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Correction

DEVELOPMENTAL BIOLOGY
Correction for “Protein disulfide isomerase homolog PDILT
is required for quality control of sperm membrane protein
ADAM3 and male infertility,” by Keizo Tokuhiro, Masahito
Ikawa, Adam M. Benham, and Masaru Okabe, which appeared
in issue 10, March 6, 2012, of Proc Natl Acad Sci USA (109:
3850–3855; first published February 22, 2012; 10.1073/pnas.
1117963109).
The authors note that the title appeared incorrectly. The title

should instead appear as “Protein disulfide isomerase homolog
PDILT is required for quality control of sperm membrane
protein ADAM3 and male fertility.” The online version has
been corrected.

www.pnas.org/cgi/doi/10.1073/pnas.1204275109
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A disintegrin and metalloproteinase 3 (ADAM3) is a sperm mem-
brane protein critical for both sperm migration from the uterus
into the oviduct and sperm primary binding to the zona pellucida
(ZP). Here we show that the testis-specific protein disulfide isom-
erase homolog (PDILT) cooperates with the testis-specific calreti-
culin-like chaperone, calsperin (CALR3), in the endoplasmic
reticulum and plays an indispensable role in the disulfide-bond
formation and folding of ADAM3. Pdilt−/− mice were male infertile
because ADAM3 could not be folded properly and transported to
the sperm surface without the PDILT/CALR3 complex. Peculiarly
we find that not only Pdilt−/−, but also Adam3−/−, spermatozoa
effectively fertilize eggs when the eggs are surrounded in cumulus
oophorus. These findings reveal that ADAM3 requires testis-spe-
cific private chaperones to be folded properly and that the princi-
ple role of ADAM3 is for sperm migration into the oviduct but not
for the fertilization event. Moreover, the importance of primary
sperm ZP binding, which has been thought to be a critical step in
mammalian fertilization, should be reconsidered.

calmegin | cyritestin | gamete | uterotubal | disease

In mammals, ejaculated spermatozoa are not able to fertilize eggs
immediately, but acquire their fertilizing ability after spending

some time in the female reproductive tract. The phenomenon un-
derlying this acquisition of fertilizing ability is called sperm capaci-
tation, and the discovery made it possible to perform mammalian
in vitro fertilization (IVF) by mixing capacitated sperm with ovu-
lated eggs (1, 2). Although various sperm factors have been reported
to be important using the IVF system and inhibitory assays, recent
gene-knockout studies have revealed that many of the factors are
not essential for the fertilization process in vivo [including acrosin
for zona pellucida (ZP) binding and penetration, hyaluronidase for
cumulus oophorus penetration, zonadhesin for ZP binding, and
fertilin for sperm–egg fusion] (ref. 3 and refs. therein).
In contrast, gene knockout studies unexpectedly discovered

the fertilization-related molecules (3). ADAM3, one of these
essential factors, was first reported as a sperm–egg fusion protein
candidate but later was proven to be dispensable in fusion re-
action (4, 5). However, Adam3 knockout male mice are infertile
because the mutant spermatozoa cannot migrate through the
uterotubal junction (UTJ) in vivo and are unable to bind to ZP
in vitro (6). It was also reported that ADAM3 has affinity to the
ZP (7). There are at least seven lines of knockout mice showing
similar male infertility phenotypes: [Ace (8), Adam1a (9), Adam2
(10), Adam3 (5), Calr3 (11), Clgn (12), and Tpst2 (13)]. ADAM3
was lost from the sperm or was defective in all these mutant
mice. Because ADAM3 is involved in so many infertility phe-
notypes, elucidating its maturation and function is important in
understanding the process of mammalian fertilization.
ADAM3 is a cysteine-rich, glycosylated membrane protein that

is cotranslationally translocated into the endoplasmic reticulum
(ER) of spermatids, where numerous molecular chaperones and
catalysts promote glycoprotein folding as well as the disposal of

misfolded proteins. Whereas homologous lectin chaperones,
calnexin/calreticulin (CANX/CALR), chiefly mediate nascent
glycoprotein folding in the somatic cells (14), testicular germ
cells contain additional homologs, called calmegin (CLGN) and
calsperin (CALR3), respectively (15, 16). We have previously
demonstrated that the disruption of either Clgn or Calr3 genes
resulted in male infertility concurrent with the absence of
ADAM3 from mature spermatozoa. Whereas CLGN mediates
ADAM1A/ADAM2 heterodimerization that is required for
subsequent ADAM3 maturation (6, 17), CALR3 directly binds
to and regulates ADAM3 maturation (11).
Appropriate intra- and intermolecular disulfide bond formation

also promotes protein folding in the ER. For disulfide bond for-
mation in the ER, more than 20 protein disulfide isomerase (PDI)
family proteins have been implicated in the process of oxidation,
reduction, and isomerization (18, 19). Among the family members,
PDIA3 (ERP57) is notable because it associates withCANX/CALR
and contributes to the quality control cycle of newly synthesized
glycoproteins in the ER (20, 21). In addition to ubiquitous PDIs
including PDIA3, male germ cells also express a testis specific PDI-
like protein, PDILT (22). AlthoughPDILTdoes not have consensus
CXXC motifs and is not a classical oxidoreductase, it does interact
with CLGN and with model proteins in vitro, suggesting that it may
have a role in the maturation of spermatid proteins and conse-
quently, male infertility in vivo (23).
In the present study, we showed that PDILT interacts with

CALR3 in the testicular germ cells and plays an indispensable role
in the disulfide formation in the ADAM3. The PDILT knockout
mice were male infertile, consistent with the previous observations
that spermatozoa lacking ADAM3 cannot migrate through the
UTJ and cannot bind to the ZP. However, we found that the
spermatozoa lacking ADAM3 do fertilize eggs effectively in vivo
when capacitated spermatozoa were directly deposited into the
oviduct. Our data demonstrate the importance of a testis-specific,
ER-quality control system for sperm fertilizing ability and call into
question the importance of primary sperm ZP binding that has
been thought to be a critical step in mammalian fertilization.

Results
PDILT Forms a Chaperone Complex and Interacts with ADAM3. We
first examined the expression of PDILT in adult mouse organs and
in developing testes byWestern blotting analysis (Fig. S1A and B).
PDILT was specifically detected in testis, consistent with previous
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observations in rat and human (23, 24). In developing mouse tes-
tes, whereas PDIA3 (ERP57) was continuously detected through-
out development, PDILT was not detectable until the mice be-
came 3 wk old, indicating postmeiotic expression. As we have
shown previously (11), CALR3 and ADAM3 were also expressed
from 3 wk old, whereas CLGN expression starts from 2 wk after
birth. When we immunostained testicular germ cells (Fig. S1C),
CLGN was detected from spermatocytes to spermatids, whereas
CALR3 and PDILT were only expressed in haploid spermatids.
These data confirmed that mouse PDILT is a male haploid germ-
cell–specific protein coexpressed with CLGN and CALR3.
We next examined the interaction of PDILT with ER chaper-

ones and ADAM proteins by coimmunoprecipitation analysis
(Fig. 1 A and B), because CLGN- and CALR3-deficient mice had
infertile phenotypes attributed to failures in ADAM1/ADAM2
heterodimerization and ADAM3 maturation, respectively (11).
PDILT interacted with neither CANX nor CALR, but did bind to
CLGN in wild-type mice, consistent with the data from rat (23).
We further showed that PDILT interacted with CALR3 and that
the signal was stronger than with CLGN (Fig. 1A). PDILT inter-
acted with neither ADAM1B nor ADAM2, but did interact with
ADAM3 (Fig. 1B). The signal was weak, possibly because PDI
family:client interactions are known to be difficult to visualize,
given that only a small proportion of most client proteins will be in
the process of oxidative protein folding (25).

Generation of Pdilt KO Mice. To analyze the physiological function
of PDILT in vivo, we generated Pdilt gene-disrupted mice. The
targeting vector was designed by substituting exon 2 with a neo-
mycin resistance gene cassette in reverse orientation relative to the
Pdilt transcriptional unit (Fig. S2A). The correct targeting event in
embryonic stem cells and the germ-line transmission were con-
firmed by PCR analysis (Fig. S2B). Mating between heterozygous
F1 mice yielded the expected Mendelian ratios of offspring: 22
wild-type (+/+), 48 heterozygous (+/−), and 24 homozygous (−/−)
mutants. No overt developmental abnormalities were observed in
Pdilt−/− mice. In the Pdilt−/− testis, as expected, Pdilt mRNA and
PDILT protein were not detected (Fig. S2 C and D). There were
no significant differences in the protein amount of CLGN,

CALR3, PDI, and PDIA3 (Fig. S2E). When we looked at testic-
ular sections by optical microscopy, disruption of PDILT caused
no deleterious effect on spermatogenesis and sperm produced by
the mutants were morphologically normal (Fig. S2F).

Disappearance of ADAM3 from Pdilt−/− Spermatozoa. The CLGN
protein is involved in the heterodimerization of ADAM1A/
ADAM2 (only found in the ER) and ADAM1B/ADAM2 (fer-
tilin, found in both ER and at the cell surface) (17, 26). Although
PDILT interacts with CLGN, normal ADAM1/2 hetero-
dimerization was observed in Pdilt−/− testis (Fig. 1C) and the
ADAM1B/ADAM2 protein was successfully presented on ma-
ture spermatozoa (Fig. 1 D and E). However, ADAM3 dis-
appeared selectively from mature Pdilt−/− spermatozoa, whereas
various sperm-fertilizing proteins were normally presented, as
observed in Calr3−/− mice (11).
To trace the fate of ADAM3 in Pdilt−/− mice, we analyzed

spermatozoa from testis and epididymis by Western blotting.
ADAM3 is known to be processed from an uncleaved ∼90-kDa
form to a functional ∼30-kDa form in the epididymis (27). In
Pdilt−/− mice, ADAM3 was expressed normally in testis, but was
absent from caput epididymis, an early segment of the epididymis
(Fig. 2A). This experiment indicated that ADAM3 disappeared
from testicular spermatozoa before entering the epididymis.
We then performed a limited trypsin digest of testicular sper-

matogenic proteins to determine whether the ADAM proteins are
presented on the cell surface (Fig. 2B). When we trypsinized live
cells, extracellular trypsin could digest ADAM2 but not ADAM3
on the Calr3−/− and Pdilt−/− cells, implying that the mutant cells
present ADAM2 but not ADAM3 on their surfaces. In contrast,
the opposite finding was obtained inClgn−/− cells (11).Whenwhole
cell lysates were trypsinized, both ADAM2 and ADAM3 were
digested similarly in all wild-type, Clgn−/−, Calr3−/−, and Pdilt−/−

mice (Fig. S3). These data indicated that ADAM3 remains in the
secretory pathway in the absence of PDILT or CALR3, whereas it
is transported onto the sperm surface in the absence of CLGN.

PDILT-Dependent Disulfide Bond Formation in ADAM3. To investigate
whether PDILT, CALR3, and CLGN participate in the proper
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folding of ADAM proteins, spermatogenic cell membrane proteins
were separated into detergent-depleted or -enriched phases by Tri-
ton X-114 (28) and subjected to SDS/PAGE under reducing and
nonreducing conditions (Fig. 2C). In the detergent-depleted frac-
tion, ADAM3 was detected as a doublet under nonreducing con-
ditions, with the more compact, oxidized form being the most
prominent in wild-type mice. The compact, oxidized form was
weaker inPdilt−/−andCalr3−/− comparedwithwild-type andClgn−/−.
In the detergent-enriched fraction,ADAM3wasmostly recovered in
the oxidized form, and the ADAM3 signals were very faint in the
Pdilt−/− and Calr3−/− mice. Because the ADAM3 signals under re-
ducing conditions were comparable among all mutants, the data
suggests that both PDILT and CALR3 promote intramolecular
disulfide bond formation in ADAM3 and subsequent folding, thus
altering ADAM3 antigenicity. It should be noted that the ADAM2
signal was weaker in the Clgn−/− mice when analyzed under non-
reducing conditions, emphasizing the importance of CLGN in sup-
porting oxidative protein folding of ADAM2.
To further determine whether the interaction of PDILT with

ADAM3 is chaperone dependent, we immunoprecipitated PDILT

complexes, subjected them to SDS/PAGE and Western blotting,
then probed them with ADAM3 antibodies. PDILT associated
normally with ADAM3 in the absence of CLGN. However, the
interaction was almost abolished when CALR3 was not present
(Fig. 2D). When we immunoprecipitated CLGN and CALR3
complexes in the absence of PDILT, CLGN normally associated
with ADAM3. The CALR3/ADAM3 association was perturbed
but not abolished (Fig. 2E). These data indicate that the CALR3
recognizes ADAM3 with the aid of PDILT and the complex
promotes ADAM3 maturation.

Pdilt−/− Sperm Fertilizing Ability in Vivo. To examine Pdilt−/−mouse
fertility, adult Pdilt−/− females and males were mated with wild-
type males and females, respectively, for a month.Whereas Pdilt−/−

females were fertile, Pdilt−/− males were infertile, despite normal
mating behavior with successful sperm ejaculation and vaginal plug
formation (Fig. 3A). Therefore, we observed the behavior of
ejaculated spermatozoa in female reproductive tracts. For this ex-
periment, we introduced a transgene that labels spermatozoa with
a GFP-tagged acrosome and DsRed2-tagged mitochondria (29)
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into the Pdilt−/− genetic background to visualize the spermatozoa
inside the female reproductive tract (Fig. S2F). Although many
Pdilt+/− spermatozoa were observed in both uterus and oviduct 2 h
after coitus, Pdilt−/− spermatozoa were observed only in uterus but
not in oviduct (Fig. 3B). In addition, therewere no differences in the
sperm motility parameters assessed by the CEROS computer-
assisted sperm analysis system in the spermatozoa collected from
uterus at 2 h after coitus (Fig. S4). Taken together, the data in-
dicated that the defective migration of sperm from uterus into ovi-
duct was not due to impaired sperm motility.
To further investigate sperm fertilizing ability in vivo, wedirectly

deposited capacitated spermatozoa into the oviduct to circumvent
sperm migration from uterus into oviduct (Fig. 3C). When we
observed the females 24 h after the artificial insemination with
wild-type spermatozoa, 69.7 ± 19.3% of eggs were fertilized (Fig.
3D). Not only Pdilt−/−, but also Adam3−/− spermatozoa were able
to fertilize eggs as effectively as wild type (47.8 ± 9.8 and 64.1 ±
2.9%, respectively) (Fig. 3D). Healthy and fertile offspring de-
veloped from these fertilized eggs, indicating the genomic integrity
of the mutant spermatozoa (Fig. 3E).

Pdilt−/− Sperm Fertilizing Ability in Vitro. We next examined the
sperm fertilizing ability in vitro.When cumulus-free ZP-intact eggs
were inseminated with spermatozoa, the Pdilt−/− spermatozoa sel-
dom bound to the ZP (+/−, 33.7 ± 15.3 and −/−, 1.4 ± 2.6 per egg;
Fig. 4A andMovie S1). Under this condition, Pdilt−/− spermatozoa
rarely fertilized eggs (+/−, 63.7 ± 22.3% and −/−, 3.9 ± 5.4%; Fig.
4B). These defects were also reported in Adam3−/− spermatozoa
(5). Why were mutant spermatozoa able to fertilize eggs in the
oviduct but not in vitro? To address this question, we performed
IVF with cumulus-intact eggs to mimic the physiological fertiliza-
tionprocess.Although theeggswere surroundedby intactZPunder
the cumulus layer, both Pdilt−/− and Adam3−/− spermatozoa fer-
tilized eggs as effectively as wild type (+/+, 75.2 ± 10.1%, Pdilt−/−,
63.9 ± 28.0%; and Adam3−/−, 76.6 ± 13.9%; Fig. 4C). When we

performed cumulus-free IVF with cumulus-conditioned media,
Adam3−/− sperm fertilizing ability was not fully but partially re-
covered (cumulus intact, 95.8 ± 3.8%; cumulus free, 21.3 ± 6.9%;
and cumulus free with conditionedmedia, 45.9± 22.6%). The data
suggested that in addition to cumulus cells, hyaluronan and other
soluble factors maintained in these layers may be required to help
spermatozoa that lack ADAM3 to fertilize eggs.

Discussion
Proper glycoprotein folding in the ER is chiefly achieved by
CANX/CALR lectin chaperones that also recruit PDIA3 for
native protein disulfide bond formation (20, 21, 30). In the
present study, we showed that appropriate disulfide formation
in ADAM3 relies on a CALR3/PDILT partnership. Thus, we
propose that CALR3/PDILT is a new quality control hub unique
to the male germ cells, alongside the CANX/PDIA3 and HSPA5
(heat shock protein 5)/PDI partnerships found in somatic cells
(31). Although PDILT lacks a redox-active CXXC motif, the fact
that PDILT can be recovered in disulfide-dependent complexes
(23) suggests that the monocysteinic thioredoxin motif may trap
cysteine in the substrate to facilitate protein folding. PDILT is
not active as a reductase against the model substrate insulin
in vitro (23); however, it remains possible that PDILT contrib-
utes to oxidative protein folding in the context of other folding
factors in the spermatid. The rescue experiment with mutated
PDILT and ADAM3 as a model substrate would be informative
in future studies. Another interesting possibility is that, by com-
peting with PDIA3 or other protein disulfide oxidoreducatases,
PDILT might prevent and/or slow down the rate of disulfide bond
formation for a particular substrate. This might be needed in
specialized circumstances, such as low temperature in testis, to
promote appropriate disulfide bond formation in ADAM3.
The CALR3/PDILT complex is not the only unusual quality

control system required for ADAM3 maturation. CLGN is re-
quired for the heterodimerization of ADAM1A/ADAM2 and
this ER resident heterodimer is essential for ADAM3 maturation
(9, 17). Angiotensin converting enzyme (ACE) is a well-known
factor for blood pressure maintenance and has a testis-specific
promoter in intron 12. The male germ-cell–specific variant
(tACE) controls ADAM3 distribution on the membrane (6). The
GPIase activity of tACE (i.e., the release of glycosylphosphatidyl-
inositol-anchored proteins from the membrane) is implicated in
ADAM3 modification during epididymal maturation (32). In ad-
dition to tissue-specific factors, recent studies indicated that the
ubiquitously expressed proteins, TPST2 (protein–tyrosine sulfo-
transferase 2) and INPP5B (inositol polyphosphate-5–phospha-
tase B), are involved in ADAM3 quality control (13, 33). Although
aberrant folding and modification in cells can be associated with
pathological conditions, including amyloid diseases such as Par-
kinson and Alzheimer’s diseases (34, 35), the complex relation-
ships between different quality control systems in vivo is not fully
understood (36). Therefore, further studies of the ADAM3 mat-
uration mechanism will help us to understand the requirements
for different factors in divergent protein quality control systems
and protein misfolding diseases.
Defective sperm–ZP binding has been thought to be the critical

cause of male infertility in mice lacking sperm ADAM3 (5, 6, 9–
13). In general, it is believed that acrosome-intact spermatozoa
bind to the ZP and release their acrosomal contents (acrosome
reaction), then penetrate the ZP before fusing with eggs. In the
present study, we show that spermatozoa lacking ADAM3 were
able to fertilize freshly ovulated eggs as effectively as wild-type
spermatozoa when capacitated spermatozoa were directly de-
posited into the oviduct. Moreover, Adam3−/− spermatozoa suc-
cessfully fertilized ZP-intact eggs in vitro if they were surrounded
in cumulus oophorus cells. It was also reported that theAdam1a−/−

spermatozoa are not able to bind to the ZP but are able to fertilize
cumulus-invested eggs in vitro (9). These data suggest that the
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presence of numerous acrosome-intact sperm binding to the ZP
surface of cumulus-free eggs in vitro (called primary ZP binding)
could have been a “red herring” and less important than previously
supposed.Recent reports thatmost fertilizingmouse spermatozoa
begin their acrosome reaction during cumulus penetration before
contact with the ZP (37) and that acrosome-reacted mouse sper-
matozoa recovered from the perivitelline space can fertilize other
eggs (38) also support the idea.
Whereas primary sperm binding to the ZP could be bypassed

entirely, acrosome-reacted sperm binding to the ZP (called sec-
ondary binding) through acrosomal components and/or by the
inner acrosomal membrane could play an important role during
fertilization (39). In the present study, cumulus-conditionedmedia
partially (but not fully) restoredAdam3−/− sperm fertilizing ability
to cumulus-free zona-intact eggs. Therefore, in physiological cir-
cumstances, we suggest that the layers of cumulus oophorus may
help spermatozoa to bind/abut the ZP not only by structurally but
also by inducing an acrosome reaction that leads to secondary
binding. This is consistent with the previous observations on the
beneficial roles of the cumulus oophorus cells (40). Nongenomic
activation of spermatozoa by steroid hormones should also be
considered as a possible mechanism (41, 42).
Because defective sperm–ZP binding is not the cause of male

infertility in physiological circumstances, we should pay more
attention to the defective sperm migration through the UTJ. The
fact that mutant mice lacking sperm ADAM3 have defects in
both UTJ migration and ZP binding implies that both the UTJ
and ZP present the same sperm-associating factor(s). Because
genes coding the three major ZP glycoproteins (ZP1, ZP2, and
ZP3) are not expressed in the UTJ region, other (minor) com-
ponents of the ZP extracellular matrix and also protein mod-
ifications such as glycosylation should be considered (43).
It should be noted that Adam3 is a pseudogene in humans (44).

Because UTJ morphology is divergent among species and is
a rather simple funnel shape in human females (45), human
spermatozoa may no longer need ADAM3 for UTJ migration.
However, human spermatozoa are able to bind to cumulus-freeZP
and thus ZP-binding ability is well correlated with male fertility
(46, 47). There are at least 21 ADAM family members found in
humans and seven are testis specific, so other ADAM protein(s)
may substitute for the ADAM3 function. All of the testis-specific
ER chaperones (Clgn, Calr3, and Pdilt) are widely conserved in
placental mammals including humans, indicating that not only
ADAM3, but also other sperm-fertilizing proteins, must require
this unique quality control system for their maturation. We con-
clude that testis-specific quality control for nascent proteins in the
ER is crucial in equipping spermatozoa with their fertilizing ability
and in understanding how to develop new strategies for both
contraception and treatment for male infertility.

Materials and Methods
Animal Experimentation.All animal experiments were approved by the animal
care and use committee of the Research Institute for Microbial Diseases,
Osaka University.

Antibodies. Rabbit antisera against two PDILT C-terminal peptides (IRKPEE-
PERRKETA and QPKEQPKPERKLEV) were raised for this study. Rabbit antisera
against CAXN, CALR, CLGN, CALR3, and ADAM3 were described previously
(9, 11). The monoclonal antibodies were described previously [TRA369 for
CLGN (48); 1D5 for ACE (6); and KS130-158 for ADAM1b, KS107-190 for
ADAM2, and KS64-125 for IZUMO1 (11)], and purchased from Chemicon
(7C1 for ADAM3 and 9D for ADAM2), Santa Cruz Biotechnology (SC53029
for α-tubulin), and Abcam (Map for PDIA3). Anti-ZPBP1 polyclonal antibody
was kindly provided by Martin M. Matzuk (Baylor College of Medicine,
Houston, TX) (49).

Immunoblot. Immunoblot analysis was performed as described previously (6).
Briefly, sperm from the epididymis and vas deferens were collected and in-
cubated in lysis buffer containing 1% Triton X-100 for 20 min on ice. The

various tissues were excised and homogenized in lysis buffer and then
placed on ice for 1 h. These extracts were centrifuged, and the supernatants
were collected. Proteins were separated by SDS/PAGE under reducing or
nonreducing conditions and transferred to PVDF membranes (Millipore).
After blocking, blots were incubated with primary antibodies overnight at
4 8C, and then incubated with horseradish-peroxidase conjugated secondary
antibodies. The detection was performed using an ECL plus Western blotting
detection kit (GE Healthcare).

Immunoprecipitation. Immunoprecipitation was performed bymagnetic bead
separation (MACS separation; Miltenyi Biotec) according to the manu-
facturer’s protocol with minor modifications. Briefly, testes were solubilized
with 1 mL of ice-cold lysis buffer [10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1%
Triton X-100, and 1% protease inhibitor mixture (Nacalai Tesque)] and thus
prepared lysates were centrifuged at 15,300 × g for 10 min at 4 8C. One
milligram of testis lysate was incubated with 2 μL of each antiserum and 50
μL of protein A-conjugated microbeads (MACS Protein A Microbeads; Mil-
tenyi Biotec) for 1 h at 4 8C. The samples were applied to columns in the
magnetic field of the micro-MACS separator, and the columns were rinsed
four times with 200 μL of the wash buffer (1 M NaCl, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl pH 8.0) and once with 100
μL of low salt wash buffer (50 mM Tris-HCl pH 8.0 containing 1% Nonidet P-
40). Finally, 70 μL of preheated (96 8C) 1× SDS sample buffer was applied to
the columns, and eluate fractions were collected for analysis by SDS/PAGE.

Immunohistochemistry. Fresh sperm collected from the epididymis of wild-
type and mutant mice were mounted on glass slides and dried. For ADAM3
immunostaining, sperm were fixed in 4% (wt/vol) paraformaldehyde for 30
min. After washing with PBS, slides were blocked with 10% (vol/vol) goat
serum/PBS for 2 h and incubated with primary antibodies in 10% (vol/vol)
newborn calf serum (NBCS)/PBS at 4 8C overnight. After washing with PBS,
the slides were incubated with Alexa Fluor 546-conjugated goat antirat IgG
or antirabbit IgG antibodies (Invitrogen) in 10% (vol/vol) NBCS/PBS for 2 h.
After washing with PBS, the slides were observed under an Olympus IX-70
fluorescence microscope.

Trypsin Treatment. For cell surface proteins, live germ cells were collected from
testes. The seminiferous tubulesweremincedwith a razorblade to releasegerm
cells. The cell suspension in PBSwasfiltered throughanylonmesh, the cellswere
collected by centrifugation at 400 × g for 5 min and the cell pellet was resus-
pended in PBS. The germ cells (5 × 107 cells/mL) were incubated with 0, 20, or
40 μg/mL L-1-tosylamido-2-phenylethyl chloromethyl ketone-treated trypsin
(Sigma) for 5 min at 20 8C. Trypsin digestion was terminated by the addition of
soybean trypsin inhibitor (Sigma). Samples were analyzed by reducing SDS/
PAGE and immunoblotted with anti-ADAM2 or -ADAM3 antibodies.

Phase Separation of Triton X-114 Extracts of Sperm. Phase separation of Triton
X-114 extracts of testes were performed as described by Yamaguchi et al. (6).

Fertility Test and Sperm Migration Assay. B6D2 F1 mice were used as wild-type
controls. Three females were caged with each male for 1 mo and kept an-
other 3 wk to observe pregnancy. The copulation was confirmed by ob-
serving the plug every morning. Sperm migration analysis was performed as
described previously (29, 50).

Sperm Deposition into Oviducts. Sperm deposition into oviducts was per-
formed as described previously (51). After 24–27 h of sperm deposition, eggs
were collected by flushing out the oviducts and fertilized eggs were
implanted into the fallopian tubes of a pseudopregnant female mouse.

In Vitro Fertilization. Eggs collected from superovulated females 14 h after hCG
injection were placed in 100 μL of TYHmedium, drop coveredwith paraffin oil.
Conditionedmediaweremadeby culturing cumulus-intact eggs collected from
four female mice in 100 μL of TYH medium for 2 h. To remove cumulus cells,
eggs were treated with hyaluronidase (1 mg/mL) for 5 min. Epididymal sperm
were collected from3-mo-oldmalemice and incubated in TYHmedium (52) for
2 h for capacitation. Capacitated sperm were added to the drop containing
eggs at a final concentration of 2 × 105 sperm/mL. After 8 h of coincubation,
the formation of pronuclei was observed under a Hoffman modulation con-
trast microscope. To assess the zona pellucida binding ability, cumulus-free
eggs were incubated with capacitated sperm for 20 min before observation.
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Statistical Analysis. All of the values were the means ± SD of at least three
independent experiments. Statistical analyses were performed using Stu-
dent’s t test. Differences were considered significant at P < 0.05.
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