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A B S T R A C T   

Protein glycosylation is a post-translational modification involved in wide range of biological processes. In 
mammalian spermatozoa this modification has been identified in numerous proteins, and membrane glycopro
teins are involved in the fertilization process. The objective of the present study was to identify changes in 
protein glycosylation after acrosome reaction (AR) induction using the 4-Br-A23187 ionophore. Our results 
showed that treatment with 10 μM of 4-Br-A23187 for 20 min significantly increased the percentage of live 
acrosome-reacted spermatozoa compared to the control (69.8 ± 0.8 vs. 6.4 ± 0.5; mean % ± SEM, respectively). 
Also, we observed an increase in 32 kDa tyrosine-phosphorylated protein (p32) and a decrease in serine/thre
onine phosphorylation of the protein kinase A substrates (phospho-PKA-substrates) after ionophore treatment. 
Furthermore, changes in glycosylated proteins following AR induction were analyzed using different HRP- 
conjugated lectins (GNA, DSA, and SNA), revealing changes in mannose and sialic acid residues. Proteomic 
analysis of isolated proteins using GNA lectin revealed that 50 proteins exhibited significantly different abun
dance (q-value < 0.01). Subsequent analysis using Uniprot database identified 39 downregulated and 11 
upregulated proteins in the presence of 4-Br-A23187. Notably, six of these proteins were classified as trans
membrane proteins, namely LRRC37A/B like protein 1 C-terminal domain-containing protein, Membrane met
alloendopeptidase like 1, VWFA domain-containing protein, Syndecan, Membrane spanning 4-domains A14 and 
Serine protease 54. This study shows a novel protocol to induce acrosome reaction in boar spermatozoa and 
identifies new transmembrane proteins containing mannose residues. Further work is needed to elucidate the 
role of these proteins in sperm-oocyte fusion.   

1. Introduction 

The acrosome reaction is a calcium-dependent exocytic process 
essential for sperm-oocyte fusion and fertilization, widely studied in 
different species [1,2]. Until now, only five proteins have been described 
in the sperm plasma membrane that are essential for sperm-oocyte 
fusion: IZUMO1 [3], SPACA6 [4], SOF1 [5], TMEM95 [6] and the 

FIMP protein [7]. Although it has been shown that these transmembrane 
proteins are necessary for the sperm-oocyte fusion to occur, the molec
ular mechanisms involved in this fusion remain poorly understood. 
Notably, the location of IZUMO1, SPACA6 and TMEM95 changes after 
the acrosome reaction, which allows for the repositioning of the extra
cellular domains of these proteins to trigger gamete fusion [6,8,9]. 
Given that spermatozoa are transcriptionally inactive, the 
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reorganization of proteins in the membrane is presumed to occur 
through post-translational modifications (PTM), such as phosphoryla
tion, acetylation or glycosylation, among others [10]. Protein glycosyl
ation plays a crucial role in a wide range of biological processes, 
including cellular adhesion to the extracellular matrix, protein locali
zation in the membrane, and ligand-protein interactions between cells, 
among others [11]. Different types of sugars can be added to amino acids 
through a wide range of transferases, including acetylglucosamine 
(GlcNac), acetylgalactosamine (GalNac), mannose (Man), sialic acid 
(SA), fucose (Fuc), among others [12]. Accordingly, numerous glyco
sylated proteins have been identified showing different structures and 
sugars in human [13,14], bovine [15], and porcine spermatozoa [16] 
revealing the importance of this PTM in sperm physiology. However, 
limited studies have explored glycoproteomic changes associated to the 
acrosome reaction. The induction of acrosome reaction typically in
volves ionophore treatment following 3–4 h of sperm capacitation in a 
specific medium added with calcium, bicarbonate and BSA. However, 
this extended incubation often leads to a considerable proportion of 
dead spermatozoa (40–50 %) [17,18] and induces agglutination [19]. 
This agglutination can result in less accurate results, such as an over
estimation of sperm viability when flow cytometry is employed [20]. 
Hence, in the present work we aimed to induce the acrosome reaction 
using 4-Br-A23187 during a short incubation to study changes in gly
coproteins with the objective of identifying novel transmembrane pro
teins potentially involved in sperm-oocyte fusion. 

2. Materials and methods 

2.1. Materials 

Triton X-100, SDS, 2-mercaptoethanol, BSA, AEBSF, 4-Br-A23187 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Datura stra
monium Lectin (DSA/DSL)-HRP-conjugated, Galanthus Nivalis Lectin 
(GNL/GNA)-HRP-conjugated, and Sambucus Nigra Lectin (SNA/EBL I)- 
HRP-conjugated were purchased from bioWORLD (Dublin, OH, USA). 
Laemmli sample buffer 2X, acrylamide, ammonium persulfate, Tween 
20, PNA-FITC, and DC Protein Assay were purchased from Bio-Rad 
(Hercules, CA, USA). Anti-phosphotyrosine monoclonal antibody 
(clone 4G10) (#05–321), GNA-agarose-conjugated, transferrin, 
carboxypeptidase Y, and polyvinylidene fluoride (PVDF) membrane 
were from Merck KGaA (Darmstadt, Germany). Anti-phospho-PKA 
substrate (100G7E) polyclonal antibody (#9624) was from Cell 
Signaling Technology (Danvers, MA, USA). Anti-α-tubulin monoclonal 
antibody (#sc-8035), anti-mouse (#sc-516102) and anti-rabbit IgG 
(#sc-2357) horseradish peroxidase-conjugated secondary antibodies 
were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Propidium 
iodide (PI), and Supersignal™ West Chemiluminescent Substrate were 
from Thermo Fisher Scientific (Waltham, MA, USA). IRDye 800CW goat 
anti-mouse IgM secondary antibody (#925-32280) was from LI-COR 
Biosciences (Lincoln, NE, USA). 

2.2. Media 

Tyrode’s complete medium (TCM) was prepared as following: 96 
mM NaCl, 4.7 mM KCl, 0.4 mM MgSO4, 0.3 mM NaH2PO4, 5.5 mM 
glucose, 1 mM sodium pyruvate, 21.6 mM sodium lactate, 20 mM 
HEPES, 1 mM CaCl2, 15 mM NaHCO3 and 3 mg/ml BSA. Bicarbonate 
was added 1 h prior to the experiment and adjusted to a pH of 7.45. 
Phosphate-buffered saline (PBS) was composed by 2.7 mM KCl, 1.75 
KH2PO4, 136.88 mM NaCl, 8 mM Na2HPO4 and adjusted to a pH of 7.45. 

2.3. Semen collection and processing 

Seminal doses were purchased from a commercial boar station 
(Tecnogenext S.L., Mérida, Spain). Duroc boars were maintained ac
cording 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, seminal doses from 3 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 approxi
mately 50 × 106 spermatozoa/ml (500 μl final volume) in 5-ml round- 
bottom plastic tubes from Falcon (Corning, NY, USA). Spermatozoa 
were incubated in a water bath at 38.5 ◦C in air for 5 min, and then 
incubated for 20 min with 10 μM 4-Br-A23187 to induce acrosome re
action. 4-Br-A23187 was resuspended in DMSO, and the same amount of 
DMSO was added to the control (0.2 %). 

2.4. Evaluation of sperm motility 

Sperm motility was analyzed using a computer-assisted sperm 
analysis (CASA) system (ISAS system, Proiser R+D, Valencia, Spain). 
Two microliters of each sperm sample were placed in a warmed (38.5 
◦C) counting chamber with a fixed height of 20 μm (Leja Products B.V., 
Nieuw-Vennep, The Netherlands). A minimum of three microscopic 
fields and at least 300 spermatozoa were evaluated for each sample. 

2.5. Flow cytometry 

Flow cytometry was performed using an ACEA NovoCyte flow cy
tometer (ACEA Biosciences, San Diego, CA, USA) equipped with blue/ 
red lasers (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 analyzed at 400–800 cells/s, and 
10,000 cells were analyzed in each sample; data were represented in a 
logarithmic scale. Flow cytometry experiments and data analyses were 
performed using ACEA NovoExpress software (ACEA Biosciences, San 
Diego, CA, USA). 

2.5.1. Acrosome reaction assessment 
For acrosome reaction analyses, the probe lectin from Arachis 

hypogaea (peanut) agglutinin attached to fluorescein (PNA-FITC) at 0.4 
μg/ml and propidium iodide (PI) at 4.8 μM were added to 500 μl of 
diluted sample in PBS (3 mill/ml) and incubated for 5 min at room 
temperature (RT) in the dark as previously reported [21]. 
Acrosome-reacted spermatozoa are expressed as the average of the 
percentage of PNA-positive and PI-negative cells (PNA+/PI− ) ± stan
dard error of the mean (SEM). Fluorescence was detected using a 530 ±
30 nm band pass filter for PNA-FITC and 675 ± 30 nm band pass filter 
for PI. Results of viable spermatozoa are expressed as the average of the 
percentage of PI-negative cells (PI− ) ± SEM. 

2.6. Western blotting 

Western blotting analysis was performed as previously reported 
[22]. Briefly, spermatozoa were centrifuged at 5000×g for 3 min at RT 
and washed in PBS at RT. The pellet was resuspended in 90 μl of 
Laemmli Sample Buffer 2X supplemented with 1 mM of 4-[2-amino
ethyl] benzenesulfonyl fluoride (AEBSF). Samples were centrifuged at 
16000×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 (15 μg of protein for 
protein analysis, or 20 μg of protein for glycosylation analysis) were 
loaded in 10 % polyacrylamide gels and separated by SDS-PAGE. Pro
teins 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). Membranes were incubated overnight (ON) at 4 ◦C 
with the following primary antibodies: anti-phosphotyrosine mono
clonal antibody (clone 4G10) diluted 1:5000; anti-phospho-PKA sub
strate diluted 1:1000 or anti-α-tubulin diluted 1:5000 in 3 % BSA in 
TBS-T. After incubation, membranes were incubated for 45 min at RT 
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with a secondary antibody conjugated to horseradish peroxidase diluted 
1:5000 in 3 % BSA in TBS-T. Then, membranes were washed for 20 min 
in TBS-T and incubated with Supersignal™ West Chemiluminescent 
Substrate. Membranes incubated with anti-α-tubulin antibody were then 
incubated with a fluorescence secondary antibody (IRDye 800CW) 
diluted 1:10000. Chemiluminescence and fluorescence signals were 
detected using an Odyssey Fc Imaging System (LI-COR Biosciences, NE, 
USA). 

For detection of protein glycosylation, membranes were incubated 
with Datura stramonium Lectin (DSA/DSL)-HRP-conjugated at 10 μg/ml 
(for N-acetylglucosamine residues detection); Galanthus Nivalis Lectin 
(GNL/GNA)-HRP-conjugated at 0.25 μg/ml (for mannose residues 
detection); or with Sambucus Nigra Lectin (SNA/EBL I)-HRP-conjugated 
at 1 μg/ml (for sialic acid residues detection). Membranes were incu
bated with lectins diluted in 3 % BSA in TBS-T with 1 mM of calcium 
(CaCl2) and 1 mM magnesium (MgCl2) for 4 h at RT. Positive and 
negative controls were used: 5 μg of transferrin (TF) and carboxypep
tidase Y (CP). After incubation, membranes were washed for 20 min in 
TBS-T, incubated with Supersignal™ West Chemiluminescent Substrate, 
and chemiluminescence was detected using an Odyssey Fc Imaging 
System (LI-COR Biosciences, NE, USA). 

2.7. Protein pull-down assay 

After acrosome reaction induction, spermatozoa were processed as 
described in the western blotting section, the pellet was resuspended in 
90 μl of Laemmli buffer 2X (without glycerol and without bromophenol 
blue) and supplemented with a cocktail of phosphatases and proteases 
inhibitors according to the manufacturer’s instructions (PhosSTOP™ 
and cOmplete™; Roche™, Mannheim, Germany). After 10 min at 4 ◦C, 
samples were centrifuged at 4 ◦C at 16000×g for 10 min. The superna
tant was recovered and diluted 1:5 (v/v) with immunoprecipitation 
buffer 1X supplied in the Dynabeads™ Co-Immunoprecipitation Kit 
(Thermo Fisher Scientific) supplemented with the previously mentioned 
cocktail. Diluted proteins were mixed with 25 μl of GNA-agarose- 
conjugated to reach a final volume of 500 μl. After 30 min at 4 ◦C in 
constant agitation, lectin-beads were washed using Laemmli sample 
buffer 2X (without glycerol and bromophenol blue) diluted 1:5 with 
immunoprecipitation buffer 1X supplemented with the cocktail of pro
teases and phosphatases. Finally, lectin-beads were resuspended in 50 μl 
of Laemmli buffer 2X (without glycerol and bromophenol blue). Five μl 
were processed as described in western blotting section for mannose 
detection analysis. Forty-five μl were heated 5 min at 95 ◦C and kept at 
− 80 ◦C until proteomic analysis. Negative controls were performed 
using unconjugated agarose beads. 

2.8. Differential proteomics analysis by label-free quantification 

A label-free quantitative proteomics analysis was carried out 
following a bottom-up strategy, with 3 biological replicates (3 different 
boar in each replicate) in each condition. 

2.8.1. S-trap in-column enzymatic digestion 
Samples were first reduced with 50 mM TCEP (pH 8.0) for 60 min at 

37 ◦C and alkylated with 200 mM methyl methanethiosulphonate 
(MMTS, Pierce) for 10 min at RT. Subsequently, S-trap microcolumns 
(PROTIFI) were used to improve the tryptic digestion yield of low- 
abundance samples, as previously reported [23]. 

2.8.2. Peptide desalting and quantification 
The peptide mixture was desalted, dried and stored using an in-house 

Oligo R3 reversed-phase microcolumn. The QuBit platform was used for 
peptide quantification prior to analysis by tandem mass spectrometry. 

2.8.3. Tandem mass spectrometry analysis by LC/MS-MS 
Tryptic peptides were subjected to LC-MS/MS analysis using a nano 

liquid chromatography system (Ultimate 3000 nano HPLC system, 
Thermo Fisher Scientific) coupled to an Orbitrap Exploris 240 mass 
spectrometer (Thermo Fisher Scientific). Samples (5 μl) were injected on 
a C18 PepMap trap column (5 μm, 100 μm I.D. x 2 cm, Thermo Scien
tific) at 20 μl/min, in 0.1 % formic acid in water, and the trap column 
was switched on-line to a C18 PepMap Easy-spray analytical column (2 
μm, 100 Å, 75 μm I.D. x 50 cm, Thermo Scientific). Equilibration was 
done in mobile phase A (0.1 % formic acid in water), and peptide elution 
was achieved in a 90 min gradient from 4 % to 50 % B (0.1 % formic acid 
in 80 % acetonitrile) at 250 nl/min. Data acquisition was performed 
using a data-dependent top-15 method, in full scan positive mode (range 
of 350–1200 m/z). Survey scans were acquired at a resolution of 60.000 
at m/z 200, with Normalized Automatic Gain Control (AGC) target of 
300 % and a maximum injection time (IT) of 45 ms. The top 15 most 
intense ions from each MS1 scan were selected and fragmented by 
Higher-energy collisional dissociation (HCD) of 30. Resolution for HCD 
spectra was set to 15,000 at m/z 200, with AGC target of 75 % and 
maximum ion injection time of 80 ms. Precursor ions with single, 
unassigned, or six and higher charge states from fragmentation selection 
were excluded. 

2.8.4. Proteomics data analysis 
Raw instrument files were processed using Proteome Discoverer (PD) 

version 2.5 (Thermo Fisher Scientific). MS2 spectra were searched using 
three search engines (Mascot (v2.8.0), MsFragger (v3.1.1) and Sequest 
HT) and a target/decoy database generated from sequences in the Sus 
scrofa proteome in the Uniprot Knowledgebase (20220525). Search 
parameters considered fixed methylthio modification of cysteine, and 
the following variable modifications: methionine oxidation, possible 
pyroglutamic acid from glutamine at the peptide N-terminus and acet
ylation of the protein N-terminus. The peptide precursor mass tolerance 
was 10 ppm and MS/MS tolerance was 0.02 Da, allowing for up to two 
missed tryptic cleavage sites. Spectra recovered by a False Discovery 
Rate (FDR) ≤ 0.01 filter were selected for quantitative analysis. Protein 
quantification per sample was based on their corresponding quantified 
peptides. The “t-test background based” statistical method was used for 
p-values calculation, and the Benjamin-Hochberg method was adopted 
for adjusted p-values. Those peptides and proteins differentially 
expressed with an adjusted p-value < 0.01 were considered as 
significant. 

2.9. Statistical analysis 

Analyses were performed using SigmaPlot ver. 12.0 for Windows 
(Systat Software, Chicago, IL, USA). Data in percentages were arcsine- 
transformed before statistical analysis. Data distribution was tested 
using a Shapiro-Wilk test. Differences among treatments were deter
mined using a Student t-test. Statistical significance was set at p < 0.05. 

3. Results 

3.1. Induction of acrosome reaction with 4-Br-A23187 

To induce the acrosome reaction we developed a new protocol using 
4-Br-A23187, based on a previous study conducted by Tateno et al. in 
mouse spermatozoa [24]. The concentration and incubation time were 
chosen based on various experiments in which we analyzed the mini
mum exposure time with the lowest ionophore concentration that yiel
ded the highest percentage of live acrosome-reacted spermatozoa (data 
not shown). The chosen conditions (10 μM of 4-Br-A23187 for 20 min) 
induced an increase in the percentage of live acrosome-reacted sper
matozoa compared to the control (69.8 ± 0.8 vs. 6.4 ± 0.5, mean % ±
SEM, respectively; Fig. 1B), without affecting the percentage of viable 
spermatozoa (77.2 ± 1.7 vs. 75.1 ± 1.5, respectively; p > 0.05; Fig. 1A). 
The percentage of motile spermatozoa treated with 4-Br-A23187 was 
significantly decreased compared to the control (0 ± 0 vs. 79.8 ± 3.6, 
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respectively; Fig. 1C). 

3.2. Effect of 4-Br-A23187 on protein tyrosine phosphorylation and 
phospho-PKA substrates 

Next, we analyzed other parameters associated with the induction of 
the acrosome reaction, such as an increase in 32 kDa tyrosine- 
phosphorylated protein (p32) [21,25] or a decrease in ser
ine/threonine phosphorylation of the protein kinase A substrates 
(phospho-PKA-substrates) [24]. We observed an increase in p32 
(Fig. 2A), while a decrease was noted in the phospho-PKA-substrates in 
the presence of 4-Br-A23187 (Fig. 2B). 

3.3. Effect of 4-Br-A23187 on glycoprotein profile 

After confirming the ability of 4-Br-A23187 to induce the acrosome 
reaction, we analyzed changes in the glycoprotein profile of boar sper
matozoa using different lectins conjugated to the horseradish peroxidase 
(HRP) enzyme. Galanthus nivalis Lectin (GNL/GNA)-HRP was used to 
detect mannose residues, Sambucus nigra Lectin (SNA/EBL I)-HRP was 

used to detect sialic acid residues, and Datura stramonium Lectin (DSA/ 
DSL)-HRP was used to detect N-acetylglucosamine residues. The 
glycosylation patterns showed differences after ionophore treatment in 
mannose residues (Fig. 3A) and in sialic acid residues (Fig. 3B) 
compared to the control. The lectin (DSA/DSL)-HRP showed a very faint 
signal in both conditions (data not shown). 

3.4. Pull-down of glycosylated proteins with mannose residues 

To identify and quantify the glycosylated proteins observed in the 
previous experiment, we performed a pull-down using the GNA-agarose- 
conjugated, since mannose residues were the most abundant modifica
tion observed in our conditions. Before the proteomic analysis, we 
confirmed that the isolated proteins were glycosylated with mannose 
residues by western blotting using the lectin (GNL/GNA)-HRP (Fig. 4). 

3.5. Identification of glycosylated protein by mass spectrometry 

After pull-down assay, proteins were analyzed by mass spectrometry. 
The results from proteomic analysis allowed the identification of 699 

Fig. 1. Effect of 4-Br-A23187 on viability, acrosome reaction and motility. Spermatozoa were incubated in TCM for 20 min at 38.5 ◦C in the presence or absence of 
10 μM of 4-Br-A23187. (A, B) Viability and acrosome reaction were assessed simultaneously by flow cytometry using PNA-FITC and PI. (C) Total motility was 
evaluated by a CASA system. Values represent the mean ± SEM of six independent replicates. Bars marked with an * differ from the control significantly (P < 0.05). 

Fig. 2. Effect of 4-Br-A23187 on p32 and phospho-PKA-substrates. Spermato
zoa were incubated in TCM for 20 min at 38.5 ◦C in the presence or absence of 
10 μM of 4-Br-A23187. After incubation, spermatozoa were lysed and analyzed 
by western blotting using (A) an anti-phosphotyrosine antibody or (B) an anti 
phospho-PKA-substrate antibody (n = 6). α-Tubulin levels are shown as 
loading control. 

Fig. 3. Effect of 4-Br-A23187 on glycosylated proteins. Spermatozoa were 
incubated in TCM for 20 min at 38.5 ◦C in the presence or absence of 10 μM of 
4-Br-A23187. After incubation, spermatozoa were lysed and analyzed by 
western blotting using (A) GNA-HRP for mannose residues detection (n = 7) or 
(B) SNA-HRP for sialic acid residues detection (n = 5). TF: transferrin; CP: 
carboxypeptidase Y. 
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proteins that were present in control and 4-Br-A23187 samples at least 
in two of the three replicates. Of these proteins, 56 were different in 
abundance (q-value < 0.01) but after a new analysis in Uniprot database 
(February 16, 2024), 5 of these proteins were identified as obsolete and 
were consequently removed.The lectin (GNA) used for the pull-down 
assay was also removed. Among these proteins (50), 39 were down
regulated (Table 1) and 11 were upregulated (Table 2) in the presence of 
4-Br-A23187 compared to the control. Of these proteins, 6 were classi
fied as transmembrane proteins (Table 3). 

4. Discussion 

In this study, we describe a new protocol to induce acrosome reac
tion in boar spermatozoa using a short incubation time (20 min) in the 
presence of calcium, bicarbonate and BSA, maintaining overall sperm 
viability (Fig. 1A). Our findings indicate that acrosome reaction in live 
boar spermatozoa is significantly induced when incubated with 10 μM 4- 
Br-A23187 for 20 min (Fig. 1B). These findings are consistent with those 
of Tateno et al. (2013) who observed that 50 % of mouse spermatozoa 
underwent acrosome reaction after a 10-min incubation with 20 μM 
A23187 ionophore. Moreover, these authors showed that these sper
matozoa can effectively fertilize oocytes without requiring any incuba
tion period to induce capacitation, even in the presence of H-89 (a PKA 
inhibitor), indicating the suitability of the protocol for studying 
fertilization-related proteins [24]. 

In our conditions, ionophore treatment induced a vivid decrease in 
the percentage of motile spermatozoa (Fig. 1C) and in phospho-PKA- 
substrates (Fig. 2B), similar to previous observations in mouse sperma
tozoa [24]. This decrease in motility and in phospho-PKA substrates is 
likely due to excessive increase of intracellular calcium concentrations 
induced by the ionophore [26]. Conversely, we observed an increase in 
p32 (Fig. 2A), which can be explained by our recent observations that 
suggest that the increase in p32 is not due to increased phosphorylation 
of p32, but rather due to the proteolysis of a SPACA1 glycosylated iso
form, likely mediated by proteases release following acrosome reaction 
[18]. 

Following the establishment of the necessary conditions to induce 

the acrosome reaction, we used various lectins aiming to investigate the 
glycoprotein profile, as previously reported in boar spermatozoa [16]. 
We observed consistent changes in proteins containing mannose and 
sialic acid residues with different molecular weights (Fig. 3A and B). 
These findings are consistent with Lopez-Salguero et al. [16], who 
observed changes in mannose and sialic acid residues in proteins after 
capacitation using DSA and GNA lectins. Proteomic analysis of the iso
lated proteins using the GNA lectin revealed a significant change in 50 

Fig. 4. Pull-down of proteins containing mannose residues. Spermatozoa were 
incubated in TCM for 20 min at 38.5 ◦C in the presence or absence of 10 μM of 
4-Br-A23187. After incubation, spermatozoa were lysed, and proteins con
taining mannose residues were isolated using GNA-agarose-conjugated and 
analyzed by western blotting using GNA-HRP (n = 4). 

Table 1 
Downregulated proteins identified in 4-Br-A23187 samples after proteomic 
analysis.  

Accession 
number 

Gene name Protein name Abundance 
Ratio (log2): 
(4-Br- 
A23187)/ 
(Control) 

F1S395 NQO1 NAD(P)H dehydrogenase 
[quinone] 1 

− 6.64 

A0A5G2QES3 CUBN Cubilin − 2.87 
F1RPA9 UMOD Uromodulin − 1.57 
A0A287AXM3 GNS N-acetylglucosamine-6- 

sulfatase 
− 1.54 

A0A5G2QXG4 ARSA Arylsulfatase A − 1.52 
A0A286ZJD8 DPP7 Dipeptidyl peptidase 7 − 1.31 
F1RUT4 CTSF Cathepsin F − 1.29 
F1SMS2 CPA5 Carboxypeptidase A5 − 1.28 
A0A286ZM99 KLK8 Kallikrein related peptidase 

8 
− 1.28 

A0A5G2QGL3 MMEL1 Membrane 
metalloendopeptidase like 1 

− 1.28 

A0A286ZMB2 GGH Folate gamma-glutamyl 
hydrolase 

− 1.28 

F1SFZ4 LUZP2 Leucine zipper protein 2 − 1.27 
A0A286ZPE3 HNRNPA1 Heterogeneous nuclear 

ribonucleoprotein A1 
− 1.27 

A0A287B7L9 PKM Poly [ADP-ribose] 
polymerase 

− 1.25 

A0A287BPG3 NAGA Alpha-galactosidase − 1.25 
I3LFP1 LOC100739735 Peptidase S1 domain- 

containing protein 
− 1.24 

F1RT17 AGA Aspartylglucosaminidase − 1.22 
I3LTE3 PRSS54 Serine protease 54 − 1.2 
I3LUD1 SOD3 Superoxide dismutase 

[Cu–Zn] 
− 1.2 

Q8WNQ7 GALNS N-acetylgalactosamine-6- 
sulfatase 

− 1.19 

A0A287B7T3 PLBD1 Phospholipase B-like − 1.17 
A0A5G2QY22 ANTXRL VWFA domain-containing 

protein 
− 1.12 

C4TP28 pebp4 Phosphatidylethanolamine- 
binding protein 4 

− 1.04 

F1SL45 ING4 Inhibitor of growth protein − 1.01 
I3LLP2 Unassigned Alpha-amylase − 1.01 
Q29361 RPL35 Large ribosomal subunit 

protein uL29 
− 0.95 

A0A286ZU05 DKKL1 Dickkopf like acrosomal 
protein 1 

− 0.93 

A0A287BQE5 FAM3B FAM3 metabolism 
regulating signaling 
molecule B 

− 0.93 

Q8MI02 SPAM1 Hyaluronidase − 0.93 
A0A287AQY0 PRCP Prolylcarboxypeptidase − 0.91 
F1SIG3 CPVL Carboxypeptidase 

vitellogenic like 
− 0.89 

A0A286ZY95 FN1 Fibronectin − 0.89 
A0A5G2R9S7 CPQ Carboxypeptidase Q − 0.88 
F1SS24 FN1 Fibronectin − 0.88 
F1RFB9 GFER Sulfhydryl oxidase − 0.87 
K7GMD6 BPIFC Bactericidal permeability- 

increasing protein 
− 0.83 

C8C4M8 ZPBP2 Zona pellucida binding 
protein 2 

− 0.82 

F1SRS0 PRSS58 Serine protease 58 − 0.82 
F1SJ70 CIMAP1C Outer dense fiber of sperm 

tails 3 like 1 
− 0.82  
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proteins in 4-Br-A23187 samples compared to control samples. Among 
these, 39 were downregulated (Table 1) and 11 were upregulated 
(Table 2). Based on previous reports, the downregulation of proteins 
when ionophore was used was expected due to 1) the presence of 
mannosidases in the acrosome [27] which are released after acrosome 
reaction leading to a decrease in glycosylated proteins with mannose 
residues and 2) protease release after acrosome reaction may eliminate 
glycosylated fragments of proteins, as observed with the SPACA1 pro
tein in boar spermatozoa [18]; besides, proteins contained within the 
acrosome associated with acrosomal membranes are released and lost 
for proteomic analysis, contributing to the expected decrease in glyco
sylated proteins. However, regarding the 11 proteins that increased after 
acrosome reaction induction, a plausible explanation could be related to 
the conditions used to lyse the cells. These conditions (10 min with 2 % 
SDS) might not have been sufficient to fully solubilize the proteins 
located within and/or between acrosome membranes (outer and inner 
membranes). Similarly, it has been described that the perinuclear theca 
remains structurally intact, and different proteins are retained in this 
detergent-resistant structure [28]. In this scenario, some of glycosylated 
proteins may become more exposed after acrosome reaction, potentially 
explaining their increased abundance in the 4-Br-A23187 samples 
(Table 2). 

For the above-mentioned reasons and as our aim was to identify 
novel proteins potentially involved in fertilization, we also focused our 
attention on transmembrane proteins being LRRC37A/B like protein 1 

C-terminal domain-containing protein, Membrane metal
loendopeptidase like 1, VWFA domain-containing protein, Syndecan, 
Membrane spanning 4-domains A14 and Serine protease 54 identified 
(Table 3). Among these proteins, we noted the presence of two pro
teases: Membrane metalloendopeptidase like 1 (MMEL1) and Serine 
protease 54 (PRSS54). MMEL1 has been previously identified in bovine 
[29], and murine spermatozoa, exhibiting MMEL1-deficient mice 
reduced fertility [30]. On the other hand, PRSS54 interacts with acro
somal proteins ZPBP1, ZPBP2, ACRBP, and ZP3R, and its absence results 
in male subfertility in mice [31]. Accordingly, MMEL1 and PRSS54 
could have a similar role in acrosome reaction and fertilization in boar 
spermatozoa, but this needs to be further investigated. 

Regarding LRRC37A/B, there are no previous studies identifying this 
protein in spermatozoa, but this protein is known to interact with 
α-synuclein in astrocytes [32]. Interestingly, α-synuclein is essential for 
expanding fusion pores during the acrosome reaction in human sper
matozoa [33], suggesting a potential role of LRRC37A/B in boar 
fertilization. 

Syndecan-1 is a heparan sulfate proteoglycan, this protein can 
interact with different ligands such as cytokines and growth factors, and 
is involved in developmental, immunological and angiogenic processes 
[34]. This protein has been identified in mouse cumulus cells [35] and in 
the bovine oviduct [36], suggesting a role as acrosome reaction 
inductor. Our report is the first to identify Syndecan-1 in mammalian 
spermatozoa and could potentially play a role in sperm-oocyte fusion, as 
demonstrated in fish spermatozoa [37]. 

MS4A14 belongs to the four-domain subfamily A (MS4A), which 
comprises more than 16 members [38]. This protein presents an extra
cellular C-terminal region and possesses phosphorylation and glycosyl
ation sites. In mouse spermatozoa, MS4A14 has been demonstrated to 
play an essential role in sperm function and fertilization [39]. 

Another intriguing transmembrane protein identified was the VWFA 
domain-containing protein. This protein contains von Willebrand factor 
A (vWFA) domains, which are conserved across various species and are 
known to be involved in cellular adhesion and protein-protein interac
tion. Proteins containing this domain, such as integrins, tetraspanins, or 
members of the ADAM family, have been involved in sperm-oocyte 
interaction [40–42]. Although the identity of this protein remains un
known, the sequence analysis using the Uniprot database reveals a 90 % 
homology with the anthrax-like protein. While the anthrax-like protein 
has been extensively studied for its role as an anthrax toxin receptor, its 
physiological functions must be fully elucidated yet. Nonetheless, this 
protein is a promising candidate to further investigate its role in 
sperm-oocyte fusion. 

In conclusion, this study presents a new protocol to induce acrosome 
reaction in boar spermatozoa. Additionally, we showed changes in 
transmembrane proteins containing mannose residues after acrosome 
reaction that may be implicated in oocyte-sperm fusion. Further 
research is necessary to elucidate the role of these proteins and the 
mannose changes here described after acrosome reaction during fertil
ization in mammalian spermatozoa. 
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