Discussion

reports in the murine model, questioning the role of the consensus furin cleavage site
(CFCS) in secretion of the zona proteins and incorporation in the matrix prompted us to
express the baculovirus-expressed hZP3 without the C-terminal TD (hZP3(;.345)), that
| lies immediately after the CFCS (Williams and Wassarman,.2001; Qi et al., 2002; Zhao
et al., 2002). However, this protein also did not get secreted into the culture supernatant.
It can be speculated that the secretory signals present in the Sf2/ cells may not be
recognized by the foreign human zona proteins.

The expression of hZP2 in E. coli yielded several low molecular weight proteins in
additiqn to the ~90 kDa main protein band as observed in the Western blot of induced
host cells harboring the recombinant hZP2 plasmid. Various reasons that can be
attributed to the presence of lower molecular weight fragments are, i) multiple initiation
sites in mRNA, ii) premature translation termination iii) specific or non-specific
proteolysis of the full-length protein, and iv) a combi'nation of the above. '
On SDS-PAGE, the E. coli- as well as baculovirus-expressed hZP2, hZP3 and hZP4
fusion proteins showed a slightly rc;tarded mobility as is evident from their apparent
molecular weights as compared to the theoretical values, which is sometimes the case
with polyhistidine tagged fusion proteins. In case of the baculovirus-expressed
recombinant proteins, the apparent molecular weights show greater deviation than the
expected values and this may be attributed to glycosylation of these recombinant
proteins in the insect cells. The characterization of native ZP glycoproteins from human
oocytes by various gfoups has revealed heterogeneity and variability in their mobility in
SDS-PAGE (Shabanowitz and O’Rand, 1988; Bercegeay et al., 1995; Gupta et al.,
1998; Bauskin et al., 1999). Some of the discrepancies in the apparent molecular
weights assigned to various ZP glycoproteins may be attributed to the different
nomenclature used by various investigators. Using antibodies against synthetic peptides,
it has been documented that hZP2 is comprised of 90-110 kDa and hZP3 as 53-60 kDa
(Bauskin et al., 1999). The baculovirus-expressed recombinant hZP2 revealed a band of
~105 kDa and hZP3(;424) ~65 kDa (Figure 13), which were comparable to the native
proteins. Lectin binding analysis indeed revealed the presence of both N-and O-linkéd
glycosylation in the baculovirus-expressed recombinant proteins, which were absent in
the E. coli-expressed proteins (Figures 17 and 18). The predominant glycosylations in
the four baculovirus-expressed recombinant ZP glycoproteins were characterized by the

binding of lectins ConA (specific for mannose o 1-3/1-6 residues, N-linked) and
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Procreation in mammals takes place when the spermatozoon and the egg unite by an
extraordinary cell fusion event that gives rise to an original individual and triggers a
very sophisticated developmental program in the newly formed zygote. Initial contact
between the two gametes occurs when the sperm attach to the zona pellucida (ZP), an
extracellular translucent matrix' surrounding the mammalian egg. The attachment of
sperm strengthens into a tenacious binding with the ZP, a prerequisite for zona
penetration. This binding is mediated by specific interaction between ZP glycoproteins
and egg-binding proteins on the sperm surface, and induces the acrosbme reaction
which involves fusion and vesiculation of outer acrosomal membrane and sperm
plasma membrane at many sites, release of the vesicles, and exposure of the innér
acrosomal membrane. Then, the acrosome-reacted sperm penetrate the ZP, reach the
perivitelline space, and fuse with the egg. To block polyspermy, transient
depolarization of the egg plasma membrane and release of cortical granules including
various enzymes to the perivitelline space are induced immediately after sperm-egg
fusion, resulting in physical and chemical alterations of the ZP and inactivation of its
sperm-binding ability. The ZP further plays an important role in protection of the
blastocyst prior to implantation.

In various species, ZP is primarily composed of three glycoproteins (Harris et al., 1994).
These are designated as zona pellucida glycoprotein-1 (ZP1), -2 (ZP2) and -3 (ZP3)
based on their mobility in sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Recent studies, however, revealed that human ZP is composed of four
glycoproteins classified as ZP1, ZP2, ZP3 and ZP4 (Lefievre et al., 2004; Conner et al.,
2005) suggesting that the number of ZP glycoproteins is not conserved across the
species.

Various studies suggest that in mouse, ZP3 serves as the putative primary sperm
receptor and is also responsible for inducing acrosomal exocytosis (Bleil and
Wassarman, 1980a; Beebe et al., 1992). In this process, O-linked oligosaccharides play
a critical role (Florman and Wassarman, 1985; Bleil and Wassarman, 1988). In the
porcine system, however, both O-linked oligosaccharides (Yﬁrewicz et al., 1991) and
the tri- and tetra-antennary neutral complex type of N-linked oligosaccharides (Nakano
et al., 1996; Yonezawa et al., 1999) of ZP3 have been implicated for its sperm receptor
activity. The critical appraisal of the role of ZP3 and other ZP glycoproteins during

fertilization in humans was hampered due to their non-availability in highly puri.ﬁed
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form from native source. Subsequently, employing recombinant human ZP3 (hZP3)
expressed in Chinese hamster ovary (CHO) cells, it was demonstrated that incubation
of capacitated human spermatozoa with hZP3 leads to induction of acrosomal
exocytosis (van Duin et al., 1994). Further, recombinant hZP3 expressed in Escherichia
coli and presumably lacking glycosylation also induced acrosomal exocytosis,
suggesting that the presence of carbohydrates on ZP3 polypeptide backbone may not be
an absolute requirement for ZP3 to induce acrosome reaction (Chapman et al., 1998).
The ZP2, in mouse model has been shown to serve as the secondary receptor that
maintains the binding of the acroéome-reacted spermatozoa to the ZP, while the ZP1
acts as a cross-linker of the ZP2-ZP3 heterodimeric filaments (Greve and Wassarman,
1985; Bleil er al., 1988). However, in the rabbit model, rec55 (homologue of ZP4)
binds to the spermatozoa in a dose-dependent manner (Prasad et al., 1996). Rabbit ZP4
also binds to recombinant Sp17 (a family of sperm autoantigens), further reiterating its
importance during sperm-oocyte interaction (Yamasaki et al., 1995). The porcine ZP3(3
(horrfologue of ZP3) fails to bind to the sperm receptors whereas ZP3o (homologue of
ZP4)-ZP3p heterocomplexes bind with high affinity to boar sperm membrane vesicles,
suggesting involvement of more than one ZP protein in sperm recognition (Yurewicz et -
al., 1998). Additional studies have also demonstrated that recombinant bonnet monkey
(Macaca radiata) ZP4 (bmZP4) expressed in E. coli binds to the head region of the
capacitated spermatozoa and the binding shifts to the equatorial segment, post-
acrosomal domain and mid-piece of the acrosome-reacted spermatozoa, indicating a
role for ZP4 in the sperm binding (Govind ef al., 2001).
The above described observations suggest that the functional role of the individual ZP
| glycoproteins during the complex process of fertilization as delineated in mouse model
may not be tenable in other species. Hence, in order to delineate the functions of ZP
glycoproteins in a particular species, indepe'ndent investigations should be carried out
and without any bias based on the findings in murine model. This-prompted us to revisit
the role of ZP glycoproteins during fertilization in humans and to investigate the
importance of glycosylation in this process. In the present study, attempts have been
made to obtain the human zona proteins expressed in prokaryotic as well as eukaryotic
expression systems in the absence of chaotropic agents and evaluate their functional
attributes with respect to interaction with human spermatozoa. The E. coli expression

system would express non-glycosylated zona proteins whereas eukaryotic expression
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system would produce glycosylated recombinant zona proteins. For this purpose, hZP2,
hZP3 and hZP4, devoid of N-terminal signal sequence (SS) and C-terminal
transmembrane-like domain (TD) have been cloned and expressed in E. coli, while in
baculovirus, full-length-hZP2, hZP3 and hZP4 have been expressed. Additionally,
hZP3, including SS but excluding TD has also been expressed in baculovirus. The
conditions have been optimized for the purification of the recombinant proteins to
obtain them in renatured form. Full-length hZP3 has also been expressed in a
mammalian expression vector and the recombinant protein transiently expressed in
Chinese hamster ovary-K1 (CHO-K1) cells. The E. coli- and baculovirus-expressed
purified renatured proteins, along with cell lysate of CHO-KI1 cells transiently
transfected with hZP3 harboring expression vector, have been evaluated for their ability
to bind to capacitated and/or acrosome-reacted human spermatozoa in vitro by direct
binding assay using fluorochrome labeled zona prdteins and/or by indirect
 immunofluorescence assay using specific antibody probes. The above have also been
analyzed for their spe;rm receptor function by assessing their ability to induce
acrosomal exocytosis in capacitated spermatozoa. This led to the finding that
baculovirus-expressed hZP3 and hZP4 expressed in both the eukaryotic. expression
systems could induce acrosome reaction in capacitated human sperm. In order to
understand the role of carbohydrate residues present on ZP glycoproteins in induction
of the acrosome reaction, baculovirus-expressed hZP3 and hZP4 have been obtained by
growing infected Sf2/ insect cells in the presence of tunicamycin. Alternatively,
baculovirus-expressed purified recombinant proteins have been chemically
deglycosylated. Both glycosylated recombinant human ZP glycoproteins and those
deficient in N- or O-linked glycosylation have subsequently been assessed for their
ability to induce acrosomal exocytosis in human sperm.

Several candidate ligands have been characterized on spermatozoa that are involved in
binding to ZP glycoproteins (Wassarman, 1999). Recently, the proteasome complex
present on sperm has been shown to play an important role during fertilization (Morales
et al., 2003; Pizzaro et al., 2004). In the present thesis, attempts have been made to
understand the role of sperm proteasome by employing recombinant human zoﬁa

proteins during binding and induction of acrosome reaction.
Thus, in the present thesis, efforts have been made to elucidate the functional attributes

of the individual human ZP glycoproteins. These studies will further our understanding
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of the critical steps of sperm-egg interaction during human fertilization which, in turn,
may provide new insights into dealing with the global problem of infertility on one

hand, and development of novel contraceptives on the other.
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Zona Pellucida

Zona pellucida (ZP) is an acellular translucent sulfated glycoproteinaceous matrix that
surrounds the mammalian oocyte. The ZP matrix is synthesized and secreted by the
oocyte during follicular development and plays a very important role in mediating
critical steps during fertilization. It acts as a species-specific “docking site”
(Yanagimachi, 1977; Gwatkin and Williams, 1977) for the binding of sperm to the
oocyte, induces acrosomal exocytosis in the zona bound spermatozoa (Bleil and
Wassarman, 1983), prevents polyspermy (Gulyas and Yuan, 1985) and plays an
important role in the protection of pre-implanted blastocyst. The murine ZP is
composed of three biochemically and immunologically distinct glycoprofeins
designated as ZP1, ZP2 and ZP3 based on their mobility on sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). These glycoproteins have also been
classified on the basis of the size of their mRNA transcripts as ZPA, ZPB and ZPC,
ZPA being the longest and ZPC, the shortest (Harris et al., 1994), leading to a dual
nomenclature (Table 1). Recent studies have shown that human ZP is composed of four
© ZP glycoproteins designated as ZP1, ZP2, ZP3 and ZP4 (Lefievre et al., 2004; Conner
et al., 2005). In the present thesis, the nomenclature pertaining to the recent human ZP

glycoproteins classification is used and ZP1/B (by earlier classification) in humans is

referred to as ZP4 (Table 1).

* Ultrastructure and Development
Formation of the ZP starts in the growing oocyte and increases in width as the oocyte

“increases in diameter (Wassarman and Mortillo, 1991). The ZP matrix appears to be
fibrillogranular in nature, and its thickness, rigidity and size varies from species to
species (Baranska et al., 1975, Phillips and Shalgi, 1980a; b). The thickness of the ZP
varies from <2 um in marsupials to about 27 pum in cows (Dunbar and Wolgemuth,
1984). Scanning electron micrographs (SEM) of zonae from several species reveal that
the ZP surface ultrastructure consists of an extensive network of filaments interspersed
with numerous pores of varying sizes. High resolution SEM studies with mouse as well
as human oocytes show that ZP appears as a delicate meshwork of thin interconnected
filaments in a regular alternating pattern of wide and tight meshes/pores (Familiari et
al., 2006). These pores appear larger at the outer surface of the zona than inner surface.

Ultrastructural cytochemical findings also suggest that the porous region of the human
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Table 1: Classification of ZP glycoproteins in mouse and humans

Zona protein

Mouse

Original
classification

ZP1 (623 aa)

ZP2 (713 aa)

 ZP3 (424 aa)

Alternate

classification

ZPB

ZPA

ZPC

Human

Earlier
classification

ZP1 (540 aa)

ZP2 (745 aa)

ZP3 (424 aa)

Earlier alternate

classification

ZPB (540 aa)

ZPA (745 aa)

ZPC (424 aa)

Recent
classification; used

in present thesis

ZP4 (540 aa)

ZP2 (745 aa)

ZP3 (424 aa)

ZP1 (638 aa)
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ZP is limited to 25% of the external region of the human ZP, while the compact region
constitutes ~75% of the total ZP (Jimenez-Movilla et al., 2004). The amorphous
spongy outer surface of zona with larger pores may facilitate sperm penetrability as
human ZP with a more compac;t and smoother outer surface has been shown to be less
penetrable (Familiari et al., 1988; 1992).

A mature mouse oocyte has about 5-7 pm thick ZP that contains about 3-4 ng of
protein (Bleil and Wassarman, 1980b; Wassarman and Mortillo, 1991). Electron
microscopy has revealed that mouse ZP is a matrix comprised of 2-3 um long
interconnected filaments each possessing a structural repeat of 14-15 nm made up of a
ZP2-ZP3 heterodimer formed via non-covalent bonds and cross-linked by ZP1
homodimers (Greve and Wassarman, 1985). In the mouse ZP, the ratio of ZP2:ZP3 {s
close to 1:1; whereas ZP1 is approximately 9% of the combined molar amounts of ZP2
and ZP3. The small amount of ZP1 relative to ZP2 and ZP3 may have important
implications for the distribution of ZP1 cross-links, since the number of cross-linking
sites potentially exceeds the number of ZP1 dimer molecules by a considerable margin
(Green, 1997). Using double ‘and triple immunolocalization experiments, it was
ascertained that the spacing of ZP1 dimers as cross-linking sites of the ZP2-ZP3
heterodimers may be much closer than previously proposed (El-Mestrah et al., 2002).
Though it is known that ZP2-ZP3 dimers may be formed in oocytes prior to secretion
as the secretory vesicles in growing oocyte contain both newly synthesized ZP2 and
ZP3, the site of ZP2-ZP3 dimer formation is unknown (Wassarman and Mortillo,
1991). Perhaps, a certain degree of ZP pre-assembly occurs within the growing mouse
oocyte as formation of ZP filaments was observed when purified mouse ZP2 and ZP3
were co-incubated under proper conditions in vitro (Wassarman et al., 1996). However,
the extent of this pre-assembly remains undetermined.

The development of mouse ZP begins with the non-uniform secretion of nascent ZP
into localized pockets between the oocyte surface and surrounding follicular cells. In
the early stages of oocyte growth, the ZP filaments appear to be organized into
hexagonal arrays with uniform pore size between the oocyte and the follicle cells. As
the oocyte grows and increases in size, the pockets of ZP filaments coalesce and form a
uniform coat around the cell. During the growth of the oocyte, the microvilli increase in
number and size, and along with the cellular projections from the cumulﬁs cells,

establish junctions with the oocyte. This increases the surface area of contact and forms
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channels through ZP to provide nourishment to the growing oocyte (Wassarman and

Mortill’,o, 1991).

Biochemical Characterization of the ZP Glycoproteins
Identification and analysis of the ZP glycoproteins from various species have been done
using one as well as 2-dimensional (2-D) SDS-PAGE.

Murine and porcine models

In the most extensively studied model, mouse (m), the ZP is comprised of three
families of glycoproteins, mZP1 (180-200 kDa), mZP2 (120-140 kDa) and mZP3 (83
kDa), based on their mobility on a SDS-PAGE run under non-reducing conditions
(Bleil and Wassarman, 1980b). Under non-reducing conditions, porcine (p) ZP resolved
into 2 separate glycoproteins designated.as pZP1 (80-90 kDa) and pZP3 (55 kDa)
(Yurewicz et al., 1987) whereas, under reducing conditions, it resolved into 4 different
fafnilies of glycoproteins classified as pZP1 (82 kDa), pZP2 (61 kDa), pZP3 (55 kDa)
and pZP4 (21 kDa). The pZP2 and pZP4 have been shown to be\ derived from pZP1 by
proteolysis and are cross-linked by intermolecular disulfide bonds (Hedrick and
Wardrip, 1987; Yurewicz et al., 1987) while pZP1 has been shown to be homologous
to mZP2 (Taya et al., 1995). Enzymatic deglycosylation with endo-B-galactosidase
revealed that pZP3 is composed of two biochemically and immunologically distinct
glycoproteins, pZP3a. and pZP3p (Hedrick and Wardrip, 1987; Yurewicz et al., 1987).
Human ZP glycoproteins

Under reducing conditions, zonae from human (h) unfertilized eggs separated into three
acidic proteins with molecular weight ranging from 64-78 kDa (hZP2), 57-73 kDa
(hZP3) and 90-110 kDa (hZP4; previously classified as ZP1/ZPB) (Shabanowitz and
O’Rand, 1988). However, hZP2 and hZP4 co-migrated at 92-120 kDa under non-
reducing conditions. Silver stained 2-D SDS-PAGE analysis of ZP components from
unfertilized oocytes revealed that the hZP3 family shows marked charge heterogeneity
(Bercegeay er al., 1995). Polyclonal antibodies generated in rabbits against
recombinant bonnet monkey (bm) ZP proteins were used as specific probes to
characterize human ZP glycoproteins in Western blot of heat solubilized human ZP
(hSIZP) resolved by SDS-PAGE (Gupté et al., 1998). Under non-reduced conditions,
- hZP2, hZP3 and hZP4 resolved as 100, 53 and 60 kDa polypeptides respectively

whereas under reduced conditions, dominant reactivity of hZP2, hZP3 and hZP4 was
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localized to 65, 58 and 63 kDa and faint reactivity to 96, 138 and 53 kDa bands -
respectively. In 2-D SDS-PAGE, hZP4 was shown to be comprised of two chains at 63-
58 and 55-45 kDa, each consisting of multiple isomers. The hZP2 was less acidic when
compared with hZP3 and hZP4 and comprised a major component of 65 kDa and a
minor component of approximately 96 kDa. The 65 kDa component displayed a higher
degree of charged isomers in comparison with the 96 kDa component. The hZP3
comprised a broad band in the range 68-58 kDa (Gupta et al., 1998). These studies
~ show conclusively that the hZP4 overlaps with hZP3 and that in previous studies, hZP2
was likely to have been misinterpreted as being hZP4.

In spite of having very similar polypeptide backbone, the ZP proteins from various
species have differences in their relative order of migration on SDS-PAGE. It is
observed because of the differential post-translational modifications including
glycosylation, which alter the effective molecular weight of the ZP proteins, and hence
their migration (Wassarman, 1999). Variations in glycosylation also provide extensive
charge heterogeneity to the ZP proteins and they exist as several isoelectric species. For

instance, the pZP3 family has been shown to consist of 20 charged isomers with

apparent pl values in the range of 3.5-6.0.

Molecular and Structural Characterization of ZP Glycoproteins

Genomic organization

Investigations pertaining to the genomic organization of the ZP proteins of different
species have shown a similar intron/exon structure for each gene family. The Zp2
family has 18 exons (human and cynomolgus monkey have an extra exon at C-
terminus), Zp3 family consists of 8 exons and Zp4 family has 12 exons. However, the
length of the chromosomal region comprising the locus of ZP genes varies from as
small as 6.5 kilobases (kb) in mZp/ (Epifano et al., 1995a) to as big as 18.3 kb in hZp3
(Chamberlin and Dean, 1990). In mouse, Zp!, Zp2 and Zp3 are single copy genes
located on chromosomes 19, 7 and S respectively (Lunsford et al., 1990; Epifano et al.,
1995b). The mZp! has 12 exons ranging in size from 82-364 base pairs (bp) and
encodes for a 623 aa long polypeptide. The exon size in mZp2 ranges from 45-190 bp,
with a mRNA transcript of 2201 nucleotides (nt) encoding for a polypeptide of 713 aa
while the mZp3 gene consists of 8 exons spanning 92-338 bp transcribed into 1302 nt
mRNA encoding for a 424 aa polypeptide (Kinloch et al., 1988; Liang and Dean,

8
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1993). The exon map for th4 is similar to fan] and spans 11 kb. The transcript
encodes for a 540 aa long polypeptide with just 39% similarity at the aa level with
mZP1, which is due to the fact that mZp/ has an elongated exon 3 (Harris et al., 1994).
The newly documented hZp/ gene is located on chromosome 11 and encodes a
polypeptide of 638 aa (Lefievre et al., 2004). It is the true orthologue of mZP1 and
shares a sequence identity of 67% at the aa level with mZP1 (Hughes and Barratt,
1999). Comparison of the human Zpl/ and murine Zp/ genes indicates significant
conservation of intron-exon size and organizatioﬁ, and of regulatory sequences. In
addition, the mZp/ and hZpl gencs are in a region of conserved synteny between
human chromosome 11 and mouse chromosome 19. The hZp2 has 19 exons (one more
than that in mouse) transcribed into a 2235 nt long mRNA transcript, which encodes a
745 aa long polypeptide. The mZP2 and hZP2 share a sequence identity of 57% at aa
level (Liang and Dean, 1993). The hZp3 gene contdins 8 exons spanning 18.3 kb, the
transcript of which encodes for a 424 aa polypeptide. The aa sequence identity shared
between hZP3 and mZP3 is 67% (Chamberlin and Dean, 1990). '

In addition to the genomic clones, the cDNA clones have also been characterized for
mZP1 (Epifano et al., 1995a), mZP2 (Liang and Dean, 1993), mZP3 (Ringuette et al.,
1986), hamster ZP3 (Kinloch et al., 1990), rabbit 55 kDa protein (rec55; homologue of A
» hZP4; Schwoebel et al., 1991), rabbit 75 kDa protein (rec75; homologue of mZP2; Lee
et al., 1993), rabbit 45 kDa protein (rec45; homologue of mZP3; Harris et al., 1994),
pZP3oa (homologue of hZP4; Yurewicz et al., 1993a), pZP4 (homologue of mZP2;
Taya et al., 1995), pZP3B (homologue of mZP3; Harris et al., 1994), marmoset ZP3
(Thillai-Koothan et al., 1993), hZP1 (Anasua Ganguly, Gamete Antigen Laboratory,
‘National Institute of Immunology, New Delhi, personal communication), hZP2 (Liang
and Dean, 1993), hZP3 (Chamberlin and Dean, 1990), hZP4 (Harris et al., 1994), dog
and cat ZP1, ZP2, ZP3 (Harris et al., 1994), bmZP2 (Jethanandani et al., 1998), bmZP3
(Kolluri et al., 1995) and bmZP4 (Gupta et al., 1997). )
Common structural attributes

There are a number of common features that are shared between various ZP
glycoproteins. These are 1) short 5’ and 3’ untranslated regions; ii) N-terminal
hydrophobic signal peptide sequence to direct them into a secretory pathway and which
ultimately gets cleaved off from the mature protein; iii) potential N- and O- linked

glycosylation sites; iv) a C-terminal hydrophobic transmembrane-like domain (TD) that
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plays a role in the intracellular. trafficking of the proteins; v) a potential consensus
proprotein convertase (furin) cleavage site (CFCS) upstream of the transmembrane
domain, RXR/KR (altered to SRRR in hZP4 and rabbit ZP4 and SRNN in cow ZP4);
and vi) a ZP signature domain. The position of the characteristic structural features of
the polypeptide backbone of human ZP glycoproteins is tabulated in Table 2.

a) Significance of CFCS: The role of CFCS in the secretion of ZP proteins and their

assembly in ZP matrix has been extensively investigated. Enzymatic deglycosylation

and 2-D thin-layer chromatographic analyses of mouse ZP glycoproteins suggested that

mZP2 and mZP3 are processed at their CFCS prior to secretion and incorporation into

ZP (Litscher et al., 1999). Using site-directed mutagenesis studies and a specific

inhibitor of furin-li.ke enzymes, it was demonstrated that secretion of nascent mZP3

from transfected cells is dependent on its cleavage at CFCS (Williams and Wassarman,

2001). This observation was further substantiated by microinjecting epitope-tagged

(Myc and Flag) ¢cDNAs for mZP2 and mZP3 into the germinal vesicle (nucleus) of
growing oocytes isolated from juvenile mice, wherein excision of the C-terminal region

of the ZP glycoproteins was found to be an essential requirement for assembly into the

oocyte ZP (Qi et al., 2002). However, another group investigating the significance of
CFCS in secretion of mZP3 in mouse embryonic fibroblast cells and its incorporation

in the ZP of mouse oocyte demonstrated that cleavage of mZP3 at its CFCS is not

required for its secretion, intracellular trafficking or its incorporation into the zona

matrix (Zhao et al., 2002). The growing oocytes of transgenic mice expressing mZP3

with a mutated CFCS had normal appearing zonae pellucidae and incorporation of
mZP3 in their ZP matrix was equivalent to that of normal mice.

b) ‘ZP domain’:. All ZP glycoproteins (except for cat ZP3 and mZP1) share a sequence

designated as the ‘ZP domain’ along with many eukaryotic extracellular proteins from a

wide variety of organisms, from nematodes to mammals. The ‘ZP domain’ consists of
approximately 260 amino acids including 8 conserved cysteine (Cys) residues and -
additional conservation of hydrophobicity, polarity and turn forming tendency at a

number of other positions, which are probably essential for the three dimensional

structure of the proteins in which the domain is present (Bork and Sander, 1992). This

domain is also found in other proteins like the transforming growth factor (TGF)-BR

111, uromodulin, pancreatic secretory granule protein GP2, a.- and B-tectorins, DMBT-1

(deleted in brain tumor-1), Nomp A (no-mechanoreceptor-potential-A), Dumpy and
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Table 2: Characteristic features of human ZP glycoproteins

Length of Signal Transmembrane
ZP domain
ZP Protein | polypeptide | sequence -like domain -
(aa)
(aa) (aa) (aa)
ZP1 638 1-25 279-548 602-622
ZP2 745 1-38 372-637 717-736
ZP3 424 1-22 45-304 387-409
ZP4 540 1-21 188-460 506-526
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Cuticulin-1, Drosophila genes miniature and dusky etc (Wassarman et al., 2001; Roch
et al., 2003). Identification of ‘ZP domain’ within various proteins involved in the
formation of filaments or matrices led to the proposal that this sequence motif might be
responsible for their ability to assemble (Killick et al., 1995; Legan er al., 1997).
Mutations in ‘ZP domain’ of o-tectorin resulted in defective tectoral membrane
assembly, underlying human heafing disorder demonstrating that ‘ZP domain’ plays a
role in polymerization (Jovine et al., 2002). These evidences suggest that filaments of
different ‘ZP domain’ proteins may share a common three-dimensional architecture and
the membrane-anchoring segments of their precursors are crucial in assembly, but they
have no role to play in the secrétion of the proteins.

Corollary ‘to the above observations, replacement of the ‘ZP domain’ with enhanced
green fluorescent protein (EGFP) did not prevent secretion of mZP3, suggesting the
presence of other trafficking signals. Analysis of linker-scanning mutations of a fnZP3-
EGFP fusion protein in transient expression assays and in transgenic mice identified an
8 aa hydrophobic region required for its secretion and incorporation into the ZP matrix
(Zhao et al., 2003). This patch is conserved among mouse zona proteins and lies
between the CFCS and the TD. Cleavage of mZP3 released the ectodomain from the
TD and mass spectrometry analysis of native ZP located the cleavage site N-terminal to
the CFCS and distinct from the hydrophobic patch (Zhao et al., 2003). In order to study
a general mechanism for assembly of ‘ZP domain’ proteins, using microinjection of
mutated DNA constructs into growing oocytes and mammalian cells, a conserved
duplicated motif comprising of two hydrophobic sequences, an internal hydrophobic
patch (IHP) within the ‘ZP domain’ and an external hydrophobic patch (EHP) within
the C-terminal pro-peptide regulating the assembly of mouse ZP proteins has been
identified (Jovine et al., 2004). Cléavage of ZP precursors results in loss of the EHP,
thereby activating secreted polypeptides to assemble by using the IHP within the ZP
domain (Jovine et al., 2004). Recent identification of a placenta-specific 1 (PLACI)
protein sharing sequence homology with the N-terminal half of the ‘ZP domain’ (ZP-
N), but not with its C-terminal half (ZP-C) provides a function for the 2 termini of the
‘ZP domain’ in ZP proteins (Jovine et al., 2006). Studying the assembly of PLAC] into
filaments by electron microscopy showed the ability of ZP-N to be self-sufficient as an

actively folding unit, prompting a re-evaluation of the architecture of the ‘ZP domain’
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and its polymers. Furthermore, it is suggested that ZP-C might play a regulatory role in
the assembly of ‘ZP domain’ protein complexes.

¢) Trefoil motif: In addition to the ‘ZP domain’, a Trefoil motif or P-domain has also
been recognized in ZP1 and ZP4; and is absent in ZP2 and ZP3. The Trefoil domain is
a 42 amino acid, Cys rich region found in a family of small polypeptides called the
Trefoil family (Thim, 1989). This module has been described in several proteins that
have diverse biological activities like spasmolytic polypeptide (SP), intestinal trefoil
factor (ITF), pS2 etc (Bork, 1993). The domain consists of 6 Cys residues, linked by
three disulfide bonds with a 1-5, 2-4, 3-6 Cys pairing, and usually occurs in 1-6 copies.
The Trefoil family members are mucin-associated and largely found in epithelia of -
gastrointestinal tissues. The domain may have a role in renewal and pathology of
mucous epithelia (Hoffmann and Hauser, 1993j. Most of the proteins containing the
Trefoil domain are thought to be growth factors. This domain has also been found in
two intracellular enzymes (Tomasetto et al., 1990). All the members of ZP1 and ZP4
families conform to this domain except mZP1, which deviates from this signature motif
at aa residues 235 and 240. The_: pfesence of such a module in the heavily glycosylated
ZP glycoproteins suggests a more general role, such as specific binding to
carbohydrates.

Conservation during evolution

There is evidence indiéating an overall conserved backbone structure of the ZP proteins
from different species becausé of the conserved nature of the Cys residues present in
the ZP glycoproteins of various species. The ZP1, ZP2, ZP3 and ZP4 families contain
11, 18, 12 and 19 conserved Cys residues respectively. Out of these conserved Cys
residues, 10 are present in the ‘ZP domain’ of ZP1 and ZP4 while 8 in ZP2 and ZP3. In
addition to the homology obser?ed within a given ZP protein from different species, a
considerable amount of homology is also seen between the aa sequence of ZP1 and ZP2
indicating the involvement of a common ancestral gene. A 348 aa domain (aa residues
268-623) in mZP1 is found to have 47% similarity (32% identity) with mZP2 (aa
residues 363-713) and is encoded by 8 exons in both cases (Epifano et al., 1995a).
Probably, mZP1 and mZP2 have originated from the same ancestral gene that has been
duplicated and reutilized by exon shuffling (Harris er al., 1994). The mature
polypeptide chains of hZP1 and hZP4 share an identity of 47% at the aa level, which is

the highest between any two ZP proteins in humans. The sequence. identity at the
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deduced aa le\;el of the four ZP glycoproteins from various mammalian species with
their respective human homologués is listed in Table 3.

The ZP glycoproteins have been conserved throughout the course of vertebrate
evolution. The vitelline envelope (VE) from Xenopus laevis eggs is composed of
glycoproteins gp69, gp41 and gp37 that are homologous to the three mammalian ZP
glycoproteins, ZP2, ZP3 and ZP4 respectively (Hedrick, 1996). Comparison of the
deduced aa sequence of gp69 revealed that it shared a sequence identity of 28.5%,
27.6% and 26.9% with mouse, pig and human ZP2 while the gp41 showed a sequence
identity of 40.9%, 40.0% and 40.8% with human, pig and mouse ZP3 respectively. The
gp37 aa sequence, when compared with the 7P4 sequence from human, pig and mouse
revealed a sequence identity of 41.6%, 41.7% and 36.8% respectively. Since the VE
around Xenopus eggs contains three glycoproteins structurally related (39-48% aa
similarity) to the three mouse zona proteins, investigations pertaining to incorporation
of the mouse zona proteins into Xenopus VE using synthetic mRNAs encoding ZP1,
ZP2, and ZP3 proteins injected into the cytoplasm of Xeropus oocytes were carried out
(Doren et al., 1999). After 20 h of incubation, localization of post-translationally
modified zona proteins was detected with monoclonal antibodies (MADbs) specific to
mZP1, mZP2, and mZP3. Thus, the mouse zona proteins appear to have been
sufficiently conserved through 350 million years of evolution to be incorporated into

the extracellular envelope surrounding Xenopus eggs.

Developmental Regulation of ZP Glycoproteins’ Expression

During embryo development in mouse, the expression of the three ZP glycoproteins haé
been shown to be restricted only to the oocytes (Ringuette ez al., 1986; Liang et al.,
1990; Epifano et al., 1995b). The mZP1 and mZP3 transcripts were detected only in the
growing oocytes (Philpott et al., 1987; Epifano et al., 1995b) while the mZP2
transcripts could be observed in oocytes before the growth phase of oogenesis and even
prior to birth, as early as 16 days of gestation (Millar et al., 1993). As the mouse oocyte
growth takes place, all three zona transcripts coordinately accumulate and represent
approximately 1.5% of the total mRNA in 50-60 um oocytes. In the later stages of
oogenesis, their abundance declines and each zona transcript is present in ovulated eggs
at less than 5% of its maximal level (Millar et al., 1993). Using immunolabeling

technique, association of the mouse ZP proteins was observed with the golgi apparatus,
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Table 3: Sequence identity at the deduced amino acid level of the
four ZP glycoproteins from various species with their respective

human homologues

ZP Family Species % ldentity to Human
Rat 66.0
- Chicken 55.0
ZP1
Quail 52.0
Mouse 64.0
Mouse 57.0
Rabbit 72.0
ZP2
Pig 64.0
Bonnet monkey 94.2
Mouse 67.0
Rabbit 69.0
ZP3
Pig 74.0
Bonnet monkey 93.9
Rabbit 71.0
ZP4 Pig 68.0
Bonnet monke 92.0
y |
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secretory granules, and a complex structure called vesicular aggregate, in mouse
ovarian follicles and is suggestive of the active involvement of these subcellular
organelles in processing of the three glycoproteins before their secretion to form the ZP
(El-Mestrah et al., 2002). An asymmetric spatial distribution of the three ZP
glycoproteins in the mouse zona matrix was also revealed at various stages of follicular
development. By inhibiting de novo biosynthesis of specific zona proteins with
antisense oligonucleotides, it was ascertained that mZP2 and mZP3 are independent of
each other in their biosynthesis but are dependent upon each other for their
incorporation into the zona pellucida matrix (Tong et al., 1995).

The expression of porcine ZP2 (Taya et al., 1995), rabbit ZP2 (rec75; Lee et al., 1993),
marmoset ZP3 (Thillai-Koothan et al., 1993) and gp4l from Xenopus (Kubo et al.,
1997) has been observed to be oocyte-specific. However, immunohistochemical
analysis of rabbit ovaries revealed that rec55 was localized in the oocytes of primordial
follicles and the granulosa cells (GCs) of primary follicles but was undetectable in the
GCs of large antral follicles (Lee and Dunbar, 1993). But later investigations by the
same group using in situ hybfidization failed to detect the presence of rec55 in the GCs
(Dunbar et al., 1994). A plausiblé explanation for the paradoxical detection of rec55 in
GCs groWn in vitro but not by in situ hybridization of ovarian sections is that rec55
gene might be de-repressed in GCs cultured in the absence of oocytes. In sit_u
hybridization of cynomolgus monkey ovarian sections using digoxigenin-labeled
c¢DNA probes specific for the mRNA encoding ZP2, ZP3 or ZP4 demonstrated the
- presence of ZP2 in growing follicles at all stages and in the GCs of mature preovulatory
follicles (Martinez et al., 1996). The ZP3 was detected iﬁ oocytes at all stages of
folliculogenesis as well as in GCs, while ZP4 was present in secondary follicles and to -
a lesser extent in tertiary follicles, but was not found in primordial, primary or antral
follicles or GCs. In brushtail possum, in situ hybridization revealed that expression of
ZP4 was restricted to oocytes of primordial and primary follicles while no expression
was detected in the surrounding GCs (Haines et al., 1999). In variance with the data
from the mouse model, using hZP3 specific antibodies, the hZP3 has been shown to be
present in the oocyte as well as in the GCs of primordial, primary and secondary
follicles of the human ovary (Grootenhuis et al., 1996).

In mice, the expression of the ZP genes in a coordinate, oocyte-specific manner during

the growth phase of oogenesis suggested that the transcription of the zona genes may be
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controlled by shared regulatory element(s) (Epifano et al., 1995b). The first report in
this direction came from observations pertaining to the regulation of ococyte-specific
expression of the sperm receptor gene during mouse development by cis-acting
elements present in the mZp3 gene 5'-flanking region (Lira et al., 1990). Analysis of the
upstream sequences of mouse and human Zp2 and Zp3 genes revealed the presence of 5
short conserved DNA sequences (4-12 bp), that are 60-100% identical and upstream of
the TATAA box (I, IIA, IIB, IIl and IV; Millar et al., 1991). Mutation analysis
established that the 12 bp element 1V, present approximately 200 bp upstream of the
TATAA box, was both necessary and sufficient for high level expression of a reporter
gene under ZP promoter in mouse oocytes. Oligonucleotides corresponding to the
conserved upstream regulatory elements from either ZP2 or ZP3 form DNA-pfotein
complexes of identical mobility in gel retardation assays indicatling the involvement in
binding of common regulatory factors to conserved element IV responsible for
coordinated expression of the oocyte-specific Zp2 and Zp3 genes (Millar et al., 1991).
A putative transcription factor, the zona activating protein (ZAP) has also been
implicated in the regulation of expression of mouse as well as human Zp2 and Zp3
genes in rﬁouse and human models (Millar et al., 1993). The onset of mZp2
transcription and the profile of its subsequent accumulation correlate with the ZAP-1
DNA binding activity. DNA binding activity similar to that of ZAP-1 has also been
detected in the ovarian extréc’ts from rat, human and possum suggesting the
. conservation of ZAP-1 protein in mammals. Another oocyte-specific 60 kDa protein
(OSP-1), binding to nucleotides -99 to -86 of the mZp3 promoter, has also been

identified and proposed as a mammalian oocyte-specific transcription factor (Schickler

etal., 1992).

Generation of ZP Proteins by Recombinant DNA Technology

The critical appraisal of the role of individual ZP glycoproteins during fertilization has
been hampered due to their non—availabil’ity in highly purified form, free from other
ovarian contaminants from the native source. In order to circumvent this limitation,
over the years, several groups have successfully expressed and purified recombinant ZP
proteins in different heterologous expression systems (Kinloch et al., 1991; Beebe et
al., 1992; van Duin et al., 1994; Barratt and Horby, 1995; Gupta ef al., 1997; Kaul et
al., 1997; Chapman et al., 1998; Jethanandani et al., 1998; Patra et al., 2000; Yonezawa
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et al., 2005). The mouse L-929 cell line stably transformed with a recombinant plasmid
encoding mZP3 and green monkey CV-1 cells infected with a recombinant vaccinia
virus containing mZP3 expressed a 60-70 kDa mZP3 protein, which differed in
molecular weight from native mZP3 (~83 kDa). However, the recombinant mZP3
obtained was biologically active, inhibited sperm-zona binding with a potency
equivalent to that of native ZP and triggered acrosomal exocytosis in capacitated mouse
sperm (Beebe er al., 1992). The mZP3 has also been expressed in mouse embryonal
carcinoma (EC) cells and the recombinant mZP3 inhibited binding of the sperm to
ovulated eggs and induced acrosome reaction in vitro (Kinloch et al., 1991). On the -
other hand, hamster ZP3, expressed in EC cells, failed to bind to the spermatozoa or
induce acrosome reaction in hamster sperm (Kinloch er al., 1991). However, hamster
ZP3 expressed under mZP3 promoter, purified from the oocytes of transgenic mice was
found to contain both sperm binding activity as well as the ability to induce acrosome
reaction (Kinloch et al., 1992).

The genes corresponding to bmZP1 and bmZP2 have been cloned and expressed in the
E. coli expression system (Gupta et al., 1997; Jethanandani et al., 1998) while bmZP3
has been expressed both in E. coli as well as baculovirus-expression systems (Kaul et
al., 1997; Gahlay and Gupta, 2003). In the porcine model, pZP2 has been cloned and
expressed-in E. coli as well as in mammalian cells such as CHO, CHO-K1, 239T and
LLC-PK1 cells (Tsubamoto et al., 1996, Yamésaki et al., 1996, Tsubamoto ef al.,
1999a). A recent study has demonstrated that recombinant pZP4 expressed in insect
cells has the ability to bind bovine, but not porcine sperm (Yonezawa et al., 2005). The
baculovirus-expressed rabbit rec55 bound to acrosome-intact spermatozoa in a dose
dependent manner and an alteration in rec55 localization was observed in the
acrosome-reacted sperm (Prasad et al., 1996).

The hZP3 has been expressed in bacteria (Barratt and Hornby, 1995), yeast (Harris et
al., 1999), baculovirus (Harris et al., 1999) and CHO cells (van Duin et al., 1994;
Harris et al., 1999). Both the E. coli expressed as well as the mammalian recombinant
hZP3 exhibited the ability to induce acrosomal exocytosis in capacitated human
spermatozoa (van Duin et al., 1994; Chapman et al., 1998). The recombinant hZP2

expressed in E. coli showed binding to acrosome-reacted human spermatozoa

(Tsubamoto et al., 1999b).
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Mammalian Fertilization

The ZP proteins play a key role in mediating the initial attachment and binding of the
spermatozoa through complementary receptor-ligand recognition on the gamete
surface. These interactions initiate a complex cascade of events culminating in
fertilization and formation of an embryo (Snell and White, 1996; Wassarman et al.,
2001).

Penetration through follicular cells

The capacitated spermatozoa with intact acrosome, penetrate cumulus obphorus, which
consists of several layers of ovarian follicular GCs embedded in an ovarian
extracellular matrix composed of hyaluronic acid surrounding the ovulated egg.
(Yanagimachi, 1994). The hyaluronidase activity of a sperm membrane protein PH-20
enables sperm to penetrate the layer of cumulus cells surrounding the oocyte (Myles
and Primakoff, 1997). However, sperm from PH-20 null mice can penetrate cumulus
cells and fertilize the egg, suggesting that PH-20 is not an absolute requirement for
fertilization and other hyaluronidase(s), in conjunction with PH-20 may play an
important role in sperm penetration (Baba ef al., 2002). One such protein, a 55-kDa
hyaluronan-hydrolyzing protein was found to be abundant in wild-type and PH-20-
deficient mouse sperm (Kim et al., 2005). This protein was identified as a single-chain
hyaluronidase, named Hyal5, present on the plasma and acrosomal membranes of
sperm presumably as a GPI-anchored protein. HyalS protein purified from mouse
epididymal sperm as well as PH-20-deficient mouse sperm were capable of dispersing
cumulus cells from the cumulus mass, suggesting that Hyal5 may function principally
as a "cumulus matrix depolymerase” in the mouse sperm penetration through the
cumulus (Kim et al., 2005).

Functional attributes of ZP glycoproteins during fertilization

a) Sperm-ZP binding: primary sperm receptor function

The species-specificity of sperm-ZP binding follows the process of initial penetration
through cumulus layer. The p95 (Leyton and Saling, 1989), B-galactosyl transferase
(GalTase; Miller et al., 1992) and sperm protein-56 (sp56; Bleil and Wassarman, 1990)
are a few sperm surface molecules that have been implicated as cognate ligands for
zona proteiné in various mammalian species. In mouse, the amino terminal of ZP3 was

suggested to have dimerization activity with ZP2 while the sperm receptor activity was
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attributed to the C terminal (Wassarman and Litscher, 1995). The initial adhesion event
between mouse sperm and the ZP is a high affinity event involving about 30,000
binding sites (300 molecules/um?) ascribed to ZP3 which are sufficient to tether a
sperm to the extracellular matrix prior to the induction of acrosomal exocytosis (Thalér
and Cardullo, 1996). The contact becomes more tenacious and the bound sperm
undergoes acrosome reaction (Bleil and Wassarman, 1983; Wassarman, 1999). Of the
three glycoproteins that constitute the mouse ZP, only purified mZP3 binds exclusively
to the head of acrosome-intact sperm and induces them to undergo acrosomal
exocytosis (Bleil and Wassarman, 1983, 1986). Even at nanomolar concentrations,
purified, unfertilized egg mZP3 is a very effective inhibitor of sperm-egg binding
whereas, at similar concentrations, mZP3 from fertilized eggs or early embryos has no
effect on binding of sperm to eggs in vitro (Wassarman, 1999). It results as é
consequence of the ‘zona reaction’, wherein limited modification of the O-linked
oligosaccharides of mZP3 takes placé generating an altered form of ZP3 termed as ZP3¢
that can no longer recognize and bind to sperm (Bleil and Wassarman, 1983). The
importance of mZP3 in mediating sperm receptor activity was further reinforced by
observations that ZP3 null mice were infertile and had ZP-less oocytes (Liu ef al.,
1996, Rankin et al., 1996). In hamster and humans also, ZP3 performs the primary
sperm receptor function (Moller et al., 1990; van Duin et al., 1994).

Going a step further, to delineate the functional domain of mZP3, using exon-
swapping, hamster ZP3 exon-6, -7, and -8 were individually replaced with the
corresponding exons of mZP3 (Williams et al., 2006). While EC-expressed hamster
ZP3 was unable to inhibit binding of mouse sperm to eggé in vitro, the substitution of
mZP3 exon-7 for hamster ZP3 exon-7, but not mZP3 exon-6 or -8, can impart
inhibitory activity to EC-expressed hamster ZP3, signifying that mZP3 exon-7 may be
the critical ‘sperm-combining site’ on the ZP. |

Porcine ZP3a (homologous to human ZP4) was demonstrated to bind to isolated boar
sperm membrane vesicles whereas ZP33 (homologous to mZP3) did not show sperm
binding ability (Sacco et al., 1989; Yurewicz er al., 1993b). However, on subsequent
investigations, it was ascertained that heterocomplexes of ZP3a and ZP38, and not

individual proteins are responsible for high affinity binding to the boar sperm
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membrane vesicles, as the ZP3a preparation in the previous study was found to contain
a minor contaminant of ZP3f (Yurewicz et al., 1998).

In the rabbit model, baculovirus-expressed rec55 (homologue of hZP4) showed a dose-
dependent binding to rabbit spermétozoa (Prasad et al., 1996). Both the rabbit ZP
proteins, rec45 (homologue of riiZP3) and recS55 bind to recombinant Sp17, a sperm
specific protein, suggesting the involvement of more than one receptor on ZP in
mediating sperm-oocyte interaction during fertilization, a molecular mechanism similar
to the porcine system (Yamasaki et al., 1995).

In the non-human primates, using indirect immunofluorescence as well as direct
binding assay, it was observed that E. coli-expressed bmZP4 binds to the principal
segment of the acrosomal cap of capacitated bonnet monkey spermatozoa (Govind et .
al., 2001). The binding of bmZP4 in acrosome-reacted spermatozoa shifted to the
equatorial segment, poétacrosomal domain, and midpiece region. This binding event
indicates that ZP4, in non-human primates, may have a functional role during
fertilization (Govind et al., 2001). '

In Xenopus laevis, both the envelope glycoproteins ZP3 and ZP4 possessed
independent ligand activity, but ZP3 was the major ligand for sperm binding (75%; Vo
and Hedrick, 2000). Mixing of isolated ZP2, ZP3 and ZP4 in a ratio of 1:4:4 (equal to
that in the Xenopus egg envelope) resulted in a synergistic enhancement in sperm
binding. Thus, ZP3 possessed both independent and hetero-oligomeric-dependent
ligand activities for sperm binding.

b) Secondary sperm receptor function

Following induction of acrosome reaction in the ZP bound sperm, the acrosome-reacted
sperm must remain bound to eggs, despite loss of plasma membrane from the anterior
region of the head and exposure of inner acrosomal membrane. The continued binding
and penetrétion of the sperm has been attributed to ZP2 in mouse, thus called the
secondary sperm receptor (Bleil es al., 1988). The exclusive binding of ZP2 and
inability of ZP3 to bind to acrosome-reacted sperm suggests that redistribution of sperm
surface molecules takes place during acrosome reaction and while some ligands get
exposed, others may get hidden. The guinea pig PH-20 (Sperm Adhesion Molecule-1 or
SPAM-1; Myles and Primakoff, 1984) and pig acrosin (Yonezawa et al., 1995) are the

putative cognate ligands present on the sperm that bind to ZP2.
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c) Role of _supramoleculai structures

In mouse, ZP1 has been implicated in maintenance of the structural integrity of ZP
matrix by cross-linking the filaments of ZP2-ZP3 heterodimers (Greve and Wassarman,
1985). Discovery of the fourth protein in human ZP, ZP1, raised a possibility that the
presence of four zona proteins may support species-specific sperm binding in humans.
However, the presence of 4 ZP glycoproteins in rat too, is not sufficient to support
human sperm binding to rodent eggs (Hoodbhoy et al., 2005). Hence, additional
determinants must be responsible for taxon-specifi