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Calnexin (CANX) and calreticulin (CALR) are homologous
lectin chaperones located in the endoplasmic reticulum and
cooperate to mediate nascent glycoprotein folding. In the tes-
tis, calmegin (CLGN) and calsperin (CALR3) are expressed as
germ cell-specific counterparts of CANX and CALR, respec-
tively. Here, we show that Calr3�/� males produced appar-
ently normal sperm but were infertile because of defective
sperm migration from the uterus into the oviduct and defec-
tive binding to the zona pellucida. Whereas CLGN was re-
quired for ADAM1A/ADAM2 dimerization and subsequent
maturation of ADAM3, a sperm membrane protein required
for fertilization, we show that CALR3 is a lectin-deficient
chaperone directly required for ADAM3maturation. Our re-
sults establish the client specificity of CALR3 and demonstrate
that the germ cell-specific CALR-like endoplasmic reticulum
chaperones have contrasting functions in the development of
male fertility. The identification and understanding of the
maturation mechanisms of key sperm proteins will pave the
way toward novel approaches for both contraception and
treatment of unexplained male infertility.

Membrane and secretory proteins are cotranslationally
translocated into the endoplasmic reticulum (ER)3 lumen,
where numerous molecular chaperones and folding enzymes
assist their maturation (1, 2). Failures in protein folding and
quality control can result in compromised cellular function
and diseases such as diabetes, cystic fibrosis, and amyloidosis
(3–5). ER membrane-bound calnexin (CANX) and luminal
calreticulin (CALR) are well characterized homologous lectin
chaperones that transiently interact with newly synthesized
glycoproteins and play critical roles in calcium homeostasis
and the process of protein maturation and degradation (6–
10). Despite their extensive homology, CANX and CALR

show some differences in their activity and client specificity,
as demonstrated by CANX- and CALR-deficient cell lines
(11). The distinct phenotypes of knock-out mice (Calr�/� is
embryonic lethal (12), whereas Canx�/� is semilethal after
birth (13)) reinforce their different functions. Because CANX
is membrane-tethered and CALR is soluble in the lumen, the
contrasting function might be explained mainly by their dif-
ferent topological constraints (11, 14). Recent studies have
suggested, however, that client specificity is due in part to
glycan-independent polypeptide recognition (15–18).
Calmegin (CLGN) and calsperin (CALR3) have been re-

ported to be testis-specific homologs of CANX and CALR,
respectively (19, 20). We have shown previously that CLGN is
a CANX-like lectin chaperone during spermatogenesis and is
required for the assembly of ADAM (a disintegrin and metal-
loproteinase) sperm fertilizing proteins ADAM1A/ADAM2
and ADAM1B/ADAM2 (21, 22). The ADAM1B/ADAM2
complex, also known as fertilin, was first identified as a pro-
tein required for sperm-egg fusion but was later proved to be
dispensable for fertilization using gene-disrupted mice (23,
24). On the contrary, ER-resident ADAM1A/ADAM2 is criti-
cal for subsequent ADAM3 maturation and sperm fertilizing
ability (24, 25). This explains why Clgn�/� mature sperm lose
ADAM3 expression and, subsequently, fertilizing ability (26,
27).
CALR3 was first identified as a CALR homolog through

BLASTP analysis, and its testis-specific expression was dem-
onstrated by Northern blot analysis (20). However, the bio-
chemical and physiological functions of CALR3 and its rela-
tionship with CALR and CLGN remain unknown. In this
study, we generated Calr3�/� mice and describe the indis-
pensable role of CALR3 in the development of sperm fertiliz-
ing ability. In contrast to CLGN, CALR3 does not have broad
lectin-like activity but directly associates with ADAM3 and is
required for its maturation. We therefore conclude that the
testis-specific calreticulin homologs CLGN and CALR3 have
distinct but cooperative roles in the maturation of ADAM3
during spermatogenesis and subsequent sperm fertilizing
ability.

EXPERIMENTAL PROCEDURES

Antibodies—Rabbit antisera against the CALR C-terminal
peptide (EEDEKEEDEEESPGQAKDEL) and the CALR3 C-
terminal peptide (MGKFHRHWHLSRFHRQGEL) were
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raised for this study (supplemental Fig. S1). Antisera against
the CANX C-terminal and CLGN C-terminal peptides were
described previously (22). Antisera against MFGE8 (SED1)
(28) and ZAN (zonadhesin) (29) were kindly provided by Drs.
Barry Shur and Daniel Hardy, respectively. Monoclonal anti-
bodies were described previously (TRA369 for CLGN (30)
and 1D5 for ACE (26)), established in this study (KS107–158
for ADAM1B, KS107–190 for ADAM2, and KS64–125 for
IZUMO1), or purchased (7C1 for ADAM3 (Chemicon), 7C5
for ZP3R (SP56; QED Bioscience), and SC53029 for �-tubulin
(Santa Cruz Biotechnology)).
Immunoblotting—Immunoblot analysis was performed as

described previously (26). Briefly, sperm from the epididymis
and vas deferens were collected and incubated 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 trans-
ferred to PVDF membranes (Millipore). After blocking, blots
were incubated with primary antibodies overnight at 4 °C and
then incubated with horseradish peroxidase-conjugated sec-
ondary antibodies. Detection was performed using an ECL
Western blotting detection kit (GE Healthcare).
Immunohistochemistry—Testes were collected from

adult mice and fixed in 4% paraformaldehyde/PBS over-
night at 4 °C, cryopreserved in graded 10–30% sucrose, and
embedded in a Tissue-Tek O.C.T. compound (Sakura Fine-
technical Co.). Frozen sections (8 �m) were mounted on
aminopropyltriethoxysilane-coated glass slides. After
washing with PBS, slides were blocked with 10% newborn
calf serum/PBS for 1 h and incubated with primary anti-
bodies in 10% newborn calf serum/PBS at 4 °C overnight.
After washing with PBS, the slides were incubated with
secondary antibodies with Alexa Fluor 488 or 546 (Invitro-
gen) in 10% newborn calf serum/PBS for 2 h. After washing
with PBS, the slides were observed under an Olympus
IX-70 fluorescence microscope with a Nipkow disk confo-
cal scanner unit (CSU-X1, Yokogawa Electric) and a cooled
charge-coupled device camera (CoolSNAP HQ, Photomet-
rics). Device control and image capture were performed
with MetaMorph software (Molecular Devices).
Immunoprecipitation—Immunoprecipitation was per-

formed by magnetic bead separation (MACS separation,
Miltenyi Biotec) according to the manufacturer’s protocol
with minor modifications. Briefly, wild-type or Calr3�/� tes-
tis was solubilized with 1 ml of ice-cold lysis buffer containing
10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1% Triton X-100, and
1% protease inhibitor mixture (Nacalai Tesque). Lysates were
centrifuged at 15,300 � g for 10 min at 4 °C. One mg of testis
lysate was incubated with 2 �l of each antiserum and 50 �l of
Protein A-conjugated MicroBeads (MACS Protein A Mi-
croBeads, Miltenyi Biotec) for 2 h at 4 °C. The samples were
applied to columns in the magnetic field of the �MACS sepa-
rator, and the columns were rinsed four times with 200 �l of
wash buffer (1 M NaCl, 1% Nonidet P-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, and 50 mM Tris-HCl (pH 8.0)) and once
with 100 �l of low salt wash buffer (50 mM Tris-HCl (pH 8.0)

and 1% Nonidet P-40). Finally, 70 �l of preheated (96 °C) 1�
SDS sample buffer was applied to the columns, and eluate
fractions were collected for analysis by SDS-PAGE.
Endoglycosidase H Treatment—For deglycosylation, the

testis lysates prepared as described above were treated with
endoglycosidase H (Roche Applied Science) at 37 °C over-
night according to the manufacturer’s instructions. The
treated lysates were used for immunoprecipitation assays.
Trypsin Treatment—Testes from mutant mice were ho-

mogenized in lysis buffer containing 50 mM NaCl, 10 mM

Tris-HCl (pH 7.5), 1% Triton X-100, and 20 mM iodoacet-
amide (Nacalai Tesque) to prepare 1 mg/ml lysate. The lysate
was incubated with 0, 0.25, 0.75, 1.25, and 2.5 �g/ml L-1-
tosylamido-2-phenylethyl chloromethyl ketone-treated tryp-
sin (Sigma) for 30 min at 4 °C. Trypsin digestion was termi-
nated by the addition of 200 �g/ml soybean trypsin inhibitor
(Sigma). Samples were analyzed by reducing or nonreducing
SDS-PAGE and immunoblotted with anti-ADAM3 antibody.
For cell-surface proteins, live germ cells were collected from
testes. The seminiferous tubules were minced with a razor
blade to release germ cells. The cell suspension in PBS was
filtered through a nylon mesh, the cells were collected by cen-
trifugation at 2000 rpm for 5 min, and the cell pellet was
resuspended in PBS. The germ cells (5 � 107 cells/ml) were
incubated with 0, 20, and 40 �g/ml L-1-tosylamido-2-phenyl-
ethyl chloromethyl ketone-treated trypsin for 5 min at 20 °C
and then homogenized in lysis buffer.
Fertility Test and Sperm Migration Assay—Three B6D2F1

females were caged with each male for 1 month and kept an-
other 3 weeks to observe pregnancy. Four males were exam-
ined for each group. Sperm migration from the uterus into
the oviduct was examined as described previously (22).
Briefly, oviducts with the proximal part of the uterus were
excised 2 h after copulation and fixed with 4% paraformalde-
hyde/PBS. Frozen sections containing the uterotubal junction
were stained with hematoxylin and eosin and observed under
the microscope.
In Vitro Fertilization—Eggs collected from superovulated

females, 14 h after human chorionic gonadotropin injection,
were treated with hyaluronidase (1 mg/ml) for 5 min to re-
move cumulus cells and then placed in a 200-�l TYH medium
(44) drop covered with paraffin oil. Epididymal sperm were
collected from 3-month-old male mice and incubated in TYH
medium 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 co-incubation, 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 prior to observation. To assess the fusion ability, the
zona pellucida was dissolved in acidic Tyrode’s solution for
30 s to 1 min, and the eggs were preloaded with Hoechst
33342 (1 �g/ml) by incubation for 10 min and washing them
before insemination. After 30 min of co-incubation with ca-
pacitated sperm, the eggs were fixed in 0.25% glutaraldehyde
and observed under a fluorescence microscope with ultravio-
let excitation (31). Partial zona dissection was performed with
a piezo-micromanipulator with a glass capillary needle (diam-
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eter of 5–10 �m) (32). Fertilized eggs were counted at the
two-cell stage and then transferred into the oviduct of pseu-
dopregnant females.
Statistical Analysis—All values are the means � S.D. of at

least three independent experiments. Statistical analyses were
performed using Student’s t test. Differences were considered
significant at p � 0.05.

RESULTS

Haploid-specific Expression of CALR3—We raised anti-
CALR3 antibodies and showed that expression of CALR3 was
testis-specific (Fig. 1A). We next determined the differentia-
tion stage-specific expression of CALR3 in mouse testis (Fig.
1, B–D). Whereas constitutive expression of CALR and
CANX started at birth, CLGN and CALR3 appeared at 2 and
3 weeks of age, respectively (Fig. 1B). In mouse, spermatogen-
esis begins at birth, and germ cells enter and exit meiosis at
approximately 11 and 21 days of age (33). Therefore, the onset
of CLGN and CALR3 expression was considered to be mei-
otic and post-meiotic, respectively. It is notable that CLGN
expression preceded that of CALR3, mirroring the offset ex-
pression of ADAM1B/ADAM2 and ADAM3 (Fig. 1B). When
we stained testicular sections with antibodies (Fig. 1, C and
D), post-meiotic expression of CALR3 was reconfirmed,
whereas CLGN expression faded after meiosis. The stage-
specific expression and co-localization of CLGN and CALR3

suggested that they may have independent yet cooperative
functions.
Generation of Calr3 Knock-out Mice—To analyze the physi-

ological function of CALR3 in vivo, we generated Calr3�/�

mice. The targeting vector was constructed by substituting
exons 3 and 4 with a neomycin resistance gene cassette in
reverse orientation relative to the CALR3 transcriptional unit
(supplemental Fig. S2A). The targeting event in embryonic
stem cells and the germ line transmission were confirmed by
PCR analysis (supplemental Fig. S2B). Intercrosses between
heterozygous F1 mice yielded offspring that segregated in a
Mendelian distribution: 28 wild-type mice (�/�) and 51 het-
erozygous (�/�) and 26 homozygous (�/�) mutant mice.
No overt developmental abnormalities were observed in
Calr3�/� mice. In Calr3�/� testis, Calr3mRNA was not de-
tected (supplemental Fig. S2C). Apart from the lack of
CALR3, we found no significant differences in the protein
amount of CANX, CALR, CLGN, and the Hsp70 ER chaper-
one HSPA5 (Bip/GRP78) (supplemental Fig. S2D). When we
observed testicular sections, disruption of CALR3 in the testis
caused no deleterious effect on spermatogenesis (supplemen-
tal Fig. S2E).
Male Infertility in Calr3 Knock-out Mice—Whereas

Calr3�/� females were as fertile as wild-type females,
Calr3�/� males were almost sterile despite normal mating
behavior, with successful sperm ejaculation and vaginal plug

FIGURE 1. Haploid-specific expression of CALR3 and chaperone activity. A, CALR3 was detected only in the testis when various tissues were examined
by Western blot analysis. B, testis lysates collected from mice of different ages were examined by Western blotting. CALR3 appeared as a faint signal at 3
weeks (wks) of age, whereas CLGN was detected at 2 weeks of age. It should be noted that ADAM1 is composed of two independent proteins, ADAM1A and
ADAM1B (43). C, immunofluorescence staining of a testicular section with anti-CLGN (shown in red) and anti-CALR3 (shown in green) antibodies. Sequential
sections were stained with hematoxylin and eosin (upper left panel). CALR3 was detected in elongating spermatids, whereas CLGN was detected in
pachytene spermatocytes to elongating spermatids. D, co-localization of CLGN and CALR3 was observed in elongating spermatids. Green, CALR3; red, CLGN;
blue, Hoechst 33258. Scale bars � 200 �m (C) and 4 �m (D).
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formation. Only one litter with two pups was obtained from
50 copulations with four Calr3�/� males, whereas 21 litters
from 22 copulations were obtained from four wild-type males
(Fig. 2A and supplemental Fig. S3). Even though ejaculated
Calr3�/� sperm in the uterus showed a normal appearance
and motility, their migration into the oviduct was severely
impaired (Fig. 2, B–D). Almost no Calr3�/� sperm were
found in the uterotubal junction even 2 h after copulation.
Therefore, impaired sperm migration into the oviduct is the
primary cause of Calr3�/� male sterility.
Defective Sperm Binding to the Zona Pellucida—We next

examined sperm fertilizing ability in vitro. Epididymal sperm
collected from Calr3�/� mice showed a normal morphology
and viability in the in vitro fertilization medium. When sperm
parameters were analyzed with the computer-aided sperm
analysis system (SMAS, Kaga Solution Network Co., Ltd.),
there were no significant differences in motility, velocity, and
linearity over 2 h (supplemental Table S1). However, when
the sperm were co-incubated with unfertilized eggs, Calr3�/�

sperm could not bind to the zona pellucida despite frequent
collisions with the eggs (Fig. 3A and supplemental Movies S1
and S2). As a result, in vitro fertilization efficiency was drasti-

cally decreased in Calr3�/� sperm (94.2 � 1.8% with �/�
and 0% with �/� sperm (n � 3), p � 0.001) (Fig. 3B).
Genomic Integrity of Calr3 Knock-out Sperm—When zona

pellucida binding and penetration were bypassed by removal
of the zona pellucida, Calr3�/� sperm were able to fuse with
94.6 � 0.2% of eggs (100% with �/� sperm, n � 3) (Fig. 3, C
and D). Because solubilized zona remnants coat the egg
plasma membrane and attract �/� sperm, less binding was
observed with Calr3�/� sperm, similar to that seen with
Clgn�/� sperm (32). Zona removal tends to lead to
polyspermy (Fig. 3C), so we performed partial zona dissection
prior to in vitro fertilization to decrease the risk of
polyspermy and examined the developmental ability of eggs
fertilized with Calr3�/� sperm (Fig. 3, E–G). Healthy and fer-
tile offspring developed from eggs fertilized in this way, indi-
cating the genomic integrity of Calr3�/� sperm. As we ex-
pected, all the offspring were �/� mutants and showed
normal fecundity.
Transgenic Rescue of Male Infertility in Calr3 Knock-out

Mice—To exclude the possibility that the phenotype was
caused by a side effect of genetic and/or epigenetic interfer-
ence from the mutant Calr3 locus, at which there are three

FIGURE 2. Impaired sperm migration from the uterus into the oviduct in Calr3�/� mice. A, pregnancy rate (pregnancy/vaginal plug formation) pre-
sented as a percentage. Calr3�/� males copulated normally but failed to induce pregnancy. Four males were examined in each group. The total number of
plugs observed is indicated in parentheses. B–D, sperm migration assay. The oviduct with the uterus was removed 2 h after coitus, and frozen sections con-
taining the uterotubal junction (red dashed line in B) were prepared. Although wild-type sperm were observed in the uterine part and the uterotubal junc-
tion, Calr3�/� sperm were observed only in the uterine part and not in the uterotubal junction (C and D). The boxes in C are magnified in D. Arrows indicate
sperm. The sections were stained with hematoxylin and eosin.
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other genes starting within 3 kbp upstream and downstream
of Calr3 (supplemental Fig. S2A), we generated transgenic
mouse lines expressing Calr3 on the Calr3�/� background
(supplemental Fig. S3). The recovery of male fertility was ob-
served in two independent transgenic lines (litter size of 8.6 �
2.7 and 9.0 � 2.9), demonstrating that the CALR3 disruption
by itself diminished the sperm fertilizing ability.

Calreticulin Family Chaperones and Client Specificity—Be-
cause CALR3 is absent in mature sperm (Fig. 1A), the sperm
defects are likely to be secondary effects of CALR3 disruption
during spermatogenesis. Previously, we have demonstrated
that ADAM2 is specifically recognized by CLGN, but not by
CANX, and that the heterodimerization of ADAM1A/
ADAM2 and ADAM1B/ADAM2 is diminished with CLGN

FIGURE 3. Impaired sperm binding to the zona pellucida in Calr3�/� mice. A, wild-type sperm successfully bound to the egg zona pellucida, but
Calr3�/� sperm failed to adhere despite frequent collisions (supplemental Movies S1 and S2). B, Calr3�/� sperm were not able to fertilize eggs in vitro. The
average fertilization rate from three independent experiments is presented. The total number of eggs examined is indicated in parentheses. IVF, in vitro fer-
tilization. C and D, zona–free eggs preloaded with Hoechst 33342 were incubated with �/� or Calr3�/� sperm, and fused sperm were observed under a
fluorescence microscope. Arrows indicate MII chromosomes, and arrowheads indicate fused sperm (C). The average fusion rate (fused eggs/examined eggs)
from three independent experiments is presented in D. The number of eggs examined is indicated in parentheses. E–G, successful fertilization was observed
with Calr3�/� sperm after partial zona dissection and in vitro fertilization. Arrowheads indicate the slit made by partial zona dissection (E). The offspring of
Calr3�/� males obtained after partial zona dissection, in vitro fertilization, and embryo transfer are shown in F. The average birth rate (pups/transplanted
eggs) after transferring embryos subjected to partial zona dissection and in vitro fertilization (n � 3) is shown in G.
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disruption (22). In contrast, heterodimerization was not dis-
rupted in Calr3�/� testis (Fig. 4A). Unlike CLGN, CALR3 did
not associate with ADAM1B and ADAM2 in wild-type testis
(Fig. 4B). Using a co-immunoprecipitation assay, we found
that CALR3 and CANX, but not CALR, specifically associated
with ADAM3 (Fig. 4B), demonstrating chaperone and client
selectivity.
Lectin-independent CALR3 Function upon ADAM3

Maturation—To investigate whether CALR3 can interact
with other client proteins, we performed biochemical studies
on HepG2 transfectants in the presence of the glucosidase
inhibitor castanospermine. Although CALR clearly interacted
with putative clients in a lectin-dependent manner, CALR3
was not a lectin chaperone for general nascent proteins (sup-
plemental Fig. S4). We next examined whether endoglycosi-
dase H treatment of ADAM3 influences its interaction with
CLGN and CALR3 and found that the treatment did not in-
terfere with CLGN/ADAM3 and CALR3/ADAM3 interac-
tions (Fig. 4C). This suggested that ADAM3 is a lectin-inde-
pendent client of CLGN and CALR3. We further examined
whether the CLGN-mediated maturation of ADAM3 is a pre-
requisite for CALR3 interaction and found that both CLGN/
ADAM3 and CALR3/ADAM3 interactions were not dis-
turbed in Calr3�/� and Clgn�/� testis, respectively (Fig. 4D).
ADAM3 Transport from the ER to the Sperm Surface—To

investigate the maturation status/conformation of ADAM3 in
Clgn�/� and Calr3�/� mice, we tested the trypsin sensitivity
of ADAM3 during spermatogenesis. When cellular extracts

were trypsinized, a similar digestion pattern of ADAM3 was
observed in all of the wild-type, Clgn�/�, and Calr3�/� testic-
ular cells (Fig. 5A). However, when live spermatogenic cells
were trypsinized, ADAM3 was similar in the wild-type and
Clgn�/� cells but was absent in the Calr3�/� cells (Fig. 5B).
In contrast, ADAM2 was unaffected in Calr3�/� spermato-
genic cells but was absent in Clgn�/� cells. The data in Fig. 5B
indicate that ADAM3 remains in the secretory pathway in the
absence of CALR3, whereas it is transported onto the sperm
surface in the absence of CLGN. The absence of ADAM3 in
mature sperm of the Calr3�/� mouse was unique among the
various sperm fertilizing proteins analyzed (Fig. 6), reinforc-
ing the view that CALR3 does not function as a general chap-
erone but is client-specific.

DISCUSSION

In this study, we have shown that CALR3 is a male haploid-
specific homolog of a ubiquitously expressed ER lectin-like
chaperone, CALR. Whereas CLGN is a lectin chaperone dur-
ing meiosis (21), our data suggest that CALR3 lacks broad
lectin activity and no longer functions as a general chaperone
for nascent N-glycoproteins. Because the essential amino ac-
ids required for oligosaccharide binding in CALR are well
conserved in CALR3 (34), the lectin deficiency is likely due to
differences in the divergent P domain (20, 35). However,
CALR3 directly associates with ADAM3 and controls its mat-
uration. Lectin-deficient chaperone activity was also reported
in CALR (18). Thus, we propose that CALR3 is a bona fide
molecular chaperone capable of selectively interacting with
ADAM3.
Our data indicate that CLGN and CALR3 have distinct and

specific roles in the maturation of ADAM proteins, similar to
that observed for CANX and CALR in the maturation of in-
fluenza HA protein (11). For the assembly of ADAM1A/
ADAM2 and ADAM1B/ADAM2, CLGN was essential, but
CALR3 was not. For ADAM3 quality control, CALR3 was
essential for ADAM3 transport onto the sperm surface, but
CLGN was not (Fig. 5). This result adds significantly to our
understanding of the distinct roles of CLGN and CALR3 in

FIGURE 4. Interactions between ADAM proteins and ER chaperones.
A, Western blot analysis of testis lysates separated by SDS-PAGE under re-
ducing conditions (upper four panels) and nonreducing conditions (lower
panel). Comparable amounts of ADAM1B, ADAM2, and ADAM3 were de-
tected in �/�, Clgn�/�, and Calr3�/� testes under reducing conditions.
When ADAM1A/ADAM2 and ADAM1B/ADAM2 heterodimers were probed
by anti-ADAM2 antibody under nonreducing conditions (22–24), ADAM1/
ADAM2 heterodimerization was absent in Clgn�/� testis but was not im-
paired in Calr3�/� testis. B, immunoprecipitates (IP) with anti-CANX, anti-
CALR, anti-CLGN, and anti-CALR3 antibodies from testis lysates (100 �g)
were probed with the indicated antibodies. Testis lysates (10 �g) were
loaded as the input control. Whereas CLGN associated with ADAM1B,
ADAM2, and ADAM3, CALR3 associated with only ADAM3. C, testis lysates
digested with endoglycosidase H (EndoH) were immunoprecipitated with
the indicated antibodies and then probed with anti-ADAM3 antibody. En-
doglycosidase H treatment changed the molecular mass of ADAM3 but did
not affect the association with CLGN and CALR3. Arrowheads indicate
ADAM3. Asterisks indicate the nonspecific signal. D, testis lysates from
Clgn�/� and Calr3�/� mice were immunoprecipitated with anti-CALR3 and
anti-CLGN antibodies and then probed with anti-ADAM3 antibody.

FIGURE 5. Trypsin sensitivity of ADAM2 and ADAM3 during spermato-
genesis in �/�, Clgn�/�, and Calr3�/� mice. A, testis lysates (5 �g) were
incubated with tosylphenylalanyl chloromethyl ketone-treated trypsin and
then subjected to Western blot analysis with the indicated antibodies. As-
terisks indicate the IgG that reacted with the secondary antibody. B, live
germ cells collected from testes were trypsinized and then analyzed by
Western blotting. The lysate prepared from 5 � 105 cells was loaded in each
lane. ADAM2 was not digested in the Clgn�/� germ cells, whereas ADAM3
was not digested in the Calr3�/� germ cells.
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the quality control of ADAM3. The different chaperone re-
quirements could be explained by the stage-dependent ex-
pression, the client specificity, and/or the topological differ-
ence that CLGN is membrane-anchored whereas CALR3 is
soluble.
The defects found in Calr3�/� sperm are very similar to

those in sperm from mice lacking CLGN (21), ADAM1A (25),
ADAM2 (23), ADAM3 (27), or angiotensin-converting en-
zyme (36). Because ADAM3 is the only protein commonly
disrupted or displaced in these sperm (27, 37), we believe that
ADAM3 plays a central role in both sperm migration into the
oviduct and sperm binding to the zona. This is supported by
the fact that the ADAM3 directly binds to ZP3 zona pellucida
protein (38).
Recently, a testis-specific homolog of protein-disulfide

isomerase (PDILT) was reported (39, 40). Because ubiqui-
tously expressed protein-disulfide isomerases such as ERp57
cooperate together with ER lectin chaperones and help in
protein disulfide bond formation (41), it is possible that
CALR3 cooperates with PDILT or with other protein-disul-
fide isomerases during quality control in testes. The elucida-
tion of PDILT function will help us to understand why the
testis ER requires specific quality control and how the sperm
fertilizing proteins mature during spermatogenesis. It is inter-
esting to note that a plant-specific CALR homolog, also called
CRT3, is largely tissue-specific, being expressed mainly in the
leaves. Plant CRT3 has been implicated in the specialized
quality control of the leucine-rich repeat receptor protein
EFR, a protein involved in innate immunity (42). Thus, both
plant leaves and mammalian testis have converged upon the
same strategy, namely to release a calreticulin homolog from
an essential role in calcium homeostasis to mediate distinct
quality control processes in the ER. This also suggests that
CALR engineering to improve the production of hard to fold

glycoproteins may be achievable without adverse effects on
the quality control of bystander proteins.
We conclude that the testis-specific chaperones CLGN and

CALR3 regulate sperm fertilizing ability by playing essential
but contrasting functions in ADAM3 maturation. Taken to-
gether with the observation that the defective binding of
sperm to the zona is reminiscent of unexplained male infertil-
ity, manipulation of the testis-specific CLGN/CALR3 ER
quality control system could be exploited to develop novel
therapeutic approaches for both contraception and treatment
of male infertility.
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