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Summary

During mammalian fertilization, sperm adhere to the ZP3-dependent ligand that is present in the insoluble zona
extracellular coat of the egg, or zona pellucida, in a species- matrix and is recognized by sperm GalT | to facilitate
specific manner. In mouse, evidence suggests that sperm acrosomal exocytosis. The ZP3-independent ligand is not a
recognize and bind to specific oligosaccharide ligands result of contamination by egg cortical granules, nor is it
within the zona pellucida glycoprotein, ZP3, viaPl,4- the mouse homolog of oviduct-specific glycoprotein. It
galactosyltransferase | (GalT 1), a lectin-like receptor on behaves as a 250 kDa, WGA-reactive glycoprotein with a
the sperm surface. Although in vitro experiments using basic isoelectric point, distinguishing it from the acidic
isolated gametes lend support to this model, recent in vivo glycoproteins that form the insoluble matrix of the egg coat.
studies of genetically altered mice question whether ZP3 When eluted from isoelectric focusing gels, the acidic
and/or GalT | are solely responsible for sperm-egg binding. matrix glycoproteins possess sperm-binding activity for
In this regard, sperm from GalT I-null mice bind poorly to wild-type sperm, but not for GalT I-null sperm, whereas
ZP3 and fail to undergo a zona-induced acrosome reaction; the basic glycoprotein retains sperm-binding activity for
however, they still bind to the ovulated egg coat in vitro. both wild-type and GalT I-null sperm. Thus, GalT I-null

In this report, we characterize a novel ZP3- and GalT I- sperm are able to resolve gamete recognition into at least
independent mechanism for sperm adhesion to the egg two distinct binding events, leading to the characterization
coat. Results show that the ovulated zona pellucida of a novel, peripherally associated, sperm-binding ligand
contains at least two distinct ligands for sperm binding: a on the ovulated zona pellucida.
ZP3-independent ligand that is peripherally associated
with the egg coat and facilitates gamete adhesion; and a Key words: Fertilization, OGP, Sperm, Zona pellucida, ZP3, Mouse

Introduction binding in vitro (Bleil and Wassarman, 1980a; Florman and

Gamete interaction is an obligatory event during mammaliaf/@ssarman, 1985). Binding of ZP3 leads to sperm activation
fertilization when sperm bind to the egg in a species-specifigl POth pertussis toxin (PTx)-sensitive heterotrimeric G-
manner. The most widely discussed models suggest thatPEOt€ins as well as voltage-independent and -dependent cation
lectin-like receptor on the sperm surface recognizes a speciffannels that result in elevatedipd C&%, thus triggering
carbohydrate ligand on the egg coat. The sperm receptaprosomal exocytosis (Arnoult et al., 1996; Endo et al., 1987;
subsequently activates intracellular signaling cascades th&fdo et al., 1988; O'Toole et al., 2000).
culminate in exocytosis of the acrosomal vesicle from the The sperm receptor for ZP3 oligosaccharides has been more
sperm head. The released acrosomal contents enable spernflificult to identify, but most evidence is consistent with sperm
penetrate the egg coat, fuse with the egg plasma membrane ghdfacefl,4-galactosyltransferase | (GalT 1) performing this
fertilize the egg (Talbot et al., 2003). function. GalT | specifically binds to the same class of ZP3
Much of our current understanding of mammalian gameté@ligosaccharides that possess sperm-binding activity, and
recognition comes from studies in mouse. This is due, in larg@€moving or masking the GalT | binding site on these
part, to the ability to perform quantitative in vitro assays ofligosaccharides removes their sperm-binding activity (Miller
sperm-egg binding along with biochemical analysis of mouset al., 1992). The cytoplasmic domain of GalT | binds, directly
gametes, as well as the ability to manipulate the mouser indirectly, to heterotrimeric G proteins that are activated
genome. Pioneering studies by Wassarman and colleaguiedowing ZP3-induced aggregation of GalT | (Gong et al.,
suggest that in mouse, sperm bind to a specific class @P95). In support of this, ectopic expression of GalT | on
oligosaccharides on ZP3 (also referred to as ZPC) (Spargo aXeénopusocytes results in ZP3-specific binding and G-protein
Hope, 2003), one of the three glycoproteins that constitute thgctivation, and mutagenesis of the GalT | cytoplasmic domain
extracellular coat of the mouse egg, or zona pellucida. This wgsevents ZP3-dependent G-protein activation (Shi et al., 2001).
demonstrated by the ability of purified soluble ZP3, as well agransgenic sperm that overexpress GalT | bind more ZP3 than
its oligosaccharide chains, to competitively inhibit sperm-egglo normal sperm, have accelerated G-protein activation and
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undergo precocious acrosome reactions (Youakim et al., 1994 harles River) as described (Bleil and Wassarman, 1986). Ovulated
By contrast, sperm in which surface GalT | has been eliminatezbna glycoproteins were purified from 8-week-old CD-1
by homologous recombination, but which maintain normapuperovulated females. Cumulus-oophorous masses were collected in
intracellular galactosylation, no longer bind ZP3 in vitro ormodified Krebs-Ringer buffer (dmKRBT) and transferred to 0.2%

o ; yaluronidase. Cumulus-free eggs were collected with a glass pipette
legg%go zona-induced acrosomal exocytosis (Lu and Sh wice the diameter of the egg and washed through three drops of either

. . osphate-buffered saline (PBS)/0.1% polyvinylpyrrolidone (PVP) or
Despite these, and many other observations, the apparent r$ odpe’s solution (Hogan(et a%_, 1992)_ yThg %na pelluéida 3vas

of ZP3 and GalT | in sperm-egg binding has recently beegyypilized by one of three methods: heating the eggs to 65°C;
thrown into question. For example, GalT I-null sperm still retainyeplacement of the buffer with Tyrode’s (pH 2.5); or replacement of
the ability to bind to the ovulated egg coat, despite their inabilityhe buffer with 0.04 N HCI (subsequently neutralized with NaOH).
to bind ZP3 in solution or undergo zona-induced acrosom@&he biological activities of the solutions were equal under all
reactions (Lu and Shur, 1997). This binding enables GalT I-nufireparation conditions. Zona glycoprotein preparations were stored at
sperm to penetrate the zona pellucida matrix, presumably vig80°C until the day of assay. The peripheral and matrix fractions of
spontaneous acrosome reactions, and fertilize eggs (althougHhét ovulated zona pellucida were prepared by triturating the washed
only 7% the efficiency of wild-type sperm when assayed irfdgs 15 times in the same drop with a glass pipette of diameter equal

. L A : : o that of the egg. The wash solution was collected and called the
vitra). Similarly, well-defined oligosaccharides that are no"‘Iperipheral fraction’. The washed zona pellucida surrounding the eggs

predicted to _be_ substrate_s for GalT | competitively ir]hibit\/vas then solubilized as above and called the ‘matrix fraction’.
sperm-egg binding (Amari et al., 2001; Bendahmane et al.,

2001; Johnston et al., 1998; Loeser and Tulsiani, 1999). Eve3perm-egg binding assay

though these inhibitory oligosaccharides do not appear to ®vulated eggs were collected from superovulated CD-1 females and
present within the zona pellucida (Aviles et al., 1999; Aviles etleaned of cumulus cells as described. Two-cell embryos were
al., 2000b), their ability to inhibit binding speaks against a roleollected into dmKRBT from the oviducts of superovulated females
for GalT | in initial gamete adhesion. Finally, evidence that ZP3hat were mated 15 hours earlier. The caudae epididymides of strain-
is not the only sperm-binding ligand in the egg coat comes frompatched Wl|d‘-type anq long isoform GalT I-null sperm (Lu qn.d Sh.ur,
the observation that mouse sperm still bind to eggs in which t 97) were dissected into dmMKRBT and shredded. The epididymides

: incubated for 15 minutes at 37°C to release the sperm, which
mouse ZP3 polypeptide has been replaced by human z@4'® ncu > minutes . sperm,
(Rankin et al., 1998; Rankin et al., 2003). Some of thiwere collected after filtration (3-35/27 Nitex, Sefar America, Kansas

. . h ity, MO). The sperm suspension was centrifuged aig@6r 5
confusion probably results from the fact that the b'°|°9'ca|nir¥utes ;t 24°C gnd resugpended in fresh megium gontaining 10
activity of putative gamete receptors is usually assayed byg/ml pertussis toxin (CalBiochem, San Diego, CA), to prevent sperm
competitive inhibition of sperm binding to the coats of ovulatedrom undergoing zona-induced acrosome reactions that would
eggs, whereas the source of competitive ligands for thesetificially reduce the number of sperm bound to the egg. Sperm were
experiments is frequently the ovarian zona pellucida. At angapacitated at 37°C for 1 hour and diluted to a final concentration of
rate, all of these observations suggest that sperm binding 410° motile sperm/ml. Forty-thousand sperm were incubated in 50
the zona pellucida may involve multiple receptor-ligandt! drops of dmKRBT containing 30-40 ovulated eggs and 5-10
interactions of which ZP3 binding to GalT | may be one€MPryos (as a control for non-specific binding) for 30 minutes at
component. 37°C. The incubation solution contained either the purified zona

. . .glycoproteins or an equal volume of buffer as control. Eggs and
. In this report, we test the hyp.OtheS'S that gamete ad'hESI bryos were washed through sequential drops of dmKRBT until one
involves a ZP3- and GalT I-independent receptor-ligan

! > ! o three sperm remained bound to the embryos. The gametes were
interaction. We have detected and characterized a novel ligafged in 4% paraformaldehyde (Electron Microscopy Sciences, Fort
for sperm that is present in the ovulated zona pellucida, but n@fashington, PA) and the number of sperm bound to each egg and
in the ovarian zona pellucida. This ligand activity does not resuimbryo was counted at 200magnification using phase-contrast
from contamination by egg cortical granules or by ZP3. Irpptics. The average number of sperm bound/embryo was subtracted
addition, this ligand is shown to be distinct from the mousdrom the average number of sperm bound/ovulated egg. The average
ortholog of oviduct-specific glycoprotein (OGP), which hasf triplicate drops for each time point was determined and normalized
been implicated in sperm-egg adhesion in hamster (Boatm%q that the number of sperm bound in the control is equal to 100%.
and Magnoni, 1995). Lectin depletion studies and IeCtinZ+hseedn?t)a presented are the average of at least three experiments
blotting of two-dimensional polyacrylamide gels indicate that™ " "
the ovulated zona pellucida contains a relatively basic, higQortical reaction assay

molecular weight, WGA-reactive glycoprotein that is notThe amount of contaminating cortical granule material in the zona
present in the ovarian zona pellucida. This protein, when elutgsliucida preparations (50 egg equivalents) was measured by assaying
from isoelectric focusing gels, possesses sperm-binding activifgr N-acetylglucosaminidase (GIcNAc'ase) as described (Miller et al.,
for both wild-type and GalT I-null sperm, whereas ZP31993). The reaction product was determined fluorometrically using a
possesses sperm-binding activity for only wild-type SpermPerkin Elmer LS50B instrume_nt (Beaconsfield, UK) at an excitation_
These results suggest that the WGA-reactive, basic glycoproté{‘ff“’ele”gth of 380 nm, an emission wavelength of 460 nm and a §|It
within the ovulated zona pellucida functions as a ZP3- an&ndth of 2.5 nm. Fluorescence produced by the substrate solution

K ; - : alone was subtracted as background from the readings of the zona
OGP-independent ligand that facilitates gamete adhesion. pellucida solutions. To determine the maximum amount of cortical

granule material released, eggs were incubated withML.223187

Materials and methods for 3_0 minL_ltes at 37°C prior to preparation of each ana peIIl_Jc_ida
] ) fraction. Aliquots of the solutions assayed for GIcNAc’ase activity
Preparation of zona glycoproteins were subsequently tested for biological activity in the sperm-egg

Ovarian zona glycoproteins were purified from CD-1 female micebinding assay at a concentration of three zona equivalénts/
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Anti-mouse ZP3 immunoblot mM TriseCl, pH 6.8, 2.3% SDS, 8% glycerol, 0.05% Bromophenol
Twenty-five, 50, 100 and 200 egg equivalents of the peripheral arfdlue) at —80°C. The IEF gels were warmed to 24°C and equilibrated
matrix fractions of ovulated zona glycoproteins were solubilized irfor 30 minutes with gentle agitation. The gels were transferred into
reducing sample buffer and fractionated by gel electrophoresis. THEe well of a 4-12% gradient polyacrylamide gel (Jule, Milford, CT)
proteins were transferred to PVDF (Millipore) and blocked with 5%@and covered with agarose solution (1% Id# agarose, 0.1%
milk, 0.05% Tween 20, #PBS. The blots were incubated with a SDS, 125 mM TrisCl, pH 6.8). The proteins were fractionated by
1:1000 dilution of IE-10, a rat monoclonal antibody against mousé&lectrophoresis, transferred to PVDF, and then probed with
ZP3 residues 336-342 (East et al., 1985), and subsequently in a 1:1dg0tinylated WGA as described.

dilution of sheep anti-rat IgG-HRP (Amersham). The blots wer e . .

washed and the signal developed by chemiluminescence (ECL—Plj?sl,”'f'cat'on of the ZP3-independent ligand from IEF gels

Amersham). The blots shown are representative of two experiment§Vvulated zona glycoproteins (5000 egg equivalents) were fractionated
by IEF as described above. After electrophoresis, the tube gel was

Fecundity of GalT-null males crossed with OGP-null sliced into 2 mm pieces and transferred into siliconized 1.5 ml tubes.
females The gel pieces were incubated in 20@f 50 mM NHHCOg3, pH 7.6
Twelve-week-old GalT I-null males were caged with at least three 6containing 1jig/ml fatty acid-free BSA for 12 hours at 4°C. This was
week-oldOgp+* or Ogp~- females (Araki et al., 2003) for a period repeated two additional times, after which the three wash solutions
of 3 months. The average litter size resulting from these matings wa¥ere combined and incubated with 0.12 g BioBeads (BioRad,

calculated £s.d.). Hercules, CA) for 15 minutes at 24°C. The solutions were
) ) ) ] o concentrated to 100l and dialyzed against 50 mM NHCO;s for 1
Lectin depletion of biological activity hour at 24°C. The solutions were dried and the proteins washed twice

WGA-agarose or BS-l agarose beads [L0@50% slurry)] (Vector  in double-distilled HO before being solubilized in dmKRBT and
Laboratories, Burlingame, CA) were pelleted at 1§00 5 seconds, tested in the sperm-egg binding assay.

washed 10 times inrXPBS containing 0.1 mM Cagand resuspended

in 50l wash solution. This slurry (20) was blocked in 10Q1 0.1% It

PVP in wash solution at 4°C for 2 hours. The beads were subsequenﬁ%ﬁSu S

resuspended in 1000 egg equivalents of the matrix or peripher@lonae pellucidae isolated from ovarian and ovulated
fraction prepared in 0.1% PVP/PBS and incubated at 4°C for 2 hOUféocytes contain distinct biological activities

As controls, 1000 egg equivalents of each solution were incubated i o . .
parallel in the absence of the lectin-agarose beads, or alternativelﬂ:>3 purified from either the ovulated or ovarian zona

lectin-agarose beads were incubated with buffer rather than with zor_‘gf“IIUCIda competitively 'nh.'b'ts. SPerm-€gg binding _and
glycoproteins. Following incubation, the beads were pelleted at 100fiduces the acrosome reaction in wild-type sperm (Bleil and
g for 5 seconds and the supernatant removed. Five-hundred efyassarman, 1980a; Bleil .and Wassarman, 1986). Although
equivalents of the depleted solution or the undepleted control wefealT I-null sperm do not bind ZP3 (Lu and Shur, 1997), they
assayed for biological activity in the sperm-egg binding assay. still bind to the zona pellucida of ovulated eggs. Therefore,
, , we determined whether the zona pellucida contains any other
Lectin blot of zona glycoproteins . . ligand activity that may be recognized by GalT I-null sperm.
One-thousand egg equivalents of the peripheral fraction wer¢he presence of sperm-binding activity was assayed by the
solubilized in reducing sample buffer and fractionated by ge bility of solubilized zona glycoproteins to competitively
electrophoresis. The proteins were transferred to PVDF hibit sperm-egg binding, as originally used for the

subsequently blocked in 1% BSA, 0.1% Tween-20, 0.9%NaCl, 5 e . .
mM Tris+Cl, pH 7.4. To detect glycoproteins, the membranes weridentification of ZP3 (Bleil and Wassarman, 1980a). Initially,

incubated with dug/ml of biotinylated-WGA or BS-I (Sigma). The Wild-type or GalT I-null sperm were incubated with ovulated
membranes were washed and subsequently probed with a 1:50,0809S in the presence of soluble ovarian zona glycoproteins
dilution of streptavidin-HRP (Zymed, S. San Francisco, CA). After(Fig. 1A). Consistent with published results, ovarian zona
washing, the signal was developed by chemiluminescence. glycoproteins inhibited the binding of wild-type sperm to
ovulated eggs in a concentration-dependent manner. By
. o= . contrast, ovarian zona glycoproteins failed to competitively
zona glycoproteins and characterization by lectin blot inhibit GalT I-null sperm binding to ovulated eggs. This result
Five-hundred egg equivalents of ovarian (2d) and ovulated zona s ¢onsistent with previous evidence demonstrating that GalT

glycoproteins were precipitated by mixing with eight volumes of ice-l_nuII sperm do not bind ZP3 and indicates the absence of any
cold acetone and incubating overnight at —20°C. The proteins were

pelleted by centrifugation at 30affor 15 minutes at 4°C. After other binding ligand in the ovarian zona pellucida for GalT I-

draining the acetone, the proteins were dried briefly at roonfiull sperm. o

temperature and then solubilized in IEF sample buffer [9.5 M Nevertheless, GalT I-null sperm still bind to ovulated eggs,

recrystallized urea, 2% deionized NP-40, F4mercaptoethanol Which predicts that the ovulated, but not the ovarian, zona
(BioRad), 1.6% Servalyt 5-7 and 0.4% Servalyt 3-10 isodalt (Crescefuellucida contains a ligand for GalT I-null sperm. To test this

Chemicals)] for 30 minutes at 24°C. Prior to loading the proteirhypothesis, wild-type or GalT I-null sperm were incubated

solution, urea-acrylamide tube gels (dimensions<.b cm) were  with ovulated eggs in the presence of solubilized ovulated zona
cast according to the manufacturer's directions (BioRad, Herculegycoproteins (Fig. 1B). Unlike that seen with ovarian zona

CA). The pH gradient was established by electrophoresing gels in ycoproteins, zona glycoproteins from ovulated oocytes

mM NaOH and 10 mM POy for 10 minutes at 200 V, 15 minutes ;1. - ey ) P
at 300 V and 15 minutes at 500 V. The buffers were replaced and tﬁnh'b'ted .bOth wild-type ar]d GalT I-null sperm binding, and
d so in a concentration-dependent manner. Thus, as

sample was loaded directly onto the surface of the gel and overla . . . .
with 9 M recrystallized urea, 0.8% Servalyt 5-7, 0.2% Servalt 3-10Predicted, the ovulated zona pellucida contains a ligand to

isodalt and 0.05% Bromophenol Blue. The proteins werévhich both wild-type and GalT I-null sperm bind and which
electrophoresed at 500 V for 10 minutes and 750 V for 3.5 hours (uni$ absent from the ovarian zona pellucida.
equilibrium). The gels were stored in SDS-equilibration buffer (62.5 The lack of ligand activity for GalT I-null sperm in ovarian

Two-dimensional polyacrylamide gel electrophoresis of
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Ovarian zona glycoproteins (d) Owulated zona glcyoproteinsZ@/pl) Ovulated zora glycoproteins (ZPil) Ovulated zora glycoproteins (ZPfl)
Fig. 1.Ovulated, but not ovarian, zona pellucida (ZP) glycoproteins Fig. 2. Wild-type and GalT I-null sperm binding to ovulated eggs is
contain a ligand that competitively inhibits GalT I-null sperm competitively inhibited by a ligand peripherally associated with the
binding to ovulated eggs. (A) Inhibition of wild-type and GalT I-null gyulated zona pellucida (ZP). (A) Inhibition of wild-type sperm
sperm binding to ovulated eggs with 0-75pigolubilized ovarian binding by glycoproteins solubilized from either the matrix fraction
ZP. (B) Inhibition of wild-type and GalT I-null binding with 0-5 or peripheral fraction. (B) Inhibition of GalT I-null sperm binding by

zonae equivalents solubilized ovulated ZP. Each point represents thghe matrix and peripheral fractions. Each point represents the
meanzts.e.mn=3 experiments. In a single experiment, the value for mean+s.e.mn=3 experiments. In a single experiment, the value for
each data point represents the average of three determinations (for @ach data point represents the average of three determinations (for a
total of nine assays per data point). total of nine assays per data point).

zona glycoproteins predicts that GalT I-null sperm should b&he ovulated zona pellucida contains a peripherally
incapable of binding directly to the intact zona pellucida ofssociated ligand for sperm binding
ovarian oocytes. Zona-intact oocytes were collected fronAt the time of ovulation, epithelial cells lining the oviduct are
antral follicles, and their follicular cells removed following actively secreting glycoproteins into the lumen where
prolonged hyaluronidase digestion. GalT I-null sperm boundertilization occurs. Some of these components have been
to zona-intact antral oocytes at 50% the level of binding tgostulated to play a role in maintenance of the oocyte, gamete
ovulated oocytes (111 sperm/ovarian oocyte versus 21ltpteraction and development of the embryo (Buhi et al., 2000).
sperm/ovulated oocyte). However, we suspect that th@é/e therefore tested whether the sperm-binding ligand in the
50% binding seen towards antral oocytes is an artifact afvulated zona pellucida resulted from addition to the zona
preparation, as the prolonged digestion with hyaluronidasgellucida during transit into the oviduct. Cumulus cell-free
required to remove follicular cells increased the binding obvulated eggs were stringently washed to remove any material
GalT I-null sperm to both ovarian and ovulated eggs (datosely associated with the zona pellucida, as described in the
not shown). To test more directly for the presence of ligan#laterials and methods, and the wash solution was collected as
activity towards GalT I-null sperm, the zonae pellucidae othe ‘peripheral fraction’. The remaining intact washed zona
antral oocytes were solubilized and assayed in competitiveellucida was solubilized as the ‘matrix fraction’. Both the
sperm-egg binding assays; no inhibition of GalT I-nullperipheral and matrix fractions were tested for ligand activity
sperm binding occurred, whereas the solubilized zoné& the competitive sperm-egg binding assay.
glycoproteins readily inhibited wild-type sperm-egg binding As expected, the matrix fraction inhibited wild-type sperm
(similar to that in Fig. 1). Collectively, these results suggesbinding to eggs in a concentration-dependent manner (Fig.
that GalT I-null sperm recognize a ligand present primarily2A), but had no activity against GalT I-null sperm (Fig. 2B).
if not exclusively, on ovulated oocytes, whereas wild-typeThus, the matrix fraction recapitulates the activity of the
sperm recognize ligands in both the ovarian and ovulated egryarian zona glycoproteins, indicating that it contains ZP3 but
coat. not the ligand to which GalT I-null sperm bind. By contrast,
Although GalT I-null sperm are unable to bind ZP3 orthe peripheral fraction inhibited the binding of both wild-type
undergo ZP3-induced acrosome reactions, a small number afid GalT I-null sperm to eggs in a concentration-dependent
sperm (i.e. 7% of wild-type) are able to penetrate the zonaanner. This demonstrates that the ovulated zona pellucida
pellucida in vitro (Lu and Shur, 1997). This low level of zonacontains two distinct ligand activities: ZP3 associated with the
penetration is thought to account for the fertility of GalT I-nullinsoluble matrix and a ZP3-independent component that is
males in vivo, which may result from spontaneous acrosomgeripherally associated with the zona pellucida. The fact that
reactions or other ‘non-physiological’ inducers of acrosomathe ZP3-independent ligand can be removed from the zona
exocytosis. In any event, we tested whether the sperm-bindifggllucida by stringent washing suggests it results from addition
ligand present in the ovulated zona could induce acrosomtd the egg coat upon entry into the oviduct, and not from
exocytosis in GalT I-null sperm. This was shown not to be theovalent modification of the zona matrix.
case; ovulated zona glycoproteins failed to induce acrosomal ) ) o
exocytosis in GalT I-null sperm but, as expected, did inducéhe ligand in the peripheral fraction is not a
acrosome reactions in wild-type sperm, presumably owing t§ontaminant from the egg or from ZP3
the presence of ZP3 (data not shown). To eliminate the possibility that the ligand activity in the
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Fig. 3. The ligand in the peripheral fraction of the A) N-acetylglucosaminidaseactivity B) Biological activity
ovulated zona pellucida (ZP) is not a contaminant of
the cortical granules. (Ay-acetylglucosaminidase 159 100+

activity of fractions of the ovulated ZP (three ZP
equivalentgdl) prepared from eggs treated with (1101
A23187 to induce the cortical reaction or DMSO, as
control. (B) Biological activity of the ovulated ZP
fractions (three ZP equivaleniy prior to and after
treatment of the eggs with 10/ A23187. Each bar
represents the meanzs.ds2 experiments. In a single
experiment, the value for each data point represents the
average of three determinations (for a total of six
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peripheral fraction is due to contamination by egg-released Previous studies have demonstrated that GalT I-null sperm
material during preparation, we assayed the individual zondo not bind soluble ZP3 (Lu and Shur, 1997). Nevertheless, we
pellucida fractions, as well as intact eggs and isolated zona, féglt it important to eliminate the possibility that ZP3 may be
N-acetylglucosaminidase (GIcNAc’ase) activity. This enzymepresent in the peripheral fraction and contribute to its sperm-
is highly concentrated in cortical granules and serves as kanding activity. We took two approaches to this problem. First,
marker for the release of cortical granule contents (Miller etve tested the ability of anti-ZP3 antibodies to inhibit the
al., 1993). binding of either wild-type and/or GalT I-null sperm to
No GIcNAc’ase activity above background was detected imvulated eggs. As expected, the anti-ZP3 monoclonal antibody
the intact ovulated zona pellucida or in the solubilized matriXEast et al., 1985) prevented wild-type sperm, but not GalT I-
fractions (five different preparations assayed) (data not showmull sperm, from binding to ovulated eggs. The control IgG did
This result argues against the possibility that the ZP3rot affect binding of either wild-type or GalT I-null sperm (Fig.
independent ligand results from egg-derived material, as th®A). In agreement with previous results, these data suggest that
intact ovulated zona pellucida contains both ZP3 and ZP35alT I-null sperm binding to the ovulated zona pellucida
independent ligands (Fig. 1). is independent of ZP3 (Lu and Shur, 1997). Second, we
However, preparing the peripheral fraction resulted irconfirmed that ZP3 is not released from the zona matrix during
variable levels of GIcNAc’ase activity, ranging from 5-16% ofthe preparation of the peripheral fraction by probing both
the total enzyme activity detectable in eggs%0.8 to 5.20.5  fractions with anti-ZP3 antibody (Fig. 4B). The antibody
fluorescence units relative to 3234 fluorescent units in reacted strongly with as few as 25 egg equivalents of protein
ovulated eggs). Thus, it remained a formal possibility that thigh the matrix fraction. By contrast, the antibody failed to react
contamination was responsible for
sperm-binding activity in the periphe  A)Sperm bound/egg B) Anti-mouse ZP3 immunoblot
fraction. To test this possibility, v
maximized the amount of potential e
released material by treating eggs with 1004 Eggequivalents: 25 50 100 200
calcium ionophore A23187 to induce
cortical reaction, and the peripheral frac
was collected and assayed for GIcNAc’ 50 gt

activity and sperm-binding activity. .
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As expected, treatment with A231 237 -6l
increased the GIcNAc'ase activity of b o4
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pellucida (data not shown). However,

A23_187 treatment re(_juced the ability of.thgig__ 4.The biological activity in the Eggequivalents: 25 50 100 200
peripheral and matrix fractions to inhibitperipheral fraction is not due to ZP3 M
wild-type sperm binding, relative to contamination. (A) Wild-type sperm, k | o7
solutions prepared from DMSO-treatediot GalT I-null sperm, are inhibited

eggs (Fig. 3B). This result indicates thalom binding ovulated eggs by a 11

egg-released material is not the source gtonoclonal antibody against mouse z .80
99 ?East et al., 1985). Controls were e

.the ligand n the .pe”pheral fraction andperformed with a non-specific rat IgG.
In fact., mcreasmg th_e amount OfEach bar represents the meantsdl;
contaminating egg material decreases th&periment, which was carried out in
biological activity of the ligand, probably triplicate. (B) Immunoblot of matrix an_.
as a result of proteases and glycosidasgeéripheral fraction proteins from ovulated zonae pellucidae with a rat monoclonal antibody
released from cortical granules. against mouse ZP3. Molecular weight markers are shown.

Peripheral fraction

*173




508 Development 131 (3) Research article

Table 1. GalT I-null males fertilize Ogp~~females Fig. 5. Oviduct-secreted CERGEN s EE

normally, and their sperm bind to Ogp~-eggs at glycoprotein (OGP) is not t 100
Y norr?lal levels gp7€g9 peripherally associated, ZP

independent ligand.
(A) In vivo fertility* Inhibition of wild-type and
GalT I-null sperm binding tc

A\ 4

75+

Sperm bound/egg(% of contol)

Female genotype Litter size (after mating with GalT I-null male) eggs by ovulated zona 50

Ogp''* 6 (£5);n=3 glycoproteins (three ZRl)

Ogp™- 8 (+2);n=5 prepared from wild-type an 25
OGP-null females (Araki et

(B) In vitro sperm-egg binding" al., 2003). Each bar
represents the meants.d.; 0-

Number of GalT I-null sperm/egg n=1 experiment, which was ogp++ ogp-/-
104 sperm/ml 1@ sperm/ml 168 sperm/ml carried out in triplicate. Oocyte genatype

Female genotype nE2) (n=1) (n=1) Wild-type and GalT I-null

Ogp'* 4 (1) 17 (1) 34 (1) sperm are .eqqally inhibited frpm binding to ovulated eggs by zona

ogp™- 2 (+0) 17 (+2) 32 (0) glycoproteins isolated from wild-type and OGP-null females. The
broken line indicates the number of sperm bound in the control

*Twelve-week-old GalT I-null males were mated with at least three 6- (buffer).

week-old females for a period of 3 months. The litter sizes (+s.d.) resulting

from wild-type ©gp'*), heterozygous (not shown), and OGP-nQlg-)

females were similar in size to one anothenumber of litters sired by one

(O$T$’+)b‘?fé‘_”0 QQFF") G?'T "f(‘su”l;“f'esli s (6 ooevies from eifher wig. Wild-type and GalT I-null sperm to ovulated eggs. This
e binding of sperm from GalT I-null males to oocytes from either wild- ; _ ; )

type Ogp™), heterozygous (not shown), or OGP-n@igp™-) females was indicates that ovula_lted zona glycoprotelns frpm OGP-null

determined as described in the Materials and methods. Three different ~ females still contain the ZP3-independent ligand. Taken

concentrations of sperm were assayed, from one or two males, each of whictogether, these experiments demonstrate that the sperm-

was conducted in triplicate. GalT I-null sperm bound similarly to oocytes binding |igand in the ovulated zona pellucida is neither ZP3

from all three genotypes (sperm bound/oocytets.e.m.). nor OGP, and is, therefore, a previously uncharacterized

component of the ovulated egg coat.

The ZP3- and OGP-independent ligand is a high

with any protein in the peripheral fraction, although 200 eggnolecular weight, WGA-reactive molecule
equivalents of this solution has the same amount of totdMe predicted that the peripherally associated ligand is a
protein as 25 egg equivalents of the matrix fraction (data nstecreted molecule, and therefore glycosylated, and asked if its
shown). Taken together, results in Figs 3 and 4 indicate that théological activity could be removed from the peripheral
peripheral fraction contains a sperm-binding ligand that is ndtaction by binding to lectin-agarose beads. The matrix and
due to contamination by egg-derived material or by ZP3.  peripheral fractions were incubated with either wheat germ

. ) ) . agglutinin (WGA) agarose @andeiraea simplicifolia (BSI)
The ZP3-independent ligand is not oviduct-secreted agarose, lectins that bindl-acetylglucosamine and sialic
glycoprotein (OGP) acid residues, or galactosyl(1-3) galactose disaccharides,
The most extensively studied of the oviduct-derivedrespectively. The lectin beads and their bound glycoproteins
glycoproteins is oviduct-secreted glycoprotein (OGP), whichwere removed, and the ligand activity in the depleted
in hamster, is secreted at the time of ovulation, adheres to teapernatants was determined using the sperm-egg binding
zona pellucida and may promote zona-binding and penetrati@ssay (Fig. 6A). WGA was able to deplete sperm-binding
(Boatman and Magnoni, 1995; Kan et al., 1990; Robitaille eactivity in both the matrix and peripheral fractions, as assayed
al., 1988; St-Jacques et al., 1992). We therefore tested directly higher numbers of sperm binding to the zona pellucida in
whether OGP functions as the ZP3-independent liganthe presence of the WGA-depleted fractions, relative to non-
identified here. We reasoned that GalT I-null males should b#epleted fractions. By contrast, BSI did not deplete either
unable to fertilize OGP-null females and unable to bind OGPfraction of biological activity. Supernatants from mock-
null oocytes if, in fact, OGP is the ZP3-independent ligandincubated controls, containing buffer rather than zona
However, when GalT I-null males were bred with wild-type orglycoproteins, had no effect on sperm-zona binding (data not
OGP-null females, the average litter sizes resulting from thesshown), demonstrating that the effects were due to lectin-
matings were similar to one another (Table 1A), indicating thagpecific depletion of zona glycoproteins, rather than to any
GalT I-null sperm are equally capable of fertilizing wild-type lectin that may have leached into the supernatant.
or OGP-null eggs in vivo. Similarly, at three different sperm To determine if the ability of WGA to deplete biological
concentrations, equivalent numbers of GalT I-null spernactivity from the peripheral fraction correlated with any
bound to ovulated eggs isolated from wild-type or OGP-nulmolecular species, the glycoproteins in the peripheral fraction
females (Table 1B). To confirm that OGP does not function asere examined by lectin-blotting (Fig. 6B). WGA reacted
the ZP3-independent ligand, soluble zona glycoproteins wergrongly with a high molecular weight species in the peripheral
prepared from ovulated eggs isolated from wild-type or OGPfraction, whereas BSI failed to react with any components in
null females, and tested for sperm-binding activity (Fig. 5)this fraction. Thus, biological activity in the peripheral fraction
Similar to that shown in Fig. 1, zona glycoproteins from botlcorrelates with a WGA-reactive, high molecular weight
wild-type and OGP-null females inhibited the binding of bothglycoprotein.



Fig. 6. The peripheral fraction
contains a WGA-reactive high
molecular weight glycoprotein that
correlates with the biological activit
of the ligand. (A) Biological activity
of matrix and peripheral fractions
before and after depletion with
WGA-agarose or BS-I agarose. W(
depletes ligand activity, assayed
against wild-type sperm, from both
the matrix and peripheral fractions,
whereas BS-| fails to deplete activi
from either fraction. Each bar
represents the meanzs.e.m. of
triplicate assays from one
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A) Sperm bound/egg

WGA

BS-1

% of control

Matrix fraction +
Peripheral fraction
Lectin Depleted

v

v

B) Lectin blot

Peripheral Fraction

WGA BS-1

experiment. The broken line indica
the number of sperm bound in the
control (buffer). (B) WGA and BSI lectin blots of peripheral fraction glycoproteins. WGA reacts with high molecular weigptalsios in
the peripheral fraction, whereas BSI does not react with any glycoprotein species. Each blot is representative of aixjearssvds.
Molecular weight markers are shown.

Multiple attempts to purify the biological activity from the isoelectric focusing (IEF) and assaying them for ligand activity
peripheral fraction proved unsuccessful because of limitingn the sperm-egg binding assay (Fig. 8). IEF gels were divided
amounts of protein (estimated at ~1 ng per egg equivalent) amtto four fractions ranging from the most acidic region of the
variable amounts of biological activity, which is probably gel containing the matrix glycoproteins (fraction 1) to the most
the result of cortical granule damage during preparatiorbasic region of the gel containing the high molecular weight,
Therefore, we returned to the original source of théNGA-reactive species (fraction 4). Proteins were eluted from
peripherally associated ligand, the ovulated zona pellucida, améch gel fraction, dialyzed, resuspended in dmKRBT and
compared the migration of WGA-reactive proteins in ovariarassayed for ligand activity. As control, pieces of a blank IEF
and ovulated zonae by two-dimensional SDS-PAGE (Fig. 7)gel were subjected to the same procedure. Wild-type sperm
As expected, both the ovarian and ovulated zonae pellucidaere competitively inhibited from binding to ovulated eggs by
consist of heavily glycosylated, relatively acidic proteins thaboth the acidic (1) and basic (4) fractions, whereas GalT I-null
migrate with a pattern consistent with ZP1, ZP2 and ZP3 (Blegperm binding was inhibited only by the basic fraction (4).
and Wassarman, 1980b). Furthermore, the ovulated zoWNghen the amount of starting ovulated zonae was doubled, the
pellucida contains a WGA-reactive, relatively basic protein okluate from fraction 4 produced 69% inhibition of sperm-egg
~250 kDa that is absent from the ovarian zona pellucida. Weinding. Thus, the acidic region of the gel containing ZP3
determined that this glycoprotein originated from the zonaecapitulates the behavior of ovarian zona glycoproteins, in that
pellucida and was not a contaminant of the hyaluronidase drcompetitively inhibits wild-type, but not GalT I-null, sperm
buffers used to prepare the zona glycoproteins (data nbinding to eggs. However, the basic region of the IEF gel,
shown). The molecular weight of this protein is comparablevhere the WGA-reactive, high molecular weight protein
with the WGA-reactive protein detected in the peripheratesolves, contains a ligand to which both wild-type and GalT
fraction by one-dimensional SDS-PAGE, although thd-null sperm bind, thus recapitulating the characteristics of the
conditions of the electrophoresis and the molecular weighihtact ovulated zona pellucida and the peripheral fraction.
standards differed between the two experiments.

The ability of WGA to deplete biological activity from the . .
peripheral fraction is consistent with the ~250 kDa, basi<,D'S’Cl"SS'orl
protein being the ZP3- and OGP-independent ligand. We testddhe molecular mechanisms underlying gamete recognition are
this possibility more directly by isolating proteins resolved bynot yet fully understood. Until recently, evidence suggested

A) Ovarian ZP (2.5 pg) Fig. 7.Ovulated, but not ovarian, zona pellucida (ZP)

glycoproteins contain a basic, WGA-reactive, 250 kDa

glycoprotein. Ovarian (A) and 500 zonae equivalents of

ovulated (B) zona proteins (2.5) were separated by

two-dimensional polyacrylamide gel electrophoresis,
transferred to PVDF and visualized by staining with
biotinylated-WGA.. This blot is representative of five
experiments. The arrow indicates a 250 kDa, basic,
WGA-reactive protein that is present in ovulated ZP,
but not ovarian ZP. The pH gradient, the theoretical
location of the matrix proteins [according to Bleil and

Wassarman (Bleil and Wassarman, 1980b)], and
S0 - P molecular weight markers are shown.

B) Ovulated ZP (500 egg equivalents)

M,
250 »

150 =
100«

5.
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Wot++  [Ogt-- fraction contains a ZP3-independent component. Furthermore,
125 as wild-type sperm are sensitive to both the peripheral and
matrix fractions, this indicates that the ZP3-independent ligand

100 ]l ,l T ,l R is physiologically relevant to wild-type sperm-egg binding, and

not a peculiarity of the GalT I-null sperm phenotype.

The ligand activity in the peripheral fraction is not a
75 byproduct of cortical granule secretions released during
preparation or a result of to residual ZP3, nor is it a function
of mouse oviduct-specific glycoprotein (OGP). This is
consistent with recent data indicating that OGP-null females
are fertile (Araki et al., 2003). Initial characterization suggests
25 ] that the ligand is a relatively basic, WGA-reactive, high
molecular weight (~250 kDa) glycoprotein that can be readily
distinguished from the insoluble matrix glycoproteins by two-

0 dimensional SDS-PAGE. Preliminary estimates indicate that
IEFfraction# 1 2 3 4 the peripheral fraction contains ~1.7 ng protein/egg, whereas

| M the insoluble matrix fraction contains ~5.1 ng protein/egg.

P Although the peripheral fraction probably contains proteins in
Fig. 8.Proteins isolated from the basic region of an IEF gel addition to the ZP3-independent ligand, this suggests that the
containing ovulated zona pellucida (ZP) glycoproteins inhibit wild- ligand is present at levels not grossly different from the
type and GalT I-null sperm binding to ovulated eggs. Proteins were individual zona matrix glycoproteins, which have both
|solat§d from a.CIdIC (fraction 1), neutra! (fractlons 2 and 3) and basiGtrctural as well as sperm-binding capacities.
(fraction 4) regions of an IEF gel containing 5000 ovulated ZP and yyq expected that the matrix and peripheral fractions would
tested for biological activity in the sperm-egg binding assay. The be less efficacious in inhibiting wild-type sperm binding than

acidic fraction (containing ZP3) inhibits wild-type, but not GalT I- the ‘unfracti ted’ lated lucida. Similarl
null, sperm from binding to ovulated eggs. By contrast, the basic € uniractionated ovulaled zona pellucida. similarly, one

fraction (containing the basic ligand) prevents both wild-type and ~ Would predict that wild-type sperm would continue to bind to

Spermbound/egd% of control)

GalT I-null sperm from binding to ovulated eggs. Doubling the the zona pellucida even in the presence of soluble ZP3, owing
amount of starting material lead to 69% inhibition of sperm-egg ~ to the presence of the ZP3-independent ligand. However, we,
binding by fraction 4. Each bar represents the meantsme=th.; and others, have observed that sperm-egg binding is effectively

experiments. In a single experiment, the value for each bar represefkocked when only one competitive ligand is present, e.g. ZP3
the average of three determinations (for a total of 12 assays per barpr the ZP3-independent ligand. The mechanism underlying this
The broken line indicates the number of sperm bound in the controlg unclear; blocking the binding site of one receptor may
i.e. material obtained from a blank IEF gel treated identically to 99|Ssterically interfere with the ability of the other receptor to
containing zona glycoproteins. recognize its ligand or may alter its affinity for ligand.
Evidence for this comes from the observation that GalT I-null
sperm bind to ovulated eggs in higher numbers than do wild-
that gamete recognition in mouse is mediated by a single eggpe sperm (Lu and Shur, 1997), suggesting that the affinity of
coat glycoprotein (ZP3) that is recognized by a specific sperthe GalT l-independent receptor may be modulated by the
receptor, with most evidence implicating GalT | as, at least ongresence of GalT |. This model cannot be definitively tested
of, the ZP3 receptors. In this study, data are presentadtil the ligand and the receptor have been purified in sufficient
suggesting that gamete recognition is more complex than quantities to perform binding analyses. It is noteworthy,
single receptor-ligand interaction, and can be resolved intbowever, that cellular interactions known to be mediated by
at least two distinct binding events: a ZP3- and GalT Imultiple receptor-ligand pairs, such as the concerted action of
independent interaction responsible for gamete adhesion, ardlectins and integrins in mediating lymphocyte interactions
a ZP3- and GalT I-dependent interaction that facilitatesvith vascular endothelium, are readily inhibited by low
acrosomal exocytosis. As sperm are able to bind to ovariamolecular weight competitors of only one of the relevant
eggs, ZP3 may support some degree of sperm adhesion raseptor-ligand pairs (Bevilacqua, 1993; Lasky, 1992;
well, possibly via GalT |. However, sperm normally fertilize Stoolman and Rosen, 1983).
ovulated rather than ovarian eggs, and therefore must There are several reasons that may explain why the ZP3-
encounter the ZP3-independent binding activity under normahdependent ligand has not been identified previously. First, the
physiological conditions. removal of GalT | from sperm by homologous recombination
The two distinct sperm-binding activities can be attributedallowed us to eliminate, for the first time, the contribution of
to two distinct sperm-binding ligands present in the ovulated@P3, and thereby reveal a novel, previously undetected binding
egg coat: a ligand in the insoluble zona matrix and activity. Second, the traditional procedure of extensively
peripherally associated ligand that can be removed bwashing ovulated eggs before solubilizing their zona pellucida
extensive washing. The matrix fraction can account for theemoves most of the peripherally associated sperm-binding
behavior of ovarian zona glycoproteins in that it inhibits wild-ligand, as shown here by the ability to remove ligand activity
type sperm-egg binding, but has no effect on GalT I-nulby extensive washing. Finally, the majority of experiments
sperm. By contrast, the peripheral fraction inhibits both wild-characterizing the function of zona glycoproteins have used
type and GalT I-null sperm binding. These results stronglyhnomogenized ovaries as a source of zona glycoproteins, which
suggest that the matrix fraction contains ZP3 and the periphedalcks the ZP3-independent ligand.
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Fig. 9.Binding of GalT I-
null sperm to the egg is
independent of other
members of the GalT family
UDP-galactose inhibits wild
type sperm, but not GalT I-

1254  @gt++  Qgt Finally, and perhaps most significantly, is that during
fertilization sperm bind to the zona pellucida of ovulated
1004 oocytes, and not to the ovarian egg coat. In fact, oviductal
glycoprotein secretions are known to permeate the zona

7 pellucida, and, at least in hamster, there is evidence to suggest

Ul seerm. from bindin to 0 that the ovulated zona pellucida has biological activities that
ovula?ed eégs Each dagta are distinctly different from those in the ovarian zona pellucida
point represer{ts the 25 (Boatman and Magnoni, 1995; Kan et al., 1990; Robitaille et

Sperm bound/egg (% of control)

al., 1988; St-Jacques et al., 1992). All of these observations

necessitate a re-examination of the simple premise that sperm-

value for each data point egg binding involves a single receptor-ligand interaction. In

represents the average of this regard, the fact that GalT I-null sperm fail to undergo

three determinations (for a acrosomal exocytosis even though they bind to the ovulated

total of six assays per data point). UDP-glucose had no effect on the;ona pellucida, clearly resolves gamete interaction into at

binding of either sperm genotype to eggs (data not shown). least two distinct components, a ZP3-independent adhesive
event and a ZP3-GalT I-dependent induction of acrosomal
exocytosis.

The sperm receptor for the ZP3-independent ligand is of
great interest. We tested the possibility that other members of This work was supported by grant HD23479 (B.D.S.) and by NRSA
now known to be one of six enzymes in thd,4- Katrina Waymire for their advice and technical expertise; Dr Yoshi

; ; . Araki for providing the OGP-null mice; Dr Jurrien Dean for providing
gglgagctosyltrans]l‘ererlf,ehf{;l]mlIy t()AImelda ett 3"{ 1399’ Lo et atlj'the monoclonal antibodies against mouse ZP1, ZP2 and ZP3; and Dr
. ), some of which have been reported o e eXpressed iy on sehmeichel for critical reading of the manuscript.
testis (Almeida et al., 1997; Sato et al., 1998). This possibility
was shown to be unlikely, as the addition of UDP-galactose
readily inhibited wild-type sperm-egg binding, as previouslyReferences

demonstrated (Lopez et al., 1985), whereas it had no eﬁec; Q0 ida R. Amado. M. David. L. Levery, S. B., Holmes, E. H., Merkx

GalT I-null sperm-egg blndl'ng ('_:lg' 9) _AS UDP—gaIactose_ 1S G., van Kessel, A. G., Rygaard, E., Hassan, H., Bennett, E. et@997).
able to force the catalytic dissociation of any putative A family of humanB4-galactosyltransferases. Cloning and expression of two
galactosyltransferase from its galactosylated product, thisnovel UDP-galactosp:N-acetylglucosaminepl,4-galactosyltransferases,
result suggests that no other members of the GalT family B4Gal-T2 and¥4Gal-T3.J. Biol. Chem272, 31979-31991.

- - P Imeida, R., Levery, S. B., Mandel, U., Kresse, H., Schwientek, T.,
function during the binding of GalT I-null sperm to the zona Bennett, E. P. and Clausen, H(1999). Cloning and expression of A

pe”UCida-_ quever,_ any 0]( the other sperm COMPONENtS proteoglycan UDP-galactogexylose B1,4-galactosyltransferase 1. A
recently implicated in ZP3-independent sperm-egg binding, seventh member of the hum@#-galactosyltransferase gene familyBiol.
such as SED1 or arylsulfatase A, could function as the receptorCh¢m-SZ74Y26165-2617§- Vit S K _ <

; o ; ; mari, S., Yonezawa, N., Mitsui, S., Katsumata, T., Hamano, S.,
fZOOrO‘:[?,r'“'SI' n?\t/)ﬁl’ dﬁPS Inlgelpetndlen;(;é)gze_mv(:/h(_FnStShT az%%OShuﬁ Kuwayama, M., Hashimoto, Y., Suzuki, A., Takeda, Y. and Nakano, M.

’ _an Ibhednyangkul et a . » VT ie e a " ) (2001). Essential role of the nonreducing termonahannosyl! residues of

As discussed here, several lines of evidence imply that thethe N-linked carbohydrate chain of bovine zona pellucida glycoproteins in

classical ‘one receptor-one ligand’ model of gamete interaction sperm-egg bindingviol. Reprod. Dev59, 221-226. _
may be inaccurate. There is additional confusion in théfak'vgﬁim;‘iaev '\aﬂriavgse?:g:i«\?g%gé;‘"E};flg;ngcfm:lh I Iﬁghgﬁo?z?l{he
literature regardlng the .ComPOSItlon O.f the zona.pelluuda a.nd ov’iduct-spe’cific glycoproteir’I gene on mouse fertilizatBiochem. J374,
the structure of the biologically active glycosides. In this s551.557.
regard, at least four different monosaccharide residues hawenoult, C., Zeng, Y. and Florman, H. M. (1996). ZP3-dependent activation
been implicated as being critical for initial sperm binding of sperm cation channels regulates acrosomal secretion during mammalian
(Amari et al., 2001; Bendahmane et al., 2001; Johnston et aj fertiization. J. Gefl Biol. 134 637-645.

. L . _Aviles, M., Castells, M. T., Abascal, I., Martinez-Menarguez, J. A., Draber,
1998; Loeser and Tulsiani, 1999). Many of these observationSp “kan £ w. and Ballesta, J.(1999). Cytochemical localization of

result from the ability of defined glycoconjugates to GalNAc and GalNABL,4Gapl,4 disaccharide in mouse zona pellucida.
competitively  inhibit sperm-egg binding, but their Cell Tissue Re295 269-277.

interpretation is questioned by two findings. First, the sugafles, M- I(Ezl_c';/cl)%zt)rah'c Mt-é)gﬁgre:ic';l’ Cgs:givs QfétiTa'nBag?SI?ﬁ ;digggtm”' of
composition of the zona peIIu.C|da IS het.erogeneous (AV”eS etcarbohydrates in th)é mouse zona pellucida during folliculogenesis.
al., 2000a). Immunocytochemical analysis at the ultrastructural pistochem. Cell Biol113 207-219.

level reveals that some sugars are confined to the inner regionges, M., Okinaga, T., Shur, B. D. and Ballesta, J2000b). Differential

of the zona pellucida, whereas other sugars are dispersegxpression of glycoside residues in the mammalian zona pellidila.

. o - Reprod. Devs7, 296-308.
uniformly throughout the zona. Thus, it is impossible to kno%endghmane M., Lynch, C., 2nd and Tulsiani, D. R(2001). Calmodulin

whether the_ mhlbltory sugar belr_1g_ _assa_ye(_j 1S ava”a_ble n thesignals capacitation and triggers the agonist-induced acrosome reaction in
zona pellucida to the sperm at initial binding or during later mouse spermatozoarch. Biochem. Biophy890, 1-8.
aspects of zona penetration. Furthermore, some of the md&ivilacqua, M. P.(1993). Endothelial-leukocyte adhesion molecukasnu.

potent oligosaccharide inhibitors of sperm-egg binding do not Rev. Immunoll1, 767-804.

- : il, J. D. and Wassarman, P. M.(1980a). Mammalian sperm-egg
appear to have analogous structures in the zona pellucida, aﬂateraction: identification of a glycoprotein in mouse egg zonae pellucidae

_thus are unIike_Iy to account for sperm binding activity in the possessing receptor activity for spef@ell 20, 873-882.
intact zona (Aviles et al., 1999; Aviles et al., 2000b). Bleil, J. D. and Wassarman, P. M(1980b). Structure and function of the zona

meants.d.n=2 experiments
In a single experiment, the 0

T T T 1
0 0.5 1 15 2
UDP-galactase (mM)



512 Development 131 (3) Research article

pellucida: identification and characterization of the proteins of the mouse mice are refractory to ZP3-induced acrosome reactions and penetrate the

oocyte’s zona pelluciddev. Biol.76, 185-202. zona pellucida poorlybevelopmenii24, 4121-4131.

Bleil, J. D. and Wassarman, P. M(1986). Autoradiographic visualization of Miller, D. J., Gong, X., Decker, G. and Shur, B. D(1993). Egg cortical
the mouse egg’s sperm receptor bound to spér@ell Biol. 102, 1363- granule N-acetylglucosaminidase is required for the mouse zona block to
1371. polyspermyJ. Cell Biol.123 1431-1440.

Boatman, D. E. and Magnoni, G. E.(1995). Identification of a sperm Miller, D. J., Macek, M. B. and Shur, B. D. (1992). Complementarity
penetration factor in the oviduct of the golden ham&#ml. Reprod.52, between sperm surfac@-1,4-galactosyltransferase and egg-coat ZP3
199-207. mediates sperm-egg bindingature 357, 589-593.

Buhi, W. C., Alvarez, |. M. and Kouba, A. J.(2000). Secreted proteins of O'Toole, C. M., Arnoult, C., Darszon, A., Steinhardt, R. A. and Florman,
the oviduct.Cells Tissu. Orgl66, 165-179. H. M. (2000). C&") entry through store-operated channels in mouse sperm

East, I. J., Gulyas, B. J. and Dean, J1985). Monoclonal antibodies to the is initiated by egg ZP3 and drives the acrosome readtloh.Biol. Cell11,
murine zona pellucida protein with sperm receptor activity: effects on 1571-1584.
fertilization and early developmeridev. Biol.109, 268-273. Rankin, T. L., Tong, Z. B., Castle, P. E., Lee, E., Gore-Langton, R., Nelson,
Endo, Y., Lee, M. A. and Kopf, G. S.(1987). Evidence for the role of a L. M. and Dean, J.(1998). Human ZP3 restores fertility in Zp3 null mice
guanine nucleotide-binding regulatory protein in the zona pellucida-induced without affecting order- specific sperm bindiBgvelopment 25 2415-2424.
mouse sperm acrosome reactibeyv. Biol.119 210-216. Rankin, T. L., Coleman, J. S., Epifano, O., Hoodbhoy, T., Turner, S. G.,
Endo, Y., Lee, M. A. and Kopf, G. S,(1988). Characterization of an islet- Castle, P. E., Lee, E., Gore-Langton, R. and Dean, (2003). Fertility and
activating protein-sensitive site in mouse sperm that is involved in the zona taxon-specific sperm binding persist after replacement of mouse sperm
pellucida-induced acrosome reacti@ev. Biol.129 12-24. receptors with human homolodg3ev. Cell5, 33-43.
Ensslin, M. A. and Shur, B. D.(2003). Identification of mouse sperm SED1, Robitaille, G., St-Jacques, S., Potier, M. and Bleau, G(1988).
a bi-motif EGF repeat and discoidin-domain protein involved in sperm-egg Characterization of an oviductal glycoprotein associated with the ovulated

binding.Cell 114, 405-417. hamster oocyteBiol. Reprod.38, 687-694.

Florman, H. M. and Wassarman, P. M.(1985). O-linked oligosaccharides Sato, T., Furukawa, K., Bakker, H., van den Eijnden, D. H. and van Die,
of mouse egg ZP3 account for its sperm receptor actily41, 313-324. I. (1998). Molecular cloning of a human cDNA encodifiyl,4-
Gong, X., Dubois, D. H., Miller, D. J. and Shur, B. D(1995). Activation of galactosyltransferase with 37% identity to mammalian UDP-Gal:GIdNAc

a G protein complex by aggregation ®fl,4-galactosyltransferase on the  1,4-galactosyltransferaseroc. Natl. Acad. Sci. US95, 472-477.

surface of spernScience269, 1718-1721. Shi, X., Amindari, S., Paruchuru, K., Skalla, D., Burkin, H., Shur, B. D.
Hogan, B., Beddington, R., Constantini, F. and Lacy, E(1994). In and Miller, D. J. (2001). Cell surfacf-1,4-galactosyltransferase-| activates

Manipulating the Mouse Embryo: A Laboratory Manyal417. Plainview: G protein- dependent exocytotic signalibpvelopmeni28 645-654.

Cold Spring Harbor Press. Spargo, S. C. and Hope, R. M(2003). Evolution and nomenclature of the

Johnston, D. S., Wright, W. W., Shaper, J. H., Hokke, C. H., van den zona pellucida gene familfdiol. Reprod.68, 358-362.
Eijnden, D. H. and Joziasse, D. H(1998). Murine sperm-zona binding, a St-Jacques, S., Malette, B., Chevalier, S., Roberts, K. D. and Bleau, G.
fucosyl residue is required for a high affinity sperm-binding ligand. A (1992). The zona pellucida binds the mature form of an oviductal
second site on sperm binds a nonfucosylatBejalactosyl-capped glycoprotein (oviductin)J. Exp. Zool262, 97-104.
oligosaccharideJ. Biol. Chem273 1888-1895. Stoolman, L. M. and Rosen, S. D(1983). Possible role for cell-surface
Kan, F. W., Roux, E., St-Jacques, S. and Bleau, GL990). Demonstration carbohydrate-binding molecules in lymphocyte recirculatiorCell Biol.
by lectin-gold cytochemistry of transfer of glycoconjugates of oviductal 83, 722-729.
origin to the zona pellucida of oocytes after ovulation in hamsterat. Talbot, P., Shur, B. D. and Myles, D. G.(2003). Cell adhesion and

Rec.226, 37-47. fertilization: steps in oocyte transport, sperm-zona pellucida interactions,

Lasky, L. A. (1992). Selectins: interpreters of cell-specific carbohydrate and sperm-egg fusiomiol. Reprod.68, 1-9.
information during inflammatiorScience258 964-969. Tantibhedhyangkul, J., Weerachatyanukul, W., Carmona, E., Xu, H.,

Lo, N. W., Shaper, J. H., Pevsner, J. and Shaper, N. 1(1998). The Anupriwan, A., Michaud, D. and Tanphaichitr, N. (2002). Role of sperm
expanding pB4-galactosyltransferase gene family: messages from the surface arylsulfatase A in mouse sperm-zona pellucida bindbia.
databanksGlycobiology8, 517-526. Reprod.67, 212-219.

Loeser, C. R. and Tulsiani, D. R(1999). The role of carbohydrates in the White, D., Weerachatyanukul, W., Gadella, B., Kamolvarin, N., Attar, M.
induction of the acrosome reaction in mouse spermat&zola Reprod 60, and Tanphaichitr, N. (2000). Role of sperm sulfogalactosylglycerolipid in
94-101. mouse sperm-zona pellucida bindifgjol. Reprod.63, 147-155.

Lopez, L. C., Bayna, E. M., Litoff, D., Shaper, N. L., Shaper, J. H. and  Youakim, A., Hathaway, H. J., Miller, D. J., Gong, X. and Shur, B. D.
Shur, B. D. (1985). The receptor function of mouse sperm surface (1994). Overexpressing sperm surfad,4-galactosyltransferase in
galactosyltransferase during fertilizatiah.Cell Biol.101, 1501-1510. transgenic mice affects multiple aspects of sperm-egg interaciioGell

Lu, Q. and Shur, B. D.(1997). Sperm fronf1,4-galactosyltransferase-null Biol. 126, 1573-1583.



