Journal of Andrology, Vol. 31, No. 4, July/August 2010
Copyright © American Society of Andrology

Bicarbonate-Dependent Serine/Threonine Protein
Dephosphorylation in Capacitating Boar Spermatozoa
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ABSTRACT: This study investigates the dynamics of serine/
threonine (S/T) protein phosphorylation in sperm incubated under
capacitating (C) conditions using the boar as a model system. For
the first time, this approach has identified multiple dephosphorylation
events that occur in a bicarbonate-dependent fashion. Different
phospho-(S/T) kinase substrate antibodies were used, and dephos-
phorylation of 5 S/T phosphoproteins was observed in C sperm
compared with noncapacitated (N) cells. Specifically, dephosphory-
lation of 96-, 90-, 64-, and 55-kd proteins was detected by
immunoblotting using 2 phospho-Akt substrate antibodies and a
phosphoprotein kinase A substrate antibody. In addition, dephos-
phorylation of a 105-kd protein was detected using a phospho-ATM/
ATR substrate antibody. In contrast, no dephosphorylation was
observed using a phosphoprotein kinase C substrate antibody, and
increased tyrosine phosphorylation of 32- and 20-kd proteins was
detected in C compared with N sperm. Immunolocalization exper-

iments revealed subtle changes in the pattern expression as well as
a reduction of phosphorylation in C sperm. Whereas sperm
incubated in N medium containing dibutyryl cAMP (dbcAMP) and
3-isobutyl-1-methylxanthine (IBMX) did not show protein dephos-
phorylation, incubation in C medium with dbcAMP/IBMX showed
dephosphorylation as well as increased phosphorylation of other
proteins (p68, p51, and p29). Finally, calyculin A, a phosphatase
inhibitor, prevented dephosphorylation of p96, p90, p64, and p55 but
not p105. Based on these data, we propose 2 pathways of protein
dephosphorylation that are active during capacitation and indepen-
dent of cAMP. Together, this provides direct evidence for more
complex S/T phosphorylation dynamics than has been previously
described for sperm undergoing capacitation.
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permatozoa must undergo a series of events in the
female tract that enables them to fertilize an oocyte;
collectively these events are known as capacitation.
Discovered in the early 1950s (Austin, 1951; Chang,
1951), capacitation is believed to facilitate the develop-
ment of hyperactivated motility, zona binding, and the
acrosome reaction. Capacitation can also be induced in
vitro by incubation of the sperm in specially defined
media (Salicioni et al, 2007; Gadella et al, 2008).
Although there are variations in the media used for in
vitro capacitation, most contain bicarbonate, calcium,
and bovine serum albumin (BSA; Visconti and Kopf,
1998). Bicarbonate is particularly important for induc-
ing capacitation in mammalian sperm in general and
particularly in the boar (Okamura et al, 1985; Harrison,
1996; Flesch and Gadella, 2000). Bicarbonate activates
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an adenylyl cyclase known as SACY that is abundant in
sperm and acts as a bicarbonate sensor to generate
cAMP (Okamura et al, 1985; Chen et al, 2000). The
subsequent activation of protein kinase A (PKA;
Visconti et al, 1995; Flesch and Gadella, 2000) induces,
via an unknown signaling mechanism, tyrosine phos-
phorylation of several proteins in boars (Kalab et al,
1998; Flesch et al, 1999; Harayama, 2003), mice
(Visconti et al, 1995), bulls (Galantino-Homer et al,
1997), and humans (Leclerc et al, 1996). In addition, in
vitro capacitation may be regulated by BSA probably
because of its ability to serve as a sink for the removal of
cholesterol from the sperm plasma membrane which
causes membrane fluidity changes (Visconti et al,
1999a,b).

Protein phosphorylation is known to regulate sperm
motility involving tail proteins, and this has been
demonstrated in the boar (Holt and Harrison, 2002).
It may also be important for zona pellucida recognition
involving head proteins at fertilization (Salicioni et al,
2007; Boerke et al, 2008). Although sperm phosphopro-
teins have been elucidated in many species, their roles
and regulation during capacitation are still not fully
understood. The involvement of PKA has been demon-
strated; inhibitors of PKA activity are able to inhibit
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tyrosine phosphorylation as well as capacitation (Vis-
conti et al, 1995; Leclerc et al, 1996). It has been
hypothesized that PKA phosphorylates some enzymes/
proteins as an intermediate step and that these
phosphorylated PKA substrates are involved in capac-
itation-related protein tyrosine phosphorylation and its
regulation (Visconti et al, 1995; Aitken et al, 1998;
Visconti et al, 2002).

Many studies have investigated tyrosine phosphory-
lation in mammalian sperm (Salicioni et al, 2007), even
though it is far less frequent in vertebrate somatic cells
than serine/threonine (S/T) protein phosphorylation
(1:1800:2000 for tyrosine:S:T phosphorylation events;
Hunter, 1998). In contrast, there have been very few
studies on S/T protein phosphorylation in sperm, and
our understanding is therefore very limited. One major
reason for this inequality is the general availability of
antibodies that recognize phosphorylated tyrosine resi-
dues, whereas good-quality antibodies that specifically
recognize phospho-(S/T) proteins/peptides have only
become available in recent years. These new reagents are
typically antibodies generated against the consensus
sequences of individual kinases (eg, the PKB/Akt
pathway) and represent useful reagents to survey the
dynamics of S/T phosphorylation (Alessi et al, 1996).

The aim of this study was to investigate changes in
phospho-(S/T) proteins in boar sperm incubated under
capacitating (C) conditions using immunoblotting and
immunofluorescence. We used 5 different phospho-(S/T)
kinase substrate antibodies and detected dephosphory-
lation of 5 proteins. This is the first time it has been
shown that multiple dephosphorylation events occur in
a bicarbonate-dependent fashion in mammalian sperm.
Moreover, studies with dibutyryl (dbcAMP)/3-isobutyl-
I-methylxanthine (IBMX) and a phosphatase inhibitor
suggest that dephosphorylation occurs through 2
pathways independent of cAMP. Together, these studies
suggest that protein dephosphorylation may play a role
in those events leading to sperm capacitation.

Materials and Methods

Sperm Preparation

Boar semen ejaculates were collected from Landrace boars and
supplied in extender buffer (JSR Healthbred, Southburn,
Driffield, Yorkshire, United Kingdom). Spermatozoa were
isolated by centrifugation (750 x g for 20 minutes with brake
off) through a 2-step discontinuous gradient of 35% and 70%
isotonic Percoll (15 mL of each gradient overlaid with 15 mL
of semen in extender buffer; Sigma-Aldrich Co Ltd, Poole,
United Kingdom). Isotonic Percoll was prepared by first
mixing Percoll with 10 X M medium (1.37 M NacCl, 25 mM
KCl, 200 mM HEPES, 100 mM glucose, pH 7.55) (12:1 ratio)
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and then checking the osmolality confirm it was 285 to
300 mOsm/kg. This mixture was diluted to the appropriate
concentration with 1 X M medium. After removal of the
Percoll layers, the resultant loose pellet was resuspended in
Tris-buffered sucrose solution (5 mM Tris, 0.25 M sucrose,
pH 7.4; 10 mL) and subjected to further centrifugation (500 X
g for 5 minutes). The pelleted cells were then resuspended in
the appropriate buffer for incubation.

Sperm Incubation

Cells prepared as described were incubated under either
noncapacitating (N) or C conditions at a concentration of 10
million/mL in 10 mL of media. For C conditions, Tyrode
medium (100 mM NaCl, 21.7 mM lactate, 20 mM HEPES,
5 mM glucose, 3.1 mM KCI, 2.0 mM CaCl,, 1.0 mM pyruvate,
0.4 mM MgSOy,, 0.3 mM NaH,PO,, 15 mM NaHCO;, 100 ug/
mL kanamycin; 290-300 mOsm/kg, pH 7.4) containing 0.3%
(wt/vol) BSA (Fraction V; Cat 05477, Sigma-Aldrich) was used
with the cells in a tube with the screw cap loose at 38.5°C in a
humidified incubator with 5% CO, in air (Parrish et al, 1988;
Gadella and Harrison, 2000). N conditions were the same
except that the Tyrode medium was prepared without
NaHCO; (but with an additional 16 mM NaCl to maintain
the same osmolality) and samples were incubated in airtight
sealed tubes. Typically, samples were recovered for blotting
and immunofluorescence experiments following a 1-hour
incubation. In addition, the blotting data presented in
Figures 1 through 3 also show samples recovered after 15
and 30 minutes. Finally, immunofluorescence data in Figure 1
following a 3-hour incubation are also presented.

In experiments in which the influence of cAMP on S/T
protein phosphorylation was evaluated, sperm were incubated
for 1 hour under N or C conditions in the absence or presence
of 1 mM dbcAMP (Sigma-Aldrich), which is a cAMP analog,
and 100 uM IBMX (Sigma-Aldrich), which is a phosphodies-
terase inhibitor. In experiments in which the role of
phosphatases on S/T protein phosphorylation was investigat-
ed, cells were incubated for 1 hour under N or C conditions in
the absence or presence of either 100 or 250 nM calyculin A
(Sigma-Aldrich), which is a pharmacologic phosphatase
inhibitor of protein phosphatase 2A (PP2A) and PP1 (ICs,
0.5-1.0 nM and 2.0 nM, respectively; Ishihara et al, 1989).

Assessment of Sperm Motility, Viability, and
Acrosomal Integrity

Sperm motility was assessed by subjective observation. The
motility was observed in a 20-uL aliquot of sperm suspension
on a slide under a bright-field microscope. Sperm viability was
assessed using a LIVE/DEAD sperm viability kit (Invitrogen
Ltd, Paisley, United Kingdom). SYBR14 dye (5 uL; 100 nM
final concentration) was added to 1 x 10° cells in 1 mL N or C
medium following a 1- or 2-hour incubation and the mixture
further incubated for 10 minutes at 38.5°C. Propidium iodide
(5 uL; 12 uM final concentration) was then added, and the cells
were incubated for a further 10 minutes at 38.5°C. Sperm were
evaluated using a Leica fluorescence microscope, and 200 cells
were counted for each treatment. Acrosomal status was
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Figure 1. Protein tyrosine phosphorylation in sperm incubated under capacitating (C) conditions is similar as that in previously reported studies.
(A) Immunoblot showing proteins detected with anti-phosphotyrosine antibody for sperm incubated under noncapacitating (N) and C conditions
for 15 minutes, 30 minutes, 1 hour, and 3 hours. (B) Immunolocalization of phosphoproteins detected with the same antibody as in Panel A in
fixed sperm cells after a 1-hour incubation under N or C conditions. (C) Immunolocalization of phosphoproteins detected with the same antibody
as in Panel A in fixed sperm cells after a 3-hour incubation under C conditions. The results shown are representative of at least 10 experiments
performed with different sperm samples, and tubulin loading controls were used for all blots. A indicates acrosome; EqSs, equatorial
subsegment; PR, posterior ring; MP, midpiece; ApR, apical ridge; PP, principal piece.

assessed by indirect immunofluorescence using a monoclonal
antibody (designated as 18.6) as described previously (Brewis
et al, 1996). Briefly, 18.6 recognizes a sperm epitope within the
acrosomal content, and fixed cells displaying even fluorescence

in the acrosomal region are scored as acrosome intact. Nuclear
staining was also performed using 4,6 dimidine-2-phenylindole
dihydrochloride (Invitrogen) added to the secondary antibod-
ies (0.2 uL/100 mL).
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Sodium Dodecy! Sulfate-Polyacrylamide Gel
Electrophoresis and Immunoblotting

Following incubation in either N or C medium, sperm aliquots
(1 x 107 cells) were collected. These aliquots were centrifuged
for 10 minutes at 5000 X g, washed in phosphate-buffered
saline (PBS; 0.01 M phosphate buffer, 2.7 mM KCI, 137 mM
NaCl, pH 7.4), and again centrifuged for 10 minutes at 5000 x
g. The isolated sperm pellet was resuspended in sample buffer
(NuPAGE LDS; Invitrogen) and heated at 70°C for 10 min-
utes. The sample was recentrifuged for 5 minutes, and the
supernatant used for sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE).

Sperm proteins equivalent to 1.5 to 2 x 10° cells were
separated by SDS-PAGE (4%-12% Bis-Tris NuPAGE Novex
gels; Invitrogen) and transferred onto polyvinylidene fluoride
membranes for immunoblotting using a previously described
alkaline phosphatase (AP) chemiluminescent detection proto-
col (Rowe and Jones, 2001). The phospho-(S/T) kinase
substrate antibodies were supplied by Cell Signaling Technol-
ogy (Beverly, Massachusetts): 2 phospho-(S/T) Akt substrate
antibodies (polyclonal Cat. #9611; monoclonal Cat. #9614), a
phospho-(S/T) PKA substrate monoclonal antibody (Cat.
#9624), a phospho-(S) PKC substrate polyclonal antibody
(Cat. #2261), and a phospho-(S/T) ATM/ATR substrate
polyclonal antibody (Cat. #2851). The anti-phosphotyrosine
monoclonal antibody (clone 4G10) was from Millipore UK
Ltd (Watford, United Kingdom). All primary antibodies were
used at a 1:1000 dilution for immunoblotting. The secondary
antibodies used were goat anti-mouse IgG (H+L) AP
conjugate or goat anti-rabbit IgG (H+L) AP conjugate (Bio-
Rad Laboratories, Hemel Hempstead, United Kingdom) at a
1:10 000 dilution. An a-tubulin monoclonal antibody (1:1000
dilution; Cat. #T9026; Sigma-Aldrich) was used as a loading
control for each blot (50-kd epitope).

Indirect Immunofluorescence

Incubated sperm cells (1 x 10°) were gently smeared onto a
microscopic slide and allowed to air dry. Slides were fixed in
100% methanol for 5 minutes and allowed to air dry for 1 hour.
Slides were then incubated for 1 hour with different antibodies
at 38.5°C in a wet box. Please see “Sodium Dodecyl Sulfate—
Polyacrylamide Gel Electrophoresis and Immunoblotting,” for
details about the primary antibodies used and note that all
were used at a 1:100 dilution except for the anti-phosphoty-
rosine antibody, which was used at a 1:200 dilution. Following
incubation, the slides were rinsed with PBS and incubated for a
further 1 hour with goat anti-mouse Alexa Fluor 488-
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conjugated antibody (1:300 dilution; Invitrogen) for the anti-
phosphotyrosine antibody and with goat anti-rabbit Alexa
Fluor 488—conjugated antibody (1:300 dilution; Invitrogen) for
phospho-(S/T) kinase substrate antibodies. For each primary
antibody used, a control slide was processed and analyzed for
which the primary antibody incubation was excluded and the
cells were just incubated with secondary antibody. Slides were
washed with PBS and mounted with Slow Fade Light antifade
solution (Dako UK Ltd, Ely, United Kingdom). Slides were
assessed by epifluorescence ultraviolet microscopy at a 492-nm
wavelength with x40 oil objective lens magnification to
determine localization of detected phosphoproteins.

Results

Protein Tyrosine Phosphorylation Is Increased in Sperm
Incubated Under C Condlitions

The first step of this study was to investigate tyrosine
phosphorylation in sperm incubated under experimental
C conditions. To this end, we generated protein extracts
and prepared slides of fixed sperm cells and in parallel
determined sperm viability and movement. Viability was
assessed using a LIVE/DEAD sperm viability kit and
classified as live (plasma membrane intact; green) or
dead (plasma membrane damaged; red). The mean
(£SEM) percentage of live sperm was 75% = 1% (n =
4) after a 1-hour incubation under C conditions and in
N cells was 81% = 3% after a 1-hour incubation. Sperm
cell motility was assessed by bright-field microscopy,
and the majority of sperm incubated in C medium
showed rapid progressive motility after a S5-minute
incubation. The motility increased over time and
reached a plateau after 2 hours of incubation, with a
similar pattern after 3 hours. In contrast to C sperm, N
sperm cells showed no movement through the micro-
scopic field in all experiments but instead demonstrated
a vibrational movement (“‘static vibrance”) caused by
sperm sticking to the microscope slide owing to a lower
lateral head displacement than that of the C cells. This is
consistent with observations by other researchers using
the pig as a model system (Gadella, personal commu-
nication).

With confidence that we had viable sperm which was
motile under C conditions, whole-cell lysates were

«—

Figure 2. Loss of protein phosphorylation in sperm incubated under capacitating (C) conditions was detected with phospho-Akt substrate
antibodies. Two phospho-Akt substrate antibodies, a polyclonal (A and B) and a monoclonal (C and D), were used to analyze the changes in
protein phosphorylation using immunoblotting (A and C) and immunolocalization (B and D) under noncapacitating (N) or C conditions. The
immunolocalization results shown are following a 1-hour incubation. Ba, Bb, Da, and Db are fluorescence-only images, and paired images
(fluorescence and light) are shown in Bc, Bd, Dc, and Dd, respectively. Be and De represent individual sperm cells from Bc and Dc,
respectively. The results shown are representative of at least 5 experiments performed with different sperm samples, and tubulin loading
controls were used for all blots. A, indicates acrosome; EgSs, equatorial subsegment; PE, postequatorial region; PR, posterior ring; MP,

midpiece; F, flagellum.
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generated and proteins resolved by SDS-PAGE fol-
lowed by Western blotting. Protein tyrosine phosphor-
ylation was assessed by immunoblotting with an anti-
phosphotyrosine monoclonal antibody (clone 4G10).
Figure 1A shows protein tyrosine phosphorylation of 3
major bands (45, 40, and 37 kd) that were unchanged in
sperm incubated under C conditions. The phosphoryla-
tion of a 32-kd band was increased in C compared with
N sperm. In addition, a 20-kd band showed increased
phosphorylation but to a much lesser extent than the 32-
kd band. Note that all blots in this study were assessed
for similar protein loading using an anti-tubulin loading
control. Indirect immunofluorescence localization with
the same antibody showed phosphorylated tyrosine in
the acrosome and equatorial subsegment in N and C
sperm incubated for 1 hour (Figure 1Ba and b), whereas
C sperm incubated for 3 hours (Figure 1C) showed
additional phosphorylation in the posterior ring, mid-
piece, and principal piece (not present in N sperm; data
not shown but the same pattern as in Figure 1Ba). No
immunofluorescence was observed in control slides
(secondary antibody only; data not shown). These
results for tyrosine phosphorylation were consistent
with previous studies on boar sperm (Kalab et al, 1998;
Flesch et al, 1999; Tardif et al, 2001; Harayama, 2003;
Harayama et al, 2004; Harayama and Nakamura, 2008),
and the 32-kd protein is likely to be the same as that
observed after calcium-dependent phosphorylation dur-
ing capacitation (Dubé et al, 2003). These data
demonstrated that sperm tyrosine phosphorylation
changed over time in a similar fashion as that previously
reported and convinced us that our system was suitable
for the study of boar sperm capacitation in vitro.

Loss of SIT Protein Phosphorylation in Sperm Incubated
Under C Conditions

Having established the conditions for in vitro sperm
capacitation, we investigated the changes in S/T protein
phosphorylation using a range of phospho-(S/T) kinase
substrate antibodies. The first antibody we tested was a
phospho-(S/T) Akt substrate antibody. This commercial
polyclonal antibody was produced by immunizing
rabbits with phospho-Akt substrate peptides, and the
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resulting antibodies have been shown to have a
specificity of R/K-X-R/K-X-X-T*/S* (X represents
any amino acid). The results in Figure 2A show distinct
bands, particularly in proteins above 50 kd. Although
some bands did not change, we observed that 4 proteins
of 96, 90, 64, and 55 kd were reduced in C sperm when
compared with N sperm throughout a 1-hour incuba-
tion (Figure 2A). It should be noted that phosphatase
inhibitors were not routinely added during sperm
washing and extraction prior to SDS-PAGE, but
control experiments using a broad-range phosphatase
inhibitor cocktail added to both the wash buffer and
extraction buffer immediately prior to SDS-PAGE did
not affect the results presented (data not shown).
Immunolocalization with this antibody detected phos-
pho-(S/T) protein in the flagellum (low levels), acro-
some, equatorial subsegment, postequatorial region,
and posterior ring in N sperm incubated for 1 hour
(Figure 2Ba). Less phosphorylation was present in C
sperm incubated for 1 hour (Figure 2Bb). No immuno-
fluorescence was observed in control slides (secondary
antibody only), and the same control was employed for
all the immunofluorescence studies using phospho-(S/T)
kinase substrate antibodies. In all cases, no fluorescence
was observed (data not shown).

Acrosomal integrity was assessed in all experiments
by observing the immunofluorescence micrographs, and
we confirmed that the acrosomes were intact in the
majority (>90%) of cells. We also assessed both cell
viability and acrosomal integrity (with a well-established
immunofluorescence assay using the 18.6 monoclonal
antibody) before and after washing immediately prior to
SDS-PAGE. At least 90% of cells were acrosome intact,
and no differences were observed between washed and
nonwashed cells and between N and C sperm. In
addition, no differences in cell viability were observed
(data not shown).

The 4 phosphoproteins of 96, 90, 64, and 55 kd were
detected in N sperm but were dephosphorylated in C
sperm by a different phospho-(S/T) Akt substrate
antibody, which is a monoclonal antibody that recog-
nizes the motif R-X-R-X-X-T*/S* (Figure 2C). Immu-
nolocalization with this antibody showed that phospho-
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Figure 3. Protein phosphorylation dynamics in sperm incubated under capacitating (C) conditions using 3 other phosphokinase substrate
antibodies. Protein phosphorylation was analyzed using a phospho-serine/threonine (S/T) PKA substrate antibody (A and B), phospho-(S/T)
ATM/ATR substrate antibody (C and D), and phospho-(S) PKC substrate antibody motif (E and F). Immunoblotting (A, C, and E) and
immunolocalization (B, D, and F) data under noncapacitating (N) or C conditions are presented. The immunolocalization results shown are
following a 1-hour incubation. Ba, Bb, Da, and Db are fluorescence-only images and paired images (fluorescence and light) are shown in Bc,
Bd, Dc, and Dd, respectively. Fa and Fb are fluorescence-only images, and paired light microscopy images are shown in Fc and Fd,
respectively. Note that Fe represents an individual sperm cell from Fa. The results shown are representative of at least 5 experiments
performed with different sperm samples, and tubulin loading controls were used for all blots. A indicates acrosome; PE, postequatorial region;

MP, midpiece, AnR, annular ring; PP, principal piece.
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Figure 4. The effect of dibutyryl cAMP (dbcAMP)/3-isobutyl-1-methylxanthine (IBMX) on protein serine/threonine (S/T) phosphorylation in
sperm incubated under capacitating (C) conditions. Cells were treated with docAMP/IBMX under both noncapacitating (N) and C conditions.
Subsequently, they were analyzed by immunoblotting (A, C, and E) and immunolocalization (B and D), as described. Protein phosphorylation
was analyzed using a phospho-(S/T) Akt substrate polyclonal antibody (A and B), a phospho-(S/T) PKA substrate antibody (C and D), and a
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(S/T) proteins were localized in the apical ridge,
acrosome, equatorial subsegment (low levels), postequa-
torial region, posterior ring, and flagellum (low levels) in
N sperm incubated for 1 hour (Figure 2Da). No
phosphorylation was observed in C sperm incubated
for 1 hour in the apical ridge and equatorial subsegment
(Figure 2Db).

We extended our study using a phospho-(S/T) PKA
substrate antibody raised against the motif R-R-X-S*/T*,
This antibody detected a wider range of proteins
compared with the phospho-Akt substrate antibody,
particularly in the lower region of the gel. For example, it
detected a 35-kd band that was unchanged during
capacitation. Interestingly, this antibody also detected
4 proteins in N sperm of the same size as those detected
by the phospho-Akt substrate antibody: 96, 90, 64, and
55 kd (Figure 3A). None of these proteins were detected
in C sperm. Immunolocalization with this antibody
detected phosphoproteins in the flagellum (low levels),
apical ridge, equatorial subsegment, and postequatorial
region in N sperm incubated for 1 hour (Figure 3Ba). A
similar pattern was observed in C sperm, but less
phosphorylation was present in the equatorial subseg-
ment (Figure 3Bb).

A phospho-(S/T) ATM/ATR substrate antibody,
raised against the motif (Hyd-S*/T*-Q), was investigat-
ed. In contrast with the previous antibodies, this
antibody detected only 3 bands. Interestingly, one of
these bands, a 105-kd phosphoprotein was absent in C
sperm compared with N sperm (Figure 3C). Phospho-
proteins were localized in the apical ridge, acrosome,
postequatorial region, and flagellum (low levels) in N
and C sperm incubated for 1 hour (Figure 3Da and b).
Finally, we tested a phospho-(S) PKC substrate
antibody raised against the motif (R/K-X-S*-Hyd-R/K)
(Figure 3E and Fa and b) but observed no changes in
phosphorylation by immunoblotting and immunofluo-
rescence.

Addition of dbcAMPIIBMX Is Not Sufficient to Cause SIT
Protein Dephosphorylation

To determine the effect of cAMP on S/T protein
phosphorylation during capacitation, washed sperm
were incubated with dbcAMP/IBMX under N and C
conditions for 1 hour. Cell extracts were generated, and
proteins were separated by SDS-PAGE followed by
Western blotting. S/T protein phosphorylation was first
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detected with the Akt substrate antibody. No loss of
phosphorylation was detected in N sperm in the
presence of dbcAMP/IBMX (Figure 4A). As observed
previously, the phosphoproteins of 96, 90, 64, and 55 kd
were absent in C compared with N sperm. Interestingly,
additional phosphoproteins (eg, bands were observed at
68, 51, and 29 kd) were observed in C sperm in the
presence of dbcAMP/IBMX compared with C sperm
incubated in the absence of dbcAMP/IBMX or N
sperm. Phospho-(S/T) proteins detected by this antibody
were localized in the acrosome (low levels), equatorial
subsegment, and postequatorial region in N and C
sperm incubated in the absence of dbcAMP/IBMX
(Figure 4Ba and b). This antibody was localized in
similar cellular regions in N cells in the presence of
dbcAMP/IBMX (Figure 4Bc). The phosphorylation was
enhanced in the postequatorial region, posterior ring,
and midpiece following a 1-hour incubation with
dbcAMP/IBMX in C sperm (Figure 4Bd).

S/T protein phosphorylation was also detected using
the phospho-PKA substrate antibody (Figure 4C and
D). As observed with the phospho-Akt substrate
antibody, treatment of N sperm with dbcAMP/IBMX
did not cause the loss of protein phosphorylation, which
was observed in C sperm. Again, enhanced protein
phosphorylation was observed in C sperm in the
presence of dbcAMP/IBMX compared with C sperm
incubated without dbcAMP/IBMX or N sperm (Fig-
ure 4C). Immunofluorescence analysis with phospho-
PKA substrate antibody detected phosphoproteins
localized in the postequatorial region in N sperm
incubated in the presence or absence of dbcAMP/IBMX
(Figure 4Da and c). Phosphorylation was enhanced in
the posterior ring, midpiece, and principal piece but
reduced in the postequatorial region in C sperm in the
presence but not in the absence of dbcAMP/IBMX
(Figure 4Db and d).

Incubation of sperm with dbcAMP/IBMX had no
effect on the 105-kd protein detected by phospho-ATM/
ATR substrate antibody in N cells but not in C cells
(Figure 4E). Finally, for all of the experiments investi-
gating the effects of cAMP on S/T phosphorylation,
controls were performed to determine protein tyrosine
phosphorylation by immunoblotting. In all cases,
increased tyrosine phosphorylation of many phospho-
proteins was observed in C sperm following addition of
dbcAMP/IBMX (data not shown).

«—

phospho-(S) ATM/ATR substrate antibody (E). Bb, Bc, Bf, Bg, Db, Dc, Df, and Dg are fluorescence-only images, and paired images
(fluorescence and light) are shown in Ba, Bd, Be, Bh, Da, Dd, De, and Dh, respectively. Bi and Di represent individual sperm cells from Bg and
Dg, respectively. The results shown are representative of at least 3 experiments performed with different sperm samples, and tubulin loading
controls were used for all blots. A indicates acrosome; PE, postequatorial region; PR, posterior ring; MP, midpiece; AnR, annular ring; PP,

principal piece.
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Calyculin A Inhibits Most Protein Dephosphorylation
Observed in Sperm Incubated Under C Conditions

The final step in this study was to investigate the effect
of calyculin A, which is a PP2A and PP1 phosphatase
inhibitor, to assess whether protein dephosphorylation
was caused by these classes of phosphatase. Sperm were
incubated in the presence or absence of calyculin A at
concentrations of 100 and 250 nM under N or C
conditions. No obvious differences in sperm motility in
C sperm were observed. Protein extracts were generated
and processed as before. Calyculin A prevented the loss
of detection of 4 bands detected with the phospho-PKA
substrate antibody in C sperm: p96, p90, p64, and p55
(Figure 5B). It also prevented the loss of similar bands
detected with the Akt substrate polyclonal antibodies
(Figure 5C) and Akt substrate monoclonal antibody
(data not shown). However, calyculin A did not prevent
the loss of the 105-kd protein detected by phospho-
ATM/ATR substrate antibody in N cells but not in C
cells (Figure SA). This suggests 2 distinct mechanisms of
protein dephosphorylation in boar sperm incubated
under C conditions.

Discussion

This project was initiated to investigate S/T phosphor-
ylation in sperm incubated under C conditions. We
chose phosphokinase substrate antibodies that have
been used to investigate other signaling systems but have
not been widely used to study mammalian sperm
proteins. Using these reagents, we identified the loss of
phosphorylation of 5 different molecular-weight pro-
teins, 4 through a calyculin A—sensitive phosphatase and
1 through a calyculin A-independent pathway. These
dephosphorylation events could not be caused by
dbcAMP/IBMX treatment alone. Together, these data
indicate 2 pathways of phosphatase activity that are
activated in sperm incubated under C conditions
downstream of the bicarbonate sensor in a cAMP-
independent manner.

We deliberately chose to study S/T phosphorylation
using 4 antibodies that have not been used previously in
sperm, including substrate antibodies for Akt (2
antibodies), ATM/ATR, and PKC. With the Akt
substrate antibodies, we observed dephosphorylation
of 5 proteins in sperm incubated under capacitating
conditions, whereas increased phosphorylation of other
proteins was observed following treatment with
dbcAMP/IBMX. These changes contrasted with the
PKC substrate antibody, which detected similar proteins
under all experimental conditions. We detected dephos-
phorylation with a PKA substrate antibody that we
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chose as a comparison because it had been used in other
studies (Harrison, 2004; O’Flaherty et al, 2004; Har-
ayama and Miyake, 2006; Harayama and Nakamura,
2008; Kaneto et al, 2008). One previous study reported
decreased phosphorylation of a single 100 kd phospho-
(S/T) protein during capacitation using a different anti-
phosphoserine antibody in the hamster (Jha and Shivaji,
2002). However, the majority of studies have focused on
increases in phosphorylation. Thus, this study is the first
to document multiple dephosphorylation events that
occur in a bicarbonate-dependent fashion. Together,
this provides direct evidence for more complex S/T
phosphorylation dynamics than is generally described
for sperm undergoing capacitation.

There was an overlap with the bands detected with the
Akt substrate antibodies and the PKA substrate
antibodies, particularly under N conditions. Despite
the overlap, when the Akt substrate antibodies and the
PKA substrate antibody were compared using immu-
nofluorescence, the pictures look subtly different,
probably owing to the detection of other proteins by
the antibodies. Although different motifs of S/T PKA
substrate antibody were used in this study than
previously used by others on boar sperm, the immuno-
localization of these phosphoproteins was similar
(Harayama, 2003; Adachi et al, 2008). Interestingly,
phosphorylation seemed to be lost in the head region
with the Akt substrate monoclonal antibody (Fig-
ure 2D), which may suggest a role in zona binding.
There is a similarity between the motifs recognized by
the Akt and PKA substrate antibodies: the R-R-X-S*/T*
motif of the PKA substrate would be included within
the R-X-R-X-X-S*/T* of the Akt substrate antibody.
Given this, we would predict that p96, p90, and p55
contain a motif that is made up of both sequences,
perhaps R-X-R-R-X-S*/T*, This is valuable information
that we will aim to use to identify these proteins as the
next step in our studies.

These experiments show that S/T dephosphorylation,
across all 5 proteins studied, occurs within 15 minutes of
incubation of sperm in C conditions. This rapid
response indicates a direct role for the bicarbonate
sensor in stimulating protein dephosphorylation. The
rapid dephosphorylation is paralleled by previous
reports that merocyanine-reported boar sperm mem-
brane fluidization occurs within minutes after bicarbon-
ate addition (Gadella and Harrison, 2000). However,
treatment of sperm with dbcAMP/IBMX in N condi-
tions did not result in dephosphorylation, demonstrat-
ing that elevation of cAMP alone was not sufficient to
cause dephosphorylation. This further supports the
observation that the bicarbonate sensor is a critical
regulator of the changes that occur inside sperm cells
undergoing capacitation.
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Figure 5. The effect of calyculin A on serine/threonine (S/T) dephosphorylation in sperm incubated under capacitating (C) conditions. Cells were
treated with 2 concentrations of calyculin A, as indicated, under both noncapacitating (N) and C conditions. Subsequently, protein
phosphorylation was analyzed by immunoblotting using a phospho-(S/T) ATM/ATR substrate antibody (A), a phospho-(S/T) PKA substrate
antibody (B), and a phospho-(S/T) Akt substrate polyclonal antibody (C). The results shown are representative of at least 3 experiments
performed with different sperm samples, and tubulin loading controls were used for all blots.

One of the dephosphorylation events that was
detected by the phospho-ATM/ATR substrate antibody
was independent of the phosphatase inhibitor calyculin
A, whereas dephosphorylation of the other proteins was
sensitive to this compound. This suggests that 2 different
pathways lead to protein S/T dephosphorylation: one
involving either PPl and/or PP2A and one that is
independent. We investigated other inhibitors, including
okadaic acid, but we could not demonstrate any
dramatic changes in phosphorylation patterns. Calycu-
lin A has previously been used as a phosphatase
inhibitor in boar sperm, and it greatly enhanced the
phosphorylation of S/T PKA proteins (Harrison, 2004)
and caused increased sperm motility (Holt and Harri-
son, 2002). A recent study by Adachi et al (2008) using
immunolocalization but not Western blotting reported
S/T dephosphorylation in the postacrosomal region
during capacitation. These proteins showed increased
phosphorylation when sperm were incubated with
calyculin A. It is possible that one of the bands observed
in our study may also be the protein(s) observed by
Adachi et al (2008), suggesting a possible functional role

for these phosphorylated proteins before and after
ejaculation in boar sperm.

Since dephosphorylation has been demonstrated as
affecting multiple proteins in sperm incubated under C
conditions, the next step is to identify these proteins.
Unfortunately, the size of these proteins does not
suggest any likely candidates based on the literature.
Furthermore, although these are kinase substrate
antibodies, it is possible that these proteins do not lie
downstream of the kinases that denote the name of the
antibody. This was shown to be true for the phospho-
Akt substrate antibody, which also recognizes phos-
phorylation of S6 which is regulated by S6 kinase not
Akt (Kane et al, 2002). Thus, we are currently
undertaking a proteomic approach to characterize
proteins of the appropriate molecular weight in sperm
in which we will search for the R-X-R-R-X-S*/T* motif.
In combination with immunoprecipitation, we believe
this approach has the potential to identify these proteins
from boar sperm.

In conclusion, S/T protein dephosphorylation in
sperm incubated under C conditions has been reported

85U8D17 SUOWILLIOD SAITeR1D 3l jdde ay) Aq peuienob a.e o ie O ‘9sn JO S3jnJ oy AIqiTaUIUO AB|1IAA UO (SUONIPLI0D-PUR-SWBIW0Y A 1M Alelq 1jpul [UOy//:Sdxy) SUONIpUOD pue swie | 84} 89S " [7202/60/80] Uo Afeiq17auljuo AoiMm ‘IdN HeulH eAqi Ag £8800°60T [0PpUe(/y9TZ 0T/I0p/wWod A 1M Akeiq 1 jpul|uoy//sdiy Wwoiy papeojumod ‘v ‘0T0Z ‘Ovov6E6T



404

for the first time in boar sperm. It affects multiple
proteins, and this observation has not previously been
reported in mammalian sperm. Interestingly, our data
show 2 pathways of protein dephosphorylation, with
one regulated by PPl and/or PP2A. Identification of
these proteins may shed further light on the possible
function of such dephosphorylation events during sperm
capacitation or on the role of the protein S/T
phosphorylation in N conditions prior to deposition in
the female tract.
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