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The zona pellucida (ZP) is a highly organized extracellular coat that surrounds all mammalian
eggs. The mouse egg ZP is composed of three glycoproteins, called mZP1–3, that are synthesized,
secreted, and assembled into a ZP exclusively by growing oocytes. Here, we microinjected
epitope-tagged (Myc and Flag) cDNAs for mZP2 and mZP3 into the germinal vesicle (nucleus) of
growing oocytes isolated from juvenile mice. Specific antibodies and laser scanning confocal
microscopy were used to follow nascent, recombinant ZP glycoproteins in both permeabilized and
nonpermeabilized oocytes. When such cDNAs were injected, epitope-tagged mZP2 (Myc-mZP2)
and mZP3 (Flag-mZP3) were synthesized, packaged into large intracellular vesicles, and secreted
by the vast majority of oocytes. Secreted glycoproteins were incorporated into only the innermost
layer of the thickening ZP, and the amount of nascent glycoprotein in this region increased with
increasing time of oocyte culture. Consistent with prior observations, the putative transmembrane
domain at the C terminus of mZP2 and mZP3 was missing from nascent glycoprotein incorpo-
rated into the ZP. When the consensus furin cleavage site near the C terminus of mZP3 was
mutated, such that it should not be cleaved by furin, secretion and assembly of mZP3 was
reduced. On the other hand, mZP3 incorporated into the ZP lacked the transmembrane domain
downstream of the mutated furin cleavage site, suggesting that some other protease(s) excised the
domain. These results strongly suggest that nascent mZP2 and mZP3 are incorporated into only
the innermost layer of the ZP and that excision of the C-terminal region of the glycoproteins is
required for assembly into the oocyte ZP.

INTRODUCTION

All eggs are surrounded by one or more extracellular coats
(Dumont and Brummett, 1985). Mammalian eggs are sur-
rounded by a zona pellucida (ZP), a coat that plays impor-

tant roles during oogenesis, fertilization, and preimplanta-
tion development (Gwatkin, 1977; Dietl, 1989; Yanagimachi,
1994). In mice, the ZP consists of three glycoproteins, called
mZP1–3 (Wassarman et al., 1985; Wassarman, 1988). mZP3 is
both a primary sperm receptor and acrosome reaction in-
ducer; mZP2 is a secondary sperm receptor (Wassarman,
1999; Wassarman et al., 2001). In addition, each of these
glycoproteins is an essential structural component of the
extracellular coat. The ZP of eggs from all mammals, includ-
ing human beings, consists of glycoproteins very similar to
mZP1–3. Even the vitelline envelope surrounding eggs from
fish, birds, and amphibians consists of glycoproteins related
to mZP1–3 (Wassarman et al., 2001).

Expression of ZP glycoproteins in mice is initiated during
oocyte growth and ends 2–3 wk later during ovulation when
oocytes undergo meiotic maturation, arrest at metaphase II,
and become unfertilized eggs. All three glycoproteins are
synthesized and secreted concomitantly by growing oocytes
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(Wassarman, 1988; Epifano et al., 1995). The ZP increases in
thickness as the oocyte increases in diameter. Even oocytes
located at an ectopic site (i.e., the adrenal gland) assemble a
ZP during their growth phase (Zamboni and Upadhyay,
1983). Interestingly, in some animals, such as fish and birds,
certain vitelline envelope glycoproteins are synthesized by
the liver and transported in the bloodstream to the ovary,
whereas others are synthesized by oocytes or follicle cells in
the ovary (Wassarman et al., 2001).

The mouse ZP is composed of long, interconnected fila-
ments that form a thick (�6.5 �m), porous coat around the
oocyte (Greve and Wassarman, 1985; Wassarman and Mor-
tillo, 1991; Wassarman et al., 1996; Green, 1997). Results of
biochemical and electron microscopic studies suggest that
ZP filaments are polymers of mZP2 and mZP3 that are
cross-linked by mZP1. Consistent with this model, gene
deletion experiments in mice strongly suggest that both
mZP2 and mZP3 must be present to assemble a ZP around
a growing oocyte. Eggs from mice that are homozygous
nulls for either mZP3 or mZP2 lack a ZP and the females are
infertile (Liu et al., 1996; Rankin et al., 1996, 2001). Eggs from
mice that are heterozygous nulls for mZP3 have a ZP, but it
is only about one-half the thickness of the ZP of eggs from
wild-type animals (Wassarman et al., 1997). The latter sug-
gests that the amount of mZP3 is limiting under these con-
ditions, permitting formation of fewer mZP2 and mZP3
oligomers than present under wild-type conditions. Despite
their eggs having a thin ZP, heterozygous females are as
fertile as wild-type animals.

Examination of growing oocytes from mZP3�/� mice re-
vealed that, in the complete absence of mZP3 synthesis,
mZP2 is synthesized and secreted by oocytes (Qi and Was-
sarman, 1999). This is consistent with results of experiments
in which antisense oligonucleotides directed against either
mZP2 or mZP3 messenger-RNA were microinjected into
growing mouse oocytes (Tong et al., 1995) and with experi-
ments in which ZP3 was stably transfected into embryonal
carcinoma (EC), Chinese hamster ovary, L, and CV-1 cells in
the absence of ZP2 (Kinloch et al., 1991; Beebe et al., 1992;
Litscher and Wassarman, 1996). Results of such experiments
suggest that ZP glycoproteins may be synthesized and se-
creted independently of one another. Recently, it was re-
ported that mZP2 and mZP3 are processed at a consensus
furin cleavage site (CFCS) by the serine protease furin before
assembly into the ZP (Litscher et al., 1999; Williams and
Wassarman, 2001). Furin is a member of the protein conver-
tase family and is involved in modifying and activating a
variety of substrates (Molloy et al., 1999). This posttransla-
tional modification may be essential for secretion, as well as
for assembly of ZP glycoproteins into filaments by growing
oocytes.

Many questions about ZP assembly during mammalian
oogenesis remain unanswered. This is due, in part, to the
fact that it has been technically difficult to study de novo
assembly of the ZP in growing mouse oocytes. Here, in an
attempt to overcome the difficulties often encountered, we
microinjected epitope-tagged cDNAs for mZP2 and mZP3
into the germinal vesicle (GV) of growing oocytes isolated
from ovaries of juvenile mice. By using monoclonal antibod-
ies directed against the specific epitopes, Myc and Flag, we
were able to follow nascent, recombinant mZP2 and mZP3
inside and outside mouse oocytes by laser scanning confocal

microscopy (LSCM). Results of these experiments strongly
suggest that the ZP is assembled from nascent glycoproteins
incorporated into the innermost region of the ZP and that
excision of the C-terminal region of the glycoproteins is
required for their incorporation into the growing oocyte’s
thickening ZP. The methods described should continue to be
extremely useful in determining the regions of ZP glyco-
proteins essential for their assembly into the egg extracellu-
lar coat.

MATERIALS AND METHODS

Construction of Epitope-tagged mZP2 and mZP3
Expression Plasmids
Total RNA was extracted from 20 ovaries excised from 14- to 15-d-
old juvenile female mice (C57BL/6), using a QuickPrep total RNA
extraction kit (Amersham Pharmacia Biotech, Piscataway, NJ). Full-
length cDNAs of mZP2 and mZP3 genes were cloned by reverse
transcription-PCR. Two pairs of primers flanking the entire coding
regions of mZP2 and mZP3 were used: cZP2–5�, 5�-ATTGCGG-
GATCCGCTTTGGTGGTACCTTCCAA-3� and cZP2–3�, 5�-
GGGCGGGAATTCCTGCAGTCTCTTTATTTG-3�; cZP3–5�, 5�-AT-
TTCGGGATCCGCTGTACTCCAGGCGGGA-3� and cZP3–3�, 5�-
GCGGGGGAATTCTGAGTTTCTTCTTTTATTGCGG-3�. BamHI
and EcoRI sites were introduced into the primers at the 5�- and
3�-ends, respectively (underlined nucleotides), and first-strand
cDNAs were amplified from the total RNA using oligo-d(T) and
reverse transcribed by Superscript reverse transcriptase (Super-
Script Preamplification System, Invitrogen, Carlsbad, CA). Double-
stranded cDNAs were completed with 30 cycles of PCR (94°C, 30 s;
58°C, 30 s; 72°C, 90 s for each cycle). Resulting cDNAs were digested
with BamHI/EcoRI and cloned into the BamHI/EcoRI site of pBlue-
Script KS(�/�) phagemid (Stratagene, La Jolla, CA).

Myc-mZP2 and Flag-mZP3 were constructed using three-step over-
lapping PCR, essentially as previously described (Ho et al., 1989). Two
primers, Myc, 5�-GAGCAGAAGCTCATCTCGGAAGAGGACTTG-
TCCGAGAATCCTGCCTTCCCAGGCACTCTC-3� and Flag, 5�-GA-
CTACAAGGACGATGACGACAAGCTAGTTTCTCGAAACCGC-
AGGCACGTGACC-3�, containing the Myc or Flag sequence (under-
lined nucleotides), were used to insert the epitope tags at the desired
positions. The 10-amino acid Myc tag (-Glu-Gln-Lys-Leu-Ile-Ser-Glu-
Glu-Asp-Leu-) was placed after the mZP2 signal sequence, between
amino acids Gln-39 and Ser-40 (Figure 1). The eight-amino acid Flag
tag (-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-) was placed upstream of
the CFCS, between amino acids Lys-346 and Leu-347 (Figure 1). Myc-
mZP2 and Flag-mZP3 were digested with XbaI/SalI and subcloned into
XbaI/SalI-digested pSI mammalian expression vector (Stratagene). The
pSI vector contains a viral SV40 enhancer/promoter sequence, a chi-
meric intron sequence upstream of the multiple cloning site region, and
an SV40 late polyadenylation signal.

Myc-mZP2-Flag was constructed using PCR with overhanging prim-
ers to add a coding sequence for the Flag epitope to the C terminus of
Myc-mZP2 (underlined nucleotides). Primers used were 5�-GGGCGG-
GAATTCTCACTTGTCGTCATCGTCCTTGTAGTCGTGATTGAAC-
CTTATAGTTCTTTTCTTATA-3� and 5�-ATTGCGGGATCCGCTT-
TGGTGGTACCTTCCAA-3�.

Flag-mZP3-Myc was constructed using PCR with overhanging
primers to add a coding sequence for the Myc epitope to the C
terminus of Flag-mZP3 (underlined nucleotides). Primers used were
5�-GGGCGGGAATTCTTACAAGTCCTCTTCCGAGATGAGCTTC-
TGCTCTTGCGGAAGGGATACAAGGTAGGAA-3� and 5�-ATT-
TCGGGATCCGCTGTACTCCAGGCGGGA-3�.

PCR mutagenesis was used on Flag-mZP3-Myc to convert the
CFCS (-Arg-Asn-Arg-Arg-) to a noncleavable form (-Arg-Asn-Gly-
Glu-; Volchkov et al., 1998), designated �-Flag-mZP3-Myc. Primers
used were 5�-CTAGTTTCTCGAAACGGCGAGCACGTGACCGAT-
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GAAGCTG-3� and 5�-CAGCTTCATCGGTCACGTGCTCGCCGTT-
TCGAGAAACTAG-3�.

The sequences of all five cDNA constructs were confirmed by
DNA sequencing. Circular form plasmid DNA was purified using
CsCl gradients. The concentration of purified DNA was measured
by spectrophotometry (OD260/OD280 � 1.9–2.0). After dialyzing
against distilled water for 1 d at 4°C, followed by TE buffer (10 mM
Tris, 0.1 mM EDTA, pH 8.0) for 1 d at 4°C, DNA was aliquoted and
stored in 0.5 volume of sodium acetate (3 M, pH 5.4) and 2 volumes
of ethanol at �20°C.

Collection, cDNA Microinjection, and Culture of
Mouse Oocytes
Ovaries were excised from 13- to 16-d-old juvenile female mice
(C57BL/6). Growing oocytes (50 � 10 �m in diameter; Sorensen and
Wassarman, 1976; Eppig and Telfer, 1993; Eppig et al., 1996) were
released by puncturing ovaries with fine steel needles under a dissect-
ing microscope in a culture dish containing prewarmed Earle’s modi-
fied medium M199 (Invitrogen) supplemented with bovine serum
albumin (BSA; 4 mg/ml) and sodium pyruvate (30 �g/ml; M199-M).
Oocytes were collected with mouth-operated glass micropipettes and
washed thoroughly through three drops of M199-M, equilibrated at
37°C in a humidified atmosphere of 5% CO2 in air, under mineral oil.
Before microinjection, frozen cDNA samples were centrifuged for 10
min at 4°C. Pellets were washed with 70% ethanol and centrifuged for
5 min at 4°C. Pellets were air dried and dissolved in microinjection
buffer (10 mM Tris, 0.25 mM EDTA, pH 7.4) at a final concentration of
�1 mg/ml. All solutions in contact with DNA were filtered before use
(0.22 �m; Millipore, Bedford, MA). cDNA constructs were back-loaded
into microinjection pipettes and injected into the GV of growing mouse
oocytes with a micromanipulator (model 5274; Eppendorf, Boulder,
CO), essentially as previously described (DePamphilis et al., 1988).
Oocytes were maintained in M2 medium (Speciality Media, Phillips-
burg, NJ) during the microinjection process. Injected oocytes were
incubated for 30 min in M199-M. Oocytes that survived this process
were cultured for various lengths of time in 30 �l of M199-M, under
mineral oil, at 37°C in a humidified atmosphere of 5% CO2 in air.

LSCM of Mouse Oocytes and Isolated ZP
Cultured mouse oocytes were fixed with 3.7% formaldehyde in
phosphate-buffered saline (PBS)/ (poly)vinylpyrrolidone-40 (PVP-
40), pH 7.2, for 15 min at room temperature (RT). During fixation,
oocytes were either permeabilized in 0.1% Triton X-100 in 3.7%

formaldehyde or left nonpermeabilized (3.7% formaldehyde with-
out Triton X-100). To isolate ZP, cultured oocytes were incubated in
1% Nonidet P-40 (NP-40) in PBS/PVP-40, pH 7.2, and pipetted up
and down (�5 min at RT) through a glass pipette with a tip
diameter smaller than that of oocytes. Isolated ZP were washed
thoroughly through three drops of PBS/PVP-40 buffer (4 mg/ml
PVP-40 in PBS, pH 7.2) and fixed with 3.7% formaldehyde. Fixed
oocytes and ZP were then incubated in 50 �l of blocking buffer (2%
BSA in PBS/PVP-40) at RT for 30 min. Oocytes were incubated at RT
in blocking buffer containing anti-Flag (M2, Sigma, St. Louis, MO;
1:500 dilution; 1 h), anti-Myc (9E10, Sigma; 1:500 dilution, 1 h), or
anti-Vamp (MAB 333, Chemicon International, Temecula, CA; 1:50
dilution, 2 h) monoclonal antibodies. After the oocytes were washed
through three drops of blocking buffer, they were incubated in
darkness with either fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse immunoglobulin (Ig) G (1:100 dilution; Molecular
Probes, Eugene, OR), Texas Red-conjugated goat anti-mouse IgG
(1:100 diluton; Molecular Probes), or FITC-conjugated goat anti-
mouse IgM (1:50 dilution; CalTag Laboratories, Burlingame, CA).
After staining, oocytes were placed in Slowfade Antifade equilibra-
tion buffer (Molecular Probes) at RT for 15 min. Oocytes were
washed through three drops of PBS/PVP-40 and mounted onto a
glass slide in Slowfade Antifade reagent in glycerol (Molecular
Probes). Imaging was performed by LSCM using a TCS-SP (UV)
microscope (Leica, Wetzlar, Germany). Fluorescence intensity was
quantified at the same confocal microscope settings by calculating
the mean pixel intensity for each stained ZP using IPLab for Macin-
tosh (Scanalytics, Fairfax, VA).

Radioactive Labeling and Immunoprecipitation of
ZP Glycoproteins
Myc-mZP2 was injected into the GV of 150–200 growing oocytes.
Injected oocytes were cultured in M199-M for 4–6 h. This allowed
time for conversion of supercoiled foreign DNA into transcribable
forms and translation initiation. Oocytes were transferred into 25 �l
of Met/Cys-depleted M199-M containing 4 mCi/ml 35S-labeled
Met/Cys (ProMix 35S, cell-labeling mixture; Amersham Pharmacia
Biotech). After 15 h, medium was collected and subjected to immu-
noprecipitation. Medium was diluted to 400 �l with IP buffer (150
mM NaCl, 50 mM Tris, pH 7.2, 0.1% Triton X-100, 1 mg/ml BSA,
10% glycerol). Samples were preabsorbed twice with 20 �l of pro-
tein G-agarose beads, rotating for 1 h at 4°C, and supernatants were
incubated with a 1:200 dilution of anti-Myc, rotating for 2 h at 4°C.

Figure 1. Schematic representation of
polypeptides encoded by cDNA constructs
microinjected into growing mouse oocytes.
Short peptide epitopes, Myc (yellow) and
Flag (green), were inserted into mZP2 and
mZP3 polypeptides. In singly tagged ZP
glycoproteins, Myc (-Glu-Gln-Lys-Leu-Ile-
Ser-Glu-Glu-Asp-Leu-) was inserted into
mZP2 (Myc-mZP2), after the N-terminal
signal sequence, between amino acids
Gln-39 and Ser-40. Flag (-Asp-Tyr-Lys-Asp-
Asp-Asp-Asp-Lys-) was inserted into mZP3
(Flag-mZP3) near its C terminus, before the
CFCS, between amino acids Lys-346 and
Leu-347. In doubly tagged ZP glycopro-
teins, epitope tags were inserted at the C
terminus of Myc-mZP2 and Flag-mZP3,
producing Myc-mZP2-Flag and Flag-mZP3-
Myc, respectively. Also shown is �-Flag-
mZP3-Myc, a construct in which the CFCS

of mZP3 is mutated from -Arg-Asn-Arg-Arg- to -Arg-Asn-Gly-Glu- (gray). Several features of mZP2 and mZP3, such as the positions of the
signal sequence (red), CFCS (royal blue), and transmembrane (hydrophobic) domain (black), are indicated.
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The immunocomplex was precipitated with 20 �l of protein G-
agarose beads for 1 h, at 4°C. The medium was also immunopre-
cipitated with rabbit polyclonal anti-mZP2 (1:1000 dilution, 1 h, 4°C)
and mixed with 20 �l of protein A-agarose beads for 1 h at 4°C.
Immunoprecipitates were washed three times in IP buffer and once
in PBS, dissolved in 20 �l of protein sample buffer (100 mM dithio-
threitol, 50 mM Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, 0.1%
bromphenol blue), and subjected to electrophoresis, under reducing
conditions, on 7.5% SDS-PAGE gels. After gels were incubated in
Entensify solution (NEN, Boston, MA), as described by the manu-
facturer, and the dried gels were exposed to x-ray film with an
intensifying screen, the fluorogram was developed.

RESULTS

Expression and Secretion of Epitope-tagged mZP2
and mZP3 by Microinjected Oocytes
To examine ZP glycoprotein expression and secretion,
cDNAs encoding epitope-tagged mZP2 (Myc-mZP2) and
mZP3 (Flag-mZP3) were microinjected into the GV of grow-
ing mouse oocytes (50 � 10 �m in diameter) (Sorensen and
Wassarman, 1976; Eppig and Telfer, 1993; Eppig et al., 1996).
At this stage of growth, the oocyte GV remains intact during
culture in vitro (Sorensen and Wassarman, 1976). cDNA
constructs were placed under the control of an SV40 pro-
moter, which has been shown to drive expression of reporter
genes in isolated mouse oocytes cultured in vitro (Chalifour
et al., 1986, 1987). A schematic representation of polypep-
tides encoded by cDNA constructs microinjected into grow-
ing mouse oocytes is presented in Figure 1.

To examine expression of Myc-mZP2 and Flag-mZP3,
LSCM was used with fixed and permeabilized injected and
uninjected oocytes, as described in MATERIALS AND
METHODS. Oocytes microinjected with either Myc-mZP2 or
Flag-mZP3 were incubated in the presence of anti-Myc or
anti-Flag monoclonal antibody, respectively, and subjected
to LSCM. Compared with uninjected oocytes (Figure 2, A
and E; C and G), injected oocytes showed an intense immu-
nofluorescence signal (Figure 2, B and F; D and H) that was
seen as early as �12 h postinjection. As shown in Table 1, a
high percentage of injected oocytes survived the microinjec-
tion procedure and subsequent culturing in vitro (�90%), as
determined by the presence of an intact GV and the absence
of any cytoplasmic granulation or other visible abnormali-
ties. Among surviving oocytes, �75% showed specific im-
munofluorescence signals during a 1- to 3-d culture period.
These results demonstrate that microinjection of epitope-
tagged mZP2 and mZP3 cDNAs into the GV of growing
mouse oocytes is an effective method for detecting nascent,
recombinant ZP glycoproteins.

Fluorography of radiolabeled immunoprecipitates sub-
jected to SDS-PAGE was used to detect secretion of epitope-
tagged ZP glycoproteins into culture medium after microin-
jection of cDNAs. After microinjection, oocytes were
incubated in Met/Cys-depleted medium supplemented
with [35S]Met/Cys for 15 h. Medium from oocytes injected
with Myc-mZP2 and from uninjected oocytes were immuno-
precipitated with anti-Myc. As shown in Figure 3, a signal
was seen in medium from oocytes microinjected with Myc-
mZP2 (lane B, arrowhead; �120 kDa) but not in medium
from uninjected oocytes (lane A). When supernatants from
both samples were immunoprecipitated with anti-mZP2, a
robust signal was seen with both samples (Figure 3, C and D;

�120 kDa). Similar results were obtained with medium from
oocytes microinjected with Flag-mZP3 and medium from
uninjected oocytes immunoprecipitated with anti-Flag.

Figure 2. Immunofluorescence staining of Myc-mZP2 and Flag-
mZP3 in growing mouse oocytes. Growing oocytes were isolated from
juvenile mice, as described in MATERIALS AND METHODS. After
microinjection of Myc-mZP2 and Flag-mZP3 cDNA (�1 mg/ml) into
the oocyte GV, oocytes were cultured for �20 h, as described in
MATERIALS AND METHODS. Epitope-specific monoclonal antibod-
ies, 9E10 (anti-Myc) and M2 (anti-Flag), were used to immunolabel
oocytes at the end of the culture period. Goat anti-mouse IgG coupled
to FITC was used as a secondary antibody. Light images of immuno-
labeled oocytes are presented in A–D and fluorescent images are
presented in E–H. Whereas uninjected oocytes showed no staining (A
and E [anti-Myc] and C and G [anti-Flag]), injected oocytes exhibited
intense fluorescence (B and F [anti-Myc] and D and H [anti-Flag]). The
most intense signal was seen at the surface of the oocytes over the
plasma membrane/ZP region. In each case, 100–200 oocytes were
examined by LSCM. Bar (in D), 50 �m.
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Based on densitometry measurements of fluorograms, ra-
diolabeled recombinant ZP glycoproteins represented �5%
of total ZP glycoprotein synthesized during this period. This
demonstrates that, although both injected and uninjected
oocytes synthesize and secrete native mZP2 and mZP3,
those oocytes injected with Myc-mZP2 or Flag-mZP3 also
synthesize and secrete epitope-tagged ZP glycoproteins.

Cellular Localization of Epitope-tagged mZP2 and
mZP3 in Microinjected Oocytes
In mice, the ZP is laid down by growing oocytes during a
2- to 3-wk period after birth, and the ZP increases in
thickness as the oocyte increases in diameter (Wassarman
et al., 1985). The epitope-tagged ZP glycoprotein expres-
sion system described above was used together with
LSCM to localize recombinant ZP glycoproteins in grow-
ing oocytes.

As shown above, epitope-tagged mZP2 and mZP3 gly-
coproteins were expressed and secreted by oocytes after
microinjection with the corresponding cDNAs. To localize
Myc-mZP2 and Flag-mZP3 in microinjected oocytes, oo-
cytes were immunofluorescently labeled with anti-Myc
and anti-Flag, respectively, and examined by LSCM at
�21 h postinjection. With fixed, nonpermeabilized oo-
cytes, Myc-mZP2 and Flag-mZP3 were seen concentrated
primarily around the plasma membrane/ZP region of the
oocytes (Figure 4, A and B; E and F). With fixed, perme-
abilized oocytes, Myc-mZP2 and Flag-mZP3 also were
detected intracellularly in large (2.3 � 0.32 �m diameter)
vesicles (Figure 4, C and D; G and H). Oocytes microin-
jected with Myc-mZP2 and probed with anti-Myc (Figure
4, C and D) usually revealed a more pronounced vesicle
staining pattern than Flag-mZP3 microinjected oocytes
probed with anti-Flag (Figure 4, G and H).

Use of a monoclonal antibody directed against VAMP
(vescicle associated membrane protein; Südhof, 1995; Lin
and Scheller, 2000) confirmed that intracellular mZP2 local-
ized to membrane-bound secretory vesicles (Figure 5). It was
noted that, in general, the vast majority of secretory vesicles
were doughnut shaped, with a large nonfluorescent cavity
in the middle (Figure 5, A–C). The colocalization of Myc-
mZP2 and VAMP in these vesicles (Figure 5, C and E)
strongly suggests that nascent, recombinant ZP glycopro-
teins are associated primarily with secretory vesicle mem-
brane. When injected oocytes were immunolabeled without
permeabilization, the most intense signal was found at the
plasma membrane/ZP region; no significant intracellular
signal was detected.

Epitope-tagged mZP2 and mZP3 Assemble into the
ZP of Microinjected Oocytes
Having found that Myc-mZP2 and Flag-mZP3 localized to
the plasma membrane/ZP region of nonpermeabilized oo-

Table 1. Survival of and expression in growing mouse oocytes after cDNA microinjection

cDNA injected No. oocytes injected Time of cuture (h) % survival % expressinga

357 21–23 98 51
Myc-mZP2 295 43–48 96 85

246 72 92 73
200 21–24 99 82

Flag-mZP3 292 44–50 95 96
210 72 95 ndb

a Percentage of oocytes expressing recombinant ZP glycoprotein.
b nd, not determined.

Figure 3. Gel analysis of epitope-tagged ZP glycoproteins synthe-
sized and secreted by growing mouse oocytes. Two hundred grow-
ing oocytes were isolated from 13-d-old mice, microinjected with
Myc-mZP2, and cultured in M199-M for �5 h. Oocytes were then
transferred to Met/Cys-depleted M199-M, supplemented with 4
mCi/ml [35S]Met/Cys. The culture medium was collected after �15
h and immunoprecipitated with monoclonal antibodies directed
against Myc (9E10). Immunoprecipitates were subjected to 7.5%
SDS-PAGE, as described in MATERIALS AND METHODS. Media
from uninjected and injected oocytes probed with anti-Myc are
shown in A and B, respectively. An arrowhead indicates the posi-
tion of mZP2. Media were immunoprecipitated once again with an
anti-mZP2 polyclonal antibody. As shown in C and D, both injected
and noninjected oocytes secreted endogenous mZP2 glycoproteins.
A band at �70 kDa was observed as a contaminant in all lanes. The
positions of molecular mass standards are shown.
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cytes, we examined whether epitope-tagged ZP glycopro-
teins were incorporated into the thickening ZP. Oocytes
were microinjected with Myc-mZP2 and cultured for �21 h.
ZP were isolated in the presence of 1% NP-40 (in PBS/PVP-
40), followed by thorough washing in PBS/PVP-40 (Bleil
and Wassarman, 1986; Litscher and Wassarman, 1999). This
procedure removes adventitiously associated material from
the ZP. Isolated ZP were fixed and immunolabeled with
anti-Myc and examined by LSCM. Immunofluorescence was
observed on the inner surface of isolated ZP (Figure 6, A–C),
with no signal detected elsewhere in the ZP. Similar results
were obtained when ZP were isolated from Flag-mZP3-mi-
croinjected oocytes and labeled with anti-Flag (Figure 6,
G–I). These results suggest that newly synthesized Myc-
mZP2 and Flag-mZP3 assemble into the thickening ZP only
in the innermost region of the ZP.

To further examine incorporation of ZP glycoproteins,
oocytes microinjected with either Myc-mZP2 or Flag-mZP3
were cultured for �50 h, and ZP were isolated from these
oocytes and probed with the appropriate antibody. As seen
with oocytes cultured for �21 h, the immunofluorescence
signal was detected only along the inner surface of the ZP
(Figure 6, D–F and J–L); however, longer culture times re-
sulted in an increase in the intensity of the fluorescent signal;
luminosity measurements confirmed the observed increase.
Both Myc-mZP2 and Flag-mZP3 fluorescence intensities in-
creased �1.5-fold (55% for Myc-mZP2 and 73% for Flag-
mZP3) when the culture time was doubled. For example, the
fluorescence intensity of Flag-mZP3 increased from 43 � 4 U

at �21 h to 74 � 15 U at �50 h (10 isolated ZP examined for
each sample; see MATERIALS AND METHODS). Collec-
tively, these results strongly suggest that nascent, recombi-
nant mZP2 and mZP3 are incorporated into the thickening
ZP exclusively at its innermost surface.

Epitope-tagged mZP2 and mZP3 Are Proteolytically
Processed before Incorporation into ZP of
Microinjected Oocytes
Previously, it was suggested that the C termini of mZP2 and
mZP3 are missing after incorporation of the glycoproteins
into the ZP (Litscher et al., 1999). In addition, experiments
with transfected cell lines suggested that cleavage of the
mouse ZP glycoproteins at their CFCS is required for secre-
tion (Williams and Wassarman, 2001). As shown in Figure 1,
this site is located near the C termini of mZP2 and mZP3 and
upstream of a predicted transmembrane region. We used the
incorporation assay described above to determine whether
cleavage of the C termini of mZP2 and mZP3 took place in
microinjected oocytes.

As shown in Figure 7, the regions upstream of the CFCS of
both Myc-mZP2 and Flag-mZP3 are incorporated into iso-
lated ZP after microinjection of the corresponding cDNAs.
To probe the region downstream of the CFCS independently
from the region upstream, a Flag-peptide sequence was
placed at the extreme C-terminal end of Myc-mZP2 (Myc-
mZP2-Flag) and a Myc-peptide sequence was placed at the
extreme C-terminal end of Flag-mZP3 (Flag-mZP3-Myc; Fig-

Figure 4. Localization of Myc-mZP2 and Flag-mZP3 in growing mouse oocytes. Oocytes from 14-d-old mice were microinjected with either
Myc-mZP2 or Flag-mZP3. After �21 h of culture, the oocytes were stained with anti-Myc (A–D) or anti-Flag (E–H), followed by FITC-
conjugated secondary antibody. Light (A, C, E, and G) and fluorescent (B, D, F, and H) images of oocytes are presented. In fixed,
permeabilized oocytes, both epitope-tagged ZP proteins were detected, primarily over the plasma membrane/ZP region (D and H). In
addition, intracellular vesicles were readily observed in Myc-mZP2-injected oocytes (D). Much less intracellular staining was detected in
Flag-mZP3-injected oocytes (H), although in some cases, vesicles were detected. The plasma membrane/ZP staining appears to be on the
outside of permeabilized growing oocytes, because fixed, nonpermeabilized samples (A, B, E, and F) exhibited very similar staining patterns.
In each case, 100–200 oocytes were examined by LSCM. Bar (H), 10 �m.
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ure 1). cDNA constructs encoding these doubly tagged ZP
glycoproteins were individually microinjected into oo-
cytes and, after culturing oocytes for �50 h, ZP were
isolated in the presence of 1% NP-40, as described above.
When ZP from oocytes microinjected with Myc-mZP2-Flag
were probed with anti-Myc and examined by LSCM, a
signal was present along the inner surface of the isolated
ZP (Figure 7, A and B) but was absent when probed with
anti-Flag (Figure 7, C and D). Similarly, when ZP from
oocytes microinjected with Flag-mZP3-Myc were probed
with anti-Flag, a signal was present along the inner sur-
face of the isolated ZP (Figure 7, G and H) but was absent
when probed with anti-Myc (Figure 7, E and F). As ex-
pected, antibody directed against the C-terminal epitope
tag showed immunofluorescence only within the oocyte
and not with isolated ZP. Consistent with previous find-
ings (Litscher et al., 1999; Williams and Wassarman, 2001),
these results suggest that in the ZP mZP2 and mZP3 lack
their C-terminal transmembrane domains.

Secretion and Assembly of Epitope-tagged mZP3,
Mutated at its CFCS, by Microinjected Oocytes
A mutated form of Flag-mZP3-Myc, designated �-Flag-
mZP3-Myc, was used to assess the potential role for cleavage
at the mZP3 CFCS in secretion and assembly of nascent
mZP3. In �-Flag-mZP3-Myc, the mZP3 CFCS was mutated
from -Arg-Asn-Arg-Arg- to -Arg-Asn-Gly-Glu-. Previous re-
sults obtained with transfected cells suggest that this muta-
tion should abolish the cleavage site for furin-like enzymes
(Williams and Wassarman, 2001).

Oocytes were immunofluorescently labeled with either anti-
Myc or anti-Flag after microinjection with either Flag-mZP3-
Myc or �-Flag-mZP3-Myc and culture for �20 h. When probed
with anti-Flag and subjected to LSCM, oocytes microinjected
with either construct displayed strong signals along the plasma
membrane/ZP region of the oocytes (Figure 8, A and B). On
the other hand, very little signal was detected along this region
when oocytes were probed with anti-Myc (Figure 8, C and D).

Figure 5. Colocalization of Myc-mZP2 and VAMP in growing mouse oocytes. Oocytes from 14-d-old mice were microinjected with
Myc-mZP2. After �21 h of culture, the oocytes were stained with anti-VAMP (IgM; A) and anti-Myc (IgG; B), followed by FITC-conjugated
rabbit anti-mouse IgM and Texas Red-conjugated goat anti-mouse IgG secondary antibody. Light (D) and fluorescent (A–C) images of oocytes
are presented. C, An overlap of A and B. Note the presence of VAMP (green) and Myc-mZP2 (red) in the large, doughnut-shaped vesicles
present in the cortical region of the oocyte; overlap of VAMP and Myc-mZP2 is yellow (green plus red). E, An overlap of C and D.
Arrowheads in D and E, the positions of large vesicles in the cortical region of the oocyte. In F, an oocyte microinjected with mZP2 tagged
with Flag at its C terminus (Myc-mZP2-Flag) and probed with anti-Flag is shown. Note that the vesicles exhibit fluorescence along their
membranes. In each case, 100–200 oocytes were examined by LSCM. Bars (E and F), 2 �m and 10 �m, respectively.
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This suggests that, as with wild-type glycoprotein, epitope-
tagged mZP3 is proteolytically processed at its C terminus. It
was noted that there was increased vesicular staining in oo-
cytes microinjected with the mutant form of mZP3 and probed
with either antibody (Figure 8, B and D), suggesting that mu-
tation of the CFCS may slow down trafficking of mZP3
through the secretory pathway.

To determine whether the mutated form of mZP3 was in-
corporated into ZP, isolated ZP from oocytes microinjected
with �-Flag-mZP3-Myc were probed with anti-Flag and sub-
jected to LSCM. As with Flag-mZP3-Myc, a fluorescent signal
was observed along the inner surface of the isolated ZP (Figure
9, A–C). When probed with anti-Myc, no labeling was ob-
served (Figure 9, D–F). Taken together with results described
above, this suggests that mutation of its CFCS causes an en-
hanced retention of mZP3 within the oocyte. However, the
mutated mZP3 that escapes retention and is incorporated into

the ZP undergoes proteolytic processing at its C terminus,
possibly by protease(s) other than furin.

DISCUSSION

The mouse egg ZP is an extracellular matrix that plays vital
roles during oogenesis, fertilization, and early embryogene-
sis (Gwatkin, 1977; Dietl, 1989; Yanagimachi, 1994). For ex-
ample, during fertilization the egg ZP serves as a barrier
preventing interactions between gametes from different spe-
cies. The three constituent glycoproteins of the mouse ZP,
mZP1-mZP3, are synthesized concomitantly and exclusively
by growing oocytes during a 2- to 3-wk growth phase (Was-
sarman, 1988; Epifano et al., 1995). Ultrastructural studies of
growing mouse oocytes revealed that the oocyte Golgi
changes from flattened stacks of lamellae, with few, if any,
vacuoles or granules, in the early stages of oocyte growth, to

Figure 6. Assembly of Myc-mZP2 and
Flag-mZP3 into ZP of growing mouse oo-
cytes. Either Myc-mZP2 (A–F) or Flag-
mZP3 (G–L) cDNA was microinjected into
growing oocytes isolated from 13-d-old
mice. After the oocytes were cultured for
�21 (A–C and G–I) and �50 h (D–F and
J–L), ZP were isolated in the presence of
1% NP-40 and immunolabeled with either
anti-Myc or anti-Flag and FITC-conjugated
secondary antibody. Light images are
shown in A, D, G, and J and fluorescent
images are shown in B, E, H, and K. Com-
posites of light and fluorescent images are
shown in C, F, I, and L. In all cases,
epitope-tagged ZP glycoproteins were
found only at the innermost layer of the ZP
(A–F, Myc-mZP2; G–L, Flag-mZP3). The
intensity of the immunofluorescence signal
increased with increasing culture times
(compare B and E, Myc-mZP2; compare H
and K, Flag-mZP3; see text for details).
More than 200 isolated ZP were stained in
this manner. Bar (L), 10 �m.
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extensive arrays of swollen stacked lamellae with many
large vacuoles in the late stages of growth (Wassarman and
Josefowicz, 1978). These changes, as well as those of the
endoplasmic reticulum, strongly suggest that growing
mouse oocytes become actively engaged in trafficking of
various glycoproteins, including those of the ZP.

The mouse ZP increases in thickness (to �6.5 �m; �3.5 ng of
glycoprotein) as the oocyte increases in diameter (to �80 �m)
during the 2- to 3-wk growth phase. The thickness of the ZP of
eggs from different mammals varies considerably, from �2 �m
for opossums to �25 �m for cows (Dunbar and O’Rand, 1991).
The mouse egg ZP is a porous matrix, permeable to relatively
large macromolecules, that consists of long filaments com-
posed of mZP2 and mZP3, with a structural repeat present
every 14–15 nm along the filaments (Greve and Wassarman,
1985; Wassarman et al., 1985; Wassarman and Mortillo, 1991).
The filaments, in turn, are cross-linked by mZP1, a dimer of
identical polypeptides held together by intermolecular disul-
fide bonds. Thus, the ZP is a highly organized three-dimen-
sional matrix exhibiting a structural periodicity.

The cDNA expression system described here provided a
sensitive means of assessing incorporation of nascent ZP gly-
coproteins into the thickening oocyte ZP. When epitope-tagged
mZP2 and mZP3 cDNAs were placed under the control of an
SV40 promoter and microinjected into the GV of growing
mouse oocytes, no fluorescent signals were detectable �4 h
after injection. This is consistent with the previous finding that
expression of foreign genes usually is initiated �4–5 h after
microinjection of cDNAs into mouse oocytes (Chalifour et al.,
1986, 1987). On the other hand, in all experiments reported
here, strong fluorescent signals were detected as early as �12 h
after injection of oocytes. During this relatively short period,

some of the expressed epitope-tagged ZP glycoprotein had
already assembled into the innermost layer of the ZP. With
increasing time of culture, microinjected oocytes assembled
even more recombinant ZP glycoprotein into this region of the
ZP (Figure 6), suggesting that the ZP thickens solely from the
inside during oocyte growth. Results of previous experiments
suggest that only about one-half of newly synthesized ZP
glycoprotein is assembled into the ZP; the remainder exits
through the ZP and follicle cell layer (Qi and Wassarman,
1999).

Finding that nascent mZP2 and mZP3 are deposited solely into
the innermost layer of the ZP has several implications for its
assembly. For example, as in the case of some other extracellular
matrices (Henry and Campbell, 1998; Schwarzbauer and Sechler,
1999), thickening of the ZP from the inside could reflect a require-
ment for “cell-mediated” assembly. Some cellular components,
possibly associated with oocyte plasma membrane, could be re-
quired for assembly of mZP2 and mZP3 into ZP filaments. If this
is the situation, in the absence of cellular factors, it should not be
possible to assemble purified ZP glycoproteins into filaments in
vitro. In this same vein, it is possible that nascent ZP glycoproteins
can only be incorporated at the growing ends of ZP filaments and
that these ends are only present in the innermost layer of the ZP.
Indeed, results of polarized light microscopy of hamster ZP sug-
gest that filaments in its outer layer are oriented tangentially
(parallel) to the oolemma, whereas those in its innermost layer
(inner �6 �m of a �13-�m-thick ZP) are oriented radially (per-
pendicular) to the oolemma (Keefe et al., 1997). This could reflect
a situation in which ZP filaments with growing ends are oriented
toward the oocyte. It should be noted that, for many years, a
multilayered ZP has been proposed for eggs from a variety of
species, including rabbits, pigs, sheep, hamsters, and humans

Figure 7. Proteolytic processing of epitope-tagged ZP glycoproteins in growing mouse oocytes. Doubly tagged (Myc and Flag) cDNAs for
mZP2 and mZP3 were microinjected into growing oocytes isolated from 14-d-old mice. After culture for �50 h, ZP were isolated in the
presence of 1% NP-40 and stained with either anti-Myc or anti-Flag, followed by FITC-conjugated secondary antibody. Light images are
shown in A, C, E, and G and fluorescent images are shown in B, D, F, and H. ZP from Myc-mZP2-Flag-injected oocytes (A–D) exhibited
fluorescence only with anti-Myc (B), not with anti-Flag (D). ZP from Flag-mZP3-Myc-injected oocytes (E–H) exhibited fluorescence only with
anti-Flag (H), not with anti-Myc (F). Bar (D), 10 �m.
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(Dickmann, 1965). This also would be consistent with the obser-
vation that the inner surface of the ZP is more closely packed than
the outer surface (Dietl, 1989). Finally, as in the control of actin
assembly and disassembly (Weber, 1999), it is possible that assem-
bly of ZP glycoproteins is concentration dependent and that the
concentration is highest near the site of secretion.

mZP1–3 are assembled into cross-linked filaments of the ZP
using noncovalent bonds. The ZP is completely soluble in the
presence of agents that do not disrupt covalent bonds, e.g., low
pH, low ionic strength, or mild heat (Wassarman, 1988). It is of
interest that all three glycoproteins contain a so-called “ZP do-
main” (Bork and Sander, 1992) that is present in a wide variety of
proteins from both vertebrates and invertebrates (Wassarman et
al., 2001). The domain is thought to participate directly in protein-
protein interactions and is likely to be essential for ZP assembly.
ZP domains share a conserved sequence of �260 amino acids,
including 8 Cys residues, that is found in all egg coat glycopro-
teins from mammals, birds, amphibians, and fish. Interestingly,
many other proteins such as transforming growth factor, type �
receptor III, Tamm-Horsfall protein/uromodulin, ebnerin, tector-
ins � and �, and cuticlin also contain a ZP domain near their C
termini (Wassarman et al., 2001) and, in most cases, are known to
form oligomers. In this context, it has been reported that mouse
ZP glycoproteins can be incorporated into the vitelline envelope
of amphibian eggs injected with ZP glycoprotein messenger-
RNAs (Doren et al., 1999). Presumably, the ZP domain of vitelline
envelope glycoproteins can interact with that of ZP glycoproteins
despite the evolutionary distance (�350 million years) separating
amphibians and mice.

Experiments presented here have extended to growing
mouse oocytes studies of EC cells transfected with mouse ZP
genes (Williams and Wassarman, 2001). Such studies sug-
gested that cleavage at the CFCS is necessary for secretion of
nascent ZP glycoproteins. In particular, the experiments pre-
sented here have permitted an analysis of posttranslational
modification and trafficking of nascent ZP glycoproteins by
mouse oocytes. In addition to a ZP domain, ZP glycoproteins
possess a CFCS (-Arg-X-Lys/Arg-Lys/Arg-) and a potential
transmembrane domain in their C-terminal region. For exam-
ple, in mZP3 the CFCS (-Arg-Asn-Arg-Arg-) is located 34
amino acids upstream from a predicted transmembrane do-
main (23 amino acids) that is located 15 amino acids upstream
of the C-terminal amino acid. Furin, a member of the protein
convertase family, is associated with trans-Golgi and plasma
membrane of virtually all cell types and participates in post-
translational modification and activation of many different sub-
strates, including growth factors, receptors, and extracellular
matrix proteins (Molloy et al., 1999).

It has been reported that mZP2 and mZP3 incorporated into the
oocyte ZP have already undergone cleavage at their CFCS
(Litscher et al., 1999), and studies with transfected EC cells suggest
that proteolytic cleavage of mZP3 at its CFCS is, in fact, required
for secretion of nascent mZP3 by cells (Williams and Wassarman,
2001). Failure of ZP glycoproteins to undergo proteolytic cleavage
at the CFCS results in their accumulation in the endoplasmic
reticulum of transfected cells. As seen here, peptide epitopes in-
serted upstream of the mZP2 and mZP3 CFCS are present in the
oocyte ZP (e.g., Figure 7, B and H), whereas epitopes placed

Figure 8. Secretion of epitope-tagged mZP3,
mutated at its CFCS, by growing mouse oocytes.
Flag-mZP3-Myc and �-Flag-mZP3-Myc (mutated
at its CFCS) were microinjected into growing
oocytes isolated from 14- to 15-d-old mice. Oo-
cytes were cultured for �20 h and then stained
with either anti-Flag or anti-Myc, followed by
FITC-conjugated secondary antibody. Intense
fluorescence was evident over the plasma mem-
brane/ZP region of oocytes injected with either
cDNA construct after staining with anti-Flag (A
and B) but not with anti-Myc (C and D). It was
noted that, in almost all instances, there was a
larger accumulation of fluorescently labeled ves-
icles in oocytes microinjected with �-Flag-mZP3-
Myc (B and D) than in oocytes microinjected with
Flag-mZP3-Myc (A and C). In each case, 100–200
oocytes were examined by LSCM. Bar (B), 10 �m.
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downstream of the transmembrane domain are absent (e.g., Fig-
ure 7, D and F). This is the case for mZP3 present in the ZP even
when its CFCS is mutated to a sequence that should not be
cleaved efficiently by furin (Figure 9). Mutation of the mZP3 CFCS
may only partially abolish furin activity, resulting in the accumu-
lation of nascent mZP3 in oocyte secretory vesicles. Alternatively,
another protease(s) may cleave the C-terminal tail at the CFCS or
some other site(s) (Plaimauer et al., 2001).

Epitopes placed downstream of the transmembrane domain
of ZP glycoproteins are also present in oocyte secretory vesi-
cles. ZP glycoproteins are associated with the membrane of
secretory vesicles, not with the lumen, and give the immuno-
stained vesicles a doughnut-shaped appearance (Figure 5F).
These observations suggest that loss of the C-terminal tail of ZP
glycoproteins is a late event in the secretory process. In fact, it
was reported previously that a C-terminal epitope, down-
stream of the mZP3 CFCS and upstream of the transmembrane
region, is present on mZP3 associated with the oocyte plasma
membrane (Litscher et al., 1999). Therefore, it is likely that
cleavage at the CFCS takes place once nascent ZP glycoprotein
is located on the oocyte plasma membrane. However, it is
possible that cleavage at the CFCS takes place earlier (e.g., in
secretory vesicles) but that the region remains associated with
the remainder of the polypeptide or with a membrane compo-
nent. In any case, it remains to be determined whether this step
is involved in the regulation of assembly of ZP glycoproteins
into oligomers.

In conclusion, the evidence presented suggests that nascent
ZP glycoproteins assemble solely into the innermost layer of
the thickening ZP of growing oocytes. It also suggests that
proteolytic processing of ZP glycoproteins in growing oocytes
is required for secretion and assembly of the glycoproteins into
the ZP. Because polypeptide downstream of the mZP3 CFCS is
present on the membrane of oocyte secretory vesicles (e.g.,
Figure 5F) and on oocyte plasma membrane (Litscher et al.,
1999), but not in the ZP (Figures 6 and 7), it is likely that this

region of polypeptide is not removed until very late in the
secretory process. It will be of great interest to determine
whether the presence of the C-terminal tail of ZP glycoproteins
prevents their oligomerization into ZP filaments.
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