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Abstract 

Background Due to the unique nature of spermatozoa, which are transcriptionally and translationally silent, the 
regulation of capacitation is based on the formation of posttranslational modifications of proteins (PTMs). However, 
the interactions between different types of PTMs during the capacitation remain unclear. Therefore, we aimed to 
unravel the PTM‑based regulation of sperm capacitation by considering the relationship between tyrosine phospho‑
rylation and reversible oxidative PTMs (oxPTMs), i.e., S‑nitrosylation and S‑glutathionylation. Since reversible oxPTMs 
may be closely related to peroxyredoxin (PRDX) activity, the second aim was to verify the role of PRDXs in the PTM‑
based regulation of capacitation.

Methods Cryopreserved bull sperm were capacitated in vitro with or without PRDX inhibitor. Qualitative param‑
eters of sperm and symptoms characteristic of capacitation were analyzed. Posttranslational protein modifications 
(S‑nitrosylation, S‑glutathionylation, tyrosine phosphorylation) were investigated at the cellular level (flow cytometry, 
fluorescence microscopy) and at the proteomic level (fluorescent gel‑based proteomic approach).

Results Zona‑pellucida binding proteins (ACRBP, SPAM1, ZAN, ZPBP1 and IZUMO4) were particularly rich in reversible 
oxPTMs. Moreover, numerous flagellar proteins were associated with all analyzed types of PTMs, which indicates that 
the direction of posttranslational modifications was integrated. Inhibition of PRDX activity during capacitation caused 
an increase in S‑nitrosylation and S‑glutathionylation and a decrease in tyrosine phosphorylation. Inhibition of PRDXs 
caused GAPDHS to undergo S‑glutathionylation and the GSTO2 and SOD2 enzymes to undergo denitrosylation. 
Moreover, PRDX inhibition caused the AKAP proteins to be dephosphorylated.

Conclusions Our research provides evidence that crosstalk occurs between tyrosine phosphorylation and reversible 
oxPTMs during bull sperm capacitation. This study demonstrates that capacitation triggers S‑nitrosylation and S‑glu‑
tathionylation (and reverse reactions) of zona‑pellucida binding proteins, which may be a new important mechanism 
that determines the interaction between sperms and oocytes. Moreover, TCA‑related and flagellar proteins, which 
are particularly rich in PTMs, may play a key role in sperm capacitation. We propose that the deglutathionylation of 
ODFs and IZUMO4 proteins is a new hallmark of bull sperm capacitation. The obtained results indicate a relationship 
between PRDX activity and protein phosphorylation, S‑glutathionylation and S‑nitrosylation. The activity of PRDXs 
may be crucial for maintaining redox balance and for providing proper PKA‑mediated protein phosphorylation during 
capacitation.
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Background
The sperm that are released from the testes are function-
ally immature. To become fully functional and perform 
fertilization, sperm must undergo capacitation, a post-
testicular maturation process in the female reproductive 
tract. Since sperm cells are transcriptionally and transla-
tionally silent, this acquisition of sperm function is highly 
dependent on posttranslational modifications of proteins 
(PTMs) [1].

Among the known PTMs, tyrosine phosphorylation 
events are recognized as the most important hallmark 
of sperm capacitation. Proteomic studies revealed the 
molecular mechanisms that underly tyrosine phospho-
rylation and accompany capacitation in humans [2], 
mice [3], boars [4] and bulls [5]. Among different sperm 
structures, the flagellum may be the major component 
of tyrosine phosphorylation due to capacitation, which 
is strongly related to the binding capacity of sperm–zona 
pellucida [6]. Moreover, it was shown that sperm flagel-
lar proteins undergo tyrosine phosphorylation and that 
this process is related to the acquisition of hyperactive 
motility [7]. In human spermatozoa, the protein A-kinase 
anchoring proteins (AKAPs) localized on the fibrous 
sheath are the most prominent tyrosine phosphorylated 
proteins during capacitation [8].

In contrast to phosphorylation, S-glutathionylation and 
S-nitrosylation have not been thoroughly investigated for 
their role in sperm physiology. However, there are strong 
indications that these reversible oxidative posttransla-
tional modifications (oxPTMs) play an important role in 
the capacitation process [9, 10]. S-glutathionylation and 
S-nitrosylation are ubiquitous reversible modifications 
of oxPTMs and are recognized as the main processes 
in redox signaling in somatic cells; in addition, these 
modified oxPTMs were suggested to be the most likely 
oxPTMs capable of transmitting the signal in sperm 
capacitation [10]. It was shown previously that S-glutath-
ionylation and S-nitrosylation regulate protein activity, 
stability, localization, and protein–protein interactions 
across myriad physiological processes, and their redox 
signaling potential is compared to that of phosphoryla-
tion/phosphorylation processes [11, 12].

Although it has been widely shown that sperm capaci-
tation is accompanied by protein tyrosine phosphoryla-
tion, the links between tyrosine phosphorylation and 
other PTMs remain unknown. Our recent studies indi-
cated that capacitation is associated with reversible 
oxPTMs [10]; however, which type of oxPTMs plays the 
dominant role in capacitation remains unclear. Moreover, 
our previous studies showed that peroxiredoxin (PRDX) 
activity is crucial to sperm motility and fertilizing abil-
ity, but its relationship to capacitation remains unclear 
[10]. Therefore, the aim of this study was to clarify the 

regulation of capacitation, including the relationship of 
tyrosine phosphorylation with protein S-nitrosylation 
and S-glutathionylation. The second aim was to verify the 
role of PRDXs in PTM-based regulation of capacitation. 
To verify the PTMs that accompany bull sperm capacita-
tion and the role of PRDXs in this process, non-capaci-
tated sperm (control), capacitated sperm and capacitated 
sperm with PRDXs inhibition were compared. Tyrosine 
phosphorylation, S-nitrosylation and S-glutathionylation 
were analyzed, both at the cellular level (flow cytometry 
and fluorescence microscopy analysis) and at the pro-
tein level (redox proteomics and Western blot analysis), 
to effectively visualize and find links between the stud-
ied modifications and sperm capacitation. In this study 
we were focused on characterization of frozen/thawed 
semen used in practical cattle breeding conditions.

Methods
Research material
Cryopreserved semen was obtained from sexually mature 
Holstein Friesian bulls (n = 8, in each experimental 
group) from the Mazowieckie Center for Animal Breed-
ing and Reproduction (Łowicz, Poland). Unless oth-
erwise declared, all the reagents were purchased from 
the Sigma‒Aldrich Chemical Company (St. Louis, MO, 
USA).

Sperm preparation and capacitation
Prior to the analyses, cryopreserved semen straws were 
thawed for 60 s in a water bath brought to 38 °C. Thawed 
spermatozoa were separated from the diluent by cen-
trifugation (360 × g for 10  min), and the sperm pellet 
was washed once with non-capacitating BO-SemenPrep 
medium (IVF Bioscience, Falmouth, UK). The pellets 
were then gently resuspended in the appropriate buffer 
to a concentration of 25 ×  106 cells/ml. To properly 
adjust the sperm concentration, the Count & Viability 
Kit (Luminex) in a GUAVA easyCyte 8HT Benchtop Flow 
Cytometer (Guava Technologies Inc., Luminex, Austin, 
TX, USA) was used as described below.

Sperm capacitation was carried out for 4 h at 38 °C in 
a 5%  CO2 humidified atmosphere. The samples were sus-
pended in capacitation buffer containing 100 mM NaCl, 
3.1  mM KCl, 0.3  mM  Na2HPO4, 21.6  mM Na-lactate, 
0.4 mM  MgCl2 ×  4H2O, 10 mM HEPES, 1 mM Na-pyru-
vate, 50  µg/mL gentamycin and 6  mg/ml BSA (fraction 
V) with the addition of the capacitation inducers 2 mM 
 CaCl2, 10  µg/mL heparin Fhyperand 25  mM  NaHCO3 
[13] in the presence (Cap PRDX−) or absence (Cap 
PRDX+) of 20  mM peroxiredoxin inhibitor Conoidin 
A (Merck, Darmstadt, Germany). The control samples 
(Non-Cap) were suspended in medium without capacita-
tion inducers and with lower (5  mM)  NaHCO3 content 
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and were immediately collected by centrifugation. The 
progress of capacitation was evaluated after 4 h of incu-
bation by examining the intracellular calcium level, actin 
polymerization progress and available acrosine level.

Sperm motility measurement
Measurements were performed after thawing the sperm 
for 60  s at 37  °C. Semen (4 μL) was placed onto a Leja 
glass slide (IMV Technologies Group, Nieuw-Vennep, 
The Netherlands), which was then mounted on a heated 
stage (37  °C). The sperm motility was evaluated using a 
computer-assisted sperm analysis system HT CASA II 
(CEROS II system, Hamilton-Thorne, USA) as previ-
ously described [10]. A minimum of 200 events per rep-
licate were recorded and measured using frame capture 
speed 60 Hz (30 frames). The following sperm character-
istics were assessed: sperm motility (%), sperm progres-
sive motility (%); amplitude of lateral head displacement 
(ALH); linearity of the movement (LIN); average path 
velocity (VAP); straight line velocity (VSL); and curvilin-
ear velocity (VCL). At least 200 sperm cells per sample 
were measured.

Flow cytometry and fluorescence microscopy analyses
Sperm aliquots from each experimental condition were 
labeled with different fluorescent probes and analyzed 
using a flow cytometer to evaluate sperm viability, nitric 
oxide content, intracellular calcium level, actin polym-
erization, acrosine availability, protein tyrosine phos-
phorylation, S-nitrosylation and S-glutathionylation. 
All cytometric analyses were performed with a GUAVA 
easyCyte 8HT Benchtop Flow Cytometer (Guava Tech-
nologies Inc., Luminex, Austin, TX, USA) with InCyte 
guavaSoft 4.0 software for data acquisition and analysis. 
Prior to the cytometric analysis, all fluorescently labeled 
samples were resuspended in PBS to obtain a final cell 
concentration of 350 cells/µl and placed in a 96-well plas-
tic F-bottom clear plate (Greiner Bio-one, Frickenhausen, 
Germany). Forward scatter (FSC) and side scatter (SSC) 
signals were used to discriminate spermatozoa from 
debris, and 5 000 cells were acquired for each analysis. 
The localization of certain fluorescent probes in sperm 
cells was visualized using fluorescence microscopy with 
an Axio Observer. Z1/7 fluorescence microscope (Carl 
Zeiss, Inc., Oberkochen, Germany) equipped with ZEN 
2.3 blue edition software (Carl Zeiss).

Sperm count and viability
The sperm count and viability were measured using a 
Count & Viability Kit (Luminex), which utilizes a mem-
brane-permeant DNA-staining dye based on 7-ami-
noactinomycin D. The fluorescent dye binds to the 
nuclei of the nonviable cells with increased membrane 

permeability. The additional dye included in the provided 
reagent stains only the nucleated cells, which allows us to 
exclude debris from the analysis. In brief, sperm aliquots 
were taken from the samples and diluted in fresh buffer 
to obtain 1 ×  106  cells/ml. Ten microliters of the sus-
pension was mixed with 190 µl of the Count & Viability 
Reagent. After 5 min of incubation in the dark at room 
temperature, data were collected using a Guava cytom-
eter. The fluorescence was excited by a blue 488 nm laser. 
The combination of two filters was applied to discrimi-
nate viable from nonviable cells (Yellow-B 583/26  nm) 
and nucleated cells from debris (Red-B 695/50 nm).

Detection of intracellular nitric oxide levels
A Cell Meter™ Fluorimetric Intracellular Nitric Oxide 
(NO) Assay Kit (AAT Bioquest, Sunnyvale, CA, USA) 
was used to monitor intracellular nitric oxide levels in 
sperm cells according to the manufacturer’s protocol. 
Cell aliquots were taken from the sperm samples and 
incubated for 30 min at 38 °C in a 5%  CO2 incubator with 
the provided Nitrixyte NIR fluorescent probe at a 1:500 
dilution. Prior to the analysis, fluorescently labeled sam-
ples were resuspended in PBS to obtain a final cell con-
centration of 350 cells/µl. A red 642 nm laser was used to 
excite the fluorescence of the labeled cells, and the emit-
ted light was captured using a Red-R 661/15 nm filter.

Detection of intracellular calcium levels
The cell-permeant calcium indicator Fluo 3-AM (Sigma‒
Aldrich), which exhibits an increase in fluorescence upon 
 Ca2+ binding, was used to evaluate sperm intracellular 
calcium levels. A DMSO stock solution of Fluo3-AM flu-
orescent dye was added to the sperm aliquots to a final 
dye concentration of 2 µM and kept at 38 °C in a 5%  CO2 
incubator for 15 min. The cells were then diluted in PBS 
to obtain a final concentration of 350 cells/µl and imme-
diately analyzed in a Guava cytometer. A blue 488  nm 
laser was used to excite the fluorescence of the labeled 
cells, and the emitted light was captured using a Green-B 
525/30 nm filter.

Actin polymerization
The fluorescent agent FITC-phalloidin, which stains 
F-actin filaments, was used to measure actin polymeri-
zation in sperm cells during capacitation. Sperm sam-
ples were collected by centrifugation (360 × g for 5 min), 
washed twice in PBS and fixed with 1% PFA in PBS 
(Santa Cruz Biotechnology Inc., Dallas, TX, USA) for 
10 min. After fixation, the cell suspensions were washed 
twice again and then permeabilized with 0.1% Triton 
X-100 for 5 min. After another two washes, the cells were 
resuspended in PBS with 1% BSA to block nonspecific 
binding sites. After 20 min of incubation, the cells were 
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centrifuged and resuspended in PBS supplemented with 
1  µM FITC-labeled phalloidin reagent (Sigma‒Aldrich) 
and incubated in the dark for 10 min at room tempera-
ture. Prior to the analysis in the Guava cytometer, the 
sperm were diluted in PBS to a final concentration of 350 
cells/µl. A blue 488 nm laser was used to excite the fluo-
rescence of the labeled cells, and the emitted light was 
captured using a Green-B 525/30 nm filter.

Phosphotyrosine and acrosine availability detection
To measure the protein phosphotyrosine and acrosine 
availability, cell aliquots were fixed, permeabilized and 
blocked as described above (section actin polymeriza-
tion). Subsequently, the samples were incubated for 1  h 
with specific anti-phosphotyrosine (4G10 Platinum, 
Sigma‒Aldrich) or anti-acrosine (ACR-2, Exbio, Praha, 
Czech Republic) primary antibodies diluted 1:100 in PBS 
with 1% BSA. After two washes in PBS, sperm cells were 
incubated with FITC-conjugated anti-mouse IgG second-
ary antibodies (Sigma‒Aldrich) diluted 1:100 in PBS with 
1% BSA for another hour. Before the analyses, sperm cells 
were washed twice in PBS and diluted to a final concen-
tration of 350 cells/µl. A blue 488 nm laser was used to 
excite the fluorescence of the labeled cells, and the emit-
ted light was captured using a Green-B 525/30 nm filter.

Detection of S‑glutathionylation at the cellular level
The level of protein S-glutathionylation in sperm cells 
was measured using an S-Glutathionylated Protein 
Detection Kit (Cayman Chemical, Ann Arbor, MI, USA) 
according to the manufacturer’s protocol. In brief, cell ali-
quots fixed with 1% PFA in PBS as described above (sec-
tion actin polymerization) were washed twice in PBS and 
resuspended in PSSG Blocking Agent for 30 min to block 
free thiols in each sample. Afterward, the cells were incu-
bated with PSSG Reduction Reagent for 15 min at 37 °C, 
then for 1 h in PSSG Labeling Reagent and finally for 1 h 
with PSSG Detection Reagent II (FITC). Each incubation 
step was followed by extensive washing of the cells with 
the assay buffer provided in the kit. Prior to the cytomet-
ric analysis, the samples were diluted to a final concen-
tration of 350 cells/µl. A blue 488 nm laser was used to 
excite the fluorescence of the labeled cells, and the emit-
ted light was captured using a Green-B 525/30 nm filter.

Protein extraction and concentration measurement
The sperm cells from each sample were centrifuged at 
900 × g/10  min/4  °C and washed with phosphate-buff-
ered saline (PBS). After the supernatant was discarded, 
the samples were resuspended in lysis buffer (7  M 
urea, 2  M thiourea, 4% (w/v) 3-((3-cholamidopropyl)-
dimethylammonio)-1-propanesulfonate (CHAPS), 2.5% 
(v/v) protease inhibitor cocktail, 1% (v/v) phosphate 

inhibitor cocktail, and 0.1 mM neocuproine) and subse-
quently sonicated on ice four times for 5 s at 30% ampli-
tude using a VCX-130 Ultrasonic Processor (Sonics & 
Materials, Inc., Newtown, CT, USA). Prior to protein 
concentration measurement, samples were centrifuged at 
14,000 × g for 5  min at 4  °C. Next, the supernatant was 
discarded, and pellets were resuspended in rehydration 
buffer (7 M urea, 2 M thiourea, 4% CHAPS). The protein 
concentration was measured using the Pierce 660  nm 
Protein Assay according to the manufacturer’s instruc-
tions (Thermo Scientific).

Detection of S‑nitrosylated proteins
To block all free thiols, 50 µg of each protein sample was 
mixed together in a 1:1 ratio with 50  mM N-ethylma-
leimide (NEM) blocking buffer (100  mM Tris–HCl, pH 
6.8, 1% SDS, 0.1  mM neocuproine) and incubated for 
30  min at 37  °C. Excess NEM was removed using Zeba 
Spin Desalting Columns, 7  K MWCO (Thermo Scien-
tific), according to the manufacturer’s protocol. To reduce 
S-nitrosylated proteins, the samples were incubated in a 
1:1 ratio with substrate-specific reducing buffer (1  mM 
ascorbate in rehydratation buffer) for one hour at room 
temperature. After excess reducing buffer was removed 
with Zeba Spin Desalting Columns, the samples were 
prepared for the labeling step of all the endogenously 
available S-nitrosylated cysteine residues. Labeling of 
S-nitrosylated proteins was performed with the rea-
gents included in the Saturn-2D REDOX Labeling Kit 
(DyeAGNOSTICS, Halle, Germany). Briefly, 5 μg of each 
protein sample was mixed with 5 μL of redox labeling 
buffer and labeled with 5 µl of S-Dye300. After one hour 
of incubation at 35 °C, the labeling reaction was stopped 
with 14 μL redox stop solution for 10  min. Prior to gel 
electrophoresis, each sample was mixed with the same 
quantity of the internal standard of proteins and run 
simultaneously on a single gel. An internal protein stand-
ard was prepared analogously by labeling the pool of all 
samples from the experiment with a maleimide-based 
dye (S-Dye200), which served as a further reference to 
allow gel–gel normalization. All steps were performed in 
the dark or protected from light.

Detection of S‑glutathionylated proteins
Free thiols were initially blocked using 50  mM NEM 
blocking buffer (100  mM Tris–HCl, pH 6.8, 1% SDS, 
0.1  mM neocuproine). Fifty micrograms of each pro-
tein sample was mixed in a 1:1 ratio with NEM blocking 
buffer and incubated for 30  min at 37  °C. Then, excess 
NEM was removed using Zeba Spin Desalting Columns, 
according to the manufacturer’s protocol. Next, to reduce 
S-glutathionylated cysteine groups, samples were incu-
bated for 30 min at room temperature in a 1:1 ratio with 
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substrate-specific reducing buffer (13.5  μg/ml recom-
binant human glutaredoxin 1 (Grx1), 35 μg/ml oxidized 
glutathione (GSSG) reductase, 1 mM glutathione (GSH), 
1  mM nicotinamide adenine dinucleotide phosphate 
(NADPH), 18  μM ethylenediaminetetraacetic acid diso-
dium salt solution (EDTA), and 137  mM Tris–HCl, pH 
8.0). Subsequently, excess reducing buffer was removed 
with Zeba Spin Desalting Columns, and samples were 
prepared for the labeling of all endogenously available 
S-glutathionylated cysteine residues. The labeling pro-
cedure was performed as described for S-nitrosylated 
proteins.

Negative and positive controls of the labeling procedure
To determine the success of the blocking step, negative 
control samples were used in the absence of substrate-
specific reducer in reducing buffer. In the case of protein 
S-nitrosylation, the control sample was performed in 
the absence of ascorbate, whereas in the case of S-glu-
tathionylation, recombinant human glutaredoxin 1 was 
omitted. As a positive control, samples were addition-
ally treated with 1 mM NONOate, a nitric oxide donor, 
and 5  mM GSSG, an oxidized glutathione donor, prior 
to the blocking step with NEM (Additional file  1: Fig. 
S1, Additional file 2: Fig. S2). The labeling procedure was 
performed as described above. Next, 5 μL of 2 × Laemmli 
loading buffer containing 80 mM DTT as a reductant was 
added. Next, 7 μL of each pooled sample containing 1 μg 
of protein was loaded in each lane. The proteins were 
resolved in 12.5% polyacrylamide gels during standard 
SDS‒PAGE electrophoresis and scanned.

2D‑PAGE separation of sperm proteins and protein 
identification
Five micrograms of each protein sample was selected for 
2D-PAGE separation and mixed with 5 μg of the internal 
standard proteins, then rehydration buffer was added to 
a volume of 340 μL. The samples were loaded onto 18 cm 
Immobiline DryStrips with a nonlinear 3–10 pH gradi-
ent (GE Healthcare, Chicago, IL, USA) and rehydrated 
for 12 h. Isoelectric focusing was performed as previously 
described [10]. Moreover, the strips were equilibrated 
in SDS equilibration buffer (6 M urea, 75 mM Tris–HCl 
(pH 8.8), 29.3% glycerol, 2% SDS, and a trace amount 
of bromophenol blue) containing 10  mg/mL DTT for 
15 min and subsequently in SDS equilibration buffer con-
taining 25 mg/mL iodoacetamide for 15 min. The second 
dimension of 2D-PAGE was performed for 16 h at 1 W/
gel utilizing an Ettan Dalt-Six apparatus (GE Healthcare).

Differential protein spots were manually excised and 
subjected to trypsin digestion and spectrometric identi-
fication with a MALDI Autoflex Speed TOF/TOF mass 

spectrometer (Bruker Daltonics) as previously described 
[10].

Detection of tyrosine phosphorylated proteins
After 2D PAGE electrophoresis the gels were placed in 
a ChemiDoc Touch Imaging System (Bio-Rad) and acti-
vated for 45  s in order to enable stain-free visualization 
of the total proteins. The proteins were then electro-
transferred from the gels onto a 0.45  µm nitrocellulose 
membranes (60  V for 2  h in a Bio-Rad Mini Protean II 
trans-blot cell operating in a cold room) and the stain-
free quantitative images of the transferred proteins 
were captured in the ChemiDoc Touch Imaging System 
(Bio-Rad). Membranes were then blocked for 1  h in a 
2% skim milk dissolved in a tris-buffered saline supple-
mented with 0.05% of Tween-20 (TBS-T), and incubated 
for 2  h in 1:2 000 anti-phosphotyrosine primary anti-
body (4G10 Platinum, Millipore). After extensive wash-
ing in TBS-T, the membranes were incubated for 1 h in 
1:30 000 anti-mouse HRP Conjugate secondary antibod-
ies (Bio-Rad). Following the extensive washing in TBS-T 
the membranes were developed with the Clarity Western 
ECL Substrate (Bio-Rad) and the chemiluminescence of 
the phosphotyrosines was captured in ChemiDoc Touch 
Imaging System (Bio-Rad). The obtained images were 
analyzed in the Image Lab 5.0 software (Bio-Rad) and the 
stain-free images of the total proteins transferred to the 
membranes were used to normalize the signal from the 
separate samples.

Statistical analyses
The results are presented as the mean ± standard devia-
tion (SD) (n = 8). All analyses were performed at a sig-
nificance level of p < 0.05 using GraphPad Prism software 
v6.02 (GraphPad Software Inc. San Diego, CA, USA). 
Data expressed as a percentage were normalized by arc-
sine square root transformation. Data were analyzed 
using two-way repeated-measures ANOVA, followed 
by the Friedman test for post hoc comparison of means. 
To analyze protein gels, the statistical component of the 
SameSpots software was used, as described above.

Results
Sperm viability
The level of sperm viability decreased as a result of capac-
itation by 24.0% and as a result of capacitation with inhi-
bition of PRDX by 40% (Fig. 1a).

Capacitation
The following parameters, which indicated the occur-
rence of capacitation in sperm, were analyzed: intra-
cellular accumulation of calcium ions, increased 
acrosin availability and actin polymerization. 



Page 6 of 23Mostek‑Majewska et al. Cell Communication and Signaling           (2023) 21:72 

Intracellular calcium levels were 55.5% higher in capac-
itated sperm than in non-capacitated sperm (p < 0.05) 
(Fig.  1b). The level of intracellular calcium in the 
capacitated sperm with PRDX inhibition did not differ 
significantly.

The most intense fluorescence signal of F-actin origi-
nated from the post acrosomal sperm region and the 
midpiece (Fig. 2a). Flow cytometry analysis showed that 

the level of F-actin decreased by 29.5% and 32.6% in 
capacitated sperm and capacitated sperm with PRDX 
inhibition, respectively (Fig. 2b).

Fluorescence microscopy images showed the presence 
of acrosine in the acrosomal sperm region in all observed 
sperm samples (Fig. 3a). Flow cytometry analysis showed 
that the level of available acrosine increased by 25.1% and 
26.6% in capacitated sperm and capacitated sperm with 
PRDX inhibition, respectively (Fig. 3b).

Sperm motility
Total and progressive sperm motility decreased in capac-
itated sperm and in capacitated sperm with PRDX inhibi-
tion by 25.9% and 85.6%, respectively, compared to that 
of non-capacitated sperm (p < 0.05). Movement trajectory 
parameters, including ALH, VAP, VCL and VSL, were 
decreased only in capacitated sperm with PRDX inhibi-
tion. In turn, BCF, LIN and STR remained unchanged 
(Table 1).

Detection of nitric oxide in sperm
Fluorescence microscopy images showed that intracellu-
lar NO in bull sperm accumulated in the sperm midpiece, 
indicating a mitochondrial origin (Fig.  4a). Cytomet-
ric analysis showed that the level of intracellular NO 
decreased by 39.3% in capacitated sperm and by 83.1% in 
capacitated sperm with PRDX inhibition, indicating that 
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Fig. 1 Percentage of live sperm (a) and intracellular calcium level 
(b) in non‑capacitated sperm (Non‑Cap), capacitated sperm (Cap 
PRDX+) and capacitated sperm with PRDX inhibition (Cap PRDX−). 
Viability and intracellular levels were measured by flow cytometry. 
Data are expressed as the mean ± SD, p < 0.05, (n = 8 in each group)

Fig. 2 Representative fluorescence microscopy images (a) and flow cytometry graph (b) showing the location and level of F‑actin in 
non‑capacitated sperm (Non‑Cap), capacitated sperm (Cap PRDX+) and capacitated sperm with PRDX inhibition (Cap PRDX−). Data are expressed 
as the mean ± SD, p < 0.05, (n = 8 in each group)



Page 7 of 23Mostek‑Majewska et al. Cell Communication and Signaling           (2023) 21:72  

intracellular NO was used up in the cellular processes 
(Fig. 4b).

Detection of S‑glutathionylated proteins in sperm
Fluorescence microscopy images showed the presence 
of S-glutathionylated proteins in all parts of the sperm 
(sperm flagellum and sperm head at both, postequa-
torial and postacrosomal regions). The most intense 
fluorescence signal comes from the postequatorial and 
postacrosomal sperm regions (Fig.  5a). Flow cytometry 
analysis showed that the level of protein S-glutathionyla-
tion decreased by 27.1% in capacitated sperm. The level 
of S-glutathionylation in the capacitated sperm with 
PRDX inhibition did not differ significantly (Fig. 5b).

Detection of tyrosine phosphorylation in sperm
The fluorescence signal indicating the presence of tyros-
ine-phosphorylated sperm was located variously in non-
capacitated sperm, capacitated sperm and capacitated 
sperm with PRDX inhibition. In capacitated sperm, an 
intensely bright fluorescence signal was observed in the 
acrosomal region, in contrast to non-capacitated sperm 
and capacitated sperm with PRDX inhibition. However, 

Fig. 3 Representative fluorescence microscopy images (a) and flow cytometry graph (b) showing the location and level of available acrosine 
in non‑capacitated sperm (Non‑Cap), capacitated sperm (Cap PRDX+) and capacitated sperm with PRDX inhibition (Cap PRDX−). The data are 
expressed as the mean ± SD, p < 0.05, (n = 8 in each group)

Table 1 Bull sperm motility parameters of non‑capacitated 
sperm (Non‑Cap), capacitated sperm (Cap PRDX+) and 
capacitated sperm with PRDX inhibition (Cap PRDX−)

The values are presented as the mean ± SD. A lack of superscript letters indicates 
no significant differences (p < 0.05) in sperm quality parameters between 
treatments

MOT Motility, ALH Amplitude of lateral head displacement, BCF Beat cross 
frequency, LIN Linearity, STR Straight‑line velocity, VAP Average path velocity, 
VCL Curvilinear velocity, VSL Straight line velocity

Non‑Cap Cap PRDX+ Cap PRDX− 

Total motility (%) 50.1 ± 5.8a 37.1 ± 7.8b 7.2 ± 2.7c

Progressive motility (%) 41.5 ± 6.6a 29.8 ± 8.1b 4.0 ± 1.8c

ALH (μm) 8.0 ± 0.5a 7.5 ± 0.6a 5.1 ± 1.1b

BCF (Hz) 26.0 ± 3.3a 28.5 ± 2.5a 32.9 ± 5.0a

LIN (%) 60.4 ± 4.7a 63.6 ± 3.9a 57.7 ± 8.8a

STR (%) 88.9 ± 3.2a 89.8 ± 3.2a 85.5 ± 5.3a

VAP (μm  s−1) 134.8 ± 12.0a 139.4 ± 7.0a 80.6 ± 7.1b

VCL (μm  s−1) 201.3 ± 7.8a 198.0 ± 6.7a 123.0 ± 28.4b

VSL (μm  s−1) 121.5 ± 14.6a 127.7 ± 9.6a 69.9 ± 15.7b
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Fig. 4 Representative fluorescence microscopy images (a) and flow cytometry graph (b) showing the location and level of intracellular nitric oxide 
in non‑capacitated sperm (Non‑Cap), capacitated sperm (Cap PRDX+) and capacitated sperm with PRDX inhibition (Cap PRDX−). The data are 
expressed as the mean ± SD, p < 0.05, (n = 8 in each group)

Fig. 5 Representative fluorescence microscopy images (a) and flow cytometry graph (b) showing the location and level of protein 
S‑glutathionylation in non‑capacitated sperm (Non‑Cap), capacitated sperm (Cap PRDX+) and capacitated sperm with PRDX inhibition (Cap 
PRDX−). Data are expressed as the mean ± SD, p < 0.05, (n = 8 in each group)
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in all sperm samples, a small bright spot was observed 
in the center of the equatorial segment (Fig.  6a). Flow 
cytometry analysis showed that the level of phosphoryla-
tion increased by 10.9% in capacitated sperm. The level 
of phosphorylation in the capacitated sperm with PRDX 
inhibition was lower than that in the capacitated sperm 
with active PRDXs and did not differ significantly from 
that in non-capacitated sperm (Fig. 6b).

S‑glutathionylation, S‑nitrosylation and tyrosine 
phosphorylation occurred due to capacitation 
at the proteomic level
Fifty-two protein spots (corresponding to 28 pro-
teins) that showed altered levels of S-nitrosylation were 
identified (Fig.  7, Table  2, Additional file  3: Table  S1). 
Subsequently, 42 protein spots (corresponding to 26 
proteins) in which the levels of S-glutathionylation was 
changed were identified (Fig. 8, Table 2, Additional file 3: 
Table S1). Moreover, 28 protein spots (corresponding to 
21 proteins) that showed altered levels of tyrosine phos-
phorylation were identified (Fig.  9 and Table  2, Addi-
tional file  3: Table  S1). Proteomic results showed that 
reversible PTMs occurred during capacitation with the 
following modifications: S-nitrosylation/denitrosylation, 

S-glutathionylation/deglutathionylation and tyrosine 
phosphorylation/dephosphorylation. The PTMs resulting 
from capacitation vary depending on whether the PRDXs 
are active or inhibited.

Changes in PTMs due to capacitation with active PRDXs
The dominant PTMs detected in capacitated sperm pro-
teins with active PRDXs were denitrosylation (reduction 
of S-nitrosylation in 44% of protein spots), deglutatio-
nylation (reduction in S-glutathionylation in 16% of pro-
tein spots) and tyrosine phosphorylation (increase in 
phosphorylation in 23 protein spots). In turn, S-nitros-
ylation, S-glutathionylation and dephosphorylation were 
the minorities (6%, 9% and 2% of protein spots, respec-
tively) (Fig. 10a).

The most prominent group of proteins that underwent 
denitrosylation was associated with the TCA cycle and 
energy metabolism (18 protein spots). Deglutathionyla-
tion and tyrosine phosphorylation were most prominent 
modifications in the flagellar proteins (4 and 6 protein 
spots, respectively). The largest group of deglutathio-
nylated and phosphorylated proteins was associated 
with sperm flagellum. The highest amount of phospho-
rylated proteoforms was detected in protein kinase A 

Fig. 6 Representative fluorescence microscopy images (a) and flow cytometry graph (b) showing the location and level of tyrosine 
phosphorylation in non‑capacitated sperm (Non‑Cap), capacitated sperm (Cap PRDX+) and capacitated sperm with PRDX inhibition (Cap PRDX−). 
The data are expressed as the mean ± SD, p < 0.05, (n = 8 in each group)
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phosphorylation, which was higher in capacitated sperm 
(spots 347, 348, 349) (Table 2).

Zona pellucida binding proteins were characterized by 
the highest number of coexisting changes in the level of 
S-nitrosylation and S-glutathionylation in both direc-
tions. The highest number of S-nitrosylated proteoforms 
was detected in the IZUMO4 protein (5 proteoforms 
with changed S-nitrosylation levels between treatments 
corresponding to the following spots: 43, 44, 47, 48, 49) 
(Table 2).

Changes in PTMs due to capacitation with inhibited PRDXs
Inhibition of PRDXs during sperm capacitation resulted 
in a 15% increase in S-nitrosylation, a 7% increase in 
S-glutathionylation, and a 7% decrease in protein phos-
phorylation compared to that of sperm with active 
PRDXs (Fig. 10b).

The increase in S-nitrosylation was most evident in 
proteins related to the TCA pathway (8 spots), fertiliza-
tion (5 spots) and redox enzymes (4 spots). The increase 
in S-glutathionylation was most pronounced in pro-
teins related to energy metabolism (5 spots) and redox 
enzymes (3 spots). In turn, a decrease in phosphorylation 
was detected in sperm-associated flagellum proteins (8 
spots) (Table 2).

Analysis of the interaction of S‑nitrosylated, 
S‑glutathionylated and phosphorylated proteins
STRING protein interaction analysis of identified pro-
teins showed an associated groups of fertility-related 
proteins that undergo simultaneous S-nitrosylation, 
S-glutathionylation and phosphorylation. Proteins rep-
resenting the largest associated group are responsible for 
binding sperm to zona pellucida (ADAM2, ZAN, ZPBP, 
SPAM1) sperm-egg fusion (IZUMO 4) and prepara-
tion for acrosome reaction (ACRBP, SPESP1, WBP2NL). 
The second group of related proteins is associated with 
actin polymerization (ACTL7A, CAPZB, ACTB, FSCN) 
(Fig. 11).

Discussion
A general examination of S‑nitrosylation proteins, 
S‑glutathionylation and tyrosine phosphorylation 
during sperm capacitation
Although it is known that mammalian sperm capaci-
tation is a redox-regulated and phosphorylation-
dependent process, little information is available on 
the biochemical connections between these PTMs. 
Previous research by our group demonstrated that 
the direction of reversible redox modifications (S-glu-
tathionylation, S-nitrosylation, formation of disulfide 

Fig. 7 Representative 2D gel showing protein spots with changed levels of S‑nitrosylation. Protein spots in which the level of S‑nitrosylation was 
changed under the influence of capacitation are marked by circles. Protein spots in which the level of S‑nitrosylation was changed due to PRDX 
inhibition are marked by rectangles. The direction of changes in the level of S‑nitrosylation between treatments and protein names correspond to 
the data in Table 2
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Table 2 Identified bull sperm proteins showing S‑nitrosylation (S‑nitro), denitrosylation (Denitro), S‑glutathionylation (S‑gluta), 
deglutathionylation (De‑gluta), tyrosine phosphorylation (pTyr) and dephosphorylation (De‑pTyr)

Name Gene S‑nitro Denitro S‑gluta De‑gluta pTyr De‑pTyr

TCA cycle
Aconitase 2, mitochondrial precursor ACO2 1*

2*
3*

2‑Oxoglutarate dehydrogenase, mitochondrial precursor OGDH 4

Dihydrolipoyl dehydrogenase, mitochondrial DLD 10*
11*

245*
249*

Fumarate hydratase, mitochondrial FH 22*
23*
24*

111*
112*
113*

Citrate synthase, mitochondrial precursor CS 27*
28*

376*

Isocitrate dehydrogenase [NAD] subunit alpha, mitochondrial precursor IDH3A 118*

L‑lactate dehydrogenase C chain isoform X2 LDHC 116*

Energy metabolism
ATP synthase subunit alpha, mitochondrial isoform X1 ATP5F1A 5*

6*
8*

E Chain E, ATP synthase D chain, mitochondrial ATP5ME 123*

F chain F, ATP synthase subunit beta, mitochondrial ATP5F1B 127

C chain C, bovine mitochondrial F1‑ATPase 1COW 261*

A chain A, cytochrome B‑c1 complex subunit 1, mitochondrial UQCRC1 16* 255*

N chain N, cytochrome b‑c1 complex subunit 1, mitochondrial UQCRC1 21*

B chain B, cytochrome B‑c1 complex subunit 2, mitochondrial UQCRC2 19* 104

NADH dehydrogenase [ubiquinone] iron‑sulfur protein 8, mitochondrial isoform 
X3

NDUFS8 39*

C chain C, NADH dehydrogenase [ubiquinone] iron‑sulfur protein 3, mitochon‑
drial

NDUFS3 143*

Pyruvate kinase PKM isoform X1 PKM 7*

Alpha enolase ENO1 114* 240*

Serine/threonine‑protein phosphatase PP1‑gamma catalytic subunit isoform X1 PPP1CC 35*
37*

242*

Organelle component assembly (general)
MICOS complex subunit MIC60 isoform X4 IMMT 14*

Prohibitin isoform X1 PHB 126

Ras‑related protein Rab‑2A isoform X3 RAB2A 122*

Ras‑related protein Rab‑2A RAB2A 51*

Transitional endoplasmic reticulum ATPase VCP 130

Organelle component assembly (actin polymeryzation)
Actin‑like protein 7A ACTL7A 13*

F‑actin‑capping protein subunit beta isoform X3 CAPZB 31*

A chain A, actin, cytoplasmic 1 ACTB 142

Fascin‑3 isoform X2 FSCN3 234*

Fertilization
Disintegrin and metalloproteinase domain‑containing protein ADAM2 17

Zonadhesin ZAN 25*
26*

Zona pellucida‑binding protein 1 isoform X1 (sperm inner acrosomal membrane 
protein IAM38)

ZPBP1 106*

Sperm adhesion molecule 1 isoform X2 SPAM1 100*
101*
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Table 2 (continued)

Name Gene S‑nitro Denitro S‑gluta De‑gluta pTyr De‑pTyr

Izumo sperm‑egg fusion protein 4 IZUMO4 43
44
49*

47*
48*

120*
121*

Acrosin‑binding protein isoform X1 ACRBP 38*
46*

Sperm equatorial segment protein 1 precursor SPESP1 250*

Postacrosomal sheath WW domain‑binding protein (PAWP) WBP2NL 32*

Redox process
Glycerol‑3‑phosphate dehydrogenase, mitochondrial isoform X1 GPD2 12* 107*

Glyceraldehyde‑3‑phosphate dehydrogenase, testis‑specific isoform X1 GAPDHS 18*
20*

102
103
141

Glutathione S‑transferase omega‑2 isoform X1 GSTO2 41*

Superoxide dismutase [Mn], mitochondrial precursor SOD2 42*
45*
50*

L‑amino‑acid oxidase isoform X2 IL4I1 346

Sperm flagellum
Tektin 3 TEKT3 9*

Tektin‑2 isoform X1 TEKT2 246*

Radial spoke head 14 homolog isoform X1 RSPH14 33*

Dynein, axonemal, light intermediate chain 1‑like DNALI1 108*

Tubulin alpha‑3 chain isoform X3 TUBA3A 132*

Outer dense fiber protein 2 isoform X20 ODF2 124* 305*
329*
331*

Outer dense fiber protein 2 isoform X17 ODF2 325*

Nucleoside diphosphate kinase homolog 5 isoform X1 NME5 52*

Phosphatidylethanolamine‑binding protein PEBP1 110*

Sperm flagellum (cAMP/PKA pathway)
H chain H, cAMP‑dependent protein kinase type I‑alpha regulatory subunit (PKA) PRKAR1A 347*

348*
349*

A‑kinase anchor protein 4 AKAP4 317 343

A‑kinase anchor protein 3 AKAP3 344

Chaperonin
T‑complex protein 1 subunit alpha isoform X1 TCP1 15*

DnaJ homolog subfamily B member 13 DNAJB13 30*

60 kDa heat shock protein, mitochondrial HSPD1 133* 366

Heat shock‑related 70 kDa protein 2 HSPA2 135*

TPA: T‑complex protein 1 subunit zeta‑2 CCT6B 277

Other
Casein kinase II subunit alpha CSNK2A1 105

B chain B, seryl‑trna synthetase SARS2 238*

Fructose‑1,6‑bisphosphatase, partial FBP1 117*

Leucine rich repeat containing 37A‑like protein LRRC37A 345*

Ubiquitin carboxyl‑terminal hydrolase isozyme L1 isoform X1 UCHL1 40*

Cytosolic 5′‑nucleotidase 1B isoform X2 NT5C1B 237*

Cytosolic 5′‑nucleotidase 1B isoform X1 NT5C1B 235*

Sperm‑associated antigen 6 SPAG6 239*

The numbers of differential protein spots between non‑capacitated sperm (Non‑Cap) and capacitated sperm (Cap PRDX+) are marked with an asterisk. The numbers 
of differential protein spots between capacitated sperm with active (Cap PRDX+) and inhibited PRDXs (Cap PRDX−) are underlined
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bridges and sulfoxylation) during capacitation of fresh 
semen is mostly directed toward protein cysteine oxida-
tion rather than reduction [10]. Interestingly, the cur-
rent analysis of S-glutathionylation and S-nitrosylation 
as separate reversible oxPTMs showed that the overall 

level of these modifications at the cellular (Figs.  4, 5) 
and protein levels (Fig.  10a) was decreased due to 
capacitation compared to that of phosphorylation 
(Figs.  6, 10a). In other words, bull sperm capacitation 
was dominated by denitrosylation, deglutathionylation 

Fig. 8 Representative 2D gel showing protein spots with changed levels of S‑glutathionylation. Protein spots in which the level of 
S‑glutathionylation was changed under the influence of capacitation are marked by circles. Protein spots in which the level of S‑glutathionylation 
was changed due to PRDX inhibition are marked by rectangles. The direction of changes in the level of S‑glutathionylation between treatments and 
protein names correspond to the data in Table 2

Fig. 9 Representative Western blot (a) with corresponding stain‑free gel (b) showing proteins with changed levels of tyrosine phosphorylation. 
Protein spots in which the level of phosphorylation was changed under the influence of capacitation are marked by circles. Protein spots in 
which the level of phosphorylation was changed due to PRDX inhibition are marked by rectangles. The direction of changes in the level of 
phosphorylation between treatments and protein names correspond to the data in Table 2
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and tyrosine phosphorylation (Fig. 10), which indicates 
that the mechanism of capacitation regulation by PTMs 
is much more complex than previously assumed. It 
should be taken into account that the observed changes 
in sperm parameters and PTMs during capacitation of 
bull sperm refer to cryopreserved semen and may differ 
from changes in fresh semen due to cryogenic damage 
to the sperm. The results provide evidence that reduc-
tion and oxidation simultaneously occur within various 
reversible oxPTMs and that during capacitation, these 
processes can regulate the functional switches integral 
to homeostatic redox signal transduction. Such cross-
talk between S-nitrosylation and S-glutathionylation 
was previously observed in somatic cells, especially in 
heart muscle [14]. However, the current results show 
for the first time that sperm capacitation is accompa-
nied by a change in S-nitrosylation and S-glutathio-
nylation (with a predominance of a reduction) levels 
and an increase in phosphorylation levels, providing 
an interesting convergence of cyclical posttranslational 
modifications.

In the following sections, the changes in PTMs that 
occur during the capacitation of bull sperm with active 
PRDXs will be discussed. The differences between PTM 
formation in capacitation with active and inhibited 
PRDXs are discussed in a separate section.

Decrease of sperm viability during capacitation
Our results showed a decrease in viability and motility 
due to capacitation. When analyzing sperm viability dur-
ing capacitation, it should be borne in mind that out of 
the entire population of spermatozoa, only a part under-
goes capacitation [15]. Indeed, sperm that have survived 

the capacitation conditions are viable and have activated 
motility. The remaining spermatozoa undergo apoptosis 
over time and this is a natural phenomenon reflecting 
the situation of spermatozoa in the female reproduc-
tive tract. The timing of capacitation must also be taken 
into account—some spermatozoa are just beginning the 
capacitation process, while others—not being fertilized—
undergo apoptosis. This phenomenon was explained by 
Aitken [16]. The reason for the decrease in motility are 
most likely reactive oxygen species produced by sperma-
tozoa. ROS trigger a signaling cascade leading to capaci-
tation in part of the sperm population, while in the sperm 
that are unable to cope with the increasing amount of 
ROS produced during capacitation undergo loss of motil-
ity and apoptosis [16].

Capacitation‑related PTMs of mitochondrial proteins
During the capacitation process, changes in the level 
of S-nitrosylation, S-glutathionylation and phospho-
rylation of associated groups of proteins occur, which 
is especially pronounced with mitochondrial enzymes. 
Mitochondria are the main producers of ROS, and 
posttranslational modifications of mitochondrial pro-
teins (especially reversible oxPTMs) are negative 
feedback loops, which regulate the genesis of ROS at 
production sites [17]. The A and E subunits of ATP 
synthase showed reduced levels of S-nitrosylation and 
S-glutathionylation upon capacitation. Interestingly, 
five TCA cycle enzymes (aconitase, 2-oxoglutarate 
dehydrogenase, dihydrolipoyl dehydrogenase, fuma-
rate hydratase and citrate synthase) showed a decrease 
in the level of S-nitrosylation, and another two TCA 
enzymes (fumarate hydratase and isocitrate dehydro-
genase) showed a simultaneous increase in the level 

Fig. 10 Pie diagram showing the contribution of selected PTMs of sperm proteins due to capacitation with active PRDXs (a) and inhibited PRDXs 
(b). A list of proteins that changed in terms of individual PTMs is provided in Table 2
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of S-glutathionylation. In somatic cells, reversible 
S-glutathionylation and S-nitrosylation of mitochon-
drial proteins serve as functional switches to tem-
porarily inhibit glycolysis, the TCA cycle, oxidative 
phosphorylation, amino acid metabolism, and fatty 
acid combustion, resulting in the diversion of fuels for 
NADPH-producing pathways and the inhibition of 
ROS production [17, 18]. Generally, the S-nitrosylation 
and S-glutathionylation of mitochondrial proteins are 
considered inhibitors of cell metabolism to desensitize 
hydrogen peroxide signals [17]. Therefore, it can be 
assumed that metabolic pathways become activated, 
promoting ROS production during sperm capacita-
tion, since most changes in mitochondrial proteins 
involve deglutathionylation and denitrosylation. It is 
also worth noting that among mitochondrial proteins, 
the ATP synthase C subunit showed reduced levels of 
tyrosine phosphorylation, and citrate synthase showed 
increased phosphorylation, which indicates that cross-
talk occurs between reversible oxPTMs and phospho-
rylation, which accompanies sperm capacitation.

Interestingly, previous studies (in which the total 
changes in reversible oxPTMs due to capacitation 
were analyzed) showed that proteins related to gly-
colysis (ENO, ALDOA), the TCA cycle (CS, ME2) and 
OXPHOS (ATP synthase, cytochrome b-c1) were oxi-
dized, not reduced [10]. The above indicates that the 
reversible oxidation and reduction of proteins is a com-
plex process and that oxidation of mitochondrial pro-
teins during capacitation applies to reversible oxPTMs 
other than S-glutathionylation and S-nitrosylation, e.g., 
the formation of disulfide bridges and sulfoxylation.

Zona‑pellucida binding proteins are potentially 
redox‑regulated during capacitation
Our results demonstrated for the first time that sperm 
zona pellucida (ZP)-binding proteins were redox-reg-
ulated during capacitation. Zona-pellucida binding 
proteins that underwent changes in the level of S-glutath-
ionylation and S-nitrosylation were involved in (1) pri-
mary ZP binding prior to acrosome disassembly (ACRBP, 
SPAM1, ZAN) [19–22]; (2) secondary ZP binding after 
exposing the inner acrosomal membrane (ZPBP1) [23]; 

Fig. 11 STRING protein association analysis of S‑nitrosylated, S‑glutathionylated and phosphorylated proteins listed in Table 2. Network nodes 
represent proteins, and the connecting lines represent protein‒protein interactions
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(3) zona pellucida penetration through the degradation of 
hyaluronic acid (SPAM1) [21] and (4) sperm-egg mem-
brane fusion (WBP2NL, IZUMO4) [24, 25] (Fig. 12).

The binding of sperm to the glycoprotein coat is a 
receptor-mediated event that involves interactions of 
sperm protein with the complementary ZP glycoproteins, 
which serve as an interspecies barrier to fertilization [26, 
27]. It is worth noting that in our studies, both primary 
(ACRBP, SPAM1, ZAN) and secondary (ZPBP) ZP-bind-
ing proteins showed changes in the levels of S-nitrosyla-
tion and S-glutathionylation. Capacitation increased the 
level of S-nitrosylation of ACRBP as well as S-glutathio-
nylation of SPAM1 and ZPBP and decreased the level of 
S-nitrosylation of ZAN. Apart from their receptor func-
tion, detected ZP binding proteins show activities crucial 
for sperm-oocyte interactions. ACRBP is an important 
regulator of proteolytic processing events during packag-
ing, in which acrosomal matrix proteins are disassembled 
during spermatogenesis and these proteins are released 
during acrosomal exocytosis [20]. Another ZP-binding 
protein, SPAM1, is a cell surface hyaluronidase involved 
in the process by which sperm penetrates the oocyte 
cumulus matrix. However, the receptor function of this 
protein may be more important [21], and inhibiting the 
enzymatic activity only reduces the ability to fertilize [28, 
29]. ZAN protein is released from the sperm after the 
acrosome reaction is induced and probably plays a role 
in attaching the acrosomal shroud to the zona pellucida 
[22]. ZPBP1 protein is retained by the inner acrosomal 
membrane after the acrosome reaction and probably 

functions exclusively as a secondary ZP binding protein 
[23].

Our results showed that ZP binding proteins involved 
in sperm-egg membrane fusion (WBP2NL, IZUMO4) 
were also redox modified due to capacitation. The 
S-nitrosylation level of the WBP2NL protein (also known 
as PAWP) decrease due to capacitation. This unique 
sperm protein triggers calcium oscillations and pronu-
clear formation in human and mouse oocytes and is cru-
cial for triggering zygotic development [24]. Moreover, 
it was shown that WBP2NL promotes meiotic resump-
tion and pronuclear development [30]. The function 
of IZUMO4, another protein involved in sperm-egg 
membrane fusion, has not been clearly defined. In our 
research, IZUMO4 was identified as a redox-regulated 
protein in 5 proteoforms. Sperm capacitation caused two 
proteoforms to undergo denitrosylation (spots 47, 48), 
one proteoform to undergo S-nitrosylation (spot 49) and 
another two proteoforms (spots 120, 121) of IZUMO4 to 
undergo deglutathionylation, indicating that the redox 
regulation of this protein was elaborate. For this reason, 
unraveling the mechanism of the IZOMO4 role dur-
ing capacitation would be very challenging. Knowledge 
about the potential functions of IZUMO 4 is mainly 
based on the highly homologous IZUMO domain essen-
tial for sperm-egg plasma membrane binding and fusion 
of the IZUMO1 isoform [31]. Interestingly, during the 
acrosome reaction, the membrane protein IZUMO1 rap-
idly relocates to the plasma membrane in the equatorial 
segment of the sperm head, which makes spermatozoon 

Fig. 12 The sequence of sperm–oocyte interaction events. Zona pellucida binding proteins marked with brown ovals underwent S‑nitrosylation, 
S‑glutathionylation (and reverse reactions) due to capacitation of the bull sperm
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fusion competent [32, 33]. Although little is known about 
the IZUMO4 isoform, this research and our earlier stud-
ies [10] indicated that IZUMO4 is redox-regulated in 
numerous proteoforms, which suggests that this isoform 
is activated during bull sperm capacitation.

Our results seem to override the existing knowledge on 
sperm physiology, as they indicate that the capacitation 
process not only prepares the sperm for a physiological 
acrosomal response but also conditions the sperm for 
directly interacting the oocyte via reversible oxPTMs. 
Due to the novelty, the physiological functions of capac-
itation-induced reversible oxPTMs of ZP-binding pro-
teins are unclear. We propose that reversible oxPTMs 
in the form of S-nitrosylation and S-glutathionylation 
(and reverse reactions) of ZP-binding proteins may be 
an important stage that determines the ability of ZP pen-
etration and sperm-oocyte membrane fusion. However, 
further studies involving in  vitro fertilization are neces-
sary to confirm this hypothesis unequivocally.

Sperm flagellar proteins involved in hyperactive motility
Capacitation was accompanied by an increase in 
S-nitrosylation and S-glutathionylation of flagellar pro-
teins that comprise outer dense fibers (TEKT2, TEKT3, 
ODF2), radial spokes (RSPH14), dynein arms (DNALI1) 
and microtubules (TUBA3A). Moreover, the proteins 
that build outer dense fibers (ODF2 and TEKT2) were 
also subjected to tyrosine phosphorylation due to capaci-
tation. Interestingly, the above proteins play an impor-
tant role in hyperactivation, i.e., the change from linear 
to curvilinear progressive movement, in which the sperm 
flagella undergo a large bending amplitude. Hyperac-
tivation is part of the capacitation process; however, its 
regulatory pathway can operate independently from the 
pathway that prepares sperm for the acrosome reaction 
[34]. In the case of bull sperm, CASA analysis is not suf-
ficient to detect hyperactivation in bull sperm due to dif-
ferent signaling pathways regulating sperm capacitation 
and hyperactivation [35]. Although hyperactivation is 
not necessary to achieve in vitro fertilization capacity it 
be critical to the success of in vivo fertilization because 
it enables the sperm to be released from the wall of the 
oviduct. It should be emphasized that bull sperm hyper-
activation occur independently of capacitation. The sig-
nal transduction pathway conducive to capacitation is 
not sufficient to stimulate hyperactivation. In order to 
stimulate the hyperactivation of bull sperm movement, 
a hyperactivation inducer, such as procaine or caffeine, 
should be added to the capacitating buffer [35].

It is all the more intriguing that flagellar proteins, which 
are usually associated with hyperactivation of sperm 
motility, underwent post-translational modifications, 
although hyperactivation itself has not been registered. 

Most likely, under the influence of the medium for capac-
itation, there was an activation of movement—which 
is characteristic for capacitated bull sperm and, unlike 
hyperactivation, is characterized by symmetrical beat-
ing of the flagellum. The results obtained suggest that 
altering the level of S-glutathionylation and S-nitrosyla-
tion may be important mechanism that prepares sperm 
to undergo hyperactive motility in mammalian sperm 
in vivo were additional stimulants of hyperactive motility 
occures. This assumption is supported by the observation 
that all identified flagellar proteins that exhibit changes 
in S-nitrosylation, S-glutathionylation and phosphoryla-
tion levels due to capacitation constitute a functional unit 
for the activity of hyperactive motility. Outer dense fibers 
(TEKT2, TEKT3, ODF2) are paired with the nine outer 
microtubule doublets of the axoneme (TUBA3A) and 
are anchored in a structure called the connecting piece, 
which is located at the base [36]. ODFs add mechanical 
stiffness to the flagellum, creating the functional effect 
of increasing the bending wavelength; for this to occur, 
more dynein motors (DNALI1) must be entrained. In 
turn, radial spokes (RSPH14) aid in regulating the activ-
ity of dynein motors [37]. It is possible that appropriate 
redox modifications and/or phosphorylation of these 
proteins provides large torque production, which is cru-
cial to the process of motility hyperactivation.

It seems that ODFs are subject to particularly intense 
redox modifications during capacitation, which was evi-
denced in our present and previous studies [10]. Moreo-
ver, in the present study, proteins that build outer dense 
fibers (ODF2 and TEKT2) were also subject to phospho-
rylation due to capacitation; this result confirms earlier 
reports in which inhibiting the tyrosine phosphoryla-
tion of ODF2 and TEKT2 was associated with impaired 
motility during the capacitation of hamster spermato-
zoa [38]. Outer dense fibers detach from the mid piece 
during capacitation, and failure to detach leads to a 
stiff mid piece in the sperm tail and poor motility, pos-
sibly due to disturbances in the motor response to cal-
cium ions [36]. It is possible that the changes in the 
S-glutathionylation, S-nitrosylation and phosphoryla-
tion levels that were detected are necessary in the pro-
cess of detaching ODFs. Moreover, ODFs play an active 
role in sperm hyperactive motility during capacitation, 
as evidenced by the observation that one isoform of ade-
nylate kinases was localized to ODFs [39]. The obtained 
results suggest that redox modifications and phospho-
rylation of proteins included in outer dense fibers, radial 
spokes, dynein arms and microtubules may be part of the 
mechanism leading to hyperactive motility. Moreover, 
ODFs appear to be a particularly important regulatory 
part of hyperactive motility under capacitive conditions. 
For this reason, we propose deglutathionylation and 
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tyrosine phosphorylation of ODFs as hallmarks of bull 
capacitation.

The regulatory subunit of PKA undergoes tyrosine 
phosphorylation due to sperm capacitation
Our results showed that three proteoforms of the pro-
tein kinase A (PKA) regulatory subunit (spots 347, 348, 
349) underwent tyrosine phosphorylation due to sperm 
capacitation. This modification may be highly important 
for capacitation, as activation of PKA orchestrates mam-
malian sperm capacitation, causing downstream PKA 
substrates to undergo tyrosine phosphorylation, which 
is a key event by which mammalian sperm acquire the 
ability to fertilize [40, 41]. The great importance of PKA 
is evidenced by the observation that proper induction 
of tyrosine phosphorylation does not occur when PKA 
is inhibited and there is no compensation for its crucial 
role [40, 42]. Our results indicated that among various 
regulatory subunit (PKA-RIα, RIβ, RIIα and RIIβ), PKA-
RIα was exclusively phosphorylated during capacitation. 
In other words, PKA-RIα undergoes tyrosine phospho-
rylation; however, it remains unclear which mechanism 
is involved in this phosphorylation. It is possible that 
PKA-RIIα, and thus PKA activity, could be modulated 
by an unknown tyrosine kinase or via autophospho-
rylation [41]. Our results suggest that PKA-RIα, and 
thus PKA activity, could be modulated by a previously 
unrecognized molecular mechanism crucial for sperm 
capacitation. Thus, the present results complement the 
understanding of PKA regulation, which drives the entire 
cascade of pTyr events in capacitation and may become 
the starting point for uncovering the further steps that 
mediate capacitation signaling.

Actin‑related proteins undergo changes in S‑nitrosylation 
and tyrosine phosphorylation during capacitation
During bull sperm capacitation, polymerization of globu-
lar (G)-actin to filamentous (F)-actin occurs, followed by 
depolymerization in the last phase of capacitation, which 
precedes the acrosome reaction [43]. The results obtained 
from cytometric analysis indicated that bull sperm can be 
in the final stage of capacitation because F-actin levels 
were reduced due to capacitation (regardless of whether 
the PRDXs were active or inhibited) (Fig. 2). In the other 
hand [44], showed a significant increase in F-actin in 
capacitated bull sperm after 4  h with the decrease in 
F-actin in acrosome-reacted sperm. It is possible that 
decrease of F-actin in this study is a consequence of 
the use of cryopreserved spermatozoa since the actin 
cytoskeleton is affected by the freezing/thawing pro-
cess. The change in the F-actin level was accompanied 
by changes in the S-nitrosylation level of two proteins 
involved in the actin polymerization process, ACTL7A 

(denitrosylation) and CAPZB (S-nitrosylation), and an 
increase in the level of phosphorylation of FSCN3.

CAPZB deserves particular attention since the protein 
is highly involved in actin polymerization during sperm 
capacitation [45]. Moreover, two proteoforms of CAPZB 
were also found to be oxidized during capacitation in a 
previous study [10], confirming that the oxidative modi-
fication of CAPZB is important during capacitation. 
Perhaps S-nitrosylation of CAPZB may serve to regu-
late access to the free barbed ends of actin filaments. The 
specific role of FSCN3 has not been elucidated, but it is 
possible that the protein enables the binding activity of 
actin filament (www. genec ards. org). Interestingly, a pre-
vious study [3] revealed an association between mouse 
sperm capacitation and an almost threefold increase in 
the abundance of this protein. Our results suggest that 
FSCN3 undergoes phosphorylation during bull sperm 
capacitation, which seems to regulate the actin polymeri-
zation/depolymerization process.

In summary, the S-nitrosylation and phosphoryla-
tion of a group of actin-related proteins may be part of 
the mechanism that activates the actin depolymerization 
process that occurs in the final step of capacitation [43]. 
Perhaps capacitation-induced posttranslational modifica-
tions of CAPZB, ACTL7A and FSCN3 induce functional 
changes in these proteins, which enables the outer acro-
somal membrane and the overlying plasma membrane to 
move into close proximity and fuse prior to the acrosome 
reaction.

Effect of PRDX inhibition on PTMs during capacitation
Our results support that the activity of PRDXs does not 
affect the intracellular accumulation of calcium ions 
(Fig. 1b), actin polymerization (Fig. 2) or acrosine avail-
ability (Fig.  3). On the other hand, the strong decrease 
in intracellular NO at the cellular level was most likely 
related to the significant increase in protein S-nitros-
ylation observed, which was due to the inhibition of 
PRDXs  (Additional files 4, 5, 6, 7, 8). Moreover, at both 
the cellular and proteomic levels, the activity of PRDXs 
is essential for the tyrosine phosphorylation of pro-
teins during capacitation. Previous study demonstrated 
that inhibition of PRDXs by conoidin A significantly 
decreased the oxidized form of peroxiredoxins (PRDXs-
SO3) in spermatozoa [46]. Decreased PRDX activity was 
associated with a significant reduction in sperm motility 
parameters, viability, and intracellular ATP, whereas ROS 
levels, DNA fragmentation, and loss of mitochondrial 
membrane potential were increased.

The above results were also confirmed at the proteomic 
level, since inhibition of PRDXs caused a global increase 
in S-nitrosylation and S-glutathionylation and a decrease 
in tyrosine phosphorylation compared to that of sperm 

http://www.genecards.org
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with active PRDXs (Fig.  10b). To conclude, our results 
strongly suggest that there is a relationship between 
PRDX activity and tyrosine phosphorylation, S-glutath-
ionylation and S-nitrosylation during capacitation. In the 
following sections, the most significant changes in the 
formation of PTMs in capacitation, which depend on the 
activity of PRDXs, will be discussed.

The inhibition of PRDXs affects the level 
of S‑glutathionylation and S‑nitrosylation of redox 
enzymes during capacitation
Previous studies in which all reversible redox modifi-
cations were detected have shown that the level of oxi-
dation within redox enzymes varies greatly [10]. The 
present results, however, did not show changes in the 
levels of S-glutathionylation and S-nitrosylation in 
this group of proteins, which may indicate that redox 
enzymes undergo reversible oxidative modifications 
during capacitation other than S-glutathionylation and 
S-nitrosylation, such as the formation of disulfide bridges 
or sulfoxylation.

Surprisingly, the inhibition of PRDXs significantly 
changed the levels of S-glutathionylation and S-nitrosyla-
tion of the redox enzymes GAPDHS, GSTO2 and SOD2. 
The inhibition of PRDXs resulted in an increased level of 
S-glutathionylation in the three GAPDHS proteoforms 
compared to that of the non-capacitated and capaci-
tated samples with active PRDXs. Moreover, inhibi-
tion of PRDXs resulted in denitrosylation of the enzyme 
GSTO2 and SOD2, another key enzyme for redox signal-
ing in capacitation. The GAPDHS and GSTO2 enzymes 
have previously been identified as potential redox signal 
transducers involved in capacitation [10]. Both enzymes 
are highly reactive with  H2O2 and possess conserved Cys 
residues in their active sites. In turn, the SOD enzyme 
produces  H2O2, which is the most important redox 
signaling messenger during sperm capacitation. Earlier 
results showed decreased levels of reversible oxPTMs 
of SOD2 during capacitation [10]. The present results 
revealed that S-nitrosylation probably lags behind revers-
ible oxPTM, which exhibits a decreased level during 
capacitation.

The role of PRDXs as major components in redox 
signal transmission was recently discovered and docu-
mented in somatic cells; it was concluded that PRDXs 
can protect most proteins against oxidation while actively 
oxidizing a subset of proteins, depending on site-spe-
cific interactions [47–49]. It is speculated that proteins 
with disordered domains can interact with the center of 
PRDX rings and are thus brought into the proximity of 
peroxidatic cysteines. Alternatively, the pairing of thiol 
peroxidases and target proteins may be facilitated by the 
supramolecular scaffolding context of larger signaling 

complexes, potentially involving dedicated adaptor pro-
teins [50]. Indeed, mammalian PRDXs have often been 
copurified as components of larger signaling complexes 
[51]. The results of our study indicated for the first time 
that the activity of PRDXs has a direct impact on the 
potential redox signal transducers involved in capacita-
tion. The activity of PRDXs may be related to redox sign-
aling, as the activity maintains the appropriate level of 
GAPDHS S-glutathionylation and the S-nitrosylation of 
the GSTO2 and SOD2 enzymes.

Relationship between the redox status of ZP‑binding 
proteins and the activity of PRDXs
We found a significant relationship between the redox 
status of ZP-binding proteins and the activity of PRDXs, 
as there are numerous differences between sperm sam-
ples in which the PRDX activity was active or inhib-
ited. Such differences were related to the IZUMO4 and 
ACRBP proteins described above, in which the level of 
S-nitrosylation was higher when the activity of PRDXs 
was blocked. Inhibition of PRDXs also caused ADAM2 
protein to undergo increased S-nitrosylation, and 
ADAM2 is a sperm surface protein containing a disinte-
grin-like domain that binds to integrin receptors on the 
egg [52]. Based on the above results, it seems that dis-
rupting the activity of PRDX affects the level of reversible 
oxPTMs in proteins related to sperm-oocyte interac-
tions, which may result in failure of gamete recognition 
and fertilization.

Inhibition of PRDXs causes the AKAP proteins 
to dephosphorylate
PKA can phosphorylate many putative substrates. There-
fore, to target the suitable signaling cascade and prevent 
other substrates from phosphorylating, the regulatory 
subunit of PKA is tethered by proper scaffolding proteins 
called AKAPs [53]. Interestingly, inhibition of PRDXs 
resulted in a decrease in tyrosine phosphorylation of 
AKAP3 and AKAP4 proteins. This is a very important 
finding that can explain the decrease in tyrosine phos-
phorylation of proteins in capacitated, PRDX-inhibited 
sperm (Fig. 4) (Additional file 9). As mentioned, AKAPs 
are molecular navigators of PKA anchors due to their 
physiological substrates [54]. A lack of AKAP3 and 
AKAP4 results global changes in the sperm proteome, 
such as mislocalization of PKA and immobility [55]. Both 
AKAP3 and AKAP4 play very important roles in capaci-
tation; however, they target different signaling com-
plexes. AKAP3 has been found in the acrosomal region, 
and AKAP4 localizes to the longitudinal columns of the 
fibrous sheath, restricting the scope of PKA action within 
a close proximity of motility-related targets in the axo-
neme [56]. Considering that AKAP3 and AKAP4 play 
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a fundamental role in PKA targeting and downstream 
tyrosine phosphorylation events in the capacitation pro-
cess, our results suggest that PRDX activity is necessary 
to maintain the appropriate level of phosphorylation of 
AKAP3 and AKAP4 proteins. Presumably, inhibiting 
PRDX activity inexplicably leads to a decrease in ACAP3 
and ACAP4 phosphorylation, disrupting the interaction 
with PKA and resulting in a decrease in tyrosine phos-
phorylation during capacitation. Moreover, the same 
effect may be the reason why sperm motility decreases in 
PRDX-inhibited capacitated sperm (Table 1), as AKAP4 
is likely involved in the signal cascade of phosphoryla-
tion in sperm flagella. However, IVF will need to be per-
formed to provide direct evidence.

Conclusions
Our results revealed that reversible PTMs of sperm pro-
teins occurred during capacitation with the following 
modifications: S-nitrosylation/denitrosylation, S-glutath-
ionylation/deglutathionylation and tyrosine phosphoryl-
ation/dephosphorylation. However, the dominant PTMs 
detected in capacitated sperm proteins were proteins 
that underwent denitrosylation, deglutationylation and 
tyrosine phosphorylation. During capacitation, changes 
in the level of S-nitrosylation, S-glutathionylation and 
tyrosine phosphorylation of associated groups of proteins 
occurred, which indicates that the direction of posttrans-
lational modifications was integrated. Some groups of 
sperm proteins were associated exclusively with revers-
ible ox PTMs (zona-pellucida binding proteins, redox 
enzymes and organelle component assembly involved 
proteins), while others were associated only with phos-
phorylation (proteins involved in cAMP/PKA pathway) 
or showed changes in all analyzed types of PTMs (TCA 
enzymes, energy metabolism enzymes and sperm fla-
gellar), which indicates that PTMs-based regulation of 
capacitation is a much more complex mechanism than 
previously assumed.

Sperm mitochondrial proteins were collectively deni-
trosylated and deglutathionylated, which indicates 
that metabolic pathways were activated and hydrogen 
peroxide signals were sensitized during sperm capaci-
tation. Zona-pellucida binding proteins that were par-
ticularly rich in reversible ox PTMs were involved in 
the following sperm–oocyte interaction events: (1) 
primary ZP binding prior to acrosome disassembly 
(ACRBP, SPAM1, ZAN), (2) secondary ZP binding after 
exposing the inner acrosomal membrane (ZPBP1), (3) 
zona pellucida penetration (SPAM1), and (4) sperm-
egg membrane fusion (WBP2NL, IZUMO4). Our 
results seem to override the existing knowledge on 
sperm physiology, as they indicate that the capacitation 
process not only prepares the sperm for a physiological 

acrosomal response but also conditions the sperm for 
direct interactions with an oocyte via redox PTMs. We 
propose that redox PTMs in the form of S-nitrosylation 
and S-glutathionylation (and reverse reactions) of ZP-
binding proteins may be an important stage that deter-
mines the ability of ZP penetration and sperm-oocyte 
membrane fusion.

A large group of sperm flagellar proteins (components 
of outer dense fibers, radial spokes, dynein arms and 
microtubules) was associated with all analyzed types of 
PTMs. This integrated direction of posttranslational 
modifications was exceptionally significant for ODFs 
proteins that are involved in capacitation-induced hyper-
active motility. For this reason, we propose that deglu-
tathionylation and tyrosine phosphorylation of ODFs are 
hallmarks of bull sperm capacitation.

For the first time, the obtained results indicate that 
there is a relationship between PRDX activity and protein 
phosphorylation, S-glutathionylation and S-nitrosylation, 
since inhibition of PRDX activity caused a global increase 
in S-nitrosylation and S-glutathionylation and a decrease 
in protein phosphorylation compared to that of sperm 
with active PRDXs. The activity of PRDXs appears to 
be related to redox signaling during capacitation, as the 
activity maintains the appropriate levels of S-glutathio-
nylation of GAPDHS and S-nitrosylation of the GSTO2 
and SOD2 enzymes. Inhibition of PRDXs also caused 
dephosphorylation of the AKAP proteins, which may dis-
rupt the interaction between AKAP proteins and PKA, 
resulting in a decrease in tyrosine phosphorylation dur-
ing capacitation. Moreover, the same effect may explain 
the decrease in sperm motility in PRDX-inhibited capaci-
tated sperm. Moreover, a relationship between the redox 
status of ZP-binding proteins and the activity of PRDXs 
was shown. Disrupting the PRDX activity affected the 
level of redox PTMs in proteins related to sperm-oocyte 
interactions, which may result in failure of gamete recog-
nition and fertilization.
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Additional file 1. Figure S1. Positive and negative control of 1D 
S‑nitrosylation analysis. 1D gel analysis of relative fluorescence intensity 
corresponding to the levels of protein S‑nitrosylation of bull sperm with 
negative and positive controls. Lane 1—blocking control, sample without 
substrate specific reduction with ascorbate. Lane 2—experimental 
sample, with ascorbate reduction step. Lane 3—positive control, sample 
treated with NONOate, a nitric oxide donor.

Additional file 2. Figure S2. Positive and negative control of 1D S‑glu‑
tathionylation analysis. 1D gel analysis of relative fluorescence intensity 
corresponding to the levels of protein S‑glutathionylation of bull sperm 
with negative and positive controls. Lane 1—blocking control, sample 
without substrate specific reduction with GRX1. Lane 2—experimental 
sample, with GRX1 reduction step. Lane 3—positive control, sample 
treated with GSSG, an oxidized glutathione donor.

Additional file 3. Table S1. Proteomic data on identified bull sperm 
proteins.

Additional file 4. Figure S3. Representative flow cytometry graphs 
showing mean fluorescence of Fluo 3‑AM corresponding to the level of 
intracellular calcium in non‑capacitated sperm (Non‑Cap) (A).

Additional file 5. Figure S4. Representative flow cytometry graphs show‑
ing flourescence of FITC‑conjugated anti‑acrosine antibodies correspond‑
ing to the level of available acrosine in non‑capacitated sperm (Non‑Cap) 
(A), capacitated sperm (Cap PRDX+) (B) and capacitated sperm with PRDX 
inhibition (Cap PRDX−) (C).

Additional file 6. Figure S5. Representative flow cytometry graphs 
showing nitric oxide‑positive and negative sperm populations in non‑
capacitated sperm (Non‑Cap) (A), capacitated sperm (Cap PRDX+) (B) and 
capacitated sperm with PRDX inhibition (Cap PRDX−) (C).

Additional file 7. Figure S6. Representative flow cytometry graphs show‑
ing S‑glutathionylation‑positive and negative sperm populations in non‑
capacitated sperm (Non‑Cap) (A), capacitated sperm (Cap PRDX+) (B) and 
capacitated sperm with PRDX inhibition (Cap PRDX−) (C).

Additional file 8. Figure S7. Representative flow cytometry graphs show‑
ing mean fluorescence of FTIC‑phalloidin corresponding to the level of 
actin polymerization in non‑capacitated sperm (Non‑Cap) (A), capacitated 
sperm (Cap PRDX+) (B) and capacitated sperm with PRDX inhibition (Cap 
PRDX−) (C).

Additional file 9. Figure S8. Representative histograms showing sperm 
flagella fluorescence intensity corresponding to the level of tyrosine 
phosphorylation in non‑capacitated sperm (Non‑Cap) (A), capacitated 
sperm (Cap PRDX+) (B) and capacitated sperm with PRDX inhibition (Cap 
PRDX‑) (C).

Acknowledgements
We would like to thank JoannaWisniewska for help with microscopic analyses 
and Sylwia Judycka for help with sperm motility analysis.

Author contributions
Conceptualisation, AM‑M (Agnieszka Mostek‑Majewska) and AC (Andrzej 
Ciereszko); methodology, AM‑M; software, AM‑M; validation, AJ (Anna Janta) 

and AM (Anna Majewska); formal analysis, AM‑M, AM and AJ; investigation, 
AM‑M, AM and AJ; resources, AM‑M, AM and AJ; data curation, AM‑M; writ‑
ing—original draft preparation, AM‑M and AC; writing—review and editing, 
AM‑M; visualisation, AJ and AM; supervision, AC; project administration, AM‑M; 
funding acquisition, AC and AM. All authors have read and agreed to the 
published version of the manuscript.

Funding
This work was funded by Projects 2018/29/B/NZ9/00486 and 2021/43/D/
NZ9/01916 of the National Science Centre in Poland.

Availability of data and materials
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
No permit for animal experimentation is required for the experiments 
reported in the manuscript.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Gamete and Embryo Biology, Institute of Animal Reproduc‑
tion and Food Research of Polish Academy of Sciences, 10‑748 Olsztyn, Poland. 

Received: 22 November 2022   Accepted: 13 February 2023

References
 1. Diez‑Sánchez C, Ruiz‑Pesini E, Montoya J, Pérez‑Martos A, Enriquez JA, 

López‑Pérez MJ. Mitochondria from ejaculated human spermatozoa do 
not synthesize proteins. FEBS Lett. 2003;553:205–8.

 2. Secciani F, Bianchi L, Ermini L, Cianti R, Armini A, La Sala GB, et al. Protein 
profile of capacitated versus ejaculated human sperm. J Proteome Res. 
2009;8:3377–89.

 3. Baker MA, Reeves G, Hetherington L, Aitken RJ. Analysis of proteomic 
changes associated with sperm capacitation through the combined use 
of IPG‑strip pre‑fractionation followed by RP chromatography LC‑MS/MS 
analysis. Proteomics. 2010;10:482–95.

 4. Flesch FM, Colenbrander B, Van Golde LMG, Gadella BM. Capacitation 
induces tyrosine phosphorylation of proteins in the boar sperm plasma 
membrane. Biochem Biophys Res Commun. 1999;262:787–92.

 5. Mohanarao GJ, Atreja SK. Identification of capacitation associated tyros‑
ine phosphoproteins in buffalo (Bubalus bubalis) and cattle spermatozoa. 
Anim Reprod Sci. 2011;123:40–7.

 6. Liu DY, Clarke GN, Baker HWG. Tyrosine phosphorylation on capacitated 
human sperm tail detected by immunofluorescence correlates strongly 
with sperm–zona pellucida (ZP) binding but not with the ZP‑induced 
acrosome reaction. Hum Reprod. 2006;21:1002–8.

 7. Nassar A, Mahony M, Morshedi M, Lin MH, Srisombut C, Oehninger S. 
Modulation of sperm tail protein tyrosine phosphorylation by pen‑
toxifylline and its correlation with hyperactivated motility. Fertil Steril. 
1999;71:919–23.

 8. Carrera A, Moos J, Ning XP, Gerton GL, Tesarik J, Kopf GS, et al. Regula‑
tion of protein tyrosine phosphorylation in human sperm by a calcium/
calmodulin‑dependent mechanism: identification of A kinase Anchor 
proteins as major substrates for tyrosine phosphorylation. Dev Biol. 
1996;180:284–96.

 9. Staicu FD, Martínez‑Soto JC, Canovas S, Matás C. Nitric oxide‑targeted 
protein phosphorylation during human sperm capacitation. Sci Rep. 
2021;11:20979.

https://doi.org/10.1186/s12964-023-01080-w
https://doi.org/10.1186/s12964-023-01080-w


Page 22 of 23Mostek‑Majewska et al. Cell Communication and Signaling           (2023) 21:72 

 10. Mostek A, Janta A, Majewska A, Ciereszko A. Bull sperm capacita‑
tion is accompanied by redox modifications of proteins. Int J Mol Sci. 
2021;22:7903.

 11. Stomberski CT, Hess DT, Stamler JS. Protein S‑nitrosylation: determinants 
of specificity and enzymatic regulation of S‑nitrosothiol‑based signaling. 
Antioxid Redox Signal. 2019;30:1331–51.

 12. Musaogullari A, Chai YC. Redox regulation by protein s‑glutathionylation: 
from molecular mechanisms to implications in health and disease. Int J 
Mol Sci. 2020;21:8113.

 13. Bergqvist AS, Ballester J, Johannisson A, Hernandez M, Lundeheim N, 
Rodríguez‑Martínez H. In vitro capacitation of bull spermatozoa by 
oviductal fluid and its components. Zygote. 2006;14:259–73.

 14. Martinezruiz A, Lamas S. Signalling by NO‑induced protein S‑nitrosylation 
and S‑glutathionylation: convergences and divergences. Cardiovasc Res. 
2007;75:220–8.

 15. Cohen‑Dayag A, Tur‑Kaspa I, Dor J, Mashiach S, Eisenbach M. Sperm 
capacitation in humans is transient and correlates with chemot‑
actic responsiveness to follicular factors. Proc Natl Acad Sci U S A. 
1995;92(24):11039–43.

 16. Aitken RJ. The capacitation‑apoptosis highway: oxysterols and mamma‑
lian sperm function. Biol Reprod. 2011;85(1):9–12.

 17. Mailloux RJ. Protein S‑glutathionylation reactions as a global inhibitor 
of cell metabolism for the desensitization of hydrogen peroxide signals. 
Redox Biol. 2020;32:101472.

 18. Fernando V, Zheng X, Walia Y, Sharma V, Letson J, Furuta S. S‑nitrosylation: 
an emerging paradigm of redox signaling. Antioxidants (Basel, Switzer‑
land). 2019;8:404.

 19. Van Gestel RA, Brewis IA, Ashton PR, Brouwers JF, Gadella BM. Multiple 
proteins present in purified porcine sperm apical plasma membranes 
interact with the zona pellucida of the oocyte. Mol Hum Reprod. 
2007;13:445–54.

 20. Foster JA. Baby brother acrosin‑binding protein (ACRBP) says, “look at me 
now!” Biol Reprod. 2013;88:1–3.

 21. Yoon S, Chang KT, Cho H, Moon J, Kim JS, Min SH, et al. Characterization 
of pig sperm hyaluronidase and improvement of the digestibility of 
cumulus cell mass by recombinant pSPAM1 hyaluronidase in an in vitro 
fertilization assay. Anim Reprod Sci. 2014;150:107–14.

 22. Lea IA, Sivashanmugam P, O’Rand MG. Zonadhesin: characterization, 
localization, and zona pellucida binding. Biol Reprod. 2001;65:1691–700.

 23. Yu Y, Xu W, Yi YJ, Sutovsky P, Oko R. The extracellular protein coat of the 
inner acrosomal membrane is involved in zona pellucida binding and 
penetration during fertilization: characterization of its most prominent 
polypeptide (IAM38). Dev Biol. 2006;290:32–43.

 24. Aarabi M, Balakier H, Bashar S, Moskovtsev SI, Sutovsky P, Librach CL, 
et al. Sperm‑derived WW domain‑binding protein, PAWP, elicits calcium 
oscillations and oocyte activation in humans and mice. FASEB J. 
2014;28:4434–40.

 25. Ellerman DA, Pei J, Gupta S, Snell WJ, Myles D, Primakoff P. Izumo is part 
of a multiprotein family whose members form large complexes on mam‑
malian sperm. Mol Reprod Dev. 2009;76:1188–99.

 26. Harris JD, Hibler DW, Fontenot GK, Hsu KT, Yurewicz EC, Sacco AG. Clon‑
ing and characterization of zona pellucida genes and cDNAs from a 
variety of mammalian species: the ZPA, ZPB and ZPC gene families. DNA 
Seq. 1994;4:361–93.

 27. Hardy DM, Garbers DL. Species‑specific binding of sperm proteins 
to the extracellular matrix (zona pellucida) of the egg. J Biol Chem. 
1994;269:19000–4.

 28. Baba D, Kashiwabara SI, Honda A, Yamagata K, Wu Q, Ikawa M, et al. 
Mouse sperm lacking cell surface hyaluronidase PH‑20 can pass 
through the layer of cumulus cells and fertilize the egg. J Biol Chem. 
2002;277:30310–4.

 29. Kimura M, Kim E, Kang W, Yamashita M, Saigo M, Yamazaki T, et al. 
Functional roles of mouse sperm hyaluronidases, HYAL5 and SPAM1, in 
fertilization. Biol Reprod. 2009;81:939–47.

 30. Wu ATH, Sutovsky P, Manandhar G, Xu W, Katayama M, Day BN, et al. 
PAWP, a sperm‑specific WW domain‑binding protein, promotes meiotic 
resumption and pronuclear development during fertilization. J Biol 
Chem. 2007;282:12164–75.

 31. Bianchi E, Doe B, Goulding D, Wright GJ. Juno is the egg Izumo recep‑
tor and is essential for mammalian fertilization. Nature. 2014;508:483–7.

 32. Inoue N, Wada I. Monitoring dimeric status of IZUMO1 during the acro‑
some reaction in living spermatozoon. Cell Cycle. 2018;17:1279–85.

 33. Inoue N. Novel insights into the molecular mechanism of sperm‑egg 
fusion via IZUMO1. J Plant Res. 2017;130:475–8.

 34. Suarez SS. Control of hyperactivation in sperm. Hum Reprod Update. 
2008;14:647–57.

 35. Marquez B, Suarez SS. Different signaling pathways in bovine 
sperm regulate capacitation and hyperactivation. Biol Reprod. 
2004;70:1626–33.

 36. Lindemann CB, Lesich KA. Functional anatomy of the mammalian 
sperm flagellum. Cytoskeleton. 2016;73:652–69.

 37. Pigino G, Ishikawa T. Axonemal radial spokes: 3D structure, function 
and assembly. BioArchitecture. 2012;2:50–8.

 38. Mariappa D, Aladakatti RH, Dasari SK, Sreekumar A, Wolkowicz M, Van 
Der Hoorn F, et al. Inhibition of tyrosine phosphorylation of sperm 
flagellar proteins, outer dense fiber protein‑2 and tektin‑2, is associated 
with impaired motility during capacitation of hamster spermatozoa. 
Mol Reprod Dev. 2010;77:182–93.

 39. Liu Y, Jiang M, Li C, Yang P, Sun H, Tao D, et al. Human t‑complex 
protein 11 (TCP11), a testis‑specific gene product, is a potential deter‑
minant of the sperm morphology. Tohoku J Exp Med. 2011;224:111–7.

 40. Morgan DJ, Weisenhaus M, Shum S, Su T, Zheng R, Zhang C, et al. 
Tissue‑specific PKA inhibition using a chemical genetic approach and 
its application to studies on sperm capacitation. Proc Natl Acad Sci U S 
A. 2008;105:20740–5.

 41. Graf CB, Ritagliati C, Stival C, Luque GM, Gentile I, Buffone MG, et al. 
Everything you ever wanted to know about PKA regulation and its 
involvement in mammalian sperm capacitation. Mol Cell Endocrinol. 
2020;518:110992.

 42. Nolan MA, Babcock DF, Wennemuth G, Brown W, Burton KA, McK‑
night GS. Sperm‑specific protein kinase A catalytic subunit Calpha2 
orchestrates cAMP signaling for male fertility. Proc Natl Acad Sci U S A. 
2004;101:13483–8.

 43. Breitbart H, Cohen G, Rubinstein S. Role of actin cytoskeleton in mam‑
malian sperm capacitation and the acrosome reaction. Reproduction. 
2005;129:263–8.

 44. Brener E, Rubinstein S, Cohen G, Shternall K, Rivlin J, Breitbart H. 
Remodeling of the actin cytoskeleton during mammalian sperm 
capacitation and acrosome reaction. Biol Reprod. 2003;68(3):837–45.

 45. Sosnik J, Buffone MG, Visconti PE. Analysis of CAPZA3 localization 
reveals temporally discrete events during the acrosome reaction. J Cell 
Physiol. 2010;224:575–80.

 46. Ryu DY, Kim KU, Kwon WS, Rahman MS, Khatun A, Pang MG. Per‑
oxiredoxin activity is a major landmark of male fertility. Sci Rep. 
2017;7(1):17174.

 47. Fomenko DE, Koc A, Agisheva N, Jacobsen M, Kaya A, Malinouski M, et al. 
Thiol peroxidases mediate specific genome‑wide regulation of gene 
expression in response to hydrogen peroxide. Proc Natl Acad Sci U S A. 
2011;108:2729–34.

 48. Stöcker S, Maurer M, Ruppert T, Dick TP. A role for 2‑Cys peroxiredox‑
ins in facilitating cytosolic protein thiol oxidation. Nat Chem Biol. 
2018;14:148–55.

 49. Stöcker S, Van Laer K, Mijuskovic A, Dick TP. The conundrum of hydrogen 
peroxide signaling and the emerging role of peroxiredoxins as redox 
relay hubs. Antioxid Redox Signal. 2018;28:558–73.

 50. Veal EA, Ross SJ, Malakasi P, Peacock E, Morgan BA. Ybp1 is required for 
the hydrogen peroxide‑induced oxidation of the Yap1 transcription fac‑
tor. J Biol Chem. 2003;278:30896–904.

 51. Rhee SG, Woo HA. Multiple functions of peroxiredoxins: peroxidases, 
sensors and regulators of the intracellular messenger  H2O2, and protein 
chaperones. Antioxid Redox Signal. 2011;15:781–94.

 52. Giebeler N, Zigrino P. A disintegrin and metalloprotease (ADAM): histori‑
cal overview of their functions. Toxins. 2016;8:122.

 53. Edwards AS, Scott JD. A‑kinase anchoring proteins: protein kinase A and 
beyond. Curr Opin Cell Biol. 2000;12:217–21.

 54. Stival C, Ritagliati C, Xu X, Gervasi MG, Luque GM, Baró Graf C, et al. 
Disruption of protein kinase A localization induces acrosomal exocytosis 
in capacitated mouse sperm. J Biol Chem. 2018;293:9435–47.

 55. Xu K, Yang L, Zhang L, Qi H. Lack of AKAP3 disrupts integrity of the 
subcellular structure and proteome of mouse sperm and causes male 
sterility. Development. 2020;147:dev181057.



Page 23 of 23Mostek‑Majewska et al. Cell Communication and Signaling           (2023) 21:72  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 56. Jumeau F, Sigala J, Dossou‑Gbete F, Frimat K, Barbotin AL, Buée L, et al. 
A‑kinase anchor protein 4 precursor (pro‑AKAP4) in human spermatozoa. 
Andrology. 2018;6:854–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	New insights into posttranslational modifications of proteins during bull sperm capacitation
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Research material
	Sperm preparation and capacitation
	Sperm motility measurement
	Flow cytometry and fluorescence microscopy analyses
	Sperm count and viability
	Detection of intracellular nitric oxide levels
	Detection of intracellular calcium levels
	Actin polymerization
	Phosphotyrosine and acrosine availability detection
	Detection of S-glutathionylation at the cellular level
	Protein extraction and concentration measurement
	Detection of S-nitrosylated proteins
	Detection of S-glutathionylated proteins
	Negative and positive controls of the labeling procedure
	2D-PAGE separation of sperm proteins and protein identification
	Detection of tyrosine phosphorylated proteins
	Statistical analyses

	Results
	Sperm viability
	Capacitation
	Sperm motility
	Detection of nitric oxide in sperm
	Detection of S-glutathionylated proteins in sperm
	Detection of tyrosine phosphorylation in sperm
	S-glutathionylation, S-nitrosylation and tyrosine phosphorylation occurred due to capacitation at the proteomic level
	Changes in PTMs due to capacitation with active PRDXs
	Changes in PTMs due to capacitation with inhibited PRDXs
	Analysis of the interaction of S-nitrosylated, S-glutathionylated and phosphorylated proteins

	Discussion
	A general examination of S-nitrosylation proteins, S-glutathionylation and tyrosine phosphorylation during sperm capacitation
	Decrease of sperm viability during capacitation
	Capacitation-related PTMs of mitochondrial proteins
	Zona-pellucida binding proteins are potentially redox-regulated during capacitation
	Sperm flagellar proteins involved in hyperactive motility
	The regulatory subunit of PKA undergoes tyrosine phosphorylation due to sperm capacitation
	Actin-related proteins undergo changes in S-nitrosylation and tyrosine phosphorylation during capacitation
	Effect of PRDX inhibition on PTMs during capacitation
	The inhibition of PRDXs affects the level of S-glutathionylation and S-nitrosylation of redox enzymes during capacitation
	Relationship between the redox status of ZP-binding proteins and the activity of PRDXs
	Inhibition of PRDXs causes the AKAP proteins to dephosphorylate

	Conclusions
	Anchor 50
	Acknowledgements
	References


