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Many candidates have been proposed as zona pellucida-bind-
ing proteins. Without precluding a role for any of those candi-
dates, we focused onmouse sperm protein ZP3R/sp56, which is
localized in the acrosomal matrix. The objective of this study
was to analyze the role of ZP3R/sp56 in mouse fertilization.We
expressed recombinant ZP3R/sp56 as a secreted protein in
HEK293 cells and purified it from serum-free, conditioned
medium. In the presence of reducing agents, the recombinant
ZP3R/sp56 exhibited a molecular weight similar to that
observed for the native ZP3R/sp56. Reminiscent of the native
protein, recombinant ZP3R/sp56 formed a high molecular
weight, disulfide cross-linked oligomer consisting of six or
more monomers under non-reducing conditions. Recombinant
ZP3R/sp56 bound to the zona pellucida of unfertilized eggs but
not to 2-cell embryos, indicating that the changes that take place
in the zona pellucida at fertilization affected the interaction of
this protein with the zona pellucida. The extent of in vitro fer-
tilizationwas reduced in a dose-dependentmannerwhen unfer-
tilized eggs were preincubated with recombinant ZP3R/sp56
(74% drop at the maximum concentrations assayed). Eggs incu-
bated with the recombinant protein showed an absence of or
very few sperm in the perivitelline space, suggesting that the
reduction in the fertilization rate is caused by the inhibition of
sperm binding and/or penetration through the zona pellucida.
These results indicate that sperm ZP3R/sp56 is important for
sperm-zona interactions during fertilization and support the
concept that the acrosomal matrix plays an essential role in
mediating the binding of sperm to the zona pellucida.

Sperm-zona pellucida (ZP)3 binding is an important step of
gamete interaction in many species. The actual mechanism of

binding is still unresolved. For mammals, some researchers
favor a two-step process whereby primary binding with the
ZP occurs through a plasma membrane receptor(s) of sperm
with intact acrosomes, and secondary binding utilizes intra-
acrosomal proteins that are exposed during the course of or
following acrosomal exocytosis (“Acrosome Reaction
Model”) (1, 2).We and others feel that is difficult to ascertain
the definitive acrosomal status at the time of binding to the
zona pellucida. It is possible that during sperm capacitation
subtle changes occur to the acrosomal region that initiate the
acrosomal exocytotic process, thereby exposing acrosomal
proteins involved in binding to the ZP (Acrosomal Exocyto-
sis Model) (1, 3).
While there are only a few ZP sulfoglycoproteins involved in

these binding events, a large number of sperm molecules have
been shown to possess ZP binding activity (2). The list includes
�-1,4 galactosyltransferase (4), zonadhesin (5), SED-1 (6), sper-
madhesins (7), and ZP3R/sp56 (formerly sp56) (8). Without
precluding a role for any of these candidates in sperm-ZP inter-
actions, we focused on mouse sperm protein ZP3R/sp56,
because of our interest in defining the function of the acrosomal
matrix.
ZP3R/sp56 was initially discovered by photoaffinity cross-

linking with ZP3 (9) and later characterized as having spe-
cific affinity for mouse ZP3 oligosaccharides involved in
sperm binding (10). The cloning of ZP3R/sp56 demon-
strated that it is a member of the superfamily of C3/C4 bind-
ing proteins, possessing multiple short consensus repeats
(so-called “sushi” domains) characteristic of complement
regulatory proteins; however, the protein lacked an obvious
carbohydrate recognition domain (8). Because fertilization
in mouse does not require terminal galactose orN-acetylglu-
cosamine on the zona pellucida glycans, the specificity of
carbohydrate-mediated binding is still a matter of contro-
versy (4, 11–13). ZP3R/sp56 is first detectable during late
meiosis although during the course of spermatid differenti-
ation, the acrosomal glycoprotein undergoes post-transla-
tional modifications, which may include the modification of
carbohydrate side chains (14). Initial reports suggested that
ZP3R/sp56 is a plasma membrane protein (10, 15). However,
our laboratory later demonstrated by conventional immuno-
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electron microscopy that ZP3R/sp56 is an intra-acrosomal
protein and is, in fact, part of a stable acrosomal matrix
(14, 16).
In view of the model of primary/secondary binding of sperm

to the ZP, the finding that ZP3R/sp56 is not a plasma mem-
brane protein would discount it as a protein important in the
initial adhesion of spermatozoa to the ZP. However, from the
perspective of the Acrosomal Exocytosis Model, ZP3R/sp56
can have an important functional role as a ZP-binding protein
(3). In this model, the outer acrosomal membrane and the
plasma membrane of capacitated spermatozoa partially fuse in
limited areas, exposing the acrosomal contents at the sperm
surface. Some of the exposed components on the outer perim-
eter of the acrosomal matrix come in contact with the ZP and
mediate gamete adhesion. Acrosomal components assist the
penetration of spermatozoa through the ZP by restricted disas-
sembly of this structure either enzymatically or stoichiometri-
cally. We hypothesized that the particulate nature of ZP3R/
sp56 in the acrosomal matrix may allow it to remain transiently
associated with the sperm surface after being exposed to the
external environment during the course of acrosomal exocyto-
sis (3, 17).
In this study, we examined the role of ZP3R/sp56 in the fer-

tilization process using recombinant protein. Here, we show
that ZP3R/sp56 is important in the process of binding and/or
penetration of the zona pellucida. The recombinant protein
had an affinity for the ZP of unfertilized eggs but not the ZP
from 2-cell embryos. When unfertilized eggs were incubated
in the presence of the recombinant ZP3R/sp56, sperm bind-
ing and/or penetration through the zona pellucida was
reduced, leading to decreased fertilization rates. These find-
ings provide further evidence for the Acrosomal Exocytosis
Model for sperm binding to the ZP and support a role for
intermediates of acrosomal exocytosis during capacitation
and sperm-ZP interactions.

EXPERIMENTAL PROCEDURES

Cloning of Mouse Zp3r—A cDNA region encoding murine
ZP3R/sp56 was amplified by PCR from the first-strand cDNA
prepared by reverse transcription of mouse mixed germ cell
RNA (8). The following primers were used to amplify the
sequence: Forward: 5�-GGA TCC GGC AAC ACT AGA GTC
TTCCTACG-3�; Reverse: 5�-AGCCAAGTAGACAAATTG
AAC CA-3�. A full-length cDNA encoding mouse ZP3R/sp56
was cloned between the EcoRI and BamH1 restriction sites of
the eukaryotic expression vector pcDNA3.1 (Invitrogen). The
resulting plasmid was sequenced to verify that the insert was
in-frame, and that the nucleotide sequence was correct.
Restriction enzyme digests, ligations, transformations, and
selection of transformants were performed according to stand-
ard protocols (18).
Expression and Purification of Recombinant Proteins—

Human embryonic kidney 293 cells (HEK293: ATCC number
1573-CRL) were transfected with the ZP3R/sp56 expres-
sion vector using the Superfect transfection reagent accord-
ing to themanufacturer’s instructions (Qiagen, Inc.). Zeocin,
at a concentration of 25 �g/ml was used for selection of
transfected cells. Colonies of cells showing the highest

expression levels, as judged by immunoblotting of the
expression medium, were expanded in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
3.4 mM glutamine, 100 units/ml of penicillin and streptomy-
cin, and 25 �g/ml Zeocin. Medium from transfected cells
was collected at 2-day intervals, during which time, the cells
were cultured in serum-free Dulbecco’s modified Eagle’s
medium. The conditioned medium was then stored at
�20 °C. For purifying ZP3R/sp56, the medium was thawed,
centrifuged for 30 min at 5000 � g to remove cell debris, and
applied at a flow of 1 ml/min on a HiTrap� QFF anion-
exchange column, attached to an Akta FPLC system (GE
Healthcare Inc.). The absorbance at 280 nm was continu-
ously monitored to detect the protein. The column was
washed with 20 mM Tris-buffered saline, pH 8.2, and the
recombinant protein was subsequently eluted with 1 M NaCl,
20 mM Tris-HCl, pH 8.2, followed by dialysis against PBS. All
preparative work was done at 4 °C. The purity of the sample
was evaluated by Coomassie Blue staining after SDS gel elec-
trophoresis and surface-enhanced laser desorption/ioniza-
tion time-of-flight mass spectrometry (SELDI-TOF-MS)
analysis.
Surface-enhanced Laser Desorption/Ionization Time-of-

Flight Mass Spectrometry—The purity and molecular weight
of the purified recombinant mouse ZP3R/sp56 protein were
determined by SELDI-TOF-MS (19). Briefly, 2 �l of protein
solution was applied to a WCX2 protein chip array (Cipher-
gen Biosystems), which was then incubated at room temper-
ature for 1 h. Following washes with 50 mM sodium acetate
buffer (pH 4.0) and a final wash with water, the array was
allowed to dry, and a saturated solution of sinapinic acid in
50% (v/v) acetonitrile, and 0.5% (v/v) trifluoroacetic acid was
added to each spot and dried. The protein chip array was
analyzed using a SELDI ProteinChip Biomarker System
(PBS-II, Ciphergen Biosystems). Spectra were collected by
the accumulation of 192 shots at a laser intensity of 220 in a
positive mode. The protein masses were calibrated exter-
nally using protein molecular mass standards (Ciphergen
Biosystems).
Fluorescent Bead (FluoSphere) Binding Assay—Red fluores-

cent FluoSphere� sulfate microspheres, diameter 1.0 �m, were
obtained from Molecular Probes, Inc. Recombinant mouse
ZP3R/sp56was dissolved in 1ml of 50mMphosphate buffer, pH
7.4, containing 0.9% NaCl. This solution was then mixed
with 2 ml of 2% aqueous suspension of microspheres and
incubated at room temperature for 12 h. The mixtures were
centrifuged to separate the ZP3R/sp56-labeled microsphere
particles from unreacted protein (3000–5000 � g for 20
min). The pellet was resuspended in 50 mM PBS by gentle
vortexing. The washing step was repeated twice more (total
of three washes). The protein-conjugatedmicrospheres were
resuspended in 3 ml of 50 mM PBS buffer, pH 7.4, containing
1% BSA. Sodium azide was added to a final concentration of
2 mM, and the FluoSpheres were stored at 4 °C. For the bind-
ing assay, �25 mouse metaphase II-arrested eggs and �15
2-cell embryos were mixed and combined in 40-�l droplets
with 100 �l of freshly washed, protein-conjugated Fluo-
Spheres for 30 min at 37 °C, 5% CO2. Then, the suspension of
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eggs and embryos was washed three times in PBS containing
0.1% BSA and 0.01% polyvinyl alcohol (PVA) with a micro-
bore pipette to remove unbound FluoSpheres and subse-
quently examined under phase contrast and fluorescence
microscopy.
In Vitro Fertilization—In vitro fertilization of metaphase

II-arrested mouse eggs was performed as described previ-
ously (20) with modifications. Briefly, cumulus cell-en-
closed, metaphase-arrested eggs were harvested from
6-week-old CF1 females (Charles River) at �14 h post-hu-
man chorionic gonadotropin injection. The collection
medium was Whitten’s/Hepes containing 0.01% PVA(21).
PVA was used prior to insemination in culture media devoid
of BSA to keep the oocytes from sticking to the culture dish.
Spermwere obtained from (C57BL/6J X SJL/J) F1males (The
Jackson Laboratory). Sperm from the vasa deferentia and
caudae epididymides were removed and placed in a 900-�l
drop of TYH medium (22) supplemented with 4 mg/ml BSA
(Invitrogen) under mineral oil. The tissue was cut into sec-
tions, and the sperm were allowed to swim out into the
medium for 10–20 min. Eggs and sperm (105/ml) were
mixed in a 30-�l drop of TYH medium containing 4 mg/ml
BSA and then cultured at 37 °C in an atmosphere of 5% CO2,
5% O2, 90% N2 for 3 h. Eggs were removed from the drop,
washed three times in Whitten’s/HEPES, and then cultured
in KSOM medium (Specialty Media) (23). Phase contrast
microscopy was used to evaluate fertilization. The success of
fertilization was determined bymorphological assessment of
pronucleus formation after 6 h and cleavage to the 2-cell
stage after 27 h. In some cases, embryos were cultured to the
blastocyst stage.
Preparation of Culture Media and Spermatozoa—The

basic medium used throughout these studies for the prepa-
ration and culture of mouse sperm was a modified Krebs-
Ringer bicarbonate medium (HMB-HEPES-buffered), as
described by Lee and Storey (24). This medium was first
prepared in the absence of calcium, bovine serum albumin,
NaHCO3, and pyruvate, sterilized by filtration through a
0.22-�m tissue culture filter unit (Nalgene) and frozen at
�20 °C in aliquots for single use. The working “complete”
medium was prepared by adding CaCl2 (1.7 mM), pyruvate (1
mM), NaHCO3 (25 mM), and BSA (3 mg/ml), followed by
adjusting the pH to 7.3 and gassing with 5% CO2, 95% air.
Uncapacitated cauda epididymal sperm were collected from
mature (8-week-old) mice by placing minced caudae epidid-
ymides in 1 ml of medium HM without Ca2�, BSA, and
NaHCO3. After 5 min, the sperm were washed in 1 ml of the
same medium by centrifugation at 800 � g for 10 min at
room temperature. The sperm were resuspended to a final
concentration of 2 � 107 sperm/ml.
AcidExtraction of SpermProteins—Cauda epididymalmouse

sperm were washed twice by centrifugation for 5 min at 300 �
g and resuspended in PBS (5 � 108 sperm/ml). After the final
wash, the sperm pellet was resuspended in two volumes of acid
extraction buffer (1% glacial acetic acid with protease inhibitor
mixture containing 1 mg/ml leupeptin, 1 mg/ml aprotinin, and
100 �M p-aminobenzamidine, pH 3.0) to 1 volume of sperm
pellet. The sperm suspension was placed on a rocking platform

for 1 h at 4 °C and then centrifuged at 10,000 � g for 30 min at
4 °C. The supernatant was then dialyzed with several changes
against 1 mM HCl, pH 3.0 at 4 °C for 12–24 h. The protein
concentration of extract was determined by the BCA assay
(Pierce).
Sperm Egg Binding and Penetration Assay—Approxi-

mately 10 eggs and sperm (105/ml) were mixed in a 30-�l
drop of TYHmedium containing 4 mg/ml BSA with or with-
out recombinant ZP3R/sp56 (100 �g/ml). The eggs were
preincubated with the protein for 45 min before adding the
spermatozoa. For the penetration assay, the mixture was
then cultured at 37 °C in an atmosphere of 5% CO2, 5% O2,
90% N2 .for 3 h. Eggs were removed from the drop, washed
three times in Whitten’s/HEPES, fixed in 3.8% paraformal-
dehyde, and stained with the DNA dye DAPI at a final con-
centration of 2 �g/ml. Eggs were viewed by epifluorescence
microscopy, and the number of sperm in the perivitelline
space were counted visually. For sperm egg binding assays,
gamete interactions were allowed to proceed for 30 min at

FIGURE 1. Cloning and expression of recombinant ZP3R/sp56. Immuno-
blot analysis of recombinant ZP3R/sp56 under non-reducing and reducing
conditions. The protein was diluted in sample buffer with or without DTT, and
1 �g of protein was analyzed per lane by immunoblotting with the anti-
peptide antibody anti-CPT (14).
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37 °C in an atmosphere of 5% CO2, 5% O2, 90% N2. After-
ward, sperm egg complexes were washed free of unbound or
loosely bound sperm in Whitten’s/HEPES medium. Two to
three 2-cell embryos from superovulated femaleswere included
in every drop as negative controls. The washing was stopped
when less than 3 sperm remained bound to 2-cell embryos.
Sperm-egg complexes were fixed in 3.8% paraformaldehyde,
and the number of sperm attached to each zona pellucida was
determined. The results were expressed as a percentage of the
control (0 �g/ml ZP3R/sp56).
Immunoblotting—Serum-free conditioned medium was

collected from the transfected HEK293 cells, and proteins
were mixed with Laemmli SDS-PAGE sample buffer con-
taining a protease inhibitor mixture (Roche Applied Sci-
ences). The proteins were separated by SDS-PAGE in a 10%
polyacrylamide gel according to the method of Laemmli (25)
and transferred to polyvinylidene difluoride membranes by
the method of Towbin et al. (26). Blots were blocked in 5%
nonfat dry milk in TBS (20 mM Tris-HCl, 150 mM NaCl, pH
7.5) and incubated for 2 h at room temperature with anti-
CPT, an anti-peptide antibody against a central region of
ZP3R/sp56, (14) diluted in blocking buffer (1:1000). After
washing to remove the primary antibody, the blots were
incubated with alkaline phosphatase-conjugated goat anti-
rabbit IgG secondary antibody diluted 1:2500 in blocking
buffer. Blots were developed using enhanced chemi-
fluorescence and analyzed on a STORM 860 system (Molec-
ular Dynamics).
Statistical Analysis—The statistical analysis of the IVF exper-

iments was done by chi-square using Prism 4.0 software
(GraphPad Software). Results were expressed asmean� S.D. of
themean.All tests were two-tailedwith a statistical significance
assessed at the p � 0.05 level.

RESULTS

Production and Analysis of Re-
combinant Mouse ZP3R/sp56—
To study the biological function of
mouse ZP3R/sp56 during fertiliza-
tion, recombinant protein was
produced (Fig. 1). Analysis of the
conditioned culture medium by
immunoblotting revealed that
recombinant ZP3R/sp56 exhibited
molecular weights similar to that
observed for native ZP3R/sp56
under reducing and non-reducing
conditions (Fig. 1). The protein
existed as a large complex under
non-reducing conditions and had
a molecular weight greater than
250,000 due to the formation of
intra- and intermolecular disulfide
bonds. The disruption of disulfide
bonds by reduction with dithio-
threitol (DTT) produced a major
immunoreactive protein with a
molecular weight of 67,000. Occa-

sionally, minor species with molecular weights of 43,000 and
31,000 were also detected; immunoreactive species of similar
sizes have previously been detected in extracts of mouse
sperm and may represent slightly degraded ZP3R/sp56
monomers (14). The recombinant ZP3R/sp56 was purified
from serum-free conditioned medium using FPLC chroma-
tography (Fig. 2). Analysis by SELDI-TOF-MS after protein
reduction confirmed themonomeric subunit size of�66,900
(Fig. 3A). The purity was assessed by SDS-PAGE and
Coomassie Blue staining (Fig. 3B), showing that the purified
preparation consisted primarily of a single protein of
67,000 Mr.
Native ZP3R/sp56 forms high molecular weight

(��250,000) oligomers cross-linked by disulfide bonds (14).
Under non-reducing conditions, the same is true for recom-
binant ZP3R/sp56 (Fig. 4, lane 1). When the recombinant
ZP3R/sp56 was processed with increasing amounts of DTT
in the sample buffer prior to electrophoresis and immuno-
blotting, the high molecular weight oligomer was broken
down into a series of smaller oligomers as a function of the
concentration of DTT. At the highest concentration of DTT
used (100mM), ZP3R/sp56monomers were produced (Fig. 4,
last lane). This technique has occasionally been used to
determine the number of monomers present in a given high
molecular weight oligomer. Although it is apparent that
there are at least 6 monomers in the ZP3R/sp56 complex, we
were unable to form an accurate estimate of the number of
monomers in the ZP3R/sp56 oligomer due to the com-
plexity of the electrophoretic pattern in the higher molecular
weight region of the gel. In addition, we cannot clearly esti-
mate of the size of the ZP3R/sp56 oligomer because its rela-
tive mobility is slower than our largest molecular weight
marker.

FIGURE 2. Purification of recombinant ZP3R/sp56 using FPLC. A, chromatogram from anion exchange
purification of recombinant ZP3R/sp56 from serum-free conditioned media. The linear salt gradient ranged
from 0 to 1 M NaCl. Values under the curve ( . . . 613, H1, . . . ) represent the numbers of the collected fractions. B,
immunoblotting analysis under reducing conditions of different chromatogram peaks to detect recombinant
ZP3R/sp56 with anti-CPT antibody.
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Recombinant ZP3R/sp56 Binds to the ZP of Unfertilized
Eggs but Not to 2-Cell Embryos—The biological activity of
ZP3R/sp56 was initially assessed by evaluating its ability to
bind to unfertilized eggs. Fluorescent beads conjugated to
recombinant ZP3R/sp56 were added to droplets containing
unfertilized metaphase II-arrested eggs or 2-cell embryos.
Beads coated with recombinant ZP3R/sp56 bound to the ZP
of unfertilized eggs but not to fertilized 2-cell embryos, indi-
cating that the changes that take place in the ZP upon fertil-
ization (27) affected the interaction of this protein with the
ZP (Figs. 5 and 6, respectively). As a positive control, we used
beads coated with proteins from an acid extract of uncapaci-
tated sperm, which contains ZP3R/sp56 and, possibly, other
proteins that can bind to the ZP. As a negative control, we
coated beads with a cleaved form of ZP3R/sp56 (an N-termi-
nal 43,000Mr fragment released from sperm that had under-
gone acrosomal exocytosis), which did not show binding

activity.4 The binding of ZP3R/sp56-coated beads was also
reduced by preincubating the egg with recombinant ZP3R/
sp56 for 45 min (Fig. 5D).
Normally, the bead binding assay was performed as soon as

possible after egg collection (within an hour). However, when
we performed these experiments 6 h after egg collection, we did
not see a clear binding of ZP3R/sp56 beads relative to BSA-
coated beads (negative control). It is possible that the lack of
binding is related to zona pellucida hardening, an aging-related
phenomenon seen inmouse and rat oocytes cultured in serum-
free medium (28, 29). The hardened ZP is refractory to sperm
binding and penetration.
Incubation of Eggs with Recombinant ZP3R/sp56 Reduces

the in Vitro Fertilization Rate—To evaluate a potential role
of ZP3R/sp56 in sperm-gamete interactions, we preincu-
bated unfertilized eggs in varying concentrations of recom-
binant ZP3R/sp56 and then performed in vitro fertilization
in the presence of the recombinant protein. Successful
sperm fusion was assessed by the formation of pronuclei and
subsequent progression to the 2-cell embryo stage (Fig. 7).
The extent of in vitro fertilization was reduced in a dose-de-
pendent manner when oocytes were preincubated in recom-
binant ZP3R/sp56 (74% drop at the maximal concentration
assayed). To discount any possible effect of compounds pres-
ent in the conditioned media, in one set of experiments, we
preincubated the eggs in the presence of conditioned
medium from cells transfected with an empty plasmid. The
fertilization rate observed in this situation was similar to the
controls (not shown). The 2-cell embryos generated from
eggs treated with ZP3R/sp56 generally progressed to the
blastocyst stage without displaying any abnormalities, indi-
cating the incubation of eggs in ZP3R/sp56 did not have
toxic consequences. In addition, sperm motility appeared to
be unaffected after 3 h of incubation, even at concentrations
as high as 100 �g/ml (not shown).

4 M. G., Buffone and G. L. Gerton, unpublished results.

FIGURE 3. Analysis of recombinant ZP3R/sp56. A, SELDI-MS spectrum anal-
ysis of purified recombinant ZP3R/sp56 (after reduction with DTT) showing
the correct molecular mass. B, Coomassie Blue staining of the purified protein
by anion exchange FPLC.

FIGURE 4. Titration of ZP3R/sp56 disulfides by dithiothreitol. Recombi-
nant ZP3R/sp56 was prepared for SDS-PAGE with increasing amounts of DTT
in the sample buffer. DTT concentrations ranged from 0 to 100 mM. Each lane
contained 1 �g of recombinant protein, and detection was achieved by
immunoblotting with the anti-CPT antibody.
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Reduced Sperm Penetration in Eggs Incubated with Recom-
binant ZP3R/sp56—Eggs incubated for 3 h in the presence of
mouse sperm with or without recombinant ZP3R/sp56 (100
�g/ml) were washed and stained with the DNA dye DAPI
(Fig. 8). Those eggs incubated with the recombinant protein
showed an absence of or very few sperm in the perivitelline
space compared with those incubated without the protein,
suggesting that the reduction in the fertilization rate is due
to the inhibition of sperm penetration through the zona pel-
lucida. On average, the eggs showed from 5.9 � 1.5 sperm

per egg, which is in accordance with previous reports (30).
On the other hand, the eggs incubated with ZP3R/sp56 dis-
played 0.7 � 0.7 sperm per egg.

DISCUSSION

The acrosome is a critical exocytotic organelle overlying
the anterior aspect of sperm frommany species. Although its
role during fertilization is not completely understood, a
mammalian spermatozoon must have a properly formed
acrosome to be fully functional in the process of binding and
penetrating the zona pellucida, the extracellular matrix sur-
rounding the egg. Men or mice carrying mutations affecting
the formation of the sperm acrosome are infertile (31–34).
Our studies showing that the mouse sperm zona pellucida-
binding protein ZP3R/sp56 is intra-acrosomal, and not on
the plasmamembrane, have led us to reexamine the events of
acrosomal exocytosis and the role of the sperm acrosomal
matrix in the fertilization process (14, 16).
To expand these investigations, ZP3R/sp56 was expressed

in HEK293 cells because there is no spermatogenic cell sys-
tem for the expression of recombinant proteins. HEK293
cells secrete proteins that undergo glycosylation and oli-
gomerization, two post-translational modifications that are
not possible in a bacterial expression system. Furthermore,
we were able to adapt methodology used for studies on the
closely related protein C4BP (35). Recombinant ZP3R/sp56
exhibited the expected monomer molecular weight under
reducing conditions and formed higher molecular weight
oligomers similar to the native mouse sperm protein, prop-
erties shared by C4BP. The oligomerization of ZP3R/sp56 is
dependent on the formation of intermolecular disulfide
bonds between cysteines in the C-terminal region of each
monomer. As a result of amino acid sequence similarities
between the two proteins, structural features can be inferred
for ZP3R/sp56 from the wealth of data concerning human
C4BP. This latter protein consists of seven identical �-sub-
units and a unique �-chain linked together by disulfide
bridges (36). Synchroton x-ray scattering and hydrodynamic
analysis indicates that C4BP in solution is a bundle of seven
extended arms held together at their C termini (37). As far aswe
know, there is not a �-subunit associated with the ZP3R/sp56
oligomer althoughwe frequently observed a bandwith amolec-
ular weight of �43,000. This could be an unidentified ZP3R/
sp56 �-subunit or a fragment of the 67,000Mr monomer.
Using the FluoSphere binding assay, we demonstrated that

beads coated with ZP3R/sp56 bound to the zona pellucida of
unfertilized eggs, confirming its role as a ZP-binding protein.
After fertilization, the zona pellucida undergoes critical modi-
fications to prevent the binding or penetration of additional
sperm (38, 39). Egg cortical granules exocytose their contents,
which modify the zona matrix. Although other biochemical
changes have been inferred, only the proteolytic cleavage of
ZP2 has been experimentally observed (13, 27). As expected for
ZP modified as a consequence of cortical granule exocytosis,
recombinant ZP3R/sp56 did not bind to fertilized 2-cell
embryos.
If ZP3R/sp56 binds to specific recognition sites of ZP gly-

coproteins, one would predict that preincubation of unfer-

FIGURE 5. Mouse sperm protein ZP3R/sp56 binds to unfertilized eggs.
Protein-conjugated fluorescent beads (1 �m) were added to droplets con-
taining ovulated eggs and incubated for 30 min. Unbound beads were
removed by washing. Beads coated with ZP3R/sp56 bound to the zonae of
unfertilized oocytes (A). The binding of beads coated with acid-extracted
sperm protein (containing acrosomal proteins) served as a positive control
(B). As a negative control, BSA-coated FluorSpheres were used (C). The bind-
ing of ZP3R/sp56-coated beads was reduced by preincubating the egg with
recombinant ZP3R/sp56 for 45 min (D). E–H are the phase contrast images of
A–D, respectively. The experiment was repeated five times with similar
results.
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tilized eggs with purified recombinant ZP3R/sp56 would
greatly reduce sperm binding to the ZP, and that fertilization
rates would be adversely affected. We performed in vitro
fertilization after preincubating the eggs with increasing
concentrations of recombinant ZP3R/sp56. The binding of
ZP3R/sp56 to the ZP decreased the ability of sperm to fertil-
ize the eggs in a dose-dependent manner. The interference
with fertilization was at the level of the zona pellucida,
because the total or partial saturation of the ZP3R/sp56-
binding sites reduced the number of sperm in the periv-
itelline space, as shown in Fig. 8. We did expect to see a

reduction in the fertilization rate
but not a complete inhibition,
because the binding to the zona pel-
lucida seems to be a very redundant
process, i.e. sperm proteins other
than ZP3R/sp56 are also involved in
sperm-ZP binding (2). For example,
the targeted deletion of three pro-
teins involved in the binding to the
ZP such as SED-1 (6), galactosyl-
transferase (40), and proacrosin (41)
generated some level of subfertility
or disregulation of acrosomal exo-
cytosis. Few of these studies have
looked at details concerning acroso-
mal architecture or composition in
the mutant mice.
With several proteins identified

as having a role in sperm-ZP bind-
ing, it is difficult to define the
actual mechanism of sperm bind-
ing and penetration of the ZP
because of the challenges in defin-
itively assessing the state of acro-
somal integrity at any given
moment. The Acrosomal Exocyto-

sis Model proposed by our laboratory acknowledges a role
for the acrosomal matrix in the ZP binding and penetration
steps (3). This model does not require that the acrosome be
absolutely intact for sperm binding to the ZP. Because this
alternative paradigm predicts that a hallmark of capacitated
sperm is that they have initiated but not completed exocyto-
sis, the ZP is proposed to accelerate the exocytotic process
rather than induce it. In a recent report, Baibakov et al. (13)
used a filter penetration assay and suggested that the passage
of sperm through a matrix such as the zona initiates a mech-
anosensory signal transduction process necessary to trigger
the acrosome reaction. However, this model ignores the
rather unambiguous observations that acid-solubilized ZP
or purified ZP3 can stimulate acrosomal exocytosis (42–47).
In our view, any model for acrosomal exocytosis must take
into account the microenvironment at the site of sperm-
zona interaction. For example, several studies have noted
that green fluorescent protein (GFP) loss from the acro-
somes of transgenic sperm on the zona is slow (13, 48) and
interpret this to mean that acrosomal exocytosis has not
occurred. However, we imagine that the biophysical nature
of this site is not fully appreciated in these studies and envi-
sion that the glycoprotein nature of the ZP components may
form a gel-like microenvironment (13, 48). The diffusion of
GFP away from the acrosomes of sperm embedded in the
surface of the ZP may be impeded relative to sperm swim-
ming free in solution.
In summary, these results indicate that sperm ZP3R/sp56

is important for sperm-zona interactions during fertiliza-
tion, consistent with a role in adhesion to the zona pellucida,
and support the concept that the acrosomal matrix plays an

FIGURE 6. Mouse sperm protein ZP3R/sp56 does not bind to 2-cell embryos. Fluorescent beads (1 �m)
coated with ZP3R/sp56 were added to droplets containing 2-cell embryos and incubated for 30 min. Unbound
beads were removed by washing. Beads coated with ZP3R/sp56 did not bind to the zona of 2-cell embryos (D).
The binding of beads coated with acid-extracted sperm protein (containing acrosomal proteins) served as a
positive control (E). As a negative control, BSA-coated FluoSpheres were used (F). A–C are the phase contrast
images of D–F, respectively. The experiment was repeated five times with similar results.

FIGURE 7. Incubation of eggs in recombinant ZP3R/sp56 reduces the rel-
ative rate of in vitro fertilization. Recombinant ZP3R/sp56 reduced the fer-
tilization rates in a dose-dependent manner. The eggs were preincubated
with the protein for 45 min before adding the spermatozoa. After 27 h of
incubation, eggs were classified as fertilized if they had undergone pro-
nuclear formation or cleaved to the 2-cell stage. The results were normalized
against the fertilization rates of 0 �g/ml of ZP3R/sp56. The recombinant
ZP3R/sp56 was diluted in PBS (vehicle). Each bar represents the mean � S.D.
of five independent experiments.
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essential role in mediating the binding of the sperm to the
ZP.
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FIGURE 8. Incubation of eggs with recombinant ZP3R/sp56 reduces the
sperm penetration of the zona pellucida as assessed by the number of
sperm in the perivitelline space. The eggs were preincubated with the pro-
tein for 45 min before adding the spermatozoa. After 3 h of incubation, the
eggs were washed and stained with DAPI. Representative pictures of eggs
incubated without ZP3R/sp56 (A) or with ZP3R/sp56 (B). The average number
of sperm per egg in the perivitelline space and the number of sperm attached
to the zona pellucida are shown in C and D, respectively. The experiment was
repeated three times (�10 eggs for each condition).
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