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Correspondence should be addressed to A Mújica; Email: adelam@cell.cinvestav.mx
Abstract

Successful fertilization requires gametes to complete several stages, beginning with maturation and transport along the male and female

reproductive tracts and ending with the interaction between the sperm and the egg. This last step involves sperm–egg adhesion and

membrane fusion. ADAMs (disintegrin and metalloprotease domain proteins) are a family of membrane-anchored glycoproteins that are

thought to play diverse roles in cell–cell adhesion through their interaction with integrins. This study analyzes the presence, location,

processing, and possible role of ADAM15 in mouse sperm. The presence of ADAM15 in mouse spermatozoa was detected by Western

blotting, which revealed that ADAM15 is post-translationally processed, during epididymal sperm maturation and the acrosome reaction.

The 35 kDa antigen present in the acrosome-reacted sperm is the last proteolytic product of the 110/75 kDa ADAM15 found in non-

capacitated sperm. This 35 kDa protein contains the disintegrin domain. By indirect immunofluorescence, ADAM15 was identified in the

acrosomal region and along the flagellum of mouse spermatozoa. In acrosome-reacted sperm, ADAM15 was lost from the acrosomal

region, but remained diffusely distributed throughout the head and flagellum. Furthermore, the ADAM15 disintegrin domain

(RPPTDDCDLPEF) partially inhibited fusion and almost completely inhibited sperm–oolemma adhesion. In conclusion, our data indicate

that ADAM15 is present in the testis and in spermatozoa from the caput, corpus, and cauda epididymis, as well as in non-capacitated and

acrosome-reacted gametes. Results also indicate that ADAM15 is processed during epididymal maturation and acrosome reaction and

that it may play a role during sperm–egg binding.
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Introduction

Mammalian fertilization is a complex process, which is
accomplished by several sequential steps, involving the
recognition and binding of the sperm to the zona
pellucida and the binding and fusion of the sperm–egg
plasma membranes. Prior to the sperm–egg interaction,
spermatozoa must undergo a series of modifications
while traveling along the epididymis, followed by their
capacitation and the acrosome reaction. The last two
steps take place within the female reproductive tract
(Yanagimachi 1994).

Regarding the mechanism and molecular components
involved in the process of fertilization, there is a consi-
derable amount of information. ADAMs (disintegrin and
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metalloprotease domain proteins) are among the candi-
dates that may be the binding entities at the egg
membrane surface (Almeida et al. 1995, Evans et al.
1997, Bigler et al. 2000, Evans 2001, Takahashi et al.
2001). ADAMs are transmembrane glycoproteins with a
characteristic domain organization composed of a signal
sequence, pro-, metalloprotease, and disintegrin
domains, a cysteine-rich region, a transmembrane
domain, and a cytoplasmic tail. This protein family is
implicated in a number of cellular processes, which
include fertilization, neurogenesis, and myogenesis, in
the shedding of membrane-bound receptors and also in
the activation of cytokines. Expression of ADAMs can
vary considerably in mammals; many of them such as
ADAMs 2, 7, 18, 20, 21, 29, and 30 are expressed
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exclusively in the testis. Other members (ADAMs 8, 9,
10, 11, 12, 15, 17, 19, 22, 23, 28, and 33) manifest a
broader distribution (reviewed by Seals & Courtneidge
2003; for expression, refer to the table of ADAMs at
http://www.people.virginia.edu/~jw7g/).

Earlier evidence suggested that ADAMs 1, 2, and 3,
also referred to as fertilin a, fertilin b and cyritestin
respectively, participate in fertilization (Cho et al. 1998,
2000, Shamsadin et al. 1999, Zhu et al. 2000, Nishimura
et al. 2001). Fertilin, which is a heterodimeric protein
complex composed of a and b subunits present on the
sperm surface, has been thought to mediate adhesion
and fusion between the sperm and the egg plasma
membranes (Blobel et al. 1992, Cho et al. 1998, Evans
et al. 1998). In mice, two different isoforms of ADAM1,
ADAM1a and ADAM1b, are synthesized in the testes,
while only ADAM1b has been found on the plasma
membrane of epididymal sperm (Kim et al. 2003).
Recently, it has been shown that mutant male mice
lacking ADAM1b are fertile and that sperm lacking
ADAM1b can still bind to and fuse with eggs,
demonstrating that ADAM1b and ADAM2 are not
necessary for sperm–egg fusion, as was formerly
proposed (Kim et al. 2006).

Fertilin is composed of two subunits, fertilin a and
b (Primakoff et al. 1987, Blobel et al. 1990, 1992,
Wolfsberg et al. 1993). Both subunits consist of large
precursors that are proteolytically processed during
various physiological stages of the sperm, eliminating
the fertilin pro- and metalloprotease domains. Fertilin
a is processed within the testis (Lum & Blobel 1997),
whereas fertilin b processing occurs during the transit
of spermatozoa along the epididymis (Blobel et al.
1990, Hunnicutt et al. 1997). In mature spermatozoa,
the fertilin heterodimer expresses the disintegrin
domain at its N-terminus in the case of both fertilin
subunits.

There is evidence that ADAM disintegrin domains,
behaving as integrin ligands, may be important for
sperm–egg interaction (Bigler et al. 2000, Zhu et al.
2000, Takahashi et al. 2001). ADAM15 may be one
of these ADAMs, although their identities have not
been fully recognized. ADAM15 has been implicated
in cell–cell and cell–matrix interactions and in the
proteolysis of molecules on the cell surface or the
extracellular matrix (Nath et al. 1999, Eto et al.
2000, Fourie et al. 2003, Seals & Courtneidge 2003).
The function of ADAM15 in cell–cell adhesion has
been attributed to the disintegrin domain as integrin
ligand (Seals & Courtneidge 2003), while functions
involving ectodomain processing have been attri-
buted to its metalloprotease domain (Fourie et al.
2003). Besides this, Eto et al. (2002) demonstrated
that the disintegrin domains from ADAM2 and
ADAM15 inhibit the binding of sperm to mouse
egg in a dose-dependent manner, whereas that from
ADAM17 does not affect the sperm–egg binding.
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Although this result may indicate a possible role
played by the ADAM15 disintegrin domain in sperm–
egg binding, the presence of ADAM15 in sperm has
not yet been described.

The current work reports the presence of ADAM15 in
mouse spermatozoa and describes how ADAM15 is
processed during epididymal maturation and AR as well
as the possible participation of ADAM15 in sperm–egg
interaction.
Results

ADAM15 is present in testicular cells

Sperm ADAM proteins, with a potential role in
fertilization, are first expressed as large precursors in
the testis and are subsequently processed post-transla-
tionally by the proteolytic removal of the N-terminal
portion of the precursor, which includes the pro- and the
metalloprotease domains, leading to membrane-bound
molecules consisting of the disintegrin, cysteine-rich,
and epidermal growth factor-like extracellular domains
(Blobel 2000). RT-PCR assays were performed in order to
investigate whether ADAM15 is expressed in mouse
testicular cells. For this purpose, the conserved
sequences between mouse Adam15 and rat Adam15
were used to design primers and amplify this gene.
A 1800 bp RT-PCR amplification product was obtained
and then cloned and sequenced (GenBank accession
number EF506571). Simultaneously and acting as a
positive control, the Adam15 gene from mouse heart was
amplified and a product of similar size was obtained
(Fig. 1B). The nucleotide sequence from mouse testis
confirmed that the 1800 bp products encoded a protein
that shows 100% identity with lung Adam15
(NP_033744). These results led us to conclude that the
identified testis mouse sequence corresponds to a bona
fide member of the ADAM family of metalloproteinases,
because this protein contains the multi-functional
domains consisting of metalloprotease, disintegrin, and
cysteine-rich domains. Western blot assays were
performed in order to demonstrate the presence of
complete ADAM15 protein. Two different antibodies
were used for this purpose: one of these recognized the
pro-domain (NH2) and the other identified the carboxyl
domain of ADAM15 (COOH). The antibody against the
N-terminal of ADAM15 showed that Jurkat (positive
control) and testicular cells expressed the precursor
protein of 110 kDa (Fig. 1C), whereas the antibody
against the C-terminal recognized the precursor protein
(110 kDa) as well as the ADAM15 processing form,
consisting of about 75–85 kDa (Fig. 1C). Taken together,
these results demonstrate that the complete ADAM15
protein is present in mouse testis and that it is processed
in the testis.
www.reproduction-online.org
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Figure 1 Cloning and expression of Adam15 cDNA
from mouse testis. (A) Graphical representation of
Adam15 cDNA. The numbers correspond to the first
amino acid that limits each domain. The named
primers used in this work are indicated. The lines
indicate the epitope recognized by each antibody (Abs)
and the mapping region for the peptide used in this
work. (B) RT-PCR products with UMet-LA15 from heart
(H) and testis (T) were separated by electrophoresis in
gel and visualized stained with ethidium bromide. The
marker employed was 1 Kb DNA Ladder (L) (Invi-
trogen). Jurkat and testicular cell extracts are rep-
resented in (C). Cell proteins were dissolved in 1% NP-
40 and subjected to SDS-PAGE, transferred to
membranes, and blotted with anti-ADAM15-NT
(NH2) or with anti-ADAM15-CT (COOH) antibodies.
These antibodies recognize the pro-domain and
cytoplasmic region of ADAM15 respectively. The
molecular weight markers are indicated on the left.
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Sperm ADAM15 is processed during the gamete passage
through the epididymis

To determine whether mouse ADAM15 is processed
during epididymal sperm maturation, protein extracts
from the caput, corpus, and cauda epididymal mouse
spermatozoa were analyzed by Western blot. An
antibody against the carboxyl domain was used in
order to identify the precursor (110 kDa) and the
processed form of ADAM15, because its processing
occurs in the amino domain between the pro- and the
metalloprotease domains (Herren et al. 1997, 2001,
Poghosyan et al. 2002). ADAM15 precursor (about
110 kDa) was detected in spermatozoa proteins from
the caput, corpus, and cauda epididymis. However, the
precursor was most abundant in the caput epididymal
sperm and its concentration progressively and signi-
ficantly decreased along with sperm epididymal matu-
ration, whereas a band of 75 kDa was observed to
progressively and significantly increase in concentration
in caput, corpus, and cauda epididymis spermatozoa
samples (Fig. 2A and C). A similar type of ADAM15 to
that containing the metalloprotease domain was
detected in HUVEC cells (Herren et al. 1997). These
results indicate that ADAM15 is present as a large
precursor and that it was proteolytically processed
during sperm epididymal transit.
www.reproduction-online.org
Moreover, in order to corroborate that ADAM15 is
processed post-translationally by the proteolytic removal
of the N-terminal during mouse sperm maturation,
protein extracts from the epididymal sperm were
analyzed by Western blot, using antibody against the
ADAM15 (NH2) pro-domain. This antibody recognized
only a band of 110 kDa in extracts from mouse
epididymal sperm. Again, its concentration decreased
during epididymal maturation of the mouse sperm
(Fig. 2B and D). These results indicate that the
ADAM15 pro-domain was processed during mouse
sperm maturation. Western blot assays were performed
to determine whether ADAM15 is processed during
capacitation. The anti-ADAM15-COOH antibody
detected a similar pattern observed in spermatozoa
from the cauda epididymis (data not shown).
Localization of ADAM15 in mouse spermatozoa

In order to localize ADAM15 within mouse sperm,
indirect immunofluorescence (IIF) assays with anti-
ADAM15-CT antibody were performed in fixed and
permeabilized spermatozoa during three physiological
steps: the first sample was formed by non-capacitated
sperm that are morphologically differentiated, but
unable to fertilize; the second consisted of capacitated
Reproduction (2008) 136 41–51



Figure 2 Mouse ADAM15 is processed during epididymal maturation.
Cells at different developmental stages were lysed with 1% NP-40.
Proteins were boiled in Laemmli’s buffer, subjected to SDS-PAGE,
transferred to nitrocellulose membranes, and blotted with (A) anti-
ADAM15-CT (COOH) or (B) anti-ADAM15-NT (NH2) antibodies.
Protein (60 mg) of the different epididymal sperm extracts (caput,
corpus, and cauda) were applied per lane. Actin was used as a control
to ensure the loading of the same protein amount in each lane.
(C) Semi-quantitative analysis was carried out for the two ADAM15
forms (110 and 75 kDa) detected by the anti-ADAM15-CT antibody in
caput, corpus, and cauda epididymal sperm. The mean of three
measurements corrected for actin was calculated and expressed as a
percentage of the ADAM15, where 100% is the sum of the two forms.
(D) Semi-quantitative analysis of the ADAM15 recognized (110 kDa
form) by the anti-ADAM15-NT antibody in caput, corpus, and cauda
epididymal sperm. The mean of three measurements corrected for actin
was calculated and expressed as a percentage of ADAM15 in caput
sperm (100%). (C and D) Values are meansGS.E.M.; nZ3.
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sperm that are capable of binding to the ZP; and the
third was formed by acrosome-reacted (AR) sperm that
are able to pass through ZP, and bind and fuse with the
egg plasma membrane (Yanagimachi 1994). ADAM15
was located in the acrosome cap and flagellum of non-
capacitated and capacitated sperm, still with acrosome
(Fig. 3A and B respectively). When acrosomal exocy-
tosis was induced with the calcium ionophore A23187,
the pattern of fluorescence of the acrosome was lost,
but the entire head and flagellum remained labeled
diffusely (Fig. 3C). As expected, no signal was detected
when pre-immune serum was used (Fig. 3D). The
location of ADAM15 in the head of acrosome-reacted
sperm suggests that ADAM15 may be involved in
the binding of sperm to the egg plasma membrane.
IIF assays were performed using antibody against the
N-terminal of the ADAM15, which recognized the pro-
domain: a similar pattern was detected in the samples
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from non-capacitated and capacitated sperm with
acrosome reaction (Fig. 3E and F), but only faint
fluorescence. However, in acrosome-reacted sperm,
the ADAM15 precursor was not detected (Fig. 3G).
These results indicate that ADAM15 was present in
mouse sperm and may undergo changes during the
acrosome reaction.
ADAM15 is further processed during AR

In order to determine whether sperm ADAM15 is further
modified during the acrosome reaction, immunoblot
analysis were carried out on extracts from acrosome-
reacted mouse spermatozoa. The results indicated a
change in molecular weight and size in mouse sperm
110 and 75 kDa proteins yielding a 35 kDa product
during AR (Fig. 4A and B). These results demonstrate
that in mouse spermatozoa ADAM15 was processed in
the epididymis and then further processed during the
acrosomal reaction. In order to determine whether
the complete processing of ADAM15 produced mem-
brane-bound molecules with a disintegrin extracellular
domain, an antibody that recognized the active site of
the disintegrin domain (DD) of ADAM15 was generated
(this antibody was called ADAM15-DD). ADAM15-DD
was used to analyze protein extracts from non-
capacitated and acrosome-reacted sperm by Western
blot. As shown in Fig. 4A and B, the ADAM15-DD
antibody recognized the same bands as the ADAM15-
CT antibody in extracts from non-capacitated and
acrosome-reacted mouse sperm. To corroborate and
extend this result, IIF analysis in vivo (non-fixed
and non-permeabilized cells) was performed. As
shown in Fig. 4C, an immunopositive reaction was
obtained in the acrosome cap and flagellum of non-
capacitated cells, whereas in acrosome-reacted sperm
the fluorescence pattern of the acrosome was lost
although the head and flagellum remained labeled. The
staining of spermatozoa with the ADAM15-DD
antibody was abolished when it was pre-incubated
with the ADAM15 peptide used to produce this
antibody (Fig. 4C). When antibody against the
ADAM15 carboxyl region was used, its location was
the same regardless of whether the samples were fixed
and permeabilized (see Fig. 3). These results showed
that a processed form of ADAM15 (35 kDa) is present in
acrosome-reacted mouse sperm and that it contains an
extracellular disintegrin domain.
The ADAM15 disintegrin domain inhibited sperm–egg
binding

To define whether mouse ADAM15 was involved in
sperm–egg binding, the active-site region of the mouse
ADAM15 protein was defined by sequence alignment,
using the snake disintegrin binding loop (Fig. 5A).
www.reproduction-online.org



Figure 3 Localization of ADAM15 protein in mouse
spermatozoa. Non-capacitated, capacitated, and
acrosome-reacted spermatozoa were collected,
fixed, permeabilized with acetone, and probed with
(A–C) the polyclonal antibody anti-ADAM15-CT
(COOH) or (E–G) anti-ADAM15-NT (NH2).
A rhodamine-conjugated rabbit anti-IgG as a
secondary antibody was used. The number of cells
stained with the representative fluorescent pattern
(X) is expressed as: nZX/90, where 90 is the total
number of analyzed cells. Representative fluo-
rescence pattern seen in (A and E) non-capacitated
sperm from mouse (nZ87/90 and nZ80/90
respectively), (B and F) capacitated mouse sper-
matozoa, still containing the acrosome (nZ75/90
and nZ65/90 respectively), (C and G) mouse sperm
with induced AR by calcium ionophore (nZ85/90
and nZ87/90 respectively), and (D and H) mouse
sperm stained with pre-immune serum. (A 0–H 0) The
differential interface contrast.
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Following this, a peptide of 12 (483-RPPTDDCDLPEF-494)
amino acid residues, corresponding to the predicted
disintegrin loop of mouse ADAM15 was synthesized and
used for competitive binding assays. This peptide inhibited
the binding of sperm to zona-free mouse eggs in a dose-
dependent manner (Fig. 5B). Sperm–egg binding was
inhibited w80% when 500 mM dodecapeptide was used
andw55% of sperm–egg fusion inhibition was observed at
300 mM peptide (Fig. 5C). In order to evaluate the
inhibition specificity obtained with this peptide, a control
peptide was used: of the same composition but different
sequence (DREPDLPCFDPT; McLaughlin et al. 2001) and
no inhibition was observed (Fig. 5D). These results suggest
that the disintegrin domain of ADAM15 may play a role in
sperm–egg membrane adhesion.
Discussion

Here, we demonstrate that ADAM15 is present in mouse
sperm, it is processed in the testis and during epididymal
sperm maturation and it is further processed during the
acrosomal reaction; also, ADAM15 participates in
sperm–egg binding.
Mouse testis ADAM15 contains the different domains
present in ADAMs proteins

The protein cloned in this work demonstrates that
ADAM15 from mouse testis has multi-functional
www.reproduction-online.org
domains consisting of a metalloprotease, a disintegrin,
and a cysteine-rich region.
Processing of ADAM15 during sperm epididymal
maturation

During the ADAMs protein maturation, proteolytic
cleavage exposed different ADAMs domains, such as the
metalloprotease or the disintegrin domain that potentially
playa role incell-surface proteolysisorcell adhesion (Seals
& Courtneidge 2003). ADAM15, a protein involved in
cell–cell interaction (Nath et al. 1999, Eto et al. 2000), is
known to lose the pro-domain while still inside the cell,
probably when in the Golgi complex; ADAM15 is located
on the plasma membrane, with the metalloprotease
domain exposed (Lum et al. 1998). The present results
analyze ADAM15 processing during mouse sperm matu-
ration. Analysis of the proteins recognized by the anti-
ADAM15 antibodies suggests that the pro-domain of
ADAM15 is removed during processing in a manner
similar to that of Testase 1 (Zhu et al. 2001). ADAM15 is
partially processed in the mouse testis and cleaved after it
has reached the sperm surface; this takes place during the
sperm’s transit through the epididymis. Consequently,
metalloprotease and disintegrin domains of ADAM15 are
present in cauda mouse sperm and non-capacitated
sperm. ADAM15 is further processed during the acrosome
reaction, possibly by acrosomal proteolytic enzymes,
exposing the disintegrin domain.

When the pro- and the metalloprotease domains are
absent in ADAM15, this molecule may play a role during
Reproduction (2008) 136 41–51



Figure 4 Mature ADAM15 from mouse sperm contains
a disintegrin domain. Sperm proteins were dissolved in 1% NP-40,
subjected to SDS-PAGE, transferred to membranes, and blotted with
anti-ADAM15-CT (COOH) or with ADAM15-DD (DD) antibodies. The
molecular weight markers are indicated on the left. (A) Non-
capacitated sperm and (B) acrosome-reacted sperm from mouse.
(C) Images of indirect immunofluorescence of ADAM15 on live non-
capacitated sperm (nZ81/90) and acrosome-reacted mouse sperm
(85/90). The staining of mouse sperm with anti-ADAM15-DD antibody
was abolished in the presence of the immunizing ADAM15 peptide.
DIC represents the corresponding differential interface contrast of
these cells.
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sperm–egg binding through its disintegrin domain.
However, what the function of ADAM15 is, prior to the
acrosome reaction in mouse sperm, still remains unsolved.
ADAM15 includes the metalloprotease domain that is
activated by cleavage of the pro-domain (Lum et al. 1998).
Primakoff has proposed that testase 1 has proteolytic
activity on the sperm surface, which modifies other
proteins during the later stages of epididymal maturation
and/or fertilization (Zhu et al. 2001). Similar functions
might be proposed for ADAM15.

Although the processing mechanism of ADAM15 is
unknown, our results suggest that in mice, this
processing requires alternative proteases. The ADAM15
pro-domain may be processed by a pro-protein con-
vertase, present in testis because ADAM15 contains
a pro-protein convertase site, located between the pro-
and metalloprotease domains. We suggest that the
Reproduction (2008) 136 41–51
ADAM15 metalloprotease domain in mouse sperm is
removed in a way, similar to that of the metalloprotease
domain of fertilin-a. Blobel has proposed that the pro-
protein convertase PC4 may cleave the metalloprotease
domain of fertilin-a (Lum & Blobel 1997, Blobel 2000).
The processing of ADAM15 during sperm maturation in
the epididymis may be performed by proteases, secreted
from the epididymis, although this still needs to be
clarified because the proteases present in the epididymal
fluid have not been extensively studied.
ADAM15 may play a role in fertilization

It has been postulated that at least three ADAMs
participate in fertilization, ADAM1 (fertilin a), ADAM2
(fertilin b), and ADAM3 (cyritestin). Studies employing
synthetic peptides and anti-disintegrin loop antibodies
appear to indicate that fertilin b and cyritestin use their
disintegrin domain to interact with the egg membrane
(Evans 2001). This work upholds the premise that
ADAM15 may also participate in the interaction
between the sperm and the egg membrane because:
(1) ADAM15 is present in mouse acrosome-reacted
sperm at the point of fertilization; (2) following the
acrosome reaction, ADAM15 with its disintegrin domain
exposed was located throughout the head, where the
post-acrosomal region and equatorial segment are
involved in the interaction of the sperm with the egg
plasma membrane (Yanagimachi 1994); (3) the sequence
determined for mouse ADAM15 indicates that the DCD
motif is contained in its disintegrin domain; and (4) our
assays for fertilization manifested the following results:
the disintegrin peptide from mouse testis ADAM15
inhibited (80%) sperm binding to zona-free mouse egg
and sperm–egg fusion (55%). This evidence points
towards the possible participation of ADAM15 in the
fertilization process. Similar results were presented for
fertilin b and cyritestin, using short fertilin b or cyritestin-
based peptide mimics, which have been found to cause
very substantial inhibition of sperm–oocyte interactions.
However, the gene knockout experiments in mice do not
support this conclusion. For example, cyritestin-deficient
sperm were still able to bind the oolemma (Shamsadin
et al. 1999). McLaughlin et al. (2001) have proposed that
these inconsistencies are due to the use of peptides that
affected unintended targets. Furthermore, they present
data indicating that a single XCD motif-containing
peptide (where X represents one of a limited, but as yet
undefined, subset of amino acid residues) is able to
inhibit mouse sperm–oolemma binding and fusion.
These results indicate that the flanking sequences do
not confer any sequence specificity in the in vitro assays.
In our studies, which utilized a disintegrin ADAM15
peptide that contains the DCD motif, sperm–oolemma
binding was affected, whereas a scrambled ADAM15
peptide that lacked the DCD inhibition failed to exhibit
any effect.
www.reproduction-online.org



Figure 5 Effect of disintegrin peptide on sperm–egg
binding and fusion. (A) Sequence comparison of known
binding regions of small putative regions of disintegrin
domains of mouse ADAM 1, 2, and 3 and ADAM15
peptides tested in this study. The ZP-free mouse eggs
were incubated in the presence of the indicated
concentrations (mM) of peptide based on mouse
ADAM15 (RPPTDDCDLPEF; see B and C), or control
peptide (DREPDLPCFDPT; see D) for 30 min. Then
capacitated sperm were added and incubated for
30 min or 3–4 h at 37 8C, washed and analyzed for
sperm binding (B) and fusion to the egg plasma
membrane (C) and (D). Results present the average of
four experiments per sampleGS.E.M.; a total of 80 eggs
were fertilized per sample. *P!0.05 versus control
(without peptide).
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These results implicate ADAM15 in binding to the
oolemma, although still the in vivo role of ADAM15
remains to be defined because it is not known whether
the peptide affects other targets. Regarding the possible
role of ADAM15 in sperm–oolemma binding, we agree
with the hypothesis forwarded by McLaughlin et al.
(2001), which proposes that the concerted effects of
several ADAMs result in maximum ‘fertilizing ability’
even if individual proteins are dispensable, implying
some degree of functional redundancy.

The ADAMs disintegrin domains are homologous to
snake venom disintegrins and represent potential
integrin ligands. The disintegrin domain from human
ADAM15 binds to the integrins a9b1, avb3, and avb1
(Zhang et al. 1998, Nath et al. 1999, Eto et al. 2000,
2002), but He et al. (2003) demonstrated that none of the
integrins reported in mouse eggs or known as ADAM
receptors are essential for sperm–egg binding and fusion.
This finding raises the question whether other possible
players are involved in the fertilization process.

ADAM15 is also present along the sperm flagellum,
but its function is still unknown. As a rule, the entire
sperm tail is incorporated into the egg (Yanagimachi
1994); therefore, the interaction that takes place
between the plasma membranes from sperm tail and
egg during fertilization may require the adhesion of
molecules such as ADAM15.

In conclusion, this is the first time that ADAM15 has
been observed in mammalian sperm, and our results,
together with previously reported data (Eto et al. 2002),
suggest the participation of ADAM15 in the fertilization
www.reproduction-online.org
process. Moreover, the role of ADAM15 in the human
reproductive process should be considered of major
relevance because the human spermatozoid does not
express fertilin a or cyritestin (Jury et al. 1997, Frayne &
Hall 1998). The detection of ADAM15 opens new
possibilities to improve our understanding of the
mechanisms that regulate fertilization.
Materials and Methods

Antibodies and reagents

Goat polyclonal antibody anti-ADAM15-NT was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Rabbit polyclonal antibody against the carboxyl terminal
region of ADAM15 (anti-ADAM15-CT) was obtained from
Oncogene Research Products (Boston, MA, USA). Dr J M
Hernández (CINVESTAV, Mexico) kindly provided anti-actin
MAB. HRP-conjugated anti-rabbit, HRP-conjugated anti-
goat, TRITC-conjugated anti-rabbit, and TRITC-conjugated
anti-goat antibodies were purchased from Jackson Immu-
noResearch (West Grove, PA, USA). DL-dithiothreitol,
Trizma base, Tween-20, pepstatin, leupeptin, phenylmethyl-
sulfonyl fluoride (PMSF), benzamidine, soybean trypsin
inhibitor, and iodoacetamide were purchased from Sigma
Chemical Co. Complete protease inhibitor cocktail was
obtained from Roche. Nitrocellulose membrane was pur-
chased from Bio-Rad. SDS was obtained from Calbiochem
(San Diego, CA, USA). ECL detection kits were obtained
from Amersham Pharmacia Biotechnology. Human chorionic
gonadotropin (hCG), BSA fraction V (BSA), hyaluronidase
were purchased from Sigma Chemical Co. Pregnant mare
Reproduction (2008) 136 41–51
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serum gonadotropin (PMSG) was obtained from INTERVET
(Mexico).
Adam15 cDNA from testis was cloned by RT-PCR

Total RNA from NMRI mouse testis was isolated using the
method described by Martinez-Perez et al. (2005). RT specific
for Adam15 mRNA was performed with 500 ng primer LA15,
5 mg total RNA from testis and ThermoScript Reverse
Transcriptase (Invitrogen), following the manufacturer’s instruc-
tions. Reaction conditions were 62 8C for 55 min. The cDNA
from heart was obtained, as previously described for external
control RT from Adam15, and purified as reported by
Martinez-Perez et al. (2005).

A 1800 bp DNA fragment of the Adam15 gene was obtained
by means of RT-PCR, using the primers UMet-LA15 and LA15.
These primers were designed in the function of the long
Adam15 cDNA sequence from M. musculus (GenBank
Accession number NM_009614, Fig. 1A). The PCR conditions
consisted of 15 cycles of denaturing at 96 8C for 20 s, annealing
at 55 8C for 20 s, and extending to 72 8C for 2.15 min. Second
touchdown was at 96 8C for 15 s, annealing at 60 8C for 15 s,
and extending to 72 8C for 2.15 min, for 25 cycles. The PCR
products were separated by electrophoresis in 1% agarose gels
and visualized by staining the gel with ethidium bromide. The
Adam15 RT-PCR products were excised and eluted from
agarose, using silica gel particles, following the manufacturer’s
instructions (Quiagen).

To confirm the identity of the RT-PCR product as Adam15, a
nested PCR was performed and each product was sequenced.
The products were separated and visualized by electrophoresis
in 2% agarose gel, as previously described. The RT-PCR
products were purified using silica gel columns according to
the manufacturer’s instructions (Quiagen). Subsequently, they
were subcloned in the vector PCR 4.0 with TOPO isomerase,
using a TOPO TA cloning, following the manufacturer’s
instructions (Invitrogen). Ligation reaction was used to transform
Escherichia coli DH 5a cells. The positive clones were purified
and sequenced using a deoxy-sequencing kit (Biosystem Prysm
Dye) and an ABI PRISM 310 Genetic Analyzer automatic
sequencer (Applied Biosystems, Foster City, CA, USA). The
nucleotide sequences were compared with other GenBank
reported sequences, using the BLAST program. The conceptual
translation was carried out with the program ‘Traduccion
multiple’ from the infobiogen database (www.infobiogen.fr/).
Peptides

Peptides consisting of 12 amino acid residues that correspond
to the predicted disintegrin loop of mouse ADAM15, as well as
a scrambled sequence thereof, were prepared by (Invitrogen).
The sequences were: ADAM15, RPPTDDCDLPEF; scrambled
ADAM15, DREPDLPCFDPT.
Antibody preparation

A rabbit polyclonal antibody against the active site of the
disintegrin domain of mouse ADAM15 (483RPPTDDCDL-
PEF494) was prepared in rabbits, using the peptide conjugated
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to BSA. A well-known immunization program was employed
and the antibody was purified by means of affinity chromatog-
raphy on a peptide–sepharose column (Drenckhahn et al.
1993). The antibody was called anti-ADAM15-DD.
Preparations of testicular cells and epididymal sperm
from mice

Testicular cells were isolated from adult mice (12-week-old
male NMR-1), as described by Phelps et al. (1990). Animals
were anesthetized with chloroform and killed by cervical
dislocation; the testis was quickly removed and stripped of
its fat pad and epididymis. The tissue was chopped into
small pieces using a razor blade and the fragments were
vigorously pipetted using a wide bore pipette. The extract
was filtered through a nylon mesh to remove connecting
tissue and debris. After dissection, epididymal spermatozoa
were removed from three regions of the epididymis: the
caput, corpus, and cauda, and from vas deferens. Sperm
were washed twice in PBS, by a process of resuspension–
centrifugation.
In vitro capacitation and acrosome reaction in mice
sperm

Mouse sperm from the cauda epididymis and vas deferens
were incubated at 37 8C, under 5% CO2 in air for 3 h in
M16 medium, containing 3% BSA for in vitro capacitation
and acrosome reaction. In order to induce the acrosome
reaction, spermatozoa were incubated for 15 min in M16
and then the medium was supplemented with 10 mM of
A23187 (Sigma Chemical Co.) for 15 min. Successful
induction of the acrosome reaction was verified by staining
smears of formaldehyde-fixed spermatozoa, for 15–20 min
with 0.2% Coomassie brilliant blue R250 (Larson & Miller
1999). After washing with bi-distilled water, the stained
spermatozoa were air dried and the preparation was
mounted.
Sperm immunofluorescence

Non-capacitated sperm, capacitated gametes (with and with-
out spontaneous acrosome reaction), and acrosome-reacted
sperm, induced by a treatment with the calcium ionophore
A23187, were fixed (v/v) with 3.0% formaldehyde in PBS.
Twenty minutes later, the spermatozoa were collected. Pelleted
spermatozoa (at 600 g for 3 min) were incubated in 50 mM
NH4Cl for 10 min, then rinsed twice in PBS, and once in
bi-distilled water and finally resuspended in bi-distilled water.
This suspension was spread on microscope slides and air dried
at room temperature. Subsequently, the cells were permeabi-
lized with absolute acetone for 7 min at K20 8C and washed in
PBS. The presence of ADAM15 was revealed using anti-
ADAM15-CT or with anti-ADAM-NT, both of which were
diluted (1:100) in blocking solution, 1% BSA in PBS, and
incubated for 1 h at 37 8C. Samples were washed in PBS, then
incubated for 2 h at 37 8C with the TRITC-conjugated anti-
rabbit or TRITC-conjugated anti-goat antibodies, and diluted
(1:100) in blocking solution. After being washed thrice in PBS,
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a drop of glycerol: PBS (1:1) was added to the samples that
were placed on glass slides. These were covered with a
coverslip and sealed with nail polish. Cells were viewed using
a Zeiss photomicroscope equipped with phase-contrast and
epifluorescent optics.

Live sperm were stained with anti-ADAM15-DD at a final
dilution of 1:50, but they were neither permeabilized nor fixed.
After a 2-h incubation at 37 8C with the antibody, sperm
samples were washed thrice with PBS. Goat anti-rabbit
conjugated with rhodamine was added to the sperm in PBS,
at a dilution of 1:100 and incubated for 1 h at 37 8C, together
with antibody. Sperm were washed thoroughly with PBS
beforehand and were later fixed with 1.5% formaldehyde for
10 min. Microscopy slide smears were prepared and observed,
as described previously.
Western blot analysis

Jurkat cells, testicular cells, epididymal sperm, and non-
capacitated and acrosome-reacted sperm were collected by
means of spin cell suspensions at 600 g for 3 min. They were
then washed twice with PBS, dissolved in lysis buffer (1% NP-
40 in PBS; cell-extracts), and supplemented with the following
set of protease inhibitors: 1 mM PMSF, 2 mg/ml leupeptin,
2 mg/ml pepstatin, 50 mg/ml benzamidine, 1 mg/ml soybean
trypsin inhibitor, 10 mg/ml iodoacetamide, and 300 ml of a
commercial mixture of protease inhibitors (a complete tablet
dissolved in H20) for a 10 ml sperm suspension. Samples were
incubated on ice for 20 min and then centrifuged at 10 000 g
and 4 8C for 20 min.

The supernatants were collected and their protein
concentration was measured (Bradford 1976). Supernatant
aliquots were boiled for 5 min in sample buffer (Laemmli
1970), containing 720 mM of 2-mercaptoethanol for
protein disulfide reduction and applied to SDS-PAGE gels.
Following electrophoresis, the proteins were transferred to
nitrocellulose membranes, which were then blocked using
5% fat-free dried milk in TBS–Tween (10 mM Tris–HCl,
150 mM NaCl, 1% Tween (pH 7.5)). Membranes were
incubated overnight at 4 8C, along with anti-ADAM15-CT
(1:500 dilutions), anti-ADAM15-NT (1:400 dilutions), anti-
ADAM15-DD (1:100 dilutions), or anti-actin (1:100
dilutions). After five washes (7 min each) with TBS–Tween,
the membranes were incubated with appropriate secondary
antibodies, coupled to HRP (1:7500 dilutions). Immune-
reactive proteins were detected by chemiluminescence
using an ECL kit.
Superovulation and egg recovery

Eggs were obtained from the oviducts of 6- to 8-week-old
NMRI female mice. Superovulation was induced by s.c.
injection of 15 IU PMSG, followed by 15 IU of hCG after a
48-h period. The animals were killed 15–17 h post-hCG. The
uterine ovary–salpinge–horn complexes were dissected and
eggs were removed from the ampulla of the oviduct and
collected in M16 medium, supplemented with 3% BSA.
The ampulla of each oviduct was punctured, the cumulus
mass extruded, and placed in 0.1% hyaluronidase in M16
www.reproduction-online.org
medium for 7 min at 37 8C in order to remove cumulus cells.
Cumulus-free eggs were then washed four times in M16
medium, for 3 min each. The ZP was removed by incubating
briefly in low pH buffer (Chen & Sampson 1999). The ZP-free
eggs were then immediately washed thrice with M16
medium and then the eggs were allowed to recover for
60 min in M16 medium at 37 8C under 5% CO2/air. Only
mature eggs with a detectable first polar body were used for
fertilization.
In vitro fertilization and assessment of sperm binding
and fusion

The ZP-free eggs were initially incubated with the peptide
corresponding to the active site of the disintegrin domain of
ADAM15 or with control peptide. Different peptide concen-
trations were assayed (100–500 mM) in M16 medium with
3% BSA, 30 min prior to co-incubation with capacitated
sperm. None of the peptide concentrations tested altered
sperm motility. Eggs and capacitated sperm (see above)
were co-incubated in 200 ml drops (20 eggs per drop, with
the addition of 10 ml capacitated sperm suspension
(2!106 cells/ml). A 30-min co-incubation period was
employed for the determination of binding, but only after
3–4 h was it possible to clearly observe swollen sperm nuclei
in the egg cytoplasm. Following the co-incubation of gametes,
the eggs were washed thrice in M16 medium containing
3% BSA in order to remove any loosely attached sperm. Eggs
were then fixed (v/v) with freshly prepared 3.0% formaldehyde
in PBS for 1 h. Eggs were washed twice in PBS and stained with
Hoechst 33342 (20 mg/ml PBS) for 30 min, washed 3–4 times
(15 min each time) in PBS, and mounted on a glass slide with
50% glycerol–PBS. Sperm–egg binding was observed in phase-
contrast images. Fluorescent images of decondensed sperma-
tozoa nuclei stained with Hoechst 33342 were recorded, in
order to define whether the sperm had been incorporated into
the egg cytoplasm.
Statistical analyses

Data were analyzed using a one-way ANOVA, followed by
Tukey’s honest significant differences and probability was set at
P!0.05.
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