaborate in regulating spermatogenesis, helping to ensure mitotic exit and the normal meiotic 
maturation of spermatocytes (Zindy et al., 2001). 

11.8.2. CipKip Family of Cdklnhibitors 

In contrast to INK4 family CipKip proteins (p21, p27, and p57) share a homologous amino 
terminal domain that contains contiguous cyclin and Cdk-binding regions, and bind to a wide 
range of cyclin Cdk complexes. The p24 has homology to dual specificity protein phosphatase 
but its substrate is unknown. p27 blocks the cells cycle in response to transforming growth 
factor. But p2 1 has attractedthe most attention. p2 1 was first identified as a component, along 
with the proliferating cell nuclear antigen (PCNA), of almost all Cdk complexes in normal but 
not in transformed cells. Another characteristics of the CipKip family of CKIs is that the p2 1 
molecule can be a component of catalytically active enzymes, raising the possibility that p2 1 
may have roles to play in cell cycle regulation of other than as a CKI. It has been proposed that 
members ofthe CipKip family of CKIs act as assembly factors of cyclii Dl/Cdk4 (Takahashi et 
d., 1999). 

Waga et al., (1994) showed that p21 is able to inhibit DNA replication directly, quite 
independently of the cyclin dependent kinases. This finding has profound implications for 
understanding the regulation of both DNA synthesis and DNA repair. The p2 1 is involved in 
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inhibiting the cell cycle in response to DNA damage. It is induced in -irradiated cells that have 
wild type p53, binds to the putative S-phase promoting kinase, cyclin E-CDK.2, and so prevents 
cells &om initiating DNA replication in vivo and in vitro. The p2 1 seems to inhibit elongation 
rather than involved in initiation events, and that its inhibition can be relieved by adding 
excess of PCNA. Therefore, p2 1 can inhibit the DNA replication machiiery directly, and Waga 
et al, (1994) presented data to show that it does so by binding to PCNA (Pines, 1994). 

The p2 lCipllWAF1 expression was studied before and after irradiation in the adult mouse 
testis. Innormal testis a weak staining for p21 is found in pachytene spermatocytes in epithelial 
stage V up to step 5 spermatids. X-irradiation at 4 Gy resulted in a transient increase of p21 
despite the fact that the apoptotic spermatocytes did not increase, whereas number of apoptotic 
spermatogonia increased to 10 fold and spermatogonial staining for p21 was absent. This 
suggested that these cells do not undergo a p21 induced GI arrest prior to DNA repair or 
apoptosis. This implies that p21 is a factor, which could be important duringthe meiotic prophase 
in spermatocytes and repair mechanisms in these cells, but not in spermatogonial cell cycle 
delay or apoptosis induction (Beumer et al., 1997). 

During mouse testicular development, p27kipl is induced when the fetal germ cells, 
gonocytes become quiescent on day 16 postcoitum suggesting that p27kipl is an important 
factor for the GIIGO arrest in gonocytes. But proliferating spermatogonia among different 
types of germ cells were not stained for p27kipl. Although during development, Sertoli cells 
have proliferating activity and only are occasionally lightly stained for p27kipl in the adult 
testis, the terminally differentiated Sertoli cells are heavily stained for p27kip1. Since p27kip1 is 
only expressed in Sertoli cells, the role of p27kipl in spermatogonia and preleptotene 
spermatocytes must be indirect. Hence supporting role of Sertoli cells in spermatogenic process 
depends on the expression of p27kipl in these cells. Since the expression ofp27kipl is transiently 
increased after x-irradiation in whole testicular lystates, hence, p27kiplseems to be involved in 
the cellular response after DNA damage (Beumer et al., 1999). The p27kipl knockout mice are 
associated with aberrations in the spermatogenic process and multiple organ hyperplasia and 
have 2-fold larger testes than their wild-type litter mates. A higher pituitary tumor incidence 
was reported in p27kipl knockout mice indicating that loss of p27kipl may contribute to 
oncogenesis and tumor progression (Beumer et al., 1999). These observations indicated that 
p27kip1 has a role in the regulation of spermatogonial proliferation, or apoptosis, and the onset 
of the meiotic prophase in pre-leptotene spermatocytes. 

Role of p27 and p57 has been studied in p27-I- and p57-1- knock out mice. Phenotypes of 
p27-I- mice are substantially different f?om those of p57-I- mice, suggesting that spatial and 
temporal expression patterns of p27kipl and p57kip2 are distinct. Whereas certain organs and 
tissues (brain, lens, ganglion, lung, heart, liver, skin and kidney) expressed both proteins, other 
expressed only p27kipl or p27 (thymus, spleen, retina, testis and ovary) or only p57kip2 or 
p57(gut, palate, pancreas, cartilage and skeletal muscle). In addition, some organs expressed 
both p27 and p57 but showed mutually exclusive patterns of distribution among tissues restricted 
to embryogenesis. Expression of p27kipl in many tissues was maintained in adult animals. The 
expression of p27kip 1 and p57kip2 was inversely correlated with cell proliferation, suggesting 
that p27kipl and p57kip2 are expressed exclusively in postmeiotic cells. These complex spatial 
and temporal patterns of expression are consistent with the phenotypes of mice deficient in 
p27kip2 or p57kip2 and they suggest that these proteins might play important roles in tissue 
development (Nagahama et al., 2001). 

Evidences suggest that HSPs are likely involved in cell cycle control under normal 
conditions without stress. 73hsc (heat shock cognate protein), which belongs to the HSP70 
family of molecular chaperones, interacts withp27kipl inhibitor of Cdk during G11S transition. 
This indicated that 73hsc might be involved in the cell cycle progression through the regulation 
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of cell cycle regulators such as p27Kipl (Nakamura et al., 1999). The Xenopus Levies p27Xic1 
or Xicl is a member of CipKip CKI family and inhibits Cck2-cyclin E in vitro as well as DNA 
replication in Xenopus egg extracts. Ubiquitination of Xicl occurs exclusively in the nucleus 
and that nuclear localization of Xicl is necessary for its degradation. However, binding of Xicl 
to Cdk2-cyclin E is essential for Xicl ubiquitination and degradation. The amino acids 180-83 
of Xicl are critical determinants for recognition and degradation of Xicl by the ubiquitin 
machinery (Chuang and Yew, 2001). 

p27 as tumor suppressor: Absence of the tumor suppressor p27 (kipl) results in increased 
body size, hyperplasia of several organs includmg the testis, and cancer in mice. Similarly, lack 
of inhibin causes testicular and ovarian tumors of the granulosa/Sertoli cell lineage beginning 
at 4 weeks of age and adrenal tumors in gonadectomized mice. In inhibin knockout mice I&(- 
/-), Cdk4 and cyclin D2 mRNA levels are elevated, and p27 levels are decreased in testicular 
tumors from Id(-I-) mice. These findings suggested that increased Cdk4lcyclin D2 (positive) 
activity and decreased p27 (negative) activity is causal for gonadal tumor formation. To test 
this hypothesis, double mutant mice lacking both p27 and inhibin were generated to determine 
whether the tumor suppressors p27 and inhibin have additive suppressor activity in the gonads. 
Like I&(-/-) mice, p27(-I-) I&(-/-) mice (double mutant) demonstrated elevated serum activin 
levels, ovarian and testicular tumors, and a resultant lethal cachexia like syndrome. However, 
double mutant mice died earlier than single mutant mice. Moreover, tumor foci in double mutant 
mice could be observed as early as 2 weeks of age in males and as early as 4 weeks in females. 
These findings demonstrated that absence of both Inhibin and p27 in mice causes earlier 
development of ovarian and testicular tumors and earlier death compared with absence of 
inhibin alone (Cipriano et al., 2001). Bartkova et al., (2000b) exambed cyclin A, B 1 and E along 
with Cdk inhibitors, pl8, p21 and p27, in human testicular tumors, including carcinomas in situ 
(CIS) and germ cell tumours (GCTs). A correlation seemed to exist between proliferation and 
abundance of the cyclin proteins, and abundance of pl8, and the lack of p21 and p27 in normal 
spermatogenesis. Increased abundance of cyclin E, and down regulation or loss of p18 were 
the features that correlated with progression from CIS to invasive germ cell tumours (l3artkova 
et al., 2000). 

11.9. ACTIVATION OFMAPKPATHWAY DURING MEIOSIS 

MAP-kinases are inactivated by dephosphorylation either at threonine or at tyrosine. The 
MAP kinase (EM) activation occurs via a complex cascade of kinases that include, immediately 
upstream, MAP kinase-kinase (MAPKK called MEK in mammalian Ras signaling pathway ), 
which in turn is phosphorylated by one of the MAP kinase-kinase-kinase (MAPKKK called 
Raf in Ras signaling pathway). The Raf kinase is activated by activated Ras. Once activated, 
the MAP kinase relays the signal down stream by phosphorylating various proteins within cell 
including protein kinases and regulatory proteins. On enby into the nucleus, it can phosphorylate 
one or more component of gene regulatory complex, and may activate the transcription of 
immediate early genes. Among the genes activated by Ras pathway are the genes encoding G1 
cyclins required for cell division. Activation of the ERK subfamily of MAP kinases is a well- 
characterized response to both receptor tyrosine kinases (RTKs) and integrin activation. 
Although there are many routes to ERK activation, GRB2 pathway is the best understood and 
provides a paradigm for understanding receptor mediated signal transduction. The duration, 
as well as the magnitude of the ERK signal are critical factors in determining the proliferative 
response of cells to changes in their extracellular environment (Roovers and Assoian, 2000). 
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MAPK pathway seems to facilitate or regulate not only mitosis and meiosis but also plays 
important role in sperm maturation through capacitation and or acrosome reaction. Several 
lines of approaches raise the possibilitythatp42 MAPK (ERK2) pathway participates in mitosis. 
A series of events can be artificially reproduced in mouse spermatocytes by treatment with the 
serine thrwnine/phosphatase inhibitor, okadaic acid (OA). The OA overcomes the checkpoints 
that normally delay the progression of the meiotic cycle of mid- and late-pachytene 
spermatocytes and induces nuclear envelope breakdown and chromosome condensation 
resembling a situation that was observed during G2/M transition after prophase-1 . The meiotic 
progression of mouse spermatocytes induced by OA is accompanied by an increase in H1 
kinase activity, which is considered a sign of MPF activation. The increase in H1 kiiase 
activity during OA induced G2/M transition in mouse spermatocytes is due to a concurrent 
activation of a cyclinlcdk activity, which suggests that activation of MPF actually occurs, 
under these experimental conditions (Sette et al., 1999). In addition to MPF, ERKl is also 
required for G2/M progression during meiosis in mouse spermatocyte. Immunoprecipitation 
with ERK antibodies showed that p44tERK1 but not p42/ERK2 is stimulated in OA treated 
spermatocytes. It was suggested that ERKl is specifically activated during G2M transition in 
mouse spermatocytes, that contributes to the mechanisms of MPF activation, and essential for 
chromosome condensation associated with progression to meiotic metaphase (Sette et al., 1999). 
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Chapter 12 

ISOPROTEINS IN DNA SYNTHESIS 

DNA replication takes place at Y shaped structure, called a replication fork. During DNA 
replication in vivo, each of the DNA strand acts as a template for formation of a new strand, 
through semi-conservative mechanism by the action of DNA polymerase. In contrast to DNA 
replication in prokaryotes, eukaryotes require two different DNA polymerases (DNA polymerase- 
a and DNA polymerase-8). During 1990s, a study based on SV40 genome in cell free system 
suggested that eukaryotic DNA replication depends on T antigen (tumor antigen) derived 
fiom SV40 and on other mammalian proteins including DNA polymerases. The DNA polymerase, 
with self correcting property catalyses nucleotide polymerization in 5'--> 3'direction copying 
the DNA template strand with great fidelity. The replication fork is asymmetric in nature and 
hence two strands of DNA double helix are antiparallel. The synthesis in 5'--> 3' direction is 
continuous on one of the arms of replicating fork (leading strand). The synthesis on the other 
strand (lagging strand) is discontinuous and hence lagging strand produces short segments 
(Okazaki fragments) by discontinuous backstitching mechanism. The DNA fragments 
synthesized in pieces are primed by short RNA primer molecules, which require a special kind 
of DNA polymerase-primase. The DNA primase joins 3' end of newly synthesized DNA to 5' 
end of the previous one. Besides DNA polymerase and DNA primase, DNA synthesis requires 
DNA helicases and single strand DNA binding (ss B) protein (also called replication factor-1) 
in opening of double helix. The RNA primers are replaced by DNAs in lagging strand by 
another enzyme. The two ends of DNA pieces are sealed by DNA ligase, which joins 3' and 5' 
end. During course of DNA unwinding, the torsion developed in two strands, is relieved by 
topoisomerases, I and I1 by making a nick in one of the DNA strands. Many of these proteins 
associate with each other at replication fork, which helps in the movement of individual 
components in coordinated fashion. Thus various protein components that regulate DNA 
synthesis in eukaryotes include i) T antigen, ii) replication factor A @-A) (also called eukaryotic 
ssB), iii) topoisomerase I iv) topoisomerase 11, v) DNA polymerase (Poly-a or a Pol) which is 
associated with eukaryotic primase to form poly-primase complex, vi) DNA polymerase4 pol- 
8)' vii) proliferating cell nuclear antigen (PCNA) also known as cyclin, viii) replication factor C 
(RF-C). Of these components, T antigen is derived from SV40, whereas other components are 
derived from host mammalian system. The T antigen has a DNA binding domain, a ATPase 
domain and helicase activity. Since 1990, several DNA repair poteins and proteins involved in 
DNA recombination have been added in the list (see Chapter 13). 

121. EUKARYOTICDNAPOLYMERASES 

Five different classes of DNA polymerases have been identified, in different type of eukaryotic 
cells. These include: (i) DNA polymerase (Pol)-a, a relatively high molecular weight enzyme, 
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also called cytoplasmicpolymerase, or appropriately called large polymerase, since it is also 
found in the nucleus and since another small nuclear polymerase is also available in cytoplasm; 
(ii) DNA polymerase4 or nuclear polymerase (also called small polymerase), found only in 
vertebrates, and not found either in budding yeast nor in other lower eukaryotes; (iii) DNA 
polymerase-y is a mitochondrialpolymerase, but encoded in the nucleus; (iv) DNA polymerase- 
6 is a novel enzyme present in mammalian cells, but is PCNA dependent for DNA synthetic 
processivity; (v) DNA polymerase-s (earlier described as DNA polymerase-6 11), is PCNA 
independent. In some other cases, a distinction between DNA polymerase-6 and DNA 
polymerase-s has not been possible. Another calf thymus enzyme designated as DNA 
polymerase-6 I represents DNA polymerase a with 3'-5' exonuclease activity, The large DNA 
polymerase a is the major DNA polymerase in eukaryotic cells and was believed for a long time 
to be the only enzyme involved in DNA replication. DNA polymerases can also be classified 
on the basis of amino acid sequence similarity into at least four different families: (i) Escherichia 
coli Pol I-type DNA polymerases as mitochondria1 Pol y and cellular Pol 6, (ii) eukaryotic-type 
DNA polymerases, as Pol-a, Pol-6, Pol-s and Pol-6; (iii) homologous to the a subunit of E Coli 
Pol I11 with not known homologues in eukaryotic cells; and (iv) Pol X, homologous to nuclear 
Pol+ The Pol X family of DNA polymerases is a peculiar group that includes vertebrate Pol- 
p, involved in DNA repair. 

Three of the nuclear DNA polymerase-a, -6 and -s belong to a group of a like DNA 
polymerases that share many structural and catalytic properties. The DNA polymerase+ and 
-6 are sufficient for replication of the circular DNA of the mammalian virus SV-40 in vitro and 
also in vivo. In this model, DNA polymerase-a primase is responsible for the synthesis of short 
RNA-DNA precursor chains at the replication origin and prime synthesis of both the leading 
and lagging strands: These RNA-DNA precursors are extended by DNA polymerase-& The 
switch from DNA primer synthesis to DNA synthesis by DNA polymerase-6 depends on 
replication factor C and PCNA, which replace the DNA polymerase a primase complex with 
DNA polymerase-6. Consequently, DNA polymerase4 is responsible for extending RNA- 
DNA precursors into Okazaki kagments during the discontinuous synthesis of the lagging 
strand and the processive elongation of the leading strand. The components for in vitro 
replication of SV 40 DNA have been identified. The structure and catalytic properties of human 
DNA polymerase E have been thoroughly studied. Although this enzyme does not seem to be 
involved in the replication of SV4O DNA, a study showing cross linking of DNA polymerase- 
a ,  -6 and -E to nascent cellular DNA in replicating chromosomes suggests that DNA polymerase 
E plays a role in the replication of cellular DNA in a process closely associated with replication. 
The DNA polymerase s has also been shown in the repair of UV damage in human fibroblasts 
(Kame1 et al., 1997). 

12.1.1. DNA Polymerases in Spermatogenesis 

Spermatogenesis offers a model for assessing the involvement of proteins in DNA replication, 
in meiotic recombination, and in DNA repair processes that occur during spermatogenesis 
(Monesi et al, 1962). Nuclear DNA polymerase fkom mouse sperm is stimulated by ATP and 
Mg2+ dependent but inhibited by low and high concentrations of KC1 (Philippe and Chevaillier, 
1976). Mouse testes, DNA polymerase- a is a high molecular weight enzyme, which sediments 
at 6-8 S and has maximal activity at a pH near neutrality. Its activity is severally depressed by 
KC1 concentrations above 50 mM and by sulfiydryl group inhibitors. The velocity sedimentation 
at unit gravity allows to compare the relative specific activity of DNA polymerase-a and DNA 
polymerase-P during spermatogenesis (Hecht et al., 1979). As expected, DNA polymerase-a 
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and -6 are highly expressed in the testes of young animals, which contain a high proportion of 
proliferating cells. The steady state levels of mRNAs encoding DNA polymerase-& and the 
Rad51 remained constant during testis development, whereas the mRNA levels of DNA 
polymerase-a and -6 declined from birth until sexual maturity. As expected, DNA polymerase- 
a and PCNA had relatively strong activity in mitotically proliferating spermatogonia and even 
stronger staining in preleptotene cells undergoing meiotic DNA replication. In contrast, DNA 
polymerase-& was detectable in mitotically proliferating spermatogonia but not in the early 
stages of meiotic divisions, and was present in haploid spermatids up to the stage at which the 
flagellum starts developing. Thus, DNA polymerase-~ functions in mitotic replication, in the 
completion ofrecombination in late pachytene cells and in the repair of DNA damage in round 
spermatids. In contrast, DNA polymerase-a and -6 appeared to be involved in meiotic DNA 
synthesis, which occurs early in meiotic prophase, in addition to functioning in DNA replication 
in proliferating spermatogonia (Kame1 et al., 1997). 

12.1.2. DNA Polymerase-P 

DNA polymerase-a (or P-Poly) is one of the constitutively expressed 'housekeeping' enzyme 
in mammalian cells. Structural conservation of this polymerase suggests that this enzyme is 
essential for survival. The enzyme is involved in cellular maintenance e.g., DNA synthesis 
during DNA repair and recombination and in some type of DNA repair, particularly in DNA 
synthesis in small gaps formed during excision repair (Singhal et al., 1995). DNA polymerase- 
p is a low molecular weight enzyme of sedimentation coefficient 3-4 S, which has a pH optimum 
around 8.8 and is stimulated by KCI. P-Pol is a monomeric protein of 39-kDa, folded in two 
independent domains, an N-terminal domain of 8kDa and a polymerization domain of 3 1 -kDa. 
The latter domain has the general right hand fold of polymerases, defined by the sub-domains 
named fingers, palm and thumb. In addition to its polymerization activity, Pol-P can incise the 
sugar-phosphate bond 3' to either an intact AP site (AP lyase activity) or to a 5' pre-incised 
site by an AP endo-nuclease, releasing a 2-deoxyribose 5-phosphate (dRPase activity). These 
Pol-P activities are located in the repair 8-kDa domain and contributes to base excision repair 
(BER), the major pathway that removes a damaged base residue in DNA (reviewed in Garcia- 
Diaz et al., 2000). Evidences are suggestive that 0-Pol plays a role in mammalianmeiotic events 
associated with synapsis and recombination (Plugg et al., 1997). The DNA polymerase-P is 
located preferentially in the nucleus. 

Less complex species of eukaryotes are shown to possess only one type of DNA 
polymerase. The DNA polymerase-a and -P can be distinguished fiom one another by the 
differential effects ofN-ethylmaleimide, KCI, am-CTP and temperature, as well as on the basis 
of sedimentation. The sensitivity of DNA polymerase-P to elevated temperatures as compared 
to DNA polymerase a provides a new means of distinguishing between these two enzymes 
(Philippe and Chevaillier, 1976; Wilson et al., 1988). The cDNAs for rat and human DNA 
polymerases-a have been cloned. With the aid of these cDNAs, human cells are shown to 
contain a single copy gene encoding DNA polymerase-P. In most adult rat tissues the 
abundance of DNA polymerase-P mRNA is low. In contrast, young brain and testes show P- 
polymerase mRNA levels 5- and 15 fold higher, respectively. Four different (4.0,2.5,2.2,1.4-kb) 
transcripts hybridizing to j.3-polymerase probe were found in all tissues examined. The 40-kb 
transcript was dominant for young and adult brain, where as the 1.4-kb transcript was dominant 
for testes (Nowak et al., 1989). Another human isoform, P-Pol2 is closely related to P-Pol. The 
predicted P-Pol2 protein contains a BRCAl C-terminus (BRCT) motif in its N- terminus. The - 
COOH terminal region of P-Pol2 shows 33% amino acid sequence identity with human P-Pol. 
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The P-Pol2 is expressed exclusively in testis. The truncated form of P-Pol2 lacking BRCT motif 
retains polymerase activity. Thus, P-Pol2 is related to DNA P-Pol, with a BRCT motif, which is 
dispensable for Pol activity (Nagasawa et al., 2000). 

P-polpromoter gene: The promoter for the human P-pol gene has been found to be TATA less, 
but it does have multiple GC boxes and one ATFICRE binding site located within 50 residues 5' 
of the major mRNA start site. The ATFICRE binding site has been found to be essential for 
activity of the cloned promoter. The bovine testes DNA binding protein with specificity for the 
P-pol promoter ATFICRE binding site is phosphorylated in vivo and contains several 
phosphorylation sites. Phosphorylation systems may change binding of this ATFICRE binding 
protein to the P-pol promoter and in turn modulate the promoter. Co-transfection with a protein 
kinase A expression plasmid to elevate phosphorylation was found to strongly reduce promoter 
activity(Eng1ander et al., 1991). 

A protein fraction with binding affinity for an ATFICREB like binding element 
GTGACGTCAC, at -49 to -40 in the core P-polymerase promoter was purified from a nuclear 
extract ofbovine testes. This protein activates transcription and has a M of about 100-12OkDa. 
SDS-PAGE revealed that it contains several polypeptides in the range of MI 30-52kDa, yet two 
of these peptides (Mr 49-kDa and 52-kDa) are predominant. Specific binding to the palindrome 
is salt sensitive and is consistent with the formation of nine ion pairs and has a Ka of 5.8 x loii 
M-' at 200-mM KCI. Kinetic studies with synthetic oligonucleotides as binding ligands indicated 
that the purified protein could bind tighter to or discriminate between the P-polymerase ATFI 
CREB element and similar elements derived from somatostatin and chronic gonadotropin genes 
(Widen and Wilson, 1991). 

YYI transcription factor in germ cells: The W 1  is the abbreviation of yin and yang 1 and 
reflects the dual function of this ubiquitously expressed factor to act under various conditions, 
either as a transcriptional repressor or as transcriptional activator. Although W 1 fiom testicular 
nuclear exlract was found to bind to a promoter element of the p53 gene and to an initiator motif 
of the DNA polymerase-a gene, it was proposed that W 1  could be an important transcription 
factor for the regulation of male germ cell-specific genes (Schulten et al., 1999). The putative 
W 1  binding sites were also found in the promoters of other testis-specific gene, such as pro- 
acrosin gene (Schulten et al., 1999). 

P-poCy in testicular tumors: Presence of very high level of DNA polymerase P mRNA in 
pachytene spermatocytes points to the role of this enzyme in mammalian meiosis. Analysis of 
telomeric length and DNA polymerase-P expression in testicular germ cell tumors suggested 
that seminoma and nonseminoma, two main histological types of testicular germ cell tumors are 
derived independently fiom transformed foetal primordial cells. If these tumour cells originate 
from meiotically arrested pachytene spermatocytes, it should be expected that DNA polymerase- 
p mRNA is over-expressed in them (Nowak et al., 2002). 

12.1.3. Pol k 

A new gene encoding a DNA polymerase-h has been identified at mouse chromosome 19. 
Murine Pol-h consisting of 573 amino acid residues has a 32% identity to Pol P involved in 
nuclear DNA repair in eukaryotic cells. Pol-h contains all the critical residues involved in DNA 
binding, nucleotide binding and selection, and catalysis of DNA polymerization, that are 
conserved in Pol+ and other DNA polymerases belonging to family X. The Pol -h also conserves 
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Fig.12.1 (A) Pair-wise homology between mouse testis polymerase h and rat polymerase-b. The rat poly P 
has been divided into four sub-domains: (i) 8-kDa domain (aa residues 1-91), (ii) fingers (aa residues 92-148), 
(iii) palm (aa residues 149-260), and (iv) thumb (aa residues 261-335) (Pelletier et al 1994; Sawaya et al, 
1994). a-helix (lettered A, B, ---) and B-strands (numbered 1, 2, 3, ---) are shown at the top of the alignment. 
Two hair-pin-helix motifs are located between C and D (8-kDa sub-domain), and between F and G (finger sub- 
domain). (B) 3D-structure model of mouse Pol h, showing four distinguishable sub-domains on the pattern of 
Pol P, within a region of 271-573 amino acid residues. The 8-kDa domain possesses dRPase activity and also 
provides an additional DNA binding capacity. While fingers and palm sub-domains provide contact point for 
DNA strand, and the surface for substrate binding respectively, thumb sub-domain helps in template selectivity 
and reaction cycling. Reproduced with permission from M.Garcia-Diaz et al. J Mol Biol 30; 851-67: 2000 Q 
Elsevier; H.Pelletier et al. Science 264;1891-1903:19940 AAAS; MR Sawaya et al. Science 264;1930- 
35:19948 AAAS. 

the critical residues of Pol+ required for its intrinsic deoxyribose phosphate lyase (dRPase) 
activity. The f is t  230 amino acid residues of Pol-h, that have no counterpart in Pol-y, contain 
a BRCT domain, present in a variety of cell cycle check point control proteins, responsive to 
DNA damage and proteins involved in DNA repair. The Pol-h mRNA is highly expressed and 
developmentally regulated in testis. A major transcript of 2.4-kb mRNA accumulates at high 
level in testis on day 16 postnatal (pn), but not detected on day 7 pn suggesting that &Pol is 
expressed in mid-pachytene spermatocytes and early round spermatids of mouse testis. The 
high level of Pol-h specifically expressed and mainly associated to pachytene spermatocytes, 
suggests a potential role of Pol-h in DNA repair synthesis associated with meiosis (Gargcia- 
Diaz et al., 2000). A binary alignment of Pol-h and Pol-P based on crystal structure of Pol-P 
suggests a nuclear localization signal at sequence PKRKKSH, located at residues 11 to 17 of 
Pol-h. Leaving first 239 aa residues of Pol-h, that have no counterpart in Pol+, the remaining 
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SC POL 1V 1391 ------- 
I Pol h 1161 ------- 
SP WL I V  /dl/ Loss 

VII 
SC POL IV 11521 -- 1169) 

(2391 
SP POL I V  11541 -- (164) 

Fig.lZ.2. Amino acid similarity in N-terminus region of mouse (MM 239 aa) Pol h with POL IV from S. 
cerevisiae (SC; 169 aa) and S. pombe (SP; 164aa). The main segments (I to VII) of amino acids are boxed. 
The region from segment I to IV forms a BRCT domain. Reproduced with permission from M. Garcia-Diaz 
et al. J Mol Biol 30; 851-67: 2000 0 Elsevier. 

residues could be aligned with Pol+ with four sub-domains. The alignment also shows that 
Pol-h shares 25 out of 27 aa that are invariant among DNA polymerase X family members (Fig. 
12.1 and Fig. 12.2). 

Human and mouse Pol-h has homology with Pol+, while another polymerase, Pol-p is closer 
to terminal deoxynucleotidyl transferase. However, Pol-h and Pol-p share similar structural 
organization including a BRCT domain, helix-loop-helix DNA binding motif and Pol X domain. 
The mRNA expression of Pol-h is highest in testis and in fetal liver, while expression of Pol-p is 
maximum in lymphoid tissues (Auofouchi et al., 2000). 

12.1.4. DNA Polymerase 5 

The REV3 gene of S. cerevisiae encodes the catalytic subunit of DNA polymerase-5 which is 
involved in translesion synthesis. The mouse homologue of this gene, Rev3L, encodes a 
putative protein of 3 122 amino acids. The sequence conservation to its yeast counterpart is 
restricted to several regions. In the carboxy terminal part of the protein all six domains are 
present that are characteristic for DNA polymerase-a. In the amino terminal part of the protein 
two regions can be identified with considerable similarity to the NT boxes of mouse polymerase 
-6. In addition, a region of 60 residues unique for the REV3 homologues is found in the middle 
part of the protein. Transcription of the Rev3L gene was highest in brain, ovary and testis. 
Mouse REV3L shows strong conservation with the human REV3L gene, which was localized 
to the long arm of chromosome 6, region 2 1-22. The mouse equivalent gene maps to chromosome 
10, distal to the c-myb gene, close to the Macs gene (Van Sloun et al., 1999). 

12.2. DNA LIGASES 

The pleiotropic effects ofmutations in the DNA ligase gene ofprokaryotes include conditional 
lethality, sensitivity to DNA damage and hyper recombination. In contrast to prokaryotes, 
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multi-cellular eukaryotes containmore than one species of DNA ligase. DNA ligase I is required 
for DNA replication involved in DNA repair. Pol-P and DNA ligase-1 seem to be components 
of a multi-protein complex that performs base excision repair (Prasad et al., 1996). The activity 
of DNA ligase I1 activity, the major DNA joining enzyme in the liver is increased following 
treatment with DNA damaging agents, suggesting a role for this enzyme in DNA repair. DNA 
ligase I11 is a component of a calf thymus recombination complex a d  has been found associated 
with a human DNA strand break repair protein, Xrccl, suggesting roles for this enzyme in 
genetic recombination and DNA repair. The 70-kDa ligase I1 and 100-kDa DNA ligase 111 from 
bovine liver and bovine testis respectively revealed that these polypeptides share extensive 
regions of identity, which indicated that they are probably encoded by the same gene. A 
comparison of the peptide sequences from DNA ligases I1 and I11 with the predicted amino acid 
sequences of other DNA ligases revealed that these enzymes are more highly related to the 
DNA ligases encoded by cytoplasmic poxviruses than to mammalian DNA ligase I and other 
reflective DNA ligases. DNA ligase may be required to perform the meiosis specific DNA 
transactions. A characteristic feature of meiosis is the high frequency of homologous 
recombination that leads to the production of genetically reassorted haploid gametes. These 
recombination events appear to occur within the synaptonemal complex and presumably are 
completed by DNA synthesis and DNA ligation prior to the first meiotic division (Chen et al., 
1995). 

The human DNA ligase I11 cDNA encodes a polypeptide of 862 amino acids, whose 
sequence is more closely related to the DNA ligases encoded by poxviruses than to replicate 
DNA ligases, such as human DNA ligase I. In vitro transcription of the cDNA produced a 
catalytically active DNA ligase similar in size and substrate specificity to the purified bovine 
enzyme. The DNA ligase I11 gene was localized to human chromcsome 17. DNA ligase I11 is 
ubiquitously expressed at low levels, except in the testes, in which the steady state levels of 
DNA ligase 111 mRNA are at least 10 fold higher than those detected in other tissues and cells 
during spermatogenesis. DNA ligase I mRNA expression correlating with the contribution of 
proliferating spermatogonia cells in the testes suggested its role in DNAreplication. In contrast, 
klevated levels of DNA ligase I11 mRNA were observed in primary spermatocytes undergoing 
recombination prior to the first meiotic division. Therefore, it was suggested that DNA ligase 
I11 seals DNA strand breaks that arise during the process of meiotic recombination in germ cells 
and as a consequence of DNA damage in somatic cells (Chen et al., 1995) (Fig 12.3). 

Two forms of DNA ligase I11 are produced by paired (duplex DNA paired with a single 
stranded DNA) structures. Another ligated product of DNA ligase andenylate adduct of 1OOkDa 
was also formed. This showed that DNA pairing co-purifies with DNA ligase from extract of rat 
testes (Acharya et al., 1996). 

123. DNA HELICASES 

The unwinding of parent DNA strands is a prerequisite to basic genetic processes including 
DNA replication, DNA repair, recombination, and transcription. In each of these processes, 
unwinding of duplex DNA is catalyzed by a DNA helicase, which hctions to destabilize 
hydrogen bonds between complementary base pairs in duplex DNA. The energy necessary for 
this reaction is provided by hydrolysis of nucleosides and deoxyncleoside 5'-triphosphates. 
DNA helicase generally possesses an intrinsic ATPase activity. DNA helicases are ubiquitously 
present from prokaryotes to eukaryotes. Helicases have several characteristic motifs and some 
of them are functionally important. N o  sequence signatures, so called Walker A and B motifs, 
have been identified in all helicases so far examined. There are at least 4 1 helicase genes in the 
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Fig.12.3. cDNA and predicted amino acid sequences of human DNA ligase III. Regional homologies to bovine 
DNA lagases II and III, indicated by II and III respectively, are underlined. Reproduced with permission 6om 
J. Chen et al, Mol Cell Biol 15:5412-221: 1995 O The Society of Microbiologists. 

genome. Inspite of so much diversity, most of our biochemical knowledge about DNA helicases 
comes from analyses of bacterial and phage enzymes because little is known about the 
biochemical properties of most of the eukaryotic DNA helicases. However, studies demonstrated 
that six putative helicases are mutated in the human diseases such as Xeroderma pigmentosum, 
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121 LCYQLPALCS DGFTLVICPL ISWDQLbn LKQLGISATM LNASSSKEHV - 
181 NSQLlCLIWT PEKIAKSKMP MSRLEKAYEA GRLTGVAVDE VBCCSQWGHD FRPDYKALGI 
241 LXRQFPNASL MGLTATATNH VLMVQKILC VGKCLTFTAS FNRPNLFYEV RQKPSSAEDF 
301 TEDIVICLING RYKGQSGIIY CFSQKDSEQI TISLQKLGIH AGTYHANMEP EDKTKVIiTQW 
361 SANELQVVVA TVAFQGIDK PDVRFVIHHS MSKSMENYYQ ESGRAGRDDS RADCILYYGF 
421 GDIFRISSMV VMENVcQQKL YEMVSYCQNV SKCRRVLIAQ HFDEVWNADA CNXMCDNCCK 
481 DVSFElUWVT QBCRDLIKIL KQAEGLNEICL TPLKLIDTWM GKGAPKLRVA GVVAPALPRE 
541 DLERIVAHAL LQQYLKEDYS FTAYATISYL KVGPRACLLS NEAHAWTQV KKSAQSSVRG 
601 APSEARQVEQ VDSKGEEQSS GNSQKSKSRL QPSGSIWAGA ICKRKW)DA 

1 MASVSAL'I'EE LESVASELHA IDIQIQELTE RRQELLQRRS VLTGKIIQYL EDSSAEASSD 
61 LDTSPMWNK EDFPWBOKVK D m  -LET1 -IF LVMPTGGGKS 

121 LCYQLPALCS DGFTLVICPL ISLMEDQW LKQLGISATM LNASSSKEHV MIVHAEMVNlC 
181 NSQLKLIYVI PEKIAKSKMP MSRLEKAYEA GRLTGVA-E VHCCSQWGHD FRPDYKALGI 
241 LKRQFPNASL MGLTATATNH VLKLYVQKILC VGKCLTFTAS FNF4PNLFYEV RQKPSSAEDF 
301 TEDIVKLING RYXWSGIIY CFSQKDSEQI TISLQKLGIH AGTYKANMEP EDKTKVIiTQDD 
361 SANELQVVVA TVAFQGIDK PDVRFVIHHS MSKSMENYYQ ESGRAGRDDS RADCILYYGF 
421 GDIFRISSMV VMENvGppKL YEMVSYCQNV SKCRRVLIAQ HFDEVWNADA CNKTdCDNCCK 
481 DVSFEKKNV'l' QHCRDLIKIL KQAEGLNEIU. TPLKLIDTWM G- GVVAPALPRE 
541 DLERIVAHAL LQQYLKEDYS FTAYATISYL KVGPRACLLS NEABAWXQV KKSAQSSVRG 
601 APSEARQVEQ VDSKGEEQSS GSHAADTAAN V 

Fig.12.4. Amino acid sequences of human testis DNA replicases. (A) Qla,(B) Qlp  derived from cDNA. 
Source: httpllwww. ncbi.nlm.nih.gov. (A) (Accession number BAA75085) and (B) (Accession number 
BAA75086). 

Bloom's syndrome, Cockayne's syndrome, trichothiodystrophy, Werner's syndrome, and a 
thalassemia. At least five human RecQ related genes exist: RecQ1, BLM, WRN, RecQ4 and 
RecQ5. Mutations inBLh4, WRN and RecQ4 are associated with Bloom, Werner and Rothmund- 
Thomson syndromes, respectively, involving a predispostion to malignancies and a cellular 
phenotype that includes increased chromosome instability. Studies indicate an intimate 
association of Rec Q homologues in DNA replication. Genetic and biochemical analysis have 
suggested that these Rec Q homologues interact with proteins involved in DNA replication 
and function in a pathway fiom DNA replication check point to homologous recombination 
(Enomoto, 200 1). Thus, identification of a novel helicase is medically important. 

DNA Helicase Q1 (Rec QL) : Wang et al., (1998) cloned cDNA encoding mouse homologue for 
the human DNA helicase Q 1 Rec Q like IRecQL (human helicase Q l), which has homology with 
E. Coli RecQ protein and encodes two isoforms. The two isoforms are identical in the carboxyl 
terminal sequence spanning over less than 30 amino acids. One of the two isoforms Q l a  
contains a sequence KKRK in the carboxyl terminus, which is also contained in human helicase 
Q1 and was confirmed to function as a nuclear localization signal. The other Q1 P form does not 
contain such a sequence. Expression of mouse helicase Q1 rnRNA is extremely and relatively 
high in the testis and the thymus, respectively. Helicase Q1 a is expressed in all tissues 
whereas the Ql p form expressed only in the testis. A survey of expression of Q1 P mRNA in the 
testis after birth revealed that Q1 a mRNA is expressed in all testes of mice aged ffom 7 days to 
8 weeks, and the expression of Qlp  mRNA begins 14 days after birth, corresponding to the 
appearance of cells in the pachytene stage (Wang et al., 1998) (Fig 12.4). 
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RecQS: Rec-5 is small, containing only a core part of the RecQ helicase, but three isomer 
transcripts code for small RecQ5 a (corresponding to the original RecQ5 with 4 10 amino acid), 
new large RecQ5 b (991 amino acids) and small RecQS g (435 amino acids) proteins that contain 
the core helicase motifs. Genomic structure of three isoforms generated by differential splicing 
fiom the RecQS gene showed it to contain at least 19 exons. Northern blot analysis using a 
RecQS specific probe indicates that RecQS mRNA is expressed strongly in the testis. Three N- 
terminally tagged RecQS isomers expressed in 293EBNA cells showed that RecQ5b migrates to 
the nucleus and exists exclusively in the nucleoplams, while the small RecQS a and RecQSg 
proteins stay in the cytoplasm. The nucleoplasmic RecQS like yeast Sgsl DNA helicase binds 
to topoisomerases 3a and 3b but not to topoi 1. These results predict that RecQS may have an 
important role in DNA metabolism and may also be related to a distinct genetic disease 
(Shimamoto et al., 2000). 

TIP49a: A 49-kDa TATA binding protein (TBP)- interacting protein (TIP49a; termed TIP49 
fiom rat liver nuclear extracts and a general transcription factor is needed for all classes of RNA 
polymerases. A computer search revealed a high similarity between TIP49a and a prokaryotic 
DNA helicase, RuvB, which is involved in branch migration of the Holliday junction. It is 
noteworthy that TIP49a contains both the Walker A and B motifs of the bacterial RuvB 
homologous regions, suggesting that TIP49a is a putative DNA helicase. The nuclear protein 
TIP49a fiom rat testis possessed ATPase activity that was stimulated by single stranded DNA 
but not by double stranded DNA or by RNA polymers tested. The TIP49a specifically interacts 
with ATP, unwinds DNA duplex in the presence of ATP or dATP. The TIP49a is abundantly 
expressed in testes and moderately in spleen, thymus, and lung. In mouse seminiferous tubules, 
the protein was restricted to germ cell lineage fiom late pachytene spermatocytes to round 
spermatids. The TIP49a is a DNA helicase and may play a role in recombination and transcription 
(Makino et al., 1999). 

SNF2: The SNF2 gene family consists of a large group of proteins involved in transcriptional 
regulation, maintenance of chromosome integrity, and various aspects of DNA repair. An 
SNF2 family human cDNA, with identity to the E coli RNA polymerase binding protein HepA 
and named the human hepA related protein (HHARPlSh4ARCALl) has been cloned. In addition 
the mouse and C. elegans orthologues have been identified. Phylogenetic analysis indicated 
that the HARP proteins shared a high level of sequence similarity to the seven-motif helicase 
core region (SNF2 domain) with identifiable orthologs in other eukaryotic species, except for 
yeast. FWified His tagged HARPISMARCALl protein exhibits single stranded DNA dependent 
ATPase activity. Both the human and the mouse genes consist of 17 exons and 16 introns. The 
human gene maps to chromosome 2q34-q36 and mouse gene is localized to syntenic regions of 
chromosome 1. HARPlSMARCALl transcripts are ubiquitouly expressed in tissues, with testis 
presenting the highest level of mRNA expression in humans (Coleman et al., 2000). 

12.4. DNA TOPOISOMERASES 

A DNA topoisomerase can be viewed as a reversible nuclease that adds itself to a DNA 
backbone phosphate there by breaking a phosphodiester bond in DNA strand. This reaction 
is reversible and phosphodiester bond reforms as protein leaves. DNA topoisomerase I produces 
a single strand nick whereas DNA topoisomerase I1 forms a covalent linkage to both the 
strands of DNA helix making a double strand break (dsb) in the helix. Both topoisomerases are 
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activated by sites on chromosomes where two helices cross-over each other. The DNA 
topoisomerases are localized in the nucleus, where they remove torsional stress in DNA. Their 
function is important for replication, transcription, chromosome condensation, and chromosome 
segregation during mitosis and meiosis. 

DNA Topoisomerase I: The transcript of the topoisomerase (topoi) I gene was highest in 
somatic cells of the testis and in the mitotically proliferating spermatogonia and meiotic prophase 
spermatocytes, with the level of transcript decreasing dramatically in postmeiotic spermatids. 
In contrast, the levels of topoi I1 t+ranscript were negligible in germ cell fiee testes i d  highest 
in late meiotic prophase cells and round spermatids. Enzyme activity for both topoi I and topoi 
I1 was detected in both pachytene spermatocytes and in rounds spmnatids; topoi I1 exhibited 
a higher level of activity in meiotic spermatocytes than in round spermatids. Camptothecin, 
inhibitor of topoi I, caused some abnormalities of paired meiotic homologs. In contrast, inhibitors 
of topoi I1 dr&atically inhibited the formation of metaphase chromosomes in cells induced to 
progress fiom prophase to metaphase. However, the disassembly of the synaptonemal complex 
was not inhibited, indicating that this process could be uncoupled fiom condensation of 
chromatin to form chromosomes. 

DNA Topoisomerase 11: Type II DNA topoisomerases (topoi II) are a class of ubiquitous 
enzymes indispensable for a number of nuclear processes. These enzymes alter topological 
properties of DNA by creating transient dsb and transport an intact segment of DNA through 
the gap and fmally religate the cleaved strand. In vertebrates, topoi I1 is thought to play 
fundamental role in transcription, genome stability, DNA condensation, sister chromatid 
separation, segregation in mitosis, and disjunction of homologue during meiosis. Topoi I1 is 
concentrated along a dense axial core of metaphase chromosomes and is therefore implicated 
to play a scaffoldi&g role. In vertebrate cells it has been identified as a marker for cell proliferation. 
Two isoforms of topoi I1 have been identified in cultured murine and human cells. These two 
isoforms topoi I1 a, a 170 kDa protein and topoi I1 P, a 180 kDa protein are encoded by separate 
genes and differ in several biochemical properties (Galande and Muniyapa et al., 1996). 

Cobb et al., (1997) presented an evidence for a functional requirement of topoi I1 activity in 
the transition fiom meiotic prophase to meiotic metaphase I in mammalian spermatocytes. The 
presence of topoi I1 a and histone H3 at the centromeric heterochromatin was studied with the 
process of chromosome condensation and individualization of chiasmate bivalents in murine 
spermatocytes. Evidence showed that activity of topoi I1 is required for condensation of 
chromatin at the end of meiotic prophase. Histone H3 becomes phosphorylated at the end of 
prophase, beginning with its phosphorylation at the centromeric heterocheromatin in the 
diplotene stage (Cobb et al., 1999). 

Topoi I1 has been purified and characterized from rat testis and its catalytic activity was 
compared with that of the purified enzyme fiom liver. The purified enzymes appeared to be 
monomers under denaturing conditions; however they diered in their relative molecular mass. 
Topoi I1 fiom testis and liver have apparent molecular masses of 150 and 160 kDa, respectively, 
optimally active between pH 6.5 and 8.5. Both enzymes are able to promote decatanation and 
relax supercoiled DNA substrates in an ATP and MgZ+ dependent manner. Intriguingly, the 
relaxation activity of liver topoi I1 was inhibited by potassium glutamate at 1 M, whereas testis 
enzyme required about half its concentration. These fmdings argue that topoi I1 fiom rat testis 
is structurally distinct &om that of its somatic form (Galande and Muniyappa, 1996). 

Topoi I1 is inhibited by merbarone (a cancer chemotherapeutic drug) during male mouse 
meiotic divisions in vivo, with increase in polyploid and hypoploid metaphase I1 spermatocytes 
at time intervals corresponding to the treatment of the frst meiotic divisions and diplotene 
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diakinesis with a clear increase in the fkequency of arrested divisions. Thus, merbarone severely 
damages normal meiotic processes through inhibition of topoi I1 (Kallio and Lahdetie, 1997). 
The Topoi I1 inhibitor, etopoiside exhibits significant mutagenicity in primary spermatocytes. 
The effect of etopoiside on crossing-over in male mice, resulted in decreased crossing-over in 
the p-Tyr(c) interval of mouse chromosome 7. The temporal and spatial protein patterns 
suggested the formation of multiple lesions in the DNA after recombination nodules (MLH1 
foci) had disappeared £tom spermatocytes. Since etopoiside blocks religation of the cut made 
by topoi 11, repair of DNA damage may result in rejoining of the original DNA strands, undoing 
the reciprocal exchange that had already occurred, resulting in reduced crossing-over despite 
a normal frequency of MLHl .Three periods in spermatogenesis respond to etopoiside in different 
ways. Exposure of (a) late differentiating spermatogonia (and, possibly, preleptotene 
spermatocytes) results in cell death, @) early to mid pachytene induces specific locus deletions 
and crossover reduction; and, (c) late pachytene through diakinesis leads to genetically 
unbalanced conceptuses as a results of clastogenic damage (Russel et al., 2000). 

DNA topoisomerase HIP(: The disruption of the mouse topoi 114 gene encoding DNA 
topoisomerase IIIp leads to a progressive reduction in fecundity. The litter size in crosses of 
topoi 114 (-I-) mice decreases with passage of time and through successive generations. This 
decrease seems to reflect embryonic death rather than impaired fertilization. These observations 
are suggestive of a gradual accumulation of chromosomal defects in germ cells lacking DNA 
topoisomerase IIIP. Results were interpreted in terms of a specific role of a type IA DNA 
topoisomerase in the resolution of meiotic double-Holliday junctions without crossing over 
(Kwan et al., 2003). 

Spoll : A Variant of Topoisomerase: In S cerevisiae, Spombe, C elegans and Drosophila 
melanogaster, Spol 1 is required for meiotic recombination, suggesting a conserved mechanism 
for the initiation step of this process. The Spol 1 initiates meiotic recombination by garneting 
DNA double strand breaks (dsbs) and is required for meiotic synapsis in S. cerevisisae. The 
protein SPOl1 fkom archaebacterium suIfiIobus shibatae, is the catalytic subunit of top0 VI 
DNA topoisomerase. Cloning showed that the putative mouse and human Spol 1 proteins are 
82% identical and share approximately 25% identity with other family members. Mouse Spol 1 
was localized to chromosome H2H4, and human SPOll was localized to chromosomes 
20q13.2.ql3.3. Surprisingly, disruption ofmouseSpolJ leads to infertility. The SpolJ localizes 
to discrete foci during leptotene and to homologously synapsed chromosomes. Other mouse 
mutants that arrest during meiotic prophase (ATM-I-, Dmcl-I-, meil-I-, and Morc (-I-)) showed 
altered Spol 1 protein localization and expression. It seems that there is an additional role for 
SPO11, after it generates dsb in synapsis. The cDNAs resulting fkom alternative splicing 
suggests that there are potential variants of the mouse SPOl1 protein. Expression of the mouse 
Spol 1 gene was detected only in the testis, in agreement with its predicted function in the 
initiation of meiotic recombination (Romanienko and Camerini-Otero, 1999; 2000; Metzler - 
Guillemain and deMassy, 2000). But RT-PCR results showed ubiquitous expression of at least 
a portion of Spol 1 in mouse. Human SPO11 was also present in several somatic tissues. 

12.5. REVERSE TRANSCRIPTASE 

The reverse transcriptase (RT) activity is present in murine epididyrnal spermatozoa. Sperm 
cells incubated with human poliovirus RNA can take up exogenous RNA molecules and 
internalize them in nuclei. The released hypersensitive DNA fkom murine spermatozoa has 
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been cloned. A high proportion of sequences were found to be of retroposon origin from a 
variety of families, particularly of the LINEL1 group. The findings that these sequences, 
organized in nucleosomes are hypersensitive to nuclease cleavage and that many of them 
contain uninterrupted LINE-derived O m s  suggest that they may derive from LINE elements 
potentially coding for RT in male germ cells. In search of endogenous RT activity in mature 
murine spermatozoa, PCR analysis of two-cell embryos showed that poliovirus RNA-challenged 
spermatozoa transferred retrotranscribed cDNA molecules into eggs during in vitro fertilization. 
The RT molecules can be visualized on sperm nuclear scaffolds by immunogold electron 
microscopy. These observations, together with DNA-dependent DNA and RNA polymerases 
in mammalian spermatozoa support the view that potentially active domains for RT exist in the 
sperm genome. The potential ability of LINE-L1 to reshuffle the genome has been recently 
demonstrated by the finding that L1 elements integrate into transcribed genes by 
retrotransposing their 3'sequences into new genornic locations (Moran et al., 1999). The results 
reported raise the possibility that RT is involved in the reshuffling of genetic material in a 
subfhction of sperm chromatin (Giordano et al., 2000) (see Chapterl3). 

12.6. TELOMERE PROTEINS 

The physical termini of chromosomes in eukaryotes are composed of a specific DNA-protein 
comvlex called telomere. The structure of telomeres has been studied in a wide varietv of 
orghisms to demonstrate that they are highly conserved elements throughout the eukaryites, 
both in structure and function. Telomeric DNA has been shown to consist of simple randomly 
repeated nucleotide bases characterized by clusters of G residues in one strand and C residues 
in the other. Another feature of telomere is a 3'overhang sequence of 12-16 nucleotides in 
length of the G-rich strand. The same repeated sequence is found at the ends of all chromosomes 
in a species and the same telomere sequence may occur in widely divergent species, as in 
humans, and some acellular slime molds (trypanosomes) and fungi like Neurospora. At every 
telomere, as much as 10-kb of this repeat sequence may occur. The telomeric DNA is also 
complexed with non-histone proteins and the complex structure being associated with nuclear 
lamina, as shown in Oxytricha, a ciliated protozoan. The telomeric DNA is synthesized under 
the influence of telomerase, which is a ribonucleoprotein, whose RNA component works as a 
template for the synthesis of telomeric DNA repeats. Telomeres have evolved to fulfill several 
essential functions: 1) they protect chromosomes from end degradation and fusion; 2) they 
facilitate complete replication of chromosomal DNA molecules; and 3) they participate in 
chromosome positioning and proper segregation during mitosis and meiosis. Telomere DNA in 
vertebrates is represented by a tandemly repeated doublestranded hexanucleotide [(TTAGGG) 
(AATCCC)] and a single-stranded overhang of the G-strand at the very end. 

12.6.1. Telomere Binding Proteins 

Both double-stranded and single-stranded telomere DNAs are associated with various proteins; 
double-stranded telomere-binding proteins (dsTrBP) and single stranded telomere-binding 
proteins (ssTrBP), first described in ciliated S. cerevisiae. In vertebrates, the first double- 
stranded ds TrBP characterized at the molecular level was human telomere repeat factor (hTrRF). 
The 60-kDa hTrRF1 isolated from HeLa cells has been found innuclear extracts from monkey, 
rodent, andchickencells, whereas TrRFl mRNA has been detected in all human tissues analyzed. 
Therefore, all vertebrates have similar dsTrBP, and the corresponding gene is expressed in 
every somatic tissue. A second human dsTrBP-hTrRF2- has been also isolated. Sequence 
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analysis indicated that TrRFl and TrRF2 are distinct proteins sharing a common DNA-binding 
domain that has strong sequence homology to the DNA-binding domains of Myc 
protooncogene: Important telomere function has been associated with TrRFs. The hTrRFl 
indirectly regulates telomerase activity while hTrRFT prevents chromosome end-to-end fusion 
(Zhang et a1.,2001). 

Among ssTrBP are XTEF in Xenopus laevis egg and ovaries, qTrBP42 single-stranded 
and quardruplex telomeric DNA-binding protein &om rat hepatocytes, and avian cells protein 
recognizing hairpin DNA structure. Peptide sequencing and mobility shift experiments using 
(UUAGGG) as substrate showed that these proteins are highly homologous to heterogeneous 
nuclear ribonucleoproteins. Protein binding of double stranded telomere DNA has been 
identified in human sperm (Kozik et al., 2000). Kozik et a1 (2000) described another protein &om 
bovine sperm nuclii designated bovine sperm TrBP (bs-ssTrBP) that specifically interacts with 
single-stranded (TTAGGG), DNA. The native sue of the protein was in the range of 20-40kDa. 
Cross linked complexes between bs-ssTrBP and telomere DNA indicated that several 
polypeptides are involved in complex formation. Bovine s-ssTrBP had high specificity toward 
nucleotide sequence, since single nucleotide substitutions in the (TTAGGG), substrate 
suppressed binding. The minimal number of (TTAGGG) repeats required for binding of bs- 
ssTrBP was 3. The protein recognized linear DNA but not folded DNA structures. It seems that 
the bs-ssTrBP participates in telomeretelomere interactions. Germ cellspecific telomerebindiig 
proteins may participate in down-regulation of telomerase activity during spermatogenesis, 
and in establishing telomere-telomere associations localized at nuclear membrane. It has been 
proposed that the latter is important for telomere functions during meiosis and after fertilization 
bs-ssTrBP could contribute to one of these functions. 

During spermatogenesis, chromatin structure is reorganized, DNA becomes super- 
condensed, and genetic activity is completely shut down. Specific and random nuclear 
architecture has been demonstrated as in mammalian sperm cells in particular. This architecture 
is characterized by telomere localization at the extreme nuclear periphery where telomeres 
interact in dimers and tetramers. Telomere localization and interaction observed in mature 
mammalian sperm are different from those in somatic nuclei. Distinct sperm-specific features of 
telomeres are established during spermatogenesis. In spermatogonia, telomeres are randomly 
scattered throughout the nucleoplasm; in spermatocytes, all telomeres re-localise towards 
nuclear membrane and form associations. Telomeres associations during meiosis have been 
described in a variety of organisms, where they are involved in initiation of synapsis or crossing 
over. The meiotic telomere complex is similar to its somatic counterpart and contains significant 
amounts of TrRF 1, TrRF2, and hRap 1, while tankyrase, a poly -(ADP-ribose) polymerase at 
somatic telomeres and nuclear pores, form a small signal at ends of human meiotic chromosome 
cores (see section 12.6.2.). Analysis of rodent spermatocytes reveals TrRFl at mouse, T r m  at 
rat, and mammalian Rap1 at meiotic telomeres of both rodents. It has also been demonstrated 
that telomere repositioning during meiotic prophase occurs in sectors of the nuclear envelope 
that are distinct from nuclear pore dense areas. The latter form during preleptoteneheptotene 
stage and are present during entire prophase (Scherthan et al., 2000). 

12.6.2. Telomerase and Telomere Length 

Telomeric DNA is not completely synthesized by conventional DNA polymerase, and in the 
absence of the enzyme telomerase (a ribonucleoprotein), chromosomes lose 50-200-bp per 
mitotic division. Cellular aging is characterized by a decrease in telomere length, and this has 
been implicated as a mitotic clock that signals cells to stop division when telomeres reach a 
critically short length. Telomerase extends telomeres by the addition of six bp direct repeats 
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Fig.12.5. Action of Euplotes telomerase. (a) Binding of overhang of G- rich-single strand DNA primer at 
telomere end with telomerase (A ribonucleprotein) RNA template according to Watson-Crick base pairing 
rule, (b) polymerization of telomeric DNA on RNA template of telomerase till its end, and (c) backward 
translocation of elongated-telomeric end and realignment with the template according to Watson-Crick rule 
at 3' end. The newly synthesized DNA primer forms a stem-loop (hair pin like) structure due to telomeric 
repeat aided by G:G pairing as shown by shaded area. The cycle repeats with 3'overhang of telomeric DNA 
bound to telomerase. 

onto chromosome. All tissues do not necessarily show evidence of active telomerase even 
after screening with PCR mediated telomeric amplification protocol. In most normal human 
somatic cells or in epithelial tissues, which contain reproductive somatic cells, telomerase is 
absent. In contrast, telomerase activity has been observed only in germ cells, with some 
activity in bone marrow and peripheral blood leukocytes (Fujisawa et al., 1998). Conversely, 
maintenance of telomere length appears necessary for cellular immortality. The telomere 
hypothesis suggests that telomerase activity is high in embryonic cells and that it decreases in 
somatic tissues during development and differentiation. Telomerase is expected to remain 
active in germline cells to ensure the transmission of full-length chromosomes to progeny. 
Consistent with this hypothesis, telomerase activity has been detected in extracts of human 
ovaries and testis. The presence of telomerase activity in testis was anticipated fi-om the long 
telomeres in sperm and the longer telomere length in sperm of older men. Similarly, mouse testis 
telomere lengths are 1-3pairs longer than those in somatic tissues. Reports on sub cellular 
localization of telomecase in dividing germ cells are not very clear. The observation that mouse 
testicular telomerase activity cannot be detected until 42 days of age suggests that telomerase 
activity is low until advanced stages of spermatogenesis. Telomerase activity may be important 
during meiosis (Eisenhauer et al., 1997). The progressive reduction of telomere lengths to 
critically short sizes has been correlated with the cessation of cell division and the onset of 
senescence (Fig.12.5). 

The activity of telomerase in fetal and adult testis of human and mouse has been 
demonstrated. Telomerase activity is present at birth, increases progressively until the 4& week 
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after birth, and declines to a relatively low level by the lom week in the rat testis. In isolated 
germ cell tubes, a very strong activity was consistently observed in type A spermatogonia 
compared to a lower level of activity in populations of pachytene spermatocytes and round 
spermatids. Telomerase activity was totally absent from epididymal spermatozoa (Ravindranath 
et al., 1997). In association, telomere length was increased during development of male germ 
cells from spermatogonia to spermatozoa and was inversely correlated with the expression of 
telomerase activity (Achi et al., 2000). 

Telomerase in Pathalogical conditions: Fujisawa et a1 (1998) showed that lower activities of 
DNA polymerases were not the sole cause of hypospermatogenesis in the testis of 
oligozoospermic men with varicocele. Since telomeric DNA is not completely synthesized by 
conventional DNA polymerases, it is telomerase that is involved in the elongation of telomere, 
and thus enables germ cells to divide continuously. Telomerase activity is present in the 
pachytene spermatocytes and round spermatic of rat, but not in spermatozoa fiom either the 
caput or the cauda epididymis, and that the telomerase activity in spermatids is higher than in 
pachytene spermatocytes. Since it is necessary for these germ cells in the human testis to 
divide for much of the individual's life, the presence of telomerase in human testis is essential. 
The activity of telomerase in the human testis with idiopathic azoospermia does not change 
between the testis with maturation arrest and those with hypospermatogenesis in obstructive 
azoospermia or oligozoospermia Testis with Sertoli cell-only , having no germ cells showed no 
telomerase activity. This showed that the telomerase activity was associated with germ cells. 

Telomerase activity and expression of human telomerase RNA (hTR) and human telomerase 
reverse transcriptase (hTERT) in human testis was studied in biopsy samples of patients 
showing Sertoli cell only syndrome, patients with maturation arrest and patient. showing 
obstructive azoospermia. All 12 biopsy specimens from patients with obstructive azoospermia 
were positive for telomerase activity, hTR, and hTERT. 819 patients with maturation arrest were 
positive for telomerase, 9 for hTR and 5 cases for hTERT, where as none of the patients 
showing only Sertoli cell syndrome were positive with telomerase or hTERT but all of them 
showed hTR activity. Telomerase activity and evidence of hTERT in testicular tissue are highly 
sensitive and highly specific markers of gametogenesis, which could gain an importance as 
part of the fertility workup before microinjection procedures (Schrader et al., 2000). Telomerase 
uses a special mechanism for DNA synthesis at telomeric ends (Fig 12.5). 

Telomere maintenance plays an important role in cell proliferation and tumor survival. 
Nowak et al (2000) compared telomeric length and telomerase activity between two major 
tumors. Fifteen out of 16 seminoma samples revealed telomeric restriction fragment (TrRF) 
length below 13 kb; the remaining seminoma showed TRF length? 23kb, which is similar to that 
in human sperm. Nine out of 11 seminoma specimens and six out of seven nonseminomas 
showed moderate to high telomerase activity. The major difference in telomeric length between 
seminomas and nonseminomas, is apparently unrelated to the presence of telomerase activity, 
which suggests that a germline-like homeostasis of telomeric length is preserved in human 
nonseminomas (Nowak, 1997; Nowak et al., 2000). 

12.6.3. Tankyrase 

Smith et al (1998) described the discovery of a protein present in human cells that controls 
telomerase activity or blocks the access of telomerase to chromosome ends. The new protein 
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was called Tankyrase. Tankyrase has 24 so called ankyrin repeats, which in other proteins me 
involved in protein-protein interactions. The other section oftankyrase looks like catalytically 
active region of an unusual enzyme called PARP [(poly-adenosine diphosphate-ribose) 
polymerase]. The PARP plays a role in DNA repair (Pennisi, 1998). It is yet to be seen if 
tankyrase is present in testicular germ cells, where it controls the telomerase activity. 

12.7. REFERENCES 

Acharya S, Choudhury NR, Rao MR. characterization of a DNA pairing activity copurifies with DNA ligase 
activity from partially purified extract of rat testis. Biochim Biophys Acta 1996; 1309: 131-46. 

Achi MV, Ravindranath N, Dym M. Telomere length in male germ cells is inversely correlated with telomerase 
activity. Biol Reprod 2000; 63: 591-8. 

Aoufouchi S, Flatter E, Dahan A, Faili A, Bertocci B, Storck S, Belbos F et al. Two novel human and mouse 
DNA polymerases of the pol X family. Nucleic Acids Res 2000; 28: 3684-93. 

Chen J, Tomkinson AE, Ramos W, Mackey ZB, Danehower S et al. Mammalian DNA Ligase 111: molecular 
cloning, chromosomal localization, and expression in spermatocytes undergoing meiotic recombination. 
Mol Cell Biol 1995; 15: 5412-22. 

Cobb J, Miyaike M, Kikuchi A, Handel MA. Meiotic events at the centromeric heterochromatin: histone H3 
phosphorylation, topoisomerase II a/ localization and chromosome condensation. Chromosoma 1999; 
108: 412-25. 

Cobb J, Reddy RK, Park C, Handle MA. Analysis of expression and function of topoisomerase I and 11 during 
meiosis in male mice. Mol Reprod Dev 1997; 46: 489-98. 

Coleman MA, Eisen JA, Mohrenweiser HW. Cloning and characterization of BARPISMARCALI: a prokaryotic 
HepA-related SNF2 helicae protein from human and mouse. Genomics 2000; 65: 274-82. 

Eisenhauer KM, Gerstein RM, Chiu CP, Conti M, Hsueh AJW. Telomerase activity in female and male rat 
germ cells undergoing meiosis and in early emb 0s. Biol Reprod 1997; 56: 1120-25. 

Englander EW, Widen SG, Wilson SH. Mammalian $polymerase promoter: phosphorylation of ATFICRE- 
binding protein and regulation of DNA binding. Nucleic Acids Res 1991; 19: 3369-75. 

Enomoto T. Functions of RecQ family helicases : possible involvement of bloom's and werner's syndrome 
gene products in guarding genome integrity during DNA replication. J Biochem 2001; 129: 501-7. 

Fujisawa M, Tanaka H, Tatsumi N, Okada H, Arakawa S, Karnidono S. Telomerase activity in the testis of 
infertile patients with delected causes. Human Reprod 1998; 13: 1476-79. 

Galande S, Muniyappa K. Purification and functional characterization of type I1 DNA topoisomerase from 
rat testis and comparison with topoisomerase I1 from liver. Biochim Biophys Acta 1996; 1308: 58-66. 

Garcia-Diaz M, Dominguez 0 ,  Lopez-Fernandez LA, de lera LT, Saniger ML et al. DNA polymerase Lambda 
(Pol I),  a novel eukaryotic DNA polymerase with a potential role in meiosis. J Mol Biol 2000; 301: 
851-67. 

Giordano R, Magnano AR, Zaccagnini G, Pittoggi C, Moscufo N, Lorenzini R, Spadafora C. Reverse transriptase 
activity in mature spermatozoa of mouse. J Cell Biol 2000; 148: 1107-13. 

Hecht NB, F a d l  D, Williams JL. DNA polymerases in mouse spermatogenic cells separated by sedimentation 
velocity. Biochim Biophys Act 1979; 561: 358-68. 

Kallio M, Lahdetie J. Effects of the DNA topoisomerase I1 inhibitor merbarone in male mouse meiotic 
divisions in vivo: cell cycle arrest and induction of aneuploidy. Environm Mole Mut 1997; 29: 16-27. 

Kamel D, Mackey ZB, Sjoblom T, Walter CA, McCarrey JR, Uitto L, Palosaari H, Lahdetie J, Tomkinson AE, 
Syvaoja JE. Role of deoxyribonucleic acid polymerase 4 in spermatogenesis in mice. Biol Reprod 1997; 
57: 1367-74. 

Kozik A, Bradbury EM, Zalensky AO. Identification and characterization of a bovine sperm protein that 
binds specifically to single-stranded telomeric deoxyribonucleic acid. Biol Reprod 2000; 62: 340-69. 

Kwan KY, Moens PB, Wang JC. Infertility and aneuploidy in mice lacking a type 1A DNA topoisomerase El 
d Proc Natl Acad Sci U S A 2003; 100: 2526-31. 

Mackey ZB, Ramos W, Levin DS, Walter CA, McCarrey JR, Tomkinson AE. An alternative splicing event 
which occurs in mouse pachytene spermatocytes generates a form of DNA ligase I11 with distinct 
biochemical properties that may function in meiotic recombination. Mol Cell Biol 1997; 17: 989-98. 

Makino Y, Kanemaki M, Kurokawa Y, Koji T, Tamura Ta. Rat RuvB-like protein, Tip49a, is a germ cell- 
enriched novel DNA helicase. J Biol Chem 1999; 274: 15329-35. 

MetzlerGuillemain C, de Massy B. Identification and characterization of an SPOll homolog in the mouse. 
Chromosoma 2000; 109: 133-8. 

Monesi V. Autoradiographic study of DNA synthesis and the cell cycle in spermatogonia and spermatocytes 



278 Proteomics of Spermatogenesis 

of mouse tetis using tritiateed thymidine. J Cell Biol 1962; 14: 1-18. 
Moran JV, DeBerardinis RJ, Kazazian HHJr. Exon shuffling by L1 retrotransposition. Science 1999; 283: 

1530-34. 
Nagasawa K, Kitamura K, Yasui A, Nimura Y, Ikeda K, Hirai M, Matsukage A. Nakanishi M. Identification 

and characterization of human DNA polymerase P2, a DNA polymerase P related enzyme. J Biol Chem 
2000; 275: 31233-8. 

Nowak R, Gtzybowska EA, Wilczynska A, Pykalo R, Siedlecki JA. Low expression of DNA polymerase P in 
human testicular germ cell tumours. Acta Oncologica 2002; 41: 188-91. 

Nowak R, Siedlecki JA, Kaczmarek L, Zmudzka BZ, Wilson SH et al. Levels and size complexity of DNA 
polymerase P mRNA in rat regenerating liver and other organs. Biochim Biophys Acta 1989; 1008: 
203-7. 

Nowak R, Sikora K, Pietas A, Skoneczna I, Chrapusta SJ. Germ cell-like telomeric length homeostasis in 
nonseminomatous testicular germ cell tumors. Oncogene 2000; 19: 4075-8. 

Nowak R. Telomeric length variation in human testicular germ cell tumours : Very long and homogeneous 
telomeres in spermatocytic seminoma. Oncology Reports 1997; 4: 1099-1 101. 

Pelletier H, Sawaya MR, Kumar A, Wilson SH, Kraut J. Structures of Tenary Complexes of Rat DNA 
Polymerase d a DNA Template-Primer, and ddCTP. Science l994;264: 1891 -1903. 

Pennisi E. A possible new partner for telomerase. Science 1998; 282: 1395-96. 
Philippe M , Chevaillier P. Further characterization of a DNA polymerase activity in mouse sperm nuclei. 

Biochim Biophys Acta 1976; 447: 188-202. 
Plug AW,Clairmont CA, Sapi E, Ashley T, Sweasy JB. Evidence for a role for DNA polymerase P in 

mammalian meiosis. Proc Natl Acad Sci USA 1997; 94: 1327-31. 
Prasad R, Singhal RK, Srivastava DK, Molina JT, Tomkinson AE, Wilson SH. Specific interaction of DNA 

polymerase P( and DNA ligase 1 in a multiprotein base excision repair complex from bovine testis. J Biol 
Chem 1996; 271: 16000-7. 

Ravindranath N, Dalal R, Solomon B, Djakiew D, Dym M. Loss of telomerase activity during male genn cell 
differentiation. Endocrinology 1997; 138: 4026-30. 

Romanienko PJ, Camerini-Otero RB. The mouse Spol l gene is required for meiotic chromosome synapsis. 
Mol Cell 2000; 6: 975-87. 

Romanienko PJ, Camerini-Otero RD. Cloning, characterization and localization of mouse and human SPOII. 
Genomics 1999; 61: 156-69. 

Russell LB, Hunsicker PR, Hack AM, Ashley T. Effect of the topoisomerae-I1 inhibitor etopoiside on meiotic 
recombination in male mice. Mutat Res 2000; 464: 201-12. 

Sawaya MR, Pelletier H, Kumar A Wilson SH, Kraut J. Science 1994;264:1930-35. 
Schulten H J , Engel W , Nayernia K , Burfeid P : Yeast one-hybrid assay identifies YYI as a binding factor 

for a proacrosin promoter element. Biochem Biophys Res Commun 1999; 257: 871-73. 
Scherthan H, Jemtsch M, Dhar S, Wang YA, Goff SP, Pandita TK. Meiotic telomere distribution and Sertoli 

cell nuclear architecture are altered in Atm- and Atm-p53-deficient mice. Mol Cell Biol 2000;20:7773- 
83. 

Schrader M, Muller M, Heicappell R, Krause H, Schulze W, Miller K. Telomerase activity and expression of 
telomerase subunits in the testicular tissue of infertile patients. Fertil Steril 2000; 73: 706-1 1. 

Shimamoto A, Nishikawa K, Kitao S, Furuichi Y. Human RecQ5P a large isomer of RecQ5 DNA helicase, 
localize in the nucleoplasm and interacts with topoisomerases 3 a  and 3P. Nucleic acids Res 2000; 28: 
1647-55. 

Singhal RK, Prasad R, Wilson SH. DNA polymerase P conducts the gap filling step in uracil-initiated base 
excision repair in a bovine testis nuclear extract. J Biol Chem 1995; 270: 949-57. 

Smith S, Giriat I, Schmitt A, de Lange T. Tankyrase, a poly (ADP-ribose) polymerase at human telomeres. 
Science 1998;282:1484-87. 

Van Sloun PP, Romeijn W, Eeken JC. Molecular cloning, expression and chromosomal localization of the 
mouse Rev 31 gene, encoding the catalytic subunit of polymerase zeta. Mutat Res 1999; 433: 109-16. 

Wang WS, Seki M, Yamaoka T, Seki T, Tada S, Katada T, Fujimoto H, Enomoto T. Cloning of two isoforms 
of mouse DNA helicase QlRecQL cDN.4; a form is expressed ubiquitously and P form specifically in the 
testis. Biochim Biophys Acta 1998; 198-202. 

Widen SG, Wilson SH. Mammalian P-polymerase promoter: large-scale purification and properties of ATFI 
CREB palindrome binding protein from bovine testes. Biochemistry 1991; 30: 6296-305. 

Wilson S, Abbotts J, Widen S. Progress toward molecular biology of DNA polymerase P. Bichim Biophys 
Acta 1988; 949: 149-57. 

Zhang D, Penttila TL, Morris PL, Roeder RG. Cell and stage-specific high-level expression of TBP-related 
factor 2 (TRF2) during mouse spermatogenesis. Mech Dev 2001; 106: 203-5. 



Chapter 13 

DNA REPAIR AND RECOMBINATION 

Repair of DNA damage is a fundamental process for all living cells. Persistence of DNA 
damage can result in mutagenesis and carcinogenesis. Defects in mismatch repair and 
nucleotide excision repair are associated with hereditary non-polyposis colorectal cancer and 
Xeroderma pigmentosum, respectively. In somatic cells, nucleotide excision (NER) is amajor 
pathway to counteract the mutagenic effects of DNA damage. Two NER sub-pathways have 
been identified: global genome repair (GGR) and transcription coupled repair (TCR). In contrast 
to somatic cells, little is known regarding the expression of these pathways in germ cells. 
Mixed spermatogenic germ cell nuclear extracts exhibit high NER activity. The order oftissues1 
cells exhibiting the greatest to lowest activity was: mixed germ cells>Sertoli cello thymocyteo 
small intestine> liver> brain (Intano et al., 2001). However, Repair in spermatogenic cells is 
inefficient in the overall genome in transitionally active genes indicating non-functional GGR 
and TCR. Incision activities of extracts from diplotene cells and round spermatids are low, 
indicating a stage dependent expression of incision activity. Sequestering of NER proteins by 
misrepaired regions in DNA involved in synapsis and recombination may underline the lack 
of NER activity in premeiotic cells (Jansen et al., 2001). 

In copying the total genome before cell division, the DNA replication machinery makes errors, 
approximately one error per lo7 incorporated nucleotides. These errors are corrected by DNA 
mismatch repair. DNA mismatch repair plays a vital role in the faithful replication of DNA, and 
its inactivation leads to a mutator phenotype that has been associated with the common 
cancer susceptibility syndrome: Hereditary Non-Polyposis Colorectal Cancer (HNPCC). The 
mismatch-repair (MMR.) system plays a central role in maintaining genetic stability and requires 
evolutionarily conserved protein factors. Mismatch repair, homologous recombination repair, 
and post-replication repair in the context of mammalian gametogenesis have been reviewed 
(Barrends et al., 2001). Attention was also given to DNA damage induced cell cycle checkpoint 
control. Among various repair mechanisms, DNA mismatch repair plays a prominent role in 
the correction of replicative mismatches that escape DNA polymerase proof reading, and 
other mismatches, which arise owing to spontaneous deamination of 5-methylcytosine and 
those which are caused due to mispairs during genetic recombination. Most of the proteins, 
named in mismatch repair in eukaryotes are based on the homology with proteins involved in 
the repair mechanism in prokaryotes. Microsatellite instability is characteristic of certain 
types of cancer, and is present in rodents lacking specific DNA mismatch repair proteins. 
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1 MEQTEGVSTE CANLIKPIDG KSVHQICSGQ VILSLSTAVK ELIENSVDM ATTID- 
61 YGVDLIEVSD NGCGVEEENF EGLALKHHTS KIQEFADLTQ VETFGFRGEA LSSLCALSDV 

121 TISTCHGSAS VGTRLVFbHN GKITQKTPYP RPKGTTVSVQ HLFPTLPVRY IUZFQRNIKICE 
181 YS- YCIISAGVRV SCTNQLGpcK RBAWCTSGT S-NIGSV FGQKQLQSLI 
241 PFVQLPPSDA VCEEYGLSTS GRHKTFSTEa ASFHSARTAP GGMQTGSFS SSIRGWTW 
301 RSLSLSMRFY HMYNRHQYPF VVLNVSVDSE CVDINVTPDK RQILLQEEKL LLAVLKTSLI 
361 m S D A N K L  NVNQQPLLDV EGNLWHTA ELEKPVPGKQ DNSPSLKSTA DEKRVASISR 
421 LREAFSLHPT KEIKSRGPET AELTRSFPSE KRGVLSSYPS DVISYRGLRG SQDKLVSPTD 
481 SPGDCMOREK IEKDSGLSST SAGSEEEFST PEVASSFSSD YNVSSLEDRP SQETINCGDL 
541 DCRPPGTGQS LKPEDHGYQC KALPLARLSP TNAKRFKTEE RPSNVNISQR LPGPQSTSAA 
601 EVDVAIKMiK RIVLLEFSLS S-QLQ HLKAQNMIEL SYRKFRAKIC PGENQAAEDE 
661 LRKEISKSMF AEMEILGQFN LGFIVTKLIU3 DLFLVDQHAA DEKYNPEMLQ QHTVLQAQRL 
721 ITPQTLNLTA VNEAVLIENL EIFRKNGFDF VIDEDAPVTE RAKLISLPTS KNWTFGPQDI 
781 DELImSDS PGVMCRPSRV RQMFASRACR KSVMIGTALN ASEMKICCITH MEMDHPWNC 
841 PHGRPTMRHV ANLDVISQN 

Fig.13.1. Amino acid sequence of mouse PMS2. Reproduced with permission from S.M.Baker et al. Cell 82; 
309-19: 1995 8 Elsevier (Source: httpllwww. ncbi.nlm.nih.gov) (Accession number P54279). 

Microsatellite instability iuid DNA mismatch repair protein defects are present in some 
azoospermic men, predominantly in Sertoli cell-only patients. 

13.1.1. Mismatch Repair Genes 

Three genes, mutS, mutL, and mutH are central to the correction of replication errors in E. coli. 
In mammals, there are many MutS and MutL homologues such as MSHld, MLHl and MLH3, 
and PMSl and PMS2 in humans and their counterparts in mice (Fig.13.1). Since the discovery 
of a link between the malfunction of post-replicative MMR and human cancers, a number of 
reports have appeared on the function of MutS and MutL homologues in the correction of 
replication errors. In addition, several MutS-like and MutL-like proteins also participate in 
meiotic recombination. Studies indicate that the MutS protein recognizes the mismatch and 
that the MutH protein acts in a complex with MutS and MutL as an endonuclease to induce 
an initiating single strand break on the newly synthesized strand (Arnheim and Shibata, 
1997). The mutSand mutL homologues with role in DNA mismatch repair have been identified 
in yeast (as PMS) and mammals (Baker et al., 1995). The pathway in eukaryotes consists ofthe 
DNA-binding components, which are the homologues of the bacterial MutS protein (MSH 2, 
6), and the MutL homologues, which bind to the MutS homologves and are essential for the 
repair process. Three of the six homologues of MutS that function in these processes, Msh2, 
Msh3 and Msh6, are involved in the mismatch repair of mutations, fiameshifts and replication 
errors, and two others, Msh4 and MshS, have specific roles in meiosis. 

Most of the information about various components of the mismatch repair system in 
spermatogenesis has been gained from mouse gene knockout models, containing a 
homozygous null mutation of a gene encoding one of these components. Knockout mice for 
one of the genes MSH2, -3 and MSH6 showed pronounced mismatch repair deficiency 
for somatic cells, but fertility appeared to be normal (Arnheim and Shibata, 1997; de Wind et 
al., 1999). However, several other MLH-MSH-PMS homologues seemed to be involved in 
gametogenesis, with or without an additional role in mismatch repair in somatic cells. The 
phenotype of Mlhl knockout mice also showed male and female infertility, owing to pachytene 
arrest (Baker et al., 1996; Edelmann et al., 1996). Meiotic recombination is severally impaired in 
Mlhl knockout mice. Mice that are deficient in either the Pms2 or Msh2 DNA mismatch repair 
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genes have microsatellite instability and a predisposition to tumors. The PMS2 deficient 
males display sterility associated with abnormal chromosome pairing in meiosis. Mice deficient 
in another mismatch repair gene, Mlhl, possess not only micro satellite instability but are also 
infertile (both males and females). The Mlhl deficient spermatocytes exhibit high levels of 
prematurely separated chromosomes and arrest in f ist  meiotic division. The Mlhl appears to 
localize to sites of crossing over on meiotic chromosomes. Thus Mlhl is involved in DNA 
mismatch repair and meiotic crossing over. The MLHl protein has been localized to "early" 
and late recombination nodules on the synaptonemal complex (Baker et al., 1996; Wang et al., 
1999). 

The PMS2 knockout mice have a phenotype associated with overall genomic instability. 
However, PMS2 knockout mice develop male-restricted infertility. In the spermatocytes of 
these mice, pairing of homologous chromosomes is impaired, but there is no complete meiotic 
arrest and some malformed spermatids are still produced. PMS2 deficient animals appear 
prone to sarcomas and lyphomas. PMS2 deficient males are infertile, producing only abnormal 
spermatozoa. Analysis of axial element and synaptonemal complex formation during meiotic 
prophase- 1 indicated abnormalities in chromosome synapsis. These observations suggested 
links among mismatch repair, genetic recombination, and chromosome synapsis in meiosis 
(Baker et al., 1995). In MSH4 and MSH5 knockout mice, meiosis proceedes upto zygotene 
stage, and pairing of homologous chromosomes is greatly diminished. Human MSH4 has 
been shown to interact with MLHl, and the two proteins partially co-localize on the 
synaptonemal complex during spermatogenesis in mice (Knetiz et al., 2000; Santucci-Darmanin 
et al., 2001; Barrends et al., 2001). 

The full-length cDNA clone for rat MLHl has an open reading h e  of 2274 nt for a 
protein of 757 amino acids. Northern blot analysis of MLH1, MSH2, MSH3, and MSH6 in the 
testes of rats of different ages showed differential expression of these genes as a function of 
developmental maturation of the testis. The expression analysis suggested that MSH3 might 
have a more predominant role in the meiotic recombination (Geeta Vani et al., 1999). The rat 
MSH2 cDNA has an open reading fiame of 2802 nucleotides coding for a protein of 933 amino 
acids (100-kDa) (Fig.13.2). Rat MSH-2 protein shows significant homology to human and 
mouse MSH2. The MSH2 in the testes of rats of different ages showed maximum expression 
at 20 days, at a time when the germ cells undergo premeiotic DNA replication, followed by 
down-regulation in the MSH 2 expression beyond 25 days, by the time the germ cells have 
entered meiotic prophase (Geeta Vani and Rao, 1997). 

In addition to MLHl and PMS2, there are two other MutL homologues in mice and 
humans: PMS 1 and MLH3. The PMSl is most likely involved in the repair of mitochondria1 
DNA mismatches. Targeted inactivation of either one of these genes results in a gametogenesis 
specific phenotype in both cases, displaying male and female meiotic arrest (de Vries et al., 
1999; Edelmann et al., 1999; Kneitz et al., 2000). Ofthe four MutL homologues, Mlhl, Mlh3, 
Pmsland Pms2, three are involved in mismatch repair and at least two, Pms2 and Mlhl, are 
essential for meiotic progression in both yeast and mice. Mlh3(-/-) mice are viable but sterile. 
The Mlh3 is required for Mlhl binding to meiotic chromosomes and localizes to meiotic 
chromosomes from the mid-pachynema stage of prophase I (Lipkin et al., 2002). A 
heterotetrameric complex of two heterodimer of different MutL proteins can recognize a single 
base pair mismatch, or a loop of single stranded DNA, depending on the composition of the 
complex 

The MutL homologue MLH3 has been recently identified in mammals. The MutL 
homologue 3 (Mlh3) is a member of a family of proteins conserved during evolution and 
having dual roles in DNA mismatch repair and meiosis. Evidences support a role for this 
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Fig.13.2. cDNA and deduced amino acid sequence of rat MSH2. The cDNA has an O W  from nt 1-2802, 
coding a protein of 933aa. The 3'-UTR extends from nt 2803 to 3002. The putative polyadenylation signal 
MTAAA is underlined. The unique EcoRl present in rMSH2 is also underlined. Reprinted with permission 
from R. Geeta Vani and M.R.S. Rao. Gene 185; 19-26: 1997 O Elsevier. 

protein in post-replicative MMR. The MLH3 gene is expressed in mouse meiotic cells and in 
human testis, and the MLH3 protein is found in mouse spermatocytes. The meiosis-specific 
MSH4 protein, known to participate to meiotic recombination, is co-immunoprecipitated with 
MLH3 fiom mouse meiotic cell extracts. Report suggests that MLH3 is associated with MSH4 
in mammalian meiotic cells, and possibly plays a role in mammalian meiotic recombination 
(Santucci-Damanin et al., 2002). 

A RT-PCR approach was used to identify germ cell transcripts for PMS2, and MSH2 and 
MSH3. Both the PMS2 and MSH2 genes are highly expressed in mitotically proliferating 
spermatogonia, and early in meiotic prophase in the leptotene and zygotene spermatocytes. 
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Thereafter, their expression declines in early and mid-pachytene spermatocytes, and in 
postmeiotic spermatids. In constrast, expression of MSH3 was at its highest in pachytene 
spermatocytes. These patterns of expressions of mismatch repair enzymes are consistent 
with the proposed roles of the products in mismatch repair during both DNA replication and 
recombination (Richardson et al., 2000). 

The MSH4 is a meiosis specific protein that is necessary for meiotic recombination in S. 
cerevisiae. The human MSH4 protein in testis is involved first in synapsis and second during 
recombination together with MLH1. The mouse Msh4 gene is located on chromosome 3. The 
pattern of expression during spermatogenesis is consistent with a role for MSH4 both during 
zygonema and pachynema. Promoter activity of mMsh4 5'-flanking region was found with 
several SRYISox binding sites (chapter 10). Co-transfection experiments showed that SRY 
could down-regulate mMsh4 promoter transcriptional activity. It is proposed that the regulation 
of mMsh4 expression could be one of the reasons for the persistence of SRY andlor SRY 
related proteins in adult testis (Santucci-Darmanin et al., 200 1). The human MSH4 homologous 
gene shows 28.7% identity with the S. cerevisiae MSH4 protein slnd only detectable in testis 
and in ovary with a lower level of expression. The MSH4 is mapped to human chromosome 1 
at band p3 1 (Paquis-Flucklinger et al., 1997). 

A human orthologue of MSHS-cDNA, as well as the human gene of MSH5 contains a 
2505-bp ORF that encodes an 834 amino acid polypeptide with a predicted molecular mass of 
92.9 kDa. The amino acid sequence includes sequence motifs that are conserved in all known 
MutS homologues existing in bacteria to humans. The cDNA appears to be a member of the 
MutS family and shares 30% amino acid sequence identity with that of S. Cerevisiae MSH5, 
that plays a critical role in facilitating crossover during meiosis. The 2.9-kb human MSH5 
mRNA species is present in all human tissues with highest expression in testis. The expression 
pattern of MSH5 resembled that of other human MutS homologues MSH2, MSH3, and MSH6 
genes. The MSH5 gene spans approximately 25 kb and contains 26 exons that range in length 
fkom 36 bp to 254 bp for exon 8-25. MSHS has been mapped to human chromosome band 
6p21.3 (Her and Dogget, 1998). 

13.1.2. Proteins with Nuclease Activity 

Apurinic 1 Apyrimidinic Endonuclease: The multifunctional mammalian apurinic/apyrimidinic 
endonuclease (APE) is responsible for the repair of AP sites in DNA. In addition, this enzyme 
has been shown to function as a redox factor facilitating the DNA binding capability of Jun- 
Jun homodimers and Fos-Jun heterodimers. The distribution of the APE transcript has shown 
that this gene is expressed in all tissues at relatively similar levels. Examination of the adult 
testis indicated that the expression of the transcript varies with the stage of spermatogenesis 
with the highest levels being present over round spermatids. Evidences show that the APE 
gene is not homogeneously expressed, but rather is found in subpopulations of cells in the 
brain and testes during development (Wilson et al., 1996). 

Exonuclease 1: The human EXOI gene product, exonucleasel, shares 26% amino acid 
sequence identity with the S. cerevisiae EXO1. The human and S. cerevisiae proteins showed 
a similar ability to complement the mutator phenotype of S. cerevisiae rad27 mutants indicating 
that the two proteins are functionally similar. There appear to be two forms of hEXOl that 
differ by the COOH terminal 1 and 44 amino acids, respectively, and these appear to result 
fiom alternative RNA splicing. The hEXOl gene consists of 14 exons and is transcribed to 
yield a 3 kb mRNA. The human gene is located at lq42.2-qter and expressed in high levels in 
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testis. Elevated expression was also observed in thymus and colon and to a lesser extent in 
small intestine, placenta, spleen, and ovary (Lee et a]., 1999). A human exonuclease @Exol) 
cDNA, related to the yeast exonuclase 1, comprises 2541 bp, which code for a Mr 94,000 
protein that appears to be highly expressed in testis and at very low levels in other tissues. 
The hExol gene has 14 exons and is located on chromosome lq43. The hEXOl interacts 
strongly with the human mismatch repair protein MSH2, suggesting its involvement in the 
mismatch repair process andlor DNA recombination (Schmutte et a]., 1998; Tishkoff et al., 
1998). The mouse gene, mEXOl exonuclease 1, encodes a approx~mately 92 kDa protein that 
shares homology to proteins of the RAD2 nuclease family, most notably human 5' to 3' 
exonuclease Hexl/hExol, yeast (EXO1) proteins and Drosophila melanogaster Tosca. The 
mExol gene maps to distal chromosome 1 and is expressed prominently in testis, an area of 
active homologous recombination, and spleen, a prominent lymphoid tissue. An increased 
level of mExol mRNA is observed during a stage of testis development where cells that are 
actively involved in meiotic recombination arise fust and represent a significant proportion of 
the germ cell population (Lee et al., 1999). 

ERCC4: The ERCC4 is an essential human gene in the nucleotide excision repair (NER) 
pathway. The ERCC4 and ERCC1 are also uniquely involved in removing DNA inter strand 
cross-linking damage. The ERCCI-ERCC4 heterodirner, like the homologous RadlO-Radl 
complex, has been found to possess an endonucleolytic activity that incises on the 5'-side of 
damage. The ERCC4 gene, assigned to chromosome 16p 13.1-p13.2, corrects the defect in 
CHO mutants of NER complementation group 4 and is implicated in complementation group F 
of the human disorder Xeroderma pigrnentosum (XP-F). The ERCC4 gene structure and 
functional cDNA sequence encoding a 916 amino acid protein (104 kDa), has substantial 
homology with the eukaryotic DNA repair and recombination proteins MEI-9 (melanogaster), 
Radl6 (pombe), and Radl (cerevisiae). The ERCC4 cDNA efficiently corrected mutants in 
rodent NER complementation groups 4 and 1 1. In cells of XP-F patients, the ERCC4 protein 
level was reduced to less than 5% consistent with XPF being the ERCC4 gene. The 
considerable identity (40%) between ERCC4 and MEZ-9 suggests a possible involvement of 
ERCC4 in meiosis. In baboon tissues, ERCC4 is expressed weakly and was not significantly 
higher in testis than in nomeiotic tissues (Brookman et al., 1996). 

RAD23AIRAD23B: The S. cerevisiae RAD23 gene is involved in nucleotide excision repair 
(NER). Two human homologues of HHR23A and HHR23B (HGMW-approved RAD23A and 
RAD23B), were isolated. The HHR23B protein is complexed with the protein defective in the 
cancer prone repair syndrome Xeroderma pigmentosum, complementation group C, and is 
specifically involved in the global genome NER sub-pathway. Overall structure for all RAD23 
homologues shows an ubiquitin like N-terminus followed by a strongly conserved 50 amino 
acid domain that is repeated at the C-terminus. The MHR23A was assigned to mouse 
chromosome 8C3 and MHR23B to 4B3. Because of the close chromosomal proximity of human 
XPC and HHR23B, the mouse XPC chromosomal location was determined at 6D. Both MHR23 
genes are expressed in all tissues with elevated RNA expression of both MHR23 genes in 
testis. Although the RAD23 equivalents are well conserved during evolution, the mammalian 
genes did not express the W-inducible phenotype of their yeast counterpart (van der Spek et 
al., 1996). 

XPAIXABl: The Xeroderma pigmentosum group A protein (XPA) plays a central role in 
nucleotide excision repair (NER). A cytoplasmic GTP binding protein that binds to XPA and 
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designated XPA binding protein 1 (XAB 1) was identified. The deduced amino acid sequence 
of XAB1 consisted of 374 residues with amolecular weight of 41 kDa and a pI 4.65. The XAB 1 
has four sequence motifs GI-G4 of the GTP binding proteins family in the N-terminal half, and 
also contains acidic region in the C-terminal portion. The XABl mRNA is expressed 
ubiquitously, Consistent with the GTP binding motif, recombinant XAB'1 protein showed 
intrinsic GTPase activity and binds to the N-terminal region of XPA. The deletion of five 
amino acid residues, 30-34 of XPA required for nuclear localization of XPA abolished the 
interaction with XAB1. This suggested that XABl is a cytoplasmic GTPase involved in 
nuclear localization of XPA (Nitta et al., 2000). 

XPF: The human XPF protein, an endonuclease subunit essential for DNA excision repair, 
may also function in homologous recombination. The predicted mouse XPF protein, encoded 
by a 3.4 kb cDNA, contains 9 17 amino acids and is 86% identical to human XPF. Appreciable 
similarity also exists between mouse XPF and homologous proteins in budding yeast (Rad I), 
fission yeast (RadlB), and h i t  fly (Mei-9), all of which have dual functions in excision repair 
and recombination. Sequence analysis of the 38.3 kb Xpf gene localized to a region in proximal 
mouse chromosome 16, revealed more than 72% identity to human XPF in 16 regions. Of 
these conserved elements, 11 were exons and 5 were noncoding sequences within introns. 
The Xpftranscript and protein levels are specifically elevated in adult mouse testis. Increased 
levels ofXpf and Erccl mRNAs are correlated with meiotic and early post-meiotic spermatogenic 
cells and support a distinct role for the XPFERCCI junction specific endonuclease during 
meiosis (Shannon et al., 1999). 

13.2. PROTEIN SPECIFICITY IN RECOMBINATION REPAIR 

DNA recombination plays an important role in the acquirement of gene diversity and in the 
survival of cells. Genetic recombination in meiosis produces genetic diversity. The term 
recombination has often been used as a synonym to crossing-over. However, it should be 
recognized that recombination covers a much wider spectrum of events including, (i) crossing 
-over, both meiotic and mitotic (reciprocal exchange of segments), (ii) gene conversion (non- 
reciprocal event), (iii) exchange between sister chromatids (even though this does not lead to 
a change in genotpye), (iv) repair of DNA damage, etc. 

Recombination nodules are important structures, associated with paired pachytene 
chromosome considered to be involved in meiotic recombination. A correspondence between 
meiotic exchange events and the numbers and locations of recombination nodules has been - 
observed in a variety of materials suggesting the possible role of these structures in 
recombination. In Drosophila females, these nodules can be spherical (larger) or ellipsoidal 
(smaller). Nodules play a positive role during recombination in SC. In Drosophila mutants, 
with defective recombination, a study suggests that nodules help in choice of number and 
location of recombination sites and in recombination itself. Meiotic recombinations in the 
proximal region of the mouse MHC are clustered within certain segments of chromosome, 
known as hotspots. One of such hotspots, is mapped between the Pb and Ob genes, located 
very close to the 3' end of the Lmp2 gene, which encodes a subunit of a proteolytic proteasome 
(Wagner et al., 2001). Ohinata et al., (2003) cloned human and mouse Peas cDNAs (hPEAS/ 
mPeas) and analyzed their stage-specific expressions. Peas protein contains six repeated 
kelch motifs, structurally similar to RAG2, a V@)J recombination activator. Peas is evolutionarily 
conserved among mammals, birds, insects, and nematodes and is specifically transcribed in 
testis at pachytene spermatocytes in which it is localized to the cytoplasm and meiotic 
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chromatin. It seems to be involved in meiotic recombination (Ohinata et al., 2003). 
Recombinational repair removes DNA damage and suppresses oncogenesis and cell death. 
DNA recombination has been extensively studied in prokaryotes and lower eukaryotes. E. 
coli RecA has been shown to be major protein involved in DNA recombination. This protein 
recognizes homologous regions of double stranded DNA and promotes DNA strand exchange. 
In Saccharamyces cerevisisae two classes of genes are required for meiotic recombination. 
One class includes Rad52 (R4D5O-57) epistasis group of genes involved in both mitotic 
DNA repair and meiotic recombination through interaction with double strand breaks (dsbs) 
in DNA. Among them, RadS 1 protein of yeast is structurally and functionally similar to RecA 
protein of E. coli. The genes belonging to the other class are HOPI, SPOII, REDI, REC102, 
ZIP1 and Dmcl, which are essential only for meiotic recombination. Four genes encoding 
proteins homologous to RecA that have been isolated are: RAD51, RAD55, RAD57, and 
DMCI. The RadS 1 protein plays a crucial role in both mitotic and meiotic recombination and 
in the repair of DNA double strand breaks. In mammals, seven recA-like genes, RAD51, 
DMCI/LZMI5, REC2/R51H3/RAD51B, RAD5l C, XRCC2, XRCC3, and TRA D/R5IH3/ 
RADjID, have been reported independently by three groups (reviewed in Kawabata and 
Saeki et al., 1999). With the mouse gene, one group showed a human orthologue, HsR5IH3, of 
mouse TRAD and another revealed an alternative transcript, HsR~DSID, encoding a truncated 
protein with a partial N-terminal region (-14%) of the orthologue and lacking two nucleotide 
binding motifs conserved in the recA/RADSI family. 

RAD52 is required for recombination repair of double strand breaks in DNA. The RAD52 
homologues Grom man and mouse were cloned by the PCR. DNA sequence analysis revealed 
an open reading fiame of 4 18 amino acids for the human RAD52 homologs and of 420 amino 
acid residues for the mouse counterpart. The identity between the two proteins is 69% and 
the overall similarity 80%. The homology of the mammalian proteins with their counterparts 
Grom yeast is primarily concentrated in the N-terminal region. A relatively high level of gene 
expression was observed in testis and thymus, and at low levels in other tissues suggesting 
that the mammalian RAD52 protein, like its homologue fiom yeast, plays a role in recombination. 
The mouse RAD52 gene is located near the tip of chromosome 6 in region G3. The human 
equivalent maps to region p13.3 of chromosome 12 (Muris et al., 1994). 

Shen et al, (1 996) identified a 120kDa protein that associates with the human RAD5 1 and 
RAD52 proteins. This protein shares significant amino acid homology with the yeast protein 
SMT3, which functionally associates with the yeast mitosis fidelity protein MIF2. It also 
shares moderate homology with ubiquitin and several other proteins, including the N-terminus 
of the RAD23 protein and an ubiquitin cross-reacting protein. The gene is tentatively designated 
UBLl for ubiquitin like 1. The UBLl mRNA is expressed in many human tissues, but at high 
level in testis. The UBLl gene is mapped to chromosome 2q32.2-q33, and a related sequence 
may be located on chromosome lq23-q25 (Shen et al., 1996). 

13.2.2. RAD 51 

The expression of mouse Rad5l mRNA transcript was observed fiom late G1 phase through 
M phase. During the period of late G I-S-G2, the RAD5 1 proteins are observed exclusively in 
nuclei. The RadS 1 and Liml5 proteins are present in chromatin loops when chromosomes 
form SC. The proteins may promote pairing of homologous DNA sequences that would lead 
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to formation of SC. The RadS 1 protein in the SC cores may be involved in chiasma formation 
in late stages. The Li 15 instead, may be involved in recombination in the telomeric region or 
in cohesion of sister chromatids for segregation (Barlow et al., 1997a,b; lkeya et al., 1996). The 
Rad5I gene is expressed not only in meiotic tissues but also in somatic tissues dependent on 
a cell cycle (late GI-S-G2M), suggesting involvement in double strand break repair of DNA in 
replication. Gene targeting studies of mouse Rad5l revealed that the absence of Rad5l 
results in early embryonic lethality. However, Yamamoto et al., (1996) detected RAD5 1 in 
proliferating cells including spermatogonia in testis. It also expressed in spermatocytes during 
early and mid-prophase of meiosis and resting oocytes before maturation. RAD5 1 recombinase 
has been also detected in human and mouse spermatocytes (Barlow et al., 1997b). Thus, it 
appeared that mouse RadS 1 expression is closely related to the state of cell proliferation and 
is presumably involved in DNA repair coupled with DNA replication, as well as in meiotic 
DNA recombination in spermatocytes (Yamamoto et al., 1996). On the assumption that RadS 1 
protein plays a role in early meiotic chromosomal events, Moens et al., (1997) examined the 
location and time of appearance of Rad51 protein in meiotic prophase chromosomes. The 
Rad5 1 foci in mouse spermatocytes appeared after the emergence of, and attached to, short 
chromosomal core segments. These foci increased in number to about 250 per nucleus at the 
time when core formation is extensive. In the male mouse foci decreased in number to 
approximately 100 while chromosome synapsis was in progress. When synapsis was 
completed, the numbers of autosomal foci declined to near 0 while X chromosome retained 
about 15 foci throughout this time. This stage coincides with the appearance of testis specific 
histone Hlt at mid to late pachytene. Electron microscopy revealed association of 100 nm 
nodules associated with core, which was rich in RadS 1. The absence of RadS 1 foci in the 
chromatin loops suggests that in wild type mice Rad5 l/DNA filaments are restricted to DNA 
at the cores/synaptonemal complexes. However, the expected association of Rad5 1 could not 
be verified immunocytochemically (Moens et al., 1997). 

In vitro, the human Rad5 1 protein (hRad51) promotes homologous pairing and strand 
exchange reactions suggestive of a key a role in genetic recombination. In human 
spermatocytes, hRad51 was found to form discrete nuclear foci fiom early zygotene to late 
pachytene. The foci always co-localized with lateral element proteins, components of the SC. 
During zygotene, the largest foci were present in regions undergoing synapsis, suggesting 
that Rad5 1 is a component of early recombination nodules. Pachytene nuclei showed a greatly 
reduced level of Rad5 1 labeling with the exceptions of any asynapsed autosomes and XY 
segments, which were intensely labeled. The distribution of RadS 1 in mouse spermatocytes 
was similar to that found in human spermatocytes except that in this case Rad5 1 was detectable 
at leptotene. These results suggested that the Rad51 has a role in the interhomologue 
interactions that occur during meiotic recombination. These interactions are spatially and 
temporally associated with synapsis during meiotic prophase I (Ashley et al., 1995; Baumann 
et al., 1996; Barlow et al., 1997a; H&et al., 1995). 

Using sequence homologies fiom eukaryotic members, Cartwight et al., (1998) identified 
fiagments of two additional mammalian genes with homology to RAD5 1. Cloning of full- 
length cDNAs for both human and mouse genes showed that the sequences are highly 
conserved, and that the predicted proteins have characteristic features of this gene family. 
One ofthe novel genes (R5 1H2) occurs in two forms in human cDNA, differing extensively at 
the 3' end, probably due to an unusual form of alternative splicing. The new genes (R5 1H2 
and R5 lH3) were mapped to human chromosomes 14q23-24 and l7ql.2, respectively. The 
combination of gene structure conservation and the transcript expression patterns suggest 
that these new members of the recAIRAD51 family may also function in homologous 
recombination repair pathways (Camnight et al., 1998). 
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13.2.3. RAD51 Paralogs 

Cells defective in any of the RADS 1 paralogs (RAD5 lB, RADSIC, RADSID, XRCC2, and 
XRCC3) are sensitive of DNA cross-linking agents and to ionizing radiation. Because the 
paralogs are required for the assembly of DNA damage-induced RAD51 foci, and show 
genomic instability, their defect is thought being caused by an inability to promote efficient 
recombinational repair. These five paralogs exist in two distinct complexes in human cells: one 
contains RADS lB, RADS 1 C, RAD5 ID, and XRCC2 (defined as BCDX2), whereas the other 
consists of RAD5 1C with XRCC3. Both protein complexes have been investigated (Masson 
et al., 2001). The BCDX2 binds single stranded DNA and single-stranded gaps in duplex 
DNA, in accord with the proposal that the paralogs play an early role in recombinational 
repair. Moreover, BCDX2 complex binds specifically to nicks in duplex DNA. It was suggested 
that the extreme sensitivity of paralog-defective cell lines to cross-linking agents is owing to 
defects in the processing of incised cross-links and the consequential failure to initiate 
recombinational repair at these sites (Masson et al., 2001). 

RAD51C: The fill length of approximately 1.3-kb cDNA clone of RADS 1C encodes a protein 
of 276 aa, having a 18-26% aa identity with other human RadS 1 family members. The RAD51C 
includes mapped sequences tagged site location near the end of chromosome 17q. The RAD5 1C 
transcript is expressed in various human tissues, with highest level of expression in testis and 
it binds to two other members of the RadS 1 protein family (Xrcc3 and RadS 1 B) but not to itself. 
Findings suggest that Rad5 1C may function similarly to the yeast Rad55 or Rad57 proteins, 
rather than as a RadS 1 functional homologue (Dosanjh et al., 1998). 

In humans, its interaction with proteins like BRCAl and BRCA2 has provided an insight 
into the mechanism of how these molecules function as tumor suppressors. Several, members 
of the Rad5 1-like family have been identified, including RAD5 112. This gene has been found 
to be amplified in breast tumors suggesting its role in tumor progression. The cloning of the 
murine homologue of the human RADS 1 I2/RAD5 1 C gene revealed that murine RAD5 1 I2 
protein is 86% identical and 93% similar to human homologue. In spite of such high sequence 
conservation, the murine protein lacks the fwst nine amino acids present in the human protein, 
which by the sequence of the 5' end of the murine cDNA-Rad5 I12 is expressed in several 
adult tissues as well as in embryos at various developmental stages Rad5 112 gene maps to 
chromosome 1 1 and is located in the systemic region of human chromosome 17q22-23, where 
the human RAD5 112 is present (Leasure et al., 2001). A fill-length 1.5-kb mouse cDNA cone 
of RadS 1 d that encodes a predicted 329-amino-acid protein was isolated. The RadS 1 d mRNA 
was present in every mouse tissue examined. Four different transcript sizes of RadS 1 d mRNA 
were detected, one of which was specific to testis. Human cDNA clones that predicted 71% 
amino acid identity to the mouse protein and their sequences provided evidence for alternative 
splicing. These mRNAs predict proteins that are truncated relative to the mouse and lack the 
ATP-binding motif characteristic of RecA-related proteins. The RadS 1d was mapped to mouse 
chromosome 11,48.5cm from centromere. The human orthologue RADS 1D was mapped to 
chromosome l7ql1, which is a region syntenic to mouse Chromosome 1 1. Due to its expression 
pattern and sequence similarity to other RADS 1 family members, it is likely that Rad5 1 d is 
required for DNA repair and meiotic recombination (Pitman et al., 1998). 

Unique multiple alternative transcripts are present in human TMD/RSIH3/MD5lD gene. 
One of the transcripts encoded a 328-amino-acid protein with 83.0% overall amino acid identity 
and 98.2% similarity with the mouse TRAD gene and had two nucleotide binding consensus 
sequences, motif A and motif B, conserved among members of this family. Other transcripts 
encode truncated proteins with a partial N-terminal region of the orthologue or short proteins 
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lacking internal sequences, which contain nucleotide-binding motifs. Northern blot revealed 
that multiple transcripts of the human TRAD gene were expressed in various tissues and their 
distribution was not ubiquitous (Kawabata and Saki, 1999). 

DMC1: DMCI (disrupted meiotic cDNA) is a gene, which plays a role specifically in meiotic 
recombination in yeast and is another homologue of RecA in eukaryote. Yeast dmcl mutants 
fail in reciprocal recombination and accumulate dsb recombination intermediates. They are 
incapable of forming normal synaptonemal complex, thus causing an arrest of late meiotic 
prophase at a meiosis specific cells cycle checkpoint that monitors various defects of 
chromosome metabolism. The Dmc 1 protein is structurally and evolutionally related to the 
gene products of yeast RAD5l and E.coli RecA. In yeast, Dmcl and Rad51 proteins have 
been shown to co-localize within spread meiotic nuclei, suggesting their co-operative function 
in meiotic recombination. Moreover, Dmc 1 and Rad5 1 form complex to promote recombination 
events. However, Dmcl and Rad5 1 exhibit different expression patterns during meiosis even 
though they are structurally similar to each other. In higher eukaryotes RAD51 homologues 
have been isolated from the chicken, human and mouse. They encode proteins sharing 80% 
similarity to the yeast Rad5 1 protein and - 50% similarity to E.coli RecA protein. (reviewed in 
Habu et al., 1996) (Fig.13.3). Habu et al., (1996) clonedthe mouse and human homologues of 
the yeast DMCI gene. The predicted human DMCl proteins showed 54.1% sequence identity 
with yeast Dmcl protein. The domain I1 region, highly conserved in the E. coli RecA-like 
protein family, was also found in the mammalian DMCl proteins, including the two ATP 
binding motifs and DNA binding sites within the region. Since the alternatively spliced Dmcl- 
d transcript was detected in both male and female germ cells of man and mouse, the encoded 
protein DMCl -D may have some important role in mammalian genetic recombination in meiosis. 

Thus, it is not easy to evaluate the importance of Rad5 1 in meiosis because homozygotes 
die before gametes ark produced. In contrast to the Rad51 the Dmcl gene is expressedonly 
during meiosis. Both RAD5 1 and DMC 1 proteins have structures similar to the central core 
region of the RecA protein (domain 11), which includes two nucleotide-binding motifs. Purified 
human DMC 1 has DNA dependent ATPase activity, single stranded DNA binding activity, 
and strand exchange activity Therefore, the DMC 1 protein is expected to catalyze the DNA 
mediated recombination reaction in meiosis, as observed with RecA and RAD5 1 proteins. 
Homologues associate with each other in the zygotene stage and synapse along their lengths 
to form synaptonemal complexes in the pachytene stage of meiosis (Yoshida et al., 1998). 

The precise immunolocalization of RAD5 1 and DMCl proteins on the meiotic chromosomes 
of plants-and animals has been complicated by their high degree of identity at the amino acid 
level. Antibodies that have been immunodepleted of cross-reactive epitopes RAD51 and 
DMCl have shown identical distribution patterns in mouse spermatocytes in successive 
prophase I stages, and colocalization of the two proteins on the meiotic chromosome cores at 
early prophase indicated that mouse RAD5 1 and DMCl establish protein-protein interactions 
with each other and with the chromosome core component CORl (SCP3) in a two-hybrids 
system. These results suggest that the formation of a multiprotein recombination complex 
associated with the meiotic chromosome cores is essential for the development and fUlfillrnent 
of the meiotic recombination process (Tarsounas et al., 1999) (Fig.13.3). During mouse 
spermatogenesis DMCl protein was detected in leptotene to zygotene spermatocytes, when 
homologous pairing likely initiates. Gene disruption results in an arrest of meiosis of germ 
cells at the early zygotene stage, followed by apoptosis. Meiotic chromosome analysis of 
Dmcl deficient mouse spermatocytes revealed random spread of univalent axial elements 
without correct pairing between homologues. Thus, the mouse Dmcl gene is required for 
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1 MKEDQVIAEE PGEQDEEESL FQDIDLGQW GINVADIKXL KSVGICTIKG I-TRRALC 
61 NVKGLSEAKV DKI- IEPOPLTAPE YSEKRlWvFE ITTGSQEFDK LLGGGIESMA 
121 ITEAFGEFRT GKTQLSHTLC VTAQLPG~LGG YPDDKIIFID TENTFRPDRL RDIADRFNVD 
181 HDAVLDNVLY ARAYTSEHW ELLDPVIIlIlEP HEEAGIFXIL IIDSIMALFR MFSGRGELA 
241 ERPQKLFiw SRLQKISEEY NVAVFVTNW TADPGAmF QADPKKPIGG HILAHASTTR 
301 ISLRKGRGEL RIAKIYDSPE MPENEATFAI TAGGIGDAKZ 

Fig.13.3. Amino acid sequence of meiotic recombination protein DMCllLIMl5 homolog. Source: http// 
www. ncbi.nlm.nih.gov (Accession number 414565). 

homologous synapsis of chromosomes in meiosis (Yoshida et al., 1998). 

MmLiml5: Using the sequence information on RecA like genes isolated from meiosis specific 
libraries of yeast and plant cell, a new gene was identified from a mouse testis cDNA library. 
The gene product termed, MmLiml5 had a molecular mass of 37.88 kDa consisting of 340 
amino acids. The predicted amino acid sequence showed 72-78% similarly to those ofLiml5 
from Lilium and other meiosis specific RecA-like proteins and RADS 1 and its homologues. 
MmLiml5 is testis specific and participates in meiosis (Sato et al., 1995a). Meiosis specific 
RecA like gene homologous cDNA clone, isolated from a cDNA library of human testis, had 
the coding capacity of a protein consisting of 340 amino acid residues, with the average size 
of putative eukaryotic RecA-like proteins. Expression of gene named HsLIMI5 gave products 
of two different sizes in testis: while the longer was predominantly seen in the testis, the 
shorter was commonly present to all the tissues including the testis. Analysis of the sequences 
indicated that the longer product corresponded to the above cDNA clone where as the 
shorter one was its deletion product missing an internal 165 bp portion. The result suggests 
that the mRNA species coding for the putative meiosis specific RecA like protein in human is 
predominantly expressed in testis possibly as an alternative splicing product of a ubiquitously 
expressed gene (Sato et al., 1995b). A testis specific 1730-bp fragment of the novel mouse 
gene specifically expresses a transcript of about lOkb in size. The presence of AATAAA 
polyadenylation site at its end indicated that the cloned fragment represented the end part of 
the corresponding gene. The plus chain of the cloned fragment contained motifs of the mouse 
RADSO gene; the 387 bp fragment of the minus chain showed 96% homology with the Homo 
sapiens Hd741-f cDNA fragment; and the whole minus chain was 50% homologous to the 
prokaryotic FTSZIA genes. The presumptive 44-kDa protein encoded by the plus chain (sense) 
open reading frame contained serine, proline and threonine rich regions and was 25 to 30% 
homologous to a number of nuclear DNA binding proteins of eukaryotes. Although analysis 
of the similarly between the 44-kDa proteins and the E. coli RecA protein did not show any 
significant homology between them, it revealed their identify of five amino acid residues 
involved in the formation of the epitope common to the paratope of the RecA protein (Loseva 
et al., 2000). 

Pir 51 : A human protein, named PUS 1, strongly interacts with human Rad5 1 recombinase. 
The Pir51 mRNA is expressed in a number of human organs, most notably in testis, thymus, 
colon and small intestine. Gene locus was mapped to chromosome 12q13.1-13.2. Pir5 1 protein 
binds both single-and double-stranded DNA, and is capable of aggregating DNA. The protein 
also binds RNA. Pir may represent a member of the multiprotein complexes postulated to cany 
out homologous recombination and DNA repair in mammalian cells (Kovalenko et al., 1997). 
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13.2.4. Excision Repair Cross Complimenting Genes 

XRCC1: The use of repair deficient rodent cell mutants has proved to be the most successful 
approach to the molecular cloning of human DNA repair genes. Elevated rates of sister 
chromatid exchange, reduced efficiency of homologous recombination, slow rates of DNA 
single strand break repair, and hypersensitivity to X-rays and radiomimetic drugs are hallmark 
features of the CHO cell line, EM9 and thus have provided a tool for isolating the human 
genes ERCCI, ERCC2, ERCC3, ERCCS, and ERCC6 on the basis of functional 
complementation of the mutations by transfections of human genomic DNA, followed by 
vector cloning. These five ERCC(excisionrepair cross complementing) genes correct mutations 
that produce a common phenotype of hypersensitivity to UV radiation, which is analogous to 
the defect in cells derived fiom humans with the disease Xeroderma pigmentosum. A human 
gene that efficiently corrects that defect in EM9 cells was identified and namedXRCCl (X-ray 
repair cross complementing). The XRCCl gene is assigned to human chromosome 19 and was 
shown to lie on the long arm in the region 19q13.2-13.3 (Thompson et al., 1990). The XRCC 1 is 
implicated in DNA repair on the basis of its ability to restore the parental phenotype when 
transfected into the repair deficient EM9 cell. Although it has been suggested that XRCC 1 is 
involved in base excision repair, its precise biochemical function is not known. However, 
histidine tagged XRCCl protein copurifies with DNA ligase 111. The recombinant protein 
designated pcD2EHX, fully corrected the EM9 phenotype of high sister chromatid exchange, 
indicating that the histidine tag was not detrimental to XRCC 1 activity. Extract of EM9 cells 
transfected with pcD2EHX resulted in copurification of XRCC1 and DNA ligase 111 activity. 
The co-purification of DNA ligase I11 activity with histidine tagged XRCC1 suggests that the 
two proteins are present in the cell as a complex (Caldecott et al., 1994). EM9 cells, deficient in 
XRCCl have reduced levels of DNA ligase I1 suggesting association of XRCCl for DNA 
ligase 111 and further substantiating that XRCCl is involved in DNA strand break repair. 
Analyses of Xrcc-1 steady state RNA levels in murine and baboon demonstrated that Xrcc- 
1 is a low abundance message with the highest expression detected in testis. Interestingly, 
DNA ligase 111 activity is highest in testis. The Xrcc-1 message was significantly higher than 
found fiom WIWv mice, which are deficient in germ cells and that found in somatic tissues 
(Walter et a]., 1996). The Xrcc-1 expression is most abundant in pachytene spermatocytes and 
round spermatids with low expression in Sertoli cells, types A and B spermatogonia, 
preleptotene spermatocytes, and leptotene plus zygotene spermatocytes. The relatively 
abundant XRCC-1 expression in pachytene spermatocytes and round spermatids suggest 
that XRCC-1 is involved in DNA strand break repair associated with meiotic recombination in 
addition to its implicated role in strand break repair associated with base excision repair 
(Walter et al., 1996). 

A nearly full-length clone obtained fiom the pcD2 human cDNA expression library gave 
-80% correction of EM9, as analysed by the level of sister chromatid exchange. Based on the 
analysis of the nucleotide sequence of the cDNA insert compared with that of the 5' end of 
the gene f?om a cosmid clone, the cDNA clone appeared to be deficient in-100bp of transcribed 
sequence, including 26 nucleotides of coding sequence. The cDNA probe detected a single 
transcript of -2.2kb in HeLa polyadenylated RNA. From the open reading fiame and the 
positions of likely start sites for transcription and translation, the size of the putative XRCC1 
protein is 633 amino acids (69.5 kDa) and the size ofthe XRCC1 gene as 33 kb. The deduced 
amino acid sequence did not show significant homology with any protein in the protein 
sequence databases. 

The 5' region of baboon XRCCl was cloned and characterized. The 400 bp-5'-flanking 
region showed the greatest promoter activity, while -194 to -8 bp of the S'flankiig region 
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displayed core promoter activity in transient transfection assays. A comparison between 
baboon and human 5' flanking sequences in the core promoter region revealed a potential 
CAAT-box, an imperfect CREB-binding site and two putative Spl-binding sites. Transient 
transfection assays indicated that the distal Spl-binding site has a functional role in 
transcription and that Spl or an Spl like protein is bound to the DNA fiagment in vitro (Zhou 
and Walter 1998). 

XRCC 2: The cDNA for XRCC2 gene from both human and mouse shows that it is a highly 
conserved member of the recA/RAD5 1 recombination repair gene family. The cDNA is able to 
complement significantly the phenotype of a unique cell line, irsl, which shows extreme 
sensitivity to DNA cross-linking agents and genetic instability. This phenotype is consistent 
with a role for the XRCC2 gene in recombination repair in somatic cells, suggesting that in 
addition to RAD5 1, other members of this gene family have an important function in high 
fidelity repair processes in mammals. Despite this function, the XRCC2 gene transcript is 
expressed at a very low level in somatic tissues, but is elevated in mouse testis, suggesting an 
additional role in meiosis (Cartwright et al., 1998b). 

13.2.5. BLM Helicase 

Bloom's syndrome (BS) is rare autosomal recessive human genetic disorder characterized by 
a number of abnormalities including short stature, immunodeficiency, male sterility and cancer 
predisposition. Cells from BS have genornic instability and an increased frequency of sister 
chromatid exchange. The gene mutated in BS, BLM, encodes a 1417-amino-acid residue protein 
with a central domain that is homologus to a subfamily of helicases, including E coli RecQ, 
which have a characteristic DEXH box in one of the helicase motifs. N- and C- terminal 
domains have little homology as in Werners Syndrome (WS) related protein, WRN which has 
RecQ helicase activity. Both BLM and WRN proteins have been shown to possess 3'-5' 
helicase activity. Despite detailed investigations into BLM and BS cells, the precise 
physiological function(s) for BLM in humans is unclear (Moens et al., 2000). Human males 
homozygous for BLM mutations are infertile and heterozygous individuals display increased 
frequencies of structural chromosome abnormalities in their spermatozoa. Also, mutations in 
the S. cerevisiae homologue of BLM, Sgsl, cause a delay in meiotic nuclear division and a 
reduction in spore viability. The association of BLM protein with the recombinases and with 
a specific crossover site supports a role for this protein in meiotic recombination. The 
colocalization of RAD51iDMCl with BLM and significant excess of BLM signals in the 
synapsed pseudoautosomal region of the X-Y chromosomes (a recombinational hot spot), 
provide indications that BLM protein may function in the meiotic recombination process 
(Moens et al., 2000). 

13.3. POST-REPLICATION REPAIR GENE PRODUCTS 

Post-replication DNA repair pathway is very complicated. This pathway does not exert DNA 
repair activity, but rather allows mitotic somatic cells in S phase to proceed with DNA replication 
over a DNA template containing damaged bases, in an error free or error prone manner. This 
mechanism is important for rescuing the cells from premature termination of DNA replication, 
which would otherwise lead to unscheduled cell death (Baarends et al., 2001). At least five 
multienzyme DNA repair pathways are known; one of these is termed post-replication repair 
(PRR). The PRR is not really a repair system, as the name suggests but it facilitates tolerance 
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of base damage during replication, overcoming termination of replication at the sites of damage 
(Friedberg and Gerlach, 1999). The genes involved in PRR are placed in the very heterogenous 
RAD6 epitasis group (Friedberg and Gerlach, 1999). Yeast rad6 mutants display the most 
severe phenotype. Other prominent members are RAD6, RAD9, RAD18, REV1, REV3, REV7 
and RAD30 (McDonald et al., 1997). Two mammalian homologues of the yeast RAD6 gene 
(HR6A, HR6B) and their role in the mouse spermatogenesis by targeted gene disruption have 
been discussed in a number of studies. Other possible homologues of PRR genes are: Yeast 
RAD18, which encodes a 55.5 kDa protein with a C,HC;RING-ZnZ+-finger and C,HC-ZnZ+- 
finger. 

13.3.1. RAD6 and its Mammalian Homologues: HR6A and HR6B 

In S. cerevisiae, genes involved in post-replication DNA repair are members of the RAD6 
group. In mammalian cells, two conserved homologues of this gene have been identified: the 
X-chromosomal HR6A and autosomal HR6B gene. The mHR6B gene is expressed inmany cell 
types throughout the body, but the only pronounced phenotypic expression of the loss of 
function in gene mutation is male infertility (Roest et al., 1996). The mHR6B gene is an autosomal 
mouse homologue of the S..cerevisiae Rad6 gene. Another mouse homologue, the mHR6A 
gene, is located on the X chromosome. RAD6 homologues of several higher eukaryotes 
including two closely related human homologues hHR6A and hHR6B have been cloned. The 
encoded human proteins are structurally and functionally highly conserved: they share 70% 
sequence identity with S. cerevisiae RAD6 and are able to ubiquitinate histones in vitro. Both 
human gene products can substitute for the mutagenesis and UV resistance function of the 
yeast protein but not for its role in sporulation (Roest et a]., 1996). Protein targets for the 
RAD6-dependent ubiquitination include histones H2A and H2B, and possibly other 
chromosomal proteins (Baarends et al, 2001). The conservation of Rad6 fiom yeast to mammals 
is striking, showing upto 70 % amino acid sequence identity; and from mouse to human, the 
conservation of amino acid identitv is 100% for both HR6A and HR6B. The HR6A and HR6B 
proteins are not completely identical to each other, but show 96% amino acid sequence 
identity. In HR6A and HR6B knockout mice no major phenotypes are observed for somatic 
tissues. With regard to a role for RAD6 homologue in mammal& gametogenesis, the HR6A 
knockout mice showed maternal effect infertility due to block in embryonic development with 
normal male fertility. In contrast, HR6B knockout mice demonstrated impaired spermatogenesis 
and male restricted infertility. Increased apoptosis in HR6B knockout primary spermatocytes 
was detected during the first wave of spermatogenesis, indicating that HR6B performs a 
primary role during the meiotic prophase, with major changes in the synaptonemal complexes, 
which were found to be longer. Complex proteins were depleted from near telomeric regions in 
the HR6B knockout pachytene nuclei. A specific requirement for the ubiquitin-conjugating 
activity of HR6B in relation to dynamic aspects of the SC and meiotic recombination in 
spermatocytes could be apossible role (Baarends et al., 2003). There are indications that the 
ubiquitin pathway plays a very active role during spermatogenesis (see Chapter 31). The 
mHR6A and mHR6B mRNAs are found in brain, heart, and testis in relatively high amounts. A 
similar expression pattern has been seen for two other genes involved in the ubiquitin pathway, 
Ubelx and Ubely. Both genes located on X and Y-chromosomes respectively are meiotically 
suppressed, but reactivated in spermatids. In the series of reactions of the ubiquitin pathway, 
HR6A and HR6B are two of the many enzymes with ubiquitin conjugating activity. It is 
unknown whether RAD6 is involved in this posttranslational modification (Grootgoed et a]., 
1998). 
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In the mHR6B knockout mice, there is a reduced number of elongating spermatids, which 
also show an irregular pattern of nuclear condensation, resulting in the presence of many 
immature germ cells in the epididymis. Findings provide a parallel between yeast sporulation 
and mammalian spermatogenesis and strongly implicate hHR6 dependent ubiquitination in 
chromatin remodeling since heterozygous male mice and even knockout female mice are 
completely normal. A preferential localization of hHR6 in euchromatin areas, suggests that 
the protein is associated with transcriptional active regions. Thus both hHR6 genes have 
overlapping, constitutive functions related to chromatin conformation and that they have a 
specific role in spermatogenesis, involving Ub mediated histone degradation (Grootgoed et 
al., 1998; Koken et al., 1996). 

133.2. Mammalian Homologues of Rad 18 

The yeast RAD18 gene encodes a protein with a RING zinc finger domain and a classical DNA 
binding zinc finger. Both domains are highly conserved among RAD18 of lower eukaryotes 
Nuv A (neurospora crassa) and Uvs-2 (aspergillus nidulans), and the cloned mammalian 
homologues: rnRADl8Sc and hRAD18. The RING zinc finger domain mediates protein-protein 
interactions. The RAD18 protein plays a pivotal role in the post-replication repair process 
together with the Rad6 protein. The RADl8 has ssDNA binding ability, forms a stable complex 
with RAD6 in vivo and exhibits ssDNA dependent ATPase activity. The RAD18 seems to 
interact with both the N-and the C-termini of RAD6 via two acidic regions in the middle and 
the C-terminus of RADl8 (Bailly et al., 1997a). RAD6 is a ubiquitin conjugating enzyme 
catalyzing mono and / or polyubiquitination of target proteins. ~olyubi~"it&ated proteins 
usually undergo proteasomal degradation while monoubiquitination may regulate the 
stabilization, folding and 1 or activity of proteins. The role of RAD6 and RAD18 in PRR is 
largely unknown. A possible function of RAD6 is in modifying the chromatin structure as part 
of DNA repair, mutagenesis, and other processes, which are affected in the rad6 mutant. 
However, ubiquitination of H2B histone in yeast, required for optimal mitotic cell growth and 
meiosis, primarily depends on RAD6 activity. ~ a d l 8  mutants &e highly sensitiveto W and 
other genotoxic agents, but show no pronounced defect in sporulation, meiotic recombination, 
and UV induced mutagenesis. The RADl8 plays a more general role in PRR, rather than being 
involved only in error fiee repair. In particular, the RING zinc fmger domain is present in 
proteins with ubiquitin ligating enzyme activity (E3 enzymes) (see chapter 16). The hRAD18 
like RAD6 has also been shown to interact with HR6A and HR6B (Tateishi et al., 2000; Xin et 
al., 2000). In vivo, hRAD 18 protein binds to hHR6 protein through a conserved ring finger 
motif. A human homologue hRAD18 maps on chromosome 31324-25, where deletions are often 
found in lung, breast, ovary, and testis cancers. Stable transformants with hRAD18 mutated 
in this motif become sensitive by UV, methyl methanesulfonate, and mitomycin C, and are 
defective in the replication of UV-damaged DNA (Tateishi et al., 2000). 

mRAD18SC: Systematic screening of public EST databases revealed the presence of a putative 
murine homologue of RADl8, which is referred to as mRAD18SC. The cDNA in both directions 
revealed a large open reading frame of 1530-bp coding for a 509 amino acid polypeptide with 
a calculated molecular mass of 57.3-kDa and a pI 6.95. The 5' untranslated region (UTR) 
harbors the Kozak translation initiation sequence GCGGCCATGG. This ATG is frst codon. In 
cDNA, the stop codon TAG at position +I528 is followed by a short stretch of 3' UTR 
containing a poly (A) tail. Surprisingly, no polyadenylation signal is found in the 3' UTR in 
front of the poly (A) tail. The N-terminus of the protein contains a C,HC, RING-Zn2+- finger 
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Fig. 34.4. The 
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mRAD18Sc coding sequence, 3' UTR, S'UTR, and amino acid sequence. Black box, C,HC.- 
RING-Zn"-finger(residues 26-63);hrakgray box C,HC-Zd+-finger (residuces 204-223) (cysteines and histidines 
are highlighted with a black background), putative phosphorylation site (residues 469-474). Reproduced with 
permission from R. van der Lam et al. Genomics 69; 86-94: 2000 O Elsevier. 

(RING-zinc-finger), and the middle contains a CX,CX,,HX, C-type zinc fmger (Fig. 13.4), 
both highly conserved between yeast RADl8 and the fungal homologue, NuvA and Uvs-2. 
The presence of apotential nuclear KKKLK suggests that mRAD18Sc resides in the nucleus. 
The size of the mRAD18Sc is comparable to that of RAD18 with significant homology over 
the entire length (Van der Laan et al., 2000). 
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The degree of sequence conservation between mRAD1 SSC, RAD 18, and homologous 
sequences identified in other species is entirely consistent with the evolutionary relationship 
of these organisms. The mRNA expression of mRADl8SC was observed in thymus, spleen, 
brain, and ovary, but most pronounced in testis, with the highest level in pachytene stage of 
primary spermatocytes, suggesting that mRAD18SC plays a role in meiosis phase of 
spermatogenesis. The mRAD18SC gene was mapped on mouse chromosome 6F (Van der 
Laan et al., 2000). Testis fiom 21-day-old mice displayed a marked increase of mRAD18S 
rnRNA expression, in particular the 3.1-kb transcript. In addition, spermatocytes showed a 
very high level of expression of this 3.1-kb transcript. In testis of 36-day-old mice, the 
mRAD18Sc mRNA level is decreased, probably due to a large number of round spermatids, 
which dilutes the signal fkom the spermatocytes (van der Laan et al., 2000, clr Baarands et al., 
2001). During mammalian spermatogenesis, mRAD18Sc as E2 enzyme may be involved in the 
ubiquitin pathway. 

13.3.3. RAD30 Gene 

During post-replication DNA repair, specialized DNA polymerases participate during DNA 
replication, to add only few nucleotides in a growing DNA chain. One of the many DNA 
polymerases in S. cerevisiae is encoded by RAD30. In humans, the homologue RAD30A is 
mutated in patients with the Xeroderma pigmentosum variant, resulting in increased incidence 
of sunlight induced skin cancers (c/r Van der Laan et al, 2000). The expression profile of the 
RAD30A gene is not known. But second homologue (RAD30B) is expressed predominantly in 
human testis. In mouse RAD30B is mainly in round spermatids where the RAD30B repairs 
lesions (McDonald et al., 1999). Alternatively, use of the post-replication DNA repair pathway 
during gametogenesis may facilitate mutagenesis (Barrendes et al., 2001). 

DinB genes: The E. coli dinB gene is an SOS gene known to be required for phage-untargeted 
mutagenesis. It exhibits a potent mutagenic activity without any exogenous treatment to 
damage DNA. The product Did3 is structurally related to the E. coliUmu C protein and the S. 
cerevisiae Revl and Rad30 proteins, all of which are shown to be involved &bypass synthesis 
at a DNA lesion. Human and mouse cDNAs encoding DinB homologues produce proteins, 
which are highly similar to DINB 1 in humans and Did3 1 in mouse and less similar to UmuC, 
Revl or Rad30. Both DZNBl and DinBl genes are expressed abundantly in testis. Transient 
expression of the mouse cDNA in cultured mouse cells produce nearly 10 folds increase in the 
incidence of point mutations. These results suggested that a mutagenic mechanism, a so- 
called untargeted type, also operates in mammalian cells and thus human cells have multiple 
DNA polymerases for translesion synthesis which are homologous to the S. cerevisisae, 
Rev3 and Rad30 proteins (Ogi et al., 1999). 

13.4. CELL CYCLE CHECKPOINT CONTROL 

Freire et al., (1998) identified a human and mouse homologues of the S. pombe DNA damage 
checkpoint control gene radl(+) and its S. cerevisiae homologue RAD 17. The human gene 
hRADl is located on chromosome 5p13 and is most homologous to S. pombe radl (+). This 
gene encodes a 382-amino acid residue protein that is localized mainly in the nucleus and is 
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expressed at high levels in proliferative tissues. In addition to functioning in DNA repair 
checkpoints, S. cerevisiae RAD17 plays a role during meiosis to prevent progress through 
prophase 1 when recombination is interrupted. Consistent with a similar role in mammals, 
RADl protein is abundant in testis, and is associated with both synapsed and unsynapsed 
chromosomes during meiotic prophase I of spermatogenesis, with a staining pattern distinct 
eomthat of the recombination proteins Rad5 1 and Dmcl (Freire et al., 1998). 

13.4.2. ATRIATM Gene Products 

ATMand Meiotic Prophase: The ATMgene product has been implicated in mitogenic signal 
transduction, chromosome condensation, meiotic recombination, and cell cycle control. The 
ATR (ataxia telangiectasia and RAD3-related) protein is present on meiotic prophase 
chromosome cores and paired cores (SCs). Its striking characteristic is that the protein forms 
dense aggregates on the cores and SCs of the last chromosomes to pair at the zygotene 
pachytene transition. ATR-mRNA and protein are expressed in human and mouse testis 
(Keegan et al., 1996). In seminiferous tubules ATR shows localization to the nuclei of cells 
during meiosis. A nuclear association of ATR and ATM proteins with meiotic chromosomes 
suggests a direct role for these proteins in recognizing and responding to DNA strand 
interruptions that occur during meiotic recombination (Keegan et al., 1996). Several reports 
have describedthe phenotype of mice with a targeted disruption ofATM, the mouse homologue 
of the human gene (ATM) that is mutated in ataxia telangiectasia (AT). ATM deficient mice 
provide an excellent model for this disease. The effects of mutations in ATM indicated that 
these genes are involved in the proper functioning of a variety of mitotic; postmitotic and 
meiotically active cells. Most AT patients and all ATM-deficient mice, of both sexes are infertile 
due to complete absence of fertile gametes in adult gonads. The seminiferous tubules of 
mutant males contain spermatogonia and Sertoli cells, but no normal spermatocytes and 
display a complete absence of spermatids or mature sperm (Barlow et al., 1998). Using electron 
microscopy and immunolocalization of meiotic proteins in mutant adult spermatocytes, Barlow 
et a1 (1998) found that male gametogenesis is severely disrupted in ATM-deficient mice as 
early as leptonema of prophase I, resulting in apoptotic degeneration. A small number of 
mutant cells progress into later stages of meiosis, but no cells proceed beyond prophase I. 
ATR, a protein related to ATM, DMC 1, and RADS 1 were mislocalized to chromatin and had 
reduced intensity in developing synaptonemal complexes in spermatocytes from ATM-deficient 
mice indicating dysregulation of meiotic events. High levels of p53, and Bax proteins contribute 
to the severe meiotic phenotype of ATM-deficien&ce. ~a&to~enesis is severely disrupted 
in ATM-deficient mice in the earlie~t stages of meiotic prophase I, resulting in apoptotic 
degeneration. ATM is required for proper assembly of Rad5 1 onto the chromosomal axial 
elements during meiosis. In addition, p53, p21 and Bax are elevated in testes from ATM- 
deficient mice. To determine whether these elevated protein levels are important factors in the 
meiotic disruption ofATM-deficient mice, Barlow et al., (1 99%) analysed the meiotic phenotype 
of ATMp53 or ATMp21 double mutants. In these double mutants, meiosis progressed to 
later stages but was only partly rescued. Assembly of Rad51 foci on axial filaments was 
defective and spermatogenesis proceeded only to pachytene of prophase I. Because ATM- 
deficient mice are viable but completely infertile, studies suggested that the Rad5 1 and Bax 
represent tissue specific responses to the absence of ATM (Barlow et al., 1997a). It appeared 
that meiotic telomere movements occur independently of ATM signaling. Sertoli cells in the 
ATMmutants displayed numerous heterochromatin and telomere clusters. Thus, ATM appears 
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to be removed ftom spermatid nuclei prior to the occurrence of DNA nicks, which emanate as 
a consequence of nucleoprotamine formation (Scherthan et al., 2000). Putative DNA damage 
checkpoint proteins, ATR, ATM and RAD 1, are not associated with RADS 1DMC 1 
recombination sites where DNA breaks are expected to be present (Moens et al., 1999). 

ATMand Telomeres: Because of the homology of the human ATMgene to the TELl and rad3 
genes of yeast, it has been suggested that mutations in ATM could lead to defective telomere 
maintenance. The ATM gene product, which is defective in the cancer prone disorder AT, 
influences chromosome end associations and telomere length. The possible hypothesis 
explaining these results suggests that the defective telomere metabolism in AT cells is due to 
altered interactions between telomerase and the nuclear matrix. The ATMgene influences the 
interactions between telomeres and the nuclear matrix and that alternations in telomere chromatin 
could be at least partly responsible for the pleiotropic of the ATM. Influence of inactivation of 
ATM on the interaction of telomeres with nuclear matrix in somatic and germ cells has been 
summarized (Pandita and Dhar, 2000). 

ATM and Chk 1: Checkpoint pathways prevent cell-cycle progression in the event of DNA 
lesions. The genetic and regulatory interaction between Atm and mammalian Chkl appears to 
be important for integrating DNA damage repair with cell-cycle arrest. Homologues of yeast 
Chkl in human and mouse Chkl (HuIMo) have kinase activity and are expressed in the testis. 
The Chkl accumulates in late zygotene and pachytene spermatocytes and is present along 
synapsed meiotic chromosomes. The Chkl protein levels and its association with meiotic 
chromosome depend upon a functional ATM gene product, but Chkl is not dependent upon 
p53 for meiosis I functions. Human CHKl to human chromosomes gene is located to 1 lq22- 
23. The ATM dependent presence of Chkl in mouse cell and along meiotic chromosomes, 
and the late pachynema co-localization of ATR and Chkl on the unsynapsed axes of the 
paired X and Y-chromosomes, suggested that Chkl acts as an integrator of ATM and ATR 
signals (Flaggs et al., 1997) (see Chapter 19). 

13.5. CRE RECOMBINASE 

Specific DNA rearrangements can be generated by site-directed recombination using 
recombinases such as Cre from bacteriophage P 1. Targeting of Cre expression to testicular 
germ cell would provide a way to generate mutations at predetermined loci during meiosis, 
and thus, to define the role of spermatogenesis of any gene of interest. A second expected 
outcome fkom such studies is the possibility to gather information on the mechanism of the 
chromosome breaking and joining events in genetic recombination. Finally, exchanges between 
predetermined sites could be used for large-scale remodeling of the gene. Transgenic mice 
have been generated expressing a testicular Cre-recombinase driven by promoter sequences 
derived from the gene encoding SCP1, expressed at an early stage of the male meiosis. 
Recombination at target LoxP sites was examined during germinal differentiation in mice 
harboring Scpl-Cre and a second transgene where LoxP sites flank either the pgeo coding 
region, the Pgkl promoter, or a tk-neo cassette inserted into the Rum-locus. Another study 
showed transgenic line possessing Pgk-2-driven expression of the Cre-recombinase for 
identifying spermatogenic genes that function at or after the spermatocyte stage (Ando et al, 
2000). Weber et al., (2003) have obtained a PrP-Cre-ER(T) transgenic mouse line (28.8) that 
selectively expresses the tamoxifen-inducible Cre- R(T) recombinase in testis under the control 
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of a mouse Prion protein (PrP) promoter-containing genomic fragment. Cre-ER(T) is expressed 
in spermatogonia and spermatocytes, but not in Sertoli and Leydig cells (Weber eta]., 2003). 
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Chapter 14 

TRANSCRIPTIONAL CONTROL 

14.1. TRANSCRIPTIONIN EUKARYOTES 

During the last two decades, considerable information has been gathered on the regulation of 
gene expression in eukaryotes. These genes express in specialized cells, and are variously 
described as luxury genes or smart genes as opposed to house keeping genes, which are 
constitutive in their expression. A large number of transcription factors, which take part in the 
formation of atranscription complex, viz., RNA polymerase and associated proteins to initiate 
transcription, have been identified. Specific regulatory DNA sequences, which respond to 
stimuli and provide sites for binding of transcription factors, have also been known. Specific 
signal transduction pathways (involving intermediate receptor molecules) have been discovered 
in many cases. In some cases, regulation of gene expression is exercised at the post- 
transcriptional level involving RNA processing or translation. 

Britten-Davidson model or the gene battery model is one of the fmt models, which was 
proposed for the regulation of protein synthesis in eukaryotes @avidson, 1965). The model 
assumes the presence of four classes of sequences: (i) Producer gene, comparable to a structural 
gene in prokaryotic operation, (ii) Receptor site which is comparable to operator gene in 
bacterial operon and one such receptor site is assumed to be present adjacent to each producer 
gene, (iii) Integrator gene which is comparable to regulator gene and is responsible for synthesis 
of an activator RNA that may or may not give rise to proteins before it activates the receptor 
site and, (iv) a Sensor site that regulates the activity of the integrator gene, which can be 
transcribed only when the sensor site is activated. These sites are recognized by agents such 
as hormones and proteins, which change the pattern of gene expression. For example hormone 
protein complex or a transcription factor may bind to a sensor site and cause the transcription 
of integrator. In this model, the producer gene and integrator gene are involved in RNA synthesis. 
On the other hand, receptor and sensor sites are those sequences, which help only in recognition 
without taking part in RNA synthesis. It is also proposed that receptor sites and integrator 
genes may be repeated a number of times, so as to control the activity of a large number of 
genes in the same cell. Repetition of receptor ensures that same activator recognizes all of 
them, and several enzymes of one pathway are simultaneously synthesized, or the transcription 
of same gene be needed in different developmental stages. This is achieved by multiplicity of 
receptor sites and integrator genes. Each producer gene may have several receptor sites, each 
responding to one activator so that a single activator though can recognize several genes, but 
different activators may activate the same gene at different times. An integrator gene may also 
fall in cluster with same sensor site. 

In Britten-Davidson model, a set of structural genes controlled by one sensor site is called 
a battery. Sometimes, when major changes are needed, it is necessary to activate several sets 
of genes. If one sensor site is associated with several integrators, it will cause transcription of 
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all integrators at the same time thus causing transcription of several producer genes through 
receptor sites. The repetition of integrator and receptor sequences is consistent with the 
knowledge that sufficient repeated DNA sequences occur in eukaryotes. 

14.2. CHAUVINIST GENES 

The gene expression in various phases of spermatogenesis is the result of multiple processes. 
Genes expressed during spermatogenesis encode proteins necessary both for house keeping 
activities as well as for processes, which are specific to germ cells. Out of several thousands of 
transcripts present in a cell, only a few of these genes have been identified in germ cells. 
Products of some of these genes are essential for structures and functions specific to 
spermatogenic cells, where as products of others are expressed in developmentally regulated 
patterns and finally are transcribed only in spermatogenic cells. The fmt 359 cDNA clones 
ffom 180-kb DNA sequence of human testis indicated that these sequences could be sorted 
into several categories with a high proportion of (67%) being novel. The pattern of gene 
sequences in testicular transcripts appeared to be different in comparison to similar studies on 
human brain (Affara et al, 1994). These characteristic genes have been introduced as chauvinist 
genes, because of their favored expression by spermatogenic cells with out fail. Nearly 100 
chauvinist genes are known that are expressed during the meiotic phase alone (review Eddy, 
1998) and several have been added during recent years. Chauvinist gene products can be 
classified into three general categories. i) Those homologous proteins, which are expressed 
only in spermatogenic cells, but closely related to proteins expressed in somatic cells. Such 
proteins include histone Hlt, HSP70-2, calreticulin, cytochrome C andLdh-C. ii) Another category 
of gene products are those, which are unique to spermatogenic cells with no significant overall 
similarity to any protein expressed in any other cell type. Synaptonemal complex protein1 
(SCPI), Sry protein encoded on Y chromosome, transition proteins 1 and 2 (TP1 and TP2) and 
Prms (hm 1 and 2) are unique to male germ cells. Such proteins are not significantly homologous 
to any known protein in an organism. iii) In addition, some genes in spermatogenic cells can 
produce specific transcripts that differ fiomthose produced in somatic cells because of presence 
of alternative transcription start sites, polyadenylation signals, or they are produced ffom 
spermatogenic cell-specific exons. Examples include angiotensin converting enzyme, 
hexokinase-1, and gene products required in meiotic recombination (Eddy, 1998). Many of 
these gene products are regulated developmentally, and form unique structural components of 
spermatogenic cells, such as the synaptonemal complex, sperm acrosomal and flagellar proteins 
as well as for unique functional processes, such as meiotic recombination and transcriptional 
regulation. Several unique components of signal transduction pathways, as well as chaperone 
proteins that assist other proteins during their folding and assembly into functional complexes 
are the products of chauvinist genes. Moreover, genes expressed in somatic cells are often 
down-regulated in germ cells, whereas chauvinist genes that encode highly similar proteins 
with apparently comparable functions are up-regulated in germ cells. These features are 
important for gametogenesis, and for the survival of species through reproduction. The 
autosomal Pgk-2 gene product is an example of a tissue specific gene that is activated at a 
specific stage of spermatogenesis and coincident with the entry of spermatocytes into meiotic 
prophase. The X-linked structural genes are other examples of genes that are linked to X- 
chromosome inactivation during spermatogenesis. 
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Fig.14.1. Regulation of gene expression during spermatogenesis at transcription, translation and post- 
translational levels. i) Transcription is regulated by intrinsic genetic program, acting through signal transduction 
processes. The intrinsic program is perhaps influenced by extrinsic cues. ii) Alternative transcripts are 
relatively common in spermatogenic cells. The methods, how these alternative transcripts are produced, are 
shown in the figure. iii) Translational regulation results in mRNAs storages, which are utilized for proteins, 
needed after transcription ends in condensing spermatids. iv) Post-translational regulation modulated through 
signal transduction mechanisms has a significant role in influencing these processes. Reprinted with permission 
from E. M. Eddy. Seminars in Cell Develop Biol 9 ;  451-57: 1998 O Elsevier. 

14.3. REGULATORY FAmORS IN GENE EXPRESSION OF GERM CELLS 

14.3.1. Intrinsic and Extrinsic Factors 

From developmental studies, the stage specific requirement of various proteins during 
spermatogenesis, and the conserved nature of the process, it seems that the primary regulator 
of spermatogenesis is an intrinsic genetic program, which is responsible for germ cell specific 
gene expression. The primary regulator of spermatogenesis as an intrinsic genetic program 
became more evident when rat spermatogonial stem cells, transplanted to the mouse testis, 
were able to form morphologically normal rat sperm (Clauther et al., 1996). The intrinsic regulation 
of gene expression in spermatogenesis occurs at three levels: transcription, translation and 
post-translation (see Chapters 14 - 15). Transcriptional regulation is the primary determinant of 
gene expression. However, translational regulation has a greater role in germ cells than in other 
cell types. Post-translational regulation occurs through modification of proteins, perhaps in 
response to extrinsic and intrinsic cues, to effect transcription and translation during 
spermatogenesis (Fig.14.1). 

Besides intrinsic factors, spermatogenesis is subjected also to secondary regulation by 
endocrine factors transmitted through Sertoli cells, several growth factors, or by local short- 
loop paracrine and autocrine signals. How these extrinstic cues influence germ cell development 
is not understood, but they do so through their effects on converging signal transduction 
pathways that modulate the primary effects of the intrinsic genetic program. These pathways 
probably effect gene expression by causing post-translational modifications of transcription 
factors and other proteins that regulate alternative transcript processing mechanisms that 
occur in spermatogenic cells. Various signal transduction pathways have been identified in 
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spermatogenetic cells (Chapters 2-4). In addition, parameters such as chromatin structure, 
association with the nuclear matrix, timing of replication during S phase, and DNA methylation 
have all been suggested as additional mechanisms operative within a mammalian cell to 
"organize" the transcriptional activity of its genome (McCany, 1998). 

14.3.2. Chromatin Structure 

The first tier of control of over-expression of genetic domains utilizes chromatin structure. 
Hence, the structure of chromatin must undergo dramatic changes, ranging between structural 
conformations that enhance the ability of promoter sequences to bind transcription factors, 
and other conformations that inhibit access of transcription factors. The inhibitory state is 
accomplished by supercoiling the chromatin into a highly compact 'solenoid' like structure 
within a diameter of -30 nrn. Thus, prior to initiation of transcription of a tissue specific gene, 
the 'closed' compact structure must become unwound yielding a chromatin fibre of lOnm 
diameter. The series of events involved in derepression of a gene prior to actual initiation of 
transcription constitute a process that has been termed 'potentiation' (Kramer et al., 2000). 
Potentiation results in the exposure of a region in the promoter that is hypersensitive to 
digestion by DNase I. These regions in chromatin are known as 'DNase I hypersensitive sites' 
and are accessible as open configuration for interaction of transcription factors. The gene 
potentiation has been examined and established showing that chromatin domain functions as 
a discrete structural unit during differentiation. Besides potentiation, CpG islands are necessary 
for chromatin organization and expression of some of the genes during spermatogenesis. It is 
now known that changes occur in chromatin structure during the differentiation of a stem cell 
into a mature spermatozoan. In the spenniogenesis phase nucleosomal chromatin structure is 
converted into a fiber structure and ultimately into a highly condensed nucleoF'rm filament. 
Chromatin condensation also depends on other factors viz poly-(ADP) ribosylation. 

14.3.3. Role of Nuclear Matrix in Replication 

The nuclear matrix is a three-dimensional structure within the eukaryotic nucleus with which 
many activator proteins are associated. Thus, proteins participating in DNA replication, 
transcription, and RNA splicing have been found associated with nuclear matrix. When a 
particular gene is in close proximity with the matrix, it is likely that such a gene may replicate 
earlier in S phase, since it is juxtaposed to replication factors and associated DNA polyrnerases 
embedded in the matrix. 

14.3.4. Role of Chromosomal Proteins in 'Ikanscription 

Besides DNA, the chromatin also consists of histones and non-histones. Although it is known 
since early 1960's that histones might be involved in repressing gene activity, the specific 
regulation by non-histones was demonstrated only during 1970s, when chromatin reconstitution 
experiments demonstrated that the mRNA, which is synthesized in vitro from reconstituted 
chromatin, mainly depended on the source of non-histone proteins. Certain non-histones are 
known to induce RNA synthesis in vitro. A large number of transcription factors are non- 
histone proteins. Observations also suggested that regulation of protein synthesis actually 
involves an interaction between histones and non-histones. Whereas histones inhibit protein 
synthesis non-specifically, non-histones induce RNA. synthesis rather specifically. Some 
histone proteins may also function as transcription factors. In eukaryotes, including germ cells 
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of testis, a number of DNA binding proteins were isolated ftom a variety of organisms and their 
corresponding binding regions on DNA were identified. Seven general transcription factors 
for RNA polymerase I1 (TFIID, TFIIA, TFIIB, TFIIE, TFIIF, TFIIJ, TFIIH), whichare essential 
for transcription of all genes including house keeping genes and smart genes have been 
reported ftom various systems. However, for transcription of smart genes, additional transcription 
factors were found to form a complex to activate the essential proteins coupled to the RNA 
polymerase I1 that transcribes the gene into hnRNA. Only when all components are present, 
the transcription of smart genes will take place. Several hundred different transcription factors 
have been found to-date (Faisst and Meyer, 1992). 

14.3.5. In-situ Modification of Nucleoproteins 

Chemical alterations of proteins, such as histone by poly-(ADP)- ribosylation, acetylation and 
of transcriptional factors by phosphorylation, have significant influence on transcriptional 
activity ofgenes (see Sections 14.5,14.6 and 14.7). 

14.4. GENE METHYLATION AND GENE EXPRESSION IN SPERMATOGENESIS 

14.4.1. DNA Methylation of Testis Specific Genes 

An important parameter associated with the actively expressed genes is methylation1 
demethylation state of DNA. Genomic methylation patterns originate during gametogenesis 
and are postulated to be involved in important developmental events, including gene regulation, 
embryogenesis, and genomic imprinting. In mammalian cells, only cytosines present in 5'-CpG- 
3' dinucleotides of DNA are found in a methylated state. It has been observed that the same 
cytosines in the same gene sequence can be methylated in one cell type and unmethylated in 
another cell type. Though the mechanism by which demethylation influences transcription is 
yet to be determined (see details further), evidences suggest that methylated DNA can be more 
readily 'packaged' into a stably repressed, closed chromatin structure. Methylated DNA binding 
proteins' that appear to be inhibitory to transcription have been shown to bind methylated 
DNA in a non-sequence specific manner and hence offer steric hindrance to transcription 
factors, which bind to DNA either directly, or indirectly by stabilizing an inaccessible chromatin 
configuration. Another possibility is that methylated DNA binding protein may control the 
association of DNA sequences with the nuclear matrix. Treatment of male rats with 5-azacytidine, 
a drug that blocks DNA methylation, resulted in abnormal embryo development when germ 
cells were exposed throughout spermatogenesis. Among spermatogenic cells, spermatogonia 
were more susceptible to the hypomethylating effects of 5-azacytidine than were spermatocytes 
(Doerkesen etal., 2000). Aoto et al(1995) identified a cDNA clone, namedAZ1, fiom C3HlOTlI 
2 cells that had been transiently exposed to 5-azacytidine. The transcript induced with 5- 
azacytidine treatments was highly expressed in mouse testis. The nucleotide sequence of AZl 
contained a 284 1-nucleotide open reading M e ,  and the expected amino acid sequence had a 
molecular mass of 107254 Da. The protein was localized to the pre-acrosome region of round 
and elongated spermatids and was not detected in more advanced stage of spermatids (Aoto 
et al., 1995). 

During meiotic phase of rat spermatogenesis, while transcriptional regulation of the TH2B 
gene appears to be different ftom that of somatic H2B gene, the sequence organization of 
TH2B regulatory region is remarkably similar to that of somatic H2B gene. Besides specific 
elements contained in their promoter, there is a strong correlation between DNA 
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hypomethylation and the germ cell-specific expression of TH2B histone gene. Genomic 
sequencing revealed that all analyzed CpG sites in the promoter region of TH2B gene are 
methylated in both male and female somatic tissues, but not in testis, where as these CpG sites 
are unmethylated as early as spermatogonia type A and up to sperm during spermatogenesis. 
Evidencs are consistent with the hypothesis that DNA methylation inhibits gene activity by 
preventing the binding of transcription factors to their recognition sequences. For example, it 
was shown that (i) the binding of ubiquitous transcription factors to the promoter region of 
TH2B gene may be blocked in nuclei of liver, and (ii) DNA methylation can directly interfere 
with the binding of transcription factors recognizing a hexamer (ACGTCA) motif. DNA 
methylation in vitro showed that the expression of TH2B gene is inhibited by DNA methylation 
in vivo (Choi and Chae 1991). Methylated lysine 9 of histone H3 (Me9H3) is a marker of 
heterochromatin in divergent animal species. It localizes to both constitutive and facultative 
heterochromatin and replicates late in S-phase of the cell cycle. Significantly, Me9H3 is enriched 
in the inactive mammalian X chromosome (Xi) in female cells, as well as in the XY body during 
meiosis in the male, and forms a G-band pattern along the arms of the autosomes. The Me9H3 
is neither necessary nor sufficient for localization of heterochromatin protein 1 (HP1) to 
chromosomal DNA (Cowell et al., 2002). 

The genes encoding TP 1, mouse Prml and Prm2, all of which are expressed postmeiotically, 
are marked by methylation during early spermatogenesis in the mouse. Whereas gene of TP1 
became progressively less methylated during spermatogenesis, the Prm genes became 
progressively more methylated, in contrast to the methylation of p-actin gene that expressed 
throughout spermatogenesis. These findings provided evidence that both de novo methylation 
and demethylation events are occurring after the completion of DNA replication, during meiotic 
prophase in the testis (Choi et al., 1997; Trader et al., 1990). A specific demethylation event has 
also been observed in the Pgk-2 gene in pro-spermatogonia at about the time of birth, about 10 
days before the onset of transcription, which fust occurs in primary sperrnatocytes. Pgk-2, 
ApoAl and Oct3-4 genes were unmethylated in adult spermatogenic cells in the testis, but 
were remethylated in mature spermatozoa in the vas deferens. Surprisingly, this type of 
remethylation is part ofthe process of sperm maturation, which occurs in the epididymis (Ariel 
et al., 1991; 1994). It is also interesting to note that the CpG islands are far more abundant in 
mammals. It remains to be seen if there is any correlation between the evolution of CpG islands 
and TP2 in mammals or it has any role in gene silencing (see review Kudo  and Rao, 1999). 
During last few years, few more genes, which are expressed in germ cell specific manner and 
depend on demethylation, are added in the list. 

14.4.2. CpG Islands and Spermatogenesis 

CpG islands are stretches of DNA sequences in the size range of 0.5-2kb that are enriched in 
the (CpG)" repeat and are present in close association with housekeeping genes as well as 
some tissue-specific genes in the mammalian genome. CpG islands are the hot spots for 
chromatin remodeling, which in hun can regulate gene expression. How a CpG island can 
govern the chromatin organization and consequent gene expression is the subject of intensive 
research (Kundo and Rao, 1999). In addition to its role in modulating gene expression, 
methylation of CpG islands has also been implicated as one of the mechanisms underlying 
genornic imprinting in mammals. There seems to be an intimate relationship between the influence 
of CpG islands on chromatin organization and the histone acetylation of CpG island chromatin 
domain. CpG dinucleotides present in the human genome are most often replaced in mouse by 
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Fig.14.2. A model showing transcriptional activation of tissue specific gene. In non-expressing cells, a 
repressed gene is found in closed configuration characterized by: i) super-coiled chromatin, ii) hypermethylation 
(CH,), and iii) association of methylated DNA-binding proteins (MDBP) (Stage 1). Prior to initiation of 
transcription, a part of gene gets demethylated due to dissociation of MDBP (Stage 2). In subsequent step@), 
chromatin structure is unwound from solenoid structure, histone are acetylated (not shown) and nucleosome 
displacement occurs (Stage 3 and 4). Transcription by RNA polymerase ensues after binding of tissue specific 
and other ubiquitous transcription factors to their cognate sequences in enhancer and core promoter regions, 
respectively (Stage 5). Reprinted with permission from J.R. McCarrey. Seminars in Cell Develop Biol 9; 459- 
66: 1998 O Elsevier. 

TpG or its complement, CpA, on account of mutation of the CpG to TpG. Although DNA 
methylation spread through the genome as vertebrates evolved, the promoters as well as the 
cis-acting regulatory elements were kept fi-ee fi-om methylation by some unknown mechanism. 
The non-methylated CpG nucleotides along with an increased G+C content might have generated 
the present CpG islands. Methylation of genes is known to provide compact and condensed 
structure to chromatin. In humans, chromosomes 19 and 22 are highly enriched in CpG islands, 
while very few islands are present in chromosomes 18. Therefore, it is generally believed that 
the mammalian chromosomes are organized into domains with characteristic CpG island density. 
Cytosine in CpG islands is fi-equently (60-90%) methylated in vertebrate genomes. Methylation 
of DNA at cytosine in the CpG residues is used to explain genomic imprinting, which is defined 
by those genes whose expression is determined by their parental origin (Jaenisch, 1997). The 
CpG island associated genes have been shown to be hypermethylated in tumor cell lines and 
solid tumors. The methylation of CpG islands offers a putative mechanism for turning off those 
genes whose activities are not required during development of turnorigenesis. The molecular 
basis of transcriptional-repression by CpG-methylation is presently explained by two models. 
The so-called "direct mechanism" suggests that methylation of CpG islands may prevent the 
binding of transcriptional factors, although, several lines of evidences seem to contradict this 
model (Fig.14.2 ). The alternative model however, suggests that the transcriptional regulation 
could operate via specific binding of repressor(s) which recognize methyl CpG dinucleotides. 
Tho methyl CpG binding repressors MeCPl and MeCP2 are known. MeCP2 is present in all cell 
types except the germ cells and is found localized to the pericenkomeric heterochromatin in 
mouse. MeCP2 has been shown to repress transcription fkom methylated promoters but not 
from unmethylated promoters wundo and Rao, 1999)(Fig.14.3). 
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Fig.14.3. A CpG methylation dependent chromatin model showing inactivation of transcription. I .  
Unmethylated CpG island containing active chromatin:activator and RNA polymerase holoenzyme are 
bound to the relatively nucleosome free region of the chromatin. 2. Partially methylated promoter with 
unstable transcription complex. 3. Upon assembly, the methylated sites of the promoter are recognized by 
methyl binding Cp repressor (MeCP2). 4. Binding of MeCP2 leads to recruitment of co-repressor and histone 
deacetylase complex (co-repressorIHDAC), displacing the activator and holoenzyme components. 5. 
Deacetylation of histones helps in chromatin condensation and transcription repression. Reprinted with 
permission from T. K. Kundu and M R S Rao. J Biochem (Japan) 125; 217-22: 1999 O The Japanese 
Biochemical Society. 

14.4.3. Methyl-CpG-Binding Proteins 

The MeCP2, MBDI, MBD2, MBD3, and MBD4 comprise a family of proteins that contain a 
methyl-CpG binding domain (MBD). Except for MBD4, these proteins are involved in gene 
silencing imposed by methylated DNA. A human gene codes for a protein that is 42% identical 
to MBD3 and 38% identical to MBD2 but lacks the methyl-CpG binding domain. The 
corresponding mouse Mbd3LI gene as counterparts of MBD2 and/or MBD3 was cloned from 
testis. During spermatogenesis, expression of MBD3Ll is observed only in round spermatids, 
suggesting a role for the gene product in the postmeiotic stages of male germ cell development. 
The MBD3Ll protein is localized to discrete areas in the nucleus and contains an N-terminal 
transcriptional repression domain. This repression is independent of histone deacetylase 
inhibition. A homologue of MBD3L1, MBD3L2, was also identified and cloned. Expression of 
MBD3L2 was found in germ cell tumors and some somatic tissues (Jiang et a,, 2002). 

14.4.4. DNA Methyltransferase 

Methylation patterns are transmitted by clonal inheritance, through the strong preference of 
mammalian DNA (cytosine-5) methyltransferase (DNA MTase) for hemimethylated DNA. DNA 
MTase is present in the mouse testis and DNA MTase mRNA is most abundant in the testis, 
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ovary, and spleen. A single DNA MTase transcript of 5.2-kb is present in all tissues, whereas 
an additional transcript of 6.2 kb was restricted to the testis. The predominant form of DNA 
MTase in mammals is Dnmt 1. The mRNA for Dnmtl, the predominant maintenance and denovo 
DNA (cytosine - 5) methyl transferase in mammals, is present at high levels in postmitotic 
murine germ cells but undergoes alternative splicing of sex specific 5' exons, which control the 
production of enzyme during specific stages of gametogenesis. A spermatocyte specific 5' 
exon interferes with translation and prevents production of Dnmtl during the prolonged 
crossing-over stage of male meiosis (Mertineit et al., 1998; Trasler et al., 1992: Numata et al., 
1994; Benoit and Trasler 1994). Dnmtl is subject to unusual transcriptional and post- 
transcriptional regulatory mechanisms in germ cells that depend on alternative splicing of sex 
specific 5' exons. 

14.5. POLY-(ADP) - RIBOSYLATION 

Poly-(ADP)-ribosylation of nuclear proteins has significant influence on gene expression and 
its regulation. Poly (ADP)-ribosylation (pADPR) of nuclear proteins increases several fold 
higher in the pachytene spermatocytes than in the premeiotic germ cells of the rat. Among the 
histones of the pachytene nucleus, histone subtypes H2A, H1 and H3 were poly-(ADP)- 
ribosylated. Approx. 2.5% of the solubilized pachytene chromatin is represented by the poly- 
(ADP)-ribosylated (PAC) domains. The DNA of pachytene PAC domains has internal strand 
breaks, significant length of gaps and ligatable ends, namely S'phosphoryl and 3'-hydroxyl 
termini, as compared to very few gaps, in regenerating liver. A 20-kDa protein and the testis 
specific histone Hl t  were found selectively enriched in the pachytene PAC domains 
(Satyanararayana and Rao, 1989). Besides tissue-specific histone, Hlt, core histones and three 
proteins (4, P and 4 with low mobility were the major acceptors of poly (ADP-ribose) in testis 
extracts. It shows that poly-(ADP)-ribosylation of nuclear proteins in rat testis is particularly 
active in the early stages of meiosis (Quesada et al., 1989). Two major enzymes participating in 
pADPR in spermatogenesis have been identified. They are: i) poly-(ADPR)polymerase and ii) 
poly(ADP)ribosyltransferase. 

Poly (ADPR) polymerase (PARP) is a chromatin-associated enzyme with a presumptive role in 
DNA repair during replication and recovery from strand breaks caused by genotoxic agents. 
PARP catalyzes the attachment and elongation of ADP ribose polymers @ADPR) to a variety 
of acceptor proteins (including PARP itself, and histones). Upon DNA damage PARP binds to 
DNA strand breaks and transfers ADP-ribose residues fiom NAD'to acceptor protein and to 
ADP-ribosyl protein adducts. This leads to branched polymers of protein-coupled poly-(ADP- 
ribose) (pADPR). Testis and-thymus shows highest activity of PARP. The degradation of the 
enzyme is also one of the classic indicators of apoptosis (Bantzer et al, 1999; Tramontano et al., 
2000). Different stages of spermatogenesis revealed different subnuclear localization patterns 
of pADPR with significant increase in PAW. In pre-meiotic and post-meiotic cells, pADPR is 
localized in pattern overlapping with lamin and topoisomerase I1 at the nuclear rim. In primary 
spermatocytes pADPR is associated with three loci corresponding to the chromosomes at the 
nuclear periphery (Lankenau et al., 1999). The GC rich nature of its upstream gene promoter 
alongwith lack of TATA and CAAT boxes, a feature most common with house keeping genes 
is consistent with the major regulatory hct ion played by positive transcription factor Sp 1 in 
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rat PARP gene transcription. Sp1 has been shown to interact with five distinct GC or GT boxes 
present in rat PARP promoter. However, lower expression of the enzyme in liver is controlled by 
another factor distinct fi-om Spl, that binds PARP promoter at the site overlapping F2Spl 
element (Laniel et al., 1997) and thus PARP belongs to CTF-NF1 family oftranscription factors. 

Chromatin condensation also depends on other factors viz poly-(ADP) ribosylation. The enzyme 
participating in chromatin condensation, poly (ADP ribosyl) transferase @ADPRT) is positively 
correlated with degree of chromatin condensation with interchromatin spaces being virtually 
fi-ee of pADPRT. During spermatogenesis, poly-(ADP)ribosylation increases gradually that 
parallels chromatin condensation. The highest concentration was found in late stages of sperm 
differentiation (Mosgoeller et al., 1996). Human and murine mono (ADP) ribosyl transferases 
are testis specific. In human one specific gene (TART 1) and the other in murine (TART2) are 
testes specific (Braren et al., 1997). The predicted TART1 product contains hydrophobic N- 
and C- terminal signal peptides characteristic for GPI anchored surface proteins, where as 
TART;! contain 4 cysteine residues and also a glutamic acid conserved residue at active site 
(Braren et al., 1997). 

14.6. ACETYLATION AND REGULATION OF PROTEIN FUNCTIONS 

14.6.1. Histone Acetylation 

An additional event associated with transcriptional activation of tissue specific genes is 
acetylation of the histones that are present in chromatin. Specifically, the lysine-rich amino- 
terminal tail of histone H4 becomes hyperacetylated that reduces its a f f i ty  for DNA. This 
further relaxes the constrained structure of chromatin to facilitate binding of transcription 
factors. Acetylation-dependent chromatin reorganization by a testis-specific bromodomain- 
containing protein (BRDT) has been demonstrated (Pivot-Pajot et al., 2003). Mouse 
spermatogonia and preleptotene spermatocytes contain acetylated core histones H2A, H2B 
and H4, whereas no acetylated histones were observed throughout meiosis in leptotene or 
pachytene spermatocytes. Histones remained unacetylated in most round spermatids. 
Acetylated forms of H2A and H2B, H3 and H4 reappeared in step 9 to 1 1 elongating spermatids, 
and disappeared later in condensing spermatids. This suggests that deacetylases are 
responsible for maintaining a deacetylated state of histones in these cells. TSA treatment 
could not induce histone acetylation in condensing spermatids, possibly suggesting that 
acetylated core histones are replaced by transition proteins. Therefore, the regulation of histone 
deacetylase activity / concentration appears to play a major role in controlling histone 
hyperacetylation and probably histone replacement during spermiogenesis (Hazzouri et al., 
2000). The correlation between histone acetylation and increased transcription has been known 
for several years. The discovery of GCNS, the fust nuclear acetylase and histone deacetylase- 
1 (HDACI), the first deacetylase has verified that acetylation of histones is an important 
controlling step in transcription. However, the precise mechanism by which acetylation of 
histones augments transcription remains largely unknown. It appears that acetylation of histones 
involves a combination of events, which enchances the processivity of RNA polymerase 11. 
Presently, we know more about acetylation of non-histone proteins than we know about histones. 
Hyperacetylated histones accumulate in actively transcribed chromatin, whereas hypoacetylated 
histones are the diagnostic features of repressed chromatin. Several initially identified 
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Fig.14.4. Regulation and 
action of acetylases (Ac). i) 
Regulation of acetylase 
activity by kinases involved in 
DNA repair (DNA-PK) and 
cell cycle progression. ii) 
Regulation of protein functions 
by acetylases. Reprinted with 
permission from T. Kouzarides. 
The EMBO Journal 19; 
1176-79: 2000 O http:ll 
www.nature.com/. 

transcriptional regulators were shown to possess histone acetyltransferase (HAT) activity or 
seemed to be associated with histone deacetylase (HDAC). Role of binding of MeCP2 and 
histone deacetylation, involved in the methylation dependent alteration of chromatin structure 
is not known. But observations suggest that the gene regulation by histone acetylation may 
operate in both methylation dependent and independent manners (Kundo and Rao 1999; 
Struhl, 1998) (Fig. 14.4). Role of acetylases and deacetylases in testis germ cells and their 
isoform are yet to be investigated. 

14.6.2. ESET Histone Methyltransferase 

Covalent modifications of histone tails play important roles in gene transcription and silencing. 
An ERG (ets - related gene)-associated protein with a SET (suppressor of variegation, enhancer 
of zest and trithorax) domain (ESET) that was found to have the activity of a histone H3- 
specific methyltransferase has been identified. The ESET histone methyltransferase is associated 
with histone deacetylase- 1 (HDAC 1) and HDAC2, and that ESET interacts with the transcription 
co-repressors mSin3A and mSin3B. An N-terminal region containing a tudor domain is 
responsible for ESET interaction with rnSin3.41' and association with HDACIR. The ESET 
represses the transcription when bound to a promoter gene. This repression by ESET is 
independent of its histone methyltransferase activity, but correlates with its binding to the 
mSin3 co-repressors. These data suggest that ESET histone methyltransferase can form a 
large, multi-protein complex with mSin3NB co-repressors and HDAC112 that participates in 
multiple pathways of transcriptional repression (Yang et al., 2003). 

14.6.3. Functional Significance of Acetylation 

In the site-specific DNA binding transcription factors, p53, E2F1, EKLF and GATA1, the 
acetylation sites fall close to the DNA-binding domain and hence acetylation results in the 
stimulation of DNA binding. In contrast, the lysines acetylated within the HMG1 (Y), transcription 
factors fall within the DNA binding domain and result in disruption of DNA binding. Thus, the 
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view that acetylaton is stimulatory for transcription (as with histones) is not true for transcription 
factors. Besides affecting DNA binding, accetylatin also regulates protein interactions. 
Acetylation also changes stability of proteins as in E2F1 (Martinez-Balbas et al., 2000; Hazzouri 
et al., 2000). The correlation has also been made between acetylated a-tubulin and microtubule 
stability (Chapter 8). 

Proteins can be activated or inactivated by covalent phosphorylation and dephosphorylation 
respectively, where a protein can undergo two alternate conformational changes, i.e. between 
phosphorylated and non-phosphorylated states. Many protein kinases as well as protein 
phosphatases participate during phosphorylation and dephosphrylation reactions, in response 
to growth factor stimuli. Protein phosphorylation is involved in the control of various cell 
functions. To fulfill the different functions, it has been postulated that the human genome 
encodes -2,000 different kinases, which participate in protein phosphorylation. Although 
several proteins kiases have been shown to be involved in spermatogenesis, only a few 
kinases have been characterized whose expression is restricted specifically to germ cells or to 
the testis. While phosphorylation by c-kit receptor tyrosine kinase is important in the survival 
of early spermatogonia, transcription factors, CREB and CREM are phosphorylated by anumber 
of kinases in response to different stimulii. Phosphorylation of CREB at Ser-133 and CREM at 
Ser-119 is pre-requisite for transcriptional activation of several genes (see Chapter 16). 
Phosphorylation and dephosphorylation are important requirements for regulation of cell cycle 
during mitotic and meiotic phases of spermatogenesis (Chapter 1 1). 

14.8. PROTEIN BINDING SlTES INDNA 

In multicellular vertebrate species such as mammals, each individual cell possesses a copy of 
approximately several thousand (>lo5) genes in the genome, but expresses only a small tiaction 
of these genes, while others remain in a stably repressed state. Many protein-encoding genes 
transcribed by RNA polymerase I1 possess a complex promoter in the 5'-region upstream from 
the transcribed sequence. This is typically known as a 'core promoter' region that functions to 
bind ubiquitous transcription factors and co-activators, which act together to attract RNA 
polymerase I1 to initiate transcription. In addition, in tissue-specific genes, promoter elements 
commonly known as 'enhancers' or 'repressors' are often located upstream ofthe core promoter 
and bind tissue-specific transcription factors. These are required to activate transcription and 
to ensure that initiation occurs at the appropriate location at the beginning of the gene. Gene 
transcription is regulated by the binding of single or combination of transcription factors to 
characteristic promoter motifs in the DNA sequence upstream of the protein coding region, 
thereby inducing changes in chromatin structure and modulating activity of the transcriptional 
machinery. Several unique transcription factors have been identified in germ cells (Chapters 
15-16). Among them, the best characterized are the CAMP responsive element binding protein 
(CREB) and the closely related CAMP-responsive element modulator (CREM) transcription 
factors that are activated by cAMP/protein A kinase signaling pathway. Different CREB and 
CREM protein isoforms encoded by alternative transcripts suppress or activate transcription 
by binding to CAMP response elements (CRE) in gene promoters during specific phases of 
spermatogenesis (McCany, 1998; Eddy 1998). Transcription factors bind specifically to short 
sequence elements within promoters and enhancers of a gene, and are able to either activate or 
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repress transcription initiated by the RNA polymerase. Transcription factors may have separate 
(i) DNA binding domains and (ii) transcription activation domains. 

(a) DNA Binding Domains. Among protein motifs, which are involved in regulation of 
transcription through DNA binding are: (i) steroid receptors, which are activated by 
corresponding steroids, leading to binding of these receptors to DNA and thus initiating 
transcription; (ii) zinc finger motif has a DNA binding domain which was recognized initially in 
transcription factor TFIIA, required for transcription of 5s  rRNA by RNA polymerase 111; (iii) 
helix turn helix, fust recognized in phage 4 repressors, is now known to be present in several 
transcription factors in Drosophila (homeobox) and mammals, (iv) helix loop helix motif, found 
in some developmental regulators, regulates expression of genes coding for some eukaryotic 
DNA binding proteins, and is involved in protein dimerization and DNA binding; (v) leucinc 
zippers consist of a stretch of amino acids with a leucine residue at every seventh position (see 
Section 14.9). 

(b) Transcription Activation Domains: The transcription activation domains are separate 
from DNA binding domains and each consists of 30-100 amino acids. The transcription activation 
domains function through protein-protein interactions and often help in establishing contacts 
with components of transcription complex, which leads to activation of transcription. Three 
types of activation domains have been identified: a) Acidic domains, first identified in yeast 
transcription factors GAL4 and GCN4, have been found in glucocorticoid hormone receptor 
and also in AP-1IJun transcription factors. Acidic domains show two features in common, i.e. 
there are regions of significant negative charge and they can form amphipathic a helical 
structures. The acidic domains help in association of TFIIB and TFIID. (b) Glutarnine rich 
domains are found in SP1 and also in Drosophila k antennapaedia and ultra bithorax, in yeast's 
HAPI, HAP2, and GAL1 1 and in several mammalian factors (Om-1,OCT-2, JUN, AP-2, SRF). 
(c) Proline rich domains have been identified in CTF/NF-1 and in mammalian factors (AP-2, 
JUN, OCT-2, SRF). There are several proteins in eukaryotes, which influence transcription with 
out binding DNA. Now it is clear that sigma factor of prokaryotes is a transcription factor 
similar to TFs of eukaryotes. However, our knowledge on molecular biology of testicular germ 
cells as compared to other systems is very meager. 

14.9. FAMILIES OF DNA BINDING PROTEINS 

Among other activities, DNA binding proteins are responsible for replicating the genome, and 
for transcribing active genes. As stated earlier, one of the largest and most diverse classes 
among DNA binding proteins are the transcription factors that regulate gene expression. To 
understand how genetic information is utilized, it is essential to understand the structure and 
DNA binding properties of these transcription factors. Understanding these structural details 
enhances our understanding of the molecular mechanisms involved in repression and activation 
of gene expression. A list of more than 400 transcription factors had been compiled as early as 
in 1992 (Faisst and Meyer, 1992). Our aim would be to focus on DNA binding domains from 
those transcription factors identified mainly in testis. Based on structural motifs present for 
recognition of DNA, many DNA binding proteins can be grouped into classes such as (a) 
Helix-turn-helix (HTH) proteins, (b) the homeodomains, (c) zinc finger proteins, (d) the steroid 
receptors, (e) leucine zipper proteins, and (f)the helix -loop- helix proteins. Two smaller families 
have been identified that use p-sheet for DNA binding. Inspite of the fact that there is no single 
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Fig.14.5. Helix-turn-helix protein- 
DNA interactions. (a) Sketch 
emphasizes the HTH unit and 
hydrogen bonds, showing 
recognition of alpha helix 3, which 
is inserted into major groove of 
DNA half site o f  the operator. 
Helices 2 and 3 constitute HTH 
motif. Reprinted with permission 
from S.R. Jordan and C.O. Pabo 
Science 242; 893-97:19980 
AAAS, 1988). (b) Structure of an 
engrailed homeodomain-DNA 
complex showing critical contacts 
made by recognition helix in major 
groove and the contacts made by N- 
terminal basic region in minor groove 
Reprinted with permission from C.R. 
Kissinger et al., Cell 63;579-90: 
1990 0 Elsevier. 

pattern or simple code, each of the motif that has been characterized, involves a simple secondary 
structure (usually a helix) that is complementary to the structure of B-DNA. Side chain contacts 
play an important role in site specific binding. It is important to realize that there are many DNA 
binding proteins that do not belong to any of the known families. 

14.9.1. Helix-Turn-Helix (HTH) and Homeodomain 

Helix-turn-Helix (HTH) was the first DNA recognition motif in the structures that have now 
been determined for many HTH proteins and protein DNA complexes. It occurs in a large family 
of prokaryotic DNA binding proteins including CAP, 4 ~ r o  and h Rep. The HTH motif consists 
of 20-residues segment with a a helix (1-7 residues), a turn (8-1 1 residues) and a second a helix 
(12-20 residues). Thus HTH motif consists of two a helices packed together at an angle of 
about 120" with a tight turn at the elbow between them. The structure is not stably folded of its 
own, but there is usually a third helix protruding from the rest of the protein, which stabilizes it. 
The second helix in the helix turn helix lies in the major groove of the DNA and contributes the 
main amino acid residues responsible for specific binding. Hence it is called the recognition 
helix. The whole motif is fixed in a particular orientation by hydrogen bonds to phosphates on 
DNA backbone (review- Pabo and Sauer, 1992)(Fig14.5). 

Among eukaryotic regulatory proteins, the,most important domain with HTH motif is the 60 
residues long homeodomain motif found in the products of a number of developmental genes 
in ~ r o s o ~ h i l a  and has similarity with prokaryotic HTH. The polypeptide cha& representing 
homeodomain, folds as a 3-helix bundle, in which second and third helices form the HTH. 
Unlike the isolated HTH unit, the 60 residues homeodomain forms a stable, folded structure 
that can bind DNA by itself. The eukaryotic motif is, however, different with prokaryotic HTH 
in two aspects. First, the recognition helix is substantially longer, containing at its C-terminal 
end more residues that interact with the phosphates, leading to a somewhat different orientation 
in the major groove of the DNA. Second, the parent protein of the homeodomain binds as a 
monomer, though some proteins also contain other DNA binding regions (eg. POU-domain). 
Thus, the homeodomain is a DNA binding motif that has a broader role in eukaryotic gene 
regulation. 
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Fig.14.6. Zinc fingers of first class (TFIIIA type) and their interaction with DNA. (A) Structure of yeast 
protein SW15 derived from 2D-NMR in solution. The two sub-structures forming the finger, the P-sheet, and 
the helix are pinned together by Zn ion (shaded ball) ligated to a pair of cysteine (C) and a pair of histidine 
(H). The structure is further stabilized by three invariant Phe (F), Tyr (Y), and Leu (L) residues, packed 
together at the top of the domain (From Neuhaus et al., 1992). (B) DNA-zinc figer ZIF268 complex formed 
by interaction of three zinc fingers. Each zinc finger binds in a similar manner to three base pairs in major 
groove. Balls represent zinc ions as in (A). Reprinted with permission from N.P. Pavletich and C.O. Pabo, 
Science 252;80-12: 19910 AAAS. 

14.9.2. Zinc Finger Proteins 

Zinc fingers are one of the major structural motifs involved in protein DNA interactions. The 
zinc finger motif was first identified by Miller et al. in the Xenopus transcription factor IIIA 
(TFIIIA), where it is repeated consecutively nine times. It consists of a 30 amino acid sequence 
containing two His, two Cys, and three hydrophobic amino acids, all at conserved positions. 
Zinc finger proteins are involved in many aspects of eukaryotic gene regulation. Homologous 
zinc fingers occur in: a) proteins induced by differentiation and growth signals, b) in proto- 
oncogene products, c) in general transcription factors, d) in proteins that regulate genes in 
development, and in regulatory genes of eukaryotic organisms. Proteins in this family usually 
contain tandem repeats of the 30-residue zinc fmger motif, with each motif containing the 
sequence pattern Cys-X,or,-Cys-X,,-His-X,,His. The crystal structure of a zinc fmger complex 
containing three fingers from zif268 shows that the zinc fmgers bind in the major groove of B- 
DNA and wrap partway around the double helix. The zif268 fingers make a set of hydrogen 
bonds with bases in the major groove. Critical base contacts are made by an arginine that 
immediately precedes the a-helix. All these contacts involve hydrogen bonds with guanines 
on the G-rich strand of the consensus-binding site: 5'-GCGTGGGCG-3'.(Pabo and Sauer, 1992). 

Zinc Finger Proteins (with Zn Fingers, Zn Clusters and Zn Twists) - Class I: In some proteins, 
there are zinc binding sites with distinct DNA binding motifs. In one such motif, a loop of 
amino acids protrudes out as zinc finger from zinc binding site. In other motifs, a zinc twist or 
a zinc cluster is found. More information is available about zinc fmgers than for zinc twists 
andor zinc clusters. The zinc fmgers are described as Cys2/His2 (class I Zn fmgers) and Cys2/ 
Cys2 fingers ( second class Zn fmgers). Cys21His2 fingers have the following consensus 
sequence: Cys-X,,-Cys-X,-Phe-X,-Leu-5-His-X,-His. Each finger consists of about 23 amino 
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acids, linked to another fmger by 7-8 amino acids. Several zinc fingers are required for binding 
to DNA. On one extreme, these fingers may involve almost the entire protein as in TFIIIA (9 
fingers) and on the other extreme, only a small domain is involved in forming zinc fingers, as in 
ADRl (2 fmgers). Since zinc fingers are found in several known transcription factors, this 
feature helps in recognizing proteins that function as transcription factors. TDF (testis 
determining factor) factors (ZFX and ZFY) are Zinc fingers coded by X and Y chromosomes 
(Chapter 10). 

NMR studies showed that the structured region of the zinc finger motif comprises about 25 
amino acids forming a compact unit with a 12 amino acid helix packed against a #hairpin. The 
mode of binding to DNA was fmt determined fiom the crystallographic analysis of a three zinc 
fmger peptide fiom Zif268 bound to its cognate DNA. The main interaction comes fiom its 
helical region. The three fingers bind in an equivalent manner to a segment DNA 9 base pairs 
long, so that each finger contacts 3 base pairs, with no gaps between the three sites. The 
linkers between fmgers are largely extended and make no significant DNA contacts. However 
it does not mean that all zinc fingers bind the same way (Fig.14.6). Before making generalizations, 
it will be necessary to solve the structures of other zinc finger DNA complexes to see if other 
stable docking arrangements exist, and whether zinc fmgers bind to AT rich sequences in 
fundamentally different ways than they bind to GC-rich sequences, and also to understand 
how zinc finger proteins interact with RNA in the 7s  particle formed by TFIIIA (Pabo and Sauer 
1W). 

Steroid Receptors: A Second Class of Zinc Fingers: Soon after the discovery of zinc fmgers 
in TFIIIA, related sequence motifs were found in several other proteins or sequences of molecules 
that bind DNA. The steroid receptor family includes receptors for the steroid hormones, retinoids, 
vitamin D, thyroid hormones, i d  a number of other important compounds. These proteins 
contain separate domains for hormone binding, DNA binding, and for transcriptional activation. 
The DNA binding domain, which contains about 70 residues, has eight conserved cysteine 
residues. The DNA binding domains of such receptors include two motifs in tandem, each 
about 30 amino acids long. But each motif contains two pairs of Cys (Cys,/CysJ rather than a 
pair of Cys and a pair of His (Cyspis,), as in the first class. Though they do bind Zn, but the 
three dimensional structure of two such DNA binding domains showed that the receptor DNA 
binding domain is structurally distinct fiom the TFIIIA type of zinc fmger. Each of the two 
motifs in each domain folds up into an irregular loop followed by a a helix. But the two together 
fom a single structural unit with their helices crossing at right angles, so that the DNA recognition 
helix (from the fvst motif) is supported by the helix fromthe second motif. Hormone receptors 
bind to palindrornic sites (response elements, RE) on the DNA as dimers and the DNA binding 
domains alone also form dimers. A crystal structure of the glucocorticoid receptor complex 
also shows that the peptide binds as a diier, even though NMR studies had shown that the 
peptide exists as a monomer in solution. The first helix of each subunit fits into major groove of 
DNA, and side chains fiom helix make contacts with edges of base pairs. The second major 
helix provides phosphate contact with DNA and provides dimerization interface. The crystal 
structure also gives information about the loop regions that precede the major helices. Mutations 
altering the amino acids in finger regions have been shown to alter the DNA binding ability of 
these zinc finger proteins, suggesting that fingers are responsible for DNA binding. Rarely 
fmgers may bind RNA rather than DNA or may not bind any nucleic acid at all. 

14.9.3. Leucine Zipper 

The helix-loop-helix and leucine zipper family have many similarities, which suggest that the 
leucine zipper and helix-loop-helix proteins have important roles in differentiation and 
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development. The leucine zipper motifwas first discovered as a conserved sequence pattern in 
several eukaryotic transcription factors, and now it is clear that this motif appears in a wide 
variety of transcription factors fkom fungi, plants and animals. The DNA binding domains of 
leucine zipper proteins generally contain 60-80 residues, and contain two distinct sub-domains: 
the leucine zipper region mediates dimerization, while a basic region contacts the DNA (Pabo 
and Sauer, 1992). Basic leucine zipper class of proteins can form homo- and heterodimers. 
CAATIEnhancer binding protein (CEBP) fiom SV40 and several other proteins contained a 
leucine zipper which is a stretch of amino acids rich in leucine, occupying every seventh 
position (heptad repeat) in the potential zipper. These leucine residues may form an amphipathic 
4 helix. The leucine zippers form dimers among similar molecules (e.g. Jun-Jun homodimer) or 
among dissimilar molecules (e.g. Jun-Fos heterodimer). Thus the hormodimer of the proto- 
oncogene, c-Jun is unstable and binds DNA inefficiently, whereas the Jun-Fos heterodimer is 
stable and binds AP-1 DNA sites with higher affinity. Thus Fos is a positive regulator of Jun. 
The use of heterodimers thus allows a combinatorial mode of action and increases the repertoire 
of regulatory functions for this family of proteins. Heterodimer formation has several roles in 
the leucine zipper family. Heterodimers can limit the activity, such as CREB is antagonized by 
formation of heterodimers with CREM. In several cases, heterodimer formation may allow for 
different combinations of activation andlor repression domains and thus change the regulatory 
properties of a molecule bound at a fixed DNA site (Pabo and Sauer, 1992). Earlier it was 
believed that leucines of one protein may interdigitate with the leucines of the zipper of another 
protein in reverse orientation. However, it has now been established that zipper regions associate 
in parallel (Leucines overlap and line up side by side) when they form a dimer in the form of a 
colied-coil (two right handed helices wind around each other). The crystal structure of the 
GCN4 (an activator protein fiom yeast) leucine zipper-DNA complex was solved recently. Each 
of the two basic leucine zipper monomers, 56 amino acids long, forms a smoothly curved 
continuous a-helix; the two packed together at their C-terminal ends as a coiled-coil, which 
gradually diverges to allow the residues in the basic region to follow the major groove of each 
DNA half site. The DNA is thus grasped by a pair of splayed chopsticks. It gives an impression 
that the basic regions that were disordered in the £tee proteins become ordered into helices on 
binding to DNA. Amino acid sequences compared in atleast 11 regulatory leucine zipper 
proteins including four mammalian proteins (CEBP, CREB, Jun, Fos), and other organisms 
revealed a consensus sequence with general features: (i) proline and glycine are absent or 
rarely found, thus permitting formation of a helix, (ii) 2-5 heptad repeats of leucine over a 
region of GC-40 were found to help in d m  formation for DNA binding, (iii) basic regions 
containing arginine and lysine (argAys) are found close to leucine zipper, helping in DNA 
binding (zippering of two molecules bring arg/lys in proper position for combining with dyad 
symmetric motifs in DNA); (iv) zippering leads to formation of Y shaped dimers; (v) an asparaghe 
is always found at the same position and interrupts a helix (like proline and glycine), thus 
allowing bending of anns of Y shaped dimer to permit DNA motif meant for binding (Fii. 14.7). 

14.9.4. The Helix-LoopHelk (HLH) 

Another group of proteins having similarities to the basic leucine zipper group displays the 
helix-loop-helix motif, which so far is characterized by sequence regularities. A basic region of 
15 amino acids lays immediately N-terminal to a 15 amino acid segment with helical characteristics, 
which is separated &om a second such putative helix by a region of variable length. Members 
of this family also function as dimers, and in almost all cases a heterodimer is the active DNA 
binding species. Thus the protein Myc needs the protein Max to be effective. Like the leucine 
zipper proteins, the HLH proteins have a basic region that contacts the DNA and a neighboring 
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Fig.14.7. Schematic representation of leucine zipper-DNA complex showing DNA binding regions of basic- 
LZ protein. The protruding regions of a-helices (Fig. A) bend at asparagine residues forming a Y-shaped 
dimmer to establish a grip on DNA motif (Fig. B). 

region that mediates dimer formation. This dimerization region forms an a-helix, a loop, and a 
second a-helix. Like the leucine zipper proteins, the HLH proteins play important roles in 
differentiation and development, and their activity is modulated by heterodimer formation. 
Heterodimer formation is used in many different ways in this family of proteins, mixing positive 
activators and negative regulators to modulate gene activity. 

14.9.5. PSheet Motifs 

Most of the major families of DNA-binding proteins that have been structurally characterized 
bind with an a-helix in the major groove. The MetT, Arc, and Mnt repressors are interesting 
because they belong to a family of prokaryotic regulatory proteins, which interact with DNA in 
a different way. Here, a pair of anti-parallel #ribbon formed between a symmetrical dimer of 
protein interacts with DNA in major grooves. Thus #sheet can be used in recognition but it 
seems clear that a a helix offers greater intrinsic stability in more suitable element for DNA 
binding characteristics. 

TATA Box Binding Proteins: In TFIID (transcription factor IID for RNA polymerase 11) TATA 
box binding protein (TBP), a large #sheet is used rather than a ribbon. TBP is required for 
initiation of transcription for all three eukaryotic RNA polyrnerases. The whole molecule looks 
like a saddle being formed of two identical halves related by a pseudodyad. TBP bound to 
DNA crystals have been analysed. The dimensions of saddle are such that rather than sitting 
astride the DNA helix, TBP sits almost parallel to the helix of DNA. This leads to the distortion 
of the minor groove so drastically that the double helix is unwound by about 1 10 and also bent 
through 80°.The bending of TATA box brings other factors together leading to a further 
unwinding of the helix and the separtion oftwo strand at the start site, required for initiation of 
transcription. This is a fitting example, which illustrates how TBP can exploit the conformation 
deformity of TATA sequences to initiate DNA transcription. 

14.9.6. Other Families 

There are several other families of DNA binding proteins with cysteine rich motifs (other than 
zinc fingers) that may serve as metal binding domains. For example, a cysteine rich motif (with 
the general form Cys-X-Asn-Cys-X,,-Cys-Am-X-Cys), discovered in the GATA factor, is 
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specifically expressed in erythroid cells and Sertoli cells in testis. RAD-1 and RAD18 are 
prototypical members of a distinctive family of DNA binding proteins that contain another 
cysteine rich motif. The LIM motif is a distinct cysteine rich region that occurs on the N- 
terminal side of the homeodomain in several regulatory proteins from elegans. The ACE-1 
transcription factor of yeast has a cysteine rich region that appears to form a cluster with 6-7 
copper ions. Although cysteine rich and histidine rich motifs are easily detected in sequence 
comparisons and have received considerable attention, several other families of DNA- binding 
proteins have been characterized recently. One prominent family is the set of POU proteins, 
which contain homeodomain. The POU specific domain also binds DNA. There also are families 
of transcriptional regulatory proteins related to c-ets, to the non-histone high mobility group 
(HMG) proteins to serum response factor, to NF-kB and to re1 oncogene (reviewed in Pabo and 
Sauer, 1992). Most of these transcriptional factors have been identified in germ cells or Sertoli 
cells in testis. However, how far they are specific in the regulation of spermatogenesis is yet to 
be investigated. But, their abundance in germ cells indicates that testis offers a good source of 
material for physico-chemical investigations for DNA- protein interactions. 

Although the diversity of known DNA binding motifs and contacts does not suggest any 
simple rule(s) or patterns describing site-specific recognition, Pabo and Sauer, (1992), based on 
analysis of several known DNA-protein complexes, made few broad generalizations: 

Site-specific recognition always involves a set of contacts with the bases and with 
the DNA backbone, in which hydrogen bonding is critical for recognition (although 
hydrophobic interactions also occur). A complex typically has of the order of 1-2 
dozen hydrogen bonds at the proteinDNA interface. 

* Side chains are important for site-specific recognition and make most of the critical 
contacts. The folding and docking of the entire protein help to control the "meaning" 
that any particular side chain has in site-specific recognition. 

* Most of the base contacts are in the major groove. Contacts with purines (which are 
larger and offer more hydrogen bonding sites in the major groove) seem to offer more 
advantage. 

r Most of the major motifs in transcription factors contain a a helical region that fits 
into the major groove of B-form DNA. However, there are examples of sheets and or 
ribbons extended regions of polypeptide chain that play critical roles in some proteins. 
More examples are needed for identification of specific sites in DNA. 

d Multiple DNA binding domains usually are required for site-specific recognition. The 
same motif may be used more than once, as occurs when the active binding species is 
a homodimer or heterodimer, or when a single polypeptide contains tandem recognition 
motifs. Different motifs (an extended arm and a HTH unit; a homeodomain and POU 
specific domain, etc) may also be used as complex. 
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Chapter 15 

PROTEINS IN TRANSCRIPTIONAL ACTIVITY 
OF SPERMATOGENIC CELLS 

15.1. TRAN!XRWITONAL ACl'MTY IN GERM CELLS 

15.1.1. RNAPolymerases in Eukaryotes 

In contrast to prokaryotic cells, the process of transcription is muchmore complex in eukaryotes. 
While prokaryotes require only one RNA polymerase, there are at least three different nuclear 
RNA polymerases in eukaryotes, whose properties can be distinguished on the basis of their 
sensitivity to certain inhibitors of transcription, e.g. amanitin. Each of these enzymes is a large 
protein (500-kDa) with two large and several smaller subunits, some ofthem showing homology 
to the subunits of E. coli RNA polymerase (a,PP'a). The largest subunit of 200-kDa is 
homologous to P'-subunit where as another of 140-kDa has homology with P-subunit of 
E.Coli RNA polymerase. The second largest subunit of RNA polymerase I1 also shares the 
catalytic sites of ribonucleases, which are used for RNA cleavage and help in proof reading. 
RNA polymerase I synthesizes rRNA, whereas RNA polymerase I1 transcribes hnRNA, mRNA. 
However, RNA polymerase 111 synthesizes tRNA and 5 s  RNA. These RNA polymerases 
recognize different promoter sequences. 

RNA polymerases bind at specific start sites in the promoter region of a gene to initiate 
transcription. For RNA polymerase 11, the three regions have been defined as TATA box 
(TATAA/&41T), GC rich sequences (GGGCGG) and CAAT box (GGT/,CAATCT) in P globin 
gene. These regions are present in many eukaryotic genes but not necessary. Eukaryotic 
promoters often also possess elements located 100 or 200-bp upstream, which interact with 
proteins other than RNA polymerase and thus regulate the activity of promoter. These elements 
termed enhancers, can be moved several hundred or even thousands of base pairs upstream or 
downstream without alteration of their activities. There are other regulatory elements known as 
silencers, which repress gene expression. Silencers, like enhancers, can function at great 
distances fiom genes they repress. They are sites for binding of proteins just like enhancers. In 
5 s  RNA genes transcribed by RNA polymerase 111, the promoter is located well within the 
transcription unit, 50-bp downstream rather than upstream fiom the start point. The location of 
downstream promoters for RNA polymerase I1 may vary in different genes. 

15.1.2. Initiation of RNA Synthesis in Eukaryotes 

The regulatory DNA sequences (promoters, enhancers, silencers, etc.) for genes transcribed 
by each of the three RNA polymerases in eukaryotes are not the same. A number of transcription 
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activators are also involved in the formation of a transcription complex, required for initiation 
of transcription in packaged-chromatin. Although TFIID or a part of it, TATA binding protein 
(TBP) is required for all the three RNA polymerases, each RNA polymerase has its own set of 
transcription factors. Transcription factors, defined as proteins, needed for initiation of 
transcription, are not a part of RNA polymerase. But these factors help in binding of an RNA 
polymerase to DNA to form a transcription complex. Transcription occurs only after the formation 
of this complex. The regulatory DNA sequences and the transcription factors used by RNA 
polymerase I1 in mRNA synthesis may be either common for many genes expressed 
constitutively (for house keeping genes) or may be specific for tissue or stimulus specific 
expression of genes, whose expression is regulated. It means that for transcription of different 
genes, no single combination of DNA sequences or factors is adequate and essential, and that 
the transcription may be initiated in many different ways. The common feature of this 
transcription, however, involves binding of anumber oftranscription factors to DNA sequences 
upstream of start point. The number of transcription factors involved in the initiation process 
of transcription increases as the variety of genes transcribed by the polymerase increases 
(Gupta, 1999). 

15.1.3. PreInitiation Complex with RNA Polymerase I1 

For constitutive expression of common genes (called house keeping genes) in all cells, a 
generic promoter cannot bring about regulated expression. Initiation of transcription on this 
generic promoter by RNA polymerase I1 requires the action of several transcription factors 
used as initiation factors (variously designated in humans, rat and yeast). In human following 
order is required: (i) TFIID binds at the TATA box, which permits the association of TFIIA and 
TFIIB. (ii) After binding of TFIIB, which forms the so called DB complex, RNA polymerase 
associates to promoter site and then escorted to the promoter by TFIIF to form a transcription 
complex. (iii) Subsequent addition of TFIIE, TFIIH and TFIIJ in a sequential way helps in the 
initiation of transcription. The requirement of TFIIA and TFIIE has not been found universal. 
The function of TFIIA can be performed by other transcription factors (Gupta, 1999). Besides 
the above transcription factors, hundreds of other transcription factors have been discovered, 
which are needed for tissue or stimulus specific transcription. Hence the order of assembly of 
these proteins is probably different for different genes and therefore may not allow a prescribed 
pathway. 

15.2 RNA SYNTHETIC MACHINERY IN SPERMATOGENESIS 

15.2.1. RNA in Meiosis and Post-meiotic Stages 

The rate of RNA synthesis decreases from a high level in spennatogonia and spermatocytes to 
a low level in early spermatids and becomes absent in late spermatids and mature spermatozoa. 
~ e w l ~  synthesized &A in spermatogonia and spermatocytes consisted of a variety of molecular 
weight species, including 18s and28S ribosomal RNAs. High molecular weight RNAs, especially 
ribosomal RNAs, decrease drastically in early spermatids, leading to the synthesis of only 
small molecular weight RNAs. Studies on RNA synthesis, in the mouse revealed maximal 'H- 
uridine incorporation during meiosis, although RNA synthesis was low during the preleptotene 
stage and undetectable in leptotene, zygotene, and early pachytene spermatocytes. 'H-Uridine 
incorporation increased rapidly to a transient peak in mid to late pachytene spermatocytes 
followed by a decline duriGremaining prophas; stages and fmally reaching to an undetectable 
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level during the meiotic divisions. The high levels of RNA synthesis have been confirmed in 
pachytene spermatocytes from mouse, rat, hamster and human testis (Eddy and O'Brien, 1998). 
Nucleolar RNA synthesis also showed a peak during the zygotene stage in both mouse and 
human spermatocytes, providing evidence that ribosomal RNAs are synthesized during meiosis. 
RNA synthesis during the pachytene stage of meiosis, in both mouse and human spermatovs, 
was primarily localized adjacent to the autosomes. This peri-chromosomal localization of H- 
uridine suggests that RNA synthesized during meiosis is predominantly heterogeneous nuclear 
RNA (hnRNA), which is precursor of cytoplasmic mRNAs. Several other studies gave evidence 
that mRNAs transcribed during meiosis, particularly during the pachytene stage are used for 
protein synthesis. However, in contrast to the autosomes, the condensedx and Y-chromosomes 
in mouse and human pachytene spermatocytes incorporated little or no RNA precursors. 
Subsequent studies have provided further evidence for transcriptional inactivation of the sex 
chromosomes during meiosis, including the loss of mRNAs transcribed £tom several X-linked 
genes and the absence of RNA polymerase I1 and other components of the RNA splicing 
machinery from the condensed XY chromosome pair. Earlier monitoring 3H-uridine incorporation 
during meiosis indicated that much of the RNA synthesized during the pachytene stage 
accumulated in the nucleus and was then released into the cytoplasm during the division 
stages. A significant portion of this RNA persisted throughout spermatid development, and 
was ultimately discarded in the residual bodies, although spermatids are richer in RNA 
polymerase I1 and its machinery (Schmidt and Schibler, 1995). These overall results suggested 
that long-lived mRNAs synthesized during meiosis may be stored for translation during 
spermiogenesis. However, definitive evidence for translation of meiotic transcripts in spermatids 
is difficult to obtain, since many genes are transcribed both during meiosis and in the early 
stages of haploid differentiation, and since many of early studies did not consider ploidy for 
analysis (review Eddy and O'Brien, 1998). 

15.2.2. RNA Polymerases 

The transcription machinery during spermatogenesis appears to be unique. Synthetic machinery 
in spermatogenic cells revealed that general transcriptional factors such as TATA binding 
protein, transcription factor I1 H, splicing factors as snRNP and polyadenylation specificity 
factor, are expressed in meiotic and post-meiotic germ cells, whereas RNA polymerase I and I1 
are present in all cell types, but their activities decrease £tom spermatocytes to mid-spermatids 
and finally disappear from spermatozoa. Hormone-induced polymerases showed major decrease 
in activity which began near the chronological mid-point of development. The reduction in 
polymerase I1 activity was accompanied by a parallel 200-fold decease in 3H-amanitin binding. 
The reduction in polymerase activity appears, therefore, to be due to an actual reduction in the 
cellular content of RNA polymerase 11 molecules. Thus transcription in maturing testes is 
regulated, at least in part, by the varying concentrations of the RNA polymerases (Gillam et a]., 
1979). 

15.2.3. TATA Binding Protein 

Among the several transcription factors (section 15.1.3), TFIID is the most important and has 
been purified as a multi-protein complex. A subunit of TFIID is TATA binding protein (TBP), 
which is actually required by all the three eukaryotic RNA polymerases (even for promoters 
lacking a TATA box) (Hernandez et al, 1993). However, there are other TBP associated factors 
(TAFs), which differ in different RNA polymerases. Therefore, it is suggested that each of the 
three RNA polymerases requires an essential transcription factor, which is a complex containing 
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TBP and TAFs; the composition of TAFs differs in the three cases. The TATA binding protein 
(TBP) functions in promoter recognition and initiation of transcription by the three eukaryotic 
RNA polymerases. Whether TBP might play a role in determining cell size dependent 
transcription rates, it was noticed that TBP accumulated to a much higher level in testis as 
compared to all somatic tissues and cell types examined. Within the testis, TBP over-expression 
was localized to a subset of the germ cells, which appeared to be in the early haploid stage. 
However, subsequent studies showed that RNA polymerase I1 was abundant in nuclei of 
round spermatids. Levels of mRNA and protein encoded by the TATA binding protein (tbp) 
gene increased dramatically during late spermatogenesis in rodents, culminating in a highly 
testis-enriched expression pattern. Whereas adult spleen and liver contained roughly 0.7and 
2.3 molecules O~TBP ~ R G  p r  haploid genome equivalent, testis contained 80-200 molecules 
of TBP mRNA per haploid genome equivalent. Nuclear TBP levels in testis cells were on 
average 8 and 11 fold higher than in liver and spleen cells respectively. 

TBP mRNA levels increase substantially in meiotic and post-meiotic spermatogenic cells in 
rat and mouse, and are more abundant in these cells than in somatic cells. However, TBP 
protein levels appeared to be higher in post-meiotic cells than in meiotic cells (Schmidt and 
Schibler. 1995; Persengiev et, al. 1996). These changes in protein suggest that TBP expression 
in pachytene spermatocytes may not relate directly to meiosis but rather to mRNA processing 
events that occur in post-meiotic cells, including the delayed translation of many mRNAs. In 
contrast to somatic tissues over-expression, testis-specific TBP mRNA arises primarily as a 
result of transcriptional up-regulation. This up-regulation was stage-dependent, occurring 
specifically in meiotic and post-meiotic cells. Transcription of the TBP gene relative to somatic 
tissue and pre-puberal testis is due to transcriptional induction and in large part, for the 
increased abundance of TBP mRNA in spermatogenic cells. Analysis suggested that 
translational repression is an important determining factor in the unexpectedly low ratio of top 
protein-mRNA in male germ cells. Thus, transcriptional induction of TBP during spermatogenesis 
reflects a cell-specific homeostatic mechanism that maintains TBP protein concentrations at 
sufficiently high levels throughout male germ cell development (Persegiev et al., 1996) 

Besides TBP, two other components of the general RNA polymerase I1 machinery, TFIIB 
and RNA polymerase 11, are also over-expressed in testis. TBP and RNA polymerase I1 are 
particularly rich in round spermatid nuclei. These results suggested a molecular explanation for 
how early spermatids are able to accumulate all of the mRNA necessary for the fmal week of 
spermiogenesis (Schmidt and Schibler, 1995). Although TBP mRNA or TBP protein have not 
been detected in spermatozoa, it could be conceivable that TBP mRNA in testis is required for 
testis specific functions (Chapter 14). 

Most TBP mRNAs in testis did not initiate at the first exon used by somatic cells (here 
designated exon IC). Using cDNA amplification method, 5'end variants of TBP mRNA, and the 
corresponding cDNAs were identified and cloned h m  liver and testis. In liver, a single promoter/ 
first exon is used to generate a steady state level of roughly five molecules of TBP mRNA per 
diploid cell equivalent. In testis, round spermatids contain an estimated 1000 TBP mRNA 
molecules per haploid cell. The precise locations of the three major initiation exons were mapped 
on the gene. The identification of the strong testis-specific promoterJfirst exon was suggested 
for understanding spermatid-specific tbp gene regulation (Schmidt et al., 1997). 

TATA-Binding Protein-Related Factor: The gene encoding TATA-binding protein-related 
factor-2 (TRF2/TLF/TLP/TRP), essential for the progress of spermiogenesis is abundantly 
expressed in mammalian testis. Mice lacking the TBP related factor-2 (TRF2) gene, which is 
highly expressed in the testis, have a severe defect in spermiogenesis. The expression of TRFT 
is both cell- and stage-specific. TRK! expression was first detected in the late pachytene 
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1 W S D V A L D  ILITNWCVP RTRCHLNLRlC IllLEGANVIY XRDVGKVLMK LRKPRITATI 
61 WSSGKIICT6 ATSEEEAWO ARRLARSLQK LGFQVIFTDF ItWMlWLVCN MPFEIRLPEF 

121 TI(NNRPBASY EPELHPAVCY RIKSLRATLQ IFSTGSITVT GPNVlEAVATA VEQIYPFVFE 

Fig.lS.l. Amino acid sequence of Tata binding protein related factor-2. Source: h t t p l h .  ncbi.nlm.nih.gov 
(Accession number NP-035733). 

spermatocytes at stage VIII and increased during subsequent stages. After meiotic divisions, 
the TRF2 expression declined continuously in round spermatids £tom stage I to stage V (Zhang 
et al., 2001a). A sequence database search revealed that mouse TRF2 is encoded by two 
mRNAs containing the same protein-coding region and different 5'-untranslated regions. These 
two mRNAs are distinguished from each other by the expression patterns: ubiquitous and 
testis-specific expression. In transgenic animals deficient in TRF2, spermatid development 
fails during early spermiogenesis with increased apoptosis and failure to develop testicular 
spermatozoa. Infertility phenotype in homozygote males (Zhang et al., 200 1 b).The ubiquitously 
expressed form of TRF2 mRNA was present at a very low level, whereas expression of the 
testis-specific form was first detectable in the 14-day-old testis, and the mRNA level abundantly 
increased at the later stages of testicular development. The increase in TRF:! level during 
testicular development is consistent with the expression pattern of TRF2 rnRNA. Thus, the 
presence of the testis-specific form of TRM mRNA may account for over-expression of the 
TRF2 gene inthe testis (Sugiura et al., 2003) (Fig.15.1). 

15.2.4. TFIID Subunit TAW 

Transcription regulation in male germ cells can involve specialized mechanisms and testis- 
specific paralogues ofthe general transcription machinery (Pointud et al., 2003). The TAF7L, a 
germ-cell-specific paralogue of the TFIID subunit TAF7 has been described. TAF7L is expressed 
in most of the male germ-cells, but its intracellular localization dynamically changes from 
cytoplasm in spermatogonia and early spermatocytes to nuclear in late pachytene spermatocytes 
and haploid round spermatids. Import of TAF7L into the nucleus coincides with decreased 
expression of TAF7 and a strong increase in nuclear TBP, which suggests that TAF7L replaces 
TAF7 as a TFIID subunit in late pachytene spermatocytes and in haploid cells. A subpopulation 
of TAF7L is tightly associated with TBP in both pachytene and haploid cells and TAF7L 
interacts with the TFIID subunit TAFl. However, TAF3, TAF4 and TAFlO are all strongly 
expressed in early spermatocytes, in contrast to TBP and TAF7L, which are down-regulated in 
haploid cells. Hence, different subunits of the TFIID complex are regulated in distinct ways 
during male germ-cell differentiation (Pointud et al., 2003). 

T m  CREM and transcription factor IIA (TFIIA) are expressed in a spatially and temporally 
coordinated fashion during differentiation of germ cells. These proteins are co-localized 
intracellularly in spermatocyte and spermatids. CREM interacts with TFIIA, a general 
transcription factor that stimulates RNA polymerase 11-directed transcription. The interaction 
is restricted to the activator isoforms of CREM and does not require Serll7. Importantly, 
CREM does not interact with TFIIAtau-ALF, a testis-specific TFIIA homologue @e Cesare et 
al., 2003). 

15.2.5. bnscription Elongation Factor (S-Il) 

Elongating polymerases (both bacterial and eukaryotic) are associated with a series of elongating 
factor proteins, which decrease the likelihood that RNA polymerase would dissociate before it 
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1 IGKEEEIARI IIl(RLDRMVTR RELRNMPITL HLLQS- SVNALRKQSS 
61 DEEL1-S LI- VSDGmRNQG RGTPLPTSSS XDISRTTDLS ClClCPDPPRTP 
121 STPRITTPPQ VPITOAVRE~ KCREMLT- QTDHDHVAVG VNCEHLSSQI E E C I ~ V G N  
181 TDMICYKNPYR SRISNLKDAK NPGLRRNVLC GAIT-IAV MTSEEMASDE LKEI- 

Fig.15.2. Amino acid sequence of transcription elongation factor S-11-TI, testis-specific mouse S-II. Source: 
httpllwww. ncbi.nlm.nih.gov. (Accession JC5430). 

reaches the end of the gene. These factors associate RNA polymerase shortly after initiation 
has occurred. The S-II is a eukaryotic factor involved in the process of transcriptional elongation, 
and was initially found as a factor that stimulates the transcriptional activity of RNA polymerase 
I1 in vitro. Rat and mouse cDNA have been characterized for the testis-suecific tkscriution 
elongation factor. S-I1 has been implicated in the process of transcriptional pausing, mainly 
through analysis using adenovirus and histone H3.3 genes as templates. S-I1 promotes 
transcription by RNA polymerase I1 against the inhibitory effects of elongation on these 
genes. Different isotypes of S-I. have been discovered and shown to be expressed in restricted 
tissues (SII-TI) (Xu et al., 1994; Ito eta1 1996). SII-TI mRNA was not detected in spermatogonia 
or spermatids and appeared to be expressed exclusively in spermatocytes in the mouse (Ito et 
al., 1996). The deduced rat S-I1 and SII-TI protein sequences are highly similar, except for a 
unique intervening sequence of 46 residues in the SII-TI protein (Xu et al., 1994), suggesting 
that these proteins are products of alternatively spliced transcripts fiom the same gene. Testis 
RNA fiom W/W mutant mice also suggested that SII-T1 is a specific transcription elongation 
factor essential for spermatogenesis (Ito et al., 1996). Umehara et a1 (1997) investigated the 
expression profile of tissue specific S-11-TI during development using mouse S-II-T1, C-DNA. 
(1) Expression of S-II-TI is markedly reduced in the testes of adult WBBGF1-W/W mutant 
mice, which lack testicular germ cells, indicating that its expression is specific to testicular germ 
cells. (2) The onset of mouse S-II-TI mRNA appearance is seen about 10-14 days after birth, 
suggesting that S-II-TI is not transcribed in premeiotic and early meiotic cells such as 
spermatogonia, leptotene spermatocytes, or zygotene spermatocytes. (3) Mouse S-II-TI 
transcripts accumulate in meiotic pachytene spermatocytes and are detected in round and 
elongated spermatids. Thus the expression of mouse S-II-TI is restricted to testicular germ 
cells during and after meiosis in the course of spermatogenesis. Figure 15.2 shows the deduced 
amino acid sequences of mouse S-11-TI, which is closely related to human and rat S-11-T1 with 
89 and 99% sequence identity in overall primary structure, respectively. 

15.3. RNA PROCESSING IN GERM CELLS 

15.3.1. Alternative RNA Splicing 

Gene expression during spermatogenesis is regulated also by the generation of alternative 
transcripts that encode different isoforms of proteins. Alternative transcripts are relatively 
common in this cell type and are often produced in a specific phase of spermatogenesis. 
Alternative transcripts can be generated by utilization of different promoters that activate 
transcription start sites, either up stream of the usual start site, as occur for cytosolic aspartate- 
minotransferase, or down stream of the usual start site, as occurs for angiotensin-converting 
enzyme. They may also be produced by utilization of alternative exons, as occurs for hexokinase 
1, or of alternative poly-adenylation signals for ~1-4-galactosyltransferase. However, the 
mechanisms responsible for producing most alternative transcripts in spermatogenic cells are 
not known. 
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15.3.2. Polyadenylation 

The stored mRNAs in spermatids usually have poly (A) tails greater than 150 nt and are 
associated with ribosomes. They appear to undergo shortening of Poly [A+] tract app. 30 
nucleotides coincident with becoming associated with polysomes and translationally active. 
The poly A binding protein is a conserved protein that stabilizes mRNA and its translation. 
The initial RNA transcripts (hnRNA) derived from coding regions get modified at 5' end by 
gaining a methylated guanine (caps) and at 3' by polyadenylation (tails). Capping at 5' end 
occurs rapidly after start of transcription. Removal of cap leads to loss of translation activity. 
However, 3' end of mRNA is generated in two steps. First the transcript is cut at an appropriate 
location by a nuclease. In second step poly (A) is added to the newly generated end by poly 
(A) polymerase (PAP) utilizing ATP as substrate. On the average -30% hnRNA and 47% 
mRNA are polyadenylated. In a region -30 nucleotides upstream of the site of poly-A addition, 
there is a AAUAAA sequence which perhaps sends a signal for cleavage of polyadenylation. 
In most of the histones mRNAs, polyadenylation at 3'end is missing. Many mRNAs in male 
germ cells lack canonical AAUAAA but are normally polyadenylated (Wallace et al., 1999). 
During spermatogenesis there seem to be two distinct patterns of poly (A) size change. The 
poly (A) tracts of some mRNAs are longer in early haploid cells than in meiotic cells, whereas 
Prm mRNAs are translationally repressed with long poly (A) tracts in early haploid cells and 
translationally active with short poly (A) tracts in late haploid cells (Kleene et al., 1994). 

15.3.3. Testis Specific Poly (A) Polymerase 

A testis specific poly (A) polymerase (TPAP) gene is most abundantly expressed coincident 
with the additional elongation of rnRNA poly(A) tails in round spermatids. The amino acid 
sequence of TPAP contained 642 aa residues, and shared a high degree of identity (86%) with 
that of a nuclear poly(A) including three catalytic Asp residues, an ATP-binding site, and an 
RNA-binding domain. The TPAP lacked an approximately 100-residue C-terminal sequence 
carrying one of two bipartite-type nuclear localization signals, and part of a SerIThr rich domain 
found in PAP 11. The TPAP is recognized as a 70-kDa protein in the cytoplasm of spermatogenic 
cells, that may participate in the additional extension of rnRNA poly(A) tails in the cytoplasm 
of male germ cells (Kashiwabara et al., 2000). The TPAP is stimulated by poly A binding protein 
I1 (Okamura et al., 2000). In mice, the absence of TPAP results in the arrest of spermiogenesis. 
TPAP-deficient mice display impaired expression of haploid-specific genes that are required 
for the morphogenesis of germ cells. The TPAP deficiency also causes incomplete elongation 
of poly(A) tails of particular transcription factor mRNAs. Although the overall cellular level of 
the transcription factor TAF10 is unaffected, TAN0 is insufficiently transported into the nucleus 
of germ cells. Thus TPAP can govern germ cell morphogenesis by modulating specific 
transcription factors at post-transcriptional and post-translational levels (Kashiwabara et al., 

15.3.4. Poly-A Binding Protein 

A 3'poly-(A) tail of about 200 bases is added post-transcriptionally in the nucleus to non- 
histone higher eukaryotic M A S .  After transport of poly (A) mRNAs to the cytoplasm, the 
poly (A) functions in the cytoplasmic control of mRNA translation and stability. Changes in 
length of mRNAs are correlated with the activation and inactivation of translation of mRNAs 
in oocytes and early embryos. The poly (A) binding protein (PABP) that binds tightly to poly 
(A) plays a central role in regulating mRNA translation and its stability, which is important 
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1 WSSDPGCPM ASLWCDLRP D-YEK FSSAGPILSI RVYRDVITRR mYASVNFE 
61 QPADAERALD m V I K G K  WRIMWSQRD PSLRRSGVGN VFIICNWI[TI D m Y D T F S  

121 AFGNILSQN VSDENGSKGB GFVIIPETEEA AERAIEKMNG MLLWDRlCVPV G-QKERE 
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Fig.15.3. Amino acid sequence of cytoplasmic poly-A binding protein 2 from mouse testis germ cells. 
Source: hnpllwww. ncbi.nlm.nih.gov (Accession NP-035163). 

during meiosis. The PABP in yeast and the homologous proteins are now known fiom a variety 
of fungi, plants, and animals. The PABPs contain about 600 amino acids, which are organized 
into four-repeated 90 amino acid RNA bindiig domain proximal to the carboxyl terminus. The 
90-amino acid domain is also found in a diverse family of RNP-proteins. Binding of PABP to 
poly (A), poly (G), and poly (U) in vitro suggests that PABP binds unidentified RNA sequences 
in addition to poiy (A), and that combinations of the four RNA-binding domains have different 
specificities. The PABP is necessary for translational initiation in yeast and can protect the 3' 
ends of mRNAs fiom degradation in cell-fkee systems. Since, numerous mRNAs in meiotic and 
haploid spermatogenic cells are translationally repressed, the study of the expression of PABP 
mRNAs during spermatogenesis is important. The PABP mRNA levels increased as germ cells 
entered meiosis, reached a maximum in the early post-meiotic stages, and decreased to a nearly 
non-detectable level towards the end of spermatogenesis. The 70kDa PABP is wide spread in 
mammalian testis with maximum level in post-meiotic round spermatids. The presence of PABP 
in elongating spermatids, a cell type in which PABP mRNA is nearly absent, suggests that 
PABP is a stable protein in the later stages of male germ cell development. The high level of 
testicular PABP in round spermatids and in mRNPs suggests a role for PABP in the storage as 
well as in the subsequent translation of developmentally regulated mRNAs in the mammalian 
testis (Gu et al, 1995; Kleene et al., 1994). 

Two PABP cDNAs with different sequences fiom mouse testis cDNA libraries predicted 
amino acid sequence of one PABP1 to be nearly identical (98.9%) to human liver PABP, while 
the amino acid sequence of the second, PABP2 (PABPt) showed 80% identity to mouse and 
human PABPs (Fig. 15.3). Northern blots revealed that there is one major PABP mRNA 
species in liver, muscle, kidney, and brain, two in spleen, and at least four in testis. The PABP 
mRNA in testis are surprisingly the vast majority of all PABP mRNA size variants, which 
sediment more slowly than single ribosome, indicating strong translational repression. The 
existence of two PABP isoforms in mouse spermatogenic cells can influence cytoplasmic gene 
expression during spermatogenesis (Kleene et al., 1994). Although PABP mRNA is present in 
all cells, the levels in testis are 5- to 10-fold higher than in somatic tissues. There are multiple 
sizes of PABP transcripts in testis, but a 5'-untranslated region (UTR) probe for PABP2 hybridized 
only with a 2.7-kb transcript. Southern blot analysis indicated that three or more PABP genes 
exist in the mouse genome. The differences in the nucleotide sequences of the PABPl and 
PABP2 cDNAs suggested that they represent mRNAs transcribed fiom different genes (Kleene 
et al., 1994). The cDNA clone isolated fiom mouse testis for PABP2 by Okamura et al., (2000) 
has an open reading h e  encoding 302 amino acids, constituting a protein with a strong 
similarity to mouse and bovine poly (A) bindiig protein-2. The mPABP2 is known to bind 
growing poly (A) tail and stimulates poly (A) polymerase, which c3talyzes the polymerization 
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of the mRNA poly (A) tail. The mPABP2 cDNA is a single transcript of 1.2kb detectable 
exclusively in adult testis. The mPABP2 protein was expressed in the nucleus at specific stages 
from late pachytene spermatocytes to round spermatids. The Pabp3 gene encoding mPABP2 
is located near position 19.5 on mouse chromosome 14 (Okamura et al., 2000). 

Cytoplasmic Polyadenylation Element Binding Protein: The cytoplasmic polyadenylation 
element binding (CPEB) protein regulates cytoplasmic polyadenylation of mRNAs as a trans 
factor in oogenesis and spermatogenesis. The CPEB protein contains two RNA recognition 
motifs and a Zn-finger structure. Proteins with similar structures are known from the genome 
database. A member of the CPEB protein family, CPEB2 is abundantly expressed in testis. 
Based on comparison of the amino acid sequences of CPEB2, CPEB family can be divided 
structurally and, perhaps, functionally into two groups: the CPEB group, and the CPEB2- 
KIAA0940-KIAA1673 group (Kurihara et al., 2003). The CPEB2 maps to mouse chromosome 
distal 5B. However, it was detected in all tissues that were examined. The CPEB2 is expressed 
post-meiotically in mouse spermatogenesis, suggesting a possible role in translational regulation 
of stored mRNAs in transcriptionally inactive haploid spermatids (Kurihara et al., 2003). 

15.3.5. Cleavage Stimulation Factor - 64 

Two distinct forms of the cleavage stimulation factor (CstF-64) are known: a somatic M(r) 
64,000 form present in mouse male germ cells and in brain, and a variant M(r) 70,000 form 
specific to meiotic and post-meiotic germ cells. The gene for the somatic CstF-64 is located to 
the X chromosome, which is inactivated during male meiosis. The variant CstF-64 is an autosomal 
homologue activated during male meiosis. The variant form was named "tau CstF-64." The 
mRNA for the 64000 M(r) subunit of the CstF-64 is expressed at least 250-fold greater in mouse 
testicular RNA than in liver RNA. The mRNA for the 160000 Mr subunit of the cleavage and 
poly-adenylation specificity factor was similarly over-expressed, as was the mRNA for the 
large subunit of RNA polymerase 11. The X-linked CstF-64 protein, expressed before and after 
but not during meiosis in the mouse (Wallace et al., 1999), suggest. that over-expression of 
mRNA transcription and processing factors play an essential role in post-meiotic germ cell 
mRNA metabolism (Schmidt and Schibler, 1995; Dass et al., 2001a). The cloning and 
characterization of the mouse tauCstF-64 cDNA, which maps to chromosome 19, has been 
described (Dass et al., 2001b). The mouse tauCstF-64 protein meets the criteria of the variant 
CstF-64, including antibody reactivity, size and germ cell expression for tauCstF-64 from testis, 
and has substituted amino acids. Elevated levels of CstF-64 enhance the formation of 1-kb 
testis-brain RNA binding protein (TB-RBP) mRNA in male germ cells. Cst64, thus, modulates 
the synthesis of TB-RBP in male germ cells possibly by an alternative processing of TB-RBP 
pre-mRNA (Chennathukuzhi et al., 2001). 

15.4. TRANSLATIONAL ACTIVITY IN GERM CELLS 

The patterns of translational regulation of various mRNAs in the various testicular cell types, 
and models that account for the observed inhibition of the initiation step of translation have 
been described and translational activity of more than 40 different mRNAs in rodent testes has 
been analyzed by determining the proportions of inactive free-mRNPs and active polysomal 
mRNAs in sucrose gradients. From testicular somatic cells mRNAs sediment primarily with 
polysomes, indicating that they are translated efficiently, whereas the vast majority of mRNAs 
in late meiotic and haploid spermatogenic cells display high levels of free mRNPs, indicative of 
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a block to the initiation of translation. Translational regulation of gene activity during post- 
meiotic stage of germ cells seems to be more important than in somatic cells. During this phase 
the nucleus condenses in step 9-12 spermatids of the mouse as the histones are shed from the 
chromatin and are replaced by TP 1 and TP 2 and then by the Prms. There are numerous 
examples of controls over the translation of individual mRNAs in meiotic and haploid cells; the 
proportions of various mRNAs in free mRNPs range from virtually none to virtually all, and 
individual mRNAs are activated at specific stages in elongated spermatids (Kleene, 1996). 

15.4.1. Eukaryotic 'kanslation Elongation Factor 1 (eEF1) 

During protein synthesis, after formation of 70s initiation complex, the first amino-acyl tRNA 
(AA-tRNA) enters 'A' site of RNA. Factors responsible for this entry include elongation 
factors (EF-Tu and EF-Ts). EF-G is another elongation factor, which requires GTP. The 
corresponding eukaryotic elongation factors have been called eEFl and eEF2. The somatic 
form of eEF-I a (eEF- 1 a-S) mRNA is virtually undetectable inmale and female germ cells of the 
adult gonad but is very abundant in embryonic cells after the morula stage. In contrast, another 
form of eEF-I a (eEF-1 a 0 )  mRNA is highly concentrated in oogonia and in previtellogenic 
oocytes but is undetectable in eggs and embryos. The eEF-1 a0 mRNA is also present in 
spermatogonia and spermatocytes of adult testis. Although germ cells contain very little eEF- 
1 retropseudogenes, several eEF-1 retropseudogenes exist inxenopus laatis chromosomes. 
These genes are thought to arise in germ cells from reverse transcription of mRNA and 
subsequent integration of the cDNA copies into chromosomal DNA. It is suggested that eEF- 
1 4 s pseudogenes are generated in primordial germ cells of the embryo before they differentiate 
into oogonia or spermatogonia (Abdallah et al., 1991). 

15.5. m-RNA BINDING PROTEINS 

The expression of many genes during early stages of spermatogenesis is regulated at the level 
of transcription, where as during the later phases of spermatogenesis, transcription ceases 
and stored ~ R N A S  get activated to synthdsize as i n h m s  and transition proteins. 
Although little is known about the mechanisms inactivating and activating "paternal " mRNAs 
in germ cells, a number of RNA-binding proteins (RBPs) likely to be involved in mRNA 
translational control have been identified in the mammalian testis. Testidbrain (TB)-RBP binds 
to the 3 '-untranslated regions (UTRs) of many testicular mRNAs and thus serves as a repressor 
of translation in vitro. Other proteins that bind to the 3 ' UTRs of testicular mRNAs include two 
proteins of 53-kDa and 55-kDa that bind to specific 22 and 20 nt sequences in the 3' UTRs of 
h s  &As. Another protein with properties of a translational inhibitor of the Prms, and 
SPNR, is a 71-kDa protein that localizes to cytoplasmic microtubules of the testis. Multiple p l y  
(A) binding proteins are also expressed in the testis. One of these, a 7-kDa protein, binds to 
both translated and stored mRNA in male germ cells. Another germ cell specific superoxide 
dismutase RNA-binding protein (SOD-RBP) binds to the S'UTR of a testis-specified SOD-1 
mRNA and can represses SOD-1 mRNA translation in vitro. Transcripts for several RNA- 
binding proteins have structural roles in modulating the conformation and organization of 
DNA or RNA. They are also associated with machinery of transcription, message stability, and 
translation. These proteins include ATP-dependent RNA helicases, p l y  (A)-binding protein, 
Y-box-binding proteins, and RNA-binding proteins. Some of these proteins may participate in 
RNA processing leading to the formation of unique transcripts, or may be involved in effecting 
translational delay. Thus, a growing number of testicular RNA-binding proteins have been 
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identified, that are likely to facilitate the repression and activation of mRNA translation and 
gene transcription in male germ cells (see also Chapter 10). 

15.5.1. Eukaryotic lLanslation Factor (eIF-4E) 

Eukaryotic translation factor (elF-4E) is a component in the regulation of translational efficiency 
of mRNAs and its increased expression may accelerate cell growth and division. A clone 
containing rat elF-4E cDNA, isolated ftom a rat testis cDNA library is highly conserved in 
human, rat and mouse. Testis showed extraordinary elevated expression of elF-4E, more than 
50 fold, which was much greater than any tumor cell lines examined so far. At least half of the 
purified testicular elF-4E protein was phosphorylated, a ratio similar to that in other rat tissues 
such as liver. The elF-4E mRNA was mainly observed in post-meiotic germ cells. it seems that 
abundant elF-4E in testis may play an important role in spermatogenesis through translational 
regulation of stage specific mRNAs during germ cell development (Asai et al., 1995). 

15.5.2. RNA Helicases 

PL10- A Homologue of em-4A as a Helicase: W o  putative ATP-dependent RNA helicases 
have been reported that are expressed initially in pachytene spermatocytes in mouse. They 
share high homology to mouse translation initiation factor elF-4A and other members of the 
DEAD box (Asp-Glu-Ala-Asp) family of proteins that are involved in many aspects of RNA 
metabolism, including splicing, translation, and ribosome assembly. One helicase, referred to 
as PL10, is encoded by two transcripts detected only in spermatogenic cells, at high levels in 
pachytene spermatocytes and lower levels in spermatids, and by a larger transcript found at 
low levels in the liver (Leroy et al., 1989). Southern analysis indicated that the PLlO transcripts 
come ftom a single copy gene, suggesting that spermatogenic cells and liver contain alternative 
transcripts. The murine PLlO expression is developmentally regulated, with high levels of 
transcripts being present during the meiotic and haploid stages of spermatogenesis. The 
deduced protein is shown to be highly homologous to the murine translation initiation factor 
eIF-4A and to other proteins that are also homologous to elF-4A, including the Drosophila 
protein vasa. By consensus sequence conservation and comparison of secondary structure 
prediction, putative nucleotide binding and DNA/RNA binding domains were proposed to 
being shared by all these proteins. PLlO protein has helicase activity similar to that of elF.4A 
and suggests its possible role in spermatogenic process (Fig. 15.4). 

RNA Helicase Like Protein (RHELP): Suk et al., (2001) isolated a RNA helicase like protein 
(RHELP) (Fig.15.5.) which had sequence homology to p68 RNA helicase, a prototypic member 
of the DEAD box protein family. The cDNA revealed that RHELP contained DEAD sequence 
motif and other conserved motifs of the DEAD box protein family, involved in the RNA 
processing, ribosome assembly, spermatogenesis, embryogenesis, and cell growth and division. 
RHELP showed 42% amino acid sequence identity to human p68 RNA helicase and yeast 
DBP2 RNA helicase, respectively among the DEAD box protein family. RHELP is expressed in 
most tissues including the liver, lung, tonsil, thymus, and muscle in addition to the pancreatic 
islets. The cDNA encoding the mouse P68 RNA helicase hybridized with an mRNA restricted 
to late pachytene and diplotene spermatocytes and spermatids (Lemaire and Heinlein, 1993). 

Gonadotropin Regulated Testicular RNA Helicase (GRTH): The GRTH h m  rat Leydig cell, 
mouse testis, and human testis cDNA libraries is another member of DEAD box protein family, 
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Fig.15.4. Comparison of deduced amino acid sequences of germ cell specific PLlO with P68 (human nuclear 
protein), eIF-4A (murine), vasa (Drosophila) and SrmB (E. Coli) proteins. Consensus identical residues in at 
least four of five proteins are given in last row (identities). Reprinted with permission from P. Leroy et al. 
Cell 57: 549-59: 1989 0 Elsevier. 

which is transcriptionally up-regulated by hCG via cyclic AMP induced androgen formation in 
the Leydig cell. It has ATPase and RNA helicase activities and increases translation in vitro. 
The GRTH gene transcription is stimulated by hCG via cyclic AMP-induced androgen formation 
in Leydig cells. It is produced in both somatic (Leydig cells) and germinal cells and is 
developmentally regulated. The GRTH is predominantly localized in the cytoplasm, may function 
as a translational activator. This helicase could be relevant to the control of steroidogenesis 
and the paracrine regulation of androgen dependent spermatogenesis in the testis (Tang et al., 
1999) (Fig. 15.6). Three ATGs codons with the potential for generation of multiple protein 
species were identified. Germ cells primarily contained major proteins of 61156-kDa whereas 
Leydig cells expressed48143-kDa species. A 3rdATG was weakly utilized and yielded a 33-kDa 
protein only in germ cells. In round spermatids, hCG caused a significant decrease of 61-kDa 
species and an induction 48/43 kDa species, whereas no changes were observed in pachytene 
spermatocytes. Studies have demonstrated a cell-specific and hormone-dependent alternative 
usage of ATG codons in the testis. The expression of GRTH proteins is regulated by 
gonadotropin~androgen at the translational level (Sheng et al., 2003). Male mice with null 
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Fig.15.5. Amino acid sequence of RHELP and other members of the DEAD box protein family. Asterisks 
indicate consensus sequences. The sequence motifs of RHELP conserved in the DEAD box protein family are 
bold-typed and underlined. Gap(-) are introduced to achieve maximum homology. Reprinted with permission 
from K. Suk et al. Biochim Biophys Acta 1501;63-69: 2000 O Elsevier. 

mutation in GRTH gene displayed normal gonadotropin and androgen profile, but these mice 
were sterile, in association with azoospermia and arrest of spermatogenesis (Tsai-Morris et al, 
2004). 

15.5.3. Protamine m-RNA Binding Protein 

The testis-specific mouse Prm genes are transcribed in haploid round spermatids, their mRNAs 
stored as cytoplasmic ribonucleoprotein particles and translated about 1 week later in elongating 
spermatids after cessation of transcription. The in vitro translational efficiencies of Prm-l 
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Fig.15.6. Rat, mouse, and human GRTH cDNA and predicted amino acid sequence of rat encoded protein. 
The ORF is shown below. The deduced amino acid sequences of GRTH contain all conserved domains of 
DEAD-box family of RNA helicases (underlined). Reprinted with permission from P.-Z. Tang et al. J Biol 
Chem 274; 37932-40: 1999 O American Society for Biochemistry and Molecular Biology. 
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mRNA isolated fkom round spermatids translates as efficiently as Prm- 1 mRNA fiom elongating 
spermatids. Translation of Prm-1 mRNA is normally repressed in round spermatids. The presence 
of the binding activity in the cell type and sub-cellular compartment associated with Prm-1 and 
Prm-2 mRNA storage suggested that the activity might be actively engaged in translational 
repression of these mRNAs (Fajardo et al., 1994). 

There are numerous reports demonstrating the pivotal role of 3' untranslated regions 
(UTR)' in mRNA stability, transport, localization, and translational control (Jackson, 1993). 
Since 3' UTR sequences are involved inmany aspects of mRNA metabolism, Schumacher et a1 
(1995) identified proteins that could bind to sequences within the 3'UTR of the spermatid- 
specific Prm 1 (Prm-I) mRNA. The mouse Prm-1 gene encodes a male germ cell-specific 
mRNA that is stored as a cytoplasmic mRNP from the time it is first transcribed in post-meiotic 
round spermatids until its translation up to a week later in elongating spermatids. It was found 
subsequently that a 40-kDa Prml RNA binding protein (PRBP) that binds to this sequence is 
present in spermatids when the mRNA is repressed translationally. Lee et al., (1996) obtained 
two independent clones that encode PRBP, a Prm-1 RNA-bindiig protein (PRBP). The PRBP 
contains two copies of a double stranded-RNA-binding domain and binds to a portion of the 
Prm-1 3' untranslated poly region shown to be sufficient for translational repression in 
transgenic mice, as well as to poly (I) -poly (C). PRBP protein is present in multiple forms in 
cytoplasmic extracts prepared from wild type mouse testes and is absent from testes of germ 
cell deficient mouse mutants, suggesting that PRBP is restricted to the germ cells of the testis. 
Recombinant PRBP protein inhibits the translation of multiple mRNAs in a wheat germ lysate, 
suggesting that PRBP acts to repress translation in round spermatids. While this protein lacks 
complete specificity for Prm-1 containing RNAs in vitro, the properties of PRBP are consistent 
with it acting as a general repressor of translation (Lee et al., 1996) (Fig. 15.7). 

Studies in transgenic mice have shown that sequences of the last 62 nucleotides in the 
3 'untranslated region (UTR) regulate translation of Prm- 1 mRNA in spermatids. Other studies 
demonstrated that an 18-kDa phosphoprotein present in testis and brain extracts binds to YH 
sequence elements in the 3'UTR of Prm-2 mRNA and represses its translation in vitro. In 
addition, 48- and 50-kDa proteins bind to a conserved 20- to 22-bp element in the 3' UTR of 
Prm-1 and -2 mRNAs. These results indicated that multiple mRNA binding proteins interact to 
repress mRNA transcription. Alternatively some of these proteins have functions other than 
translational control, such as effecting mRNA stability and localization (Wu et al., 2000). 

15.5.4 Testis Nuclear RNA Binding Protein (Tenr) 

In a molecular screening of DNAs that encode Prm RNA-binding protein, Schumacher et al., 
(1995a) isolated seven independent clones that encode Tenr, a testis nuclear RNA-binding 
protein. Tenr is a 72-kDa protein that has one copy of a RNA-binding domain. Tern binds to a 
variety of RNAs in vitro and it does not bind to a single stranded or double stranded DNA. The 
Tenr gene is transcribed exclusively in the testis, and its mRNA is restricted to cells from the 
pachytene spermatocyte stage through the round spermatid stage. It is first detected post- 
meiotically, demonstrating that the Tenr mRNA is under translational control. The Tenr shows 
a lattice like nuclear distribution suggesting its association with the nuclear scaffold. 

15.5.5 Testis-Brain RNA Binding Protein (Translin) 

An Ilk-Da phosphoprotein in testis has been suggested earlier to bind to transcript C, a 
sequence containing two highly conserved elements, Y and H, in the 3' untranslated region 
(UTR) of mouse Prm 2 mRNA and represses its translation in vitro. Phosphatase studies have 
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Fig.15.7. Nucleotide and deduced amino acid sequence of the prbp cDNA. An upstream in frame stop codon 
(TAG) is indicated by a double underline. The polyadenylation signals are underlined. Reproduced with 
permission from K. Lee et al, Mol Cell Biol 16; 3023-34: 1996 0 American Society for Microbiology. 

shown that it must be phosphorylated to bind to RNA. Most importantly, a partially purified 
18kDa-protein fraction selectively represses, in a cell free translation system, a human growth 
hormone (hGH) reporter gene linked to the Y and H elements of the 3 'UTR of F'rm2 mRNA. This 
suggests that this RNA binding protein is one of the factors controlling the temporal translation 
of stored mRNAs such as Prm2 in testis. In addition to testis, brain also contains a protein that 
binds to transcript C. Both the testis and brain proteins are found exclusively in the non- 
polysomal fractions of their postmitochondrial extracts. The testis and brain proteins appear 
to be identical according to numerous criteria: the identical mobility of their complexes with 
transcript C in native gels, identical optimal pH, identical lability to increased salt concentration, 
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identical chromatographic properties, identical molecular sizes as judged from UV-cross linking, 
and identical peptide mapping. In addition, the phosphoprotein from testis and brain, hereafter 
called testis-brain RNA-binding protein (TB-RBP), also specifically binds to a similar sequence 
in the 3 ' UTR of brain Tau mRNA. TB-RBP plays a role in mRNA storage, translocation, and / 
or localization in brain and testis (Han et a]., 1995). The TB-RBP moves eom the nucleus to the 
cytoplasm and through intercellular bridges of male germ cells. Based on its RNA binding 
capabilities, a role for TB-RBP in the distribution of equal amounts of mRNAs in haploid male 
germ cells has been proposed (Morales et al., 1998). The TB-RBP is present primarily in the 
nuclei of male gem cells during meiosis and in the cytoplasm of the male cells after metaphase 
I of meiosis. TB-RBP suppresses translation in vitro and attaches mRNAs to microtubules by 
binding to conserved elements in the 3' untranslated regions of specific mRNAs. 

Numerous hctions have been proposed for TB-RBP and its human homologue, translii, 
ranging from mRNA transport and translational regulation to DNA rearrangement and repair. 
The TB-RBP/translin is a DNA- and RNA-binding protein with multiple functions. As an RNA- 
binding protein, TB-RBP binds to conserved sequence elements often present in the UTRs of 
specific mRNAs modulating their translation and transport. To gain insight into the likely 
functions of this protein, three proteins, the transitional endoplasmic reticulum ATPase (TER- 
ATPase), a cytoskeletal dactin, and Trax, were specifically immunoprecipitated and confirmed 
that TB-RBP interacts with the TER-ATPase in vitro and in vivo and colocalizes with actin in 
the cytoplasm of male germ cells. This supports the hypothesis that TB-RBP serves as a link 
in attaching specific mRNAs to cytoskeletal structures and suggests an involvement for the 
ubiquitously expressed TER-ATPase in intracellular andlor intercellular mRNA transport (Wu 
et al., 1999). TB-RBP is a sequence-dependent RNA-binding protein that binds to conserved Y 
and H sequence elements present in many brain and testis mRNAs. Recombinant TB-RBP 
binds to microtubules assembled in vitro. An intracellular association between TB-RBP and 
specific target mRNAs suggests the involvement of TB-RBP in microtubule-dependent mRNA 
transport in the cytoplasm of cells (Wu and Hecht, 2000). Using reporter constructs and gel 
mobility shift assays it was possible to show that the TB-RBP associates with mRNPs in a 
sequence (Y element) dependent manner. Blocking the TB-RBP Y element binding site disrupts 
and mis-localizes mRNPs containing (a) calmodulin dependent kinase I1 (a-CAMKII) and 
ligates mRNAs. In addition, the suppression of kinesin heavy chain motor protein alters the 
localization of a-CaMKII mRNA (Severt et al., 1999). 

The mouse TB-RBP cDNAs contains an open reading frame of 228 amino acids with a 
leucine zipper domain within its C-terminus, a transmembrane helix, and a group of putative 
phosphrylation sites. The TB-RBP shows 99% identity to the human protein, translin, a 
recombination hotspot-binding protein associated with chromosomal translocations (Aoki et 
al., 1995 clr Wu et al., 1997). As shown for transli TB-RBP also binds to single stranded DNAs 
containing a broad range of consensus sequences, many of which are similar to the Y and H 
RNA binding sequences. Based upon its DNA binding to target sequences in clustered 
breakpoint regions, it was proposed that TB-RBP might be involved in DNA recombination or 
DNA repair in male germ cells (Wu et al., 1997). The single copy of mouse TB-RBP gene 
encodes three mRNAs of 3 .O-, 1.7-, and 1 .O-kb which only differ in their 3 ' UTRs. The 1 .O-kb TB- 
RBP mRNA predominated in testis, while somatic cells preferentially express the 3.0-kb TB- 
RBP mRNA. The 1-kb mRNA is translated several fold more efficiently than the 3-kb TB-RBP 
in rabbit reticulocyte lysates, and cells with elevated levels of the 1 -kb TB-RBP mRNA express 
high levels of TB-RBP. Over-expression of CstF 64 increases the poly (A) site selection for the 
1-kb TB-RBP mRNA. It appears that the levels of the polyadenylation factor C s M  modulated 
the levels of TB-RBP synthesis in male germ cells by an alternative processing of the TB-RBP 
pre-mRNA (Chennathukuzhi et al., 2001). The Gap& mRNA is the first mRNA shown to have 
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a functional TB-RBP binding site in its 5' UTR (Yang et al., 2003). Selective precipitation of 
glyceraldehyde-3-phosphate dehydrogenase (Gapd) mRNA in a TB-RBP-mRNA complex, 
and its appearance in non-polysomal fkactions suggested that TB-RBP is involved in the post- 
transcriptional regulation of Gapd gene expression during spermiogenesis. The Gapd mRNA 
translation was inhibited by recombinant TB-RBP or by a TB-RBP mutant protein in vitro 
(Yang et al., 2003). 

15.5.6. Y- Box Proteins 

The vertebrate Y box proteins represent a family of nucleic acid-binding proteins containing an 
85 amino acid domain termed the cold-shock domain (CSD), which contains sequences that are 
over 40% identical to the small bacterial cold shock proteins and binds single stranded nucleic 
acids by their ribonucleoprotein ( W ) - 1  and RNP-2 like motifs. The bacterial cold shock 
proteins act as transcription factors, a property conserved in the Y box proteins to either 
promote or repress transcription of a variety of genes. In addition to binding to DNA, Y box 
binding proteins also bind to RNAs in a sequence independent manner and facilitate the 
translational regulation of stored mRNAs. Hence they have duel function. All vertebrate Y-box 
proteins contain three domains: a varable N-terminal domain, a highly conserved nucleic acid 
binding domain (CSD = cold shock domain) and a C-terminal domain. The N-terminal domain is 
alanine and proline rich (Alp domain). The vertebrate Y box proteins contain several interspersed 
alternate basic or acidic @/A) clusters in their C-terminal region that binds single stranded 
DNA or RNA in vitro (Kohno et al., 2003). 

MSYl and MSY2 wenopus Homologue FRGYl and FRGY2): InXenopus oocytes, the Y-box 
protein FRGY2 (mRNP3+4) is abundant and found in cytoplasmic translationally repressed 
maternal rnRNAs. The mammalian homologue of the Xenopus germ cell-specific nucleic acid- 
binding protein FRGY2 (mRNP3+4) was designated MSY2 in 1998. The FRGY 1 and FRGY2 
positively regulate transcription fiom promoters containing a Y-box (CTGATTGGCCAA). In 
addition, the FRGY2 binds maternalmRNA within 60-80s mRNP storage particles and regulates 
translation on the developing oocyte and embryo. The binding of intact maternal mRNA by 
MSY2 is required for its cytoplasmic retention (Yu et al., 2003). Mammalian homologue, MSY 1 
mRNA accumulates over 100-fold more in testis than in other tissues and is developmentally 
regulated, initially appearing at pachytene stage of spermatogenesis. This is the stage of 
maximal transcription and translation in the spermatocyte. The MSY 1 protein form a 60-80s 
mRNP fraction of testis, which like the fiog oocyte contains stored, untranslated mRNAs, is 
bound to mRNA of this fraction. 

Many Y-box proteins have been cloned, including mouse MSY 1, which shares 85% identity 
with Xenopus FRGY 1. MSY 1 is most highly expressed in the testis but is also expressed in 
somatic tissues. Mammalian germ cell homologues, p481p52 (MSY2), have been identified in 
mouse testis. Evidence indicates that a Y box-binding family of transcriptional regulators is 
identical to p56, a predominant protein of mRNP complexes. The p56 protein is highly enriched 
in oocytes and testis. FRGY2 is identical to an RNA-binding protein designated mRNP3+4 or 
~541~56 .  They are bound to non-polysomal RNA and also interact with Y box element in Prml 
promoter (Kwon et a]., 1993; Nikolajczyk et a]., 1995, Tafuri et a]., 1993) (Fig.15.8). The 5' 
flanking region of the testis-specific, haploid-expressed mouse Prm gene contains an element 
with a 9- of -12 nucleotide identities with the previously defined Y-box consensus sequence. In 
the testis, MSY2 is alternatively spliced, giving rise to polypeptides that differ in the amino- 
terminal region upstream ofthe CSD. The Msy2 undergoes alternative splicing to yield alternate 
N-terminal regions upstream of the cold shock domain. Msy2 is a single copy gene. MSY2 (P481 
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Fig.15.8. Amino acid sequence of MSYl showing identity (85%) and similarity (90) with FRGYI. The shaded 
region shows highly conserved cold shock domain required for DNA interaction. Reprinted with permission 
from S.R Tafuri et al. J Biol Chem 268; 12213-20: 1993 O American Society for Biochemistry and Molecular 
Biology. 

52) is fust detected in early pachytene spermatocytes and progressively increases during the 
remainder of meiotic prophase to apost-meiotic peak in steps 1-8 round spermatids; thereafter, 
declined as elongated spermatids underwent nuclear condensation and elongation. The pattern 
of synthesis of these mRNA binding proteins together with their association with the chromatoid 
suggests a role as germ cell-specific rnRNA stabilizing andlor storage proteins (Oko et a]., 
1996; Guet al., 1998). 

Contrin: A number of closely related Y-box gene products including dbpA, dbpB and contrin 
(dbpC) have been identified in recent years (Tekur et a]., 1999 c/r Kohno etal., 2003). Contrin is 
closely related to YB-1 and dbpA and is specifically expressed in mouse germ cells. The Dbpc 
or contrin is highly homologous to germ cell specific Y-box protein, MSY2. Since YB-1 is over- 
expressed in cancer cells and is considered a promising target for cancer therapy, a similar role 
for Y-box proteins in testicular germ cells for chemical contraception needs to be investigated 
(Kohno etal., 2003). 

15.5.7. Other mRNA-Binding Proteins in Germ Cells 

Spermatid Perinuclear RNA Binding Protein: The protein product of spermatid peri-nuclear 
RNA-binding protein (SPNR), contained two RNA-binding domains similar to those found in 
the Drosophila staufen protein. Within the testis it is expressed exclusively in post-meiotic 
germ cells and that it is localized to the manchette, a spermatid specific microtubular array. Both 
strands of the 3-kb SPNR cDNA were sequenced. The entire nucleic acid- and the deduced 
amino acid sequences are shown in Fig 15.9. The SPNR cDNA codes for a 649-amino acid 
protein of 71-kDa. It has significant homology with a family of known RNA-binding proteins 
that includes Xenopus 4F-1 and 4F-2, Drosophila staufen, human Tar-binding, murine Prm 
RNA binding protein and human protein kinase. The SPNR protein has two copies of the RNA- 
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Fig.15.9. c-DNA and predicted amino acid sequences of Spnr cDNA. RNA binding motifs are 
underlined with the most highly conserved portion of the motif doubly underlined. Leucine 
residues within leucine zipper motif are boxed. Reprinted with permission fiom M. Schumacher 
et al, J Cell Biol 129;1023-1032: 19950 The Rockefeller University Press. 
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binding domains both of which are located in the carboxy-terminal third of the SPNR protein. 
Just upstream of both binding motifs are stretches of conserved amino acids. This similarity is 
found upstream of the RNA binding domain in many of the other family members. The SPNR 
protein also contains a putative leucine zipper domain between amino acids 38 1 and 402. Just 
upstream of this motif is a highly charged region with a short stretch of aspartic acid residues 
followed by a short basic region containing several lysine and arginine residues. Leucine 
zippers are often found preceded by highly charged regions. The SPNR gene was mapped on 
mouse and human metaphase chromosomes. The SPNR mRNA is expressed at high levels in 
the testis, ovary, and brain, and is present in multiple forms in those tissues. Although the 
SPNR protein is expressed too late to be directly involved in the translational repression of 
Prm-1 specifically, it is suggested that the SPNR protein may be involved in other aspects of 
spermatid RNA metabolism, such as RNA transport or translational activation (Schumacher et 
al., 1995b) (Fig. 15.9). 

The SPNRYs mutant mice with reduced fertility or sterility showed structurally abnormal 
manchettes, and that despite the highly abnormal manchettes and microtubule aggregates 
formed in azh, hop-sterile, td, and td mutants, SPNR remains associated with the manchettes. 
Localization of SPNR to the abnormal manchettes suggested that SPNR is tightly bound to the 
manchette. The gene encoding SPNR was cloned in a screen for RNA-binding proteins that 
could bind to the 3'-untranslated region (UTR) of the testis-specific F'rm 1 (Prm-1) mRNA in 
vitro. The appearance of SPNR temporally coincides with the translational activation of the 
Prml mRNA. SPNR and other family members that contain the double stranded RNA-binding 
domain bind double stranded RNA and highly structured single stranded RNAs in vitro. The 
SPNR interacts with the Prml mRNA in vivo, although in vitro RNA-binding studies with 
portions of the SPNR protein failed to reveal sequence specific binding to any RNAs, including 
the Prml3'UTR. In addition to its function as an RNA-binding protein, SPNR is also a bonafide 
microtubules associated protein (Schumacher et al., 1998). 

RNA Binding Zinc Finger Proteins: Zinc finger protein possesses a region common to a small 
class of RNA binding proteins. The Zj? (zinc finger RNA binding) encodes a protein of 1052 
amino acids with three widely spaced Cys,His, zinc fingers. Outside the zinc fmger, ZFR 
protein shares a region that is highly conserved between several RNA binding proteins 
containing copies of the double stranded RNA binding motif. Z£r is expressed at highest levels 
within the testis, ovary and brain and highly expressed during meiosis I in males and females. 
Z£r is also expressed in Sertoli cells in the testis and granulosa cells in the ovary where it is 
localized to the nucleus. An apparent homologue of ZFR exists in invertebrates 
(D.melanogaster), nematodes (C.elegans) and humans (H. sapiens) suggesting it as an ancient 
protein (h4eagher et al., 1999). 

PUF Proteins: PUF proteins are a conserved family of RNA binding proteins that regulate 
RNA stability and translation by binding to specific sequences in 3'-untranslated regions. The 
common function of PUF proteins may be to sustain mitotic proliferation of stem cells. 
Drosophila PUMILIO and C. elegans FBF are essential RNA binding proteins for self-renewal 
of germ stem cells. However, PUF-8, £rom C. elegans, related to PUMILIO, performs a different 
function in meiotic germ cells viz., PUF-8 is required to maintain meiosis and prevents the 
return of primary spermatocytes to mitosis. PUF-8 deficient primary spennatocytes complete 
meiotic prophase but do not undergo normal meiotic divisions. Instead, they dedifferentiate 
back into mitotically cycling germ cells and form rapidly growing tumors (Subramaniam and 
Seydoux, 2002). These findings support the view that PUF proteins regulate multiple transitions 
during germ-line development. 
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Transcriptional Control of Testis Specific Cytochrome C,: In testes there are two cytochromes, 
somatic (Cyt Cs) and testis specific (Cyt Ct). Cys Cs and Cyt Ct differ in 14 out of 104 amino 
acids (see Chapter 28). Cyt.c, gene was studied by examining DNA-protein interactions in its 
proximal promoter. The sequence fiom -136 to -127, bound by liver but not to testicular nuclear 
proteins, is similar to that of the binding site of a somatic c-mos repressor protein. Lastly, 
different nuclear proteins fiom mouse liver and testis bound to a region from -1 8 to + 3 1 that 
contains a putative Y box at -13 to -2. Studies established that this putative Y box binds a 52- 
kDamouse testicular homologue of the Xenopw germ cell-specific Y box protein and a competing 
50-kDa protein present in both liver and testis nuclear extracts. The testis-specific expression 
of the mouse Cyt.c, gene during spermatogenesis may be regulated by the differential binding 
of tissue-specific nuclear proteins to its proximal promoter region (Yiu et al., 1997). Besides 
RNA binding proteins in transcriptional control of Cyt Ct in testes, there exist several RBPs, 
which are involved in transcriptional or translational control in germ cells of testis. Although 
transcriptional control of many germ cell specific genes in testis has been studied during last 
decade, our understanding on identification and characterization of translational components 
is limited (see Chapters 10 and 16). 

15.6. mRNA AND RNP IN SPERMATOZOA 

Studies demonstrated that human ejaculated spermatozoa contain the mRNA transcripts of P(1 
integrins and supported the role of these proteins in adhesive mechanisms in the process of 
fertilization. Subsequent reports demonstrating the presence of mRNAs for sperm-specific 
nucleoproteins, the Prml, F'rm2, and the transition protein TP-1 as well as &actin, Hsp70, 
Hsp90, c-MYC, HLAI, HLAII, and recently observed phosphodiesterase subtypes have 
challenged the accepted view of the transcriptional dormancy of terminally differentiated 
spermatozoa. It appears that spermatozoa are a repository of information regarding meiotic and 
post-meiotic gene expression in the human and are likely to contain transcripts for many 
homologues of genes identified from animal models, which play an essential role in 
spermatogenesis. Further studies indicated the presence of high levels of transcribed repetitive 
skquencei in human spermatozoa, including medium reiteration repeats (MERs) and short and 
long nuclear interspersed repeats (SINES and LINES). Both SINES and LINES belong to the 
retroposon repeat elements, which are thought to proliferate via an intermediate RNA that is 
converted into DNA by reverse transcriptase (RT). Evidences for the presence of reverse 
transcriptase in ejaculate sperm based on the detection of transcripts for the ORF2 of LINE 1 
encoding such an enzyme had been obtained with murine and human sperm. Sperm cells 
incubated with human poliovirus RNA can take up exogenous RNA molecules and internalize 
them in nuclei. Direct PCR amplification of DNA extracted fiom RNA incubated spermatozoa 
indicated that poliovirus RNA is reverse transcribed in cDNA fragments (Giordano et al., 2000). 
The evidence has to be generated, that could prove that stored mRNAs and RT in sperm may 
reverse transcribe paternal genes in fertilized egg. In conclusion it suggests that: i) Ejaculate 
spermatozoa are useful tool in the identification of genes linked to an infertile phenotype. ii) 
spermatozoa (or spermatids) may express a reverse transcriptase, the role of which is unknown. 
iii) RNA isolated from spermatozoa or washed semen samples may facilitate the detection of 
mutations and deletions in testis expressed AZF-linked genes. iv) Sperm ejaculates as a non- 
invasive biopsy of spermatid need to be evaluated for infertility (Miller 1997; 2000) (see Chapter 
10). 
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Chapter 16 

TRANSCRIPTION FACTORS ASSOCIATED 
WITH SPERMATOGENESIS 

16.1. CRE-TRANSCRIPTION FACTORS @ZIP CLASS PROTEINS) 

General transcription factors are differentially regulated in germ cells. For example, TATA 
binding protein accumulates in early haploid germ cells at much higher levels than in any 
other somatic cell type. In addition to TBP, TFIIB and RNA polymerase I1 are also over- 
expressed in testis. These remarkable features are consistent with the potent transcriptional 
activity, which occurs in coordinated manner during the germ cell differentiation. But CREM 
transcription factor responsive to the CAMP-signaling pathway is crucial for a normal germ 
cell differentiation program. During the process of development a committed germ cell passes 
through 3 % cycles, driven by the alternating influences of CAMP and androgen hormones. 
Cyclic-AMP increases transcriptional activation through several closely related bZIP 
transcription factors. The CREB and CREM are known to be expressed in a variety of isoforms, 
many of which are inhibitory to CAMP induced transcription. Different signaling pathways 
converge on CREB and CREM proteins, which control cell function by modulating their 
phosphorylation state, which acts as a molecular switch in transcriptional machinery (De 
Cesare and Sassone-Corsi, 2000). CRE-binding proteins have been found to play an important 
role in the physiology of male gametogenesis. 

16.2. CRE MODULATOR (CREM) PROTEIN 

16.2.1. Signal Transduction 

The c-AMP and diacylglycerol (DAG) are two major messengers, which induce cell signals in 
many cells. The c-AMP pathway is characterized by a specific protein kinase A while DAG 
signal is activated by protein kiase C with their ultimate targets, which control CAMP- 
responsive element (CRE) and 12-0-tetradecanoylphorbol13-acetate (PA) responsive element 
(TRE) inDNA, respectively. There is extensive cross talk between DAG and CAMP pathways. 
Intracellular levels of CAMP are primarily controlled by adenylate cyclase, which is activated 
by extracellular stimulus mediated through interaction of receptors with G proteins (see 
Chapters 18 and 19). The CAMP so produced binds to two PKA regulatory subunits, thus 
converting the inactive form of PKA into an active form of PKA. The released active PKA 
catalytic subunit is translocated to the nucleus where it phosphorylates serine residues of 
nuclear proteins having the sequence: X-Arg-Arg-X-Ser-X. The PKA mediated 
phosphorylated proteins ultimately influence the transcriptional regulation of various genes 
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Fig.16.1. Activators and repressors from same gene. Schematic representation of CREM gene and formation 
of various activator and repressor CREM isoforms. The P1 promoter is GC-rich and directs non-inducible 
pattern of expression. The P2 promoter is highly inducible by CAMP-dependent signaling pathway. Reprinted 
with permission from D. De Cessare and P. Sassone-Corsi. Prog Nucl Acid Res Mol Biol 64; 343-369 0 
Elsevier. 
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through distinct CAMP-inducible promoter responsive sites. The consensus CRE site is formed 
of an 8 bp palindromic sequence: TGACGTCA. 

Regulation of CREM During Spermatogenesis: Based on high abundance of CREM in 
spermatogenic cells, it is considered that CREM acts as a developmental switch during 
spermatogenesis. Alternative splicing of the exons encoding the activation domain, produce 
different CREM isoforms, expressed at different times during the differentiation of germ cells. 
The abundant CREM transcript in the adult encodes exclusively the activator forms, whereas 
in pre-pubertal testis only the repressor forms are detected, albeit at low levels. Thus the 
CREM developmental switch also has a reverse function (Foulkes et al., 1992). The CREM in 
germ cells is under exquisite hormonal regulation. Since FSH does not have direct effect on 
spermatogenesis, the effect on CREM activation in g e m  cells by FSH seems to be mediated 
through Sertoli cells. Administration of FSH results into a rapid induction of the CREM 
transcript. The induction of CREM transcripts by FSH is not transcriptional. Instead, by a 
mechanism of alternative polyadenylation, AUUUA destabilizer elements present in the 3'- 
untranslated region of the gene are excluded, dramatically increasing the stability of the 
CREM message. CREM is the first example of a gene whose expression is directly modulated 
by a pituitary hormone during spermatogenesis. The implication of this observation is that 
hormone can regulate gene expression at the level of RNA processing (Foulkes et al., 1993; 
DeCesare and Sassone-Corsi, 2000). 

16.2.2. Germ Cell Specific CREM Isoform 

In mammals, the CREB, CREM, and activating transcription factor 1 (ATF-I) are encoded by 
three different genes. Each of these genes has large potential to encode several isoforms 
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Fig.16.2. The deduced amino acid sequence of CREMT cDNA. Amino acid sequence similarity between 
CREMT (341 aa) and with human placental CREB (326 aa). Sequence identity is shown by shaded regions. 
Reprinted with permission from N. S. Foulkes et al. Nature 355; 80-84; 1996 O Macmillan Magazines Ltd 
http://www.nature.coml.~ 

through various mechanisms. CRE binding proteins (CREB, CREM, ATF1) share a high 
degree of homology and belong to the basic domain leucine zipper (bZip) protein class. As 
stated in Chapter 14, bZip class of proteins contain a leucine zipper; an a-helical coiled coil 
structure, and an adjacent basic domain, which is approximately 50% rich in lysine and arginine 
residues, required for direct contact of DNA. Mostly, Zip proteins act as dimmers, which are 
formed after heterodimerization. Dimers bind to a regulatory DNA consensus DNA sequence, 
CRE, which is present in the regulatory region of CAMP responsive genes. The CRE consensus 
sequence has also been found in other distinct promoter elements, in which it apparently 
confers different transcriptional properties. An example is for X-box motif present in MHC 
class I1 gene. 

Various RNA processing events generate a family of CREM proteins. Control seems to be 
exerted at three different levels: alternative splicing, alternative polyadenylation, promoter 
usage and alternative translational initiation. The modular structure combined with extensive 
differential splicing permits the CREM gene to encode a family of transcription factors with 
different activation properties. Additional versatility is produced by generating transcripts 
with different 3'ends. Different isoforms of CRE- binding proteins can act both as activators 
and repressors of transcription (Fig.16.1). The CREM gene also encodes a transcriptional 
activator, CREMZ. The cDNAs have been characterized for CREMZl and c R E M ~ ,  which 
incorporate singly N-terminal or C-terminal glutamine rich domains and still work as activators. 

CREMT differs fiom CREM agonists by the coordinate insertion of two-glutamate rich 
domains that confer transcriptional activation function. During spermatogenesis there is an 
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abrupt switch in CREM expression. In pre-meiotic germ cells CREM is expressed at amounts 
in the antagonist form. Subsequently, from the pachytene spermatocyte stage onward, a 
splicing event generates exclusively the CREM activator, which accumulates in very high 
amounts. The 1,023-bp open reading frame of CREW encodes a protein of 341 amino acids 
very similar to CREB. In transfection assays, CREM in contrast to the other CREM isoforms, 
functions as a transcriptional activator when co-expressed with PKA. The two inserted amino 
acid regions in CREM are at least three times richer in glutarnine residues than the rest of the 
protein (Foulkes et al., 1992) (Fig 16.2 ). The expression of testis specific isoforms of the 
catalytic and regulatory subunits of PKA (Chapter 19) implies the requirement of a specialized 
CAMP signal transduction pathway and the CREMz may represent a nuclear target of this 
pathway. 

Phosphorylation of CRE- proteins at specific sites is pre-requisite for transcriptional 
activation. cREM~ is efficiently phosphorylated at a serine residue at position 117 by the 
germ cells specific PKA, indicating that it constitutes a natural target of the adenylate cyclase 
pathway during spermatogenesis. Phosphorylation of serine-117 turns CREMt into a powerful 
activator (Fig.16.3). The rise in cREM~ protein coincides with the transcriptional activation 
of several genes. cREM~ efficiently binds to CRE present in the promoter of these genes, 
suggesting that they could constitute down stream targets of CREM. The male germ cell 
specific RT7 promoter is CAMP inducible and activated by CREMz and efficiently transcribed 
in vitro with nuclear extracts h m  seminiferous tubules, confirming a cascade of transcriptional 
events during spermatogenesis (Delmas et a]., 1993). 

CREM isoforms and mRNA expression have been analyzed in the cynomolgus monkey 
(Macaca fascicularis). Two activator isoforms (2 with and without exon) from monkey display 
high sequence identity to mouse and human isoforms. CREM activator expression was confined 
to pachytene spermatocytes and round spermatids in specific spermatogenic stages. 
Comparative analysis of testicular CREM expression showed several transcripts in rat, mouse, 
hamster, and marmoset; two transcripts in cynomolgus and rhesus monkey and one in man 
suggesting an evolutionary trend from multiple activator isoforms to a single activator transcript 
in men (Behr et a]., 1999; 2000). A CREM transcript isoform from a monkey testis showed a 
novel 5' exon 82 of 113-bp, which provides at its 3'-end an in-frame ATG to the downstream 
reading frame. Moreover, a second leader exon, 81 of 289-bp encodes a putative open reading 
frame of 26 amino acids. In-vitro translation, CREM-81 and CREM-02 splice variants from 
human testis yielded not only full-length proteins but also shorter repressor products resulting 
from downstream translation initiation. While CREM-91 mRNA was exclusively expressed in 
the testis, the CREM-02 transcripts were abundantly expressed in the testis and at very low 
levels or absent in other tissues. Differential activation of promoters during mouse postnatal 
testicular development suggested cell- and stage-specific regulatory mechanisms for these 
CREM promoters (Gellersen et al., 2002). 

16.2.3. CREM Activator Protein 

Examination of phosphorylation state of CREM at various stages of spermatogenic cycle 
showed that CREM is unphosphorylated at the time when it activates post-meiotic genes. 
This differential pattern suggests that molecular mechanism of transcription activation by 
CREM in germ cells must be different from factors, which involve phosphorylation at Serl17. 
The answer was obtained with the search of an activator protein for C ~ M .  Murine testis c- 
DNA library revealed a clone, which coded a protein that interacted with CREM with high 
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Fig.16.3. Schematic diagrams of amino acid sequences of (A) CREMT and (B) CREB, showing DNA binding 
domain (DBD), cysteine rich insertion (I and II) sequences (specific to CREMT), and kinase phosphorylation 
sites (P-Box). 

affinity. The ORF sequence of this clone encodes a protein of 284 aa, and was named as ACT 
(activator of CREM in testis). The ACT shows the presence of four LIM domains and one 
amino terminal half LIM motif. The LIM domain is a conserved cysteine and histidine rich 
structure of two repeated zinc fingers (see Chapter 19 for Lim) and it functions in protein- 
protein interactions. The ACT belongs to the class of the LIM only proteins (LMO). While 
CREM and ACT are coordinately expressed in testis, the ACT is abundantly and exclusively 
expressed in testis. In the seminiferous epithelium, CREM transcripts accumulate in 
spermatocytes and spermatids, but the protein is detected only in haploid spermatids. The 
absence of CREM fiom spermatocytes reflects a strict translational control in germ cells. It is 
noteworthy that ACT is able to convert inactive CREM mutants into transcriptionally active 
molecules both in yeast and in mammalian cells. Thus, with its intrinsic capacity for activation, 
ACT can convert CREM into powerful transcription activator. The expression of CREM 
activator protein in spermatids coincides with the transcriptional activation of several genes 
containing CRE motifs in their promoter region. These genes encode mainly structural proteins 
required for spermatozoon differentiation, suggesting a role for CREM in the activation of 
genes required for the late phase of spermatid differentiation (Fimia et al., 1999; De Cesare and 
Sassone-Corsi; 2000; Sassone-Corsi, 2000). 

16.2.4. CREM and Spermatogenic Genes 

Genetic evidences indicated that CREM participates in testis and developmental specific 
regulation of post-meiotic genes during spermiogenesis. CREM acts as amaster controller of 
haploid gene expression. The expression of several testis specific genes (already known to be 
regulated by CREM) was dramatically reduced or lost in the CREM mutant mice (4). Among 
these genes are Prml, Prm2, TPl, TP2, RT7 Plendy et al., 1996 Nantel et al., 1996 and others), 
calspermin, Krox-20 and Krox-24 in heterozygous and homozygous mutant males. Besides 
these proteins, CREM also regulates the expression of mitochondria1 capsule selenoprotein 
(MCS), CRY41 and ACE. These studies on inactivation of CREM gene demonstrated the 
importance of this gene in spermiogenesis. In contrast, other genes expressed in pre-meiotic 
germ cells such as that for proacrosin binding protein and Hoxa-l are expressed normally in 
the mutant mice. It is likely that CREM function must be restricted to the late phase of 
transcription before the compaction of the DNA. 

CREM deficiency causes germ cells to cease differentiation and to undergo apoptosis @e 
Cesare and Sassone-Corsi, 2000; Sassone- Corsi 2000). Nevertheless, the importance of CREM 
in spermiogenesis is not precisely known. Several reports have addressed the physiological 
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role of CREM using inactivation of the CREM gene by homologous recombination in mice 
(Blendy et al., 1996; Nantel et al., 1996). In both studies the targeting vector used to generate 
the mice was constructed to delete the leucine zipper domains of CREM. These leucine zipper 
domains are required for both dimerization of CREM and DNA binding (binding to the CRE). 
The homozygous CREM deficient mice (-I-) appeared healthy and seemed to have normal 
growth and development. Nevertheless, despite normal mating behaviour, the males were 
sterile (while the females were fertile). Serum testosterone and FSH levels were not reduced. 
Homozygous CREM mutant mice (4) demonstrated a complete lack of spermatozoa, while the 
heterozygous (+I-) mice exhibited a 46% reduction in the number of sperm. CREM inactivation 
blocks slkmiogenesis at the early spermatid stage and inhibits mo$hological differentiation 
and development to elongated spermatid. Importantly, CREB expression is unchanged with 
respect to normal litter mates in CREM deficient mice. Furthermore, the expression of ATF-1, 
and the levels of the co-activator CREB binding protein and ATF-2 remained unchanged. This 
demonstrated that no redundant function can substitute for CREM in germ cells (Nantel et al., 
1996). In CREM deficient male mice apoptosis of germ cell increases 10 fold. Thus the stringent 
requirement of CREM is manifested by the lack of maturation of the germ cells and by their 
entering the cell death pathway. CREM and transcription factor IIA (TFIIA) are expressed in a 
spatially and temporally coordinated fashion during differentiation of germ cells. These proteins 
are co-localized intracellularly in spermatocyte and spermatids. CREM interacts with TFIIA, a 
general transcription factor that stimulates RNA polymerase 11-directed transcription. The 
interaction is restricted to the activator isoforms of CREM and does not require Serll7. 
Importantly, CREM does not interact with TFIIAr-ALF, a testis-specific TFIIA homologue. 
These investigations contribute to the understanding of the highly specialized roles of 
transcriptional regulation in haploid germ cells @e Cesare et al., 2003). 

CREM as an Index of Fertility in Men : In about one third of infertile men the cause of 
impaired spermatogenesis is not known. Indeed, several studies suggested that a switch £kom 
the expression of CREM repressors to CREM activator is present in post- meiotic germ cells in 
normo-spermic men where as in oligo-spermic men only CREM repressor was detected. In situ 
hybridization confirmed the presence of CREM activators in post-meiotic germ cells in testis 
specimens showing conserved spermatogenesis, but not in specimens showing maturation 
arrest at the spermatid stage. Thus lack of a switch in the expression of CREM gene isoforms 
seems to be related to impaired spermatogenesis in humans (Peri et al., 1998; Weinhauser et 
al., 1998). 

16.2.5. Location of CRE in Promoters of Germ-Cell Specific Genes 

CRE like sequences are located between position40 and-100 in the post-mitotically expressed 
(Prm-1 and Prm-2, RT7, TP-1, calspermin and angiotensin converting enzyme (ACE)) genes. 
The CRE like sequence acts as a binding site for a common testis specific transcription 
factors. Several testis specific genes, however, do not show this sequence, suggesting that 
the use of a CRE like element is restricted to a subset of promoters, such as those which act 
post-meiotically. Surprisingly, only a few sequences involved in the glucocorticoid /androgen 
response pathways have been identified despite the profound effects of these hormones on 
testis and germ cell development. Hence following binding sequences have been described in 
order to provide understanding of the stage specific expression of several testis specific 
genes. 
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Angiotensin Converting Enzyme: In vitro transcription and transfection studies demonstrated 
that CREM protein is a transcriptional activator of the testis ACE promoter (Zhou et al., 1996). 
Gel shift experiments identified CRE like site found at position - 55 in the testis ACE promoter. 
Recombinant CREMz protein and testes nuclear proteins have a similar specificity of binding 
to the testis ACE-CRE. ACE gene produces two mRNA species e o n  tissue specific promoters. 
The transcription start site of the mRNA for the smaller testicular ACE, is located within an 
intron of the larger transcription unit that encodes the pulmonary isozymes, ACEp,. A 298-bp 
DNA fragment, 5' to the rabbit ACE, mRNA transcription initiation site, can activate the 
testicular expression of a transgenic reporter gene. Using the same transgenic reporter system 
a putative CRE like site (CRE,) was identified within this DNA fkagment at -52 and a TATA like 
binding site at -27, absolutely essential for transcriptional activation. Moreover, ACE mRNA 
was not expressed in the testes of mice homozygous for a null mutation in the transcription 
factor CREM. Observations indicated that ACE, mRNA expression in the testes is regulated 
by the putative CRE, present 5' to the transcription start site and the corresponding 
transcription factor CREM (Howard et al, 1993; Kessler et al., 1998; Sadhukhan et al,1998). 

Calspermin: Testis specific calspermin transcription can be produced in heterologous cells 
by utilization of a promoter located in an intron of the CaMK IV gene. Critical motifs within 
this promoter are-two CRE like sequences located about -70 and -50bp upstream of the 
transcriptional initiation site. Both CRE motifs are foot printed by the authentic testis specific 
transcriptional activator CREM or by CREM present in adult testis nuclear extract. Whereas 
a 2.1 -kb DNA fragment containing the calspermin promoter is inactive in transfection assays, 
activity could be restored by co-transfection of CREM and proteh kinase A or CaMK IV but 
not CaM kinase lla (Sun et al., 1995). 

LanosteroEl4-a Demethylme (CYP51): Lanosterol-14-a demethylase (CYP5 1) produces 
MAS sterols, intermediates in cholesterol biosynthesis that can reinitiate meiosis in mouse 
oocytes. Gene, CYPSI is regulated by a steroVstero1 regulatory element binding protein 
(SREBP) dependent pathway in liver and other somatic tissue. CREM-/- mice are deficient in 
germ cell specific CYP.51 mRNAs in testis while expression of somatic CYP.51 transcripts was 
unaffected. The regulation by CREMz is not characteristic for all cholesterogenic genes 
expressed during spermatogenesis. The -334 1 +3 14-b CYP.51 region can mediate both the 
steroVSREBP dependent as well as the CAMP i CREM$dependent transcriptional activation. 
It appeared that two regulatory pathways mediating expression of CYP51 (SREBP-dependent 
expression) in liver and other somatic cells and in haploid male germ cells controlling the 
operation of cholesterogenic genes are under different control (Rozman e al., 1999). 

Ldh-c Gene is Regulated by Multiple Factors: The human Ldh-c shows an exceptionally 
large window of expression throughout pre- and post-meiotic stages of the male germ cell 
lineage. Three classes of transcriptional regulators were defmed in human Ldh-c core promoter. 
1) The Sp 1 transcription factor is a testis- "enriched" protein that is absent from most somatic 
tissues and that appears to play a major role in determining Ldh-c expression in the testis. 
Highest levels of Spl during spermatogenesis correlate with maxima of Ldh-c expression. 
2). The testis specific CREM like sequence located at position -433 might contribute to post- 
meiotic transduction. 3) Factors present in tissues for negative regulation of Ldh-c expression 
appear to bind both the CRE like sequence and an adjacent hormone response element. The 
presence of this element could be involved in regulating Ldh-c through the glucocorticoid~ 
androgen pathways at the early stages of Ldh-c expression (Bonny et al., 1998). 
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16.3. CRE-BINDING (CREB) PROTEIN 

CREB is predominantly a positive modulator of cAMP responsive genes. However, in the 
testis, alternative exon splicing results in the expression of repressor CREB isoforms. Like 
CREM, dimers of CREB bind to the palindromic CRE element 5'-TGACGTCA-3' (or similar 
motifs) found in the control regions of many genes. CREB gene expression in Sertoli cells and 
germ cells of the rat testis occurs in concomitant with the FSH induced rise in cellular cAMP 
levels, and the transcription of the CREB gene is auto-regulated by cAMP dependent 
transcriptional proteins. The 5'flanking sequence of human CREB promoter gene has a high 
content of guanosines and cytosines and lacks canonical TATA and CCAAT boxes typically 
found in the promoter genes in eukaryotes. The CRE bind recombinant CREB and endogenous 
CREB or CREB like proteins contained in placental JEG-3 cells, and also confer CAMP- inducible 
transcriptional activation to a heterologous minimal promoter. The expression of the CREB 
gene is positively autoregulated (Meyer et al., 1993). 

CREB mRNAs are located in Sertoli cells and Leydig cells and in germ cells. Rat testicular 
sections showed a remarkably high expression of CREB in the haploid round spermatids and 
to some extent in pachytene spermatocytes and Sertoli cells. Although most of the CREB 
antigen is detected in the nuclei, some CREB antigen is also present in the cytoplasm. The 
cytoplasmic CREB results fkom the translation of a unique alternatively spliced transcript of 
the CREB gene that incorporates an exon containing multiple stop codons inserted immediately 
up stream of the exons encoding the DNA binding domain of CREB. The RNA containing the 
alternatively spliced exon encodes a truncated transcriptional transactivtor protein lacking 
both the DNA binding domain and nuclear translocation signal of CREB. The C-terminally 
truncated CREB isoforms are lacking DNA binding dimerization function, and hence their 
physiological role remains unclear. In the Sertoli cells, a striking cyclical (12 day periodicity) 
increase in the levels of CREB mRNA coincides with the splicing out of the restrictive exon 
containing the stop codons. Because FSH-stimulated cAMP levels in Sertoli cells are also 
cyclical, and the CREB gene promoter contains CAMP responsive enhancers, it was suggested 
that the alternative RNA splicing controls a positive auto-regulation of CREB gene expression 
mediated by CAMP (Waeber et al., 199 1). 

16.3.1. CREB mRNA Isoforms 

Several alternatively spliced exons in the CREB mRNA that contains in frame stop codons 
have been described in mouse, rat, and human CREB genes. The W, Z, and Y (or 4 exons are 
testis specific and are most strongly detected in germ cells. In mouse, mRNA CREBG and 
CREBa encode proteins with CRE-binding activity and identical transactivation potential. 
The additional CREB mRNA isoforms potentially encode CREB related proteins. From the 
structural organization of the mouse CREB gene it was concluded that the multiple transcripts 
are generated by alternative splicing. Specific CREB mRNA isoforms are expressed at a high 
level in the adult testis; expression of these isoforms is induced after commencement of 
spermatogenesis, predominantly in the primary spermatocytes. Comparison of the CREB gene 
with isolated CREM cDNAs illustrates that the two genes have arisen by gene duplication 
and have diverged to encode transcriptional activators and repressors of the CAMP signal 
transduction pathway (Ruppert et al., 1992) (Fig.16.4). Since during rat spermatogenesis, the 
levels of cAMP in seminiferous tubules undergo stage dependent cyclical fluctuations, it was 
found that changes in CAMP levels are accompanied by alternative exon splicing of the RNA 
encoding the CREB expressed in both the Sertoli and germ cells. 
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Fig.16.4. DNA and predicted amino acid sequence of mouse CREB cDNA including 5' flanking and intron 
sequences. Boxes denoted by 4, a,y, and R indicate inserts specific for CREB cDNA clones pmcCREByf, 
pmcCREBa, pmcCREBy and pmcCREB R. Intron boundaries (AT and AG) are written in bold letters. The 
amino acid numbers (1-327 aa residues) shown on right depict the most abundant isoform CREBxA. Leucines 
putatively involved in the formation of leucine zippers are circled. Amino acids, specific to other isoforms, 
are given in respective boxes and not numbered. Arrow indicates the putative transcription initiation site. In 
the promoter region, binding sites for SPl (sequence 5'-GGGCGG) are boxed. Reprinted with permission from 
S. Ruppert et al. The EMBO Journal 11; 1503-12: 1992 O http://www.nature.com/. 
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Exons Y and W are expressed exclusively in the testis, and they introduce stop codons 
into the normal proteins coding frame of CREB. The splicing in W was shown to activate the 
internal translation of two novel alternative products of the CREB mRNA containing the DNA 
binding domain (I-CREBs). The I-CREBs act as potent inhibitors of activator isoforms of 
CREB. The polycistronic RNA that encodes two internally translated CREB repressor isoforms 
(I-CREBs) consists of the carboxy-terminal DNA binding domain, devoid of the transactivation 
domain. Analysis of different stages of the spermatogenic cycle revealed stage dependent 
splicing of both exons Wand Y in the CREB transcripts confirming a cyclic variation in CREB 
mRNA in testis. Maximal splicing of exons Wand Y occurs independently at different stages 
of the spermatogenic cycle, stages 11-VI and IX, respectively. The distinct spermatogenic 
cycle dependent regulation of the splicing of exons W and Y provides further evidence in 
support of a functional relevance for CREB-W and Y mRNA isoforms in spermatogenesis 
(Daniel et al, 1998). Girardet et al(1996) reported the alternative splicing of an additional exon 
Z in CREB mRNA expressed in human but not in mouse or rat testis. Insertion of exon Z 
abolishes the synthesis of one of the two inhibitor CREBs due to the introduction of an in 
h e  stop codon within exon Z. It was shown that Z is not spliced into mRNAs in mouse and 
rat testes due to the evolution of mutations in the splice signals flanking exon Z. These 
findings suggested that the splicing of exon Z might be part of a human specific mechanism 
to regulate CAMP-dependent regulatory pathways in spermatogenesis by extinguishing the 
expression of a CREB repressor (Girardet et al., 1996). 

163.2. CREB Promoter 

Transient transfections of primary Sertoli cells showed a conserved 300-bp region of the 
CREB promoter surrounding the transcription start site that is required for both basal and 
cAMP inducible expression of the CREB gene. This promoter region contains three Spl- 
binding sites flanking the transcription initiation site and two CREs located 65 and 85-bp 
downstream of the transcription initiation site. It was shown that the Spl motifs bind Spl in 
Sertoli cell extracts and contribute to basal promoter activity. The model of FSH and cAMP 
mediated CREB auto-regulation of its own promoter may also explain the dramatic stage 
specific oscillations in Sertoli cells of CREB mRNA levels during the 12-day cycle of 
spermatogenesis in rat (Walker et al., 1995) 

16.3.3. Hormonal Control of CREB 

The expression of CREB protein mRNAs in Sertoli and germ cells during spermatogenesis is 
dependent on both androgen and FSH. However, the effects of androgen or FSH on the 
regulation of CREB protein mRNAs are different (West et al., 1994). Expression of CREB 
transcripts was reduced by EDS induced with-drawl but not by FSH or EDS+ testosterone. 
CREB is highest around the base of stage VII-VIII tubules and this was shown to be androgen 
dependent (West et al., 1994). Binding of FSH to Sertoli cells activates cAMP dependent 
pathway resulting in CREB phosphorylation, which was shown by the addition and with- 
drawl of forskolin to cultured primary Sertoli cells. 

16.3.4. CREB Regulation by NE'-KP and Other Factors 

NF-KP/ transcription factors are constitutively expressed in the nuclei of Sertoli cells of rodent 
testis, and specifically bind to ~d enhancer motifs within the promoter of the CREB gene. NF- 
~dtranscri~tion factors are potential regulators of CREB expression since the CREB promoter 
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contains consensus NF-KP binding motifs. The family of NF-K@ or Re1 transcription factors 
consists of five known mammalian subunits (RelA, RelB, c-Rel, p50, and p52). Multiple 
combinations of homo- and heterodimers are possible, thus providing the potential to generate 
both transactivators and transrepressors of transcription. Tumor necrosis factor a (TNF-d) is 
a regulator of NF-KP activity and therefore a regulator of CREB gene expression. In the testis 
TNF-a is secreted primarily by round spermatids and a 55-kDa TNF-a: receptor has been 
detected in Sertoli cells. TNF-a increases the activity of NFk@ in rat Sertoli cells and that NF- 
KP levels in the nuclei of Sertoli cells are highest during the stages,in which round spermatids 
are present @elfino and Walker, 1999). Over-expression ~ f N F - k ~ ~ r o t e i n s  in primary Sertoli 
and fibroblast cells activates the CREB promoter in transient transfection assays. Stimulation 
of Sertoli cells with TNFa, produced by round spermatids stimulated the elipination of NF-kd, 
the translocation of additional NF-kpi to the nucleus, and increased NF-kfi binding to CREB- 
promoter k$-enhancer elements. It was concluded that NF-k@ contributes to the up-regulation 
of CREB expression in Sertoli cells and raises the possibility that NF-k$ may induce other 
Sertoli cell genes required for spermatogenesis. It is also likely that NF-k$ may be a general 
regulator of CREB in non-testis tissues @elfino and Walker, 1999). 

16.3.5. Activating Transcription Factor 4 (ATF4lCREBZ) 

Activating transcription factor 4 (ATF4lCREB2) is another member of CREB family. The male 
ATF4(-I-) mice are sub-fertile, despite the fact that they produce sufficient sperm and are able 
to fertilize wild-type eggs in vitro. Observations predicted that ATF4 is required for the normal 
differentiation of the lamina propria layer of the vas deferens at sexual maturation. The 
morphology of the ATF4(-I-) lamina propria and the constriction of the lumen are consistent 
with the obstruction in the vas deferens contributing to the sub-fertility of the ATF4(-I-) 
males (Fischer., 2004). 

16.4. OTHER LEUCINE ZIPPER PROTEINS 

16.4.1. RT7 : A Germ Cell Specific Protein 

The rat RT7 cDNA nucleotide sequence is not homologous to any sequences present in the 
Gen-Bank library. RT7 RNA is expressed at very high levels in rat early spermatids, while its 
expression is not detectable in any other organ or tissue. The RT7 transcription start site 
demonstrated that RT7 encodes a putative 90 amino acid protein, of which the N-Terminus is 
predicted to fold as an amphipathic a helix with features resembling the leucine zipper structure 
found in a family of transcription factors. However, unlike the leucine zipper proteins, the RT7 
a/ helix is not preceded by a basic region. Analysis of the RT7 promoter sequence shows that 
it contains a putative testis specific regulatory sequence found in h m l  and Pnn2 promoters, 
as well as binding sites for several other transcription factors (van der Hoorn et al., 1990; 1991 ; 
Shankar et al., 1998) (see Chapter 29). 

16.4.2. Nurit Protein 

A novel murine spermatid-specific gene, designated nurit, was identified in a two-hybrid 
screen for proteins that bind Nekl kinase. Nurit protein harbors a leucine-zipper motif, and 
two additional coiled-coil regions. The C-terminal coiled-coil domain mediates 
homodimerization of the protein. Nurit homologues are found in primates, pig and rodents. 
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Nurit is transcribed through the elongation stage of the spermatids, but is absent from mature 
spermatozoa. The protein is restricted, from its first detectable appearance, to a unique spermatid 
organelle called the 'flower-like structure'. The function of this structure is unknown, though 
it may be involved in transporting proteins to be discarded via the residual bodies. Nurit is the 
first marker of the flower-like structure (Feige et al., 2002). 

16.5. HOMEOBOXPROTEINS IN GERM CEW 

Homeodomain containing genes produce proteins that act as sequence specific transcription 
factors that transactivate or repress the expression of other genes. Many homologues of 
invertebrate homeodomain proteins have been identified in mammals, including mice and 
humans. The best studied vertebtrate homeobox containing genes are Antp like Hox genes, 
which exist in four major clusters in the mouse genome. Each cluster exhibits intriguing 
similarities to the complement of genes within the Drosophila Antp and Bithorm clusters, 
not only in homeodomain sequences but also in the temporal order of activation, anterior 
boundary of expression during embryogenesis and possible role in segmentation (clr Komuro 
et al., 1993). In adult animals, homeobox gene appears to be expressed exclusively in glial cells 
of the CNS including cerebrum, midbrain, cerebellum and spinal cord, and germ cells of the 
testis. Several homeobox proteins and genes are expressed in male reproductive tissue, 
suggesting the possibility that they may regulate developmental events during male 
gametogenesis. For example, the POU homeobox gene sperm-1 is expressedtransiently prior 
to meiosis in germ cells, whereas Hox-a-4 is expressed specifically in post-meiotic germ cells. 
Hox-b-4 is expressed in both germ cells and somatic cells in the testis, whereas Hox-1-4 is 
expressed by Leydig cells. Non-testicular somatic tissues also abundantly express the Hox- 
b-4 and Hox-1-4 genes. 

Oct: Goldsborough et al., (1990) cloned and sequenced four POU-box containing genes 
expressed in mouse testis. Three of these genes code for the mouse homologues of the 
previously described human Oct-1, Oct-2 and rat Bm-3. A fourth called Oct-11 codes for a 
protein identical to Oct-1 and Oct-2 over the entire POU specific domain and is closely related 
over the POU-homeodomain. Using cDNA ffom mouse testis, the sequences for all four POU- 
boxes were derived from at least two PCR products: Oct-land Oct-1 1 . Mouse and human Oct- 
1 differ at a position (amino acid 1 13), which is potentially important for interaction with VP16 
(clr Goldsborough et al., 1990). 

Pern gene: Among the cDNA isolated is a homeobox gene, Pem, which is distantly related to 
the Prdlpax homeobox gene family. The Pem gene is expressed at varying levels by most 
immortalized and malignant rodent cell lines regardless of lineage. The Pern gene exhibits 
stage and lineage specific expression during development and confined to reproductive tissues. 
In testis Pern gene is dramatically induced on day 9 in mice, when germ cells are known to 
enter meiotic prophase, where as mRNA levels are elevated on day 12-14 post partum. The 
Pern gene expression depends on androgens and gonadotrophins (Lindsey and Wilkinson 
1996% b). The promoter sequences from the Pem homeobox gene that directs Sertoli cell 
specific expression have been identified. A 0.6-kb 5'-flanking sequence directs transgene 
expression specifically in the testis and the epididymis but not in any other tissue tested. 
There are at least two regulatory regions in the Pern proximal promoter: one that directs 
androgen receptor-dependent expression specifically in Sertoli cells and another that confers 
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stage-specific expression in neonates and adults by acting as a negative regulator (Rao et al., 
2003). 

MH-3: The MH-3 gene, which contains a homeobox is expressed in testis and confmed to 
mouse chromosome 6. This gene is expressed in male geGcells during late meiosis. In the 
embryo, MH-3 transcripts are present at day 1 1.5 post-coitum, a stage in mouse development 
when gonadal differentiation has not yet occurred. The sequence of the carboxyl half of the 
homeobox shows homology to the helix turn helix domain of several DNA binding proteins 
that control developmental processes. The analysis of mouse MH-3 and its expression in the 
adult and in the embryo showed that this fragment contained 126 nucleotides of homeobox 
sequences and 99 nucleotides of sequences 3' to the homeo box. At the nucleotide level, the 
MH-3 homeo box is 79% and 66% homologous to the deformed @fd) and Antp homeo box, 
respectively. For the predicted amino acid sequence, the homologues were 83% and 75% 
respectively. The sequence of the MH-3 gene is homolgous to but distinct from murine boxes 
earlier described. No termination code was present in 3' to MH-3 homeobox. The important 
features of MH-3 homeobox were that: (i) codon has been deleted in the MH-3 and (ii) the five 
amino acids immediately 3'of the MH-3 homeobox are identical to those 3'of the Dfd homeobox 
(Rubin et al., 1986). 

Gtx: Komuro et al., (1993) screened a mouse embryonic cDNA library using a Drosophila 
homeodomain probe whose sequence is divergent from the Hox class genes. The new gene 
was denoted Gtx, for Glial and testis specific homeobox gene. Gtx is located to the distal 
portion of mouse chromosome 7 and does not co-segregate with any other mapped homeobox 
genes. The Gtx homeodomain contains unique residues at positions predicted to contact 
DNA bases. It binds with high affinity to the MEF-2 motif, a binding site for the serum 
response factor related proteins. The GTX efficiently competed with RSRF to bind to MEF-2 
element in vitro. Co-transfection of Gtx prevented the serum-induced activation of the MEF- 
2 containing reporter genes. Gtx is a novel cell type specific homeobox gene that has the 
potential to act as a transcriptional repressor for subset of serum inducible genes in germ cells 
(Komuro et al., 1993)(Fig.16.5). 

Sperm 1: The identification of Sperm-1, a testis specific POU-domain protein expressed in 
primary spermatocytes just prior to the onset of meiosis, suggests that this protein may be 
involved in the regulation of male germ cell differentiation. The Sperm-1 is most related to the 
transactivator Oct-314, which is expressed in the early embryo, primordial germ cells, and the 
egg. However, in contrast with Oct-3/4, rat Sperm-1 is selectively expressed during a 36 to 48 
hr period immediately preceding meiosis I in male germ cells. Although the POU-domain of 
Sperm-1 is divergent from the POU-domains of Oct-1 and Oct-2, Sperm-1 preferentially binds 
to a specific variant of the classic octamer DNA- response element in which the optimal 
sequence differs fiom that preferred by Oct-1 and Pit-1 (Anderson et al., 1993; Zini et al., 1996). 

16.6. ZINC FINGER PROTEINS 

16.6.1. Zinc Fingers of Class 1 and 2 

Zfy-l/Zfy-2: The sex testis determining genes ZfiI and Zfi2 in mice encode proteins containing 
an acidic amino terminus and a carboxyl terminus composed of 13 zinc fingers. The zinc finger 
domain is conserved among human and mouse zinc fmger X and Y genes. A 6-amino acid 
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X C CGC CGC CCA TTC AGC OGA ACA QCC G'IC PCT CCT CTC OCT Tn: FCO 

47 TAG CCGCCG TCSGCC TTC CTT TCllMC CCCCTC CAC CCOTCC CAGCGT 

95 AGC CGG CGC X T  TCG GCC CCG CGC GCA M C  TTC CCG AGC CGG CGG GTG 

143 CGG GCG GTG GCA GCG GGG CCC GCh TCG GCG CCC GGG TCG GAG GCO GCG 

191 OCG CCC ATG GAC GCT M C  CGC CCC CGT CCG TTT GTG C'W AGC AGC W C  
1 net Asp Ala Ann l u g  L o  G;,y Ale  he Val Leu Ser Set Alr 

239 CCT lTA GCC GCG CTG CAC M C  ATG QCT GAG 8% M G  X G  TCG CTG TTC 
IS FfD Leu Ale Ala Leu Hi* Am net Ala Glu Wet Lys Thr Ser teu Phe 

287 CCC TAC CCC CTG CCn G C  CCG GCG GGC Tn: A M  ACA CCC GCC CTA GCC 
31 Bra Tyr Ala Leu Gln G?.y Pre Ala t $ , ~  Phs Lya Thr Pro Alr Leu CZy 

333 IrCC CTT CW: GCG C M  TN: CCT CTA aGC ACT CCG CAC DOC ATC AGC GAC 
47 ssr MU i;iy &la cln m u  &g Wu G Z ~  Thr P ~ Q  Hi8 Gly sle ser Asp 

393 ATC CTG GGA CGG CCG GTG r;Eoc GCA W G  GCT GGC BOC CTC CTA GGA ACT 
63 M u  GAY ~ r q  Pto Val. o?y A h  A]* ZY zly G:.x Leu Leu 5 : ~  Ser 

4 9 1  CTG CCC CCIT CTC- M C  OQO CTC UCC TCU 1%T DCA W T  W i t  TAC TTC CIOF) 
79 mu ~ r p  LOU Aan a l y  Leu &la Sar liar 41. [Ily Vat y r  Dh* a l ~  

475 ccc GCA ccc cce GTS GCT CGG ccr: TAC ccc RAG CCG cn: GCG GM cn: 
9 5   la Aln Ala vel &la hrg ~ ; y  Tyr Lym Pro Leu Ala Glu t e u  

527 CCT OGC CCC CCG CCC A? T7V T66 CCT CW: GTG GTG CAC GCC 'PCT CCC 
111 prO Glx Arg Pro Pro fle Phe Trp & Clx Val Vel Clln f l& Sar Pro 
575 TGG AGG GAC CCC CGA CTC GCC (;(X K C  GCC C M  GCC GGC GCG G'K' CTG 
127 Trp tirg ASP Arg teu  la i;_!.x ser ~ l s  Gln Ala C! U3.x Val Leu 

9x1 AhC CEI/CCC CTlg ATC ACG W C T T  956 
239 A m  Arg Pro Leu fle Thr Arg L.u 234 

959 CTC CCC W G  M C  Tn: GCG CTC GTT M C  CCC TGT W T  lOQ6 
255 Leu Pra Ser A8n Leu  la Lau Val Ser Pro cys Sly 770 

Fig.16.5. The nucleotide and deduced amino acid sequence of c-DNA of Ga. Homeodomain region is boxed. 
Proline and glycine residues found in region preceding the homeobox are underlined with solid and dashed 
lines. The region following the homeodomain is rich in acidic amino acids (boxed) and basic amino acids (bold 
lines). The putative first polyadenylation signal is shown in bold. Reprinted with permission from E Komuro 
et al. The EMBO Journal 12; 1387-01: 1993 O http://www.nature.com/. 
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deletion in the Zfy-2 zinc finger domain by Nagamine et al., (1990) suggested that Zf-1 and 
Zf-2 transcription is linked to spermatogenesis and that that its transcription increased with 
the initiation of meiosis. The high levels of these mRNAs are found in post-meiotic round 
spermatid cells; Zfy-2 being slightly greater than Zfy-1. The expression of Zfy-1 in fetal testes 
supports the hypothesis that this gene plays a role in testis differentiation besides the 
postulated role in testis determination (Nagamine et al., 1990). In order to obtain a genomic 
clone of Zf-I fiom a Y chromosome of Mus musculus omesticus (YDOM) origin, Kalikin et a1 
(1989) cloned a human zinc finger Y clone. The specificity of the clone confmed that the 
clone was of Zf-1 origin. The gene is expressed post-meiotically. 

Zip 29: A cDNA from mouse testis encodes a protein (Zip-29) with 14 copies ofthe zinc fmer  
(Zf) motif commonly found in transcriptional regulatory proteins. The expression of Zip-29 
is restricted to the testis in adult mice, but also occurs during embryonic development. Within 
the testis, Zfp-29 mRNA is enriched in round spermatids (Denny and Ashworth, 1991). 

Zip 35: A novel mouse gene, Zip35, encodes a protein with a block of 18 zinc fmger domains 
and an N-terminal region rich in acidic residues. The 2.4-kb mRNA encoding this polypeptide 
is selectively expressed in adult testis. A considerable increase in expression of Zip35 is 
restricted to spermatocytes at the pachytene stage of meiotic prophase (Cunliffe et al, 1990). 

TSGA: A cDNA corresponding to testis specific expression (TSGA), was isolated fiom testis 
cDNA library. The TSGA sequence was confined to cells within the seminiferous tubules and 
expressed only in male germ cells. The steady-state level of TSGA transcripts reaches a 
maximum during the meiotic and the post-meiotic stages of germ cell development, suggesting 
a meiotic or post-meiotic function for the encoded protein. The TSGA encodes a putative 
protein having 1,214 amino acids and contains a zinc finger structure (Hoog et al., 199 1). 

Protein E: Protein E isolated from cuttle fish sperm contains a motif-Cys-5-Cys-X,-His-Cys- 
X,-Cys-, which is likely to adopt a zinc finger conformation. The sequence of protein E does 
not correspond to that of any known protein, but presents some similarities with a part of Zfy 
protein, a putative human transcription factor specifically expressed in germinal cells and 
involved in spermatogenesis (Martin-Ponthieu et a]., 1994). 

Ctfin51: Noce et al., (1992) isolated three clones from a mouse spermatocyte cDNA library 
encoding proteins with C2H2-type zinc fmger motifs, which are expressed by the Drosophila 
Kruppel gene. Three cDNAs were designated Ctfin33, CtJn51, Ctjin92. Ctfin 51 amino acid 
sequence revealed seven zinc finger motif in C-terminal region. Ctfin 5 lmRNA expresses in 
spermatocytes after the pachytene stage and in early stage round spermatids of pre-puberal 
and adult males. Ctfin 5 1 was localized withiin nuclei of spermatocytes and spermatids. Ctfin 
5 1 had a M 75,000 in extracts of the testis and the ovary. The Ctfin51 gene encodes a DNA 
binding re&latory protein functionally associated with meiosis in both male and female 
gametogenesis (Noce et al., 1992). 

Nelki et al(1990) isolated a cDNA clone coding for azinc finger protein ofthe C2H2 type. 
The polypeptide encoded by this clone has outside the zinc finger region, an N-terminal 
portion of 73 amino acids ofwhich 25% are basic. There are 12 zinc fingers in the open reading 
frame with 9 out of the 11 linkers having the sequence Thr-Gly-Glu-Lys-Pro, indicating it to be 
a member of the Kruppel family. At the C-terminus there are 9 amino acids after the last finger 
of which 6 are acidic and none basic. The open reading h e  is bounded by stop codons at 
nucleotide 12 (upstream from the initiator methionine) and at nucleotide 153. 
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Fig.16.6. Amino acid sequences of human TZFP and homology with mouse Tzfp. Three C,H, zinc fingers are 
boxed. The potential HTWPOZ domain is underlined. Vertical bars show identical residues and colons indicate 
similar residues. Reprinted with permission from C-J C Tang et al. J Biol Chem 276; 19631-39: 2001 O The 
American Society for Biochemistry and Molecular Biology. 

Tzfp: Tang et al, (2001) described a testis zinc fmger protein (Tzfp), which binds to the upstream 
flanking sequence ofAiel gene (Chapter 19). The mouse Tzfp gene is mapped to chromosome 
7B2-B3, and encodes a transcription factor containing 465 aa. Tzfp has a conserved N-terminal 
BTRPOZ domain and three C-terminal PLZF-like C2H2 zinc fmgers. The zinc finger domain of 
Tzfp binds to a TGTACAGTGT element (Tzfp binding site =tbs) located at the upstream 
flanking region of Aiel gene. The N-terminal BTBIPOZ domain of TZFP has a repressor 
activity. It appears that TZFP regulates genes, which carry tbs sites (Tang et al., 200 1) (Fig 
16.6). 

Zfp 37: A gene designated Zfp-37 encodes Zfp-37 transcripts at high levels in the testis, the 
only adult tissue in which Zfp-37 expression was observed. Zfp-37 was also expressed at 
lower level in the mid gestation embryo and placenta. The major testicular transcripts are of 
2.3- and 2.6-kb. A 4.0-kb transcript was detected at lower levels in the testis as well as in 
embryo and placenta. Zfp-37 was most abundant in germ cells, which have completed meiosis 
and undergo the complex morphogenetic changes of spermiogenesis (Burke and Wolgemuth, 
1992). 

Gli: The oncogene GLI is expressed in some cases of human malignant glioma and 
undifferentiated childhood sarcoma and is the prototype for a gene family characterized by a 
highly conserved set of five tandem zinc fingers and a consensus cysteinel histidine link. 
This zinc fmger motif binds DNA with sequence specificity and mediates transcriptional 
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regulation. Gli transcripts are present in mouse embryonic development as well as in normal 
adult uterus, brain, testis, and limb. Findings support a role for gli family genes in normal 
craniofacial and digital development in mammals (Walterhouse eta]., 1993). The Gli members 
are differentially expressed during spermatogenesis in mice. Gli and Gli3 mRNA are present in 
mouse germ cells, where as Gli2 is not. Further, Gli and Gli3 exhibited stage specific expression, 
selectively in type A and type B spermatogonia. This shows that Gli and Gli3 participate in 
DNA binding during mitotic stage of spermatogeneis (Persengiev et al, 1997). In contrast to 
Gli3, Glil shifts from nucleus to cytoplasm and localized to spermatids indicatingthat the zinc 
finger transcription factor Gli 1 is the mediator of signaling of the Hedgehog (Hh) family (Kraft 
et al, 2001). 

GLIS: A transcription factor GLI-similar 3 (GLIS3) is a 83.8-kDa nuclear protein containing 
five C2H2-type Kruppel-like zinc fmger motifs that exhibit 93% identity with those of GLIS1. 
However, little homology exists outside their zinc finger domains. GLIS3 can function as a 
repressor and activator of transcription. Deletion mutations determined that the N- and C- 
termini are required for transcriptional activity. GLIS3 binds to the GLI-RE consensus sequence 
and is able to enhance GLI-RE-dependent transcription. The GLIS3 is expressed in specific 
regions in developing kidney and testis and in a highly dynamic pattern during neurulation. 
The temporal and spatial pattern of GLIS3 during embryonic development suggests that it 
may play a critical role in a variety of cellular processes during development (Kim et al., 2003). 

Gfi:The Gfi-1 proto-oncogene encodes a zinc finger protein with six C2H2 type C terminal zinc 
finger motifs and is activated by provirus integration in T-cell lymphoma lines selected for 
interleukin-2 in culture and in primary retrovirus-induced thymomas. The Gfi-1 expression in 
adult animals is restricted to the thymus, spleen, and testis and is enhanced in mitogen- 
stimulated splenocytes. Gfi- is a 55-kDa nuclear protein that binds DNA in a sequence specific 
manner. The Gfi-1 binding site was defined by TAAATCAC(A/T)GCA. Potential Gfi-1 binding 
sites have been detected in a large number of eukaryotic promoter enhancers, including the 
enhancers of several proto-oncogenes and cytokine genes and the enhancers of the human 
cytomegalovirus (HCMC), major immediate early promoter, which contains two such sites. 
The Gfi-1 may play a role in HCMV biology and may contribute to the oncogenesis and T-cell 
activation by repressing the expression of genes that inhibit these processes (Zweidler- 
Mckay et al., 1996). The role of Gfi in immune cells of testis by Sertoli cells is awaited. 

Egr4 : Egr4 (NGFI-C, pAT133), a member of the Egr family of zinc finger transcription factors, 
is thought to be involved in cellular growth and differentiation. Egr4 null mice through targeted 
mutagenesis were found phenotypically normal with the exception that males, but not females, 
were infertile. Egr4 is expressed at low levels within male germ cells during meiosis and is 
critical for germ cell maturation during the early mid-pachytene stage. In Egr4 null male germ 
cells, a limited degree of spermiogenesis occurs but this is accompanied by markedly abnormal 
spermatozoon morphology and severe oligozoospermia. Study raises the possibility that 
Egr4 may contribute to some forms of human idiopathic male infertility (Tokuzawa et al., 1999). 

MZF6D: The MZWD is a mouse testis gene, which is selectively expressed in meiotic 
spermatocytes. The MZF6D protein contains an N-terminally located repressor domain, a 
KRAB domain, followed by at least seven successive Kruppel zinc-finger motifs. The KRAB 
domain of MZF6D, which consists of a KRAB A box and the newly identified KRAB C box, 
has been shown to interact with TIF1 P, which is the common co-repressor of all KRAB zinc- 
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finger proteins. In adult mouse testes MZF6D localizes to meiotic spermatocytes, suggesting 
a specific role for MZF6D in the regulation of spermatogenesis (Looman et al., 2003). 

KRAB- A zinc finger protein, m 1 2 :  Kruppel-related zinc finger proteins probably constitute 
the largest individual family of transcription factors in mammals. These proteins often cany a 
potent repressor domain called the Kruppel Associated Box (KRAB), which effectively 
represses transcription through interaction with transcriptional intermediary factor 1 P (TIF 1 P). 
A human KRAB A zinc finger protein, HZF12 has been characterized by Loornan et al., (2004). 
The gene encoding HZFl2 is located on Chromosome (Chr) 19p13.11-p 12, and a 4.443 transcript 
fkom this gene is expressed in a variety of adult and fetal tissues. Two additional, larger 
transcripts are expressed in testis only. Surprisingly, the KRAB A domain of HZFl2 is followed 
by a 2 1 -amino acid domain, encoded by a separate exon. This domain, which was designated 
KRAB C, was also identified in more than 25 additional human, mouse, and rat KRAB zinc 
finger proteins. This novel KRAB domain strengthens the interaction with T I F ~ ~ ,  thereby 
improving the ability of these KRAB zinc finger proteins to recruit TIFlP to specific sites 
(Looman et al., 2004). 

Zfp94,Zfp95,Zfp96: Three novel zinc fmger genes (Z&94,Z&95,2&96) code three protein 
products belonging to the LeR family (leucine-rich zinc fmgers). One ofthem, ZFP95 contains 
a domain homologous to the Kruppel-associated box. Though all three genes are expressed at 
high levels in testis among other tissues, but testis-specific transcripts were observed for 
Zfp95 and Zfp96. The testis-specific transcript of Zfp95 showed highest expression in 
pachytene spermatocytes, while that of Zfp96 was highly expressed in pachytene 
spermatocytes, in round spermatids and residual bodies. In particular, the testis-specific 
transcripts of Zfp95 and Zfp96 were greatly reduced in heterozygous, and completely absent 
in homozygous testis RNA from atrichosis mutant mice (Weissig et al., 2003). 

ZnfZ30: The cDNA of mouse gene Znj230 of 982-bp encodes a 230 aa protein with a ring 
finger domain at its C-terminus. Mouse c-DNA- Znf230 and predicted protein showed 91% 
and 98% sequence identity with its human homologue. This cDNA is testis specific whereas 
the longer transcripts of 2.4 and 4.4kb are ubiquitously expressed. The expression of Znj23O 
in testis is developmentally regulated and first detected at day 6 pn, and reaches adult level 
during round spermatids. The protein of Znf23O exhibits DNA binding activity and its ring 
finger domain may function as an activator module in transcription (Qiu et al., 2003). 

BTEB2 protein: Rat BTEB2 protein is a transcription factor with three zinc fingers that binds 
to GC box, and is expressed in the placenta, intestine, and testis. The BTEB2 gene contained 
4 exons. Deletion analysis of the promoter region of the BTEB2 gene revealed that at least 
three regions are important for the activity. Upon investigation of cis-acting elements in the 
regions, the GC box, CCAAT box and NF-1 binding sites were found. As binding factors, Spl, 
CBFa, andNF-1, which bind to the DNA elements were identified (Mori et al., 2003). 

16.6.2. GATA Binding Proteins 

The GATA-binding proteins are a family of zinc finger transcription factors that regulate gene 
expression, differentiation, and cell proliferation by binding to the consensus DNA sequence 
(AM') GATA (AIG). Three members of the GATA-binding protein family, GATA- 1, GATA-4 
and GATA-6, have been shown to be expressed in the murine gonad and are thus of interest 
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as potential regulators of testicular development and function. GATA- 1 binds to the consensus 
WGATAR sequence through a zinc finger DNA-binding motif, which is highly conserved 
among the multiple members of this transcription factor family. The carboxyl finger is 
responsible for site-specific DNA association, while the amino finger is required for nuclear 
localization of GATA-1. GATA-1 mRNA is found in erythroid, megakaryocytic and mast cells 
and is required for functional erythropoiesis, thereby suggesting that it also contributes to 
the transcriptional regulation of genes specifically expressed in all these hematopoietic cell 
lineages. GATA-1 identical to hemotopoietic tissue is also expressed in the seminiferous 
tubules of mouse testis. This novel transcript utilizes a testis-specified promoter and fvst 
exon is located 8-kbp 5' to the hematopoietic cell first exon, but the remaining five exons, 
which code for the GATA-1 protein are common in both testis and erythroid mRNAs (reviewed 
in Yomogida et al., 1994). GATA-1 is expressed only in the Sertoli cell and its expression in 
Sertoli cells is induced concomitantly with the first wave of spermatogenesis during pre- 
puberal testis development, subsequently the number of GATA-1 positive cells declines, and 
present in tubules in stages VII, VIII and IX of spermatogenesis in the adult mouse testis. In 
contrast, virtually every Sertoli cell in mutant W/Wv jsdjsdto cryptorchid mice (all of which 
lack significant numbers of germ cells) express GATA- 1, showing that the expression of this 
transcription factor is negatively controlled by the maturing germ cells (Yomogida et a]., 
1994). 

GATA-4 and GATAd transcripts are present in postnatal mouse ovary, where the exact 
role of these factors remains unknown. In testis, GAATA-4 mRNA appears in the fetal testis 
at 13.5 days postcoitum. Both GATA-4 and GATAd transcripts have been observed in late 
fetal, neonatal, juvenile, and adult Sertoli cells. In addition, GATA-4 mRNA was detected in 
interstitial cells throughout development and both Sertoli and Leydig cells in postnatal animals. 
The inhibin PI promoter harboring essential GATA-binding sites can be trans-activated by 
GATA-4. It seems that GATA-4 and GAATAd play differing roles in the maturation and 
function of testicular somatic cells (Ketola et al., 1999). Secretion of Mullerian inhibiting 
substance (MIS) by Sertoli cells of the fetal testis and subsequent regression of the Mullerian 
ducts in the male embryo is a crucial event that contributes to proper sex differentiation. The 
GATA-4 and nuclear receptor steroidogenic factor (SF-1) are early markers of Sertoli cells that 
have been shown to regulate MIS transcription. GATA and SF- 1 binding sites are adjacent to 
one another in the MIS promoter. Co-expression of both factors lead to a strong synergistic 
activation ofthe MIS promoter. (Tremblay et a]., 1999) (See Chapter 3). 

16.6.3. Basonuclin 

For years, it has been known that zinc finger proteins are expressed in male germ cells. Where 
tested, these proteins have been found to be strictly nuclear. Basonuclin is a zinc finger 
protein that was throught to be restricted to keratinocytes of stratified squamous epithelia. In 
epidermis, basonuclin is associated with the nuclei of mitotically active basal cells but not in 
terminally differentiating keratinocytes. A novel form of basonuclin is also expressed in 
stratified epithelia. Unexpectedly, both forms are present in testis, where a surprising 
locatilization pattern was seen. While basonuclin RNA expression occurs in mitotically active 
germ cells, protein was not detected until the meiotic stage, where basonuclin localized to the 
appendage of the distal centriole of spermatocytes and spermatids. Near the end of 
spermiogenesis, basonuclin also accumulated in the acrosome and mitochondrial sheath 
surrounding the flagellum. A perfect six amino acid residue mitochondrial targeting sequence 
is present in basonuclin la (BSNla) but not in the BSNlb form. Findings suggest a unique 
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Fig.16.7. Sequence relation between two forms of basonuclin. Nucleotide sequences of human and murine 
basonuclin-la and -1b (hBSNla1hBSNlb and mBSNla1mBSNlb) and amino acid sequence of hBSNla. The 
hBSNlb differs from hBSNla in S'sequences. Splice sites are marked by arrows. Reproduced with permission 
from Y. J. Yang et al. J Cell Biol 137; 657-69: 1997 O Rockefeller University Press. 

role for basonuclin in certrosomes within the developing spermatid, and a role for one of the 
protein forms in germ cell mitochondrial function. Its localization with the acrosome suggested 
that it may also perform a function during fertilization (Yang et al., 1997). 

The two basonuclin sequences (BSN 1 a and BSNl b) characterized from both mouse and 
human are provided in Fig.16.7. The BSNlb exon is highly conserved and is nearly identical 
between mouse and human. The BSNla exon found in the originally reported sequence is 
less conserved between the two species, and different translation start sites are predicted. 
Both mouse and human forms of BSNla but not BSNlb contains the sequence RRPEPG, 
which has been shown to be a mitochondrial targeting sequence for proteins (see c/r Yang et 
al., 1997). However, in another study, immunocytochemical staining detected basonuclin in 
the nuclei of spermatogonia and spermatocytes at various developmental stages. During 
spermiogenesis, it relocated from the nucleus to the midpiece of the flagellum of the spermatozoa. 
The dual presence of basonuclin in differentiated spermatozoa and oocytes suggests that it 
may play a role in their differentiation and the early development of an embryo (Mahoney et 
al., 1998). The human gene is located on chromosome 15. The basonuclin 2 homologue is 
present in chicken also. Although the amino acid sequence of basonuclin 2 differs extensively 
from that of basonuclin 1, the two proteins share essential features. Both contain three paired 
zinc fingers, a nuclear localization signal, and a serine stripe. The basonuclin 2 mRNA has a 
wider tissue distribution than the basonuclin 1 rnRNA: it is particularly abundant in testis, 
kidney, uterus, and intestine. The extreme conservation of the basonuclin 2 amino acid sequence 
across vertebrates suggests that basonuclin 2 serves an important function, presumably as a 
regulatory protein of DNA transcription (Vanhoutteghem and Djian, 2004). 

16.6.4. Ret Finger Protein 

The human Rfp (ret finger protein) has a tripartite motif, consisting of two zinc fingers (the 
RING finger and the B-box) and a coiled-coil domain, and belongs to the B-box zinc finger 
protein family. The Rfp becomes oncogenic when its tripartite motif is recombined with the 
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tyrosine kinase domain &om the c-ret proto-oncogene. The mouse Rfp cDNA shared a 98.4% 
homology with the human sequence. The gene is mapped to human chromosome 6 and mouse 
chromosome 13 indicating that it was linked to several other genes encoding proteins that 
possess common domains. Rfp transcripts and protein are ubiquitous in day 10.5-13.5 mouse 
embryos, but restricted in adult mice, with the highest level of expression in pachytene 
spermatocytes and round spermatids of differentiating sperm. The Rfp protein was detected 
within cell nuclei as nuclear bodies similar to the PODS (PML oncogene domain) observed 
with another B box family member, PML (promyelocytic leukemia protein) (Cao et al., 1996). 

16.6.5. RING Finger Proteins 

Sperizin: In agreement with their nuclear localization, classical zinc finger proteins are 
characterized by their binding affinity to DNA. On the other hand, the RING-finger motif, 
which was fmt characterized as a cysteine rich stretch of amino acids in the human ring1 
gene, is a new branch of the zinc finger family (Freemont, 1993). Some of the genes belonging 
to this family are known to regulate development and cell differentiation. Really interesting 
new gene (Ring) domain, a specialized zinc finger of 40-60 amino acids stretch that binds two 
atoms of zinc, is found in wide variety of proteins including several protooncogenes and 
products of genes involved in autosomal recessive juvenile parkinsonism, Parkin. Database 
search revealed a second RING-finger motif (RING-H2 family) with the conserved fourth 
cysteine of the motif replaced by histidine. Within this family, there are proteins that have 
been suggested to function in protein-protein and or protein membrane interactions. Later, a 
third subclass of the RING finger family was shown to consist of a second cysteine rich motif 
(B-box) and a wiled-coil motif on the C-terminal side of the RING finger. The RING-H2 subfamily 
to which sperizin belongs, consists of more than 40 proteins. The function of these proteins 
is distinct fiom the majority of RING finger proteins in which interactions with lipid or other 
proteins of the cytoplasm or plasma membrane rather than interactions with DNA may be 
involved. The cytoplasmic localization of GFP tagged sperizin suggests that sperizin may also 
function in the cytoplasm. Sperizin is a new member of the RING-fmger family of proteins that 
may be involved in spermatogenesis. A ring finger protein gene in murine encodes a protein 
with a RING zinc finger motif, spermatid specific ring zinc finger Sperizin. Sperizin gene does 
not transcribe in pre-puberal testis, but becomes detectable at day 23, exclusively in the round 
spermatid. The sperizin gene is intronless, and GFP-tagged sperizin was found to be localized 
in the cytoplasm of ectopically expressed somatic cultured cells. The chromosomal localization 
ofthe sperizin gene is assigned to chromosome 17 (Fujii et al., 1999) (Fig.16.8). 

Haprin: A cDNA clone for a gene named haprin encodes a haploid germ cell-specific RING 
finger protein. This protein is a novel member of the RBCC (RING finger, B-box type zinc 
finger, and coiled-coil domain) motif family that plays roles in several cellular processes, such 
as exocytosis. It is transcribed exclusively in testicular germ cells after meiotic division. The 
molecular weight of Haprin protein is 82-kDa and localized in the acrosomal region of elongated 
spermatids and mature sperm and was not present in acrosome-reacted sperm. Inhibition of 
acrosome reaction by Ab against the RING finger domain of Haprin indicated that the Haprin 
plays a role in the fertilization (Kitamura et al., 2003). 

SNURF (or RNF4): A nuclear RING finger protein, termed SNURF (or RNF4) is a co-regulator 
of androgen receptor-dependent transcription. Two SNURF mRNA transcripts of 3.0 and 1.6- 
kb in size are present in adult rat testis. Both transcripts are capable of encoding full-length 
SNURF protein. The 3.0-kb SNURF mRNA is expressed in Sertoli ells, whereas the expression 
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Fig.16.8. Amino acid sequence of sperizin and its comparison with chicken ring finger protein (C-RZF). 
Asterisks and dots between amino acid sequences of sperizin and C-RZF represent identical and similar amino 
acids respectively. The Ring-finger motif is underlined with thick line. Potential phosphorylation sites for 
casein kinase I1 or PKC are shown by dotted or double underline. Reprinted with permission from T. Fujii et 
al. Genomics 57: 94-101: 1999 0 Elsevier. 

of the 1.6-kb transcript appears after day 30 of postnatal life and is restricted to step 4-1 1 
spermatids. Increased accumulation of SNURF in step 4-1 1 spermatids is not due to androgen 
signaling. Perhaps SNURF is involved in the regulation of processes required for late steps of 
spermatid maturation (Yan et al, 2002). 

A Double Ring-H, Domain in RNF32: Evidence suggests that RING finger proteins function 
in the ubiquitin pathway as E3 ligases. A variant of the RING domain is the RING432 domain, 
in which one of the cysteines is replaced by a histidine. A novel gene, RNF32 is located on 
chromosome 7q36 and contains 37-kb of genomic DNA and consists of 9 constitutive and 8 
alternatively spliced exons, most of which are alternative first exons. RNF32 is expressed 
during spermatogenesis, most likely in spermatocytes andlor in spermatids, suggesting a 
possible role in sperm formation (van Baren et al., 2002). The gene produces a long and a short 
transcripts: the short transcript contains exon 1-4 only. This gene encodes two RING-H2 
domains separated by an IQ domain of unknown function and is the first reported gene with 
a double RING-H2 domain. In humans, RNF32 overlaps with a processed retroposon located 
on the opposite strand, C7orfl3. The RNF32 is specifically expressed in testis and ovary, 
whereas C7orfl3 is testis specific, suggesting that its expression may be regulated by elements 
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Fig.16.9. Human RNF32 protein and DNA sequence, starting with exon 2. Ring H2 domains are shaded, the 
IQ domain is underlined, and the consensus residues are bold. Splice sites are indicated by vertical line. 
Reproduced with permission from M.J.van Baren et al. Biochem Biophys Res Commun 292; 58-65: 2002 O 
Elsevier. 

in the RNF32 promoter region (Fig. 16.9). 
The complex imprinted locus in chromosome 15q11-q13 encodes two genes, ZNF127 and 

ZNF127AS. The ZNF127 gene encodes a proteinwith a RING (C3HC4) zinc finger and multiple 
C3H zinc finger motifs. The intronless ZNF127 gene is expressed ubiquitously, but the entire 
coding sequence and 5' CpG island overlaps a second gene, ZNF127AS. Analyses of adult 
testis, sperm and fetal oocytes demonstrated a gametic methylation imprint with unmethylated 
paternal germ cells. ZNF127 is part of the coordinately regulated imprinted domain affected in 
Prader-Willi syndrome patients with imprinting mutations (Jong et al., 1999). 
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16.7. RNA BINDING PROTEINS AS TRANSCRTPTION FACTORS 

The expression of many genes during early stages of spermatogenesis is regulated at the 
level of transcription, where as during the later phases of spermatogenesis, transcription 
ceases and stored mRNAs get activated to synthesize proteins as in Prms and transition 
proteins. Although little is known about the mechanisms inactivating and activating "paternal 
" mRNAs in germ cells, a number of RNA-binding proteins (RBPs) likely to be involved in 
mRNA translational control have been identified in the mammalian testis. Testistbrain (TB)- 
RBP, SPNR, and superoxide dismutase RNA-binding protein (SOD-RBP) bind to the S'UTR of 
a testis-specified mRNA and can represses corresponding mRNA translation in vitro. Other 
RNA binding proteins comprise ATP-dependent RNA helicases, poly (A)-binding protein, Y- 
box-binding proteins and others. Some of these proteins may participate in RNA processing 
leading to the formation of unique transcripts, or may be involved in effecting translational 
delay. Thus, a growing number of testicular RNA-binding proteins have been identified, that 
are likely to facilitate the repression and activation of mRNA translation and gene transcription 
in male germ cells and have been discussed in Chapters 10 and 15. 

Zinc finger RNA binding protein: The ZFR (Zinc finger RNA binding) is a murine Zinc finger 
Chrome associated protein, which possesses a region common to a small class of RNA binding 
proteins. ZFR encodes a protein of 1052 amino acids with their widely spaced Cys2 His2 zinc 
fingers. Out side the zinc fingers, ZFR shares a region that is highly conserved between 
several RNA binding proteins containing copies of double stranded RNA binding motif. The 
ZFR is highly expressed in testis and ovary during meiosis and in brain. It is also expressed in 
Sertoli cells and mapped to chromosome 15 region A. Its homologues do exist in invertebrates 
and humans ( ~ e a g h i r  etal, 1999) (see chapte; 15). 

Cold shock proteins: A cold shock domain (CSD) is found in many eukaryotic transcriptional 
factors, which specifically bind the DNA of a Y-box cis element. The CSD is present in the 
sequence of the Xenopm RNA binding proteins FRGY 1 and FRGY2 (Chapter 15). Nishiyama 
et al, (1997) isolated the cold inducible RNA binding protein (Cirp) from amouse testis cDNA 
library. In mice and humans, the Cirp is constitutively expressed in the germ cells of testes, 
and which is decreased at an elevated temperature. In somatic cells, Cirp is induced by mild 
cold stress (32OC) and mediates the cold induced suppression of cell growth. Human RNA 
binding motif protein 3 (RBM3) isolated fiom the Xpl1.2 region of chromosome encodes a 
protein structurally related to Cirp and both Cirp and RBM3 transcripts are induced by cold 
stress in human cells. The mouse Rbm3 cDNA encodes an 18-kDa protein with 94% identity 
in amino acid sequence to that of human RBM3; the murine Rbm3 mRNA and protein were 
detected in Sertoli cells, but not in germ cells at any stage of development. In the TAMA26 
mouse Sertoli cell line, Rbm3 expression was increased or decreased after temperature shift 
fiom 37O to 32OC or 39OC respectively. The level of Rbm3 was decreased in Sertoli cells when 
mouse testis was exposed to heat stress for experimental cyrptorchidism. The Rbm3 seems to 
play a distinct role from those played by Cirp in spermatogenesis and cyrptorchidism by 
regulating the gene expression in Sertoli cells @anno et al, 2000). 

16.8 TCFZS-A BASIC HELIX-LOOP-HELM PROTEIN 

A novel gene (TCFLS = transcription factor like 5) is expressed specifically in primary 
spermatocytes in the testis. The cDNA contains an open reading frame of 1356-bp, encoding 
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a 452-amino-acid protein that includes a basic Helix-Loop-Helix @HLH) motif. The gene, 
which was mapped to chromosome region 20q 13.3 qter consists of six exons and spans 
approximately 24-kb of genomic DNA. Immunohistochemical staining locatedthe gene product, 
TCFLS exclusively in cell nuclei of primary spermatocytes at the pachytene stage. TCFLS 
protein functions as a transcription factor by regulating cell proliferation or differentiation of 
cells through binding to a specific DNA sequence like bHLH proteins (Maruyama et al., 1998). 

16.9. OTHER TRANSCRIPTION FACTORS IN TESTIS 

Heat Shock Transcription Factor: Heat shock transcription factors (HSFs) are generally 
known as regulators of cellular stress response. The mammalian HSFl functions as a classical 
stress factor, whereas HSF2 is active during certain developmental processes, including 
embryogenesis and spermatogenesis. HSF2 mRNA expression in testis is specific to cell type 
as well as cell stage specific dependent. In adult testis, HSF2 mRNA is found at highest levels 
in spermatocytes and round spermatids. HSFZ protein is localized to the nuclei of spermatocytes 
and round spermatids. The constitutive HSF2 DNA binding activity present in testis is able to 
interact with promoter sequences of the hsp70.2 gene (Sarge et al., 1994). Mouse cells express 
not one but two distinct HSFZ isoforms and that levels of these are regulated in a tissue 
dependent manner. The testis expresses predominantly the 71-kDa HSF~-4 isoform while the 
heart and brain express primarily the 69-kDa HSF2-P isoform. These isoforms are generated by 
alternative splicing of HSF2 pre-mRNA, which results in the inclusion of a 18 amino acid 
coding sequence in the HSF2-a mRNAthat is skipped in the H S F ~ - P ( ~ R N A .  HSF2 alternative 
splicing is also developmentally regulated, since results reveal a switch in the expression from 
H S F Z - ~ ~ R N A  isoform to the HSF2-a isoform during testis postnatal development. HSF2-a 
protein,the predominant isoform in testis cells, is a more potent transcriptional activator than 
the HSF2-P isoform (Goodson et al., 1995). Expression of the alternatively spliced HSF2 dand 
HSF2 P isoforms is developmentally regulatedin a stage specific manner. Cellular localization 
and stage specific expression of the HSF2 isoforms indicated that HSF2 in addition to its 
hctions as a nuclear transcription factor, may be involved in other cellular processes during 
spermatogenesis (Alastalo et d., 1998). 

STAT Proteins: STAT (signal transducer and activator of transcription) proteins have been 
shown to be essential transcription factors which mediate biological effects of cytokiies. 
Although most of the STATs have been shown to be widely expressed, STAT4 mRNA has 
been detected in only a few tissues, including the testis. The STAT4 was abundantly and 
exclusively expressed in male germ cells, which have completed meiosis, at the round and 
elongating spermatid stages. Cytolocalization showed that the level of STAT4 protein increased 
in parallel in both cytoplasm and nuclei. Interestingly, STAT4 was localized to the condensing 
perinuclear theca of spermatids (Herrada and Wolgemuth 1997), 

Leukemia inhibitory factor receptor mediates STAT-3 and STAT-I: Leukemia inhibitory 
factor (LIF), a multifunctional member of the gp 130 cytokine family is structurally and 
functionally related to inteulerkin-6 (IL-6), oncostatin M, and ciliary neurotrophic factor. These 
related cytokines bind specific cell surface receptors that are coupled to a common gp130 
signal transducing receptor component in diverse cell types and induce the homodimerization 
of the gp 130 protein with the IL-6 receptor chain (for IL-6) and in heterodimerization of gp 130 
and the LIF receptor component (for LIF, ciliary neurotrophic factor, and oncostatin M). Jenab 
and Morris (1998) demonstrated that testicular LIF interacts with receptor chains in target 
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cells and has the potential to result in sequential phosphorylation and translocation of latent 
to cytoplasmic STAT3 (and STAT-1) protein to the nucleus to increase c-fos mRNA levels 
and to increase the amounts of AP - 1 binding proteins. In testis, LIF exposure increases the 
survival of Sertoli cells and prolifmting gonocytes. Together with stem cell factor, LIF treatment 
promotes survival and proliferation of mouse primordial germ cells while inhibiting their 
apoptosis. Specific DNA response elements similar to EN-y activation on site (TTCC NNN 
AA) were mapped to c-fos and Jun B promoter region (Jenab and Moms, 1998). 

Transcription factor AP-1: The products of two proto-oncogenes, c-fos and c-jun, have 
been implicated in signal transcription pathways as regulators of gene expression. Both 
proto-oncogenes are members of gene families encoding closely related proteins that together 
make up transcription factor AP-1. AP-1 has been associated with both mitosis and 
differentiation. A study on expression of five AP-1 family members (c-fos, fra-1, fra-2, c-jun 
and junB) in European red fox, a seasonal breeder suggested a distinct although not necessarily 
unrelated roles for the different components of transcription factor AP-1 in the regulation of 
spermatogenesis (Cohen et al., 1993). 

TASS-1-A Member of Ets Family: The P-galactosyltransferase-1 (PI-4GalT-1) gene is 
transcribed beginning in late pachytene spermatocytes from a male germ cell specific start 
site. A 796-bp genomic fragment that flanks the germ cell start site and contains two putative 
CRE like motifs, directs correct male germ cell expression ofthe P galactosidase reporter gene 
in late pachytene spermatocytes and round spermatids of transgenic mice (Shaper et al., 
1994). Further more, expression of P 1-4GalT-1 in male germ cells requires an essential 14-bp 
regulatory element (5'-GCCGGTTTCCTAGA-3') that is distinct from the two CRE like 
sequences. This cis element is located 16-bp upstream of the germ cell specific start site and 
binds a male germ protein, termed TASS-1 (transcriptional activator in late pachytene 
spermatocytes and round spermatids). The presence of the Ets signature binding motif 5'- 
GGAA-3' on the bottom strand of the TASS-1 sequence suggests that TASS-1 is a novel 
member of the Ets family of transcription factors. Additional transgenic analyses established 
that a 87-bp genomic fragment containing the TASS-1 regulatory element is sufficient for 
correct germ cell specific expression of the P galactosidase reporter gene (Charron et al., 
1999). Ets family members have been reported to be expressed in murine testis. This group 
includes Elk-1, ER7 1, ER8 1 , ERP, GABPa and PEA3 (dr C h n  et al., 1999). The ER7 1 mRNA 
was the only one found in testis and in embryo. 

Mitochondrial transcription factor A: Mitochondrial transcription factor A (mt-TFA) is a key 
regulator ofmammalian mitochondrial DNA transcription. A testis specific isoform of mouse 
mt-TFA lacks the mitochondrial targeting sequence and is present in the nucleus of 
spermatocytes and elongating spermatids, thus representing the first mammalian gene encoding 
protein isoforms targeted for the mitochondria or the nucleus. The presence of the 
mitochondrial activator in the nucleus raises the possibility of a role for this protein in both 
genetic systems. It seems that a single gene encodes the mt-TFA and a testis specific nuclear 
HMG-box protein (Lasson et al., 1996). 
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Chapter 17 

PROTO-ONCOPROTEINS 

17.1. INTRODUCTION 

A number of genes, which have potential to cause tumor are present in viruses and in the host 
cells. They are called as oncogenes and designated as v-onc (present in viruses) and c-onc 
(present in host cells). Oncogenes, present in host cells are normally not oncogenic and 
hence called as proto-oncogenes. The ability of activated oncogenes to induce abnormal cell 
growth suggests that their normal progenitors, the proto-oncogenes, may function to regulate 
the growth and differentiation of normal cells. The identification of some proto-oncogenes as 
growth factors, hormone receptors, and transcription factors supports the function of these 
genes as cellular regulatory elements, but the normal physiologic functions of most proto- 
oncogenes remain unknown. Products of proto-oncogene fall into five functional categories 
that appear to constitute elements in signal transduction pathways: growth factors, tyrosine 
protein kiiases, guanosine-triphosphate (GTP)-binding proteins, serine and threonine protein 
bases ,  and nuclear proteins. Testis expressed proto-oncogenes can be divided into three 
groups: i) Proto-oncogenes that are ubiquitously expressed in many tissues and cell types 
and have identical transcripts in somatic and in germ cells. These include, among others, the 
c-myc and c-fos (Mautner, 1995). ii) The second group comprises of those proto-oncogenes 
that are predominantly expressed during embryonic development and during gametogenesis. 
These might have a single transcript as in the case of int-Z and several transcripts as in the 
case of c-kit. iii) The third group consists of proto-oncogenes that are expressed in various 
adult tissues but have testis specific transcript. One example would be the c-abl tyrosine 
kinase that has testis specific transcripts in both mouse and human. Another example would 
be the Pim-1 serine/threonine kinase. The Pim-I, among normal tissues, is predominantly 
expressed in hematopoietic tissues and in the testis (Domen et al, 1993, Buckley et al, 1995). 
The development of male germ cells in the testis provides an ideal system that is particularly 
well suited for analysis of gene expression within a cell lineage that represents a spectmm of 
developmental stages ranging from mitotically proliferating stem cells to mature spermatozoa. 

17.2. C - W  AND STEM CELL FACTOR (SCF) 

The proto-oncogene, c-kit is a homologue of viral oncogene v-kit, which was initially identified 
as transforming gene of feliae sarcoma retrovirus, HZ4-Fesv. The p 145 c-kit oncoprotein is a 
cell surface receptor of transmembrane tyrosine kinase family. In humans, c-kit expression has 
been detected in several normal fetal and adult tissues such as brain, skin, adrenal gland, 
breast and bone marrow and also in several human malignancies. In the embryonal gonad the 
c-kit tyrosine kinase receptor and its ligand SCF are required for the survival and proliferation 
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of primordial germ cells. In the adult testis, the c-kit receptor is re-expressed in differentiating 
spermatogonia, but not in spermatogonial stem cells, whereas SCF is expressed by Sertoli 
cells and is under FSH action. The SCF stimulates DNA synthesis in type A spermatogonia 
cultured in vitro, and injection of anti-c-kit antibodies block their proliferation in vivo. The 
receptor tyrosine kinase kit and its only known ligand, Kit Ligand (KL) or stem cell factor 
(SCF) are encoded at the white spotting (W) and steel (SL) loci in the mouse, respectively. It 
has been identified on mouse chromosome 5 and human chromosome 4. The signal 
transduction system of the c-kit receptor and its ligand (KLISCF) is an interesting candidate 
for paracrine stimulation of germ cell proliferation and differentiation like macrophage colony 
stimulating factor. 

Mutation Analysis: The kit receptor plays roles in Kit-mediated signaling events in primordial 
germ cells (PGCs), spermatogenesis and oogenesis, all of which follow distinct, well-studied 
development programs. In testis, kit expression starts at postnatal day 5 (PS) and is restricted 
to differentiating type A spermatogonia, type B spermatogonia, primary spermatocytes and 
Leydig cells. Many alleles of variable severity at both the W and SL loci have been described 
and characterized. Mutations either at W locus abolish or partially impair Kit receptor function 
whereas Kit receptorlw point mutations affect gametogenesis, melanogenesis and 
hematopoiesis during embryogenesis and in postnatal development to similar degrees. In 
contrast, mutations that affect Kit or SCF/KL expression may affect cellular targets of W and 
SL mutations differentially. The mutations affect steps in spermatogenesis and oogenesis 
including the survival and proliferation of spermatogonia and oocyte growth, causing impaired 
fertility. In weak W and SL alleles, effects on spermatogenesis and oogenesis are observed as 
well. The SCF expression mutation SL*, St and SL- impair female fertility, while males are 
fertile. In contrast, a cytoplasmic domain mutation of the membrane growth factor SCF, SLIm, 
does not impair female fertility, but causes male sterility. It seems that the function of c-kit is 
more necessary for development of primordial germ cells (PGC) than for postnatal germ cell. 

Localization in Spermatogenic Cells: Among male germ cells, the expression pattern of c-kit 
correlates with gonial proliferation. C-kit bands of 80, 140, and 150-kDa are observed on 
Western blot, indicating that c-kit is a name related to several proteins sharing some common 
domains. Only the band of 15OkDa correleated with positive staining of c-kit in tubules in 
differentiating hamster spermatogonia at stages VII-VIII of adult spermatogenesis and at day 
13-14 during the fwst spermatogenic wave. It remains attached to the cell until late pachytene. 
This suggests that c-kit may play a role in preparing the germinal cells to enter meiosis 
(Vigodner et al., 2001). Nishina et a1 (1992) investigated its expression during differentiation of 
F9 cells. In differentiated cells treated with retinoic acid (RA), c-kit gene expression is induced 
by agents such as forskolin or theophyline, which are known to elevate cellular CAMP level. 
This indicated that the expression of c-kit gene is regulated by the level of intracellular CAMP 
in differentiated F9 cells induced by RA. In milmi mast cell deficient mice, the c-kit expression 
was deficient in mast cells but not in erythroid precursors, testicular germ cells, and neurons. 
Thus, the regulation of the c-kit transcription by the mi factor (a transcription factor of bHLW 
leucine zipper family) was dependent on cell types (Isozaki et al, 1994). 

The c-kit rnRNA was found to express at high levels in spermatogonia, and at lower levels 
in meiotic pachytene spermatocytes. Moreover, two novel testis-specific c-kit transcripts of 
3.5 and 2.3-kb are present in post-meiotic haploid germ cells. These results suggested arole of 
c-kit not only during testis development in the embryo, but also throughout all stages of male 
germ cell development after birth. Characteristics of the receptor tyrosine kinases include an 



extracellular domain with 5 immunoglobulin-like domains and a kinase, which is divided into 2 
subdomains by an insertion sequence of variable length. (Robinson et al, 2001; Sorrentino et 
al, 1991). Thus c-kit may function in gametogenesis both during early embryogenesis and in 
postnatal development. Although the experimental results supported the notion that the 
survival and lor proliferation of the type A1 -A4 spermatogonia is c-kit dependent, it has been 
suggested that the As (Ao) are c-kit independent (Sandlow et al, 1999). Rossi et al, (1992) 
cloned a c-kit mRNA of 3.2-kb expressed in post-meiotic male germ cells. This transcript 
initiates in the genomic region immediately upstream of the exon coding for the second box of 
the split c-kit tyrosine kinase domain. The open reading M e  (OW) contains 12 novel amino 
acids in fiame with the C-terminals of 190 amino acids of the c-kit protein. It lacks the upstream 
region in the 5.5- kb c-kit mRNA encoding the extracellular and transmembrane domain, the 
ATP-binding site and the kinase insert domain present in the c-kit. 

The synthesis of the c-kit receptor by the spermatogonia was established by hybridization 
of total RNA with a specific cDNA for mouse c-kit receptor. The c-kit receptor protein expressed 
at the later stages of spermatogenesis as well, specifically in the acrosomal granules of the 
round spermatids, and the acrosomal region of testicular spermatozoa of mouse and rat 
(Sandlow et al, 1997; 1999). It also showed that the c-kit receptor is localized to the region of 
developing acrosome (Sandlow et al, 1999). During postnatal development of the rat testis, 
five different c-kit receptor mRNA transcripts were identified in testis and the level of expression 
of a particular transcript varied depending upon the developmental stage of the testis (Ali et 
al., 1996). Two mRNA transcripts migrated as 4.8-kb and 12-kb. The staining for c-kit receptor 
was observed in the cytoplasm of the isolated type A spermatogonia. The c-kit band of 160- 
kDa appeared to be stimulated with kit ligand, and the amount of phosphorylated protein 
increased significantly (Dym et al, 1995). Thus multiple forms of mRNAs exist for the c-kit 
receptor in the rat testis, and they are regulated differentially during post-natal development. 

C-kit and Germ Cell Tumors: Besides in normal spermatogenesis, c-kit activity is also a 
pivotal determinant of testicular tumor development and the kinase defective mutants of c-kit 
are valuable for treating c-kit dependent cancer, as well as for clarifying the c-kit mediated 
carcinogenesis. The c-kit gene is expressed in seminomas and dysgerminomas, a subset of 
human germ cell tumors (GCTs). A novel missense mutation (D816H) was found in the 
phosphotransferase domain in tumors of seminoma/dysgerminoma differentiation. The c-kit 
alleles in nonneoplastic tissues fiom these patients were wild type, suggesting that the mutant 
alleles were acquired and selected for malignant transformation (Tian et al, 1999). Additionally, 
c-kit expression was detected in the seminoma but not in the nomeminoma subtype of human 
GCT. Stem cell factor was not expressed at the mRNA level in tissue fiom either subtype of 
GCT although the protein was detected in the cytoplasm of rare tumor cells (Strohmeyer et al, 
1995). 

17.2.1. 'Ihmcated Form of eKit 

With the onset of meiosis, c-kit expression ceases, but a truncated c-kit product, (tr-kit) is 
specifically expressed in post-meiotic stages of spermatogenesis, and is accumulated in mature 
spermatozoa. Shorter version of c-kit protein (tr-kit) is deficient in extracellular, the 
transmembrane and part of the intracellular tyrosine-kinase domains. The c-kit protein 
synthesized by mutant WdWn cultured mast cells (CMC) was reduced in size and not 
expressed on their surface. The c-kit product synthesized in WdWn CMC mutant was truncated 
almost all cytoplasmic domain and was less glycosylated. In c-kit Wn-transfected cells, both 



380 Proteomics of Spermatogenesis 

glycosylation and extracellular expression of c-kit protein was also impaired, although no 
truncation was detected. Thus Wn mutant form of c-kit product is insufficient in maturation, 
which is associated with impairments in the transport to the plasma membrane (Koshimizu et 
al, 1994). 

The 5'end of the alternative c-kit transcripts, maps within an intron of the mouse c-kit 
gene. This intron contains a promoter, active in nuclear extracts of round spermatids, and two 
discrete sequences upstream of the transcriptional start site bind spermatid-specific nuclear 
factors. Transgene expression is confined to haploid germ cells of seminiferous tubules, 
starting fiom spermatids at step 9, and disappearing at step 13, indicating that cryptic promoter 
within the 16'" intron of the mouse c-kit gene is active in a short temporal window at the end 
of the transcriptional phase of spermatogenesis. In agreement with these data, a polypeptide 
of the size predicted by the open reading b e  of the spermatid-specific c-kit cDNA accumulates 
in the later stages of sperm&ogenesisand in epididhal spermatozoa (Albanesi et al, 1996). 

Functions of c-kit in Fertilization: Microinjection of a truncated form of the c-kit tyrosine 
kinase present in mouse spermatozoa (tr-kit) activates mouse eggs parthenogenetically, and 
tr-kit induced egg activation is inhibited competitively by preincubation with an inhibitor of 
phospholipase C (PLCy1) containing the src homology (SH) domains. Tr-kit-induced egg 
activation is also suppressed by co-injection of antibodies raised against the PLCyl SH 
domains, but not against the PLC y 1 COOH-terminal region. These studies indicated that tr-kit 
activates PLCy1, and that SH3 domain of PLCyl is essential for tr-kit-induced egg activation 
(Sette et al, 1998; 2000; Rossi et al, 2000). The c-kit mAb ACK2 reacted specifically with the 
acrosomal region and the principal piece of f ~ e d  non-capacitated mouse sperm but did not 
react with the acrosome region in acrosome-reacted sperm. The mAb recognized c-kit proteins 
of 33,48, and 150 kDa in mouse sperm extracts, which released 48-and 150-kDa proteins into 
the media and tyrosine autophosphorylated during acrosome reaction. The level of c-kit 
phosphorylation increased significantly on stimulation with SCF. These observations 
suggested that c-kit is present in mature sperm, and its binding to SCF might result in the 
activation of PLCyl and PU-kinase, leading to receptor autophosphorylation, and ultimately 
play a role in capacitation andlor the acrosome reaction (Feng et al, 1998). 

17.2.2. Activation of Phosphatidylinositol3'-Kinase Pathway 

How the c-kit receptor mediates different cellular responses in distinct cell populations during 
embryonic development and in the adult animal, is not known? Studies on bone marrow 
derived mast cells (BMMCs) have provided insight into the mechanism by which c-kit mediates 
various cellular responses including cell proliferation, adhesion, actin reorganization, 
membrane ruffling and secretion. The kit receptor activation leads to autophosphoryation, 
the phosphorylation of various substrates and the association with signaling molecules, 
thereby activating distinct signaling cascades. Molecules known to interact with the c-kit 
receptor in vivo include the p85 subunit (p85a and p85P) of class IA phosphatidylinositol 
3'kinases (PI3-kinases), phospholipase Cy-1, the Grb2 adaptor protein, the Src kinase and the 
tyrosine phosphatases SHPl and SHP2, but not the adaptor protein Shc and the exchange 
factor Nck. But, c-kit receptor activation causes phosphorylation and activation of the Shc 
adaptor protein, Ras and the Vav GDPIGTP exchange. In BMMCs, mutation ofthe kit receptor 
binding site for class IA PI3-kinase adaptor proteins, kitY7 19, and for src, KitY567, was shown 
to affect cell proliferation, survival, adhesion and secretion to differing degrees (Serve et al., 
1995; Vosseller et al,. 1997; Timokhnaet al., 1998). Whereas kit-mediated PU-kinase activation 



Fig. 17.1. c-kitlPI3-k signaling in 
spermatogonia. The model shows that 
c-kitlPI3-K promotes cell cycle 
progression via the AKTIp70S6Kl 
cyclin D3 pathway. Reprinted with 
permission from L.X. Feng et al. J 
Biol Chem 275; 25572-6: 2000 O 
The American Society for 
Biochemistry and Molecular Biology. 

is important to the mitogenic and survival response in BMMCs, kit-mediated PI-kinase 
activation is critical for various responses including secretory response, cell adhesion, actin 
polymerization and membrane ruffling. Activation of PI3-kinase results in the rapid accumulation 
of phosphatidylinositol-3,4-bisphosphate (PI3,4-P,or PIP2) and phosphatidyl-inositol-3,4, 
5- trisphosphate (PI3,4,5-P, or PIP3). The PI3,4-P, and PI3,4,5-P, are important second 
messengers regulating the catalytic activity of downstream signaling molecules via binding 
to pleckstrin homology (PH) and FYVE domains, thereby mediating activation of a wide array 
of downstream targets including the protein kinases PDKI, AKT, PKCG and the small GTPase 
Rac 1 (reviewed in Kissel et al, 2000) (Chapter 22). Studies with type A spermatogonia 
indicated that SCF induces DNA synthesis and proliferation. The signaling pathway for 
function of SCFIc-kit involves PI3-kinase and p70S6-kinase activities. Feng et al, (2000) 
demonstrated that SCF activates PI3-kinase and p70S6-kinase. The SCF could induce cyclin 
D3 expression and phosphorylation of the retinoblastoma protein through a pathway that is 
sensitive to both wortmannin and rapamycin. The AKT, but not protein kinase C-zeta, is used 
by SCFIc-kitPI3-kinase to activate p70S6 kinase. Thus, SCFIc-kit uses a rapamycin-sensitive 
P13-kinaselp AKTl70S6-kinaselcyclin D3 pathway to promote spennatogonial cell proliferation 
(Fig 17.1). In mast cells, the activation of P13-kinase and phosphhatidylinosito13'-phosphates 
play a critical role in mediating cell adhesion and secretion and have contributory roles in 
mediating cell survival and proliferation. 

Although kit/SCF-R induced activation of PI3-kinase is essential for male fertility, the role 
of individual kit/SCF-R-induced signaling pathways in the control of development processes 
in the intact animal is not clear. To examine the function of SCF-induced PI3-kinase activation 
in vivo, Blume-Jensen et al., (2000) mutated the codon for Tyr 7 19, the PI3-kinase binding site 
in Kit/SCF-R, to Phe in the genome of mice by homologous recombination. Homozygous 
mutant mice were viable, but the mutation completely disrupted PI3-kinase binding to Kit/ 
SCF-R and reduced SCF-induced P13-kinase-dependent activation of AKT by 90%. The 
mutation resulted into a gender and tissue-specific defect. Although there were no 
haematopoietic or pigmentation defects (Fig.17.2) in homozygous mutant mice, males were 
sterile due to a block in spermatogenesis, with initially decreased proliferation and subsequent 
extensive apoptosis occurring at the spermatogonial stem-cell level. In contrast, female 
homozygotes were fully fertile (Blume-Jensen et al, 2000). Using a knock-in strategy in p85 



382 Proteomics of Spermatogenesis 

Fig.173. Targeted mutation of Tyr719 in the 129/Sv kit locus does not affect pigmentation in Ritw19F/Kitw19F 
mice. Cell surface expression of kit in kitn'9F/Kity7'9F, kitnlRm/kitn'Pao and control BMMC's using FACS (top) 
and pigmentation phenotype in mice (below). Reprinted with permission from H. Kissel et al. The EMBO 
Journal 19; 1312-26: 2000 O http://www.nature.com/. 

subunit of PI3-kinase in the kit gene, mutant mice did not show pigment deficiency or impairment 
of steady state hematopoiesis. Therefore, a block in kit receptor-mediated PI3-kinase signaling 
may be compensated for in hematopoiesis, melanogenesis and primordial germ cell 
development, but is critical in spermatogenesis and oogenesis (Blume-Jensen et al, 2000; 
Kissel et a1 2000). 

17.2.3. Stem Cell Factor (SCF) or c-Kit Ligand @U) 

In situ hybridization studies showed that stem cell factor (SCF or KL) mRNA is expressed in 
haematopoietic tissues, mesenchymal cells and gonads along the migratory pathway of 
melanoblasts and primordial germ cells. In spermatogenesis, SCF is expressed mainly by 
Sertoli cells and is under FSH action. The SCF stimulates DNA synthesis in type A 
spermatogonia cultured in vitro, and injection of anti-c-kit antibodies block their proliferation 
in vivo. A point mutation in the c-kit gene, which impairs SCF-mediated activation of PI3- 
kinase does not cause any significant reduction in PGCs number during embryonic 
development, or in spermatogonial stem cell population. However, males are completely sterile 
due to block in the initial stages of spermatogenesis, associated to abolishment of DNA- 
synthesis in differentiating A1-A4 spermatogonia. In the presence of SCF, more A type 
spermatogonia incorporate thymidine at stage XI1 of rat seminiferous tubules in vitro than in 
the absence of SCF, implying that the increased DNA synthesis might result fiom enhanced 
survival of spermatogonia. Not only spermatogonia but also spermatocytes and spermatids 
were protected from apoptosis in presence of SCF, which also mediated the pro-survival 
effect of FSH. Yan et al, (2000) confirmed that FSH pro-survival effect on germ cells is mediated 
partially through the SCFIc-kit pathway. The survival of late meiotic and dividing spermatocytes 
is also regulated by SCF through an indirect mechanism probably mediated by Sertoli cells. 
The SCF is important regulator of spermatid output (Packer et al, 1995). 



In order to define the role of kit ligand encoded at the mouse steel (SL) locus in 
spermatogenesis, Tajima et a1 (1991) examined its production in Sertoli cells. Sertoli cells 
derived from +I+ and W/Wv but not SLd/SLd mutant mice produce biologically active SCF 
growth factor as a membrane bound form. The SCF produced by Sertoli cells acts on germ 
cells that have the c-kit receptor on their cell surface and stimulates their growth and 
differentiation. Treatment of Sertoli cells with dibutyryl CAMP, forskolin and cholera toxin 
increased SCF production, whereas FSH, growth factors and testosterone did not stimulate 
SCF production (Tajima et al, 1994). To study self-renewal and differentiation of spermatogonial 
stem cells, Ohta et a1 (2000) transplanted undifferentiated testicular germ cells of the GFP 
transgenic mice into seminiferous tubules of mutant mice with male sterility such as those 
dysfhctioned at Steel (SL) locus encoding the SCF or Dominant white spotting (FY) locus 
encoding the receptor c-kit. In the seminiferous tubules of SL/SLd or SL17H/SL*7H mice, 
transplanted donor germ cells proliferated and formed colonies of undifferentiated c-kit (-) 
spermatogonia, but were unable to differentiate further. However, these undifferentiated but 
proliferating spermatogonia, retransplanted into SL (+) seminiferous tubules of W mutant, 
resumed differentiation, indicating that the transplanted donor germ cells contained 
spermatogonial stem cells and that stimulation of c-kit receptor by its ligand was necessary 
for maintenance of differentiated type A spermatogonia but not for proliferation of 
undifferentiated type A spermatogonia. The transplantation efficiency in the seminiferous 
tubules of SL17H/SL17Hmice depended upon the stem cell niche on the basement membrane of 
the recipient seminiferous tubules (Ohta et al, 2000). 

The SCF exists in soluble (SCFs) and membrane-bound (SCFm) forms, which are required 
for a complete spermatogenesis, and are generated by alternative splicing of optional exon 6, 
encoding sites of proteolysis. In the mouse testis, the alternative splicing of SCF is 
developmentally regulated. The SCFs predominates in fetal and neonatal gonads and is then 
replaced by SCFm in the prepubertal and adult gonads. While sequencing SCF exon6, Mauduit 
et al, (1999) suggested that the flanking intronic sequences perfectly follow the GTIAT rule 
and the basal splicing machinery might not be responsible by itself for exon 6 skipping. 
Moreover, freshly isolated Sertoli cells mainly express SCFm, but a switch to SCFs occurs 
after 48 h of culture. UV cross-linking experiments showed that nuclear Sertoli cell protein@) 
bind in a sequence-specific manner to exon 6. 

Gus 6-Sky signaling: It seems that Gas 6-Sky signaling plays a role in primordial germ cells 
(PGCs) growth, sexual differentiation, and Sertoli cell functions in vivo. Gene encoding the 
receptor tyrosine kinase, Sky, is expressed in both PGCs and their supporting cells in male 
genital ridges after 11.5-day postcoitum. Slq expression was not detected in female genital 
ridges. Gas 6, the ligand for Sky, was also expressed in interstitial cells, which surround Sky 
positive cells in genital ridges after birth. Sky expression in testis was restricted to Sertoli 
cells, and Gas 6 was detected around peritubular cells and Leydig cells. The expression of Sky 
in Sertoli cells diminished at 3 weeks of age, when haploid germ cells first appeared. On the 
other hand, the expression in Sertoli cells was markedly up-regulated in the testis of germ cell- 
deficient W/WV and jsdljsd mice. It suggests that signals from differentiated germ cells 
suppress Sky gene expression in Sertoli cells (Matsubara, 1996). 

17.3. THE MYC FAMILY 

A relatively new and largely unstudied member of the myc family, c-myc, encodes a protein 
that is highly homologous to the N-terminal transcriptional regulatory domain of c-Myc. The 
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rnyc family of genes plays an important role in several cellular processes including proliferation, 
apoptosis, differentiation, and transformation. In early 1980, reports appeared on the 
identification of two amplified coding sequences with strong homology to c-myc in human 
neuroblastomas and lung carcinomas, which were dubbed the N-myc and Lmyc gene. Each of 
the three mammalian myc family genes has the same characteristic three-exon 'tructure with 
the major polypeptide open reading frame residing in the second and third exons. B-myc 
contains homology to c-myc exon2, and encodes a 188-amino-acid protein. B-myc polypeptide 
analogous to the putative protein encoded by human L-myc transcripts contains only frst 
and second exon sequences. B-myc is expressed almost ubiquitously. Another gene, S-myc 
exhibits homology to the second and third Myc exons. The three bonafide members ofthe rnyc 
gene family (c-, N-, and Lmyc) are differentially expressed in mammalian development, where 
as the c- , L and S-myc expression has been seen in mammalian testes or testicular tumors. 

17.3.1. The C-Myc 

The human c-myc gene encodes two polypeptides (Myc-1 and Myc-2) of 439 and 453 amino 
acids with apparent molecular weights of 65- and 68-kDa respectively. The Myc proteins are 
phosphorylated at multiple sites by casein kinase 11, contain +helical domains and separate 
areas rich in acidic and basic amino acids, localize to the nucleus, and bind DNA. A region of 
human Myc, encoded in gene's third exon directs polypeptides translocation to the nucleus. 
This signal is defined as PAAKRVKLD specified by amino acid 320 to 328. The Myc family of 
oncoproteins possesses a (BR) H-L-H (LZ) chimeric architecture. The (BR) H-GH domain of 
the rnyc gene family covers - 55 amino acids positioned about 30 residues fiom the proteins' 
carboxy termini; the remaining 30 amino acids constitute their LZ domain (Marcu et al, 1992). 

c-Myc in Testis: Normal testis expresses only small amounts of p62 c-Myc. Seminomas showed 
increased nuclear and cytoplasmic staining. Undifferentiated teratoma showed little activity, 
whereas p62 c-Myc was abundant in the nuclei of differentiating epithelial structures. The c- 
Myc proto-oncogene is a reliable marker of the "Go-early G1" transition, and its down- 
regulation is believed to be necessary to obtain cellular differentiation. In murine 
spermatogenesis, the level of c-Myc transcripts does not correlate with the rate of cellular 
divisions in degenerating testes. To defme whether c-myc is only expressed during somatic 
cell division or is also expressed during meiotic cell division, the production of c-myc mRNA 
and protein were investigated in the mouse testis. In somatic cells the level of rnyc transcription 
is not restricted to particular cell types but correlates closely with the rate of cell division. 
Such transcription involves the use of two active rnyc promoters and produces two mRNA 
species that are differentially represented among the transcripts of different tissues. In 
constrast to somatic cells, mitotically and meiotically dividing germ cells have very few rnyc 
transcripts and appear to proliferate, at least for a few divisions, in the absence of rnyc 
transcription (Stewart et al, 1984). It was found that c-myc mRNA and protein are expressed in 
a cell-cycle-dependent manner only in spermatogonia and not in spermatocytes and spermatids 
(Koji et al, 1988). However, the c-Myc protein is present in mature ejaculated sperm cells with 
a possible role in sperm cell function. Since the half-life of c-Myc protein has been shown to 
be short, the presence of c-myc mRNA in human sperm was suspected and confirmed by the 
presence of c-myc mRNA in human sperm cells. The c-myc specific DNA probe reacted with 
the postacrosomal mid-piece and tail regions of both noncapacitated as well as capacitated 
sperm (Kumar et al., 1993). One Myc 1-6E10 was shown to bind to a 62kDa protein identifiable 
with the c-myc product (p62c-Myc). Without induction, the c-myc gene mRNA for non-sperm- 
type protein was detected at a level that remained essentially constant during both activation 



and inactivation of the c-myc gene. Change in the amount of c-Myc protein alone does not 
appear to bring about a switch of the expression of two phosphoglycerate kinase genes 
during spermatogenesis in mouse testis (Koikeda et al., 1989). Transgenic female rats expressing 
rat c-myc gene were fertile, but the male transgenic rats were sterile. Over-expression of the c- 
myc gene induces apoptosis at the prophase meiosis of the primary spermatocytes thereby 
causing male sterility in the c-myc transgenic rats (Kodaira et al, 1996). 

Hormonal regulation: In vivo administration of hCG on c-myc oncogene expression caused 
a transient elevation of c-myc mRNA in Ledyig cells. It seems that the growth promoting 
effects of hCG on Leydig cells may be mediated by the transient expression of c-myc 
protooncogene (Lin et al, 1988). Testosterone stimulates c-myc mRNA levels in primary Sertoli 
cell cultures and the induction of c-myc mRNA was dependent on the concentration of 
testosterone. It is likely that testosterone induces c-myc mRNA levels in the primary Sertoli 
cells fiom prepubertal rats, and then transient expression of c-myc is responsible for some of 
the regulatory roles of testosterone-dependent genes in the Sertoli cells. The biological 
significance of testosterone-dependent c-myc induction is not known (Lim et al, 1994). In 
Sertoli cell cultures. FSH induces c-myc mRNA levels in the primary Sertoli cells fiom prepubertal 
and early pubertal rats (Lim and Hwang, 1995). 

c-Mjc bindingproteins: The AMY-1 is a c-Myc-binding protein, which stimulates c-Myc 
transcription. The AMY-1 is also associated with protein kinase-A anchor protein 841149 (S- 
AKAPMIAKAP 149) in the mitochondria of somatic cells and sperm. The AAT- 1, a novel 
testis-specific AMY-1-binding rotein, forms a quaternary complex with AMY-1. Three isoforms 
of AAT- 1, AAT- 1 a/, -@ and -fare derived fkom an alternative splicing of the transcripts of the 
aat-1 gene, which was mapped to human chromosome 3q13-3q21. AAT-1 is specifically 
expressed in the spermatid and mature sperm, as was AMY-1. The AAT-lod, colocalized in 
mitochondria with AMY- 1, binds to the N-terminal half of S-AKAF'84IAKAP 149 in a quaternary 
complex with AMY-1 and a regulatory subunit (MI) of PKA, in which AAT- 14 is associated 
with RII via S-AKAP84lAKAP149 in testis and HeLa cells (Yukitake et al., 2002a). The amap- 
1 gene, which was mapped at human chromosome l7q2l encodes AMAP-1. The AMY-1 
binds to and colocalized with AMAP-1 in human 293T and HeLa cells. The AMAP-1 was 
expressed post-meiotically in the testis, as was AMY-1 (Yukitake et al., 2002b). These results 
suggested that AAT-1, AMAP-1 and AMY-1 play roles in spermatogenesis. 

17.3.2. Other Myc Proteins in Testis 

A relatively new and largely unstudied member of the myc family, encodes a protein that is 
highly homologous to the N-terminal transcriptional regulatory domain of c-Myc. High level 
B-myc expression is restricted to primarily hormonally-controlled tissues, with the highest 
level of expression in the epididymis. Like other Myc family proteins, B-Myc is a short-lived 
nuclear protein, which is phosphorylated on residues Ser-60 and Ser-68. Rapid proteolysis of 
B-Myc occurs via the ubiquitin-proteasome pathway. Over-expression of B-myc significantly 
slows the growth of fibroblasts and COS cells suggesting that B-Myc functions as an inhibitor 
of cell proliferation (Gregory et al, 2000). 

In contrast to expression of the closely related c-myc gene, N-myc and L-myc expression 
is restricted in adult tissues. Small amounts of the L-myc RNA can be detected in normal adult 
testis. Expression of N-myc gene, which is usually limited in the neoplasms derived fiom 
neuroectoderm, is detected in seminomas (80%) and in embroyonal carcinomas (20%). 
Expression of N-myc gene was detected in teratocarcinomas and normal testes (Saksela et al, 
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1989). A significant level of N-myc expression may be essential for undifferentiated tumors 
including seminoma and embryonal carcinoma, whereas c-erbB-1 and possibly c-erbB-2 may 
have important roles in the differentiated tumors such as immature teratoma. Rat s-myc gene 
and human myc L2 genes are expressed in rat embryo chondrocytes and human testis, 
respectively. The s-Myc expression suppresses the growth activity and tumorigenicity of 
glioma cells, indicating that s-Myc acts as a negative regulator in tumor growth. In addition, 
s-Myc overexpression can effectively induce apoptotic cell death in human and rat glioma 
cells without serum deprivation, which is distinct from c-Myc mediated apoptosis (Kuchino 
et al, 1996). 

17.4. THE MYB FAMILY 

The Myb gene family currently consists of three members, named A-, B- and c-myb. These 
genes encode nuclear proteins that bind DNA in a sequence-specific manner and function as 
regulators of transcription. The c-myb encodes a transcriptional activator that is essential for 
the development of the hematopoietic system but appears to lack major roles in non- 
hematopoietic cells. The two conserved myb-related genes, A-myb and B-myb, have raised the 
possibility that these genes are functional equivalents of c-myb in non-hematopoietic tissues. 

17.4.1. A-Myb and RMyb in Germ Cells 

In male mice, A-myb is expressed mainly in male germ cells. In female mice, A-Myb is expressed 
in breast ductal epithelium. Mice homozygous for a germline mutation in A-myb develop to 
term but show defects in growth after birth and male infertility due to a block in spermatogenesis. 
Morophological examination ofthe testes of A-myb -/- males showed that the germ cells enter 
meiotic prophase and arrest at pachytene stage. In homozygous null A-myb female mice, the 
breast epithelial compartment showed under-development of breast tissue following pregnancy 
and was unable to nurse their newborn pups. Thus A-myb plays a critical role in 
spermatogenesis and mammary gland development (Toscani et al, 1997). The B-myb has been 
implicated in the control of cell proliferation, particularly at the GUS transition of the cell 
cycle. Mouse A-myb maps to the proximal region of chromosome 1 

Abundant expression ofA-myb mRNA occurs primarily in the testis of adult mice. The A- 
myb mRNA is detectable in spermatogenic cells during terminal differentiation. The A-myb 
and B-myb genes are both expressed in a cell and stage specific manner during testis 
development. A-myb mRNA expression however increases at postnatal day 10, when primary 
spermatocytes fist  appear. In adult testis, A-myb highly expressed in a sub-population of 
spermatogonia and in primary spermatocytes and was not detectable in spermatids. This 
expression of A-myb is consistent with the meiotic arrest that is observed in A-myb-deficient 
male mice. Xenopus A myb is related to human A-myb. In adult male Xenopus, virtually all A- 
myb expression is in the testis, particularly withim the nuclei of spermatogonial cells. Expression 
falls dramatically during meiosis and is undetectable furing subsequent spermiogenesis (Latham 
et al., 1996; Sleeman, 1993; Trauthet al., 1994). 

Murine A-myb cDNA gene encodes a protein of 751 amino acids with an estimated 
molecular weight of 83-kDa. The cDNA sequence of multiple independent cDNA clones 
reveals the presence of alternatively spliced mRNAs that encode smaller proteins. The A- 
myb RNA expression predominantly occurs in the testis and peripheral blood leucocytes 
transcripts, with very low levels expression in the ovaries, spleen and brain (Mettus et al, 



1994; Takahashi et al, 1995). The A-Myb can activate transcription ftomthe promoter containing 
Myb-binding sites in many cells. In addition to two domains (a DNA-binding domain and a 
transcriptional activation domain), two negative regulatory domains have been identified in 
A-myb. It indicated that A-Myb functions as a transcriptional activator mainly in testis and 
peripheral blood cells, and the regulatory mechanism of A-Myb activity is similar to that of c- 
Myb and v-Myb (Takahashi et al, 1995). 

In normal cells, B-myb is expressed at similar levels during all stages of embroyogenesis. 
A tight linkage occurs between B-myb expression and proliferative activity. By contrast, the 
highest levels of B-myb expression are found during intermediate stages of spermatogenesis. 
It has also been shown that B-myb mRNA isolated &om the testis differs in size fiom that of 
other tissues. B-myb plays a general role during proliferation of most cells and raises the 
possibility that the function of B-myb in cells undergoing meiosis may be different ftom its 
role in cells dividing mitotically (Sitzmann et al, 1996). The B-myb mRNA is expressed highly 
in gonocytes of the fetal testis and in spermatogonia and early spermatocytes in the adult 
mouse and decreases at day 18 post parhun, coincident with the initial appearance of late 
pachytene spermatocytes. It is likely that B-myb plays a critical role in controlling the 
proliferation or differentiation of gonocytes and spermatogonia and possibly the somatic 
lineages as well, whereas A-myb is required for progression through the first meiotic prophase. 
These distinct roles for A-myb and B-myb during spermatogenesis reflect distinct 
transactivation potentials of two proteins during spermatogenesis and differentiation of the 
Sertoli and other somatic cell types of the testis (Latham et al., 1996; Sleeman, 1993; Trauth et 
al., 1994). 

17.5. THE JUN FAMILY 

The growth and differentiation of somatic cells are regulated by rapid expression of immediate 
early genes (IEGs), which encode proteins serving as transcriptional activators and enhance 
necessary cell responses. The present members of nuclear proto-oncogene FOS (c-fos B, fos 
B2, Fral, and Fra2) and Jun (c Jun, Jun B, and Jun D) belong to JEGs. The products of two 
proto-oncogenes, c-fos and c-jun, have been implicated in signal transduction pathways as 
regulators of gene expression. The Jun proto-oncogene encodes a nuclear protein (JUN) that 
is homologous to the yeast transcription factor GCN4. The JUN protein dimerizes with the 
FOSgene products and other members of the bZIP family of transcription factors as a leucine 
zipper to form activator protein 1 (APl) (a transcription factor). The expression of members of 
this transcription factor has been associated with cellular pathways that result in both mitosis 
and differentiation. The AP1 regulates the expression of genes containing the tumor promoter 
response element (TRE) sequence (TGACTCA) or the cyclic AMP responsive element (CRE)- 
like site (TGACGTCA). As an immediate early response gene, Jun plays a crucial role in 
regulation of cell proliferation and programmed cell death in the context of oxidative stress. 

The members of the jun family of protooncogenes (junB, c-jun, andjunD) share a high degree 
of sequence homology and function as transcriptional regulators. Alcivar et a1 (1990) examined 
the relative adundance of the junB and c-jun proto-oncogenes during development of the 
mouse testis. JunB and c-jun mRNA levels are low in total RNA from intact immature or mature 
testes. Dissociation of testicular cells, however, increases the levels ofjunB and c-jun mRNAs. 
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In 8 days old mouse, the mRNA levels for both proto-oncogenes are higher in type B 
spermatogonia and in the interstitial cell fraction than in type-A spermatogonia. In testis of 
17-day-old mice, the highest mRNA levels for both proto-oncogenes are seen in preleptotene, 
spermatocytes with decreasing levels in leptotenelzygotene spermatocytes and prepuberal 
pachytene spermatocytes. The junB and c-jun mRNAs are nearly undetectable in pachytene 
spermatocytes, round spermatids, and residual bodiedcytoplasts. Comparative pattern of 
junD mRNA expression during spermatogenesis to that ofjunB and c-jun in 8-day-old mice 
indicated that the level of the 1.8kb junD mRNA is higher in type B spermatogonia than in type 
A spermatogonia. In 17-day-old mice, the highest junD mRNA levels occur in preleptotene 
spermatocytes. The pattern of expression ofjunD differs from that of junB and c-jun during 
spermatogenesis most notably in that 1) junD mRNA levels do not increase following 
dissociation of testicular cells, and that 2) in constrast to the nearly undetectable levels of 
junB and c-jun mRNAs in adult postmeiotic testicular cells, junD mRNAs are seen at high 
levels (Alcivar et al, 1991). 

Using a seasonal breeder, the European red fox (Vulpes wipes), Cohen et a1 (1993) studied 
the expression of five AP-1 family members (c-fos, fra 1, fra-2, c-jun and junB) with a view to 
elucidating their role in the regulation of spermatogenesis. Unique patterns of expression, 
falling into three broad categories, were observed for the five genes: continuous expression 
throughout the spermatogenic cycle (c-fos); expression only at times corresponding to the 
onset and shutdown of spermatogenesis (fra-1, fra-2 and c-jun); and (iii) expression only at 
the onset of the cycle (junB). Furthermore, the proteins are expressed in both pre-meiotic and 
post-meiotic cell types, suggesting arole in haploid, as well as diploid, gene expression in this 
tissue. This suggests distinct and although not necessarily unrelated roles for the different 
components of transcription factor AP-1 in the regulation of spermatogenesis (Cohen et al, 
1993). 

To evaluate the possibility that protooncogenes mediate long-term effects of LH, hCG 
and various growth factors, their action on the levels of c-fo, c-jun, jun-B, and c-myc m RNAs 
indicated that the regulation of protooncogene mRNAs in Leydig cells is multifactorial. They 
show differential responsiveness of the members ofthe Jun family to several factors, consistent 
with the hypothesis that the c-FOS and JUN families of regulatory proteins could play a role 
in mediating long term response to the complex array of hormones and growth factors to 
which Leydig cells are exposed in vivo. The transcriptional processes may mediate the effects 
of LH on cellular adaptive responses or steroid biosynthesis (Schultz et al., 1995). In the rat 
Sertoli cell, FSH rapidly inhibits c-jun gene expression, while it stimulates c-fos and jun-B as 
well as the expression of the more slowly responding tissue plasminogen activator (tPA). The 
immediate early effect of FSH is on the expression of genes encoding components of the 
transcription factor (Hamil et al, 1994). The mRNA levels for c-jun, as well as mRNA levels for 
c-myb, following retinoid stimulation supported the model that modulation of these immediate 
early genes is the first step in the process, which initiates a cascade of vitamin A-inducible 
gene expression in Sertoli cells necessary for maintaining spermat~genesis (Page et al, 1996). 

17.5.2. C-FOS AND C-M)S RELATED ANTIGENS 

c-Fos and Gene Methylation: The ontogenic initiation and maintenance of methylation of 
certain specific CpG sites in the coding region of c-fos, through testicular cells, sperm, and 
fetal, neonatal, and adult somatic tissues showed that 1) sperm derived methylated sites get 
demethylated in early development. However, unlike other genes, they remain so at least up to 
day 13.5 post coitum @c); 2) de novo methylation proceeds unidirectionally in a step-wise, 
site-specific manner. The c-fos thus provides a novel pattern of de novo methylation in 



development. Also, it suggests that close proximity of CpGs may prevent methylation 
(Chandrasekhar and Raman, 1997). 

Fra-I andHMGBox Proteins: The functions of HMG-box transcription factors are mediated, 
in part, by activation of members of the AP- 1 transcription factor family. The h- 1 is expressed 
during spermatogenesis. The promoter of the rat h - 1  gene contains several potential binding 
sites for HMG-box DNA-binding proteins. Hence purified SRY protein binds strongly to one 
of the putative ffa-1 HMG-box response elements and that SRY enhances the transcription of 
rat h - 1  promoter constructs in co-transfection assays (Cohen et al, 1994). 

c-Fos Gene and Sertoli Cell Activation by FSH: The FSH induces a transient expression of 
c-fos in cultured Sertoli cells. This induction is probably mediated by cAMP and likely involves 
an increased transcription of the c-fos gene (Hall et al, 1988). Although the action of FSH on 
Sertoli cells is considered to be mediated by CAMP, dibutyryl CAMP (dbcAMP), an analog of 
CAMP, induces much less c-fos mRNA expression than FSH, suggesting that additional 
cAMP independent mechanisms may mediate the effect of FSH, on c-fos. Sertoli cell 
differentiation of basement membrane is mediated by the c-fos protooncogene (See Chapter 
1). 

17.6. C-ROS TYROSINE KINASE 

17.6.1. Epididymis c-Ros and Infertility 

The protooncogene, c-ros is an orphan receptor gene, which codes an intracellular protein 
tyrosine kinase (PTK) domain and a long extracellular domain. Chicken c-ros is specifically 
expressed in certain epithelial cells of kidney, intestine, lung, bursa, thymus, and testis, and 
expression is regulated temporarily and spatially. It has been suggested that c-ros may play 
a role not only in the initial induction events in the organogenesis, but also in the mature 
function of those organs. Whereas the expression of c-ros in other organs rapidly disappears 
in neonatals, that in the epithelium of the proximal epididymis (caput) is up-regulated during 
prepubertal development, before the arrival of spermatozoa from the testis, and persists in 
adults. This coincides with the differentiation of the proximal caput epididymidis into the so- 
called initial segment. Since mammalian spermatozoa are stored in a hypertonic environment 
in the epididymis and would experience relative hypoosmotic conditions upon ejaculation, 
consideration of regulatory volume decrease (RVD) is particularly pertinent. Targeted 
mutations of c-ros in the mouse revealed an essential role of the gene in male fertility. The 
epididymal defects interfere with sperm maturation and the ability of sperm to fertilize in vivo. 
Interestingly, sperm isolated from c-ros -1- animals could fertilize ovum in vitro (Somenberg- 
Riethrnacher et al, 1996). The receptor tyrosine kinase c-ros knockout mouse did not reveal 
any gross abnormality that could explain infertility in vivo. The majority of motile spermatozoa 
exhibited angulation in the tail. A lack of response of immature wild-type sperm and mature 
knockout sperm to the channel blockers suggested that there is normally a development of 
the volume regulatory mechanisms upon maturation that is defective in sperm fiom the knockout 
animals. The resultant flagellar angulation may account for the reduction in sperm numbers in 
the oviduct of mated females and the failure to fertilize in vivo. This finding provided a 
starting point for further research to establish the link between abnormal epididymidis and 
sterility. The infertility of c-ros knockout male mice could be explained by the sperm's inability 
to enter the oviduct, as a result of their bent tails forming the entangled sperm mass and their 
compromised flagellar vigor within the uterus (Yeung et al., 1998; 2000). 
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Transgenic male mice bearing inactive mutations of the receptor tyrosine kinase c-ros 
down-regulated expression of CRES, and lipocalin mouse epididymal protein 17 (MEP17), 
whereas other caput-enriched genes (glutathione peroxidase 5, a disintegrin and ADAM7, 
bone morphogenetic proteins 7 and 8a, A-raf, CCAATlenhancer binding protein @ PEA3) 
were unchanged. Genes normally absent from the initial segment were expressed in the 
undifferentiated proximal caput of the KO. More distally located proteins were unchanged in 
expression. The genes of over 70 transporters, channels, and pores were detected in the caput 
epididymidis, but in the KO, only three were downregulated and six upregulated. The changes 
in these genes could affect sperm function by modifying the composition of epididymal fluid 
and explain the infertility of the KO males (Cooper et al., 2003) (see chapter 32). 

17.6.2. Regulation of c-Ros Receptor by Protein Tyrosine Phosphatase 

Male "viable motheaten" (me(v)) mice, with naturally occurring mutation in the gene of the 
SH2 domain protein tyrosine phosphatase SHP-1, are sterile. Ros and SHP-1 are co-expressed 
in epididymal epithelium. Elevated phosphorylation of Ros in the epididymis of me (v) mice 
suggested that Ros signaling is under control of SHP- 1 in vivo. Phosphorylated Ros strongly 
and directly associated with SHP-1 in yeast two-hybrid assay. Strong binding of SHP-1 to Ros 
was selective compared to six other receptor tyrosine kinases and the interaction was mediated 
by the SHP-1 NH, terminal SH2 domain and Ros phosphotyrosine 2267.Over-expression of 
SHP-1 resulted in Ros dephosphorylation and effectively down-regulated Ros dependent 
proliferation and transformation. Therefore SHP-1 seems an important downstream regulator 
of Ros signaling (Keilhack et al, 2001). 

orospromoter: The most 5' c-ros cDNA of chicken has been isolated and sequenced. Using 
the 5' cDNA as a probe, three genomic DNA clones containing the 5' c-ros cDNA sequence 
were isolated. The transcription initiation site for the c-ros mRNA in kidney and intestine were 
mapped. The sequence of the 1.3-kb region upstream of the initiation site contains TATA and 
CAAT boxes at 26 and 54 nucleotides, respectively, upstream of the initiation site. In addition, 
transcription factor binding sites for API, AP2, and Octl and several direct and inverted 
repeats are present within 1-kb upstream ofthe initiation site. The 1.3-kb DNA was shown to 
be functionally active. Serial delations of this putative c-ros promoter allowed to define a 
minium c-ros promoter and to identify positive and negative regulatory regions. By gel mobility 
shift experiments, their specific binding pattern to nuclear extracts from kidney, intestine, and 
thymus corresponds to the tissue specificity and temporal control of c-ros mRNA expression 
(Chen et al, 1995). 

17.7. PIM-1 AND PIM-2 

The fact that over-expression of Pim-1 can contribute to lymphomagenesis was proven by 
over-expressing a Pim-1 transgene in lymphoid cells. The mouse Pim-1 gene encodes two 
cytoplasmic protein-serinelthreonine kinases. The highest expression is found in 
haematopoietic tissues. High expression has also been noted in testis and ES cells. Expression 
can be induced by growth factors and mitogens. The gene is evolutionally conserved. 
Inactivation of both Pim-1 alleles in ES cells or mice did not reveal any obvious abnormalities 
@omen et al, 1993). Human Pim2 gene @Pim-2) encodes a protein that shares 90% identity 
and 93% similarly at the primary structure level, with the mouse Pim-2 gene. Structurally, like 
the mouse Pim-2, hPim-2 is also a serine threonine kinase. At the RNA level, two hPim-2 
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Fig.17.3. Comparison of amino acid sequences of Pim-2 (hpim2) deduced from human pim-2 gene, the 
mouse Pim2 (mpim2) and human Piml (hpiml) proteins. The sub-domains characterizing protein kinase 
superfamily are marked with roman numeral above the first amino acid of each domain. Reprinted with 
permission from D. Baytel et al. Biochim Biophys Acta 1442; 274-85 : 1998. O Elsevier. 

transcripts were identified. The first, 2.2-kb, is highly expressed in hematopoietic tissues and 
in leukemic and lymphoma cell lines. It is present at considerable high levels in testis, small 
intestine, colon and human colorectal adenocarcinoma cell (SW480). A second transcript, 5.0- 
kb in size, is detected only in spleen, thymus, small intestine and colon. Biopsies fiom testes 
of men with complete or partial spermatogenesis revealed that the gene is expressed in primary 
spermatocytes. In the absence of germ cells, signal could be detected over specific cells in the 
well developed interstitial region. These results suggest a role for Wim-2 in proliferating cells 
as well as during meiosis. A possible connection between Wim-2 and apoptosis has also 
been suggested (Baytel et al, 1998)(Fig.17.3). 

The pim-1 gene of the mouse has been implicated as an oncogene by its frequent activation 
by provirus insertion in MuLV-induced T-cell lymphomas. Direct evidence for the oncogenic 
potential of the pim-1 gene in inducing T-cell lymphomas has been provided by transgenic 
mice bearing copies of a modified murine,pim-1 transgene. The humanpim-1 gene has been 
localized to a region of chromosome 6 known to be involved in translocations in acute myeloid 
tumors, undifferentiated leukemias, T-cell lymphomas and malignant melanomas. Whether 
thepim-1 gene can be oncogenic in humans constitutes an area of continuing investigation. 
The nucleotide sequences of both the cloned murinepim-1 gene and a number of humanpim- 
1 cDNA have been reported. The sequence ofthe humanpim-Zgene together with its immediate 
promoter sequence(Ppim), shows a full length of 6.1-kb. Human genomicpim-1 gene, together 
with its immediate 5'-upstream promoter sequence (Ppim) shares an overall nucleotide (nt) 
sequence identity of 53% with the murinepim-1 gene. It consists of six exons and five introns 
and contains a protein-coding region that is identical in nt sequence to a full-length human 
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pim-l cDNA. The gene codes for a predicted Pim-1 protein of 3 13 amino acids (aa) with an MI 
of 35690 and a pI of 5.7. The deduced aa sequence of the human Pim-1 has 94% identity with 
the murine Pim-1 whereas the nucleotide sequences of the two genes are 88% identical. All of 
the conserved amino acid residues of the mouse pim-l gene are conserved in the predicated 
human protein. The human Ppim region is G + C-rich (69%) and shares greater than 80% 
identity with the murine Ppim. The Ppim has no TATA- or CAAT-box sequences but contains 
a number of nt sequences similar to the putative binding sites of several presumptive 
transcription (Reeves et al, 1990) (Fig.17.4) . The RNA transcript of humanpim-1 is approx. 
3.0-kb and it is highly expressed in the erythroleukemia cell line K562 (Zakut-Houri et al, 1987). 
A 2.4-kbpim-I transcript, expressed in the germ cells of mouse testis is selectively expressed 
in haploid postmeiotic early spermatids. The evidence for a developmentally regulated 
expression of pim-1 in haploid spermatids suggests a possible developmental role for this 
protooncogene product. The 2.4-kb pim-1 transcript present in postmeiotic cells differs in size 
from the 2.8-kb transcript usually detected in somatic tissues. Similar testis-specific transcripts 
have been seen for rnos and abl gene. Analysis of expression of the three members of the ras 
gene family indicated a distinct temporal regulation in the expression of the Harvey, Kristen, 
and N-ras genes in these germ cells (Sorrentino et al., 1988). 

17.8. C-MOS FACTOR 

The c-mos proto-oncogene is a cellular homologue of the Moloney sarcoma virus oncogene 
(v-mos). Various c-mos genes from vertebrates including human, monkey, rat, mouse, chicken 
and Xenopus predicated it as a single coding exon, which encodes a serinelthreonine kinase. 
The omos t&scripts are dominantly expressed in reproductive systems including oocytes, 
ovary and spermatogenic cells and in the embryo, and at low levels in various other tissues. 
Different c-mos transcripts have the same 3'-end but differ at their 5'-ends. The Mos proteins 
differ significantly in size, according to their origins: 37-kDa and 43-kDa/v-mos transformed 
cells, 39-kDdXenopus oocytes, 39-kDa/mouse oocytes, 43-kDa/mouse and rat testes, 43-kDa 
and 75-kDa/rat muscle, 40-kDa and 37-kDa/human cells. The significance for the size difference 
is not known. 

Specificity of Germ Cell c-Mos : The c-mos proto-oncogene protein serinelthreonine kinase 
is specifically expressed in germ cells and has been found to play a key role in meiotic 
maturation of both Xenopus and mouse oocytes. The Mos is required for the initiation of 
meiosis as well as for progression from meiosis I to meiosis 11. Experiments in which c-mos was 
disrupted by homologous recombination in mice further confirmed that c-mos-deficient oocytes 
complete meiosis 1 normally but fail to arrest at metaphase I1 and instead undergo 
parthenogenetic activation. To explore the role of pp391nos in male germ cell meiosis, Rosenberg 
et al, (1995) constructed transgenic mice carrying either the c-Mos or v-Mos genes. All male 
transgenic mice bearing the v-Mos but not the c-Mos construct were sterile due to arrest of 
germ cells at metaphase 1. Overexpression of pp39 v-mos during male meiosis results in 
alteration of various cell cycle related kiiases (particularly MAP kinases) and cytostatic 
factor like arrest at metaphase I. 

The expression of rnos is developmentally regulated in gonadal tissue. As such the level 
of rnos transcripts is low for the first 3 weeks after birth and reaches adult levels by day 30. The 
rnos transcripts are present in haploid germ cells. RNA transcripts are associated with 
monosomes and polysomes. The c-mos transcripts found in testis RNA are estimated to be 
approximately 1.7-kb. The S1 nuclease assay detected entire mos RNA as open reading frame. 
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Fig.17.4. Comparison of amino acid sequences deduced from pim-1 gene (a, human, Reeves et a1.1990; b, 
human, Domen et al. 1987; c, unpublished data clr Reeves et a1 1990; d, mice Selton et al, 1986). Boxes 
represent domains of Ppim that are highly conserved in most protein kinases (PKs), while asterisks show 
residues that are strictly conserved in all known PKs. Thick underline bold-face amino acids denote two 
residues coded by a single human pim-1 cDNA that differs from reported human pim-1 sequences. Differences 
of amino acids with mice pim-1 are also underlined. Reprinted with permission from R. Reeves et al. Gene 90; 
303-07: 1990 O Elsevier. 

The c-mos RNA transcripts from other origin appear to end at the same 3' position, and the 
tissue specific size variations appear to be due to use of different promoters. For example, the 
testicular and ovarian RNA transcripts initiate approximately 280 and approximately 70-bp, 
respectively, upstream from the first initiation codon, but both end at a common site downstream 
from the mos open reading frame. In contrast, 1.4-kb transcript is present in ovary RNA and at 
least two major transcripts of 2.3- and 1.3-kb in embryo RNA. The latter transcripts have in 
common sequences of at least 1-kb, representing most of the c-mos open reading frame 
(Propst and Vande Woude, 1985, Propst et al., 1987). In rat male germ cells, three c-mos RNA 
species of 53 .6  and 1.7-kb are found, both before and after meiosis with highest level in early 
spermatids (van der Hoorn et al., 1991). In murine spermatogenesis, c-mos RNA (1.7-kb) 
expression is exclusive to early spermatids (post-meiotic cells) or in pachytene spermatocytes 
besides spermatids. Testicular 43-kDa c-Mos protein was first detected in mouse testicular 
germ cells and a similar 43-kDa c-Mos protein is found in pachytene spermatocytes of rats. 
However, in the c-mos-deficient mice produced by gene targeting, reproduction is normal in 
the male, whereas parthenogenetic activation of oocytes occurs in the female. Thus, the role 
of the c-mos product in spermatogenesis is relatively unknown. This suggests that c-mos is 
expressed in both male and females and has apossible role in meiosis, germ cell development, 
fertilization and early embryogenesis (Goldman et al., 1987). The c-mos gene is reportedly 
expressed in epididymis. The 4A6 C-Mos mAb reactive antigen has been found on the basement 
membrane and lurninal surface of the epithelial cells in the caput epididymis as well as in the 
proximal corpus epididymis, the cauda epididymis, and the vas deferens of mice (Heikinheimo 
et al., 1995). 

A 43-kDa c-Mos protein was detected in spermatogenic cells close to the occurrence of 
the first meiotic division during postnatal development The c-Mos has a pI value of around 
9.0-9.6 showing a hydrophobic nature, and phos&horylarted in vitro on serine. The protein 
is neither ubiquitinated nor glycosylated. N-Terminal amino acid sequence of 43kDa c-Mos is: 
Asp-Glu-Gly-Gly-Asn-Leu-Gln- The rat testicular 43k c-Mos protein is translated from a 5 ' -  
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upstream sequence of the predicated consensus AUG start codon, probably by an unusual 
translational rule (Niigao, 1995). Comparison of c-Mos RNA expression in mouse and rat 
testes reveals species-specific variations in the regulation of gene expression. Murine c-mos 
transcripts isolated &om testis have 5'UTRs of approximately 300 nt with a series of four 
overlapping ORFs upstream of the AUG codon that initiates the Mos ORE Ovarian c-mos 
transcripts have shorter 5'UTRs (70-80 nt) and contain only 1-2 of the upstream ORFs (uORFs). 
The S'UTR characteristic of testis-specific c-mos mRNA strongly represses translation relative 
to the translation of transcripts that contain a S'UTR derived fiom beta-globin mRNA; this is 
mainly due to the four uORFs. Each of the four upstream AUG triplets are recognized as a start 
site for translation, and no single uAUG dominates the repressive effect. The uORFs repress 
translation by a mechanism that is not affected by the amino acid sequence in the C-terminal 
region of the uORF-encoded peptides. The very short uORF (AUGUGA) present in ovary- 
specific transcripts does not repress translation. Testis sections £i-om transgenic mice suggested 
that the uORFs can dramatically change the pattern of expression in spermatogenic cells 
(Steel et al, 1996). A cis-acting enhancer element(s) is responsible for the cell type specific 
c-mos (rat) expression. An enhancer (300 bases) close to the repressor sequences acts on 
heterologous promoters in an orientation independent manner over large distances (Van der 
Hoom, 1987). 

c-Mos Promoter: The rat testis c-mos transcription start site is located 0.56-kb upstream of 
the coding region. A fiagment containing the rat testis c-mos promoter directs transcription in 
a nuclear extract derived from rat seminiferous tubules, but not in a liver nuclear extract. 
DNAase I footprint and gel-retardation assays showed binding of a novel testis specific 
nuclear factor to rat testis c-mos promoter at a site homologous to the testis-specific cis- 
acting element identified in the promoter of the RT7 gene, which is specifically expressed in 
haploid male germ cells (Van der Hoom, 1992). A negative regulatory element (NRE) upstream 
of the c-mos promoter that suppresses c-mos transcription in transfected NIH 3T3 cells has 
been identified (Xu and Cooper 1995). The protein was found to bind to a region of the NRE, 
which was shown to be required for suppression of c-Mos transcription. This factor is present 
in nuclear extracts of several somatic cell lines but not in male germ cells in which c-mos 
transcribed, suggesting that it is a somatic cell repressor of c-mos transcription. The binding 
site of the candidate repressor withiin the c-mos NRE consists of sequences related to putative 
NREs identified in two other male germ cell-specific genes (encoding Prm 2 and Pgk2). The c- 
mos repressor could bind and could be W cross-linked to Prm 2 and Pgk 2 gene sequences 
as a protein with an apparent molecular mass of 30-kDa. The repressor-binding site is also 
conserved in germ cell-specific genes encoding Cyt Ct and HSP-70, suggesting that the c-mos 
repressor may be generally involved in suppressing transcription of germ cell-specific genes 
in somatic cells (Xu and Cooper, 1995, Higgy et al, 1995). In addition, since mitotic divisions of 
germ cells occurred prior to PGK-c-mos transgene expression, observations suggested that 
c-mos overexpression in spermatocytes causes an alteration in celi-cell interactions (Higgy et 
d, 1995). 

Rat testis promoter contains a TATA box and a binding site for a testis specific transcription 
factor (TTF-D) as well as a region, which can act as an enhancer. The enhancer is located 2kb 
up stream of c-mos AUG start codon. The promoter binds three factors at sites -I, -11 and 111. 
The member, NF- IICTF family of factors binds at site I1 where as a rat homologous protein of 
human hCutICDF, mouse CwdCDP and canine clox binds at site 111. This protein hereafter 
called CdCDP, a 16OkDa protein containing multiple repeats and a homeodomain, negatively 
regulates the mammalian c-myc, gp91-phox and NCAM genes. Cux repeat CR3 and the 
homeodomain are both required for efficient binding to enhancer site 111. Transfections of 



CAT constructs containing enhancer hgment linked to a minimal promoter demonstrated 
that Cw/CDP expresses c-mos enhancer activity (Higgy et al, 1997). 

Van der Hoorn and coworkers identified testis specific nuclear factor binding sites in the 
testis specific promoter of the c-mos gene and the Odfl gene, which are 80% identical. A 
testis-specific nuclear factor, TTF-D, is able to complex with both binding sites and can 
stimulate Odfl promoter activity. The TTF-D is detectable in mouse testis as early as day 11 
pp and contains three peptides of 22,25 and 35-kDa in size. The TTF-D binds specifically to 
its cognate single and double-stranded DNA. Both double stranded and single-stranded 
binding site oligonucleotide DNA can specifically repress Odfl promoter activity. This suggests 
that TTF-D is involved in positive transcription regulation of a pre-meiotic and a post-meiotic 
gene in the testis (Oosterhuis and van der Hoorn, 1999). The role of c-mos repressor in other 
germ cell specific proteins needs to be investigated. 

Methylation of c-mos gene: The methylation status of several CpG sites, present both upstream 
and within the coding region of the c-mos gene, has shown that inch Hpall and Hhal sites 
examined in the 5' half ofthe coding region are unmehylated in both the c-mos expressing and 
non-expressing tissues. A Hhal site, h3, present 380bp downstream of the transcription start 
site, is unmehylated in germ cells, but is partially methylated in the somatic tissues, inversely 
correlating with the expression status of the gene. In contrast to these tissues, in the mouse 
fibroblast cell line L929, all the analysed sites are completely methylated (Kanduri and Raman, 
1999). 

17.9. INT-1 AND INT-2 ONCOPROTEINS 

Int-1: The int-1 protwncogene seems to be an extreme example of a developmentally regulated 
gene. During mouse embryogenesis, it is expressed only in the testis and in central nervous 
system among several adult mouse tissues. In embryos 1 1-15 days after conception, expression 
of the gene is restricted to the developing central nervous system in regions of the neural 
tube other than the teleencephalon (Jakobovits et al., 1986). This severely restricted pattern 
of expression in normal cells is unusual among proto-oncogenes, most of which are expressed 
in a wide variety of cells and tissues. The int -1 appears thus far to be active in only one 
neoplastic setting, mammary carcinomas induced by the mouse mammary tumor virus (MMTV). 
The int-1 is activated by adjacent insertions of proviral DNA in induced tumors and has 
transforming activity in certain mammary epithelial cell lines. Protein products of the gene in 
cells transfected or infected with retroviral vectors expressing int-1 have been identified 
(Brown et al, 1987). Four protein species, of 36,000, 38,000, 40,000 and 42,000 Mr, are 
structurally related to each other. The int-1 RNA is detected only in post-meiotic germs cells 
undergoing differentiation from round spermatids to mature spermatozoa. Thus, int- 1 mediates 
development events at these two sites (Shackleford and Varmus, 1987). The protein product 
of int-1 is modified by proteolytic cleavage and glycosylation and appears to enter a secretory 
pathway. 

Int-2: Int-2 was discovered as a protooncogene transcriptionally activated by MMTV during 
mammary tumorigenesis in mouse. Sequence analysis showed int-2 to be a member of the 
fibroblast growth factor family of genes. Using in situ hybridization, expression was found at 
a number of sites during embryonic development. An analysis of the int-2 transcripts found 
in embryonal carcinoma cells revealed six major classes of RNA initiating at three promoters 
and terminating at either of two polyadenylation sites. All size classes of RNA encompass the 
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same open reading h e .  These proteins represented glycosylated and non-glycosylated 
forms of the same primary product with or without the signal peptide removed. Findings 
suggest the potential for a dual role of int-2: an autocrine function acting at the cell nucleus, 
and a possible paracrine action through a secreted product (Dicksen et al, 1990). 

17.10. CELLULAR-ABELSON PROTOONCOGENE ( C - A B  

The abl proto-oncogene was initially identified as the viral transforming gene (v-able) of 
Abelson murine leukemia virus (A-MuLV) fiom a chemically thymectornised mouse inoculated 
with Moloney murine leukemia virus (M-MuLV). The v-abl gene consists of M-MuLV gag 
sequences fused to mouse c-abl, resulting in expression of pl6O fusion protein and p120 gag 
Abl translational products. The mammalian c-ablgene is ubiquitowly expressed and encodes 
for two 145-kDa isoforms due to alternative splicing oftwo distinct first exons. These isoforms 
are designated type I and type IV c-abl proteins in the mouse and the type la and type 1% 
proteins in humans. The type IVIl b, but not the type I/Ia isoform is myristylated at an amino- 
terminal glycine residue (Laneuville, 1995). The amino-terminal half of c-Abl protein contains 
the Src-homology (SH) regions 1,2, and 3 that mediate catalytic, phosphotyrosine protein 
binding and kinase inhibitory functions, respectively. The carboy-terminal half of c-Abl 
protein codes a lysine-rich motif required for nuclear localization, a bipartite DNA-binding 
domain, and F-and G-actin binding domains. The c-Abl proto-oncoprotein is normally 
distributed both in the nucleus where it is bound to chromatin, and in the cytoplasm where it 
co-localizes with F-actin. 

Characterization and Localization of c-Abl Protein: The appearance of the c-abl testicular 
variant was coincident with the entry of the germ cells into their haploid state and suggested 
that the regulated expression of this proto-oncogene may be important in the normal 
differentiation of the male germ cells. In normal mouse tissues the expression of c-cbl was 
highest in testis and thymus; the predominant species in testis tissue being a 3.5-kb mRNA of 
a 135-kDa protein @I35 c-Abl), in both normal and transformed cells. Subcellular tiactionation 
showed that p100gag-Abl and p135c-Abl are both located in the nucleus. The translational 
product of a c-abl is a 135-kDa nuclear protein (Langdon et al, 1989). Although the testis 
contains high levels of a unique c-abl mRNA, along with lower amounts of two c-abl mRNAs 
common to somatic cells, Ponzetto et al., (1989) detected only a single polypeptide of 
approximately 1 SOkDa, indistinguishable from pl5Oc-Abl observed in murine tissues and cell 
lines. The p150 c-Abl was also detected in enriched populations of germ cells, including late 
stage spermatids, which contain the highest levels of the c-abl transcript. In mature testis, and 
specifically in late spermatids, pl50c-abl co-precipitated with phosphoproteins of 
approximately 74-kDa proteins, which were labeled during kinase assay. These proteins were 
phosphorylated predominantly on serine and their phosphopeptide maps differed from that 
of pl50c-abl. The p74 phosphoproteins are not found in association with pl5Oc-Abl in germ 
cells at earlier developmental stages, or in other tissues or cell lines examined (Ponzetto et al, 
1989). Thus mouse c-abl protein appears to be a heterogenous protein, which needs further 
characterization. 

The c-abl gene encodes a protein tyrosine kinase and is transcribed fiom at least two 
promoters giving rise to transcripts of two size classes of approximately 5 and 6-kb in length. 
These mRNAs only differ in their most 5' exon and encode proteins of similar size but with 
different N-termini. An additional abundant c-abl mRNA of 4-kb is present In the mouse 
testis. This mRNA was shown to express in the haploid male gem cells of the adult mouse. 



The 4-kb c-abl mRNA abundant in elongating spermatids and also in round spermatids, arises 
from alternative polyadenylatioin of an RNA transcribed from the same promoter as the 5-kb 
mRNA. The site-of polyadenylation is unusual in this shorter-transcript as it is not preceded 
by the highly conserved hexanucleotide AAUAAA. The use of this polyadenylation site 
removes 1.2-kb of 3' sequences present in the somatic aab l  mRNAs, but does not affect the 
main open reading frame of the transcript. C-abl transcripts are also detected in oocytes 
(Meijer et al, 1987, Iwaoki et al, 1993); 4kb c-abl mRNA transcripts are also abundant in 
pachytene spermatocytes. The c-Abl interacts directly with meiotic chromosomes. In concert 
with a requirement for c-Abl at the pachytene stage, Khabanda et a1 (1 998) showed that, in 
contrast to wild type mice, testes from Abl-/- mice exhibit defects in spermatogenesis. These 
findings demonstrated that c-Abl plays a functional role in meiosis. 

The c-Abl mAb, against the protein tyrosine kinase domain reacted specifically with the 
acrosomal region of capacitated and non-capacitated human sperm. The c-Abl mAb 
predominantly recognized two protein bands of 145-kDa and 95-kDa in sperm and testes. The 
95-kDa protein band reacted stronger than the 145-kDa band and was the only band detected 
in solubilized sperm preparation. The 95-kDa protein was autophosphorylated at the tyrosine 
residues, which was inhibited in the presence of c-Abl mAb. The tyrosine phosphorylation of 
sperm proteins, especially of 95-kDa protein, has been shown to have a vital role in sperm 
capacitation/acrosomal exocytosis and binding to zona pellucida of oocytes. Thus the c-Abl 
or c-Abl like proteins are present in mature human sperm cells that are tyrosine auto- 
phosphorylated (Naz, 1998). The c-Abl tyrosine-kinase is activated by ionizing-radiation and 
other DNA-damaging agents. The DNA-dependent protein kinase (DNA-PK) and the ataxia 
telangiectasia mutated (ATM) gene product, effectors in the DNA damage response contribute 
to the induction of c-Abl activity. 

C-abl andApoptosis: p53 plays a central role in the induction of apoptosis of spermatogonia 
in response to ionizing radiation. In p53 (-I-) testes, however, spermatogonial apoptosis still 
can be induced by ionizing radiation, so p53 independent apoptotic pathways must exist in 
spermatogonia. Hamer et a1 (2001) showed that p53 homologues p63 and p73 are present in 
testis and p73, not p63 is localized in spermatogonia. In the testis, ionizing radiation elevates 
cytoplasmic c-Abl that in turn interacts with p73. Although less efficient than the p53 route, 
this may represent an additional, cytoplasmic, apoptotic pathway. 

17.11. Bed2 FAMILY 

Bcl-2: It is well established that the Bcl-2 proto-oncogene suppresses apoptosis induced by 
a multitude of stimuli in variety of cell types. TheBcl-2 was shown to extend the survival of 
growth factor dependent hematopoietic progenitor cells after factor withdrawal. In subsequent 
studies it was shown that Bcl-2 promotes survival of such factor dependent cells by 
suppressing apoptosis. However, high level of Bcl-2 expression induces apoptosis via the 
caspase cascade. Mutational analysis of Bcl-2 indicated that its pro-apoptotic activity is 
separable from its anti-apoptosis activity. In addition to the anit-apoptosis activity, recent 
studies have revealed that Bcl-2 exhibits other novel activities. For example, Bcl-2 has been 
shown to inhibit cell proliferation, which is a function separable from anti-apoptosis activity. 
Among the Bcl-2 homology (BH) domains previously recognized in Bcl-2 family proteins, the 
BH3 domain is found in both Bcl-G(L) and Bcl-G(S), but only the longer Bcl-G(L) protein 
possesses a BH2 domain. The Bcl-G(L) mRNA is expressed widely in adult human tissues, 
whereas Bcl-G(S) mRNA was found only in testis (Guo et al., 2001). The human Bcl-2 gene is 
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characterized by unusually long 5'- and 3'-untranslated regions (UhImann et a1 1998). Deletion 
of the sequences flanking the Bcl-2 ORF dramatically increases the level of protein expression. 
Both 5'- and 3'-flanking sequences contribute to the negative modulation of protein expression 
from the Bcl-2 open reading h e .  It appears that these sequences exert the negative regulatory 
effect in an orientation dependent manner. 

Other Members of Bcl Family : In recent years members of Bcl-2 family including Bcl-2, Bcl- 
xL, Bcl and Bax have been involved in deathlsurvival of spermatogonia, but the expression of 
Bcl-2 in testis has been a subject of controversy (Furuchi et al, 1996). It appears that inhibition 
of apoptois of spermatogonia and growth of spermatogonial stem cells by Bcl-2 is intrinsic 
property in a cell-intrinsic manner. It is suggested that failure of differentiation of the 
accumulated spermatogonia in the transgenic testes is not due to the abnormality of the Bcl- 
2 misexpressing spermatogonia, but may be caused by extrinsic problems including improper 
interaction of spermatogonia with supporting cells (Sugiyama et al, 200 1). Deficiencies in Bcl- 
2 affect the radiation response of different cell populations in small but different ways, which 
may be due to variation between cells in their innate capacity for apoptosis, their dependence 
on different members of the Bcl-2 family gene and their cell-cycle status and p53 expression 
(Hoyes et al, 2000). Furuchi et al(1996) investigated the effect of misexppressing Bcl-2 in 
spermatogonia in transgenic mice using the human Bcl-2 cDNA under the control of the 
human polypeptide chain elongation factor 1 a (EF-14 promoter. It seems that spermatogonial 
apoptosis is part of the normal program of mammalian spermatogenesis and is regulated by a 
pathway affected by Bcl-2. 

BAX: The BAX, a heterodimeric partner of Bcl-2, counters Bcl-2 and promotes apoptosis in 
gain of function experiments. A Bax knockout mouse proved viable but displayed lineage- 
specific aberrations in cell death. The BAX deficient male mice are sterile due to accumulation 
of atypical premeiotic germ cells but no mature haploid sperm cells (Knudson et al, 1995). The 
BAX has been found as Bcl-2 associated molecule that antagonizes Bcl-2 and accelerates 
apoptosis. Androgen withdrawal, in rat testis after EDS treatment does not lead to significant 
changes in the levels of clusterin, Bcl-XI, Bak, and Bad. However, the expression of Bcl-2 and 
Bax was upregulated at 8 days after EDS administration. The induction of Bax at this time 
suggests that it may play a role in germ cell apoptosis following androgen withdrawal. The 
concomitant elevation in Bcl-2 expression may represent a survival mechanism for remaining 
germ cells. There was also a decline in the expression of Fas-L and Fas-R in the pachytene 
spermatocytes and spermatids; Fas-R was also present in Sertoli cells, although Fas-L staining 
was minimal (Woolveridge et al, 1999). 

To determine whether BAX or BAK activity is required for Sertoli cell death in Bclw 
mutant animals, Ross et al, (200 1) analyzed survival of Sertoli cells in Bclw/Bux and Bclw/Bak 
double homozygous mutant mice. While mutation of Bak had no effect, ablation of Bax 
suppressed the loss of Sertoli cells in Bchv mutants. Thus, Bclw mediates survival ofpostmitotic 
~ e 3 o l i  cells in the mouse by suppressing death-promoting activity of BAX. Because Bcl-2 
functions as a death repressor. 

Bcl-w: Bcl-w is a death-protecting member of the Bcl-2 family of apoptosis regulating proteins. 
Bcl-w is expressed in both germ and Sertoli cells of testis. Mice that are mutant for Bcl-w 
display progressive and nearly complete testicular degeneration. In Bcl-w deficient mice, a 
complete block occurs at the development of elongated spermatids during first wave of 
spermatogenesis. The Bcl-w RNA expression takes place in Sertoli cells of mouse testis. 



Consequently it is suggested that the diploid germ cell death may be an indirect effect of 
defective Sertoli cell function. Since Bcl-w is not expressed in spermatids, the loss of this cell 
type most likely results from defective Sertoli cell function (Russel et al, 2001; Ross et al., 
2001). 

Boo: The DIVA or Boo, a new member of the Bcl-2 family, is apparently expressed only in 
reproductive tissues; its role, however, is controversial. Inohara et a1 (1998 clr Song et al., 
1999) observed this protein in spermatids, where it performs a pro-apoptotic role, while Song 
et al, (1999) suggested that it is in fact anti-apoptotic, and observed transcripts in epididymis 
but not testis. The expression of Boo was highly restricted to the epididymis implicating it in 
the control of sperm maturation. Boo contains the conserved BHl and BH2 domains, but 
lacks the BH3 motif. Like Bcl-2, Boo possesses a hydrophobic-terminus and localizes to 
intracellular membranes. The N-terminal region of Boo has strong homology to the BH4 
domain found to be important for the function of some anti-apoptotic Bcl-2 homologues. Boo 
inhibits apoptosis, homodimerizes or heterodimerizes with some death promoting and 
suppressing Bcl-2 family members. More importantly, Boo interacts with Apaf-1 and forms a 
multimeric protein complex with Apaf-1 and caspase-9. The Bak and Bik, two pro-apoptotic 
homologues disrupt the association of Boo and Apaf-1. Furthermore, Boo binds to three 
distinct regions of Apaf-1. Like Ced-9, the mammalian homologues Boo and Bcl-x, interact 
with the human counterpart of Ced-4, Apaf-1, and thereby regulate apoptosis (Song et al., 
1999) 

17.12. OTHERPROTOONCOGENE PRODUCTS IN TESTIS 

c-Met: The c-met receptor is a pl90MET tyrosine kinase proto-oncoprotein that through its 
bindings to its ligand, hepatocyte growth factor (HGF), induces mitogenic, motogenic, and 
morphogenic activities in a variety of cell types. A specific band of 195-kDa corresponding to 
the intact c-met receptor is present in the acrosomal region of the human sperm. The c-met 
receptor is tyrosine phosphorylated~autophosphorylated during capacitation. Incubation of 
human sperm hepatocyte growth factor of mAb2 to c-met receptor enhances the degree of 
tyrosine phosphorylation/autophosphorylation of the c-met receptor several fold (Herness 
and Naz, 1999). 

Raf proteins: The p69 A-raf is ubiquitously expressed, but levels of expression vary among 
different tissues. The proto-oncogene c-raf-1 and the related genes A-raf and B-raf encode 
serinelthreonine protein kinases. All three raffamily genes are expressed in mouse testis. The 
c-raf-1 mRNA is ubiquitously expressed in both somatic and germ cells as a 3.1-kb transcript; 
the level of c-raf-1 is developmentally regulated in germ cells. Though A-raf is expressed 
predominantly in the somatic cells as two transcripts of 2.6 and 4.3-kb, its expression in 
Leydig cells appears to be elevated in testes undergoing spermatogenesis. In contrast, B-raf 
is expressed as two major transcripts of 2.6 and 4.0kb. While 4.0-kb transvipt fmt appears at 
low levels in pachytene spermatocytes with more abundance of 2.6-kb transcript restricted to 
post-meiotic spermatids (Wadewitz et al, 1993). The A-raf and c-raf-I are also expressed in 
mouse epididymis. In epididymis c-raf-I mRNA was expressed as a 3.1-kb transcript at uniform 
levels throughout the length of the epididymis and in all types of epididymal epithelial cells. 
However, neither the germ cell-specific nor the somatic transcripts of B-raf are present in any 
region of the epididymis (Winer et al, 1993). 
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Ret finger protein (rfp): The humanret finger protein (Rfp) has a tripartite motif, consisting of 
two zinc fmgers (the RING finger and the B-box) and a coiled-coil domain, and belongs to the 
B-box zinc finger protein family. The Rfp becomes oncogenic when its tripartite motif is 
recombined with the tyrosine kinase domain from the c-ret proto-oncogene (see Chapter 16). 

ErbA-T: The c-erbA gene belongs to a multigene family that encodes transcriptional regulatory 
proteins including the verbA oncogene product, steroid receptors, and the vitamin D3 receptor. 
One clone erbA-T-1 was found to encode a 490-amino acid protein (ErbA-T). The ErbA-T 
polypeptide shows high homology with the proteins encoded by both the chicken c-erbA and 
the human c-erbA-P genes, but most closely related to the chicken gene. The chicken c-erbA 
and the human c-erbA-P genes encode high affinity receptors for thyroid hormone, and that 
the erbA-T protein binds specifically to 3,5,3'-triiodo-L-thyronine (Benbrookand Pfahl, 1987). 

Elk-l and Elk-2 (ets family): The myb-ets-containing acute leukemia virus, E26, causes a 
mixed erythroid and myeloid leukemia in chicks. Genes (ets-I, ets-2, and erg) with variable 
relatedness to the v-ets oncogene of the E26 virus have been characterized. Two new members 
(elk-1 and elk-2) of the ets oncogene superfamily have now been identified. The elk-l cDNA 
clone encodes a 428-residue protein, whose predicted amino acid sequences showed 82% 
similarity to the 3'-region of v-ets. The elk or related sequences appeared to be transciptionally 
active in testis and lung. In human genome, elk-1 and elk-2 map to chromosome regions 
Xp11.2 and 14q32.3, respectively. This suggests the possibility that rearrangements of elk loci 
may be involved in pathogenesis of certain tumors (Rao et al., 1989). 

CDC37 : The cdc37 encodes a 50-kDa protein, CDC37 that targets intrinsically unstable 
oncoprotein kinases including Cdk4, Raf-1, and U-src to the molecular chaperone Hsp-90, an 
interaction that is thought to be important for the establishment of signaling pathways. The 
CDC37 co-expresses with cyclin D 1, a finding consistent with a positive role in cell proliferation. 
The CDC37 is found to collaborate with MMTV-c-myc in the transformation of multiple tissues, 
including mammary and salivary glands in females and in testis in males. The CDC37 
collaborates with cyclin Dl to transform the female mammary gland. It can function as an 
oncogene in mice and suggests that the establishment of protein kinase pathways mediated 
by Cdc37-Hsp90 can be a rate-limiting event in epithelial cell transformation (Stepanova et al, 
2000). 

MCF-2 (DBL): The MCF-2 (DBL) protwncogene is a prototype guanine nucleotide exchange 
factor (GEF) that modulates Rho GTPases such as Rho, Rac, and Cdc42. The complete mouse 
MCF-2 cDNA has been studied. Mouse and human MCF-2 (DBL) cDNAs showed 75.08% 
identity where as amino acid sequences showed 74.52% identity. Mouse MCF-2 mRNA is 
expressed in brain, kidney, intestine, and testis. The brain-specific transcript is an alternatively 
spliced derivative that omits the 48bp exon 1 1 (Komai et al., 2003). 
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Chapter 18 

G PROTEINS AND ASSOCIATED SIGNAL 
TRANSDUCTION MOLECULES 

Extracellular signals (effector molecules such as hormones, growth factors, cytokines and 
other signaling molecules and physical environmental factors), are recognized by receptors 
on the surface of the cytoplasmic membrane and transmitted through transducers to amplifiers, 
which synthesize many molecules of second messengers that reach final targets through 
many successive additional steps. The G protein linked receptors form the largest family of 
cell surface receptors, found in all eukaryotes. Despite the chemical and functional diversity 
of signal molecules that bind receptors, all G proteins linked receptors have similar structures. 
The activation of receptor results into activation of G proteins, which activate variety of 
effectors including adenylate cyclase (AC), phospholipases and phosphodiesterases, as well 
as potassium and calcium channels. The adenylate cyclase (AC) converts ATP into cyclic- 
AMP (c-AMP) leading to increased level of intracellular c-AMP, CaZ+ and other internal 
mediators. In most cases c-AMP activates protein kinase A (PKA), which phosphorylates 
several specific proteins or enzymes, including lipase for mobilization of fat and phosphorylase 
for breakdown of glycogen in liver. In addition to activation of several enzymes, c-AMP also 
causes an elevation in cytosolic Ca2+, which is another second messenger. G proteins are key 
components in signal transduction systems, relaying information i om activated membrane 
receptors to intracellular effector. Individual heterotrimeric G proteins are distinguished by 
thei; subunits, which are responsible for binding and hydrolyzing GTP and forregulating 
specific effectors. The dsubunits of G proteins can be ADP-ribosylated by specific bacterial 
toxins, leading to in vivo persistent activation of Gs, the uncoupling of Gi from inhibitory 
receptors and impeded transition of the GDP-G protein complex to its active state. 

18.2. G PROTEINS 

GTP-binding proteins are widely distributed in various tissues and among organisms, and the 
structures of individual proteins are highly conserved among distant organisms. Mechanism 
of reactions catalyzed by GTP-binding proteins is essentially analogous to that proposed for 
translational factors. The GTP- binding proteins or GTPases act as transducers, which regulate 
the opening and closing of the signaling pathways. GTP-binding proteins are broadly classified 
into two groups: (i) High molecular weight or heterotrimeric GTP-binding proteins (G proteins) 
and into (ii) a low molecular weight, monomeric GTP- binding proteins ("small Gs"). The low 
molecular-weight GTP-binding proteins include the products of rub, rap, rho, rac, smg21, 



406 Proteomics of Spermatogenesis 

Figl8.l. The three dimensional structure of an inactive G protein, involved in visual transduction. The a 
subunit contains GTPase domain and binds to P subunit. The y subunit binds to opposite side of P subunit. 
Adapted with permission from D.G. Lambright et al., Nature 379; 311-19: 1996. 0 Macmillan Magazines Ltd. 
http://www.nature.com/~. 

smg25, YPZ SEC4, ARFgenes (small Gs). Metabolic enzymes that interact with GTP do not 
fall in signal category and they are not discussed here. All signal transducing GTP-binding 
proteins bind and hydrolyze GTP, a property, which is crucial to their function as a molecular 
switch for diverse cellular functions. The GTP-binding proteins undergo two alternate 
conformations depending on the phosphate potentials of the ligand. The GTP-bound form is 
an active conformation. In this form the protein can recognize and interact with its target 
molecules. On hydrolysis of bound-GTP to GDP and orthophosphate, the conformation as 
well as the reactivity of the protein is shifted to the GDP-bound form (an inactive form). An 
analogous mechanism is found in proteins undergoing phosphorylation and 
dephosphorylation reactions. Though, the mechanism of interconversion of GTP-bound to 
GDP-bound form with G binding proteins may vary, depending on the complexity of the 
reaction, the basic principle of the function of GTP-binding proteins as molecular switches is 
universal (Kaziro et al, 1991). 

18.2.1 Heterotrimeric G Proteins 

Heterotrimeric G proteins consist of three subunits: a (39-52 ma) ,  P (35-36 kDa), and y (7-10 
kDa) (Fig. 18.1). The extent of amplification of G protein-mediated signals appears to be 
predetermined by the intrinsic GTPase activity of each G protein a-subunit. The total number 
of cDNA species for mammalian Gais 13. This includes nine genes for G a  [Gsla, Gs2a, Gila, 
Gi 2a, Gi3a, GOa, Gtla, Gt2a, Gxa] and their additional isoforms (four genes for Gsla and two 
genes for G,a). The diversity for each is increasing (Kaziro et al, 1991). However, biochemical 
analysis has revealed a number of guanine nucleotide-binding regulatory proteins (G proteins) 
that mediate signal transduction in mammalian systems. Characterization of their cDNA 
uncovered a family of proteins with regions of highly conserved amino acid sequence. To 
examine the extent of diversity of the G protein family, sequences corresponding to six of the 
eight known G protein a subunits showed that the complexity of the G protein family is much 
greater than previously suspected (Strathemann et al, 1989). The GTP binding proteins reveal 
the presence of several regions of high degree of homology and similarities defined by Kaziro 
et a1 (1991): 
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(a) P region : with a consenses sequence GXXXX GKSIT. This region seems to be 
involved in hydrolytic process. 

(b) E region : This region covering aminoacids 32-42 of Ras is effector region, the site 
which interacts with effector molecule. 

(c) G'region : This is also involved in GTPase function in Ras proteins. The D-X X-G- 
Q is conserved in most GTP binding proteins. 

(d) G region : It comprises NKXD as a conserved region which directly interacts with 
guanine ring of GTP. 

(e) G" region is another region, which is closely situated to guanine ring of GTP of Ras 
protein. In X-ray structure Ras show the conserved motif, ETSAK. 

G,a: Some G proteins transmit signal by regulating the production of c-AMP, which is 
synthesized by plasma membrane bound adenylyl cyclase. The CAMP is rapidly destroyed 
by one or more c-AMP phosphodiesterases that hydolyze c-AMP to 5'-AMP. All receptors 
that act through c-AMP are coupled to a stimulatory G protein (Gs). Gs is involved in hormonal 
stimulation of adenylate cyclase and opening of CaZ+ channels. Modification by cholera toxin 
of Gla leads to ADP- ribosylation of Arg-201. The ribosylated form of a subunit of Gs protein 
does not hydrolyze GTP and leads to persistent activation of adenylate cyclase. It purifies as 
a mixture of 52 and 45-kDa protein and corresponds to cDNAs of Gsla-1 and Gsla-4 
respectively. The Gsa expressed exclusively in olfactory sensory neurons is termed (Go,@ or 
Gs2a and also in testis, as against Gsla expressed in all other tissues, and is therefore 
thought to be involved specifically in odorant signal transduction. The Gs2a gene codes a 
protein of 44.3 kDa and stimulates adenylate cyclase. 

Gia: Another G protein (G,), inhibits adenylyl cyclase, but mainly acts by regulating ion 
channels rather than by decreasing c-AMP content. The c-DNA cloning revealed Gia to exist 
atleast in three forms (Gila, Gi2a, and Gi3a). Pertussis toxin catalyzes ADP ribosylation of a 
subunit of Gi, preventing the subunit from interacting with the receptors. As a result, this a 
subunit retains its bound GDP and is unable to regulate its target proteins. The Pertussis toxin 
and cholera toxin are widely used to identify if a cell's response to a signal is mediated by Gs 
or by Gi. 

GO: Goactivates K channels as well as phospholipase C-j3 and inactivates Ca channels. Though 
the regulation of K and Ca channels is regulated by j3y complex, the action of phospholipase 
C-j3 is mediatd by a and j3y complex. Three types of G,a (Goa-1, Goa-2 and Goa-3) have been 
isolated from mouse, rat and other animal tissues. 

Gta ( transducin) : The cDNA have been isolated from rods and cones. 

Gqa is relatively anew member. The Gqa proteins are thought to couple not only to adenylate 
cyclase but also to phospholipase C-j3 or K+ channel. 

The availability of complete amino acid sequences of nine G protein a- subunits allows 
comparison of their primary structures given elsewhere (Kaziro et al, 1991). The overall 
structure homology is striking. For example only one amino acid out of 394 amino acid of GIa 
differs between human and rat. Sequence of Gia from human and bovine is completely identical. 
Among other a subunits from different mammalian species identity is about 98%. The G 
protein a subunits have multiple domains, which are involved in GTP binding, GTP hydrolysis, 
conformation change by different guanine nucleotides, By-subunits association, receptor 
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recognition, and effector interaction and regulation. In Ras proteins, replacement of Gln-6 1 by 
Leu shows the reduction of GTP hydrolysis and leads to malignant transformation. Experiments 
revealed oncogenic mutations of Gsain growth hormone-secreting pituitary tumors. 

18.3. G Proteins in Testis Germ Cells 

The somatic testicular cells contain G proteins sensitive to both pertussis toxin (PTX) and 
cholera toxin (CTX). The somatic cells (Sertoli cells, peritubular cells) contain high amounts of 
both Gqll la mRNA and imrnunoreactive protein. In contrast, low levels of these G proteins 
and the corresponding mRNAs are present in the germ cells (pachytene spermatocytes and 
round spermatids). Thus, in the germ cells, receptoriegulated inositol phospholipid hydrolysis 
is not likely to be regulated via Gpll l a ,  but rather through the Go protein, which has been 
shown to be abundant in rat germ cells. Since the somatic cells are nearly devoid of Go 
protein, the Gpp(NH)p-stimulated phospholipase C in these cells is probably regulated by Gq 
andlor GI1 (Haugen et al, 1993). 

Both meiotic and postmeiotic germ cells (i.e. spermatocytes and round spermatids) appear 
to be devoid of hormone-sensitive adenyl cyclase (AC). Haploid germ cells contain a partly 
soluble and Mn2+-dependent AC and spermatids express a unique Gsa like mRNA of chain 
length 0.9-kb (Paulssen et al, 1991). The 1.9-kb mRNA encoding the a subunit of Gs observed 
in the somatic cells of the rat testis was not seen in the spermatocytes and round spermatids 
as revealed by Northern blot analysis, whereas the cDNA probe for Gsa also detected a 
mRNA of shorter chain length (0.9 kb) exclusively found in the haploid germ cells (round and 
elongated spermatids). However, no ADP ribosylated protein was detected in membranes 
from germ cells after cholera toxin treatment. The 0.9-kb transcript may represent a haploid 
germ cell-specific variant of Gsa, which is functionally different from the stirnulatory component 
of the adenylate cyclase system (Haughen et al, 1990; Paulssen et al, 1991).By using Western 
blot techniques G,,a was shown to be the only pertussis toxin (PTX) substrate present in all 
the testicular celis. There was lack of immunoreactive G,,a/G,,a protein in pachytene 
spermatocytes and round spermatids in spite of significant levels of the corresponding mRNA. 
Peritubular cells and Sertoli cells contained no G,a whereas high levels of both irnmunoreactive 
proteins and mRNA were found in pachytend spermatocytes. The cDNAs encoding two 
forms of Goa subunit were isolated from a mouse brain library. These two forms, which were 
called GoAa and GoBa, appeared to be the products of alternative splicing. The GoAa differs 
from GoBa over the C-terminus of the deduced protein sequence. Both forms are predicted to 
be substrates for ADP-ribosylation by pertussis toxin. GoAa transcripts are present in a 
variety of tissues but are most abundant in brain. The GoBa transcript is expressed at highest 
levels in brain and testis. It was predicted that GoAa and G,Ba have different functions 
(Strathmann et al, 1990). Haugen et a1 (1992) presented the evidence for the existence of a 
novel splice variant of a subunit of Go in male germ cells of rat. Northern analysis showed that 
Goa mRNA is highly expressed in immature germ cells of rat. While Ga02 mRNA is the major 
form in pachytene spermatocytes, a message of shorter chain length is present in large amount 

- - 

in haploid germ cells. This indicated the presence of a novel splice variant of G& mRNA, 
which may code for a Goa protein important for germ cell development and that PLC activation 
in germ cell membrane may be mediated by G,a or G,,a ((Haugen et al, 1992; Paulssen et al, 
1991). The c-DNA clone encoding a putative G-protein coupled receptor has been isolated 
from a rat testis cDNA library. A corresponding 1.5-kb mRNA exclusively expressed in testis 
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l-gggaaaaccacgctcctcggaccaagc~tcgggagctaagccagatctgccagtgagcct 
61-caggctttaggaactgaagagtgtttctgaaagatctatccagcactccga~~g~~ 

M A S  

Fig.18.2. Nucleotide and predicted amino acid sequence of human Gy-2 subunit of G protein. Reprinted with 
permission from M.H. Modarressi et al. Biochem Biophys Res Commun 272: 610-15: 2000 Q Elsevier. 

is localized in spermatogonia, Leydig and Sertoli cells. The receptor-encoding mRNA and 
sexual maturation are correlated reaching highest levels during second and third month of 
age. 

Karnik et a1 (1992) investigated the types of G proteins present in spermatogenic cells 
during development utilizing antibodies directed against specific regions of various G protein 
isotypes. The a subunits of G p l ,  Gp2, Gi a 3  and Ga, were detected in mouse spermatocytes 
and spermatids. A conserved sequence of Gai subtypes localized to the proacrosomal granules 
of spermatocytes and the developing acrosome of spermatids. Levels of Ga, diminished as 
spermatocytes developed into spermatids such that Ga, was not detected in cauda epididyrnal 
sperm. Immuoreactivity using Ga,-specific antisera did not display a distinct regionalization 
within any of the spermatogenic cell types. The Gal was not detected in the developing 
spermatogenic cells or sperm. The association of Ga, with developing acrosome suggests a 
role for G proteins in the acrosome biogenesis as well as being part of a complex required later 
for signal transduction leading to acrosomal exocytosis (Kamik et al, 1992). 

18.3.2. Gy-Subunit 

The specificity of G protein - receptor interaction is mediated mostly by the y-subunit and 
hence the individual members of the y-subunit multigene family would be expected to each 
have a particular expression profile. Modarressi et a1 (2000) identified a cDNA fragment 
corresponding to the y-2 gene in human testis. The complete sequence of the Gy-2 (GWG2) 
cDNA is 1066 bp long and contains an open reading frame encoding a protein of 71 amino 
acids. This protein is 100% homologous to the bovine, mouse, and rat G protein y-2 subunit 
(Fig. 18.2). The gene has two introns, one located in the 5' UTR and the other within the ORF 
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structure, and is very similar to that of other Gy-subunit genes. This gene is expressed in a 
range of foetal tissues as well as adult testis, adrenal gland, brain, white blood cells and lung 
but not in adult liver, muscle, sperm, prostate gland nor in the testes of two different infertile 
patients. There is evidence that GNG2 is expressed in malignant tissues. The human GNG2 
was mapped to gene to chromosome 14q21. 

18.3.3. G Proteins in Sperm 

Spermatozoa from invertebrates and vertebrates contain a membrane-bound protein that is 
ADP-ribosylated by pertussis toxin but not by cholera toxin. The Mr of this protein is 39000 
Da in invertebrate sperm, 4 lOOODa in mammalian sperm, and 40000Da in trout spermatozoa. 
These studies were the first to describe a guanine nucleotide-binding coupling protein in 
sperm (Bentley et al, 1986). The presence of transductory G-regulatory proteins in mammalian 
gametes was confirmed by Garty et a1 (1988) using different rabbit antisera. Transductory G- 
proteins were confined in sperm to functionally defined regions in the head and tail, in a 
manner specific for each antibody. G proteins in bovine sperm tails most likely belong to a 
novel subtype of G protein a-subunits, whereas the putative 8-subunit could be identified as 
a R2-subunit (Hinsch et al, 1992,1995). The existence of several G-protein types in mammalian 
gametes suggested their possible involvement in the regulation of various effector systems, 
in a manner reminiscent of somatic cells. 

Irnmunoblots of human membrane preparations demonstrated the presence of Gia2, Gia3, 
GaH and G835 where as the Gial, Gao, Gas, Ga,,, Ga,,, G16 Ga  and GR36 subunits were 
absent. The ~ ~ ~ 1 1 1  was present on acrosome at the equatoriai segment, whereas Gia2 was 
present in the acrosome, midpiece and tailpiece as against Gia3, which was localized in the 
postnuclear cap, midpiece and tailpiece. The GI335 subunit was mostly found in mid-piece and 
the equatorial segment of the acrosome. The distinct pattern of distribution of G proteins 
suggests that they may couple to receptors or effectors, which also have discrete regions of 
localization in spermatozoa (Glassner et al, 1991 ; Merlet et al, 1999). To ascertain whether the 
abalone spem adenylate cyclase has associated G proteins, Kopf et a1 (1986) confmed the 
presence of the D-subunit common to both the stimulatory and inhibitory G heterotrimers in 
sperm and concluded that all the sperm tested, with the possible exception of sea urchin 
sperm, contain a Gi-like protein. 

G, Proteins in Acrosomal Exocytosis: Transmembrane signaling leading to changes in ionic 
movements that precede the acrosome reaction have established the importance of ionic 
effector systems in regulating the exocytotic event. These transmembrane signaling events 
appear to be mediated through sperm-associated G proteins of Gi class in all mammalian 
species. The ability of the ZP to stimulate high-affinity GTPase activity in homogenates is 
concomitant to ribosylation of 4lkDa sperm Gi protein, which appears to be dependent on the 
capacitation state of the sperm (Wilde et al, 1992). Solubilized ZP and purified ZP3 stimulated 
both GTPys binding and high affinity GTPase activity in a pertussis toxin (PTX) sensitive 
fashion; purified ZP1 and ZP2 were without effect. Immunoprecipitation with Gia subtype- 
specific antisera demonstrated that the egg's extracellular matrix has the ability to activate 
selectively sperm membrane Gia subtypes, and that hctional ZP3-receptor-G protein coupling 
is maintained in these isolated membranes, and at least one ZP3 receptor might be a G protein 
coupled receptor. Thus, receptor aggregation leading to signal transduction might represent 
a mechanism by which sperm-ZP3 binding is coupled to ZP3-induced acrosomal exocytosis. 

Among reagents that promote sperm activation very efficiently, include GTPys and 
aluminium fluoride complexes. The GTPys, apoorly hydrolysable analogue of GTP, bound to 
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these preparations in a specific and concentration dependent-fashion. Solubilized ZP also 
caused a significant increase in high affinity GTPase activity in the membranes and also 
stimulated GTPys. ZP1 and ZP2 did not stimulate GTP$ binding. This implies that Gi protein 
activation is an early event in the signal sequence leading to sperm acrosome exocytosis 
(Ward et al, 1992). However, it was found that ZP binding to sperm activates Gi and also 
activates sperm membrane AC through pertussis toxin sensitive pathway. Activation of a Gi 
protein in digitonin 1 cholate-solubilized membrane preparations of mouse sperm by the zona 
pellucida supported the existence of ZP receptor-G protein complex in sperm membrane. 
Amphiphilic peptides capable of activating Go and G, also elicit the acrosome reaction in 
human spermatozoa. The transduction mechanism for GlcNAc- BSA- and Man-BSA- induced 
acrosome reaction also seems to involve G-protein ofthe inhibitory type. The GlcNAc- BSA- 
or Man-BSA-induced acrosome reaction was completely inhibited by preincubation of 
spermatozoa with VDCC blockers and calcium antagonists, indicating a link between the 
binding of sugar residues of the channel activation (Brandelli et al, 1996). 

Sperm receptors and G proteins: Among many sperm proteins acting as ZP3 receptor, 
mammalian transient receptor potential (Trp) proteins (homologous to the Drosophila 
photoreceptor cell Trp protein), and GalTase have emerged as candidate subunits of the ion 
channels to mediate Ca2+influx after receptor activation. It was suggested that ZP3 induces 
the acrosome reaction by cross-linking GalTase by activating a heterotrimeric G protein, and 
that the GalTase cytoplasmic domain can precipitate Gi from sperm lysates. Mouse sperm 
overexpresing GalTase showed accelerated G protein activation, whereas sperm from mice 
with a targeted deletion in GalTase had markedly less ability to bind soluble ZP3 and less ZP3- 
induced acrosome reaction. Thus GalTase, following aggregation of ZP3, is capable of activating 
pertusis toxin-sensitive G protein leading to exocytosis (Shi et al, 200 1). Since ZP3 activates 
trimeric G proteins and phospholipase C and causes a transient CaZ+ influx into sperm through 
T-type Ca2+ channels, these early responses promote a second Ca2"entry pathway, there by 
producing sustained increase in [Ca2+], that drives acrosome reaction. It was found that Trp2 
is essential for the activation of sustained Ca2+ influx into sperm by ZP3 (Jungnickel et al., 
2001). 

Mitochondria1 G Proteins : The discovery of GTP-binding proteins in mitochondria is a 
recent event. These regulatory proteins may be participating in membrane fusion and thereby 
playing important roles in the physiology of the mitochondrion. So far, it has been proposed 
that GTP-binding protein mediated membrane fbsion may be involved in protein import, steroid 
hormone production and mitochondria1 amalgamation during spermatogenesis (Thomson, 
1998). 

18.4. SMALL G PROTEINS 

Recent studies have clarified the functions of the small G protein superfamily, which consists 
of the Ras, Rho, Rab, Arf, Sar 1, and Ran families. (1) The Ras family regulates gene expression 
atleast through MAP kinase cascade. (2) The Rho family mainly regulates reorganization of 
the actin cytoskeleton. (3) The Rab, Arf, and Sarl families regulate intracellular vesicle 
trafficking, and (4) the Ran family regulates nuclear transport. 
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18.4.1. Ras Proteins 

Ras genes were f i t  identified as the oncogenes of rat sarcoma virus and later identified as 
cellular genes responsible for certain human tumors. These proteins show high degree of 
conservation and they have essential role in cellular functions. The fact that ras proteins bind 
and hydrolyze GTP, as well as their association with cytoplasmic membranes through 
modification by lipids, suggests that Ras proteins, like G proteins, serve as transducers in 
transmembrane signaling system. Several differences between G proteins and ras proteins, 
however, also exist, viz. Ras proteins are monomeric, while G proteins are trimeric. Intrinsic 
GTPase activity of Ras proteins is much lower than that of G proteins. Stimulation of GTP 
hydrolysis is essential for Ras protein to continue its GTPase cycle. The super family of small 
GTPases includes >80 mammalian members (H-Ras, K-Ras and N-Ras, (referred to as Ras) 
which became the focus of intense scrutiny after the discovery of their frequent alterations in 
neoplasia. The Ras is activated upon ligand engagement of membrane receptor (most notably 
receptor tyrosine kinases) and mediate differentiation, proliferation, senescence and apoptosis. 
The functions of Ras proteins seem to depend on cell type. For example, S. Cerevisiae Rasl 
and Ras2 stimulate adenylate cyclase as Ga  does in mammalian cells. The c-raf proto-oncogene 
and three members of the c-ras gene family are expressed in mitotically active stem cells, 
throughout the prophase of meiosis and to varying extents in post-meiotic cells (Wolfes et al, 
1989) (Chapter 1 1). Overwhelming evidence identified the MAKP (Raf-MEK-MAPK) pathway 
as a key effector in Ras signaling (Seita et al, 2000). The mAb against c-ras protein, p21 
specifically reacts with acrosomal region of human sperm, and affects the motility parameter 
involved in hyperactivation of sperm. This indicated that the c-ras or c-ras-like protein is 
present in mature sperm cell (Naz et al, 1992). 

18.4.2. Ran-GTPase and Germ Cell Specificity 

Ran is a small, evolutionarily conserved, eukaryotic GTPase of the Ras superfamily that is 
essential for viability in every organism.The consequences of perturbing the Ran GTPase 
system impaired various cellular processes including DNA replication, nuclear envelope 
growth and structure, chromatin structure, cell cycle progression and RNA export. However, 
it was difficult to determine which processes are direct downstream targets of Ran and which 
are perturbed indirectly. In 1993, findings led to the proposal that nuclear transport is the 
primary function of the Ran GTPase system, and the other cellular defects observed when ran 
is perturbed could be attributed to a failure of nucleartr&ckiig. This idea became a dominant 
paradigm in the Ran field (Sazer and Dasso, 2000). Now it is clear that besides the direct role 
of Ran in nuclear cytoplasmic transport, Ran is implicated in mitotic progression, spindle 
assembly in Xenopus eggs and in actin cytoskeleton development (Sazer and Dasso, 2000). 

Besides its well-characterized role in nuclear trafficking, GTP-bound Ran, but not GDP- 
bound Ran, stimulated polymerization of astral microtubules from centrosome assembled on 
Xenopus sperm. Moreover, a Ran allele with a mutation in the effector domain induced the 
formation of microtubule asters and spindle assembly, in the absence of sperm nuclei, in a y- 
tubulin ring complex and XMAP 2 15 Xenopus microtubule associated protein dependent 
manner. Therefore, Ran could be a key-signaling molecule regulating microtubule 
polymerization during mitosis (Wilde and Zheng, 1999). The GTP-bound Ran induces 
microtubule and pseudo-spindle assembly in mitotic egg extracts in the absence of chromosome 
and centrosomes, and that chromosomes induce the assembly of spindle microtubules in 
these extracts through generation of Ran-GTP. The effects of Ran-GTP on microtubule 
nucleation and dynamics showed that Ran-GTP has independent effects on both the nucleation 
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activity of centrosomes and the stability of centrosomal microtubules; and the inhibition of 
Ran-GTP production, even in the presence of duplicated centrosomes and kinetochores, 
prevents assembly of a bipolar spindle in M-phase extracts (Carazo-Salas et al2001). However, 
Hetzer et a1 (2000) suggested that GTP hydrolysis by Ran is required for nuclear envelope 
(NE) assembly in xenopus egg extracts, and is inhibited by GTPyS indicating requirement of 
GTPase activity. Depletion of either Ran or exchange factor for Ran (RCC1) fiom the assembly 
reaction also inhibited the step of nuclear envelope formation. Ran depletion can be 
complemented by addition of Ran, loaded with GTP or GDP but not GT*. This suggested 
that generation of Ran GTP by RCC 1 and GTP hydrolysis by Ran are both required for 
membrane fusion events that lead to nuclear envelope formation (Hetzer et al, 2000). 

Germ CellSpecifcity: Rat and mouse testes express both somatic and testis-specific forms of 
Ran-GTPase implying that the Ran-GTPase plays a significant role during sperm development. 
Ran-GTPase localizes in the nucleus of round spermatids and along the microtubules of the 
manchette in elongating spermatids. During disassembly of manchette, Ran-GTPase reactivity 
is visualized in the centrosome region of maturing spermatids. The circumstantial observation 
pointed to the role of Ran-GTPase and associated factors in microtubule nucleation as well as 
the potential nucleating function of spermatid centrosomes undergoing a reduction process. 
The localization studies, correlated with functional observations in other cell systems, 
suggested that Ran-GTPase may be involved both in nucleocytoplasmic transport and 
microtubules assembly, two critical events during the development of functional sperm 
(Kierszenbaum et al., 2002). Two isoforms of Ran-GTPase have been described: Ran/Ml and 
RanIM.2. The Ranh42 is testis specific, whereas the RanIM1 isoform, besides in testis is also 
expressed in somatic tissues. The two mRNAs, differing in 35 of the 648 nt included in the 
Oms, are developmentally regulated during spermatogenesis. The expression of Ran/Ml 
and Ran/M2 increased in pachytene spermatocytes with progressive transcript accumulation 
until they reached the round spermatid stage. In the testis, the expression of both isoforms 
was found to be restricted to germ cells (Lopez-Casas eta]., 2003). Segregation Distorter (SD) 
is a meiotic drive system in Drosophila that causes preferential transmission of the SD 
chromosome from SD/SD(+) males owing to induced dysfunction of SD(+) spermatids. Sd, the 
primary gene responsible for distortion encodes a mutant RanGTP, a key protein in the Ran 
signaling pathway required for nuclear transport and other nuciear functions. The mutant 
protein is enzymatically active but mislocalized to nuclei, which apparently disrupts Ran 
signaling by reducing intranuclear Ran-GTP level. A defect in nuclear transport may be the 
main cause of sperm dysfunction (Kusano et al., 2003). 

18.4.3. Rapl: A Ras-like GTPase 

Rap1 (Krev-1) is a small GTPase first identified as a transformation suppressor of K-ras. This 
GTPase is very similar to Ras, particularly in the effector region, but its function is elusive. 
Bos et a1 (1997) speculated that Rapl plays a role in one of the specialized function in human 
platelets. Rapl consists of two isoforms, Rapla and Raplb, which differ mainly at the C- 
terminus. Since most of the experimental approaches could not discriminate between the two 
isoforms, both were referred as Rapl. Characteristic features of Rapl are its geranylgeranyl 
modification at the c-terminus, which is responsible for membrane attachment and a threonine 
residue at position 61. In most other GTPases this residue is a glutamhe. Substitution of 
threonine for glutamine in Ras results in a weakly oncogenic activation. Infact, Rapl has a 10- 
fold lower intrinsic GTPase activity than Ras, but is still sensitive to Rap GTPase activating 
proteins (RapGAPs) (Johannes et al, 1997). In mammalian testis such information is lacking. 
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1 MEKTELIQNL KLAEQAERYD DMATCMNLVZ EQGAELSNEE RNLLSWaYRN WDORRSAWR 
61 VISSIEQKTD TSDKRLQLIK DYREKVESEL RSICTTVLEL LDKYLIANAT NPESKVI?YLK 

121 MKGDYFRYLA EVACGDDRICQ TIENSQGAYQ EAFDISKlCEM QPTRPIRLGL ALNFSVFYYE 
181 ILNNPELACT LAKTAFDEAI AELDTLNEDS YMSTLIMQL LRDNLTLWTS DSAGEECDM 
241 EGAEN 

Fig.18.3. Amino acid sequence of mouse homologue of rat brain 14-3-30 protein in male germ cells. Source: 
httpllwww. ncbi.nlm.nih.gov (Accession number AAB72023). 

Rap 1 / B  ra~f/I4-3-39-Protein-complex: The 14-3-3- proteins have been implicated as potential 
regulators of diverse signaling pathways, in particular those involving the activity of the Raf 
family protein kinases. The 14-3-3q-mouse isoform is expressed almost exclusively in testis 
and brain. The highly conserved 14.3.3 family of proteins, found in various somatic cells and 
oocyes, interactswith several important signal transduction kinases, such that these 14-3-3 
proteins are considered as modulators of multiple signal transduction pathways. The 14.3.3 
protein is also expressed in the male germ cells. Screening of mouse spermatogenic cells 
revealed a cDNA clone having 735- nucleotide ORF encoding a protein of 245 amino acids 
(27,778 Da). The predicted protein was identical to the 14-3-3 isoform, the 4 subtype fiom rat 
brain. The mRNA of 14-3-39 protein is exclusively expressed in testis and brain. Within the 
testis the 14-3-39 gene products are most abundant in meiotic prophase spermatocytes, and 
in differentiating spermatids. Both testicular and epididymal spermatozoa are negative (Perego 
and Bermti, 1997) (Fig.18.3). In an effort to understand the function of 14-3-38 in testis, 
Berruti (2000) sought to identify endogenous proteins that interact with 14-3-39 in 
spermatogenic cells. The presence of a protein complex formed by endogenous Rapl, 93- 
95kDa B-Raf, and 14-3-39 and its association with cytodifferentiating cells, and not with 
dividing cells, strengthens the role of RaplIB-raf mediated signaling in cell differentiation. 

18.4.4. Rab Proteins 

Rab proteins are low molecular weight GTPases belonging to the ras superfamily of small 
GTP-binding proteins. Over 30 rab isofoms have been identified to date. They are ubiquitous 
proteins, which display a high degree of evolutionary conservation. Rab proteins have been 
implicated in intracellular vesicle trac along the biosynthetic and endocytotic pathways. 
Rab proteins are thought to confer specificity to vesicles that travel in different trajectories of 
the exocytotic and endocytotic trafficking pathways. In the steady state they are primarily 
membrane - bound. The rab3 subfamily has excited much interest since these proteins appeared 
to be involved in the regulation of Ca2+- dependent exocytosis of neural, exocrine, and endocrine 
cells. There are four members of this subfamily that includes Rab3a, Rab3b, Rab3c and Rab3d. 
The Rab3a has received the most attention due to its importance in regulated secretion in 
neurons and neuroendocrine cells. Although the precise role of Rab3a in the molecular events 
of exocytosis has not been determined, it appears to function late in exocytotic events and 
may serve to prepare vesicles for exocytotic release, or to stabilize the vesicle. Because of the 
similarities of the ZP3- induced acrosome reaction to regulated secretion in somatic cells, 
similar molecular mechanisms may regulate this sperm reaction. To follow along this line, the 
possible involvement of monomeric GTPase, in particular Rab3a has been investigated by 
several workers (Reviewed in Ward et al, 1999). 

The membrane - cytosol cycle of Rab proteins is mediated by several regulatory proteins 
such as GDP dissociation inhibitor (GDI), GTPase activating protein (GAP), guanine nucleotide 
exchange factor including the mammalian suppressor of SEC4 and GDI displacement factor 
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(GDF). The biological signal generated by active rab proteins is transduced via effector 
proteins, such as the rab3 A-specific rim and rabphillin -3A, the rab5-specific rabaptin-5 and 
the rab9-specific p90. A functional link has been demonstrated between rab proteins and so- 
called SNARE complexes, which constitute the docking and fusion machinery. Few studies 
suggest that Rab5, and possibly other Rab proteins, act as molecular timers rather than 
switches, the rate of GTP hydrolysis determining the frequency of membrane fusion events 
(Reviewed in Valentijn and Famieson 1998). Though, rho family has already been implicated in 
the regulation of the actin cytoskeleton, nonetheless, the rab actin connection is rapidly 
becoming an irrefutable fact, as evidenced by recent literature. In addition rab 5 has also been 
found associated with cytoskeletal elements. The Rab4-actin connection is far from unique. 
Studies have shown that rab8 colocalizes with actin in retinal photoreceptor cells where it may 
participate in microfilament dependent vesicle transport and morphogenesis (Valentijin and 
Jamieson, (1 998). 

Rub 3A in acrosome reaction: Inspite of the large amount of information available on acrosome 
reaction in several species, there is a remarkable paucity about the role of monomeric GTPase 
of the Rab family - well established participant in exocytosis in other cells types. One difficulty 
in studying the role of proteins in intact cells is the fact that they are unable to cross the cell 
membrane. Yunes et al(2000) established a working model of streptolysin 0-permeabilized 
human spermatozoa, which are able to respond in a regulated way to different stimuli, such as 
G protein activators and calcium. Acrosome reaction is also triggered by Rab 3A. More 
important, recombinat Rab3A protein in the GTP-bound form caused acrosome exocytosis. 
Also, recombinant GDI (GDP dissociation inhibitor), a protein that releases Rab proteins from 
membrane, inhibited a G T ~  S-stimulated acrosome reaction. These studies indicated that 1) 
Rab3A is present in human spermatozoa, and 2) Rab3A or another Rab3A isoform is involved 
in the acrosomal exocytosis in human spermatozoa (Yunes et al, 2000). Electron microscopy 
provided further evidence that rab3A protein is associated with the acrosomal membrane. 
Synthetic peptide of the Rab3 effector domain inhibited acrosomal exocytosis triggered by 
calcium ionophore A23 187 in a concentration dependent fashion, suggesting that Rab3A 
acts as an inhibitory regulator in the acrosome reaction. In view of the putative role of Rab3A 
protein in membrane fusion systems, these observations suggested that Rab3A could be 
involved in regulating acrosome reaction by controlling the membrane hsion system in sperm 
(Iida et al, 1999). The presence of Rab3A in membrane fractions does not change upon 
capacitation. However, & b 3 ~ ,  localized to the head of acrosome- intact sperm, was lost 
during acrosomal exocytosis. Immunogold labeling and electron microscopy demonstrated a 
subcellular localization of Rab 3A in clusters to the peri-acrosomal membranes and cytoplasm. 
The presence of Rab3a in acrosomal membranes of mouse sperm suggested that ~ a b 3 ~  plays 
arole in the regulation of zona pellucida-induced acrosomal exocytosis (Ward et al, 1999). In 
fact, a stirnulatory role for Rab3 has been proposed for the acrosome reaction of ram spermatozoa 
by using Rab3A peptides. On the other hand, an inhibitory role has been reported when Rab3 
effector domain peptides were used concomitantly with the calcium ionophore A23 187. Using 
I@P] GTP binding to immobilon blotted mouse sperm proteins, the presence of three or more 
monomeric GTP binding proteins was identified with Mr=22, 24, and 26 x 1 03. U-~~P-GTP binding 
could be competed by GTP and GDP, but not GMP, ATP or ADP (Yunes et al2000). 

Rab3A in Membrane Fusion : Very little is known about the moleculer mechanism that mediates 
and regulates unique fusion between acrosomal outer membrane and sperm cell membrane. 
The Rab3A seems to act as an inhibitory regulator in the acrosome reaction. Michaut et a1 
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(2000) showed that membrane N-ethylmaleimide sensitive factor (NSF), a protein essential for 
most fusion events is present in the acrosome of several mammalian spermatozoa. The Rab3A 
is necessary for calcium-dependent exocytosis. The activation of Rab3A protects NSF from 
N-ethylmaleimide inhibition and precludes the exchange of the endogenous protein with 
recombinant dominant negative mutants of NSF. Furthermore, Rab3A activation of acrosomal 
exocytosis requires active NSF. Upon stimulation by Ca2+, Rab3A switches to its active GTP- 
bound form, triggering the formation of a protein complex in which NSF is protected. This 
process is suggested to be an essential part of the molecular mechanism of membrane fusion 
leading to the release of the acrosomal contents. In view of the putative role of Rab3A protein 
in membrane fusion systems, these observations suggested that Rab3A could be involved in 
regulating acrosome reaction by controlling the membrane fusion system in sperm. However, 
it cannot be ruled out that other Rab3 isoforms may also be present in sperm. More work is 
required to better define the Rab3 isoforms participating in the acrosome reaction ((Iida et al, 
1999; Michaut et al, 2000). 

18.4.5. Rho family 

Among atleast nine subfamilies that make up the superfamily of GTPases, the mammalian Rho 
subfamily comprises at least 14 members (Rho A, RhoB, RhoC RhoD, RhoE/Rnd3, Rndl/Rhd 
Rnd2IRho7, Rhog, Racl, Rac2, Rac3, Cdc42, TClO and TTF). They are characteristically ADP- 
ribosylated by the exoenzyme C3 from Clostridium botulinum. Cells change their cytoskeletal 
architecture in response to environmental stimuli or during the cell cycle to make their shape 
to move, or to proliferate. The Rho family GDPases shuttle between the GDP-bound inactive 
state and the GTP-bound active state, and function as a molecular switch in some of these 
processes. The best-characterized function of Rho-GTPases is the regulation of the actin 
cytoskeleton. Functional analysis showed that Rho regulates cell adhesion, motility and 
cytokinesis. The Rho family members participate in gene transcription, cell cycle progression, 
exocytosis, and endocytosis. However, most of the studies have been carried out mainly in 
cultured epithelial cells and fibroblasts, and the function of Rho in specialized types of cells, 
remain largely unknown. Sea urchin sperm contain multiple small G proteins (28-24 kDa) 
whose identity and functions are unknown. The sea urchin sperm revealed the presence of 25 
kDa Rho, which was identical to that Rho A from human platelets. In flagellar fractions, the 
25kDa protein was ADP-ribosylated by C3. It is localized in the cytosol and in the plasma 
membrane whereas in sperm head, the Rho protein was detected in acrosomal and plasma 
membranes. Both the 25-kDa ribosylated protein and actin had same localization as bindin, 
characteristic of acrosome. The G-protein of 25-kDa is likely the Rho, type B. Its cellular 
localization suggests that Rho may participate in regulating motility and the actin polymerization 
that accompanies the acrosome reaction (Castellano et al, 1997). 

18.4.6. Rho targets (Rhophilin and Ropporin) 

Several putative Rho targets have been isolated on the basis of their selective binding to the 
GTP bound form of Rho and characterized. These include two splice isoforms of citron-N and 
citron-K, the ROCK family of serine/theronine kinases : pl60ROCK (ROCK-1) and ROKJRho- 
kinase/ROCK-11, pl40mDia and three molecules containing a homologus Rho - binding motif 
of 70 amino acid stretch, protein serinel threonine kinase PKN, rhophilin and rhotekin (reviewed 
in Nakamura et al, 1999). Among them, pl40mDia and ROCK family of kinases, both of which 
are distributed ubiquitously, regulate actin polymerization and actomyosin contractility, 
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1 MAQTDKPTCI PPEL- FAKAAIRVQP QDLIQWAADY PEALSRGETP PVRERSERVA 
61 LCNRAELTPE LLKILBSQVA GRLIIRAEEL A-P TDLPN- GRFTEEIEWL 

121 KRAIACSAL GVTITKTLKI VCEVLSCDBN CGSPRIPFST EQPLYTYIAK MGEISASRV 
181 S-QE VIGPDGIITV NDFTQNPRVQ LE 

Fig.18.4. Amino acid sequence of Ropporin, a sperm-specific binding protein of rhophilin. Source: httpN 
www. ncbi.nlm.nih.gov (Accession NP060048 ) 

respectively, and are involved in assembly of focal adhesions and stress fibers. On the other 
hand, rhophilin is not distributed ubiquitously but present in a limited number of tissues. 

Rhophillin mRNA is highly expressed in the testis, and is induced in germ cells at the late 
stage of spermatogenesis. It is absent from testis of W/Wv mice deficient in germ cells. 
Rhophillin is localized in the principal piece of sperm flagella, indicating that rhophillin is in 
the peri-axonemal complex (Nakamura et al, 1999). However, the role of rhophillin in sperm 
functions remains unknown. Rhophilin contains the following three characteristic domains: 
a) The Rho binding domain is localized in N-terminal 70 amino acids. b) The amino acid 
sequence of the middle portion, residue 153 to 454, shows homology with YNKI proteins of 
Caenorhabditis elegans, Saccharomyces cervisiae BROIP, Xp95 of Xenopus oocyte and 
mouse Alix. In addition, a PDZ domain is present at the C terminus. These results suggest that 
rhophilin acts as an adaptor protein, linking Rho to rhophilin - interacting proteins that bind 
to rhophilin on its PDZ domain. 

One of the several positive clones for PDZ domain, from mouse testis cDNA library 
showed ORF of a protein of 2 12 amino acids designated as ropporin from a Japanese word 
("oppo", the tail) (Fig.18.4). The amino terminal 40 amino acid sequence of ropporin showed 
high homology with that of the regulatory subunit RII a of CAMP dependent protein kiase, 
which is involved in dimerization and binding to A-kinase anchoring proteins (Vijayaraghavan 
et al, 1999; Miki and Eddy, 1998). Deletion analysis indicated that the carboxy- terminal four 
amino acids are essential for binding of ropporin to rhophilin. The ropporin and Rho V14 
coprecipitated in the presence of rhophilin in vitro. Ropporin is expressed exclusively in the 
testis and specifically in germ cells at the late stage of spermatogenesis. This expression 
pattern is similar to that ofrhophilin. Moreover, ropporin is exclusively localized in the principal 
piece and at the end piece of sperm flagella (Fujita et al, 2000). Imrnunoflurorescence analysis 
revealed two lines of striated staining running in parallel in the principal piece of the sperm tail 
(Nakamura et al, 1999). Electron microscopy showed that ropporin is mostly localized in the 
inner surface of the fibrous sheath while rhophilin is present in the outer surface of the outer 
dense fiber. These results suggest that rhophillin and ropporin may form a complex in sperm 
flagella (Fujita et al, 2000). As rhophilin appears to be a minor component of sperm flagella 
compared to its major components such as A-kinase anchoring proteins (chapter 29), it is 
likely that rhophilin may act as a regulator of its assembly or its function. Using botullinum C3 
exoenzyme, Rho was also identified in the tail membrane of bovine sperm and that the 
inactivation of endogenous Rho in bovine sperm decreased its motility. Since rhophilin contains 
a consensus sequence for a PDZ domain in its C terminus (residues 500-573) and PDZ domains 
have been identified in many signaling molecules, which mediate protein-protein interactions, 
it is likely that rhophilin may work as protein(s) through its PDZ domain. Dissection of the 
Rho-rhophilin pathway may help to reveal transduction mechanisms of sperm motility and 
may give an insight into the pathology of some cases of asthenozoospermia (Fuzita et al, 
2000). 
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'Gene Expression 

Fig.18.5. Different modes ot activation and action of the Kho tamlly and Kas subfamily systems. Reprinted 
with permission from T. Sasaki and Y Takai. Biochem Biophys Res Commun 245; 641-45: 1998 0 Elsevier. 

18.5. REGULATORS OF RHO GTPases 

There are at least three types of regulators for small G proteins: (a) GTPase activating protein 
(GAP), which activates conversion from GTP bound form to GDP bound form; (b) GDP 
dissociation inhibitor (GDI), which inhibits this reaction and (c) GDPIGTP exchange protein 
(GEP), which stimulates conversion from GDP bound form to GTP bound form. Of these 
regulators, GDI has been found for Rho and Rab families. A GDI kom brain showed biochemical 
properties different from those regulators known for Ras GEP and Ras GAP. It was renamed 
RhoB GDI. Recent studies indicate that Rho GDI constitutes a family, consisting atleast three 
isoforms (Sasaki and Takai, 1998). Similar to all other small GTPases, GEPs, GAPs and GDIs 
regulate Rho-GTPases. A scenario is emerging in which GEPs, GAPs and GDIs do not regulate 
solely the GTPIGDP ratio of Rho-GTPases, but play additional roles in signal transduction 
pathways. (Fig.18.5). 

18.5.1. GTPase-Activating Proteins 

GTPase-activating proteins (GAPs) for Rho GTPases constitute a class of regulatory proteins 
that stimulate GTP hydrolysis. Through this catalytic function, Rho GAPs negatively regulate 
Rho-mediated signals. However, it has long been speculated that GAPs may also serve as 
effector molecules and play a role in signaling downstream of Rho and other Ras like GTPases. 
This idea has been substantiated in case of n-chimaerin, a Rho GAP, mainly expressed in the 
central nervous system. More specifically, n-chimaerin was shown to cooperate with Racl 
and Cdc42 in cytoskeletal morphology. Results support the idea that members ofthe chimaerin 
family may mediate Rho-dependent signals in various cell types, as most of them show tissue 
specific expression. Analysis of these Rho GAPs may therefore help in defining Rho- 
dependent functions in differentiated cells. 

R-Chimerin: While most of the p21 GAPs are ubiquitous, chimerins are more tissue- or even 
cell type-restricted. N-chimerin (al-Chimerin) belongs to GAP family, which regulates Rho 
subfamily, involed in cytoskeletal organization. It contains a phorbol ester-binding domain 
and enriched in brain regions involved in memory and learning, and is largely present in 
hippocampal and cortical neurons and developmentally regulated, whereas P-chimerin is 
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Fig.18.6. (A) Nucleotide and predicted amino acid sequence of #chimarin from rat germ cells. Conserved 
regions used for degenerate primers for PCR are underlined. (B) Relationship of @himarin to n-chimarin. 
Reprinted with permission from T.Leung et al. J Biol Chem 268; 3813-16: 1993 O The American Society for 
Biochemistry and Molecular Biology. 

present only in the late stage of sperm cell development. The presence of a highly conserved 
phorbol ester-binding site in d-chimerin, association of rac-GAP with the membrane, and 
stage specific expression provide clues to its cellular function. When round spermatids convert 
to mature sperm they undergo an intensive morphological transformation having drastic actin 
nucleation, membrane, and cytoskeletal changes. Because of the opportune appearance of 
chimerin during this period, these germ cells could serve as a model system for analysis ofthe 
cell specific role for chimarin / rac GAPS in signal transdcction and morphological 
transformation. Exploiting conserved regions common to rholrac-GAPS, Leung et al(1993) 
isolated a rat testis cDNA encoding a 34-kDa Rac-GAP termed Bchimaerin, which was highly 
related to N-chimaerin. It contains both a GAP domain (77% identify) and the phorbol ester- 
binding region (93% identity) (Fig.18.6). R-chimaerin mRNA is expressed exclusively in the 
testis at the onset of sexual maturation, and its mRNA expression was stage-specific, paralleling 
acrosomal assembly at the late stage of spermatogenesis. The testis specific and stage- 
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Fig.18.7. Amino acid sequence comparison of Tatl with full-length proteins of DRA and Pendrin. Identities 
are shaded black, similarities are shaded gray, and predicted transmembrane domains in Tatl are indicated by 
dark lines. Reprinted with permission from A Toure et al. J Biol Chem 276; 20309-15: 2001 O The American 
Society for Biochemistry and Molecular Biology. 

dependent expression of this 30-kDa Rac-GAP chimaerin offers an alternative system for 
investigation of the functional role of this class of p21 GAPS, particularly in relation to 
cytoskeletal reorganization. 

+-chimerin: Hall et a1 (1993) reported occurance of another form of chimerin, termed a2- 
chimerin, expressed in testes and brain. The &-chimerin is produced by alternative splicing 
of human n-chimerin gene encoding an N-terminal SH2 domain in additition to phobol ester 
receptor and GAP domains. Only &-chimerin rnRNA expressed in rat testes in early pachytene 
spermatocytes. The recombinant form of &-chimerin had Rac-GAP activity, which was 
stimulated by phosphatidylserine. 
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MgcRac GAP and Tat-1(A sulfate Transporter): In a search for new partners of the activated 
form of Rac GTPase, Toure et a1 (1998) isolated a human cDNA encoding a new GAP for Rho 
family GTPases. A specific mRNA of 3.2kb was detected in low abundance in many cell types 
and found highly expressed in testis. A protein of 58-kDa, named MgcRacGAP was detected 
in human testis as well as in germ cell tumor extracts. In vitro, the GAP domain of MgcRacGAP 
strongly stimulates Racl and Cdc42 GTPase but is almost inactive on RhoA. At N-terminal to 
its GAP domain, MgcRacGAP contains a cysteine-rich fmger like motif characteristic of the 
Chimaerin family of Rho GAPS. The closest homologue of MgcRacGAP is rotund RacGAP, a 
product of the Drosophila rotund locus. In situ hybridization of human testis demonstrates 
a specific expression of MgcRacGAP mRNA in spermatocytes similar to that of rotund RacGAP 
in Drosophila testis. The protein sequence similarity and analogous developmental and 
tissue specificities of gene expression support the hypothesis that Rotund RacGAP and 
MgcRacGAP have equivalent functions in insect and mammalian germ cells (Toure et al, 
1998). A close partner of MgcRac GAP is a sulfate transporter -Tat l(970aa with size of 109 
ma) ,  which is related to sulfate permease family and is an integral membrane protein. Tat 1 
and MgcRacGAP are co-expressed in spermotocytes and found on plasma membrane of 
spermatocytes and spermatids (Toure et a1 2001) (Fig. 18.7). 

18.5.2. Rho GDPDissociation Inhibitor (Rho GDI) 

The cycling between active form and inactive form of the Rho GTPase is regulated by Rho 
GDP dissociation inhibitor (Rho GDI). The GDI is known to possess atleast two biochemical 
functions. i) It preferentially interacts with the GDP bound form and prevents it from being 
converted to the GTP-bound form by the action of each GEP and subsequent translocation to 
its target membrane. ii) After the GTP-bound form completes its function and subsequently 
converted to the GDP -bound form by the action of each GAP, GDI forms a complex with it 
and translocates it to the cytosol. The Rho GDI constitutes a fsmily consisting of at least 
three isoforms, Rho GDI-a, -13, and -A Rho GDI-4 originally isolated fiom bovine brain is 
ubiquitous and binds all the Rho family members so far examined. The Rho GDIB is expressed 
exclusively in hematopoietic tissues and shows GDI activity on at least Rho A and Cdc42. 
Rho GDI-g is expressed predominantly in brain, lung, kidney, testis, and pancreas, and binds 
RhoA, RhoB, RhoG and Cdc42 (Togawa et al., 2000). Mice, lacking Rho GDI-a generated by 
homologous recombination (Rho GDIa -1- mice) were characterized by several abnormalities. 
i) These mice developed massive protein urea mimicking nephrotic syndrome, leading to 
death due to renal failure. Histologically, degeneration of tubular epithelial cells and dilatation 
of distal and collecting tubules were readily detected in the kidneys. ii) Rho GDIa -1- male mice 
were infertile and showd impaired spermatogenesis in testes. iii) Rho GDIa -1- embryos derived 
fiom Rho GDIa-I- female mice were defective in the post-implantation development. This 
suggests that the signaling pathway of the Rho family members regulated by Rho GDIa plays 
important role in maintaining the structure and physiological function of at least kidney and 
reproductive systems in adult mice (Togawa et al, 1999). 

18.6. ADP-RIBOSYLATION FACTORS 

ADP-Ribosylation Factor 4 (ARF4): The ADP-ribosylation factors (ARFs), approximately 
2OkDa guanine nucleotide binding proteins, involved in protein trafficking, enhance cholera 
toxin ADP-ribosyltransferase activity. Out of six ARF genes in mammalian tissues, only ARF 
4 mRNA, considerably shorter than those present in other tissues, was detected in rat testis. 
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Short form of ARF4 mRNA was observed in several species in testis specific manner and 
appeared to involve in late stages of spermatogenesis. Rat ARF4 W A  sequences revealed 
that different ARF4 mRNAs result fiom use of three polyadenylation signals: one AUUAAA 
and two AAUAAA. Sequences of 3'-untranslated regions of rat and human ARF 4mRNA are 
similar at similar positions. Of the ARF4 mRNAs, with sizes of 1.1,1.3 and 0.8-kb, the 1.1 -kb 
mRNA was predominant in adult testis, and was identified primarily in mature sperm. Shorter 
mRNA, thought to be more stable, may compensate for cessation of transcription at late 
stages of spermatogenesis (Mishima et al, 1992). 

ARF-like Protein 4 (ARL4): The ARL4 is a Ras-related GTPase that has been cloned, fiom 
the 3T3-L1 pre-adipocyte cell line as an adipocyte-specific cDNA. The Ad4 gene maps to the 
proximal region of mouse chromosome 12 lamed to lambl-1, Hfhbfl and SOB. Compared with 
all other known genes of Ras related GTPase, the genomic organization of Arl4 is unusual in 
its entire coding region, the 3'-untranslated region (UTR) and most of the 5'-UTR are located 
on a single exon. This structure suggests that Ad4 has evolved by retroposition of an Arf 
(ADP-ribosylation factor) or Arf-like gene. Isolation of the 5'-UTR cDNA ends revealed 
heterogenous transcription initiation sites in alternative exons- 1. In situ hybridization indicated 
that Ar14 is expressed in germ of cells of puberal and adult testis, but not in prepuberal testis 
suggesting that Arl4 is involved in sperm production (Jacobs et al, 1998). 

AFW GTPase Activating Factor: Zhang et a1 (2000) identified and characterized a human 
ADP-ribosylation factor GTPase-activating protein (ARFGAPI) gene that is related to other 
members of the ARF GAP Family. Structurally, ARFGAPl encodes a polypeptide of 5 16 amino 
acids, which contained a typical GATA-1-type zinc finger motif (CXXCX(16)CXXC) with the 
four cytosine residues that are highly conserved among other members of the ARF GAP 
family. The ARFGAPI gene contained 16 exons ranging fiom 0.5 to 9.3-kb, and mapped to 
human chromosome 22p 13.2-p 1 3.3. The ARFGAPI is strongly expressed in endocrine glands 
and testis. The expression of ARFGAP1 in testis was about six fold higher than that in ovary, 
indicating a possible role in spermatogenesis. The ARFGAPl is present in human fetal tissues 
and cancer cell lines (Zhang et al, 2000). 

The adenylate cyclase (AC) converts ATP into cyclic AMP (CAMP), which is mediator of 
many signaling pathways. Nine isoforms of adenylyl cyclase have been isolated in mammals 
with a molecular weight of about 12OkDa. Depending on the AC isoform considered, the AC 
activity can be modulated by Gas ~ 4 ,  GPy Ca2+/ calmodulin, or after phosphorylation by 
either proteinkinase C (PKC), CAI&'- dependent kinase (PKA) or calmodulin-activated 
kinase I1 thus allowing a delicate tuning of the CAMP concentration. The distribution of the 
isforms varies with the development and is tissue-specific. 

18.7.1. Sperm Membrane Bound Adenylyl Cyclase 

The modulation of sperm CAMP concentration by the ZP in mammals or by an egg jelly coat- 
derived factor in invertebrates could occur through intracellular ionic changes that modulates 
AC. Most of the stimulated AC activity is membrane associated. MI?+-ATP supports a higher 
AC activity than Mg2+-ATP. The zona-pellucida and forskolin can stimulate AC activity in the 
presence of Mg2+ but not in presence of MI?+. The ZP-mediated stimulation of membrane- 
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associated AC may represent a mechanism by which the ZP can affect CAMP levels and 
sperm functions. In mouse, the ZP increases intracellular Ca, pH, and CAMP as well as activates 
G protein of Gi class.The ZP also stimulates AC of mouse sperm through a pertussis toxin 
sensitive pathway involving Gi potein (Leclerc and Kopf, 1999). Adenylyl cyclase ftom sea 
urchin sperm does not appear to be regulated by G proteins. During sperm activation and the 
acrosome reaction, membrane potential changes and CAMP increases. Observations with rise 
in pH supported that AC in these cells is modulated by membrane potential and also by 
increasing [Ca2+]i and CAMP (Beltran et al, 1996). 

In addition to a bicarbonate-regulated cytosolic soluble AC (SAC), mammalian 
spermatozoa, like somatic cells, appear to contain receptor1G protein-regulated AC activity 
that contributes to the modulation of specialized cell processes. Evidence has been provided 
that shows that agents, known to influence somatic membrane-associated AC (mAC) but 
apparently not germ cell SAC, can modulate CAMP production and functional state in mouse 
spermatozoa. Membrane-bound adenylyl cyclases from ram, dog, and human sperm are 
unresponsive to fluoride and guanlylimidodiphosphate [GMP-P(NH)P], two agents that 
stimulate the adenylyl cyclases of somatic cells. Ram sperm AC is also insensitive to guanine 
nucleotides, cholera toxin, and hormones, and appears to be devoid of the guanine nucleotide 
regulatory component (Ns). Sperm cell membranes also appear to lack a functional inhibitory 
regulatory protein of the adenylyl cyclase system (Ni), &ce they did not contain an ADP- 
ribosylatable substrate for pertussis toxin action. This suggested that the sperm cell adenylyl 
cyclase is unique and different ftom that of somatic cells. Sperm cells appear to neither 
contain Ns or Ni nor the ability of their adenylyl cyclase system to interact with Ns from an 
exogenous source. Thus membrane bound adenylyl cyclase system does not share coupling 
characteristics with somatic AC (Hilderbrandt et al, 1985). In intact mouse spermatozoa, the 
most abundant isoforms appeared to be AC2, AC3, and AC8, each with distinct distribution 
in the acrosomal and flagellar regions; ACl and AC4 also appeared to be present, although 
less abundantly, in the midpiece and acrosomal cap regions, respectively (Baxendale and 
Fraser, 2003). 

18.7.2. Soluble Form of Adenylyl Cyclase in Germ Cells 

In mammals, a family of transmembrane (tm) adenylyl cyclases (ACs) regulated by G proteins, 
synthesize CAMP in response to external signals such as hormones and neurotransmitters. 
An additional cytosolic form of adenylyl cyclase (soluble form) (SAC) activity has recently 
been isolated in mammals. The expression of SAC is detectable in almost all tissues examined 
(Buck et al., 1999; Sinclair et al, 2000). Although both generate the second messenger CAMP, 
soluble AC and transmembrane tmACs defme clearly distinct signaling pathways in mammals. 
The SAC is not predicted to possess transmembrane spanning domains, and its biochemical 
activity is insensitive to any of the known modulations of tmAC activity (Buck et al, 1999). A 
close relationship between SAC and bacterial ACs reveals a direct link between prokaryotic 
and eukaryotic signaling systems, and suggests that unlike transmembrane ACs, which mediate 
signals between cells, SACS may be functionally more similar to bacterial ACs, which control 
pathways important to unicellular organisms. The SAC expression is detectable in almost all 
tissues examined; however, northern analysis and in situ hybridization indicated that high 
levels of SAC message are unique to male germ cells. Elevated levels of SAC mRNA are first 
observed in pachytene spermatocytes and expression increases through spermiogenesis. 
The accumulation of high levels of message in round spermatids suggests that SAC protein 
plays an important role in the generation of CAMP in spermatozoa, implying possible roles in 
sperm maturation through the epididyrnis, capacitation, hypermotility and/or the acrosome 
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1501 QNTTGPVFYP RLYHLMAYVC ILMCDGHSCD FFLNTALELS ETHGNLLEKC WLSMSKEWWY 
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601 FWQFWSRE MSRMSKIRKQ KQLEALFMKI LEQTVREERI IFIIDEAQW DVASWAFIEK 
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781 YLYTSIAAGQ KEACYLTSGV RLKNLSPPAS LKEISLVQLD SMSLSHWV RCAAIIGLTF 
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901 SKEGLAYSEE EQLREMEGEV IECRILRFCR PIMQKTAYEL WLKDQKXVLH LKCARFLEES 
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Fig.18.8. (A) Amino acid sequence of soluble form of adenylyl cyclase 10 in mouse male germ cells. Source: 
httpllwww, ncbi.nlm.nih.gov (Accession NP-7 66617). (El) Amino acid sequence of soluble form of rat 
adenylyl cyclase. Source: hnpllwww. ncbi.nlm.nih.gov (Accession NP-0 67 7 1 6  ) . 
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reaction (Sinclair et al, 2000) (Fig.18.8A). Bicarbonate directly stimulates mammalian SAC 
activity in vivo and in vitro in a pH-independent manner, and bicarbonate regulation of 
cyclase activity is conserved in early forms of life such as bacteria. The SAC is also expressed 
in other bicarbonate responsive tissues, which suggests that bicarbonate regulation of c- 
AMP signaling plays a fhdamental role in many biological systems (Chen et al, 2000). 

18.7.3. Olfactory Adenylyl Cyclase mpe 3 

During the past few years, the presence of various elements of the olfactory pathway has 
been reported in male germ cells. In the dog these elements are present in the late stage of 
spermatogenesis, on the tail midpiece of mature sperm. This observation has been extended 
to several mammalian species and to other components of the olfactory pathways 
(Vanderhaeghen et al, 1997, Weyand et al, 1994). Signal transduction of certain odorants in 
olfactory neurons involves the activation of the adenylyl cyclase /CAMP-gated channels, 
and to an influx of CaZ+ causing the opening of Ca2+ activated chloride ions channels (Defer et 
al, 1998). Other odorants stimulate G protein-mediated formation of InsP3 with a subsequent 
increase of intracellular Ca2+. In each mammalian species, a restricted subset of olfactory 
receptors is expressed in male germ cells and displays a pattern of expression suggestive of 
their potential implication in control of sperm physiology. As a consequence, five olfactory 
receptor genes expressed in germ cells were localized in human genome. Three of these genes 
are locatedto short arm ofchromosome 19 (19p13.1-19p.31.3), one to chromosome 1 l(1 lq22.1- 
22.3), and one to chromosome 17 (17q21-22) (Vanderhaeghenet al, 1997). 

Adenylyl cyclase type 3 (AC3) was fust identified specific to the olfactory transduction 
apparatus. Both AC3 and the olfactory Gas subunit (Gad,) have been localized in the same 
receptor cell compartment, the distal segments of the olfactory cilia. Defer et a1 (1998) 
demonstrated that both AC3 and Gaol, are expressed within the testis and their expression is 
germ cell specific that occurs at the same stages of germ cell differentiation. It thus appears 
that male germ cells contain all the elements of the signaling cascade present in olfactory 
cells. In rat restis, AC3 and Gad, are expressed in the same sub-population of germ cells, 
pachytene spermatocytes to spermatids, and in residual bodies. Neither AC3 nor G& was -. 
found in Sertoli or in peritubular cells. 

The RT-PCR confirmed that AC3 transcripts are present in germ cells, appear during the 
meiotic prophase, and accumulate during spermiogenesis. The presence of a predominant 
transcript of 7-5-kb suggested that the AC3 expressed in germ cells may be derived fkom a 
splicing variant different from the 4.5-kb transcripts expressed in somatic cells. An 
immunoreactive protein of 170-kDa was detected in extracts fkom total testis and from germ 
cells. The AC3 was predominantly expressed in postmeiotic germ cells from round spermatids 
in the cap phase to maturing elongating spermatids. This located mostly on the acrosomal 
membrane rather than on the plasma membrane of developing spermatids. The presence of 
members of the olfactory receptor family and an olfactory phosphodiesterase supported that 
a signal transduction system used in olfaction is present during development of male gametes 
(Gautier-Courteille et al, 1998) (Fig. 18.8 B). 

18.7.4. Pituitary Adenylate Cyclase Activating Polypeptide (PACAP) 

Pituitary adenylate cyclase activating polypeptide (PACAP) is found not only in the brain, 
but is also abundantly expressed in the testicular germ cells. Immunoreactivity of PAC1- 
receptor (R)-like was seen in the cytoplasm of round spermatids, aggregated in the acrosome 
and coexpressed with PACAP-lI. Spermatid-enriched fiactions were examined for the subcellular 



426 Proteomics of Spermatogenesis 

localization of PACAP binding sites and PAC1-R-11 (Li et al., 2004). Because PACAP and its 
receptors are coexpressed in the cytoplasm of spermatids, endogenous PACAP may directly 
interact with the cytosolic PAC1-R-lie protein without the ligand being released into the 
extracellular space. However, the physiological role of testicular PACAP remains unknown (Li 
et al., 2004). 

18.8 GPROTEINRECEPTORS 

18.8.1. GProtein Odorant Receptors in Germ Cells 

G protein-coupled receptors (GPCRs) are involved in cell recognition and signaling. In recent 
years understanding of olfactory system has emerged due to identification of odor receptors 
in olfactory epithelium. Among the unidentified receptors ('orphan receptors'), a human 
genomic clone (HGMP07) was characterized by the presence of its transcripts in the testis and 
by its relation to a large subfamily of genes sharing extensive sequence similarities. Sequence 
comparison demonstrated that this gene subfamily is the human counterpart of the putative 
rat olfactory receptor. Another 48 members of the family were cloned. Northern blotting 
suggested a common receptor gene family that encodes olfactory receptors. Sperm cell 
receptors could be involved in chemotaxis during fertilization (Parmentier et al, 1992KFig. 
18.9). The putative odor receptors are a subfamily of seven-transmembrane-domain G protein- 
coupled receptors. Although their functions have not yet been definitively proven, they may 
act as odor receptor (GPCR). Receptor gene family has the following characteristics: 1) It is a 
multigene family of phylogenetically related sequences consisting of approximately 100 
members in fish and up to approximately 1000 members in rodents. 2) Members ofthis family 
are expressed in the olfactory epithelium (olfactory receptors), and related genes are expressed 
in the gustatory epithelium of the tongue (gustatory receptors) and in sperm cell (germ-cell 
receptors). 3) Genes for the olfactory receptor family have been isolated from several species 
including fish, rat, mouse human and chick. 4) Olfactory receptor protein seems to be localized 
on the ciliary surface of olfactory neurons. 5) Ofactory receptors exhibit broad ligand specificity. 
6) A single receptor is expressed in only 0.1%-2% of the entire olfactory neuron population 
(reviewed in Nef, 1993). The GPCRs consist of an extracellular N-terminus and an intracellular 
C-terminus separated by seven helical transmembrane domains (TM7). The extracellular region 
is highly glycosylated, whereas the intracellular region binds to G proteins. An epididymal 
GPCR, designated HE6 (for human epididymis-specific protein 6), is present in the stereocilia 
projecting fiom the apical domain of principal cells into the epididymal lumen. Kierszenbaum 
(2003) conceptually suggested that HE6 wears two hats: an unusually long extracellular region 
characteristic of cell adhesion proteins, and an intracellular region with binding site to G 
protein. The HE6 has another remarkable feature, which is comparable to the GPCR calcium- 
independent receptor of od-latrotoxin, designated CIRL. Both HE6 and CIRL are endogenously 
cleaved into two pieces at the GPCR proteolytic site (GPS) located adjacent to TM1, the first 
of the seven transmembrane helices. One fiagment of the heterodimer wears the cell adhesion 
hat; the other retains the typical characteristics of GPCRs, thus explaining the molecular 
compartmentalization of cell adhesion and G protein activation functions (Kierszenbaum, 
2003). 
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Fig.18.9. Amino acid sequence deduced from the HGMP07, DTMT and HGMP07J clones, compared with two rat 
olfactoly clones. HGMPO71 is a human clone corresponding to the original HGiGW7. DTMT represents the major 
transcript present in dog sperm cells. HGMP07J is one of the genes expressed in human testis. Bars and roman numbers 
represent the putative transmembrane segments. Asterisks and dots indicate identical residues and conservative 
replacement respectively. Putative sites for N-linked glycosylation are underlined. HGMP07J has two possible initiation 
sites, the second of which is aligned with other putative receptors. Reproduced with permission from M. Parmentier et 
al, 355; 453-455:1992 O Macmillan Magazines Ltd. h t tp / /www.nature .cornl~ 

18.9. ADENOSINE RECEPTORS AND LIGANDS 

18.9.1. Adenosine Receptors 

Since 1986 when it was proposed that adenosine (Ado) and purine nucleotides can act as 
neurotransmitters, a large body of data supports that extracellular Ado is both a neuromodulator 
and a mediator of cell-to-cell communication in physiological processes. To date, four adenosine 
receptor (AR) subtypes have been isolated and characterized in mammals. These include A, 
and A, subtypes, which inhibit adenylyl cyclase and the A,, and A, subtypes, which stimulate 
AC. In addition to modulation of adenylate cyclase activity, activation of A,, A, and A, 
subtypes may induce calcium mobilization through phosphoinositide hydrolysis. Functional 
A, and A, adenosine receptor subtypes have been characterized and localized in the mammalian 
testis. While A, adenosine receptor is present on mammalian spermatozoa, the level of this 
receptor subtype is either very low or absent in testicular tissue. Although, it has been 
proposed that in mammals the testicular adenosine recptor system regulates Sertoli cell hnction 
and the activation of the A,-A, would downregulate cell activity in the seminiferous tubule, 
the physiological role of these receptors in the testis still remains unclear. Moreover, only 
inhibitory A, and A, receptor subtypes have been characterized in mammalian testis; A, 
adenosine receptors being largely present on Sertoli cells and A, adenosine receptors being 
present on spermatocytes and spermatids but not on Sertoli cells. In many cell systems, 
stirnulatory and inhibitory signals regulate intracellular CAMP levels. In the rat Sertoli cell, AC 
activity is stimulated by FSH and inhibited, at least, by activation of A, receptors. In trout, c- 
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AMP may be a negative regulatr of mitotic germ cells. By contrast, in the mammalian testis, 
CAMP stimulates proliferation of primordial germ cells, stimulates proliferation and 
differentiation of Go and controls Sertoli cell production of the steel factor, which would 
stimulate germ cell growth and differentiation. 

Adenosine and its analogues, known to stimulate adenylate cyclase activity in somatic 
cells via A2 receptors, can accelerate capacitation in mouse spermatozoa. Indirect evidence 
has suggested that adenosine can modulate mouse sperm adenylate cyclase, implicating this 
enzyme and CAMP in the observed functional responses. [3H]5'-N-ethylcarboxamidoadenosine 
(NECA), an adenosine analogue with specificity for stirnulatory A2 adenosine receptors, can 
bind to mouse spermatozoa. This binding can be displaced by both unlabelled NECA and 2- 
chloroadenosine, another A2 receptor agonist, suggesting that the NECA binding is specific 
for A2 receptors. In addition to demonstrable binding of [3H] NECA, both NECA and 2- 
chloroadenosine significantly stimulated AC activity. Furthermore, the hydrolysis-resistant 
GTP-analogue, Gpp(NH), alone and in the presence of either NECA or 2-chloroadenosine also 
stimulated enzyme activity. In somatic cells, expression of response to adenosine usually 
requires GTP and G proteins (Fraser and Duncan, 1993). Adenosine agonist, NECA stimulates 
human sperm for fertilizaiton during capacitation in vitro, with specificity for A2 receptors 
(Fenichel et al., 1996). NECA increased the number of capacitated spermatozoa able to respond 
to A23187. This effect was associated with an increaie in production and with an 
enhanced phosphorylation of a 95-kDa protein in uncapacitated sperm. This was accompanied 
by positive regulation of CAMP dependent PKA suggesting a role of adenosine receptors 
during capacitation The effects of NECA on stimulation of human sperm motility in a dose- 
dependent manner and inhibition by various adenosine receptor antagonist suggest that the 
NECA binding sites and A2 receptors may be coupled to one or more G proteins on sperm 
(Shen et al, 1993). Stimulatory A2 receptors were localized primarily on the acrosomal cap 
region and the flagellar principal piece, the staining was much more pronounced in 
uncapacitated than in capacitated spermatozoa. The A1 receptors showed a very similar 
distribution, but the staining was markedly greater in capacitated than in uncapacitated cells. 
It appears that specific adenosine receptors function in a reversible manner in one or other 
capacitation state, resulting in regulation of CAMP (Adeoya-Osiguwa and Fraser, 2002). 

Analyses of sedimentation profiles of sperm solubilized fractions in presence of agonist 
also showed the existence of a population ofAl receptors tightly coupled to Gi, the pertussis 
toxin-sensitive component of the G protein family (Minelli et al, 1997); the A1 adenosine 
receptor in human spermatozoa is coupled to Gai2 signals via InsP3, and regulates the 
capacitation of ejaculated spermatozoa (Allegrucci et al, 2001). Reactive oxygen species 
stimulated the expression of A1 receptor, which confers cytoprotection in various tissues. 
Increase in adenosine A1 receptor in cisplatin treated rats indicated that cisplatin enhances 
A1 adenosine receptor in testis, possibly through promotion of oxidative stress (Bhat et al, 
1999). 

18.9.2. Fertilization Promoting Peptide (FPP) and Adenosine Receptors 

The FPP is a fertilization promoting peptide @Glu-Glu-ProNHJ, which is structurally similar to 
TRH (thyrotrophin releasing hormone; pGlu-His-ProNH,) (see chapter 3 1). Studies revealed 
that FPP elicits a biphasic response in mouse spermatozoa, first stimulating capacitation, 
secondly inhibiting the spontaneous acrosome reaction (Green et al., 1996). Adenosine, like 
FPP, present in seminal plasma evokes biphasic response in sperm AC. The FPP alongwith 
adenosine had a greater effect than the two molecules used separately, indicating involvement 
of two specific receptors in ACIcAMP signal transduction pathway, which is important in 
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mammalian sperm capacitation (Green et al., 1996). Mouse spermatozoa have been shown to 
have adenosine receptor. In addition a protein, TCPI 1 coded by t-complex gene that acts as a 
putative receptor for FPP was identified by Fraser (1997). Antibody and FPP interactions with 
sperm led to the hypothesis that (1) TCPl1 may be the receptor for FPP, and (2) FPP binding 
to TCPll would result in modulation of the ACIcAMP signal transduction pathway. The 
TCPI 1 and adenosine receptors are very different entities and it is unlikely that FPP would 
interact directly with both. Studies provide a evidence, which sug est the involvement of two 
different types of adenosine receptors and two types of Ga( and GJ0 subunits in the regulation 
of capacitation, resulting in modulation of AC activity and availability of CAMP (Fraser and 
Adeoya-Osiguwa, 2001). 

Guanlyl cyclase, responsible for the enzymatic synthysis of cGMP, was first described in 1969 
and shown to be distinct from adenylyl cyclase. While adenylyl cyclase activity was found in 
only the particulate fractions, guanylyl cyclase was found in both soluble and particulate 
fractions. In the late 1970s, sodium azide, sodium nitroprusside, nitric oxide, and various 
other agents were shown to activate the soluble form of guanylyl cyclase in broken cell 
preparations; purified soluble guanylyl cyclase fiom bovine lung contained associated heme. 
Although not yet directly demonstrated, the subsequent model developed for regulation of 
the cytoplasmic form of guanylyl cyclase showed that nitric oxide or a similar molecule binds 
to the associated heme, resulting in enzyme activation (Chinkers and Garbers, 1991). 

In the early 1980s, peptides obtained form sea urchin eggs that activate spermatozoa and 
a peptide obtained f?om the heart (atrial natriuretic peptide) that stimulates natriuresis, diuresis 
and vasodilation were isolated and shown to cause elevations of cGMP in intact cells and 
activation of a nonionic detergent- soluble form of particulate guanylyl cyclase in broken cell 
preparations. Since these initial observations, now it is known that the particulate guanylyl 
cyclase can serve as cell surface receptor for a variety of extracellular peptide ligands. The 
mechanisms by which sea urchin egg natriuretic peptides, and bacterial heat-stable enterotoxins 
activate the particulate form of GC and the mechanism by which NO and related molecules 
activate the soluble form of the enzyme are well known. 

Deduced amino acid sequences of various members of the guanylyl cyclase family show 
a consensus sequence consisting of residues conserved among at least four of six proteins. 
All known membrane guanylyl cyclases contain a domain that is highly homologous to protein 
kinases. This domain is located between plasma membrane and catalytic domain. In all cases, 
this region is more closely related to protein tyrosine kinases than to protein serine kinases. 
The vast majority of the residues that are highly conserved among the 1 1 subdomains of the 
catalytic domains of protein kinases are also conserved in each of the membrane guanylyl- 
cyclase. Still a puzzling observation is the nucleotide-binding sub-domain Gly-X-Gly-X-X- 
Gly, which is poorly conserved in most of the membrane bound GCs and absent h m  GCc. The 
sperm plasma membrane form of guanylyl cyclase appears to be regulated by its state of 
phosphorylation. Dephosphorylation of the sperm enzyme appears to act as a desensitization 
step. The state of enzyme phosphorylation also alters kinetic behaviour of the enzyme. The 
membrane form of GC can be distinguished fi-om soluble form of GC using MeGTP as substrate 
and measuring velocity. The plasma membrane form displays positive cooperativity whereas 
soluble form shows linear behavior as a function of MeGTP concentration. However, the GC 
followed linear kinetics after its dephosphorylation (review- Chinkers and Garbers, 1991). 
Both subunits of soluble GCs from rat and bovine lung have been sequenced. The carboxyl 
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domains of both subunits of 77-kDa ( a  subunit) and 70 kDa (6 subunit) are homologous to the 
carboxy region of catalytic region of membrane GCs; but none of them contains protein kinase 
like domain. The a- and B- subunits share 45% sequence similarity. The a- and B subunits 
showed highest rnRNA levels in lung and brain. 

The sequences of cDNA clones, encoding different membrane guanylyl cyclases has 
been obtained. Although some of the sequences appear to encode the same protein from 
different species, proteins fkom sea urchin testis, £tom mammaliam tissues that appear to be 
natriuretic peptide receptors, and fkom rat small intestinal mucosa have been identified. 
Hydropathic analysis of the deduced amino acid sequences suggests that all of the membrane 
guanylyl cyclases contain a single transmembrane domain. The intracellular region, which 
represents about half of the protein, contains c-GMP dependent protein kinase like domain 
and a cyclase catalytic domain in carboxyl region to produce c-GMP. The chromosomal 
locations of genes encoding the human GC-A, GC-B, and ANP- C-receptor have been assigned 
as follows: the GC-A gene to 1 q21-22, the GC-B gene to 9p12-p2 1, and the ANP-C-receptor 
gene to 5p13-14. The rat GC-A gene contains 22 exons spaced over a total of 17.5-kb pairs. 
The 5' flanking region has shown the presence of Spl-binding sites and no TATA box. 

18.10.1 Natriuretic Peptides of Egg as Ligand of Guanylyl-Cyclase 

Several related peptides have been shown to cause vasodilation, diuresis and natriuresis, and 
have been designated atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and C- 
type natriuretic peptide (CNP). Study on the mechanism of action of these natriuretic peptides 
exhibits diversity of function in reproductive system and other systems that act via cGMP 
pathway. Most of the biological effects of natriuretic peptides appear to be mediated by 
activation of membrane bound GC activity. The ANP is also a chemoattractant of human 
sperm. To determine whether ANP as egg-derived peptides from sea urchins can act as a 
chemoattractant to human spermatozoa, Anderson et a1 (1995) suggested that a specific 
sperm receptor exits for the chemoattractant activity of ANP that is associated with guanylate 
cyclase. The chemoattractant activity of ANPs is independent ofthe presence of extracellular 
calcium ions and is independent of the action of ANP as a stimulus of the acrosome reaction. 
However, factors besides ANP are also responsible for the chemoattractant activity present 
in follicular fluid (Anderson et al, 1995). Peptides secreted by echinoderm eggs can also 
activate and cause directional changes in sperm motility in a species-specific manner. The 
ANP markedly stimulates acrosomal exocytosis of capacitated human spermatozoa and acts 
through cGMP pathway. Typically, ANP exerts some of its actions via activation of the ANP 
receptor (ANPR-A), a particulate guanylyl cyclase-linked receptor, and subsequent formation 
of cGMP. The ANP-stimulated acrosome reaction was inhibited by the competitive ANPR-A 
antagonist anantin, indicating that acrosome reaction is a receptor-mediated process. The 
stimulatory effect of ANP on acrosome reaction was mimicked by cGMP analogue, 8-bromo- 
cGMP. Although, the sperm motility can be stimulated by 8-bromo-cGMP, indicating that the 
egg peptides stimulate sperm motility by virtue of their effects on cGMP, the stimulation of 
motility was seen at peptide concentrations that did not elevate cGMP. Down-regulation of 
PKC and removal of extracellular Ca2+ influx abolished ANP induced acrosome reaction. It 
suggests that ANP via CaZ+ influx, PKC activation, and stimulation of particulate guanylyl 
cyclase may play a role in the induction of acrosome reaction of human spermatozoa (Rotem 
et al, 1998) (see Chapters 3 and 30 for NO action). 
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18.11. PHOSPHODIESTERASES IN TESTIS 

Signal transduction via second messengers follows receptor activation by hormones or other 
stimuli. For production of the cyclic nucleotides, transduction mechanisms involve the 
activation of adenylate cyclase or guanylate cyclase for the synthesis of the appropriate 
cyclic nucleotide. Conversely, attenuation or modulation of cell response can involve controlled 
removal of these intracellular cyclic nucleotides. This catabolic regulation is accomplished by 
phosphodiesterases (PDEs), which convert cyclic nucleotides to monophosphates. The PDEs 
represent a diverse group of enzymes that have been classified into ten families according to 
their individual specificities for substrates (c-AMP, c-GMP) or cofactors (Caz+/calmodulin, 
cGMP) viz., c-AMP specific PDEs, cGMP-specific PDEs, Ca2+/ calmodulin-stimulated PDEs, 
cGMP-stimulated PDEs, and c-GMP inhibited PDEs. The PDEs exist in various isoforms with 
tissue specific expression in testis, and dictate compartmentalization of c-AMP, which may 
dictate the specificity of signaling response. The use of c-AMP-PDE inhibitors and c-AMP 
analogues, resistant to PDE hydrolysis indicated that c-AMP specific PDEs may function 
during spermatogenesis and epididymal maturation of spermatozoa. The administration of 
dibutyryl-c-AMP has been shown to inhibit mitosis in spermatogonia. 

18.11.1. PDEl and PDEZ Genes 

Four genes (PDElIIVc, PDE2IIVa, PDE3iIVd, and PDE4lIVb) encoding different PDE isoforms 
that specifically hydrolyze c-AMP are present in the rat. These genes are differentially expressed 
in the somatic and germ cells of seminiferous epithelium of the testis. Multiple mRNAs for 
PDEl, PDE2 and PDE4 have been identified in rat male germ cells and their developmental 
expression has been investigated in purified spermatogenic cell populations. The PDEl mRNAs 
(4.0 and 2.8-kb) were found to be abundant in pachytene spermatocytes, decreased in round 
spermatids and absent from condensing spermatidst residual bodies. However, multiple forms 
ofPDE2mRNA transcripts (4.0,3.5,3.1,1,2.8 and2.4-kb) were abundant in round spermatids 
and lower amounts in condensing spermatids/residual bodies of rat testis. Transcripts related 
to rat PDE2 were also present in mouse round spermatids. Chromatography of germ cell 
cytosol indicated that the rat PDEZ enzyme may function during spermiogenesis and in 
spermatozoa (Welch et al, 1992). However, in another study, the signals corresponding to 
PDEllnrc and PDE2lIVa mRNA were localized in two layers of seminiferous epithelium. The 
rat PDEl/IVc rnRNA was present in the region of the epithelium corresponding to the region 
of middle-late pachytene spermatocytes (Morena et al., 1995). 

18.11.2. PDE3 Isoforms 

The PDE3lIVd and PDE41IVb mRNAs are distributed throughout the span of seminiferous 
epithelium, and in the Sertoli cell cytoplasm. It indicated that different c-AMP-PDE genes are 
active in different cells of the seminiferous tubules, and the rat PDE3fiVd gene is expressed in 
the Sertoli cell in a cyclical fashion (Morena et al, 1995). Sertoli cells PDE is inhibited by 3- 
Methoxyethanol (ME) and its metabolite, methoxy acetic acid (MAA). It seems that although 
pachytene spermatocytes are selectively affected by ME and MAA, changes in gene 
expression detected in Sertoli cells could mediate the action of ME and MAA on spermatocytes 
indirectly (Syed and Hecht, 1998). The rat PDE 31 IVd gene codes for multiple forms of mRNA 
with divergent 5' regions in mammalian cells. At least three mRNA derived from rat PDE-3hVd 
gene (rat PDE 3.1, rat PDE 3.2, rat PDE 3.3 mRNAs) are present in Sertoli cells, thyroid and 
brain. Rat PDE 3.1 and PDE 3.2 mRNAs were dependent for hormone stimulation, while PDE 
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A 
1 GTQAGLRSGA PSGHRQLLOV GPTLSPSSTF YRFSTSGADS SSLSPPLPAL GRTREQTLLO 

61 ARSRGRVLLP AIPDPFLWRM ENLGVGEGAE ACSRLSRSRG RHSMTRAPKM LWRQPRRPIR 
121 IQQRFYSDPD KSAGCRERDL SPRPELRXSR LSWPVSSCRR PDLENGLSCG RRALDPQSSP 
181 GLGRIMQAPV PHSQRRESFL YRSDSDYELS PIVLMSRNSSV UDLHGEDMI VTPFAQVIdS 
241 LRTVRSNVAA LARPQCLWU KQSPVGNPSS SNQLPPAEDT GQKIdLETLD ELDWCLDQLE 
301 TLQTRHSVGE MASNKFICRIL NRELTHLSET SRSGNWSEY ISRTFLDQQT EVELPKVTAE 
361 EAPQPMSRIS GLHGLCHSAS LSSATVPRFG VQTDQEEQLA KELEDTNKWG LDVFKVAELS 
421 GNQPLTAIIF SIFQERDLLK TFQIPADTLA TYLLMLEGEY HANVAYHNSL HAADVAQSTH 
481 VLLATPALEA WTDLEILAA LFASAIHDVD HPGVSNQFLI NTNSELALMY NDAsvLeNIIH 
541 LAVGFFLLQA ENCDIFQNLS AKQRLSLRRM VIDMVLATDM S-L KTMVETKKVT 
601 SLGVLLLDNY SDRIWLQNL VHCADLSNPT KPLPLYRQWT DRIMAEFFPQ GDRERESGLD 
661 ISPMCDICHTA SVEKSQVGFI DYIAIIPLWET WADLVHPDAQ DLLDTLEDNR EWYQSKIPRS 
721 PSDLTNPERD GPDRFQFELT LEEAEEEDEE EEEEGEETAL AKEALELPDT ELLSPEAGPD 
781 PGDLPLDNQR T 

B 
1 MSRISGLHGL CHSASLSSAT LTWWJQTDQ E E W L E D  TWlRlOLDVRl VAELSGNQPL 

61 TAIIFSIFQE RDLLKTFQIP ADTLaTYLlM LEGHY- YHNSLHAADV AQST-T 
121 PWAVPTDL EILMLFASA IHDVDHPGVS NQFLINTNSE LWMYNDASV LENHHLAVGF 
181 XLLQAENCDI FQNLSAKQRL SLRRMVIDMV LATDMSKHMN LLADLKTMVE TICICVTSLGVL 
241 LLDNYSDRIQ VLQNLVHCAD LSNPTKPLPL YRQWTDRIMA EFFQQGDRER ESGLDISPMC 
301 DKHTASVEKS WGFIDYIAE PLWETWADLV HPDAQDLLDT LEDNREWYQS KIPRSPSDLT 
361 NPERDGPDRF QFELTLEEAE EEDEEEEEEG EET- ELPDTELLSP EAGPDPGDLP 
421 LDNQRT 

Fig18.10. Two variants of phosphodiesterase PDE4C from human lung and testis. (A) 791 amino acid 
variant from lung and (B) 426 amino acids variant from testis (Source: httpllwww. ncbi.nlm.nih.gov. accession 
numbers AN396875 and AAB96876 respectively). 

3.2 and PDE 3.3 were translated with properties identical to native cAMP dependent PDEs 
found in Sertoli cells (Sette et al, 1994). 

18.11.3. PDE4 Isoforms 

Type 4 phosphodiesterases (PDE4) hydrolyze cAMP with high a f f i ty  and are regulated by 
several intracellular signaling pathways. Four closely related genes encoding PDE4 are present 
in the mammalian genome and each gene encodes several different transcriptional units 
originating in at least 14 different PDE4 proteins. Phosphorylation of the PDE4D3 variant, but 
not ofthe PDE4D1 andPDE4D2 variants, was demonstrated in FRTL,-5 cells. Similarly PDE4A5 
form is activated by GH via a SP6 kinase-mediated phosphorylation (Salanova et al, 1999). 
Besides, it has been proposed that the heterogeneity at the amino terminus of the different 
PDE4s reflects differences in subcellular localization of the variants. Observations have led to 
the proposal that the amino terminus of different PDE4s contains signals for 
compartmentalization. An additional PDE4A variant, PDE4A4, contains a polyproline region 
that interacts with SH3 domains in reconstituted system. The human counterpart is present in 
both the soluble and particulate fraction of COS cells. Although these observations are 
suggestive of differential targeting of different PDE4s, most of the conclusions are based on 
over-expression of recombinant proteins, with little information on subcellular localization of 
the native PDE4. Using germ cells as a model, Salanova et a1 (1999) compared the expression 
and compartmentalization of variants derived from two PDE4 genes during spermatid 
development in situ. A PDE4A splicing variant was found to accumulate in round spermatids, 
while PDE4D variant expressed in pachytene spermatocytes and during the spermatid 
elongation phase (Salanova et al, 1999). In addition to the presence of PDE4D variant in germ 
cells, the PDE4D protein is expressed in Sertoli cells ofthe seminiferous tubules. The expression 
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of this protein is dependent of FSH stimulation of the Sertoli cells. With the elucidation of the 
structure of the PDE4D gene, it has emerged that five different splicing variants are derived 
from this gene. The short PDE4D1 and PDE4D2 variants are expressed in immature Sertoli cell 
and regulated by c-AMP. The long variants (PDE4D4, PDE4D4 and PDE4D5) are regulated by 
PKA dependent phosphorylation and may be targeted to different subcellular structures. 

The PDE4A isoforms expressed in the rat testis were compared to the variants expressed 
in the brain. The mRNAs coding PDE4A are present in mature rat and mouse germ cells, with 
corresponding apparent masses of 98.8 and 86 kDa and different from those proteins present 
in the brain extracts (1 13 and 76 kDa). The RT-PCR of the different splicing mRNA variants 
expressed in testis confmed the presence of atleast one novel PDE4A mRNA that is distinct 
from the PDE4A splicing variants identified in the other tissues. The expression oftwo isoform 
of PDE4A is maximal in round spermatids and spermatozoa, and absent fiom Sertoli and 
interstitial cells. The testes isoform of 98.8kDa is also present in epididymal sperm (Naro et al, 
1996). Rat testis at different ages of development showed two transcripts (PDE4D1 and 
PDE4D2) expressed at day 10 and 15 of age and became undetectable thereafter. An additional 
The PDE4D transcript appeared at day 30-day and increased during testis maturation. This 
latter transcript codes for a long variant of the PDE4D gene and is expressed in germ cells as 
demonstrated in isolated pachytene spermatocytes and round spermatids. The presence of 
corresponding PDE4D protein with a molecular mass of 98-kDa was established by 
immunoprecipitation and western blots. The PDE4A transcripts were also expressed in 
pachytene spermatocytes and round spermatids. Two polypeptides encoded by these PDE4A 
transcripts were expressed in pachytene spermatocytes, reached a maximum in round 
spermatids and declined there after. The PPE4D was localized in the manchette and 
periacrosome region of spermatids. Conversely, the PDE4A was mostly soluble in the cytoplasm 
of round spermatids. Thus, PDE4D and PDE4A variants are expressed at different stage and 
localized to distinct subcellular structures of developing spermatids (Salanova et al, 1999) 

Human PDE4C : Obernolte et a1 (1997) cloned multiple splice variants ofhuman PDE4C. The 
two splice variants, PDE4C-791 and PDE4C-426, were isolated from a fetal lung library. The 
longest open reading frame (OW) of 791 aa is encoded by PDE4C-791, which is similar to a 
c-DNA described by Engels et a1 (1995) except that an alternative 5' end sequence upstream 
of the first methionine extends the PDE4C-791 O W  by 79 arnho acids. The PDE4C-426 
variant contains 3 insertions that are located 5' to the catalytic domain and encode several in- 
fhme stop codons. The predicted426 amino acid protein initiates at amethionine 365 aminoacid 
within PDE4C-79 1. Two additional splice variants, PDE4C-A54 and PDE4C-A109 were found 
in testis mRNA. The PDE4C-A54 contained a novel 5' end region and a deletion of 162 nt; the 
predicted protein deletes 54 amino acids from the amino terminal region (Fig.18.10). The 
PDE4C-A54 protein produced in baculovirus infected cells was enzymatically active and 
sensitive to PDE4-specific inhibitors. The PDE4C - ~$09 is similar to PDE4C- AS4 but 
has an additional 55 amino acids deleted in the catalytic domain: it lacked enzymatic activity. 
Analysis of uncloned total mRNA from other tissues confmed the presence of mRNAs with 
the two deletions and three insertions that were observed in cDNA clones. The PDE4C- 4-54 
variant was found in testis and 5' extended region of PDE4C-791 was present only in lung 
andmelenoma cell line G36 1 (Obernolte et al, 1997). 

18.11.4. Other PDE Isoforms 

PDE 8: Cyclic nucleotide phosphodiestease type 8 hydrolyzes CAMP with high affinity. Rat 
PDE8A is a protein of 823 amino acid residues, whereas PDE8B protein is predicted as an N- 
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terminal truncated form of 760 amino acid residues. Both of the rat PDE8 proteins include REC, 
PAS and catalytic PDE domains. Rat PDE8A transcripts were rich in the liver and testis, and 
those of rat PDE8B were particularly abundant in the brain (Kobayashi et al., 2003). 

PDE11: The c-DNAs encoding PDEl 1A were isolated by RT-PCR. The catalytic domain of 
PDEl 1A was identical to that of PDE 1 lAl(490 amino acids) but had distinct N-terminus fkom 
PDEl 1 A1 . The PDA11A3 cDNA encoded a 684-amino acid protein including one complete and 
one incomplete GAF domain in the N-terminal region. The protein PDEl 1A4, which was 
composed of 934 amino acids including two complete GAF domains and shared 630 c-terminal 
amino acids with PDEllA3, had a distinct N-terminus having the putative phosphorylation 
sites for c-AMP and c-GMP dependent protein kinases. The PDEllA4, but not PDEllA3, was 
phosphorylated by both c-AMP and cGMP-dependent protein kinases in vitro. The PDEIIA3 
transcripts were specifically expressed in testis, whereas PDEllA4 transcripts were particularly 
abundant in prostate. This indicated that the PDEIIA gene undergoes tissue-specific 
alternative splicing that generates structurally and functionally distinct products (Yuassa et al, 
2000). 

The Sperm PDEs: Evidence was provided for the involvement of PDE in sperm motility and 
capacitation. The elevation of c-AMP levels in the presence of PDE inhibitors such as 
methylisobutylxanthine or caffeine is accompanied by a marked stimulation of spermatozoan 
respiration and motility. Of the 10 families of PDE that exist in mammalian tissues, the calcium 
- calmodulin- dependent (type I), the c-AMP-specific (type 4), and cGMP specific PDE (type 
5) have been found in human spermatozoa. Sildenafil is a potent inhibitor of human sperm 
PDE (type 5). Sildenafil inhibited PDE when c-AMP and c-GMP were used as substrates. The 
inhibitor increased c-AMP concentration and tyrosine phosphory;ation of two fibrous sheath 
proteins @105/81) during capacitation. Thus sildenafil triggers human sperm motility and 
capacitation via its inhibitory action on PDE (type 5) with a resultant rise in c-AMP levels 
(Lefievre et al, 2000). The calcium-calmodulin dependent PDE type 1 (PDE 1) and the CAMP- 
specific PDE type 4 (PDE 4) have been implicated in sperm function. Specific PDEs regulate 
capacitation of bovine sperm in a manner independent of those that mediate motility (Fournier 
et al., 2003; Lefievre et al., 2002). 

18.12. c-AMPGEF PATHWAY 

Although cAMP and PKA have long been shown to mediate specific intracellular signaling 
events including the transcription of specific genes via the CREB-CBP complex, recent 
observations have indicated that PKA does not account for all of the intracellular targets of 
CAMP. For example, thyroid stimulating hormone (TSH) stimulation of thyroid cell proliferation 
is not completely blocked by PKA inhibitors. The TSH and FSH can stimulate protein kinase 
B (PKB) phosphorylation by a PKA independent, PI3-KPDK1-dependent pathway. An FSH 
inducible kinase, Sgk, has been shown to be a close relative of PKB. The Sgk is also a target 
of PI3-K-PDKl pathway, indicating that some effects previously ascribed to PKB may be 
mediated by this inducible kinase. The identification of CAMP-binding proteins that exhibit 
guanine nucleotide exchange (GEF) activity (CAMP-GEFs; Epacs) has opened new doors for 
cAMP action that include activation of small GTPases such as Rapla, Rap2, and possibly 
Ras. These GTPases are known activators of downstream kinase cascades, includingp38MAPK 
and ERIC112 as well as PI3-K. Thus, FSH and TSH activation of PKB and Sgk may occur via 
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this alternative CAMP pathway that involves CAMP-GEFs and the activation of the PI3-W 
PDKl pathway (Richards, 2001). 
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Chapter 19 

PROTEIN KINASES 

Protein phosphorylation is an important process in the control of various cell functions. To 
fulfill various cell functions through phosphorylation, it has been postulated that the human 
genome encodes -2,000 different kinases, representing -2-4% of encoded genes. Although 
several protein kinases have been shown to be involved in spermatogenesis, only a few 
kinases have been characterized whose expression is restricted specifically to germ cells or to 
the testis. During last decade, a series of SerJThr protein kinases have been identified with 

i 
strong expression pattern in testis. In addition to protooncogene products and cell cycle 
regulatory kinases already discussed (see Chapters 11 and 17), several non-specific protein 
kinases have been identified in spermatogenic cells. Based on their primary structures and 
substrate specificities, all protein kinases contain conserved residues that are important for 
nucleotide binding and phosphotransfer. The majority of known protein kinases fall into two 
mutually exclusive subgroups: Serinelthreonine protein kinases and tyrosine protein kinases. 
Serinelthreonine kinases contain residues, which are capable to discriminate different hydroxy 
amino acids phosphoreceptors. However, a small number of protein kinases have been identified 
that do not conform to these conventions. These kiiases have sequence motifs that would 
initially suggest that they are serine Ithreonine specific, but they are able to autophosphorylate 
on both serinelthreonine and tyrosine, and in some instance can also phosphorylate exogenous 
substrates on tyrosine. Examples of such dual specificity protein kinases include the MCKI 
gene product of Cerevisiae, the mammalian mitogen activated protein (MAP or ERK) kinases, 
which are implicated in mitotic and meiotic signaling, and the murine ClKISTyprotein kinase. 
Dual specificity protein kinases, therefore, appear to share an implicit involvement in signal 
transduction and in the control of mitosis and meiosis. Althoguh the Cdc gene has been 
generally considered as a universal regulator of cell cycle, information from S. cervisiae and A 
nidulans have suggested existence of alternative signal pathway involved in controlling mitosis. 
For example nim A gene ofA nidulans works independently of Cdc2 for initiation of mitosis, for 
spindle formation and for nuclear envelope breakdown. Nim A gene products are conserved in 
mammalian cells as well (Letwin et al, 1992). This section would deal with those kinases which 
are exclusively or mostly expressed in spermatogenic cells. 

The CAMP- dependent protein kinase (PKA) is a major enzyme in cellular signal transduction 
and is thought to mediate most of the physiological responses to CAMP in eukaryotic cells. 
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Below a CAMP threshold concentration, PKA exists as an inactive tetramer of two catalytic (C) 
and two regulatory (R) subunits (C&C). Two R subunits form a dimer with each protomer 
attaching to the substrate-binding site of a C subunit. Activation of adenylate cyclase by 
extracellular signals raises the intracellular concentration of CAMP, and at a certain threshold 
concentration CAMP binds to the R subunits of the PKA tetramer. Binding of CAMP to the 
enzyme elicits physical dissociation of the regulatory (R) and catalytic (C) s k i t s ,  resulting 
in phosphotransferase activity to phosphorylate its substrate. Free C subunits do not 
phosphorylate large number of proteins in cells. The RI subunits give rise to type I PKA, 
whereas RII subunits give rise to type I1 PKA. Sperm contain both RI and Rll isoforms of the 
regulatory subunits. Imrnunocytochemical analysis showed that Rla and RlP subunits are 
predominantly localized in the acrosomal region of the sperm whereas Rl1 is confmed to the 
sperm flagellum. This differential localization implies distinct roles for the type-I and type I1 
PKA isoforms in sperm function. Some isoforms of R also associate with binding proteins 
collectively termed PKA anchoring proteins. It is believed that through these interactions 
PKA is targeted to specific subcellular compartments. 

Studies on PKAs involving cDNA cloning and sequencing have revealed an unexpected 
multiplicity in isoforms representing different gene products. Four different regulatory subunits 
and three different catalytic subunits for PKA have been identified, at least at the gene/mRNA 
level. These have been designated Ma, RIP, RIIa , NIP, Ca, CP and Cy. The C, gene codes for 
atleast three isozymes (C81, C82 and C83) that arise from the use of three different exons, each 
of which contains a distinct initiator methionine codon. While Ca and C, 1 are widely expressed, 
C,2 and C,3 are neuronal specific. A11 C, isoforms have similar activity in gene induction and 
interact equally well with R subunits of PKA. In addition, the c-DNA for catalytic subunit, Cy 
from human testis is testis specific (Beebe et al., 1990), and demonstrated a testis - specific 
expression for this subunit. 

19.1.1. Catalytic Sub-units of PKA 

Somatic variant Ca : The catalytic subunit (C) Ca, of somatic PKA occurs in a wide variety of 
tissues. A number of eukaryotic proteins are known to be blocked and amino terminal is N- 
myristylated on glycine. In other proteins, the presence of myristate at the amino terminus 
helps target the protein to membranes and has been shown to be essential for the function of 
a number of kinases including Src, c-Abl, and cGMP-dependent protein kinase. The N- 
myristylation C subunit is conserved across species suggesting an essential function for this 
co-translation modification. However, N-myristylated cataliytic C isoforms coexist in an organism 
with non-myristylated isoforms. For example, the mouse CB1 is N-my-ristylated, whereas the 
mouse CP2 and CP3 are not. In C elegans, the C subunit consists of at least 12 different 
isoforms which generate myristylated and nonmyristylated variants. Most of the Ca protein in 
sperm is another variant protein. The amino-terminal sequence of Ca2 is similar to that of ovine 
sperm Cs (San Agustin et al, 1998). Human sperm also expresses a highly related Ca2 homologue. 
The Ca2 subunit forms holoenzymes with either RIIa or Ma, and both activate at the same 
concentration of cyclic nucleotide. 

Ca-dCs Variant of Human Sperm: The cDNA encoding a splice variant of the human Ca 
catalytic subunit of CAMP-dependent PKA was identified by Reinton et al(2000). This isoform 
differes in the N-terminal part of the deduced amino acid sequence, corresponding to the part 
encoded by exon 1 in the murine Ca gene, but similar to ovine Ca variant. The Ca-s mRNA was 
expressed exclusively in pachytene spermatocytes of human testis and the Ca-s protein was 
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present in ejaculated human sperm. Specific antibody indicated that Ca-s was localized in mid- 
piece region of sperm. The most of Ca-s was associated with particulate and could not be 
released from the sperm midpiece by CAMP treatment alone. Furthermore, RIa, RIIa and 
hAKAP220 anchor protein has been identified in this region of sperm that could target Ca-s 
(Reinton et al, 2000). 

It seems that an aternative promoter, which is present in the fust intron of the Ca gene, is 
transcriptonally active in male germ cells. Transcription from this promoter coincides with the 
appearance of pachytene spermatocytes and gives to a Ca2 that contains a distinctive 7 amino 
acid N-tenninus of Cal  (Desseyn et al, 2000). The Ca protein does not contain the myristylation 
signal present on Ca l  and migrates at a lower molecular weight on SDSJPAGE. Since, PKA 
plays a pivotal role in sperm motility and capacitation, the distinctive biochemical properties of 
the unmyristylated Ca2 may be essential for fertility in male. 

C subunif of Ovine Sperm (Cs): Catalytic sub-unit of sperm (Cs) appears to have unusual 
solubility properties. It is generally accepted that, in the presence of CAMP, Cs is soluble in the 
cytoplasm. However, the Cs is bound to internal sperm structures by two types of bonds, one 
sensitive to detergent and the other one sensitive to CAMP. Mass spectrometry revealed that 
the mass of Cs from ram sperm was -890 Da less than that of C from ovine striated muscle. The 
amino terminus of Cs was blocked, but partial sequence from internal fragments was an exact 
match to the sequence of bovine Ca. The Cs clearly differed in sequence from the CP and Cy 
isoforms. An amino-terminal endoproteinase 1ysine-C fragment £tom Cs revealed that the amino- 
terminal 14 amino acids and amino-terminal myristate of Ca are replaced by six different amino 
acids and by amino-terminal acetate in Cs. The predicted mass difference due to this replacement 
is 899 Da. The region of homology between Cs and Ca begins at exactly the exon llexon 2 
boundry in Ca, suggesting that the Ca gene results from an alternate exon Ca gene. The 
shorter amino terminus and lack of amyristate moiety may expose a hydrophobic portion of the 
catalytic core of Cs, allowing Cs to bind to a hydrophobic site within the flagellum and thus 
accounting for the unusual solubility properties of the subunit (San Agustin et al., 1998). 

Cs does not contain the consensus myristylation motif but was acetylated on its amino- 
terminal alanine. Sequencing of cDNA clones encoding ovine Cs and Cal  (the predominant 
somatic isoform) revealed that Cs is the product of an alternative transcript of the Ca gene. The 
Cs cDNA clones from murine and human testes indicated that Cs transcripts were detected 
only in testis and not in any other tissue, including ciliated tissues and ovaries. Now it is 
becoming clear that both Ca and Cs transcripts are present in testis; Cs is expressed specifically 
in spermatogenic cells and is the only C isoform detected in mature sperm. 
Immunohistochemistry of mouse testis using antibodies specific for Cs and Cal  showed that 
Cal is present in somatic testicular cells, spermatogonia, and preleptotene spermatocytes but 
not in cells that are in later stages of spermatogenesis. In contrast, Cs is expressed only in mid- 
pachytene and later stage spermatocytes and in spermatids. In murine and ovine sperm, Cs is 

1 SEQE-FL WENPAQNTM LDQFERIKTL GTGSFGRVML 
61 VKHTETGIWY AMKILDKQXV VKLRQIERTL NEKRILQAVN ~PnVIcLEFs FKDNSNLYMV 
121 MEYVPGGEMF SHLRRIGRFS EPRARPYAAQ IVLTFEYLBS LDLIYRDLKP ENLLIDQQGY 
181 IQVTDFGFM RVKGRTWTLC GTPEYLAPEI ILSKGYNXAV DIWALGVLIY EMAAGYPPFF 
241 MQPIQIYEK I V S G m P S  HFSSDLKDLL RNLLQVDLTK RFGNLKNGVN DIKNHmAT 
301 TDWIAIYQRK VEAPBIPKFK GPGDTSNFDD YEEEEIRVSI NEKCGKEFSE F 

Fig.19.1. Alpha-catalytic subunit of CAMP-dependent protein kinase (C-alpha 1) from ovine sperm (Accession 
AAF76423). Source: httpllwww. ncbi.nIm.nih.gov. with permission from J.T San Agustin et al, J. Biol. Chem. 
273, 24874-83: 1998 O American Society for Biochemistry and Molecular Biology. 
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1 2 1  EYVPGGeMPS HLRRVCRFSE ESACFYAAQV WAEQYLHSL DLIHRDLKPE NLLIOPQCYL 
1 8 1  QVl'DFCFAlCR VKGRTWTLCG T P E Y W E I  

Fig.19.2. Amino acid sequence of y-catalytic subunit of CAMP-dependent protein kinase-A from monkey 
testis. Source:http//www.ncbi.nlm.nih.gov (Accession 062846). 

located primarily in sperm tail components, including the midpiece mitochondria and the axoneme 
(Fig19.1). Quantitative analysis of Western blots indicated that individual ovine sperm contain 
approximately 4 x lo5 molecules of Cs, a seemingly large number for a protein that is active 
catalytically (San Agustin and Witman, 2001; San Agustin et al; 2000). The conservation of Cs 
throughout mammalian evolution suggests that the unique structure of Cs is important in the 
subunit's localization or function within the sperm. The deduced amino acid sequence of C- 
subunit of CAMP-dependent PKA from rainbow trout testis showed 75-80% identity to 
sequences previously reported in other organisms. However, the N-terminal regions of C subunit 
from the trout testis appeared slightly shorter than those from other tissues, suggesting its 
specificity to germ cells (Itoh et al., (2003). 

Cp 2 variant: The CP2 is a ubiquitously expressed protein with characteristic properties of a 
CAMP-dependent protein kinase catalytic subunit (Thullner et al, 2000). Like Ca, CP also is 
widely distributed but is expressed in lesser amounts than Ca in most tissues except the brain. 
Splice variants of both Ca  and CP also are known. The P2, a 46kDa splice variant of the CP 
isofonn is the largest isoform described for C subunits from PKA in mammals. It differs from CP 
in the first 15 N-terminal residues, which are replaced by a 62-residue domain with no similarity 
to other known proteins. The CP2 protein, identified in cardiac tissue by MS microsequencing, 
has a very low abundance of about 2% of total C subunits from bovine cardiac tissue. The 
abundance of the CP2 protein differs dramatically between tissues, with lowest level in testis. 
W o  sites in the protein are phosphorylated: Thr-244 in the activation segment and Ser-385 
close to the C-terminus. 

Cy : The Cy appears to be expressed only in germ cells of human testis (Beebe et al, 1990). The 
cloning and characterization of the human and rhesus monkey genes encoding the testis- 
specific C-y subunit have been described by Reinton et a1 (1998). The human C-y gene is 
intronless with an open reading fii-ime similar to the previously published cDNA sequence. 
The 3' and 5' flanking regions share high similarity with the Ca non-translated regions (82%) 
also outside the regions corresponding to the C-y cDNA. The human gene is flanked by an 
Alu-related sequences in the 3' nontranslated region. The observation that the Cy gene is 
intronless and collinear with Ca  rnRNA, together with the presence of remnants of a poly (A) 
tail and flanking direct repeats, indicates that the Cy gene is a Ca -derived retroposon, specifically 
transcribed in primate testis germ cells. The 5'-flanking region of this gene has a high G/C 
content and a putative TATA box situated at 138 compared to the translation initiation codon. 
Cloning and sequencing of a partial C-y rhesus monkey gene demonstrated conservation of 
the sequence in primates (Fig 19.2). 

19.1.2. Regulatory Subunits of PKA 

@Yen et al, (1990) documented the presence of significant mRNA levels for 5 different PKA 
subunits (Ma, RIP, RIIa, NIP, and Ca) in germ cells and demonstrated differential expression 
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patterns for these subunits during rat spermatogenesis. Messenger RNAs for RI (RIa and RIP) 
and Caappear to be induced at premeiotic germ cell stages, whereas mRNAs for RII (RIIa and 
NIP) are first expressed at haploid stages. The individual PKA subunits may convey specific 
functions in developing germ cells and mature sperm. Germ cell PKA-mRNA was smaller in size 
compared with somatic cell PKA-mRNA. Specific, truncated forms of RIa, RIIa, RIIP and Ca 
~ G A  appear to be selected in the germ cells. 

In testis, there is a good correlation between the amount of mRNA and the respective 
immunoreactive PKA subunit proteins in Sertoli cells. In other types of cell, such as germ cells 
and Leydig tumour cells, this was not always the case. Furthermore, large amounts of small- 
sized, germ cell-specific mRNAs for RIa (1.7-kb) and RIIa (2.2-kb) were also found in the 
developing rat testis after 30 to 40 days of age, but the large amounts of mRNA were only 
partially reflected at the protein level. Pachytene spermatocytes and round spermatids were 
practically devoid of both RIIa and RIIP protein. During spermatid differentiation, there was a 
decrease in M a  and an increase in RIIa protein. Distribution of the various PKA subunits in 
testicular cell types is cell specific (Landmark et al, 1993). Immunocytochemical staining revealed 
that RIa and RIP subunits are both localized predominantly in the acrosomal segment of 
bovine sperm head. In addition RIB was observed in the midpiece of the tail while RIa was 
detected in the connecting piece. RIIa is prominent in the axonemal region of the flagellum, but 
not observed in the head region. The differential localization of different subunits suggested 
distinct roles for each of these isoforms in sperm functions such as motility and the acrosome 
reaction. 

RIa : By using 5' RACE on rat testis cDNA, Dahle et a1 (2001) identified three alternatively 
spliced mRNAs of the RIa subunit of PKA that differed in their 5' untranslated regions. TWO of 
these 5' regions showed similarity with the human RIa exons 1 a and 1 b, while the third mRNA 
(lc) constituted a novel mRNA splice variant. The l c  mRNA was specifically expressed in 
testis and only in post-meiotic germ cells. In contrast, the RIalb and a RIala mRNAs were 
present both in pre-meiotic germ cells and somatic cells ofthe testis, and the expression of both 
RIala and RIalb mRNAs were stimulated by CAMP in Sertoli cells. In sperm, the Rla protein 
was expressed after meiosis, and targeted to various subcellular structures via anchoring 
proteins. The Rlalc haploid-specific rnRNA, therefore, may be important for the regulation of 
Rla expression in sperm (Dahle et al, 2001). The carboxyl-terminal19 amino acids oftype RIa 
subunit of CAMP-dependent protein kinase were investigated to determine their contributions 
to cAMP selectivity (Kapphahn and Shabb, 1997). The parent RIa subunit contained an Ala to 
Thr mutation at position 334 so that it would bind both cAMP and cGMP with high affinity. 
Stop codons were introduced into the parent cDNA construct at positions corresponding to 
Val-375, Asn-372, Gln-370, and Cys-360. Atransition in t W showedthat Tyr 371 is an important 
CAMP-binding determinant. To test this further, Tyr-371 was mutated to Ala, Phe, and Arg in 
the parent construct. Activation constant (Ka) suggested that mutation of Tyr-371 enhanced 
B domain cGMP selectivity. The Ki for cGMP vs CAMP with isolated B domains containing Tyr 
371-Arg or Tyr-371-Phe mutations showed that B domain cAMP selectivity was minimally 
affected by alteration of Qr-371. These results showed that aromatic stacking is not important 
for determining B-domain cyclic nucleotide selectivity and that the main function of Tyr-37 1 is 
stabilization of the B-domain CAMP-binding pocket through hydrogen bonding with Glu-324. 

RIIa Subunit : A human-specific isoform of the RIIa subunit is present on the axonemal 
microtubule wall, whereas a different isoform of broader specificicity is present in the cytoplasm 
at the periphery of the coarse fibers and fibrous sheath of sperm. This isoform is also found in 
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the mitochondria. The human-specific RIIa subunit is likely linked to microtubules by a unique 
binding protein of 72kDa. These findings are in agreement with the concept of a concerted 
mechanism involving phosphorylation of both the axonemal microtubules and the fibrous 
structures for the regulation of mammalian sperm motion (Pariset and Weinmin 1994). 

Promoter region ofR ZZa : Isolation and characterization of the 5' flanking region (1.2 kb) and 
exon 1 of the human RIIa gene of cAMP dependent PKA revealed the presence of a major 
transcriptional start site located at 208 nt upstream of start for translation. The 5'-flanking 
region of the RIIa gene did not contain a TATA box and was highly G/C rich. Several potential 
sites for transcription factors were identified in the 5' flanking sequence, which may be 
responsible for the germ cell-specific regulation of this gene. The human testis RIIa cDNA 
contains a region with little or no homology to the corresponding rat skeletal muscle cDNA. 
Whether this difference could arise due to organ-specific splice mechanisms or represented a 
species difference, Foss et al(1997) showed that the low homology region of RII a cDNA is 
found entirely in exon 1, and does not originate from a tissue-specific alternate splicing of this 
distinct region. 

19.1.3. Functions of Protein Kinase A 

The cAMP dependent protein kinase A plays a central role in sperm motility, capacitation and 
acrosome reaction (Visconti et al., 1997; Harrison et al., 2000; Skalhegg et al., 2002). %sine 
phosphorylation in sperm is regulated either directly or indirectly by action of PKA on tyrosine 
kinase or phosphatases (Visconti et al., 2002). 

Sperm Capacitation: Capacitation of epididymal mouse sperm in vitro is accompanied by a 
time-dependent increase in PKA activity. While PKA enzyme activity is found in both the 
soluble and insoluble fractions of the sperm, the increase in PKA activity accompanying 
capacitation is associated with enzyme activity found in the soluble fraction.The PKA appears 
to be functional in multiple compartments of sperm cell. A fraction of the insoluble PKA is 
presumably tethered by AKAP82, the major anchor protein of the fibrous sheath of the sperm 
flagellum, which anchors and compartmentalizes PKA to the cytoskeleton via the RII subunit 
of PKA. Binding domain of RII subunit- was mapped to a 57-amino-acid residue region at its N- 
terminus. This necessitates further understanding of the contribution of both the soluble and 
insoluble forms of PKA to sperm function (Visconti et al, 1997) (see Chapter 29). 

Role in Protein Anchoring: Rat sperm flagellar contains polypeptides having molecular masses 
of 120,80 and 57-kDa that are capable of binding the regulatory subunit of a type I1 CAMP- 
dependent protein kinase (RIIa). All three polypeptides are tightly associated with the fibrous 
sheath of sperm. The RIIa, possibly of 57-kDa and capable of phosphorylation by PKA can 
form tight, specific complexes with the fibrous sheath. It also demonstrated the presence of 
functional binding sites on RII. The N-terminal amino acids at positions 1-50 of RIIP were the 
primary determinant for RII-binding protein interaction. The major 80-kDa polypeptide 
expressed during spermiogenesis, suggests a developmental role for FUI anchoring to the 
sperm flagellar fibrous sheath (Macleod et al, 1994). 

PKA in Cell cycle: The PKA oscillation is required for the phase following DNA replication 
and the PKA activity is needed from mitosis exit to the formation of the nuclear envelope. The 
PKA was not required for the assembly of ORC2, Cdc6 and MCM3 onto chromatin. Inhibition 
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of PKA activity, however, blocked the release of Cdc6 from chromatin and subsequent DNA 
replication. It shows that PKA activation in late M phase is required for following S phase and 
chromosomal replication (Costanzo et al, 1999). 

PKA in Cell Signaling : Tasken et al, (200 1) demonstrated that Sertoli cells of the testis contain 
an insoluble PDE4D3 isoform, which is shown to target to centrosomes. Colocalization of 
PDE4D with PKA-FUIa and NIP  in the centrosomal region and co-precipitation of FUI subunits 
with PDE4D3 from cytoskeletal extracts indicated a physical association of the PKA and PDE 
proteins and with that of the centrosomal PKA-anchoring protein, AKAP450. Thus, a 
controsomal complex that includes PDE4D and PKA constitutes a novel signaling unit that 
may provide accurate spatio-temporal modulation of CAMP signals (Tasken et al, 2001). 

19.1.4. PKA Inhibitor Proteins 

The protein kinase inhibitor (PKI) proteins belong to a heterogeneous family of proteins. The 
protein kinase inhibitor family includes three genes encoding small, heat-stable inhibitors 
PKIa, PKIP and PKIy of the PKA. Each PK isoform contains a PKA inhibitory domain and a 
nuclear export domain, enabling PKI to both inhibit PKA and remove it fiom the nucleus. The 
PKIP isoform, also known as testis PKI, is highly expressed in germ cells of the testis and is 
found at more modest levels in other tissues. In adult rat testis and cerebellum. several inhibitors 
with known or unknown composition are known, which are present as a monophospho form in 
testis, whereas no phosphorylation of these is evident in cerebellum. The PKIP and PKIy are 
the products of separate genes. The PKIP form fiom rat testis is a 70-amino acid protein, but the 
genomic sequence suggested that an alternate form might exist, arising as a consequence of 
alternate translational initiation with 78 amino acids (PKIP-78). PUP-78, like PKIP-70, is a high 
affinity and specific inhibitor of the CAMP-dependent protein kinase. The PKIR-y and PKIP-X, 
in contrast, also inhibit the cGMP-dependent protein kinase (Kumar et al, 1997). The PKI j3 
changes its form within germ cells with development that is initiated in testis tubules and 
continues as the germ cells migrate through the epididymis. In order to investigate its 
physiological role, Belyamani et al, (2001) generated PKIP knockout mice by gene targeting. 
These mice exhibited a partial loss of PKI activity in testis but remained fertile with normal 
testis development and function. The PKIP knockout females also reproduce normally. 
Remarkably double knockout mice were also viable and fertile with no obvious physiological 
defects in either males or females. 

The PKIy cDNA sequence predicted an open reading h e  of 75 amino acids, showing 
35% identity to PKIa and 30% identity to PKIP. The FSH can increase the expression of both 
PKIa and PKIP. Amino acid residues important for the high affinity of PKIa and PKIP1 as well 
as nuclear export of the catalytic (C) subunit of CAMP-dependent protein kinase were found 
conserved in PKIy. The 1.3-kb PKIy message is widely expressed, with highest levels in heart, 
skeletal muscle, and testis (Collins and Uhler, 1997). The FSH- regulated expression of PKIa in 
the Sertoli cell likely occurs via normal route of second messenger signal transduction. In 
contrast, the FSH-dependent PKIP expressionmust arise due to Sertoli cell-genn cell interaction 
(Van Patten et a]., 1997). 

19.2. PROTEIN KINASEX 

The protein b a s e  C (PKC), a multi-isozyme family is involved in synaptic transmission, memory, 
cellular growth, differentiation, transformation, metabolism, contraction, ion channel activity, 
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1 MAPFLRISFN SYELGSLQAE DDASQPFCAV m T T D R  GKTLVQ!CKPT MYPEWKSTW 

61 AHIYECKVIQ 1-DP MSEVTVGVSV TJLERCKKNNG RAEFWLDLQP -Y 

121 FLEDGDCKQS WEEEAMFP -1KQ AKIHYIKNRE FIATFFGQPT FCSVCKEFVW 

181 GLNKQGYKCR QCNAAIBKKC IDICIIGRCTG TATNSRDTIF QKERPNIDMP HRPKVY- 

241 PTFCDRCGTL LWGLVltQolK CEDCOMNVBB KCREKVANLC GINQKLLMCA LNQWQKASR 

301 KPETPE-I YQGFEKKTAV SGNDIPDNNG TYGKIWEGSN RCRLENFTFQ KVLGKGSFGK 

361 VLWELXGKE RYFAIKYLllX DVVLIDDDVE C'lUVEXRVLlh LAWENPFLTH LICTFQTKDR 

421 LFFVMeFLNO GDIMFRIQDK CRPELYRATF YAAEIICGLQ FLHGKGIIYR DLKLDNVMU) 

481 FDGHIKIADF m N I F G E  NRASTFCGTP DYIAPEILQG LKYSPSVDWW SFCVLLYEML 

541 IOQSPFHGDD EDELFESIRV DTPHYPRWIT KESKDIMGKL FERDPAKRLG VTGNIRLHPF 

601 FKTINWNLLE KRKVEPPFKP KVKSPSDYSN WPEFLNEKP QLSFSDlWLI DSWJQTAFKG 

661 FSEVNPKYEQ FLE 

Fig.19.3. Amino acid sequence of protein kinase CS from rat testis. Source:http//www.ncbi.nlm.nih.gov 
(Accession P09215). 

exocytosis, and gene expression. The PKC activators are provided by various phospholipases 
(Chapter 22). Enhanced phosphoinositide turnover provides Ca2+ and early diacylglycerol 
(DAG) via activation of phospolipase(s) C (PLC). Activated phospholipase D provides 
phosphatidic acid (PA), which can be converted to DAG by a specific PA phosphohydrolase. 
Activated phospholipase hgenerates arachidonic acid, which is capable of activating specific 
PKC isoforms. Human sperm PKC activity was found to be relatively low and was distributed 
in the soluble fiaction (45%) and the particulate hction (55%). Bull and ram sperm PKC was 
found mainly in soluble fraction. 

The complex gene family of PKC encodes multiple isoforms, comprising of atleast 1 1 different 
isozymes, expressed in various mammalian tissues. This kinase family is classified into 3 groups: 
i) conventional (cPKC) a, D, and y, which require Ca2+and diacylglycerol for maximal activity, 
ii) novel (nPKC) 6, ~ , q ,  and 8 isoforms, which are Ca2+independent but require DAG and iii) 
atypical (aPKC) S, h and T, which are Ca2+ and DAG insensitive. Expression of individual PKC 
isoform depends on cell type and on its developmental stage. Stimulation by specific hormones 
or by phrobol ester leads to sites where they phosphorylate their specific target proteins. 
Studies have shown that activated PKC isoforms bind to anchoring proteins termed RACKS, 
which are believed to be positioned in close proximity to PKC substrate (Luria et al, 2000). 

19.2.1. PKCS and PKCB Isoforms in Testis 

In mice testes, there is an adundant expression of PKCS and PKCB, while other PKCs (a, P, y, 
E, 6, and q) generally were not detected. However, these isoenzymes demonstrated a distinctive 
cellular distribution when evaluated by in situ hybridization. Previously it was shown that 
PKCS gene is also present in spermatid of WshJWsh mice testes and PKCB gene was present 
in interstitial cells of +I+, WshIWsh and WWmice testes. These studies provided the evidence 
of selective cell distribution of the PKC isoenzymes and suggested that PKC has the functional 
significance in testes 

Signals of PKCS gene expression were detected specifically at the spermatid stage. However, 
the expression was not detected in testes of germ cell-deficient W/Wv mice even at 12 weeks. 
It showed that the PKCS gene expression may be controlled by specific developmental processes 
that play a role in spermatogenesis. The PKCB isoform in mouse testes displays the highest 
homology to PKCS, lacks the Ca2+ binding C2 domain and, thus belongs to the subfamily of 
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Ca2+independent PKC enzymes, which also include the PKCG, E, 5 and q isoforms. The PKCG 
is localized in the spermatids whereas PKCB was recognized only in the interstitial cells of the 
testes. Signals of PKCB isoform expression were c o n h e d  in the interstitial cells of testes in 
germ cell-deficient W W  mice (Kim et al., 1999; Kim and Shin, 1999, Shin et al, 1998). 

An alternative splicing variant of mouse PKC 8-11 has a 78:bp (26 amino acid) insertion at 
the recognition sequence in the V3 region of PKC GI. A cDNA encoding a new varient of PKC 
6 (PKC 6 111, AF219629), which has a 83:bp insertion at the same site in the V3 region has been 
isolated by Ueyama et a1 (2000) by RT-PCR using rat testis RNA as a template (Fig 19.3). In 
rats, the 83 bp insertion causes in-kame termination, and rat PKCG 111 protein is expressed as a 
truncated form, having only the regulatory domain without a catalytic domain. Genomic DNA 
analysis revealed that the difference between mouse PKC 8-11 and rat PKC 6-111 is derived h m  
the different sequence at the 5' splicing donor sites. These results suggest that PKC 8-111 may 
show a dominant negative effects against PKC 8-1, and that the modulation of signal trausduction 
by alternative splicing variant may play a crucial role in the physiological andlor pathological 
conditions, and the pathogenesis of disease. 
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Fig.19.4. Nucleotide and deduced amino acid sequences of PKCOII. Possible initiating amino acids (M) are 
circled. Asterisks indicate the stop codon. The unique sequence of the PKC9Il is underlined, whereas the 
sequence identical to PKCOI is boxed. A solid arrowhead shows the location of the 011 exonlexon 8 boundary, 
whereas open arrowheads show the boundaries of C1, V3, C3N4IC5, and V5 domains. Adapted from Niino et 
al J. Biol Chem 276;36711-7:2001 
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A smaller transcript of PKCB is expressed in the mouse testis, the cDNA of which is 
referred to PKCBII as against the original PKCB as PKCBI. The PKCB-I1 cDNA has 2 184 bp and 
464 amino acids in the possible ORF, consisting of the 5' sequence of 20 amino acids and the 
PKCB-I sequence of 444 amino acids. Genomic DNA analysis revealed that transcription of 
PKCB-I1 is initiated from the PKCBIZ-specific exon, which is located between exons 7 and 8 of 
the PKCB gene, indicating that alternative splicing is the mechanism by which PKCB-I1 is 
generated. The PKC 8-11 is generated specifically in age dependent manner with sexual 
maturation and is expressed in the seminiferous tubules of the mouse testis. Consistent with its 
molecular structure lacking the C1 regulatory domain, P K C ~ I I  is constitutively active being 
independent of PKC activators, e.g. phosphatidylserine and phorbol ester (Niino et al, 2001) 
(Fig.19.4). 

19.2.2. Functions of Protein Kinase-C 

Protein kinase C plays a pivotal role in cell signaling as a serine/threonine kinase, in particular 
for Ca2+ mobilizing ligands. Enhanced phosphoinositide turnover provides Ca2+ and early 
DAG via activation of phospolipase C (PLC). Activated phospholipase A, generates 
arachidonic acid, which is capable of activating specific PKC isoforms. 

Sperm Motiliw: Activation of human sperm PKC by the phorbol ester 12-0-tetradecanoylphorbol 
13-acetate (TPA) or by the cell-permeable DAG analogue 1-oleoyl-2 acetylglcycerol (OAG) 
results in enhanced flagellar motility. Separate signaling events elicited by CaZ+- elevation or 
PKC activation supports the notion that PKC is involved in the regulation of flagellar motility 
of sperm via phosphorylation of a subunit of the outer arm dynein (Itoh et al., 2003) 

PKC and Acrosome Reaction: The stimulatory effect of TPA on acrosome reaction of 
capacitated sperm was abolished by PKC down regulation or by the use of PKC inhibitors 
(Rotem et al. 1992, De Jonge et al. 1991). The potential sperm ligands ZP3 and progesterone are 
known to stimulate phosphoinositide turnover and acrosome reaction in mammalian sperm. 
The progesterone stimulated protein phosphorylation is mediated by PKC. Moreover, formation 
of DAG by ZP3 and progesterone is believed to activate PLA2. Information supports the 
notion that PKC acts upstream to phospholipase A, activation. Lysophosphatidic acid (LPA) 
is known to induce signal transduction cascades in many cell types via binding to signal cell- 
surface receptors. Under conditions by which LPA activates PKC, there is significant stimulation 
of the acrosome reaction, which is inhibited by PKC inhibitors. Since PKCa is a known regulator 
of phospholipase D (PLD), the possible regulatory relationships between PKCa and PLDl was 
established in bovine sperm. A bilateral regulation of PKCa and PLDl activation during the 
sperm acrosome reaction seems to be possible (Garbi et al, 2000). 

PKC in Preoteoglycan Synthesis: Activation of PKC pathway results in increase of 
preoteoglycan synthesis in peritubular cells from immature rat testis. In cultured peritubular 
cells (PT) tiom rat testis, PKC was activated by phorbol12-myristate 13-acetate (PMA), which 
enhances the synthesis of proteoglycans (PG) and to a lesser extent their catabolism. The 
PMA dramatically enhanced production of hyalmnan by PT cells (Thiebot et al., 1999). Besides 
these effects, activation of PKC by PMA induces qualitative increase in relative proportion of 
heparin sulfate PG (HSPG) in cell membrane. An inverse relationship between PG synthesis 
and FSH responsiveness in immature rat Sertoli cells is possible the suggestion. The PMA 
induced upregulation of cell membrane PG and patticularly HSPG could be one of the mechanisms 
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involved in the repression of FSH-stimulated steroidogensis induced by PKC activation (Fagen 
et al., 1999). 

PKC and y-Glutamyl transpeptidase: Regulation of y-glutamyl transpeptidase (y-GTP) activity 
by Caz+-and PKC-dependent pathways in Sertoli cells has been studied by Meroni et a1 (1997) 
who showed an inhibitory role of Ca2+ calmodulin- and PKC-dependent pathways in the 
regulation of basal y-GTP activity. Similar to what has been shown for other Sertoli cell 
parameters, a PKC-dependent pathway can interact with the FSH-stimulated CAMP-dependent 
pathway. The precise steps involved in this interaction are unknown. 

19.2.3. PKC Substrates in Sperm 

Spermatozoa possess several substrates for PKC and other kinases. The SSeCKS is a major 
protein kinase C substrate, which has tumour suppressor activity in models of src- and ras- 
induced oncogenic transformation. The mitogenic regulatory activity of SSeCKS is likely 
manifested by its ability to bind key signaling proteins such as protein kinase C, PKA and 
calmodulin, and to control actin-based cytoskeletal architecture. SSeCKs expression is 
ubiquitous with highest expression in mouse gonads. In rat testis, its expression co-rrelates 
with the induction of puberty and in maturing mouse peripheral acrosomal membranes, in the 
control of cytoskeletal and tissue architecture formation of migratory processes and cell migration 
during embryogenesis (Gelman et al, 2000). 

Scorilas et al, (2001) identified a putative serine / threonine kinase substrate (TSKs) gene 
that maps to chromosome l9ql3.3. This gene is composed of 1 1 exons and 10 intervening 
introns and is likely the human homologue of the mouse testis-specific serine kinase substrate 
gene. The predicated protein-coding region of the gene is 1779 bp, encoding a 592-amino-acid 
polypeptide with a molecular mass of 65.1-kDa. Genomic analysis ofthe region 19q13.3 placed 
the TSKS gene close to the known genes IRF3, RRAS, and a-adaptin A. The TSKS exhibits 
high levels of expression exclusively in human testicular tissue, and its expression is down - 
regulated in cancerous testicular tissue. 

The nucleotide sequence of the full length HSD-3.8 cDNA encoding a human sperm 
component and a substrate for kinases consists of 38 18bp with a reading fkahe of 2778bi and 
a deduced polypeptide composed of 926 amino acids. The protein is present on the surface of 
the post-acrosomal zone of human spermatozoa and of germ cells within the seminiferous 
epithelium of human testis. Large pachytene primary spermatocytes stained intensely. 
Immunization of female rats with recombinant protein exhibited marked reduction in their fertility. 
Deduced HSD- 3.8 polypeptide sequence revealed the presence of tetratricopeptide repeat 
(TPR) motif, a P-loop sequence that acts as a binding site for ATPIGTP and phosphorylation 
sites for PKC, CK2 and cAMPIcGMP-dependent protein kiiases. The polypeptide encoded 
by the 0.7-kb fragment of HSD-3.8 gene is a GTP binding protein and possesses GTPase 
activity and to be phosphorylated by PKC in vitro. In conclusion, HSD-3.8 is a GTP binding 
protein and its activity may be regulated by phosphorylation (Lin et al, 2001). 

193. Ca2+ICALM0DULIN DEPENDENT PROTEIN KINASES 

Various effects of Ca2+ in cell are mediated via its interaction with calmodulin and subsequent 
activation of Ca2+/ calmodulin (CaM) dependent protein kinases. The CaM kinases (CaMK) 
play a variety of role in cellular processes including muscle contraction, neurotransmitter 
release, cell cycle regulation and transcriptional control in cell. While CaMK-I1 has been related 
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to learning andmemory, the biological function of other multifimctional CaM kinases is largely 
unknown. 

The CaMK expresses in central nervous system. There are three isoforms of CaMK-I: CaMK- 
ID 1, CaMK-IP2, and CaMK-Iy (chNaito et al., 1997). The CaMK-IP2 is dominant in the cerebrum 
and cerebellum, whereas CaMK-IP 1 is present in peripheral tissues including testis. Alternative 
splicing is a means for tissue-specific expression of CaMK-IP. Naito et a1 (1997) showed the 
existence of an isoform-specific activation mechanism of CaMK-I and alternative splicing 
specifically regulating CaMK-I (CaMK-IP2) in the CNS. The Thr-177 residue of CaMK-I is 
phosphorylated by not only CaMK kinase (CaMKK) but also by CaMK-IP for activation ofthe 
enzyme. 

The involvement of CaMK I1 in the meiotic chromosomal pairing process has been 
proposed. The cDNA of another protein, which contains the association domain of a isoform 
of calmodulin dependent protein kinase I1 (CaM-KIIa), was cloned fiom rat skeletal muscle. 
This protein, called a KAP, consisted of 200 amino acid residues with a molecular weight of 
22,583D. A cDNA representing a unique Ca2+1 calmodulin dependent protein kinase, expressed 
in brain, testis and spleen, is only 32% identical to the various isoforms of CaMK-11. The 
sequence of the COOH-terminal169 amino acids is identical to that of male germ cell-specific 
calspermin. This identity extends to the nucleic acid sequence and includes all but the fwst 130 
nucleotides of the calspermin cDNA. In situ hybridization demonstrated that both kinase and 
calspermin mRNAs are expressed during spermatogenesis. The kinase mRNAs is first detected 
in early meiotic cells and declines in haploid cells (Means et al., 1991). 

PncK: A serinelthreonine kinase, Pnck encodes a 3 8kDa protein kinase whose catalytic domain 
shares 4570% identity with other members of CaM kinase family. The gene Pnck localizes to 
mouse chromosome Xq28 that is associated with multiple distinct mental retardation syndrome. 
The Pnck is upregulated during intermediate and late stages of murine fetal development with 
highest levels of expression in developing brain, bone, and gut. The Pnck is also expressed in 
a tissue-specific manner in adult mice with highest levels of expression detected in brain, 
uterus, ovary, and testis. The chromosomal localization of Pnck and restricted spatial distribution 
suggest that Pnck may be involved in a variety of developmental processes including 
development of the central nervous system and reproductive process (Gardner et al, 2000). 

19.3.2. CaMK IV in Testis 

The CaMKIV is a multifunctional enzyme dependent on both calcium and calmodulin for 
activity. The CaMK-IV and calspermin (CaS) are expressed and encoded in testis by a common 
gene, Camk4. This gene has three promoters: the first two regulate expression of a and P 
isoforms of CaMKIV, while the third promoter lies within the 10"' kinase intron and controls 
transcription of calspermin. While CaMKIV is expressed in several tissues, including brain and 
thymus, in addition to the testis, the calspermin is found only in the testis. Within the testis, the 
mRNAs encoding CaMKIV and calspermin have distinct expression patterns. The CaMK IV 
mRNA is expressed within pachytene spennatocytes. On the other hand, calspermin mRNA is 
localized to postmeiotic round spermatids. In the testis, CaMKIV has been proposed to regulate 
calspermin expression by phosphorylation and activation of the testis-specific transcription 
factor CREM, which in turn drives transcription of several germ cell genes including calspermin, 
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Fig.19.5 Nucleotide and deduced amino acid sequences for calspermin cDNA. The termination codon (TAA) 
is underlined. The deduced amino acid sequence of mouse brain elCM-1 is shown under the cdspermin DNA. 
Dashes represent identical amino acids and dots indicate gaps. The parentheses represent the calmodulin 
domain. Underlined nucleotides (nt -8 to +12 and 88-114) are sequences used for screening of library. 
Reproduced with permission from T Ono et al. J Biol Chem 264: 2084-87; 1989 6 American Society for 
Biochemistry and Molecular Biology. 

whose promoters contain CRE elements. In mouse testis, the expression and regulation of 
CaMKIV and calspermin is stage-dependent and appears to be coordinately regulated. The 
CaMKIV is expressed in spermatogonia and spermatids but excluded fiom spermatocytes, 
while calspermin is found only in spermatids. In germ cells CaMKIV is associated with chromatin. 
A fiaction of CaMKIV in spermatids is hyperphosphorylated and specifically localized in 
nuclear matrix. Calspermin does not colocalize to the nuclear matrix with CaMKIV. Thus CaMKIV 
may be involved in chromatin remodelling during nuclear condensation of spermatids (Wu and 
Means, 2000; Wu et al, 2001). 

Male CaMKIV-/-mice are infertile with impairment of spermiogenesis in late elongating 
spermatids. The sequential deposition of sperm basic nuclear proteins of chromatin was 
disrupted, with a specific loss of protarnine-2 and prolonged retention of transition protein -2 
(TP2) in step-15 spermatids. Protarnine-2 is phophorylated by CaMKIV in vitro, implicating a 
connection between CaMKIV signaling and exchange of basic nuclear proteins in sperm of 
infertile men, suggesting that these observations may have cllnical implications for the 
understanding of human male infertility (Wu et al, 2000b). In addition to male infertility, female 
fertility is markedly reduced in CaMKW-deficient mice due to impaired follicular development 
and ovulation. The CaMKIV is expressed in ovary where it is localized in granulosa cells. In 
absence of calspermin, CaMKIV expression and localization are unaffected (Wu et al., 2000; 
2001). 
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1 MHISPNNRNA IHPGDRILEI NGTPVRTLRV EEVEDNIQT SQTLQLtIEH DWPQRLDQL 
61 RLDARLPPHM QSTGHTLMLS TLDTKENQEG TLRRRSLRRS NSISKSPGPS SPKEPLLLSR 

121 DISRSESLRC SSSYSQQIFR PCDLIBGEVL GKGFFGQAIK VTHKATGKVM VMKELIRCDE 
181 ETQKTFLTEV -LDHPN VLICPIGVLYK DIQUNLLTEY 1EGGTLW)FL RSVDPFPWQQ 
241 KVRFAKGISS OMAYLHSMCI IHRDLNSANC LIKLDKTVW ADFGLSRLIV EERKRPPVEK 
301 ATTKKRTLRX SDRFXRYTW GNPYWMaPEM LNGRSYDETV DVE'SFGIVLC EIIGQVYADP 
361 DCLPRTLDFG LNVKLFWEIU? VPTDCPPAFF PLAAICCKLE PESRPAFSKL EDSEZALSLF 
421 LGELAIPLPA ELEDLDHTVS MEYGLTRDSP P 

Fig.19.6. Amino acid sequence of testis specific lim kinase 2 (LimZt). Source: httpllwww. ncbi.nlm.nih.gov 
(Accession JE0240). 

1933. Calspermin : A Germ Cell Homologue of CaMKIV with no Kinase Activity 

Testis expresses a calmodulin-binding protein, calspermin (CaS), which does not have a 
homologue in somatic tissues. This protein of 18735 Da is most abundant calmodulin binding 
molecule present in adult mammalain testis. Calspermin is encoded by a 1.1-kb mRNA present 
predominantly in post-meiotic male germ cells and cannot be detected in any other mammalian 
tissue. The sequence of the NH,-terminal half of the calmoddin-binding region (FNARRKLK) 
is identical ti the one preseni in all members of the family of multisubstrate calmodulin- 
dependent protein kinases. Calspermin consists of unique terminal half of the COOH-terminal 
of 164 amino acids present in CaMKIV, including the CaM-binding domain (Tobimatsu et al., 
1989) (Fig.19.5). Calspermh has no kinase activity and instead may be involved in regulation 
of high levels of calmodulin found in germ cells. The CaMK-IV and calspermin are expressed 
and encoded in testis by a common gene, Camk4. This gene has three promoters: the first two 
regulate expression of a and P isoforms of CaMKIV, while the third promoter lies within the 1 Oh 
kinase intron and controls transcription of calspermin. In mouse testis, the expression and 
regulation of CaMKIV and calspermin is stage-dependent and appears to be coordinately 
regulated. Calspermin is found only in spermatids. The function of calspermin within the testis 
is not clear, although it has been speculated to play a role in binding and sequestering calmodulin 
during the development of the germ cell. In the testis, CaMKIV has been proposed to regulate 
calspermin expression by phosphorylation and activation of the testis-specific transcription 
factor CREM, which in turn drives transcription of several germ cell genes including calspermin, 
whose promoters contain CAMP-responsive elements. Using Crenox technology to delete 
calspermin while leaving kinase expression intact, Wu et al, (2001) found that calspermin is not 
required for male fertility. 

-calspermin gene transcription is regulated by-two cyclic AMP response elements contained 
in an alternative promoter in the calmodulin kinase IV gene. The testis-specific calspermin 
transcript can be produced in heterologous cells by utilization of a promoter located in an 
intron of the CaMKIV gene. Critical motifs within this promoter are two CRE-like sequences 
located about -70 and -50 bp upstream of the transcriptional initiation site. Both CRE motifs 
are footprinted by the authentic testis-specific transcriptional activator CREM'T; or by CREMZ 
present in adult testis nuclear extract. The 2.1-kb DNA fiagement containing the calspermin 
promoter is inactive when transfected into NIH 3T3 cells, whereas activity can be restored by 
co-transfection of CREW and protein kiise A or C a m  but not CaMK-IIa. Restoration of 
activity is greatly reduced by mutation of the two CRE motifs (Sun et al1995). 
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19.4. LIM IWASES 

Lirn proteins are defined by the presence of one or more double zinc-finger domains. The LIM 
motif is defined by the presence of zinc co-ordinating amino acid residues with the consensus 
sequence C X, C X,, H X (C/H) X, C X, CX,, CX, (C/H/D). The LIM kinases belong to 
serinelthreonine family. These kinases have a 50% overall amino acid identity, and share 
characteristic structural features consisting two LIM domains at N-terminus, an interal PDZ 
like domain and C-terminal  rotei in kinase domain. The LIM domain and the PDZ domain are 
thought to function in protein-protein interactions, making it likely that they are involved in the 
regulation of kinase activity andlor subcellular localization of LIMKs. While Limkl mRNA is 
predominantly expressed in developing neural tissues, Limk2 mRNA is expressed in a variety 
of tissues of developing and adult vertebrates, suggesting that LIMK1 and LIMK 2 have some 
distinct functions. The Limkl and LimM genes were mapped to human chromosome regions 
7q 11.23 and 221112, respectively. These kinases are involved in cell growth and morphogenesis. 
The mouse Limk2 gene spans more than 50-kb and consists of at least 16 exons. Exonlintron 
boundaries of the mouse Limk2 gene are exactly conserved with those of the mouse Limkl 
gene. The TESKl together with TESK2 constitute another subgroup of the LIMKITESK family 
of protein kinases (see Testis specific serine protein kinases). 

Mizuno and coworkers identified several isoforms of Limk2 transcripts in rat encoding 
proteins with distinct N-terminal and C-terminal structures. While Limk2a encodes a protein 
with a LIMK1-like structure composed of two LZMdomains, a PDZ-like domain and a protein 
kiase domain, Limk2b codes foran N-terminally modified protein lacking zinc fmger of the 
first LZM domain, and Limk2c codes for a c-terminally truncated protein lacking a protein 
kinase domain. An additional exon (exon 2b) coding the Limk2b-specific 5'-terminal sequence 
was assigned to locate between exons 2 and 3 in the mouse Limk2 gene. RT-PCR analysis 
revealed tissue-specific expression of Limk2a and Limk2b transcripts (Ikebe et al, 1998). Mouse 
testis LIM-K2 transcript, Limk2t lacked LIM domains at the N-terminus due to usage of a 
testis-specific, alternative initiation exon. Limk2t is detected in intact adult testis, but not germ 
cell deficient or immature testis. The Limk2t was restricted in pachytene spermatocytes to 
round spermatids and expressed in early stages of spermatogenic cells and somatic cells in 
testis. 

Ikebe et al, (1998) characterizedthe mouse Limk2 gene and two Limk2transcripts (Limk2a 
and Limk2b), coding for proteins with distinct N-terminal LIM structures and two additional 
transcripts of the mouse Limk2 gene. One is a 1.7-kb transcript, termed Limk2t, which is 
specifically expressed in the testis and codes for an N-terminally truncated form of LIMK2 
consisting of only a part of a PDZ - l i e  domain and a protein kinase domain. The other 
transcript, termed ~ i i k 2 c ,  is specifically expressed in the brain and codes for a protein with a 
6-amino - acid insert within the protein kiase domain. Exons specific to the 5'-terminal extra 
sequence of Limk2t and the insert sequence of Limk2c are located between exons 5-6 and 
exins 8-9 in the mouse Limk2 gene, respectively (Fig. 19.6). 

The LIM-K phosphorylates and inactivates cofilin, and actin-depolymerizing factor 
regulating actin reorganization. Takahashi et al, (2002) generated Limk2 gene-deficient mice in 
which three LIMK2 isoforms were disrupted in a Cre-mediated fashion. Impaired cofilin 
phosphorylation was clearly observed in Limk2 -1- fibroblasts thereby suggesting that Cdc42 
or Rho-dependent LIMK activation did not occur. However, Limk2-/- mice did not exhibit 
embryonic lethality or any phenotypic abnormalities in postnatal growth and development, 
except for spermatogenesis in the testis, which showed degeneration of spermatogenic cells 
and apparent association with increased apoptosis. It seems that LIMK-2 especially the testis- 
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Fig.19.7. Clustal alignment of deduced amino acid sequence of mouse FHLl and FHL4. Identical and similar 
amino acids are marked by asterisks and dots respectively. Lim domains are shown. Adapted with permission 
from M. J Morgan and A J Madgwick. Biochim Biophys Acta 255; 251-55: 1999 8 Elsevier. 

specific isoform LIMK2t plays an important role in proper progression of spermatogenesis by 
regulation of cofilin activity andlor localization in germ cells. 

The FHL LIM protein family (formerly the SLIM protein family) members were defined by 
their expression in skeletal muscle and by their particular secondary structural arrangement of 
LIM domains. The FIU proteins consist of four LIM domains and an N-terminal single zinc 
finger domain that meets the consensus of the C-terminal half of the LIM domain motif (hence 
four-and-a Half-LIM proteins). Each LIM domain is separated by eight amino acid residues. 
The FHLl (SLIM1) and FHL3 (SLIM2) are expressed at relatively high levels in skeletal muscle, 
whereas FHL2 ORAL, SLIM3) mRNA is expressed at high levels in the heart. A fourth member 
of the FHL-LIM protein family, FHLA was identified by Morgan and Madgwick (1999). The 
sequence of a LIM protein, FHLA was found to contain the defming secondary structure of the 
FHL family of LIM proteins. The expression of FHL4 mRNA was restricted in the seminiferous 
tubules of the testis (Fig.19.7). 

19.5. TESTIS SPECIFIC SERINE PROTEINKINASES 

The cDNA clones encoding anovel protein serine/threonine kinase, termed TESKl and TESK2 
(testis-specific protein kinase 1 and 2) different fkom tssk have been identified (Toshima et al, 
1998). The genomic organization and chromosomal localization of the mouse TESKl showed 
that TESKl has a unique structure composed of an N-terminal protein kinase domain and C- 
terminal proline rich domain. RNAs &om rat tissues revealed that the major and relatively broad 
band of Teskl mRNA of about 3.6-kb was almost exclusively expressed in the testis, whereas 
a 2.5-kb band was faintly detectable in other tissues and cell lines. The Teskl mRNA was 
detected in germ cell-enriched preparations fkom spermatocytes and round spermatids of mouse 
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testes, after the 18-20' day of postnatal development, when mouse spermatocytes begin to 
undergo meiosis and generate haploid round spermatids on 18-20' postnatal days. Based on 
these findings, it is likely that the Teskl gene product may play arole at a d o r  after the meiotic 
stages of spermatogenesis. Expression of Teskl mRNA and protein in the rat testes is 
developmentally regulated and increases after 20-22 postnatal days. Prominent expression of 
Teskl mRNA and protein was detected at stages of late pachytene spermatocytes to round 
spennatids, but not in Sertoli and Leydig cells (Toshimaet al, 1998) (Fig.19.8). The expression 
of a lacZ reporter gene linked to a9.0-kb 5' flankingregion of Teskl gene bas beenexamined in 



456 Proteomics of Spermatogenesis 

transgenic mice (Toshiia et al, 2001b). A high level of lac Z expression was observed in 
testicular germ cells after pachytene spermatocytes with expression patterns being similar to 
those of Teskl mRNA in rat testis. Expression of lac2 was also detected in renal proximal 
tubules, cardiac myocytes, and specific neurons in the central nervous system in adult transgenic 
mice and in neural tissues of embryonic mice. This suggests diverse and specific physiological 
functions of TESKl including those in spermatogenesis and neural development (Toshima et 
al, 2001 b). 

Characterization: Rat TESKl contains 628 amino acid residues, composed of an N-terminal 
protein kinase consensus sequence followed by a C-terminal prolinerich region. Human TESKl 
contains 626 amino acids, sharing 92% amino acid identity with its rat counterpart. Chromosomal 
localization of human Teskl gene was assigned to 9p13. Anti-TESK1 antibody raised against 
the C-terminal peptide of TESKl recognized two polypeptides of 68 and 80-kDa in cell lysates 
of COS cells transfected with human TESKl (Toshima et al, 1995). The kinase domain of TESKl 
contains in the catalytic loop of subdomain VIB, an unusual DLTSKN sequence, which is not 
related to the consensus sequence of either serine/threonine kinases or tyrosine kinases. 
Toshima et a1 (1999) suggested that TESKl has kinase activity with dual specificity of both 
serinetthreonine and tyrosine residues. In an in vitro kinase reaction, the kinase domain of 
TESKl underwent autophosphorylation on serine and tyrosine residues and catalyzed 
phosphorylation of histone H3 and myelin basic protein on serine, threonine, and tyrosine 
residues. Site-directed mutagenesis analysis revealed Ser-215 within the "activation loop" of 
the kinase domain as the site of serine autophosphorylation of TESKl. Replacement of Ser-215 
by alanine almost completely abolished serine autophosphorylation but retained histone H3 
kinase activity. Results suggested that autophosphorylation of Ser-2 15 is an important step to 
regulate the kinase activity of TESKl (Toshima et al., 1999). 

Gene Structure: The mouse Teskl gene spans 6.1-kb and contains 10 exons and 9 introns. The 
protein kinase domain is located in exons 1-9, while the proline-rich domain is in exons 9 and 10. 
The deduced 627 amino acid sequence of mouse TESKl shows 97% and 94% identity with the 
rat and human TESKl, respectively. Sequence of the 5'-flanking and -untranslated region is 
devoid of a TATA box, but does contain several potential binding sites for transcription 
factors, including Spl, AP- 1 c-Myc, SRY and CREM. Since, CREM is implicated in the activation 
of several male germ cell-specific genes, it is suggested that the expression of the TRkl gene 
is under the control of CREM transcriptional activity. The Teskl gene was mapped on mouse 
chromosome 4A5-C1 by in situ hybridization (Toshima et al, 1998b). Sequencing of cDNA 
clones revealed that the centre divider gene (cdi) in Drosophila encodes an 1 140-amino acid 
protein that is an ortholog of the mammalian testis specific TESKl protein kinase. This kinase 
is different fiom other protein kiiases because of sequence differences in the residues conferring 
substrate specificity. The unique sequence is conserved in Cdi, suggesting that CdiITESK1 
represents a novel class of signaling proteins (Mathews and Crews, 1999). 

Relation to Lim Kinases: The kinase domain of TESKl is phylogenetically related to those of 
LIM-kinase 1 and LIM-kinase 2, with about 50% sequence identity. Like LIM-kinase, TESKl 
phosphorylated cofilin specifically at Ser-3 both in vitro and in vivo. When expressed in Hela 
cells, TESKl stimulates the formation of actin stress fibers and focal adhesions. In contrast to 
LIM-kinases, the kinase activity of TESKl is not enhanced by Rho-associated b a s e  (ROCK) 
or p21-activated kinase, indicating that TESKl is not their downstream effector. The kinase 
activity of TESKl and the level of cofilin phosphorylation are increased by plating cells on 
fibronectin. Y27632, a specific inhibitor of ROCK, inhibited LIM-kinase-induced cofilin 
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phosphorylation but did not affect fibronectin-induced or TESKl induced cofilin 
phosphorylation in Hela cells. Expression of a kinase negative TESKl suppressed cofilin 
phosphorylation and formation of stress fibers and focal adhesions induced in cells plated on 
fibronectin. Thus, TESKl functions downstream of integrins and plays a key role in integrin- 
mediated actin reorganization, presumably through phosphorylating and inactivating cofilin 
but are regulated in different ways and play distinct roles in actin reorganization in living cells 
(Toshima et al, 2001a). 

19.5.2. TESK 2 

The open reading M e  of TESK2 encodes a putative 555-amino-acid protein, including a 
protein kinase consensus sequence in the N-terminal half. The protein kinase domain of TESK2 
is structurally similar to TESKl with 48% over all identity in amino acids and 64% identity in the 
kinase domain, and to those of the LIMKl and LIMK2 kinases (42 and 39% identity, respectively). 
The TESK2, together with TESKl , constitutes a second subgroup of the LIMWTESK family of 
protein kinases. Chromosomal localization of human TESK2 was assigned to lp32. Expression 
analysis revealed a single mRNA species of 3.0-kb predominantly expressed in testis and 
prostate and low expression in most other tissues. Rat testicles expressed a single species of 
TESK2 mRNA of approximately 3.5-kb. However, the transcript was first detectable in rat testis 
after day 30 of postnatal development and was predominantly expressed in round spermatids 
(Rosok et al, 1999). Like TESKl, TESK2 phosphrylated cofilin specifically at Ser-3 and induced 
formation of actin stress fibers and focal adhesions. In contrast to TESK1, which is 
predominantly expressed in testicular germ cell, TESK2 is expressed predominantly in Sertoli 
cells. Thus TESKl and TESK2 seem to play distinct roles in spermatogenesis. A TESK2 mutant 
lacking the C-terminal noncatalytic region had about a 10-fold higher kinase activity in vitro 
and, when expressed in HeLa cells, induced punctate actin aggregates in the cytoplasm and 
unusual condensation and ftagmentation of nuclei, followed by apoptosis. It has been proposed 
that the C-terminal region plays important roles in regulating the kinase activity and cellular 
kctions of TESK2 (Toshima et al., 2001~). 

19.5.3. Testis Specific Serine Kinase(s) 

Kueng et al(1997) isolated amurine testis-specific serine kinase (TSSK)-1 and a closely related 
family member, TSSK2. The TSSK2 is probably the orthologue of the human DGS-G gene. 
These serine kinases are expressed only in testis of sexually mature males. Both kinases are 
localized in the cytoplasm of late spermatids and to the structures resembling residual bodies. 
The TSSKl and TSSK2 were not present in sperm and did not reveal autophosphorylation but 
they led to serine phosphorylation of a coprecipitating protein of -65-kDa. A search for 
interacting proteins fkom mouse testis, led to the isolation of a cDNA, interacting specifically 
with both TSSKl and Tssk 2, and encoding the coprecipitated 65kDa protein phosphoryated 
by these. Results represent the demonstration of the involvement of a distinct kiiase family, 
together with a substrate in the cytodifferentiation of late spermatids to sperms (Kueng et al, 
1997) In contrast to present study, the TSSK, present in human testis was localized to the 
equatorial segment of ejaculated human sperm (Hao et al., 2004). 

The ORF of TSSKl and TSSK2 encode proteins of 367 and 358 amino acids respectively, 
with conserved kinase domains typical of superfamily of S e r m  kinases. Both genes were 
intronless and mapped to chromosomes 5 and 22 respectively. The human and mouse 
homologues of TSSKl and TSSK2, together with TSSK 3 and SSTWFKSG82, constitute a 
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Fig.19.9. Nucleotide sequence and deduced amino acid sequence of tssk 2. The kinase domain is presented in 
italics and the conserved amino acids typical for a serinelthreonine kinase domain are indicated in bold. 
Reproduced with permission from Keung et al. J Cell Biol 139; 1851-59: 1997 8 Rockefeller University 
Press. 

kinase subfamily closely related to the calmodulin kinases and SNFInim 1 k i e  subfamilies 
(Fig .19.9). Human TSSKl and -2 mRNAs are expressed exclusively in the testis. But mRNAs 
for these kinases are also detected in other tissues. In addition, TSKS, the putative substrate 
of TSSKs was also identified. The TSKS had an ORF of 592 amino acids and was expressed 
exclusively in the testis (Hao et al., 2004). 

19.6. CASEIN KINASES 

19.6.1. Casein Kinase 1 

Casein kinase 1 (CK1) is known to exist in multiple isoforms in mammals involved in growth and 
morphogenesis in eukaryotic cells. Using a partial cDNA hgment corresponding to an isoform 
termed CK1 y, three full-length rat testis CDNAS were cloned that defined three separate members 
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CK$ ELLGPSLCDL mLCDRTFSL I(NI~(UI~L ISRnaWHSK NLIYRDVKPK NFLIGRPGNK 1 7 6  
CXla DLLGPSLSDL FNFCSRRPTM KTvWADW ISRIEYVHTX NFIILRDIKPD NPLHGI--OR 148  

Fig.19.10. Alignment of predicted protein sequences of CKla, CKlyl, CKly2, and CKly3. Reproduced with 
permission from L. Zhai et al. J Biol Chem 270: 12717-24; 1995 O American Society for Biochemistry and 
Molecular Biology. 

of CKl subfamily. The isoforms, designated CKly 1, CKly2, and CKly3, have predicted 
molecular masses of 43-, 45.5, and 49.7kDa. The CK1 y3 may also exist in an alternatively 
spliced form. These proteins are more than 90% identical to each other within the protein 
kinase domain but only 5 1-59% identical to other casein kinase 1 i sofom within this region. 
Messages for CKlyl (2-kb), CKly2 (1.5 and 2.4-kb), and CKly3 (2.8-kb) were detected by 
hybridization of testis RNA. The CKly3 is ubiquitously present in all tissues but CKlyl and 
CKly2 messages were restricted to testis. All three CKl ys are autophosphorylated in presence 
of ATP and MgZ+. The YCKI and YCK2 genes in S. cerevisiae encode casein kinase 1 
homologues, defects in which lead to aberrant morphology and growth arrest. Expression of 
mammalian CKl y 1 or CKly3 restored growth and normal morphology to a yeast mutant carrying 
a disruption of YCKl and a temperature-sensitive allele of YCK2, suggesting an overlap of 
function between the yeast YCK proteins and these CK1 isoforms (Zhai et al, 1995) (Fig.19.10). 

A clone of immature cDNA for human CKly2 on comparison with the sequence of rat 
CKly2 showed complete identity with rat CKl y2 as well as intron-like sequence of 1006 bp, 
part of which was homologous to the Alu sequence. The predicated amino acid sequence 
consisted of 16 residues, 94% of which were identical to that of the rat homologue. Although 
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there are two Src homology-3 (SH3) domain-binding motifs (Pro-X-X-Pro consensus), Pro-Lys- 
Val-Pro and- Pro-Ser-Glu-Pro in the C-terminal region of rat CKl y 2, the latter part only was 
conserved in the human counterpart. The latter motif is important for binding to the signal 
transduction adaptor protein Nek (NEK). The human CKly2 gene was mapped to chromosome 
19p13.3 (Kitabayashiet al, 1997). 

Kasuda et a1 (2000) isolated two types of cDNA for human CKly 1 (hCKl y 1). One of them 
(hCKlylS) was found to encode a polypeptide of 393 amino acids, which is highly homologus 
with rat CKl y 1 (rCKl y 1). The other type of cDNA (hCKl y lL) encodes a polypeptide consisting 
of 422 amino acids, which is quite identical in the kinase domain, but different in the C-terminal 
sequence from hCKlylS. For example, hCKl ylL has a characteristic sequence of 50 amino 
acids at the C-terminal end; this motif was shown to be shared by the casein kinase y2 and y3 
from rat and human, suggesting that it is a signature sequence of the y-isoforms. In this sense, 
newly isolated hCKly lL  might be the original form of CKl yl . The rCKl y 1 and hCKly IS. RT- 
PCR analysis showed that hCKly lS  mRNA is predominatly present in the testis, whereas the 
adundance of hCKly lL mRNA was nearly the same in all tissues examined. Thus hCKl ylL 
may have a unique functional role different from that of hCKl y 1 S and rCKl y 1. The human 
hCKlyl gene (CKly1) was mapped to chromosome 15q22.1 .>q22.3 1 (Kusuda et al, 2000). 

A cDNA clone encoding the enzyme, designated casein kinase-16, contained an open 
reading frame of 1284 nucleotides that predicts a polypeptide of 428 amino acids with a Mr of 
49,121. The predicted amino acid sequence shares 76% identity with casein kinase la, a 37-kDa 
form bovine brain. Northern analysis of rat or rabbit RNA revealed three hybridizing species of 
3.5-4.1-kb, 2.2 and, 1.9 kb. The largest messge was detected in all tissues examined, whereas the 
1.9- and 2.2-kb species were found predominantly in testis. Expression of the casein kinase 16 
cDNA in E.coli resulted in active enzyme that phosphorylated casein, phosvitin, and the 
peptide substrate DDDDVASLPGLRRR. Cash kinase 16, therefore, represents a separate member 
of the casein kinase 1 family distinguished by its larger size and unique kinetic behavior with 
respect to heparin (Graves et al., 1993). 

19.6.2. Casein Kinase I1 

The protein kinase, CK I1 (CK2) is a cyclic-AMP and calcium-independent serine-threonine 
kinase that is composed of two catalytic or-subunits and two regulatory P-subunits (a2 P2). 
The CK2 is not casein kiiase in vivo, but over 100 substrates are known in vitro.The CSII is a 
probable physiolgical substrate for p34& and its functional properties can be affected in a cell 
cycle dependent manner (Litchfield et al., 1992). The CK2 has been implicated in DNAreplication, 
regulation of basal and inducible transcription, translation and control of metabolism. The 
mammalian enzyme is an oligomeric protein with amolecular mass of 130-140 kDa. The larger a- 
subunit (Mr 34-44 kDa) possesses the catalytic activity; the smaller R-subunit (24-28 kDa) is 
phosphorylated when the holoenzyme undergoes autophosphorylation in vitro. The CK2 
phosphorylates acidic proteins such as casein and phosvitin using either ATP or GTP as 
phosphroyl donor. The enzyme can be activated by polyamines and is sensitive to inhibition 
by heparin. Phosphorylation by casein CK2 modulates the activity of its substrates and in 
other cases the enzyme works synergistically with other protein kinases by rendering its 
substrates more susceptible to additional phosphorylation by the other enzymes. Although a 
large number of enzymes and other proteins are phosphorylated by CK2 in other cells, most are 
not present in immature spermatozoa. However, proteins such as tubulin, calrnodulin, ornithine 
decarboxylase, calcium channel proteins, and regulatory subunit of PKA, which are substrates 
of CK2 in other cells, are also present in mature spermatozoa and hence, are potential substrates 
of sperm (Chaudhary et al, 1991). Casein kinase I1 from bovine sperm has a molecular mass of 
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130 kDa by gel filtration and displays three polypeptide bands with molecular masses of 26,33, 
and 36 kDa by SDS-PAGE. Three sperm polypeptides cross-react with Abs raised against calf 
thymus casein kinase 11. Incubation of the holoenzyme with either 'lP-ATP or "P-GTP results 
in phosphorylation of 26kDa subunit. The enzymatic activity with casein as substrate is strongly 
inhibited by heparin and greatly stimulated by spermine. Low concentration of spermine strongly 
enhanced the phosphorylation of 92 and 106-kDa cytosolic proteins, which may be endogenous 
substrates of the kinase. Thus, casein kinase I1 plays a role in mediating the phosphorylation 
state of sperm proteins (Chaudhary et al, 1991). 

Casein kinase is present in goat caudal-epididymal sperm plasma membrane. The kinase is 
a strongly basic protein with pI of 9.5 with a molecular mass of 3 10-kDa and affinity for protein 
substrates in the order membrane protein > phosvitin > protamine. ATP, rather than GTP or PP 
is the donor of phosphate for the phosphorylation reaction. Heparin and polyamines at a 
relatively high concentration inhibited the enzyme activity. The isolated enzyme is an ecto- 
protein kinase whose catalytic site in sperm is oriented primarily to the surface of viable sperm 
cell to cause phosphorylation of the endogenous outer cell-surface phosphoproteins (Mitra et 
al, 1994). The specific activity of the ectokinase has been found to increase markedly during 
forward progression of spermatozoa, implicating thereby that the sperm outer membrane kinase 
and its protein substrate may have an important role in the regulation of flagellar motility. 

The Csnk2a.2 encodes the Csnk2a.2 catalytic subunit of CK2al that is predominantly 
expressed in testis. The CK2al and Csnk2a2 isoforms (products of the gene Csnk2aI and 
Csnk2a.2, respectively) are highly homologous, but the reason for their redundancy and 
evolutionary conservation is unknown. The Csnk2a2 is preferentially expressed in late stages 
of spermatogenesis. Male mice in which Csnk2a.2 had been disrupted were infertile, with 
oligospermia and globozoospermia (round headed sperm). The primary spermatogenic defect 
in ~snk2c&l- testis was a specific abnormality of anterior head shaping of elongating 
spermatids. Few sperm cells in epididymis exhibited head abnormalities similar to those described 
in human globozoospermia. The Csnk2a.2 null testes revealed extensive germ cell degenerative 
processes at all stages of spermatogenesis, including the frst spermatogenesis wave. CK2al 
deficiency could impair the phosphorylation of nuclear proteins of male germ cells leading to a 
particular cell-death pathway characterized by NE protrusions and an unusual pattern of 
chromatin modifications in spermatids. Thus ~snk2& may be a candidate gene for these 
inherited syndromes (Xu et al, 1999; Escalier et al., 2002) 

19.7. AURORA LII(E KINASES 

Aurora kinases are involved in mitotic events that control chromosome segregation. Members 
of this k i e  subfamily possess two distinct domains, a highly conserved catalytic domain 
and an N-terminal non-catalytic extension that varies in size and sequence. Mutations in IPLl 
and aurora cause abnormal chromosome segregation and centrosome separation. 

19.7.1. Aurora Like Kinase 3 (ALK3) 

The cDNAs encoding human protein kinases ALKl and ALK2 sharing high amino acid 
sequences with Drosophila Aurora and S. cerevisiae IpLl kinases whose mutations cause 
abnormal chromosome segregation were isolated (Kimura et al, 1999). A third human cDNA 
(ALK3) highly homologous to aurora/IPLl cDNA encodes 309 amino acids with a predicted 
molecular mass of 35.9 kDa. The C-terminal domain of ALK3 protein shares high amino acid 
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sequence identities with those of Aurora/IPLl family protein kinases including human ALK, 
human ALK2, Xenopus aurora and others, whereas the N-terminal domain of ALK3 protein 
shares little homology with any other AuroraOPLl family members. The ALK3 gene was 
assigned to human chromosome 19q13.43. and its expression was limited to testis where it is 
localized to centrosome during mitosis fiom anaphase to cytokinesis. The expression levels of 
AIK3 in several cancer cell lines were elevated several fold compared with normal fibroblasts. 
It is suggested that ALK3 might play a role@) in centrosome function at later stages of mitosis 
(Kimura et al, 1999; Yang et al., 2000). To investigate the role of variable noncatalytic region, 
Giet and Prigent (2001) over-expressed and purified Xenopw laevis aurora (pEg2) histidine- 
tagged N-terminal peptide fiom bacterial cells. Unlike the full-length protein, the N-terminal 
domain localizes to the centrosomes in a microtubule dependent manner. The centrosome 
localization of the N-terminal peptide was disrupted by nocodazole whereas localization of the 
catalytic domain was not, suggesting that in order to efficiently localize to the centrosome, 
pEg2 kinase required the non-catalytic N-terminal domain and the presence of microtubule 
(Giet and Prigent, 200 1). 

19.7.2. AIE 1 and AIED 

Two protein kinases, designated AIEl (mouse) and AIE2 (human) share high amino acid 
identities with the serinelthreonine kinase domain of yeast IPL1, fly aurora, and fkog pEg2. 
Both AIEl and AIE2 contain a typical S/Tkinase domain (25 1 aa) flanked by a short polypeptide 
at both ends. ' h o  other AIE-related kinases (STK-1 and IAKllAykl) are also present in mature 
mouse oocytes. The central kinase domain of AIEl revealed 77.6% and 66.3% identity with 
STK-1 and IAKlIAykl. While AIEl and AIE2 are specifically expressed in testis, STK-1 and 
IAKl/Aykl are expressed in many tissues rich in proliferating cells. The AIEl can phophorylate 
casein, AIE 1 itself, and an uncharacterized cellular protein (p 16). The kinase activity of AIEl is 
heat labile (Tseng et al, 1998). 

The mouse Aiel gene spans approximately 14-kb and contains seven exons. The sequences 
of the exon-intron boundaries of the Aiel gene conform to the consensus sequences (GTIAG) 
of the splicing donor and acceptor sites of most eukaryotic genes. The gene structure is highly 
conserved between mouse Aiel and human AIE2, with less homology in the sequences outside 
the kinase-coding domain. The Aiel locus was mapped to mouse chromosome 7A2-A3. The 
Aiel mRNA likely is expressed at a low level on day 14 and reaches its plateau on day 21 in 
postnatal testis. The expression ofthe Aiel transcript was restricted to meiotically active germ 
cells, with the highest levels detected in spermatocytes at the late pachytene stage (Hu et al., 
2000). The testis zinc finger protein (Tzfp) binds to the upstream flanking sequence of the Aiel 
gene (Chapter 16). 

19.8.1. Polo Like Kinase 

The polo gene of D. melanoguster is the founding member ofthe polo-like kinase family, which 
is conserved among eukaryotes. The POLO has been implicated in the organization and function 
of the mitotic apparatus and has been shown to be required for normal spermatogenesis. The 
POLO localizes to centrosomes, the centromere / kinetochore and spindle midzone. Observations 
of mutant testes indicated cytological abnormalities in all meiotic cell types, including variable 
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DNA content and multipolar spindles. Primary sprmatocytes in polo mutant testes contain 
abnormal DNA content and chromosome segregation. A-tubulin shows several abnormalities 
of the meiotic spindle, including a reduced central spindle, suggesting that polo has multiple 
functions during spermatogenesis (Herrmann et al, 1998). One cDNA cloned fiom murine 
embryonic germ (EG) cells encodes a nonreceptor type serine 1 threonine kinase and is 
predominantly expressed in the testis, ovary, and spleen of adult mouse. The entire coding 
region shows that this clone, designated PLKl (polo like kinase I), is identical with STPK13 
present in murine erythro-leukemia cells. The protein encoded by PLKl is closely related to the 
product of Drosophila polo that plays a role in mitosis and meiosis. The pattern of expression 
of the PLKl gene suggests that the gene product is involved in completion of meiotic division, 
and like the Drosophila polo protein, is amaternal factor active in embryos at the early cleavage 
stage. Furthermore, rat pachytene spermatocytes down-regulate a polo-like kinase after exposure 
to methoxyethanol and methoxyacetic acid (Syed and Hecht, 1998). 

1982. p56 KKIAMRE 

A 56 kDa protein kinase (p56 KKIAMRE) shares homology with p42 KKIALRE and is related 
to the proline-directed protein kinase group of signal transducing enzymes. The p56KKIAMRE 
and p42 KKIALRE protein kinases exhibit mutually exclusive expression in reproductive tissues 
viz., p56 KKIAMRE in testis and p42 KKIALRE in ovary, whose functions are unknown. The 
p56 KKIAMRE and p42 KKIALRE are activated by treatment of cells with epidermal growth 
factor (EGF) . Although p56 KKIAMRE and p42 KKIALRE contain the MAPK dual 
phosphorylation motif Thr-Xaa-Tyr (Thr-Asp-Qr), phosphorylation on Thr and Tyr within 
this motif is not required for EGF-stimulated protein kinase activity (Taglienti et al, 1996). 

19.8.3. MAST205 with Kinase Activity 

The association of c-mos with tubulin and of type I1 CAMP-dependent kinase with MAP2 
provides a means for rapid phosphorylation of specific microtubule proteins that could 
conceivably affect transient microtubule organization. Purified anti-MAP recognized 205-kDa 
protein, termed MAST205, which colocalizes with the spermatid manchette. Sequencing of 
full-length cDNA clones encoding MAST205 revealed it to be a novel serinelthreonine b a s e  
with a catalytic domain related to those of the A and C families. The testis-specific MAST205 
RNA increases in abundance during prepuberal testis development peaking at the spermatid 
stage. Binding of MAST205 to microtubules requires interaction with other MAPS, since it 
does not bind to MAP-Free tubulin. A 75-kDa substrate protein fiom testis microtubules may 
form part of the MAST205 protein complex, which binds microtubules (Walden and Cowen, 
1993). The MAST205 contains a stretch of 89 amino acids with homology to a dlg homology 
region (DHR) domain. The DHR domain was thought to be involved in signal transduction at 
tight, septate, and synaptic junctions. Interestingly, a 29-kDa region of MAST205 involved in 
microtubule binding contains the DHR domain. While MAST205 RNA level were similar in 
pachytene spermatocytes, round spermatids, and residual bodies, MAST205 protein could be 
detected only in round spermatids and residual bodies. Kinase activity was low in pachytene 
spermatocytes, high in round spermatids, and maximal in residual bodies, indicating that 
MAST205-associated kinase is modified during spermatid maturation. The MAST205 protein 
and associated kinase activity were not present in spermatozoa. The MAST205 rnRNA, detected 
in human testis is indicative of conservation of MAST 205 in other mammalian species (Walden 
and Millette, 1996) (see Chapter 8). 
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19.9. CELL CYCLE CHECKPOINT KINASES 

Check Point Kinase 1: Checkpoint pathways prevent cell-cycle progression in the event of 
DNA lesions. Checkpoints are well defmed in mitosis, where lesions can be the result of 
extrinsic damage, and they are critical in meiosis, where DNA breaks are a programmed step in 
meiotic recombination. The genetic and regulatory interaction between Atm and mammalian 
Chkl appears to be important for integrating~~~-damage repair with cellcycle arrest structural 
homologues of yeast Chkl in human andmouse. The Chkl (HuIMo) has protein kinase activity 
and is expressed in the testis. Chkl accumulates in late zygotene and pachytene spermatocytes 
and is present along synapsed meiotic chromosomes, and localizes along the unsynapsed axes 
of X- and Y-chromosomes in pachytene spermatocytes. The association of Chkl with meiotic 
chromosomes and levels of Chkl protein depend upon a functional Atm gene product, but 
Chkl is not dependent upon p53 for meiosis-I functions. The Chkl is located at 11q22-23, a 
region marked by Wuent  deletions and 10s of heterozygosity in human tumors. Atm dependent 
intractions of mammalian Chkl with meiotic chromosomes suggest that Chkl acts as an integrator 
for Atrn and Atr signals and may be involved in meiotic recombination (Flaggs et al., 1997). 

Check Point Kinase 2: Check point kinase 2 is emerging as a critical mediator of genotoxic 
stress cellular responses. The Chk2 is a transducer of DNA damage signals and a tumour 
suppressor whose germ-line mutations predispose to diverse tumor types. Unlike its downstream 
targets such as the p53 tumour suppressor, the expression patteas of Chk2 in tissues and 
tumours remain unknown. Localization of the Chk2 protein was examined during normal 
development of human testes, and at various stages of germ cell tumour (GCT) pathogenesis 
(Bartkova et al, 2001). The Chk2 is abundant in foetal germ cells and adult spermatogonia, yet 
only weakly expressed during the meiotic and later stage of spermatogenesis. High levels of 
Chk2 detected in majority of GCTs suggest that down modulation or lack of Chk2 is not simply 
attributable to quiescence or differentiation, but they suggest a role for Chk2 in mitotic rather 
than meiotic divisions, and support the concept of foetal origin of GCTs. Upon ionizing radiation, 
Chk2 is activated to phosphorylate Cdc25C, leading to G2 phase arrest. The p53 is a substrate 
of Chk2, which phosphorylates and stabilizes p53 in response to ionizing radiation. The p53- 
deficient p53(-I-) mice demonstrated that Chk2 expression is under control of p53 in a tissue- 
specific manner (Chin and Li, 2003). 

ATRIATM: The Atr mRNA and protein are expressed in human and mouse testis. Analysis of 
specific cells in seminiferous tubules shows localization of ATR to the nuclei of cells in the 
process of meiosis I. ATR and ATM proteins of approximately 300 and 350-kDarelative molecular 
mass, respectively, have associated protein kinase activity. ATR and ATM interact directly 
with meiotic chrosomsomes. ATR is found at sites along unpaired or asynapsed chromosomal 
axes whereas ATM is found along synapsed chrosomoal axes (Keegan et a1,1996) (Chapter 13). 

Mps: A vertebrate homologue of yeast Mpslp is shown to be a kinetochore- associated 
kinase whose activity is necessary to establish and maintain the checkpoint. Since high levels 
of Mad2 overcome checkpoint loss in Mpsl-depleted extracts, Mpsl acts upstream of Mad2- 
mediated inhibition of APCIC. Mps 1 is essential for check point, as it is required for retention 
of active CENP-E at kietochores, which in turn is necessary for kinetochore assocation of 
Mad1 and Mad2 (Abrieu et al., 200 1). 
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Fig. 19.11. Activation of MAPK pathway. Growth Factor (G.F.) binds to its receptor and causes tyrosine 
autophosphorylation, which causes Grb2 binding with Sos. Ras is activated by Sos mediated nuclotide exchange. 
This triggers a kinase cascade by activating MAPKKK, which phosphorylates MAPKK, which in turn 
phosphorylates MAPK (ERK). 

19.10. MITOGEN ACTIVATED PROTEIN KINASES 

The growth, division and differentiation of eukaryotic cells are influenced by a wide range of 
extracellular signals. Perception enquiry of these signals is mediated by the activation of 
MAPK (mitogen activated protein kinase). The MAPKs, also known as extracellular signal- 
regulated kinases (ERKs) are serine / threonine kinases. But some ofthem show dual specificity 
kinase activity. Two major routes have been described that lead to the activation of MAPK. 
One is initiated by the activation of receptor tyrosine kinases (RTKs), while the other begins 
with the activation of G-proteins coupled hepatahelical receptors. In the case of RTKs, 
intermediary proteins relay signals resulting in the activation of GTP binding protein, ras or 
PKC. Activated ras then leads to the activation / phosphorylation of MEK (MAPK kinases) 
and consequently, MAPKK at threonine and tyrosine in a Thr-X-Tyr (TXY) motif. Either raf or 
MEKK (MEK kinase) is capable of serving as the intermediary between ras and MEK. Once 
MAPK is activated, it is competent to phosphorylate a veriety of substrates, including 
transmembrane receptors and elements of cytoskeleton (Fig.19.11) Cell cycle during mitosis 
and meiosis is dependent on activation of MAPK pathway (see Chapter 11). In C.elegans, 
Church et a1 (1995) found that exit from pachytene is dependent on induction ofthree members 
of the MAP kinase signaling. One of these, mek-2, is a C. elegans MEK (MAP kinase). The 
other two genes, mpk-l/sur-1 (MAP kinase) and let-60 ras have been shown to act in 
combination with mek-2 to permit exit from pachytene. It appeared that the expression of mpk- 
I /sur-I is required within the germline to permit exit from pachytene. The MAPK pathway has 
been identified in spermatozoa, where ERKs play a role in capacitation (de Lamirande and 
Gagnon, 2002) and acrosome reaction (Luconi et al., 1998; du Plessis et al., 200 1). The MAPK 
isoform, ERK2, adapter protein Shc (Morter et al., 1998) and ras have been localized to sperm 
head indicating that these are required for phosphorylation of sperm head. In spermatozoa 
centrosomal proteins may be candidate substrtes for MAPK pathway (Urnar and Sakkas, 
2003). 
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19.10.1. ERIC 1/ERK2/ERK7 and Other MAP-Kinases 

Two forms of MAP kinases, p42ERK2 and p44ERK1, are expressed in spermatogenic cells at 
different stages. The ERKl and ERK2 were phosphorylated (activated) in early spermatogenic 
cells ffom primitive spermatogonia to zygotene primary spermatocytes, while only a small 
quantity of phosphorylated MAP kinase could be detected in pachytene primary spermatocytes 
and spermatids. ERKl and ERK2 were also present in epididymal spermatozoa, and their 
phosphorylation was increased while spermatozoa passed through epididymis and vas deferens 
during maturation. It appears that MAP kinase activation may contribute to the mitotic 
proliferation of primative spermatogonia, an early phase of spermatogenic meiosis, and later 
sperm motility acquirement (Lu et al, 1999a). 

In cellular signaling pathways, a new 61-kDa member of the MAPK family, termed 
extracellular signal regulated kinase 7 (ERK7) was characterized. Althought it has the signature 
TEY activation motif of ERKl and ERK2, ERK7 is not activated by extracellular stimuli that 
typically activate ERKl and ERK2 or by common activators of c-Jun N-terminal kinase (JNK) 
and p38 kinase. Instead, ERK7 has appreciable constitutive activity in serum-starved cells that 
is dependent on the presence of its C-terminal domain. The C-terminal tail, not the kinase 
domain, of ERK7 regulates its nuclear localization and inhibition of growth. These observations 
elucidate a new type of MAP kinase whereby interactions via its C-terminal tail, rather than 
extracellular signal-mediated activation cascades regulate its activity, and function (Abe et al, 
1999). 

P38-6 MAPK : Hu et a1 (1999) clonedmurine c-DNA clones encodingp38-S MAPK. The P386 
gene is localized to mouse chromosome 17A3B and human chromosone 6p21.3. The P38-6 is 
expressed primarily in the lung, testis, kidney, and gut epithelium. Interestingly, p38 6 and p3 8- 
a were similar in serinelthreonine kiiases but differed in substrate specificity. Overall, p38-P 
resembles p38-y, whereas p38-P resembles p38a. Moreover, p38-6 is activated by environmental 
stress, extracellular stimulantes, and MAPK kinase3, -4 and -7, suggesting that p38-6 is a 
unique stress-responsive protein kinase (Hu et al, 1999). 

Mixed Lineage Kinase 2 (MLK2) : The MLK2 is a mammalian protein kinase that activates 
stress-activated protein kinaseslc-jun N-terminal kinases (SAPWJNKs) through direct 
phosphorylation of their upstream activator, SEKIIJNKK. In rat testis MLK2 mRNA expression 
was first evident at a very low level on day 25 after birth and present on day 35 till adulthood. 
The MLK2 RNA transcript was detected in primary spermatocytes and round spermatids, but 
not in Leydig or Sertoli cells or in the testis after induced cryptorchidism. The SEKlIJNKK 
transcripts, on the other hand, were present at all stages of testicular development and in all 
cell types tested, but was absent ffom spermatogonia. These findings indicated that the JNK 
pathway is most likely ubiquitous in rodent testicular cells, while the cell-specific pattern of 
MLK2 expression suggested that it might be involved in the regulation of processes specific to 
post-mitotic germ cells and in the regulation of nuclear events (Phelan et al, 1999). 

T-LAK Cell-Originated Protein Kinase (TOPK): A MAPKK. A protein kinase, TOPK (T- 
LAK cell-originated protein kinase) was purified h m  a lymphokine-activated killer T (T-LAK) 
cells subtraction cDNA ffagment library. The open reading b e  of the TOPK gene encodes a 
protein of 322 amino acids, possessing a protee kinase domain profile. The cap site analysis of 
the 5'-end of TOPK mRNA revealed two forms, a major fill-length form and a minor spliced 
form at the 5'-site, both encoding the same protein. The TOPK is related to dual specific 
mitogen-activated protein kinase kinase (MAPKK) and phosphorylated p38 MAPK but not 
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ERKlR or SAPK / JNK. The TOPK protein can be associated with p38 in vitro. Tissue 
distribution of TOPK mRNA expression was specific for the testis, T-LAK cells, activated 
lymphoid cells, and lymphoid turnours. On the other hand, deactivated T-LAK cells, did not 
show TOPK mRNA expression. This shows that TOPK is a member of a MEK3166-related 
MAPKK that may be enrolled in the activation of lymphoid cells and support testicular functions 
(Abe et al, 2000). 

19.10.2. p21-Activated Kinases (PAKs) 

P21-activated Kinase-6 (PAK 6): Transcription activation by steroid hormone receptors is 
mediated through interaction with cofactors. Recently a androgen receptor interacting protein, 
provisionally termed P21-activated kinase-6 (PAK6) has been identified. The PAK6 shares a 
high degree of sequence similarity with p21-activated kinase (PAK). PAK6 is a 75-kDa protein 
that contains a putative amino-terminal Cdc42/Rac interactive binding motif and a carboxyl 
terminal kinase domain. A ligand-dependent interaction between androgen receptor (AR) and 
PAK6 was confirmed in vivo and in vitro. PAK6 is highly expressed in testis and prostate 
tissues. PAK6 co-translocates into the nucleus with androgen receptor in response to androgen. 
Transient transfection experiments showed that PAK6 specifically represses AR- mediated 
transcription. A new function for a PAK homologous protein suggests a signal transduction 
pathway which may cross-talk with androgen receptor pathway to regulate AR function in 
normal andmalignant prostate cells (Yang et al, 2001). 

Pak interacting exchange factor (Pii-d): PPix, a Pak-interacting guanine nucleotide exchange 
factor is known to be involved in the regulation of Cdc42/Rac GTPases and Pak kinase activity. 
Three P Pix isoforms, P Pix-a, -b, and -c already are known. Manser et a1 (1998) cloned a new 
class of Rho-p21 guanine nucleotide exchange factor binding tightly through its N-terminal 
SH3 domain to a conserved proline-rich PAK sequence with a binding constant (k,) of 24 nM. 
This PAK-interacting exchange factror (Pix), which is widely expressed and enriched in Cdc42- 
and racl-driven focal complexes, is required for PAKrecruitment to these sites. Pix participates 
in Cdc42 to Racl signalling involving the PixPAK complex. The cDNA of a novel Pix splice 
variant named p pix4 was isolated from a mouse brain cDNA library. The cloned PPix isoform, 
PPix-d, lacks leucine zipper domain that is present in other Pix isoforms, and has a 1 1 amino acid 
addition at carboxyl terminus and distinct 3' UTR. The PPix-d message was present mainly at 
brain and testis but at lower level in other tissues. Specific probes showed that P Pix-d isoform 
is expressedmainly in CNS of rat embryo (Kim and Park, 2001). 

BRDT gene: The RING3 gene encodes a 90-kDa mitogen-activated nuclear protein. In 
proliferating cells, RING3 has serine-threonine k i i e  and autophosphorylation activities. A 
cDNA identified encodes a protein of 947 amino acids with extensive homology to IUNG3, 
D26362, and fsh. Similar to these proteins, it possesses two bromodomain motifs and a PEST 
sequence. Northern analysis shows transcripts of 3.5 and 4.0kb expressed specifically in testis. 
The gene has been named BRDT gene. Radiation hybrids localize the gene to chromosome lp  
between markers WI-77 19 and WI-3099 @IS2 154) (Jones et al1997). 

19.11. RAC-PROTEIN KINASES 

The cDNA of RAC protein kinases (RAC-PK) a and P were cloned from mammalian tissues. 
The predicted ORF(s) encode 480 and 481 amino acids of RAC-PKa and -P respectively, and 
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Fig.19.12. Nucleotide and deduced amino acid sequences of haspin cDNA. Underline indicates the primer 
sequence for 5'-RACE (at nt 317-335) and a deleted region (aa 447-453) of deletion mutant haspin. The 
putative polyadenylation signals are indicated by dots. Shaded regions indicate a basic amino acid sequence (aa 
76-81), a region homologous to MEF2B (aa 144-162), and parts of protein kinase consensus sequences 
(residues 440-498). The gray box indicates a putative nuclear localization signal (aa 320-324). The leucine 
zipper motif (aa 585-613) is double underlined. Each series of asterisks indicates a potential target site for 
some protein kinase, and one asterisk indicates a stop codon in the haspin ORF. Reproduced with permission 
from H.Tanaka et al. J Biol Chem 274: 17049-57; 1999 O American Society for Biochemistry and Molecular 
Biology. 
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the rat RAC-PKa and P have sequences conserved among different mammalian species such 
as the pleckstrin homology domain at their amino-terminal region and the protein-serinelhnine 
kinase catalytic domain at their carboxyl-terminal region. Two RAC-PKs are widely distributed 
in rat tissues and associate with protein kinase Cc through the pleckstrin homology domain in 
vitro, suggesting the interaction between RAC-PK and protein kinase C. The c-DNA encoding 
third member of RAC protein kinase family called RAC-PKy was obtained from rat brain library. 
The amino acid sequence of RAC-PKy was highly related to RAC-PKa and -P, which have a 
pleckstrin homology domain and a protein-serinelthreonine kinase catalytic domain at the 
amino and carboxyl-terminal regions, respectively. The RAC-PKy expresses abundantly in 
brain and testis. The pleckstrin homology domains of the three subtypes of R4C-PK associate 
with both protein kinase C- subspecies, and -P, y-subunits of G proteins. It was further 
demonstrated that the pleckstrin homology domains of RAC protein kiiases could associate 
more than one protein to regulate the activity andlor intracellular distribution of this enzyme 
family by different ways (Konishi et al, 1995). 

Haspin belongs to the SerIThr protein kinase family and plays a role in cell cycle control. It 
catalyses phosphorylation of proteins in presence of Mg+= and is expressed in germ cells 
within the testis of adults and of embryos &om day 24 onwards. But it is also present in adult 
thymus and weakly expressed in spleen, lung and whole embryo. It can also autophosphorylate 
on both serine and threonine residues. Tanaka et a1 (1999) cloned the coding region of a mouse 
germ cell-specific cDNA encoding a unique protein kinase whose catalytic domain contains 
only three consensus subdomains (1-111) instead of normal 12 (Fig 19.12). The protein possesses 
intrinsic Ser/Thr kinase activity and is exclusively expressed in haploid germ cells, nuclei, and 
was named Haspin (for haploid germ cell-specific nuclear protein kinase). It has a Mr83,000. 
Ectopically expressed Haspin is detected exclusively in the nuclei of cultured somatic cells. 
Even in the absence of kinase activity, however, Haspin causes cell cycle arrest at G,, resulting 
in growth arrest of the trsansfected somatic cells. 

19.13. MALE GERM CELL ASSOCIATED KINME 0 

The gene, designated mak (male germ cell-associated) encodes a protein kinase distantly 
related to Cdc2 kinase. Its transcripts are expressed exclusively in testicular germ cells at and 
after meiosis. Mak products identified as 66- and 60-kDa proteins specifically appeared in rat 
testes after puberty; and most abundant in the fraction of the late pachytene stage, followed 
by a dramatic decrease in postmeiotic haploid cells. The Mak products were associated with a 
2 10-kDa cellular protein, which was efficiently phosphorylated on serine and threonine residues. 
It seems that MAK complex plays a role in meiosis during spermatogenesis and 210-kDa 
protein is one of the physiological substrates for this protein kinase (Jinno et al., 1993). Sequence 
analysis of the cDNA corresponding to the 2.6-kb transcript revealed that the predicted product 
of rat Mak consisted of 622 amino acids and contained protein kinase consensus motifs in its 
amino-terminal region. Comparison of the deduced amino acid sequence of Mak in the k i i e  
domain with those of other protein kinase genes demonstrated that Mak was approximately 
40% identical to the Cdc2-CDC28 gene family in Spombe, S cerevisiae, and humans but less 
identical to most other protein kinase gene products. Expression of Mak is highly tissue 
specific, and detected almost exclusively in testicular cells entering after meiosis but hardly 
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detectable in ovarian cells. Mak mRNA was mainly localized in pachytene and diplotene 
spermatocytes (Matsushime et al., 1990). 

SerineIArQnine (SR) Protein Kinase (SRPK-1 And -2) 

Arginine/serine protein kinases constitute a novel group of enzymes that can modify argininel 
serine (RS) dipeptide motifs. The SR splicing factors that are essential for pre-mRNA splicing 
are among the best-characterized proteins that contain RS domains. Two SR protein-specific 
kinases, SRPKl and SRPK2, have been considered as highly specific for the phosphorylation 
of these proteins, thereby contributing to splicing regulation. However, despite the fact that 
SR proteins are more or less conserved among metazoa and have a rather ubiquitous tissue 
distribution, SRPKl is predominantly expressed in testis. The SRPKl mRNA is abundant in all 
germinal cells but not in mature spermatozoa The SR- protein specific kinase 1 (SRPKl) is 
identified as a specific kinase for SR splicing factors. The SRPK clones were isolated fiom 
mouse brain. The SRPKl cDNA clone encodes 106-kDa protein with 648 amino acids (92% 
identical to human SRPKl) and a 120-maprotein with 681 amino acids (58% identical to human 
SRPKl). They were designated mSRPK1 and mSRPK2, respctively. The ~ s R P K ~  expresses in 
all tissues examined but the expression of mSRPK2 is restricted to testis, lung, and brain. Both 
kinases phosphorylated SF2/ASF, a member of SR proteins in vitro with identical 
phosphopeptide mappings, indicating that these kiiases phosphorylate the same site of SF21 
ASF. Over-expression of mSRPK2 caused disassembly of cotransfected SF2lASF and 
endogenous SC35. Thus, SRPK family may regulate the disassembly of the SR proteins in a 
tissue-specific manner (Kuroyanagi et al, 1998). The RS kinase activity was found primarily in 
the cytosol. Testis-specific substrates of SRPKl include human protamine 1 as well as a 
cytoplasmic pool of SR proteins present in the testis. SRPKl may have a role not only in pre- 
mRNA splicing, but also in the condensation of sperm chromatin (Papoutsopoulou et al., 
1999). 

PKN and PKC: A protein kinase (PKN) with catalytic domain homologous to PKC present in 
every tissue is adundant in testis, spleen and brain. The soluble fraction of rat brain enzyme 
migrates as a band of apparent mass of 120kDa. Using the pseudosubstrate sequence of PKC- 
6 as phosphate acceptors, the kinase activity of PKN is stimulated by unsaturated fatty acids 
or by detergents such as sodium deoxycholate and SDS. The echancement of kinase activity of 
PKN in the presence of arachidonic acid, for phosphate acceptors and inhibition of 
autophosphorylation activity by pretreatment with alkaline phosphatase, can distinguish PKN 
from many known protein kinases (Kitagawa et al, 1995). 

Tousled Like Kinase (TLk): Tousled is associated with various differentiative processes 
including differentiation of the reproductive organs. Tousled like kinase sequences have been 
reported in C. elegans, murine, and in the human. Positive hybridization signals suggest 
evolutionary conservation of TLk throughout the phylogentic ladder. Shalom and Don (1 999), 
using the yeast M E 2  meiotic gene (serine / threonine kinase) as a probe identifed a putative 
serine I threonine kinase, which did not exhibit significant homology to IME2, but did show 
significant sequence homology to the Tousled kinase in Arabidopsis. Four distinct TLk 
transcripts were detected in mouse testis, at least one of which is testis-specific. In normal 
testis, TLk is expressed in pachytene spennatocytes and in round spermatids. Transcripts 
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differ from one another in their 3'untranslated region, and in the length of their 5' region. 
Wrthin the coding region, three of the putative peptides share the kinase and C-terminal domains 
but differ in their N-terminal domain, suggesting that the latter may be involved in the regulation 
of TLk's function. Although TLk might have an essential role in all tissues, these kinases are 
likely to take part in the complex array of phosphorylations during spermatogenesis (Shalom 
and Don, 1999). 

Spermatogenesis-Related Protein Kinase (SPK): A cDNA clone denoted by SPK 
(spermatogenesis-related protein kinase) is present in human testis, whose deduced protein is 
99% identical to human PDZ-binding kinase (pbk), which is a mitotic kinase. Its isoform, which 
is about 300 bp longer at 3' end, was also isolated. The SPK gene was assigned to human 
chromosome 8p21.2 by radiation hybrid. The SPK mRNA was predominantly expressed in 
testis and localized to the outer cell layer of seminiferous tubules (Zhao et al, 2001). 

SN related kinase (SNRK): The SNRK is related to SNFl family of protein kinases in catalytic 
domain. The noncatalytic domain comprises several intriguing structural features, including a 
glycine-rich region, two PEST sequences, and a bipartite nuclear localization signal, which is 
preceded by a stretch of ten consecutive acidic residues. In addition, a high degree of sequence 
similarity is detected with other SNF 1 -related proteinases in a small region (30-35 amino acids) 
flanking the C-terminus of the catalytic domain. This domain (designated the SNH domain) 
appears to d i k e  the subfamily of SNF-1 related protein kinases and might represent a new 
type of regulatory domain of protein kinases (Becker et al, 1996a). The SNRK -rnRNA of 5kb 
is present in testis as well as in several other tissues of rat. 

Fatty Acid Stimulated Protein Kinase: The goat testis possesses a protein kinase (PKx), 
which is stimulated by a number of unsaturated fatty acids (FA) of which arachidonic acid is 
the best activator in absence of CAMP or Ca2+. Phosphatidylcholine, phosphatidylethanolamine, 
phosphatidylserine and diacylglycerol have no effect either alone or in combination. The PKx 
is a cytosolic protein and migrates as a band with molecular mass of 1 16-kDa. It phosphorylates 
histone HI, histone 111s and protarnine-SO, but not casein. However, the best phosphorylation 
was obtained with a substrate based on PKC pseudosubstrate sequence (RFARKGSLROKNV). 
The protein kinase, PKx phosphorylates two endogenous cytosolic proteins of 60 and 68-kDa 
at Ser and Thr residues. The Ab-cross reactivity suggests that PKx is not related to any known 
PKC family (Roy et al, 1999). 

IL PROTEINTYROSINE KINASES 

First group of activity of protein tyrosine kinases (PTK) comprises those, which were detected 
with viral transforming proteins, particularly with those of oncogenic retroviruses. There are at 
least six cellular genes of this kind, which all appear to encode proteins with PTK activity. The 
second type of PTKs activity was detected in association with growth factor receptors. Receptor 
PTKs are stimulated by their respective ligands. 

It is now clear, that all these proteins do indeed have a catalytic domain capable of 
transferring phosphate to proteins. A stretch of about 260 amino acids within each of these 
proteins has homology with sequence of the catalytic subunit of the serine-specific cyclic 
AMP-dependent protein kinase (PKA). Despite this homology the PTKs show strict specificity 
for tyrosine phosphorylation in protein. While there is little doubt that the enzymes in question 
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do phosphorylate proteins on tyrosine, there are suggestions that they may also phosphorylate 
nonprotein substrates, such as phospatidylinositol. If these activities prove to be intrinsic, the 
true function of PTKs will have to be reassessed. While PI3-Kinases transfer phosphate group 
to phospholipid, phosphatidylinositol, these enzymes elude easy classification since they are 
also related to protein kinases (Keith and Schreiber, 1995). Initially it appeared that one could 
classify PTKs on the basis of distinction between genes, which are part of retroviruses and 
those associated with growth factor receptors. However, there is overlap between these two 
types. An example of each type is pp60Vn and the epidermal growth factor receptor (EGFR) 
respectively. 

Protein'Qrosine Kinases of Retroviruses: The pp60v"", the 60kDa product with 526 amino 
acids, of the Rous sarcoma virus (RSV) src gene, is the prototypic retroviral PTK, while the EGF 
receptor is by far the best understood growth factor receptor PTK. The products of the v-src, 
v-yes, v-fps, v-fes, v-abl, and v-ros retroviral oncogenes all have PTK activities. The v-src, v- 
yes, v-fps, and v-ros genes are the oncogenes of different chiken sarcoma viruses, while the v- 
fgr and v-fes genes are oncogene of cat sarcoma virus and v-abl gene is oncogene of mouse 
lymphoma virus. Despite the frequency of oncogenes encoding PTKs, it should be stressed 
that not all retroviral oncogene products have this activity. The v-sis, v-ras, v-myc, v-myb, v- 
fos, v-ski, v-rel, v-erb-A, and v-ets oncogenes have little or no relationship to those of the PTK 
family. The v-mil (or v-mht), v-raf, v-fins, v-mos, and v-erb-B have sequence homology with the 
catalytic domain of the protein kinases, and yet these proteins do not have detectable PTK 
activity. 

Receptor Protein 'Qrosine Kinases: Several growth factor receptors in testis are associated 
with PTK activity. An epidermal growth factor (EGF) - activated protein kinase activity was first 
detected in membranes made fiom A43 1 cells. After the discovery of EGF receptor PTK activity, 
other growth factor receptors were examined for a similar ligand-stimulated property. The 
platelet derived growth factor (PDGF), insulin, and insulin-like growth factor 1 (IGF-1) receptors 
all prove to have ligand stimulated autophosphorylating activities specific for tyrosine. In 
recent years such activities have been found in spermatogenic cells (see Chapter 3). These 
receptors also can phosphorylate exogenous substrates in vitro. The complete amino acid 
sequence of the human EGF receptor has been deduced from the nucleotide sequence of a 
series of over-lapping cDNA clones. Sasaki et al., (2003) identified 13 receptor TK genes, one 
ofwhich appeared to be novel. The I11-length sequence ofthis cDNA indicated that it encoded 
anovel TK receptor of the Eph family. The putative amino-acid sequence of this TK was 63.0% 
identical to that of human EphAl . This TK was designated as ephA9. The ephA9 RNA transcripts 
were present in the kidney, lung, testis, and thymus but not in the spleen, brain, or liver (Sasaki 
et al., 2003). 

19.15. TYROSINE KINASES IN TESTIS 

19.15.1. Src Kinase 

Src family of tyrosine kinases play important role in cell signal transduction in various cells. A 
Src-related protein-tyrosine kinase, named Xyk, may act upstream of the calcium release in 
fertilization of the Xenopzu egg (Sato et al, 2000). Src tyrosine kinase activity in Leydig cells is 
related to luteinizing hormone responsiveness. Src tyrosine kinase has an important role in 
regulating steroid secretion in MA10 Leydig cells. The regulation may in part be due to src 
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modulation of phosphodiesterase activity, although other components of the LH-signaling 
pathway may also be involved (Taylor et al, 1996). The membrane extract of rat testes revealed 
the existence of pp6O"" kinase activity. The expression of ~ p 6 O - ~  kinase activity in germ cells 
is associated with the development of rat testis. The peak period coincided with the timing, 
when the spermatogenesis by meiosis just began. The pp60c"" is most abundantly expressed 
in the spermatids and is a developmentally regulated gene (Nishio et al, 1995). 

19.15.2. Testis Specific Tyrosine Kinase FER (FerT) 

The FER is expressed in a variety of tissues but includes a particular mRNA species detectable 
only in testes. Compared to tyrosine phosphorylation events on membranes in mammalian 
cells, nuclear tyrosine phosphorylation events are relatively rare. Yet several nuclear tyrosine 
k i i e s  have been identified and characterized. These can be divided into two main groups: 
src-related and non-related nuclear tyrosine kinases. The p94'is an evolutionarily conserved 
tyrosine kinase encoded by the FER locus in mouse, rat and human. The ~94"' accumulates in 
both cytoplasm and nucleus of cells, and has been found in most mammalian cell lines analyzed. 
The p5 1" and p94 fer differ in their N-termini but they do share common SH2 and kinase 
domains. 

The testes-specific transcript of FER, termed ferT and the fnst meiosis specific tyrosine 
kinase has been cloned fiom a mouse testis cDNA library (Fishman et a1 1990; Hazen et al, 1993 
c/r Schwark et at, 1998). The FerT is generated by an alterative splicing mode and likely also 
through utilization of a different promoter. The 453 amino acid encoded protein (p5 1 fer T) is a 
truncated version of the FER encoded protein p94 fer. The p51 ferT contains a unique N- 
terminal domain (the first 44 amino acids) that is absent fiom p5lfU. The ferT mRNA is 
undetectable in RNA from testes of newborn mice at times preceding week 3 of postnatal 
development. These findings suggested that expression of fertT within the testis is restricted 
to certain stages of germ cell development (Keshet et al, 1990). Keshet et a1 (1990) showed that 
ferT is transiently expressed during spermatogenesis and the expression was restricted to 
spermatocytes at the pachytene stage of meiotic prophase. Transfection experiments in CHO 
cells confirmed the nuclear localization of p5 lm in eukaryotic cells (Hazan et al, 1993). Ectopic 
expression of p94 fer and p51fffT led to tyrosine phosphorylation of 66-kDa and 120-kba 
protein in CHO cells. These proteins may mediate the cellular functions of the FER tyrosine 
kinases. The TMF, which was shown to bind the TATA element in RNA polymerase II promoters, 
impaired the functioning of p94fer and p51kfl in a cell free transcription system. Both p94fer 
and p51fd phosphorylated the TMF in vitro and in vivo at the carboxy-terminal. The ~94'" 
and p51fd may thus modulate the suppressive activity of TMF during cellular growth in a 
defined differentiation process (Schwartz et al., 1998). 

19.15.3. G protein-Coupled Receptor Kinase 4 (GRK4) 

The GRK4 presents some peculiar characteristics that make it a unique member within the GRK 
multigene family. For example, this is the only GRK for which four splice variants (GRK4-a, -P, 
7, -6) have been identified. The GRK4 also mediates the homologous desensitization of type 
1 metabotropic glutamate (mGlul) receptors and phosphorylates agonist occupied form of G 
protein coupled receptor leading to homologous mode of desensitization. The c-DNAs clones 
have been identified in rat (Virlon et al, 1998). The GRK4a, but not GRK4P, -y, and -6, was able 
to phosphorylate rhodopsin in an agonist-dependent manner. The GRK4 mRNA is poorly 
expressed in testis and most rat tissues but is heterogeneously distributed in the kidney. The 
differential tissue distribution of GRK4P suggests that individual GRK4 variants may serve 
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distinct physiological functions. Expression of GRK4 mRNA has been shown in testis and in 
the spermatogonia cell line GC-1 spg. Specific GRK4 immunoreactivity was found on sperm 
membranes, the acrosomal membranes, and to the outer mitochondria1 membranes. The GRK4- 
dwas the only detectable isoform in human sperm. Thus, the association of GRK4 with specialized 
sperm organelles, which are essential for fertilization, indicates that this k i i e  is involved in 
sperm fonnation (Sallese et al, 1997). 

Q r o  3, Axl, and Mer: Tyro-3 family receptors are essential regulators of mammalian 
spermatogenesis. Lu et al(1999) generated and analysed null mctations in the mouse genes 
encoding three structurally related receptors with tyrosine kinase activity: Tyro 3, Axl, and 
Mer. Mice lacking any single receptor, or any combination of two receptors, are viable and 
fertile, but male animals that lack all three receptors produce no mature sperm, owing to the 
progressive death of differentiating germ cells. This degenerative phenotype appears to result 
from a failure of the tropic support that is normally provided by Sertoli cells. Tyro 3, Axl and 
Mer are all normally expressed by Sertoil cells during postnatal development, whereas their 
ligands Gas6 and protein S, are produced by Leydig cells before sexual maturity, and by both 
Gydig and ~ertoli  cells thereafter. It was found that the concerted activation of Tyro 3, Axl and 
Mer in Sertoli cells is critical to the role that these cells play as nurtures of developing germ 
cells. These receptors may also be essential for the tropic maintenance of diverse cell types in 
the mature nervous, immune and reproductive systems (Lu et al, 1999). The FLt3 gene encodes 
the sixth member of tyrosine receptor family and possesses an open reading frame of 3000 nt 
that appears to code for a protein of 1000 amino acids. The deduced structure of the FLT3 
protein presents all the characteristics of a receptor-type kinase of this family. The gene is 
expressed in placenta, in various adult tissues including gonads and brain, and in hematopoietic 
cells. The FLt3 transcript is 3.7-kb long, except in the testis, where two shorter post-meiotic 
transcripts are detected (Rosnet et al., 1991). 

Erb Type 1 Tyrosine Kinase Receptors: The erb type 1 tyrosine kinase receptors are important 
for mediating proliferation and differentiation. Their aberrant activation may contribute to 
tumor development and progression. They comprise epidermal growth factor receptor (EGFR), 
c-erbB-2, c-erbB-3, and c-erbB-4. There are overlaps and differences in the cellular distribution 
of the four receptors, which is of significance since they can form heterodimers that give 
differing responses to different ligands. The different distributions could be of particular 
importance in cancer if therapeutic modalities are identified to inhibit or stimulate the different 
ligands (Walker, 1998). 

Glutamate Receptor: RT-PCRanalysis showedthe presence ofmGlu-1, -4 and -5 (but not -2 or 
-3) receptor mRNA in the rat testis. In the rat testis, both mGlu-la and Glu-5 receptors were 
highly expressed in the germinal cell line. It is likely that these receptors are functional, since 
the agonist, (IS, 3R)-1-aminocyclopentane 1-3 dicarboxylic acid, was able to stimulate inositol 
phospholipid hydrolysis in testes. While human testes showed a high expression of mGlu-5 
receptors inside the seminiferous tubuli, mGlu-1 reactivity was restricted to intertubular spaces. 
The mGlu-5 receptors are also present in mature spermatozoa where they are localized in the 
mid-piece and tail. The localization of mGlu-5 coincided with that of p-arrestin, a protein that is 
critically involved in the homologous desenitisation and internalization of G protein-coupled 
receptors (Storto et al, 2001). 
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19.16. PHOSPHORYLATION OF SPERM TYROSJNE 

Sperm Motility: The initiation and maintenance of motility of spermatozoa involves 
phosphorylation of sperm proteins, and motility is highly regulated by a cascade of 
phosphorylation-dephosphorylation events affecting the activities of protein kinase substrates. 
In sperm of most of the species, flagellum appears to be the principal site, which is rich for 
tyrosine phosphorylation. Tyrosine phosphorylated proteins have been localized in sperm 
flagella (Umer and Sakkas, 2003). Westem blot and immunocytochemical analyses demonstrated 
that epididymal maturation in vivo is associated with a progressive loss of phosphotyrosine 
residues from the sperm head. As cells pass from the caput to the cauda epididymis, tyrosine 
phosphorylation becomes confined to a narrow band at the posterior margin of the acrosomal 
vesicle. Epididymal maturation of rat spermatozoa is also associated with an acquired competence 
to respond to high levels of intracellular CAMP by phosphorylating tyrosine residues on the 
sperm tail. Immature caput spermatozoa are incapable of exhibiting this response, despite the 
apparent availability of CAMP and protein kinase A (Lewis and Aitken, 200 1). It is also suggested 
that glycogen synthase kinase-3 (GSK-3) regulated by phosphorylation, could be a key element 
underlying motility initiation in the epididymis and regulation of mature sperm function. It 
follows that tyrosine phosphorylation situation would be opposite to that observed in somatic 
cells where tyrosine phosphorylation has been shown to increase rather than decrease GSK-3 
activity. To explore the mechanism underlying hyaluronan-induced sperm motility, Ranganathan 
et al, (1995) demonstrated the enhanced cellular protein phosphorylation in hyluronic acid 
stimulated cauda spermatozoa. Labeling of spermatozoa with orthophosphoric acid yielded a 
wide range of labeled phosphoproteins in presence of hyaluronan. In addition, the role of 34- 
kDa hyaluronan binding protein in hyaluronan-induced spermatozoa is supported by elevated 
production of inostiol triphosphate accompanied by increased phosphorylation. This suggests 
the importance of hyaluronan binding protein phosporylation in the transduction of signals 
resulting from the interaction of hyaluronate with the sperm surface. 

Sperm Capacitation: Protein tyrosine phosphorylation is associated with sperm capacitation 
and the acrosome reaction in several mammalian species (Leyton et al., 1992). The 
phosphorylation in mid-piece is the pre-requisite for capacitation. However, non- 
phosphorylated sperm can bind zona-pelluda. During capacitation, human spermatozoa undergo 
tyrosine phosphorylation of a characteristic set of proteins, only one of which has thus far 
been cloned and localized. Phosphorylation of tyrosine residues on a cohort of specific proteins 
in mouse, bovine, and human sperm indicated that activation of sperm tyrosine kinase occurs 
during the capacitation process. Although distinct sets of high-molecular weight tyrosine 
phosphorylated proteins have been recognized during capacitiation in human (80-105kDa), 
mouse (40-120kDa), and bovine (40-120kDa) spermatozoa, little is known aboutthe structure of 
these substrates of tyrosine phosphorylation, particularly in case of human spermatozoa. Only 
one capacitating-induced tyrosine-phosphorylated protein substrate of human spermatozoa 
has been reported and it is a fibrous sheath associated A- kinase anchor protein (AKAP). The 
PICA anchoring proteins have been demonstrated in fibrous sheath of both mouse and human 
spermatozoa. The AKAPs in other cell types have been implicated in signal transduction by 
forming complexes with protein kinases and phosphatases within specific cellular compartments. 
(see chapter 29). . 

Acrosome Reaction: msoine phosporylation in sperm appears to be important during various 
steps involved in acrosome reaction, it was evidenced that fertilization inhibition of PTK 
activity prevents acrosomal exocytosis and blocks fertilization (see Chapter 2 1). 
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1 -1-E LVGSRISEVW QSAGISKELL ElWGWGSRA RISVWHNAT CCTVRIMVm 
61 GGVGPFSDW CKYYTGGNTG YPCANVSW TBRSEXLNNT LllIPCRCRPQ PNVTCRDLKR 
121 CNVSDEVQRG MPGNVTPCTR LORLCPLPNS GAWQRRSCRB IiLWLUWIIL IGLVLYISLA 
181 IRI(RVQETKF ONAFTEEDSE LVVNYIAKKS PCRRAIELTH SLGWEELQN U D W I D R N  
241 LLILGKILGE GEKGTVYEGL WNIPEGKEVK IPVAIKTLKL DTMWKEILD m F G N  
301 PHWRLLGIC MTSTIYVITE YCLLVYRRNK DKAEQHRSNC AELNPPIQTL LKFMVDIALO 
361 m n s N m n  HRDLAARNCM LRDDMTVCVA DFGLSKKIYS GDYYRQGRIA ~PVKWIAIE 
421 SLADRWTKS DVWAFGVTMW EIATTLRQ4T PYPGVQNHEM YDYLLHGHRL KQPRTAWNCT 
481 EIRIRLLKLP ILGSRTMRPM TIFSKWRLS SPKTAWMNm KKCTLAGEPI PKTGPTFSVL 
541 RLQLEKUES LPDVRNQADV IYVNTQLLES EGLARVHPCS TGLEHHPCSE HRPRPHLYNC 

Fig.19.13. Amino acid sequence of tyrosine kinase from human sperm with activity for zona pellucida 
interaction. Reproduced with permission from D.J. Burks et al. Science 269(5220); 83-86: 1995 8 AAAS. 

19.17. TYROSINE KINASES IN SPERM 

Non-receptor protein tyrosine kinases may also be present in sperm head (Leclerc and Goupil, 
2002) and in cell cytoplasm (Beruti and Birgonova, 1996). Sperm head possesses c-yes, a 
member of non-receptor Src family of tyrosine kinases, which depends on c-AMP for tyrosine 
phosphorylation. The C-yes is inhibited by Ca2+ions (Leclerc and Goupil, 2002). 

19.17.1. Zona Receptor Kinase 

A 95-kDa mouse and human protein with characteristics of a protein tyrosine kinase (PTK) has 
been identified as a receptor forZP3 of egg's extracellularmatrix (Fig.19.13). Hence, the 95-kDa 
protein is termed as zona receptor kiiase (ZRK). Demonstrated similarity between mouse and 
human ZP3 suggests the existence of aZRK homologue in human sperm. The testis-specific c- 
DNA encodes a protein similar to receptor tyrosine kinase and appears to be expressed only in 
testicular germ cells. Antibodies against a synthetic peptide fiom the intracellular domain 
recognized human sperm protein that contains phosphotyrosine. Synthetic peptides 
corresponding to regions of the predicted extracellular domain inhibited sperm binding to 
human zona pellucida (L.eyton et al., 1992; Burks et al, 1995). Since, tyrsoine phosporylation in 
sperm appears to be important during various steps involved in acrosome reaction, it was 
evidenced that fertilization inhibition of PTK activity prevents acrosomal exocytosis and blocks 
fertilization. The PTK activity is dependent on exposure to isolated receptor. Aggregation of 
ZP3 receptor is an initial signal, which leads to acrosomal exocytosis.. 

Hu9 cDNA: Burks et al(1995) isolated a cDNA clone termed Hu9, encoding a transmembrane 
PTK (ZRK), and reactive with antibodies prepared against synthetic peptide of 15 residues in 
the Hu9 intracellular domain (residues 539 to 553). Hu9 2.2-kb insert revealed an open reading 
h e  of 1800 nt predicting a protein of 600 amino acids. The predicted amino acid sequence of 
the protein coded by Hu9 contains features found in all PTK's catalytic-domain, similar (55% 
identity) to that of c-Eyk, a receptor-like PTK, coded by the proto-oncogene of v-eyk. Binding 
sites for several src-containing proteins are present in the intracellular region of Hu9 including 
growth factor receptor bound proteins (Geb2), Shc and Nck. The putative Hu9 intracellular 
domain contains several potential glycosylation sites and is cysteine rich (Burks et al; 1995) 
(Fig.19.14). However, another study (Bork, 1996) revealed that hu cDNA encodes for human 
protooncogene c-mer instead ZRK, bringing into question the existence of human homologue 
of mouse ZRK. Nonetheless, studies indirectly indicate that a receptor protein tyrosine kinase 
is functional in sperm (Urnar and Sakkas, 2003). Protein tyrosine kinase mechanisms involving 
ZRK appear conserved within the family Felidae and are regulated by a cAMP/PKA pathway 
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G o r  W ~ C A  a - 
R E I R C ~ C ~ F ~ ~ ~ C ~ ~ C C P ~ ~ ~ C A  1617 

IUU~CC~VXPET-T-T- 0 G - - C A A C  
TT6GGGGT 1616 

ATA ---AThAAGTGTTTCTTRCNimPT 1759 

Fig.19.14. Amino acid sequence of rat Cdc2-like kinase (CIk3). With permission from W. Becker et al. 
Biochim Biophys Acta 1312; 63-67: 1996 O Elsevier. 

(Pukazhenthi et al, 1998). 

Sp42, the boar sperm tyrosine kinase, is a male germ cell-specific product with highly conserved 
tissue expression extending to other mammalian species. The protein is effectively expressed 
in the germ cells and is not a sperm-associated protein secreted by the epididymal epithelium 
or male accessory glands. The Sp42 is not glycosylated and deglycosylation did not result in 
the reduction of molecular mass of Sp42. The observation was extended to human, mouse and 
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rat, which share highly conserved tissue expression of Sp42. This suggests a possible role 
played by the cytoplasmic tyrosine kinase in the cell-signaling network specific to haploid 
male germ cells (Beruti and Borgonova et al, 1996). 

IIL DUAL SPECIFICITY PROTEIN KINASES 

19.18. CDCZLIKE KlNASE-3 (CLK3): ALAMMERKINASE 

A new family of protein kinases has been defined by structural criteria including a characteristic 
motif (LAMMER) in subdomain X of the catalytic domain. These 'LAMMER' kinases appear 
to play a fundamental role in cellular regulation, since the family comprises members eom 
mammals, Drosophila, plants, and yeast. The first cloned mammalian member of the LAMMER 
kinase was Cdc2-like kinasel (CLKl) (also called STY). This enzyme has been identified as a 
'dual specificity' protein kinase because the recombinant protein is able to phosphorylate 
serinet theronine as well as tyrosine residues. The CLK family of kinases has been implicated 
in mRNA splicing. A cDNA clone of protein kinase with high similarity to the CLK subfamily 
was isolated fhm a rat brain library and characterized. Its deduced amino acid sequence exhibited 
a 99% identity with human CLK3 and was therefore designated rat CLK3. In addition to the 
protein kinase domain, the sequence (490 amino acids) comprises anN-terminal domain with a 
strikingly high protein of basic amino acids. A fusion protein of CLK3 catalyzed 
autophosphorylation of the kinase but not phosphorylation of the exogenous substrate, histone 
or casein. The mRNA of CLK3 was detected predominately in testis, suggesting that this 
kinase regulates a testicular function (Becker et al, 1996b) (Fig.19.14). The CLK3 is abundantly 
expressed in the reproductive system of male mice. Specifically, high level of CLK3 protein 
expression is found in mature spermatozoa in the testis and epididymis. The majority of the 
C L K ~  in the testis is a full-length kinase-containing protein. Within the mature spermatozoa 
CLK3 is localized to the acrosome and sperm tail. CLK3 is expelled eom the sperm following the 
acrosome reaction and gets inactivated, or degraded by the proteases released by the sperm 
during the acrosome reaction. The CLK family of kinases has been implicated in mRNA splicing; 
however, the bulk of the CLK3 protein in these cells is located in the cytoplasm, suggesting 
that CLK3 may have additional roles in the cell (Menegay et al, 1999). 

19.19. NIMA LIKE KINASES 

Dual specificity protein kinases appear to share an implicit involvement in signal transduction 
and in the control of mitosis and meiosis. Althoguh the Cdc gene has been generally considered 
as a universal regulator of cell cycle, information fiom S. cervisiae and A. nidulans have 
suggested existence of an alternative signal pathway involved in controlling mitosis. For 
example nim A gene of A. nidulans works independently of Cdc2 for initiation of mitosis, for 
spindle formation and for nuclear envelope breakdown. Nim A gene products are conserved in 
mammalian cells as well (Letwin et al., 1992). 

19.19.1. Nekl and Nek2 

Nekl / STKZ: Screeing of mouse cDNA resulted in isolation of cDNAs that encode a mammalian 
protein kinase of 774 amino acids termed Nekl . The Nekl is a mammalian relative of the fungal 
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Fig.19.15. The cDNA and predicted amino acid sequence of  nekl. The conserved protein kinase catalytic 
domain amino acids are highlighted. Reprinted with permission from K.Letwin et al. The EMBO Journal 11; 
3521-3 1 : 1992 O http:Nwww.nature.com. 

NIMA cell cycle regulator. The Nekl contains an N-terminal protein kinase domain, which is 
most similar (42% identity) to the catalytic domain of a protein kinase, which controls initiation 
of mitosis in A. nidulans. In addition, both Nekl and NIMA have a long, basic C-terminal 
extension, and are therefore similar in overall structure. Despite its identification with anti- 
phosphotyrosine antibodies, Nekl contains sequence motifs characteristic of protein serinel 
threonine kinases. The Nekl kinase domain phosphorylates exogenous substrates primarily 
on serinelthreonine, but also on tyrosine, indicating that Nekl is dual specificity kinase. Like 
NIMA, Nekl preferentially phosphorylated B-casein in vitro. In situ RNA analysis of nekl 
expression in mouse gonads revealed a high level of expression in both male and female germ 
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cells, with a distribution consistent with its role in meiosis (Letwin et al, 1992) (Fig 19.15). 
Hayashi et al, (1999) isolated a murine serinelthreonine b a s e  2 (mSTK2) cDNA that is 
homologous to Nekl serine / threonine kinase. The kinase domain of mSTK2 is highly similar 
to NIMA/Nek family but the C-terminal region is not similar to any protein except for human 
STK2 (hSTK2). Similar to Nekl, mSTK2 is expressed ubiquitously among various organs and 
is upregulated in the testis. The expression and localization of mSTK2 are not associated with 
the cell cycle progression of mitogen-activated lymphocyte and DNA-transfected fibroblast. 
The substrate specificity of mSTK2 is similar to NIMA, but the phosphorylation is observed 
exclusively on threonine residues rather than serine (Hayashi et al, 1999). 

Nek2: In search of a fbction(s) for Nek 2 kiase during development, Uto et a1 (1999) isolated 
cDNAs encoding a Xenopus homologue of mammalian Nek2 and showd that Xenopus Nek2 
has two structural variants (Nek2A and Nek2B); Nek2A, most likely a C-terminally spliced 
form, corresponds to the human and mouse Nek2 whereas NeK2B is probably a terminally 
unspliced form of Nek2. As a consequence to this (probable) alternative splicing, Nek2B is 
deficient in the C-terminal70-amino acid sequence of NeEA, which contains a PEST sequence, 
a motif for rapid degradation. The Nek2A is expressed predominantly in the testis (presumably 
in spermatocytes) and very weakly in the stomach and, during development, only after the 
merula stage. By contrast Nek 2B is expressed mainly in ovary and in both primary and secondary 
oocytes and early embryos up to the merula stage. Thus NeKLA and Nek2B may play meiotic 
and mitotic roles in spatially and temporally manner both during Xenopus development, and 
Nek2B rather than NeK2A may play an important role in early development (Uto et al, 1999). 

A cDNA coding for a mouse ortholog of human Nek2 analyzed for its expression in 
different organs, showed high expression in testis and low level of transcripts in mitotically 
active organs, such as intestine, thymus, and skin and 10.5-day embryos brain. In situ 
hybridization analysis revealed that transcription of NeK2 occurs in stage specific manner 
during spermatogenesis. The strongest signals were seen in cells undergoing meiosis, besides 
presence ofNek2 transcripts in haploid cells (stage 1 and 1 1 spermatids). In addition to actively 
dividing follicle cells surrounding the oocytes and in the oviduct, this kinase is highly expressed 
in spermatocytes and, to a lesser extent, in early spermatids (Tanaka et al, 1997). Similar 
observation came from Rhee and Wolgemuth (1997) who also suggested that the presence of 
Nek2 protein was not unique to male germ cell meiosis, as it was found in meiotic pachytene 
stage oocytes as well. Furthermore, in an in vitro experimental setting in which meiotic 
chromosome condensation was induced with okadaic acid, a concomitant induction of Nek2 
kinase activity was also observed. The expression of Nek2 in meiotic prophase is consistent 
with the hypothesis that in vivo, Nek2 is involved in G2/M phase transition of cell cycle with 
the evidence that in vivo, mouse Nek2 is involved in events of meiosis, including but not 
limited to chromosomal condensation (Rhee and Wolgemuth, 1997). 

19.19.2. MurineNek3 and Nek4 

Chen et a1 (1999) cloned the mouse Nek3 and Nek4 genes. Mouse and human Nek3 are 
probably homologous, whereas murine Nek4 cDNA is probably the orthologue of human 
STK2. The Nek4 is highly conserved between mouse and human, whereas Nek3 is somewhat 
less conserved (96.5 and 88% identity in the kinase domains, respectively). Preferential expression 
of Nek3 is seen in mitotically active tissue, whereas Nek4 is highly abundant in the testis. 
Within the developing testicular germ cells, nekl, 2 and 4 exhibit differential patterns of expression 
suggesting overlapping but not identical function. The Nekl is located between Cpe and 
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D8Mit8 on chromosome 8 at around 32 CcM. While Nek2 is mapped to the distal region of 
chromosome 1, Nek3 is mapped to the most centromeric region of chromosome. 

19.19.3. Human Nek6 and Nek7 

Phylogenetic analysis suggests that NEK6, NEK7, and C. elegans F19H6.1 constitute a subfamiy 
within the NIMA family of protein kinases. Kimura and Okano (2001) characterized human 
NEK7, a gene structuralluy related to NIMA. Its open reading W e  encodes a 302-amino acid 
protein and is 77% identical to humanNEK6 protein. Tissue distribution of NEK7 is restricted 
to a subset of tissues contaning lung, muscle, testis, brain, heart, liver, leukocyte, and spleen 
but NEK6 transcripts were detected in all tissues examined. The human NeK7 gene is assigned 
to human chromosome 1 by radiation hybrid mapping. 

19.20. DYRK- 1B 

The DYRK-1 A is a dual specificity protein kinase whose action depends on phosphorylation 
of tyrosines in activation loop. The DYRK-2, DYRK-3, and DYRK-4 are predominantly expressed 
in testis, whereas DYRK-1 is ubiquitously expressed in rat tissues (Leder et al., 1999). The 
DYRK-1 A gene on human chromosome 2 1 encodes a protein kinase presumed to be involved 
in the pathogenesis of mental retardation in Down's syndrome. Leder et al(1999) described a 
highly similar homologue, DYRK-IB, which, in contrast to DYRK-IA, is predominately expressed 
in muscle and testis. The human DYRK-1B gene was mapped to chromosome 19 (19q12-13.11) 
by radiation hybrid analysis. The amino acid sequences of DYRK-1A and DYRK-1B are 84% 
identical in the N-terminus and the catalytic domain but show no extended sequence similarity 
in the C-terminal region. DYRK-1B contains all motifs characteristic for the DYRK family of 
protein k i e s .  In addition a sequence comprising bipartite nuclear localization motif is also 
present. The protein was localized mainly in the nucleus of COS-7 transfected cells. The DYRK- 
1B is testis and muscle specific and involved in the regulation of nuclear functions (Leder et al, 
1999). 

19.21. CGMP DEPENDENT PROTEIN KINME 

The cGMP-dependent protein kinase (cGKs) is a member of a family of cyclic nucleotide- 
dependent protein kinases that also includes CAMP-dependent protein kinases (cAKs). The 
cGK is a major cellular receptor of cGMP and plays important roles in cGMP-dependents signal 
transduction pathways. There exist two forms of cGK (I and 11) that are encoded by distinct 
genes and two different isoforms of cGK-I (designated I a  and IP) that are produced by alternative 
splicing. Endogenous cGK-I is co-precipitated with anti-GKAP42 (42-kDa cGMP-dependent 
protein kinase anchoring protein) antibody fiom mouse testis suggesting that cGK-I interacts 
with GKAP42. Kinase-deficient mutant of cGK-Ia stably associated with GKAP42 and that 
binding of cGMP to cGK-Ia facilitated their release from GKAP42 (Yuasa et a1 2000). The 
generation of nitric oxide (NO) in penile erectile tissue and the subsequent elevation of cGMP 
levels are important for normal penile erection. Hedlund et a1 (2000) reported that mice lacking 
cGMP-dependent kinase-1 (cGK-1) have a low ability to reproduce. Elevation of CAMP by 
forskolin, however, induces similar relaxation in normal and cGK-1 null corpus cavemosum. In 
addition, sperm derived from cGK1-null mice is normal and canundergo acrosomal reactions, 
and can efficiently fertilize eggs. These data identify cGK-1 as the downstream target of cGMP 
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1 MGILLPWSQ VTNNBINWJ!Q HHRNRSLDSA LQRIPEVEVS SPNAESENTF CSPSILGATM 
61 CSKIATTAAT VTSALSPPGT PTPAIASTAC TPTIGAVKGN VQHWPKHEQ SISLAAACRS - - 

121 SAVVESCPTL RMRPKSSESV AANGQEMIGV NSSTGNGSS SSNNSCSSAG STKKREDLTS 
181 LGSDDSGIIC GSESDQISLN RICHSHESLD SGWADADA EEECVDWT TSIDEEINIM 
241 QPDHLCLYPP QAASTELDCR TLRPSRKQKR PPPQVLEW LPSQNQIESE DSVDAGVDAR 
301 TRY-Q AAINVELGTA SNEIDPMMP RESHQDPIAD APSLSTPSVA STASATPSVT 
361 PTPIATPTPT ESTI(EIDQVLF KNFFGATICNA IFRTAQSIIE NHEKKNAAKQ KEQPDHSGTV 
421 SLVGSPNGGS SVPQDLVKSP TDISN(ICEFF SLLTSSSSIK AAAAAAANSA ASTPPATPTE 
481 ALAANSNSKL QPLSDPSADL KVKERTLNLR LPGDSEGSEG ALTKCSSINS IHKIJaPVPG 
541 VVKYFISEKA WSDVLQKPE KWSGURPF ESPVFNIHFA w n m s m p  GVLSFIGNKI 
601 FSFPDQEVDL YIPQLVVMPI WDELAEVLD PYLTIRCRKS VDFSLKCLWL LEAYNYQVDS - 
661 LGNSHNSSRIC S-IF SKREHKQTQN DLKSAGTGGL RVGEPRSWA LFXKTHHRSQ 
721 SDATVLLADF RSPHTLSISH RMYQQPPYTT QTLPTTPAKL CLGDLTSGHA FDNGCTCFET 
781 VRGQVNGLLG QRTLCSCGAP KTSPQKEEMK AUQivGKtXLT SWPSIULEKTS ALRMSLNLIN 
841 IWLPARVWLP LYSDIPHINV RITEEKTAVL NSKDKTPYII YVEVVEIPDI YTSPLIPIU%-! 
901 PSLRBTKSEE HLDGSCLNSH QHLSCSRTSS CSSSQQGTSC RRKKGADMG GCGDAGPHNS 
961 CSNVHSLGGL QFQEDDVWSQ EEDEITAQYL ElMRMrSERDT ISQISLDSCD SRDPOPmrVF 

1021 NIGDVRLRHC SNLSCENTKS PSNDPEDPSA AFLREPOOHEK EKLIRESSPY GHLSNWRLLS 
1081 AIVKCGDDLR QELMATQLLQ MFKIIWQEEQ MLWVRPYKI VCLSNDSGLI EPILNTVSLH 
1141 QIICKNSNKSL KEYFIDEYGS PSGESFRRAQ XNFVQSCAAY CLISYLLQVK DRENGNILFH 
1201 SDGHIIHIDF GFILSISPKN LGFEQSPFKL TPEFVEVMX TSSEIIWREFN XlJiL- - 
1261 RlEIlMDRIINF VEIWNAHL PCFlCNOCSGT VQNLRlCRFHM NLTEQWRK VEQLVQDSLK 
1321 SLSTKLYDGY QYYTNGIL 

Fig.19.16. Amino acid sequence of phosphatidylinositol4-kinase 3-isoform [D. melanogaster]. Source: hi@/ 
IWWW. ncbi.nlm.nih.gov (Accession AAK27793). 

in erectile tissue and provide evidence that CAMP signaling cannot compensate for the absence 
of the cGMP/cGK-1 signaling cascade in vivo (Hedlund et al, 2000). 

19.22. PHOSPHOLIPID RELATED KINASES 

Phosphoinositide dependent kinases (PIKs) comprise a group of enzymes, which transfer 
phosphate groups to the phospholipid, phosphatidylinositol (PI). They are easily distinguished. 
Their subtle amino acid sequence difference reliably indicates their preference for the 3- or 4- 
position of the inositol ring of PI. The PIKs elude easy classification although they are more 
related to lipids than to protein kiiases (Keith and Schreiber, 1995). 

19.22.1. Phoshoinositide-Dependent Protein Kinasel (PDK1) 

The PDKl is a serinelthreonine kinase that phosphorylates and activates Akt and p70 (S6K), 
two down stream kinases of phosphatidylinositol3-kinase (PI3-kinase). A cDNA encoding the 
PDKl predicted mouse PDKl (mPKD1) protein to contain 559 amino acids and a COOH- 
terminal pleckstrin homology domain. A 7-kb mPDKl mRNA is broadly expressed in mouse 
tissues and in embryonic cells. In the testis, a high level expression of a tissue-specific 2-kb 
transcript was also detected. Anti-mPDK1 antibody recognized multiple proteins in mouse 
tissues with molecular masses ranging fiom 60 to 180-kDa. The mPDKl phosphorylated the 
conserved threonine residue (Thr402) in the activation loop of protein kinase CS and activated 
the enzyme in vitro and in cells. Findings suggested that there may be different isoforms of 
mPDKl and that the protein is an upstream kinase that activates divergent pathways down 
stream of PI 3-kinase (Dong et al., 1999). 
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19.22.2. Phosphatidylinositol 3-Kinase 

The PI 3-kinase is another kinase and operates downstream of tyrosine phosphorylation in the 
signal transduction cascade, which leads to the human sperm acrosome reaction (Fisher et al, 
1998). The 3-phosphoinositide dependent protein kiiase 1 (PDKI) and PKC 5 and a tyrosine 
kinase are involved in the regulation of ERK pathway. The ERK pathway is an important route 
in sperm capacitation and acrosome reaction (Du Plesis et al., 2001; De Lamirande et al., 2002). 
A cDNA encoding a human homolgue of mouse p55 PI3-kinase, a regulatory subunit of 
phosphatidylinositol 3-kinase (hp55y) was isolated. The hp55y protein interacts with the 
activated IGFIR but not with the kinase-negative mutant recetpor. The putative hp55y protein 
is composed of a unique amino terminal region followed by a proline-rich motif and two Src 
homology 2 (SH2) domains, which are highly homologous to those in mouse p55 PI3-kinase, 
rat p55y, human p85 cl and bovine p85y; it contains no SH3 domain. Hp55y mRNAs are 
expressed in most of the human fetal and adult tissues with particulary high abundance in adult 
testis. Splice variant(s) of hp55y, one of which has a deletion of 36 amino acids at the amino 
terminus and another which has an insertion of 59 amino acids at position 256 between the SH2 
domains, were also identified. The hp55y has the ability to interact with the IGFIR and IR and 
may be involved in PI 3-kinase activation by these receptors (Dey et al., 1998). 

19.22.3. Phosphatidylinositol CKinase 

A remarkable variation of the universal process of cytokinesis occurs during gametogenesis in 
many organisms: instead of separating, the daughter cells develop as a syncytium, with clonally 
related cells connected by inter-cellular bridges, called ring canals. The end game of cytokinesis 
can follow one of two pathways depending on developmental context: resolution into separate 
cells or formation of a stable inter-cellular bridge. It was shown that the four wheel drive (fwd) 
gene of D. rnelanogaster is required for intercellular bridge formation during cytokinesis in 
male meiosis. Injkdmutant males, contractile rings form and constrict in dividing spermatocytes, 
but cleavage furrows are unstable and daughter cells fise together, producing multinucleate 
spermatids. Thefid is shown to encode a phosphatidylinositol-4 kinase (PI-4 kinase), a member 
of a family of proteins that perform the first step in the synthesis of the key regulatory membrane 
phospholipid PIP2. Wild-type activity of the fwd PI-4 kinase is required for tyrosine 
phosphorylation in the cleavage furrow and for normal organization of actin filaments in the 
constricting contractile ring, thus, suggesting a critical role for PI-4 kinase and 
phosphatidylinositol derivative duringthe final stages of cytokinesis (Brill et al, 2000) (Fig.19.16). 

19.22.4. Diacylglycerol Kinase 

Diacylglycerol kinase plays a central role in the metabolism of diacylglycerol by converting 
diacylglycerol (DAG) into phosphatidic acid thus initiating re-synthesis of 
phosphatidylinositols. The DAG is a second messenger reversibly activating PKC. In addition, 
DAG is a potential precursor for polyunsaturated fatty acids. Frolov et a1 (2001) described a 
type 111 Drosophila diacylglycerol kinase isoform, (DGKepsilon). Drosophila DGKepsilon is 
mapped to the cytological position 49C1-3. DGKepsilon mRNA is 1.9-kb in length and is 
broadly distributed throughout developingtestes. Comparison of the Dropophila DGKepsilon 
with the human homologue revealed that the first zinc finger-like motif is specific for the type 
111 isoform. Although the testis-specific DIG kinase activity is dependent upon the dose of 
DGKepsilon gene, the deletion of DGKepsilon does not modulate the total cellular diacylglycerol 
level (Frolov et al, 2001). 
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19.23.1. 5'-AMP-Activated Protein Kinase (AMPK) 

The AMPK cascade plays an important role in the regulation of energy homeostasis within the 
cell. The mammalian 5'-AMP-activated protein kinase (AMPK) is a heterotrimeric protein 
consisting of a -, p- and y-subunits. The a-subunit is the catalytic subunit. The non-catalytic 
subunits AMPK-P and AMPK-y form, together with the catalytic AMPK-a, the active kinase 
complex in mammals and its homologue in yeast. The gene for AMPKy-1 has been designated 
as Prkagl. Mouse Prkagl cDNA from testis (1623 nt) codes a protein of 330 amino acids and 
a ubiquitously expressed 1.8-kb transcript. A comparison between mouse, rat and human 
Prkagl cDNA and protein sequences shows that the gene is highly conserved among these 
species with a homology of 96% at the protein level. Southern blot analysis indicates that there 
is more than one gene for Prkag in the mouse genome. The Prkagl contains 12 exons with 
short introns. Analysis of 50 interspecific backcross mice mapped the mouse gene to the distal 
region of chromosome 15 (Shamsadin et al., 2001). Cheung et a1 (2000) isolated and characterized 
two isoforms of the y subunit, termed y2 and y3. Both $2 (569 amino acids) and y3 (492 amino 
acids) have a long N-terminal domain, which is not present in the yl isoform. As with yl, 
mRNA encoding y2 is widely expressed in human tissues, whereas significant expression ofy3 
mRNA was only detected in skeletal muscle. Using isofonns-specific antibodies, AMPK activity 
was found associated with different y isoforms in different rat tissues (Cheung et al., 2000). 

19.23.2.Glycogen Synthase Kinase-3 

Glycogen synthase kinase-3 (GSK3) is a multisubstrate, proline-directed kinase that 
phosphorylates T, P-amyloid and neurofilaments. The expression levels of the two GSK-3 
isoforms, a and p mRNA and proteins in different human tissues demonstratedthat GSK-3 a is 
encoded by a 2.6-kb mRNA and GSK-3P by 8.3- and 2.8-kb mRNA. The two GSK-3 P mRNA 
species were variably expressed in different tissues. Both GSK-3a and GSK-3j3 mRNA were 
prominently expressed in testis, thymus, prostate and ovary but were low in adult lung and 
kidney. The 5 1 kDa GSK-3a-protein is highly expressed in lung, ovary, kidney and testis, whereas 
46kDa GSK-3P-protein is highly expressed in lung, kidney and brain. Glycogen synthase kinase- 
3p (GSK-3 P) regulates cell metabolism, cell cycle, and cell fate through the phosphorylation of 
a diverse array of substrates. The GSK-3 also supports a role in mammalian meiosis and 
spermatogenesis. The differential expression of GSK-3a and GSK-3P mRNA and proteins and 
the lack of relationship between transcription and translation in some tissues revealed that 
GSKJa and GSK-3P are subject to different means ofregulation (Lau et al, 1999), whereas the 
GSK3a appears to regulate bovine sperm motility (Vijayaraghavan et al., 1996; 2000). While 
GSK-3a is ubiquitous in the seminiferous tubules, GSK3P is expressed in premeiotic type B 
spermatogonia, in both meiotic preleptotene and leptotene spermatocytes, as well as in Sertoli 
cells in both the mouse and rat in addition to its activity in spermatids. This provides the basis 
for future studies of GSK3P signaling in mammalian meiosis and spermatogenesis (Guo eta]., 
2003). 

19.23.3. Other Non-specific Protein Kinases in Germ Cells: These include ribosomal protein 
S6 kinase (Zhang et al., Genomics, 61,3 14-8,1999), STE20 like kinase in guinea pigs (Itoh et al, 
ABB 340, 210-7, 1997), Shf a Shb-like adapter protein involved in regulation of apoptosis 
(Lindholm et al., BBRC 278,537-43,2OOO). Krct is another Ser~Thr protein kinme widely expressed 
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in murine tissues (Stairs et al Hum Mol Genet 7,2157-66,1998). A ubiquitious protein kinase 
with multiple intracellular locations has been described by Brede et al, (Genomics 70,82-92, 
2000). A murine heme regulated inhibitor (HRI), the heme regulated eukaryotic initiation factor 
2a (eIF2a) kinase has been shown to be present in testis (Berlanga et al., JBC 273,32340-6, 
1998). A CSK type tyrosine kinase (ctk) transcript similar to Src family kinases has been identified 
in testis and brain and seems to be involved in male germ cells differentiation (Kaneko et al, 
Oncogene 10, 945-52, 1995). A serine/threonine kinase gene designated Gekl is present in 
mouse primordial germ cell-derived embryonic germ cell. Gekl mRNA is also detected in several 
other tissues of adult mice and central nervous system in embryos. The deduced amino acid 
sequence of Gekl in the kinase domain is related to those encoded by the S. cerevisiae STE20, 
CDC15, and D, melanogaster ninaC. Gekl is located on chromosome 1 1, near the wr locus, 
showing neuronal and reproductive defects (Yanagisawa et al., 1996). The specific involvement 
of only few kinases in the cytodifferentiation occurring during spenniogenesis has been 
described. 

Phosphorylase kinase (Phk) is a regulatory enzyme of glycogen metabolism. The Phk is 
clinically and genetically heterogeneous protein and is responsible for glycogon storage disease 
(1 in 100000 births). Two isoforms of Phk, encoded by separate genes are known for the 
subunits a (muscle [a MI and liver [a L] isoforms), and y (muscle [y MI and testis [y TI 
isoforms), wherease only one gene appears to exist for the P-subunit. The subunit 6 is calrnodulin, 
identical calrnodulins are expressed fiom three different human genes. Maichele et a1 (1996) 
reported that autosomal liver-specific Phk deficiency is associated with mutations in the gene 
encoding the testisniver isofonn of the catalytic y subunit (Phky2). The Phky2 gene product 
is the predominant isoform of the catalytic y subunit of Phk not only in testis but also in liver, 
erythrocytes and, possibly, other-muscle tissues. 
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Chapter 20 
PROTEIN PHOSPHATASES 

20.1. INTRODUCTION 

In comparison to protein kinases, comparatively little is known about the protein phosphatases 
(PPs) of mammalian sperm. Protein phosphatases have been detected in the sperm of cattle, 
goats, pigs, dogs, humans and roosters (Ahmad et al., 1995; Ashizawa et al, 1997). Smith et a1 
(1996) demonstrated that the primate spermatozoa contain serine-threonine- specific protein 
phosphatase 1, which is sensitive to heat and acid stable inhibitors 1 and 2. Protein tyrosine 
phosphatases have also been identified in mouse testis and implicated in spermatogenesis, 
sperm velocity, and capwitation (Leclerc et al., 1996,1997; Emiliozzi and Fenichel1997; Galmtino- 
Homer et al., 1997). The studies on the role of protein phosphatases in epididymal maturation 
or motility are limited. The membrane-associated protein phosphatase of epididymal 
spermatozoa of hamster was identified as a protein tyrosine phosphatase (PTPase). The 
membrane-associated PTPase may not be essential for acquisition of motility. However, it 
appears that the activity is essential for the sustenance of motility since sodium orthovanadate, 
which specifically inhibits PTPase activity, also inhibits motility of sperm (Uma Devi et al, 
1999). A 520-kDa phosphoprotein phosphatase that dephosphorylates serine and threonine 
residues of histones was isolated fiom the goat cauda-epididyrnal sperm plasma membrane 
(Barua et al, 1999). The enzyme is a glycoprotein and a specific phosphatase as it displayed 
higher affinity for dephosphorylation of large molecular weight phosphate esters. Two nuclear 
phosphoprotein phosphatases (PPl and -2) that cause dephosphorylation of '%istone, are 
present in goat testis. In addition to histones, both the isozymes can cause dephosphorylation 
of protamines, casein, and testicular nuclear proteins. The membrane-bound PPl is distinct 
fiom the cytosolic PPl. The PPM-1 is an ecto-enzyme whose function in sperm is unknown 
(Barua et al, 1999; Devi et al, 1999). 

L SERINE-THREONINE PHOSPHATASES 

20.2. CLASSIFICATION 

Classification of serinelthreonine PPs is based on substrate specificity and response to a 
defmed set of inhibitors and activators. Type 1 PP (PPI) is sensitive to the heat- and acid-stable 
inhibitors 1 and 2 (I, and I,) (Cohen, 1989), whereas type 2 PPs (PP2s) are insensitive to 
inhibitors 1 and 2. Inactivation of PPl by I, (PP1-I,) is dependent on I, phosphorylation by 
CAMP- dependent protein kinase, whereas I, does not require phosphorylation for PP1 
inhibition. The inactive PP-I, complex is activated by dissociation of PP1 and I,, a reaction 
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controlled by glycogen synthase kinase-3 (GSK 3) phosphorylation of I,. Qpe  2 PPs can be 
sub-classified into PPZA, PP2B, and PP2C on the basis of cation requirements. The PP1 and 
PP2A do not require divalent cations for activity whereas PP2B and PP2C require Ca2+ 1 
calmodulin and Mg', respectively for activity. Several isoforms are known to exit for each PP 
type. For example, the catalytic-subunit of PP1 is encoded by three different genes, termed 
PPla,  PPlB, and PPly. The PPly can undergo alternative splicing generating two proteins 
that differ at their extreme C-terminal ends. PP1yl is ubiquitously expressed in most tissues, 
whereas PPly;? is expressed solely in the testis (Smith et al, 1996). 

20.3. PROTEIN PHOSPHATASE TYPE1 

Protein phosphatases m e - 1  (PPl) are involved in diverse cellular activities, ranging fiom 
glycogen metabolism to chromatin structure modification, mitosis, and meiosis. The 
holoenzymes are composed of two or more subunits, including a catalytic subunit (PPlc) and 
one or more regulatory subunits. Many eukaryotes possess several catalytic subunit genes, 
which encode highly conserved isoforms. There are at least 4 isotypes of the catalytic subunit 
of type 1 proteinphosphatase (PPI), viq PPl-a, PPl-yl, PPl72, and PP1-6 in rat as shown by 
cDNA cloning. In rodents, one of these isoforms, PPl c y2 and its mRNA, appear to be expressed 
predominantly in testes. All isoforms of PPl (a, yl, y2, and 6) are phosphorylated by Cdc2- 
cyclin B in vitro. The amino acid sequences of these PPls differ in C-terminal regions. 
Phosphorylation by Cdc2-cyclin B is specific and involves a C-terminal threonine most likely at 
position 320 in PPla. Threonine-320 is conserved in yl, 6, and in the testis-specific PPy2, and 
is the only Thr that fits the Cdc2- consensus sequence in the C-terminal region. It appears that 
all the phosphatasel isoforms are potentially regulated at M-phase (Puntoni and Villa-Mod, 
1997). 

20.3.1. Protein Phosphatase-ly2 

The PPly2 participates in rat spermatogenesis. The antibody against a synthetic 2 1 mer amino 
acid sequence of the C-terminal region of the PPly2 interacted specifically with a rat testicular 
protein of 39-kDa. The PPly2 was located in the nuclei of late spermatocytes and of early 
spermatids (Shima et al., 1993). The purified PPly2 in native form had an apparent Mr of 170 
kDa. The holoenzyme fiom nondenaturing gel revealed it to be composed of a catalytic subunit 
and two noncatalytic subunits of 78 kDa and 55 kDa. Partial amino acid sequence analysis of 
78-kDa-subunit suggested it to be a 78-kDa glucose-regulated protein (Grp78), which is a 
member of the 7OkDa heat shock protein family. The 78kDa-protein possibly functions as a 
chaperone by confining substrate specificity of PPly2 (Chun et al, 1994). The Grp 78 subunit is 
a regulatory subunit of PPly2 (Chun et al, 1999). ' b o  cDNAs sequences (1320bp and 1180 bp) 
of the 55-kDa subunit of PPly2 fiom rat testis were cloned. These represented similar structure 
up to 1180bp, suggesting them to be generated by alternative splicing. The 1320 bp *DNA is 
a homologue of the human sds22 a 1  (thus, named rat sds22 al). The 1 180 bp-cDNA was a new 
splice-variant since its sequence at the 3'-end had not been identified in human sds22a genes 
(named rat sds22a3). The 1320bp cDNA is ubiquitously expressed in various tissues including 
the immature testis. However, the expression of 1 18Obp-cDNA might encode the 55-kDa-subunit 
to associate with PPly;? in rat testis and could be involved in spermatogenesis by controlling 
PPlV activity (Chun et al, 2000). The serinelthreonine phosphatase PP lV is a testis-specific 
protein phosphatase isoform in spermatozoa. This enzyme appears to play a key role in motility 
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initiation and stimulation. In general, protein phosphatases are regulated by their binding 
proteins. Its activity decreases during sperm maturation in the epididymis. Inhibition of PPly2 
initiates and stimulates sperm motility. The purified PPly2 was complexed to a protein of 43kDa 
in size, which is a mammalian homologue of sds22, that binds to a yeast PP1 binding protein. 
Phosphatase activity is catalytically inactive when PPly2 is complexed to sds22. Both PPly2 
and sds22 proteins are present in sperm tail and at distinct locations in the head (Huang Z, et 
al. 2002). Further studies suggested that dissociation of sds22 from p17 or some other post- 
translational modification of sds22 is required for its binding with and inactivation of PPly2 
(Mishra et al., 2003). 

Whether PPlcy2 performs a testis-specific function, the PPlcy gene was disrupted by 
targeted insertion in murine embryonic stem cells. Mice derived ftom these cells were viable, 
and homozygous females were fertile. However, males homozygous for the targeted insertion 
were infertile. The defects in meiosis were inferred from revealing severe impairment of 
spermiogenesis beginning at the round spermatid stage in addition to the presence of polyploid 
spermatids (Varmuza et al, 1999). The major hction of axonemal PP1 is located in the central 
pair apparatus associated with the C1 microtubule (Mitchell and sale. 1999). As predicted, 
axoneme contains two microcystin-sensitive protein phosphatases: protein phosphatases 
type-1 (PPI) and protein phosphatase type 2A (PP2A). Catalytic subunit of PP1 is anchored at 
the central pair of the microtubule apparatus that controls flagellar motility. The axonemal 
PP2A is likely anchored on the outer doublet microtubules, possibly in a position to directly 
control phosphorylation of inner arm dynein. This system of control, which involves the 
central pair, radial spoke, and inner arm dynein 11, is likely to regulate flagellar wave. The 
discovery that PP1 and PP2A are anchored in the wild -type 9+2 axoneme, but not anchored in 
specific Chlamydomonas mutants, provides a new opportunity to define subunits that anchor 
phosphatases in the cell. Yang et al(2000) clonedthe PPlc, a Chlarnydomonas flagellar axeonemal 
microcystin sensitive 35-kDa protein, which is found anchored in the axoneme. Analysis of 
flagella and axoneme from mutant strains revealed that PPlc is primarily but not exclusively, 
anchored in the central pair apparatus, and associated with the C1 microtubule. The mRNA of 
two PP-1 (dis 2ml and dis2rn2) proteins were not identical and were specificaly expressed 
(Kitagawa et al, 1990). 

20.4. PROTEIN PHOSPHATASE TYPE2 

20.4.1. Protein Phosphatase-ZA 

The PP2A selectivity hydrolyzes phosphate groups that are esterified to serines 716 and 730 
(Han et al., 2001). Kitagawa et al, (1990) examined the expression of mRNAs for catalytic 
subunits of serine/threonine protein phosphatases of two PP-1 (dis2ml and dis2m2), and two 
isotypes of PP-2A (PP-2Aa and (PP-2AP). The mRNAs of all the four catalytic subunits expressed 
in two different sizes in most of the tissues. The smaller sized mRNAs of dis2ml and PP-2AP, 
of 1.8-kb and 1.4-kb in length, respectively, were specifically highly expressed in testis. Both 
these smaller sized mRNAs began to be expressed at the age when meiosis started and were 
detected in at the pachytene stage of meiotic prophase. 

Hatano et a1 (1994) isolated a rat cDNA encoding part of the P-isotype of the B regulatory 
subunit (BR-P) of P P d .  The isolated cDNA encodedthe region corresponding to amino acid 
positions 8(R) to 177 (N) of human BR. The homology between nucleotide and amino acid 
sequences ofthe rat and human BR-P were 95.7%, respectively. The BR-P mRNA was specifically 
expressed in rat brain and testis. The length of mRNA in these two organs was different. The 
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BR-P mRNA was expressed specifically in elongated spermatids, while mRNA of the a-isotype 
(BR-a) was expressed equally in all spermatogenic cells. The BR-a seemed to regulate the 
activity of the PP2A catalytic subunit in spermatids, and to involve in spermatogenic maturation, 
especially spermatid elongation (Hatano et al, 1993). 

A mwine protein a4, known to be present in lymphocytes binds to PP2A. A similar a4- 
related gene, named a4-b is present selectively in the brain and testis and absent from most of 
the vital organs. The a4-b putative protein is highly homologous (66% identity in amino-acid 
sequence) to the a4-molecule. The 1x4-b protein is associated with the catalytic subunit of 
PP2A (PP2A), involved in the regulation of phosphatase activity in newonal cells and in 
spermatogenic cells (Maeda et al., 1999). In sperm axoneme also, besides microcystin-sensitive 
PP2A and PP1, two other axonemal proteins of 62 and 37-kDa were also isolated using 
microcystin-Sepharose affmity. Based on direct peptide sequence, these proteins are the A- 
and C-subunit of PP2A. It was proposed that PP2A is anchored on the doublet microtubules, 
possibly in a position to directly control inner arm dynein activity ((Mitchell and sale. 1999; 
Yang et al, 2000). 

20.4.2. Caw ICalmodulin Dependent Protein Phosphatase 2B (Calcineurin) 

Calcineurin (CN), a Caz+/calmodulin regulated protein phosphatase 2B (CaM - PP 2B) plays an 
important role in many biological processes including T-cell signal transduction. Calcinewin is 
a major calmodulin (CaM) binding protein in brain and is the only PP that is directly regulated 
by Ca2+/CaM. Calcineurin is a heterodimer of one catalytic subunit (CNA) and one regulatory 
subunit (CNB or CNP). The catalytic subunit, CNA has high homology with other PPs The 
regulatory subunit CNB belongs to EF-hand Ca2+ binding protein family. Though it is similar to 
calmodulin in many ways, its tertiary structure is entirely different from calmodulin (Guerini, 
1997; Shibasaki et al., 2001). The CN is a Thr1Se.r protein phosphatase and stimulated by Md+ 
In vitro, the phosphatase activity of calcineurin is inhibited by hydrogen peroxide, superoxides 
and glutathione in a dose-dependent manner whereas antioxidants stimulated phosphatase 
activity. This suggested that the phosphatase activity of calcineurin is modulated by redox 
factors (Sommer et al., 2000). 

Calcineurin A to Calcineurin B: Limited proteolysis of calcineurin, with clostripam defmes 
four functional domains in calcineurin A (61 -kDa), which in presence of CaM is converted to a 
42kDa polypeptide that contains the calcineurin B binding domain and a 14kDa fragment. The 
14-kDa ffagment binds calmodulin in a Ca2+ dependent manner with high affinity. In the absence 
of CaM, clostripam rapidly degrades both CaM and inhibitory domain. The preserved catalytic 
domain in proteolytic product is increased in presence and absence of Ca+2. The calcineurin B 
binding domain and calcineurin B appear unaffected by proteolysis both in the presence and 
in the absence of calmodulin. These results show that calcineurin A is organized in fimctionally 
distinct domains connected by proteolytically sensitive hinge regions. The catalytic, inhibitory, 
and calmodulin-binding domains are readily removed from the protease-resistant core, which 
contains the calcinewin B binding domain. Calmodulin stimulation of calcineurin is dependent 
on intact inhibitory and calmodulin-binding domains (Hubbard and Klee, 1989). 

Catalytic subunit (CNA): The mwine cDNA of the catalytic subunit of CaM-PP showed 
sequence of 1964-bp containing an open reading h e  that encodes a protein of 5 13 amino 
acids (Mr 58,706), the predicted isoelectric point of which (PI 7.1) was much more basic than 
those of brain isoforms (PI 5.6-5.8). The deduced amino acid sequence was 77-8 1% identical to 



Protein Phosphatases 497 

Fig.20.1. Nucleotide and deduced amino acid sequences for MTa-1, a cDNA for catalytic subunit of CaM-PrP 
from mouse testes. The underlined region (bp 271-392) represents the segment that was amplified for PCR. 
Reprinted with permission from T. Muramatsu et al. Proc Natl Acad Sci (USA) 89; 529-33: 1992 O National 
Academy of Sciences (USA). 

two other murine CaM-PP genes and displayed a distinct Southern blot hybridization pattern, 
indicating that it was derived from a separate gene (type 3). High amounts of a 2800-nt mRNA 
transcript were observed in testis, where as mRNA species were not detectable in brain (Fig 
20.1). It seems that this CaM-PP represents a non-neural isoenzyme. Measurements of CaM- 
PP mRNA during testicular development showed a dramatic increase in expression during 
week 4-6, correlating with the stages of spermatogenesis (Muramatsu et al, 1992a). A cDNA for 
alternatively spliced variant of the testis-specific subunit of CaM-PP from a human testis 
showed that the nucleotide sequence of 2 134-bp encodes a protein of 502 amino acids (Mr 57, 
132) and pI 7.0. The cDNA sequence differs from the murine form of this gene by a 30-bp 
deletion in the coding region, the position of which matches those in the two other genes for 
the catalytic subunit. The deduced sequence ofthe human proteins is only 88% identical to the 
homologous murine form, in striking contrast to the other two CaM-PP catalytic subunits, 
which are highly conserved between mouse and man (Muramatsu and Kincaid, 1992b). 
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Ragulatory subunit (CNB): The murine cDNA sequence of the regulatory subunit of CaM-PP 
from brain-specific isoform (dl) encodes a 170 amino acid protein (M 19.3 kDa), whereas that of 
the testis isoform ($2) contains 179 residues (Mr 20.7-kDa); these two sequences show 
approximately 80% amino acid identity. An oligonucleotide probe for the brain isoform (pl) 
hybridized to a single mRNA of 3.6-kb in many tissues, whereas using the &I probe, two 
mRNAs of 1.8-kb and 0.8-kb were detected only in testis. The mRNA for the testis-specific 
isoform increases markedly during development, its pattern being virtually identical to that of 
rnRNA for a testicular form of the catalytic subunit (a3). These results are consistent with the 
biological co-regulation of catalytic and regulatory subunits of a testis-specific isoenzyme 
during germ cell maturation (Ueki et al, 1992). 

The calcineurin B (CNB) clone fiom rat testis differs from rat brain cDNA by an addition of 
138 bp in the coding region. The clone corresponding to the initiation codon of the clone fiom 
a brain is not ATG but AAG. The 5'- noncoding regions of these cDNAs are also different. The 
addition in the coding region results in the gain of 46 amino acids at the N-Terminus. These 
fmdings suggest that two distinct isoforms of CNBa are derived fiom the same gene through 
a process involving alternative utilization of two promoters. RT-PCR followed by Southern blot 
analysis suggested that CNB a2 (testis from) is specifically expressed in the testis, and its 
expression is developmentally regulated (Chang et al, 1994). 

A rat testis calcineurin B-like protein (CBLP) is composed of 176 amino acids and contains 
four putative Ca2+ binding domains. The overall predicted amino acid sequence homology 
between CBLP and calcineurin B is 82%. The CBLP transcripts are specifically and highly 
expressed in the testis (hhkai et al, 1991). The deduced amino acid sequence is similar to that 
of human brain calcineurin subunit with respect to four putative calcium binding sites. 
However, the rat testis cloned cDNA had six amino acids polypeptide tail at carboxy-terminal, 
which was absent in human brain calcineurin P subunit. This amino acids tail makes the carboy- 
terminal highly hydrophilic, in contrast to the human brain p subunit, which is hydrophobic at 
carboxy terminus, and eleven amino acids at the N terminus of the cloned cDNA were 
completely different fkom the corresponding region of the brain calcineurin p subunit (Sugimoto 
et al., 199 1). 

The two subunits of scallop testis calcineurin deduced amino acid sequences of the catalytic 
subunit (calcineurin A=486 amino acid residues, Mr 55,005.91), and the regulatory subunit 
(calcineurin B=170 residues, M, 19,237.67) showed high similarity to those of mammalian 
calcineurins, especially to the brain-type rather than to the testis-specific isoforms. Northern 
blot analysis showed that only a single species for each subunit was expressed in testis. The 
results were consistent with the one as to the expression of the testis-specific isoform of 
calcineurin A in mouse, which occurs immediately after meiosis. Its sequence similarity to the 
mammalian brain type isoforms may indicate that the mammalian testis-specific isoforms 
appeared in evolution after the divergence of mammals from the mollusks and then diverged 
rapidly for specific functions in testis (Uryu et al, 2000). 

Ontogey: The CN has a wide tissue distribution. The CN is not evenly distributed but 
concentrated in specific cells, especially in brain, kidney and testis. The common CNB subunit 
transcrips and protein are present in all tissues where as testis specific CNB subunit transcripts 
are found in brain, lung, thymus and heart, while protein is detected only in testis. This indicates 
that testis specific cNB subunit gene is regulatedat both transcriptional and post-transcriptional 
levels (Su et al, 1995). In the mouse testis CaM is unusually rich in spermatogenic stages from 
mid-pachytene to elongating spermatids. The antibodies raised against calcineurin fiom scallop 
testis reacted with subunit B, but not subunit A of calcineurin isoforms fiom mouse brain and 
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testis. In nuclei of round or elongating spermatids calcineurin started to accumulate in nuclei 
from the acrosomal cap phase, peaked at the initial stage of nuclear elongation, and decreased 
thereafter. There was almost no signal in the spermatogenic cells at other stages, including 
spermatogonia, spermatocytes, mature sperm, and other somatic cells in the seminiferous 
tubules. It suggested a role for calcineurin in remodeling of the nuclear chromatin in 
metamorphosing spermatids (Moriya et al, 1995). Testis-specific isoform of CNP expressed 
only 3 weeks after birth, when meiosis begins. The mature sperm is most likely to have only the 
testis-specific isofom of CNP, whereas the brain type isoform was not detected in rat sperm. 
Testes from different rodent species showed that all rodent species examined had their own 
homologues corresponding to a testis-specific isoform of CNP. Each homologue is specifically 
expressed in post-meiotic phase of spermatogenesis, as was seen in rats. Two isoforms of 
calcineurin p subunit (p 1 and P2) exist in rat testis. Both 1 and P2 are recovered in calmodulin 
binding protein fraction. The P2 showed same Mr as that of brain calcineurin f3 and found in 
wide variety of tissues. The P 1, with additional six amino acid polypepeptide sequence showed 
higher molecular weight than brain P and was specific for testis (Nishio et al, 1992a,b). The 
expression of testis-specific calcineurin B subunit isoform P 1 was examined in developing rat 
testis. Two mRNA signals of 4.0-kb and 0.9-kb present in testis, are expressed synchronously 
with the start of meiosis at 3 weeks after birth, and increased depending on the maturation of 
spermatogenesis. The PlmRNA was specifically localized to spermatocytes where meiosis 
occurs but its activity in spermatogonia, spermatids, Sertoli or Leydig cells was hardly detectable 
(Miyamoto et al, 1994). 

20.4.3. Protein Phosphatase 2C 

Type 2C protein phosphatases (PP2C), a class of ubiquitous and evolutionally conserved 
serinelthreonine protein phosphatases, are encoded by at least four distinct genes and 
implicated in the regulation of various cellular functions. Travis and Welch (1997) cloned a 
cDNA of PP2C from human skeletal muscle, which encodes unique acidic domain. This PP is 
34% identical to mammalian PP2Ca and PP2CP and named as PP2Cy. The PP2Cy is widely 
expressed, and is most abundant in testis, skeletal muscle, and heart. Seventy five percent of 
the 54 amino acid residues are glutamate or aspartate. Like other PP2Cs, recombinant PP2Cy 
requires Mg2+ and Mn2+ for activity. The PP2CP gene is tissue specific and developmentally 
regulated. The presence of five distinct isofom of protein phosphatase 2CP (PP2CP1-5) is 
known. Kato et a1 (1996) demonstrated that the mRNA levels of PP2CP-3, -4 and -5 and PP2CP 
protein level increase during the course of the first wave of spermatogenesis in neonatal 
mouse testis: These isozyrnes were expressed predominantly in pachytene spermatocytes and 
in more highly differentiated germcells. The substrate specificity of PP2CP-4 determined with 
artificial substrates differed from those of PP2CP-3, and -5, suggesting that the difference in 
the structure of PP2CP-3, -4 and -5 reflect their unique physiological function in testicular germ 
cells. 

Two isofom of PP2C, PP2CP-3 and PP2CP-4 were sequenced from mouse testis. A 
deletion of 48 nt of PP2CP-4 cDNA in comparison with PP2CP-3 cDNA resulted in different 
COOH-terminal sequences of 12 and 15 amino acids, respectively. These COOH-terminal 
sequences of PP2CP-3 and PP2CP-4 were further found to be different fromthose of isoforms 
MPPPl and MPPP2 ofmouse PP2CP (Terasawa, et al, 1993 clr Kato et a1 1996). The common 
sequence of 378 amino acids fromthese four isoforms ofmouse PP2CP exhibited 95% identity 
with the corresponding sequence ofrat PP2CP. The mRNA of approximately 2.0-kb for PP2CP3 
and PP2CP4 were expressed only in testis, while the mRNA of 3.3-kb and 8.5-kb for MPPP 1 and 
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MPPP2, respectively, were found in somatic tissues (Hou et al, 1994). 
To understand the regulatory mechanism of expression of PPZCP, the comparison of mouse 

genomic sequence with PP2CP cDNA sequences provided information on the structure and 
localization of introdexon boundaries and showed that PP2CP isoforms with different 5'- 
termini were generated by alternative splicing of its pre-mRNA. The 5'-flankingregion of exon 
1 had features characteristic of a housekeeping gene: it was GC-rich, lacked TATA boxes and 
CAAT boxes in the standard positions, and contained potential binding sites for the transcription 
factor Spl. In the 5'-flanking region of exon 2, several consensus sequences were found, such 
as a TATA-like sequence and negative regulatory element box- 1, -2 and -3'. These regions act 
as distinct promoters. Analysis of PP2CP transcripts showed that exon-1 transcripts were 
expressed ubiquitously in several tissues, whereas exon-2 transcripts were predominantly 
expressed in the testis, intestine and liver. These results suggested that the alternative usage 
of two promoters within the PP2CP gene regulates tissue-specific expression of PP2CP mRNA 
(Ohnishi et al, 1999). 

Wipl gene product: The human wild type p53-induced phosphatase 1 (Wip I) gene encodes a 
type 2C protein phosphatase (PP2C) that is induced by ionizing radiation in a p53 dependent 
manner. The mouse Wipl gene is composed of six exons and spans over 36-kb of DNA and 
mapped near the p53 gene on mouse chromosome1 1. The mouse cDNA sequence predicts a 
589-amino-acid protein with a molecular mass of 66-kDa. Comparison of human and mouse 
Wipl sequences revealed 83% overall identity at the amino acid 1e;el. The 5'-flanking region of 
exon 1 had promoter elements characteristic of a house keeping gene. The Wipl coding sequences 
share conserved functional regions with other PP2Cs h m  a diverse array of species. Expression 
of Wipl mRNA was detected ubiquitously in adult and embryonic tissues, though expression 
in the testis was much higher than in other tissue (Choi et al, 2000). 

Mg dependent PPP 4 ('Qpe-2CP 4): A I11-length cDNA clone @TK-3) encoding an isoform of 
Mgz"dependent protein phosphatase-P (MgPPP-4) has been isolated from a mouse melanocyte 
cDNA library. The mRNA corresponding to the pTK-3 insert was a splicing variant of a single 
pre-mRNA that also encodes MgPPP 1 and P2 (Terasawa et al, 1993). Sequence of MgPPP-4 
differed from those of MgPPP-1 and -2 at the carboxyl terminal end. The P-4 mRNA was 
expressed only in testis and intestine and not in any other tissues. Specific expression of 
mRNA signals of two other isoforms of MgPPP, MPPP-3 and -5 was also demonstrated in 
testis and intestine. The carboxyl terminal end of MgPP P-5 was found to have a chimera 
structure composed of part of MPPP-1 and part of MPPP-3. The mRNA expression levels of 
MgPPP-3, -4, and -5 alter according to the maturation of mouse testis. It suggests that the 
complex structure of MgPPP isoforms and their tissue and developmental stage-specific 
expression reflect the variety of their physiological functions (Kato et al, 1995). 

20.5. PROTEIN PHOSPHATASE-4 or PPx 

The protein phosphatase-4 (PP4) also called PPx is a serinetthreonine protein phosphatase 
that predominantly localizes to centrosomes and plays a role in microtubule organization at 
centrosomes. The PP4 catalytic subunit from porcine testis is inhibited by the antitumour drug, 
fostriecin and also by several naturally occurring tumour promoters and toxins. The gene for 
human PP4 catalytic subunit localizes to 16pl1.2 (Hu et al., 200 1). While the nucleotide sequences 
of murine and human PP4 are distinct, their amino acid sequences are identical. The PP4 is 
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Fig.20.2. Sequence of PP4Rl. The peptides obtained from purified bovine PP4Rl are underlined. Regions 
homologous to the repeats found in the A subunit of PP2A are printed in white type on black. Reproduced 
with permission from S.Kloeker and B.E. Wadzinski. J Biol Chem 274: 5339-47; 1999 O American Society 
for Biochemistry and Molecular Biology. 
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conserved across species. In adult tissues, PP4 is expressed at high levels in the testis, kidney, 
liver, and lung, and at lower levels in virtually all tissues. The PP4 is a developmentally regulated 
protein phosphatase (Hu et al., 2001). 

The catalytic subunit of PP4 has more than 65% amino acid identity to the catalytic subunit 
of PP2A. Despite this high homology, PP4 does not appear to associate with known PP2A 
regulatory subunits. Bovine testis PP4 existed in two complexes of approximately 270-300 and 
400-450 kDa as determined by gel filtration. The smaller PP4 complex contained two major 
proteins: the PP4 catalytic subunit plus a protein that migrated as a doublet of 120 -125 kDa on 
SDS-PAGE. The associated protein, termed PP4Rl and PP4C also bound to microcystin- 
Sepharose, and resolved into two major peaks, at 35 (PP4C) and 105-kDa (PP4Rl) (Kloeker and 
Wadziiski, 1999) (Fig.20.2). The PP4 forms a complex with 50-kDa protein and the complex is 
located at microtubule organization contents. The regulatory subunit (termed PP4R2) of PP4 
comprises 453 amino acids, and amolecular mass of 50.4-kDa. Immunocytological detection of 
PP4R2 at centrosomes suggestedthat it might target PP4C to this location. Native 450-kDa and 
600 PPF4 complexes are inactive, but can be activated by basic proteins, suggesting that 
PP4R2 may also regulate the activity of PP4C at centrosomal organizing centers (Hastie and 
Cohen, 1998; Hastie et al, 2000). 

20.6. Cdc25 PROTEIN PHOSPHATASES 

The Cdc25A and Cdc25C, which encode threonine Ityosine phosphatases involved in cell 
cycle regulation, are found to be differentially localized in human and rodent testicular germ 
cells during spermatogenesis. Northern blot analysis identified two Cdc25A transcripts in rat 
testis. A transcript of 3.8-kb was expressed in the early germ cells including spermatocytes and 
The round spermatids but not in Sertoli cells. Cdc25C expressed two transcripts of 2.1-kb and 
1.9-kb, which were present in spermatocytes and round spermatids respectively. The Cdc25A 
may participate during mitosis of spermatogonia (Mizoguchi and Kim, 1997). Murine Cdc25C 
transcripts of 2.1-kb were detected in midgestation embryos and in several adult tissues, 
including testis and ovary. The highest levels of Cdc25C transcripts were found in the testis 
where its expression was localized in germ cells, specifically in late, pachatene-diplotene 
spermatocytes and round spermatids, whereas Cdc25B expression was most readily detected 
in the somatic cells (Wu and Wolgemuth, 1995). The Cdc25C (-I-) mice are viable and do not 
display any obvious abnormalities. Among adult tissues, its transcripts are most abundant in 
testis, followed by thymus, ovary, spleen, and intestine. However, mice lacking Cdc25C were 
fertile, indicating that Cdc25C does not play an essential function during spermatogenesis or 
oogenesis in the mouse (see Chapter 1 1). 

20.7. INHIBITORS OF PROTEIN PHOSPHATASES 

In vitro treatment of spermatozoa with inhibitors of protein phosphatases may be of great 
value in understanding some cases of explained infertility (Hortas et al, 2001). The sperm PP1, 
being mostly cytosolic is inversely related to the motility of monkey epididymal sperm (Smith 
et al, 1999). Okadaic acid (OA) and caliculin A (CA) are specific PP inhibitors. Protein 
phosphatase-1 (PP1) and PP2A are completely inhibited by CA at 1.0 nM, whereas PP1 is 100 
fold less sensitive to OA inhibition while PP2A has similar sensitivity to OA and CA. On the 
other hand PP28 and PP2C are essentially insensitive to OA and CA. Human and rhesus 
monkey sperm contain PP1 and its regulators. The PP has been involved in Capdependent 
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regulation of sperm flagellar motility. Caliculin A treatment of human sperm resulted in an 
increase in motility and in the acceleration of mean path velocity (Smith et al, 1996; 1999). 

Testicular germ cells also contain protein inhibitors of PPs. The c-DNAs for three isotypes 
of protenous inhibitor-;! (I2), (12a1, 12a2 and I,P) have been characterized. The 12a2 is an 
alternatively spliced form of 12al, encoding a protein with substitution of three amino acids for 
14 amino acids of the 12a1 protein at the C-terminus. The latter I,P is derived £torn a different 
gene and encodes a protein of 126-aminoacid residues with conserved regions of 12a1 protein 
at positions 22-47 and 1 1 1- 126. The 12a2 and I# are expressed exclusively in the testis, and the 
expression of three forms of I, coincides with sperm maturation (Osawa et al., 1996). 

IL PROTEIN TYROSINE PHOSPHATASES 

Protein tyrosine phosphatases (PTPase) have been classified into two subfamilies, receptor- 
type PTPs and nonreceptor-type PTPases based on the presence or absence of the extracellular 
and transmembrane portions. Nonreceptor type PTPase ordinarily comprises a single PTPase 
domain and a variable length of noncatalytic segment. Some nonreceptor-type PTPases show 
dual specificity for both phosphotyrosine and phosphoserine or phosphothreonine. The PTPase 
domain consists of approximately 240 amino acids carrying several consensus motifs including 
a sequence (IN) HCXAGXXR (S/T)G (X can be any amino acid). The cysteine residue within 
the motif is involved in the formation of the catalytic core of the enzyme. 

20.8. PROTEINTYROSINE PHOSPHATASEl 

The protein tyrosine phosphatase-1 (PTPase-1) from mouse, rat and human are homologous 
proteins. The cDNA encoding an intracellular PTPase from a mouse testis was found to contain 
an open reading fkame of 1,296 nt, as well as 5' (83 nt) and 3' (289 nt) non-codingregions. The 
deduced sequence of 432 amino acids of mouse PTPase-1 exhibited 93% and 83% identity to 
rat PTPase-1 and human PTPase-lB, respectively. Murine PTPase-1 mRNAs were most 
abundant in testis, and were detected in size of 4.4-kb, 2.4-kb, 2.2-kb, and 2.0-kb. The PTP-1 
transcripts of 4.4-kb and 2.0-kb, but not 2.4-kb and 2.2-kb, were also present in other tissues. 
Genomic blot analysis showed that a single copy of the PTP-1 gene is contained in the mouse 
genome and that introns are present in mammalian PTPase-1 genes (Miyasaka and Li, 1992). 

20.8.1. Tesis SpecificCytoplasmic PTPase 

Kaneko et a1 (1 993) cloned five cDNAs encoding putative PTPases £tom the murine testis. Two 
of them were identical to the mouse cytoplasmic PTPase and PTPase-1B. The remaining three 
were likely to represent the murine counterparts of human PTPase6, human PTPase E and rat 
striatum-enriched PTPase. Northern blot hybridization revealed that the transcripts of PTPase- 
lB, mouse cytoplasmic PTPase and the murine homologue of human PTPase 6 were 
quantitatively andlor structurally regulated during germ cell development. Testis specific PTPase 
(Typ) of cytoplasmic origin may play an important role(s) in spermatogenesis andor meiosis. 
The Typ is specifically expressed in testicular germ cells that undergo meiosis. Developmentally, 
'Ifip is detected between 2 and 3 weeks after birth, in parallel with the onset of meiosis. The O W  
of cDNAs of Typ codes a protein of 426 amino acids. The predicted 'Ifip protein contained a 
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Fig.20.3. The composite nucleotide sequence and the deduced amino acid sequence of mouse tyrosine 
phosphatase (typ). In-frame stop codons preceding and terminating the open reading frame are shown in 
bold. The shaded portion defines the conserved catalytic domain that is homologous to the other PTPs. The 
potential phosphorylation sites for p34cdc2 kinase (SITPXK) are underlined by thin lines and the putative 
PEST sequence, by a thick line. Reproduced with permission from M. Ohsugi et al. J Biol Chem 272: 33092- 
99; 1997 O American Society for Biochemistry and Molecular Biology. 

single catalytic domain at the carboxyl-terminal half. No hydrophobic stretch for a possible 
transmembrane sequence or signal sequence was found, suggesting that Typ is a cytoplasmic 
protein-tyrosine phosphatase. The amino-terminal half of Typ did not share significant 
homologies with the other known proteins but contained a region rich in PEST residues (Ohsugi 
et al, 1997) (Fig 20.3). 

Park et a1 (2000) identified a novel mouse PTPase cDNA, which contains a single open 
reading frame of the predicted 926 amino acids. The predicted protein showed significant 
identity with human megakaryocyte PTPase (91% in nucleotide sequences and 94% in amino 
acid sequences). The expression of this PTPase is highly enriched in the testis in mouse and 
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human and has been termed as a testis-enriched phosphatase (TEP). This PTPase transcribes 
two mRNA species of 3.7 and 3.2-kb inmouse testis, and specifically expressed in spermatocytes 
and spermatids within seminiferous tubules (Park et al, 2000). 

Cytoplasmic PTPaseRL10: The cytoplasmic-type PTPase-RLlOPTPase DlPTPase 2E 
contains an ezrin-like domain and associates with the c-Src protein tyrosine kinase. Testes of 
wild-type mice and W/Wv mutant mice lacking germ cells were analyzed for the expression of 
PTPase-RL1 0, its isoform PTPase-RLlOb and c-Src. The PTPaseRL10 transcripts of 5.7kb and 
2.9kb in size are detected in the testis, and that the 5.7kb transcripts are expressed in pachytene 
spermatocytes and somatic cells including Sertoli cells, in which c-Src transcripts were identified. 
The 2.9kb transcript encoded an isofonn, PTPase-RL1 Ob that has the catalytic domain but not 
the domains that associate with c-Src. Thus, PTPase-RLlOb is expressed mainly in the testis 
Sertoli cells (Tokuchi et al., 1999). 

20.8.2. lhnsmembrane PTPase with Tensin Homology (TPTE) 

A 2.5-kb mRNA is strongly and exclusively expressed in the testis. The corresponding full- 
length cDNA encodes a predicted polypeptide of 55 1 amino acids with at least two potential 
transmembrane domains and a tyrosine phosphatase motif. The cDNA has sequence homology 
to chicken tensin, bovine auxilin and rat cyclin-G associated kinase (GAK). The entire polypeptide 
sequence also has significant homology to tumor suppressor PTENIMMACI protein TPTE. 
This novel genelprotein has been termed transmembrane phosphatase with tensin homology. 
This gene has highly homologous copies on HC13,15,22, and Y, in addition to its HC21 copy 
or copies. The estimated minimum number of copies of TPTE gene in the haploid human 
genome is 7 in male and 6 in female. The TPTE is conserved between humans and other 
species. Its expression pattern, sequence homologies, and the presence of a potential tyrosine 
phosphatase domain suggest that it may be involved in signal transduction pathways of the 
endocrine or spermatogenetic function of the testis. The TPTE is, possibly the gene located 
closest to the human centromeric sequences on human chromosome, 21 and 13 (Chen et al, 
1999, Guipponi et a1 2000). The TPTE gene consists of 24 exons and spans approximately 87-kb. 
The position of this copy of TPTE was confirmed on the short arm of chromosome 2 1 (Guipponi 
et al, 2000). 

20.8.3. Osteotesticular Protein Tyrosine Phosphatase (OST-PTP) 

Osteotesticular tyrosine phosphatase (OST-PTP) is a class I11 receptor-type tyrosine 
phosphatase (RPTPase). The expression of the rat OST-PTP gene, Esp, is restricted to 
osteoblasts and Sertoli cells, and the transcript level in osteoblasts is highly upregulated by 
parathyroid hormone and CAMP. Mauro et al, (1994) have isolated the cDNA for a receptor-like 
PTPase, OST-PTP. The deduced 171 1-residue protein possesses an extracellular domain with 
10-fibronectin type-III repeats and a cytoplasmic region with two catalytic phosphatase domains 
in cytoplasmic region. In primary rat-osteoblasts, the 5.8-kb OST-PTP transcript is upregulated 
in differentiating cultures and down regulated in late stage mineralizing cultures. In addition, a 
presumed alternate transcript of 4.8-5.0 kb, which may lack PTPase domains, is present in 
proliferating osteoblasts, but not detectable at other stages. The OST-PTP may function in 
signaling pathways during bone remodeling, as well as serve a broader role in cell interactions 
associated with differentiation in bone and testis. The rat Esp gene sequence possesses two 
potential binding sites for OsQCbfal, an osteoblast-specific transcription factor in the promoter 
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region. The Esp is composed of 35 exons, but spans merely 20-kb making it the most compact 
RPTP gene identified. Each FN-111 repeat is encoded by a single exon flanked with phase 1 
introns. Two phosphatase domains are encoded by 16 exons in a genomic organization similar 
to those in RPRPa, RPTPy, and Ptprc genes. The Esp was mapped to rat chromosome 13ql 
(Lathrop et al, 1999). The cytoplasmic domain (CD) CDI of OST-PTP is enzymatically active 
and appears to be influenced by the catalytically inactive second domain CD2. The activity of 
CDI is specific to phosphorylated tyrosine. Full-length OST-PTP protein expressed in COS 
cells has a molecular mass of 185-kDa, and shows strong tyrosine phosphatase activity 
(Chengalvala et al, 200 1). 

20.9. DSP FAMILY 

Dual-specificity protein phosphatases (DSPs) comprise a new family of PTPases characterized 
by the ability to dephosphorylate phospho-seryllthreonyl residues in addition to phospho- 
tyrosyl residues. A single mutation converts a novel phosphotyrosine-binding domain into a 
dual-specific phosphatase (Wishart et al, 1995). Increasing number of DSPs has been identified 
by cDNA. Most of them are reported to dephosphorylate both phospho-threonyl and tyrosyl 
residues in the T-X-Y motif of the mitogen-activated protein kinase family, and to cause 
inactivation of their kinase activity. The DSP family includes mitogen-activated protein kinase 
phosphatase (MKP)-I, human vaccinia HI homologous phosphatase-2 (hVH-2)lMKP-21 
threonine-tyrosine phosphatase-l (TYP-I), hVH 3A323 hVH-5lM3-6, MKP-31rVH-6/PYSTI, 
MKP-XlPYST2, MKP-4 and phosphatase of activated cell- 1 (PAC- 1) (Nakamura et al., 1999). 

20.9.1. Testis-and Skeletal-Muscle-Specific DSP(TMDP) 

A target disruption of the protein phosphatease PPly gene, which encodes an isoform of 
type1 serinelthreonine protein phosphatase, induces meiotic defect in the testis identified a 
novel DSP, termed TMDP (testis-and skeletal-muscle-specific DSP). Nucleotide sequence 
analysis of TMDP cDNA indicated that the open reading frame of 597-bp encodes a protein of 
198 amino acid residues with a predicted molecular mass of 22.5- kDa. The deduced amino acid 
sequence contains a motif for a conserved catalytic domain of DSPs and shows highest similarity 
to human Vaccinia HI-related phosphatase (45.5% identity) but low homology to the mitogen- 
activated protein kinase phosphatase and CDC25 subfamilies of DSPs. The N-terminal region 
of TMDP shows no similarity with other proteins in the database whereas the C- terminal half 
of TMDP is fairly conserved in other DSPs. Three amino acid residues conserved in all PTPase 
and thought essential for the enzyme activity are also conserved at position Asp-106, Cys-138, 
and Agr-144. The TMDP is most abundantly expressed in the testis and the expression is 
characterized as follows: (i) TMDP mRNA first appeared with the onset ofmeiosis; (ii) TMDP 
mRNA was abundantly expressed in spermatocytes and round spermatids. Nekl, a dual- 
specificity kinase, is most abundantly expressed in round haploid spermatids. The expression 
pattern of Nekl is almost parallel to those with TMDP. 
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20.9.2. Low Molecular Weight Dual Specificity Phosphatases 

Five putative dual specificity protein phosphatases (DSPs) designated LMW-DSP1, -DSP4, - 
DSP6, - DSP10, and-DSP11, were cloned by Aoki el al, (2001) and LMW-DSP;! by Aoyama et 
a1 (2001). The MKP3 is a cytosolic protein-tyrosine phosphatase that reverses the mitogen- 
activated protein kinase family by dephosphorylating critical Tyr and Thr residues. Sequence 
analysis revealed that LMW-DSPs lacked Cdc25 homology domain that is conserved in most 
known DSPs/MAP kinase phosphatases (MKPs). While LMW-DSP 1 showed maximum similarity 
to plant DSPs, LMW-DSP4 exhibited the highest similarity to human YVHl and rat GKAP, 
though its C-terminal region was shorter than that of the human and rat clones. The LMW- 
DSP6 was found identical to TMDP, whereas LMW-DSP1 1 seemed to be a mouse orthologue 
of human VHR. The LMW-DSPIO was found to have a DSP catalytic-like domain, but the 
critical cysteine residue for catalytic activity was missing. The phosphatase activity of the 
recombinant LMW-DSPs was inhibited by orthovanadate but not sodium fluoride. However, 
none ofthe DSPs could dephosphorylate MAP kinases such as ERKI, P38, and SAPWJNK in 
transiently transfected COS7 cells under the conditions used. Analysis revealed that LMW- 
DSP I ,  -DSP6, -DSP 10, and -DSPI 1 were specifically expressed in testis, while LMW-DSP4 
expressed broadly. The testis-specific expression and apparent absence of dephosphorylation 
action on MAP kinases suggest that LMW-DSP 1, -DSP6, -DSP 10, and -DSP11 play specific 
role in testis. It was conceivable that a distinct class of low molecular mass DSPs is present and 
plays a role in dephosphorylating unknown molecules other than MAP kinases. Two LMW- 
DSPs, specific to testis were described by Hood et al., (2002). They are not altered in any of 
several disease states examined. These proteins, expressed in the nucleus and the cytoplasm, 
are able to dephosphorylate the phosphotyrosine analogue pNPP in vitro and are inhibited by 
sodium orthovanadate. These LMW-DSPs might belong to a new subclass of testis-specific 
proteins that act independently of the MAPK signal transduction cascade and do not depend 
on N-terminal docking regions for substrate binding (Hood et al., 2002). 

The LMW-DSP2 open reading frame of 194 amino acids contained a single DSP catalytic 
domain but lacked the Cdc25 homology domain, which is conserved in most known DSPs. The 
LMW-DSP2 was specifically expressed in testis. Recmobinant LMW-DSP2 phosphatase activity 
was inhibited completely by sodium orthovanadate but not sodium fluoride, pyrophosphate, 
and okadaic acid. The substitution of critical amino acid residues, aspartic acid and cysteine 
resulted in a dramatic reduction of phosphatase activity. The LMW-DSP2 dephosphorylated 
and deactivated p38, to a higher extent, and stress-activated protein kinase (SAPK)/c-Jun N- 
terminal kiiase (JNK), but not extracellular signal-regulated kinase 112 mitogen-activated protein 
kinases. A mutation in a conserved docking motif of p38 and SAPWJNK as well as in a cluster 
of aspartic acids of LMV-DSP2 did not affect the deactivation of the mitogen-activated protein 
kinases by LMV-DSP2 (Aoyama et al., 2001) (Fig.20.4). Among the DSPs lacking the Cdc25 
homology domain, LMV-DSP2 is the first one that dephosphorylates and deactivates SAPKI 
JNK. The MKP-3 is a cytosolic protein-tyrosine phosphatase that exemplifies a new class of 
DSP that reverses the mitogen-activated protein k i e  family by dephosphorylating critical 
Tyr and Thr residues. The MKP-3 is 36% identical to MKP-1 but not expressed in testis (Muda 
et al, 1996). 

20.10. PTPase IN GERM CELLS-SERTOLI CELLS INTERACTIONS 

Inter-Sertoli cell tight junctions (TJ) in the rat testis permit the passage of preleptotene and 
leptotene spermatocytes to cross the blood-testis barrier from the basal compartment to the 
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Fig.20.4. cDNA cloning of ILMW-DSP2. (A) the nucleotide and deduced ammo acid sequences of the cDNA 
encodlng LMW-DSP2. Nucleot~de and amino ac~d  residues are numbered on the right and left, respectively. 
The amino a c ~ d  consensus sequence DX26(V/L)X(V/I)HCXAG(I/V)SRSXT(I/V)XXAY(L/)M (where X is 
any amino acid) found in all DSPs is underlined. Starting at ATG, catalytically essential amino acid resides 
aspartic acid 57 and cysteine 88 are indicated by bold letters. The polyadenylation signal sequence is boxed. 
An aster~sk indicates the stop codon. (B) Schematic presentation of LMW-DSP2 amino acid (a.a.) identity 
to other DSPdMKPs. Reproduced with permission from K Aoyama et al. J Biol Chem 276: 27575- 83; 2001 
O American Society for Biochemistry and Molecular Biology. 
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adluminal compartment of the seminiferous epithelium so that these cells can continue their 
further development into spermatids. However, the mechanism by which this event is regulated 
remains a mystery. During understanding the biology of this event and its regulation, Li et a1 
(200 1 b) studied transepithelial electrical resistance (TER) across the Sertoli cell epithelia tight 
junctions in vitro and assessed the effects of different inhibitors of phosphatases and kinases 
on the inter-Sertoli TJ barrier. It was shown that inhibitors of PTPs and inhibitors of protein Serl 
Thr PPase (PP1) could perturb the assembly and maintenance of the inter-Sertoli tight junction 
permeability barrier. The inhibitory effect of PTP inhibitors (PTPi) was abolished by pre-treating 
Sertoli cells with protein tyrosine kiiase inhibitor (PTKi), which illustrated the specificity ofthe 
PTPi treatment. A c-AMP dependent (PKA) activator and inhibitor of calcium - diacylglycerol- 
dependent PKC also perturbed the inter-Sertoli TJ permeability barrier, which suggested that 
opening and closing of the inter-Sertoli tight junctions during spermatogenesis is likely a 
regulated process, at least in part, by the PKAPKC pathways. Thus the interplay of protein 
kinases and phosphatases, which regulate the intracellular phosphoprotein content of Sertoli 
cells possibly via PKA and PKC signal transduction pathways, plays a crucial role in modulating 
the assembly and maintenance of inter-Sertoli tight junctions in the testis (Li et al, 2001b). 

Myotubularin protein, which is a member of the PTP family, is associated with X-linked 
myotubular myopathy. The MTM may be a useful marker monitoring the events of cell-cell 
interactions in the testis.The full-length cDNA' encoding the entire ORF of rat myotubularin 
(rMTM) was isolated. Among the three clones of approximately 2.9-kb cDNAs that were 
sequenced, one clone was different from the other, and contained seven extra amino acids. Its 
sequence was found between Gln-22 and Phe-422 within the SET (Suvar 3-9, Enhancer -of - 
zeste, Trithorax) interacting domain (SID) of rMTM. The rMTM ORF had 17 13-bp encoding for 
a 571 amino acid polypeptide of M, of 65.8-kDa. The amino acid sequence revealed a 53.1 % 
identity with human myotubularin protein (hMTM1). Imrnunoblot analysis using a Ab against 
a22 amino acid synthetic peptide NH,-TKVNERYELCDTYPALLAVPAN based on sequence of 
rMTM, detecteda 66-k& protein inboth Sertoli and germ cell cytosol. The rMTM &A was 
found in various tissues but was predominantly expressed in the testis, ovary, and skeletal 
muscle. Sertoli cell rMTM expression was stimulated by germ cells and enhanced when inter - 
Sertoli junctions were being assembled in vitro (Li et al., 2000). Studies on Sertoli-germ cell co- 
cultures and -Sertoli cells have shown that the high levels of testicular rMTM expression in the 
testis might be maintained by germ cells. These results illustrated that germ cells play a very 
active role in regulation of testicular function by altering the phosphoprotein content (Li et al, 
200 1 a). 
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Chapter 21 

ION CHANNELS AND AQUAPORUYS 

21.1. ION CHANNELS IN SPERM PHYSIOLOGY 

Ion channels are key elements in the interaction between sperm and the egg. Components from 
the outer layer of the egg induce ion permeability changes in sperm that regulate sperm motility, 
chemotaxis, and the acrosome reaction (Darszon et al., 1999). It has been shown that sperm 
motility is associated with a complex ionic event. If immotile spermatozoa were re-suspended in 
a sodium-containing medium, they initiated or regained forward motility. Later, it was also 
found that an efflux of K+ was associated with sodium-induced motility. Calcium ions (CaZ+) 
have also been shown to be important in sperm motility initiation. How Caz+ reaches the 
axoneme in the core of the flagellum to switch on hyperactivation is unknown (Ho and Suarez, 
2001). These observations have led to the speculation that ion channels are the mediators of 
the ionic events involved in sperm motility initiation. Ion fluxes are also fundamental in sperm 
in response to egg. Acrosome reaction is shown to be mediated by elevation of intracellular 
Ca+. In addition to CaZ+ influx, a sequence of ionic changes such as Na+ influx and efflux of H+ 
and K+ has also been observed in association with the acrosome reaction. The variety in the 
types of ion channels observed in rat and human spermatozoa plasma membrane suggests that 
ion channels may play different roles in sperm physiology and gamete interaction. 

21.2. POTASSIUM CHANNELS 

High concentrations of potassium ions (K+) improve the rate of acrosome reaction in human 
sperm in vitro. Incubation of cqacitated sperm with different concentrations of potassium 
chloride results in dose-dependent increase in [Caz+], similar to that observed with progesterone 
(P). The increase in [CaZ+], by K+ and progestrone is blocked by EGTA. The combined treatment 
of K+ caused an additive effect on the increase in [Caz+],. It would appear that human sperm 
plasma membrane possesses different types of K+ channels in addition to Caz+channels. 

21.2.1. Ca2+ Activated K+ Channel 

Both Caz+ and K+ ions have been implicated in various sperm functions. Wu et a1 (1998b) 
suggested that sperm may possess a Ca2+ activated K+ channel, which has been implicated in 
the process of sperm activation and gamete interaction. Another study investigated Xenopus 
oocytes to express sperm ion channel by injection of RNAs extracted fiom the rat testis. The 
FWA-injected oocytes expressed an outwardly rectifying current, which was dependent on K+ 
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Fig.21.1. Hyperpolarization-activated channel [Strongylocentrotus purpuratus](Accession NP-999729) 
Source: httpllwww. ncbi.nlm.nih.gov. (with permission fiom R.Gauss et al. Nature 393: 583-7; 1998 8 http:l 
lwww.nature.com/Nature). 

concentration and inhabitable by K+ channel blockers. The Ca2+ ionophore-stimulated current 
activation with similar current characteristics in the RNA-injected oocytes suggested the 
expression of a Ca2+ activated K+ channel. Predominant Ca2+ activated K+ channel reactivity is 
also associated with spermatogenic cells. Using the same Xenopus oocytes expression system, 
Wu et al, (1998a) investigated the specific purinoceptor subtype P2,, involved in mediating the 
effect of extracellular ATP and other nucleotides. The current responses to different nucleotides 
using the two - electrode voltage clamp technique showed an order of relative effectiveness: 
UTP>ATP>ADP> adenosine, consistent with pharmacological classification of Ply receptor. 
The ATP also showed an inhibitory effect on the Ca2+ activated K+ current, elicited by the Ca2+ 
ionophore ionomycin. A similar inhibitory effect was observed with UTP. RT-PCR confirmed 
the expression of P, receptor mRNA in isolated spermatogenic cells. Thus, the expression of 
P2, receptor and its dual role, both stirnulatory and inhibitory, in the modulation of the Ca2+ - 
activated K+ channel in spermatogenic cells appeared possible (Wu et al., 1998a). 

21.2.2. Cyclic Nucleotides and K'Channels 

Several lines of evidence suggest that cyclic nucleotides and CaZ+ play important roles in 
chemotaxis of invertebrate sperm and fertilization, whereas their mechanisms of action in 
vertebrate sperm are not well known. Cyclic nucleotide-gated (CNG) channels are key elements 
of cGMP- and CAMP-signaling pathways in vertebrate photoreceptor cells and in olfactory 
sensory neurons, respectively. Labarca et al, (1996) described CAMP regulated K+ selective 
channel from sea urchin sperm plasma membrane that may have role during sea urchin sperm 
chemotaxis andlor the acrosome reaction. 

SPM: Gauss et al, (1998) cloned, fiom sea urchin testis, the cDNA encoding a channel 
polypeptide, SPIH. Functional expression of SPIH gives rise to weakly K+-selective hyper- 
polarization-activated channels and is under the dual control of voltage and CAMP. The SPIH 
channel is confined to the sperm flagellum and may be involved in flagellar beating. SPIH 
currents exhibit all the similarities of hyper-polarization-activated currents (Ih), which participate 
in the rhythmic firing of central neurons, control pace-making in the heart, and curtail saturation 
by bright light in retinal photoreceptors. Because of their sequence and hctional properties, 
SPIH channel forms a class of its own within the superfamily of voltage-gated and cyclic- 
nucleotide-gated channels (Fig.21.1). 
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Fig.21.2. Amiio acid sequence of cyclic nucleotide gated channel I from bovine testis (Accession 2010407A) 
Source: httpllwww. ncbi.nlm.nih.gov. (with permission from I. Weyand et al. Nature 368: 859-63; 1994 O 
http:/lwww.nature.comM~. 

CNG Channels in Bovine Testis: Expression of a cyclic nucleaotide gated channel (CNG) has 
been studied from bovine testis (Weyand et al, 1994). The functional polypeptide is present in 
sperm but is also specifically expressed in cone photoreceptor cells. These channels might be 
involved in chemotaxis of sperm by controlling Ca2+ entry through a cyclic-nucleotide signaling 
pathway. The CNG channels form heterooligomeric complex composed of at least two distinct 
subunits (4 and p). The a subunit of cone photoreceptors is also present in mammalian sperm. 
Several transcripts of d subunits in testis have been identified. The a and subunits are 
expressed in a characteristic temporal and spatial pattern and precursor cells. In mature sperm, 
the a subunit is observed along the entire flagellum, whereas the short P subunit is restricted 
to the principal piece of the flagellum. These findings suggest that different forms of CNG 
channel coexist in the flagellum. The CNG channels serve as a CaZ+ entry pathway that responds 
more sensitively to cGMP than to CAMP (Fig.21.2). Assuming that CNG channel subtypes 
differ in their Ca2+permeability, dissimilar localization of a and p subunits may give rise to a 
pattern of CaZ+ micro-domains along the flagellum, thereby providing the structural basis for 
control of flagellar bending waves (Wiesner et al., 1998). 

Sperm K+ Channel Activation by Egg Speract: Transduction by sperm of the instructive signal 
provided by the egg peptide, speract from sea urchin eggs involves rapid, complex changes in 
internal ion and cyclic nucleotide content. Hypotonically swollen sperm provide insight into 
the underlying processes and in identifying K+ channel activation as an initial ionic event in 
gamete recognition. A sustained hyper-polarization of swollen sperm is promoted by less than 
2.5pM speract and is followed by transient re-polarization followed by depolarization at high 
concentration of speract that is dependent on external Ca2+. Monophasic increase in pH is 
produced only by still higher speract, indicating that hyper-polarization may not directly promote 
aIka1inization. Increased K+- selective membrane permeability is found after speract at greater 
than 2.5pM, suggesting that hyper-polarization results fiom persistent activation of K+ channels 
(Babcock et al., 1992). Speract-induced accumulation of cGMP or AMP is selectively enhanced 
by the phosphodiesterase inhibitors, IBMX or papaverine, respectively. The earliest known 
ionic event in speract signal transduction results in rise of both cGMP content and K+ 
permeability, which are maximal within 15 sec of speract stimulation followed by a decline of 
both aRer intracellular rise of pH @Hi) in response to hyper-polarization. The study further 
suggested that elevation of pHi initiates an inactivation of guanylylcyclase that leads to K 
channel closure. Regardless of the mechanism that mediates [Ca2+], action, sperm K channels 



516 Proteornics of Spermatogenesis 

are downstream targets of cGMP and are implicated in a feedback loop that both terminates 
guanylyl cyclase activity and leads to their own inactivation (Cook and Babcock, 1993). Other 
studies strengthened the view that speract transiently stimulates a membrane guanylyl cyclase 
and activates a K+-selective channel that hyperpolarizes sperm. Speract hyperpolarizes and 
increases the cGMP content of flagellar vesicles. Galindo et al, (2000) showed that intra-testicular 
GTP$~ and GTP but not GDPPS, enhance this hyper-polarization. The increase in vesicular 
cGMP content produced by speract may directly mediate opening of the channel that 
hyperpolarizes sperm membrane vesicles. Similar mechanisms presumably operate in intact 
sperm (Galindo et al., 2000). Sanchezet al(2001) gave first d i d  evidence that cation selective 
channels upwardly regulated by CAMP operate in seaurchin sperm. Due to their poor selectivity 
among monovalent cations, channel activation in sea water could contribute to sperm membrane 
re-polarization during speract response. 

The Slo channel comprises a multi-gene family, defined by a combination of sensitivity to 
voltage and variety of intracellular factors. Among multi-gene gated channels, Slol provides 
negative feed back for entry of CaZ+ into cells. Many ion channels respond to membrane 
depolarization or intracellular ligands. In the Slol channel, these features are combined in a 
channel that opens in response to both depolarization and increase in intracellular [Caz+Ii. Slol 
channels cloned fi-om mouse and humans show strong conservation of sequence and functional 
properties. Schreiber et al, (1998) described the cloni& and expression of ~103, a novel potassium 
channel abundantly expressed in mammalian spermatocytes. Slo3 represents a unique type of 
potassium channel regulated by both intracellular pH and membrane voltage. The Slo3 is 
primarily expressed in testis of mouse and human. Because of its sensitivity to both pH and 
voltage, Slo3 could be involved in sperm capacitation and lor the acrosome reaction. The 
protein sequence of mSlo3 (the mouse Slo3 homologue) is similar to Slol, the large conductance 
calcium-and voltage-gated potassium channel. A Slo3 homologue is also present in human 
and conserved with regard to sequence transcript size, and tissue distribution. Because of its 
high testis-specific expression, Slo3 channels may be usell  target in the control or enhancement 
of fertility (Schreiber et al., 1998) (Fig.21.3). 

21.2.4. Rectifier K+ Channel 

It is thought that the membrane potential of sperm hyperpolarizes during capacitation, possibly 
due to the opening of K+ channels. Munoz-Garay et al, (2001) documented the presence of a 
K+-selective inwardly rectifying current. Macroscopic current activated at membrane potentials 
below the equilibrium potential for K+ and its magnitude was found dependent on the external 
K+ concentration accompanied by the change of resting membrane potential of mouse sperm 
fi-om -52 2 6 to -66 2 9 mV during capacitation in vitro. A mechanism is proposed whereby 
opening of inwardly rectifying K+ channels may produce hyper-polarization under physiological 
conditions and contribute to the cellular changes that give rise to the capacitated state in 
mature sperm. Immunofluorescent detection of sperm-bound CaZ+- activated, delayed rectifier 
K+ channels, indicated that these ion channels are uniformly distributed over the surface of 
both heads and tails of rat spermatozoa. The K+ channel transcripts are present in the cytoplasm 
of primary spermatocytes and post-meiotic elongating spermatids. Among various multiple 
K+ channel transcripts in rat tissues identified, some are observed only in testis. An attempt to 
obtain a full length rat testis K+ channel cDNA sequence gave an assembled sequence of 3693- 
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Fig.21.3. Primary sequence of a K+ ion channel: mSlo3. Alignment of primary sequence of mSlo3 with BK 
Ca2+-activated K+ channels, mSlol (mouse) and dSlol (Drosophila). Hydrophobic segments are designated SO- 
S10. An arrowhead indicates a phenylalanine residue (F) in the pore region critical for ion selectivity. The 
region designated "Calcium Bowl" has been implicated in the regulation of mSlol by calcium. The overall 
core and tail organization of Slol has been conserved in SIo3. mSlol (mbr5) and dSlol (splice variant 
A2C2E2G510) sequences are shown. Reproduced with permission from M. Schreiber et al. J Biol Chem 273: 
3509-16; 1998 O American Society for Biochemistry and Molecular Biology. 

bp with >90% homology to a delayed rectifier K+ channel. DNA sequencing suggested that 
multiple related K+ channels, which differed at their 5'-ends are amplified in rat testis (Jacob et 
al., 2000b). 

Kir 5.1 is a member of the inward rectifier potassium channel super-family, which does not 
form functional channels when expressed by itself in Xenopus laevis oocytes with high levels 
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of Kir 5.1 mRNA expression in testis. To determine the cell- specific expression of this channel 
in the testis, a polyclonal antibody against an external epitope of Ku 5.1 was tested for its 
specificity in Xenopus oocytes, expressing several cloned Kir subunits. Strong 
immunoreactivity for Kir 5.1 was found in rat testis and, particularly, in spennatogonia, primary 
and secondary spermatocytes, spermatids and in the head and body of spermatozoa. The 
intensity of Kir immunofluorescence increased with age at every stage in the development of 
sperm during spermatogenesis in rats (Salvatore et al., 1999). 

21.2.5. Volume Regulatory K+ Channel 

Effect of the ion-channel blocker, quinine on human sperm volume, kinematics and mucus 
penetration, and the involvement to potassium channels showed that volume regulation in 
human spermatozoa and the linear trajectory of their motion may depend on largely calcium- 
independent, potassium channels, and possibly volume- sensitive organic anion channels 
(Yeung and Cooper, 2001). It has been proposed that swelling-activated potassium channels 
are involved in regulatoly volume decrease in boar and bull sperm. However, boar spermatozoa 
may contain fewer swelling - activated chloride channels than do bull spermatozoa (Petrukina 
et al., 200 1). 

213. SODIUM CHANNELS 

Ionic changes triggered by progesterone (P) in human spermatozoa show a rapid increase in 
the cytoplasmic Caz+ concentration, which is obliterated by chelation of extracellular Ca2+. Cas 
fluxes were insensitive to verapamil and pertussis toxin (PTx), thus suggesting that they did 
not occur via voltage-gated channels and did not involve a pertussis toxin-sensitive G protein. 
Progesterone also caused a depolarization of the plasma membrane in Na+ containing as well as 
in choline - or methyl-glu~aminetontai~ng saline; depolarization was larger in the absence of 
extracellular Ca2+, suggesting that Na+ fluxes occurred through the same channel. It was 
suggested that progesterone activates a membrane ion channel that is permeable to monovalent 
cations as well as to Ca2+. In human sperm progesterone induces depolarization of plasma 
membrane, Ca2+ influx and K+ efflux. Na+ is partly responsible for progesterone induced 
depolarizing effect but was not required for W+ influx. Patrat et a1 (2000) demonstrated that 
progesterone stimulates a Na+ influx that could be involved in the acrosome reaction completion. 
Progesterone initiated human sperm acrosome reaction is dependent on the presence of 
extracellular Na+ (Na+ depletion decreases cytosolic pHi), suggesting involvement of a Na 
dependent pHi regulatory mechanism during P-initiated acrosome reaction. The decreased pHi 
resulting f?om Na+ depletion is reversible and mediated by a Na+/H+ exchange (NHE) mechanism 
(Garcia and Meizel, 1999). Spenn activation seems to involve extracellular ATP suggesting that 
human sperm expresses an ATP- gated Na+ channel that might have an important role in sperm 
activation before egg fertilization (Foresta et al., 1996). These studies implicated presence of 
Na'channel in the plasma membrane of sperm. 

Several sodium channels fiom somatic cells belong to DEGtENaC (Epithelia type Na 
Channel) superfamily, whose members have similar sequences and the same predicted structure. 
They function as amiloride sensitive sodium channel to transport Na in epithelia of kidney, 
colon and lung or play a role in taste perception and also important for mechanotransduction. 
Brain type of Na channel (BNaC) has been cloned h m  human testis, which was named hTNaCl 
(for human testis sodium channel 1). The hTNaCl has 532 amino acid residues with two 
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Fig21.4. Amino acid sequence of DEGIENaC channel from human testis (Accession number NP-004760). 
Source: httpllwww. ncbi.nlm.nih.gov. 

hydrophobic transmembrane domains. The longest sequence identified in human testis libraries 
contains 209-bp of 5'-untranslated region, 1596-bp of coding sequence, and 104-bp of 3'- 
untranslated region (excluding the p l y  A) tail. The 3'-untranslated region contains a consensus 
polyadenylation signal with poly (A) tail. It encodes a protein of 532 amino acids, a calculated 
molecular mass of 59,152 Da. The hydropathy analysis predicts two transmembrane regions 
with N-terminus and C-terminus localized in the cytosol similar to other DEGENaC family 
members. A potential N-linked glycosylation site (N-X-SIT) is present near the first third of 
extracellular loop. Four potential protein kinase phosphorylation sites are present at the cytosolic 
domains. There is no consensus protein A phosphorylation site in the cytosolic domains. Near 
the C-terminus, there is an SH3 (Src homology 3) - binding motif of proline-rich sequence 
(PRPPTPP) as found in aENaC. However, hTNa-C1 lacks a proline-rich PY motif, which is 
found in ENaCs. The hTNaCl shares 82% sequence identity with rat sensory neuron Na 
channel (DRASIC), 50% identity with human brain Na channel (BNaC2), 29% identity with 
kidney Na channel (a-  ENaC) and 26% identity with MEC-4 (Fig. 21.4.). The Northern blot 
analysis with poly (A) RNA of human tissues revealed the selective expression of hTNaC1 in 
testis at 7 kb and absent in other tissues. The amino acid identity of DEGENaC superfamily 
between human and rat is usually very high; 99% identity of BNaClMDEG and 92% identity 
of BNaC2fASIC. The role of hTNaC in testis as a H+-gated Na channel is unclear. However, 
testis also expresses a ENaC (Waldmann et al., 1995). Spermatozoa have been shown to have 
a Na selective channel (Ishibashi and Marumo, 1998). 

Amiloride-sensitive sodium channels have been identified in reproductive and in early 
developmental processes of several species. Darboux et al., (1998) identified a gene called 
dGNaClthat is specifically expressed in testis, ovary and early embryos of D. melanogaster. 
The corresponding protein belongs to the superfamily of cationic channels blocked by amiloride. 

Fig31.5. Protein sequence of gonad-specific amiloride-sensitive sodium channel 1 [D melanogaster] (Accession 
CAA76129) Source: httpllwww. ncbi.nlm.nih.gov @arbow et al, 1998). 
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Fig.21.6. (A) Amino acid sequence of Catsper2 from sperm. The transmembrane segments (Sl-S6) and ion 
selectivity P region are underlined. (B) Comparison of amino acid alignment of Catsper with Catsper 2. 
Reprinted with permission from T.A. Quill et al. Proc Natl Acad Sci (USA) 98; 12527-31: 2001 O National 
Academy of Sciences (USA). 

Expression of dGNaCl in Xenopus oocytes generates constitutive current that does not 
discriminate between Na + and Li', but is selective for Na'over K+(Fig.21.5). 

21.4. CATION CHANNELS 

In boar sperm plasma membrane, the most prominent was a nonselective cation channel, which 
conducted K, Na, Cs, Ca, and Ba. Channel opening did not show a strict dependence on 
voltage but was partially blocked by verapamil, nitredipine, and ruthenium red. A channel with 
these characteristics was observed in the plasma membrane overlying the sperm head (Cox et 
al., 1991). 

21.4.1. Voltage Gated Ion Channels 

Quill et al, (2001) reported a voltage-gated ion channel (CatSper2) that is expressed in male 
germ cells but not in other cells (Fig.21.6). The putative channel contains 6 transmembrane 
segments, making it more similar to the voltage-gated potassium channel, but the ion selectivity 
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pore domain sequence resembles that of a Ca (v) channel. The mRNA is expressed during the 
meiotic or post-meiotic stage of spermatogenesis, and the protein is localized to the sperm 
flagellum, suggesting a role in the regulation of sperm motility. The mRNA for the channel is 
present in mouse, rat and human sperm cells, and the gene is found on chromosome 2 E5-F1 in 
the mouse and 15q13 in the human. Another sperm voltage-gated cation channel (CatSper) 
that has features similar to the one reported is expressed within the flagellum and is required for 
normal fertility of mice. However, expression of CatSper2 alone or cp-expression with CatSper 
in cultured cells, or attempts to co-immunoprecipitate the two proteins from germ cells led to 
demonstrate that these two unique but similar &like subunits form either a homo-or 
heterotemer. 

CatSper is located specifically in the principal piece of the sperm tail. Targeted disruption 
of the gene results in male sterility in otherwise normal mice. Sperm motility is decreased 
markedly in Catsper-/- mice, and CatSper -1- sperm are unable to fertilize intact eggs. In addition, 
cyclic - AMP - induced Ca2+ influx is abolished in the sperm of mutant mice. CatSper is thus 
vital to c-AMP-mediated Ca2+ influx in sperm motility and fertilization (Ren et a]., 2001). It is 
possible, therefore, that two independent a subunits, different from other known voltage- 
gated channel, regulate sperm motility. Although disruption of the gene for the sperm-specific 
CatSper fails to significantly alter sperm production, protein tyrosine phosphorylation that is 
associated with capacitation, induction of the acrosome reaction, forward velocity, or percentage 
of motility, yet CatSper2-1- males are completely infertile. The defect that was identified in the 
null sperm cells was a failure to acquire hyperactivated motility, which seemed to render 
spermatozoa incapable of generating "power" needed for penetration of the extra-cellular matrix 
of the egg. Thus, CatSper2 is responsible for driving hyperactivated motility (Quill et a]., 2003). 
Although, molecular mechanisms for sperm to follow directional cues are unknown, Gao et al., 
(2003) demonstrated that the Drmophila PKD2 cation channel operates in sperm for directional 
movement inside the female reproductive tract. 

21.5. CALCIUM CHANNELS 

Calcium influx through voltage-sensitive channels controls a va-iety of cellular processes 
including secretion and muscular contraction. Modulation has been attributed to alterations in 
the phosphorylation state of channel subunit proteins to the direct interaction of G protein 
subunits with ion channel constituents and to voltage-dependent processes. Two classes of 
voltage sensitive CaZ+ channels have been described in somatic cells on the basis of their 
biophysical characteristics. 1) High voltage activated (HVA) and 2) low voltage activated 
(LVA) channels. The HVA Channels require large depolarization to > -20 mV for activation and 
channel opening, conduct maximal currents at >+lo mV, and may account for the L-, N-, P-, Q- 
and R-type currents. These channels have a heteromeric protein composition consisting of a 
pore forming O(1 subunit and auxil iq regulatory a,y.nd 6 subunits. Voltage-operated Caz+ 
channel structure and the relationship between channel subunit expression and the 
characteristics of consequent CaZ+ currents has been reviewed (Publicover and Barratt, 1999; 
Jagmathan et al., 2002). 2) The low voltage activated (LVA) channel that has avoltage threshold 
of approximately - 60 mV, conducts maximal current at -30 to -20 mV and accounts for the T- 
type current. There is presently no consensus regarding the molecular components of T 
channels. Pharmacological evidences indicate that there may be a diversity of T channels. 
Electrophysiological studies on rodent spermatogenic cells have revealed the presence of a T 
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type voltage-operated Ca2+ current. This current has pharmacological attributes consistent 
with those of the putative channel responsible for Ca2+ influx mediating the acrosome reaction. 
Ni, mibefradii and amiloride have been used to discriminate T type channels from HVA channels 
(Jagannathan et al., 2002). Recombinant channel proteins have shown that most LVA channels 
can function without associating with any auxiliary subunits. 

21.5.1. Presence of l b o  Cal+ Channels in Sperm 

Entry of Ca2+ through Ca2+ channels triggers the acrosome reaction of spermatozoa during 
fertilization. These Ca2+ channels share some properties with brain, cardiac, and skeletal muscle 
tubule Ca2+ channels, and may be involved in increasing [Ca2+], before the acrosome reaction 
(Tiwari-Woodruff and Cox, 1995; 0 'Toole et al, 2000). Florman et al, (1992) provided evidence 
that sperm possess voltage dependent calcium channel (VDCC) and that activation of sperm 
VDCC is sufficient to induce sperm acrosomal exocytosis. The entry of Ca2+ requires two Ca2+ 
permeable channels. The glycoprotein ofthe zona pellucida (ZP3) depolarizes sperm membranes 
by activating a pertussis toxin-insensitive mechanism with the characteristics of a poorly 
selective cation channel. The ZP3 also activates a pertussis toxin-sensitive pathway that 
produces a transient rise in internal pH. The concerted effects of depolarization and alkalinization 
open voltage-sensitive Ca2+ channels. Studies indicated that the presumed G-protein target of 
pertussis toxin probably produces a required but indirect activation of the putative sperm 
VDCC. The intervening events may include alteration of the voltage sensitivity of the VDCC, 
membrane depolarization, or both. Thus depolarization-induced acrosome reaction may provide 
a useful system to investigate subsequent events in the exocytosis process. These observations 
suggest that mammalian sperm utilize membrane potential-depsndent signal transduction 
mechanisms and that a depolarization pathway is an upstream transducing element coupling 
adhesion to secretion during fertilization (Arnoult et al., 1996; Jungnickel et al, 1999). 

The role of internal calcium stores in human uncapacitated spermatozoa was studied by 
determining the effects of two inhibitors of Ca2+ ATPase, thapsigargin and cyclopiazonic acid 
on Ca2+ in plasma membrane potential and amsome reaction. Study provided evidence that 
internal Ca2+ store depletion can evoke the opening of Ca2" channels on sperm plasma 
membrane, thus showing the existence of"capacitativeW Ca2+ entry into these specialized cells. 
The addition of thapsigargin to human spermatozoa induced a dose-dependent increase in 
acrosome reaction, but only when Ca2+ was present in external medium. These inhibitors induced 
a depolarization dependent Ca2+ influx from external medium, and this was preceded by a 
transient hyper-polarization, caused by activation of Ca2+-dependent K+ channels. It 
demonstrates that human spermatozoa possess internal Ca2+ stores and the capacitative Ca2+ 
entry pathway present in these cells regulates events that are fundamental for the acrosome 
reaction (Gonzalez-Martinz et al., 2001; Rossato et al., 2001; O'Toole et al., 2000). 

A linear h o s e  sulfate polymer (FSP > 106-Da), a major component of sea urchin egg jelly, 
induces the sperm acrosome reaction. %o Ca2+ channels are activated during acrosome reaction 
induction. The first opens 1 sec after FSP addition, and the second opens 5 sec after the fmt. 
Mild acid hydrolysis of FSP results in a linear decrease in polymer size. Hydrolyzed FSP of -60- 
kDa blocks intact FSP from inducing the acrosome reaction. Thus hydrolysed FSP opens 
second Ca2+ channel, not the fmt and does not induce acrosome reaction. Therefore, 111 size 
of intact FSP is required to open both Ca2+ channel involved in triggering the acrosome reaction 
(Hirohashi and Vacquier, 2001). Thus the entry of Ca2+ requires two Ca2+ permeable channels, 
which have been defmed as VDCCs. 
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21.5.2. T-Type Low Voltage Activated VDCC 

A functional low voltage-activated T type Ca2+ channel is expressed during the meiotic and 
post-meiotic stages of mammalian spermatogenesis, and can be observed readily in mouse 
spermatogenic cells, which lack detectable levels of other voltage-sensitive Ca%urrents 
(Lievano et al., 1996). A T-type Ca2+ channel is expressed during differentiation of the male 
germ lineage in the mouse and is retained in sperm, where it is activated by contact with the 
egg's extracellular matrix and controls sperm acrosomal exocytosis. Arnoult et al, (1997) examined 
the regulation of this Ca2+ channel in dissociated spermatogenic cells from the mouse using the 
whole-cell patch-clamp technique. T currents were enhanced, or facilitated, after strong 
depolarization or high frequency stimulation. The same facilitation was produced by antagonists 
of protein tyrosine b a s e  activity. Conversely, antagonists of tyrosine phosphatase activity 
blocked voltage-dependent facilitation of the current (VDCC). These data were consistent with 
the presence of a two - state model, in which T channels are maintained in a low (or zero) 
conductance state by tonic tyrosine phosphorylation and can be activated to a high conductance 
state by a tyrosine phosphatase activity. The positive and negative modulations of these 
channels by the tyrosine phosphorylation state provides a plausible mechanism for the control 
of sperm activity during the early stage of mammalian fertilization (Amoult et al., 1997). 
Progesterone also induces the acrosome reaction in non-capacitated cryo-preserved bovine 
spermatozoa through intracellular mechanisms dependent on protein kinase C and the voltage- 
dependent calcium channel (Cordoba and Beconi, 2001). Detection of LVA channels has been 
difficult. Jacob and Benoff (2000) detected only transcripts encoding for domain IV and C- 
terminus in rat testis RNA, whereas PCR products could not be generated with cDNA from 
human spermatozoa (Jacob and Benoff, 2000). Espinosa et al., (1999), obtained PCR products 
from mouse spermatogenic cell cDNA. Son et al., (2000) used degenerate primers on cDNA 
from human testicular biopsies to obtain a 489 bp hgment of a lH.  The full-length sequences 
of both a l G  and a l H  LVA channels from human testicular cDNA have been obtained by 
Jagannathan et al, (2002). 

A detailed analysis of Ca2+ currents expressed in acutely dissociated mouse primary 
spermatocytes using patch-clamp recordings demonstrated that the only voltage-gated Ca2+ 
channels present belongs to the family of T-type Ca2+ currents. Accordingly, Ni2+ and amiloride 
reduced current amplitude by 75 and 62%, respectively. Unexpectedly, nifedipine also reduced 
peak currents at concentrations as low as 2 pM. Because these channels represent the primary 
pathway for voltage-gated Ca2+ entry in mouse spermatocytes, they may also participate in 
regulating meiotic cell division and sperm differentiation (Santi et al., 1996; 1998). To identify 
the members of the voltage-dependent Ca2+ channel family present in sperm, Lievano et al, 
(1996) looked for the expression of the alA, a lB,  ale, a lD,  and O ~ E  genes in mouse testis 
and in urified spermatogenic cells. All 5 genes are expressed in mouse testis, and in contrast 
only 4' IE, and to aminor extent aIA, are expressed in spermatogenic cells. In agreement with 
these fmdimgs, only T-tpye Ca2+ channels sensitive to the diiydropyridine nifedipine were 
observed in patch-clamp recordings of pachytene spermatocytes. These results suggested 
that low-threshold Ca2+ channels are the dihyhopyridine-sensitive channels involved in the 
sperm acrosome reaction (Amoult et al, 1996, Lievano et al, 1996). However, evidence for the 
presence of a l c ,  a l G ,  and a l H  in mouse pachytene spermatocytes and in round and 
condensing spermatids has also been presented(~spinosa et al., 1999). 

Westenbroek and Babcock (1999) probed rodent sperm with anti-peptide antibodies directed 
against cytosolic domains of cloned rat brain alA, C$C, and a l E  Ca channel subunits. Each 
Ab recognized a 200 to 245-kDa band on immunoblots of rat with a smaller (1 10-kDa) a l C  
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band. Mouse sperm showed characteristic patterns of punctuate a1A-, alC-, and a lE-  
immunoreactivity. For alA, the punch were larger, less numerous, and more variable in 
distribution than for 4 1 ~  and alE. They were absent fiom the acrosomal crescent, but present 
over the sperm head, often at the apical tip and equatorial segment. These subunits were also 
found at irregular intervals along both the mid-piece and the principal piece of the flagellum. It 
was suggested that multiple Ca channel proteins are present in mature sperm and are regionally 
localized in ways that may give them different regulatory roles (Westerbroek and Badcock, 
1999; Wennemuth et al., 2000). Analysis of PCR products showed that only 4 1 ~  subunits are 
expressed in human testes. The expression of the a l H  subunit may be tissue specific since its 
mRNA was not detected in the human ovary. This suggested that the acrosome reaction of 
human spermatozoa is highly associated with T-type Ca2+ channels and was mainly mediated 
by calcium influx through 4 1 ~  T-type CaZ+ channels (Linares-Hernandez et al, 1998; Son et al, 
2000). 

21.5.3. Neoglycoproteins and Ca2+ Channels 

Hexose (mannose) or two amino sugars (glucosaminyl or galactosaminyl residues) when 
covalently conjugated to a protein backbone (neoglycoproteins, NGP) mimick the mouse ZP3 
glycoprotein action and induce the acrosome reaction incapacitated mouse spermatozoa (Loeser 
et al, 1999). To elucidate the mechanism underlying sperm-neoglycoprotein interaction and the 
induction of the acrosome reaction Loeser et a1 (1999) demonstrated that two known L-type 
Ca2+ channel blockers prevented the induction of the acrosome reaction by three 
neoglycoproteins (Man-BSA, Glc NAc-BSA, Gal NAc-BSA). The fact that the L-type Ca2+ 
channel blockers (verapamil, diltiazem) had no inhibitory effect on sperm surface 
galactosyltransferase or a-D-mannosiclase, suggests that the reagents block the acrosome 
reaction by a mechanism other than binding to the active site of the enzymes. The 
neoglycoproteins are known to rapidly increase intracellular h e  Ca2+ in human spermatozoa. 
It was also suggested that mannose-BSA, but not progesterone, activates T-type Ca2+ channels 
in human spermatozoa for the following reasons: (i) the capacity of Man-BSA to increase 
[Ca2+Ii was inhibited by the specific T-type CaNchannel blocker, mibefradil while progesterone 
was not inhibited by mibefradil; (ii)the effect of Man-BSA to elevate [Ca2+], was inhibited more 
potently by Ni2+ This supported the idea that Man-BSA and progesterone were activating 
distinct Ca2+ channels, one of which was a T-type Caz+ channel activated by mannose-BSA 
whereas the other Ca2+ channel that was activated by progesterone had yet to be defined at 
the molecular level (Blackmore and Eisoldt, 1999). However, progesterone ac celerated the 
onset of capacitation in mouse sperm via T-type calcium channels and this could be associated 
with calcium influx and tyrosine phosphorylation (Senuma et al, 2001). 

Results on pretreatment of spermatozoa with pertussis toxin showed that the transduction 
mechanism for NGPs involves G proteins of the inhibitory type (Gi). An increase in the acrosome 
reaction of capacitated spermatozoa was observed in presence of potassium ions only when 
the pH was raised to 8.5; and acrosome reaction was inhibited by verapamil, Niz+, Cd3+, La3+ 
indicating the participation of VDCC activated by membrane depolarization. The GlcNAc- 
BSA- or Man-BSA- induced acrosome reaction was completely inhibited by pre-incubation of 
spermatozoa with VDCC blockers and calcium antagonists, indicating a link between the binding 
sugar residues of the NGPs and channel activation (Brandelli et al., 1996). Lopez-Gonzales et al, 
(2001) analyzed the effects of CaM antagonists (W7 and trifluoroperazine) on voltagedependent 
T-type Ca2+ currents in mouse spermatogenic cells and on the zona pellucida-induced acrosome 
reaction in sperm. It was found that CaM antagonists decreased T- currents suggesting a 
hctional interaction between CaM and the sperm T-type Ca2+ channel and consistent with 
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the involvement of T-channels in the acrosome reaction. Patch-clamp experiments demonstrated 
that serum albumin induced an increase in Ca2+ T current density and significant shifts in the 
voltage dependence of both steady-state activation and inactivation of the channels. In contrast, 
P-estradiol significantly inhibited Ca2+ channel activity in a concentration-dependent and 
essentially voltage-independent fashion (Espinosa et al, 2000; Krasnai et al, 2001). In 
conclusion, the induction of the acrosome reaction in human spermatozoa by sNGPs involves 
VDCC and G-like regulatory proteins similar to the induction described for ZP in other mammalian 
species. 

21.5.4. GType Hight Voltage Dependent VDCC in Testis 

The mechanisms of modulation of sperm functions have been examined primarily in high 
voltage-activated CaZ+ channels. For example, L-type currents are positively modulated by 
protein kinases A and C, as well as by Gg, and are suppressed by Go. Similar mechanisms can 
regulate other high voltage-activated Ca2 channels. The entry of Ca2+ through Ca2+ channels, 
with cliaracteristics similar to those of L-type voltage - sensitive Ca2+ channels found in 
cardiac and skeletal muscle is crucial step in the sequence of events leading to exocytosis in 
progesterone-stimulated human spermatozoa. An influx of Na+ also may play a role, but at a 
point prior to the opening of Ca2+ channels ( 0  Toole et al., 1996). 

Whether the pharmacological activity of diiydropyridines, which block calcium influx 
through voltage-dependent calcium channels, contributes to acrosome loss and in the 
production of an infertile state, Goodwin et al, (1997) obtained a protein, which is expressed in 
rat and human spermatozoa that is related both antigenically and by cDNA sequence to the a 1  
subunit of the rat cardiac muscle VDCC, which forms the pore of the channel. Using RT-PCR, 
Goodwin et al, (1997) isolated a clone of nt 3908 - 6077 h m  rat testis mRNA whose sequence 
was largely identical to that of the a 1  subunit of the rat cardiac muscle calcium channel, but 
had an 84 base change, attributable to splicing and alternate exon usage. This base change 
inserts a peptide cassette encoding an amphipathic membrane-spanning helix that constitutes 
part of the ionic pore of the skeletal muscle calcium channel and may serve as an intra-membrane 
dihydropyridine binding site. These data unequivocally demonstrated that an L-type VDCC is 
expressed in rat testis and that VDCC isoforms from rat testis and heart differ in deduced amino 
acid composition in and around potential bindings sites for calcium channel blocking drugs 
such as the dihydropyridine (Goodwin et al., 1997; 1998). 

a1 Subunit3 of WCC: The main structural constituent of all VDCCs is the single pore forming 
a 1  subunit, which is pritnary determinant for any chemical or pharmacological variation of 
VDCCs. The VDCC is composed of four homologous domains, which are linked by cytoplasmic 
linker regions. Each domain is made up of sixtransmembxane helices (Sl-S6)(Tig.21.7). Between 
S5 and S6 segments in each domain, there is non-helical P loop. Ten a 1  subunits have been 
identified by molecular cloning. Ofthese a 1  A, alB, alC, alD, alE, a l F  and a l s  all appear as 
HVA channel. The alG, a l H  and a11 have been recently discovered (Jagannathan et al., 2002). 
In WA, a 1  subunit is associated with an auxiliary subunit such as P, 6 and possibly y subunit. 
Transcripts for a number of HVA channels encoding alA, alB, alC, a l D  and a l E  subunits 
have been detected in mouse spermatogenic cells (Espinosa et al., 1999), and in rat and human 
testis (Goodwin et al., 1997; 1998). In addition, a l C  mRNA was detected from human sperm 
(Goodwin, 2000). 

In addition, the a l A  gene product mediates both P- and Q-type high voltage activated 
currents, possibly in association with distinct auxiliary subunits. Similarly, recombinant a l E  
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Fig. 21.7. Putative structure of voltage-operated Ca2+ channels showing four repeating domains (I-IV). Each 
domain is composed of six trans-membrane a helical regions (1-6), interspersed by pore loop linkers. 

protein that was initially described to produce a low voltage-activated CaZ+ current, now 
known to produce a high voltage activated class and may be the R-type current. While 
transcription of these CaZ+ channel genes occurs during spermatogenesis, the associated high 
voltage-activated current components are present either at low copy number or in an inactive 
form (Florman et al., 1998). Changes in phospholipids and removal of cholesterol from 
membranes, resulting in increased membrane fluidity (Visconti and Kopf, 1998; Baldi 2000; 
Flesch and Gadella, 2000) are factors, which can change VDCC currents. Thus, sperm T channels 
represent both an essential step in the ZP3 signal transduction pathway and a site of regulation 
during capacitation. But the mechanisms by which K+ permeability and ZP3 regulated cation 
channel conductance are regulated during capacitation are not understood. 

Expression of a l C  mRNA: Expression of the mRNA for testis specific VDCC and its co- 
ordinated translation is initiated early in rat male germ line and continues throughout 
spermatogenesis. Goodwin et a1 (1999) reported the complete mRNA and deduced amino acid 
sequence of the ctlC pore-forming subunit of the rat testis-specific L-type calcium channel. 
This subunit is transcribed from the ctlC gene, which is also expressed in brain and cardiac 
muscle. Sequence analysis of nucleotide bases 3908-6077 of the subunit expressed in rat testis 
differed from cardiac sequences only in a 84 base pair region corresponding to exons 3 1/32 
encoding a putative dihydropyridine binding region. Sequence analysis of bases 3048-3936 
identified a second difference between the rat testis and rat cardiac a 1  sequence in a 60 base 
pair region corresponding to exons 21/22 and encoding another putative dihydropyridine 
binding site. Rat testis and cardiac isoforms are products of same gene. Testis specific exon 32 
of VDCC a 1  subunit was confined to seminiferous tubules and was associated with the germ 
cell lineage from type A spermatogonia to mature spermatozoa. Western blot analysis of rat 
protein extracts detected primarily 175-220-kDa proteins in the size range of VDCC. The cardiac- 
and testis-specific isoforms of the ctlC subunit are produced by alternate splicing of the same 
primary transcript. The testis-specific isoform differs from that of cardiac tissue at its amino 
terminus and in transmembrane segments IS6, IIIS2 and IVS3, which are also dihydropyridine 
binding sites. In somatic tissues, segments S2 and S3 regulate channel activation while the 
amino terminus and segment IS6 contribute to channel inactivation kinetics. The amino terminus 
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and IS6 segment of the testis-specific a l C  subunit are also expressed respectively, in the brain 
and in smooth muscle from lung where they alter the electrophysiological characteristics of the 
subunit to produce relatively slow inactivation kinetics. Further results identified RNA transcripts 
of a highly conserved region within the a-1C @reforming) subunit of Ltype voltage dependent 
calcium channel from human donors. Data were consistent with results from in-situ RT-PCR of 
rat testis sections indicating that the testis-specific calcium channel of that species was 
expressed uniformly in all stages of the germinal epithelium, including mature spermatozoa 
(Goodwin et al, 2000). 

Audiary Subunits of VDCC: The evidence for the presence of the Ca2+ channel auxiliary 
subunits in spermatogenic cells and sperm has been also provided. Serrano et al, (1999) 
demonstrated the expression of all four known genes encoding the B subunits proteins in 
spermatogenic cells and sperm. Further more in spermatogenic cells both a 1  and subunits are 
diffusely distributed throughout the cytoplasm while they appear to be regionally localized in 
sperm (Serrano et al., 1999). Examination of depolarization-evoked Ca2+ entry indicated that 
mature sperm possess a larger palette of voltage-gated CaZ+ channels than previously thought. 
Such diversity may permit specific responses to multiple cues encountered on the path to 
fertilization. Wennemuth et al, (2000) showed the involvement of a previously undetected 
C a m  2.2 (N type) channel, which was substantiated by irnmunodetection of Ca2+ channel a 
(1 B) subunits in sperm. Along with this, the participation of C m . 3  @-Type) channel specified 
by NlE) subunits was also substantiated. However, to investigate whether a(1) 2.3, specified 
by 0QE) subunit of the voltage-dependent Ca2+ channel codes for the LVA current, experiments 
were performed in pachytene spermatocytes fromCa(v)2.3+/+ and Ca(v)2.3-/-mice, which showed 
a typical LVA CaZ+ currents in pachytene spermatocytes. It was suggested that the Ca(V)2.3 
channel makes no detectable contribution to the LVA Ca2+ current in the pachytene 
spermatocyte. Instead, Ca(v)3 family such as Cf l )  3.1 may be likely candidates responsible 
for LVA currents in pachytene spermatocytes (Sakata et al., 2001). 

In nutshell, T-type low voltage-activated Caz+ channel genes are synthesized during mouse 
spermatogenesis, as revealed by direct examination using patch clamp methods. No other 
functional channels can be detected during spermatogenesis, although transcription of other 
channel genes has been reported. T channels are retained in sperm following terminal 
differentiation and play an essential role in the initiation of the acrosome reaction during zona 
pellucida contact. Since conductance through T channels is regulated by membrane potential, 
question arises how eggs depolarize sperm membrane potential? 

21.6. AMINO ACID NEUROTRANSMllTERRECEPTOR/CI CHANNELS 

Two different amino acid neurotransmitter receptor/Cl channels, a y-aminobutyric acid (GABA) 
receptor-like / C1 channel and a glycine receptor (GlyR) / C1 channel have been found in 
mammalian sperm and shown to be involved in the sperm acrosome reaction. The identity of 
the receptor / cl channel involved in the acrosome reaction depends upon the stirnulatory 
ligand. For example, the acrosome reaction initiated by the egg zona-pellucida requires the 
participation of the sperm glycine receptorIC1 channel whereas the acrosome reaction initiated 
by progesterone involves the sperm GABA receptor-likeIC1-channel. 
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21.6.1. GABA, ReceptorICk Channel 

Progesterone exerts its effects on capacitated human sperm at least partially by interacting 
with a unique sperm steroid receptorKl- channel complex resembling a neuronal GABA, 
receptorKl- channel complex (GBRC) but apparently possessing a different sensitivity to 
progestins. This interaction results in an increased Cl- efflux essential to acrosome reaction 
initiation (Wistrom and Meizel, 1993). Lavendustin A, a potent, specific inhibitor of tyrosine 
kinase activity, strongly inhibits the P-initiated human acrosome reaction and the essential P- 
mediated Cl- efflux. Lavendustin B, a weak tyrosine kinase inhibitor had no significant effect. 
This suggests that, as part of acrosome reaction initiation, progesterone mediates tyrosine 
phosphorylation of the sperm GABAA- like receptorIC1- channel (Meizel and Turner, 1996). 
Activation of sperm amino acid neurotransmitter receptorlC1--channels may result in plasma 
membrane depolarization and there by exert at least a partial control over voltage sensitive 
sperm Ca2+ channels and CaZ+ influx important to the acrosome reaction (Meizel, 1997; Meizel 
and Lurns, 1996; Espinosa et al. 1998). 

21.6.2. Glycine Receptor (GlyR) 1 CI Channel 

Using a monoclonal antibody specific for the 4 (48-kDa) and $ (58-kDa) subunits of the rat 
spinal cord GlyR (mAb Gly R4a), Melendrez and Meizel(1996) provided the direct evidence for 
GlyR in mammalian sperm. The GlyR4a was detected on the porcine sperm periacrosomal 
plasma membrane, a site supporting GlyR involvement in the acrosome reaction. This was one 
of the first direct demonstration of both a and P subunits of GlyR in a non-neuronal cell. 
Studies on porcine and human sperm also suggested a role for sperm glycine receptorlcl 
channel in the zona pellucida-initiated acrosome reaction, suggesting that a glycine receptor / 
C1 channel is involved in the zona-initiated mammalian sperm acrosome reaction (Melendrez 
and Meizel1996; Sato et a1 (2000a,b). 

21.7. ANION CHANNELS 

21.7.1. VoltageDependent Anion Selective Channels (VDACs) 

Voltage-dependent anion selective channels (VDACs) also known as mitochondrial porins are 
small channel proteins involved in the translocation of metabolites across the mitochondrial 
outer membrane. The VDACs or eukaryotic porins were first identified in the mitochondrial 
outer membrane that are able to form hydrophilic pore structures in membranes. A single 
channel-forming protein is found in yeast, whereas higher eukaryotes express multiple VDACs, 
with humans and mice each harboring three distinct channels (VDAC1-, 2-, 3) encoded by 
separate genes. Axonemal defects may be caused by associated non-axonemal components 
such as VDAC and illustrate that normal mitochondrial function is required for stability of the 
axoneme. Sampson et al(2001) gave evidence suggesting that infertility in mice is due to loss 
of mitochondrial VDAC-3 in sperm. Mice lacking VDAC3 are healthy, but males are infertile. 
Although the sperm count was normal, sperm exhibited markedly reduced motility. Two thirds 
of epididymal axonemes showed abnormal structure, with loss of a single microtubule doublet 
at a conserved position within the axoneme. Defect in testicular sperm was rarely observed, 
suggesting that instability of a normally formed axoneme occurs with sperm maturation. 

Sequencing of voltage-dependent anion channel 2 (VDAC2, porin-2) cDNA from bovine 
testis has been reported (Hinsch et al., 2001). The murine, rabbit, and human subtypes show 
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Fig.21.8. Model for acrosome reaction based on ion channel activation by zona-pellucida. Abbreviations 
used: R-Receptor, G-Protein, C-Cation, T-T Currents, PLC-Phospholipase, ZP3-Zona-pellucida Protein 3, 
1P3- Inositol triphosphate, IP3R-Inositol triphosphate receptor (IP3R is present in acrosomal cap). 

high homology at both the nucleotide and amino acid levels. Messenger RNA analysis revealed 
expression of VDAC2 in bovine testis, with high content of VDAC2 protein found in late 
spermatocytes, spermatids, and spermatozoa. In contrast, VDACl (porin-1) is exclusively 
localized in Sertoli cells. Testicular VDAC2 plays an important role in providing energy 
metabolites and in germ cell apoptosis (Hinsch et al, 2001). One ofthe most abundant proteins 
in ODF is a 30-32-kDa polypeptide. Peptide sequences of this protein matched with VDAC2 
and VDAC3. While VDAC 1,2, and 3 were detected in bovine sperm, only VDAC2 and 3 were 
solubilized from bovine ODFs (Hinsch et al., 2004) (Chapter 29). 

21.7.2. Close Cell-Cell Chloride Channel (CLC CL- Channel) 

The functions of some CLC C L  channels are evident in human diseases, which are caused due 
to their mutations. The role of the broadly expressed CLC CL- channel in testis has been 
described by Bosl et al, (2001). Several important functions have been attributed to CLC-2, but 
contrary to these expectations CLC-2 deficient mice lacked overt abnormalities except for a 
severe degeneration of the testes, which led to selective male infertility. Seminiferous tubules 
did not develop lumina, and germ cells failed to complete meiosis. Beginning around puberty 
there was a massive death of prima~y spermatocytes and later also of spermatogonia. Tubules 
were filled with abnormal Sertoli cells, which normally express CLC-2 in patches adjacent to 
germ cells. Thus, CLC-2 disruption entails the death of cell types which depend on supporting 
cells that form the blood-testes and retina barrier (Bosl et al., 2001). 
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21.8. VDCC AND ACROSOME REACTION 

Elevation of intracellular Caz+ is prerequisite in the control of acrosome reaction. A model for 
the mechanisms by which zona pellucida adhesion regulates sperm Caz+ level is presented in 
Fig. 21.8) (Florman et al., 1998). A minor increase in (Ca2+)i does not initiate acrosome reaction 
whereas addition of ZP3 produces an additional increase to 300-500 nM within minutes, at 
which level [Ca2+], values either are stabilized or slowly decline. Peak rates of [Cat'], elevation 
during this response are -150 M m i n ,  which are associated with the initiation of acrosome 
reaction. The evidence shows that T currents in spermatogenic cells are inhibited by several 
drugs and ions and the elevation of [Ca2+], and the acrosome reaction induced by ZP3 are 
inhibited by these compounds. This indicated that ZP3 stimulation of sperm evokes a T-type 
Ca2+ current that is an essential component of the signal transduction regulating acrosome 
reaction (Florman et al., 1998). 

Capacitation of Spem is Pre-requisite for Aerosome Reaction: Spermatozoa maintain a [Ca2+], 
of 50- 100 nM that increases to 125-175 mM during capacitation. During capacitation, an increase 
in [Caz+]i occurs uniformly throughout the head and flagellar regions of the sperm. The 
mechanisms for this physiological alteration in the sperm [Ca2+], have not been ascertained. 
During capacitation of spermatozoa, the plasma membrane gets hyperpolarized from z -30mv to 
- - -60mv. Binding of zona pellucida to its receptor on sperm depolarizes the membrane potential 
to z -25mv. Depolarization following ZP binding is caused on account of opening of an 
unidentified voltage insensitive cation channel, which is permeable to Na+ and bivalent cations 
(viz, Ca2+, Mnz+, BaZ+). 

An important requirement for induction of acrosome reaction via VDCC is that channels 
should remain closed to avoid premature Ca2+ influx and acrosome reaction. Hence capacitation 
of sperm is prerequisite state before onset of acrosome reaction by ZP3. It means that ZP3 
transducing mechanisms are regulated during capacitation. It implies that sperm T channels 
are modulated in several ways during capacitation, viz (I) conductance state, which is controlled 
by membrane potential. During capacitation membrane potential hyperpolarizes due to enhanced 
permeability of K+ and shitt of Em to Ek. Hyperpolarization may act to prime T channels for 
subsequent activation by ZP3 (Zeng et al., 1995; Arnoult et al., 1999). The increase in pHi that 
occurs during capacitation (Baldi, 2000) may activate K+ rectifier channel and increase K+ 
permeability that leads to hyperpolarization (Gonzalez-Martinez et al., 200 1). Besides above, 
Slo3 present in mouse and human spermatocytes is also sensitive to pHi. (2) Another way of T 
channel activation during capacitation may be the sensitivity of cation channels, which may 
produce an inward current carried by CaZ+ and T channel activation. (3) Finally sperm T 
channels may also be modulated during capacitation by tyrosine phosphorylation. It has been 
found that tyrosine phosphorylation of either a T channel or its regulator decreases current 
through the channels. Conversely, dephosphorylation by tyrosine phosphatase enhances T 
current. This type of modulation has not been observed in somatic cell T channel, and thus 
may represent a novel regulatory mechanism (Dolphin, 1998). Alternatively, tyrosine 
phosphorylation- dependent modulation may be more easily detectable in the germ cell model 
system, where other Ca2+ currents are not present (Florman et al., 1998). Thus, capacitation can 
be considered to be associated with a wave of protein tyrosine phosphorylation during which 
the T channel, or a channel regulator, is one substrate for a capacitation-dependent tyrosine 
kinase. The resultant negative modulation of T currents would reduce Ca2+current and could 
m i n i  spontaneous acrosome reaction. This implies that ZP3 activates atyrosine phosphatase 



Ion Channels and Aquaporins 53 1 

activity during the initiation of acrosome reaction. Phosphorylation of sperm increases with 
capacitation and localizes mainly to the principal piece of human sperm. Following binding to 
the zona pellucida, the percentage of sperm with phosphotyrosine residues localized to both 
the neck and the principal piece was significantly higher in bound sperm than in capacitated 
sperm in suspension. Evidences also support that different compartments of human spermatozoa 
undergo a specific sequence of phosphorylation during both capacitation and upon binding 
to the zona pellucida. Tyrosine phosphorylation in the principal and neck piece may be 
considered a prerequisite for fertilization in humans (Sakkas et al., 2003). 

Role of Ca-ATPase: An increase in the concentration of intracellular fiee Ca2+ and in the 
phosphotyrosine content of specific proteins characterizes human sperm capacitation. Whether 
tyrosine phosphorylation regulates the intracellular h e  Ca2'concentration through modulation 
of Ca2+-ATPase activity or the phosphotyrosine content is under CaZ+ regulation was 
investigated using Caz+-ATPase modulators and tyrosine kinase inhibitors. The presence of 
the Caz+-ATPase-inhibitor thapsigargin during human sperm capacitation caused an incease in 
the cytoplasmic fiee Ca2+ that was associated with an increase in the phosphotyrosine content 
of specific sperm proteins. Conversely, a decrease in protein tyrosine phosphorylation was 
observed, when a Caz+-ATPase activator, was present during the incubation period. On the 
other hand, thapsigargin had no effect on the phosphotyrosine content or the cytoplasmic 
Ca2+concentration. These findings suggested that Caz"ATPases are involved in the filling of 
internal CaZ+ stores, such as the acrosome, and are inhibited later during capacitation. Their 
inhibition allows an increase in cytoplasmic h e  CaZ+, which is involved in the subsequent 
increase in the phosphotyrosine content of specific sperm proteins (Dorval et al., 2003). 

Depending on the increase in intracellular Ca2+, there were two sperm subpopulations, 
called LR (low responsive) and HR (high responsive) in response to thapsigargin. In addition 
to their high increase in intracellular CaZ+, sperm fbm the HR population showed a higher 
protein phosphotyrosine content in association with higher proportion of acrosome reacted 
sperm, as compared with LR sperm. The thapsigargin-mediated CaZ+ increase and acrosomal 
exocytosis suggested that, during the acrosome reaction, the signaling pathway mediated by 
src-related tyrosine kinases is involved upstream of the capacitative Caz+ entry. The calcium- 
induced increase in tyrosine phosphorylation has a functional correlate in sperm exocytosis. 
Results showed that both tyrosine kinases and phosphatases played a central role in sperm 
exocytosis (Dorval et al., 2003; Tomes et al., 2004). 

In conclusion, it now appears that a transient Caz+ influx through T type channel in patch 
clamped spennatogenic cells is an essential early event in response to zona binding. The initial 
spilt of [CaZ+], induces a second sustained Ca2+ influx, which is mediated primarily by a store 
operated channel activated after depletion of small Ca2'store probably in acrosome (c/r 
Jagannathan et al., 2002). The importance of sustained Ca2+ influx in acrosome reaction has 
been demonstrated. Inspite of presence of T type channel, mature spermatozoa also possess a 
number of HVA VDCC. Although mouse model has been studied in detail, it is not known how 
far this works in humans. However, phosphorylation of sperm is pre-requisite for induction of 
acrosome reaction by ZP3. 

21.9. AQUAPORINS (WATER CHANNELS) 

The discovery of water channels (Aquaporins) was a major breakthrough in research on water 
transport. Aquaporins are a family of major intrinsic membrane proteins (MIP) that function as 
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Fig21.9. Nucleotide and predicted amino acid sequence ofaquaporin -8 from rat testis. Transmembrane 
domains are underlined. NPA boxes are double underlined. A glycosylation site is given in parenthesis. 
Reprinted with permission from K. Ishibashi et al.. Biochem Biophys Res Commun 237: 714: 1997 O 
Elsevier. 

water-selective channels (except-aquaporin-3 and aquaporin-7, which are permeable to urea 
and glycerol as well) in the plasma membranes of many cells. They have six putative 
transmembrane domains of 25-30kDa molecular weight. More than a dozen of aquaporins have 
been discovered in rat and humans. Aquaporin 0 (MIP26) maintains fluid balance in the lens. 
Aquaporin-l(AQP-1 or AQP-CHIP) is asymmetric homotetramer, and is involved in water 
reabsorption in the kidney's proximal tubules and descending thin limbs of Henle, in the 
formation of aqueous humor in eye, cerebrospinal fluid formation in brain, and airway hydration 
in lung. Aquaporin-2 is the water channel that is activated by vasopressin to enhance water 
reabsorption in kidney collecting duct. While major function of aquaporin 3 is to reabsorb 
water in kidney, it also contributes in maintaining transparency of cornea. Aquaporin-4 is 
involved in cerebrospinal fluid transport in brain, water transport h~ the kidney collecting duct, 
aqueous humor transport in the eye, and airway hydration in the lung. Aquaporin-5 apparently 
is coupled to fluid secretion in exocrine tissue. Although the function of aquaporind is not 
known, its presence in the kidney suggests a potential role in water transport (review: Dibas et 
al., 1998). The AQPl has been shown to be present at testis efferent ductules and seminal 
vesicles, it is not present in sperm (Liu et al., 1995). While AQP2 mRNA is absent from testis, 
AQP3 and AQP4 proteins have not been detected there in. 
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21.9.1. Aquaporins in MaleReproductive h c t  

Though aquaporin 2 (AQP2), the vasopressin-regulated water channel, was originally identified 
in renal collecting duct principal cells, recent observation indicated that this water channel may 
have extra-renal functions, possibly related to sperm concentration in the male reproductive 
tract. The amino acid sequence of vas deferens AQP2 showed 100% identity to the renal 
protein and expressed in the distal portion (ampulla) of the vas deferens but not in the proximal 
portion, nearest the epididymis. The AQP2 is a constitutive apical membrane protein, not 
vasopression regulated in vas deferens (Stevens et al., 2000). 

Ram and human spermatozoa have a high coefficient of osmotic water permeability (pf) 
with a low activation energy @a) suggesting the presence of water channels in plasma membrane 
of sperm. Sperm membranes have been examined for the presence of two known water channel 
proteins; CHIP28 and glucose transporters belonging to the GLUT family of proteins. Data 
fiom ram and human spermatozoa showed that CHIP28 is not present in sperm membranes but 
that glucose transporters may have secondary water channel function (Cuny et al., 1995). 

21.9.2. Aquaporin 7 and 8 

The report on high water permeability of human and ram spenn is intriguing, but its physiological 
significance remains unknown (Cuny et al., 1995). It is reported that the high water permeability 
of human sperm is mercury-resistant and not mediated by AQP1. In search for itsexplanation 
Ishibashi et a1 (1 997b) reported an aquaporin-7 (AQP7) abundantly expressed in testis. However, 
the expression of AQP7 is transient and limited to late phase of spermatogenesis. The mature 
spermatozoa express only small amount of AQP7. 

In search of major water channel, a new member of water channel aquaporin-8 (AQP-8) 
was identified in rat testis (Ishibashi et al., 1997a). The expression of AQP8 in Xenopus oocytes 
stimulated the osmotic water permeability (pf) 8.5 folds. The increase of pf was inhibited by 
mercury chloride and reversed by mercaptoethanol. The Ea for the water permeability was low 
(5.1 KcaVmol). The AQP8 did not hcilitate glycerol transport. A 1.5-kb transcript of AQP8 is 
abundantly present in testis and slightly in liver (Fig.21.9). In situ hybridization of testis 
revealed the expression of AQPS mRNA in all stages of spermatogenesis fiom primary 
spermatocytes to spermatids. The results suggested that AQP8 is also present in spermatozoa 
(Suzuki-Tayota et al., 1999; Ishibashi et al., 199%; Calarnitaet al., 2001; Kageyama et al., 2001). 

Aquaporin-7 differs fiom aquaporin-8 in many ways. Aquaporin-7 appears to play a role in 
the cryo-preservation of the sperm as well as in spermatogenesis, whereas aquaporin-8 is 
responsible for the secretion of pancreatic juice and spermatogenesis. While aquaporin 7-8 are 
most abundantly present in rat testis, aquaporin-7 plays an important role in epididymis for 
sperm maturation. However, structural and functional differences between AQP7 and AQPS 
are noteworthy. AQP8 has consensus glycosylation and phosphorylation site but AQP7 does 
not have a consensus glycosylation and a phosphorylation site. AQP8 mRNA was found in 
testis but not in epididymis where as AQP7 was present in both. The AQP8 shows a band of 25 
kDa and a diffised component of 32 to 40 kDa corresponding to glycosylated protein. AQP7 
appears as 23-24 kDa protein and found in both testis and epididymis, The AQP8 is absent in 
epididymis. The AQP8 is present intracellularly as well as on plasma membrane of germ cells 
through out spermatogenesis, whereas AQP7 was localized in spermatids and spermatozoa 
only and was present predominantly on plasma membrane (Calarnita et al., 200 1). Functionally, 
both AQP7 and AQP8 stimulate osmotic water permeability when expressed in Xenopus oocytes. 
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The water permeability ofAQP7 was mercury resistant while AQP8 was mercury sensitive. The 
AQP7 transports both water and glycerol, while AQP8 transports only water. There is also 
some difference in the distribution pattern of two aquaporins in seminiferous tubules. The 
AQP7 mRNA expression varies among seminiferous tubules probably depending on the 
different maturation stages of spermatogenesis indicating its transient nature of expression. 
On the other hand, AQP8 mRNA was distributed uniformly in seminiferous tubules suggesting 
that the protein may be constantly expressed. These structural, functional, and distribution 
differences of AQP7 and AQP8 may reflect their different roles in spermatogenesis (Kageyama 
et al., 200 1). 

AQP7 encodes a 269-amino acid protein that contained the conserved NPA motifs of MIP 
family proteins. It has the amino acid sequence homology (30%) with other apuaporins and 
highest with AQP3 (48%) suggesting that both AQP3 and AQP7 belong to a subfamily in the 
MIP family. Injection of AQP7-RNA into Xenopus oocytes expressed a 26-kDa protein. AQP7 
also facilitated glycerol and urea transport by 5-and 9-fold, respectively. Northern blot analysis 
revealed a 1.5 kb pair transcript expressed abundantly in testis. The Ea for stimulated water was 
low. (2.1 -kcals/mol). Immunoreactivity of AQP7 is restricted within the elongated spermatids, 
testicular spermatozoa, and residual bodies remaining in the seminiferous epithelium. The 
whole head and distal tail, where the elongated spermatid had only a limited amount of cytoplasm 
did not show immunoreactivity throughout spermiogenesis. After spermiation, the 
immunoreactivity of AQP7 remained at the middle piece and in the cytoplasmic droplet in the 
testicular spermatozoon. Since this water channel protein is localized on the plasma membrane 
covering the condensing cytoplasmic mass of elongated spermatid, and since the seminiferous 
tubule fluid is hypertonic, it is suggested that AQP7 contributes to the volume reduction of 
spermatids (Suzuki-Toyota et al., 1999). Cell volume reduction is one of the most distinct 
morphological change during spermiogenesis that may be largely attributable to water efflux 
from the cell. A strong candidate for a water efflux is AQP7 channel, in the rat testis. 

The gene of aquaporin-8 encodes a 263-amino-acid protein that contains the conserved 
NPA motifs of MIP family proteins (Fig. 21.9). The AQP8 has amino acid sequence identity 
with other aquaporins (-35%) and highest with a plant water channel, AQP-TIP (39%), 
suggesting that AQP8 is a unique member in mammalian aquaporins. While the AQP8 protein 
of a 25-kDa is absent h m  epididymis, AQW appeared as a 23-24 kDa band both in testis and 
epididymis. The AQP8 may be involved in the cytoplasmic condensation occurring during 
differentiation of spermatids into spermatozoa and in the generation of seminiferous tubule 
fluid. 

21.9.3 Aquaporin 9 

AQP9 is permeable to water and to some solutes. In the male reproductive tract, AQP9 is 
enriched on the apical (but not basolateral) membrane of nonciliated cells in the efferent duct 
and principal cells of the epididymal (rat and human) and vas deferens, where it could play a 
role in fluid reabsorption. A 30- kDa protein has been isolated from brush-border membrane 
vesicles from the epididymis and from epithelial cells of the prostate and coagulating gland, 
where fluid transport across the epithelium is important for secretory activity. It shows that 
AQP9 is a constitutively inserted apical membrane protein whose cell surface expression is not 
acutely regulated by vesicular trafficking. It seems that AQP9 can provide a route via which 
apical fluid and solute transport occurs in several regions of the male reproductive tract (Pastor- 
Saler et a l  2001). 
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Chapter 22 

ACTION OF PHOSPHOLIPASES 

22.1. INOSITOL TRIPHOSPHATE MEDIATED SIGNAL TRANSDUCTION 

In response to extra- or intracellular signals, a number of phospholipases (PLS) including 
phosphoinositide specific PLC, phosphatidyl choline specific PLC, PLD, phosphatidic acid 
(PA) phosphohydrolase, PLA2 and sphingomyelinase can be activated. These enzymes produce 
second messenger that functions in the regulation of cell activity. Phosphatidic acid (PA) is 
one messenger that has received increasing attention. The PA is produced by PLD catalyzed 
degradation of phosphatidylinositol-4,5-biphosphate [PI(4,5)P2] or [PIP21 to diacylglycerol 
(DAG) and subsequent diacylglycerol kinase catalyzed phosphorylation of diacylglycerol. 
Some external signals stimulate cells through G-linked receptors, which activate inositol- 
phospholipid signaling pathway. In this action G proteins activats plasma membrane bound 
phopholipase C-P (PLCP), which stimulates the turn over of a membrane bound lipid and 
change in intracellular concentration of Ca2+. The PLC acts on PI(4,5)P2, which is a minor 
component of plasma membrane bilayer. The receptor that operates through PI(4,5)P2 pathway 
mainly activates Gqform of G protein, which regulates PLC in same way as Go activates adenylyl 
cyclase (Chapter 18). The activated phospholipase C cleaves PI(4,5)P2 to form two products: 
inositol-1,4,5-triphosphate (InsP3/IP3) and diacylgycerol. The InsP3 and DAG produced by 
PI(4,5)P2 following PLC action take two different routes for cell signaling (Fig.22.1). 

In 1980s, the activation of receptors, linked through hydrolysis of phosphatidyl inositide 
and mobilization of Ca2+was demonstrated in many tissues including in germ cells, in response 
to many stimuli. Inositol-1,4,5- trisphosphate is a water-soluble molecule that leaves the plasma 
membrane and diffuses rapidly though the cytosol. On reaching the endoplasmic reticulum 
(ER), it binds to and opens InsP3-gated Ca2+ release channels in the ERmembranes and quickly 
mobilizes and raises the concentration of CaZ+ by 10 to 20 fold in the cytosol. The Ca2+ acts as 
a ubiquitous intracellular messanger to propagate the signal fiuther depending on the cell 
function. The initial Ca2+ response can be terminated by one or more mechanisms. For example 
InsP3 can be rapidly dephosphorylated to form IP20r phosphorylated to IP,(which may function 
as another intracellular mediator). Alternatively, the Ca2+ that enters the cytosol can also be 
rapidly pumped out of the cell to terminate the Ca2+signal. At the sane time the InsP, produced 
by the hydrolysis of PI(4,5)P, also raises the concentration of Cat+ in the cytosol. The other 
cleavage product of ~1(4,5)~2-  diacylglycerol- embedded in the membrane, has two potential 
signaling roles, such as, it can be further cleaved to release arachidonic acid, which can act as 
a messenger by itself. An important function of diacylglycerol is to activate a serine/threonine 
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Fig.22.1. Activation of phospholipase C (PLC) path way and production of PI(4) phosphate [PI(4)P] and 
PI(4,S) biphosphate [PI(4,5)P2] by phosphorylation of phosphatidylinositol (PI) and PI(4)P respectively. 
During signaling response, PI(4,5)P2, present in plasma membrane generates two intracellular mediators by 
hydrolytic action of phospholipase cP( (PLC@: IP3 and diacylglycerol. During cell signaling, PLCP is 
activated by G protein linked receptors. Other types of PLCs are also activated by other receptor mechanisms 
as is seen in sperm acrosome reaction and sperm capacitation. Among two intracellular mediators generated 
by PLC, IP3 diffuses through cytosol and releases Ca2+ from endoplasmic reticulum, while diacylglycerol 
activates protein kinase C. 

protein kinase C (PKC), which is activated by the combined action of initial rise of Ca2+, diacyl 
glycerol, and negatively charged membrane phosphatidylserine. Activated PKC phosphorylates 
specific proteins, which are required for cell functions. The two signaling pathways of inositol 
phospholipid can be mimicked by pharmacological agents such as Ca2+ ionophore or by 
phorbol esters. Many of the effector mechanisms involving phosphatidic acid have been 
noted in sperm functioning and spermatogenesis. 

22.2. INOSITOL TRIPHOSPHATE RECEPTORS IN GERM CELLS 

Many extracellular signals induce an increase in cytosolic Ca2+ level, not just those that work 
via G proteins. For example, sperm during fertilization of egg suddenly triggers rise of cytosolic 
Ca2+ in the egg that results into embryonic development. The binding of several hormones to 
the cell surface receptors lead to the activation of phospholipase C that generates the InsP3. 
The intracellularreceptor for InsP3 is a calcium channel, which permits efflux of Ca2+ sequestered 
in intracellular stores, out into the cytoplasm. The importance and complexity of change in Ca2+ 
concentration in transmitting information implies that the calcium signaling is strictly regulated. 
The inositol- 1 ,4,5-triphosphate receptor ( IP~R)  occupies a central p&itioiamong the mhtitude 
of molecules involved in intracellular calcium metabolism and possesses regulatory properties 
that may account for the spatio-temporal complexity of calcium signals. 

During spermatogenesis, the activity of [Ca2+], release channels play an important role in 
different specific cellular functions. Accordingly, mRNAs for the three IP3R subtypes are 
found throughout spermatogenesis, showing distinct distribution patterns of the mature IP3Rs 
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during sperm differentiation. Multiple forms of IP3 receptors reported are generated either by 
alternative splicing or by the expression of multiple encoding IP3 receptors. These receptors 
have been also reported in mammalian sperm cells (Alba et al., 2000; Walensky and Snyder, 
1995) where they are functionally associated with acrosome. At early stages, IP3Rs are 
distributed throughout the cytoplasm, and as differentiation proceeds they become selectively 
localized to the Golgi complex. The distribution of IP3Rs and the larger Ca2+ release responses 
suggested that IP3Rs may be involved in proliferation of spermatogonia. Characterization of 
bovine IP3R has shown that the functional size of the IP3R binding domain is a protein of 66- 
kDa in agreement with other IP3R receptors. In contrast, bovine cerebellum IP3Rs have one 
affinity state and a relatively high density. They are functional and release internal calcium 
upon the binding of the second messenger. The A1 adenosine receptor agonist R-PIA elicits 
almost the same effect as InsP3, which might be of some help in understanding the physiological 
role of these inhibitory adenosine receptors in mammalian spermatozoa (Minneli et al., 2000). 
The three genes encoding ryanodine receptor proteins (RyRs) are expressed at all stages of 
spermatogenesis. However, immunocytochemical studies detected types 1 and 3 in 
spermatogenic cells and only type 3 in mature sperm. In contrast to IP3Rs, RyRs remain scattered 
in the cytoplasm throughout differentiation (Trevino et al, 1998). 

22.3. PHOSPHOWASES 

Phospholipases (PLs) that catalyze the hydrolysis of membrane phospholipids, are classified 
according to the bond cleaved in a phospholipid into: PLAl (EC 3.1.1.3), PLA2 (EC 3.1.1.4), PLB 
(EC 3.1.1.5), PLC (EC 3.1.4.3), and PLD (EC 3.1.4.4). The PLA2 and PLC are involved in several 
biological phenomena, such as, signal transduction, photoreception, biosynthesis of lung 
surfactant, sperm motility, fertilization and many inflammatory reactions. 

22.3.1. Phospholipase A2 

Phospholipases A2 (PLA2) are ubiquitous enzymes that are present in most cells and tissues. 
Hydrolysis of cellular phospholipids by PLA2s causes release of free fatty acids with 
concomitant formation of lysophospholipids. The newly released h e  fatty acids may affect 
cellular functions, since they activate protein kinase and MAP kinase, and the concomitantly 
generated lysophospholipids may cause damage to the cellular membranes. The products of 
PLA2 catalyzed phospholipids hydrolysis may include arachidonic acid and lyso-PAF, which 
are the precursors of a wide spectrum of pro-inflammatory mediators (including prostaglandins, 
thromboxans, leukotrienes and PAF). Notably, cytosolic (c) PLA2 becomes catalytically active 
in the presence of free Ca2+ at concentrations present in stimulated cells and preferentially 
cleaves arachidonic acid-containing phospholipids. A variety of agonists, growth factors and 
cytokines, as well as stressful stimuli activate cPLA2 to hydrolyze cellular phospholipids 
thereby liberating fatty acids and lysophospholipids and providing the precursor substrates 
for the biosynthesis of eicosanoids and platelet-activating factor. Once formed these lipid 
mediators may act as intracellular messengers acting on protein targets in the cell where they 
have been formed or, alternatively, they may leave the cell surface of the parent and/or 
neighbouring cells. The release of arachidonic acid, formation of the intermediate metabolite 
(endoperoxide or hydroperoxide) and conversion to the fmal eicosanoid can take place in two 
saparate cell types. Many of the newly generated lipids derived fiom products of PLA2 action 
have profound biological properties. They promote inflammatory reactions and participate in 
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processes that lead to tissue injury. PLA2s are therefore attractive targets for the development 
of inhibitors that may be useful novel therapeutic agent for the treatment of inflammatory and 
degenerative diseases. Using functional criteria for classification, one can distinguish at least 
four different subfamilies of PLA2 enzymes. Fit, secretory PLA2s (sPLA2s) have amolecular 
mass of 14- kDa and characterized by a catalytic requirement fix Ca2+ and a rigid three dimensional 
structure maintained by disulphide bridges. Second, an 85-kDa Ca2+-sensitive cytosolic PLA2 
(cPLA2) has been purified and characterized. Third group comprises iPLA2s with molecular 
masses ranging fiom 29- to 85-kDa. Fourth, the important features that differentiate the PAF 
acetyhydrolases (PAF-Ahs) kom the above described PLA2s is their remarkable specificity 
for short andlor oxidized acyl groups at the sn-2 position of phospholipids and their Ca2+ 
independence. The cPLA2 is the only known PLA2 that exhibits functional properties indicative 
of a receptor-regulated PLA2 and is thus likely to be involved in receptor-mediated eicosanoid 
production and intracellular signal transduction. A wide range of extra-cellular stimuli activate 
cPLA2. These stimuli induce growth factors, mitogens, vasoactive peptides, cytokines and 
interferons. However, non-receptor mediated stimulation of cells by stressful stimuli, including 
oxidation, hyperglycemia, UV light and shear stress, may also promote cPLA2 activation. A 
wide variety of extra-cellular stimuli were found to cause rapid phosphorylation of cPLA2 
suggesting that phosphorylation may also play an important role in the regulation of cPLA2 
activation. Studies with cultured cells and in-vitro kinase assays showed that cPLA2 is a 
substrate for the p42 MPA kinase (also referred as ERK2) (Chapter 19). Many subsequent 
reports have proposed that phosphorylation of cPLA2 by ERIC kinases is a critical step in the 
sequence of events leading to the mobilization of arachidonic acid in stimulated cells. Many 
different cell types contain cPLA2. 

The cPLA2 macrophage cDNA comprised a total of 2880 nt, including about 200 nt for the 
5'-untranslated region and about 500nt for the 3'-untranslated region. While the complete 
chromosomal DNA for cPLA2 has not been sequenced, there appear to be at least 7 introns, 
and some features of the genetic control mechanisms of the cPLA2 gene were revealed by 
analysis of its 5'-flanking sequence. It was suggested that there may be coordinate regulation 
of cPLA2 prostaglandin synthase 2. Upstream of the 5'-untranslated segment of the cDNA 
cloned earlier, a 5' exon is separated by an intronof about 6kb. The 5' flanking region or the first 
exon contains exact or modified copies of sequence elements that may contribute to 
transcriptional regulation. There are no perfect TATA or CCAAT elements, but close 
homologues have been noted, along with a homologue of the Spl element. In addition there are 
consensus site f o r ~ ~ ~ d ,  NF-1~6,  AP-1, AP-2,  PEA^, KT, CIEBP and GRE. The cPLA2 cDNA 
encodes a 749 amino ahid protein with a predicted molecular mass of 85.2-ma. The inferred 
sequence of murine cPLA2 is more than 95% homologous to the human cPLA2 sequence 
indicating great structural similarity between cPLA2 fiom different species (Review-Kramer 
and Sharp, 1997). A low molecular weight PLA2 mRNA has been identified in mouse testis 
(PLA2 Group IIC). This protein is specific to cells undergoing meiosis. A single 1.6 kb transcript 
is present only in testis. This gene is transcribed mainly in pachytene spermatocytes, secondary 
spermatocytes and round spermatids. Expression of the gene is seen at all stages of seminiferous 
epithelium, especially in stages VI-VII (Chen et al., 1997). Presence of germ cell specific PLA in 
testis warrant further investigations. 

22.3.2. PLA2 in Sperm 

Characteristics: Calcium-dependent phospholipase A2 of mouse sperm shows maximum 
activity at pH 8.0 and almost totally membrane-associated. The activity is stimulated during the 
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ionophore-induced acrosome reaction and is equally distributed between plasma/outer 
acrosomal and inner acrosomal membrane fractions. The membrane-associated PLA2 had an 
absolute requirement for low concentrations of Ca2+; S P ,  Mg2+; other divalent and monovalent 
cations can not substitute for Ca2+. Mouse sperm did not show any activity of PLAl (Thakkar 
et al, 1983). Human sperm phospholipase A is optimally active at pH 7.5, calcium-dependent, 
and exclusively catalyzed the release of fatty acid from the 2-position of phospholipids. 
Hydrolysis of dipalmitoyl phosphatidylcholine was specific to the sn-2 position by human 
spermatozoa PLA. Phospholipase A2 activity is inhibited by Zn2+ and Mn2+ (Thakkar et al, 
1984). Human sperm phospholipase A2 has an estimated molecular mass of 16.7 kDa with N- 
terminal sequence ofYNYQFGLMIVITKGHFAMV. Glutamine-4, phenylalanine-5, methionine- 
8, and isoleucine-9 appeared to be highly conserved throughout evolution (Langlais et al, 
1992). PLA2 activity was inhibited in a dose-dependent manner by an oligomer of prostaglandin 
in vitro and in situ. Sperm phospholipase A2 and its modulators may contribute to membrane 
fusion events in mammalian fertilization (Fry et al, 1992). 

In human spermatozoa, PLA2 exists as a zymogen (Antaki et al, 1989). Precursor form of 
PLA2 can be activated by endogenous proteases (acrosin) as well as exogenous proteases of 
seminal plasma and follicular fluid (Plasmin, Kallikrein). The interrelationship of proteases and 
pro-phospholipase A2 could activate a dormant fusogenic system: the resulting effect would 
lead to membrane fusion by lysolipids, key components in the acrosome reaction (Guerette et 
at 1988). Oxidative reactions of cis-unsaturated fatty acids relieve their natural inhibitory activity, 
and polymerization ofan inactive fatty acid metabolite yields a potent inhibitor of phospholipase 
A2 activity in vitro and in situ (Franson et al, 1990). Fresh spermatozoa possess more than one 
form of PLA2 activity as judged by the biphasic nature of the curve obtained during enzyme 
inactivation. The behaviour of PLA2, during the effect of temperature and in radiation 
inactivation experiments indicated that the low molecular weight component in the seminal 
plasma as well as in spermatozoa is temperature resistant. However, in fresh spermatozoa, a 
second form of PLA2 was sensitive to changes in temperature (Antaki et al, 1988). Cold shock 
disrupts spenn on three levels; membrane molecular organization, intracellular Ca2+ regulation, 
and gross morphology/motility. Two molecular forms of PLA2 were also kinetically 
distinguishable, one with an apparent Michaelis constant of 3.Op.M and the other with Km of 
630pM. Both forms of the enzyme were Ca2+ dependent and heat stable; however, the low-Km 
activity was less resistant to 60°C (Anderson et al, 1990). 

In bull sperm, PLA2 is having overlapping distribution with calrnodulin. Bull seminal 
plasma contains a Ca2+ independent (form 1) and Ca2+ dependent PLA2. Both enzymes bind to 
spermatozoa (Ronkko et al, 1991). Bovine seminal PLA2 has a Mr of 100 kDa, identified by gel 
filtration and subunit of 60-kDa band. The enzyme was acid-labile and did not display affinity 
for heparin (Soubeyrand et al, 1997a). It is suggested that sperm PLA2 and one of its modulators, 
the LPC, may contribute to membrane-fusion events in mammalian fertilization (Riffo and 
Parraga, 1997). The BSP proteins may act as spermatozoa stabilizing agents by preventing 
premature lipolysis of the sperm surface (Soubeyrand and Manjunath, 1997b). In hamster 
sperm, a PLA2 is preferentially located in the acrosome and mitochondria. On the other hand, 
the presence of another PLA2 in the plasma membrane covering the acrosome was also 
suggested (Riffo et al, 1992). Phospholipase and lysophospholipase activities are present in 
goat spermatozoa. These activities decrease substantially during transit of spermatozoa from 
the caput to the cauda epididymidis. Goat sperm phospholipase hydrolyses phosphatidyl- 
ethanolamine, -choline and -inositol and phosphatidic acid (Atreza and Anand, 1985). 

Localization: PLA2 is localized in the epithelial cells of the human prostate and bovine seminal 
vesicles as well as in the fibrous connective tissue of bovine Cowper's gland. Ejaculated 
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human spermatozoa revealed an immune-reaction, which was not uniform, and the reaction 
was restricted to the middle piece and the acrosomal and post-acrosomal regions. Human 
seminal plasma, spermatozoa and prostate PLA2s were irnrnunochemically related to those 
fiom bovine Cowper's gland, seminal vesicles and seminal fluid (Ronkko, 1995). 

Functions of PLA2: It seems possible that PLA2 and one of its reaction products might 
contribute to membrane-fusion events during mammalian fertilization (Riffo and Parraga, 1996). 
A rab3-peptide stimulates exocytosis of ram sperm acrosome via interaction of with c-AMP 
and PLA2 metabolites. A functional coupling between rab 3 protein, PLA metabolites and PKA 
in membrane fusion during acrosome reaction has been suggested (Garde and Rolden, 1996). 
In the presence of Ca2+ exposure of boar spermatozoa to bicarbonate lead to a partial activation 
of phospholipase A2. Bicarbonate primed spermatozoa underwent subsequent activation upon 
stimulation with progesterone and rendered spermatozoa capable of undergoing exocytosis in 
response to this steroid. Capacitation was completed in a relatively short period of time, 
suggesting a role of PLAZ and carbonate in the process (Roldan and Vazquez, 1996). 

PLA2 in Acrosome Reaction: G-proteins, calcium, and PLAZ have all been implicated in the 
cascade of signaling events leading to the acrosome reaction in human spermatozoa. GTP- 
binding proteins require Ca2+ and PLA2 to accomplish their stimulatory effect, and that Ca2+ is 
also required when the acrosome reaction-bypassing the action of PLA2- is stimulated by 
arachidonic acid (AA). On the other hand, a massive influx of Ca2+ was completely unable to 
induce the acrosome reaction if PLA2 was inhibited, suggesting that both, an increase of 
[Ca2+]i and PLA2 activation are required for the acrosome reaction to occur (Dominguez et al., 
1996; 1999). The sequence leading to exocytosis of the sperm acrosome involves aleast three 
Ca2" requiring processes, the first one represented by breakdown of the polyphosphoinositides 
and the final one by membrane fusion. Besides the intermediate Ca2+ requiring event by 
stimulating ram spermatozoa, it seems that another as yet unidentified Ca2+ dependent event 
may occur before PLA2 activation (Roldan and Fragio, 1993a,b). In ram spermatozoa treatment 
with Ca2+ and A23187 or ionomycin stimulated the release of arachidonic acid (20:4) and 
exocytosis of the acrosome in a time- and concentration-dependent manner. Diacylglycerol did 
not appear to be the source of 20:4. On the other hand, generation of 20:4 was significantly 
correlated with breakdown of phosphatidylcholine, phosphatidylserine, and 
phosphatidylethanolamine under a variety of conditions, thus indicating that 20:4 release was 
due to phospholipase A2 activity. Phospholipase A2 plays a fundamental role in the exocytosis 
of the acrosome elicited by Ca2+ and ionophore stimulation. It is possible that activation of this 
enzyme constitutes an essential Ca2+ dependent event underlying exocytosis in response to 
physiological stimuli (Roldan and Fragio, 1993). In spermatozoa the messenger role of DAG is 
related to the activation of phospholipase A2, which can in turn generate an array of metabolites 
directly or indirectly involved in bringing about exocytosis of the acrosome (Roldan and 
Fragio, 1994). Since ram sperm lacks PKC and since both diacyl- and alkylacylglycerols increased 
PLA2 activity and exocytosis, stimulation of PLA2 activity by these diglycerides may take 
place independently fiom protein kinase C activation (Roldan et al, 1994; Roldan and Mollinedo, 
1991). 

22.3.3. Phosphatidic Acid Preferring Phospholipase A1 

Experiments in several laboratories have provided evidence that phosphatidic acid hctions 
in cell signaling. However, the mechanisms that regulate cellular phosphatidic acid levels 
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Fig32.2. Amino acid sequence of phosphatidic acid-preferring phospholipase A1 from bovine testis (Accession 
AAC03019) Source: hnpllwww. ncbi.nlm.nih.gov. 

remain obscure. In response to extracellular or intracellular signals, a number of phospholipases 
can be activated including phosphatidic acid (PA) phosphohydrolase. Bovine testis contains 
a soluble phospholipase A1 (PLAl) that preferentially catalyzes the hydrolysis of phosphatidic 
acid (PA) in mixed micelle assay system. Moreover, the enzyme hydrolyzes phosphatidic acid 
molecular species containing two unsaturated fatty acids in preference to those containing a 
combination of saturated and unsaturated fatty acyl groups. Under certain conditions, the 
enzyme also displays lysophospholipase activity toward lysophosphatidic acid. The 
phospholipase A1 is not likely to be a lysosomal enzyme because its optimum pH is 7.5-8.5. 
High levels of activity are found in mature testis and brain but no measurable activity is seen 
in liver, spleen, or heart. The fact that the activity of the phospholipase A1 in mature bovine 
testis is more than 10-fold higher than that in newborn calf testis, raises the possibility that the 
enzyme plays a regulatory role in spermatogenesis or sperm function (Higgs and Glomset, 
1994). The native enzyme of 1 10-kDa is a homotetramer in solution and preferentially catalyses 
the hydrolysis of PA. The activity of this PA-preferring PLAl (PA-PLA1) was present in high 
speed supernatant fractions from mature testis and brain, but not h m  newborn testis and 
other tissues. This restricted localization implied that the PLAl may be taking part in a signaling 
pathway in brain and testis. In addition, PA appeared to activate the PA-PLA1 reaction by 
promoting the enzyme's binding to micelles. The open reading frame of PA-PLA1 encoded an 
875-amino acids protein with a calculated molecular mass of 97576-Da and a pI of 5.61. The 
sequence includes a region similar to a lipase consensus sequence containing the putative 
active site serine and also includes a potential, coiled-coil-forming region. Mutation of the 
putative active site serine (amino acid 540) demonstrated that it was essential for enzyme 
activity. Northern blot analysis revealed at least five different messages with the highest 
overall message level in mature testis. N o  possible alternatively splice regions in the open 
reading h e  also were identified. A search of the data base identified six related proteins: one 
in Caenorhabditis elegans, two putative lipases in yeast, and three proteins separately encoded 
by the Drosophila retinal degeneration B gene and its mouse and human homologues (Higgs 
et al., 1998). The soluble phosphatidic acid-preferring phospholipase A1 expressed in mature 
bovine testes but not in newborn calf testes, seems to contribute to the formation of the 
function of sperm (Fig.22.2). A murine phosphatidic acid (PA)-PLA1 P is specifically expressed 
in human testis. The sequence of mPAPLAl j3 encodes a 460-amino acid protein containing a 
lipase domain with significant homology to mPA-PLAla. The mPA-PLAl P contains a short lid 
and deleted P9 loop, which are characteristics of PLAl molecules in the lipase family. Both 
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mPA-PLA1 P and mPA-PLAla recombinant proteins exhibited PA-specific PLAl activity and 
were vanadate-sensitive. When mPAPLAlp-expressing cells were treated with bacterial 
phospholipase D, the cells produced lysophosphatidic acid (LPA) (Hiramatsu et al., 2003). 

22.3.4. Phopholipase B 

Guinea pig intestinal phospholipase B is a calcium-independent phospholipase hydrolyzing 
sequentially the acyl ester bonds at sn-2 and sn-1 positions of glycerophospholipids. Trypsin 
treatment of phospholipase B h m  epididymal membranes reduced its size to 140 kDa, coinciding 
with the appearance of a significant phospholipase A2 activity (Delagebeaudeuf et al, 1998). 

22.3.5. Phospholipase - C 

Suh et al., (2001) classified 1 1 marnmaliann PLC Isoforms on the degree of amino acid homology 
into four classes: PLC-P 1-4, PLC-71-2, PLC-61-4, and PLC-E. Several isozymes of PLC have 
been found in sperm and oocytes (Fukami et al, 2001). All PLC Isoforms contain two catalytic 
domains, X and Y. The PLC-P Isoforms have a C-terminal of 400 aa residues downstream Y 
domain, which is associated with membranes and also regulates enzyme activity. The PLC-P is 
regulated by G-protekoupled receptors, which are activated by a large number of extracellular 
signals. The PLC-0 Isoforms are also regulated by PDZ-containing proteins (Suh et al., 2001). 
The phosphoinositide-specific phospholipase C is activated by calcium and inhibited by EGTA, 
although endogenous calcium supported a half-maximal activity. Both bull and rabbit 
spermatozoa contain a phosphatidylcholine-specific phospholipase C (PC-PLC) and a 
phosphatidylinositol-specific phospholipase C (PI-PLC). Both enzymes had optimum at pH 
7.5. Activity of PC-PLC remains unaffected by varying concentrations of Ca2+, whereas PI-PLC 
activity is significantly increased. The bulk of PI-PLC was found to be associated with inner 
acrosomal membrane of bull and rabbit sperm (Hinkovska-Galchev and Srivastava 1992) just as 
80% of particulate phospholipase C activity is located in sperm head (Ribbes et al, 1987). 

Sperm Capacitation and PLC: It was shown that two intracellular events, which occur during 
capacitation of bovine sperm are the formation of actin filaments on the plasma and outer 
acrosomal membranes and the attachment of a PI-PLC to this membrane bound F-actin. The 
role of this PI-PLC using a PI-PLC of bacterial origin was elucidated. The bacterial PLC is 
different from the endogenous sperm PI-PLC in that it is calcium independent and not inhibited 
by neomycin. Using bovine sperm it was shown that bacterial PLC can restore actin release 
from extractedmembranes as well as membrane fusion in a cell-he assay when the endogenous 
PI-PLC is inhibited by neomycin. The role of membrane bound F-actin in regulating membrane 
fusion showed that cortical F-actin has two roles in regulating sperm exocytosis. One is to form 
a scaffolding to hold phospholipase C at the membrane. It also functions as a physical barrier 
to membrane fusion, which is removed by the increase in intracellular calcium and pH, which 
precede fusion (Spungin et al, 1995). Sperm plasma membranes possess a thapsigargin 
insensitive calcium pump and calcium channels, which are opened following phosphorylation 
by PKC. The acrosomal membranes possess a calcium pump, which is inhibited by thapsigargin, 
and calcium channels, which are opened by CAMP. These observations suggest a model of 
acrosomal exocytosis, which involves a calcium rise that occurs in two stages resulting from 
calcium mobilization from internal stores followed by influx of extracellular calcium (Spungin 
and Breitbart, 1996). A recombinant PLC2 on incubation with CK2, ERK2, PP2A showed that: 
a) CK2 phosphorylatedthe phospholipase on serines 93,105, and 716; b) ERK2 phosphorylated 
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the enzyme on serine 730; c) PP2A selectively hydrolyzed phosphate groups that were esterifled 
to serines 7 16 and 730; d) ~ K 2 d  formed a stable, MgAWNgGTP-dependent complex with the 
phospholipase. These observations may be relevant to the process of capacitation in which 
PLC loses activity after phosphorylation. 

PLC, DAG andAcrosome reaction: Choi et a1 (200 1) evaluated the biological significance of 
phospholipase ~ d 1  gene mutation in mouse sperm in the acrosome reaction, fertilization, and 
embryo development and concluded that mutation of the PLC& gene in the mouse sperm 
reduces the acrosome reaction rate, fertilization rate, and embryo development rate, which may 
be the etiologic factors responsible for the low reproductive rate of PLC P 1-1- mouse. W i g  
acrosome reaction, calcium entry into the cells activates both a phospholipase A2 and a 
phospholipase C, leading to the production of substances, like lysophospholipid, diacylglycerol 
or phosphatidic acid (Bennet et al, 1987). Treatment with ionophore and Ca2+ lead to rise in total 
diacylglycerol and exocytosis of ram spermatozoa. Diacylglycerols are generated via PLC. 
Increase in diacylglycerols is paralleled by rise in monoacyl- or monoalkylglycerols 1 implying 
that unlike somatic cells, spermatozoa catabolize diacylglycerols via a Zdiglyceride lipase. 
Activation of PLC appears to be affected by phosphoinositide-derived diacylglycerol. The 1,3- 
diacylglycerol and alkyl acylglycerol also stimulated PLC activity, suggesting that the effect is 
unlikely to be mediated via protein kinme C. Since diacylglycerols are known to be essential in 
the molecular sequence leading to membrane fusion in mammalian spermatozoa, results 
suggested that their generation via PLC constitutes a fundamental event during acrosomal 
exocytosis in response to physiological agonists (Roldan and Murase, 1994). Human 
spermatozoa undergoing acrosomal exocytosis after treatments with progesterone and Ca2+ 
ionphore separately resulted in rapid and considerable generation of DAG, followed by a 
limited rise in phosphatidic acid (PA). The PLC activity appeared to be important in the generation 
of DAG, but phospholipase D activity was not. In addition, polyphosphoinositide-specific 
phosphoinositidase C activation and hydrolysis of phosphatidylinositol 4,s-bisphosphate 
appeared to be a necessary prerequisite for activation of the PLC pathway. Finally the DAG 
formed appeared to be important in acrosomal exocytosis. It suggested that DAG plays a key 
role in events leading to membrane fbion during human sperm acrosomal exocytosis stimulated 
by natural agonists (O'Toole et a1.,1996). Phosphoproteins and phospholipases were also 
found to be involved in the membrane fusion step of sperm exocytosis. During this action the 
cortical F-actin forms a scaffolding to hold phospholipase C at the membrane. F-actin also 
functions as a physical barrier to membrane fusion, and which is removed by the increase in 
intracellular calcium and pH, which precede fusion (Spungin et al, 1995). 

Phospholipase C64 and Acrosome Reaction: Splicing isoforms of PLCW are predominantly 
expressed in testis. Male mice in which the PLCW gene had been disrupted either produced 
few small litters or were sterile. In vitro fertilization studies showed that insemination with 
PLC64 -1- sperm resulted in significantly fewer eggs becoming activated and that the calcium 
transients associated with fertilization were absent or delayed. The PLC&~-I- sperm were unable 
to initiate the acrosome reaction required for fertilization and induced by the zona pellucida 
suggesting that PLCW functions in the acrosome reaction that is induced by the zona pellucida 
during mammalian fertilization (Fukami et al., 2001). 

Phospholipase D and Acrosome reaction: Induction of the acrosome reaction and activation 
of sperm PKCa can be caused by lysophosphatidic acid (LPA), which is known to induce 
signal transduction cascades in many cell types via binding to specific cell-surface receptors. 
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Under certain conditions by which LPA activates PKCa, there is a significant stimulation of the 
acrosome reaction, which is inhibited by PKC inhibitors. Protein k i e  CO/ belongs to the Ca2+ 
dependent classical PKC family of isoforms, and its activation depends upon the presence of 
Ca2+ in the medium. Protein kinase Ca  in emergency can be sortened as a regulator of 
phospholipase D (PLD). The possible regulatory relationship between PKCa and PLDl was 
ascribed to their co-existence in bovine sperm, and to their co-immunoprecipitation. The PKCa- 
PLDl complex decomposes after treatment of the cells with LPA resulting in the translocation 
of PKCa to the plasma membrane and translocation of PLDl to the particulate fraction. This 
suggested a bilateral regulation of PKCa and PLDl activation during the sperm acrosome 
reaction (Garbi et al, 2000). On the other hand, Ca2+ entry triggers a late activation of PLD, 
which is not involved in the early generation of diglycerides. Hence PLD does not make a 
substantial contribution in events leading to exocytosis of the sperm acrosome. Therefore, 
generation of diglycerides may take place primarily via phospholipase C (Roldan and Dawes, 
1993). 

22.3.6. Sperm PLC in Egg Activation 

Upon fertilisation by sperm, mammalian eggs are activated by a series of intracellular Ca2+ 
oscillations that are essential for embryo development. The mechanism by which sperm induces 
this complex signalling phenomenon is unknown. One proposal is that the sperm introduces an 
exclusive cytosolic factor into the egg that elicits serial CaZ+ release. The 'sperm factor' 
hypothesis has not been ratified because a sperm-specific protein that generates repetitive 
Ca2+ transients and egg activation has not been found. In echinoderms, egg activation appears 
to involve an egg PLCy. Injections of sperm extracts trigger Ca2+ oscillations in mammalian egg. 
The addition of sperm extracts to sea urchin egg homogenates causes Ca2+ release and InsP3 
production. Further, depleting homogenates of phosphatidylinositol lipids using a 
phosphatidylinositol-specific phospholipase C blocked the sperm extract from causing InsP3 
production and a Caz+ rise. This indicated that sperm extracts contained an InsP3-generating 
phospholipase C, which may play a role in Ca2+ release at fertilization (Jones et al, 1998). 

The boar sperm PLC activity is Ca2+ dependent. The PLC activity of a single boar sperm in 
a mammalian egg is enough to generate 400 nM h P 3  in 1 min that may be sufficient to account 
for the observed Ca2+ changes in an egg at fertilization. The ability of boar sperm extract to 
generate InsP3 was examined using sea urchin egg homogenate fi-actions. The sperm PLC 
activity triggered InsP3 production from a PIP2-enriched non-microsomal egg compartment 
that contained yolk platelets. This sperm PLC activity, which is active at nanomolar Ca2+ levels 
and hydrolyzes PIP2 from intracellular membranes, could be involved in the Ca2+ changes 
observed at fertilization (Rice et al, 2000). Thus, the PLC from boar sperm generates InsP3 and 
hence causes Ca2+ release when added to sea urchin egg homogenate. This PLC activity is also 
associated with the ability of sperm extracts to cause Ca2+ oscillations in mammalian eggs 
following hctionation. Consistent with the sperm PLC acting on egg InsP3, the ability of 
sperm extracts to release Ca2+ was blocked by pre-incubation with the PLC inhibitor U73 122 or 
by the addition of neomycin to the homogenate. The Ca2+releasing activity was detectable in 
sperm from other species also as well as in whole testis extracts. However, such activity was 
not present in extracts of other tissues. A sperm-specific phospholipase C, PLC ( 1 was found 
to trigger Ca2+ oscillations in mouse eggs indistinguishable fromthose at fertilization. Absence 
of PLCS fkom sperm extracts abolished Ca2+ release in eggs. Moreover, the PLCS content of a 
single sperm was sufficient to produce Ca2+ oscillations as well as normal embryo development 
to blastocyst (Saunders et al., 2002). The PLCS homologues from human and cynomolgus 



Phospholipases 549 

Fig.22.3. (A) Schematic representation of human phospholipase-cae (PLCS) gene. The fifteen exons (El to 
E15) identified within 179456 bp contig are aligned to a 54.8 kb region on the chromosome 12 (Cox et al, 
2002). (J3) Amino acid sequence of human P L q  (Accession NP-149114). Source: httpllwww. ncbi.nlm.nih.gov. 

monkey testes have been isolated. A shorter X-Y linker region in human PLCG in comparison to 
mouse protein predicts a different isoelectric point. Microinjection of complementary RNA for 
both human and cynomolgus monkey PLCG triggers Ca2+ oscillations in mouse oocytes, 
similar to those seen during fertilization in mice. Human PLC < elicited greater potency than 
PLC 6 &om monkeys and mice. Thus sperm PLCG is the molecular trigger for egg activation 
during fertilization (Cox et al., 2002) (Fig.22.3). However, another study suggested that a Src- 
related protein-tyrosine kinase (PTK), named Xyk, may act upstream of the calcium release in 
fertilization of the Xenopus egg. Whether PTK is related to the activation of PLCy in the 
fertilization-induced calcium signaling, studies showed that Xenopus egg PLCy is consistently 
tyrosine phosphorylated and activated within a few minutes after fertilization but not after 
A23 187-induced egg activation. The fertilization-induced activation of PLCy by Xyk activity 
was blocked by PTK inhibitor (PPl) when microinjected into the egg. In addition, a PLC inhibitor 
inhibited sperm-induced InsP3 production and the calcium transient and subsequent calcium- 
dependent events, which were also inhibited by PP1. These results supported the idea that 
Xenopus egg fertilization requires Src-family PTK-dependent PLCy activity that acts upstream 
of the calcium-dependent signaling pathway (Sato et al, 2000). Thus it is likely that sperm 
specific PLC isozyme is responsible for Ca2+release either directly or through Tyr 
phosphorylation, during egg fertilization. In contrast, recombinant PLCP 1, -yl, -y2, -61, all of 
which had higher specific activities than boar sperm extracts, were not able to release Ca2+ in 
the sea urchin egg homogenate. In addition, these PLCs were not able to cause Ca2+ oscillations 
following microinjection into mouse eggs. These results imply that the sperm PLC possesses 
distinct properties that allow it to hydrolyze InsP3 in eggs (Jones et al, 2000). Whether 
phosphatidylinositol 3-kinase could have a role in this process, Mehlmann et a1 found that 
several inhibitors of PDK-mediated signaling had no effect on Ca2+ release at fertilization 
(Mehlmann et a1,2001). 
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Hoechst 

Fig.22.4 The SH3 domain, and not the SHZ domains, of PLCl inhibits tr-kit-induced cortical granules 
exocytosis and pronuclear formation in mouse eggs. Eggs were co-injected with cell extracts containing 
recombinant tr-kit and either of GST-PLCl-SH3 (A) or GST-PLCI-SHZSHZ (B) and fixed 4 h after 
injection. TI-kit-induced cortical granule reaction was inhibited by co-injection of GST-PLCl-SH3, but not 
by GST-PLCl-SH2SH212+, with a similar rate as for pronuclear formation. Bar, 30 pm. (* 500 p g h l  giving a 
final concentration in the egg: -10 pglml). Reproduced with permission from C. Sene et al. J Cell Biol 142; 
1063-74: 1998 O Rockefeller University Press. 

223.7. Role of Egg PLC in Egg Activation 

Although inositol triphosphate (InsP3) functions in releasing CaZ+ in eggs at fertilization, it is 
not known how fertilization activates the phospholipase C that produces InsP3. 

Mouse and human: Dupont et a1 (1996) demonstrated that mouse oocytes possess mRNAs 
coding for PLCP1, PLCP3 and PLCy isoenzyrnes. Immunodetection of PLCyl revealed that 
PLCy 1 protein is present in mature mouse oocytes, ruling out the possibility that mRNA was 
being transcribed but not expressed. The presence of PLCP protein was not detectable, but the 
presence of this isoform could be inferred from functional studies. The soluble tyrosine kinase 
inhibitors, which could affect signaling through PLCy, hindered but never completely inhibited 
Ca2+ spiking in response to fertilization. Thus the activation of PLC to generate InsP3 was 
evident in fertilization (Dupont et al, 1996). Microinjection of a truncated form of the c-kit 
tyrosine kinase present in mouse spermatozoa (tr-kit) activated mouse eggs parthenogenetically, 
and tr-kit-induced egg activation was inhibited by pre-incubation with an inhibitor of PLC 
(Sette, et al, Development 1997; 124: 2267-74). Co-injection of GST fusion proteins containing 
the src-homology (SH) domains of the PLCyl competitively inhibited tr-kit- induced egg 
activation. Tr-kit-induced egg activation was also suppressed by co-injection of antibodies 
raised against the PLCyl SH3 domains, but not against the PLCyl COOH-terminal region. In 
transfected COS cells, co-expression of PLCyl and tr-kit increased, DAG and inositol phosphate 
production, and the phosphotyrosine content of PLCyl with respect to cells expressing PLCyl 
alone. These data indicated that tr-kit activates PLCyl, and that the SH3 domain of PLC'y1 is 
essential for tr-kit-induced egg activation (Sette et al, 1998) (Fig.22.4). 

Starfish Egg: In starfish eggs injected with a PLCy SH2 domain fusion protein that inhibits 
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activation of PLCy, Ca2+ release at fertilization was delayed or completely inhibited at high 
protein : sperm ratio. The PLCySH2 protein is a specific inhibitor of PLCy in the egg, since it did 
not inhibit PLCP activation of Ca2+ release. Furthermore, injection of a PLCy SH2 domain 
protein mutated at its phosphotyrosine binding site, or the SH2 domains of another protein 
(the phosphatase SHP2), did not inhibit Ca2+release at fertilization. These results again indicated 
that during fertilization of starfish eggs, activation of PLCy by an SH2 domain-mediated process 
stimulates the production of InsP3 that causes intracellular Ca2+ release (Carroll et al, 1997). 
Microinjection of the tandem SH2 domains of PLCy produced a concentration-dependent 
inhibition of Ca2+ release and also inhibited subsequent Ca2+ dependent events. However, the 
Ca2+ action potential, sperm entry, and sperm pronuclear formation were not prevented by 
injection of the PLCySH2 domain protein. Taken together, Carroll et a1 suggested that PLCy 
plays a key role in several fertilization events in sea urchin eggs, including Ca2+ release and 
DNA synthesis. However, the action potential, sperm entry, and male pronuclear formation can 
occur in the absence of PLCy activation or Ca2+ increase (Carroll et al, 1999; Heyers et al, 2000). 
Coward et al., (2003) reported evidence for the existence of a similar sperm-derived factor in a 
commercially important species of teleost fish, the Nile tilapia Oreochromis niloticus (L). Protein 
extracts obtained fiom tilapia spermatozoa exhibit PLC activity similar to that seen in mammalian 
sperm extracts, and also induced calcium release when added directly to the homogenate 
(Coward et al., 2003). 

Sea urchin Eggs: In sea urchin eggs, the fust calcium signal is followed by other calcium 
transients that allow progression through mitotic control points of the cell cycle of the early 
embryo. How sperm induces these calcium transients is not clearly understood. In sea urchin 
eggs, both InsP3 and ryanodine receptors contribute to generate the fertilization calcium 
transient, while the InsP3 receptor generates the subsequent mitotic calcium transients. It 
seemed that PLCy might be the origin of the peaks of InsP3 production that punctuate the first 
mitotic cell cycles of the fertilized sea urchin egg. It was found that several fragments of sea 
urchin PLCy containing the two SH2 domains share similarities with SH2 domains of PLCy fiom 
mammals. Microinjection of these fragments into embryos interferes with mitosis. A related 
construct made fiom bovine PLCy also delayed or prevented entry into mitosis and blocked or 
prolonged metaphase. This indicated that PLCy plays a key role during fertilization and early 
development (Shearer et al, 1999). 

Xenopus Eggs: The y isoform of PLC is present in both the unfertilized and the fertilized egg 
and contributes to the initial phase of PLC activation. Fertilization also results in translocation 
of a significant fraction of PLC-y fiom the cytosol to the membrane compartment of the egg 
(Carroll et al, 1999; Rongish et al, 1999). However, it was shown that injection of an inhibitory 
antibody against the typel InsP3 receptor reduces Ca2+ release at fertilization, indicating that 
the Ca2+ release requires InsP3. Xenopus eggs were injected with specific inhibitors of PLCy 
and PLCP. The Src-homology 2 (SH2) domains of PLCy were used to inhibit SH2-mediated 
activation of PLCy, and an antibody against G family G-proteins was used to inhibit Gi 
mediated activation of PLCP. Absence of inhibi!ion of Ca2+ rise at fertilization egg indicated 
that Ca2+ release at fertilization ofxenopus eggs requires typel InsP3 gated Ca2+ channels, but 
not SH2 domain-mediated activation of PLCy or Gq-mediated activation of PLCP (Runfi et al, 
1999). 
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Hormone-sensitive lipase (HSL) is a triaclglycerol lipase and a cholesterol esterase expressed 
at high levels in adipocytes, testes, and adrenals. In adipocytes, HSL catalyzes the rate-limiting 
step in the hydrol$is of triglycerides into fatty acids and glycerol. The HSL activation is 
mediated through phosphorylation by the CAMP-dependent protein kinase. In rat testis, HSL 
mRNA and protein are expressed in the seminiferous tubuli with a stage-dependent pattern 
corresponding to the appearance of haploid germ cells. Several isoforms of HSL produced by 
a single gene have been characterized than fiom adipocytes. Human adipose tissue expresses 
a 2.8-kb mRNA that encodes an 88-kDa protein. The mRNA and protein species expressed in 
testis are larger 3.9-kb and 120-kDa, respectively. Human adipocyte and testis (HSL,) HSLs are 
775 and 1076 amino acids long, respectively than from adipocytes. The HSL, differs from the 
adipocyte form by a unique NH,-terminal region. Elucidation of the HSL gene organization 
showed that nine coding exons are common to both forms. The additional sequence in HSL, 
is encoded by a 1.2-kb long testis specific exon. When a gene is expressed in somatic tissues 
and in germ cells, tissue-specific expression often results fiom alternate promoter use. The 
promoter of the adipocyte form of HSL is located 13 kb downstream of the HSL, 5-flanking 
region suggesting that the expression of the different forms of HSL is controlled by several 
tissue-specific promoters. In mouse HSL, mRNA appears during spermiogenesis in round 
spermatids. Two constructs containing 1.4 and 0.5-kb of the human HSL-gene 5'-flanking 
region, upstream of the chloramphenicol acetyl transferase were cloned. Enzyme activity in 
male and female transgenic mice showed that 0.5-kb of the HSL,promoter was sufficient to 
direct expression only in testis. The CREW did not transactivate the HSL, promoter. Gel 
retardation assays showed presence of four testis-specific binding regions (TSBR) that were 
identified using testis and liver nuclear extracts. Mutation of the AACAAAG motif in TSBR4 
abolished the binding. Moreover, binding of the high mobility group domain of Sox5 induced 
a bend withim TSBR4. These results showed that 0-5 kbof the human HSL,promoter bind Sox 
proteins and contain cis-acting elements essential for the testis specificity of HSL (Blaise et al., 
1999). In seasonal breeder, mink, two HSL immunoreactive bands of 104- and 108-kDa were 
detected in the interstitial tissue (IT@ and seminiferous tubule (STQ-enriched fractions. The 
HSL was localized to interstitial macrophages, Sertoli cells, spermatids, and the equatorial 
segment of spermatowa. Epididymal spermatowa expressed a 104-kDa HSL isoform. These 
studies suggested that modulation of cholesterol metabolism in testicular compartments might 
be regulated by HSL isoforms expressed by distinct cells (Kabbaj et al., 2003). 
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Chapter 23 
ACROSOMAL ENZYMES 

Sperm-egg interaction is a species-specific event, which is initiated by the recognition and 
binding of complementary molecule(s) present on sperm surface (receptor) and the surface of 
the zona-pellucida (ZP ligand). This is a carbohydrate-mediated signal transduction event, 
which is believed to be a pre-requisite that enables the acrosome reacted spermatozoa to 
penetrate the ZP before the egg is fertilized. The hydrolytic enzymes released at the site of 
sperm-egg binding, alongwith the enhanced thrust generated by the hyperactivation of the 
bound spermatozoa are important factors that regulate the penetration of wna pellucida and 
fusion of the gametes. Evidences strongly suggest that sperm-egg binding leading to the 
acrosomal exocytosis is a complex event that likely reflects interaction between multiple 
sperm surface receptors and multivalent ZP. The ZP in a species is composed of three 
glycoproteins namely, ZP1, ZP2, and ZP3. These glycoproteins at least in the mouse are 
synthesized and secreted during oogenesis. It is generally accepted that hydrolytic enzymes, 
such as arylsulfatase, &glucuronidase, N-acetylglucosaminidase and hyaluronidase, and 
perhaps proteases aid in the process of dispersion of the cumulus mass by hydrolyzing 
hyaluronic acid andlor polypeptide substrates. The protease group of enzymes includes 
serine proteases, proacrosin, acrosin, metalloproteases, ADAM proteins, dipeptidylpeptidase 
11, aspartic protease, cathepsin D, cysteine proteases such as calpain, CRES, cathepsins B, L, 
and S-like. Many of these enzymes are released during acrosome reaction when the outer 
acrosomal membrane and the overlapping sperm plasma membrane fuse, allowing the release 
of the acrosomal contents. In addition to the glycohydrolases and , proteinases the sperm 
acrosome contains esterases, sulfatases, phosphatases, and phospholipases. Some of these 
enzymes have been described in sufficient details elsewhere (Zaneveld and de Jonge, 1991), 
whereas phospholipases, metalloproteases, and ADAM proteins have been discussed in 
chapters 22,25 and 26 respectively. 

23.2. ACROSOME BIOGENESIS 

The acrosome of spermatowan is formed during spermiogenesis phase of spermatogenesis 
that lasts for about 20 days in rat. The Golgi apparatus is actively involved in the formation of 
sperm acrosome during Golgi phase and cap phase. During acrosome phase and maturation 
phase, the acrosomic system undergoes structural transformation and condensation, but 
without participation of Golgi apparatus. During Golgi phase, the proacrosomic granules 
appear as electron dense material and coalesce into larger proacrosomic granules (step 1-2). 
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Each granule shows a less dense outer zone and a more dense inner zone. In the last step of 
Golgi phase (step 3), the proacrosomic granules fuse to form a single acrosomic granule, 
which forms a contact with the nucleus. The dense inner zone of the granule remains in 
contact with the inner acrosomal membrane and faces towards nuclear envelope. The acrosomal 
granule however, continues to grow in size with the help of secreted material of Golgi apparatus 
and forms a hemispherical cap like structure over the surface of the nucleus (step 4-7). In step 
8 of spermiogenesis, the Golgi apparatus separates from the acrosomic system, which continues 
to change its shape with the change of nucleus, to which it is attached and till it becomes 
falciform (Clermont et al., 1990). During this phase of spermiogenesis (steps 1-7 spermatids), 
various Golgi secreted glycoproteins and lysosomal enzymes are delivered to the growing 
acrosomic system. Thus, the juxtaposition of the Golgi apparatus to the developing acrosome 
of spermatids has been taken as the evidence for direct contribution of Golgi apparatus to the 
formation of acrosome system of spermatozoa. 

Acrosome assembly occurs throughout spermiogenesis and continues during post- 
testicular sperm maturation in the epididymis, resulting in a structurally polarized membrane- 
bounded organelle that contains assorted hydrolases and a stable infrastructure termed the 
acrosomal matrix. Specific post-translational modifications of the major acrosomal matrix 
proteins are evident in late, step 16. Spermatids and matrix protein processing continues 
within specific acrosomal subdomains of caput epididymal spermatozoa. Many of the molecules 
thus arranged gradually become compartmentalized during sperm passage through the 
epididymis. Some of them are further modified during the fertilization process (Olson et al., 
2003; Yoshinaga and Toshimori, 2003). Sperm surface proteins/glycoproteins are processed 
by (i) elimination or masking of the proteins; (ii) modification of the existing glycoproteins and 
by (iii) selective proteolysis to convert enzymatically inactive precursor forms to an 
enzymatically active mature form. Testicular spermatozoa are non-motile and unable to fertilize 
an egg. They acquire progressive forward motility and fertilizing capacity during passage 
through epididymis, which provides environments for biochemical modifications necessary 
to mature sperm (see Chapter 34). Functionally, the anterior acrosome is involved in the 
acrosome reaction or sperm-zona pellucida interaction, while the equatorial segment (posterior 
acrosome) is involved in sperm-egg fusion. 

23.3. GLYCOSYLTRANSFERASES AND GLYCOSIDASES 

The terminal sugar residues are suggested to be recognized by the male and female gametes 
during fertilization. The terminal sugar residues considered to be recognized by the spermatozoa 
include mannosyl, sialyl, glucosaminyl, a-galactosyl, glucosaminyl, a-galactosyl, and # 
galactosyl. Mammalian spermatozoa contain a host of acid glycohydrolases with catalytic 
properties similar to enzymes present in lysosomes. These enzymes, contained in acrosome, 
are glycoproteins in which glycan portion contributes about 10% of molecular mass. The 
glycan portion is mainly N-linked (asparagine linked oligosaccharides). Lysosomal hydrolases 
are synthesised on polysomes of ER where they are modified and further processed in Golgi 
apparatus (Tulsiani et al., 1998). A single glycohydrolase contains multiple glycan chains of 
mannose type. Sperm glycosidases and proteases play relevant roles in sperm-egg binding 
and penetration in different species. Among mammals, glycosyltransferases and glycosidases 
have been involved in non-catalytic carbohydrate binding activities (Miller et al., 1992; 
Hunnicat et al., 1996 a,b).Two sets of glycan modifying enzymes, namely glycosyltransferases, 
which add sugar residues from the nucleotide sugar (donor) to glycolipids fiom the existing 
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glycoconjugates are present in sperm acrosome and are thought to have an important role. 
Lectin binding studies provide evidence that glycan moieties of sperm plasma membrane 
glycoproteins undergo extensive modification during epididymal transit (Tulisiani et al., 1998). 
Alterations of sperm plasma membrane are not limited to the effects of glycan modifying 
enzymes alone, since several other sperm surface molecules are modified by proteolytic 
processing in epididymis. For examples, rat sperm plasma membrane mannosidase, guinea- 
pig sperm plasma membrane proteins pH20 and PH 30, mouse sperm antigen M42, rat sperm 
- - -  

glycoprot& CE9, and antigen 2B1 undergo proteolysis during spzrm makt ion.  In addition 
to the modification of sperm plasma membrane proteindglycoproteins, spermatozoa undergo 
intra-acrosomal modifications, acrosin and acrogranin. Evidence presented demonstrate that 
at least one sperm surface glycoprotein (Mr 86-kDa) is fucosylated in vitro when caput 
spermatozoa are incubated with GDP fucose (Tulsiani et al., 1998). 

The nature of the sperm receptor for ZP3-oligosaccharides has been the subject of active 
debate, with numerous sperm proteins being implicated as ZP3 receptors. One of them is P1,4- 
galactosyltransferase (GalTase). In somatic cells, GalTase exists in two subcellular pools 
performing two distinct functions. The bulk of GalTase is localized in the Golgi complex, where 
it participates in glycoconjugate biosynthesis. A minor pool of GalTase is expressed on the 
cell surface, possibly as a result of an alternative cytoplasmic domain, where it hct ions  as a 
signal transducing receptor for extracellular glycoside ligands. The GalTase's dual subcellular 
distribution results, at least in part, fiom the synthesis of two GalTase isoforms with different 
cytoplasmic domains. The shorter isoform, which contains an additional 13-amino acid sequence 
over-rides the Golgi retention signal and targets some GalTase molecules to the cell surface. 
The longer GalTase isoform mediates the binding of sperm to ZP3 oligosaccharides in the 
zona pellucida and is the only isoform found in mature sperm. The binding of sperm to ZP3 
induces the acrosome reaction. The acrosome reaction amears to be induced bv multivalent . . 
oligosaccharides on ZP3 that aggregate sperm-bound receptors, thus eliciting intracellular 
signals. On the sperm surface, it binds to terminal GlcNAc residues of 0-linked oligosaccharides 
of ZP3 perturbing GalTase or its ZP3 ligand affects sperm-zona binding (Gong et al., 1995). It 
seems that GalTase serves as a generalized gamete receptor in mammals. The PNA-positive 
glycoprotein of 135- 150 kDa present on plasma membrane of sperm f?om the caput (but not 
cauda epididymis) is degalactosylated by digestion with purified luminal fluid P-D-galactosidase. 
This suggested a role for glycoprotein modifying enzymes in the modification of sperm surface 
glycoproteins during epididymal maturation. 

Characterization: The organization of the 5' end of the murine GalTase-1 gene is unusual 
since its three transcriptional start sites are contained within an -725-bp contiguous piece of 
DNA. In somatic cells and tissues, the GalTase-1 gene specifies two transcripts of 4.1 and 3.9- 
kb. These two transcripts arise as a consequence of initiation at two different start sites 
separated by -200 bp. Since the two start sites are positioned either upstream of the first two 
i n - b e  ATGs (4.1-kb) or between these two in-fiame ATGs (2.9-kb), translation of each 
mRNA results in the synthesis of two catalytically identical, structurally related protein isoforms 
that differ only in the NH, - terminal cytoplasmic domains. The third, most distal transcriptional 
start site is used exclusively during the later stages of spermatogenesis. In spermatogonia, 
only the 4.1-kb transcript can be detected and it is identical in structure to the 4.1 -kb mRNA 
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found in somatic cells. As spermatogonia develop into early pachytene spermatocytes, 
transcription of the GalTase-1 gene is reduced to barely detectable levels. Continued 
differentiation to late pachytene spermatocytes and haploid round spermatids is coincident 
with renewed GalTase-1 expression to levels comparable to that observed in spermatogonia. 
However, the 4.1-kb GalTase- 1 transcript is replaced with two truncated germ cell-specific 
transcripts of 2.9- and 3.1-kb. These two transcripts encode the same open reading frame as 
the 4.1-kb transcripts. However, their respective 3'-untranslated regions are only -0.8 or -1.0- 
kb in length. 

Interaction of GalTase with ZP3: The GalTase has been localized on the surface of all 
mammalian sperm including that of human, bovine, porcine, equine, rat, mouse, guinea pig, 
and rabbit but its functional significance remains untested except in mouse and pig (Larson 
and Miller, 1997). Guinea pig, mouse, and rat sperm had higher level of GalTase than bovine, 
porcine, and rabbit sperm. Bull sperm have a protein of molecular weight similar to mouse at 
-60 kDa. The GalTase epitopes are confined to the anterior cap of fresh or capacitated bull 
sperm. The GalTase expresses as an integral membrane protein on dorsal anterior surface of 
sperm, specifically interacts with sperm-binding oligosaccharides of ZP3 to mediate gamete 
recognition. Sperm exposed to anti-GalTase antiserum show reduced fertilization in vitro. If 
sperm GalTase is blocked by competitive inhibitors, or if its bindu~g site on ZP3 is selectively 
destroyed, sperm-oocyte binding is inhibited. The GalTase-null sperm are unable to bind ZP3 
in radiolabelled binding assays, fail to undergo ZP3-induced acrosome reactions, and are 
relatively unable to penetrate the zona pellucida (Lu and Shur, 1997). Nevertheless, GalTase- 
null spermatozoa still bind to the zona pellucida, albeit without undergoing an acrosome 
reaction. This implies that other sperm proteins cooperate in some way with GalTase to 
facilitate adhesion to the zona pellucida. A large scaffolding protein has been identified that 
associates with GalTase cytoplamic domain and may be responsible for orchestrating its 
signal transduction mechanisms that result into acrosome reaction (Nixon et al., 2001). 

However, in mouse sperm GalTase specifically recognizes those ZP3 oligosaccharides 
that have sperm-binding activity, but does not interact with other zona pellucida glycoproteins. 
In constrast, all ZP glycoproteins are recognized by non-sperm GalTase, demonstrating a 
more stringent substrate specificity for the sperm enzyme. After the release of the sperm 
acrosome, the transferase relocalizes to a new membrane domain where it can no longer bind 
to ZP3, which is consistent with the inability of acrosome-reacted sperm to bind ZP3 or to 
initiate binding to the ZP (Miller et al., 1992). Binding of ZP3 to sperm induces the acrosome 
reaction through aggregation of GalTase and activation of a heterotrimeric G-protein cascade. 
The cytoplasmic domain of sperm surface GalTase is bound to activated heterotrimeric G 
protein complex that contains the G,a subunit. Aggregation of GalTase by multivalent ligands 
elicited G protein activation. Sperm from transgenic mice that overexpressed GalTase had 
higher rates of G protein activation than did wild-type sperm, which rendered transgenic 
sperm hypersensitive to their ZP3 ligand. Thus, the cytoplasmic domain of cell surface GalTase 
appears to enable it to function as a signal-trmducing receptor for extracellular oligosaccharide 
ligands (Gong et al., 1995; Tengowski et al., 2001). It appears that, although GalTase is able to 
bind porcine zona proteins, its function in porcine sperm-zona binding is not necessary or 
sufficient for sperm-zona binding. This supports the contention that porcine sperm-zona 
binding requires redundant gamete receptors (Rebeiz and Miller, 1999). 

GalTase in Germ Cell-Sertoli Cell Adhesion: Since GalTase is present on the surface of 
early spermatogenic cells long before it is required for sperm-egg recognition. Pratt et al, 
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(1993) determined whether GalTase on germ cells functions during adhesions to Sertoli cells 
consistent with such a function. Therefore, in support of adhesive action, GalTase was localized 
to areas of putative germ cell8ertoli cell contact. More directly, anti-GalTase IgA and Fab 
fragments inhibited the initial adhesion of spermatocytes to Sertoli cell monolayers. Direct 
enzyme assays showed that Sertoli cells also express surface GalTase; most of which was 
confmed to the basal cell surface where it was inaccessible to germ cell, but where it may 
function in adhesion to the underlying basal lamina. 

Galactose Receptor on Sperm Surface: Galactosyl receptor with an apparent molecular mass 
of 54-kDa has been shown to be a cell surface molecule present in sperm. It belongs, together 
with hepatocyte asialoglycoprotein receptor to the family of C- type lectins requiring Ca2+ for 
carbohydrate binding specificity mediated by a galactose recognit~on domain (Drickamer and 
Taylor, 1993 clr Rivkin et al., 2000). Rat testis galactsoyl receptor gene generates two mRNA 
species: one species, designated liver-type, is identical to rat hepatic lectin receptor 213 and 
has 301 amino acid residues, (RHL-213); the other designated testis-type, contains one 
unspliced intron (86 nt), which alters the reading frame and has 166 amino acid terminus that 
changes the amino acid sequence of the carboxyl terminus. As a result the carbohydrate 
recognition domain (CRD) (glutamine-proline-aspartic acicUQPD) and flanked Ca2+ binding 
amino acid sequence were not present in the testis-type protein. A transcript with unspliced 
intron is present in rat sperm but not liver. It appears that sperm galactosyl receptor plays a 
role in sperm egg binding (Rivkin et al., 2000). 

23.5. OTHER GLYCOSYL TRANSFERASES 

dl, 2-N-Acetyl Glucosaminyl Tranferase 

The 03-D-mannoside-gl, 2-N-acetylglucosaminyltransferase I (GnT I) (EC2.4.1.101) catalyzes 
the conversion of oligomannose to complex or hybrid N-glycans of glycoproteins. Its activity 
is present in rat testicular and cauda epididymal fluids. The enzyme activity of testicular fluid 
had a pH optimum of 6.0, whereas that of the cauda epididymal fluid was optimal at pH 7.0. The 
enzyme in testicular fluid had an absolute requirement for either Co2+, or for Mn2+, Mg2+ and 
Ca2+, and being stimulated by these cations, whereas that of cauda epididymal fluid had an 
absolute requirement for Mnz+ or Ca2+, with Co2+ and Mg2+ being ineffective. The apparent 
Km value for 41-3 a 1-6mannopentose ofGnT I in the testicular and epididymal fluids was 0.57 
and 0.38 rnM, respectively. This suggestedthat two forms of GnT I exist in the testicular and 
epididymal fluids (Nozaki et al., 2003). 

The mRNA expression of sialyltransferase genes is regulated in a cell specific manner. The 
mRNAs of human ~ a l d 1  , 3 ~ a l ~ ~ c / ~ a l p  1 , ~ G ~ C N A C ~ , ~  sialyltransferase gene (hST3Gal IV) 
consist of six isoforms, type Al, A2, B1, B2, B3, and BX. These mRNAs are transcribed fiom 
different promoters, PA, pB 1, pB2, pB3, and PBX, respectively. 'I)lpe B mRNAs are expressed 
in several cells, whereas type A mRNAs are specifically expressed in testis, ovary, and placenta, 
suggesting that pA promoter activity is especially high in these tissues. Germ-cell specific 
transcriptional regulation of the hST3Gal IV pA promoter has been demonstrated. Using a 
luciferase assay, pA promoter activity was shown to be high in testis (Taniguchi et al., 2003). 
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23.6. HYALURONIDASE AND pH-20 

Hyaluronidases (HDases) comprise a family of the glycosidases that has been exceedingly 
difficult to purify and characterize, because oftheir low concentration and structural instability. 
A number of mammalian hyaluronidases have been discovered, including ubiquitous and 
tissue - specific forms (Gupta and Goldberg 198 1; Csoka et al, 1999). At least three types of 
HDases hydrolyse hyaluronan via different mechanisms. The first group comprises endo-# 
N-acetyl-D-hexosaminidases, which degrade the high-molecular weight substrate to the 
tetrasaccharide as the main end product. Testicular enzyme also catalyzes transglycosylation 
reaction resulting also in the formation of hem-, di- and octasaccharides during hydrolysis of 
hyaluronic acid (HA). A second type of HDase represented from leech, is a $- 
endoglucuronidase. Enzymes of this type may be present in hookworms. Lastly, the bacterial 
lyases that act via #elimination yield disaccharides as the main end products. The HDase 
activity has been detected in the venom of snakes, fish, bee, wasp, scorpion, spider etc. 
These enzymes supposedly serve to degrade hyaluronan thereby facilitating the diffision of 
other venom. The gene coding this form, called MALI gene maps to human chromosome 
3p2 1.3. A second HDase gene H A L 2  was identified that has homology to PH20. The MALI 
and HYAL2 genes encode two distinct forms of lysosomal HDases. Mutation in HYALI gene 
causes a newly described lysosomal disorder, mucopolysaccharidosis IX (Triggs-Raine 1999). 
Hyaluronidase in sperm acrosome was implicated in the mechanism of sperm-oocyte 
interaction (Austin, 1960). This protein is present on the posterior head and the acrosomal 
membrane of mammalian sperm. It has been shown that PH-20 plays an essential role in 
fertilization. Guinea pigs immunized with their own PH-20 protein become sterile (Primakoff et 
al., 1997). Upon fertilization, recombinant PH-20 protein can digest outer layer of oocyte. 
Inhibitors of PH-20 could thus block fertilization and thereby conceivably act as contraceptives. 

23.6.1. Characterization 

The enzyme from bee venom has been investigated in detail. The mature HDase is composed 
of 249 amino acids including four cysteine residues potential sites for N-glycosylation are 
present in the sequence (Gmachl and Kreil, 1993). The most widely recognized tissue - specific 
source of hyaluronidase is the mammalian testis, identified originally as a source of "spreading 
factor". Although the mammalian hyaluronidases are derived &om different genes, it is 
reasonable that these enzymes share certain structural and biological characteristics with one 
another and with other glycosidases. Active site of HDase is not known. However, after 
analysis of bee HDase (Gmachl and Kreil, 1993), it was shown that significant homology 
existed between insect enzyme and a protein termed PH-20, which had earlier been detected 
with monoclonal antibodies. 

A comparison of the sequences of bee venom HDase and the guinea pig PH-20 protein 
revealed a 36% identity in a region encompassing about 300 amino acids. This raised the 
possibility that the PH-20 protein possesses HDase activity (Fig 23.1). This notion was 
corroborated for the human, monkey and mouse PH-20 proteins. The PH-20 mRNA could 
only be detected in testis (Kreil, 1995). It is noteworthy that the mRNA encoding the bee 
venom enzyme could also be detected in testes from drones but not in other bee tissues. In 
vitro mutagenesis of PH-20 showed that two acidic amino acids are critical for enzyme activity 
(Arming et al., 1997) and the region of amino acid sequence 142-172 is essential for HDase 
activity at neutral pH, whereas the region of amino acid sequence 277-297 may be more 
important at a lower pH. It is likely that these two regions are the acid /base catalyst site and 
the nucleopathic site, respectively, of PH-20 HDase (Yudin et al., 2001). 
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23.1. Nucleotide sequence of cloned hyaluronidase cDNAs and the deduced amino acid sequence of 
preproenzyme. The sequence of  synthetic oligonucleotide used for RACE protocol and AATAAA 
polyadenylation signal are underlined. Arrows indicate site for signal peptidase. Reprinted with permission 
from M. Gmachl and G. Kreil. hoc Natl Acad Sci (USA) 90; 3569-73: 1993 8 National Academy of Sciences 
(USA). 

Deduced amino acid sequence of human PH - 20 has 509 residues and is 59% identical with 
guinea pig PH- 20, suggesting that they may have a ~ 0 n ~ e ~ e d  function and immunogenticity. 
Southern blots showed that there is a single PH - 20 gene in human genome and that human 
PH-20 is testis-specific. The mouse PH-20 (Spam 1) is uniformly distributed over the surface 
of the caput sperm, while in caudal sperm it is localized to the anterior and posterior regions. 
The hyaluronidase activity of Spam 1 in acrosome intact caput sperm was significantly lower 
than that of caudal sperm. The increase in enzymatic activity in caudal sperm was accompanied 
by a reduction in the molecular weight. The protein structure from Spam 1 DNA sequence 
revealed four putative N-linked glycosylation sites. It was suggested that the activation of 
Spaml during epididyrnal maturation is regulated by deglycosylation @eng et al., 1999). Bee 
venom hyaluronidase is related to the amino - terminal part of mature guinea pig PH-20, in a 
region encompassing most of the bee enzyme and probably also the bulk of the 41 to 48-kDa 
segment of PH-20 (aa 17-307), 104 of 290 amino acids (36% including four cysteins are identical. 
These fidings indicated that 41-48kDa segment of PH-20 is a hyaluronidase (Gmachl and 
Kreil, 1993)(Fig.23.2). The amino-terminal region of 41-48 kDa linked via disulfide bonds to 
the 27-kDa carboxyl-terminal segment, which also contains the glycosyl phosphatidylinositol 
membrane anchor. The role of sperm hyaluronidase in cumulus penetration became clearer 
with the discovery that PH-20 genes had significant DNA homology with bee venom 
hyaluronidase. Subsequently, the hyaluronidase activity of PH-20 was shown to be involved 
in sperm penetration of the mouse and macaque cumulus (Myles and Primakoff, 1997); the 
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Fig. 23.2. Comparison of the amino acid sequence of bee venom hyalurondiase and PH-20 from guinea pig 
sperm. Identities betweens the two sequences are marked by a black square, and the cysteines are emphaskd 
by asterisks. Gaps introduced to maximize homology are indicated by dashes. Residues also present in a region 
considered to form part of the ligand-binding pocket in $-integrin are indicated by a plus sign. PH-20 contains 
a total of 495 residues. Reprinted with permission from M. Gmachl and G. Kreil. Proc Natl Acad Sci (USA) 
90; 3569-73: 1993 8 National Academy of Sciences (USA). 

plasma membrane-bound protein rather than a soluble enzyme appears to be responsible for 
this activity (Li et al., 1997a). The PH-20 and CD-46 were demonstrated on the inner acrosomal 
membrane of sperm induced to acrosome react by ionophore treatment and by zona binding. 
Ultrastructure of oocytes showed that anti-PH-20 1gG prevented sperm penetration of the 
macaque zona pellucida by interfering with secondary sperm-zona binding, rather than primary 
sperm-zona binding or the zona-induced acrosome reaction. It indicated that thus acrosin did 
not appear to be critical for sperm penetration of the macaque zona pellucida (Yudin et al., 
1999). 

Gmachl and Kreil(1993) predicted that mammalian sperm would contain a GPI-linked 
sperm surface hyalurondiase. The GPI-linked mouse sperm hyaluronidase is inhibited by the 
flavonoid apigenin, which is a competitive inhibitor of bovine testicular hyaluronidase as well 
as the recombinant form of PH-20. The biochemical characteristics of hyaluronidase activity, 
molecular mass, GPI linkage, and its presence on both acrosome - intact and acrosome- 
reacted sperm suggest that HDase is, in fact GPI - linked (Lin et al., 1994). Thaler and Cardulla 
(1 995) quantified the activity of the soluble acrosomal HDase as well as membrane - bound 
HDase, on both acrosome-intact and acrosome- reacted mouse sperm. The membrane - bound 
hyaluronidase was specifically released by PI-PLC, indicating that it is GPI-linked. This showed 
the existence of two isoforms of hyaluronidase: a soluble form within the acrosomal vesicle, 
which is released during acrosomal exocytosis and a GPI-linked form, which is present on the 
surface of both acrosome-intact and acrosome-reacted sperm. Thus, hyaluronidase joins a 
growing list of GPI-linked cell surface enzymes including alkaline phosphatase, 5'-nucleotidase, 
acetylcholinesterase, alkaline phosphodiesterase I, trehalase, and p63 proteinase. It is important 
to note that mouse sperm have several prominent GPI-linked proteins, two of which appear 
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exclusively in acrosome-intact sperm; several additional GPI-linked components appear in 
acrosome-reacted sperm, concomitant with the exposure of the inner acrosomal membrane 
following acrosomal exocytosis. 

Guineapig: The PH-20 is anchored on both the sperm plasma and inner acrosomal membranes. 
The derived amino acid sequence from cDNA shows a mature protein of 468 amino acids 
containing six N-linked glycosylation sites and twelve cysteines, eight of which are tightly 
clustered near the COOH terminus. The sequence indicates no relationship to the mouse 
sperm adhesion protein galactosyl transferase. Genomic DNA indicated pH20 as a single 
copy gene with a message of approximately 2.2 kb. Guineapig gene is a homologue of the PH- 
20 gene in mouse, rat, hamster, rabbit, bovine, monkey, and human genomic DNA, showing 
that the PH-20 gene is conserved among mammals (Lathrop, 1990). The PH-20 protein is 
localized to the posterior head plasma membrane of the mature sperm cell. Following the 
exocytotic acrosome reaction, it moves into the newly incorporated inner acrosomal membrane 
(IAM), placing it in a position favorable for a role in binding of sperm to the egg zona pellucida 
The PH-20 protein was observed to move against a concentration gradient in the posterior 
head plasma membrane and suggested that an active process served to concentrate PH-20 
protein toward the boundary separating the posterior head and IAM regions. The sperm PH- 
20 acts during two different stages of fertilization. On acrosome-intact sperm, PH-20 has a 
hyaluronidase activity that is required for sperm penetration thrcugh the cumulus cell layer 
that surrounds the oocyte. On acrosome-reacted sperm, PH-20 has a required function in 
sperm-mna binding (secondary binding). An anti-PH-20 monoclonal antibody that inhibited 
sperm-zona binding had no effect on hyaluronidase activity. Conversely, apigenin, a 
hyaluronidase inhibitor, blocked PH-20 hyaluronidase activity by 93% without inhibiting 
sperm-zona binding. Similarly, anti-PH-20 monoclonal antibody that inhibited hyaluronidase 
activity by 95% inhibited sperm-zona binding only partially. Thus PH-20 is bifunctional and 
has two activities: a hyaluronidase activity and a second, separate activity required for 
secondary sperm-mna bindiig (Hunnicut et al., 1996a). A structural relationship exists between 
PH-20 and the soluble hyaluronidase released during the acrosome reaction. During the 
acrosome reaction, PH-20 undergoes endoproteolytic cleavage into two disulfide-linked 
fragments whereas the released SPH-20 is not cleaved, suggesting the possible activity of a 
membrane-bound endoprotease on PH-20. The sPH-20 may arise from the enzymatic release 
of PH-20 from its membrane anchor, possibly at the time of acrosome reaction (Hunnicut et al., 
1996b). 

Murine: Acrosome intact mouse sperm incubated with anti-PH-20 antibodies can not pass 
through the cumulus layer and thus can not reach the zona pellucida indicating that PH-20 
enables acrosome intact sperm to penetrate the cumulus barrier. m e  murine PH-20 (SPAMI) 
gene was mapped to the proximal region of chromosome 6 (MMU 6). Based on the map 
location and physiological characteristics of its encoded sperm antigen, the gene is an attractive 
candidate for the sperm dysfimction seen in Robertsonian (Rb) (6.16) translocation 
heterozygotes and the reduced fertility of homozygotes. The expression of SPAMl mRNA 
was found to be tissue specific and developmentally regulated, with a haploid expression 
(Zheng et al., 1997). 

SPAMI gene, which covers approximately 10.5-kb of genomic DNA, is encoded by four 
exons, and the splice site consensus sequence is maintained in all intron-exon junctions, 
similar to that reported for the human homologue. Two transcription initiation sites were 
detected. One was assigned to the residue C and the other (a minor site) to the residue G, at 
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positions 1 and - 56 respectively. These are at 3 13 and 369 nt upstream of the translation 
initiation codon, ATG. In about 770-bp upstream region of SPAMI that has been cloned and 
sequenced, multiple transcription factor binding sites including a CRE were found. The eight- 
nucleotide CRE sequence (TGATGTCA) of the promoter region can bind to the transcription 
factor CREM in gel mobility shift assays using mouse testis nuclear extract, and the binding 
could be inhibited by a 28-bp oligonucleotide containing the CRE sequence. Similar binding 
and inhibition assays using rat nuclear extract suggested the existence of a rat CRE sequence 
and the involvement of CREM in rat SPAMl expression. The CRE is necessary for the 
transcriptional activity of the murine promoter. The SPAMl transcripts are absent in CREM- 
knockout mice suggesting that the murine SPAMl expression is under the control of CREM, 
and that this transcriptional regulator for SPAMl might be conserved in other mammals, at 
least in the rat (Zheng et al., 1999). 

In mice bearing the 6.15 Robertsonian translocation (Rb) sperm dysfunction associated 
with the Rbs has been shown to lead to transmission ratio (TRDs) in heterozygotes. The 
severity of the TRDs is directly related to the severity in the alteration of expression of the 
gene SPAMI, which maps to proximal mouse Chromosome 6 (Chr 6) near the translocation 
junction and encodes a sperm antigen with HDase activity. Catalytic kinetics studies indicated 
that reduced SPAMI pH-20) HDase activity in the Rb(6.15) mice results fiom a qualitative 
defect, while for Rb (6.16) with the greater TRD, both a qualitative and a quantitative deficiency 
of SPAMI exist. Entrapment of spontaneous SPAMl mutations, owing to recombination 
suppression near the Rb junctions, is proposed as the major underlying defect of the sperm 
dysfunction (Zheng et al., 2001). 

The Spaml or PH-20 is also synthesized by the epididymal epithelium, preferentially in 
the distal region, and is released into the luminal fluid. Whereas testicular and epididymal 
Spaml have hyaluronidase activity at neutral pH, they are under different transcriptional 
regulation. The poly (A) tails are significantly shorter in the epididymis than in the testis. 
Epididymal Spaml exists in three isoforms with the isoelectric point (pl) ranging from 7.3 to 
9.0, whereas testicular Spaml shows four Isoforms with pI ranging from 6.6 to 9.0. Two 
isoforms with a pI ranging from 7.6 to 9.0 were observed for caudal sperm. Lectin blotting 
recognized a 67-kDa band in the epididymis and caudal sperm, but not in the testis. Enzymatic 
deglycosylation studies confinned the presence of an O'linked glycan in all the three cell 
types. Epididymal Spaml is secreted predominantly as insoluble particles, which when treated 
with phosphatidylinositol-specific phospholipase C or Triton X-100, revealedthat the majority 
of epidid&al Spaml is released with its lipid anchor, a form in which it can bind to sperm 
(Zhang et al., 2003). 

Rat: Rat sperm 2B1 antigen, the orthologue of guinea pig PH-20 is a plasma membrane - 
bound glycoprotein that is endoproteolytically cleaved during passage through the epididymis 
and subsequently migrates from the tail to the acrosomal domain during capacitation. Unlike 
guinea pig PH20, however, sperm surface 2B 1 is insensitive to phosphatidylinositol activity. 
It contains an internal sequence motif for attachment of a glycosyl phosphatidylinositol (GPI) 
anchor, and the cleavage from a single into a two-chain molecule causes a significant shift in 
the optimum pH of HDase activity. Functionally rat sperm 2B 1 glycoprotein is attached to the 
plasma membrane via a GPI anchor and this is an important factor in its ability to migrate fiom 
the tail to the acrosomal domain during capacitation. Endoproteolytic cleavage of 2B 1 serves 
to optimise its HDase activity immediately before fertilization, thereby facilitating penetration 
of spermatozoa through the cumulus oophorus (Seaton et al., 2000). 

Rat sperm 2B 1 is encoded by a 2.2-kb RNA transcript that is abundantly expressed in 
the testis. The deducted protein sequence contains 5 12 amino-acid residues with a strong 
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candidate signal sequence and C-terminal transmembrane domain and shows a high degree of 
sequence similarity to guinea pig, rabbit, monkey, and human pH20 and a lower degree of 
similarity to honey bee and whiteface hornet venom HDase. Rat 2B1 antigen possesses 
HDase activity, suggesting that it is a bifunctional protein with putative roles in the dispersion 
of cumulus oophorus cells as well as zona adhesion. However, while it would appear that 2B 1 
is the rat homologue of the guinea pig pH20 antigen, they differ in a number of important 
biochemical respects (Including their mode of attachment to the sperm membrane and 
distribution between soluble and membrane-bound fractions), as well as in their localization 
on the sperm membrane (Hou et al., 1996). 

Bull: In order to assess if the soluble HDase from bull testes is related to the PH-20 polypeptide, 
the sequence ofthe membrane-bound PH-20 hyaluronidase from bovine sperm was determined 
by cDNA cloning, and compared with the sequence of commercial bovine enzyme. It showed 
that the soluble 60-kDa HDase fiom bovine testes is a glycoprotein derived from the sperm 
PH-20 enzyme. As compared to the primary translation product of the PH-20 rnRNA, it lacks 
the signal peptide at the amino terminus and 56 amino acids at the carboxyl end. A bull sperm 
protein of 80-kDa, which has many homologies with PH-20, has been identified (Lalancette et 
al; 200 1). The 80-kDa bull protein possesses HDase activity. 

Stallion: Stallion sperm expresses a surface-associated HDase localized to the posterior 
sperm head region in ejaculated sperm. The inner acrosomal membrane (IAM) displays intense 
HDase suggesting that the IAM and HDase plays significant role in zona penetration by 
sperm. The differential expression of PH-20 in ejaculated and epididymal sperm could be 
involved in cumulus penetration, sperm-egg recognition, and oolemmal fusion in this species 
(Meyers, 200 1). 

Fox: The fox pH20 shows high levels of homology to pH20 proteins of other species. Unlike 
other pH20 proteins the fox protein does not appear to be membrane associated through a 
GPI-linkage nor does it show the presence of a transmembrane domain at the C-terminus of 
the protein. The pH20 protein in fox sperm is located on the inner acrosomal membrane and its 
transcription is seasonally regulated, with the mRNA expressed during those months when 
spermatogenesis is at its peak (ten Have et al., 1998). 

Monkey: The PH-20 is uniformly distributed over most of the monkey sperm head. However, 
after acrosome reaction, most spermatozoa labeled intensely over the anterior sperm head, 
whereas labeling of the posterior sperm head was greatly reduced. Transmission electron 
miscroscopy revealed gold particles distributed uniformly on the plasma membrane overlying 
the acrosome, the equitorial segment, and most of the post-acrosomal region (Overstreet et 
al., 1995). The soluble component released during the acrosome reaction included both the 
64-kDa form and a 53-kDA form of PH-20. The 64-kDapolypeptide had a broad range, with the 
majority of the activity at neutral pH (pH 7). The 53-kDa polypeptide in sperm extracts only 
exhibited activity at acid pH (pH 4). The hyaluronidase activities of both enzymes were 
inhibited by apigenin (Cherr et al., 1999). Plasma membrane P9-20 had also an apparent 
molecular weight of 64-kDa and the optimum pH for its hyaluronidase activity was 6.5. However, 
the PH-20 associated with denuded sperm heads was localized by immunogold label to the 
persistent inner acrosomal membrane (IAM). Soluble form of hyaluronidase, which is released 
at the time of the acrosome reaction, is derived from the IAM. This soluble hyaluronidase is 
composed of both the 64-kDa form and 53-kDa form of PH-20. The 53kDa form appears to be 
processed from the 64-kDa form at the time of the acrosome reaction (Li et al., 1997). Exposure 
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of sperm to mono-specific, bivalent-polyclonal antibodies to PH-20 causes a rapid clustering 
of PH-20. The predominant morphological consequence of PH-20 redistribution is its 
aggregation along the lateral edge of the sperm head. Anti-PH-20 IgG prevented sperm 
penetration of macaque zona pullucida by interferring with secondary zona binding or zona 
induced acrosome reaction. Since acrosin was not detected on inner acrosomal membrane of 
sperm, it was suggested that PH-20 but not acrosin is involved in sperm penetration of the 
macaque zona pellucida (Yudin et al., 1999). 

Human: Nucleotide sequence for 1919-bp of human SPAM-1 (PH-20) fiom a series of 
overlapping cDNA clones confiied the sequence identity within a 1527-bp ORF to be 71- 
74% to the guinea pig gene and the similarity to be 60% for the predicated protein of 509 amino 
acids. Southern blot analysis of human genomic DNA and DNA fiom somatic cell hybrids 
indicated that the gene (SPAMI) is unique and does not form part of larger family and that it 
maps to chromosome 7. The 1919-bp of the gene that has been cloned covers approximately 
1 1-kb of genomic DNA and is encoded by at least 4 exons. Northern analysis of poly (A)+ 
mRNA from a range of 16 human tissues demonstrated that the expression of the gene as a 
single 2.4-kbtranscript is strictly limited to the testis (Jones et al., 1995). Like macaque sperm 
PH-20, two forms of PH-20 are observed in human sperm. Non-capacitated sperm extracts, 
capacitated sperm extracts, and the acrosome-reaction supernatant had hyaluronidase activity 
at neutral pH (pH 7) and acid pH (pH4). The 64-kDa form had hyaluronidase activity at both 
neutral and acid pH, but the 53-kDa form was only active at acid pH. Human PH-20 had similar 
localization to that of macaque sperm (Li et al., 1997). Expression of PH - 20 is elevated in 
primary laryngeal cancer tissue and seems to be even higher in metastatic lesions compared 
with normal laryngeal tissue. PH-20 is a useful tumor marker and prognostic tool for laryngeal 
cancer (Godin et al., 2000). 

23.6.2. Post-Testicular Modifications 

In caput sperm, SPAMl is uniformly distributed over the surface of the head while in caudal 
sperm, it is localized to the anterior and posterior regions. The hyaluronidase activity of 
SPAMl in acrosome-intact caput sperm was significantly lower than that in caudal sperm. 
The increase in enzymatic activity in caudal sperm is accompanied by a reduction in the 
molecular weight. Caput sperm had a major band at 74-kDa and a minor band at 67-kDa; while 
for the caudal sperm showed a major band of approximately 67-kDa and minor bands of 
approximately 70 and- 56kDa. Additionally, the bands fiom caput sperm were 4.9 to 7.7-fold 
were less intense than fiom caudal sperm. Protein structure fiom SPAMl cDNA sequence 
revealed four putative N-linked glycosylation sites, and all sites were functional. After 
endoglycosidation, caput and caudal sperm showed the major band at 56-kDa, the size of the 
membrane-anchored polypeptide. Thus the activation of SPAMl during epididymal maturation 
is regulated by deglycosylation (Deng et al., 1999). 

The two common isoforms of SPAMl observed in mice sperm are also present in the 
caput, corpus, and cauda epididymides, with the highest expression detected in the corpus. 
The endogenous production of enzymatically active (hyaluronidase) SPAMl by epididymal 
cells is supported by the detection of steady-state SPAMl epididymal mRNA in both wild 
type and germ cell-deficient mice. In situ hybridization showed the transcript to be localized to 
the principal cells of the epithelium, suggesting a mechanism for transportation of SPAMl 
fiom the epididymal epithelium to sperm during their transit and storage in the cauda @eng et 
al., 2000). In the epididymis SPAM1 is found in membranous vesicles of the principal cells of 
the epithelium in all three regions. Epididymal SPAMl may be a secretory protein and released 



in the luminal fluid where it may effect post-testicular maturation and function of sperm. The 
Spaml transcripts fkom epididymal and testicular showed that Sparnl were under different 
transcriptional regulation (Zhang and Martin-De Leon, 200 1). 

The cellular location of equine PH-20 is modified during epididymal transit. Western blots 
revealed significant differences in electrophoretic migration of PH-20 proteins fkom caput and 
cauda epididymal sperm where as no effect was seen after deglycosylation of PH-20. However, 
N-deglycosylation resulted in the loss of hyaluronidase activity of sperm fkom both epididymal 
regions, whereas 0-deglycosylation or trypsiniition did not affect hyaluronidase activity. In 
caput epididymal sperm, the PH-20 protein is distributed overthe entire sperm head whereas in 
caudal sperm it is restricted to postacrosomal region (Rutllant and Meyers, 200 1). 

23.6.3. Contraceptive Effects 

The immunization of male guinea pigs with PH-20 reproducibly results in infertility with a 
durations of 6-12 months or longer. The 100% infertility can reproducibly be induced in male 
guinea pigs immunized with purified PH-20. The males are extremely responsive to PH-20 
immunization since infertility could be induced with a single injection of only 5 pg or a lower 
dose of PH-20. Surprisingly lower weight animals regained fertility (93%) whereas in heavy 
weight animals, fertility was not regained (Primakoff et al., 1997). To identi@ immunodominant 
regions on gpPH-20 that may be related to this contraceptive effect, Chan et al(1999)screened 
a set of overlapping peptides that cover the entire 494-residue sequence. Multiple clusters of 
peptide sequences showed specific reactivity. Octameric synthetic peptides indicated two 
regions (residues 94- 1 19 and residues 424-444) to be highly immunogenic and both were 
surface accessible when native gpPH-20 is in solution or anchored on sperm surface. Both 
anti-peptide antibodies are specific for gpPH-20 and one of them inhibited hyaluronidase 
activity partially (Chan et al., 1999). Fully effective contraception has been achieved by 
immunizing either male or female guinea pigs with purified guinea pig PH-20. Unfortunately, 
PH-20 immunized males showed two separate effects. In almost all infertile, PH-20 immunized 
males, the cauda epididymidis were empty and contained no sperm, or contained only abnormal 
sperm. A second effect was the induction of experimental autoimmune orchitis (EAO), 
representing a report of EAO induced by a purified testisJsperm molecule of known functions 
(Tung et al, 1997). 

Substrates for HDase 

The substrate for HDase is haluronan (hyaluronic acid, HA), which is a ubiquitous component 
of the extracellular matrix (ECM) of vertebrates. This linear polysaccharide is composed of a 
repeating unit with the structure [D-glucuronic acid (1 -k3)-N-acetyl-D-glucosamine (1 &I)]. 
The HA can form highly viscous solution and thereby influence the properties of ECM. The 
HA rich extracellular matrix of the cumulus oophorus of egg is known to facilitate fertilization. 
It has been suggested that HA may enhance fertilization in a number of species, and in 
macaque sperm. The HA has been shown to increase the acrosome reaction that follows 
sperm binding to the zona pellucida. It seems that HA increases intracellular CaZ+ in macaque 
sperm through interaction with plasma membrane PH-20. Perhaps, HA binding to plasma 
membrane PH-20 induces receptors that results in intracellular signaling (Cherr et al., 1999). It 
supports the hypothesis that HA in the cumulus matrix may act to prime the fertilizing sperm 
for induction of the acrosome reaction by constituents of the cumulus andlor zona pellucida 
(Cherr et al., 1999; Sabeur et al., 1998). A region ofthe PH-20 molecule, termed peptide 2 (amino 
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acids 205-235), has amino acid charge homology with other HA binding proteins. The Peptide 
2 region of PH-20 is involved in binding HA, which results in the cell signaling events related 
to the elevation of Ca2+ during sperm penetration of the cumulus (Vines et al., 200 1). Among 
mannose as another ligand for hyaluronic acid binding proteinl(HABPl), only N-linked 
mannosylated zona-glycoproteins bound to sperm HABP1. Labeled HABP1 interacts with ZP 
of intact oocyte of Bubalus bubalis, which can be competed with unlabeled HABP1 or excess 
d-mannosylated albumin. This suggests that sperm surface HABPl may act as mannose 
binding sites for zona recognition (Ghosh and Datta, 2003). 

23.7. GLYCOSIDASES 

The activity of N-acetyl-P-D glucosaminidase (EC:3.2.1.52) (P-NAG) in the mammalian male 
reproductive tract has been well documented. The epididymis shows the highest activity of 
this enzyme (Hall et al., 1996). The enzyme has been studied extensively in human tissues, 
where it occurs in two major isozymic forms, A and B, with molecular composition consisting 
of ap and pp subunits, respectively. The two isoforms have similar kinetic properties but can 
be differentiated on the basis of their reactivity towards natural substrates such as trisaccharides 
derived from hyaluronic acid and glycopeptides. In addition to N-acetyl-P-D-glucosaminidase 
activity, the native enzyme exhibits N-acetyl-P-D-galactosaminidase activity. Since these two 
enzymatic activities have not been separated biochemically, the enzyme is commonly known 
as P-hexosaminidase (Hex). The regionalization of its activity in mammalian epididymis, 
suggests a physiological role for the enzyme in the maturation of sperm as they through 
the epididymis andlor in the fertilization process (Kapoor and Gupta, 1986). 

The highest specific activity of N-acetyl-P-D-glucosaminidase (P-NAG) has been found 
in the different parts of the epididymis, where the activity seemed to be partly in secretory and 
partly in non-secretory tissue bound form. Epididymal spermatozoa also possess moderate P- 
NAG activity. The major secretory forms of P-NAG in caput and cauda epididymis are distinct 
in elution profiles. The P-NAG activity derived from bull testis and caput epididymidis had 
smaller weights than the secretory enzymes in seminal plasma, seminal vesicle secretion and 
cauda epididymis. Disruption of the Hex gene encoding the P subunit of Hex has led to the 
generation of a mouse model of human Sandhoff disease. The morphological appearance and 
topographical arrangement of the testis cell Hex-deficient (HexB) and wild - type (HexBu+) 
mice appeared to be unaffected. Study revealed an increase in the size and number of lysosomes 
in all epithelial cell types lining the efferent ducts and entire epididymis as well as myoid cells 
and macrophages of the testis (Adam et al., 1999; Miranda et al., 2000). Brandelli et a1 (1994) 
reported the effect of different neoglycoproteins on the human sperm acrosome reaction. The 
BSA-Glc-Nac-induced acrosome reaction was inhibited by N-acetylglucosamine (GlcNAc), 
p-nitrophenyl-GlcNAc and purified soluble P-NAG. The induction of the acrosome reaction 
with BSA-Man could be inhibited by mannose, while soluble a-mannosidase was only partially 
effective. This suggested that binding sites for GlcNAc and mannose may be involved in the 
induction of acrosome reaction in human sperm. The characteristics of the BSA-GlcNAc 
induction suggest that the P-NAG may be the mediator ofthis effect (Brandelli et al., 1994). N- 
acetyl-P-D glucosarninidase is the major glycosidase activity present in vitelline envelopes of 
Bufo arenearurn sperm. Optimum pH of j3-NAG is 3.5 and inhibited at pH 7.5. The P-NAG is 
the only glycosidase that binds to vitelline envelopes in vitro under conditions that resemble 
natural fertilization media. The enzyme migrates as a single band with Mr of 45 kDa. The 
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Fig.233. Immunolocalization of beta-glucuronidase in acrosome during elongation phase of spermiogenesis 
in rat. Panel A-E: various phases of acrosome formation; panel F-G: beta-glucuronidase activity during 
various phases of acrosome formation. Reprinted with permission from A Abou-Haila and DRP Tulsiani. 
Arch Biochem Biophys 379; 173-82: 2000 O Elsevier. 

inhibition of the enzyme results in the inhibition of fertilization suggesting that P-NAG plays 
an important role in toad fertilization (Martinez et al., 2000). 

P-D-glucuronidase (EC 3.2.1.31) an exoglycosidase, is one of the most extensively studied 
enzymes. It has been reported in all mammalian tissues including male reproductive tissues 
and spermatozoa. The sperm P-glucuroinidase is thought to be an acrosomal enzyme which, 
along with arylsulfatase, N-acetyl-P-D-glucosarninidase, and hyaluronidase has an important 
role in digestion of cumulus cells surrounding the ovulated oocyte. The lysosomal P- 
glucuronidase purified from the rat, mouse liver and human semen is homotetrameric 
glycoprotein of an apperent molecular mass of 280-kDa (Gupta and Singh, 1984). The microsomal 
P-glucuronidase in mouse tissues consists of four identical subunits, which correspond to 
noncovalent complexes formed between the pro-enzyme (X-form) and one to four molecules 
of egasyn, 64-kDa glycoprotein with carboxyl esterase activity (Abou-Haila et al., 1999). 
Although P-glucuronidase has been extensively studied, understanding of the expression, 
properties and localization of various molecular forms of the enzyme in spermatogenic cells 
and spermatozoa is very limited. P-D-glucuronidase from testicular germ cells and spermatozoa 
has been characterized (Gupta and Singh 1984; Abou- Haila et al., 1999). Germ cells 
(spermatocytes, round spermatids, and condensed/elongated spermatids) were shown to 
contain only the lysosomal form of the enzyme that was localized in the Golgi apparatus, Golgi 
vesicles, lysosome like multivesicular bodies of spermatocytes, spermatids, and the forming1 
formed acrosome of spermatids/spermatozoa. Fig.23.3 shows the distribution of P-D- 
glucuronidase during successive formation of the sperm acrosome in the elongation and 
maturation phases and also in the fully developed acrosome of a testicular spermatozoon. 

Acid P-D-galactosidase (FE3.2.1.23) is an exo-glycosidase that cleaves P-linked terminal 
galactosyl residues fiom a variety of natural and artificial substrates. The enzyme has been 
reported in all tissues examined, including male reproductive tissues such as testis and 
epididymis. When cultured in vitro, rat epididymal principal cells synthesize the enzyme in 
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precursor forms that are processed to mature form before being secreted in the medium. The 
cDNA for human placental and testicular P-D-galactosidase has been cloned and sequenced. 
In spermatozoa; P-D-galactosidase is present in the cytopolasmic droplet and the acrosome. 
Rat sperm contains a different P-D- galactosidase, which has also been reported in sperm 
membranes. Acrosomal enzyme is readily released during sperm disruption. It has been 
suggested that sperm associated P-D- galactosidase has a role either as a lectin or as a 
hydrolase during fertilization. Only 10- 14% of total P-D- galactosidase activity of epididymal 
fluid was associated with spermatozoa. The remaining enzyme activity is present in the luminal 
fluid. Enzyme showed a progressive increase in spermatozoa from the caput to the corpus or 
proximal cauda followed by a sharp decline in the distal cauda epididymis sperm. However, 
the changes in P-D- galactosidase activity during sperm maturation in the epididymis were 
accompanied by changes in the molecular form of the enzyme. The sperm associated P-D- 
galactosidase did not appear to be due to adsorption and / or binding of the luminal fluid j3-D- 
galactosidase 97-kDa form in the fluid from the caput, and two forms of 97-kDa and 84-kDa 
from the fluid of corpus and cauda regions. The observed difference in the molecular forms of 
the luminal fluid was found to be due to differential glycosylation, since deglycosylation of 
various forms of P-D- galactosidase generated a single immunoreactive form of 70 kDa 
(Skudlarek et al., 1993; Chyko et al., 2000). 

The Luminal Fluid P-D-Galactosidase: Whereas the enzyme activity of P-D-galactosidase 
from epididymal luminal fluid was optimum at acidic pH (3.5) with a synthetic PNP substrate 
and as expected for an acid hydrolase, a neutral pH optimum (6.8) occurred with a ['HI galactose 
labelled glycoprotein substrate. Thus, this enzyme may be active in the neutral environment 
of the epididymal lumen. Predominant form of epididymal spem P-D-galactosidase gradually 
shifts from 82- to 80-kDa as spermatozoa migrate from the caput to the cauda epididymis. 
When the luminal fluid or sperm forms of P-D- galactosidase were de-glycosylated, the resultant 
protein was resolved at the position of 70-kDa. This suggested that the luminal fluid and 
acrosomal forms of P-D-galactosidase are differentially glycosylated. 

The enzyme was localized within acrosomal cap of spermatids and in acrosome of epididymal 
spermatozoa and within cytoplasmic droplets, cap of spermatids and germ cells. Spermatids 
produce two forms of P-D- galactosidase, 90 and 88-kDa and a 56kDaprotein. Treatment of P- 
D- galactosidase with N-glycannase or Endo-H revealed that both 90- and 88-kDa forms 
become a 70-kDa polypeptide showing the presence of an extensive N-linked high mannose 
/ hybrid-type glycans on these proteins. Treatment of the 56-kDa form of P-D- galactosidase 
with Endo H or N-glycanase resulted in the appearance of 52 and 50-kDa forms, respectively. 
It seems that high molecular weight P-D-glycosidase is associated with acrosome, while 50- 
kDa is present in cytoplasmic droplets (Chyko et al., 2000). In another study (Skudlarek et al., 
2000), the germ cells fiom rat testis were found to contain 0-galactosidase and four other 
glycohydrolases (P-D-galactosidase, a-D-mannondam, a-L-fucosidase, and P-N- 
galactosidase). With the exception of a-L-fucosidase, the other enzymes demonstrated a two- 
to three fold higher activity per cell in spermatocytes than in round spermatids indicating 
several molecular forms of p- galactosidase. One of these forms (62-kDa) was seen only in 
round spermatids. The net result was the formation of predominantly 64- and 62-kDa forms in 
spermatocytes and round spermatids respectively (Skudlarek et a]., 2000). 

23.7.4. Arylsulfatase A 

Arylsulfatase A co-purified with P- galactosidase fiom rabbit testes indicated that both enzymes 
aggregate into macromolecular complex at pH 4.0, while both dissociated at pH 8.0. P- 
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galactosidase/arylsulfatase A are co-localized on the sperm surface and in the acrosome and 
post-acrosomal regions of sperm. Throughout the zona induced acrosome reaction both 
enzymes remain associated with the detached acrosomal cap and post-acrosomal region of 
acrosome reacted spermatozoa. Because the acrosome is an acidic subcellular compartment, 
internal P-galactosidase and arylsulfatase A are probably aggregated in acrosome intact 
spermatozoa and dissociate as they are exposed to increase in pH during the acrosome reaction 
(Nikolajezyk and O'Rand ,1992). 

23.7.5. Sperm a-L-Fucosidase 

Sperm acrosome contains a-L-fucosidase, an exo-glycohydrolase that cleaves terminal a- 
fucosyl residues from glycoproteins and glycolipids. Although the biological significance of 
acrosomal exo-glycohydrolases remains elusive, one study reported abnormal spermiogenesis 
and sperm maturation in dogs suffering eom fucosidosis disorder caused by severe deficiency 
in lysosomal a-fucosidase (Veerrnachaaneni et al., 1998). It may also be of significance to note 
that male English springer spaniels, genetically deficient in a-fucosidase are sterile. Although 
testis specific glycosidases appear to exist in testis of certain species, it is not clear whether 
acrosomal glycosidases are testis-specific isoenzymes or not. a-fucosidase activity has been 
detected in mammalian sperm, seminal plasma, and reproductive organs of the bull, and has 
been localized to the acrosome of bull spermatozoa. Isoelectric focusing of NaCI solubilized 
extracts of rat epididymal sperm indicated the presence of one major isoform with a pI near 
7.29.1 (Form A) and a minor acidic isoform with a pI near 5.29.1 (Form B). The NaCI- 
solubilized a-L-fucosidase from epididymal sperm contained one or two closely spaced 
subunits of about 54 and 50 kDa. The relationship of the plasma-membrane associated sperm 
a-L-fucosidase to the lysosomal a-L-fucosidase is not completely understood but both 
enzymes have two non-identical subunits and a multimeric structure with at least some 
antigenic epitopes in common. The two fucosidase isoforms present in sperm from the distal 
cauda had similar pH-activity curves (with optima near pH 7) and comparable K, values for 4- 
methylumbelliferyl a-L-fucopyranoside. Isoform A is considerably more thermostable than 
isoform B. Neuraminidase treatment leading to disappearance of isoform A and appearance of 
form B suggests that isoform A is derived by sialylation of isoform B near the end of epididymal 
maturation (Abascal et al., 1998). Hancock eta]., (1993) showed the presence of the 54-kDa 
form of a-fucosidase in testicular germ cells and the existence of a 52 kDa mature polypeptide 
in epididymal sperm. Acquisition and processing of sperm a-fucosidase takes place prior to 
or concomitant with the arrival of sperm in the epididymis. Hancock et al, (1993) demonstrated 
the synthesis and N-glycosylation of a-fucosidase in rat pachytene spermatocytes and round 
spermatids and provided evidence for the processing of the enzyme during transit through 
the ex-current duct system. It was suggested that in addition to the enzyme synthesized by 
testicular germ cells, epididymal sperm may acquire and process a soluble form of a-fucosidase 
from luminal fluid. Comparative characterization of human seminal fluid and sperm a-L- 
fucosidases showed that seminal fluid a-L-fucosidase has a broad pH optimum curve with a 
number of near equal maxima between pH 4.8 and 7.0, while sperm fucosidase has a major 
optimum between ;H 3.4 and 4.0. seminil fluid contains three to six isoforms of a-L-fucosidase 
with isoelectric points (PI) of 5-7, compared to two distinct isoforms of fucosidases with pI at 
5.29.2 and 7.03.2. It appears that seminal fluid fucosidase corresponds to a protein band 
with a M- of 56 kDa while sperm possess a fucosidase of 5 1kDa. The overall results indicated 
the presence of a low-abundance plasma membrane associated human sperm a-L-fucosidase, 
which is different in its properties kom human seminal fluid a-L-fucosidases, and whose 
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function is not well known (Alhadeff et al., 1999; Khunsook et al, 2003). A mammalian plasma 
membrane-associated a-L-fucosidase of 5 1-kDa has been purified (Khunsook et al., 2002). 
Isoelectric focusing indicated the presence of two major a-L-fucosidase isoforms (pIs 6.5 and 
6.7) and a possible minor isoform (pI 6.3). The unusual properties of human sperm a-L- 
fucosidase argue in support of a potentially important, but presently unknown, role for this 
enzyme in human reproduction. 

23.7.6. Mannosidase 

Mannosidase is mainly a sperm membrane protein. However, due to its role in fertilization, it 
shall be pertinent to discuss mannosidase with group of glycohydrolases already discussed. 
Sperm surface mannosidase has been shown to be present in rete testis and is modified 
during spermatogenesis and sperm maturation. Most of the mannosidase activity present in 
the germ cell extract is antigenically similar to the enzyme present on the cauda spekatowa. 
Cell fractionation techniques indicated that the germ cell associated mannosidase activity is 
an integral component of the plasma membrane, and sperm surface mannosidase is first 
expressed on the testicular germ cells and localized on the periacrosomal region of the sperm 
head. In addition, membrane-bound a-D-mannosidase undergoes proteolytic processing 
during maturation of sperm. This was revealed by the presence of three specific immunoreactive 
bands (apparent Mr = 135,125 and 1 15-kDa) in the membranes from testis, caput, and corpus 
spermatozoa. However, the cauda sperm plasma membranes showed only one immunoreactive 
band of apparent Mr 1 15-kDa. The involvement of the sperm enzyme in sperm egg interaction 
is suggested by several studies such as; i) the enzyme is an integral membrane component, ii) 
the enzyme is optimally active at neutral pH, and its catalytic site is oriented towards the 
sperm surface, iii) the mouse ZP2 and ZP3 contain high mannose/hybrid-type glycan chains. 
These haptens are believed to be the ligand for the sperm mannosidase. The inclusion of the 
sperm mannosidase inhibitors or competitive sperm egg binding assays in vitro inhibited the 
number of sperm bound per egg in dose-dependent manner in the mouse and rat. Moreover, 
the increase in sperm-associated mannosidase during maturation correlated with the fertilizing 
ability of rat spermatozoa. Results are consistent with the receptor-like role for the sperm 
mannosidase. A Polyclonal antibody raised against the enzyme purified fiom rat epididymal 
luminal fluid cross - reacted with the a-D-mannosidase activity present on cauda spermatozoa 
and plasma membranes prepared from rat testis in an enzymatically inactive precursor form 
that undergoes lytic processing in the testis and epididymis to generate an enzymatically 
active mature form in the epididymal cauda spermatozoa (reviewed in Pereiraet al., 1998). a-D- 
mannosidase involved in N-glycan processing showed cell specificity and distinct sub- 
compartmentalization within the Golgi apparatus of cells in the testis and epididymis (Igdoura 

- - -  

et al., 1999). The cell-specific expression and distinct Golgi sub-compa&nen&l local&ion 
suggests that 4mannosidases play different roles during N-glycan maturation. 

The cDNA encoding a mouse homolgue of porcine epididymis - specific 135-kDa +D- 
mannosidase (MAN2B2, D28521) codes a protein of 1018 amino acids in its open reading 
frame, with 62% amino acid identity to that of porcine MAN2B2 (Fig.23.4). Adult mouse 
testis contained higher amounts of mRNA encoding the MAN2B2 homologue than the 
epididymis, though porcine MAN2B2 was mainly expressed in the narrow region between the 
caput and corpus epididymis. The mRNA of the mouse MAN2B2 homologue was exclusively 
expressed in type A spermatogonia at stages IX-XI of spermatogenesis until the cell developed 
into type B spermatogonia. It seems that the expression of the MAN2B2 homologue can 
serve as a good marker for the late stages of type A spermatogonia and may have an important 
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Fig. 23.4. The nucleotide and predicted amino acld sequence of mouse mannosidase (MAN2B2) cDNA. The 
first potentla1 translat~on ln~t~atlon codon ATG IS preceded by 52 bp containing Kozak's conserved sequence 
An open reading frame 1s formed by 3054 bp that code 1018 amino ac~ds ,  followed by 198 bp of 3' 
untranslated reglon The polyadenylatlon sgnal AATAAA IS located 20 bp upstream of the polyadenylat~on 
s~te. Repr~nted w ~ t h  permission from S Hiramoto et al Blochem Biophys Res Commun 241, 439-45. 1997 
O Elsewer. 



574 Proteomics of Spermatogenesis 

role to play in the early steps of spermatogenesis in mice (Hiramoto et al., 1997; Tascou et al., 
2000). 

A1 35-ma protein fkom porcine cauda epididymal fluid has been purified. This protein is 
secreted by epididymal epithelial cells and then binds to the equatorial segment of sperm 
head as a 17-kDa fkagment. During epididymal maturation, the fragment migrates on the sperm 
surface and is localized to a crescent-shaped area just behind the acrosome and to the apical 
rim of the sperm head. Okamura et al, (1995) isolated cDNA encoding the 135-maprotein in 
order to elucidate the mechanism of binding and localization ou the sperm surface and to 
investigate its role in sperm maturation. The overall amino acid sequence of 135-ma protein 
was significantly homologous (25.7%) to the 4mannosidase precursor of Dictiostelium 
discoideum (P34098). The 135-ma-protein could digest both p-nitro-phenyl-a-D-mannoside 
and high mannose oligosaccharide (Man, Glc NAc,), which su gested that it is a a- 
mannosidase homologue (Fig. 23.4). Rat sperm plasma membrane $D-mannosidase ir very 
similar to the porcine epididymal enzyme (MAN2B2) in properties such as molecular mass, 
optimum pH and substrate specificity. It has been strongly suggested that the two enzymes 
!?om two species are closely related. 

23.8. PROTEINASES 

In addition to glycohydrolases, a number of proteinases have been identified in sperm 
acrosome. These include serine specific proteinase (acrosin / proacrosin), cysteine proteinases 
(cathepsins), metalloproteinases, a dipeptidyl carboxypeptidase and calpain 11. 

23.8.1. fl Acrosin 

Ontogeny: PAcrosin, a serine proteinase present in the acrosome of the sperm, has been 
implicated in recognition and binding of the sperm to the zona pellucida, the ovum and the 
sperm penetration through the pellucida. The enzyme is synthesized in a zyrnogen proacrosin 
form, which is activated to the mature enzyme during acrosome reaction. The biosynthesis of 
proacrosin occurs in early haploid spermatids and its primary sequence has been elucidated 
in boar, bull, rat mouse, guinea pig and human (Tranter et al., 2000). Using Northern blot 
analysis of RNAs f7om various mouse tissues, the acrosin gene transcript was found to be 
present only in testis. The 1,800-base acrosin message was first detectable in 18-day-old 
testis. In situ hybridisation analysis suggested that the acrosin gene is expressed only in 
early stages of the round spermatid in many species (Kashiwabara et al., 1990). In the mouse, 
proacrosin is transcribed in spermatocytes, but protein synthesis starts in haploid spermatids 
and is restricted to the emerging acrosome. In another study, four lines of transgenic mice 
harboring 2.3-kb of 5'-untranslated region of the rat proacrosin gene fused to the CAT-gene 
was found to be present in 10-100 copies per genome in different strains. The S'untranslated 
region of rat proacrosin gene could properly direct CAT gene expression to spermatocytes 
and CAT-mRNA translation to round spermatids as in mouse. It showed that cis-acting 
sequences are conserved in mouse and rat. Acrosin is involved in dispersal of the acrosomal 
matrix after acrosome reaction. Thus, the control of the ZP glycan chains over proacrosin 
activation may regulate both sperm penetration rate and limited proteolysis of zona pellucida 
proteins (Moreno et al., 1999). It seems that fbAcrosin binds non-enzymically to zona pellucida 
through interaction of basic residues located on the surface of #acrosin, and forms strong 
ionic bonds with polysulphate groups of the carbohydrate moiety of the zona glycoproteins. 
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Fig.23.5. (A) Amino acid sequence of L chains of beta acrosin from ram and boar sperm (Accession IFIW-L 
and Accession 1FIZ-L), and (B) A chain of beta acrosin from boar spermatozoa (Accession 1FIZ-A). 
Source: http//www. ncbi.nlm.nih.gov. (C) Structure and stereo diagrams showing CP traces of the structures of 
ram beta acrosin. Reprinted with permission from R. Tranter et al. Structure 8; 1179-88: 2000 O Elsevier. 

Characterization: p-acrosin from boar and ram comprises two polypeptides: a heavy (H) 
chain and a light (L) chain. The protein has six disulphide bonds: four intra-chain bonds 
within the heavy chain and two inter-chain linkages between the heavy and the light chains. 
The interchain disulfide bonds are linked between L-5 and H-114, and L-9 and H-122. While 
heavy chain of both p-acrosins exhibits a structural homology to trypsin, the light chain is 
covalently associated in a manner, similar to blood coagulation enzymes. Nonetheless, the 
unique arrangement and strict conservation of the two disulphides in all forms of p-acrosin 
suggests that the light chain might play a functional role beyond activation from the proenzyme. 

In boar, single chain glycoprotein of proacrosin has an estimated molecular mass of 55- 
kDa. During its activation, the two chains glycoprotein, a-acrosin is formed with a light chain 
and a heavy chain held together by two disulfide bridges. The light chain consists of 23 amino 
acid residues and one carbohydrate attachment site. The 37-kDa heavy chain with approximately 
320 amino acids was found to contain the proteolytically active serine centre. Without loss of 
enzymatic activity, smaller isoforms of acrosin called P- and y-acrosin can be found after 
proacrosin activation. The c-DNA clones for the boar pre-proacrosin showed the nucleotide 
sequence of 14 18 bp and includes an insert of 46-bp of 5'-untranslated region. The deduced 
amino acid sequence includes the active-site residues histidine, asparagine and serine of the 
catalytic triad of the serine proteinase super-family and is collinear with the boar acrosin light 
chain and of a small region of the NH,- terminal sequence of the heavy chain, determined by 
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amino acid sequencing. The pre-proacrosin cDNA contains at the 3' end a 38 1-bp sequence, 
which codes for an amino acid sequence not yet found in any other serine proteinase. This 
amino acids sequence is rich in proline (42 out of 127 amino acids) and is suggested to be 
involved in the recognition and binding of the spermatozoa to the zona pellucida of the ovum. 
The mRNA for preproacrosin is synthesized as an approximately 1.6-kb-long molecule only 
during postmeiotic stages of boar and bull spermatogenesis (Adham et al., 1989mig.23.5a ). 

The deduced amino acid sequence from cDNA of mouse acrosin indicated that mouse 
acrosin is initially synthesized as a single chain polypeptide with 16-residue signal peptide 
followed by a 23-residue light chain and then a 394-residue heavy chain. Mouse proacrosin 
contains 417 amino acid residues with a calculated molecular mass of 47 kDa. The cDNA- 
derived sequence of mouse proacrosin shows a high degree of similarity with human and 
porcine proacrosins and major portion of bovine trypsin, including the active site residues, 
the recognition site for substrate, the location of 12 cysteine residues, and two potential N- 
glycosylation sites. The sequence homology suggests that mouse proacrosin is converted to 
a mature acrosin, which consists of the light and heavy chains with a combined molecular 
mass of 35587 Da, by cleavage of the peptide bond between and IleZ4 and sequential 
removal of 23-, 26- and 50-residue COOH-terminal segments (Kashiwabara et al., 1990). 

The histidine, aspartic acid and serine are located at positions 70,124, and 222, respectively, 
in the mouse proacrosin sequence. It was suggested that aspartic x i d  at position 216 acts as 
recognition residue for specific hydrolysis of peptide bonds containing arginine and lysine. 
These sequence similarities also indicated that the Nqjerminal amino acid is Lys in mouse 
proacrosin. Human and porcine proacrosins have a proline-rich segment in the COOH-terminal 
region. In mouse proacrosin, most of the proline residues in the corresponding region are 
substituted by other amino acids; this sequence is rich in serine, leucine, and threonine 
residues. However, the sequence around the - NH, and COOH-terminal cleavage sites of 
porcine proacrosin during its maturation are well conserved among mouse, porcine, and 
human proacrosins. 

Genestructure: The acrosin gene consists of five exons separated by four introns. Organization 
of this gene is very similar to those of the genes for other typical serine proteases, except for 
the phase class of the first intron. The start site of transcription initiation in the acrosin gene 
is heterogenous, including three major sites. Thus, the structure and organization of the 
mouse acrosin gene are different from those of the human gene in two respects: the number of 
transcription initiation sites and the phase class of the third intron. The putative promoter 
regions of the mouse and human acrosin genes lack typical sequences of TATA, CAAT, and 
GC boxes, but contain a consensus, GGGTGGG, known to be specific for the phosphoglycerate 
kinase-2 gene, and the protamine-1 and -2 gene that are uniquely expressed during 
spermatogenesis (Watanabe et al., 199 1). A comparison of the S'flanking sequences between 
the mouse and human acrosin genes shows two highly homologues regions. It is suggested 
that the GGGTGGG motif is a candidate for the cis-acting elements, which play important roles 
in the regulation of acrosin gene transcription. 

The proacrosin gene is frst transcribed in late pachytene spermatocytes and translated 
in spermatids, showing that the mRNA for proacrosin is under translational control. A highly 
conserved 17bp (F) element: 5'-AACTTCAAATGGCTCC/T-3') is located in the proacrosin 
promoter. By using this DNA element as a target in yeast one hybrid assay, a cDNA fragment 
coding for the C-terminal part of the transcription factor YY 1 was isolated, and its binding to 
this F1 element was confirmed in EMSA (see Chapter 7). 
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3 0  Structure: The crystal structures of ram and boar p-acrosins have been solved at 2.1 A 
and 2.9 A resolution, respectively. The heavy chain, for which 260 residues in ram acrosin and 
263 residues in boar acrosin are visible, adopts a folded structure similar to that observed in 
trypsin and other serine proteases such as blood coagulating factor Xa (Fxa), tissue plasminogen 
activator (tPA) and urokinase (uPA). This fold comprises a bilobal structure with each sub- 
domain formed from anti-parallel P barrel structure. The sub-domains are related by a pseudo- 
2 fold axis, with the catalytic triad (His-57, Asp102 and Ser-195) located close to the bilobal 
interface. All the core features of the trypsin fold were also present in p-acrosin, with significant 
changes being restricted to surface loops. Many of the inserted loop regions in p-acrosin are 
similar to those present in urokinase (uPA). Two features, which appear unique to p-acrosin 
include an insertion of five residues in the 74-79 loop and an additional small helix at the 
carboxyl terminus formed by residues 242-252 (Fig.23.5~) (Tranter et al, 2000). 

In crystals of boar p-acrosin, the carboxyl terminus of the heavy chain is inserted into the 
active site of the neighbouring molecule. The enzyme structure shows distinctive positively 
charged surface "patches" close to the active site, in association with carbohydrate from 
adjacent site, and capable to bind sulfate ions. l'bo separate effector sites, a site for proteolytic 
activity, and a positively charged region on the surface in the structuie that may act as a 
receptor for ZP glycoproteins were evident in P acrosin. The spatial proximity of these two 
effector sites suggests synergy between them. Though the overall structures of ram and boar 
p-acrosin heavy chains are very similar, yet they differ in the carboxy-terminus, which shows 
five additional residues beyond the terminal helix in boar p-acrosin (Tranter et al, 2000). 

The light chain in both structures is located on the opposite face of the heavy chain from 
the active site, similar to the accessory chains found in the blood coagulation enzymes. 
However, the composition and conformation of the light chains in all these serine proteases 
differ significantly. In both forms of p-acrosin, the six residues segment between the two 
cysteins where the peptide chain is anchored to the heavy chain adopts a similar, extended 
conformation without having any secondary structure. From relative positions of light chain 
carboxy terminus and the amino terminus of the heavy chain, it was apparent that considerable 
distortion could be necessary to form the pro-enzyme in a single polypeptide chain. Apart 
from the disulphide linkages, the light chain makes very limited contacts with heavy chain 
(Tranter et al, 2000). 

Ttre Active Site of p-acrosin: The conformation of the active site residues in ram and boar P- 
acrosin bears considerable homology to the similar region of trypsin and other trypsin-like 
enzymes. The S1 pocket, which regulates specificity for Arg and Lys substrates, is highly 
similar in crystal structures of p-acrosin and in trypsin like enzymes. In all cases the pocket is 
surrounded by the segments 213-220, and 225-29, with the conserved Trp-215 at the entrance 
to the packet and Asp-189 and Ser-195 at its space. The S2 and S4 pockets confer inhibitor 
specificity for proteinases, whereas the S2 pocket is marked by a tyrosine at position 99, 
leading to restricted accommodation for side chains in the P2 position and hence a preference 
for substrates with Gly at this location. Significantly many of the reported auto-cleavage sites 
in the carboxyl terminus of the heavy chain in p-acrosin have proline, leucine, or valine in the 
P2 position. Within proteinases, p-acrosin is unique in contributing two arginines into S4, a 
feature, which can help in the design of specific p-acrosin inhibitors. Although the active site 
of boar p-acrosin is similar to that of ram p-acrosin, the molecular packing in these crystals is 
entirely different (Tranter et a1 2000). 

p-Acrosin as a Receptor for ZP Glycoproteins: Both proacrosin and p-acrosin have been 
considered to act as secondary binding molecules for receptors on zona pellucida 
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glycorproteins. The presence of two regions of concentrated positively charged amino acids 
on the periphery of the active site is a consistent feature in pacrosin. These regions differ 
fkom those described for thrombin and are formed primarily by residues fiom the 3540,6065, 
and 87-94 loop regions (exosite I) andthe 145-150,170-178,186-188, and 220-225 loops (exosite 
11). Many of the positively charged residues in these regions are highly conserved in a- 
acrosin. The two patches straddle the catalytic active site described above, forming a semi- 
continuous ring of positive surface charge at its periphery. Pacrosin has also strong affinity 
for sulfated polymers. The affinity for anions involves residues 60-65,87-94 and 250-253. The 
features of the ram and boar crystal structures demonstrate the ability of two exosite regions 
to act as generic anion receptors. There are two conserved N-linked glycosylation sites in 
mammalian acrosin sequences: one close to the N terminus of the light chain at Asn-2 and the 
other in the heavy chain at Asn-169. In ram p-acrosin five sugar residues are located on the 
periphery of the face of the enzyme containing the active site. The overall results reveal that 
Pacrosin has many features common with trypsin like proteases such as active site, heterodimer 
and anchoring similarity (Tranter et al., 2000). 

Functions of PAcrosZn: During fertilization, proacrosin auto-activates to form P-acrosin, in 
which there is a "light" chain cross-linked to a "heavy" chain by two disulphide bonds. a- 
acrosin is thought to be multifunctional with its role in acrosomal exocytosis as receptor for 
zona pellucida proteins, and as a protease to facilitate penetration of spermatozoa into the 
egg. There are conflicting views on the role of p-acrosin during fertilization. Traditionally, it 
has been known that acrosin helps in the penetration of spermatozoa through zona pellucida, 
where it acts as a lysin. However, doubts have been raised on numerous occasions notably in 
knock out mice in which sperm lacking acrosin gene are still capable of penetrating the zona. 
Besides, the dispersal of acrosomal contents following acrosome reaction, there are evidences, 
which suggest its role as a secondary binding protein during sperm-egg interaction (Wasserman, 
1999). 

Although Acr-I- mouse sperm lacking the acrosin protease activity still penetrated zona 
pellucida and fertilized the egg, the mutant sperm exhibited a delay in penetration of the zona 
pellucida solely at the early stages after insemination. The ability of sperm fkom Acr+/+, Acr+/ 
- and Acr-I- mice to adhere and bind to the zona pellucida, did not change in vitro, and the 
release of acrosomal proteins fiom Acr-I- mouse sperm was significantly delayed during 
acrosome reaction despite normal membrane. It indicated that the delayed sperm penetration 
of the zona pellucida in the Acr-I- mouse resulted fiom the altered rate of protein dispersal 
fiom the acrosome and provided the evidence that the major role of acrosin is to accelerate the 
dispersal of acrosomal components during acrosome reaction. These results reflected the 
difference of the serine protease system for the sperm penetration through the egg zona, 
possibly explaining why the acrosin-deficient mouse sperm were capable of penetrating the 
zona pellucida (Yamagata et al., 1998). In another report, homozygous Acr+/+ mice were fertile 
and yielded litters comparable in number and size to those of Acr-1- mice, sperm homozygous 
to Acr-I- were able to penetrate the zona pellucida, fertilize the ovum, and produce viable 
offspring. However, spermatozoa lacking acrosin showed a delayed fertilization. Thus Acr-1- 
sperm had a selective disadvantage when they were in competition with Acr+,+ sperm (Adham 
et al., 1997). 

Sp32 - As Acrosin Binding Protein: The SP32 is a 32-kDa protein that acts as a binding 
protein specific for 55-, 53-, and 49-kDa forms of pro-acrosin, but not capable of binding to a 
43-kDa acrosin intermediate, or to the 35-kDa mature acrosin. Sp32 significantly accelerated 
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Fig.23.6. Amino acid sequence of mouse testicular serine protease 1 (A) and serine protease 2 (B). Source: 
httpllwww. n~bi.nlm.nih.gov.~Accession NP-033381 (A) and Accession w 0 3 3 3 8 2  (B). 

auto-activation of proacrosin at a basic pH in vitro and affected the maturation pathway of 
proacrosin. In the presence of Sp32, the 55-and 53-kDa proacrosins are converted to 49-kDa, 
instead of the 43-kDa intermediate. The Sp32 is initially synthesized as a 61-kDa precursor 
protein with a putative signal peptide at the amino terminus. The carboxyl-terminal half of the 
precursor molecule corresponds to the mature Sp32. The binding of Sp32 to proacrosin may 
be involved in packaging the acrosin zymogen into the acrosomal matrix (Baba et al., 1994). 

23.8.2. Cathepsins 

Cathepsin A is a multifUnctiona1 lysosomal carboxypeptidase that also functions as a protective 
and an activator protein for neuraminidase and fLgalactosidase. In normal rats, cathepsin A 
expression is noted in lysosomes of Sertoli and Leydig cells but not in germ cells of the testis 
as well as non-ciliated cells of the efferent ducts. A cell and region-specific expression of 
cathepsin A has been seen in testis and epididymis, but its expression is not regulated by 
testicular or pituitary factors (Luedtke et al., 2000). Cathepsin D, a lysosomal acid proteinase, 
participates in the catabolism of proteins, peptides and proteoglycans in various tissues. 
Testicular cathepsin D exhibits an apparent molecular weight of 42-kDa with two identical 
subunits of 20-kDa. Purified cathepsin D catalyzes the conversion of pro-acrosin to acrosin 
(Srivastava and Ninjoor, 1982). 

23.8.3. Testicular Serine Protease -1 and -2 (TESP1 and TESP2) 

Complementary DNA clones encoding each of two similar but different serine proteases, 
TESPl and TESP2 present in testis and sperm have been identified. The nucleotide sequence 
of these clones initially synthesized a pre-proproteins of 367 and 366 amino acids respectively. 
Comparison of these TESPs with typical serine proteases suggests that each TESP zymogen 
is converted into mature enzyme consisting of a light and a heavy chain covalently linked by 
a single pre-existing disulfide bond. The conversion may be accomplished by another protein 
with atrypsin like cleavage specificity since it is unlikely that the mature TESP1 and TESP2 are 
capable of splitting the Lys-lle bond between the light and heavy chains. The TESPl and 
TESP2 genes are expressed only in the testis and the transcripts are abundantly present in the 
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haploid round spermatids. Both of these TESPs are localized in the sperm acrosome and are 
released during the acrosome reaction (Kohno et al., 1998) (Fig.23.6). 

23.8.4. Testisin 

A cDNA encoding a human serine proteinase, testisin is abundantly expressed in the testis 
and is lost in testicular tumors. The testisin cDNA is 1073 nt long, including 942 nucleotides 
of open reading fiame and a 1 13-nucleotide 3' untranslated sequence range of normal human 
with a predicted protein of 3 14 amino acids. Human testisin consists of a 19-amino acid (aa) 
signal peptide, a 22-aa proregion, and a 273-aa catalytic domain, including a unique 17-aa 
COOH-terminal hydrophobic extension that is predicted to function as a membrane anchor. 
Deduced amino acid sequence of testisin shows 44% identity to protestisin and contains 
features of serine proteinases. Testisin with molecular mass of 35-39-kDa was expressed in the 
cytoplasm and on the plasma membrane of premeiotic germ cells and was not detected in germ 
cells derived fiom testicular tumors. The testisin gene was localized to the short arm of human 
chromosome 16 (16p 13.3) associated with heterozygosity in sporadic testicular tumors. These 
findings demonstrated a new cell surface serine proteinase, loss of which may have a direct or 
indirect role in the progression of testicular tumors of germ cells origin (Hooper et al., 1999). 

The esp-lltestisin cDNA fiom rat testes consisted of 1099 nt with a single open reading 
frame encoding 328 amino acids and an expected molecular mass of 36.6- kDa. The deduced 
amino acid sequence of rat Esp-11Testisin had 89% and 62% identity with its murine and 
human counterparts, respectively, and appeared to be a trypsin-type serine protease with a 
hydrophobic region at the C-terminus. Rat esp-lltestisin mRNA was predominantly expressed 
in testis, as in human and mouse. However, its immunohistochemical distribution was 
predominantly in the elongated spermatids at steps 12 to 19, and not in the primary 
spermatocytes and round spermatids. This different distribution profile suggests that Esp-11 
Testisin plays a role in species-specific proteolytic events during spermatogenesis and 
fertilization (Nakamura et al., 2003). 

23.9. OTHER ENZYMES IN ACROSOME 

Membrane associated protein kinase has been identified in hamster acrosomal membranes. 
The kinase activity was a CAMP independent type. The use of specific stimulators and 
inhibitors indicated that the activity was not due to casein kinase, protein kinase A or protein 
kinase C but due to predominant residue in the proteins. A specific isoform of protein disulfide 
isomerase of liver has been localized in the developing acrosome of the spermatids. In addition 
to the acrosome, the protein appeared in the nucleus of spermatids during maturation phase, 
and was localized in the nucleus of epididymal spermatozoa. Almost all of the protein disulfide 
isomerase in the testis was extractable by an isotonic buffer. The isoform of protein disulfide 
isomerase is an intra-acrosomal soluble protein that begins to enter the nucleus of mature 
spermatids in the testis and tightly binds to the nuclear components in epididymal spermatozoa 
(Ohtani et al., 1993). Presence of ADAM proteins and metalloproteinases and other proteins 
has been discussed in subsequent chapters 25-27, whereas cysteine rich proteinases have 
been described during sperm maturation in epididymis (Chapter 34), and non-ezyrnatic 
acrosomal proteins in Chapter 24. 
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Chapter 24 

ACROSOMAL PROTEINS (NON-ENZYMATIC) 

24.1. ACROSOMAL MATRIX 

Compartmentalization: The interior of the mammalian sperm acrosome contains a structural 
fiame work, the acrosomal matrix (AM) that may regulate the distribution of hydrolases within 
the acrosome and their release during acrosome reaction, a receptor-regulated exocytotic 
process involving fusion between the peri-acrosomal plasma membrane and the outer acrosomal 
membrane. In several mammalian species, the acrosomal contents are segregated into spatially 
distinct domains of differing ultrastructural appearance. Specific interaction between acrosomal 
matrix polypeptides and hydrolases represent a mechanism to sequester hydrolases within 
the acrosome and to regulate their release during acrosome reaction. During acrosome reaction, 
specific hydrolases exhibit different temporal ordered release patterns. For example, dipeptidyl 
peptidase is rapidly released during the acrosome reaction and this enzyme is sequestered to 
a specific domain along the dorsal surface of the acrosomal apical segment. In contrast, a 
considerable amount of pro-acrosin is associated with a particulate sperm h t i o n ,  and that is 
released more slowly during the acrosome reaction. This particulate nature and temporal 
release of different hydrolases may reflect a sequential requirement for specific hydrolases as 
sperm encounter different elements of the egg vestments during fertilization. The difference 
in solubility properties and release rates between acrosomal proteins appears to reflect their 
compartmentalization withii the acrosome and their association with, or assembly into stable 
acrosomal matrix assemblies (Olson et al., 1998b). To test the hypothesis that 
compartmentalization affects the release of acrosomal components during the course of 
secretion in guinea pig sperm, the recovery of acrosomal constituents in the medium 
surrounding the sperm induced to undergo exocytosis provided strong support to the 
hypothesis that compartmentalization plays a significant role in the release of proteins during 
acrosome reaction (Kim et al., 2001b). The mechanism regulating hydrolase release during the 
mammalian acrosome reaction showed that specific domains of acrosomal matrix of bovine 
spermatozoa function to maintain a particulate proacrosin pool and to regulate proacrosid 
acrosin release to sonicated sperm suspensions. The acrosomal contents in structural 
appearance and specific elements of the acrosomal matrix remain intact and associated with 
the hybrid membrane complex after the acrosome reaction. The acrosomal matrix elements 
also resist solubilization by various extraction regimens, emphasizing their structural stability. 

Acrosomal Lamina Complex (ALM): A stable acrosomal assembly fkom cauda epididymal 
hamster spermatozoa comprises two distinct acrosomal matrix domains and the detergent- 
insoluble membrane skeleton of the outer acrosomal membrane that binds proacrosin and N- 
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acetylglucosaminidase. The acrosomal structure was termed the acrosomal lamina-matrix (ALM) 
complex. The ALM represents a stable inhtructure that may segregate hydrolases within 
the acrosome and regulate their release during the acrosome reaction. It may also represent a 
cytoskeleton-like framework that affects the vesiculation of the outer acrosomal membrane 
during the acrosome reaction and that maintains the integrity of the shed acrosomal cap 
(Olson, et al., 1998b). 

Outer Acrosomal Membrane Matrix Com~lex: To determine whether outer acrosomal 
membrane associated matrix complex (OMC) is composed of a unique set of acrosomal proteins 
and to define its fate during both capacitation and acrosome reaction, a purified OMC fraction 
of 32-kDa was isolated from sperm. The OMC32 was restricted to the stable matrix assembly 
but was not associated with the inner acrosomal membrane of the equatorial segment. The 
OMC32 antigen was related to a family of polypeptides between 38 and 19-kDa and its N- 
terminal sequence was similar to the SP-10 family of human and baboon spermatozoa (Olson 
et al., 1996). 

24.2. ACROSOMAL MATRIX PROTEINS 

Acrosomal matrix contains a protein of 50-kDa that is restricted to the ventral-most region of 
the apical segment of guinea pig cauda epididymal sperm. Native AM50 is resistant to 
solubilization. However, during the acrosome reaction, AM50 was converted into a 42-43kDa 
double protein (AMSOAR) and released into the medium. The AMSOAR remained associated 
with proteases aRer the acrosome reaction (Wesbrook-Case et al., 1994). It is possible that the 
role of these matrix elements is not limited to regulating protein distribution and release during 
the acrosome reaction but they could also function in the membrane h i o n  events or in 
sperm-zona interactions. The sperm acrosomal matrix contains a member of the pentaxin family 
of calcium-dependent binding proteins. Nolandet al(1994) isolated guinea pig sperm acrosomal 
apical segment and mapped it by 2D-PAGE. Although complex, the two dimentional PAGE 
was dominated by two 50-kDa polypeptides (p50 and proacrosin) and the other proteins of 
67-kDa @67) and a 32-kDa polypeptide (sp32). When acrosomal matrix was purified following 
Triton X-100 extraction, p50 was the major component having p67 proacrosin and sp32 as less 
prominent constituents. Molecular cloning demonstrated that p50 was a unique, testis-specific 
member of the pentaxin family of calcium-dependent binding proteins. Olson et a1 (1998a) 
defined the temporal expression, processing and localization of major matrix proteins of 29- 
kDa (AM29) and 22-kDa (AM22) during spermatogenesis and post-testicular sperm maturation 
in the epididymis. The AM29 and AM22 of mature spermatozoa are structurally related and 
appear to arise from a common 40-kDa precursor protein expressed in round spermatids. The 
precursor protein, present in the acrosome of round spennatids, undergoes size processing 
during the terminal stages of spermiogenesis so that the mature matrix polypeptides are 
evident in epididymal spermatozoa. The processing of major proteins of the acrosomal matrix 
occurs in a temporally regulated fashion after their transport to the acrosome and the processed 
product can assemble into ultrastructurally distinct matrix elements. 

24.2.1. Mouse Sp 56 

The mouse sperm protein Sp56 was identified on the basis of its specificity, and high aff~nity 
for ZP3 protein recognized by sperm. The Sp56 polypeptide is present in testes and epididymus, 
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Fig.24.1. Amino acid sequence of mouse zona pellucida 3 receptor protein, Sp56 (Accession number 
NP-033607) Source: httpllwww. ncbi.nlm.nih.gov. (Bookbinder et al. Science 269; 86-89: 1995). 

but not in other mouse tissues. The Sp56 is a homomultimeric peripheral membrane protein 
confined to the plasma membrane overlying the sperm's acrosome, and it has a specific 
affinity for ZP3's functional domain oligosaccharide (FD-oligo). W f i e d  Sp56, which binds to 
the ZP of unfertilized mouse eggs but not to fertilized embryos, blocks sperm-egg recognition 
(Bookbinder, et al, 1995) (Fig. 24.1). The Sp56mRNA was detected with Sp56 specific antisense 
RNA probe in the nuclei and cytoplasm of round spermatids, and in no other cells. The 
detection of Sp56 mRNA in round spermatids may indicate that transcription activation of the 
Sp56 gene occurs in a haploid cells. Mouse and hamster sperm Sp56 has special affhity for 
ZP3 and is responsible for sperm-egg interaction (Cheng et al., 1994). However, Sp56 was not 
detected in guinea pig sperm or human sperm, which do not bind to mouse egg ZP. 

Mouse Sp56 has been shown an acrosomal component (Foster et al, 1997; Kim et al, 
2001a; Cohen and Wasserman, 2001). The Sp56 first appears in late meiotic cells and 
accumulated during spermiogenesis. The form of Sp56 in pachytene spermatocytes and 
spermatids has high molecular weight than was found in sperm. The size difference could be 
due to alteration in carbohydrate side chains. ~ecombinht  mouse sperm Sp56 has shown 
contraception potential after immunization in female mice (Hardy and Mobbs, 1999). Sequencing 
of a 1-kb PCR product confmed that this polynucleotide encoded Sp56, as well as all six, 
independently identified stretches of Sp56 amino acid sequence. The Sp56 cDNA encodes a 
547-amino acid ORE A presumptive 32-amino acid signal peptide is located between the first 
in-frame methionine and the experimentally determined NH,-terminus of Sp56, as one would 
predict from the extracellular location of sp56. The protein sequence contains no obvious 
transmembrane-domain. The predicted polypeptide molecular mass of sperm Sp56 from the 
cDNA sequence is 62-kDa. The discrepancy between the molecular mass of sperm sp56 (56- 
kDa) and a calculated molecular mass of 62-kDa appears to be due to posttranslational truncation 
of Sp56 in spermatogenic cells. The Sp56 amino acid sequence derived fiom the cDNA does 
not indicate the presence of regions having significant homology to carbohydrate recognition 
domains (CRDs) of previously characterized lectins. The presence of CRDs within the Sp56 
polypeptide sequence is expected, because Sp56 is a lectin that has an affinity for &galactose 
and a specific affinity for ZP3 (Bookbinder et al., 1995). 

Comparison of the Sp56 amino acid sequence to proteins in databases indicated that Sp56 
is a member of a superfamily of protein receptors that contain multiple consensus repeats of 
approximately 60 amino acids in length, termed Sushi domains. The Sp56 open reading h e  
contains six contiguous Sushi domains, followed by 44 amino acids specific to Sp56, a seventh 
Sushi domain, and a highly acid COOH-terminal domain of 70 amino acids. The presence of 
seven Sushi repeats in Sp56, each of which contains two disulfides, is consistent with protein 
electrophoretic studies that showed that Sp56 contains numerous intramolecular disulfides. 
The Sp56 is most closely related to one member of the superfamily, the alpha subunit of 



588 Proteomics of Spermatogenesis 

24.2.2. Guinea pig A M  67: An Orthologue of Sp56 

Guinea pig sperm acrosomal matrix glycoprotein AM 67 is most closely related to mouse 
sperm Sp56. Based on homology between guinea pig AM 67 and mouse Sp56, AM67 was 
localized in acrosomal matrix. The AM-67 is transcribed as a 1.9-kb testis specific mRNA. 
Using a PCR, two cDNA clones that encode the AM67 peptides, were isolated. AM67 is 
transcribed as a 1.9-kb testis-specific mRNA. The complete AM67 sequence encodes a pre- 
pro-polypeptide of 533 amino acids with a mass of 59,768 D. Following cleavage of a probable 
signal sequence, the polypeptide was predicted to have a Mr of 56,85 1 and seven consensus 
sites for asparagine-linked glycosylation. The deduced amino acid sequence of AM67 is 
most similar to those of the mouse sperm protein Sp56 and the a-subunits of complement 
component 4-binding protein from various mammalian species. This shows that Sp56 and 
AM67 are orthologues and suggests that Sp56 may function in acrosomal matrix-mna pellucida 
interactions during and immediately following the acrosome reaction in the mouse (Foster et 
al., 1997; Kim et al., 2001b). 

Acrinl(MN7) is a 90-kDa intra-acrosomal antigen, which is restricted to the anterior acrosome 
of the mouse, rat, hamster, and human spermatozoa and follows a trafficking pathway during 
rat spermiogenesis. Acrinl frst appears in the proacrosomic vesicles of the early Golgi phase 
spermatids, and then localized in the electron-lucent matrix region of the acrosomic vesicles of 
the late Golgi phase spermatids (Yoshinaga et al., 1998). Acrinl is not proteolytically modified 
during epididymal sperm maturation. The intra-acrosomal Acrinl (MN7) shows not only a 
specific localization in the apical segment of the guinea pig sperm acrosome, but also a distal 
alteration during maturation. 

The localization of another intra-acrosomal sperm Acrin2 demonstrated its presence in the 
membrane of the endoplasmic reticulum of early stage spermatids, but was not detectable in 
the developing acrosome until spermatids reached the maturation phase. In the final stage of 
spermiogenesis, Acrin2 became localized in the outer acrosomal membrane (OAM) matrix 
associated materials, both in the small region posterior to the dorsal matrix and along the 
ventral margin of the acrosomal apical segment (Yoshinaga et al., 1998; 2000; 2001). The 
acrosomal location of acrin2 in caput epididymidal sperm was almost identical to that observed 
in the final step spermatids. But during maturation it was more restricted in area, until in distal 
cauda epididymidal sperm it remained only in the dorsal region. Acrin2 was recognized as a 
165-kDa protein in the mature sperm and showed a reduction in molecular weight during 
sperm passage through the epididymis. 

24.2.4. SP17: A Zona-Binding Protein 

To better understand sperm-zona pellucida binding, O'Rand and associates analysed a zona 
binding protein in sperm, designated as SP17 due to its molecular size of 16891 Da (Richardson 
et al., 1994). The SP17 mRNA is present in rabbit, mouse and human testes but was not 
detected initially in any somatic tissues. Recent reports showed that although SP17 expression 
is highest in the testis, it is present in all the mouse somatic tissues examined and is highly 
conserved throughout all mammalian species. The SP17's central domain, which is necessary 
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for heparin binding, exhibits the greatest sequence divergence of all three domains present in 
SP17. In the rabbit, SP17 is the 17-kDa member of the rabbit sperm autoantigen (RSA) family 
of sperm specific auto-antigens and is encoded by two mRNAs of 0.9 and 1.1-kb. Each mRNA 
has a unique S'untranslated region but both have identical coding regions. The deduced 
amino acid sequence of SP17 zona binding protein showed several interesting features, 
including a similarity to the N-terminus of human testis c-AMP-dependent protein kinase. In 
the rabbit as well as other similar species in which the corona radiata (granulosa) cells adhere 
tightly to the zona pellucida and sythesize zona glycoproteins, the fertilizing spermatozoon 
may have been already begun acrosome reaction within the cumulus oophorus. During fmal 
phase of cumulus passage SP17 would be available for initial zona binding. The SP17 has 
been proposed to belong to the subfamily of lectins with specificity of galactose (Richardson 
et al., 1994) (see Benoff, 1997). Detailed observations of Richardson et al, (1994) led to propose 
that during the acrosome reaction, SP17 becomes exposed on the rabbit sperm surfaceand 
moves posteriorly on the sperm head while aggregating into punctuate foci; finally SP17 
remains associated with both the acrosomal ghost and with the equatorial region of the head 
of acrosome reacted sperm. These characteristics suggested that SP17 is involved in secondary 
binding of the ZP (Richardson et al, 1994). The anti-RSA antibodies inhibited sperm-egg 
interaction in vivo and in vitro. 

Characterization: The SP 17 is a 22- to 24-kDa triplet of proteins in rabbit spermatozoa and is 
unaffected by capacitation. However, during the acrosome reaction, SP17 is processed from a 
22- to 24-kDa triplet of proteins to 17-19 kDa by removal of amino acids from the C-terminal 
end. Sequence analysis of SPl7 revealed that 52% amino acids of the sequence 108-37 were 
52% identical to the cahnodulin-binding domain of neuromodulin and contained an IQ motif 
found in other calmodulin binding proteins (Wen et al., 1999). Three cDNA clones encoding 
the sperm specific SP17 from the baboon (Papiopapio) differing in the lengths at their 3' 
untranslated regions encoded mRNA transcripts of 0.8-1.35-kb. The O W  encodes 163 amino 
acids with a predicted molecular mass of 18.8-kDa The baboon SP17 protein sequence is 97% 
identical to human Sp17 but differs by the addition of 12 amino acids at the C-terminal end, 
providing an additional site for protein kinase C phosphorylation. The baboon mRNA was 
specific to the baboon testes. The native baboon sperm SP17 protein exists as a doublet with 
an apparent Mr of 26.5 and 27.2 kDa. 

The mouse mRNA for SP17 encodes a 149-amino acid protein with a predicted molecular 
weight of 17,296. The mouse SP17 (mSP17) cDNA sequence is 82% identical to the rabbit SP17 
cDNA, while the murine protein is 74% identical to the rabbit protein. The native SP17 has an 
apparent molecular mass of 24-kDa. In the absence of proteolytic inhibitors, part of the C- 
terminal in native mSP 17 is cleaved, giving rise to an 18-kDa band. The SP17's central domain 
(amino acids 61-1 17) spanuing exon 3 is critical for heparin binding. The SP 17 has two additional 
functional domains, an N-terminal domain similar to the dimer-interaction site in the CAMP- 
dependent protein b a s e  IIa regulatory subunit and a C-terminal calmodulin - binding domain. 
The SP17 is present in spermatocytes and spermatids in the testis. In spermatozoa, SP17 is not 
available to bind antibody on the surface of live, acrosome-intact spermatozoa. In f ~ e d  
spermatozoa, staining is observed along the length of the principal piece, weekly along the 
mid-piece and over the acrosomal region of the head (Kong et al., 1995). 

The mouse gene for SP17 is 6.5-kb and contains four exons. The Sp17 gene is induced in 
metastatic cells and during mucosal immune responses, and the protein appears to play an 
important role in cell migration andlor adhesion in somatic cells, as well as in male germ cells 
(Wen et al., 2001). Additionally a second gene (Sp17-2), which showedthe complete absence 
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of introns, is also present in testis. This Sp17-2 gene has likely arisen by reverse transcription 
(RT) of a spliced Sp17-1 mRNA with subsequent integration into the human genome. Its ORF 
is interrupted by stop codons, giving rise to a pseudogene. The possibility of additional Sp17 
species within the human genome has been suggested (Buchli et al., 2002). Lea et al, (1996) 
sequenced two testis specific cDNAs (1.36-kb and 1.6-kb) of human hSPl7. Each cDNA gave 
rise to identical protein sequences and differed only in the S'untranslated region. The predicted 
amino-acid sequence revealed aprotein of 17.5-kDa, which exhibited a high degree of homology 
with both rabbit and mouse SP 17. 

SP17 as Cancer-Testis Antigen: Although SP17 was originally described as a testis-specific 
antigeqemerging evidence indicates that it may be more ubiquitously expressed than was 
previously thought. With the use of a specific antiserum, SP17 was found on the surface of 
malignant lymphoid cells, including B- and T-lymphoid cell limes, and on the surface of primary 
cells of B-lymphoid tumors.The SP17 promotes heparin sulfate-mediated cell aggregation and 
thereby plays a role in regulating adhesion and migration of normal and malignant lymphocytes 
(Lacy and Sanderson, 2001). The SP17 is detectable in tumor cells from myeloma patients. 
Since a high proportion of normal individuals develop antibodies against SP17 following 
vasectomy, Sp17 is likely to be a highly immunogenic protein in vivo. The SP17 is therefore, a 
member of the cancer testis antigen family and could be an ideal target for immuno-therapy of 
multiple myeloma (Lim et al., 2001). Based on this, it was possible to generate donor-derived 
Spl7-specific CTL for administration following allogeneic stem cell transplant to augment 
graft versus myeloma (GVM) effect without inducing a global GVHD. These CTLs were able 
to lyse autologous Epstein-Barr virus transformed lymphoblastoid cells in a SP17 dependent 
manner. Analysis of the CTL indicated that they were predominantly CD8 in phenotype and 
they produced IFN-y and very little IL-4. Results suggested the potential for the generation 
and administration of donor - derived Sp17-specific CTL that augment GVM without inducing 
GVHD following alllogeneic stem cell transplant for multiple myeloma (Chinva-Intemati et al., 
2001). 

24.3. ACROSOMAL VESICLE PROTEIN 1 (SP-10) 

The ACRVl gene in humans encodes a testis-specific, differentiation antigen, acrosomal 
vesicle protein 1 (SP-10) that arises within the acrosomal vesicle during spermatogenesis, and 
is associated with the acrosomal membranes and matrix of mature sperm. This gene consists 
of 4 exons and its alternative splicing generates 11 distinct transcripts, which encode protein 
isoforms ranging from 81 to 265 amino acids. The longest transcript is the most abundant 
comprising 53-72% of the total acrosomal vesicle protein lmessages; the second largest 
transcript comprises 1532%; the third and the fourth largest transcripts account for 3.443% 
and 8.7-12.5%, respectively; and the remaining 7 transcripts combined account for < 1% of the 
total acrosomal vesicle protein 1 message. It is suggested that phenomena of cryptic splicing 
and exon skipping occur within this gene. The acrosomal vesicle protein 1 may be involved in 
sperm-zona binding or penetration, and it is a potential contraceptive vaccine immunogen for 
humans. Some of the transcripts are of special interest: i) The variant (8) lacks a 210 nt 
fragment within the exon I1 and the entire exon I11 consisting of 120 nt, as compared to variant 
1. Isoform h encoded by this variant is 1 10 aa shorter than isoform a encoded by variant 1. ii) 
Transcript variant 9 lacks two fragments of -2 10 and 135 nt in exon 11, as compared to variant 
1. Isoform i encoded by this variant is 80 aa shorter than isoform a encoded by variant 1. iii) 
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Isofom o (variant 5) (176aa) accasaion 64494 

Isofom f (variant 6) (170aa) accession 64496 

Isoform h (variant 8) ( 1 5 5 ~ )  accession 64498 

Isofom k (Variant 11) (8l.a) accos8ion 64500 

Fig.24.2. Amino acid sequences of various isoforms of acrosomal vesicle protein l(Accession numbers are 
indicated with each isofonn). Source: httpllwww. ncbi.nlm.nih.gov. 

Transcript variant 1 1 lacks a 552 nt fragment including part of the exon I1 and the entire exon 
111, as compared to variant 1. Isoform k encoded by this variant is 184 aa shorter than isoform 
a encoded by variant 1. Five acrosomal vesicle protein 1 isoforms representing SPlO in 
humans are shown in Fig.24.2 . 

The SP-10 was first identified in human sperm, and subsequently detected in several mammalian 
species including baboon, macaques, pig and fox. The SP-10 cDNAs have been cloned and 
sequenced in human, macaques and baboons. A SP-I0 homologue, MSA-63, has been 
identified in mouse. Extracts from whole human testis and epididymal ejaculated, and capacitated 
sperm showed that a full-length 45-kDa SP-I0 precursor protein is present in the testis. The 
SP-10 peptides of 32,3O, 28 and 26-kDa were obtained from proteolytic processing ofthe SP- 
10 precursor protein in the testis and/or alternative splicing. In addition, SP-10 peptides of 25- 
18 kDa were detected in extracts of caput epididymal sperm that probably resulted from the 
proteolytic processing of the 45- and 32-26kDa SP-I0 peptides in the initial segment or caput 
epididymis. After a follicular fluid induced acrosome reaction, SP-10 was found on the inner 
acrosomal membrane in the equatorial segment and was associated with hybrid vesicles. This 
localization is consistent with the hypothesis that SP-10 may be involved in sperm-zona 
binding /penetration. In situ hybridization demonstrated SP-10 mRNA primarily in round 
spermatids found in stages IV, V and VI than in previous stages, and rarely found in 
spermatogonia or spermatocytes. SP-10 mRNA declined when spermatids underwent 
polarization, nuclear condensation and elongation. The appearance of SP-10 transcription or 
SP-10 mRNA stability or both occur as spermatids develop from the Golgi phase to the cap 
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phase (Foster et al., 1994; Kurth et al., 1993). The SP-10 proximal promoter, which activates 
transcription in spermatids, functions as an insulator in somatic cells. Insulator activity mapped 
to the -1 861-1 35 region and mutation of two ACACAC motifs compromised the insulator 
function. In conclusion, the evolutionarily conserved SP-10 insulator regulates transcription 
of a germ cell differentiation marker (Reddi et al., 2003). 

Characterization: Three overlapping SP-10 specific-cDNAs were isolated fiom a human testes 
cDNA expression library. These cDNAs hybridised to a 1.35-kb RNA that was present only in 
testes. Sequencing of these cDNAs (SP-10-5, SP-10-8, and SP-10-10) produced a 1 1 17-bp 
sequence containing a 265-amino acid coding region for the SP-10. Hydrophobicity plots 
showed a very hydrophobic amino terminus characteristic of a signal peptide. The amino acid 
sequence for SP-10 deduced from the cDNA sequence predicted a protein of 28.3 kDa. Thus 
three different repeating amino acid motifs were identified in SP-10. The first motif (Ser-Gly- 
Glu-Gh-ProlAla) occurs seven times. There were two additional variants of the first repeat 
(Val-Gly-Glu-Gh-Pro) and (Ser-Asp-Glu-Gh-Pro), which differs by only one amino acid. The 
second motif (Ser-Glu-His-Gly or Ala) was repeated three times, and the third motif (Ser-Gly- 
Glu-His) was repeated four times. These three motifs comprised 76 of the 108 amino acids 
between amino acids 66 and 174 (Wright et al., 1990). The sequence (Ser-[Asp or Glul-X-X- 
Pro), which occurs at residue 140, has also been suggested as a possible target site for 0- 
linked glycosylation. Thus three different amino acid repeats occur a total of 16 times in the 
central third of the SP-10 protein. Interestingly, cDNA SP-10-10 has an internal 57-base pair 
(19 amino acids) inflame deletion that is not present in SP-10-5 suggesting that alternative 
splicing generates more than one SP-10 mRNA. The sequence analysis also identified a 
consensus polyadenylation sequence at position 1094, 236bp 3' of the TAG termination 
codon, and a putative eukaryotic RNA degradation sequence 7 1 bp 3' of the stop codon. The 
5' sequence (CCAG) that flanked the initiator methionine is similar to a consensus sequence 
found 5' to eukaryotic start codons (Wright et al., 1990). 

The SP-10 is encoded by a single gene. Mapping and sequencing of the 8-kb SP-10 gene 
shows that the SP- 10 mRNA consists of four exons of 1 19,487,113, and 390-bp (E 1, E2, E3 and 
E4 respectively) with exon coding for a distinct structural domain within the SP- 10 protein. An 
in-flame alternatively spliced form of the SP-10 mRNA, identified during SP-10 cDNA 
characterization, employs the same 3'splice site as the 487-bp exon and unique 5' splice site 
within the 487-bp exon. Comparisons of human, baboon, and macaque SP-10 cDNA showed 
that a 60-bp deletion may have occurred during the evolution of the human SP-10 gene by 
homologous recombination. This deletion may be responsible for the reduced level of 
alternatively spliced SP-10 message within the human testis. The exons, E 1, E2, E3 and E4 of 
SP-10 gene code for distinct structural domains that have been identified within the SP-10 
protein sequence. The El codes for the 18 amino acids hydrophobic SP-10 signal peptide 
sequence, E2 codes for a 167 amino acid central domain consisting of repeated hydrophilic 
peptide motifs, whereas E4 codes for a relatively hydrophobic 43 amino acid carboxyl terminal 
domain that is the most highly conserved region when human, baboon, macaque, and mouse 
(MSA-63) SP-10 cDNAs were compared. The four exons are separated by three introns: 
Intron-1 approximately of 2350-bp, Intron-2 of 13 12-bp, and Intron-3 of 3200- bp. All the exon1 
intron border sequences agree with the mammalian consensus splice sequence motif AGI 
G T N A G 4 A G l G  (Wright et al., 1993). 

The core promoter of mouse mSP- 10 lacked a TATA box but contained a canonical initiator 
(Inr) element surrounding the transcription start site. In transgenic mice, the -108 to +28 bp or 
the - 266 to +28 bp SP-10 5' flanking region is sufficient to direct round spermatid-specific 
expression of a green fluorescent protein reporter gene. On the other hand the -91 to +28-bp 
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mSP-10 gene fragment lacked promoter activity in vivo. 

SP-10 : as a Immuno-contraceptive: From the standpoint of development of SP-10 as 
contraceptive vaccine, the question of tissue specificity is of paramount importance because 
a testis-specific vaccine immunogen reduces the likelihood that autoimmune diseases will 
arise in females administered with such an immunogen. Northern blots showed SP-10 is 
expressed exclusively in the testis (Freeman et al., 1994). It is a strong immunogen in female 
mice and baboons. However, being localized within the acrosomal compartment, it becomes 
accessible to antibody only after the acrosome reaction is initiated. To be effective as 
contraceptive immunogen, such intra-acrosomal antigens must evoke antibodies that are 
concentrated in the oviduct at sufficient levels. It was found that IgG and IgA antibodies were 
produced against recombinant SP-10 in primate oviductal fluids after systemic immunization. 
The SP-10 was recognized by primate oviductal fluid IgG and IgA of the endogenous 
contraceptive target on both human and macaque sperm (Kurth et al., 1997). 

Mouse Sperm Antigen - 63 and SP-10: Liu et a1 (1992) showed that mouse sperm antigen43 
(MSA-63) preparation comprises a group of proteins ranging from 24-84 -kDa with isoelectric 
points @Is) ranging from 4.0 to 6.0. A high degree of homology was observed between MSA- 
63 and human sperm SP-10 at DNAIprotein levels (Liu et al., 1992). The cDNA encoding the 
putative mouse homologue for human acrosomal protein SP-10 was cloned and sequenced. 
The Acrvl was localized in the proximal portion on mouse chromosome 9, in a region that 
exhibits synteny with human 1 lq  23, for ACRVI (Reddi et al., 1995). The MSA-63 was not 
expressed until post-meiotic stages of spermatogenesis. MSA-63 is conserved among different 
mammalian species. Only one specific mRNA 1.5kb in size was identified in testis among 
different adult mouse tissues. The mouse SP-10 gene, l i e  its human counterpart exhibited a 
germ cell type-and stage dependent pattern of gene expression. Transcription of the mSP-10 
gene was abundant in postmeiotic round spermatids at stage I1 of the cycle of seminiferous 
epithelium, and the mRNA signal rapidly declined in spermatids at stage VII. Unlike other 
testis-specific gene lacking TATA boxes, such as acrosin and Ldh3 that initiate from multiple 
sites, the SP- 10 gene utilized only one major transcription start site embedded within the Inr 
sequence. This indicated that core promoter elements other than TATA may play a role in 
accurate initiation of SP-10 transcription (Reddi et al., 1999). 

Fox Sperm Protein FSA-1: Beaton et al., (1995) isolated and characterized a cDNA, cFSA Acr 
1, encoding a testis-specific fox sperm antigen. The antigen located on the inner acrosomal 
compartment expressed during spermatogenesis on the developing acrosome of round and 
elongating spermatids. The deduced amino acid sequence of cFSA-Acr 1 revealed that the 
clone has high homology to both human and baboon sperm protein SP-10, and the mouse 
MSA-63. The region of highest homology is within the carboxyl terminus. In the middle of the 
OW, the fox sequence showed absence of a unique sequence from human, baboon SP-10, 
and mouse MSA-63 protein. 

24.4. HAMSTER P26HAND lTS HUMAN ORTHOLQGUE 

During epididymal transit, the male gamete is subjected to major surface modifications such 
as changes in lipid composition and acquisition of new epididymal protein as well as 
posttranslational modifications of existing sperm proteins (see Chapter 32). Using the hamster 
as a model, a 26-kDa protein, termed P26h has been described, that shows immunocontraceptive 



594 Proteomics of Spermatogenesis 

Fig.243. Amino acid sequence of surface protein from hamster sperm P26h deduced from cDNA (Accession 
AAD03695) Source: httpllwww. ncbi.nlm.nih.gov. 

properties in active immunization of male hamsters (Gaudreault et al., 2002). This protein is 
localized on the sperm acrosome and is acquired during epididymal transit. The P26h plays a 
role in sperm egg interactions as shown by the ability of anti-P26h IgG and the corresponding 
Fab merit to inhibit sperm-zona pellucida binding in vivo and invitro. The human homologue 
of hamster P26h, P34H, has been proposed as a marker of male fertility. The P26h is 
phosphatidylinositol anchored to sperm plasma membrane during epididymal transit, and 
prostasome-like particles may be involved in this transfer (Legare et al., 1999). The P26h is 
exclusively located on the surface covering the acrosomal cap of the mature spermatozoa. 
The P26h was released when live spermatozoa were treated with a solution of phospholipase 
C specific to phosphatidylinositol. In contrast, the P26h remained associated to the sperm 
surface following treatment withtrypsin. P26h was also associated to epididymal prostasomes. 
The hamster sperm P26h is strikingly homologous with mouse lung carbonyl reductase and is 
highly expressed in the testis, but its physiological functions in the testis are unknown. A 
testicular cDNA was screened to clone the full-length P26h cDNA. The longest transcript 
obtained fiom the library revealed a cDNA of 108 1-bp coding for a 244-amino acid protein and 
was in agreement with the behaviour of the predicted size of the translational product. 

The predicted hamster P26h amino acid sequence shows 85% identity with mouse AP27 
protein and porcine carbonyl reductase, members of the short-chain dehydrogenaselreductase 
(SDR) family of proteins, and hence P26h appears a member of the SDR family of proteins 
involved in the process of mammalian gamete interactions. A major transcript of 1-kb is 
present in testis. The P26h gene was predominantly transcribed in seminiferous tubules of the 
testis and at a lower level in the corpus epididymidis and not in other somatic tissues (Gaudreault 
et al., 1999) (Fig.24.3). The P26h transcripts appear at 3 week of age, within the fmt wave of 
spermatogenesis in the hamster and expressed in spermatocytes and round spermatids, whereas 
the protein P26h was found in the cytoplasm of round spermatids and elongated spermatids. 
It was undetectable in testicular spermatozoa (Gaudreault et al., 2001). 

Recombinant P26h resembles NADP(H)-dependent lung carbonyl reductase in the 
tetrameric structure, broad substrate specificity, inhibitor sensitivity, and activation by 
arachidonic acid, differs in a preference for NAD(H) and high efficiency for the oxidoreduction 
between 5a-androstane-3% l7#diol and 5.-dihydrotestosterone. The replacement of Ser 38- 
Leu39-Ile40 in P26h with the corresponding sequence (Thr38-Arg39-Thr40) of MLCR led to a 
switch in favour of NADP (H) specificity, suggesting the key role of the residues in the 
coenzyme specificity. While the P26h mRNA was detected only in the testis of the mature 
hamster, its enzyme activity was found mainly in the testis mitochondrial hction and in the 
nuclear fraction of the epididymis. In testicular cells, P26h mainly exists as a tetrameric 
dehydrogenase in mitochondria and plays a role in controlling the intracellular concentration 
of a potent androgen, 5a-dihydrotestosterone, during spermatogenesis, in which it may be 
incorporated in mitochondria1 sheaths of spermatozoa ( I s h i i  et al., 200 1). A 34-kDa (P34H) 
human epididymal sperm protein that shows antigenic and func?ional homologies with the 
hamster P26h is localized on the acrosomal cap of human spermatozoa and has been proposed 
to be involved in the interaction with the zona pellucida (Boue et al., 1996). In human testis p34 
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was not detected on those spermatozoa found within the seminiferous tubules or in the vasa 
defferentia (see Chapter 34). 

24.5. PERIACROSOMAL PLASMA MEMBRANE PROTEIN (PM52) 

Cowan and Myles, (1993) examined the expression and localization of several guinea pig 
sperm surface antigens and identified three distinct surface domains on testicular sperm that 
were established at specific stages of spermiogenesis. Two antigenically related, size-variant 
integral membrane proteins of 52 kDa (PM52) and 35 kDa that are localized to the periamsomal 
domain of cauda epididymal guinea pig spermatozoa were characterized (Westbrook-Case et 
al., 1994). The PM52 is first expressed in acrosome phase spermatids and localizes exclusively 
to the cytoplasmic lobe. Both cytoplasmic vesicles and the plasmamembrane of the cytoplasmic 
lobe were found labelled with PM-2. W i n g  early stages of expression, PM52 appeared to be 
absent from the head region, but significant PM52 accumulation over the spermatids head 
was noted in late acrosomal phase spermatids. Throughout spermiogenesis, PM52 extended 
posteriorly to the annulus, which represents a barrier preventing PM52 diffusion over the 
posterior tail. Following the migration of the annulus to the midpiece- principal piece junction, 
PM52 began to disappear from the flagellar region, and at the completion of spermiogenesis 
most of the PM52 was restricted to the acrosomal segment. Spermatids and epididymal sperm 
PM52 exhibited identical sizes indicating that they are not proteolytically modified during 
epididymal maturation. Screening a guinea pig testis cDNA library and sequence determination 
of full-length PM52 clones demonstrated identity of a sperm membrane protein termed "Sperad" 
(Quill and Garber, 1996; Olson et al., 1998). The Sperad is closely related to a large family of 
putative cell adhesion molecules and is a protein which contains two extracellular Ig-like 
domains, a transmembrane segment, and an intracellular proline rich domain. The full-length 
molecule comprises a Mr of 55kDa. The role of Sperad in cell adhesion has not been c o n h e d ,  
but it appears to be involved in heterotypic interactions prior to interaction of sperm with egg 
plasma membrane (Quill and Garbers, 1996). 

24.6. ACTIN AND ACTIN BINDING PROTEINS IN ACROSOME 

Inspite of several decades of investigations, the complex nature of the mature acrosome is not 
fully understood. Biochemical and ultrastructural studies have provided evidence for the 
involvement of cytosketetal domains such as actin, calmodulin and a-spectrin-like antigens 
in the organization of the acrosome. In addition, the organelle contains filamentous structures 
primarily associated with outer acrosomal membrane. However, the functional significance of 
the filamentous structures, if any, is not yet known (Abou-Halia and Tulsiani, 2000). In both 
prokaryotes and eukaryotes, cell shape is determined largely by the internal cytoskeleton, of 
which actin is a major component. Restructuring of the actin-cytoskeleton has been shown to 
be important for polarized cell growth and formation of mating process. In mammals, activation 
of T cells and neutrophils by chemotactic agents leads to a repositioning of cytoskeletal 
elements and organelles. These changes in the disposition of actin are controlled by actin 
binding proteins, which include actin-capping proteins, P-thymosins, cofiliddestrin and 
profilin. Actin binding proteins have specific effects on the actin cytoskeleton Leung et al, 
(1993) isolated a rat testis cDNA encoding a 34-kDa rac-GAP termed P-chimerin, as it was 
highly related to n-chimerin, containing both a GAP domain (77% identity) and the phorbol 
ester binding region (93% identity). P-chimerin RNA is exclusively expressed in testes at 
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onset of sexual maturation. It's expression is stage specific and parallels acrosomal assembly 
at the late stage of spermatogenesis. A corresponding testis specific 30-kDa rac-GAP was 
also detected (see Chapter 18). 

Fodrin: Fodrin, a spectrin like protein is present in gametes, zygotes and embryos from sea 
urchins and mice. Mammalian fodrin comprises two polypeptides with molecular weights of 
approximately 240-kDa (4 and 235-kDa ($). Immunologically a subunit fkom sea urchin eggs 
and mammals are cross-reactive. Fodrin-specific fluorescence was localized to the acrosome 
of the sperm and was distributed over the entire egg of sea urchin near the surface in a 
punctate pattern similar to the distribution of polymeric actin. During sperm incorporation, 
the fodrin-specific fluorescence is found at the site of sperm incorporation, in the fertilization 
cone. After fertilization, the intensity of fodrin fluorescence increases. Study suggests that 
fodrin participates in the actin-mediated events at the cell surface during fertilization and early 
development in both mice and sea urchins (Schatten et al., 1986). 

Scinderin: Scinderin is an actin filament-severing protein of 80-kDa found inchromaffin cells, 
fetal and adult tubules, interstitial cells, spermatozoa, aorta, and vena cava. Scinderin levels 
are higher in epididymal than in ejaculated spermatozoa. During sperm movement from 
epididymis to ejaculate sperm, scinderin showed reallocation in acrosome region. In Sertoli 
cells, scinderin was detected near the cell surface and within the cytoplasm. In the epididymis, 
scinderin was localized next to the surface of the cells; in the tail, it collected near the base of 
the principal cells. In Sertoli cells and epididymal cells, scinderin may contribute to the 
regulation of tight junctional permeability and to the release of the elongated spermatids by 
controlling the state of perijunctional actin. In germ cells, scinderin may assist in the shaping 
of the developing acrosome and influence the fertility of the spermatozoa (Pelletier et al., 
1999). 

24.7. FUSION PROTEINS IN SPERM 

A hallmark of fertilization is a high degree of species specificity, implying gamete-specific 
recognition signals. A large number of sperm protein signal molecules, which might participate 
in cell-cell adhesion leading to fertiliation have been discussed in chapter 23,26,27 and 32. 
Fusion proteins form a distinct class of molecules that result in sperm-egg fusion. 

Equatorin: Equatorin from sperm head is possibly involved in sperm-oocyte h i o n .  This 
protein contained in posterior acrosome is detectable only after acrosome reaction, but not in 
intact spermatozoa (Manandhar and Toshimori 2001). 

Synaptosomal-Associated Protein of 25-kDa: The SNAP-25 is a palmitoylated integral 
membrane protein expressed in neuronal and neuroendocrine tissues. The SNAP-25 forms a 
complex with vesicle associated membrane protein (VAMP) and syntaxin, which is thought to 
regulate the fusion of plasma and vesicle membranes during exocytosis. The SNAP-25 is 
epressed in sea urchin sperm and shares greater identity with mammalian SNAP-25 than with 
SNAP-23, which is expressed ubiquitously in non-neural tissues. Findings support the 
involvement of SNAP-25 in invertebrate sperm acrosome reaction, through increased 
association with VAMP and syntaxin driving the fusion of plasma and acrosomal membranes 
(Schulz et al., 1997; 1998). 
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SNARE (Soluble N-ethylmaleimide-sensitive Factor Attachment Protein Receptor): The 
SNARE proteins are key players in membrane fusion during regulated exocytosis in nerve 
terminals and secretory cells. Similar proteins have been found to exist in acrosome. Vesicle- 
associatedmembrane proteinlsynaptobrevin, a SNARE on the membrane of a vesicular carrier, 
and syntaxin 1, a SNARE on the target membrane, as well as the CaZ+ sensor synaptotagmin 1 
are present in mammalian sperm acrosome. Sperm SNARES are sloughed off during acrosome 
reakon (~amalho-  an to set al., 2000). various isoforms of syntaxin 2 and syntaxin 4A of 
SNARE proteins have been identified in rodent testes and spermatozoa. Syntaxin 2 is 
colocalized with acrin 1, over acrosomal region. The syntaxin 2 may be involved in acrosome 
reaction and membrane h i o n  during mammalian fertilization (Katafuchi et al., 2000). 

Sp18: The l&kDa protein is known to be released from abalone sperm during acrosome 
reaction. It coats the acrosomal process where it is thought to mediate fusion between sperm 
and egg cell membranes. The Sp 18 acrosomal protein aggregates negatively charged (but not 
neutral) large unilamellar liposomes. These proteins mediate the h i o n  of lipid bilayers. The 
secondary structure of Sp18 shows the presence of a strong amphipathic alpha helix that 
appears to be active during perturbation of phospholipid bilayers. The crystal structure of 
this fusagenic sperm protein shows extreme surface properties, which may mediate sperm- 
egg fusion during fertilization (Kresge et al., 2001). Sperm adhesions are a new family of 
secretory proteins expressed in male genital tract of pig, horse and bull. They are major 
products of seminal plasma and are associated to sperm surface during sperm maturation. Part 
of these secretory proteins have been discussed in chaptor 34. 

The bindin is a major protein component of the acrosome granule of sea uchrin sperm, which 
mediates the species-specific adhesion of sperm to the egg during fertilization. Bindin from 
Arbacia punctulata purpuratus sperm demonstrates a distinct adhesive preference for eggs 
of the same species and among cross-reactive -species. Bindin cDNA clones from these 
genera show substantial sequence similarity in both the mature bindin domain and the pro- 
bindin precursor region. The most striking identity is a region of 42 conserved amino acids in 
the central part of the mature bindins. This conserved element on N- and C- terminus is more 
divergent suggesting that they are responsible for the species-specific properties of bindin. 
The mature region contains a putative transmembrane segment between residues 43 1-457 
that is absent from S. purpuratus bindin. This structural element may account for the 
observation that isolated A. punctulata bindin uniquely forms multilamillar structures 
reminiscent of lipid bilayers and binds significant amounts of phospholipid and detergent 
(Glabe and Clark, 1991). Another study showed that a few specific regions of the bindin 
molecule are involved in the sperm-egg contact and that certain of these regions mediate the 
species specificity of the interaction in a sequence-specific manner (Minor et al., 1993). 

The hctional domain structure of bindin has been analyzed using a series of carboxyl- 
and amino terminal deletion analogs of recombinant bindin. S. fianciscanus sperm bindin 
agglutinates both S. fianciscanus and S, purpuratus eggs whereas S. purpuratus sperm 
bindin displays a much more restricted specificity for homologous S. purpuratus eggs. 
Consistent with this result, cross-species spem adhesion experiments demonstrated that S. 
fianciscanus sperm also bind more efficiently to S, purpuratus eggs in comparision to S. 
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Fig.24.4. Amino acid sequence of mouse testatin: a cystatin-related gene expressed product during early testis 
development (Accession number CAA77090) Source: httpllwww. ncbi.nlm.nih.gov. 

purpuratus sperm attachment to S. fianciscanus eggs. In this function, residues 1-74 or 
residues 122-236 can be deleted without a loss of the species-specific agglutination properties 
of bindin. Comparison of two sequences reveals that all of the active deletion analogs have a 
central segment in common to residues 75 through 121 of S. pupuratus bindin, except for Arg 
77, which is an Ala in S. fianciscanus. However, substitution of Arg 77 for Ala does not alter 
the species specificity of recombinant bindii suggesting that the more divergent amino-and 
carboxy-terminal sequences flanking the conserved central domain determine the species 
specificity of bindin and either end is sufficient to impart specificity (Lopez et al., 1993). 

24.9. CYmATIN-RELATEDEPIDIDYMAL SPERMATOGENIC PROTEIN 

A possible process, by which acrosomal enzymes are regulated, is through the binding of 
specific inhibitors. The CRES (Cystatin-related epididymal spermatogenic) is a member of the 
cystatin super-family of cysteine protease inhibitors, and shows substrate specificities against 
papain like cysteine proteases, such as cathepsins B, S, H, and L (Freije et al., 1991). The in 
vivo function of these proteins is not well understood. The CRES gene represents a new 
subgroup in the family of cystatins. The CRES exhibits highly restricted expression in the 
reproductive tract suggesting its role in reproduction. CRES protein is present in elongating 
spermatids in the testis and is synthesized and secreted by the proximal caput epididymal 
epithelium. The presence of CRES protein in developing germ cells and in the luminal fluid 
surrounding maturing spermatozoa prompted Syntin and Cornwall (1999) to examine the 
presence of CRES in spermatozoa The CRES protein is highly expressed in elongating 
spermatids in the testis and localized in sperm acrosome and is released during the acrosome 
reaction. The human ortholog of mouse CRES (Testatinl) is highly expressed in the human 
testis, specifically within clusters of round spennatids. Human CRES is predominantly 19-kDa 
protein and a minor 14-kDa protein. However, in contrast to the acrosomal localization of 
CRES in mouse spermatozoa, human CRES was strictly localized to the equatorial segment 
(Tohonen et al., 1998; Wassler et al., 2002) (Fii24.4). While the 19 and 14-kDa CRES proteins 
were present in testicular and proximal caput epididymal spermatozoa, the 14-kDa CRES protein 
was the predominant form present in mid-caput to cauda epididymal spermatozoa. Testatin 1, 
expressed during fetal gonads and adult testis could play a role in tissue reorganization 
during early testis development (Tohnen et a1,1998). 

24.10. OTHER NON-ENZYMATIC ACROSOMALPROTEINS 

Vitronectin: Vitrpnectin (Vn) is an intrinsic protein of spermatozoa The Vn has been extracted 
from fresh human sperm and detected on the surface of living, capacitated sperm. The Vn is 
transcribed exclusively in germ cells at the spermatcyte and round spermatid stages, and 
localized within the acrosomal region of ejaculated sperm. The Vn appears to be a specific 
product of intra-testicular spermatozoa that is released from sequestered location within 
sperm following acrosome reaction. It seems that Vn is positioned to play a strategic role in 
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gamete interactions leading to fertilization (Bronson et al., 2000; Fusi et al., 1994)(see chapter 
25). 

Sperm4hcyte Binding Protein (SOBl): Several human sperm proteins are involved in sperm- 
oocyte interactions. The mABs of SOBS inhibit human sperm binding in hamster egg binding 
assay (Lefevre et al., 1997; 1999). The SOB-1 is a glycoprotein of testicular origin that is 
localized on subequatorial region of epididymal and ejaculated spermatozoa. The SOBl fiom 
human macaque and rodent sperm has an apparent molecular weight of 100-kDa, which is 
close to 94.8-kDa predicted by cDNA (The difference may be due to glycosylation). Northern 
blot analysis shows that SOB-1 is conserved among mouse, rat, rabbit, dog and rat. The SOB- 
1 shows 32% homology with mouse sperm fibrous sheath components (Lefevre et al, 1999). 
The c-DNA sequence indicated that the ORF encodes a 853 amino acids protein, with a 
molecular mass of 94.7-kDa. This testis-specific cDNA is 27,32 and 34.4% homologous to 
three sperm proteins: HI, FSCl and AKAP82 respectively. A single 3-kb transcript was 
demonstrated only in the testis. It is a single copy gene, well conserved among mammals and 
located on human chromosome 12 at band p13. Further studies are required to elucidate the 
function of SOB 1. Using a probe derived fiom Sobl, a human testis-specific protein 2P1 was 
identified fiom mouse. A database search revealed that 2P1 was 91% identical to ORFl of E3- 
3, a rat gene probably involved in the regulation of alternative splicing. Sequencing showed 
that 2P1 has a destabilization motif in its 3'-untranslated region. 2P1 shows strong expression 
in testis and weak expression in epididyrnis. The 2P1 mRNA was absent in spermatogonia but 
expressed in spermatocytes (Hammami-Hamza et al, 2003). 

Decapacitation Factor: Epididymal mouse spermatozoa have surface-associated decapacitation 
factor @F) that can be removed precociously by centrifugation resulting in acceleration of 
capacitation and increased fertilizing ability. The DF has the potential of binding to a GPI 
anchored receptor via fucose receptor. Fucose binding sites are in the same region where Ca2+ 
ATPase, the enzyme regulated by DF was localized. The DF modulates capacitation by 
regulating enzyme activity and hence the intracellular Ca2+ concentration (Fraser, 1998). 

AZ1: Aoto et a1 (1995) identified a cDNA clone, named AZ1 that produced the transcript, 
which was highly expressed in mouse testis. As the mutant mouse jsdljsd, which has a defect 
in germ cell maturation barely expressed the transcript. The message was expressed specifically 
in spermatocytes. The presence of mRNA in the testes of ldday old mice suggested that its 
expression starts at the pachytene spermatocytes stage. The elucidated nucleotide sequence 
contained a 2841 nucleotide open reading fiame, and the expected amino acid sequence had 
a molecular mass of 107,254 Da. The protein was localized to the pre-acrosome region of round 
and elongated spermatids. However, it was not detected at a more advanced stage of spermatids, 
i.e. just before their release fiom Sertoli cells. 

Caltrin Proteins: Rat caltrin, guinea pig caltrin 1, and the mouse seminal vesicle trypsin 
inhibitor protein P12, which also inhibits Cat+ uptake into epididymal spermatozoa (mouse 
caltrin 1) bind specifically to the sperm head on the acrosomal region. Caltrin 1 plays an 
important role in the control of sperm functions such as Ca2+ influx in the proper time to ensure 
successful fertilization (Winnica et al., 2000). 

Protein C inhibitor (PCI): The PC1 is a plasma glycoprotein belonging to the serpin superfamily 
of serine protease inhibitors, of which protease inhibitor is the prototype. Sperm acrosin is 
inhibited by PCI. Induction of the acrosome reaction in ejaculated human spermatozoa leads 



600 Proteomics of Spermatogenesis 

to the disappearance of PC1 fiom the plasma membrane overlying the acrosomal head and the 
appearance of a strict distribution at the equatorial segment of human spermatozoa. The 
activity of acrosin in sperm extracts could be effectively inhibited by PCI, which also blocks 
sperm-egg binding (see Chapter 26). 

Tep22: Neesen et a1 (2002) isolated a cDNA fkom testis that was named Tep22. The gene 
encoding Tep22 consists of three exons and is localized in the telomeric region of mouse 
chromosome 12. The Tep22 is predominantly expressed in spermatocytes and spermatids of 
the murine testis. Four Tep22 transcripts ranging fiom 647 to 1122 nt were detected in testes 
of 15-day-old mice. While 5'-UTRs of Tep22 were variable, the ORFs of all transcripts of Tep22 
had a length of 567bp. The Tep22 is translationally repressed for several days and appears 
first on day 8 as a22-kDa band. Tep22 was localized in the acrosomal region of early elongating 
spermatids, while the surrounding cytoplasm was barely labeled. During further germ cell 
development, the intensity of the staining in the acrosomal region decreased and was no 
longer detectable in late stages of elongating spermatids, whereas the intensity of the Tep22 
protein increased in the cytoplasm. Finally, Tep22 was incorporated into the midpiece of 
spermatids and was also present in the mitochondria1 sheath of mature spermatozoa. It 
suggested that Tep22 is involved in the biogenesis of the acrosome as well as in the function 
of the midpiece of murine spermatozoa (Neesen et al., 2002). 
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Chapter 25 

ACTINS AND MYOSINS 

25.1. INTRODUCTION 

Actin occurs in two forms, G-actin (globular actin) and F-actin (filamentous actin) - apolymer 
of G-actin. The monomeric G-actin, which is stable in distilled water, undergoes polymerization 
under certain condtions to form F-actin. Each molecule of G-actin binds Ca2+ ions and one 
molecule of ATP or ADP independently. G-actin polymerizes to F-actin in presence of ATP. 
Actins are believed to play major roles in cell division, cell shape changes, secretory processes, 
phagocytosis, cell and organelle motility and muscle contraction. At least six different vertebrate 
actins have been identified; each is the product of different gene. Amino acid sequencing 
studies have shown that the multiple actin isotypes have evolved from two major classes, the 
cytoplasmic and the muscle actins. In mammals, two forms of cytoplasmic actins, called P- and 
y-actins, are generally found. The expression patterns of different actin isomers during 
spermatogenesis and their role and regulatory mechanisms in spermatogenesis have remained 
poorly understood. In rat testis actin immunofluorescence was demonstrated in vascular 
smooth muscle cells, interstitial macrophages and most intensely in peritubular cells. Inside 
the seminiferous tubules the Sertoli cell junctions and the ectoplasmic specializations of the 
Sertoli cells that follow the outer contour of spermatid heads displayed distinct actin 
fluorescence. In addition to the locations mentioned, actin-like immunoreactivity was visualized 
at the ultrastructural level in the chromatid body and the subacrosomal space of spermatids 
as well as on the outer dense fibers of the sperm tail (Aumuller and Seitz, 1988). 

25.1.1. P- and y-Actins in Spermatogenic Cells 

Of the six vertebrate actins, only two cytoplasmic actins have been detected in mouse 
spermatogenic cells. W o  dimensional gel electrophoresis of in vivo-labeled mouse testis 
proteins has demonstrated a high level of radiolabeled y-actin in meiotic pachytene 
spermatocytes, followed by a decrease in haploid cell types, i.e. round and elongating 
spermatids. In contrast, the amount of radiolabeled p-actin increased between pachytene 
spermatocytes and the subsequent post-meiosis spermatids. Thus, the rate of total cytoplasmic 
actin labeling did not appear to vary greatly during spermatogenesis, where as the production 
of p and y-actin synthesis changed. It was suggested that the differential expression of P 
and y-actin during spermatogenesis plays a role in the changing cell shapes or in the movement 
of mitochondria from around the nucleus to the plasma membrane and the flagellar axoneme, 
which occurs during this developmental process (Waters et al., 1985). However in a recent 
study (Ventela et al, 2000), P actin was found highly expressed in mouse spermatogenia, with 
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almost no expression found at early stages of meiosis (leptotene spermatocytes). A gradual 
increase in the translation of p-actin during later stages of meiosis and early spermatogenesis, 
with a maximum in elongating spermatids seems to play a role in the nuclear elongation of 
spermatids. Expression of p-actin was regulated by FSH in a stage-specific fashion (Ventela et 
al., 2000). 

Using several actin isotype-specific cDNAprobes, Waters et a1 (1985) found actin mRNA 
of two sizes 2.1- and 1.5-kb in extracts of polyadenylated and nonadenylated RNA from 
sexually mature mouse testes. The 2.1-kb mRNA codes for cytoplasmic P- and y-actin through 
out spermatogenesis, while the post-meiotic actin is encoded by the 1.5-kb mRNA as a smooth 
muscle y-actin (SMGA). Although the 2.1-kb sequence was present in both meiotic and 
postmeiotic testicular cell types, it decreased many folds in the late haploid cells. The 1.5-kb 
actin was not detectable in meiotic pachytene spermatocytes, but was present in round and 
elongating spermatids and residual bodies. To differentiate between the 0- and y-actin mRNAs, 
Waters et a1 (1985) isolated a cDNA, pMGA, containing the 3'untranslated region of a mouse 
cytoplasmic actin that has homology to the 3'untranslated region of a human y-actin cDNA 
but not to the 3'untranslated region of human a-, P-, or cardiac actins. The pMGA detected 
high levels of presumptive y-actin mRNA in pachytene spermatocytes and round spermatids, 
with lower amounts found in elongating spermatids. Hybridization studies revealed that round 
spermatids in comparison to pachytene ipermatocytes or residual bodies contained higher 
levels of p-actin mRNA. Both probes (pMGA and p-actin probe) hybridized to the 2.1-kb actin 
mRNA but failed to hybridize to the 1.5-kb mRNA. Thus the level of p-actin mRNA was 
highest in isolated round spermatids when compared with the levels in pachytene 
spermatocytes or residual bodies. In round spermatids of mouse testis, actin immunolabeling 
was detected in the subacrosomal space; labeling increased during the elongation phase, and 
then decreased and completely disappeared before spermiation (Prigent and Dadoune, 1993; 
Ventelaet al, 2000; Waters et al, 1985). 

The amino acid sequence deduced from the postmeiotic actin cDNA sequence was 
nearly identical to that of a chicken gizzard SMGA, with one amino acid replacement at amino 
acid 359, where glutamine was substituted for proline. The nucleotide sequence of the 
untranslated region of the SMGA differed substantially from those of other isotypes of 
mammalian actins. Testicular SMGA mRNA was present in the polysome hctions, indicating 
that it was translated (Kim et al, 1989). The cellular location(s) of the SMGA protein, probed 
with two different mAb specific for muscle actin, suggested that there are muscle isoforms of 
actins within the cytoplasm of developing spermatids and within apical processes of Sertoli 
cells (Oko et al., 1991). 

However, mouse testicular RNAs revealed an additional actin mRNAs of 1.4-kb. While 
the 2.1-kb mRNA encodes the cytoplasmic P and y actins, the two faster-migrating actin 
mRNAs encode y enteric actin. The 1.5-kb y enteric actin mRNA is primarily found in the 
nonpolysomal fraction, whereas the 1.4-kb y enteric actin is polysomal. When the poly (A) 
tails were removed, the non-polysomal and polysomal y enteric actins mRNAs both migrated 
at 1.3-kb, indicating that the difference in electrophoretic mobilities of the two y enteric actin 
mRNAs was caused by p l y  (A) length differences. Sequence comparison of the 3'untranslated 
region of the mouse y enteric actin to the 3' untranslated region of other testicular mRNAs 
that undergo partial deadenylation revealed three highly conserved sequence elements. This 
demonstrates that the poly (A) shortening of polysomal mRNAs seen only with testis specific 
mRNAs, stored as mRNPs also occurs with mRNAs of widely expressed genes in postmeiotic 
male germ cells (Gu et al, 1996). a-smooth muscle actin, present in peritubular cells, increased 
with advancing age (Steger and Wrobel, 1994). In order to explain the absence of a-actin in 
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1 MATKNSPSPK PMGTAQoDPG MOTLPFAPEA AGIRDTGSTQ LIWKPlCKIilX 11UtVIDLGS 
61 QYCICCGYAGE PRPTYFISST VGKRRP- DAGDElFIIETY V G B E : m  SLICL- 
121 OVVMWDCIQ NIWEYIBBTA bSKIMPEEKW LVSDPPLSPT SNREXYAELL PETFOIPAMR 
181 VTSQALLSIY SYGKTSGLW ESGBGVSBW PISEGDLLPG LPSRVDYAGC DLTNYUQLL 
241 NEAGHKF'SDD HLEIIEBIKK KCCYlWLPE EEMSLGLDEL EVDYELPDGK IITIGQERFR 
301 CSEMLFKPSL VGCTQPGLPE LTATCLARCQ GTGmEMAA NVLLCCGCTM LDGFPERFQR 
361 ELSLLCPGDS PTVAAAPERK TSVWTGGSIL ASLQAFQQLW VSWEFEERG CAAIYSKC 

Fig.25.1. Amino acid sequence of T-actin 1 6om mouse testis Source : http//www.ncbi.nlm.nih.gov. (Accession 
P-079547). 

germ cells, Warnecke and Clark (1999) made detailed analysis of the methylation state of a 
tissue-specific gene through early development and differentiation and mapped the methylation 
profile of the tissue-specific mouse skeletal a-actin promoter at all stages of development. 
The a-actin promoter is fully methylated in the sperm and essentially unmethylated in the 
oocytes and undergoes a general demethylation from morula to blastocyst stages. 

Specific fluorescence emitted along the dorsal curvature of the head and as an inverted V- 
shaped structure in what appears to be the anterior aspect of the post-acrosomal region 
suggested that the filamentous (F) actin occurs in the heads of rat spermatozoa. Moreover, 
this F actin is concentrated in two regions of the perinuclear theca: in the subacrosomal space 
along the dorsal curvature of the nucleus and in the subacrosomal region in an area termed 
the ventral spur (Vogl et al, 1993). The distribution pattern of actin in the ovine testis, during 
postnatal development was investigated by Steger and Wrobel(1994). Structural F-actin was 
localized in peritubular myoid cells and Sertoli cells of the adult testis, Sertoli-Sertoli junctions 
and at contact sites of Sertoli cells with primary spermatocytes during the acrosome phase of 
spermiogenesis. 

25.1.3. Actin-Like Proteins (T-ACTINS) 

Actin-like proteins, T-ACTM-1 and T-ACTIN-2, specifically expressed in the mouse testis 
have been described by Tanaka et al. (2003). The rnRNA sizes and deduced molecular masses 
of t-actin lImACT17b and t-actin UmACTl7a were 2.2-kb and 1.8-kb, and Mr 43.1 x 1@ and Mr 
47.2 x lo', respectively. The two deduced amino acid sequences had 60% homology, and had 
40% homology with other actins. The T-ACTINs contained some of the conserved regions 
found in other actins. Although the cellular locations of these two proteins are quite different 
(T-ACTIN-I in the cytoplasm and T-ACTIN-2 in the nucleus), the expression of their proteins 
and -As is limited during spermiogenesis. In contrast, only T-ACTIN-2 was present in 
sperm heads and tails. The T a d  and Tact2 genes are exclusively expressed and translated in 
haploid germ cells in testis. Tactl and Tact2 were single copy genes contained on a common 
fragment in a head-to-head orientation, and the distance between these genes was less than 
2-kb (Fig.25.1). Comparison of the nucleotide sequences of genomic DNA and cDNA 
demonstrated that Tactl and Tact2 lack introm, although all known actin or actin-related 
genes in mammals contain introns. Human Tact orthologues also lack introns and are located 
within 6.4-kb in a head-to-head orientation. Thus these genes arose by retroposition of a 
spliced -A transcribed fiom an actin progenitor gene prior to the divergence of rodents 
and primates. Comparison of the murine Tact genes with their human orthologues showed a 
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high level of identity between the two species in the 5'-upstream and non-coding sequences 
as well as in the coding region, indicating that conserved elements in these regions may be 
involved in the regulation of haploid germ cell-specific expression. The promoter region 
contains no TATA-, CCAAT- or GC-boxes, although there are potential CRE-like motifs in the 
5'-upstream region and the 5'-untranslated region in Tuctl and Tact2, respectively. Transient 
promoter analyses indicated that CREMz may activate Tact1 and Tact2 expression in germ 
cells (Hisano et al., 2003). 

Bull sperm calyx has two major acidic components, which are novel members of the 
subfamily of actin-related proteins (Arps). These proteins have been termed Arp-T1 and Arp- 
T2 in humans. They are synthesized specifically in the testis, late in spermatid differentiation 
and localized in the calyx. Two Arps as major components in a cytoskeletal, nonmotile structure 
of mammalian spermatozoa suggested that certain members of this family of proteins might 
serve functions other than nucleation of actin filaments (Heid et al., 2002). 

25.2. ACTINS IN SPERMATOZOA 

The mammalian spermatozoa are endowed with a unique cytoskeleton, which consists both 
of ubiquitous and specific proteins, some of them arising from gene haploid transcription, 
that is divided into subacrosomal layer and post-acrosomal calyx. In the head, the dense 
perinuclear layer is made of major basic proteins (calicin, cylicin etc) associated with calmodulin 
and actin remnants. In the flagellum, the axonemal microtubules are mainly composed of 
glutamylated tubulin isoforms; the periaxonemal outer dense fibers and fibrous sheath are 
considered as related cytoskeletal structures on the basis of some common polypeptides 
(Fouquet and Kann 1994; von Bulow et al., 1997). Actin has been characterized and localized 
in sperm cells of many mammals (Camatini et al., 1986; Stokes and DeRosier, 1987; Fouquet et 
al., 1989). Nevertheless, the reported localizations obtained by different methods and/or 
antibodies varied from species to species and even for the same species. Actin is localized in 
spermatids and spermatozoa of rabbit, mouse, rat, monkey, and human. In these species, F- 
actin was detected between the nucleus and the acrosome of round and elongating spermatids. 
In sperm, actin specific labeling was localized a) around the connecting piece in the neck 
region of sperm from human, bull, rabbit and hamster species, although a species-specific 
pattern was evident on the external surface of the fibrous sheath of human sperm; b) in the 
perinuclear space underlying the postacrosomal sheath of bull and rabbit sperm; c) between 
the plasma membrane and outer acrosomal membrane along the concave margin of the hamster 
sperm head (Dlaherty et al., 1988). Species-specific change occurred in maturing spermatids. 
Localization at different stages of maturation suggests that there is a redistribution of actin in 
late spermatids and spermatozoa, which is a species-specific process (Fouquet and Kann, 
1992). In ram spermatozoa the monoclonal anti-actin antibody recognizes single band at 
43,000D. In all spermatozoa, intense actin staining was observed in the whole length of the 
flagellum and, in the neck and postacrosomal region of the head. Ram sperm actin is a monomeric, 
intracellular, membrane-associated protein. Gelsolin is also present in ram spermatozoa and 
precisely colocalized with actin. This suggests a physical association of actin to the plasma 
membrane, most likely by its intracellular side (de las Heras et al., 1997). The localization of the 
cytoskeletal proteins (a-tubulin, P-tubulin, actin, spectrin, tropomyosin, vimentin and 
cytokeratin) in human and boar spermatozoa differs remarkably. In human spermatozoa, the 
distribution of actin and spectrin changes after acrosome reaction. In constrast, in boar 
spermatozoa, the distribution was concerned with a-tubulin, P-tubulin, actin and spectrin. 
Redistribution of cytoskeleton proteins suggests that these proteins participate in the process 
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of acrosome reaction of mammalian spermatozoa (Palecek et al., 1999). A sperm cytoskeletal 
protein (MSP) that signals oocyte meiotic maturation and ovulation in C elegans, has been 
reported by Miller et al, (2001). 

Participation of Actin in Acrosome Reaction: Phosphoproteins and phospholipases are 
known to play a significant role in membrane fusion of sperm exocytosis, during which cortical 
F-actin has two roles in regulating sperm exocytosis. One is to form a scaffolding to hold 
phospholipase C at the membrane. It also functions as a physical barrier to membrane fusion, 
which is removed by the increase in intracellular calcium and pH that precede fusion (Spungin 
et al, 1995). The presence and absence of cytochalasin B and cytochalasin D (CB and CD) 
during in vitro fertilization in boar and human showed that actin polymerization plays a role in 
fertilization. Presence of CD (an inhibitor of the polymerization of actin) markedly decreases 
the fertilizing capacity of the boar spermatozoa. Fertilization capacity further decreased when 
CD was present during both capacitation and fertilization processes. The effect of inhibitors 
of actin polymerization and depolymerization in calcium ionophore-induced acrosome reacted 
spermatozoa indicated that actin staining was confined to the equatorial segment, post- 
acrosomal region and tail of human sperm. Cytochalasins B and D significantly inhibited ZP- 
induced acrosome reaction in a dose-dependent manner. Cytochalasin B or D had no effect on 
total percentage motile spermatozoa but decreased sperm velocity and hyperactivation. This 
suggests that actin polymerizes during capacitation and the acrosome reaction and that this 
polymerization is essential to the fertilization process (Castellani-Ceresa et al., 1993; Liu et al., 
1999). However, in hamster sperm, G-actin originating in the head of late spermatids was 
redistributed to the flagellum of epididymal spermatozoa. Further changes were not seen after 
capacitation and acrosome reaction thus indicating no apparent effect on actin polymerization 
and distribution (Fouquet et al, 1991). The role of actin in acrosome reaction was confirmed by 
an anti-actin monoclonal antibody, which inhibits the zona pellucida-induced acrosome reaction 
and hyperactivated motility of human sperm. The sperm plasma membrane became permeable 
to the anti-actin mAb during capacitation and initiation of acrosome reaction (Liu et al, 2002). 

Actin Binding Proteins in Acrosome Reaction: Actin-capping proteins are ubiquitous 
components of mammalian cells. They are known to regulate the polymerization state of actin 
and hence indirectly control the activity of the cytoskeleton and cell shape (Hernandez- 
Gonzalez et al., 2000). Howes et al(200 1) examined the distribution of actin regulatory proteins, 
thymosin P 10, destrin, and actin capping protein (ACP) involved in controlling the balance 
between actin monomers (G-actin) and actin filaments (F-actin), and polymerization status of 
actin in bull spermatozoa following acrosomal exocytosis. In permeabilized testicular 
spermatozoa all 3 regulatory proteins were localized primarily to the acrosomal domain but 
during epididymal maturation they remained confined to the equatorial segment. Following 
ejaculation, however, they extended back into the acrosomal region. In spermatozoa induced 
to undergo an acrosome reaction, further rearrangement occurs with actin binding proteins 
appearing in the postacrosomal domain. This redistribution of actin and actin-regulatory 
proteins, coupled with changing levels of actin polymerization suggested a continuing role 
for actin in both post-testicular sperm maturation and acrosomal exocytosis (Howes et al., 
200 1). Confocal and electron microscopy also demonstrated visible changes of actin, tubulin 
and spectrin containing structures after the acrosome reaction, and proves the role of 
cytoskeletal proteins in this process (Dvorakova et al., 2001). Presence of actin in the acrosome 
and in the entire tail as well as its presence in the equatorial and in the postacrosomal regions 
suggested a correlation with calmodulin. Since guinea pig spermatozoa showed a change on 
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calmodulin location during the acrosome reaction, it seemed that actin participates in calmodulin 
translocation to the postacrosomal region during acrosome reaction, in maintaining the 
acrosome structure, and perhaps also in sperm motility. The calmodulin present in the Ca2+ 
rich postacrosomal lamina could be involved in the regulation of egg activation (Fouquet et 
al., 1991; Moreno-Fierros et al., 1992). 

25.3. ACTIN BINDING PROTEINS 

Actin-capping proteins are ubiquitous components of mammalian cells. They are known to 
regulate the polymerization state of actin and hence indirectly control the activity of the 
cytoskeleton and cell shape. 

25.3.1. Basic Proteins of Cyclicin Group 

In the mammalian sperm head the nucleus is tightly associated with a large and dense 
nonfilamentous cytoskeletal structure, the calyx, major proteins of which are basic. The calyx 
is a large cytoskeletal component of the perinuclear theca of the mammalian sperm head. It 
displays remarkable morphological interspecies differences and is characterized by resistance 
to high ionic strength and detergents. It has a special protein composition, including the 
basic proteins calicin, cylicin I and 11, and two major actin-capping proteins. 'Iko basic proteins, 
i.e. the 60-kDa calicin and a group of very basic (pI>10) polypeptides ranging in sue fiom 58 
to 100-kDa ("multiple band protein "MBPs) are the major proteins of calyx. Calicin is a 
polypeptide of 588 amino acids (Mr of66,889; pI 8. l), present in the bull and man. It is encoded 
by a 2.2-kb mRNA that has been detected only in testis but not in any other tissue. Calicin is 
homologous to the kelch protein of the ring canal structure of Drosophila ovaries. In particular, 
it contains three consecutive repeating units of 48 amino acids each, which are homologous 
to the so-called '$-strand folds" occurring in proteins of the kelch family, including the actin 
cross-linking protein, scruin of Limulus sperm and a series of other eukaryotic, bacterial, and 
viral proteins and contains BTBPOZ domain. The amino terminal domain of calicin contains 
a region of about 100 amino acids homologous to an extended motif shared by the kelch 
protein as well as various zinc fmger and poxvirus proteins. It has a possible role as a 
morphogenic cytoskeletal element in spenniogenic differentiation as demonstrated by its 
absence or altered arrangement in frequent forms of human teratozoospermia such as "round- 
headed" or other "postacrosomal sheath defect" sperm malformations (von Bulow et al., 
1997). Calicin is bound to actin with high affinity (Kd 5 nM), and a stoichiometry of 
approximately one calicin per 12 actin monomers. Calicin forms homomultimers and is present 
with actin in the acrosomal region of round spermatids and is mainly localized in the 
postacrosomal region of late spermatids and spermatozoa. The affinity of calicin to F-actin 
allows targeting of calicin at the subacrosomal space of round spermatids, and its ability to 
form homomultimers contributes to the formation of a rigid calyx (Lecuyer et al., 2000). 

A bovine and a human cDNA clone encoding one of these proteins, is termed "cyclicin" 
(cup or beaker). Bovine cylicin I of a calculated molecular weight of 74,788 contains a high 
proportion (29%) ofpositively charged amino acids @I, 10.55) withnumerous KKD tripeptides, 
and characterized by an organization of the central part of the molecule in nine repeating units 
of maximally 41 amino acids, each of which according to prediction should tend to form an 
alpha helix. The 2.4-kb cyclicin I mRNA is present only in testis. The cyclicin is an unusual 
cytoskeletal protein and plays a possible architectural role during spermiogenesis (Hess et 
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1 MSLpRpQRVN POPYDNllIW SUSKWWNQ QRP'AUZPKP QRPGTKRRSK PSQIRDNTW 
6 1  IIDEEQLRGD RRQPLIIMIRS LMRISERPSV YLMRRpPLX PTRTVEMSK WIGKKGED 

121 KTTQKDTTDS ESELKQGKKD S-IEICG KEEXLDAKXD SKKGKKDAEK GKDSATESED 
1 8 1  EKGGAKKDNK WKUDSNKGK DSATESEGEK GGTEKDSKKG KKDSXKGKDS AIEIQAVMD 
2 4 1  EKKDEDGKKD ANKGDESKDA KKDAKEIKKG KKDKRKPSST DSDSKDDVIClC ESKKDATKDA 
301 IUNAKWTEK ESADSKKDAK KNAKKDAKKD -EK WAKKKGK 

Fig.25.2. Amino acid sequence of cylicin 2 from human sperm. Source : http//www.ncbi.nlm.nih.gov. 
(Accession NP-00133 1) 

al., 1997). Boar sperm contain a 66kDa protein that binds F-actin in actin pelleting assays. 
Sequence studies and immunological characterization with antibodies specific for human 
cylicin I1 identified the 66kDa protein as the homologue of bovine and human cylicin 11, a 
protein of the sperm perinuclear cytoskeleton ( Hess et al., 1995; Rousseaux-Prevost et al., 
2003) (Fig.25.2). 

25.3.2. Actin Capping Proteins 

Inspite of several decades of investigations, the complex nature of the mature acrosome is not 
fully understood. Biochemical and ultrastructural studies have provided evidence for the 
involvement of cytosketetal domains such as actin, calmodulin and a-spectrin-like antigens 
in the organization of the acrosome. In addition, the organelle contains filamentous structures 
primarily associated with outer acrosomal membrane. However, the fimctional significance of 
the filamentous structures, if any, is not yet known. In both prokaryotes and eukaryotes, cell 
shape is determined largely by the internal cytoskeleton, of which actin is a major component. 
Restructuring of the actin-cytoskeleton has been shown to be important for polarized cell 
growth and formation of mating process. In mammals, activation of T cells and neutrophils by 
chemotactic agents leads to a repositioning of cytoskeletal elements and organelles. These 
changes in the disposition of actin are controlled by actin binding proteins, which include 
actin-capping proteins, P-thymosins, cofiliddestrin and profilin. Individual actin binding 
proteins have specific effects on the actin cytoskeleton. This coordinated activity of actin 
binding proteins enables the actin cytoskeleton to respond to various external agents andor 
localized internal signals by promoting changes in cell shape (Hurst et al., 1998). The actin 
may stabilize the position and/or shape of the acrosome with respect to the nucleus. To 
elucidate the role of actin during spermiogenesis, it is necessary to examine the role of actin- 
binding proteins. Thymosin P 10 transcript expressed only in adult testis is a member of the P- 
thymosin actin-sequestering protein family and binds to monomeric actin, thus helping to 
regulate filament elongation. The expression of testisspecific form of a GTPase activating 
protein for p21 rac, P-chimaerin is expressed in post-meiotic spermatids. The timing of 
expression of these two actin binding proteins with the onset of sperm differentiation suggests 
that they may be involved in the restructuring of the actin cytoskeleton during the shaping of 
the sperm head. Reports suggest that the structures of actin fibres affect cell morphology, 
division and mobility, which in turn are capable of regulating actin polymerisation. 

As a part of the investigation into the molecular mechanisms that direct differentiation of 
a round spermatid into an elongating spermatozoa, Hurst et al, (1998) reported a testis - 
specific 1.7-kb transcript from rat testis with sequence similarities to the P subunit of actin - 
capping proteins (ACPs) from somatic cells. The transcript contains a putative CAMP- 
responsive motif (CREM) upstream of the initiation codon in the DNA sequence and is 
expressed postmeiotically first appearing between 20 and 30 days of postnatal development. 
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The primary amino acid sequence is 90% identical to that of previously identified testis 
specific mouse protein, gsg3, both showing approximately 40% homology to the a subunit of 
somatic ACPs. The rat transcript is identified as a 32-kDa protein (Fig.25.3). The ACP is an 
intracellular protein and accumulates asymmetrically in the cytoplasm of round spermatids 
coincident with the position of developing acrosome. This spatial expression parallels the 
distribution of F-actin during sperm differentiation, supporting the hypothesis that testis- 
specific ACPs have an important role in determining the final shape of mature sperm heads. A 
disturbance in the expression of these ACPs may underlie many of the abnormalities in sperm 
morphology observed in infertile men (Hurst et al., 1998). 

Sequencing of the ACP cDNA revealed the presence of an open reading frame of 893 bp 
that translated into a peptide containing 299 amino acid residues. A database search revealed 
a homology between the rat cDNA clone and a mouse testis-specific germ cell transcript gsg3 
that also has a nucleotide sequence containing an open h e  of 852 bp giving a predicted 
peptide length of 284 amino acids with more than 90% identity. Comparison of amino acids 
with the a-subunits of somatic actin capping protein revealed overall homology of 
approximately 40% with high levels of conservation in discrete regions of the sequence 
toward the C terminus. 

Nishimune and coworkers (Yoshimura et al, 1999) isolated various cDNA clones 
specifically expressed in germ cells. One of the clones, gsg3 encoding a testis-specific 
homologue of mouse actin capping protein a (ACPa) was specifically expressed in testicular 
germ cells. The gsg3 showed approx. 40% homology to the a subunit of somatic ACPs. 
Yoshimura et a1 (1999) obtained a mouse gsg3 genomic clone using cDNA. Sequencing data 
showed that the gsg3 gene was not interrupted by introns. The transcription initiation site for 
the gene was preceded not by a TATA box or GC rich promoter motifs, but by two consensus 
CRE motifs at the putative position. Southern blotting analysis showed that gsg3 is a single 
copy gene in the mouse, and conserved in mammals. Phylogenetic analysis showed that gsg3 
is a novel ACPa specific for haploid germ cells. 

25.3.3. P3 Capping Protein 

von Bulow et al, (1997) discovered another calyx constituent, which by amino acid sequencing 
and cDNA cloning was recognized as a novel isoform of the widespread P subunit of the 
heterodimeric actin binding "capping protein" (CP). This polypeptide, CP P3, of sperm calices, 
is identical with the P2 subunit present in diverse somatic cell types, except that it shows an 
amino-terminal extension of 29 amino acids and its mRNA is detected only in testis and, albeit 
in trace amount, in brain. This CP P3 mRNA contains the additional sequence, encoded by 
exon 1 of the gene, which is missing in P2 -As. In spermiogenesis the transcription of the 
gene encoding the Pl, P2, and P3 CP subunits is regulated specifically to include exon 1 and 
to give rise to the testis isoform CP P3, which is integrated into the calyx structure of the 
forming sperm head. This W i n g  of an actin-binding protein isoform in an insoluble cytoskeletal 
structure is important in relation to the demonstrated roles of actin and certain actin-binding 
proteins, such as Limulus a-scruin, in spermiogenesis and spermatozoa (von Bulow et al., 
1997). 

25.3.4. Gelsolin 

Gelsolin is a bivalent Ca2+ modulated actin-binding protein that severs, nucleates, and caps 
actin filaments. In order to gain a better understanding of the capping mechanism, Weber et a1 
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Fig.25.3. Nucleotide and predicted amino acid sequence of rat testis a-subunit of actin capping protein. 
Putatative c-AMP response element-2 is shown. Reprinted with permission from S. Hurst et al. Mol Reprod 
Develop 49; 81-91:1998 O John Wiley & Sons Inc. htt~://ww3.interscience.wilev.com/cni-bidiabouU37692/ 
ProductInformation. html. 

(1991) studied N- and C-terminal (T) gelsolin fragments, (14NT and 41CT), each of which 
contains a single functional actin-binding site. The very tight binding between gelsolin and 
the barbed filament end requires gelsolin to greatly decrease the dissociation rate constant of 
the terminal actin from this end. Gelsolin links two actin monomers so that they dissociate 
more slowly as a dimer. Gelsolin is concentrated in these intercellular adhesion complexes 
(ectoplasmic specialization), in addition to PIP2 and phosphoinositide-specific phospholipase 
C found in these structures. Treatment of isolated spermatid/junction complexes with 
exogenous phosphoinositide specific phospholipase C, results in release of gelsolin and loss 
of actin from the adhesion complexes. It is speculated that the hydrolysis of PIP2 may result 
in a local Ca2+ surge via the action of IP3 on junctional endoplasmic reticulum. This CaZ+ surge 
may facilitate the actin severing function of gelsolin within the adhesion complex (Guttman et 
al., 2002) (see Chapter 2). 

80-kDa Protein: An actin-binding protein of 80-kDa, belonging to gelsolin family was identified 
from the body wall muscle of ascidian, Halocynthia roretzi. In the presence of Ca2+, the 80- 
kDa protein accelerated the initial phase of actin polymerization, namely the nucleation process, 
decreased the level of polymerization at the steady state, caused marked reduction in viscosity 
of an F-actin solution, and fragmented F-actin filaments; while in the absence of CaZ+ it 
remained associated with F-actin without severing the filaments. The interaction of the 80- 
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kDa protein with actin was inhibited by PIP2. The 8OkDa protein inhibited the growth of actin 
filaments at the barbed end but not at the pointed end, suggesting that 80-kDa protein acts as 
a barbed end capping protein. The deduced peptide sequence from cDNAs showed about 
44% homology in amino acid residues with the human gelsolin sequence. In addition, 6 
repeating segments were present in the sequence of the 80-k.Da protein as described in the 
gelsolin sequence (Ohtsuka et al., 1998). 

25.3.5. Thymosin P 10 

P-thymosins are a family or related peptides, initially isolated from calf thymus, but now 
known to be present in a wide variety of mammalian and other vertebrate cells. Thymosin P4 
was the fmt member of this family to be characterized. Although it was initially proposed to 
be a thymic hormone acting at early stages of T cell maturation, the high concentration of the 
protein and its mRNA in a number of different tissues and in cells suggested that thymosin P4 
has a general function in many cell types. Thymosin P, forms a 1 : 1 complex with G-actin in 
blood platelets suggesting that it may be one of the most abundant actin-sequestering proteins 
in many cell types. G actin-binding proteins are one of the actin binding proteins that regulate 
the various forms of filamentous actin, which is essential to cell motility. 

Thymosin PI, is another abundant member of the P-thymosin family related in structure 
to thymosin P,. Thymosin PI, possesses the entire putative actin-binding domain found in 
thymosin P4 (amino acid 16-25). One of the functions of PI,, like that of thymosin P, is to 
modulate actin polymerisation. The DNA encoding thymosin P,, has been isolated. The 
mRNA is present at high concentration in a number of developing tissues, as well as in adult 
spleen, lung, thymus and testis. In adult rat testis an additional thymosin PlomRNA of higher 
molecular weight was identified. Nucleotide sequencing of cDNA clone complementary to 
the testis specific thymosin mRNA indicated that this mRNA differs from the ubiquitous 
thymosin P,,mRNA in its 5' untranslated region, beginning 14 nucleotides upstream of the 
translation initiation codon. The two thymosin PlomRNAs are transcribed from the same gene 
through a combination of differential promoter utilization and alternative splicing. Both mRNAs 
were present in pachytene spennatocytes and only testis specific mRNA was detected in 
postmeiotic haploid spermatids. The thymosin PI, protein from adult testis was identical in 
size to that synthesized in brain. Presence of the protein in differentiating spermatids, suggested 
that the testis-specific thymosin PlomRNA is translated in haploid male germ cells (Lin et al., 
1991; Lin and Morrison-Bogorad, 1991). Testis specific thymosin PI, cDNA is 539 bp in length 
as compared to 446 bp that of the thymosin PI, cDNA from other tissues. The testis specific 
thymosin PlocDNA has an open reading fiame and 3'UTR identical to those of the ubiquitous 
thymosin PI, $e novel cDNA has 149 nucleotides in the 5'-UTR and the ubiquitous thymosin 
p,, has only 56 nucleotides in this region. The 5'-UTRs of the two cDNAs diverge &om 
nucleotide - 14 upstream to their 5'-ends. The 5'-UTRofthe testis-specific cDNA has a high 
content of G and C nucleotides (66%) and contains a pair of 9-bp direct repeats (GGGAACGCC) 
separated by six nucleotides (Lin et al., 1991) (Fig. 25.4). 

25.3.6. Other Actin Associating Proteins 

The spectrin and ankyrin-like proteins express during the differentiation and maturation of 
spermatozoa in mammalian species, which express actin and calmodulin. Neither spectrin nor 
ankyrin were detected in the F-actin rich subacrosomal layer of spermatids in any species. In 
hamster and mouse maturing spermatids and spermatozoa, spectrin was mainly evidenced 
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Fig.25.4. Nucleotide and predicted amino acid sequence of rat testis-specific thymosin PI, cDNA (Ts-P,J and 
comparison to the ubiquitous thymosin P,, cDNA sequence (Ub-&).Two direct repeats of 9 nt in 5'-UTR are 
boxed. Initiation and termination codons and polyadenylation signal are underlined. Identical sequences are 
shown by vertical lines. Printed with permission from S.C. Lin et al. J Biol Chem 266; 23347-53: 1991 0 
American Society for Biochemistry and Molecular Biology. 

around the fibrous sheath of the flagellum whereas ankyrin was detected only in the neck. In 
rabbit spermatozoa, the patterns of spectrin and ankyin are different from hamster and mouse. 
In rat, monkey and human sperm cells, these proteins were not demonstrated. Hence there 
was no uniform pattern of distribution of spectrin and ankyrin among the 6 species (Kann et 
al., 199 1; D'Andrea et al., 199 1). a-actinin, and tropomyosin were consistently localized in the 
neck of the spermatozoa alongwith actin. Actin and tropomyosin present in the postacrosomal 
area could be removed by sonication, whereas a-actinin in the basal plate appeared to be 
resistant to the treatment. a-actinin was seen over the acrosomal area, whereas in the washed 
sperm it appeared as a narrow cap at the margin of head. In the majority of preparations, 
tropomyosin could be localized in the principal piece of the tail (Fouquet and Kann, 1992; Yagi 
and Paranko, 1992). Yagi and Paranko (1995) reinvestigated the subcellular distribution of 
actin and actin-binding proteins in bovine spermatozoa subjected to various extractions. 
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Labeling for a-actinin and spectrin was localized in the acrosin-positive acrosmal lamina, 
neck, and principal piece, the latter containing also relatively extraction resistant oligomeric or 
polymerized actin. Spectrin reactivity is enhanced by MgCl2 in head, neck, and principal 
piece. Thus a-actinin, and spectrin may be involved in acrosomal vesicle formation (Yagi and 
Paranko, 1995). A 4 lkDa macrophage capping protein (MCP) is capable of forming complexes 
with actin in addition to capping the barbed ends of actin filaments. The protein is calcium 
activated in a fully reversible manner and weakly nucleates actin polymerization. The actin 
nucleus that survives MCP inactivation contains a minimum number of five actin molecules 
(Young et al., 1990). 

Nectin-2 is a component of cell-cell adherens junctions and interacts with 1-afadin, an F- 
actin-binding protein. Disruption of both alleles of the murine nectin-2 gene resulted in 
morphologically aberrant spermatozoa with defects in nuclear and cytoskeletal morphology 
and mitochondria1 localization. Homozygous null males are sterile, while homozygous null 
females, as well heterozygous males and females are fertile. Consistent with such a role, - - 
Nectin-2, expressed in the testes only during the later stages of spermatogenesis suggests its 
role in organization and reorganization of the cytoskeleton during spermiogenesis in mice. 

25.4. ACTIN IN LIMULUS SPERM 

Formation of actin filaments has been extensively studied in Limulus sperm and suggests a 
model for study in mammalian sperm. The three-dimensional structure of an actin filament 
bundle from the sperm of Limulus has been studied (Bullitt et al, 1988; Schmid et al, 1994 and 
others). The bundle is a motile structure, which by changing its twist, converts from a coiled 
to an extended form. The bundle is composed of actin plus G o  auxiliary proteins of molecular 
masses 50 and 60 kDa. Fraying the bundle with potassium thiocyanate created three classes 
of filaments: actin, actin plus the 60-kD a protein, and actin plus both the auxiliary proteins. 
Under electron microscopy the actin subunit appears to be bilobed with dimensions 70 X 40 
X 35 A. The inner lobe of the actin subunit, located at 20 Aradius, is a prolate ellipsoid, 50 X 
25A; the outer actin lobe, at 30 A radius, is a 35- A-diamspheroid. Attached to the inner lobe 
of actin is the 60-kDa protein, an oblate spheroid, 55 X40 A, at 50 A radius. The arm like 50- 
kDa protein, at 55 A radius, links the 60-kDa protein on one of actin's twin strands to the outer 
lobe of the actin subunit on the opposite strand. It is speculated that the 60-kDa protein may 
be a bundling protein and that the 50-kD protein may be responsible for the change in twist of 
the filaments which causes extension of the bundle. 

The acrosmoal process of Limulus sperm contains a bundle of filaments composed of 
actin and a 102 kDa protein in a 1: 1 molar ratio. Each segment of the bundle is found to obey 
the symmetry of space group P1, with a = b = 147 A, c= 762 a = 90°, j3 = 90.6O, y = 120°. A unit 
cell contains a helical repeat of the filament with a selection rule following that of an actin 
filament. A 24 A projection map based on the h01 view was reconstructed after averaging 
5300 unit cells from six electron images. Filaments in this projection are well separated and 
clearly display a 21 screw symmetry. Structural analysis led to the proposal that the assembly 
of a stable bundle with a defined maximum diameter can be controlled by the crystallographic 
packing of the twisted filaments (Schrnid et al., 199 lclr). 

a-Scruin is a actin bindling protein found in the acrosomal process of Limulus polyhemus 
sperm. Way et al, (1995a) cloned and sequenced a second scruin isoform from Limulus, j3- 
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Fig. 25.5. The cDNA and deduced amino acid sequence of scruin cDNA clone (Ll). Amino acid sequence 
obtained from NH2-terminal sequencing of scmin peptides and the sequence at the extreme COOH terminus 
corresponding to the probe are underlined. The polyadenylation signal is shown bold. Reproduced from 
M.Way et a1 J. Cell Biol 128; 51-60:19950 The Rockefeller University Press. 

scruin, that is 67% identical to a-scruin. p-scruin and a-scruin are encoded by distinct genes. 
The sequence of p-scruin, like a-scruin, is organized into N- and C-terminal superbarrel domains 
that are characterized by a six-fold repeat of a 50 residues motif. p-scruin, like a-scruin, is 
found in Limulus sperm but not in blood or muscle (Fig25.5). p-scruin is localized within the 
acrosomal vesicle at the anterior of sperm but not in the acrosomal process. In the acrosomal 
process of Limulus sperm, the P-propeller protein, scruin cross-links actin into a crystalline 
bundle. To confirm that scruin has the topology of a p-propeller protein and to understand 
how scruin binds actin, Sun et al., (1997) compared solvent accessibility of cysteine residues 
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in scruin and the acrosomal process by chemical modification with (I$-IAEDANS). In soluble 
scruin are C837 and C900, whereas C146, C333, and C683 are moderately reactive. This pattern 
of reactivity agrees with the topology of typical kpropeller protein. The chemical reactivity of 
cysteine in the acrosomal process implicates C837 at an actin-binding site. In constrast to 
soluble scruin, in the acrosomal process, C837 is completely unreative while the other cysteines 
become less reactive. Peptides corresponding to residues flanking C837 bind actin and narrow 
a possible actin-binding region to a KQK sequence. On the basis of these studies, results 
suggest that an actin-binding site lies in the C-terminal domain of scruin and involves a 
putative loop defined by C837 (Sunet al., 1997). 

The deduced amino acid sequence of scruin reflects the domain organization of scruin: it 
consists of a tandem pair of homologous domains joined by a linker region. The domain 
organization of scruin is confirmed by limited proteolysis of the purified acrosomal process. 
Although the protein sequence of scruin has no homology to any known actin-binding 
protein, it has similarities to several proteins, including four open reading fiames of unknown 
function in poxviruses, as well as kelch, a Drosophila protein localized to actin-rich ring 
canals. All proteins that show homologies to scruin are characterized by the presence of an 
approximately 50-amino acid residue motif that is repeated between two and seven times. 
Results suggest that the two domains of scruin seen in EM are superbarrel folds and they 
present the possibility that other members of this family may also bind actin (Way et al., 
1995a). 

The two domains of scruin contact two actin subunits in different strands of the same 
actin filaments. A correlation of Hohnes' actin filament model to the density in acrosomal 
filament map showed that actin sub-domains 1,2, and 3 match the model density closely. 
However, actin subdomain 4 matches rather poorly, suggesting that interactions with scruin 
may have altered actin conformation. Scruin makes extensive interactions with helix-loop+ 
motifs in subdomain 3 of one actin subunit and in subdomain 1 of a consecutive actin subunit 
along the genetic filament helix. These two actin subdomains are structurally homologous 
and are closely spaced along the actin filament (Schmid et al., 1994). Three-dimensional structure 
of acrosomal process by electron crystallographic reconstruction reveals an actin-scruin 
helix that is azimuthally modulated by the influence of the interactions of a filament with its 
neighbors. There are a variety of density connections with neighboring filaments involving 
scruin. Scruin commonly contacts one neighbor, but Sherman et a1 (1999) observed up to 
three interfilament connections involving both domains of the 28 scruin molecules in the unit 
cell. This structure indicates that promiscuous scruin-scruin contacts are the major determinants 
of bundle stability in true discharge. 

25.5. MYOSINS 

Motor proteins moving along actin filaments and microtubules are the candidates to provide 
the motive force for asymmetric sorting of cell contents. The role of myosins in such processes 
has been suggested, but few examples of their involvements are known. The first motor 
protein identified was skeletal muscle myosin, which generates force for muscle contraction. 
This myosin I1 is an elongated protein that is formed fiom two heavy chains and two copies 
of each of two light chains. Each heavy chain has a globular head domain at its N-terminus 
that contains the force generating machinery, followed by a very long sequence that forms an 
extended coiled-coil that mediates heavy chain dimerization. The two light chains bind close 
to N-terminal head domain, while the long coiled-coil tail bundles itself with the tails of other 
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Fig.25.6. Amino acid sequence of mouse myosin X and its alignment with talin-like domains in human 
myosins XV and VIIa, merlin, and ezrin with corresponding N-terminal region of talin. The numbers in 
parentheses indicate the ordering numbers in protein sequences of first residues. Gaps are shown by dashes. 
The talin-like domain of myosin X has an insertion of about 50 aa. Reproduced with permission from S. 
Yonezawa et al. Biochem Biophy Res Commun 271; 526-33: 2000 O Elsevier. 

myosin molecules. Thus all myosin proteins consist of three distinct regions: the head or 
motor domain, which contains the ATP and actin binding sites, the neck or regulatory domain 
that interacts with calmodulin andlor myosin light chains, and the tail domain, which is the 
site of interaction with other cellular components. Myosins, the actin-based molecular motors, 
are involved in various cellular events such as contraction, organelle transport, cellular 
morphology, and signal transduction. Myosins are classified on the basis of structural variation 
in the relatively conserved head region. In mammals, there exist several dozens of myosin 
genes belonging to eight classes, I, 11, V, VI, VII, IX, X, and XV, and in at least five families 
mutations of genes are responsible for human diseases and/or mutant mice. According to the 
calf data on which structure function relationship is available, myosin X is characterized by 
the presence of three IQ motifs in the neck region, and a coiled-coil domain, a cluster of 
pleckstrin homology (PH) domains, a myosin tail homology 4 (MyTH4) domain and a talin-like 
domain in tail region. Myosin X functions as a dirner via the coiled-coil domain, and is involved 
in signal transduction via the PH domains. MyTH4 and talin-like domains, both ofwhich have 
also been identified in myosins VIIa and XV, can also be considered as functional domain in 
myosin X. 

25.5.1. Myosin X in Mouse Testis 

The structure of the coding region of mouse myosin X cDNA predicted protein sequence of 
an approximately 240-kDa molecular mass with 2062 amino acids (Fig.25.6). When aligned 
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with various proteins, the structure predicted for calf myosin X completely conserved pleckstrin 
homology domains and a myosin tail homology 4 domain, which were apparent in the tail 
region, suggesting their importance for myosin X's function. A myosin X mRNA of 8.7-kb in 
size is ubiquitous in various mouse tissues, while a similar sue of human type X mRNA was 
recognized mainly in the testis. In addition to the adult-type transcripts in mice, a smaller 
embryo-specific mRNA, 4.8-kb in sue, was identified in early to late embryonic stages, 
suggesting the presence of a shorter myosin X isoform in mouse embryos. In situ hybridization 
with mouse testis revealed that myosin X mRNA was restricted to Sertoli cells at stages VIIE 
X of spermatogenic cycle, whichBuggested that myosin X is involved in the suppo&g cells 
during the spermatid morphogenesis (Yonezawa et al., 2000). Amino acid alignment indicated 
that some of myosin X-specific structures previously identified in the tail region are highly 
conserved. Similar split PH subdomains are present in phospholipase C. The PH domain has 
now been identified in over one hundred proteins. Its primary function is thought to be 
targeting signaling molecules by binding to membrane phosphoinositides. From the PH 
domain, it is highly probable that myosin X functions, in an actin-based manner, to transport 
target molecules to the plasma membrane and/or to hold them on or near the membrane 
(Yonezawa et al., 2000). 

25.5.2. Functions of Myosin in Reproduction 

Smooth muscle heavy myosin and actin have been detected in mouse and rat meiotic 
chromosomes. Both contractile proteins are detectable in the nuclei of meiotic cells during the 
first prophase. The appearance and disappearance time of myosin and actin, however, is not 
synchronous. The two contractile proteins are associated with the synaptonemal complex 
(SC). Myosin seems to be associated with the central region of the SC, while actin is 
in its basal knob, which is in connection with the nuclear membrane. The presence of contractile 
proteins in the nuclei of primary spermatocytes seems to suggest that they might play a role 
in the process of pairing of homologous chromosomes @e Martino et al., 1980). In normal 
mice, some spermatocytes fail to undergo cytokinesis after meiotic-I or -11 nuclear division, 
and to form syncytial secondary spermatocytes and spermatids. Abnormal cytokinetic cells 
develop sparse and dispersed midzone spindles during the early stage. However, during late 
stages, single and compact midzone spindles are formed as in normal but localize asymmetrically 
and attach to the cortex. Myosin and F-actin were observed in midzone spindle and midbody 
regions of clearing cells implying that cytokinetic failure is unlikely to be due to defect in 
myosin or actin assembly. Depolyrnerization of microtubules by nocodazole resulted in the 
loss of the midbody-associated F-actin and myosin. These observations suggest that actin- 
myosin localization in the midbody could be a microtubule-dependent process that may not 
play a direct role in cytokinetic furrowing (Manandhar et al., 2000). Bi et a1 (1997) provided 
direct evidence, which indicated that in intact living cells, kinesin and myosin motors may 
mediate two sequential transport steps that recruit vesicles to the release sites of Ca2+ regulated 
exocytosis, although the identity of the responsible myosin isoform is not yet known. In 
addition, results provide in vivo evidence for the cargo-binding function of the kinesin heavy 
chain tail domain (Bi et al., 1997). 

To explore the role of non-muscle myosin II isoforms during mouse oogenesis, fertilization, 
and early development, microinjection studies, using monospecific antibodies to myosin IIA 
and IIB isotypes each of which recognizes a 205-kDa protein in oocytes, but not mature 
sperm. Myosin IIA and IIB demonstrated differential expression during meiotic maturation 
and following fertilization since only the IIA isoform detects metaphase spindles or accumulates 
in the mitotic cleavage furrow. Microinjection of a nonphosphorylatable 20-kDa regulatory 
myosin light chain specifically blocks sperm incorporation cone disassembly and impedes 
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cell cycle progression, suggesting that in terence with myosin I1 phosphorylation influences 
fertilization. Although murine spermatozoa do not express myosin 11, different myosin I1 
isotypes may have distinct roles during early embryonic development (Simerly et al., 1998). 

25.5.3. Myosins in Spermatogenic Cells of Non-Mammalian Species 

i) Minor myosin, a myosin isoform from Drosophila testis is encoded by the muscle myosin 
heavy chain gene. Class VI unconventional myosin is required in spermatogenesis in 
Drosophila. During spermatogenesis the spermatids remain interconnected by cytoplasmic 
bridges until individualization. The process of individualization involves the formation of a 
complex of cytoskeletal proteins and membrane, the individualization complex (IC), around 
the spermatid nuclei. The 95F myosin is a component of the IC whose function is essential for 
individualization. In wild-type testes, 95F myosin localizes to leading edge of the IC. Two 
independent mutations in 95F myosin reduce the amount of 95F myosin in only a subset of 
tissues, including the testis. This reduction of 95F myosin causes male sterility as a result of 
defects in spermatids individualization. The IC movement was aberrant in these 95F myosin 
mutants, indicating a critical role for 95F myosin. The identification of a component of the IC 
other than actin suggested that 95F myosin is a motor that participates in membrane 
reorganization during individualization (Hicks et al., 1999; Miedema et al., 1995). 

ii) Analysis of a C. elegans class VI myosin deletion mutant revealed a role for this motor 
protein in the segregation of cell components during spermatogenesis. Mutant spermatocytes 
cannot efficiently deliver mitochondria and endoplasmic reticulum/Golgi-derived fibrous-body 
membranous organelle complexes to budding spermatids. The segregation defects were not 
due to a global sorting failure, as nuclear inheritance was unaffected. It suggested that 
C. elegans myosin VI has an important role in the unequal partitioning of two organelles and 
cytoskeletal components, a role for this class of motor protein (Kelleher et al., 2000). 

iii) Both actin and myosin have been found on ascidian sperm mitochondria and sperm tail. 
Boltenia and Cnemidocarpa sperm have additional actin at the tip of the head and additional 
myosin at the base of the head. The presence of actin and myosin on the mitochondrion and 
in the tail supports a means by which the force for mitochondria1 movement is generated 
(Lambert and Lambert, 1984). Contractile proteins (actin, myosin) and tubulin have been 
revealed within DNA-containing nucleocytoplasm of mature spermatozoa of Libinia 
emarginata L. Antisera to actin or myosin, revealed staining at different nucleocytoplasmic 
sites and in radial processes of the spermatozoa. Myosin was present at the base of each of 
three radial extensions, whereas actin appeared throughout the nucleocytoplasmic compartment 
and in radial extensions (Perez et al., 1986). 

iv) Myosin is present in the head portion of spermatozoa of the starfish, Asterias amurensis. 
The sperm has a specific Ca2+ activated ATPase activity and resembles egg myosin in forming 
thick filaments and in getting attached to actin filaments, subunit composition, and serological 
properties (Mabuchi, 1976). 

v) Fowl sperm: The presence of myosin light cham kinase (MJ.,CK) in fowl sperm indicates the 
presence of myosin involved in fowl sperm motility (Ashizawa et al., 1995a; 1995b). The 
motility of both intact and demembranated fowl spermatozoa was vigorous at 30°C but 
decreased markedly following the addition of ML-9, a specific inhibitor of myosin light chain 
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kinase. Furthermore, the presence of a MLCK substrate peptide also inhibited the motility of 
demembranated spermatozoa at 30° C. In contrast, the addition of H-8 or HA1004 specific 
inhibitors of CAMP- dependent protein kinase, did not appreciably affect the motility of either 
intact or demembranated spermatozoa. This suggested that the phosphorylation of axonemal 
protein@) by MLCK or MLCK-like protein, rather than by CAMP-dependent protein kinase, 
may be involved in the maintenance of fowl sperm motility at 30° C. 

vi) Cranejly: Myosin is involved in cranefly primary spermatocyte division as revealed by 
myosin inhibitor (BDM) on chromosome movement and cytokiiesis. Myosin ATPase inhibitor 
reversibly perturbed the movements of all autosomes. BDM added before anaphase onset 
altered chromosome movement less than BDM added during anaphase. Study confirmed the 
role of BDM on inhibition of myosin ATPase and indicated that the myosin is activated near 
the start of prometaphase. The effects of BDM on myosin indicated that the myosin used for 
cytokinesis of spermatocytes is activated starting from autosomal anaphase and continuing 
throughout cytokinesis (Silverman-Gravila and Forer, 200 1). 
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Chapter 26 

CELL ADHESION PROTEINS 

26.1. CELL ADHESIONS 

Metazoans possess the property of cell adhesion to hold the cells together, but adhesion does 
much more than what has been stated. Adhesion receptors make transmembrane connections, 
linking extracellular matrix and adjacent cells to the intracellular cytoskeleton. They also serve 
as signal transducers. Prior to fertilization, mammalian sperm must first bind to the zona pellucida 
(zP), a glycoprotein matrix surroundiig the egg. The Z P ~  of ZP functions as both an adhesion 
molecule and as a secret agogue for acrosomal exocytosis. Affinity parameters substantiated 
the assumption that the initial adhesion event between sperm and the zona pellucida is a high 
affinity event, which is sufficient to tether a sperm to the extracellular matrix of ZP prior to the 
induction of acrosomal exocytosis. In testis adhesion also plays important role in germ-germ 
cells and germ cell-Sertoli cells and interactions. The proposed candidates for adhesionlsignaling 
molecules have been listed (Table.26.1). In addition to these adhesions, there are some other 
molecules, which act during gamete interaction. These molecules are present in diverse 
somatic tissues and mediate cell-cell and cell-matrix interactions. These are the extra-cellular 
matrix proteins (ECM) (vitronectin, fibronectin, laminin, collagen, von-Williband factor etc.), 
NCAM and the cell adhesion molecules (CAMS) acting like receptors either for other CAMS or 
for ECM. Fortunately, most of the adhesion receptors fall into a relatively small number of 
families, the major ones of which have been shown in Fig. 26.1. The receptor nature of these 
molecules has been classified into (a) integrins, (b) cadherins (c) Ig superfamily molecule, (d) 
selectins (e) and mucins (Hynes, 1999). 

26.2. INTEGRINS 

The major family of adhesion receptors comprises of integrins (ITGs). Integrins are 
indispensable and represent the best-known transmembrane glycoprotein receptors. Unlike all 
others, they are non-covalently bound heterodimers with cytoplasmic and an extracellular 
domain composed of aunique specific smaller #subunit and a distinct larger a-subunit. These 
heterodimers act as receptors for ECM components and membrane anchored cell surface co- 
receptors. Since they are involved in integrating the extracellular matrix proteins with the 
intracellular cytoskeleton proteins, hence they are called intergins. Integrins can be activated 
to bind extracellular ligands by intracellular ligands. This type of signaling is thought to involve 
change in conformation by various factors. In mammals, there are genes for eighteen a and 
eight PI integins; many ap combinations fail to occur but at least two dozens are well defined. 
Most integrins are predominantly or exclusively receptors for ECM proteins such as fibronectins, 
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Fig26.1. Major class of cell adhesion receptors. (a) Integarins, (b) Cadherins (c) Ig superfamily (d) Selectins. 
Adapted with permission from R.O.Hynes. TIBS 24; M33-37: 19990 Elsevier Science 

laminins and collagens but a few also play important roles in heterotypic cell adhesion. Integrins 
play a central role in cell adhesion to basement membranes, in the polarization of cells induced 
by that adhesion and in cell migration upon and through ECM. 

The P chain of ITGs at N-terminus consists of a conserved region possessing ligand- 
binding activity, cation-binding site and is also involved in heterodimer formation. All P- 
subunits of ITGs possess a cyseine rich domain consisting of 40 consecutive cysteine residues. 
This cysteine rich domain undergoes extensive interchain disulphide binding to provide correct 
conformation required for its biological function. In several cell-cell interactions, integrins act 
as co-receptors after activation and are able to transduce signals through cytoskeletal proteins 
and adaptor kinases. Intergins transduce signals through the membrane after ligand binding, 
including the regulation of intracellular pH or intracellular free calcium, phosphorylation of 
tyrosine or serinetthreonine residues and inositol lipid turnover. Very often ITG receptors are 
associated with other receptors in a multi-molecular complex, which contributes to cell activation. 
This molecular complex involves not only surface molecules but also cytoskeletal proteins. 
The cytoplasmic domain of the P-subunit binds talin, a-actin and vinculin and help in 
cytoskeletal reorganization. The clustering of ITGs and co-receptors leads to the activation of 
several signaling kinases, tyrosine kinases and mitogen activated protein kinases. Integrin 
receptors are expressed on sea urchin, mouse, hamster and human unfertilized oocytes. Available 
information suggests that they may act in similar way during fertilization and may participate in 
the initiation andlor propagation of the calcium signal via stimulation of phospholipases and 
production of inositol triphosphate (Fenichel and Durand-Clement, 1998). The integrin a6P 1 is 
one candidate, which may serve as a sperm receptor, mediating sperm-egg binding. Integrins 
play particularly important roles in fertilization and embryogenesis, including the process of 
implantation. A disruption of the integrin expression is associated with certain types of infertility 
in women. However role of integrins as a receptor in egg-sperm adhesion molecules has been 
contradicted (Ji et al, 1998; Miller et al, 2000). Agents that affect growth and differentiation can 
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Table 26.1 Classification and characerstics of integrins (Shrimali and Reddy, 2000) 

Family $ a a/3 Receptor I Ligand RGD Distribution 
sub sub complex name domain Recognition 
unit unit 

VLA P, 4 %P, VLA-1 + ? Ublqultous 
Proteins 

3 '+PI VLA-2 + ? Ubiquitous 

% %& VLA3 - Co,Fn,entacin ? Ubiquitous 

4 a$, VLA-4 - Fn, VCAM-I - Ubiquitous 

g Q, VLA-5 - Fn + Ubiquitous 

% %P, VLA-6 - L RGD Ubiquitous 

Thr Epith muscle 

Fn,Vn? + Cell lines 

Leucocyte P2 q q P 2  LFA-I + ICAM1,-2,-3 - Leucocytes 
integrins 

U& MAC-1 + C3b,Fb Neutrophils, 
ICAM-I Monocytes,LGL 

$P2 P150, P95 + C3b, LPS - M, monocyte 

q, a& LPAM-I Fn, VCAM-1 Lymphocytes 

'=% %P7 + E-Cadherin Lymphocytes 

Cyto- $, a,, VitronectinR - Vn,Fb,Fn, + Ubiquitous 
adhesin VWF,Tn,Thr 

Vn,Fn + Ubiquitous 

Pe a,, Fn,Tn ? Lung epithelium 

P a  a,, s 8 e  Vn + Cell line 

P 4  % q 4  Ln + Epithelial cells 

Co = Collagen, Fb= Fibrinogen, Fn= Fibronectin, LFA= Leucocyte function assoicated antigen, Ln= Laminin, 
LGL= Large Granular Lymphocytes, M= Macrophage, Tn= Tenascin, Thl- Thmmobospondin, Vn= Wtronectin 
VWF = Van Williband Factor, VLA = Very late antigen, 

modulate ITG expression. Factors like TGF-1 $, TNF-a, interferon-? and NGF upregulate the 
synthesis of very late antigens (VLA) av, $1, P3, $5 and P6 ITG subunits. Integrins are classified 
according to the mode of adhesion in which they are involved: i) adhesion to ECM for which 
ligands are; fibronectin, laminins, collagens, vitronectin, von Williband factors ii) cell-cell 
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adhesion, and iii) platlet adhesion. 
The mRNAs for integrin subunits a5, a6, av, pl, P3, P5, a 6  p l  and av  P3 have been 

detected on the plasma membrane of unfertilized mouse eggs. The GoH3, an anti-a6, indicated 
the role for the integrin a6P 1 as a cell-cell adhesion receptor that mediates sperm-egg binding. 
Chen and Sampson (1999a) suggested that fertilin-p binds directly to a6Pl integrin on egg 
surface and mediates sperm egg fusion, and that different states of a6P 1 could interact with an 
ECM ligand (laminin) or a membrane-anchored cell surface ligand (fertilin-p) (Alrneida et al., 
1993; Chen etal., 1999a,b,c). 

26.2.1. Integrins and Their Ligands in Testis and Sperm 

The reactivity of integrin P and 1x3, a 5  and a6 chains has been found in the basement membrane 
of the human seminiferous tubules, spermatocytes, spermatids and testicular spermatozoa, 
whereas, the a l ,  a 2  and a4  chains could not be detected on spermatogenic cells. Very late 
antigens (VLA) subunits were localized on endothelial cells, leukocytes and basement 
membranes. Matrix proteins such as laminin, collagen IV, and fibronectin were detectable as 
components of basement membranes in human testis. Germinal cells except spermatogonia 
express fibronectin only (Glander et al., 1998). The presence of a3, a5, a 6  ITG subunits and 
fibronectin in human testis suggests their role in Sertoli-Sertoli cells and Sertoli-germ cell 
adhesion. The evidence of ligands of PI ITGs, fibronectin, and collagen on the surface of 
spermatozoa of different species, gives the first hint of involvement of adhesion molecules in 
fertilization. 

On human sperm surface, Collagen IV, al(CD49a) and a(CD49b) chains do not express, 
but laminin was detected at the acrosomal membrane, while fibronectin and P4 integrin chains 
were located mainly at the equatorial membrane. The fibronectin receptors a3, a4  and a 5  
chains of the p l  integrins were mainly located on acrosomal and equatorial membrane areas, 
whereas laminin receptor a 6  chain was located post-acrosomal and less fiequently acrosomal. 
While P2 chain and vitronectin receptors aV and P3 chains showed mainly post-acrosomal 
localization, the LFA-3 (CD58) was found constantly on post-acrosomal membrane regions. 
The localization of fibronectin appeared to be influenced by the presence of integrins, since 
the typical equatorial fibronectin band disappeared in case of an equatorial localization of 
integrins (Trubner et al., 1997). The P 1 ITGs (and a 6  ITG) subunit has been detected on human 
spermatozoa (Klentzeris et al., 1995). Low expression of a6, P3 and P4 ITG subunits on sperm 
has been assigned the cause of oligoasthenozoospermia (Reddy et al., 1998). 

Eggs are rich in three cytoskeletal proteins known to be linked to the P chain of integrins: 
talin, vinculin and a-actinin (de Nadai et al., 1996). The Dl and av  integrin subunits were 
present consistently at the surface of pig oocytes, whereas the remaining a integrin subunits 
were not routinely detected. Sperm plasma membrane proteins of 137- and 93-kDa appeared to 
be the ligands for the P 1 integrin subunit. These results are consistent with a av  and P 1 pig 
oocyte integrin interacting with a ligand on the sperm plasma membrane during fertilization. 
The a 2  and a 5  integrin chains may be common mediators in adhesion-fusion mechanisms 
triggered by fertilization (Linfor and Berger, 2000). 

There is accumulating evidence, which suggests that the RGD sequence is involved in 
sperm adhesion to the oolemma. In this interaction ITGs might be the oolemmal receptors 
responsible for recognition of RGD ligands on sperm. Many ITG subunits (a2, a6P 1, avp3, a3, 
a5, av, am and pl) have been identified on hamster, mouse and human eggs (Shrimali and 
Reddy, 2000). Involvement of fibronectin in the gamete interaction was madeclear by the fact 
that fibronectin is localized in the region where a spermatozoon is b e d  first with the egg 



A. T1 cadherin from mouse testis(Acce8sion AAB87707) 

1 -DSKL RRDVZIPETIF QIRRTWLWE NIDVQDFIHR RLICENDSTAP PYDSLATYAY 
61 EGNDSVANSL SSLESLTADC NQDYDYLSDW GPREI(RLAEM YGGNDSDLN 

B. T2 cadherin from Mouse testis (Accession AAB87708) 

1 DDVDRRSFSF SL?AVNPNFT VQDNEDNTAR ILFIRXNGFNR EEISTYLLPV VISDNDYPIQ 
61 SSTGTLTIRV CACDS- SCSAEBLLLP WPBTGALIAI LLCIIILLVI VVLFAALKEP 
121 LILSKEDIRD NIVSYNDEGG GEED-I GTLRNPAAIE EKRLRRDIIP ETLFIPRTPT 
181 APGNTDVRDF INERLIOZHDL DPTAPPPDSL ATYAYEGNDS VXESLSSLES GTTEGDQNYD 
241 Y L R E W G m  lCLAEMPGGGE SDKDS 

Fig.26.2. Amino acid sequence of TI-cadherin (A) and T2-cadherin (B) present in mouse spermatogenic 
cells. Source: httpllwww. ncbi.nlm.nih.gov. 

plasma membrane during fertiliition antibodies (Hoshi et al., 1994). 

263. CADHERINS 

Cadherins are critical components of adhesive interactions between cells. Through homotypic 
interaction of their extracellular domains, cadherins physically link cells and provide spatial 
cues, which modulate cell behaviour. Cadherins convey this information by regulating 
intracellular signaling events via their cytoplasmic domains. Classic cardherins and 
protocadherins are two subfamilies within the cadherin superfamily that depends on Ca2+ for 
cadherin functioning. The extracellular domains of cadherins contain five characteristic cadherin 
repeats, each comprising a sandwich of P sheets. Structural and functional analyse suggested 
that the functional unit is a dimmer as shown (Fig. 26.1). Clustering of cadherins is an important 
aspect for their functions, and multiple dimer-dimer interactions are believed to provide sufficient 
local avidity to mediate cell-cell adhesion. Both sub-families of cadherins share the typical 
cadherin repeats in their extracellular portion but differ in their cytoplasmic regions. The 
cytoplasmic domain of classic cadherins (type I and 11) contains conserved sequences that 
interact with proteins termed catenins and actin cytoskeleton. Protocadherins have six cadherin 
repeats. Recently, three families within the protocadherin subfamily have been described: 
protocadherin a ,  P, and y (PCDHa, j3 and y). The PCDHa and y (and likely P) families are 
distinguished by unique cytoplasmic domain. Within each PCDH family, individual members 
differ in their extracellular domains but have identical cytoplasmic domains. Therefore, each 
protocadherin family has the potential to mediate numerous events. 

26.3.1. Cadherins in Male Germ Cells 

Studies on cadherin function in testis have been limited to classic cadherins. Seven classic 
cadherins expressed in mice testis are E, N, P, K, T1, T2 and OB (Munro and Blaschuk, 1996). 
Rat testis expresses at least 24 cadherins. Similar to brain, testis expresses a large number of 
cadherin superfamily members: 7 classic cadherins of (types I and 11), 14 protocadherins, 2 
protocadherin-related cadherins, and 1 cadherin related receptor like protein. All three 
protocadherin families (a, P and y) were found in testis. The results on mRNA expression 
during a postnatal developmental time course and following ablation of specific testis cell 
types imply that cadherin expression is regulated by paracrine interactions within testis. Three 
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members of the cadherin family of calcium dependent cell adhesion molecules (neural-cadherin 
[N], epithelial cadherin [El, and placental-cadherin [PI) have been shown to be present in 
mouse, rat and human testes. These CAMS are known to be capable of regulating the formation 
of intercellular junctions. They have been implicated as modulators of cell polarity, cell sorting, 
and cell migration. Diverse expression patt&ns and the large number and variety of cadherin 
superfamily members found in testis support a critical function for cadherin mediated cell 
adhesion in spermatogenesis. Ziv et al., (2002) proposed a specific cadherin organization at the 
fusogenic domains of both gametes. 

Developmental Regulation: On the basis of PCRanalysis, Munro and Blaschuk (19%) reported 
seven cadherins (E-cadherins, N-cadherin, P-cadherin, K-cadherin OB cadherin as well as T1- 
cadherin, and T2-cadherin, expressed at various stages during mouse testicular development, 
which was ascertained by mRNA levels of each cadherin. N-cadherin mRNA is expressed at all 
stages of testicular development from fetal life till adulthood, with maximal levels being present 
in the testes of 2 1 day old mice. Furthermore, E-, P-, K-, OB-, and T2-cadherin mRNAs are all 
expressed in the fetal gonad, followed by a dramatic decline after birth. Conversely, T 1 -cadherin 
mRNA was not detected in the fetal, newborn, and 7 day old testes but was present in 2 1 days 
old testis, being 10-fold higher in the testes of adult mice, compared to the levels found in the 
testes of 21 day old mice. The cytoplasmic domains of classic cadherins interact with catenins. 
Cadherin-catenin complex has been associated in cell transduction pathway. The high levels of 
cadherin expression inhibit Batenin signaling activity. Therefore, it seems likely that N-cadherin 
mediated cell adhesion in testis is linked in some way to these signaling events and testicular 
development (Munro and Blaschuk, 1996) (Fig.26.2). 

In another study, analysis of rat testicular RNA indicated the presence of N- (4.3 and 3.5- 
kb) and P- (3.5-kb) cadherin transcripts, whereas E-Cadherin message was not detected. During 
postnatal rat testicular development, relative P-Cadherin mRNA levels were highest at 7 days 
of age and decreased to almost half by day 14. This contrasted with the developmental pattern 
observed for the 4.3-kb N-Cadherin transcript, which was low early in testicular development 
but increased to peak levels on day 42, coincident with the shedding of the fust sperm. N- 
Cadherin mRNA concentrations decreased from 42 to 56 days and then remained constant 
until 91 days. The developmental patterns of P and N cadherin mRNA suggested a role for P 
cadherin in early testicular development, while N cadherin appeared to play a role in later 
stages of spermatogenesis (Cyr et al., 1992). However, other studies suggested N-cadherin to 
be produced by the Sertoli cells and spermatocytes. Antibodies directed against N-cadherin 
block Sertoli cell-spermatogenic cell adhesion in vitro. The expression of a 135-kDaN-cadherin 
in the human seminiferous epithelium was demonstrated on the surface of spermatogonia and 
primary spermatocytes, and possibly also around some early spermatids, whereas late spermatids 
were always negative. Expression of E-cadherin could not be detected in the human testis 
(Andersson et al., 1994). 

The rat testicular N-cadherin was predicted a polypeptide of a 883-amino acids that 
displayed a 98.6% identity with the mouse homologue, and was found to be expressed by 
Sertoli and germ cells in the rat testis; the N-cadherin expression increased with time. The 
primary amino acid sequence of N-cadherin in aa-1 to aa-272 is highly conserved between the 
chicken and the mouse. This stretch of sequence, the known cell binding site of which may be 
necessary for interactions between two cadherin molecules is also present in rat N-cadherin. 
Since N-cadherin plays a crucial role in facilitating invasive capacity of metastatic tumor cells, 
the observation of germ cell released factor(s) in affecting Sertoli cell N-cadherin expression 
may suggest its possible role in facilitating germ cell migration during spermatogenesis (Chung 



et al., 1998). Rat and mouse N-cadherins share 98% homology. 

Hormonal Regulation of N-Cadherin: The production of N-cadherin by Sertoli cells was 
stimulated by testosterone in the presence of FSH alone. The FSH can also induce an increase 
in Sertoli cell N-cadherin mRNA in viho, which can be further enhanced by estradiol. The 
action of FSH is mediated by specific receptors that are functionally coupled via membrane- 
associated G proteins to the adenyl cyclase CAMP pathway. The CAMP analogs, onN-cadherin 
expression, further enhance the action of estradiol, while estradiol, testosterone, and 
dihydrotestosterone alone failed to stimulate Sertoli cell N-cadherin mRNA levels. In contrast, 
these steroids are potent regulators of testicular N-cadherin mRNA level in vivo (MacCalman 
et al., 1994). 

Both the production of N-cadherin by Sertoli cells and also the binding of round spermatids 
to Sertoli cells are stimulated in a synergistic manner by testosterone and FSH. Thus N- 
Cadherin may be one of the factors that subserve the androgen dependent process of round to 
elongated spermatid maturation. N-cadherin inversely correlated with the expression of E- 
cadherin (Chung et al., 1998; Perryman et al., 19%). 

Cadherins in Sperm: Fusion between hamster oolemma and spermatozoa is prevented in the 
presence of trypsin in Ca2+ free media, as is oocyte activation, implicating involvement of a 
cadherin like adhesion. The presence of an anti-cadherin antibody reactive peptide has been 
detected in human spermatozoa and testis. N-cadherin sequences from PCR products of testis, 
ovary and spermatozoa were identical except for occasional base changes (Goodwin et al., 
2000). Immunoblotting with the pan-cadherin antibody revealed a single band of approximately 
120-kDa in spermatozoa and oocyte extracts. Oocytes presented three classical (E-, P- and N) 
cadherins with the appropriate molecular weights of 120-130 kDa. However, in the sperm the 
presence ofE- cadherin was positive, while N-cadherin was negative (Rufas et al., 2000 clr Ziv 
et 4 2002). 

The third major class of adhesion receptors comprises the immunoglobulin superfamily (Ig- 
SF), characterized by the presence of v ' g numbers of Ig-related domains. Like cadherin 

sheets held together by hydrophobic interactions domains, these are sandwiches of t w o r  
(Fig.26.1). This is a stable structure that occurs also in another domain common among adhesion 
molecules: fibronectin type III (Fn3) domains (boxes), which frequently occur in tandem with Ig 
domains (circles) in cell adhesion receptors. Fn3 domains also occur in adhesive proteins of 
the ECM such as fibronectin and tenascin and in the ligand binding domains of cytokine 
receptors. The Ig superfamily is diverse, numbering well over 100 members in vertebrates. Like 
the cadherin and the integrin superfamily, Ig superfamily plays important roles in development 
by regulating cellular differentiation, adhesion and migration. Spermatogenic immunoglobulin 
superfamily (Sg-IgSF), a mouse protein belonging to the Ig superfamily expressed on 
spermatogenic cells binds to some membrane molecules on Sertoli cells in a heterophilic manner 
and thereby may play diverse roles in the spermatogenesis (Wakayama et al., 2003). 

Besign: Basigin (Bsg) is a highly glycosylated transmembrane protein belonging to the Ig 
superfamily with two Ig domains. A number of studies, including gene targeting, have 
demonstrated that Bsg plays pivotal role in spermatogenesis, implantation, neural network 
formation and tumor progression. The Bsg forms homo-oligomers in a cis-dependent manner 
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on the plasma membrane. If the disulfide bond of the more N-terminally located Ig-like domain 
was destroyed by mutations, Bsg could not form oligomers. Mouse and human Bsgs exhibit 
high homology in the transmembrane and intracellular domains but low homology in the 
extracellular domain. The association of Bsg heterologous species was weak as compared with 
that within the same species, suggesting the importance of the extracellular domain in the 
association. Results indicated that the N-terminal lg-like domain is necessary and sufficient for 
oligomer formation by Bsg on the plasma membrane (Yoshida et al., 2000). 

Nectin 2: Nectin-2 is a cell adhesion molecule encoded by a member of the poliovirus receptor 
gene family, which belongs to the members of Ig gene superfamily. Nectin-2 is a component of 
cell-cell adherens junctions and interacts with 1 -afadin, an F-actin-binding protein. Disruption 
of both alleles of the murine nectin-2 gene resulted in morphologically aberrant spermatozoa 
with defects in nuclear and cytoskeletal morphology and mitochondria1 localization. 
Homozygous null males were sterile, while homozygous null females, as well as heterozygous 
males and females were fertile. Nectin-2 functions at a late stage of germ cell development and 
expressed only during the later stages of spermatogenesis (Bouchard et al., 2000). Ozaki- 
Kuroda et al., (2002) have shown that the nectin-afadin system plays essential role in coupling 
cell-cell adhesion and the cortical actin scaffold at SspJs and in subsequent sperm 
morphogenesis. Mueller et al., (2003) describedthe generation of a mouse-line lacking a functional 
nectin-2 gene (nectin-2LacZ/LacZ). Although nectin-2LacZ/LacZ males produced normal 
number of motile spermatozoa, SEM revealed severe malformations of the sperm head and 
midpiece. Functional analyses indicated that the infertility phenotype of nectin-2-deficient 
male mice is caused by a combination of reduced migration to the oviduct, spermatozoa-zona 
binding, and sperm-oocyte fision (Mueller et aL, 2003). Nectin-2 (-I-) mice exhibit defective 
sperm morphogenesis and the male-specific infertility (Bouchard et al., 2000). 

Sperad: The Sperad, containing two extracellular Ig like domains, a transmembrane segment, 
and an intracellular proline-rich domain closely related to a large hmily (biliary glycoproteins) 
of putative cell adhesion molecules has been identified in testis. Spread is first expressed by 
the haploid spermatid and is localized to the plasma membrane overlying the acrosome, 
supportive of its role in cell adhesiodsignaling. The open reading h e  of two cDNA clones 
predicts protein of either 32.2 or 33.3-kDa. Antibody produced to Spread recognized three 
sperm plasma membrane proteins. The MI 55,000 sperm plasma membrane represents the full- 
length protein encoded by the clone. The acrosome reaction does not appear to alter the 
molecular weight of Sperad but does result in its loss from the sperm cells (Quill and Garbers, 
19%). 

Another well-studied group of cell adhesion receptors comprises the selectins and their counter- 
receptors. The figure 26.1 shows a heterophilic interaction between a selectin (P-selectin) and 
its counter-receptor, a heavily glycosylated protein, P-selectin glycoprotein ligand-1 (PSGL-1). 
Binding is through the C-type lectin domain in the selectin, which recognizes specific 
carbohydrate moieties, particularly sialyl-Lewis (x), in the counter receptorlligand (Hynes, 
1999). P-selectin is stored in 4ganules and dense granules of platelets as well as in Weibel- 
Palade bodies of endothelial cells, and it is rapidly redistributed to the cell surface after activation. 
While zona free human and hamster oocytes did not react with mAb directed against P-selectin, 
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oocytes fkom both species displayed reactivity with this antibody following their contact with 
human spermatozoa. Ca2+ ionophore induced activation of zona-intact human oocytes and the 
expression on the oolemma of P selectin moiety as well as P-selectin also appeared to be 
expressed on the sperm surface following the acrosome reaction. This suggested that P-selectin 
might be involved in gamete interactions (Fusi et al., 1996). 0-glycan structural similarities 
between oligosaccharides h m  human leukocyte, PSGL-1 and h m  zona pellucida glycoproteins 
of porcine oocytes also indicated the possible existence of a P-selectin ligand in the zona 
pellucida. Therefore, a search for a specific receptor for this ligand resulted to the identification 
of P-selectin on the acrosomal membrane of porcine sperm cells. In vitro binding of porcine 
acrosome reacted sperm cells to oocytes was found Ca2+ dependent and inhabitable with either 
P-selectin, P-selectin receptor-globulin, or relating antibodies. Moreover, porcine sperm cells 
were found capable of binding to human promyeloid cell line HL-60. Taken together, these 
findings further implicated a potential role for the sperm P-selectin in porcine sperm-egg 
interactions (Geng et al., 1997). 

26.6. ADAM PRUlEINS THE FAMILY OF METALXOPROTEINASE DISINTEGRINS 

Disintegrins (DITGs) are soluble ligands for integrins (ITG), found in snake venoms. These are 
short peptides of low molecular weight involved in cell-cell and cell-ECM interactions. 
Disintegrins molecules are functionally just the opposite of ITGs and hence the name disintegrins. 
Metalloproteinase-disintegrins are a family of zinc binding metalloproteinases that were 
originally isolated from the venom of snakes. They are closely related to the matrix 
metalloproteinases. Metalloproteinase-disintegrins or ADAMs (a disintegrin and a 
metalloproteinase) have a unique domain structure composed of a signal sequence, pro-domain 
with a Cys switch, catalytic domain with a zinc-binding motif, disintegrin domain, cysteine-rich 
domain, a transmembrane domain, and a cytoplasmic domain. All members of this family are 
predicated to be membrane anchored. Thus as a group they possess four potential functions: 
metalloprotease activity, cell adhesion activity, cell fusion activity, and signaling activity. Till 
date more than thirty similar proteins have been identified which contain DITG like domain and 
grouped together into a family of A Disintegrin and A MetalloproteaseLMetalloprotease 
Disintegrin Cysteine ( A D W C ) .  Thus, ADAM proteins are type 1 transmembrane proteins 
expressed on the cell surface. Protein kinase C is known to stimulate ADAMsY protease activity. 
The ADAMs have been isolated from mammalian species, Caenorhabditis, Xenopus, and 
Drosophila. Approximately half of the ADAMs do not contain the zinc-binding motif 
HEXXHXXGXXHD, which is required for enzymatic activity. However, all ADAMs contain the 
disintegrin domain, which comprises approximately 80 amino acids in length with 15 highly 
conserved Cys residues. In some members this region has been found to bind integrins, 
although the role of this domain for the majority of the family members is unknown. Among two 
and a half dozen ADAMs identified, only in a few, their biological roles elucidated. It is believed 
that through their proteolytic, adhesive and fusogenic functions, ADAMS are implicated in a 
variety of important physiological and pathological fhctions(Evans et al., 1998; Yuan et al., 
1997; Lum and Blobel, 1997). Some ADAMs are ubiquitously expressed (ADAM9, ADAMIO, 
ADAM1 5, and ADAM17) and may have pleotropic effects, as has been found for ADAM1 5 
and ADAM17. Many of the other ADAMs, however, show tissue-specific expression: 
ADAM12 and ADAM19 in muscle, ADAM22 in brain, and ADAM23 in brain and heart. The 
largest group of ADAMs (1,2,3,4,5,6,7,18,20,2 1,24,25,26,27,29,30, and 3 1) is predominately 
expressed in testis and is thought to be involved in spermatogenesis and fertilization. The fmt 
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mammalian ADAMs discovered, ADAMl and ADAM2 are reqrlired for sperm-egg fusion 
(Cerretti et al., 1999). The cloning and sequence analysis of cDNAs encoding several rat 
orthologues of ADAM protein family, some of which are expressed exclusively in the male 
reproductive tract, others exhibiting a broader tissue distribution have been reported (Frayne 
et al, 1997). 

Atleast six ADAM mRNAs are known to express in spermatogenic cells at different times 
of spermatogenesis. RNAs encoding ADAM 2 and 3 are found only in testis and spermatozoa, 
but RNA encoding ADAMs 1,4 and 5 are present in other tissues as well. The ADAM2, which 
is found on sperm surface as a heterodiier, is the only ADAM heterodimeric ADAM found on 
sperm. Both a and P subunits of ADAM 2 are proteolytically processed during different 
stages of sperm development. Proteolytic activity of metalloprotease domain is functional 
during spermatogenesis and brings about proteolytaic cleavage of a and P, so that mature 
forms of ADAMs are present on ejaculated spermatozoa. Cysteine rich domains have been 
found to contain a fusion peptide, which is thought to help in sperm-egg membrane fusion 
(Shrimali and Reddy, 2000; Finaz and Hammami-Hamza, 2000). Several ADAM transcripts are 
expressed in fetal, neonatal, and prepubertal testes. Cyritestin (ADAM3), ADAM5, ADAM6, 
and ADAM1 5 are expressed on day 17 in fetal testes. In contrast, no expression of fertilin a 
(ADAMl) and fertilin & (ADAM 2) was detected in fetal testes. Fertilinfl gene expression starts 
after postnatal day 2, subsequent to the expression of fertilin d, which occurs on postnatal day 
1. After postnatal day 2, all the indicated ADAMs, including the fertilin a and fertilin P, 
continued to be expressed (Rosselot et al., 2003). 

Three closely related isoforms of monkey testis MDC are expressed not only in the testis, 
but also in the liver, albeit at a lower level. While some members of the MDC family were 
specific to the reproductive tract, suggesting functions peculiar to those tissues, others had a 
broader tissue distribution and might therefore play a more general role in integrin-mediated 
cell-cell recognition, adhesion or signaling (Peny et al, 1994, 1995; Barker et al, 1994). The 
distribution of seven of macaque MDC transcripts, including the description of a testis-derived 
tMDC 111, their localization in spermatogenic cells in testis sections, and their processing on 
the sperm surface during epididymal transit has been described in different tissues (Frayne et 
al., 1998; Juny et al., 1999). Unlike many MDC proteins expressed in the reproductive tract, 
epididymal eMDC I1 possesses the extended 'catalytic centre' consensus sequence 
characteristic of a reprolysin-like metalloproteinase. This suggested that eMDC I1 had proteolytic 
activity (Jurry et al, 1999). Full-length clone from a Macaca fascicular corresponds to a 2.65-kb 
mRNA in testis. The encoded putative 82-kDatransmembrane protein (tMDC1) showed striking 
sequence similarity to other members of the MDC family including rat and monkey EAP-I, 
guinea-pig PH-30 and human MDC protein, as well as a number of snake venom components 
(Baker et al., 1994; Peny et al., 1994). 

Shilling et a1 (1997) identified the disintegrin domain of five distinct MDC proteins from 
Xenopus laevis testis cDNA. Four of these sequence tags (Xmdc9, Xmdcll. I, Xmdcll.2, and 
Xmdcl3) showed strong similarity to known mammalian MDC proteins, and expressed in other 
tissues, whereas the fifth (XMDC 16) represents a novel family member whose mRNA was only 
expressed in testis. The XMDC16 protein sequence contains a metalloprotease domain with 
the active-site sequence HEXXH, a disintegrin domain, a cysteine-rich region, an EGF repeat, 
a transmembrane domain, and a short cytoplasmic tail (Shilling et al, 1997). 

26.6.1. Fertilin 4 and (ADAMI and ADAM2) 

The DITGs molecule fertilin a@ is an integral membrane glycoprotein on the posterior head of 
the guinea pig sperm (previously pH-30). Fertilin consists of two tightly associated but 
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immunologically distinct subunits: a and P both of which are synthesized as large precursors 
in the testis. Fertilin a is processed in the testis whereas fertilin P is processed in the epididymis. 
The a-subunit contains a potential fusion peptide. The subunit P contains a DITG domain, 
which is a high affinity ITG ligand. The P-subunit exhibits a hairpin loop that presents the 
binding sequence RGD at its tip. Both a and P subunits of fertilin have been shown to participate 
in sperm-egg binding and the subsequent membrane fusion. The sequence similarity between 
PH-30 a, PH-30 P, HRIB, and disintegrins indicated a common ancestry. The PH-30 a and P are 
unique, however, in that they contain transmembrane anchors. Sequence analysis of primate 
fertilin a genes showed that fertilin a1 and fertilin a11 isofom possess a common central 
region and different, but related 5' and 3' regions with nucleotide identities (Jury et al., 1998). 

Since fertilin a and fertilin p are sperm plasma membrane proteins, which are implicated in 
binding to- and fusion with the egg plasma membrane, they represent the prototypes of a gene 
family, renamed as ADAM in honour of its dual origin in the fields of snakes and fertility, a 
widely expressed and developmentally regulated family of proteins containing a disintegrin 
and a metalloprotease domain (Wolfsberg et al., 1995). In situ hybridization demonstrated that 
RNA encoding these ADAMs is expressed only in spermatogenic cells and that this expression 
is developmentally regulated. Mouse ADMAs display different patterns of tissue distribution. 
The developmental expression of fertilin a and P in pre-pubertal and mature rat testes, showed 
that fertilin a mRNA was present at all stages of development, suggestingthat it is not exclusively 
expressed in post-meiotic germ cells. In contrast, fertilin P mRNA was first identified in day 19 
day old testes, coincident with the presence of pachytene spermatocytes. Fertilin a has the 
consensus active site sequence for a zinc-dependent metalloprotease in their metalloprotease- 
like domain. Guinea pig fertilin a and P are made as full-length precursors, which are 
proteolytically processed during spermatogenesis, resulting in removal of the pro- and 
metalloprotease-like domains and retention of all or part of the disintegrin domain, cysteine- 
rich domain, epidermal growth factor (EGF) like repeat, transmembrane domain, and cytoplasmic 
tail. During interactions with the egg plasma membrane, the most immediate relevant roles of 
fertilin a and p are postulated in cell-cell adhesive and fusion functions. The guinea pig fertilin 
alp complex shares molecular and biochemical features with certain viral adhesionlfusion 
proteins. All fertilin a subunits (guinea pig, mouse, bovine, and monkey) contain a hydrophobic 
sequence in their ectodomains with similarity to viral fusion peptides. Although suggestive, 
none of these observations constitutes proof that fertilin a is a bonafide membrane fusion 
protein. The bovine homologues of fertilin a and P have the same domain organization as 
guinea pig fertilin a and -P. In contrast to the reported sequence of guinea pig fertilin a ,  the 
mature proteolytically processed bovine fertilin a subunit contains a complete disintegrin-like 
domain, and a potential amphipathic P strand, which may be involved in sperm-egg fusion. 
Gradient sedimentation experiments suggest that the fertilin a lp  heterodimer may be present 
on the sperm surface as a higher-order oligomer (Chen et al., 1998; Waters and White, 1997). In 
the mouse, it has been proposed that the disintegrin domain of fertilin P binds to the egg 
integrin a 6  p 1. Mouse genes coding fertilin a and fertilin P with asigned locus symbols Ftna 
and Ftnb respectively, were mapped to chromosomes 5 and 14 (Cho et al., 1996). 

The nucleotide sequence of mature fertilin a contains an O W  encoding 289 amino acids 
with one predicted transmembrane domain. The glycosylated protein has molecular mass of 
60,000 D on reducing SDS-PAGE where as the predicted size of unmodified mature fertilin a 
from the cDNA sequence is 29,700. Although N-linked glycosylation accounts for part of this 
difference, additional post-translational modifications of the molecule must also predict its 
electrophoretic mobility. Fertilin a contains a region (residues 90-1 11) that fulfills all the criteria 
as an internal fusion peptide. Potential fusion peptide of fertilin a overlaps a region (residues 
82-102) that is similar in sequence to a potential fusion peptide of the E2 glycoprotein of rubella 
virus. 
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The nucleotide sequence ofmature fertilin P contains one ORF encoding 353 amino acids, 
with two potential sites for N-linked glycosylation and one predicted transmembrane domain. 
The calculated size of unmodified fertilin P is 39,000 Da, in good agreement with the observed 
size of glycosylated fertilin P on reducing SDS gels. The N-terminus of 90 amino acids of 
mature fertilin p contains a putative integrin-binding 'disintegrin' domain that could function 
in the membrane-binding step that precedes sperm-egg fusion. Disintegrins (such as bitistatin, 
barbourin, kistrin and echistatin comprise a family of short amino acids), are soluble and highly 
conserved platelet aggregation inhibitors fiom sanke venoms which act by competitive inhibition 
of fibrinogen binding to the integrin gpllb/IIIa. The similarity of sperm fertilin P to these integrin 

- - -  

ligands suggests that it binds to a receptor, probably an integr&, on the egg post membrane. 
Fertilin a and -P contain an epidermal growth factor (EGF)-like repeat (Zhu et al., 2000). 

Human fertilin p or ADAM 2 encodes a protein of 735 amino acids (2205 nucleotide) open 
reading frame. Its deduced amino acid sequence contains pro-metalloproteases like (172-382), 
DITG like (383-475), an EGF like repeat (616-644), trans-membrane (697-707) and cytoplasmic 
(708-735) domain. The human fertilin P shares 90%, 56% and 55% amino acid identity with 
monkey, guinea pig, and mouse fertilin P homologues, respectively. A phenylalanine-glutamate- 
glutamate (FEE) binding tripeptide within the disintegrin like domain of human fertilin P, 
homologous to other fertilin P RGD-like (arginine-glycine-aspartic acid) tripeptides, could 
compete for recognition by integrins and other receptors. Human fertilin j3 maps to chromosome 
8, band p11.2 (Vidaeus et al., 1997). Rabbit fertilin a and P are predicted to encode proteins of 
919 and 751 amino acids, respectively, with significant homology to fertilin subunits from other 
species. Analysis of the predicated protein sequences from fertilin a but not fertilin P reveals 
presence of 21 direct repeats of the hexameric sequence APPPPEA at the extreme carboxy 
terminus, similar to a fertilin a gene isoform in the monkey. Polyclonal antibodies against 
recombinant subunits detected the presence of these components in rabbit sperm (Hardy and 
Holland, 1996) (Fig.26.3 a, b). Of particular interest is the mature guinea pig fertilin P, which 
contains an amino-terminal 90 amino acid disintegrin domain. It has been suggested that the 
integrin recognition sequence (TDE) of the guinea pig fertilin P disintegrin domain mediates 
sperm-egg binding. The amino acid sequence at this position in human fertilin differs *om 
the mouse, guinea pig and monkey sequence (Gupta et al., 1996). The Caenorhabditis elegans 
adm-1 gene related to PH-30 has a disintegrin-and metalloprotease-like domain and shows a 
domain organization identical to PH-30. ADAM-I expression in the hypodermis, pharynx, 
vulva, and mature sperm is consistent with a putative rile in somatic andgamete cell fusions 
(F'odbilewicz, 1996). 

Processing ofFertilin a andFerti2inp: Fertilin a and are made as larger precursors that are 
processed proteolytically at different stages of sperm maturation in the testis and epididymis. 
Fertilin a is processed first, most likely by a pro-protein convertase in the secretory pathway of 
testicular cells. Fertilin p is processed later, while spermatozoa are in transit through the 
epididymis. The processing of fertilin P in the epididymis correlates with the acquisition of 
fertilization competence of sperm, which expose an epitope that has a role in sperm-egg 
interactions, and triggers the relocalization of fertilin fiom the whole sperm head to the posterior 
head. The proteolytic processing of fertilin and perhaps also other sperm proteins is an important 
aspect of sperm maturation and activation in the epididymis (see Chapter 34). Blobel (2000) 
highlighted the mechanism of fertilin processing in the guineapig, and about the identity of the 
proteases responsible for the proteolytic processing. 

Fertilin-P is processed in epididymis in two steps. In step-I, fertilin-/3 is converted to pro- 
fertilinp*. In the second step pro-fertilinp* is further processed to yield mature fertilin p. In 
distal cauda the conversion of pro-fertilinp* to mature fertilin is complete. On testicular sperm 
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Fig. 26.3. (a) Amino acid sequences of a fertlin from bovine, guinea pig, mouse testes and monkey. Cysteine 
residues are shaded. Sites for N-linked glycosylaton are circled. For further details see captions of Figure 
26.3(b). Reproduced with permission from S.I. waters and J.M. White. Biol Reprod 56. 1245-1254:1997 8 
Society for Study of Reproduction. 
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Fig. 263. @) Ammo acid sequences of fertlin from bovine, guinea pig, mouse, and monkey testes. Cysteine 
residues are shaded. Sites for N-linked glycosylaton are circled. Amino Acids are boxed at positions of at least 
75% identity. Prodomain: The first amino acid shown for each complete sequence is that of the first in-fiame 
methionine. Metalloprotease-like domain: The location of the zinc-dependent metalloprotease (MP) active 
site sequence is boxed, and the met turn is in a dashed box. Disintegrin-like domain: Filled circles are above the 
location of the snake venom RGD sequence. Asterisks mark the N-terminal sequence determined for mature 
guinea pig fertilin. Cysteine-rich domain: A heavy double line is positioned over the predicted a-helical fusion 
peptide region of guinea pig, mouse, and monkey a .  A lighter double line is positioned over the potential 
fusogenic P-strand region in bovine a. EGF like, transmembrane, and cytoplasmic domains: The EGF-like 
repeat is bracketed. The potential transmembrane domains are underlined. Reproduced with permission from 
S.I. Waters and J.M. White, Biol Reprod 56; 1245-54:1997 0 Society for the Study of Reproduction. 
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Fig.26.4 a, b. The beloved liberator model of ADAM action. The model presents two versions (a and b) of 
ADAM-substrate interactions (see text). Reprinted with permission from P.Primakoff and D. Myles. TIG 16; 
83-87: 20000 Elsevier Science 

of guinea pig fertilin is distributed on the plasma membrane over the entire sperm head, but is 
found only on the posterior head after sperm passed through epididymis. Fertilin from seven 
regions of the epididymis showed a temporal correlation between the beginning of fertilin's 
migration to the posterior head and the proteolytic processing of the full-length fertilin fi 
precursor (85-kDa) to 75-kDa intermediate pro-fertilin P*. Further migration led to fUrther cleavage 
of pro-fertilin P* to mature form (25-28kDa). This indicaded that further cleavage of pro-fertilin 
p to pro-fertilin P* may initiate fertilin's migration into the posterior head domain and, after 
localization to that membrane domain, prop* is cleaved to mature P (Hunnicutt et al., 1997). The 
processing of mouse fertilin-p during epididymal maturation involves changes in the cytoplasmic 
tail domain as well as the N-terminal domains. Although Yuan et a1 (1997) and Chan et a1 (1 999) 
have reported that mature fertilin-p is 55-57kDa, Cho et al(2000) showed that 55-kDa is an 
unrelated protein in the sperm extract, which cross-reacts with an antibody that recognizes 
precursor, but not mature fertilin p. Fertilin P knockout sperm revealed that authentic, mature 
fertilin p is 45-kDa and that mouse fertilin a and (3 exist as a heterodimer. Polyclonal antisera 
against a 28-residue peptide and two recombinant fusion proteins identified a 90-kDa protein in 
testicular sperm extracts and a 60-kDa protein in caput and cauda epididymal sperm extracts, 
the predicted sizes for rat fertilin P precursor and mature protein respectively (McLaughlin et 
al, 1997). In addition, mice lacking fertilin-p showed absence of fertilin a from mature sperm. 

The BelovedLiberator Model ofADAMAction: The mature, processed fertilin is a heterodimeric 
complex of two membrane anchored glycoproteins ,which both contain an N-terminal disintegrin 
domain raising the possibility that one or both subunits can interact with an integrin on the 
egg. Myles and colleagues provided the first evidence that peptides containing RGD mimic a 
predicted integrin binding sequence in guinea-pig fertilin P, and is found in the snake venom 
integrin binding sequence (Primakoff and Myles, 2000). In describing a mechanism of action of 
ADAMs, " The beloved liberator" model has been proposed. In this model, the ADAM uses 
its disintegrin domain to bind to the substrate and uses its zinc containing metalloprotease 
active site to cleave the substrate. After cleavage, the substrate undergoes conformational 
change, dissociates from the disintegrin domain and large fragment of substrate is released 
from the cell surface. In another version, the ADAM uses its disintegrin domain to bind to the 
substrate-associated protein and uses its zinc containing metalloprotease active site to cleave 
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the substrate. After cleavage, the substrate undergoes conformational change, dissociates 
from the substrate associated protein and the large extracellular hgment of substrate is released 
fiom the cell surface (Prirnakoff and Myles, 2000) (Fig.26.4 a, b). While the substrates and 
function of the fertilin a metalloprotease domain remain to be elucidated, the sub-cellular 
localization of fertilin a processing is quite well defined. Fertilin contains a tetrabasic sequence 
RRRR between metalloprotease domain and the disintegrin domain, a consensus cleavage site 
for (RRRR) pro-protein convertases. The pro-protein convertase PC4 is highly expressed in the 
testis and also has an essential role in fertilization (Mbikay et al., 1997). 

26.6.2. Fertilin as a Co-receptor for Egg Integrins 

ADAM 1 contains 22 amino acid hydrophobic domain that shares significant homology to 
viral fusion peptides, and thus suggests a role for ADAM1 in membrane fusion during sperm- 
egg interaction. Sperm fiom mice lacking fertilin-$ were shown to be deficient in sperm-egg 
membrane adhesion, sperm-egg fusion, migration h m  the uterus into the oviduct, and binding 
to the egg zona pellucida. Egg activation was unaffected (Cho et al., 1998). However, while the 
$ subunit is apparently testis-specific, the fmdiig of low levels of fertilin-a in non-reproductive 
tissues has cast some doubt on a unique role in fertilization. Moreover, the absence of a 
functional fertilin-a gene in the human would imply that this gene product is not absolutely 
essential for fertilization, although it could play a facilitatory role. The organization and sequence 
of the fertilin a genes in a range of primates, including the great apes, indicated that the gorilla 
gene, like that of the human, is non-functional (Jury et al, 1998; 1999). 

To date, five different ADAMs (fertilin $, ADAM9, ADAM12, ADAMIS, ADAM23) 
have been described to interact with integrins (specifically a6p1, av  P3, a 9  $ 1, av$S, andlor 
a s$  1). Best sperm-egg binding is achieved through the interaction of the disintegrin domain of 
fertilin -$ with an integrin on the egg surface. Several evidences support that sperm fertilin is 
the co-receptor for egg a6$l integrin. However, it is yet to be ascertained whether different 
species of mammalian eggs use RGD dependent (hamster) or RGD independent (mouse) ITGs 
as sperm receptors. Since there are several ADAM homologues to fertilin, it remains to be 
determined which sperm fertilin(s) binds to which ITGs on eggs fiom different species. As is 
true for sperm-egg binding, it is likely that other proteins in addition to ADAMs may participate 
in binding and fusion at the egg plasma membrane. These also may include new members of 
ADAM family, of which fertilin a and $ are the prototypes. Other participating sperm proteins 
may include antigens containing sequences TDE in guinea pig, QDE in mouse, ECD inmonkey, 
and FEE in human. The ECD containing sequences are conserved. In the context of recent 
knockout studies, which show that eggs lacking the a 6  integrin subunit can be fertilized and 
eggs lacking the integrin-associated tetrapanin protein CD9 fail to fertilize (Evans, 200 1). It has 
also been hypothesized that fertilin $ and a subunits mediate interactions between sperm and 
egg plasma membranes namely binding and fusion, respectively. It has been suggested that 
fertilin p binds to an oolemmal integrin, and that the tripeptide FEE (Phe-Glu-Glu) is the integrin 
recognition sequence in human fertilin $ (see above). The effects of a linear octapeptide 
SFEECDLP containing the FEE sequence, and a scrambled octapeptide with the same amino 
acids, SFPCEDEL, were studied on the interaction of human spermatozoa with human zona- 
fiee eggs. The effects of G4120, a potent RGD-containing (Arg-Gly-Asp) thioether-bridged 
cyclic peptide, which blocks both fibronectin and vitronectin receptor interactions on sperm- 
egg relationship between FEE- and RGD-receptor interactions on sperm-egg interactions were 
also studied. The FEE containing peptide inhibited sperm adhesion to oocytes and their 
penetration. The inhibition induced by SFEECDLP was reversible that occurred only in the 
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presence of peptide itself, where as the G4120 containing RGD exhibited 10-fold less inhibitory 
effects on sperm adhesion and penetration than did SFEECDLP. Combined action of SFEECDLP 
and G4120 exhibited strong inhibition of both adhesion and penetration at concentrations that 
individually had been ineffective, suggesting co-operative interaction between the two receptor- 
ligand interactions during fertilization (Bronson et a]., 1999). 

An RGD-containing peptide (Arg-Gly-Asp-Val, RGDV) inhibits both oolemmal binding 
and penetration of zona-fkee hamster eggs by human spermatozoa in vitro. The RGD sequence 
is found in fibronectin, vitronectin, and other extracellular matrix proteins. The oolemmas of 
eggs fkom human and several other mammalian species contain receptors capable of binding to 
RGD ligands, and the integrin subunits are expressed by oocytes. These results suggest that 
RGD containing proteins may play arole in sperm-oolemmal interactions required for fertilization 
(Fusi et a]., 1993). Receptors of the very late antigens (VLA) subfamily of integrins and 
heterodirneric receptors as a50 1 amd av  p 1 recognize fibronectin RGD. Fibronectin derived, 
RGD-containing peptides competitively inhibit sperm-oolemmal adhesion and penetration in 
both heterologous (human-hamster) and homolgous (hamster-hamster) gamete interactions. 
But the majority of fkesh spermatozoa do not display fibronectin on their plasma membrane. 
Sperm surface expresses fibronectin following capacitation (Fusi et al, 1996). To investigate the 
role of fertilin-p in fertilization, Evans et a1 (1997a,b) expressed the putative extracellular domain 
of mouse fertilin-p (fertilin P-EC) in bacteria and found that recombinant fertilin P-EC binds to 
the region of the plasma membrane of the egg to which spermatozoa bind, thus providing 
evidence that fertilin p has adhesive properties. This binding is reduced in absence of Ca2+, 
MgZ+ or M e .  Peptides corresponding to the disintegrin domain of fertilin-p reduced its binding 
to eggs, suggesting that this domain is at least partially involved in the recognition of fertilin 
p. These experiments led to conclude that p l  containing integrin participates in the binding of 
recombinant fertilin P-EC to mouse eggs and that fertilin-a can function as a cell adhesion 
molecule during fertilization mediating the binding of sperm and egg plasma membrane (Evans 
2001). 

Subsequently, Evans et al(1998) examined the roles of the recombinant forms of disintegrin 
domains of fertilin a and p (aDCE and PDCE) or truncated forms that lacked the disintegrin 
domains (aCE and PCE) and tested their abilities to bind to eggs and to inhibit sperm-egg 
binding. Fertilin PDCE was able to inhibit sperm-egg binding while fertilin PCE was relatively 
ineffective suggesting that disintegrin domain of fertilin P is required for interactions with egg 
binding sites and/or for proper protein folding. Other domains of the fertilin a extracellular 
region (cysteine-rich and/or EGF-like repeat) also have the ability to block sperm binding 
suggesting that these domains of fertilin a may participate in sperm-egg adhesion (Evans eta]., 
1998). 

Evans and associates confirmed that recombinant forms of fertilin a corresponding to 
either the disintegrin-like domain or the cysteine-rich domain and the EGF-like repeat can 
perturb sperm-egg binding, and suggested that both of these domains can participate in fertilin 
a-mediated adhesion events. In further examination, Wong et a1 (2001) suggested that a sub- 
domain of disintegrin-like domain with the sequence DLEECDCG outside the putative disintegrin 
loop but with homology to the fertilin P disintegrin loop can inhibit the binding of both sperm 
and recombinant fertilin a to eggs, suggesting that this is an adhesion-mediating motif of the 
fertilin a disintegrin-like domain. This sequence also inhibits the binding ofrecombinant fertilin 
p to eggs and thus is another peptide sequence found to block two different sperm ligands 
(Wong et a]., 2001). It appears that fertilin P utilizes an ECD sequence within its disintegrin 
domain to interact with the egg plasma membrane; the Asp is especially critical. Based on what 
is known about different integrin subfamilies and their ligands, Zhu and Evans (2002) sought 
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to characterize fertilin p binding sites on mouse eggs, focusing on integrin subfamilies that 
recognize short peptide sequences that include an Asp residue, which was speculated to have 
implications for the role of CD9 in the strengthening of fertilin P-mediated cell adhesion but not 
in initial ligand binding. 

Since fertilin p contains a highly conserved motif @/E)ECD in the disintegrin domain, it 
was suggested that (D/E)ECD could be the consensus sequence for recognition of disintegrins 
by a6P 1 integrins. To determine whether a four amino acid peptide sequence with two adjacent 
acidic residues improved inhibition, a series of linear and cyclic peptides were synthesized, in 
which either one or both adjacent acidic residues in the sequence DECD were mutated to their 
corresponding amides (N or Q). Results showed that only one acidic residue and areduced one 
are required for inhibition of fertilization (Gupta and Sampson, 2000). A widely proposed model 
for sperm-egg fusion suggests that fertilin a is the sperm component that promotes membrane 
fusion by undergoing a conformational change that exposes a virus-like, hydrophobic fusion 
peptide (Cho et al, 2000). 

26.6.3. Role of CD9 in Sperm-Egg Interactions 

The mRNAs for integrin subunits as,  a6, av, P 1, P3, P5, a6pl and a 4 3  have been detected on 
the plasma membrane of unfertilized mouse eggs. The GoH3, an anti-a6, indicatedthe role for 
the integrin a 6  p 1 as a cell-cell adhesion receptor that mediates sperm-egg binding. Chen and 
Sampson (1999b) re-examinedthe role of egg a6Pland suggested that fertilin P binds directly 
to a6pl integrin on egg surface and mediates sperm egg fusion, but suggested that different 
states of a6P 1 can interact with an ECM ligand (laminim) or a membrane-anchored cell surface 
ligand (fertilin P) (Chen et al., 1999b). However, using eggs from cultured ovaries of mice, 
lacking the a 6  integrin subunit, it was observedthat the fertilization rate, fertilization index, and 
sperm binding were not impaired compared with wild type or heterozygous controls. A re- 
examination of antibody inhibition, revealed no inhibition of fusion by the GoH3 mAb. But an 
anti-CD9 mAb completely blocked sperm fusion with either wild type eggs or eggs lacking 
a6pl. Based on these results, it was concluded that the a6pl integrin is not essential for 
sperm-egg fusion. Earlier, Ji et a1 (1998) investigated the potential role of pl  integrin in the 
gamete fusion process in humans and suggested that human gamete fusion can bypass the j3 1 
requirement. p 1 integrin certainly participates in human gamete fusion by acting in co-operation 
with multiple integrin / disintegrin couples or another cofactor, not yet identified. Status on 
egg receptor becomes more complicated when using a 3  integrin null eggs, He et al., (2003) 
found that the a3p 1 integrin was not essential for sperm-egg binding and fusion. These results 
indicated that none of the integrins known to be present on mouse eggs or to be ADAM 
receptors are essential for sperm-egg bindinghion, and thus, egg integrins may not play the 
role in gamete fusion, previously attributed to them (He et al., 2003). 

Therefore, the model in which CD9 acts by itself, or interacts with egg protein@) other 
than a6p1, to fimction in sperm-egg fusion was proposed Miller et al., 2000). The CD9 belongs 
to the tetraspan superfamily (TM4SF) of integral plasma membrane proteins. The tetraspanin 
CD9 has been implicated in cell motility, metastasis, and sperm-egg fusion. These proteins 
possess four transmembrane domains, two extracellular loops, and three short cytoplasmic 
segments. Tetraspan proteins have been proposed to act as "molecular facilitators" by bringing 
together and stabilizing molecular complexes. Tetraspan proteins have been shown to associate 
physically with members of the integrin family, with MHC class II glycoproteins as well as with 
each other. The CD9 is known to associate with several p 1 integrins including a6p 1. Because 
a 6  P 1 is present on murine eggs and interacts with the sperm-surface glycoprotein ADAM 2 



(fertilin p), the anti-CD9 mAb, potentially inhibits sperm-egg binding and fusion in vitro. The 
CD9 is prominently present on the epithelium in the region between the uterus and oviduct and 
persists apically in oviduct. The integrin a 6  subunit is found in similar apical patches in the 
region between the uterus and oviduct, but is confined to the basal aspect of the epithelium in 
the uterus and oviduct. Hence, a6Pl and CD9 both are expressed on the apical epithelial 
surface at the uterine-oviduct junction. Findings correlate with the observation that fertilin j3 
"knockout" sperm traversed the uterus but did not progress into the oviduct, contributing to 
the infertility of fertilin P -1- male mice. This suggested that high-avidity binding between 
fertilin p (ADAM 2) and a6P 1 requires cooperation between a6p 1 and CD9. Such cooperation 
might assist sperm passage into the oviduct as well as sperm egg interactions. Although the 
egg surface tetraspanin CD9 is essential for gamete fusion (Kaji, et al, 2000) and CD9 is known 
to associate with integrins, recent models of gamete fusion have posited that egg CD9 acts in 
association with a 6  p 1 in h i o n  (Chen, et a1 1999c; Kaji et al2000, Le Naour, et al., Miyado et 
al2000). Gutierrez-Lopez et al., (2003) characterized the first CD9 conformation-dependent 
epitope whose expression depends on changes in the activation state of associated P 1 integrins. 
The expression of the PAINS-13 epitope depends on CD9 association with a6P 1 integrin and 
the reactivity was mapped to the CD9 region comprising residues 1 12- 154 in the N Y  half of the 
large extracellular loop (Gutierrez-Lopez et al., 2003). Takahashi et al., (200 1) presented evidence 
that in addition to the tetraspanin CD9, two other P 1-integrin-associated proteins, the tetraspanin 
CD81 as well as the single pass transmembrane protein CD98 are expressed on murine eggs. 
Antibodies to CD9 and CD98 inhibited in vitro fertilization and binding of the ADAM 3 
disintegrin domain was proposed that an egg surface "tetraspan web" facilitates fertilization 
and that it may do so by fostering ADAM-integrin interactions. 

26.7. CYIUTESTIN (ADAM 3) 

The amino terminal 90 amino acids of ADAM 3 contains a putative ITG binding domain that 
shares 70% sequence homology with snake venom DITG, that are known to bind to ITGs on 
cell surface. 

Mouse: Cyritestin has been identified in male germ cells and proposed to participate in the 
binding andlor h i o n  between sperm and the egg plasma membrane. Cyritestin is the product 
of the Cyrn gene on mouse chromosome 8. It is a membrane-anchored protein belonging to the 
ADAM family of proteins, and localized in the acrosomal region of spermatids and spermatozoa. 
Cyritestin is transported to the forming acrosomal vesicle through the Golgi apparatus to 
become part of the acrosomal membrane. Differential staining with antibodies recognizing 
either the metalloprotease-lie domain or the cytoplasmic domain of cyritestin indicates that 
processing of the molecule leading to the loss of the pro-and metalloproteinase-like domains 
begins during germ cell stage 6 and is completed before stage 15 (Forsbach and Heinlein, 1998). 
The Cyrn mRNA is present in germ cell 4 days prior to translation. It undergoes posttranslational 
modification after incorporation into the acrosomal membrane and cyritestin has an apparent 
molecular weight of 1 10-kDa but is subject to processing during epididymal sperm transport, 
resulting in a shorter molecule lacking approximately 55-kDa fkom the terminal half. The N- 
terminal part including the metalloprotease-like domain is removed during spermiogenesis by 
processing of the precursor protein to a major form. Mature cyritestin contains a domain with 
homology to a family of integrin ligands, disintegrin. Cyritestin becomes exposed on the sperm 
surface after successful acrosome reaction and thus may play a role in sperm function rather 
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than in testicular germ cell maturation (Linder et al., 1995). 
Cyritestin plays arole in sperm function rather in testicular germ cell maturation. Support 

for this hypothesis came fkom in vitro fertilization experiments with synthetic peptides derived 
fkom the disintegrin domain of cyritestin. Such peptides interferred with successful fertilization 
at lower concentrations than did peptides corresponding to fertilin P, thus identifying cyritestin 
as one of the major candidates involved in sperm egg interaction events at the level of egg 
plasma membrane. In an effort to elucidate the physiological function of cyritestin, Shamsadin 
et al, (1999) disrupted its locus by homologous recombination. Homozygous null mutants were 
infertile, even though spermatogenesis, mating, and migration of sperm fiom the uterus into 
oviduct were normal. In vitro experiments showed that infertility is due to the inability of the 
cyritestin-deficient sperm to bind to the zona pellucida. However, after removal of the zona 
pellucida, sperm-egg membrane b i o n  did not reveal any differences from the wild type situation. 
These results demonstrated that cyritestin is crucial in the fertilization process at the level of 
the sperm-zona pellucida interaction. Male mice lacking the sperm cyritesk are infertile. Similar 
to fertilin P, cyritestin null sperm were drastically deficient in adhesion to the egg zona-pellucida 
and to the egg plasma membrane. Thus deletion of either of ADAM genes can result in the loss 
of multiple gene products. This loss of multiple gene products appears to result fkom a 
developmental mechanism during sperm differentiation (Cho et al., 1998; Nishimura et al., 
2001). 

Peptide mimetics, fiom the predicted binding sites in the disintegrin domains of the five 
testis-expressed ADAMs in a sperm-egg plasma membrane, showed that the active site peptide 
fiom cyritestin strongly inhibited (80-90%) sperm adhesion and fusion and was a more potent 
inhibitor than the fertilin P active site peptide. Antibodies against the active site region of 
either cyritestin or fertilin also strongly inhibited both sperm-egg adhesion and fusion. 
Cyritestin, present on mature sperm and live, acrosome-reacted sperm showed staining of the 
equatorial region that participates in the early steps of membrane fusion (Yuan et al., 1997). 

Human: The human cyritestin is a polymorphic protein that could include membrane-anchored 
and soluble forms. Sequencing of eight human cyritestin cDNA clones revealed that they are 
identical at their 5' and 3' ends but differ fiom each other in the length of an internal deletion, 
suggesting that the human cyritestin mRNA is alternatively spliced. Internal deletions that are 
present in some cDNA isoforms do not cause a frameshift in the C-terminal coding region. 
Characterization of human cyritestin genomic fragments revealed that the human genome 
contains two copies of the cyritestin assigned to the region p12-21 of chromosome 8 and q12 
of chromosome 16, respectively. Both human genes are expressed in the testis. Amino acid 
sequence comparisons between cyritestin and other members of the metalloprotease-disintegrin 
family of proteins suggested that human and mouse cyritestin and monkey tMDCl are 
homologous (Adham et al., 1998). 

26.8. OTHER ADAM PROTEINS 

ADAM 4 and ADAM5 Mouse genes coding ADAM4 and ADAM5 have been given the locus 
symbols Adam4 (ADAM 4) and Adam5 (ADAM5). They have been mapped to chromosomes 
9 and 8 respectively as against Fertilin a and Fertilin P being localized to chromosomes 5 and 
14, thus revealing a dispersed localization of ADAMgenes. Because all four of these ADAM 
genes are expressed in testis and fertilin a and fi have been found to be important for fertilization, 
their chromosomal locations were compared with known mouse mutations affecting 



Fig.26.5. Amino acid sequence of cellular disintegrin ADAM 6e from rabbit testis (Accession AAC09476) 
(Hardy and Holland, 1998). Source: http//www. ncbi.nlm.nih.gov. 

spermatogenesis and fertility (Cho et al., 1996). 

ADAM6: Disintegrin genes (ADAM 6d and ADAM 6e) were characterized from a rabbit 
testicular cDNA library. The cDNAs have open reading frames encoding proteins of 73 1 and 
730 amino acids, respectively. They share an amino-acid homology of greater than 89% and a 
nucleotide base matching of 94% in both the coding and non-coding regions. Polyclonal anti- 
recombinant ADAM 6e antibodies recognized two bands with molecular masses of 42 kDa and 
46 kDa (Hardy and Holland, 1998)(Fig.26.5). 

ADAM7 and GP83: The mouse ADAM7gene is expressed in the caput region of the epididymis 
and in the anterior pituitary gonadotropes with no detectable expression in other tissues. The 
ADAM7 rnRNA exhibited an apical localization within the proximal caput epididymal epithelium, 
to which no known function has been ascribed. ADAM7 gene expression requires androgens 
as well as testicular factors for its expression, in a region-dependent manner. The apical 
localization of ADAM7 rnRNA is dependent upon an intact testis, because in situ hybridization 
analyses of the proximal caput epididymidis from a testosterone maintained castrated mouse 
did not show the apical localization. The ADAM7 gene maps to the central region of mouse 
chromosome 14, approximately 4-5 cM distal h m  the fertilin P locus (Cornwall and Hsia, 1997). 

A human homologue of ADAM7 is GP-83, a glycoprotein secreted by the epididymis, and 
conjugated to mature sperm. A 2.1-kb GP-83 expressing insert has been isolated from a cDNA 
library of human epididymis. The 5' end RACE and 3'-RACE of the 2.1-kb insert elucidated two 
isoforrns of GP-83 encoding cDNA sequences: an a-form of 345 1-bp and p-form of 2643-bp. 
Both forms exhibit the same open reading h e  of 2262-bp predicting a peptide of 754 amino 
acid residues. Deduced amino acid sequence revealed the presence of a signal sequence, 
prodomain, metalloproteinase, disintegrin, cysteine-rich, epidermal growth factor-like, 
transmembrane, and cytoplasmic domains. HumanADAM7 was located at chromosome 8p22. 
In vivo expression c o n h e d  that h-ADAM7 cDNA did encode GP-83 and two transcripts of 
4 kb and 3 kb in the epididyrnis, but not in testis or other major tissues. The functions of GP-83- 
encoding associated with ADAM7 gene (h-ADUA 7) in epididymis need to be investigated 
@in et al, 200 1). 

ADAM12 and ADAMIS: Eto et al, (2000) showed that integrin a96 1 specifically interacts with 
the recombinant ADAM-12 and-1 5 disintegrin domains in an RGD-independent manner, and 
suggested that interaction between ADAM-12 or - 15 and a9p1 supports celltell interaction. 
This observation is different from other reports that suggested ADAM-2/6P 1 interaction 
during spendegg fusion. Eto et al suggested that *dl may be a major receptor for ADAMs 
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Fig.26.6. Amino acid sequences of ADAM29 and ADAM30 from human testis library, and their comparison 
with other ADAMs. Reproduced with permission fr0mD.P. Cerretti et al. Biochem Biophy Res Commun 263; 
810-15 (1999) 0 Elsevier. 

that lack RGD motifs. Considering a wide distribution of ADAMs and a9P1, this interaction 
may be of potential biological and pathological significance. 

ADAMs 20-23: The ADAM20 and ADAM 21 cloned from a human testis cDNA library 
predicted translation products with 50% sequence identity with each other. The best similarity 
was seen to sperm fertilin-a and -p, and meltrin-y (ADAM9), which is ubiquitously expressed. 
Both ADAM-20 and -21 mRNAs are exclusively expressed in testis, presumably, on mature 
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spermatocytes. Both cDNAs were found to be tightly linked to the same marker on chromosome 
14q24.1. This region is not syntenic with the loci of mouse sperm-specific ADAMs 1-5. The 
ADAM 20, but not ADAM-21 encodes a consensus Zn2+ binding site of active ADAM lysin 
metzincin metalloproteases. But both encode putative cell-fusion peptides, required for sperm- 
egg fusion. It is possible that ADAM-20 and lor -21 are functional equivalent of fertilin a 
(Hoofl van Huijsduijnen, 1998). 

Based on a conserved sequence within the disintegrin domain, GE(E/Q)CDCG, seven 
genes have been reported in a human genomic library. Two of these genes, ADAM20 and 
ADAM21 lack introns and show testis-specific expression, while the other two genes contain 
introns (ADAM22 andADAM23) and are expressed predominantly in the brain. In addition, 
three pseudogenes were isolated; one of which evolved fiom ADAM2 1. Human chromosomal 
mapping indicated that ADAM22 and ADAM23 mapped to chromosome 7q21 and 2q33, 
respectively, while the three pseudognes 1-2,3-3, and 1-32 mapped to chromosome 14q24.1, 
81323, and 14q24.1, respectively. An ancestral analysis of all known ADAMs indicated that the 
zinc-binding motif in the catalytic domain arose once in a common ancestor and was lost by 
those members lacking this motif (Poindexter et al, 1999). 

ADAM 24 - ADAM27: Four murine ADAM cDNAs (ADAM 24, ADAM 25, ADAM 26 and 
ADAM 27) present in testis were cloned and sequenced (Zhu et al., 1999). The amino acid 
sequences showed that all four ADAMs contain the complete domain organization common to 
ADAM family members. Messenger RNA for each of the four ADAMs was found only in the 
testis. The conserved zinc-dependent metalloprotease active site HEXGHXXGXXHD was found 
in the metalloprotease domain of three of these ADAMs, suggesting that they are testis- 
specific proteases, which were assigned alternative names: testase 1 (ADAM24); testase 2 
(ADAM25), and testase 3 (ADAM26). Adult level of these ADAMs reached by day 20 (ADAM 
27), day 25 (ADAMs 24 and 25) and in the range day 25-50 (ADAM 26). Each ADAM among 
ADAM24 - ADAM27 is transcribed in spermatogenic cells in a regulated pattern at a specific 
developmental stage (Zhu et al., 1999). The testase 1 (ADAM 24) is the fmt example of a 
plasma membrane-anchored protease on mature sperm (Zhu et al., 2001). Unlike other sperm 
ADAMs (fertilin a and P, cyritestin) whose metalloprotease domains are removed during 
sperm development, testase 1 retains an active metalloprotease domain, suggesting that it acts 
as a protease on mature sperm. Testase 1 is a glycoprotein (88 kDa), localized to the equatorial 
region of the plasma membrane of cauda epididymal sperm. The pro-domain of the testase 1 
precursor (108 kDa) is proteolytically removed in caput epididymis to produce processed 
(mature) testase 1 (88 ma) .  Testase 1 is unique among all other ADAMs in that its proteolytic 
processing occurs on the sperm plasma membrane instead of at an intracellular site (the Golgi). 
The cytoplasmic tail of testase 1 could be phosphorylated in vitro by PKC. Thus testase 1 
apparently has a cytoplasmic PKC phosphorylation site@). Protein kinase C is known to stimulate 
other ADAMs' protease activity. Since the acrosome reaction includes PKC activation, it was 
speculated that testase 1 protease functions in sperm penetration of the zona pellucida after 
sperm PKC is activated during the acrosome reaction (Zhu et al, 2001). 

ADAM29-ADAM30: HumangDAM29 gene codes a putative fusion peptide, which is highly 
expressed in the testis. Testis-specific expression shows three forms ofADAM29 that encode 
proteins of 820,786 and 767 amino acids. All of the amino acid differences are located in the 
cytoplasmic domain. Two forms of ADAM30 genes encode proteins of 790 and 781 amino 
acids, with the difference in the coding region occurring in the cytoplasmic domain. The 
ADAM29 andADAM30 are mapped to human chromosome 4q34 and lpl l-13, respectively. An 
ancestral analysis of known mammalian ADAMs indicated that the zinc-binding motif in the 



646 Proteomics of Spermatogenesis 

catalytic domain arose once in a common ancestor and was subsequently lost by those members 
lacking this motif (Cerretti et al, 1999, Xu et al1999) (Fig.28.6). 

ADAM31: Mouse ADAM 31 predicts a transmembrane protein with metalloproteinases, 
disintegrin, cysteine-rich, and cytoplasmic domains. Messenger RNA encoding ADAM 3 1 
was most abundant in testes, but was also detected in many other tissues. The protein has a 
unique and restricted expression pattern. The ADAM 3 1 is expressed in Leydig cells of the 
testes, but unlike many other ADAMs, it is not found on developing sperm. ADAM 3 1 is 
highly expressed on four types of specialized epithelia: the cauda epididymidis, the vas deferens, 
the convoluted tubules of the kidney, and the parietal cells of the stomach (Liu and Smith, 
2000). 

26.9. ZONA ADHESINS 

26.9.1 Mouse 

Hardy and Garbers (1995) purified and cloned a sperm membrane protein, designated zonaadhesin 
(zonadhesin) that binds in a species-specific manner to the extracellular matrix (zona pellucida) 
of the egg. Mouse zonaadhesin mRNA is evident only within the testis, and the protein is 
found exclusively on the apical region of the sperm head. The cDNA encodes a protein with a 
single transmembrane segment separating a 36 amino acid, highly basic intracellular C-terminus 
from a 241 8 amino acid extracellular region. The extracellular sequence specifies a mosaic 
protein comprising a unique N-terminal domain, a much-like domain, and five tandem domains 
proximal to the membrane that are homologous to pre-pro von Willebrand factor. The N-terminal 
and mucin-like domains were absent from zonaadhesin which suggested that processing occurs 
during sperm maturation andlor capacitation. Within testis, it expressed primarily in haploid 
spermatids. The unique domain structure of zonaadhesin suggests multiple functions, one of 
which is to mediate sperm adhesion to the zona pellucida. The cDNA for mouse zonaadhesin 
(16.4-kb) shows a large species variation in the numbers and arrangements of domains. There 
are 20 partial D-domains, found as tandem repeats, inserted between two of the four full D- 
domains and an additional partial D-domain. Theses domains are homologous to the D-domains 
of von Willebrand factor and 4tectorin. A region at the N terminus of the mouse cDNA 
contains three tandem repeats homologous to MAM domains. These domains comprising of 
about 160 amino acids, are present in transmembrane proteins such as receptor protein tyrosine 
phosphatases, where they appear to function in celVcell interactions. In addition, mouse 
zonaadhesin contains amucin-like domain and a domain homologous to EGF. A putative single 
transmembrane segment separates a short carboxyl tail from the extracellular region. The 
existence of these (MAM, much, D-, and EGF) domains suggested that mouse zonaadhesin 
functions in multiple cell adhesion processes, including binding to the extracellular matrix of 
the egg as one ofthe functions (Gao and Garbers, 1998; Hardy and Garbers, 1995). 

26.9.2. Pig 

The pig zonadhesin precursor is a 267-kDa mosaic protein with a Type I membrane topology 
and a large extracellular region comprisingmeprin/A5 antigenhnu receptor tyrosine phosphatase, 
much and five tandem von Willebrand D (VWD) domains. Multiple mature forms of zonadhesin 
in the sperm head differ in their avidities for the ZP. The predominant active polypeptides of 
processed zonadhesin were M(r) 300-kDa, 105-kDa, and 45-kDa. The 45-kDa @45) and 105-kDa 
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(p 105) polypeptide proteins comprised primarily the D 1, D2-D3 domains respectively, and were 
N-glycosylated. The pig zonadhesin polypeptide chains of p105 and p45 are covalently 
associated. Although p105145 form is in minority forms in sperm membrane hctions, it was the 
most dominant form capable of binding to the pig zona-pellucida. Like mouse sperm, pig 
zonaadhesin is present at the apical head of pig sperm. It was suggested that a heterogeneous 
combination of specific proteolysis and intermolecular disulfide bond formation in the sperm 
head (as evidenced by zona adhesion) generates multiple forms of zonaadhesin with differing 
avidities for the zona-pellucida (Hickox et al., 2001). The p300 was heavily 0-glycosylated, and 
spanned the mepridA5 antigenlmu receptor tyrosine phosphatase, much and DO domains. 
Hydrolysis of the precursor polypeptide occurred in the testis, and N-terminal sequencing of 
p45 and pl05 identified Asp806-Pro and Asp1 191-Pro in the Dl and D2 domains respectively 
as bonds cleaved in the protein's functional maturation. Zonadhesin localized to the perimeter 
of the acrosome in intact ejaculated spermatozoa and to the leading edge of acrosomal matrix 
overlying cells with disrupted acrosomal membranes. The zonadhesin precursor is specifically 
proteolysed, glycosylated and assembled into particulate structures in the distal parts of the 
acrosome where it may mediate specific adhesion to the ZP duringthe initial stages of acrosomal 
exocytosis (E3i et al., 2003). 

26.9.3. Tektorins and Zonaadhesins 

The cDNA for a-tectorin predicts a protein of 239034-Da with 33 potential N-glycosylation 
sites, and of P-tectorin, a smaller protein of 36074-Da with 4 consensus N-glycosylation sites. 
The 4 and #tectorins are single copy genes only expressed in the inner ear. Both sequences 
terminate with a hydrophobic carboxyl end preceded by endoproteinase cleavage site suggesting 
that the tectorins are synthesized as glycosylphosphatidylinositol linked, membrane bound 
precursors, targeted to the apical surface of the inner ear epithelia by the lipid and proteolytically 
released into the extracellular compartment. The mouse P-tectorin contains a single zona- 
pellucida domain, whereas a-tectorin is composed of three distinct modules: anNH-2 terminal 
region similar to the part of entactin G1 domain, a large central segment with three full and two 
partial von Willebrand factor type D repeats, and a carboxyl-terminal region. The central, high 
molecular mass region of a-tectorin containing the von Willebrand factor type D repeats has 
homology with sperm zonaadhesin. The two major non-collagenous proteins of the tectorial 
membrane are similar to the components of the sperm-egg adhesion system, and as such may 
interact in the same manner (Legan et al., 1997). 

26.10. ADHESIONCOMPONENTSOF IMMUNE SYSTEM 

26.10.1. Membrane Cofactor Protein (MCP) 

Human membrane cofactor protein (MCP) is a complement regulatory protein, which serves as 
a cofactor for I-mediated inactivation of complement proteins C3b and C4b, and thus plays a 
major role in protection of host cells ffom complement. The MCP also acts as a measles virus 
receptor and is thus down-regulated by measles virus. Studies in guinea pigs suggested that 
MCP is expressed predominantly in the testis, whereas in pigs, monkeys and humans MCP is 
ubiquitously expressed. Murine MCP is developmentally expressed in the testis, paralleling 
the formation of spermatids (Tsujimura et al., 1998). The molecule consists of four short 
consensus repeats (SCR), a serinelthreonine-rich domain (ST), 13 amino acids homology of 
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unknown significance, a 23-amino acid transmembrane domain and a short cytoplasmic tail to 
yield a 45-70kDa type 1 glycoprotein. The SCRl, -2, and -4 are N-glyocosylated and the ST 
domain is 0-glycosylated. The functions of MCP are mapped on different sets of SCRs. The 
protein expressed in CHO cells was 47-kDa, -6 kDa larger than the murine testis MCP. It served 
as a cofactor for factor I-mediated inactivation complement protein C3b in a homologous 
system and, to a lesser extent, in a human system. The major message of murine MCP 1.5 kb 
was expressed predominantly in the testis. It was not detected in mice defective in 
spermatogenesis with immature germ cell. The murine MCP message is expressed selectively in 
spermatids during germ-cell differentiation (Tsujimura et al., 1998). Human sperm have abundant 
MCP in a 42-kDa molecule with no 0 - l i e d  sugars. The MCP is localized in the inner acrosomal 
membrane of spermatozoa and becomes expressed on the surface of sperm through acrosome 
reaction. It has been proposed that the unusual structure and distribution of sperm MCP 
reflect it as a protein associated with fertilization. This hypothesis was reinforced by the 
findings that monoclonal antibodies against human MCP can partially block fusion of human 
sperm to hamster eggs, and that human oocytes may have a counter receptor. In some idiopathic 
male infertility syndromes, MCP may be aberrant in a sperm-specific manner. Human MCP has 
YXXL, RRKKK and FTSL sequences in its cytoplasmic tail. A cDNA encoding the murine 
homologue of MCP showed 45% identity in deduced protein sequence and 62% identity in 
nucleotide sequence with human MCP. The protective function of MCP of host cells from 
complement resides in the complement control protein repeats (CCPs), with CCPs 2-4 essential 
for regulation. Four isoforms of MCP arise via alternative splicing. On human spermatozoa, 
MCP is expressed on the inner acrosomal membrane, and the Abs to CCPl inhibit sperm-egg 
interactions. The MCP on human sperm has a unique M(r) pattern. Human MCP expression in 
the tg mice mimics the human pattern in that it is located on the inner acrosomal membrane and 
has a faster M(r) than MCP expressed elsewhere. Human spermatozoa express MCP bearing 
cytoplasmic tail, which is also utilized in most other tissues and contains several signaling 
motifs (Riley et al., 2002a). Though, in somatic tissues, New World monkeys express an 
alternatively spliced form of MCP lacking CCP1, but sperm express MCP bearing CCP1. The 
germ cell-specific expression pattern of this domain in New World monkeys strongly suggests 
an evolutionarily conserved role for MCP in fertilization (Riley et al., 2002b). 

MCP is an isoform of CD46: The MCP is a unique variant of CD46. The cDNA cloning and 
distribution analysis of murine and guinea-pig CD46 revealed the predominant expression of 
these rodent CD46 homologues in the testis, especially in mature testicular germ cells. The 
MCP does not support the established functions of human CD46 but supports the hypothesis 
that CD46 on sperm serves as a fertilization related adhesion molecule towards eggs. A unique 
CD46 cDNA (STctCY4) h m  the human testis predicted amino acid sequence, which suggested 
the presence of an isoform of CD46. The testis, isoform possessed a short (1 1 amino acids) 
transmembrane section ('I'M) and an unidentified cytoplasmic tail (CY). When expressed in 
CHO cells, this CD46 isoform underwent no 0-glycosylation and was mostly retained in the 
endoplasmic reticulum. This unusual behavior of the new isoform was due in part to the short 
TM and the unusual sequences of the CY. The Mr of this isoform was 42,00ODa, which was 
20,000Da smaller than conventional CD46. These properties of the STcICY4 isoform were 
similar to those of sperm CD46. The only difference between sperm CD46 and the STcICY4 
isoform expressed in CHO cells was that only the latter possessed N-linked sugars of high 
mannose types. Studies on sperm-egg interaction infer that 0-glycosylation perturbs CD46- 
mediated sperm-binding to eggs and thus sperm CD46 lacking 0-linked sugars can serve as an 
adhesion molecule and its possible role in fertilization (Ham et al, 1998). The CD46 expression 
is regulated by 3' untranslated region in transgenic mice. While the expression of MCP in mice 



carrying MCP (BC2) cDNA with 125 bp of 3'untranslated region (3'UT) was minimal, in mice 
carrying MCP cDNA without total 3' UT was evident in many organs. The expression was 
regulated at the post-transcriptional stage. In transgenic mice also the first 125 bp down- 
regulated the expression of MCP molecules along with p-actin and SRa promoter. Also, this 
region down-regulated the expression of decay accelerating factor (DM: CD55) molecules 
when it was inserted into cDNA of DAF. Moreover, the fust 32 bp of the 3' UT revealed the 
same down regulation effect as 125 bp on MCP molecules. Thus the first 125 bp (and the first 
32 bp in particular) of 3' UT regulate the expression of MCP molecules in transgenic mice 
(Miyagawa et al., 1997). 

MCP and C3b: The complement component C3b and its receptors play significant role in 
sperm-oocyte interaction. Damaged or dead sperm activate the alternative pathway of 
complement and bind complement C3 catabolites. In one study, MCP on sperm that have 
undergone the acrosome reaction, specifically b i d  dimeric C3b and that human sperm acrosomal 
proteases released during the acrosome reaction directly cleaved C3, facilitating its binding to 
MCP. Human and hamster oocytes also activate the alternative pathway of complement and 
can also bind human C3 fragments. Specific complement-bindiig molecules may play a role in 
the attachment of C3 catabolites to oocytes. It was found that subsaturating concentration of 
dimeric C3b promoted penetration of hamster oocytes by human sperm, whereas saturating 
doses inhibited this process. In addition, antibodies to both MCP and C3 significantly inhibited 
penetration of hamster oocytes by human sperm. The study provided evidence that gamete- 
induced generation of C3 fragments, and their binding by selectively expressed receptors on 
sperm and oocytes may be an initial step in gamete interaction, leading to membrane fusion and 
fertilization (Anderson et al., 1993). 

Complementary Binding Protein: The mRNAs ofthe complementary binding protein a chain 
(C4BPa) are expressed at significant levels in the guinea pig and mouse epididymis in an 
androgen-dependent manner. The epididymal and liver C4BPa mRNAs are generated from a 
single-copy gene while the epididymal C4BPa mRNAs are transcribed h m  a novel transcription 
start sites located 100-bp downstream from those used in the liver. The C4BP is localized in the 
stereocilia and Golgi apparatus of the epididymal epithelial cells and the surface of spermatozoa 
in the lumen. At cell level C4BP is localized preferentially on the head region of the spermatozoa, 
and on the plasma membrane and the outer acrosomal membrane. The epididymal C4BP is 
synthesized in a region-restricted manner and is taken up to the sperm membranes on passage 
through the epididymis (Nonaka et al., 2003). 

26.10.2. Protectin (CD59) 

Protectin (CD59) is a complement regulatory protein, which blocks the membrane attack complex 
during complement activation. The CD59 is present on the human sperm surface found on the 
whole plasma membrane includingthe head and tail of &esh ejaculated, capacitated and acrosome 
reacted sperm. This protein, which is also present on intraluminal germ cells, has a molecular 
weight of 20-kDa and comparable to that of CD59 expressed on peripheral blood cells. It is 
bound to the membrane through a glycophospholipid tail, which could be released after 
treatment with phosphatidylinositol-specific phospholipase C. In association with MCP (CD46) 
and decay accelerating factor (CD55) located in the acrosomal membranes, CD59 may participate 
to the protection of male gametes against complement-mediated damage as they travel through 
the female genital tract. Since CD59 is known as an adhesion molecule involved in lymphocyte 
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rosettes, and since anti-protectin antibody H19 inhibited sperm binding and penetration rate, 
it is likely that it participates in cell-to-cell gamete interaction (Fenichel et al., 1994). 

26.10.3. Other Components of Immune System in Germ Cells 

Clq: Clq is a component of the classical pathway that can react with the Fc-fkagment of 
immunoglobulins and with other proteins, such as fibronectin, laminii and a specific Clq 
receptor present on several cell types. Given its role in many adhesion systems, mainly related 
to phagocytosis, the effects of Clq on the interaction between human spermatozoa and zona 
f?ee hamster eggs resulted in promotion of sperm-oolemma adhesion and in inhibition of 
penetration. The addition of Clq to the medium resulted in sperm agglutination, which varied 
between sperm donors. The ability of Clq to promote sperm agglutination was shown to be 
dependent upon capacitation, suggesting the increased expression of Clq receptors during 
this process (Fusi et al., 1991; Bronson et al., 1998). 

CDll blCD18 Complex: The pathogenesis of antisperm antibody (ASA)-mediated infertility is 
related in part to complement (C)-dependent neutrophil mediated injury to sperm in the female 
genital tract. Sperm bound IgG activates human C and deposits C3 fragments on motile sperm. 
Furthermore IgG and C3-bound motile sperm adhered to human neutrophils in vitro. As a 
result, this adhesion potentiates the localized release of oxygen radicals at the contact site of 
neutrophiVsperm membranes. To identify the neutrophil surface receptor(s) involved in 
neutrophilhperm adhesion and to evaluate their relevance to the pathogenesis of neutrophil- 
mediated immune injury to sperm, findings implicated the CDll blCD18 glycoprotein complex 
(CR3) in the adhesive events involved in ASA-and C-mediated immune destruction of motile 
sperm by neutrophils (D'Cruz and Haas, 1995). In addition, CD15 antigen was also expressed 
on human sperm cells that had undergone acrosomal loss. The mAb to CD15 inhibited sperm 
binding and penetration of zona-fiee hamster eggs and penetration of human pellucida. Hence 
it appeared that sperm-egg interaction might be also mediated in part by the CD15 antigen @' 
Cruz et al., 1997). 
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Chapter 2 7 

METALLOPROTEASES AND 
METALLOPROTEASE INHIBITORS 

The extra-cellular matrix (ECM) or its components regulate Sertoli cell differentiation, testicular 
cord formation, germ cell development and the rate and the pattern of Sertoli cell migration. 
Coordinated activity of proteolytic enzymes and endogenous inhibitors dictates the rate and 
extent of ECM turnover. Proteinases such as the plasminogen activator and matrix 
metalloproteinases (MMP) are believed to play a role in these developmental changes. 
Furthermore these enzymes are produced by testicular cells in response to hormones 
demonstrating coordinated interactions of proteolytic enzyme expression with cell and tissue 
development in the testis. The family of tissue inhibitors of metalloproteinases (TIMPs) 
represents one of the major groups of extra-cellular matrix-degrading proteases and comprises 
of the collagenases, stromelysins, and gelatinases. The coordinate regulation of TIMPs and 
MMPs has been documented in many cell types in response to variety of stimuli. The loss of 
coordinated TIMP and MMP regulation resulting in an imbalance in favour of proteolysis has 
been proposed to underlie pathological conditions characterized by uncontrolled ECM 
degradation. The presence of proteases in the epididymis requires the presence of their 
inhibitors to maintain homeostasis as a part of regulatory mechanism for regional maturation 
and processing of spermatozoa. 

27.1.1. MMP-1, MMP-2, and MMP-9 

The production and localization of MMP and tissue inhibitors of metalloproteinases (TIMP) in 
the developing human gonad during mid-gestation, using zymographic techniques, indicated 
the presence of MMP-2, MMP-9 and all four TIMPs in both testis and ovary, with the 
predominant gelatinase produced by both the organs. In the testis, MMP-1, MMP-2, MMP-9 
and all TIMP family members are localized to the interstitium and to varying degrees within the 
tubules. The MMP-9 and TIMP-4 were abundant in both Sertoli cells and gonocytes, where as 
MMP-1 and TIMP-1 were localized in particular to Sertoli cells (Robinson et al., 200 1). Membrane- 
type 1 (MT1)-MMP, physiological activator of p r o m - 2  under TIMP-2 control, is present 
within the testis together with MMP-2 and TIMP-2. In the prepuberal testis MT1 -MMP immune- 
reactivity was uniformly distributed, whereas in the adult it was confined to the apical 
compartment of the tubules, where meiosis and spermiogenesis occur. The two cell lineages 
(somatic and germinal) express MTl-MMP and TIMP-1, while MMP-2 was of somatic origin. 
Follicle-stimulating hormone enhanced the expression of MMP-2 and TIMP-2 but not of MT1- 
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1 MVnoVsLLLR ALPLLLWGCQ DAQPTQHGLP E- EKYGYLSEQG SlULPASAQFR 
61 NAIREFQWIS QLPLSOVLDQ ATLRWPRPR CGVADTDSIiA TWTERISTLL AG- 

121 KfU?AKPGNKW YKQBLSYRTV NPIPERLPEPA VRGAVRAAFQ LWSNVSALEF WEAPATGPAD 
181 IRLTFFQGDH NDGLANAEDG PCCAWLIIAFL PRRGEABFDG DERWSLSRRR GRNLFVVLAB 
241 EIGHTLGLTH SPAPRALMAP YYKKLGRDAL LSWDDVLAVQ SLYGICPLCRS VATQLPGINF 
301 TDFEAWDPHN SQSRRPETRG PKYCHSSFDA ITVGSYFWEV TVDGNVSEPR PLQKRUPGLP 
361 PGIEAAAVSL EDGDFYFFXG NRCWRPPGTK SVWGFAQLCR AGGLPRWPDA ALFFPPLRRL 
421 VLFKGSRYW LA-P YYPRSLRDWA GVPEEVSGAL PRPDGSIIFF RDDHYWHLDQ 
481 AKLRVTSSGR WATELSWMGC WNANSGGALF 

Fig.27.1. Amino acid sequence of mouse matrix metalloproteinase 28 (epilysin). Source: httpllwww. 
ncbi.nlm.nih.gov. (Accession NP-536701). 

MMP, and promoted the activation of proMMP-2. In co-cultures, a tremendous elevation and 
activation of MMP-2 was observed, which might relate to the processed MTl-MMP form 
solely detected in germ cells. It indicates that MMP-2 synthesis and activation are under local 
(germ cells) and hormonal control. The FSH regulation emphasizes the importance of MMPs in 
testicular physiology (Longin et al, 2001). 

27.1.2. Epilysin (MMP-28) 

Epilysin (MMP-28) is a recently cloned member of the matrix metalloproteinase family (Lohi et 
al., 2001). It is expressed at highest levels in the skin by basal and supra-basal keratinocytes 
and in testis by developing germ cells. A 3.0-kb fiagrnent of hum= genomic DNA containing 
5'-flanking sequence of the epilysin gene, and a corresponding 660bp fragment is present in 
mouse testes. The 5'-flanking sequences containedno typical TATA-box or CCAAT sequences 
close to the translation initiation sites. RNAse protection assay showed that two transcription 
start sites are situated 210 and 230-bp upstream i?om the translation start site in human epilysin 
gene. The promoter contains a GT-box, situated 300-bp upstream from the translation start site, 
with homology to the consensus bindig site for transcription factors of the Sp family. This 
site is conserved between the human and mouse promoters. Reporter gene assays indicated 
that deletion or mutation of the GT-box dramatically reduced the transcriptional activity both in 
keratinocytes and in spermatogonia. Several nuclear proteins bind specifically to this sequence. 
Spl and Sp3 are components of proteinDNA complexes as possible regulators of the epilysin 
gene. This indicated that epilysin promoter have distinctive structural and functional features 
(Illman et al., 200 l)(Fig.27.l). 

27.1.3. Collagenase IV Metalloproteinases 

Testicular peri-tubular myoid cells secrete a variety of metalloproteinases when maintained in 
culture in a defied medium. The predominant metalloproteinases secreted were identified as 
latent type IV procollagenases having molecular masses of 72-kDa and 75-kDa. The 
metalloproteinase of 72-kDa present in rat Sertoli cell and Sertoli-peritubular cell co-culture 
medium is specifically activated by p-amino phenylmercuric acetate @-APMA) to a lower 
molecular mass form, indicating that it is likely to be a latent collagenase. Since, Sertoli and peri- 
tubular cells in co-culture do produce type IV pro-collagenase, study suggested that the 
secretion and activation of this enzyme and other metalloproteases is regulated by the ratio of 
mesenchymal cells to epithelial cells and time in culture. The production of collagenase is 
influenced by RGD containing peptides. Laminin stimulated Sertoli cell type IV collagenase 
mRNA levels. However, three peptides corresponding to different domains of the laminin 
molecule (CSRAKQAASIKVASADR, FALRGDNP, CLQDGDVFW) did not influence type IV 



Metalloproteases and their Inhibitor Proteins 657 

collagenase mRNA. Neither soluble laminin nor any of the peptides influenced 72-ma type IV 
collagenase protein levels, where as peptide FALRGDNP resulted in a selective increase in two 
high molecular weight metalloproteinases (83-kDa and 1 10-kDa) and in the activation of the 72- 
kDa rat type IV collagenase. Collagenase activation is not influenced by interleukin-1, phorbol 
ester, testosterone, and FSH. The addition of soluble laminin resulted in aredistribution of type 
IV collagenase from intracellular vesicles to the cell-substrate regions. Plasma membrane 
preparations demonstrated triton-soluble gelatinases of 76-kDa, 83-kDa, and 110-kDa and a 
triton-insoluble gelatinase of 225-kDa. Selective studies indicated that testicular cell type IV 
collagenase mRNA levels, enzyme activation, and distribution arc influenced by laminin and 
RGD-containing peptides (Sang et al., 1990; 1991). 

Peritubular cells are stimulated by dibutyryl cyclic AMP, forskolin or cholera toxin to 
secrete increased amounts of type IV procollagenase, though type IV collagenase having 
lower molecular mass of 66-kDa was not stimulated under these conditions. The cytochalasin 
D acts on mesenchymal-type peritubular cells, but not on epithelial type Sertoli cells, to enhance 
the conversion of latent type IV procollagenase into active type IV collagenase. It seems likely 
that conversion of IV procollagenase into type IV collagenase by peritubular cells is inhibited 
by factors secreted by Sertoli cells. It shows that the interactions between Sertoli cells and 
peritubular cells modulate net proteinase activities in discrete regions of the testis (Ailenberg 
et al., 1991). 

27.1.4. Other Metalloproteinaes 

MMP-18: Another predicted protein, which displays all the structural features characteristic 
of the MMP family and has closest identity with MMP-1, -3, -10, and 11, is designated as 
MMP-18. The MMP-18 mRNA is expressed in a wide variety of normal human tissues, including 
mammary gland, placenta, lung, pancreas, ovary, small intestine, spleen, thymus, prostate, 
testis, colon, and heart, but not in brain, skeletal muscle, kidney, liver, or peripheral blood 
leucocytes (Cossins et al, 1996). 

MMP-23: The MMP-23 is predominantly expressed in ovary, testis, and prostate, suggesting 
that this MMP may play a specialized role in reproductive processes (Velasco et al, 1999).The 
MMP-23 cloned from an ovary cDNA library exhibits sequence similarity with other MMPs but 
displays a different domain structure. In this respect MMP-23 lacks a recognizable signal 
sequence and has a short prodomain, although it contains a single cysteine residue that can be 
part of the cysteine-switch mechanism operating for maintaining enzyme latency. The C-terminal 
domain is considerably shortened and shows no sequence similarity to hemopexin, whereas all 
human MMPs with the exception of natrilysin contain four hemopexin-like repeats. Furthermore, 
MMP-23 is devoid of structural features distinctive of the diverse MMP subclasses, including 
the specific residues located close to the zinc-binding site in collagenase, the transmembrane 
domain of membrane-type MMPs, or the fibronectin-like domain of gelatinases. The human 
MMP-23 gene maps to lp36, a location which differs from location of other MMP genes 
(Velasco et al, 1999). 

Insulin Degrading Enzyme: The expression of insulin degrading enzyme (IDE) gene in testis is 
correlated with sexual maturation. The IDE from rat as well as hcmologues from human and 
Drosophila contain the carboxyl-terminal consensus sequence AIS-K-L, for peroxisome 
targeting. A stretch of 43-bp surrounding an alternatively used polyadenylation site is highly 
conserved between rat and human, suggesting that it may contain important regulatory 
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information. Normally the cDNA produces two IDE transcripts of 3.7 and 5.5-kb in various 
tissues, where as testis produces three different RNAs of entirely different sizes (3.7-, 4.1- and 
6.1-kb) at relatively high abundance (Baurneister et al., 1993). 

An emerging family of metalloproteases/metallopeptidases has recently been shown to be 
involved in the maturation and inactivation of various neuropeptides. Because of their roles in 
controlling the activity of several bio-active peptides, members of the neprilysin family of zinc 
metallopeptidases have been identified as putative targets for the design of therapeutic agents. 
It is classified as belonging to clan MA whose most representative member is the bacterial 
metalloprotease thermolysin, and forms the rapidly growing M13 subfamily. At present it 
comprises six zinc-dependent metalloproteases, i.e. neutral endo-peptidase (NEP, EC 3 .4.24.ll) 
(neprilysin), endothelin-converting enzyme-1 (ECE-1, EC 3.4.24.71), ECE-2, Kell blood group 
proteins, PHEX (product of the phosphate-regulating gene with homologies to endopeptidase 
on X chromosome), and X-converting enzyme (XCE). Neprilysin is widely distributed in brain 
and many peripheral tissues, particularly in brush-border membranes of the kidney and intestine. 
Members of the neutral end peptidase (NEP, also known as MME for membrane metallo- 
endopeptidase) family play significant roles in pain perception, arterial pressure regulation, 
phosphate metabolism, and homeostasis. The NEP appears to be responsible for the inactivation 
of enkephalins, substance P, and neurotensin, and possibly of atrial natriuretic peptides. The 
ECE-1, which is responsible for the production of the vasoconstrictive peptide endothelin by 
the cleavage of big-endothelin, is coded by a single gene, which is alternatively spliced to yield 
four isoforms with distinct subcellular localizations. The ECE-2 also cleaves big-endothelin, 
albeit at a lower pH, probably within secretion granules. The last three members of the family 
are still "orphan enzymes", i.e. without an established function. These metalloproteases share 
structural characteristics beyond HEXXH zinc-binding consensus sequence characteristic of 
the M13 family. They are highly glycosylated type I1 integral membrane proteins with a cluster 
of four conserved cysteine residues following the transmembrane domain. 

27.2.1. Neutral End Peptidases (Neprilysins) 

The NEPs or MMEs (neprilysins) are involved in perception of pain, arterial pressure regulation 
and phosphate metabolism homeostasis. Based on conserved sequences of neprilysin ECE-1, 
and PHEX, Ghaddar et al(2000) reported the cloning fiom mouse testis of a neprilysin-like 
peptidase called NL1. NL1 is a glycoprotein that shows strongest sequence identity with 
neprilysin. In constrast with neprilysin and other members of the family NLI was secreted 
when expressed in cultured mammalian cells, possibly due to cleavage at a furin-like site 
located 22 amino acid residues in the C-terminus of the transmembrane domain. The recombinant 
enzyme was inhibited by phosphoramidon and thiorphan, two inhibitors of neprilysin. The 
NLl mRNA was found predominantly in testis, specifically in round and elongated spennatids, 
suggesting its role in sperm formation or other processes related to fertility. Using a similar 
approach, Tanja et al., (2000) identified another member of this family in rat tissues. It is a 
glycosylated, type I1 integral membrane protein of 774 amino acids, containing a zinc-binding 
consensus motif, highly homologous to NEP and, therefore, designated NEPII. Multiple splice 
variants of NEPII mRNA with distinct expression patterns in brain regions, pituitary and testis 
have been characterized (Fig.27.2). In situ hybridization of testis, where levels of the NEPII 
gene transcript are the highest, reveals localization within round spermatids. 
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Fig.27.2. Nucleotide and deduced amino acid sequence of cDNA of neprilysin I1 present in testis and brain. 
Transmembrane domain is boxed. N-glycosylation sites are marked (4). Bold letters show zinc binding 
domain. Reprinted with permission from 0. Tanja et al. Biochem Biophy Res Commun 271, 565-70: 2000 
O Elsevier. 



660 Proteomics of Spermatogenesis 

Bonvouloir et al, (2001) reported the cloning of a new human NEP named for membrane 
metallo-endopeptihelike-2 (MAEL-2). The MMEL2 protein has the smctural characteristics 
of type I1 transmembrane proteins, although the presence of a furin-like cleavage site in the 
ectodomain suggests that it may be released into the medium following proteolytic cleavage. 
The MMEL2 protein contains the zinc-binding consensus sequence HEXXH and all the residues 
known to be essential for the enzymatic activity of other members of the family. The MMEL2 
mRNA was detected predominantly in testis, but weak expression also was observed in brain, 
kidney, and heart. The human MMEL2 gene was mapped to lp36 by in situ hybridization 
(Bonvouloir et a]., 2001). 

27.2.2. Endopeptidase 24.15 

Endopeptidase-24.15 (E.C.3.4.24.15) (EP-24.15) cleaves several substrates found in the 
hypothalamic/pituitary/gonadal axis, including gonadotropin-releasing (GnRH) and the opioid 
peptides of the dynorphin family. Testicular specific activity of EP-24.15 increased linearly with 
age, while ovarian EP-24.15 activity increased immediately prior to puberty. Endopeptihe- 
24.15 with an Mr of about 70,000 from rat testes cleaves preferentially bonds on the carboxyl 
side of hydrophobic amino acids. Secondary enzyme-substrate interactions at sites removed 
fiom the scissile bond are indicated by the fmding that a hydrophobic or bulky residue in the 
P3' position greatly contributes to substrate binding and catalytic efficiency. The enzyme 
activity is inhibited by metal chelators and by thiols but restored by low concentrations of Zn2+ 
and Co2+ ions. Biologically active peptides such as LHRH, bradykinin and neurotensin are 
cleaved at sites consistent with the specificity ofthe enzyme. The testis enzyme is catalytically 
and immunologically closely related to brain enzyme (Orlowsky etal., 1989). The recombinant 
rat testes EP-24.15 and the rabbit brain endooligopeptidase A showed similarity in physico- 
chemical features. Both enzymes are activated by dithiothreitol and irreversibly inhibited by a 
SH-affinity labeling dynorphin-related compound, but not inhibited by a SH-affinty labeling 
dynorphin-related compound or by EDTA. It is unlikely that the recombinant rat testes EP- 
24.15 and the rabbit brain endo-oligopeptidase A are the same molecule although they might 
belong to the same family of oligopeptidases (Hayashi etal., 1996). 

A metallo-endopeptidase that selectively cleaves doublets of basic amino acids on the 
amino-terminal side of arginine residues is present in rat testes. It is present in two catalytically 
active forms with apparent Mr of 110,000 and 140,000-Da, respectively, and inhibited by metal 
chelators and divalent cations. Its activity lost by EDTA was restored by low concentrations 
of Zn2+ and W. This endopeptidase is inhibited by amastatin, an amino peptidase inhibitor. 
A substrate specificity study indicatedthat cleavage occurred selectively at the amino-terminal 
side of an arginine residue, independent of the nature of the basic doublet. The enzyme produced 
such a cleavage at the Arg-Lys doublet of somatostatin 28, at the Arg-Arg doublet of dynorphin 
A and atrial natriuretic factor, and at the Lys-Arg doublet of preproneurotensin- (154-170). 
Moreover, cleavage efficiency was found to be higher for the larger substrates (Chesneau et 
at, 1994). 

27.23. Endothelin-1 Converting Enzyme 

The potent smooth muscle ago& endothelin-1 (ET-1) is involved in the local control of 
seminiferous tubule contractility, which results in the forward propulsion of tubular fluid and 
spermatozoa, through its action on peritubular myoid cells. The ET- 1, known to be produced in 
the seminiferous epithelium by Sertoli cells, is derived fiom the inactive intermediate big 
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endothelin-1 (big ET-1) through a specific cleavage operated by the endothelin-converting 
enzyme (ECE), a membrane-bound metalloprotease with ectoenzymatic activity. Endothelin-1 
and its receptors are present in the human testis and epididymis. The ET-1 mRNA and protein 
are readily detectable in the epithelial compartment of the human epididymis, where as ET- 
converting enzyme-1, that converts the precursor pro-ET-1 into the active peptide ET-1, is 
expressed in the epididymis thus indicating an active processing of the pro-hormone. Thus 
ET-1 can be responsible for sperm progression through this organ, showing a paracrine mode 
of action (Peri et al., 1997). The expression of ECE by Sertoli cells and myoid cell cultures 
showed that ECE-1 (andnot ECE-2) is specifically expressed in Sertoli cells. Sertoli cell monolayers 
were capable of cleaving big ET-1, an activity inhibited by the ECE inhibitor phosphoramidon. 
Myoid cells did not respond to big endothelin, nor to Sertoli cell plain medium, but to the 
medium conditioned by Sertoli cells in the presence of big ET-1. In situ hybridization analysis 
showed regional differences in ECE expression, indicating that pulsatile production of endothelin 
by Sertoli cells may regulate the cyclicity of tubular contraction. This suggested that endothelin- 
mediated spatio-temporal control of rhythmic tubular contractility might be operated by Sertoli 
cells through the cyclic expression of ECE-1, which is dependent upon the timing of 
spermatogenesis (Tripiciano et al., 1999). 

27.2.4. NRD Convertase (Nardilysin) 

Activation of pro-proteins during their transit through the secretory pathway requires limited 
proteolysis at specific sites that most commonly comprise basic residues organized as singlets 
or doublets. Seven mammalian pro-protein wnvertases involved in this type of post-translational 
processing have been characterized. These enzymes cleave the C-terminus of basic amino 
acids and the exposed basic residues are subsequently removed by carboxy-peptidase E or 
carboxypeptidase D. However, NRD covertases cleave various peptide substrates such as 
somatostatin 28, dynorphin A and atrial natriuretic factor at the N-terminus of Arg(R) residues 
in dibasic sites and was thus namedNRD convertase (Nardilysin, EC 3.4.24.61). N-Arg dibasic 
convertase (NRDc) is a metallo-endopeptidase fiom rat brain cortex and testis and cleaves 
peptide substrates on the N-terminus of Arg residues in dibasic suetches. The search for the 
enzyme (s) responsible for the processing of somatostatin-14 led Cohen and associates to 
purify and characterize a ZnZ+- metallo-endopeptidase and to clone its cDNA. Initially isolated 
from rat brain cortex, the enzyme was purified and cloned fiom testis, where it is expressed 
abundantly in gem cells. The predicted 1 161-residues rat NRD convertase of 133-kDa is 
characterized by the presence of a putative signal peptide, a highly acidic stretch of 71 residues 
(79% Glu and Asp) and a zinc binding motif, HXXEH. The presence of this motif, together with 
an overall 35% similarity to E-coli protease I11 pitrilysin (EC 3,4,25,55) and 48% similarity to rat 
or human insulinase (Insulysin, EC 3.4.24.56) suggested that NRD convertase is a member of 
the insulinase family metalloendoproteases implicated in the limited proteolysis of proteins or 
peptides, such as the mitochondria1 matrix-processing protease. In addition a Cys residue that 
may be responsible for thiol sensitivity of the insulinase and N-Arg dibasic convertase was 
proposed. It has been hypothesized that this metallo-endopeptidase may be a member of a 
distinct class of processing enzymes (Pierotti et al., 1994). Although the substrates in vivo of 
NRD convertase have not been yet identified, its cleavage specificity and its membership of 
the insulinase family suggest its involvement in pro-protein processing events. Interestingly, 
the acidic stretch, unique to NRD convertase, is inserted 35 residues upstream of the Zn2+ 
binding motif, within the most conserved region of the insulinase family members. The NRD 
convertase expression is restricted to germ cells and is maximal in elongated spermatids. In this 
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1 mSQTALWL DLVLSLALLA -PI NSSWAVRVT KGYQEAERLA RlWGFVNLGQ 
61 IFPDDQYFHL RHROVAQQSL TPEWGHRT.RL KKEPlWRlWE QQ- SLVVPTDPWF 

121 S-I EQDLNILKVW NQGLTGRGVV VSILDDGIER DHPDLWANYD PLASYDFlJDY 
181 DPDPQPRYTP NDENRIIGTRC AGEVSATANN GFCGAGVAEW ARIGGVPMLD GAITDIVEAQ 
241 SLSLQPQHIH IYSASWGPED DGRTVDGPGL LTQEAFRRGV TKGRQGLGTL FIWASGNGGL 
301 HYDNCNCDGY TNSIHTLSVG STTRQGRVPW YSEACASTFT TTFSSGVVTD PQIVTTDLHH 
361 QCTDlUITGTS ASAP- ALUZANPLL TWPDLQELW RASRPAQLQA EDWRINGVGR 
421 QVSHHYGYGL LDAGLLVDIA RVWLPTKPQK IICTIRVVHTP TPILPRMLVP lWVTVCCDGS 
481 RRRLIRSLEH VQVQLSLSYS RRGDLEIFLT SPMGTRSTLV AIRPLDISGQ GYNNWIFMST 
541 HYWDEDPQGL ODTLGLENKGY YYNTGTLYYC TIJLYGTAED MTARPQTPQV TSCABACAEG 
601 HRGAVPGKSL SPLHCGRTLP HLQQAVWAt QPHTAASDQG TGQLSPSYHT CSAA 

Fig.27.3. Amino acid sequence of  rat testicular proprotein convertase (PC4). Source: httpllwww. 
ncbi.nlm.nih.gov (Accession NP-598243). 

cell type the enzyme is present in the cytoplasm, where it is strongly associated with two 
microtubular structures: the manchette and the flagellum. In addition. NRD convertase is still 
present in the flagella of mature spermatozoa. These results suggestedits possible participation 
in the processing events associated with morphological transformation of the spermatid and/ 
or in spermatozoonmotility (Chesneau et al., 1996; Hospital et al., 1997). Fractionation studies 
argue in favour of a primary cytosolic localization of both peptidases, whereas biotinylation 
experiments showed the presence of both isoforms at the cell surface. Thus NRD convertase 
may also fulfill a similar function in the cytoplasm andlor at the cell surface (Hospital et al., 
2000). 

Rat testis NRD convertase is a Zn2+ dependent endopeptidase of MI6 family. The cloning 
of two human testis cDNA species encoding NRD convertase isoforms, hNRD1 and hNRD2 
has been reported (Hospital et al, 1997). Whereas the hNRD1 transcript (3.7-kb) is equivalent to 
the previously c-drat cDNA (rNRDl), hNRD2 and rNRD2 are 3.9-kb forms containing 
a nucleotide insertion encoding a 68-residue segment. This motif, which is inserted at N- 
terminus of the Zn2+ binding site, HXXEH, is contained within the most conserved region 
among the insulinase family members. Sequencing revealed 92% identity between rat and 
human orthologues. The human gene was localized to chromosome lp32.1-p32.2. Whereas 
NRD convertase is mostly expressed in testis and in 24 cell lines, low rnRNA levels were 
detected in most of the 27 other tissues examined (Hospital et al., 1997) (Fig.27.3). The NRDl 
and NRD2 convertase isoforms differ by the absence (isoform 1) or presence (isoform 2) of a 
68-amino acid insertion close to the active site. Both isoforms over-expressed either by vacccinia 
virus infection of BSC4O cells or transfection of COS-7 cells exhibited similar biochemical 
properties with N-terminally processed NRD convertase activity. The rat and human promoters 
of NRD convertase are highly conserved, containing a number of motifs, which may correspond 
to transcription-factor binding sites. Functionality of the rat promoter was observed with 5' 
deletions to 4 1 1-bp upstream of the transcriptional start site in spermatid, prostate and pituitary 
cell lines. Further deletion to 10-bp caused a complete loss of activity in spermatid and prostate 
lines. By contrast, GH3 pituitary cells displayed no reduction in promoter activity. The region 
41 1-101-bp contained a number of transcription-factor binding sites, although differences in 
binding between the cell lines were not apparent (Winter and Pierotti, 2000). 

Polyamine binding site: Mouse arginine-specific dibasic cleaving enzyme (dynorphin 
converting enzyme) (Csuhai et al., 1995; Chesneau et al., 1994) is the homologue ofN-arginine 
dibasic convertase isolated fiom rat testis. A mouse NRD cDNA exhibited 98% amino acid 
identity with the rat cDNA. However, within a 74 residue acidic stretch, this identity drops to 
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82% and the corresponding acidic stretch of human NRDc is only 73% identical with that of rat 
NRD. Although the rat, human, and mouse NRD's behaved similarly, Tris had a pronounced 
effect on the kinetics of peptide hydrolysis. However, other amines including polyamines such 
as putrescine, spermine, and spermidine had significant influence on NRD activity suggesting 
that amines bind to the acidic stretch found in NRD, and that quantitative differences in the 
sensitivity to amines between the rat, mouse, and human enzymes can be at least partially 
accounted for by differences in their acidic stretch. The role of polyamines as physiological 
modulators of N-arginine dibasic convertase is suggestive (Csuhai et al., 1998). 

27.3.1. Proprotein Convertase 

A common essential step for maturation of many polypeptides is caused by limited 
endoproteolysis of larger inactive precursors at sites marked by paired or multiple basic amino 
acids. Although endoproteases have been characterized, their functions are not well known in 
testis. A mouse testis cDNA that represents a member of a growing class of mammalian 
endoproteases involved in the processing of precursor proteins is present in testis. This 
cDNA encodes a 655-residue protein, designated proprotein convertase (PC4), containing a 
bacterial subtilisin-like catalytic domain closely related to those of characterized precursor- 
processing endoproteases, furin, PClPC3, PC2, and Kex2. Within this domain, the amino acid 
sequence of PC4 was 70,58,55, and 45% identical with those of mouse k i n ,  mouse PClPC3, 
mouse PC2, and yeast Kex2, respectively. The PC4 mRNA was detectable only in the testes 
after the 20th day of postnatal development mainly expressed in the round spermatids. It seems 
that PC4 represents a prime candidate for a precursor-processing endoprotease in the testicular 
germ cells (Nakayama et al., 1992). The carboxy terminus of protein encoded by major PC4 
mRNA differs between rat and mouse. To explain the divergence among species, Seidah et 
a1.,(1992) cloned cDNA representing 3' region of PC4 mRNA and identified PC4-B and PC4-C 
mRNAs with yet different terminus. The structural gene of mouse PC4 is approximately 9.5-kb 
long. It contains 15 exons and 14 introns. The exon-intron organization is very similar to that of 
the genes for the related convertases furin, PCl, and PC2. The upstream region carries several 
GGGCGG and three CCAAT but no TATAAmotifs. Analysis of the 5' end of PC4 mRNA in the 
testis has led to the identification of two novel 5' splice variants that might encode a non- 
secretory enzyme. The multiple forms of PC4 mRNA can all be explained by alternate splicing 
of primary transcripts of a single gene (Mbikay et al., 1994). 

The rat cDNA sequence of PC4 (rPC4) demonstrated the presence of at least three rPC4 
mRNAs resulting in the production of rPC4-A (654 amino acids), rPC4-B (619 amino acids), and 
rPC4-C (609 amino acids) with different C terminal sequences. Analogous to rat PC4, three 
cDNAs were also found for the mouse PC4. The molecular diversity of PC4 mRNA possibly 
results fkom the differential splicing andlor exon skipping of the parent gene. The PC4 mRNA, 
with a major form at 2.8-kb, was highly abundant in the rat testis but not detected in any other 
tissues. Testicular cell analysis indicated high expression levels of PC4 in germ cells but not in 
Leydig, Sertoli, or peritubular cells. The site of PC4 gene expression was located at the pachytene 
spermatocytes and the round spermatids but not in the elongating spermatids and co-localized 
with proenkephalin. The PC4 mRNA was first expressed postnatally between days 19 and 22, 
coinciding with the fist  stages of spermiogenesis. In order to define the function of PC4, 
Mbikay et a1 (1997) showed that mice deficient in germ cell protease PC4 were infertile. Though, 
spermatozoa were morphologically normal, but they failed to hse with egg. 
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Role of PC4 in sperm fertilization and in early embryonic development has been demonstrated 
through several studies including those with PC4 null1 mice. Physiological substrates postulated 
or identified for PC4 include growth factors IGF- 1 and IGF-2, hormonal polypeptide proPACAP, 
and a number of surface proteins of ADAM family such as ADAM-1, ADAM-2, ADAM-3 
(procyitestin), and ADAM-5. A comparative kinetic analysis of fluorogenic substrates against 
PC4 and PC7 revealed that the mutant variants of human proPACAP and mouse ADAM-5 
derived peptides are most efficiently and selectively cleaved by PC4. The most likely sequence 
motif for recognition by PC4 is KXKXXR or KXXR where X= any amino acid other than Cys 
and that it prefers Pro at P3, P5 and/or P2 positions. It was also suggested that PC4 is a good 
candidate processing enzyme for growth factors IGF-1 and 2, neuropeptide proPACAP and 
several ADAM proteins such as ADAM-1,2,3, and 5 (Basak et al., 2004). 

27.3.2. Calpain 

In 1964, Guroff and Guroff first described a unique proteinase in a soluble brain fkaction. This 
protease after many twists and turns is now called "calpain". Calpain (EC 3.4.22.17) is a Ca2+ 
requiring cysteine protease. In animals such as vertebrates and nematodes, calpain forms a 
large gene family comprising more than 10 members. The best characterized members of the 
caplain superfamily include p-calpain and m-calpain, which are now called "conventional" and 
"classical" calpains. "Calpain" should mean a papain-like cysteine protease that requires CaZ+ 
for its activity. The pand  m-calpains consist of two distinct subunits, a larger 80-kDa catalytic 
subunit and a smaller 30-kDa regulatory subunit, forming a heterodimer structure. The 3D 
structures of human and rat m-calpains in the absence of Ca2+ have recently been solved (c/r 
Sorimachi and Suzuki, 200 1). Calpain mediates specific Caz+ dependent reactions including cell 
fusion. Because spermatozoa have an absolute CaZ+ requirement for penetration of oocytes, 
Rojas et a1 (1999) showed that whole sperm homogenate and cell b t i o n s  contain calpain 
activity mostly particulate in nature with optimum pH 9.0. Using spwific anti-calpain I and anti- 
calpain I1 antibodies, a protein of 67-kDa for calpain I1 and a 75-kDa for calpain I was obtained. 
Also spermatozoa contain the endogenous calpain inhibitor, calpastatin, which is located in 
the cytosolic fraction, suggesting that calpain-calpastatin system exists in mammalian 
spermatozoa. The mRNA expression of calpain genes, capn5, capn6, and capnll during 
development suggested that capnll is exclusively restricted to spermatocytes during late 
stages of meiosis (Dear and Boehin, 1999). 

27.4 TISSUE INHIBITORS OFMETALLOPROTEINASES 

27.4.1. Testicular Inhibitors of Metalloproteinases (TIMPs) 

In addition to the metallo-proteinases, endogenous inhibitors of these enzymes may also 
regulate the maturation of male gonads. For example, tissue inhibitors of metalloproteinases 
(TIMPs), the endogenous inhibitors of matrix metalloproteinases, modulate ECM turnover and 
testicular development. The TIMPs are important regulators of testicular development and 
maturation not only in tissue remodeling but also can act as paracrine / autocrine regulator of 
steroidogenesis and spermatogenesis. A role for TIMP-3-sensitive-ZnZ+-dependent 
mettalloprotease in mammalian gamete membrane fusion has been proposed by Correa et al, 
(2000). Of the four identified TIMPs (referred to as TIMP-1-TIMP-4), TIMP- 1 and TIMP-2 were 
produced by testicular cells (Grima et al., 1996), although TIMP-3 and TIMP-4 have not been 
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thoroughly explored in the testis. The TIMP family members are localized to the interstitium 
and to a varying degree within tubules of testis. The TIMP-4 is abundant in Sertoli cells and 
gonocytes. Membrane type-1 MMP is under the control of TIMP-2 (Robinson et al., 2001). 
Members of the TIMP Edmily range in size from 2 1- to 29-kDa and differ in their mode of action 
and selectivity for metalloproteinases. For example in tissues other than testis TIMP-1, TIMP- 
2, and TIMP-4 are secreted and found in the extracellular space whereas TIMP-3 is secreted 
and bound to the ECM. In addition to their known role as proteinase inhibitors, TIMP-1 and 
TIMP-2 exhibit growth factor activity and a TIMP-1 like protein to stimulate steroidogenesis 
by cultured Leydig cells. The role of TIMPs in testis was studied in mice deficient to express 
the TIMP-1 gene (Nothnick et al., 1998). The TIMP-1 mRNA is expressed only in normal 
animals at highest level on day 18-27 of age. While the TIMP-2 expression was identical 
between genotypes with increasing pattern, the pattern of TIMP-3 was similar between 
genotypes and decreased on day 18-41 of age, while TIMP-4 expression was not detected. 
TIMP-3 expression continued to increase between genotypes. The TIMP-1 mutant mice had 
higher testis weight and lower senun testosterone. This suggested that each TIMP displays its 
own unique pattern of expression during the pre-pubertal period and may have specific roles in 
testicular development. Overall, TIMP-1 appears to have little effect on testosterone production 
in mice lacking TIM-1 gene (Nothick et al., 1998). 

Both Sertoli and germ cells express TIMP-1 (Mruk et al., 2003). A polypeptide from primary 
Sertoli cell conditioned culture medium showed two molecular variants of 3 1 - and 29-kDa. The 
N-terminal amino acid sequence analysis of these two proteins revealed a sequence of NH(2)- 
IKMAKMLKGFDAVGNATG, which is homologous to tissue inhibitor of metalloproteases-1 
(TIMP-1). The FSH stimulates Sertoli cell TIMP-I and TZMP-2 activity, and also TIMP-1, 
TIMP-2 protein and mRNA levels. These effects were stimulated by the cAMP analogue, 8- 
bromo-CAMP and the phosphodiesterase inhibitor, 3-isobutyl-1-methylzanthine. The ability 
of FSH to stimulate Sertoli cell TIMP activity is the central role for this hormone in the control 
of ECM turnover during testicular development (Ulisse et al., 1994). Sertoli cells secretion of 
TIMP-1 and TIMP-2 seems to be coordinately up-regulated by FSH through a CAMP-PKA 
dependent pathway. A convergence of phorbol maristrate acetate (TPA), FSH, and cAMP 
mediated signals in prepuberal Sertoli cells may occur with the induction of specific AP-1 site 
binding complexes containing jun and fos proteins. Alterations in the coordinate TIMP-11 
MMP expression have been hypothesized to involve changes in the production of a ets and 
judfos containing transacting factors. Dimeric activation of protein complexes comprising fos 
and jun proteins (AP-1) recognize the consensus sequences, 5'-TGA CIG TCA-3'. This 
sequence represents the AP-1 site. TIMP-1 gene contains AP1 sites conserved in rodents and 
humans. It seems that FSH stimulation of TIMP-2 expression may be regulated independently 
to that of TIMP-1 (Ulisse et al., 1994). 

27.4.2. Epididymal Protease Inhibitor (EPPIN) 

The tissue inhibitors of metalloproteinases are one class of inhibitors. Another class comprises 
new serine protease inhibitors, EPPIN. The Eppin, a gene located on human chromosome 20 
expresses three mRNAs encoding two isoforms of a cystine-rich protein containing both 
Kunitz-type and WAP-type four disulfide core protease inhibitor consensus sequences. 
Analysis ofEppin 5 genomic sequence from chromosome 20q12-13.2 predicts the existence of 
all three splices variants of Eppin and that all the exons conform to the AGIGT splicing rule.The 
Eppin is a single copy gene. The TATA box transcription initiation sites are present for both of 
the different Eppin 5' UTRs; examination of the promoter region at 1800 bp upstream of the 
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Fig.27.4. Nucleotide and deduced amino acid sequences of human Eppin 1 and 2. Secretory signal is single 
underlined; Kumtz-type sequence double underlined; and four-disulfide core (WAP-type) sequence is dash 
underlined. Reprinted with permission from T.R. Richardson et al. Gene 270; 93-103: 2001 0 Elsevier. 

start condon revealed a number of putative transcription enhancer binding sites, typical of 
genes expressed in the epididymis or testis. The Eppin-1 expresses only in the testis and 
epididymis. The Eppin-2 is expressed only in the epididymis, and Eppin-3 only in the testis. 
Immunohistochemistry indicated a strong pattern of expression by the ciliated cells of the 
efferent ducts and strong staining of ejaculated spermatozoa. The Eppin represents the f ~ s t  
member ofthe family of protease inhibitors characterized by dual inhibitor consensus sequences, 
both WAP-type and Kunitz-type. A second family member is predicted to exist on chomosome 
20 approximately 4 kb downstream &om Eppin k exonl, which has two WAP-type sequences 
and one Kunitz-type consensus sequence (Richardson et al., 2001) (Fig.27.4). 
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27.4.3. Protein C Inhibitor 

The protein C inhibitor (PCI) is a plasma glycoprotein belonging to the serpin superfamily of 
serine protease inhibitors, of which PC1 is the prototype. The concentration of PC1 in seminal 
plasma is 40 times higher than in the blood plasma. Hermans et al. (1994) described a very 
potent inhibitor of the sperm acrosin by PCI. The PC1 is very rapidly inactivated in seminal 
plasma by proteinases in the reproductive tract such as prostate-specific antigen (PSA) and 
tissue kallikrein. The PC1 has a broad protease specificity, inhabiting several proteases in 
homeostasis and fibrinolysis by acting as a suicide substrate. The PC1 is present on the 
acrosomal cap of human sperm, which demonstrates the early presence of PC1 in the male 
reproductive tract. Induction of the acrosome reaction in ejaculated human spermatozoa leads 
to the disappearance of PC1 from the plasma membrane overlying the acrosomal head and the 
appearance of a strict distribution at the equatorial segment of human spermatozoa. Although 
a direct relation between PC1 and physiological events during fertilization has not yet between 
established, it seems that PC1 may protect spermatozoa against premature acrosome reaction 
and degradation, thereby modulating the acrosin activity. 
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ISOENZYMES IN ENERGY PATHWAYS 

Testis expresses variety of isoforms of enzymes associated with energy producing pathways 
such as glycolysis and pentose shunt pathway. Glycolytic enzymes have also been reported to 
associate with tubulin and microtubules in sperm flagellum (Srere and Knull, 1998). The presence 
of glycolytic enzymes, glyceraldehyde-3-phosphate dehydrogenase (GAPD), aldolase (Volker 
and Knull, 1997), and 1-phosphohctokinase (Lehotzky et al., 1993; Vertessy et al., 1997) in 
microtubules have led to the suggestion that binding of these enzymes to tubulin may act as a 
mechanism for controlling the activity of the glycolytic pathway (Srere and Knull, 1998) possibly 
in sperm. The molecular bases for the testis-specific expression are diverse. Cognate genes 
expressed uniquely in testicular germ cells for glycolysis are PGK-2 and lactate dehydrogenase- 
C (Ldh3). In addition, other enzymes, which show cell specific features, include GAPD, 
hexokinase, phosphogluco-isomerase, aldolase, phosphoglycerate mutase and enolase. 

Hexokinase (Hk, EC 2.7.1.1) is the first essential enzyme in the main pathway of glycolysis, 
where it phosphorylates glucose to form glucose 6-phosphate. In mammals there are four 
hexokinase isozymes, which vary in their tissue distribution and kinetic properties. The 
hexokinase isozymes type 1-3, each consists of a single polypeptide chain of approximately 
lOOkDa, which is inhibited by the glucosed-phosphate product. The type 4 hexokinase 
(glucokinase) is similar to yeast hexokinase, being a single polypeptide of approximately 50- 
kDa and insensitive to inhibition by glucosed-phosphate. Expression of glucokinase is limited 
to hepatocytes and pancreatic B cells and is regulated differently in these two tissues. Sequence 
comparisons between bovine, rat, human, and mouse Hkl indicated that the N-terminal 15 
amino acids are 100% conserved. This hydrophobic domain is the putative outer mitochondrial 
membrane-binding domain of somatic Hkl, which is normally cytoplasmic or bound to the 
outer mitochondrial membrane via contact sites with a voltage dependent anion channel @orin) 
through porin biding domain (PBD). The porin is the pore forming protein involved in the 
movement of adenine nucleotides across the outer mitochondrial membrane. Hexokinase 
interacts with porin in a manner such that hexokinase is provided with preferred access to the 
ATP, generated in the mitochondrion. 

Characterization and Localization: Preliminary analysis of mouse spermatogenic cell 
hexokinase cDNA (Hkl-sa) showed it to be 99% identical to the somatic Hkl cDNA sequence 
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Fig.28.1. Comparison of structural features of 5'ends representing mRNAs for hexokinase-1 from human 
testis (hHKI-ta, hHK1-tb, and hHK1-rc) and human somatic cells (hHK1). Sequence differences in human 
HK1 are shown by hatched box (377bp). Additional boxes of 55bp in hHK1-tb and 179 bp in hHK1-lc within 
or outside the hatched box respectively are indicated. Porin binding domain in hHKI is shown by solid box. 
The predicted coding regions are indicated by wide boxes, while untranslated regions are indicated by narrow 
boxes (Mori et al., 1996). 

through most of its lengths but contained a unique sequence at the 5'-end. The expression of 
mRNA of this hexokinase was specific to spermatogenic cells. Analysis of two additional 
hexokinase cDNA clones further demonstrated three cDNAs, which contained a spermatogenic 
cell-specific sequence flanked on the 5'-end by sequences unique to each clone. These unique 
hexokinase cDNA clones were referred to as Hkl-sb and Hkl-sc. The three spermatogenic cell- 
specific hexokinase cDNAs lack the porin binding domain present at the 5'-end of the coding 
region of somatic Hkl genes. Cloning of mouse Hkl-s (mHk1-s) cDNA showed that the porin 
binding domain (PBD) in the Hklof somatic cells is replaced by a spermatogenic cell-specific 
region (SSR) (Mori et al., 1993; 1996). Although the PBD binds to the outer membrane of a 
mitochondrion, the SSR of mHkl-s targets some specific organelle. Nakamura et al., (2003) 
revealed that PBD is concentrated around the mitochondrion, whereas the SSR could not be 
ascribed to the mitochondrion, ER, or nuclear co-localization. 

The cloning of cDNAs representing three unique human type 1 hexokinase mRNAs (hHkl- 
ta, hHkl -tb, and hHk1 -tc) expressed exclusively in testis also testified a testis-specific sequence 
not present in somatic Hkl, but lacked the sequence for the PBD. The hHkl-tb and hHkl-tc 
mRNAs each contained an additional unique sequence, similar to the spermatogenic cell- 
specific sequence of the mouse mRNAs. Northern analysis of RNA from mouse, hamster, 
guinea pig, rabbit, ram, human, and rat demonstrated absence of PBD in hexokinasel from the 
testes ofthese mammals (Mori et al., 1996) (Fig 28.1). Antisera against unique regions of Hkl- 
sa and Hkl-sb showed that Hkl-sa and Hkl-sb are not translated during spermatogenesis, 
whereas only germ cell-specific Hkl-sc was identified in round spermatids, condensing 
spermatids, and mature sperm. Whole of the sperm Hkl-sc is tyrosine phosphorylated, and 
associated with the mitochondria and with the fibrous sheath of the flagellum and was found 
in discrete clusters in the region of the membranes of the sperm head. The somatic Hkl isoform 
was not present. The unusual distribution of Hkl-sc in sperm suggested novel functions such 
as extra-mitochondria1 energy production (Visconti et al., 1996; Travis et al., 1998). 
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Hkl-sc is a Processed Form of Hkl-sa: The mechanism by which one protein is targeted to 
multiple sites within highly polarized sperm cell poses important questions of protein targeting. 
Mutation analysis of constructs, (containing a non-hydrophobic, germ cell-specific domain, 
present at the amino terminus of the Hkl-sc) and targeted to the endoplasmic reticulum and the 
plasma membrane demonstrated the presence of a complex motif, PKIRPPLTE (with essential 
residues) that represents a novel endoplasmic reticulum targeting motif in Hkl-sc. Constructs 
based on another germ cell specific hexokiiase transcript, Hkl-sa, demonstrated the specific 
proteolytic removal of the amino terminal domain, resulting in a protein product identical to 
Hkl-sc. Such processing might constitute a regulatory mechanism governing the spatial and/ 
or temporal expression of the protein, Hkl-sc (Travis et al., 1999). 

Phosphotyrosine Containing Hex (pY-mHk1): The mouse sperm possess at least one Hkl 
isoform that is present on the sperm head and behaves as an integral membrane protein (Visconti 
et al., 1996). Mouse sperm also possess a phosphotyrosine containing hexokinase type 1 (Hkl) 
that is associated with the plasma membrane fiaction of these cells (Kalab et al., J. Biol Chem 
1994; 269:3810-17). The plasma membrane association of Hkl appears unique, since somatic 
Hkl is normally cytoplasmic or bound to the outer mitochondria1 membrane via contact sites 
with porin. This suggested that germ cell hexokiiases (Hkl-sa, Hkl-sb, and Hkl-sc) might not 
be localized to the outer mitochondiil membrane and could have alternative functions in germ 
cells andor sperm. It seems that at least one of the Hkl isoforms is tyro-phosphorylated during 
mouse spermatogenesis. Treatment of sperm membrane fractions to dissociate the 
phosphotyrosine containing Hkl @Y-mHK1) demonstrated that pY-mHK1 has properties of 
an integral membrane, specifically staining both in the head and tail regions of sperm. The pY- 
mHkl contains an extracellular domain (Visconti et al., 1996). 

Hex as a Zmmunocontraceptive: Based on the sperm specific nature of an isozyme of hexokinase 
and association of a tyrosine-phosphorylated form of Hkl with sperm, having properties 
consistent with an integral plasma membrane protein, hexokinase has been suggested as an 
immunogen for an imrnuno-contraception. The tyrosine phosphorylated form of Hkl has an 
extracellular domain that is localized to both the head and flagellum of non-permeabilized cells 
(Visconti et al., 1996). Mature sperm from sterile tw32Itw5 mice (mutant sperm) had defects in 
motility and sperm-egg interaction. Characterization of Hkl from mutant sperm indicated that at 
least a portion of the Hkl present in these cells is an integral membrane protein with an extra- 
cellular domain located on the sperm head and the flagellum. Anti-phoshotyrosine antibodies 
demonstrated that Hkl in mutant sperm is not tyrosine phosphorylated. This suggested a 
relation between sterility and lack of tyrosine phosphorylation (Olds-Clarke et al., 1996). In 
another report, however, Naz et al(1996) suggested that the hexokinase present in acrosome, 
mid piece, and tail regions of human sperm has M, of 1 16-kDa. The 1 16-kDa sperm hexokinase 
is a glycoprotein that is different fiom the 95-kDa phosphotyrosine protein, and that was not 
phosphorylated at tyrosine residues. However, its antibodies could cause agglutination and 
an inhibition of fertilizing ability of human sperm (Naz et al, 1996). 

Glucose-6-phosphatase (EC 3.1.3.9) has traditionally been thought to be a liver enzyme, which 
plays a major role in the regulation of blood glucose levels. In response to stress or low blood 
glucose levels, it releases glucose £tom glucosed-phosphate in blood for use of other tissues. 
The microsomal glucose- 6-phosphatase system has been unequivocally demonstrated to be 
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also in pancreatic islets and human fetal adrenal. Low levels have been found in intestine and 
gall bladder mucosa. There have also been several reports on glucosed-phosphate hydrolysis 
in the adult male reproductive tract. Unfortunately, these studies were carried out before it was 
recognized that glucose-6-phosphatase was a multi-component system. In addition, it was not 
clear whether the hydrolysis of glucose-6-phosphate seen in testis was due to the action of the 
glucose-6-phosphatase enzyme or the action of other nonspecific phosphatases. Burchell et 
al., (1 996), using monospecific antibodies to the liver enzyme, and specific DNA probes examined 
whether glucose-6-phosphatase is present in human and rat testis. Microsomal glucose-6- 
phosphatase activity in human fetal testis (weeks 15-20 of gestation) was approximately 25% 
corresponding to liver. Kinetic analysis of glucose-6-phosphatase in intact and disrupted 
microsomes and Southern blot analysis indicated that the specific glucose-6-phosphatase 
enzyme-system was also present in rat and human testis. The predominant site of expression is 
the Leydig cell in fetal testis. Since testicular glucose - 6-phosphatase does not play a major 
role in the regulation of blood glucose levels, it is proposed that it produces glucose (andlor 
other hexoses) at a maintained or accelerated rate for local use only. It is likely that as in 
adrenals, this is required for the generation of NADPH via the hexose monophosphate activity 
required for steroidogenesis (Burchell et al., 1996). 

28.4 Glucose-phosphate Isomerase and Sperm Antigen-36 

The glycolytic enzyme, glucose phosphate isomerase (GPI), also known as phosphohexose 
isomerase catalyzes the interconversion of glucose 6-phosphate and fructose 6-phosphate. 
The 50-kb gene for human GPI, located on the long arm of chromosome 19, has been cloned. 
Surprisingly, GPI mRNA shares high sequence homology to mRNA that codes for neuroleukin 
(NLK). The NLK is a neurotrophic mediator for spinal and sensory neurons. It is also secreted 
by activated T lymphocytes and also by tumor cells. The mouse sperm agglutinating monoclonal 
antibody-36 (mAb A36) was shown to induce extensive, ''tangledY' sperm agglutination and 
hence was used to isolate cDNAs encoding its cognate antigen. Sequencing of these cDNAs 
yielded the complete nucleotide sequence of a 3-kb cDNA that encodes the mAb-related 
polypeptide, designated sperm antigen-36 (SA-36), composed of 558 deduced amino acids 
(Fig.28.2). The SA-36 cDNA contained a 5'-untranslated region of 234 nt, an open reading 
frame of 1674 nt, and a 3'-untranslated region of 1138 nt. The SA-36 cDNA displayed 99% 
homology to glucose phosphate isomerase Ineuroleukin mRNA. The mAb A36 reacted 
specifically with GPI obtained from rabbit muscle and from baker's yeast. Takentogether, it was 
suggested that mAb A36 cognate sperm surface antigen, encoded by SA-36 cDNA, is a 
glucose phosphate isomerase/NLK-like protein involved in sperm agglutination (Yakirevich 
and Naot, 2000). Buehr and McLaren (1981) had, earlier demonstrated that aunique isoform of 
glucose phosphate isomerase, absent £tom somatic tissues, exists in mouse sperm cells and 
mouse testes, but only after puberty. Evidently, more studies are needed to elucidate the 
relationship between sperm isoform of glucose phosphate isomerase MLK and SA-36. 

28.5. FRUCTOSE&-PHOSPHATE, 2 KINASE 1 FRUCTOSE& 6-BIS PHOSPHATASE 

Fructose-2,6-bisphosphate (Fru-2,6-P,) is a potent allosteric regulator of 6-phosphofiucto-1- 
kiiase (Fru-6-P,2-kinase). The levels of Fru-2,6-P, are maintained by a family of bifunctional 
enzymes, 6-phosphohcto-2-kinase/hctose-2,6-bisphosphatase (Fru-6-P,2-kinase I Fru-2,6- 
Pase), which have both kinase and phosphatase activities. Each member of the enzyme family 
is characterized by their phosphatase : kiiase activity ratio (K:B) and their tissue-specific 
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1 MMLTRDPQF QI(LQQWPREH RSELNLRRLP DANKDRPNEP SLTLNTNHGH 
51 ILVDYSKNLV TE-VD LAKSRGVEAA REIIMFNGEKI NYTEGRAVLH 

101 VALRNRSNTP ILVDGKDVMP EVNKVLDI(MI( SE'CQRVRSGD WKGYTGKTIT 
151 DVINIGIGGS DLGPLMVTEA LKPYSSGGPR VWYVSNIDGT HIAKTLAQLN 
201 PESSLFIIAS KTFTTQETIT NAET- QAAKDPSAVA XEFVALSTNT 
251 TKVKEPGIDP QtWFEPWDWV GGRYSLWSAI GLSIALHVOF TJNFEQLLSGA 
301 RWMDQHFRTT PLEKNAPVLL WGIWYINC FGCETWAMLP YWYLHRPM - 
351 YEQQGDMESN GKYITKSGTR VDHQTGPIVW GEPGTNGpHA FYQLIHQGTK 
401 MIPCDFLIPV QTQHPIRKGL HHKILVANFL AQTEAVMRGK STEEARKELQ 
451 MGKSPEDLE WPHKVFEG NRPTNSIVFT KLTPETCGAL VAMYEHICIW 
501 QGIIWDINSF DQWWELGKQ LAFXIEPELD GSAQVTSHDA STNGLINFIK 
551 QQREARVQ 

Fig.28.2. Amino acid sequence of spenn agglutinating antigen (SA-36) deduced from cDNAs isolated from 
human testis (Yakirevich and Naot, 2000). 

expression. The bihctional enzyme Fru-6-P,2-kinase / Fru-2,dPase catalyses the synthesis 
and degradation of hctose-2,6-bisphosphate and participates in glucose homeostasis by 
regulating the intracellular concentration of fructose-2,6-bisphosphate (Fru-2,6-P,). The Fru- 
2,6-P, is both a potent physiological activator of 6-phosphofructokinase, and an in vitro 
inhibitor of hctose-1,6 bisphosphate. The Fru-2,6-P, concentration is governed by a tissue- 
specific nature of bifunctional isozyme, which differs in the relative activities of the kinase and 
the phosphatase. One of the phospho-fructo kinase-2 isozyme genes, PFKFB-3, was induced 
by hypoxia through the hypoxia-inducible factor-1 (HIF-1) pathway. The basal and hypoxic 
expression of three members of this family in different organs of mice indicated that all four 
isozymes (FTKFB-1-4) are responsive to hypoxia; their basal level of expression and hypoxia 
responsiveness depends on organ studied. However, the highest hypoxia responses are found 
only in liver and testis. Results demonstrated that Fru-6-P,2-base genes are responsive to 
hypoxia in vivo, indicating a physiological role in the adaptation of the organism to 
environmental or localized hypoxidischernia (Minchenko et al., 2003). 

Characterization: Several isozymes of Fru-6-P,2-kinase/ Fru-2,6-Pase fkom mammalian tissues 
have been characterized. The major isozymes fkom liver, heart, and testis are homodimers, 
consisting of subunit M, ranging fiom 54,000 to 60,000Da. A comparison of the amino acid 
sequences reveals that the catalytic domains of these isozymes are highly conserved, but their 
N- and C- termini, which are regulatory for enzyme activity are completely different. In addition 
to differences in the primary structures, the terminal peptides of the liver and the heart isozymes 
contain phosphorylation sites and play important roles in regulation of the bifunctional enzyme 
activity. For example, phosphorylation of the N-terminus of the liver enzyme results in the 
inhibition of Fru-6-P, 2 kinase activation of Fru 2,6-Pase. In contrast, the phophorylation of the 
heart enzyme in the C-terminus results in the activation of Fru 6-P, 2-kinase. These effects of 
phosphorylation suggest the importance of the terminal peptides in the regulation of the 
enzyme activities, which probably involve the conformational changes induced by interaction 
of the terminal peptides with the catalytic domain in a specific manner. Based on isoforms, 
these studies serve as a model for modification of other proteins structures. 

On the basis of significant amino acid homology, the phosphatase activity domain of 
bifunctional enzyme is structurally related to the phosphoglycerate mutase and acid 
phosphatase families. The enzyme structure of testis origin shows the location of the C- 
terminus but does not reveal the N-terminal36 amino acid residues, suggesting amobile nature 
for this terminal tail. To gain insight into the roles of the terminal peptides, 24 and 30 amino 
acids fkom the N-terminus of the testis enzyme were deleted. These deletions caused a large 
increase in qm,, a decrease in the kinase activity, and an increase in the phsphatase activity 
(Tominaga et al., 1993). To determine the role of phosphorylation, a consensus amino acid 
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sequence (RRAS) was introduced for protein kinase A in the N-terminus of the testis enzyme 
(which lacks any phosphorylation site). The phosphorylation of this site resulted in inhibition 
of the kinase and activation ofthe phosphatase. However, the phosphoenzyme was susceptible 
to thermal inactivation than the dephospho forms. These results suggested that the N-terminus 
is essential in stabilizing the dimmer structure, probably by strengtheningthe subunit interaction. 
Deletion or phosphorylation of the N-terminus weakens the interaction of N-terminus with the 
catalytic domain, which results in with change of kinetic properties of the enzyme in general 
(reviewed in Yuen et al., 1999). 

The rat testis enzyme also referred as (RT2K) lacks the regulatory domain, but the rat liver 
and the bovine heart enzymes contain phophorylation site@) in the N- and the C-termini, 
respectively. Tominaga et al., (1997) constructed mutant enzymes in which the N- or the C- 
terminal tail of the testis enzyme was replaced with that of either liver or heart enzyme. The 
substitution with the N-terminus of the liver enzyme (RLN-RT2K) and c-terminus of heart 
resulted in a small change in the kinetic properties of Fru 6-P, 2 kinase, but substitution with the 
N-terminus of heart enzyme increased the qm, 18 fold without affecting the V-. The 
phosphorylation of RLN-RT2K increased qN, fivefold as in the liver enzyme but did not 
affect the Fru 2,6-Pase, unlike the liver enzyme. Mutant enzymes were more thermally labile 
than the wild type testis enzyme. The RLN-RT2K was more sensitive to the denaturant. 

Conformation: The crystal structure of the rat testis Fru 6-P, 2 kinasel Fru-2,6 Pase shows that 
each enzyme monomer consists of independent kinase and phosphatase domains and the two 
subunits in the homodimmer are arranged in a head to head manner (Fig.3 1.2). The kinase 
domains are in close contact, forming an extended hydrophobic core between them, while the 
phosphatase domains are essentially independent of one another. The kinase domain for 
kinase activity is related to the superfamily of mononucleotide binding proteins with a close 
relationship to the adenylate kinases and the nucleotide binding portion of the G-proteins. A 
mutant rat testis isozyme with an alanine replacement for the catalytic histidine (H256A) in the 
Fru-2,6-Pase domain retains 17% of the wild type activity (Mizuguchi, et al., 1998). The crystal 
structure of H256A was solved at resolution of 2.4 A by molecular replacement. The Fru-6-P 
was found at the Fru-2,6 Pase active site, revealing the interaction in substratelproduct binding 
at the active site of the enzyme. A view ofthe Fru-2,6 P, bound enzyme complex identified the 
residues responsible for catalysis. The analysis disclosed distinct catalytic mechanisms for 
the wild type and mutant proteins. The wild type protein leads to an inefficient transfer of a 
proton to the leaving group Fru-dP, which is consistent with a view of this event being rate 
limiting and responsible for the extremely slow turnover (0.032 sl) ofthe Fru-2,6-Pase in all Fru- 
6P, kinaseh-2,dPase isozymes (Yuen et al., 1999) (Fig.28.3). 

Phosphoglycerate kinase (ATP-3-phospho-D-glyceratel-phosphotransferase, EC 2.7.2.3) 
catalyzes the reversible conversion of 1,3-diphosphoglycerate to 3-phosphoglycerate, a reaction 
that generates one molecule of ATP in the glycolytic pathway. An X-linked phosphoglycerate 
kinase gene is expressed in all mammalian somatic cells and pre-meiotic cells and undergoes 
dosage compensation. In addition to this X-encoded phosphoglycerate kinase (PGK-1 or 
PGK-A) isozyme, PGK-2 (PGK-B) has been identified which is expressed in some mammalian 
testis and which is transcribed post-meiotically. Comparison of murine PGK-1 and PGK-2 
isozymes suggested that they evolved fiom a common ancestral sequence. In contrast to X- 
linked Pgk-I, the Pgk-2 gene is located on an autosome in both mouse and kangaroo and has 
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Fig 28.3. Fru-6-P interactions in the Fru-2, 6-Pase active site. A stereo view of the Fru-2, 6-Pase active with 
various interactions between protein and Fru-6-P are shown. The Fru-6-P 6-phosphate is bound by interactions 
with Arg350, Lys354, Tyr365, and Arg395. The fructose portion of Frud-P is bound by both hydrogen bonds 
and a hydrophobic stacking interaction, where IIe267 can be seen to stack with the fructose ring and Fru-6- 
P-0-2. The two water molecules that form hydrogen bonds between Frud-P-0-1 and the protein are shown 
as isolated spheres. One of these waters interacts with Fru-6-P, Tyr336, and the main chain carbonyl of 
Thr443. The other water interacts with As11262 and the main chain carbonyl of position 266. The free 
phosphate (analogous to the 2-phosphate of Fru-2, 6-P2) is shown at the bottom, bound by Arg255, Asn262, 
Arg305, and His390. The identities of the side chains are indicated with the one-letter amino acid designation 
and position in the RT2K protein sequence. Hydrogen bonds between the Fru-6-P, phosphate, and protein are 
drawn as black lines. Printed with permission from M.H. Yuen et al, J Biol Chem 274; 2176- 84; 1999 O 
American Society for Biochemistry and Molecular Biology. 

been mapped to the vicinity of MHC gene on chromosome 17 in mouse. However, using sub- 
cloned fragments of the cDNA, the presence of four independent phosphoglycerate kinase 
genes was identified. These genes have been mapped to both the human X chromosome (band 
q13) and chromosome 6 (p12-21.1). The genomic distribution of phosphoglycerate kinase 
sequences is conserved in man and mouse, not only for the X-chromosome, but also for 
linkage to the respective major histocompatibility complexes. Cloning of X-linked 
phosphoglycerate kinase sequences led to the identification of a intronless phosphoglycerate 
kinase pseudogene, which is localized proximal to the active gene on the X chromosome 
(Michelson et al., 1985). 

Characterization of Pgk-2 Gene: The nucleotide sequence for the autosomal genomic clone 
of Pgk-2 shows an open reading frame of 1,25 1 nt capable of coding a full length PGK protein 
of 417 amino acids. This coding sequence shows 85% homology with that of the functional 
human X-linked Pgk-1 gene at the nucleotide level, and its predicted amino acid sequence is 
87% homologues with that of the functional Pgk-1 derived enzyme. The predicted sequence of 
the PGK-2 polypeptide is identical to the functional PGK- l sequence at 36414 17 positions (87% 
homology). The human Pgk-1 gene consists of 1 1 exons and 10 introns encompassing a region 
- 23-kb in length. The Pgk-2 has revealed that this autosomal sequence is completely deficient 
in all ten introns and contains characteristics of a processed gene or retroposon including a 
165bp remnants of a poly (A)'tail and bounding direct repeats of which 52% bases are adenines. 
In the human Pgk-2 gene, direct repeats of seven base pairs are located just 3' to the remnant 
of the poly (A)' tail and at 939-945-bp upstream from the start of the coding sequence. Such 
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P a - 1  PR 6 1  M....,.D.VP*W....E.-.VV.K.... .-- L.~K. I . I I I . .K1(WHP.A. . . .  lil) 
PGK-Z PR 6 1  I ( , , . . . . D . V P W . . . . . . . . V Y Y K - * . L K . A K P  1 2 0  

OPGK-1 PR 6 1  H....Q+DIVPWD?r..E.F.V~FK---....L..K..-.-rrrK-CWP.Al...rr. 1 2 0  

PGK-V PR 179 L W R M O F L L E ~ K Y f ( i ~ E N P T R P F U I L ~ V M X I Q L I D N L L D * V D S X I X ~  2 3 8  
PGK-1 PR 1 5 1  ... K.6...M...N-.A---.SSEEEEEEEEEEEEEEEEEEEENNHHHHHHEU 2 4 0  
P W - 2  PR 181 .- HKrS...M...D..A~.~~-~VVVVVVVV..........-.K.I(-...NEU-..... 240 

9PGK-1 PR 180 ... K.&...HK...N..V.V..S-~.-.1.....~.F..r.H..NIX....NEr(.r(r(.-T 2 3 9  

PGK-Y PR 2 3 9  AFTFKXVLENTEI WSIFDKA&A€ IVPKt*IEKAKAKGVEVVLPVDFI KMffShtWXTKT 2 9 6  
PGK-1 PR 2 4 1  .... L...N.R...T.L..EE..K ~.KOD.S55EKNWWKIT.I(I(I(.VTT.K.DENNKY69 3WI  
P a - 2  PR 2 4 1  ,Y+.L...N.~...A.L..EE..K..KDX.A..(PCN..RtTFFFFFVTG.K.DENHQV~ 3- 

VPGK-1 PR 2 4 0  .... L.-.N.R.T.T.Lr.EE..K..W..M.EKN..KlT..It.VT.EK.DEN.R.GQ 2 9 9  

PGK-V PR 2 9 9  V T D K E ~ ~ I P U ~ ~ W G P E U ~ K L F M T V M I T I V U ) ( G P P ' F P O E F E K F M G ~ ( A L L D E V V  358 
P a - 1  PR 301 A-VAS ...... H. ..C .,., S . Y Y , E A . T R , , O O O O O ~ ~ ~ W V A A A R R R .  .,M.,.. 3 6 0  
PGK-2 PR 301 A.VAS-rSPt.Ht.rC.+..N.NH.QV..Q+RL.. ....L....YDA..K,--..I(..1. 3 6 0  

VPGK-1 PR 3 0 0  A r V A S ~ t . . r ~ . . . C . . . ~ S . K Y ~ E Y Y T U U U Q P P P P P V . . W A . Q . . r r H ~ . . .  3 5 9  

PGK-Y PR 359 K S U L i G N r Y I I ~ T A N I \ U C Y G V T O X I ~ S ~ ~ L E L L E G K E L K V A F L S E K I X  4 1 6  PGK-1 PR 3 6 1  .ITY(.CIT-.--..CUUUNTEEEV.7-.-.........V....DA.-HI-X 417 
PGK-2 PR 361 ~ATY.CITV........CCA.WnTEEEVYYYYYYY....,.....I~...EA..tM-X 417 

O P W - 1  PR 3 6 0  ,ATSR-CIT.....N...CCAAWNTEEEER8888TTTTTTTTTDSSVVVVVDAGNK-X 4 1 6  

Fig.28.4. Amino acid sequence of human PGK-2 (PGK-2 PR) and its comparison with yeast PGK protein 
(PGK-Y PR), human X-linked pseudogene PGK-1 protein (PGK-I PR), and human X-linked pseudogene 
protein (~IPGK-1 PR). PGK-2 shows 87% and 62% homology with PGK-I and PGK-Y respectively. Amino 
acids critical in yeast enzyme function are boxed and conserved in PGK-1 and PGK-2, with differences in 
~ P G K - 1  (*). Two inframe termination codons in ~IPGK-1 pseudogene are indicated by X. Reprinted with 
permission from J.R. McCarrey and K. Thomas, Nature 326 (6112), 501-05: 1987 O Macmillan Magzines 
Ltd. http://www.nature.com/Nature. 

processed sequences form non-functional pseudogenes that have evolved multiple genetic 
lesions, which preclude translation of any transcript into a functional polypeptide. For example 
an X -linked pmcessed psudogene of Pgk-1 (WPgk-I) in humans has shown to contain 
premature termination codons in all reading frames (McCarrey and Thomas, 1987; McCarrey et 
al., 1996) (Fig.28.4). 

Pgk-2gene b a Transcribed Retroposon ofPgk-1: The human Pgk2 and WhPgkl pseudogenes 
are retroposons of Pgkl.  The Pgk-2 retroposon gene arose by reverse transcriptase-mediated 
processing of a transcript from the Pgk-I gene. The nucleotide sequence of the Pgk-2 gene 
suggests that it arose from X-linked Pgk-1 more than 100 million years ago by RNA-mediated 
gene duplication. Most retroposons form nonfimctional "processed pseudogenes" because 
they are incomplete copies of their progenitors representing only the transcribed sequences 
present in the mRNA and deficient in the flanking regulatory (promoter) sequences necessary 
for direct transcription. There are at least two pseudogenes of the Pgk-1 gene in the human 
genome (Michelson et al. 1985) and six pseudogenes of Pgk-I in the murine genome (Adra et 
al. 1988). However, the human Pgk-2 gene was the first reported case of a functional gene that 
evolved in this manner (McCarrey and Thomas 1987). Few other such functional genes have 
since been reported: Zfa and G6pd-2 in the mouse (Ashworth et al., 1990) and Pdha-1 in the 
human (Dahl eta]., 1990; Hendriksen et al., 1997). Certain X-chromosomal genes (Pgk-1 and the 
~14-subunit of Pdha-I) remain transcriptionally silent in spermatids (after completion of the 
meidtic divisions). In contrast, other X-chromosomal such as Ubelx gnd MHR6A 
(encoding ubiquitin activating and ubiquitin conjugating enzymes, respectively) transcribed 
by retroposition are post-meiotically transcribed genes. The inactivation of Pgk-1 and Pdha- 
I in spermatocytes and spermatids is compensated by testis-specific expression of the autosomal 
genes Pgk-2 and Pdha-2, which encode isoenzymes PGK-2 and Pdha-2 respectively. The 
G6pd-2 is one of the very few known expressed retroposons encoding a functional protein, 



Isoenzymes in Energy Pathways 677 

and the presence of this gene is probably related to X chromosome inactivation during 
spermatogenesis (Hendriksen et al., 1997). Zhang and Kleene (1999) suggested that reverse 
transcriptase cDNA copies of mRNAs are present in meiotic and haploid spermatogenic cells, 
but these cDNAs are not integrated into genomic DNA. Thus, the Pgk-2 retroposon was 
formed fiom an aberrant transcript of Pgk-1 that initiated fkom an upstream start site, such that 
the 5' flanking sequence of the Pgk-1 gene was duplicated along with the coding and 
untranslated sequence as depicted in Fig.28.4. 

Expression of Pgk genes in metatherian mammals: Although the Pgk-1 gene is expressed 
ubiquitously in mammals, expression of the Pgk-2 gene differs widely in different mammalian 
species, especially when metatherians and eutherians are compared. The expression of the 
PGK-B (PGK-2) isozyme is restricted to testicular tissue in the vast majority of eutherians 
examined. Out of 22 species, only dog and the fox showed some evidence of the PGK-B 
isozyme in somatic tissues. However, many marsupial species showed at least some Pgk-2 
expression in somatic tissues, in addition to a high level expression in the testis. None of the 
marsupials showed the strict testis specific pattern of Pgk-2 expression seen in the mouse and 
human (McCarrey, 1994). 

Promoter Region of Pkg-2: Despite various differences between the Pgk-1 and Pgk-2 
promoters, there are certain similarities that form the basis for the hypothesis that the Pgk-2 
promoter is derived from the Pgk-l promoter. These similarities include the absence of a TATA 
-box sequence in either of the promoter genes and the presence of CAATIGC box pairs in both 
the genes. The absence of a TATA box is a common feature of many housekeeping genes, but 
its absence fiom tissue specific promoter sequence is rare (Broceno et al, 1999). The TATA box 
is typically the key element in the core promoter of tissue specific genes and acts to localize 
ubiquitous transcription factors, such as the TATA binding protein (TBP) and other associated 
proteins. These transcription factors in association with RNA polymerase I1 bind the 
transcription start point for proper initiation of transcription (see Chapter 15). The mechanism 
underlying the transcription switch fkom Pgk-1 to Pgk-2 during spermatogenesis remains 
obscure. 

Previous results indicated that Pgk2 expression is regulated at the transcriptional level by 
core promoter sequences that bind ubiquitous transcription factors and by sequences in a 40- 
bp upstream enhancer region (Elm) that binds tissue specific transcription factors. Transgenic 
mice carrying different Pgk2 promoter sequences linked to CAT reporter gene (one containing 
only the 40-bp EVE4 enhancer sequence plus the core promoter and two containing 5 15-bp of 
Pgk2 promoter but with either the E l m  enhancer region or the Spl-binding site in the core 
promoter disrupted by in vitro mutagenesis) all showed levels of expression reduced to less 
than half that of the wild type 5 15 Pgk2/CATtransgenic. The single disruption of any one of 
these binding activities did not abolish the transgene expression, but only reduced it. These 
results indicated multiple factor binding regions normally regulating the initiation of transcription 
fkom the Pgk-2 promoter, and involvement of multiple transcription factors , which interact 
themselves to form an enhanceosome like complex with the promoter (Zhang et al., 1999). 

Transgenic mice carrying the various upstream regions including the transcription promoter 
of the testis specific mouse Pgk-2 gene revealed that the 1.4-kb DNA region is sufficient for 
determining the organ-specific and stage specific transcription of the mouse Pgk-2 gene during 
spermatogenesis. When the region between -684 and +61 was used to generate transgenic 
mice P-galactosidase mRNA was detectable not only in testis, but also in other organs such as 
brain and lung. However, the timing and cell-type specificity of testicular expression of & 
galactosidase mRNA were retained in these mice. Because the region between -1404 and -685 
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repressed the Pgk-2 promoter in somatic cell derived cell lines, it has been suggested that the 
organ specificity of Pgk-2 transcription is achieved at least partly by negative regulation. 
Thus the 1.4-kb region upstream of the mouse Pgk-2 coding sequence is sufficient for organ, 
developmental and spermatogenic stage specific transcription of the Pgk2 gene (Ando et al, 
2000). Although the negative element has been identified but an upstream region longer than 
684-bp is needed for transcriptional regulation of the Pgk-2 gene and that negative regulation 
is necessary for restricting mouse Pgk-2 transcription in the testis. It is thus possible that 
transcription of the mouse Pgk-2 gene is regulated in both positive and negative manners. 

Regulation of Pgk-2 Gene TranscrZption: The transcriptional regulation of tissue specific 
gene expression in higher eukaryotes involves multiple levels of control, and the Pgk-2 gene 
is no exception. The PGK-A and its Pgkl mRNA are expressed ubiquitously in all cells possibly 
on transcriptionally active X chromosomes. Transcriptional activity of Pgk-2 gene is present 
only in spermatogenic cells and not in any other somatic cells. In testis, the transcriptional 
activity of Pgk2 initiates with the onset of meiosis and continues through all meiotic stages in 
spermatocytes and in post-meiotic stages in round spermatids. The Pgk2 transcription ceases 
in late spermatids when entire genome becomes inactive. Thus Pgk2 gene expression is highly 
cell specific in most of eutherian mammals. 

Regulatory Sequences in the 5 'Flanking Region: Sperm, like other metabolically active cells, 
can activate autosomal Pgk2 gene to provide necessary PGK in the form of PGK2 during 
glycolysis. Transcription of the Pgk2 gene is controlled by regulatory sequences located in 
the 5' flanking region of the gene. This region includes both core promoter sequences and 
tissue-specific enhancer sequences. Core promoter function has been observed in the fmt 
188-bp upstream from the translational start site in the human Pgk2 gene, including a 70-bp 5'- 
untranslated region. This core promoter contains a CAAT box and a GC box upstream from the 
single transcriptional start site, but lacks a TATA box. It has been known that CAAT and GC- 
boxes act as binding sites for the ubiquitous transcription factors, CTF-1 and Sp-1, respectively. 
(Zhang et al., 1999; Gebara et al., 1992). Robinson et al. (1989) described a specific region of the 
Pgk-2 promoter that is required to direct appropriate tissue-specific expression of a reporter 
gene in transgenic mice. The enhancer activity was located within a 327 bp region of the 5' 
flanking region of the Pgk-2 gene, immediately upstream fkom the core or minimal promoter, 
which is necessary to direct expression of this gene in spermatogenic cells. Later, tissue specific 
protein-DNA interactions in this region were also found associated that control Pgk-2 
transcription in spermatogenic cells and possibly also with the repression of Pgk-2 transcription 
in somatic cells. Studies on the appearance and disappearance of DNase I-hypersensitive (DH) 
sites in Pgk-1 and Pgk-2 each gene and their correlation with transcriptional activity suggested 
that the occurrence of DH sites is related to periods of active transcription. Results with the 
Pgk-2 gene indicated that DH sites appear coincident with, or just prior to, transcriptional 
activation of this gene (Kumari et al., 1996). 
Demethylation Events in Pgk-2 Gene: Many ubiquitously expressed housekeeping genes 
bear constitutively hypomethylated CpG islands, defined as sequences of 100-bp with relatively 
high GC content (>50%), typical under representation of CpG dinucleotides as compared to 
other regions of the mammalian genome. A tissue specific correlation has been demonstrated 
between hypomethylation and transcription for many tissue specific genes. In the developmental 
context, demethylation of tissue-specific genes typically occurs prior to the initiation of 
transcription. In the mouse, the 5'-portion of the endogenous Pgk-2 coding sequence undergoes 
a specific demethylation event that precedes transcriptional activation by 10-12 days (Ariel et 
al., 1991; Kafki et al., 1991) (see Chapter 14)). Demethylation depicts the transition of condensed 
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1 M8RRMNLTN m S R  CPCPCPCPCP CPVIRPPPPK VEDPPPTVEE QPPPPPPPPP 
61 PPPPPPPPPP PQIEPDKEEE APPPPPPPPP PPPPPPPPLQ WARELTVGI NGFGRIORtV 

121 LRVQdEKGIR VVAVNDPFID PE- DSTRGRYKGN VEBIWGQLW DNLEINTYQC 
181 KDPKEIPWSS IGNPYVVECT CWLSIEAAS AEISSGARRV VVTAPSEDAP -KD 
241 YNPGSMTIVS NASCTTNCLA PIAKVIEENF GIVEGLMTTV RSYTATQKTV DGPSKKDWRG 
301 GRGAHQNIIP SSTGAAKAVG KVIPELKGKL TOMAFRVPTP NVSVVDLTCR LAKPASYSAI 
361 TEAVKMAKG PLAGILAPTE DQVVSTDFNG NPHSSIFDAK AGIALNDNW IUWAWYDNEY 
421 GYSNRVVDLL RYMFSREK 

Fig.28.5. Amino acid sequence of mouse testicular glyceraldehydes 3-phosphate dehydrogenase. Source: 
http//www.ncbi.nlm.nih.gov (Accession AAA53033). 

chromatin to an open chromatin configuration in the Pgk-2 promoter required for binding of 
transcription factors and onset of transcription. Remethylation of the Pgk-2 gene in epididymal 
spermatozoa is indication of the return to a closed chromatin configuration. McCarrey and 
colleagues analyzed the methylation pattern of the mouse Pgk-2 gene and have shown that 
the coding region, as well as the gene flanking region, are highly methylated in Pgk-2 non- 
expressing cell types, but under-methylated in pachytene spermatocytes and spermatids where 
the Pgk-2 gene is transcribed. Transgenes consisting of the Pgk-2 core promoter indicated 
that specific promoter sequences can influence the pattern of tissue-specific demethylation 
within different genes and that a signal for spermatogenic cell specific demethylation resides 
within the core promoter of the mammalian Pgk-2 gene. The tissue specific protein-DNA 
interactions and demethylation events distinguish the Pgk-2 gene from the Pgk-1 gene in mice 
and humans (McCarrey, 1994; Zhang et al., 1998). 

2f3.7. GLYCER4LDEHYDE3 PHOSPHATE DEHYDROGENAS 

Glyceraldehyde-3-phosphate dehydrogenase (GAPD) in addition to being a classic glycolytic 
enzyme is a multifunctional protein relevant in cell functions such as DNA replication, DNA 
repair, translational control of gene expression and apoptosis. A mouse gene Gapd-S has been 
identified that encodes the unique GAPD-S, which is expressed only in spermatids, which are 
morphologically differentiated to sperm and hence the enzyme is called sperm isozyme as 
GAPD-S. Polyclonal antibodies against GAPD-S showed a high specificity for mammalian 
sperm enzyme, localized along the fibrous sheath in sperm of boar, bull, rat, stallion and man. 
Lactate is the preferred energy substrate for round spermatids in the rat, mouse, hamster and 
presumably, other mammals (Mori et al, 1992; Welch et al., 1995). In contrast to round spermatids, 
sperm have a high rate of glycolysis and are able to utilize glucose effectively. In the mouse, 
glucose is required for hyperactivatedmotility of sperm and for fertilization in vitro. The GAPD- 
S appears to be the target of several reproductive toxicants that adversely affect male fertility, 
including a-chlorohydrin, epichlorohydrin, 6-chloro-6-deoxyglucose, and ornidazole. These 
compounds are converted to the common metabolite, 3-chloroacetaldehyde, a competitive 
substrate inhibitor of the GAPD isoform in sperm that reduces fertility in several mammalian 
species. The mouse Gapd-s gene encodes a protein of 438 amino acids, whereas the Gapd 
gene expressed in somatic cells encodes a protein of 333 amino acids. The additional 105 amino 
acids of GAPD-S are on the N-terminus, 49.5% of these residues are proline. The overall 
homology between GAPD-S and somatic GAPD is 71% (Fig.28.5). The cysteine required for 
substrate binding is conserved, as are seven of eight amino acids that form the NAlS binding 
pocket. Although the multifimctional nature of GAPDH suggests versatility, the mechanisms 
regulating its expression have been reported by Mezquita et at (1998). These workers detected 
alternative initiation to TATA box and alternative splicing in the 5'-regions of the pre-mRNA, 
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resulting in at least six different types of mRNAs. The amount and the polyadenylation of the 
GAPDH transcripts increased in mature testis in relation to immature testis and further increased 
when cell suspensions from mature testis were exposed to heat shock. Thus alternative initiation, 
alternative splicing, and polyadenylation could provide the necessary versatility to the 
regulation of the expression of this multifunctional protein during spermatogenesis. 

In sifu hybridization studies have shown that Gapd-s mRNA is present only in round and 
condensing spermatids, first appearing during the cap phase of spermiogenesis (Welch et al., 
1995). Although the steady-state level of Gapd-s mRNA is maximal at step 9 of mouse 
spermatogenesis, GAPD-S protein was not detected until steps 12-13 suggesting that Gapd-s 
is translationally regulated. Though, a major imrnunoreactive protein migrating with a molecular 
weight Mr of 69,200 is observed in condensing spermatids and cauda sperm, additional minor 
proteins that migrated at Mr 55200,32500 and27500 were also detected in sperm. The molecular 
weight of GAPD-S is higher than the predicted molecular weight of 47445 apparently due to a 
proline rich 105 amino acid domain at the N-terminus. Recombinant GAPD-S protein lacking the 
proline rich region migrated at M, 38250 comparable to somatic GAPD, which also lacks the 
proline rich domain. However, the molecular mass of 41.5- and 238-kDa of subunit and native 
enzyme, respectively suggests that native GAPD-S enzyme is a hexamer. 

In sperm, GAPD-S is restricted to the principal piece of the sperm flagellum where enzyme 
is tightly associated suggesting its potential role in regulating sperm motility. Evidence has 
been suggesting that GAPD-S is covalently linked to the fibrous sheath of axoneme (Bunch et 
al, 1998; Westhoff and Kamp 1997). It is likely that prolie rich region of GAPD-S serves as an 
anchor to fibrous sheath in sperm. Mouse TB-RNA-binding protein/translin selectively binds 
to the m-RNA of the fibrous sheath protein GAPD-S and suppresses its translation in vitro 
(Yang et al, 2003). During sperm maturation, most of the cytoplasm of the sperm mid-piece is 
removed as droplets during the passage through the epididymis, which suggests that GAPD- 
S is completely removed h m  the mid-piece during sperm maturation in the epididymis (Westhoff 
and Kamp 1997). 

Phosphoglycerate mutase (PGAM) is a glycolytic enezyme, which occurs in three dimer isofonns 
of two distinct 30kDa sub-units of M and B types. Both M and B types subunits are present in 
testis. Phosphoglycerate mutase gene in skeletal muscle (Pgam-m) encodes the skeletal muscle 
specific subunit (M) of the phosphoglycerate mutase (PGAM-M) (Tsujino et al., 1989). This 
subunit is also expressed in heart and testis. The Pgam-m gene encoding the muscle-specific 
subunit is transcriptionally activated during spermatogenesis. The muscle-specific Pgam-m 
gene is a meiotic gene that is included in the growing list of stage-specific genes co-ordinately 
expressed during spermatogenesis (Broceno et al., 1995). The PGAM-M type isoform is present 
in testes from several mammals including humans. The cDNAs for the A and B subunits from 
human and rat have been obtained (Ruiz-Lozano et al., 1994) and the transcription elements 
involved in muscle specific gene expression of PGAM-M have also been documented (Broceno 
et al., 1995). The mRNA corresponding to the muscle-specific phosphoglycerate mutase present 
in testis shows a longer poly (A) tail and begins to be expressed at postnatal day 22, when germ 
cells start to enter into meiosis. In contrast to what happens during skeletal-muscle 
differentiation, Pgam-m gene expression during spermatogenesis is not coupled to constitutive 
phosphoglycerate mutase (Pgam-b) gene repression. 

Among muscle specific isoforms of PGAM, the muscle-specific PGAM-B subunit was 
not detected in testes of newborn mice, in which only the PGAM-A isozyme was observed. In 
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adult males two isozymes are equally distributed. The PGAM-B was first observed between 
Day 14 and Day 16 of postnatal development and is localized exclusively in germ cells. Among 
germ cells, PGAM-B is detected in pachytene spermatocytes and in spermatids, but not in 
earlier stages of spermatogenesis (Fundele et a1 1987). Rat skeletal muscle specific gene for 
Pgam-m is also specifically expressed in meiotic and haploid male germ cells of testis. To 
analyse the promoter elements that regulate the transcription of the Pgam-m gene during 
spermatogenesis, transgenic mice were developed containing 1.3 kb from the Pgam-m promoter 
linked to the E. coli LacZgene. RNA analysis showed transcriptional activity in the testis with 
a pattern during testis development that was identical to the endogenous gene. The transgene 
was also active in skeletal muscle but not in the adult heart. These studies demonstrated that 
the 1.3 kb Pgam-m promoter contains sufficient sequences to specify temporarily regulated 
testis-specific expression as well as skeletal muscle expression (Broceno et al, 1999). 

In comparison to two main extended products of 100 and 102 nt detected in skeletal 
muscle, coincident with the transcription start in testis, two different extended products of 135 
and 139 nt have been mapped upstream of skeletal muscle transcription start point and of the 
putative TATA box. This suggested a different transcription start point in testis than skeletal 
muscle for rat Pgam-m gene and demonstrated that the transgenic construct contained the 
endogenous transcription start point for testis and skeletal muscle. The transcription start 
point for the endogenous Pgam-m gene in testis is located upstream from the one in skeletal 
(25-30 nt) muscle (25-30 nt) and suggests that Pgam-m testis transcription is driven by a TATA 
less promoter, which is often found when the same gene is selectively transcribed in somatic 
tissues and during spermatogenesis, although a cryptic TATA box cannot be excluded. 
Sequence alignment of regulatory elements between human and rat promoter regions revealed 
that the homology is essentially reduced to the - 400-bp region of the Pgam-m genes (Broceno 
et al., 1999). 

28.9. ENOLASE 

Enolase is a member of a superfamily of enzymes, which are related by their ability to catalyze 
the abstraction of the a-proton of a carboxylic acid to form an enolic intermediate. The enzyme 
enolase exists as a dimmer in all eukaryotes and many prokaryotes, and catalyzes the conversion 
of 2-phoshoglycerate in a dehydration step to yield phosphoenolpyruvate. In higher eukaryotes, 
enolase ex& as three distinct isoforms (a, 0, and y), which are encoded by separate genes. 
The P isoform appears to be restricted to muscle, while y enolase has been described as neuron 
specific. The a isoform appears to be ubiquitously expressed in all tissues. There have been 
several reports of glycolytic enzymes associated with microtubules (Gitlits, 2000). Volker and 
Knull(1997) have defined a 43-amino-acid sequence in the carboxyl terminal region of a tubulin, 
which can bind and inhibit aldolase and hence termed tubulin glycolytic enzyme binding 
domain (T-GEBD-43 mer). Enolase is also associated with centrosomes. These reports led to 
the suggestion that glycolytic enzymes may not be entirely soluble in the cell, but they have 
transient interactions with structural components of the cell as well (Srere and Knull, 1998; 
Gitlits et al., 2000). Enolase is most abundant in mature spermatozoa and in residual bodies 
detached from elongating spermatids with little or no activity in meiotic primary spermatocytes 
and round spermatids. In mature sperm enolase is localized mostly to the tail. RT-PCR analysis 
of spermatogenic cells detected only the a isoform of enolase and appeared to be associated 
with microtubules and sperm flagellar motility. In presence of nucleotides, the association of 
microtubules is disrupted (Gitlits et al., 2000). 



682 Proteomics of Spermatogenesis 

2810. LACTATE DEHYDROGENASEC 

Lactate dehydrogenase (LDH) (L-lactate: NAD+ oxidoreductase EC 1.1.1.2.7) is the terminal 
enzyme of glycolytic pathway and converts pyruvate to lactate in a reversible way. The LDH 
exists in multi-molecular tetrameric forms in a single cell. The LDH-A and LDH-B subunits and 
corresponding genes (Ldh-a and Ldh-b) are present in all somatic cells of mammalian origin. 
However, another subunit of LDH designated as LDH-C, a product of Ldh-c (Ldh-3) gene is 
exclusively present in spermatogenic cells of testis. The tetrameric form (LDH-C,) and the 
subunit of LDH-C along with its Ldh-c gene is the best-characterized enzyme among testis or 
sperm specific enzymes so far described (review Gupta, 1999). 

Primary Structure LDH-C: Subunits of lactate dehydrogenase, including LDH-C, have been 
shown to have a molecular weight of about 35-kDa in all vertebrates, but the amino acid 
composition differs for each of the subunits and for each species. The exceptions are D-LDHs, 
which are dimers of 70-kDa, in some organisms and tetramers in others (Goldberg, 1977). Pan et 
al. (1983) studied the 330 amino acid sequence of LDH-C, and compared it with LDH-A, and 
with LDH-B, fkom mouse and rat tissues. The results showed a high variation in amino acid 
sequence and composition among A, B, and C subunits. Li et al. (1983b) compared the amino 
acid sequence variation among seven LDH isozymes fiom different species with respect to 
whole dehydrogenase polypeptide chains and their four functional domains. The coenzyme 
binding domain is more conserved than the substratebinding domain. The sequence of the 
loop and helix D region of testicular LDH-C, isozyme is different fkom those of somatic isozymes, 
while NH,-terminal arm was extremely variable. The characteristic catalytic properties of LDH- 
C, could de attributed to the marked difference in amino acid sequence of loop helix region and 
coenzyme and substrate binding site of LDH-C,. Twenty residues in amino terminal of LDH 
isozymes are extremely variable, and their primary function is to stabilize the quaternary structure 
of tetrameric LDH through their interaction with carboxy terminal region of other subunits. 
Immunological properties of rat and mouse LDH-C, were compared and related to those variable 
32 amino acid residues. Amino acid differences were also related to the structural-functional 
relationships of LDH-C,with somatic LDH isozymes (Li et al., 1983a). 

Ldh-c Gene: Mouse and human sperm specific Ldh-c genes were cloned and sequenced. The 
mouse Ldh-c cDNA insert of 1236-bp consists of the protein coding sequence (999 bp), the 5' 
(54-bp) and 3' (1 13-bp) non-coding region, and the poly (A) tail (70bp). The Ldh-c gene is 
expressed in testis but not in liver or any other tissue, and its mRNA is approximately 1400 
nucleotides in length. The nucleotide and amino acid sequence of Ldh-c cDNA of mouse 
showed 73 and 72% homologies, respectively, with those of the mouse Ldh-a. The Southern 
blot analysis of genomic DNAs fiom mouse liver and human placenta indicatedthe presence of 
Ldh-c gene-related sequences. LDH-c has a 70% homology in amino acid sequence with B 
isozymes. The Ldh-c is a single copy gene. However, Wu et al, (1987) reported slight modifications 
in Ldh-c cDNA such as size comprising 1 135 base pairs in length that can code 332 amino acids 
polypeptide and can express an mRNA of 1.5- kb in size. On the other hand, human Ldh-c 
comprising 1000-bp sub-fragment includes 66-bp of non-coding region with remaining base 
pairs that encode LDH-C protein. These structural studies revealed great similarities among 
the LDH isozymes and confmed that LDH-C,, LDH-B, and LDH-C, belong to a homologous 
gene family. The expression of Ldh-c gene is restricted to germinal epithelium and is 
developmentally regulated. The murine Ldh-c mRNA is first detected in preleptotene 
spermatocyte and persists post-meiotically to the round spermatid stage (Thomas et al., 1990). 
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5'-CGCCTCAACTGTCGTTGGTGTATTTTTCTGGTGTCACTTCTGTGCCTTCCTTCAAAGGTTCTCCAA ATG TCA ACT 
M e t  s e r  T h r  

GTC AAG GAG CAG CTA A T T  GAG AAG CTA ATT GAG GAT GAT GAA AAC TCC CAG TGT AAA h T T  ACT 
V a l  L y s  G l u  G l n  L e u  I l e  G l u  L y s  L e u  I l e  G l u  A s p  A s p  G l u  A s n  5 e r  G l n  C y s  L y s  I l e  T h r  

ATT GTT GGA ACT GGT GCC GTA GGC ATG GCT TGT GCT ATT AGT ATC T T A  C7G AAG GAT TTG GCT 
I l c  V a l  G l y  T h r  G l y  A l a  V a l  G l y  M e t  A l a  C y r  A l a  n e  S e r  I l e  L e u  L e u  L y s  A s p  L e u  A l a  

GAT GAA CTT GCC CTT GTT GAT GTT GCA TTG GAC A M  CTG AAG GGA GAA ATG ATG GAT CTT CAG 
A s p  G l u  L e u  A l a  L e u  V a l  A s p  V a l  A l s  L e u  A s p  L y s  L e u  L y s  G l y  G l u  M e t  M e t  A s p  L e u  G l n  

CAT GGC am CTT TTC TTT AGT ACT TCA AAG GTT ACT TCT GGA AAA GAT TAC ACT GTA TCT GCA 
H i s  G l y  S e r  L e u  P h e  P h e  Ser T h r  S e r  L y s  V a l  T h r  S e r  G l y  L y s  A s p  Tyr S e r  V a l  S e r  A l a  

AAC TCC AGA ATA GTT A T T  GTC ACA GCA GOT GCA AGG CAG CAG GAG GGA GAA ACT CGC CTT GCC 
A s n  S e r  A r g  I l e  V a l  I l e  V a l  T h r  A l a  G l y  A l a  A r g  G l n  G l n  G l u  G l y  G l u  T h r  A r g  L e u  A l a  

CTG GTC CAA CGT MT&G GCT ATA ATG RAP ATA ATC ATT CCT GCC ATA GTC CAT T A T  AGT CCT 
L e u  V a l  G l n  A r g  A s n  V a l  A l a  1 l e  M e t  L y s  I l e  I l e  I l e  P r o  A l a  I l e  V a l  H i s  T y r  S e r  P r o  

GAT TGT AAA ATT CTT GTT GTT TCA AAT CCA GTG GAT A T 1  TTG ACA T A T  ATA GTC TGG AAG ATA 
A s p  C y s  L y s  11e ~ e u  v a l  v o l  s e r  A s n  p r o  V a l  A s p  l l e  Leu T h r  T y r  11e v o l  T r p  ~ y s  I l e  

AGT GGC T T A  CCT GTA ACT CGT GTA ATT GGA AGT GGT TGT AAT CTA GAC T C T  GCC CGT TTC CGT 
S e r  G l y  L e u  P r o  V a l  T h r  A r g  V a l  I l e  G l y  S e r  G l y  C y s  A s n  L e u  A s p  S e r  A l a  A r g  P h e  A r g  

TAC C I A  A T T  GGA GAA AAG TTG GGT GTC CAC CCC ACA AGC TGC CAT GGT TGG A T T  A T T  GGA GAA 
T y r  L e u  I l e  G l y  G l u  L y s  ~ e u  G l y  V a l  H i s  P r o  T h r  S e r  C y s  H i s  G l y  T r p  I l e  I l e  G l y  G l u  

CAT GOT GAT TCT AGT GTG CCC T T A  TGG AGT GGG GTG AAT GTT GCT GGT GTT GCT CTG L A G  ACT 
H i s  G l y  A s p  5er S e r  V a l  P r o  L e u  T r p  S e r  G l y  V a l  Asn V a l  A l a  G l y  V a l  A l a  L e u  L y z  T h r  

CTG GAC CCT AAA T T A  GGA ACG GAT TCA GAT AAG G h  CAC TGG AAA A A T  ATC CAT AAA CAA GTT 
L e u  A s p  P r o  L y r  L e u  G l y  T h r  A s p  S e r  A s p  L y s  G l u  H i s  T r p  L y s  Asn I l e  H i s  L y s  G l n  V a l  

ATT CAA AGT GCC TAT GAA A T 1  ATC AAG CTG AAG GGG TAT ACC TCT TGG GCT A T T  GGA CTG TCT 
I l e  G l n  S e r  A l a  T y r  G l u  1 l t  I l c  Ly. L e u  L y s  G l y  T y r  T h r  Ser T r p  A l a  I l e  G l y  L e u  S e r  

GTG ATG GAT CTG GTA GGA TCC A T T  TTG M A  AAT CTT AGG AGA GTG CAC CCA G T T  TCC ACC ATG 
V a l  n e t  A s p  L e u  V a l  G l y  Ser I l e  L e u  L y s  A s n  L e u  A r g  A r g  V a l  H i s  P r o  V a l  s e r  T h r  M e t  

GTT AAG GGA TTA TAT GGA ATA M A  GAA GAA CTC T T T  CTC AGT ATC CCT TGT GTC TTG GGG CGG 
V a l  L y s  G l y  L e u  T y r  G l y  I l e  L y s  G l u  G l u  L e u  P h e  L e u  S e r  I l e  Pro C y s  V a l  L e u  G l y  A r g  

AAT GGT GTC TCA GAT G T T  GTG AAA ATT AAC T T G ~ A A T  TCT GAG GAG GAG GCC CTT TTC AAG AAG 
1\50 G l y  V a l  S e r  A s p  V a l  V a l  L y r  I l e  A r n  L e u  A s n  S e r  G l u  G l v  G l u  A l s  L e u  P h e  L y s  L y s  

AGT GCA GAR ACA CTT TGG AAT A T T  C A I  AAG GAT CTA ATA T T T  TAA ATTAAAGCCTTCTAATGTTCCAC 
S e r  A l a  G l u  T h r  L e u  T r p  A s n  I l e  G l n  L y r  A s p  L e u  I l e  P h e  '** 
T G T T T G G A G ~ C A G A A G A T A G C A G G C T G T G T A ~ T ~ A A ~ T T G  

GAGACCTGAAAAAAAAAAAAAAAA-3' 

Fig.28.6. Nucleotide and amino acid sequence of human LDH-C, cDNA.The polyadenylylation signal is 
underlined. Arrowhead indicares internal EcoRl site. Reproduced with permission from J. L. Millan et al, 
Proc Natl Acad Sci USA 1984;5311-15:19870 National Academy of Sciences (USA). 

The Ldh-c gene has been sequenced from different species (Millan et al., 1987) (Fig.28.6). The 
nucleotide and predicted aminoacid sequences of mouse somatic and testis germ cells showed 
73 and 72% homologies, where as human cDNA and predicted amino acid sequence were 75 
and 74% identical (Fig.28.6). The mouse Ldh-c gene contains a TATA box, whereas the human 
gene contains six potential Spl binding sites in the same region. The Spl binds in the promoter 
region and appears to play a role in Ldh-c regulation at transcription level. The human Ldh-c 
gene is interrupted by six introns at positions homologous to those Ldh-a and Ldh-b genes 
(Takano and Li, 1989). The promoter of human Ldh-c has been cloned and studied in cell co- 
culture system. In human, testis-specific expression is driven by a 180bp fi-agrnent of promoter 
region (Cooker et al., 1993). Zhou and Goldberg (1 996) have identified a 65-kDa protein designated 
as transcription initiation responder (TIR-I) in liver nuclear extract as a possible candidate for 
repressor, and a 103-kDa protein designated as testis initiation factor (TIF-1) in testis nuclear 
extract with possible role in transcription initiation. 

Regulation ofLdh-c Gene: An in vitro transcription system was used to characterize murine 
Ldh-cpromoter (Zhou and Goldberg, 1994; 1996). Murine Ldh-c, which is less than25-kb away 
&om Ldh-a on chromosome-7, arose by tandem duplication of Ldh-a. The Ldh-c gene expression 
starts early in leptotenelzygotene spermatocytes and continues through the elongated spermatid 
stage of spermatogenesis. Sequence analysis of a 720-bp fi-agment containing promoter region 
revealed several ubiquitous cis-regulatory elements, including one TATA box, one GC box, 
and two putative GCAAT elements. Deletion analysis demonstrated that a 60-bp fragment 
containing a 30-bp palindromic sequence was sufficient to direct transcription in testes nuclear 
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(TN) extract and that was transcriptionally inactive with liver nuclear (LN) extract. Gel retardation 
and Southwestern assays detected different protein binding activities to this palindromic 
sequence in TN and LN. The TATA box and 30-bp palindromic sequence were both required 
for promoter activity. Therefore, palindromic sequence contains both a negative element for 
repression in somatic tissues and a positive element for activation of Ldh-c gene in testis 
(Zhou and Goldberg, 1996). The human Ldh-c gene is a single copy gene with two alternative 
5'-noncoding exons comprising an approximately 40-kb locus. The proximal region, relative to 
the transcription start site binds proteins extracts from human testis but not liver. The upstream 
region contains three putative regulatory elements: a glucocorticoid or hormone response 
element (HRE), a CRE, and an octamer factor binding site (OCT). The proximal promoter contains 
a small CpG island that is hypermethylated in testis (Bonny and Goldberg, 1995). 

Cloning analysis of the mLdh-c promoter revealed that a 100-bp core promoter was able to 
regulate testis-specific transcription in vitro and in transgenic mice. While the expression of 
the reporter in transgenic testes was limited to pachytene spermatocytes, the native LDH-C4 
was detected in pachytene and all subsequent germ cells. Kroft et al., (2003) found that 
transcri~tion factor YY 1 binds to the mLdh-c Dromoter, and that the mLdh-c 3' untranslated 
sequence does not permit a post-meiotic expression of a P-galactosidase reporter in transgenic 
mice whereas native mLdh-c mRNA is predominately meiotic, with only a low level of post- 
meiotic distribution. This suggested that the high level of LDH-C4 in post-meiotic cells results 
from mRNA and protein stability (Kroft et al., 2003). 

Hypermethylation is indicative of transcriptional repression. To address the relationship 
between the methylation and testicular gene expression DNA methylation patterns and mRNAs 
expression for LDH-A were compared with LDH-C in preparations from testes of prepubertal 
and sexually mature mice. At specific sites, Ldh-a gene was less methylated in adult testis than 
in spleen DNA; the decreased methylation in the testicular DNA occurred as early as type A 
spermatogonia. In contrast, DNA methylation of Ldh-c h m  type A and B spermatogonia from 
8-day-old mice did not differ with DNA of spleen. The Ldh-atranscripts were low in early germ 
cells (6-12 day old mice) whereas Ldh-c transcripts appeared on day 12 and increased from 16- 
45 day old testis. These observations indicated that whereas DNA methylation of Ldh-a and 
Ldh-c at the 5'-CCGG-3' sites did not change markedly during testis development, both these 
genes are temporally expressed (Alcivar et al., 1991). 

Of all the Ldh genes, promoter activity has been rigorously demonstrated only for the rat 
Ldh-a, which has been shown to be cyclic AMP-dependent in an in vitro transcription system 
(Short et al., 1991). The mouse Ldh-c message initiates at a single transcription start site, 
whereas human message has multiple initiation sites (Cooker et al., 1993). There is evidence 
that there are regulatory differences between the Ldh-c genes of mouse and rat, between 
mouse and baboon at the post-transcriptional level (Salehi-Ashtiani and Goldberg, 1993). 
These workers demonstrated that the Ldh-c gene message level is nearly nine-fold greater in 
mouse testes and remains high post-meiotically. In contrast, rat Ldh-c mRNA was highest in 
primary spermatocytes and reduced in spermatids. It was concluded that nuclear post- 
transcriptional events contribute to the differences in Ldh-c message levels. 

3-0 Structure of LDH-C: Temperature dependence and relative stability of LDH in the presence 
of dioxane YO indicated that hydrophobic forces may not be primary forces of importance in 
holding the subunits together, rather coulombic attractions prevail in the stabilizatio? oftetrameric 
forms. The unit cell dimensions of mouse4 subunit are similar to the subunits of other LDH 
isozymes. At 7.5 A resolution, the structure of LDH-C couldnot be distinguished from dogfish 
LDH-A. When the analysis was extended to 2.9A resolution, the similarity to other LDH 
isozymes was even more apparent. The overall folding of apo-LDH-C polypeptide chain backbone 
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Fig.28.7. Three dimensional structure ot mouse LvH-c suaunlt. rrmtea wttn permlsslon from H.H. Hogrefe 
et al, J Biol Chem 262; 13155-64; 1987 O American Society for Biochemistry and Molecular Biology. 

was found to be similar to the structures of somatic LDH. The same a-helices and 
sheets observed in other LDH isozymes were apparent in LDH-C. The unique feature of mouse 
LDH-C structure is in co-enzyme binding loop. All other isozymes crystallized with the loop, 
corresponding to residues 99-1 12, in an open conformation. In a ternary complex with bound 
NAD' this loop moves 13 A to cover the co-enzyme. Although mouse LDH-C, is isolated as the 
apoenzyme, it crystallizes with the loop closed. If this crystal structure reflects the conformation 
of LDH-C, in solution, it could explain the low turnover number of this isozyrne. It other words 
if the loop is in equilibrium between open and closed conformations in solution, the efficiency 
of coenzyme binding would be reduced (Musick and Rossmann, 1979). Triclinic crystals of 
apo-LDH-C, in 40% saturated ammonium sulfate at 4OC showed tetrameric molecule in the unit 
cell with the dimensions: 84.8 A, b = 76.6 A, c = 63.9 A; a=109.7', fk89.50, Y= 96.5' (Hogefe et 
al., 1987) (Fig.28.7). 

LDH-C4 as a Zmmuno-contraceptive: The strategy behind sperm-based contraceptives is to 
induce antibodies in the female reproductive tract against sperm antigen at a sufficient level to 
block fertilization. It is envisioned that antibodies developed by this vaccine will act before 
fertilization events, thus terming it as a 'pre-fertilization contraceptive. Being a sperm-specific 
isozyme inman and animals, LDH-C4, and partially localized on the plasma membrane of sperm, 
it was considered and imrnunogen of choice (Gupta and Kinsky, 1994; Goldberg and Herr, 
1999). Though the contraceptive effects were obvious in allogenic and heterologous systems, 
the effect was reversed when LDH-C4 was used in isogenic mice. Isogenic LDH-C4 immunization 
yielded protective effects on pregnancy (Gupta and Kinsky, 1994). However, due to presence 
of cross-reactive epitopes in LDH-C the development of an immuno-contraceptive based on 
LDH-C subunit does not seem to be feasible (Gupta, 1999). Nonetheless, identification of non- 
reactive antigenic epitopes from LDH-C can offer a potential application for development of a 
contraceptive vaccine (Goldberg and Herr, 1999). 

The pyruvate dehydrogenase complex (PDH) plays a central role in aerobic energy metabolism. 
Seven subunits of this nuclear encoded enzyme complex are transported into the mitochondrion 
where they catalyze the conversion ofpyruvate to acetyl CoA via an oxidative decarboxylation 
step for entry into the citric acid cycle. The isozyme of PDH-El is a heterotetramer of two dand 
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1 MUULFISRVL VLVASRNSSN DATFEIRKCD LYLLEEGPW TTVLTPAEGL 

61 KYY-TVR IIMeLXADQLY KQKFIRGPCH LCDcQencCV GLEAGINPSD BVITSYRARG 
121 VCYTRGLSVR SIWLELTGRR GGCAKGKGGS UFIMYTKNFYG GNGIVGAQGP LGAGIALACK 
181 YKGNDEICLT LYGDGAANQG QIAWSNWsA LWKLPCWIC ENNLYGMGTS T E W P D Y  
241 YKRGNk'IPGL XVDWVLCV REATKFAANP CRSCKOPILM ELQTYRYHGH SMSDPGVSYR 
301 TREEIQEVRS KRDPIIIIQD IIMVNSlCLATV EELKEIGAEV RllEIDDAAQF ATTDPEPHLE 
361 ELGHHIYSSD SSFEVRGANP WIKEXSVS 

Fig.28.8. Amino acid sequences of human testis specific pyruvate dehydrogenase Ela. Source: httpll 
www.ncbi.nlm.nih.gov (Accession NP-005381 XP-352955). 

two d subunits designated PDH-Ela and PDH-~1d. The PDH activity is dependent on 
phosphorylation and dephosphorylation state of three serine residues of ~ l d  subunit. In 
human and murine somatic cells, Pdha-I codes for a somatic isoform and maps to the X- 
chromosome. The inactivation of Pdha-1 in spermatocytes and spermatids is compensated by 
testis-specific expression of the autosomal gene Pdha-2, which encodes corresponding 
isozyme. 

Pdha-Ela Genes: Mouse Pdha-1 and Pdha-2 genes coding two subunits of E l a  of PDH 
show a high degree of homology with each other and with the human PDH genes, PDH-A I and 
PDHA-2. Conserved regions include mitochondria1 import sequences, phosphorylation sites 
and a putative TPP binding site. The Pdha-2 is a intronless retroposon that originated from 
reverse transcription of mRNA molecule. The Pdha-2, located on an autosome is only expressed 
in spermatogenic cells. The somatic variant is not expressed during spermatogenesis at a time 
when X-chromosome inactivation occurs; instead, its expression in spermatogenic cells has 
been linked to an autosomal, intronless gene, which encodes the testis specific isoform. 
Examination of various mouse tissues demonstrated that transcriptional expression of the 
mouse autosomal Pdha-2 gene is tightly regulated. The Pdha-2 expression occurs specifically 
in testis and that its expression is initiated at the meiotic prophase stage of spermatogenesis 
following birth. The human PDH genes have an analogous chromosomal arrangement to PGK 
genes in that two isoforms code for a functionally and structurally similar product. Comparison 
of human and mouse PDH and PGK genes sequences shows that the somatic sequences are 
more conserved relative to the testis specific isoforms and that the mouse PdhEIa genes 
show a faster rate of DNA change compared to their human counterparts (Fitzgerald et al., 
1992). The human PDH-EIa revealed the presence of two loci: 1) PDH-A-1 mapped to the X- 
chromosome (Xp22.1-22.2) is expressed in somatic tissues. This gene contains 10 introns and 
spans approx. 17 kb. 2) The second locus, PDHA-2, is localized to chromosome 4 (4q22 4q23) 
with expression limited to the testis. The autosomal testis specific isoform completely lacks 
introns and possesses characteristics of a functional processed gene. Chromosome mapping 
in mouse has also revealed the presence of two E l a  loci, one mapr to the X-chromosome and 
the other to chromosome 19 (Fitzgerald et al., 1992) (Fig.28.8). 

A cDNA clone (2.2-kb) encoding rat testis PDH-EIa has been shown to contain an open 
reading frame (from nt 974 to 2149) identical to that of liver reported earlier (Cullingford et al., 
BBA 1993; 1216 : 149-53) but contained a long S'untranslated region, which had little identity 
to the other clone. Northern blot confirmed testis specific expression of this isoform. This 
clone was a gene product distinct from its X-linked somatic counterpart. The recombinant rat 
testis PDH E l  (containing both ~ l u /  and ~ l d  subunits) was enzymatically active and 
phosphorylated in vitro by purified PDH-kinase p48 or p45, similar to the recombinant human 
liver enzyme (Jenget al., 1998). 
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Localization of Pdh-Ela Genes: A considerable increase in the mRNA level of the testis 
specific Pdh-Ela gene was observed in spermatocytes at the pachytene stage and gradually 
decreased in spermatids as spermiogenesis progressed and it was not detectable in residual 
bodies. Transcripts of Pdh-Ela gene were not identified in Leydig and Sertoli cells. In contrast, 
somatic form of the Pdh gene was detected in spermatogonia, Leydig cells and Sertoli cells at 
a low level. Transcripts of the somatic form of the Pdh gene were not identified in other types 
of germ cells in adult mouse testis. The PDH-Ela protein is dramatically increased in primary 
spermatocytes and exists abundantly in pachytene spermatocytes. It was suggested that (1) 
the transcription switch from the somatic form of the Pdh-Ela gene to the testis specific Pdh- 
E l a  gene occurs during the first meiotic prophase of spermatogenesis in adult mouse testis, 
and (2) PDH-Ela protein coded for by the testis specific Pdh-Ela gene is involved in the 
development of spermatogenic cells especially at stages after frst meiotic prophase until the 
end of spermiogenesis in the testis (Takakubo and Dahl, 1992). Expression of E l a  subunit gene 
(Pdha-2) during spermatogenesis has shownthat a 2.0-kb Pdha-2 mRNA is initially transcribed 
in meiotic prophase and precedes that of Pgk-2 and corresponds to the appearance of Ldh-3 
mRNA. A second Pdha-2 of 1.7-kb transcript is present in post-meiotic round spermatids. 
Polysomal analysis demonstrated that the 2.0-kb mRNA species is translated in diploid, 
pachytene spermatocytes, whereas the 1.7-kb mRNA species is translated in round spermatids, 
although a large proportion is present on the non-polysomal hction that may act as a store for 
use in later stages of spermiogenesis (Fitzgerald et al., 1994). 

Regulation of Pdha-2 Gene: Although Pdha-2 is strongly up-regulated in the testis, its 
transcription is repressed in somatic tissues. Proximal region of the Pdha-2 promoter between 
nt -1 87 to +22 harbors a transcriptionally active core. Transgenic mice harboring a construct 
containing only 187 bp of promoter and upstream sequence (core promoter) is sufficient for 
directing the testis specific expression of a CAT reporter gene. Like the endogenous Pdha-2, 
the CAT gene is expressed in testis in a stage specific manner (Iannello et al., 1997, Datta et al, 
1999). The "core" promoter directs high levels of CAT reporter gene transcription. DNase I 
foot printing of the proximal promoter revealed four level of protection. One of these contains 
the consensus sequence for the Spl binding site and another the ATFICREB binding site. The 
cis-sequences of the remaining two protected regions (designated MEP-2 and MEP-3; mouse 
~ 1 4  Promoter site) showed no apparent homology with cis-elements of other known 
transcription factors. The ATFJCREB and MEP binding can interact in a characteristic and 
specific manner with factors present in the nuclei of both testis and somatic cells. The factor, 
which recognizes the MEP-3 motif appears to be ubiquitous, whereas the MEP-2-protein 
complexes were tissue specific. Formation of a complex involving MEP-2 and a putative testis 
specific binding factor (zMEP-2BF) was first observed in testis of 2 weeks old mice and correlated 
with expression of Pdha-2. In contrast, formation of complexes between MEP-2BF (oMEP- 
2BP) decreased in the testis as spermatogenesis proceeds. Results suggested that 1) the MEP- 
2 binding factors are temporarily regulated during spermatogenesis, and 2) interactions involving 
these factors with the MEP-2 cis-element may be important for modulating Pdha-2 expression 
(Iannello et al., 1993). 

Tissue specific gene expression may be modulated by other mechanisms in addition to 
specific transcription factor availability and co-operativity. The methylation may be one of the 
mechanism by which repression of the testis-specific Pdha-2 gene is established in somatic 
tissues. Methylation dependent repression of the Pdha-2 core promoter is mediated regionally 
through a consensus activating transcription factor1CRE binding site located between 
nucleotides -54 and -62 upstream of the major transcriptional start site. Targeting of the CpG 
dinucleotide within this cis-element significantly disrupts the ability of this basal promoter to 
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61 LPmTFIVGY ARSQLTVDDI QKQSEPFPKPa TPEERPICLEE PP.mWSPWD QYDDPASYKR 
121 LNSYINRlgQ -LBYL ALPPTVYEAV TIWIQETCMS QTGFNRIIVE KPEGRDLQSS 
181 NQLSNEISSL EaEDQIYRID EYLDKEMVQN UNLRFANRI FGPIWNGDNI VCVILTPItEP 
241 FGTEGRGGYP DEFCIIRMRd QS-CL VAMEKPATTD SDDVREIEKVK VWCISEVET 
301 DNVILCQXVG NPNGEG- GYLDDPTVPR GSTTATFAAA VLYVIWERWD OWFILRCGK 
361 SLNERWLEVR LQFRDIPGDI FRQKCKRNEL VIRMQPNEAV YTTtMTKKPG MPPNPEESEL 
421 DLTY-YIW VKLPGAYERL ILDVFCGCg3 EFVRTDELRE GWRIPTPLLH KIEREKPQPP 
481 PYVYGSRGPT EADELMRRVG FQYKGTYKGT EKE 

Fig38.9. Predicted amino acid sequence of glucosed-phosphate dehydrogenase isozyme-2 from mouse testis 
(Hendriksen et a, 1997). (Source: httpllwww. ncbi.nlm.nih.gov. Accession NP-062341). 

activate gene expression in vitro and completely abolishes promoter activity in vivo. DNase I 
foot printing experiment indicated that availability of the nuclear factor(s) binding this element 
was limitedh sexually immature mouse testis, and as such, these factors may an important 
role in the coordinate activation of early spermatogenic gene expression. The CpG dinucleotides 
associated with the hypersensitive region flanking the activating transcription factor / CRE 
binding site appeared to confer some conformational structure on the promoter since mutations 
at these specific CpG dinucleotides resulted in elevated basal levels of transcription. This 
raised the possibility of a bifunctional role for CpG dinucleotides in either methylation dependent 
or independent processes. This supports the notion that hypomethylation and transcription 
factor recruitment are necessary events that precede gene activation at the early stages of 
spermatogenesis (Iannello et al., 2000). 

It is well known that glucose metabolism through glycolysis provides energy to spermatozoa 
However, the existence and the role of the pentose phosphate pathway (PPP) have not been 
unequivocally demonstrated in sperm. In characterizing the glucose metabolism of mouse sperm, 
it has been shown that mouse epididymal spermatozoa have a functional pentose phosphate 
pathway, implying that they produce NADPH, which is required for reducing reactions, and ribose 
phosphate, which is required for nucleic acid synthesis; and that sperm are able to fuse with the 
oocyte when NADPH is substituted for glucose, suggesting that sperm need to produce NADPH 
via the PPP in order to achieve fertilization (Umer and Sakkas, 1999). 

Certain X-chromosomal genes remain transcriptionally silent in spermatids. In contrast, 
other X-chromosomal genes such as UbeLr and MHR6A are post-meiotically transcribed genes 
(Hendriksen et al., 1995). The inactivation of Pgk-1 and Pdha-1 in spermatocytes and spermatids 
is compensated by testis-specific expression of the autosomal genes Pgk-2 and Pdha-2, which 
encode corresponding isozymes. The Pgk-2 and Pdha-2 are intronless retroposons that 
originated fiom reverse transcription of mRNA molecules. The autosomal gene Zfa, which 
encodes a protein of unknown fimction, represents another retroposon that shows testis- 
specific expression and that thus far has been found only in the mouse. The X-chromsomal 
gene glucosed-phosphate dehydrogenase (G6pd) is expressed in most cell types of mammalian 
species. In the mouse, the chromosomal G6pd-2 encoding a G6PD isoenzyme also does not 
contain introns and appears to represent a retroposed gene (Fig.28.9). This gene is transcribed 
in postmeiotic spermatogenic cells in which the X-encoded G6pd sequence in a bacterial 
system showed that the encoded product is an active enzyme. Recombinant G6PD-2 but not 
recombinant G6PD-1, formed tetramers under reducing conditions. Under same conditions 
G6PD tetramers were also found in extracts of spermatid and spermatozoa. The G6PD-2 is one 
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Fig.28.10. Coding region and amino acid sequences of rodent Cyt c. Line-1 indicates complete amino acid 
sequence of rat and mouse somatic Cyt c8. Line-2 and -3 depict nucleotide sequence of coding regions of 
somatic Cyt c,. and testicular Cyr c, genes respectively. Amino acid differences in rat and mouse Cyt c, from 
Cyt cs are given in line 4 and 5. Invariant residues are underlined. Printed with permission from J.V. Virbasius 
and R.C. Scarpulla, J Biol Chem 263; 6791-96: 1988 O American Society for Biochemistry and Molecular 
Biology. 

of the very few known expressed retroposons encoding a functional protein (Hendriksen et al., 
1997). 

The mammalian testis contains two distinct isoforms of cytochrome c, cytochrome cS and 
cytochrome ct (Cyt Ct). Cytochrome cS is a highly conserved protein encoded by a multi- 
pseudogene family in mammals and ubiquitously expressed in all somatic tissues in the mouse. 
Rat testis specific cytochrome c, variant displays a number of notable differences with its 
somatic counterpart: a) In contrast to the multipseudogene family from mammalian somatic 
cytochrome c genes, the rat testis gene is a single copy in genomic DNA with no detectable 
pseudogenes. b) The rat testis specific gene is approximately 7-kb long with three introns 
totaling nearly 6.5-kb whereas the two introns dividing the 2.1-kb somatic gene occupy only 
0.9-kb. Introns differ in position as well as size. c) The testicular variant has a longer 5'- 
untranslated leader (230 versus 70-bp for the somatic gene) with an upstream ORF of 129-bp 
beginning with an AUG in a favorable translational context. d) A single polyadenylation site in 
the testicular mRNA (approximately 900 nt) contrasts with the three functionally equivalent 
sites observed in rat somatic messages. e) In the mouse and rat the amino acid sequence of 
cytochrome cs differs from that of cytochrome c, in 14 and 15 of 104 amino acids respectively. 
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Although the amino acid sequences of the rat and mouse cytochrome csproteins are identical 
but cytochrome c, proteins differ in four amino acids between the two closely related species 
(Virbasius et al., 1988; Morales et al., 1993) (Fig.28.10). 

Transcriptional Regulation: In testis low levels of cytochrome cQ mRNAs are detected in 
Leydig cells, myoepithelial cells, Sertoli cells, all types of spermatogonia, and during meiotic 
prophase. As spermatogenesis proceeds the cytochrome cs is replaced by the testis specific 
cytochrome c,. Cytochrome csis encoded by four different sizes of mRNA of about 1.3,l. 1, and 
0.5-0.7-kb, which are widely expressed in somatic cells and in the testis germ cells ranging fiom 
type A spermatogonia to round spermatids. The 1.7-kb cytochrome mRNA appears to be 
predominantly expressed in the testis at late post-meiotic germ cells with most abundant in 
round spermatids, step 1 to 9. Cytochrome Cs was lost fiom the mitochondria as spermatogenesis 
advanced, while arelative increase occurred in cytochrome c, during the zygotene to pachytene 
transition. This with other studies suggested activation of the cytochrome c, gene during 
prophase of the first meiotic division. Cytochrome c, is highly concentrated in mitochondria 
that are being degraded within cytoplasmic lobes o f  spermatids and in residual bodies. Two 
isoforms of cytochromes co-exist within the same mitochondrion during the transition fiom 
cytochrome cs to cytochrome c,. In addition, presence of both Cyt c8 and Cyt c, in the chormatid 
bodies of spermatocytes and round spermatids suggested that the chromatid body is involved 
in the storage of these isozymes and possibly in their differential expression within germ cell 
mitochondria (Hess et al., 1993). Cytochrome c,mRNAs is present in RNA preparation fiom 
isolated populations of meiotic and post-meiotic mouse germ cells. However by in situ 
hybridization, low levels of cytochrome c, mRNAs, initially detected in zygotene spermatocytes, 
reach maximal levels in round spermatids. The absence of cytochrome ce or c,mRNAs in steps 
10-19 spermatids suggested that the cytochrome c, protein does not & over rapidly in late 
stage of male germ cells (Morales et al., 1993). 

The translation of a specific mRNA among others within a population is controlled by 
changes in its stability, primary structure, polyadenylation, as well as by protein-mRNA 
interactions. The fact that polysomal Cyt c, mRNAs have longer poly (A)+ tails than non- 
polysomal ones contributes to these differences in lengths. This suggests that translation of 
mRNA can be influenced by minor variation in their structures, alterations in 5'-UTR and 3'- 
UTRs as well as poly A+ tail lengths that can lead to a differential polysomal distribution of 
transcripts. ~yto&rome c, RN~ssedhnent in two broad size classes: non-polysomal -As 
are about 0.6 to 0.75-kb whereas polysomal mRNAs range fiom 0.7 to 0.9-kb. Both classes of 
mRNAs shorten to about 0.5-kb following deadenylation. Oligonucleotide-directed cleavage 
of size heterogeneity of cytochrome c,mRNAs resides in the 5'-UTRs. Ribonuclease protection 
assays revealed that multiple cytochrome c, mRNAs are transcribed from six different 
transcriptional start sites spanning a region of 59 nucleotides in the 5'UTR fiom +I to +59. Each 
of the linger mRNAs hasan upstre&open reading fiame, which starts at +8 and ends at +I36 
in the 5'UTR of the cytochrome c, transcript. It has been suggested that heterogeneity in 5' 
untranslated region of mouse Cyt c, mRNA leads to altered translational status of the mRNAs 
(Yii et al., 1994). 

Regulation of CIyl cs and Cyt c, Genes: Oligonucleotide RNase H cleavage of Cyr cs mRNA 
revealed that the 1.7-kb mRNA contains over I-kb of 5'-untranslated region, which is not 
present in four shorter Cyt cS mRNAs. RNase protection assays indicated that this additional 
sequence arises fiom the utilization of an alternative transcription initiation site of the functional 
C '  csgene, which is 1085-bp upstream of the initiation sitefor the four shorter Cyt cSmRNAs. 
Sequence comparison of the putative promoter region with promoters of other post-meiotically 
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expressed genes revealed several conserved regions. Utilization of this alternative transcription 
initiation site of Cyt c may be involved in the down-regulation of Cyt cadwing spermatogenesis 
(Hake and Hecht, 1963). The Cyt cinull testes undergo early atrophy equivalent to that, which 
occurs during aging as a consequence of a reduction in oxidative phosphorylation (Narisawa 
et al., 2002). 

Cytocbrome C Oxidase: Cytochrome C oxidase I1 mRNA transcript is expressed in pachytene 
spermatocytes at high levels. Saunders et al, (1993) identified clones that encode all or part of 
the second subunit of cytochrome C oxidase (COX 11), the terminal enzyme in the electron 
transport chains located in mitochondria. The COX I1 rnRNA is strongly expressed in pachytene 
spermatocytes with the highest levels of expression at stages VII-VIII of the spermatogenic 
cycle. Although this is the androgen dependent stage, Northern analysis of total testicular 
RNA showed that expression of COX I1 mRNA was not altered detectably by EDS-induced 
androgen withdrawal nor the expression was altered detectably by treatment with high doses 
of FSH. In the absence of pachytene spermatocytes, COX I1 mRNA was found in preleptotene 
spematocytes and in Sertoli cell cytoplasm. Cytochrome C oxidase has thirteen subunits, three 
of which (1-111) are encoded on the mitochondria1 genome. The physiological significance of 
the high levels of expression of COX I1 mRNA in pachytene spermatocytes and its stage 
dependent changes presumably reflect requirements for alteration in energy demand as these 
cells enter the final stages of meiosis (Saunders et al., 1993). 

Creatine Kinase: Creatine kinase (CK, ATP creatine phosphotransferase, EC 2.7.3.2) participates 
in ATP regeneration, which is the primary source of energy in living organisms. The CK from 
herring spermatozoa has high activity and has a different electrophoretic mobility from 
isoenzymes present in skeletal muscle. Treatment of herring spermatozoa with tributyltin (TBT) 
caused a time-dependent decrease of viability after 6 h exposure. It was suggested that CK 
could be a good biomarker of sperm cell membranes degradation in the case when lactate 
dehydrogenase release from permeabilized cells is not possible for rapid determination of the 
effect of TBT (Grzyb et al., 2003). 

Aldo-keto Reductase: The mouse aldo-ketoreductase (AKR) AKR7A5 is similar to rat atlatoxin 
aldehyde reductase (AKWA1) and to human brain succinic semialdehyde reductase (AKR7A2). 
The mouse enzyme is present in tissues including liver, kidney, testis and brain, and is able to 
reduce several carbonyl compounds, including succinic semialdehyde, carboxybenzaldehyde, 
4-nitrobenzaldehyde and 9,l Ophenanthrenequinone (Hinshelwood et al., 2003). A human testis 
specific protein (HTSP) was identified initially by the search of the Expressed Sequence Tag 
database, followed by the screening of human testis cDNA library. The HTSP transcripts were 
detected only in human testis and not in other reproductive organs. Four isoforms, HTSP-I, - 
2, -3 and -4 were identified; these isoforms were generated by alternative splicing of a single 
gene. The HTSP gene is localized to chromosome 10. The HTSP4, was composed of 307 amino 
acids and shared 56% identity to mouse vas deferens protein as well as human aldose-reductase 
at amino acid levels, and showed activity towards 9, 10-phenanthrenequinone among the 
putative substrates. Accordingly, HTSP is a new member of the aldo-keto reductase superfamily 
with as yet unidentified function (Nishinaka et al., 2003). 
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Aldehyde Dehydrogenase: Mouse testis expresses a tissue-specific aldehyde dehydrogenase. 
Using the technique of isoelectric focusing, the expression of four to five banded "testis- 
specific aldehyde dehydrogenase" was confirmed in the mouse testis. However, the activity 
was found not only in the testis but also in the uterus and in embryonic tissues. The tissue 
distribution as well as substrate specificity and isoelectric points indicated that the "testis- 
specific aldehyde dehydrogenase" corresponds to mouse type 2 retinaldehyde dehydrogenase 
(Maly et al., 2003). 
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Chapter 29 

FIBROUS SHEATH, DENSE FIBERS, AND 
PLASMA MEMBRANE OF SPERM 

The mammalian sperm tail presents a complex organization in which number of additional 
structures, namely outer dense fibers and fibrous sheath surround the central axoneme and 
are thought to regulate flagellar motility. The development of sperm tail with propelling activity 
occurs during spermiogenesis. Three keratins - Sak57, Odfl and Odf2 and other proteins (the 
26s proteasome and the Odfl-binding protein Spag4) are temporarily stored in the manchette 
before being sorted to the developing sperm tail, and hence the manchette provides a transient 
storage to both structural and signaling proteins (Kierszenbaum, 2001). The major protein 
components and their isoforms defining axoneme have been discussed in Chapters 8 and 9. In 
this section, we shall concentrate on iso-proteins discovered in plasma membrane, outer 
dense fiber and fibrous sheath encasing outer dense fibers of sperm flagellum. 

29.1. OUTERDENSE FIBERPROTEINS 

The flagellum of the mammalian sperm possesses a characteristic complex of nine outer dense 
fibers around the axoneme, which generates a 9+9+2 cross-sectional pattern. Each fiber, joined 
anteriorly to one of the striated columns of the connecting piece, courses longitudinally in 
close proximity to the corresponding doublet of the axoneme. In some species, such as the rat 
and hamster, they are thick structures and extend the 111 length of the principal piece of the 
sperm tail, while in others they terminate halfway along the principal piece. In various species, 
these fibers in contrary to the identical appearance of each doublet of the axoneme, they differ 
fiom each other in cross sectional shape and size. The biochemical nature of the accessory 
structures of the sperm tail, namely the proteins of ODFs of the mid-piece and the principal 
piece is the subject of recent investigations. Though the precise function(s) of the ODFs 
remains to be determined, but they are thought to impart rigidity and directionality to tail 
movement. The ODF proteins are synthesized by the spermatids during the latter half of 
spermiogenesis and are assembled around the axoneme in a proximal to distal direction. At 
least six distinct protein bands, for example, have been identified in rat ODFs by PAGE with 
apparent molecularweights of 87,30-32,25-26,19-20,13, and 11.5-12-kDamost ofwhich are 
phosphorylated at serine residues (Vera et al., 1984; O'Bryan et al., 1998). To date the gene 
sequences encoded for about a dozen ODF proteins are known. 
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(A) ODFl FRCM RUMAN SPEPbl (ACCESSION NP-077721) 

1 MAALSCLLDS VRRDIKKVDR EELRQLRCIDE PSTRCLCDLY MEPYCCCDLE PYPYCLCYSK 
61 RSRSCGLCDL YPCCLCDm YCLRPSLRSL ERKAIRAIED EKRELARLRR TTNRILASSC 
121 CSSNILGSVN VCGPEPDQVK VRVltDCMKN SAERENRYDC LGSKKYSYhUl ICKEFSLPPC 
181 VDEmlVTYSY GLGSCVKIES PCYPCTSPCS PCSPCNPCNP CSPCXPCSPY DPCNPCYPCG 
241 SRFSCRFMIL 

(B) ODFl PROM MOUSE SPERM (ACCESSION CMi!55965) 

1 MMLSCLLDS VRRDIItKMR ELRQLRCIDE ISSRCLCDLY MRPYCCCDLE ETPYCLCYSK 
61 RSRSCGLCDL YYPCCLCDYK LYCLRPSLRS LERLRRTTNR ILASSCCSSN ILGSVMICCF 

121 EPOQVRVRVK DGINCVSAER ENRYDCLGSK KYSYhUlICXE FSLPPCVDEK DVTYSYGLGS 
181 CVKIESPCYP CTSPCNPCNP CSPCSPCAPC ACGPCGPCGP CGPCGPCDPC NPCYPCGSRF 
241 SCRI(M1L 

(C) ODFl EaCM RAT SPERM (ACCESSION P21769) 

1 W S C L L D S  VRRDIKKVDR E L R W I D E  ISSRCLCDLY MRPYCCCDLE PYPYCLCYSK 
61 RSRSCGLCDL YYPCCLCDYK LYCLRPSLRS LERLRRTTNR ILASSCCSSN ILGSVNVCGF 

121 EPDQVKVRVK DGKVCVSAER ENRYDCLGSK KYSWICKE PSLPPCMEK DVTYSYGLGS 
181 CVKIESPCYP CTSPCNPCNP CSPCSPCGPC GPCGPCGPCG PCGPCDPCNP CYPCGSRFSC 
241 RKMTL 

Fig 29.1. Amino acid sequences of outer dense fiber protein-l(0dfl) of sperm tail from human (A), mouse 
(B), and rat (C) (saurce:http///wwwncbi.nlm.nih.giv). 

By searching for the rat and human homologue of the Drosophila germ cell product Mst(3)gl- 
9, a cDNA was found that encoded a 244-aminoacid polypeptide with a total amino acid 
composition similar to that of a 26-32-kDa protein of the ODE This gene has been called rtsY 
I, rt7, and o@7 depending on the species from which it was isolated (Henkel et al., 1992). The 
cDNA of odf27 encodes the major 27-kDa protein of rat sperm ODF with a high proportion of 
a repetitive motif, Cys-Gly-Pro, at the carboxy-terminal end, reminiscent of the testis specific 
Mst(3)CGP proteins of Drosophila melanogaster. Nick translation probes of the odf27 cDNA 
recognized two complementary mRNAs, fust transcribed in round spermatids. Haploid 
expression of these transcripts reach a peak in steps 8-10 of spermiogensis at the time when 
transcription ceases and remains at high levels fiom steps 1 1 to 15 but diminish in steps 16-1 8 
at the time when ODF protein synthesis and assembly are maximum (Morales et al., 1994). 
Using the Odf27 leucine zipper as bait in a yeast two-hybrid system, a testis-specific protein 
was isolated, whose interaction with ODF27 depends critically on the ODF27 leucine zipper. 
The gene of 11 1-450 nt encodes a product that localizes to ODF and that the product is 
identical to ODF84, which contains two C-terminal leucine zippers. All leucine residues in the 
upstream leucine zipper are required for interaction with ODF27. The putative proteins encoded 
by Odfl in mouse, rat and man are similar (Fig.29.1). 

A total of 15 amino acids in the C-terminal region were deleted in the mouse protein, 
compared with the rat protein. Through in situ hybridization to metaphase chromosomes, the 
Odfl gene was localized to mouse chromosome 15 region B2-C. The chromosomal localization 
of the Odfl gene extends the hitherto known linkage group consisting of MYC (Myc), PVTl 
(Pvtl), GPT (Gpt), and TG (Tg) common to human chromosome 8 and mouse chromosome 15 
in the proximal direction of both chromosomes. The linkage group now extends &om band q24 
to band q22 of human chromosome 8 and f?om region D2-E to region B2-C of mouse chromosome 
15 (Hoyer-Fender et al., 1995). 
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Fig. 29.2. Largest open reading frame (ORF) of ODF-27 cDNA (OD 27) and its predicted amino acid 
sequence. Comparison of ORF of ODF-27 with rts 511 cDNA and RT7 cDNA and their amino acid sequences. 
Adapted from C.R. Morales et al, Mol Reprod Dev 37;229-40:19940 John Wiley and Sons Inc. http:/l 
www3.interscience.wiley.com/cgi-hinljahout/37692lProductInformation.html. 

RT7: The RT7 gene is expressed as an abundant RNA in round spermatids and encodes a 
protein of 26-27-kDa. The mAbs raised against a peptide from the predicted N-terminal 
amphipathic %helix of the rat RT7 protein recognizes RT7 protein or N-terminal parts of it. 
Several mAbs recognize RT7 protein in elongating spermatids in nonrandom fashion. RT7 can 
form stable complexes with itself that are associated through a region located in the N- 
terminal half of RT7. The RT7 protein appears as a major sperm tail component, bears homology 
with 27kDa-ODF polypeptide, and might be a structural component of sperm tail outer dense 
fibers (Higgy et al., 1994; Morales et al., 1994) (Fig 29.2). 

A human gene, homologous to the Mst(3)CGP gene family of Drosophila melanogaster 
encoding an ODF protein of 241 amino acids was described by Gastmann et al. (1993). The 
transcribed region has a size of approximately 1 -kb and contains two exons of 4 16-bp and 406- 
bp, respectively, excluding the 3' untranslated region. The gene is expressed in testis but not 
in other human tissues and resembles the Drosophila Mst(3)CGP gene family in the male 
germ line. The encoded sequence corresponds to approximately 32-kDa in the extract of 
human sperm flagella and localized to band q22 of chromosome 8. 
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29.1.2: Odfl Interacting Proteins 

SPAG2: Two isoforms of sperm associated antigen 2 (SPAG2), SPAG2-1 and SPAG2-2, were 
identified in testis and placental libraries, respectively. In Southern analysis of human genomic 
DNA with a probe common to the two SPAG2 isoforms indicated a single SPAG2 gene. 
Therefore, alternative splicing is likely the mechanism for production of variant mRNAs. In 
human testis SPAG2 expresses in primary spermatocytes, with decreased or arrested expression 
in post-meiotic cells. SPAG2 is an intracellular component of the sperm flagellum localized to 
ODF. SPAG2 does not exhibit the molecular characteristics of keratin like proteins, nor does 
SPAG2 demonstrate sequence homology with other characterized ODF proteins (Diekman et 
al., 1998). 

Spag4: The cloning and characterization of another Odfl-interacting protein, Spag4 suggested 
that Spag4 mRNA is spermatid specific, and the 49-kDa protein complexs specifically with 
Odfl, but not Odf2, mediated by a leucine zipper. It also has the property of self-association. 
In contrast to Odfl and Odf2, Spag4 protein localizes to two microtubule containing spermatid 
structures. Spag4 is detectable in the transient manchette and it is associated with the axoneme 
in elongating spermatids and epididymal sperm. Data suggest a role for Spag4 in protein 
localization to two major sperm tail structures and the role for leucine zippers in molecular 
interactions during sperm tail morphogenesis (Shao et al., 1999). 

Spag5: Spag5 is another gene, which encodes a 200-kDa testicular protein that interacts 
strongly with Odfl. The Spag5 is transcribed and translated in pachytene spermatocytes and 
spermatids. It bears 73% similarity with the mitotic zippers in the C-terminal part ofthe Spag5 
protein, the downstream of which is involved in interaction with Odfl, thus strengthening the 
importance of the leucine zipper in sperm tail protein interactions (Shao et al., 1999; 2001). 

OIP1: Zarsky et al, (2003) discovered a novel RlNG finger protein OIP 1 that binds to conserved 
amino acid repeats in sperm tail protein Odfl. 

The 0 0 4  is a translationally delayed gene that codes for an 84-kDa protein. Schalles et al, 
(1998) reported the isolation of a cDNA ( 111-450 nt) encoding a 84-kDa ODF. Riboprobes 
generated from the clones recognized four testicular-specific transcripts of 1.6,2.2,2.4, and 
2.8-kb in both rat and bull, of which the product ofthe 2.4-kb mRNA co-migrates with ODF 84 
protein. The 2.2-and 2.4-kb mRNAs are first transcribed during meiotic prophase while the 
other two species are first expressed in rounds spermatids. The anti-84 reactive ODF proteins 
are synthesized and assembled in the cytoplasm of elongated spermatids (steps 9-18) with 
peak activity occurring in step 16 of spermiogenesis. Labeling was selective to the assembling 
ODF and connecting piece of the tail and to granulated bodies of the cytoplasmic lobe. 
Immunogold labeling provided evidence that the 84-kDa ODF protein is localized to both the 
cortex and medulla of the ODF in contrast to the sole medullary localization of the major 27- 
kDa ODF protein. Thus the 84-kDa ODF protein, encoded by the 2.4 transcript, is translationally 
regulated, packaged after synthesis into granulated bodies, assembled in a proximal to distal 
direction along the axoneme and may interact by means of leucine zippers specifically with the 
27-kDa ODF protein during assembly. Its localization to both the cortex and medulla of the 
ODF, as opposed to exclusive medullary localization to the 27-kDa ODF protein, and the 
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1 bL9ASSSGGSP RFPSCQWOV TSLTEKKVLR TPCGAPSVTV TKS- DTVNVRRSVR 
61 VRmWPPXCL EITPPSSEKL m S D L S  TEDDDSGXCK MNhYDlMIDS w- 

121 V K G E R Q  MAKRI.LEERK EELEEVAEEL A E T E I I E m  RHNIERIKEE KDFTWXlKKIi 
la1 L Q Q E K E ~  ICLV~AEE~)GA DTIGRLKTEK WCTDINTL TRQKELLLQK 
241 LSTFEETNRT LRDLLREQHC K E D S E M Q  QULLIl(RLAE ADSENLRLLL LLQDKDXEVE 
301 ELLQEIWK AQAKTASELS KSMZSMRGXL QAQLRCKEAE NSRLWIKN LERSGNQXKA 
361 EVEAnaEQLK ELKQKGDPDK ETLlCNLIRAQ KERAEKSEEY AEQLXVQIAD KDLYVAEALS 
421 TLESWRSRYN QWlCDKGDLE LEIIVLNDRV TDLVNQQQSL EEKMREDRDS LVERLXRQTA 
481 EYSAFKLENE RGlULSFPPME DKLNQntILEv QQLNLSVI(NY EGMIDWPKSQ VMKTRGEADE 
541 VAAQLERCDK ENIU4LKDW KEIEAARRQF QSQIADLQQL PDILKITEMZ LAECQDQLQG 
601 YERKNIDLTA IISDLRSRVR DWQKGSHELA RAWLRLPR 

Fig.29.3. Ammo acid sequence of rat sperm outer dense fiber tail protein 2 (Source: httpllwww. ncbi.nIm.nih.gov. 
Accession NP-058909). 

presence of two leucine zippers, only one of which interacts with the 27-kDa ODF, suggest 
that it could act as a link between proteins of the two regions of the ODF (Shalles et al., 1998). 
The Odf2 gene is localized to human chromosome 9q34 (Shao et al., 1997; 1998). 

The human homologue of rat Odf2 gene has been isolated. In rat Odf2 or the 84-kDa ODF 
protein interacts with ODFl of 27kDa; the interaction is mediated by leucine-zipper during 
ODF assembly along sperm axoneme. The cDNAs encoding OdB protein of mouse have 
shown variability in amino acid sequences of N-terminal part where as C-terminal is highly 
conserved among different species. The Odf2 RNA transcripts were restricted to germ cells. 
The transcription of Odd starts at step5 spermatids of tubular stage V (Hoyer-Fender et al., 
1998) (Fig.29.3). Following the screening of a rat testis expression library with an ODF- 
specific antiserum, a third ODF gene, odf2, was identified and found to encode a variety of 
transcripts that translated into proteins of 65-70-kDa. 

Transcription of OdB starts in step 6 spermatids, which coincides with transcription of 
the major outer dense fiber protein Odfl and with the formation of the sperm tail. Computer 
analyses of the structure of the encoded OdB protein revealed an overall a-helical structure 
with two regions identical to the dimerization region of the leucine zipper motif (l3rohman et 
al., 1997). 

KTT4: An Orthologue of OdD: Of several cloned cDNAs isolated fkom an adult rat testis, two 
identical clones encoding a 2.2-kb cDNA (KTT4) were found to contain an open reading 
fiarne of 578 amino acids including two leucine zipper motifs. KTT4 mRNA was abundant in 
round spermatids, and homologous mRNAs were present in testes fkom mice and marmosets. 
The KTT4 gene is conserved in humans, monkey, mice, dogs, and cattle, and its mRNA was 
first detectable in pachytene spermatocytes and thereafter was abundant in round and 
elongating spermatids. Expression of KTT4 was not altered by EDS induced androgen 
withdrawal, but in rats treated with methoxyacetic acid, a marked reduction in KTT4 was 
noted associated with the depletion of round spermatids. Database searches showed it to be 
homologous to published sequences for an ODF protein of the sperm tail (Odf210df84) (Turner 
et al., 1997) 

MPM2 Reactive Sperm Protein (MSP): One component that may be involved in the regulation 
of sperm centrosomal activity in the oocyte is a phosphorylated protein complex (MPM-2- 
reactive sperm protein; MSP) with a molecular mass of 77-85-kDa. The MSPs isolated from 
boar sperm are identical to rathull 85-kDa ODFICP85 complex of the outer dense fibers and 
connecting piece. It is likely that any involvement of these proteins in the regulation of sperm 
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centrosomal activity is through the process of connecting piece disassembly (Long et al., 
1 m .  

29.1.4. Cysteine Rich Proteins in ODF 

TPX-1: Isolation of the cDNA sequence of a protein likely to be an ODF component and a 
homologous relationship with the so-called male sperm cell-specific gene tpx-1 has been 
reported by O'Bryan et a1 (1998). This gene was characterized earlier fiom murine and human 
sources (Kasahara et al, 1988 clr O'Bryan et al., 1998) (Chapters 2 and 34). The tpx-I-like gene 
encodes a 1.6-kb mRNA and a 243-amino-acid protein that has significant homology with 
members of the cysteine rich secretary protein (CRISP) family and partial homology with 
several venorn/allergen proteins fiom both plants and insects. The protein Tpx-1 in sperm is 
formed during rat spermatogenesis. The expression of tpx-I increased dramatically to a 
maximum in step 11-12 spermatids. Tpx-1 rnRNA is first expressed in the late pachytene 
spermatocytes, but the production of these tpx-1 proteins is translationally delayed for 4-5 
days before being incorporated into the developing sperm acrosome. Concurrent with sperm 
head formation, tpx-1 protein was incorporated into the developing sperm tail, and specifically 
the ODFs. The tpx-1 protein was seen within structures resembling granulated bodies in the 
cytoplasmic lobe of elongating spermatids and was incorporated subsequently into the growing 
tail in a manner consistent with ODF development. In addition, tpx-1 protein was localized at 
the connecting piece of the neck and longitudinal columns of the fibrous sheath, suggesting 
common protein components in these cytoskeletal structures. As such, tpx-1 may have 
functional significance in the processes of sperm head development and tail formation (O'Bryan 
et al., 2001). Synthesis and application of peptide irnmunogens related to protein tpx-1 represent 
promising candidates for investigators into the role of tpx-1 in the immunoregulation of sperm 
function in mammalianmodels (Keah et al., 2001). 

Autoantigen 1- A Tpx homologue: Autoantigen 1 ( M I )  is the major autoantigen of the 
guinea pig sperm acrosome and was fmt detected in pro-acrosomal vesicles of pachytene 
spermatocyes. The -25kDa protein was packaged into the acrosome during spermiogenesis. 
The cDNAs encoding autoantigen 1 predicts a precursor protein of 244 amino acids including 
a 21 amino acid hydrophobic, secretory signal sequence to have a molecular mass of 24kDa. 
The AA1 is the guinea pig homologue of the testis-specific protein tpx-1 in mice and humans 
and shows significant amino acid sequence homology with other CRISP'S rat and mouse 
acidic epididymal glycoproteins (AEG also known as proteins DIE in rats) (see chapters 1 and 
34). Auto-antigen 1-RNA from guinea pig spermatogenic cells shows a 1.5-kb message and is 
first detected in pachytene spermatocytes and strongest in round spermatids, with low activity 
in condensing spermatids (Foster and Gerton, 1996). 

Sak57: The SAK57 is a 57-kDa acidic intermediate filament keratin that first appeared in 
association with the manchette in step 13 rat spermatids. However, later in development, this 
protein appears to become associated with the ODE The Sak57 is present in rat spermatocytes, 
spermatids, and sperm, and has the characteristics of a keratin intermediate filament present 
during meiotic and post-meiotic stages of spermatogenesis. The 57-kDa Sak57 (Sak57=for 
spermatogenic cellhperm-associated keratin) from outer dense fibers of rat sperm tails 
(Kierszenbaum et al, 1996) yielded two 15-mer and 10-mer fhgments, which showed 70-100% 
homology to human, rat, and mouse keratins and corresponding to the lA  and 2A regions of 
the +helical rod domain of keratins. Rat testis gave two proteins: i) a soluble 83-kDa protein 
with pI range 5.9-6.3, regarded as a precursor, and ii) both detergent-insoluble and soluble 57- 
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kDa protein with pI range 5.0-5.9, corresponding to the mature form Sak57. The testicular 
soluble form was phosphorylated. Sperm tail samples displayed only the Sak57 detergent- 
insoluble form with pI of 4.7-4.8 and rod shape pattern in electron microscopy. The three- 
dimensional arrangement of Sak57 was analysed in pachytene spermatocytes using. confocal 
laser scanning microsopy. Isolated outer dense fiber and sperm tails displayed an 
immunoreactive product in the form of linear clusters. In elongating spermatids (steps 10-1 I), 
Sak57 reactivity was predominant in the head region whereas pachytene spermatocytes 
showed a cortical cytoplasmic distribution. (Kierszenbaum et al., 1996; Tres and Kierszenbaum, 
1996). During spermatogenic steps 8-12 Sak57 is associated with the microtubular mantle of 
the manchette, the transient microtubular structure largely regarded as formed by tubulin and 
microtubule-associated proteins and which encircles the spermatid nucleus during shaping 
and chromatin condensation. At later stages, Sak57 immunoreactive sites in the spermatid 
head region disappeared. It appears that, during early spermiogenesis, microtubular Sak57 
scaffolding is associated with the spermatid nucleus during shaping and chromatin 
condensation. During late spermiogenesis, the dispersion of the manchette coincides with 
the progressive visualization of Sak57 in the peraxonemal outer dense fibers and longitudinal 
column of the fibrous sheath in developing spermatid tail (Tres and Kierszenbaum, 1996). 

Bovine Cysteine Rich Protein: Kim et al(1995) compared the bovine and porcine cDNA of an 
outer dense fiber protein with the human and rat cDNA sequences and found that the coding 
sequences and the 5' and 3'-untranslated regions of the ODF cDNAs are highly conserved. 
The bovine, porcine, human and rat ODF protein sequences revealed that the protein displays 
a high degree of similarity, ranging fiom 87% to 98%. The protein is rich in cysteine and 
contains the CXP repeat at the C-terminus, which is different in number among mammalian 
species. All the 27cysteine residues in the ODF sequences except those CXP repeat are 
conserved in four species. The transcription start site in the bovine ODF gene is localized 98- 
bp upstream of the translation start site. Alignment of the 5' flanking region of bovine ODF 
with the rat revealed 83% similarity in the frst 130 nucleotides upstream of the transcription 
start site. This conserved region contains a TATA-like box (TTTAAA) and binding sites for 
AFTICREB transcription factors (Kim et al., 1995). One Odf gene in bovine is located to 
chromosome 4pll-pl4 (Musilova et al., 1997). 

MAK 248: The 48-kDa protein is a dirner ofthe 24-kDa protein, which was referred as MAK248. 
Structural analysis suggested that MAK248 is a novel CRISP protein and a member of the 
CAP (CRISP, Ag 5, PR-1) family of proteins. Based on amino acid sequence homology, it is 
possible that MAK248 functions as a protease inhibitor (Yudin et al., 2002). 

29.2. FIBROUS SHEATH PROTEINS 

The fibrous sheath (FS) is a unique cytoskeletal structure located in the principal piece of the 
sperm flagellum and consists of two longitudinal columns connected by closely spaced 
circumferential ribs that assemble fiom distal to proximal throughout spermiogenesis. The 
longitudinal columns connect to the axoneme, replacing ODFs 3 and 8 in the principal piece. 
The fibrous sheath is believed to influence the degree of flexibility, plane of flagellar motion, 
and the shape of the flagellar beat. The FS encases the ODFs and microtubules in the principal 
piece and extends distally beyond the termination of the ODFs to end at the principal piece1 
end piece junction. The axoneme, devoid of ODFs and the FS, continues into the end-piece, 
completing the flagellum. The FS has been reported to be a relatively insoluble structure with 
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extensive disulfide crosslinks. Viewed in longitudinal section, the FS displays a segmented rib 
like appearance. It appears that the fibrous sheath functions as a scaffold for proteins in 
signaling pathways that might be involved in regulating sperm maturation, motility, 
capacitation, hyper-activation, andfor acrosome reaction and for enzymes in the glycolytic 
pathway that provide energy for the hyper-activated motility of sperm allowing them to 
penetrate through the zonapellucida (Eddy et al., 2003). 

29.2.1. Electrophoretic Studies 

Biochemical analysis of FS shows that FS is composed mainly of 80-kDa protein in rat and 74- 
kDa in mouse. The presence of very high disulphide linkages in FS suggests that like ODE the 
FS may serve a passive elastic function in motility. Proteins that make up the FS in rat sperm 
are assembled in a distal proximal direction and are synthesized throughout stages 8-17 of 
spermiogenesis. In rat the FS consists of up to 17 polypeptides ranging form 75 to 14.4-kDa 
and also includes a major protein of 80-kDa. Human fibrous sheath revealed at least 14 protein 
bands of which the most intensely stained were of molecular weight 84,72,66.2,57,32 and 
28.5-kDa. The rabbit fibrous sheath revealed at least 10 protein bands, of which the most 
intensely stained were 35.2,32.7 and 28.5-kDa. The amino acid composition of the purified 
fibrous sheath &om human, rat, and rabbit spermatozoa was similar, being high in aspartic acid 
and/or asparagine and glutamic acid and/or glutamine, serine, alanine, leucine, lysine and 
glycine, but low in histidine, tyrosine and isolecucine. This composition being similar in 
different species suggests that mammalian sperm tail fibrous sheaths are composed of similar 
types of proteins, although there are apparent differences in protein components between 
species (Kim et al., 1992). 

Immunoreactive peptides of 68,53, and 45-kDa were recognized by mAbs on immunoblots 
of non-reduced human sperm extracts, while a 68-kDa band and a strongly immunoreactive 
triplet fiom 54 to 5 1 -kDa were recognized in reduced sperm extract (Beecher et al., 1993). Based 
on mAb 4F7 a doublet of polypeptides of about 95-kDa was identified throughout the FS of 
human sperm. This FS protein co-localizes with actin irrespective of the location of their 
abnormal assembly, suggesting that the assembly of the FS and actin could be under the 
control of some common morphogenetical factor (s) (Escalier et al., 1997). 

29.2.2. Thioredoxins 

Thioredoxin-1: Thioredoxins are proteins that participate in diffzent cellular processes via 
redox-mediated reactions as general protein disulphide reductases and regulate several cellular 
processes such as transcription factor, DNA binding activity, apoptosis and DNA synthesis. 
In mammalian organisms, thioredoxins are generally ubiquitously expressed in all tissues, 
with the exception of Sptrx-1, which is specifically expressed in sperm cells. Spermatid-specific 
thioredoxin-1 (Sptrx-1) is the first member of the thioredoxin family of proteins with a tissue- 
specific expression pattern, found exclusively in the tail of elongating spermatids and 
spermatozoa. Human Sptrx-1 eluates as a 400kDa protein in gel permeation. Analysis of CD 
spectra of fragments 1-360 and 361-469 and comparison to spectra of full-length Sptrx-1 
supports a two-domain organization with a largely unstructured N-terminal domain and a 
folded thioredoxin-like C-terminal domain. The Sptrx-1 behaves as an oxidant in vitro when 
using selenite, but not oxidized glutathione, as electron acceptor. This oxidizing enzymatic 
activity suggests that Sptrx-1 might govern the stabilization (by disulfide cross-linking) of the 
different structures in the developing tail of spermatids and spermatozoa (Jimenez et al., 
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2002a). The mouse Sptrx-l gene and protein are similar to those described for the human 
orthologue. The mouse Sptrx-1 ORF encodes for a protein of 462 aa composed of an N- 
terminal repetitive domain of a 15 residue motif followed by a C-terminal domain typical of 
thioredoxins. The mouse Sptrx-1 gene is located at 17E1.2-1.3 and mostly in the round 
spermatids (Jimenez et al., 2002b). 

The developmental analysis of Sptrx-1 in rat seminiferous tubule showed that its 
expression begins at step 9, gets progressively stronger until steps 14-16, and then diminishes 
in steps 17 and 18 until disappears in step 19 spermatid. The SEM analysis showed its 
localization to the assembling longitudinal columns of the fibrous sheath, whereas the forming 
ribs of the fibrous sheath were unlabeled. It specifically associates to the fibrous sheath 
during development but does not become a permanent structural component. The pattern of 
Sptrx-1 during rat spermiogenesis suggests that it could be part of a nucleation center for the 
formation of the longitudinal columns and transverse ribs that bridge the latter (Yu et al., 
2002). 

Thioredoxin 2: Sadek et a1 (2001) reported the identification and characterization of another 
member of the thioredoxin family, with a tissue- specific distribution in human sperm, termed 
Sptrx-2. The Sptrx-2 ORF encodes for a protein of 588 amino acids with two different domains: 
an N-terminal thioredoxin domain encompassing the first 105 residues and a C-terminal domain 
composed of three repeats of a NDP kinase domain. The Sptrx-2 gene spans about 51-kb 
organized in 17 exons and maps at locus 7~13.14. Sptrx-2 mRNA is exclusively expressed in 
human testis, mainly in primary spermatocytes, while Sptrx-2 protein expression is detected 
fkom the pachytene spermatocytes stage onwards, peaking at round spermatids stage. The 
sperm specific expression of Sptrx-2 together with its chromosomal assignment suggests it a 
potential locus for flagellar anomalies and male infertility phenotypes (Sadek et al., 200 1). The 
cloning, developmental expression, and location of mouse and rat SPTRX-2 proteins display 
a high homology to their human orthologue in the thioredoxin and NDP kinase domains; the 
coding genes are located at syntenic positions. However, recombinant full length Sptrx-2 
expressed in bacteria displayed neither thioredoxin nor NDP kinase enzymatic activity. The 
testis-specific expression of murine Sptrx-2 mRNA occurs mostly in round spermatids. The 
SPTRX-2 expression becomes prominent in the cytoplasmic lobe of step 15-1 8 spermatids and 
diminishes in step 19 just before spermiation. However, in the spermatid tail, SPTRX-2 was 
confmed to the principal piece. The SPTRX-2 incorporation into the FS lags well behind FS 
assembly, suggesting it is required during the fnal stages of sperm tail maturation in the testis 
andlor epididymis, where extensive disulfide bonding of FS proteins occurs (Miranda-Vizuete 
et al., 2003) (Fig.29.4). 

Thioredoxin/Glutathione Reductase System: The study of Jurado et al., (2003) provides the 
first absolute expression patterns of genes coding for all known components of both thioredoxin 
(Trx) andgluDredoxin(Grx) systems inmouse: Trxl, Trx2, Grxl, Grx2, TrxR1, TmR2, thioredoxid 
glutathione reductase, and glutathione reductase. The study showed: i) unique expression 
profiles for each transcript; ii) continuous expression during embryogenesis with outstanding 
up-regulations of Trxl and TrxRl mRNAs; iii) drastic differences in mRNA stability; iv) testis- 
specific differences in the amounts (relative to total isoforms) of transcripts yielding the 
mitochondria1 G d a  and 67-kDa TnrRl variants; and v) coordinated up-regulation of TrxRl 
and glutathione reductase mRNAs in response to superoxide stress in an organ-specific 
manner (Jurado et al., 2003). Two thioredoxin proteins, DHD (dead head) and Trx-2 have been 
characterized in D melanoguster. The TrxT associates with the Y chromosome lampbrush 
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Fig.29.4. Amino acid sequence comparison of thioredoxin 2 (Sptrx 2) from human, mouse and rat sperm. 
Printed with permission from A. Miranda-Vizuete et al. J Biol Chem 278; 44874-85: 2003 O American 
Society for Biochemistry and Molecular Biology. 

loops, ks-1 and kl-5 in primary spermatocytes. However, the association is lost in the absence 
of the Y chromosome. Nuclear thioredoxins seemed to have regulatory functions in the germ 
line (Svensson et al., 2003). 

293. ANCHOR PROTEINS IN FIBROUS SHEATH 

In recent years, a great emphasis has been placed on identifying and characterizing proteins 
capable of organizing the appropriate regulatory proteins and enzymes involved in various 
signaling cascades. Anchoring proteins have been identified for PKA, PKC, mitogen-activated 
protein kinases, protein phosphatases and calmodulin. Some A-kinase-anchoring proteins 
(AKAP) can bind several enzymes, regulatory proteins and compounds on distinct domains 
of the protein, thereby forming kinase-phosphatase complexes. For example AKAP 75/79 and 
calmodulin-binding protein also binds PKC, calcineurin and phospatidylinositol 4, 5- 
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bisphosphate (Erlichman et al, 1999) (see section 29.5). The highly polarized sperm cell is well 
suited for investigating the structure and function of various- anchoring proteins. 

A-kinase Anchor Proteins: CAMP-dependent protein b a s e  is known to play a central role 
in mediating cellular responses to alterations in CAMP levels (Chapter 19). 
Compartmentalization of the sperm cell makes it an excellent model system by which one can 
study the role of targeting and anchoring of CAMP-dependent protein kinase (PKA) and 
other enzymes in regulating cell function. The anchoring of PKA is accomplished at specific 
sub-cellular sites by the binding of subunit R to an amphipathic helix-binding motif located 
within AKAPs. Synthetic peptides containing an amphipathic helix domain are able to 
competitively disrupt PKA binding to AKAPs. The AKAPs contain a common structural 
motif that binds with nanomolar affhity to the R subunit of PKA. Other sperm anchoring 
proteins are capable of binding with both RI and RII and have been labeled dual D-AKAPs. 
Since PKA has broad substrate specificity, presumably one of the primary functions of PKA 
anchoring is to spatially restrict its action, thus ensuring specificity of the function. In addition 
to PKA, some AKAPs also simultaneously bind other signal transduction molecules such as 
calmodulin and other protein kiases. Thus some AKAPs could serve as scaffolding proteins 
that coordinate the action of several signal transduction enzymes. Scaffolding proteins are 
responsible for forming the h e w o r k  of multi-protein complex that could ensure precise 
regulation of the signaling cascade and allow the cell to respond specifically to a extra-cellular 
stress (Moss and Gerton, 200 1). 

Spermatozoa possess different types of AKAPs (Moss and Gerton, 2001). The AKAP82 
(Carrera et al., 1994; Johnson et al., 1997) and FSP-95 (Mandal et al., 1999) are located at the 
fibrous sheath of principal piece and anchor RII subunit of PKA. The AKAPl10 is bound to 
the principal piece and acrosomal region in addition to its interaction with ropporin 
(Vijayaragharan et al., 1999; Carr et al., 2001; Urnar and Sakkas, 2003). It has been suggested 
that the interaction of the regulatory subunit of PKA with sperm AKAPs is a key regulator of 
sperm motility (Vijayaragharan et al., 1997). 

Human AKAP-220: A cDNA of 9923-bp comprising the O W  and encoding a 1901-amin* 
acid AKAP with an apparent mobility of 220-kDa, named human AKAP220 (hAKAP 220) was 
identified during human spermatogenesis. The hAKAP220 amino acid sequence has high 
similarity to rat AKAP220 in the 1 167 C-terminal residues, but contained 727 residues in the N- 
terminus not present in the rat AKAP220 sequence (Lester et al., 1997). The hAKAP220 
mRNA is expressed at high levels in human testis and in human pachytene spermatocytes 
and round spermatids. The hAKAP220 protein was present in male germ cells and mature 
sperm, and localized in the cytoplasm of pre-meiotic pachytene spermatocytes and in the 
centrosome of developing post-meiotic germ cells, while a midpiece1 centrosome localization 
was found in elongating spermatocytes and mature sperm. The hAKAP220 protein along 
with a hction of PKA type I and 11, and protein phosphatase I, was associated with cytoskeletal 
structures. The hAKAP220 interacts with both classes of regulatory subunits of PKA, either 
through separate or through a common binding motif (Reinton et al., 2000). 

Lester et al., (1996) isolated cDNA encoding 1 129-amino acid protein &om rat testis that 
contains both a PKA binding region and a per-oxisome targeting motif. The mRNh of 9.7 and 
7.3-kb are present in several rat tissues with the highest levels present in the brain and testis. 
The protein of approximately 220-kDa co-purifies with type I1 PKA holoenzyme and co-localizes 
with pro-protein of RII in microbodies that appear to be a subset of per-oxisomes. These 
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results suggested that AKAP 220 might play a role in targeting type II PKA for CAMP- 
responsive peroxisomal events. 

The most abundant protein in the FS is -4. Nearly half of the protein in fibrous sheaths 
isolated fiom mouse sperm is AKAP4. Although several other fibrous sheath proteins have 
been identified, but how the fibrous sheath assembles is not understood. The -4 and 
two others, AKAP3 and TAKAP-80 have anchoring sites for PKA. AKAP3 also anchors 
ropporin, a spermatogenic cell-specific protein that is linked through rhophilin to the small 
Rho GTPase. The AKAP4-binding protein and its binding regions had been identified by 
Brown et al, (2003), who found that AKAP4 binds AKAP3 and two novel spermatogenic cell- 
specific fibrous sheath interacting proteins 1 and 2 (FSIP1, FSIP2). 

Transcription ofAkap4, Akap3, and Fsipl genes begins in early spermatid development, 
whereas transcription of Fsip2 begins in late spermatocyte development. MAP3 is synthesized 
in round spermatids and incorporated into the fibrous sheath concurrently with formation of 
the rib precursors. However, AKAP4 is synthesized and incorporated into the nascent fibrous 
sheath late in spermatid development. The -4 precursor is processed in the flagellum 
and only the mature form of AKAP4 appears to bind AKAP3. Thus AKAP3 appears to be 
involved in organizing the basic structure of the fibrous sheath, whereas AKAP4 has a major 
role in completing fibrous sheath assembly (Brown et al., 2003). 

29.3.3. Rat Testis AKAPSO 

A RII-binding overlay procedure documented that RII could specifically associate with fibrous 
sheath polypeptides of 120 and 80-kDa. Mei et al, (1997) cloned the rat testis-specific RII- 
binding protein TAKAP-80. A 1.2-kb cDNA clone fiom rat testis expression library hybridized 
to a 1.8-kb mRNA transcript present exclusively in testis at 30 days after birth, at a time 
corresponding to the initiation of spermiogenesis. The complete nucleotide sequence of 
TAKAP-80 cDNA contained a continuous ORF of 502 amino acids. The deduced amino acid 
sequence showed a clear demarcation of charged and hydrophobic amino acid residues. 
Amino acids 1-147 of the protein contained 45% charged residues, with predominance of 
lysine and arginine. Similarly, amino acids 268-502 also contained a high percentage of charged 
amino acids (35%). In contrast, amino acids 148-267 were mostly hydrophobic and contained 
clusters of a repeating PXXP motif where X was predominantly valine and alanine or sometimes 
proline. High affinity interaction site for RII was contained within amino acids 258-78 of 
TAKAP-80. Level of the 80-kDa immunoreactive protein was si@cantly higher in mature (60 
days old) rat testis and correlated with the mRNA transcriptior. levels (Mei et al., 1997). 
Presence of TAKAPSO in sperm suggests its role in sperm motility. 

AKAP121: Feliciells et al, (1998) cloned a cDNA for rat AKAPl2l and showed that its expression 
is regulated by TSH (thyroid stimulating hormone) and CAMP. Differentiated thyroid cells 
(TLS) accumulate AKAPl2 1 upon incubation with TSH or a CAMP analogue. Levels of total 
and newly synthesized -12 1 mRNA also increased after treatment. The AKAPl2 1 is 
directly controlled by CAMP and PKA. 
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29.3.4. Sperm AKAP 82 

The type I1 CAMP-dependent protein kinase is localized to specific sub-cellular environments 
through interaction of regulatory subunit (RII) dimer to RII-anchoring proteins. The RII- 
anchoring protein sequences possess common regions of approximately 14 residues, which 
display high probabilities of forming amphipathic helices. The potential amphipathic helix 
region of Ht3 1 ~u-~eGlu-Glu-Ala-Ala-Ser-Arg-IIeVal-AspAla-Val-I1e) lies between residues 
495 and 507. Anchoring proteins interact with R I I ~  via an amphipathic helix binding motif 
(Carrera et al, 1994). Later studies indicated that recombinant AKAP82 bound RII, and binding 
could be competed for with a synthetic peptide RII-binding site of AKAP82. Adult mouse, 
however, contains a homologue of rat TAKAP80 indicating that there are two 80-kDa AKAPs 
associated with the fibrous sheath of mouse sperm (Carrera et al., 1996; Visconti et al., 1997). 

Mouse A M 8 2  is synthesized in the cell body of condensing spermatids as a Mr 97,000 
precursor (pro--82). This precursor polypeptide is transported down the flagellum to 
the principal piece where it is processed by the proteolytic cleavage of the amino-terminal 179 
amino acids to produce -82 and a free 179 amino acid pro-domain. Following cleavage, 
-82 is assembled into the FS. Mouse AKAP82 can tether PKA close to the axoneme 
and other components of the flagellum that are involved in sperm motility (Turner et al., 1998). 
The pro-AKAP82 is detected in condensing spermatids but not in epididymal sperm. In 
addition, two other immunoreactive proteins of Mr 109000 @ 109) and 26000 @26 representing 
the "pro" domain of the precursor) were present in epididymal sperm. Pro-AKAP82 was 
localized to the entire length of the principal piece in testicular sperm, while in epididymal 
sperm p109 and p26 were present only in the proximal portion of the principal piece. Pro- 
MAP82 was solubilized fiom germ cells with Triton X-100. Similar to pro-AKAP82, the RII 
subunit of PKA was present in the Triton X-100 soluble hction cf developing germ cells. In 
sperm, much of the RII also became particulate, consistent with the hypothesis that AKAP82 
anchors RII in the flagellum. This indicated that pro-AKAP82 is synthesized in the cell body, 
transported down the axoneme to its site of assembly in the fibrous sheath, and then 
proteolytically clipped to form mature AKAP82 (Johnson et al., 1997). 

In humans, both hAKAP82 (82kDa) and its predicted precursor protein, pro-hAKAP82 
(97kDa) are A-kinase anchor protein polypeptides that sequester protein kinase A to FS. 
These proteins are able to bind the RII subunit of PKA and tyrosine-phosphorylated in a 
medium supporting capacitation. The cDNA sequence of human sperm fibrous sheath pro- 
hAKAP82 is highly homologous to the mouse pro-mAKAP82 sequence, and the functional 
domains of the pro-hAKAP82 protein, the protein kinase A binding, and the pro-hAKAP821 
hAKAP82 cleavage sites were identical to those of the mouse protein. The genomic 
organization of mouse pro-AKAP82 indicated occurrence of alternative splicing in both the 
mouse and human pro-AKAP82 genes that gave at least two distinct transcripts and possibly 
two different proteins. Compared with pro-mAKAP82, pro-hAKAP82 was considerably less 
processed in human sperm. Although sperm pro-mAKAP localizes only to the proximal portion 
of the principal piece of the flagellum, pro-hAKAP82 localized to the entire length of the 
principal piece. The pro-hAKAP82 gene mapped to human chromosome Xp11.2, indicating 
that defects in this gene are maternally inherited (Turner et al., 1938). 

The rat sperm RII 80-kDa protein is associated with fibrous sheath protein, TAKAP80, 
which is not similar in amino acid sequence with mouse AKAP82. Adult mouse, however, 
contains a homologue of rat TAKAP80, which revealed that there are two 80-kDa AKAPs 
associated with the fibrous sheath of mouse sperm (Carrera et al., 1996; Visconti et al., 1997). 
The primary structure of bovine bAKAP82 is highly conserved in amino acid sequence 
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1 MADRVDWLQS QSOVQNOW SPGDNQEW mTSTDPVR VLSWLRSDLE KSTA6WSR 
61 FKPGESSWE EVnYPVDQRK GFCVDYYNTT NKGSPGRLEF WEKENPSQ GLISEVGNGG 

121 SIDEVSFYAN RtTNLVIm RI(E1NEKIEG AEXXVEQSL !fMGDEPTPEK SLSTVASELV 
181 NETVTACSKN ISSDKAPOSG DPASGSSQAP GLRYMSTLKI KESTKEGKCP DDKPGTKKSF 
241 FYICEVFESRN AGDAKEGGRS LPGDQICGFRT SPDNR!?DDFS NSISQGIMTY A N S W S M  
301 SIMKTLKIW KDTTIATILL ItMI1l9UUU[E WSDLIDSm XNLliCVTGSL MTDTDFVSAV 
361 KRSFFSEGSQ KATDIMDAML GKLYNVMFAK KFPENIRRaR DKSESYSLIS TKSRAGDPKL 
421 SNLNFAMCSE SICLI(ENLFST CKLEKEKTCA ETLGEEIIKE GLEMWEKSQQ K S P G L E W  
481 LGNAPQEVSF ECPDPCEANP PEQPQPPENF ANLWEMCDSDSW AKDLIVSALL LIQYIUAQGG 
541 KMDAQSFLen AASTNPPTNK PPPPSPVVQD ECICLICSPPRK ICDQEQTEKK D-FNFI 
601 RNLLSETIFK SSRNCESNVH EQNTQEEEIE PCERPKTPCE RPITPPAPKF CEDEEATGGA 
661 LSGL- QLDN-G@4 VEHLMD- LCLIIAKSCD SPLSELGEEK CGDASRPNSA 
721 FPDNLYECLP VKGTGTAEAL LQNAYLTIHN ELRGLSGQPP EGCEIPKVIV S-TVQ 
781 NKQLQAVLQW VAASELNVPI LYFAGDDEGI QEKLLQLSAT AVEKGRSVGE VLQSVLRYEK 
841 ERQLDEAVGN VTRLQLLDWL MANL 

Fig.29.5. Amino acid sequence of A-kinase anchor protein-3 from mouse sperm. Source: httpll 
www.ncbi.nlm.nih.gov (Accession NP-033780). 

corresponding to the region of mAKAP82 responsible for binding to regulatory subunit of 
protein kinase A. Bovine AKAP82 was present in both epididymal and ejaculated sperm and 
was localized to the entire principal piece of eh flagellum, the region in which the fibrous 
sheath is located. Finally, bAKAP82 bound the regulatory subunit of protein k i e  A (Moss 
et al., 1999). 

Mandal et al, reported a fibrous sheath protein of 95-kDa (FSP95) that undergoes 
phosphorylation during capacitation of human sperm and has similarity to sperm A-kinase 
anchor proteins. The 853-residue containing FSP95 protein has a Mr of 94.6-kDa and a pI of 
6.0. It has multiple phosphorylation sites for PKC and casein kinase I1 as well as one 
phosphrylation site for tyrosine at 435. The FSP95 is 32-34% identical to mouse and human 
AKAP82 in amino acids. The FSP95 gene has 5 exons separated by 4 introns. The FSP95 
gene codes a single transcript of 3.0-kb and located on chromosome 12 at locus p13.3. The 
human protein is highly specific and expressed only in testis. In sperm the protein is localized 
to the ribs of fibrous sheath in principal piece of sperm tail (Mandal et al, 1999). 

29.3.6. AKAPllO 

Bovine, human, monkey, and mouse sperm all contain one predominant AKAP with a relative 
mol wt of approximately 1 lOkDa (AKAP110) (Fig.29.5). The AKAPl 10 cDNA has been 
sequenced fiom mouse, bovine and human libraries. Alignment of the RII-binding domain on 
AKPAllO to those from other AKAPs revealed that AKAPs contain eight functionally 
conserved positions within an arnphipathic helix structure that are responsible for RII 
interaction. In situ hybridization analysis detected AKAPl10 only in round spermatids and 
among male germ cells. In spermatozoa, RI regulatory subunit of PKA is located primarily in 
the acrosomal region of the head, and RII is located exclusively in the entire length of the tail. 
AKAPl10 is localized to acrosome region of sperm head and along the entire piece of principal 
piece. This suggests that AKAPl 10 shares compartments with both RI and RII isoforms of 
PKA and may function as a regulator of both motility - and head-associated functions such as 
capacitation and the acrosome reaction (Vijayaragharan et al., 1999). 
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Carr et a1 (2001) have identified two sperm-specific human proteins that interact with the 
amphipathic helix region of AKAP110. These proteins, ropporin (also found to interact with 
Rho pathway) and AKAP-associated sperm protein are 39% identical to each other and share 
a strong sequence similarity with the conversed domain on the N-terminus of RII that is 
involved in dimerization and AKAP binding. Mutation of conserved residues in RII prevents 
binding to AKAP 1 10. This suggests that sperm contains several proteins that bind to AKAPs 
in a manner similar to RII and imply that AKAPs may have additional and perhaps unique 
functions in spermatozoa. 

Accumulation of S--84 and its cognate mRNA are developmentally regulated during 
sperm development. The anchor protein is expressed de novo during late spermiogenesis, 
and this is coincident with the maximal expression and subsequent anchoring of RIIa and RII 
subunits. The developmentally regulated sperm AKAP of 84-kDa (S-AKAP84) is localized to 
the germ cell mitochondria. S-AKAP84 is a splicing variant of AKAP149 expressed in the 
testis. S-AKAP84 comprises 593 amino acids and contains a centrally located domain that 
avidly binds regulatory subunits (RIIa and NIP) of PKAIIa and PKAIIP. The 3.2-kb S- 
AKAP84 mRNA and the cognate S-AKAP84 RII binding protein are expressed mainly in the 
male germ cell lineage and the expression of S-AKAP84 is developmentally regulated. The 
protein accumulates as spermatids undergo nuclear condensation and tail elongation. The 
timing of S-AKAP84 expression is correlated with the de novo accumulation of RIIa and RIIP 
subunits and the migration of mitochondria fiom the cytoplasm (round spermatids) to the 
cytoskeleton (mid-piece in elongating spermatids). Residues 1-30 at the NH2 terminus of S- 
AKAP84 constitute a putative signaVanchor sequence that may target the protein to the 
outer mitochondria1 membrane (Lin et al., 1995). 

sA c-Myc binding protein, AMY-1 (associate of Myc-1), stimulates the transcription 
activity of c-Myc. The AMY-1 was found to bind in vitro and in vivo to the regulatory subunit 
I1 binding region of AKAPl49 and S--84, a splicing variant of AKAPl49 expressed in the 
testis. The AMY-1 was co-expressed with S-AKAP84 post-meiotically in the testis. Furthermore, 
AMY-I , S-AKAP84 and regulatory subunit 11, formed a ternary complex in cells. The AMY-1 
was localized in the mitochondria of HeLa and sperm in association with AKAP149 and S- 
AKAP84 (Furusawa et al., 2001). 

29.3.8. Human Testis hi gene 

Mohapatra et al, (1998) cloned a human testis specific gene (hi), which encodes for a protein 
having regional homologies to the domain of A kinase anchoring proteins. The O W  of hi 
encodes a protein of 860 amino acids with a predicted molecular weight of 95.8-kDa The hi 
product contains 32 cysteine residues and 34 potential phosphorylation sites. Hi transcript is 
detected as a single transcript of approximately 3.0-kb in testis and not in any other somatic 
tissues. Expression of hi transcript occurs only in round spermatids indicating post-meiotic 
haploid gene expression. The cDNA sequence analysis revealed a total of 2897 bases with an 
ORF of 2583 bases from 128 to 2707. The initiator methionine lies in a nucleotide sequence 
homologous to Kozak consensus sequence. The mRNA degradation consensus sequence 
ATTTC was identified at position 2800,93bp downstream of TGA terminator codon preceded 
by the polyadenylation signal (AATAAA) at position 2859, 152bp downstream of TGA 
terminator codon. Sequence analysis showed one direct repeat at positions 2145 and 2302 
and one inverted repeat at positions 376 and 464 within the O W  (Fig.29.6). 
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Fig.29.6.sDN.4 and deduced amino acid sequences for hi cDNA. One direct repeat and one indirect repeat are 
underscored by dotted and single solid line respectively. Hi domain having structural homology with AKAP 
protein is boxed. The three hairpin loops are marked by bold dotted lines. A mRNA degradation sequence 
(ATTTC) and polyadenylation signal (AATAAA) is shown by double dotted and solid underline respectively. 
Reprinted with permission from B. Mohapatra et al.. Biochem Biophys Res Commun 244; 540-45: 1998 0 
Elsevier. 
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406 A ~ A T A G A A C A A G A ~ T A C l " R T ~ T A T A T A ~ ~ ~ T A  
M K S I E Q D A V B T P T K Y I S P D A A X P I  -24 

478 C U i A l l ' ~ ~ T C A T M C A A A O A T l T O T O G A O M O A l W A C A G Q ~ m : C A A C T G T  
P I T E A M R N D I I A K I C Q E D G Q V D P N C  -49 

553 ~ R m r m - ~ ~ ~ T W L C C A T  
P V L D T A V V P S A M E Q E R P S E P L R S H X  -74 

628 T P C T C T A P A T A C C A Q A P C T G P P T B T A P  
P C K Y Q T E V L T S G T V Y L A D I L f C E S A  -99 

703 ~ A ~ T A C A W C A A A A A G M Q A ? O U O n c R * T A E 3 T A C A A ~ M C A G C O G A ~ T  
L F Y F S E Y M E K E D A V N I L Q P W L A A D N  4 2 4  

77 8 T l Y I C A O ~ ~ A T O A ~ T D A ~ C A T G A T T C P A T A T  
P Q S Q L A A K K G Q Y D Q Q B A Q N D A M I L Y  -149 

853 Q A C A A G T ~ ~ I M ~ A C G A T T A G & U ' F 1 W U . T C T M T  
D K Y F S L Q A T H P L G P D D V V R L E I E S N  -174 

918 A ~ A P . ~ C T E C A ~ ~ M G A W U O  
I C R B Q G P L P W C F T T P L R Q A W T T X E K  -199 

1003 ~ T C T l l ' A l T ~ T ~ T G A T C T W , ' K C A T T Q l O T T C O M X U L  
V P L P Q P L S S N L Y Y K Y L N D L I H S V R Q  -224 

1078 G A T O M T m T T t U L U i O M ~ ~  
D E P L G G N V S L A A A G S V C L P E E S X S O  -249 

1153 ~ ~ A G T C T ~ ~ ? T A h M ~ T l l T G A T G A A G C A  
0 S D O S T A Q S S V K K A S L K I L K N P D E A  -274 

1218 A T A R T P Q T O G A ~ ~ A ~ ' I Y L M C O O A C A T A M C M O O M C A T G T c c T i T 0 o d  
I I V D A A S L D P E S L Y Q R T Y A G K H S P Q  -299 

1303 A Q A Q T T A t 3 T G A ~ ~ W K A A G M A T W J U V i O A T T C A M  
R V S D L G Q P I R E S E P Z P D V K K S K G P M  -324 

Fig.29.7. cDNA and deduced amino acid sequences for D-AKAP2 core. Numbers on the left are for cDNA 
sequence, and numbers on the right indicate amino acid position. RPP8 sequence is underlined. Printed with 
permission from L J Huang et al. Proc Natl Acad Sci USA 94; 11 184-9: 1997 O National Academy of 
Sciences (USA). 

29.3.9. Dual Specificity AKAPs 

Using a two-hybrid screen, Huang et a]., (1997) isolated a dual specificity AKAP. Because it 
interacts with both the type-I and type I1 regulatory subunit, it was defined as a dual specific 
AKAP or DAKAP1. Another member of dual specificity is D-AKAP2 that also binds both 
types of regulatory subunits. A message of 5-kb pairs was detected for D-AKAP2 in all 
embryonic stages and in all adult tissues tested. In brain, skeletal muscle, kidney, and testis, 
a 10-kb mRNA was identified. In testis, several small mRNAs were observed. The D-AKAP2 
represents a protein, which is composed of 372 amino acids and includes R binding fragment 
(residues 333-372) at its C-terminus (Fig.29.7). The R binding domain of D-AKAP2 interacts 
with the N-terminal dimerization domain of RIa and ~114. A putative RGS domain was present 
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Fig.29.8.cDNA and deduced amino acid sequences of cyclic GMP dependent protein kinase anchor protein. 
Printed with permission from K. Yuassa et al. J. Biol Chem 275: 4887-95 : 2000 0 American Society for 
Biochemistry and Molecular Biology. 

near the N-terminal region of D-AKAP2. The presence of this domain raises the possibility 
that D-MAP2 may interact with a Ga protein, thus providing a link between the signaling 
machinery at the plasma membrane and the downstream kinase (Huang et al., 1997). 

29.3.10. Fibrous Sheath Component 1 

FSCl is the major structural protein of fibrous sheath. When FSCl was used as the bait to 
screen a mouse testis cDNA libraryy two clones were isolated encoding the RIa of CAMP- 
dependent protein kinase. In vitro binding assay demonstrated that two RIa and one RIIa 
tethering domains are present on FSC1. A domain located at residues 219-232 (termed domain 
A) corresponds to the reported tethering domain for RII of PKA, indicating that this binding 
domain has dual specificity to RIa and RIIa. Another RIa tethering site (termed domain B) at 
residues 335-344 shows specific binding of RIa and had no significant sequence homology 
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with known RII tethering domains. While RIa and RIIa bound to domain A, only RIa bound 
to domain B. This suggests that the amphipathic helix formed by domain B has a secondary 
structure distinct from that required for RII binding. However, domain B is likely to form an 
amphipathic helix, which is the secondary structure of RII of protein AKAP (Miki and Eddy, 
1998). Taken together it suggests that tethering of RIa to FSCl may provide a mechanism for 
the sub-cellular localization of PKA to a region ofthe flagellum important for sperm motility. 

29.3.11. c-GMP Dependent Protein Kinase Anchor Protein 

cGMP-dependent protein kinase (cGKs) is amember of a family of cyclic nucleotide-dependent 
protein kinases that also includes PKA. The cGK is a major cellular receptor of cGMP and 
plays important roles in cGMP-dependents signal transduction pathways. There exist two 
forms of cGK (I and 11) that are encoded by distinct genes and two different isoforms of cGK- 
I (designated I a  and IP) that are produced by alternative splicing. Information on anchor 
proteins for c-GMP dependent protein kinases is very limited. It has been suggested that 
GKAP42 functions as an anchoring protein for cGK-Ia, which may participate in germ cell 
development through phosphorylation of Golgi-associated proteins such as GKAP42 (Yuasa 
et a1 2000) (see Chapter 19) (Fig.29.8). 

29.4. OTHER PROTEINS OF FIBROUS SHEATH 

Ropporin, a sperm specific binding protein of rhophilin is present in the inner surface of 
fibrous sheath of sperm flagella where as rhophilin is present in outer dense fiber (Fujita et al, 
2000). The cDNA of PDZ domain of ropporin has been cloned and discussed in Chapter 18. 
Other proteins associated with the fibrous sheath include two enzymes in the glycolytic 
pathway. Glyceraldehyde 3-phosphate dehydrogenase-s (GAPDS) is the product of a gene 
expressed only in spermatogenic cells, while hexokinase type 1-s (HK1-S) is derived from 
alternative transcripts present only in spermatogenic cells. Most of the other glycolytic 
enzymes in sperm have unique structural or functional properties (Chapter 28). The fibrous 
sheath also contains a spermatogenic cell-specific member of the mu-class glutathione S- 
transferase family (GSTMS) and an intermediate filament-like protein (FS39) (Chapter 3 1). 
Ohuchi et a1 (2001) isolated a cDNA designated F77 from mouse testis. The full-length F77 
mRNA was 3.4-kb and showed no significant matching with proteins in the databases. F77 
was mapped at a proximal position between D8Mit2 12 and D8Mit 138 on mouse chromosome 
8. F77 mRNA was detected only in germ cells ofnormal adult testis, mainly at round spermatids 
and at the tail of elongated spermatids. A cDNA clone specifically expressed during 
spermatogenesis consisted of 1085 nt and had an ORF of 870 nucleotides encoding a putative 
protein of 290 aa residues with MW of 33-kDa. The corresponding mRNA of 1.2-kb is exclusively 
expressed in the testis of adult mice and first detected late pachytene stage. The protein was 
localized to occupy the flagella fkom the connecting piece through the principal piece. This 
gene was named as oppo 1 whose product plays an important role in sperm tail structure and/ 
or sperm movement (Nakamura et al., 2002). Modarressi et al. (2001; 2004) identified and 
characterized a novel gene, TSGAlO in human testis. TSGAlO encodes a 65-kDa protein of 
697 amino acids that is processed to the 27-kDa fibrous sheath protein. 

Clone 72lSSeCKS was identified as a PKC -binding protein. It is a high-molecular-mass 
heat-stable protein present in rat testis and rat brain and several cell lines, with high expression 
in rat testis. Down regulation of clone 72 mRNA in transformed cells suggests a role for the 
protein in growth regulation. There is a strong correlation between phosphorylation of the 
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protein and actin-based cytoskeletal rearrangement. Clone 72 is involved in cytoskeletal 
remodeling (Erlichman et a1 1999; Mei et al, 1997). Amino acids 1495-1524 of SSeCKS hadthe 
ability to interact with R11. The recombinant protein was recognized as a 2801290-kDa doublet 
and a 240-kDa protein on Western blots of rat testis cyosolic extracts and was not detected in 
mature sperm. A dramatic increase in hybridizing mRNA on day 30 after birth coincided with 
high expression in elongating spennatids. The expression of 72lSSeCKS like that of TAKAP8O 
during late-stage of spermatogenesis and the presence of a AKAP domain in clone 72lSSeCKS 
indicated it to be a scaffolding protein, which participates during late stage of spermatogenesis 
(Erlichman et al., 1999). 

29.5. SPERM PLASMA MEMBRANE PROTEINS 

The NaK-ATPase or Na-pump includes a family of isozymes, all of which hydrolyze ATP in a 
ouabain-sensitive and or NaK dependent fashion. Structurally, the NaK-ATPase isozymes 
consist of distinct forms of two major polypeptides, the a- and the P subunits. Three structural 
variants of the a (a,, a,, and aJ and P (Pl, P2, and P3) subunits have been identified in 
vertebrates. Depending on the cell type, developmental stage, hormonal stimulation, and 
pathological state of the tissue, all NaK-ATPase a and P polypeptides are expressed in a 
highly regulated manner. Association of different a and P subunits in cells results into the 
formation of different NaK-ATPase isozymes with unique kinetic properties. The NaK- 
ATPase is responsible for translocating Na+ out of the cell and K+ into the cell using the 
energy of hydrolysis of ATP. The electrochemical gradient it generates is necessary for many 
cellular functions, including establishment of the plasma membrane potential and transport of 
sugars and ions in and out of the cell. Families of isoforms of a and P subunits with specific 
functions have been identified in recent years, suggesting that the NaIK ATPases have 
specific roles. The evidence for the existence of an additional a subunit isoform (a,) was 
presented in 1987.The cDNA, designated a,, codes for a polypeptide consisting of 1028 
amino acids with an identity of 76-78% to the other a isoforms of the Na pump. In rats, the a4 
mRNA is selectively expressed in the testis. Because testicular germ cells express the NaK- 
ATPase a, subunit and two different isoforms of the P polypetide P l  and P3, the possibility 
exists for a, to form functionally active complexes with multiple P subunits. Where as the a, 
isoform has properties consistent with that of a NaK-ATPase catalytic subunit, it is not 
certainthat the subunit can function as an ATPase and transport ions. 

When a4 and the Na pump P 1 subunit are co-expressed in SF9 cells, NaK-ATPase activity 
is induced. The activity of a, is inhibited by the P-type ATPase blocker vanadate but not by 
compounds that inhibit the sarcoplasmic resticulm Ca-ATPase or the gastric WK-ATPase. 
The enzymatic properties of the a4P, and a,P, isozymes are, however, distinct fiom the other 
Na pump isozymes. In rat testis NaK-ATPase activity represents approximately 55% of the 
total enzyme of the gonad and that the a4 polypeptide is a functional isoform of the NaK- 
ATPase both in vitro and in the native tissue (Blanco et al., 1999). The a4-subunit is expressed 
in the germ cells of rat testes. The highest amount of the isoform is found in spermatozoa, 
where it constitutes two third of the total NaK-ATPase activity of the gametes. The 
characteristic localization of a4 in the testis is supported by the drastic reduction of the 
polypeptide in mice, which are infertile as a consequence of arrest in maturation of the germ 
cells. In addition, GC-lspg cells, a murine cells line derived from testis spermatogonia, also 
contained the NaK-ATPase a4 polypeptide albeit at lower level than in the sperm. The particular 
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pattern of expression of the NaK-ATPase a,-isoform and the specific enzymatic properties of 
the polypeptide suggests its importance for ionic homeostasis of testicular germ cells (Blanco 
et al., 2000). 

Effect of Glucose on Sperm NdK ATPase: A transient hyper-polarization of the plasma 
membrane of human sperm occurs when cells deprived of glucose are restored in glucose 
medium. The hyper-polarization of sperm membrane depends on glycolysis. The hyper- 
polarization induced by glucose in the medium containing a high concentration of KCI, was 
insensitive to the K+ channel blocker TEA and the CI- channel blocker niflumic acid, but it was 
blocked by ouabain. It is likely that glucose addition causes an increase in the ATP concentration 
that in turn increases the Na+/K+ ATPase activity. Since this pump is electrogenic (2K+/3Na+) 
the plasma membrane gets hyperpolarized. On the other hand, CCCP, a proton ionophore, 
inhibited the hyper-polarization induced by glucose, whereas CCCP caused hyper-polarization 
of sperm was reversed in a medium without Ca2+ (Guman-Grenfell et al., 2000; Lingrel et al., 
2003). 

Sperm ~ N ~ L K A T P ~ ~ ~  Gene: The cDNA clone encoding the murine NaK-ATPase 4 subunit 
isoform (a$ predicted a polypeptide of 1032 amino acids, and exhibits 75% amino acid sequence 
identity to the rat a,, a2, and a3 subunits. Within the fust extracellular loop, the 4-subunit is 
highly divergent from other NaK-ATPase a subunits. The a,-subunit gene (Atp 1 4 )  is 
localized to the distal portion of mouse chromosome 1, in very close proximity to the murine 
NaK-ATPase 4 subunit gene. The a,-subunit is expressed almost exclusively in testis, with 
low level of expression in epididymis. The close similarities in the organization and expression 
pattern of the murine and human 4-subunit genes suggest that these two genes are 
orthologous (Underhill et al., 1999) 

29.5.2. Periacrosomal Plasma Membrane Protein (PM52) 

Two antigenically related, size-variant integral membrane proteins of 52-kDa (PM52) and 35- 
kDa that are localized to the periacrosomal domain of cauda epididymal guinea pig spermatozoa 
were characterized (Westbrook-case et al., 1994). The PM52 is first expressed in acrosome 
phase spermatids and localizes exclusively to the cytoplasmic lobe. During early stages of 
expression, PM52 appeared to be absent from the head region, but significant PM52 
accumulation over the spermatids head was noted in late acrosomal phase spermatids. 
Throughout spermiogenesis, PM52 extended posteriorly to the annulus, which represents a 
barrier preventing PM52 diffusion over the posterior tail. Following the migration of the 
annulus to the mid-piece-principal piece junction, PM52 began to disappear from the flagellar 
region, and at the completion of spermiogenesis most of the PM52 was restricted to the 
acrosomal segment. Sperm PM52 is not proteolytically modified during epididymal maturation. 
Sequence determination of hll-length PM52 clones demonstrated identity to a sperm membrane 
protein termed "spread" (Quill and Garber, 1996; Olson et al., 1998). 

29.5.3. Calcium-Biding mine-Phosphorylation Regulated Protein (CABYR) 

Human calcium-binding tyrosine-phosphorylation regulated protein (CABYR) is a polymorphic, 
testis-specific, calcium binding protein that is tyrosine phosphorylated during in vitro 
capacitation. Presence of a PKA regulatory subunit type IIa (RII-a) domain in the N-terminus, 
phosphorylation dependent Ca2+ binding isoforms, and localization to the principal piece of 
the human sperm tail suggested that CABYRmight be involved in sperm motility. Human and 
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1 MISSKPRLW PYGLKTLLEG ISRAVLKTNP SNINQFMAY FQEL- TIMDIKOLVK 
61 QFRQIKVEKW SEGTTPQKKL ECLKEPCICTS VESFJPTQM& ICSTDTDEDNV TRTEYSDKTT - - - - 
121 QFPSVYAVPG TEQTEAVGGL SSKPATPKTT TPPSSPPPTA VSPEPAYVPA DPAQ* 
181 GKVSSIESDQ SDVLMVDVAT SMPWIKEVF SSEAAEDVMV ZhAPLVCSGW LEVQVVNQTS 
241 VBVDLGSQPK ENEAEPSTAS SVPLQDEQEP PAIDQAPEVT LQADIEVMST VEISSVYNDV 
301 PVTEOVWIE QLPEQIVIPP TDQVACLKEN EQSKENEQSP RVSPICSVVEK TTSC31SIMSV 
361 ESVKLAQLEE N A K Y S S W  AEATALLSDT SLKGQPEVPA QLLDAEGAIK IGSEIWLliLE 
421 VEVTSIVSDN TGQEESGENS VPQEWGRW LSGEAAEAW SGTSVKSSSG PFPPAPEGLT 
481 APEIEPEGES TAE 

Fig.29.9. Amino acid sequence of calcium binding tyrosine phosphorylation regulated pmtein (CABYR) of 
human sperm fibrous sheath (Source: hnplhvww. ncbi.nlm.nih.gov. Accession AAC35373). 

mouse CABYR conserve potential functional motifs. The mCABYR is arranged into six exons 
spanning about 14-kb of DNA and was similar to human CABYR, in matter of its localization 
to the principal piece, identity in coding regions, and presence of two testis-specific transcripts 
of 1.4- and2.4-kb. The mouse CABYR showed 81% nucleotide identity with human CABYR 
(Sen et al., 2003) (Fig.29.9). 

29.5.4. Human Sperm Membrance Protein-I 

A cDNA hgment (HSD- 1) coding for part of a human sperm membrane protein (hSMP-1) was 
isolated fkom a human testis cDNA expression library using serum of a infertile patient as a 
probe. The complete cDNA of 2482-bp showed an ORF of 1572-bp that encodes 523 amino 
acid residues with a computed molecular mass of 55.08-kDa and represents a sperm specific 
antigen. The poly (A) mRNA was detected as a band of approximately 2.5-kb in both species. 
The hSMP-1 mRNA was present in human testis and was localized to the head of human 
sperm acrosome. The 3'-untranslated region without poly (A) tail was 886-bp long. A putative 
polyadenylation signal AATAAA was found 16-bp upstream from poly (A) tail. The 
hydropathy profile showed two regions of predominantly hydrophobic amino acids at positions 
43-72 and 441-461 that may function as transmembrane domains. The absence of a signal 
peptide and the presence of the internal hydrophobic domain suggested that this protein is a 
type I1 transmembrane protein (Liu et al., 1996). 

29.5.5. Other Protein Components of Sperm Membrane 

Cleavage Signal-1 Protein: The cleavage signal-1 protein (CSI), a doublet antigen comprised 
of approximately 14-kDa and 18-kDa proteins has been shown to be present on the surface of 
sperm of various mammalian species including humans. The cDNA is 1828-bp long; the start 
codon assigned to the fmt ATG (at 98-100 nt) encodes a protein with 249 amino acid residues 
terminating at TAA (at 845-847 nt). The cDNA has a 97-bp 5-' and a 984-bp 3'-untranslated 
region. The potential polyadenylation signal.(S'-AATAAA) is at 1803-1 808 nt. The doublet 
antigen did not show any extensive homology with any known sequence, indicating that CS- 
1 is a unique protein (Javed and Naz, 1992). 

A 15-kDa protein is present as a major component of the residual protein hction of mouse 
spermatozoa1 heads. It is present in epididymallvas spermatozoa as a series of five differentially 
phospho~ylated molecules with pI 6.0-7.0 protein to a circumscribed region of the demembranated 
mouse sperm head. The 15-kDa protein was shown to be sperm and species-specific. The 15- 
kDa protein of mouse spermatozoa is synthesized during the elongation phase of 
spermiogenesis (stage 12-16) and is phosphorylated in the terminal period of that phase andl 
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or after excursion of spermatozoa fiom the seminiferous tubules (Pruslin and Rodman, 1985). 

Protein Carboxyl-methylase: Protein carboxyl-methylase (PCM), an enzyme fkom rat and 
rabbit sperm, is known to be involved in exocytotic secretion and chemotaxis. Its substrate 
methyl acceptor protein(s) was demonstrated in the supernate after solubilization of the 
sperm cell membrane on rat and rabbit spermatozoa. A protein methylesterase that hydrolyzes 
methyl ester bonds created by PCM was demonstrated in rabbit but not in rat spermatozoa. 
Methyl acceptor protein substrates were low in testis but increased in parallel with sperm 
maturation in the epididymis. Fractionation of heads and tails of rat spermatozoa indicated 
that PCM was found exclusively in the tail hction, where as MAP was detected both in head 
and tail fractions (Bouchard et al., 1980). 

MC31lCE9: MC3 1lCE9, a member of the immunoglobulin superfamily molecules, was localized 
on the rat sperm flagellar plasma membrane. During spermatogenesis, MC3 1lCE9 mRNA first 
appeared in type B spermatogonia. Intensity increased progressively to pachytene 
spermatocytes and remained at constant level throughout the subsequent phases of 
spermatocytes and round spermatids, and then decreased gradually from step-1 1 spermatids 
to disappear in step15 spermatids. The most intense immunoreactivity was found on the 
flagella of step-8 to step19 elongated spermatids. The production of MC311CE9 is post- 
transcriptionally regulated during spermiogenesis (Wakayama et al., 2000) 
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Chapter 30 

PROTEINS IN ANTIPEROXIDATION 

30.1. REACTIVE OXYGEN SPECIES 

Although formation of reactive oxygen species (ROS) is normally associated with phagocytic 
leucocytes, spermatozoa were the first cell type with which this activity was observed. Now 
such activity has been found with variety of cells. The ROS initiate peroxidation of the 
unsaturated fatty acids in the sperm plasma membrane, which plays a key role in the etiology 
of male infertility (Aitken, 1999; de Lamirande et al, 1997). Both spermatozoa and leukocytes 
generate ROS, although leukocytes produce much higher levels. The clinical significance of 
leukocyte presence in semen is controversial. Although seminal plasma confers some 
protection to sperm against ROS damage, a variety of defense mechanisms comprising a 
number of anti-oxidants can be employed to reduce or overcome oxidative stress caused by 
excessive ROS. Determination of etiology of male infertility is important in order to develop 
effective therapies to overcome the excess production of ROS. 

However, it is becoming clear that ROS can have both beneficial and detrimental effects 
on the spermatozoa. Hence the balancing act between the levels of ROS produced and the 
amounts scavenged at any moment will determine the survival of normal sperm (Aitken, 1999, 
Sharma and Agarwal1996, de Lamirande 1997). Infact, white blood cells in semen and, to a 
lesser extent, the mature spermatozoa generate excess ROS of hydrogen peroxide and nitric 
oxide. But due to the paucity of antixidant mechanisms available at the site, spermatozoa have 
little defence against these ROSY which damage their membrane and the genetic apparatus. As 
a consequence, sperm acrosome reaction and fusogenic capacity of sperm are inhibited, 
causing reduced rate of conception. Damage to sperm DNA may result in mutagenesis whereby 
the genetic disturbance may occur in the offspring if the repair mechanisms in spermatozoa 
are insufficient. 

30.1.1. Qpes of ROS 

Human spermatozoa generate the superoxide anion (O,"), which spontaneously or enzymatically 
dismutates to hydrogen peroxide (H,O,). There is growing evidence that superoxide anion 
and H,O, also participate in biological events such as capacitation and acrosome reaction. 
Owing to its low reactivity and short half-life (lms), 0,' is not very harmful, although reaction 
with its targets can produce more toxic species, such as thiyl radicals (RS.). But, 50, being 
relatively stable and being uncharged, can freely cross cell membranes. The very low 
concentrations of ferric ions present in any solution~cytosol are sufficient to catalyse the 
formation of the hydroxyl radical (OH") fiom 0,'- and YO, These ROS can react with virtually 
any cell component and may produce toxic e&cts dur&their very short half-life. However, 
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seminal plasma contains a large number of ROS scavengers, including enzymes such as 
superoxide dismutase (SOD), catalase and the glutathione peroxidase/reductase system. The 
balance between ROS generation by sperm and scavenging capacity of seminal plasma as 
well the site at which spermatozoa come into contact with ROS will determine the final outcome. 
H20, is the primary ROS responsible for the loss of sperm functions since catalase, which 
selectively degrades ROS, is the only scavenger to confer complete protection to spermatozoa 
(de Lamirande et al, 1997). 

30.1.2. ROS and Sperm Function 

Although, ROS are known for their damaging effects on sperm functions, there is now growing 
evidence to suggest that very low and controlled concentrations of ROS participate in signal 
transduction in sperm capacitation and acrosome reaction. The first experimental evidence for 
involvement of ROS in human sperm physiology came from the observation that spermatozoa 
exposed to 0," show higher hyperactivation and capacitation than to those treated with fetal 
cord serum and that superoxide dismutase (SOD) prevents these effects (de Lamirande and 
Gagnon, 1993a, b). Furthermore, the rate of sperm capacitation induced by biological fluids is 
inversely correlated with the potential of these fluids to scavenge 0,'-. Human spermatozoa 
incubated under capacitating conditions produce higher concentration of intra- and 
extracellular 0,'- than spermatozoa in medium alone. The increase in intracellular 0,' is not 
prevented by SOD and therefore may reflect an increased metabolic activity rather than a 
direct involvement in sperm capacitation (de Lamira.de and Gagnon 1993b). The involvement 
of ROS in the acquisition of fertilizing ability may not be limited to OZior to human spermatozoa. 
Addition of any factor such as catalase that reduces the required level of ROS can affect 
human sperm hyperactivation and the acrosome reaction. Furthermore, addition of H,O, either 
directly or through enzymatic generation by the combination of glucose and glucose oxidase, 
stimulates the acrosome reaction. The requirements of ROS for sperm capacitation and acrosome 
reaction were supported by O'Flaherty et al, (1999). But excessive ROS may show negative 
effect on acrosome reaction (Ichikawa et al, 1999). 

Relation of ROS with sperm capacitation is associated with tyrosine (Tyr) phosphorylation 
through a CAMP-PKA-mediated pathway. Since human sperm capacitation is associated with 
an increased production of superoxide anion (02* '), De Lamirande et a1 (1998) investigated 
whether the 0,* generation by spermatozoa is correlated with level of capacitation and 
increased tyrosine phosphorylation of two sperm proteins @105/p81). It was found that 
progesterone and ultrafiltrates of human fetal cord serum, follicular fluid, and seminal plasma 
individually promoted sperm generation of 02* , tyrosine phosphorylation of plOYp8 1, and 
sperm capacitation. The production of O,* by spermatozoa was rapid and transient. A typical 
electron paramagnetic resonance spectrum for 02* spin adduct exhibited only by capacitated 
spermatozoa but not by fallopian tuba1 fluids, nor any factor in seminal plasma and 
noncapacitated spermatozoa, supports the role of free radicals in capacitation. It seems possible 
to utilize the inhibitory effect of SOD on sperm capacitation to regulate fertilization (Zhang 
and Zheng, 1996). Gagnon and associates evidenced the double phosphorylation of the 
threonine-glutarnine-Tyr motif (P-Thr-Glu-Qr-P) in human sperm proteins of 80 and 105-kDa 
during capacitation. The P-Thr-Glu-Tyr-P motifwas located to the principal piece of spermatozoa. 
The regulation of P-Thr-Glu-Tyr-P is specific to nitric oxide and not to superoxide anion or 
hydrogen peroxide and appeared to involve MEK pathway (Thundathil et al., 2003). The 
study of antiperoxidative mechanisms in male reproductive tract is quite relevant, since 
epididymal spermatoxoa must be properly protected against reactive oxygen species, which 
can impair the complex maturation process. 
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30.1.3. Oxidative Stress and DNA damage 

Reactive oxidative metabolites when produced in low level, stimulate DNA compaction; but 
when produced in excessive amounts, it leads to DNA fragmentation. The excessive generation 
of ROS associated with defective sperm function does not only attack the fluidity and integrity 
of the sperm plsma membrane, but also attacks the DNA in the sperm nucleus. DNA 
flagmentation is commonly observed in the spermatozoa of infertile patients and there is 
strong evidence that this damage is flee radical mediated and is induced by oxidative stress 
(Kodoma et al., 1997; Lops et al, 1998). The amount of DNA hgmentation in human spermatozoa 
is negatively related with semen quality rate of in viho fertilization. The fertilization failure in 
this context is presumably due to peroxidative damage to the sperm plasma membrane, and 
damaged genome, which cannot participate in the n o d  process of fertilization. Consequences 
of fertilization involving DNA damaged spermatozoa may lead to oncogenesis in the offsprings 
and infertility in males. For example heavy smoking induces a state of oxidative stress, which 
is accompanied with flee radical mediated damage to sperm DNA and decrease in the antioxidant 
capacity of seminal plasma. This DNA damage has consequences for the health of the offspring, 
who show a particularly high incidence of childhood cancer. In addition to childhood cancer, 
another possible consequence of free radical-mediated damage to DNA in the male germ line 
is infertility in the offspring. This possibility relates specifically to forms of male infertility 
involving deletions on the long arm (q) of the Y chromosome. In Y chromosome, three regions 
have been identified that contain genes , which regulate spermatogenesis and fertilizing 
ability of sperm; these loci have been designated AZF (azoospermia factor) a, b and c (see 
Chapter 10) (Roberts, 1998, Aitken, 1999). The mechanism responsible for infertility and the 
induction of mutations associated with neoplastic disease need to be elucidated. Excessive 
free radical generation by the germ cells could be induced by the redox cycling of xenobiotics, 
increased testicular temperatures, excessive NADPH oxidase activity or the increased 
availability of transition metals. Oxidative stress could also be associated with impaired 
antioxidant protection, possibly related to dietary deficiencies, age or genetic factors. At the 
same time when generated in low levels, ROS are thought to enhance sperm function by 
stimulating DNA compaction and promoting redox regulated c-AMP mediated pathway which 
plays a central role in sperm capacitation and acrosome reaction (Aitken, 1999). 

30.2. PROTEINS IN ANTIPEROXIDATION 

30.2.1. Glutathione Peroxidase in Reproductive Tract 

The family of glutathione peroxidases comprises four distinct mammalian selenoproteins. (a) 
The classical enzyme (cGPx) is unbiquitously distributed. Its primary function is to counteract 
oxidative attack. It is dispensible in unstressed animals, and accordingly ranks low in the 
hierarchy of glutathione peroxidases. (b) The gastrointestinal isoenzyme (GI-GPx) is most 
related to cGPx and is exclusively expressed in the gastrointestinal tract. (c) Plasma GPx (pGPx) 
behaves similar to cGPx in selenium deficiency. It is directed to extracellular compartments and 
is expressed in various tissues in contact with body fluid, e.g., kidney, ciliary body, and 
maternavfetal interfaces as well as in reproductive tract. (d) Phospholipid hydroperoxide 
glutathione peroxidase (PHGPx), originally presumed to be a universal antioxidant enzyme 
protecting membrane lipids, appears to have adopted a variety of specific roles like silencing 
lipoxygenases and becoming an enzymatically inactive structural component of the 
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mitochondria1 capsule during sperm maturation. Thus, all individual isoenzymes are efficient 
peroxidases in principle, but beyond their mere antioxidant potential may exert cell- and tissue- 
specific roles in metabolic regulation, as is evident for PHGPx (Brigelius-Flohe, 1999). 

30.2.2. Classical Glutathione Peroxidase in Male Accessary Sex Organs 

Glutathione peroxidase did not attract any particular attention until it had been characterized 
as the first example of mammalian selenoprotein in 1973. Later it became obvious that selenium 
deficiency cannot simply be interpreted as a deficiency of GPx since several isozymes of GPx 
such as plasma GPx, gastro-intestinal GPx, phospholipid hydroperoxide GPx as well as proteins 
structurally and hctionally unrelated to GPx, like type 15'- deiodinase, selenoprotein P, 
protein W, and thioredoxin reductase were shown to contain selenium, and more selenoproteins, 
iikely to be discovered in future. The cumulated knowledge on GPx offers thd unique 
opportunity to understand how enzymatic selenium catalysis operates in detail. Although 
GPx in testis has been identified, its characterization has yet to be elaborated (Schwaab et al, 
1998a b). , , 

The mammalian epididymis is the site of expression and secretion of an abundant, tissue- 
specific, androgen-reg&& selenium-independent, glutathione peroxidase isoenzyme (GPxS), 
which has been proposed to play a role in protecting the membranes of spermatozoa from the 
damaging effects of lipid peroxidation and lor preventing premature acrosome reaction. Two 
glutathione peroxidase genes (gpx5 and gpx3) are known to be expressed in the mouse 
epididymis. The GPxS was shown to be epididymis specific and restricted to the caput 
epididymidis, while GPx3 is expressed in a wide array of tissues including the caput, corpus 
and cauda epididymis. Both, single copy genes, are regulated by androgens as well as 
developmentally regulated during postnatal ontogenesis of the epididymis. The mechanisms 
by which these genes are regulated in the mouse epididymis and the putative roles of their 
enzymes in the sperm maturation have been discussed (Schwaab et al, 1998a). The study of 
mRNA expression of GPx isoforms in the rat male reproductive tract and its expression in 
testis revealed a 0.8-kb transcript in liver, testis, prostate, seminal vesicle, vas deferens, and 
epididymis using the cDNA probe for classic cellular GPx (Zini and Schlegel, 1997). Williams 
et al(1998) described the developmental expression of GPx5 transcripts and proteins in the rat 
epididymis and characterized the association of rat GPxS with the sperm plasma membrane. 
The epididymis-specific GPx from the porcinecauda epididymal fluid consists of four identical 
23kDa subunits. The c-DNA encoding the 23kDa subunit from porcine caput epididymis was 
cloned (Okarnura et al, 1997). Although the selenocysteine codon (TGA) is contained in the 
cDNA of the other cytosolic type of glutathione peroxidases, it is replaced by cysteine codon 
(TGT) in the 23-kDa subunit cDNA, similarly to the results obtained for cDNAs encoding the 
epididymis-specific form of the secreted glutathione peroxidases of mouse, rat and monkey. 
The purified protein was proved to contain no selenium atom in the molecule. Within the 
epididymis and the kidney, G M  mRNA and protein are temporarily regulated in a tissue- 
specific manner. Androgen withdrawal by castration down-regulates the expression of the 
GPx3 gene both in the epididymis and vas deferens while GPx3 expression in the kidney was 
found to be androgen-independent. Epididymis GPx3 distribution is quite peculiar suggesting 
the existence in this organ of complex transductional andlor transcriptional regulatory 
processes (Schwaab et al, 1998a). The cDNA cloning of human GPx5 showed that the majority 
of the transcripts contained a 118 nt frame-shif'tiig deletion, arising most likely from 
inappropriate excision of exon 3 during processing. Antisera raised against recombinant 
human GPx5 cross-reacted with rat and macaque (Macaca fascicularis) epididymal proteins of 
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full-length GPx5 (Hall et al, 1998). Lahti et al (2001) evaluated the 5.0-kb long GPx5 and 3.8-kb- 
long CRISP-1 gene 5'-flanking regions. It was evident that the 5.0-kb 5'-flanking region of 
GPxS promoter is suitable for directing the expression of structural genes of interest into the 
caput epididymis in transgenic mice. 

Vernet et a1 (1999) characterized and cloned a secreted sperm-bound selenium-independent 
GPxS, the expression of which was found to be restricted to the mouse caput epididymidis. 
Because of the lack of selenium in the active site of this enzyme, unlike the other GPxS 
characterized, it was suspected that GPx5 does not function in the epididymis as a true 
glutathione peroxidase in vivo. Therefore, following dietary selenium deprivation, which is 
known to reduce antioxidant defenses and favor oxidative stress in relation with depressed 
Se-dependent GPx activities, Vemet et al(1999) showed that epididymis is still efficiently 
protected against increasing peroxidative conditions. These data strongly suggested that 
the selenium-independent GPx5 could function as a back-up system for Se-dependent GPxs. 
This epididymal GPx protein was found to bind to the acrosomal region of the epididymal 
sperm and to disappear during the acrosome reaction (Okamura et al, 1997). 

Gpx-5 Modulator Protein: The tissue-restricted polyoma enhancer activator protein (PEA3) 
of the Ets oncogene family of DNA-binding proteins is a putative modulator of the epididymis- 
specific gpx-5 gene. The PEA3 factor is spatially and temporarily expressed within the mouse 
epididymis in a manner consistent with gpx5 characteristics of expression. The transcriptional 
activity of the gpx5 promoter is modulated by the presence of the PEA3 protein. DNA 
sequences located within the 5' flanking region of the $px5 gene have the ability to bind 
specifically to the PEA3 protein (Drevet et al, 1998). 

30.23. Phospholipid Hydroperoxide Glutathione Peroxidase 

Phospholipid hydroperoxide glutathione peroxidase (PHGPx) also known as GPx4 is an 
antioxidant selenoenzyme that belongs to the superfamily of five selenoproteins, which are 
capable of reducing hydroperoxy lipids to the corresponding alcohols. While the "classical" 
glutathione peroxidase (GPx) and its variants are tetrameric and reactive on the hydroperoxides 
of free fatty acids, PHGPx is monomeric and interacts directly with peroxidized phospholipids 
and cholesterol. The PHGPx is a 19kDa monomeric enzyme that protects cells from lipid 
peroxide-mediated damage by catalyzing the reduction of lipid peroxides. It utilizes thiols 
such as glutathione to specifically scavenge phospholipid hydroperoxides, and thus protects 
membrane phospholipids against peroxidation. It down regulates leukotriene biosynthesis, 
interleukin 1 -induced signal transduction, and apoptosis. The PHGPx accounts for almost the 
entire selenium content of mammalian testis. PHGPx has been shown to increase in rat testis 
after puberty and depends on gonadotropin stimulation in hypophysectomized rats (Roveri 
et al, 1992; Giannattasio et al, 1997). Exposure of decapsulated whole testis, however, failed to 
reveal any transcriptional activation or inhibition of the PHGPx gene by testosterone, human 
chorionic gonadotropin, or forskolin. Nevertheless, the specific activity of PHGPx in testis, 
but not of cGPx, correlated with sexual maturation. Leydig cell destruction in vivo by ethane 
dimethane sulfonate (EDS) resulted in a delayed decrease in PHGPx activity and mRNA that 
could be completely prevented by testosterone substitution. In situ hybridization studies 
demonstrated an uncharacteristic low level of cGPx transcription in testis, wheras PHGPx 
mRNA was abundantly and preferentially expressed in round spematids, The age or 
gonadotropin dependent expression of PHGPx is not related to direct transcriptional gene 
activation by teststerone but is due to differentiation stage specific expression, in late 



Fig.30.1. c-DNA and deduced amino acid sequence of mouse PHGPx. Sequences (S) for RACE are indicated 
with arrows. Potential start sites (ATG), stop codon (*), and polyadenylation signal are markedlunderlined. 
Boxed sequences (residues 1-27) represent potential mitochondria1 targeting sequence in testis. Amino acid, 
Glnlo8 and TrpI6' at active site may interact with selenocysteine. Sequences in 3'-UTR with double underline 
may incorporate selenocysteine. Printed with permission from S.Nam et al. Gene 198; 245-49: 1997 O 
Elsevier. 

spermatids, which are under the control of Leydig cell-derived testosterone. The burst of 
PHGPx expression at the transition of round to elongated spermatids suggests the involvement 
of this selenoprotein in spermmaturation (Maiorino et at, 1998). Dependence of PHGPx activity 
on gondatropin indicates that enzyme has more than general function of an antioxidant. 

PHGx mRNA in the mouse testes is developmentally regulated during spermatogenesis. 
It first appeared in pachytene spermatocytes of stage X, gradually increased in round 
spermatids during early spermiogenesis, and reached a peak in step 10-1 1 elongating 
spermatids. After step 12, PHGPx rnRNA began to show a progessive decline in the spermatids 
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and was weakly detected in step 16 spermatids. However, the signal was not detected in 
spermatogonia or early spermatocytes. According to in situ RT-PCR, PHGPx mRNA also 
expresses in Leydig cells. These findings confirm that PHGPx in testes is closely involved in 
spermatogenesis as well as having a general antioxidant function (Nam et al, 1998a). In rat 
testicular germ cells, PHGPx is distributed in mitochondria as well as in nuclei. In nuclei, 
PHGPx is bound to chromatin (Godeas et a1 1994,1996; Roveri et al., 1994; Zini and Schlegel, 
1997). 

Charaterization: A fill-length cDNA clone encoding the PHGPx encodes a polypeptide of 
197 amino acids that initiates the translation at ATG (145-147) and contains an inframe TGA 
selenocysteine codon. It also has selenocysteine insertion sequences in the 3'-UTR. Moreover, 
the mouse PHGPx contains the active-site residues Gln 108 and Trp 163 that interact with 
selenocysteine, and the N-terminal 27-amino acid residues &at may act as a potential 
mitochondrial targeting signal. Mouse PHGPx shares a high level of amino acid identity with 
pig (93.4%), human (92.9%), and rat (98%) PHGPxs (Roveri et al., 1994; Nam et al, 1997) 
(Fig.30.1). PHGPx is synthesized in two forms: i) as a 194- amino acid peptide that predominates 
in testis and ii) as a 170-amino acid protein that predominates in most somatic tissues and 
localizes in the cytoplasm (Knopp et al., 1999). Immunochemical evidence revealed that PHGPx 
is present in sperm head and tail midpiece mitochondria. The binding of the enzyme to 
spermatozoa, head, and mitochondria was barely affected by ionic strength or thiols or 
detergents, as compared to the detachment of PHGPx obtained from testis nuclei (Godeas et 
al, 1997). 

The PHGPx has been implicated in antioxidative defense, but its high expression level in 
testicular tissue suggests a more specific function during sperm maturation. The cDNA 
sequences from mouse heart and testis were identical except that the testis cDNA contained 
an additional 109-bp at its 5'-end. With a partial cDNA with complete homology to both the 
testis and myocardial PHGPx cDNAs, highest level of PHGPx mRNA expression was found in 
the testis, followed by the kidney, heart and skeletal muscle, liver, brain, lung, and spleen. The 
longer PHGPx transcript was present only in the testis. The murine PHGPx gene (Gpx4) was 
mapped to a region of murine chromosome 10, located 43 cM fiom the centromere, that is 
syntenic with the human locus, which is located at the terminus of the short arm of human 
chromosome 19 (Pushpa-Rekha et al, 1995). 

Sperm PHGhr: Mammalian spermatozoa are unusually rich in polyunsaturated fatty acids, a 
property that predisposes them to the deleterious effects of oxygen free radicals. Expression 
of PHGPx activity in testis is regulated by dietary Se and vitamin E differently from that in liver 
(Lei et al, 1997). Failure of expression of mitochondrial PHGPx in spermatozoa may be one of 
the causes of oligoasthenozoospermia in infertile men (Imai et al, 2001 ; Foresta et al., 2002). 
The presence and structure of the PHGPx mRNA was analysed in rat sperm after feeding Se 
deficient diet. The subtype of the PHGPx in the rat sperm was of the mitochondrial-type 
mRNA, which included a region corresponding to the mitochondrial transfer leader sequence. 
This suggests that the intracellular localization of PHGPx is regulated at the transcription 
level, and the analysis of the PHGPx mRNA in the sperm is useful tool for investigating the 
dysfunction caused by the structure of PHGPx in the sperm (Mizuno et al., 2000). Infertile 
sperm are associated with abnormal mitochondria with loss of mitochondrial membrane 
potential. The selenoprotein PHGPx changes its physical characteristics and biological function 
during sperm maturation. PHGPx exists i s  a soluble peroxidase in spermatids but persists in 
mature spermatozoa as an enzymatically inactive cross-linked, insoluble protein. In the midpiece 
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of mature spermatozoa, PHGPx protein represents at least 50 percent of the capsule material 
that embeds the helix of mitochondria. The role of PHGPx as a structural protein may explain 
the mechanical instability of the mitochondria1 midpiece that is observed inselenium deficiency 
(Ursini et al, 1999). 

30.2.4. Sperm Nucleus Glutathione Peroxidase (snGPx) 

A sperm nucleus glutathione peroxidase (snGPx), which is closely related to the phospholipid 
hydroperoxide glutathione peroxidase (PHGPx), has been identified in late spermatids. Though 
both isoforms originate from a jointphhnGPx gene, their N-terminal peptides are encoded by 
alternative first exons. The expression oftwo enzymes is spatially and differentially regulated 
in various cells. While PHGPx is expressed at low levels in many organs, snGPx was only 
detected in testis, kidney, and in the human embryonic kidney cell l i e  HEK293 (Borchert et 
al., 2003). The PHGPx can be expressed as a mitochondria1 or cytosolic isoform. The sdphGPx 
genes have been cloned fiom various mammalian species. The 5'-flanking region of the murine 
sdphGPx gene has been investigated (Ufer et al., 2003). The basic promoter activity is localid 
in a 200-bp region immediately upstream of the translational initiation site of the cytosolic 
isoform (3'-ATG). It showed the presence of five distinct protein-binding regions such as for 
stimulating protein 1 (SPI), nuclear factor Y (NF-Y) and members of the SMAD family. The 
basic phGPx promoter constitutes a 200-bp oligonucleotide, which is localized immediately 
upstream of the 3'-ATG and involves functional SPlISP3, NF-Y and SMAD binding sites. The 
corresponding trans-regulatory proteins may contribute to differential expression regulation 
of the mitochondria1 and cytosolic PHGPx isoforms (Ufer et al., 2003). 

Glutathione S-transferases (GST) are dimeric proteins comprising a large family of dimeric 
enzymes that catalyse the nucleophilic addition of the tripeptide glutathione to a wide spectrum 
of compounds that have electrophilic functional groups. These isozymes are found in most 
organisms and function primarily as phase I1 detoxification enzymes protecting cells against 
both endogenous and xenobiotic alkylating agents and can catalyse reactions towards a 
large number of diverse substrates. GSTs may also function as intracellular binding / carrier 
proteins for various lipophilic ligands viz, bilirubin, heam derivatives and thyroid hormones 
and play an additional protective role by binding and immobilizing certain reactive electerophilic 
molecules and inactivating these compounds (I-Iayes and Pulford 1995; Tam et al, 1998). At 
least 16 cytosolic GSTs have been identified. On the basis of physical, immunological, structural 
and enzymic properties, these isozymes are grouped into five classes Alpha, Mu, Pi, Sigma 
and Theta based on the degree of amino and homology of their subunits. Multiple subunit 
types from within each of these classes usually assemble in homo- or heterodimeric 
combinations. However, with the exception of GST Pi, which is usually the product of a single 
gene, cross-correlations among the multiple Mu-or Alpha-class GSTs in different species 
have not been possible. Under in vitro condition, Alpha and Mu-class GSTs can act as 
substrates for phosphorylation and methylation, respectively. The modified proteins have a 
lower enzymic activity. Post-translational modifications include N-terminal processing or C- 
terminal truncations. Mammalian GSTs are expressed in discrete tissue-specific forms. For 
example livers of some species are rich in Alpha and some Mu-class GSTs but do not contain 
Pi, yet some Mu subunits not present in liver are major components in certain extrahepatic 
tissues, whereas tissue-specific expression of ffiSTM5 has been observed in rat testis. Rowe 
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et al(1998) established that a labile and poorly characterized rat subunit previously designated 
as Yo or GST11 and mouse mGSTM5 are similar to the human hGSTM3 subunit in terms of 
structure, catalytic mechanisms, and other characteristic properties. Some of the used 
nomenclature for rat GSTs is shown in Table 30.1. In view of the report (Rowe et al, 1998) on 
understanding of nomenclature of GST subunits, we have followed nomenclature given by 
individual authors in original articles. 

Table 30.1. Subunit Nomenclature of GST in rat (Rowe et al, 1998) 

Rowe et al, Y system Numerical 
1998 system 

GSTMl 
GSTM2 
GSTM3 
GSTMS 
GSTM6 
GSTPl 
GSTAl 
GSTA3 
GSTA4 

Zdentz~cation of GSTSub-uniis: The GST comprises subunits of Mr 25500 (Ya), 26500 (Yn), 
27000 (Yb1 and Yb2) and 28500 (Yc). In rat testis, the major GST isoenzymes expressed are: 
subunits A3, MI, M2, M3, M5 and M6. Subunits Al, A4 and PI are expressed in lesser 
amounts. There was no evidence of post-translational modifications in any GSTs with known 
cDNA sequence. The molecular masses of subunits M5* and M6* of class-Mu GSTs, were 
determined to be 25495 and 26538 Da respectively. An N-terminally modified protein kom rat 
testis with molecular mass 25737 Da and designated ffiSTA6 was sequenced. This GST is a 
novel class-Alpha GST that was not previously reported (Hsieh et al, 1997). The majority of 
rat testicular GSTs are of Yb size (60%) with molecular weight of 27-kDa The most predominant 
subunits, however, are GST Yn2 (27%), followed by GST Yc (24%) and GST Ynl(20%). Testis 
cytosol contains the Y&-homodimer glutathione S-transferase D (GST-D) in addition to the 
glutathione S-transferases A (Yb,Ybl) and C (YblYb,). Treatment of rats with phenobarbital 
induces the level of GST-D in testis with no increase in the activities of GST-A and GST-C. 
Thus a specific induction of the Y, subunit in contrast with other forms of GSTs occurs in 
testis (Sheehan et al, 1984). Testicular GSTs possess very high Leukotriene C4 (LTC4) synthase 
activity with 5,6-Leukotriene A4Me (LTA4Me) as the substrate and prostaglandin D (PGD) 
synthase activity with prostaglandin H2 (PGH 2) as the substrate. Majority of rat testicular 
GSTs of Yb sized are involved in the synthesis of eicosanoids like LTC4 and PGD2 (Anuradha 
et al, 2000). In most organs of the rat the predominant forms of GSTs have alkaline pI values. 
In contrast, in the cytosol kom rat testes almost 50% of the transferase actively is due to 
isoenzymes with acidic (less than 7.0) pI values. Three acidic forms of GSTs were purified f?om 
rat testis cytosol (Boyer and Kenny, 1985). One form accounted for more than 90% of the 
enzymic activity in the acidic hction. This major form was a homodimer of a subunit, termed 
Yt. This subunit had an electrophoretic mobility that was different from the subunits that 
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form the alkaline transferases. In addition, the two minor acidic enzymes of rat testis appeared 
to be heterodimers of the Yt subunit with an electrophoretic mobility identical with that of the 
Yb subunit present in some alkaline enzymes ( B O ~ &  and Kenney, 1985). 

Hayes (1984) isolated a YnYn dimer of transferase N fkom rat testis and made structural 
and functional comparisons among Ybl, Yb2 and Yn monomers. Association-dissociation 
experiments between the YnYn and Yb2Yb2 homodimers demonstrated that Yn monomers 
can hybridize with both Ybl and Yb2 monomers. Reversible dissociation of transferases N 
and C (YblYb2) showed that both Ybl and Yb2 monomers can hybridize with Yn monomer 
under competitive conditions. The hydridization data suggested that transferase S represents 
the Yb2Yn subunit combination (Hayes, 1984). 

Localization of Various Subunits of GSE The testis microsomes contain mainly cytosolic 
form of GST, which is a member of Mu family. GST of the Mu family is present in cytoplasmic 
droplets of step 19 spermatids. After spermiation, cytoplasmic droplets of spermatozoa within 
the proximal region of the epididymis remain intensely stained. This demonstrates that, at the 
end of spermiogenesis, the GST Yo subunit is expressed at high levels in late spermatids. 
Furthermore, the presence of GST in late spermatids and cytoplasmic droplets of spermatozoa 
suggests that GST plays a vital role in protecting these cells fiom electrophilic attack. Also, of 
significance is the correlation between the loss of reactivity in cytoplasmic droplets of 
spermatozoa in the distal region of the epididymis and the concomitant increase of reactivity 
in principal cells of this region (Very et al, 1994). The Pi class of GSTs (GST-Pi) contains 
homodimers of the Yf subunit, also known as Yp or rat subunit 7, which is found in high 
concentrations in the testis and epididymis. In the testis, Yf was localized exclusively to 
Sertoli and Leydig cells. A dramatic change in the immunostaining pattern for the Yf subunit 
of GST-Pi occurs during postnatal development in both principal and basal cells along the 
epididymis. Thus, different factors seem to play a role in the regulation of the expression of 
the different subunits of GST, not only in different epididymal regions, but also in different 
cell types during postnatal development (Hermo et al, 1994, Very et al, 1994). 

The distribution of the Yc and Yo subunits fiom the Alpha family, as well as the Ybl and 
Yb2 subunits fkom the Mu gene family was examined in the adult rat testis and epididymis 
(Papp et al, 1995) and the results were compared with two other subunits, the Yf and Yo 
proteins (Very et al., 1993; 1994). Leydig cells were intensely strained for all six subunits, 
whereas, Sertoli cells were reactive for Ya, Ybl and Yf subunits. Among germ cells, all 
spermatogonia, spermatocytes and step 1-1 5 spermatids were virtually unreactive for each of 
the six GSTs. However, moderate to intense staining was seen over steps 16-19 spermatids 
with the anti-Yo, anti-Yay anti-Ybl and anti Y,, antibodies. Y, Yo Ybl, and Yb, subunits were 
intensely reactive over the epithelial cells of rat testis. In the efferent ducts the Yc, Ybl and Yf 
proteins were reactive over ciliated cells, whereas only the Yc protein was reactive over 
nonciliated cells. In the epididymis, immunoreactivity varied among the principal and basal 
cells of a given epididymal region and in intensity of reaction of the Ye, Ybl, Ya and Yo proteins 
increased from the proximal to distal segments. In contrast, the Yb, was intensely expressed 
only in the distal caput. The distribution of Ya and Ye, Yb,and Yo and the Y, were re-examined 
in cauda epididymidis. The principal cells showed high levels of expression of Ya, Ye, Ye, and 
Yn subunits, while Y,was maintained at low levels in principal cells of all cauda regions. Thus 
bith principal and basal cells showed varying degrees of GST expression in the different 
regions of the cauda epididymis, suggesting that these cells are subjected to a complex, 
changing environment of substrates (Andonian and Hermo, 1999). 
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Glutathione-S-Transferase in Apoptosk: Mueller et al, (1998) studied the localization of 
various subunits of GST ( Y ,  Ye, Y,,, Y, Yo and Y,) in rat testis and epididymis at various ages 
(3-24 months) and indicated that only selective changes occur in the expression of GSTs at 24 
months in principal cells of epididymis having both a normal and a vacuolated appearance. It 
appeared that aging affects region-specific changes in GST expression in the epididymis and 
Leydig cell distribution in the testis (Mueller et al., 1998). The GST also plays a protective role 
in germ cell apoptosis in testes. Male germ cells are susceptible to 40,induced stress and, 
upon exposure to H,O, in vitro, demonstrate a typical apoptotic phenotype that includes 
DNA fragmentation and formation of DNA ladders. Associated with the increase of GST, 
other changes include considerable accumulation of products of lipid peroxidation in the 
germ cells after exposure to H,O,. If the increase in GST activity is inhibited with suitable 
inhibitors, the formation of products of lipid peroxidation is augmented, resulting in germ cell 
apoptosis. Thus, GSTs form a part of adaptive response of germ cells to oxidative stress and 
are important constituents in detoxifying the products of lipid peroxidation (Rao and Shaha, 
2000). 

30.2.6. Mu Class of GlutathioneS-Transferase in Testis 

The major human Mu-class GSTs purified from hepatic, testicular and skeletal muscle tissue 
comprise three distinct subunits (Ml, M2 and M3), which may combine to form both 
homodimeric and heterodimeric proteins. Two distinct subunits, Mla and Ml b, which represent 
allelic charge variants, and polymorphic forms encoded at the GST M2 and M3 loci have been 
observed. A human isoenzyme of Mu-GST with an isoelectric point of 5.2, which was a major 
GST in testis and also present in cerebral cortex but not detected in liver, was identified and 
purified by Campbell (1990). Sequence analysis of peptides from testicular Mu-class GST 
revealed distinct features of primary structure not found in other Mu-class GSTs. These 
unique features in testis Mu class GSTincluded a blocked and extended amino terminus and 
3 additional residues (Pro-Val-Cys) at the carboxy end. In the coding region the mRNA of the 
brain-testis Mu-class GST was 75% homologous with that of the liver form, and its 3'- 
untranslated sequence was mostly divergent, indicating that it is the product of a separate 
gene. Distinct catalytic and structural properties of the testis-brain Mu-class GSTs suggested 
that brain-testis Mu-class GSTs may be uniquely involved in blood-barrier functions common 
to both organs (Campbell, et al, 1990). Three GST isozymes (Mla-la, Mla-b, M1-b) fkom liver 
and four GSTs (GST-Mla-2, Ml b-2, M2-2 and M2-3) h m  muscle were isolated and compared 
with the M3-3 homodiier purified from human testis. The Mla, Mlb, M2 and M3 have 
molecular masses of 26.7,26.6,26.O and26.3-kDa, respectively. The Ml, M2 subunits isolated 
from either liver, skeletal muscle or testis, are catalytically distinct. The hMu class subunits 
are immunochemically different. The M3 subunit has a blocked N-terminus (Hussey and 
Hayes, 1993). Thus the testicular GST M3-3 is likely to correspond to the braidtestis Mu- 
class GST cDNA described by Campbell et al, (1990). A GSTM4, the fourth member of Mu 
class of GSTs, identified by Comstock et a1 (1993), was not testis specific. The deduced amino 
acid sequence of GSTM4 is 87% (GSTMI), 83% ( G S W ) ,  and 70% (GSTM3) identical to the 
previously described human Mu class GSTs. By far the tissue richest in unique hGSTM3 
subunit was testis although brain also had significant role (Listowsky et al., 1998). 

In the study of Rowe et a1 (1998), cytosolic GST subunits were resolved and individual 
components was assigned to Alpha, Mu and Pi classes on the basis of their immunoreactivities. 
Acetylation of N-terminal residues in the GSTal, GSTP, GSTM3 and GSTM4 subunits were 
the only natural post-translational modifications detected. The unique structure of GSTM3, 
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with N- and C-terminal peptide extensions was confirmed from cDNA sequences. Only testis 
and brain seemed to be rich sources of GSTM3 subunits, and this tissue specificity in GST 
expression was evident even in organs fiom different individuals. GSTM4 and GSTMS subunits 
were minor components, with GSTMS found only in brain, lung and testis of humans (Rowe 
et al, 1997). The rat testis-Mu-class GST cross-reacted with the specific antisera prepared 
against the human hGSTM3 subunit. 

The physiological signifiance of Se-independent GPx activity of GSTs associated with 
human GSTA1.l and hGSTA2.2 is not known. A major portion of GPx activity of human liver 
and testis phosphatidylcholine hydroperoxide (PC-OOH) is contributed by a class of GSTs. 
The hGSTA2 transfection does not affect the function of antioxidant enzymes including GPx 
activity toward H,O, suggesting that the 4 class GSTs play an important role in the regulation 
of the intracellular concentrations of products of the of lipid peroxidation, that may be involved 
in the signaling mechanisms of apoptosis (Yang et al, 2001). 

Rat MU-GST (GSTM5): The rat testicular-Mu-class GST cross-reacted with the specific 
antisera against the human hGSTM3 subunit. Electrospray ionization MS showed that this rat 
GST subunit has a significantly greater molecular mass (26,541 Da) than the other rat GST 
subunits. The ffiSTM5 peptide sequence ofthe protein is highly homologous to the hGSTM3 
and murine subunits. All three GSTs of this subclass have N- and C-terminal extensions with 
terminal cysteine residues, but the two penultimate amino acids near the C terminus are 
divergent in the three species. The proteins of Mu subfamily, which have similar catalytic 
specificities and mechanisms, are cysteine rich and found mainly in testis and show properties 
that distinguish them from other GSTs. Moreover, the ffiSTM5 subunit was not found in 
heterodimeric combination with other common Mu-class GST subunits. As ffiST M5, mGSTMS 
and h GSTM3 are closely structurally related to each other than they are to other Mu GSTs, it 
has been proposed that they be considered a hctionally distinct and separate subfamily 
within class Mu (Rowe et al, 1998) (Fig. 30.2). 

The ffiSTMS subunit has exceptional properties. The ffiSTMS subunit is found primarily 
in testis and is labile under oxidative conditions. These forms contain 7-8 cysteine residues 
per subunit as opposed to 3 for most other mammalian Mu-class GSTs. In addition the protein 
undergoes S-thiolation to form a mixed disulfide. The high cysteine contents can account for 
their lability. Despite their lesser catalytic efficiencies, their Km values for GSH are lower than 
or comparable with those of other GSTs. A strick'ig feature of this class of GSTs is their tissue 
distribution. In all three (mouse, rat, human) species these forms are found primarily in testes 
and to a lesser extent in brain. Other tissues are virtually devoid of this GST isoform. The 
rodent and human germ cells are rich in this GST, which suggests that this class of GST may 
have specific or unique functions in male reproductive processes, besides these could serve 
in protecting germ cells fiom reactive electrophilic compounds and hydroperoxides (Rowe et 
4 1998) 

The major isoforms present in rat seminiferous tubular fluid (STF) in vivo share extensive 
N-terminal identity with rat (r) ffiSTMl, ffiSTM2, ffiSTM3 and ffiST-alpha. Molecular masses 
of ffiSTM2, ffiSTM3 and rGSTM alpha from liver and testis are similar, unlike STF-GSTM1 
which was larger by 325 Da than its liver counter part isoform. However, peptide digest 
showed structural similarity between liver and STF-GST isoforms. Active synthesis and 
secretion of GSTs by the seminferous tubules (STs) were evident from media of ST cultures. 
GST-Alpha was not secreted by the STs in vitro, whereas of GST-Pi secretion was induced. 
Detection of GST- Mu in Sertoli cells in vitro, coupled with the recovery of GST from Sertoli 
cell culture media, provided evidence for Sertoli cells as prime secretor of GST, whereas, germ 
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Fig.30.2, (A) Nucleotide and deduced amino acid sequences of rGSTM5. The putative ATG initiation 
codon and the termination TGA codon are labeled. (B) Alignment of human hGSTM3 (hM3), mouse 
mGSTMS (mMS), and rat rGSTM5 (rM5) subunit sequences. Sequence identities are indicated by dashes. 
The X at position 2 of mM5 reflects a missing codon. Printed with permission from J.D. Rowe et al. J Biol 
Chem J Biol Chem 273; 9593-601: 1998. O American Society for Biochemistry and Molecular Biology. 

cells synthesize but do not release GSTs. Functionally, STF-GSTM1 appeared to serve as a 
steroid-binding protein by its ability to bind to testosterone and oestradiol that are essential 
for spermatogenesis (Mukherjee et al, 1999). 

Murine Mu Class GST: Two peptide sequences &om a digest of mouse fibrous sheath proteins 
exhibit a high homology with Mu-class GSTs. A 1.1 kb cDNA clone for fibrous sheath 
component 2 (Fsc2) showed 84% nucleic acid and 89% amino acid sequence identity with a 
reported Mu-class human GST gene (hGSTM3) (Campbell et al., 1990). Sequences 
corresponding to those of the two fibrous sheath peptides were present in the protein encoded 
by the Fsc2 cDNA. The full length Fsc2 cDNA transcribed 1.1 kb mRNA in 12 of 15 somatic 
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Fig.30.3. Amino acid sequences of mGSTM5 (Accession P48774) and its comparison with other murine 
and human I class GSTs. Dashes indicate homologous sequences. Differences are marked by lower case 
letters. Sequences from FS proteins are marked by horizontal line. Reprinted with permission from K.D. 
Fulcher et al,Mol Reprod Dev 42;415-25:19950 John Wiley & Sons, Inc. http://1 
www3.interscience.wiley.com/cgi-bin/jabout/37692/ProductInformation.html. 

tissues examined, including spermatogenic cells. However, 5'(nt 96 to 12) or 3'(nt 637 to 808) 
Fsc2 probes, containing mostly noncoding sequences, detected a 1.1 kb mRNA abundant in 
testis and spermatogenic cells, but absent or present at low levels in somatic tissues (Fig.30.3). 
This transcript is first present during the meiotic phase of germ cell development. Thus, a mu- 
class GST gene (mGSTM5) is expressed at a specific time during the development of 
spermatogenic cells in the mouse. The mu-class GST protein is associated with the fibrous 
sheath, suggesting that it is an integral part of the mouse sperm cytoskeleton (Fulcher et al, 
1995). 

Goat Sperm GST: Goat sperm consist of both GST-Pi and GST-Mu. On sperm, GSTs are 
located at the strategic position of sperm head, since normal functioning of sperm following 
inhibition of GST activity, is impaired. Interference with normal motility, acrosome reaction 
and fertilizing ability of the goat sperm as a consequence of inhibition of GST activity is due 
to the functional impairment of sperm membrane, which was evident from the alteration in the 
lipid peroxidation status of these cells after GST inhibition. Gopalakrishanan et al, (1998a) 
resolved GSTPi into three major components: comprising molecular mass of 25.5-kDa and 
26.5-kDa. N-terminal sequences ofthe first two peaks appeared to be blocked and showed the 
presence of Mu-GST-reactive sites. The third component showed 80% N-terminal similarity 
with human and rGSTP1-1. Goat sperm showed the presence of both Mu and Pi-GST on sperm 
surface at distinct cellular domains. Although both Pi- and Mu-GSTs seem to be involved in 



fertilization, the Mu-GST sites, essential for fertilization, were exposed only after 3 h of 
capacitation (Gopalakrishanan et al., 1998 b). 

30.2.7. Superoxide Dismutase 

Superoxide dismutases (SODs) protect cells from oxygen radicals by scavenging 0," and by 
converting it into q O z ,  which in turn is broken down into 50 in the cytoplasm by glutathione 
peroxidase and in peroxisomes by catalases. Depending on the transition metal ion found at 
their active site, SODs can be of three types: copper/zinc (CdZn SODISODI), manganese 
(Mn SOD/SOD2), and iron (Fe SODlSOD3). CdZn-SOD is found primarily in cytosol of wide 
variety of cells, Mn-SOD in prokaryotic and in mitochondria of eukaryotes; and Fe-SOD in 
prokaryotes. An extracellular form of CuEn SOD (SOD,), which is distinct fromthe cytosolic 
form in terms of molecular weight and amino acid composition, is also found in eukaryotes. 
Different types of testicular cells display successfully to a high oxidative stress. In testis, 
Sertoli and peritubular cell have elevated SOD and GSH-dependent enzyme activities associated 
with a high GSH content. Compared with the somatic cells, pachytene spermatocytes (PS) and 
round spermatids (RS) presented a different antkidant system characterized by higher SOD 
activity and GSH content associated with very low GSH-dependent enzyme activity. 
Spermatozoa exhibited the same enzymatic system as PS and RS but were devoid of GSH. 
Interstiial tissue has high GPx and GSH content with moderate SOD and GSH related enzymes 
(Bauche et al, 1994). 

SOD 'kanscripts in Testis Germ Cells: In mammals, the SOD-1 gene is highly conserved, 
consisting of five exons with similar splicing sites and encoding a protein of about 16-kDa. 
Moreover, the 225 nucleotides flanking the transcriptional start site of the SOD-1 gene are 
also strongly conserved, showing similarities of 84% between rat and mouse, 56% between 
rat and human, and 54% between mouse and human. In order to understand the potential for 
the testis to be protected from reactive from reactive oxygen, the copper-SOD showed two 
mRNA transcripts of 0.77-kb and 0.94-kb. The two SOD-mRNA transcripts followed different 
patterns of expression during development. The accumulation of the SOD mRNA in the 
seminiferous tubules was stage specific (Jow et al1993). In mouse testis, three different sizes 
of SOD-1 mRNAs of about 0.73,0.80, and 0.93-kb are detected. The 0.73-kb mRNA is found in 
early stages of male germ cells and is ubiquitously expressed in all somatic tissues. The 
mRNAs of 0.80 and 0.93-kb are exclusively detected in post-meiofic germ cells. 0.93-kb mRNA 
is non-polysomal while 0.80 and 0.73-kb SOD -1 mRNAs are mostly polysome associated. 
The three SOD-1 rnRNAs are derived from two transcripts, a ubiquitously expressed transcript 
and a post-meiotic transcript, which differ by 1 14-120 nucleotides; the additional nucleotides 
present in the post-meiotic mRNA are located in the 5'-untranslated region. The 0.93-kb 
SOD-1 mRNA originates from an alternative upstream promoter contiguous with the somatic 
SOD-1 promoter. In cell free system, 0.73-kb SOB1 mRNA translates 2 fold more efficiently 
than 0.93-kb SOD-1 mRNA by ultilizing two different promoters. Post-meiotic SOD mRNA 
undergoes adenylation changes, and one of the post-meiotic SOD-1 mRNAs is transcribed 
during mid-spermiogenesis and translated days later in a partially deadenylated form (Gu et al, 
1995) (Fig.30.4). Although the sizes and relative amounts of the multiple SOD-1 mRNAs vary 
as male germ cells enter meiosis and proceed into the postmeiotic stages of spermatogenesis, 
the amount of SOD-1 protein and enzyme activity does not fluctuate significantly, suggesting 
a precise control of SOD-1 activity in male germ cells (Gu and Hecht, 1997). 

Developmental expression of Mu-SOD or SOD-2 mRNAs during spermatogenesis in the 
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MI?,-E C - 

TCGGCCGACG TCACAGTTAG -TAG COACTTTGZ 
CReU 

TQOTCACRCT Clr00CCTATA AAAOCTCCOT OOCOCCAOOO CCTC TTTTT I 
TTGCGCGGTC CTTTCCTGCG GCGCCTTCCG TCCGTCGGCT TCTCGTCTTG 

CTCTCTCTGG TCCCTCCGGA GGAGGCCGCC GCGCGTCTTC COOOOARGC 

+lo7 GCG ATG ARA GCG.. . . 
Fig.30.4 Sequence analysis of mouse testicular SOD-I cDNAs gene. The underlining between the arrows 
indicates the additional RNA segment located at the 5'-terminus of the testis-specific SOD-I mRNA. The 
somatic transcription start site (large solid arrow) and transcription start sites (open-solid arrow) of the 
post-meiotic 0.93-kb SOD-1 mRNA are shown. Translation start ATG of SOD-1 is boxed. Conserved 
sequences from a mouse genomic fragment of SOD-1 gene are included. CAAT (C), SPl, CRE, AP-3, and 
NF-E transcription factor elements are shown. The conserved sequences present in the promoters of 
mouse protamine 1, protamine 2, and transition protein 1 are indicated. Reprinted with permission from 
W. Gu et al. J Biol Chem 270; 236-43: 1995 O American Society for Biochemistry and Molecular Biology. 

mouse was studied by Gu and Hecht. In RNA preparation derived from prepuberal and adult 
testes and from isolated populations of meiotic and post-meiotic germ cells three SOD-2 
mRNA of about 2.2, 1.2 and 1.0-kb were present in testis. The SOD-2 mRNA levels are 
developmentally and translationally regulated with maximal expression in early post-meiotic 
germ cells. Comparative study suggested that translational regulation plays amore prominent 
role for SOD-2 expression than for GPx or catalase expression in the mammalian testis (Gu and 
Hecht, 1996) (Fig. 30.4). 

Characterization and Localization of Germ Cell SOD: The entire cDNA sequences (Cul 
Zn-SOD) (SOD 1) and (Mn-SOD SOD2) have been determined from adult testes. The equine 
CuIZn-SOD revealed a protein coding region with 465-bp accompanied by an estimated 154 
amino acid residues. Coding region of equine Mn-SOD contained a total of 669-bp and an 
estimated 222 residues of amino acids (Ishida et al, 1999). Activity of CuZn-SOD is found in 
both the cytoplasm and the nucleus of the spermatogonia of the seminiferous tubules, 
spermatocytes and further differentiated germ cells and Sertoli cells. The principal cells in the 
ductus epididymis showed weak activity except for the stereocilary region, while epididymal 
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basal cells had intense reactivity. It appears that CuZn-SOD in the male genital organs is 
localized where it could play an important role in cell differentiation, including spermatogenesis 
(Nonogaki et al, 1992). 

Regulation of SOD-1 expression: As stated SOD-mRNA-1 is transcribed mainly in post- 
meiotic germ cells in mouse and is translationally regulated during spermiogenesis. Testis 
specific SOD-1 is translated only slightly less efficiently than somatic SOD-1. A testicular 
cytoplasmic protein (CdZn-SOD RNA-binding protein [SOD-RBP]) of about about 65-kDa 
specifically binds to the extended 5'-UTR oftestis specific SOD-1. The SOD-RBP can repress 
the in vitro translation of testis form of SOD-1 mRNA but not somatic SOD-1 mRNA. Thus 
SOD-RBP acts as a repressor in the translation of testis SOD-1 mRNA during spermatogenesis 
and thereby fine-tunes the level of CdZn SOD in maturing germ cells (Gu and Hecht 1996). 

Following TF' administration to intact adult rats, SOD content of various subcellular hctions 
declined. This is accompanied by an elevation in lipid peroxidation of various fractions 
suggesting the role of SOD in induction of oxidative stress. This was associated with decline 
in activities of three enzymes related to the metabolism of superoxide radical (SOD) and 
hydrogen peroxide (catalase and GPx) in response to TF' (Chainy et al, 1997). In both cryptorchid 
and contralateral testes and after efferent duct ligation, the germ cell-specific 0.9-kb SOD and 
PHGPX mRNA transcripts are significantly lowered suggesting that the overall decline in 
testicular mRNA transcripts after efferent duct ligation and cryptorchidism is primarily due to 
germ cell depletion (Zini and Schlegal, 1997). 

Sertoli Cell SOD. A 68-kDa testicular variant polypeptide fkom primary Setoli cell-enriched 
culture medium consisted two monomers of 35 ( a  chain) and 33 (ss chain). Partial N-terminal 
amino acid sequence analysis of these two monomers revealed sequences of NH2- 
DXGESGVDLADRL (SODa) andNH2-XXDTGESGVDLADXL. (SOD Ex-ss), which are identical 
to rat extracellular SODEx with the exceptions that SODEx-a and SODEx-ss do not contain, 
respectively, four (Trp-Thr- Met-Ser) and two I (Trp-Thr) amino acids from their N-termini, 
compared to rat SODEx. It suggested that the cleavage sites of the SODEx gene in the testis 
are different from that of other organs. Germ cell derived factors seem to regulate Sertoli cell 
SODEx in testis. Steroids including testosterone do not help in its expression whereas FSH is 
able to induce SODEx expression. Thus, Sertoil cells as well as germ cells synthesize and/or 
secrete a testicular variant of SODEx that may provide essential clues to understanding 
superoxide radical-mediated damage in testis (Mruk et al, 1998, Mruk and Cheng, 2000). 

Epididymal SOD I Extracellular SOD: Extracellular SOD (SODex), a tetrameric glycoprotein 
found predominantly in the extra cellular matrix of tissues and to a lesser degree in extra- 
cellular fluids, has a high affmity for heparin and is bound to heparin sulfate proteoglycan in 
the glycocalyx on cell surfaces as well as in the connective tissue matrix (Ookawara etal., 1998; 
Williams et al, 1998). The epididymis is known to be a major site of expression in the rat. 
However, the properties of SOD,in the rat are different fkom those of other mammals. In the 
rat, SOD, is dimeric, has a low affinity for heparin, and does not bind to heparin sulfate in 
vivo. Furthermore, a single amino acid mutation from Asp to Val at position 28 from the N- 
terminus can convert the rat SOD, to a tetramer with a high affinity for heparin sulfate. The 
sequence of a cDNA encoding a secreted form of SOD indicated that the corresponding 
transcript is expressed principally in the cauda region of the epididymis, consistent with the 
high levels of SOD enzyme activity found in cauda-epididymidal plasma. Lower levels of an 
identical size transcript exist in other tissues, including placenta (Perry et al, 1993). SODEx 
could be detected in seminal plasma of vasectomized men and precludes its use as diagnostic 
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indicator. Epididymal-SOD mRNA is primarily detected in the corpus. With the exception of 
PHGPX, the relative mRNA levels of the antioxidant enzymes remains unchanged after efferent 
duct ligation (Zini and Schlegel, 1997). 

30.2.8. Search for Other Enzymes of Antiperoxidative Pathway 

Glutathione reductase: Glutathione reductase (GR) has been observed in tesis and sperm of 
rat (Latchoumycandane et al., 2002; Tramer et al., 1998), mice (Mahboob et al., 2001) and 
human (Institoris et al., 1995). However, studies on tissue specificities of GR or its isozymes 
are few. During course of data search, it was not possible to find any information relating to 
GR characterization from testis and sperm. 

Catalase: Catalase activates the decomposition of q02 into water and oxygen, thus removing 
an initiator of free radical chain reactions which are responsible for lipid peroxidation. After 
ejaculation, mammalian spermatozoa migrate to the oviduct which is recognized as the site for 
sperm storage in the mouse, hamster, rabbit, sheep, pig and cow. During storage period, 
spermatozoa closely interact with oviduct epithelial cells by means of their rostra1 plasma 
membranes and acquire oviductal proteins at their surfaces. The adhesion of some of these 
proteins to spermatozoa suggested a role in affecting sperm physiology. However, our 
knowledge on characterization of germ cell catalase is yet to begin. Catalase prevents the 
decreased motility of bovine sperm incubated in presence of specific amino acids. YO2 can be 
a major player in the death of sperm in the female genital tract, since most mammalian sperm 
have little or no endogenous catalase. Catalase activity has also been detected in porcine 
oviductal fluid, human oriductal fluid, and cervical mucus. Western blots of oviduct fluid 
revealed two major bands at 60 and 40 kDa. The 60 kDa purified protein bound to bovine, boar, 
and human sperm, and to sperm membranes. However, bovine liver catalase did not bind to 
sperm. This enzyme may play an important role in sperm survival within the female tract 
against H,O,. The bovine oviductal catalase, which preferentially binds to the acrosomal 
surface of some mammalian spermatozoa has been sequenced (Lapointe et al, 1998). 

y-Glutamyl Transpeptidase: y-glutamyltranspeptidase is an important enzyme involved in 
glutathione metabolism. GGT is present in epididymal epithelial cells and luminal fluids. Though 
testis is a poor source of GGT, epididymal GGT seems to function to protect spermatozoa fiom 
oxidative stress in the epididymal duct andlor to recover extracellular cysteine for the synthesis 
of epididymal proteins (Lieberman et al, 1993; Palladino et al, 1994). In the rat, multiple forms 
of mRNA are encoded by a single GGT gene using different promoters. Three forms of GGT 
-As (11, I11 and IV) are expressed in the rat epididymis. GGT mRNA-I1 and GGT mRNA-III 
are mainly expressed in the initial segment. After unilateral efferent duct ligation, the level of 
GGT mRNA-IV decreased in the intial segment but not GGT mRNA-I1 and GGT -A-111. 

Testicular factors including spermatozoa may be involved in the regulation of the expression 
of GGT. Ovine rete testis fluid (RTF) contains a number of growth factors produced by the 
testis. It seems that the development of the epididymis and the expression of GGT mRNA-IV 
in the rat initial segment is under the regulation of testicular factors (Palladino et al., 1994). 

303. NITRIC OXIDE SYNTHASE 

Nitric oxide (NO) is a unique signaling molecule which is endothelium-derived relaxing factor 
(EDRF). The initial step in the biosynthesis ofNO is catalyzed by nitric oxide synthase (NOS). 
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1 MeDlMFGWQ IQPNVISVRt -2 LVKW.VSKPP VIISDLIRGG IUEQSGLIQA 
61 GDIILAVNGR PLVDLSYDSA LtVLROISE TBVVLILRGP EGFTTHLETT FKiDGTPKTI 
121 RVTPPLGPPT MVDLSHQPP AGKEQPLAVD GASGPGNGPQ EAYDDGQEAQ S L P H A N W  
181 RPPGQDPAFX ATRVSLQGRG ENNELLKEIE PVLSLLTSGS -AK AEMKDMGIQV 
241 DRDLDGKSHK PLPLGVENDR VFNDLWGKGN VPVVLNNPYS EKE- TEGPGVQRGS 
301 HNRPPPQENS PPQIhabPPS VBASSRSRTG RLRWFSLTPS -A LSTSAWAPSC 
361 ILLsMQGCLK TSAQKDSSSL SPKSLLINTI BQLKDLAPKP TWCGWKR 

Fig.30.5. Amino acid sequence of Human truncated form of nNOS related protein with tex 2 insertion 
between exons 3 and 4. A GLGF motif is underlined. The bold underlined M letter indicates starting of 
novel sequence. Reproduced with permission from Y. Wang et al. J Biol Chem 272: 11392-401; 1997 O 
American Society for Biochemistry and Molecular Biology. 

Two types of enzymes that catalyse the NO production are known: a Ca2+dependent 
constitutive enzyme or cNOS, and a Ca2+ independent inducible enzyme (iNOS). The cNOS 
exists atleast in two isoforms: eNOS present in endothelial cells and nNOS present in neuronal 
cells. The iNOS from different cell types demonstrates variable Ca sensitivity. However, nNOS 
differs h m  the other two isoforms in that it exhibits a unique -NH2 terminal extension containing 
a PDZIGLGF motif of-100 amino acids. The NOS is regulated through Ca2+lcalmodulin, both 
in neurotransmission and vasodilation and is inhibited by antagonists like trifluoroperazine 
(Shinde et al, 1998). The NOS is regulated by phosphorylation, which decreases the NOS 
activity. Consensus sequences for phosphorylation by CAMP-dependent protein kinases 
have- been identified in nNOS and eNOS, but not in iNOS. Other kinases including protein 
kinase C, cGMP-dependent protein kinase, have been also implicated in phosphorylation of 
nNOS. 

NOS in Testis: Within the testis, eNOS protein is localized in Leydig cells and Sertoli cells and 
all stages of spermatogenesis. Within the epididymis and vas deference, NOS is localized to 
the epithelium. The eNOS is also localized to endothelial cells in all tissues; it was not detectable 
in normal germ cells. In addition, prematurely shed spermatocytes and spermatids had intense 
eNOS expression. Rat Sertoli cells express an iNOS isoform in response to the combined 
action of IFNy, TNFd lL-la and LPS. Addition of cytokines and LPS to cultured peritubular 
cells resulted in high nitrite and iNOS mRNA levels, indicating the induction of an iNOS 
isoform. It appears that NOS activity in the somatic cells of the semniferous tubules is induced 
and regulated by multiple factors that act in combination, and that nitric oxide may participate 
in the endocrine and paracrine control of testicular function (Stephan et al, 1995; Bauche et a1 
1998; Middendorffet al., 1997). Recent evidences suggest that mouse and human spermatozoa 
contain constitutive cNOS and can synthesize nitric oxide. The inhibition of human sperm 
cNOS could affect sperm-oocyte fusion and sperm binding to the zona pellucida. A study 
provides an evidence that cNOS plays a role in the human sperm's capacity to fuse with 
oocyte but not in the ZP binding (Francavilla et al, 2000). Sperm NOS is active after oocyte 
activation and acrosome reaction. The NOS and nitric oxide-related bioactivity satisfy the 
primary criteria of an egg activator and fertilization (Kuo et al, 2000). 

Germ Cell Specific NOS: The structural organization of the human nNOS gene shows that 
NOS2 is a complex locus consisting of 29 exons and 28 inirones, localized to 12q24.2 spanning 
a region greater than 160 kb as a single copy in the haploid human genome. The full-length 
open reading frame of 4302-bp encodes a protein of 1434 amino acides. Analysis of cDNA 
isolated from human testis identified a testis-specific nNOS (TnNOS) mRNA transcript 
(Fig30.5). A predicated 3294-bp open reading frame encodes an NH2-terminal truncated 
protein of 1098 amino acids. This protein is a calcium dependent nitric-oxide synthase with 
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catalytic activity comparable to that of filllength nNOS. The TnNOS transcripts exhibit novel 
5'mRNA sequences encoded by two unique axons spliced to axon 4 of the fulllength nNOS. 
Characterization of the genomic structure indicates that exonic regions used by TnNOS are 
expressed fkom intron 3 of NOS gene. Although lacking canonical TATA and CAAT boxes, 
the 5' flanking region of the TnNOS exon 1 contains multiple putative cis elements including 
those implicated in testis specific gene. The downstream promoter of the human nNOS gene, 
which directs testis specific expression of a novel NH2- terminal truncated nitric oxide synthase, 
represents the fist  reported example in the NOS gene family of transcriptional diversity 
producing a variant NOS protein (Wang et al., 1997). 

30.4 HEME OXYGENASES 

The heme oxygenase isozymes, HO-1 and HO-2, oxidatively degrade the heme molecule to 
produce antioxidants (the bile pigments), CO (the gaseous cellular messenger), and iron, (a 
regulator of transferrin, ferritin, and nitric oxide synthase gene expression). The HO-1 and 
HO-2 differ in primary structure regulation and tissue distribution. The 32kDa HO- 1 (hsp 32), 
induced by heat and variety of other factors is found in tissues with great heme catabolism 
e.g. liver and spleen. HO-2, on the other hand, a 36 kDa protein is constitutively expressed. In 
rat it is present in testis and brain (McCoubrey et al, 1992; Rublevskaya and Maines, 1994). 
Ewing and Maines (1995) described the cellular distribution of HO- 1 and HO-2 in the testes of 
normal and heat shocked rats and defined the cell specific expression of the isozymes and a 
stage-specific expression of HO-2 in the tissue. In normal testis, HO-1 is present at a low level 
in the Sertoli cells and could not be detected in germ or Leydig cells. HO-2 on the other hand 
was most prominently expressed in residual bodies and was not detected in sprematogonia. 
Modest levels of HO-2 were observed in spermatocytes, sprematids, and select Leydig cells. 
In contrast, expression of HO-2 messenger RNA was detected in spematogonia, as well as 
spermatocytes, spermatids, and residual bodies of the seminiferous epithelium. The expression 
pattern of HO-2 protein and transcription in testes of heat-stressed rats remained unaffected, 
whereas, the expression pattern of HO-1 resulted in an increase in the testicular HO-1 mRNA. 
Activation of soluble guanylyl cyclase (sGC) by CO has been found to show elevated levels 
of the second messenger cGMP (Maines, 1997). Whether CO is also involved in testicular 
function, was addressed by Middendorff et al(2000), who confmed that the CO-generating 
enzyme, HO-1 is present in Sertoli cells, whereas sGC is distributed exclusively in basal 
compartment. Seminiferous tubules on treatment with sodium arsenite (inducer of HO-1) or 
hematin (an HO substrate), gave increased cGMP production. The CO scavenger hemoglobin 
significantly reduced c-GMP generation. These observations demonstrate a link between 
HO-1 activity in Sertoli cells and sGC-dependent cGMP production in seminiferous tubules, 
and a functional role of CO in the human testis. 

30.5. SELENOPROTEINS (NON-ENZYMATIC) 

Knowledge of selenoproteins has increased markedly within the last several years. The cDNAs 
encoding a number of mammalian selenoproteins have been sequenced. Selenocysteine is 
encoded by the codon, UGA in all these selenoproteins. Although UGA is usually a stop 
codon, it also directs the incorporation of selenocysteine into selenoprotein. A unique tRNA 
serves as the site of selenocysteine synthesis from serine and recognizes the UGA in the 
mRNA. In eukaryotic mRNAs, interpretation of UGA as selenocysteine codon requires a 
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SECIS element, which forms a conserved stem loop structure in the 3' untranslated region of 
the mRNA. Spacing between UGA codons and the SECIS element determines whether a 
particular UGA specifies selenocysteine or a stop. Evidence for a low molecular weight protein 
containing selenium, now called selenoprotein W was presented a number of years ago. This 
selenoprotein was purified and characterized from rat skeletal muscle and the corresponding 
cDNA was determined (Whanger et al., 1997). The selenoprotein W increases in tissues after 
intake of dietary selenium. Its gene contains five introns and six exons. The coding sequence 
and SECIS element, which are both important for funcion of the protein, are much more highly 
conserved than other regions of the gene. 

Selenoprotein P: Selenoprotein P was identified as a selenium-containing protein distinct 
from glutathione peroxidase in 1977. Since that early report, the protein has been shown to 
contain selenium in the form of selenocvsteine. Consistent with the cDNA seauence. the 
amino acid composition of the purified protein shows the presence of multiple selenocysteine 
residues. At least two isoforms of the selenoprotein P do exist. One isoform is a truncated 
protein with termination of protein synthesis occurring at the second selenocysteine codon. 
A high level of expression of selenoprotein P has been also observed in testes. In plasma, 
selenoprotein P is thought to be a key protein because more than 60% of the plasma Se is 
found as apart of this protein. The encoding gene is unique, since its cDNA contains 10 TGA 
codons within the open reading h e ,  each of which supposedly encodes a selenocyteine 
residue (Hill et a1 1991). Injections of Se into Se-deficient rats induced protection against 
diquat-induced liver necrosis and lipid peroxidation. Moreover, its protecting ability was 
positively correlated with a rise in selenoprotein P plasma concentration before a rise in GPx 
activity. To determine its physiological function, Koga et a1 (1998) investigated the expression 
of selenoprotein P rnRNA in the rat testis and showed that selenoprotein P is exclusively and 
predominantly expressed in the Leydig cells. Selective degeneration of Leydig cells by EDS 
treatment resulted in disappearance of selenoproteinp rnRNA fiom the testis. Upon recovery 
of regenerative differentiation of Leydig cells, selenoprotein-P mRNA reappeared. 

34-kDa DNA Bound Selenoprotein: Several investigations have shown that Se plays an 
important role in spermatogenesis. Rats and mice fed low Se diets over long period of time 
produce spermatozoa with morphological anomalies, which are most frequently observed in 
the midpiece region of the tail but are also found in the sperm head. Severe depletion of Se led 
to disruption of spermatogenesis. Among several selenium containing proteins, a 34 kDa- 
protein was only found in rat testis (Behne et al, 1997). The 34-kDa-protein is localized in the 
nuclei of the spermatids in the developmental stages 12-1 5. These nuclei are characterized by 
their resistance to sonication. Other proteins with molecular masse of 32,3O, 26,24,22 and 20- 
kDa were also found, but the 34-kDa-protein was the most strongly labeled '=Se compound 
and contained about 80% of the tracer present. After its extraction from the spermatid nuclei, 
34kDa band disintegrated into 20-kDa protein. This transformation also seems to take place as 
physiological process during sperm maturation, since in the nuclei of epididymal spermatozoa, 
the 34-kDa-band was only weakly labeled and instead replaced by a strongly labeled 20kDa- 
band. After dissolution of the nuclei, the 34-kDa compound was tightly bound to the DNA 
and could not be removed by treatment with several detergents and other treatments. The fact 
that it was not removed by RNAse indicated that it is not associated with the RNA. As its 
location in the chromatin of the spermatid nuclei is a singular characteristic of a Se compound, 
it was named as "DNA-bound spermatic selenoprotein". 
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Mitochondria1 Capsule Selenoprotein (MCS): A keratinous structure, known as the 
mitochondrial capsule that exhibits the characteristic cresent shape of the outer membranes 
of mitochondria in the helix, has been isolated flom bull and rat sperm. The most abundant 
protein in purified bull sperm mitochondrial capsules is a 20-kDa protein with a very unusual 
composition including ~ 2 0 %  cysteine and proline and virtually all of the selenium in sperm. 
The most abundant protein in rat sperm mitochondrial capsules is a 17-kDa selenoprotien. 
The 17k-Da rat capsular protein is identical to the 20-kDa bull capsular protein. Mouse testes 
cDNAs encodes a protein with a predicted cysteine- and proline-rich composition that is very 
similar to the 20kDa bull sperm capsule protein. Raveri et al. (1992,1994) have proposed that 
the selenoprotein in the sperm mitochondrial capsule is the enzyme, phospholipid hydroperoxide 
glutathione peroxidase. 

A protein, associated with outer membrane of sperm mitochondria is synthesized in 
elongated spermatids. This protein has been also named as mitochondrial capsule 
selenoprotein (MCS), and sperm mitochondria associated cysteine rich protein (SMCP). The 
seleinium content of MCSJMCP has been questioned in recent years. The SMCP has been 
recognized as an auto-antigen (Herr et al., 1999). An antibody to a synthetic oligopeptide 
based on the predicted sequence of mouse cyteine rich protein recognizes a 24kDa protein in 
epididymal sperm tails of mice. However, the 24kDa protein does not appear to be a selenoprotein 
because: (1) it is not labled with Se7S in seminiferous tubule culture; (2) In vitro transcripts 
indicate that the translation start site is located downstream of potential UGA selenocysteine 
codons in the cysteine-rich mRNA; (3) the reading h e  encoding the cysteine-rich protein 
in rat lacks in-phase UGA selenocysteine codons. The cysteine-rich protein first appears 
during step 11 of spermiogenesis in the mouse demonstrating that the cysteine-rich protein 
mRNA is under temporal translational control. Cysteine-rich protein is evenly distributed in 
the cytoplasm of spermatids in steps 1 1 through early step 16 and that it is associated with the 
outer mitochondrial membranes of sprematids in late step 1 1 through early step 16 in mouse 
and epidermal spermatozoa (Cataldo et al, 1996). MCS has been known as a structural protein 
of the mitochondrial sheath in spermatozoa. A full-length cDNA encoding the MCS has been 
isolated from the testes of golden hamsters and its mRNA expression was investigated in the 
hamster tissues. Hamster MCS cDNA was 820 bp long, including 24 bp of the 5' untranslated 
region OJTR) and 243 bp of the 3'UTR, and showed identity of 75.6% and 73.9% with mouse 
and rat MCS. The amino acid sequence analysis shows hamster MCS as a polypeptide of 184 
amino acids, including a cysteine and proline-rich domain which is characteristic sequence of 
MCS, and contained 2 in-flame UGA codons for selenocyteine. Hamster MCS also shared 
amino acids identity of 64.4% with mouse MCS and contained an Arg-Lys-Ser-Thr- rich 
region in the N-terminus similar to the mitochondrial targeting signal. On the other hand, 
hamster MCS-mRNA was found-expressed in various tissues as well as the testes. This 
indicates that MCS in hamster may have more function than just a h c t i o n  of mitochondrial 
sheath formation of sperm (Nam et al, 1998). 

Metallothioneins (MTs) are a group of low-molecular weight (6000-7000 D), cysteine rich 
(30%) intracellular proteins with a high affinity for transitional metals such as essential zinc, 
copper and toxic cadmium. MT is expressed in variety of species and in most of the tissues. 
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MT-I and MT-11 are the two of the four isoforms of MT that are found in testis. Altough a high 
basal level of MT has been demonstrated in the testis, however, hepatic like MT in testis 
cannot be induced by injection of metals such as Zn and Cd, which are major inducers of 
hepatic MT synthesis. MT plays important role in Cu and Zn homeostasis and Cd detoxification. 
Cd sensitivity to testicular injury varies among mouse strains. Liu et al, (2001) suggested that 
genetic background but not metallothioneine phenotype dictates the sensitivity to Cd induced 
testicular injury. Mammalian testes contain hight amount of MT. However, aminoacid content 
of monkey testis MT is different fiom that of rodent testis. In human testis, Kaur et a1 (1993) 
reported a tissue specific testis metal binding protein (TMBP), which is different fiom liver 
MT. The molecular weight of TMBP based on aminoacid composition was 6-kDa. The MT 
significantly increases in the testis of allograft recipients. Testicular Zn and Cu levels, but not 
Fe level, were significantly higher in testis with allograft kidney than that with isograft kidney. 
This suggested that allogenic stimuli may induce MT synthesis in the allograft recipients and 
offer a protective action ftom oxidative damage in the testis (Cai et al., 2000). 

Due to a high content of cysteine, MT is not only involved in the detoxification of heavy 
metals but also acts as a fiee radical scavenger both and in vitro and in vivo. The protective 
effect of MT against radiation and transient metal induced oxidative damage has been 
demonstrated. It has also been considered as an acute-phase or stress- response protein since 
it is induced readily by a variety of stress-related factors such as glucocorticoids, bacterial 
LPS, interferon, alkylating agents, and irradiation. Testis contains high levels of both MT 
mRNA (10 fold higher than those in adult liver). MTmRNA levels are age dependent, being low 
for the frst 2 weeks after birth and increases slowly thereafter to maximal levels in the adult. In 
the adult testis, seminiferous tubules contain high levels of MT mRNA that accumulates after 
the initial differentiation of primary spermatocytes and maintained in spermatids. Pachytene 
spermatocytes and round spermatids contain both MT-I and MT-I1 mRNAs, equivalent to 
those found in zinc treated hepatocytes, whereas low levels of MT mRNAs were present in 
Sertoli cells (ST) with basal levels in interstitial, spermatogonial, and mature sperm cells at 
developmental stages. Primary spermatocytes and round spermatids actively synthesize MT- 
I and MT-11. The MT mRNA in adult testes not increased after cadmium, zinc or LPS 
administration, in marked contrast to increased levels of hepatic and ovarian MT mRNA. The 
MT genes are actively expressed in mouse male germ cells in a developmental way (De et al, 
1991). 

Four mouse tesmin cDNAs so far reported encode a testis-specific, metallothionein-like, 30- 
kDa protein (tesmin-30). But a protein of 60-kDa (tesmin-60) is present in the mouse testis. The 
relationship between the two proteins indicated that tesmin-30 is not full-length but is part of 
the C-terminal half of tesmin-60. TesmindO is a testis specific gene, which is responsive to 
induction by heavy metals. It shares a pair of cysteine-rich regions reported to be similar to 
metallothionein (Sugihara et al., 1999). 'lbo tesmin related transcripts (2.2 and 1.8-kb) in human 
testis encode a cysteine-rich 32-kDa protein that contains a metallothionein-like motif. Tesmin 
is specifically expressed in pachytene spermatocytes and shows its appearance as early as 
day 8 when germ cells enter meiosis. The adult W W  sterile mice with c-kit mutation lacked 
tesmin expression. The tesmin is located to mouse chromosome 19B and undergoes spatial 
regulation through G2/M transition in meiosis (Matsuwa et al., 2002; Sugihara et al., 1999). 
The full-length cDNA (2.2-kb) encoding tesmin-60 (475 aa residues) and its genomic DNA 
(23-kb) indicated that tesmin is a member of the CXC-hinge-CXC family. The tesmin shows 
dynamic subcellular localization that changes its pattern during spermatogenesis. The 
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temporally and spatially dynamic localization of tesmin suggested that tesmin is involved in 
multiple stages of spermatogenesis and spermiogenesis (Sutou et al., 2003). 
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Chapter 31 

QUALITY CONTROL OF GERM 
CELL PROTEINS 

Functional proteins in a single conformation state are obtained by many intracellular events. 
Nonetheless, best quality control of protein levels and 3-D structure is achieved by two 
complementary processes: i) molecular degradation by ubiquitination and ii) molecular 
chaperonining. Intracellular protein degradation has important roles in the modulation of the 
levels of specific proteins and the elimination of damaged proteins and cells. The selective 
degradation of many proteins in eukaryotic cells is carried out by the ubiquitin (Ub) mediated 
pathway. This system requires a heat stable polypeptide for the activity of an ATP-dependent 
proteolytic degradation. Molecular chaperones are defined as a family of unrelated classes of 
proteins that mediate the correct assembly of other polypeptides but they are not components 
of the functional assembled structures. In recent years, there is an increasing appreciation of 
the relationship between ATP-dependent proteases (e.g. the proteasome) and chaperonins 
(e.g. GroEL), both ofwhich act to isolate the protein intermediate fiomthe cellular environment 
and promote the unfolded state; in one case to allow for complete degradation and, in the other, 
to allow for refolding into the native state. Thus it is clear that molecular chaperones and the 
proteasome play complementary roles in the maturation and quality control of proteins, in the 
regulation of protein function and in the elimination of damaged proteins and cells (Kirschner, 
1999). 

L UBIQrnATIoN AND PROTEOLYSIS 

Intracellular proteolysis of proteins through ubiquitination has been implicated in a variety of 
processes such as the heat shock response, DNA repair, cell cycle progression, the modification 
of histones and of receptor genes, silencing and the possible pathogenesis of some 
neurodegenerative diseases. The ubiquitin-proteasome pathway exerts control over the half- 
life of cyclins, transcription factors, and components of signal transduction pathways. Early 
steps in mitosis, such as spindle formation, chromosome congregation and chromosome 
condensation are susceptible to reversible blockage in response to DNA and spindle damage 
and employ reversible modifications. The ubiquitin (Ub) mediated pathway requires a heat 
stable polypeptide for the activity of an ATP-dependent proteolytic degradation. This 
polypeptide was subsequently identified as ubiquitin, a 7daminoacid residues containing 
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highly conserved protein present in all eukaryotes. In this process, ubiquitin is covalently 
ligated to protein substrates in an ATP-dependent manner, and the ubiquitin ligation commits 
proteins for degradation. The system is well conserved and is present in all cells in high 
amount. In addition, there are many non-proteasome dependent functions of the ubiquitin 
system, such as a role in endocytosis of integral membrane proteins, a chaperone function in 
protein, (re)folding, and functions in regulation of chromatin structure and gene expression. 

The processive nature of proteasome mediated degradation assures that, in most cases, 
all domains of a protein would be eliminated simultaneously, avoiding the possibility that 
partial degradation would leave behind other domain that could M e r e  with regulatory pathway. 
A ubiquitin-dependent, sperm quality control mechanism that resides in the mammalian 
epididymis has been described. Most of the defective sperm are phago-cytosed by the 
epididymal epithelial cells through ubiquitin pathway. The presence of cell surface ubiquitination 
in defective sperm provides a possible mechanism for sperm quality control in mammals and a 
new marker for semen abnormalities in men and animals (Sutovsky et al., 2001). It is important 
that the proteasome is not limited in its ability to degrade all proteins, because it could then 
afford an opportunity for viruses or parasites to evade immune surveillance. The important 
feature of proteolysis is that it is irreversible and obliterate. Therefore, lack of fidelity in the 
process may have grave consequences for chromosome loss that can promote tumorogenesis 
(Kirschner, 1999). 

Information on the enzymatic reactions of the ubiquitin pathway is summarized in Figure 
31.1. Mono- or ply-ubiquitination of proteins leads to protein degradation. The ligation of 
ubiquitin to target proteins is initiated by the activation of its C-terminal Gly residue, catalyzed 
by a specific Ub-activating enzyme, El (Step 1) and achieved in multi-steps, which involve Ub- 
conjugating enzymes (E2), and Ub-ligating enzymes (E3) (Fig.31.1). The system follows a 
hierarchy, in which a single E l  interacts with several E2s. In turn, one E2 can function together 
with different E3s (or independent of an E3), whereby the E3 plays a role in determining 
substrate specificity. Only a few El  enzymes are known in the human, and in other animal 
species. Among E2 enzymes, 13 different E2 enzymes have been identified in yeast, and many 
different E2 enzymes are known in human (reviews- Hershko and Ciechanover, 1998; Barrends 
et al., 1999; 2000). The hc t ion  of these E2-like proteins is still unknown. E3 enzymes show an 
even greater variation of proteins and protein complexes than the E2 enzymes. Different families 
of E3 enzymes have been described. The largest E3 family is characterized by the so-called 
HECT-domain. A much smaller M y  is the UBR M y  (named after Ubr 1, encoding N-recognin, 
the recognition component of the N-end rule pathway), of which only three members have 
been identified in mammals. 

Repeated additions of ubiquitin to a single substrate through the El-E2-E3 machinery 
results in polyubiquitination. This often marks proteins for selective destruction by the 26s 
proteasome, a large mutlisubunit ATP-dependent protease. Ubiquitin can be released fiom a 
polyubiquitin chain, or fiom a protein substrate, through the action of deubiquitinating enzymes. 
This function is carried out by a large number of enzymes h m  two families: ubiquitin carboxyl- 
terminal hydrolases (UCHs), and ubiquitin specific processing proteases (UBPs). The UCHs 
are capable of removing ubiquitin only &om peptides or small proteins. The UBPs have a 
broader specificity, and some enzymes of this family are most likely also involved in 
deubiquitination of intact proteins, thereby conunteracting the El-E2-E3 machinery (review - 
Wilkinson, 1997). 

The ubiquitin systems are used in other evolutionary conserved processes also. There are 
several ubiquitinrelated analogous enzymatic pathways, which have been referred to as human, 
ratlmouse SUMO-1 (also called UBL~,  sent&, and several other names), SUMO-2 and 3, and 
mouse Nedd-8 and UCRP. Similar to ubiquitin, these proteins can be coupled to cellular substrates 
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Fig. 31.1. Ubiquitin system in gametogenesis. Ubiquitination of substrate (S) occurs in presence of ubiquitin 
(Ubilu) activating enzyme (El), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3). Polyubiquitinated 
proteins are recognized by 26s proteasome (P) and degraded. Table summarizes which components of Ub 
system in different eukaryotes are enhanced or show specific expression during gametogenesislmeiosis. UBP, 
ubiquitin specific processing protease; UCH, ubiquitin C-terminal hydroxylase; sp, S. pombe; sc, S. cereviseae; 
h, human; m, mouse; I, rat; dm, D. melanogaster; ch, chicken; mam, mammalian; x, xenopus. Reprinted with 
permission from G. Baarends et al. Mol Cell Endocrinol. 151:5-16:19990 Elsevier. 

by an analogous cascade of enzymatic coupling reactions. Ubiquitin itself is one of the most 
strongly conserved protein in evolution, differing only 3 amino acids between the budding 
yeast Saccharomyces cerevisisae and human. It has become clear that certain components of 
the ubiquitin system that are involved in the regulation of the mitotic cell cycle, are also 
induced during the middle phase of sporulation when the meiotic divisions take place (Chu et 
al., 1998; Patton et al., 1998; Townsley andRuderman, 1998). 
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A functional connection with the ubiquitin system has been described for a number of 
proteins involved in DNA repair and meiosis/sporulation. For example, the E2 enzyme Rad61 
UBC2 is involved in DNA repair, sporulation, and several other processes, such as gene 
silencing. There are indications that ubiquitin-mediated proteasomal degradation of RaMl 
plays a role in sister chromatid separation at the onset of mitotic anaphase. The Rec8 might be 
involved in successful completion of meiosis. Search of these components in testis is the 
subject of recent investigations (Santti et al., 2003; Tanaka et al., 2004; Yan et al., 2003) 

31.2. UBIQUITIN SYSTEM IN VERTEBRATE GONADS 

31.2.1. Ubiquitin 

Watson et al., 1978 identified ubiquitin as an abundant component of trout testis chromatin. 
Later high level of ubiquitin was found in chicken and mammalian testes. Ubiquitin-like protein 
(UBLI) is elevated in human testis, but also highly expressed in other organs including the 
ovary (Shen et al., 1996). The cDNAs encoding polyubiquitin were cloned f?om human granulosa 
cells. Experimental findings support a link between the ubiquitin dependent pathway of protein 
degradation and spermatogenesis. The main features are: (a) The existence of testis-specific 
isoforms of El, E2 and E3. @) A Y-linked gene is transcribed in mouse spermatogenic cells and 
encodes El. (c) Members of the E2 family are dominantly present in mammalian testis. Two E2 
homologues (HR6A and HR6B) are expressed during spermatogenesis and one of them (HR6B) 
is particularly abundant in elongating spermatids. (d) Transgenic male mice lacking a fimctional 
E2 are sterile (Roest et al., 1996). (e) An increase in the ubiquitinated histones is observed in 
elongating spermatids (rat: Chen et al., 1998; mouse: Baarends et al., 1999) at the time when 
somatic histones are replaced by more stable basic proteins. The cDNA clones corresponding 
to ubiquitin have been characterized in testis (Mezquita et al., 1997). 

The ubiquitin specific proteolytic system in human tissues is extremely complex and diverse 
(Quesada et al., 2004). In human and mouse, two homologs of UBP gene, D F F R X m )  and 
DFFRY (Dm), are located on the X- and Y-chromosomes respectively (Jones et al., 1996 
Brown et al., 1998). The X- and Y-chromosomal genes share 89% base pair identity. The X- 
chromosomal gene is ubiquitously expressed, but with enhanced expression in both human 
and mouse testis (Jones et al., 1996). The Y-chromosomal gene is ubiquitously expressed in the 
human, but in a testis specific manner in the mouse (Brown et al., 1998). In the human, DFFRY 
gene maps to azoospermia factor region AZFa. In addition, Df i  is located in the Slerb region 
of the mouse Y chromosome (Brown et al., 1998; Mazeyrat et al., 1998; reviewed in Barrends et 
al., 1999; 2000). Quesada et al., (2004) identified and cloned 22 human cDNAs encoding novel 
members of the ubiquitin-specific protease (UBP) family. Eighteen of the identified proteins 
contain all structural features characteristic of cysteine proteinases, whereas four of them were 
classified as non-peptidase homologs. The identified UBPs are broadly and differentially 
distributed in human tissues, some of them being especially abundant in skeletal muscle or 
testis. 

Two testis specific isoforms of ubiquitin specific processing proteases (UBP) (UBR1, and 
UBPt2) are present in germ cells of testis. Both contain identical core regions but distinct N- 
termini, thereby permitting dissection of the functions of these two regions (Fig 31.2 ). Both 
isoforms are germ cell specific and developmentally regulated. The UBP-tI was induced in step 
16 to 19 spermatids while UBP-t2 is expressed in step 18 to 19 spermatids. TheUBP-tl is found 
in the nucleus while UBP-t2 is extranuclear and found in residual bodies. The UBP-t2 wlocalizes 
with anti-y-tubulin, indicating that like several other components of the ubiquitin system, a 
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1 MSQLSSTLKR YTESSRYTDA PYAKSGYGTY TPSSYQANIA .WPLEKl$ICLG E?tPWPTSFL 
61 PRPRTYGPSS ILDCDRGRPL LRSDITGGSK RSESQTRGNZ RPSGSGLNGG SGFPYGVTSN 

121 SLSYL- DQGVTLGQXK SNSQSDWIRO FSSLRTSDSY RTSDGYRASD GSRIDPGNLG 
181 RSPPdWUlTRX ELCSLQZLYQ MSRSEYLTD YLENYGRKGS APQVLTQAPP SRVPEVLSPT 
241 YRPSGRYTLW EKNIGQASGA SRSTSPGRDT MNSICSAQGIA GLRNLGNTCF MNSILQCLSN 
301 TRELRDYCLQ RLYMRDLGHT SSAEITALMEE FAKLIQTIWT SSPNDVVSPS EPRTQIQRYA 
361 PRE'VGYNQQD AQEFLRPLLD GLHNEVNRVA ARPKPSPESL DHLPDEEKGR QMWRKYLERE 
421 DSRIGDLWG QLKSSLTCTD CGYCSTVWP FWDLSLPIAK RGYPEVTLMD -FTKEDV 
481 LDGDEKPTCC RCRARXRCIK ICFSVQWPKI LVLRLKRFSE SRIRTSKLTT FVNFPLRDLD 
541 LREFASENTN HAVYNLYAVS WHSGTTMGGB YTAYCRSPVT GEWHTFNDSS VTPMSSSQVR 
601 TSDAYLLFPE LASPPSRM 

Fig. 31.2. Amino acid sequence of Ubiquitin specific processing protease t2 from rat testis. Source: httpll 
www.ncbi.nlm.nih.gov. (Accession 446226). 

deubiquitinating enzyme is associated with the centrosome (Lin et al., 2000). 

31.2.2. El-E%E3 Enzymes 

Conjugation of ubiquitin to proteins, during spermatogenesis, is mediated by ubiquitin-activating 
enzyme (El), ubiquitin-conjugating enzymes (UBCs or E~s) ,  and ubiquitin protein ligases (E3s). 
The activated ubiquitination is UBC4 dependent. 

El: Several components of the ubiquitin system often show enhanced or specific expression 
of isoforms, in testis and/or ovary. Beginning withthe El -E2-E3 machinery, the X-chromosomal 
gene Ubelx, encoding an El  enzyme, is expressed in many tissues in the mouse, but the 
homologous Y-chromosomal gene Ubely is expressed only in the testis. Ubely lost from the Y 
chromosome during evolution of the primate lineage, and is thus absent from the human Y 
chromosome. Loss of Ubely may represent an example of an evolutionary process on the sex 
chromosomes that leads to X chromosome specific gene localization. The expression of Ubelx 
and Ubely mRNAs starts in spermatogonia A. Post-meiotically both genes are highly expressed. 
However, not much is known about specific functions of the ubiquitin system in meiosis in 
higher eukaryotes. In isolated germ cell populations of the mouse, the ubiquitin conjugating 
activity and proteasome activity are higher in spermatids than in spermatocytes. Several 
proteasome sub-units are highly expressed in the testis, and testis specific subunits have been 
identified in Drosophila and humans testis. 

E2: Several ubiquitin conjugating (E/UBC) enzymes show exclusive expression in testis of rat 
(HR6a and HR6b by Koken et al., 1996; E217kb by Wing and Jain, 1995; and the isoform 8A by 
Wing et al., 1996) and human (hUBC9 by Kovalenko et al., 19%; Yasugi and Howley, 1996 and 
UbcH-ben by Yamaguchi et al., 1996). Using the S. cerevisisae and the UBC4 sequence as 
primer in a PCRreaction, a 390 bp DNA hgment predicted the amino acid sequence of E2 that 
was 83% identical to yeast UBC4. Rat testes cDNA library identified a family of cDNAs, which 
predicted two very similar proteins with basic pls and molecular masses of 16,700 Da (E2 17 kb) 
(Fig 31.3 ). Isofom E2 expressed in E.coli was expressed in a broad spectrum of tissues, but at 
a high level in the testis. Fractionation of a testis extract identified several putative ubiquitin 
protein ligase activities with which this E2 could interact in promoting conjugation of ubiquitin 
to proteins. One of these activities supported conjugation of ubiquitin to histone H2A, a 
substrate degraded in the ubiquitin system by a non-N-end rule mechanism (Wing and Jain 
1995). Another isoform, 8A, which despite having 91% amino acid identity with the other 
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E2rn(2E)  GWFLTIXF~YPPKPPKV~IYHPHINSNCSICLOILRSpWSPU 
E2rw(4A/10A) .................................................. 
UBCD1 ................................................ 
ATHUBCS ---Lv----~------------R-~---------------KE------ 
UBC4 -----S-------------IS---~--N------A--N------KD------ 
E2irt -T-~-v-E-sE~--N---T-R-~K~~---v~~-------Q~---~ 
RABE2F1 IE-N--AE------- ------DEK 

E2tns (2E) n- 147 (1008/1008) 
E2ms l4NlOA) -- -- 147 (978/99a) 
UBCDl 147 (951/978) 
ATHUBCS -G 148 (601/878) 
UBC4 V- 148 (808/888) 
Elirk DS 152 (381/548) 
RABE2F1 (521 /670  

Fig. 313. Deduced amino aid sequences for clones 2E, 4A and 10 A of ubiquitin-conjugating enzyme E2,, 
and comparison with E2s from Drosophila (UBCDl), A thaliana ( ATHUBCS), S. cereviseae (UBC4) and 
rabbit reticulocytes (E2,,x and RABE2Fl). Reprinted with permission from S.S.Wing and P. Jain. Biochem J. 
305;125-32:1995 O Portland Press, Ltd. 

isoforms, shows several other features. The 8A isoform is restricted to testis and is induced 
during puberty. Hypophysectomy reduced the expression of the 8A isoform. The 8A mRNA is 
expressed mainly in round spermatids and is found not only in subfiactions of germ cells 
enriched in round spermatids but also in subhctions containing residual bodies indicating 
that the protein possesses a longer half-life than its mRNA. Unlike all identified homologues of 
UBC4, which possesses a basic PI, the 8A isoform is unique in having an acidic pI (Wig et al, 
1996). Studies also evaluated contribution of various UBC4 isoforms during testis development. 
UBC4-1 mRNA is expressed in most cells whereas UBC4-2 mRNA is restricted to germ cells 
with high levels of expression in round and elongated spermatids. Induction of various UBC4 
isoforms activates overall conjugation and plays an important role in the cellular remodeling 
and protein loss occurring during spermatogenesis (Rajapurohitam et al., 1999). 

The hUBC9 is another E2 enzyme that localizes to the synapotonemal complex (SC) during 
the pachytene stage of the prophase of meiosis in mouse spermatocytes (Kovalenko et al., 
1996). Many proteins involved in regulation of meiotic recombination localize to these complexes, 
and a role of hUBC9 in control of this process andlor in the breakdown of the SC has been 
suggested (Kovalenko et al., 1996; Tarsounas et al., 1997). The Hsubc9, a human gene encoding 
an ubiquitin-conjugating enzyme codes a 18 kDa protein. The HsUbc9 protein is homologs to 
the ubiquitin conjugating enzymes Hus5 of S. pombe and Ubc9 of S. cerevisisae. The Hsubc9 
gene complements aubc9 mutation of S. cerevisisae and mapped to chromosome 16~13.3. It is 
expressed in many human tissues, with the highest levels in testis and thymus. The HsUbc9 
protein interacts with human recombination protein Rad5 1. A mouse homolog, Mmubc9, encodes 
an amino acid sequence that is identical to the human protein. In mouse spermatocytes, MmUbc9 
protein, like Rad5 1 protein, localizes in synaptonemal complexes, which suggests that Ubc9 
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protein plays a regulatory role in meiosis (Kovalenko et al., 1996). 
NEDD8 (a ubiquitin-like protein) controls vital biological events through its conjugation 

to target proteins. A negative regulator of the NEDD8 conjugation system, named NEDDS 
ultimate buster-1 (NUB 1) recruits NEDD8 and conjugates to the proteasome for degradation. 
NUBl interacts with ubiquitin precursor UbCl (UbCl) through its UBA domain. The UBA 
domain of NUB 1 is a specific acceptor for the linear ubiquitin precursor. NUB 1 seems to form a 
protein complex with the unidentified ubiquitin C-terminal hydrolase and recruit UbC 1 to this 
complex. This might allow the ubiquitin C-terminal hydrolase to hydrolyze UbCl, in order to 
generate ubiquitin monomers. Both mRNAs were strongly expressed in seminiferous tubules 
of the testis. This implies that the UbCl hydrolysis mediated by NUBl is involved in cell 
functions during spermatogenesis (Tanaka et al., 2004). 

E3: Most of the known E3 enzymes show widespread expression, including expression in 
testis. Often, testis-specific mRNA species have been observed (Kwon et al., 1998; Peny et al., 
1998), but testis specific E3 enzymes have not yet been identified. A large protein named Rjs 
that contains a HECT-domain as well as several RCCl repeats, is mainly expressed in mouse 
brain and testis. The rjs gene has been identified as part of a genomic region that, when 
disrupted is responsible for a complicated phenotype including malelfernale infertility (Barrends 
et al., 1999,2000). A UBC4-dependent E3 is expressed in the testis. Rat100 is a 300-kDa protein 
expressed mainly in the brain and testis and is similar to the human E3. RatlOO is induced during 
postnatal development of the rat testis. It is localized only in germ cells and is highly expressed 
in spermatocytes, moderately in round and slightly in elongating spermatids. In contrast to 
UBC4, RatlOO has a limited subset of substrates. RatlOO is the homolog of human EDD and 
likely of Drosophila hyperplastic discs. This homology with other results (Oughtred et al., 
2003) suggests that induction of this E3 results in ubiquitination of specific substrates, some 
of which are important in male germ cell development. 

31.2.3. Deubiquitination Enzymes 

Specific control of protein deubiquitination takes part in the ubiquitin system. One of the 
enzymes which catalyzes protein deubiquitination is PGP 9.5, an UCH (ubiquitin carboxyl- 
terminal hydrolase) found at high level in testis (Kajimoto et al., 1992). Proteingene product 9.5 
(PGP9.5), originally isolated as a neuron specific protein, belongs to a family of ubiquitin 
carboxyl terminal hydrolases that play important roles in the nonlysosomal proteolytic pathway. 
In the developing testes, PGP9.5 was only localized on the spermatogonia, where as in adult 
mice it appeared not only on spermatogonia, but also on Sertoli cells. In the testis of the male 
sterile WrWv mutant, very little, but strong reactivity was present in Sertoli cells. PGP9.5 is a 
useful marker for activated Sertoli cells, playing an important role in degradation of abnormal 
proteins (Kon et al., 1999). Among mammalian species, the human enzyme UCH P A P  l), which 
physically interacts with BRCAl (a protein involved in breast cancer) shows enhanced 
expression in testis and ovary (Jensen et al., 1998). Human ISOT-3 encodes an enzyme, which 
belongs to the UBP group of deubiquitinating enzymes and is highly expressed in ovary and 
testis, with a low level expression in other tissues (Timms et al., 1998). 

31.2.4. Multiubiquitin Chain Biding Protein (Mcbl) 

The selective protein degradation mediated by the ubiquitin proteasomal pathway has recently 
attracted much attention as a mechanism for controlling the levels of regulatory peptides with 
a rapid turnover, e.g. cyclin, p53, c-Myc, c-Fos, and c-Jun. The binding of the multiubiquitin 
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1 MVLESTMWV DNSEIWWOD MVNIVCBSK TRSNPENNVO LITLANDCEV 
61 LTTLTPDTGR ILSXSBTVQP KGKITPCTGI -11 AWGSPVEDN 
121 EKDLVRLAKR LIUCEKVNVDI INFGEEEVNT EKLTAFVNTL NGKDGTGSEL VTVPPGPSLA 
181 DALISSPILA GEGGFMLGLG ASDFEPGVDP SADPELALAL RVSMZEQRQR QEEEARRAAA 
241 ASAAEAGIAT PGTEDSDDAL LmINQQEF GRPGLPDLSS MTEEEQIAYA W L Q G T E P  
301 SQESADMDAS SAKDTSDPVK EEDDYDWD PEFLQSVLEN LPGVDPNNAA IRSVMCAWLS 
361 QATKDGKNDK KEEEFX 

Fig. 31.4. Amino acid sequence of mouse testis multiubiquitin chain binding (Mcbl) protein predicted &om 
c-DNA. Source: http//www.ncbi.nlm.nih.gov. (Accession JC 6535). 

substrate to the 26s proteasome is mediated by the 5 s  'a' subunit, which is encoded by the 
gene for the multiubiquitin chain binding protein (Mcbl) (Fig 31.4 ). 

The mouse homologue of Mcbl was identified from a testis cDNA library where its 
expression correlates with active spermatogenesis (Pusch et al., 1998). The encoded Mcbl 
protein is highly conserved between mouse and human, and its transcripts are expressed in all 
mouse tissues. In the testis, however, there is additionally a second, longer Mcbl transcript in 
wild type mice that is absent in the azoospennic W/Wv mutant mice, suggesting expression of 
this transcript in association with germ cell differentiation. 

31.2.5. Proteasome 

Many investigators had noticed that eukaryotic cells contain a novel protease with an unusually 
large size and multiple catalytic functions, which is distributed widely in all eukaryotes. A 
variety of terminology covering over 10 names was proposed for the enzyme, such as high 
molecular weight protease or multi-catalytic proteinase complex. Finally, in 1988, the term 
proteasome, based on its structural features, was proposed. Rechesteiner group showed that 
two large proteases were present in cells, one being the 20s proteasome and the other, an ATP 
activated protease with an apparent sedimentation coefficient of 26s (Fig 31.5). The larger 26s 
proteasome was shown to contain the 20s proteasome together with multiple components 
containing potential ATPase. This protease was called the 26s proteasome to distinguish it 
from the original 20s proteasome. The 26s proteasome has been established as a eukaryotic 
ATP dependent protease that appears to be responsible for the process. Thus the eukaryotic 
ATP dependent system for proteolysis consists of two distinct processes: fist, recognition of 
target proteins by Ub and then degradation of Ub ligated proteins by the 26s proteasome, with 
metabolic energy being required for both the steps (Review -Tanaka, 1998; Mochida et al., 
2000). 

Using anti-TBP Ab, Mochida et al., (2000) isolated the 26s proteasome fiom rat testis and 
sperm tail and visualized it by electron microscopy. During the purification of Sak57, a keratin 
filament present in outer dense fibers from epididymal sperm, was associated with a substantial 
amount of 26s proteasomes. Intact 26s proteasomes from rat testis displayed a rod shaped 
particles about 45nm in length and 1 1 - 17 nm in diameter. Each particle consists of a 20s barrel 
shaped component formed by four rings (a~~cn), capped by two polar 19s regulatory complexes, 
each identified by an element known as the Chinese dragon head motif. The TBP-1 appeared as 
an ATPase containing subunit of the 19s regulatory cap. Rat sperm preparations displayed 
both dissociated 26s proteasomes and Sak57 filaments. It was hypothesized that 26s 
proteasomes in the perinuclear arranged manchette are in a suitable location for recognition, 
sequestration, and degradation of accumulating ubiquitin conjugating somatic and transient 
testis specific histones during spermiogenesis (Mochida et al., 2000). 
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Fig. 31.5. (A). Diagramatic repre&ntation of 26 S Proteasome. (B) Image of dumbbell-like PA 700-20 S 
proteasome and (C) football like PA 28-20s proteasome. The alpha and beta rings of 20s proteasome are 
indicated. (A) reprinted with permission from K. Mochida et al. Mot Reprod Develop 57; 176-84:20008 
John Wiley & Sons Inc htt~:Nw3.interscience.wilev.com~cai-bin/iabout~37692ProductInfomation.h~l. 
(9, C) reprinted with permission from S. Tanaka. J Biochem (Japan) 123; 195-204:1998 0 Japanese Biochemical 
Society. 

31.2.6. Tat Binding Protein 1 and Proteasome 

The rat TBP-1 (tat binding protein-1) (rt TBP-I) is a new member of the family of putative 
ATPase associatedwith26S proteasome complex. The 1.63 kb rtTBP-1 cDNA encodes a49 kDa 
protein with 99% amino acid identity to human TBP-1 protein. The rtTBPl protein contains a 
heptads repeat of six leucine type zipper fingers at the amino terminal end and highly conserved 
ATPase and DNAlRNA helicase motifs towards the carboxyl terminal region. The encoded 
product consists of a protein triplet with a molecular mass range of 52-48 kDa and acidic pl(5.0- 
5.9). An identical immunoreactive triplet was detected in fractioned pachytene spermatocytes, 
round spermatids and epididymal sperm. The rtTBP-1 immunoreactive sites co-localizes with - 
tubulin decorated manchettes of elongating spermatids, in addition to its activity in fibriller 

I and granular cytoplamic bodies observed in spermatocytes and spermatids as well as in 
association with paraaxonemal mitochondria and outer dense fibers of the developing spermatid 
tail. The rtTBP-1 is a highly evolutionary conserved TBP-1 l i e  subfamily of putative ATPase, 
sharing region of identity including ATP binding sites (Rivkin et al., 1997). 

31.2.7. Significance of Ubiquitination in Gametogenesis 

DNA Repair : The regulation of the first and second meiotic division in testes depends on 
many components that are also present in mitotic cells. Now it is an established fact that 
ubiquitin-mediated protein degradation, for example of the different cyclins, is essential for the 
cascade of events that mediate cellular division. The chromatin rearrangement also could pose 
a high demand on ubiquitin dependent proteolysis, carried out by the 26s proteasome. In 
Drosophila and Xenopus, the proteasome contains testis-specific high expressed subunits 
(Yuan et al., 1996; Belote et al., 1998). The Rad6 is required for a variety of cellular functions in 
yeast, including DNA repair, sporulation, and gene silencing. It acts as a Ub-conjugating E2 
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enzyme in yeast. Two homologs of the Rad6 gene have been identified in mouse and man: X 
chromosomal HR6A and autosomal HR6B (Roest et al., 1996) (Chapter 13). Both genes are 
expressed in many tissues, yith the highest rnRNA expression in brain, heart, testis and low 
expression mHR6B in ovary. The yeast RAD6 and its human homolgs hHR6A and hHR6B are 
implicated in post-replication repair and damage induced mutagenesis. A parallelism between 
yeast sporulation and mammalian spermatogenesis strongly implicates hHR6-dependent 
ubiquitination in chromatin remodeling. Since heterozygous male mice and even knockout 
female mice are completely normal and fertile and thus able to transmit the defect, similar 
hHR6B mutations may cause male infertility in man (Roest et al., 1996). The HR6B, possibly 
together with the ubiquitin ligating enzyme mRAD18Sc, is most likely involved in chromatin re- 
organization during the meiotic and post-meiotic phases of spermatogenesis (Baarends et al., 
2000). 

The E2 mutation leads also to infertility as found in Drosophila. The E2 enzyme UbcD1, 
suggested for proper telomere behaviour in all cells, has an unknown additional function that 
is essential for post-meiotic germ cell development. The UbcDl enzyme is a homolog of the S. 
cerevisisae UBC4/UBC5 proteins, that are essential for degradation of short lived and abnormal 
proteins. The UbcD1 is most similar to the rat E2,, (Wing and Jain, 1995) and its isoform 8A, 
both of which are highly expressed in rat testis. The rjs gene, encoding a E3-like proteins is 
involved in regulation of a number of substrates that function in different specific processes 
(Lehman et al., 1998). 

Targetting Repressor Proteins : Human Cdc34 and Rad6B ubiquitin conjugating enzymes 
target repressors of cyclic AMP-induced transcription for proteolysis. The Cdc34, Rad6B, and 
the Cullin proteins are expressed in a developmentally regulated manner, with distinctly different 
patterns for Cdc34 and the Cullin proteins in germ cells. The Cdc34 and Rad6B protein are 
significantly elevated in meiotic and postmeiotic haploid germ cells when chromatin 
modifications occur. Thus, the stability of specific mammalian transcription factors is the 
result of complex targeting by multiple ubiquitin conjugating enzymes and may have an impact 
on CAMP inducible gene regulation during both meiotic and mitotic cell cycles (Pati et al., 
1999). 

Ubiquitin Mediated Protein Degradation : Now it is established that ubiquitin mediated 
protein degradation, e.g. of different cell cyclins and testicular histones is essetional for cascades 
of events that mediate spermatogenesis. Another example for the need of protein breakdown 
during gametogenesis, is the turnover of nuclear proteins during the post-meiotic histone-to- 
protamine transition in male germ cells (Baarends et al., 1999). Ubiquitination of histones is a 
general phenomenon found in mammalian cell types, and thought to function in the regulation 
of nucleosome structure. Also, during spermatids elongation in the mouse, just prior to 
replacement of the histones, an increase in the amount of ubiquitinated histones has been 
observed (Baarends et al., 1999). Since RAD6 and its mammalian homologs canubiquitinate in 
vitro, Baarends et al(1999) investigated the pattern of histone ubiquitination in mouse testis. 
A high amount of ubiquitinated H2A (uH2A) was detected in pachytene spermatocytes in wild 
mouse testis. It was not detected in round spematids, but then increased again in elongating 
spermatids. No other ubiquitinated histones were observed. In the HR6B hockout mice, there 
was no overt defect in the overall pattern of histone ubiquitination. The most intense uH2A 
signal in pachytene spermatocytes was detected in the sex body, an inactive nuclear structure 
that contains the heterochromatic X and Y-chromosomes. The postmeiotic uH2A in elongation 
spermatids indicates that nucleosome destabilization induced by histone ubiquitination might 
play a facilitating role during histone to protamine replacement (Barrends et al., 1999, Chen et 
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al., 1998). Mutation of the ubiquitination site of H2A does result in a modest negative effect 
upon the sporulation efficiency (Swerdlow et al., 1990). 

IL MOLECULARCHAPERONS 

Molecular chaperones are defined as a family of unrelated classes of proteins that mediate the 
correct assembly of other polypeptides but they are not components of the functional assembled 
structures. It is likely that most, if not all, cellular proteins interact with a chaperone at some 
stage of their lifetime. The function of chaperone proteins is to assist polypeptides to self- 
assemble by inhibiting alternative assembly pathways that produce nonfunctional structures. 
There exist several families of chaperones, many of which are heat shock proteins. In ATP 
dependent chaperones, binding of ATP triggers a critical conformational change thus releasing 
the substrate. Although the main function of the HSP70/HSP40 chaperone system is to minimize 
aggregation of new& synthesized polypeptide, some chaperones, like HSP~O facilitate the 
actual foldmg process by providing an environment for individual protein, and may also promote 
the unfolding and refolding of misfolded intermediates (review -Fink, 1999; Ellis, 199 1). 

The molecular chaperones involved in the folding of newly synihesized proteins recognize 
non-native substrate proteins predominantly via their exposed hydrophobic residues to form 
stable complexes. In most cases, these complexes are dissociated by the binding and hydrolysis 
of ATP. Thus, cells have solved the problem of misfolding and aggregation to a considerable 
extent at least, through the participation of molecular chaperones in the in vivo folding process 
(Fink, 1999). The major chaperone classes are small, 40-kDa heat shock protein (HSP40); the 
DnaJ family), 60-kDa heat shock protein [HSP60; including GroEL and the Tcomplex polypeptide 
1 (TCP-1) ring complexes], 70kDa heat shock protein (HSP70), and 90-kDa heat shock protein 
(HSP90), calreticulin and calnexin. All these chaperones can prevent the aggregation of at least 
some unfolded proteins and the extent depends on the compatibility of molecular chaperon 
and the amino acid sequence of the protein to be folded. In addition to preventing aggregation, 
HSP90 may permit misfolded structures to unfold and refold. 

313. HEAT SHOCKPROTEINS IN SPERMATOGENESIS 

Heat shock proteins (HSP) are highly conserved cellular stress proteins present in every 
organism from bacteria to man. Many stimuli induce heat shock like response and generate 
heat shock proteins. In 1962 the salivary gland chromosomes of the Drosophila melanogaster 
exhibited a characteristic puffing after exposure to heat. The gene product of this chromosomal 
puffmg was identified in 1974 when the term heat shock proteins was introduced (Tissiers et al. 
1974). Since then the chromosomal location of the genes coding for many HSP proteins have 
been identified and the genes sequenced. The conformation and the mechanism of gene 
activation by nuclear heat shock transcription factor have been characterized (Westwood et al. 
1991). Since the heat shock response is a vital cellular survival mechanism, attention on HSP 
has been attracted in every medical field including reproductive medicine (Mizen, 1998;Review- 
Neuer et al., 2000). 

31.3.1. Properties of Heat Shock Proteins 

All organisms respond to an increase in temperature by switching off the synthesis of most 
proteins and commencing large-scale synthesis of a few HSP. The amino acid composition of 
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HSP has not changed very much during evolution. The HSPs of highly divergent organisms 
are very similar. Due to essential role in quality control, HSPs are among the most highly 
conserved gene products in nature. The term HSP refers to inducible protein products while 
HSC describes constitutively expressed HSP. The HSPs serve two major functions: firstly, 
under physiological conditions, they act as molecular chaperones, involved in mediating the 
folding and transport of other intracellular proteins and in some cases HSP play a role in their 
assembly into oligomeric structures from monomers. They fulfill crucial roles in intracellular 
transport, the maintenance of proteins in an inactive fonn and the prevention of protein 
degradation. In addition, two HSP70 proteins are products of genes expressed specifically in 
spermatogenic cells and are widely distributed in ciliary and flagellar components, suggesting 
that they play a potential role in axonemal protein dynamics. 

Heat shock proteins are induced in response to various cellular stresses, which include 
change in temperature, the presence of ffee oxygen radicals, viral and bacterial infection, heavy 
metals, ethanol, and ischaemia. The stress-elicited activation of heat shock genes is called the 
heat shock response. This heat shock response is frequently found in clinical conditions, e.g. 
ischaemia, infection and circulatory and haemorrhagic shock. Cellular stress disturbs the tertiary 
structure of proteins and has adverse effects on cellular metabolism. However, pretreatment of 
cells with a mild stress, just sufficient to induce the expression of HSP, results in protection to 
subsequent insults. This phenomenon has been called 'stress tolerance'. It has been suggested 
that cellular structure like microfilaments and centrosomes and cellular functions like 
transcription and translation are more stabilized during a second stressful event in stress 
tolerant cells. (review Neuer et al., 2000). 

31.3.2. 'Small' Heat Shock Proteins 

Small HSP 12- to 43 kDa from crytallin family produced under stress are known to function in 
vitro as chaperons. But their role in vivo is not very clear. Among recently described, eighth 
small heat shock protein (sHspB8) is present in heart and skeletal muscle (Smith et al., 2000). 
The other, named HspB9, is specifically expressed in testis, notably in the spermatogenic cells 
ffom late pachytene spermatocyte stage till elongate spermatid stage. While mammalian sHsps 
are generally highly conserved, mouse HspB9 shows 38% sequence difference with human 
HspB9, whichmay confirm its sex-related role (Kappe et al., 2001). Expression of Hsp25 was not 
detected in mice testis in the early postnatal days, i.e., before the onset of spermatogenesis. 
The Hsp25 mRNA was detected at around 10 days postpartum and began to be expressed in 
coincidence with the onset of the first wave of spermatogenesis. Throughout the testis 
development, Hsp25 mRNA was localized exclusively to germ cells. The W N v  mutant mice, 
exhibited no Hsp25 mRNA expression. The most intense signal of Hsp25 mRNA was localized 
to the spermatocytes at leptotene, zygotene and early pachytene phases and decreased in the 
late pachytene and diplotene spermatocytes and was not detected in spermatids. Hsp25 plays 
some specific role in the meiotic prophase of the testicular germ cell (Wakayama and Iseki, 
1999). HSP-27 is present in the cytoplasm of mouse spermatogenic cells and reallocates to 
nucleus after heat shock (Biggiogera et a]., 1996) 

31.3.3. Heat Shock Protein - 40 or DnaJ 

The HSP40 or Dnd family consists of over 100 members, defined by the presence of a highly 
conserved J domain of -78 residues. Proteins in this family typically consist of several domains, 
e.g., DnaJ contains at least four conserved regions representing potential functional domains 
: the J domain, which is linked by a GlyPhe-rich region to a domain of unknown function, 
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followed by a zinc-finger region, and ending with the COOH-terminal domain, also of unknown 
function. The best defied role thus far for the HSP40 is to act as a co-chaperone for HSP70; 
however, even this function is not well understood, and there is evidence to indicate that DnaJ 
and other members of the HSP40 family are chaperones in their own right, binding to at least 
some unfolded protein and nascent chains. Little is known about the structural features of 
DnaJ that are involved in its interaction with DnaK and unfolded proteins. A member of the 
DnaJ protein family, named MSJ-1, is 242 amino acid residues long that contains the finger- 
printing J domain in the NH2 terminus and GlylPherich domain in the middle of protein, which 
are characteristic structural domains of the DnaJ protein family. Analysis fiom different organs 
revealed that MSJ-1 is expressed only in the testis, while in-situ hybridization analysis 
demonstrates that the mRNA is first transcribed in spermatids. The antiserum developed against 
a MSJ- 1 GST hsion protein recognizes a protein of 30-kDa in germ cell protein extracts (review 
Bermti et al., 1998a, b). The predicted sequence of DnaJ fiom spermatogenic cells is similar to 
that of bacterial DnaJ proteins in the amino terminal portion since it contains the highly conserved 
J domain, which is present in all DnaJ like proteins and is considered to have a critical role in 
DnaJ protein interactions. In contrast, the middle and carboxyl-terminal regions of the protein 
are not similar to any other DnaJ proteins, with the exception of the human neuronal HSJ-1, 
which displays a 48% identity in a 175 amino acid overlap. The mRNA is first transcribed in 
spermatids. A similar pattern of expression is exhibited also in rat testis. This mouse gene was 
named MSJ-1, for mouse sperm cell specific DnaJ first homologue (Bermti et al, 1998). MSJ-1 
gene was called MFSJ1, for spermatogenic cell-specific DNAJ homolog in the Japanese monkey. 
The MFSJl gene is specifically expressed in testis and is active at adult and senile stages. The 
MFSJl gene is expressed mainly in spermatids and was found to have high similarity (71% 
identity) with MSJ-1, mouse spermatogenic cell-specific DnaJ homolog (Yu et al., 2003). 

The MSJ-1 interacted with the testis specific Hsp70-2 protein and precipitated with Hsp70- 
2 &om spermatogenic cells; bindiig of these two charperones is consistent with the presence 
of a third component, which is so far unknown. The MSJ-1 is weakly detected in early round 
spermatids, and its content increased in differentiating spermatids where it colocalizes with the 
developing acrosome and their post-nuclear region. The Hsp70-2, which is highly expressed in 
meiotic cells, shows a sub-cellular localization in late differentiating spermatids and sperm and 
overlap with MSJ-1. Findings are consistent with a role for MSJ-1 in acrosome formation and - 
centrosome adjustment during spermatid development, whereas its presence in mature 
spermatozoa suggests a special function during fertilization ( B e d  and Martegani, 2001). 

31.3.4. Heat ShockProtein-60 

Many of the HSP60 chaperones are also known as chaperonins (cpn60) and are ring-shaped 
oligomeric protein complexes with a large central cavity in which non-native proteins can bind. 
Members of HSP60 are also involved in assembly of large multi-protein complexes. During 
developmental stages of spermatogenesis, it is not surprising that this process is accompanied 
by the expression of different HSPs. The HSP60 is one of the best characterized among molecular 
chaperones. It is an essential chaperon protein involved in transport, folding and assembly of 
protein subunits. It is highly conserved and its production is elevated in response to 
environmental stress. Immune responses to conservedregions of HSP60 have been implicated 
in autoimmune phenomena. Pregnancyregulation and final out come of HSP60 has been reviewed 
(Neuer et al, 2000). The HSP60 group of proteins that is highly expressed in a constitutive 
manner is moderately stress inducible. The HSP60 and 70 are important in testis germ cells. 
During mouse and rat spermatogenesis, the constitutive form of HSP70 accumulates. Also 
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mRNA coding for proteins related to HSP60 was found in rat and human testis in infertile men. 
The seminiferous epithelium showed a cell specific expression of HSP60 with localization in 
Sertoli and Leydig cells. In germ cells, mitochondria of spermatogonia and early primary 
spermatocytes were immunoreactive for HSP60; other germ cell types were completely negative. 
High concentrations of HSP60 were found in stages I-V and IX-XIV, and low levels were 
detected in the other stages, i.e., VI-VIII. In stages with high HSP60 expression, spermatogonia 
divide mitotically whereas in stages lacking mitosis, the HSP60 level was much weaker. The 
main site of HSP60 is located in the mitochondria; other loci include cell surface exposition of 
HSP68. In seminiferous epithelium, two different types of mitochondria are present. The crista 
type of mitochondria (e.g., in Sertoli cells and spermatogonia) reacted with the antibody against 
HSP60, whereas HSP60 was negative in so-called "condensed"-type mitochondria found in 
mid-pachytene spermatocytes and more advanced germ cells. The presence of HSP60 in stages 
with mitotic activity suggests a very active mitochondria1 protein import and protein assembly 
machinery that generates further mitochondria for the dividing cells (Meinhardt et al., 1995, 
1999). It has been demonstrated that the number of HSP60 expressing spermatogonia paralleles 
the loss of spermatogenic function, and that a low level of HSP60-expressing spermatogonia 
might lead to a decreased level of protection, which in turn could be involved in low 
spermatogenic efficiency (Meinhardt et al., 1999). 

31.3.5. Heat Shock Protein-70 

The HSP70 family comprises several proteins, at least a dozen, that are localized in distinct 
cellular compartments. The constitutively expressed HSP70 is found in the cytosol and the 
nuclei of cells. It is only moderately stress inducible and is most conserved among HSP super- 
fkmily. The HSP70 chaperones are composed oftwo major functional domains. The NH2 terminus 
with highly conserved ATPase domain binds ADP and ATP very tightly and hydrolyzes ATP, 
whereas the COOH-terminal domain is required for polypeptide binding. Cooperation of both 
domains is needed for protein folding (Fink, 1999). In rat testis high levels of Hsp70 RNA were 
found in stages XII-XIV and I to early VII of the spermatogenic cycle, and low levels were 
found in other stages, i.e., late VII (VIM) through VIII-XI of the cycle. The in situ hybridization 
revealed that the Hsp70 gene was activated in late pachytene primary spermatocytes during 
stage XI1 of the cycle, and that mRNA was then present in cells during differentiation through 
diakinesis, meiotic divisions, and early spermiogenesis (Krawczyk et al., 1988). An antibody 
originally raised against human sperm proacrosin (designated C3) was found to immunostain 
Hsp70 like protein in rat (Roab et al., 1995). In mice, the HSP70 family contains at least seven 
different proteins, including the constitutively expressed 70-kDa heat shock cognate (HSP70) 
and 75-kDa and 78-kDaglucose-regulated proteins GRWS and GRW8 In addition, environmental 
or physiological stress induces expression of two additional HSP70s, HSP70-1 and HSP70-3, 
which protect cells and help them recover &om stress induced damage. Studies demonstrated 
that Hsp7O. 1 and Hsp70.3 have an essential role in maintaining genomic stability under stressed 
conditions (Hunt et al., 2004). Hsp7O-1 mRNA and protein are equally expressed in all segments 
of normal epididymis and ductus deferens and was specific to basal cells in the epididymal 
epithelium (Legare et al., 2004). In addition, spermatocyte-specific HSWO-2 is expressed at high 
levels in pachytene spermatocytes during the meiotic phase of spermatogenesis, whereas 
testis-specific HSC70 (HSC70-t) is expressed in postmeiotic spermatids @ix et al., 1996). Mouse 
somatic tissues contain low levels of transcripts homologous to heat shock-inducible and 
cognate members of hsp70 gene family. A unique sized hsp70 mRNA of 2.7-kb is present in 
testes in the absence of exogenous stress. Its expression is restricted to germ cells and is 
developmentally regulated. The 2.7-kb transcript first appears during the haploid phase of 
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spermatogenesis and is stable throughout the morphogenic stages of spermiogenesis. A 2.7- 
kb hsp70 mRNA is present in rat and human testes. 

The developmental expression of HSP70-2 during spermatogenesis implies that it performs 
a specialized h c t i o n  during meiosis that cannot be accomplished by other HSP70 (Dix et al., 
1996). To determine if this unique stress protein has a critical role in meiosis, Dix et a1 (1996) 
disrupted Hsp70-2 gene in mice. Male mice homozygous for the mutant allele (Hsp70-24) did 
not synthesize Hsp70-2, lacked postmeiotic spermatids and mature sperm, and were infertile. 
However neither meiosis nor fertility was affected in female Hsp70-24- mice. It was found that 
Hsp70-2 was associated with synaptonemal complex in the nucleus of meiotic spermatocytes 
from mice and hamsters. While synaptonemal complexes assembled in Hsp70-24- 
spermatocytes, structural abnormalities became apparent in these cells by late prophase, and 
development rarely progressed to the meiotic divisions. Furthermore, analysis of nuclei and 
genomic DNA indicated that the failure of meiosis in Hsp70-24- mice was coincident with a 
dramatic increase in spermatocyte apoptosis. It suggests that Hsp70-2 participates in 
synaptonemal complex function during meiosis inmale germ cells and is linked to mechanisms 
that inhibit apoptosis @ix et al., 1996). 

In juvenile homozygous mutant mice (Hsp70-2-/-), spermatogenesis proceeded normally 
until day 15 following which pachytene spermatocytes became apoptotic and differentiation of 
cells beyondthe pachylene stage began to falter. Synaptonemal complexes assembled in Hsp70- 
24- mice and spermatocytes developed through the final pachytene substage, however, SCs 
failed to desynapse and normal diplotene spermatocytes were not observed. Metaphase 
spermatocytes were not seen in testis sections of Hsp70-2-/-mice, and expression of mRNAs 
and antigens, characteristic of late pachytene spermatocytes (e.g., cyclin A 1) and development 
of spermatids did not occur. Thus, HSP70-2 is required for synaptonemal complex desynapsis, 
and its absence severely impairs the transition of spermatogenic cells through the late meiotic 
stages and results in apoptosis beginning with the first wave of germ cell development in 
juvenile mice (Dix et al., 1997). The TI-JNEL on testis sections indicated that chromosomal 
fragmentation was occurring in late pachytene spermatocytes in Hsp70-24- mice. The role of 
HSP70-2 in preventing apoptosis in pachytene spermatocytes was relatively specific. 

HSP70-2 is required for CDC2 to form a heterodirner with cyclin B 1, suggesting that it is a 
chaperone necessary for the progression of meiosis in the male germ cells. It appeared that one 
cause of failure to complete meiosis during spermatogenesis in Hsp70-2 (-/;) mice is disruption 
of CDC2/cyclin B 1 assembly required as CDC2 kinase to trigger G2M-phase transition. This 
provides in vivo evidence for a link between an HSP70 molecular chaperone and CDC2 kinase 
activity essential for the meiotic cell cycle during spermatogenesis (Zhu et al., 1997). In addition 
to CDC2, other proteins may require chaperoning by HSP70-2. The SC proteins that might be 
associated with HSP70-2 include those with structural roles, such as SCPlICORl . In addition, 
HSP-70 proteins are associated with the SC that has roles in DNA recombination and repair, 
including RADS 1, MLH1, DNA topoisomerase 11, BRCAI, ATM, ATR and UBC9 (review Eddy, 
1999). 

A cDNA &om spermatids that encoded HSP 70 showed only one continuous open reading 
flame capable of coding 630 amino-acid protein and matched with sequences of previous 
HSP70. A 2.7kb transcript derived from this gene was expressed in spermatids but not in other 
testicular germ cells and somatic tissues (Matsumoto and Fujimoto, 1990) (Fig 31.6). A 0.8-kb 
upstream region &om endogenous rat hsp70 contains sufficient information to function as an 
active spermatogenesis specific promoter (Wisniewski et al., 1993). The 252 bp of the upstream 
region of the hst7O gene is sufficient to direct the expression of the reporter gene with high 
specificity to testis of adult transgenic as well as sufficient to activate the transgene in a 
developmentally regulated way (Widlak et al., 1995) . A 165 bp-long hgment of the Hst70 gene 
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Fig.31.6. Nucleotide sequence of mouse hc70t gene and the deduced amino acid sequence as determined from 
genomic GE6 and HS2 cDNA clones. The polyadenylation signal is underlined. Poly A: addition site of a 
polyadenylation tract, Bn: Ban1 site, and BI: BamHI site are marked. Reprinted with permission from M. 
Matsumoto et al. Biochem Biophys Res Commun. 166;143-47:1990 O Elsevier. 

promoter containing the T1 transcription start site region, entire exon 1 and 42 bp-long 5' region 
of the intron, is sufficient to drive testis-specific expression of the CAT reporter gene in 
transgenic mice with the same developmentally regulated pattern as the endogenous Hsp70.2 
gene (Scieglinska et al., 2004). 

A mouse gene, containing extensive similarity to a heat shock-inducible Hsp70 gene 
within the coding region but diverging in both 3-' and 5'-non-translated regions, was isolated 
by Zakari et a1 (1988). The gene appeared to be activated uniquely in the male germ line. An 
isoform of Hsp70 called 73T, with a Mr of 73-kDa was shown to be associated with germ cells, 
and found only in adult mouse testicular cells, but not in testes fiom animals that lacked meiotic 
germ cells. The 73T was synthesized in enriched cell populations of both meiotic prophase and 
postmeiotic cells, but was not inducible by in vitro heat shock. It was suggested that hsp72 is 
inducible in the somatic compartment and possibly in the pre-meiotic germ cells, but not in 
germ cells, which have entered meiosis and which are expressing members of the HSP70 in a 
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developmentally regulated fashion (Zakeri et al., 1990). The 5' flanking region of Hsp70 related 
gene, which is specifically expressed in rat and mouse spermatocytes contains 
GGTCAnnnCGACC sequence closely resembling the palindromic consensus estrogen 
responsive element (ERE) GGTCAnnnTGACC. However, in transient expression assay, 
GGTCAnnnCGACC sequence did not respond to hormone stimulation, showing the importance 
of T nucleotide in ERE for activation of transcription (Krawczyk et al., 1992). 

The HspA2 gene is the human homologue of the murine Hsp70-2 gene with 91.7% identify 
in the nucleotide coding sequence. HSPA2 occurs in testes with normal spermatogenesis, 
whereas a low amount of HSPA2 was expressed in testis with Sertoli cell-only syndrome. The 
HSP-A2 was present in spermatocytes and spermatids. The mRNA expression of HSPM in 
testes of infertile men with azoospermia demonstrates that HspA2 gene expression is down 
regulated with abnormal spermatogenesis, which in turn suggests that the HspA2 might play 
a specific role during meiosis in human testes (Son et al., 2000). 

Birds, however, are unique among homeothermic animals in developing spermatogenesis 
at the elevated avian internal body temperature of 40-410 C. To shed light on the mechanisms 
that maintain an efficient avian spermatogenesis at elevated temperatures, expression of HSP70 
and ubiquitin was compared in mouse and chicken testicular cells. While the expression of 
Hsp70 and ubiquitin did not change upon heat shock in mouse testicular cells, both the 
amount and polyadenylation of Hsp70 and ubiquitin transcripts increased when male germ 
cells from adult chicken testis were exposed to elevated temperatures (Mezquita et al., 1998). 

31.3.6. Heat Shock Protein-90 

In mouse testis, HSP90 heat shock protein is present in the cytoplasm and to a lesser extent in 
the nucleus throughout spermatogenesis. It is absent fiom mitochondria but disappears from 
the cell nucleus at the stage of elongating spermatids. After heat shock, both HSP90 and 
HSP27 increase and partly relocate to the nucleus. Following hypothermic treatment to testis, 
a sharp increase in the labeling of HSPs occurs in chromatid bodies of round spermatids 
(Biggiogera et al., 1996). The 105-kDa protein is testis-specific and related to HSP9O (90-kDa 
heat-shock protein). During development of rat testis, the 105-kDa protein does not appear 
until the age of five weeks, while HSP90 could be detected at three weeks. In the spermatozoa, 
the 105-kDa protein was more abundant than in Leydig tumor cells of rat testis (Itoh and 
Tashima, 1991). 

31.3.7. Heat ShockProtein-110 

The Apg-1 encodes a heat shock protein belonging to HSPl 10 family. The apg-1 transcripts 
are constitutively expressed in the testicular germ cells and to some extent in most tissues. The 
apg-1 is abundantly expressed in testis and responds to a low temperature heat shock rather 
than the traditional elevatedtemperatures (Kaneko et al, 1997). In a Sertoli cell line (TAMA26) 
of mouse, apg-1 transcripts were induced by a temperature shift from 32 to 390C, but not by a 
shift from 37 to 420C, the traditional heat stress, or a shift from 32 to 42 OC. The heat response 
pattern of hspl10 expression was similar to that of apg-1. It was suggested that the expression 
of apg-I, hsp60 and hsp70 could be induced at lower temperature than the traditional elevated 
temperatures and that the mechanisms regulating the transcript levels of apg-1 and hspl10 are 
different from those of hsp70 (Kaneko et al., 1997a). 

The 105-kDa HSP 105 and HSP 105 are mammalian heat shock proteins that belong to the 
HSPl05/HSPllO family. Both HSPIOS andHSPl10 consist ofacidic andbasic isofom. The 
acidic isoforms are serine phosphorylated. Furthermore, HSPIOS or HSPIOS seem to act as 
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substrates for casein kinase II, which phosphorylates HSP1 05 and HSPlO5. Since phosphorylated 
HSP 105 is prominently present in the brain of mice and rats, the phosphorylation of HSP 105 by 
casein kinase I1 may be biologically important (Ishihara et al., 2000). Matsumori et al., (2002), 
however, identified a testis and brain-specific 105-kDa protein, which cross-reacted with an 
anti-bovine HSP90 antibody. The protein was induced in germ cells by heat stress and inhibited 
the aggregation of citrate synthase as a molecular chaperone in vitro. It was able to bind to 
ATP-Sepharose like HSP70. A partial amino-acid sequence (24 amino-acid residues) showed 
identity with mouse testis- and brain-specific APG-1 and osmotic stress protein 94 (OSP94). 
The 105-kDa testis-brain specific protein was also detected in the medulla of the rat kidney 
similarto OSP94. It appeared as ifAFG-1 and OSPW were identical to 105-kDaprotein (Matsumori 
et al., 2002). 

The expressions of the apg-1 transcripts were detected in germ cells at specific stages of 
development including spermatocytes and spennatids. Although heat induction of apg-1 
transcripts was observed in W N v  mutant testis lacking germ cells, it was not detected in wild 
type testis nor in the purified germ cells. Thus, the apg-1 expression is not heat regulated but 
developmentally regulated in germ cells, suggesting that APG-1 plays role in normal 
development of germ cells (Kaneko et al. 199%). 

31.4. HEME OXYGENASES AS CHAPERONES 

The heme oxygenase (HO) isozymes HO-1 and HO-2 oxidatively cleave the heme molecule to 
produce the bile pigments, CO and iron (See Chapter 30). The HO-1 (Hsp32) is a stress inducible 
enzyme, whereas HO-2 is constitutively expressed at high levels in testis and brain. The cellular 
distribution of HO-1 and HO-2 in the testis of normal and heat shocked rats indicated the cell 
specific expression of these isozymes. In normal testis H01 was not detected in germ or Leydig 
cells but could be detected at low levels in Sertoli cells. The HO-2 on the other hand, was most 
prominently expressed in residual bodies and was not detected in spermatogonia. Modest 
levels of HO-2 were observed in spermatocytes, spermatids, Leydig cells. In contrast, prominent 
expression of HO-2 rnRNAs was detected in spennatocytes, spermatids, and residual bodies of 
thd seminiferous epithelium (Ewing et ., 1995): 

315. CALRETICULIN AND CALNEYIN 

Calnexin is a transmembrane molecular chaperone that resides in the endoplasmic reticulum 
(ER). Calreticulin, which has sequence homology with calnexin, is a soluble ER chaperone. 
Both proteins are involved in folding and assembly of nascent proteins in the ER in a calcium- 
dependent manner and play an important role in glycoprotein maturation and quality control. 

31.5.1. Calreticulin 

The endoplasmic reticulum is considered one ofthe most important relevant source of cellular 
Ca2+. Ca2+ is released from the ER by the inosital triphosphate (IP3) receptor and lor ryandine 
receptor (RyR) Ca2+-release channels. Calreticulin is a unique ER luminal CaZ+ binding chaperone 
implicated in playing its role in many cellular functions, including lectin like chaperoning, Ca2+ 
storage and signaling, regulation of gene expression, cell adhesion and autoimmunity. The 
cDNA and genes encoding calreticulin have been isolated from several vertebrates and 
invertebrates. The calreticulin gene consists of nine exons and spans approx. 3.6- kb or 4.6- kb 
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of human or mouse genomic DNA respectively. Human and mouse genes have been localized 
to chromosomes 19 and 8 respectively. The exon-intron organization of the human and mouse 
gene is almost identical. The nucleotide sequences of the mouse and the human gene show 
more than 70% identity, with the exception of introns 3 and 6. The promoter of the mouse and 
human calreticulin genes contain several putative regulatory sites, including AP-I and AP-2 
sites, GC rich areas including an Spl site, an H4TF-I and four CCAAT sequences. AP2 and 
H4TF-1 recognition sequences are typically found in genes that are active during cellular 
proliferation. There are several p l y  (G) sequences, including GGGNNGGG motif in the promoter 
regions of calreticulin and other ER luminal proteins. 

Calreticulin is a 46kDa protein with an N-terminal cleavable amino acid signal sequence 
and a C-terminal KDEL ERretrievel signal. Depending on species, calreticulin may have one or 
more potential N-linked glycosylation sites. Heat shock may trigger glycosylation of calreticulin. 
Three highly conserved cysteine residues are located in the N-domain of the protein. TWO of 
three cysteine residues found in the protein form a disulphide bridge (Cysl20 - Cys146), which 
may be important for proper folding ofthe N-terminal region of calreticulin. Structural predictim 
of calreticulin suggest that the protein has at least three domains (Michalak et al., 1999). 
Besides its localization in EWSR membranes, the protein has also been localized to the 
cytoplasmic granules of the cytotoxic T-cell, sperm acrosomes and ticks cell surface. Calreticulin 
has been implicated to participate in many cellular functions. However two major functions of 
calreticulin in chaperoning and regulation of Ca2+homeostasis are well documented. Calreticulin 
modulates cell adhesion integrin dependent Ca2+ signaling and steroid sensitive gene expression 
both in vitro and in vivo. Calreticulin kom spermatogenic cells has been identified and found 
to be present in the acrosome of both round spermatids and mature sperm. However, under 
immunoelectron microcopy, gold-particles were seen over other sub-cellular structures of 
spermatocytes, spermatids, and Sertoli cells. The acrosome was found to be most heavily 
labeled. The amino acid sequence of calreticulin, deduced h m  the cDNA sequence shares a 
high degree of identity with mouse protein. The cDNA encodes a protein of 416 amino acids, 
including a 17-residue NH2- terminal signal sequence. The mature protein contains a KDEL 
sequence as an ER signal at the COOH terminus. Sperm calreticulin contained no glycosyl 
moiety. Calreticulum mRNA was present in both pre- and post-meiotic germ cells of rat. Rat 
calreticulin contained two Ca2+ binding sites, a low a&lity/high capacity site and another 
high affinityflow capacity site. The calreticulin, which is not specific to testis, is closely 
associated during spermiogenesis, and may play an important role in the regulation of sperm 
motility and acrosome reaction (Nakamura et al., 1993). 

Calnexin was first discovered as one of the proteins consisting signal sequence receptor 
complexes on the ER membrane. Subsecluentlv it was found that calnexin functions as a - - 
molecular chaperone. It associates transiently with many membrane glycoproteins during their 
maturation in the ER, including MHC I heavy chain, MHC class I1 and other proteins (Ohsako 
et al., 1998). Partially trimmed, monoglycosylated, N-linked oligosaccharides have been shown 
to be recognized by calnexin. Calnexin has a long internal domain, which resides in the luminal 
compartment of the ER. The domain is composed of proline rich repeat sequences bearing a 
high homology to a similar region in calreticulin. The proline rich repeat sequence of calreticulin 
has been identified as a high affiity and low capacity Ca2+ binding domain (Fig. 31.7). In 
constrast to that of calreticulin, the cytoplasmic region of calnexin is relatively short and has 
several potential casein kinase I1 phosphorylation sites. In vivo casein is isolated as a 
phosphorylated protein and casein kinase I1 was identified as the probable kinase for calnexin. 
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Fig. 31.7. Domain structure of testis specific, type 1 transmembrane protein calnexin-t. Calnexin-t has a 
Ca2+ binding domain (P-region), a glycoprotein binding domain (N-region), and a cytoplasmic domain (C- 
region), which has three phosphonylation sites for casein kinase 11. 

The molecular cloning of a male germ cell specific Ca2+ binding protein showed it to be initially 
expressed in middle pachytene spermatocytes and persisted until maturation phase spermatids. 
The male germ cell calnexin from testis was calledcalnexin-t (or calmegin called by watanabe et 
al, 1994) as a testis specific variant. Deletion of the gene resulted in complete infertility in male 
mice in spite of the production of sperm with normal morphology and motility, suggesting that 
calmegin Icalnexin-t is indispensable for sperm function (Ikawa et al., 1997; c/r Ohsako et al., 
1998). Sperm fkom homozygous null males failed to adhere to the egg extracellular matrix zona 
pellucida in vitro. This suggested that calmegin functions as a chaperone for one or more 
sperm surface proteins that mediate the interactions between sperm and egg (Ikawa et al., 1997) 
However, sperm fiom Calmegin (-I-) and (+I+) mice did not show any difference in antibody 
staining of acrosome or in strength of antigen in sperm as measured by flow cytometry (Ikawa 
et al, 1997) (Fig 31.8). Besides selective localization on ER, calmegin was present on nuclear 
envelope of spermatogenic cells. During the maturation phases, a dramatic reduction in calmegin 
occurred in the ER of the spermatids, suggesting that the major function of calmegin has been 
completed by the time spermatids reached step 14. Although the immunoreactivity is absent in 
the calmegin deficient mouse testis, mature sperm from the knockout mice were ultrastructurally 
normal (Yoshinaga et al., 1999). Calmegin is required for the heterodimerization of fertilin and 
the appearance of fertilin- on the sperm surface. The sperm defect in calmegin-null animals is 
not at the level of sperm-egg binding but rather may involve either sperm-ZP binding andfor 
sperm transit to the oviduct. Because fertilin- is absent fiom calmegin-deficient mice, results 
indicated that the role of fertilin in sperm-egg interaction be re-evaluated (Yarnagata et al., 
2002). 

A cDNA representing calmegin from mouse testis cDNA expression library, showed that 
this transcript of 2.3 kb in length, was expressed only in the testis and not in other somatic 
tissues or in the ovary. The expression of the mRNA was fmt detected at the pachytene 
spermatocyte stage, which correlated with the expression of the protein. Sequence analysis of 
the cDNA predicted a protein of 61 1 amino acids, including a hydrophobic -NH2 terminus 
characteristic of a signal peptide, two sets of internal repetitive sequences of 
IPDPSAVKPEDWDD and GEWXPPMIPNPXYQ, and a hydrophilic -COOH terminus. 

Protein extracts h m  developing mice testes revealed calnexin as a 101-kDa protein. ThelOl- 
kDa form of calnexin-t is prevalent at all stages pf spermatogenesis. The ER luminal domain of 
calnexin-t is structurally different in middle pachytene versus haploid germ cell phases. The 
45Ca2+ overlay assay showed that the internal proline rich repeat region has CaZ+ binding 
ability and contains an epitope recognized by specific mAb 1C9 and as a 101 kDa protein band 
during mouse testicular development. The 101-kDa form of calnexint (named as Calmegin by 
Watanabe, 1994) is present at all stages of spermatogenesis, and is the phosphorylated type of 
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Fig. 31.8. Sperm fiom calmegin-deficient and 
wild type mice, stained with anti-acrosomal 
monoclonal and polyclonal antibodies against 
various sperm antigens (OBF13, MN17, SPS6, 
MClOl, MN9, and PH20). Reprinted with 
permission from M. Ikawa et al. Nature 
387;607-11:1997 0 Macmillan Magazines, Ltd. 
http//www.nature.com/nature. 

calnexin. Mouse calnexin-t contains a high affinity calcium binding domain as present in both 
calnexin and calreticulin and one transmembrane domain similar to that of calnexin. 

DNA of calmegin promoter region contained GC rich sequences and potential binding 
sites for AP2 and Spl, but lacked the TATA sequence. The 330 bps' flanking sequence of 
calmegin genomic DNA hsed with the CAT gene indicated that the 30-bp calmegin 5' sequence 
was sufficient for the testis specific expression. The existence of testicular nuclear factors 
specifically bound to the putative promoter sequence was also demonstrated (Watanabe et al., 
1995). In addition, the cytoplasmic domain of calnexin-t is highly phosphorylated immediately 
after protein synthesis and constitutively phosphorylated during spermatogenesis. Analogous 
to the function of somatic calnexin, calnexin-t has a role in quality control in the ER for the 
folding and assembly of glyco-proteins that end up in the acrosomal matrix or on the surface of 
spermatozoa (Watanabe et al., 1994; 1995). 

The human homolog of the mouse germ cell specific calmegin showed 80% identity with 
the mouse calmegin. The predicted acid sequence showed strong conservation of the two sets 
of internal repetitive sequences (Ca2+ binding motif), and the hydrophilic COOH terminus, 
which corresponds to the putative ERretention motif. The transcript of 3-kb length was expressed 
exclusively in the testis (Fig. 31.9). The human calmegin gene was mapped to chromosome 
4q28.3-q3 1.1 (Tanaka et al. 1997). The deduced amino acid sequence has 58% homology with 
dog calnexin and significant partial homology with calreticulin. 

31.4 IMMUNOPHILINS AND TETRATRICOPEPTLDE REPEATS 

FKBP59: FKBP59 is a high molecular weight immunophilin that was originally cloned and 
sequenced in the rabbit. It corresponds to the human FKBP52 and the mouse p59. As with all 
other immunophilins, FKBP59 has peptidylprolyl isomerase r'rotarnase"] activity potentially 
involved in conformational changes of proteins through the cis trans isomerization of the 
proline amidic peptide bonds. The protein, is associated with Hsp90 and hence acts as a 
chaperon. The FKBP59 has a ubiquitous distribution in mammals and colocalizes with 
microtubules during interphase and mitotic spindle. Among structural domains involved in the 
direct protein interactions is tetsatricopeptide repeat (TPR) motif. The TPRs are found in diverse 

with common biochemical-functions: Thus, proteins with TPR motif include those 
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Fig. 31.9. Comparison of nucleotide and deduced amino acid sequence of h-calmegin with mouse calmegin. 
Amino acid residues 1-19 represent hydrophobic leader sequence. The ER-retention motif (aa 604-610) and 
transmembrane domain residues (aa 471-492) are shown. Polyadenylation signal is underlined. Reprinted with 
permission from H. Tanaka et al. Gene 204;159-63:1997 O Elsevier. 
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involved in cell cycle regulation, transcriptional control, mitochondria and peroximsomal protein 
transport, neurogenesis, and protein kinase inhibition. Proteins with a characteristic 34 amino 
acid repeat unit TPR have been discovered in more than 20 genes from various organisms.The 
TPRs have been identified in proteins involved in regulating transcription and protein transport 
and in several cell division cycle gene products. The FKBP59 also includes a 3-unit TPR 
domain through which it binds hsp90. Hence, FKBP59 might intervene in various cellular 
processes. In situ hybridization experiments revealed an over expression ofFKBP59 mRNA in 
rabbit and rat testes in comparison with other organs. The high level of expression was restricted 
to germ cells of seminiferous epithelium. The strongest signal was observed in the late 
pachytene, diplotene, and diakiinesis primary spermatocytes and declined in postmeiotic early 
spermatids. High expression of FKBP59 mRNA did not occur in earlier and later germ cell 
stages. The possibilitythat FKBP59 plays some role in the cell division process is strengthened 
by the fact that several proteins essential in the cell division cycle have a TPR domain (Sananes 
et al., 1998). 

TPIS in Testis: Nucleotide sequence homology search identified a human 75-kDa infertility- 
related sperm protein, which was named TPIS after the acronym of TPR-containing protein 
involved in spermatogenesis. The transcript of tpis coding TPR in testis was longer than that 
observed in other tissues, and the deduced amino acid sequence contained 8 tetratricopeptide 
repeat (TPR) domains. The TPIS from mouse embryonic skin was deduced to possess a 529 
amino acid sequence, containing 5 TPRs (Takaishi and Huh, 1999). TPIS fkom testis is longer, 
encoding 372 additional amino acid residues at the 5'-side with 3 more TPRs. In situ hybridization 
revealed specific expression of tpis at a distinct differentiation stage of spermatogenesis 
Chromosomal localization of tpis gene showed at 18.10 cM of chromosome 15. 

Three of the 8 TPRs of tpis , present in the extra region, indicate that the testis type TPIS 
may interact with broader spectrum of proteins. The amino acid sequence of TPIS showed 
limited homology with a number of proteins with diverse structures and functions, but containing 
TPR domains, which are conserved relatively well. Thus, the fifth and sixth TPRs of TPIS 
showed 73% identitywith the second and third TPRs of human 34-kDa translocase (hTOM34) 
of outer mitochondria1 membrane. Spermatogonia were negative for TPIS, while stronger signal 
was seen at intermediate layer of each tubu1e.h this respect, it may be noteworthy that some 
types of heat shock proteins, HSP70-2 and HSC70t, are present at specific stage of differentiating 
spermatogenic cells, and targeted disruption of Hsp70-2 gene leads to male infertility due to 
blockade of spermatogenesis. Clarification ofbiological functions of TPIS as well as the nature 
of its interacting targets may provide a cue to proceed in the direction of control of infertility. 

31.7. SPECIALIZEDCHAPERONES IN GERM CELLS 

Some molecular chaperones are highly specific since they interact with only one, or a very 
limited number oftarget proteins. The 47-kDaHSP (HSP47) is an ER-resident chaperone found 
in collagen-producing cells, where it interacts with pro-collagen. Receptorassociated protein 
(RAP) is another example of a specialized molecular chaperone for the low-density lipoprotein 
receptor-related protein (LRP). The major role of RAP is to facilitate conect folding of LRP. 

Template Activating Factor1 and Chromatin Decondensation: Remodeling of chromatin 
structure contributes to various aspects of gene activity, such as transcription, replication, 
repair and recombination. Factors involved in chromatin remodeling include histone modifying 
enzymes, multi-subunit ATP dependent chromatin remodeling factors and histone chaperones. 
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The TAE-1 has histone binding and nucleosome assembly and remodeling activities, and is a 
novel histone chaperone. The cDNA cloning revealed that TAF-I is a very acidic factor 
consisting of a homo- or heterodimer of the 41 kDa TAF-1 and the 39kDa TAF-1D proteins. 
Recombinant human and Xenopus TAE-ID decondenses Xenopus sperm chromatin. TAE-ID 
releases basic proteins from the sperm chromatin through direct interaction, and remains bound 
to the decondensed sperm chromatin after releasing the basic proteins. Since TAF-ID 
preferentially binds to core histones H3/H4 in solution, it was suggested that TAF-1 associates 
with the chromatin through its interaction with histones H3m4 (Matsumoto et al., 1999). 

Cofactor A (p14): The correct folding of tubulins and the generation of functional tubulin 
heterodimers requires the participation of a series of molecular chaperones and CCT (or TRiC), 
the cytosolic chaperonin containing TCP-1. Cofactor A @14) is a highly conserved protein 
that forms stable complexes with tubulin. The p14 is more abundantly expressed in testis than 
in other adult mammalian tissues. It is progressively up-regulated from the onset of meiosis 
through spermiogenesis, being more abundant in differentiating spermatids. The close 
correlation between the mRNA expression waves for pl4 and testis specific tubulin isotypes 3 
and 317, together with site of expression suggest that p14 would presumably be associated to 
tubulin processing rather than meiosis itself. It seems that pl4 plays a double role in tubulin 
folding, enhancing the dimerization of newly synthesized tubulin isotypes as well as capturing 
excess tubulin monomers. Evidences suggest that p14 is a chaperone required for the actual 
tubulin folding process in vivo in excess of tubulin in testis, where excessive microtubule 
remodeling could lead to a disruption of the - balance (Fanarraga et al., 1999) 

THEG : An insertional transgenic mouse mutant (termed Kisimo =ouse) has been isolated that 
results in abnormal germ-cell development, showing abnormal elongated spermatids in the 
lurnina of seminiferous tubules. Yanaka et al, cloned the disrupted locus of Kisimo and identified 
the testis-specific gene, THEG, which is specifically expressed in spermatids and was disrupted 
in the transgenic mouse. THEG protein strongly interacts with chaperonin containing t-complex 
polypeptide suggesting that the THEG protein functions as a regulatory factor in protein 
assembly. Findings indicated that the Kisimo locus is essential for the maintenance of 
spermiogenesis and that a gene expression disorder in the locus may be involved in male 
infertility (Yanaka et al., 2000). 
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Chapter 32 

CANCER ASSOCIATED TESTIS ANTIGENS 

321. TUMOR SUPPRESSOR ANTIGENS IN SPERMATOGENIC CELLS 

32.1.1. P53: Regulation of Spermatogenesis and Tumorigenesis 

p53 and CellCycle Control: The p53 is a tumor suppressor that protects the cell fiom a variety 
of genotoxic and environmefltal stresses. Induction of double strand breaks in DNA by ionizing 
radiation or genotoxic chemotherapy leads to the rapid stabilization of p53 through 
phosphorylation of its N-terminus. This stabilization results either in cell cycle arrest via 
transcriptional induction of the p2 1 CDK inhibitor or apoptosis (Chapter 5 and 1 1). The p53 is 
one of the most commonly mutated genes in human cancer, being inactivated in almost half of 
all tumors. The p53 has been dubbed as the guardian of genome and hence p53-mutant cells are 
much more prone to accumulate amplified DNA copies. Such increased mutability accelerates 
the genetic changes that seem to be the rate-limiting steps in tumor progression. The p53 has 
multifaceted activities. One of its important effectors is p21. Both being coordinately activated, 
there is a chance they have overlapping pathways that signal senescence and DNA damage. 
Most work on p53 has centered on its control of the G1 phase of the cell cycle that falls 
between the end of M phase and the start of S phase. But the coordination of the S and M 
phases of the cycle may also fall within the purview of p53. Since cell-cycle receives and 
responds a wide variety of growth-controlling signals through its growth cycle, by 
differentiating or by entering into a quiescent growth state, Go, it seems that the cell cycle has 
to have a quality control. In most of the vertebrate organisms this is achieved through p53, 
which shuts off the cell cycle until damage in corrected. Under alarming situations, p53 with 
other proteins may initiate a more drastic response resulting into apoptosis. Otherwise p53, the 
watchman induces the synthesis of p2 1 and other proteins capable of shutting down the CDKs 
activities and the cell cycle. unfo&ately in absence or inactivation of p53 mechanisms as in 
human tumors, the cell cycle is in danger and loses its control. In p53 mutant animals, cells 
continue to proliferate due to failure of guarding activity of p53. Mutations in p53 gene have 
long been associated with the process of immortalization, in which cells escape apoptosis and 
go on to create tumors(Fig.32.1). Further studies indicated that the mortality of normal cell 
populations is triggered by collapse of the cell's telomeres (clr Jacks and Weinberg, 1996). 

p53 and Telomere Function: Telomeres are nucleoprotein structures that serve a critical 
function in protecting the ends of linear chromosomes. Maintenance of telomere length and 
function requires telomerase, a specialized reverse transcriptase, as well as a complex of telomere 
associated proteins (see Chapter 12). In order to explain the telomere loss, Chin et a1 (1999) 
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reviewed a possible role of p53 deficiency in rescuing adverse effects ofteleomere loss. Strikingly, 
as telomerase deficient (mTR-I-) mice grow with age and generation, an increase in cancer 
incidence is observed presumably due to increased genetic instability caused by telomere 
shortening, repeated chromosomal fusion bridge-breakage cycles, and chromosomal loss 
(Ruldolph et al., 1999). The contrasting effect of telomere loss on cellular transformation 
phenotypes in cells in DNA damaged pathway suggested that the p53 pathway may alter the 
cellular response to telomere loss in both normal and neoplastic cells. Chin et al (1999) examined 
the functional interactions between telomere dysfunction and p53 in cells and organs of late- 
generation mTR-/- mice. Telomere loss in late-generation mTR-/- testis culminates in sterility 
due to an apoptotic elimination of germ cells. In mTR-I- testis, p53 status did not affect testicular 
volume or significantly alter the cytoarchitecuture of seminiferous tubules. But a decrease in 
testis size correlating depletion of germ cells was evident in G5 mTR-1- mice. As telomere 
function worsens in later generations of mTR-I- deficiency, germ cell death by p53-independent 
mechanisms became evident. Whereas all G5 mTR-1- P53-1- were histologically normal, 40% of 
testes showed varying degree of pathology. P53 independent cell death was more consistent 
in G7 and G8. 

Coincident with severe telomere shortening and associated genomic instability, p53 is 
activated, leading to growth arrest and/or apoptosis. Deletion of p53 significantly attenuated 
the adverse cellular and organ effects of telomere dysfunction. Both the apoptotic response 
and cell cycle arrest induced by telomere dysfunction are mediated by p53. Thus telomere 
dysfunction acts synergistically with p53 deficiency to initiate malignant transformation, 
presumably by enhancing genetic instability. Studies established a key role for p53 in the 
cellular response to telomere dysfunction in both normal and neoplastic cells (Chin et al., 1999). 

p53 and Spermatogenesis: Spermatogenesis offers a convenient system to explore the 
possibility that p53 plays a role in cell differentiation in vivo. The number of cells entering 
meiosis is held constant, since excess of spermatogonia or premeiotic spermatocytes are 
eliminated by apoptosis. Mice with reduced levels of p53 protein exhibit the testicular giant- 
cell degenerative syndrome. The giantcell degenerative syndrome was also observed in some 
genetic strains of homozygous p53 null mice (Rotter et al., 1993). The p53 is expressed during 
meiosis in normal rat spermatogenesis and its expression is localized to the preleptotene-early 
pachytene spermatocytes. The most prominent expression is in zygotene. In situ hybridization 
experiments indicated that the p53 gene is expressed in tetraploid primary spermatocytes at the 
meiotic pachytene stage of the first round of spermatogenesis in young mice. Thus p53 confmed 
to the tetraploid primary spermatocytes of the meiotic pachytene phase was considered a 
potential member of the meiosis control protein family (Schwartz et al., 1993). Western blot 
analysis showed that p53 is enriched in the nuclear envelope of germ cells. Nuclear envelope 
is the appropriate site for rapid entry of p53 into nucleus and binding to DNA for apoptosis and 
cell cycle arrest in response to an appropriate stimulus. Exposure of the testis to heat stress 
induced translocation of p53 into the nucleus. The nuclear envelope sequestration of p53 also 
provides a framework to understand how mitosis and meiosis in the testis may proceed despite 
high intracellular concentration of p53 (Yin et al., 1997). After irradiation, p53 levels increased 
in a time and a dose-dependent manner. This increase occurs in the same cells that normally 
express elevated levels of p53. This supports the view that p53 is involved in meiosis of the 
male rat and p53 has a role in recombination processes and/or formation of the synaptonemal 
complex (Sjoblom andLahdetie 1996). Normally, p53 is not detected in spermatogonia but after 
irradiation at 4Gy, p53 can be found in these cells, with a possible function since irradiation 
induces apoptosis of differentiating spermatogonia (Fig.32.1). Beumer et a1 (1997) showed 
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Fig. 32.1. Mechanism of action of P53 in DNA repair and Apoptosis. Arrows (+ or ,) indicate 

activation of various steps, whereas -4 indicates inhibiting steps. 

that p21 is not expressed in spermatogonia before or after irradiation but describes time course 
of spermatogonial apoptosis after a 4Gy dose of X-rays. Hence role of p53 in DNA damage 
induced spermatogonial apoptosis is not affected by inducing the expression of its target gene 
p21. Though loss of expression of p21 by p53 associated induction was confirmed by West 
and Lahdetie (1997), these authors demonstrated expression of p21 mRNA in pachytene 
spermatocytes and round spermatids in a dose dependent manner. On the contrary, Stephan et 
al., (1996) showed strong reactivity of p53 in the nuclei of a number of spermatogonia, some 
pre-meiotic spermatocytes and probably in all spermatids and appeared to run parallel to that 
of DNase I. In contrast, p53 was absent in mature spermatozoa in testicular tubules or ductus 
epididymidis suggesting that p53 is either degraded or retained in residual bodies during later 
stage of spermatid maturation. In p53 deficient mice, however testis contains more spermatogonia 
than in wild type. This suggests that p53 in testis is involved in cell cycle regulation of 
undifferentiated spermatogonia and that p53 induces apoptosis in these cells (Stephan et al., 
1996). 

Wipl Gene andp53: The Wipl gene of a serinelthreonine phosphatase is induced in a p53- 
dependent manner by DNA-damaging agents. W@l message is expressed at very high levels 
in the testes, particularly in the post-meiotic round spermatids. Though, Wipl null mice are 
viable but show a variety of postnatal abnormalities, including variable male runting, male 
reproductive organ atrophy, reduced male fertility, and reduced male longevity besides 
diminished T and B-cell function. Fibroblasts derived from WipI null embryos have decreased 
proliferation rates and appear to be compromised in entering mitosis (Choi et al., 2002). 

Feedback between p53 and TR2: The testicular orphan receptor-2 (TR2) expression, which 
modulates many signal pathways, was completely repressed in the surgery induced 
c~yptorchidism of the rhesus monkey. Further studies on linked TR2 repression to the induction 
of p53 suggested that induced p53 could repress TR2 expression via the p53->p2 1-XDK- 
>Rb->E2F signal pathway. In return, TR2 could also control the expression of p53 and 
retinoblastoma supressor (Rb) through the regulation of human papilloma virus 16E61E7 genes. 
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This suggests a feedback control mechanism between TR2 and p53IRb tumor suppressors, 
which might play important role in male infertility associated with cyrptorchidism (Xm et al., 
2000). 

32.1.2. Retinoblastoma Family of Proteins 

The retinoblastoma tumor suppressor (Rb) protein promotes GUS transition in cell cycle. 
Retinoblastoma family proteins pRb, p107 andp130 are differentially expressed in the rat testis. 
They function in specific cell types during testicular development and spermatogenesis. Their 
expression levels and phosphorylation status are modulated during germ cell cycle progression 
and apoptosis. Hyperphosphorylated states and elevated levels of pl07 are correlated with 
cell cycle progression, whereas hypophosphorylated states and reduced levels are associated 
with suppression of proliferation and apoptosis in germ cells. These proteins may also serve as 
markers of cell cycle status of germ cells during spermatogenesis (Toppari et al., 2003). 

The p19, a member of the INK4 family of cyclin-dependent kinase inhibitors, negatively 
regulates the proto-oncogenic cyclin D/CDK4/6 complexes whose ability to phosphorylate the 
Rb promotes Gl/S transition. As the Rb pathway is commonly targeted in cancer, the mouse 
model suggests a role for pl9 in spermatogenesis. The pl9 protein is abundant in spermatocytes 
of normal human adult testes, whereas virtually no p19 was detectable in testicular cancer. 
Together with the deficiency of pl9 in human foetal germ cells, these results supported the 
concept of foetal origin of the testicular germ cell tumors, and help to better understand the 
emerging role of the Rb pathway in spermatogenesis and tumorigenesis in the human testis 
(Bartkova et al., 2000) (see Chapter 1 1). 

The chromosome 9p21 region is frequently deleted in several neoplasias. The cyclin dependent 
kinase inhibitor 2A (CdkN2A or p16) gene is present in this region and identified as a tumour 
suppressor gene. Much evidence indicates the existence of another tumor suppressor gene, 
located proximal to the CdkN2A gene, and involved in cutaneous malignant melanoma (CMM) 
initiation. A gene within it (C9ofl1) shares no similarities to any known gene or predicted 
protein representing a novel human gene. Nevertheless, a putative leucine zipper pattern is 
located at the C-terminal end of the predicted protein, suggesting that it could dimerise. The 
C9orfl1 encodes for a protein of 294 amino acids with a predicted molecular mass of 32.8-kDa. 
The C9ofl1 is organized in eight exons that encompass a region of approx. 13-kb. Expression 
analysis demonstrated that C9orfll is highly expressed in testis, although minor expression 
was also seen in other tissues. Mutations in the C9orfll gene were not detected in CMM 
families that were negative for CdkN2A mutations. Two SNPs for the C9ofl1 gene have been 
identified, which could be used in segregation or association studies for other disorders (Ruiz 
et al., 2000). 

32.1.4. hH-Rev107-3 cDNA 

The hH-Rev107-3 cDNA identical to hH-Revl07-1 cDNA is a class I1 tumor suppressor gene. 
Two transcripts (1 and 0.8-kb) were detected in all human tissues, except in thymus. The 
strongest expression was found in testis, skeletal muscle and heart. These two mRNAs are 
probably transcribed from only one gene that was mapped to the q12-q13 region of the 
chromosome 1 1. In human testis, hH-Rev107 gene expression was localized within the round 
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spermatids. A strong hH-Rev107 gene expression was observed in normal testis as well as in 
samples with preinvasive carcinoma in situ but was completely absent in overt tumors, both 
seminomas and non-seminomas. Assessment of hH-Rev107 mRNA level in testicular germ cell 
tumors exhibited a ninefold decrease in the gene expression. Thus down regulation of hH- 
Rev107 may be associated with invasive progression oftesticular germ cell tumors (Siegrist et 
al., 2001). 

32.1.5. Testisin -A Serine Protease 

The recently characterized human serine protease, Testisin, is expressed on pre-meiotic testicular 
germ cells and is a candidate type I1 tumor suppressor for testicular cancer. Mouse Testisin, 
Prss21 gene comprises six exons and five introns and spans approximately 5-kb of genomic 
DNA with an almost identical structure to the human Testisin gene, PRSS21. The gene was 
localized to murine chromosome 17 A3.3-B, a region syntenic with the location of PRSS21 on 
human chromosome 16p13.3.3. A 1.3-kb mRNA transcript corresponding to testisin is present 
only in testis. The human and murine Testisin cDNA shares 65% identity and encodes a 
putative pre-pro-protein of 324 amino acids with 80% similarity. The predicted amino-acid 
sequence includes an N-terminal signal catalytic domain typical of a serine protease with 
trypsin like specificity, and a C-terminal hydrophobic extension, which is predicted to function 
as amembrane anchor. It is present in the cytoplasm and on the plasma membrane of round and 
elongating spermatids of mouse testis. The onset of murine Testisin mRNA expression occurs 
corresponding to the appearance of spermatids in contrast to the expression of human Testisin 
in spennatocytes (Scarman et al., 200 1). 

32.1.6. firnor Suppressor Gene: PTEN 

The tumor suppressor gene PTEN, which is frequently mutated in human cancers, encodes a 
lipid phosphatase for phosphatidylinositol 3, 4 , 5-triphosphate [PtdIns (3,4,5)P3] and 
antagonizes phosphatidylinositol3 kinase. Primordial germ cells (PGCs), which are the embryonic 
precursors of gametes, are the source of testicular teratoma Male mice that lacked PTEN 
exhibited bilateral testicular teratoma, which resulted from impaired mitotic arrest and outgrowth 
of cells with immature characters. The PTEN appears to be essential for germ cell differentiation 
and an important factor in testicular germ cell tumor formation (Kimura et al., 2003). 

32.2. CANCER-TESTIS ANTIGENS 

Cancerltestis antigens (CTA) are tumor-associated antigens expressed during oncogenesis, in 
a number of solid tumors but not in normal tissues except testis. Most of these CTA are highly 
immunogenic, eliciting a humoral and cellular immune response in the patients with advanced 
cancer, and are usel l  for tumor-specific immunotherapy. During the last decade, many ofthese 
immunotherapy candidate genes have been discovered using various approaches. Zendman 
et al., (2003) have reviewed outlines of the CT antigen family and focussed on the expression 
and putative function during male germ cell development and melanocytic tumor progression. 
Most of these genes are localized on the X-chromosome, often as multigene families. 
Methylation status seems to be the main, but not the only regulator of their specific expression 
pattern. In testis, CTAs are exclusively present in cells of the germ cell lineage, though there is 
a lot of variation in the moment of expression during different stages of sperm development. 
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Likewise, there is also a lot of heterogeneity in the expression of CTAs in melanoma samples. 
Clues regarding functions for many of these proteins point to a role in cell cycle regulation or 
transcriptional control. Better insights in the function of these genes may shed light on the link 
between spermatogenesis and tumor growth and could be of use in anti-tumor therapies. 
Evidences regarding functions of CTAs point to arole in cell cycle regulation or transcriptional 
control (Zendman et al., 2003). 

Location of Cancer-Testis Antigen Genes 

Brun et al., (2003) analysed the genomic structure and transcriptional activity of a 2.3-Mb 
genomic sequence in the juxtacentromeric region of human chromosome 21. This region 
comprises two diierent chromosome domains, 1.5-Mb and 0.8-Mb. The 1 -5-Mb proximal domain, 
besides other characteristics harbors two genes (TF'TE and BAGE2) that belong to gene families, 
which have a cancer a d o r  testis expression profile. The TPTE gene family was generated by 
intra- and interchromosome duplications of the ancestral TPTE gene mapping to phylogenetic 
chromosome XIII. By contrast, the 0.8-Mb distal domain has a chromosome 2 1-specific sequence 
and harbors six genes including housekeeping genes. These structural and transcriptional 
features suggested that the proximal domain has heterochromatic properties, whereas the 
distal domain has euchromatic properties (Brun et al., 2003). 

Hypomethylation of Cfl' Antigens Genes in 'hmor Progression 

Studies on molecular mechanisms for the expression of cancerltestis antigens have been few 
(Cho et al., 2003). Most ofthe genes of C/T antigens are localized on the X-chromosome, often 
as multigene families. Methylation status seems to be the main, but not the only regulator of 
their specific expression pattern. In testis, CTAs are exclusively present in cells of the germ cell 
lineage, thoughthere is a lot of variation in the moment of expression during different stages of 
sperm development. Likewise, there is also a lot of heterogeneity in the expression of CTAs in 
melanoma samples. Cancerltestis antigen gene, CAGE, expresses in various histological types 
of tumors, but not in normal tissues, with the exception of the testis. In some cancer cell lines 
CAGE did not express. But the expression of CAGE could be restored in these cell lines by 
treatment with 5'-ma-deoxycytidine, suggesting that the expression of CAGE is mainly 
suppressed by hypermethylation. The methylation of the CpG sites inhibited the binding of 
transcription factors. It has been suggested that the methylation status of the CpG sites of 
CAGE determines its expression. The hypomethylation of CAGE precedes the development of 
gastric cancer and hepatocellular carcinoma, and the high frequencies of hypomethylation of 
CAGE, in various cancers can be a cancer diagnostic marker (Cho et al., 2003) (see Chapter 14) 
(Fig.32.2). MAGE-encoding genes are expressed in various tumour types via demethylation of 
their promoter CpG islands, which are silent in all non-neoplastic tissues except for the testis 
and placenta. Demethylation of MAGE-A1 and -A3 occurs during progressive stages of gastric 
cancer, and may be associated with aggressive biological behavior of gastric cancer also 
(Honda et al., 2004). The demethylating agent, 5' Aza-deoxycytocytidine PAC) induces 
MAGE-1 and other antigens in normal and malignant lymphoid cells and also in myeloid 
monocyte cell lines. Demethylation alone is a sufficient stimulus to induce MAGE tumor rejection 
antigens in both normal and malignant lymphoid cells in most cases. 
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32.2.1. Breast Cancer Antigens (BRCA-1 and BRCA-2) 

The Brcal and Brca2 breast cancer susceptibility genes encode proteins, the normal cellular 
functions of which are complex and multiple, and germ line mutation in individuals predispose 
both to breast and to ovarian cancer. The BRCAl is a nuclear phosphoprotein and expressed 
in a broad spectrum of tissues during cell division. The 17q-linked breast and ovarian cancer 
susceptibility gene (Brcal) is a tumor suppressor gene. The inheritance of a mutant BRCAl 
allele dramatically increases a woman's lifetime risk for developing both breast and ovarian 
cancers. Measurements of BRCAl mRNA levels in highly purified somatic cells of the testis 
and in staged germ cells showed that the high level BRCAl mRNA expression is limited to the 
germ cells. Rat Brcal mRNA was expressed in most tissues with the highest level in testis, 
consistent with studies in human and mouse. The splicing sites between exon 6 and exon 7 are 
conserved between rat and human. Partial sequencing of the rat Brcal intron 6 revealed a 
polymorphism of a pentanucleotide TTTTG repeat between the WKY and WF strains. The rat 
Brcal gene mapped to chromosome 10 (Chen et al., 1996). 

The mouse homologues of the breast cancer susceptibility genes, Brcal and Brca2, are 
expressed in a cell cycle-dependent fashion in vitro and appear to be regulated by similar or 
overlapping pathways. Both of these genes are expressed concordantly in proliferating cells of 
embryos, and the mammary gland undergoing morphogenesis and in most adult tissues. There 
is nevertheless substantial evidence linking BRCAl and BRCA2 to homologous recombination 
and DNA repair, to transcriptional control and to tissue proliferation (see chapter 12). There is 
controversy regarding the localization of BRCAl and BRCA2 proteins to either nucleus or 
cytoplasm and whether the expression is present in pre-meiotic germ cells or can still be 
expressed in mitotic spermatogonia (Bernard-Gallon et al., 2001). The expression pattern of 
Brcal and Brca2 correlates with the localization of proliferating cell nuclear antigen, an indicator 
of proliferative activity. In the testes, Brcal and Brca2 are expressed in mitotic spermatogonia 
and early meiotic prophase spermatocytes. The time course of Brca2 expression was delayed 
in spermatogonia to Brcal. Thus, while Brcal and Brca2 share concordant cell-specific patterns 
of expression in most proliferating tissues, observations suggested that they may have distinct 
roles during meiosis. Brca2 is required for efficient DNA repair, and a study suggestedthat the 
loss of the p53 checkpoint may be essential for tumour progression triggered by mutations in 
Brca2 (Cressman et al., 1999). Within the germ cell lineage, the high level expression was 
detected in meiotic cells, specifically pachytene spermatocytes and in post-meiotic round 
spermatids. This is in contrast to pre-meiotic germ cells, which were found to express little or no 
BRCAl mRNA. These observations argued against a function for BRCAl early progenitor 
cells in both tissues and cells (Cressman et al., 1998; Zabludoff et al., 1996). Most of the Brcal 
mutant mice died within 10 days. But the survival of remaining mutant mice was likely due to 
additional unknown mutations or epigenetic effects. Analysis of the Brcal (-/-)p53(-/; animals 
indicated that BRCAl is not required for the development of most organ systems. However, 
these mice are growth retarded, males are infertile due to meiotic failure, and the mammary 
gland of the female mouse is underdeveloped. 

32.2.2. PLU-1: A Nuclear Protein 

The PLU-1, a large multi-domain nuclear protein with strong transcriptional repression activity 
is a member of the ARID family of DNA binding proteins. In humans and mice, the expression 
of nuclear protein (PLU-1) is restricted in adult tissues, with high expression being seen in the 
testis, ovary and transiently in the mammary gland of the pregnant female, while the protein 
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1 MOLILSTRW FPRAGTLIHS KWSIWSTE TLRINSIHLlG RARPRPIRGR GGEPRAEGGS 
61 bfGVGWDSFSS PWRRRRTAIOL COETSSSEAE KAQGAAVART TRTCCCSSRV CTOLOPSGAR 
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241 LDQIAKYWEL POSTLKIPHV EMCILDLFQL NIELVAEEGGF AWCICDRKWT KIAT$MGFAP 
301 GKAVOSHIRG HYERILNPYN LFLSGDSLRC LQKPNLTTDT KDKEYKPEDI PQRQSVQPSE 
361 TCPPARRAKR MRAEAMNIKI EPEETTEART -P TPKCENEKEM KSSIKQEPIE 
421 RRDYIVENEK EKPKSRSKKA TNAVDLYVCL LCGSGNDEDR LLLCDGCDDS YHTFCLIPPL 
481 HDVPKGDWRC PKCYLQECSK PQEAFGFEQA ARDYTLRTPG EMADAFI[SDY FNMPWMVPT 
541 ELVEKEEWRL VSTIEEDVTV EYOADIASKE PGSGFPVRDG KIKLSPEEEE YLDSOWNLEM 
601 MPVMEQSVLA HITAD1CE;MIC LPWLWOMCP SSE'CWHIEDH WSYSINYLHW GEPKTWYGVP 
661 GYAAEQLENV WQCLAPELW SQPDLLBQLV TIMNPWRMT IlEVPWRTNQ CAGEEVITFP 
721 RAYHSGFNQG FNFAEAVNFC TVDWLPLGRQ CVEHYRLLHR YCVPSHDEMI CKMASKIDVL 
781 DWVMTVQK DMAIMIEDEK ALXUETVRIEGO VIDSEPJDFE LLPDDERQCV KCKTTCWA 
841 ISCSCKPGLL VCLHHVKELC SCPPYKYKLR XRYTLDDLYP SYNBPiRLLNVN 
901 EALEAlrITKK KSLVSFIULI EESEWUWPD NDLLRHLRLV TQDAEKCASV AQQLLNGKRQ 
961 TRYRSGGGKS QNQLTVNELR QFVTQLYALP CVLSQTPLIX DLLllRVEDFQ QBSQXLLSEE 

1021 TPSAAELQDL LDVSPEFDVE LPQLAEMRIR LEQARWLEEV QgACLDPSSL TLDDMRRLID 
1081 LGVGLAPYSA VE-E LLTVSEEWDD KAKSLLKARP RBSLNSIATA VKEIEEIPAY 
1141 LPNGAALKDS VQRARDWLQD VEG- PVLDTLIELV TRGRSIPVHL NSLPRLETLV 
1201 AEVQAWKECA VNTFLTENSP YSLLEVLCPR CDIGLLGLKR KQBXLKEPLP N G K K K S W  
1261 SLSDLERALT ESKETASAMA TLG- EXQSLRLAN EGltLLSPLQD MIKICLCQK 
1321 APAAPMIQCE LCRDAFHTSC VAVPSISQGL RIWLCPBCRR SEKPPLEKIL PLLASLQRIR 
1381 VRLPEGDBLR IMIERTVNNQ -SSG NLKWQDRVG SGLLYSRWQA SAGQVSDTNK 
1441 VSQPPGTTSF SLPDDWDNRT SYLHSPPSTG RSCIPLHGVS PEVNE- QLLQVSLPEI 
1501 QELYQTLIAK PSPAQQTDRS SPVRPSSEKN DCCRGKElDGI NSLERIUJCRR LEREGLSSER 
1561 WER-TP KKXKIKLSHP -FKLER ERSYELVRSA ETHSLPSDTS YSEQEDSEDE 
1621 DAICPAVSCL QPEGDEVDWV QCDGSCNQWP HpvcvGvSPE MAEKEDYICV RCTVKDAPSR 
1681 K 

Fig.32.2.Amino acid sequence of PLU-1 (Accession NP-006609) . Source: httpllwww. ncbi.nlm.nih.gov. 

and its mRNA are specifically up-regulated in breast cancer. PLU-1 protein contains a small 
domain of amino acids (168-209), found in the jumonji family of transcription factors, in addition 
to a BRIGHT, ARID region @IT-rich interaction Domain) at aa 235-324. It also has three PHD 
zinc finger regions at amino acids: 448-494,13 16- 1359, and 1629-1 673 besides a C5HC2 zinc 
finger at 829-882. The Plu-I gene containing highly conserved putative DNA/chromatin biding 
motifs is specifically up-regulated in breast cancer (Lu et al, 1999) (Fig.32.2). The expression in 
mammary tumors from c-neu transgenic mice is high. Plu-1 is also differentially expressed in 
the adult mammary gland. In the developing embryo Plu-1 is expressed in a restricted fashion 
with tissue specific expression being limited to parts of the developing brain, whisker follicle, 
mammary bud, thymus, limbs, intervertebral disc, olfactory epithelium, teeth, eye, and stomach. 
The mouse homologue (Plu-1) shows 94% overall homology with human PLU-1 at the protein 
level, with almost 100% identity in the conserved domains. Due to its high expression in the 
testis and its relationship to cancer, PLU-1 has been proposed to belong to the family of testis- 
cancer antigens. In testis, Plu-I mRNA and PLU-1 protein are both highly expressed in the 
mitotic spermatogonia. Following reduced expression in the early prophase I stages (zygotene, 
leptotene), PLU-1 reappears at pachytene and is still detectable in diplotene cells. PLU-1 
localizes over the nucleus and is present in the chromatin. It points to a role of PLU- 1 in meiotic 
transcription, which may be restricted to certain meiotic stages and mediated by the ability of 
this protein to associate with the chromatin. In addition, the temporal and spatial expression 
patterns of the transcription factors Bf-1 and Pax9, which bind PLU-1 through the PLU domain, 
suggest that Plu-1 plays an important role in mouse embryonic development that may involve 
interaction with Pax9 and Bf-1 (Madsen et al., 2002; 2003). Like-wise human PLU-1 has 
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transcriptional repression properties and interacts with the developmental transcription factors 
BF-1 and PAX9 (Tan et al, 2003). Gene targeting of Desrt, a novel W class DNA-binding 
protein, causes growth retardation and abnormal development of reproductive organs (Lahoud 
et al., 200 1). 

32.23. MAGE Gene Products 

A body of data has shown that human cancer cells express tumor-rejection antigens recognized 
by CTL on the appropriate MHC class I antigens. Genes that code for tumor specific antigens 
on melanoma cell lines tested by CTL include MAGE, BAGE and GAGE. van der Bruggen et al. 
reported the identification of a human gene MAGE-I (melanoma associated gene-1), which 
directs the expression of a tumor-rejection antigen. The gene MAGE-1, encoding an antigen 
MZ2-E, was identified by a gene transfection. Several new genes encoding melanoma-related 
antigens recognized by CTL have been identified. These tumor-rejection antigens are not truly 
foreign, but rather they are differentiation antigens expressed by no other normal tissue except 
testis. However, little is known about the function of human cancer/testis antigens (CTAs). 
The MAGE-1 gene comprises of three exons spread over 4.5-kb and shows no homology to 
any reported gene. The M G E  gene family consists of at least 12 closely related genes located 
on the long arm of chromosome X (Xq28). The MAGE-I, -2, -3, -4, (-4a/-4b), -6, and -12 genes 
are preferentially expressed at the mRNA level in many different cancers, including melanomas, 
lung cancers, head and neck cancer, esophageal cancers, ovarian cancers, and breast cancers. 
In contrast to preferential for cancer cells, no normal cells other than testicular cells express the 
MAGE gene (Itoh et al., 1996). Recent studies indicated that expression of MAGE genes is 
regulated by DNA methylation. The demethylating agent, 5' Azadeoxycytidine induces MAGE- 
1 and other antigens in normal and malignant lymphoid cells and also in myeloid monocyte cell 
lines. Demethylation alone is a sufficient stimulus to induce MAGE tumor rejection antigens in 
both normal and malignant lymphoid cells in most cases. Because of the preferential expression 
in different types of cancer cells, the MAGE gene products are the most appropriate target 
molecules for development of a new cancer vaccine 

MAGE Gene kt Germ CeUr: Normal adult tissues and some tissues from fetuses over 20 weeks 
old were negative for MAGE gene at the mRNA level, with the exception of testis and placenta. 
The testis expresses all the MAGE genes except the MAG57 gene, while the placenta expressed 
MAGE-3, -4, and MAGE-8 to -1 1 genes. Polyclonal anti-MAG51 Ab was reactive to the 
testes from two donors. This Ab recognized a 38kDa protein as a major band and the additional 
42 and 45-kDa proteins in the testes. The molecular weight of cellular MAGE-1 protein in 
melanomas was reported as a 46-kDa. Both the anti-MAGE4 polyclonal and mAb were reactive 
to the testes and recognized a 45-kDa protein as a major band and the additional -28, -35, and 
40-kDa proteins in the testes, and a 45-kDa protein in the RPME 1788 B cell line. These various 
bands could be the MAGE-1 or MAGE-4 protein by itself, or their various processed products 
although anumber of MAGE genes have been identified in recent years (Osterlund et al., 2000). 
The MAGE-1 a n d 4  proteins were observed in the nucleus and the cytoplasm of spermatogonia, 
but undetectable in spermatids and Sertoli's cells as well as in the primary spermatocytes 
adjacent to the basement membrane but not in the primary spermatocytes far from the basement 
membrane with relatively small nuclei. Therefore, MAGE proteins are normal tissue antigens 
found in testicular germ cells, playing an important role in the early phase of the spermatogenesis 
(Itoh et al., 1996; Takahashi et al., 1995). 

The testis germ cells undergo a process of gene demethylation process as in cancer cells. 
Characterization studies of amurine MAGE homologue, MAGE-b4 revealed that M A G W  is 
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1 MSSEQKSQHC KPEE- CAl&LVGAQA P T T E E W  SSSSPLVPGT LEEVPAMSA 
61 GPPQSPQGAS ALPTTISFTC WRQPNEGSSS QEEEGPSTSP DAESLEREAL SNlCVDELAIlF 

121 LLRKYRAKEL -RV IIWPiCRCFW IPGKASESLK KIE'GIDVKEV DPTSNTYTLV 
181 TCLGLSYDGL LGNNQIFPKT GI&IIVLGTI WGDSASEE EIWTEELOVME VYDGREETVY 
241 GEPRELLTQD WVQENYLEYR QVPGSNPARY EFLWGPRNA ETSYWWLZH -1 
301 AYPSLREAAL LEEEEGV 

Fig32.3.Amino acid sequence of melanoma-associated antigen4 (MAGE-4 antigen) (Accession P43358). 
Source: httpllwww. ncbi.nlm.nih.gov. 

specifically expressed in fetal and adult gonads. Double labeling experiments using antibodies 
against the meiosis specific SCP3 protein and the MAGE-b4 protein showedthat MAGE-b4 is 
down regulated as the germ cells enter meiosis in adult testis. In contrast, MAGE-b4 was 
expressed in female germ cell throughout meiosis, and the protein was also found in dormant 
primary oocytes (Osterlund et al., 2000) (Fig.32.3). Like MAGE-I to MAGE-12 MAGE-CI 
gene also expresses in testis. MAGE-CI is expressed in significant proportion in tumors of 
various histological types @e Smet et al., 1997). Because of the preferential expression in 
different types of germ cells, the MAGE gene products are the most appropriate target molecules 
for development of a male contraceptive. 

A cDNA clone specific for tumors and the corresponding gene named LAGE-I was sequenced. 
Using LAGE-I as a probe, a closely related gene, identical to NY-ESO-1, was reported. The 
LAGE-lcodes for an antigen recognized by autologous antibodies in an esophageal squatnous 
cell carcinoma. Gene LAGE-1 maps to Xq28. It comprises 3 exons. Alternative splicing produces 
2 major transcripts encoding polypeptides of 210 and 180 residues, respectively. LAGE-1 is 
expressed in 25-50% of tumor samples of melanomas, non-small-cell lung carcinomas, bladder, 
prostate and head and neck cancers. The only normal tissue that expressed the gene was 
testis. As for MAGE-AI, the expression of LAGE-I is induced by 5'-deoxyazacytidine in 
lymphoblastoid cells, and suggested that tumoral expression is due to demethylation. The 
expression of LAGE-1 is strongly correlated with that of NY-ESO-1 and clearly correlated with 
the expression of M G E  genes (Lethe et al., 1998). 

CAGE is expressed in a variety of cancers but not in normal tissues except testis, and might 
play a role in cellular proliferation. Results suggest that the methylation status of the CpG sites 
of CAGE determines its expression, and the hypomethylation of CAGE precedes the 
development of gastric cancer and hepatocellular carcinoma (Cho et al., 2003). Park et al., (2003) 
characterized a novel gene with expression pattern similar to that of C/T antigens. Its open 
reading h e  is 1920-bp in size and encodes for putative protein composed of 639 amino acids. 
This gene exists as single copy and encodes a protein of 73- kDa in size. It is composed of 1 1 
exons and 10 introns and displays testis-specific expression among normal tissues, and wide 
expression among various cancer tissues and cancer cell lines. Because of its association with 
cancer, this gene was named cancer-associated gene-1 (CAGE-I). The CAGE-1 is main protein, 
whose expression is relatively higher in cancer tissues. It appeared that over expression of 
CAGE- 1 might be associated with the progression of tumor. The exact functional role of CAGE- 
1 in tumorigenesis remains to be seen (Park et al., 2003) (Fig.32.4A, B). 



Cancer Associated Antigens 787 

A 
1 HS- AEANPRDLGA SWDVRGSRGS GWSGPFOHQG PRAAGSREPP ICl!'KIm 

61 GWIGYSGSK IKDLQESTNT KIQIINGESE ASJRIFGNRE -1E TLIRXQESYN 
121 SESSVDNAAS QTPIGRNLGR NDIVGEAEPL SNWDRIRMV VECEKNWAD LPPVKKNFYI 
181 ESKATS-E MQVINWtKEN EWITCDDLKS GEKRLIPKPT CRFKDAFQQY PDLLKSIIRV 
241 GMCPTPIQS QAOJPIILQGI DLIVVAQTGT GKTLSYIMPG FIELDSQPIS REQRNGPQ4L 
301 VLTPTRELAL EVEAECSKYS YKGLXSICIY GGRNRNGQIE DISKGVDIII ATPGRLNDLQ 
361 mSVNLRSI TYLVIDEADK bUDH3kZPQI RXILLDVRPD RQTVMTSATn PDTVRQLALS 
421 YLKDPMIVN GNLNLVALVWT VKQNIIVTTE ICEKRALTQEF VEtWSPNDKV IMWSQNIIA 
481 DDLSSDFNIQ GISAESLEGN SEQSDQERAV EDFKSGNIKI LITTDIVSRG LDLNDVTHW 
541 NYDPPRNIDV rVlIRVGSLDG QERLEISSLI TQRDSIWAGE LIKILDRANQ SVPEDLVVMA 
601 EQYKLNQQKU CRTRSRKPG QRRKEFYPLS 

1 WEEKPEmSQ VXNYAKDNNI KQDSFFSENP bWl"l' QLGNEYWP PPRSPPLIBC 
61 S-K SLMSIAFZS ALNPSQPPSF LQCTAVPSKB IQNYGEIPEM SVSYEItgVTA 

361 ENLEERQKLK SRLEIULTQV RNLQWENE RTKNIICLQPQ INEWXENAK V E E  
421 QNYVPXFETA QLKDQLEEVL KSDITKDTKT TESNLLPDCS PCEERLNPAD IKRASQWLSK 
481 MHSLLALMVG LLTCQDIINS DAEEFICESEK VSDIMLQKLK SLHLKXKTLD KEVIDCDSDE 
541 AKSIRDVPTL LGAKLDKYHS LNEELDFLVT SYEEIIECAD QRWLISHSQI AHLEERhlI(BL 
601 EDLIRKPREK ARKPRSKSCSLE NEPRSWThMP hLLLPI(ENRNDL D 

Fig.32.4.A. Amino acid sequence of cancer-associated gene (CAGE) product, called DEAD (Asp-Glu-Ala- 
Asp) box polypeptide 53. Region 53-1 10, "K homology RNA-binding domain", binds single-stranded RNA, 
found in a wide variety of proteins including ribosomal proteins, transcription factors and post-transcriptional 
modifiers of mRNA". Region 231-428 = "DEAD-box helicases". Region 441-556 = "Helicase superfamily c- 
terminal domain" (Cho et al, 2002). Sounx: httpllwww. ncbi.nlm.nih.gov.(Accession NP-874358 XP-291343). 
B. Amino acid sequence of cancerltestis antigen 3 isoform 2; cancerltestis antigen gene 1 CAGE-I Source: 
httpllwww. ncbi.nlm.nih.gov (Accession NP-995586) (Parks et al, 2003). 

32.2.6. Testis Specific Cyclin A1 in Testicular and Ovarian Tumors 

Cyclin A1 is a tissue-specific A-type cyclin that is essential for spermatogenesis (see Chapter 
1 1). Over-expression of cyclin A1 was found in acute myeloid leukemia and cyclin A1 induced 
leukemia in a transgenic mouse model. Cyclin A1 expression was very low in breast cancer, 
non-small cell lung cancer and in cervical carcinoma, whereas substantial expression of cyclin 
A1 was found in testicular and ovarian cancer and in endometrial cancer. In testis specimens, 
cyclin A1 expression was much higher in testicular tumors compared to Sertoli cell only syndrome 
that lacks spermatogenesis. However, compared to normal spermatogenesis testicular cancers 
expressed on average lower levels of cyclin Al. Cyclin A1 is expressed in selected solid 
tumors. Its known oncogenic function and the high expression levels in aggressive testicular 
tumors suggest arole for cyclin A1 in germ cell tumorigenesis (Muller-Tidow et al., 2003). 

32.2.7. Testis-Specific Protein Y-encoded (TSPY) 

Genetic mapping studies have identified a gonadoblastoma locus on the human Y chromosome 
(GBY) that predisposes the dysgenetic gonads of XY sex-reversed patients to tumorigenesis. 
The testis-specific protein Y-encoded (TSPY) gene that locates on the GBY critical region, has 
been demonstrated to express preferentially in tumor cells in gonadoblastoma and testicular 



788 Proteomics of Spermatogenesis 

germ cell tumors. The TSPY shares high homology to a family of cyclin B binding proteins and 
is considered to play arole in cell cycle regulation or cell division. The TSPY is expressed at low 
levels in normal epithelial cells and benign prostatic hyperplasia (BPH), but at elevated levels 
in tumor cells of prostate cancers at various degrees of malignancy. Sequence analysis of 
TSPY mRNA revealed a complex pattern of RNA processing of the TSPY transcripts involving 
cryptic intron splicing andlor intron skipping. The variant transcripts encode a variety of 
polymorphic isoforms or shortened versions of the TSPY protein, some of which might possess 
different biochemical andlor functional properties. The shortened versions of transcripts were 
more abundant in prostatic cancer tissues than the testicular ones. The differential expression 
of TSPY gene might be involved in the multi-step prostatic oncogenesis besides its putative 
role in gonadoblastoma and testicular seminoma (Lau et al., 2004). 

32.2.8. Markers of Seminomas 

Spermatocytic seminoma is a rare germ cell derived old age testis tumor. Rajpert-De Meyts et 
al., (2003) studied the expression of several recently discovered markers for germ cell 
differentiation and the mitosis-meiosis transition in order to defme the antigen profile for 
diagnostic purposes and to clarify the biology and histogenesis of spermatocytic seminoma. 
The panel of markers included Chk2, pl9INK4d, p53, MAGE-A4, KIT, TRA-1-60, neuron- 
specific enolase and placental-like alkaline phosphatase. hoteins highly expressed in gonocytes 
and spermatogonia, such as Chk2, MAGE-A4 and neuron-specific enolase were consistently 
present in spermatocytic seminoma. Antigens of embryonic germ cells (TRA- 1-60) and a proto- 
oncogene pl9INK4d were not detectable. But the expression of p53 protein was demonstrated 
in 80% of cases. This pattern of expression was consistent with the origin of spermatocytic 
seminoma fiom a pre-meiotic germ cell, which has lost embryonic traits but had committed to 
spermatogenic lineage (Rajpert-De Meyts et al, 2003). Compared to normal spermatogenesis, 
testicular cancers also expressed lower levels of cyclin Al. Cyclin A1 is expressed in selected 
solid tumors where its high expression level suggests a role for cyclin A1 in germ cell 
tumorigenesis (Muller-Tidow et al., 2003). 

The NKX3.1 is a homeobox gene, which exhibits prostate and testis specific expression. 
Loss of NKX3.1 expression has been implicated in prostate development and tumorigenesis. 
The NKX3.1 expression is dramatically down-regulated in testicular cancer of germ cell origin. 
NKX3.1 is expressed at high levels in normal germ cells and in carcinoma in situ, but is sharply 
decreased or absent in most seminomas and all embryonal carcinomas. However, NKX3.1 is 
expressed in a subset of the more differentiated non-seminomas. These changes in NKX3.1 
protein levels are mainly due to transcriptional effects and suggested that NKX3.1 is essential 
for normal testis function (Skotheim et al., 2003). 

A peanut agglutinin-binding tumor antigen, gp200, is a surface membrane glycoprotein 
expressed on human embryonal carcinoma, a malignant stem cell testicular tumor. Gp200 is 
remarkably similar to another embryonal carcinoma antigen, GCTM-2, a differentiation antigen 
that is also detected in blood of testis cancer patients. Based on sequence similarity, the gp200 
is a podocalyxin. Therefore, gp200 is atesticular tumor form of podocalyxin, a surface membrane 
gl$oprote$ that was originally discovered as a scaffolding extrack~~u~ar matrix protein of 
kidney podocyte cells. Podocalyxin is also present on hematopoietic cells where it has a 
putative function as a cell adhesion protein (Schopperle et al., 2003). 

Given the importance of growth signals in normal testicular development and their acquired 
deregulation in most human cancers, role of growth factors and signaling molecules has been 
implicated in the genesis of testicular germ cell tumors This suggests the existence of specific 
paracrine functions during male germ cell differentiation and development of male germ cell 
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tumors (Devouassoux-Shisheboran et al., 2003; Franke et al., 2003). A somatic mutation of 
SMAD4 gene results in the development of seminomas. This mutational inactivation may 
affect the activity of members of TGF beta superfamily (TGF beta, activin, inhibin, BMP). tHE 
VEGF expression has been associatedwith metastasis in seminomas, whereas HST-1 expression, 
a member of fibroblast growth factors, has been linked with the nonseminomatous phenotype 
and with tumour stage. Despite intense expression of c-kit in almost all seminomas, activating 
mutation of c-kit gene is seldom reported. The RET (GDNF receptor) expression is known in 
human seminom&, and not in noheminomatous tumours. s ow ever, the molecular bases of 
these alterations in germ cell tumours are not known. Signaling molecules such as peptide 
hormones are also involved in testicular carcinogenesis. 

Franke et al., (2003) reviewed the current knowledge on ACE and its potential substrates 
with special emphasis on the differentiation-restricted ACE expression during spermatogenesis 
and pre-spermatogenesis. In addition to testis specific tACE, the somatic isoform (sACE) is 
also present in human germ cells. Similar to other oncofoetal markers, sACE exhibits a transient 
expression during foetal germ cell development and appears to be a constant feature of 
intratubular germ cell neoplasm, in particular, of classic seminoma (Franke et al., 2003). A 
specific pattern of somatostatin (sst) receptors expression was shown in testicular germ cell 
tumours, with a loss of sst3 and sst4 in seminomas and loss of sst4 and expression of sstl in 
nonseminomas only. This suggested an antiproliferative action of somatostatin that may be 
involved in the differentiation of germ cell tumours (Devouassoux-Shisheboran et al., 2003). 

32.2.9. Other Testis Antigens Expressed in Cancer 

The HCA587 Antigen: The HCA587 gene from a hepatocellular carcinoma (HCC) patient, 
encodes a new member of cancer-testis antigens. The HCA587 mRNA expression in normal 
tissues and cancers is known. HCA587 protein was not shown in nonnal tissues except germ 
cells in testis and Purkinji cells in cerebellum. In HCC specimens the HCA587 protein was 
expressed in 37.1% (26 of 70) samples. Being located at the nucleus or cytoplasm, there appeared 
a correlation between the tumor differentiation of HCC and HCA587 protein expression. HCA587 
antigen was also expressed in different proportions in melanoma, lymphoma, pancreatic cancer, 
and lung cancer (Li et al., 2003). 

SP17 as Cancer Testis Antigen: Although SP17 was originally described as a testis-specific 
antigen, emerging evidence indicates that it may be more ubiquitously expressed than was 
previously thought. With the use of a specific antiserum, SP17 was found on the surface of 
malignant lymphoid cells, including B- and T-lymphoid cell lines, and on the surface of primary 
cells of B-lymphoid tumors. The role of SP 17 in promoting lymphoid cell adhesion was addressed 
with the use of recombinant SP 17 (rSP 17). Findings suggested that SP 17 promotes heparin 
sulfate-mediated cell aggregation and thereby plays a role in regulating adhesion and migration 
of normal and malignant lymphocytes. The SP17 is detectable in tumor cells fiom myeloma 
patients. Since a high proportion of normal individuals develop antibodies against SP17 
following vasectomy, Sp17 is likely to be a highly immunogenic protein in vivo. The SP17 is 
therefore, a member of the cancer testis antigen family and could be an ideal target for immuno- 
therapy of multiple myeloma (Lim et al., 2001; Lacy and Sanderson, 2001) (see Chapter 24). 

LDH-C: As evidenced, ectopic activation of testis-specific genes in cancer is a frequent 
phenomenon. Lactate dehydrogenase-C (LDH-C), the germ cell-specific protein escapes fiom 
transcriptional repression, resulting in significant expression in virtually all tumor types tested 
(Koslowski et al., 2002). Surprisingly, aberrant splicing of LDH-C was restricted to cancer cells, 
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resulting in four novel tumor-specific variants displaying structural alterations of the catalytic 
domain. LDH-C expression in tumors is not mediated by gene promotor demethylation, as 
described for other germ cell-specific genes activated in cancer (Koslowski et al., 2002). Since 
LDH-C has a preference for lactate as a substrate, LDH-C activation in cancer may depend on 
lactate for ATP production (see Chapter 28). 

Besides several antigens expressed in spermatogenic cells, a spermatogenesis-associated 
factor (SPAF) was found to be aberrantly expressed at malignant conversion stage in a epidermal 
model of chemical carcinogenesis. Sequence analysis revealed SPAF to belong to AAA- 
protein family (ATPase associated with diverse activities) (Liu et al., 2000). Two additional 
tumor specific antigens, HOM-MEL-40 and NY-ESO-1, encoded by testis specific genes 
activated in tumors, have been identified (De Smet et al., 1997). 

32.3. DIAGNOSTIC AND THERAPEUTIC POTENTIALOF W ANTIGENS 

32.3.1. MAGE in Squamous Cell Carcinoma and Childhood Astrocytoma 

MAGE antigens are expressed with frequencies ranging between 22.7% (larynx) and 50% of 
cases (lung) in squamous cell carcinomas from different anatomic areas and in large cell 
carcinomas of the lung (37.9%). Bolli et al., (2002) provided the first description of MAGE 
antigen expression in basalioma (48.1%). MAGE expression in a frequently positive tumor 
type, a non-small-cell lung cancer (TMA) showed that 43.2% of tumors were 57B positive. In 
squamous cell carcinoma, MAGE TAA positivity correlated with a shorter tumor-specific 
survival. In lung squamous cell carcinoma, the significant association of MAGE TAA expression 
with poor prognosis suggests that patients with 57B-positive tumors may benefit from early 
immunotherapy procedures (Bolli et al., 2003). Among childhood astrocytomas, the MAGE-1 
CT-antigen was observed only in amplastic, high-grade ASTRs (1 OOOh), including glioblastomas 
(Bodey et al., 2002). 

To determine the expression of 12 different CT antigens in Japanese primary lung cancers 
and cell lines, MAGE-3 (4 1%, 19/46), and SSX-4 (35%, 16/46) showed highest expression. The 
expression frequency of NY-ESO-1 in Japanese was drastically different from Caucasians. 
Vaccination with MAGE-3 and SSX-1 could cover 57% of all patients, while combination of 
three antigens, MAGE-3, SSX-1, and MAGE-4, would cover 65%, and with four antigens, 
MAGE-3, MAGE-4, SSX- 1, and SSX-4, would cover 70%. Polyvalent CT antigen vaccines may 
be effective to reduce a chance of emergence of antigen loss variants, thus preventing tumors 
from escaping from the immune system. For this purpose, combination of vaccinogens of 
MAGE-3 with MAGE-6, SSX-4, MAGE-1 or BAGE may be effective for a quarter of Japanese 
lung cancer patients. A novel gene, TESl OlRP, expressed only in some small cell lung cancers 
(SCLC) and in testis was also identified (Tajima et al., 2003). 

Sarcevic et al., (2003) investigated the expression of cancerltestis antigens in cervical 
squamous cell carcinomas. HeLa cervical cancer derived cell line expresses MAGE-Al, MAGE- 
A2, MAGE-A3, MAGE-A4, MAGE-A6, MAGE-A12, GAGE-316, LAGE-1, and PRAME genes, 
encoding defined C/T antigens). In contrast, the expression of MAGE-A1 0, BAGE, GAGE-112, 
or NY-ESO-1 genes was not observed. A group of 60 patients was studied, and 57B positivity 
was detectable to different extents in 33% of the cases (20160). Considering the high tumor 
specificity of CIT antigens, data provided the rationale for the design of immunotherapy targeting 
these antigens in cervical cancers (Sarcevic et al., 2003). In an effort to examine the potential of 
NY-ESO-1 and LAGE-1 CT antigens for immunotherapy in epithelial ovarian cancer (EOC), 
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Odunsi et al., (2003) indicated that NY-ESO-1 and LAGE-1 are attractive targets for antigen- 
specific immunotherapy in EOC (Odunsi et al., 2003). 

32.3.2. NY-ESO 

Medullary thyroid carcinoma (MTC) is a neoplasm derived fiom the parafollicular cells of the 
thyroid and occurs in either a sporadic or a familial form. Expression of a number of genes 
encoding C/T antigens in serological samples of MTC indicated humoral antibody response to 
NY-ESO-1 that can provide a new attractive target for vaccine-based immunotherapy of MTC 
(Maio et al., 2003). J d c  et al., (2003) reviewed immunohistochemical evidence ofthe expression 
of C/T antigens, known to be recognized by specific cytotoxic T lymphocytes. The emerging 
picture was consistent with a mostly heterogeneous expression in human cancers. The wide 
range oftumors in which CIT TAA have been detectedurges further efforts to develop effective 
specific immunotherapeutic procedures. Synovial sarcomas are striking with regard to CT 
antigen expression, with >SO% of specimens expressing NY-ESO- 1 and MAGE-A3. Although 
highly expressed in sarcoma, CT antigens do not induce fiequent humoral immune responses 
in sarcoma patients. A novel CT antigen, NY-SAR-35, mapping to chromosome Xq28 was 
identified among the cancer-related antigens, that encodes a putative extracellular protein. In 
addition to testis-restricted expression, NY-SAR-35 mRNA was expressed in sarcoma, melanoma, 
esophageal cancer, lung cancer and breast cancer. NY-SAR-35 is therefore apotential target for 
cancer vaccines and monoclonal antibody-based immunotherapies (Lee et al., 2003). Cellular 
immune responses have also been studied for NY-ESO-1 peptide. The CD,+T cell response to 
a NY-ESO-1 peptide vaccine composed of the two defined peptides 157-165 and 157-167, 
administered with GM-CSF as a systemic adjuvant. The NY-ESO-1 peptide vaccine elicited a 
CD,+T cell response directed against multiple distinct epitopes in the 157-1 67 region. However, 
only a minor fiaction of the elicited CDlT cells, namely those recognizing the peptide 157-165 
with sufficiently high functional avidity, recognized the naturally processed target on NY- 
ESO-1 (+) tumor cells. Because of the complexity of the CD,+T cell repertoire that can be elicited 
by vaccination with synthetic peptides, a precise d e f ~ t i o i  of the targeted epitope, and hence, 
of the corresponding peptide to be used as immunogen, is required to ensure a precise tumor 
targeting (Dutoit et al., 2002). 

32.33. Semenogelin 1 and HAGE in Leukemia 

Adams et a1 (2002) investigated the expression of a range of CT genes (MAGE-Al, -A3, -A6, - 
A12, BAGE, GAGE, HAGE, LAGE-1, NY-ESO-1 and RAGE) for their expression in a cohort of 
acute and chronic myeloid leukemia patients. Cancer-testis antigens expression was not detected 
in normal bone marrow or peripheral blood stem cell samples. On the other hand, in acute 
myeloid leukemia (AML) nine of the 26 (35%) samples expressed one or more of the CT genes 
with six of the samples (23%) expressing HAGE. In chronic myeloid leukemia (CML), 24 of 42 
(57%) patient samples expressed one or more CT antigen with 23 expressing HAGE. Thus 
HAGE is frequently expressed in CML, and to a lesser extent in AML patients (Adams et al., 

Niemeyer et al., (2003) investigated the expression of 5 CT genes (SSX-1, HOM-MEL-401 
SSX-2, HOM-TES-14lSCP-1, SCP-3 andNY-ESO-1) in leukemic blood samples obtained &om 
patients with either acute lymphatic leukemia(ALL) or myelocytic leukemia(AML). A majority 
of the ALLs might be amenable for specific immunotherapeutic inte~entions. However, the 
identification of additional antigens with a tkquent expression in leukemias is warranted to 
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allow the development of widely applicable polyvalent leukemia vaccines (Niemeyer et al., 
2003). Semenogelin 1, amajor protein of human semen coagulum thought to be highly specific 
to seminal vesicles, is expressed in leukemic cells. However, Semenogelin 1 expression is 
normally confined to the testis, suggesting that it is a novel Cancer-Testis antigen (Zhang et 
al., 2003). Translation of the mRNA to Semenogelin 1 protein confirmed that Semenogelin 1 is 
a novel CT antigen capable of inducing Btell  responses in vivo in chronic leukemias (Zhang 
et al., 2003). The expression of a panel of CT antigenic proteins was examined in patients with 
malignant garnmopathies using the following monoclonal antibodies (mAbs): mAb MA454 to 
MAGE-Al, mAb M3H67 to MAGE-A3, mAb 57B to MAGE-A4, mAb CT7-33 to CT7/MAGE- 
C 1 and mAb ES 12 1 to NY-ESO- 1. The CT antigens have important biological implications in 
malignant gammopathies and that CT-7 may be a suitable target for T cell-based and possibly 
antibody-mediated immunotherapy of myeloma (Dhodapkar et al., 2003). 
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Chapter 33 

SELECTIVE GROUP OF GERM 
CELL SPECIFIC PROTEINS 

33.1 POLYAMINES AND ORNTHUVE DECARBOXYLASE 

33.1.1 Polyamines 

Polyamines (puterscine, spermidine, and spermine)) are necessary components for normal cell 
growth. The polyamine content of cells is elaborately regulated by biosynthesis, degradation, 
uptake and excretion. The proliferative effects of polyamines on cell growth are thought to be 
due to stimulation of nucleic acid and protein synthesis. Extra-cellular spermine has multiple 
effects at the N-methyl-D-aspartate (NMDA) subtype of glutamate receptor, including 
stimulation that increases the size of NMDA receptor currents, and voltage-dependent block. 
The interactions between polyamines and DNA are weak (0.4 to 1.3mo1/100 phosphate of 
DNA). So, the structural change of DNA caused by polyamines may be small compared with 
the structural change of RNA caused by polyamines. Since polyamines preferentially bind to 
GC rich regions of RNA or DNA, therefore, polyamine effects in GC rich regions of DNA in cell 
free system reflect the effects in vivo. Polyamine mediated condensation is inhibited by histone 
hyperacetylation and hence polyamines are repressors of transcription in vivo, and that one 
role of histone hyperacetylation is to antagonize the ability of polyamines to stabilize highly 
condensed states of chromosomal fibers. Polyamines, especially spermine make a ternary 
complex with ATP-Mg2+that can affect phosphorylation by protein k i i e s .  Casein kiiase I1 is 
strongly enhanced by polyamines. It seems that puterscine has strictly selective local stirnulatory 
and inhibitory actions during spermatogenic DNA synthesis, and that its excess amount 
ultimately may lead to decrease in fertility (Hakovirta et al., 1993). The polyamine levels are 
strictly regulated in male germ cells, by ornithine decarboxylase (ODC) perhaps in the following 
manner: ODC catalyses polyamine biosynthesis, and polyamine stimulates synthesis of 
antkyme OAZ-t through the programmed +1 frame shif? mechanism. In turn, the synthesized 
OM-t facilitates the degradation of ODC. In this way, OM-t functions as a negative regulator 
of ODC activity to regulate polyamine concentrations in elongated spermatids, and plays an 
important role in controlling spermiogenesis (Tosaka et al., 2000). Orinithine decarboxylase - 
overproducing transgenic mice showed a reduction in sperm count, malformation of mature 
spermatozoa, and impaired motility. 

33.1.2. Orinithine Decarboxylase 

Orinithine decarboxylase catalyzes the conversion of orinithine to putresine and is the first 
rate-controlling enzyme in polyamine biosynthesis in mammalian cells. Since polyamines are 

795 



796 Proteomics of Spermatogenesis 

essential for normal cell growth but cytotoxic in excess, therefore, cells have developed several 
ways to regulate the levels of polyamines rapidly and transiently. The cell content and the level 
of polyamine biosynthetic enzymes change dramatically in response to hormones, growth 
factors, and turnover of promoters. The ODC levels increase under conditions of rapid cell 
growth, proliferation, and differentiation. The ODC is regulated at the level of transcription, 
protein stability and possibly also at a post-translational level. The carboxy terminal end of 
ODC with antizyme (AZ) plays a critical role for being trapped by the 26s proteasome. Thus, 
the degradation pathway of ODC proceeds as a sequence of multiple distinct processes, and 
ultimate degradation mediated by the 26s proteasome (Murakami et al., 2000). 

Several unique features for molecular mechanisms underlying the polyamine regulated 
ODC degradation in animal cells have been documented: (i). polyamine-enhanced degradation 
is mediated exclusively by antizyme (AZ), a 26.5-kDa protein induced by polyamines. (ii) 
Polyamines promote biosynthesis of AZ by raising programmed, ribosomal h e  shifting. (iii). 
AZ-mediated ODC degradation is cancelled by AZ inhibitor, which is the product of an ODC 
related gene and binds to AZ more firmly than ODC does. (iv) ODC associated with AZ is 
degraded by the 26s proteasome with ubiquitination. AZ inhibitor apparently stabilizes newly 
synthesized ODC during the phase of ODC increase after growth stimuli, whereas AZ accelerates 
ODC degradation during the phase of ODC decline. In addition to the role in the polyarnine- 
regulated ODC degradation, AZ also suppresses cellular uptake of polyamines. These dual 
functions of AZ effectively prevent excessive accumulation of cellular polyamines. 

Transgene mouse lines (K2 and K15) over-express ODC and hence contain high level of 
puterscine. In K2 mice with 30 fold testicular ODC over-expression showed a specific stimulation 
of DNA synthesis in type A4, intermediate, and type B spermatogonia. The K15 mice that had 
about 70-fold ODC over-expression, showed an elevation of DNA synthesis only at stage V of 
the cycle, suggesting a specific dependence of type B spermatogonia on puterscine. In these 
animals [3H] thymidine incorporation at stage W I  of tubule segments was decreased, suggesting 
that excess amounts of puterscine selectively inhibited meiotic DNA synthesis. The level of 
two ODC transcripts (2.2 and 2.7-kb) was low but detectable in the testes of 6-16-day-old mice 
and increased substantially as the fvst spermatogenic wave proceeded into spermiogenesis. 
In agreement with the developmental studies, ODC mRNA levels increased substantially in 
enriched populations of pachytene spermatocytes, round spermatids, and residual bodied 
cytoplasts isolated kom mature testes. The ODC mRNA is distributed in both non-polysomal 
and polysomal fractions, which suggested that ODC is translationally regulated in the mouse 
testis. 

It seems that only little testicular ODC is mainly associated with Sertoli cells and activity is 
seen in fractions containing other cell types, including spermatids. FSH induced ODC activity 
in Sertoli cells obtained from 7- to 14-day-old calves. However FSH decreased the activity of 
ODC in Sertoli cells of 18 days old rat. The two ODC mRNAs of 2.2 and 2.7-kb are present in 
mouse and rat testes. Considering the ubiquitous distribution and multiple functions of 
polyamines, it is not surprising that ODC mRNA is present throughout the mammalian testis. 
One can only speculate that the increased levels of ODC during later stages of spermatogenesis 
may well reflect hormonal effects or essential roles the polyamines play in chromatin alteration 
or condensation during meiosis and spermiogenesis (Alcivar et al., 1989). 

33.1.3. Ornithine Deearboxylase Antizyme 

A testis specific antizyme, ornithine decarboxylase antizyme (OAZt) has been described by 
various authors (Tewari et al., 1994; Ivanov et al., 2000; Tosaka et al., 2000) (Fig.33.1). The 
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Fig.33.1. The amino acid sequence of O M 4  is aligned with the somatic OM1 of mouse, rat and human and 
the mouse somatic 0,422. The somatic 0,421 regions to bind to ODC (ODC binding sites I and If) and to 
promote degradation of ODC (ODC degradation promoting site) are boxed, respectively. Printed with permission 
from Y. Tosaka et al. Genes Cells 5;265-76:20008 Blackwell Science. 

originally discovered antizyme (termed antizymel) binds ODC, inactivates it in a catalytic 
manner, targets it for degradation by 265 proteasome. The structure and mapping of antizyme 
1 have been described (clr Ivanov et al., 2000). Recently antizyme 2 was identified and its 
encoding gene identified. Both antizyme 1 and 2 are present in most of the mammalian tissues. 
The mRNA encoding the antizyme in testis (OM-t) is specifically expressed in haploid germ 
cells. In contrast, the rnRNA level of somatic ODC antizyrne 1 (OM1) decreased markedly at 
the late stages of haploid germ cell differentiation. The OM-t mRNA was fust observed on 
day 23 whereas the OM-t protein was detected at 35 days after birth. Polyamines were capable 
of inducing a We-shift at the fiame-shift sequence of OM-t mRNA, resulting in the translation 
of OAZ-t, as was the case with the somatic OAZ1. Transfection of OM-t cDNA inactivated 
the ODC activity in the HEK293 cells. Thus expression of OM-t  is controlled at both 
transcriptional and translational levels, and that OM-t likely plays a key role in regulating the 
intracellular concentration of polyamines in haploid germ cells. The 357-bp region, which 
includes a TATA-less promoter and an untranslatedregion, is sufficient for OAZt gene expression 
in the spermatids of transgenic mice. The 10-bp element that contains an initiator (Inr) plays a 
central role as the core promoter, in combination with a downstream element, while two CRE- 
like sites in the upstream region also contribute to promoter activity @<e et al., 2004). Ivanov et 
al, (2000) described the presence of a 3d antizyme present exclusively in testicular germ cells. 
Like antizyme 1 and 2, antizyme 3 cDNA has same arrangement of reading W e s  and a potential 
shift site with definite, although limited homology to antizyme 1 and 2. In testis, antizyme 3 
expression starts in early spermiogenesis and finishes in the late spermatids phase (Ivanov et 
al., 2000; Tosakaet al., 2000). 
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Fig.33.2. Nucleotide and deduced amino acid sequence of human PRPS3 cDNA. (A) Nucleotide sequence of 
PRPS3 cDNA (human) and its comparison with PRPS3, rat PRPSl, and rat PRPS2, cDNAs. Comparison of 
perdicted amino acid sequences of testis specific PP-Rib-P (F'RS III) subunit (Hum III) and its cornparisan 
with rat PRSI (Rat I) and PRSII (Rat II), and E.Coli enzyme (EColi). Dots and asterisk (*) denote identical 
residues among four. + indicates conservative substitutions. Printed with permission from M. Taira et al, J Biol 
Chem 265; 16491-97:1990 O American Society for Biochemistry and Molecular Biology. 
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33.2. SELEClWE GROUP OF GERM CELL SPECIFIC PROTEINS 

33.2.1. Isoaspartyl Methyltransferase 

Spermatogenic cells possess high levels of L-isoaspartyl @-asparty)-0-methyltransferase 
(PIMT, E.C. 2.1.1.77), which modifies altered aspartyl residues that arise fiom spontaneous 
deamidation or isomerization processes in cells. The PIMT has been shown to initiate the 
repair of age-damaged proteins by catalyzing the conversion of L-isoaspartyl residues to L- 
aspartyl residues. A unique transcript-encoding PIMT is expressed in mouse testes that is 
distinguished fiom other transcripts by the lack of splicing in the 3'-untranslated region (3- 
UTR). Northern blot analysis revealed that a unique 1.1-1.3-kb PIMT mRNA transcript is 
present in round spermatid and pachytene spermatocyte p l y  (A)+ RNA. Small PIMT transcript 
is four times higher in round spermatids than in pachytene spermatocytes, indicating that the 
PIMT gene is actively transcribed during the haploid phase of spermatogenesis. The germ cell- 
specific PIMT transcripts are distributed between the polysomal hction and the non-polysomal 
fractions of testis RNA, suggesting that translational controls also contribute to the high 
concentrations of PIMT in mammalian sperm. PIMT function is not essential for 
spermatogenesis, since normal spermatozoa were recovered h m  transgenic testis lacking 
PIMT. The protein repair function of the PIMT may be more important in maintaining the 
fertilization competence of translationally-inactive mature sperm during the prolonged period 
of epididymal transit and storage in the male reproductive tract (Chavous et al., 2000 also see 
dr). 

33.2.2. Phosphoribosyl Pyrophosphate (PP-Rib-P) Synthetase 

Phosphoribosyl pyrophosphate (PP-Rib-P) synthetase (ATP: D-ribose 5 phosphate 
pyrophosphotransferase, EC 2.7.6.1) catalyzes a step in the utilization of ribose 5-phosphate 
during pentose phosphate pathway to form purine, pyrimidiie, and pyridine nucleotides. The 
PP-Rib-P is an oligomeric complex composed of 34-kDa subunits. Rat enzyme shows the presence 
of two distinct types of subunits, PRS I and PRS 11. Either PRS I or PRS I1 or both mRNAs are 
detected in almost all tissues of the rat. However, in the testes of rats, mice and humans, an 
additional mRNA has been detected. Human gene mapping showed that these genes, referred 
to as PRPSI and PRPS2, are located on different regions of the X chromosome, while two 
additional PRPS I-related sequences were present on autosomes. The human cDNAs, cloned 
for the testis specific autosomal PRPS3-mRNA revealed that the human testis-specific PRPS3 
mRNA was encoded by an autosomal gene, termed PRPS3. The expression of this gene began 
at 4 weeks of age in rats, coinciding with the reported appearance of primary spermatocytes. A 
cDNA clone of PRPS3 encodes a predicted product of 3 17 amino acids, which was highly 
homologous to those of PRPSl and PRPS2 (94.3% and 9 1.2% identities, respectively). However, 
the PRF%~ cDNAs lacked an ATG initiator for translation at the expected position, and instead 
contained an ACG triplet. Analysis of amino-terminal sequence of the radio-labeled PRPS3 
product supported the predicted sequence starting with Pro-1. Study suggested that the 
synthesis of the nascent polypeptide could initiate with methionine at the position 
corresponding to the ACG codon (Taira et al, 1990) (Fig.33.2). Three genes identified for 
subunits of PP-Rib-P synthetase (X- l i ed  PRPS1 and PRPS2 and autosomal PRPS3) showed 
differential developmental expression in testis. It is speculated that the expression of autosomal 
PRPS3 may be associated with X-chromosome inactivation in the spermatogenic cells, as has 
been postulated for X-linked PGK-1 and autosomaYtestis-specific YGK-2 (Taira et al, 1990). 
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33.2.3. Glucosamine-6-Phosphate Deaminase 

During mammalian fertilization, the oocyte is dependent on the s p m  and its ability to induce 
intracellular Ca2+ oscillations. A cytosolic sperm factor from hamster spermatozoa, called oscillin 
seemed to correlate with the ability of sperm to cause calcium oscillations and activation when 
injected into mouse oocytes. Oscillin showed a high sequence homology to bacterial 
glucosamine 6-phosphate deaminase (GNPDA). Initially found to be present in only hamster 
testis and spermatozoa, Wolosker et al. (1998) reported a ubiquitous distribution of mammalian 
(rat) GNPDA. However, the role of sperm GNPDA is still unresolved. The GNPDA catalyzes the 
formation of fructose 6-phosphate and ammonia from glucosamine 6-phosphate. Mouse 
glucosamine phosphate deaminase (GNPDA/Oscillin) has been cloned. A polyclonal rabbit 
anti-GNPDA antibody recognized a 33-kDa protein in soluble extracts ofvarious tissues including 
testis and sperm. Localization of GNPDA in male reproductive tissue revealed its presence in 
spermatids and in spermatozoa. In spennatids, GNPDA localized close to the developing 
acrosome vesicle and in spermatozoa close to the acrosomal region. The GNPDA plays a role 
within the cascade, which leads to the initiation and completion of the acrosome reaction 
(Montag et al., 1999). However, Amireault and Dube (2000) suggested that GNPDNoscillin is 
ubiquitously expressed in rat tissue and that a recombinant hamster GNPDA/oscillin protein 
does not exhibit oscillin activity when injected into oocytes. In the mouse, the nature and role 
of such a GNPDA/oscillin is not clear whereas another protein, tr-kit, has been proposed as a 
sperm factor causing oocyte activation. Mouse GNPDA/oscillin shows over 96% identity with 
the hamster and human homologs. The GNPDA is localized in the equatorial and neck regions 
of the human spermatozoa and the post-acrosomal region of the hamster spermatozoa (Amkeault 
and Dube, 2000). 

33.2.4. Carnitine Transferases 

Carnitine: Spermatozoa produced in the testis, undergo post-gonadal modifications in the 
epididymis to acquire fertilizing ability. In epididymis high molecular-weight proteins and 
molecules as small as k e - L  carnitine convert the male gamete into "competent" and functional 
cells. In mammals, including man, k e  L-carnitine is taken from blood plasma and concentrated 
in the epididymal lumen. This epididymal secretion is beneficial for sperm and is not merely an 
excretory waste. Free L-carnitine goes through the sperm plasma membrane by passive 
diffusion, where it is acetylated in mature sperm. The excess acetyl-CoA fromthe mitochondria 
is probably stored as acetyl-L-Carnitine and modulates the reserves of free CoA essential to 
thd function of the tricarboxylic acid cycle. These properties of L-carnitine of buffering CoA in 
the mitochondrial matrix are known in somatic cells but are also accentuated in the male germinal 
cells. The relation between the endogenous pools of free and acetylated L-carnitine and the 
percentage of progressive sperm motility indicates a more important metabolic function related 
to flagellar movement. The uptake of "cytoplasmic" f k  L-camiie in mature spermatozoa may 
be a protective form of mitochondrial metabolism, useful to the survival of this isolated cell 
(Jeulin and Lewin, 1996). 

Carnitine Transferases: Carnitine palmitoyltransferases I and I1 (CPT I and 11), and carnitine 
acetyltransferase (CAT) are key enzymes in the mitochondrial transport of long-chain fatty 
acids. AcetyI-CoA derived fkom the oxidation of long-chain fatty acids can react with carnitine 
under the influence carnitine acetyltransferase to yield acetylcarnitine. The CAT activity also 
develops during spermatogenesis, reaches high levels by spermatids and is fully retained by 
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the spermatozoa. During their transit through the epididymis, the maturing sperm encounter 
extremely high levels of carnitine in the surrounding fluid from which they generate a large 
reservoir of acetylcarnitine, which is thought to provide a ready source of energy during their 
post-ejaculation activity. 

The CPT I and I1 are key enzymes in the mitochondrial transport of long-chain fatty acids. 
The outer membrane enzyme, CPT I is inhibited by malonyI-coenzyme A (CoA). Whereas CPT 
I1 (inner membrane and malonyI-CoA insensitive) appears to be the product of a single gene, 
located on chromosomelp32 in humans, CPT I exists in at least two isofom L (Liver) and M 
(muscle) types, with different kinetic properties and sensitivity to malonyl CoA. Adult rat 
testis is rich source of rnRNA for M form of mitochondrial CPT I, where as L-CPT I is the sole 
isoform of immature testis. The human genes for L and M-CPT I reside on chromosomes 1 lq13 
and 22q13, respectively (McGrarry and Brown, 1997). Expression of the M-CPTZgene was 
associated only with meiotic and post-meiotic germ cells. Although the adult testis contains a 
mixture of the L-and M-CPT I enzymes, the L and M form dominate the extra-tubular cells and 
spermatids, respectively. Mature epididymal spermatozoa appeared to be deficient in CPT I 
activity, while CPT I1 and CAT were abundantly present. Five days of dietary etomoxir treatment 
at a dose that resulted in complete inhibition of CPT I in somatic tissues was totally without 
effect on either the L- or M-type enzyme in the testis of mature rats. This points to an important 
role for transient expression of M-CPT I, coupled with sustained activity of CAT, in the maturation 
and/or function of rat sperm. It suggests that at least one form of testis CPT is unusually 
resistant to inhibitor (etomoxir), when given orally (Adam et al., 1998). 

33.2.5. Organic CatiodCarnitine Transporters 

Carnitine transporter (CT2) represents a novel transporter family, specifically expressed in 
human testis (Enomoto et al., 2002). It is phylogenetically located between the organic cation 
transporter (OCTIOCTN) and anion transporter (OAT) families. Hence, when expressed in 
Xenopus oocytes CT2 mediates the high affinity transport of L-carnitine but does not accept 
mainstream OCTIOCTN cationic or OAT anionic substrates. The CT2 protein is located in the 
luminal membrane of epididymal epithelium and within the Sertoli cells of the testis (Enomoto 
et al., 2002). Spermatozoa1 maturation depends upon the progressive increase in epididymal 
and spermatozoa1 carnitine, which is critical for mitochondrial fatty acid oxidation, as sperm 
pass from the caput to the cauda region of the epididymis. The organic cation/carnitine 
transporters, OCTNl,OCTN2, and OCTN3, are expressed in sperm as three distinct proteins 
with an expected molecular mass of 63-kDa. Identification of individuals with defective sperm 
carnitine transport may provide potentially treatable etiologies of male infertility, responsive to 
L-carnitine supplementation (Xuan et al., 2003). 

33.2.6. NM23-H5 (Nucleoside Diphosphate Kinase) 

Nucleoside diphosphate (NDP) kinases, responsible for the synthesis of nucleoside 
triphosphates and produced by the nm23 genes, are involved in numerous regulatory processes 
associated with proliferation, development, and differentiation. A new Nm23-H5 is specifically 
expressed in testis germ cells and located on chromosome 5q23-3 1. The cDNA encoding a 2 12 
amino acid protein is 27-3 1 % identical to the other human NDP b a s e  gene family and is 
transcribed as 1.1-kb transcript. Nm23-H5 was present in sperm extract, together with the 
ubiquitous A and B NDP kinases (but not the C and D isofom). Nm23-H5 is located in the 
flagella of spermatids and spermatozoa, adjacent to the central pair and outer doublets of 
axonemal microtubules. High levels ofNDP kinases A and B were observed at specific locations 
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Fig.33.3. Alignment of the amino acid sequence of human Nm23-HS/NDP kinase of human (Nm23-HI, 
Nm23-H2, DR-Nm23 and Nm23-H4), eukaryotic (rat, pigeon, Drosophila, pea, slime mold and yeast) or 
prokaryotic (E. coli M. xanthus, B. subtilis and P. aeruginosa) origin. The numbering at the top refers to the 
Nm23-H5 sequence. Reproduced with permission from Munier A et a1,FEBS Len 434;289-94:19980 Elsevier. 

in post-meiotic germinal cells. NDP kinase A was transiently located in round spermatid nuclei 
and became asymmetrically distributed in the cytoplasm at the nuclear basal pole of elongating 
spermatids. The distribution ofNDP kinase B was reminiscent ofthe microtubular structure of 
the manchette (Munier et al., 1998; 2003). 

33.2.7. Farensyl Transferase 

Changes in protein prenyltransferase activity with levels of prenylated protein, and the type of 
isoprenoid modification are known in cells of rat seminiferous epithelium and correlate with 
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Fig 33.4. Nucleotide and deduced amino acid sequences of Fertilization antigen-1. Reproduced from X. Zhu 
and R.K. Naz. Proc Natl Acad Sci USA. 1994;4704-09:19970 Nationat Acadamy of Sciences,USA. 

differentiative events of spermatogenesis. The activity of protein farensyltransferase (FTase) 
is at least 10-fold higher than that for protein geranylgeranyltransferase-I (PGGT-I) in 
seminiferous epithelium and spermatogenic cells of pre-pubertal rats of different ages. These 
activities increase during the meiotic stages of differentiation and reach peak at 23 days of age. 
The highest activity was associated with intermediate sized spermatocytes appearing late 
during meiosis, suggesting that independent changes in prenyltransferase activity and protein 
prenylation accompany the differentiation events during the pre-meiotic and meiotic stages of 
spermatogenesis. The expression pattern and distribution of protein FTase in hamster showed 
only weak activity of FTase in round spermatids, whereas elongating spermatids exhibited a 
high level of FTase expression that was segregated to the cytoplasmic lobe surrounding the 
anterior flagellum. Although FTase was released with the residual body, mature spermatids 
retained FTase within the mid-piece and cytoplasmic droplets. In epididymal spermatozoa, 
FTase remained associated with the cytoplasmic droplet during its migration to the mid-piece- 
principal piece junction. Both the 4 and #subunits of FTase were present in sperm lysate 
(Olson et al., 1997). 

333. OTHER DOMINANT PROTEINS IN GERM CELLS 

FertiIizing Antigens: A group of sperm specific antigens has been studied by Naz and 
associates, with a search of their application in contraceptive technology. Fertilization antigen- 
1 (FA-I) is involved in human immunologic infertility in both men and women. FA-1 interacts 
with ZP3 receptor on ZP of ovum, which is involved in amsome reaction (Kadarn et al., 1995; 
Zhu and Naz, 1997) (Fig 33.4). The FA-2 antigen fiom sperm is another candidate, which was 
identified on immunoaffinity column with a Mr of 95-kDa (Naz et al., 1993). Another antigen, 
designated NZ-3 is located on acrosome and tail regions of human sperm (Naz andZhu, 2001). 
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A c-DNA encoding a testis specific antigen-1 (TSA-1) was reported by Santhanam and Naz 
(200 1). The TSA-1 has an O W  of 47 1 bp encoding a protein of 156 aa and a molecular mass of 
17.4. The recombinant TSA- 1 is present on acrosomal, equatorial, mid-piece and tail regions of 
human sperm 

Phosphatidyl Choline lkansfer Protein: Yamanaka et al, (2000) isolated a cDNA clone 
specifically expressed in mouse testis during spermiogenesis. The cDNA consisted of 1392 nt 
and had an O W  of 873 nucleotides encoding a protein of 291 amino acid residues. The deducted 
amino acid sequence had similarity to mouse phosphatidylcholine transfer protein (PCTP). 
This newly PCTP-like protein revealed a 1.4-kb mRNA expressed in the testis, kidney, liver, and 
intestine with the highest level in the testis. The protein, having a molecular weight of 
approximately 40-kDa, was detected at the tail of the elongated spermatids and sperm (Yamanaka 
et al., 2000). One of the clones, TISP-8 1 showed specific expression in haploid cells and significant 
homology with PCTP. 

Sulfoglycolipid Immobilizing Protein Slip: Sulfogalactosylglycerolipid (SGG) is the major 
sulfoglycolipid of mammalian male germ cells. Like other sulfoglycolipids, SGG is believed to 
be involved in cell-cell/extracellular matrix adhesion. Sperm SGG plays a role in sperrn-egg 
interaction. Anti SGG-IgG localized SGG to the convex and concave ridges and the postacrosome 
of the mouse sperm head. Pretreatment of sperm with anti-SGG-IgWab inhibited sperm-zona 
pellucida binding in vitro. Sperm treated with anti-SGG-IgG underwent the spontaneous and 
ZP-induced acrosome reaction suggesting an involvement of sperm SGG in direct binding to 
the ZP (White et al., 2000). A sulfoglycolipid immobilizing protein, termed SLIP 1, is a conserved 
germ cell membrane protein that has been shown in vitro to bind specifically to the mammalian 
germ-cell-specific SGG. The SLIP 1, present on the acrosomal plasma membrane is absent fkom 
ZP. Low concentrations of exogenous purified SLIPldecreased the number of sperm bound per 
egg. Sperm SLIP1 is involved in sperm-egg interactions (Tanphaichitr et al., 1993). 

Testis Specific Phosphatase: Testis contains a germ cell specific phosphatase (GCAP), which 
resembles with placental alkaline phosphatase. The enzyme is a marker for seminomas and is 
utilized for clinical use (Otto et al1998). An embryonic alkaline phosphatase (EAP) expresses 
at the two-cell to blastocyst stage of preimplantation development in the mouse. The isozyrne 
is re-expressed in trace amounts in the thymus, intestine and testis during adult life. The EAP 
transcripts can be detected, in very low amounts in the testes of newborn mice, but at 24 days 
of age, EAP mRNA levels reach the highest concentrations. No positive cells were recognized 
in the testis of newborns (day 0) and 8day old mice. Immunoreactive positive cells were fmt 
observed at day 15 and, at 24 days of age, corresponding to spermatocytes in mid- to late 
prophase of meiotic division I. Positive M-phase cells were also observed at 40 days and 15 1 
days of age. Transgenic mice expressing the human GCAP isozyme in a tissuespecific manner 
in the testis showed equivalent stages of M-phase staining (Narisawa et al., 1992). 

P12516.5 Nuclear Antigen: A p 12516.5 nuclear matrix antigen displaying a marked increase in 
mitotic cells was identified by Hadyiolova et al (1989) at different stages of postnatal 
development: In Sertoli cells, thep12516.5 antigen parallels [3H] thymidine incorporation: present 
in newborn and absent in sexually mature testes. The antigen is present also in some 
prespermatogonia of the newborn rat testies, which do not incorporate [3H] thymidine. At later 
stages of development, the ~12516.5 antigen is present also in first meiotic prophase 
spermatocytes displaying an extrachromosomal nucleoplasmic distribution, while absent in 
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spermatids and spermatozoa. Thus the p12516.5 antigen increases not only during mitosis, but 
also during meiosis. 

Gametogenetins: The germ cell-deficient (gcd) mutation is a recessive transgenic insertional 
mutation leading to a deficiency of primordial germ cells (PGCs). The gene underlying this 
mutation is Pog, which is necessary for normal proliferation of PGCs. Meiosis is impaired in 
Pog-deficient mice. POG interacted with GGNl and GGN3, two proteins formed by alternate 
splicing of the same gene, gametogenetin (Ggn). This gene has more than 10 different splice 
variants giving rise to three proteins (GGNI, GGN2, and GGN3), which show different cell 
localization. The expression of Ggn was confined to late pachytene spermatocytes and round 
spermatids, a time window concomitant with the occurrence of meiosis. Mouse Ggn and Pog 
are both expressed in primary spermatocytes. The GGNl and GGN3 are spatially and temporally 
regulated proteins, which interact with and regulate the localization of POG, and play a role in 
spermatogenesis (Lu et al., 2003). 

MHC Class I Molecule Mamu-AG: The nonclassical MHC class I locus HLA-G is expressed 
primarily in the placenta, although other sites of expression have been noted in normal and 
pathological conditions. In addition, HLA-G isoforms are present in the serum of pregnant and 
non-pregnant women as well as men. The rhesus monkey placenta expresses a nonclassical 
MHC class I molecule Mamu-AG, which has features remarkably similar to those of HLA-G. 
The Mamu-AG5 mRNA was readily detected in rhesus testis but not in sperm. 
Immunochemically, Mamu-AG was consistently stained the cells within the seminiferous 
tubules. While primary spermatocytes were negative, Sertoli cells, spermatocytes, and 
spermatids were consistently positive for immunostaining. This demonstrated that a specific 
soluble nonclassical MHC class I molecule is expressed in the rhesus monkey placenta and 
testis (Ryan et al., 2003). 

Phosphatidylethanolamine Binding Proteins: The phosphatidylethanolamine binding proteins 
(pebps) comprise an evolutionarily conserved family of proteins recently implicated in mitogen- 
activated protein (MAP) kinase pathway regulation, where they are called raf kiase inhibitory 
proteins. A new member, pebp-2, with potential roles in male fertility has been described. The 
pebp-2 is a testis-specific 21-kDa protein found within late meiotic and haploid germ cells in a 
stage-specific pattern that is temporally distinct fiom that of pebp-1. The pebp-2 forms a 
distinct subset of the pebp family within mammals. Database analyses revealed the existence 
of a third subset. The specificity of the distinct pebps subsets is likely to be determined by the 
amino terminal 40 amino acids or the 3'-untranslated region, where the majority of sequence 
differences occur. However, protein modeling suggests that pebp-2 protein is topologically 
similar to other pebps and composed of Greek key fold motifs, a dominant #sheet formed fiom 
five anti-parallel P strands forming a shallow groove associated with a putative 
phosphatidylethanolamine binding site. The pebp-2 gene is intronless and it is a retrogene 
derived h m  pebp 1. The pebp-2 co-localizes with members of the MAP kinase pathway in late 
spermatocytes and spermatids and on the midpiece of epididymal sperm (Hickox et a1.,2000; 
2002). 

Phosducin-Like Protein: A new member of the phosducin-like (PUP) protein family is 
predominantly, if not exclusively, expressed in male and female germ cells. Spermatogenic cell 
fractions evidenced a stage-specific expression with high levels of RNA and protein in 
pachytene spermatocytes and round spermatids. Three mRNA species were detected, which 
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correspond to different polyadenylation sites and vary in abundance during germ cell maturation 
(Lopez et al., 2003). 

Phtfl Gene Product: Phtfl is a gene evolutionarily conserved &om Drosophila to human that 
is abundantly expressed in testis. In adult rat, transcripts were abundant in germinal meiotic 
and postmeiotic cells. From weak activity in a juxtanuclear region of early pachytene 
spermatocytes, activity progressively extended and persisted until the end of spermiogenesis, 
when it was eliminated in the residual bodies. Phtfl protein showed the properties of an 
integral membrane protein. In haploid cells of rat seminiferous epithelium, it co-localized with 
calnexin and calmegin. Phtfl is a potential new marker for Golgi modifications as well as for 
many of the obscure transformations undergone by the endoplasmic reticulum (Oyhenart et 
al., 2003). 

Sperm-Associated Glutamate @)-Rich Protein: A family of genes, indicating an OW, which 
codes 200-220 amino acid proteins, has been identified. These proteins have high proportion 
of a-helical secondary structure and comprise approximately 15% glutamate residues. Because 
of this property, the family has been named sperm-associated glutamate (E)-Rich protein 
(SPEER). Three members ofthis family, SPEER-1 (pseudogene), SPEER-2, and SPEER-4D, are 
expressed specifically in the testis of mice, with only very weak expression evident in the rat 
testis but in no other species tested (Spiess et al., 2003). All three transcripts are expressed at 
high levels in haploid germ cells at the spermatocyte-spermatid transition. While SPEER-1 
mRNA is present in the cytoplasm as a sense transcript, SPEER-2 appears to be mostly as an 
antisense transcript, whereas SPEER-4D appears to be localized within a subcellular 
compartment as a conventional sense transcript. While there are no true homologies to other 
proteins in the genome databases, some motifs are present that suggested a relationship of 
these proteins to nuclear matrix proteins ((Spiess et al., 2003). 

SerinaRich Spermatogenic Protein-1: By means of mRNA differential display and cDNA 
library screening, Geisinger et al., (2002) characterized a novel gene ofthe rat that is diffmtially 
expressed during spermatogenesis. Its mRNA reaches the highest level during the fmt meiotic 
prophase. The transcript appears to be testis-specific as it was not detectable in any of the 
nine other tissues tested. The full length O W  encodes a putative phosphoprotein containing 
a serine stretch and a bipartite nuclear localization signal, which was called as SRSP1 (serine- 
rich spermatogenic protein-1. Comparison of cDNA of SRSPl with genomic sequences in 
databases identified the presence of some putative regulatory sequences (Geisinger et al., 
2002). 

TEPP: A gene that is specifically expressed in testis, prostate, and placenta was identified. 
The gene has one major transcript of 1.Okb in size and encodes for a protein of 30.7kDa 
molecular weight. This gene was named as TEPP (expressed in testis, prostate, and placenta). 
The amino acid sequence analysis of TEPP using Signal P program shows that it has a signal 
peptide with a predicted cleavage site between amino acids 19 and 20, indicating that it might 
be a secreted protein. These proteins are highly conserved in chordates. In addition, a splice 
variant of TEPP, which encodes a 37kLlaprotein was also present (Bera et al., 2003). 

Other Clones and Related Proteins: Several mouse and human testis-specific genes have 
been identified using antibodies raised against testicular germ cells. The relaxin like factor gene 
(Rid) was mapped to chromosome (Chr) 8, and collapsin response mediator protein 1 (Crmpl) 
was mapped to Chr5. Three other genes encoding testis-specific proteins A2 (Tsga2), A8 
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(Tsga8), and A12 (TsgalZ) were mapped to chromosomes 3, X, and 10, respectively (Taketo et 
al., 1997). Following genes express during spermatogenesis and seem to be involved in testicular 
germ cell differentiation and sperm formation: 

i). Gsg 1-3 are expressed specifically in testicular germ cells, in both 24-day-old and adult 
testes, but they are not expressed in 4-lo-, or 16 day old testes. They are expressed in the 
haploid germ cells after meiotic division. Because the product of Gsg3 has a 37% amino acid 
sequence identity to an actin-capping protein, Cap Z and Gsg3 protein might interact with 
actin filaments during the morphogenesis of spermatids. Both Gsgl and Gsg3 are mapped on 
Chr 6. Gsgl has been mapped close to Fgf6 that belongs to the fibroblast growth factor gene 
family, some ofwhich are involved in testicular functions. Putative positions of human homologs 
of Gsgl and Gsg3 are 12pl1-12 and 12~13, respectively. In the human, more than 80% of adult 
testicular germ cell tumors (TGCTs) have an isochromosome of the short arm of Chr 12, i(12p). 
This isochromosome is highly specific. Since chromosomal abnormality is found in human 
germ cell tumors, it is conceivable that Gsgl or Gsg3 over-expression is involved in the 
tumorigenesis. The Gsg2 gene was mapped to mouse Chr 1 l(Matsui et al., 1997). 

ii). A testis-specific protein, termed LRTP, was identified by screening both human and mouse 
testis and mouse pachytene spermatocyte cDNA libraries. LRTP contains an amino terminus 
leucine-rich repeat domain. There are several acidic regions rich in glutamic acid in the C- 
terminus. The sequence, shows similarities to LANP and SDS22+ leucine-rich repeat proteins, 
,localized to the nucleus and involved in the regulation of protein phosphatases. In mouse, the 
mRNA is first detected presumably in mid-pachytene spermatocytes. The protein is most 
abundant in the cytoplasm of pachytene and diplotene cells, corresponding to late prophase 
of meiosis I suggesting a functional association of LRTP with meiosis (Xue and Goldberg, 
2000). 

iii). Chen et a1 (1997) isolated two types cDNA clones specifically expressed in mouse testes. 
Type A cDNA (2,07 1 nt) is predicted to encode 347 amino acids, whereas type B cDNA (1,536 
nt) has a deletion of 535 bp from nucleotides 1,206 to 1,740 of type A cDNA, probably due to 
alternative splicing. Both types of mRNAs were specifically expressed in testis; type B mRNA 
was more abundant than type A mRNA. These two mRNAs also expressed in immature testes 
until 24 days after b i i  specifically in spermatogonia, Sertoli cells and Leydig cells. In the W/ 
W mouse testis, which lacks c-kit activity and spermatogonia, but contains Sertoli and Leydig 
cell, both mRNAs were found to be expressed in the latter two types of cells. These clones were 
termed tsec-I, testis-specifically expressed cDNAs (Chen et al., 1997). 

iv). A monoclonal antibody, MC301, against rat testicular extracts corresponding to the onset 
of meiosis recognized a 90-kDa glycoprotein, GP90-MC30 1. The glycoprotein was ubiquitously 
expressed in various tissues and localized predominantly in the Golgi area of epithelial cells. In 
testes, GP90-MC30 1 was shown in the cytoplasm of meiotic spermatogenic cells fiom the 
preleptotene to mid-pachytene stages. Glycoprotein was localized in spennatocytes on organelles 
such as Golgi apparatus, endoplasmic reticulum, and nuclear envelope and in the extracellular 
fluid of the testes (Tani et al., 2000). 

v) A 2.5-kb cDNA @s) codes for a human sperm surface protein (HSS), which contains five 
direct repeats, three mirror repeats, three possible stem loop structures and three unique 
palindromic motifs located at functionally relevant positions. Open reading &me encodes a 
protein of 766 amino acid. NH, terminus extra-cellular domain had a leucine zipper (LZ) motif, a 
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transmembrane helical domain and a cytoplasmic domain at the COOH terminus. Hss transcript 
is present only in testis. Cell type expression of hss mRNA showed it only on the round 
spermatids suggesting haploid germ cell expression if hss (Shankar et al., 1998) 

vi) Ibal : During rat testis development a cDNA hgment isolated by differential display method 
turned out to be Ibal, an ionized calcium binding adapter molecule-1, that contains two EF 
hand like motifs. The Ibal mRNA is present in the rat testis fitst at 4 week and then increased 
up to adulthood. The Iba 1 protein was specifically expressed in the cytoplasm of elongate 
spermatids as well as in residual bodies that are ultimately engulfed by Sertoli cells. On the 
other hand, Ibal mRNA is present in round spermatids as well as early elongate spermatids 
(steps 1 - 12) but not in late spermatids, suggesting that Ibal mRNA undergoes post- 
transcriptional regulation. It seems that Ibal may be involved in the final stages of 
spenniogenesis (Iida et al., 200 1). 

vii) RSD-3 gene: A novel full-length cDNA composed of 2228 bp, designated as RSD-3 is 
expressed in germ cells of testis. The reading h e  encodes a polypeptide consisting of 526 
amino acid residues, containing a number of DNA binding motifs and phosphorylation sites 
for PKC, CK-11, and p34cdc2. The initial expression of the RSD-3 gene was detected in the testis 
on the 30m postnatal day and attained adult level on the 60th postnatal day; its expression is 
restricted to primary spermatocytes, undergoing meiosis division I. The human testis homolog 
of RSD-3 cDNA, designated as HSD-3.1 consisted of 12 exons that span approximately 52.8 kb 
of the genome sequence and was mapped to chromosome 14q3 1.3 (Zhang et al., 2003). 

viii) PIASx and PIAS1, two members of the conserved protein inhibitor of activated STAT 
(PIAS) family, are able to interact with and modulate activities of several distinct nuclear 
proteins, including androgen receptor. PIASx gene encodes two SUMO E3 ligases that are 
highly expressed in the testis. The expression of both PIASx and PIASl was low or undetectable 
in newborn rats. PIASx mRNA started to accumulate after day 20 of postnatal life, whereas 
expression of PIAS 1 rnRNA increased around day 30 after birth. In the adult rat testis, both 
PIASx and PIAS 1 mRNA were present in Sertoli cells and in germ cells in the seminiferous 
epithelium. However, PIASx mRNA was more abundant in spermatocytes than in other cell 
types, whereas higher levels of PIASl mRNA were detected in late spermatocytes and round 
spermatids than in early spermatocytes. Since PIASx and PIASl accumulate in developing 
male germ cells, their regulatory functions are not only restricted to androgen receptor in 
Sertoli cells, but they also participate in molecular processes during meiosis. The proximal 
promoter of the murine PIASx gene fiom testicular nuclear extracts forms a major DNA- 
protein complex containing Spl, Sp2, and Sp3 transcription factors. A fragment comprising a 
segment from -168 to +76 nt relative to transcription start site is sufficient for basal promoter 
activity in cultured cells, but these in vibo assays failed to reveal clear differences in promoter 
activity between testis- and non-testis-derived cell lines (Santti et al., 2003; Yan et al., 2003). 

ix) Bv8, a 8-kDa protein fiom skin secretions of Bombina variegata, reacts with mammalian 
brain and intestine. The murine and human homologues of Bv8 have identical amino-terminal 
sequences and contain 10 cysteines. In mouse testis, two forms of Bv8 mRNA have been 
characterized, of which one contains an additional exon, which codes for 21 mostly basic amino 
acids. The mouse Bv8 gene is most active in mid-late pachytene spermatocytes. The mouse 
and human precursor pmteins are very similar but considerably different from Bv8 from Bombina 
variegata. However, the N-terminal of Bv8 from three different sources was very similar, 
suggesting its importance in biological functions (Wechselberger et al., 1999). 
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Chapter 34 

SPERM MATURATION IN EPIDIDYMIS 

341. ROLE OF EPIDIDYMIS 

During their transit in the epididymis, spermatozoa acquire the capacity to move and to fertilize 
eggs; they are then stored in the cauda-end of the lumen in a quiescent state prior to ejaculation. 
The ability of sperm to undergo the events of fertilization is developed as a result of interaction 
with certain epididymal secretions, besides a complex cascade of changes involving the 
remodeling of the sperm surface, the induction of chromatin condensation, the acquisition of 
movement, and development of the potential for capacitation. Although secretions of the 
epididymal epithelium are clearly important for sperm maturation and survival, their role in this 
process has yet to be filly determined. Alterations in epididymal sperm membranes may result 
from the incorporation of protein, sugar and lipid determinants. Being a dynamic structure, the 
sperm surface is altered even after the spermatozoon leaves the male tract. For example, in the 
female reproductive tract, the spermatozoa undergo capacitation and the acrosome reaction 
that enable them to fertilize the egg. Both of these processes are accompanied by re-localization 
of many proteins. During sperm maturation in the epididymis, the acrosome undergoes a 
structural change in morphology. Biochemically, several intra-acrosomal proteins have been 
shown to exhibit modifications in their molecular form and antigenicity. Cell surface alterations 
in epididymis as well as the sperm maturation in vivo are also dependent on the action of 
androgen although the biochemical basis of its action is largely unknown (Cooper 1998; Jones, 
1998; Sivashanmugam et al., 1999). Epididymal epithelium provides possible mechanism through 
ubiquitination for quality control of spenn in mammals. Ubiquitin binds to the surface of 
defective sperm, and most of the ubiquitinated sperm are subsequently phagocytosed by the 
epididymal epithelial cells (Sutovsky et al., 2001). Sperm maturation in epididymis also involves 
DNA stability. Mature sperm from the cauda epididymis are also able to incorporate foreign 
DNA in a buffer containing only salts and calcium, whereas immature spermatozoa are unable 
to bind DNA (Carballada and Esponda 200 1). Cyclic AMP levels increase in the spermatozoa 
of ram, bovine, boar and goat during epididymal transit. The level of CAMP is determined by 
the relative rates of cyclic AMP synthesis and degradation i.e., by the relative activities of 
adenylate cyclase and its cyclic AMP phosphodiesterase (CPD) respectively. The CPD has an 
important role in epididymal sperm maturation. The intrasperm pH has been found to increase 
0.4 unit fiom caput to cauda in goat indicating thereby that intrasperm pH may have arole in the 
regulation of sperm motility initiation in epididymis (Nath and Majumder; Uma Devi et al, 1997). 
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342  SPERM SURFACE ALTERATIONS 

Mmbranefluidity: Little is known about the lipid asymmetry and fluidity of sperm plasma 
membrane. It is characterized by an unusually high proportion of polyunsaturated phospholipids 
that give it special physical characteristics and compartmentalization of many of its component 
proteins and lipids into discrete domains on the sperm head and tail. During passage of 
spermatozoa through the epididymis remodeling of the plasma membrane is commensurate 
with acquisition of motility and fertilizing capacity. Remodeling processes include uptake of 
secreted epididymal glycoproteins, removal or utilization of specific phospholipids ffom the 
inner leaflet of the bilayer, processing of existing or acquired glycoproteins by endoproteolysis 
and re-positioning of both protein and lipid components to different membrane domains (Jones, 
1998). The fluidity of the isolated goat sperm plasma membrane (PM) decreases significantly 
during the epididymal transit of sperm 

L$idProfile: Major sperm membrane lipids comprise phospholipid (approx. 75% w/w), neutral 
lipid (approx. 15% w/w) and glycolipid (approx. 10% w/w). During epididymal maturation there 
is a significant decline in the total lipids, phospholipid and glycolpid contents of sperm 
membrane. On the contrary, the mature cauda-sperm membrane showed greater neutral lipid 
content than that of the immature caput sperm. Phoshatidylcholine (PC), 
phosphatidylethanolamine (PE) and sphingomyelin are the phospholipids of the sperm 
membrane, the former two being the major lipids. Phosphatidylethanolamine decreased most 
strikingly in sperm maturation. The sperm maturity is associated with marked increase of sterol 
and steryl ester, and with decrease of the other membrane bound neutral lipids. The fatty acid 
profile of the various membrane lipids undergoes marked alteration during the epididymal 
transit of the male gametes. CholesteroVphospholipid and saturatedlunsaturated fatty acid 
ratio increases greatly in the maturing sperm membrane. The altered lipid profile of the mature 
sperm membrane leads to changes in its fluidity that plays an important role in determining the 
structure and functions of the sperm (Rane et al., 1991). Rat spermatozoa undergo significant 
modifications in lipid content from the caput to the cauda epididymis. A depletion of 
phosphatidylcholine and phosphatidylethanolamine, concomitant with a virtually unchanged 
amount of the corresponding plasmalogens, are the major alterations, plasmenylcholine thereby 
becoming the major phospholipid. Concerning the fatty acids, the proportions of oleate (C 18: 1, 
n-9) and linoleate (C18:2, n-6) in most lipids decreased on movement of sperm from caput to 
cauda, augmenting in turn the proportions of longer-chain (C20 to C24) and more unsaturated 
fatty acids. These fatty acids are found to undergo the most significant changes during sperm 
maturation. 

Redox status: Aitken and Vernet (1998) reviewed that the changes in the redox status of 
mammalian spermatozoa from all regions of the epididymis exhibit a spontaneous capacity for 
superoxide anion production, which can be enhanced by the exposure to NADPH, in the caput 
region. This spontaneous free radical generating activity is mediated by a membrane-bound 
NADPH oxidase, the function of which is to generate the peroxides that are needed to serve as 
hydrogen acceptors for phospholipid hydroperoxide glutathione peroxidase during chromatin 
condensation in sperm. As spermatozoa enter the cauda epididymidis they also express a 
capacity for hydrogen peroxide (H202) when released into a defined culture media. 
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34.3. PROCESSING OF SPERM PROTEINS IN EPIDIDYMIS 

Several types of glycoprotein changes including their appearance, loss, alteration of staining 
intensity, and alteration of electrophoretic mobility are noted. Some maturation dependent 
sperm surface glycoproteins co-migrated with glycoproteins present in epididymal fluid. Proteins 
on the sperm surface, localized to specific domains. such as fertilin P, PH-20, rat orthologue 
2B1, rat posterior tail protein CE9, rat sperm mannosidase and various ADAM proteins with a 
potential role in fertilization, are processed during sperm maturation in the epididymis (Blobel, 
2000; Frayne et al., 1998; Linder et al., 1995; Yuanet al., 1997). 

PHZO: The PH-20 is initially present on whole of the membrane and subsequently becomes 
restricted to a particular domain by some mechanism, not yet defined. The 2B 1 on rat spermatozoa 
is a homologue of mouse/man PH-20. The 2B 1 is expressed postmeiotically in the testis as a 
precursor glycoprotein of approximately 60kDa that fvst appears on the plasma membrane of 
stage 6 to 8 round spermatids. As spermatozoa pass through the caput epididymidis, 2B 1 is 
endoproteolytically cleaved at a specific arginine residue (Arg 3 12)to produce a heterdhneric 
glycoprotein (40-kDa and 19-kDa) containing intra-molecular disulphide bridges (Jones et al., 
1996). The equine PH-20 is modified during epididymal transit. Significant differences occur in 
electrophoretic mobility of PH-20 from caput and cauda epididymal equine sperm. N- 
deglycosylation resulted in the loss of hyaluronidase activity of sperm fkom both epididymal 
regions, whereas 0-deglycosylation or trypsinization did not affect hyaluronidase activity. 
PH-20 distribution during epididymal maturation is dependent on proteolytic trypsin like 
mechanisms and, possibly, on complementary membrane associated factors (Rutilant and 
Meyers, 2001). 

Glycoconjugates: Lectin binding studies provide evidence that glycan moieties of sperm plasma 
membrane glycoproteins undergo extensive modification during epididymal transit. The luminal - .  . 

fluid fucosyltransferase and #D-galactosidase of epididy& are also responsible in the 
modification of sperm surface glycoproteins dunng sperm maturation (Tulsiani et al., 1995,1998). 
Sperm surface proteins are modified by proteolytic processing in epididymis. For examples, rat 
sperm plasma membrane mannosidase is synthesized in the testis in an enzymatically inactive 
or less active prescursor form of 135-kDa, which is proteolytically processed to an enzymatically 
active mature form of 1 15-kDa during development in the testis and maturation in the epididymis. 
(Tulsiani et al, 1995). Similarly, sperm membrane proteins ~ ~ 2 0  &d PH 30, 
mouse sperm antigen M42, rat sperm glycoprotein CE9, and antigen 2B 1 undergo proteolysis 
during sperm maturation. In addition to the modification of sperm plasma membrane proteins1 
glycoproteins, spermatozoa undergo intra-acrosomal modifications for acrosin and acrogranin 
(Tulsiani et al., 1998). Evidence presented demonstrate that at least one sperm surface 
glycoprotein (86-kDa) is fucosylated in vitro when caput spermatozoa are incubated with GDP 
fucose. Mouse testes have high activity of fucosyl transferase (FT), which is mainly on sperm 
surface. Spermatozoa fkom the caput epididymis have significantly more FT activity per cell 
than do spermatozoa fkom the cauda epididymis (Ram et al., 1989). 

ADAM Proteins: In guinea pig, fertilin is distributed on testicular sperm head plasma membrane, 
but is found only on posterior head once sperm have passed through the epididymis. This can 
be mimicked if testicular sperm are briefly treated with trypsin. Fertilin from seven regions of 
epididymis showed migration of the protein h m  anterior head to posterior head after proteolytic 
processing of full length fertilin P processor (85 kDa pro -pform) to 75 kDa intermediate prop* 
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to 25-28 kDamature form (Hunnicutt et al., 1997). One or more serine protease activities associated 
with testicular sperm can process fertilin B in vitro and in a similar fashion in epididymis (Blobel 
2000; Lum andBlobal, 1997; Hunnicutt et al., 1997; Hellsten et al., 2001). Inositol polyphosphate 
5-phosphatase deficient mice showed lack of fertilin-A processing and disrupted sperm function 
(Hellsten et al., 2001). 

Acrins: Intra-acrosomal antigen, Acrinl (MN7), shows not only a specific localization in the 
apical segment of the guinea pig sperm acrosorne, but also a distal alteration during maturation. 
Acrinl (MN7) was exclusively found both at the dorsal matrix and on the acrosome membrane 
(OAM) matrix associated materials in the apical segment. Acrinl was initially distributed 
throughout dorsal matrix in immature sperm. But, during maturation, it became more restricted 
in the spherical bodies (Yoshinaga et al., 2000). The amsomal location of acrin2 in caput 
epididymidal sperm was almost identical to that observed in the final step spermatids. But 
during maturation it was more restricted in area, until in distal cauda epididymidal sperm it 
remained only in the dorsal region. Acrin2 was recognized as a 165-kDa protein in the mature 
sperm and showed a reduction in molecular weight during sperm passage through the epididymis 
(Yashinaga e al., 2001). 

Cytoskeleton Proteins: The actin regulatory proteins (thymosh d10, destrin and a testis 
specific actin capping protein) involved in controlling the balance between actin monomers (G- 
actin) and actin filaments (F-actin) are localized to acrosomal domain of bull sperm but during 
epididyrnal maturation they become confined to the equatorial segment. Following ejaculation, 
however, they extend back into the acrosomal region. The redistribution of actin and actin- 
regulatory proteins, coupled with changing levels of actin polymerization, suggests a continuing 
role for actin in both post-testicular sperm maturation and acrosomal exocytosis (Howes et al., 
200 1). In the tammer wallaby. The assembly and disassembly of F-actin within the acrosome as 
the spermatozoa transit the epididymis, suggested that actin filaments might play a significant 
role in the acrosomal transformation (Scarlet et al., 2001). 

CE9: CE 9 is a domain specific integral plasma membrane protein of rat sperm. On testicular 
spermatozoa, it was concentrated withii the posterior tail domain of the plasma membrane, 
whereas on vasa deferens spermatozoa, CE9 was concentrated within the anterior tail domain. 
N-terminal sequencing of CE9 suggested that the cleavage occurred on the carboxy terminal 
side of arginine 74 in the primary sequence of CE9, resulting in the loss of approximately 40% 
of the amino acids in the extracellular domain of this transmembrane glycoprotein (Petruszak et 
al., 1991). 

34.4. PROTEINS ADSORBED BY SPERM DURING EFTDIDYMLS TRANSiT 

In addition to processing of various proteins, proteins secreted fkom the epididymis are 
apparently added to the sperm surface in transit through the epididymis (McLaughlin et al., 
1997; Waters and White, 1997; Jury et al., 1998). Most of these proteins participate in egg- 
sperm interaction and ovum fertilization. A comparison of the different protein patterns, in 
epididymis showed 6 1 spots, of which 11 were secreted only in the presence of hormones, 3 
appeared to show hormone-related changes, and 25 were region-specific. Most of these secreted 
proteins were low-molecular-weight acidic proteins. 
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34.4.1 Mouse and Rat 

Mouse epididymal proteins 7, -8 and -9: %o classes of epididymal protein-sperm interactiom 
are distinguished on the basis of regional synthesis and secretion. The major class consists of 
proteins that are synthesized, secreted, and bound to spermatozoa in the caput epididymidis. 
In this class, however, the binding of protein to the spermatozoa is variable. Mouse MEP 25- 
kDa protein is a member of the phospholipid binding protein family and may have a role in lipid 
metabolism during sperm maturation (Araki et al., 1992). The 25-kDamouse epididymal secretory 
protein (MEP-9) is similar to mouse testicular protein MTP-9 in several characteristics including 
molecular mass (25 kDa), isoelectric point @I 6.0) and immunoreactivity. Although the 25-kDa 
antigens from the epididymal fluid andtesticular extract are quite similar, they may have different 
immunological conformations. The amino acid composition and partial amino acid sequence of 
the testicular antigen showed substantial homology (> 80%) with a phosphatidylethanolamine 
binding protein fiom bovine brain. Another class of proteins (54,44,29 kDa) are synthesized 
and secreted fiom all epididymal regions but bound only to spermatozoa. Most of the epididymal 
proteins appeared to be tightly bound to the sperm. Whereas the activity of 25-kDa protein in 
mouse testis was found in the residual cytoplasm of the elongated spermatids, in the residual 
bodies, and in the cytoplasmic droplets of spermatozoa, the epithelial principal cells in epididymis 
were stained from the distal caput to the distal cauda. The activity seen in the principal cell is 
due to origin of synthesis rather than endocytosis of the testicular proteins fiom disrupted 
cytoplasmic droplets suggesting that the 25-kDa protein is synthesized independently by 
both testis and epididymis (Vierula et a]., 1992). Among the eleven major MEPs identified in 
caudal fluid, three proteins were characterized: MEP 9, secreted from the proximal to the distal 
caput epididymidis; MEP 10, secreted frommid- and distal caput and MEP 7, secreted from the 
distal caput, corpus, and cauda. The secretion of these proteins is influenced by androgens. 
MEPs 7,9 and 10 appeared to be associated with spermatozoa. 

MEP-10 was localized within the cytoplasm of the principal cells, the stereocilia, and the 
lumen of the epididymis at the junction of the distal caput and corpus and dissociated completely 
from caudal spermatozoa under low salt conditions, indicating that it was not f m l y  bound to 
spermatozoa. The related rat protein migrated at approximately 2OkDa. Amino acid sequence 
analysis of MEP-10 revealed an 86% sequence similarity with rat proteins B and C. MEP7 and 
MEP-10, are homologues of rat proteins D and E, and B and C, respectively and are likely to be 
functionally equivalent (Rankin et al., 1992). Mouse epididymal protein 7 was localized initially 
within the supranuclear regions of some principal epithelial cells in the proximal corpus. 
Sequential extraction of caudal spermatozoa indicated that MEP7 was predominantly loosely 
associated with sperm. Examination of other rodent caudal fluids revealed a MEP7 related 
protein of 32 kDa in rat caudal fluid and has a 68% sequence similarity with rat proteins AEG 
and DIE. 

Mouse Sperm Maturation Antigen 4 (SMA-4): Mouse sperm maturation antigen 4 (SMA-4) is 
a surface-component of spenn tail, and may be secreted by principal cells of the distal caput 
epididymidis and bound to spermatozoa as they pass through that region of the duct. A band 
corresponding to 54kDa was PAS positive and M e r  processed on sperm surface. During 
transit through epididymis, several sperm antigens, produced in testis, are masked by secretary 
products of epididymis. Maturation antigen produced by epididymal epithelium is initially 
masked by sialic acid residues and finally is desialyted. The SMA4 shows WGA reactivity and 
binds to the flagellar surface of sperm. It contains disulfide bonds, which stabilize it on sperm 
surface and its mobility. The primary function of SMA4 is to prevent tail-to-tail agglutination of 
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sperm during storage in epididymis (Feuchter et al., 1988; Toshimori et al., 1988). An intra- 
acrosomal155kDaprotein increases the antigenicity of mouse sperm antigens (Toshimori et al., 
1995) 

Rat Sperm Maturation Antigen: The major matwition antigen associated with spermmembrane 
is the prominent glycopeptide, which appears on the surface of rat spermatozoa during post - 
testicular sperm maturation. This phenomenon is not restricted to the rat. Rather in situ RNA 
hybidization and genomic DNA fragments made it evident that homolgous counterparts exist 
in other mammalian species, including human. The major maturation glycoproetein found on 
cauda epididymal sperm is linked to membrane via phosphatidylinositol (Moore et al., 1994). A 
1OSkDa sperm membrane antigen (SMA2) is localized in the anterior head overlying the acrosome 
and absent fkom sperm flagellum (Sarkar and Chatterjee, 1997). 

Prostaglandin D, Synthase: Glutathione independent prostaglandin (PG) D, synthetase 
(prostaglandin Y Disomerase, EC 5.3.99.2) (PGD-S) is the enzyme that catalyzes the conversion 
of the cyclooxygenase derived intermediate PGH, to PGD, in the presence of sulfhydryl 
compounds. However, under different conditions, PGH, can also be converted to PGD, by 
glutathione dependent PGD synthetase, glutathione S-transferase, and even albumin. PGD-S 
has been detected in many mammalian organs. The PGD, is known to be involved in diversified 
physiological functions. The PGD-S is an important molecule in testicular and epididymal 
function and sperm maturation. The regionalization of PGH synthase in epididymis suggests 
that PGs play a role in fluid and ion transport (Marshburn et al., 1989). The PGD-S was shown 
to be a member of the lipocalin family, which is composed of secretory proteins that bind and 
transport small lipophilic molecules. PGD-S has been sown to be a bifunctional molecule. The 
concentration of PGD-S is highest in the epididymis-about 6 and 80 fold greater than that in the 
brain and testis, respectively (Lareyre et al, 2000b). 

E3: A Defensin Like Protein: The E-3, epididymis-specific secretory glycoprotein, is a sperm- 
associated isoantigen containing defensin- and lectin-like motifs. The E-3 was detected in rat 
epididymal fluid and in sperm with a spot of 28-kDa with a (pi) of 3.5. A 449-bp consisting of 
a complete O W  of 1 1 1 amino acids showed similarity to the defensin and lectin families. The E- 
3 mRNA was only predominantly expressed in the corpus and cauda ofthe epididymis, but not 
in caput. Indirect immunofluorescence localized E-3 on the entire tail, and with less intensity on 
the head of the sperm. The E-3 may play a role in protecting the sperm fkom microbial infections 
in the epididymis and in the female reproductive tract (Rao et al., 2003). 

Other Proteins in Sperm Maturation in Rodents: Acidic epididymal glycoprotein (AEG) has 
a slight stirnulatory effect on the motility of spermatozoa of rats. These studies emphasized the 
importance of the effects of AEG protein, but did not provide any clear evidence for a specific 
effect of AEG. A glycoprotein of 32kDa was isolated fiom the rat caudal epididymal fluid. The 
32-kDa protein interacts with epididymal spermatozoa and shows charge heterogeneity having 
pl values of 5.4 and 4.9, with the major components (Zehab and Orr 1984). In mouse GP-83 and 
GP-49, sperm maturation related glycoproteins are secreted de novo in the epididymis, and 
their secretion is developmentally regulated and androgen dependent (Liu et al., 1992). 

34.4.2. Guinea pig/Rabbit/Hamster 

HEP64: HEP64, a 64 kDa glycoprotein is secreted by principal cells of hamster corpus and 
proximal cauda epididymidis that specifically binds to dead spermatozoa. Its monomer contains 
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approximately 12kDa carbohydrate. Following deglycosylation, HEP64 migrates as a 52-kDa 
polypeptide. Both soluble (luminal fluid) and sperm associated HEP64 are assembled into 
disulfide linked high molecular weight oligomers that migrate as a doublet band of 260/280kDa 
in non-reducing SDS-PAGE. In the epididymal lumen HEP64 is concentrated in aggregates of 
structurally abnormal or degenerating spermatozoa and forms a shroud like coating surrounding 
abnormal spermatozoa (Nag Das et al., 2000). 

P26h: P26h abundant in the caput epididymal fluid ofhamster and is taken up by sperm during 
epididymal transit. This protein is present on mature spermatozoa and thus, could be considered 
amarker of epididymal sperm m u o n  (c/r Legare et al., 2001). P26h is associatedto epididymal 
prostasomes. Phospholipase C treatment of epididymal prostasomes indicated that P26h is 
anchored to these vesicles via a phosphatidylinositol. Epididymal sperm maturation involves 
a cell-to-cell transfer of a phosphaditylinositol-anchored protein and that prostasomes may be 
implicated in this process (Legare et al., 1999a). A 34-kDa human epididymal sperm protein, 
P34H is homologous to P26h and has been shown to be involved in sperm zona pellucida 
interaction. The predicted amino acid sequence of P34H has 65% identity with P26h, the 
hamster counterpart of the P34H (see Chapter 24). 

Rabbit Epididymal Secretory Protein: A protein designated as BE-20, is present in cauda 
epididymal fluid of the rabbit with an estimated molecular weight of 20kDa. The initial eight 
amino acid residues were His-Gly-Ala-Asp-Lys-Pro-Gly-Val. The BE-20 cDNA consisted of 
499bp with an open reading frame of 285 bp encoding a deduced polypeptide composed of 95 
amino acids. The BE-20 cDNA had 78.5% identity with 479 bp human epididymis specific HE4 
cDNA. The N-terminus of the purified protein showed the sequence: N-His-Gly-Ala-Asp-Lys- 
P r o - G l y - V a l - C y s - P r o - G i n - L e u - S e r - A l a - A s g L  
Asp-Cys-Ala-Glu. 

The deduced polypeptide contained 16 cysteine residues and had partial sequence 
homology with proteins belonging to the disulfide core family of extracellular proteinase 
inhibitors (Xu et al., 1996). The full length cDNA of BE-20 consisted of 585-bp with a poly(A) 
tail of 26 residues and an open reading frame of 369 bp encoding a polypeptide of 123 amino 
acids with a calculated molecular mass of 13 kDa. The N-terminus contained a leucine rich 
segment. BE-20 cDNA has about 76.8% homology with the HE4 gene of human epididymis. 
Northern blot analysis showed that BE-20 is expressed only in the epididymis (Fan et al., 1999). 

Rabbit epididymal protein-38 of 38-kDa (REP-38) is localized in principal cells of cauda 
region and does not express any where in the body. The REP-38 is predominantly localized 
over the acrosomal and post acrosomal regions of the head and middle piece. It inhibited 
sperm-egg interaction in vitro. REP-38 is homologous to rat testicular Odf2 and KTT4, which 
putatively encode outer dense fiber proteins. The cDNA of REP38 encodes an OW, which 
encodes a polypeptide of 666 amino acids. Cleavage of a 22-amino acid N-terminal signal 
peptide revealed a mature protein with a theoretical molecular mass of 74.5-kDa. Two cross- 
hybridizing transcripts of 1.3 and 2.5-kb appeared to result fkom alternative mRNA splicing. 
This fmding could explain the discrepancies between the observed (38-kDa) and deduced 
molecular mass of REP38. The secretion of REP-38 is under androgen control (Nixon et al., 
2002). 

More than 150-200 proteins are secreted into epididymis lumen. Most of them are secreted in 
relatively small amounts. In ram for example fewer than 10 proteins contribute 90% of the total 
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secretions and only two contribute 52% of the total protein secreted (Dacheux et al., 1998). The 
radiolabeling patterns of ram sperm surface showed an overall shift in the predominant labeled 
glycoproteins from the zone 78-1 15-kDa in testicular spermatozoa to relatively low molecular 
weights of between 15 and 95-kDa in cauda epididymal or ejaculated spermatozoa. Labeling 
procedures specific for glycoproteins and sialoglycoproteins revealed additional complexities 
in transformation patterns of ram sperm surface and suggested that cauda epididymal 
spermatozoa exposed to accessory sex gland secretions adsorb or produce a component of 
high molecular weight (approx. 350 kDa) (Voglmayr et al, 1985). In another study (Weaver et al., 
1993), a monoclonal antibody identified an antigen of 18 kDa that is present on the surface of 
ram ejaculated sperm, but is absent from testicular sperm. 

Bands corresponding to 17 -1 1 1-kDa with different regionalization have been confirmed in 
the epididymis of ram (Gatti et al, 2000). The strongest epitopes at 17-kDa and 23-kDa were 
restricted to the cauda epididymidis. These 17 and 23-kDa proteins disappeared after 
orchidectomy, but they reappeared in the same regions after testosterone supplementation, 
indicating that they are secreted by the epithelium. The 17- and 23-kDa peptides had a low 
isoelectric point and were glycosylated. Their N-terminal sequences did not match any protein 
in current database. A polyclonal antibody against the fluid 17-kDa protein localized it on the 
sperm flagellum membrane and at the luminal border of all cells in the cauda epididymal epithelium. 
The secreted proteins with hydrophobic properties could be directly integrated in a specific 
domain of the sperm plasma membrane (Gatti et al., 2000). The ESA152 antigen is another 
highly hydrophobic integral membrane protein that resists aqueous extraction but partitions in 
detergents. ESA152 is an anchored protein, whose anchoring is unaffected by 
phosphatidylinositol specific phospholipase C. The antigen is absent from extracts of caput 
and corpus epididymidis but appears abruptly in the first segment of the cauda. EctoPPase of 
goat epididymal sperm outer surface showed a significant increase in its activity at the initial 
stage of epididymal sperm maturation followed by a sharp fall towards the terminal phase of the 
maturation event. The isolated PPase has a molecular mass of approximately 36-kDa and an 
isoelectric point of 5.95. The ecto-PPase is localized on the external surface of viable sperm 
(Baruaet al., 2001). 

34.4.4. Porcine Epididymal Proteins 

Electrophoretic analysis of boar epididymal fluids has demonstrated the presence of proteins 
specific to the epididymis. Some of the proteins interact with boar spermatozoa and may alter 
the sperm membrane properties. Some of these may modify pre-existing compounds through 
the action of proteases, glucosidases, glucosasminidases, or glycosyltransferases. A total of 
146 epididymal proteins covering 220 spots, were found to be secreted by the boar epididymis. 
The distal caput showed the highest number of spots; the lowest number of proteins secreted 
being found in the proximal caput and cauda. Most of the epididymal proteins analyzed are 
highly polymorphic in terms of both isoelectric and molecular mass. Of the various major 
proteins, clusterin, glutathione peroxidase, retinal binding protein, lactoferrin, EP4, P-N-acetyl- 
hexosamindidae, a-mannosidase, and procathepsin L were identified and localized along the 
organ (Syntin et al., 1996; Dacheux et al., 1998). 

Boar epididymal anti-agglutinin, from cauda epididymal plasma shows the presence of 
sialic acid residues. Removal of sialic acid residues from antiagglutinin greatly reduced its 
immunoreactivity with the specific antiserum. The head to head agglutinability of boar 
spermatozoa gradually increases during their transit through the caput to the proximal corpus 
epididymidis, but declines by the time they reach cauda epididymidis. A boar "anti-agglutinin", 
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which inhibits head to head agglutination of spermatozoa is a 25kDa sialoprotein contained in 
epididymal and seminal plasma (Harayama et al., 1996, 1999). A specific 135kDa protein has 
been purified fkom porcine cauda epididymal fluid and localized on acrosome (Okamura et al., 
1992). A porcine homologue of the major secretory protein of human epididymis, HE1, is 
secreted in the epididymal fluid as a 19-kDa glycoprotein, whose sugar moiety was gradually 
processed to form a 16-kDa protein during transit through the epididymis. The HE 1 homologue 
mRNA was detected only in the caput and corpus epididymis among the porcine tissues 
examined. The purified HE1 homologue specifically bound to cholesterol and is the major 
cholesterol binding protein in the porcine epididymal fluid (Okamure et al., 1999). 

34.4.5. Stallion 

FITC-lectins confirmed the presence of macromolecules containing carbohydrate residues in 
the epithelial cells of stallion epididymis with a distribution and relative density that was 
dependent on the epididymal region analyzed. The most prominent bands correspond to 66, 
55,45 and 14-kDa proteins, present in different concentrations, in the three major regions. A 
major band of 36-kDa was observed in the cauda epididymis. The stallion epididymis contains 
both 0-and N-glycocunjugates, probably in the N-acetyl 0-diacetyl form. Although sperm 
maturation is an androgen dependent process, striking differences were not detected in animals 
in breeding and non-breading seasons (Retamal et al., 2000). 

34.4.6. Primate Epididymis Secretory Proteins 

116-kDa Glycoprotein: Monkey spermatozoa acquire the capacity to move and to fertilize 
eggs while they are in transit rhrough epididyrnis (Yeung et al., 1996). The major maturation 
dependent sperm membrane glycoproteins identified h m  five segments of primate epididymis, 
include 0-linked 170, 150,86 and 60158 kDa glycoproteins; N-linked 68,56,48 and 38-kDa 
glycoproteins andN and 0-linked 1 16-kDaglycoprotein, all ofwhich exhiiited marked differences 
in the degree of glycosylation between immature and mature sperm surfaces. The 1000/o inhibition 
of fertility in female rats and rabbits immunized with major maturation dependent 116-kDa 
glycoprotein showed significance of glycosylation changes occurring in the maturation status 
of epididymal spermatozoa (Srivastav, 2000). 

27-kDa EP-1: Perry et al (clr Perry et al., 1999) identified several cDNA clones in a cynomologu 
macaque (Macaca facicularis) epididymal cDNA library. Among the known encoded proteins 
are the homologues of CD52 and others. Perry et al. (1995) isolated a cDNA clone, ESP14.6, 
which is homologue to HE1 . Epithelia I-V of the efferent ducts did not show characteristic anti- 
EPl binding. EP1 appears to be synthesized and secreted primarily in the caput region of the 
ductus epididymis and may be reabsorbed non-selectively across epithelia with apical microvilli 
(Smithwick and Young, 1999). The 27-kDa (EP-1) protein identified in chimpanzee cauda 
epididymal fluid is maturation related protein that may be involved in the initiation of motility 
or in the attainment of fertilizing capacity of sperm.The 27kDa-glycoprotein comprises 
approximately 20% of the total protein in chimpanzee (Pan troglo@es) cauda epididymal 
fluid. 27-and 25-kDa immunoreactive components are present in cauda epididymal fluid and in 
seminal fluid of human and subhuman primates. The 27-and 25-kDa components (chimpanzee 
EP-1) are identical in amino acid sequencing to the putative human epididymal protein HE1. At 
the cDNA level, chimpanzee EP-1 and human HE1 are 99% identical. The derived amino acid 
sequence of rhesus monkey EP-1 is identical to chimpanzee WPI-1 and to human HE1. Northern 
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Variant B (Accession NP-478113) 

1 MKVFE'LFAVL FCLVQTNSVH ISHQEARGPS PRICVDE'LGP RWARGCSTGN 

Variant E (Accession NP-478114) 

1 MKVFE'LFAVL FCLVQTNSGD VPPGIRNTIC RMQQGICRLF FCHSGEKKRD 
51 ICSDPWNRCC VSNTDEEGICE KPEMDGRSGI 

Variant G (Accession NP-478107) 

1 MRQWPSVT SLLLVALLFP GSSQARWNH SATEALGELR ERAPGQGTNG 
51 FQLLRHAVKR DLLPPRTPPY QGDVPPGIFW TICRMQQGIC RLFFCHSGTG 
101 QQHRQRCG 

Variant C (Accession NP-478110) 

1 W W P S V T  SLLLVALLE'P GSSQARHVMl SATEALGELR ERAPGQGTNG 
51 FQLLRHAVKR DLLPPRTPPY QEPASDLKVV DCRRSEGFCQ EYCNYMETQV 

101 GYCSWUCDAC CLH 

EP2 (Accession 408648) 
1 W W P S V T  SLLLVALLFP GSSQARWNH SATEALGELR ERAPGQGTNG 
51 FQLLRHAVKR DLLPPRTPPY QVHISHQEAR GPSFRICMF LGPRWARGCS 
101 TGN 

Fig.34.1. Human SAGA1 1 gene products. Out of several (9 already known) variants, five variants with their 
accession numbers are shown. Source: httpllwww. ncbi.nlm.nih.gov 

analysis localized rhesus monkey EP-1 mRNA to the distal caput and the proximal corpus 
epididymidis and expresses specifically in the epididymis (Frochlich and Young, 1996). The EP- 
1 protein was not detected in caput epididymis and hence caput epididymal sperm do not show 
motility, whereas caudal sperm showed forward progressive motility (Young et al., 1987 clr). 

EP2: The SPAGllIEP2 gene codes for at least nine message variants that are all specifically 
expressed in the epididymis. Alternative splicing of this gene results into seven transcript 
variants encoding different isofonns. These variants putatively encode small secretory proteins, 
which differ in their N- and C-termini, resulting in proteins that can have little or no sequence 
similarity to each other. The EP2 gene has two promoters, eight exons, and seven introns. 
Exons 3 and 6 encode protein sequences homologous to P-defensins, a family of antimicrobial 
peptides. This sequence homology and the arrangement of promoters and defensin encoding 
exons suggest that the EP2 gene originated from two ancestral P defensin genes arranged in 
tandem, each contributing a promoter and two exons encoding a leader sequence and defensin 
peptide. The EP2 gene is located on chromosome 8p23 near the defensin gene cluster and is 
separated by 100 kb or less ffom DEFB2, the gene for P defensin-2 (Frohlich et al., 2001). In 
chimpanzee epididymis, several mRNA HE2tEP2 variants are produced. Of these three cDNAs 
code for two different protein sequences that have a cysteine distribution characteristic for P- 
defensins. For example variant B has an alternative 5' UTR compared to variant A. The N- 
terminus of encoded isoform (B) is identical to that of isoform E, but the remainder of the 
protein is identical to isoform A. Amino acid sequences of some of the isoforms from database 
are given (Fig.34.1). 

ESC42: Thirtysix cDNAs ffom a subtracted Macaca mdatta epididymis library were analyzed 
(Liu et al., 2001). These clones encode proteins with a range of motifs characteristic of protein- 
modifying enzymes, protease inhibitors, hydrophobic ligand-binding and transport proteins, 
extracellular matrix - interacting proteins, and transcription regulatory factors, but more than 
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1 MULLLALEU LVLLPQVIPA YSGEKK-rn SGX-CRKP_QCD O W V K O T p  LRACC-IPSNE 
61 DHRRVPATSP TPLSDSTPGI IDDILTVRPT TDYFEVIISKK DMVELSUCR GTETSLPMIIl 

Fig.34.2. Amino acid sequence of ESC42 (beta defensin) from human epididymis (Liu et al, 2001). Zinc 
finger motif is italics faced. Stars indicate presence of trefoil like motif. Cysteine residues are underlined. 
Source: httpllwww. ncbi.nlm.nih.gov (Accession Q96PH6). 

half showed no relationship to any known proteins. The most abundant clone, ESC42, contains 
a cysteine rich region similar to the signature-binding domain of the trefoil family of motogenic 
wound repair proteins. The monkey and human proteins are nearly 90% identical (Fig.34.2). 
The protein is most abundant in the epithelium of the caput and is also present in the lumen and 
bound to sperm. The ESC42 gene, located on chromosome, 20ql1, contains two exons encoding 
two nearly identical predicted signal peptides and a third exon encoding the rest of the protein. 
The predicted proteins have a calculated molecular mass of 1 1.2-kDa after signal peptide 
removal. Several sites for post-translational processing are present, including an asparagine 
glycosylation site, four PKC phosphorylation sites and two casein kinase C phosphorylation 
sites. ESC42 protein showed an apparent mol wt of about 20kDa, somewhat larger than the 1 1.2 
kDa predicted for the mature peptide and consistent with post-translational processing such 
as phosphorylation or glycosylation. The cysteine rich region of ESC42 is 50% identical to N- 
terminus of another epididymis - specific protein, ESP13.2 (Perry et al., 1999). Though the 
function of this protein is not known, the cysteine-rich region similar to domains present in 
defensins suspects its function in innate immunity &i et al., 2001). 

34.5. HUMAN EPJDIDYMLE: PROTEINS AND THEIR ANIMAL ORTHOLOGUES 

Epididymal secretory proteins that interact with the human sperm surface are reported to be 
characterized by a low molecular mass (15-35kDa), a high degree of glycosylation, and high 
species-specific variation. The cDNA sequencing suggested that most of these proteins 
represented novel human gene products. In situ mRNA hybridization showed that the human 
epididymal (HE) proteins HE1 , HE2, HE4, and HJ3 e m  by the human epididymal epithelium 
exhibit region-specific variation of expression. At least seven of SAGA1 1 genes are known to 
be secreted by human epididymis (Fig. 34.1). 

GP-83: The WGA binding proteins synthesized by the corpus epididymal epithelial cells and 
GP-83 present in seminal fluid may play an important role in sperm maturation. The GP-83 and 
GP-39 found on mature spermatozoa may be secreted by the principal cells of corpus and cauda 
epididymis and bound to spermatozoa during their transit in human epididymis (Liu et al., 
2001). The GP-83 from human seminal fluid showedthe pI of 6.57 and was found in fluid tissue 
and sperm extracts of corpus and cauda epididymis, but not in the caput. The GP-83 was found 
on the anterior acrosome in ejaculated spermatozoa, and shifted to the equatorial region after 
capacitation and the acrosome reaction (Sun et al., 2000). 

34.5.1. Human Epididymal @El-HE4) Proteins 

Kirchhoff et al. (1998% 1999) characterized a series of human epididymal (HE) sperm proteins, 
which are important part of sperm maturation. Human post-testicular proteins, named HEl- 
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Fig34.3 Amino acid sequences of HE1 homologues 6um porcine, dog, macaque, human, and chimpanzee. - 
1 and +1 show the suggested signal sequence cleavage site. Reproduced with permission from N. Okamura et 

al. Biochim Biophys Acta 1437; 377-87: 1999 0 Elsevier. 

HE6, are derived fiom abundant epididymal mRNAs. With the exception of HE5, which turned 
out to be identical to the lymphocyte surface antigen CD52, they represented completely novel 
human gene products. The predicted proteins have been localized in the human epididymal 
epithelium, within the lumen of the epididymal duct and vas deferens, and also on the surface 
of ejaculated spermatozoa. Sperm association has been reported for at least four HE proteins, 
ARP, HE2, HE4, and HE5 (CD52). However, as is largely the case in other species, a link to a 
specific function for any luminal component of the human epididymis, including the cloned 
secretory glycoproteins, to either sperm maturation or storage has not been demonstrated 
convincingly (Kirchoff 1998b). 

The HE1 represented the most fiequent epididymal cDNA. The HE 1 mRNA is abundant in 
the epididymis but not detectable in other human tissues including testis. Unlike the other HE 
products HE 1 seemed to be well conserved among mammals on the nucleic acid level suggesting 
a common functional role in the mammalian epididymis. The HE1, encoded by a single gene, 
predicted the peptide identical to that of EPI-1 fiom Chimpanzee epididymis and to ESP14.6 
fiom the macaque homologue. HE1 related antigen was shown to be present within the epithelium 
and lumen of the human corpus epididymidis, and also in the lumen of the cauda epididymidis 
and efferent duct. Moreover, HE1 seemed to be associated with epididymal spermatozoa and 
its association with ejaculated spermatozoa remained doubtful. Antisenun against the synthetic 
HE1 epitope reacted, specifically, with 25-27-kDa proteins present in human seminal plasma 
(Kirchoff et al., 1998a). A porcine homologue of the major secretory protein ofhuman epididyms, 
HE1, is secreted into the epididymal fluid as a 19-kDa glycoprotein, whose sugar moiety was 
gradually processed to form a 16-kDa protein during transit through the epididymis (Okamura 
i t  al., 1999). Amino acid sequences o f ~ ~ l  fiom epididymis of different sources are shown in 
figure (Fig.34.3). 

The amino acid sequence of a major human epididymis specific protein, HE4 deduced fiom 
the nucleotide sequence showed characteristics of a secretory protein, with a signal peptide 
followed by a small (approximately 10-ma), acidic (pI 4.3), and cysteine-rich polypeptide. The 
positions of half-cysteines suggested that it is two-domain member of the family of "four- 
disulfide core" proteins to which a number of proteinase inhibitors belong. The transcripts 



Epididymal Proteins in Sperm Maturation 823 

originated from a single copy gene. Northern blot and in situ hybridization specifically localized 
the HE4 (human epididymis gene product) mRNA to the epithelial cells of the epididymal duct. 
The protein functions in sperm maturation as indicated by amino acid similarities to extracellular 
proteinase inhibitors of genital tract mucous secretions (Kirchoff et al., 1999). 

The localization of HE2 to acrosomal and equatorial regions of ejaculated sperm head, 
suggests the involvement of this protein is sperm maturation. The HE2 contains potential sites 
for signal peptide cleavage and glycosylation. HE2 mRNA (700bp) and protein (107 amino 
acids) has no sequence homology with known sequences (Osterhoff et al., 1994). HE2 mRNA 
is androgen dependent. Multiple classes of HE2 related sequences have been discovered in 
human caput corpus cDNA library and three have been assigned structural sub-types a, P, 
and y. The HE2 transcripts code for identical 71-amino acid residues N-terminus, different C- 
termini, and 5'- and 3'- untranslated regions. Compared with the original HE2, HE2P and HE2y 
proteins have a 25 amino acid deletion. These kame shifting deletions result in C-termini 
differing in length, amino acid sequence, including number of cysteines, and isoelectic point 
resulting into HE2 isoforms, which are derived fiom alternative splicing of 8 or more exons of 
a single gene. Northern hybribization revealed that the 0.9kb mRNA is most abundant in 
human caput, less of it (20%) in corpus and least (<5%) in cauda. The P l  form is highly 
expressed in principal cells of the initial segment of caput, secreted into the lumen and binds to 
the sperm surface in the postacrosomal and neck regions. The P2 form is expressed in principal 
cells primarily in efferent ducts (Hamil et al., 2000). 

Canine Orthologs of HEs: The dog expresses arelatively high number of abundant, epididymis- 
specific gene products, which are also expressed in the human, and offers an acceptable 
source of tissue suitable for in vitro studies (Ivell et al., 1998). The mature sperm of dog fiom 
cauda epididymis and 6-eshly ejaculated sperm demonstrated a functional membrane-bound 
progesterone receptor while less matured spermatozoa 6-om testis and corpus epididymis did 
not express this reactivity. It was suggested that acrosome reaction in dog sperm is dependent 
on epididymal maturation (Srivaidyapong et al., 2001). Using cDNA probes specific for human 
epididymal genes established that the canine equivalents of the HEl, HE4 and HE5 mRNAs are 
expressed in the canine epididymis. The cDNA cloning and sequencing confirmed that the 
canine gene products, CE1, CE4 and CE5 were indeed true structural homologues of their 
human counterparts (Ellerbrock et al., 1994). The cloning of a human gene product, HE12, by 
homology to its canine counterpart, (CE12) has been described. Sequence analyses showed 
that these gene products belong to a family of epididymis-specific cDNAs encoding novel 
fibronectin type I1 (Fn2)-module proteins, which are similar but not homologous to the major 
proteins of bovine seminal plasma (called BSP proteins) (Fig.34.7). 

34.5.2. CD52 (I-IES) and Its Orthologs 

The CD52 is a 12 amino acid glycopolypeptide, which is linked to the plasma membrane via a 
GPI (Glycosylphosphatidyl inositol) linkage. The human antigen CD52, encoded on chromosome 
1, is expressed in lymphocytes, monocytes and eosinophils. In male genital tract CD52 has 
been found in epididymal cells, seminal vesicles, seminal plasma and mature sperm. Sequencing 
of HE5 from human epididymis cDNA suggested it to be identical to that of human leucocyte 
differentiation antigen CD52. Both products are transcribed by same gene. HE5 gene originates 
6-om epithelial cells or epididymal and deferent duct (Kirchhoff et al., 1993). The secretory 
protein in men has a collinear cDNA sequence with lymphoctye CD52, a sialylated glycoprotein. 
Flow cytometric detection of cynomolgus monkey sperm, during epididymal maturation showed 
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A 

Fig.34.4. Amino acid sequences of secWory protein from human epididymis. A) CAMPATH-1 antigen 
precursor (CD52 antigen) (CDW52) (Cambridge pathology 1 antigen) (Epididymal secretory protein E5) 
(Accession P31358). B) CDS2 antigen from mouse [Mus musculus] epididymis (Accession NP-038734). 

increase in CD52 fkom 20% stained sperm in caput to 85% sperm in corpus with double staining 
intensities. Unlike the sperm coating antigens, CD52 binds firmly to the sperm membrane via its 
GPI anchor during epididymal passage (see Chapter 29). From both in vivo and in vitro studies, 
it was concluded that androgen and temperature are principal facton synergistically modulating 
epididymal CD52 expression (Kirchhoff et al., 1998a; 1999) (Fig.34.4). The monkey epididymal 
secreted CD52 on sperm underwent changes in antigenic characteristics during sperm 
maturation, which were reversed under capacitation conditions (Yeung et al., 2000). During 
incubation in capacitating conditions, there is an increasing accessibility of some sialic acid 
residues and of the core peptide, particularly the GPI anchor (Yeung et al., 200 1). 

SAGA-I: In one study, Isojima et al., (1987) generated a human mouse heterohybridoma with 
the peripheral blood lymphocytes of an infertile woman whose serum exhibited high sperm 
inhibitory antibodies. The human IgM mAb, H63C4, so produced had sperm agglutinating 
and sperm immobilizing activities in vitro. The H6-3C4 mAb was shown to recognize N-lined 
oligosaccharide epitopes on a sperm surface glycoprotein showing as a series of 15 to 25 kDa 
immunoreactive bands on Western blots. Tsuji et al., (1988) demonstrated that the epitope 
reacting with H6-3C4 mAb contained repetitive N-acetyl lactosamine. However, the cognate 
H6-3C4 antigen remained unknown. In another study yerm mlutination antigen - 1 (SAGA- 
I), a polymorphic (-1 5-25 kDa), highly acidic hydrophobic glycoprotein was found localized 
over the entire surface of the human spermatozoa (Diekman et al, 2000). Competitive inhibition 
studies, as well as similarities in molecular weight suggested that SAGA-1 and the H6-3C4 
antigen represent the same sperm glycoprotein (s) (Diekman et al., 1999a,b). 

Treatment with phosphatidylinositol specific phospholipase C showed that SAGA-1 is 
anchored in the sperm plasmalemma via a GPI-lipid linkage. The core peptide of the SAGA-1 
glycoprotein is identical to the sequence of CD52. Comparison of anti-SAGA-1 and anti-CD52 
immunoreactivities revealed that the sperm form of CD52 exhibits N-linked glycan epitopes, 
including the epitope recognized by the infertility associated H6-3C4 mAb, which are not 
detected on lymphocyte CD52. Thus, the two forms of CD52 glycoprotein on lymphocytes and 
spermatozoa represent glycoforms of glycoprotein with the same core amino acid sequence 
but different carbohydrate structures. The mAbs to the unique carbohydrate epitopes on 
sperm CD52 give multiple inhibitory effects on sperm function, including a cytotoxic effect on 
spermatozoa in the presence of complement. These results implicate unique carbohydrate 
moieties of a sperm CD52 glycoform as target epitopes in the anti-sperm immune response of 
an infertile woman (Diekman et al., 1999a,b). The CD-52 homologue is present on entire 
chimpanzee spermatozoan and offers potential animal model for development of 
immunocontraceptive vaccine (McCauley et al., 2002) (Fig.34.4). 
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gp20 iifonns: Though CD52 structure is largely unknown but there is some evidence that it 
differs from that of the immune system in glycan chains and GPI-anchor structures of Diekman 
et al., (1999a,b) and Schroter et al., (1999). A human surface ~ialoglycoprotein (gp20) is 
homologous to CD52. Analysis of release of sialic acid residues in the capacitation medium 
showed that sialylglycoconjugates are abundant in fkeshly ejaculated sperm but are lost during 
capacitation. The anti-gp20 antiserum, highly specific for gp20, did not detect a similar antigen 
in murine sperm, rat sperm or any other tissue (clr Focarelli et al, 1999a). On the uncapacitated 
sperm surface, sialylglycoconjugates were localized h m  the post-acrosomal region of the 
sperm head to the tail middle-piece, whereas after in vitro capacitation these molecules were 
only found in a small area of the post-acrosomal region. The N-terminus sequence of gp20 was 
GLY-GLN-ASN-ASP-THR-SER-GLN, which showed 100% identity with N-terminus of CD52. 
Like CD52, gp20 behaves as a glycosylphosphatidylinositol (GP1)-anchored protein and that 
anti-gp20 antiserum reacts with an antigen on leukocytes of the same molecular weight as 
CD52. However, the effect of CAMPATH-1 antibody was different from that of anti-gp20, since 
Western blot revealed a 20 kDa band with anti-gp20, whereas a 14-20-kDa band was detected 
with CAMPATH-1. Anti-gp2O stained the equatorial region of the sperm head, whereas 
CAMPATH-1 stained the tail region of capacitated spermatozoa. While CAMPATH-1 
agglutinated motile spermatozoa, this was not seen with anti-gp20. This suggests that the 
epitopes recognized by the two antibodies are different (Hale et al., 1996; Focarelli et al., 1999a). 
The anti-gp20 antibody intensely stained the head and the mid-piece. However, on capacitated 
spermatozoa the antigen was restricted to a sharp zone in the equcltorial region. The antibody 
did not bind to differentiating germ cells but antigen was present in epididymal epithelial cells. 
Anti-gp20 exerted a blocking effect in a test for sperm penetration of zona free hamster eggs, 
thus suggesting that gp20 is involved in the early stages of fertilization. Immunodepletion 
experiments revealed that CAMPATH and anti-gp20 interact with the same antigen, but that 
anti-gp20 had a much higher avidity for the antigen than CAMPATH. Anion exchange 
hctionation analysis of the antigen revealed three differently charged gp20-CD52 glycoforms; 
the least charged was largely without a GPI-anchor. All three glycoforms are associated with 
fkshly ejaculated sperm, whereas capacitated sperm only contained the two GPI-anchored, 
more charged forms, which were also present in prostasome fraction of seminal plasma and in 
leukocytes (Giovampaolaet al, 2000). 

In a similar study, immunoblot analysis with anti-gp20 antibody showed that the sperm 
and seminal plasma antigens were similar and appeared to consist of two components, whereas 
the leukocyte antigen is unique in showing a singlet. Evidence for the presence of two 
components of the sperm antigen at about 19 and 21 kDa, was obtained by analyzing the 
purified antigen. Both components had an isoelectric point @I) between 3 and 6. However, in 
contrary to immunoblots, MALDI confirmed the presence of two components and indicated 
masses (Mr) of 8243 and 10908 lower than apparent molecular weight. Since antigens of fkeshly 
ejaculated sperm and seminal plasma were identical and appeared as a doublet whereas that of 
leukocytes as a singlet, it indicated that of the CD52 antigen of the reproductive system is more 
complex than that the immune system (Focarelli et al., 1999b). 

HE6: Human Epididymis-specific protein 6 [HE6 (GPR6q is a highly conserved, tissue-specific 
seven-transmembrane receptor of the human epididymis. In rodent counterparts, downstream 
from the highly conserved signal peptide-coding sequence, the 5'-regions contained at least 
six mini-exons of less than 50 nucleotides. The tissue distribution of the mRNA was very 
similar in human and rodents. The human HE6 gene was assigned to the X chromosome in a 
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region, which is syntenic to the mouse. The HE6 sequence predicted a two-subunit receptor of 
the LNB-TM7 subfamily, %o-subunit proteins were abundant in human androdents, comprising 
an approximately 180 kDa hydrophilic ectosubunit and a 4 0  kDa hydrophobic endosubunit. 
The large ectosubunits were highly glycosylated, the carbohydrate side chains dramatically 
increasing the apparent molecular mass. Both subunits were associated with apical membranes 
of efferent ductule and proximal epididymal duct epithelia (Obermann et al., 2003). 

34.5.3. P34H and its Orthologs 

A 34-kDa (P34H) human epididymal sperm protein that shows homologies with the hamster 
P26h is localized on the acrosomal cap of human sperm and has been proposed to be involved 
in the interaction with the zona pellucida. P34H first appeared in the caput epididymidis and 
was restricted to the acrosomal cap. Signal intensity increased considerably fkom the proximal 
corpus to the cauda region of the epididymis. The P34H appeared to be strongly anchored to 
the sperm plasma membrane during epididymal transit.The P34H has been shown to be involved 
in sperm-zona pellucida interaction. The cloning and characterization of the full-length cDNA 
encoding human P34H, revealed 65% identify in amino acid sequence with P26h. The deduced 
P34H amino acid sequence revealed a 7 1% similarity with apig lung tetratneric carbonyl reductase. 
The P34H mRNA was highly expressed in the human epididymis principally in the corpus 
region. A single 9 12-bp transcript, P34H mRNA was predominantly expressed in the proximal 
and distal sections of the corpus epididymis by the principal cells of the epididymal epithelium. 
Based on its pattern of expression and its function in one of the key steps leading to fertilization, 
P34H can be considered as a marker of epididymal sperm maturation in humans (Legare et al., 
1999b). Using P34H as a marker, results showed that vasectomy alters the pattern of gene 
expression along the human epididymis, and that the vas deferens can be a major contributor 
to sperm maturation in certain situations (Legare et al., 200 1). 

34.5.4. Cysteine Rich Secetory Protein (CRISP) Family 

Crisp-11 -2/ -3: The cysteine rich secretory proteins (CRISPs) represent an evolutionarily 
highly conserved family, originally described in rodent male reproductive tract and recently in 
salivary glands. The CRISPs derive their name from a cluster of cysteine residues residing in 
their C-terminal portion, which apparently forms a discrete, compact domain. In the mouse 
CRISP-1 is mainly found in the cauda epididymis where it is synthesized by the principal cells 
and secreted into lumen, accounting for about 15% of the protein content of epididymal fluid. 
Data onmouse epididymal protein 7 (MEP 7A), which is probably identical to CRISP-1 report 
a weak binding to spermatozoa and indicate that the protein is taken up by the clear cells of the 
epididymis (Fig 34.5). 

CRISP transcripts are also present in mouse salivary gland, where besides low CRISP-I 
level, abundant expression of the closely related protein, CRISP-3 has been observed. The 
corresponding CRISP3 shares 77% sequence identity with CRISP-I, with all 16 cysteines 
conserved. Expression of both the CRISP-] and CRISP-3 genes in the salivary gland is 
controlled by androgens. The structure of the CRISP-3 gene has been identified and putative 
androgen- respective elements were detected in the promoter region (Hinton and Palladino, 
1995). The CRISP is abundantly present in equine seminal plasma and can also be detected in 
extracts of testicular, epididymal and ejaculated spermatozoa in increasing amounts. CRISP 
antigens are localized on the midpiece, and the postacrosomal and equatorial region of the 
sperm head. Tissue distribution and localization of CRISPs on equine spermatozoa point to a 
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Fig34.5 Amino acid sequences of human and murine epididymal CRISP1,-2, and -3. The sequences have been 
aligned to obtain similarities and identities among various CRISPs.Consensus amino acid residues are shown 
and underlined for at least six of the nine sequences. Complete conservation is shown by asterisks. Adapted 
with permission from J. Kratzschmar et al. Eur J Biochem 236; 827-36: 1996 0 Blackwell Science. 

role of these proteins in epididymal sperm maturation and equine reproduction (Schambony et 
al., 1998). 

The CRISP-I exists in five cDNA subtypes differing by the presence or absence of a 
stretch coding for a C-terminal cysteine rich domain so for found in all members of the family, 
and by the length of their 3'-untranslatedregion. A protein reacting with an anti-mouse CRISP- 
1 antibody from human epididymal extracts revealed N-terminal sequencing that corresponded 
to the CRISP-1 cDNA. The CRISP-2 cDNA corresponds to the previously described TPXl 
form, with so far unreported 5'-untranslated sequence heterogenities while CRISP3 codes for 
a unique protein. The Tpx-1 renamed as CRISP-2 in view of its high sequence identity to 
CRISP-I is expressed specifically in male haploid germ cells. The acrosomal auto-antigen 
AAI, the guinea pig counterpart of Tpx-l makes 64% of the acrosomal proteins of guinea pig 
sperm. The CRISP-1 transcripts are epididymis specific whereas CRISP-21TPXI transcripts are 
detected mainly in the testis and also in the epididymis. The CRISP3 transcripts are more 
widely distributed and found predominantly in the saliva~y gland, pancreas and prostate, and 
in less abundance in the epididymis, ovary, thymus and colon. Furthermore in cell-free system, 
helothermine another CRISP, blocks the ryanodie receptors, a ryanodie sensitive sarcoplasmic 
calcium release channel. This is the only biological effect known of any of the four CRISPS 
from humans (Kratzschmar et al., 1996; Giese et al., 2002a) (Fig 34.5) 

Acidic Epididymal Glycoprotein: In contrast to fidings on its rat counterpart epididymal 
protein DIE or AEG, association of CRISP-1 with human spermatozoa has not been observed 
(Kratzschmar et al., 1996). Acidic epididymal glycoprotein (AEG), the rat counterpart of CRISP- 
1, has been studied in greater detail. It shares 70% sequence identity with mouse CRISP-I 
including all 16 cysteine residues and predominantly found in the cauda epididymis (Fig.34.5). 
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It has been reported to bind to the heads of spermatozoa, possibly via a specific receptor. The 
involvement of DEIAEG in rosette formation and the presence of complementary sites on 
oocytes have also been documented. However, a clear biological bc t ion  of CRISPIAEG has 
so far been eluded. 

The deduced human AEG-like molecule f?om a cDNA is made up of 230 amino acids, 
excluding a signal peptide, and contained one potential N-linked glycosylation site. All cysteinyl 
residues of human are conserved between the human AEG-like molecule and the AEG molecules 
of rats and mice, and testis specific protein TPXl of human and mice (approximately 40% amino 
acid sequence similarity). The human AEG-lie gene is expressed specifically in the epididymis. 
The antibody against AEG detected a major band of 30 kDa and a minor band of 26 kDa in the 
caput, corpus, and cauda regions of the epididymis, the ductus deferens, the sperm, and the 
seminal plasma. The human AEG-like molecule is located in the lumen and epithelium of distal 
ductus efferentes and epididymal ducts, and on the postacrosomal region of the sperm head 
(Giese et al., 2002a) (see Chapter24). The cloning and DNA sequence of 9Okb of horse genomic 
DNA f?om equine chromosome 20q22 contains the complete equine AEGl gene. The equine 
AEGl gene consists of eight exons spanning 3 I-kb. Although equine AEGl transcripts did not 
reveal any evidence for alternative splicing, but three different transcription start sites were 
identified. The intronless equine Pgk2 gene for the testis-specific phosphoglycerate kinase is 
located approximately 39-kb downstream ofAEGl (Giese et al., 2002b). 

Dm proteins: Some of the sperm surface components are hcosylated during sperm maturation. 
In rat epididymis, two proteins (D and E of Mr 27 and 28-kDa respectively) are associated with 
spermatozoa during epididymal transit. Proteins D and E belong to the CRISP family and may 
be associated with surface receptors responsible for gamete recognition. Glycoprotein D is a 
major androgen sperm binding protein. Regional differences in the concentration of protein D 
suggests that its expression may be regulated at the level of mRNA within the corpus epididymidis 
(Hall and Reddy 1992). The antigen apparently a glycoprotein, retained on a Ricinus communis 
agglutinin I is present in epididymal fluid, which has an apparent Mr(s) of 38-26 kDa, whereas 
the membrane associated form of the molecule has a Mr of 26 kDa and released by PI-PLC. The 
D/E molecules interact with specific membrane proteins, and are subsequently covalently 
bound to the surface of spermatozoa via a glycosyl-phosphatidyl inositol 1inkage.The 
characterization of 26-37kDa glycoprotein associated with maturation of rat sperm revealed the 
presence of large percentage of carbohydrate, which is primarily attached through 0-glycosidic 
bonds to 18 threonine residues. The molecular weight of the protein component was estimated 
to be 16600-Da (Moore et al., 1994; Eccleston et al., 1994). Cloning and sequencing of D/E 
revealed a lack of hydrophobic domains and the presence of 16 cysteine residues in the 
molecule. While most of the protein is removable from sperm by mild ionic strength, a low 
amount of DIE, resistant to even 2 M NaCI, can be completely extracted by agents that remove 
integral proteins. This supports the existence of two populations of DIE: a major, loosely 
bound population that is released during capacitation, and a minor strongly bound population 
that remains after capacitation, migrates to the equatorial segment (ES) with the acrosome 
reaction, and thus corresponds to the one with a role in gamete h i o n  (Cohen et al., 2000; 
Ellerman et al., 2002). It has been suggested that carbohydrates in DIE do not have any role in 
gamete fusion, whereas disulfide bridges hold the full biological activity of the protein (Ellerman 
et al., 2002). Amino acid sequencing of protein D and E confirmed that these proteins are nearly 
identical and differ only by presence of the 4E9 epitope on protein E. Protein D associates with 
the sperm head and that a portion of this protein may be proteolytically processed in the 
carboxy terminal region (Roberts et al., 2002). 
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These molecules remain covalently bound to spermatozoa even after deposition in the 
female reproductive tract, an observation, which focuses its physiological function in the 
fertilization process (Tubbs et al., 2002). Immunization of male and female rat with DIE results in 
90% infertility. The exposure of sperm to immune sera prior to uterine insemination resulted in 
a significant reduction in the percentage of fertilized eggs. Immunization with epididymal protein 
DE does not produce orchitis, epididymitis or vasitis but specifically interferes with the sperm 
fertilizing ability, supporting the use of epididymal protein DE for contraceptive vaccine 
development (Ellerman et al., 1998). 

Allurin: Allurin, a21-kDa sperm chemoattractant ii-omXenopus egg jelly, is related to mammalian 
sperm-binding proteins. The protein consists of 184 amino acids having a molecular mass of 
2 1,073 Da. The protein shares homology with the mammalian cysteine rich secretory protein 
(CRISP) family that includes testes-specific spermatocyte protein 1, a cell adhesion protein, 
which links spermatocytes to Sertoli cells, and acidic epididymal glycoprotein (AEG) that bind 
to sperm and have been implicated in sperm egg fusion (Olson et al., 2001). 

34.5.5. Cystatin-Related Epididymal Spermatogenic Protein 

The gstatin- elated gididymal ~pennatogenic (CRES) and recently identified testatin and 
cystatin T proteins define a new subgroup within the family-2 cystatins of cysteine protease 
inhibitors (see Chapter 24). CRES, however, inhl'bits the mine protease prohormone convertase 
2 (PC2), a protease involved in prohormone processing in the neuroendocrine system, whereas 
cystatin C showed no inhibition. CRES did not inhibit subtilisin, trypsin, or the convertase 
family members, PC1 and furin, indicating that it selectively inhibits PC2 (Cornwall et al., 2003). 
However, CRES lacks sequences important for cysteine protease inhibitory activity and is 
specifically expressed in reproductive and neuroendocrine tissues. Thus, CRES is distinct 
from cystatins and may perform unique tissuespecific functions. The CRES gene expression 
is highly restricted to the caput epididymidis with low levels of expression in the testis and 
without detectable expression in the other 24 tissues examined (Cornwall and Ham 1995). Its 
expression in the epididymis appears to be regulated by factors present in testicular fluid, other 
than androgens. CRES protein is present in elongating spermatids in the testis and is synthesized 
and secreted by the proximal caput epididymal epithelium. The presence of CRES protein in 
developing germ cells and in the luminal fluid surrounding maturing spermatozoa prompted 
Syntin and Cornwall (1999) to examine the presence of CRES in spermatozoa. The human 
ortholog of mouse CRES is highly expressed in the human testis, specifically within clusters of 
round spermatids. Human CRES is predominantly 19-kDa protein and aminor 14-kDa protein. 
However, in contrast to the acrosomal localization of CRES in mouse spermatozoa, human 
CRES was strictly localized to the equatorial segment (Wassler et al., 2002). While the 19 and 
14-kDa CRES proteins were present in testicular and proximal caput epididymal spermatozoa, 
the 14-kDa CRES protein was the predominant form present in mid-caput to cauda epididymal 
spermatozoa. Within the testis, CRES expression is stage specific during spermatogenesis and 
is exclusively expressed by the round spermatids of Stages VII-VIII and the early elongating 
spermatids of Stages IX and X. Within the testis the protein was localized to the elongating 
spermatids, whereas within the epididymis CRES protein was exclusively synthesized by the 
proximal caput epithelium and then secreted into the lumen. Surprisingly the secreted CRES 
protein is absent from distal caput epididymidis. Testis and epididymal proteins showed that 
the CRES antibody specifically recognized a predominant 19 kDa CRES protein and a less 
abundant 14-kDa fo& suggesting that CRES protein performs a specialized role during sperm 
development and maturation (Cornwall and Hann, 1995). 
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Two novel genes, designated CresZ and Cres3 encode proteins with four conserved 
cysteine residues and predicted molecular weights characteristic of family 2 cystatins but have 
divergent cystatin inhibitory sequences. Furthermore, the genes exhibited reproductive-specific 
expression with Cres2 exclusively expressed in the epithelial cells of the proximal and midcaput 
epididymal regions and Cres3 expressed in the proximal caput epididymal epithelium, Sertoli 
cells of the testis, and early follicles and corpora lutea in the ovary. Like other Cres, both Cres2 
and Cres3 genes are dependent on testicular factors for epididymal expression. Thus CRES2 
and CRESS represent new members of a subgroup of cystatin family 2 proteins (Hsia and 
Cornwall, 2003). 

Two members of the mouse cystatin multigene family named cystatin SC (cystatin-related 
gene expressed in Sertoli cells) and cystatin TE-1 (cystatin-related gene highly expressed in 
testis and epididymis) have been isolated (Li et al., 2002). The full-length cDNA of cystatin SC 
contains an O W  that encodes a putative signal peptide of 20 amino acids and a mature protein 
of 110 amino acids, whereas that of cystatin TE-1 encodes a 128 amino acid protein with a 
predicted signal peptide of 21 amino acids. Both of these protein sequences contain four 
highly conserved cysteine residues in alignment with other cystatin family members. However, 
they lack some of the specific, highly conserved motifs assumed to be necessary for cysteine 
proteinase inhibition activity. Cystatin SC mRNA was detected only in the testis, whereas the 
cystatin TE-I gene was highly expressed in testis and epididymis with very low expression in 
ovary and prostate. Cystatin SC mRNA was localized mainly to Sertoli cells with an obvious 
stage-dependent expression, while cystatin TE-1 mRNA was mainly expressed in Sertoli cells 
without apparent stage-dependent expression. It appears that cystatins SC and TE-1 play a 
specialized role in the testis and epididymis (Li et al., 2002). 

34.5.6. Clusterin 

Clusterin (SGP-2) is a heterodiieric glycoprotein produced by a wide array of tissues and 
found in most biological fluids. A number of physiological functions have been proposed for 
clusterin based on its distribution and in vitro properties. A prominent and a puzzling feature 
of clusterin is its induction in disease states (Rosenberg et al., 1995). The TRPM2/clusterin 
gene is induced de novo during the regression of the prostate and other hormonedependent 
tissues after hormone ablation, and is overexmessed in several human newodegenerative 
diseases includiig Alzheimer's disease, epilepsy i d  retinitis pigmentosa IU the rat re&ductive 
tract, clusterin/SGP-2 is present in the ventral prostate, seminal vesicle, testis and epididymis. 
In the epididymis, the expression of SGP-I is not under the control of testicular or pituitary 
factors, as is also the case for cathepsin D expression by principal, narrow, and basal cells 
(Hermo and Andonian, 2003). In the ventral prostate, SGP-2 is associated with the programmed 
cell death (apoptosis), while in the testis and epididymis a role for SGP-2 in sperm maturation 
has been proposed. Information suggests that there are both inter and intra-organ variations in 
SGP-2 localization, molecular forms, and response to androgen ablation. The epididymis 
demonstrates a non-uniform staining pattern of SGP-2. The caput shows strong reaction over 
the apical membrane and sterocilia of all principal cells. Molecular forms of SGP-2 differed 
between testis and epididymis but were similar between ventral prostate and seminal vesicle. 
Prostate and seminal vesicle forms of SGP-2 differed fiom those of both testis and epididymis. 
The presence of multiple molecular forms of SGP-2 in various organs of the male reproductive 
tract ofrats suggests a possible variation in functional activity andlor half life of SGP-2 in these 
organs (Sensibar et al., 1993). 
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Fig.34.6. Secretory protein from dog epididymis with fibronectin activity (Saalmann et al, 2001). The four 
fibronectin type 2 domains are shown. Source: httpIIwww. ncbi.nlm.nih.gov (Accession NP-001002931). 

The genomic structure of the human TRPM-2/clusterin gene is organized into nine exons, 
ranging in size from 47-bp (exon 1) to 4 12-bp (exon V), spanning a region of 16,580 bp. It has 
extensive homology to human SP-40. Clusterin h m  bull rete testis fluid (RTF), cauda epididymal 
fluid (CEF) and octyl-~~-~luco~~ranoside extract of cauda epididymal sperm (CES) showed 
that clusterin had dimeric and monomeric molecular weights of approximately 94-kDa (bovine 
RTF), 42-kDa (CEF) and 43-kDa (CES), respectively. Clusterin in CEF and CES had similar 
dimeric structure of MI@) (74 ma). Reduced CEF clusterin appeared as three monomers (Mr = 

40,39, and 38-ma), whereas reduced CES clusterin appeared only at Mr= 40-kDa. Enzymatic 
deglycosylation resulted in similar Mr(5-kDa) of clusterin from RTF, CEF, and CES. The three 
clusterins h m  RTF, CEF and CES showed carbohydrate content of 45,3 1 and 32%, respectively, 
suggesting two isoforms of the herterodimeric protein. Thus it seems that several isoforms of 
clusterin occur in the bull reproductive tract and that the variation in carbohydrate content 
among these isoforms may affect the biological or functional activity of the protein (Ibrahim et 
al., 1999; Wong et al., 1994). 

34.5.7. Other EpididymalProteins in Sperm maturation 

Fibronectin: Fibronectin (FN) is present along the entire length ofthe epididymis, and increases 
12-fold h m  proximal caput to distal corpus. The greater number of FN positive sperm coincident 
with FN accumulation in distal regions of the epididymis supports the role of FN in human 
sperm maturation (Miranda and Tezon, 1992). Fibronectin type I1 (Fn2) is the first known 
example of proteins with four tandemly arranged Fn2-domains. The encoding mRNAs were 
abundant products of the epididymal duct epithelium, but not detectable in other tissues. 
Homologous mRNAs have been identified in the epididymidis of various mammals, representing 
members of this family of epididymal origin. Within the Fn2-module-encoding stretches, species 
homologues displayed >85% sequence identity, but showed high variability at their predicted 
N-tennini. Western blots detected 30-35kDa immunoreactive protein bands in epididymal tissue, 
cauda epididymidal fluid, and sperm membrane protein preparations. The tandem arrangement 
of increasing numbers of Fn2-modules might functionally correspond to the tendency to form 
oligomers that have been described for lipid-binding proteins. Despite a considerable similarity 
to the BSP proteins, which comprise only two tandemly arranged Fn2-domains, the predicted 
epididymal proteins appeared much larger, the vast majority comprising four such motifs 
(Saalmann et al., 2001) (Fig 34.6) 

Epididymal Retinoic Acid Binding Protein: Epididymal rethoic acid-binding protein (ERABP) 
is the major androgen-dependent protein present in the lumen of the epididymis and is thought 
to be involved in sperm maturation. Observations provide support that the charged residues 
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near the open end of the bindiig pocket are responsible for restricting the specificity of 
ERABP for retinoic acid (Sundaram et al., 1998). 

FLB: An antibody CA6 recognized the epididymal antigen, which was referred to as FLB 1. The 
FLB 1 was found to be secreted by the epididymis and to bind specifically to a human, macaque, 
and rodent subacrosomal sperm region. It is present in human epididymal extracts with a 
molecular mass of 94-kDa and in human, macaque, mouse, rat, and hamster sperm with a Mr of 
100-kDa, suggesting modification of 94 kDa protein after its binding to sperm. The FLBl 
specific to epididymis is formed of two subunits with identical mass of 46-kDa and slightly 
different pI (5.8-5.9). The protein is partially homologous with human cytokeratins 1 and 10 
suggesting that FLB 1 is an epididymis specific cytokeratin like protein that is involved in the 
sperm-oocyte interaction (Boue et al., 1995). 

34.6. PROSTASOME 

The seminal plasma of several mammals contains membraneous vesicles of different anatomic 
derivation. In humans, these particles derive from the prostate by exocytosis and diacytosis, 
whereas in bulls they originate from seminal vesicles. Therefore, these particulate elements are 
named prostasomes in human and vesiculosomes in bovine ejaculates. At ejaculation, these 
prostasomes are expelled with prostate secretions and are to be found in seminal plasma as 
seminal prostasomes, which facilitate sperm function in various ways. These vesicles are 
ascribed to have many physiologiocal functions, the primary function being enhancement of 
sperm motility. The several enzyme systems, small signaling molecules, and neuroendocrine 
markers associated with prostasomes reveal the complex nature of these vesicles in regulating 
sperm viability and motility. Other functions of prostasome include the liquefaction of semen 
and immunosuppression. The functional significance of molecules that regulate complex 
pathways in these small vesicles is still a matter of debate. Prostasomes are rich in CaZ+ and 
GDP. Many proteins at their surface possess catalytic activity or are involved in the immune 
response (Kravets et al., 2000). Average diameter of prostasome is about 150 nm and they 
appear as a lipoprotein membrane surrounding organized material. Their lipid composition is 
peculiar, having much cholesterol and sphingomyelin. On the other hand, many of their proteins 
possess catalytic activity and are involved in the immune response. The fatty acid pattern of 
prostasome is completely different from that of sperm membrane lipid. Polyunsaturated 
phosphatidylcholines common in sperm are rare in prostasome. The fusion between prostasome 
and sperm seems to stabilize sperm plasma membrane by enriching it in cholesterol, 
sphingomyelin, and saturated glycerophospholipid. This would prevent the untimely occurrence 
of the acrosome reaction (Arienti et al., 1998). Proteins present in human seminosomes include 
the seminal vesicle derived fibronectin, prostate derived 5'-nucleotidase and an unidentified 
lOOkDa membrane protein from epididymis, seminal vesicle and prostate respectively. 
Fibronectin also secreted from the seminal vesicles participates in the formation of the seminal 
clot. Fibronectin immunoreactivity on spermatozoa from different donors shows a relatively 
broad distribution and depends on ca2+ flk and thus points a possible post-testicular regulato& 
function of seminal fibronectin. Addition of S'nucleotidase inhibitor and adenosine channel 
antagonist inhibit sperm motility indicating a significant role for ecto-5' nucleotidase in the 
regulation of sperm motility. However immunodepletion of 100 kDa antigen from seminosomes 
had no effect on sperm motility and not in agreement with earlier reports on prostasomes. 
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protectin (CD59). 649 
Components of immune system, 647, 649 
Components of MPF, 244 
Contrin, 341 
Corticotropin releasing factor, 70 
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Corticotropin releasing factor, 70 
CPEB, 122 
CRABP, 78 
CRBP, 77 
CRE-binding (CREB) protein, 354 

CREB mRNA isoforms, 354 
CREB promoter, 356 
hormonal control of CREB, 356 
regulation by NF-~p ,  356 
regulation activating 

transcription factor 4, 356 
CRE- modulator (CREM) protein, 347 

as index of fertility in men, 352 
Crem activator protein, 350 
CREM and FSH, I I 
germ cell specific CREM, 348 
location of CRE in promoters, 352 
regulation, 348 
signal transduction, 347 

CRE-transcription factors, 347 
Creatine kinase, 691 
CRISP family, 826 
CRISP-I/ -21 -3, 826 
Csk type tyrosine kinase, 485 
Ctfin51, 361 
Cycle of seminiferous epithelium, 22, 23 
Cyclin Al,  248 
Cyclin A2, 249 
Cyclin BI, 244 
Cyclin B2, 245 
Cyclin B, 244 

amino acid sequences of cyclin BI, 246 
characterization of, 244 
factors controlling cyclin activity, 247 
functions of, 245 
localization in testis, 244 

Cyclin D, 250 
Cyclin D2, 250 
Cyclins D-type, 250 

cyclin D2 expression in GCTs, 250 
cyclin D and its partner Cdk4, 251 
p27 as tumor suppressor, 257 

Cyclin dependent kinase (Cdk), 240 
Cyclin G associated kinase, 252 
Cyclin genes, 236 
Cyclin WCdk7 complex, 252 
Cyclin I ,  252 
Cyclin K, 253 
Cylicin 11, 129 
Cyp-26 gene, 78 
Cyritestin, see ADAM3, 641 
Cystatin-related epididymal spermatogenic 

protein, 598, 829 
CRES, see Cystatin-related epididymal 

spermatogenic protein 
Cysteine rich proteins, 699 
Cysteine rich secretory protein, 826 
Cytochrome C oxidase, 691 
Cytochrome Ct , 344 

transcriptional control, 344 
regulation of cyt Cs and cyt Ct genes, 690 

Cytochrome P450, 78 

DIE proteins, 828 
DAG, see diacyl glycerol 
Decapacitation factor, 599 
Defensins, see p defensins 
Dense fibers, 695 
Dephospholylation.239, 314 
Diacyl glycerol 
DM-B genes, 296 
DMAP60 and DMAP85, 186 
DMCI, 289 
DNA binding proteins, 3 15 
DNA ligases, 266 
DNA ligase III, 268 
DNA Helicase ql (Rec QI), 269 

RecQ5, 270 
SNF2, 270 
Tip49A. 270 

DNA polymerases, 261 
Polymerase-cc , 262 
Polymerase-0 , 262, 263 

Promoter gene, 264 
in tumors, 264 
and YYI, 264 

Polymerase-<, 262, 266 
Polymerase-S, 262, 264-266 
Polymerase-E, 262 
Polymerase-A, 262, 264 
in spermatogenesis, 262 

DNA repair, 279, 757 
DNA recombination, 279 
DNA replication, 261 
DNA synthesis, 237 

phosphorylation of, 239, 245 
dephosphorylation of, 239 

DNA Topoisomerases, 27 1 
DNA Topoisomerase 1, 27 1 
DNA Topoisomerase 11, 271 
DNA Topoisomerase Illp, 272 
Spol I: a variant of, 272 

Double ring-Hz domain in RNF32, 368 
DSP, see dual specificity protein 

phosphatases 
DSP family, 506 

testis-and skeletal-muscle-specific DSP 
(tMDP), 506 

low molecular weight dual specificity 
phosphatases, 506 

Dual specificity protein kinases, 478 
Dual specificity protein phosphatases, 506 
Dynein motors, 196 

axonemal dyneins, 197 
beat rhythmicity, 203 
C and A heavy chain (CIA dynein), 201 
cytoplasmic dyneins, 205 

tctex-I, 201 
tctex-2, 205 

doublet tubules of sperm flagella, 197 
dynein arms, 203 
force generation, 203 
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heavy chains, 199 
in sertoli cells and germ cells, 207 
inner dynein arm, 201 
outer arm dynein structure, 201 
outer dynein arm lc2, 205 
outer row dyneins, 197 

light chains, 198 
human inner-dynein light chain gene, 198 
intermediate chains, 198 

structure-function relations of, 207 
AAA domains, 191, 209 
and organization of dynein 

motor unit, 209 
DYRK-IB, 481 

E-3: a defensin like protein, 816 
Egr4, 363 
Electrophoretic studies, 701 
Elk-l and Elk-2 (ets family), 400 
E-MAP77, 179 
Endocrine hormones 

and spermatogenesis, 8 
androgen receptors, 14 
androgen binding protein, 15 
estradiol, 16 
FSH, 18 
local factors in trophic hormones 
LH, 18 
prolactin, 16 
serotonin receptor in Sertoli cells, 17 
testosterone, 13, 18 

Endoproteases, 663 
calpain, 664 
proprotein convertase, 663 

Energy pathways, 669 
Enolase, 681 
EP2, 820 
Epidermal growth factor 29, 54 
Epididymal secretory proteins 

human, 821, 822 
mouse, 815 
porcine, 818 
primate, 819 
rat, 816 
rabbit, 817 
ram/goatlbull, 81 8 
stallion, 81 9 

Epididymis, 81 1 
lipid profile, 812 
redox status, 812 
processing of sperm proteins in, 813 

Acrins, 814 
ADAM proteins, 813 
CE9, 814 
cytoskeleton proteins, 814 
glycoconjugates, 8 13 
PH20, 813 

sperm maturation in, 81 1 
sperm membrane fluidity, 812 
sperm surface alterations in, 812 

Equatorin, 596 

Erba-t, 400 
Erb type I tyrosine kinase receptors, 474 
ERCC4, 284 
ESC42, 820 
Estrogen, 77 
Estrogen receptors, 85 
Estrogens action, 84 
Eukaryotic translation elongation factor 1 

(eEFI), 332 
Eukaryotic translation factor (eIF-4e), 333 
Excision repair cross-complimenting genes, 291 

Farensyl transferase, 802 
Fatty acid stimulated protein kinase, 471 
Fertilizing antigens, 803 
Fibroblast growth factors, 29, 54 
Fibronectin, 831 
Fibrous sheath proteins, 701 
Fibrous sheath proteins, 713 
Fibrous sheath, 695 
FK506 binding protein, 122 
FKBP59, 769 
Flagellum, 6 
FLBI, 832 
Focal adhesion kinase, 37 
Fodrin, 596 
Follistatin, 5 1 
FRGYl and FRGY2, 340 
Fructose-6-phosphate, 2 kinase I 

fructose-2, 6-bis phosphatase, 672 
characterization, 673 
conformation, 674 

FSH action, 9 
and Sertoli cell, I I 
and PKA, 11 
as nurse cell, 21 
receptor, 9 

FSH stimulation 
Fusion proteins in sperm, 596 

Galactose receptor on sperm surface, 559 
$-D-Galactosidase, 570 

from luminal fluid, 570 
GalPI, 3GalnadGalpl. 4 Glcnac a2, 3-Sialyl 

transferase, 559 
PI, 4-Galactosyltransferase, 557 

characterization, 557 
interaction with ZP3, 558 
in getm cell-Sertoli cell adhesion, 558 

Gametogenetins, 805 
Gap junctions, 3 
GAS 6-Sky signaling, 383 
GATA binding protein, 364 
GATA factor, 320 
Gene expression, 305 

acetylation, 3 12 
chromatin structure, 306 
chromosomal proteins in transcription, 306 
extrinsic factors, 305 
gene methylation, 307 
intrinsic, 305 



Index 

nuclear matrix in replication, 306 
nucleoproteins, 307 
poly-(adp) - ribosylation, 31 1 
regulatory factors in, 

Gene methylation, 307 
CPG islands, 308 
DNA methylation, 307 
DNA methyltransferase, 3 10 
methyl-CPG-binding proteins, 3 10 

Germ cell nuclear antigens, 131 
Germ cells and apoptosls, 97 
Gfi, 363 
Gia, ,407 

Gli, 362 
Glial cell line-derived neurotrophic factor, 60 
Glis, 363 
Glucosamine-6-phosphate deaminase, 800 
Glucose-6-phosphatase, 67 1 
Glucose-6-phosphate dehydrogenase-2, 688 
Glucose-phosphate isomerase, 672 
Glucuronidase, see P-D-Glucuronidase, 569 
Glutamate receptor, 474 
Glutamylated and glycosylated tubulins, 174 
Glutathione peroxidase 

in reproductive tract, 723 
in male accessary sex organs, 724 

Glutathione peroxidase (GPX-5) modulator 
protein, 725 

charaterization, 727 
Glutathione reductase, 738 
Glutathione-S-transferases, 728 

goat sperm GST, 734 
in apoptosis, 731 
localization of, 730 
mu class of GST in testis, 731 

murine mu class GST, 733 
rat mu-GST, 732 
sub-units 729 

Glycosidases, 556, 568 
Glycosyltransferases, 556 
Glyceraldehyde-3 phosphate 

dehydrogenase, 679 
Glycogen synthase kinase-3, 484 
Glycolytic enzymes, 183 
G , 407 
~gnadotropin regulated testicular ma helicase 

(GRTH), 333 
Gondotrophin releasing hormone, 71 
Gondotrophin releasing hormone, 71 
GPZO isforms, 825 
GP-83, 821 
G proteins, 405 

and sperm receptors, 41 1 
Gcr 407, 408 
Gy-subunit, 409 
heterotrimeric G proteins, 406 

in acrosomal exocytosis, 41 0 
in sperm, 410 
in germ cells, 408 
in mitochondria, 41 1 

Small G proteins, 41 1 
G-protein receptors, 426 

odorant receptors in germ cells, 426 
Growth factors 

anti-mullerian hormone, 57 
epidermal growth factor, 29, 54 
Fibroblast growth factors, 29, 54 
Glial cell line-derived neurotrophic factor , 60 
hepatocyte growth factorfactivator- 

inhibitor, 61 
nerve growth factor, 29, 58 
neurotrophic factors, 59 
neurotropin-3, 60 
platelet derived growth factor, 58 
transforming growth factor-a 29, 55 
transforming growth factor-p 29, 56 
transforming growth factor-!3 receptor, 57 
vascular endothelial growth factor, 61 

Growth hormone releasing hormone, 70 
Growth hormone releasing hormone, 70 
GTPase-activating proteins, 4 18 

B-chimerin, 41 8 
a2-chimerin, 420 
Mgcrac GAP, 420 
sulfate transporter, 420 
Tat-l , 420,421 
Rho GDP dissociation inhibitor. 421 

Gtx, 359 
Gtu (transducin), 407 

H76p, 187 
HAGE, 791 
Ha~rin  . 367 
~ ~ ~ 5 8 7  antigen, 789 
HCG, 9 
Heat shock proteins 

Heat shock protein - 
Heat shock protein-l 
Heat shock protein-61 

40, 761 
10, 766 
0, 762 

Heat shock protein-70, 762 
Heat shock protein-90, 765 

in spermatogenesis, 759 
properties of, 760 
Small heat shock proteins, 760 

Heat shock transcription factor, 371 
Helix-turn-Helix (HTH), 3 16 
Heme oxygenases ,740 
Heme oxygenases as chaperones, 766 
HEP64, 816 
Hepatocyte growth factor1 

activator-inhibitor, 61 
Hereditary non-polyposis colorectal 

cancer, 279 
Hexokinase, 669 

as immunocontraceptive, 671 
characterization, 669 
localization, 669 
Hkl-sc, 671 
Hkl-sa, 671 
Py-mHK1, 671 
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phosphotyrosine in, 671 
High mobility group proteins, 130 
Histone H2A/TH2A, 138 

histone HZBITHZB, 139 
histone H3 ITH3 variants, 141 
histone H4t, 142 
somatic variants, 138 
somatic H2B variants, 139 
testis specific TH2a variant, 138 
testis THZB, 141 

Histone HI and testis variant Hl t, 143 
histone HI, 143 
in chromosome assembly, 150 
testis specific histone-l (Hlt), 145 
ubiquitination of, 152 

HMG proteins, 130 
Homeo box proteins, 358 
Homeodomain, 3 16 
Homeostasis of germ cells, 97 
Homologues of RAD 18, 294 
Hormone-sensitive lipase, 552 
Hot spots, 285 
HR6A and HR6B, 203 
Hu9 cDNA, 476 
Human epididymis proteins, 821, 822 

animal ortholo~s. 821 - .  
canine orthologs, 823 
HEI, 822 
HE2, 822 
HE3, 822 
HE4, 822 
HES, 824 
HE6 825 
P34h, 826 

Human sperm membrance protein-I, 71 5 
Hyaluron~dase and PH-20, 560 

characterization, 560 
contraceptive effects of, 567 
bull, 565 
fox, 565 
guinea pig, 563 
human, 566 
monkey, 565 
murine, 563 
post-testicular modifications, 566 

rat, 564 
stallion, 565 

substrates for, 567 
Hypothalmus, 2 

immunoglobulin superfamily, 629 
Immunophilins and tetratricopeptide 

repeats, 769 
lnhibin family, 47 

Activins, 47 
activin receptors in testes, 50 
cell signaling, 50 
in testis, 49 
transcriptional activation by, 50 

inhibin, 47 
inhibin and activin 

as paracrinelautocrinefactors, 49 
Inositol triphosphate receptors, 540 
Inositol triphosphate, 539 

mediated signal transduction, 539 
Insulin like growth factors, 52 

Igf 29, 52 
Igf receptors 29,52 
functions of, 53 
in testis and sperm, 53 

Int-1, 395 
Int-l and Int-2 , 395 
Int-2, 395 
Integrins, 623 

ligands, 626 
Interactions, 40 

germ cell-Sertoli cell, 40 
Intra-testicular Communication 1 
Ion channels, 51 3 

in sperm physiology, 51 3 
Isoaspartyl methyltransferase, 799 

Jun family, 387 
Jun-b, c-Jun, Jun-D, 388 
c-Fos, 388 
c-Fos related antigens, 388 

Junctions dynamics, 38 

Kallikrein-kinin system, 67 
Kallikrein-kinin system, 67 
KIF3A, 39 
KIF3B, 39 
Kinesin family c-terminal 5A gene, 193 

function of heavy chain, 193 
kinesin light chain-3. 193 
kinesin motor in Drosophila, 194 

structure-function relation of, 194 
Kinesin motor, 191 
Kinesin related proteins1 -6, 192 
Krab, hZfl2, 364 
Krct, 485 
KTT4, 699 

Lactate dehydrogenase-C, 682 
primary structure of, 682 
Ldh-C gene, 682 
gene regulation, 683 
3-D structure of, 684 
as immuno-contraceptive, 685 
in cancer, 789 

LAGE-I, 786 
Lanosterol-14a-demethylase, 88, 353 

characteization ,90 
localization in testis, 89 
ontogeny, 89 
regulation of Cyp51, 90 

Leucine zipper, 319 
Leukemia inhibitory factor receptor, 371 
Leydig cell, 2 
LH action, 8 
LH receptor 
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Lim kinases, 453 

MAGE gene products, 784 
MAGE gene, 785 

in squamous cell carcinoma in childhood 
in astrocytoma, 790 

MAK, 248, 701 
Mammalian testis histones, 137 
Manchette, 6,7 
Mannosidase, 572 
MAP2 like proteins, 178 

M phase kinase, 235 
Markers of seminomas, 788 
Mast205, 182 
Matrix metalloproteases, 655 

collagenase IV, 656 
Epilysin (MMP-28), 656 
insulin degrading enzyme, 657 
MMP-1, 655 
MMP-2, 655 
MMP-9, 655 
MMP-18, 657 
MMP-23, 657 
MMP-28, 656 

Maturation promoting factor (MPF), 238 
Cyclin B in MPF, 243 
in spermatogenesis, 240 

MC31lCE9, 717 
MCF-2 (DBL), 400 
MCP, see Membrane cofactor protein, 647 
Meichroacidin, 133 
Meiosis, 113 

First meiotic division, 113 
First prophase, 114 
Leptotene (leptonema), 1 14 
Zygotene (zygonema), 114 
Pachytene (pachynema), 1 14 
Diplotene (diplonema), 114 
Diakinesis, 114 

first metaphase, 1 14 
First anaphase, 114 

first telophase and interphase, 114 
Second meiotic division, 1 15 
Synaptonemal complex, 1 15 

Meiotic phase of spermatogenesis, 5 
Leptotene, 5 
zygotene ,5 
pachytene, 5 
diplotene, 5 
diakinesis, 5 

Membrane cofactor protein, 647 
an isoform of CD46, 648 
and C3b, 649 

Mer, 474 
Metallopeptidases, 658 

endopeptidase 24.15, 660 
endothelin-1 converting enzyme, 660 
nardilysin, 661 
neprilysins, 658 
neutral end peptidases, 658 

NRD convertase, 661 
Metalloproteases, 655 
Metalloprotease inhibitors, 655 
Metalloproteinases, 664 

tissue inhibitors (TIMP) of, 664 
epididymal protease inh~bitor, 665 
protein c inhibitor, 667 

Metallothioneins, 742 
tesmin-60, 743 

MH-3, 359 
MHC class I molecule MAMU-Ag, 805 
Microtubules, 7, 167 

cell specific P-tubulin isoforms 172 
doublet sliding, 168 
flagellar structure, 168 
in spermatogenic cells, 170 
testicular-a tubulin, 170 
tubulins, 169 

Microtubule associated protein-2 (MAPZ), 178 
Microtubule associated proteins, 175, 182 
Microtubule assoc~ated protein kmases, 462 

polo like kinase, 462 
p56 kkiamre, 463 
mast205 with kinase activity, 463 

Microtubule based motor proteins, 191 
Mismatch repair, 279 
Mismatch repair genes, 280 

in E.Coli, 280 
in human, 280 
in mice, 280 
mutS, mutL, mutH 

homologues, 280-286 
MSHI-6, 280 
MSH2, 280, 282 
MLH-I, -3, 281 
PMS-2, -3, -6, 282 

Mitochondrial capsule selenoprotein (MCS), 742 
Mitochondrial sheath, 7 
Mitochondrial transcription factor A, 372 
Mitogen activated protein kinase (MAPK), 465 

extra-cellular regulatory kinase (ERK), 466 
ERKll ERK2lERK7, 466 
P38-6 MAPK, 466 
MAPK pathwa,~, 257 

in meiosis, 257 
in mitosis, 257 

Mitosis, 11 1 
anaphase, 1 13 
metaphase, 1 12 
prophase, 112 
telophase, 1 13 

Mitotic phase, 4 
Mitotic spindle associated protein 126, 183 
Mixed lineage kinase 2 (MLKZ), 466 
MmLiml5, 290 
MNS.132 
Molecular chaperons, 759 
Motor proteins, 191 
Mouse epididymal proteins, 81 5 
Mouse sperm maturation antigen 4 (SMA-4), 81 5 
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MPF, see maturation promoting factor 
MPM2 reactive sperm protein (MSP), 699 
MPS, 464 
mRAD18Sc, 294 
mRAD18Sc, 295 
mRNA in sperm, 344 
MSYl and MSY2, 340 
mTEST 60, see E-MAP-115 
Myb family, 386 
Myc family, 383 
Myc proteins in testis, 385 

hormonal regulation of, 385 
Myosins, 616 

in reproduction, 61 7 
in spermatogenic cells, 61 8 
myosin X in testis, 616 

N-Acetyl glucosaminyl tranferase, see, p l ,  2-N- 
acetyl glucosaminyl tranferase, 559 

MZF 6D, 363 
Natriuretic peptides, 430 

of egg, 430 
as ligand, 430 

N-Cadherin, 38 
Nectin 2, 630 
N e ~ e  growth factor 29, 58 
Neurohypophyseal hormones, 71 
Neurotrophic factors, 59 
Neurotropin-3, 60 
Nicolin-I, 132 
NIMA like kinases, 478 

Nekl and Nek2, 480 
Nekl / Stk2, 478 

Nek2, 480 
murine Nek3 and Nek4, 481 
human Nek6 and Nek7, 481 

Nitric oxide synthase, 739 
in testis, 739 
cell specific nos, 739 

Nm23-H5, see Nucleoside diphosphate kinase, 
802 

Non-histones, I I I 
Non-specific protein kinases, 485 
NP95, 243 
Npap60, 130 
Nuclear antigens, 131 
Nuclear associated protein (NASP), 128 
Nuclear lamins, 126 
Nuclear pore associated proteins, 130 
Nuclear skeleton proteins, 11 1 
Nuclear skeleton proteins, 137 
Nucleoplasmin, 132 
Nucleoproteins, 307 
Nucleoside diphosphate kinase, 802 
Nurit protein, 357 
NY-ESO, 791 

Oct, 358 
Odfl interacting proteins, 697 
Odf2710df I ,  696 
Odf84/ Odt2 698 

OIPI, 698 
Okazaki fragments, 262 
Organic catiodcarnitine transporters, 802 
Orinithine decarboxylase, 795 
Ornithine decarboxylase antizyme, 797 
Outer dense fiber proteins, 695 
Oxytocin, 71 
Oxytocin, 71 

P125/6.5 nuclear antigen, 804 
P2 1 -activated kinase-6, 467 
p21-activated kinases (PAKs), 467 
P34Cdc2, 235 
P26h hamster, 593, 81 7 

human orthologue, 593 
P53 

and telomere function, 777 
and wip gene, 779 
feedback between Tr2 and, 779 
in cell cycle, 777 
in spermatogenesis, 777, 778 
in tumorigenesis, 777 

P450 aromatase, 86 
components of, 86 
deficiency, 88 
gene of (cypl9), 87 
isoforms in germ cells, 87 

P651u95 receutor. 243 . . 
PAK interacting exchange factor, 467 
PARP, 277 
Pctaire-I, and -3, 240 
Peas cDNA, 285 
Pem gene, 358 
Peptide hormones. 63 
Periacrosomal plasma membrane protein 

(PM52), 595, 71 5 
Peritubular cells, 3 
Pftaire-l , 241 
Phosducin-like protein, 805 
Phosphatidyl choline transfer protein, 804 
Phosphatidylethanolamine binding proteins, 805 
Phosphodiesterases, 43 1 

PDEI and PDE2 genes, 431 
PDE3 isoforms, 431 
PDE4 isoforms, 432 

Human PDE4C, 433 
PDE8, 433 
PDEI I ,  433 
Sperm PDES, 434 

Phosphoglycerate kinase 
in metatherian mammals, 677 
Pgk-2, 674 
Pgk-2 gene, 675 

demethylation events in, 678 
promoter region o f ,  677 
retroposon of Pgk- I, 676 
regulation of, 678 
5' flanking region, 678 

Phosphoglycerate mutase, 680 
Phospholipases, 539,541 
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Phospholipase A2, 541 
functions of, 544 
in sperm, 542 
in acrosome reaction, 544 
localization, 543 
phosphatidic acid preferring, 544 

Phopholipase B, 546 
Phospholipase C64, 547 
Phospholipase D, 547 
Phospholipase C, 546 

in acrosome reaction, 544 
sperm PLC in egg activation, 548 
egg PLC in egg activation, 549 

mouse and human, 550 
starfish egg, 550 
sea urchin eggs, 551 
xenopus eggs, 551 

Phospholipid hydroperoxide glutathione 
peroxidase (PHGPX), 727 

sperm PHGPX, 727 
sperm nucleus glutathione peroxidase 

(sNGPX), 728 
Phospholipid related kinases, 482 

diacylgl~cerol kinase. 484 
phoshoinositide-dependent protein kinase-l 

(PDKI), 483 
phosphatidylinositol 3-kinase, 483 
phosphatidylinositol 4-kinase, 483 

Phosphoribosyl pyrophosphate (PP-Rib-P) 
synthetase, 800 

Phospholylase kinase, 485 
Phosphorylation, 314 

and sperm capacitation, 475 
and sperm motility, 475 
and acrosome reaction, 475 

of sperm tyrosine, 475 
Phtfl gene product, 806 
Pir51, 290 
Pituitary, 2 
PKN and PKC, 470 
PLIO, 333 
PLA2, see phospholipase A2 
Plasma membrane of sperm, 695 
Plasminogen activators, 62 

Ly-6Jurokinase-type plasminogenactivator 
receptor, 63 

plasminogen activator inhibitor proteins, 63 
Platelet derived growth factor, 58 
PLC, see phospholipases 
PLU-1,783 
P-Mod-S, 41 
Poly-(ADP) - ribosylation, 31 1 

poly-(ADPR) -polymerase, 3 11 
poly(ADP-ribosy1)transferase (PADPRT), 

31 1 
Polyadenylation element binding protein, 331 
Polyamines binding site, 662 
Polyamines, 795 
Post-meiotic phase, 5 
Post-translational modifications, 174 
Potassium channels, 513 

activation by egg speract, 515 
~ a 2 +  activated, 5 13 
CNG channels in bovine testis, 515 
cyclic nucleotides and, 514 
rectifier K+ channel, 516 
Slo3, 516 
SPIH, 514 
volume regulatory K+ channel, 518 

Pre-initiation complex, 324 
Primodial germ cells, 3 
Proenkephalin and prodynorphin peptides, 68 

cDNA, 68 
promoter, 69 

Prolactin, 17 
Prolactin receptor ,17 
Proopiomelanocortin peptides, 68 
Proopiomelanocortin peptides, 68 
Prostaglandin d synthase, 816 
Prostasome, 833 
Protamine m-RNA binding protein, 335 
Protamines, 7, 155 

characterization of, 156 
cis-acting elements, 158 
genes, 157 
mPrm2 gene-protein interactions, 159 
m-RNA binding protein, 335 
ontogeny of, 156 
translational regulation of Prm gene, 160 

Protein carboxyl-methylase, 717 
Protein E, 361 
Protein kinases, 440 
Protein kinase-A pathway, I I 
Protein kinase-C, 445 

isoforms of 
PKC6 in testis, 446 
PKCe isoform in testis, 446 

functions, 448 
in sperm motility, 448 

in acrosome reaction, 448 
in preoteoglycan synthesis, 448 

y-glutamyl transpeptidase and, 448 
substrates in sperm, 449 

Proteinases, 574 
Protein binding sites in DNA, 314 
Protein C inhibitor (PCI), 599 
Proteins adsorbed by sperm, 814 

Proteins in antiperoxidation, 723 
Proteins with nuclease activity, 283 
Proteins6-kinase, 485 
Protein phosphatases, 493 

classification, 493 
inhibitors of, 502 

Protein tyrosine phosphatases, 503 
cytoplasmic PTPase RL10, 505 
in germ cells-Sertoli cells interactions, 507 
osteotesticular (Ost-PTP), 505 
protein tyrosine phosphatase-l , 503 
tesis specific cytoplasmic PTPase, 503 
transmembrane PTPase, 505 
with tensin homology (TPTE), 505 

Protein phosphatases, see Serine-threonine 
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phosphatases, 493 
Protein tyrosine kinases, 471 

of retroviruses, 472 
Proto-oncoproteins, 377 
Pry genes, 224 
PSTAIRE motif, 240 
PTPase, see Protein tyrosine phosphatase 
PUF proteins, 343 
Pyruvate dehydrogenase-Ela , 685 

Pdha-Ela genes, 686 
localization , 687 
regulation o f ,  687 

Quality control of germ cell proteins, 749 

RAD51, 287 
RAD52, 287 
RAD 18, 294 

homologues, 294 
RAD23A/RAD23B, 284 
RAD30 gene, 296 
RADSI paralogs, 288 
RADSlc, 288 
RAD6,293 
Radial spoke proteins, 203 
Raf proteins, 399 
Rat sperm maturation antigen, 816 
Reactive oxygen species (ROS), 721 

oxidative stress and DNA damage, 723 
ROS and sperm function, 722 
types of ROS, 721 

Receptor guanlyl cyclase, 429 
Receptor protein tyrosine kinases, 472 
Recombination repair module, 285 
Regulation of pl-tubulin gene in drosophila, 173 
Regulators of Rho GTPases, 4 18 
Rennin-angiotensin system, 63 

Ret finger protein (rfp), 400 
Retinoic acid binding protein, 831 
Retinoids 

action of, 77 
retinol binding proteins, 77 
retinol to retinoic acids, 78 
Stra-8 gene, 78 
nuclear receptors, 79 
retinoid receptors homologues, 80 
retinoid receptors, 80 

RARa, -p, -y, 80 
RXR, 80 

germ cell nuclear factor, 81 
retinoid testis receptor, 82 
RTR, 82 

Tr 2-1 1 homologue, 82 
HTakl, 83 

nuclear receptor co-activator, 83 
Retinol, 77 
Reverse transcriptase, 272, 276 
RNA binding proteins, 181, 370 

as transcription factors, 370 
in microtubules, 181 
spermatid perinuclear RBP, 181 

SPNR, 182 
testis-brain RNA binding proteln, 182 
fragile X mental retardation-l protein, 182 

RNA binding zinc finger proteins, 343 
RNA polymerases in eukaryotes, 324 
RNA processmg, 328 

alternative RNA splicing, 328 
polyadenylation, 329 
poly (A) polymerase, 329 
poly-A binding protein, 329 

RNA synthesis, 324 
RNA synthetic machinery, 324 

RNA in meiosis, 324 
RNA in post-meiotic stages, 324 
RNA polymerases, 325 
TATA binding protein, 325 

-related factor, 326 
TFIID subunit TAF7, 327 
TFIIA, 327 
transcription elongation factor S-II, 327 

RNA helicase like protein (RHELP), 333 
RNA helicases, 333 
RNP in sperm, 344 
RS20, 182 
RT7, 357, 697 

SAGA-1, 824 
SAK57, 700 
SCF, see stem cell factor, 377 
Scinderin, 596 
Seasonal changes, 17 
Select~ns, 630 
Selenoprotein P , 741 
Selenoproteins (non-enzymatic), 740 

Semenogelin 1, 791 
Seminiferous tubules, 1 

Basement membrane of, 23 
Components o f ,  23 
Collagen type 11 in, 24 

Gene for collagen type 11, 24 
Collagen type IV in, 24 

Serindarginine (SR) protein kinases, 470 
Serinelthreonine kinases, 439 
Serine-threonine phosphatases, 493 

~ a 2 +  Icalmodulin dependent protein 
phosphatase 2B, 496 

calcineurin A to calcineurin B, 496 
catalytic subunit (CNA), 496 
ragulatory subunit (CNB), 498 
ontogeny, 498 

Cdc2S protein phosphatases, 502 
Mg dependent PPP 4 (type-2CP 4), 500 

protein phosphatase 2C, 499 
protein phosphatase type-I, 494 
protein phosphatase type-2, 495 
protein phosphatase X (PPX), 500 
protein phosphatase-ly2, 494 
protein phosphatase-2A, 495 
protein phosphatase-4, 400 
wipl gene product, 500 



Index 

Serine-rich spermatogenic protein-l , 806 
Sertoli cell, 21 

activation by FSH, 11 
and c-fos gene, I I 
and MAP-kinase, 11 
and proein kinase A,11 
and stages of spermatogenesis, 22 
co-culture experiments, 21 
inhibitors of differentiation by, 1 I 
paracrine role of, 21 
serotonin receptor in, 17 
Sertoli cell products, 22 

Sertoli cell products in germ cells development, 
2 5 

Clusterin, 34 
connexin-43, 33 
Cystatins, 30 
Cytokines, 25 
Growth factors, 29, 52 
heparin sulfate, 31 
11-1, 27 
11-6 ,27 
INF-a,-p,-y,-a,-6, 28 
INF-y receptor, 28 
Interferons, 28 
junction proteins, 36 
leukemia inhibitory factor, 28 
mannose-6-phosphate receptor, 30 
neural cell adhesion molecule (ncam), 32 
nuclear factor KB (NF-~p),  31 
oligodendrocyte specific protein, 36 
osteopontin, 36 
proteoglycans, 3 1 
Sen, 3 1 
Sertoli cell-gonocyte junction, 32 
Stem cell factor, 30 
sulfated glycoprotein, 34 
testin, 36 
TNF-a, 27 
Tpx-I, 33 
Transferrin, 31 
Tumor necrosis factor a 
zonaoccludin-I, 33 
a6p l integrin, 33 

Sertoli cell junction adhesions, 32 
ectoplasmic specializations, 37 
Espins, 37 
intracellular bridges, 37 
Sertoli cell tight junctions, 38 

Sertoli cell secretory products 
AMSH, 26 
basement membrane components, 23 

collagen type IV and type 11, 24 
components of seminiferous tubules, 23 
fibulins and other components, 25 

cerulloplasmin, 22 
inhibin, 26 
laminin, 24 
mullerian inhibiting substance, 22 
Serotonin, 26 

Sex body, 230 

Sex chromosomal proteins, 21 1 
Sex hormone binding globulin, 15 
Signal transduction molecules, 405 
SMAD proteins, 50 
Small G proteins, 41 1 

Ras proteins, 412 
Ran-GTPase, 4 12 

germ cell specificity of, 412-413 
Rapl: a ras-like GTPase, 413 
Rap 11 B raf / 14-3-30-protein-complex, 414 

Ras-like GTPase, 41 3 
Rab proteins, 414 

Rab 3A in acrosome reaction, 415 
Rab3A in membrane fusion , 415 

Rho family, 416 
Rho targets, 416 
rhophilin and ropporin, 416 

SN related kinase, 471 
SNARe see soluble n-ethylmaleimide-sensitive 

factor attachment protein receptor, 597 
SNURF (or RNF4), 367 
Sodium channels, 51 8 
Sodium/potassium-adenosine 

triphosphatase, 7 14 
effect of glucose on, 7 15 
a Nan< ATPase gene, 71 5 

Soluble N-ethylmale~mide-sensitive factor 
attachment protein receptor, 597 

Sp 42, 478 
Sp17, 132 
Sp18, 597 
Sp32, 578 

as acrosin binding protein, 578 
Spag2, 698 
Spag4, 698 
SpagS, 698 
Spc98, 187 
Specialized chaperones, 771 
Specific cDNAs, 806 
Sperad, 630 
Sperizin, 367 
Sperm antigen-36, 672 
Sperm capacitation 

Adenylyl cyclase and, 428 
AKAPI I0 and, 708 
Atrial natriuretic peptide and, 430 
CABYR and, 715 
Calcium and, 14 
Calcium T channel and phosphorylation in, 530 
c-AMP and ROS in, 723 
CDS2 and, 824 
Cellular Abelson protoonco protein and, 396 
c-kit and, 380, 
Clq and, 650 
DIE and, 828 
Decapacitation factor and acceleration of, 599 
Fibronectin expression after, 639 
Fibrous sheath and, 701 
Glutathione peroxidase and, 724 
GP83 and, 821 
MAPK pathway and, 257 



Proteomics of Spermatogenes~s 

mu glutathione-S-transferase and, 731 
Phosphorylation of AKAP82 and, 707 
Phosphorylation of FSP95 and, 708 
PLA2 and, 544 
PLC and, 546 
Polymeric actin and, 607. 
Ras protein in, 41 6 
Reactive oxygen species and, 722 
Rho family and, 416 
Slo3 and capacitation, 516 
Sperm cyclin I in, 252 
Tyrosine phosphorylation and, 530 

Sperm motility 
27 kDa EPI and, 819 
AKAPl I0  and, 708 
AKAP82 and, 213, 706 
Axonemal dyneins and, 197 
CIA heavy chain dynein and, 202 
Calreticulin and, 767 
carnitine and, 800 
Casein kinase and, 461 
Catalase and, 738 
CD9 and, 640 
Cytoplasmic motility, 196 
Dynein heavy chain and, 194 
Dynein light chain and, 198 
Ectoprotein kinase and, 461 
Enolase and 28.9 
EPI and, 819 
Fibrous sheath component 1 and, 712 
flagellar motility, 174 
Glyceraldehyde-3 phosphate dehydrogenase, 679 
Glycolytic enzymes and, 183 
Hexokinase and, 669 
Hyperactivated motility and GSK3p and, 485 
Inhibitors of protein phosphatases and 

motility, 502 
intrasperm pH and, 81 1 
MAPK and, 465 
mu glutathione-S-transferase and, 731 
Myosm in fowl sperm, 619 
Nardilysin, see NRD convertase 
NRD convertase and, 681 

Phosphorylation of AKAP82 and, 707 
PKA in, 440, 444 
Prostasome and, 832 
Protein phosphatases and, 493 
Radial spoke protein and, 169, 203 
Sperm flageller, 197 
SPNR and, 181 
Tctex2 and sperm, 205 
Thymosin p10 in, 612 
Transition protein and, 153 
Tyrosine phosphorylation and, 475 
VDAC, see Voltage dependent anion channel 
Voltage dependent anion selective channels 

and, 528 
Y chromosome deletion and, 21 8 
cu-tubulin in flagellar, 167-168 
5'nucleotidase inhibitor and, 832 

Spermatogenesis 1, 3 

Apoptosis and, 102 
Centromere protein p and, 8 
Chromosome and spermatogenesis, 2 17 
Endocrine hormones and, 8 
Gene expression in, 307 
Gene methylation and, 307 
Heat shock proteins in, 759 
Meiotic Phase of, 5 
Mitotic phase of, 5 
Non-steroidal signal molecules in, 47 
RNA synthetic machinery in, 324 
Post-meiotic phase, 5 
spermiogenesis, 5 
Sertoli cell products and stage of, 22 
Testosterone and, 13 
Transcription factors and, 347 
Y chromosome and, 217 

Spematocytes 
Primary spermatocytes, 3, 5 

Spermatogonia, 3, 4 
Al, AZ, A3, A4, 5 
Aligned (Aal), 4, 5 
Differentiating spermatogonia, 5 
Intermediate, 5 
Paired (Ap),4, 5 
Single (Ss), 4, 5 
Type A, 4, 5 
Type B, 4, 5 

Sperm capacitation , 546 
Sperm cyclin I, 252 
Sperm cylicin, 129 
Sperm a-I-fucosidase, 571 
Sperm-I, 359 
Sperm-associated glutamate rich protein, 806 
Spermatid perinuclear RNA binding 

protein, 34 1,342 
Spermatid translocation, 39 
Spermatids 3,7, 8 
Spermatogenesis-associated factor (SPAF), 193 
Spermatogenesis related factor- l (SRF- I), 193 
Spermatogenesis-related protein kinase, 471 
Spermatogonial stem cells, 4 
Spermiation, 39 
Spermiogenesis, 5 

cap1 phase, 7 
Golgi phase, 6 
maturation, 7 

Sperm maturation, 8 1 1 
in epididymis, 81 1 

Sperm-ocyte binding protein (sobl), 599 
Sperm plasma membrane proteins, 714 
S phase promoting factor, 236 
SRY gene, 21 5 

characterization of SRY, 216 
mutations in Sly gene, 21 5 
sex-determining reglon on, 215 
SRY interacting proteins, 217 

Stag-3, 122 
Stem cell factor, 377 

in germ cell tumors, 378 
in fertilization, 380 
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localization in germ cells, 378 
mutation analysis, 378 

STAT proteins, 371 
STAT-3 and STAT-I, 371 
Ste2O like kinase , 485 
Stem cell factor, 377, 382 
Steroid linked proteins, 77, 88 
Steroidogenic acute regulatory (Star)protein, 92 

homologues of, 92 
Tex26 1, 93 
t-starletoile, 93 

Steroid receptors, 3 18 
Structural maintenance chromosome proteins 

SMC proteins, 122 
SMC-I, -2, -3, -5, -6, 122-123 
mouse orthologs, 123 

Sulfoglycolipid immobilizing protein, 804 
Superoxide dismutase, 735 

characterization, 736 
epididymal SOD I extracellular SOD, 737 
localization, 736 
regulation of SOD-I, 737 
Sertoli cell ,737 
transcripts in testis, 735 

Synaptonemal complex proteins, 1 17 
Synaptonemal complex protein-I, 117 

as cancer-testis antigen 
ovaly testis expressed (Ott) 
SYNI, 117 

Syna~tonemal com~lex motein-2. 120 . . 
~ynabtonema~ complex protein-3; 121 

CORI, 121 
Synaptomere, 1 15 
Synaptosomal-associated protein , 596 

Tankyrase, 274, 276 
and PARP, 277 

Targetting repressor proteins, 758 
TASS-I, 372 
TATA box binding proteins, 320, 325 
Tau, 179 
TBP-I-like subfamily, 179 
TeflS, see transcription factor likes, 
T-complex polypeptides, 124 

Tcp-l 124,125 
Tcte 2, 124 

Tektins, 175 
Tektin-t, 177 
Telomerase, 274, 275 

in pathological conditions, 276 
in telomere length, 274 
RNA, 276 

Telomere, 273 
Telomere binding proteins, 273 

Telomere repeat factor (TrRF), 273 
TrRF I, 273 
TrRF2, 273 
HrRF1, 274 

Telomere length, 274 
Telomere proteins, 273 

Template activatmg factor-l 
and chromatin decondensation, 771 

Tep22, 600 
Tepp, 806 
TESK-I, 454 

characterization, 456 
gene structure, 456 
relation to lim kinases, 456 

TESK-2, 457 
Testicular serine protease- I, 579 
Testicular serine protease-I, 579 
Testis compartments, 1 
Testis nuclear RNA binding protein, 337 
Testis specific cyclin , 787 
Testis specific phosphatase, 804 
Testis specific serine protein kinases, 454 
Testis-brain RNA binding 

protein (translin), 337 
Testisin, 580 
Testis-specific protein Y-encoded 

(TSPY), 223, 787 
Testis-specific protein-57 (Tsp57), 134 
Testis specific serine kinase(s), 457 
TGFB receDtors. 57 
The helix-ioop-helix (HLH) l I ,  320 
THEG , 772 
Thioredoxins 

thioredoxin-l , 702 
thioredoxin 2, 703 
thioredoxin/glutathione reductase system, 703 

Thyroid hormone 32, 70 
Thyroid hormone, 70 
T-LAK cell-originated protein kmase, 466 
Tousled like kinase, 470 
TP-DNA interaction, 154 
TPIS in testis, 771 
Tpx-I, 33, 700 

amino acid sequence, 35 
characterization, 34 

Transcription activation domains, 315 
Transcription factors, 347 
Transcription factor AP-I , 372 
Transcription in eukaryotes, 303 
Transcription factor likes, 370 
Transcriptional activity, 323 
Transcriptional control, 303 
Transforming growth factor-a, 29, 55 
Transforming growth factor-P, 29, 56 
Transition proteins, 152 
Translational activity, 331 
Tsgl I8 protein, 134 
TSGA , 361 
Tubulin-y, 185 

in microtubule nucleation, 185 
Tumor suppressor antigens, 777 

C9orfl I .  780 

PTEN gene product, 781 
Retinoblastoma family, 780 
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Testisin, 78 1 
Tyro 3, 474 
Tyrosine kinases 

G protein-coupled receptor kinase 4, 474 
in sperm, 476 
in testis, 472 
Src kinase, 473 
tyro-receptors, 474 
tyrosine kinase Fer (Fert), 473 

Tzfp, 362 

Ubiquitination, 749 
deubiquitination enzymes, 755 
El,  753 
E2, 753 
E3 , 755 
in gonads, 752 
multiubiquitin chain binding protein, 756 
proteasome, 756 
signficance in gametogenesis, 757 

DNA repair,758 
protein degradation, 758 
targetting repressor proteins, 758 

tat binding protein 1, 757 
ubiquitin in, 752 
ubiquitin system, 749 

Vascular endothelial growth factor, 61 
Vasopressin, 71 
VCXIY proteins, 2 2 4 
VCY2, 183 
Vitronectin, 598 
Voltage dependent calcium channels, 522 

and acrosome reaction, 529 
auxiliary subunits of VDCC, 527 
L-type high voltage dependent VDCC, 525 

in testis, 525 
neoglycoproteins and , 524 
two ca2+ channels in sperm, 522 
T-type low voltage activated VDCC, 523 
a l  subunits of VDCC, 525 

expression of a l C  mRNA, 526 

Water channels, see aquaporins 
Wee 1, 242 

Xgrip2 10, 186 
Xist, 23 1 
XPAIXAB I, 284 
XPF, 285 
XRCC2, 292 
XRCCI, 291 
X-chromosome, 2 12 

aberrations, 2 12 
translocation to autosomes, 2 12 
translocation to y- chromosome, 212 
X-chromosome linked proteins, 213 

cleavage stimulation factor, 214 
pro-MAKAP82, 213 
SPAN-X, 213 

Xp22 contiguous gene syndrome, 212 
XY body 230 

asynaptin in, 231 
Xist RNA in, 231 
XY-77, 231 

Y3531b. 230 
Y-box proteins, 340 
Y-chromosome aberrations, 2 14 
Y-chromosome and sex reversal, 2 15 
Y-chromosome and spermatogenesis, 21 7 

Drosophila, 218 
Human, 2 18 

AZFa region, 219 
AZFb region, 21 9 
AZFc region, 220 
CDY gene family, 223 
DAZ gene family as AZF candidate, 222 
H-Y antigen, 223 
RBM gene family, 220 

Mouse, 2 18 
YYI transcription factor, 264 
Zfp 37, 362 
Zfp94, Zfp95, Zfp96, 364 
Zfy, 230 
Zfy-11Zfy-2, 359 
Zinc finger proteins, 317, 318, 359 

zinc clusters - class I, 317, 359 
zinc fingers of class 11, 318 

Zinc finger RNA binding protein, 370 
Zip 29, 361 
Zip 35, 361 
Znf230, 364 
Zona adhesions, 646 

Mouse, 646 
Pig, 647 
tektorins and zonaadhesins, 647 

Zona receptor kinase, 476 
p Acrosin, 574 

ontogeny, 574 
characterization, 575 
gene structure, 576 
3D structure, 577 
active site, 577 
as a receptor for ZP, 577 
functions of, 578 

p Defensins 
EP2, 820 
ESC 42, 820 
Defensin like, 81 6 

P-D-Glucuronidase, 569 
PI, 2-N-Acetyl glucosaminyl transferase, 559 
P-Pol promoter gene, 264 
P-Poly in testicular tumors, 264 
p-Scmin, 614 
P-sheet motifs, 320 
Btubulin, 175 
y-glutamyl transpeptidase 738 
y-tubulin 175 
y-tubulin ring complex (y-turc) 186 
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