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FIG. 2. The presence of ACE in the testes
and sperm of Clgn™ mice. A) The anti-ACE
antibody recognized both somatic and

Kidney Testis
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Sperm

testicular ACE. Kidney (100 pg), testis (50
pg), and sperm (20 pg) proteins from Clgn
and Ace™~ and Ace™~ animals were
separated by electrophoresis and subjected
to immunoblot analysis using the anti-ACE
monoclonal antibody (1D5). Somatic ACE
(arrow) and testicular ACE (arrowhead) are
denoted. B} ACE is present in the sperm
head. Sperm heads (H) and tails (T) were

Clgnr Ace Clgn Ace Clgn Ace
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prepared and subjected to immunoblot #1124 - i~ 50
analysis using antibodies to ACE, ADAMS,
1IZUMOT, and a tail-specific antigen (#124). C Testis Sperm
C) ACE activities in testis and sperm N — D
homogenates from Cign and Ace*’~ and ‘-g-a €8
Ace™" animals. N.D., not detected. D) =7F =7
Testicular ACE is present in the detergent- £ g B Clgnv/- Detergent- DEte_rgem‘
enriched phase of the sperm. Sperm pro- L 6 = 6 B Cignr- depleted enriched
teins were partitioned into detergent-de- =s5f =K 0 Ace+/-
pleted and ?‘Jetergent—enriched phases by E"l "E; 1 Ace-/ Clan _Ace Clgn _Ace
extraction with 1% Triton X-114, and _-_.-"’_‘4 =4 e b e A th b 4fe - {kDa)
subjected to immunoblot analysis using the 23 £ 3 ’ N A
anti-ACE antibody. E 2 8, : M% -112
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Immunoprecipitation

Testes were collected and homogenized in lysis buffer using the Potter-
Elvehjem homogenizer with 10 strokes at 1000 rpm. The homogenates were
placed on ice for 1 h with occasionally vortexing, and then centrifuged at
15700 X g for 5 min at 4°C. The supernatants were collected and precleared by
the addition of protein A-Sepharose (GE Healthcare Bio-Sciences) overnight at
4°C. After centrifugation, antibodies were added to the supematants, and the
solutions were incubated with rocking for 3 h at 4°C. Protein A—Sepharose was
then added to each tube, and incubation was allowed to continue for 2 h at 4°C.
After washing four times with lysis buffer, the final pellet was resuspended in 8
M urea and SDS-PAGE loading buffer, boiled for 3 min, and the proteins were
separated by SDS—PAGE under reducing conditions.

Measurement of ACE Activity

Testis and sperm: homogenates were prepared as described above. The
protein concentration of each homogenate was adjusted to 0.2 mg/ml with lysis
buffer, and 100 pl of each sample was applied to a MicroSpinTM G-25 column

FIG. 3. The presence of ADAMs in the
testes and sperm of Ace™ mice. Proteins

A

(GE Healthcare Bio-Sciences), to remove residual salt. The activity of ACE in
each homogenate was measured using the Angiotensin-I Converting Enzyme
Activity Assay Kit (Yagai Research Center, Yamagata, Japan) according to the
manufacturers protocol.

Sperm-ZP Binding Assay

The in vitro assays for sperm binding to zona pellucida were performed
with eggs from which the camulus cells had been removed by treatment with
bovine testicular hyaluronidase (175 U/ml; Sigma) for 5 min. In brief, cumulus-
free eggs from female B6D2F1 mice (>2 months old; Japan SLC, Inc.,
Shizuoka, Yapan) were placed in a 200-pi drop of modified Krebs-Ringer
bicarbonate solution (TYH medium) that contained ghicose, sodium pyruvate,
bovine serum albumin, and antibiotics [22]. An aliguot of capacitated sperm (2
X 10° sperm/ml) from Clgrn™~ or Ace™ males and their wild-type littermates
was inseminated and the mixture were incubated for 30 min at 37°C under 5%
CO, in air. Bggs were fixed and the bound sperm were observed with an IX-70
fluorescent microscope (Olympus) after Hoechst 33258 staining.

B C

from Ace™™ and Ace™" testes and sperm .

were subjected to immunoprecipitation and IP: CLGN 1P: ADAMZ

immunoblot analysis. A) Association of

CLGN with ADAMs. Testicular proteins from Ace Ace A‘?e

animals of each genotype were immunopre- {(kDa) +/~ - (kDa)

cipitated with the anti-CLGN antibody. The
precipitants were subjected to immunablot
analysis using antibodies to ADAM1a,
ADAMTb, ADAM2, ADAM3, and CLGN. B)
Heterodimerization of ADAM2/1a and
ADAM2/1b. Testicular proteins from animals
of each genotype were immunoprecipitated

ADAM1a [

ADAM1b

by the anti-ADAM2 polyclonal antibody, ADAMZ
followed by immunoblot analysis using

antibodies to ADAM1a, ADAM1b, and

ADAM2. C) Detection of ADAMSs in sperm. ADAM3
Sperm proteins from animals of each geno-

type were separated by electrophoresis and CLGN

subjected to immunoblot analysis using
antibodies to ADAM1b, ADAM2, and
ADAMS3. As a control, the light chain of
SPAMT is detected with anti-SPAM1 antise-
rum in both the Ace™™ and Ace™™ sperm.
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RESULTS

ADAMs Are Present in Clgn-Deficient Mouse Testes But
Not in Sperm

Since disruption of the genes that encode Adamlia, Adam?2,
and Adam3 results in a male sterility phenotype that is similar
to that seen for Clgn" amimals [7, 8, 10, 11], we analyzed
whether these ADAMs are present in the testis and sperm of
CLGN-null mice. When a testicular extract from Clgn™'" mice
was immunoprecipitated with anti-CLGN antibody and the
resulting precipitate was subjected to immunoblot analysis
using antibodies to ADAMIla, ADAMIb, ADAM2, and
ADAMS3, all of the ADAMs were detected (Fig. 1A). These
results indicate that CLGN interacts with ADAMs in the testis.
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FIG. 4. ADAMS3 is not localized correctly
in Ace™" sperm. A) Sperm proteins from
Clgn and Ace™™ and Ace™™ animals were
extracted with 1% Triton X-114. The deter-
gent-depleted and detergent-enriched
phases were separated by electrophoresis
and subjected to immunoblot analysis using
antibodies to ADAM1b, ADAM2, ADAMS3,
ACE, 1IZUMO1, CD46, and SPAM1. B} The

1.5¢
O amounts of sperm ADAM3 in the detergent-
enriched fractions of these mice were
1.25¢ estimated using the Scion Image software.
The intensities of the signals were measured
1 and normalized to the Clgn™™ value. Error
., bars represent mean = SD from five
0.751 independent experiments. *P < 0.01 (Stu-
dent t-test).
0.5
025 H1
0 ND. | l__l
¥ o oy o
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As expected, the ADAMs in the testes of C'lgn mice were
not immunoprecipitated by the anti-CLGN antibody. Even
though the ADAMs were present in C lgn'/" males (data not
shown), the ADAM1a/ADAM?2 and ADAM1b/ADAM?2 het-
erodimers were absent after the testicular extract was
immunoprecipitated with the anti-ADAM?2 antibody and the
precipitate was probed with the various ADAM antibodies,
which indicates that CLGN is involved in the formation of
these heterodimers (Fig. 1B). In contrast, these heterodimers
were observed in the Clgn™"™ mice. We also examined the
effect of CLGN disruption on ADAM3, as it has been
previously reported that the absence of the ADAMI1a/ADAM2
heterodimer due to ADAMIa disruption leads to the disap-
pearance of sperm ADAMS3 [10, 23]. ADAMS3, as well as

FIG. 5.- Sperm from Clgn™~ and Ace™~

mice do not bind to the zona pellucida. A)
Sperm from wild-type (a and b}, Cign™" (c
and d) or Ace™" (e and f) mice were
capacitated for 1 h and incubated with
cumulus-free eggs. After 1 h, the eggs were
fixed and the sperm bound to the zona
pellucida were counted. Original magnifi-
cation 200 (a, ¢, e) and X400 (b, d, ). B)
Error bars indicate the means = SD from
three independent experiments. *P < 0.001
(Student t-test).
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-FIG. 6. Schematic model for ADAMs and
their roles in sperm function. The disruption
of the genes that encode Adama, Adam2,
and Adam3 results in impaired sperm-ZP
binding. CLGN is required for the folding of
ADAMTa, ADAM1Db, and ADAM2Z and the
subsequent dimerization of these proteins.
The ADAM1a/ADAM?2 heterodimer is re-
ported to be necessary for ocalizing AD-
AMS3 to the sperm surface {10]. In Clgn_/ -
(@) and Adam2™"" (b) sperm, the disap-
pearance of the ADAM1a/ADAM?2 and
ADAMTb/ADAM2 heterodimers results in
the [oss of ADAM1b, ADAM2, and ADAM3
from the sperm. ADAM1a is a testis-specific
protein that is not found in sperm [13].
When ADAM1a is eliminated (¢}, the
ADAM1a/ADAM2 heterodimer disappears
from the testis, whereas the expression of
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ADAMTB/ADAM?2 is not affected. However,
these sperm lack ADAM3 [10]. The disrup-
tion of ADAM3 (d) is reported to have no
significant effect on ADAM1a, ADAM1b or
ADAM2 [27]. These findings suggest that
ADAM3 is located downstream of these
other ADAM proteins. In the present paper,
we show that the disruption of tACE leads to
the aberrant localization of ADAM3 (e),
most likely due to a different pathway from
the one hypothesized for CLGN/ADAMs.
These results indicate the importance of
ADAMS3 in sperm-ZP interaction and ex-
plain why disruption of the individual Ace,
Clgn, Adam1a, Adam2, and Adam3 genes
produces similar phenotypes.

.

ADAMIb and ADAM2, were not present in Clgn '~ sperm,
which suggests that infertility is due to the disappearance of the
ADAMSs in this sperm population (Fig. 1C).

ACE Is Present and Localizes Normally in Clgn™"~ Sperm

Since the sperm from Clgn™ and Ace™ mice show
impaired migration into the oviduct and ZP-binding ability, we
tested whether CLLGN controls tertiary folding of the ACE
protein, as it does for the ADAMSs. To generate antibodies
specific for ACE, we immunized Ace™" female mice with the
recombinant N-terminal region of the mouse tACE protein. All
of the monoclonal antibodies obtained recognized both sACE
and tACE and worked well for immunoblotting (but not for
immunostaining). Immunoblot analysis of kidney proteins with
the anti-ACE antibody detected a band with M_ ~158 000,
which is consistent with the molecular mass of sACE (Fig.
2A). In testicular and sperm extracts, a band with M_ ~112 000
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was detected, which is similar to the size calculated for tACE.
Both bands disappeared in Ace™ mice, which indicates that
these bands are sACE and tACE, respectively.

After fractionation of the sperm heads and tails, tACE was
found only in the head fraction from wild-type sperm (Fig. 2B).
As expected, ADAM3 and IZUMO1 were also found
exclusively in sperm heads, while an antigen that was
recognized by the anti-sperm tail-specific Mab (#124) was
found only in the tails. The Clgn ™" sperm had normal levels of
tACE, which indicates that the lack of CLGN has no effect on
the appearance of tACE (Fig. 2A). This result is supported by
the finding that ACE was not immunoprecipitated from the
Clgn™" testicular extract by the anti-CLGN antibody (data not
shown). When tACE peptidase activity was measured, tACE
was found to be biologically active in Clgn™" testis and sperm
at levels comparable to those seen in Clgn™ ™ mice (Fig. 2C).
After phase separation of sperm with Triton X-114, the band

-301-
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with M ~112 000 was detected L only in the detergent-enriched
phases of the Ace™ and Clgn™'~ sperm (Fig. 2D). The smaller
bands in the detergent-depleted phase most likely reflect
processed and solubilized forms of tACE. A smular fraction-
ation pattern was found for the tACE of Clgn™'~ sperm, which
suggests that tACE is not directly involved in sperm-ZP
interactions.

ADAMs are Present in the Ace™'™ Testis and Sperm

We examined the poss1b111ty of aberrant expression of
ADAM proteins in Ace™™ mouse sperm, as was noted for
Clgn ~ sperm (shown in Fig. 1C) [12]. When the protein
extract from Ace™™ testis was imumunoprecipitated with the
anti-CLGN antibody and the immunoprecipitate was sub-
jected to immunoblot analysis using antibodies to ADAM]a,
ADAMI1b, ADAM2, and ADAM3 all of these ADAMs
were detected (Fig. 3A). The Ace™ testicular extract was
also immunoprecipitated with the anti-ADAM2 antibody,
and the precipitants were subjected to immunoblot analysis
with the various anti-ADAM antibodies. Both ADAM1a and
ADAMI1b were detected in this immunoprecipitate, which
suggests the formation of ADAMIa/ADAM2 and
ADAMI1b/ADAM?2 heterodimers in the testis (Fig. 3 )
Finally, the ADAMs were processed normally in Ace ™
sperm, which is similar to the situation observed in
heterozygous sperm (Fig. 3C).

Aberrant Distribution of ADAM3 after Phase Separation of
Ace™™ Sperm

Our results (Fig. 3) indicate that the ADAMs were present
and processed normally in Ace™" testes and sperm. The Triton
X-114 phase separation method concentrates proteins into
either a detergent-depleted or detergent-enriched phase,
depending on the conformation of the protein [24]. When the
proteins from Ace™~ sperm were fractionated into detergent-
enriched and detergent-depleted phases with Triton X-114,
most of the ADAM3 content (~80%) disappeared from the
detergent-enriched phase, compared to the ADAM3 content of
Ace™ sperm (Fig. 4, A and B). In contrast, both the ADAM1b
and ADAM?2 levels remained the same in the detergent-
enriched phases of the Ace™ and Ace™” sperm. We analyzed
other sperm membrane proteins using this Triton X-114 phase
separation system. Proteins that contain a transmembrane
domain, e.g., IZUMOI and CD46, were distributed in both
phases, while the GPI-anchored SPAM1 (PH-20) protein was
distributed exclusively in the detergent-enriched phase (Fig.
4A). Of the sperm proteins examined, only ADAM3 decreased
in amount in the detergent-enriched phase of the Ace™ sperm.

Comparison of Zona Pellucida-Binding Abilities for Clgn
and Ace-Null Mouse Sperm

While aberrant subcellular distribution of ADAM3 was
observed in both Clgn™ and Ace™” sperm, the altered
localization was less severe in Ace™™ sperm (Fig. 4). To
examine whether the sperm from these null animals differ in
their zona pellucida-binding activities, the numbers of sperm
bound per cumulus-free egg were determined. Both Clgn_/’
and Ace™ sperm bound eggs poorly, as compared to the wild-
type sperm (Fig. 5B). Furthermore, eggs bound significantly
lower numbers of Clgn™ " sperm than Ace ™ spemm (P <
0.001). These effects were not caused by differences in sperm
motility, which remained normal in both knockout mouse lines

[8, 16].
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DISCUSSION

Although a number of proteins have been hypothesized to
be essential for various events of fertilization, their actual roles
when a particular gene was ablated were not clear [2-6]. The
ADAMI1b/ADAM?2 dimer (fertilin) was initially thought to be
involved in sperm-egg fusion [25] but was later postulated to
be involved in the spermn—ZP interaction [7, 26]. More recently,
ADAM1a/ADAM?2 has been hypothesized to have a chaperone
activity, serving to direct ADAM3 to the sperm mermbrane [10,
23]. Given that ablation of the Adam3 gene impairs sperm—ZP
binding [11], our findings suggest that ADAMS3 acts
downstream of the ADAMs network in sperm assembly and
functions in sperm-zona pellucida binding.

In studying the aberrant zona pellucida-binding activity of
Ace™ sperm, we examined the mte/gnty of ADAMSs on these
sperm compared with the Clgn™™ sperm [8]. We have
previously reported the disappearance of ADAM2 from
C lgn"/— sperm, and in the present study, we found that ADAM3
was also absent in Clgn '~ sperm (Fig. 1C). This loss of
ADAM3 was more complete than that reported for Adam2™~
sperm, in which the ADAM3 level decreased to ~11% of the
wild-type level [27]. In any case, if the loss of ADAMS3 is
caused by disruption of ADAM?2, it was reasonable to assume
that the ablation of both Adam2 and Adam3 would lead to a
similar phenotype. In the same context the impaired zona
pellucida-binding activity of C'Zgn sperm could be explained
by an initial failure to form the ADAMI1a/ADAM?2 dimer,
which led, as a secondary effect, to the disappearance of
ADAM3 from the sperm surface. This scheme may explain why
the four different gene knockout mouse lines (Clgn, Adamla,
Adam?2, and Adam3) share a similar fertilization phenotype.

The impaired zona pellucida-binding activity of Ace™™
spermn. cannot be explained by a similar mechanism, which
raises the question as to how the disruption of Ace leads to a
failure of sperm binding to the zona pellucida (Fig. 6).
Although rodent tACE has been reported to localize to the
midpiece of the sperm flagellum and then disappear from
mature sperm during passage through the epididymis [28], we
show that tACE is localized exclusively to the head of the
sperm from the canda epididymis, which suggests that tACE is
involved in sperm-zona pellucida interactions. Recently, the
GPIase activity of ACE has been reported to be necessary for
the sperm to acquire ZP-binding activity [29]. Kondoh et al.
have postulated that some GPI-anchored proteins on the sperm
surface play roles in ZP interaction after cleavage or that tACE
exposes a ZP-binding factor by shedding GPI-anchored
proteins that block binding.

The appearance and localization of ACE was not affected in
Clgn ~ sperm, which suggests that tACE is not a direct
mediator of sperm-zona pellucida binding. Rather, we postulate
that tACE is involved in distributing ADAMS3 to a location in
which it can participate in sperm-ZP binding. When ACE was
missing, a portion of the ADAM?3 content was not distributed
in the detergent-enriched fraction of the Ace-deficient sperm
(Fig. 6). All of the sperm ADAMS3 is located on the plasma
membrane [30, 31]. These reports and our findings indicate that
some of the membranous ADAM3 content is distributed in the
detergent-depleted fraction. Although the amount of ADAM3
in the detergent-enriched phase is small compared to the total
amount, the lack of ADAMS3 in this phase may have a
detrimental effect on sperm function. The manner in which
ACE affects ADAM3 distribution in sperm remains unknown,
although the appropriate subcellular distribution of ADAM3
appears to be critical for the sperm to develop the ability to
bind to the zona pellucida. Our experiments also suggest one
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possible mechanism for the similar phenotypes observed when
the genes for Ace, Clgn, Adamla, Adam2, and Adam3 were
ablated, i.e., the disruption of zona pellucida-binding ability in
these mouse lines is mediated entirely through the aberrant
distribution of ADAMS3. Recently, it has been reported that
ADAM3 has zona-binding activity, while ADAM?2 and
SPAML! do not have this activity [32]. This report reinforces
the idea that ADAM3 is the furthest downstream factor in
sperm-zona pellucida binding. Further study is needed to
clarify whether ADAM3 participates in a direct or indirect
manner in this process.
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