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Systematic mRNA interactome analysis
reconceptualizes translational
quiescence in bovine sperm
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Ejaculated mammalian sperm must undergo a series of biochemical changes called capacitation to
gain fertilizing competence. Mounting evidence on protein synthesis during capacitation contradicts
the widely accepted dogma of translational quiescence in sperm. However, mechanisms regulating
mRNA translation in sperm is ambiguous, necessitating elucidation and understanding its role in
enabling fertilizing competence. Here, we perform proteome analysis from bovine sperm and identify
proteins involved in translation, encompassing initiation and elongation factors, ribosomal proteins,
tRNA synthetase, ligase, and RNA-binding proteins (RBPs) involved in mRNA export, degradation,
and binding.We further explore themRNA-binding activity of RBPs during capacitation, identifying 48
RBPs; 13 and 8 RBPs were exclusive to fresh-uncapacitated and capacitation groups, respectively,
with an overlap of 27 RBPs present in both groups. Interestingly, cytoskeletal proteins and metabolic
enzymes associate differentially with mRNAs during capacitation. Since phosphorylation is a known
regulatory mechanism dynamically modulating RBPs’ interactions with mRNAs, we performed sperm
phosphoproteome analysis, revealing few RBPs to phosphorylate during capacitation. These
observations suggest that RNA-binding functions of these proteins are coupled with capacitation-
associated phosphorylation events, enabling concomitant protein synthesis and fertilizing
competence in sperm. These findings will assist in elucidating translational regulation of mRNA in
sperm and advancing our knowledge in regulation of male fertility.

Thepast decadehas seena surgeof interest in improvingmale fertility across
species. Male factors contribute to approximately half of infertility cases in
humans1, with unexplained infertility affecting one out of three couples,
primarily attributed to these factors2. The clinical values of conventional
semen analysis, such as spermmotility, concentration, andmorphology, are
inadequate in diagnosing male infertility as they do not account for sub-
microscopic or molecular-level differences in sperm. For an improved
evidence-baseddiagnosis and infertility treatment, a better understandingof
molecularmechanisms governingmale fertility is necessary. Similarly, male
fertility is crucial in animal breeding systems as cryopreserved semen from
an elite male is distributed worldwide to breed numerous females through
artificial insemination. Propagation of germplasm from sub-fertile bulls can
reduce conception rates and calf birth and result in economic loss. To
understand the factors enabling sperm fertilizing potential, we use a bovine
model that enables the use of semen from bulls with known fertility status
(availability of fertility data from thousands of inseminations). It allows

correlation analysis between sperm characteristics and fertility with
potential implications across different species.

A long-standing belief in translational quiescence in sperm has
impeded investigating de novo protein synthesis in sperm and its potential
impact on male fertility. Ejaculated mammalian sperm were considered
translationally quiescent due to inherently fragmented 28S/18S ribosomal
RNA across species3 and the exclusion of most cytoplasm during
spermatogenesis4. Consequently, existing sperm proteins and their post-
translational modifications (PTMs) were believed to regulate sperm func-
tions during fertilization. Contrary to the dogma of translational quiescence
in sperm, our previouswork demonstrated de novo protein synthesis in bull
sperm5 during capacitation5. We also demonstrated an increase in the
content and activity of testis-specific isoformofNa+/K+-ATPase (ATP1A4)
during capacitation, which was inhibited in the presence of chlor-
amphenicol, implicating mitochondrial translation5. Other studies also
demonstrated protein synthesis in sperm across species through the
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incorporation of [3H]-amino acids6,7, [35S]-methionine and [35S]-cysteine8,
and puromycin (SUnSET assay)9 into newly synthesized sperm proteins.
However, none of the studies have explored post-transcriptional gene reg-
ulation in sperm, an area that could revolutionize the diagnosis and man-
agement of male-factor infertility.

RNA-binding proteins (RBPs) and their PTMs are well known to
modulate the translation of stage-specific mRNAs and control the differ-
entiation of primordial germ cells to sperm during spermatogenesis10. Since
proteinphosphorylation is ahallmarkof spermcapacitationacross species11,
we hypothesized that capacitation alters the interaction of RBPs with
mRNAs in a phosphorylation-associated manner, releasing them from
translational repression and resuming de novo protein synthesis.We report
here, for the first time, a comprehensive assessment of the bovine sperm
proteome in identifying translational machinery and investigating the
dynamic interaction of RBPs and mRNAs during bovine sperm capacita-
tion. Sperm proteomics identified several RBPs known for their role in
translational regulation and their physiological interaction with mRNAs
was further investigatedduring capacitation. Severalmetabolic enzymes and
cytoskeletal proteins were found interacting with mRNAs in a
phosphorylation-associated manner during capacitation, revealing their
moonlighting effects as RBPs. Several of these proteins were previously
reported to correlate with bull fertility. Altogether, our study comprehen-
sively investigated the sperm proteome associated with mRNA translation
and demonstrated the phosphorylation-associated interaction of RBPswith
mRNAs during bovine sperm capacitation.

Results
Confirmation of capacitation status based on sperm kinematics
and protein tyrosine phosphorylation
Total motile and progressively motile sperm did not differ between the
control (C4) and CAP (heparin as a capacitation-inducing agent) groups
after 4 h of incubation.However, the amplitude of lateral head displacement
(ALH) and curvilinear velocity (VCL) increased (p ≤ 0.05) in CAP com-
pared to the control group indicating sperm hyperactivation (Table 1).
Sperm capacitation status was further confirmed by immunoblotting for
protein tyrosine phosphorylation. The signal intensity of 4 tyrosine phos-
phorylatedprotein bands (indicated by arrows in Fig. 1) increased (p ≤ 0.05)
in the CAP group (heparin) compared to the control group, indicating
successful induction of capacitation in vitro.

Identification of protein candidates involved in translation and its
regulation during sperm capacitation
To identify the proteins involved in translational machinery in sperm, we
performed proteomic analysis of fresh-uncapacitated sperm in four bulls
where Scaffold 5 identified a total of 1319 sperm proteins, after excluding
contaminants (keratin and albumin). We identified peptide fragments of
proteins involved in translation, including initiation and elongation factors,
ribosomal proteins, and enzymes such as tRNAsynthetase, ligase, deacylase,
and hydrolase involved in tRNA aminoacylation (Supplementary Data S1,
Sheet 1). Several sperm proteins discovered by mass spectrometry are
known to regulate translation in somatic cells through mRNA processing,
export, degradation, andbinding,which suggests theycould regulatemRNA

translation during sperm capacitation (Supplementary Data S1, Sheet 2).
We further investigated the abundance of these RBPs through the Expo-
nentiallyModified Protein Abundance Index (emPAI), which estimates the
absolute protein amount in a complex mixture using the number of
sequenced peptides per protein12. We concluded these proteins are lowly
abundant in sperm proteome with a molecular weight <150 kDa. In our
discovery-based approach to acquiring preliminary data, we also chose to
report all proteins of interest with the “minimum one peptide” criterion as
some of the peptides were likely legitimate and could be missed with the
“minimum two peptides” criterion (Supplementary Data S1, Sheet 1). Most
of the identified proteins were detected and validated in at least 2 of 4
biological replicates. Next, we aimed to determine if these proteins are just
remnants from spermatogenesis or physiologically interact with sperm
RNAs. Therefore, we captured mRNA interactome using RNA antisense
purification coupled with mass spectrometry (RAP-MS) (workflow
in Fig. 2).

Considerations while adapting mRNA interactome capture in
bovine sperm
We performed RAP-MS and investigated RBPs physiologically interacting
with mRNAs.

To secure in vivo mRNA-RBP interaction, we crosslinked sperm with
UV irradiation and paraformaldehyde (PFA) parallelly. PFA-treated sperm
(various times and concentrations) failed to release adequate total RNA in
sperm lysate. Owing to the PFA-mediated promiscuous crosslinking and
challenges, UV irradiation was used for further experiments. The known
low-crosslinking efficiency of UV irradiation was compensated by using
high sperm quantity (5–6 million sperm).

High UV dosages can result in a general loss of proteins13. Therefore,
we compared protein and RNA profiles of sperm irradiated with UV doses
of 150–600mJ/cm2 (treatment) to those without irradiation (control). Both
groups exhibited similar protein and RNA profiles as indicated by Coo-
massie Blue staining, immunoblotting (Fig. 3A, B), and electrophoretic
bioanalyzer analysis (Fig. 3C), respectively, suggesting no UV-induced
degradation. Since the sperm head contains condensed paternal DNA, we
avoided spermhead decondensation and therefore co-purification ofDNA-
binding proteins by performing sperm lysis at 4 °C for 1 h. Lysis beyond 1 h
of incubation did not retrieve more sperm RNA. Sperm head intactness,
confirmed by microscopic examination following the lysis, suggested an
absence of genomic DNA (Fig. 3D). This was confirmed by the amplifica-
tion of sperm cDNA (synthesized without prior DNase treatment) using
intron-spanning PRM1 primer yielding a 285 bp PCR product (sperm
genomic DNA yields a 376 bp PCR product, Fig. 3E). PCR using somatic-
cell-specific genes observed no amplification, confirming the absence of
somatic-cell contamination (Fig. 3F). Furthermore, bioanalyzer profile of
sperm RNA had no additional peaks running above 6000 nt, suggesting an
absence of genomic DNA (Fig. 3G). Bead elution at 80 °C for 3min yielded
maximum recovery in the supernatant while maintaining RNA integrity.

Metabolic enzymes and cytoskeletal proteins associate with
mRNAs during bovine sperm capacitation
The mRNAs and associated RBPs were enriched in fresh-uncapacitated
(C0) and heparin-induced capacitated (CAP) sperm with RAP-MS using
biotinylated oligo (dT) probes in 3 independent biological replicates. The
oligo (dT) conjugated streptavidin beads enriched poly-A RNAs 500–6000
nucleotides in size (Fig. 4A) from total sperm RNA (Fig. 4B) in the C0 and
CAPgroupwhereas bead control (BC; unconjugated streptavidin beads) did
not associatewith anyRNAs (Fig. 4C). Enrichment of proteins in theC0and
CAP over bead control group was confirmed using silver-stained SDS-
PAGE gels (Fig. 4D) and validated for hexokinase-1 using immunoblotting
(Fig. 4E). A very faint RBP profile in the C0 group compared to the CAP
group (Fig. 4D and Supplementary Fig. 1) in silver-stained gels could
indicate a lesser abundance of RBPs bound to the poly-A RNAs ormay also
indicate the differences in RBPs’ extractability between fresh-uncapacitated
(C0) and capacitated (CAP) sperm cohorts.

Table 1 | Sperm motility and kinematic parameters during
capacitation (mean ± SEM, n = 3, p ≤ 0.05)

Sperm kinematics Control (C4) CAP (Heparin) p-value

Total motility (%) 87.40 ± 1.00 88.22 ± 2.82 0.39

Progressive motility (%) 79.75 ± 1.70 82.29 ± 2.58 0.22

ALH (μm) 2.19 ± 0.46 5.03 ± 0.49 0.0069

VCL (μm/s) 76.11 ± 12.80 165.62 ± 18.34 0.008

VSL (μm/s) 108.24 ± 27.84 54.43 ± 20.81 0.053

VAP (μm/s) 26.31 ± 12.67 50.20 ± 21.85 0.07
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Through Liquid Chromatography Tandem Mass Spectrometry (LC-
MS/MS), altogether 48 RBPs were identified across three biological repli-
cates, where 13 and 8 RBPs were exclusive to the C0 and CAP groups,
respectively, with an overlap of 27 RBPs present in both groups (Fig. 5A;
SupplementaryDataS2, Sheet 1).Minimumtwopeptideswere identified for
these RBPs, in at least two out of three biological replicates, excluding
proteins that were non-specifically bound to the beads. Several proteins did
not pass these selection parameters but were exclusively present in C0 or
CAP groups or both. As these could be important RBPs with a role in
translational regulation during bovine sperm capacitation, they were clas-
sified into another set called the “candidate RBPs” (Supplementary Data S2,
Sheet 2). emPAI analysis forRBPs revealed theirmoderate abundance in the
sperm proteome and <100 kDa molecular weight (Fig. 5B).

The top 20 enriched functional analyses of RBPs revealed various
biological processes (Fig. 5D), mainly glycerol-3-phosphate metabolism,
tricarboxylic acid cycle, flagellated sperm motility, and reproductive func-
tions such as sperm-oocyte binding and fertilization. The identified RBPs
were a component of sperm mid-piece, principal piece, actin cytoskeleton,
and acrosomal matrix (Fig. 5E). The RBPs were involved in molecular
functions (Fig. 5F) such as glycerol kinase activity, actin filament binding,
calcium ion binding, and nucleotide binding. Pathway enrichment analysis
identified RBPs involved in the citrate cycle (TCA cycle), oxidative phos-
phorylation, PPAR signaling pathway, complement and coagulation cas-
cades and muscle contraction (Fig. 5C).

RBPs’ association with mRNAs during capacitation is
phosphorylation-associated
The PTMs of RBPs arewell-reported to regulate translation in somatic cells.
Since phosphorylation is a hallmarkof spermcapacitation across species, we
hypothesized thatRBPsdifferentially bind tomRNAsduring capacitation in
a phosphorylation-dependent manner. We performed phosphopeptide
enrichment and identified phosphopeptides for a total of 304 proteins in the
C0andCAP(heparin) group (SupplementaryDataS3, Sheet1).A total of 10
RBPs (among 48 RBPs) were phosphorylated meeting the “minimum two
phosphopeptides” criteria with the presence in two of three biological
replicates (peptide threshold—95%, protein threshold—99%, Table 2).
Interestingly, one RBP was exclusively phosphorylated in the CAP group
and four RBPs were differentially phosphorylated during capacitation (fold
change cutoff: ≤0.8 or ≥1.2, p ≤ 0.05, false detection rate ≤0.01). Due to
technical limitations with LC-MS/MS, certain RBPs (among 48 RBPs) that

do not meet the specified criteria (minimum two phosphopeptides) may be
excluded. As a result, we have included these RBPs in our supplementary
data for comprehensive reporting (Supplementary Data S3, Sheet 2).

Few RBPs are differentially expressed during capacitation
In an independent experiment, we explored whether RBPs in mRNA
interactome show differential expression during heparin-induced bovine
spermcapacitation. A similar bandpattern of total spermprotein extracts in
the C0 and CAP groups on a Coomassie blue-stained gel suggested that
capacitation does not affect spermprotein extractability, which is within the
detection limit of thismethod (Supplementary Fig. 2). LC-MS/MS identified
differential expression of 70 proteins, where 60 proteins were upregulated,
and 10 proteins were downregulated in the CAP group compared to the C0
(minimum twopeptides’ criteriawith the presence in two of three biological
replicates, fold change cutoff: ≤0.8 or ≥1.2, p ≤ 0.05, false detection rate
≤0.01) (Supplementary Data S4). Interestingly, one RBP (Fibrous Sheath
CABYR-binding Protein) was upregulated while three (Hexokinase,
Zonadhesin, and NADH-cytochrome b5 reductase) were downregulated
during capacitation. However, it is possible that during sperm capacitation,
protein-dense structures such as the perinuclear theca, mitochondrial and
fibrous sheath, and outer dense fibers undergo morphological changes as a
preparative step for post-fertilization decondensation. It could alter the
solubility and extractability of sperm proteins and could contribute to their
differential expression during capacitation.

Discussion
Sperm are highly specialized cells delivering paternal genes, epigenetic
signatures14, coding and non-coding RNAs15, centrioles, and proteins such
as PLCζ16,17 to an oocyte during fertilization.

Surface-associated decapacitation factors modulate the fertilizing
ability of ejaculated sperm.To gain fertilizing potential, theymust undergo a
species-specific time-dependent series of biophysical and biochemical
events in the female reproductive tract called capacitation18. These events
include the removal of decapacitation factors and several biochemical
changes which lead to phosphorylation of tyrosine residues in several
proteins, inducing changes in sperm motility from linear progressive
(moving in a relatively straight line) to irregular trajectory with high-
amplitude asymmetrical flagellar beating (hyperactivation)18, facilitating
sperm-oocyte interaction. Subsequently, sperm undergo an acrosome
reaction to penetrate the oocyte vestments before fertilization. In the present

Fig. 1 | Western blot analysis showing protein
tyrosine phosphorylation during bull sperm
capacitation. A A representative immunoblot to
detect tyrosine phosphorylation in sperm proteins
following an in-vitro capacitation assay using
heparin (10 µg/ml) as capacitation (CAP) inducing
agent. Ouabain (50 nM) was only used here as
another capacitation-inducing agent to compare its
effects with heparin. All the following experiments
in the manuscript strictly use heparin (10 µg/ml) to
induce capacitation in vitro. Total sperm protein
extracts (from three Holstein bulls) were immuno-
blotted with an anti-phosphotyrosine antibody
(1:10,000; Millipore, clone 4G10®) and reprobed
with β-tubulin (1:10,000; lower panel) for equal
protein loading. B For signal quantification (data
shown for band 1), each lanewas normalized to its β-
tubulin band intensity. Western blot analysis
revealed increased band density following heparin-
induced capacitation (mean ± SEM, n = 3, p ≤ 0.05).
Numerical data corresponding to signal quantifica-
tion for band 1 to detect tyrosine phosphorylation
are presented in Supplementary Table 3. A similar
trend was observed for other bands (marked 2–4).
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study, heparin-induced capacitation (in vitro) was confirmed by increased
tyrosine phosphorylation and a change in kinematic parameters (increased
ALH and VCL).

Our previous study5, including others6–9,19,20, provided strong evidence
that spermatozoa synthesize proteins de novo. However, it is unknown
which factors of translational machinery in sperm are excluded in residual
bodies or are retained in ejaculated spermatozoa. The translational
machinery comprises the ribosomes, transfer RNAs (tRNAs), aminoacyl-
tRNA synthetases, and translation factors21. Additionally, it constitutes
other proteins called RNA-binding proteins21 that serve as essential factors
in post-transcriptional gene regulation. They regulate RNAsplicing,mRNA
polyadenylation, subcellular compartmentalization, translation22, and their
stabilization or destabilization in response to stress or extracellular signals23.
Our proteomic analysis of bovine sperm inferred that ejaculated sperm
harbor translationalmachinery that could be regulated by RBPs for de novo
protein synthesis, supporting sperm functions. RBPs identified in sperm,
such as YBX2, DAZAP1, CARHSP1, and ANGEL2, are known to regulate
spermatid differentiation through mRNA translation24,25 during sperma-
togenesis. However, other germ cell-specific RBPs (e.g., ADAD1, CSTF2T,
TSN aka TB-RBP) were not detected in ejaculated bovine sperm.

We further aimed to investigate the mRNA-binding activity of RBPs
during sperm capacitation. We initially performed the orthogonal organic
phase separation26; however, we could not adapt this protocol to bovine

sperm. Therefore, we used the oligo (dT) affinity purification approach to
investigate RBPs physiologically interacting with mRNAs.

RBPs form a firm non-covalent complex with RNA nucleotides using
hydrogen bonds, Van der Waals, and hydrophobic interactions27. On UV
(254 nm) irradiation of these complexes, RNAnucleotides generate reactive
intermediates, creating new covalent bonds with amino acid residues of the
bound RBPs28,29. We stalled the in vivo-specific RNA-RBP interaction
dynamics with UV crosslinking (without promoting protein-protein
crosslinks as in formaldehyde-mediated crosslinking)30. Sperm lysis with
SDS yielded total sperm RNA, where biotinylated oligo (dT) probes con-
jugated with streptavidin beads specifically hybridized to poly A RNAs
(500–6000 nucleotides in size) and pulled down the RNA-RBP complex.
This approach allows capturing RNA-RBP complexes under stringent
denaturing conditions and eliminates noncovalent binders, providing RBPs
with high confidence31. We expect that our lysis buffer extracts most sperm
proteins, excluding nuclear proteins (absence of head decondensation) and
perinuclear theca proteins that require stringent extraction32. Capturing
mRNA interactome in sperm is challenging due to low mRNA con-
centration compared to somatic cells33. UV irradiation crosslinks only 1–5%
of RBPs and is biased towards certain amino acid residues, pyrimidines, and
single-stranded RNA13, which poses a technical limitation; however, we
compensated for these limitations using high (500–600 million) sperm
count. Sperm lysis in our protocol maintained the nucleus in a condensed

Fig. 2 | Workflow of mRNA interactome capture using biotinylated oligo (dT)
probes and identifying RBPs during bovine sperm capacitation. (1) Briefly, the
physiological RBP-mRNA interaction was stabilized in vivo using UV crosslinking.
(2) Sperm were lysed to release mRNA-RBP complex in the lysate (3) which was
pulled down using streptavidin bead-conjugated biotinylated oligo (dT) probes
hybridizing to polyARNAs. (4)mRNA-RBP complex was eluted frombeads by heat

treatment. (5) The mRNA-RBP complex was treated with proteinase K to facilitate
the recovery of mRNAs, which were then analyzed for nucleotide size distribution.
The results were compared to total sperm RNA using an electrophoretic profile in a
Bioanalyzer. Benzonase treatment digested mRNAs and recovered RBPs were
visualized on a polyacrylamide gel using silver staining and identified using LC-MS/
MS. Created in BioRender. Tiwari, S. (2025) https://BioRender.com/i9n9awi.
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state and it was unclear if any sperm RBPs or poly-A RNAs were associated
with it, which could limit detection of RBPs. Furthermore, RBPs associated
with histone transcripts were excluded as they lack a poly-A tail34 and could
not be captured using oligo (dT) probes. Since sperm are abundant in
transcript fragments33,35,36, our study could not differentiate between RBPs
associated with full-length and fragmented transcripts, as we did not con-
duct RNA sequencing of poly-A RNAs. However, we confirmed the pre-
sence of intact transcripts for candidate mRNAs in RNA-RBP complexes
through PCR (Supplementary Note 1, Supplementary Table 2 and Sup-
plementary Figs. 3 and 4).

SpermRBPs enriched using an affinity protocol revealedmoonlighting
effects of metabolic enzymes and cytoskeletal proteins, indicating their
multiple functions beyond their primary catalytic and structural role,
respectively. Interestingly, RBPs regulating mRNA translation during
spermatogenesis (e.g., YBX2, DAZ, TSNAXIP1, etc.) were not detected to
associate with sperm mRNAs during capacitation. Perhaps these proteins
are remnants from spermatogenesiswith no roles in translational regulation
in sperm. GO-enrichment analysis revealed that sperm RBPs pre-
dominantly participate in metabolic activities with nucleotide-binding and
calcium-binding activity during capacitation.

Metabolic enzymes such as glyceraldehyde-3-phosphate
dehydrogenase37, pyruvate kinase 138, enolase 139, etc., are well-known for

their moonlighting effects, regulating cross-talk between cellular metabo-
lism and gene expression, forming the basis of the RNA-enzyme-metabolite
(REM) hypothesis40. We identified the RNA-binding activity of hexokinase
1 during sperm capacitation as previously reported in somatic cells41. The
energy production in sperm undergoing capacitation is fueled by the tri-
carboxylic acid cycle (TCA) and oxidative phosphorylation (OXPHOS),
plus glycolysis42. Bull sperm undergoing heparin-induced capacitation
efficiently use pyruvate to generate ATP through the TCA cycle43, which
provides a phosphate group for capacitation-associated phosphorylation
events44,45. Interestingly, protein synthesis during sperm capacitation
reportedly depended on mitochondrial-synthesized ATP and mitochon-
drialmembrane potential8. It would be interesting to investigatewhether the
mRNA binding activity of metabolic enzymes during sperm capacitation is
coupledwith capacitation-induced phosphorylation events andmetabolism
and could determine the fertilizing potential of sperm. Evidence also sug-
gests sperm metabolism is closely related to bull fertility. High-fertile bulls
have prominent oxidative phosphorylation and pyruvate metabolism
pathways46 while low-fertility bulls have an altered expression of molecules
associated with sperm metabolism47.

A few identified RBPs are involved in the binding of cytoskeletal
proteins and exhibit calcium-binding activity. A strong association of the
cytoskeleton with total poly (A) RNAs is well documented in neurons,

Fig. 3 | Various UV dosages (150–600mJ/cm2) did not degrade sperm proteins
or RNA. A Sperm irradiated with a range of UV dosages had similar band intensity
onCoomassie Blue staining orB immunoblotting for β-tubulin compared to control
(noUV irradiation; equal protein loading in all groups);C Similarly, the Bioanalyzer
profile of RNA was similar across UV dosages (representative image, upper panel)
and control group (lower panel). The dissimilar area under the curve between the
treatment and control groups corresponds to different RNA inputs in the Bioana-
lyzer system. D During sperm lysis, the microscopic evaluation revealed that the
sperm head maintained a condensed state, indicating no gDNA release. E To

confirm, cDNA (synthesized without DNase treatment) amplified intron-spanning
PRM1 primer yielding a 285 bp PCR product (sperm genomic DNA yields 376 bp
PCR product) with no amplification in No-RT control, concluding the absence of
DNA contamination (original uncropped/unedited agarose gel images). F Total
RNA (in sperm lysate) did not amplify any somatic-cell-specific genes confirming
the absence of somatic cell contamination (original uncropped/unedited agarose gel
images). G Total sperm RNA following lysis did not reveal any peaks >6000
nucleotides in the Bioanalyzer, which also indicates no gDNA contamination during
mRNA interactome capture.
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oligodendrocytes, and oocytes (reviewed by Jansen)48. During spermato-
genesis, TB-RBP, a phosphoprotein, mediates the association of transla-
tionally repressed testicular mRNAs to microtubules through highly
conserved sequences (Y and H elements) in the 3’ UTRs49. Capacitation
involves dynamic cytoskeletal remodeling where PKA-dependent phos-
phorylation events activate phospholipase D, stimulating filamentous (F)-
actin polymerization and sperm hyperactivation18. For example, FSCB, an
RBP, is located in the proximity of fibrous sheath proteins and gets phos-
phorylated during capacitation to bind calcium and contribute to
hyperactivation50. The role of cytoskeletal proteins has been reported in
mRNA transport, localization to the translation site, andprotein synthesis48.
Previously, Gur and Breitbart demonstrated localization of several sperm
mRNAs and their translated proteins both inside and outside
mitochondria51. Therefore,mRNA translation in spermmay occur either in
the mitochondria and/or by mitochondrial-type ribosomes located outside
the mitochondria51. Sperm RBPs, being a component of the mid-piece and
principal piece, should be investigated to determine if they facilitate the
transport of transcripts to the site of translation, most likely in the
midpiece8,51 or sperm head where extra-mitochondrial rRNA is localized52.
However, these arguments arise from indirect evidence and need further
investigation.

The PTMs of testicular-RBPs (especially phosphorylation events) are
known to regulate spermatogenesis53,54. Electrostatic charges (e.g., negative
charge by phosphorylation) introduced by PTMs of RBPs could alter their
interactions with RNA, other proteins and affect the structural stability of
RNA-binding domains (RBDs)55,56. We hypothesized that capacitation
alters the RBPs’ phosphorylation state with a change in the RNA-binding
profile of translationally repressed mRNAs, initiating translation under
capacitating conditions. RBP-binding to 5’ UTR could sterically hinder
translation57 and their phosphorylation state could determine transcript
localization58 or sequester translational factors from mRNA targets59,60,
thereby repressing translation. A few RBPs undergoing phosphorylation
during sperm capacitation were common to C0 and CAP group, which

could modulate their affinity or steric hindrance and serve as a mechanism
to resume mRNA translation (Fig. 6). These phosphorylated RBPs were a
component of the principal piece of sperm tail and dynactin complex
involved in cilium or flagellum-dependent cell motility. It restates the sig-
nificance of understanding the possible role of cytoskeletal proteins in
translational regulation through mRNA transport and localization to the
translation site. A few RBPs were specific to associate with mRNAs in C0
and CAP groups, which could be due to their specificity towards RNA
sequence motifs, and capacitation-specific conditions modulating coop-
erative or competitive interactions with other RBPs or miRNAs, as in other
cells61,62.

Our observations on phosphorylation-associated RBP-mRNA inter-
action during capacitation further strengthen the significance of sperm
protein phosphorylation in regulating sperm functions and enabling ferti-
lizing competence. In contrast, mouse sperm could fertilize cumulus-intact
oocytes when the cAMP pathway was inactivated63, indicating sperm fer-
tility could be independent of capacitation-associated signaling pathways
and phosphorylation events. However, it is important to consider species-
specific differences, e.g., AKAP4, in mouse sperm is phosphorylated at
serine or threonine residues than at tyrosine residues as in humans64,65. Since
AKAPs can bind protein kinases, protein phosphatases, ion channels, and
small GTP-binding proteins, theymay assist in integrating cAMPand other
signaling pathways66,67. Individual sperm vary in their ability to undergo
capacitation within and across ejaculates in bulls68 and humans69, which
could affect fertility70. Defects in sperm capacitation are highly prevalent in
men seeking fertility assistance71–73 and therefore necessitate further inves-
tigation of its molecular mechanisms governing fertilizing competence.

Altogether, our study demonstrated that ejaculated bovine sperm
harbor translational machinery where metabolic enzymes and cytoskeleton
proteins serve as RBPs beyond their primary catalytic and structural role,
respectively. Furthermore, capacitation altered the phosphorylation state of
a few RBPs interacting with poly-A RNAs, suggesting it could be a potential
mechanism to regulate translation in sperm similar to spermatogenesis53,54.

Fig. 4 | RNA and protein profile following mRNA interactome capture during
bovine sperm capacitation. A Oligo (dT) beads enriched poly-A RNAs ranging
from 500 to 6000 nucleotides in size from total RNA. B Total RNA isolated from
bovine sperm before enrichment. C No RNA was associated with unconjugated
streptavidin beads (bead control, BC). The peak at 25 nt corresponds to the internal
standard (lower marker) to align the ladder data with samples to determine sizing.

D Poly-A RNA-associated proteins run on a 3–10% gradient gel and visualized by
silver staining showed distinct band patterns in the CAP group compared to C0 and
BC groups (E). Western blot analysis (n = 3) validated the presence of one of the
RBPs, hexokinase 1 (~103 kDa), in poly-A–associated proteins using an anti-
hexokinase 1 antibody.
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Fig. 5 | Analysis of mRNA interactome during bovine sperm capacitation.
A Venn diagram representing C0- and CAP-group (heparin) specific and over-
lapping RBPs (Supplementary Data S2). B Scatter dot blot representing RBP’s
absolute concentration (magenta color dots) in sperm proteome (black color dots

excluding RBPs). Representative top 10 pathway enrichment analysis (KEGG; C)
and functional enrichment analysis for RBPs (D: Biological processes; E: Cellular
components and F: Molecular functions).

Table 2 | Identification of the phosphorylation status of RBPs (n = 3) during bovine sperm capacitation

Identified protein Accession number Alternate ID Phosphorylation detected in Fold change

Uncharacterized protein A0A4W2FVZ7 (+ 2) ACTRT3 CAP Detected only in CAP

Fibrous sheath interacting protein 2 A0A4W2D592 FSIP2 Both C0 and CAP No DEP

Uncharacterized protein A0A4W2CTN3 (+ 2) CCDC136 Both C0 and CAP 3.1 (high in CAP)

Family with sequence similarity 71 member B A0A4W2F2T8 (+ 1) FAM71B Both C0 and CAP No DEP

Uncharacterized protein A0A4W2FPI7 (+ 3) C7orf61 Both C0 and CAP No DEP

Cylicin-1 G3MY76 (+ 1) CYLC1 Both C0 and CAP 0.6 (high in C0)

Fibrous sheath CABYR-binding protein F1MEI0 (+ 1) FSCB Both C0 and CAP 3.5 (high in CAP)

Actin-like protein 7 A A0A4W2DLZ3 (+ 2) ACTL7A Both C0 and CAP No DEP

Actin-like protein 7B A0A4W2ERA1 (+ 1) ACTL7B Both C0 and CAP 0.6 (high in C0)

Serine/threonine-protein phosphatase A0A3Q1MLW0 (+ 1) PPP1CC Both C0 and CAP No DEP
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These findings will assist in elucidating the translational regulation of
mRNA in sperm. Few sperm proteins reported in the literature correlate
with bull fertility and were identified as RBPs in our study. Therefore, it will
be interesting to study their role inmRNA translation, which could advance
our knowledge in regulating male fertility.

Future directions
Future studies should focus on elucidating the molecular mechanisms
governing translational regulation during sperm capacitation and its asso-
ciation with sperm functions and their fertilization competence. A better
understanding of how specific mRNAs associate with RBPs and are selec-
tively translated in physiological and clinical conditions, for example,
environmental stressors such as heat-induced testicular dysfunction,
nutrition, and lifestyle factors, could provide insights into the etiology of
sperm defects andmale infertility. Extending these investigations to animal
reproduction, particularly through comparative analyses of low- and high-
fertility bulls, could facilitate the identification of biomarkers for improved
fertility prediction and contribute to enhanced breeding efficiency and
reproductive performance in livestock.

Materials and methods
Semen collection and processing
Fresh semen ejaculates collected from mature Holstein bulls (3–4 years of
age)were retrieved froma commercial artificial insemination center, diluted
(1:1) with TALPH and transported to the laboratory in a thermos (~35 °C).
The diluted semen was laid on the top of a Percoll gradient (45–90%) in a
15mL tube and centrifuged at 800 × g for 30min (25 °C). The sperm pellet
at the bottom was suspended in TALPH and centrifuged at 400 × g for
10min (25 °C) to remove Percoll. The pellet was resuspended in TALPH,
sperm motility was assessed with a microscope and sperm concentration
was determined using a hemocytometer.

In-vitro capacitation of bovine sperm using heparin
An in-vitro capacitation assay was performed using 200 × 106 sperm in a
1mL volume. Two control groups were used: a) control 0 h (C0): fresh
sperm suspended in capacitating medium i.e., Sp-TALP medium [con-
taining 1mM pyruvate, 25mM NaHCO3, 2mM Ca2+ and 0.6% (w/v)
BovineSerumAlbumin (BSA)] andmaintainedon ice for4 h; andb) control
4 h (C4): sperm incubated in Sp-TALPmedium for 4 h at 39 °C under high

Fig. 6 | RBPs’ interaction with mRNAs during bovine sperm capacitation is
phosphorylation-associated. Several sperm proteins undergo phosphorylation
events during capacitation. Phosphoproteome (Supplementary Data S3) and dif-
ferential protein expression (Supplementary Data S4) analysis revealed 10 and 4
RBPs to be phosphorylated and differentially expressed, respectively. This could

influence mRNA processing, export, degradation, and binding to regulate transla-
tion during capacitation. Created in BioRender. Tiwari, S. (2025) https://BioRender.
com/gmecv67.
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humidity. In the treatment group (capacitation; CAP), sperm were incu-
bated in Sp-TALP supplemented with the capacitation-inducing agent
heparin (Sigma, Catalog no. H3393-10KU; final concentration of 10 µg/ml)
for 4 h at 39 °C under high humidity. Sperm motility was evaluated on an
hourly basis during a 4-h incubation in C4 and CAP groups. Following
incubation, spermwere pelleted by centrifugation at 10,000 × g for 5min. at
4 °C. The supernatant was removed, and TALPH was added to the tube
(without resuspending sperm pellet) to remove residual albumin, followed
by centrifugation at 10,000 × g for 5min at 4 °C. The sperm pellets were
either snap-frozen and stored at −80 °C until protein extraction and pre-
cipitation for LC-MS/MS or processed for validating capacitation through
immunoblotting for protein tyrosine phosphorylation.

Assessment of sperm kinematics under capacitating conditions
Sperm kinematics were evaluated with a computer-assisted sperm analyzer
(CASA; Sperm Vision; Minitube, Ingersoll, ON, Canada). The sample
(3 μL) was loaded into a chamber of prewarmed (37 °C) Leija slide (IMV
Technologies, Ref. 025107-025108) and 7 fields per sample were analyzed
using the bovine sperm kinematics program (Sperm Vision® SAR). An
array of sperm kinematic parameters was analyzed, including the ALH
(Amplitude of Lateral Head Displacement), Linearity (LIN), Curvilinear
Velocity (VCL), and Straight-Line Velocity (VSL).

Evaluation of protein tyrosine phosphorylation using
immunoblotting
For evaluation of sperm protein tyrosine phosphorylation, capacitated
(heparin-induced) and control sperm samples were re-suspended in 100 μL
TALPH supplemented with 25 μL of 5× sample buffer (Tris base: 0.25M,
DTT: 0.5M, SDS: 10%, Glycerol: 50% (v/v), Bromophenol blue: 0.3%,
pH= 6.8) and phosphatase inhibitor (1mM Na3VO4). Another group of
ouabain-induced (50 nM) capacitation was used to compare the protein
tyrosine phosphorylation with heparin. However, the manuscript strictly
uses heparin for all the following experiments to induce capacitation.
Samples were boiled for 5min at 95 °C followed by centrifugation
(13,000 × g for 5min) at room temperature (RT). The supernatant was
loaded on a 3% stacking polyacrylamide gel and proteins were separated on
a 10% resolving polyacrylamide gel and electro-transferred to 0.45 μM
nitrocellulose membranes. These membranes were blocked with 5% skim
milk in Tris-buffered saline with 0.1% Tween 20 (TTBS), followed by
overnight incubation with Anti-Phosphotyrosine Antibody, clone 4G10®
(1:10,000; Millipore, Billerica, MA, USA) at 4 °C. The next day, membranes
were washed thrice in TTBS for 10min. followed by 1 h of incubation in
HRP-conjugated goat anti-mouse IgG (1:10,000; Millipore, Catalog no. 12-
349) at RT.Membraneswerewashed thrice inTTBS for 10min, followed by
the detection of immunoreactive bands in the control (C0 andC4) andCAP
groups using chemiluminescence in ChemiDoc XRS+ System (BioRad).
Themembranes were stripped and probed withmonoclonal anti-β-tubulin
antibody (1:10,000; Sigma, Catalog no. T4026) for loading control. The
signal intensity ratios were compared for tyrosine phosphorylated protein
bands following normalization with β-tubulin intensity ratios using Image J
software.

Investigating sperm proteome for translational machinery
The Percoll-washed sperm (n = 4 bulls) were diluted to 100 × 106/mL using
TALPHand centrifuged at 400 × g for 10min. The spermpellets were snap-
frozen and stored at −80 °C until protein extraction and precipitation for
LC-MS/MS. The Percoll-washed sperm were checked for the presence of
somatic cell contamination by PCR using somatic cell-specific genes (PCR
details in Supplementary Table 1).

Investigating sperm proteome for differential protein expression
and phosphoproteins during capacitation
The Percoll-washed sperm (n = 3 bulls) were in vitro capacitated using
heparin and samples fromC0 (control 0 h) and CAP (Capacitation) groups
were processed for protein extraction and precipitation as described below.

Protein extraction and precipitation for LC-MS/MS
Sperm pellets (200 × 106 sperm) were thawed on ice and suspended in
100 μL TALPH with the addition of 25 μL of 5× sample buffer (Tris base:
0.25M,DTT: 0.5M, SDS: 10%without glycerol andbromophenol blue) and
phosphatase inhibitor (1mM Na3VO4). Samples were boiled for 5min at
95 °C, followedby centrifugation (13,000 × g; 5 min) at RT.The supernatant
was collected and diluted to 400 μL with TALPH for protein quantification
using DC Protein Assay (BioRad, catalog no. 500-0112) as per the manu-
facturer’s protocol. An aliquot equivalent of 100 μg total protein was used
for protein precipitation using the methanol chloroform water (MCW)
extraction method. Due to the high SDS concentration (2%) in our sample
buffer, theMCWextractionmethodwas used forMS sample preparation to
efficiently eliminate SDS74. Briefly, a 100 µL aliquot was added to 400 µL
methanol in a 1.5 mL microcentrifuge tube and thoroughly vortexed, fol-
lowed by addition of 100 µL chloroform and vortexing (all steps performed
at roomtemperature). Finally, 300 µLMilliQwaterwas added, vortexed (the
solution became cloudy) and incubated on ice for 3min. The solution was
centrifuged for 10min at 13,000 × g (4 °C) and separated into 3 layers: a
large aqueous layer on top, a circular flake of protein in the interphase, and a
smaller chloroform layer at the bottom. The top aqueous layer was carefully
removed without disturbing the interphase. Then, 400 µL methanol was
added to the microcentrifuge tube followed by gentle mixing and cen-
trifugation at 13,000 × g for 5min (4 °C). Theprotein appeared as a veryfine
precipitate against the tube wall. The supernatant was removed without
allowing the pellet to dry and freshmethanol was added (4 °C) until further
processing.

Sample preparation for LC-MS/MS
Protocols for protein digestion, peptide extraction, nano LC-MS/MS ana-
lysis of the digest, and Mascot database search were performed by the
Southern Alberta Mass Spectrometry Facility (SAMS), University of Cal-
gary. The sample preparation was performed with FASP (Filter Aided
Sample Preparation). Briefly, the precipitated protein was resuspended in
Urea/Tris (8M Urea in 100mM Tris-HCl, pH 8), added with 10mM of
Dithiothreitol and incubated at 37 °C for 30min. The reduced proteinswere
transferred intoMicroconYM-30 (MilliporeMRCF0R030) and centrifuged
at 14,000 × g for 15min. 100 μl of iodoacetamide (Sigma I6125-5g, 50mM)
prepared in Urea-Tris was added and incubated in the dark at room tem-
perature for 20min. Samples were centrifuged at 14,000 × g for 10min,
added with 100 μl of Urea-Tris and centrifuged at 14,000 × g for 15min.
100 μl of 50mM ammonium bicarbonate was added and centrifuged at
14,000 × g for 15min. Forty microliters of trypsin (0.22 µg/µl) in 50mM
ammonium bicarbonate was added to YM-30 and incubated overnight at
37 °C. The next day, peptides were collected from YM-30 and resuspended
in 40 μl of 1% Formic acid for desalting on UPLC or 40 μl of 200mM of
ammonium formate for high pH reverse phase fractionation. The peptides
were then cleaned up using Pierce™ Peptide Desalting Spin Columns
(Catalog no. 89852, ThermoFisher). For phosphopeptide enrichment, these
clean peptides were processed with the SMOAC kit (Catalog nos. A32993
and A32992, ThermoFisher).

LC-MS/MS analysis for sperm proteomics and phosphopeptide
detection
Tryptic peptides were analyzed on anOrbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Scientific) operated with Xcalibur (Version
4.4.16.14) and coupled to a Thermo Scientific Easy-nLC (Nanoflow Liquid
Chromatography) 1200 system. Tryptic peptides were loaded onto a C18
trap (75 µm× 2 cm; Acclaim PepMap 100, P/N 164946; Thermo Scientific)
at a flow rate of 2 µL/min of solvent A (0.1% formic acid in LC-MS grade
water). Peptideswere elutedusing a 120mingradient from5 to40%(5–28%
in 105min followed by an increase to 40% B in 15min) of solvent B (0.1%
formic acid in 80% LC-MS grade acetonitrile) at a flow rate of 0.3 μL/min
and separated on a C18 analytical column (75 µm× 50 cm; PepMap RSLC
C18; P/N ES803; ThermoScientific). Peptides were then electrosprayed
using 2.1 kV voltage into the ion transfer tube (300 °C) of the Orbitrap
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Lumos operating in positive mode. The Orbitrap first performed a full MS
scan at a resolution of 120000 FWHM to detect the precursor ion having a
m/zbetween375 and1575anda+2 to+7 charge.TheOrbitrapAGC(Auto
Gain Control) and the maximum injection time were set at 4e5 and 50ms,
respectively. TheOrbitrapwas operated using the top speedmodewith a 3 s
cycle time for precursor selection. The most intense precursor ions pre-
senting a peptidic isotopic profile and having an intensity threshold of at
least 5000 were isolated using the quadrupole and fragmented with HCD
(30% collision energy) in the ion routing multipole. Fragment ions (MS2)
were analyzed in the ion trap at a rapid scan rate. The AGC and the max-
imum injection timewere set at 1e4 and 35ms, respectively, for the ion trap.

For phosphopeptide detection, the most intense precursor ions pre-
senting a peptidic isotopic profile and having an intensity threshold of at
least 2e4were isolated using the quadrupole (Isolationwindow (m/z) of 1.2)
and fragmented using HCD (30% collision energy) in the ion routing
multipole. The fragment ions (MS2) were analyzed in the Orbitrap at a
resolution of 30000. The AGC and the maximum injection time were set at
5e4 and 60ms, respectively.

Dynamic exclusion was enabled for 45 s to avoid acquisition of the
same precursor ion having a similar m/z (±10 ppm).

Database searching and criteria for protein and phosphopeptide
identification
The Lumos raw data files (*.raw) were converted into Mascot Generic
Format (MGF) using RawConverter (v1.1.0.18; The Scripps Research
Institute) operating in a data-dependent mode. Monoisotopic precursors
having a charge state of+2 to+7were selected for conversion.TheMGFfile
was used to search the database for Bos taurus taxonomy (139498 protein
entries) using the Mascot algorithm (Matrix Sciences; Version 2.7)
assuming the digestion enzyme trypsin. Search parameters for the MS data
included amaximum number of missed cleavages of 1, with a fragment ion
mass tolerance of 0.020 Da and a parent ion tolerance of 10.0 ppm. Car-
bamidomethyl of cysteine was specified in Mascot as a fixed modification.
Oxidation of methionine (+16) and phosphorylation (+80) of serine,
threonine and tyrosine were specified in Mascot as variable modifications.
The correspondent%decoy falsediscovery rate (FDR)was0.0% for proteins
and 0.8% for peptides. Common contaminants (e.g., keratins and albumin)
were manually excluded.

For phosphopeptide identification, Mascot results obtained from the
target and decoy databases searches were subjected to Scaffold software
(Version Scaffold_5.1.2, Proteome Software Inc., Portland, OR) to validate
MS/MS-based peptide and protein identifications. Peptide identifications
were accepted if they could be established at >95.0% probability by the
Peptide Prophet algorithm with Scaffold delta-mass correction. Protein
identifications were accepted if they could be established at >95.0% prob-
ability and contained at least 2 identifiedpeptides. Protein probabilitieswere
assigned by the Protein Prophet algorithm. Proteins that contained similar
peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony.

IdentifyingmRNA interactome during bovine spermcapacitation
using RAP-MS
AsmRNA interactome capture has been described only in somatic cells, the
RAP-MS protocol41 in spermwas adapted through several optimizations. A
crosslinking and oligo (dT) affinity purification approach was used to
capturemRNA-interactingRBPsduring bovine sperm capacitation. Buffers
were prepared in DEPC-treated water, and all practices were followed to
ensure RNase-free conditions.

Optimizing UV dosage for in vivo crosslinking of mRNA-RBP
complex in sperm
UV irradiation (254 nm) induces the formation of covalent bonds between
RBPs directly bound tomRNAs; however, it can degrade proteins andRNA
inhighdosages. Therefore, theUVdosage for crosslinkingwas optimizedby
irradiating sperm (100 × 106)with a totalUV (254 nm) dose of 150–600mJ/

cm2 in aUVCrosslinker (VWR,Catalogno. 89131-484). SpermwithnoUV
exposure served as a control. Effects of various dosages of irradiation on
proteins were investigated in triplicate through SDS-PAGE of similar pro-
tein loading on gel and Coomassie blue staining, followed by immuno-
blotting for β-tubulin. Effects onRNA integrity were determined (triplicate)
with a bioanalyzer.

Sperm lysis and capture of mRNA-RBP complex
Approximately 500–600million sperm fromC0 andCAP (heparin) groups
were thawed on ice and suspended in 1.5 mL lysis buffer [(50mMTris (pH
7.5), 1mMEDTA,500mMLiCl, 0.1%LiDS, 1%ethylene carbonate, 10mM
DTT, cOmplete™ protease inhibitor cocktail (Roche, 11697498001), and
1mMNa3VO4] in amicrocentrifuge tube. The spermwere sonicated on ice
(thrice for ~10 s in pulses) and transferred to a 100mm petri dish for
irradiationwith aUV (254 nm) dose of 400mJ/cm2. The petri dishwas kept
on ice over a rotor for 1 h and the sperm suspension in lysis buffer was
transferred to a microcentrifuge tube and centrifuged (12,000 × g, 5 min,
4 °C) to collect supernatant (sperm lysate). An aliquot of lysates was col-
lected to validate RBPs through immunoblotting. RNA isolated from sperm
lysate was used to generate a bioanalyzer profile and was later converted to
cDNA (without DNase digestion) to check genomic DNA contamination.
cDNA was amplified using intron-specific primer PRM1 and somatic cell-
specific genes (PCR details in Supplementary Table 1).

In parallel, 200 μL streptavidin agarose beads (Sigma, Catalog no.
S1638) were washed and resuspended in lysis buffer, without or with 3.5 μL
biotinylated oligo (dT) probes (Promega, Catalog no. Z5261) on ice for 1 h
over a rotor. The beads conjugated with probes were collected, and an equal
volume of beads was added to the C0 and CAP lysates. Agarose beads
(without probe conjugation) were added to C0 and CAP lysates (bead
control, BC) to identify non-specific protein binding. Beads were incubated
on ice for 1 h over a rotator and retrieved by centrifugation (12,000 × g,
5 min, 4 °C) followed by sequential washing in wash buffers (WB) WB-I
[50mM Tris (pH 7.5), 1mM EDTA, 500mM LiCl, 0.1% LiDS], WB-II
[50mM Tris (pH 7.5), 1mM EDTA, 500mM LiCl] and WB-III [50mM
Tris (pH 7.5), 1mM EDTA, 200mM LiCl].

After the last washing, beads were suspended in 30 μL elution buffer
[50mMTris (pH 7.5), 1 mMEDTA] and incubated at 80 °C for 3min. The
supernatant over the beadswas collected, transferred on ice, and partitioned
for RNA extraction or proteomics. Briefly, the supernatant was treated with
Proteinase K for 30min at 55 °C and RNA was extracted using TRIzol,
followed by generating an electrophoretic profile in Bioanalyzer. The RBPs
were identified by digesting RNA in mRNA-RBP complexes using Benzo-
nase (Millipore, Catalog no. 70664; 37 °C, 30min), followed by boiling in
Lamelli buffer at 95 °C for 5min and loading on a 3–10% gradient gel for
SDS-PAGE. Gels were silver-stained using Pierce™ Silver Stain (Thermo-
Fisher, Catalog no. 24600).

Proteins run in 10% polyacrylamide gel (~1mm3 pieces) were excised,
placed in Milli-Q water, and sent to the SAMS facility at the University of
Calgary for LC-MS/MS analysis.

Functional and pathway enrichment analysis of mRNA inter-
actome and validation using immunoblotting
Sperm RBPs were subjected to ShinyGO (0.80), a graphical gene-set
enrichment tool, for related cell components, molecular function, and
biological process terms. The FDR ≤ 0.05 was set as the threshold for
significant enrichment. Using the application program interface access to
KEGG, functional pathway analysis was performed. The proportional
abundance of a protein in a protein mixture can be estimated with emPAI
(ExponentiallyModified Protein Abundance Index) from LC-MS/MS data.
Proteins related to translational machinery and mRNA binding (RBPs)
were plotted on a scatter dot plot with log 10 (emPAI) against molecular
weight to check their abundance and distribution among total sperm pro-
teins. Immunoblotting was performed (as described in Section 2.2.3) to
validate LC-MS/MS results for one of theRBPs, hexokinase-1, using an anti-
hexokinase 1 antibody (1:2,500; NBP-1-31600, Novus Biologicals) in 3
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biological replicates. The immunoreactive bands were detected using
SuperSignal™ West Femto Maximum Sensitivity Substrate (Catalog no.
34094, ThermoFisher) in the ChemiDoc XRS+ System.

Statistics and reproducibility
Sperm kinematic parameters were compared between the control and CAP
groups with an unpaired Student’s t-test (p ≤ 0.05) using GraphPad Prism
Version 10.00 (GraphPad Software, La Jolla, CA, USA). Western blot
analysis for relative band intensity was performed through one-way
ANOVA and Tukey’s multiple comparisons test. Data are represented as
mean ± SEM. The LC-MS/MS data were visualized and validated using
Scaffold 5. The total spectra were log-normalized for differential protein
expression (n = 3) and phosphoproteome analysis (n = 3), and an F-test
(p ≤ 0.05) was performed for differential protein expression between fresh-
uncapacitated versus capacitated groups. FDR was controlled using the
Benjamini–Hochberg correction (p ≤ 0.01). To ensure reproducibility, the
protocols for in vitro capacitation of bull sperm and sample preparation
were consistently used across all biological replicates, as detailed in the
“Materials and Methods” section.

Ethical approval
We have complied with all relevant ethical regulations for animal use. This
study was approved by the University of Calgary Institutional Animal Care
and Use Committee (protocol number: AC25-0072).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All underlying data are available in the article itself and its supporting
information. This article contains supplemental data, including original
unedited/uncropped immunoblots, numerical source data for bar plot
(Fig. 1B), stained SDS-PAGE gels, PCR data and Sanger sequencing data.
The supplementary information file outlines the details of figures generated
from the corresponding unedited/uncropped immunoblots and gel images.
Numerical data for Fig. 1B corresponds to Supplementary Table 3.
Numerical data in the Venn diagram in Fig. 5A corresponds to Supple-
mentary Data S2. Numerical data for phosphoproteome and differential
protein expression in the Venn diagram in Fig. 6 correspond to Supple-
mentary Data S3 and S4, respectively. The LC-MS/MS raw and processed
data can be accessed through PRISM Data: University of Calgary’s Data
Repository (https://doi.org/10.5683/SP3/8DT2MU).
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