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Preface

The International Symposium on the Mechanisms of Sexual Reproduction in
Animals and Plants was held in Nagoya, Japan, as a joint meeting of the second
Allo-authentication Meeting and the fifth International Symposium on the
Molecular and Cell Biology of Egg- and Embryo-Coats (MCBEEC), November
12—-16, 2012. This was the first international meeting where many plant and animal
reproductive biologists gathered and discussed their recent progress.

Approximately 160 participants met in Nagoya from all over the world, and most
of the oral presenters and several poster presenters contributed as authors of this
book of proceedings. Although there are several books covering plant self-
incompatibility and double-fertilization systems as well as animal fertilization, until
now there has been no book covering recent progress in almost all fields of plant and
animal fertilization.

This meeting was organized as part of the research project entitled “Elucidating
common mechanisms of allogeneic authentication: mechanisms of sexual reproduc-
tion shared by animals and plants” supported by a Grant-in-aid for Scientific
Research on Innovative Areas from MEXT, Japan. This project was established
because self-sterile mechanisms in primitive chordates (ascidians) were found to be
very similar to the self-incompatibility system in flowering plants and also because
GCSl1, a sperm-side factor responsible for gamete fusion, exists not only in plants
but also in unicellular organisms and animals. These discoveries led us to speculate
that there must be many other common mechanisms or molecules involved in sexual
reproduction of animals and plants. We believe that to stimulate discussion in this
innovative area, it is very important to summarize our current understanding of the
mechanism of sexual reproduction. We hope that this book will be useful for many
scientists, particularly those in the field of sexual reproduction—which we tenta-
tively call “allo-authentication”—and in intercellular communications.

Toba, Japan Hitoshi Sawada
Fukushima, Japan Naokazu Inoue
Ikoma, Japan Megumi Iwano
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Part 1
Sperm Attraction, Activation,
and Acrosome Reaction



Chapter 1

Sperm Chemotaxis: The First Authentication
Events Between Conspecific Gametes Before
Fertilization

Manabu Yoshida

Abstract Sperm chemotaxis toward eggs before fertilization has been observed in
many living organisms. Sperm chemotaxis is the first communication or signaling
event between male and female gametes in the process of fertilization, and species-
specific events occur in many cases. Thus, sperm chemotaxis may act as a safety
process for authenticating that fertilization occurs between conspecific egg and
sperm and helps to prevent crossbreeding. Here, we introduce mechanisms of sperm
chemotaxis, focusing on cross-talk between gametes and species specificity.
Furthermore, we discuss the interactions between sperm-activating and sperm-
attracting factors (SAAFs) in the ascidian species and that SAAF receptors on
sperm cells are not all-or-none responses. The SAAF receptors may accept SAAFs
of related species (closely related molecules), with different affinities.

Keywords Fertilization * Species specificity ® Sperm chemotaxis

1.1 Introduction

In all living organisms, male gametes are activated, with increase in their motility,
and are subsequently attracted toward a female gamete in response to certain factors
released from the female gametes or reproductive organs. Chemotactic behavior of
male gametes toward the ovule was first described in Kingdom Plantae, bracken fern
(Pfeffer 1884). Brown algae have also developed chemoattractants for male gam-
etes, known as sexual pheromones (Maier and Miiller 1986). In flowering plants,
peptidic factors called LURE:s attract the pollen tube toward the ovules, resulting in

M. Yoshida (P<)
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4 M. Yoshida

guiding the sperm cell to the ovule (Okuda et al. 2009). Gamete chemotaxis was
also observed in Kingdom Fungi, and the aquatic fungus Allomyces macrogynus
shows gamete chemotaxis (Machlis 1973).

In Kingdom Animalia, sperm chemotaxis toward the egg was first observed in
the hydrozoan Spirocodon saltatrix (Dan 1950), and such an ability is now widely
recognized in marine invertebrates, from cnidarians to ascidians (Miller 1966,
1985b; Cosson 1990), and in vertebrates, from fish to humans (Oda et al. 1995;
Pillai et al. 1993; Suzuki 1958, 1959; Eisenbach 1999; Yanagimachi et al. 2013).
In nematodes, spermatozoa are unflagellated but use an amoeboid movement to
move from the bursa through the uterus to the spermatheca (Ward and Carrel 1979).
A sperm-guiding factor present in the micropyle area of the egg of the teleost rosy
barb has also been described (Amanze and Iyengar 1990).

In many cases, species specificity of sperm chemotaxis is present. Thus, these
phenomena constitute the first communication event between the gametes during
fertilization and prevent crossbreeding among different species. In this chapter, we
review sperm chemotaxis and focus on the species specificity of this phenomenon.

1.2 Chemical Nature of Sperm Chemoattractants

Chemoattractant molecules for sperm in plants are low molecular weight organic
compounds such as the bimalate ions in the bracken fern (Brokaw 1957, 1958) and
unsaturated cyclic or linear hydrocarbons, such as ectocarpene, in the brown algae
(Maier and Miiller 1986). In the aquatic fungus A. macrogynus, the female gametes
release a sesquiterpene ‘““sirenin” as a attractant for male gametes (Machlis 1973),
and interestingly, a different compound called “parisin” released by the male gam-
etes is able to attract flagellated female gametes of the same species (Pommerville
and Olson 1987).

In animals, sperm chemoattractants have been identified in several species, and
most of these chemoattractant molecules are proteins or peptides. Chemoattractants
such as “resact” in sea urchins (Ward et al. 1985; Guerrero et al. 2010), “sepsap” in
cuttlefish (Zatylny et al. 2002), and “asterosap” in starfish (Bohmer et al. 2005) are
peptides. A 21-kDa protein named “allurin” in the amphibian Xenopus laevis (Olson
et al. 2001) and tryptophan in abalone (Riffell et al. 2002) act as sperm chemoat-
tractants. In the hydrozoan Hippopodius hippopus, the attractant has not yet been
identified but has been characterized as a small and thermoresistant protein with a
molecular mass of 25 kDa and an isoelectric point of 3.5 (Cosson et al. 1986).
Recently, a Coomassie Blue-affinity glycoprotein, “Micropyler Sperm Attractant”
(MSA), around the opening and inside of the micropyle of herring and flounder eggs
has been identified that guides (“attract”) the spermatozoa into the micropyle
(Yanagimachi et al. 2013).

On the other hand, nonproteinaceous chemoattractants have been identified in
coral and ascidians: the chemoattractant of the coral Montipora digitata is an unsat-
urated fatty alcohol (Coll et al. 1994), and those of the ascidians Ciona intestinalis
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and Ascidia sydneiensis (Yoshida et al. 2002; Matsumori et al. 2013) are sulfated
hydroxysterols. Mammalian spermatozoa also show chemotactic behavior, and
many candidate chemoattractants for spermatozoa have been proposed (Eisenbach
and Giojalas 2006). Recently, progesterone released from the cumulus oophorus
was considered as a candidate of sperm attractant for human sperm (Guidobaldi
et al. 2008). On the other hand, odorants such as bourgeonal (Spehr et al. 2003) and
lyral (Fukuda et al. 2004), which are aromatic aldehydes used in perfumes, could
also act as chemoattractants in human and mouse sperm, respectively.

Where are the sperm chemoattractants released? Fern sperms show a chemotac-
tic response to secretions from the female reproductive structures (Pfeffer 1884).
Sperm attractants of sea urchins and sea stars (starfish) are derived from the egg
jelly (Ward et al. 1985; Nishigaki et al. 1996), and the source of sperm attractant of
the hydrozoan, the siphonophore, is a cupule, the extracellular structure of the egg
(Carré and Sardet 1981). Therefore, sperm attractants are released from the egg
accessory organs or female gametes in these species. In contrast, in ascidians,
sperm-attracting activity does not originate from the overall egg coat as a layer of
jelly surrounding the eggs, but originates from the egg (Yoshida et al. 1993), indi-
cating that the eggs themselves release the chemoattractant for the sperm.

1.3 Ca* Changes Mediate Sperm Chemotaxis

In all examples of well-characterized chemotaxis, the intracellular Ca’* concentra-
tion ([Ca*"];) appears to be a common element of absolute necessity in the attraction
mechanism (Kaupp et al. 2008; Yoshida and Yoshida 2011). Ca** plays a key role in
the regulation of flagellar beating, and in the case of sea urchin spermatozoa, the
sperm attractant triggers [Ca**]; fluctuations (Bohmer et al. 2005; Wood et al. 2005)
that appear to correlate with the asymmetrical beating of sperm flagella (Brokaw
et al. 1974; Brokaw 1979). In the hydrozoan siphonophores, the diameters of the
sperm trajectories decrease on approach of the sperm to the cupule (a sperm-
attracting accessory organ of the egg), but the sperm trajectories are unchanged in
the absence of Ca** (Cosson et al. 1984). A similar role for extracellular Ca** in
mediating flagellar asymmetry of the spermatozoon during chemotactic behavior
has been reported in hydrozoa (Miller and Brokaw 1970; Cosson et al. 1984). In
ascidians, the spermatozoa normally exhibit circular movements, as just described,
and maintain [Ca®*]; at very low levels (Shiba et al. 2008). During chemotactic
behavior the spermatozoa produce frequent and transient increases of [Ca?*]; in the
flagella (Ca** bursts) (Shiba et al. 2008). Interestingly, the Ca®* bursts are consis-
tently evoked at points at which the spermatozoon is around a temporally minimal
value for a given sperm-activating and sperm-attracting factor (SAAF) concentra-
tion (Shiba et al. 2008) and to trigger a sequence of “turn-and-straight” movements.
These data suggest that sperm attractants induce Ca’* entry from extracellular
spaces into the sperm cell, and the resultant increase in [Ca**]; mediates the beating
of sperm flagella, resulting in chemotactic “turn-and-straight” movements.
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1.4 Specificity of Sperm Chemotaxis in Species Other
Than Ascidians

As described here, the molecular structures of sperm chemoattractants are different
in different species, and factors from one species cannot attract the sperm of another
species. This specificity ensures species-specific fertilization by preventing cross-
breeding. Species or genus specificity in sperm chemotaxis has been observed in
hydrozoa (Miller 1979) and in echinoderms, other than sea urchins (Miller 1985a,
1997). However, no chemotactic cross-reactivity exists in siphonophore species
examined, and contact with seawater without attractants is enough to activate sperm
motility, although the presence of Ca’* ions in seawater is involved in the chemo-
attraction process (Cosson 1990). Mammalian species also seem to share a common
sperm attractant molecule (Sun et al. 2003; Guidobaldi et al. 2008; Teves et al.
2006), suggesting the lack of species specificity. In Mollusca, even though the aba-
lone species seem to show species specificity in sperm chemotaxis (Riffell et al.
2004), there is a lack of species specificity of sperm chemotaxis among chitons
(Miller 1977).

1.5 Species Specificity of Sperm Chemotaxis in Ascidians

In ascidians, species-specific sperm agglutination was reported in the early 1950s in
five Mediterranean ascidians (Minganti 1951), and precise species-specificity tests
of sperm attractants in egg ethanol extracts were also described in many ascidian
species (Miller 1975, 1982) (Table 1.1). In these studies, ascidian sperm chemotaxis
or agglutination tend to be species specific, but cross-reactivity among many species
was also observed (Table 1.1). In particular, a lack of specificity was evident within
the genus Styela (Miller 1975, 1982) (Table 1.1). However, the study on species
specificity of ascidians contained both the order Phlebobranchiata, including the
genus Ciona, and the order Stolidobranchiata, including the genus Styela, which are
genetically distant, as per recent taxonomic data (Zeng et al. 2006; Tsagkogeorga
et al. 2009).

We have previously identified the sperm chemoattractant released from the eggs
of Ciona intestinalis as (255)-3,4P,7,26-tetrahydroxy-5a-cholestane-3,26-
disulfate, which was designated as the Ciona sperm-activating and -attracting factor
(Ci-SAAF) (Yoshida et al. 2002; Oishi et al. 2004). The synthesized Ci-SAAF mol-
ecule possesses abilities to both activate motility and attract sperm (Yoshida et al.
2008; Oishi et al. 2004). The SAAF of another Ciona species, C. savignyi
(Cs-SAAF), seems to be identical with Ci-SAAF and presents no specificity for the
sperm activation of C. savignyi and vice versa (Yoshida et al. 1993, 2002). We have
also recently identified As-SAAF from another phlebobranchian species, A. sydnei-
ensis, as 3a,7u,8p,26-tetrahydroxy-5a-cholest-22-ene-3,26-disulfate (Matsumori
et al. 2013); this was the first study leading to the identification of the chemoattrac-
tants of related species in Kingdom Animalia. Unexpectedly, Ci-SAAF and
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Table 1.1 Species-specificity tests of sperm chemotaxis or agglutination in ascidians

Sperm
2 34 5 67 89 10 11 12
Egg extracts Ciona intestinalis 1 ++ ++ )
Ascidia callosa 2 o+ 4+ o+ =
Corella inflata 3 - - - - =/ /- - = =
Corella willmeriana 4 =+ + = ++ ++ /[ [ [ [ [ [ [
Chelyosoma 5 / -/ +=+ / /] /] /
productum
Pyura haustor 6 - - /! - =1 1 1 1 1
Styela plicata 7 - 1 10 1 =+ - = 1 ] ]
Styela clava g - / /- ] - - = -/ ] /
Styela montereyensis 9 - - - - — + 4+ + ++ + + -
Styela gibbsii 0o - - - - + + /7 / = ++ /7 [/
Boltenia villosa mnm - - - -/ + / A ++ /
Halocynthia igaboja 12 - - - + + — [ [ | [ + ++

Species 1-5 are Phlebobranchia; species 6—12 are Stolidobranchia

++ strong activity, + weak activity, + uncertain response, — negative response, / test not done
“Numbers show the same species shown in egg extracts

Source: Miller (1982)

a Ci-SAAF b As-SAAF

0SO,Na 0SO,Na

Fig. 1.1 Molecular structure of ascidian sperm attractants: Ciona intestinalis (Ci-SAAF) (a);
Ascidia sydneiensis (As-SAAF) (b)

As-SAAF vary only by one double bond and the position of the OH group (Fig. 1.1).
Even such a small difference in the sperm attractant molecules is enough to result in
species-specific responses.

The cross-reactivity data of sperm chemotaxis for several ascidian species
belonging to order Phlebobranchia show some specificity in the cross-reactivity
between egg-conditioned seawater (ESW) and sperm response when comparing
Ciona versus Phallusia and Phallusia versus Ascidia. However, this does not seem
to be true in all cases in terms of “species” or “genus” specificity. For example, there
is a “one-way” (no reciprocity) cross-reaction between C. savignyi and A. sydneiensis
(Table 1.2) (Yoshida et al. 2013). Furthermore, even when a cross-reaction is
observed, the level of activity is different. The interactions between the SAAFs in
the ascidian species and the SAAF receptors on the sperm cells are not all-or-none
responses. The SAAF receptor may accept SAAFs of related species, which are
closely related molecules, with different affinity. Hence, sperm chemotaxis is
neither a “species”- nor a “genus”-specific phenomenon among ascidians.
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Table 1.2 Cross-reactivity in sperm chemotaxis elicited by egg-conditioned seawater (ESW)
from different ascidian species

Sperm
1? 2 3 4 5
Egg-conditioned seawater Ciona intestinalis 1 ++ ++ / / /
Ciona savignyi 2 ++ ++ - / -
Phallusia nigra 3 / - ++ / -
Phallusia mammillata 4 / + + ++ -
Ascidia sydneiensis 5 / + - / ++

++ active, + weakly active, + uncertain response, — negative, / not examined
“Numbers show the same species shown in egg extracts
Source: Yoshida et al. (2013)

1.6 Conclusion

Sperm chemotaxis appears to be a much more specific phenomenon at the species
or genus level in many animal species: cnidarians (Miller 1979), echinoderms other
than sea urchins (Miller 1985a, 1997), and ascidians (Miller 1982; Yoshida et al.
2013). These results indicate that the specificity of sperm chemotaxis participates in
the prevention of crossbreeding at fertilization. It is hypothesized that the interac-
tion between sperm attractants from egg and attractant receptors on the sperm does
not result in all-or-none responses, and that attractant receptors may accept some
heterospecific sperm attractants having related chemical structures but with differ-
ent binding or dissociation constants. Research into the precise chemical nature of
sperm attractants and their corresponding receptors in different species may provide
new horizons for studies of the fertilization system, especially on the mechanisms
by which authentic interactions between conspecific eggs and spermatozoa occur.
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Chapter 2
Respiratory CO, Mediates Sperm Chemotaxis
in Squids

Noritaka Hirohashi, Yoko Iwata, Warwick H.H. Sauer,
and Yasutaka Kakiuchi

Abstract The squid Loligo (Heterololigo) bleekeri uses two distinct insemination
sites, inside or outside the female’s body, which links to the mating behavior of two
distinct types of males, consort or sneaker, respectively. We found that sperm release
a self-attracting molecule, which causes only sneaker sperm to swarm. We identi-
fied respiratory CO, as the sperm chemoattractant and its sensor, membrane-bound
flagellar carbonic anhydrase. Downstream signaling results from generation of an
extracellular proton gradient, intracellular acidosis, and concomitant recovery from
acidosis. This cycle in turn elicits Ca?*-dependent flagellar turning/tumbling, result-
ing in chemotactic swarming.
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2.1 Results

2.1.1 Sperm from Sneaker Males Swarm in Response
to Respiratory CO, Emission

Sperm chemotaxis, widely recognized in metazoa (Miller 1975; Sun et al. 2009;
Kaupp et al. 2008; Guerrero et al. 2010) and plants (Okuda et al. 2009), is the phe-
nomenon in which sperm direct their movement in response to chemicals released
from eggs or accessory cells, facilitating sperm—egg encounters. In addition to the
well-known biological context in egg-derived chemical guidance for sperm attrac-
tion, spermatozoa often form motile conjugates that may be beneficial in competing
with sperm from other males in polyandrous species (Moore et al. 2002; Fisher and
Hoekstra 2010). Despite extended arguments on the evolutionary adaptation of
sperm cooperation for reproductive success (Immler 2008; Foster and Pizzari 2010),
little is known about how sperm form functional conjugates (Moore et al. 2002).
Previously, we found that each male of the coastal squid Loligo bleekeri produces
one of two types of morphologically distinct euspermatozoa, the two types being
linked to distinctly different male mating behaviors (Iwata et al. 2011). Consort
males produce spermatozoa with short flagella and transfer sperm capsules (sper-
matophores) to internal locations of the females, inside the oviduct, whereas sneaker
males produce long-flagellum sperm and transfer spermatophores to the outer body
wall of the same females (Fig. 2.1, Iwata et al. 2011). The evolutionary conse-
quences by which such phenotypic dimorphism arose remain elusive; however, each

male-male competition
by large consorts

Fig. 2.1 Mating behaviors in Loligo bleekeri. In L. bleekeri, male individuals conduct one of two
alternative reproductive tactics associated with body size. Consort males are relatively larger than
females in body size, struggle physically with each other, and copulate predominately with the
female to pass their sperm. Sneaker males, on the other hand, display maturity at a relatively
smaller size than females and do not participate in male—male competition for mating. Instead,
they access females by “sneaking” behavior to transfer their sperm in the course of the consort’s
mating
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type of sperm is expected to face different sperm competitiveness and different
fertilization modes.

We tested whether squid sperm show any swarming behavior by drawing sperm
suspensions into glass capillary tubes. Within 3 min, sneaker, but not consort,
sperm became concentrated and formed a regular striped pattern along the longitu-
dinal axis of the capillary. The formation of this pattern was transient, although
motility appeared unchanged for the duration of the experiment. To ascertain that
swarming is an intrinsic trait specific to sneaker sperm, a mixture of sneaker and
consort sperm, each labeled with different mitochondrial dyes, was introduced into
the capillary tube. Only sneaker sperm formed swarms, and both mitochondrial
dyes yielded the same result. Swarming did not involve reduced motility or physical
binding among sperm, but rather each sperm in the swarm moved independently by
actively swimming, a phenomenon similar to chemotactic swarming. A filter assay
was used to determine whether sperm swarming resulted from a chemical cue. We
transferred a small amount of labeled sperm and a large amount of nonlabeled sperm
into the lower and upper chambers. We then observed changes in swim-up
sperm numbers by confocal microscopy. Swim-up numbers doubled when sneaker,
but not consort, sperm were placed in the lower and upper chambers, indicating that
the sneaker sperm upward migration is caused by a chemical stimulus that elicits
chemotaxis or chemokinesis or both. Unexpectedly, sneaker sperm swam up when
consort or even starfish (Asterina pectinifera) sperm were placed in the upper cham-
ber, suggesting that the sperm attractant may be a ubiquitous molecule generated by
sperm respiration.

Because Dictyostelium discoideum (Kimmel and Parent 2003) and Escherichia
coli (Budrene and Berg 1991) release the chemoattractants cAMP and L-aspartate,
respectively, that promote self-organization, we tested each and found no effect on
either type of squid sperm. Chemoattractants known in other cell types, such as
dicarboxylic acids for fern spermatozoids (Brokaw 1957), L-tryptophan for abalone
sperm (Riffell et al. 2002), and sugars or amino acids for bacteria, were all inactive
for squid sperm. Finally, we tested various gases and found that only CO, attracts
sneaker, but not consort, sperm. From these observations, we hypothesized that tem-
poral swarming observed in the capillary tube was mediated by chemosensation in
response to respiratory CO, (CO, taxis) emitted by sperm.

2.1.2 Flagellar Membrane-Localized Carbonic Anhydrase
Serves as a Primary CO, Sensor

We reasoned that the transient character of the swarming could result from the insta-
bility of the formation of a chemical gradient and speculated that the nature of the
chemical gradient could be CO, hydration products (protons or bicarbonate ions)
rather than CO, itself. Because carbonic anhydrases (CAs) serve as primary CO,
sensors in many biological systems (Wang et al. 2010; Chandrashekar et al. 2009;
Sun et al. 2009; Ziemann et al. 2009), we tested broad and specific CA inhibitors
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and found an inhibitory effect on swarming by several of these compounds. We
cloned a full-length cDNA encoding CA from sneaker testes and found that it is
most similar to membrane-anchored CA isoforms. This transcript was also found in
consort testis; therefore, we generated an antibody against a synthetic peptide to
confirm protein expression in both types of sperm. Western blots of whole-cell
extracts identified a ~31.7-kDa band (the calculated molecular mass of 28.8 kDa) in
both sneaker and consort sperm. The flagella of both sneaker and consort sperm
were equally stained by the antibody, and immunoreactivity was diminished by
treating live sperm with proteinase K, indicating that CA localizes on the cell sur-
face. We examined CO, metabolism and found that both sneaker and consort sperm
converted their respiratory CO, to H* and HCO;™ by CA and acidified the pH of the
medium (pH,). Notably, only sneaker sperm acidified intracellular pH (pH;) con-
comitantly with pH, acidification.

2.1.3 An Extracellular Proton Gradient Establishes
and Maintains Swarming

We hypothesized that sneaker sperm sense a proton gradient by which swarming is
enabled. We first measured pH, using a pH-sensitive dye during swarm formation.
Development of a proton gradient from the central part of the swarm was evident,
although estimation of the precise pH, values was precluded by the spatiotemporal
alternation of sperm density that affects concentrations of the pH indicator. Next,
when the pH, gradient formation was interfered by buffering seawater (10 mM Tris
or HEPES), no swarming was observed. Finally, we tested sperm behavior to acid-
loaded pipettes. We found that both sneaker (below pH 5.0) and consort (below pH
4.0) sperm showed a chemotactic response to acid (acidotaxis) and kept swarming
in the vicinity of the pipette for a longer period (~30 min). As expected, sperm did
not respond to a pipette with 50 mM bicarbonate-containing agarose (pH 8.0), con-
firming a proton as the inducer of chemotaxis.

Why do consort sperm show acidotaxis, but not CO, taxis, despite the presence
of CA? The acidotaxis assay revealed that the sensitivity of acid detection in sneaker
sperm is ~1 pH unit higher than that in consort sperm. Given that no apparent pH;
decrease occurred in consort sperm, we hypothesized that only sneaker sperm have
the acid-induced proton uptake system by which CO, taxis is driven. To explore this
hypothesis, we first examined pH; homeostasis at various pH, using buffered seawa-
ter. We found that both sneaker and consort sperm were similar in maintaining their
pH; against alkalosis. However, only consort sperm showed pH; homeostasis against
acidosis. If swimming up or down the proton gradient is instantly reflected in the
pH; values, the pH; changes could be a signaling component that mediates a chemo-
tactic response. Sperm were placed in buffered seawater (pH 8.0 or 6.0) into which
a pipette filled with 1 M sodium acetate (NaAc)-soaked agarose gel (pH 8.0 or 6.0)
was inserted. In this setup, because NaAc crosses the plasma membrane and causes
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cytoplasmic acidosis, sperm are allowed to change pH; depending on their swim-
ming direction: sperm swimming toward the pipette will become acidified and those
swimming away from the pipette will recover from cytoplasmic acidosis in a con-
stant pH, environment (pH 8.0 or 6.0). Sperm from sneaker males, but not consort
males, showed directional movements toward the pipette when pH, was adjusted to
6.0. Conversely, when a pipette loaded with ammonium chloride (pH 5.0) (an
alkalosis-inducing agent without pH, changes) was placed in seawater at pH 5.0,
sneaker sperm showed chemorepellent behavior from the pipette. These results,
together with other data, suggest that an environmental proton gradient enables syn-
chronous changes in the pH; (acidic range) of sperm that facilitate directional move-
ment to establish and maintain the swarm formation.

2.1.4 A Return from Intracellular Acidosis Evokes Calcium-
Dependent Motor Responses for Turn/Tumbling

In sea urchins (Bohmer et al. 2005; Guerrero et al. 2010), ascidians (Shiba et al.
2008), and perhaps other animals (Cosson et al. 1984), sperm exhibit a coordinated
transition of straight runs and quick turns, primarily regulated by calcium flux
through the plasma membrane, enabling them to approach the chemoattractant
source. Similarly, L. bleekeri sperm require extracellular Ca?* for swarming in both
experimental and natural conditions and for acidotaxis. We then analyzed the swim-
ming trajectory of the sperm entering the border zone of the swarming region. We
found that sperm ascending into a swarm tend to maintain straight trajectories,
whereas sperm descending into a swarm make frequent turns. These results clearly
demonstrated that sperm swarming is driven at least by chemotaxis but not by solely
chemokinesis or trapping regardless of their possible existence. Two-dimensional
swimming trajectory analysis showed that the reorientation consists of the initiation
of the turn or tumbling motion followed by straight swimming directed toward the
chemical source (straight—turn—straight). We asked whether this turn/tumbling ini-
tiation is caused by a pH;-dependent calcium ion uptake. Unfortunately, we were
unable to image flagellar [Ca?*];; therefore, we took an alternative approach. Sperm
preincubated in acidic (pH 5.0) or normal (pH 8.0) seawater were placed in Ca?*-
free seawater at pH 8.0 and tested to determine whether they would respond to a
local Ca** release and, as a result, elicit turn/tumbling behavior. Both types of sperm,
regardless of preincubation conditions, exhibited mostly straight swimming behav-
ior in Ca*-free seawater. However, only sneaker sperm that were preincubated in
the acidic environment evoked frequent high-turn swimming episodes in the vicin-
ity of the Ca?*-loaded pipette. These results indicate that intracellular acidosis
primes the Ca?* influx capacity in sneaker sperm, and the subsequent recovery from
acidosis elicits Ca*" uptake, which triggers transition of the swimming mode
from straight to turn/tumbling (Fig. 2.2).
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Fig. 2.2 Model of CO, chemotaxis in squid sperm. Respiratory CO, emitted from self and neigh-
boring sperm is hydrated by the flagellar membrane-bound carbonic anhydrase (CA) into bicar-
bonate ions and protons. Only sneaker, but not consort, sperm influx contains extracellular protons
generated from self and neighboring sperm by an unknown mechanism (/), resulting in intracel-
lular acidosis (below pH; 6.0). When sperm swim along a descending proton gradient, recovery
from acidosis (above pH; 6.0) occurs (2), which evokes calcium influx (3) that is necessary for turn/
tumbling initiation in the flagellum. Mt. mitochondria, Fi. flagellum

2.2 Discussion

The spear squid L. bleekeri employs alternative mating tactics; large consort males
take physical advantage in courtship with females and deposit their spermatophores
inside the female’s body. Therefore, fertilization is assumed to occur internally. In
contrast, small sneaker males transfer their spermatophores by sneaking behavior at
an external location just below the female’s mouth, so that such sperm would
encounter eggs when females hold the eggs in their arms during the egg-laying pro-
cedure. Although a factor that influences the male-type decision remains to be iden-
tified, this system offers extremely a unique situation where internal and external
fertilization coexist within a single spawning episode. Previously, we found that
sneaker sperm are ~50 % longer than consort sperm (Iwata et al. 2011). Although
no such clear within-species dimorphic eusperm had been reported previously, there
are many examples of sperm size differences among closely related species, which
have largely been explained as the consequences of sperm competition (Gage 1994;
Briskie and Montgomerie 1992; Gomendio and Roldan 1991). Unexpectedly,
empirical data supported no evidence that larger sperm are favored in sperm compe-
tition in this species regarding the swimming velocity and sperm precedence at the
storage site (in the seminal receptacle). Alternatively, different fertilization environ-
ments might be a prominent factor that could drive the evolution of sperm size
(Iwata et al. 2011).

In this study, we found that sperm behavioral traits are also different between
sneaker and consort spermatozoa. Sperm from sneaker, but not consort, males have
a characteristic of forming motile conjugates when ejaculated into seawater and
hold these in the close vicinity of the spermatophore. From an ecological aspect,
retaining ability of ejaculates at the buccal region (site of egg deposition) would
have a prominent effect on storing into the externally located seminal receptacle
(female sperm storage organ) or fertilization success because mating and egg
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laying are temporally independent (Iwata et al. 2005). Especially, sperm should
travel, either actively or passively, for the certain distance from the ejaculation site
to the storage site by an unknown mechanism (Iwata et al. 2011; Sato et al. 2010;
Lumkong 1992). Therefore, the sperm swarming trait together with the female arm
crown architecture (Naud et al. 2005) would provide an effective diffusion-resis-
tant situation against water movement.

The question of why only sneaker sperm have acquired the swarming trait would
be intriguing to address in the light of postcopulatory sexual selection (Birkhead
and Pizzari 2002) and natural selection (Foster and Pizzari 2010). Theoretically, a
risk of sperm diffusion would be much greater on sneaker (externally deposited and
stored) than on consort (internally deposited and stored) sperm, which could account
for the evolution of complex adaptive traits on precopulatory (mating behavior) and
postcopulatory (sperm function) sexual selection. We therefore carried out further
investigations with other Loliginidae species that also employ alternative male mat-
ing behavior. In Loligo reynaudii and Photololigo edulis, sperm from sneaker indi-
viduals, as judged from the sperm mass morphology (Iwata and Sakurai 2007),
exhibited self-swarming, whereas no swarming occurred for sperm from consort
individuals. Moreover, in species employing only sneaker-type mating behavior,
that is, males inseminate the external sites on females, such as Idiosepius paradoxus
and Todarodes pacificus, sperm also showed swarming behavior, supporting our
hypothesis that the swarming trait tightly associates with the fertilization mode
rather than sperm competition between sneaker and consort (Parker 1990).

2.3 Perspectives

It remains unknown how changes in pH; elicit [Ca®*]; mobilization in this system.
However, recent reports identified that CatSper, a mammalian sperm calcium chan-
nel essential for flagellum motility, can be activated by either progesterone (Strunker
etal. 2011; Lishko et al. 2011) (a sperm chemoattractant) or intracellular alkalization
(Kirichok et al. 2006). CO,/acid detection in the mammalian gustatory system
(Chandrashekar et al. 2009; Huang et al. 2006; Kawaguchi et al. 2010; Chang et al.
2010; Lahiri and Forster 2003) and central nervous system (Ziemann et al. 2009;
Lahiri and Forster 2003) may represent molecular similarity to CO, taxis found in
squid sperm in terms of intracellular acidosis via transcellular proton currents (Chang
etal. 2010) and “off-response” (Kawaguchi et al. 2010). Because CO, emission is the
cell’s fundamental property, understanding the molecular pathway in the CO, taxis
will provide a broad impetus to discover similar examples in biological systems.
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Chapter 3
Specific Mechanism of Sperm Storage
in Avian Oviducts

Mei Matsuzaki, Gen Hiyama, Shusei Mizushima, Kogiku Shiba,
Kazuo Inaba, and Tomohiro Sasanami

Abstract The capability for sperm storage in the female genital tract is frequently
observed in vertebrates as well as in invertebrates. Because of the presence of a
system that maintains the ejaculated sperm alive in the female reproductive tract in
a variety of animals, including insects, fish, amphibians, reptiles, birds, and in mam-
mals, this strategy appears to be advantageous for animal reproduction. Although
the occurrence and physiological reasons for sperm storage have been reported
extensively in many species, the mechanism for sperm storage in the female repro-
ductive tract has been poorly understood until recently. In this chapter, we report our
recent findings on the mechanism of sperm storage in avian oviducts, especially
data obtained from the Japanese quail (Coturnix japonica), as an experimental
model. Because sperm storage in birds occurs at body temperature (i.e. 41 °C), elu-
cidation of the mechanism of sperm maintenance in the avian oviduct may open up
new avenues for the development of novel strategies for sperm storage in vitro with-
out cryopreservation.
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3.1 Introduction

The timing of ovulation is known to be regulated by endocrine factors such as
luteinizing hormone and progesterone in higher vertebrates, but the time of insemi-
nation into the female reproductive tract by natural mating or artificial insemination
does not always synchronize with that of ovulation. To achieve efficient fertiliza-
tion, sperm need to migrate to the site of fertilization when the ovulated oocytes are
there. To increase the chance of fertilization, female animals frequently store sperm
in their reproductive tract, and thus sperm storage works as a natural mechanism
ensuring sperm encounter the ovulated oocytes at the right time and right place. For
instance, some bat species mate in autumn, but fertilization does not take place
immediately: the bats store the sperm in the oviduct for 5 months and fertilize them
in the spring of the following year (Holt 2011). This phenomenon also optimizes the
timing of the birth of their offspring until a suitable season for nursing arrives. Some
reptiles, such as turtles, snakes, and lizards, have obvious potential for sperm stor-
age in the oviduct for an extremely long period (maximum, 7 years). This long-term
storage appears to work as an insurance against not finding mating partners in some
breeding seasons (Holt and Lloyd 2010).

Because of the presence of specialized simple tubular invaginations in the ovi-
duct, once ejaculated sperm have entered the female reproductive tract, they can
survive up to 2—15 weeks in domestic birds, including chickens, turkeys, quail, and
ducks, for various periods depending on the species (Bakst et al. 1994; Bakst 2011)
in contrast to the relatively short lifespan in mammalian spermatozoa (i.e., several
days). These specialized structures are generally referred to as sperm storage tubules
(SST). SSTs are located in the uterovaginal junction (UVJ) and in the infundibulum,
although the primary storage site for sperm is the SST in the UVJ (Burke and
Ogasawara 1969; Brillard 1993). The spermatozoa are transported to the infundibu-
lum, which is the site of fertilization and also serves as a secondary sperm storage
site (Bakst 1981; Schindler et al. 1967). Although extensive investigations concern-
ing the function of the SST in birds have been performed since its discovery in the
1960s by means of ultrastructural analysis (Bobr et al. 1964; Schuppin et al. 1984;
Van Krey et al. 1967), the specific mechanisms involved in sperm uptake into the
SST, sperm maintenance within it, and controlled sperm release from it remain to be
elucidated. In this chapter, we report our recent findings on the mechanism of sperm
storage in the avian oviduct, especially data obtained from the Japanese quail
(Coturnix japonica), as an experimental model.

3.2 Sperm Release from the SST Is a Regulated
Event in Birds

There are several reports indicating that sperm release from the SST is not regulated, but
occurs in response to the mechanical pressures of a passing ovum, because no contrac-
tile elements associated with the SST were found (Van Krey et al. 1967; Tingari and
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Fig. 3.1 Ultrastructural
observation of the
uterovaginal junction (UV])
surface treated with
progesterone. After mating,
the animals were injected
with vehicle alone (a) or
0.8 pg/ml progesterone (b).
The UVJ was isolated 1 h
after the injection, and the
area of the entrance to the
sperm storage tubules (SST)
was observed by scanning
electron microscopy. A
representative photograph
from those obtained from
three different birds is shown.
Bar=10 pm

Lake 1973). In contrast, there is conflicting evidence showing that egress of the sperma-
tozoa is regulated because resident spermatozoa were discharged from the SST close to
the times of ovulation and oviposition (Bobr et al. 1964). To examine whether sperm
release from the SST is regulated during the ovulatory cycle, female birds were mated
12 h after oviposition, and the SST in the UVJ at 2 or 13 h after mating (corresponding
to a time 14 or 25 h after oviposition, respectively) was observed. The percentage of the
SST containing sperm at 14 h after oviposition was high (i.e., approximately 50-60 %)
and significantly decreased to approximately 40 % at 25 h. Also, a bundle of sperm
extruding into the lumen of the UVJ from the SST was frequently seen at 20 h after
oviposition, although no such sperm were observed at 8, 14, or 25 h. To test whether
hormonal stimulation causes sperm release from the SST, the birds were injected with
various steroid hormones and the SST filling rate was calculated. As a result, the per-
centage of the SST with sperm was only significantly decreased when the animals were
treated with more than 0.8 pg/ml progesterone compared to that of the control birds,
which were injected with a vehicle alone. Scanning electron microscopic observation
revealed that the SST shrank in response to the injection of progesterone, and a bundle
of the sperm tail extruded from the SST was observed (Fig. 3.1). This morphological
change showed SST squeezed out the resident sperm into the lumen of the oviduct.
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These results demonstrated that the release of the sperm from the SST is a regulated
event during the ovulatory cycle, and progesterone acts as a sperm-releasing factor in
birds (Tto et al. 2011). If the resident sperm are released from the SST without any regu-
lation, most of the sperm ascending the oviduct may be trapped by the descending egg.
It is reasonable to suppose that the sperm release from the SST is stimulated by proges-
terone because there is at least a 5-h grace period before the next ovulation and sperm
released from the SST can reach the site of fertilization without hindrance from the
descending egg. This process may be supported by a lubricant effect of cuticle materials,
because the release of cuticle materials from the epithelial cells of the UVJ is also stimu-
lated by progesterone injection (Ito et al. 2011).

3.3 Sperm Maintenance in the SST

Although the period of sperm storage is different in different species, once they
have mated, female birds are able to produce fertilized eggs without repeated mat-
ing after a long period (e.g., maximum 3 months in the turkey hen). This is possible
because these female birds store the resident sperm in the SST of the UVIJ after
mating, and the resident sperm are thought to be discharged from the SST by the
stimulation of progesterone in each ovulatory cycle. This phenomenon suggests that
the resident sperm can survive in the SST for extended periods at body temperature
in birds (i.e., 41 °C). This surprising phenomenon was discovered more than half a
century ago, but we currently know little about the mechanism that supports such
long-term maintenance of the resident sperm in the SST of the female reproductive
tract in birds. To clarify the SST functions, we first observed the resident sperm in
the lumen of the SST by electron microscopy. It is reported that the sperm at the
uterotubal junction (UTJ) in the bovine oviduct binds to the surface of epithelial
cells and that this binding ensures the tethering of the sperm at the UTJ until the
time of ovulation (Hunter 2008; Suarez 2010). In contrast to the situation in mam-
malian species, the resident sperm seems to be free from the epithelial cells of the
SST in the quail oviduct (Fig. 3.2). This finding led us to hypothesize that unknown
materials in the lumen of the SST may affect sperm mobility. To confirm this
hypothesis, we incubated the ejaculated sperm in the presence or absence of pre-
pared UV]J extracts. The flagellar movement of the sperm was recorded using a
high-speed camera. When the sperm were incubated in the absence of the UVJ
extracts, a vigorous flagellar movement was observed (Fig. 3.3a). However, in the
presence of the UVJ extracts, we found that the flagellar movements were relatively
quiescent, and that the amplitude of the flagellar movement, as well as the linear
velocity of the sperm, decreased (Fig. 3.3b). More importantly, the addition of the
UV extracts extended the sperm lifespan in vitro. In the presence of the UVJ
extracts, sperm swam vigorously even after 48 h of incubation, whereas in the
absence of the extracts, sperm usually died within 5 h (data not shown). These
results indicate the possibility that unknown molecules responsible for sperm main-
tenance exist in the UV] extracts. In the previous study, we also observed that the
formation of secretory granules in the SST epithelial cells fluctuated during the
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Fig. 3.2 Ultrastructural observation of the resident sperm in the SST. The UVJ was isolated at 1 h
after mating, and the tissue was embedded in paraffin wax. Thick sections were prepared, and the
surface of the cross section was observed by scanning electron microscopy. Arrow indicates the
bundle of resident sperm in the SST. A representative photograph from those obtained from three
different birds is shown. Bar=5 pm

ovulatory cycle, and progesterone treatment mimicking the phenomena takes place
during the ovulatory cycle. In SST cells, there are well-developed tight junctions
among the cells in the apical region, and the SST epithelial cells appear to secrete
their contents into the lumen of the SST, where the resident sperm are located.
Although we did not elucidate the nature of the secretory granules, it is very likely
that the contents of the granules in the UVIJ extracts affect sperm physiology (i.e.,
sperm filling, storage, and release) in the SST.

3.4 Conclusion

In this chapter, we reported that sperm maintenance in the SST, as well as sperm
release from the same location, are events regulated during the ovulatory cycle.
For instance, we demonstrated that progesterone stimulates the release of resi-
dent sperm from the SST in the Japanese quail with a contraction-like morpho-
logical change of the SST. This process may be supported by the lubricant effect
of cuticle materials secreted from the ciliated cells of the UVJ, as well as
unknown materials supplied from the SST epithelial cells, in events coincidently
triggered under progesterone control. In addition, we found secretory granules
in SST epithelial cells, and the number of the secretory granules fluctuated dur-
ing the ovulatory cycle, indicating that SST epithelial cells unknown materials
into the lumen of the SST; these materials may affect sperm physiology (e.g.,
motility, respiration, and metabolism) (Ito et al. 2011). Although the nature of
the molecules responsible for sperm maintenance for a long period of time
remains to be clarified, we found extracts of UVJ possess the ability to reduce
sperm motility and to extend sperm lifespan in vitro. Because sperm storage in
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Fig. 3.3 Effects of UVJ
extracts on motility of
ejaculated sperm incubated in
the presence (b) or absence
(a) of the UVJ extracts

(300 pg/ml) at 39 °C for

10 min. The flagellar
movements of the sperm were
recorded by a high-speed
camera (200 frames per
second), and 10 images taken
at every 1/20 s were overlaid.
A representative photograph
from those obtained from
three different birds is shown.
Bar=100 pm

avian species occurs at high body temperature (i.e., 41 °C), elucidation of the
mechanism for sperm storage may lead to the development of new strategies for
sperm preservation at ambient temperatures.
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Chapter 4
Allurin: Exploring the Activity of a Frog
Sperm Chemoattractant in Mammals

Lindsey Burnett, Hitoshi Sugiyama, Catherine Washburn,
Allan Bieber, and Douglas E. Chandler

Abstract Allurin, a 21-kDa protein secreted by the oviduct of female Xenopus
frogs, is incorporated into the jelly layers of eggs as they pass single file on their
way to the uterus and subsequent spawning. Hydration of the egg jelly layers at
spawning releases allurin as a chemoattractant that binds to the midpiece of Xenopus
sperm in a dose-dependent manner. Gradients of allurin elicit directed swimming
across a porous membrane in two-chamber assays and preferential, up-gradient
swimming of sperm in video-microscopic assays. Allurin, purified from X. laevis or
produced in recombinant form, also elicits chemotaxis by mouse sperm in two-
chamber and video microscopic assays. Allurin binds to mouse sperm at the mid-
piece and head, a pattern also seen in frog sperm. Western blots suggest the presence
of an allurin-like protein in the follicular fluid of mice and humans and peptides that
mimic subdomains within allurin elicit chemoattractive behavior in both mouse and
human sperm. By sequence homology, allurin is a truncated member of the Cysteine-
Rlch Secretory Protein (CRISP) family whose members include Crisps 1, 2, and 4,
which have been demonstrated to modulate mammalian sperm functions including

Dedication This chapter is dedicated to Allan L. Bieber, a long-time collaborator of ours who
recently passed on. Allan was an expert biochemist who guided our purification of allurin and
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capacitation, ion channel activity, and sperm—egg binding. Interestingly, allurin
contains only two of the three domains found in these full-length CRISP proteins
and in this respect is similar to the sperm self-recognition proteins HrUrabin and
CiUrabin important in ascidian gamete interactions. These findings suggest that
both full-length and truncated CRISP proteins play important reproductive roles in
species widely separated in evolutionary time.

Keywords Crisp proteins ® Egg jelly « Sperm chemotaxis ® Xenopus laevis

4.1 Introduction

Sperm physiological responses are choreographed by a series of signaling ligands
generated by female gametes and the organs in which they are housed. The signals
conveyed inform the sperm of the location, direction, and status of nearby female
gametes and elicit changes in sperm motility, sperm secretory status, and sperm
metabolic activities required to successfully fertilize an egg. Some of these ligands
are diffusible in nature and emanate from extracellular coatings surrounding the egg
whereas other ligands form a more stable part of the extracellular coat structure and
act only on sperm in contact with these matrices. Diffusible ligands include pep-
tides, steroids, amino acids, and even proteins (Burnett et al. 2008a).

One class of protein ligands that have received increasing interest are the
cysteine-rich secretory (Crisp) proteins whose members include snake venom tox-
ins, sperm chemoattractants, sperm decapacitation factors, sperm self-identification
markers, and sperm ion channel modulators (Burnett et al. 2008a; Gibbs et al. 2008;
Kratzschmar et al. 1996; Koppers et al. 2011). Full-length Crisp proteins contain
three domains, as indicated in Fig. 4.1. The largest “pathogenesis-related” (PR)
domain at the N-terminal (cyan) is homologous to proteins expressed in a variety of
plants in response to environmental stress or viral infection (Fernandez et al. 1997).
Next is the Hinge domain (yellow), the smallest of the three, named for the fact that
it links the first and third domain. Last is the ion channel regulatory (ICR) domain
at the C-terminal (magenta), named for its ability to block or modulate a variety of
voltage-dependent potassium and calcium channels as well as ryanodine receptors
(Gibbs et al. 2006). The ICR domain is similar in tertiary structure to ion channel-
blocking peptides from sea anenomes (Pennington et al. 1999; Alessandri-Haber
et al. 1999; Cotton et al. 1997).

The mammalian Crisp proteins, 1 through 4, are reproductively important and
full length. Earliest reports of sperm-associated Crisp proteins demonstrated that
the rodent epididymis secretes Crisp 1, which binds to the post-acrosomal region of
the sperm head (Cohen et al. 2011). This protein has been shown to migrate to the
equatorial region of rat sperm during capacitation and to possibly participate in
sperm—egg fusion (Cohen et al. 2000, 2007, 2008; Da Ros et al. 2004; Roberts et al.
2006, 2007, 2008; Ellerman et al. 2006). Antibodies raised against the protein
inhibit sperm—egg fusion, and the protein has been demonstrated to bind to the egg
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Fig. 4.1 Domain structure of full-length and truncated Crisp proteins. CAP/CRISP signature
sequences are present in the pathogenesis-related (PR) domain of all Crisp proteins but are shown
here only for full-length proteins. N-terminal signal sequences have been omitted for clarity

surface (Cohen et al. 2007; Ellerman et al. 2006). Although knockout of the protein
does not produce sterility, it does reduce the efficiency of sperm—egg binding in
vitro (Da Ros et al. 2008).

A second Crisp family member, TPX-1 or Crisp 2, discovered as an acrosomal
granule constituent and as a major autoantigen in vasectomized rodents (Hardy
et al. 1988; Foster and Gerton 1996), has also been shown to play a modulatory role
in sperm—egg binding in rodents (Busso et al. 2007). Crisp 2 is thought to be released
during the acrosome reaction, and the protein has been shown to help mediate bind-
ing of the sperm to the zona pellucida (Cohen et al. 2011).

Crisp 3, although widely expressed, is a prominent secreted protein in the pros-
tate (Udby et al. 2005). This protein can be found in the circulation bound to a
macroglobulin and has been proposed for use as a marker of prostatic hypertrophy
(Bjartell et al. 2006; Udby et al. 2010). As a constituent of semen, the protein has
been correlated with reproductive success in horses and cows (Schambony et al.
1998a, b; Topfer-Petersen et al. 2005).

Crisp 4, present in rodents but not in other mammals, has been the first Crisp
family protein demonstrated to have a molecular role in sperm physiology. Darszon
and coworkers (Gibbs et al. 2010a) have shown that Crisp 4 inhibits the opening of
TRP-M8 channels in mouse sperm that are required to initiate capacitation. Channel
inhibition by Crisp 4 or possibly by its homologue Crisp 1 may play a role in pre-
venting premature capacitation, that is, acting as a “decapacitation factor.” In addi-
tion, Crisp 4 has been shown to modulate sperm binding to the zona pellucida
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(Turunen et al. 2012). Found in the epididymis, this protein is considered to be a
functional orthologue to human Crisp 1 (Nolan et al. 2006).

The complexity of the CRISP family has been further increased by the discovery
of “truncated” members missing the “ion channel regulatory”” domain characteristic
of full-length Crisp proteins such as Crisp 1 and Crisp 4. As shown in Fig. 4.1, trun-
cated members typically contain the PR and Hinge domains along with amino-acid
sequences at the C-terminal that vary in length from a few residues to several hun-
dred. Members of this class include allurin, the frog sperm chemoattractant whose
characteristics are described in the current chapter, insect venom and hookworm
antigen proteins (Burnett et al. 2008a), the protease inhibitor-like proteins P115 and
P116 (Gibbs et al. 2008), Ciona intestinalis (Ci) Urabin and Halocynthia roretzi
(Hr) Urabin, recently discovered self-identity ligands on ascidian sperm (Urayama
et al. 2008; Yamaguchi et al. 2011), and the glioma pathogenesis related-like pro-
teins, whose functions are currently unknown, but which include members that are
expressed in a testis-specific manner (Gibbs et al. 2010b).

Commonly, all these proteins are grouped into the Cysteine Rich—Antigen—
Pathogenesis related (CAP) superfamily of proteins that are characterized by a
homologous PR domain, with four regions of particularly high sequence homology
referred to as “CAP signatures” or “CRISP signatures” (green in Fig. 4.1) (Gibbs
et al. 2008).

4.2 Characterization of Allurin as a Frog Sperm
Chemoattractant

Amphibian eggs undergo a marked decrease in fertilizability if their outer jelly lay-
ers are removed. This observation was initially made in Bufo japonicas and Bufo
arenaras and more recently in Xenopus laevis (Katagiri 1987; Krapf et al. 2009;
Olson and Chandler 1999). However, reintroduction of diffusible jelly components
(referred to as “‘egg water”) restores the fertilizability of these jellyless eggs almost
to their original level of 80 % or greater (Olson and Chandler 1999). For this reason,
our laboratory tested the possibility that a diffusible jelly component from X. laevis
eggs might be acting as a sperm chemoattractant by using two types of assays
(Burnett et al. 2011a). The first uses a modified Boyden chamber that has a porous
polycarbonate filter separating an upper sperm chamber and a lower chemoattrac-
tant chamber. Sperm passing through the filter in response to a chemotactic gradient
of egg water were increased fivefold over those in control experiments in which egg
water was not present (Al-Anzi and Chandler 1998). This response was dose depen-
dent, egg water specific, and was not seen in the presence of egg water mixed uni-
formly throughout the lower chamber. This assay guided the subsequent purification
of allurin from egg water using anion-exchange chromatography in conjunction
with a NaCl step gradient for elution (Olson et al. 2001; Sugiyama et al. 2009).

A second chemoattraction assay, developed by Sally Zigmond to study neutro-
phils (Zigmond 1977) and modified by Giojalas and coworkers for use with sperm
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(Fabro et al. 2002), employs video microscopy to record the directional movements
of individual sperm. Trajectories are recorded of sperm swimming on an observa-
tional platform that lies between two troughs, one acting as a reservoir of sperm and
the other as a reservoir of chemoattractant (see Fig. 4.2a). The sperm on the plat-
form swim within a chemotactic gradient formed by diffusion. Their movement at 7
frame/s was analyzed for velocity and directionality using X—Y Cartesian coordi-
nates, the gradient axis being along the X coordinate. Values in successive frames as
well as average values over entire trajectories were compared.

Data analysis revealed that in the presence of an egg-water gradient (red/dark
bars, Fig. 4.2b) average sperm velocity was about 43 pm/s and not significantly dif-
ferent from sperm velocity in the absence of a gradient (white bars, Fig. 4.2b). In
addition, similar sperm velocities were observed in sperm traveling up the gradient
and down the gradient, suggesting that egg water does not contain a chemokinetic
agent that alters sperm swimming speed. In contrast, net sperm travel along the X
coordinate (gradient axis) was increased threefold by the presence of an egg-water
gradient (first bar set, Fig. 4.2¢). In comparison, sperm movement along the Y coor-
dinate perpendicular to the gradient axis was random and not increased by egg
water (second bar set, Fig. 4.2c). Sperm movement along the X coordinate, when
analyzed in greater detail, showed a marked change in trajectory distribution from
relatively random movement (white bars, Fig. 4.2d) to those favoring positive, up-
gradient movement (red/dark bars, Fig. 4.2d). These findings demonstrated that X.
laevis (X1) sperm prefer to swim toward the reservoir of egg water, indicating the
presence of a chemoattractant.

4.3 Allurin Is a Chemoattractant for Mammalian Sperm

Because rodents express a number of Crisp proteins that have striking roles in sperm
physiology and sperm—egg interactions, it was of interest to determine whether a
truncated Crisp protein such as allurin had effects on mammalian sperm. Initially
we used the two-chamber assay to demonstrate that a gradient of X. laevis egg water
did indeed have the ability increase mouse sperm passage across a porous mem-
brane by 2.5 fold (Burnett et al. 2011b, 2012). Subsequently, we tested the ability of
mouse sperm to bind Alexa 488-conjugated allurin in a region-specific manner.
Dye-conjugated allurin bound strongly to the subequatorial region of the mouse
sperm head and in a punctuate pattern to the midpiece of the sperm flagellum (see
Fig. 4.3c, d). Remarkably, this pattern of binding was similar to that observed when
frog sperm were exposed to the same allurin conjugate (Fig. 4.3a, b).

These findings suggested the need for a more detailed study of allurin-induced
chemotaxis in mouse sperm using the Zigmond chamber. In these studies we com-
pared the effects of allurin purified from egg water with those of mouse follicular
fluid, a known source of chemoattractants for mouse sperm. Mouse sperm, in con-
trast to X1 sperm, are strong swimmers and can swim against gravity. Thus, the
observational platform of the Zigmond chamber can face upward when evaluating
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Fig. 4.2 Swimming behavior of Xenopus laevis sperm in a gradient of egg water that contains
allurin. (a) Cut-away diagram of an inverted Zigmond chamber. Sperm trajectories are tracked
under the observation platform of the chamber by video microscopy. The chamber is inverted
because these sperm cannot swim against gravity. Inset: Sperm in the observation area are exposed
to a gradient of chemoattractant. (b) Sperm velocity is unchanged in the presence of an egg-water
gradient (red/dark bars) regardless of whether the sperm a swimming up or down the gradient. (c)
The average net travel of sperm along the gradient (X) axis is increased threefold in the presence
of an egg-water gradient but is not increased along the Y axis. (d) Distribution of net travel along
the gradient (X) axis for individual sperm is shifted to large positive values in the presence of an
egg-water gradient (red/dark bars) providing evidence of directed sperm movement toward the
chemoattractant trough. Error bars represent the mean+ SE of 150 sperm in three experiments. (a
reproduced with permission from Burnett et al. 2012; b—d reproduced from Burnett et al. 2011c)
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Fig. 4.3 Fluorescence micrographs of Oregon green 488-conjugated allurin bound to frog and
mouse sperm. (a, b) Allurin binds to X. laevis sperm at the midpiece and to a variable extent at the
head. No binding is observed at the flagellum. Bars=2 pm. (¢, d) Allurin binds to mouse sperm at
the subequatorial region of the head (arrows) and at the midpiece of the flagellum (dashed lines).
Bars=10 pm. (a and b reproduced with permission from Burnett et al. 2011c; ¢ and d reproduced
with permission from Burnett et al. 2011b)

mouse sperm (Fig. 4.4a, inset), whereas the observational platform faces downward
when observing X1 sperm (Fig. 4.2a, inset). As shown in Fig. 4.4b, both purified
allurin (red/dark bar) and mouse follicular fluid (yellow/light bar) gradients pro-
duced no marked change in sperm swimming velocity when compared to sperm
swimming in the absence of a gradient (white bar, Fig. 4.4b). In contrast, the net
distance swum by sperm along the X (gradient) axis was increased dramatically in
the presence of either an allurin or a follicular fluid gradient (first bar set, Fig. 4.4c).
Such an increase was not seen along the Y-axis but instead random movement hav-
ing a net displacement near zero, much like controls in which no chemotactic agent
is present (second bar set, Fig. 4.4c). Differences in movement along the gradient
(X)-axis between chemotaxing sperm and control sperm are clearly seen in distribu-
tion plots such as that in Fig. 4.4d. The presence of either an allurin (red/dark bars)
or follicular fluid (yellow/light bars) gradient markedly decreases the percentage of
sperm swimming down the gradient while markedly increasing the percentage of
sperm swimming up gradient toward the chemoattractant trough.
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Fig. 44 Swimming behavior of mouse sperm in allurin and follicular fluid gradients. (a) Sperm
movement is tracked on the observation platform of a Zigmond chamber. Inset: Sperm in the observa-
tion area are exposed to a gradient of chemoattractant emanating from the trough. (b) Average for-
ward velocity of sperm in an allurin gradient (red/dark bar) and in a mouse follicular fluid gradient
(vellowllight bar) is similar to that in controls (open bar). (¢) The average net travel of sperm along
the gradient (X) axis is substantial in the presence of an allurin or a follicular fluid gradient. (d)
Distribution of differences in sperm travel along the gradient (X) axis (presence of chemoattractant -
absence). Data is binned according to magnitude of X axis travel (vertical line is zero). The percent-
age of sperm traveling down gradient away from the chemoattractant was markedly reduced while
the percentage of sperm traveling up gradient was markedly increased. Error bars represent the
mean= SE for 80 sperm in four experiments. AL allurin, MFF mouse follicular fluid. (a reproduced
with permission from Burnett et al. 2012; b, ¢, d reproduced from Burnett et al. 2011b)
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Fig. 4.5 Fluorescence
immunocytochemical
staining of a secondary
follicle in the mouse ovary
using anti-allurin antibodies.
A strong signal is seen in the
cytoplasm of mural granulosa
cells and in the cumulus cells
surrounding the oocyte. The
antibodies used cross-react
with full-length Crisp
proteins, thus demonstrating
their expression in developing
follicles. Draq 5 was used as
a nuclear counterstain.
Bar=25 pm. (Reproduced
with permission from Burnett
et al. 2012)
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These data provide strong evidence that allurin binds to and produces sperm
chemoattractant behavior in both Xenopus and mouse sperm. Given that the identity
of sperm chemoattractants in follicular fluid is still a matter of debate, these data
also provide impetus for asking whether there are allurin-like chemoattractant pro-
teins in follicular fluid. Two observations suggest that further study is warranted.
First, immunocytochemistry using anti-allurin antibodies strongly labels the mural
granulosa and cumulus cells surrounding the oocyte in secondary ovarian follicles
of the mouse (Fig. 4.5). The localization appears to be cytoplasmic and is consistent
with granulosa cell secretion of an allurin-like protein. Second, the secretion of such
a protein into the follicular fluid can be verified by Western blot. As shown in
Fig. 4.6, mouse follicular fluid, although containing hundreds of proteins of varying
molecular weights (left, FF, Commassie stained), reveals just one band at 20 kDa
that labels with anti-allurin antibodies (right, FF, double asterisk). This finding sug-
gests the presence of a truncated Crisp protein in follicular fluid, albeit one whose
identity and chemoattractant activity is presently unknown.

4.4 The Future of Crisp Protein Relationships
in Reproduction

In retrospect, the discovery that allurin is also a chemoattractant for mammalian
sperm should not have been surprising. CAP superfamily and Crisp subfamily pro-
teins have entered into a broad array of reproductive mechanisms across both
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Fig. 4.6 Western blot MW
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vertebrate and invertebrate animal phyla. Evolutionary relationships can be brought
out by comparing domain organization and the positioning of the highly conserved
cysteines which, through formation of disulfide bonds, play a vital role in tertiary
structure and stability.

The PR domain, found as a stand-alone domain in both plants and animals, may
have been the earliest domain of the CAP superfamily to evolve. It presumed origin
before to the plant—animal bifurcation is hinted at by the existence of current-era
yeast proteins that exhibit substantial homology to this domain Choudhary and
Schneiter 2012). This domain, consisting of a B-pleated sheet sandwiched between
a-helices on each face, is stabilized by three disulfide bonds (Fernandez et al. 1997).
The PR domain has taken on a number of suspected roles during evolution including
cation binding and proteolytic and disintegrin activities, as well as abilities to bind
to sperm and oocyte surfaces.

Metal binding most notably includes high-affinity coordination with cadmium
and zinc, abilities that could be related to sequestering of potentially lethal metals
in the case of cadmium or a basis for metalloprotease activity in the case of zinc.
The coordinating residues for cadmium or zinc binding have been clearly predicted
from the X-ray crystallographic structures of Crisp snake toxins (Wang et al. 2005;
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Guo et al. 2005; Shikamoto et al. 2005). Similarly, the structure of the Crisp-related
protein glioma pathogenesis-related protein 1 in its zinc bound form has been deter-
mined (Asojo et al. 2011). Indeed, the PR domain structure bears some similarity to
Zn**-requiring metalloproteases although only a few Crisp-related proteins have
proven activity (e.g., Milne et al. 2003). However, these structural similarities may
underlie the fact that the PR domain is capable of docking with a number of protein
partners in other contexts.

A more detailed inspection of the sequence of this domain in a variety of CAP/
CRISP proteins shows the presence of a PR domain (blue shading, Fig. 4.7) having
at least four CAP/CRISP signature regions of high amino-acid identity (green shad-
ing, Fig. 4.7) and six to eight cysteines that are generally disulfide bonded (red on
yellow, Fig. 4.7). Four of these cysteines [residues 73, 148, 153, and 164 in Xenopus
tropicalis (Xt) allurin] are essentially invariant. In contrast, the positioning of two
other cysteines shows variation between two subgroups of Crisp proteins. One sub-
group represented by mammalian Crisps, snake toxin crisps, and a lamprey Crisp
protein have these cysteines within the CAP/CRISP 2 and -4 signature sequences
(residues 93 and 167 in Xt allurin). A second subgroup represented by plant PR-1
and ascidian sperm self-recognition proteins have these two cysteines near the CAP/
CRISP signature 1 sequence at residues 109 and 115 in the PR-1 protein of tomato
(arrows, Fig. 4.7). Xt allurin and a hypothetical Crisp protein in finch both conform
perfectly to the first subgroup and thus might be expected to have a tertiary structure
much like that delineated in the X-ray diffraction structures of snake toxin Crisp
proteins. If so, one can expect all six of the cysteines in the PR domains of these
proteins to be disulfide bonded and the pattern of bonding to be overlapping as in
the toxin proteins (Wang et al. 2005; Guo et al. 2005).

Unexpectedly, some truncated Crisp proteins, including X. laevis (X1) allurin and
wasp venom proteins, do not conform to either pattern of cysteines and in fact have
been shown to have two free cysteines that are not disulfide bonded (Sugiyama et al.
2009; Henriksen et al. 2001). What this means for the tertiary structure of X1 allurin
is not clear, although its structure in the PR domain is likely to be quite different
from that of Xt allurin. It comes as a surprise then that X1 allurin and Xt allurin show
similar chemoattractant activity, even across species (Burnett et al. 2008b); this
would seem to imply that the chemoattractant activity of the allurins is mediated by
a different region of the PR domain or by the hinge domain as hypothesized next.

Indeed, the PR domain appears to have come into greater use when coupled with
the smaller hinge domain. Although the origin of the hinge domain is uncertain, its
amino-acid sequence is highly homologous in all CAP/CRISP proteins and notably
features four invariant cysteines (yellow/light shading, Fig. 4.7). In X-ray diffrac-
tion structures of CAP proteins these cysteines form a pair of overlapping disulfide
bonds that maintain the consistent “chair-like” tertiary structure of this domain
(Wang et al. 2005; Guo et al. 2005). The widespread use of this PR domain—-Hinge
domain combination in Crisp proteins ranges from ascidians, worms, and snails in
the invertebrates to amphibians, snakes, and mammals in the vertebrates. Given this,
it may pertinent to ask what kinds of increased functionality have been gained by
the use of this domain together with the PR domain.
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Hookworm Crisp 159 KLGCYVEACSNMCY - - - --VVCQYGPAGNMMG--KDIYEKGEPCSKCEN-CDKEKGLCSA~
Ci Urabin 167 AVGCGVTTCSNVTV/ /AQIVVCNYGPGGNIKG--KHPYISGSPCSACPKGYGCKNGLCS - -
Hr Urabin 144 KVGCGASICDNIDI/ /GQLLFCRYAPPGNY[FR--KKPYEEGEPCFDCELEETCRNNTCATA
Glipr1-like-1 148 YVGCAVAMCPNLGGASTAIFVCNYGPAGNEAN~--MPPYVRGESCSLCSKEEKCVENLCEN -
Mouse Crisp 149 QVACGVAECP-KNP-LRYYYVCHYCPVGNYQGRLYTPYTAGEPCASCP--DHCEDGLCTNS
Snake Crisp 144 RAGCAVSYCPSSA--WSY KTATPYKLGPPCGDCP--SACDNGLCTNP

Lamprey Crisp 155 QVGCAVNYCPNHPGA A RINKPYDLGTPCQACP--HSCDNNLCTNP
Snail Crisp 165 RIGCGQSACGNNKY/ /GYLCDCTNGPDACFNGGIFNINTCQCECSGIWGGADCQEKHCPNE
o < PR DOMAIN >><< HINGE DOMAIN >>
Wasp Antigen

Allurin (XI) 20 PR = o e e e e e e e e e e e e
Allurin (Xt) 202 PTA---=========—=m=m = mmmmmmmmmmmmmmmmmmmmmmmm e
Finch Crisp

Hookworm Crisp

Ci Urabin 229

Hr Urabin 208 EDLKAVIEDDVEVVLKDEEKPGYDGRPDGVGRADGDGGSAQSVLIQMSLLVANVLFAYLLM
Glipri-like-1 206 —-=====m=- PFLKPTGRAPQQTAFNPFSLGFLLLRIF

Mouse Crisp 206 CGHEDKYTNCKYLKKMLSCEHE----- LLKKGCKATCLCEGKIH---

Snake Crisp 201 CTIYNKLTNCDSLLKQSSCQDD--—-~ WIKSNCPASCFCRNKII

Lamprey Crisp 214 CPYVDQFSNCPQLFSAHGCANDGAGGTFVQTNCPATCSCTTDVQ-—~——--——-———===—
Snail Crisp 262 DFDDMCRYPDALRRPQHWCQYDNFQSDCPILCGYCPNPN-~--~-

=< ICR DOMAIN >>

Fig. 4.7 Clustal W-aligned amino-acid sequences of homologous CAP/CRISP proteins. Signal
sequences and initial nonhomologous N-terminal regions have been omitted for clarity. The PR,
Hinge, and ICR (ion channel regulatory) domains are shaded in blue, yellow, and pink respectively.
The PR domain includes four CAP/CRISP signature sequences of high homology (boxed and
shaded in green). Cysteines are highlighted in red on yellow. Initial residue positions are indicated
at the left of each sequence line. Double slashes indicate short internal sequences omitted for clarity.
Genbank acquisition numbers for the sequences are: AJ011520.1/GI:3660528, M98858.1/G1:162550,
AF393653.2/GI1:317185854, NM001201342.1/GI:318065112, XM002191406.1/G1:224048894,
AY288089.1/GI:31075034,  NM001246286.1/GI1:350534677,  BAG68488.1/GI:195972735,
NP689992.1/G1:22749527, BCO11150.1/GI1:15029853, AY324325.1/G1:32492058, BAF56484.1/
GI1:145046200, AJ491318.1/G1:32187774
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One possibility is that rather than acting independently, these two domains
might both contribute surfaces that together allow new protein—protein interactions.
An interesting piece of data that hints at this comes from the X-ray crystal structure
of pseudecin, one of the Crisp protein snake toxins from the viper Pseudecis por-
phyriacus that inhibits cyclic nucleotide gated channels (Suzuki et al. 2008). In this
protein, the surface formed by the C-terminal-most region of the PR domain and a
surface formed by the hinge domain face one another to provide a deep cleft that
could be a site of protein docking. Indeed, binding of Zn?* by this protein results in
a marked shift in the positions of these two surfaces, and the authors have postulated
that this may regulate the interaction of this protein with the channel (Suzuki et al.
2008). Similar tantalizing results come from our studies of peptides representing
sequences within allurin that mimic this region of the PR and Hinge domains.
Synthetic peptides representing the Hinge region and the C-terminal of the PR
domain have been found to have dose-dependent chemoattractant activity for both
frog and mouse sperm in two-chamber assays (Washburn et al. 2011; Washburn,
unpublished observations). In contrast, peptides of random sequence or having
homologous sequences from snake toxin Crisp proteins do not show activity. Of
further interest is that these peptides bind to sperm at the midpiece, the same spatial
pattern seen in binding of allurin to sperm.

As indicated in Fig. 4.1, full-length Crisp proteins contain the PR domain—-Hinge
domain combination just discussed as well as the ion channel regulatory (ICR)
domain. The ICR domain, as previously mentioned, has been demonstrated to mod-
ulate the actions of voltage-dependent potassium channels, voltage-dependent cal-
cium channels, and ryanodine receptors (Gibbs et al. 2006; Brown et al. 1999;
Morrissette et al. 1995; Nobile et al. 1994, 1996). These properties target channels
in muscle and nerve during the actions of Crisp protein toxins found in snakes and
lizards. Although the presence of Crisp proteins in insect venoms would seem to be
a parallel use it should be pointed out that the ICR domain is not present in the trun-
cated Crisp proteins found in these venoms.

In mammals, full-length Crisp proteins are associated with sperm production in
the testis, sperm maturation in the epididymis, and sperm capacitation and oocyte
binding in the female reproductive tract (Gibbs et al. 2008; Burnett et al. 2008a).
One might speculate that the ICR domain of these proteins may be modifying the
behavior of ion channels in sperm. Ion channel activity is important in sperm capac-
itation, and there is evidence that Crisp 1 may be acting as a decapacitation factor
that keeps certain channels quiescent in the male tract, but which upon removal
during capacitation in the female tract, allows new channel activity (Nixon et al.
2006). Indeed, Crisp 4, a rodent orthologue of Crisp 1, has been shown to modify
TRP-MS channels in mouse sperm that may be involved in sperm capacitation and
chemotaxis (Gibbs et al. 2010a).

Interestingly, the ICR domain has structural similarities to sea anemome toxin
peptides that have been shown to block voltage-dependent potassium and calcium
channels. In vertebrates, however, the ICR does not appear as an independent
domain but is virtually always within the context of a full-length Crisp protein.
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This observation would seem to imply that the PR domain—Hinge domain combination
associated with it must play some role in enhancing the actions of the ICR domain.
One possibility is that these domains are important for cell-surface binding and
localization so as to target ICR domain actions. Evidence for this capacity comes
from the fact that Crisp 1 binds to the mouse sperm surface in the epididymis and
remains bound to the sperm in the female tract (Cohen et al. 2000; Da Ros et al.
2004; Roberts et al. 2002, 2008). Its localization on the sperm and its binding life-
time are dependent on its glycosylation state. The “D” form of Crisp 1 binds to the
sperm head in the postacrosomal region and remains bound until ejaculated into the
female tract. The “D” form inhibits premature acrosome reaction in the male tract,
but once in the female tract appears to unbind from the sperm during capacitation
(Roberts et al. 2008; Nixon et al. 2006). In contrast, the “E” form of Crisp 1, having
a different glycosylation pattern, binds to sperm in the epididymis, but is not easily
removed even in the female tract (Da Ros et al. 2004; Roberts et al. 2008); rather,
it migrates to the equatorial region of the sperm where it is thought to take part in
sperm binding at the egg plasma membrane (Cohen et al. 2008, 2011).

Indeed, binding of Crisp 1 and Crisp 2 to the egg plasma membrane of rats has
been characterized (Ellerman et al. 2006; Cohen et al. 2011). The structural feature
of Crisp 1 responsible for egg binding appears to lie in the CAP/CRISP 2 signature
region of the PR domain. This signature is common to both Crisp 1 and Crisp 2, and
the fact that these two Crisp proteins compete for the same site on the egg surface
suggests that this signature is likely the binding partner in both proteins (Cohen
etal. 2011). If peptides representing this signature are incubated with eggs, peptide
binding is not only detected but is accompanied by block of sperm—egg plasma
membrane adhesion and subsequent fertilization (Ellerman et al. 2006). Similarly,
we have shown that allurin, absent an ICR domain, binds to the sperm head at the
equatorial region in a manner similar to Crisp 1, but different in binding to the mid-
piece of the flagellum as well (see Fig. 4.3).

Of additional interest is that the “E” form of Crisp 1, during production in the
epididymis, is proteolytically processed in a manner that eliminates the ICR domain,
leaving a truncated Crisp 1 that bears a lot of similarity to allurin, albeit highly gly-
cosylated (Roberts et al. 2002). This point raises the possibility that proteolytic
processing of a full-length Crisp protein in the ovarian follicle could lead to the
allurin-like protein detected in mouse follicular fluid that we have hypothesized
might bind to sperm and act as a chemoattractant (see Fig. 4.7).

Although the binding partners of mammalian Crisp proteins on the egg surface
are not yet known, binding partners of Crisp proteins have been studied in sperm. In
mouse sperm, a cell-surface protein designated SHTAP has been shown to bind
Crisp 2, be expressed exclusively in the testis, and to relocalize during sperm capac-
itation (Jamsai et al. 2009). In addition, binding of Crisp 2 to SHTAP in a yeast
two-hybrid system seems to require both the PR and Hinge domains as well as the
ICR domain to maximize binding. Again, the region in the PR domain required for
binding was that of the CAP/CRISP 2 signature sequence at the C-terminal of the
domain (Jamsai et al. 2009).
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Parallel data come from truncated Crisp proteins found on the surface of ascid-
ian sperm. As demonstrated by Sawada and coworkers, ascidian sperm display
GPI-anchored Crisp proteins that play a role in mediating self-recognition between
sperm and egg so as to prevent self-fertilization (Urayama et al. 2008; Yamaguchi
etal. 2011). In two different species, H. roretzi and C. intestinalis, a GPI-anchored
Urabin on the surface of the sperm head binds to a specific partner protein in the
vitelline coat of the conspecific egg (VC70 and VC57 in the two respective spe-
cies). Initial binding of the sperm Urabin to the vitelline coat supports subsequent
binding of a pair of polycystin-1-like proteins on the sperm surface (s-Themis A
and B) with binding partners on the vitelline coat (v-Themis A and B) (Yamaguchi
et al. 2011). Both these specific sperm—vitelline coat interactions are then thought
to lead to weakening of the interaction and removal of the sperm, thus blocking
fertilization.

In summary, data from multiple sperm species support the hypothesis that the
CAP/CRISP signatures 1 and 2 mediate binding and localization of Crisp proteins
to target cells and this binding is enhanced by the Hinge domain. In some cases, as
in the mammalian and snake venom Crisp proteins, such binding may be a require-
ment for actions of the ICR domain on ion channels in the membrane of the target
cell. In the case of allurin this binding appears to be to a yet-uncharacterized recep-
tor leading to signal transduction events that modulate sperm flagellar activity and
chemotaxis.

4.5 Conclusion

Allurin, a 21-kDa protein synthesized in the Xenopus oviduct, is incorporated into
the jelly surrounding spawned Xenopus eggs. Upon release into the surrounding
medium the protein binds to an uncharacterized receptor on the Xenopus sperm
midpiece and elicits chemotactic behavior; that is, sperm preferentially swim up an
allurin gradient toward higher concentrations of the protein. Surprisingly, allurin
elicits a similar response in mouse sperm. The amino acid sequence of allurin indi-
cates that it is a truncated member of the Crisp family having two domains. Our
results suggest that either the pathogenesis-related domain or Hinge domain of
allurin activates an evolutionarily conserved signaling system that controls flagellar
waveform and directional swimming. Future research is needed to determine
whether Crisp protein signaling systems play a role in mammalian sperm chemo-
taxis in vivo.

Open Access: This article is distributed under the terms of the Creative Commons Attribution
Noncommercial License which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.
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Chapter 5
Structure, Function, and Phylogenetic
Consideration of Calaxin

Kazuo Inaba, Katsutoshi Mizuno, and Kogiku Shiba

Abstract Sperm chemotaxis is widely seen both in animals and plants and is
considered to be necessary for efficient success of fertilization. Although intracellular
Ca?* is known to play important roles in sperm chemotaxis, the molecular mechanism
causing the change in flagellar waveform that drives sperm directed toward the egg
is still unclear. Several Ca?*-binding proteins, especially calmodulin, have been dis-
cussed as an important regulator of the molecular motor dynein in flagellar motility
during chemotactic movement of sperm. However, there has been no experimental
evidence to show the binding of calmodulin to dyneins. Recently, we found a novel
Ca?*-binding protein, termed calaxin, in the axonemes of sperm flagella in the ascid-
ian Ciona intestinalis. Calaxin binds to the outer arm dynein in a Ca?*-dependent
manner and suppresses its activity to slide microtubules at high Ca** concentration.
Inhibition of calaxin results in significant loss of chemotactic behavior of sperm,
indicating that calaxin is essential for sperm chemotaxis. In this chapter, we describe
the finding history, molecular nature, and the roles in sperm chemotaxis of calaxin,
as well as its phylogenetic consideration.

Keywords Axonemal dynein ¢ Calaxin ¢ Opisthokont ® Sperm chemotaxis

5.1 Ca* and Flagellar Motility

The flagellar wave is composed of a bend with larger angle called the principal bend
(P-bend) and a bend with a smaller angle called the reverse bend (R-bend). Sperm
showing the same extent of both bends show symmetrical waveform and swim
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Fig. 5.1 Flagellar waveform and the direction of sperm movement. The flagellar wave is
composed of a large principal bend (P-bend) and a smaller reverse bend (R-bend). Sperm with
almost the same extent of P-bend and R-bend move straight, whereas those with larger R-bend
move in circular fashion. Inverse of the radius of inscribed circle represents curvature, which is a
parameter to express the extent of flagellar bending

straight, whereas a decrease in R-bend results in asymmetry of waveform and the
circular swimming of sperm (Fig. 5.1). This waveform conversion is conducted by
the regulation of dynein-driven axonemal motility. It has been well known that Ca?*
plays an important role in the regulation of the axonemal motility in eukaryotic
flagella and cilia (Kamiya and Witman 1984; Gibbons and Gibbons 1980; Sale
1986). In fact, increasing the concentration of Ca?* in Triton-demembranated sperm
induces conversion of the flagellar waveform from symmetry to asymmetry (Brokaw
1979). An extremely asymmetrical waveform is induced at very high calcium con-
centrations (Gibbons and Gibbons 1980; Sale 1986). Sperm with this waveform
show cane-shaped “quiescence,” which is observed by electric or mechanical stimu-
lation of sperm flagella in the sea urchin (Shingyoji and Takahashi 1995; Kambara
etal. 2011). On the self-nonself recognition of sperm and egg in Ciona, sperm show
quiescence with a straight flagellum in response to the increase in intracellular Ca?*
(Saito et al. 2012). The basic regulation of flagellar waveform by Ca?* is thought to
be performed by the specific activation of dynein arms, which results in the changes
in flagellar waveforms (Brokaw 1979; Lindemann and Goltz 1988). Accumulating
evidence indicates that the activity of inner arm dyneins is regulated by signals from
the radial spoke/central pair in a Ca**-dependent manner (Smith 2002; Nakano et al.
2003). On the other hand, independent regulation of the outer arm dynein by Ca?* is
also pointed out (Mitchell and Rosenbaum 1985; Wakabayashi et al. 1997; Sakato
and King 2003).
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Calmodulin has been a strong candidate to regulate the conversion of flagellar
and ciliary waveform. In fact, several studies have discussed the presence and
potential roles of calmodulin in Tetrahymena cilia (Jamieson et al. 1979; Blum et al.
1980), Chlamydomonas flagella (Gitelman and Witman 1980), and sperm flagella
(Tash and Means 1983; Brokaw and Nagayama 1985; Lindemann et al. 1991). It is
well demonstrated that calmodulin is present in radial spokes and central pair and
regulates the function of these structures in the modulation of axonemal dyneins in
Chlamydomonas (Smith and Yang 2004). Another Ca**-binding protein, centrin, is
known to be a component of inner arm dynein (Piperno et al. 1992).

In contrast, analysis of Chlamydomonas mutants indicates that outer arm dyneins
are essential for conversion of waveform asymmetry in response to changes in Ca**
concentration (Kamiya and Okamoto 1985; Wakabayashi et al. 1997; Sakato and
King 2003). In fact, a Ca**-binding protein is contained in the outer arm dynein as a
light chain (LC4) (King and Patel-King 1995). Another Ca’*-binding protein associ-
ated with the outer arm dynein in Chlamydomonas flagella is DC3, a component of
outer arm dynein docking complex (ODA-DC) (Casey et al. 2003). DC3 protein is
structurally distinct from other Ca?*-binding proteins in Chlamydomonas flagella,
such as calmodulin, centrin, and LC4. Intriguingly this protein shows sequence
similarity to a protein predicted in the Apicomplexa Plasmodium yoelii and
Plasmodium falciparum (Casey et al. 2003), but its orthologue has not been found
in the genome of the ascidian Ciona intestinalis (Hozumi et al. 2006). Thus, the
Ca?*-binding protein that regulates axonemal dyneins had not been fully character-
ized in sperm flagella. Calmodulin was reported to regulate flagellar motility and
could be extracted from axonemes with outer arm dynein, but it has not been clari-
fied whether calmodulin can bind directly to outer arm dynein (Tash et al. 1988). In
fact, isolated outer arm dynein does not contain calmodulin as a subunit in Ciona
and sea urchin (Inaba 2007).

5.2 Finding Calaxin

During the course of immunoscreening-based cDNA screening for axonemal pro-
teins in C. intestinalis, we isolated multiple clones from testis cDNA library encod-
ing a protein with sequence similarity to calcineurin B (Padma et al. 2003).
Phylogenetic analysis revealed that this protein is grouped not into calcineurin B but
into a family of neuronal calcium sensor (NCS). We named this novel Ca**-binding
NCS family protein in Ciona as “calaxin,” for calcium-binding axonemal protein
(Mizuno et al. 2009).

NCS proteins have been identified in many organisms ranging from yeast to
human (Burgoyne and Weiss 2001). Major five classes of NCS have been well studied
in human: NCS-1 (frequenin), neurocalcin and its related proteins (visinin-like protein
VILIP and hippocalcin), recoverin, GCAP (guanylyl cyclase-activating protein),
and KChIP (Kv channel-interacting protein) (Burgoyne 2004). In mammals, recoverin
and GCAPs are expressed only in the retina and regulate phototransduction and others
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are expressed in neuronal tissues. NCS-1 is also expressed in many nonneuronal cell
types, and its orthologue is present in yeast. The NCS proteins contain four EF
hand motifs but only three (or two in the case of recoverin and KChIP1) are able to
bind Ca**. Eleven of 15 mammalian NCS proteins are N-terminally myristoylated,
which are important in Ca?*-dependent interaction with the plasma membrane. In
contrast to these NCS proteins, calaxin does not possess the N-terminal consensus
motif for myristoylaion and belongs to a class distinct from these five NCS classes
(Mizuno et al. 2009).

Immunolocalization reveals that calaxin is localized at the vicinity of the outer
arm dyneins (Mizuno et al. 2009). Sucrose density gradient centrifugation clearly
indicates that calaxin directly interacts with the outer arm dynein in a Ca**-dependent
manner. Far Western blotting and a cross-linking experiment show that calaxin
binds to the p-heavy chain in the presence of Ca**, whereas it binds to p-tubulin in
both the presence and absence of Ca?*. Preliminary experiments showed that calaxin
binds to the N-terminal stem region of P-heavy chain (Mizuno, unpublished
observation).

Although a phylogenetic analysis shows that Chlamydomonas L.C4 and Ciona
calaxin are grouped into different classes of Ca?*-binding protein, there are many
similarities between them (Sakato and King 2003; Sakato et al. 2007; Mizuno et al.
2009; 2012). First, they appear to undergo dynamic conformational change in
response to Ca?* binding. Second, their binding sites are the stems of specific dynein
heavy chains: y-heavy chain of Chlamydomonas outer arm dynein for LC4 and its
orthologue in Ciona, B-heavy chain for calaxin. Third, they mediate binding between
dynein and microtubules. Regardless of these common properties, calaxin exhibits
characteristic features: Ca?*-dependent binding to dynein heavy chain and Ca?-
independent binding to f-tubulin (and possibly to intermediate chain 2 [IC2], ortho-
logue of Chlamydomonas 1C1). Because Ciona lacks both LC4 and DC3, calaxin
might be evolved to play double roles of LC4/DC3 in Ca?*-dependent regulation of
outer arm dynein (also see next section).

5.3 Mechanism of Calaxin-Mediated Modulation
of Flagellar Movements During Sperm Chemotaxis

During chemotaxis in Ciona, sperm repeat straight and turn movements to come
toward the egg (Fig. 5.2). The turn movement accompanies transient increase in
intracellular Ca** concentration and asymmetry of flagellar waveform (Shiba et al.
2008). It was not been elucidated how the increase in intracellular Ca®>* concentra-
tion induced the modulation of flagellar bending during sperm chemotaxis. As we
previously showed that calaxin was directly bound to the outer arm dynein in a Ca?*-
dependent manner, it was a strong candidate for direct Ca**-dependent modulator
for flagellar waveform of sperm (Mizuno et al. 2009). Localization of calaxin to
epithelial cilia also suggests a possibility that calaxin is a general Ca?* sensor to
modulate ciliary and flagellar motility (Mizuno et al. 2009).
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Fig. 5.2 Sperm trajectory during chemotaxis to the egg. During chemotactic movements, Ciona
sperm show a unique turning movement associated with a flagellar change to an asymmetrical
waveform, followed by a straight movement with symmetrical waveform

An antidiabetic compound, repaglinide, is a specific inhibitor for NCS and is also
effective on calaxin (Okada et al. 2003; Mizuno et al. 2012). In the presence of repa-
glinide, sperm do not show the unique turn movement, resulting in less effective
chemotaxis. Flagellar bending with strong asymmetry continues for ~0.1 ms during
one turn in normal sperm. Repaglinide-treated sperm exhibit transient flagellar
asymmetry, but the asymmetry is not sustained for long, and sperm exhibit only
incomplete 