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Abstract

In brief:  The mechanism by which p32 protein increases during capacitation in boar spermatozoa is unknown. This manuscript
shows a new mechanism of induction of p32 in boar spermatozoa: the proteolysis of the phosphorylated and glycosylated
form of SPACAT.

Protein tyrosine phosphorylation (PY) induction is associated with sperm capacitation. We previously showed that calcium-
sensing receptor (CASR) inhibition by NPS2143 induces the 32 kDa tyrosine-phosphorylated protein (p32) in boar
spermatozoa. We showed that NPS2143 induced an increase in p32 and loss of acrosomal integrity in live and dead
spermatozoa in capacitating conditions (Tyrode's complete medium); the p32 rise occurred in dead spermatozoa, as shown
by flow cytometry sorting. EGTA addition blunted the increase in p32, the loss of acrosomal integrity, and the increase in
dead spermatozoa induced by NPS2143, indicating that the effects of NPS2143 are calcium-dependent. Mass spectrometry
was used to identify which tyrosine-phosphorylated proteins were induced by NPS2143, but only serine/threonine-
phosphorylated proteins were found; among these, SPACA1 was identified with different molecular weights (18, 32, and
35-45 kDa). We confirmed tyrosine phosphorylation of SPACA1 at 32 and 35-45 kDa by immunoprecipitation and
co-localization of PY and SPACAT in the presence of NPS2143 by immunofluorescence. The molecular weight of SPACAT1
(35-45 kDa) decreased after treatment with peptide-N-glycosidase F, indicating that this protein is N-glycosylated. The
soybean trypsin inhibitor (STI), a serine protease inhibitor, suppressed the appearance of p32 and SPACA1 (30 and 32 kDa)
induced by NPS2143. Also, 8-Br-cAMP and A23187 treatments induced an increase in p32 and SPACA1 (30-32 kDa) and a
parallel induction of the acrosome reaction. These findings suggest that CASR inhibition induces loss of acrosomal integrity
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and proteolysis of the glycosylated and phosphorylated SPACA1 (35-45 kDa) resulting in a SPACA1 rise at 32 kDa (p32).
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Introduction

Protein tyrosine phosphorylation (PY) is a post-
translational modification (PTM) that regulates the
activity of a wide range of proteins involved in different
cellular processes in somatic cells, including cell
proliferation, cellular differentiation, cell growth, or
apoptosis (Christofferson et al. 2014, Singh et al. 2017,
Hardwick et al. 2018). In sperm cells, this PTM acquires
a crucial role in regulating the fertilization process due to
their inability to synthesize proteins (Brohi & Huo 2017,
Jin & Yang 2017). The acquisition of the fertilizing ability
of spermatozoa also known as ‘capacitation” (Austin
1951, Chang 1951) is associated with an increase in PY
(Visconti et al. 1995). Hence, numerous studies have
been conducted in order to identify the protein tyrosine
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kinases and phosphorylated proteins that regulate sperm
capacitation to understand how these proteins render
sperm able to fertilize (Signorelli et al. 2012, Kwon
et al. 2014). Specifically, in boar spermatozoa, PY has
been extensively studied and it is well established that
an increase in the 32 kDa tyrosine-phosphorylated
protein (p32) occurs during in vitro capacitation (Bravo
et al. 2005, Dube et al. 2003, 2005). The role that this
protein may play in the spermatozoa is not clear and its
implication in capacitation and acrosome reaction has
been proposed (Dube etal. 2003, Bravo et al. 2005). Some
authors suggest that p32 is the proacrosin binding protein,
ACRBP or sp32 (Dube et al. 2005, Kato et al. 2021). It
is known that different stimuli induce the appearance
of p32, the presence of extracellular calcium being the
most important (Dube et al. 2003). In this regard, we have
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previously demonstrated an increase in p32 when boar
spermatozoa are incubated in capacitating conditions
in the presence of the calcium-sensing receptor (CASR)
antagonist, NPS2143 (Macias-Garcia et al. 2019). CASR
is a plasma membrane G-protein coupled receptor
responsible for the maintenance of calcium homeostasis
in somatic cells (Brown et al. 1993, 2013). This receptor
has been studied in bovine (Macias-Garcia et al. 2017),
rat (Mendoza et al. 2012), stallion (Macias-Garcia
et al. 2016), human (Boisen et al. 2021), and boar
spermatozoa (Mendoza et al. 2012, Liu et al. 2018,
Macias-Garcia et al. 2019), and a correct activity of this
receptor is necessary for adequate regulation of sperm
function. Specifically, inhibition of CASR by NPS2143
decreases viability and motility in equine spermatozoa
(Macias-Garcia et al. 2016) and impairs sperm motility
and embryo development in bovine (Macias-Garcia
et al. 2017). Other CASR antagonists, such as NPS2390,
induces a decrease in porcine fertilization and early
embryo development (Liu et al. 2018). Interestingly,
human spermatozoa presenting a mutation in CASR
altering its function were less likely to undergo acrosome
reaction (Boisen et al. 2021), and mice lacking CASR
die prematurely, and thus, they cannot be used to study
the role of CASR in male fertility (Ho et al. 1995). These
studies highlight the importance of this receptor in the
fertilization process and gamete and embryo viability,
prompting the study of the cascades involved in CASR
signalling.

In the present work, we aimed to study the role that
calcium plays in the induction of p32 by NPS2143,
the acrosome reaction, and to identify which proteins
correspond with p32 in boar spermatozoa.

Materials and methods
Materials

NPS2143, Calhex 231, soybean trypsin inhibitor (STI), Triton
X-100, SDS, 2-mercaptoethanol, BSA, AEBSF, 8-Br-cAMP,
A23187, and PF-431396 were purchased from Sigma-Aldrich
Inc. Laemmli sample buffer 2x, acrylamide, ammonium
persulfate, Tween 20, and DC protein assay were purchased
from Bio-Rad. Anti-phosphotyrosine monoclonal antibody
(clone 4G10) (#05-321) and polyvinylidene fluoride (PVDF)
membrane were from Merck KGaA. Anti-a-tubulin monoclonal
antibody (#sc-8035), anti-mouse immunoglobulin G (IgCxk)
(#s5c-516102), and anti-rabbit 1gG (#sc-2357) horseradish
peroxidase-conjugated secondary antibodies were from Santa
Cruz Biotechnology Inc. Anti-SPACA1 antibody-C-terminal
(#ab191843) was from Abcam. SYBR-14, propidium iodide (PI),
Supersignal™ West Chemiluminescent Substrate, Slowfade®
gold anti-fade, goat anti-mouse 1gG (H+L) cross-adsorbed
secondary antibody-Texas Red-X (#T-6390), goat anti-rabbit
IgG (H+L) highly cross-adsorbed secondary antibody-Alexa
Fluor 488 (#A-11034), and mouse 1gG2b kappa Isotype
Control (#14-4732-82) were from Thermo Fisher Scientific,
Inc. Hyperfilm™ ECL was obtained from Amersham.
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Media

Tyrode’s complete medium (TCM) was prepared as follows: 96
mM NaCl, 4.7 mM KCl, 0.4 mM MgSO,, 0.3 mM NaH,PO,,
5.5 mM glucose, T mM sodium pyruvate, 21.6 mM sodium
lactate, 20 mM HEPES, T mM CaCl,, 15 mM NaHCO,, and
3 mg/mL BSA. For some experiments, TCM medium was
prepared without calcium (-Ca?*, BAPTA-AM, and EGTA
treatments). Bicarbonate was added 1 h prior to the experiment
and adjusted to a pH of 7.45. Phosphate-buffered saline (PBS)
was composed of 2.7 mM KCl, 1.75 KH,PO,, 136.9 mM NaCl,
and 8 mM Na,HPO, and was adjusted to a pH of 7.45.

Semen collection and processing

Seminal doses were purchased from a commercial boar
station (Tecnogenext, S.L, Mérida, Spain). Duroc boars
were maintained according to institutional and European
regulations. Seminal doses were stored and maintained at
17°C in a refrigerator for 24 h before the experiments. For each
experiment (unless otherwise stated), seminal doses from three
different males were randomly mixed and centrifuged at 900
g for 4 min, washed with PBS, and diluted in TCM to achieve
a final concentration of approximately 50 x 10° spermatozoa/
mL (500 upL final volume) in 5-mL round-bottom plastic
tubes from BD Falcon (San Jose, CA, USA). Spermatozoa
were incubated in a water bath at 38.5°C in air and when
required, a pre-incubation of spermatozoa with different
inhibitors or chelators (EGTA, BAPTA-AM, STI, or PF-431396)
was performed for 1 h at room temperature (RT). For acrosome
reaction induction, boar spermatozoa were incubated for
3 h with T mM 8-Br-cAMP or with 10 pM A23187 for the last
30 min.

Western blotting

Western blot analysis was performed as previously reported
(Gonzalez-Ferndndez et al. 2013). After incubation,
spermatozoa were centrifuged at 5000 g for 3 min at RT
and washed in PBS at RT. After centrifugation, the pellet was
resuspended in 90 pL of Laemmli sample buffer 2x. After 10
min, samples were centrifuged at 16,000 g for 10 min at 4°C
and the supernatant was recovered. Protein concentration was
determined using a Bio-Rad DC protein assay following the
manufacturer’s instructions. Lysates were supplemented with
2-mercaptoethanol (2.5%; v/v) before heating for 5 min at
95°C, and 15 pg of protein were loaded in 10% polyacrylamide
gels and separated by SDS-PAGE. Proteins were transferred to
Immobilon-P PVDF membranes and were blocked for 1 h at RT
using 3% BSA (w/v) in a Tris-buffer saline-Tween 20 solution
(TBS-T) containing 20 mM Tris/HCl pH 7.5, 500 mM Nacl, and
0.1% (v/v) Tween 20. Membranes were incubated with anti-
phosphotyrosine monoclonal antibody (clone 4G10) diluted
1:5000, anti-SPACAT1 diluted 1:1000, or with anti-a-tubulin
diluted 1:5000 in 3% BSA in TBS-T and incubated overnight
(ON) at 4°C. After incubation, membranes were washed for
10 min in TBS-T and then incubated for 45 min at RT with
a secondary antibody conjugated to horseradish peroxidase-
coupled IgG antibodies diluted to 1:5000 in 3% BSA in TBS-
T. After incubation, membranes were washed for 20 min in
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TBS-T, incubated with Supersignal™ West Chemiluminescent
Substrate, and exposed to Hyperfilm™ ECL.

Analysis by LC-MS/MS triple TOF

Spermatozoa were incubated for 2 h in TCM in the presence
of 15 yM NPS2143 and were processed as described in the
Western blotting section. Three samples (40 ug per sample)
were loaded in 10% polyacrylamide gels and separated
according to their molecular weight by SDS-PAGE. After
electrophoresis, gels were stained with InstantBlue™ ON at RT.
Next day, gel bands corresponding to 18, 32, and 35-45 kDa
were cut and stored in MiliQ water at 4°C until its analyses by
mass spectrometry.

In-gel sample digestion

Gel band samples from 1D gel separation and Coomassie
staining were automatically in-gel digested. Each gel band
(molecular weights of 18, 32, and 35-45 kDa) was excised,
cut into cubes (1 mm?), deposited in 96-well plates, and
automatically processed in a Proteineer DP digestor (Bruker
Daltonics, Bremen, Germany). The digestion protocol used was
based on Shevchenko et al. (1996) with minor variations: gel
plugs were washed first with 50 mM ammonium bicarbonate
and secondly with acetonitrile (ACN), prior to reduction (10
mM DTT in 25 mM ammonium bicarbonate solution) and
alkylation (55 mM iodoacetamide in 50 mM ammonium
bicarbonate solution). Gel pieces were then rinsed first with
50 mM ammonium bicarbonate, and secondly with ACN, and
then were dried under a stream of nitrogen. Proteomics Grade
Trypsin (Sigma-Aldrich) was added at a final concentration
of 16 ng/uL in 25% ACN/50 mM ammonium bicarbonate
solution, and the digestion took place at 37°C for 4 h. Peptides
were recovered in 50% ACN/1% TFA, dried in speed-Vac, and
kept at —20°C until phosphopeptide enrichment.

Phosphopeptide purification

Phosphopeptide enrichment procedure concatenated two
in-house packed microcolumns, immobilized metal affinity
chromatography and oligo R3 polymeric reversed-phase that
provided selective purification and sample desalting prior to
LC-MS/MS analysis, and was performed as previously reported
(Navajas et al. 2011).

Protein identification by tandem mass spectrometry
(LC-MS/MS triple TOF)

The peptide samples were analysed on a nano liquid
chromatography system (Eksigent Technologies nanoLC Ultra
1D plus, AB SCIEX, Foster City, CA, USA) coupled to 5600
Triple TOF mass spectrometer (AB SCIEX, Foster City, CA,
USA) with a nanoelectrospray ion source. Samples were
injected on a C18 PepMap trap column (5 ym, 100 ym I.D.
x 2 cm, Thermo Scientific) at 2 yL/min in 0.1% formic acid
in water, and the trap column was switched online to a C18
nanoAcquity BEH analytical column (1.7 pm, 100 A, 75 pm
I.D. x 15 cm, Waters). Equilibration was done in a mobile
phase A (0.1% formic acid in water), and peptide elution
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was achieved in a 60 min gradient from 5 to 40% B (0.1%
formic acid in ACN) at 250 nL/min. The mass spectrometer
operated in data-dependent acquisition mode. For TOF scans,
the accumulation time was set to 250 ms, and per cycle, up to
15 precursor ions were monitored.

MS and MS/MS raw data were translated to mascot general
file (mgf) format using Peak View v1.2.0.3 and searched using
an in-house Mascot Server v. 2.6.1 (Matrix Science, London,
UK) against a Sus scrofa database (reference proteome from
Uniprot Knowledgebase). Search parameters considered fixed
carbamidomethyl modification of cysteine, and the following
variable modifications: methionine oxidation, phosphorylation
of serine/threonine/tyrosine, deamidation of asparagine/
glutamine, and acetylation of the protein N-terminus. Peptide
mass tolerance was set to 25 ppm and 0.1 Da in MS and MS/
MS mode, respectively, and 3 missed cleavages were allowed.
The Mascot confidence interval for protein identification was
set to >95% (P < 0.05), and only peptides with a significant
individual ion score of at least 40 were considered.

Flow cytometry

Flow cytometry was performed using an ACEA NovoCyte™
flow cytometer (ACEA Biosciences, Inc., San Diego, CA,
USA) with a blue/red laser (488/640 nm) and three detection
channels: BL-1 channel (530 + 30 nm band-pass filter), BL-2
channel (572 + 28 nm band-pass filter), and BL-4 channel
(675 + 30 nm band-pass filter). Forward scatter (FSC) and side
scatter (SSC) were used to gate the sperm population and to
exclude debris. Samples were analysed at 400-800 cells/s,
and 10,000 cells were analysed in each sample; data were
represented in a logarithmic scale. Flow cytometry experiments
and data analyses were performed using ACEA Novo Express®
software (ACEA Biosciences, Inc., San Diego, CA, USA).

Acrosome integrity assessment

For acrosome integrity analyses, the probe lectin from Arachis
hypogaea (peanut) agglutinin attached to fluorescein (PNA-
FITC) at 0.4 pug/mL and PI at 4.8 uM were added to 500 uL of
diluted sample in PBS (3 mill/mL) and incubated for 5 min at
RT in the dark as previously reported (Martin-Hidalgo et al.
2022). Acrosome-damaged spermatozoa are expressed as the
percentage of PNA-positive cells (PNA®). Fluorescence was
detected using a 530 + 30 nm band-pass filter for PNA-FITC
and a 670 + 30 nm band-pass filter for PI. Results of viable
spermatozoa are expressed as the percentage of Pl-negative
cells (PI7).

Sorter

After incubation during 2 h in the presence of 15 uM NPS2143,
spermatozoa were incubated with SYBR-14 (50 nM) and PI
(5 uM) for 15 min at RT. The stained samples were sorted in
purity mode using a BD FACS Melody Cell Sorter (BD, Franklin
Lakes, NJ, USA) equipped with a 488-nm blue direct diode
laser (20 mW), 405-nm violet direct diode laser (40 mW), and
100 um nozzle operating at 23 psi. The lasers were aligned
using calibration beads provided by BD prior to each sorting.
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Coulter Isoton II Diluent from Beckman Coulter Inc. (Brea,
CA, USA) was used as sheath fluid for sorting. Spermatozoa
were initially gated using FSC and SSC to eliminate debris.
The average sorting rate was 10,000 events/s. Sorting was
continued until 100,000 spermatozoa were collected for
SYBR-positive (live) using a 527 + 32 nm band-pass filter and
100,000 spermatozoa for Pl-positive (dead) using a 586 + 42
nm band-pass filter. All sorting experiments were acquired
and evaluated using the BD FACS Chorus Software (BD).
Sorted fractions obtained (live and dead spermatozoa) were
centrifuged at 10,000 g for 5 min at RT. Pellets obtained were
resuspended in 15 uL of Laemmli sample buffer 2x and kept at
—20°C until Western blotting analysis.

Immunoprecipitation

For immunoprecipitation analysis, the Dynabeads™
Co-Immunoprecipitation Kit (Thermo Fisher Scientific, Inc.)
was used. Before the experiment, 2 mg of Dynabeads were
coated with 10 pg of anti-phosphotyrosine antibody (4G10).
Antibody-Dynabeads were incubated atRT in constant agitation
and the next day antibody-Dynabeads were washed following
the manufacturer’s instructions. After incubation (2 h in the
presence of 15 uM NPS2143), spermatozoa were processed
as described in the Western blotting section and the pellet was
resuspended in 90 pL of Laemmli sample buffer 2x (without
glycerol and without bromophenol blue and supplemented
with 1T mM of 4-(2-aminoethyl) benzenesulfonyl fluoride or
AEBSF). After 10 min at 4°C, samples were centrifuged at
4°C at 16,000 g for 10 min. The supernatant was recovered
and diluted 1:5 (v/v) with immunoprecipitation buffer 1x
supplied in the kit containing 25 mM of NaCl and 1 mM of
AEBSF and mixed with 1 mg of antibody-Dynabeads (500 pL
final volume). After 1 h at 4°C in constant agitation, antibody-
Dynabeads were washed following the manufacturer’s
instructions using Laemmli sample buffer 2x (without glycerol
and without bromophenol blue and supplemented with 1 mM
of AEBSF) diluted 1:5 with immunoprecipitation buffer 1x.
Finally, antibody-Dynabeads were resuspended in 30 uL of
Laemmli sample buffer 2x and were processed as described in
the Western blotting section. Twenty microlitres were used for
the SPACAT antibody and 10 plL for the anti-phosphotyrosine
antibody. Negative controls were performed using Dynabeads
coated with mouse 1gCb kappa isotype.

Indirect immunofluorescence

Double staining with the antibodies was performed after
verifying that the signal of the antibodies remained unchanged
when used individually. Spermatozoa were i) incubated for 2
h with 15 pM NPS2143 or ii) non-treated; both samples were
centrifuged at 6700 g for T min at RT and washed in PBS at RT.
Then, spermatozoa were washed with PBS and fixed with 4%
formaldehyde in PBS for 15 min at RT and permeabilized with
0.1% Triton X-100 (v/v) in PBS for 10 min. When methanol
was used to fix and permeabilize, native spermatozoa directly
retrieved from the seminal doses pool were incubated 5
min at RT using the same protocol formerly described. After
two washes with PBS, the cells were blocked with 3% BSA

Reproduction (2023) 165 475-489

(w/v) in PBS for 60 min at RT. Fixed and permeabilizated
spermatozoa were incubated with an anti-phosphotyrosine
monoclonal antibody (diluted 1:500) and an anti-SPACAT
antibody (diluted 1:100) in 3% BSA in PBS at 4°C ON. After
washing with PBS, spermatozoa were incubated with an anti-
rabbit 1gG (Alexa Fluor 488)-conjugated secondary antibody
(diluted 1:500) and anti-mouse 1gG (Texas red)-conjugated
secondary antibody (diluted 1:500) in 3% BSA in PBS for 1 h
at RT. After three washes with PBS, samples were mounted on
a slide with Slowfade® gold antifade solution containing DAPI
following the manufacturer’s instructions. Control samples
were processed in parallel but omitting primary antibody
incubation. One hundred spermatozoa were counted per
sample. The slides were evaluated using a Nikon Eclipse 50i
fluorescence microscope with 100x oil immersion objective
equipped with an ultraviolet lamp and a fluorescence camera.

Deglycosylation assay

One millilitre of porcine seminal dose at 30 mill/mL was
centrifuged at 6700 g for 1 min at RT and washed in PBS at RT.
The pellet was resuspended with 90 pL of solubilization buffer
containing 0.5% SDS and 40 mM DTT and heating for 10
min at 100°C. After incubation, 2 L of the enzyme Peptide-
N-glycosidase F (PNGase F; 1 unit/pL) were added to 10 pL
of lysate and supplemented with 23 pL of sodium phosphate
(50 mM). For the control sample, 2 pL of sodium phosphate
with 50% glycerol were added instead of the enzyme. Samples
were incubated at 37°C ON and the next day 35 pL of Laemmli
sample buffer 4x were added and the samples were subjected
to SDS-PAGE followed by Western blotting as described in the
Western blotting section.

Statistical analysis

Data distribution was tested using a Shapiro-Wilk test.
Differences among treatments were determined by a one-
way ANOVA when normality was confirmed or by a Kruskal-
Wallis ANOVA on ranks if the data did not have a Gaussian
distribution. A Dunnett's posthoc test was used when
treatments were compared against control or a Holm-Sidak
method for multiple comparisons. When two treatments were
compared, the t-test was used. Statistical significance was set
at P < 0.05. Percentage data were arcsine-transformed before
statistical analysis. Analyses were performed using SigmaPlot
ver. 12.0 for Windows (Systat Software, Chicago, IL, USA).

Results
Effects of NPS2143 on p32 in boar spermatozoa

First, we evaluated the effectof NPS2143 onp32 induction
along the time. We incubated boar spermatozoa for
1, 2, 3, or 4 h in the presence or absence of 15 uM
NPS2143, as the use of this concentration resulted in
the maximum induction in p32 in boar spermatozoa
(Macias-Garcia et al. 2019). We observed an induction
of p32 for all incubation times in the presence of
NPS2143 (Fig. 1A), and significant differences were
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observed from 2 h onwards compared to the control
(Fig. 1B). Also, increased tyrosine phosphorylation of 18
kDa was observed after 3 h. In view of these results,
in the following experiments, we chose the incubation
time of 2 h as it was the shortest incubation time in
which a statistically significantly increase in p32 was
consistently observed. Furthermore, to confirm these
results, an additional CASR antagonist was used (Calhex
321, at 15 and 30 pM for 2 h). Calhex 321 also induced
a significant increase in p32 after 2 h of incubation
(Supplementary Fig. 1, see section on supplementary
materials given at the end of this article).

Effects of NPS2143 in the presence of calcium, EGTA,
and BAPTA-AM on p32 in boar spermatozoa

Calcium is necessary for the p32 induction (Dube et al.
2003), so in the next experiment, we wanted to study if
the p32 induction by NPS2143 was calcium-dependent.
We incubated boar spermatozoa in the presence of 15
UM NPS2143 with or without T mM calcium, 5 mM
EGTA, and 5 uM BAPTA-AM. We observed that the p32
induction by NPS2143 was inhibited by the presence
of EGTA, except if BAPTA-AM was present (Fig. 2).
Also, we observed that BAPTA-AM in the presence of
NPS2143 induced an increase in PY of a wide range of
proteins including p18 (Fig. 2A). The suppressive effect
of EGTA suggests that the increase of p32 in the presence
of NP21243 is dependent of extracellular calcium.

Effect of NPS2143 on acrosome reaction in boar
spermatozoa

In the next experiment, we aimed to study if NPS2143
induced acrosome reaction as this process is a calcium-
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dependent event. For this purpose, we incubated
boar spermatozoa in the presence of calcium or in
the presence of the calcium chelator EGTA. When we
incubated boar spermatozoa in the presence of 15 pM
NPS2143, a significant increase in the percentage of live
and dead spermatozoa with loss of acrosomal integrity
was observed compared to the control. The presence of
EGTA in the medium decreased the effect of NPS2143
on the percentage of live and dead spermatozoa with
loss of acrosomal integrity (Fig. 3A) and the percentage
of viable spermatozoa (Fig. 3C), indicating a role of
CASR in the maintenance of acrosomal integrity in the
presence of calcium.

Analysis of p32 in live and dead boar spermatozoa

The results of the previous experiments suggested a
correlation between the increase in the percentage of
dead spermatozoa and p32 induction when NPS2143
was added to the medium. To determine the association
between spermatozoal death and p32 induction, we
analysed the presence of p32 by Western blotting in
live and dead spermatozoa using a flow cytometry cell
sorter. When dead/live spermatozoa were sorted and
p32 induction was analysed separately, we observed that
p32 induction was vividly associated with the cohort of
dead spermatozoa (Fig. 4).

Identification of tyrosine-phosphorylated proteins by
LC-MS/MS triple TOF

Next, we decided to study the identity of tyrosine-
phosphorylated proteins induced by NPS2143; to do
this, we performed a phosphoproteomic analysis from
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Figure 1 Effect of NPS2143 on p32 in boar spermatozoa. Spermatozoa were incubated at different time points in TCM at 38.5°C in the presence
or absence of 15 pM NPS2143 and Western blots were performed using an anti-phosphotyrosine antibody. (A) The immunoblot is representative
of five independent experiments (n=5). a-Tubulin levels are shown as the loading control. (B) Densitometry analyses of p32 are shown in
arbitrary units; mean + standard error of the mean (s.e.m.). Bars marked with an * differ from the control (time 0) significantly (P < 0.05).
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Figure 2 Effect of calcium, EGTA, and BAPTA-AM in the presence of NPS2143 on p32 induction in boar spermatozoa. (A) Spermatozoa were
incubated for 2 h in TCM at 38.5°C in the presence or absence of 15 pM NPS2143 and Western blots were performed using an anti-
phosphotyrosine antibody. The immunoblot is representative of five independent experiments (n=5). a-Tubulin levels are shown as the loading
control. (B) Densitometry analyses of p32 are shown in arbitrary units; mean + s.e.m. Bars bearing different letters differ significantly (P < 0.05).

acrylamide gels loaded with lysates from spermatozoa
incubated in the presence of 15 pM NPS2143 for 2 h. We
analysed the gel bands corresponding to proteins at the
18, 32, and 35-45 kDa. The phosphoproteomic analysis
revealed that there were no proteins phosphorylated
in tyrosine residues; interestingly, numerous proteins
exhibited phosphorylation in serine/threonine residues.
Among these proteins, SPACAT was observed in the
three fragments analysed (18, 32, and 35-45 kDa)
(Table 1). Since SPACAT is a protein with a molecular
weight of 32 kDa, one explanation for the presence of
SPACAT at 35-45 kDa could be due to PTMs, and a
proteolytic cleavage would explain the appearance of
SPACAT1 at 18 kDa.

Immunoprecipitation of tyrosine-phosphorylated
proteins induced by NPS2143 in boar spermatozoa

The phosphoproteomic analysis could not identify any
tyrosine-phosphorylatedprotein; hence,anotherapproach
was tried to unravel the identity of p32. For this purpose,
we chose the SPACAT protein as a plausible candidate
for p32, because it was the only phosphorylated protein
identified with a molecular weight of 32 kDa (Table 1).
Since there were no commercial antibodies against the
tyrosine phosphorylated form of SPACA1, we performed
an immunoprecipitation to confirm whether p32 was
SPACAT. After sperm incubation for 2 h in the presence
of 15 pM NPS2143, tyrosine-phosphorylated proteins
were immunoprecipitated with an anti-phosphotyrosine
antibody (4G10). Using this approach, we observed that
at least one of the protein-tyrosine phosphorylated at 32
and 35-45 kDa was SPACA1 (Fig. 5).

Reproduction (2023) 165 475-489

Localization of PY and SPACAT in boar spermatozoa

After confirming p32 as the phosphorylated form of
SPACAT1 by immunoprecipitation, we then wanted
to confirm this result by immunofluorescence to
check if PY and SPACAT were co-localized. When
boar spermatozoa were incubated in the presence
of 15 pM NPS2143, we observed co-localization of
SPACA1 and PY, with the fluorescence observed in
the acrosome and in the equatorial region (Pattern 2;
Fig. 6A). Spermatozoa incubated in the presence of
NPS2143 showed a statistically significant increase in
the percentage of spermatozoa classified into pattern 2
compared to control (Fig. 6B). However, in the absence
of NPS2143, the immunolocalization of SPACAT and PY
was different; SPACAT was localized in the equatorial
region while PY was detected as a spot in the equatorial
subsegment (Pattern 1; Fig. 6A).

The immunoprecipitation assays showed that SPACA1
was phosphorylated in tyrosine residues (35-45 kDa)
in the absence of NPS2143 addition (Fig. 5); however,
immunofluorescence revealed that SPACAT and PY
were not co-localized suggesting that SPACAT is not
phosphorylated in tyrosine residues (Pattern 1; Fig. 6A).
In this scenario, we decided to analyse the effect of
fixation conditions (methanol vs formaldehyde) on the
distribution of SPACA1 and PY in native spermatozoa.
When methanol instead of formaldehyde/Triton X-100
was used to fix and permeabilize spermatozoa, PY and
SPACAT1 were co-localized in the acrosome (Fig. 7).
These results indicate that there was co-localization of
PY and SPACAT, supporting the result obtained in the
immunoprecipitation assay and reinforcing the idea that
p32 and SPACAT are the same protein.
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Figure 3 Effect of NPS2143 on acrosomal integrity in boar spermatozoa. Spermatozoa were incubated for 2 h in TCM at 38.5°C in the presence
or absence of 15 pM NPS2143. (A) The percentage of PNA* spermatozoa is shown (live in green and dead in read); mean + s.e.m. of six
independent experiments (n=6). Bars marked with an * differ from the control significantly (P < 0.05). (B) Representative dot plots for the
different treatments. (C) The percentage of viable spermatozoa (PI7) is shown; mean + s.e.m. of six independent experiments (n=6). Bars marked

with an * differ from the control significantly (P < 0.05).

Effect of N-glycosidase F treatment on PY and SPACA1

To determine if the SPACA1 form observed at 35-45 kDa
could correspond to the glycosylated form of SPACAT
(32 kDa), boar sperm lysates were incubated with the
glycosidase enzyme Peptide-N-glycosidase F (PNGase
F). The incubation of the lysates with PNGase F induced
a decrease in the molecular weight of SPACA1 and PY,
indicating that SPACAT and the tyrosine phosphorylated
form of SPACAT are indeed N-glycosylated (Fig. 8).
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Proteolysis of p32 and SPACAT in the presence of
NPS2143

Next, we decided to explore if SPACAT was modified
by proteolytic cleavage. For this purpose, we incubated
boar spermatozoa in the presence of NPS2143 and
STI, a serine protease inhibitor, at 25, 50, and 75 uM.
The presence of STI reverted the induction of p32
and SPACA1 at 30 and 32 kDa induced by NPS2143
(Fig. 9A and B). These results confirmed that the
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Figure 4 Analysis of p32 in live and dead boar spermatozoa.
Spermatozoa were incubated for 2 h in TCM at 38.5°C in the
presence of 15 uM NPS2143 and separated (live/dead) by a flow
cytometry cell sorter; Western blots were performed using an
anti-phosphotyrosine antibody. (A) The immunoblot is representative
of five independent experiments (n=5). (B) Densitometry analyses of
p32 are shown in arbitrary units; mean + s.e.m. *P < 0.05.

appearance of p32 and SPACA1 was dependent on
serine proteases.

Effect of 8-Br-cAMP and calcium ionophore A23187
on regulation of p32/ SPACA1 and acrosome reaction

In the last part of the present study, we wanted to
explore the effect of acrosome reaction inducers on

p32 and SPACAT. For this purpose, we incubated
boar spermatozoa with T mM of 8-bromoadenosine
3’,5’-cyclic monophosphate (8-Br-cAMP) for 3 h as
previously reported (Harayama et al. 2004) or with 10
uM of calcium ionophore A23187 in the last 30 min
of the 3 h incubation (Hurtado de Llera et al. 2013).
The incubation of boar spermatozoa with 8-Br-cAMP or
A23187 induced an increase of p32 and SPACA1 at 30
and 32 kDa that was inhibited by the presence of EGTA
(Fig. 10A and B), indicating the dependence of calcium
for the induction of both proteins (p32 and SPACAT at
32 kDa).

In order to determine whether the increase of PY
induced by 8-Br-cAMP could be responsible for the
regulation of p32/SPACAT1, boar spermatozoa were
incubated with 10 pM PF-431396, a specific FAK
inhibitor, previously shown to effectively inhibit PY
induction in stallion spermatozoa (Gonzalez-Fernandez
et al. 2013). Using this inhibitor, we observed that the
increase of p32 and SPACA1 at 30 and 32 kDa induced
by 8-Br-cAMP was independent of the increase in PY,
as PF-431396 blunted PY but not p32 nor SPACAT at
30 or 32 kDa. Also, we observed an increase in PY of
p18 in the presence of 8-Br-cAMP and A23187 (Fig. T0A
and B). The increase observed in p32 and SPACAT at
30 and 32 kDa induced by 8-Br-cAMP, A23187, and
8-Br-cAMP +PF-431396 paralleled the increase in the
percentage of live and dead spermatozoa exhibiting
loss of acrosomal integrity (Fig. 11A). These results
indicated that p32 and the 32 kDa form of SPACAT
induced by 8-Br-cAMP was not due to an increase
of phosphorylation, reinforcing the hypothesis of a
proteolysis of the 35-45 kDa form of SPACAT.

Table 1  Serine/threonine-phosphorylated proteins identified by phosphoproteomic. Spermatozoa were incubated in the presence of 15 pM
NPS2143 for 2 h. Lysed samples were separated in a polyacrylamide gel and bands (18, 32, and 35-45 kDa) were cut and analysed by

spectrometric mass.

Protein ID Protein name Mass (kDa)
35-45 kDa band
F1SBB1 Uncharacterized protein 46
13LCI2 Pyruvate dehydrogenase E1 component subunit 44
AO0A287AS)4 Casein kinase | isoform o 40
AOA286ZYX8 Fructose-bisphosphate aldolase 39
AO0A287A6R4 Serine/threonine-protein phosphatase 34
AOA287A2F2 Uncharacterized protein 33
D5K8A9* Sperm acrosome membrane-associated protein 1 32
AO0A286Z)B1 Uncharacterized protein 28
32 kDa band
13LCI2 Pyruvate dehydrogenase ET component subunit o 44
F1SQZ1 Uncharacterized protein 35
D5K8A9* Sperm acrosome membrane-associated protein 1 32
AOA287AL41 Uncharacterized protein 29
AOA286Z)B1 Uncharacterized protein 28
F1SB33 Uncharacterized protein 26
18 kDa band
D5K8A9* Sperm acrosome membrane-associated protein 1 32
AO0A287B7U4 Uncharacterized protein 20
Q864V5 FUN14 domain-containing protein 2 20
F1S7B1 Sperm surface protein Sp17 17
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Figure 5 Immunoprecipitation of tyrosine phosphorylated proteins.
Spermatozoa were incubated for 2 h in TCM at 38.5°C in the presence
or absence of 15 pM NPS2143. The immunoblots are representative of
three independent experiments (n=3). Upper: representative
immunoblots of PY. Below: representative immunoblot of SPACAT.

Discussion

The results of the present study suggest that CASR
plays a role in maintaining acrosomal integrity in boar
spermatozoa and reveal a not yet described mechanism
of induction of p32 in boar spermatozoa: the proteolysis
of the phosphorylated and glycosylated form of SPACAT.
We have previously demonstrated the induction
of p32 by NPS2143 in boar spermatozoa after 4 h of
incubation (Macias-Garcia et al. 2019). In the present
work, we show that this rise is observed starting as
early as 2 h after the beginning of sperm cell incubation
(Fig. 1) and is dependent on the presence of extracellular
calcium (Fig. 2), as the presence of EGTA significantly
inhibited the increase in p32 induced by NPS2143
(Fig. 2). This result is in agreement with previous
articles that highlight the importance of the presence
of extracellular calcium for p32 induction (Dube et al.
2003, Bailey et al. 2005). The induction of p32 in the
presence of NPS2143 and absence of added calcium
is easily explained as our medium devoid of added
calcium may contain up to 0.1 mM of calcium bound
to BSA (Marin-Briggiler et al. 2003, 2005), which can
be enough to induce p32 when the CASR is inhibited.
Surprisingly, the presence of BAPTA-AM induced an
increase in PY of a wide variety of proteins, including
p32, only when NPS2143 was present (Fig. 2). This
increase in PY could be related to the depletion of the
internal calcium stores of the spermatozoa (Costello
et al. 2009) induced by CASR inhibition, as previously
postulated by Dorval et al., who observed an increase in
PY after depletion of calcium stores using thapsigargin
in human spermatozoa (Dorval et al. 2003).
Interestingly, the increase in p32 by NPS2143 was
associated with a loss of acrosomal integrity (Fig. 3).
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Figure 6 Immunofluorescent localization of PY and SPACAT1 in boar
spermatozoa. Boar spermatozoa were incubated for 2 h at 38.5°C in
the presence or absence of 15 uM NPS2143. (A)
Immunofluorescence was performed using an anti-phosphotyrosine
antibody (PY) and an anti-SPACAT1 antibody (SPACA1). Each
microphotograph is representative of four different replicates (n=4).
DAPI: 4’,6-diamidino-2-phenylindole. (B) The number of
spermatozoa showing pattern 1 or 2 was counted. Values are
expressed as mean =+ s.e.m. *P < 0.05.

The association of increased p32 and acrosome-reacted
spermatozoa has been previously reported in live
spermatozoa (Harayama et al. 2004, Martin-Hidalgo
et al. 2022) and in dead spermatozoa after aggressive
freeze-thawing cycles (Tabuchi et al. 2008). Notably,
the acrosomal integrity loss induced by NPS2143 was
significantly higher in dead spermatozoa compared to
live spermatozoa (Fig. 3A), suggesting that acrosomal
damage rather than a physiological acrosome reaction
induction dependent on extracellular calcium is taking
place; however, the presence of EGTA blunted the
effect of NPS2143 on p32 induction (Fig. 2), acrosome
integrity (Fig. 3A), and viability (Fig. 3C), indicating
that the effects of NPS2143 are calcium-dependent and
excluding a non-specific or toxic effect of the inhibitor
itself. These results suggest that proper functioning of
CASR is necessary for the correct regulation of calcium
homeostasis, avoiding spontaneous acrosome reaction.
Thus, when CASR is inhibited in the presence of calcium,
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Figure 7 Immunofluorescent localization of PY
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and SPACAT in boar spermatozoa. Boar
spermatozoa directly retrieved from the
seminal doses were fixed and permeabilized
using methanol or formaldehyde/Triton X-100.
Immunofluorescence was performed using an
anti-phosphotyrosine antibody (PY) and an
anti-SPACA1 antibody (SPACAT1). Each
microphotograph is representative of five
different replicates (n=5). DAPI:

4’ 6-diamidino-2-phenylindole.

an acrosome reaction could be induced leading to
sperm death probably due to a disruption in calcium
homeostasis. This hypothesis is strengthened by the fact
that NPS2143 induces an increase in dead spermatozoa
with concomitant loss of acrosomal integrity (Fig. 3)
and because p32 induction by NPS2143 was detected
mainly in the non-viable spermatozoa population
(Fig. 4). However, in our experimental design, we
cannot clearly establish whether the observed loss of
acrosomal integrity is due to sperm death or whether
induction of acrosome reaction leads to sperm death. In
any case, these results agree with those of Boisen et al.

PNGase F . +

kDa
37 PY
37 __ SPACA1

Figure 8 Deglycosylation of proteins in boar spermatozoa.
Solubilized sperm proteins were treated with PNGaseF. The samples
were subjected to SDS-PAGE followed by Western blotting and
detected with anti-phosphotyrosine antibody (upper) or anti-SPACA1
antibody (below). The immunoblots are representative of four
independent experiments (n=4).
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(Boisen et al. 2021) that found in spermatozoa from a
patient with a mutation in CASR (lle81Thr) resulting in
its loss-of-function, an increased acrosome reaction in
dead spermatozoa in the presence of calcium.

In an attempt to identify which proteins are enclosed
in p32 induced by NPS2143, a phospho-proteomic
analysis of the acrylamide bands was carried out.
Surprisingly, no phosphorylated proteins in tyrosine
residues were detected using this technique. This fact
couldbe due to the low level of PY present in the samples,
with the amount of phosphoproteins being below the
detection limit of the mass spectrometry system used.
However, we were able to identify numerous proteins
phosphorylated in serine/threonine residues (Table 1).
Among these proteins, SPACA1 caught our attention as it
was the only protein with a molecular weight of 32 kDa
that was present in all the analysed fragments (18, 32,
and 35-45 kDa). In our experiment, a phosphorylated
residue at Ser256 of SPACA1 was identified by mass
spectrometry in agreement with Jones et al. (Jones
et al. 2008). Sperm acrosome-associated 1 (SPACAT) or
SAMP32 was first identified in human spermatozoa (Hao
etal. 2002); SPACA1 is a transmembrane protein present
in the inner acrosomal membrane implicated in gamete
membrane fusion and acrosome formation (Hao et al.
2002, Ferrer et al. 2012b, Fujihara et al. 2012). However,
it is not clear if the infertility of SPACAT knockout mice
is due to the defective production of spermatozoa or to
the inability of the spermatozoa to fuse with the oocyte
(Fujihara et al. 2012).

Jones et al. described that SPACA1 was distributed
throughout the equatorial segment, including the
equatorial subsegmentwherethetyrosine phosphorylated
form of SPACAT is confined in mammalian spermatozoa
(Jones et al. 2008). Ogura et al. (Ogura et al. 2016)
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Figure 9 Effect of the soybean trypsin inhibitor (STI), a serine protease inhibitor, on p32 and SPACAT1 in boar spermatozoa. Spermatozoa were
incubated for 2 h in TCM at 38.5°C in the presence or absence of 15 pM NPS2143. The immunoblots are representative of six independent
experiments (n=6). a-Tubulin levels are shown as the loading control. (A) Anti-phosphotyrosine antibody. (B) Anti-SPACAT antibodly.

described the same distribution pattern of SPACA1 in  these conflicting data, we were suspicious of our SPACAT
boar spermatozoa. These results appear to contrast  antibody (which does not coincide with the one used in
with our results as we did not observe SPACAT in the  the aforementioned works) not being able to cross the
equatorial subsegment (Pattern 1, Fig. 6A). In view of = membranes to reach the target protein in this region or,
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Figure 10 Effect of 8-Br-cAMP and A23187 on p32 and SPACAT1 in boar spermatozoa. Spermatozoa were incubated for 3 h in TCM at 38.5°C;
A23187 was added in the last 30 min. The immunoblots are representative of five independent experiments (n=5). a-Tubulin levels are shown
as the loading control. (A) Anti-phosphotyrosine antibody. (B) Anti-SPACA1 antibody.
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Figure 11 Effect of 8-Br-cAMP and A23187 on acrosomal integrity. Spermatozoa were incubated for 3 h in TCM at 38.5°C; A23187 was added
in the last 30 min. (A) The percentage of PNA* spermatozoa are shown (live in green and dead in read); mean + s.e.m. of six independent
experiments (n=6). Bars marked with an * differ from the control significantly (P < 0.05). (B) Representative dot plots for the different

treatments.

maybe, was not capable of detecting phosphorylated
SPACAT in tyrosine residues. However, we were
able to detect the tyrosine phosphorylated forms of
SPACAT at 32 and 35-45 kDa by immunoprecipitation
(Fig. 5) and SPACA1 in the equatorial subsegment in the
presence of NPS2143 (Pattern 2, Fig. 6A). Therefore, it
is possible that the exposure of proteins localized in
the inner acrosomal membrane such as SPACA1 after
the loss of acrosomal integrity induced by NPS2143
allows SPACAT antibody to reach the epitope in the
equatorial subsegment as previously postulated (Ferrer
et al. 2012b). In this regard, when native spermatozoa
were fixed with methanol instead of formaldehyde,
PY was observed in the equatorial subsegment and
the acrosome (Fig. 7), suggesting that redistribution of
p32 during capacitation does not occur as previously
reported (Tardif et al. 2001); instead, in view of our
data, the antibody cannot cross the dense matrix being
unable to bind to the protein when the acrosome is
intact, coinciding with previous reports for the SPACA1
antibody (Yamatoya et al. 2020). In the case of SPACAT,
when methanol was used instead of formaldehyde, weak
fluorescence was observed in the acrosome but not in
the equatorial segment, probably due to a substantial
loss in the protein antigenicity associated with the use
of methanol.

The higher molecular weight of SPACA1 (35-45
kDa) observed by Western blotting may be explained
by the glycosylation of the protein, as N-glycosylation
of SPACA1 has previously been suggested in boar
spermatozoa (Jones et al. 2008). A sequence analysis of
SPACAT using the NetNglyc server was run to predict
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its N-glycosylation sites; this analysis revealed different
potential glycosylation sites, including one in the vicinity
of the signal peptide. This prediction was confirmed
when the treatment with PNGase F induced a decrease
in the molecular weight of SPACAT and PY (Fig. 8),
indicating that the tyrosine phosphorylated SPACAT is
N-Glycosylated. However, PNGase F induced a slight
decrease in the molecular weight, suggesting that other
PTMs are also responsible for the higher molecular
weight of SPACAT. Besides, the lower molecular weights
detected by Western blotting of SPACA1 (18, 30, and 32
kDa) are related to proteolysis, as the serine protease
inhibitor (STI), inhibited the increase in p32 and SPACA1
at 30 and 32 kDa induced by NPS2143 (Fig. 9A and B).
The previous results observed with NPS2143 indicate
that at least one of the proteins included in the 32 kDa
band is the tyrosine phosphorylated form of SPACAT
and the band observed at 30 kDa (Fig. 9B and 10B)
could be the non-phosphorylated form of SPACAT, as it
is well established that the phosphorylation of a residue
causes a shift in the molecular weight of a protein (Lee
et al. 2019). These results contrast with previously
published results in which we concluded that there was
no NPS2143-induced p32 proteolysis using the serine
protease inhibitor PMSF (Macias-Garcia et al. 2019).
However, these results could be explained by the fact
that the half-life of PMSF is 1 h at 25°C (James 1978)
explaining its absence of effect after 4 h (Macias-Garcia
etal. 2019).

Proteolysis of SPACA1 after acrosome reaction
has been previously reported in mouse spermatozoa
(Yamatoya et al. 2020) and in boar spermatozoa (Ogura
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etal. 2016). Our results agree with those of Ogura et al.,
who previously demonstrated the proteolysis of SPACAT
in acrosome-reacted boar spermatozoa using a general
protease inhibitor (Ogura et al. 2016). The differences
between the molecular weight of the SPACA1 observed
in our study (18, 30, 32, and 35-45 kDa) and those
observed by Ogube et al. (15, 26, 28, and 36-42 kDa)
could be related to the differences in molecular weight
estimation or the use of different molecular weight
markers as identical band patterns were observed.

The increase in p32 was also observed when
acrosome reaction was induced using 8-Br-cAMP or
A23187 (Fig. 10A and 11A), as previously reported
(Dube et al. 2003, Harayama et al. 2004). In these
conditions, we observed a parallel increase in p32
(Fig. TOA) and SPACA1 at 30-32 kDa (Fig. 10B), which
was inhibited by EGTA. In addition, we observed that the
p32/SPACAT induction by 8-Br-cAMP was independent
of the induction of phosphorylated proteins of higher
molecular weights (Fig. T0A). These results suggest that
another mechanism independent of protein tyrosine
kinases regulated by cAMP induces an increase in
p32 after acrosome reaction induction, reinforcing the
hypothesis of proteolysis of SPACA1 form at 35-45 kDa.
The effects observed after the induction of the acrosome
reaction by 8-Br-cAMP or A23187 on p32 and SPACA1
at 32 kDa are similar to the effects observed with
NPS2143, suggesting that proteolysis of SPACAT (35-45
kDa) occurs after acrosome reaction.

The results of our study suggest that the induction of
p32 after acrosome reaction could be related to SPACA1
cleavage (35-45 kDa) resulting from the release of serine
proteases from the acrosome or due to the exposition
of serine proteases present in the inner acrosomal
membrane following the acrosome reaction (Ferrer et al.
2012a). Removal of the signal peptide from SPACA1 (and
glycosylated amino acids) by proteolysis would result in
lower molecular weight fragments of SPACAT (18, 30,
and 32 kDa). Hence, N-glycosylation of SPACAT1 could
be protecting the protein from premature proteolysis,
maintaining its integrity which is required to promote
sperm fusion with the oocyte, as previously proposed for
IZUMO during sperm maturation in mouse spermatozoa
(Inoue et al. 2008).

In summary, we demonstrate the core role of CASR in
the maintenance of acrosomal integrity, and we propose a
new mechanism for p32 induction in boar spermatozoa:
proteolysis of the glycosylated and phosphorylated
form of SPACA1 (35-45 kDa). This mechanism could
be important in the fertilization process, as SPACAT
is known to be involved in fertilization (Fujihara et al.
2012). Furthermore, numerous glycosylated proteins
have recently been identified in humans (Xin et al.
2022), bovine (Wang et al. 2022), and boar spermatozoa
(Lopez-Salguero et al. 2020), and the mechanism
proposed for SPACA1 could be used for other membrane
glycoproteins implicated in the fusion with the oocyte.
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More research is needed to understand the biological
importance of this mechanism and open the door to
identify new membrane glycoproteins involved in
fertilization in mammalian species.
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