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SUMMARY

Gamete fusion is the fundamental first step initiating

human CD9, whose large extracellular loops differ in 18

development of a new organism. Female mice with a gene residues, rescued fusion ability of the injected CD9 KO

knockout for the tetraspanin CD9 (CD9 KO mice) produce

mature eggs that cannot fuse with sperm. However, nothing
is known about how egg surface CD9 functions in the
membrane fusion process. We found that constructs
including CD9’'s large extracellular loop significantly

inhibited gamete fusion when incubated with eggs but not
when incubated with sperm, suggesting that CD9 acts by

eggs. However, when the injected mouse CD9 mRNA
contained a point mutation (F174 to A) the gamete fusion
level was reduced fourfold, and a change of three residues
(173-175, SFQ to AAA) abolished CD9's activity in gamete
fusion. These results suggest that SFQ in the CD9 large
extracellular loop may be an active site which associates
with and regulates the egg fusion machinery.

interaction with other proteins in the egg membrane. We
also found that injecting developing CD9 KO oocytes with
CD9 mRNA restored fusion competence to the resulting
CD9 KO eggs. Injecting mRNA for either mouse CD9 or

Key words: Gamete fusion, CD9, Tetraspanin, mRNA injection,
Mutation, Mouse

INTRODUCTION 2001; Maecker et al., 1997; Boucheix and Rubinstein, 2001).
Tetraspanins may organize specific cell surface molecules to
Sperm-egg binding and fusion initidke development of a new form functional macromolecular complexes on the surface of the
organism, but the molecular mechanisms of gamete adhesiamgll that express the tetraspanin (Maecker et al., 1997; Boucheix
gamete membrane fusion and associated signaling are still poodyd Rubinstein, 2001). Additionally, it is possible that
understood. Recently, one egg surface protein, CD9, was showatraspanins are ligands for receptors on other cells, as reported
to be essential for gamete fusion. The fertility of CD9-deficienfor the tetraspanin CD81 (Kelic et al., 2001).

female mice is severely reduced because membrane fusionAnother egg surface protein, the integrapl, was
ability is lost in CD9-deficient eggs (Kaji et al., 2000; Le Naourpreviously proposed as the receptor for sperm on mouse eggs
et al., 2000; Miyado et al., 2000). CD9 belongs to a family ofAlmeida et al., 1995). It was thought thefp1 binds to the
proteins called tetraspanins, which contain four transmembramisintegrin domain of fertilifp on the sperm surface (Chen and
domains, one small extracellular loop (EC1) and one larg8ampson, 1999; Chen et al., 1999; Evans, 2001). Because it was
extracellular loop (EC2), and cytoplasmic amino and carboxyfound thata631 and CD9 could be coimmunoprecipitated from
termini (Boucheix and Rubinstein, 2001). Tetraspanins areouse eggs, it was suggested that CD9 plays its crucial role in
reported to function in a variety of cell activities including cellgamete fusion through involvement in a fertipra6p1/CD9
adhesion, motility, proliferation, differentiation and signalingintergamete complex (Miyado et al., 2000). This view, however,
(Maecker et al, 1997; Lagaudriere-Gesbert et al., 1997)s challenged by two other reports. One shows that fefilin
Immunoprecipitation and other studies suggest that tetraspanidsficient sperm fuse with eggs at 50% of the wild-type level
in the plasma membrane are associated with each other and wi@ho et al., 1998). The other shows thé1-deficient eggs fuse
several other cell surface molecules, including a subspi of with sperm at the same level as the wild-type eggs (Miller et al.,
integrins and Ig superfamily members, to form a tetraspanin wet)00). These two reports indicate that there must be other
(Nakamura et al., 1995; Berditchevski et al., 1996; Rubinstein @etolecules on the cell surface of gametes that can act in sperm-
al., 1996; Serru et al., 1999; Charrin et al., 2001; Stipp et akgg fusion.
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Thus, how CD9 functions in gamete fusion is still unknownMedia for oocyte culture and in vitro fertilization assay

In the present study, we addressed two questions. Does C@dium 1: (M199; Gibco BRL), 3.5 mM sodium pyruvate, 1,000 i.u.

work by binding to sperm or to other egg surface proteins? Whaenicillin-streptomycin, 0.1% polyvinyl alcohol, 2 mM L-glutamine,

is the binding site on CD9? Our data suggest that CD9 interads2 mM 3-isobutyl-1-methylxanthine (IBMX, Calbiochem); Medium 2:

through its large extracellular loop (EC2) domain with other egd0 MM Hepes (N-[2-hydroxyethyl]piperazin€-[2-ethanesulfonic

surface proteins (i.e. iris), and that the three residues SFQ (173&cid] in Medium 1; Medium 3: 5% fetal calf serum in Medium 1;

175) in EC2 are required for CD9’s function in gamete fusionMEd;”.mM‘éam;d'g_mO%(‘)’/‘(’:tggt’/}n'g'\é';?umegl'ganm&(%%'ﬂ? l\z/lg"d'ltgr%”tl

These flndlngs add to our understandlng_of the me_chanlsm of twoat IBMX: Medium 7: 3.0% BSA in Medium1 without [BMX.

gamete fusion process and emphasize the importance 0

identifying the egg protein(s) that interact with the SFQ site iDocyte culture and microinjection

CDo. Wild-type or CD9-deficient C57BL6 female mice (Le Naour et al.,
2000) (6-8 weeks old) were primed with 10 i.u. of pregnant mare serum
gonadotropin 48 hours prior to ovary isolation. Isolated ovaries were

MATERIALS AND METHODS placed in Medium 1 to collect germinal vesicle (GV)-stage oocytes.
] ) After the removal of granulosa cells, the GV-stage oocytes were allowed
Plasmid construction to recover in Medium 1 at 37°C, 5% €for 2-3 hours and then loaded

The plasmid pmCD9 was constructed by inserting the full-length mousato a 25ul drop of Medium 2 in a 35 mm tissue culture dish (Corning).
CD9 cDNA (GenBank accession number NM007657) intoBbaR| A 0.5l drop of MRNA solution was placed approximately 2 mm away
site of the pBluescript vector (Stratagene). The plasmid phCD9 w&som the drop containing oocytes in Medium 2. Both drops were
constructed by inserting the full-length human CD9 cDNA (GenBanloverlaid with dimethylpolysiloxane (DMPS, 20 centistokes; Sigma) to
accession number NM001769) into tlieoR|l site of pcDNA3.1  prevent evaporation. Each oocyte was injected with approximately 30
(Invitrogen). pmCD9 was used as the parental plasmid to construct tipg of mRNA. Injections were carried out on a Zeiss Axiovert 135
three-amino-acid-mutant plasmid pmCD9-SFQ(173-175)AAA by PCRequipped with a bipolar temperature controller set at 37°C (Medical
Two overlapping mutated fragments were generated by two sets 8fystems Co.) Injected oocytes were transferred to Medium 3 for a period
primers (forward 5SGCAGGAATTCCGGCCCTTCTGT-3and reverse  of approximately 12 hours at 37°C, 5% £@fter incubation, oocytes
5-AACCgcGgccgcTTCCAAAAGCTGTTTCTTGGG3 forward 53 were allowed to incubate for approximately 16 hours in Medium 4. The
GGAAgcggcCgcGGTTAAGCCCTGCCCTGAAGC-and reverse's  metaphase 1l eggs among the cultured oocytes were selected for use in
ATCGATAAGCTTGATATCGAATTC-3, the mutated sequence in experiments.
lowercase), digested witNot and ligated together to form a single ) o
fragment. This fragment was digested vtoR| and ligated back into [N vitro fertilization assay (IVF)
the parentaEcdRI-digested pBluescript vector. Eggs, prepared as described above, were treated with acid Tyrodes
The green fluorescent protein (GFP)-tagged chimeric plasmids wesslution for about 30 seconds to remove the zona pellucida and then
constructed as follows. The forward primer&GTagatctAGTCACG-  allowed to incubate in Medium 6 at 37°C, 5% ar 3 hours. Sperm
ACGTTGTAAAACGACGGCC-3 (Bglll site in lower case) and the for the in vitro adhesion and fusion assay were isolated from the cauda
reverse primer 'SACGTaagcttGACCATTTCTCGGCTCCTGCGGAT- epididymis and the vas deferens of C57BL6 male mice (10-12 weeks
3 (Hindlll site in lower case) were used in PCR to make a construaild) into Medium 7, and capacitated for 3 hours in Medium 7 at 37°C,
including the T7 promoter and the open reading frame (ORF) of thB% CQ, resulting in a population of 60-70% acrosome-reacted sperm
mouse CD9 cDNA from the plasmid pmCD?9. After digestion Bijfil (Moller et al., 1990). The other steps for in vitro fertilization were
and HindlIl, the PCR product was ligated into the vector pEGFP-Nl1carried out as previously described (Miller et al., 2000).
(Clontech) to obtain the GFP chimeric plasmid pmCD9-eGFP. This ) )
plasmid was used as the parental vector to construct the single-amidgdirectimmunofluorescence of eggs expressing human
acid-mutant plasmid pmCD9-F174A-eGFP, according to the instructiofr mouse CD9
of the Quick-Chang® mutagenesis kit (Stratagene). The primers usedifter in vitro fertilization, the eggs were fixed in 4% paraformaldehyde
in the mutagenesis were forward-GCAAGAAACAGCTTTTG- and 0.1% PVA in phosphate-buffered saline (PBS, pH 7.4) for 10
GAAAGTGCCCAGGTTAAGCCCTGCCCTGAAGCC&and reverse  minutes at room temperature. After fixation, eggs were incubated with
5-GGCTTCAGGGCAGGGCTTAACCTGGGCACTTTCCAAAAG- either 10ug/ml anti-mouse CD9 antibody KMC8 (BD Pharmingen) or

CTGTTTCTTGG-3. 10pg/ml anti-human CD9 antibody ALB-6 for 1 hour at 37°C, 5%CO
All constructs were sequenced to show that undesired mutations hadMedium 6, followed by a 30-minute incubation with an appropriate
not been introduced during the PCR and cloning steps. secondary antibody conjugated to Oregon Gréeor Alexa FluofM
) ) 488 fluorophore (Molecular Probes Inc.). The fluorescence images were
In vitro synthesis of MRNA acquired with a laser scanning confocal microscope (model LSM 410;

The plasmids pmCD9, phCD9, pmCD9-SFQ(173-175)AAA, pmCD9-Carl Zeiss).

eGFP and pmCD9-F174A-eGFP were linearized by digestion with o ) ) ]

appropriate restriction enzymes whose recognition sites are downstrefigualization of CD9-eGFP fusion protein expression

of the ORFs of the corresponding cDNAs. The linearized plasmidysing confocal microscopy

were used as templates to synthesize mRNA using the mMessager eggs injected with CD9-eGFP or CD9-F174A-eGFP mRNAs, the

mMachine™ capped RNA transcription kit with T7 RNA polymerase expression of the eGFP fusion protein on the eggs was observed with a

(Ambion), according to the manufacturer’s protocol. The mRNAs werdaser scanning confocal microscope (model LSM 410; Carl Zeiss) after

dissolved in RNase/DNase-free water. the eggs were incubated in Medium 4 for 16 hours and then coincubated
with sperm for in vitro fertilization assay.

Antibodies

Antibodies used include the anti-mouse CD9 monoclonal antibodie&reparation of glutathione S-transferase (GST)-mouse

KMC8 (Pharmingen), 4.1F12, 1.2C4, 1.1F2 and 1.4G1, isolated arfdD9 extracellular large loop (EC2) fusion protein and EC2-

characterized in one of our laboratories (C. B. and E. R., unpublishdustidine (HT) fusion protein

results). The anti-human CD9 monoclonal antibody, ALB-6, has beelihe DNA fragment encoding the extracellular loop of mouse CD9

described (Rendu et al., 1987). (EC2) was inserted intecaR| andBanH| restriction sites of the PGEX-
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3X vector (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Th ] 2 Fig. 1. Western blot of GST-EC2 and
GST-EC2 fusion protein and GST alone were expresdeddali BL21 EC2/HT. Western blotting was carried out
cells (Amersham Pharmacia Biotech). The cells were lysed by mil as described in Materials and Methods.
sonication, and GST-EC2 or GST was allowed to bind to a glutathion Lane 1, 50 ng GST-EC2; lane 2, 10 ng
affinity matrix (Amersham Pharmacia Biotech). The GST-EC2 fusior EC2/HT. The molecular mass (kDa) of
protein or GST was eluted from the affinity matrix using 10 mM reducec __45 protein standards is indicated.

glutathione in 50 mM Tris-HCI (pH 8.0). The eluted proteins were use 3

fresh in the in vitro fertilization assay.

The EC2 DNA fragment was also inserted into e and Xhd
restriction sites of the carboxy-terminal hexa-histidine expression vect
pET24a (Novagen, Madison, WI, USA). The resulting plasmid, denote
pET24a-CDOEC2/HT, was transformed iro coli BL21/pLysS cells . -~
for protein expression. The cells were lysed in a French press al sperm-egg fusion but not binding
separated into soluble and insoluble fractions by centrifugation. Th (Miller et al., 2000), but the KMC8
insoluble portion was resuspended in 6 M guanidine-HCI, an epitope is unknown. We expressed the
subsequently clarified by both centrifugation and filtration. The fusiodarge extracellular loop (EC2) of mouse CD9 as a GST fusion
protein EC2/HT was purified by nickel-nitrilotriacetic acid metal- protein (GST-EC2) and this fusion protein bound KMCS8 in
affinity chromatography (Qiagen, Chatsworth, CA, USA), followed bywestern blotting (Fig. 1, lane 1), suggesting that a functional

reverse-phase HPLC (Waters, Milford, MA, USA) using a Vydac Cl&jte of CD9 may be in EC2. Freshly purified GST-EC2 fusion
preparative column (Vydac, Hesperia, CA, USA) with a

L ) : . rotein w. for i ff n gam fusion. Thr
water/acetonitrile gradient of 0.05%/minute in the presence of 0.10/p ote as tested for its effect on gamete fusio e

trifluoroacetic acid. Protein peaks were collected, centrifuged und rarameters were measured: (1) fertilization rate FR = the

vacuum to remove the acetonitrile, and lyophilized. A single oxidize er_C_e”“.ige .Of eggs that fuse with at least one sperm; (2)
species was recognized by the monoclonal antibody KMC8. Circuldertilization index FI = total number of fused sperm/total
dichroism analysis revealed that this species had significant helicBimber of eggs; (3) the mean number of sperm bound at the
structure and was thermally stable (C. C. L. et al., unpublished result§guator of the egg. When zona-free eggs were incubated with
This fraction of the EC2/HT was resuspended in PBS just before use @ST-EC2 for 3 hours before insemination, gamete fusion was
the in vitro fertilization assay. inhibited (Table 1). The fertilization rate was reduced from
Western blot analysis 100% to 60%, and the fertilization index was reduced from 1.5

_ ) to 0.6. The average number of sperm bound to the egg plasma
Western blot analysis was performed according to the standard meth mbrane was unaffected. When sperm were incubated with

for ECL western blotting detection reagent (Amersham Pharmaci 3 - P A
Biotech). Protein samples were analyzed by non-reducing SDS-PAGE?I).FCZ ;for t3 hours beflf)rgl mlsemlnatlon, no significant
Jihibitory effect was seen (Table 1).

Gels were transferred onto Hybond-C membranes (Amersha . .
Pharmacia Biotech) by electroblotting. Monoclonal antibody KMcg 10 test the effect of EC2 in another kind of construct, EC2

(BD Pharmingen) against CD9 was used as the primary antibody at¥as fused with a histidine tag (HT) and purified by HPLC.
final concentration of 0.fig/ml. The blotting signals were developed EC2/HT binds KMC8 in western blots (Fig. 1, lane 2) and folds
using the ECL system (Amersham Pharmacia Biotech), using filpproperly by biophysical criteria, e.g. it shows expected
development times that gave a signal in the linear range of bl@mounts of helical structure by circular dichroism and has a
intensities. conformation related to the native form of CD9 on the mouse
egg (C. C. L. et al., unpublished results). When zona-free eggs
were incubated with the EC2/HT polypeptide for 3 hours

__ 55 forits function in gamete fusion. The
monoclonal antibody KMC8 to mouse
— 14 CD9 has been reported to inhibit

RESULTS before insemination, gamete fusion was inhibited (Table 1).

. . o The fertilization rate was reduced from 83% to 43%, and the
The fusion proteins GST-EC2 and EC2/HT inhibit fertilization index from 0.83 to 0.42. The average number of
mouse sperm-egg fusion sperm bound to the egg plasma membrane was not affected

We first asked which region(s) of the CD9 protein is importan{Table 1). When sperm were incubated with EC2/HT for 3

Table 1. The effect of GST-EC2 and EC2/HT on in vitro fertilization

Incubation Pre-incubated Number of Fertilization Fertilization Sperm bound
protein gamete eggs tested rate (%) index per equator
GST Egg 78 10040 1.5+0.15 6.2+0.5
GST-EC2 Egg 86 60+5.1 0.6+0.05 5.7£0.5
GST-EC2 Sperm 63 97+3.0 1.1+0.11 7.1+1.6
Buffer (PBS) Egg 56 83+3.5 0.83+0.04 4.60.3
EC2/HT Egg 76 43+2.6 0.42+0.02 4.8+0.4
EC2/HT Sperm 67 7545.2 0.75+0.05 4.5+0.3

Values are meants.e.m.

300pg/ml of GST-EC2 or 25@g/ml of EC2/HT were pre-incubated with sperm or with eggs for 3 hours. Then the EC2 construct remained present
(undiluted) during a 40 minute insemination period beginning when the other gamete was added. After the 40 minute indentilizttam rate, fertilization
index and sperm bound per equator were scored (see text).

For eggs pre-incubated with GST-EC2, significant inhibition was seen for both fertilization rate and fertilizatioR<0d@X)(

For sperm pre-incubated with GST-EC2, fertilization rate was unaltered and fertilization index showed a slight, statstis@ihifitant reduction®>0.1).

For eggs pre-incubated with EC2/HT, significant inhibition was seen for both fertilization rate and fertilizatiofP#@602).

For sperm pre-incubated with EC2/HT, fertilization rate and fertilization index showed statistically non-significant reBz0t@n (
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Fig. 2. Immunofluorescent staining of
CD9 on the surface of CD9 eggs
injected with either mouse or human
CD9 mRNAs. (A) Immunofluorescent
staining using the anti-mouse CD9
antibody KMC8 on wild-type eggs.
(B) Immunofluorescent staining using
the anti-mouse CD9 antibody KMC8
on CD97-oocytes injected with
mouse CD9 mRNA.

(C) Immunofluorescent staining using
the anti-human CD9 antibody ALB6
on CD97-oocytes injected with
human CD9 mRNA.

hours before insemination, no
significant inhibition was observed
(Table 1).

In the protocol used in these

Injection of CD9 mMRNA into CD9-deficient oocytes

restores their fusion ability

Given that the CD9 EC2 loop has a role in sperm-egg fusion,
we asked what is the functional site within EC2? To address
this question, we applied a mouse oocyte expression system
(detailed below) using oocytes from CD9 null female mice,
along with CD9 mutagenesis and IVF techniques, to
investigate the key amino acid residues in EC2 required for
CD9's function in sperm-egg fusion.

It has been well demonstrated that mouse oocytes can
express functional proteins from injected mRNAs (Paynton et
al., 1983; Kola and Sumarsono, 1996; Williams et al., 1998).
The mRNAs encoding mouse or human CD9 were synthesized
and injected into CD9-deficient oocytes. The injected oocytes
were cultured in vitro to the metaphase Il stage (see Materials
and Methods). After the in vitro culture period, the mean
percentages of wild-type (WT) oocytes, KO (CBPoocytes,
or injected KO oocytes that produced first polar bodies were

experiments (see legend of Table in the range 61-78% and were not significantly different among
1), the CD9 EC2 construct is the different groups (data not shown). This result indicates that
preincubated with sperm or with CD9-deficient GV-stage oocytes, after injection with mRNA,
eggs for 3 hours. Then the EC2 can develop normally to metaphase Il.

construct remains present  As expected, KO eggs, injected with CD9 mRNA, express
(undiluted) during the 40 minute CD9 on the egg surface as seen by immunofluorescent staining
insemination period beginning using the anti-mouse CD9 monoclonal antibody KMC8 or the
when the other gamete is added. anti-human CD9 monoclonal antibody ALB6 (Fig. 2B,C). The
Inhibition occurs when the eggs localization of staining is similar to that of WT eggs, with CD9
are incubated with CD9 EC2 for over the microvillar region and absent over the metaphase plate
the initial 3 hours plus 40 minutes insemination but not wheifFig. 2A). CD9 KO eggs without mRNA injection show no
they are incubated with CD9 EC2 for only the final 40 minutesurface staining (data not shown). The absence of CD9 in
insemination. This indicates that the preincubation time of thaninjected CD9 KO eggs and the expression of CD9 in KO
CD9 EC2 with the eggs is required for inhibition of gameteeggs injected with CD9 mRNA was also confirmed by western
fusion. Overall, the results suggest that EC2 is a functionddlot (Fig. 6, lanes 1,2).

region of the CD9 molecule in gamete fusion, that sperm may To test whether or not in ovum expression of the CD9 protein
lack a counter-receptor for egg CD9, and that the constructs the egg surface was capable of restoring fusion ability, GV-
GST-EC2 and EC2/HT may displace endogenous egg CD&lage KO oocytes were injected with CD9 mRNAs, allowed to
from a complex with other egg molecules, thereby inhibitingnature to metaphase Il, and promptly used for in vitro
sperm-egg fusion. fertilization assays (see Materials and Methods). The

.

Table 2. In vitro fertilization assay with CD9~ oocytes injected with different CD9 mRNAs

Oocyte Injected Number of Fertilization Fertilization Sperm bound
genotype mRNA eggs tested rate (%) index per equator
Q)

CDg* None 131 83+4.3 0.89+0.07 10.0+1.3
CD9 '~ Mouse CD9 (mCD9) 76 46+4.2 0.46+0.04 10.1+2.2
CD9- Human CD9 (hCD9) 64 48+3.3 0.58+0.08 12.1#1.0
CD9 '~ None 140 0+0 0+0 10.2+1.2

(B

CD9"* None 166 66+7.4 0.83+0.04 14.4+1.7
CD9 '~ mCD9-eGFP 92 55+13.0 0.85+0.09 12.3+1.2
CD97- mCD9-F174A-eGFP 73 13+4.0 0.20+0.07 12.0+2.1
CD9 '~ None 131 1+1.2 0.02+0.01 14.0+1.7
©

CDg* None 122 80+3.3 0.81+0.04 8.3+0.8
CD9 7~ mCD9 54 48+3.1 0.48+0.03 8.4+1.2
CD9 '~ mCD9-SFQ(173-175)AAA 68 1+1.1 0.01+0.01 8.3t1.2
CD97- None 78 0+0 00 8.6+0.5

Values are meanzs.e.m.
(A) The mean fertilization rate and index for CH®ocytes injected with mouse CD9 mRNA are not significantly different from the values of- ©b&tes
injected with human CD9 mRNAPE0.2).
(B) The mean fertilization rate and index are reduced about fourfold after injection of mCD9-F174A-eGFP mRNA compared tGRFODBEA.
(C) Fertilization is almost abolished after injection of mMCD9-SFQ(173-175)AAA mRNA compared to mCD9 mRNA.
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Fig. 4. Western blot assay of CD9-eGFP expression int2ggs
injected with either wild-type or F174A mutant mouse CD9-eGFP
mMRNA. The injected eggs were allowed to develop to the M-Il phase,
then were lysed in non-reducing SDS-sample buffer. Western blots
were carried out as described in Materials and Methods. Each lane
contains 20 eggs. Lane 1, Ch%qggs; lane 2, CD% eggs injected

with wild-type CD9-eGFP mRNA; lane 3, CB9eggs injected with
mutant CD9- F174A-eGFP mRNA. The molecular mass (kDa) of
protein standards is indicated.

Fig. 3.CD9-eGFP fluorescence observed for €D8ocytes injected
with either wild-type or F174A mutant mouse CD9-eGFP mRNA.
(A) Fluorescence observed in Cggs injected with wild-type
CD9-eGFP mRNA. (B) Fluorescence observed in €D&ygs
injected with F174A mutant CD9-eGFP mRNA. In A and B, both
intracellular and surface fluorescence are observed. (C) Fluorescend
observed in uninjected CB9 eggs. (D-F) Phase contrast images of
A-C, respectively. Fluorescence levels were somewhat variable
within each group of eggs injected with the identical amount and
type of mMRNA.

expression of mouse or human CD9 on the surface of KO eg |
rescued sperm-egg fusion (Table 2A). The mean fertilizatio g
rate for WT eggs is 83+4.3%; for KO eggs expressing mous
CD9, 46+4.2%, and for KO eggs expressing human CDCSFig. 5.immunofluorescent staining of CD9 on the surface of D9
48+3.3%. No fusion was observed in the KO eggs withoueggs injected with either wild-type or SFQ(173-175)AAA mutant
MRNA injection. The fertilization index mirrors the mouse CD9 mRNA. After in vitro fertilization, eggs were fixed and
fertilization rate (Table 2). Sperm-egg binding is notwashed as described in Materials and Methods. The fixed eggs were

significantly different in the four groups tested (Table 2).  incubated with anti-mouse CD9 antibody KMC8 as the primary
antibody, followed by a goat anti-rat IgG (H+L) conjugated with Alexa

Reduced fusion ability of CD9-deficient oocytes Fluor™ 488 as the secondary antibody. Immunofluorescent staining

injected with the CD9-F174A-eGFP mutant mRNA was obtained with a laser scanning confocal microscope (Carl Zeiss,

. . . . LSM 410). (A) Immunofluorescent staining on CB%ggs injected
To hypothesise about which CD9 EC2 residues might byt wild-type mouse CD9 mRNA. (B) Immunofiuorescent staining

critical for gamete fusion, we considered the structure of thon cpg/-eggs injected with SFQ-to-AAA mutated mouse CD9

related human tetraspanin CD81 EC2, which has been solvmRNA. (C,D) Phase contrast images of A and B, respectively.

by X-ray crystallographic methods (Kitakodora et al., 2001)Fluorescence levels were somewhat variable within each group of eggs
The CD81 EC2 structure reveals a ‘head domain’, delineatadjected with the identical amount and type of mRNA.
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blot are very similar for CD9 and CD9-SFQ(173-175)AAA
| 2 3 (Fig. 5A,B, Fig. 6, lanes 2,3). The SFQ (173-175) to AAA
mutation essentially abolished the ability of CD9 to rescue the
1 — fusion competence of KO eggs (Table 2). While the mean
fertilization rate is 48+3.1% for KO eggs injected with wild-
type CD9 mRNA, it is only 1+1.1% for KO eggs injected with
mutant CD9-SFQ(173-175)AAA mRNA (Table 2C). Similarly,
the mean fertilization index is 0.48+0.03 for KO eggs injected
with wild-type CD9 mRNA, but 0.01+0.01 for KO eggs
36 injected with mutant CD9-SFQ(173-175)AAA mRNA (Table
2). Sperm binding, as measured by the number of sperm
bound/egg equator, is statistically equivalent for all

35 — experimental groups (Table 2).

B0
61 —

49

DISCUSSION

Fig. 6.Western blot assay of CD9 expression in €D8ggs injected ~ Previous work demonstrated that egg surface CD9 is essential
with either wild-type or mutant CD9-SFQ(173-175)AAA mRNA.  for sperm-egg fusion (Kaji et al., 2000; Le Naour et al., 2000;
The injected eggs were allowed to develop to the M-Il phase, then Miyado et al., 2000), but nothing is known about how CD9 acts
were lysed in non-reducing SDS-sample buffer. Western blots were in this system. Egg CD9 could bind frans to a counter-

carried out as described in Materials and Methods. Each lane receptor on sperm as suggested for CD81 on astrocytes
contains 20 eggs. Lane 17_0@%995; lane 2, CD$ eggs injected interacting with neurons (Kelic et al., 2001). Alternatively,
with wild-type CD9 mRNA,; lane 3, CDY eggs injected with CD9 may function bycis interactions on the egg surface with

mutant CD9-SFQ(173-175)AAA mRNA. The molecular mass (kDa)

of protein standards is indicated. other egg surface molecules. One egg protein suggested to

interact in a physiologically significant way with CD9 is the
integrin a6B1 (Chen et al.,, 1999; Miyado et al., 2000).
by disulfide bond patterning conserved in all tetraspanin familfdowever, eggs lacking6p1 fuse normally with sperm, so a
members. This head domain contains regions of the tetraspamuie for this integrin in gamete fusion is in doubt (Miller et al.,
molecule that can associate with other surface proteins. In iZ000).
head domain CD81 EC2 has a phenylalanine residue F186 inThe anti-CD9 monoclonal antibody KMC8 blocks sperm-
a solvent-exposed, low polarity patch. F186 is required foegg fusion (Chen etal., 1999; Miller et al., 2000), and we found
CD81 binding with hepatitis C virus (Higginbottom et al., that KMC8 binds to constructs containing CD9 EC2,
2000). CD9 F174 is present in a corresponding head domasuggesting a role for EC2 in the fusion process. The EC2
region and we mutated CD9 F174 to alanine to determine donstructs, preincubated with sperm, had no significant effect
there would be an effect on sperm-egg fusion. on fertilization rate or index, suggesting that either the
To allow direct observation of CD9 protein expression,constructs lack biological activity or that sperm do not have a
eGFP was fused at the carboxyl terminus of the F174A mutaneceptor for CD9. The EC2 constructs when preincubated with
or wild-type CD9. The wild-type CD9-eGFP or mutant CD9-eggs reduce fertilization rate and index, showing that the
F174A-eGFP mRNAs were synthesized and injected intgonstructs do have biological activity. The data therefore
CD9-deficient oocytes (see Materials and Methods). Isuggest that CD9 acts a@is at the egg surface and that sperm
CD9-deficient oocytes, levels of expression detected bhack a receptor acting astrans partner for CD9.
immunofluorescence and by western blot are very similar for Why do the EC2 constructs inhibit sperm-egg fusion when
CD9-eGFP and CD9-F174A-eGFP (Fig. 3A,B, Fig. 4, lanepreincubated with eggs? The simplest interpretation is that the
2,3). However, the F174A mutant is crippled in its ability toexogenously added EC2 can compete with endogenous CD9
rescue sperm-egg fusion. The mean fertilization rate anfibr association with some key egg surface molecule(s). But the
fertilization index are reduced about fourfold after injection ofexogenous EC2, having associated and displaced endogenous
mutant mMRNA compared to wild-type mRNA (Table 2B). CD9, cannot function to promote gamete fusion. The inability
Sperm binding, measured by the number of sperm bound/egdthe exogenous EC2 to exercise all CD9 functions may reflect
equator, is not significantly different in any of the experimentathe need for other CD9 regions for full function.

groups (Table 2). To allow further dissection of the basis of CD9 function, we

_ N o tested if the fusion ability of CD9 KO oocytes could be
Lack of fusion ability of CD9-deficient oocytes restored after the injection of CD9 message. We found a high
injected with the CD9-SFQ(173-175)AAA mRNA level of rescue of fusion ability by CD9 message injection. In

The above result indicates that residue F174 may be part oftlee current experiments uninjected KO eggs usually did not
required site necessary for CD9 function in sperm-egg fusiorfiuse, and their fertilization rate was 0% (Table 2), though in
To test this, we further mutated the three CD9 amino acidne test uninjected KO eggs had a fertilization rate of 2%. KO
residues SFQ (173-175) to AAA, and determined the effect adggs injected with wild-type CD9 mRNA fused at rates of 46-

injecting this mutant mMRNA on the fusion ability of CD9- 55%, far above the rate for uninjected KO eggs, but usually a
deficient oocytes. In CD9-deficient oocytes, levels oflittle lower than the rate for uninjected wild-type eggs (66-

expression detected by immunofluorescence and by westeBB%).
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