Chapter 34

Involvement of Carbohydrate Residues
of the Zona Pellucida in In Vitro Sperm
Recognition in Pigs and Cattle

Naoto Yonezawa

Abstract The zona pellucida (ZP), which surrounds the mammalian oocyte, plays
roles in species-selective sperm—oocyte interactions. In pigs and cattle, the ZP con-
sists of ZP2, ZP3, and ZP4. Nonreducing terminal p-galactosyl (Gal) residues of
neutral N-linked carbohydrate chains of the ZP are necessary for porcine sperm—ZP
binding, and nonreducing terminal a-mannosyl (Man) residues of high-mannose-
type chains are necessary for bovine sperm—ZP binding. Acrosome-intact porcine
sperm prefer f-Gal, whereas acrosome-intact bovine sperm prefer a-Man, as shown
using glycolipid analogues. The major N-linked chains of recombinant porcine and
bovine ZP glycoproteins expressed using the baculovirus-Sf9 cell expression sys-
tem are pauci- and high-mannose-type chains that are different in structure from the
major neutral N-linked chains of the native porcine ZP but similar to those of the
native bovine ZP. Porcine and bovine ZP3/ZP4 complexes coexpressed in Sf9 cells
bind to bovine sperm but not to porcine sperm. Hybrid complexes consisting of
native porcine ZP4 and recombinant porcine ZP3 bind to porcine sperm, whereas
complexes consisting of native porcine ZP3 and recombinant porcine ZP4 do not
bind to porcine sperm. These data indicate that the sugar preference of sperm is
consistent with the nonreducing terminal residues of N-linked chains of sperm
binding-active ZP glycoproteins and suggest that, in the in vitro assay system, the
nonreducing terminal sugar residues are essential for species-selective recognition
of sperm in pigs and cattle.
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34.1 Introduction

Mammalian oocytes are surrounded by a transparent envelope called the zona
pellucida (ZP), which is involved in several critical aspects of fertilization, including
species-selective recognition of sperm. In many mammalian species, there are four ZP
glycoproteins (ZPGs) (ZP1, ZP2, ZP3, ZP4) (Stetson et al. 2012), although there are
three ZPGs (ZP1, ZP2, ZP3) in mice. The porcine and bovine ZPs are composed of
three ZPGs (ZP2, ZP3, ZP4). All ZPGs contain the ZP domain, which consists of
about 260 amino acids and contains eight conserved Cys residues (Jovine et al. 2005).

Many studies have proposed that in mice the carbohydrate chains of ZP3 play an
essential role in sperm recognition (the glycan model). However, a series of studies
using transgenic mice do not support the glycan model (Hoodbhoy and Dean 2004).
Instead, the supramolecular complex model, in which the supramolecular structure
of the ZP polypeptides is necessary for sperm recognition in mice, was proposed
based on studies using transgenic mice rescued by the human ZP2 gene (Rankin
et al. 2003). Furthermore, the domain-specific model, in which both protein and
carbohydrate moieties in the domain(s) of ZPGs are involved in sperm recognition,
was recently proposed (Clark 2011). More recently still, it was shown using trans-
genic mice that sperm—ZP binding is not necessary for fertilization of oocytes sur-
rounded by the cumulus oophorus (Tokuhiro et al. 2012). Whether this finding is
applicable to mammals other than mice remains to be determined.

One of our research questions is whether carbohydrate chains are involved in
sperm—ZP binding in pigs and cattle. Here, we discuss this subject mainly by
reviewing our biochemical studies.

34.2 Polypeptides of Porcine and Bovine ZPGs

The porcine ZP is approximately 16 pm in width and contains 30-33 ng glycopro-
teins. The bovine ZP is of similar size to the porcine ZP. The estimated ZP2/ZP3/
ZP4 protein molar ratio is 1:6:6 in the porcine ZP and 1:2:1 in the bovine ZP. In
mice, the estimated ZP1/ZP2/ZP3 molar ratio is 1:4:4, and ZP2 and ZP3 form a fila-
mentous equimolar complex, whereas ZP1 crosslinks the ZP2/ZP3 complex (Greve
and Wassarman 1985). Based on the similarity in the protein molar ratios, it appears
that ZP architecture is similar in pigs and mice but bovine ZP architecture appears
to differ from that of porcine and murine ZP.

Cys positions of the ZP domain are classified into two patterns: the ZP3 pattern
and the ZP1/ZP2/ZP4 pattern (Fig. 34.1). Porcine ZP3 and ZP4 exhibit disulfide pat-
terns different from the ZP3 and ZP1/ZP2/ZP4 patterns reported for mice, rats,
humans, and fish (Kanai et al. 2008). The chick homologue of the mammalian ZP3
precursor protein has a pig-type ZP3 pattern (Han et al. 2010), whereas betaglycan
has a pig-type ZP1/ZP2/ZP4 pattern (Lin et al. 2011), as revealed by X-ray crystal-
lography. The two ZP3 disulfide bond patterns cause only subtle structural differ-
ences (Han et al. 2010). The subtle structural differences may affect the specificity of
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Fig. 34.1 Schematic representations of disulfide bond patterns in zona pellucida (ZP)3 and ZP1/
ZP2/7ZP4. The disulfide bond pattern of ZP3 from mice, human, rat and fish, the pattern of porcine
ZP3, the pattern in the ZP domain of ZP1/ZP2/ZP4-type proteins from mice, rat and fish, the pat-
tern in the ZP domain of porcine ZP4 are shown schematically. The patterns of C1-C4 are com-
pletely conserved in the ZP domain proteins. C Cys

the interaction between ZP1/ZP2/7P4 and ZP3 (Darie et al. 2004). When the disulfide
bond pattern of ZP3 is of the pig type, the ZP1/ZP2/ZP4 pattern of the same species
is also the pig type, and vice versa. The disulfide bond patterns might change during
zona matrix formation, following processing at the consensus furin cleavage site.

34.3 N-Linked Carbohydrate Chains from Porcine
and Bovine ZPGs

The N-linked chains of porcine ZP comprise neutral and acidic chains at a molar
ratio of about 1:3. Both neutral chains and acidic chains comprise di-, tri-, and tetra-
antennary complex-type chains with an a-fucosyl (Fuc) residue at the innermost
N-acetylglucosamine (GlcNAc) (Nakano and Yonezawa 2001). A large proportion
of neutral chains have nonreducing terminal f-galactosyl (Gal) residues.

In the bovine ZP, the major neutral N-linked chain consists of only one structure:
the high-mannose-type chain containing five mannosyl (Man) residues
(MansGlcNAc,) (Katsumata et al. 1996). Sialylation is predominant in acidic chains
of bovine ZP; in porcine ZP, sulfation of the N-acetyl lactosamine unit is more
dominant.

34.4 Involvement of Carbohydrate Chains from Porcine
and Bovine ZPGs in Sperm—ZP Binding

Neutral N-linked carbohydrate chains released from the porcine ZP3/ZP4 mixture
retain their sperm-binding activities, with the tri- and tetra-antennary complex-
type chains binding more strongly than the di-antennary complex-type chains
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(Nakano and Yonezawa 2001). In one study, the nonreducing terminal B-Gal
residues of the complex-type N-linked chains were shown to be involved in sperm
binding (Yonezawa et al. 2005a). Conversely, another study reported that the
O-linked carbohydrate chains, and not the N-linked chains, released from the ZP3/
ZP4 mixture inhibit sperm—ZP binding (Yurewicz et al. 1991). Therefore, both the
N- and O-linked carbohydrate chains are thought to be sperm ligands. A polypeptide
scaffold is necessary for the sperm-binding activity of carbohydrate chains, because
the sperm-binding activities of carbohydrate chains released from polypeptides are
much weaker than the activity of the ZP3/ZP4 mixture.

Porcine ZP3 and ZP4 have three N-linked chains, at Asnl124, Asnl46, and
Asn271inZP3 and at Asn203, Asn220, and Asn333 in ZP4. Tri- and tetra-antennary
chains are localized at Asn271 in ZP3 and at Asn220 in ZP4 (Nakano and Yonezawa
2001). ZP2 has five N-glycosylation sites: Asn84, Asn268, Asn316, Asn323, and
Asn530 (von Witzendorff et al. 2005). A remarkable difference between the
N-linked chain structures of ZP2 and ZP3/ZP4 is that ZP2 has a high-mannose-type
chain containing five Man residues, probably located at Asn268.

Nonreducing terminal o-Man residues of the high-mannose-type chain
Man;sGIcNAc, play an essential role in bovine sperm—ZP binding (Amari et al.
2001). Sialic acid residues at the nonreducing ends of acidic N-linked or O-linked
chains of bovine ZPGs are also involved in sperm binding (Veldsquez et al. 2007).
The N-glycosylation sites of bovine ZP3 and ZP4 have not yet been determined.
The N-glycosylation sites of bovine ZP2 are Asn83, Asnl91, and Asn527 (Ikeda
et al. 2002).

Glycolipid analogue-possessing monosaccharides adsorbed on plastic wells
show sperm-binding activity, but monosaccharide solution does not inhibit sperm—
ZP binding (Takahashi et al. 2013). Two-dimensional coating of plastic wells with
glycolipid analogue may cause the formation of a cluster of sugars, which is neces-
sary for the high avidity for sperm binding. Acrosome-intact porcine sperm exhibit
their strongest affinity for plastic wells coated with p-Gal and the second strongest
affinity for p-N-acetylgalactosamine (GalNAc), whereas acrosome-intact bovine
sperm exhibit their strongest binding affinities for a-Man and their second strongest
affinity for p-glucose (Glc) and f-GlcNAc. These specificities are consistent with
the nonreducing terminal sperm ligand sugar residues of porcine and bovine ZPs.

34.5 Sperm Binding-Active Regions of Porcine
and Bovine ZPGs

We identified the sperm binding-active fragment of porcine ZP4 as an N-terminal
region (Asp137 to Lys247) containing two N-linked chains (Nakano and Yonezawa
2001). Porcine ZP4 purified by reverse-phase HPLC is actually contaminated with
ZP3, and formation of a heterocomplex of ZP3 and ZP4 is essential for the sperm-
binding activity of the glycoproteins (Yurewicz et al. 1998). We established an
expression system for recombinant porcine ZPGs (rpZPGs) using baculovirus-Sf9
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Fig. 34.2 Schematic representation of the specificity in recognition between sperm and zona
pellucida (ZP) glycoproteins. Porcine sperm bind to the heterocomplex of porcine ZP3 and ZP4 in
which ZP4 has complex-type N-linked chains (closed circles in green) but not to the heterocom-
plexes in which ZP4 has pauci- and high-mannose-type chains (closed diamonds in red). On the
other hand, bovine sperm bind to the heterocomplexes in which ZP4 has pauci- and high-mannose-
type chains

cells to obtain ZP4 without contamination of ZP3 (Yonezawa et al. 2005b). The
major structures of the N-linked chains of rpZPGs are believed to be pauci- and
high-mannose-type chains with or without a Fuc residue at the innermost GIcNAc.
They have nonreducing terminal a-Man residues and are thus similar in structure to
the sperm ligand N-linked chain of bovine ZPGs. The rpZP3/rpZP4 mixture coex-
pressed by Sf9 cells shows binding activity toward bovine sperm but not to porcine
sperm (Fig. 34.2). The sperm-binding activity of rpZP4 is much weaker than that of
rpZP3/1pZP4 (Yonezawa et al. 2005b). This study supports the previous report by
Yurewicz et al. (1998).

To reexamine the sperm binding-active region of porcine ZP4, rpZP4 mutants
with an Asp substitution at Asn203, Asn220, or Asn333 were coexpressed with
rpZP3 in Sf9 cells (Yonezawa et al. 2005b). The mutation at Asn333 does not have
an effect on the sperm-binding activity of the rpZP3/rpZP4 mixture, whereas the
mutations at Asn203 and Asn220 reduce the sperm-binding activity secondarily and
primarily among the three sites, respectively. These results are in agreement with
our previous finding that the N-terminal fragment containing two N-linked chains at
Asn203 and Asn220 exhibits sperm-binding activity, and that the tri- and tetra-
antennary chains are localized at Asn220 in porcine ZP4.

Porcine sperm bind to native porcine ZPGs, but not to rpZPGs, probably because
of differences in carbohydrate structures between native and recombinant ZPGs.
A mixture of rpZP3 and native porcine ZP4 binds to the acrosomal region of porcine
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sperm and inhibits porcine sperm—ZP binding (Fig. 34.2) (Yonezawa et al. 2012).
A mixture of native porcine ZP3 and rpZP4 does not inhibit the binding, although the
mixture inhibits bovine sperm—ZP binding. This study indicated that native ZP4, but
not rZP4, is necessary for the binding activity of the porcine ZP3/ZP4 complex
toward porcine sperm and further suggested that the carbohydrate structures of ZP4
in the porcine ZP3/ZP4 complex are responsible for the porcine sperm-binding
activity of the complex. Thus, in the present model for porcine sperm—ZP binding,
the N-linked chains with nonreducing terminal f-Gal residues linked to the N-terminal
region of ZP4 form a sperm-binding domain in the ZP3/ZP4 heterocomplex.

ZP4 has the highest sperm-binding activity among bovine ZPGs purified from
ovaries, while ZP2 and ZP3 have weak but significant sperm-binding activities
(Yonezawa et al. 2001). In the case of bovine ZPGs, ZP4 is not completely purified
by reverse-phase HPLC and is contaminated with ZP3. To obtain ZP3 and ZP4 with-
out contamination of other ZPGs, we established an expression system for bovine
ZPGs using the baculovirus-Sf9 cell system (Kanai et al. 2007). Recombinant bovine
ZP3 (1bZP3) and rbZP4 do not show sperm-binding activity, whereas the rbZP3/
rbZP4 complex does show sperm-binding activity. The region from the N-terminus
to the trefoil domain of tbZP4 is dispensable for formation of the complex with
rbZP3 and for the sperm-binding activity of the complex. More detailed analysis of
the sperm-binding region of bovine ZP3/ZP4 has not been accomplished.

34.6 Conclusion

Our studies indicate that porcine and bovine sperm proteins recognize p-Gal and
a-Man residues, respectively, at the nonreducing ends of carbohydrate chains linked
to the ZP3/ZP4 complex. In pigs and cattle, ZP3 and ZP4 form a framework on
which carbohydrate chains active in sperm binding can exhibit high avidity for
sperm. To prove the significance of the carbohydrate chains in sperm binding, the
sperm proteins that bind specifically to f-Gal in pigs and a-Man in cattle need to be
identified and characterized.

Open Access: This article is distributed under the terms of the Creative Commons Attribution

Noncommercial License which permits any noncommercial use, distribution, and reproduction in
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