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Signaling events leading to mammalian sperm capacitation
rely on activation/deactivation of proteins by phosphorylation.
This cascade includes soluble adenylyl cyclase, an atypical bicar-
bonate-stimulated adenylyl cyclase, and is mediated by protein
kinase A and the subsequent stimulation of protein tyrosine
phosphorylation. Recently, it has been proposed that the capac-
itation-associated increase in tyrosine phosphorylation is gov-
erned by Src tyrosine kinase activity. This conclusion was based
mostly on the observation that Src is present in sperm and that
the Src kinase family inhibitor SU6656 blocked the capacita-
tion-associated increase in tyrosine phosphorylation. Results in
the present manuscript confirmed these observations and pro-
vided evidence that these inhibitors were also able to inhibit
protein kinase A phosphorylation, sperm motility, and in vitro
fertilization. However, the block of capacitation-associated
parameters was overcome when sperm were incubated in the
presence of Ser/Thr phosphatase inhibitors such as okadaic acid
and calyculin-A at concentrations reported to affect only PP2A.
Altogether, these data indicate that Src is not directly involved
in the observed increase in tyrosine phosphorylation. More
importantly, this work presents strong evidence that capacita-
tion is regulated by two parallel pathways. One of them requir-
ing activation of protein kinase A and the second one involving
inactivation of Ser/Thr phosphatases.

The capacitation process is the major prerequisite for mam-
malian sperm to fertilize. This highly complex phenomenon
occurs in the female reproductive tract, and renders the sper-
matozoa capable of binding and fusing with the oocyte (1). The
commonly accepted end point of capacitation is the time when
sperm have obtained the ability to fertilize an egg. However,
different physiological modifications of sperm have been cor-
related with the capacitated state. These include: cholesterol
loss from the sperm plasma membrane, increased membrane
fluidity, changes in intracellular ion concentrations (2), hyper-
polarization of the sperm plasma membrane (3), and increased
protein tyrosine phosphorylation (4).

Among ion fluxes that occur during capacitation, the trans-
port of HCO3

� into sperm promotes cAMP synthesis by the
activation of an atypical soluble adenylyl cyclase (SACY)2 (5)
and subsequent PKA activation. cAMP-dependent phosphory-
lation of Ser/Thr residues is known to be a key regulator of
tyrosine phosphorylation events linked to the process of capac-
itation. In mouse sperm exposed to HCO3

�, cAMP rises to a
maximum in �60 s, followed immediately by an increase in
PKA-dependent phosphorylation (2). However, tyrosine phos-
phorylation is only observed after incubations for at least 30
min in conditions conducive to capacitation (6). Despite the
lack of temporal correlation of PKA-induced phosphorylation
and the increase in tyrosine phosphorylation, it has been shown
that PKA inhibition blocks the onset of tyrosine phosphoryla-
tion (7). The one or more tyrosine kinases responsible for the
capacitation-associated increase in tyrosine phosphorylation
have remained enigmatic. Recent proposals, however, have put
forward the hypothesis that the Src family of protein tyrosine
kinases (SFKs) mediates the increase in tyrosine phosphoryla-
tion in mouse and human sperm (8–10).
The action of SFKs onmammalian cells has been extensively

studied and demonstrated to be broadly pleiotropic, including
effects on cell adhesion, proliferation, migration, differentia-
tion, cell morphology, and survival (11). Several lines of evi-
dence indicate that c-Src (the prototypic member of the SFKs)
is activated through dephosphorylation of Tyr-527 (or the cor-
responding tyrosine in other members of the SFKs) (12). The
currently accepted model proposes that c-Src tyrosine kinase
(Csk) phosphorylates Tyr-527 allowing its intramolecular
interaction with SH2 that keeps the protein in an inactive
closed state. However, in its open state, Tyr-416 in the c-Src
activation loop (or the corresponding tyrosine in other SFKs)
can undergo autophosphorylation inducing kinase activity
(13).
It has been shown that c-Src is present in mouse sperm and

that SU6656, a c-Src kinase family inhibitor is able to block the
capacitation-associated increase in tyrosine phosphorylation as
well as the change inmotility pattern, known as hyperactivation
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(14). This inhibitor is competitive with respect to ATP and is
capable of affecting all SFKs, suggesting a role for these kinases
in the capacitation process. In addition, more recent studies
have shown that SFK inhibitors abrogate human and bovine
sperm acrosome reactions (10, 15). In the present workwe have
further characterized the involvement of SFKs in mouse sperm
capacitation. Due to the importance of PKA in this process, we
focused on the effect of SFK inhibitors on this kinase. Interest-
ingly, our results indicate that, in addition to their abrogation of
tyrosine phosphorylation, SFK inhibitors block PKAphosphor-
ylation, sperm motility, and in vitro fertilization. Although
these data suggest unspecific PKA inactivation by SFK inhibi-
tors, in vitro activity assays show that this is not the case. Here,
we provide evidence that Ser/Thr phosphatase inhibitors over-
come the block by SFK inhibitors to all capacitation parame-
ters, including in vitro fertilization. In addition, sperm from
Src-null mice contained similar levels of capacitation-associ-
ated tyrosine phosphorylation as wild-type sperm. Taken
together, these data have indicated that Src is not directly
involved in the observed capacitation-associated changes in
tyrosine phosphorylation, and further have strongly suggested
that Ser/Thr protein phosphatase inactivation is necessary for
sperm capacitation.

EXPERIMENTAL PROCEDURES

Materials—Chemicals were obtained from the following
sources: Bovine serumalbumin (BSA, fatty acid-free), and dibu-
tyryl-cAMP (Bt2cAMP), 3-isobutyl-1-methylxanthine (IBMX),
were purchased from Sigma. SU6656 was obtained from Cal-
biochem, and SKI606 (bosutinib) was purchased from Selleck
Chemicals. H-89, okadaic acid, and calyculin-A were acquired
from LC Laboratories (Woburn, MA). Heat-stable protein
kinase A inhibitor (PKI) (myristoylated, 14-22, amide) was pur-
chased fromBiomol (Enzo Life Sciences, Inc.). Cdc2 (c-Src sub-
strate), anti-phosphotyrosine (pY) monoclonal antibody (clone
4G10) and anti-Src monoclonal antibody (clone GD11) were
obtained fromUpstate Biotechnology (Lake Placid, NY). Rabbit
monoclonal anti-phospho-PKA substrates (clone 100G7E) and
anti-Src monoclonal antibodies (clone 32G6) were purchased
from Cell Signaling (Danvers, MA). Anti-�-tubulin mono-
clonal antibody (clone E7) was obtained from the Developmen-
tal Studies Hybridoma Bank developed under the auspices of
NICHD, National Institutes of Health, and maintained by The
University of Iowa Dept. of Biological Sciences, Iowa City, IA.
Horseradish peroxidase-conjugated anti-mouse and anti-rabbit
IgGwere purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA) and Amersham Biosciences, respectively.
Mouse Sperm Preparation—Cauda epididymal mouse sperm

were collected from CD1 retired male breeders (Charles River
Laboratories, Wilmington, MA) or from young adult (7–8
weeks old) Src-null males and their wild-type littermates (16)
and sacrificed in accordance to the Animal Care and Use Com-
mittee guidelines from the University of Massachusetts at
Amherst or from Temple University School of Medicine. Each
minced cauda epididymis was placed in 500 �l of a modified
Krebs-Ringer medium (Whitten’s HEPES-buffered medium
containing 5mg/ml BSA) (17). After 10min, epididymideswere
remove, and the suspension was adjusted with non-capacitat-

ing medium to a final concentration of 1–2 � 107 cells/ml
before dilution of four times in the appropriate medium
depending on the experiment performed. For capacitation, 15
mM NaHCO3 was added, and sperm was incubated at 37 °C for
at least 1 h. To test the effect of the different inhibitors of capac-
itation, sperm were preincubated with inhibitors in non-capaci-
tating medium for 15min prior to the beginning of the capacitat-
ing period. For in vitro fertilization assays, sperm were obtained
and incubated for capacitation in Whitten’s medium without
HEPES containing 22mMNaHCO3 and 5mg/mlBSA, then equil-
ibrated in a humidified atmosphere of 5% CO2 (18).
SDS-PAGE and Immunoblotting—After treatment, sperm

were collected by centrifugation, washed in 1 ml of phosphate-
buffered saline, resuspended in Laemmli sample buffer (19)
without �-mercaptoethanol, and boiled for 5min. After centri-
fugation, 5% �-mercaptoethanol was added to the superna-
tants, and the mixture was boiled again for 5 min. Protein
extracts equivalent to 1–2� 106 sperm per lane were subjected
to SDS-PAGE and electro-transferred to PVDF membranes
(Bio-Rad) at 250 mA for 60 min on ice. Membranes were
blockedwith 5% fat-freemilk in TBS containing 0.1%Tween 20
(T-TBS). For anti-pY and anti-pPKA immunodetections,mem-
branes were blocked with 20% fish skin gelatin (Sigma) in
T-TBS. Antibodies were diluted in T-TBS as follows: 1/10,000
for anti-PY (clone 4G10), 1/5,000 for anti-pPKA (clone
100G7E), 1/1,000 for both anti-Src antibodies (clone GD11
and clone 32G6), 1/10,000 for anti-tubulin (clone E7), and
anti-actin. Secondary antibodies were diluted 1/10,000 in
T-TBS and developed using an enhanced chemilumines-
cence detection kit (ECL plus, Amersham Biosciences)
according to the manufacturer’s instructions. When neces-
sary, PVDF membranes were stripped at 60 °C for 15 min in
2% SDS, 0.74% �-mercaptoethanol, 62.5 mM Tris, pH 6.5,
and washed 6 � 5 min in T-TBS. In all experiments, molec-
ular masses were expressed in kilodaltons.
SpermMotilityAnalysis—Spermsuspensionswere loadedon

a 20-�m chamber slide (Leja Slide, Spectrum Technologies)
and placed on a microscope stage at 37 °C. Sperm movements
were examined using the CEROS computer-assisted semen
analysis (CASA) system (Hamilton Thorne Research, Beverly,
MA). Parameters used were as follows: 30 frames acquired,
frame rate of 60 Hz, minimum cell size of 4 pixels, low average
path velocity cutoff of 5 mm/s, static head size of 0.2–2.99,
static head intensity of 0.26–1.31, and static head elongation
lower than 100. At least 20 microscopy fields corresponding to
a minimum of 200 sperm were analyzed in each experiment.
Mouse Eggs Collection and in Vitro Fertilization Assays—

Metaphase II-arrested eggs were collected as described previ-
ously (18), from 6- to 8-week-old superovulated CD1 female
mice (Charles River Laboratories) at 13 h after human chori-
onic gonadotrophin (Sigma) intraperitoneal injection. Cumu-
lus cells were removed by brief incubation (�5 min) in Whit-
ten’s HEPES-buffered medium containing 7 mM NaHCO3, 5
mg/ml BSA, and 0.02% type IV-S hyaluronidase (Sigma). After
cumulus cell removal, eggs were placed in a drop of Whitten’s
medium containing 22 mM NaHCO3 and 5 mg/ml BSA and
allowed to recover for 30 min in an incubator with 5% CO2 at
37 °C.
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Fertilization drops (200�l each) containing 10–20 eggs were
inseminated with capacitated sperm (final concentration of
2.5� 106 cells/ml). After 4 h of insemination, eggs werewashed
through brief passages in three drops of Whitten’s medium
containing 22 mM NaHCO3 and 15 mg/ml BSA using a thin
bore pipette to detach any loosely attached sperm. After 3 h of
further incubation, eggs were fixed with 3.7% paraformalde-
hyde/phosphate-buffered saline for 15 min, washed, and
stained with Hoechst 33342 (Sigma, 10 �g/ml) in phosphate-
buffered saline for 10 min at room temperature. Fertilization
was assessed by visualization of the formation of the male and
female pronuclei.
Cell-free Assay of PKA Substrate Phosphorylation—Sperm

(1–2 � 106 cells in 50 �l of final volume) were incubated in the
presence of different inhibitors for 30min at 30 °C inWhitten’s
media supplemented with: 1% Triton X-100, 40 �MATP, 1 mM

Bt2cAMP, 10 �M aprotinin, 10 �M leupeptin, 100 �M sodium
orthovanadate, 5 mM p-nitrophenyl phosphate, 40 mM �-glyc-
erophosphate, and 10 mM MgCl2. Samples were further sub-
jected to SDS-PAGE and Western blotting followed by immu-
nodetection with an anti-pPKA substrates antibody (clone
100G7E), as described above.
In Vitro Assay of PKA Activity—PKA activity was measured

as previously described (20, 21). Briefly, the amount of 32P
incorporated into the Kemptide (Leu-Arg-Arg-Ala-Ser-Leu-
Gly, Sigma)-specific substrate was quantified. The assay mix-
ture was either supplemented or not supplemented with inhib-
itors as described under “Results,” while maintaining constant
DMSO concentration (�0.5%).
c-Src Immunoprecipitation andKinase Activity Assay—After

sperm incubation in the appropriate conditions, samples were
centrifuged at 1700 � g for 1 min. The resulting pellet was
resuspended in radioimmune precipitation assay buffer (10mM

Tris-HCl, pH 7.2, 50 mM NaCl, 0.1% SDS, 1% Triton X-100, 1
mM EDTA, 1 mM sodium orthovanadate, and protease inhibi-
tors), incubated on ice for 30 min, and centrifuged at 4 °C for 5
min at 2500 � g. Supernatants were incubated with anti-Src (4
�g of antibody for 1� 107 cells in a final volume of 500�l, clone
GD11) and anti-tubulin antibodies (clone E7, same amount) as
a negative control for 2 h at 4 °C with constant rocking. After
adding 20 �l of protein G-Sepharose (Amersham Biosciences),
the reactions were further rocked for 1 h at 4 °C. The immune
complex was recovered by centrifugation, washed four times in
radioimmune precipitation assay buffer, and subjected to a
kinase assay. Equal immunoprecipitation of Src from different
samples was controlled by Western blot analysis. To avoid the
strong signal from the IgGheavy chain that could partially over-
lap with the Src signal, anti-IgG light chain-specific antibodies
were used (Jackson Laboratories, West Grove, PA). These anti-
bodies do not detect IgG heavy chain.
Src activity of immunocomplexes was assayed using a syn-

thetic peptide from the cdc2 sequence as substrate
(KVEKIGEGTYGVVYK) in a final volume of 30 �l. The equiv-
alent of 1 � 105 sperm was used per reaction in a buffer con-
taining 25 mMHEPES, 1% Triton X-100, 0.5 mM dithiothreitol,
1 mg/ml BSA, 0.5 mM EGTA, 40 �MATP, 1 �Ci of [�-32P]ATP,
10 �M aprotinin, 10 �M leupeptin, 100 �M sodium orthovana-
date, 5 mM p-nitrophenyl phosphate, 40 mM �-glycerophos-

phate, and 10 mMMnCl2. Reactions were incubated for 30 min
at 30 °C, and stopped by addition of 30 �l 20% trichloroacetic
acid.Half the samplewas subjected to 8%SDS-PAGEand trans-
ferred to PVDF. The membrane was developed first by autora-
diography to detect autophosphorylation of c-Src and then by
Western blot with anti-c-Src antibodies (clone 36D10).
The second half of each samplewas centrifuged at room tem-

perature for 3 min at 10,000 � g. Twenty microliters of the
resultant supernatant was spotted onto Whatman P81 phos-
phocellulose paper (2 � 2 cm) and washed 5 � 5 min in 5 mM

phosphoric acid with agitation. Phosphocellulose papers were
dried, placed in vials with 2 ml of scintillation fluid, and sub-
jected to liquid scintillation counting. In every case, assays were
performed in sets of triplicates, to avoid experimental errors.
Statistical Analysis—Paired Student’s t test was used for

comparing mean values between control and tested groups.
The difference between mean values of multiple groups was
analyzed by one-way analysis of variance followed by Holm-
Sidak test. Statistical significances are indicated in the figure
legends.

RESULTS

Analysis of c-Src Involvement in the Capacitation-associated
Increase in Tyrosine Phosphorylation.—c-Src has been associ-
atedwith the increase in protein-tyrosine phosphorylation dur-
ing sperm capacitation (14). To validate a role for the SFKs in
this signaling cascade, we used the SFK inhibitors SU6656 and
SKI606. All SFK members are affected by SU6656, which is
competitive with respect to ATP (22), whereas SKI606 has been
shown to block the ATP binding site both in Src and Abl kinase
families (23). Sperm were preincubated for 15 min with differ-
ent inhibitor concentrations before exposure to conditions that
support capacitation. In agreement with previous reports,
SU6656 completely blocked the increase in tyrosine phosphor-
ylation with an IC50 of �10 �M (Fig. 1A) (9, 14, 24). In the case
of SKI606, a sharp inhibitory effect was observed at 50 �M (Fig.
1B). Because the increase in tyrosine phosphorylation is down-
stream of a cAMP/PKA pathway, we assessed whether cAMP
agonists were able to overcome the inhibition of tyrosine phos-
phorylation. Although Bt2cAMP (1 mM) together with IBMX
(100�M) induced tyrosine phosphorylation in sperm incubated
in the absence of HCO3

� as previously described (6), cAMP
agonists were not able to override the effect of SFK inhibitors
(Fig. 1C).
To directlymeasure c-Src activity, anti c-Src antibodies were

used to immunoprecipitate c-Src from either capacitated or
non capacitated mouse sperm extracts. c-Src activity assays
were then performed as described under “Experimental Proce-
dures” in the presence of [32P]ATP and the c-Src synthetic pep-
tide substrate derived from p34cdc2 (25). Half the sample was
centrifuged and 32P incorporation into the peptide substrate
was quantified as described (Fig. 1D). Samples immunoprecipi-
tated with anti-tubulin antibody were used as background
activity and were not different from blank controls. The other
half was boiled in sample buffer and subjected to SDS-PAGE,
then transferred to PVDF. The PVDFmembrane was first used
for autoradiography (Fig. 1E, autoradiography), followed by
Western blot analysis for c-Src (Fig. 1E, Western blot) to assess
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equal loading. In these assays, anti-
tubulin immunoprecipitates were
used as controls. Both incorpora-
tion of 32P to the specific substrate
as well as c-Src autophosphoryla-
tion revealed an increase in c-Src
activity in capacitated sperm.
The previous data are consistent

with the hypothesis that c-Src tyro-
sine kinase is directly involved in the
capacitation-associated increase in
tyrosine phosphorylation. To fur-
ther investigate this possibility, the
increase in tyrosine phosphoryla-
tion was evaluated in Src-null mice
(16). Surprisingly, no differences
in the capacitation-associated in-
crease in tyrosine phosphorylation
were observed between Src-null
sperm and sperm from their wild-
type siblings (Fig. 2A). Western blot
analysis indicate that the anti-c-Src
antibody used recognized only one
band in wild type that is not present
in c-Src null sperm (Fig. 2B). More-
over, this antibody was used to rep-
robe the anti-pY blots, showing the
presence of c-Src in wild-type
sperm but not in their null siblings.
Thus, our unexpected result could
have been the consequence of com-
pensatory expression of other SFKs
(26). However, the simplest expla-
nation for these data is that c-Src is
not directly responsible for the
onset of tyrosine phosphorylation
associated with the acquisition of
fertilizing capacity by sperm.

Effect of SFK Inhibitors on PKA Phosphorylation of Sperm
Proteins—As mentioned above, the increase in protein-tyro-
sine phosphorylation is downstream of a cAMP/PKA pathway.
This pathway can be analyzed using anti-phospho-PKA sub-
strate antibodies (anti-pPKAs antibodies). These antibodies
detect pSer or pThr at position RRXpS/pT (corresponding to a
PKA consensus phosphorylation sequence) and have been pre-
viously used in sperm from different species, including mouse
(27–30). To investigate whether SFK inhibitors were affecting
PKAphosphorylation, sperm extracts were obtained after incu-
bation in conditions that either support capacitation or do not
and used in Western blot analyses with anti-pPKAs. As
expected, a significant increase in phosphorylation of PKA sub-
strates was detected in capacitated sperm (Fig. 3A). In addition,
a similar pattern was observed when non-capacitated sperm
were incubated in the presence of 1 mM Bt2cAMP and 0.1 mM

IBMX. However, when either SU6656 or SKI606 inhibitors
were present in the capacitation medium, the increase in PKA
substrate phosphorylation was abrogated (Fig. 3A). Moreover,
addition of cAMP agonists did not restore phosphorylation of

FIGURE 1. SFK inhibitors abrogate tyrosine phosphorylation associated with sperm capacitation.
A, mouse sperm were incubated in the absence or in the presence of SU6656 for 60 min in capacitating (cap,
with HCO3

�) or non-capacitating media (NC, without HCO3
�). Western blot analyses were performed with

anti-pY antibodies. B, sperm were treated and processed as in panel A in the absence or in the presence of
SKI606 (bosutinib). C, sperm were incubated for 60 min in capacitating medium containing 50 �M of either
SU6656 or SKI606 in the presence or absence of 1 mM Bt2cAMP/0.1 mM IBMX (db-cA). Tyrosine phosphorylation
was assessed as in A. D, c-Src immunokinase assay using a synthetic peptide derived from cdc2 as substrate.
Capacitated and non-capacitated sperm were extracted with radioimmune precipitation assay buffer and
immunoprecipitated with anti-Src (clone GD11) antibodies or anti-tubulin as controls. Kinase assays were
performed on the immunocomplexes. Data are represented as the mean � S.E. of three independent experi-
ments, each performed in triplicate; *, p � 0.05. E, kinase reaction mixtures containing the immunocomplexes
were subjected to 8% SDS-PAGE, transferred to PVDF, and developed by autoradiography. Only c-Src from
capacitated sperm displayed autophosphorylation activity (left panel, arrow). The same PVDF membrane was
probed with anti-Src antibodies (clone 36D10). All Western blots are representative of experiments repeated at
least three times.

FIGURE 2. c-Src-KO mouse sperm undergo a capacitation-associated
increase in tyrosine phosphorylation. A, capacitated and non-capacitated
sperm extracts from Src-null (KO) and wild-type (WT) siblings were analyzed
by Western blot with anti-pY (clone 4G10) antibodies. PVDF membranes were
stripped and re-probed with anti-Src antibody (clone GD11), shown at the
bottom. B, radioimmune precipitation assay and SDS extracts were further
analyzed with a different anti-Src antibody (clone 32G6). A signal correspond-
ing to c-Src was only detected in the WT siblings. Anti-tubulin and anti-actin
immunodetections were used as loading controls.

Role of Ser/Thr Phosphatases in Sperm Capacitation

7980 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 11 • MARCH 12, 2010



PKA substrates. On the other hand, PKA phosphorylation was
not affected in Src-null sperm (Fig. 3B).

These unexpected results could be explained by unspecific
effects of SFK inhibitors onPKA.To test this possibility, activity
of PKA was assayed by two different approaches. In the first,
sperm were lysed in 1% Triton X-100 buffer, and the whole
lysate was incubatedwith ATP, Bt2cAMP,Mg2�, and amixture
of protease and phosphatase inhibitors (see “Experimental Pro-
cedures” for details). After 30 min, sample buffer was added to
each experimental condition, and phosphorylation of PKA sub-
strates was assayed by Western blot analysis using anti-pPKA
antibodies. Under these conditions, H-89, a specific PKA inhib-
itor, as well as the inhibitory PKI peptide, blocked the cAMP
agonist-induced increase in PKA substrate phosphorylation.
However, contrary to observations in live sperm, SFK inhibitors
did not block the increase in PKA substrate phosphorylation in
cell-free assays when cAMP agonists were present in the incu-
bation buffer (Fig. 3C). As a second approach, PKA activity was
assayed by quantification of 32P incorporated into the Kemp-
tide (Fig. 3D). Whereas H-89 inhibited the in vitro PKA activity
from sperm extracts, neither SU6656 nor SKI606 used at con-
centrations as high as 100 �M showed inhibitory effects (Fig.
3D). The inability of the SFK inhibitors to affect PKA activity

was confirmed using commercial
PKA catalytic subunit from bovine
heart (data not shown). These data
ruled out the possibility that SFK
inhibitors are directly blocking
PKA. As an alternative hypothesis,
SFK inhibitors could be acting in a
pathway upstream or parallel to the
activation of PKA.
Ser/Thr Phosphatase Inhibitors

Rescue the Effect of SU6656 and
SKI606—SFKs have been shown to
down-regulate Ser/Thr phospha-
tases in other cell types (31, 32).
Therefore, it is possible that the
inhibitory action of SU6656 and
SKI606 in sperm is due to up-regu-
lation of Ser/Thr phosphatases. To
investigate this hypothesis, sperm
were incubated in capacitating
media supplemented with either
SU6656 or SKI606 in the absence or
in the presence of Ser/Thr phospha-
tase inhibitors. Both okadaic acid
and calyculin-A were able to rescue
the inhibitory action of SU6656 and
SKI606 on PKA (Fig. 4,A andB) and
tyrosine phosphorylation (Fig. 4, C
and D). These data indicate that
inhibition of Ser/Thr phosphatases
is sufficient to rescue the effect of SFK
inhibitors when sperm are incubated
in capacitating medium. It is note-
worthy that 10 nM okadaic acid did
not trigger tyrosine phosphorylation

or phosphorylation of PKA substrates when used in non-capaci-
tating medium (Fig. 5A). Interestingly, when H-89 was used, oka-
daic acid was not able to rescue the inhibition (Fig. 5B).
Functional Studies—The cAMP/PKA pathway in sperm has

been linked to activation of motility as well as to the ability of
sperm to fertilize the egg in vitro. Therefore, it is expected that
the inhibitory action of SU6656 and SKI606 on capacitation-
associated phosphorylation would affect these functional
parameters. Similar to the effect on PKA and tyrosine phos-
phorylation, 50 �M SU6656 significantly inhibited all motility
parameters assessed with by CASA (Table 1) as well as in vitro
fertilization (Fig. 6). The SU6656-induced inhibition on these
parameters was overcome with 10 nM okadaic acid, indicating
that the effect of this SFK inhibitor involved up-regulation of
Ser/Thr phosphatase activity. To evaluate whether SU6656 or
okadaic acid had any effect on the egg, these compounds were
incubated with eggs and washed off before sperm addition, as
controls. Under these conditions, no effect was observed in the
in vitro fertilization assay.

DISCUSSION

Increased tyrosine phosphorylation has been associated with
the acquisition of sperm-fertilizing capacity in different species

FIGURE 3. SFK inhibitors block phosphorylation of PKA substrates in live sperm but not in vitro. A, sperm
were incubated for 60 min in capacitating medium containing 50 �M of either SU6656 or SKI606 in the presence
or absence of 1 mM Bt2cAMP/0.1 mM IBMX (db-cA). Each condition was processed for Western blot analysis with
a monoclonal anti-pPKAs antibody. B, Src-null (KO) mouse sperm displayed normal phosphorylation of PKA
substrates. C, analysis of PKA activity in cell-free assays. Cell-free extracts were incubated for 30 min in medium
containing 40 �M ATP and alternatively supplemented with1 mM Bt2cAMP, 0.1 mM IBMX, 50 �M SU6656, 50 �M

SKI606, 10 �M PKI, and H-89 (as specified in micromolar). Each condition was processed for Western blot
analysis and immunodetected with anti-pPKAs antibody. As control, the blot to the left shows live sperm
incubated in conditions that support or do not support capacitation for comparison. D, sperm PKA activity was
measured using Kemptide as substrate. Kinase buffer contained the indicated amounts of SU6656, SKI606, or
H-89, maintaining a constant concentration of DMSO. Data represent mean � S.E. of three independent exper-
iments performed in triplicates; *, p � 0.01.
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(6, 33, 34), and it is correlated with the onset of functional
parameters such as hyperactivated motility and acrosomal
responsiveness (35–38). Inmammalian sperm, capacitation is a
HCO3

�-dependent process (39). A likely target for HCO3
� is the

regulation of cAMPmetabolism through stimulation of a solu-
ble adenylyl cyclase (SACY). Once activated, intracellular

cAMP levels increase, promoting
the activation of PKA through the
release of its inhibitory subunits. As
previously shown, inhibition of
sperm PKA activity blocks the
increase in tyrosine phosphoryla-
tion associated with capacitation.
Recently, c-Src has been postulated
to be the tyrosine kinase directly
responsible for this increase in tyro-
sine phosphorylation. In addition, it
has been proposed that c-Src is acti-
vated by a cAMP-mediated pathway
via the inhibition of Csk, the tyro-
sine kinase responsible for the inac-
tivation of c-Src in other cell types
(14). Consistentwith thismodel and
with previous published results
from different laboratories (8, 10,
14, 24), SU6656, an SFK inhibitor,
blocked tyrosine phosphorylation in
a concentration-dependent man-
ner. Moreover, immunoprecipi-
tated c-Src from capacitated sperm
showed significantly higher activity
than c-Src from non-capacitated
sperm, suggesting that this kinase is
activated during capacitation.
The initial aim of the present

work was to further investigate
the role of c-Src tyrosine kinase in mouse sperm capacitation.
For this purpose, the increase in tyrosine phosphorylation was
analyzed in sperm from mice in which c-Src had been elimi-
nated by homologous recombination (16). Src-null mice have
an osteopetrotic phenotype, are toothless, and normally suc-
cumb to various lesions (such as benign nasal polyps) by 15
weeks of age. Therefore, their reproductive phenotype has been
difficult to analyze in detail. When the capacitation-associated
increase in tyrosine phosphorylation was assessed in the Src-
null sperm, no differences were found when compared with
sperm from their wild-type littermates. These findings sug-
gested that c-Src is not the enzyme that directly phosphorylates
tyrosine residues as part of spermcapacitation, or, alternatively,
that lack of c-Src can be compensated by other members of the
SFKs.
As mentioned, activation of tyrosine phosphorylation is

downstream of a cAMP/PKA pathway. Analysis of PKA phos-
phorylation using anti-PKA substrate antibodies revealed that
this phosphorylation was unaffected in cSrc KO sperm. How-
ever, PKA phosphorylation was blocked in the presence of SFK
inhibitors suggesting that SU6656 and SKI606 may not be spe-
cific at the concentrations used. This possibility was ruled out
by directly measuring PKA activity in vitro. At concentrations
as high as 100�M, the SFK inhibitors did not block PKA activity
in vitro. Because SU6656 as well as SKI606 are competitive
inhibitors of the SFK ATP binding site, the conclusion from
these experiments is that the effect of these inhibitors on sperm
is not due to unspecific inhibition of PKA activity. Another

FIGURE 4. Rescue of PKA and tyrosine phosphorylation by Ser/Thr phosphatase inhibitors. A and B, sperm
were incubated in capacitating medium supplemented with SFK inhibitors and different concentrations of
okadaic acid (OA) (A) or calyculin-A (B), before immunodetection of p-PKA substrates (clone 100G7E). C and D,
PVDF membranes used in A and B were stripped as described and used for Western blot immunodetection with
anti-PY antibodies (clone 4G10). All Western blots are representative of experiments repeated at least three times.

FIGURE 5. Okadaic acid does not induce phosphorylation events in sperm
incubated under non-capacitating conditions or when the sperm are in
the presence of the PKA inhibitor H-89. A, mouse sperm were incubated
under conditions that support or do not support capacitation either in the
presence or absence of 10 nM okadaic acid. B, sperm were incubated with 50
�M H-89 in the presence of 10 nM okadaic acid. All Western blots are repre-
sentative of experiments repeated at least three times.
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possibility was that SFK inhibitors could be blocking the capac-
itation pathway upstream of PKA activation. This possibility
was also ruled out, because addition of cAMP agonists did not
restore phosphorylation of PKA substrates or the increase in
tyrosine phosphorylation in the presence of SFK inhibitors.
In light of these data, we propose an alternative hypothesis in

which SFK inhibitors act in a pathway parallel to PKA activa-
tion. The steady-state phosphorylation status of a protein is
influenced by relative activities of both kinases and phospha-
tases acting on it. It has been shown that SFKmembers are able
to phosphorylate the Ser/Thr phosphatase PP2A catalytic sub-
unit in its C-terminal domain. This phosphorylation event
results in the inactivation of PP2A (31, 32, 40–43). For exam-
ple, rat cerebral ischemia has been associated with the SFK-
induced down-regulation of PP2A activity through Tyr-307
phosphorylation (44). Taking this into consideration, the effect
of the SFK inhibitors on PKA and tyrosine phosphorylation in
sperm could be explained by the hypothesis that Ser/Thr phos-
phatases are released from inhibition by tyrosine kinase inhibi-
tion. Interestingly, both okadaic acid and calyculin-A, two
potent inhibitors of Ser/Thr phosphatases, completely rescued

the effect of the SFK inhibitors on PKA and tyrosine phosphor-
ylation. However, neither PKA nor tyrosine phosphorylation
was induced by okadaic acid when mouse sperm were incu-
bated under non-capacitating conditions. This last set of exper-
iments suggests that two parallel pathways need to be active to
promote the capacitation-associated phosphorylation of PKA
substrates and the consequent increase in tyrosine phosphory-
lation. One of the pathways is the well established HCO3

�-de-
pendent activation of cAMP synthesis by SACY; the second
pathway depends on the inactivation of Ser/Thr phosphatases
(Fig. 7). Consistent with this model, okadaic acid was unable to
increase phosphorylation by PKA or tyrosine phosphorylation
when sperm were incubated with the PKA inhibitor H-89.
To further investigate the role of phosphatase inactivation in

capacitation, the effect of SFK inhibitors and the reversal of
their action with okadaic acid was tested inmotility and in vitro
fertilization assays. As expected, because of their action on
phosphorylation of PKA substrates, SFK inhibitors significantly
blocked motility and fertilization. The SU6656 inhibition was
overcome with the addition of 10 nM okadaic acid indicating
that phosphatase inactivation plays an essential role in the reg-
ulation of these processes. It has been shown that inhibition of
phosphatase activity promotes initiation of caput spermmotil-
ity (45, 46), further supporting a role of phosphatases in the
regulation of motility. The very low concentrations of okadaic
acid (IC50: �1 nM) capable of rescuing the effect of SFK inhib-
itors points toward the participation of the phosphatase PP2A
in this pathway, which is �100-fold more sensitive to okadaic
acid than PP1 (43, 47–50). It is noteworthy that the two main
Ser/Thr phosphatases present in the sperm are PP1�2, a testis-
specific splice variant of Ppp1cc (51), and PP2A, also present in

FIGURE 6. Okadaic acid rescues the inhibition of in vitro fertilization by
SU6656. Sperm were capacitated in either the presence or absence of
SU6656 (SU, 50 �M), okadaic acid (OA, 10 nM) or both. After capacitation, eggs
were inseminated with 2.5 � 106 sperm/ml in 200-�l drops. As controls for
the effect of the inhibitors on eggs, eggs were preincubated with inhibitors
for 30 min and washed before insemination (where specified as SU eggs or OA
eggs). Fertilization was assessed by microscopic visualization of pronuclei
formation. Data represent mean � S.E., n � 3; *, p � 0.01. At least 30 eggs were
evaluated in each treatment.

FIGURE 7. 1, a model for the regulation of PKA activity by SFK inhibitors and
Ser/Thr phosphatases. Influx of HCO3

� stimulates the soluble adenylyl cyclase
(SACY), increasing intracellular cAMP (2) and activating PKA (3). The activation
of a kinase sensitive to both SU6656 and SKI606 down-regulates PP2A (4),
which modifies the phosphorylated steady state of PKA substrates. As a con-
sequence, the onset of PKA phosphorylation (5) is followed by the promotion
of tyrosine phosphorylation associated with sperm capacitation (6).

TABLE 1
Okadaic acid rescues sperm motility parameters affected by SU6656
Mouse sperm were incubated in the absence or presence of SU6656 (SU, 50 �M),
okadaic acid (OA, 10 nM), or both inhibitors together (SU/OA) for 60 min in
medium that either supports (with HCO3

�) (cap) or does not support capacitation
(without HCO3

�) (non cap). After capacitation, spermmotility was examined using
the CEROS computer-assisted semen analysis (CASA) system. Data represent
mean � S.E., n � 3. The effect of SFK and phosphatase inhibitors on mobility
parameters ofmouse spermbyCASA is shown.Mot, percentmotility; VAP, velocity
average path; VSL, velocity straight line; VCL, velocity curvilinear; prog, progressive
motility.

Treatmenta Mot VAP VSL VCL Prog

% �m/s �m/s �m/s %
Non cap 75 � 3.9 82 � 4.9 63 � 3.9b 129 � 5.2b 27 � 1.4b
Cap 81 � 6.5 77 � 4.4 51 � 2.8 160 � 3.3 22 � 1.7
Cap�SU 59 � 4.1b 23 � 3.2b 17 � 2.1b 43 � 4.0b 2 � 0.5b
Cap�SU/OA 67 � 7.1 89 � 9.1 71 � 6.0 141 � 5.3b 24 � 2.1
Cap�OA 77 � 6.9 60 � 5.0 42 � 2.5b 121 � 4.6b 33 � 1.5b

aSU � 50 �M SU6656; OA � 10 nM okadaic acid.
b p � 0.05 versus capacitated sperm.
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other cell types. In bull sperm, the phosphorylation state of
residue Thr-320 in PP1�2 has been shown to be modulated
during epididymal maturation, and involved in phosphatase
activity regulation (52). This residue also appears to be phos-
phorylated in mouse sperm (53). Phosphatases PP1�2 and
PP2A neither co-localize (53) nor co-elute in chromatographi-
cally purified sperm protein fractions (54), suggesting the exis-
tence of distinct phosphatase pools with presumably different
roles. The possibility that PP2A is inactivated during capacita-
tion warrants more investigation. In addition, PP2A has been
shown to be capable of hydrolyzing phosphotyrosine residues
(55, 56). This finding might also be relevant to signaling path-
ways involving tyrosine phosphorylation in sperm.
In summary, the present study presents evidence that c-Src is

not directly involved in the increase in tyrosine phosphoryla-
tion that occurs during sperm capacitation in the mouse. This
conclusion is based on results using sperm from Src-null mice,
as well as on the finding that Ser/Thr phosphatase inhibitors
completely overcome the effect of SFK inhibitors used at con-
centrations in which no residual SFK activity should be
observed. This last observation also suggests that at least one of
the two sperm Ser/Thr phosphatases, presumably PP2A, must
be inactive in capacitating sperm to allow pivotal phosphoryla-
tion events to occur. Thus, in sperm, c-Src could participate in
this inactivation. In this case, PKAactivity and subsequent tyro-
sine phosphorylation observed in sperm from Src-null mice
could be explained by compensatory activity of another SFK
member. Finally, we cannot rule out the possibility that SU6656
and SKI606 at the concentrations employed inhibited another
tyrosine kinase different fromc-Src. This alternative hypothesis
is consistent with the high concentration of SU6656 and with
the sharp inhibition observed with SKI606 at 50 �M on the
capacitation-associated increase in tyrosine phosphorylation.
These concentrations are at least one order of magnitude
higher than the 0.3 �M IC50 expected for c-Src in vitro. If this is
the case, we predict that this alternative kinase would act
upstream of Ser/Thr phosphatases and would be involved in
their inactivation.
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