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All mammalian eggs are surrounded by a relatively thick
extracellular coat, the zona pellucida, that plays vital roles dur-
ing oogenesis, fertilization, and preimplantation development.
The mouse zona pellucida consists of three glycoproteins that
are synthesized solely by growing oocytes and assemble into
long fibrils that constitute a matrix. Zona pellucida glycopro-
teins are responsible for species-restricted binding of sperm to
unfertilized eggs, inducing sperm to undergo acrosomal exocy-
tosis, and preventing sperm from binding to fertilized eggs.
Many features of mammalian and non-mammalian egg coat
polypeptides have been conserved during several hundred mil-
lion years of evolution.

The plasma membrane of mammalian and non-mammalian
eggs is surrounded by at least one extracellular coat. A zona
pellucida (ZP)2 surrounds mammalian oocytes, ovulated eggs,
and embryos up to the early blastocyst stage of development.
The ZP appears during oocyte growth, and blastocyst stage
embryos hatch from the ZP prior to implanting in the uterus.
Important roles have been ascribed to the ZP during oogen-

esis, fertilization, and preimplantation development (1, 2). For
example, during fertilization, the ZP regulates binding of sperm
to ovulated eggs and induces bound sperm to undergo cellular
exocytosis, the acrosome reaction. The ZP also prevents bind-
ing of sperm to fertilized eggs. Removal of the ZP results in
direct exposure of the egg plasma membrane to sperm and
allows sperm from heterologous species to fuse with eggs. Dur-
ing preimplantation development, the ZP influences alignment
of the embryonic-abembryonic axis and first cleavage plane (3).
The ZP also ensures the integrity of preimplantation embryos
as they traverse the female reproductive tract.

Characteristics of the ZP

All mammalian eggs possess a ZP, although its thickness
(�1–25�m) andprotein content (�1–30ng) vary considerably
for eggs from different species (4). The mouse egg ZP is �6.2
�m thick and contains �3.5 ng of protein (Fig. 1). The ZP is an
elastic porous coat penetrable by antibodies, enzymes, and

small viruses. All ZPs are composed of long interconnected
fibrils that can be solubilized by mild acid or base, heat, or
reducing agents. ZP glycoproteins (ZPGs) are held together in
fibrils by noncovalent interactions.

Characteristics of ZPGs

Three glycoproteins, mZP1 (�200 kDa), mZP2 (�120 kDa),
and mZP3 (�83 kDa), compose the mouse egg ZP (4). The
human eggZP consists of four glycoproteins, hZP1 (�100 kDa),
hZP2 (�75 kDa), hZP3 (�55 kDa), and hZP4 (�65 kDa) (5, 6).
Three or more glycoproteins related to mZP1–3 are found in
the ZP of eggs from a wide variety of mammalian species. In
mice,mZP2 andmZP3 account for�80% of themass of the ZP.
ZPGs are heterogeneously glycosylated with asparagine-linked
(N-) and serine/threonine-linked (O-) oligosaccharides. These
cause ZPGs to migrate as broad bands on SDS-PAGE, and
because the oligosaccharides are sialylated and sulfated, ZPGs
have low isoelectric points. mZP1–3 possess four, six, and five
N-linked oligosaccharides, respectively, and at least two sites of
O-linked oligosaccharides are present on mZP3 (7, 8). Under
nonreducing conditions mZP2 and mZP3 migrate as mono-
mers on SDS-PAGE; mZP1 migrates as a disulfide-linked
homodimer. Polypeptides of mouse and human ZPGs are
encoded by single-copy genes located on different chromo-
somes (mZP1–3, chromosomes 19, 7, and 5; andhZP1–4, chro-
mosomes 11, 16, 7, and 1) (9–11). ZP2- and ZP3-related ZPGs
from different mammals are well conserved (�65–98% iden-
tity); ZP1-related ZPGs are conserved to a lesser degree (�40%
identity). ZPGs have regions of polypeptide in common, suggest-
ing that theymay be derived froma common ancestral gene. Also,
ZPGs are related to vitelline envelope (VE) glycoproteins (VEGs)
of eggs from birds, frogs, fish, ascidians, and molluscs.

Synthesis of ZPGs

The ZP of mouse and human eggs appears during oocyte
growth, such that ZP thickness and oocyte diameter increase
concomitantly (Fig. 2). mZP1–3 and hZP1–4 are synthesized
coordinately and exclusively by growing and fully grown
oocytes (4). Synthesis of mouse and human ZPGs reflects
oocyte-specific and therefore female-specific gene expression.
mZP1–3 and hZP1–4 are synthesized as precursor polypep-
tides possessing an N-terminal signal sequence (SS) and C-ter-
minal propeptide (CTP) (Fig. 3). The former is removed during
transit of nascent protein from the endoplasmic reticulum to
theGolgi, and the latter at the egg plasmamembrane. Synthesis
of ZPGs ceases during conversion of oocytes to eggs.
ZPG genes exhibit conserved organization, with exon/intron

boundaries defining distinct domains in ZPGs. ZPG genes
share TATAA boxes �30 bp upstream of transcription start
sites, as well as E-box sequences (CANNTG) at �200 bp.
E-boxes are involved in oocyte-specific expression of ZPG
genes that occurs upon binding E12/FIG� heterodimers (12).
Femalemice that are homozygous nulls for FIG�donot express
ZPG genes and are infertile because of massive depletion of
oocytes (13). As little as 153 nucleotides of mZP3 5�-flanking
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sequence target expression of a luciferase reporter to growing
oocytes; enhancer elements are present between nucleotides
�153 and �470 of the 5�-flanking sequence (14, 15). Two ova-
ry-specific DNA-binding proteins have been identified; ZAP-1
binds to the sequence 5�-CAC(G/C)TG-3� within 250 bp
upstream of the mZP2 and mZP3 promoter TATAA box, and
OSP-1 binds to the sequence 5�-GATAA-3�within the first 100
bp of themZP3 promoter (16, 17).

During mouse oocyte growth, the absolute rate of protein
synthesis increases �40-fold, and ZPG synthesis represents
�5% of the total. The number of copies of mZP3 mRNA per
oocyte or egg increases from undetectable levels in non-grow-
ing oocytes to �300,000 copies in mid-stage growing oocytes,
to �240,000 copies in fully grown oocytes, and to almost unde-
tectable levels (�5,000 copies) in unfertilized eggs (18). There is
a dramatic fall in mZP3 mRNA levels (�98%) when oocytes
become unfertilized eggs. ZPGmRNA is undetectable in cleav-
age stage embryos (�1,000 copies/zygote) (Fig. 2).

Structural Features of ZPGs

The primary structures of ZPGs from mouse eggs to human
eggs have been determined during the past 25 years. These have
permitted construction of phylogenetic trees for the ZP gene
family, including genes encoding VEGs from fish, frogs, and

birds (19). Certain common features have emerged for polypep-
tides of ZPGs. These include an N-terminal SS, a ZP domain
(ZPD), a CTPwith a consensus furin cleavage site (CFCS) and a
transmembrane domain (TMD), in some cases a trefoil domain,
and frequently multiple copies of the N-terminal subdomain
(NTS) of the ZPD (Fig. 3) (20–22).
The ZPD is a hallmark of ZPGs and represents �80% of

mZP3. It is an �260-amino acid sequence (containing 8 con-
served Cys residues present as intramolecular disulfides) that is
found in hundreds of proteins of diverse functions from a wide
variety of tissues in all multicellular eukaryotes (20, 21). Other
unique domains are present on different ZPD proteins that give
each its distinctive character and function. ZPD proteins are
often glycosylated modular structures consisting of multiple
types of domains. The only invariant residues within the ZPDs
of mZP1–3 are 8 Cys, 2 Gly, and 3 aromatic residues; however,
several regions exhibit conserved physiochemical character.
mZP1–3 are predicted to be relatively rich in �-structure
(�25%) but poor in�-helix content (�2%), whereas their ZPDs
probably adopt an all �-fold (20, 21).

The ZPD is a bipartite structure divided by a short protease-
sensitive region (23, 24). mZP1–3 have 4 Cys residues in the
ZPD NTS (Cys1–Cys3, Cys2–Cys4); mZP3 has 4 Cys residues,
and mZP1 and mZP2 have 6 Cys residues in the C-terminal
subdomain. Consequently, the C-terminal subdomain adopts
two alternative disulfide bond connectivities (mZP3, Cys5–
Cys7, Cys6–Cys8 (Type 1); and mZP1 and mZP2, Cys5–Cys6,
Cys7–Cysa, Cys8–Cysb (Type 2)) (21).Mutations in ZPDs, espe-
cially in theNTS, can result in severe pathologies, such as infer-
tility, deafness, and cancer. In this context, it was proposed that
ZPDsmight play a role in polymerization of proteins into fibrils
or matrices (25). Indeed, it was found that ZPDs polymerize
into fibrils on their own (26) and that theNTS is responsible for
polymerization (27). For example, the ZPD from uromodulin
polymerizes into a double helical structure. Rotary-shadowed
mouse ZP fibrils exhibit similar structural features, suggesting
that polymers assembled by different ZPDs may share a similar
three-dimensional structure (21).
Ultrastructural analyses of solubilized mouse egg ZPs have

revealed their fibrillar nature. Fibrils are interconnected by

FIGURE 1. Light and electron micrographs of the mouse ZP. A, light micro-
graph (Nomarski-differential interference contrast) of sperm bound to the
egg ZP. Scale bar � 13 �m. B, scanning electron micrograph of the egg ZP
(taken from Ref. 56 with permission). Scale bar � 200 nm.

FIGURE 2. Schematic representation of mouse oocyte growth and levels of mZP3 mRNA in oocytes and eggs. GV, germinal vesicle.
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mZP1 and exhibit a structural repeat attributable to mZP2/
mZP3 dimers (28). Ultrastructural results obtained with uro-
modulin ZPDs suggest a model in which mZP2 and mZP3
homopolymers form a double helical structure. In this context,
it has been found that ZPGs can assemble into homopolymers
under nondenaturing conditions (29).

Secretion and Assembly of ZPGs

Features of the CTP (Fig. 4) regulate ZPG secretion and
assembly (30). Nascent ZPGs are transported to oocyte plasma
membrane in secretory vesicles and released into the extracel-
lular space following cleavage of the CTP at its CFCS by a furin
family member (31–34). Nascent ZPGs are incorporated into
the thickening ZP at its innermost surface, implying that the ZP
thickens from the inside to the outside (33).Mutation of theCFCS
causes an enhanced retention of ZPGs within growing oocytes,
whereas replacement of the native TMD with a heterologous
TMD or mutation of the conserved Cys residue or the charged
patch of the CTP has no effect on secretion of nascent ZPGs (23).
Analysis of ZPG mutations suggests that elements required

for secretion are located between the CFCS and TMD (23, 30).
A short conserved motif consisting of an almost invariant Gly-
Pro sequence immediately followed by 4–5hydrophobic amino
acids is presentC-terminal to the charged patch (Fig. 4) (23, 35).
This external hydrophobic patch (EHP) is found in ZPGs,
VEGs, andmany other ZPD proteins. In the absence of a TMD,
removal of the EHP prevents secretion of ZPGs. However, the
presence of an EHP is not required for secretion of ZPGs when
a TMD is present. On the other hand, deletion of the EHP from
full-length ZPGs that have aTMDabolishes their assembly into

the ZP. An EHP and TMD are required for incorporation of
nascent ZPGs into the ZP.
An internal hydrophobic patch (IHP), located within the

ZPD (Fig. 4), is also implicated in the secretion and assembly of
ZPGs (23). Mutation of the IHP prevents incorporation of full-
length ZPGs into the ZP without affecting secretion. However,
secretion is inhibited when the IHP is mutated in ZPGs lacking
a TMD, identical to results obtained with the EHP. This sug-
gests that the EHP and IHP are functionally related to each
other and, together with the CFCS and TMD, control incorpo-
ration of nascent ZPGs into the ZP. Amechanism for activation
of polymerization of ZPGs has been proposed in which proteo-
lytic processing of the CTP disrupts interactions between the
IHP and EHP and leads to polymerization of mature ZPGs in
the extracellular space (21, 23).

Elimination of ZPG Synthesis

mZP1–3 null mutant mice have been produced by homolo-
gous recombination in embryonic stem cells. Mutant females
heterozygous for mZP3 are fertile, although their egg ZPs are
half the thickness of the wild-type ZP (36). However, homozy-
gous mutant females missing either mZP2 or mZP3 fail to lay
down a ZP during oocyte growth, possess oocytes and eggs that
lack a ZP, and are infertile (37–39). Failure to synthesize either
ZPG prevents assembly of the synthesized ZPGs into a ZP.
mZP2�/� and mZP3�/� females possess fewer growing
oocytes, Graafian follicles, and ovulated eggs compared with
wild-type females (40). On the other hand, oocytes and eggs
frommZP1�/� females have a ZP, but are not as fertile as wild-
type mice (41). Although mZP2 and mZP3 assemble into a ZP

FIGURE 3. Schematic representation of the overall organization of mZP1–3 precursor polypeptides. The precursor polypeptide of each ZPG is drawn to
scale with the N and C termini indicated. Key features of the polypeptides and the number of amino acids in each polypeptide are indicated. aa, amino acids.
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in mZP1�/� females, it exhibits large pores because of insuffi-
cient cross-linking of ZP fibrils. hZP2 and hZP3 can replace
mZP2 and mZP3 and restore a ZP to oocytes in homozygous
null female mice, but the mosaic ZP does not permit binding of
human sperm (42).

Functions of ZPGs during Fertilization

ZPGs participate at several steps in the fertilization pathway
(1, 2, 43, 44). Principal among these are roles for mZP2 and
mZP3 as receptors for sperm and formZP3 as inducer of sperm
exocytosis, the acrosome reaction. Evidence in mice suggests
that acrosome-intact sperm bind to mZP3, complete the acro-
some reaction, bind to mZP2, penetrate the ZP, and fuse with
the egg plasma membrane. Fusion of sperm and egg leads to
modifications of ZPGs such that free-swimming sperm cannot
bind to the ZP and previously bound sperm cannot penetrate
the ZP. A region of mZP3 encoded by exon 7 is the sperm
combining site (45–47), but whether sperm binding is sup-
ported bymZP3 polypeptide, oligosaccharides, or both remains
controversial (48). This particular region of mZP3 has under-
gone many changes during evolution compared with the
remainder of the polypeptide and is a site of positive Darwinian
selection (49). Many sperm proteins recognize and bind to the
ZP and, in some cases, specifically to mZP3. Fertilization may
be so important to the organism that binding of sperm to eggs is
supported by several redundant mechanisms (50).

ZPGs and VEGs

Whereas all ZPGs are synthesized by the ovary, VEGs of non-
mammalian eggs are synthesized by the liver, ovary, or both
(51). Regardless of their site(s) of synthesis, VEGs resemble
ZPGs. For example, trout VEs are composed of VE�, VE�, and
VE�, which possess an N-terminal SS, a Pro/Gln-rich repeat, a
trefoil domain (VE� and VE�), and a ZPD containing an IHP
and aCTP containing an EHP, but lack aTMD (some fishVEGs
synthesized by the ovary have a TMD) (52). VE� andVE� share
�65% sequence identity and have a Type 2 ZPD; VE� has a
Type 1 ZPD. VE� and VE� are related to ZP1/ZP4; VE� is

related to ZP3. It is likely that trout VE is assembled fromVE�/
VE� and VE�/VE� heterodimers, although like ZPGs, VEGs
can form homopolymers (53). Despite �4 � 108 years separat-
ing the appearance of trout and mice and despite the change
from external to internal fertilization and development, ZPGs
and VEGs have many structural features in common (51).

Concluding Remarks

This Minireview delineates some of the progress that has
been made in our understanding of the biochemistry of ZPGs
during the past 25 years or so. However, many important issues
related to the participation of ZPGs in the fertilization process
remain unresolved or controversial. In view of the facts that
mutation ofZPGgenes remains a potential cause of infertility in
women (54) and that ZPGs remain attractive targets for immu-
nocontraception (55), the more we learn about ZPGs, the more
effective we will be in addressing these and other aspects of
human reproduction. Fromapersonal point of view, ZPGs have
proven to be a very challenging and rewarding research
endeavor for me and my colleagues for more than three
decades.
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