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PREFACE

Exocytosis is a fundamental cellular process that is used by eukaryotic cells to
release a variety of biological compounds such as peptide hormones and neurotrans-
mitters or to insert specific lipids and proteins in the plasma membrane. In recent
years, a multidisciplinary approach, including genetics, in vitro reconstitution of
vesicular transport and studies devoted to the definition of the mechanism of action
of bacterial neurotoxins, promoted an extraordinary progress in the understanding
of the molecular mechanisms of exocytosis. The genetic approach was pioneered in
the beginning of the eighties by Peter Novick and Randy Schekman with the iden-
tification of a group of genes (SEC genes) required for post-translational events in
the yeast secretory pathway. Genes fulfilling analogous functions were then found
in other genetic models such as C. elegans and Drosaphila. James Rothman and
collaborators designed a strategy aimed at tackling the problem from a different
angle and developed a method to reconstitute vesicular transport in a cell-free sys-
tem. Interestingly, the SNARE and SNARE-associated proteins required for vesicu-
lar transport identified using this assay turned out to be closely related to the prod-
ucts of the genes isolated in the genetic screening of Novick and Schekman. The
fundamental role of SNAREs in exocytosis was then beautifully demonstrated by
the seminal discovery of the groups of Cesare Montecucco and Heiner Niemann
that clostridial neurotoxins, the most powerful natural agents that block neurotrans-
mitter release, exert their action by specifically cleaving neuronal SNAREs. The
convergence of these findings has revolutionized our knowledge of the molecular
mechanisms governing exocytosis and has emphasized the conservation of the pro-
tein apparatus driving membrane fusion from yeast to man.

Despite the impressive improvement in the understanding of the process of
exocytosis, a number of important questions remain unsolved and are presently the
focus of intense investigations. Thus, the cascade of events leading to the docking
and fusion of secretory vesicles is still not defined in molecular terms and the mecha-
nisms coupling second messenger generation to the activation of the secretory appa-
ratus is only beginning to emerge. Moreover, the precise roles of lipids in the exocy-
totic process remain to be clarified. After all, exocytosis depends on the merging of
two phospholipid leaflets and their lipid composition directly affects the physico-
chemical properties of the two membranes and influences the activity of the protein
machinery driving fusion.

The picture emerging after more than two decades of investigations illustrates
exocytosis as a complicated and finely tuned process involving a large number of
components that transiently associate and dissociate. For these reasons, the undet-
standing of the molecular basis of exocytosis has so far remained the privilege of a
relatively small group of specialists. This unique collection of up-to-date reviews
intends to introduce researchers and students to the forefront of this rapidly moving
and fascinating field. Written by recognized experts in the field, the book aims at
clarifying for a general audience the role of the key players in the exocytotic process
not only in neuronal and endocrine cells but also in a variety of other cells that use
exocytosis to accomplish their specialized tasks.

Romano Regazzi



EDITOR

Romano Regazzi
Department of Cell Biology and Morphology
University of Lausanne
Lausanne, Switzerland
Email: Romano.Regazzi@unil.che
Chapter 3

Abderrahmani Amar
Department of Cell Biology

and Morphology
Service of Internal Medicine
Lausanne, Switzerland
Email: amar.abderrahmani@unil.ch
Chapter 11

Marie-France Bader

Department of Neurotransmission
and Neuroendocrine Secretion

CNRS UMR-7168/L.C2

Strasbourg, France

Email: bader@neurochem.u-strasbg.fr

Chapter 6

Pietro Baldelli
Center of Neuroscience
and Neuroengineering
Department of Experimental Medicine
Section of Human Physiology
University of Genova
Genova, Italy
Chapter 5

Fabio Benfenati
Center of Neuroscience

and Neuroengineering
Department of Experimental Medicine
Section of Human Physiology
University of Genova
Genova, Ttaly
Email: Fabio.Benfenati@unige.it
Chapter 5

CONTRIBUTORS

Ulrich Blank

INSERM U699

Facult¢ de Médecine X

Paris, France

Email: ublank@bichat.inserm.fr
Chapter 8

Cristiana Brochetta
INSERM U699
Faculté¢ de Médecine X
Paris, France

Chapter 8

Luke H. Chamberlain
Henry Wellcome Laboratory
of Cell Biology
Division of Biochemistry
and Molecular Biology
University of Glasgow
Glasgow, UK.
Email: |.chamberlain@bio.gla.ac.uk
Chapter 7

Emanuele Cocucci

Department of Neuroscience

Vita-Salute San Raffaele University
and Scientific Institute San Raffaele

Milano, Italy

Chapter 10

Anna Corradi
Center of Neuroscience
and Neuroengineering
Department of Experimental Medicine
Section of Human Physiology
University of Genova
Genova, Iraly
Chapter 5




Anna Fassio
Center of Neuroscience
and Neuroengineering
Department of Experimental Medicine
Section of Human Physiology
University of Genova
Genova, Italy
Chapter 5

Mitsunori Fukuda
Fukuda Initiative Research Unit
The Institute of Physical

and Chemical Research
Wako, Saitama, Japan
Email: mnfukuda®brain.riken.go.jp.
Chapter 4

Thierry Galli

Team “Avenir” INSERM

Membrane Traffic in Neuronal
and Epithelial Morphogenesis

Institut Jacques Monod

UMR7592, CNRS, Universités

Paris, France

Email: thierry@tgalli.net

Chapter 1

Alexander J.A. Groffen
Department of Functional Genomics
Center for Neurogenomics
and Cognition Research
Vrije Universiteit (VU) and VU
Medical Centre
Amsterdam, The Netherlands
Email: sander.groffen@falw.vu.nl
Chapter 2

Jacopo Meldolesi

Department of Neuroscience

Vita-Salute San Raffacle University
and Scientific Institute San Raffacle

Milano Italy

Email: meldolesi.jacopo@hsr.it

Chapter 10

Christine Salaiin

Henry Wellcome Laboratory
of Cell Biology

Division of Biochemistry
and Molecular Biology

University of Glasgow

Glasgow, UK.

Chapter 7

Emmanuel Sotirakis
INSERM Avenir Team
Institut Jacques Monod
Paris, France

Chapter 1

Claudia Nora Tomes
Laboratorio de Biologfa Celular
y Molecular
Instituto de Histologifa y Embriologfa
(IHEM-CONICET)
Facultad de Ciencias Médicas
Universidad Nacional de Cuyo
Mendoza, Argentina
Email: ctomes@fcm.uncu.edu.ar

Chapter 9

Flavia Valtorta

Department of Neuroscience

Vita-Salute San Raffaele University
and Scientific Institute San Raffaele

Milano Italy

Chapter 5

Matthijs Verhage
Department of Functional Genomics
Center for Neurogenomics

and Cognition Research
Vrije Universiteit (VU)

and VU Medical Centre
Amsterdam, The Netherlands
Chapter 2

Nicolas Vitale

Department of Neurotransmission
and Neuroendocrine secretion

CNRS UMR-7168/LC2

Strasbourg, France

Email: bader@neurochem.u-strasbg.fr

Chapter 6




CHAPTER 1

Exocytosis:
Lessons from SNARE Mutants and Friends

Emmanuel Sotirakis and Thierry Galli*

Abstract

ur understanding of the mechanism of membrane fusion and particularly of exocytosis
O saw a revolution in the early 90s with the elucidation of the targets of clostridial

neurotoxins (the most potent blockers of neurotransmitter release), the identification
of secretory mutants in yeast and the proposal of the SNARE hypothesis by Rothman and his
coworkers. Since then, the field of membrane fusion has seen hundreds of papers further char-
acterizing the central role of SNARE proteins in membrane fusion, particularly during exocy-
tosis. The purpose of this chapter is to present and discuss the function of SNARE proteins in
exocytosis with a particular focus on their mutants and partners.

SNARE Proteins: An Historical Perspective

Séllner and coworkers proposed the SNARE hypothesis in 1993! after a series of impor-
tant observations using an assay reconstituting the transport of newly synthesized proteins in
the Golgi apparatus. This assay was based on a cell line defective in N-acetylglucosamine
transferase, an enzyme normally found in the medial cisternae of the Golgi apparatus, in
which secreted proteins remain sensitive to englucosidase H. Rothman and his coworkers
had showed that a viral glycoprotein expressed in these defective cells could be
N- acetyglucosaminated when the defective Golgi was incubated in vitro in the presence of a
normal Golgi in a temperature dependent manner, prov1ded that cytosol and ATP were
added.? This assay reconstituting transport between the cis and medial Golgl cisternae in the
test tube turned out to be very powerful to identify proteins involved in the budding of
vesicles from a donor membrane and their fusion with acceptor membranes. Using this as-
say, Rothman and coworkers first demonstrated that N-ethylmaleimide (NEM), an alkylat-
ing oxidant used to inhibit ATPases, strongly impaired intra-Golgi transport.” The target of
NEM was purified using biochemical procedures and turned out to be an ATPase, that the
authors called NEM-Sensitive Fusion protein (NSF). Realizing that mammalian NSF was
the ortholog of the product of the gene responsible for the secretion defect of the yeast strain
Sec18,% Rothman and coworkers combined yeast genetics and their in vitro assay to show
that the binding of NSF to Golgi membranes and the intra-Golgi transport depended upon
the product of another secretory mutant gene, Sec17. They identified this new factor as
Soluble NSF attachment protein (SNAP) which is now known to exist in three different
forms (o, B, ¥) in mammals. Rothman and coworkers then searched for membranous receptors
of the NSF-SNAP complex and identified it as a complex of three proteins in a bovine brain

*Corresponding Author: Thierry Galli—Team “Avenir” INSERM Membrane Traffic in Neuronal
and Epithelial Morphogenesis, Institut Jacques Monod, UMR7592, CNRS, Universités Paris 6
and 7. 2, Place jussieu, F-75251 Paris Cedex 05, France. Email: thierry@tgalli.net

Molecular Mechanisms of Exocytosis, edited by Romano Regazzi. ©2007 Landes Bioscience
and Springer Science+Business Media.




2 Molecular Mechanisms of Exocytosis

extract.® This data constituted the basis for the SNARE model of membrane fusion, as the
synaptic complex identified was composed of a synaptic vesicle protein, called synaptobrevin
2 or Vesicle Associated Membrane Protein 2 thus referred to as vesicle or v-SNARE, and two
plasma membrane proteins, Synaptosomal Associated Membrane Protein of 25kD (SNAP25)
and syntaxin 1, referred to as target or t-SNARE. Strikingly, another line of evidence con-
verged on the same proteins at about the same time with the identification of synaptobrevin
2, SNAP25 and syntaxin 1 as the substrates of the proteolytic activity of clostridial neurotox-
ins (tetanus and botulinum neurotoxins), the most potent blockers of neurotransmirter re-
lease’!2 (also for review see ref. 13). Yeast genetics also confirmed the SNARE model by
showing that yeast orthologs of synaptobrevin 2 (SNC1/2), SNAP25 (SEC9) and syntaxin 1
(SSO1/2) were mutated in strains bearing secretory defects.'*'> Furthermore, homologs of
the synaptic SNAREs were found to operate in all the membrane trafficking pathways from
yeast to human,'® thus generalizing the principle of SNAREmediated fusion. It was also
proposed that specific v-t SNARE pairs would account for the specificity of intracellular
membrane fusions.!” Altogether, these data were instrumental to put the SNARE model at
the center stage of membrane fusion: as proposed by the authors, the SNARE hypothesis
assumes that the specific pairing of a2 v-SNARE with its cognate t-SNARE, leading to the
formation of the four-helical bundle called SNAREpin, is necessary and sufficient to pro-
mote fusion of a vesicle with a target membrane.'® Some variations of this model will be
discussed briefly below.

Exocytic SNARE Mutants

SNARE mutants have been obtained in numerous Bilateria species, leading to important
observations. The synaptobrevin 2 null mice!? and 7-syb null flies?®® have morphologically
normal neurons, suggesting that synaptobrevin 2 is neither required for neurite outgrowth,
nor for synaptogenesis. In contrast with their normal neuronal morphology, n-sy6 null flies
show a block of stimulation-evoked neurotransmitter release and synaptobrevin 2 -/- mice
show a defect in neurotransmitter release upon stimulation, both in central and peripheral
synapses, leading to the post-natal death. In both cases, spontaneous release still occurs at
least in part, in agreement with the recent ﬁndin% that spontaneous and stimulated secre-
tion may use significantly different mechanisms.”! The lack of major defect in neuronal
differentiation in synaptobrevin mutants may be explained by the prominent role of tetanus
neurotoxin insensitive VAMP (TI-VAMP)?? in neurite outgrowth as supported by the block
of neuronal differentiation in TI-VAMP silenced neurons or in neurons expressing TI-VAMP
mutant forms.?>?4 This hypothesis is consistent with the absence of effect of tetanus neuro-
toxin on neuronal differentiation in vitro?® and further supported by the presence of re-
maining exocytosis in synaptobrevin 2/cellubrevin (a non neuronal homologue of
synaptobrevin) double null chromaffin cells.?® Furthermore, the silencing of TI-VAMP re-
duces surface expression of Glut4 triggered by hypertonicity in muscle cells”” thus suggest-
ing that TI-VAMP mediates the tetanus neurotoxin resistant exocytosis pathway in these
cells. Compensatory mechanisms may also account for the lack of phenotype of the cellubrevin
null mice, where none of the cellubrevin-mediated fusion events (insulin sensitivity,2® ph-
agocytosis,?? platelet exocytosis®®) seem to be affected, likely due to the presence of
synaptobrevin 2.

The SNAP-25 null mice show a phenotype comparable to the synaptobrevin 2*! null mice
that may be explained by the complementation with SNAP-23 at early developmental stages as
this was suggested in drosophila.>? _

As for syntaxin 1 mutants, only fly and nematode syntaxin 1 mutants are available. They
show an almost complete block of neurotransmission with some residual asynchronous re-
lease,334 suggesting that the latter may depend on different SNARE proteins.
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Apart from SNARE mutants it is also interesting to note that a muration in -SNAP causes
hydrocephalus with gait (yh) in mouse, due to a targeting defect of TI-VAMP and of a 5)
proteins involved in regulation of neural fate and of TI-VAMP, causing post-natal death.?%¢

Altogether, these data suggest that, although some exocytic pathways are highly conserved,
certain SNARE can substitute for one another in vivo.

Exocytic SNARE Partners: Pathways for Regulation

The central role of SNARE proteins in membrane fusion and exocytosis in particular sug-
gests that their partners may be important regulators. Thus the identification and characteriza-
tion of SNARE interactors has been an important focus of recent studies. In addition to SNAPs,
several types of partners have been found. Figure 1 presents a comprehensive diagram of SNARE
partners. We will discuss here the role of partners during exocytosts, i.c., along the exocytic
pathway of a synaptic vesicle, thus excluding partners involved either in tethering or in SNARE
complex disassembly (SNAP and NSF) or in endocytosis.

From a more general point of view, two main exocytosis pathways have been defined in
neuronal and nonneuronal cells based on their sensitivity to tetanus neurotoxin, the sensitive
one utilizing synaptobrevms 1 or 2 or cellubrevin, the second involving TI-VAMP?” The brevins
are involved in exocytosis of early endosomal secretory vesicles whereas TI-VAMP mediates the
exocytosis of late endosomal and lysosomal secretory vesicles. Synaptobrevins are expressed in
neurons, neuroendocrine cells, adipocytes and musclc cells whereas cellubrevin has a large cell
type expression but is not expressed in neurons.’ TI-VAMP has so far been found in all cell
types and in a vast majority of tissues, except the heart.% Synaptobrevins, cellubrevin and
TI-VAMP interact with plasma membrane t-SNARE protems to medxate exocytosxs
Synaptobrevm 2 mediates exocytosis by pairing with syntaxin 1 and SNAP25*! in neurons,
syntaxin 4 and SNAP23 (an homolog of SNAP 25) in adipocytes.* Slmllarly, TI-VAMP pairs
with syntaxin 1 and SNAP25 in neurons, % syntaxin 3 and SNAP23 in epithelial cells,?” and
syntaxin 4 and SNAP23 in fibroblasts.** SNAP29, another protein closely related to SNAP25
but lacking the palmitoylation anchors, also interacts with both synaptobrevin 2% and
TI—VAMP‘é but its role in exocytosis is not yet fully understood. The other partners of brevins
and TI-VAMP are more divergent. Figure 1 depicts the interactome of both. Here we will
discuss the regulatory interactions along the synaptic exocytic pathway (Fig. 2), after the arrival
and tethering of the synaptic vesicle at the active zone of the plasma membrane (also for review
see ref. 47).

The last few microns covered by Lhe vesicle along actin cables are facilitated by the interac-
tion of synaptobrevm 2 with MyoVa.®® In addition, interaction between synaptobrevin 2 and
cdc42%? may participate to the polarity of exocytosis because cdc42 is a key regulator of cell
polarlty and actin dynarmcs from yeast to mammals.”® Interestingly, cdc42 also interacts with
syntaxin 1,> suggestlng that the regulation of exocytosis as a whole may be downstream of
cdc42 activation as well as actin dynamics. Untxl the formation of the SNARE complex,
synaptobrevin 2 interacts with synaptophysm, thus keeping synaptobrevin 2 unavailable for
membrane fusion. Furthermore, its interaction with the membrane sector of the V-AT Pase>>
may reflect a mechanism ensuring the coupled sorting of synaptobrevin, synaptophysin®® and
the V-ATPase. A putative role of the V-ATPase in membrane fusion has also been proposed
(see below).

On the plasma membrane, Munc18 keeps syntaxin 1 in a closed conformation and avoids
its interaction with SNAP25 (for review see ref. 55). Interestingly in the absence of Munc18a
expression in nonneuronal cells, ectopically expressed syntaxin 1 does not exit the endoplasmic
reticulum and diverts secretory vesicles thus suggestmg that Munc18a may chaperone syntaxin
1 to prevent illegitimate fusion reactions.’*>® Munc13 takes over syntaxm 1 after Munc18 to
prime the vesicles for fusion, probably in concert with calmodulin.”® It is noteworthy to note
that calmodulin also interacts with synaptobrevin 2 and may also prime synaptobrevin 2 for
fusion by a conformational change, which removes the cis-inhition and allows for
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Figure 2. A vesicle undergoing evoked fusion: the machinery. This scheme represents the
different steps of calcium-triggered synaptic vesicle fusion. After the vesicle is docked at the
plasma membrane, Munc13 releases Munc18 from syntaxin 1 by interacting with its amino
terminal domain, thus allowing the interaction of the different SNARE proteins. When this
loose SNARE complex is formed, the vesicle is called prlmed” and ready for fusion. At the
opening of the calcium channel, Synaptotagmin binds two Ca?* ions, changes its conformation
and brings the vesicle even closer to the plasma membrane. The SNARE complex thus adopts
a “tight” conformation by full zippering, and the vesicle, fusing with the plasma membrane,
releases its content. Two hypotheses are currently proposed about the nature of the pore
connecting the inside of the vesicle with the outside of the cell: the fusion pore may be either
lipidic, or proteinaceous. The involvement of proteins such as the VO sector of the V-ATPase
is thought to help membrane fusion without being sufficient per se to drive fusion: the SNARE
machinery brings the driving force necessary for fusion lipid bilayers. A color version of this
figure is available online at www.Eurekah.com.

trans-interactions. By releasing Munc18a from syntaxin 1, Munc13 allows the SNARE com-
plex to partially zipper in a loose conformation.®® At this stage, the vesicle is primed and ready
to release its content upon stimulation.

The calcium sensitivity of synaptobrevin 2-mediated exocytosis is most likely not encoded
in SNARE proteins because in vitro fusion assays . using synaptobrevm 2, syntaxin 1 and SNAP25
did not demonstrate calcium dependency®®? in the exception of one study.** More likely,
synaptotagmin 1, a protein that interacts with the synaptic SNARE proteins during exocytosis,
may be the key calc1um—dependent regulator® (see chapter on gnaptotagmm) Moreover, both
syntaxin 1 and synaptotagmin 1 interact with calcium channels,” possibly to concentrate exocytic
zones at close vicinity of the trigger of exocytosis.

When the action potential arrives in the nerve terminal, calcium channels open and cal-
cium concentration rises to mM levels. Synaptotagmin, through its C2A and C2B domains,
binds two calcium ions and drives the full zippering of the SNARE complex in a tight
conformation (also for review see ref. 67). The energy freed during this zippering process is
thought to be sufficient to by-pass the energy barrier of two oppos1te lipid bilayers intermix-
ing (for a focus on the lipidic side of membrane fusion;*® for a focus about the critical
hemifusion state®). At this stage the content of the vesicle is released. Complexin interac-
tion with the assembled SNARE complex’? is thought to stabilize an intermediate of the
SNARE complex. This stabilization may retard the disassembly of SNARE complex by SNAPs
and NSF to allow for fast track of exocytosis.”! D53 is a coiled-coil containing protcin
spec1ﬁcally expressed in the nervous system, that enhances synaptobrevin 2 and syntaxin 1
interactions in vitro,”? which suggests a possible regulation of SNARE complex assembly
and/or disassembly.
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The regulators of TI-VAMP are largely unknown. One key partner is the 8 subunit of the
molecular coat AP-3 because this interaction is required to target TI-VAMP to late endosomal
vesicles in non neuronal cells and to the synapses in the brain (our unpublished observa-
tions). TI-VAMP was shown to interact with synaptotagmin 7 to mediate the exocytosis of
secretory lysosomes. 4

SNARE and Friends: Is That All about Fusion?

Several observations have questioned the SNARE model in the last years. First, whereas in
vitro fusion of liposomes was shown to strictly depend on the presence of v- and -SNARE
proteins on separate populations, the reaction was found to be too slow by 40 to 10000 times
to account for the fastest sub millisecond synaptic response.”> These data have been clarified by
removing the amino-terminal regulatory domain of syntaxin 1, which results in fast fusion in
vitro.* Moreover, real time wide-field fluorescence microscopy observation of the docking and
fusion of single proteoliposomes reconstituted with full-length synaptobrevin into planar lipid
bilayers containing anchored syntaxin and SNAP-25 revealed kinetics only 40 times slower
than the fastest in vivo fusion reactions.®® Second, promiscuous interaction of v-SNARE pro-
teins with t-SNAREs of non cognate target membranes could be observed using recombinant
proteins in vitro (example an endoplasmic reticulum v-SNARE interacting with a lysosomal
t-SNARE), which should not happen if SNARE pairing would mediate any kind of speci-
ficity.”* This was however largely contradicted by in vitro fusion assay’>”® and coimmuno-pre-
cipitation experiments, *>*® showing a rather important specificity of pairing. Third, NSF does
not seem to play any function in SNARE dependent fusion assays in vitro.”” Instead, SNAPs
and NSF have been involved in the disassembly of the highly stable SNARE complex.”®” The
requirement for NSF in the Golgi fusion assay may reflect the fact that v-SNARE recycles back
to the donor membrane after fusion, thus pointing 1o a crucial role of SNARE complex disas-
sembly to maintain homeostasis, although this has not yet been directly tested. Fourth, the
yeast vacuole fusion assay suggested that SNARE proteins may operate for docking rather than
for fusion. Indeed, this later step was found to depend on the presence of calmodulin on the VO
sector of the vacuolar AT Pase, including the proteolipidic c-subunit, also called mediatophore.®

Altogether, these data point the possibility of complementary mechanisms beside SNAREs
in membrane fusion.

Several studies have mentioned a fast track of exocytosis also called“kiss-and-run” (also for
review see ref. 47). In this model, the synaptic vesicle does not fully collapse in the plasma
membrane but its fusion pore flickers, thus allowing a partial release of the vesicular content.
The question here is to reconcile the flickering observed with the high amount of energy re-
quired for lipid bilayers intermixing. Indeed, it seems unlikely that SNARE proteins would
drive this flickering. The VO sector of the V-ATPase mentioned above is proposed to form a
“connexon-like” channel by trans pairing, thus forming a proteinaceous pore, then dilating if
the fusion leads to full collapse of the vesicle in the plasma membrane.?

These important data may not contradict the SNARE model to a great extent as the c-subunit
of the V-ATPase, if involved in membrane fusion, would only facilitate it. At leas, this latter
mechanism has not appeared as an alternative to the SNARE model which still seems to be the
only one applicable to the largest range of membrane fusions in vivo, in which SNARE pro-
teins supply the driving force to perform membrane fusion.

One of the key directions for the future is to complete the interactome of all SNARE pro-
teins and to understand the regulatory networks in which they operate in different cell types.
Another important issue to clarify is the role of TI-VAMP in neuronal cells and the possibility
that the exocytosis mediated by this v-SNARE in mature neurons would be under completely
different regulations than that seen in the case of synaptobrevin. Moreover, the findings that a
mutation in SNAP29 promoter region is associated with schizophrenia,® and thata 1-bp deletion
in SNAP29 coding region is responsible for a neurocutaneous syndrome characterized by cerebral
dysgenesis, neuropathy, ichthyosis, and palmoplantar keratoderma®® further suggests that the
studies of human diseases is likely to uncover yet unexpected functions of SNARE proteins.
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CHAPTER 2

Regulation of SNARE Complex

Assembly by Second Messengers:
Roles of Phospholipases, Munc13 and Munc18

Alexander J.A. Groffen* and Matthijs Verhage

Abstract

any specialized cell types are dedicated to the regulated exocytosis of biologically
M active substances. The secretory cargo is stored in vesicles, that have a low release

probability in the absence of suitable secretory signals. Membrane fusion requires
the assembly of soluble N- ethylmaleimide attachment protein receptor (SNARE) proteins into
a trimeric SNARE complex, in mammals composed of syntaxin, SNAP-25/23 and
synaptobrevm Although SNARE complex assembly is sufficient to drive fusion of liposomes
in cell-free systems,? spatially and temporally controlled membrane fusion in living cells re-
quires the activity of accessory proteins. Such accessory proteins have been identified, for in-
stance Munc13 and Muncl8, that are essential for regulated secretion.

Here we review the molecular mechanisms by which Muncl3 and Muncl8 may regulate
SNARE complex assembly. Regulatory mechanisms can be invoked by external signals such as
ligand-receptor interactions, as well as by the local production of second messengers due to
high secretory activity. All these routes are convergently reflected by central signaling molecules
such as intracellular Ca?*, diacylglycerol, inositol-triphosphate or other phospholipase-generated
products. Recently several novel pathways were described by which these molecules can pro-
vide regulatory feedback on the activity of Muncl3 and Muncl18 and hence, on
SNARE-dependent exocytosis.

Modulation of Regulated Exocytosis

Regulated exocytosis, by definition, is not a constitutive process but requires a stimulus of
some kind to trigger a secretory event. The possible routes to secretory activation can be cat-
egorized into three classes: (1) Ca?* influx as a result of depolarization of excitable membranes,
(2) G-protein activation, and (3) receptor tyrosine kinase activation (Fig. 1).

In general, the first class represents the major mechanism for secretory excitation, whereas
the other pathways primarily act as modulators of exocytotic strength. Depolarizing stimuli are
of vital importance in the nervous system as well as other excitable cell types. In synapses,
vesicles dock and are processed to a fusion-ready state at the active zone, but their release
probability remains low until Ca®* enters the terminal as a result of an action potentlal that
depolarizes the presyn gtlc membrane. The opening of voltage-dependent Ca** channels al-
lows a strong inward Ca®* current driven by the steep gradient in extracellular versus intracellular

*Corresponding Author: Alexander J.A. Groffen—Department of Functional Genomics, Center for
Neurogenomics and Cognitive Research, Vrije Universiteit Amsterdam, De Boelelaan 1087,
1081 HV Amsterdam, The Netherlands. Email: sander.groffen@falw.vu.nl

Molecular Mechanisms of Exocytosis, edited by Romano Regazzi. ©2007 Landes Bioscience
and Springer Science+Business Media.
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Figure 1. Alternative mechanisms for modulation of exocytosis are associated with activation
of phosphoinositide-specific phospholipase C (PI- PLC) A) The major trigger for regulated
exocytosis involves opening of voltage- dependent Ca®* channels in response to membrane
depolarization by an action potential. Ca®*-sensitive phospholipases of the PLC-8 subfamily
generate the second messenger inositol-triphosphate (IP;). B) Binding of ligands to G-protein
coupled receptors (GPCR) can induce downstream signaling by G protein a,g and By subunits
to PLC-B isoforms. C) Binding of ligands to receptor tyrosine kinases (RTK) induce their dimer-
izationand activation of intracellular tyrosine kinase activity. Direct or indirectsignal transuction
pathways lead to activation of PLC-yisozymes. D) IP3 produced by phosphoinositide- specnflc
PLC-B, -yor -8 induces the opening of IP; receptor channels, causing the mobilization of Ca®*
ions from intracellular stores.

[Ca**]. This current causes a short local peak in intracellular [Ca?*] near the entry site, which is
strategically located in the vicinity of secretion-ready vesicles. The [Ca®'] rise is coupled to
vesicle exocytosis by an extremely rapid mechanism that is stxll only partly understood, but at
least involves the proteins synaptotagmin®> and complexin® besides the core components of
the SNARE complex (for a comprehensive review, see ref. 7). Within milliseconds after the
exc1tat10n gvent, the Ca?* ions assume a more homogeneous distribution that is only mildly
elevated.®® This so-called ‘residual’ calcium concentration may be insufficient to evoke synap-
tic vesicle fusion directly, but it has many roles in regulating the secretory response to subse-
quent stimuli, i.e., synaptic plasticity.'® A similar mechanism forms the major secretory signal
in chromaffin cells, responmgle for the secretion of catecholamines (adrenaline, noradrenahne)
from the adrenal gland. Cholinergic input from the splanchnic nerve stimulates nicotinic re-
ceptors on the chromaffin cell surface, resulting in a depolarlzatlon that is amplified b Oy
voltage-sensitive Na* channels. Subsequently, voltage-dependent Ca® channels mediate Ca?
influx and trigger exocytosis.
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G-protein dependent signaling pathways (Fig. 1B) can modulate exocytotic strength in
many cell types and, in some systems, can also evoke exocytosis.'! The underlying mechanisms
have been thoroughly studied in chromaffin cells, that show substantial exocytotis in response
to ligands of G-protein coupled receptors (GPCRs); in particular histamine, muscarine and
pituitary adenylate cyclase-activating polypeptide (PACAP). Downstream activities of G pro-
teins affect many cellular signaling pathways including phospholipase activity and the release
of Ca?* from intracellular stores (see below). Exactly how these processes finally modulate
exocytotic response is largely unknown (reviewed in ref. 10). The involvement of both Gy
and Go subunits has been demonstrated, and their activities were shown to have regulatory
effects on depolarization-induced secretion.''

Another mechanism of exocytotic modulation utilizes tyrosine kinase receptors (Fig. 1C).
Generally, ligand binding causes the receptors to cluster and autophosphorylate, thus initiating
a signaling cascade involving downstream activities of nonreceptor tyrosine kinases,
phosphatidylinositide 3-kinase, and phospholipase C-y. This finally results in the mobilization
of intracellular Ca?* accompanied by increased rates of exocytosis. Examples are mast cells that
release inflammatory compounds upon binding of immunoglobulins to Fc receptors,'* and
ac%ixc;cytes that incorporate a glucose transporter into the plasma membrane in response to

All these signals are collectively reflected by the concentrations of common second messen-
ger molecules that coordinately adapt a variety of cellular processes to the activity state of
secretory cell types. Among the essential messengers is Ca>*, but in addition, many molecules
that are produced by the turnover of phospholipids in the membrane play important roles in
the modulation of regulated exocytosis. The pathways initiated by Ca®* ions and
phospholipid-derived second messengers are interdependent: Ca®* increases can accelerate phos-
pholipid turnover and vice versa, phospholipid-derived signaling molecules can increase cyto-
plasmic Ca®* levels. Enzymes of the phospholipase superfamily are centrally involved in this
event. Given their significant contribution of the modulation of regulated exocytosis, we de-
scribe in the next section how phospholipase activity is linked to secretory modulation.

The Activation of Phospholipases

Enhancement of exocytosis is usually accompanied by increased activities of phospholi-
pases, that hydrolyze phospholipids to metabolites that induce signaling routes in the cell and
at the membrane. Different families of phospholipases catalyze hydrolysis at different positions
in the phospholipid molecule (Fig. 2), thereby producing essentially different products that
either are released into the cytoplasm (e.g., IP3, arachnidonic acid) or remain in the hydropho-
bic environment of the membrane (e.g., diacylglycerol). The most relevant phospholipase families
in the context of regulated exocytosis are the phosphoinositide-specific isoforms of phospholi-
pase C (PI-PLC). In addition, the phospholipase A; (PLA;) family deserves renewed atten-
tion.'> Other phospholipases such as nonphosphoinositide-specific PLC, phospholipase D and
phospholipase A; also contribute importantly, but are described elsewhere. Before elaborating
on the signaling events induced by phospholipases, the molecular mechanisms responsible for
their activation will first be described.

Activation of Phosphoinositide-Specific Phospholipase C

PI-PLC isozymes (EC 3.1.4.11) bind preferentially to phosphatidyl inositol-4,5-diphosphate
(PIP,). PIP; is a membrane component that is enriched in the inner leaflet of the bilayer,
occurs in membrane subdomains'® and is required for regulated exocytosis.!” PI-PLC hydroly-
ses PIP; to produce inositol-triphosphate (IP3) and diacylglycerol (DAG). Both products are
important second messengers for downstream cellular signaling.

Since all isoforms lack a transmembrane segment, the recruitment of these enzymes from
the cytosol to the inner plasma membrane surface constitutes a common step in their activa-
tion mechanism. On basis of their structural conservation, the PI-PLC isozymes were grouped
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Figure 2. Phospholipid hydrolysis by phosphoinositide-specific phospholipase C (PI-PLC)
and phospholipase A2 (PLA;). PI-PLC converts the trace membrane component
phosphatidylinositol-4,5-diphosphate (PIP,) into diacylglycerol (DAG) and inositol-triphos-
phate (IP3). PLA; hydrolyzes phospholipids such as, for example, phosphatidylinositol (PI)
to produce lysophospholipid (LPL) and a free fatty acid such as arachidonic acid (AA). The
water-soluble compounds IP; and AA diffuse into the cytoplasm (upper half), whereas the
other hydrophobic molecules remain membrane-associated (lower half).

into four subfamilies: PLC-B, -y, -0 and -€. Each family has a characteristic domain composi-
tion, that provides possibilities for fundamentally distinct mechanisms of phospholipase acti-
vation. Taken together, each signaling route that is capable of inducing exocytosis (Fig. 1) is
matched in the proteome by a stimulus-responsive PI-PLC subfamily. The spectrum of PI-PLC
isoforms expressed in a particular cell type may thus encode different modes of secretory
regulation.

PLC-B isozymes are primarily activated by G proteins. The dissociation of heterotrimeric G
protein complexes can be triggered by binding of extracellular ligands to G protein-coupled
receptors (GPCRs) on the membrane surface. The dissociation gives rise to a monomeric Got
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subunit and a dimeric GBY subunit. Go subunits that belong to the G, family (i.e., subtypes
Olg» O11, 014 and 046) induce PLC-B activity'®% by binding to its C-terminal domain.?! This
pathway is triggered by many GPCRs including the receptors for acetylcholine (muscarinic
receptors m1, m3 and m5), angiotensin II, bombesin, bradykinin, glutamate (metabotropic
receptors), histamine, thrombin, thromboxane A2, thyroid-stimulating hormone, vasopressin,
and others. Alternatively, PLC-B can be activated by binding of the GBY subunit?*? to the
N-terminal domain of PLC.2 This activation route is relevant for the interleukin 8 and mus-
carinic acetylcholine (m2) receptor.

Activity of the PLC-y subfamily (Y1, Y2) is evoked by receptors of the protein tyrosine
kinase (PTK) type.”> A well-characterized example of such a mechanism occurs in platelet-derived
growth factor (PDGF) signal transduction?® and mast cell degranulation.!* PLC-y interacts,
after ligand-induced receptor autophosphorylation, with the cytoplasmic receptor subunits
through its SH2 and SH3 domains (which are absent in other PLC subfamilies) and is thereby
recruited to the plasma membrane. Additionally, PLC-7 is itself tyrosine-phosphorylated either
directly by the receptor (e.g., the PDGF receptor)?” or indirectly through a receptor-induced
cascade of tyrosine Z{;\hosphorylation events (e.g., the insulin receptor®® or Fc receptors in he-
matopoietic cells).!* At the same time activation of phosphatidylinositol 3-kinase (PI3K) oc-
curs, resulting in an enhanced synthesis of phosphatidylinositol 3,4,5-trisphosphate (PIP3) in
the membrane, which further enhances PLC-Y activity. Besides by protein tyrosine kinases,
PLC-y can also be activated by the phospholipid metabolites phosphatidic acid (produced by
PLD) or arachidonic acid (produced by cytosolic PLA;).

Yet another activation mechanism prevails for the PLC-8 isozymes. These isozymes appear
to be controlled by the concentration of intracellular Ca®* (a second messenger that generally
reflects the activity state of the cell). Ca®* can also enhance the activity of other PI-PLC isozymes,
but PLC-8 appears to be more sensitive to Ca?*. Several domains within PLC-8 can bind Ca?*,
which enhances the membrane affinity as well as the catalytic function of the enzyme.”> And
finally, a more recently characterized PI-PLC subtype, PLC-€, contains several domains that
are absent in other PI-PLC isozymes. These domains, named CDC25, RA1 and RA2, together
with a unique insert in the catalytic domain, mediate interactions of PLC-€ with small mono-
meric GTPase enzymes including members of the Ras, Rap (Rap1), and Rho family (RhoA,
RhoB and RhoC). In analogy with the Go subunits of the Gy family that activate PLC-B
isozymes, Gt subunits of the G, family can induce PLC-€ activity.>* The latter mechanism
may occur indirectly via Rho GTPase activation.” In conclusion, PI-PLC activity can be in-
duced by multiple convergent pathways also known to modulate secretion.

Phospholipase A,

Mammalian genomes encode many PLA; enzymes (EC 3.1.1.4) which can be either
secreted or cytosolic, and either Ca?*-dependent or -independent. Secreted PLA,; enzymes are
found in many digestive secretions (such as pancreatic juice), animal venoms (e.g., cobra venom),
and in immune systems they play an important role in inflammation.3® Cytosolic PLA; (cPLA,)
enzymes have found increasing interest in the context of constitutive and regulated exocyto-
sis.”” However, the cacophony of isozymes expressed in many different tissues makes it a complex
task to dissect the individual functions of specific isoforms.

All PLA,; enzymes hydrolyze the sn-2 ester bond of the phospholipid substrate (Fig. 2),
resulting in a lysophospholipid (LPL) and a free fatty acid.?® Different isozymes have a differ-
ent preference for their phospholipid substrate. Due to the preference of cPLA; for phospho-
lipids with polyunsaturated fatty acid chains, and the relative abundance arachidonate esters
among these, the predominant fatty acid product is arachidonic acid (AA).?® AA is a soluble
second messenger that diffuses into the cytoplasm. In addition to the signaling properties of its
own, AA can be metabolized to generate eicosanoids (prostaglandins, leukotrienes a.0.) that in
the immune system have inflammatory properties and in the nervous system, signal transduc-
ing activities.””#? LPL may promote the fluidity and curvature of the membrane. Both LPL
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and AA produced by cPLA; positively affect regulated exocytosis.*>** Interestingly, AA also
promotes the formation of syntaxinl-containing SNARE complexes, suggesting a direct in-
volvement in secretory potentiation.'>

The most common activation mechanism of cPLA, involves Ca** binding to a N-terminally
located C2 domain motif present in the o1, B and & isoforms.’®*> Structural studies suggested
that membrane recruitment of the enzyme is accompanied by opening of the catalytic center,
referred to as ‘interfacial activation’.*® The cPLA,-y isoform lacks the C2 domain, but as an
alternative membrane-binding mechanism it is post-translationally modified with a farnesyl
residue.”’ PLA, activity can also be provoked by phosphorylation (e.g., by microtubule-associate
protein kinases or calmodulin-dependent protein kinase II), protein-protein interactions (e.g.,
the intermediate filament vimentin), or synthesis of PIP, or PIP; in the membrane. 84

How Central Signaling Molecules Modulate Exocytosis

As outined above, extensive cross-talk exists between events in regulated exocytosis and
regulation of various phospholipases. With little inaccuracy, these intricate signaling pathways
can be simplified by the rule of thumb that the second messengers [Ca*];, DAG and IP; (and
to a lesser extent, AA and PA) are indicators for the activity state of secretory cells. The activity
of these central signaling molecules diverges onto a multitude of cellular processes, coordi-
nately required to adapt the cellular logistics according to the biological demands. While ignor-
ing a vast amount of signaling cascades that extend beyond regulated exocytosis, the following
survey describes several key processes that provide means to modulate secretory strength.

IP; Mobilizes Ca®* from Intracellular Stores

PI-PLC activity at the membrane produces inositol-triphosphate (IP3) and diacylglycerol
(DAG) from PIP,-rich regions in the plasma membrane. The small hydrophilic molecule IP;
diffuses into the cytoplasm and to the surface of intracellular Ca®* stores. Here it recognizes an
IP5-gated Ca®* channel, resulting in an ion current into the cytosol. The Ca®* elevations in-
duced by [P3-generating agonists have been imaged in many exocrine cell types, and showed a
characteristic oscillatory behavior.’®>! This phenomenon is explained by a biphasic feedback
mechanism that regulates the channel opening probability of the IP5 receptor.’? The IP3-induced
increase in [Ca®*]; further enhances opening of the IP; receptor at low physiological Ca?* levels
(100-300 nM), but inhibits its opening at higher levels.>> The presence of Ca®* binding sites in
regions outside the channel pore suggests that the IP3 teceptor may be directly regulated b
Ca®* ions.”* However, a contribution of the Ca?* binding protein calmodulin also exists.>>>¢
Thus, IP3 production by PI-PLC finally results in an elevation of the cytosolic Ca®* concentra-
tion that can be local®” and oscillator)gz)’51 in nature. The cytosolic Ca** concentration subse-
quently acts as a potent modulator of exocytotic strength by mechanisms that will be described
later in this chapter.

Divergent Signaling Activities of Diacylglycerol

While IP3 is liberated from the plasma membrane by the activity of PI-PLC, the hydropho-
bic molecule DAG remains associated with the membrane. Besides acting as a second messen-
ger on its target proteins, local DAG accumulation in the membrane also has a direct effect on
the physical properties of the phospholipid bilayer. These changes include a partial dehydra-
tion of the membrane surface and increased curvature of phospholipid monolayers (leaflets),®>
and thereby enhances membrane fusion.®

The activity of DAG can be mimicked by synthetic phorbolesters such as
12-O-tetradecanoylphorbol-13-acetate (TPA), phorbol 12-myristate 13-acetate (PMA), or
phorbol 12,13-dibutyrate (PDBU).S" This has facilitated the characterization of the cellular
processes that DAG induces. Besides processes that reorganize the cytoskeleton (e.g., ref. 48) ,
it is well established that DAG increases secretory strength.*>%! Multiple DAG effector pro-
teins include at least six protein families: protein kinase C (PKC), protein kinase D (PKD),
DAG kinase, chimaerin, Ras guanyl nucleotide-releasing proteins and Munc13.%
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An important property shared by all target proteins is the presence of a C1 domain (named
after its initial identification as the first conserved domain in members of the PKC family).%”
The C1 domain physically interacts with DAG, an interaction that has been described to the
level of molecular structures for rat PKC-y*® and mouse PKC-8.% These studies indicate that
DAG binding causes the C1 domain to be buried into the phospholipid bilayer. Several other
structures of DAG effector domains in their unbound state indicate that the interaction must
be associated with drastic conformational changes that are predicted to modulate the protein’s
activity.”®7!

Divergent Signaling Activities of Intracellular Ca** Ions

Elevated concentrations of intracellular Ca®* ions, originating either from the extracellular
environment through Ca®* channels in the plasma membrane, or from intracellular stores
through channels on intracellular stotes, play a key role in modulating secretory strength (as
well as many other processes). A dynamic redistribution of Ca®* ions occurs after their entry
into the cytoplasm, governed by diffusion, buffering and active transport processes. In contrast
to the extremely rapid event of synchronous vesicle fusion, regulatory activities of Ca®* take
place on a somewhat slower timescale (from seconds to hours or even longer) and are mostly
rcsgonsive to Ca?* fluctuations in the range of 100-1000 nM.2>7273 In this stage, the ‘residual’
Ca®* concentration has assumed an essentially homogenous distribution in the cytosol.'?

An extensive repertoire of Ca*-dependent proteins populates the mammalian proteome,
and our current insight in their individual contributions to exocytotic regulation is by no
means complete. The Ca®* dependency is often mediated by structurally related domains within
the proteins, the two most abundant being the EF-hand and the C2 domain. EF-hands are
short helix-loop-helix motifs that usually function in pairs to bind Ca®* ions, in many cases
resulting in a conformational change that initiates protein interactions. The human genome
encodes at least 230 annotated EF-hand proteins, including the archetypal protein calmodulin,
many S100 proteins, calbindin Dgy, parvalbumin, recoverin, neuronal calcium sensor 1, and
calcineurin.”””® Some functions of calmodulin will be touched upon below.

The C2 domain morif, unlike the EF-hand, plays a vital role in Ca®*-regulated processes at
membrane interfaces. Structural and functional studies of C2 domains in well-characterized
Ca®*-regulated proteins (protein kinase C-@t, synaptotagmin I, cPLA2-0, PLC3-1, and others)
have suggested that stereotype C2 domains function as a Ca**-dependent switch for membrane
binding.”* In the case of phospholipases, the C2 domain-mediated activation of these enzymes
is responsible for the increased production of DAG and IP3, as detailed above. Other C2 do-
mains are independent of Ca®*, and have other activities at the phospholipid interface (e.g.,
PIP, binding or protein-protein interactions).”*’® The Ca®*- and DAG-dependent activity of
protein kinase C plays an important role in the regulation of exocytosis, is extremely well
documented, and will briefly be addressed below.

Central Role of Protein Kinase C in Divergent Signaling by DAG and Ca**

As the first characterized DAG effector, protein kinase C (PKC) has been the subject of
extensive investigation for over 25 years.”” The mammalian PKC isoforms were grouped into
the ‘classical’ (PKC-¢t, -BI, -BII and -y), ‘novel’ (PKC-8, -€, -1}, -6) and ‘atypical’ isoforms
(PKC-A and -£). All PKC isoforms contain a C2 domain that is thought to mediate phospho-
lipid interactions but only the classical isoforms are regulated by Ca™, presumably due to a
different structural organization of the C2 domains.®’ Both the classical and novel PKC isoforms
contain a Cl domain and are regulated by DAG, whereas the atypical isoforms lack C1 do-
mains. Upon activation either by Ca?*, DAG, or both, PKC is recruited to the membrane and
undergoes a conformational change that involves the exposure of the kinase domain, allowing
the phosphorylation of serine or threonine residues of substrate proteins.

The relevance of PKC has historically been somewhat overestimated by the assumption that
it is the only effector activated by DAG / phorbolester, in combination with the use of pharmaca
with limited specificity.58184 Still, it remains undisputed that PKC modulates secretory strength
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through many bonafide signaling processes, as confirmed by the generation of substrate pro-
teins with phosphomimetic or phosphorylation-deficient mutations. Target phosphorylation
by PKC is involved in the regulation of secretion from adrenal chromaffin cells,8>86 GLUT4
vesicle exocytosis in adipocytes®” and the neuron-specific isoform PKC- ¥ contributes essen-
tially to long-term plasticity processes in the hippocampus and cerebellum.®® Among the PKC
substrates are several proteins with established roles in SNARE-dependent exocytosis includ-
ing Munc18, SNAP-25, Ca,2.1 and Ca,2.2, synaptotagmin I and MARCKS / GAP43.

Central Role of Calmodulin in Ca* Signaling

One Ca®* sensor protein of the EF-hand type that has been intensively studied for many
years is calmodulin (CaM).% There is ample evidence that CaM - Ca®* signaling has important
effects on regulated exocytosis.”®?! As a recurring theme, the divergent nature of calmodulin’s
signaling activities makes it impossible to ascribe these observations to a single molecular mecha-
nism. Many calmodulin effectors are involved in different parts of the exocytotic pathway;
recent attention has been paid to Munc13, synaptobrevin, synaptotagmin, Rab3 and ion chan-
nels.” Direct binding of Ca®*/CaM to synaptobrevin, the vesicle SNARE, favors the interac-
tion of synaptobrevin with ‘trans’ phospholipids on the target membrane, at the expense of ‘cis’
phospholipids on the vesicular membrane.”®** The Ca?*-dependent interaction of CaM with
Rab3 was found to be essential for the secretion-inhibiting capacity of an overexpressed,
GTP-locked form of the GTPase.” In association with ion channels, CaM can function as a
Ca?*-dependent subunit to regulate Ca®* and K* currents. This applies to Ca®* and K* chan-
nels in excitable membranes,”®? as well as channels on intracellular Ca?* stores (the IP; and
ryanodine receptors).””!® Furthermore, the involvement of calmodulin-dependent kinases
(CaMK) is of continued interest as they are required for the induction of long-term plasticity
in neurons.'?""19 Introduction of calmodulin-dependent kinase induces synaptic potentiation
by phosphorylating synaptic vesicle-associated proteins (e.g., synapsins, rabphilin) as well as
other targets (e.g., the synprint site of voltage-dependent Ca®* channels).

Role of Muncl3 in Regulated Exocytosis

Muncl3 is a mammalian protein family orthologous to UNC-13 in C. elegans. It binds
directly to syntaxin,!®1% and is essential for neurotransmission.!°'% It is well established
that Muncl3 supports the priming step that converts immature vesicles to a fusion-ready
state.!981% The predominant isoform Muncl3-1 is expressed throughout the brain'!” and is
essential for glutamatergic (excitatory) neurotransmission, but dispensable for GABA-ergic (in-
hibitory) neurotransmission.'® Munc13-1 is also implicated in the secretion of acetylcholine
from motor neurons,!!! insulin from pancreatic beta cells,'*? and catecholamines from chro-
maffin cells'® (the latter upon Muncl3-1 overexpression). Muncl3-2 is coexpressed with
Muncl3-1 in some brain regions including the hippocampus, and required for GABA-ergic
neurotransmission.!'3 Within a single hippocampal neuron, a small amount of glutamatergic
synapses are Munc13-1 independent. These synapses emgloy Muncl3-2 and show a different
type of short-term plasticity, ascribed to differences in Ca*- and PLC-dependent pathways.!!*
A splice variant named ubMunc13-2 is expressed also outside the central nervous system. The
third isoform, Munc13-3, is expressed together with Munc13-1 in the cerebellum. At synapses
between granule cells and Purkinje cells in the cerebellum, Munc13-3 deficient mice showed a
partial impairment in glutamatergic neurotransmission characterized by increased paired-pulse
facilitation.!’> Munc13-4 is expressed in several peripheral tissues including spleen and thy-
mus, and is required for the degranulation of lymphocytes, mast cells and platelets.''¢11” A
structurally similar protein named BAP3 is regarded as a fifth member of the Muncl3 fam-
ily.'?® The brain-expressed isoforms Munc13-1/2/3 are localized to presynaptic active zones by
interactions with RIM,'?' and thus participate in a large complex containing Munc13, RIM,
CAST, bassoon and piccolo.'?>1? Both Rab3 and RIM are involved in long-term potentiation
of mossy fiber synapses.'*# An indirect interaction with secretory vesicles through RIM and
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Figure 3. Domain organization of the vesicle priming factor Munc13-1. Colors indicate C1
domain (blue), C2 domains (red), MUN domain (green), and Ca?* / calmodulin binding region
(dark grey). The MUN domain represents an autonomously folding domain that can complement
vesicle priming in Munc13-deficient cells. Interactions with putative regulatory molecules are
indicated by arrows. The boundaries of the DOC2-interacting domain (Did) are nearly identical
to that of the MUN domain. A color version of this figure is available online atwww.Eurekah.com.
Rab3 may be involved in the acceptance of new synaptic vesicles for priming.!'*!?% In
hemapoietic cells, Muncl 3-4 interacts directly with the GTPase Rab27 on the secretory
granules, "1

Muncl3 contains four elements that may provide sensitivity towards DAG and Ca**: a C1
domain, a DOC2 (‘double C2’)-interacting domain, a calmodulin binding domain, and two
to three C2 domains (Fig. 3). The C1 domain is present in all three brain-expressed Munc13
isoforms, but not in Munc13-4, and serves as a target region for activation by DAG.!!6 Al-
though Munc13 proteins were initially neglected as a target of DAG signaling, a recent study
showed convincingly that DAG-Muncl3 signaling is essential for life.3' Cultured neurons
from knock-in mice that express a mutant Munc13-1 protein insensitive for DAG were
capable of neurotransmission, but showed a defect in presynaptic potentiation induced by
phorbolesters. This defect was associated with an accelerated synaptic depression during high
frequency stimulation.?’ Upon DAG binding the C1 domain undergoes a conformational
change expected to be critical for its function in the priming of secretory vesicles,”® and en-
hances the affinity of Munc13 for the plasma membrane.'?

At the same time, DAG induces binding of Muncl3 to DOC2. By this mechanism, DOC2
cotranslocates with Munc13 to the membrane upon DAG synthesis.'”” DOC2 also acts as a
Ca?* sensor: the C2 domains of DOC2 isoforms ¢ and B associate rapidly and reversibly with
the membrane during intracellular Ca** elevation.'® Overexpression of DOC20 increases
exocytotic strength in chromaffin-like PC12 cells,'” and mice lacking DOC20t showed ab-
normal short-term plasticity in hippocampal neurons.'®® Several studies have investigated the
relevance of the Munc13-DOC2 interaction'?!13? and found that it contributes importantly
to Ca®*-dependent exocytosis from chromaffin-like PC12 cells,'®* acetylcholine release from
cultured superior cervical ganglion neurons,'>? and phorbolester-induced potentiation in the
giant synapse at the calyx of Held."!

The minimal domain required for the DOC2 interaction was defined as Did (for
Doc2o-interacting domain).'? This region is located between the second and third C2 do-
main. Similar, the region in the N-terminal domain of DOC2 that is required for Munc13
binding was named Mid (for Munc13-interacting domain). The Did domain in Muncl3 con-
tains significant sequence conservation. A fragment very similar to the Did domain (amino
acids 851-1461 of Munc13-1), termed the MUN domain (a.a. 859-1531), could be expressed

as a highly soluble recombinant protein in bacteria presumably because it folds autonomously
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from other domains.'3# This raised the question if it can also function autonomously. Con-
firming this, the MUN domain represented the minimal Muncl13-1 fragment that can rescue
vesicle priming activity in Munc13-1 and Munc13-2 double-knockout neurons.'** In another
study, a Munc13-1 fragment comprising amino acids 1100-1735 was found to be sufficient for
priming activity in chromaffin cells.'®® Thus, the priming activity of Muncl3-1 is confined to
the C-terminal half, whereas the N-terminal half provides various modes of modulation, in-
cluding Ca®*- and DAG-sensitive interactions located in the C1 and C2 domains. DOC2
binding to the functional domain of Munc13 may further modulate its priming activity.'*!

Adding further to Munc13’s Ca®* sensitivity, a calmodulin-interacting domain was recently
characterized that is located in the N-terminal (regulatory) half of the molecule.' The
Muncl13-calmodulin interaction is Ca?* dependent. Mutant variants of Munc13-1 and -2 that
specifically lack calmodulin binding were able to rescue neurotransmission in Munc13-1 and
-2 double-deficient neurons.!® Ac high stimulation frequencies however, the neurons express-
ing mutant Muncl3 showed a severe defect in short-term augmentation, suggesting that the
Ca**/calmodulin interaction is involved in Ca®*-dependent replenishment of the vesicle pool.
Finally, additional Ca** sensitivity of Munc13 proteins is suggested by the presence of three or
two conserved C2 domains. Experimental evidence for their functionality is not yet available
however. To summarize, Muncl3 functions in vesicle priming, and is therefore essential for
exocytosis. In addition it provides several handles for modulation by Ca?* and DAG, thereby
providing activity-dependent control over vesicle pool replenishment rates.

Role of Munc18 in Regulated Exocytosis

Sec1/Muncl8 proteins, together referred to as the SM proteins, are syntaxin-binding pro-
teins that are required for secretion at a step upstream from the exocytotic event. All orthologs
within this family play important roles in regulated exocytosis: Seclp in yeast, UNC18 in
nematodes, Rop in flies, and Munc18 in mammals.'®” Sec/ mutant yeast cells were isolated
from a forward genetic screen aimed to identify genes with functions in the secretory path-
way.!2® In yeast, sec/ mutants show a temperature-sensitive secretion defect characterized by an
accumulation of secretory vesicles. A secretion defect also occurs in neuromuscular synapses of
unc-18 mutant nematodes, that express the ortholog in the nervous system.!> Although the
synaptic terminals in mutant worms contain high numbers of synaptic vesicles, the amount of
docked and primed vesicles appears to be reduced.'® In mice lacking Munc18-1 neurotrans-
mission is completely blocked, including both evoked and spontaneous fusion events, despite
the presence of synaptic vesicles in nerve terminals.!*! Adrenal chromaffin cells also showed a
severe secretion defect (a 10-fold reduction), combined with a substantial decrease in the amount
of morphologically docked vesicles.!*? Besides Munc18-1, the mammalian genome also en-
codes other isoforms: Munc18-2, expressed in polarized epithelia, and Muncl8c, expressed in
pancreatic beta cells and adipocytes. In addition, the mouse SM proteins mVPS45, mVPS33
and mSly1 are more distant paralogs to Munc18-1.""” Mice lacking Munc18c were early em-
bryonic lethal, but heterozygous animals showed glucose intolerance when they received a
high-fat diet. This phenotype presumably results from impaired exocytosis of insulin granules
(in pancreatic B-cells after stimulation by glucose) and GLUT4 storage vesicles (in adipocytes
after stimulation by insulin).’*> Combining the available data, it is clear that Munc18 func-
tions upstream of Muncl3-dependent vesicle priming, perhaps in vesicle docking. As soluble
cytoplasmic proteins, the subcellular localization of SM proteins relies on interactions with
proteins enriched at secretion sites: syntaxins and Mint/X11 proteins (for Muncl8-interacting).
Mint proteins have PDZ domains that bind to secretory specializations through interactions
with neurexins and CASK.'*

The best characterized molecular property of SM proteins is their high-affinity interaction
with syntaxin. Interactions were observed only in particular combinations of Munc18 and syntaxin
isoforms (e.g., Munc18-1 binds syntaxin-1, -2 or -3; Muncl 8c binds syntaxin-2 or -4). Munc18
is thought to function as a chaperone that is required for syntaxin stability, and may prevent
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premature SNARE pairing at improper locations in the membrane trafficking route. In free
solution, syntaxin-1 can cycle between ‘closed’ and ‘open’ conformations by virtue of a flexible
linker that separates the membrane-anchored SNARE domain from a three-helical H3 domain.'*®
In the dimer with Munc18-1 syntaxin-1 is in its closed conformation, which precludes SNARE
pairing with its partners, SNAP-25 and synaptobrevin-2.1% This phenomenon has led to the
hypothesis that the dissociation of Munc18-1 from syntaxin] is necessary to make syntaxin’s
SNARE domain available for entry into the SNARE complex (Fig. 4).

Dissociation of the Munc18/syntaxin dimer is likely an active process that requires addi-
tional factors such as Muncl3,'¥” arachidonic acid, '’ tomosyn,148 and/or protein kinases, 3614
four possibilities that we will briefly explain below. In support of a role of Munc13 in disassem-
bly of the Munc18/syntaxin complex, a mutant syntaxin variant that is forced into an open
conformation in worms'#® rescues the paralyzed phenotype of #ne-13 (s69) worms (deficient
for the nematode ortholog of Munc13).'>® However the paralyzed phenotype of unc-18 null
worms could not be rescued by open syntaxin.'*® This result may relate to multiple indepen-
dent observations that Muncl8 also required for a second, syntaxin-independent pro-
cess. 42131153 A role of arachidonic acid was recently suggested by the finding that this fatty
acid promotes the transition of Munc18-dimerized syntaxin-1 to SNARE complexes in vitro.'?
Possibly, the presence of soluble poly-unsaturated fatty acids promotes the transient opening of
syntaxin-1, which is subsequently stabilized by events that inhibit reentry into the
Muncl8-syntaxin dimer.!> An additional factor that was reported to dissociate the Munc18-1/
syntaxin-1 dimer is tomosyn.!31%* Since tomosyn competes with synaptobrevin in SNARE-like
complexes it seems unlikely however, that this activity of tomosyn contributes positively to
SNARE fusion.'> Rather, it was suggested by several independent studies that tomosyn has an
inhibitory role in regulated exocytosis, pethaps by occupying t-SNARE complexes that are
incorrect targets for vesicle delivery.!® The fourth mode of Munc18/syntaxin dissociation may
involve PKC-mediated phosphorylation of Muncl8, that occurs in vitro on residues Ser’® and
Ser’'3.1 In situ Ser’!® phosphorylation was observed in response to phorbolester and other
stimuli (histamine, intracellular Ca®* increase, membrane depolarization) in chromaffin cells
and synagtic terminals.361571%8 Afrer PKC phosphorylation, Munc18-1 loses its afﬁn%)? for
syntaxin.’®!% The same effect was accomplished by phosphomimetic mutations at Ser>® and
Ser’!3. Since syntaxin binding causes Munc18-1 to associate with the plasma membrane,'>®
phosphorylation dissociated Munc18 from the membrane, an effect that was also observed for
the syntaxin-4 binding isoform Munc18-3 (Munc18c) expressed in acinar cells.'**'6! Due to

T
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Figure 4. Aworking hypothesis of Munc18 and Munc13 function in regulated assembly of the
neuronal SNARE complex. Munc18 functions upstream of vesicle docking / priming by stabi-
lizing syntaxin (Syx) in its closed conformation. Dissociation of the Munc18-syntaxin dimer
occurs by an unknown mechanism, in which arachidonic acid (AA), Munc13 and protein
kinase C (PKC) may be involved. The SNARE domain of syntaxin then becomes available for
entry into the SNARE complex, also containing SNAP25 and sgnaptobrevin (Syb). Fusion-ready
vesicles are tethered in the vicinity of voltage-dependent Ca** channels (VDCC), where their
release probability remains low until secretion is triggered by the entry of Ca®* ions. The
Ca?*-sensing apparatus that mediates the fusion event is not depicted.



Regulation of SNARE Complex Assembly by Second Messengers 21

high protein phosphatase activities in the cytosol the phosphorylation is only transient.!3”-158

This suggests that Muncl8 cycles between a phosphorylated and nonphosphorylated state to
exert its docking / priming activity.

Ultrastructural analyses in central neurons and chromaffin cells lacking Munc18-1 have
produced different results with respect to the number of morphologically docked vesicles. 4142
Central neurons analyzed at stage E16 complertely lacked synaptic vesicle release, but their
terminals showed normal numbers of morphologically docked vesicles.'! In contrast, adrenal
chromaffin cells lacking Munc18-1 showed a strong defect in vesicle docking.'*? A large reduc-
tion of large dense-cored vesicle (LDCV) docking was also observed in peptidergic cells of the
pituitary gland,'*? suggesting a mechanistic difference between the docking and secretion of
synaptic vesicles and LDCVs. It is not yet clear if the apparent function of Muncl8 in vesicle
docking represents a second, syntaxin-independent function of the protein, e.g., via its interac-
tion with Mint,'*® or should be viewed as a consequence of its syntaxin-binding activity. To
illustrate the latter possibility, the tethering of vesicles to their target membrane could require
the presence of Muncl8/syntaxin dimers, or the formation of intermediate {)rotein complexes
prior to ternary SNARE complex assembly (e.g., a syntaxin/SNAP25 pair).'62

Taken together, Muncl8 contributes essentially to regulated exocytosis by controlling a
step upstream from SNARE-dependent membrane fusion. The Munc18/syntaxin complex is
likely centrally involved in its function, in conjunction with the activities of Munc13, fatty
acids, protein kinases, Mint, and perhaps other factors. While the function of SM proteins is
most accurately described in the context of classical neurotransmitter release, there may be
substantial variation in the molecular mechanisms that govern peptidergic secretion from
LDCVs. The mechanism may also differ between organisms. For example, Seclp in yeast can
also bind syntaxin when it resides in the SNARE complex,'®® and in vertebrates, the principle
of syntaxin opening and closing appears to be incompletely conserved among paralogs.'®*

Final Remarks

As the molecular mechanism for excitation-secretion coupling becomes increasingly well
understood, it is also evident that a significant proportion of the exocytotic protein machinery
is dedicated to the strict modulation of this process. Whereas the ternary SNARE complex is
sufficient to drive membrane fusion of liposomes in solution, secretion from living cells re-
quires additional proteins including Munc18 and Muncl3, that may cooperatively regulate
SNARE complex assembly. Recent findings support the possibilicy that Muncl3 and Munc18
are regulated by Ca%, diacylglycerol, calmodulin, DOC2, arachidenic acid, and protein ki-
nases. Future investigations should address the question how the current model for the con-
trolled assembly of neuronal SNARE complex can be extrapolated to other types of regulated
exocytosis. Furthermore, it should be of primary interest to test which regulatory mechanisms
are most biologically relevant for neuro-endocrine function in an organismal context.
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CHAPTER 3

Rab GTPases and Their Role in the Control
of Exocytosis

Romano Regazzi*

Abstract
large number of Rab GTPases are distributed between the different cellular compart-
Aments of eukaryotes and orchestrate intracellular vesicular transport. A subset of these
proteins, including Rab3 and Rab27, are assigned to the control of the final steps of the
regulated secretory pathway involving docking and fusion of secretory organelles with the plasma
membrane. These GTPases function by recruiting on the vesicle surface a variety of protein
effectors that, once bound to the Rabs, link the organelles to other components of the secretory
machinery, cytoskeletal elements or membrane phospholipids. The purpose of this chapter is
to highlight recent progresses in the understanding of the mode of action of Rab3 and Rab27
and in their possible involvement in human pathologies.

Introduction

Rab GTPases are monomeric, small molecular mass proteins (Mr~21-27kDa) that share
both structural and functional homologies with the Ras oncogene product (Fig. 1). More than
60 genes encoding for members of this large protein family have been identified in the human
genome and 11 in yeast. Several Rab proteins appear to be ubiquitously expressed but others
are restricted to cells with specialized functions. Although the precise role of many family
members remains to be explored, a wealth of genetic and biochemical data indicate that Rab
GTPases are key regulators of intracellular vesicular trafficking in the secretory and endocytic
pathways. First evidences for a role of Rab family members in vesicular trafficking came in
1988 in yeast. Indeed, a mutation in the yeast Rab GTPase Ypt-1 was discovered to cause a
secretory-defective phenotype! and, a couple of months later, one of the genes involved in the
final stages of the yeast secretory pathway was found to encode the Rab GTPase Sec4.” After
these initial findings it became rapidly clear that the mammalian counterparts of yeast GTPases
called Rab (ras genes from rat brain) were playing similar roles in vesicular transport.>* Rabs
participate in all aspects of vesicular trafficking; they facilitate vesicle formation from donor
compartments, contribute to transport by recruiting motor proteins and regulate membrane
fusion. Consistent with their function in distinct vesicular transport processes Rabs are local-
ized to specific cellular compartments (for review see ref. 5).

Rab Properties and Functions
As is the case for other GTP-binding proteins, Rabs act as molecular switches, cycling
between “inactive” GDP-bound and “active” GTP-bound states. Taking advantage of the
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Ras

Figure 1. Comparison of the three dimensional structure of Ras and Rab3A.

structural similarities of Rabs with the Ras oncogene product mutants locked in the ac-
tive or inactive state can be easily generated. Activity changes of Rab GTPases are coordinated
by several regulatory factors and are coupled to a reversible association with cellular mem-
branes allowing both spatial and temporal control of Rab function (Fig. 2). Some of the regu-
latory factors are shared by many Rabs while others are devoted to the control of only one or
few Rabs. The association with cellular membranes is rendered possible by post-translational
addition of prenyl residues to two cysteines located close to the carboxy-terminal end.” In most
cases, these cysteine residues are arranged in double-cysteine prenylation motifs (e.g., XXCC,
XCXC, CCXX, CCXXX or XCCX, where X can be any amino acid). Newly synthesized Rab
proteins are relatively hydrophilic and bind to Rab Escort Protein (REP). This protein complex
is recognized by a Rab geranylgeranyl transferase (Rab GGTase) that catalyzes the prenylation
of the cystein residues of the GTPase. The prenylated Rab is then chaperoned by a protein
called Rab GDP Dissociation Inhibitor (Rab GDI) and delivered to cellular membranes. The
human genome encodes two GDI proteins that show tissue-specific expression.® The GDIo
isoform is enriched in brain while GDIP is ubiquitously expressed. Both GDI isoforms display
high affinity binding (K4 = 20-500nM) to all different Rabs. This promiscuity is explained by
the fact that GDls interact with a domain that is highly conserved among the members of the
Rab family called switch region. When Rabs are bound to GDIs their prenylated moieties are
accommodated in a GDI pocket preventing the association of the protein complex to cellular
membranes.® The mechanism permitting delivery of Rabs to specific membrane compartments
is not yet fully understood. GDI Displacement Factors (GDFs) are thought to favor the attach-
ment of Rabs to the appropriate membranes by disassembling the complex with GDIs (for
review see ref. 7). Yip3 (Ypt-interacting protein 3) also called PRA1 (Prenylated Rab Acceptor
1) has recently been shown to dissociate Rab9-GDI complexes and to possess GDF activity.
Indeed, silencing of Yip3/PRA1 by RNA interference or introduction of antibodies directed
against this protein prevent the recruitment of Rab9 onto endosomes.® Yip3/PRAL is part of a
relatively large Yip protein family (16 genes in humans). At present, it is still unclear whether
the other members of this family have also GDF activities.

Once anchored at the membrane, the Rabs are activated by specific Guanine Exchange
Factors (GEFs) that favor the exchange of GDP for GTP, In the active GTP-bound state the
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secretory
vesicle

Figure 2. The Rab cycle. Membrane association and activation of Rabs are controlled by several
regulatory factors. GDI: GDP Dissociation Inhibitor; GDF: GDI Displacement Factor; GEF: GDP/
GTP Exchange Factor; GAP: GTPase Activating Protein. In the active GTP-bound state the Rabs
interact with different effector molecules allowing their recruitment on the vesicle surface. In
some cases the Rab effector is localized on the target membrane. This configuration may con-
tribute to the targeting of the vesicles to specific domains of the acceptor membrane.

Rabs are able to recruit several effector molecules (see below) that regulate various aspects of
intracellular trafficking including vesicle formation, vesicle movement and membrane fusion.
To switch off the signal and inactivate the Rabs the GTP molecule attached to the protein is
hydrolysed and converted to GDP. This occurs thanks to the intrinsic GTPase activity of Rabs
that is boosted by the interaction with specific GTPase Activating Proteins (GAP). Although
GTP hydrolysis is known to be coupled to exocytosis’ it is still unclear whether GTP hydroly-
sis occurs immediately before during or after the fusion event. There is evidence that some
Rab-GEFs and -GAPs associate in multiprotein complexes.!® This is likely to ensure spatial
and functional coordination of the activities of these factors and to permit tight control of the
pool of activated Rabs present in the cells. The Rabs in the GDP-bound form are extracted by
the membranes by RabGDI and can then be reused for another cycle.

Rab Subfamilies

Rabs can be grouped according to segregating patterns in phylogenetic trees.!! These groups
reflect similarities of sequence, localization and/or functions. Thus, the Rabs belonging to
group V are involved in endosome trafficking while members of group III are generally local-
ized to secretory granules and are likely to govern the final steps of the secretory pathway.'!
Within the large Rab GTPase family, a subgroup of Rabs including the Rab3 and Rab27
subfamilies is devoted to the regulation of the final steps in the re_%u.\ated secretory pathway.
Rab26, Rab33 and Rab37 are also targeted to secretory organelles”!! and may participate to
the control of exocytosis in specific cell systems but the information available on these Rabs is
still limited and they will not be discussed in this review.
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The Rab3 Subfamily

Rab3 proteins are encoded by four different genes that drive the expression of Rab3A, -B,
-C and -D, respectively. These closely related isoforms share a largely conserved central region
and differ significantly only in two small domains located at the N- and C-terminal portion of
the molecule. Rab3 proteins. are involved in the control of exocytosis in many cells with regu-
lated secretory functions.”'!"!? Consistent with this role, Rab3 proteins are expressed at high-
est level in brain and endocrme tissues and to a lesser extent in exocrine glands, adipocytes and
other peripheral tissues.'* Rab3A and Rab3C are the predominant isoforms in neurons and
neuroendocrine cells, while Rab3D appears to play a role in the control of exocytosis outside
the nervous system.'> Many different functions have been attributed to Rab3 GTPases, rang-
ing from vesicle biogenesis to docking and fusion of the vesicles with the plasma membrane.
The role of Rab3 proteins was initially assessed by introducing in different secretory systems a
series of mutants locked in the GDP or GTP-bound conformation. Overexpression of GTPase
deficient mutants of the four Rab3 isoforms in catecholamine and insulin-secreting cell lines
were found to inhibit stimulus- mduced secrenon suggesting a negative modulatory role for
Rab3 proteins in the exocytotic process.'¢'8 The characterization of the phenotype of Rab3A
knockout mice led to observations in agreement with this model. Indeed, the absence of Rab3A
in hlppocampal CA] pyramidal cells results in an increase in synaptic depression after trains of
repetmve stimuli.'® This effect was initially attributed to a defect in synaptic vesicle recruit-
ment'® but detailed analysis of the properties of Rab3A-deficient synapses revealed that the
rundown of synaptic transmission is not due to changes in the size of the readlly releasable
vesicle pool but to an increase in the number of Ca®*-evoked vesicle fusions.?® Despite these
concordant findings a series of observations in different cell systems are difficult to reconcile
with an inhibitory role of Rab3 proteins and would rather support a positive action of these
GTPases on exocytosis. Thus, inhibition of Rab3B expression in pituitary cells using antisense
oligonucleotides results in a decrease in Ca**-induced exocytosis?' and Rab3A null mice de-
velop fasting hyperglycemla and glucose intolerance because of a defect in glucose-mduced
insulin secretion.? In addition, in transgenic mice overexpressing Rab3D in pancreatic acinar
cells secretagogue-stimulated amylase release is enhanced and not diminished as would be ex-
pected if Rab3D exerts an inhibitory control on exocytosis.” In the absence of all Rab3 isoforms
no obvious developmental ot structural abnormalities were detected in the brain but Ca®*-evoked
synaptic vesicle exocytosis was decreased by about 30%.'* Consistent with these data mice
lacking Rab3-GEF that is requlred for Rab3 activation exhibit a similar decrease in Ca®* trig-
gered neurotransmitter release.? Part of the difficulty in assigning a precise role to Rab3 isoforms
is likely to reside in the functional redundancy of Rab3 proteins. Deletion of individual Rab3
isoforms or any combination of two Rab3 proteins does not affect mice survival. In contrast,
deletion of three Rab3 isoforms is deleterious when one of thc tree deleted proteins is Rab3A
and quadruple knockouts are lethal due respiratory failure.!® These results suggest at least par-
tial redundancy in the function of Rab3 proteins.

Despite many efforts it has been difficult to attribute a precise function to Rab3 proteins.
The observations gathered in more than ten years of research indicate that Rab3 GTPases are
not essential for the exocytotic process but can modulate the response to stimuli in either a
positive or negative fashion. This regulatory function can be exerted by acting on different
steps of the secretory pathway including vesicle biogenesis, transport, docking and fusion. It is
possible that the regularory effect of Rab3 proteins varies from cell to cell, according to the
presence of specific combinations of isoforms and effectors.

The Rab27 Subfamily

Rab27A and Rab27B are structurally and evolutionarily related to Rab3 proteins. Their
involvement in the regulation of the final steps of the secretory pathway was recognized only
much later than for Rab3. Mutations in the RAB27A gene were identified as a cause of Griscelli
syndrome, a human genetic disease characterized by pigmentation disorders (pigmentary
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dilution of the skin and hair) and immunodeficiency. These symptoms are due to impaired
melanosomes transport in melanocytes®® and defects in lytic granules release from
T-lymphocytes.?® Patients suffering from Griscelli syndrome can present with different symp-
toms. This heterogeneity is the consequence of mutations in different genes. Interestingly,
some forms of the Griscelli syndrome are caused by mutations of Melanophilin and Myosin
Va, two proteins that associate in a functional complex with Rab27A (see below). Rab27A is
expressed at high level not only in melanocytes and T-lymphocytes but also in several endo-
crine tissues such as pancreatic islets, pituitary gland and chromaffin cells.””?? Rab27A is poorly
expressed in brain and in neuronal tissues where it is probably replaced by Rab27B, an isoform
possessing partially overlapping functions.?® Several recent observations have demonstrated a
central role for Rab27A in neuroendocrine exocytosis. Thus, in B-cells overexpression of Rab27A
enhances secretion while selective reduction of Rab27A expression by RNA interference, lead
to reduction in insulin release triggered by secretagogues.’’** The function of Rab27A has
been studied also in vivo by investigating the phenotype of Ashen mice, which exhibit a muta-
tion of Rab27A mimicking the Griscelli syndrome. Ashen mice display glucose intolerance and
loss of both phases of insulin secretion resulting in abnormal in vivo insulin levels.® Surpris-
ingly, glucose-induced insulin secretion is impaired, but the response to other secretagogues is
unaffected. Thus, the loss of Rab27A function results in a defect that is reminiscent to that of
Rab3A knockout mice suggesting that the two proteins may share partially redundant functions.

Rab Effectors

The function of Rab GTPases depends on the nature and properties of their effectors.
Many potential Rab3 and Rab27 effectors displaying tissue specific distributions have been
identified. Since each secretory cell appears to express a characteristic set of effectors the pro-
portion of Rab3 and Rab27 associated with a given partner may vary according to the cellular
context. In addition, because of the structural similarities between Rab3 and Rab27, it is not
always easy to discriminate between “true” Rab3 effectors, “true” Rab27 effectors and proteins
that can potentially mediate the action of both GTPases. Indeed in protein/protein interaction
studies several Rab3 partners can bind to Rab27 partners and vice versa and, in some cases, also
to more distantly related Rabs.>**>

Rabphilin-3A

Rabphilin-3A was the first putative Rab3 effector isolated from brain because of its interac-
tion with Rab3A.% The observation that the levels of Rabphilin-3A are reduced in Rab3A
knockout mice confirmed a possible functional link between this effector and Rab3A."° How-
ever, systematic analysis using a large set of Rabs revealed that the protein displays high affinity
binding also to Rab27A. Indeed, only the interaction with Rab27 appears to be conserved
through evolution and, in PC12 cells, Rabphilin-3A is recruited to dense-core vesicle in a
Rab27A dependent manner.?” The phenotype of Rabphilin-3A knockout mice is also not fully
compatible with a major role for this effector in mediating Rab3A action. In fact, Rabphilin-3A
knockout mice do not display the defects in neurotransmitters release observed in mice lacking
Rab3A.%8 Thus, at present it is still unclear whether Rabphilin-3A is an effector of Rab3, Rab27
or both. This Rab effector contains a zinc-finger domain which confers the capacity to bind
Rab3 and Rab27 and two C2 domains homologous to the calcium/phospholipid binding
modules of PKC. Different studies have demonstrated that regulated exocytosis is enhanced
after overexpression of Rabphilin-3A.3%° However, this effect on exocytosis is at least partially
independent from the capacity to bind Rab3. Indeed, some Rabphilin-3A mutants with im-
paired binding to Rab3 are still capable to increase the secretory response suggesting the
involvement of other partners.

Despite the fact that Rabphilin-3A was identified more than thirteen years ago the mode of
action of this protein is only beginning to be understood. Rabphilin-3A knockout mice are
fertile and viable and display no abnormalities in synaptic transmission.*® In addition, the
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synaptic properties that are impaired in Rab3A knockout mice are unchanged in mice lacking
Rabphilin-3A indicating that this effector is not essential for the regulatory functions of Rab3A.
At the molecular level Rabphilin-3A was found to interact with O-actinin and to facilitate the
association of dense-core granules of chromaffin cells with actin cytoskeleton.*"*2 Moreover,
overexpression of Rabphilin-3A was reported to increase the number of docked vesicles in
PC12 cells.®? This effect was mediated by a direct interaction of one of the C2 domains of
Rabphilin-3A (C2B) with the plasma membrane associated SNARE protein SNAP25. These
findings suggest that the role of Rabphilin-3A may be to chaperon the secretory vesicles through
the cortical actin cytoskeleton and to favor their docking to the plasma membrane. There are
other Rab effectors suspected to accomplish analogous functions (see below). It is possible that,
if necessary, these proteins can compensate for the absence of Rabphilin-3A possibly explaining
the apparently normal phenotype of Rabphilin-3A knockout mice.*®

NOC2

NOC2, for NO C2 domains, has been discovered in a screen for Rabphilin-3A homo-
logues.* This protein is abundantly expressed in pancreatic B-cells and in other endocrine
cells.** NOC2 has been shown to bind to both Rab3 and Rab27.3#>% In neuroendocrine
cells, overexpression of NOC2 enhanced exocytosis in one study® and was reported to inhibit
secretion in another.*” Recent studies using RNA interference to knock down the expression of
NOC2 have contributed to shed some light on the possible function of this Rab effector. Thus,
silencing of NOC2 by RNA interference in insulin-secreting cell lines led to a strong reduction
in stimulus-induced secretion.>® This observation was confirmed and extended by the charac-
terization of NOC2 knockourt mice.*6 If these mice are kept under normal conditions, blood
glucose levels and insulin release are not significanty different from wild ¢ype animals. In
contrast, under stress conditions NOC2” mice display glucose intolerance and impaired insu-
lin secretion. Pancreatic B-cells lacking NOC2 were found to be more sensitive to the inhibi-
tion of insulin secretion caused by adrenaline agonists. These findings suggest that under stress
conditions NOC2 exerts a positive effect on insulin secretion by attenuating the inhibitory
action of the adrenergic signaling. The characterization of the phenotype of NOC2 knockout
mice revealed also a previously unsuspected involvement of NOC2, in the secretory process of
exocrine glands. Thus, in mice lacking NOC2 amylase secretion from pancreatic acinar cells is
abolished and the size and number of zymogen granules is greatly altered.*® Similar changes in
secretory granule morphology were observed in several other exocrine glands. The secretory
phenotype of NOC2™ mice was corrected by reintroducing wild type NOC2 but not a point
mutant unable to bind Rab3. These observations led to the conclusion that the interaction
with Rab3 is necessary for the action of NOC2.% However, we now know that the NOC2
mutant used in this particular study is unable to interact also with Rab27,3* rendering the
interpretation of the data less straight forward.

The RIM Family

The first member of the RIM (Rab3 Interacting Molecule) family was discovered in a Yeast
Two-hybrid screen using constitutively active Rab3C as bait.*” RIM proteins are encoded by
one gene in C. elegans (Uncl0) and four genes in mammals (RIM1-4).%® These genes drive the
expression of a large number of splicing variants of different sizes and lacking one or more
functional domains. RIM proteins are mainly found in neuronal cells, but RIM2 is expressed
at high level in endocrine cells, such as B-cells.*” RIM1at and RIM20t contain a zinc-finger
domain responsible for the binding of Rab3 GTPases, a PDZ domain that is thought to medi-
ate interactions with components of synaptic active zone and two C2 domains, (C2A and
C2B). Many different RIMat variants displaying variable distances between the functional
modules of the protein can be generated by insertion of alternative spliced sequences. In
contrast to the other Rab3 and Rab27 effectors RIM1at and RIM2at are not associated with
secretory vesicles but are located at the plasma membrane.*” The B and 7 isoforms lack the
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amino terminal domain required for Rab3 binding. The role of these proteins in exocytosis is
unclear but, if any, it is most probably unrelated to Rab3 GTPases.

Many observations point to an involvement of RIM proteins in secretion. Uncl0 mutants
in C. elegans exhibit a severe defect in neurotransmicter release associated with impaired synap-
tic vesicle priming.”® In mammals, the phenotype of RIM1a knockout mice is milder, prob-
ably because of partial redundancy with RIM2a., but defects in neurotransmitter release and its
regulation are also observed.>">? RIM proteins play also an important role in the control of the
final steps of exocytosis of pancreatic B-cells. In particular, RIM20t was shown to be involved in
a Protein kinase A independent pathway that triggers insulin exocytosis in response to
cAMP-raising agents.*’

The different domains of RIMa isoforms have been implicated in multiple protein/protein
interactions. The N-terminal domain is not only responsible for Rab3 binding, as previously
mentioned, but is also involved in the interaction with 14-3-3%% and with Munc13-1,>4%5 an
active zone protein thought to play an essential role in synaptic vesicle priming. Interestingly,
Rab3A and Muncl3-1 compete each other for the amino terminus of RIM1 suggesting that
their bindings are mutually exclusive. The switch from the REIM1/Rab3A complex to the RIM1/
Munc13-1 complex was proposed to occur just after docking of synaptic vesicles to the plasma
membrane insuring optimal coordination between the docking and priming processes. The
PDZ and the two C2 domains of RIM proteins, are also involved in both Caz*—dcpcndcnt and
-independent protein/protein interactions. The potential partners of RIM include
Synaptotagmin-1,°%® the pore-forming subunit of N-type Ca®* channels,’® SNAP-25,°¢
Liprins,”®> RBP (RIM binding proteins)®” and CAST (CAZ-associated Structural protein).’®
Taken together these results suggest that RIM acts as scaffold protein that modulates sequential
steps in synaptic vesicle exocytosis through serial protein-protein interactions.

Synaptotagmin-Like Proteins (Slps)

Synaptotagmin-like proteins (Slps) constitute a family of five Rab effectors (Slp1-5) charac-
terized by an N-terminal Slp homology domain (SHD), a linker region of varying length and
two C-terminally located C2 domains.?® For most Slps alternative splicing isoforms lacking
one or more domains have been described. Below, I briefly summarize the properties and func-
tion of these proteins. Further details on the role of Slps in the secretory pathway can be found
in another chapter of the book (“The role Synaptotagmin and Synaptotagmin-like protein
(Slp) in regulated exocytosis”).

Slps have been discovered in 2001, because of their structural similarities to the Ca?* sensor
proteins of the Synaptotagmin family.”> However, the characterization of the properties and
functions of these proteins revealed that they differ significantly from Synaptotagmins. Thus,
Slps are not endowed with transmembrane stretches (most often present in Synaptotagmins)
and possess an N-terminal domain that confers high affinity binding to Rab27 isoforms. Be-
cause of homologies with other Rab effectors some authors have proposed to include Slps as
members of a new family of proteins involved in exocytosis called Exophilins (Exocytosis asso-
ciated rabphilin3/granuphilin-like proteins).?’ To avoid confusion, here only the original no-
menclature is given.

Slp proteins are peripheral membrane proteins and are recruited on sectetory vesicles by
Rab27. Several studies in which their cellular level was increased or reduced by RNA interfer-
ence have demonstrated that Slps regulate secretion by controlling docking of secretory vesicles
to the plasma membrane. Slps accomplish their function by simultaneously interacting with
Rab27 located on the vesicle surface and with proteins or lipids associated with the plasma
membrane. Thus, Slpl interacts with phosphatidylinositol 3,4,5-tri§)hosphate,6° Sip2 with
phosphatidylserine®® and Slp4 with Munc18/syntaxin complexes.®*¢> Slp4 that is also called
Granuphilin has some peculiar properties compared to the other members of the Slp family.
This protein was first identified in a screening for genes differentially expressed in pancreatic B-
and o-cells.** Granuphilin/Slp4 is specifically expressed in pancreatic B-cells, in the pituitary
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gland and to a much lower extent in chromaffin cells. Contrary to all other Slps, overexpression
of Granuphilin/Slp4 in B-cells and PC12 results in a strong inhibitory effect on exocytosis.>>?
Moreover, glucose-induced insulin release in Granuphilin/Slp4 knockout mice is augmented,
further confirming that this Rab27 effector exerts an inhibitory effect on the exocytotic pro-
cess. Surprisingly, in Granuphilin/Slp4-deficient B-cells in spite of an increase in insulin release
the number of secretory granules morphologically docked to the plasma membrane is mark-
edly reduced. A possible interpretation of these observations is that Granuphilin/Slp4 is re-
quired to ensure docking of insulin granules at specific plasma membrane locations permitting
a tight control of the exocytotic rate. In the absence of Granuphilin part of the secretory vesicles
may circumvent this regulatory step leading to an exaggerated number of fusion events in

reponse to external stimuli.

Proteins Related to Slps

Slac2 proteins (Slac2-a/Melanophilin, Slac2-b and Slac2-c/MyRIP) possess an N-terminal
Rab27 binding domain homologous to that of Slps but they lack C2 domains (hence the name
Slp homologue lacking C2 domains). Despite the absence of C2 domains multiple interactions
between Slac2 and other cellular components, in particular with cytoskeletal elements, have
been reported.

Melanophilin/Slac2a

A mutation in the Melanophilin/Slac2-a gene was discovered to be responsible for an alter-
ation in mice coat color.%’ Later on mutations of Rab27A and Myosin Va genes were reported
to lead to a similar ghenotype, suggesting a functional relationship between Melanophilin and
these two proteins.®® Indeed, a number of results obtained in melanocyte cultures demonstrate
that these three proteins form a functional complex that is essential for melanosome transport.
If any of the components of this tripartite complex is lacking melanosomes instead of being
transported to the cell periphery and distributed to the surrounding cells accumulate in the
perinuclear region of melanocytes. Melanophilin possesses a domain enabling the interaction
with Myosin Va.% Rab27A present on melanosomes recruits Melanophilin; once anchored at
the surface of the pigment-containing organelle the effector binds to Myosin Va, linking mel-
anosomes to actin filaments and contributing to their delivery and retention at the cell periph-
ery. The melanosome is a specialized secretory vesicle that is equivalent to secretory lysosomes.®
At present, it is not known whether Melanophilin controls vesicular trafficking and exocytosis
through a similar mechanism in other Rab27-expressing cells.

MyRIP/Slac2-c

MyRIP (Myosin Rab Interacting Protein) has been identified thanks to its ability to interact
with Myosin V1la and to Rab27.%” Later on, MyRIP was found to bind also to Myosin Va and,
via its C-terminal domain, to associate to actin.’® Functional studies on MyRIP have been
performed in chromaffin cells, in pancreatic B-cells and in parotid gland acinar cells.>"*7° In
all these cells MyRIP is localized on secretory granules. A selective decrease of MyRIP by RNA
interference impairs insulin secretion in response to secretagogues.®’ Studies performed using
deletion murants revealed that both the Rab binding motif and the actin-binding domain of
MyRIP are involved in the regulation of insulin secretion. These data, together with experi-
ments in which wild type or dominant negative mutants of MyRIP were transfected in PC12
cells, led to the conclusion that the Rab27/MyRIP complex creates a functional link berween
the secretory granules and the actin skeleton, possibly contributing to guide the secretory
organelles toward their release sites.

Calmodulin
Rab3 has been shown to associate with the Ca®*-binding protein Calmodulin (CaM) in a
Ca?* and nucleotide dependent manner.”! The interaction with CaM does not occur via the
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effector loop (Fig. 3) and necessitates the presence of two arginine residues found in Rab3 but
not in other Rab proteins that are not involved in regulated exocytosis (Fig. 4). Replacement of
these two amino acids was found to prevent the inhibition of exocytosis caused by constitu-
tively active Rab3A in insulin-secreting cell lines and in PC12 cells. 2 However, these findings
were not reproduced in another independent study.”® Rab3A affinity for CaM is relatively low
compared to other CaM-binding proteins such as Ca>*/CAM kinase-II. These findings led to
the proposal that transient Rab3A/CaM interactions could allow the recruitment of CaM to
the cytoplasmic face of secretory vesicles. Subsequent transfer of the Ca?*-binding protein to
other vesicle-associated CaM-binding proteins would then permit the adaptation of the secre-
tory machinery to local rises in the Ca** concentration. This mechanism was suggested to
operate to couple the activation of granule-associated Ca**/CaM dependent phosphatase,
Calcineurin, to an increase in intracellular Ca2*.7475 Activated Calcineurin would then de-
phosphorylate the motor protein Kinesin and favor the transport of secretory granules at the
plasma membrane to join a readily releasable pool of vesicles committed to undergo exocytosis.
According to this model, in the absence of Rab3A, activation of Calcineurin and Kinesin would
not occur and granule transport would be less efficient. This would lead to a reduction in the
number of granules in the readily releasable pool and insulin exocytosis would be impaired.

Calmodulin

RIM

Rabphilin
Noc2-- 4 |
Granuphilin | -

Synapsin ‘

Figure 3. Domains of Rab3 involved in the interaction with effector molecules. Most of the
partners of Rab3A interact with the so-called effector loop that undergoes a conformational
change upon GTP binding. In contrast, Calmodulin binds to a domain of Rab3 that is located at
a short distance from the C-terminus of the GTPase.
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66 70
Rab3A KTIY [R| NDK ;WIKLQI WDTAGQE RYR
RablA RTIE |L| DGK |T| IKLOI WDTAGQE RFR
Rab2A RMIT |[I|DGK |Q| IKLQI WDTAGQE SFR
Rab4A KIIN V| GGK |[Y| VKLOI WDTAGQE RFR
Rab5A QTVC |L{ DDT T} VKFEI WDTAGQE GYH
Rab6A KTMY [L| EDR |T| VRLOQL WDTAGQE RFR
Rab?7 KEVM V| DDR |L| VIMQI WDTAGQE REFQ
Sec4 KTVD |I] NGK [K| IKLOI WDTAGQE REFR

Figure 4. Alignment of the Calmodulin-binding domain of Rab3A with the corresponding seg-
ments of other Rab proteins. The two arginines (Arg66 and Arg70) essential for Calmodulin
binding are indicated by the boxes.

Synapsin I

Synapsin I is the most recently identified partner of Rab3.7%”” Synapsins bclong to a family
of neuron specific proteins, which bridge synaptic vesicles and actin cytoskeleton.”® Their role
in neurotransmitter release is discussed in detail in another chapter of the book. Synapsin I is
also expressed in insulin-secreting cell lines and has been reported to be associated with secre-
tory granules’? but this finding is controversial.®® The interaction between Synapsin 1 and
Rab3A was discovered using an unbiased phage display approach and was then confirmed
using recombinant proteins and chemical cross-linking in intact nerve terminals. A functional
link between the two proteins is also suggested by the observation that in Synapsin knockout
mice the amount of Rab3A associated with synaptic vesicles is decreased.”® Synapsin I associ-
ates preferentially with the GTP-bound form of Rab3A and this interaction has functional
consequences for the biological activities of both proteins. On one hand, the presence of Synapsin
I stimulates GTP binding and GTPase activity of Rab3A. On the other hand, Rab3A inhibits
the association of Synapsin I to F-actin. In view of the involvement of Rab3A and Synapsin I in
exocytosis this interaction may play an important role in the control of neurotransmitter and,
possibly, also in insulin release.

Muncl3-4

Muncl3-4 is a distantly related member of the Munc13 family discovered thanks to the
presence of a Muncl3 homology domain.' In contrast to the other members of the Munc13
family, Munc13-4 has recently been shown to be a novel potential partner of Rab27. Thus,
Munc13-4 was found to bind Rab27 in a GTP-dependent manner, suggesting a possible in-
volvement of this Munc13 isoform in Rab27-regulated events in platelets.®? The expression of
Munc13-4 has been demonstrated in many cells of hematopoietic origin.? In these cells, the
complex formed by Rab27A and Muncl3-4 appears to be an essential regulator of membrane
fusion and controls lysosome secretion.?
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Conclusion and Perspectives

The data gathered in the last decade have highlighted the role of Rab27 and Rab3 GTPases
in the fine tuning of exocytosis in several cell systems that use the regulated secretory pathway
to release biologically active peptides, hormones or neurotransmitters. The mode of action of
each of these Rabs is complex and evidence for an involvement in a variety of important steps
in the secretory pathway ranging from vesicle biogenesis to vesicle fusion has been provided. A
number of burning questions remain unsolved and awaits clarification. Future investigations
will need to assess whether Rab3 and Rab27 control different steps or accomplish partially
redundant functions. They should also determine the relative contribution of each Rab and
Rab effector in different cell systems. The advent of new powerful tools such as RNA interfer-
ence and the use of sophisticated imaging techniques that allow tracking of individual secre-
tory vesicles in living cells®* are opening new avenues in the field and promise to furnish satis-
factory answers to these central questions in the near future.
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CHAPTER 4

The Role of Synaptotagmin
and Synaptotagmin-Like Protein (Slp)
in Regulated Exocytosis

Mitsunori Fukuda*

Abstract
( : ells secrete a variety of substances by “regulated exocytosis” (i.e., fusion of secretory
vesicles with the plasma membrane) in response to extracellular stimuli. Since two
membranes must be apposed with each other prior to the secretion event,
phospholipid-binding domains are often found in exocytotic proteins on secretory vesicles,
and one of the best characterized phospholipid-binding domains involved in regulated exocy-
tosis is the C2 domain. C2 domains are found in tandem in the C-terminal region of C-type
tandem C2 proteins, including synaptotagmins (Syts), synaptotagmin-like proteins (Slps),
rabphilin, and Doc2s. In this chapter I provide an overview of the structure and function of the
Syt and Slp families, especially focusing on recent advances in research on the molecular mecha-
nisms of secretory vesicle trafficking (e.g., docking, fusion, and recycling of vesicles) mediated
by Syt or Slp proteins.

Introduction

Secretion of neurotransmitters, hormones, and enzymes is a fundamental biological activity
of the cell, and is achieved by vesicular exocytosis, namely, fusion of secretory vesicles with the
plasma membrane. Vesicular exocytosis generally consists of at least three distinct steps: dock-
ing/tethering of a transport vesicle to the plasma membrane, ATP-dependent priming of the
vesicle, and actual fusion of the vesicle to the plasma membrane, which is often triggered by
extracellular stimuli (e.g., increase in intracellular Ca®* concentrations)." Since two membranes
(i.e., vesicle membrane and plasma membrane) must be apposed with each other prior to the
secretion event, phospholipid-binding domains are often found in exocytotic proteins on secre-
tory vesicles. Among the various phospholipid-binding domains that have been identified, the
C2 domain, a putative Ca®'- and phospholipid-binding motif originally identified in
Ca2+-dependent protein kinase C2isof particular interest, because two C2 domains are often
found in tandem in the C-terminal portion of a group of exocytotic proteins (named the
C-type tandem C2 protein family).* Tandem C2 domains are also found in the N-terminal
portion of GAP] family proteins and copine family proteins (named the N-type tandem C2
protein family),> but whether they are involved in secretory vesicle exocytosis is completely
unknown. Thus far, 27 different C-type tandem C2 proteins have been identified in mice and

*Mitsunori Fukuda—Fukuda Initiative Research Unit, RIKEN (The Institute of Physical
and Chemical Research), 2-1 Hirosawa, Wako, Saitama 351-0198, Japan.
Email: mnfukuda@brain.riken.go.jp.
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humans, and they have been classified into three distinct groups based on their N-terminal
structures.”* The first, and best characterized group is the synaptotagmin (Syt) family.* Syt is
defined as a protein with a single N-terminal transmembrane domain and randem C-terminal
cytoplasmic C2 domains (referred to as the C2A domain and the C2B domain; Fig. 1). The
second group consists of rabphilin and Doc2s, both of which share highly homologous tandem
C2 domains, although their N-terminal structures are completely different: rabphilin contains
an N-terminal Rab-binding domain (RBD),” whereas Doc2 contains an N-terminal
Munc13-1-interacting domain (MID) (Fi%. 1).89 The final group is the recently identified
synaptotagmin-like protein (Slp) family.!®!? Slp family members contain an N-terminal
Rab27A/B-binding domain (also called Slp homology domain [SHD] or RBD27),'%'4 and
have been suggested to control a variety of secretion events.'? B/K,'>!® Strep14 (Syt XIV-related
protein),” and Tac2-N (tandem C2 protein in nucleus)'® also contain tandem C2 domains at
the C terminus, but they do not fall into any of the above groups, because they lack a specific
N-terminal sequence (Fig. 1). This chapter describes recent studies (specifically after 2001) on
the role of the C-type tandem C2 protein family, particularly focusing on the function of the
Syt and Slp families in secretory vesicle trafficking.

Role of the Synaptotagmin Family Members in Regulated Exocytosis

Syt forms the largest branch in the phylogenetic tree of the C-type tandem C2 protein
family (Fig. 1) and is found in a variety of species in different phyla.'”"'>% In principle, Syt
family members consist of five different domains, a shorr extracellular domain (from 0 to less
than 70 amino acids), “a single transmembrane domain”, a spacer domain of varying length,
and tandem C2 domains, but some Syts lack one or several domains as a result of alternative
splicing.*! All Syt members reported thus far lack a signal peptide sequence, but they are
believed to display type I membrane topology (i.e., tandem C2 domains are present in the
cytoplasm). To date, 15 distinct sy genes (syzs I-XV or syts 1-15) have been identified in mice,
rats, and humans (Table 1), and several syr genes have been found in invertebrates.'”!” Mam-
malian Syt isoforms are further classified into several subfamilies based on their sequence simi-
larities, the Syt I/II/IX subfamily, Syt III/V/VI/X subfamily, and Syt IV/XI subfamily (dotted
circles in Fig. 1), and there are no clear sequence similarities between the N-terminal domains
of the different Syt subfamilies. Two additional C-type tandem C2 proteins, Strep14 and B/K
are sometimes referred to as Syt XVI and Syt XVII, respectively, because they are present in the
Syt branch in the phylogenetic tree (Fig. 1). At present, however, there is no evidence that
either protein contains an N-terminal transmembrane domain at the protein level or mRNA
level," indicating that they fall outside the Syt category. Land plants also possess several Syts
(e.g., At-Syts A-D), bur they from a branch of the phylogenetic tree that is completely distinct
from the animal Syt branch (Fig. 1), indicating that the plant Syts evolved from a different
source, possibly from yeast Tricalbin proteins®! (three C2 domains), as a result of losing their
third C2 domain (Fig. 1).!7 In contrast to the animal Syts, the plant Syts lacks a putative
fatty-acylation site just downstream of the transmembrane domain that may be responsible for
the stable oligomerization,” and at present nothing is known about the function of the plant
Syts in Ca?*-regulated exocytosis. This section describes recent advances in our understanding
of the function of mammalian Syt isoforms (or their invertebrate orthologues) in regulated
€XO0CyTOosis.

Syt L, 11, and IX Subfamily
Role of Syt I (or II) in Synaptic Vesicle Exocytosis and Endocytosis in Neurons

Syts I, I, and IX are an evolutionarily conserved subfamily of Ca**-dependent Syts that are
involved in the control of exocytosis of secretory vesicles (e.g., synaptic vesicles in neurons and/
or dense-core vesicles in neuroendocrine cells).”>?> Both Syt I and Syt II are present on synap-
tic vesicles, with Syt I being predominant in the rostral region of the brain and Syt II predomi-
nating in the caudal region of the brain. The best characterized Syt isoform, Syt 1, is now
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widely believed to be the major low affinity Ca®*-sensor for neurotransmitter release.”*? Syt I
is not a simple Ca?*-sensor, and presumablgl regulates synaptic vesicle exocytosis itself by modu-
lating the synapric vesicle docking step,’®”! fusion pore expansion dynamics,*”* and endocy-
tosis.”**¢ A variety of potential ligands of the C2A (or C2B) domain of Syt I (or II), including
proteins, divalent cations, phospholipids, and soluble inositol polyphosphates, have been re-
ported thus far (for a review see refs. 4-6), and it has been hypothesized that their binding to
the Syt I C2 domains regulates synaptic vesicle exocytosis and endocytosis. For example,
Ca**-dependent binding of Syt I with SNARE (soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor) complex composed of syntaxin-la, SNAP-25, and VAMP-2/
synaptobrevin-2 or PIP, (phosphatidylinositol 4,5-bisphosphate) has been hypothesized to
promote Ca®*-dependent synaptic vesicle fusion.’’*” Ca**-independent binding of Syt I with
t-SNARE heterodimers to be involved in synaptic vesicle exocytosis.*® Ca**-dependent
self-oligomerization of Syt I to control fusion pore dynamics;*! and Ca?*-independent binding
of the Syt I C2B domain with clathrin assembly protein AP-2 and/or stonin-2 to control
synaptic vesicle endocytosis.*?

How does Syt I control distinct steps of synaptic vesicle trafficking? Although the precise
mechanism remains to be elucidated, the presence of the multiple ligand binding sites in the
Syt I C2 domains may ensure binding to a variety of molecules and the control of distinct steps
in synaptic vesicle trafficking. As shown in Figure 2, both C2 domains are composed of an
eight-stranded anti-parallel B-sandwich structure (31-B8 strands), and two and three Ca®*
ions bind the loop regions formed at the top of the C2A and C2B B-sandwich structure,
respectively, and the C2B domain contains an additional o-helix between the B7 and 8
strands.*3 The Ca**-binding loops of the C2A domain and C2B domain are presumed to face
with each other, and redundant Ca®*-binding sites that mediate binding of t-SNARE:s are
thought to be formed (Fig. 2A).% In contrast to the C2A domain, the C2B domain contains
two additional ligand-binding sites (Fig. 2A,B). A polybasic sequence in the B4 strand (known
as the “C2B effector domain”) is required for binding of a variety of molecules, including AP-2
and inositol polyphosphates,*> and has been suggested to regulate synaptic vesicle exocytosis
and endocytosis. The é)olybasic sequence is also required for suppression of spontaneous neu-
rotransmitter release.* The conserved WHXL motif in the B8 strand is required for binding of
a plasma membrane protein, neurexin @, in vitro, and it has been suggested to be involved in
the synaptic vesicle docking to the plasma membrane.*® The WHXL motif is also important
for the maintenance of the C2B structure,?” and C-terminal fusion of fluorescent protein (e.g.,
GFP and CFP) has been shown to impair Syt I function, presumably by abrogating the func-
tion of the WHXL motif.*® These three ligand-binding sites in the C2B domain are not totally
independent, and ligand-binding of one site presumably affects the function of the other
ligand-binding sites.

Syts I and IT undergo several posttranslational modifications (e.g., phosphorylation, N- and
O-glycosylation at the extracellular domain,* and fatty-acylation just downstream of the trans-
membrane domain),? and the glycosylation or palmitoylation of Syt I has recently been shown
to be required for efficient rargeting of the Syt I molecule to secretory vesicles.’*?

Role of Syt IX in Dense-Core Vesicle Exocytosis in Neuroendocrine Cells

Although Syt I is also expressed on the dense-core vesicles in certain neuroendocrine cells
(e.g., chromaffin cells and pituitary cells) and involved in the control of their exocytosis,53 54
Syt I is dispensable for dense-core vesicle exocytosis by PC12 cells, because Syt I-deficient
PC12 cells display normal hormone secretion activity,”>>¢ indicating the presence of an alter-
nate Ca”*-sensor on dense-core vesicles in PC12 cells. The most likely candidate for the alter-
nate Ca®*-sensor for dense-core vesicle exocytosis is Syt IX (originally described as Syt V),>8
which is abundantly expressed on the Syt I-containing dense-core vesicles in PC12 cells.?3:5¢
Syt IX is also expressed on insulin-containing vesicles in pancreatic B-cell lines® and islet
B-cells®® which do not endogenously express Syt I. Functional ablation of Syt IX has been
shown to reduce Ca®*-dependent hormone secretion by PC12 cells and pancreatic
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Figure 2. Schematic representation of the putative effector domains in the C2 domains of Syt
1. A) Schematic representation of the eight-stranded B-sandwich structure of the C2A domain
and C2B domain of Syt 1. Three Ca®* ions are bound to the top loops 1 and 3 of the C2A domain
and two Ca** ions are bound to the top loops 1 and 3 of the C2B domain. Five Asp residues
(D172,D178,D230, D232, and D328 inthe C2A domain; and D303, D309, D363, D365, and
D371 in the C2B domain) are thought to be essential for Ca?*-binding. Two C2 domains are
presumed to face with each other, and redundant Caz“-binding sites seem to form between
them. An additional a-helix is present between the B7 and B8 strands of the C2B domain.** The
polybasic sequence (KKK) in the B4 strand of the C2B domain (named the C28B effector domain})
is involved in binding a variety of ligands.*® The WHXL motif in the B8 strand is involved in
binding of neurexin in vitro,*® and is required for proper folding of the C2B domain.*” B)
Schematic representation of three ligand-binding sites of the Syt 1 C2B domain and their
proposed function in synaptic vesicle trafficking (see the text for details).
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B-cells. 2355990 Inerestingly, Syt IX is also expressed in a rat basophilic leukemia mast cell line
(RBL-2H3) and regulates transport from the perinuclear endocytic recycling compartment
(ERC) to the cell surface via interaction with microtubules.®"

Syt II1, V, VI, and X Subfamily

Syts I11, V, VI, and X exhibit high sequence similarities throughout the entire proteins, and
this subfamily of Syts is characterized by the presence of an N-terminal conserved Cys motif,
which is essential for homo-dimer formation through disulfide bonding.®> All members of this
subfamily exhibit Ca?*/phospholipid binding activity,>%*%> and have been suggested to regu-
late Ca**-dependent exocytosis of secretory vesicles. This subfamily of Syts has been retained in
vertebrates alone, and is not found in invertebrates.*!°

Role of Syt III in Regulated Exocytosis: Plasma Membrane or Vesicular
Ca®*-Sensor?

Syt I1I is abundantly expressed in all brain regions, and its expression increases in parallel
with synaptogenesis during postnatal development of the mouse brain. Unlike Syts I and II,
Syt I1I protein is mainly present on the presynaptic plasma membrane, rather than on synaptic
vesicles,% and it has been suggested to function as a plasma membrane high-affinity Ca®*-sensor
for neurotransmitter release.*® At present, however, nothing is known about the functional
involvement of endogenous Syt I1I in synaptic vesicle exocytosis, and the expression and sub-
cellular localization of Syt III in neuroendocrine cells (particularly in pancreatic B-cells) are still
matters of controversy (dense-core vesicles versus plasma membrane). Recent work indicates
that Syt III protein is present just beneath the plasma membrane of pancreatic polypeptide
cells, but that it is not present in 0-, B-, or 8-cells.%° Syt III is also expressed in RBL-2H3 mast
cells and is involved in the formation and delivery of cargo to the perinuclear endocytic recy-
cling compartment.®’

Role of Syt V in Dense-Core Vesicle Exocytosis in Specific Types
of Neuroendocrine Cells

Syt V has been proposed to function as a Ca®*-sensor for exocytosis of specific populations
of dense-core vesicles.®® Syt V is enriched in the dense-core vesicle fraction of specific regions of

mouse brain, and it is also expressed in pancreatic islet 0t-cells that secrete glucagon, but not in
68
B- or 8-cells.>"

Role of Syt VI in the Acrosome Reaction of Sperm

An alternative splicing isoform of Syt VI lacking a transmembrane domain (named Syt
VIATM) is predominantly expressed in selected regions of mouse brain (e.g., olfactory bulb),
and it is present in the various membrane fractions.*® Although the function of Syt VI (or Syt
VIATM) in regulated exocytosis in the brain remains completely unknown, Syt VI regulates
acrosome reaction, a unique Ca*'-regulated exocytosis, in sperm.”®’! Phosphorylation of the
polybasic region of the Syt VI C2 domains, which corresponds to the C2B effector domain of
Syt I (;ge above and Fig. 2), modulates Syt VI function in acrosomal exocytosis in human
sperm.

Syt X Is an Immediate Early Gene Product in Brain Whose Expression Is Induced
by Kainic Acid-Induced Seizures

Syt X has been identified as an immediate early gene product in rat brain by differential
display between brain exposed and unexposed to kainic acid.”®> However, the tissue distribu-
tion and subcellular localization of Syt X protein remain completely unknown.
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Syt IV and XI Subfamily

The Syt IV and XI subfamily is evolutionarily conserved from Caenorbabditis elegans to
humans,*1%74 and shares a point mutation of one of the conserved acidic residues (e.g., Ser-244
of mouse Syt IV, which corresponds to the Asp-232 of mouse Syt [; see Fig. 2A) in the putative
Ca**-binding loop3 of the C2A domain. As a result of this mutation, the isolated C2A domain
of Syts IV and XI lacks Ca**/phospholipid binding activity. Recent structural analysis of the
mouse Syt IV C2B domain has shown that it is unlikely to bind Ca®* ions despite possessing
the five conserved acidic residues in the putative Ca**-binding loops.”> Moreover, “overexpression
studies” have suggested that Syt IV functions as a negative regulator of regulated exocyto-
sis.”®”7 Interestingly, however, more recent analysis of “endogenous” Syt IV protein has indi-
cated that Syt IV functions as a positive regulator of some forms of regulated exocytosis (e.g.,
glutamate release from astrocytes).78"/9

Subcellular Localization and Possible Function of Syt IV Protein in Brain
and PC12 Cells

The Syt IV isoform has also been identified as an immediate early gene product induced by
membrane depolarization (e.g., high-KCl, forskolin, and kainic acid) in brain and PC12 cells.B0-82
Syt IV expression is found in all brain regions, but, unlike other Syt isoforms, its protein
expression levels in mouse brain are highest during the Ist week of postnatal development.?!
Syt IV is mainly present in the Golgi and in the tips of growing neurites in developing neurons,
and the signals in the tips of axons and dendrites almost disappear in mature neurons.®! Syt IV
is not a synaptic vesicle protein in either mice or Drosophila, and it is mainly localized on
certain vesicle/organelle structures in dendrites.”#83 Although the specific cargo of Syt
[V-containing vesicles is unknown, it is highly possible that they contain molecules that are
directly involved in changes in synaptic plasticity, because Syt IV knockout mice exhibit abnor-
malities of some forms of memory related to the hippocampus.® In contrast to neurons, in
which Syts I and II are abundantly expressed, the Syt IV isoform, but not Syt I, is specifically
expressed in astrocytes, and Syt IV is required for Ca?*-induced glutamate release from astro-
cytes, strongly indicating that Syt IV is a positive regulator of exocytosis.”® Although Syt IV
itself is not a synaptic vesicle protein, if Syt IV is ectopically expressed on synaptic vesicles in
neurons, it can rescue the impairment of neurotransmitter release in the Syt I null mutant fly.*

In nerve growth factor (NGF)-differentiated PC12 cells, Syt IV is also Jpresent in the Golgi
and distal portion of neurites, where dense-core vesicles are accumulated.”® In undifferentiated
PC12 cells, however, Syt IV is present in the Golgi and immature secretory vesicles, rather than
mature dense-core vesicles. It is very interesting that Syt IV is sorted to newly formed, mature
dense-core vesicles that undergo Ca?*-dependent exocytosis in response to NGE”8 The spacer
domain of Sty IV, which is not conserved in other Syt isoforms, primarily determines the Golgi
localization of Syt IV.*>

Syt XI Interaction with Parkin

Syt XI was originally identified as a closely related isoform of Syt IV that is abundantly
expressed in brain. The same as Syt IV, Syt X1 expressed in PC12 cells is mainly targeted to the
BFA (brefeldin A)-sensitive perinuclear region (presumably the Golgi),86 although almost nothing
is known about the function and localization of endogenous Syt XI in brain. The only infor-
mation available is that parkin, an autosomal recessive juvenile Parkinson disease gene product,
interacts with and ubiquitinates Syt X1

Syt VII

Syt VII is a ubiquitous Syt isoform that is evolutionarily conserved from C. elegans o hu-
mans. There are several alternative splicing isoforms of mammalian Syt VII (e.g., Syt VIIa-y or
Syt VIla-¢),28% bur the shortest form (named Syt VIIa) is predominant in most mouse, rat,
and human tissues.¥ The mammalian Syt VII isoform binds Ca?*/phopholipids with higher
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affinity than Syt I does, suggesting that Syt VII functions as a high affinity Ca?*-sensor.** In
addition, both C2 domains of Syt VII contribute to the formation of Caz*-dependent multimers
and hetero-oligomers with other Syt isoforms.”®*!

The subcellular localization of Syt VII protein is a matter of some controversy, and it has
been shown to be present in three different compartments: presynaptic plasma membranes in
neurons,®® dense-core vesicles in endocrine cells,”>*? and lysosomes in fibroblasts.”* Syt VII
regulates Ca*-dependent lysosomal exocytosis in fibroblasts, which contributes to plasma mem-
brane repair.”*% Syt VII knockout mice also exhibit impaired plasma membrane repair as well
as autoimmune myositis, but no neurological abnormalities have been observed.”” While tran-
siently overexpressed Syt VII in PC12 cells is mainly targeted to the plasma membrane, stably
expressed Syt VII in PC12 cells is mainly targeted to dense-core vesicles and regulates their
exocytosis, suggesting that Syt VII functions as a vesicular Ca®*-sensor, rather than as a plasma
membrane Ca**-sensor.”>%?

Other Syt Isoforms (VIII, XII-XV)

The C2 domains of all other Syt isoforms (VIII, XI1-XV)!7-2086 Jack Ca?*/phospholipid
binding activity.”® Syt XII (also known as Syt-related gene 1, Srﬁ)l) is specifically expressed in
brain, and its expression level is regulated by thyroid hormone.”” Syt VIII is a ubiquitous Syt
isoform and is localized at the acrosomal crescent of sperm cells.'® Syt VIII has been proposed
to regulate the acrosome reaction through Ca?*-dependent interaction with syntaxin-2.”! Noth-
ing is known about the subcellular localization and function of other Ca**-independent Syt

isoforms (XIII-XV).

Role of Slp Family Members in Rab27-Dependent Membrane

Trafficking

Slp (Syt-like protein) is defined as a protein that consists of an N-terminal “SHD (Slp
homologg domain)”, a linker domain of varying length, and C-terminal tandem C2 do-
mains.> 1012101 Eive different isoforms (Slpl—S)10 102 5re present in mice, rats, and humans, a
single isoform (dm-Slp/Btsz)'% in Drosophila, and none in C. elegans (Table 1).'217 Several
alternative splicing isoforms that lack one or several domains have been reported in most Slp
members.'®" The SHD consists of two potential @t-helical regions (named SHD1 and SHD2;
see Fig. 1), which are often separated by two zinc finger motifs. The SHD shows weak similar-
ity to the Rab3A-binding domain of rabphilin, and it is now widely believed to function as a
specific effector domain for Rab27A (or Rab27B), one of the small GTPase Rab pro-
teins.! 214104106 The SHD is also found in the N-terminal region of members of the other
protein family, named the Slac2 family (Slac2-a/melanophilin, Slac2-b, and Slac2-c/MyRIP)
(for a review see ref. 12). The first o-helical SHD1 alone, and not the SHD2, is capable of
interacting with GTP-Rab27A in vitro, and a single point mutation in the SHD1 (e.g., E14A
in Slac2-a) completely abrogates Rab27A/B-binding activity.'¥ In vivo, however, both domains
are absolutely required for targeting the SHD to endogenous Rab27. For example, the entire
SHD of Slac2-a or Slp4-a, but not the Slac2-a-SHD1, Slac2-a-SHD2, or the
Slp4-a-ASHD1, is recruited to Rab27A on dense-core vesicles in the neurites of
NGF-differentiated PC12 cells (Fig. 3). By contrast, zinc finger domains are not required for
Rab27A/B binding activity, and they are presumably involved in the stability of the SHD
structure.'® This section describes the recent discovery of the Rab27 effector function of Slps in
Rab27-dependent membrane trafficking, with particular emphasis on the docking of
Rab27-containing organelles to the plasma membrane.

Role of Slp2-a in Melanosome Transport in Melanocytes

Slp2-a is abundantly expressed on the melanosomes of cultured melanocytes and is involved
in intracellular melanosome transport.!? Slp2-a simultaneously interacts with Rab27A on the
melanosome via the N-terminal SHD and with phosphatidylserine (PS) in the plasma
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Figure 4. Proposed function of Rab27 effectors in the docking of Rab27A-containing organelles
to the plasma membrane. Top) Slp2-a anchors the melanosome to the plasma membrane in
melanocytes through simultaneously interacting with Rab27A on the melanosome via the SHD
and with PS in the plasma membrane via the C2A domain.'%” Middle) Slp4-a is involved in the
dense-core vesicle docking step through simultaneously interacting with Rab27A on the vesicle
via the SHD and with Munc18-syntaxin complex or syntaxin via the linker domain."? Bottom)
Rabphilin promotes docking of the dense-core vesicle to the plasma membrane through simul-
taneously interacting with Rab3/Rab27 on the vesicle via the RBD and with SNAP-25 at the
plasma membrane via the C2B domain'3' (see the text for details).
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membrane via the C2A domain, and thereby promotes melanosome anchoring to the plasma
membrane in melanocytes (Fig. 4, top). Knockdown of Slp2-a by the specific siRNA (small
interfering RNA) results in a reduction in the numbers of peripheral melanosomes in melano-
cytes (referred to as “peripheral dilurion phenotype”) and induction of a rounded cell shape,
rather than their normal elongated (or dendritic) shape.'®” Although the Sip2-a C2A domain is
required for maintenance of the melanocyte morphology, the exact mechanism by which Slp2-a
regulates cell morphology remains unknown. Since Slp2-a is also expressed in other cell types
besides melanocytes,'®! Slp2-a may be involved in the docking step of Rab27A-containing
organelles to the plasma membrane in these cells.

Role of Slp4-a/granuphilin-a in Secretory Vesicle Docking
to the Plasma Membrane

Slp4-a was originally identified as granuphilin-a, which is specifically localized on
insulin-containing vesicles in pancreatic B-cells, however, recent studies have shown that Slp4-a
is also expressed in dense-core vesicles in PC12 cells'® and amylase-containing vesicles in
parotid acinar cells.'® In contrast to the other Slp members, Slp4-a exhibits several unique
biochemical features. First, the SHD of Slp4-a is capable of interacting with Rab3 and Rab8
isoforms in addition to Rab27 isoforms in vitro, whereas others specifically interact with Rab27
isoforms.!>106110:111 Second, the SHD of Slp4-a is capable of interacting with Rab27A(T23N),
which mimics the GDP-bound form of Rab27A, and the others are not.!'° Third, the linker
domain of Slp4-a, which is not conserved among the Slp family members, interacts with
Munc18-1, Muncl8-1-syntaxin-la complex, and Muncl8-2-syntaxin-2/3 complex.'!%!!2
Syntaxin-1a has been reported to interact with the SHD in a Rab27A-dependent manner,
but this interaction has not been observed in other studies.''®!!! Finally, expression of Slp4-a,
but not other Slps, in gancreatic B-cells or PC12 cells strongly attenuates Ca**-dependent
hormone secretion,!198:110-113 41¢hough Slp4-a expression increases the number of vesicles
docked to the plasma membrane.}'® Consistent with these in vitro cell culture findings, Slp4-a
knockout mice contain fewer insulin-containing vesicles docked to the plasma membrane in
islet B-cells but possess increased insulin secretion activity.''® It is of great interest that the level
of expression of both syntaxin-1a and Munc18-1 is also reduced in Slp4-a knockout mice.'"®
All these observations suggest that Slp4-a simultaneously interacts with Rab27A/B on the secre-
tory vesicles via the N-terminal SHD and with a certain syntaxin-Muncl8 complexes in the
plasma membrane via the linker domain, and thereby promotes the docking of the dense-core
vesicle to the plasma membrane in secretory cells (Fig. 4, middle). Consistent with this notion,
Rab27A or Munc18-1 itself has been shown to control the docking step of secretory vesicles in
certain cell types.! 16118

113

Role of Other Slps in Secretory Vesicle Exocytosis

Slpl (also called JFC1) is characterized as a 2ghosphatidylinositol 3,4,5-trisphosphate
(PIP3)-binding protein''® and as an Akt substrate.! Slql has been shown to control secretion
of prostate-specific antigen (PSA) by prostate cell lines,"*! although the mechanism by which
Slp1 regulates PSA secretion is largely unknown. Nevertheless, it is tempting to speculate that
Slpl simultaneously interacts with Rab27A on the granules via the SHD, and with PIP; in the
plasma membrane via the C2A domain, and promotes granule docking to the plasma mem-
brane, the same as Slp2-a does.

Almost nothing is known about the expression and localization of Slp3-a and Slp5, two
Ca?*-dependent type Slps”®'%? that promote dense-core vesicle exocytosis when expressed in
PC12 cells.!!® It is currently unknown whether Slp3-a and Slp5 are involved in the docking
step of secretory vesicles.



56 Molecular Mechanisms of Exocytosis

Role of Rabphilin in Rab27-Dependent Membrane Trafficking

The Doc2/rabphilin family in mice, rats, and humans consists of three Doc2 isoforms (ct, B,
and ¥)12%1% and one rabphilin (Table 1), and only the rabphilin has been retained during evo-
lution (from C. elegans to humans).!” Doc20t and rabphilin are mainly expressed in neural
tissues and certain neuroendocrine cells, whereas Doc2[3 and Doc2y are expressed ubiquitously.
Involvement of Doc20/f} or rabphilin in regulated exocytosis was intensively investigated by
biochemical, structural, and genetic analyses before 2001,%124126 and there have been only a
few extensions of research on this family since 2002. One of the most important findings con-
cerning this family is that rabphilin functions as a Rab27 effector, rather than as a Rab3 effector,
especially in invertebrates.'?”"128 In the final section, I describe the recent discovery of the Rab27
effector function of rabphilin in regulated exocytosis.

Genetic analysis of rabphilin mutant animals'?>12® and biochemical studies'?*!?® have in-
dicated that rabphilin is targeted to secretory vesicles independently of the function of Rab3.
In early 2002, our group discovered that the Rab-binding domain of rabphilin also interacts in
vitro with Rab27, the closest subfamily of Rab3 in the phylogenetic tree.!>1% Although the
endogenous expression level of Rab27A in PC12 cells is lower than that of Rab3A, rabphilin
preferentially interacts with Rab27A, because rabphilin binds Rab27A with much higher affin-
ity than Rab3A.'?712 It should be noted that invertebrate rabphilin specifically binds Rab27,
but does not bind Rab3 or Rab8, indicating that rabphilin has functioned as a Rab27 effector
during evolution.'? It has recently been proposed that rabphilin promotes docking of dense-core
vesicles to the plasma membrane in PC12 cells through simultaneous interaction with Rab3/
27 on the dense-core vesicle via the RBD and with SNAP-25 at the plasma membrane via the
C2B domain (Fig. 4, bottom)."" In contrast to Slp4-a described above, expression of rab&)hilin
significantly increases the depolarization-induced exocytotic fusion events in PC12 cells.''!?!

Concluding Remarks

The C-type tandem C2 protein family is a large family of putative membrane trafficking
proteins found in a variety of species from invertebrates, to vertebrates, and to plants (Fig. 1
and Table 1). Although more than 1000 of papers on the C-type tandem C2 proteins have
been published in the literature, this chapter has mainly dealt with recent advances in research
on the molecular mechanism of membrane trafficking mediated by the C-type tandem C2
protein family. If the reader is interested in learning more about this family and would like to
know of other outstanding studies on the role of the C-type tandem C2 protein family that
have been published before 2001, the following reviews provide the details on individual sub-
families of C-type tandem C2 proteins: for the Syt family (see refs. 4-6), for the Doc2/rabphilin
family (see refs. 9,132), and for the Slp family (see refs. 10-12). Tremendous advances have
been made in research on C-type tandem C2 protein during the past five years, including on
the role of Syt I in multiple stages of synaptic vesicle trafficking (Fig. 2), involvement of other
Syt isoforms in specific types of Ca**-regulated exocytosis (e.g., lysosomal exocytosis in fibro-
blasts, acrosome reaction in sperm, and glutamate release from astrocytes), and novel docking
machinery consisting of Rab27 and its effectors (Slp and rabphilin; Fig. 4). By contrast, the
tissue distribution, subcellular localization, and function of more than half of the C-type tan-
dem C2 proteins remain unknown. Therefore, one important direction of future research will
be the elucidation of the localization and function of individual C-type tandem C2 proteins of
unknown function. Another important direction of research will be the determination of func-
tional relationships between the distinct families of C-type tandem C2 proteins during regu-
lated exocytosis, because most secreting cells express members of several families of C-type
tandem C2 proteins (e.g., Syt, Slp, and Doc2/rabphilin family) in a single cell type. Intensive
studies will be required to achieve full understanding of the roles of the C-type tandem C2
proteins in membrane trafficking at the molecular level.
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The Synapsins and the Control

of Neuroexocytosis
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Abstract

he synapsins have been the first synaptic vesicle-associated proteins to be discovered

thanks to their prominent ability to be phosphorylated by a variety of protein kinases.

At present, the synapsin family in mammals consists of at least 10 isoforms encoded by
three distinct genes and composed by a mosaic of conserved and variable domains. The synapsins
are highly conserved evolutionarily and synapsin homologues have been described in inverte-
brates and lower vertebrates. The synapsins are implicated in multiple interactions with synap-
tic vesicle proteins and phospholipids, actin and protein kinases. Via these interactions, the
synapsins play multiple roles in synaptic transmission, including control of synapse formation,
regulation of synaptic vesicle trafficking, neurotransmitter release and expression of short-term
synaptic plasticity phenomena. This chapter tries to summarize the main functional features of
the synapsins that have emerged in the last 20 years, in order to provide a framework for
interpreting the complex role played by these phosphoproteins in synaptic physiology.

Introduction

The release of classical neurotransmitters (N'Ts) occurs at specialized sites of the plasma
membrane, named active zones, by exocytotic fusion of small synaptic vesicles (SVs). The
uniform loading of SVs with a discrete amount of NT® is reflected by the reproducibility in the
size of the postsynaptic response elicited by each exocytotic event referred to a NT quantum.
At variance with nonneuronal cells, neuroexocytosis is characterized by: (1) an “explosive” rate
of NT release, many orders of magnitude faster than that of nonneuronal cells; (2) the ability
to operate at various levels of efficiency depending on the microenviromental conditions and
the previous “history” of the neuron; and (3) the ability to sustain repetitive high frequency
NT release over a long petiod of time with strong reliability. The molecular features that confer
such properties to neuroexocytosis in neurons are: (i) the high colocalization of Ca** channels
with fusion competent SVs which allows an extremely rapid Ca?*-dependent exocytosis, (i)
the existence of a strategically localized reserve pool of SV buffering the depletion of the readily
released pool during sustained repetitive release and (iii) the presence of efficient recycling
mechanisms active at the presynaptic membrane that prevent the rapid depletion of SVs dur-
ing a sustained repetitive release. Such recycling mechanisms are contributed by a fast and
direct endocytotic pathway operating at the active zones (“kiss & run” mechanism) and by a
slower clathrin-mediated endocytosis active at periactive zones.
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The remarkable properties of neurotransmitter release are generated by the activity of a
number of proteins that are localized within the presynaptic terminal and participate in syn-
apse formation, maintenance and function. Among many presynaptic actors which have been
identified in the last 20 years, the most abundant phosphoproteins are the synapsins, a highly
conserved multigene family of neuron-specific, SV-associated phosphoproteins.

Synapsins exist in all organisms endowed with a nervous system and, in mammals, are
encoded by three distinct genes (SYNI, SYNII and SYNIII) located in chromosome X, 3 and
22, respectively.'®1%24 They are composed of a mosaic of individual and shared domains, the
latter of which are highly conserved during evolution (Fig. 1). Synapsins I and II are stably
expressed at synapses of mature neurons, where they associate with the cytoplasmic surface of
small SVs, whereas the expression of synapsin III is developmentally controlled and not strictly
confined to synaptic terminals (Fig. 2). Synapsins are excellent substrates for a large array of
protein kinases including protein kinase A, Ca®*/calmodulin-dependent protein kinases (CaMK)
L, I and IV, mitogen-activate protein (MAP) kinase and cyclin-dependent kinase-1, that phos-
phorylate them on distinct serine residues. Synapsins interact in vitro with lipid and protein
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Figure 1. Evolutionary conservation of the synapsins. Synapsins have been cloned from a variety
of species, from invertebrates to man. Synapsins are composed of a mosaic of conserved and
individual domains that are schematically represented in blocked color form and indicated by
letters A-J. The length of the polypeptide chains is shown at the top in number of amino acid
residues. Different shades or colors depicted within domains represent different sequences
(e.g., within domain C of Aplysia synapsin). In the figure, highly conserved domains are shown
as thick colored boxes. Domains A, C, and E are defined by significant homology to their
mammalian counterparts. While in mammals, synapsins are coded by three distinct genes, in
lower vertebrates and invertebrates one single gene gives rise to multiple synapsin isoforms.
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Figure 2. Temporal pattern of expression of synapsin | (S 1), synapsin 1l (S Il) and synapsin il (S
1) in primary hippocampal neurons as a function of the days in vitro (DIV). Expression at
various times is shown in percentage of the maximal level of expression over the analyzed time
window. The three synapsin isoforms have a clearly different expression pattern, with synapsin
Il peaking at 7 DIV and decreasing thereafter and synapsins | and Il increasing rapidly (synapsin
) or more slowly (synapsin 1) during the time in vitro to reach the maximal level of expression
after completion of synaptic maturation (21-28 DIV).

components of SVs, as well as with various cytoskeletal proteins including actin, and control
multiple aspects of synapse structure and function, from synaptogenesis and regulation of SV
trafficking to modulation of short-term synaptic plasticity. Here, we will describe the func-
tional studies which have outlined the role played by synapsins in regulation of NT release. In
the first part, we will focus on those studies that led to the proposed model of a predocking
mechanism of action of the synapsins. Then, we will critically summarize the recently growing
body of evidence suggesting that synapsins, in addition to their predocking action, directly
control the efficiency of synaptic transmission and the rate of NT release by acting at the
post-docking level. For further details concerning structure, biochemistry, genetics, cellular
and molecular biology and developmental role of the synapsins, the reader is referred to more
extensive reviews in references 3,11,16,19,24.

The Synapsins and the Reserve Pool of Synaptic Vesicles
A large body of experimental evidence obtained in reconstituted nerve terminals has pro-
posed that the synapsins reversibly cross-link SVs to each other and to the actin-based
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cytoskeletal meshwork. This action is believed to be important for the formation and main-
tenance of a reserve pool of SVs as well as in the fine regulation of the balance between the
reserve pool and a pool of SVs ready to undergo exocytosis in an activity- and
phosphortylation-dependent manner.

In order to perturb synapsin function at the nerve terminal and define its functional role in
neuroexocytosis, two main experimental approaches have been used: (i) microinjection into
large presynaptic terminals of invertebrate or lower vertebrate neurons of exogenous synapsin,
antibodies to synapsin or peptides derived from evolutionary conserved synapsin sequences;
(i1) deletion of one or more of the synapsin genes in mice by gene knockout (KO) technology.
Both techniques have advantages and limitations.

Microinjection studies are potentially the best method to acutely study functional changes
induced by perturbation of intraterminal synapsin levels. It allows to interfere directly with
synapsin function and follow the effects generated by the injected agent in real-time. However,
injection of proteins, peptides or antibodies could have nonspecific effects for the relative high
concentrations that are often required and for the possibility that the injected agent undergoes
a nonphysiological targeting within the neuron. Genetic studies are probably the best approach
to provide answers to the ultimate function of a given protein, i.e., the function that cannot be
compensated during development by other genes, but again they have some drawbacks. First of
all, very often a change in a single protein promotes a series of homeostatic responses in down-
stream processes that allow neuronal systems to respond to the initial manipulation with sec-
ondary changes, making the interpretation of the phenotype difficult. Moreover, the effects of
specific gene deletions are often attenuated by the presence of homologue gene products with
redundant functions. This is particularly true in the case of the synapsins that are encoded by
three genes. Despite these limitations, the knocking out of synapsin genes represents a funda-
mental technique to study in vivo the action of synapsin on development, synaptogenesis,
maintenance and function of synapses in a long-term time scale.

Pioneer experiments testing the effect of exogenous synapsin I in squid giant synapses
showed that the injection of dephosphorylated synapsin I decreased the amplitude and rate
of rise of postsynaptic potentials, whereas the injection of either phosphorylated synapsin 1
or heat-inactivated dephosphorylated synapsin I were ineffective. Conversely, injection of
CaMKII increased the rate of rise and the amplitude of postsynaptic potentials.2”-?® Analysis
of synaptic noise in the same system revealed that dephosphorylated synapsin I reduced the
rate of spontaneous and evoked quantal release, whereas the injection of CaMKII increased
evoked release without affecting the frequency of spontaneous miniature events.?? Further
data obtained in vertebrate goldfish neurons showed that the presynaptic injection of de-
phosphorylated synapsin I reduced both spontaneous and evoked synaptic transmission.'”
Internalization of dephosphorylated synapsin, phosphorylated synapsin or activated CaMKII
into rat brain synaptosomes using freeze-thaw permeabilization confirmed the results ob-
tained by in vivo injections.?>

These dara suggested an initial model in which dephosphorylated synapsin I inhibits synap-
tic transmission without interfering directly with the release process, but recruiting SV to the
reserve pool and inhibiting SV mobilization to the readily releasable pool, a process that can be
reverted upon phosphorylation. Studies on the physical distribution of the protein in response
to a depolarising stimulus conducted in frog nerve muscle preparation showed that synapsin I
dissociation from the SV membrane is not a prerequisite for fusion and that under high fre-
quency electrical stimulation synapsin I partially dissociates from SVs during exocytosis and
reassociates with the SV membrane following endocytosis.“*#’ In agreement with the latter
data, phosphorylation of synapsin I in rat brain synaptosomes treated with depolarising agents
is associated with a rapid translocation of the protein from the membrane fraction to the
synaptosol.® These data have been recently confirmed in living hippocampal neurons, in which
synapsin was found to disperse in the presynaptic terminal and preterminal axon during depo-
larization and to recluster at SV sites following return to the resting state.” In these studies it
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was also found that the rates of dispersion and reclustering are indeed controlled by synapsin
phosphorylation and dephosphorylation, respectively, and that CaMK-mediated phosphoryla-
tion controls SV mobilization at low frequency of stimulation, whereas MAP kinase phospho-
rylation is recruited at both low and high frequencies of stimulation.>®

Ultrastructural studies were consistent with early functional studies. In living lamprey
reticulospinal axons forming en passant synapses, presynaptic injection of an anti-synapsin
antibody, specifically recognizing sequences of the synapsin domain E (Fig. 1), caused the
disappearance of SVs distal to the synaptic cleft (reserve pool), leaving unaffected the SVs
docked at the active zone. The depletion of the reserve pool was in turn associated with a
markedly enhanced depression following high, but not low, frequency stimulation.>® Consis-
tently, the presynaptic injection of a highly conserved peptide fragment of the synapsin domain
E into the squid giant synapse greatly reduced the number of SVs far from the active zone and
increased the rate and extent of synaptic depression, indicating that domain E, present in both
synapsin isoforms expressed in squid (Fig. 1), is essential for the synapsin-mediated mainte-
nance and regulation of the SV reserve pool.'® Closely similar results were obtained after the
injection of a highly conserved peptide derived from the synapsin domain C.% Interestingly,
both peptides inhibit the synapsin-actin interactions, providing a common mechanism for the
physiological and ultrastructural effects of the peptides from domains E and C.

A fundamental contribution to the study of the role of synapsin in NT release derives from
genetic experiments in mice in which sgnapsin genes have been inactivated to generate single,
double and triple KO animals.”?1526:37-39:4445 A|| strains of KO mice were viable and fertile.
Despite the absence of gross defects in brain morphology or behaviour, synapsin I and synapsin
IT (but not synapsin III) KO mice as well as double synapsin I/II and triple synapsin I/II/III
KO mice exhibited early onset spontancous and sensory stimuli-evoked (audiogenic) epileptic
seizures. Attacks consisted of partial, secondarily generalized “grand mal” attacks followed by
post-seizure grooming.*® Electroencephalogram analysis showed that subconvulsive electrical
stimulation in the amygdala was able to induce seizures when applied to synapsin mutant
mice.%¢ Typically, seizures develop after 2-3 months of age and become more frequent with age.
The incidence of seizures is higher in synapsin II than in synapsin I KO mice and is propor-
tional to the number of inactivated synapsin genes. While the synapsin II and I/II KO mice
have been reported to have impaired contextual conditioning®! and triple KO mice exhibited
impaired motor coordination and defective spatial learning,'® a detailed analysis of the
behavioural phenotype of the synapsin KO mice is still lacking.

Ulerastructural and physiological abnormalities observed in adult synapsin mutant mice largely
confirmed and validated the data obtained by injection studies. Synapsin I, I and I/II KO mice
showed a selective decrease in the total number of SVs, as demonstrated by a decrease in the
levels of most SV markers (Fig. 3) and by electron microscopy of central synapses.!#26:38:44
Similarly to what observed with the injection studies,'*® the nerve terminal ultrastructure showed
a dramatic decrease and disassembly of SVs in the reserve pool, while SVs docked at active zones
were only poorly affected.?%4 In synapsin I KO mice, SV depletion was accompanied by a
strong impairment in glutamate release from cortical synaptosomes and by a greater delay in the
recovery of synaptic transmission after NT depletion by high frequency stimulation.?

The study of SV recycling at individual synaptic boutons using FM dyes showed that the
number of exocytosed SVs during brief action potential trains and the total recycling SV pool
are significantly reduced in synapsin 1 KO mice, while the kinetics of endocytosis and SV
repriming appear normal.®® The results were similar to those obtained in a different strain of
synapsin KO mice by an independent laboratory,®® except that (i) in double KO mice the SV
depletion was not restricted to the reserve pool, but affected to the same extent the readily
releasable pool of SVs and (ii) there was no detectable increase in synaptic depression induced
by 30 sec of repetitive stimulation at 10 Hz in synapsin [ KO mice. However, depression was
increased in synapsin II KO mice and further enhanced in I/II double KO mice, suggesting a
participation also of synapsin I in the build-up of depression.
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Figure 3. The specific decrease in SV density in central synapses is reflected by a decrease in
the expression of the major synaptic vesicle proteins. Homogenate (HOM) and purified SV
fractions obtained from wild-type (WT) and synapsin | KO mice were analyzed by
immunoblotting for their content in synapsin isoforms, Rab 3A and the integral SV proteins
SV2, synaptophysin (SPYS) and synaptogyrin (SGYR). Note the high enrichment of SV markers
in purified SVs and the similar and homogeneous decrease in the levels of virtually all SV
markers (including the products of the synapsin | and 1l genes), except for Rab3A levels whose
marked decrease suggests an additional function of synapsin in Rab3 targeting to SVs.

The molecular basis of the epileptic phenotype observed in synapsin deficient mice are still
far from being elucidated. It has been hypothesized that synaptic depression during repetitive
stimulation contributes to seizure development by causing an imbalance between excitatory
and inhibitory systems. This imbalance is attributable to the fact that inhibitory GABAergic
interneurons experience high frequency firing that may make GABA release particularly sensi-
tive to the relative SV depletion induced by synapsin deletion. Terada and coworkers* investi-
gated the impairment of inhibitory transmission in cultured hippocampal synapses from synapsin
I KO mice and demonstrated that inhibitory, but not excitatory, synapses become easily fa-
tigued upon repeated application of hypertonic sucrose and recover slowly from depression.
Stimulated terminals showed a decrease in the number of SV in the reserve pool, but not in
the readily releasable pool, that was slightly more intense in GABAergic terminals than in
glutamatergic ones. However, the young age of the hippocampal neurons used in this study (8
DIV), a stage in which synaptogenesis is in progress and the formed synapses are still imma-
ture, suggests that the observed effects could be ascribed, at least in part, to a defect in
synaptogenesis rather than to a change in the mature exocytosis machinery.

Taken together, the effects observed in synapsin I, II, and I/II KO mice are in general
agreement with the data obtained by injection studies and strongly support the predocking
model in which synapsins I and II participate in the formation and maintenance of the
reserve pool of SVs (Fig. 4). This pool provides a strategically localized SV reserve, buffering
the depletion of the readily released pool when sustained and repetitive release overrides the
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tonic SV recycling capacity of the terminal through the direct (kiss & stay/kiss & run) or
clathrin-mediated endocytosis.!%!?

Synapsin III, the most recently identified member of the synapsin family, plays a role in
synaptic function and NT release that appears completely distinct from that of synapsin I or II.
First of all, synapsin III is expressed early during neuronal development and its expression is
downregulated in mature neurons,'® while the product of the other two synapsin genes have an
opposite pattern of expression (Fig. 2). Mice lacking synapsin III exhibited a marked delay in
neurite outgrowth, no change in SV density, an increase in the size of the recycling pool of SVs
and a significant decrease in synaptic depression,” in sharp contrast with what has been ob-
served in synapsins I and IT KO mice.? These data indicate a unique nonredundant role for
synapsin III in the regulation of NT release.

One of the most intriguing functions of synapsin III is its ability to limit the size of the
recycling pool of SVs that allows more SVs to be recruited for NT release during repetitive
stimulation in synapsin III KO mice. It is possible that synapsin I, highly expressed in early
stages of synaptogenesis, may setve to tether SVs to the cytoskeleton and keep them from
recycling during synaptic activity as previously suggested for synapsins I and I1."34 However,

Figure 4. Schematic model of the exo-endocytosis process and of the putative physiological
role of the synapsins. Evoked neurotransmitter release is a multi-step process in which SVs,
after being released from the reserve pool where they are bound to the actin cytoskeleton (step
1), dock to presynaptic membrane and undergo the sequential steps of priming and Ca?*-triggered
fusion (step 2). After fusion, SVs are retrieved through a process of endocytosis (step 3) and
either become competent for a new round of exocytosis (step 4) or are recaptured in the reserve
pool (step 5). Synapsins (S) modulate this cycle by acting at various levels, namely: (i) synapsins
partially dissociate from SVs and actin upon activity-dependent phosphorylation (step 1),
making SVs available for exocytosis; (ii) upon dissociation, phosphorylated synapsins diffuse
within the nerve terminal and the preterminal regions of the axon (step 1); (iii) by acting at the
active zone level, synapsins increase the rate of the post-docking events of priming and/or
fusion (step 2), possibly by interacting with the dynamic submembrane actin cytoskeleton
meshwork or by removing the inhibitory action of Rab3 on the fusion process; and (iv) upon
dephosphorylation, synapsins reassociate with SVs after endocytosis and promote the recruit-
ment of SVs to the reserve pool (step 5).
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the marked decrease in the SV population observed in synapsin I and 11 KO mice indicates
that, while synapsins I and II have profound effects on SV clustering and stability, > synapsin
III may be devoid of this activity. Although no physiological evidence for a role of ATP binding
to synapsins has been provided thus far, the differential effect of Ca®* on ATP binding to
synapsins (Ca®* inhibits ATP binding to synapsin I1I and stimulates ATP binding to synapsin
1)?! suggests another potential molecular difference between synapsins I and II1.

Notwithstanding the absence of an overt or latent epileptic phenotype, synapsin III KO
mice also showed an impairment of GABAergic transmission, while excitatory transmission
was unaffected. These results leave open the possibility that the function of synapsin III in
inhibitory terminals may differ from that at excitatory synapses. A recent study on synapsin
I/II/III eriple KO mice investigated this possibility in great detail. Excitatory and inhibitory
synaptic transmission was differentially altered in these mice: excitatory synapses exhibited
normal basal transmission, but decreased number of SV in the reserve pool and marked
depression, whereas inhibitory synapses exhibited impaired basal transmission, mild changes
in the number of SV and no changes in depression. Although these observations leave com-
pletely open the physiological basis of the increased seizure propensity of synapsin L, II, I/1I
and I/II/TII KO mice, but not of synapsin III KO mice, they demonstrate that the synapsins
have a critical role in maintaining the balance between excitatory and inhibitory synapses in
brain networks.'>

The Synapsins and Short-Term Synaptic Plasticity

There are only relatively few data concerning the role played by synapsins on short-term
synaptic plasticity and their interpretation is still debated. Field EPSPs recorded in hipgoc-
ampal slices of synapsin I KO mice exhibited increased paired-pulse facilitation (PPF),%”-38
but no effect was observed on post-tetanic potentation (PTP).>® On the other hand, synapsin
IT and I/IT KO mice showed no changes in PPE, but a dramatic decrease of PTP>® Cultured
hippocampal neurons (7-14 DIV) obtained from synapsin III or I/II/III KO mice showed
no changes in PPE>!°

In cholinergic synapses of Aplysia californica, the functional ablation of synapsin by anti-
body injection produced a virtual disappearance of PTP, that was substituted by an intense
post-tetanic depression. In the same study, basal synaptic transmission was not altered, but
PPF was significantly decreased at physiological Ca“* concentrations. However, decreasing the
release probability by lowering the Ca®*/Mg** ratio to remove synaptic depression revealed that
PPF was not affected by synapsin neutralization.?? Finally, presynaptic injection of the peptide
fragment of domain E in squid giant synapses dramatically decreased postsynaptic potential in
response to a single action potential but did not affect PPE'8 Thus, most of the available data
indicate that PPF is not a primary target of synapsin action in excitatory terminals, although
the function of synapsin on short-term plasticity of inhibitory synapses remains completely
unexplored. Moreover, PPF has an intrinsic kinetics of tens of milliseconds, a time-range much
faster than the time necessary for the Ca**-dependent mobilization of SVs from the reserve to
the readily releasable pool to occur.’® Thus, the possibility exists that synapsin affects PPF
cither through a post-docking mechanism (see below) or by altering the baseline level of trans-
mission and indirectly influencing the magnitude of short-term plasticity, as recently sug-
gested. 1223945 [ndeed, at most synapses an increase in the initial probability of NT release
decreases the magnitude of synaptic enhancement {lower PPF), and, conversely, a decrease in
the probability of release results in larger synaptic enhancement or smaller synaptic depression
(higher PPF).’! Although the absence of synapsins seems not to impair PPE a recent finding
indicates that synapsin [ is necessary for the increase in PPF promoted by the constitutive
activation of the Ras/MAP kinase pathway.®

At variance with PPE synapsins appear to have a definite role in the presynaptic expression
of PTR In fact, both genetically altered mice and invertebrate synapses exhibit a marked im-
pairment in PTP after genetic deletion or neutralization of synapsin I and/or synapsin 11.2%%8
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Although synapsin I KO mice showed no detectable changes in PTP, the almost double effect on
PTP observed in synapsin I/II double KO mice as compared to the single synapsin II KO mice
strongly indicates that synapsin I also plays a role in regulating PTP and that the absence of
changes in PTP observed in synapsin I KO mice is attributable to the compensatory effect of
synapsin II. PTP is characterized by a time-course in the order of seconds in mammals, a time
sufficiently long to involve SV mobilization from the reserve pool. Thus, the action of synapsins
on PTP are consistent with the predocking mechanism model described above, in which Ca®*
accumulation induced by tetanic stimulation activates a Ca®*-dependent phosphorylation of
synapsin releasing SVs from the actin cytoskeleton and increasing their availability for exocytosis.

The basis for the partial disagreement among some of the observed effects of synapsin
deletion on short-term plasticity could be several-fold: (i) except for some of the most recent
studies,”'” a separate analysis of inhibitory and excitatory synapses was not carried out; (ii)
the data were obtained using different neuronal preparations, i.e., either primary cultures of
hippocampal neurons or acute slices; (iii) primary cultures were used at different stages of
maturation and, in most studies, before a complete synaptic maturation had occurred; and
(iv) it is experimentally very difficult to measure the baseline level of synaptic transmission,
especially in slices. For instance, studies of PPF were performed in brain slices of synapsin KO
mice through extracellular stimulation evoking a response that was detected with extracellular
electrodes (field EPSPs).3”38 Under these conditions, the amplitude of the evoked response
does not provide a measure of baseline transmission because it reflects the activation of many
presynaptic fibres and depends upon several factors (i.e., position of the electrodes, stimula-
tion intensity; slice viability). Thus, the previous studies did not determine whether the ob-
served changes in plasticity were direct effects on facilitation or depression or whether they
were secondary to changes in some quantal parameter characterizing the efficiency of synaptic
transmission, such as initial release probability and release rate. Single cell patch-clamp re-
cordings represent a more adequate experimental approach, although this technique has to be
used with caution. In particular, using neuronal cultures obtained by KO mice, a change in
the amplitude of evoked postsynaptic currents can be due to impaired synaptogenesis and/or
neurite elongation that dramatically decrease the number of functioning synapses and conse-
quently the number of SV released in response to presynaptic stimulation. Only a detailed
quantal analysis of miniature currents and a noise analysis of evoked postsynaptic currents
will provide the quantal parameter of neurotransmission necessary to interpret the effects on
short-term plasticity.

The Synapsins and Release Probability and Kinetics

According to the general model of synapsins tethering SVs to the actin cytoskeleton at a
distance from the active zones and releasing them upon activity through phosphorylation-dependent
dissociation, SVs recruited to the readily releasable pool should be depleted of synapsins. Al-
though this general picture is still valid and accounts for most of the physiological data, it has
become clear that synapsins also have a function at the membrane stages of release after SVs have
docked to the active zones. Several observations support the latter view: (i) SVs in the readily
releasable pool are only partially depleted of synapsins, and about 20-35% of the synapsin mol-
ecules associated with SVs in the reserve pool remain associated with actively recycling SVs dur-
ing high frequency stimulation;*” (ii) while in resting synapses synapsins are preferentially con-
fined to the reserve pool, during synaptic activity synapsins are detected in association with SVs of
the readily releasable pool and with uncoated recycled SVs;* (iii) synapsins colocalize with actin in
the dynamic filamentous cytomatrix present in sites of intense SV recycling, *

The possibility that synapsins could play some role in the post-docking stages of
neurexocytosis, initially suggested by the uncertain effects on PPF, was recently demonstrated
by growing evidence showing that synapsins can directly affect the probability and the rate of
NT release. The first functional evidence suggesting a possible post-docking effect of synapsins
was obtained by studying SV dynamics with styryl FM dyes. In hippocampal neurons from
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synapsin I KO mice, the reduction in the total functional recycling SV pool size was found to
be associated with a decrease in the total number of SVs which undergo exocytosis during brief
trains of action potentials (20 impulses) at individual synaptic boutons.?® While the former
observation was in agreement with the decrease in the reserve pool of SVs, 2% the latter result
was rather unexpected, since stimuli in this range would be expected to draw solely upon the
readily releasable pool of SVs which appears relatively intact in synapsin I KO mice, and sug-
gests a decrease in release probability.

More recently, the presynaptic injection of a peptide corresponding to the highly conserved
region of domain E of squid synapsin into the squid giant synapse completely inhibited NT
release in the absence of appreciable changes in the number of docked SV.'® Interestingly, this
effect was accompanied by an increase in the rise and decay times of postsynaptic currents. The
kinetics of release was also profoundly altered in cholinergic synapses of Aplysia californica
injected with a specific antibody to snail synapsins.?? In this study, the rise time of the evoked
postsynaptic current was significantly slowed in the absence of any changes in decay time and
mean amplitude of postsynaptic response. Closely similar results were obtained with the injec-
tion of a conserved peptide derived from the C domain.?

A post-docking action of synapsins is likely to be involved also in the decrease of evoked
inhibitory postsynaptic currents (eIPSCs) observed in CA3 pyramidal neurons from hippoc-
ampal slices (P10-14) of synapsin I KO mice.*> Mutant mice showed a decrease in the ampli-
tude and an increase in the coefficient of variation of e]PSCs, while the amplitude of miniature
IPSCs was not affected, suggesting that synapsin I deficiency reduces the efficiency of inhibi-
tory synaptic transmission by decreasing the number of SV released by a single action poten-
tial. The decrease of eIPSCs observed in cultured hippocampal autaptic neurons (7-9 DIV)
from synapsin IIT KO mice’ could be also attributable to a decreased release probability, al-
though a more detailed electrophysiological analysis is necessary to exclude other possibilities.

Taken together, the data summarized here strongly suggest that the synapsins are also in-
volved in the post-docking steps of release. By directly or indirectly regulating priming and/or
fusion reactions, the synapsins may play a role in determining the rate and the amount of
docked SVs released in response to the action potential (Fig. 4). Such post-docking action
could be accounted for by interactions of the synapsins with the dynamic actin cytoskeleton
present at the active and petiactive zones and/or with presynaptic proteins involved in the
priming/fusion steps. On the one hand, it has recently been shown that the synapsin domain E
and domain C peptides have the ability to inhibit the binding of endogenous synapsins to
actin,? suggesting that an interaction with actin at the active zone may play a role in the
post-docking effects of synapsin. On the other hand, synapsins have been recently shown to
interact with the SV-associated G grotcin Rab3A and to modulate Rab3 cycling and GTPase
activity within nerve terminals.'>!* As Rab 3A has been proposed to limit the amount of NT
released in response to the Ca?* signal in a late step that follows docking and priming,'? in
principle the post-docking effect of synapsins can be achieved through the removal of the
Rab3-mediated inhibitory constraint on quantal release.

The Synapsins, Long-Term Plasticity and Learning

Previous studies have shown that electrically-induced long-term potentiation (LTP) increases
the phosphorylation of synapsin I at its CaM kinase II sites immediately after stimulation, with
an effect thar persists for over 30 min and is fully blocked by the NMDA receptor antagonist
D(2)-2-amino-5-phosphonopentanoic acid (APV).3! Moreover LTP-like potentiation produced
by B-adrenergic agonists and protein kinase C activators produces a dose-dependent increase in
the phosphorylation of synapsin I at its CaM kinase I1 sites.3%43

Otherwise, a large body of previous data demonstrated that synapsin I KO mice have nor-
mal LTP and normal or slightly impaired learning, 4142 However, very recent observations
put forward a role for synapsin I in I'TP and learning. In fact, deletion of synapsin I blocked the
enhancement of LTP, of spatial learning and of contextual fear conditioning associated with a
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constitutive activation of the H-Ras/ERK signalling pathway.?> These results suggest that
synapsin I could be the main presynaptic effector for certain forms of LTP triggered by the
activation of the Ras/MAP kinase pathway. A growing body of evidence suggests that BDNF
could be the presynapric activator of H-Ras/ERK/synapsin I mgnalhr? pathway. Indeed, BDNF/
ukB signalling can modulate presynaptic function and learning®®> and BDNF increases  syn-
aptosomal glutamate release through an ERK-dependent phosphorylation of synapsin 1.2

Conclusions

In this chapter we have summarized and attempted to compose into a unifying frame the
numerous physiological observations and hypotheses on synapsin function that have been
put forward over the last 15 years in a large array of experimental systems, from reconstituted
or isolated nerve terminals to mice bearing deletions in single and multiple synapsin genes.
The emerging picture, summarized in Figure 4, is complex, as expected from a complex
family of proteins that includes several isoforms with partly redundant functions and dis-
tinct developmental and regional patterns of expression and that are targets of multiple sig-
nal transduction pathways. Notwithstanding this complexity, the extremely high evolution-
ary conservation and the overt deficits in synaptic function and neural circuit activity observed
in their absence strongly support a central role of the synapsins in the regulation of informa-
tion transfer among neurons.
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CHAPTER 6

Phospholipase D:

A Multi-Regulated Lipid-Modifying Enzyme Involved
in the Late Stages of Exocytosis

Marie-France Bader* and Nicolas Vitale

Abstract

hospholipase D1, a signaling-activated enzyme that generates phosphatidic acid, has
P become recognized as a key player in regulated exocytosis in organisms from yeast to

mammals. A variety of mechanisms have been proposed to explain how the generation
of phosphatidic acid at sites of exocytosis facilitates secretion in mammalian cells, and this
remains an active area of investigation. Recent findings suggest that phosphatidic acid may
play a biophysical role to generate negative curvature and thus promote fusion of secretory
vesicles with the plasma membrane.

Introduction

Phospholipase D (PLD) is a signal transduction-regulated enzyme that catalyzes the
hydrolysis of phosphatidylcholine to phosphatidic acid (PA).! Several evidences support a
role for PLD in vesicular trafficking events. The first arose with the discovery that members of
the small GTPase ARF family are effective activators of PLD.>* ARF1 is a well-known
regulator of membrane budding from the Golgi, and this finding raised the hypothesis that
generation of PA recruits coat proteins to budding vesicles.>® The PLD requirement in yeast
meiosis was then demonstrated: PLD mediates an unusual form of regulated exocytosis
in yeast that results in the formation of membrane organelles critical to spore formation.””
Mammalian PLD has since then been linked to regulated exocytosis in many secretory cell
types, including endocrine and neuroendocrine cells as well as neurons.!®'>

In mammalian cells, two PLD species, PLD1 and PLD2, and their splice variants have been
characterized.’®!” Both have been proposed to play roles in membrane trafficking. PLD1 is
most frequently associated with exocytosis, although it has also been reported to function in
endocytosis and phagocytosis.®!"13131819 In contrast, PLD2 has been often associated with
endocytosis and phagocytosis, but roles for it in secretion have also been proposed.'®>'#23 PLD1
is generally associated to peri-nuclear vesicles, although it can be found on the plasma mem-
brane and most likely cycles between these sites.!®2*%5 PLD2 typically exhibits a location at
the plasma membrane, but also most likely cycles through early and recycling endosomes dur-
ing endocytic events.!”?>26 However, despite the fact that both enzymes mediate the same
biochemical reaction, exhibit common upstream signaling pathways, and are often coinciden-
tally localized in cells, they do not appear to undertake redundant cellular functions. Hence, in
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many cases overexpression of the wild-type or catalytically-inactive forms of PLD1 affect a
signaling or cell trafficking event in a manner that is not reproduced by the overexpression of
the corresponding PLD2 isoform, and vice versa.'®'??%?2 Thus, PLD1 and PLD2 play
isoform-specific functions in membrane trafficking.

The role of PLD1 in secretion has been studied in several settings, including the release of
hormones from endocrine cells, mast cell degranulation, release of IL-8 from epithelial cells
and insulin-stimulated movement of the glucose transporter Glut4 to the cell surface.'®!31527
In this chapter, we will describe a series of experiments that we have performed over the past
several years to g}gamine the role of PLD1 in regulated exocytosis in neuroendocrine cells and
in neurons.” "’

Molecular Tools to Probe the Cellular Functions of PLD Enzymes

Pharmacological approaches to assess the cellular functions of PLD have been based pri-
marily on the use of alcohols to divert the production of PA.! In the presence of a primary
alcohol, PLD can catalyze a transphosphatidylation reaction that exchanges the polar head
group of the phospholipid substrate with the given alcohol to form the corresponding
phosphatidyl-alcohol.?? This unique property of PLD has been used to reveal PLD activa-
tion and function in many cell biological processes. However, there is a risk of false positive
results, since alcohols can mediate nonspecific inhibition, and false negatives, since even at
the highest levels that can be tolerated before encountering cellular toxicity, not all
PLD-mediated PA production is suppressed.>®

Molecular tools used to probe more directly for the implication of PLD include overexpression
of the wild-type isoforms and expression of the catalytically-inactive point mutants,
PLD1(K898R) and PLD2(K758R).>! The mechanisms through which the inactive PLD mu-
tants function as a dominant negative allele is not entirely clear. For instance PLD1 does not
dimerize for function and its activators (small GTPases of the ARF and Rho families, and
classical isoforms of protein kinase C) and substrate (phosphatidylcholine) are fairly abun-
dant.*? However, both PLD1 and PLD2 have to perform their function at specific intracellular
locations, and the catalytically-inactive enzymes most likely function through competitive substi-
tution for the endogenous isoforms at those locations. Use has also been made of ARF1 and
ARF6 point mutant alleles that specifically lack the ability to activate PLD1 while retaining all
other known downstream effectors function.”®® Interference RNA is beginning to make its
impact on the PLD field and offers a complementary loss-of-function approach that should
help to support findings §enerated through overexpression of the dominant negative alleles and
the use of alcohols. 222334

Phospholipase D1 Localizes to Granule Docking Sites
in Neuroendocrine Chromaffin and PC12 Cells and Plays
a Role in Exocytosis

Adrenal chromaffin cells, along with their tumor cell derivatives, PC12 cells, are neuroen-
docrine cells that have a prominent place among the models havin% provided insight into the
molecular machinery underlying calcium-regulated exocytosis.>>* Taking advantage of the
transphosphatidylation reaction catalyzed by PLD in the presence of ethanol, we measured
PLD activity in resting and stimulated chromaffin cells as a first attempr to assess the implica-
tion of PLD in exocytosis. PLD activation was found to be calcium-dependent and occurred
with kinetics very similar to those of the exocytotic response.®’ Subcellular fractionation ex-
periments revealed that this calcium-induced PLD activity was specifically associated with the
plasma membrane.*® The use of isoform specific antibodies confirmed the presence of PLD1b
at the plasma membrane in chromaffin and PC12 cells.!” Interestingly, PLD1 colocalizes with
SNAP-25, a component of the SNARE complex known to be involved in the docking and

fusion of secretory granules with the plasma membrane.
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We used more recently a variety of direct means to test the idea that the activation of PLD
represents an important step in the exocytotic process in chromaffin and PC12 cells. We first
examined the effect of the overexpression of PLD1, PLD2, and their catalytically-inactive mu-
tants in PC12 cells. Inactive PLD1 dramatically inhibited secretion, whereas PLD1 robustly
stimulated it.'° In contrast, neither the active nor inactive allele of PLD2 had any effect in this
system. We also microinjected inactive PLD1 mutant protein into chromaffin cells and moni-
tored secretion by amperometry. This method offers the possibility to resolve the release of the
contents of single secretory granules.**2 Analysis of individual release events in injected cells
revealed an apparent reduction in the initial rate of release, possibly reflecting a defect in mem-
brane fusion and/or pore expansion.'® These data support the idea that PLD1 might be impli-
cated in a late step of exocytosis close to membrane fusion. It is noteworthy that a similar
conclusion was reached by electrophysiological analysis of neurotransmitter release from Aplysia
neurons: the inactive PLD1 mutant was found to block neurotransmission by affecting the
fusogenic status of the presynaptic release sites.!! In line with these findings, PLD1 and possi-
bly PLD2, have been since then implicated in the calcium-dependent fusion of vesicles with
the plasma membrane in various secretory cell types.!>1>

The precise role of PLD-produced PA at the site of exocytotic fusion remains an evolving
research question. Potential roles for PA can be divided into four primary categories. First, PA
can serve as substrate for enzymes like phosphatidic acid phosphohydrolase or phospholipase
A2, to generate other signaling lipids such as diacylglycerol or lysophosphatidic acid, respec-
tively. Second, PA can act as a lipid anchor, recruiting proteins required for vesicle priming or
fusion events.®>#¢ Third, PA can act as a signaling lipid to stimulate enzymes such as
phosphatidylinositol-4 phosphate 5 kinase, whose product, phosphatidylinositol 4,5
bisphosphate, also plays critical roles in exocytosis.*’>2 Finally, PA is a cone shaped li7pid that
has been described as an essential partner for proteins in the basic fusion machinery.”>>” Hence,
a number of fusion reactions, including viral fusion, vesicular trafficking and exocytosis, are
reversibly inhibited by lipids of positive curvature, and promoted by lipids of negative curva-
ture. The predicted effect of the local generation of PA due to the acrivation of PLD1 at the
plasma membrane is to promote a negative curvature of the cytoplasmic leaflet (Fig. 1). Thus,
PA may trigger or facilitate hemifusion intermediates and may thereby be required for the

Choline
Phosphatldyichollne [PC} phosphatldic acid (PA]
AVAVAVAVAVAVAVAVAN WVAVAAAANNAL
VAVATAVAVAVAVAVAVL AAANNNNT
' PLD1
PA-rich domain
L e * P
Lipid bilayer -~
. [
coCcee PR CCeee
[ L4
- @ e
Ff‘l'rrr!r Cepococe

Figure 1. PLD1 hydrolyzes the membrane phospholipid phosphatidylcholine (PC) to generate
phosphatidic acid (PA) and choline. PA is a cone shaped lipid. The predicted effect of the local
generation of PA at the plasma membrane is to promote a negative curvature of the cytoplasmic
leaflet and thereby bending of the lipid bilayer.
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Figure 2. Model for the role of PLD1-produced phosphatidic acid (PA) in membrane fusion. In
secretagogue-stimulated cells, vesicle and plasma membranes (1) are brought in close proximity
through the formation of SNARE complexes (2). The local elevation of PA generated by the
plasma membrane-bound PLD1 at the vesicle docking site promotes membrane bending (2),
destabilization of the phospholipid bilayers and formation of the hemifusion intermediates (3)
required for the opening of exocytotic fusion pores (4).

formation of the exocytotic fusion pore (Fig. 2). Most of these roles have been demonstrated
using in vitro assay systems. Additional experiments are now required to establish convincingly
the relative importance of each mechanism in vivo.
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Regulation of PLD1 Activity in the Course of Exocytosis

The implication of PA in the late stages of exocytosis such as the fusion process implies a
tight control of the PLD1 enzymatic activity at the plasma membrane. PLD1 is a multi-module
protein that can be regulated by both ARF and Rho GTPases and by protein kinase C-dependent
signaling pathways. ARF GTPases have been linked to regulated secretion in various cell
types.'2°% In chromaffin and PC12 cells, ARFG is associated with the dense core secretory
granules.”#4%6! Evidence that ARFG plays a role in chromaffin granule exocytosis came first
from studies showing that myristoylated peptides corresponding in sequence to the
amino-terminal end of ARF6 inhibit noradrenaline secretion when introduced in the cytosol
of permeabilized chromaffin cells.®! These results were then substantiated by the fact that,
among various inactive or constitutively active ARF mutants, ARFG is the sole protein able to
modify the secretory response in PC12 cells.?® Expression of the dominant negative GDP-loaded
ARF6 mutant strongly inhibits secretion, whereas the constitutively active GTP-loaded ARF6
significantly stimulates it.?® Interestingly, expression of a GTP-loaded ARF6(N48I) mutant
that specifically lost its ability to activate PLD1 inhibits secretion in PC12 cells, revealing that
PLD1 plays a major contribution in the pathway by which ARFG regulates exocytosis.?

It is noteworthy that the activation/inactivation cycle of ARF6 is intimately linked to the
exocytotic reaction. For instance, subcellular fractionation experiments reveal that ARF6 bound
to secretory granules is in its inactive GDP-bound state whereas active GTP-bound ARF6 is
detected only in plasma membrane-containing fractions prepared from secretagogue-stimulated
cells.”® Accordingly, ARNO, a guanine nucleotide exchange factor promoting the activation of
ARFG, is present on the plasma membrane in chromaffin and PC12 cells.?®%? Expression of a
catalytically-inactive ARNO mutant in PC12 cells or introduction of anti-ARNO antibodies
in the cytoplasm of permeabilized chromaffin cells inhibits secretion to an extent similar to the
inactive GDP-bound ARF6 mutant.®? Thus, ARNO is implicated in the exocytotic pathway,
most likely through the regulation of ARF6. Since ARNO is specifically associated with the
plasma membrane, ARF6 can be activated only following the recruitment and docking of
granules to the plasma membrane.”®? Consequently, PLD1 becomes activated and generates
PA only at the granule docking sites in secretagogue-stimulared cells (Fig. 3). This spatial and
temporal regulation of PLD1 activity is in line with the idea that local elevation of PA is
required between granules and the plasma membrane to trigger or facilitate membrane merg-
ing at the site of contact.

Exocytosis in neuroendocrine cells is above all a calcium-regulated event, and additional
mechanisms are likely to occur at the plasma membrane to link ARF6-dependent PLD1 activ-
ity to variations in cytosolic calcium. Ral proteins constitute a family of monomeric GTPases
that have the potential to be directly activated by elevation of intracellular calcium levels.5
Interestingly, RalA has been shown to interact directly with PLD1 and to enhance
ARF-stimulated PLD1 activity.**% We recently described a series of experiments indicating
that the small GTPase RalA controls exocytosis in chromaffin and PC12 cells.% Briefly, expres-
sion of a constitutively active RalA mutant enhanced secretagogue-evoked secretion from PC12
cells, whereas expression of a constitutively GDP-bound mutant or silencing of the RalA gene
by RNA interference led to a strong inhibition of the secretory response.®® We also found that
RalA is directly implicated in the activation of the ARF6-dependent PLD1 at the plasma mem-
brane. Moreover, using various RalA mutants selectively impaired in their ability to activate
downstream effectors, we demonstrated that PLD1 activation is essential for the activation of
secretion by GTP-loaded RalA.% Together, these results are in line with the idea that RalA
stimulates exocytosis by interacting with the ARF6-dependent PLD1 at the plasma membrane.
Our data indicate that RalA is activated in response to membrane depolarization, which di-
rectly triggers calcium influx through voltage-gated calcium channels. Moreover, RalA is known
to contain a calmodulin-binding site and Ca*-calmodulin binding stimulates directly GTP
loading and RalA activation.” Thus, RalA may represent an additional checkpoint that inte-
grates calcium signals to PLD1 and its lipid-modifying activity at the exocytotic sites (Fig. 3).
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Figure 3. Model for the regulation of PLD1 in the course of exocytosis. In neuroendocrine
chromaffin cells, ARF6 is associated with the secretory granule membrane whereas RalA, the
ARF6-guanine exchange factor ARNO and PLD1 are found at the plasma membrane. Stimulation
with a secretagogue and the consequent elevation in cytosolic calcium triggers the recruitment
and SNAREmediated docking of granules to the plasma membrane. Docking allows the transient
interaction of ARF6 with ARNO and its GTP loading. Activated ARF6 together with Ca%*-activated
RalA synergistically stimulate PLD1 to produce PA at the granule docking sites. This local gen-
eration of PA atthe site where membranes are pulled together through the formation of the SNARE
complexes results in hemifusion and the formation of the exocytotic fusion pore.

ARF and PLD1 in Neurotransmitter Release

Evoked release of neurotransmitter in neurons has many homologies with hormone secre-
tion performed by neuroendocrine cells; in both cell types, secretion arises from an entry of
Ca®* that in turn triggers the fusion of a sub-population of primed vesicles docked at the
plasma membrane.%® Thus, the localization and functions of the molecular components par-
ticipating to the release machinery are often conserved between neurons and neuroendocrine
cells. The implication of PLD1 in neuroendocrine cell exocytosis led us to probe the idea that
PLD1 fulfills a similar role in neurotransmitter release. PLD1 is present in membrane fractions
prepared from rat brain synaptosomes and it colocalizes with synaptophysin, a marker of syn-
aptic vesicles, in cultured cerebellar granule cells, indicating that PLD1 is present in areas
specialized in neurotransmitter release.!’ To determine the possible involvement of PLD1 in
neurotransmitter release, a catalytically-inactive PLD1 mutated protein was injected into Aplysia
cholinergic neurons. This mutant was found to be a potent inhibitor of acetylcholine release
and, as revealed by analyzing the fluctuations in amplitude of postsynaptic responses, it af-
fected the number of release sites.!! Thus, by analogy with the function proposed in hormonal
secretion, PLD1 may induce lipid modifications in the presynaptic plasma membrane required
for fusion of synaptic vesicles and neurotransmitter release.

The mechanisms regulating PLD1 activity in neuronal exocytosis remain to be explored.
GTP-bound ARFG6 has been found at the plasma membrane in cortical neuron synapses and
several arguments support the participation of ARF6 in synaptic vesicle exocytosis.®’ For in-
stance, in Xengpus spinal neurons, microinjection of a guanine nucleotide exchange factor for
ARF proteins (mSec7-1) increases the frequency of spontaneous release.”® mSec7-1 was found
to enhance the amplitude of evoked responses without affecting the size of the quantum, and it
increased the depression rate of synaptic depression induced by repetitive stimulation.”® From
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these data, it has been proposed that mSec7-1, most likely by activating ARF6, facilitates the
probability of a mature vesicle to fuse in response to Ca?* entry and/or increases the size of the
readily releasable pool of synaptic vesicles. The possible functional links becween ARF6 and
PLDI in neurons remains, however, to be investigated. It is also interesting to note thar the
GTPase Racl is associated with synaptic vesicles in neurons. Hence, lethal toxin, which inacti-
vates Rac, and the inactive PLD1 mutant, similatly inhibit acetylcholine release from Aplysia
neurons by reducing the number of functional release sites without affecting the probability of
release or the size of the quantum.'”! Thus, Racl might as well be an activator of the plasma

membrane-bound PLD1 in the cascade leading to neurotransmitter release.

Conclusions

The wide variety of systems in which PLD1 has been examined reveals it as a major player
in regulated exocytosis in mammalian cells. Many questions remain about the underlying mecha-
nisms through which PLD1 functions and more generally about its physiological roles. With
the furthered development of RNAIi approaches and the generation of knockout animals, we
are closer than ever to be able to answer these important questions. Specific pharmalogical
PLD1 and PLD2 inhibitors and activators are critically missing; they could have clinical utility
to promote or inhibit regulated exocytosis as appropriate in a wide variety of diseases, such as
insulin secretion in type II diabetes and immune mediator release in autoimmune syndromes,
respectively.
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CHAPTER 7

Lipid Rafts as Regulators of SNARE Activity
and Exocytosis

Christine Salaiin and Luke H. Chamberlain*

Abstract
ipid rafts, cholesterol and sphingolipid rich microdomains of the plasma membrane,
I have been implicated in the regulation of several intracellular pathways. Interestingly,
components of the SNARE membrane fusion machinery associate with raft domains,
and recent work suggests that this interaction may play an important role in regulated exocyto-
sis. Here, we review the relationship between rafts and SNARESs, and discuss how rafts might
participate in regulated exocytosis.

Introduction

Exocytosis describes the fusion of intracellular vesicles with the plasma membrane (PM).!
Exocytic events are required for many aspects of cellular life, including protein and lipid
trafficking to the PM and the secretion of a range of essential molecules from cells, such as
neurotransmitters and hormones. A diverse range of intracellular membrane compartments
undergo exocytosis, including synaptic vesicles, recycling endosomes, caveolae and lysosomes.
Certain viruses also fuse with the PM of cells to facilitate the release of the viral genetic material
into the cytoplasm of the target cell. Cellular and viral fusion are catalysed by specific proteins,
SNARE: and fusion proteins respectively, and these fusion events are thought to occur through
grossly similar mechanisms.

During the course of membrane fusion, a narrow aqueous connection (the early fusion
pore) forms between the extracellular and the intralumenal spaces. This is followed by a flux of
lipids from one membrane to the other and the enlargement of a full fusion pore. These obser-
vations led to two dlstmct models for fusion, mainly differing by the nature (proteic or lipidic)
of the early fusion pore.' An important observation is that the opening of the early fusion pore
occurs before any lipid mixing, leading to the h);pothems that this early pore was composed of
proteins (similar to a channel or a gap-junction).” This proteic fusion model describes a macro-
molecular pore complex spanning the two apposed bilayers, which would be formed by the
transmembrane hellces of fusion molecules (such as the SNARE protein Syntaxm, the viral
glycoprotein HA,? viral fusion peptides,” or the assembly of the Vo-ATPase during homotypic
vacuolar fusion in yeast)4 (see Fig. 1A).

Fusion can however be accomplished between pure hpld bilayers in vitro (in the absence of
any proteins) with kinetics similar to that observed in vivo.> Moreover, in vivo fusion is sensi-
tive to the addition of exogenous lipids, suggesting an important role for lipids in fusion
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Figure 1. A) Exocytosis via a proteic fusion pore. A pore complex spanning the two bilayers forms;
this consists of an oligomeric assembly of transmembrane helices of fusion proteins (represented
by rectangles). Pore expansion and fusion correlates with disassembly of the complex. Figure

continued on next page.

(see below). This led to the hypothesis that fusion was conducted by a rearrangement of the
llpldS composing the two apposed bilayers.” According to this hypothesis, the fusion
reaction transits through a lipid structure called a stalk that expands into a hemifusion inter-
mediate, where the two proximal monolayers are fused. The hemifusion structure then breaks
into an early pore that expands into a stable lipidic fusion pore. The delayed mixing of lipids
observed (occurring only after the opening of the early fusion pore) is explained by a ‘restric-
tion’ of the lipid flux around the hemifusion structure (Fig. 1B).
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Figure 1, continued. B) Lipidic model of fusion. Mixing of the cis leaflets leads to the formation
of a negatively curved structure called a stalk. This hemifusion state is stabilised by cone-shaped
lipids present in the cis monolayers. Merging of the trans monolayers then leads to pore forma-
tion. The fusion pore has a positive curvature and is stabilised by inverted cone-shaped lipids in
the trans monolayers. It is important to note that this lipidic model of fusion can nevertheless be
catalysed by fusion protein interactions (although the proteins themselves do not constitute the
pore). For simplicity, proteins have not been shown in this illustration, although a hypothetical
model of SNARE protein interactions in hemifusion are shown in Figure 4.

The nature (proteic or lipidic) of the early fusion pore is still a matter of hot debate.
However recent studies in viral®'? and cellular fusion'>'® have suggested that these pathways
do transit through a lipid hemifusion intermediate. A stalk structure between fusing membrane
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bilayers has also been characterised in vitro.'” The important role played by lipids in the
process of exocytosis is therefore becoming increasingly evident.

Lipids are characterised by the particular structure they adopt in contact with water. Generally,
depending on the diameter of lipid head groups and acyl chains, lipids can be classified as
cylinders, cones, or inverted cones (Fig. 1B). Lipids that have an inverted cone shape have an
intrinsic positive curvature (such as lysophospholipids) and spontaneously form micelles, whereas
cone-shaped lipids have an intrinsic negative curvature (such as oleic acid or diacylglycerol)
and form inverted micelles. The net curvature of the stalk is negative and its formation is
affected by the addition of each type of lipids: it is favoured by the addition, to the cis leaflets,
of lipids having a negative curvature and inhibited by lipids displaying a positive curvature
(Fig. 1B). In contrast, the net curvature of the pore tends to be positive, and pore formation is
therefore favoured by lipids having an intrinsic positive curvature and inhibited by the oppo-
site type of lipids, when added to the trans leaflets (Fig. 1B). The sensitivity of fusion events to
the addition of lipids has been demonstrated in vivo.” As lipids directly influence fusion, it is
therefore likely that the type of lipids surrounding the proteins defining the site of exocytosis
(SNARE: or viral proteins) are crucial for its completion.

Lipid Rafts, Caveolae and Detergent-Resistant Membranes

Mammalian cells contain greater than 500 different types of lipid. The distinct chemical
and physical nature of these lipids leads to preferences in lipid associations; for example, lipid a
may prefer to position itself beside lipid b rather than lipid c. This idea is readily observed in
simple model membrane systems where specific lipids cocluster into domains segregated from
other lipids.!? This separation of lipids in vitro has often been used to support the notion that
lipids are also spatially organised and restricted in cellular membranes. Of particular interest is
the idea that cholesterol may form so-called ‘raft’ domains with sphingolipids and/or saturated
phospholipids not only in model membranes but also in cell membranes.'”! In model mem-
branes, cholesterol and sphingolipids (and/or saturated glycerophospholipids) pack tightly
together to form a ‘liquid ordered” phase that is less fluid than the liquid disordered phase
formed by unsaturated glycerophospholipids.

The plasma membrane is not a uniform protein-lipid mosaic, but can contain numerous
invaginations/pits, ruffles and extensions, all of which may be enriched in specific proteins and
lipids. In 1953, Palade first described the appearance of multilamellar vesicles on the surface of
endothelial cells;?? these structures were later termed ‘caveolae’ (little caves) by Yamada.?
Caveolae have a specialised lipid composition: electron microscopy (EM) studies have revealed
that these structures are enriched in sphingolipids and cholesterol.?#?> Caveola formation is
dependent upon the caveolin protein family, proteins that interact with cholesterol, and homo-
and hetero-oligomerise to form a caveolar coat. The membrane topology of caveolins and their
interaction with cholesterol is likely to be important in deforming the plasma membrane to
produce the typical flask-like caveolar morphology?'?%%” (Fig. 2A). The specialised lipid and
protein composition of caveolae make these domains resistant to solubilisation by nonionic
detergents such as Triton X-100,? as visualised using EM.

Interestingly, cholesterol/sphingolipid-rich domains can also be isolated as detergent-resistant
membranes (DRMs) from cell membranes lacking both caveolin expression and morphologi-
cally identifiable caveolae.?’ These lipid ‘raf¢’ domains have been proposed to function in a
number of cellular pathways. For example, investigators studying the targeting of membrane
proteins to the apical cell surface in polarised epithelial cells reported that apically-destined
proteins acquired detergent-resistance during maturation in the Golgi. These apical proteins
could be isolated in DRMs also enriched in sphingolipids and cholesterol.>® Thus, it was
proposed that apical membrane proteins associated with detergent-resistant, cholesterol/sph-
ingolipid rich ‘lipid raft’ domains in polarised epithelial cells, and that this raft association
facilitated apical targeting. Since these eatly studies, caveolae and rafts have been proposed to
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Figure 2. A) Schematic diagram of a caveola and a raft. A major biochemical difference
between rafts and caveolae is the structural protein of caveolae, caveolin, which is absent from
rafts. Caveolin is thought to form a hairpin foop within the membrane which leads to defor-
mation of the membrane resulting in the typical flask-like morphology of caveolae, as illus-
trated. The longer acyl chains and high degree of saturation of lipids in raft domains increases
the thickness of the membrane and this is also highlighted in the figure. B) Raft domains and
caveolae are enriched in saturated phospholipids and cholesterol. The straight acyl chains of
the saturated lipids in raft domains facilitates the tight packing of these domains into a
liquid-ordered phase. In contrast, non-raft domains, enriched in unsaturated, kinked phospho-
lipids, are thought to exist mainly in a more loosely packed liquid-disordered phase.

function in numerous membrane traffic and intracellular signalling pathways.?!*? Indeed, the
purification of caveolae and rafts as DRMs has allowed a detailed molecular characterisation of
the function of these domains to emerge.

Because investigators have used the criterion of detergent-resistance to study both caveolar
and raft composition and function, there is often confusion surrounding the designation of
these two types of membrane domain; (Fig. 2) shows a schematic of caveolae and lipid raft
domains. Whereas rafts are probably present in most (if not all) mammalian cell types, as well
as plant and yeast cells, the abundance and indeed presence of caveolac is cell type specific. As
caveola formation is dependent upon caveolin, rafts and caveolae are most commonly classified
biochemically by the absence or presence of caveolin respectively. At the ultrastructural level
the typical flask-like morphology of caveolae aids in their recognition (in conjunction with
caveolin labelling), however, caveolae may also display a flattened morphology that is more
difficult to distinguish.>® The size of caveolae and rafts can also differ dramatically: caveolae
have an average diameter of 70nm, whereas current estimates suggest that rafts may be as small

as 5 nm.

Although there is no doubt that caveolae exist, the presence of rafts in cell membranes has
been, and remains, a contentious issue.>6 In contrast to caveolae, rafts display no obvious mor-
phology by electron microscopy (although ‘raft’ proteins can appear clustered by 1mrnunogold
labelling).?” Several studies have provided strong evidence supporting the existence of
cholesterol-rich rafts in living cells however, these studies often do not provide consensus data
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on the size or stability of rafts.3*%5384! Nevertheless, it should be noted that a number of
studies using different techniques have failed to detect rafts in cell membranes. Arguably the
most contentious issue in the raft field is the use of detergents to purify and study rafts. Do
detergents accurately report protein association with rafts or do they create the domains we
claim to study? The vast majority of studies looking at rafts use detergents (typically Triton
X-100) to purify these domains. These studies are at their best when they combine biochemical
analysis of detergent-resistant membranes with protein (co)distribution in living or fixed cells.
Despite evidence that detergents can facilitate domain formation in model membranes,*?%3 it
is important to stress that preexisting plasma membrane domains are resistant to extraction by
Triton X-100,%® shown by EM analysis of caveolae. In addition, many proteins that associate
with DRMs have been shown by other criteria to exhibit characteristics expected for raft
associated molecules, such as cholesterol-dependent clustering in cell membranes and
colocalisation with other raft moleculess.

SNARE:s and Rafts

Intracellular membrane fusion reactions in the secretory and endosomal pathways are
mediated by a family of proteins called SNAREs.! Interestingly, a number of SNARE proteins
that function in exocytosis pathways have been suggested to accumulate in raft domains. The
first SNARE proteins to be localised to DRMs were syntaxin 3 and TI-VAMP in polarised
Madin Darby Canine Kidney cells.* Tt was suggested that raft association was important for
apical sorting of these proteins (the basolateral SNARE syntaxin 4 was largely excluded from
DRM fractions), rather than having a direct role in SNARE function. Subsequently, two groups
reported on the domain localisation of Syntaxin 1A and SNAP-25, plasma membrane SNAREs
that function in regulated exocytosis pathways in neuronal and (neuro)endocrine cells. We
showed that a proportion of syntaxin 1A and SNAP-25 (20%) were associated with DRMs
isolated from the neuroendocrine cell line PC12 cells.> Although Jahn and colleagues could
not coputify the SNAREs with DRMs, they did report their association with cholesterol-rich
domains visualised by immunofluorescence analysis of isolated plasma membrane sheets.
Since these initial studies, a number of other laboratories have reported the association of
plasma membrane SNARE proteins with DRMs from a variety of cell types.*’>> SNARE
association with cholesterol-rich raft domains has also been confirmed by nondetergent
methods.”” The widespread association of SNARE proteins with DRMs suggests that SNARE
function in vivo may be regulated by association with lipid raft domains.

SNARE Targeting to Raft Domains

SNAP2S5 and its ubiquitous homologue SNAP23 are anchored to membranes by palmitate
groups attached to a central cysteine-rich domain.’** Palmitate, a saturated fatty acid, is
predicted to be readily accommodated in a tightly-packed raft environment and indeed,
palmitoylation has been shown to target many proteins to rafts.>> The minimal membrane
binding/palmitoylation domain has been mapped to amino acids 85-120 of SNAP25, which
includes the central cysteine-rich domain.® This region of SNAP-25 supports raft targeting of
a reporter molecule,’ indicating that amino acids 85-120 of SNAP2S5 contain all the necessary
information for raft association. Furthermore, chemical deacylation of SNAP25 decreases raft
association®” without removing the protein from membranes.*® These results suggest that: (i)
palmitoylation of SNAP25 drives its association with raft domains; and (ii) protein-protein
interactions are probably not required for SNAP-25 to associate with rafts.

Comparison of the central cysteine-rich domains of SNAP25 and SNAP23 reveals an
additional cysteine residue in SNAP23 (SNAP23 has 5 cysteines, SNAP25 has 4) (Fig. 3A).
Interestingly, mutational analyses showed that the 5-cysteine motif of SNAP23 supports a
greater level of raft association than the 4-cysteine motif present in SNAP25: 20% of SNAP25
and greater that 50% of SNAP23 are associated with DRMs in PC12 cells.”” These results
imply that the extent of palmitoylation of SNAP25/23 likely regulates the level of raft association
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Figure 3. A) Comparison of the cysteine-rich domains of SNAP25 and SNAP23. Note the extra
cysteineresidue in SNAP23. The cysteine residues in these domains are sites for palmitoylation,
and hence SNAP23 has an additional palmitoylation site. B) Model of how dynamic
palmitoylation of SNAP25/23 may regulate raft association and exocytosis. The extent of
palmitoylation of SNAP25/23 might be regulated by palmitoyl transferases and thioesterases.
Increased palmitoylation would enhance the raft partitioning of these proteins, decreasing the
extent of exocytosis.

of the proteins. The potential dynamic regulation of SNAP25/23 palmitoylation offers an
intriguing method of regulating raft association of these proteins (Fig. 3B).

In contrast to SNAP25/23, it is not clear how syntaxin associates with rafts although there
are a number of possibilities to explain this: (i) The transmembrane domain (TMD) of syntaxin
may preferentially partition into raft domains. As raft domains are thought to increase the
thickness of the lipid bilayer,”® the long 23-amino acid TMD of Syntaxin 1A may be more
readily accommodated in a raft domain. Alternatively, if cysteine residues present within the
TMD of syntaxin 1A underwent palmitoylation then this may mediate raft association of
syntaxin. (i) Syntaxin association with rafts may be mediated through its interaction with a
binding partner (such as SNAP25). (iii) Syntaxin might interact with a specific raft-localised
lipid such as phosphatidylinositol (4, 5) bisphosphate (PIP2), which colocalises at the plasma
membrane with syntaxin 1A% and has been reported to be enriched in DRMs.%!

Itis of interest to note that Syntaxin 1A does not associate with cholesterol/sphingolipid-rich
ordered domains in model membranes,**% suggesting that intrinsic sequences within its TMD
may not direct association with more ordered lipid domains. However, repeating these
experiments under modified condirions would be likely to yield important informartion on the
potential mechanism of raft association of syntaxin in vivo. For example, purification of syntaxin
from insect cells may facilitate the potential palmitoylation of the protein (as opposed to
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protein expression in Escherichia coli which does not allow protein palmitoylation), allowing
the importance of syntaxin palmitoylation for raft association to be assessed. Furthermore,
repeating the analysis in the presence of palmitoylated SNAP25 or lipids such as PIP2 may also
provide important information on the mechanism of syntaxin raft rargeting.

Compartmentalisation of SNARE Effectors

Whilst SNARE proteins can clearly function as the ‘minimal’ membrane fusion machinery
in vitro,% several other proteins play essential roles in exocytosis in vivo; not surprisingly, many
of these additional proteins bind to either isolated SNAREs or to the assembled SNARE com-
plex. SNAP and NSF are essential for the ATP-stimulated disassembly of the SNARE complex
following membrane fusion.® Munc18a binds Syntaxin 1A forming a complex that prevents
SNARE complex assembly.%® Complexins bind to assembled SNARE complexes,”’ important
for SNARE complex stabilisation, oligomerisation and/or coupling to the Ca**-sensing ma-
chinery.®*7° Finally, synaptotagmins function as Ca?* sensors, and through their interactions
with phospholipids and Syntaxin 1A/SNAP25 likely couple increases in intracellular Ca®* con-
centration to exocytosis.”’

Despite numerous studies reporting the association of SNAREs with DRMs, few
SNARE-binding proteins have been reported to also occupy these domains. By employing
chemical crosslinking, we failed to detect a syntaxin 1A:muncl8a complex in DRM frac-
tions.** A similar finding was also reported in RBL mast cells.® Similarly, we did not detect
proteins such as SNAP, NSE, complexin or munc13 in DRMs.*® The only SNAREbindin%
proteins reported to occupy DRM domains are P/Q-type voltage-gated calcium channels®
and the vesicle protein and putative calcium sensor synaptotagmin.>? The proposed
cooccupation of raft domains by SNAREs and calcium channels is intriguing as it would (if
the proteins were localised to the same raft) allow spatial coupling of the calcium signal and
membrane fusion machinery. Interestingly, L-type channels, which couple to exocytosis in
cells such as chromaffin and pancreatic beta cells, were excluded from DRMs,”° suggesting
that if rafts do spatially couple Ca** channels and SNARE proteins that this is cell type-specific.
The relevance of synaptotagmin association with DRMs is not clear, but if this interaction
occurred on vesicle membranes it may facilitate the close spatial coupling of this putative
calcium4;ensor with the vesicle SNARE, VAMP2, which was also reported to be present in
DRMs.

The general absence of SNARE binding proteins may provide clues to the role of rafts in
exocytosis. For example, muncl8a and munc13 have been suggested to be required for vesicle
docking’? and priming,’? respectively; the absence of these proteins in DRMs questions whether
raft domains are capable of supporting docking/priming reactions. Similarly, as muncl8a in-
teraction with syntaxin 1A has also been suggested to regulate the kinetics of vesicle fusion,”®
the absence of this protein from rafts would also be consistent with a model in which raft and
nonraft domains supported kinetically distinct forms of exocytosis.

Rafts and Exocytosis

The most widely used tool to disrupt lipid rafts is methyl-beta-cyclodextrin, a
cholesterol-extracting agent which removes cholesterol from the outer leaflet of the plasma
membrane. Cyclodextrin treatment in most instances has been reported to inhibit exocyto-
sis,*>4 although insulin secretion from pancreatic beta cells was enhanced following
cyclodextrin treatment.>! These results have been widely interpreted as evidence that
cholesterol-rich raft domains act as platforms, or at the least are required, for exocytosis.
However, it is essential that results from this type of study are treated with caution: Although
cholesterol is enriched in raft domains, it is also present in nonraft membranes. Indeed, one
study reported that cyclodextrin preferentially extracts cholesterol from non-raft membranes.”
Furthermore, cyclodextrin is ineffective at removing a number of bona fide raft proteins
from DRM fractions. For example, in adipocytes, cyclodextrin treatment did not allow
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effective solubilisation of any caveolin (our unpublished observation), arguing strongly that
(despite removal of 40% of cellular cholesterol) cyclodextrin may not completely disrupt
raft/caveola domains. Another obvious problem with the use of cyclodextrin and other methods
of disrupting rafts is that they have pleiotropic effects, affecting many cellular process which
may have downstream effects on the pathway being monitored. For example, cholesterol
depletion has been suggested to inhibit the formation of clathrin-coated endocytic vesicles;”6
as endo- and exocytosis are tightly coupled, inhibition of endocytosis may indirectly affect
measurements of exocytosis.

In light of these problems, it is essential that more specific and less deleterious methods
are used to study the role of rafts in regulating SNARE function and exocytosis. Bader and
colleagues followed the spatial distribution of exocytic sites at the plasma membrane of adre-
nal chromaffin cells by monitoring the appearance of dopamine-$-hydroxylase (DBH), a
lumenal vesicle protein.”” When these chromaffin granules fuse with the plasma membrane,
DBH becomes exposed to the cell exterior and can be visualised with fluorescently-labelled
antibodies. Following cell stimulation, rafts (visualised by cholera toxin binding to the
raft-specific lipid, GM1 ganglioside) were suggested to aggregate. This raft aggregation was
dependent upon the translocation of the Ca**-binding protein annexin 2 from the cell inte-
rior to the plasma membrane, suggesting that annexin 2 facilitates the cross-linking of raft
domains. Intriguingly, DBH was shown to colocalise with cholera toxin-labelled raft do-
mains following cell stimulation. In addition, synaptotagmin I (a vesicle protein) was trans-
located from detergent soluble to DRM fractions upon stimulation, taken to indicate the
fusion of vesicles with plasma membrane raft domains. It will now be important to examine
whether SNAREs also colocalise with cholera toxin-labelled GM1 and DBH. The
colocalisation of chromaffin granule proteins with raft markers at the plasma membrane also
merits further discussion. Given that the diameter of chromaffin granules is in the region of
280 nm, full fusion of the granule into the membrane would incorporate a surface area of
approximately 0.25 pm27® Incorporation of 0.25um? of granule membrane into a raft do-
main would be predicted to cause raft dispersion (or raft enlargement) and it is not clear
what effect this would have on the rafts visualised using fluorescent cholera toxin. It will also
be interesting to investigate further the association of the granule protein synaptotagmin
with DRMs following cell stimulation: Does this imply fusion at raft domains, or that Ca*
binding to synaptotagmin specifically increases the affinity of this protein for raft domains
present in the plasma membrane or vesicle membrane?

We examined, more specifically, the requirement for raft association of SNARE: for exocy-
tosis.”” In this case, cysteine mutants of SNAP25 and SNAP23 with altered affinities for raft
domains were employed. Toxin resistant forms of SNAP25/23 were used to rescue exocytosis
in PC12 cells expressing the catalytic subunit of botulinum neurotoxin E (BoNT/E), which
cleaves and inactivates endogenous SNAP25. The results from this study highlighted an in-
verse correlation between the extent of raft association of SNAREs and the extent of exocytosis.
Importantly, these differences were normalised following raft disruption, arguing that the dif-
ferent effects of the mutant SNAP25/23 proteins on exocytosis were a consequence of their
altered distribution in cholesterol-rich raft domains. At first sight these results appear inconsis-
tent with a model in which exocytosis occurs in raft domains. However, as exocytosis was not
directly visualised in this study, it may be too simplistic to infer that rafts do not support
exocytosis; for example, exocytic events with different release kinetics may occur in raft/nonraft
domains that would be missed in an assay system measuring only gross content release. An-
other possibility is that SNARE association with rafts is finely tuned for specific exocytic path-
ways; increasing the raft association of SNAP25 in PC12 cells may perturb this fine balance
and thus have a negative effect on exocytosis. Similarly, mutating SNAP23 to give it a similar
level of raft association as SNAP25 may allow it to function better in exocytosis pathways in
which SNAP25 normally functions. It will be interesting to examine whether SNAP23 mu-
tants with a decreased raft affinity enhance exocytosis in cells that employ SNAP23 as a SNARE
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rather than SNAP25 (such as mast cells and adipocytes). Similarly, the development of SNAP25
mutants with a decreased raft affinity will provide essential information on the role of raft
association of SNAREs in exocytosis.

Possible Roles for Lipid Rafts in Exocytosis

In the following models, we have attempted to incorporate ideas consistent with our
observation that increased DRM association of SNAP25/23 inhibits exocytosis and also with
the work of Bader and colleagues who measured a close association of granule proteins with raft
domains following stimulation of exocytosis.

Regulating the Kinetics of Exocytosis

As discussed by us previously,'® raft and nonraft pools of SNARE proteins may support
different types of exocytosis. It has become clear over recent years that membrane fusion in
mammalian cells can occur by a number of kinetically distinct mechanisms. The textbook view
of membrane fusion was that bilayer mixing led to fusion pore expansion, where the vesicle
became part of the plasma membrane and was then recycled via a clathrin-dependent
pathway.*® It is now thought that both synaptic vesicle exocytosis and exocytosis of secretory
granules can also occur by a more transient form of exocytosis called ‘kiss and run’.8'"% In this
pathway a transient fusion pore is formed between the vesicle and plasma membrane, allowing
the release of a limited amount of vesicle content before the pore reseals and the vesicle
becomes intact once again. Following kiss and run exocytosis the vesicle can either be released
from the plasma membrane or remain in close contact to the initial fusion site.

Several recent studies have identified kiss and run exocytosis as a significant mode of secretion
of granule contents in neuroendocrine/endocrine cells,*” which may be the major pathway
of exocytosis under certain conditions.?” Kiss and run exocytosis offers several advantages over
complete merger of the secretory granule with the plasma membrane, not least that it may
allow selective release of small molecules such as neurotransmitters, catecholamines and ions,
whilst larger molecules such as peptides are retained. Kiss and run exocytosis could also
increase the effective life-time of a secretory granule.

Dynamin performs a central role in vesicle scission from the plasma membrane in pathways
such as clathrin-dependent endocytosis and internalisation of caveolae.®’ Furthermore, this pro-
tein functions in the closure of fusion pores during kiss and run exocytosis.?>%” In addition to
dynamin, a number of proteins have been reported to modify the kinetics of exocytosis or deter-
mine the choice between kiss and run and full fusion. For example, synaptotagmin isoforms I
and IV were suggested to regulate the choice between kiss and run and full fusion, with
synaptotagmin IV overexpression increasing the number of kiss and run events.®®% Fusion pore
dynamics have also been shown to be affected by phorbol ester treatment” (which activates
endogenous protein kinase C), overexpression of the SNARE regulators CSP*! and complexin,”
and expression of a munc18a mutant with reduced binding affinity for syntaxin 1A.74

As yet there is no data available on the possible role of membrane domains in the regulation
of kiss and run and full fusion events. However, as several proteins have been shown to
influence membrane fusion dynamics, the selective enrichment or exclusion of exocytic
proteins in raft domains may make these structures specific sites for either full fusion or kiss
and run exocytosis. For example, muncl8a was shown by us and others to be absent from
detergent-resistant raft domains both in PC12 cells®® and mast cells.®® As the interaction of this
protein with syntaxin regulates the dynamics of membrane fusion, the absence of this protein
from rafts may make these domains more suited to support a specific type of exocytic event.
Another interesting possibility is that kiss and run and full fusion events are related to Ca®*
levels, as suggested by a study of synaptic vesicle exocytosis, which showed an increased
frequency of kiss and run events as the concentration of extracellular Ca?* was raised.®? This
idea is particularly intriguing as P/Q channels are associated with DRMs in neurons, whereas
L-type channels are detergent soluble.”® In neurons, therefore, raft-associated SNAREs may be
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closely coupled to P/Q-type Ca®* channels and hence exposed to a higher Ca®* concentration
than SNARE:s outside of rafts; this may result in an increased occurrence of kiss and run events
in raft domains. The situation in adrenal chromaffin cells would be different thou§h: exocytosis in
these cells is regulated by L-type channels,”>* which are detergent-soluble.”® Thus, in these
cells nonraft sites may experience an elevated Ca®* level.

It is also important to stress that although specific proteins can undoubtedly alter the kinet-
ics of exocytosis, the exact lipid composition of the fusing membranes is also likely to play an
important role in supporting either full fusion or kiss and run exocytosis. In this regard the
specific lipid geometry in raft/nonraft sites may regulate fusion pore formation and expansion
(see Introduction). For example, glycosphingolipids in the outer leaflet of raft domains with an
inverted cone-shaped geometry might facilitate fusion pore formation and expansion, ensuring
that exocytic events in raft domains primarily involve full fusion.'® In this regard, it is interesting
to note that in vitro fusion stimulated by the addition of palmitoylated SNAP-23 peptides was
enhanced when liposomes contained cholesterol and sphingolipids.”®

As we have discussed the possible role of raft/nonraft proteins and lipids in supporting
either full fusion or kiss and run exocytosis, it is important to reconsider what DBH appearance at
the PM reports about exocytosis:’” It is likely that this assay system measures predominantly
full fusion events, without detecting more transient kiss and run exo/endocytosis. Thus,
although this assay is likely to provide data on full fusion exocytic events, it will be important
to develop other more specific methods to allow monitoring of kiss and run exocytosis at
defined sites of the PM. Such an assay system will provide further essential data on the
compartmentalisation of exocytic events within raft and nonraft domains.

Restriction of Lipid Diffusion during Membrane Fusion

The simplest interpretation of our analysis of SNAP25/23 cysteine mutants is that an
increased level of palmitoylation of these proteins enhances raft association and decreases the
level of protein in nonraft domains of the membrane. An alternative interpretation is that
differential palmitoylation of SNAP25/23 affects how the protein interacts with rafts: fully
palmitoylated SNAP25/23 may reside in the highly-ordered ‘core’ of the raft domain, whereas
partially palmitoylated protein may associate with the edges of raft domains (and this weaker
interaction may allow solubilisation of the protein by Triton X-100). In this case, based on the
results of our functional studies of cysteine mutants of SNAP25/23, we predict that only the
SNARE:s localised to the edges of rafts would be able to support fusion. This model is also
consistent with the work presented by Bader’s group,”” as DBH would show a partial
colocalisation with raft markers following fusion.

The attractiveness of this model is that lipid rafts could function to prevent lipid diffusion
during membrane fusion (see Introduction). Despite work supporting the idea that transmem-
brane domains of SNARE proteins may form a fusion pore,” recent evidence has provided
strong support for SNAREmediated fusion occurring through a lipidic fusion pore, via a
hemifusion intermediate.'>! In restricted hemifusion, lipids are prevented from entering the
hemifusion contact site, a property that is essential to allow mixing of trans lipid monolayers
and fusion pore formation. Restricted hemifusion requires a physical barrier to prevent lipid
diffusion into and out of the cis membrane contact site. In the case of Influenza HA-mediated
fusion, this barrier could be provided by the TMDs of HA multimers.” Although associations
between the TMDs of syntaxin and VAMP could be important to prevent lipid diffusion, it is
also possible that lipid domains could function as diffusion barriers. This idea is particularly
attractive if rafts are envisaged to surround the membrane fusion site, with fusion-competent
SNARE: localised to the edges of rafts; thus, the more ordered lipid raft structure could
prevent lipid diffusion from occurring when membrane fusion occurs in more fluid regions of
the membrane (Fig. 4). A caveat to this model is that exocytosis persists in digitonin-permeabilised
cells, in which rafts are disrupted.79
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Figure 4. Fusion at the edges of raft domains. Association of SNAP25 with the edges of lipid
rafts would mark these sites for exocytosis. Lipid-lipid immiscibility of nonraft and raft domains
might be important in this model to prevent lipid diffusion between the fusing membranes, thus
facilitating subsequent pore formation.
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Perspective and Future Direction

The exocytosis of intracellular vesicles loaded with physiologically important molecules
such as neurotransmitters and hormones is tightly regulated by a complex array of protein-protein
interactions. Membrane lipids (as well as playing a critical role in the membrane fusion event)
are likely to conduct these protein interactions, ensuring that they occur on cue and at specific
sites within the cell. The association of SNARE proteins with raft/nonraft domains of the PM
presents an intriguing mechanism to spatially coordinate membrane fusion proteins and fusion
sites, perhaps generating physically distinct pools of ‘active’ and ‘inactive’ SNAREs. Furthermore,
the potential regulation of SNAP25/23 raft association by palmitoylation offers a compelling
mechanism to modulate the extent of raft association of these SNAREs, and hence the level of
exocytosis. Although this review has focussed on regulated exocytosis, many other exocytic
events occur within cells. Constitutive fusion of TGN-derived carrier vesicles with the plasma
membrane is essential for the continuous delivery of newly synthesised lipids and proteins
(such as ion channels and receptors) to the cell surface. In addition, endosome-derived vesicles
fuse with the plasma membrane to allow recycling of cell surface receptors. Furthermore, polarlscd
cells can transport macromolecules across the cell in a process termed transcytosis;”® this
pathway can involve the budding of clathrin-coated vesicles or caveolae from one side of the
plasma membrane (e.g., apical) and their fusion with the other side of the plasma membrane
(e.g., basolateral). Thus within a cell, there is likely to be simultaneous trafficking and fusion of
a diverse set of exocytic vesicles with the plasma membrane. How do rafts regulate these many
distinct exocytic events? Do rafts/nonraft domains offer the potental o physically separate
these diverse exocytic events at the PM? Perhaps the biggest challenge now is to develop
techniques that allow rafts to be ‘viewed’ in live cells; visualising the dynamic association of
exocytic proteins and secretory vesicles with raft/nonraft domains will provide essential data on
how membrane compartmentalisation regulates the exocytic process.
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CHAPTER 8

Mast Cells as a Model

of Nonneuroendocrine Exocytosis

Cristiana Brochetta and Ulrich Blank*

Abstract

ast cells are granulated effectors of hematopoietic origin localized to tissues. They
M participate in innate and acquired immunity by their capacity to release upon stimu-

lation a whole set of inflammatory mediators from sources prestored in
lysosome-related secretory granules. In contrast to neuronal and neuroendocrine cells, which
release individual specialized secretory granules at the plasma membrane, mast cells are set-up
to liberate granular content by compound exocytosis involving both granule-granule fusion
and granule-plasma membrane fusion. Such degranulation enables release of virtually all ve-
sicular content in one single stimulatory event supporting a massive inflammatory reaction.
Although some fundamental differences exist with neuronal and neuroendocrine cells, recent
years have shown that mast cells use the same molecular machinery of membrane fusion for
compound exocytosis. Differences rather exist in the regulation of this process, which involves
interplay between components of the SNARE fusion machinery and positive and negative
regulatory effectors. In recent years, some of the basic principles of fusion during mast cell
exocytosis have been characterized and a clearer picture is emerging. Nonetheless, many of the
key molecules and intracellular signaling principles that relay the sumulation of cell surface
receptors to the secretory apparatus remain to be discovered.

Introduction

The release of inflammatory mediators from mast cell (MC) secretory granules (SG) by
exocytosis is fundamental in the initiation of numerous inflammatory processes in tissues.!™
These can either be beneficial for the host in immune defenses against bacteria, parasites or
viruses or have a detrimental role such as for example in allergies. Although exocytosis is a
constitutive cellular process, MC, like certain other cell types (neuronal, neuroendocrine cells,
cells from exocrine tissues, other hematopoietic cells), have developed a specialized way of
regulated exocytosis. They store large amounts of proinflammatory substances in SGs that
accumulate in the cytoplasm. SGs are prevented from fusion with the plasma membrane (PM)
unless the cell becomes stimulated. Following activation MCs have the potential to almost
entirel . release their granular content by compound exocytosis ensuring a maximal blologlcal
effect.> This process is therefore often also referred to as anaphylactic degranulation.® A po-
tent stimulus for degranulation is the aggregatlon of IgE bound to surface high affinity IgE
receptors (FceRI) with specific antigen or allergen.”® However, MCs express numerous other
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cell surface receptors that allow them to respond in a highly flexible manner to a multitude of
environmental stimuli many of which can also induce degranulation.'

In recent years considerable advances have been made in the knowledge of the molecular
mechanisms involved in MC degranulation. Besides the understanding of the early signaling
events initiated by the aggregation of FceRI progress includes also knowledge about the mem-
brane fusion machinery implicated in the late steps of secretion.” It has become clear that
membrane fusion during MC degranulation relies on the evolutionary conserved fusion
machinery of membrane trafficking. These include members of the SNARE (Soluble
N-ethyl-maleimide-sensitive factor Attachment protein REceptor) family of proteins that
cooperate with a variety of accessory proteins to regulate the secretory apparatus. In this chap-
ter we attempt to integrate the current information on the mechanisms of MC exocytosis as an
example for the secretory machinery present in hematopoietic cells as well as our current ideas
about its regulation.

Morphological Characteristics of MC Granules

MC:s have initially been described by Paul Ehrlich in 1878 by their capacity to show metach-
romasy (color change) when stained with aniline-derived dyes such as toluidine blue.'® We
now know that this phenomenon is due to the proteoglycan matrix stored in their SGs.!! As
these proteoglycans differ in MC from various tissues two major MC subpopulations have
been defined.!? Thus, connective tissue MCs (CTMC) present for example in skin or perito-
neal cavity contain heparin, while mucosal MCs (MMCs) 2prcsent for example at mucosal
surfaces in the lung or in the gut contain chondroitinsulfate.>'?

MCs are small cells between 10 to 15 im and contain in their cytoplasm up to 1000 SG
occupying up to 40% of the cell volume. As compared to endo- or exocrine cells, which have
specialized SG, those from MCs or other hematopoietic cells are secretory lysosomes.'>!¥ These
organelles contain a variety of lysosomal hydrolases and are situated at the junction between
the endo- and exocytic pathways. Electron microscopic analysis of ultrathin cryosections of
primary bone marrow derived MCs (BMMC:s) have revealed granular heterogeneity and
allowed to describe type I, Il and 111 SG differentiated on the basis of a specific marker and the
access to endocytotic tracers.!® Type I SG are multivesicular and could represent conventional
lysosomes able to release their content only under nonphysiological situations. Type II and II1
SG could represent the compartment regulated by a physiological stimulus. Type II granules
show an electron-dense core surrounded by membrane vesicles and are accessible to endocy-
totic tracers. Type III granules are essentially formed by electron-dense material and are not
accessible by endocytotic tracers within a given time frame. Type III granules are found to a
large part in highly differentiated MCs. The biogenetic relationship between these three types
of SG remains to be elucidated. Nonetheless, it has become clear that the granular compartment
and proper loading with inflammatory mediators depends crucially on the expression of
proteoglycans as genetic targeting of the heparin biosynthesis pathway or the serglycin core in
mice revealed severe defects in SG maturation.'®!® Furthermore, genetic diseases associated
with membrane trafficking such as the Chediak-Higashi syndrome (equivalent of the beige
mutation in mice) with a defect in the Lyst gene causes the appearance of giant SG in MC.'?°

MC granules contain a large variety of inflammatory mediators that are secreted when the
cell becomes activated. The most well known MC and basophil-specific is histamine account-
ing for many of the symptoms associated with immediate hypersensitivity reactions.?! How-
ever the role of MC proteases such as tryptase and chymase is also increasingly recog-
nized.?2?? Some of these mediators and their biologic properties are listed in Table 1.

Particular Features of MC Exocytosis

Classical exocytosis observed in neuronal, neuroendocrine or exocrine cells involves gener-
ally the fusion of single SG with the PM in discrete events. In neurons, exocytosis is coupled to
the rapid endocytosis and regeneration of the SG in order to allow multiple releases in a
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Table 1. Mediators stored in secretory granules of mast cells and some of their

biologic activities

Mediator

Biologic Activities

Histamine

Heparin and chondroitin sulfate

Tryptase

Chymase

TNF
VEGF

alters vascular permeability, promotes smooth muscle
contraction, alteration of immune cell function, mucus
production, neuronal activation

anti-coagulant activity, promote angiogenesis, cofactor
for tryptase

Tissue remodelling (degradation of collagen); cell
proliferation by activation of protease act. Receptors,
chemotaxis

tissue remodelling (degradation of fibronectin, activation of
MMPs); degradation of thrombin,

proinflammatory cytokine, neutrophil chemotaxis
Angiogenesis

minimum amount of time.2* In MCs virtually all granular content of a cell is extruded in one
single stimulatory event, which is therefore also referred to as anaphylactic degranulation. Early
ultra-structural® and electrophysiological studies® have revealed that this massive mobilization
of granules is made possible by compound exocytosis (Fig. 1), which besides the fusion of
granules at the PM, also involves fusion between granules from deeper inside layers thereby

forming degranulation channels.?> From there the proteoglycan matrix is expelled and bound
mediators are liberated by ion exchange due to the alteration in pH and matrix swelling. The
expelled proteoglycan core can usually be seen in the tissue surrounding the MC (Fig. 2).
Compound exocytosis is also observed in other hematopoietic cells involved in the inflamma-

tory response including cosinophils, neutrophils and platelets.262® Such massive release of

Classical Exocytosis
(neuroendocrine
exocrine cells)

Piecemeal Degranulation

(Mast cells, Basophils,
Eosinophils)

Compound Exocytosis
(Mast cells, Basophils,
Eosinophils, Neutrophils,
Platelets)

Figure 1. The basic modes of exocytosis in regulated-secretion competent cells are illustrated.
In neuroendocrine and exocrine cells one usually observes fusion of a single specialized SG at
the PM in a given time frame. In MCs and some other cells of hematopoietic origin compound
exocytosis can be observed, which involves SG-SG and SG-PM fusion. In MCs, basophils and
eosinophils another mode of exocytosis called piecemeal degranulation can be observed, which
involves gradual emptying of vesicular content without any observable fusion event.
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Resting MC Stimulated MCs

Figure 2. Resting and stimulated mouse peritoneal MCs (arrows) stained with Toluidine Blue. In
resting cells one can see a cell whose cytoplama is filled with many cytoplasmic granules that
show metachromatic staining. In stimulated cells one can observe extruded proteoglycan cores
that still show metachromatic staining.

mediators by compound exocytosis favors an immediate and maximal biologic effect and in-
duces a strong inflammatory reaction. MCs have also be shown to exhibit piecemeal
degranulation (PMD)(Fig. 1), a term coined for observed %rogressive losses of granule particu-
late contents without any evidences for fusion events.??°° PMD exists also in basophils>*>!
and eosinophils***® and occurs in a variety of physiological and pathophysiological situations.>*3°
The mechanisms for PMD are not fully understood. Early ultrastructural analysis re-
vealed the budding of small cytoplasmic granules that move towards the PM leading to a
gradual emptying of the granule from where they originate.3?3¢ However, it is possible
that the progressive emptying of granular content could also result from incomplete or tran-
sient fusion events often referred to as kiss and run fusion.?” Recently, such transient fusion
events have been shown to occur at a frequency of approximately 2:1 over full fusion in live
imaged MCs.*®

MCs can participate in multiple cycles of activation for mediator release. However, in com-
parison to the very fast synaptic vesicle cycle (-1 sec) in neuronal cells, the regeneration of a
fully reconstituted and loaded granular compartment can take up to 72 h.*’

The Basic Secretory Machinery in MCs

Membrane Fusion Proteins in MCs

MC exocytosis relies on the conserved mechanism of membrane fusion implicating SNARE
proteins.? SNAREs lie on opgosing cellular membranes and can form a stable multimeric
complex that catalyzes fusion.***2 A typical SNARE complex at the PM includes a vesicular
SNARE (v-SNARE) such as vesicle associated membrane protein (VAMP) that pairs with two
target SNAREs (t-SNAREs) such as synaptosome-associated protein of 23 (ubiquitous) or 25
(neuronal) kDa (SNAP-23/25) and a syntaxin molecule.!

MC:s express a wide array of SNAREs. These include the t-SNAREs SNAP-23 as well as
syntaxins 2, 3 and 4. Expressed VAMP family proteins members include VAMP-2, 3, 7 and 8.
Introduction of antibodies directed to SNAP-23*? inhibited stimulated exocytosis. During
exocytosis PM SNAP-23 relocated along degranulation channels that form in the interior of
the cell. Overexpression of syntaxin 4,* but not syntaxin 2 or 3 also inhibited exocytosis, while
overexpression of SNAP-23, but not of a derived VAMP-binding mutant, enhanced MC
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exocytosis.> For VAMP proteins evidences for functional implication remain indirect and are
based on the observation that several of them relocate during degranulation. It was found that
ectopically expressed GFP-VAMP-2 gradually fuses with the PM following stimulation,® while
VAMP-8 apparently coalesces forming larger granules.** Similarly, VAMP-7-CFP and
Syntaxin-3-CFP relocate from granular structures to the PM.” A precise definition of the
different SNARE proteins implicated in degranulation will nevertheless require additional stud-
ies. Yer, it is possible that several different SNARE complexes may form and mediate fusion in
agreement with the compound exocytosis mechanism and the above described heterogeneity

of MC granules.

Accessory Proteins in MC Membrane Fusion

SNAREs in MCs function with a variety of accessory proteins. One crucial regulator is the
ATPase NSE, which disassembles SNARE complexes.*8 Expression of an ATPase-deficient NSF
mutant dramatically inhibited MC exocytosis and resulted in accumulation of fusion-inefficient
SNARE complexes highlighting the importance of SNARE disassembly or priming in
degranulation.?” MCs also express SM (Sec1/Munc18) family members that bind syntaxin
proteins in an isoform-specific manner and are known to play fundamental roles in exocyto-
sis.’®5! While mice deficient in the neuronal isoform Muncl8-1 exhibited a complete defi-
ciency in synaptic vesicle exocytosis,*> mice deficient in the ubiquitous isoform Munc18-3
showed enhanced externalization of the glucose transporter Glut 4 in derived adipocytes at low
concentrations of insulin. In these cells externalization was uncoupled from the regulation by
PI3 Kinase suggesting a signaling connection.>® By contrast, in skeletal muscle and pancreatic
islets a decreased transport and insulin sensitivity was found in heterozygous mice revealing
some fundamental differences.>® This is, however, in agreement with described positive and
negative regulatory roles of SM proteins.”®>! While the essential positive role of SM proteins
remains unclear, the inhibitory role is thought to result from its binding to syntaxin thereby
fixing the latter in a closed conformation unable to engage in SNARE complex formation.” In
agreement, in Munc18-3 deficient adipocytes despite the decreased expression of its syntaxin 4
partner, the amount of “free” syntaxin 4 was increased allowing enhanced fusion.’®> MC express
Munc18-2 and Munc18-3 that form complexes with syntaxin 2, 3 and syntaxin 4, respec-
tively.”® Overexpression of Munc18-2, but not Munc18-3 inhibits degranulation. This indicates a
role for the former, but does not exclude a role for Muncl8-3. More definitive studies will
await the use of MCs deficient in these proteins. MCs may also express the neuronal isoform
Munc18-1 as shown by PCR,% however, this has to be confirmed at the protein level.

Small GTPases of the Rab3 family have also been recognized as important regulators of
membrane fusion in many cell types. In synaptic vesicle exocytosis they are not in itself essen-
tial, but function as a gatekeeper for the normal regulation of calcium-triggered exocytosis.”®>’
In MC, Rab3A, Rab3B and Rab3D are expressed when examined by PCR analysis.’*¢! Protein
expression has been confirmed for Rab3A and Rab3D and the latter was shown to translocate
from SGs to the PM following stimulation.®"? Overexpression of Rab3D or a constitutively
active GTP bound mutant, but not of Rab3A, revealed an inhibitory effect in IgE-stimulated
RBL MCs.%! In another study overexpression of Rab3A was also able to inhibit exocytosis.®?
The role of Rab3D has been challenged, because peritoneal MC from Rab3D deficient mice
exhibited normal exocytosis in patch clamp studies and did not reveal any increase in granule
size as shown in zymogen granules in the pancreas.** However, in these studies the role of
existing compensatory mechanisms and the use of more physiological stimuli have not been
addressed.

Another GTPase that could play a role in MC secretion is Rab27, which exists in two
isoforms (Rab27A and Rab27B), known to interact with a variety of Rab27-binding proteins
(i.e., the synaptotagmin-like protein (Slp) family with tandem C2 Calcium-binding motifs,
the Slac2 family, and Munc13-4) all functioning in membrane traiﬁcking.65 Interaction with
Slac2 family members couples Rab27 function to the actin-based motor myosin Va in
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melanocytes and neuroendocrine cells.%¢% This mode of action does not apply to
Rab27-deficient cytotoxic T cells (CTLs), which nevertheless are unable to release granular
content’®”! due to a docking defect of SGs.”* A potential effector of Rab27 in these cells could
be Muncl3-4, a more ubiquitously expressed isoform of the neuronal priming factor
Munc13-1.7>74 Similar to Rab27, mutations in Muncl3-4 led to secretion defects in CTLs.”?
Muncl3-4 acts downstream of Rab27 as SGs from deficient CTLs can still dock at the PM,
however, are unable to release their content. In RBL MCs, both Rab27 and Muncl3-4 are
expressed at the protein level and both localize to SGs.”>7 Exogenous expression of a domi-
nant active Rab27A reduces antigen-induced histamine release by about 30%.7° No defects,
where seen in Rab27A-deficient BMMC.>® However, it is possible that its function could be
compensated by the related Rab27B isoform, which is the major functional isoform in plate-
lets.””7® Munc13-4 overexpression in MCs enhanced secretion.”” These results suggest both
proteins could function as regulators of exocytosis in MCs. _

A recently described SNARE interacting effector is the cytosolic protein complexin II ex-
pressed in brain but also in MCs.” Complexin II preferentially binds to assembled SNARE
complexes.®? Upon stimulation of MC it was found to translocate to the PM in a
calcium-independent manner where it acts to increase the calcium sensitivity of the fusion
machinery.”® A further accessory protein that regulates the fusion competent state is secretory
carrier membrane protein 2 (SCAMP2). SCAMP2 in MCs localizes to SGs and vesicles, but a
small fraction is also found at the PM where it colocalizes with Syntaxin 4 and SNAP-23.
Expression of an oligopeptide (E-peptide, within the cytoplasmic segment linking the second
and third membrane domain of this tetraspanin protein) potently inhibits exocytosis in strep-
tolysin O-permeabilized MCs.8' SCAMP2 may act at a late step that couples Arf6-stimulated
phospholipase D (PLD) activity to formation of fusion pores. This could be in agreement with
the proposed implication of PLD isozymes (PLD1 and PLD2) as regulators of MC exocyto-
sis. 348 PLD may act upstream of PKC¥ to control multiple pathways including cytoskeletal
changes® and fusion.?® Regulatory proteins also include calcium sensors, protein kinases and
phosphatases or cytoskeletal proteins linking the machinery to early receptor stimulated events.
These are described in more detail below in relationship to their signaling function.

Taken together, MCs express a whole series of fusion accessory proteins. Their function is to
prevent the secretory apparatus from unnecessary fusion, render the basic fusion machinery
more efficient and allow its connection to activating cellular signals.

Signal Transduction for Exocytosis in MCs
Early Receptor-Mediated Events

The signaling requirements for degranulation have been mostly worked out for IgE-mediated
triggering through high affinity IgE receptors (FceRI) that initiates transmembrane signaling
by coupling to nonreceptor tyrosine kinases.” This multisubunit (0By;) receptor bears
Immunoreceptor Tyrosine-based Activation Motifs (ITAM) in B and y chains that upon aggre-
gation of o chain-bound IgE with specific antigen become phosphorylated by the src-related
protein tyrosine kinase Lyn. This engenders activation of Syk tyrosine kinase through ITAM
binding thereby launching an amplification cascade involving multiple signaling adaptors,
tyrosine kinases, PI3 Kinases and PLCY. This cascade leads to the activation of PKC and
calcium influx, both events have been demonstrated to represent crucial checkpoints for
degranulation.®

Targets of Calcium

Although it has been realized more than 50 years ago that calcium is an essential intracellu-
lar messenger for secretion in neurons,” and somewhat later in MC®® the molecular targets
have remained obscure for many years. Recently, the synaptotagmin (Syt) family of calcium
sensors have emerged as prime candidates. Syts are membrane-anchored proteins that bind
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calcium via conserved tandem calcium and phospholipid-binding C2 domains (C2A and
C2B).%%? Calcium binding promotes oligomerization®'?? and membrane phospholigid
binding.”*?* It also promotes binding to a subset of SNAREs (syntaxin, SNAP-25).7%%7
Together these events are thought to regulate calcium-dependent SNARE assembly.”®

MCs express several Syt family members (Syt I, I, I11, and 1X),%9-193 however, the physiologic
calcium sensor for exocytosis is still unknown. Overexpression of neuronal Syt I enhanced
ionomycin-stimulated secretion'® and evidence for its expression in tissue MCs has been
presented.’® However, the physiologic role in receptor-stimulated cells of this low affinity
calcium sensor remains to be validated. Syt II deficiency did not sensibly affect histamine
release, but rather blocked release of cathepsin D suggesting that it acts to prevent fusion of
genuine lysosomes.”® Syt III was found to function as a critical regulator of the perinuclear
endocytic recycling compartment (ERC) and could possibly regulate SG size,'®! while Syt IX
was shown to function in protein export from the ERC to the cell surface.!? These data
suggest that nonneuronal Syts interfere with distinct steps of membrane trafficking in MCs
along the endo- and exocytic pathway. Besides classical Syts, other proteins with calcium-binding
C2 domains such as Syt-like proteins (Slp 1-5), could potentially also play a role.®> However,
so far they have not been characterized in MCs.

Another calcium sensor is calmodulin (CaM)!%1%7 jnteracting with numerous proteins
that could play a role in secretion.'%” Data in MCs using inhibitors ranged from no effect to an
inhibitory effect on secretion and are difficult to interpret with respect to the function of this
sensor.!%1!2 In MCs, potential targets include myosin light chain kinase (MLCK),'!*> CaM
kinase II, which phosphorylates nonmuscle myosin!4 syntaxin 3''> and PLD.!!® CaM binds
also the vesicular SNARE protein VAMP-2,'" which collapses into the PM in degranulating
MCs.% CaM is thought to activate VAMP-2 by liberating it from its lipid-bound state upon
binding.'!” In agreement, microinjection of a VAMP-2-derived peptide that blocks CaM-binding
into chromaffin cells resulted in inhibition of exocytosis.''® However, such experiments have
not been performed in MCs.

Besides these professional sensors calcium interacts also directly with a variety of signaling
molecules that coordinate cell signaling and membrane fusion. A prominent example is PKC

described below.
The Role of Kinases and Phosphatases

In addition to its extensively characterized role in the early steps of receptor activation,
protein phosphorylation-dephosphorylation also represent an important regulatory mecha-
nism in the late steps of exocytosis in MCs. Several proteins of the membrane fusion machin-
ery have been shown to be phosphorylated by a variety of Ser-Thr kinases, including PKC,
CaM kinase IT, PKA, Casein kinase II. Phosphorylation could have a variety of functions in the
fusion process.!' This could include mobilisation of fusion proteins from the reserve pool as
shown for synapsins in neurons,'*® regulation of the activity state of SNARE proteins'*"'? or
a direct interference in the fusion process.!!>12?

In MCs, there is ample evidence that activation of PKC represents an essential signal for
secretion. Both a calcium-dependent isoform, PKC, and a calcium-independent isoform, PKC3,
have been implicated using depletion-reconstitution studies.'?* The importance of PKCB has
been confirmed in MCs deficient for this isozyme,'? while PKC8-deficient MCs actually showed
enhanced exocytosis.!?® However, these apparent differences may be explained by indirect ef-
fects by PKCS on negative regulatory mechanisms. Regardless it is clear that PKC regulates late
steps in exocytosis. Molecular targets include cytoskeletal proteins such as myosin light and
heavy chains necessary for the reorganization of the actino-m%rosin cortex during secretion.' 2128
PKC can also phosphorylate SNAP-25 and syntaxin 4'%1% although the in vivo relevance
remains to be established. In MCs about 10% of SNAP-23 becomes transiently phosphory-
lated during degranulation on Ser’® and Ser'®® within its cysteine-rich linker region likely by
PKC."! Overexpression of phosphorylation mutants inhibited IgE-stimulated exocytosis
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suggesting that SNAP-23 phosphorylation modulates degranulation although the precise mo-
lecular mechanism remains to be determined. In eosinophils?’ and chromaffin cells'®? patch
clamp studies have demonstrated that fusion pore expansion is sensible to PKC inhibitors and/
or can be enhanced by the addition of PMA suggesting a role in the very late steps of exocyto-
sis, but it remained unknown whether this is due to the mentioned phosphorylation of SNAREs,
Syts,'2? or other physiologic substrates. PKC also phosphorylates Munc18-1 within its second
domain thereby inhibiting its capacity to bind syntaxin.'®*!3 Similarly, phosphorylation of
Munc18-3 by PKC reduced its affinity to bind syntaxin 2 and 4 in platelets.!*> Such phospho-
rylation could thus regulate the amount of available fusion-competent syntaxin in the cell.
M(Cs express Muncl8-2 and Munc18-3 and preliminary evidence from our laboratory indi-
cates that Munc18-2 also becomes phosphorylated in these cells (unpublished).

Besides PKC, SNARE Kinase (SNAK) could also be a regulator of exocytosis in MC.136
SNAK phosphorylates SNAP-23 at Ser-Thr residues in MCs thereby increasing the stability of
newly synthesized protein. SNAK-dependent phosphorylation could thus indirectly promote
SNARE complex formation by increasing the pool of available SNAP-23. A different kinase
activity present in Rab3D-containing immunoprecipitates was responsible for specific phos-
phorylation of Syntaxin 4 in vitro thereby decreasing its SNAP-23 binding capacity.'?" This
activity was downregulated after stimulation in a calcium-dependent manner. As already men-
tioned, other kinases including for example CaM Kinase II, PKA, Casein Kinase II, MLCK
have been shown to phosphorylate targets of the secretory machinery and could also play role
in MC degranulation. For example, secretion is susceptible to inhibitors of PKA, which may
relate to the capacity to phosphorylate the lipid metabolising enyme PLD.!¥’

Protein phosphorylation is regulated by a dynamical balance between the action of kinases
and phosphatases. Given the evidences for the role of phosphorylation in controlling exocyto-
sis, phosphatases likely also regulate fusion'**'*? including in MCs.® Inhibitors of phos?hatase
PP1 and PP2a reduced secretion even when bypassing early-receptor-mediated signals.'%° Fol-
lowing stimulation of MCs PP2A gets recruited to the PM in a manner that is correlated with
the kinetics of secretion. Subsequent studies in RBL MCs demonstrated that both PP1 and
PP2A could transiently associate with cortical myosin II suggesting a role in the cytoskeletal
rearrangements of the actino-myosin cortex.'#! A crucial target for phosphatase activity could
be the PKC-dependent phosphorylation sites in myosin light and heavy chains. Another phos-
phatase implicated in membrane fusion could also include megakaryocyte cytosolic protein
tyrosine phosphatase 2 (MEG2) localized to SG, whose overexpression results in the formation
of large granules.'®?

Role of the Cytoskeleton in Secretion

It has been known for many years that secretion in MC is accompanied by an extensive
cytoskeletal reorganization characterized by the dissolution of the subcortical actino-myosin
complex and formation of F-actin ruffles.'*3'* Similarly, microtubules stretch out into the
lamellipodia formed during the stimulation process.'*> Furthermore, SG are embedded in a
filamentous network of cytoskeletal structures with hook-like structures.'*® The role of
cytoskeletal elements in the secretory process could be manifold. They could provide an appro-
priate scaffold for signaling proteins and the attachment of cellular compartments and proteins
of the fusion machinery. The actino-myosin contractile system or tubulin-based motors could
be important for the mobilisation and extrusion of SG content.'¥” On the other hand, the
actino-myosin terminal web could also represent a substantial barrier for SGs to reach the PM.
In agreement, stimulation is accompanied by its dissolution and actin-depolymerizing drugs
actually enhance secretion.”®'*> However, in the presence of certain inhibitors, secretion could
be uncoupled from cortical F-actin disassembly suggesting that the latter is not absolutely
required for secretion to occur.''? Similarly, treatment with actin-depolymerizing drugs or
ectopic expression of a constitutively active mutant of RhoA, Racl or CDC42 promoting actin
remodeling enhances secretion, while dominant-negative forms inhibited secretion. 815
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However, other functional consequences of these treatments, notably enhancement of early
cellular signaling pathways have been described, suggesting the existence of divergent signaling
pathways for actin remodeling and secretion.'*"'11>2 [n agreement with a role in early signaling
events, bypassing receptor stimulated signaling with PMA/calcium ionophore rescues inhib-
ited levels of secretion.!®? In the same line MC with mutations in the Wiskott-Aldrich syn-
drome protein WASP or the WASP-interacting protein WIP also show markedly diminished
degranulation and parallel affection of early signaling events.!>>!%*

The tubulin network also plays an important role in secretion. Inhibitor studies show that
microtubule destabilizing or stabilizing drugs strongly affect secretion in MCs.’*13517 I stimu-
lated MCs, SG identified by Munc18-2-staining were excluded from F-actin-containing ruffles
but appeared to be aligsned along newly formed microtubular tracks suggesting microtubular
transport mechanisms.”® In agreement, live imaging of SG in RBL cells revealed bidirectional
movement in both resting and activated cells adjacent to microtubules and the rate and extent
of stimulated exocytosis was inhibited by the MT depolymerizing drug Colchicine.!*® A recent
study showed that the microtubule-dependent translocation of SG labeled by CD63-GFP to
the PM occurred in a calcium-independent manner, while the actual fusion was
calcium-dependent.' Thus, it is possible that similar to other hematopoietic cells with a more
locally restricted release from secretory lysosomes,'” the microtubular system also plays an
important role in the secretory process of MC. These data, however, contrast with studies,
which do not reveal significant movement of SG during exocytosis in RBL cells. 31 Similarly,
rat peritoneal MCs with a highly differentiated SG compartment rather show an inward
movement of PM components such as SNAP-23 in agreement with the compound mode of
€X0Cytosis.

Taken together, at present it is still difficult to propose a cohesive model on the implication
of cytoskeletal elements in the late steps of secretion. This is largely due to the complexity of
the molecular pathways involved, which do not only impinge on the late steps of exocytosis but
on a whole variety of cellular processes. Nevertheless, accumulated data suggest that cytoskeletal
functions are an integral part of the cellular fusion machinery in MCs

Evidence for Lipid Raft Domains in MC Exocytosis

Lipid rafts are dynamic assemblies of cholesterol and sphingolipids forming a separate
liquid-ordered phase in lipid membranes that are enriched in discrete subsets of proteins.'®! At
the PM lipid rafts regulate signal transduction by providing concentrated platforms for signal—
ing proteins.'®? Lipid rafts are also found in biosynthetic and endocytic pathways,!%>164
Evidence exists that regulated secretion also utilizes rafi-dependent interactions to achieve
cell-type specific sorting of secretory proteins.!®® Treatment with cholesterol-depleting agents
considerably affected regulated secretion in several cellular systems. 618 Moreover, both
vesicular and PM fusion proteins integrate into l;gid rafts although the nature of this compart-
ment is still somewhat under dispute.'®16%17% §Gs preferentially dock and fuse at these
identified cholesterol-dependent clusters with high preference.!®® Thus, similar to the plat-
forms at the PM for transmembrane signaling such domains may also form functional entities
for fusion. In MCs, when examined by sucrose gradient fractionation, SNARE proteins were
either found excluded (syntaxin 2), equally distributed between raft and nonraft fractions
(syntaxin 4, VAMP-8, VAMP-2), or selectively enriched in rafts (syntaxin 3, SNAP-23).171
The accessory protein Munc18-2 and 18-3 were found in nonraft fractions, however, small
amounts of Munc18-2 also consistently distributed into rafts. Cognate SNARE complexes of
syntaxin 3 with SNAP-23 or VAMP-8 were enriched in rafts, while those of syntaxin 3 with
Munc18-2 were excluded. These results suggest that regulatory and cognate fusion complexes
are spatially separated in MCs and likely also in other cells.



Mast Cells as a Model of Nonneuroendocrine Exocytosis

109

Table 2. Fusion and fusion accessory proteins in mast cells

Proteins Expression Expression Evidence for
t-SNARES  mRNA protein Localisation Role in MC Exocytosis Refs.
SNAP-23 + + PM 0-SNAP23 blocks fusion in act. 43,45
permeabilized cells, SNAP-23
overexpr. enhances exocytosis;
relocation of SNAP-23 from PM to
degranulation channels in act. MCs
Syntaxin2  + + ? no effect of overexpression 44
Syntaxin3  + + SG and PM no effect of overexpression; 44,47
relocation from SGs to PM
in act. MCs
Syntaxin4  + + PM overexpression inhibits 44
exocytosis in act. MCs
v-SNAREs
VAMP-2 + + SG relocation from SG to 46
PM in act. MCs
VAMP-3 + + vesicular ? 44
VAMP-7 + + vesicular relocation of exogenously 47
expressed VAMP-7 from vesicles
to PM in act. MCs
VAMP-8 + + vesicular and SG  coalescence of vesicles 44
and SGs in act. MCs
Access. proteins
Rab3A + + cytoplasmic overexpression has either no 61,63
effect or inhibits exocytosis
in act. MCs
Rab3B + - ? ? 60
Rab3D + + SG (partially)  overexpression inhibits 61,62
,64
exocytosis, relocation from
SGs to PM, Rab3D deficiency
does not affect exocytosis
in patch clamp act. MCs
Rab 27 ND + SG overexpression inhibits 56,76
exocytosis in act. MCs;
relocation to PM in act.
MCs; no effect in Rab27A-def.
BMMC
Munc18-1 + - ? ? 57
Munc18-2  + + SG overexpression inhibits exocytosis 56
in act. MCs, relocation of into
lamellipodia
Munci8-3  + + PM no effect of overexpresssion 56
on exocytosis
Munc 13-4+ + SGs overexpression enhances 75
exocytosis in act. MCs
SCAMP2 ND + SG, PMr introduction of oligopeptide from 81

cytoplasmic domain inhibits
exocytsis in permeab. MCs

Continued on next page



110 Molecular Mechanisms of Exocytosis

Table 2. Continued

Proteins Expression Expression Evidence for
t-SNARES mRNA Protein  Localisation Role in MC Exocytosis Refs.
Complexin 1 + + Cyt relocates from cytoplasm to PM 79
in act. MCs, siRNA inhibits exocytosis
Synaptotagmint  + + SG (exogen.) overexpression enhances 104,105
calcium ionophore act. exocytosis
Synaptotagmin 1l + + Lysosome  siRNA augments fusion of 99
genuine lysosomes with SGs
Synaptotagmin lif + + Endos./SG  siRNA blocks delivery to the 101
ERC and augments SG size
Synaptotagmin IX + + ERC siRNA slows down protein export 102

from the ERC to the cell surface

Conclusion

MC:s are tissue immune cells that upon stimulation with an appropriate trigger massively
release inflammatory mediators by compound exocytosis. This process is fundamental in adap-
tive and innate immunity but also plays a detrimental role in several inflammatory diseases.
Evidence has been presented that MCs use a specific and highly regulated secretory apparatus
for compound exocytosis. Besides cognate membrane fusion SNARE proteins a number of
accessory regulatory proteins have been characterized. These proteins and the evidence for
functional implication are summarized in Table 2. They further connect to highly sophisticate
signaling machinery initiated by the activation of receptors at their surface. Together, this mo-
lecular machinery coordinately functions to protect the organism from unwanted release of
potentially dangerous substances but enable release upon a physiologic activation signal at the
surface. In disease, besides inappropriate triggering MCs often also show a hyperactivated phe-
notype translating inappropriate regulation of this machinery. Thus, future research efforts will
continue to focus on the molecular understanding of this complex and highly regulated
molecular secretory machinery.
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CHAPTER 9

Acrosomal Exocytosis

Claudia Nora Tomes*

Why Is This Chapter in the Book? Or the Sperm Acrosome Reaction

as 2 Model for Regulated Exocytosis

exual reproduction to perpetuate a given species occurs through fertilization, during which
S a diploid zygote is formed to produce a genetically distinct individual. To this end, the
haploid sperm and haploid egg must collide to allow entry of the sperm head delivering
the male chromatin into the egg cytoplasm. Both the male and female gametes undergo
regulated exocytosis—termed the acrosome reaction and the cortical reaction respectively—at
different times during their encounter. The success of fertilization depends on these exocytoses.

Exocytosis of the sperm’s single vesicle—the acrosome—is a synchronized, all-or-nothing
process that happens only once in the life of the cell and shares the basic fusion molecules with
neuronal, endocrine, and all the other cells covered in this book. Acrosomal exocytosis (AE)
depends on both Rab3 activation and neurotoxin-sensitive SNARES; it also requires the efflux
of calcium from inside the acrosome. Convergence of Rab- and toxin-sensitive SNARE-depen-
dent pathways is a hallmark of AE that makes it an attractive mammalian model to study the
different phases of the membrane fusion cascade. Furthermore, because nature has endowed
sperm with a cellular specialization that gives them a single, irreversible chance to fertilize an
egg, AE is more straightforward to dissect compared to fusion in other cell types, where the
same substances are secreted again and again, requiring the membranes and fusion machinery
to recycle multiple times.

The presence of secretory granules in the egg and the sperm highlights the essential nature of
regulated exocytosis for the continued existence of multicellular species. Identifying and under-
standing the role and timing of the players involved are important for manipulating fertilization,
either to enhance it or block it. The benefits of this knowledge are, however, not restricted to the
reproduction field, but could be extended to more complex membrane fusion scenarios.

The Spermatozoon

The spermatozoon is the end product of the process of gametogenesis in the male, which
occurs within the testicular seminiferous epithelium. Spermatogenesis involves a series of
mitotic divisions of spermatogonial stem cells, two meiotic divisions by spermatocytes, ex-
tensive morphological remodeling of spermatids during spermiogenesis, and the release of
free cells into the lumen of the seminiferous tubules by spermiation.’ The result of sper-
matogenesis is a highly polarized cell, consisting of a head—that contains the nucleus and
the acrosome in the apical region—and a flagellum—containing a 9 + 2 array of microtu-
bules, sheath proteins, and mitochondria—which are joined at the neck (Fig. 1, left). The
flagellum and the head are wrapped by the plasma membrane and contain little cytoplasm.
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de Cuyo, 5500 Mendoza, Argentina. Email: ctomes@fcm.uncu.edu.ar

Molecular Mechanisms of Exocytosis, edited by Romano Regazzi. ©2007 Landes Bioscience
and Springer Science+Business Media.




118 Molecular Mechanisms of Exocytosis

Acrosome
1 Plasma membrane

. Acrosome
y v Quter acrosomal
o Equatorial membrane
( '_‘ " segment
2 um — f— Postacrosoma Inner acrosomal
o segment membrane
\ *=——— Midpiece
|
Nuclear envelope
|- = d
Principal Redundant

nuclear envelope

™ Centnoles
Mitechondrion
-

— End piece

/ / " Outer dense fibers
Axoneme & Fibrous sheath

Figure 1. Left) general features of the mammalian spermatozoon. The major domains on the
sperm head are the acrosomal and post acrosomal regions, and the equatorial segment. The
flagellum can be divided in three regions: the middle piece, containing the mitochondria, the
principal piece, containing the fibrous sheath, and the end piece. Right) schematic represen-
tation of a sagittal section, revealing the detailed structure of the head and midpiece. The
plasma membrane overlies the outer acrosomal membrane, the inner acrosomal membrane,
in turn, overlies the nuclear envelope. Mitochondria are helically wrapped around the outer
dense fibers, which are adjacent to the axoneme. (Reprinted from: Darszon A et al. Int Rev
Cytol 243:79-172, ©2005, with permission from Elsevier.*")

Although in general spermatozoa share these structures, there are species-specific variations
in the size and shape of the cells among mammals, lack of acrosome and flagellum in amoe-
boid cells, etc. As I will discuss later, the acrosome contains enzymes essential for fertiliza-
tion, and the flagellum contains the energy sources and machinery necessary to produce
motility. The roles of these components are to ensure delivery of the genetic material con-
tained in the sperm nucleus to the egg, restoring the somatic chromosome number and
initiating the development of a new individual exhibiting characteristics of the species.
After release from the seminiferous epithelium in the testis, sperm are transported through
the epididymis, where numerous biochemical and functional modifications occur. These ma-
ture sperm are then stored within the cauda epididymis, in a functionally inactive state, until
¢jaculated or degraded in the lumen.? Mammalian sperm are unable to fertilize eggs until
they achieve a functional reprogramming process, or capacitation, by migration through the
female reproductive tract. Likewise, sperm of many nonmammalian species are activated by
factors that are either associated with eggs or spawned with eggs. Capacitation consists of a
variety of processes, including: the functional coupling of the signal transducing pathways
that regulate the initiation of AE by physiological triggers; alterations in flagellar motilicy
that may be required to penetrate the egg extracellular coat, the zona pellucida; and develop-
ment of the capacity to fuse with eggs. These changes are accompanied by alterations in
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metabolism, membrane biophysical characteristics, changes in protein phosphorylation state, el-
evations of intracellular pH and calcium levels, and hyperpolarization of membrane potential.?

In mammals, fertilization itself begins in the oviduct with binding of capacitated,
free-swimming sperm to the ovulated egg’s zona pellucida, and ends a short time later with
fusion of egg and sperm plasma membranes to form the zygote. Along the way, several recog-
nizable events take place, including the sperm AE and penetration of the zona pellucida, and
the egg cortical reaction and zona reaction. The latter is a built-in safety feature that results in
alteration of the zona pellucida such that free-swimming sperm are unable to bind to fertilized
eggs and hinder the normal development of the zygotes.*

The Acrosome

The acrosome is a relatively large, Golgi-derived, lysosome-like organelle that overlies the
most anterior two-thirds of the nucleus in the apical region of the sperm head. It consists of the
anteriorly located acrosomal cap and the posteriorly located equatorial segment. While the
former is loaded with hydrolyzing enzymes, the enzyme content of the latter might be scant.’
The acrosomal secretory products are concentrated and condensed, and the acrosomal granule
is stored for a long period of time as the spermatid and sperm mature in the testis and epididy-
mis, respectively. This highly condensed packaging format allows efficient storage of large
amounts of secretory material in an osmotically inert form.® As is the case with other secretory
granules, the acrosome has an electron-opaque content known as a dense core. In some spe-
cies—e.g., guinea pig, mouse, rabbit, bovine, hamster, and hedgehog—the anterior acrosome
has several different regions (subdomains) with varying degrees of electron density.”

The acrosome has all the characteristics attributed to secretory vesicles. Secretion from the
acrosome is accelerated by extracellular stimuli, such as the cumulus extracellular matrix and its
components, and the zona pellucida. Although the acrosome is sorrounded by a continuous
membrane, the section overlying the nucleus is termed the inner acrosomal membrane, and the
one underlying the plasma membrane, the outer acrosomal membrane (Fig. 1, right).> As for
other granules, the membranes surrounding the acrosome can be removed by detergent treat-
ment of spermatozoa without dissolving its condensed contents. This feature allows the defini-
tion of two biochemically and morphologlcally dlstmguxshable compartments within the
acrosome: the insoluble acrosomal matrix and the soluble proteins.® In this context, AE should
not be described as a wholesale, instantaneous release of components from a fluid-filled sack.
On the contrary, individual soluble proteins and insoluble acrosomal matrix components have
their own characteristic patterns of release. Soluble factors are more readily released once AE
has been initiated, whereas matrix components remain associated with the sperm for prolonged
petiods of time even after exocytosis. This suggests that compartmentalization of acrosomal
contents may play a functional role in regulating the release of proteins during exocytosis and
sperm-zona interaction.””8

The Acrosome Reaction

Morphological Features

Exocyrtosis of the acrosome is a terminal morphological alteration that must occur prior to
penetration of the zona pellucida. The acrosome reaction is a regulated exocytic process with
many parallels to granule exocytosis in other cell types (see below). Yet, AE differs strikingly
from other known exocytotic events in ways that can be summarized as follows: (i) sperm
contain a single secretory vesicle; (ii) there are multiple fusion points between the outer acroso-
mal membrane and the overlying plasma membrane; (iii) exocytosis does not lead to a single
fused membrane but to vesiculation and actual membrane loss; (iv) the AR is a singular event,
with no known membrane recycling taking place following exocytosis (Table 1).

Morphologically, AE in eutherian mammals proceeds through a series of steps that begin
with the punctate apposition of the sperm plasma membrane with the membrane directly
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Table 1. Exocytosis of the sperm acrosome differs morphologically from that
exhibited by more typical secretory cells

Sperm Other Cells
Number of secretory vesicles/cell one many
Number of fusion pores/vesicle many one
Rounds of exocytosis/cell one more than one
Membrane fusion outer acrosomal and plasma vesicle membrane
membranes lost (vesiculation) incorporated to plasma
membrane
Post-exocytosis membrane no yes

remodelling and recycling,
and/or endocytosis

adjacent to it, the outer acrosomal membrane, in the anterior region of the sperm head. The
subsequent steps include swelling of the acrosomal contents, prior to or concomitant with
fusion of the outer acrosomal membrane with the overlying plasma membrane at the points of
apposition, followed by formation of pores at these points. In most cells, the pores widen, the
granule contents are discharged, and granule membrane remodelling eventually occurs. In sperm,
however, the pores widen, but since the outer acrosomal membrane is as large as the area of
plasma membrane it is fusing with, the result of the pore widening is the fenestration of the
fusion membranes and joining of pores to produce a reticulum of tubules and hybrid
plasma-outer acrosomal membrane vesicles. In human sperm, for instance, the initial fusion
process should be classified as fenestration, but continued fusion more closely resembles ve-
siculation. Acrosomal contents begin to be released at this point, with or without temporary
retention of a shroud of fused and fenestrated membranes and some acrosomal contents. In
some species the fenestrated cap or shroud has been shown to tether the reacted sperm to the
zona pellucida. In species where the shroud has been observed, there is an insoluble component
of the acrosome that stays with the cap. Finally, all of the shroud and contents are lost, so that
the inner acrosomal membrane becomes the leading edge of the sperm (Fig. 2).”!°

Inducers, Timing and Location

Mammalian eggs are surrounded by the zona pellucida, an egg-specific extracellular matrix
that is secreted by the growing oocyte and is a key regulator of fertilization. A somatic cell layer,
the cumulus, also accompanies the egg into the oviduct at ovulation. The cumulus layer has
both cellular and acellular components. The cellular component is a subset of follicular granu-
losa cells; its acellular component is a hyaluronic acid-rich extracellular matrix secreted by the
cumulus cells.'! During the course of fertilization, the acrosome undergoes exocytosis near the
time that the sperm encounters the zona (Fig. 3). Although the actual site of AE is subject to
debate, the prevailing dogma is that sperm must have completely intact acrosomes to adhere
initially to the zona pellucida.

Initial sperm-zona pellucida binding in the mouse is mediated by ZP3, a constituent glyco-
protein of the zona pellucida that binds to receptors in the anterior head of acrosome-intact
sperm.”'? A sperm receptor for ZP3 has not yet been identified inequivocally desFite the fact
that several high affinity ZP3 binding proteins have been put forth as candidates.'® ZP3 trig-

gers AE in sperm bound to the zona pellucida. The ability of mouse ZP3 to serve as an acrosome
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Figure 2. Schematic representation (top) and transmission electron micrographs (bottom) of the
progression of the acrosome reaction viewed through sagittal sections of mouse (top) and
human (bottom) sperm heads. A) Before the reaction; B) exocytosis in progress: multiple fusion
points between the plasma and outher acrosomal membrane lead to vesiculation and release
or exposure of acrosomal contents; C) the reaction is completed, inner acrosomal membrane
becomes the leading cell membrane in the acrosomal region. PM: plasma membrane, AM:
acrosomal membrane. (Top of thefigure modified from: Wassarman PM etal. Mol Cell Endocrinol
234:95-103, ©2005, with permission from Elsevier.!?> Bottom of the figure modified from:
Michaut M et al. Proc Natl Acad Sci USA 97:9996-10001, ©2000, with permission from the
National Academy of Sciences, U.S.A.%)

reaction inducer depends on the glycan moieties as well as on the polypeptide backbone of the
molecule. Thus, small glycopeptides bound to capacitated spermatozoa but did not induce the
acrosome reaction unless they were crosslinked on the sperm surface by anti-ZP3 antibodies.'*
These resules suggest that ZP3 may be polyvalent with regard to adhesion oligosaccharide
chains, and the resulting crosslinking and multimerization of sperm receptors is what initiates
exocytosis.®

Although the zona can induce a reaction in most species, some acrosome reacted sperma-
tozoa have been seen within the cumulus matrix before sperm arrive at the zona both in vivo
(rabbit and hamster), and in vitro (human), perhaps induced by high concentrations of
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Figure 3. A) Schematic representation of eutherian spermatozoa as they interact with the zona
pellucida. The acrosome reaction releases enzymes in part as soluble entities and in part
complexedtoinsoluble acrosome matrix associated in some cases with the vesiculated shroud.
The head intrudes into the zona, apparently devoid of acrosomal contents. (Reprinted from:
Bedford jM. Biol Reprod 59:1275-1287, ©1998, with permission from the Society for the Study
of Reproduction, Inc.’”) B) Transmission electron micrograph of an oblique section of a reacted
rabbit sperm head on the zona pellucida of an ovulated egg. Note the vesiculated shroud,
which has lifted away from the inner acrosomal membrane. (Reprinted with permission from:
Bedford JM. Ultrastructural changes inthe sperm head during fertilization in the rabbit. Am ) Anat
123:329-358, ©1968 Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.)

progesterone.”!? Progesterone is present in the oviductal millieu, derived both from follicu-
lar fluid and from secretion by cumulus oophorus cells associated with eggs.'® In some shrews,
AE is always induced by the cumulus oophorus, with the zona seemingly unable to evoke it.
It is possible that the behaviour of the acrosome within the cumulus differs among species or
even between individual spermatozoa.'

Compared to other regulated exocytotic events, the acrosome reaction is a slow process. In
human sperm, swelling and some fenestration are observed within 5-10 seconds after exposure
to follicular fluid, with complete fenestration at 20 seconds and complete fusion of outer
acrosomal-plasma membrane accomplished three minutes after inducing. The human sperm
AR, as initiated by human follicular fluid, has an anterior initiation site and fusion moves
posteriorly to the equatorial segment, generating vesicles of uniform size.” These hybrid vesicles
composed of roughly equal proportions of plasma and outer acrosomal membranes form whether
the acrosome reaction occurs spontaneously or is induced.

Purpose of the Acrosome Reaction
During fertilization in eutherian mammals, the spermatozoon must penetrate the zona pellu-
cida to reach the oolema. Only sperm that have completed the acrosome reaction can succesfuly
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accomplish this task. First, they must adhere to the zona as hyperactivated spermatozoa in the
acrosome-intact state for a period long enough to establish the primary binding, presumably
mediated by ZP3. In contrast to metazoa and subtherian mammals, the eutherian zona surface is
not visibly eroded by the soluble acrosomal enzymes released at the primary binding/reaction
site.!® After reacting, the sperm must remain attached (secondary binding) to the egg coat. Sperm
proteins localized within the acrosomal granule and linked to the insoluble matrix/inner acroso-
mal membrane—such as acrosin—are thought to stabilize contact between the acrosome-reacted
sperm and the zona pellucida. In other words, the acrosome is responsible for maintenance of
binding by vigorous spermatozoa until a point of zona entry is established. From then on, pen-
etration is accomplished by mechanical action derived from the strong flagellar beat of the sperm.
It has been suggested that the acrosome reaction contributes to this late phase by changing the
apical profile of the sperm head to favor penetration dependent on physical thrust.!”

Membrane Fusion

Exocytosis is a highly regulated, multistage process consisting of multiple functionally de-
finable stages, including recruitment, targeting, tethering, priming, and docking of secretory
vesicles with the plasma membrane, followed by calcium-triggered membrane fusion.'® Dur-
ing the last few years, a number of molecules involved in this complex cascade of events have
been identified.”?! Despite the fact that exocytosis of the acrosomal vesicle is somewhat unique,
sperm use the same conserved machinery and regulatory components as characterized in other
secretory events. Thus, all of the molecules that are involved in signalling in sperm during AE
were initially found in somatic cells and were already implicated in various membrane-fusion
events. Therefore, those molecules are discussed at length elsewhere in this textbook and I will
only briefly summarize their general properties and function in this chapter.

Methods to Study the Molecular Mechanisms Driving the Acrosome Reaction

The molecular mechanisms operating in the exocytosis of the acrosome are only now begin-
ning to emerge. Traditionally, immunodetection of proteins in the acrosomal region was inter-
preted as an indicator of their role in exocytosis. This view was clearly inadequate, since pres-
ence and localization alone do not necessarily prove physiological relevance. Sperm’s biggest
drawback is their inability to synthesize proteins—thus ruling out the use of standard powerful
techniques such as transfection and overexpression. In addition, the possibility of studying the
role of macromolecules i.e., Rabs, SNAREs, etc is severely limited because such molecules are
unable to cross the cell membrane. To overcome these limitations, we have applied in sperm a
widespread methodology in the study of exocytosis in other cells, that of controlled plasma
membrane permeabilization with streptolysin O (SLO). The permeable sperm preparations we
have established are readily manipulated and reflective of the in vivo organization of the cell,
and allow us to measure a functional, calcium-regulated acrosome reaction that is morphologi-
cally indistinguishable from that in nonpermeabilized cells.”>?* Permeabilization allows pen-
etration into the cell of exogenous factors—such as ions, neurotoxins, and neutralizing anti-
bodies—that usually are not able to penetrate the plasma membrane and can be used to affect
the function of target proteins. Furthermore, the SLO-permeabilized human sperm model is
suitable for addition of recombinant proteins to replace, modulate and/or compete with the
endogenous isoforms. SLO-permeabilization has recently been adopted by other laboratories
for the study of the acrosome reaction,?4%¢ and sperm motility.

A few other laboratories have inferred the role of fusion J)roteins in AE simply by adding
peptides to intact (i.e., nonpermeabilized) ram®® and mouse? sperm, or antibodies to bovine®
sperm in the absence or presence of calcium ionophores and observed an inhibition of the
acrosome reaction. The explanation offered for those results was that initial fusion of the outer
acrosomal membrane and the adjacent plasma membrane makes permeable pores through
which macromolecules can enter into sperm and halt exocytosis before extensive content re-
lease takes place. This method is by no means as established a technology as SLO permeabilization
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to study secretion and presents the limitation of not being suitable for the study of regulatory
steps that govern exocytosis before actual membrane fusion has begun.

Several signalling pathways serve the purpose of regulating more than one function in sperm.
This is particularly true when it comes to capacitation and the acrosome reaction, since they
are biologically intertwined. An additional advantage of the SLO-permeabilization approach
resides in the possibility of isolating these two processes.

Calcium Signalling

Calcium is the most widely used intracellular messenger in cell signalling.3!34 Unsurprisingly,
one common theme in the regulation of exocytosis is the general role of intracellular calcium as
a mediator of stimulus-secretion coupling. Thus, the elevation of calcium concentrations from
resting (< 0.1 pM) to stimulated (-~ 1-100 uM) levels is necessary and sufficient to initiate
regulated exocytosis. >3

In sperm, calcium is involved in virtually all physiological functions, including capacita-
tion, hyperactivation, and the acrosome reaction. During the latter, two phases of solubilised
zona pellucida- and progesterone-evoked calcium responses can be resolved with the use of
ion-selective fluorescent probes. First a transient increase occurs, followed by a second phase in
which increased calcium levels are sustained for the duration of the stimulation. The sustained
calcium response develops slowlg, requiring minutes to achieve maximal levels. AE only occurrs
after a plateau is established.?”*® The transient response exhibits the characteristics of a low
voltage-activated, T-type calcium channel-mediated phenomenon. Transient calcium influx
initiates a downstream cascade through the activation of phospholipase C isoforms, resulting
in the generation of inositol-1, 4, 5-trisphosphate (IP3). This second messenger mobilizes cal-
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Figure 4. Diagrammatic representation of calcium peaks during AE. In the sperm head, the
activation of ZP3 receptors on the plasma membrane results in a transient calcium influx from
the extracellular millieu to the cytosol through voltage-gated channels (Ca,), and the activation
of phospholipase Cs (PLC). This results in the production of IP3 and the subsequent opening
of IP3-sensitive calcium permeable channels (IP3R) on the outer acrosomal membrane, and
promotes the release of calcium from the intra-acrosomal pool. Depletion of this store pro-
duces the gating signal that opens SOCs in the plasma membrane and produces a sustained
calcium entry into the cytosol. This drives activation of Rab3A and subsequently of all the
fusion machinery. It also elicits a second efflux of calcium from the acrosome that drives
exocytosis. (Modified with permission from: Felix R. Reproduction 129:251-262,*° ©2005
Society for Reproduction and Fertility.)
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cium from the intra-acrosomal store by binding to specific receptors. The emptying of this
store generates a gating signal that couples it to the opening of store-operated channels (SOCs)
in the plasma membrane, through a mechanism typically known as calcium-induced calcium
release. SOC channels are responsible for the second—sustained—calcium phase (Fig, 4).37:3-4!
The mammalian homologue of the Drosophila melanogaster transient receptor potential chan-
nel Trp2 has emerged as a candidate for the zona pellucida-regulated SOC activation during
AE in mouse sperm.“? It has been suggested that AE requires sustained calcium influx to pre-
vent precocious activation and loss of sperm function in cells with a single secretory granule.?
Nevetheless, this pathway is not unique to sperm, since a similar mechanism of sequential
cytoplasmic calcium increases via voltage-gated channels-phosgholipase C activation-SOC
channels has recently been described in insulin-secreting B-cells.*

The Acrosome Is a Calcium Store

Calcium efflux from membrane-bound vesicles is a prerequisite for transport in several
systems such as the yeast vacuolar fusion model,**6 and the secretion of exocytotic gran-
ules.””**® The acrosomal granule had been postulated to be an internal reservoir of releasable
calcium for several years. However, direct evidence for the existence of this pool was first ac-
quired after developing a SLO plasma membrane permeabilization method. By using calcium
sensitive probes, we could visualize directly the presence of a calcium pool inside the acrosome
(Fig. 5B) and monitor the changes in the acrosomal pool under different experimental condi-
tions that affect exocytosis.”? It is noteworthy that, in nonpermeabilized sperm, a diffuse cyto-
solic staining is observed thar precludes direct observation of the acrosomal pool (Fig. 5C-E). A
calcium ionophore, and thapsigargin and cyclopiazonic acid (inhibitors of calcium-ATPases)
strongly inhibit fusion, indicating that the luminal calcium pool must be actively maintained
to keep sperm exocytosis competent.” Another laboratory has subsequently published similar
evidence that the mouse acrosome is a calcium store, by loading nonpermeabilized sperm with
the membrane permeant forms of calcium-sensitive fluorescent indicator dyes, and quenching
all fluorescence in the cytosol with high manganese concentrations.”

According to the current model for calcium signalling during AE, the role of the
intra-acrosomal calcium pool is limited to the opening of SOC channels in the plasma mem-
brane. Incubating permeabilized sperm with calcium resembles the physiological situation of
calcium influx through open SOC channels, because SLO permits free diffusion of ions. In
consequence, permeabilization allows us to examine relatively late steps of the exocytic cascade,
occuring after the sustained calcium influx, while bypassing earlier pathways whose end point
is the opening of SOC channels. With this in mind, we were surprised to discover a direct
correlation between depletion of an acrosomal calcium pool and inhibition of the acrosome
reaction in permeabilized human sperm. In other words, exocytosis requires a release of cal-
cium from the acrosome at a step downstream of SOC channels opening. Like the first efflux,
the second utilizes IP3-sensitive channels.*” We have expanded the standard model of biphasic
calcium signalling during sperm exocytosis to accommodate these new findings (Fig. 4). No-one
had ever reported on the existence of this second intra-acrosomal calcium efflux phase in sperm,
even less that exocytosis itself depends upon it! We have experimentally classified fusion factors
as: (i) acring after SOC channel opening but before the second intra-acrosomal calcium efflux
(Rab3A, o-SNAP, and NSF); and (ii) actin§1 during or after the second intra-acrosomal release
(SNARE proteins and synaptotagmin VI).

Interestingly, AE depends on this calcium efflux from the acrosome even in the presence of
relatively high external calcium concentrations, which are identical to cytosolic levels in
permeabilized cells.**>? Why would a calcium efflux from the acrosome be necessary for AE
under these conditions? Given the high luminal calcium concentrations, efflux could accom-
plish a drastic transient increase in calcium close to the acrosomal surface. This is consistent
with a close spatial arrangement of the calcium release sites and their place of action.”® During
the fusion process, membranes are maintained in close proximity, creating a partially isolated



126 Molecular Mechanisms of Exocytosis

Figure 5. Visualization of intracellular calcium stores in human sperm. A) Light micrograph
corresponding to the field depicted in panel (B); B-E} Fluo3-AM fluorescence images. A calcium
accumulation is clearly observed in the acrosome and midpiece of permeabilized sperm (B),
whereas a diffuse, whole head plus midpiece signal is detected in intact cells (C-E). Notice that
the acrosomal store can only be visualized when sperm are permeabilized (Photographs pro-
vided by Gerardo De Blas).

microenvironment that could easily be characterized by highly localized, elevated calcium con-
centrations, suitable for specific—if yet undefined—fusion reactions. We favour the hypoth-
esis that synaptotagmin is the main calcium target in this late exocytotic phase.

Calcium Sensing Proteins in Exocytosis

In the early stages of the secretory pathway, in constitutive exocytosis and in the endocytic
pathway, vesicle fusion follows immediately after docking. In regulated exocytosis a trigger is
required, so that vesicle fusion begins only when an appropriate signal artives.>* As I have
discussed above, the signal is most frequently an elevation of the intracellular calcium concen-
tration. Calcium must act at a very late stage on vesicles closely engaged with the plasma mem-
brane and poised for immediate fusion, indicating that a late-acting calcium sensor is likely to
be associated with the fusion machinery. A number of calcium-binding proteins thought to



Acrosomal Exocytosis 127

participate in exocytosis, based on functional analysis using a variety of techniques, have been
described and reviewed elsewhere.* I will cover two of them, but not offer further details on
the nature and behavior of the other proteins until evidence that they are present in sperm and
involved in AE is gathered.

Synaptotagmin

Synaptotagmins are sensor proteins that detect the concentration of calcium reversibly by
binding it and thereafter signalling to other targets. The transduction process relies on specific
conformational changes in the sensor. Synaptotagmins bind phospholipids in a
calcium-dependent manner. This property is endowed by their two C2 domains, C2A and
C2B, which are homologous to the C2 domain in protein kinase C (PKC). Preceding the
tandem C2 domains is a variable linker region connecting to the transmembrane anchor and a
short intravesicular or extracellular amino terminus.>® Distinct synaptotagmin isoforms have
different calcium affinities, which could account for the different calcium requirements to
trigger the exocytosis of various types of secretory vesicles.”® In addition to calcium ions and
phospholipids, synaptotagmins bind other synaptotagmins, calcium channels, isolated
Q-SNAREs and those in the SNARE complex, B-SNAP, RIM, calmodulin, etc.52%57:58

Several synaptotagmin isoforms have been described in mammalian sperm. For instance
synaptotagmin V1 localizes to the acrosomal region in human, synaptotagmin VIII in mouse,*°
synaptotagmin I in stallion,%! and undefined isoforms in hamster, bull, rhesus monkey, mouse
and human sperm. Preincubation of SLO-permeabilized cells with antibodies to synaptotagmin
V1,% and VIII?* block calcium-initiated AE in human and mouse sperm respectively. Like-
wise, various peptides encompassing portions of cytoplasmic domains of synaptotagmins I, V1
and VIII prevent the calcium-triggered acrosome reaction in both these species.?**%¢2 These
results demonstrate that synaptotagmin is required for sperm exocytosis. Interestingly, AE elic-
ited by GTP-y-S and Rab3A in permeabilized human sperm proceeds at very low calcium
concentrations. Yet, exocytosis continues to depend on synaptotagmin VI under these condi-
tions, indicating that this protein acts after the Rab3A-elicited step.>® Where does the calcium
synaptotagmin binds to come from then? We believe it comes from the intra-acrosomal store.
Consistent with this view, synaptotagmin VI displays a late role in the acrosome reaction,
simultaneous with or downstream of the calcium efflux from the acrosome.”! How does
synaptotagmin participate in sperm outer acrosomal to plasma membrane fusion? We favor the
hypothesis that synaptotagmin binds to the SNARE complex, perhaps in its loose trans con-
figuration, contributing to its full zippering into the tight trans conformation. Others have
suggested that the C2 domains oligomerize and form a bridge between the apposed mem-
branes, in what would constitute a potentially direct role for synaptotagmin in fusion.6>%*

Regulation of Synaptotagmin VI Activity by Phosphorylation

As 1 discussed earlier, the first calcium increase in the initial phase of the acrosome reaction
activates phospholipase Cs, releasing IP3 and diacylglycerol, a potent activator of several PKC
isoforms. It has been proposed that PKC is a key component of the AE transduction pathway,
although its role in the process is not yet completely understood.®

We have discovered that synaptotagmin VI is one of the substrates for PKC in sperm and
that phosphorylation regulates its action on the acrosome reaction.’”? Both C2 domains in-
teract with the endogenous machinery involved in exocytosis and these interactions appear to
be disturbed by phosphorylation. A polybasic region on the fourth beta strand of the C2B
domain is known as the effector domain since it has been implicated in the binding to the
molecules enumerated above. This region contains two threonines that fit in a PKC phospho-
rylation consensus sequence. Phosphorylation in this polybasic region would strongly affect its
overall charge, preventing interaction with effectors and rendering the motif inactive. In fact,
mutations of these residues abolishing or mimicking phosphorylation influence the effect of
recombinant C2B on the acrosome reaction.®” Similar results were obtained by mutating a
threonine in the polybasic region of the C2A domain. Using a specific antibody, we demonstrated
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that sperm synaptotagmin is phosphorylated in vivo on threonine 419 within the polybasic
region of C2B. Phospho-synaptotagmin localizes to the acrosomal region of resting human
sperm (Fig. 6A). The percentage of cells exhibiting this labelling diminishes upon triggering
AE (in the presence of the permeant calcium chelator BAPTA acetoxymethyl ester [BAPTA-AM]
to prevent membrane loss due to exocytosis). Because endogenous synaptotagmin must be
dephosphorylated to be functional in exocytosis, we conclude that challenging sperm with
acrosome reaction inducers must activate protein phosphatases that dephosphorylate
synaptotagmin. Synaptotagmin dephosphorglation takes place after initiation of AE and prior
to the efflux of calcium from the acrosome.%? These findings are relevant for two reasons: first,
they identify a substrate for PKC in sperm, the target residue phosphorylated, and the function
of this post-translational modification. Second, very little was previously known about regula-
tion of synaptotagmins by phosphorylation, and nothing about this particular site. Figure 6D
depicts a model for PKC-mediated regulation of synaptotagmin activity in fusion.

Calmodulin

Several calcium binding proteins that lack C2 domains have also been implicated in granule
exocytosis. Calmodulin binds calcium via its four EF-hand domains. Calcium-calmodulin has
been invoked as a universal requirement for the membrane fusion process, based on observations
from several constitutive membrane fusion events. %% Calmodulin can function as a fast-responding
calcium sensor when its concentrations are elevated to high micromolar levels.% It also has a
well-established role in exocytosis in synapses through the activation of calmodulin-dependent
protein kinase I1.%” Calmodulin has been suggested to exhibit a direct role in membrane fusion,
through its binding to VAMP?2 in vitro and in PC12 cells.®®* A late role for calmodulin has
been reported in exocytosis of these and chromaffin cells.® Calmodulin is the sensor protein
responding to calcium released from the vacuolar lumen in the first post-docking phase of yeast
vacuolar fusion.*> The VO sector of the vacuolar-ATPase is a binding partner for calmodulin.
‘Trans VO complexes form subsequent to docking of vacuoles, and have been proposed to mature
under the influence of calcium/calmodulin into the fusion pore itself.”

The presence of calmodulin in sperm has been known for many years and roles have been
suggested in several functions (see the discussion in ref. 71). For instance, calmodulin antago-
nists inhibit the acrosome reaction in sea urchin,”?>’> mouse’*’> and human’® sperm. It has
been suggested that they might do so by inhibiting T-type calcium currents. Accordingly,
calmodulin antagonists prevent both the transient and sustained phases of cytosolic calcium
increase elicited by progesterone.”® If the only effect of calmodulin on AE were the modulation
of calcium channels on the plasma membrane, we would not expect calcium ionophore-triggered
AE to be affected by calmodulin antagonists. In fact, such antagonists no longer block
A23187-stimulated AE, but rather stimulate it. Interestingly, in SLO-treated sperm (where all
channel activity is nullified by permeabilization), these antagonists are able to elicit exocytosis
by themselves. This exocytosis relies on a functional fusion machinery involving Rab and
SNARE:s. Consistent with these observations, calmodulin itself inhibits the acrosome reaction
in permeabilized sperm.”® In summary, it appears that calmodulin modulates more than one
step during AE. In an early phase, it positively regulates the opening of calcium channels elic-
ited by physiological inducers. Later on, calmodulin exhibits an inhibitory role. What its tar-
gets might be at this late phase is not yet known. We do know, however, that it is not Rab3A.7%77

Fusion Molecules/Stages: The Molecules and Mechanisms of Exocytosis
Calcium-triggered membrane fusion and exocytosis is widespread in neural, endocrine, exo-
crine, haemopoietic and perhaps all cells, where several distinct types of vesicles are employed. In
all cases, membrane fusion is governed by conserved sets of proteins that are classified into a few
protein families. These proteins include GTPases of the Rab family,”®”? the seclp/Munc-18
protein family,®® and SNARE proteins.?**">”#! The SNARE protein superfamily contains the
syntaxin, SNAP-25 and synaptobrevin/VAMP protein families. Syntaxins and SNAP-25-like
proteins were originally designated as t-SNAREs due to their localization on target membranes,
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Figure 6. Human sperm synaptotagmin is phosphorylated in the polybasic C2B region. Sperm
were triple stained with an anti-phosphosynaptotagmin antibody (A); FITC-PSA to differentiate
between reacted and nonreacted sperm (B); and Hoechst 3258 to visualize all cells in the field
(C). Scale bar = 5 um. Phosphosynaptotagmin (PP) localizes to the acrosomal region, consistent
with its role in AE. Accordingly, a spontaneously reacted sperm (asterisk in B) was negative for
acrosomal PP staining (asterisk in A). D) model for PKC-mediated regulation of synaptotagmin
VI C2 domains’interaction with putative membrane-bound effectors during AE. In resting sperm,
synaptotagmin is phosphorylated and maintained in an inactive conformation. Sperm stimula-
tion with calcium leads to dephosphorylation by a still unidentified phosphatase and substantial
conformational changes that de-repress synaptotagmin’s ability to interact with its effectors and
accomplish exocytosis. Recombinant C2A and C2B domains compete with the endogenous
synaptotagmin for the effectors, preventing AE. This effect is abolished by PKC catalyzed
domain-phosphorylation. PM: plasma membrane; OAM: outer acrosomal membrane. (Reprinted
from: Roggero CM et al. Dev Biol 285:422-435, ©2005, with permission from Elsevier.5?)
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whereas the vesicular VAMPs were termed v-SNAREs. More recently, these proteins have been
reclassified as R-SNARE:s (arginine-containing SNAREs) or Q-SNARE: (glutamine-containing
SNARESs), based on the identity of a highly conserved residue.®? Syntaxin and SNAP-25 are
Q-SNAREs whereas VAMP is an R-SNARE. The Q- and R-SNARE:s form tight heterotrimeric
complexes during the fusion process. These ternary complexes are highly resistant to denaruring
reagents but undergo disassembly with the assistance of chaperone-like molecules known as
NSF (an ATPase) and SNAPs (o, B and 7).8 It is thought that the energy released during
complex formation is transfered to the membranes via the proteins’ membrane anchors and
used to initiate membrane fusion by pulling the membranes together. In vitro, isolated sets of
cognate SNARE proteins are able to drive liposome fusion.® “Flipped” SNAREs, whose topol-
ogy is inverted so that the cytoplasmic domains are extracellularly oriented, accomplish cell-cell
fusion between cells where these proteins are expressed.% These reports identify SNARE; as part
of the minimal machinery for membrane fusion. Others, conversely, claim that SNAREs are
dispensable for fusion.®®” Syntaxin and VAMP are anchored to the lipid bilayer by transmem-
brane regions found at their carboxy termini, whereas SNAP-25—which lacks a transmem-
brane region—is thought to be anchored by palmitoylation of a cysteine-rich sequence in the
center of the molecule. Q-SNAREs and R-SNAREs contribute three and one helixes respec-
tively to ternary complexes. When Q- and R-SNARE: reside on the same membrane, complexes
are in a cis, fusion-incompetent, configuration. In contrast, when Q- and R-SNAREs reside on
opposite membranes, complexes are in a trans, fusion-competent, configuration. It has been
shown that SNARE proteins assembly begins at the amino terminus portion of the molecules
progressing from partly (loose) to fully (tight) zippered complexes (see Fig. 1 in ref. 20).

In spite of what is thought to be a common set of molecular mechanisms involving Rab,
Munc-18, synaptotagmin and SNARE proteins, modes of regulated vesicle exocytosis exhibit a
great deal of variation in calcium sensitivity, rates of calcium-triggered fusion and latencies to
fusion following a calcium trigger.?> Furthermore, while there is consensus regarding exocyto-
sis as a highly regulated, multistage process including targeting, priming, docking, and fusion
of secretory vesicles with the plasma membrane, there has been an unfortunate divergence in
terminology with respect to terms such as docking, priming and fusion. Confusion in the
literature has arisen from the application of dissimilar standards to define membrane fusion
steps.®” Thus, scemingly opposite conclusions in terms of whether priming takes place before
or after docking have arisen from the fact that morphological, functional or molecular criteria
have been used to claim granules are or not docked (see ref. 6 and the discussion in ref. 88).
Furthermore, continued neurotransmission requires cycles of exo- and endocytosis, so it can be
difficult to define in such recycling systems exactly when postfusion becomes predocking. In
general, the morphological distribution of vesicles and granules can be misleading, as this can-
not easily be interpreted in relation to protein interactions known mainly from in vitro studies.

I summarize in Table 2 four of the current, prevalent exocytosis models and their molecu-
lar correlates. My intention is to compare—and if possible unify—models, rather than to
present a comprehensive review of all the plausible mechanisms put forth by researchers in
this field. Whether the models illustrate an actual divergence of mechanisms inherent in the
transport steps, or simply of interpretations based on different measurement assays, or both,
remains to be seen. In model I, docking is SNARE-independent (the docking machinery is
either undefined or Rab3-related) and priming is a post-docking process involving assembly
of trans SNARE complexes. Priming includes all the molecular rearrangements and
ATP-dependent protein and lipid modifications that take place after initial docking of a secre-
tory vesicle but before exocytosis, such thar the influx of calcium is all that is needed to trigger
nearly instantaneous release. In this context, priming converts docked vesicles into the slowly
releasable pool (SRP) and later into the readily releasable pool (RRP). Both pools of vesicles
exocytose, albeit with different kinetics and calcium sensitivities. Finally, a-SNAP/NSF dis-
play a post-fusion role, recycling the fusion machinery. A similar sequence of
priming-docking-fusion-post-fusion (0-SNAP/NSF)—but without the prediction of two
exocytotic pools—has been proposed for yeast exocytosis.®’ In model II SNAREs remain
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Table 2. Fusion steps in secretory vesicle exocytosis and their proposed SNARE
configuration correlates
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Loose, Loose,
Reversible Reversible Tight Tighter
Attachment  Attachment Association Association
Fusion Between V Between V Between V Between V. Post
Step and PM and PM and PM and PM Fusion Ref.
SNAREs  cis monomeric loose trans tight trans cis
complexes complexes
Model | - docking priming (1), priming (1),  recycling A
SRP RRP NSF/a—SNAP
Model I morphological NSF/o-SNAP-  SRP RRP B
docking sensitive (primed)
Model Il Rab priming docking docking C
(AE) NSF/o-SNAP
Model IV priming tethering—docking D
NSF/o-SNAP Rab/SNAREs

A:35,143,155-158; B:114,159,160; C:18,51; D:48,86,90,161,162. Although Model 1V as depicted is
mainly derived from the yeast vacuolar fusion model, | maintained the mammalian fusion protein
nomenclature for simplicity. SNARE proteins: VAMP in blue, syntaxin in red and SNAP-25 in green.
A color version of this table is available online at http://www.Eurekah.com.

engaged in inactive cis complexes even after the vesicle is morphologically docked to the
plasma membrane. Once again, priming follows docking, but here it involves the dissociation
of cis SNARE complexes by 0-SNAP/NSE whereby these proteins exhibit a prefusion role.
As we can see, the term “priming” means dissociation in Model II and exactly the opposite
(association) in Model 1. In Model IV, priming by &-SNAP/NSF might be concomitant with—
or immediately precede—the complex process of tethering (loose membranes attachment)
initiated by Rab, and takes place before trans SNARE mediated docking. As we will see in the
rest of this chapter, the acrosome reaction fits nicely within model II1. This model is molecu-
larly similar to model II, but with a few differences, mainly in the nomenclature used to
define each step. We favor the use of the term “tethering” to define the initial recognition and
binding of the outer acrosomal and plasma membranes. By definition, this binding extends
over a relatively long distance. May I point out, however, that we haven't yet developed a
method to distinguish visually between tethered and nontethered acrosomes. Therefore, we
employ a well established, molecular definition for tethering as being SNARE-independent,
triggered by Rabs and accomplished through the recruiment of tethering factors.”®®! Produc-
tive tethering is followed by membrane “docking”; a stronger—and spatially tighter—interac-
tion of the two bilayers engaged in fusion. Again, we use a molecular, rather than a morpho-
logical, definition, whereby docking is achieved by trans SNARE pairing. We use the term
“priming” to describe the activation of the fusion machinery. Priming includes—but is not
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limited to—the unpairing of cis SNARE complexes on both membranes by o--SNAP/NSF to
make them available for productive, trans pairing and subsequent fusion. It follows from
these definitions that both tethering and priming precede docking. Because in the acrosome
reaction Rab3 functions prior to 0--SNAP/NSEF, we believe tethering—defined as a Rab3-elicited
step and not necessarily as the complete physical association between membranes—precedes
priming. Tethering, priming and docking take place before the second efflux of calcium from
the acrosomal store. Models I and II derive from studies conducted in cells with different
pools of secretory vesicles, such as neurons, PC12 and chromaffin cells. Models III and IV,
better fit data obtained in systems where vesicle populations are thought to be homogeneous,
such as sperm and yeast vacuoles. Model III is, nevertheless, favored by some authors to
explaliél the role of a-SNAP/NSF in secretory granule exocytosis in chromaffin and PC12
cells.

Rab3A

Rabs are small GTP-binding proteins that behave as molecular switches by cycling be-
tween inactive (GDP-bound, in the cytosol) and active (GTP-bound, membrane-associated)
states.”” Before fusion, the transport intermediate or secretory vesicle needs to recognize and
become attached to the target membrane. As we have seen before, in addition to coordinat-
ing several sequential events during vesicular trafficking, Rabs are responsible for the recog-
nition and physical attachment of the membranes that are going to fuse.”®** This associa-
tion, or tethering, represents one of the earliest known events in membrane fusion. The
concept emerging from numerous studies is that a large fibrous protein or protein complex is
recruited by Rabs to different intracellular sites where they establish contact between cog-
nate membranes. Tethering factors contain large coiled-coiled domains. It has been sug-
gested that they may direct assembly of SNARE complexes at fusion sites.”>”> It is thro%gh
these tethering factor complexes that Rab3 has been implicated in post-tethering steps.”

Rab3 participates in regulated exocytosis of neurotransmitters and hormones.””””” One of
the four isoforms, Rab3A, is present in the acrosomal region of human,?? rat,”® and mouse®®
sperm. Rab3A has been reported to stimulate human?®? and ram,”® and to inhibit rat®® sperm
acrosome reaction. The Rab3A specific tool used in the latter two papers was a synthetic
peptide encompasing the effector domain. We have used an identical peptide and also the
full length, in vitro prenylated, and persistently activated with GTP-Y-S recombinant Rab3A
{referred to as “Rab3A” from now on) to analyze the effects of this small GTPase on AE.
Rab3A triggers sperm exocytosis to a magnitude similar to calcium. Predictably, extraction
of the endogenous protein by GDI1,2%% or blocking with a specific antibody®!'% prevent
AE. Rab3A does not require cytosolic calcium to elicit the acrosome reaction.*

Capacitation leads to an enhanced association of Rab3A with sperm membranes, presum-
ably correlating with its activation in preparation for the acrosome reaction. Interestingly, acute
removal of cholesterol from sperm membranes enhances both calcium-triggered exocytosis and
Rab3A targeting to membranes.!®® When AE is elicited by calcium, Rab3A is activated, sup-
posedly by boosting the exchange of GTP for GDP and the dissociation from GDI.”

Where in the fusion cascade involved in the acrosome reaction does sperm Rab3A play its
part? When elicited by exogenous Rab3A, exocytosis depends on o-SNAP/NSFE,!0!
SNAREs, 2 synaptotagmin VI,%? and an efflux of calcium from inside the acrosome,*’ coin-
ciding with the “post-SOC-pre-second acrosomal calcium release” role described above. We
believe Rab3A initiates the signalling cascade that will culminate in the tethering between
the outer acrosomal and plasma membranes, and the priming of the fusion machinery by
0-SNAP/NSE Whether the actual initial, reversible, physical contact between these mem-
branes happens before, or concomitantly with, cis-SNARE disassembly is something we do
not yet know.
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0-SNAP/NSF

SNAREs assemble into tightly packed helical bundles, the core complexes.!® Disassembly
requires the concerted action of the adaptor 0-SNAP (Sec 17 in yeast) and the hexameric
ATPase NSF (Sec 18 in yeast), whereby NSF uses energy from ATP hydrolysis to dissociate
itself and SNAP from the SNAREs and to disassemble the core complexes. Interestingly, o-SNAP
and NSF are not compartment-specific but participate in both constitutive secretion and in
regulated exocytosis.'® In the oriéinal SNARE hypothesis, disassembly of SNARE complexes
would lead to membrane fusion.!%” That model has been extensively revised, and we know now
that a-SNAP/NSF dissociate the cis—but not the trans’"'%_SNARE complex. Sec 18, on
the contrary, appears to disassemble both.® As I have discussed above, defining when SNARE
complexes dissociate has proven difficult and controversial. Dissociation of the cis-SNARE
complex by 0-SNAP/NSF has been reported to occur at a late, post-fusion step to recycle the
fusion machinery accumulating in the plasma membrane as a result of vesicle fusion. Alterna-
tively, an early, prefusion, priming role for 0-SNAP/NSF is strongly supported by evidence
from studies in a variety of models (reviewed in refs. 20,57).

NSF has been detected in human, mouse, rat, bovine, murine and rhesus macaque sperm.
Indirect immunofluorescence experiments revealed that it localizes to the acrosomal re-
gion 8192107 Nog surprisin&}y, 0-SNAP exhibits a similar localization in human sperm'?! and
mouse round spermatids.'® Our knowledge that the acrosome reaction relies on NSF derives
from its sensitivity to dominant mutants that cannot bind or hydrolyze ATP®® and on the use
of specific, inhibitory antibodies.'®! Likewise, an excess recombinant protein as well as anti-
bodies to a-SNAP prevent the onset of AE.’”! These proteins display a relatively early role,
prior to the second efflux of calcium from the acrosome.'”! We believe the step catalysed by
o-SNAP/NSF constitutes the priming of the fusion machinery, which is coupled to the tether-
ing between the outer acrosomal and plasma membranes initiated by Rab3A. As I have stated
above, priming includes the dissociation of cis SNARE complexes on sperm membranes. Inter-
estingly, the activity of sperm 0i-SNAP/NSF is not constitutive and appears to be completely
dormant in resting cells. Upon sperm stimulation by calcium or Rab3A, the activity is induced
and cis SNARE complexes disassembled.

SNAREs

SNAREs are required in multiple fusion events mandatory for cell survival even under
resting conditions. The notion that VAMP, syntaxin and SNAP-25 have a direct function in
exocytosis has received strong support from the identification of these proteins as the targets
of clostridial neurotoxins. Tetanus toxin (TeTx) and seven structurally related botulinum
neurotoxins (BoNT/A, B, C1, D, E, F and G) are potent inhibitors of secretory vesicle
release due to their highly specific, zinc-dependent, proteolytic cleavage of SNARE proteins.
BoNT/A and E cleave SNAP-25, BoNT/C cleaves syntaxin and, with much lower efficiency,
SNAP-25. The remaining BoNTs, as well as TeTx, are specific for VAMP.!% All SNAREs are
sensitive to cleavage by neurotoxins only when not packed in tight heterotrimeric com-
plexes.!!® The ratio of monomeric to assembled SNAREs depends on the type and physi-
ological condition of the cell. Thus, while some studies indicate that most SNARE:s are free
in the plasma membrane,'"! others suggest that they are engaged in complexes.!'>!!> What-
ever the steady state configuration of SNAREs in neuroendocrine cells might be, exocytosis
is blocked by neurotoxins, suggesting that SNAREs go through toxin-sensitive stages.!'411°

Published data on the presence of members of the SNARE complex in sperm comprise all
three protein homologues in sea urchin, 16118 3nd mammals. 24305 161.002.119 A T will detail
below, we have demonstrated a requirement for all three members of the SNARE complex in
the AR following several different approaches. We have also demonstrated that the onset of
sperm’s exocytosis relies on the productive assembly of ternary SNARE complexes. The first
line of evidence comes from the use of specific antibodies, which prevent the acrosome reaction.



134 Molecular Mechanisms of Exocytosis

The second line of evidence comes from the use of BoNTs. Treatment with BoNT/A, E, E, B
and C and TeTx resulted in a zinc-dependent inhibition of acrosomal release, indicating a
need for toxin-sensitive members of all three SNARE families in the acrosome reaction,
regardless of the stimulus applied.""1%2 Qurs constitutes the first piece of evidence that a
Rab-promoted fusion event can be effectively blocked by specific neurotoxins attacking
SNARE:.

Dynamics of SNARE Assembly and Disassembly

SNARE Configuration in Resting Sperm

The dynamics of SNARE assembly and disassembly during membrane recognition and
fusion is a central issue in intracellular trafficking, and much effort has been devoted to un-
raveling the mechanisms underlying regulated exocytosis. While a variety of critical observa-
tions have been made regarding microscopic, functional, electrophysiological, and biophysi-
cal processes, only a few have been reduced to a molecular explanation. This is mainly due to
a paucity of integrated physiological models that has so far restricted our ability to assign
molecular correlates to each stage of the fusion cascade. Regulated exocytosis in human sperm
is a privileged model in terms of permitting the direct inspection—in great detail and with
high resolution—of the dynamics of individual molecular species during exocytosis in a near
in vivo configuration.

As I have already discussed, 0-SNAP/NSF ate required for the acrosome reaction. Since they
only bind and dissociate cis SNARE complexes, their requirement suggested to us that sperm
SNAREs might be engaﬁed in such a configuration (remember that cis complexes are resistant
to neurotoxin cleavage).’'* To test the veracity of this hypothesis, permeabilized sperm were
incubated with the light chains of BONT/E, BoNT/B, or TeTx. After incubation, toxins were
inactivated by chelating zinc with N,N,N’,N’-tetrakis (2-pyridymethyl) ethylenediamine (TPEN).
AE was subsequently stimulated with calcium and secretion assessed. Although all three toxins
are able to block exocytosis, they do not do so when zinc is chelated before sperm stimulation
(Fig. 7). Because neurotoxins are proteases, their effect on sperm SNAREs is reflected in
immunostaining. Immunolabelling with an anti-syntaxinlA antibody results in a clear
immunolabelling in the acrosomal region of most cells (Fig. 8A). A similar pattern is revealed
with an anti-VAMP?2 antibody (Fig. 9A). Addition of BoNT/C does not decrease the immunof-
luorescence labelling, indicating that syntaxin is protected from toxin cleavage in resting sper-
matozoa (Fig. 8D). Likewise, VAMP2 is not susceptible to cleavage by BoNT/B (Fig. 9D) or
TeTx (Fig. 9M). To verify that sperm activation triggers ®-SNAP/NSF-catalyzed SNARE disas-
sembly in a step prior to the calcium efflux from the intra-acrosomal pool, this store was de-
pleted with BAPTA-AM, and sperm stimulated with extracellularly-applied calcium. The per-
centage of sperm with acrosomal syntaxin labelling decreased significantly, indicating that the
protein became BoNT/C-sensitive after sperm activation (Fig. 8G, asterisks indicate sperm with
intact acrosomes not stained for syntaxinlA). Likewise, VAMP2 is sensitized to BoNT/B (Fig.
9G, asterisks indicate sperm with intact acrosomes not stained for VAMP2) and TeTx (Fig. 9B
asterisks) when added prior to challenging with calcium. These data suggest that both R- and
Q-SNARE: are protected from toxin cleavage in resting cells, instead of cycling through
toxin-resistant and toxin-sensitive configurations as proposed in all other fusion systems. A cor-
ollary of this observation is that a-SNAP/NSF activity is not constitutive but rather induced by
sperm stimulation. Two post-translational modifications of NSF affecting its activicy on SNARE
complex disassembly have recently been described.!?%1?! Whether these or other mechanisms
are involved in the regulation of NSF funcion on AE remains to be elucidated.

SNARE Configuration following Sperm Activation

As we have just discussed, cis SNARE complexes disassemble and pass through a
toxin-sensitive configuration upon sperm stimulation. We also know that SNAREs are not
protected before the second efflux of intra-acrosomal calcium;®! hence only two configurations
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Figure 7. SNAREs are assembled in neurotoxin-resistant complexes in resting sperm. Exocytosis
in permeabilized spermatozoa was abolished by the recombinant light chains of BoNT/E, BoNT/
B and TeTx (neurotoxin—Ca?*), reflecting the dependence of exacytosis on neurotoxin-sensitive
Q- and R-SNARE proteins. Toxins were inactive when added in the presence of TPEN
(TPEN—neurotoxin—Ca?*). Surprisingly, they were also unable to cleave SNARESZprior tosperm
stimulation, even when preincubated long enough to cut (neurotoxin—»TPEN—Ca“*, black bars).
This means that VAMP and SNAP-25 are in a toxin-resistant configuration in resting sperm, and
that challenging with calcium makes them transit through toxin-sensitive conformations. AE was
assessed with FITC-PSA, data normalized with respect to the positive control {(Ca**), towhichwe
assign the 100% value, and expressed as acrosomal exocytosis index. (Figure reproduced from:
De Blas GA et al. PLoS Biol 2005; 3:323;>! this is an open access article. ©2005 De Blas et al.)

are possible. Either they remain as monomers or reassemble partially in loose trans complexes.
Due to the high propensity of SNAREs to form unproductive cis complexes in vitro, it is not
possible to directly study the nature of the partial or total trans complexes involved in exocyto-
sis by common biochemical methods such as immunoprecipitation or SDS-PAGE analysis.'?
In this regard, differential sensitivity to BoONT/B and TeTx constitutes an independent ap-
proach to distinguish between monomeric VAMP and that engaged in loose trans complexes.
These toxins cleave the same peptide bond, exposed in both configurations.'?® Interestingly,
TeTx binds to the N-terminal whereas BoNT/B binds the C-terminal portions of VAMP coil
domain. Since SNARE complex assembly begins at the N-terminus, the TeTx-recognition site
is hidden in loose SNARE complexes while the BoNT/B recognition site is exposed. In other
words, TeTx can only cleave monomeric VAMP while BoNT/B also cuts VAMP loosely as-
sembled in SNARE complexes.'? BoNT/B—but not Te Tx—is capable of inhibiting AE when
the system is stimulated with calcium or Rab3A and allowed to reach the intra-acrosomal
calcium-sensitive step.SI Therefore we can establish that: (i) SNAREs are in a loose trans con-
figuration before the second intra-acrosomal calcium release; and (ii) assembly of trans SNARE
complexes is calcium independent, unlike what has been described for exocytosis Models I and
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Anti-Stx 1A FITC-PSA Hoechst
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B-AM—-BoNT/C

B-AM—>BoNT/C—»Ca”

B-AM—BoNT/C-EA—>Ca™

Figure 8. Syntaxin1A is assembled in BoNT/C-resistant complexes that are disassembled by
sperm activation. Sperm were incubated with the recombinant light chain of BONT/C. The cells
were then fixed and triple stained with an anti-syntaxin1A antibody (that recognizes an epitope
that is trimmed by the toxin, red, left panels), FITC-PSA (to differentiate between reacted and
intactsperm, green, central panels), and Hoechst 33258 (to visualize all cells in the field, blue,
right panels). Notice the acrosomal staining revealed by the anti-syntaxin antibody. This pat-
tern is expected for a protein that participates in sperm exocytosis and is not observed in
spontaneously reacted sperm (arrowheads in D and E) because they have lost the membranes
where syntaxin is anchored. BoNT/C has no effect on resting sperm (compare panels A-C with
D-F). However, labelling in sperm stimulated with 10 pM calcium (in the presence of BAPTA-AM
to prevent exocytosis; observe that PSA staining is not affected) was significantly reduced by
the toxin (asterisks, panel G). In contrast, the same experimental condition in the presence of
a protease-inactive toxin (BoNT/C-EA) had no effect (panels J-L). Bars = 5 pm. (Figure repro-
duced from: De Blas GA et al. PLoS Biol 2005; 3:e323;°' this is an open access article. ©2005
De Blas et al.) A color version of this figure is available online at http://www.Eurekah.com.
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Figure 9. VAMP2 is engaged in loose trans complexes after sperm stimulation and before the
second efflux of intra-acrosomal calcium. Sperm were incubated with the recombinant light
chain of BONT/B or TeTx. BAPTA-AM was used in all cases to chelate intra-acrosomal calcium
and prevent the VAMP2-containing membrane loss inherent to the acrosome reaction {moni-
tored in central panels). The cells were then triple stained with an anti-VAMP2 antibody (notice
the acrosomal pattern, red, left panels), FITC-PSA (to differentiate between reacted and intact
sperm, green, central panels), and Hoechst 33258 (to visualize all cells in the field, blue, right
panels). BoNT/B and TeTx had no effect on resting sperm (compare panels D-F and M-O with
A-C). However, labelling in sperm stimulated with calcium was significantly reduced by the
toxins {(asterisks, panels G and P). In contrast, when cells were first allowed to arrive at the
intra-acrosomal calcium sensitive step and then treated with toxins, only BoNT/B caused a
significant decrease in the VAMP2 labeling (compare panels J-L with panels S-U). Bars =5 um.
(Figure reproduced from: De Blas GA et al. PLoS Biol 2005; 3:e323;5" this is an open access
article. ©2005 De Blas et al.) A color version of this figure is available online at http://
www.Eurekah.com.
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II (Table 2). As shown in Figure 8, immunofluorescence is a powerful technique to monitor
SNARE assembly status as reflected by their sensitivity to cleavage by neurotoxins. Differential
sensitivity of VAMP2 to TeTx and BoNT/B when engaged in loose complexes shows—by
VAMP?2 immunostaining—that these complexes form after sperm stimulation. As I have dis-
cussed eatlier, a significant decrease in the percentage of cells exhibiting VAMP2 acrosomal
staining is observed when toxin-loaded sperm are challenged with calcium (asterisks in Fig. 9G
and P). In contrast, when toxins are added after calcium (i.e., after AE has progressed to the
intra-acrosomal calcium-sensitive step), VAMP?2 labelling is attenuated by BoNT/B (Fig. 9],
asterisks) but not by TeTx (Fig. 9S). This pattern of VAMP?2 sensitivity to BoNT/B coupled to
resistance to TeTx implies its engagement in loose trans SNARE complexes. To summarize,
functional®® and immunofluorescence (Fig. 9) data demonstrate that, following sperm stimu-
lation, SNARESs are engaged in loose trans complexes awaiting the release of intra-acrosomal
calcium thar will trigger the final steps of AE. In the yeast vacuolar fusion model, docking by
trans SNARE pairing produces an unknown signal leading to the transient opening of calcium
channels on the vacuolar membrane. The resulting calcium efflux activates targets that catalyze
bilayer mixing.*>*¢ In sperm, on the contrary, productive trans SNARE pairing does not ap-
pear to be a prerequisite for intra-acrosomal calcium efflux, given that Rab3A is able to mobi-
lize intravesicular calcium in cells treated with BoONT/E.*’ We are currently devoting our ef-
forts to elucidate what—other than mere docking—is the signal that opens the IP3-sensitive
calcium channels on the outer acrosomal membrane to give origin to the second efflux.

Model

Model 11T applied to AE is depicted in Figure 10 where, for simplicity, only SNAREs are
shown. Initially, SNAREs are locked in inactive cis complexes on plasma and outer acrosomal
membranes. Rab3A is activated upon calcium entrance into the cytoplasm, initiating the teth-
ering of the acrosome to the plasma membrane and the activation of ®-SNAP/NSF, which
disassemble cis SNARE complexes on both membranes. Monomeric SNAREs are free to as-
semble in loose trans complexes, causing the irreversible docking of the acrosome to the plasma
membrane. At this point, calcium is released from inside the acrosome through IPs-sensitive
calcium channels to trigger the final steps of membrane fusion, which require SNAREs (pre-
sumably in tight trans complexes) and synaptotagmin.

Signalling Cascades

I have so far described the factors that induce the acrosome reaction and those that accom-
plish it in the end. In between, there are a number of intracellular signalling molecules that
carry the message from the inducer bound to the sperm surface to the membranes that ulti-
mately fuse. These include several signal-transducing components, second messengers, G pro-
teins, phospholipases, lipids, protein kinases and phosphatases, etc. The subject has been re-
cently covered in the literature. > 40111125132 Gince signalling pathways studies are, for the
most part, not concerned with membrane fusion, I will not consider them further in this
chapter, with the following two exceptions.

Protein Kinases and Phosphatases

Protein phosphorylation is a post-translational modification that allows the cell to control
various cellular processes. The phosphorylation state of phosphoproteins is controlled by the
activity of protein kinases and phosphatases. Mature spermatozoa have their own idiosyncra-
cies as highly specialized cells: they are highly compartmentalized, transcriptionally inactive,
and unable to synthesize new proteins. Therefore, their reliance on protein phosphorylation as
a means of modulating their function is greater than in other cells.’®? For instance, we have
shown regulation of synaptotagmin function by PKC-mediated phosphorylation on threonine
residues within the C2A and C2B domains. Western blotting of sperm populations during
capacitation and/or after exposure to AE inducers has been widely used in the reproductive
biology field, giving rise to a catalogue of phosphorylated proteins that is unfortunately not
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very reproducible and, with a few exceptions, conveys little information about the identity or
function of these proteins.

Protein tyrosine phosphorylation had been implicated in mammalian sperm AE since
treatment with inhibitors can block zona pellucida-'3413> and progesterone-'2¢13? induced
exocytosis. As I have already discussed, this approach is not ideally suited to distinguish
between changes ocurring specifically during AE, and not during capacitation. We reasoned
that if this post-translational modification plays a role during the acrosome reaction, then
changes in tyrosine phosphorylation when we stimulate sperm to undergo exocytosis shoud
be easily detected. Indeed, challenging sperm with calcium doubles the percentage of cells
depicting phosphotyrosine staining on the head (Fig. 11), indicating that the initiation of
signalling cascades leading to AE induces tyrosine kinase activity in sperm.’? Head tyrosine
phosphorylation takes place in two waves, the first shortly after cytoplasmic calcium increase
and the second in a later step, following the second intra-acrosomal calcium efflux. Our
functional assay shows that calcium- and Rab3A-induced protein tyrosine phosphorylation
is essential for human sperm AE, and again, that there are late acting kinases on whose
activity exocytosis depends. Sperm must contain kinases that presumably require a specific
microenvironment for optimal activity, with high and/or localized calcium concentrations
achieved upon efflux of intra-acrosomal calcium. Alternatively, a component activated by
intra-acrosomal calcium release, instead of calcium itself, could be responsible for the activa-
tion of these late acting kinases.> Is this a signature of spermr’s exocytotic cascade or does it
represent a widespread, and as of yet unexplored, phenomenon in membrane fusion?

Although there has been progress in the last decade in dissecting tyrosine
phosphorylation-related signaling pathways that are crucial for sperm function, surprisingly
litcle attention has been paid to the dynamics of the process. Protein tyrosine phosphatase
activity is of particular relevance since it can potentially control the strength of
phosphotyrosine-related pathways. So far, the only protein tyrosine phosphatase described
in sperm is the nontransmembrane PTP1B.%? Inhibition of tyrosine phosphatase activity
blocks AE and enhances tyrosine phosphorylation during the restricted time frame when
sperm are primed to undergo the AR.*? In summary, it would appear that sperm possess one
or more active tyrosine kinases and that phosphoprotein accumulation is normally prevented
by vigorous concomitant phosphatase activity. The fact that both tyrosine kinase and phos-
phatase activities are necessary for acrosomal exocytosis is intriguing. One possible explana-
tion is that one or more tyrosine residues on the proteins required for exocytosis need to
cycle between a phosphorylated and a dephosphorylated states to function properly. Alterna-
tively, certain tyrosine residues on protein members of the fusion machinery might need to
be phosphorylated while others might need to be dephosphorylated to elicit exocytosis. In-
terestingly, serine/threonine - but not tyrosine - dephosghorglation have been shown to par-
ticipate in the late phases of membrane fusion in yeast. 4142

cAMP/Epac

In many cell types, an increase in intracellular cyclic adenosine 3', 5'-monophosphate
(cAMP) concentration regulates calcium-triggered exocytosis.!*>1*4 In most cells, however,
an elevation of cAMP alone in the absence of a calcium rise is not sufficient to trigger exocy-
tosis.® Yet, a limited range of cells use cAMP as a major trigger for exocytosis. The cAMP
dependent pathways coexist with calcium-dependent ones for exocytosis in these cells, and it
is likely that they use a common final SNARE-dependent mechanism. cAMP-triggered exo-
cytosis in parotid gland—one of the best studied—requires PKA and VAMP2. The involve-
ment of other SNAREs or other components of the general fusion machinery in
cAMP-triggered exocytosis has not, until now, been investigated,® with the exception of the
pathway cAMP-Epac2-Rim-Rab3-calcium sensor, 147148

In sperm, various activation pathways required to achieve egg-fertilizing ability depend on
the intracellular rise of cAMP. Of particular interest here are those concerned with the acrosome
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Figure 11. Localization of tyrosine phosphorylated proteins in SLO-permeabilized human
sperm. After permeabilization with SLO, human sperm samples were fixed, permeabilized and
dual labelled with an anti-phosphotyrosine antibody (red staining, B, D, F) and FITC-PSA
(green staining, A, C, E). Two labeling patterns are detected on the sperm head, acrosomal (F
and arrowheads in B) and equatorial (arrowheads in D). All sperm present strong labeling in
the principal piece of the flagellum. Only acrosome-intact cells display tyrosine phosphory-
lation in the acrosomal region or in the equatorial segment, whereas acrosome reacted sperm
(asterisk in A) do not (asterisk in B). The yellow acrosomal signal in panel G indicates overlap
between the green and red signals seen in panels E and F. Shown are fluorescence micrographs
recorded with a confocal microscope. (Reprinted from: Tomes CN etal. Dev Biol 265:399-415,
©2003, with permission from Elsevier.>2) A color version of this figure is available online at
http://www.Eurekah.com.
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reaction.' 2614 It has been known for some time that reagents that increase intracellular AMP
levels induce exocytosis in mammalian sperm.!>® One of the mechanisms proposed to explain
these observations involved PKA activation by cAMP, leading to the opening of calcium chan-
nels.'?® We have recently unveiled an alternative mechanism—not related to PKA-induced
opening of calcium channels—by which cAMP triggers exocytosis in human sperm. This
cAMP-dependent step is located downstream of the influx of calcium into the cytosol through
SOC channels and is independent of PKA, suggesting that another cAMP target is involved.
We have identified Epac, a small guanine nucleotide exchange factor for the small GTPase
Rap, 1152 55 the cAMP target responsible for all its post-SOC opening effects in sperm exocy-
tosis. Like calcium, cAMP—via Epac activation—has the ability to drive the whole cascade of
events necessary to bring exocytosis to completion, including tethering and docking of the
acrosome to the plasma membrane, priming of the fusion machinery, mobilization of
intravesicular calcium, and ultimately, bilayer mixing and fusion. In fact, AE elicited by cAMP
proceeds in the virtual absence of cytosolic calcium, but all the effects of calcium on the acrosome
reaction appear to be mediated by cAMP/Epac.!>>1%4

Concluding Remarks

Sperm are attractive cells. Their study has drawn the interest of researchers from all over the
globe for decades. Initially came the description and cataloguing of the overall shape and prop-
erties of these cells in many different species, together with their genesis and development in
the testis. Later on, the study of the acrosome reaction took off owing to ultrastructural analysis
that achieved exquisite levels of detail. Those early studies described and characterized the
acrosome reaction as we know it today from a morphological point of view. Biochemical analy-
sis ensued, identifying ligands and signalling pathways whose end point was exocytosis. Some-
how, the unveiling of the molecular mechanisms involved in membrane fusion itself lagged
behind all this progress. This picture has changed dramatically in the last few years, due to an
explosion in our knowledge of the many proteins required for exocytosis and its regulation and
the discovery that very similar versions of these proteins play the same roles in virtually all
membrane fusion models. Sperm are not the exception to this rule.

The universality of mechanisms underlying exocytosis has greatly simplified our thinking
and means that these need not be studied in detail in all cell eypes, but future work can concen-
trate on the analysis of favorable secretory cell models. For instance, researchers are very ac-
tively searching for ways to manipulate exocytosis—to regulate the insulin-producing beta cells
of the pancreas to prevent diabetes or to get neurotransmitters released in the brain at the right
time or concentration. AE is a relatively simple model to address these issues in addition to its
inherent role in regulation of fertility.
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CHAPTER 10

Nonsecretory, Regulated Exocytosis:
A Multifarious Mechanism Employed by Cells
to Carry Out a Variety of Functions

Emanuele Cocucci and Jacopo Meldolesi*

Abstract

egulated exocytosis is most often identified as the late step of protein and neurotrans-
Rmitter secretion, consisting in the fusion between the membrane of secretory granule/

vesicle and the plasma membrane. However, a large number of nonsecretory processes,
often playing key roles in cellular function, are also based on regulated exocytosis. We propose
to call them nonsecretory regulated exocytoses. Here we illustrate a number of these exocytoses
taking place in cells where they play particularly important roles. Specifically, we deal with the
circulation of glutamatergic receptors, AMPA and NMDA receptors, at the postsynaptic com-
partment (usually dendritic spines); with the growth of neuronal axons, made possible by the
exocytosis of “plasmalemma precursor vesicles”; with the exocytosis-mediated wound healing,
by which cells repair mechanical lesions which otherwise would be lethal; with the exocytosis
of vesicles, including the enlargeosomes, at the varicosities of neurosecretory cells, necessary for
neurite growth and for the uptake of myo-inositol; with the traffic of vesicles rich in the Glut4
transporter in adipocytes, which is regulated by insulin and defective in diabetes mellitus; with
the H*/K* pump in the parietal cells of the stomach; with the aquaporin2 channel in the duct
cells of the kidney; with the compensatory plasmalemma enlargement in phagocytizing mac-
rophages and macropinocytizing dendritic cells. At the end we discuss the competence for
regulated exocytosis of specialized subfamilies of endosomes: multivesicular bodies; recycling
endosomes targeted to the cleavage furrow, that may be necessary for cytokinesis at the end of
mitosis; phagosomes and micropinosomes. Nonsecretory exocytoses are not peculiar proper-
ties of specialized cells only. Rather, they are widely expressed and several of them take place
concomitantly in single cells. The coordination of these processes, among themselves and with
secretory exocytoses, is a form of cellular complexity that remains to be investigated.

Introduction

The concept of regulated exocytosis, consisting in the stimulation-induced fusion with
the plasmalemma of the membrane of specialized secretory organelles, was introduced in the
mid fifties by George Palade as the mechanism responsible for the process of protein secre-
tion (Palade, 1956)." This mechanism explained numerous observations made by cytologists
in the previous decades, the first being the disappearance after animal feeding of the large
and dense zymogen granules typical of resting pancreatic acinar cells.? Shortly thereafter
regulated exocytosis, recognized at synapses® and in a variety of other secretory systems,*
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was proposed as the general mechanism by which proteins and other hydrophilic products,
often of key physiological importance, are released in bulk by the cells in response to ad-
equate cell stimulation. At the moment this concept is so widely and strongly established
that in many papers the nomenclature of discharge or release of secretion products, and even
that of secretion, have been used instead of regulated exocytosis to indicate the specific mem-
brane fusion process (for examples see refs. 7-9).

However, regulated exocytosis occurs not only during secretion but also in a variety of other
processes. Among these is lysosomal exocytosis, recognized in leucocytes and macrophages
already in the sixties and now known to occur in many, possibly all types of cells when exposed
to appropriate stimulation.'? Similar to secretion, however, lysosomal cxocytos1s results in the
discharge of specific materials segregated within the organelle lumen, in this case lysosomal
enzymes. From this point of view, therefore it can be envisaged as a form of secretory exocytosis
and therefore will not be considered here. In contrast, the processes we intend to discuss,
defined as nonsecretory regulated exocytoses,!! are aimed not to the discharge of segregated
material, but only to the transfer of membrane patches, from specific organelles to the plasma-
lemma. Changes of the plasma membrane, including the temporary intermixing of its own
components with the components of vesicle membranes, are known to take place also during
secretory exocytosis. These events, however, do not occur as independent processes, but rather
as the inevitable consequences of secretory exocytoses, destined to be rapidly corrected by spe-
cific endocytosis. Nevertheless, a few important proteins not involved in secretion (channels,
receptors), integrated in the membrane of synaptic vesicles or granules, have been shown to
reach their final destination at the cell surface by secretory exocytosis (for examples see refs.
12-14). This type of translocation, however, is not an independent process characterized by
peculiar timing and regulation, but a sort of hitch hiking of individual proteins in the mem-
brane of secretion cartiers. In contrast, in regulated nonsecretory exocytoses the surface trans-
location of membrane components is the key event, and its regulation can occur independently
of that of sectetory events taking place in the same cell.

The idea of regulated traffic of membrane taking place to and from the plasma membrane
independently of secretion is not new. Important examples were demonstrated, beginning in
the eighties/early nineties. In all previous studies, however, the interest was focused exclusively
on specialized processes taking place in single or a few types of cells, such as proton sccretlon
in the principal cells of the stomach 15 water resorption in the duct cells of the kidney'¢ and
glucose uptake in adlpocytes 7 For many years, therefore, these membrane traffic events were
envisaged as unique properties of individual cell types, with little impact in general cell biol-
ogy. Recently such an impact has increased. Several regulated exocytic processes, already known
in specialized cells, have been shown to occur also in other cell types, and to induce transioca-
tion cither of the same protein or of analogues of the same family. Moreover, the number of
recognized nonsecretory exocytoses has greatly increased, and is still increasing at fast rate.
Somc of them have a role in new, others in classical processes, such as phagocyt051s and cytoki-
nesis,'! that until recently had not been thought to include regulated exocytic events. Finally,
the molecular properties of these nonsecretory exocytoses, in particular the differences among
themselves and with respect to the secretory processes, have become to emerge. We conclude
that this field, already very interesting at the moment, is destined to gain momentum in
relation not only to cell biology and pathology (for example, in diabetes mellitus, diabetes
insipidus, gastric ulcers, some forms of muscle distrophy and so on), but also of biotechno-
logical applications.!

In our previous contribution, published last year, the most important examples of
nonsecretory exocytosis were classified in two groups: those aimed at the translocation to the
cell surface of specific proteins and those aimed at the expansion of the cell surface area, as
needed when intense endocytosxs o specific processes (cellularization, differentiation, wound
healing etc) take place.!! The known cellular and molecular properties of those processes were
mentioned, however only briefly. Here we will focus specifically on those aspects, considered
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in the cells where nonsecretory exocytoses are particularly important and/or multifarious. In
addition, we will discuss the state of a family of organelles, the endosomes, believed until
recently to be incompetent for regulated exocytosis, some members of which have been found
to undergo the process, at least in specific cells after adequate stimulation.

Synaptic Transmission

Changes of receptor surface density is one of the basic mechanism by which cells modulate
their responses to external stimuli. In neurons this mechanism is more sophisticated than in
other cells because most membrane receptors, after reaching the surface, need to cluster at
discrete domains, for example at the postsynaptic membrane, in order to participate in key
processes such as synaptic transmission. The demonstration, both in the hippocampus and the
cerebral cortex, that the receptor-channel necessary for glutamatergic transmission, the AMPA
receptor (AMPAR), lacking in a fraction of the specific synapses, is however reintroduced after
a few min of stimulation due to a Ca?*-dependent, calmodulin-mediated process of vesicle
exocytosis, explained an electrophysiological observation that had remained mysterious, the
existence of the so called silent synapses. The latter are normal in the presynaptic compartment
where a normal number of synaptic vesicles are exocytized upon stimulation, with ensuing
glutamate release as in functional synapses. In silent synapses, however, no rapid response is
activated because the only glutamate receptor-channel exposed, the NMDA receptor (NMDAR),
requires for opening the concomitant depolarization of the postsynaptic membrane, a physi-
ological consequence of AMPAR activation. The traffic of the latter receptor, in and out the
postsynaptic membrane, does therefore regulate transmission, playing a key role in synaptic
plasticity. The latter process, by which synapses do retain messages, is regarded as the cellular
basis of learning and memory (for reviews see refs. 18, 19).

Several aspects of the AMPAR trafficking in the hippocampal and cerebral cortex neurons
deserve attention. The receptor-rich exocytic organelles are small vesicles distributed in the
proximity of the postsynaptic compartment, usually the dendritic spines. So far they have not
been isolated, therefore details about their composition are still unknown. However their
exocytosis is known to be blocked by tetanus toxin, which works by cleaving the vesicular
SNARE, VAMP2.” The plasma membrane SNAP2S5 is also involved. Because of these two
proteins, the exocytosis of the AMPAR-rich vesicle seems to resemble that of synaptic vesicles.
However, the appearance of newly exocytized AMPAR at the post-synaptic membrane does
not occur in msec, as transmitter release, but requires a few min. Such a delay may be only
apparent. The exocytosis of receptor-rich vesicles, in fact, cannot occur directly at the postsyn-
aptic membrane, where the dense cytoskeleton (postsynaptic density) affects circulation of
vesicles, but at some distance (Fig. 1). Once exocytized, the receptor needs therefore to diffuse
in the plane of the plasmalemma in order to reach its functional site, where further diffusion
is precluded by its direct binding to a complex composed by two postsynaptic density pro-
teins, PSD95 and SAP97.2° The regulative step of the vesicle exocytosis has been shown to
depend on the direct phosphorylation of the GluR1 subunit (at the serine 845) by the
Ca?®*-calmodulin-dependent protein kinase IT (CamKII),”! which is also concentrated at the
postsynaptic compartment (Fig. 1).

AMPAR is not the only receptor trafficking at synapses. In the hippocampus the cytokine
tumor necrosis factor o, which modulates positively the exocytosis of AMPAR-rich vesicles,
induces a decreased exocytosis of the vesicles rich in the inhibitory receptor, the GABA-A recep-
tor. The two effects cooperate to increase the excitability of neurons.”* Also NMDAR is not a
static component, rather, it does circulate from cytoplasmic organelles to the postsynaptic mem-
brane and viceversa.”? Interestingly NMDAR, which at nascent synapses is mostly located in
relatively large structures that immunocytochemistry suggests to be, at least in part, endosomes,
circulates much faster than AMPAR. Also the exocytosis of NMDAR appears different from that
of AMPAR since its main controller appears to be not Ca** but protein kinase C (PKC) (Fig.
1).24 Moreover, the SNAP SNARE involved in the fusion of NMDA-rich vesicles is SNAP23,
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Figure 1. The multifarious exocytic membrane traffic taking place at synapses. [n addition to the
classical transmitter release exocytoses of clear and dense-core vesicles, taking place at the
presynaptic terminals (right), at least three distinct types of nonsecretory exocytoses have been
demonstrated at glutamatergic synapses, inducing the surface appearance of the Pl transporter
(presynaptic, HMIT, ) and of the two main ionotropic receptors, AMPA and NMDA receptors
(post-synaptic, ® and W, respectively). The latter, which occur at the lateral face of the spines
(and not at their final destination, the true post-synaptic membrane, where membrane traffic is
precluded by the specific cytoskeletal density of PSD, yellow), are controlled by different signals:
Ca’* (viaCamKIl) for the AMPA receptor; protein kinase C for the NMDA receptor. A color version
of this figure is available online at http://www.Eurekah.com.

not SNAP25.% Other brain areas, other receptors and other regulatory pathways can also exhibit
properties analogous to those described for hippocampal AMPAR. For example, a
calmodulin-dependent, clostridial toxin-sensitive exocytosis of AMPAR -rich vesicles induced by
application of pain occurs in lumbar neurons of the spinal cord and is responsible for the hype-
ralgesia;?® the vanilloid receptor (TRPV1) of dorsal root ganglion neurons is localized in VAMP2
positive vesicles and undergoes botulinum toxin-sensitive exocytosis in response to application
of a variety of stimuli working via activation of PKC* and/or PI3kinase and Srk kinase.?® Fi-
nally, at presynaptic and neurite terminals of differentiated PC12 cells, rapid (<1 min) exocytosis
of small vesicles distinct from the secretory clear and dense vesicles, induced by a variety of
stimuli (depolarization, activation of PKC, increased [Ca?*];), results in the translocation of the
H*/myo-inositol symporter, a molecule essential for the neuronal uptake of the sugar necessary
for both phosphoinositide metabolism and the secretory exocytic process (Fig. 1).

Axonal Growth and Wound Healing

Axonal growth, one of the key processes in embryonic brain development and nerve regen-
eration, requires considerable expansion of the neuronal plasma membrane depending to a
large extent to exocytosis of intracellular organelles. For quite sometime this membrane en-
largement was believed to be a by product of the exocytosis of secretory organelles, clear and/or
dense-core vesicles, however this is not the case. Growing axons are believed to contain
nonsecretory vesicles competent for exocytosis, defined as plasmalemma precursor vesicles,

hich al for th h of dendrites.” Th i f th icles is still
which may also serve for the growth of dendrites. e precise nature of these vesicles is sti
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Figure 2. PC12 cells differentiated by NGF express enlargeosomes close to the plasma membrane
atboth the soma and varicosities. Merged 3D renderings of deconvoluted wide-field microscopy
images stack of a differentiated PC12 cell immunolabeled for markers of secretory organelles
(synaptophysin, green, localized in both clear and dense vesicles), enlargeosomes (desmoyokin/
Ahnak, red) and nucleus (DAPI, blue). Notice that the two types of organelles do not coincide
and therefore are distinct from each other; and that they are distributed both in the cell body and
in the varicosities at the tip of the fibers. In terms of intracellular distribution the enlargeosomes
appear close to the plasma membrane more often than the secretory vesicles. Enlargement:
1250X. A color version of this figure is available online at http://www.Eurekah.com.

largely unknown, however some interesting properties have emerged. Their SNARE appears to
be not VAMP2, as in secretory and other exocytic vesicles, but Ti-VAMP (also known as
VAMP7?), which is insensitive to tetanus toxin.2® Moreover, at least some of these vesicles ap-
pear rich in receptors for axonal guidance factors. Thus, their exocytosis increases the out-
growth potential of the axon.>! Exocytoses governing axonal growth are stimulated by many
factors, such as insulin and IGF1 (but not BDNF), working through various intracellular sig-
nals: cAMP and protein kinase A>*3! Ca?*-calmodulin and CamKI1**** PI3K and Akt.®

Another process dependent on regulated exocytosis, which occurs not only in axons but
also in many, if not all cells, is the healing of cell membrane wounds. This process is important
because cells are wounded quite often, especially when exposed to mechanical stress. The repair
occurs spontaneously, however only when the margins of the wounds come in direct contact
with each other. This cannot occur unless the surface area of the cell is increased. A form of
exocytosis that appears to participate in wound healing is lysosomal exocytosis.>® However,
when this form is blocked pharmacologically, repair occurs anyway.”” Additional organelles,
therefore, must be involved. Among these are the enlargeosomes small juxta-plasmalemma
vesicles expressed by a variety of cells which, after approyriate [Ca?*]; rises, are exocytized very
quickly (<1 sec) by a tetanus toxin-insensitive process”>>® (Fig. 2; see also “Neurosecretory
Cells” section). The capacitance increases observed previously by patch clamping in various
nonsecretory cells (CHO and 3T3 fibroblasts) after strong stimulation®®#! might also be due
to exocytosis of enlargeosomes. In skeletal muscle a defect in wound healing occurs in case of
mutations of dysferlin, a peripheral protein of a subplasmalemma vesicle competent for regu-
lated exocytosis.® Other organelles, defined all to§ether as the “emergency response team”,
appear to be also involved in plasmalemma repair.
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Neurosecretory Cells

When exposed to NGE, the best known neurosecretory cell line, PC12, differentiates with
acquisition of a neuronal-like phenotype. For this reason PC12 cells are extensively investi-
gated also as a neuronal model. Until recently the exocytoses investigated in these cells were
those of the two secretory vesicles: the numerous dense, catecholamine-containing granules,
which resemble the dense-core vesicles of neurons and the chromaffin granules of the adrenal
medulla, and the clear, acetylcholine-containing vesicles, that have never been identified with
certainty at the cellular level. Our studies on enlargeosomes, carried out primarily in a PC12
clone defective of neurosecretion, have shown that those nonsecretory exocytic organelles, dis-
tinct from the secretory vesicles, are scarce in nondifferentiated PC12 but increase markedly
during differentiation, accumulating in the varicosities of neurites (Fig. 2).3® Enlargeosomes
appear as unique organelles. Their membrane, resistant to nonionic detergents, appears to be
composed primarily by membrane rafts; their exocytosis resembles the clear vesicle exocytosis
in its fast rate (<1sec from the rise of [Ca®*};) and yet it is insensitive to tetanus toxin and does
not involve the SNARE: of neurosecretion, VAMP2, SNAP25 and syntaxinl; their endocyto-
sis, which does involve neither clathrin nor caveolin, appears distinct also from the other forms
of endocytosis described so far.*®%

Enlargeosomes, however, ate not the only nonsecretory exocytic organelle present in PC12.
A specific marker, IRAP, documents the expression of the exocytic vesicles usually positive for
Glut4 (see “Adipocytes, Kidney Duct Cells and Gastric Parietal Cells” section). Even more
interesting, differentiated PC12 express, primarily at their varicosities, the vesicles specific for
the myo-inositol transporter already presented in neurons (see “Synaptic Transmission” sec-
tion) (Fig. 1).* The exocytosis of these vesicles, triggered by Ca®* and PKC activation, but not
by cAMR is fast as that of enlargeosomes, however their endocytosis is dynamin-dependent,
while that of enlargeosomes is not. The two organelles, therefore, appear distinct from each
other. We conclude that, in addition to the two secretory organelles, which are discharged at
different rates in response to different rises of [Ca?*];,% at least two types of nonsecretory
organelles are trafficking in differentiated PC12 cells, one enabling the cell to pick up
myo-inositol, which is necessary for membrane fusion, another to control the surface area. All
these vesicles respond to similar signals, although possibly under not identical conditions. The
coordination of these events represents an exciting subject from future studies.

Adipocytes, Kidney Duct Cells and Gastric Parietal Cells

Each of these cell types is characterized by a major nonsecretory exocytic system which has
attracted interest since long time, initially for physiological and pathological reasons, more
recently also from the cellular and molecular points of view. By their continuous and regulated
membrane trafficking, from the cytoplasm to the plasma membrane and viceversa, these sys-
tems control the surface expression of critical molecules: the glucose transporter Glut4, that
mediates the insulin action on glucose metabolism; the aquaporin2 channel, that regulates
reuptake of water from the kidney ducts; and the H*/K* pump, which is responsible for the
acidic environment of the gastric lumen, respectively. The organelles and their exocytoses have
been discussed in detail in long lists of papers, including numerous recent reviews (see, among
others, refs. 46-49, for aquaporin2; see ref. 50, for the gastric H*/K* pump), as well as in our
previous opinion paper (see ref. 11). Here we will concentrate only on a few molecular and
functional aspects considered in parallel in the three systems.

Similarities among the Glut4, aquaporin and H'/K* pump exocytic systems are numerous.
First, their exocytoses do not follow quickly the application of stimuli but require a few min to get
started even if the competent vesicles (in the case of gastric parietal cells the larger, so called
tubulovesicles) are distributed in the proximity of the plasma membrane; second, these exocy-
toses use VAMP2 as the vesicular SNARE, thus they are all sensitive to tetanus toxin. The SNAREs
of the plasma membrane are either SNAP23 and syntaxin 4 (aquaporin2 and Glut4) or SNAP25
and syntaxin3 (H'/K"' pump); third, the post-exocytic endocytosis is in all cases clathrin-dependent;
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fourth, the endocytized vesicles reacquire competence for exocytosis within relatively short rimes,
without travelling back to the Golgi complex or TGN. As far as the intracellular messengers
responsible for the stimulation of exocytosis, aquaporin and H*/K* pump vesicles respond to
cAMP while Glut4 is regulated by the cascade of events triggered by stimulation of the insulin
receptor: P13 kinase, akt, PKCL. Interestingly, in addition to the classical PKA pathway, with
phosphorylation of relevant proteins, the exocytic effect of the cyclic nucleotide appears to be
mediated by alternative mechanism(s), possibly based on the GTP/GDP exchange at specific G
proteins.”! The existing similarities suggested the vesicles of the three nonsecretory systems to be
of a single type, with differences dependent on the different gene expression of various cells. This
however does not seem to be the case. In fully differentiated 3T3-L1 adipocytes, Glut4 and
aquaporin2 are distributed to distinct cytoplasmic vesicles which undergo exocytosis in response
to different stimulations, i.e., by insulin in the first case; by increase of cAMP in the second.>?

Macrophages and Dendritic Cells

In the course of their activity these cells, and other cell types as well, undergo major endocytic
processes, i.e., phagocytosis and macropinocytosis, by which large fractions of the plasma mem-
brane are transferred to the cytoplasm. Since the cells cannot reduce their surface area below a
certain level, these processes necessarily require compensatory exocytoses to take place, con-
comitantly or even before phagosome or macropinosome sealing. Clear evidence demonstrates
that this is indeed the case. An indirect assay of plasma membrane area, based on the changes of
the surface tension in phagocytizing neutrophils, has revealed the plasma membrane area to
increase up to 80% after stimulation of phagocytosis most likely due to exocytoses of cytoplas-
mic vesicles initiated even before sealing (Fig. 3).” In phagocytizing macrophages the exocytized
vesicles scem to be of at least two types, one characterized by the SNARE VAMP3,%4 the other
by VAMP7;* in dendritic cells the organelles exocytized to compensate for macropinocytosis
are most likely enlargeosomes.’®
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Figure 3. Nonsecretory exocytoses compensate for the large plasma membrane internalization
taking place during phagocytosis. When macrophages and leukocytes phagocytize solid par-
ticles, for example bacteria, they internalize in bulk large plasma membrane sheets, thus giving
rise to phagosomes. Extensive evidence demonstrates that this internalization does not result in
a restriction of the cell surface because it is compensated by the Ca?*-dependent exocytosis of
vesicles, initiated even before the sealing of the phagosome (left) and continued thereafter (right).
The nonsecretory vesicles involved have not been isolated yet. They may be of two types, using
for membrane fusion either VAMP3 (cellubrevin) or VAMP7 (TiVAMP).
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Exocytosis of Endosomes

During the last few years the number of endosome classes has increased from one to several,
and at the moment is still growing. The classical acidic organelles are still intensely investi-
gated, and numerous new details have been clarified concerning their origin from coated vesicles;
their constitutive traffic from the early (or sorting) to the perinuclear recycling compartment;
their constitutive recycling back to the plasma membrane; their alternative pathway, important
especially for the endocytized materials, from early endosomes to lysosomes (see ref. 57). In
additon new types of endosomes, distinct from the classical type in almost all properties:
markers, lumenal pH (neutral), intracellular pathways, mechanisms of fusion etc, are attracting
great attention (see refs. 58-60). The question about endosomes we intend to discuss concerns
their exocytosis: Is it constitutive in all cases or regulated in some of them? Although many,
most likely the vast majority of endosomes are indeed incompetent for regulated exocytosis,
several exceptions have been reported.

The first example, known since several years, is the regulated exocytosis of multivesicular
bodies, organelles generated by the internalization of many small vesicles from the membrane
of large “mature” endosomes, taking place late in the pathway from endosomes to lysosomes.
The ensuing release of the segregated vesicles (the so called exosomes), is important for various
functions among which antigen presentation, transferrin receptor removal from reticulocytes,
release of prion protein and aggregation of platelets (see refs. 61,62). However, multivesicular
bodies are proximal to lysosomes. Their regulated exocytosis, therefore, could be considered as
a form of prelysosomal (see “Introduction” section) and not bona fide endosomal exocytosts.

Other examples concern specialized forms of endosomes. The most impressive is
cellularization of the drosophila eggs, a process that converts, within approximately 2hr, a
single mega-cell exhibiting over 6,000 nuclei aligned below the plasma membrane into an
equal number of discrete cells. In this case the enlargement of the plasma membrane is ob-
tained by addition of intracellular membranes with formation of invaginations between adja-
cent nuclei, beginning with the establishment of intercellular adherens junctions. Extensive
studies, carried out also by the use of dominant-negative constructs, have revealed the involve-
ment of various proteins, including Rab11, which is considered a marker of recycling endosomes,
and dynamin, known to participate both in the clathrin-dependent and in other forms of
endocytosis. Whether these proteins are essential only for the membrane traffic necessary to
drive vesicles to their site of insertion, or whether they are also markers of the vesicles undergo-
ing exocytoss, is still discussed. Whatever the answer, the traffic of vesicles positive for recy-
cling endosome markers is for sure the predominant membrane transfer necessary for
cellularization (see ref. 63).

A similar example is mitotic cytokinesis (Fig. 4). Traditionally, the various phases of mitosis
have received much more attention than cytokinesis, the process by which daughter cells sepa-
rate from each other. For long time, in fact, the latter was believed to depend only on the
contraction of the cytoskeleton. Now it is clear that, to make cell abscission possible, a consid-
erable number of cytoplasmic vesicles needs to undergo exocytosis near the cleavage furrow.
That this indeed occurs is documented also by the local appearance of a few surface markers
distinct from the rest of the plasma membrane (see ref. 64). These exocytoses need to be pre-
ceded and accompanied by an intense program of coordinate membrane traffic. Endocytosis,
no longer occurring from the beginning of mitosis, is resumed during later stages,®® and large
numbers of recycling endosomes are targeted to the cleavage furrow (Fig. 4). Also this mem-
brane traffic appears regulated by Rab11, assembled in a complex with another protein, FIP3,%
and working together with the small G protein Arf6.5%%” All these markers suggested the recy-
cling endosomal nature of the exocytized vesicles. Recently, however, a peculiar family of exocytic
vesicles, characterized by the SNAREs known to be involved in cytokinesis, VAMP8 and
syntaxin2,%8%° have been shown to cluster at the midbody of only one of the two partners
undergoing cytokinesis (Fig. 4), and to interact in a complex with a local protein, centriolin,
and a SNAREbinding protein, snapin.”® These vesicles exhibit no endosome markers. Rather,
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Figure 4. Cytokinesis, the last step of mitosis, is due to the exocytosis of nonsecretory vesicles.
For long time the separation of the two cells at the end of telophase was believed to be due
only to the contraction of the cytoskeleton, with ensuing squeezing of the cytoplasmic isthmus
(midbody) connecting the two cells. It is now clear that the separation could not occur without
nonsecretory exocytoses precisely focused at the midbody plasma membrane. The vesicles
widely believed to sustain the process are recycling endosomes (green), recognized by specific
markers (Rab12, FIP3, Arf6), which are known to undergo an intense traffic from a perinuclear
area to the midbody and viceversa (arrows). Recently, however, a population of specific
vesicles (blue) have been proposed to cluster near the midbody at one of the two cells involved,
and to undergo regulated exocytosis (Ca* dependent?) in a coordinate fashion, rapidly result-
ing in a sealing membrane patch in both cells. A color version of this figure is available online
at http://www.Eurekah.com.

they possess an at least potential secretory competence because they accumulated, and released
by exocytosis, a GFP-tagged construct devoid of retention and retrieval sequences and thus
unable to proceed to endosomes and lysosomes. Moreover, disassembly of the vesicle-associated
complex by mutation of either centriolin or snapin induced disruption of the midbody with
block of cytokinetic abscission, confirming the key role of the vesicles in the latter process. The
relationship between the new vesicles and the intense circulation of endosomes (Fig. 4) remains
to be explained.”® Whatever the nature of the vesicles, their fusion at the end of cytokinesis
takes place rapidly, probably in response to a Ca** signal,”! confirming the regulated nature of
their exocytic system.

A final mention concerns phagosomes and macropinosomes. The first have been shown to
respond to [Ca®*]; increases, with release of free radicals and, at later stages, of digestion resi-
dues.”>”® However, soon after their generation phagosomes fuse with lysosomes, thus their
exocytoses cannot be distinguished from that of the latter organelles. Regulated exocytosis of
macropinosomes is different, inasmuch as fusion of these organelles with lysosomes occurs
only long time after their generation. On the other hand, exocytosis of even early
macropinosomes can be very rapid and extensive upon strong [Ca®']; rise. Therefore,
macropinosomes can be considered as true nonsecretory exocytic organelles.”® Whether this is
an example of endosome exocytosis is however questionable. Although extensively fused with
conventional endosomes, macropinosomes are not identical to them. Competence for exocy-
tosis appears therefore typical of the hybrid organelle, which is certainly related to endosomes,
but does not coincide with them.
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Conclusion

Nonsecretory regulated exocytoses are present, at least transiently, in most, if not all cells.
Functionally, they play key roles in a long list of processes, some of which (such as glucose
homeostasis, gastric acidification, urine volume) specifically investigated since long; and others
(such as cytokinesis, embryonic development, synaptic transmission, neuronal growth, wound
healing) also intensely investigated; however, until recently with no much attention to
nonsecretory regulated exocytoses. Finally, it is not hard to predict that additional processes
involving nonsecretory exocytoses will be discovered in the near future.

The organelles competent for these exocytic processes are most often small vesicles. Because
of this phenotype, common to many other mini-organelles of different functional significance,
they remain indistinguishable in conventional electron micrographs and are recognized only
when adequate markers become available. Most of these vesicles remain to be isolated in pure
subcellular fractions, and therefore their biochemical investigation is still at a preliminary stage.
Nevertheless we now know that a fraction of the small vesicles, especially of those scattered in
the superficial layers of the cytoplasm, are not involved in other, better known processes such as
the traffic to and from the TGN, constitutive exocytosis and various forms of endocytosis, but
are ready to be discharged by nonsecretory exocytosis regulated by intracellular messengers.

Although largely overlooked for long time, nonsecretory exocytoses are neither rare nor
minor processes. In terms of number they may be even more numerous than their more estab-
lished counterparts, the secretory regulated exocytoses. The latter, in fact, occur mostly in
specialized cells equipped with only one or two secretory organelles, while specific nonsecretory
organelles competent for regulated exocytosis can be present not only in specialized, but also in
apparently nonspecialized cells. Similar to their secretory counterparts, the nonsecretory or-
ganelles are often distributed strategically within the cell. For example, in tiny microdistricts,
such as the presynaptic compartments, the growth cones and the varicosities of neurosecretory
cells, regulated secretory and nonsecretory exocytoses coexist and operate, involved the first in
the discharge of products, the others in the regulation of intracellular events and in the expan-
sion of the surface membrane. So far, the coordination of the two types of regulated exocytic
processes, nonsecretory and secretory, has been considered only in a few cases and investigated
only in small part. Therefore it is not hard to predict that exciting developments, revealing new
aspects of cellular complexity, will take place in the next few years.
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CHAPTER 11

Adaptation of the Secretory Machinery
to Pathophysiological Conditions

Abderrahmani Amar*

Abstract

egulated exocytosis is a fundamental and common feature of all secretory cells
Rspecializcd in the release of essential bioactive substances. This process is tightly

controlled to adapt the amount of released products in response to the variable physi-
ological cues. However it occurs that inadequate, excessive and/or prolonged exposure to envi-
ronmental demands become stressful and desensitizes or irreversibly damage the cell secretory
competence. The insulin-releasing B-cells of the islets of Langerhans represent a well character-
ized model of adaptation of the secretory response. In this system, while physiological elevation
of glucose or lipids concentration can acutely stimulate insulin release, prolonged exposure to
these secretagogues can have deleterious effects on the cells contributing to severe insulin secre-
tion defects in diabetic patients. New emerging data provide evidence that prolonged exposure
to elevated glucose concentration is associated with a reduction in the expression of a set of
genes essential for exocytosis. This chapter discusses this phenomenon, which occurs at tran-
scriptional levels and leads to a dedline in the secretory function. These glucose effects appear
to be mediated by a sustained rise in cAMP levels, which in turn induces expression of the
inducible cAMP early repressor (ICER), a transcription factor known to be activated in re-
sponse to stress. Based on these findings, chis chapter highlights the role of ICER in the control
of the exocytotic apparatus challenged with a stressful environment.

Evidences for Adaptation of the Secretory Machinery
to Physiopathologic Conditions: The Pancreatic 3-Cell Model

Regulated exocytosis is a complex process that comprises the sequential participation of
numerous subcellular mechanisms. Hormone secretion is dictated by extracellular stimuli that
are transduced into activation/deactivation of signalling pathways and genes expression. This
will ultimately determine the precise availability of hormone to be released. A well character-
ized secretory system is represented by the P cells of the islets of Langerhans from endocrine
pancreas in which the molecular basis of insulin release and its regulation has been extensively
studied. The endocrine pancreas is permanently subjected to dynamic changes in response to
variations in blood glucose plasma levels, leading to an increase in insulin secretion from 3
cells. This physiological task needs to be finely tuned because insulin is not only required for
glucose homeostasis and survival, but can also be lethal within minutes if inappropriately high
concentrations are released. Thus, to match insulin secretion to the physiological demands, the
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differentiated B cell displays a sophisticated degree of plasticity that allows adaptation at vari-
ous ranges of time, preventing shortage and excesses of insulin in the circulation.

The Machinery of Insulin Exocytosis

Proinsulin, the precursor of insulin, is synthesized in the endoplasmic reticulum and under-
goes a series of maturation steps, starting in the Golgi. The product is then packaged into secte-
tory granules or large dense-core vesicles that gradually acidify, allowing further processing to
become insulin.! These granules are found throughout the cytosol and eventually translocate to
the plasma membrane. The ultimate fusion of the granule with the plasma membrane is trig-
gered by Ca?* and controlled by a complex network of protein-protein and protein-lipid interac-
tions that are similar to membrane fusion events occurring in other secretory cells. A vast body of
molecular and physiological data accumulated over the past years has led to a unifying model for
membrane fusion.? It is therefore not surprising that many of the proteins involved in the regu-
lation of neurotransmitter release have also been identified in the pancreatic B-cell and demon-
strated to participate in insulin secretion (for review see ref. 3). These proteins include the soluble
N-ethylmaleimide-sensitive fusion protein [NSF] attachment protein [SNAP] receptors
(SNAREs), synaptobrevin-2 (VAMP2), syntaxin-1A, and 25-kDa synaptosomal-associated pro-
tein (SNAP-25). It is now clear that a ternary complex consisting of these proteins plays a central
role in insulin exocytosis, by tethering the granules to the plasma membrane.* During the last
few years many of the proteins playing a key role in the regulation of the assembly of the SNARE
complex have been identified. These proteins include Munc18 and complexin-1 and members
of the Synaptotagmin family that couple Ca** changes to vesicle fusion.>>” In addition, Rab3a
and Rab27a, two members of the Rab GTPase family that associate with insulin-containing
secretory granules, and their effectors RIM2, MyRIP/Slac2c, Noc2 and Granuphilin/Slp4 have
been found to be necessary for proper regulation of insulin release (Fig. 1).813

Coupling Glucose Stimulation to Insulin Exocytosis

Under condition of prolonged physiological stimulation, insulin secretion is biphasic. The
first phase corresponds to the Ca®*-dependent release of granules already docked to the plasma
membrane, belonging to the “readily releasable pool”.>!*'> This pool account for less than 1%
of the granules and can be depleted in less than a second (for review see ref. 14). The second
phase or the sustained phase reflects the relatively slow recruitment of granules from a reserve

Docking

Granule Insulin

Priming

fusion

Tethering molecule |

SNAP-25 \
Syntaxin-1A \

SNARE complex

Figure 1. Schematic presentation of exocytosis. Exocytosis of insulin-containing granules
implies vesicle recruitment, docking, priming and fusion.
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pool, probably to some extent their translocation to the plasma membrane.>'* After docking at
the release site the granules undergo an energy-dependent process (priming) that prepares them
for fusion. Several sequential steps are necessary to render the granule release-competent, and
numerous ideas have been put forward to explain the ATP-dependence of priming. These
include the ATP-dependent synthesis of phosphoinositides and protein kinase-mediated pro-
tein phosphorylation.'® Exocytosis of insulin-containing granules is regulated through a com-
plex metabolic network in which the increased flux of glucose elevates the intracellular ATP/
ADP ratio.>'”2% This results in the closure of the ATP-sensitive potassium channel (KATP
channels) and subsequent cellular depolarization.?!?? In turn, depolarization causes the influx
of extracellular Ca** by the activation of the L-type voltage dependent Ca** channels triggering
the initial fusion of insulin-containing granules with the plasma membrane.?> Although Ca**
influx is a an essential prerequisite for glucose-induced insulin exocytosis, other intracellular
signals generated by sugar metabolism such as phospholipids, diacylglycerol and cAMP can
potentiate the secretory response (Fig. 2).24%

Hormone
Neurotransmitter

Glucose

K* ,rp-Channels

Glycolysis

Mitochondrial
metabolism

ATP

B cell

Ly

Insulin-containing granules

Exocytosis
of insulin

Figure 2. Model of insulin secretion. Glucose-induced insulin secretion and its potentiation
constitute the principal mechanism of insulin release. Glucose is transported by the glucose
transporter (GLUT2) into the pancreatic B-cell. Metabolism of glucose increases ATP produc-
tion (and the ATP-to-ADP ratio), which in turn induce subsequently the closure of the Kagp
channels, resulting in membrane depolarization and opening of the voltage-dependent Ca®*
channels (VDCCs). Finally, the CaZ* influx triggers insulin granule exocytosis. Insulin granule
exocytosis is also regulated by hormones and neurotransmitters, which generate intracellular
signals such as cAMP, diacylglycerol (DAG), and inositol trisphosphate (1P3).
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Loss of -Cell Secretory Properties in Type 2 Diabetes

Failure in the B-cell secretory capacity is a characteristic feature of all forms of diabetes. In
Type 2 Diabetes (T2D), the most prominent form of the disease, diminished sensitivity of
insulin target tissues and reduced physical activity are major contributors of metabolic unbal-
ance, but diabetes develops only when B-cells fail to compensate for the increased insulin de-
mand. It is now believed that this B-cell inadequacy results from a combination of secretory
dysfunction and insufficient B-cell mass caused by prolonged exposure to glucose and lipids in
B-cells. The glucose and lipid toxicity concept postulates that B-cells are devised to function
within a narrow range of plasma glucose and lipid levels and that even modest but chronic
increases in the concentration of these nutrients lead to an unfavourable environment, which
causes alteration in [3-cell function. Several reports have now provided evidence for abnormali-
ties of the secretory machinery, possibly accounting for B-cell dysfunction in T2D. A marked
reduction in expression of secretory vesicle (»)-SNARE (VAMP-2 and Synaptotagmin) and
target (z) membrane -SNARE (syntaxin1A and SNAP-25) have been observed in islets from
patients with T2D.% This finding has been confirmed in rat models of T2D. Among these
T2D models are the Goto-Kakizaki (GK) rats that offer similarities to genetic predisposition to
diabetes in humans. In these rats, not only the signalling coupling glucose metabolism to Katp
channels is impaired, but the secretory machinery of B-cells is also defective.?*262-3! Thus, the
number of docked granules is reduced and the first phase of insulin release is reduced.*? These
defects were associated with a consistent reduction in several proteins required for B-cell exocy-
tosis including the plasma membrane associated #SNAREs syntaxin1A and SNAP-25.%% Im-
portantly, recovery of normal levels of these #SNAREs was able to partially restore insulin
secretion.* In islets of GK rats, diminution in the expression of several other proteins partici-
pating in the insulin secretory process including the »-SNARE VAMP2; synaptotagmin III,
cysteine string protein (CSP), Munc-18, ai-SNAP and NSF has also been reported.** However,
because of the variation in many metabolic parameters and of genetic factors, it is difficult to
attribute the loss in the expression of these genes to direct effects of environmental factors such
as glucose and/or lipids. :

Decline in the Expression of Exocytotic Genes in Cultured
Insulin-Secreting Cells

Prolonged exposure of cultured insulin-secreting cells to elevated glucose concentrations
lead to secretory defects including excessive insulin release under basal conditions and dimin-
ished secretory capacity in response to stimuli.*® Thus, these experimental conditions offer an
adequate in vitro model that mimic glucose-induced B-cell dysfunction without the confound-
ing genetic and metabolic variables found in diabetic patients and GK rats. As expected, incu-
bation of rat insulin-secreting INS-1E cells for two days in the presence of 20 mM glucose
resulted in impairment in the secretory process in response to glucose.*® K* is also used as an
insulin secretagogue because it induces a direct depolarization of the B-cell membrane down-
stream of ATP production and K*-ATP channel closure. Importantly, the insulin secretory
response elicited by depolarizing K* concentrations is also defective in cells cultured for 48
hours in the presence of high glucose concentration.® Therefore, these data indicate possible
alterations in signals coupling calcium entry to activation of the exocytotic machinery. In view
of this finding, the expression levels of several key genes involved in insulin exocytosis was
investigated. Northern blot, western blot and immunocytochemistry analyses indicated a dras-
tic decline in the amount of the Rab GTPases Rab3a and Rab27a and of their effectors,
Granuphilin and Noc2.3® These effects of glucose occured in a time- and a dose-dependent
manner.?® In agreement with these data, the loss of expression in these four genes was con-
firmed in rat primary islets cultured for 72 and 96 hours at 33 mM of glucose. Unexpectingly,
the expression of the SNAREs Syntaxin-1, SNAP-25 and VAMP-2 were unchanged in cells
cultured at high glucose concentration. Interestingly, impaired expression of Rab3a, Rab27a,
Granuphilin and Noc2 was reversible.*® In fact, 36 hours of incubation in 2 mM glucose after
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two days of exposure to 20 mM glucose was sufficient to recover normal protein levels and to
restore exocytosis.>® Thus, these in vitro models provide functional evidence of an adaptation
of the exocytotic machinery to chronic hyperglycemia. Although the mechanism that silences
expression of exocytotic genes in GK rats is still unknown, the observed insulin secretory de-
fects may also be the result of direct effects of chronic hyperglycemia. More in vivo experiments
should be performed to confirm the decline in exocytotic genes in response to chronic eleva-
tion of plasma glucose concentration. The diabetic model of partially pancreatectomized rats
would be ideally suited to address this problem. This approach would offer a better defined
model to study the effects of diabetic environment without the confounding genetic variables
of GK rats.

Although chronic hyperglycemia is undoubtedly a major contributor of B-cell dysfunction,
it becomes apparent that abnormally elevated concentrations of circulating nonesterifed fatty
acids (NEFA) often accompany the progression of T2D.>* A number of in vitro and in vivo
studies have shown that chronic exposure to NEFA adversely affects pancreatic B-cell function,
leading to inhibition of glucose-stimulated insulin secretion.?”***® An important observation
is that incubation of islet B-cells or mouse insulin-secreting MING cells for 48 h with NEFA
(particularly 1 mmol/l of palmitate) causes an increase in SNAP-25 protein levels that is asso-
ciated with a loss of insulin secretion in response to secretagogues.?!*2 Considering the role of
SNAP-25 in the tight control of the exocytotic machinery, any alteration in its expression or
function could have an impact on the secretory granules fate.*” In view of the effects of pro-
longed exposure of glucose described above, the expression levels of other exocytotic genes such
as Rab and Rab effectors genes will need to be carefully examined also in cells chronically
cultured in the presence of high NEFA concentration.

Transcriptional Effects of the cAMP Signalling Pathways:
Role of the Inducible cAAMP Early Repressor (ICER)

Data obtained from the INS1-E and islets cells cultured at high glucose concentration have
highlighted the importance of the cyclic adenosine monophosphate (cAMP) signalling cascade
in mechanisms responsible for the loss of exocytotic proteins. The concomitant decline in
mRNA levels of Rab3a, Rab27a, Granuphilin and Noc2 suggests that a common mechanism
modulates their expression at transcriptional and/or post-transcriptional levels. The impaired
activity of the Granuphilin promoter in INS-1E cells cultured with supraphysiological concen-
tration of glucose argued in favour of a transcriptional modification.*® To identify the molecu-
lar mechanism underlying this process a close inspection of promoter regions of genes impaired
by glucose has been done.* This analysis in complement with a developed approach based on
the genome wide scan revealed the presence of elements responsive to cAMP (CRE)
TGACGTCA within Rab3a, Rab27a, Granuphilin and Noc2 genes.**** Under physiological
conditions the cAMP signalling pathway is known to enhance the first and second phase of
insulin secretion. When a meal is digested cAMP levels are normally raised by incretins such as
gastric inhibitory polypeptide/glucose-dependent insulinotropic peptide (GIP), glucagon-like
peptide-1 (GLP-1) and by glucose.** In this case, it is thought that the effects of cAMP in
regulated exocytosis are mediated by activation of cAMP-dependent protein kinase A (PKA), a
heterotetrameric molecule composed of two regulatory and two catalytic subunits. This leads
to phosphorylation of exocytotic proteins.*® A cAMP signalling pathway independent from
PKA has also been shown to participate in the stimulation of insulin secretion by directly
affecting the activity of the exocytotic machinery.#->! In contrast to these short term-effects, a
rise in cAMP levels due to persistent exposure to supraphysiological concentration of glucose is
associated with a loss in glucose-induced insulin secretion.>” In these experimental conditions
incubation of INS1-E cells to cAMP-raising agents such as forskolin and IBMX for 48 hours
mimics the glucose effects, including the loss in granughilin promoter activity and the decline
in Rab3a, Rab27a, Granuphilin and Noc2 expression. % Furthermore, inhibition of PKA pre-
vents the loss of the four exocytotic genes caused by glucose or cAMP-raising agents.>



166 Molecular Mechanisms of Exocytosis

The Inducible cAMP Early Repressor (ICER): A Powerful Repressor

The inducible cAMP eatly repressors (ICERs), are transcription factors that belong to the
cAMP-responsive element modulator (CREM) family and are targets of cAMP/PKA path-
ways.”> ICER isoforms are §encrated by the use of an alternative P2 promoter, lying near the 3°
end of the CREM gene.’>>* In contrast to other CRE-binding proteins (CREBs), ICER lacks
the activation domain and thereby functions as a transcriptional repressor.”>>* ICER expres-
sion is normally transiently induced over a time frame of several hours following intracellular
elevation of cAMP. The induction of this repressor requires the activation of CREBs, which
consist of a family of both activators and repressors of transcription.’”>¢ After a rise in cAMP
concentration these transcription factors are rapidly phosphorylated by PKA thereby convert-
ing CREB to a powerful activator.’”*® Phosphorylated CREB binds to four CRE elements in
the P2 promoter and activates ICER expression.s'3 ICER can also bind to its P2 promoter,
therefore repressing its own expression and allowing cAMP signalling to return to the basal
state (Fig. 3).>> This negative feedback loop seems to be altered after chronic exposure to glu-
cose and sustained induction of ICER in INS1-E and islet cells cultured with high glucose
parallels the loss of Rab3a, Rab27a, Granuphilin and Noc2.%6 Gel retardation assays demon-
strated the ability of ICER to bind to all CRE motifs found in the promoter region of these
genes. ICER contains DNA binding and leucine zipper domains, but not the N-terminal
transactivation domain and thus, functions as an endogenous inhibitor of gene transcription.
Forced B-cell-directed expression of ICER I in mice leads to severe Diabetes characterized by a
reduction in glucose-induced secretion of insulin.’® In line with this observation, overexpression
of ICER in INS1-E cells represses expression of Rab3a, Rab27a, Granuphilin and Noc2 and
results in a significant decrease in a pronounced reduction in hormone release in the presence
of secretagogues.> Silencing of ICER with an antisense plasmid prevents the decrease in the
expression of the four proteins caused by glucose and Forskolin/IBMX. Tagen together, these
data provide evidence that sustained induction of ICER is responsible for pathological conse-
quences elicited by chronic hyperglycemia in insulin-secreting cells. Indeed, abnormally el-
evated levels of this transcriptional repressor have been observed in islets chronically to exposed
to palmitate and in islets from GK rats.**%° Therefore, it seems very likely that diminished
expression of Rab3a, Rab27, Granuphilin and Noc2 can contribute to the loss of glucose-induced
insulin secretion in T2D.

Induction of ICER in other Secretory Cells in Response to Stress:
Potential Implication for the Secretory Machinery

The cAMP signalling pathway is also a major mediator for secretion of several other hor-
mones from anterior pituitary cells including, 3-endorphin, growth hormone (GH), prolactin
(PRL) or adenocorticotropic hormone (ACTH).®!"%3 This hormonal release plays a pivotal role
in coordinating the physiologic adaptation of the hypothalamo-pituitary-adrenal axis to
stress.””%467 In this case, stress is defined as physiological changes that accompany increased
physical and psychological demands.®® Increasing evidence suggests that ICER plays a regula-
tory role in hormone release in pituitary cells. Consistently, targeted suppression of CREM
gene in mice, leading to the loss of ICER expression, result in chronic increase in plasma
B-endorphin.%? A model of pituitary corticotroph ArT20 cell line overexpressing ICER has
been developed to measure the effects of ICER on hormone secretion.”® Ectopic expression of
ICER blocks the synthesis of ACTH at post-translational levels and alters stimulus-induced
secretion of this hormone.”® It can be assumed that this loss of function is at least in part the
result of perturbations in the function of the secretory apparatus. Consistent with this hypoth-
esis, is the fact that hormone release from pituitary cells share with B-cells part of the compo-
nents of the exocytotic machinery including Rab3a and Rab27a.”"""> Because these genes are
targets of ICER, it can be speculated that in pituitary cells overexpressing ICER the loss in the
expression of these proteins could contribute to the defect in the secretory response. Hormone
release from pituitary cells is also triggered by adrenergic receptors that are able to raise
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Figure 3. Scheme of ICER inducibility by cAMP. A sustained elevation of glucose and/or
activation of membrane receptors (RC) (e.g., GLP-1 receptor, Glucagon) stimulate the activity
of the membrane-associated adenylyl cyclase (AC) (ref. 45,52). This converts ATP to cAMP
which causes the dissociation of the inactive tetrameric protein kinase A (PKA) complex into
the active catalytic subunits (C) and the regulatory subunits (R). Catalytic subunits migrate into
the nucleus where they phosphorylate transcriptional activators such as CREB and CREM,
which in turn become activated. These factors then interact with the cCAMP responsive ele-
ments (CRE) found in the promoters of cAMP-responsive genes to activate transcription and in
the CREM intronic promoter (P2), which drives ICER expression. ICER proteins, in turn, can
bind CREs and repress transcription from promoters containing these elements and from the
CREM P2 promoter that contains four DNA elements capable of binding ICER.

intracellular cAMP levels. Prolonged agonist-mediated activation of these receptors leads to
strong activation of ICER in mouse pituitary gland.®

Opvaries produce estradiol (E2), an estrogen hormone that controls the expression and se-
cretion of PRL and GH.”® Long-time exposure of cultured pituitary cells to E2 inhibits
stimulated-release of GH.”” It is established that long-term E2 administration produces PRL-cell
adenomas and perturbed PRL release.”® Interestingly, it has been observed that sustained
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culture in the presence of E2 causes a decrease in -SNAREs and Rab3a expression levels in rat
pituitary glands.”® E2 treatment is known to induce the cAMP signalling cascade, suggesting a
potent role of ICER in the E2-mediated reduction of Rab3a in pituitary cells.®*®! In addition,
in adrenal cortex of hypophysectomized rats, ICER can be rapidly and strongly induced after
ACTH administration.?? Increase in the plasma concentration of ACTH is one of the first
events that take place after stress.®?

Expression of ICER mRNA has been shown to be gradually increased by noradrenalin
during the circadian rhythm in brain structures such as pineal and pituitary glands.’*#55 It is
well documented that hormonal release from pituitary cells exhibits rhythmic patterns.3%7
Interestingly, Rab3a is critical for short- and long-term synaprtic plasticity and circadian motor
activity in brain.®® Thus, these data indicate that ICER may play a pivotal role in modulating
hormone release and directing the synaptic plasticity.

Conclusion and Perspective

This chapter has highlighted the fact that the secretory apparatus can be directly modified
in response to stressful environment. Based on B-cell models, one transcriptional mechanism
has been deciphered that can account for the decline in the expression of key components of
the B-cell secretory machinery. This involves the transcriptional repressor ICER, which selec-
tively silences expression of a set of genes directly involved in exocytosis. Typically, elevation in
ICER expression is observed in neuronal and neuroendocrine cells in response to different
stressors (cognitive and physical) or to a relative excess and prolonged, environmental demands.
In these cases, this process is physiological and is part of an adaptive mechanism that allows
secretory cells to return to basal state. Therefore, it can be assumed that transient induction of
ICER is primarily a regulatory process that enables B-cells to adjust insulin secretion after a
meal. In contrast, persistent activation of ICER caused by chronic hyperglycemia may repre-
sent a pathogenic effect susceptible to worsen the insulin secretory defects and thereby contrib-
uting to the progression of diabetes. Measurement of ICER expression levels in islets of par-
tially pancreatectomized diabetic rats may be useful to support this hypothesis. The B-cell
cAMP-mediated repression of Rab3a, Rab27a, granuphilin and Noc2 genes raises the specula-
tion that cAMP pathways might also up-regulate expression of these genes on a rapid time scale
to potentiate the acute stimulation of insulin secretion. Indeed, as evoked herein, rapid activa-
tion of CREB transcriptional activators by cAMP precedes induction of ICER.>> CREBs bind
to CRE where they can activare transcription of genes. A forthcoming investigation would be
to examine the transcription rates of these four ICER target genes over a shorter time frame.
Such findings would have relevant consequences for understanding the physiological regula-
tion of the secretory machinery. However, it is still unclear how the loss of expression in # or
v-SNAREs occurs in B-cells of diabetic patients and GK rats as well as the up-regulation of
SNAP-25 by NEFA. In the first case, considering the available in vitro data, it seems unlikely
that expression levels of SNAREs components are affected by hyperglycemia or by NEFA.
Thus, studies are required to address whether these modulations are provoked by diabetic
environment or by genetics. An increase in SNAP-25 levels in the brain of patients with Down’s
Syndrome has been demonstrated to be mediated by an increase in protein stability.®> Such
mechanism could account for the increase of SNAP-25 by NEFA. 442 Consequently, it will be
important to search in a systematic manner e.g., by proteome analysis for potential transla-
tional and post translational modifications of exocyrotic proteins in B-cells challenged by a
stressful environment.

Experiments performed in B-cells challenged for a long time with diabetic milieu suggest
the implication of transcription factors in the changes in exocytotic gene expression. Chronic
hyperglycemia and elevated free fatty acids have been recognized to elevate the expression of
CAAT enhancer binding protein (C/EBPB) and to mediate activation of the nuclear factor-xB
(NF-xB).**95 C/EBPB inhibits transcription of the insulin gene.”> NF-kB is considered as an
essential cell mediator acting at the crossroads of life and death in both neurons and
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insulin-secreting cells.”** In fact NF-KB is activated by phosphorylation and subsequent deg-
radation of inhibitor ¥B (IkB), which renders NF-kB free to enter the nucleus and modulate
genes expression.' % A recent work shows that the islet-cell specific silencing of NF-xB in mice
leads to impaired insulin secretion in response to glucose and arginine.'®! This loss of function
has been associated with perturbed expression in Rab3C and Rab3D, two members of the
Rab3 GTPase family that are implicated in stimulus-induced insulin exocytosis.”'%! Future
studies will have to clarify the role of C/EBP and NF-xB activation on the expression of genes
encoding the components of the exocytotic apparatus.

While transcriptional regulation seems extremely important, alterations in the function of
secretory machinery in response to pathophysiological conditions could also occur at the
post-transcriptional and post-translational levels. The recent identification of microRNAs as
major regulators of gene expression, offers a promising field ro investigate the mechanism that
regulate expression of genes at post-transcriptional levels under stressful environment (for re-
view see ref. 102). Although relatively few studies have been carried out on post-translational
modification, a case can be illustrated by the neuronal-specific synapsin I. Synapsin I is an
important molecule that is believed to regulate the association of synaptic vesicles to the micro-
tubule cytoskeleton.!%31% Activation of synapsin I is dependent on phosphorylation. It has
been reported that phosphorylation sites of synapsin I are changed in transgenic mice model of
Huntingron’s disease, leading to a reduced activity of synapsin 119

Finally, a careful examination of transcriptional, translational and post-translational modi-
fications of components of the exocytotic apparatus may become a fascinating area of future
research in view of better understanding the molecular pathogenesis of various neurological
and endocrine disorders.
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