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The extracellular zona pellucida surrounding mammalian eggs is formed by interactions of the ZP1, ZP2,
and ZP3 glycoproteins. Female mice lacking ZP2 or ZP3 do not form a stable zona matrix and are sterile. The
three zona proteins are synthesized in growing oocytes and secreted prior to incorporation into the zona
pellucida. A well-conserved furin site upstream of a transmembrane domain near the carboxyl terminus of each
has been implicated in the release of the zona ectodomains from oocytes. However, mutation of the furin site
(RNRR — ANAA) does not affect the intracellular trafficking or secretion of an enhanced green fluorescent
protein (EGFP)-ZP3 fusion protein in heterologous somatic cells. After transient expression in growing
oocytes, normal EGFP-ZP3 and mutant EGFP-ZP3 associate with the inner aspect of the zona pellucida, which
is distinct from the plasma membrane. These in vitro results are confirmed in transgenic mice expressing
EGFP-ZP3 with or without the mutant furin site. In each case, EGFP-ZP3 is incorporated throughout the width
of the zona pellucida and the transgenic mice are fertile. These results indicate that the zona matrix accrues
from the inside out and, unexpectedly, suggest that cleavage at the furin site is not required for formation of

the extracellular zona pellucida surrounding mouse eggs.

Extracellular matrices provide assorted roles in biology, and
the mechanisms of their formation appear quite disparate. The
matrix that surrounds vertebrate eggs and early embryos is
variously known as the vitelline envelope, the perivitelline
membrane, or the zona pellucida. The component parts are
most commonly synthesized and secreted from female germ
cells, but in some vertebrates they are produced in the somatic
compartment of the ovary or in the liver, which requires both
transport to the egg and assembly on its surface. Although the
molecular biology of the mouse egg coat has been well studied,
little is known about the intracellular protein trafficking of
individual components or the mechanisms by which they are
secreted to form the insoluble extracellular matrix required for
fertilization and embryonic development.

The mouse zona pellucida consists of three major sulfated
glycoproteins (ZP1, ZP2, and ZP3), each of which is encoded
by a single-copy gene in the mouse genome. Although the
primary structures of ZP1 (623 amino acids, 68 kDa), ZP2 (713
amino acids, 80 kDa), and ZP3 (424 amino acids, 46 kDa) are
distinct, they share certain motifs among themselves, as well as
with homologues in other mammals (29). Each zona protein
has an N-terminal signal peptide, a signature zona box (260
amino acids with eight conserved cysteine residues, (3), and a
transmembrane domain near its carboxyl terminus. The con-
servation of zona proteins among mammals suggests that the
three-dimensional structures of the proteins in each class of
zona proteins are similar and that the interactions among
classes that effect the supramolecular structure of the zona
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pellucida may be preserved as well. This hypothesis has been
substantiated by the ability of transgenic mice expressing hu-
man ZP3 to restore the zona matrix and fertility in Zp3-null
mice that are otherwise unable to form a zona pellucida (33).
Additionally, although Xenopus laevis and mammals evolution-
arily diverged 350 to 370 million years ago (16), microinjected
mRNAs encoding mouse ZP1, ZP2, and ZP3 are translated
and incorporated into the extracellular vitelline envelop sur-
rounding Xenopus eggs (7).

The zona pellucida matrix is assembled during oogenesis as
the oocyte grows from ~15 to 80 wm prior to ovulation into the
oviduct. Targeted mutagenesis of each mouse zona gene indi-
cates that either ZP1 and ZP3 or ZP2 and ZP3 are sufficient
for zona matrix formation, although the ZP1-and-ZP3 matrix
is not sustained through the latter stages of oogenesis (18,
30-32). The detection of zona proteins (ZPland ZP2) at the
zona-free oocyte surface from Zp3-null mice (30) is consistent
with tethering of the zona proteins to a plasma membrane.
However, the presence of the perivitelline space between the
plasma membrane of the mature eggs and the extracellular
zona matrix indicates that the zona proteins are subsequently
released from the membrane for incorporation into the zona
pellucida. A conserved furin cleavage site (RXK/RR) up-
stream of the carboxyl-terminal transmembrane domain in
most, but not all, mammalian zona proteins has been suggested
as the processing site for cleavage and release of zona proteins
(17, 42, 44). In this study, by using site-specific mutagenesis, we
examined the involvement of the furin recognition site in the
secretion of mouse ZP3 in mouse embryonic fibroblasts and its
incorporation into the zona pellucida surrounding mouse oo-
cytes. Unexpectedly, our data indicate that cleavage at the
conserved furin site is not required for ZP3 secretion or its
participation in the extracellular egg coat.
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MATERIALS AND METHODS

Immunocytochemical analysis of zona-free oocytes and eggs. Growing oocytes
and eggs were isolated from NIH Swiss mice, and after their zonae were removed
by exposure to acidified Tyrode’s medium (12), they were processed for imaging
by Nomarski optics and confocal microscopy (30) with monoclonal antibodies
specific to mouse ZP1 (33), ZP2 (8), and ZP3 (9) as primary antibodies and
rhodamine-lissamine-conjugated goat anti-rat immunoglobulin G (Jackson Im-
munoResearch Laboratories, Inc., West Grove, Pa.) as a secondary antibody.

EGFP-mouse ZP3 (MoZP3) expression vectors. The 5’ region (bp 1 to 149) of
pZP3.5 (34), including the N-terminal signal peptide sequence (amino acids 1 to
40), was amplified by PCR with two primers, each containing either an Nhel or
an Agel recognition site, respectively, i.e., 5'-GGCTAGCTGAGCCCAGCTGT
ACTCCA-3" and 5'-AACCGGTGATGAGGACCCCACTGGGG-3'. The re-
sultant PCR product was cloned into the Nhel-Agel site of pPEGFP-C2 (Clontech
Laboratories, Palo Alto, Calif.) upstream and in frame with enhanced green
fluorescent protein (EGFP). The remainder of ZP3 was assembled from a sec-
ond PCR product (bp 93 to 435) by using primers 5'-TCAGATCTCCCAGAC
TCTGTGGCTT-3" and 5'-CAATGGGTACCTCCACAC-3', each with a Bg/II
or a Kpnl recognition site, respectively. This PCR fragment was cloned into the
BglII and Kpn1 sites downstream of and in frame with EGFP. The rest of ZP3 (bp
179 to 1189) was isolated from pZP3.5 after digestion with Spel and SacII and
cloned into the corresponding sites in ZP3 and the multicloning site of pEGFP-
C2. The resultant plasmid was designated pSEGFP-MoZP3.

PCR mutagenesis was used to change the furin recognition site (amino acids
350 to 353) in mouse pSEGFP-MoZP3 from Arg-Asn-Arg-Arg-COOH to Ala-
Asn-Ala-Ala-COOH. With pZP3.5 as a template, fragments from PCR amplifi-
cations with either primer set 5'-CCAAGCTAGTTTCTGCCAACGCAGCTC
ACGTGACCG-3' and 5'-TAATACGACTCACTATAGGG-3' or primer set 5'-
TACATCACCTGCCATCTCAA-3'" and 5'-CGGTCACGTGAGCTGCGTTG
GCAGAAACTAGCTTGG-3' were isolated by agarose gel electrophoresis and
reamplified without additional primers or templates. The SapI-Apal fragment of
the resultant PCR product (bp 1031 to 1123) containing the mutated ZP3 furin
site was substituted for the corresponding region of pSEGFP-MoZP3, and the
result was designated pSEGFP-FurX. Tag DNA polymerase was used for am-
plification, and all PCRs were performed for 30 cycles of 95°C for 30 s, 55°C for
30 s, and 72°C for 30 s with a Perkin-Elmer GeneAmp PCR System (Perkin-
Elmer, Norwalk, Conn.). The sequences of PCR fragments were confirmed by
dideoxy sequencing (36).

Transient expression of pSEGFP-MoZP3 and pSEGFP-FurX. Transient-
transfection assays were performed with Lipofectamine (Life Technologies,
Rockville, Md.) in accordance with the manufacturer’s protocol. On the day
before transfection, 1.5 X 10° mouse 10T[1/2] embryonic fibroblast cells in 2 ml
of Dulbecco modified Eagle medium (DMEM) with 10% fetal bovine serum
(FBS) were seeded in each well of six-well (35-mm-diameter) tissue culture
plates. The cells were incubated overnight until they were 50 to 80% confluent.
For each transfection, 6 ul of PLUS reagents was added to 100 pl of DMEM
(without FBS) predissolved with 1 pg of either pPSEGFP-MoZP3 or pSEGFP-
FurX and incubated at room temperature (RT) for 15 min. Lipofectamine (4 .l
in 100 pl of DMEM) was then added and mixed. After 15 min of incubation at
RT, the mixture was diluted with 0.8 ml of DMEM and overlaid on the growing
cells. After 3 h at 37°C, the medium was replaced and incubated for an additional
48 h with one refeeding prior to harvest. Alternatively, 1 day after transfection,
the cells were changed to the same medium containing 0.2 pg of brefeldin A
(BFA) per ml and cultured for an additional 12 h. The cells were then washed
with phosphate-buffered saline (PBS) and changed to DMEM with 10% FBS
(lacking BFA). After 30 min in culture, the cells were fixed with 2% parafor-
maldehyde for 40 min at RT.

The fixed 10T[1/2] cells were blocked and permeabilized with blocking solu-
tion (PBS supplemented with 1.5 mg of glycine per ml, 1 mg of saponin [S-4521;
Sigma, St. Louis, Mo.] per ml, 10% donkey serum [Jackson ImmunoResearch
Laboratories]) at RT for 1 h. Rabbit anti-bovine protein disulfide isomerase
(PDI; 1:200; StressGen Biotechnologies, Victoria, British Columbia, Canada) or
rabbit anti-rat a-mannosidase IT (1:100; gift of Kelley Moremen [University of
Geogia] and Marilyn G. Farquhar [University of California, San Diego]) diluted
with blocking solution was added, and the mixture was incubated at RT for 1 h.
After being washed with the blocking solution, the cells were further incubated
with Cy5-labeled donkey anti-rabbit antibodies (1:500; Jackson ImmunoRe-
search Laboratories) at RT for 1 h. Following additional washes with the block-
ing solution and then PBS, the slides were plated with mounting medium (Pro-
Long Antifade Kit; Molecular Probes, Eugene, Oreg.) and examined on a 510
LSM confocal microscope (Carl Zeiss, Thornwood, N.Y.). EGFP was excited at
488 nm with an argon laser light, and fluorescence images were collected at 515
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to 530 nm. Cy5 was excited with a HeNe laser light at 633 nm, and fluorescence
images were collected at =670 nm.

Western blot analyses. Cell supernatants from transient transfections were
concentrated by Microcon 10 (Millipore, Bedford, Mass.), and cell pellets were
washed twice with PBS and lysed with 50 mM Tris-HCI (pH 7.5)-1% NP-40-10
mM EDTA containing 4-(2-aminoethyl) benzene sulfonyl fluoride hydrochloride
(1 mM), aprotinin (5 pg/ml), leupeptin (1 ng/ml), benzamimidine hydrochloride
(0.1 mM), and pepstatin (1 pg/ml). Protein samples (pellets or supernatants from
10* cells) were treated with or without endoglycosidase H (endo-H) or peptide-
N-glycosidase F (PNGase F), separated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), and assayed by Western blotting (4). For
endo-H or PNGase F treatment, samples were denatured at 100°C for 10 min
and then incubated with 100 U of enzyme per sample at 37°C for 1 h in
accordance with the manufacturer’s (New England Biolabs, Beverly, Mass.)
instructions.

Expression of EGFP-MoZP3 and EGFP-FurX in microinjected oocytes. Oo-
cytes isolated from 11- to 13-day-old mouse ovaries (23) were incubated in M199
medium supplemented with 0.28 mM sodium pyruvate, 25 mM HEPES (pH 7.4),
and 2 mg of BSA per ml at 37°C prior to microinjection. About 10 pl of solution,
containing 50 ng of plasmid DNA per ml, was injected into the nucleus of each
oocyte. The injected oocytes were cultured (37°C, 5% CO,) for 24 h in the same
supplemented M199 medium. The oocytes were then stained with 1 pg of the
lipophilic dye PM-R18 (octadecyl rhodamine B Cl™; Molecular Probes) per ml
for 20 min and separated into two groups. One group was fixed with 2% para-
formaldehyde for 1 h at RT. The other group was transferred into 20 mM
Tris-HCI, pH 7.4, containing 1% NP-40 and 0.5 M NaCl and freeze-thawed 10
times on ethanol-dry ice to isolate zona ghosts (37). The fixed oocytes and
treated zona ghosts were washed three times with PBS and put on a slide
chambered with Gene-Frame (20-pl cavity volume; Advanced Biotechnologies,
Leatherhead, United Kingdom). Images were obtained by confocal microscopy
with an argon laser light (488 nm) to visualize EGFP at 515 to 530 nm and a
HeNe 543 laser light to detect PM-R18 at 570 nm.

EGFP-MoZP3 and EGFP-FurX transgenic mice. Nhel-EcoRV fragments iso-
lated from pSEGFP-MoZP3 and pSEGFP-FurX were inserted into the Spel-
EcoRYV sites of a plasmid containing 6 kbp of the mouse Zp3 promoter, which
was previously shown to direct oocyte-specific expression in transgenic mice (33).
A bovine growth hormone polyadenylation signal was cloned into EcoRV-Notl
sites downstream of the ZP3-EGFP sequences, and the 8.1-kbp Zp3-MoZP3-
EGFP fragment was purified by agarose electrophoresis after digestion with
I-Scel meganuclease and Notl. Following pronuclear injection, founders were
identified and transmission of the transgene in their progeny was followed by
PCR and Southern analyses (33). The primers used for the PCR were specific to
EGFP (5'-GTCGCCACCATGGTGAGCAA-3" and 5'-ACTTGTACAGCTCG
TCCATG-3"), and the conditions are described above. The presence of the
normal and mutant furin sites was confirmed by sequencing of PCR products of
the transgenes with genomic tail DNA as a template, flanking primers (5’-GTC
GCCACCATGGTGAGCAA-3' at the 5’ end of EGFP and 5'-CCTCGAGTT
TCTTCTTTTATTGCGG-3' at the 3’ end of ZP3), and the above-described
PCR conditions. The nucleic acid sequence was obtained with ABI PRISM
Fluorescent DNA Analysis Kits and an ABI Prism 310 Genetic Analyzer in
accordance with the manufacturer’s instructions. All experiments with mice were
conducted under protocols approved by the National Institute of Arthritis and
Musculoskeletal and Skin Diseases-National Institute of Diabetes and Digestive
and Kidney Diseases Animal Care and Use Committee.

RESULTS

Detection of zona proteins at the plasma membrane. To
confirm biochemically the presence of the zona proteins at the
growing-oocyte surface, zonae pellucidae were removed from
growing oocytes or eggs by brief exposure to acidified Tyrode’s
medium (Fig. 1A and B). After being washed, the germ cells
were incubated with monoclonal antibodies to either ZP1,
ZP2, or ZP3. With a rhodamine secondary antibody and con-
focal microscopy, each zona protein was detected on the grow-
ing-oocyte surface (Fig. 1C, E, and G). All of the zona proteins
were also detected within growing oocytes, where they are
actively synthesized, but were not present (or were present in
very diminished amounts) in ovulated eggs, in which zona
protein synthesis has stopped (Fig. 1D, F, and H).
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FIG. 1. Immunocytochemical analysis of oocytes and eggs. Nomar-
ski images of a growing oocyte from a 3-week-old NIH Swiss mouse
before (A) and after (B) treatment with acidified Tyrode’s medium to
remove the zona pellucida. Confocal microscopy of zona-free oocytes
(C, E, and G) and eggs (D, F, and H) stained with antibodies specific
to ZP1 (C and D), ZP2 (E and F), and ZP3 (G and H) after perme-
abilization with saponin. Each zona protein was present within and at
the cell surface of growing oocytes (C, E, and G) but not of ovulated
eggs (D, F, and H). Bar, 25 pwm. MAb, monoclonal antibody.

ZP1, ZP2, and ZP3 each have a signal peptide that directs
them into a secretory pathway, a 260-amino-acid zona box of
unknown function, and a transmembrane domain near the
carboxyl terminus. At 31 to 47 amino acids upstream of the
transmembrane domain are short regions with basic residues
implicated as the furin cleavage site involved in zona protein
secretion (Fig. 2A). The 424-amino-acid ZP3 protein was se-
lected as a model with which to determine if the furin recog-
nition site is required for zona protein incorporation into the
egg coat. The identification of a monoclonal antibody binding
site (22) and its ability to bind to the extracellular zona pellu-
cida (9) suggested that cleavage occurs downstream of the
antibody binding site (amino acids 336 to 342) and presumably
upstream of the transmembrane domain (amino acids 385 to
410), in a region that includes the potential furin cleavage site
(amino acids 350 to 353).
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Expression of EGFP-ZP3 fusion proteins in 10T[1/2] cells.
ZP3 cDNA was cloned into the expression vector pPEGFP-C2,
which encodes EGFP and is well suited for analysis of intra-
cellular trafficking by confocal microscopy. The 5’ region of the
ZP3 cDNA that included the N-terminal signal sequence (ami-
no acids 1 to 22) was cloned upstream, and the reminder of the
ZP3 cDNA was cloned downstream of EGFP to establish an
EGFP-ZP3 fusion protein driven by the cytomegalovirus pro-
moter (Fig. 2B). PCR mutagenesis was used to change the
potential furin recognition site, RNRR, to ANAA, and the
Sapl-Apal fragment from a correctly mutated clone was sub-
stituted for the same region of EGFP-MoZP3. The fidelity of
the normal (pSEGFP-MoZP3) and mutant (pSEGFP-FurX)
constructs was verified by DNA sequencing.

Because of variable levels of expression in clonal cell lines
after stable transfection, transient-expression assays with pop-
ulations of mouse 10T[1/2] embryonic fibroblasts were used to
examine the expression, processing, and secretion of the nor-
mal (ZP3) and mutant (FurX) proteins. Both constructs were
expressed in 10T[1/2] embryonic fibroblast cells, and EGFP
could be detected by confocal microscopy (data not shown).
BFA dissociates Golgi structures, mixes them with the endo-
plasmic reticulum, and blocks protein translocation to the
trans-Golgi. To investigate the processing of the EGFP-fused
proteins, transfected 10T[1/2] cells were cultured in the pres-
ence of 0.2 pg of BFA per ml for 12 h, at which time the Golgi
structures were disrupted and the synthesized EGFP fusion
proteins were distributed in endoplasmic reticulum networks
(data not shown). The cells were then incubated in the absence
of BFA. Enhancement of the EGFP-ZP3 signal occurs con-
comitantly with reassembly of the Golgi structure (near the
nucleus, often in contact with the nuclear membrane). After 30
min, the EGFP signals were localized in the Golgi region (Fig.
3) and no significant differences in synthesis and translocation
were observed between the normal ZP3 (Fig. 3B and H) and
FurX (Fig. 3E and K) proteins.

To identify whether the EGFP-fused proteins correctly traf-
fic from the endoplasmic reticulum to the Golgi, two antibod-
ies, one to an endoplasmic reticulum residential enzyme, PDI,
and the other to a Golgi marker, a-mannosidase II, were used
to colocalize the expressed EGFP-ZP3 fused proteins. Al-
though some EGFP-ZP3 signal was observed in the endoplas-
mic reticulum at 30 min after release from the BFA block,
most had progressed to the Golgi (Fig. 3B, E, H, and K). In
some cells, the EGFP signal in the endoplasmic reticulum
seemed more pronounced with the furin mutant ZP3 (Fig. 3B
and E) but this observation was inconsistent (Fig. 3H and K).
More consistent was the colocalization of the EGFP signal
with antibodies specific to a-mannosidase II in the Golgi (Fig.
3I and L) and the absence of colocalization with antibodies to
PDI in the endoplasmic reticulum (Fig. 3C and F). This pro-
gression to the Golgi occurred in the presence (Fig. 3J through
L) or absence (Fig. 3G through I) of the mutated furin site.
These observations suggested that processing of the recombi-
nant ZP3 protein in the Golgi apparatus did not require the
integrity of the furin site, although differences in the efficiency
of transport of normal and mutant ZP3 in heterologous cells
would not be detected in these studies.

Secretion of EGFP-MoZP3 fusion proteins from 10T[1/2]
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A. Mouse Zona Pellucida Proteins
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FIG. 2. Conserved zona pellucida protein motifs and construct design. (A) Each of the three mouse zona pellucida proteins, ZP1, ZP2, and
ZP3, has a signal peptide that directs it into a secretory pathway, a signature zona box, and a transmembrane domain near the carboxyl terminus,
upstream of which (30 to 47 residues) is a potential furin cleavage site. A monoclonal antibody binds a linear epitope on ZP3 (amino acids [aa]
336 to 342). (B) cDNA encoding ZP3 with a normal (RNRR) or a mutant (ANAA) furin site was cloned in frame with EGFP into expression
plasmids under the control of a cytomegalovirus immediate-early (CMV IE) promoter. Constructs were transfected into 10T[1/2] cells or injected
into the nuclei of growing mouse oocytes for expression studies. (C) The normal and furin site mutant EGFP-ZP3 cDNAs were inserted
downstream of ~6.0 kbp of the mouse ZP3 promoter and just upstream of a bovine growth hormone (BGH) poly(A) signal. After isolation, the
DNA fragment was injected into the nuclei of one-cell zygotes to establish transgenic mouse lines expressing normal and furin site mutant

EGFP-ZP3 proteins.

cells. The transiently transfected 10T[1/2] cells and the culture
supernatants were analyzed by Western blotting for expression
and secretion of the EGFP-ZP3 proteins. Because bovine se-
rum in the culture medium distorted the electrophoretic sep-
aration, the transfected cells were cultured in the absence of
serum. NP-40 extracts of the cell pellets were separated by
SDS-PAGE and probed with a monoclonal antibody specific to
ZP3. Both normal ZP3 and FurX proteins were detected (Fig.
4A) as major bands migrating with an apparent molecular mass
of 75 kDa. After treatment with endo-H, the bands shifted to
70 kDa, which is consistent with the removal of three or four
N-linked, high-mannose oligosaccharides normally attached to
the core protein during transit through the endoplasmic retic-
ulum (35). The remaining 70 kDa is accounted for by EGFP
(27 kDa) and mouse ZP3 polypeptide lacking the signal pep-
tide (44 kDa). The faint higher-molecular-weight bands in Fig.
4A may represent further posttranslational modification in the
Golgi (~100 kDa) or aggregation (>200 kDa).

Supernatants (0.6 ml) from transfected cells were collected
and concentrated prior to Western blot analysis. Both normal
ZP3 and FurX proteins were secreted with apparent molecular
masses of ~105 kDa and were indistinguishable from one
another (Fig. 4B). The mature form of native mouse ZP3 has

a polypeptide chain of ~37 kDa and migrates at ~83 kDa on
SDS-PAGE after posttranslational modifications. The addition
of EGFP (27 kDa) would account for the observed molecular
masses of the secreted recombinant proteins. Normally, high-
mannose, N-linked oligosaccharides attached in the endoplas-
mic reticulum are further matured into complex side chains as
a glycoprotein passes through the Golgi apparatus. Consistent
with such modifications, neither normal ZP3 nor FurX se-
creted protein was appreciably affected by treatment with
endo-H, which does not cleave complex oligosaccharides (data
not shown). However, after treatment with PNGase F, which
cleaves complex mannose N-linked oligosaccharides, the mo-
lecular mass of both normal ZP3 and FurX decreased to ~80
kDa (consistent with the removal of three or four N-linked
sugar side chains). Thus, mutation of the furin site did not
appear to affect the intracellular trafficking, the posttransla-
tional modification, or the secretion of EGFP-ZP3 protein
from 10T[1/2] cells. Similar results were obtained when the
blots were probed with antibodies to EGFP (data not shown).

Expression of EGFP-ZP3 in growing oocytes and incorpo-
ration into the zona pellucida. To confirm these unexpected
results with cells that normally express zona proteins, pSEGFP-
MoZP3 and pSEGFP-FurX were microinjected into the nuclei
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FIG. 3. Confocal microscopy of EGFP-ZP3 in 10T[1/2] cells. Cells transfected with plasmid expression vectors were incubated with BFA
overnight, allowed to recover for 30 min, and fixed for imaging. Cells expressing normal EGFP-ZP3 (A to C and G to I) or EGFP-ZP3 mutated
at the furin site, FurX (D to F and J to L), were incubated with antibodies to PDI (A and D) or a-mannosidase II (Manll) (G and J) and imaged
to detect antibody binding with a Cy-5-conjugated secondary antibody (A, D, G, and J), EGFP-ZP3 (B, E, H, and K), or both (C, F, I, and L).

Bar, 20 pm.

of growing oocytes isolated from 11- to 13-day-old mice (Fig.
5). Signals obtained by confocal microscopy were optimized by
injecting ~0.5 fg of plasmid/oocyte and incubating the oocytes
for 20 to 40 h. Under the experimental conditions described,
the lipophilic dye PM-R18 primarily stained the plasma mem-
brane of the oocytes although weak staining of the microvilli
between oocytes and cumulus cells was observed in some in-
stances (Fig. 5A and D).

Both constructs, pPSEGFP-MoZP3 and pSEGFP-FurX, were
successfully transcribed by the oocytes, and recombinant fusion

proteins were directed into secretory pathways prior to detec-
tion at the periphery (Fig. 5B and E). Because there is close
contact between the zona pellucida and the plasma membrane
in growing oocytes, it was difficult to determine if the colocal-
ization at the periphery was limited to the membrane or also
reflected incorporation into the extracellular zona pellucida
(Fig. 5C and F). Therefore, zona ghosts were prepared by
freeze-thawing in the presence of detergent (1% NP-40) and
salt (0.5 M NaCl) to remove the plasma membrane. Solubili-
zation of the plasma membrane was confirmed by absent stain-
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FIG. 4. Western blot assay of EGFP-ZP3. Three days after trans-
fection with plasmid vectors encoding either EGFP-ZP3 (normal) or
EGFP-ZP3 mutated at the furin site (FurX), 10T[1/2] cell pellets
(A) and supernatants (B) were harvested. Pellets were lysed with
detergent and incubated with (+) or without (—) endo-H, which
cleaves high-mannose, but not complex, N-linked oligosaccharide side
chains. Cell supernatants were incubated with (+) or without (—)
PNGase F, which cleaves high-mannose, hybrid, and complex N-linked
oligosaccharides. Proteins in the pellets and supernatants were sepa-
rated by SDS-PAGE and transferred to nitrocellulose membranes.
Blots were probed with a monoclonal antibody specific to mouse ZP3.

ing with PM-R18 (Fig. 5G and J), and the persistence of an
EGFP signal at the periphery (Fig. 5H, I, K, and L) indicated
incorporation of ZP3 into the inner aspect of the zona pellu-
cida matrix. No significant difference was observed between
normal ZP3 and ZP3 with the mutated furin site.

EGFP-MoZP3 is incorporated into the zona pellucida of
transgenic mice. These in vitro tissue culture studies were
extended in transgenic mice. An 8.0-kbp fragment containing
the 6.0-kbp oocyte-specific mouse ZP3 promoter (33) up-
stream of EGFP-ZP3 with the normal or the mutated furin
site, followed by the bovine growth hormone poly(A) signal,
was assembled (Fig. 2C). After its injection into the male
pronuclei of one-cell zygotes, mouse lines with normal EGFP-
ZP3 or with EGFP-FurX were established and they passed the
transgene through their germ line. Mice expressing either
EGFP-ZP3 or EGFP-FurX protein had normal-appearing zo-
nae pellucidae (Fig. 6H, K, M, and Q). Hemizygous EGFP-
ZP3 and EGFP-FurX females were fertile when mated with
normal males and produced litters (11.4 * 0.8 and 10.6 = 0.7
[standard error of the mean] pups, respectively), the sizes of
which were not statistically significantly different (unpaired ¢
test, P > 0.05) from those of the litters of normal mice (8.8 =
0.6 [standard error of the mean] pups) or from one another.
Thus, the presence of EGFP (27 kDa) at the N terminus of
mouse ZP3 did not adversely affect formation of the zona
pellucida matrix or fecundity.

Oocytes and eggs were collected from transgenic animals,
fixed in 2% paraformaldehyde, and examined by confocal mi-
croscopy. The EGFP signal was not observed in nontransgenic
oocytes and eggs (Fig. 6A through F) but was readily detected
in the zona pellucida surrounding growing oocytes (Fig. 6G, I,
M, and O) and ovulated eggs (Fig. 6J, L, P, and R) isolated
from transgenic mice expressing either EGFP-ZP3 or EGFP-

MoL. CELL. BIOL.

FurX. As anticipated, no EGFP expression was observed in
surrounding somatic cells (Fig. 61 and O). The EGFP-ZP3
fusion proteins were present throughout the width of the zona
matrix in mice expressing either the normal or the mutant form
of FurX. The mutation of the furin site in the genome of the
transgenic mice was confirmed by nucleic acid sequencing of
PCR products specific to the transgene with tail DNA as the
template (Fig. 7), and the phenotype was the same in three
independently derived ZP3-FurX mutant lines. Thus, the in-
tegrity of the furin site does not appear to be required for ZP3
synthesis, intracellular trafficking, secretion, or incorporation
into the extracellular zona pellucida matrix of transgenic mice.

Untreated Oocytes
EGFP-ZP3

Composite

Detergent/Salt Treated Oocytes
PM-R18 EGFP-ZP3 Composite

|

FIG. 5. Localization of EGFP-ZP3 within the growing-oocyte zona
pellucida. Plasmid vectors expressing either normal EGFP-ZP3 or
EGFP-ZP3 mutated at the furin site (FurX) were injected into the
nuclei of growing oocytes, which were cultured for 20 to 40 h. Oocytes
were incubated with a lipid membrane stain (PM-R18) before (A and
D) or after (G and J) freeze-thawing in the presence of 0.5 M NaCl and
1% NP-40. PM-18 (A, D, G, and J) and EGFP-ZP3 (B, E, H, and K)

were viewed individually and together (C, F, I, and L) after superim-
position on a light microscopic image. Bar, 20 pm.

Normal

FurX
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ZP3 - Mutant Furin Site

Oocytes

Eggs Oocytes

EGFP-ZP3

Nomarski
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Eggs Oocytes

FIG. 6. Transgenic mice incorporate EGFP-ZP3 into the zona pellucida. Mouse lines with transgenes expressing either EGFP-ZP3 or
EGFP-ZP3 mutated at the furin site were established. The morphology of growing oocytes (H and N) and ovulated eggs (K and Q) from normal
(H and K) and furin mutant (N and Q) EGFP-ZP3 transgenic mice was indistinguishable from that of oocytes (B) and eggs (E) isolated from
nontransgenic mice. EGFP signals were observed throughout the width of the zona pellucida surrounding oocytes (G, I, M, and O) and eggs (J,
L, P, and R) from normal (G to L) and furin mutant (M to R) EGFP-ZP3 transgenic mice. No signal was observed in oocytes (A to C) and eggs

(D to F) isolated from nontransgenic mice. Bar, 20 pm.

DISCUSSION

During much of oogenesis, the mouse zona pellucida is
closely apposed to the plasma membrane of the germ cell but
a perivitelline space eventually develops between the extracel-
lular zona matrix and the plasma membrane. Although the
three zona proteins detected on the growing-oocyte surface
must be released prior to incorporation into the zona pellu-
cida, the molecular mechanism of matrix formation is un-
known. Individual mouse zona proteins, when expressed in
heterologous cells, are secreted as soluble macromolecules (2,
15). The primary structure of each zona protein predicts a
transmembrane domain near the carboxyl terminus, and the
presence of a potential furin cleavage site 30 to 50 amino acids
N terminal to this domain suggests that release of zona ectodo-
mains occurs prior to zona matrix formation (44). This hypoth-
esis is supported by the conservation of this potential proteo-
Iytic cleavage site in more than 25 zona proteins across 12
mammalian species, as well as more recent biochemical anal-
yses of mouse zona proteins (17, 42). However, the present
results indicate that the integrity of the furin site is not re-
quired for secretion of ZP3 from mouse embryonic fibroblasts
or for its incorporation into the extracellular zona pellucida of
transgenic mice.

In the present experiments, mouse ZP3 was expressed as a
recombinant fusion protein with EGFP. In heterologous so-
matic cells, the EGFP-ZP3 fusion protein enters into a secre-
tory pathway and is posttranslationally modified as it passes
through the endoplasmic reticulum and the Golgi apparatus
prior to secretion as a soluble ~105-kDa protein. The 70-kDa

molecular mass of the fusion protein in the cell pellet after
digestion with endo-H correlates well with the combined mass
of EGFP (27 kDa) and ZP3 (46.3 kDa) after removal of the
signal peptide (2 kDa) but with an intact carboxyl-terminal tail.
Thus, these data are consistent with cleavage of the transmem-
brane domain in a compartment subsequent to the trans-Golgi
or at the plasma membrane. Detection of the zona proteins on
the zona-free oocyte surface suggests the latter. The region of
cleavage can be delimited by an epitope (amino acids 336 to
342) recognized by a monoclonal antibody that binds to the
zona pellucida (9, 22) and an antibody raised to a C-terminal
peptide (amino acids 370 to 389) that does not (17). The
potential furin cleavage site (amino acids 350 to 353) is ideally
positioned between these two limits.

Furin, present in multiple cell types but in low abundance, is
a member of the proprotein convertases that include Kex2,
PC1/3, PC2, PC4, PACE4, PC5/6, and PC7 (24, 26, 45). It is
translated in the endoplasmic reticulum as an integral mem-
brane precursor prior to activation. Autoproteolysis cleaves an
N-terminal peptide that binds, in part, to the catalytic domain
and inhibits enzymatic activity. However, once translocated to
the Golgi stack, the peptide itself is cut and released to pro-
duce fully active furin. Although, at steady state, furin is pri-
marily (>80%) localized to the trans-Golgi by determinants on
its carboxyl cytoplasmic tail, a significant amount of furin cycles
between the Golgi and the plasma membrane and small
amounts have been detected in the extracellular space (24, 43).
Thus, even though furin is available to cleave the zona pro-
teins, mutation of the furin site (RNRR — ANAA) in EGFP-
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FIG. 7. The furin site in transgenic mice. A schematic representation of mouse ZP3 (424 amino acids) with the N-terminal signal peptide, the
monoclonal antibody (MAb) binding site, and the transmembrane domain is at the top. The nucleic acid sequence of a PCR product obtained with
primers that flank the potential furin cleavage site in the transgene confirmed the mutation (RNRR — ANAA) in genomic tail DNA isolated from
EGFP-FurX transgenic mice. The nucleic acid sequence of FurX is color coded (A, green; C, blue; G, black; T, red) and shown directly above the
traces. The single-letter amino acid sequences (amino acids 336 to 360) of normal ZP3 and FurX are at the top, and dashes indicate identical

residues.

ZP3 does not prevent the intracellular trafficking, the post-
translational processing, or the secretion of the fusion protein
from heterologous 10T[1/2] fibroblasts. These unexpected re-
sults are consistent with our unpublished observation that
mouse ZP3 can be secreted, albeit in diminished amounts,
from stably transformed FD11 cells that lack furin (10), al-
though they differ from the observed inability of epitope-
tagged, furin mutant ZP3 to be secreted by embryonic carci-
noma cells (42). This discrepancy may result from using
transient transfections that analyze a population of cells versus
stable transfections in which the analysis is restricted to clonal
lines or differences in the tissue culture lines themselves (em-
bryonic fibroblast versus embryonic carcinoma cells).

Under more physiologic conditions, the secretion and incor-
poration of EGFP-ZP3 into the zona pellucida of growing
oocytes and transgenic mice is also unaffected by mutation of
the furin site. The presence of an intact furin site in ZP3
isolated from normal zonae pellucidae additionally confirms
that cleavage at the furin consensus sequence is not required
for incorporation of ZP3 into the extracellular zona matrix.
Normally, the zona pellucida matrix is first detected as non-
contiguous clumps of electron-dense material near the plasma
membrane of oocytes within the ovary. Upon additional oocyte
growth, the zona matrix becomes a continuous band that even-
tually reaches a width of 7 wm (6, 11). Detection of EGFP-ZP3
on the inner surface of the zona matrix in the transient oocyte
assay, but throughout the width of the zona pellucida in trans-
genic mice, suggests that the matrix grows by addition of zona
proteins at the inner aspect closest to the plasma membrane.
Earlier pulse-chase studies indicated that zona proteins, once
incorporated into the zona pellucida matrix, are quite stable
(37). Thus, it is likely that the zona proteins forming the initial
zona matrix are gradually displaced from the inner aspect of

the zona toward the periphery as the zona pellucida reaches its
maximal width. Laser-bleaching studies do not detect zona
protein mobility in the zona matrix (8), but these results do not
preclude stretching of the zona filaments to accommodate the
~30-fold increase in the surface area of the oocyte as its
diameter increases from 15 to 80 wm. The observation that the
mesh-like network detected by scanning electron microscopy is
more tightly packed in the inner than on the outer aspect of the
zona pellucida (27) is consistent with this formulation.

These results raise two interrelated questions. (i) If the furin
site is not required, how is the ZP3 ectodomain released from
the membrane for incorporation into the zona matrix, and (ii)
why are the furin cleavage site and its location upstream of the
transmembrane domain so well conserved among zona pro-
teins? Glycosylphosphatidylinositol (GPI)-anchored proteins
can be released at the plasma membrane by phospholipase D
(19). This pathway involves cleavage from a carboxyl-terminal
transmembrane domain and transfer to the membrane-an-
chored GPI moiety in the endoplasmic reticulum (39, 40).
However, the presence of a cytoplasmic tail (present in all zona
proteins) is not usually observed in GPI-anchored proteins and
our inability to release ZP3 from the zona-free oocyte surface
with phospholipase (data not shown) makes GPI anchorage
unlikely. Alternatively, there is considerable evidence on the
role of sheddases or secretases in the release of ectodomains
from membrane-spanning domains in a variety of proteins (13,
28). The sorting of proteins for entry into a regulated secretase
pathway occurs in the trans-Golgi, and many elements of the
pathway appear to be present in diverse cell types. We specu-
late that zona proteins traffic the trans-Golgi and progress to
the plasma membrane via a secretase-regulated pathway, ei-
ther separately or complexed with other zona proteins while
still tethered to the lipid bilayer. Exposure to the extracellular
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environment could result in conformational changes that trig-
ger cleavage of the ectodomains of zona proteins by a mem-
brane-anchored secretase and facilitate their subsequent incor-
poration into an insoluble zona matrix. Identification of the
putative cleavage site and the hypothetical secretase is neces-
sary to test these possibilities. Presumably, this site lies be-
tween amino acid residues 342 and 385 in the region bounded
by the monoclonal antibody binding site and the transmem-
brane domain (Fig. 7).

The conservation of the furin site (RXK/RR) upstream of
the transmembrane domain in most mammalian zona proteins
is quite striking. Even when it is absent (as in human ZP1 and
cat ZPB), there are dibasic residues in the same region that
provide comparable potential cleavage sites. Either higher-
order folding constraints, interactions with other proteins, or
specialized compartmentalization could prevent cleavage at
the furin site during normal intracellular trafficking. Although
the present results indicate that the furin site is not necessary
for secretion or incorporation of ZP3 into the zona pellucida,
the site could be used to dispose of zona proteins that are
misdirected and fail to enter the secretase-regulated pathway.
If these errant zona proteins are cleaved from their transmem-
brane domain by furin in the trans-Golgi, they could be re-
leased after they traverse the constitutive secretory pathway
and avoid cluttering the plasma membrane. If this scenario is
operative, the integrity of the secretase-regulated pathway
must be quite high as no increase in EGFP-ZP3 was observed
at the plasma membrane of cells expressing the mutant furin.
Of note is the presence of unutilized furin cleavage sites in
several other secreted proteins, including the metalloprotease
meprin A, human immunodeficiency virus type 1 envelope
protein gp160, and the thyrotropin receptor (5, 14, 21, 38). A
further complication to our understanding of the formation of
the zona pellucida is the observation that nonmammalian ver-
tebrates have similar extracellular matrices that surround their
eggs and are composed of proteins homologous to ZP1, ZP2,
and ZP3. However, some of these proteins are expressed in the
liver (1, 20, 25) or in granulosa cells within the ovary (41) and
it remains unclear how they are transported to the oocyte and
assembled to form the insoluble extracellular egg envelope.
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