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Abstract. At the moment of insemination millions of
mammalian sperm cells are released into the female
reproductive tract in order to find a single cell — the
oocyte. The spermatozoa subsequently ignore the
thousands of cells they make contact with during their
journey to the site of fertilisation, until they reach the
surface of the oocyte. At this point, they bind
tenaciously to the acellular coat, known as the zona
pellucida, that surrounds the oocyte and initiate the
chain of cellular interactions that will culminate in

fertilization. These exquisitely cell- and species-spe-
cific recognition events are among the most strategi-
cally important cellular interactions in biology. Under-
standing the cellular and molecular mechanisms that
underpin them has implications for diagnosis of the
aetiology of human infertility and the development of
novel targets for fertility regulation. Herein, we
describe two models indicating the plethora of highly
orchestrated molecular interactions underlying suc-
cessful sperm zona binding and sperm oocyte fusion.

Keywords. Capacitation, fertilisation, oocyte, spermatozoa, gamete.

Introduction

Despite the high level of specialisation achieved
during spermatogenesis, mammalian spermatozoa
leave the testis as functionally incompetent cells,
possessing neither the capacity for forward progres-
sive motility nor the ability to engage in the complex
cascade of sperm-egg interactions that precede fertil-
isation. The sperm cell progressively acquires these
physiological attributes during two subsequent phases
of post-testicular maturation. The first of these occurs
during sperm passage through the epididymis, a
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process characterised by dynamic remodelling of the
protein and lipid composition of the sperm membrane
and internal structures [1-3]. Although this endows
spermatozoa with the potential to fertilise, this
acquired ability is not realised until a further phase
of functional maturation has occurred during the cells’
ascent of the female genital tract to the site of
fertilization in the oviduct [4]. This latter phase,
known as capacitation, is accompanied by further
surface modifications in addition to the activation of
pivotal signalling pathways including a novel cAMP-
dependent, protein kinase (PKA)-mediated upregu-
lation of protein tyrosine phosphorylation [5, 6].
Collectively, these events culminate in the generation
of fertilisation-competent spermatozoa.
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Figure 1. Mammalian fertilisa-
tion. Within the female repro-
ductive tract (i) sperm undergo a
series of surface and intracellu-
lar transformations, collectively
termed capacitation, which ena-
bles them (ii) to bind to the zona
pellucida (ZP) and (iii) undergo
the acrosome reaction. (iv) The
release of hydrolytic enzymes
from the acrosome facilitates
sperm passage through the ZP
and (v) fusion with the oolemma.
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Fertilisation, in turn, is initiated by a relatively species-
specific recognition and binding event between com-
plementary molecules that reside within the zona
pellucida (ZP) and the apical aspect of the head of
capacitated, acrosome intact spermatozoa. Subse-
quent cell-cell fusion is facilitated by the interaction
of the oocyte plasma membrane with a highly
localized area of the sperm plasma membrane over-
lying the equatorial segment (Fig. 1). Our current
understanding of sperm-oocyte interaction has pro-
gressed substantially over the past 2 decades. These
advances are due largely to the insights provided by
the inhibition of this event in vitro through the
judicious use of antibodies or antagonists against
molecules of interest. Although such studies have
identified a plethora of proteins that are putatively
responsible for orchestrating these interactions, the
validity of many of these candidates has been under-
mined by the generation of knockout mice in which
candidate genes have been deleted. Thus the precise
nature of this interaction and the molecules that
mediate it remain controversial.

As summarised below, the advent of powerful systems
biology approaches are currently gaining widespread
use to gain further insight into the function of the
respective gametes and the physical environment to
which they are exposed on their passage to fertilisa-
tion. The information from these studies will be of
great value in understanding the fundamental molec-
ular events of fertilisation.

with oolermma

first polar body

Sperm-zona interaction

The zona pellucida

The first barrier mammalian sperm encounter during
fertilisation is the ZP, a porous extracellular matrix
that is secreted by either the growing oocyte or a
combination of the oocyte and surrounding granulosa
cells, depending on the species (reviewed by [4,7—
10]). In mice, the most widely studied mammalian
model, the ZP comprises three major sulfated glyco-
proteins designated ZP1 (185-200 kDa), ZP2 (120-
140 kDa) and ZP3 (83 kDa) [11]. In the human, there
is also good evidence for a fourth zona glycoprotein,
ZP4/B, which is thought to be dysfunctional in the
mouse [12]. Current evidence suggests that the mouse
zona is a non-covalently assembled structure com-
posed of ZP2-ZP3 dimers that polymerize into
filaments cross-linked by ZP1 [13, 14]. Determination
of the primary amino acid sequence of ZP proteins has
facilitated comprehensive examination of zona func-
tion [15-19]. Interestingly, targeted degradation of
mouse ZP2 and ZP3 messenger RNA (mRNA) [20] or
targeted disruption of the ZP3 gene by homologous
recombination [21] has revealed that the absence of
either of the two ZP filament proteins prevents
assembly of the zona matrix.

As well as being essential structural components of the
zona pellucida, ZP2 and ZP3 possess specific func-
tions during the cascade of interactions between
sperm and egg that culminate fertilisation. Mouse
ZP3 functions as both a primary sperm receptor,
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preferentially binding the plasma membrane region
overlying the acrosome of acrosome-intact sperm and
as an acrosome reaction-inducer during fertilization
[4,11,22,23]. ZP2, in turn, has been postulated to serve
as a secondary ligand during sperm-zona interaction
by virtue of its ability to bind to the inner acrosomal
membrane of acrosome-reacted sperm and thus
ensures close contact between the penetrating sper-
matozoon and the zona matrix [24]. Other functions
for the ZP include mediation of species specificity in
gamete interaction [25], prevention of polyspermy by
interaction with cortical granule enzymes released
following fertilisation and protection of the develop-
ing embryo prior to implantation (reviewed by [8]).
Prevailing evidence indicates that primary sperm-egg
interaction is mediated by an intricate functional
interplay between ZP carbohydrates and lectin-like
proteins located on the surface of the sperm head
[26,27]. The most widely accepted model of primary
sperm-zona interaction emphasises the importance of
O-linked carbohydrate moieties located near the
carboxy terminus of the ZP3 glycoprotein [28-30].
This is consistent with the fact that female ZP3-null
mice are infertile [21,31]. Furthermore, when trans-
genic mice expressing human ZP3 are bred with ZP3
null mice to produce ZP composed of mouse ZP1 and
ZP2 and human ZP3, mouse but not human sperma-
tozoa are able to bind to the chimeric zona [26,32].
Analysis of the glycosylation pattern of ZP3 derived
from these transgenic mice indicates that the human
ZP3 acquires the same complement of O-glycans as
those observed in native mouse ZP3, emphasising the
functional significance of O-linked carbohydrate
residues [33]. Interestingly, comparative analyses
have shown that ZP from different species possess
distinct patterns of expression, distribution and struc-
ture of O-linked oligosaccharides, perhaps mediating
the species specificity of gamete interaction (reviewed
in [10]). However, in this context it is also noteworthy
that studies of other mammals have shown that the
initial interaction between sperm and egg does not just
involve ZP3. In the pig for instance, sperm-binding
activity resides in a heterodimer between the ZP1 and
the ZP3 homologues [34]. Similarly, the ZP1 homo-
logue, ZPB, has been shown to play a major role in
sperm binding to the bovine zona [35] and that of the
bonnet monkey and human [36,37].

While it is widely accepted that the principal bioactive
component of mouse ZP3 is associated with its
carbohydrate moieties, deciphering the functional
significance of the diverse oligosaccharide ligand(s)
remains an important focus [38,39]. Early studies,
suggesting that galactose residues served as a critical
determinant of sperm binding to ZP3 [28,29,40], have
since been refuted [41,42] in favour of terminal N-
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acetylglucosamine [43], mannose, N-acetylgalactos-
amine and fucose, each of which has been demon-
strated to inhibit sperm-zona binding in vitro (re-
viewed in [44]). Recently, beads coated with func-
tional neoglycoproteins composed of mannose, N-
acetylglucosamine (GlcNAc) or N-acetylgalactosa-
mine were shown to mimic ZP3 and thus represent a
valuable tool for determining the specificity of sperm-
zona binding [45]. In addition, studies involving the
use of targeted gene mutations to manipulate or
eliminate the glycosyltransferase enzymes involved in
the biosynthesis of ZP glycoconjugates also hold
considerable promise for ascribing the physiological
significance of specific glycan structures in sperm-ZP
interaction. In this context, female transgenic mice
bearing a null mutation for al-3 galactosyltransfer-
ase (and therefore terminal Galal-3Gal residues)
produce oocytes that display normal sperm-binding
characteristics [42], thus further discounting the
involvement of galactose residues as originally pro-
posed. However, similar approaches have also raised
some doubt regarding the overall necessity of carbo-
hydrates on zona pellucida glycoproteins for binding
sperm. For instance, female mice that lack Core 2
GIcNAc transferase and therefore many of the O-
glycans found in the zona are fertile [46]. Further-
more, mice that lack Mgat-I, the gene encoding the
enzyme that initiates complex and hybrid-type glycan
synthesis, produce oocytes that can be fertilised [47].
Notwithstanding these data, a small number of studies
have also implicated the ZP protein backbone in
sperm-zona interaction, particularly in the context of
acrosomal exocytosis [9,48—-50]. Notably, recent ge-
netic data in mice have also drawn attention to the fact
that the three-dimensional structure of the zona
matrix, rather than a single protein (or carbohydrate),
is important in mediating sperm binding [51,52].
Furthermore, it has recently been proposed that
sperm are able to resolve gamete recognition into at
least two distinct binding events. In this novel model,
the binding of sperm to the ZP3-dependent ligand
present in the zona matrix is actually preceded by
adherence to a ZP3-independent ligand that is pe-
ripherally associated with the egg coat. Preliminary
characterization of this putative ligand has indicated
that is a 250-kDa, WGA-reactive glycoprotein that
possesses a basic isoelectric point; however, its
molecular identity remains to be resolved [53].

Sperm receptor molecules involved in ZP interaction
As areflection of the complexity of the various models
for sperm-zona interaction, it has also proven difficult
to characterise the corresponding sperm surface
molecules that mediate primary recognition and
adhesion to this vestment. Several putative ZP
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receptors have been identified through the use of a
range of techniques, including analysis of mutations
influencing fertility, development of inhibitory mono-
clonal antibodies, analysis of sperm autoantigens, ZP
affinity columns, photoaffinity crosslinking and bind-
ing of radiolabelled ZP to sperm lysates (reviewed by
[8]). Consistent with the notion that primary sperm-
egg interaction is initiated by defined carbohydrate
structures on ZP3, a number of the putative sperm
receptors possess lectin-like affinity for specific sugar
residues (reviewed by [8,54,55]). In the best-studied
model, the mouse, these include, but are not limited to,
[-1,4-galactosyltransferase (GalT I) [56-59], sp56
[54,60-62], an a-mannosidase [63] and zonadhesin
[64,65]. However, despite a wealth of in vitro data
implicating these molecules in zona interaction, the
validity of each candidate has been subsequently
compromised by further analyses. For instance, tar-
geted disruption of the GalT I gene, perhaps the most
widely studied of all ZP receptors (reviewed by [59]),
does not result in infertility [66]. Although sperm from
GalT I null mice bind poorly to ZP3 and fail to
undergo a zona-induced acrosome reaction, they still
possess the ability to bind to the ovulated egg coat in
vitro. In fact, the prevailing evidence now indicates
that neither this molecule nor any of the other putative
candidates is uniquely responsible for directing the
interaction between sperm and the ZP.

Such findings underscore the biological complexity of
sperm-egg interaction and highlight the fact that this
functional endpoint may require the coordinated
action of several sperm proteins, each with a specific
role at different stages of the recognition process. This,
in turn, raises the possibility that the zona receptor is
in fact a multimeric complex incorporating several
discrete molecular entities. Such a notion has been
proposed by Shur and colleagues who suggest that
GalT I recognises ZP3 oligosaccharides in association
with additional sperm surface receptors such as SED1,
a protein that reportedly mediates the initial docking
of sperm to the murine ZP [53]. Identification of
additional key components of such a complex and the
mechanisms by which it is assembled is the subject of
ongoing investigations within a number of independ-
ent laboratories. In recognition of the fact that gamete
interaction is predicated on spermatozoa acquiring a
state of functional maturation during their post-
testicular development, considerable attention has
focused on identifying the changes in sperm surface
architecture that accompany epididymal maturation
and capacitation.

Epididymal Maturation
In the epididymis, a series of complex, sequential
events transform immature spermatozoa into mature,
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motile cells with the potential to fertilize an oocyte.
Notwithstanding recent reports to the contrary [67],
the balance of evidence indicates that spermatozoa
are transcriptionally inactive cells that are incapable
of additional protein translation. Thus, their molec-
ular transformation into fertilisation-competent cells
must be underpinned by post-translational modifica-
tions of existing proteins and remodelling of the sperm
surface. These changes are not intrinsic to the cells;
rather, they appear to be a direct result of exposure to,
and interaction with, the dynamic microenvironment
encountered along the length of the epididymal
tubule. This microenvironment is, in turn, generated
by the secretory and resorptive functions of the
epithelial cells that line this tubule. Although the
characterisation of this microenvironment has been
the subject of considerable study, the molecular basis
of its contribution to sperm maturation remains to be
fully resolved [68-72].

In mice, the ability of epididymal spermatozoa to bind
to the ZP is first observed in the proximal corpus
epididymis and appears to coincide with the acquis-
ition of the potential for movement. However, unlike
motility, sperm-zona interaction is dependent on the
ability of the spermatozoa to undergo capacitation;
non-capacitated cells cannot recognise the surface of
the zona pellucida [73]. Intriguingly, acquisition of the
competence to bind to the ZP is also temporally
associated with the exposure of spermatozoa to large
chaperone-laden ‘dense bodies’ in the epididymal
lumen [74]. We hypothesise that the migration of
molecular chaperones (and possibly other molecules)
from these epididymal granules to the sperm surface
completes the molecular machinery necessary to
effect the subsequent orchestrated presentation of
zona receptor molecules on the sperm surface during
capacitation. However, the causative nature of this
relationship remains the subject of ongoing investiga-
tions.

Capacitation

Capacitation represents the final phase of sperm
maturation during which these cells realise their full
potential for fertilisation. Biochemical analyses of this
process have illustrated that one of the key attributes
of a capacitated spermatozoon is that it has undergone
a dramatic increase in tyrosine phosphorylation via an
unusual cAMP-mediated pathway [5,6,75-81]. Im-
munocytochemical analysis of these tyrosine phos-
phorylated proteins has traditionally been achieved
using fixed material and revealed a striking local-
isation on the sperm tail of most species that have been
studied to date. Commensurate with these findings,
phospho-proteomic analysis of capacitated human
sperm has identified a number of phosphotyrosine
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protein targets, including valosin-containing protein
(VCP), a homologue of the SNARE-interacting
protein NSF, and two members of the A kinase-
anchoring protein (AKAP) family. Perhaps not sur-
prisingly, most of the intracellular proteins modified
by tyrosine phosphorylation during capacitation are
components of the sperm exocytotic and motility
machinery that are likely to play a role preparing the
sperm to undergo acrosomal exocytosis and hyper-
activation. However, the analysis of live, nonpermea-
bilised mouse spermatozoa has revealed an additional
population of tyrosine-phosphorylated proteins on
the surface of capacitated, but not uncapacitated
spermatozoa [73]. Furthermore, this surface expres-
sion pattern appears confined to the plasma mem-
brane overlying the acrosomal domain of the sperm
head — an ideal position for these tyrosine-phosphory-
lated proteins to orchestrate the membrane remodel-
ling events associated with sperm-ZP recognition (Fig.
2). Significantly, almost all mouse spermatozoa bound
to the ZP demonstrate this pattern of phosphoprotein
localisation, compared to fewer than 15% of the free-
swimming population [73].

a .
immunofluorescence
immunobead
pY
’,-P"-__ ‘ -.
b

Figure 2. Surface localization of phosphotyrosine residues and
molecular chaperones in capacitated mouse spermatozoa. Cauda
epididymal sperm were incubated in physiological media optimised
to promote capacitation [73]. Tyrosine phosphorylation and
chaperone expression were then assessed in live spermatozoa by
immunofluorescence or by incubation with anti-phosphotyrosine-
coated beads (immunobead). Uncapacitated spermatozoa failed to
demonstrate similar patterns of labelling. Scale bar represents
10 pm.

Although this intriguing expression pattern does not
appear to be a universal correlate of capacitation in all
species [82], it is not unique to mouse spermatozoa.
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For instance, recent quantitative studies of surface
phosphotyrosine expression in boar spermatozoa has
revealed a significant (threefold) increase in phos-
photyrosine-associated fluorescence following capac-
itation [83]. This increase coincides with the exposure
of several tyrosine-phosphorylated proteins on the
outer leaflet of the sperm plasma membrane, at least
two of which possess high affinity for the ZP [84,85]. In
contrast, plasma membrane proteins isolated from
freshly ejaculated sperm cells did not exhibit any ZP
binding proteins, likely because these proteins were
not tyrosine phosphorylated. However, the identity of
these proteins remains to be elucidated. Interestingly,
our own analysis of the repertoire of phosphoproteins
that are uniquely expressed on the surface of capaci-
tated mouse spermatozoa identified a set of molecular
chaperone proteins consisting of heat shock protein
(Hsp) 60, an 86-kDa isoform of Hsp90 and endoplas-
min (Erp 99) [73,86]. Each of these proteins has in turn
been localised to dense bodies within the proximal
corpus epididymis and to the sperm surface overlying
the anterior acrosome, the exact location where
sperm-zona interaction is initiated [73,74]. Although
such findings invite speculation that these chaperones
may directly mediate sperm-egg interaction, our
cumulative evidence argues against such a conclusion.
Rather, we have put forward an alternative hypothesis
whereby these proteins are responsible for chaperon-
ing key recognition molecules to the site of sperm-
oocyte interaction and/or orchestrating their assembly
into a multimeric zona-receptor complex on the sperm
surface.

The identification of chaperone-associated proteins
remains an area of active investigation within our
laboratory. Whilst we are using a number of conven-
tional techniques to achieve this goal, a complemen-
tary approach has recently been published by Myles
and colleagues [87] in which they have exploited the
increasing power of mass-spectrometry-based proteo-
mics to characterise the repertoire of membrane-
associated proteins that populate the region of the
sperm head that interacts with the oocyte. Whilst the
complexity of such large-scale studies once presented
significant problems, obtaining mass-spectrometry
data no longer represents a limiting step. Instead,
the main challenge is the effective purification of the
desired subcellular fraction and the removal of back-
ground proteins. Acknowledging this problem, Myles
and colleagues identified membrane proteins by
vectorial labelling of the sperm surface and comparing
this profile with that of proteins recovered in hybrid
membrane vesicles released from the anterior sperm
head following the acrosome reaction [87]. This
approach has helped define the basic proteomic
inventory of the anterior sperm head, the significance
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of which is highlighted by the fact that among the 85
proteins identified, at least 9 have been implicated in
fertilisation in vivo on the basis of gene knockout
studies [87]. In principle, this inventory of proteins
should facilitate rapid advances in our understanding
of gamete interaction. However, before this informa-
tion can be used to generate insights of physiological
relevance, there is a need to address the important
question of the temporal and spatial organisation of
membrane-associated proteins in relation to the
dynamic cellular changes that accompany capacita-
tion. Furthermore, it should be appreciated that
sperm-zona recognition and binding events may
require a hierarchy of interactions involving mole-
cules other than proteins.

In this context, recent work by Tanphaichitr and
colleagues suggest that the sulfoglycolipid sulfogalac-
tosylglycerolipid (SGG) may also play a key role in
gamete interaction [88-95]. SGG (also known as
seminolipid) is abundantly expressed in spermatozoa
(constituting approximately 5-10 mol% of total sperm
lipids depending on the species [94]). The saturated
nature of its hydrocarbon chains (16:0/16:0), as well as
strong intermolecular hydrogen-bonding networks,
promotes the formation of ordered crystal-like SGG
bilayers [96]. These properties also facilitate its
interaction with cholesterol and saturated phospholi-
pids [97] and thus inclusion in sperm lipid rafts
(discussed below).

Lipid raft-associated sperm receptor molecules

Evidence for the involvement of SGG in sperm-ZP
interaction has been advanced by the fact that pre-
treatment of human sperm with affinity-purified anti-
SGG Fab markedly inhibits their interaction with the
ZP in a concentration-dependent manner [90]. Fur-
thermore, fluorescently labelled liposomes construct-
ed of SGG apparently bind uniformly to isolated
human ZP [90]. This interaction is believed to be
mediated by virtue of an interaction between ZP
glycans and the galactosyl sulfate head group of SGG.
Commensurate with this hypothesis, liposomes con-
structed from either galactosylglycerolipid (the parent
lipid of SGG) or phosphatidylserine (an alternative
negatively charged lipid) failed to adhere to the ZP
[90]. However, an apparent problem with this model
for primary gamete interaction is the fact that the
relatively small size of the galactosyl sulfate mono-
saccharide would restrict this moiety from projecting
far beyond the sperm membrane layer. Nevertheless,
to account for such steric constraints, Tanphaichitr and
colleagues contend that SGG attachment is preceded
by the anchoring of ZP glycans by arylsulfatase A
(AS-A, also known as SLIP1) [88]. AS-A is a
peripheral plasma membrane protein [95] that is
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adsorbed onto the surface of spermatozoa during
their passage through the epididymis [93]. Signifi-
cantly, AS-A has affinity for both SGG (which
mediates its tight binding to the sperm surface) and
also for the ZP [91-93,98-100]. It is proposed that
AS-A binding, via interaction between its positively
charged amino acids and sulfated sugar residues of the
ZP glycans, facilitates the close alignment of the ZP
glycans and the sperm plasma membrane for subse-
quent interaction with the galactosyl sulfate ‘lawn’ of
SGG molecules. Although the carbohydrate—carbo-
hydrate interactions between the galactosyl sulfate
groups of SGG and ZP glycans are not strong, they
may be stabilized by the concerted action of multiple
SGG molecules in the lipid raft microdomains [88]. In
this context, empirical studies have determined that
the molar ratio of AS-A to SGG is 1:100 or less, and
thus the majority of SGG molecules are not occupied
by AS-A and therefore capable of ZP binding.

While such a model is attractive, it fails to account for
the fact that AS-A-deficient male mice display normal
fertility [101]. Nonetheless, two important findings
emerge from this work. The first is the recognition of
the growing importance of lipid rafts in sperm-ZP
interactions (discussed below), and the second is a
renewed appreciation of the role of sulfated residues
in this interaction. In this context it has been known
for some time that surface glycoproteins responsible
for cellular adhesion in a variety of different systems
are often sulfated [102]. Of particular interest is the
fact that the components of the ZP [9], as well as the
sperm surface [103], are also highly sulfated in nature.
Furthermore, early studies have confirmed the rele-
vance of sulfated moieties in sperm-zona adhesion.
For instance, a range of synthetic sulfated substrates
(such as arylsulfates, sulfated monosaccharides and
ascorbate 2-sulfate), are capable of competitively
inhibiting the fertilisation of hamster oocytes in vitro
at the level of sperm-zona binding [104]. In addition,
the exposure of spermatozoa to exogenous sulfatases,
enzymes capable of desulfating biological macromo-
lecules (such as cerebrosides, glycosaminoglycans and
glycoproteins), eliminated their ZP binding potential.
Although the nature of sulfated zona binding sites on
spermatozoa remain to be fully elucidated, these early
studies take on added significance in light of the recent
report that male mice bearing a targeted deletion of
Tpst-2 are infertile [105]. Tpst-2 is one of two closely
related isoenzymes that mediate the tyrosine O-
sulfation of a complex repertoire of substrates (in-
cluding adhesion molecules, G-protein-coupled re-
ceptors, coagulation factors, serpins, extracellular
matrix proteins and hormones) in both mice and
humans [106]. Tpst-2 null mice have normal sperma-
togenesis and produce normal numbers of epididymal
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sperm that appear indistinct from their wild-type
counterparts in terms of their morphology, motility,
ability to capacitate in vitro and undergo acrosome
exocytosis in response to an agonist [105]. However,
they are severely defective in terms of their ability to
fertilise ZP-intact eggs. Significantly, in vitro fertilisa-
tion experiments designed to assess the nature of this
defect revealed that the spermatozoa of Tpst-2 null
males have reduced ability to adhere to the egg plasma
membrane but are able to undergo membrane fusion
with the egg [105]. While the targets for tyrosine O-
sulfation in spermatozoa have yet to be investigated, it
is noteworthy that sulfotyrosine residues share a high
degree of structural similarity to that of the more
widely studied phosphotyrosine residues. The extent
of this molecular mimicry is evidenced by the fact that
many of the commercially available antibodies rou-
tinely used to screen for phosphotyrosine proteins
cross-react with sulfotyrosine [107]. Recognition of
this potential for cross-reactivity encourages caution
in the interpretation of the role of capacitation-
associated tyrosine phosphorylation in sperm-zona
interaction. Clearly, further investigation of the im-
portance of tyrosine O-sulfation in relation to sperm
function is warranted.

As referred to earlier, another potential avenue for
the identification of sperm-zona receptor molecules is
the study of the constituents of lipid rafts. These
specialised liquid ordered microdomains are widely
acknowledged as platforms for cell adhesion/signal-
ling and molecule trafficking and sorting. A growing
body of evidence supports the presence of lipid rafts
within mammalian sperm membranes. Furthermore, a
number of independent laboratories have drawn
attention to the intriguing behaviour of these struc-
tures during sperm capacitation. In this regard, it has
been shown that the capacitation of mouse and boar
spermatozoa promotes a polarized redistribution of
lipid raft markers and their coalescence within the
apical portion of the sperm head. Such results invite
speculation that lipid rafts may serve as a reservoir for
the sperm protein machinery responsible for media-
ting sperm-zona interaction. This notion is consistent
with the fact that mouse sperm lipid rafts contain a
number of molecular chaperones [B. Nixon et al.,
unpublished observation], including those we have
previously implicated in the assembly of a zona
receptor complex [73]. The identification of similar
chaperones as integral components of lipid rafts in
other cell types [108—110] suggests that these proteins
may fulfil an important general mechanism operating
at the level of the plasma membrane through which
cellular signalling/adhesion complexes are sorted and
assembled. Indeed previous studies have implicated
chaperones such as Hsp70 as playing important roles
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in maintaining the stability of lipid raft-associated
signal transduction complexes in the rat forebrain and
cerebellum following neural stress [108]. Conversely,
it has also been suggested that lipid rafts regulate the
functions of chaperones by providing a mechanism for
the spatial constraint of their substrates [111], many of
which form only low-affinity, transient interactions.
Taken together, these results provide circumstantial
evidence that the sperm lipid rafts provide a favour-
able environment for chaperones to mediate their
conformational conversion and assembly of a func-
tional receptor complex. This conclusion is consistent
with the demonstration that that lipid rafts possess the
ability to bind to homologous ZP in both the mouse [B.
Nixon et al., unpublished observation] and pig [88]. In
contrast, non-raft fractions do not appear to possess a
similar affinity. Clearly, a comparative analysis of the
composition of lipid rafts from capacitated and non-
capacitated spermatozoa should yield important in-
sights into the mechanisms underlying sperm-ZP
interaction.

Proposed Model for sperm-zona pellucida interaction

Despite significant advances in our understanding of
the initial interaction between sperm and the oocyte, it
is clear that this fundamental recognition event
remains largely enigmatic. The relevant literature
features few reports that have adequately reconciled
the ever-increasing number of putative candidate
receptors and the conflicting models of sperm-zona
interaction. On the basis of recent evidence, we
propose that the study of sperm lipid rafts may hold
the key to gaining further insight into the molecular
events that underpin sperm-ZP interaction. It is our
hypothesis that these specialised structures provide a
mechanism for the recruitment, spatial constraint and
assembly of a functional receptor complex. This
notion is consistent with recent evidence that the
proteomic composition of lipid rafts undergoes sub-
stantial changes in response to capacitation [112] and
the fact that these microdomains are laden with a large
number of putative zona-receptor molecules [113] in
addition to the molecular machinery (chaperones)
necessary for their productive assembly into a multi-
meric complex [B. Nixon et al. unpublished] (Fig. 3).

Sperm-oolemmal interaction

Unlike the well-characterised sperm receptor on the
ZP, ZP3, the mechanisms by which acrosome-reacted
spermatozoa bind to receptor molecules on the oocyte
plasma membrane and initiate fusion with the oolem-
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— Lipid raft microd

cytoplasm
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Figure 3. Model for mouse sperm-ZP interaction. It is proposed that lipid rafts serve as a reservoir for the recruitment of key zona
recognition molecules and their delivery to the apical region of the sperm head during capacitation. This process coincides with the
phosphorylation of molecular chaperone proteins (Hsp60 and Erp99) and their exposure on the sperm surface. The chaperones
subsequently provide the molecular machinery to assemble a functional receptor complex, rendering the sperm competent to bind to the
ZP. Initial docking is likely to be mediated by receptors with lectin-like affinity for ZP glycans followed by more specific interactions
possibly involving interaction between the lipid, SGG seminolipid and sulfated residues within the zona matrix.

ma are still unresolved (Fig. 4). While the selective use
of genomic and proteomic techniques has recently
uncovered a plethora of molecules thought to play a
role in sperm-oocyte interaction, the picture is still far
from complete.

Figure 4. Murine sperm oocyte interaction. (a) Phase contrast
photomicrograph of murine sperm bound to zona free oocyte and
(b) fluorescent micrograph of DAPI-stained sperm nuclei fused
with oocyte plasma membrane. Scale bar represents 50 pm.

Sperm proteins interacting with the oolemma

ADAM sperm proteins

ADAM, an acronym for proteins containing a dis-
integrin and metalloprotease domain, were initially
thought to play an important role in fertilisation

through molecular analysis of their structural domains
[114,115]. Testicular ADAM proteins undergo some
proteolytic processing, and only disintegrin, cysteine-
rich domain and EGF (epidermal growth factor)-like
repeat domains are expressed on the surface of
spermatozoa. ADAM 2 (Fertilin ) was the first
ADAM implicated in sperm-egg recognition follow-
ing its identification as the antigen recognised by the
antibody PH-30, which impedes fertilisation in guinea
pigs [116]. Identification of ADAM 1 (fertilin o) as a
member of an ADAM1/2 heterodimer [116—118] and
ADAM 3 (cyritestin) in both mouse and monkey
testes [119-121] resulted in large-scale molecular
screening for other pertinent family members. To date,
at least 39 ADAM-family members have been iden-
tified in vertebrates as well as invertebrate species
such as Drosophila melanogaster and Caenorhabditis
elegans [114]. The fact that approximately half of
these are testis-specific or testes-enriched provides
further support for a possible role in sperm-egg
interaction.

Initial studies in the mouse demonstrated that syn-
thetic peptides derived from key sequences contained
within the disintegrin loops of ADAM 2 and ADAM 3
potently inhibited sperm-egg fusion but not sperm-
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oolemmal binding in vitro [122]. However, the dis-
integrin loop peptides from ADAM-1 (fertilin o),
ADAM-4 and ADAM-5 had no effect [123]. To test
further the importance of these ADAMs, knockout
mice with targeted deletions of either ADAM 2 or
ADAM 3 were generated [124-126]. As expected,
males were infertile; however, but surprisingly, sperm
from both ADAM 2 and ADAM 3 knockout mice
displayed a reduced capacity to bind to the plasma
membrane of egg but retained the ability to fuse with
the plasma membrane [124,125]. Furthermore, sperm
from these males exhibited a reduced capacity to bind
to the ZP [124-126], and ADAM 2 knockout sperm
revealed an additional defect in female reproductive
tract transit [124]. By contrast, migration of ADAM 3
knockout sperm from the uterus to the oviduct was
normal [125,126]. The fact that both mating and sperm
motility was comparable to the wild-type males in
ADAM 2 null males suggests an important role for
ADAM 2 in sperm interaction with the oviductal
epithelia and ZP.

Attempts to attribute the observed fertility defects to
the deletion of either ADAM 2 or ADAM 3 have been
confounded by findings that ADAM 2 deletion also
results in a lack of expression of ADAM 1 as well as
severely reduced expression of ADAM 3. Similarly,
ADAM 3 deletion results in a lack of ADAM 1
expression as well as approximately 50% reduction in
ADAM 2 levels [125]. Since spermatozoa deficient in
either ADAM 2 or ADAM 3 are capable of fertilising
zona-free oocytes, albeit at a reduced rate, it is likely
that these two ADAMs are not essential for egg
membrane binding and fusion. It is possible that the
observed reductions in egg membrane interactions as
well as ZP interactions are attributable to alterations
in the co-expression of various other cell surface
proteins. Additionally, the role of ADAM 1,3 and 5 in
human fertilisation is debatable, as genomic analysis
indicates that these transcripts are encoded by pseu-
dogenes in primates [127-130]. An essential role for
other ADAM proteins does however remain possible,
given that several other ADAMS have now been
detected on the surface of sperm in mouse and human
[120,131-134].

Secretory protein CRISP-1

As sperm transit the epididymis, they are bathed in a
carefully orchestrated sequence of epithelial cell-
secreted proteins. Incorporation of some of these
proteins into the spermatozoon membrane results in
extensive remodelling of the sperm surface architec-
ture. A series of epididymal-derived cysteine-rich
secretory (CRISP) proteins identified across several
mammalian species fulfil exactly this role. CRISP-1,
also known as DE, is expressed in the epididymis in an
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androgen-dependent manner [135]. CRISP-2, also
known as Tpx-1, is primarily expressed in the testis
[136], while CRISP-3 exhibits variable tissue distri-
bution [137-140]. The overall sequence homologies
between CRISP family members ranges from approx-
imately 30 to >80%, and all contain a cysteine-rich
sequence at the carboxyl terminal.

CRISP-1 was identified as a possible mediator of
sperm-egg interaction as a result of a series of
observations primarily made in rats. Firstly, pre-
incubation of sperm with antibodies against DE
inhibits sperm-egg fusion during artificial insemina-
tion [141]. Similarly, anti-DE inhibits sperm-egg
interaction when present in media during in vitro
fertilisation (IVF) [142].

When purified from rat epididymal extracts, CRISP-1
binds to the membrane of both rat and mouse oocytes.
Furthermore, this binding results in reduced levels of
fertilisation during IVF [143,144]. Reduced fertility is
also observed in male rats immunised with CRISP-1.
Immunisation results in the presence of anti-CRISP-1
antibodies in epididymal and vas deferens fluids.
Sperm from these males are able to bind to eggs but
lack the capacity for fusion [145]. These studies found
that whilst purified CRISP-1 inhibited rat sperm-egg
fusion, it had no apparent effect on sperm-egg binding.
Subsequent assays using synthetic peptides and other
CRISPs support that the egg-interaction site of DE is
within a 12-amino acid region corresponding to an
evolutionary conserved domain (named Signature 2)
[146].

Mouse SLLP1

More recently, a new candidate enzyme has emerged
with a proposed role in sperm-oolemmal binding.
Mouse sperm lysozyme-like protein (mSLLP1), a
novel c-type lysozyme-like protein, has been located
in the equatorial segment of human and mouse
spermatozoa following the acrosome reaction and
appears to play a role in sperm-egg binding and
fertilization [147]. Initial experiments involving ex-
posure of oocytes to both recombinant mSLLP1 and
anti-mSLLP antibodies revealed a significant inhib-
ition of sperm-oocyte binding. Interestingly, mSLLP
was demonstrated to bind in a punctate fashion to the
entire perivitelline membrane of zona-free oocytes
except the amicrovillar region overlying the meiotic
spindle — an area known not to fuse with murine
spermatozoa [147].

Since mSLLP1 possesses putative N-acetylglucos-
amine binding residues, the authors speculate that
mSLLP1 could bind to hyaluronan and/or related
molecules in the perivitelline space and signal to the
oolemma that sperm have entered the perivitelline
space, possibly triggering the signalling events for
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sperm phagocytosis. As mSLLP1 binding sites disap-
pear after fertilisation, the authors also postulate a
role in the development of the block to polyspermy
[147]. Production of null mice will further assess the
importance of this protein in sperm oocyte recogni-
tion.

Oxidoreductase ERp57 (Pdi3a)

Originally thought to be located exclusively in the
endoplasmic reticulum with roles in protein folding,
members of the protein disulfide isomerase (PDI)
family with multiple cellular activities have recently
been confirmed as cell surface proteins [148]. Several
PDI family members were identified as sperm mem-
brane components during a global proteomic screen of
murine spermatozoa [87], and PDI, ERp57, ERp72
and P5 were localised on the plasma membrane
overlying the equatorial segment, integral to sperm-
oocyte fusion [149]. Preincubation of capacitated
spermatozoa with membrane-impermeable inhibitors
of PDI activity substantially reduced rates of gamete
fusion [149], while the use of specific antibodies to
inhibit sperm-egg fusion revealed a particular role for
ERp57 (Pdi3a) in mammalian gamete interaction
[149].

Since in some viral membrane fusion systems activa-
tion of the fusion protein requires a thiol-disulfide
exchange, it is possible that a similar mechanism is
functioning in sperm-egg fusion. Thus, gamete fusion
may require a sperm surface-associated disulfide
isomerase, which could trigger a protein-refolding
step, in the path to cell-cell fusion. Key proteins with
uncharacterised roles in sperm-egg fusion, the sperm
surface protein Izumo [150] and the oocyte tetraspa-
nin proteins CD9, CD81 and CD151 [151,152] (dis-
cussed below) all possess disulfides in their extrac-
ellular domains and may be the target substrates of
ERp57.

Izumo

In 2005, Inoue and colleagues used the polyclonal
antibody (OBF13) [150,153] to identify successfully a
sperm protein with a key role in mouse and human
sperm-oocyte fusion. Located on the inner acrosomal
membrane and equatorial segment, Izumo is a novel
member of the immunoglobulin superfamily [150]
with unknown function. Initial in vitro antibody
inhibition studies [153] indicated a vital role for this
protein in sperm-oocyte interaction, and this has been
confirmed by in vivo knockout studies. Izumo '~
females and Izumo ™" males exhibited normal fertility.
Izumo™'~ males, however, were sterile despite normal
mating behaviour, ejaculation and sperm migration to
the site of fertilisation. In addition, sperm from
Izumo™~ males were capable of binding to and
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penetrating the ZP and subsequently binding to but
not fusing with the oolemma. Hence, sterility in these
null mice was specifically due to a failure to fuse with
the oocyte plasma membrane.

The extracellular immunoglobulin domain of Izumo
possesses a putative glycosylation site and two cys-
teine residues thought to form a disulfide bridge [150].
In light of the previously outlined importance of the
PDI ERp57, the presence of this putative disulfide
bond raises the possibility that it is cleaved during
sperm-egg fusion, initiating a series of conformational
changes that, in a mechanism similar to the action of
viral fusogens, promotes sperm-egg fusion.

Egg proteins interacting with spermatozoa

Throughout investigations into sperm-egg interaction,
multiple classes of proteins found on the egg surface
have been proposed as potential candidates for either
sperm binding and/or fusion partners. Proteins for-
merly and currently of interest include the integrins, in
particular of;, glycophosphatidylinositol-anchored
proteins and latterly tetraspanins.

Integrins

Initially, integrins were identified as possible media-
tors of sperm-egg binding and fusion following the
detection of ADAM proteins containing disintegrin
domains on the sperm surface. The role of integrins on
the egg surface thus received much attention as studies
aimed to dissect two main issues: (i) whether integrins
participate in gamete interactions, and (ii) if so,
whether sperm ADAMs were indeed the ligands for
these integrins.

Integrins are a family of cell adhesion molecules that,
in various systems, mediate cell-cell as well as cell-
extracellular matrix interactions [154]. They exist as
heterodimers for which at least 18 o and 8 { subunits
have been identified. Different subunit combinations
give rise to a total of 24 different integrins. Based on
sequence homologies between a subunits as well as
general ligand-binding characteristics, these 24 differ-
ent integrins can be divided into 6 subfamilies. Of
these 24 family members, at least 6 different integrins
have been reported to interact with at least 8 different
ADAMs [155-164].

Initial results obtained from a series of in vitro
experiments pointed to a possible role for egg
integrins in gamete membrane fusion. The integrin
of primary interest, o,3;, was implicated as a receptor
for both ADAM 2 and ADAM 3 [156-158,165].
However, studies utilising knockout animals to vali-
date these findings have so far been unable to support
a role for egg integrins in gamete membrane fusion.
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Eggs from multiple strains of null mice lacking a
variety of subunit knockout combinations exhibit
normal fertility [166]. Nonetheless, it remains possible
that integrins contribute in one way or another to
gamete interaction but may not be essential in the
mouse or human [166,167].

Glycophosphatidylinositol (GPI)-anchored proteins
GPI-anchored proteins are attached to membranes
via a GPI lipid anchor and were first implicated in
sperm-egg interaction when Coonrod and colleagues
[168] utilised phosphatidylinositol-specific phospholi-
pase C (PI-PLC) to specifically cleave GPI-anchored
proteins (GPI-APs) from the surface of sperm or eggs.
This enzymatic treatment of zona-free oocytes caused
a reduction in sperm-egg binding and a complete
block of sperm-egg fusion [168], suggesting a role for
GPI protein(s) in this process. In keeping with this
concept, PI-PLC-mediated cleavage of GPI-APs sig-
nificantly reduced sperm-egg binding and fusion in
both the mouse and the human sperm/hamster oocyte
model [156].

To confirm the importance of GPI-APs on the egg
surface, Alfieri et al. [169] tested to see whether GPI-
APs were required for fertilisation in vivo. Through
use of the Cre/loxP system, an oocyte-specific knock-
out of the Pig-A gene, an enzyme involved in GPI
anchor biosynthesis, was developed. In these in vivo
studies, null females were found to be infertile, with a
minority of eggs (>1%) fertilised in vivo despite the
presence of multiple spermatozoa in the perivitelline
space. Following up this observation, zona-free eggs
from GPI knockout females were also inseminated in
vitro. With no significant reduction observed in sperm-
oolemmal binding, infertility in this instance appeared
to be entirely due to defects in sperm-oocyte fusion, in
contrast to those observed by Coonrod [168,169].
Coonrod et al. [156,168] further demonstrated that PI-
PLC-induced infertility was associated with the re-
lease of a 70-kDa (pI 5) and 35-45-kDa (pI 5.5)
protein cluster from the egg surface. The 70-kDa
protein was believed to be CD55 [169]; however CD55
is unlikely to be the egg surface GPI-AP of interest,
as CDS55-null mice exhibit normal fertility [170].
Advances in this area are now dependent on identi-
fication of the 35-45-kDa protein cluster, or the
discovery of previously undetected GPI-APs on the
egg surface.

Tetraspanins

Tetraspanins were first discovered in 1990, although
the broad functional importance of this family has
only recently been appreciated. Widely expressed in
eukaryotic organisms [171-173], tetraspanins are a
family of related proteins that, as their name suggests,
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span the plasma membrane of eukaryotic cells four
times. With both the N and C termini residing in the
intracellular environment, the structure results in two
extracellular loops, EC1 and EC2 [174]. While ex-
tracellular loop EC1 is small, EC2 is large and contains
both a constant and a variable domain [175]. Members
of this family typically contain 4—6 conserved extrac-
ellular cysteine residues linked into 2-3 disulfide
bonds. In addition to these conserved cysteines,
tetraspanins also typically contain conserved polar
amino acids within transmembrane domains 1,3 and 4.
A crucial aspect of tetraspanin biology is their
proposed role in membrane organisation [176] and
as mediators of protein interactions at the primary,
secondary and tertiary level [177]. Primary interac-
tions are direct and detergent stable. Integrins,
immunoglobulin superfamily members and mem-
brane-anchored growth factors are all classes of
protein with which tetraspanins form primary inter-
actions [177]. Tetraspanins also form secondary inter-
actions with other tetraspanins. CD81 is known to
interact with CD9 and CD151. Many of the proteins
that interact with tetraspanins such as CD9P-1 and
EWI-2 [178,179], also interact with each other. The
result is a large network of proteins linked by either
direct or indirect associations with tetraspanins [177].
The sum of these interactions is referred to as the
tetraspanin web [177,180]. Tetraspanin webs give rise
to tetraspanin-enriched microdomains. The lipid com-
position within these microdomains is unique and is
distinguishable from classic membrane rafts by sev-
eral features [176]. These specific microdomains
provide a means by which tetraspanins regulate
critical cellular functions that require cooperation of
multiple proteins [181]. Multiple reports indicate that
the tetraspanins CD9 and CDS81, as well as these
microdomains are implicated in sperm-egg interaction
[177].

CD9 was first implicated in fertilisation when Chen et
al. [182] observed that antibodies raised against this
tetraspanin inhibited sperm-egg binding and fusion in
a dose-dependent manner in vitro [182]. An unequiv-
ocal role was later established when three different
laboratories generated mice deficient in CD9 [183—
185]. Otherwise, normal CD9 null females exhibited
severely reduced fertility attributable to a lack of
fusibility of their CD9-deficient oocytes. Whilst no
significant differences were observed for sperm-bind-
ing ability between control and CD9-deficient eggs,
CD09-deficient eggs rarely fused with spermatozoa
during either in vivo or in vitro fertilisation studies.
Despite their lack of fusibility, the use of intracyto-
plasmic sperm injection (ICSI) to bypass this defect in
fusion resulted in viable embryos that developed to
term [186].
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These observations raised obvious and fundamental
questions regarding the role of CD9 in gamete fusion.
Does CD9 function directly as binding partner for
proteins on the sperm surface? Does this molecule
mediate the formation and stabilization of a receptor
complex within the egg membrane ? Recent studies on
tetraspanins have identified the large extracellular
loop, EC2, as a region of functional significance [176].
Preincubation of sperm with recombinant EC2 had no
effect on sperm binding or fusion, whereas preincu-
bation of eggs with EC2 resulted in an inhibition of
fusion [187]. This indicated that the EC2 domain of
CD9 plays a significant role in the interaction of CD9
with other egg membrane proteins, and that the
presence of the EC2 construct impedes sperm-egg
fusion by disrupting these interactions.

However, it remains possible that the EC2 domain of
egg CD?Y interacts directly, in trans, with a ligand on
the sperm surface. Studies by Waterhouse et al. (2002)
revealed that the pregnancy-specific glycoprotein 17
(PSG17) binds directly to macrophages in a CD9-
dependent manner. It was established that residues
within the EC2 loop of CD9 play a key role in this
interaction [188]. Interestingly, PSG17 results in
substantial competitive inhibition of sperm-egg fusion
when eggs are preincubated in its presence [189].
Although PSG17 is not expressed on the surface of
mammalian sperm, it is an example of a system
whereby a sperm antigen could possibly bind directly
to CD9Y. Despite the precedence of direct interaction
of PSG17 with macrophage CDO9, it does remain
possible that, like the bacterially expressed mouse
EC2 construct, PSG17 binding to EC2 simply impedes
CD9 interactions with other egg membrane proteins,
thereby disrupting receptor complex formation.
Through mRNA microinjection, it has been possible
to identify regions of the EC2 loop essential to CD9
function during sperm-oocyte fusion. Infertility in
CDO9-deficient eggs can be rescued via injection of
polyadenylated mouse CD9 mRNA at the egg germi-
nal vesicle phase [190]. Expression of the exogenous
transcript restores fusibility in the otherwise CD9-
deficient eggs. Fertility can also be restored, up to
approximately 90% of that for wild-type eggs, via
injection of human CD9 [190]. Similarly, injection
with mouse CD&81 restores fertility up to approxi-
mately 50% [190]. More recently it has been demon-
strated that fertility in CD81 null mice is also
compromised due to a deficiency in sperm-oocyte
fusion [191]. Analysis of hepatitis virus binding to
CDS81 had previously demonstrated that a single
amino acid (F186) substitution in the EC2 domain of
CDS81 dramatically affects virus binding [192].

To determine whether the equivalent region of CD9
was also important, two mutant CD9 mRNA con-
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structs were generated and tested for their capacity to
restore fusion. The mutant CD9 proteins contained a
substitution of either amino acid residue 174 from
phenylalanine to alanine (F—A) or substitution of
amino acid residues 173-175 from serine, phenyl-
alanine and glutamine to alanine, alanine, alanine
(SFQ—AAA) [187]. The ability of the CD9 con-
structs to restore fertility in CD9-deficient eggs is
either greatly reduced in the case of the F—A (174)
mutant or completely abolished in the SFQ -AAA
(173-75) mutant [187]. Substantial data exists sup-
porting the correct folding of the SFQ mutant [187],
suggesting that these results were not attributable to
protein misfolding. This same SFQ mutation in a GST
construct of the CD9 EC2 also effectively abolishes
the binding of the EC2 loop to PSG17-coated beads
[189]. These findings clearly identify the SFQ se-
quence of EC2 as a critical CD9 domain during sperm-
egg interaction.

With an unequivocal role for CD9 in murine sperm-
egg interaction established, studies to gain an under-
standing of the protein interactions mediated by this
tetraspanin are ongoing. Generation of double knock-
out mice indicated that CD9~'~/CD81~'~ KO mice are
completely infertile and that CD9 and CDS81 play
complementary roles in sperm-oocyte fusion [191].
These authors also demonstrated that one of the two
common partners of the CD9 and CD81 tetraspanins,
EWI-F, a member of a novel subfamily of proteins
with immunoglobulin Ig domains [178], is present on
freshly ovulated oocytes and may play a crucial role in
sperm oocyte fusion [191]. It has been long known that
human oocytes express several integrins, including the
o and B; subunit [193,194], and that the B, integrin
may have a role in fertilisation [194]. However, a
complementary role for tetraspanins in conjunction
with integrins in fertilisation has only recently been
shown. Ziyyat and colleagues [152] demonstrated that
CD9 controls the formation of integrin of3;-contain-
ing, clusters on the oocyte plasma membrane, both in
human and mouse, and using function blocking anti-
bodies showed a role for the a8, integrin and the
tetraspanins CD9 and CD151 in human sperm-oocyte
fusion. Finally, a recent paper demonstrated that CD9
is enriched on the microvillar membrane of mouse
oocytes and co-immunoprecipitates with two Ig super-
family cis partners, EWI-2 and EWI-F [195]. The
authors speculate that, as CD9™~ oocytes have an
abnormal microvillar shape and distribution, the
microvilli could act as a platform to concentrate
adhesion/fusion proteins. In addition, CD9 may dic-
tate a membrane protrusion with a low radius of
curvature of the microvilli, allowing capture of the
sperm cell, and physically locating the sperm in close
contact with the oocyte plasma membrane [195].
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Sperm plasma
membrane proteins

Figure 5. Model for sperm oo-
lemmal interaction. It is pro-
posed that microdomains within
the oolemma forming a CD®9,
CDS81 and CD151 receptor web
of key molecular players includ-
ing  glycophosphatidylinositol
(GPI)-linked proteins, integrins
and ADAM proteins are respon-
sible for sperm-oocyte binding
and facilitating the chaperone
Pdi3a to refold Izumo, leading
to cell-cell fusion.
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Proposed Model for sperm oolemmal binding and
fusion

Recent research in conjunction with genomic and
proteomic techniques has uncovered a number of cell
surface molecules with putative roles in the sperm-
oolemmal interaction; however, the picture remains
incomplete. We propose a model (see Fig. 5) in which,
similar to viral cell fusion processes, sperm surface
receptors bind to oocyte surface receptors and initiate
protein refolding mediated through thiol exchange.
Thus, close proximity of the sperm and oolemma,
modulated by CD9 and co-partner proteins, leads to
the interaction of sperm membrane components (like
Izumo) with molecular complexes mediated through
tetraspanin webs within lipid raft microdomains,
resulting in cell-cell fusion (Fig. 5).

Conclusions

Resolving the molecular basis of sperm-egg interac-
tion is of immense strategic importance to the devel-
opment of novel methods for fertility regulation and
the diagnosis of human infertility. Fertilisation is, by its
nature, an exquisitely cell- and species-specific event
involving an intricate cascade of cell-cell interactions

and culminating in the fusion of the fertilising
spermatozoon with the vitelline membrane of the
egg. New technologies in such key areas as functional
genomics and proteomics should significantly advance
our understanding of this process and, in the wake of
this knowledge, open up new opportunities for
pharmacological regulation.
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