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ABSTRACT. The extracellular coat, or zona pellucida, of the mouse egg consists of three glycoproteins,
called mZP%3. The glycoproteins are synthesized and secreted concomitantly by growing oocytes during
their 2-3-week growth phase. Each of the glycoproteins has a consensus furin cleavage site (-Arg-X-
Lys/Arg-Arg-) near the C-terminus of their polypeptide. Here, several approaches were employed to
determine whether nascent mzZP2 and mZP3 are cleaved at the consensus sites, -Arg-Ser-Lys-Arg- and
-Arg-Asn-Arg-Arg-, respectively, prior to secretion. Molecular mass determinations of deglycosylated
mZP2 and mZP3 suggest that their polypeptides~a@and~7 kDa smaller, respectively, than predicted

from exon sequences. Two-dimensional thin-layer chromatographic analyses were also carried out to identify
amino acids released from the C-terminus of mZP2 and mZP3 by carboxypeptidase B. On the basis of
exon sequences, there are no Arg residues at the predicted C-terminus of the mature glycoproteins. However,
for both mzP2 and mZP3, Arg residues were released by carboxypeptidase B, consistent with processing
at the consensus furin cleavage site. Furthermore, an antiserum raised against an mZP3 peptide, located
downstream of the consensus furin cleavage site, failed to label purified mZP3 on Western immunoblots.
The antiserum also failed to label the zona pellucida of oocytes examined by laser scanning confocal
microscopy. Collectively, these results strongly suggest that mZP2 and mZP3 are processed at their
consensus furin cleavage site prior to secretion and incorporation into the zona pellucida.

All mammalian eggs are surrounded by a thick extra- species, including fish, birds, and amphibians, possesses
cellular coat, called the zona pellucida (2R)). The ZP glycoproteins related to mzZP13.

first appears during the oocyte growth phase and increases |n mice, mzP1-3 are essential structural components of

in thickness as oocytes increase in diame®ri¢ is well-  the zP 6—8). For example, growing oocytes and eggs from
known that the ZP plays important roles during oogenesis, mice that are homozygous nulls for theZzP3gene com-
fertilization, and preimplantation developmen3).( For pletely lack a ZP ¢, 10), and heterozygous nulls have a

example, during fertilization the ZP restricts interactions thinner than usual ZP1(). In addition to their structural role,
between eggs and sperm from different mammalian speciesmzp2 and mzP3 perform other important functions during
and, following fertilization, prevents fusion of eggs with more  fertjlization. For example, mZP3 serves as a primary receptor
than one sperm (i.e., prevents polyspermy). for sperm and as an inducer of the acrosome reaction

The mouse egg ZP is6 um thick, contains~3 ng of  following binding of sperm to ovulated eggsZ 13). Free-
protein, and consists of three glycoproteins, called mZP1  swimming sperm apparently recognize and bind to specific
(4). All three glycoproteins are heterogeneously glycosylated gligosaccharides linked to mZP3aZ—14), making mam-

at both Asn (N-linked) and Ser/Thr (O-linked) residues. malian fertilization an example of carbohydrate-mediated
Today it is apparent that the ZP of eggs from virtually all celjular adhesion.

mammalian species, including human beings, consist of
glycoproteins whose polypeptides are very similar to mZP1
(5). Even the vitelline layer of eggs from nonmammalian

In mice, ZP glycoproteins are synthesized and secreted
exclusively by growing oocytes during a-3-week period
(4). Genes encoding the polypeptides of ZP glycoproteins
are expressed exclusively by growing oocytes and are
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1 Abbreviations: ZP, Zoha peIIUCIda, PBS, phosphate-buffered Sa"ne; consensus fu“n Cleava e Slte Of mZP2 and mZP3 a feature
PVP-40, poly(vinylpyrrolidone)-40; EDTA, ethylenediaminetetraacetic 9 ’

acid; NEM,N-ethylmorpholine; FITC, fluorescein isothiocyanate; BSA, .Common to ponpept'ides of ZP glycoproteirts3), du'ring
bovine serum aibumin; SDSPAGE, sodium dodecyl sulfatepoly- intracellular processing of the nascent glycoproteins. The
acrylamide gel electrophoresis; N-linked, asparagine-linked; O-linked, results suggest that nascent mZP2 and mZP3 are, indeed,

serine/thr_eonine-.linked; C-terminus, carboxy terminus; CBP-B, car- cleaved at their consensus furin cleavage site such that
boxypeptidase B; N-glycanase, peptise{N-acetyl-glucosaminyl)-

asparagine amidase; TFMS, trifluoromethanesulfonic acid; Dans-Cl, polypeptides of th? secreted gly_coproteins are considerably
1-(dimethylamino)naphthalene-5-sulfonyl chloride. smaller than predicted from their exon sequences.
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MATERIALS AND METHODS Dans-CI (5 mg/mL in acetone; stored in the dark &C)

. . and water, 1:1 by volume. Samples were redissolved in 7
_ Isolation of MOL_Jse OopytesGr_owmg oocytes were uL of 0.2 M NaHCQ, pH 10, to which 3uL of Dans-Cl
isolated by puncturing ovaries excised from-1B day-old was added. The reaction was allowed to proceed G5
Swiss albino female mice (CD-1; Charles River Laboratories) for 45 min 23). Dansylated samples were lyophilized and
essentially as previously described9). Oocytes were stored in the dark at AC.

collected with mouth-operated glass micropipets into phos-
phate-buffered saline (PBS) containing poly(vinylpyrroli-
done)-40 (PVP-40). In certain cases, oocytes lacking a ZP
were isolated from mice that are homozygous nulls for the
mZP3gene (MZP3'") essentially as previously described

Two-dimensional thin-layer chromatography on polyamide
thin-layer sheets (5 cm 5 cm; Schleicher and Schuell) was
used to separate and identify dansylated amino acids. Two
solvent systems were freshly prepared for each analysis; first
dimension, 4% formic acid, and second dimension, 20%
©)- o . acetic acid in benzene24). Dansylated samples were

Purification of mZP2 and mzP3ouse ovarian homo-  yegissolved in 2L of water just prior to the analysis, and
genates were centrifuged through a Percoll gradient, a bandy uL was applied to the bottom left-hand corner of the
containing ZP was collected, and ZP glycoproteins were o\yamide sheet. Chromatography was carried out in sealed
purified to homogeneity by HPLC on a size-exclusion tanks first in 4% formic acid and, after air-drying the sheet,
column (Bio-Sil, SEC-250), essentially as previously de- i, 2094 acetic acid in benzene at right angle to the direction
scribed @0). In experiments described herel000 mouse 4t oyement in the first solvent. The air-dried chromatogram
ovaries (~500 mice) yielded~250ug of mZP2 and~150 55 viewed and photographed under UV light. Standard

ug of mZP3 by this purification procedure. amino acids (Sigma), a peptide fragment (insulin-like growth
Enzymatic Deglycosylatior.yophilized samples of ZP factor II, fragment 33-40; Sigma), and lactate dehydrogenase

glycoproteins (5-10ug) were dissolved in 1L of 25 mM (LDH-5, My; Sigma) were used in control experiments.

phosphate-25 mM EDTA, pH 7.6, and boiled for 5 min. SDS-PAGE and ImmunoblottingVestern immunoblot-

After cooling, 5uL of 7.5% octyl glycoside in 25 mM  ting was carried out with HPLC-purified ZP glycoproteins
phosphate-25 mM EDTA, pH 7.6, and aL of N-glycanase  (untreated or modified) dissolved in SDS sample buffer.
(1.25 units; EC 3.5.1.52, Genzyme) were added, and thesamples were subjected to SBBAGE, transferred to
sample was incubated at 3C for 24 h. To stop the reaction, pjtrocellulose, and probed with an antibody. Four different
samples were placed &t20 °C and stored frozen prior to  rappit polyclonal antisera were used here: (i) an antiserum
use @1). directed against mzP2 (#8810); (ii) an antiserum directed
Acid Hydrolysis of Glycosidic BondsSamples of ZP  against mzP3 (#8811); (iii) an antiserum directed against a
glycoproteins (16-20 ug) were lyophilized to dryness in a  peptide (17-mer) representing amino acid residues-30@
glass tube with a screw cap. Trifluoromethanesulfonic acid of mzP3 (NH-Cys-Ser-Asn-Ser-Ser-Ser-Ser-GIn-Phe-GIn-
(TEMS; Fluka) was mixed with anisole (Fluka), 9:1 by |le-His-Gly-Pro-Arg-GIn-Trp-COOF2 anti-pep#306-322);
volume, 5QuL was added to each dried sample, and a stream (jv) an antiserum directed against a C-terminal peptide (20-
of N, was applied over the surface. Samples were put on mer) representing amino acid residues 3386 of mzP3
ice and kept at OC overnight. The reaction was stopped by (NH.-Leu-Gly-Lys-Ala-Asn-Asp-GIn-Thr-Val-Glu-Gly-Trp-
slowly adding the sample to a mixture of 500 of precooled Thr-Ala-Ser-Ala-GIn-Thr-Ser-Val-COO, anti-pep#347-
(—=20°C) pyridine/diethyl ether (Fluka), 1:9 by volume. The  366). In each case, alkaline phosphatase conjugated goat anti-
precipitated deglycosylated protein was separated from therabbit IgG (Bio-Rad) and NBT/BCIP (Bio-Rad) were used
acid solution by centrifugation at 1009@or 10 min. The  to visualize ZP glycoprotein bandg5). To visualize the
resulting pellet was redissolved in 0.1 M MHCO; and biotinylated standardsM; markers), alkaline phosphatase
dialyzed extensively, first against NHCO; and then against  conjugated avidin (Bio-Rad) and NBT/BCIP were used.
water €2). Fetuin (Sigma) and BSA (Sigma) were treated Antisera were produced at Pocono Rabbit Farms, Canadensis,
in an identical manner and served as controls. PA, and peptides were synthesized at the Molecular Resource
Digestion by Carboxypeptidase B (CBP-Byophilized Facility, New Jersey Medical and Dental School, Newark,
samples of ZP glycoproteins (16@00u«g) were dissolved — NJ.
in 19 uL of 0.2 M N-ethylmorpholine (NEM, Fluka), pH In some cases, samples were dissolved in PBS and loaded
8.5, and 1uL of CBP-B (60 milliunits, DFP-treated; EC  onto nitrocellulose membrane using a Bio-Dot apparatus
3.4.17.2, Fluka) and incubated at 3C for 4 h 23). The (Bio-Rad). The membrane was incubated with antiserum anti-
reaction was stopped by freezing the sampt@@°C), and pep#347-366 and then developed, as described above for
it was then subjected to ultrafiltration (Microcon-30; Amicon) Western immunoblotting.
to separate released amino acids from protein. Briefly, Laser Scanning Confocal Microscopigolated growing
microconcentrators were first spin-rinsed with 0.1 N NaOH oocytes were fixed in freshly prepared 3.7% paraformalde-
and then water to remove trace amounts of glycerol. Sampleshyde at room temperature for 15 min and for 30 min in
were diluted to 40Q:L with water and centrifuged through  blocking buffer (2% BSA in PBS/PVP-40). Oocytes were
a microconcentrator at 409@t 4°C for 45 min. The filtrate, then incubated at room temperature foh with either anti-
which contained amino acids, was lyophilized and kept at pep#306-322 (1:100) or anti-pep#347-366 (1:100) in block-
—20 °C prior to thin-layer chromatographic analysis. ing buffer, followed ly 1 h in thedark with FITC-conjugated
Two-Dimensional Thin-Layer Chromatographyyophi- goat anti-rabbit IgG (1:50; Pierce). After the oocytes were
lized filtrate containing amino acids was fluorescently labeled washed with blocking buffer, the fluorescent signal was
by dansylation. A solution of 1-(dimethylamino)naphthalene- stabilized with equilibration buffer (Slowfade Antifade Kit;
5-sulfonyl chloride (Dans-Cl; Fluka) was prepared by mixing Molecular Probes) for 15 min in the dark. Oocytes were
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Table 1: Molecular Weight Analyses of mzZP2 and mzZP3

M, (kDa) mzZP2 M, (kDa) mzZP3
(A) calcd M, polypeptidé (minus signal sequence) ~75 (679 ad ~44 (402 aa)
(B) calcdM, carboxy-terminal peptide€cleavage at consensus furin sequence) 8.6 (78 aa) 7.8 (71 aa)
(C) calcdM,, polypeptide minus C-terminal peptitl@& minus B) 66.1 (601 aa) 36.4 (331 aa)
(D) exptl M, polypeptidé (TFMS treated-glycoproteins) ~67 ~37
(E) exptlM,, secreted glycoprotein ~120 ~83
(F) exptIM;, N-glycanase-treated secreted glycoprdténinus N-linked oligosaccharides) ~84 ~46
(G) calcdM,, N-linked oligosaccharides (E minus F) ~36 ~37
(H) calcdM;, O-linked oligosaccharides [E minus (D plus G)] ~17 ~9

a M, calculated by using 110 as the averageof an amino acid (see Result§)M, determined by SDSPAGE in the presence of proteM,
standards (see Result§)'he abbreviation for amino acids is aa.

washed through several drops of PBS/PVP-40, mounted on -~ m a bcm m

glass slides with PBSglycerol, and visualized with a Leica
inverted laser scanning confocal microscope. Central optical a0k
sections were examined, images processed by using Adobe g e e
photoshop software, and pictures printed using a color dye orr ""-. 2 =
_— o —

66~ -

sublimation printer. N L4
Q= -
RESULTS - -
Remaal of N-Linked Oligosaccharides from ZP Glyco- = ot — = si-amw S~
proteins by N-GlycanaseBoth mZP2 and mZP3 possess 21- - —
complex-type N-linked oligosaccharides, as well as O-linked 211 x
oligosaccharides2@). It has been reported that mZP2 has - = -

six.N-Iinke.d oligosacg:harides and mZP3 has three or four Ficure 1: SDS-PAGE analysis of ZP glycoproteins treated with
N'I'nked O!'gosaccha“degy’ 2,8)' To estimate the contribu- either N-glycanase or TFMS){ Western ?mymu?]oblotting was carried
tion of N-linked oligosaccharides to thé;s of mZP2 and  out as described in Materials and Methods. Shown are results
mZP3, purified glycoproteins were digested with recombinant obtained with (a) purified mZP3~200 ng), (b) purified mzZP3
N-glycanase. This enzyme catalyzes the hydrolysis of ngzgg ?9{ tfe?tgg;’t\/gg v’\\l/i-t%ly'?gn/lasseogtiz f%ferrGhﬁ (i)(j?uflzf:ﬁ% J
Bl et o oRs SeN A oo e s e Tesyei2P? (200 1) and () puried mapa-6 ) weated wi
STFMS on ice for 16 h. Arrowheads indicate the positions of

that are part of the consensus sequence Asn-X-Ser/Thr ofuntreated (a and d) and treated (b, ¢, and e) ZP glycoproteins. Lanes
glycoproteins 29). denoted as m contain biotinylated protein standards (Bio-Rad) for

mZP2 and mZP3 were partially deglycosylated with estimatingM; (kDa).
N-glycanase at 37C for 24, 48, and 74 h (see Materials by adding the sample to a mixture of pyridine/diethyl ether,
and Methods). Aliquots from each digest were subjected to followed by dialysis as described in Materials and Methods.
SDS-PAGE, blotted onto nitrocellulose, and stained by In each experiment, a standard glycoprotein (fetuin; positive
Western immunoblotting. After 24 h, both mZP2 and mZP3 control) and protein lacking oligosaccharides (BSA; negative
exhibited reductions i, that did not change after longer control) were treated in an identical manner. To evaluate
exposures to N-glycanase. mZP2 was reduced frat@0 the extent of deglycosylation, all samples were dissolved in
to ~83.6 kDa (data not shown) and mZP3 fron83 to SDS sample buffer, subjected to SPBAGE, and processed
~46.4 kDa (Figure 1, lane b). These changes suggest thatfor immunoblotting (mZP2 and mZP3) or silver staining
~30% and~45% of theM,s of mZP2 and mZP3, respec- (fetuin and BSA).
tively, are attributable to N-linked oligosaccharides. Since  As seen in Figure 1, lane e and lane ¢, TFMS-treated mzpP2
the polypeptides of mZP2 and mZP3 ar&4.7 and~44.2 and mZP3 migrate as relatively sharp bands @t and~37
kDa, respectively, only~7.4% (~8.9 kDa) of theM, of kDa, respectively. Under similar conditions, TFMS treatment
mZP2 and~2.7% (2.2 kDa) of theM, of mZP3 can be had no detectable effect on BSA-§6 kDa) but lowered
attributed to O-linked oligosaccharides (Table 1). It should the M, of fetuin from~68 to~51 kDa. These results are of
be noted that alM;s reported here should be considered as interest, since TFMS-treated mZP2§7 kDa) and mZP3
“apparentM;s”, since it is well-known that glycoproteins and  (~37 kDa) exhibitM,s that are significantly lower than those
glycopeptides migrate anomalously on SEFSAGE due, in predicted from their exon sequences (ie/p kDa for mzP2
part, to a low charge-to-mass ratio for the moleculgg).( and ~44 kDa for mZP3), but are in very good agreement

Remaal of Oligosaccharides from ZP Glycoproteins by with M;s calculated for polypeptides minus C-terminal
Trifluoromethanesulfonic Acidlo estimate the contribution  peptides (i.e.;~66 kDa for mZP2 and-36 kDa for mzZP3)
of total oligosaccharide to th&l,s of mzZP2 and mzZP3, (Table 1). Therefore, proteolytic cleavage of mZP2 and
purified glycoproteins were hydrolyzed with TEFMS. This mZP3 at their consensus furin cleavage site, -Arg-Ser-Lys-
reagent removes both O-linked and N-linked oligosaccharidesArg®- (amino acids 598601) and -Arg-Asn-Arg-
from glycoproteins, leaving only a GIcNAc linked to Asn  Arg®3- (amino acids 328331), respectively, could account
residues at the consensus sequence Asn-X-Ser8Lh82). for the TFMS results (Table 1).

mZP2 and mZP3 were dissolved in TFMS/anisole and C-Terminal Sequence Analysis of ZP Glycoprotelns.
incubated on ice for about 16 h. The reaction was stoppedview of the TFMS results described above, C-terminal
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analysis of mzP2 and mZP3 polypeptides was carried out. 2nd
In these experiments, the glycoproteins were exposed to >
CBP-B, a protease that excises only Arg and Lys residues A c
from the C-terminus of proteins. The released amino acids
were fluorescently labeled with Dans-Cl and separated by
two-dimensional thin-layer chromatography, as described in
Materials and Methods.

The amino acid sequence predicted for the C-terminus of
mZP2, based on the sequenceno¥P2 gene exon-18, is
-Arg-Phe-Asn-His-COOFR® (amino acids 676679). If the
polypeptide was cleaved at the consensus furin cleavage site,
the C-terminal sequence would be -Arg-Ser-Lys-Arg- J
COOH®! (amino acids 598601). The amino acid sequence
predicted for the C-terminus of mZP3, based on the sequence
of mZP3gene exon-8, is -Ser-Leu-Pro-GIn-CO®Hamino ..5
acids 399-402). On the other hand, if the polypeptide was
cleaved at the consensus furin cleavage site, the C-terminal
sequence would be -Arg-Asn-Arg-Arg-COGH (amino
acids 328-331). Therefore, due to the specificity of CBP-B
for C-terminal Arg or Lys residues, it should be possible to
distinguish between these possibilities.

In preliminary experiments, we used the published pattern
of the chromatographic behavior of more than 80 amino acids
as a reference2d). In addition, several individual dansylated
amino acids, including Arg, Lys, and Gly, were subjected
to two-dimensional thin-layer chromatography and identified
on chromatograms.

_Shown in Figure 2 are chromatograms of dansylated amino FiIGURe 2: Two-dimensional thin-layer chromatograms of dansy-
acids from CBP-B digests of mZP2 and mZP3. In the case |ated amino acids. Shown are photographs of chromatograms
of mZP3, two spots are seen in the position assigned to Argobtained in the manner described in Materials and Methods.
residues (Figure 2A), whereas in the case of mZP2, one spotPanels: (A) CBP-B {6.6 pmol) treated purified mZP3-480

; ; i ; ; ; pmol; ~40 ug); (B) CBP-B (~6.6 pmol) treated purified mzP2
is seen in the position assigned to Arg residues (Figure 2B). (~833 pmol:~100/g); (C) untreated purified mzP2667 pmol:

A peptide consisting of eight amino acids, MBer-Arg- ~ ~80ug); (D) Arg alone (574 pmol): (E) Lys alone<684 pmol):
Val-Ser-Arg-Arg-Ser-Arg-COOH, was employed as a posi- (F) CBP-B 6.6 pmol) treated peptide with a C-terminal Arg
tive control for the release of C-terminal Arg residues by (insulin-like growth factor II, fragment 3340, Sigma;~1 nmol);
CBP-B (Figure 2F). In addition, several negative control (G) CBP-B alone 6.6 pmol); (H) CBP-B {-6.6 pmol) treated

; T ; . _lactate dehydrogenase with a C-terminal Phe (LDH-8;8 nmol;
samples were subjected to two-dimensional thin-layer chro ~100ug). The first and second directions of separation are indicated

matography: (i) mzP2 alone (Figure 2C), (ii) Arg alone py arrows. An arrowhead denotes the position of the origin (O).
(Figure 2D), (iii) Lys alone (Figure 2E), (iv) CBP-B alone The positions of dansyl chloride (D), Gly (G), Arg (R), and Lys
(Figure 2G), and (v) CBP-B-treated lactate dehydrogenase(K) are also indicated where appropriate.
(C-terminus, -Glu-Leu-GIn-Phe-COOH) (Figure 2H). Col-
lectively, these results suggest that Arg residues are releasedlesidues 347366 of mZP3. A synthetic peptide, consisting
from both mzZP2 and mZP3 by CBP-B. of amino acids 347366 at the C-terminus of mZP3, was
Several additional points should be noted. A noticeable used as a positive control in immunodot-blot experiments
spot, representing dansylsulfonic acid (a byproduct of with anti-pep#347-366.
dansylation; blue fluorescence, as opposed to green fluores- Western immunoblots of purified mZP3~250 ng)
cence for dansylated amino acids), was observed andexhibited staining with antisera directed against mZP3
provided an additional marker. Another prominent spot (#8811; 1:500 dilution) and against amino acids 36@2
observed in mZP2 and mZP3 samples, with and without of mZP3 (anti-pep#306-322; 1:250 dilution) but no staining
CBP-B, represented Gly. This spot and several others arewith an antiserum directed against amino acids-3366 at
contaminants seen in all samples subjected to dialysis andthe C-terminus of mZP3 (anti-pep#347-366; 1:250 dilution)
ultrafiltration (e.g., Figure 2AC) but not seen in unfiltered ~ (Figure 3B). In this context, it was noted that immunodot-
samples (e.g., Figure 2D,E). blot assays with antiserum anti-pep#347-366 and synthetic
Immunoblot Analysis of the C-Terminus of ZP Glycopro- peptide 347366 (~44—220 pmol) were positive, whereas
teins.As described in Materials and Methods, three different those with purified mzP3+84 pmol) were negative (Figure
polyclonal rabbit antisera were used to probe polypeptide 3A). These results suggest that the C-terminal epitope of
epitopes of mZP3 on either Western immunoblots or im- mZP3, encompassing amino acids 3866, is missing from
munodot blots. These are (i) antiserum #8811 directed againspurified mZP3.
purified mzZP3, (i) antiserum anti-pep#306-322 directed Laser Scanning Confocal Microscopy of mZP3 in Growing
against a peptide corresponding to amino acid residues 306 Oocytes.Laser scanning confocal microscopy was used to
322 of mZP3, and (jii) antiserum anti-pep#347-366 directed examine the cellular location of mZP3 epitopes recognized
against a C-terminal peptide corresponding to amino acid by antisera anti-pep#306-322 and anti-pep#347-366. Growing
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Ficure 3: Western immunoblots of mZP3 probed with antisera
directed against specific mZP3 peptides. Western immunoblotting

was carried out as described in Materials and Methods. Panel A: . : :
Shown are immunodot-blot assays using anti-pep#347-366 and (a)FIGURE 4: Laser scanning confocal microscopy of mZP3 probed

: .+ /with antisera directed against mZP3 and specific mZP3 peptides.
500 ng, (b) 250 ng, or (c) 100 ng of peptide 347-366 and (d) purified . ) - .
mZP3g(v(8)4 pmolg;1~7 Lg);) Pan%l BF:) ghown are results(o%)tpained Growing oocytes isolated from wild-typengP3'™; panels A-C)

: e ; : -~ and homozygous nulh§ZP37~; panel D) mice (see Materials and
V%'g;éggﬁ%{!g%%i ((E))25aontir-]gé lg;;?())e.set,gg]e(g;zvgg;‘, é?)( C?ng nti- Methods) were probed with rabbit (A) anti-pep#306-322 (1:100

3 : ; . -dilution), (B and D) anti-pep#347-366 (1:100 dilution), or (C)
gteaprffa%33?'2#11&235%hq'—)a%erse(l?irrf;%%gikrg;)oma'n prestained prOte"greimmune serum (1:100 dilution). An FITC-conjugated, goat anti-

rabbit IgG (1:50 dilution) was used to visualize the oocytes by laser
scanning confocal microscopy, as described in Materials and

. Methods.
oocytes were immunofluroescently labeled, under nonper-

meable conditions, and examined as described in Materials Recently, it has been reported that an increasing number

and Methods. Oocytes probed with anti-pep#306-322 ex- of piglogically active peptides and proteins are produced by
hibited intense fluorescence over the ZP (Figure 4A)’Whereascleavage of polypeptide precursors at sites composed of

those probed with anti-pep#347-366 directed against the soqyential basic amino acid residues. These include many
C-terminus of mZP3 exhibited no signal over the ZP (Figure gecreted mammalian proteins and peptide hormones, viral
4B). However, oocytes treated with anti-pep#347-366 dis- gnyelope glycoproteins, and bacterial exotoxins, as well as
played fluorescent spots along the external surface of thegier proteins40—44). The enzymes responsible for cleav-
plasma membrane, ur_1derne_ath the_ ZP,_ sugge_sting the PreSige of the polypeptides belong to a novel family of
ence of mZP3 C-terminal epitopes in this location. Oocytes mammalian subtilisin-like serine endoproteases, of which
isolated from mice that are homozygous nulls foZP3 fin has been studied most extensivels€47). Furin is
(m_ZF_)glf) and do not synthesize any mZP3 exhibited N0 gynressed in all tissues and cell lines examined thus far. It
staining with anti-pep#347-366 (Figure 4D). appears to be localized predominantly in the trans-Golgi
network (TGN), with some enzyme cycling between TGN
DISCUSSION and the cell surfacedf—49). The ubiquitous expression of
Maturation of nascent ZP glycoproteins involves complex the fur gene suggests a role for furin in cleavage of
cotranslational and posttranslational processing events. Foiproproteins secreted via the constitutive secretory pathway
example, the polypeptides possess N-terminal signal se-(50).
quences for initial transfer of the nascent polypeptides to  Our first indication that mZP3 was proteolytically pro-
the endoplasmic reticulum; there, cotranslational addition of cessed in the region of its C-terminus came from attempts
high-mannose-type, N-linked oligosaccharides are added atto purifiy mzZP3 from milk of transgenic mices(; E. S.
Asn-X-Ser/Thr consensus sequenc&8—38). O-Linked Litscher and P. M. Wassarman, unpublished results). In these
oligosaccharides are added to Ser/Thr residues of ZPexperiments, thenZP3gene was placed under control of
glycoproteins in the Golgi, and the glycoproteins are secretedthe -casein promoter, and a short stretch of His residues
and assembled around growing oocytes. As a result of was added to the C-terminus of the mZP3 polypeptide to
processing, mouse ZP glycoproteins mZP1, mZP2, and mZP3aid in purification of the glycoprotein. The presence of a
have appareni,;s of ~200 (dimer),~120, and~83 kDa, region encoding the His sequence (18 bp insertion; six His
respectively. On the basis of exon sequences, the calculatedesidues) was confirmed by PCR analysis. Despite several
M;s of the polypeptides of mZP1, mZP2, and mZP3-ar® attempts to purify the glycoprotein on Ni-NTA—agarose
(monomer)~76, and~44 kDa, respectively. Thedé:s and columns by conventional procedures, none of the material
various biochemical information indicate that the mature, would bind to the column. Subsequently, Western immu-
secreted form of each ZP glycoprotein is extensively gly- noblots of milk mZP3 and a control protein possessing a
cosylated 27, 28, 38, 39). stretch of His residues revealed that milk mZP3 lacked a

Bl
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His tag. This suggested that nascent mZP3 was proteolyti-
cally processed at its consensus furin cleavage site, thus
eliminating the stretch of His residues added to the recom-
binant polypeptide.

Here, we have investigated C-terminal processing of mzpP2
and mZP3 at consensus furin cleavage sites (Arg-X-Lys/Arg-
Arg). Although it has been known for some time that both
glycoproteins contain a potential recognition site for furin

near the C-terminus, it had not been demonstrated that||
cleavage took place. The inability to detect such processing ||
previously may be attributed to extensive heterogeneous||
glycosylation of the polypeptides that causes them to migrate | '

as broad bands on SB®AGE. mZP2 is synthesized as an
~80 kDa polypeptide, is modified by removal of an
N-terminal, 34 amino acid signal sequence, and is glycosy-
lated with N- and O-linked oligosaccharides. mZP3 is
synthesized as a-44 kDa polypeptide, is modified by
removal of an N-terminal, 22 amino acid signal sequence,
and is glycosylated with N- and O-linked oligosaccharides.
Removal of N-linked oligosaccharides from mzZP2 and mzZP3
by digestion with N-glycanase reduces the appalénof
mZP2 from~120 to~84 kDa and of mzZP3 from-83 to
~46 kDa (Figure 1; Table 1).

To assess thil,s of mature mZP2 and mZP3 polypeptides,
both glycoproteins were deglycosylated by TFMS, a strong
acid that cleaves at acetal linkages. Accordingly, O-linked
oligosaccharides are removed completely, and all but the
N-acetylglucosamine residue at the nonreducing end of
N-linked oligosaccharides are remove2R), Examination
of deglycosylated polypeptides on SBBAGE suggests that
both mzZP2 and mZP3 have low#,s than predicted for
the polypeptides from their exon sequences. Deglycosylated
mZP2 and mZP3 polypeptides are67 and ~37 kDa,
respectively, whereas the calculatés are~75 and~44
kDa, respectively (Table 1). However, were nascent mzZp2
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Ficure 5: Schematic diagram of the proteolytic processing of
nascent mzZP2 and mZP3 polypeptides during oocyte growth.
Shown are the nascent polypeptides of the ZP glycoproteins (mZP2,
713 amino acids; mZP34; 424 amino acids) with their N-terminal
signal sequences (MZP2, amino acids3s; mZP3, amino acids
1-22) and consensus furin cleavage sites [mZP2, amino acid 635
(amino acid 601 plus signal sequence); mZP3, amino acid 353
(amino acid 331 plus signal sequence)] intact in the growing oocyte
but missing from the polypeptides (mZR4, ~67 kDa, 601 amino
acids; mZP3M; ~37 kDa, 331 amino acids) following secretion
from the oocyte and incorporation into the ZP.

immunoblotting of purified mzP3 (Figure 3) and by laser
scanning confocal microscopy of growing oocytes (Figure
4). An antiserum directed against a peptide sequence
representing amino acids 34366 at the C-terminus of
mZP3 failed to label either purified mzZP3 (Figure 3) or the
ZP of growing oocytes (Figure 4). On the other hand, an
antiserum directed against a peptide sequence representing

and mZP3 polypeptides to be cleaved at their consensus furinamino acids 306322 of mZP3 labeled purified mZP3

cleavage sites, thelvl,s would be completely consistent with
thoseM;s measured experimentally by SBBAGE analysis
of deglycosylated polypeptides (Figure 5; Table 1). It should

(Figure 3) and the ZP of growing oocytes (Figure 4). In this
context, experiments carried out with as many as 1000
growing mouse oocytes failed to reveal any labeling with

be noted that hamster ZP3 (hZP3; 56 kDa) behaves in aantiserum anti-pep#347-366 on Western immunoblots (data
similar manner; the deglycosylated hZP3 polypeptide exhibits not shown). However, as seen in Figure 4, some labeling of
a significantly lowerM; than that calculated from exon wild-type oocyte plasma membrane with anti-pep#347-366
sequences (M. Weetall, E. Litscher, and P. Wassarman,was observed by laser scanning confocal microscopy,
unpublished results). whereas labeling ahZP3”/~ oocyte plasma membrane was
Support for results presented above comes from C-terminalnot observed. Whether the labeling is due to the presence of
sequence analyses of mzZP2 and mZP3 using CBP-B, asmall amounts of full-length mZP3 or the C-terminal
protease specific for C-terminal Arg and Lys residues. The fragment of mZP3, containing epitope 34366, remains to
data suggest that Arg residues are located at the C-terminuse determined. Indeed, it is possible that proteolytic process-
of each ZP glycoprotein (Figure 2). For example, the final ing of ZP glycoproteins takes place at the oocyte plasma
four amino acids of full-length mzZP3, predicted from exon membrane, a site proposed as a furin processing compartment

sequences, would be Ser-Leu-Pro-GInC3@kamino acids
399-402); no Arg residues. On the other hand, cleavage of
mZP3 polypeptide at the consensus furin site would leave
the sequence Arg-Asn-Arg-ArgCOGH (amino acids 328

331) at the C-terminus. As seen in Figure 2, CBP-B released
Arg residues from purified mZP3, suggesting that the nascent

(40, 42, 49).

In a number of instances, proteolytic cleavage of secreted
and surface glycoproteins is essential for biological activity
and is often accompanied by a conformational change of the
cleaved molecule4d, 52—54). In the case of mzP2 and
mMZP3, cleavage at the consensus furin cleavage sites would

polypeptide was processed at the consensus furin cleavageesult in loss of a single cysteine residue from each

site prior to secretion and assembly of the ZP. Similar results

were obtained with purified mZP2, consistent with the

presence of Arg residues at its C-terminus (Figure 2).
Additional evidence for cleavage of ZP glycoproteins at

glycoprotein, leaving an even number of cysteine residues
in each polypeptide: 20 for mZP2 and 12 for mZP3. Since,
in general, secreted glycoproteins have intramolecular di-
sulfides and lack free sulfhydryl groups, cleavage of mzpP2

their consensus furin cleavage sites was obtained by Westerrand mZP3 would eliminate a potentially free sulfhydryl
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group. Whether this is required for secretion and assembly
of ZP glycoproteins remains to be determined.

In conclusion, evidence presented here stongly suggests

that nascent mZP2 and mZP3 are proteolytically cleaved at
their consensus furin cleavage sites prior to secretion (Figure
5). It will be of interest to determine whether furin or a furin-
like convertase 35—57) or some other endoproteases),
perhaps, oocyte-specific and/or developmentally regulated,
is involved in processing of nascent ZP glycoproteins. In
addition, it will be of interest to determine whether pro-

teolytic processing is necessary for secretion of the nascent 18.

glycoproteins, for their incorporation into the growing oocyte
ZP, and for the sperm receptor activity of mzP3.
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