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ABSTRACT

Fertilization in mammals is initiated by species-
restricted binding of free-swimming sperm to the
unfertilized egg’s thick extracellular matrix, the
zona pellucida (ZP). Both acrosome-intact and
acrosome-reacted sperm can bind to the ZP, but
only the latter can penetrate the ZP, reach the
egg’s plasma membrane, and fuse with plasma
membrane (fertilization) to produce a zygote.
Following fertilization, the ZP is modified by
cortical granule components such that acrosome-
intact and acrosome-reacted sperm are unable to
bind to fertilized eggs. Here we review some
of the evidence that bears directly on the
involvement of two mouse ZP proteins, mZP2 and
mZP3, as receptors for binding of mouse sperm to
unfertilized eggs and address some contentious
issues surrounding this important initial step in the
process of mammalian fertilization.
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INTRODUCTION

1. Mammalian fertilization

Virtually all multicellular organisms are capable
of sexual reproduction, a process involving two
kinds of gametes, the female’s eggs and the
male’s sperm [1-7]. Egg and sperm fuse with each
other (fertilization) to produce a one-cell embryo
or zygote — the true beginning of a new individual
of the species. The Italian biologist Lazzaro
Spallanzani (1729-1799) proposed in 1786 that
fertilization requires both sperm and eggs, but it
took nearly another century before the process of
fertilization was accurately described by the
Swiss biologist Herman Fol (1845-1892) and the
German biologist Oscar Hertwig (1849-1922).

The process of fertilization in mammals begins
when free-swimming sperm bind to the
unfertilized egg’s thick extracellular matrix, the
zona pellucida (ZP), in the ampulla region of the
female’s oviduct. The ZP was first identified
and named by the Baltic German embryologist
Karl Ernst von Baer (1792-1876) when describing
human eggs in 1827 [8]. The mouse (Mus
musculus) ZP consists of three heterogeneously
glycosylated proteins, called mZP1-3, that are
assembled into a crosslinked fibrillar matrix
[9, 10]. At the time of fertilization, ovulated
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mouse eggs, =80 um in diameter, have exuded a
first polar body with separation of chromosomes
and are arrested at metaphase II of meiosis. Sperm
bind in a species-restricted manner to the egg’s
ZP (Figure 1), penetrate through the ZP, and one
sperm manages to fuse with the egg’s plasma
membrane. The fertilized egg exudes a second
polar body with separation of chromatids and
a diploid zygote is the result. Following
fertilization, the ZP is subjected to physical and
biological changes such that sperm are no longer
able to bind to the zygote’s ZP. A ZP remains
around the cleavage-stage embryo until the
expanded Dblastocyst stage, days 5-6 post-
fertilization in mice, when the embryo hatches
from the ZP and implants in the uterus.

Several proteins directly involved in mammalian
fertilization, such as Izumo (=239 kDa), an Ig-like
protein on acrosome-reacted (AR) sperm, and
Juno (=28 kDa), a glycosylphosphatidylinositol-
(GPI-) anchored protein on ovulated eggs, have
been identified and characterized in recent years
[11-14]. Juno and Izumo serve as binding partners
when AR sperm recognize and fuse with
unfertilized eggs. However, the nature of the
fusogen responsible for sperm-egg fusion has
remained elusive [14, 15]. On the other hand, two
mouse ZP proteins, mZP2 (=120 kDa) and mZP3
(=83 kDa), have been identified as putative
receptors for binding of free-swimming mouse
sperm to the ZP of unfertilized mouse eggs [16-
18]. There is experimental evidence to suggest
that both acrosome-intact (AI) and AR mouse
sperm can bind to the ZP of unfertilized mouse
eggs. Furthermore, it has been proposed that Al
sperm bind to mZP3 and AR sperm bind to mZP2.
Following fertilization, as part of the block to
polyspermy, neither mZP2 nor mZP3 supports
binding of supernumerary sperm to the ZP.

Here we review some of the evidence that bears
on the involvement of ZP proteins as receptors
for binding of mouse sperm to the unfertilized
egg’s ZP and address some contentious issues
surrounding this vital initial step in the
fertilization pathway. It is concluded that for mice
there are two routes of entrance into the
fertilization pathway dependent on two different
egg ZP proteins, mZP2 and mZP3, and on the
status of the sperm’s acrosome, Al or AR.

Figure 1. Photographic image of a light micrograph
(Nomarski differential interference contrast) of an
unfertilized mouse egg incubated in the presence of
free-swimming mouse sperm. Sperm are bound to the
zona pellucida (ZP). Scale bar (==1 cm) = =14 pm.

2. Sperm capacitation and acrosome reaction

Following release from seminiferous tubules and
migration to the epididymis, sperm become highly
motile cells [19, 20]. Motility is dependent on
many genes that affect flagella structure, as well as
on pH, Ca*", the phospholipase C (PLC) pathway,
and the protein kinase A (PKA) pathway activated
by cyclic adenosine monophosphate (cAMP).
It remains for sperm to undergo the process of
capacitation, whereby sperm ejaculated into the
female reproductive tract acquire the ability to
(1) bind to and penetrate the egg’s ZP, (2) complete
the acrosome reaction, and (3) fuse with the egg’s
plasma membrane. During capacitation, efflux of
cholesterol from the sperm’s plasma membrane
takes place and results in a change in membrane
fluidity, rearrangement and/or modification of
membrane lipids and proteins, and activation of
signal transduction by protein kinases. As a
consequence of capacitation sperm motility becomes
hyperactivated.

The acrosome is a membrane-enclosed, lysosome-
like vesicle derived from Golgi during
spermiogenesis that sits over the sperm’s nucleus
in the apical region of the head [20]. The
acrosome contains hydrolytic enzymes, such as
acrosin, that together with the sperm’s motile



ZP proteins as sperm receptors

force enable bound sperm to penetrate the ZP.
Outer acrosomal membrane (OAM) underlies the
sperm’s plasma membrane and inner acrosomal
membrane (IAM) overlies the nucleus. Sperm
undergo the acrosome reaction, a form of cellular
exocytosis, that involves multiple fusions between
OAM and plasma membrane at the anterior region
of the sperm’s head, extensive formation of
hybrid membrane vesicles, and exposure of IAM
and acrosomal contents (Figure 2). The acrosome
reaction involves a pH increase due to a sperm-
specific Na'/H" exchanger, a negative membrane
potential due to a sperm-specific K channel,
synthesis of cAMP by a soluble adenyl cyclase,
alkaline activation of a pH sensitive Ca®" channel,
called CatSper (cation channel sperm-associated
protein), and a rapid Ca*" influx [21] CatSper is
only expressed in males and either inactivation or
mutation of the CatSper gene results in sperm
with motility defects such that they are unable to
fertilize eggs [22]. Only AR sperm can penetrate
the egg’s ZP, reach the space between the ZP and
plasma membrane (perivitelline space), and use
plasma membrane remaining over the equitorial
segment of the sperm to fuse with the egg’s
plasma membrane and produce a zygote.

3. Binding of sperm to the egg’s ZP

Several studies employing isolated gametes
suggest that only Al sperm are able to bind to the
egg’s ZP and binding causes sperm to undergo the
acrosome reaction [23-25]. However, substantial
evidence currently supports the view that both Al
and AR sperm can bind to the ZP of eggs from
various mammals, including mice and humans
[26, 27]. It is likely that Al sperm undergo the
acrosome reaction either (1) after binding to the
ZP [25, 28-32] or (2) while penetrating cumulus
cells (cumulus oophorous) that surround many
unfertilized eggs or while migrating in the oviduct
[33-38] and may be species dependent. In this
scheme, Al sperm bind to the ZP using plasma
membrane that overlies the sperm’s head and AR
sperm bind to the ZP using IAM exposed during
the acrosome reaction. It is reasonable to assume
that the two different sperm membranes, plasma
membrane overlying the heads of Al sperm and
IAM exposed on AR sperm following the
acrosome reaction, recognize and bind to different
protein epitopes on the egg’s ZP. Once fertilization
has occurred, neither Al nor AR sperm bind to
the ZP of eggs or cleavage-stage embryos
(Figure 3).

Figure 2. Transmission electron micrographs of thin sections of mouse sperm. Panel A: An acrosome
intact (Al) sperm head (pm, plasma membrane; ac, acrosome). Panel B: An acrosome reacted (AR) sperm
head. The black dots associated with sperm heads are gold particles added to the preparations.
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Figure 3. Light micrograph (dark field) of mouse
sperm, eggs, and 2-cell embryos cultured in vitro.
Sperm are bound to the ZP of unfertilized eggs, but not
to the ZP of 2-cell embryos due to the zona reaction
following fertilization. Sperm do not bind to the ZP of
fertilized or artificially activated eggs.

4. Mouse ZP proteins mZP1-3

The ZP of mouse eggs is =6 um thick and
consists of a unique set of three heterogeneously
glycosylated proteins, called mZP1-3, that differ
from proteins present in somatic cell extracellular
matrix [9, 10, 39-41]. ZP proteins from different
mammals are well conserved, exhibiting == 60-
98% sequence identity. mZP2 (=120 kDa, 601
aa) and mZP3 (=83 kDa, 331 aa) are monomers,
and mZP1 (=200 kDa, 528 aa) is a dimer of
identical  polypeptides connected by an
intermolecular disulfide (Figure 4A). The human
egg ZP is =20 pm thick and is composed of hZP1
(=200 kDa, 530 aa), hZP2 (=120 kDa, 604 aa),
and hZP3 (=58 kDa, 330 aa), but has a fourth ZP
protein, hZP4 (=65 kDa, 448 aa), that is a
monomer or a dimer stabilized by non-covalent
interactions [42]. ZP proteins possess both
asparagine (N)-linked and serine/threonine (O)-
linked oligosaccharides some of which are
sialylated and sulfated [43, 44].

mZP1-3 are secreted proteins synthesized during
oogenesis by growing oocytes as precursor
polypeptides that have a signal-sequence at the N-
terminus and a propeptide at the C-terminus that
are cleaved from nascent protein (Figure 4B).
Each protein has a ZP domain (ZPD) made up
of =270 aa, 8 or 10 conserved cysteine (Cys)
residues present as intramolecular disulfides, and
consists of two subdomains, ZP-N (=100 aa) and
ZP-C (=2135-150 aa) [45-47]. mZP1, hZP1, and
hZP4 polypeptides possess a trefoil domain and
mZP1, mZP2, hZP1, hZP2, and hZP4 have one or
more extra ZP-N subdomains at the N-terminus of
their polypeptides [48]. Both subdomains adopt
Ig-like folds and in the ZPD are connected to
each other by a short, protease senstive linker-
region (==25-30 aa) [49]. ZP-N participates in
polymerization of nascent ZP proteins into long
fibrils, =70-80 A in width, that are composed of
mZP2-mZP3 heterodimers and exhibit a = 140-
150 A structural repeat [50-53]. Mouse ZP fibrils
are crosslinked by mZP1 or, in the case of human
ZP fibrils, by hZP1 and possibly hZP4 [54].

Homozygous null female mice completely lacking
either mZP2 or mZP3 fail to produce a ZP around
growing oocytes, their eggs lack a ZP, and the
mice are infertile [55-57]. Infertility is due to a
paucity of growing oocytes and Graafian follicles
in ovaries that results in a scarcity of ovulated
eggs in oviducts. Homozygous knockout female
mice lacking mZP1 have an abnormal ZP around
oocytes and eggs and exhibit reduced fertility
[58]. The latter is due to insufficient crosslinking
of ZP fibrils that results in loss of cleavage-stage
embryos as they traverse the female reproductive
tract on their way to the uterus to implant. Various
point, missense, or frameshift mutations in human
ZP genes can lead to deleterious effects on ZP
formation and to female infertility [10, 59].

5. Binding of mouse Al sperm to mZP3

The notion that the egg’s ZP harbors species-
restricted receptors for sperm dates back more
than a century. In the 1970s it was reported that
exposure of mouse sperm to solubilized egg ZP
preparations prevented binding of the sperm to
ovulated eggs in vitro [1, 60]. Similar results
were obtained with solubilized hamster egg ZP
and sperm. It was concluded that solubilized
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Figure 4. Panel A: Intracellular and extracellular processing of mouse ZP proteins mZP1-3. mZP1 is a dimer and
mZP2 and mZP3 are monomers to which high-mannose type N-linked oligosaccharides are added and then
converted to complex-type N-linked oligosaccharides intracellularly prior to secretion. In addition, O-linked
oligosaccharides are added intracellularly prior to secretion. Nascent ZP polypeptides are processed (e.g., removal of
the N-terminal signal-sequence as nascent proteins move from the endoplasmic reticulum to the Golgi), packaged
into large secretory vesicles originating from the Golgi that move to the plasma membrane, cleaved at the consensus
furin cleavage-site (removal of the C-terminal propeptide), secreted, and assembled into long fibrils extracellulary.
The average molecular weights for secreted mZP1-3 are shown, based on electrophoretic mobility on SDS-gels,
together with the sizes (number aa) of mZP1-3 polypeptides. Note that the apparent molecular weights of mZP1-3
are significantly higher than the sizes of the polypeptides due to the addition of N- and O-linked oligosaccharides.
Panel B: Schematic representation of the organization of mouse ZP proteins, mZP1-3 (623, 713, and 424 amino
acids, respectively). The polypeptides contain a signal sequence (SS) at the N-terminus (pink), a ZP domain (ZPD;
black box) consisting of ZP-N (green) and ZP-C (turquoise) subdomains and a short linker region (blue), and a
consensus furin cleavage-site (CFCS; arrow), transmembrane domain (TMD; yellow), and C-terminal propeptide
(CTP). mZP1 has a trefoil domain (brown) adjacent to the ZPD. mZP1 and mZP2 have one or three extra copies of
the ZP-N subdomain (green) between the N-terminus of the polypeptides and the ZPD. The amino acid numbers for
each region of the mouse ZP polypeptides are indicated above and below the drawings of the polypeptides.

mammalian ZP contained sperm receptors that
bound to sperm and prevented them from binding
to eggs.

In the early 1980s it was reported that exposure of
Al mouse sperm to solubilized egg ZP prevented
binding of the sperm to ovulated eggs in vitro

(==80% inhibition at 4 ZP/ul) [16]. Solubilized
2-cell embryo ZP had no effect on sperm binding
to eggs. Moreover, purified egg mZP3, at
nanomolar concentrations, prevented binding of
sperm to ovulated eggs (==60% inhibition at 4 ZP
equivalents/pl), whereas purified egg mZP1 and
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mZP2 had no significant effect on sperm binding
to eggs. Furthermore, Al sperm exposed to
purified egg mZP3 were induced to undergo the
acrosome reaction in vitro [28]. mZP3 purified
from 2-cell embryo ZP had no effect on binding
of Al sperm to eggs and did not induce the
acrosome reaction, consistent with observations
that sperm do not bind to the ZP of fertilized eggs
or cleavage-stage embryos. These findings suggested
that egg mZP3 is a receptor for Al sperm.

Subsequently, a solid-phase assay, employing
silica beads to which mZP3 was covalently linked
(mZP3-beads), was used to evaluate sperm
binding [61]. It was found that Al sperm bind by
their head specifically to mZP3-beads (usually
one sperm bound per bead), but not to beads
derivatized with mZP2, fetuin, or serum albumin
(Figure 5). Over time at room temperature or an
earlier time at 37 °C, Al sperm bound to mZP3-
beads underwent the acrosome reaction (AR
sperm) and were released from the beads.
Inhibitors of the ZP induced acrosome reaction
(e.g., islet-activating protein and 3-quinuclidinyl
benzilate) prevented sperm bound to mZP3-beads
from undergoing the acrosome reaction. In other
studies, binding of egg mZP3 to Al sperm
heads was visualized by either whole-mount
autoradiography ~ or  transmission  electron
microscopy using either radiolabeled- ('*’I-) mZP3
or colloidal gold-labeled mZP3, respectively [62,
63]. Radiolabeled or gold-labeled fetuin, a protein
that possesses N- and O-linked oligosaccharides,
was used as a control in the experiments. In both
protocols egg mZP3 was found localized at high
levels to plasma membrane associated with the
acrosomal cap region of Al sperm heads, but at
nearly background levels with IAM of AR sperm
heads or with sperm tails (Figures 6 and 7). Fetuin
was present on Al and AR sperm at very low
levels. These and other observations are consistent
with the suggestion that mZP3 present in the
mouse egg’s ZP is a receptor for Al sperm.

6. Binding of mouse Al sperm to mZP3
oligosaccharides

A variety of lectins (e.g., Ricinus communis
agglutinin, RCA1; concanavalin A, ConA;
wheat germ agglutinin, WGA) that bind to
oligosaccharides and antibodies raised against

Figure 5. Scanning electron micrograph of acrosome-
intact (AI) sperm bound to an mZP3-bead. Styrene
beads were derivatized with mZP3 and then incubated
with capacitated Al sperm. Shown is an example of
sperm bound to an mZP3-bead. For further information
see [61].

oligosaccharides bind to the ZP of mammalian
eggs [64]. Certain lectins (e.g., WGA) can prevent
fertilization and some lectin binding sites (e.g.,
RCA1) are more densely distributed in the
exterior region of the ZP [65]. In this context, the
molecular weight (=283 kDa) and isoelectric point
(pl 4.2-5.2) of purified mZP3 exhibit considerable
heterogeneity due largely to the presence of
N- and O-linked oligosaccharides, some of which
are sialylated or sulfated (i.e., negatively charged)
[41]. Nascent mZP3 has as many as five high-
mannose type N-linked oligosaccharides (concensus
sequence Asn-X-Ser/Thr) that are converted to
complex-type prior to secretion and assembly
into ZP fibrils [66-68]. Complex-type N-linked
oligosaccharides often have N-acetylglucosamine,
galactose, fucose, and sialic acid as terminal
residues. mZP3 also has an undetermined number
of core type-1 and type-2 O-linked oligosaccharides
(no concensus sequence) that are terminated with
N-acetylglucosamine, galactose, and sialic acid.

Several observations suggest that Al mouse sperm
bind to mZP3 oligosaccharides rather than to
polypeptide [69-72]. For example, exposure of
purified mZP3 to high temperatures, proteases,
denaturants, detergents, or fixatives has little to
no effect on its ability to bind to Al sperm.
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Figure 6. Quantitation of mZP2, mZP3, and fetuin radiolabeled-probes bound to acrosome-intact (AI) and
acrosome-reacted (AR) sperm. Panel A: Binding of radiolabeled mZP3 ('**I-mZP3) to acrosome-intact (Al; closed
circles) and acrosome-reacted (AR; open circles) mouse sperm as a function of probe concentration. Panel B:
Binding of radiolabeled mZP2 (‘*I-mZP2) to Al (closed circles) and AR (open circles) mouse sperm as a function
of probe concentration. Radiolabeled fetuin (‘*I-fetuin) binding to AI and AR sperm occurred at insignificant
levels. It is clear that mZP3 binds preferentially to Al sperm and mZP2 binds preferentially to AR sperm. For further
information see [62].
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Figure 7. Quantitation of mZP2, mZP3, and fetuin gold-probes bound to acrosome-intact (AI) and acrosome-reacted
(AR) sperm. Panel A: Shown are the average number of 5 mm gold particles present per ten sections of Al sperm
(solid bar), AR sperm (open bar), and fetuin (shaded bar) for the gold-mZP3 probe. Panel B: Shown are the average
number of 5 mm gold particles present per ten sections of Al sperm (solid bar), AR sperm (open bar), and fetuin
(shaded bar) for the gold-mZP2 probe. In each case, sections containing the largest portion of the sperm head were
chosen for analysis. Using fetuin gold-probes for assessment of background binding levels, it is clear that mZP3
binds preferentially to Al sperm and mZP2 binds preferentially to AR sperm. For further information see [63].
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This indicates that mZP3 is a very stable
receptor for Al sperm and suggests that its ability
to serve as a receptor is certainly not dependent
on polypeptide conformation. In this context,
a heavily glycosylated peptide (=55 + 8 kDa)
derived from the C-terminal portion of mZP3 by
mild proteolytic digestion and small glycopeptides
(==1.5-6 kDa) derived by extensive proteolytic
digestion of mZP3 are as effective as intact mZP3
in preventing binding of Al sperm to eggs in vitro
[73-75]. Furthermore, exposure of Al sperm to
(1) Lewis X (Le*)-containing glycans, (2) branched
oligosaccharides (biantennary and tetraantennary)
having an a- or B-linked galactose at the non-
reducing end (related to blood group B-type
oligosaccharides), or (3) O-linked oligosaccharides
released from mZP3 by alkaline hydrolysis,
prevent binding of sperm to eggs in vitro [69, 76-
80]. These and other observations suggest that
mZP3 oligosaccharides rather than polypeptide
are primarily responsible for binding of mZP3 to
Al sperm and preventing the sperm from binding
to eggs. A similar conclusion was reached upon
examination of binding of a mutated form of avian
ZP3 deficient in a single O-linked oligosaccharide
[81].

Involvement of mZP3 oligosaccharides in binding
of sperm to eggs is analogous to their role in
binding of sperm from marine animals and
amphibians to eggs, sexual agglutination in
budding yeast, and binding of bacteria, animal
viruses, and other pathogens to their cellular
hosts. There also is evidence to suggest that
mammalian sperm interact with oligosaccharides
on the surface of the oviductal epithelium as
sperm migrate toward the oviduct [82, 83]. On
the other hand, it was found that female
mice deficient in specific glycosyl transferases
(homozygous nulls) involved in N- and O-linked
oligosaccharide biosynthesis are fertile [84-86].
The findings were interpreted to mean that mZP3
oligosaccharides are not involved in binding of
mZP3 to sperm. In such experiments, it would
have been of interest to purify mZP3 possessing
N- and/or O-linked oligosaccharides deficient
in specific sugar moieties (e.g., galactose or
N-acetylglucosamine) and assess whether the
modified mZP3 binds to Al sperm and prevents
their binding to eggs in vitro. It is possible that

fertilization was achieved in these experiments
by binding of AR sperm, not Al sperm, to eggs
without the involvement of mZP3.

7. Binding of mouse AR sperm to mZP2
polypeptide

Results of experiments in the 1980s suggested
that, while mZP3 serves as a receptor for Al
sperm, mZP2 serves as a receptor for AR sperm
[87]. Binding of egg mZP2 to AR sperm
heads was visualized by either whole-mount
autoradiography or transmission electron microscopy
using either radiolabeled-('*’I-) mZP2 [62] or
colloidal gold-labeled mZP2 [63], respectively.
As described above, radiolabeled or gold-labeled
fetuin was used as a control in the experiments. In
both protocols egg mZP2 was found primarily
associated at high levels with IAM of AR sperm
heads, but at nearly background levels with
plasma membrane of AI sperm heads or with
sperm tails (Figures 7 and 8). Fetuin was present
on Al and AR sperm at very low levels. These
observations are consistent with the suggestion
that mZP2 present in the mouse egg’s ZP is a
receptor for AR sperm.

Extensive studies have now been carried out to
elucidate the molecular basis of AR sperm
binding to mZP2. Overall, results of these studies
strongly suggest that (1) AR sperm bind to the
N-terminal region of mZP2 (aa 35-149), (2) C-
terminal portions of mZP2 are not required for
AR sperm binding, and (3) AR sperm binding
to mZP2 is not dependent on the protein’s
N- or O-linked oligosaccharides [18, 88, 89].
Furthermore, proteolytic cleavage of mZP2 within
its N-terminal region following sperm-egg fusion
precludes binding of AR sperm to mZP2. These
observations suggest that AR sperm bind directly
to the N-terminus of ZP2 polypeptide prior
to fertilization, but are unable to bind to ZP2
following fertilization.

8. ZP block to polyspermy

If more than one sperm fuses with an egg
(polyspermy) embryonic death usually occurs.
Consequently, following fertilization conditions
are established that prevent supernumerary sperm
from fusing with fertilized eggs. Mechanisms to
prevent polyspermy are activated at the egg’s
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Figure 8. Schematic diagram of some steps involved in two different pathways to fertilization in mice. In the first
pathway (black arrows), acrosome-intact (Al) sperm bind to mZP3 in the egg’s zona pellucida (ZP). As a result of
binding to mZP3, Al sperm undergo the acrosome-reaction (multiple fusions between the sperm’s outer acrosomal
membrane and plasma membrane leading to exposure of the inner acrosomal membrane), and acrosome-reacted
(AR) sperm then bind to mZP2. In the second pathway (gray arrows), Al sperm undergo the AR prior to reaching
the ZP, perhaps in the cumulus oophorous of ovulated eggs, and then bind to mZP2 rather than to mZP3. In both
pathways AR sperm penetrate the ZP and fuse with the egg’s plasma membrane (fertilization). Fusion of sperm and
egg induces the cortical reaction (CR) in eggs (fusion of cortical granule membrane and the egg’s plasma
membrane) that results in exocytosis of cortical granule components, including Zn*', into the ZP and induces the
zona reaction (ZR). The ZR consists of inactivation of mZP2 and mZP3 as sperm receptors (Al and AR sperm

cannot bind to the ZP of fertilized eggs) and hardening of the ZP.

plasma membrane and the ZP [90, 91]. The
former is referred to as the fast block and the
latter as the slow block to polyspermy. The
precise nature of the fast block in mouse eggs
is not completely clear, but may be due to
depolarization of plasma membrane (i.e., an
electrical change). On the other hand, the nature
of the slow block involves changes in the ZP due
to the zona reaction, that includes a significant
decrease in the solubility of the ZP, the so-called
hardening reaction (e.g., =2- to 4-fold increase in
stiffness and viscosity) [92]. As a result, sperm
that had partially penetrated the ZP prior to
fertilization can penetrate no further and free-
swimming AR and Al sperm can no longer bind
to the ZP.

Alteration of the ZP following fertilization is
largely attributable to fusion of cortical granules
in the egg’s cytoplasmic cortex (each mouse egg
has == 4,500 cortical granules) with the egg’s
plasma membrane, the cortical reaction [93, 94].
The latter results in release of cortical granule
components into the perivitelline space and then
into the relatively porous ZP. The cortical reaction
requires translocation of cortical granules to the
inner surface of the plasma membrane using
myosin ITA and elevation of Ca*" concentration
(peaks at =1 uM in mouse eggs) due to release of

Ca™ stores from endoplasmic reticulum by
inositol  triphosphate  (IP3). Several Ca®'-
dependent proteins, including calmodulin, protein
kinase C (PKC), Ca*'/calmodulin-dependent
protein  kinases (CAMKSs), synaptotagmins
(SYTs), Rab-3, and rabphilin-3A may participate
in the cortical reaction. The cortical reaction also
results in accumulation of Zn*" in the ZP, referred
to as zinc sparks [89, 95, 96], and release of
a metalloendoprotease, called ovastacin, that
cleaves mZP2 near its N-terminus (166Leu-
Ala|Asp-Glul69) without release of a peptide
[88, 97-101]. Proteolytic cleavage of mZP2 is
involved in hardening of the ZP and inactivation
of mZP2 as a binding partner for AR sperm. High
concentrations of Zn>"also have a negative effect
on sperm motility, thereby assisting in the
prevention of sperm penetration through the ZP
and may alter the conformation of ZP crosslinks
by binding to specific sites on ZP1. Inactivation of
mZP3 as a binding partner for Al sperm also
occurs following the cortical reaction, but the
molecular basis of inactivation is unclear.

9. Fertilization pathway in mice

In mice it would appear that, depending on the
status of the sperm’s acrosome, Al or AR sperm,
there are two different ways to enter the
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fertilization pathway (Figure 8). Al sperm bind to
mZP3 in the egg’s ZP, undergo the acrosome
reaction, and bind to mZP2. On the other hand,
sperm that undergo the acrosome reaction prior
to reaching the ZP, perhaps in the cumulus
oophorous surrounding ovulated eggs or in the
oviduct, bind directly to mZP2 by their IAM
rather than to mZP3. A component(s) of plasma
membrane overlying heads of Al sperm and a
component(s) of IAM of AR sperm recognize
different epitopes on the egg’s ZP. In both cases
AR sperm penetrate the ZP and fuse with the
egg’s plasma membrane (fertilization). Fusion
of sperm and egg induces the cortical reaction
that involves exocytosis of cortical granule
components, including ovastacin and anﬂ into
the ZP and induces the zona reaction. The zona
reaction causes a decrease in solubility
(hardening) of the ZP, as well as inactivation of
mZP2 and mZP3 as receptors for AR sperm and
Al sperm, respectively. These changes in the ZP
help to ensure that polyspermic fertilization does
not take place.

10. Final comments

As a consequence of its vital importance in
human biology, the process of fertilization has
been of intense interest to research scientists for
more than a century. During the past 50 years or
so, by taking advantage of major advances in
genetic, biochemical, and molecular methodology,
significant progress has been made in identifying
and characterizing mammalian egg and sperm
components that participate in mammalian
fertilization. As expected, there are differences of
opinion about how to interpret certain disparate
in vitro and in vivo results. However, despite the
differences, we are now on the road to a much
clearer understanding of the molecular basis of
many steps in the fertilization pathway.
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