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Fertilization comprises oligosaccharide-mediated sperm-
egg interactions, including sperm binding to an extracellular
egg envelope, sperm penetration through the envelope, and
fusion with an egg plasma membrane. We show that Xenopus
dicalcin, an S100-like Ca2�-binding protein, present in the
extracellular egg envelope (vitelline envelope (VE)), is a sup-
pressive mediator of sperm-egg interaction. Preincubation
with specific antibody greatly increased the efficiency of in
vitro fertilization, whereas prior application of exogenous
dicalcin substantially inhibited fertilization as well as sperm
binding to an egg and in vitro sperm penetration through the
VE protein layer. Dicalcin showed binding to protein cores of
gp41 and gp37, constituents of VE, in a Ca2�-dependentman-
ner and increased in vivo reactivity of VE with a lectin, Rici-
nus communis agglutinin I, which was accounted for by
increased binding ability of gp41 to the lectin and greater
exposure of gp41 to an external environment. Our findings
strongly suggest that dicalcin regulates the distribution of
oligosaccharides within the VE through its binding to the
protein core of gp41, probably by modulating configuration
of oligosaccharides on gp41 and the three-dimensional struc-
ture of VE framework, and thereby plays a pivotal role in
sperm-egg interactions during fertilization.

Fertilization is an essential process whereby individual
gametes unite to develop a new organism. This enigmatic pro-
cess requires the direct interaction between sperm and the egg
extracellular envelope (1–3). This extracellular envelope of egg
(called zona pellucida in mammals or vitelline envelope (VE)2
in amphibians) contains several glycoproteins (called ZP pro-
teins) that are conserved, to some extent, among a variety of
animals (4). Considerable lines of evidence have indicated that
oligosaccharides of these glycoproteins play a critical role in

sperm-egg interaction. In a current model, one or more sperm
surface proteins recognize oligosaccharides of glycoproteins in
the egg envelope, and thereby, sperm undergoes acrosome
reaction, penetrates the egg envelope, and fuses with an egg
plasma membrane (5), and several potential components for
the binding of sperm to egg envelope have been demonstrated
(6, 7). InXenopus laevis, VE is known to be composed of at least
four ZP proteins (gp120, gp69/64, gp41, and gp37).Most sperm
binding activity (�70%) has been attributed to N-linked oligo-
saccharides on gp41, and the rest to N-linked oligosaccharides
on gp64 (8). The primary structure of gp41 contains two
N-linked glycosylation sites (Asn82 and Asn113), both of which
are located within ZP domain (residues 13–274) (9, 10). Based
on mass spectrometry analyses using enzyme-digested pep-
tides, some structures ofN-linked VE oligosaccharides are pro-
posed (11). However, it remains elusive how oligosaccharides
of gp41 function to establish proper sperm-egg interactions.
We have recently cloned Xenopus dicalcin, an S100-like cal-
cium-binding protein, in Xenopus eggs (12). S100 proteins
form a family of small (10–14 kDa) calcium-binding proteins
that regulate various extra- and intracellular activities (13,
14). The primary structure of dicalcin consists of two S100-
like regions connected by a linker region, which features this
protein as a “dimer form of S100 calcium-binding protein.”
Dicalcin was originally identified in frog (Rana catesbeiana)
olfactory cilia as an intracellularly expressed Ca2�-binding
protein (15). The Ca2�-bound form of dicalcin interacts with
several ciliary proteins, including annexins and �-adrenergic
receptor kinase-like protein (16, 17). Dicalcin shows no
enzymatic activities by itself, and instead, through interac-
tions with these intracellular target proteins, it may serve to
regulate ciliary function(s) of olfactory neurons such as che-
mosensory signaling and/or ciliary membrane repair. After
the original identification, however, this protein was also
found in other tissues, including egg (12). The objectives of
this study were to examine whether dicalcin regulates some
reproductive functions, including fertilization and to iden-
tify molecular mechanisms for the action of dicalcin. We
here characterized Xenopus dicalcin in egg and revealed its
crucial role in sperm-egg interaction during fertilization.

EXPERIMENTAL PROCEDURES

Expression of Dicalcin in Escherichia coli—The coding region
of dicalcin was PCR-amplified, ligated with pET-3a (Novagen,
EMD, Darmstadt, Germany) and subsequently introduced into
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E. coli BL21 pLysS (Novagen). Recombinant dicalcin was
expressed and purified according to procedures as described
previously (15).

45Ca Blot Analysis—45Ca blot analysis was performed as
described previously (16). Recombinant dicalcin andmolecular
size markers (Bio-Rad, �6 �g each) were electrophoresed and
transferred onto a PVDF membrane (Immobilon, Millipore,
Billerica, MA). Blots on the membrane were soaked in a Tris-
buffered saline (100mMTris-HCl, 154mMNaCl, pH 7.5) under
1 mM 45CaCl2 (5.9 � 1012 Bq/mmol). After blots were washed
with 50% methanol and then dried, bound 45Ca was detected
with BAS2000 (Fujifilm, Tokyo, Japan).
Ca2� Binding Studies—To measure the stoichiometry of

Ca2� binding to dicalcin, we performed flow dialysis experi-
ments as previously described (18). Briefly, we incubated
dicalcin (final concentration, 10 �M) in a Tris buffer (100 mM

KCl and 20 mM Tris-HCl, pH 7.5) at 20 °C with various con-
centrations of 45CaCl2 (5.9 � 1012 Bq/mmol). The reaction
buffer was placed in a prewashedmicroconcentrator (Micro-
con, Millipore) used as a filtration device, and then it was
centrifuged briefly. We counted the activities of 45Ca in 4-�l
portions of both reaction mixture and the filtrate using a
scintillation mixture (Clearzol, Nacalai, Kyoto, Japan). By
comparing the activities of 45Ca in the reaction mixture and
the filtrate, the amount of Ca2� bound to dicalcin was calcu-
lated. Blank experiments without dicalcin were performed to
correct for nonspecific binding of Ca2� to the membrane of
microconcentrators. The Ca2� concentration in each reac-
tion mixture was varied using a Ca/EGTA buffering system
and was calibrated fluorometrically with fluo-3 FF (19) (Cal-
biochem, EMD).
Western Blot Analysis—A soluble fraction of eggs was

obtained by ultracentrifugation (50,000� g, 30min, 4 °C) of the
egg homogenate. A portion of the soluble fraction was electro-
phoresed and transferred to a PVDFmembrane (Immobilon P,
Millipore). After blocking, blots were incubated with dicalcin
antibody at 4 °C at a dilution of 1/(2 � 104). Anti-dicalcin anti-
body against purified recombinant dicalcin was raised in a rab-
bit. After washing, blots were reacted with a horseradish perox-
idase-labeled secondary antibody. Immunoreactive proteins
were visualized by LAS-1000 (Fujifilm).
Affinity Purification of Anti-dicalcin Antibody—Anti-dical-

cin antibody was immunoaffinity-isolated from an antiserum
using dicalcin-Sepharose. Preparation of dicalcin-Sepharose
was performed as described previously (16).
Immunohistochemistry—AXenopus egg was first dejellied by

using 2% cysteine and fixed in 2% paraformaldehyde, 0.2% glu-
taraldehyde, and 0.1% Triton at 4 °C. Then the egg was
immersed in 25% sucrose, embedded in O.C.T. compound
(Tissue-Tek, Sakura Finetek, Tokyo, Japan), and cut into
�14-�m-thick sections. The sections were then treated by a
standard immunohistochemical procedures in which anti-
dicalcin antibody was used at a dilution of 1/(2 � 104) at 4 °C
overnight. After the sections were rinsed, they were treated
with a secondary antibody (Alexa 568, Molecular Probes,
Invitrogen).
VE Protein Preparation—VE proteins were prepared from

Xenopus eggs by sieving method described elsewhere (20, 21).

Briefly, envelopes were collected by passing dejellied egg lysate
through a nylon screen, and the screen was washed extensively
with distilledwater. Isolated envelopeswere stored overnight in
2 M NaCl, 2 mM CaCl2, 10 mM Tris-HCl (pH 7.4) to selectively
solubilize contaminating yolk platelets (22), and heated at 70 °C
before use.
Chemical Deglycosylation of VE Proteins—VE proteins were

deglycosylated using trifluoromethanesulfonic acid (TFMS) as
described elsewhere (23). Briefly, freeze-driedVEproteinswere
suspended in 100 �l of anhydrous TFMS/anisole (9:1) and kept
on ice during 3 h. After this cleavage reaction, 1 ml of pyridine/
diethylether (1:9) was added to the reaction mixture in a dry
ice/ethanol bath to remove TFMS. Deglycosylated VE proteins
were dialyzed against 10 mM NH4HCO3.
Blot Overlay Analysis—Blot overlay analysis using biotin-

ylated dicalcin was performed according to our previous
method (16). Soluble egg proteins and VE were electro-
phoresed and blotted onto a PVDF membrane. Deglycosy-
lated VE proteins were used when indicated. After renatur-
ing and blocking, blots were incubated with biotinylated
dicalcin (final concentration, 0.4 �M) overnight at 4 °C in the
presence of either 500 �M CaCl2 or 500 �M EGTA. When
blots were incubated with Rhodamine-labeled Ricinus com-
munis agglutinin I (RCAI), they were preincubated with
dicalcin in the presence of either CaCl2 or EGTA. After
wash, biotinylated dicalcin bound to a target protein was
coupled to horseradish peroxidase using a Vectastain ABC
kit (Vector Laboratories, Burlingame, CA) and visualized by
using LAS-1000 (Fujifilm). Bound Rhodamine-labeled RCAI
was visualized by using FLA-8000 (Fujifilm).
Preparation of Gametes—Ovulated or gently squeezed eggs

were immediately washed three times with Steinberg solution
(58mMNaCl, 0.6 mMKCl, 0.3 mMCa(NO3)2, 0.8 mMMgSO4, 5
mM Tris, pH 7.4). Jelly was removed by exposure (5 min) of the
eggs to 2% cysteine. The resultant jelly-free eggs were gently
washed several times with 0.3�MMR (1�MMR: 100mMNaCl,
2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 0.1 mM EDTA, 5 mM

Hepes, pH 7.8). Jelly extract was prepared as described else-
where (24). Briefly, jelly-coated eggs (�4g) were subjected to
gentle rocking with 10 ml of 0.3�MMR for 60 min. The
medium was collected and mixed with Ficoll (final concentra-
tion, 10%, Sigma), providing “jelly extract.” Sperm were pre-
pared by chopping and macerating a freshly excised testis in 1
ml of 0.3�MMR. The intact sperm were diluted in the jelly
extract.
Sperm Binding Assay—Approximately 40 dejellied eggs in

0.3�MMR of �500 �l were preincubated with the following
material for 15 min; dicalcin (final concentration, 0.4 �M or 4
�M), BSA (4 �M) as a control, anti-dicalcin antibody (5 or 50
mg/liter), preimmune rabbit IgG (50 mg/liter). After washing
eggs gentlywith 0.3�MMR, sperm suspension of�100�l (final
concentration, �5 � 106/ml) was added, and the mixture was
incubated for 15 min. Then, sperm-treated eggs were gently
washed several times with 0.3�MMR. To confirm efficient
removal of loosely attached sperm, two-cell embryos were
treated in a same manner as controls. Almost no sperm (0–5
sperm/egg) remained attached to the two-cell embryo. The
gametes were fixed and stained in 3% paraformaldehyde in
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0.3�MMR, and bound sperm were counted in an equatorial
focal plane. All count was done blind to conditions. For a quan-
titative confocal study, the gameteswere fixed and stained in 3%
paraformaldehyde in 0.3�MMR containing Hoechst 33342
(0.2 mg/ml). Stained sperm were observed using a confocal
microscope (Zeiss LSM510, Oberkochen, Germany) with pin-
hole aperture, detector gain, and offset being kept constant for
experimental comparisons. Intensity of Hoechst staining of
each focal plane was summed from three stepwise focal planes
having a 50-�m interval to score the total number of bound
sperm per egg. All quantifications were done blind to
conditions.
In Vitro Penetration Assay—We used Netwell assembly to

assay the efficiency of sperm penetration (NetwellTM, Corn-
ing, NY). The upper chamber is assembled from the polysty-
rene frame insert and the polyester mesh, the mesh size (�70
�m) of which is proper enough to hold viscous VE proteins
and also to allow sperm for free moving. In the lower cham-
ber, 650 �l of 0.3�MMR was filled to contact with the bot-
tom mesh of the upper chamber. Suspension of VE proteins
(0.5 mg/ml, �650 �l) was placed on the mesh of the upper
chamber. After preincubation of VE protein layer either with
dicalcin (final concentration, 4 �M) or BSA (4 �M) as a con-
trol for 15 min, sperm suspension (�5 � 106 sperm/well)
was added, and the mixture was incubated for the indicated
time. Penetrated sperm through the VE to the lower cham-
ber were collected and counted to calculate the percentage of
penetrated sperm. All counts were done blind to conditions.
In Vitro Fertilization Assay—Pretreatments were performed

similarly as described for the sperm binding assay. After wash-
ing gently with 0.3�MMR, dejellied eggs were inseminated
with sperm (final concentration, �5 � 106/ml) treated with
jelly extract. The successful fertilizationwas scored by counting
eggs that underwent first cleavage until some of the fertilized
eggs proceeded to the four-cell stage (mostly occurring within
�120 min after insemination). All counts were done blind to
conditions.
Lectin Blot Analyses and Lectin Cytochemistry—Lectin blot

analyses were performed as described elsewhere (25). VE pro-
teins were electrophoresed and blotted onto a PVDF mem-
brane. Deglycosylated VE proteins were used where indicated.
After blocking with synthetic polymer (PVDF Blocking Rea-
gent, TOYOBO, Osaka, Japan), blots were probed with 50
�g/ml lectin conjugates (Rhodamine-RCAI, Fluorescein-soy-
bean agglutinin, Fluorescein-Sambucus nigra lectin, and Bio-
tinylated-MALII, Vector Laboratories). After wash, bound lec-
tin was visualized by using FLA-8000 (Fujifilm) or LAS-1000
using a Vectastain ABC kit similarly as in blot overlay analysis.
For lectin cytochemistry, unfertilized eggs were pretreated
either with BSA or dicalcin (4 �M each) in 0.3�MMR at room
temperature for 15 min. After wash, eggs were treated with
Rhodamine-labeled RCAI (50 �g/ml) for 30 min and analyzed
using a confocal microscope initially under low detector gain,
followed by observation under high detector gain for further
analyses.
Isolation and Fluorescent Labeling of gp41—gp41 was iso-

lated under continuously eluted SDS-PAGE using a Mini
Prep Cell (Bio-Rad) as previously described elsewhere (8).

Briefly, heat-solubilized VE proteins were loaded onto a
PAGE gel, and run with a constant current. Fractions were
collected every 10 min with a flow rate of 60 �l/min. Frac-
tions containing gp41 were analyzed by silver staining and
pooled. Isolated gp41 was labeled with a fluorescent dye,
tetramethylcarboxyrhodamine (TMR) according to the
manufacturer’s manual (protein labeling kit for the MF20
system, Olympus, Tokyo, Japan) and dialyzed against Tris-
buffered saline.
FCS Analysis—Fluorescent correlation spectroscopy (FCS)

measurements were performed in �35 �l of a Tris-buffered
saline (100 mM Tris-HCl, 154 mM NaCl, pH 7.5) solution con-
taining TMR-labeled gp41 (10 nM), 200 �M Ca2� either in the
presence (1 �M) or absence of dicalcin (MF20 system, Olym-
pus). Fluorescence intensity was recorded for the duration of
30 s at each measurement with a proper set of excitation light
and emission filter, and diffusion time of each sample was cal-
culated five times and averaged.
In Vivo VE Labeling with Cy5—Dejellied eggs were resus-

pended in 0.3�MMR (�500 �l) and labeled with 1 �l of Cy5
(final concentration, 1 nmol/ml; diluted fromDIGE Fluor min-
imal dye of the Ettan DIGE system, Amersham Biosciences) on
ice for 30 min. After quenching with 10 mM lysine, eggs were
washed and VE proteins were isolated as described before. VE
proteins were electrophoresed, and a fluorescence image was
obtained using the fluorescence scanner (Typhoon 9400,
Amersham Biosciences), followed by CBB staining to quan-
titate the amount of each VE protein. Based on fluorescence
intensity, the molar amount of Cy5 coupled with VE protein
was scored. Because one molecule of this dye couples with
one molecule of protein (manufacturer’s manual), we
deduced the molar amount of labeled protein and calculated
the ratio to total molar amount existing in the preparation
for each of four VE proteins. Although the recommended pH
for coupling buffer was 8.5 due to labeling efficiency ofN-hy-
droxysuccinimide ester coupling chemistry, our coupling
buffer with a pH of 7.5 was found to be also applicable to
label VE proteins (supplemental Fig. S1), and therefore we
adopted the pH of 7.5 for coupling in our assay as a more
physiological condition.
Animal Care—All animal experiments were approved and in

accordance with the animal care committee’s guidelines at
Toho University.
Statistical Analyses—Data are presented as mean� S.E. oth-

erwise indicated. The variables between two groups were ana-
lyzed using the Student t test.

RESULTS

Ca2� Binding Activity of Xenopus Dicalcin—We first exam-
ined the protein chemistry of dicalcin for Ca2� binding (Fig. 1).
Our 45Ca blot and flow dialysis experiments showed that dical-
cin actually binds to approximately four Ca2� per molecule
maximally (�3.6 Ca2�/protein at �200 �M Ca2� (Fig. 1B)).
This indicates that all four Ca2�-binding motifs called
EF-hands are capable of interacting with Ca2� and implies a
potency of Ca2�-dependent function(s) of dicalcin.
Localization of Dicalcin in Xenopus Egg—By using specific

antibody against dicalcin (Fig. 2A), we examined localization
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of dicalcin in a Xenopus egg. The result showed that dicalcin
is localized prominently in the marginal region of an egg and
throughout the egg to a less extent (Fig. 2B). Higher magni-
fied observation revealed that dicalcin is distributed uni-
formly in the VE (Fig. 2C, arrowheads). This result is intrigu-
ing, because no other S100 proteins have been shown to exist
in the extracellular structure such as VE, although several
lines of evidence demonstrated extracellular release of some
S100 proteins (26, 27). In addition, dicalcin is localized in the
cytosol within �20 �m of depth from the cell surface: this
area corresponds to the cortex of an egg (Fig. 2C, arrows), but
not in yolk nor pigment granules. The absence of dicalcin
within cortical granules suggests that extracellular release of
dicalcin after fertilization is unlikely, consistent with our
results that there were no significant changes in immunore-
active intensity between unfertilized and fertilized eggs (data
not shown).
Ca2�-dependent Binding of Dicalcin to Protein Cores of gp41

and gp37—To investigate the physiological role(s) of dicalcin in
an egg, we tried to identify the target(s) of dicalcin. Blots of
egg-soluble proteins and VE proteins were probed by biotin-
ylated dicalcin either in the presence or absence of Ca2�. Dical-
cin bound to several egg and VE proteins in the presence of
Ca2� (middle panels in Fig. 3A, arrowheads), but not in the
absence of Ca2� (right panels in Fig. 3A). In egg extract, two
bands at molecular masses of �35–38 kDa may represent
annexins that have been shown to interact with dicalcin in frog
olfactory and respiratory cilia (17). VE is known to be composed
of four major proteins (gp120, gp69/64, gp41, and gp37; aster-
isks in the left panels in Fig. 3A). A comparison of themolecular
masses of the candidates (arrowheads) and silver-stained pro-
teins (asterisks) revealed that dicalcin-binding proteins in the
VE are gp41 and gp37. Dicalcin binding to gp41 or gp37 is
specific, because dicalcin-binding signals almost disappeared in
the presence of purified anti-dicalcin antibody (50 mg/liter)

(Fig. 3B). It should be noted that this result also endorses the
potential use of this polyclonal antibody to inhibit the interac-
tion between dicalcin and VE proteins in the later in vitro fer-
tilization experiment. Because gp41 and gp37 contain sugar
moieties on their protein cores, we examined whether dicalcin
binds to their protein cores or glycan portions. VE proteins
were chemically deglycosylated using TFMS (right lane in Fig.
3C). TFMS-treated gp41 and gp37 co-migrated on SDS-PAGE
at �36 kDa as seen in previous research (23) (upper panel, Fig.
3C). The decrease in the apparent molecular mass after deglyco-
sylationwas larger in gp41 than in gp37, which is consistent with
the notion that gp41 has asmuch as�70%of total glycans in the
VE glycoproteins (11). Our lectin blot showed that RCAI

FIGURE 1. Ca2� binding activity of Xenopus dicalcin. A, 45Ca blot of Xenopus
dicalcin. Recombinant dicalcin and molecular size markers (�6 �g each) were
electrophoresed and transferred onto a PVDF membrane. Blots of recombi-
nant Xenopus dicalcin and size markers were soaked in Tris-buffered saline
containing 1 mM

45CaCl2. After washing, the membrane was dried, and bound
45Ca was detected. CBB, Coomassie brilliant blue staining; 45Ca, 45Ca blot;
Marker, molecular size markers; Dicalcin, recombinant Xenopus dicalcin.
B, Ca2� binding to Xenopus dicalcin. Recombinant dicalcin (final concentra-
tion, 10 �M) was incubated with various concentrations of 45CaCl2. The graph
shows the amount of Ca2� bound to Xenopus dicalcin as a function of free
Ca2� concentration (n � 6, mean � S.D.). The data were fitted by a Hill equa-
tion (solid line).

FIGURE 2. Localization of dicalcin in Xenopus eggs. A, specificity of anti-
dicalcin antibody. Left (CBB): CBB staining of the proteins after SDS-PAGE of
the homogenate of Xenopus eggs (Egg) and recombinant dicalcin (Dica). Mid-
dle (Anti-dica): Western blot analysis of homogenates of Xenopus eggs (Egg)
and recombinant dicalcin (Dica) treated with anti-dicalcin antibody. Right
(Pre): Blots treated with preimmune antibody. B, immunohistochemical stain-
ing at a low magnification. Eggs were fixed, and serial sections (�14-�m
thickness) were treated with anti-dicalcin antibody (Anti-dica) or preimmune
antibody (Preimmune). Dicalcin is localized in the marginal area of Xenopus
eggs (arrows). BF, bright field observation; FL, fluorescence image. Anti-dica,
stained with anti-dicalcin antibody; Preimmune, stained with preimmune
antibody. Scale bar: 200 �m. C, detailed localization of dicalcin in Xenopus
eggs. Dicalcin is localized in the extracellular vitelline envelope (arrowheads)
and in the cytosolic cortex of the egg (arrows). BF, bright field observation;
Dicalcin, merged image of bright field and fluorescence image stained with
anti-dicalcin antibody. VH, vegetal hemisphere; AH, animal hemisphere; and
VE, vitelline envelope. Scale bar: 20 �m.
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reacted solely with native gp41 but not with its TFMS-treated,
deglycosylated form nor gp37 (middle panel, Fig. 3C). Our blot
overlay analysis using deglycosylated VE proteins showed that
dicalcin bound to �36-kDa proteins (lower panel, Fig. 3C).
Accordingly, these results indicate that dicalcin is likely to bind
to protein cores of gp41 and gp37.
Inhibitory Effect of Dicalcin on Fertilization Processes—In a

currently favored model of Xenopus sperm-egg interaction,

acrosome-intact sperm bind to gp41 and gp69/64 and undergo
acrosome reaction, which enables sperm to penetrate the VE
(28). Major sperm binding activity has been shown to reside in
the complexN-linked oligosaccharides of gp41 (8). In addition,
a combination of gp37, gp41, and gp69/64 as a whole is sug-
gested tomaximize spermbinding, implying that gp37 serves to
reinforce sperm binding to VE as an essential structural com-
ponent of VE filaments (8). Because dicalcin binds to both gp37
and gp41 in the VE, we hypothesized that dicalcin affects the
processes of sperm-egg interaction such as sperm binding to
the VE and/or sperm penetration through the VE. To examine
this, we first investigated the sperm-egg binding in vitro after
preincubation of dejellied eggs either with BSA or anti-dicalcin
antibody (50 mg/liter). The antibody slightly increased the
number of bound sperm, although the extent is small (�115%
of control, n � 9, p � 0.027) (Fig. 4B). In contrast, preincuba-
tionwith recombinant dicalcin decreased the number of bound
sperm (�77% of control at 4 �M, n � 9, p � 0.003) (Fig. 4C). In
parallel, these findings were confirmed by confocal observa-
tions of the intensity of Hoechst-stained sperm bound to an egg
(data not shown).
Next, to evaluate the effect of dicalcin on penetration

through the VE, we developed an in vitro penetration assay
method, where sperm were placed on a VE protein layer lying
on a polycarbonate filter (pore size, 74 �m) at the bottom of a
polystyrene upper chamber (Fig. 4D). At the indicated time of
incubation, we counted the number of sperm that penetrated
through theVE protein layer and infiltrated the lower chamber.
The extent of penetration reached to maximum around 10min
(Fig. 4F). Pretreatment of VE with dicalcin (4 �M) significantly
impaired the efficiency of sperm penetration 5 min after place-
ment of sperm (�50% of control at 4 �M; n � 6, p � 0.039)
(Fig. 4G).
Based on the above findings, we examined the effect of

dicalcin on fertilization in vitro. Preincubation with anti-
dicalcin antibody surprisingly increased the efficiency up to
�208% of control (n � 6, p � 0.0074) (Fig. 5A). Since anti-
dicalcin antibody significantly blocked the binding of dical-
cin to both gp41 and gp37 (Fig. 3B), preincubation with anti-
body is likely to neutralize the action of native dicalcin.
Oppositely, preincubation with recombinant dicalcin inhib-
ited the efficiency of fertilization in a dose-dependent man-
ner (Fig. 5B). In particular, preincubation of dicalcin at a
concentration of 4 �M inhibited fertilization almost com-
pletely (�14% of control; n � 6, p � 7.2 � 10�5). Addition of
antibody (50 mg/liter) in the presence of 0.4 �M dicalcin
cancelled this inhibitory action (�Anti-dica in Fig. 5B). Pre-
incubation of EGTA (16 �M), equivalent to the amount of
bound Ca2� to dicalcin (4 �M), exerted no effect, which indi-
cated that this inhibitory effect is not due to its Ca2�-buff-
ering ability but its action as a protein (EGTA in Fig. 5B).
Preincubation of sperm with dicalcin (4 �M) had no effects,
indicating that dicalcin acts on an egg, not on sperm (Fig.
5C). Taken together, these results strongly suggested that
dicalcin dampens both of sperm binding and sperm penetra-
tion, and thereby reduces the efficiency of in vitro fertiliza-
tion remarkably.

FIGURE 3. Ca2�-dependent binding of dicalcin to protein cores of gp41
and gp37. A, dicalcin binds to several egg and VE proteins. Soluble egg pro-
teins and vitelline envelope (VE) proteins were prepared as stated under
“Experimental Procedures.” VE proteins are composed of four major proteins
(asterisks). Blots of both egg-soluble proteins and VE proteins were probed by
biotinylated dicalcin either in the presence or absence of Ca2�. Dicalcin
bound to several egg proteins and two VE proteins (gp41 and gp37) in the
presence of Ca2� (arrowheads), but not in the absence of Ca2�. Egg, soluble
egg proteins; VE, VE proteins. �Ca2�, blot overlay analysis in the presence of
Ca2� (500 �M CaCl2); �Ca2�, analysis in the absence of Ca2� (500 �M EGTA).
B, anti-dicalcin antibody inhibits the binding of dicalcin to gp41 and gp37.
Blots of VE proteins were probed with biotinylated dicalcin either in the pres-
ence of anti-dicalcin antibody (Anti-dicalcin; 5 and 50 mg/liter) or preimmune
antibody (Pre; 50 mg/liter). Silver, silver-stained VE proteins after SDS-PAGE;
Pre, blot overlay analysis treated with preimmune antibody; Anti-dicalcin, blot
overlay analysis treated with anti-dicalcin antibody. The graph shows mean
data (n � 6; *, p � 0.0015; **, p � 2.4 � 10�5). C, dicalcin binds to deglycosy-
lated forms of gp41 and gp37. VE proteins were treated with TFMS for 3 h.
Blots of glycosylated and deglycosylated proteins were probed either with
fluorescently labeled RCAI or biotinylated dicalcin. Silver, silver-stained pro-
teins treated with TFMS (TFMS �) or without treatment (TFMS �); RCAI, blot
with RCAI; Dica, blot with biotinylated dicalcin. Arrowheads indicate the posi-
tions of gp41 and gp37.
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Alteration of RCAI Reactivity of Vitelline Envelope Caused
by Dicalcin—What is the molecular mechanism of an inhib-
itory effect of dicalcin on fertilization shown above? Carbo-
hydrate-dependent recognition is well known to play an
important role for establishment of an appropriate sperm-
egg interaction. Accordingly, we hypothesized that dicalcin
could induce an alteration in the interaction between sperm
and VE glycans, thereby affecting the efficiency of fertiliza-
tion. Interestingly, fertilization-failed human eggs showed a
heterogeneous staining pattern by a lectin, Maclura pomif-
era that preferentially binds to terminal disaccharide galac-
tose (Gal)-�1,3N-acetylgalactosamine (GalNAc) (29). In
addition, another lectin, Wheat germ agglutinin, blocks fer-
tilization in vitro in the hamster (30). Because Gal and Gal-
NAc are presumed to be enriched in Xenopus VE glycans
(23), Gal/GalNAc-sensitive lectin could detect some alter-
ations in VE glycans (e.g. reactivity with lectin), which was
caused by dicalcin. In addition, because removal of terminal
sialic acid residues potentially unmasks Gal residues of gly-
coproteins in the mouse (31), sialic acid-sensitive lectin
could also be used to detect an alteration of VE glycans.
Therefore, we examined the reactivity of VE glycoproteins
with Gal/GalNAc-sensitive lectins, RCAI, soybean aggluti-
nin, as well as sialic acid-sensitive lectins, S. nigra lectin and
Maackia amurensis lectin II. Among them, neither soybean
agglutinin, S. nigra lectin, or M. amurensis lectin II showed
reactivities, while RCAI solely reacted with gp41, one of the
targets of dicalcin, in our lectin blot analysis (Fig. 6A). This
reactivity disappeared when RCAI was preabsorbed with VE
proteins (not shown). When RCAI-staining signals were
quantified across the VE by line scan analyses, pretreatment
of dicalcin increased the peak RCAI signal to �120% of con-
trol in the outermost region of VE (Fig. 6C). Furthermore,
when the signal was detected under higher gain, surprisingly,
it was revealed that pretreatment of dicalcin significantly
broadened the RCAI-reactive zone (Fig. 6D) and disclosed
the clear RCAI signal at the interface between VE and egg
plasma membrane (arrows, Fig. 6, B and D). Because RCAI
reacted neither with BSA nor dicalcin (Fig. 6E), these results
indicated that pretreatment of dicalcin increases RCAI reac-
tivity of gp41 in the VE.
Mechanisms Underlying Dicalcin-dependent Regulation of Dis-

tributionofOligosaccharides in theVitellineEnvelope—How is the
above alteration inRCAI reactivity brought about by exogenous
dicalcin? We hypothesized two models: one is the “glycopro-
tein”model and the other is the “VE structure”model, although
these two models are not mutually exclusive. In our glycopro-
tein model, dicalcin binds to gp41 and induces allosteric con-
formational change of gp41molecule, increasing its RCAI reac-
tivity. In our VE structure model, dicalcin binds to gp41 as well
as gp37 and induces changes in the three-dimensional structure
of filamentous network of VE (32), increasing the accessibility
of macromolecules such as RCAI within the VE. To verify the
first scenario, we examined the increased binding ability of
gp41 to RCAI by blot overlay and FCS analyses. In blot overlay
analysis, blots of VE proteins were preincubated either in the
presence or absence of dicalcin and Ca2�, followed by incuba-
tion of RCAI. The amount of bound RCAI was significantly

FIGURE 4. Inhibitory effect of dicalcin on sperm binding and sperm pen-
etration through the VE protein layer. A, representative micrographs of
unfertilized (Unfertilized) and fertilized (Fertilized) eggs after sperm treat-
ment. Scale bar: 20 �m. B, effect of pretreatment with anti-dicalcin anti-
body on sperm binding to egg. Ovulated eggs were pretreated with pre-
immune antibody (Pre) or anti-dicalcin antibody (Anti-dica) followed by
insemination. After rinse, bound sperm at an equatorial plane were
counted (n � 9; *, p � 0.027). Almost no sperm remained attached to
fertilized eggs (Fertilized). C, effect of pretreatment with dicalcin on sperm
binding to egg. Ovulated eggs were pretreated with BSA or dicalcin at the
indicated concentrations, and bound sperm were counted (n � 9; *, p �
0.003). D, a scheme that represents our in vitro penetration assay. Suspen-
sion of viscous VE proteins (VE) was placed on the mesh of the upper
chamber. Some sperm (S) successfully penetrated through the VE. E, rep-
resentative confocal image of Rhodamine-RCAI-treated VE proteins on
the mesh of the upper chamber (red square in D). VE proteins stained with
Rhodamine-RCAI (red) were observed. A penetrating spermatozoon
stained with Hoechst 33342 was recognized in XZ and YZ planes (arrows).
The potential trait of the spermatozoon through the VE is indicated
(arrowheads). A direction from the upper chamber to the lower one is indi-
cated (arrows at upper right). m, mesh. Scale bar: 50 �m. F, time course of
sperm penetration. Sperm in the lower chamber were collected at the
indicated times, and the percentage of the number of the penetrated
sperm was calculated. The extent of penetration reached maximum at
around 10 min. G, effect of pretreatment with dicalcin on sperm penetra-
tion. VE proteins on the upper chamber were pretreated either with dical-
cin (4 �M) or BSA (4 �M) for 15 min, followed by sperm placement. After 5
min, sperm in the lower chamber were collected and the number of the
penetrated sperm was calculated. The extent of penetration pretreated
with BSA was set to �100% (n � 6; *, p � 0.039). BSA, pretreated with BSA;
dicalcin, pretreated with dicalcin.
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increased in the presence of dicalcin (4 �M) and Ca2� (200 �M)
(Fig. 7A, middle; �163% of control, n � 8, p � 0.002). To fur-
ther confirm this increase, we performed FCS measurement,
where the diffusion of fluorescence in a small defined confocal
volume is recorded as fluctuated fluorescence intensity (Fig.
7C). Subsequent autocorrelation analyses of these fluctuations
estimate diffusion time of fluorescent molecules and distin-

guish small fast diffusing (i.e. free
fluorescent molecules) and large
slow moving (target-bound mole-
cules), which enabled us to investi-
gate the stoichiometry of binding
(for reviews see Refs. 33, 34). Iso-
lated gp41 was coupled with the flu-
orescent dye, TMR. By addition of
RCAI, diffusion time of TMR-la-
beled gp41 increased, which con-
firmed the binding of TMR-gp41 to
RCAI (data not shown). Fitting the
binding data with a Hill equation
revealed significant alteration in
apparent Kd values: �0.3 and �1.5
�M in the presence and absence of
dicalcin, respectively (Fig. 7D).
Accordingly, both solid-phase (blot
overlay analysis) and liquid-phase
(FCS analysis) analyses indicate that
the dicalcin-bound gp41 has a more
ability to bind to RCAI, which sup-
ports our glycoprotein model. Next,
to verify the VE structure model, we
quantitatively assessed dicalcin-de-
pendent structural change in the VE
by in vivo labeling with fluorescent
dye (Fig. 8A). Extracellularly applied
fluorescent dye, Cy5, successfully
labeled each of the VE proteins
(supplemental Fig. S1). This com-
mercially prepared dye is validated
to couple one molecule of Cy5 with
one molecule of protein at a low
dye-to-protein ratio (�1%, see
manufacturer’s manual), and there-
fore the amount of fluorescence vir-
tually reflects the number of labeled
protein. Preincubation of VE with
dicalcin (4 �M) resulted in signifi-
cantly greater Cy5 incorporation in
each of fourmajorVEproteins com-
pared with control (Fig. 8B). The
calculated ratio of labeled protein
to VE-existed protein increased to
approximately twice that of con-
trol (180–240% of control, n �
8–10, p � 0.002–0.02) (Fig. 8C).
Intriguingly, these increases oc-
curred in every VE protein, not
solely in gp37 or gp41, which indi-

cates that dicalcin binding to gp37 and gp41 caused changes
in the three-dimensional structure of the entire VE frame-
work, allowing every VE protein to be more accessible to the
solvent. Additionally, this change may also involve geomet-
rical arrangement of gp41 where gp41 molecules reside in
the close proximity and form the clusters of their glycans.
Because a lectin generally exhibits a high affinity with gly-

FIGURE 5. Inhibitory effect of dicalcin on in vitro fertilization. A, effect of pretreatment with anti-dicalcin
antibody on fertilization. Ovulated eggs were pretreated with preimmune antibody (Pre, 50 mg/liter) or anti-
dicalcin (Anti-dica, 5 and 50 mg/liter) followed by incubation of sperm. The number of two-cell embryos was
counted until one of the embryos proceeded to the four-cell-stage. Fertilization success was scored and nor-
malized (n � 6; *, p � 0.007). B, effect of pretreatment with dicalcin on fertilization. Ovulated eggs were
pretreated with BSA or dicalcin at indicated concentrations followed by insemination (n � 6; *, p � 0.004; **,
p � 7.2 � 10�5). EGTA: addition of EGTA (16 �M) prior to inseminations. �Anti-dica: addition of anti-dicalcin
antibody (50 mg/liter) together with dicalcin. C, effect of preincubation of sperm with dicalcin on fertilization.
Ovulated eggs were inseminated with sperm (SP) that were preincubated with dicalcin (Dica). As a control,
eggs were pretreated with BSA (BSA) similarly as described above and inseminated with sperm.

FIGURE 6. Dicalcin induced increases in RCAI reactivity of vitelline envelope. A, blots of vitelline envelope
(VE) were treated with one of fluorescently labeled lectins (RCAI, soybean agglutinin (SBA), or S. nigra (SNA).
RCAI recognized gp41 (arrowhead). B, representative confocal images of a Xenopus egg treated with RCAI.
Unfertilized eggs were preincubated either with BSA or dicalcin, followed by RCAI staining. Insets: higher
magnified images. RCAI signal at the interface between VE and egg plasma membrane is indicated (arrow).
Scale bar: 50 �m. C, averaged line scans of RCAI staining across the VE under lower sensitive detection. Inten-
sities of RCAI staining were profiled across the VE (dashed line in B) either in the preincubation of BSA (BSA) or
dicalcin (Dica) (n � 7). The position where RCAI signal starts to rise is designated as 0 �m in the x axis. D, aver-
aged line scans of RCAI staining across the VE under higher sensitive detection. Intensities of RCAI staining were
profiled as stated in C (n � 7). The dashed line shows the saturating level of the intensity detection. An increase
in RCAI signal at the interface between VE and egg plasma membrane is indicated (arrow). E, neither BSA nor
dicalcin reacted with RCAI. CBB, CBB-staining of BSA and dicalcin after SDS-PAGE; RCAI, RCAI blot.
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cans in clusters, this arrangement could account for a
dicalcin-dependent increase in RCAI reactivity of VE. We
discuss the possible molecular details regarding the action of
dicalcin below.

DISCUSSION

In our present study, we found that dicalcin is localized
prominently in the Xenopus VE, an extracellular matrix that
surrounds an egg, as well as intracellular cytoplasm in the
cortex region of an egg (Fig. 2C). In the VE, dicalcin binds to
protein cores of gp41 and gp37, constituents of the filamen-
tous network of the VE (Fig. 3), raising the interesting pos-
sibility that dicalcin affects the fertilization processes. Actu-

ally, dicalcin dampens both sperm binding and sperm
penetration, exerting a crucial role in the regulation of the
fertilization (Figs. 4 and 5).
Several treatments have been known to affect fertilization.

Exogenous application of VE proteins interfered with the
sperm-egg binding, and several glycosidase treatments of VE
proteins reduced the binding ability to sperm (8, 28). Com-
pared with these inhibitory treatments, however, there have
been few treatments to increase the efficiency of fertiliza-
tion. The only exception is sialidase treatment of the mouse
egg that increases the efficiency up to �130% of control (31).
Our present study demonstrated a unique action of dicalcin
on fertilization: almost complete inhibition (�15% of con-
trol) in its gain-of-function state, whereas remarkable
increase (�208% of control) in its loss-of-function state (Fig.
5). Therefore, it seems likely that dicalcin, as an extracellular
mediator of fertilization, is capable of controlling either
favorable or unfavorable conditions for sperm-egg interac-
tion in X. laevis.
Fertilization processes are considered to involve oligosac-

charide-mediated events, although the exact mechanism
remains elusive. We discovered that dicalcin alters the distri-
bution of oligosaccharides within the VE, correlating its sup-
pressive action on fertilization (Fig. 6). This alteration is possi-
bly a consequence of two mutually compatible mechanisms:
one is brought about by the increase in binding ability of gp41 to
RCAI (Fig. 7, A and D, referred to as the glycoprotein model),
and the other is the structural change of the entire VE (Fig. 8C,
referred to as the VE structure model). We tentatively propose
molecular details of bothmodels (for schematicmodels, see Fig.
9). In our glycoproteinmodel, the Ca2�-bound form of dicalcin
binds to gp41 and induces a conformational change, which
causes an exposure of RCAI ligands. This allosteric change in
the configuration of oligosaccharides may mask sperm
receptors, forming a functional “barrier” to prevent sperm
binding (Fig. 9A), which may underlie a dicalcin-dependent

FIGURE 7. Dicalcin binding to gp41 increases the reactivity of gp41 with
RCAI. A, blots of VE proteins were preincubated in the presence or absence of
dicalcin and Ca2�, followed by incubation with Rhodamine-labeled RCAI.
Representative RCAI binding to gp41 was indicated (upper). The normal-
ized intensity was significantly increased in the presence of dicalcin and
Ca2� (lower graph, n � 8; *, p � 0.06; **, p � 0.002). No add, nothing
preincubated; �Dicacin, preincubation with dicalcin (1 �M); �Ca2�, pre-
incubation in the presence of Ca2� (500 �M CaCl2); �Ca2�, preincubation
in the absence of Ca2� (500 �M EGTA). B, isolation of gp41. Silver, silver-
stained VE proteins and isolated gp41; RCAI, blot with RCAI. C, a scheme
that represents FCS measurement. A fluorescent signal of diffusing mole-
cule (red) was detected within a small defined confocal volume (yellow) of
the well. Autocorrelation analyses of the fluctuating fluorescent signal
estimate the diffusion time of fluorescent molecules and distinguish small
fast diffusing (i.e. free fluorescent molecules) and large slow moving (tar-
get-bound molecules); this enabled us to investigate the stoichiometry of
binding. D, the binding of TMR-labeled gp41 to RCAI was analyzed with
FCS either in the presence of 1 �M dicalcin (red circles) or absence of dical-
cin (black circles) (n � 15). Maximum and minimum diffusion time in each
measurement was set to 100 and 0% binding, respectively. Each group of
data were fitted with a Hill equation.

FIGURE 8. Dicalcin binding to gp41 increases exposure of gp41 to an
external environment. A, a scheme that represents in vivo labeling of the VE
with fluorescent dye, Cy5. Dejellied eggs were labeled with exogenously
applied Cy5 in 0.3�MMR. B, after preincubation either with BSA (BSA) or dical-
cin (Dica), labeled VE proteins were electrophoresed and fluorescent image
was obtained, followed by CBB staining to quantitate the amount of each VE
protein (asterisks). CBB, CBB staining of VE proteins; Fluorescent, fluorescent
image of Cy5-labeled VE proteins. BSA, preincubated with BSA; Dica, pre-
incubated with dicalcin. C, the ratio of the molar amount of labeled pro-
tein to the total amount existing in the preparation was calculated for
each VE protein. The highest ratio for gp120, when preincubated with
dicalcin, was set to 100% in each trial, and data were normalized. BSA,
preincubated with BSA; Dicalcin, preincubated with dicalcin (n � 8 –10; *,
p � 0.02; **, p � 0.002).
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slight reduction in sperm binding (�20% decrease of control
(Fig. 4C)). On the other hand, in our VE structure model,
dicalcin binding to gp37 and gp41 caused the three-dimen-
sional structural change in the filamentous VE network,
which might dampen the proper interaction between sperm
and VE and prevent the induction of sperm acrosome reac-
tion (Fig. 9B). This may account for substantial reductions
both in sperm penetration (�50% decrease compared with
control (Fig. 4G)) and subsequent in vitro fertilization
(�85% decrease (Fig. 5B)) in the presence of exogenous
dicalcin.
Several lines of evidence from biochemical experiments

have implicated some terminal residues of the glycans of

envelope-constituent glycopro-
tein (e.g. Gal�1–3Gal sequence
and/or �-linked GlcNAc) as
essential carbohydrates for sperm
recognition. However, later gene-
disruption studies and mass spec-
trometry analyses using a native
egg-coating envelope do not sup-
port a model in which sperm bind-
ing to the egg-coating envelope is
dependent on a particular glycan
of the glycoprotein (5). Instead,
attention has been drawn to a par-
ticular three-dimensional struc-
ture of the egg-coating envelope
that makes the structure suscepti-
ble for sperm binding (3). As a
macrostructure, the thickness of
human zona pellucida correlates
with the fertilization rate in
human (35). On a more detailed
scale, the appropriate pore size of
VE filament is thought to be
important for generating shear
force-dependent mechanosensory
signaling and a subsequent acro-
some reaction (36). These lines
of evidence suggested that the
proper organization of the egg-
coating membrane is relevant to
the success of fertilization. In
accordance with this, our results
imply that the three-dimensional
distribution of oligosaccharides
within the VE is important for an
appropriate sperm-egg interac-
tion. It is of interest to deter-
mine whether dicalcin-dependent
changes in the entire VE structure
may involve disorganization of fil-
aments, including fasciculation of
filaments and/or enlargement of
pore size among VE filaments.
In conclusion, we identified

Xenopus dicalcin in the extracellu-
lar egg-coating envelope. Dicalcin binds to an envelope-con-
stituent glycoprotein and alters the configuration of oligo-
saccharide portions of them, affecting the distribution of
oligosaccharides within the envelope. Correlating with this
alteration, dicalcin regulates both sperm binding and sperm
penetration processes and thereby plays a suppressive role in
the sperm-egg interaction during fertilization. We believe
that our present study would provide insights to define
highly coordinated molecular mechanisms of fertilization.

Acknowledgment—We thank T. Uebi at Osaka University for com-
ments and technical assistance.

FIGURE 9. Schematic models of the inhibitory action of dicalcin on fertilization in X. laevis. A, glycoprotein
model that involves allosteric conformational change of gp41 caused by dicalcin. In a currently favored
model in Xenopus egg, acrosome-intact sperm bind to gp41 (a frog orthologue of mouse ZP3; a major
binding partner of sperm) and gp69/64 (an orthologue of mouse ZP2) via carbohydrate moieties (sperm
receptors). After acrosome reaction, sperm penetrate through the VE and fuse with an egg (�Dicalcin).
The Ca2�-bound form of dicalcin binds to gp41 (and gp37 additionally), leading to a conformational
change that could cause an exposure of RCAI ligands. This allosteric change in the configuration of
oligosaccharides may mask sperm receptors, forming a functional barrier to prevent sperm binding,
penetration, and fusion (�Dicalcin). AH, animal hemisphere; VH, vegetal hemisphere. B, VE structure
model that involves structural change in the VE framework caused by dicalcin. VE proteins (gp37, gp41,
gp69/64, and gp120) associate with each other and constitute the filament of VE (depicted in �Dicalcin;
modified from the schematic model in mammalian ZP). Dicalcin binding to gp37 and gp41 caused a
structural change in the three-dimensional structure of the filamentous VE network. This change may
involve disorganization of filaments, including fasciculation of filaments, and cause enlargement of the
pore size among VE filaments as depicted in �Dicalcin. Symbols are the same in A and B.
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