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Bottom‑up approach 
to deciphering the targets 
of the ubiquitin‑proteasome 
system in porcine sperm 
capacitation
Michal Zigo 1*, Jacob Netherton 2, Natálie Zelenková 1,3, Karl Kerns 1,4, Veronika Kraus 5, 
Pavla Postlerová 3,5, Mark Baker 2 & Peter Sutovsky 1,6

Capacitation is an essential post‑testicular maturation event endowing spermatozoa with fertilizing 
capacity within the female reproductive tract, significant for fertility, reproductive health, and 
contraception. By using a human‑relevant large animal model, the domestic boar, this study focuses 
on furthering our understanding of the involvement of the ubiquitin‑proteasome system (UPS) 
in sperm capacitation. The UPS is a universal, evolutionarily conserved, cellular proteome‑wide 
degradation and recycling machinery, that has been shown to play a significant role in reproduction 
during the past two decades. Herein, we have used a bottom‑up proteomic approach to (i) monitor the 
capacitation‑related changes in the sperm protein levels, and (ii) identify the targets of UPS regulation 
during sperm capacitation. Spermatozoa were capacitated under proteasomal activity‑permissive 
and inhibiting conditions and extracted sperm proteins were subjected to high‑resolution mass 
spectrometry. We report that 401 individual proteins differed at least two‑fold in abundance (P < 0.05) 
after in vitro capacitation (IVC) and 13 proteins were found significantly different (P < 0.05) between 
capacitated spermatozoa with proteasomal inhibition compared to the vehicle control. These proteins 
were associated with biological processes including sperm capacitation, sperm motility, metabolism, 
binding to zona pellucida, and proteasome‑mediated catabolism. Changes in RAB2A, CFAP161, 
and TTR during IVC were phenotyped by immunocytochemistry, image‑based flow cytometry, and 
Western blotting. We conclude that (i) the sperm proteome is subjected to extensive remodeling 
during sperm capacitation, and (ii) the UPS has a narrow range of distinct protein substrates during 
capacitation. This knowledge highlights the importance of the UPS in sperm capacitation and offers 
opportunities to identify novel pharmacological targets to modulate sperm fertilizing ability for the 
benefit of human reproductive health, assisted reproductive therapy, and contraception, as well as 
reproductive management in food animal agriculture.
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Sperm capacitation and protein degradation via the ubiquitin-proteasome system (UPS) are two concurrent 
events to which our group has dedicated a substantial amount of research effort. Sperm capacitation, for the first 
time observed independently by Austin and Chang in  19511,2 is the terminal sperm maturation process taking 
place in the oviductal sperm  reservoir3. Our current understanding of sperm capacitation is that it entails a 
sum of biophysical and biochemical changes in the plasma membrane and the reactivation of multiple dormant 
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metabolic and signaling pathways that enable spermatozoa to reach and fertilize the freshly ovulated oocyte(s)4–6. 
These capacitation-related events take place in a compartmentalized and orchestrated manner, together conveying 
sperm hyperactivated motility, responsiveness to chemoattractants such as  progesterone7–11 and chemorepellents 
such as Zn divalent  cation12,13, and the ability to bind to zona pellucida and undergo acrosomal  exocytosis14–16. 
Spermatozoa, stored within the female oviductal sperm reservoir, are ready to be released in waves for several 
hours after an ovulatory signal, thus maximizing the window of opportunity for  fertilization17.

Protein ubiquitination is a stable, reversible, posttranslational protein modification where a small (76 AA, 
8.5 kDa), ubiquitous, species-conserved chaperone protein ubiquitin is covalently ligated through its terminal 
G76 residue to the ε-NH2 group of an internal lysine of the  substrate18. The same isopeptide bond is formed 
between the ubiquitin moieties of the polyubiquitin chain, in particular, between G76 and  K4819 residues that 
serves as a proteolysis recognition signal for the downstream 26S  proteasome20,21. The cascade reaction of ubiq-
uitin conjugation is facilitated by three enzymes (i) E1—the ubiquitin-activating enzyme, (ii) E2—the ubiqui-
tin-conjugating/carrier enzyme, and (iii) E3—the ubiquitin protein  ligase22,23. The 26S proteasome is a large 
(∼ 1.5 MDa), multicatalytic protease that degrades polyubiquinated proteins into small peptides. The subunit 
composition of canonical 26S proteasome as well as the components’ functions can be found  elsewhere24,25. Func-
tional 26S proteasome participates in cellular proteostasis, i.e., the balance between protein synthesis, activity, 
and recycling by performing protein degradation and turnover of misfolded proteins or proteins at the end of 
their lifespan. Regulation of a variety of cellular processes like cell cycle and division, regulation of transcription 
factors, and assurance of cellular quality control is also performed via the degradation of intracellular proteins 
by the  UPS26–28.

In more than twenty years of research effort that our group has dedicated to understanding the role of the 
UPS in mammalian reproduction, we showed that UPS modulates many aspects of mammalian reproduction; 
including  gametogenesis13,16,25,29–39, epididymal sperm  maturation40,41, sperm binding to oviductal  epithelium42,43, 
sperm  capacitation12,13,32,44–47,  fertilization16,25,34,37,39, post-fertilization paternal  mitophagy33,36,48–51, and zygotic 
genome  activation52,53. Our understanding of the UPS role during mammalian sperm capacitation is becoming 
more extensive. Briefly, components of the UPS have been shown to participate in capacitation-associated events 
such as degradation of protein kinase PRKAR1 and the kinase-binding AKAP3 sperm  protein54–56; acrosomal 
remodeling, sperm protein processing, and  compartmentalization46,47,57,58;  hyperactivation56,59 as well as spermad-
hesin de-aggregation from the sperm surface necessary for sperm detachment from the oviductal  epithelium44. 
Studies of in vitro capacitation (IVC) during sperm coincubation with oviductal epithelial explants and oviductal 
glycan-coated beads indicate that the 26S proteasome is physiologically important for the detachment of sperma-
tozoa from oviductal sperm reservoir-mimicking surfaces in vitro and ex vivo42,43. Further, the 26S proteasome 
may be one of two key regulators of mammalian sperm capacitation pointed out in  silico60. Lastly, the proteolytic 
activity of the 26S proteasome seems to be important during the early stages of sperm  capacitation45,60 and is 
regulated by PRKA in a feedback  loop61,62.

Sperm proteome remodeling during sperm capacitation is necessary for spermatozoa to perform their func-
tion during gamete binding and fusion. Studies referenced below show that the UPS is involved in the regulation 
of multiple sperm proteins during sperm capacitation. We hypothesize that the UPS is involved in the modula-
tion of a multitude of sperm proteins during sperm capacitation and the previously reported UPS substrates 
are just a fraction of the complete UPS target protein list. The objective of this study was therefore to (i) isolate 
the porcine sperm proteome from non-capacitated and capacitated spermatozoa with or without proteasomal 
inhibition, (ii) identify targets of UPS regulation by using high-resolution mass spectrometry, and (iii) screen 
three significantly different UPS target proteins during sperm capacitation by using our established sperm protein 
phenotyping pipeline.

Results
Proteins identified in non‑capacitated versus in vitro capacitated boar spermatozoa
A fresh, sperm-rich fraction of ejaculates (n = 6) from two fertile, non-transgenic white large boars (Sus scrofa) 
was used to conduct the experiment. The sperm-rich fraction was split into quarters; three quarters were in vitro 
capacitated (IVC) under (i) proteasomal activity-permissive conditions, (ii) 100 µM MG132 proteasome-inhib-
iting conditions including 0.2% (v/v) EtOH, and 0.2% EtOH vehicle control, while the last quarter was used as 
non-capacitated (NC) control. Spermatozoa were successfully capacitated as demonstrated by an increase in 
protein tyrosine phosphorylation (Supplementary Fig. 1).

Sperm proteins from all three IVC groups and NC spermatozoa were extracted and processed for high-
resolution mass spectrometry. Six biological replicates of each treatment group were performed, and proteomic 
analysis was performed in all working replicates that were used for statistical and bioinformatic analyses. Alto-
gether, we have identified 999 UniProtKB annotated accessions (Supplementary Data File 1), which translates 
into 896 gene-encoded proteins.

The identified whole sperm protein dataset was assessed by cluster analyses—including heat map with den-
drogram clustering and principal component analysis; and GO enrichment analysis including biological process, 
molecular function, and cellular component analyses. The heat map analysis (Fig. 1a) shows the clustering of 
non-capacitated control samples, while the proteome differences in all capacitated treatment groups were not 
sufficient to cluster them in distinct groups. This observation was confirmed with principal component analy-
sis (Fig. 1b), where non-capacitated samples formed a distinct cluster. Two distinct clusters were formed of 
capacitated samples, however, both capacitated sperm clusters contained representatives of all three treatment 
groups. The GO biological process enrichment analysis (Supplementary Fig. 2, and Supplementary Data File 2) 
identified 27 categories  (Padj < 0.05) with some of the most enriched ones being cilium movement involved in cell 
motility (fold enrichment = 15.84,  Padj = 1.37 ×  10−05), mitochondrial ATP synthesis coupled proton transport (fold 
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enrichment = 14.52,  Padj = 3.92 ×  10−06), and binding of spermatozoa to zona pellucida (fold enrichment = 14.12, 
 Padj = 2.16 ×  10−22). The GO cellular component enrichment analysis (Supplementary Fig. 3, and Supplementary 
Data File 2) identified 37 different categories  (Padj < 0.05) with some of the most enriched categories being pro-
teasome regulatory particle (fold enrichment = 21.35,  Padj = 8.30 ×  10−08), zona pellucida receptor complex (fold 
enrichment = 21.35,  Padj = 1.59 ×  10−06), and sperm fibrous sheath (fold enrichment = 21.36,  Padj = 5.53 ×  10−04). 
Furthermore, GO molecular function enrichment analysis (Supplementary Fig. 4, and Supplementary Data file 2) 
identified 21 different categories  (Padj < 0.05) with some of the most enriched categories being pyruvate dehydro-
genase (NAD +) activity (fold enrichment = 22.14,  Padj = 1.54 ×  10−02), proteasome-activating ATPase activity (fold 
enrichment = 18.97,  Padj = 2.80 ×  10−03), and proton-transporting ATP synthase activity (fold enrichment = 14.76, 
 Padj = 1.87 ×  10−04).

Changes in sperm proteome after in vitro capacitation (non‑capacitated vs. capacitated sperm 
proteomes comparison)
Changes in sperm protein abundances of IVC spermatozoa were investigated by using volcano plot  analysis63 
and are presented in Supplementary Fig. 5a. The fold change threshold was set to 2, and the level of significance 
was P < 0.05. After sperm IVC, 262 UniProtKB accessions translating to 228 unique proteins were more abundant 
while 187 UniProtKB accessions translating to 173 unique proteins were less abundant in IVC spermatozoa when 
compared to NC spermatozoa. These significantly different proteins were subjected to GO enrichment and KEGG 
 pathway64–66 analyses (Figs. 2, 3, and 4, Supplementary Fig. 6, and Supplementary Data File 2). Some of the most 
enriched biological processes  (Padj < 0.05) in capacitated spermatozoa were regulation of cilium beat frequency (fold 
enrichment = 44.24,  Padj = 3.23 ×  10−02), cilium-dependent cell motility (fold enrichment = 38.71,  Padj = 2.43 ×  10−03), 
and cilium movement involved in cell motility (fold enrichment = 35.19,  Padj = 3.78 ×  10−03). Meanwhile, positive 
regulation of establishment of protein localization to telomere (fold enrichment = 58.90,  Padj = 1.84 ×  10−05), protea-
somal ubiquitin-independent protein catabolic process (fold enrichment = 27.18,  Padj = 9.87 ×  10−04), and binding 
of spermatozoa to zona pellucida (fold enrichment = 23.88,  Padj = 1.98 ×  10−07) were some of the most enriched 
biological processes  (Padj < 0.05) in non-capacitated spermatozoa. Some of the most enriched cellular compart-
ments  (Padj < 0.05) of the identified sperm proteomes in IVC spermatozoa were inner dynein arm (fold enrich-
ment = 82.52,  Padj = 9.40 ×  10−04), pyruvate dehydrogenase complex (fold enrichment = 66.01,  Padj = 2.33 ×  10−03), 
and outer dynein arm (fold enrichment = 51.57,  Padj = 1.90 ×  10−04); while some of the most enriched cellular 
components  (Padj < 0.05) in non-capacitated spermatozoa were chaperonin-containing T-complex (fold enrich-
ment = 70.68,  Padj = 8.58 ×  10−10), proteasome core complex, alpha-subunit complex (fold enrichment = 70.68, 
 Padj = 1.67 ×  10−06), and zona pellucida receptor complex (fold enrichment = 66.26,  Padj = 1.01 ×  10−04). Molecular 

Fig. 1.  Comparison of pig sperm proteomes before and after in vitro capacitation including proteasomal 
inhibition and vehicle control. (a) Heat map analysis with non-constrained differences, and (b) principal 
component analysis of non-capacitated, capacitated, 100 µM MG132 IVC, and vehicle IVC pig sperm 
proteomes. In vitro capacitated cluster 1—IVC-CL1, in vitro capacitated cluster 2—IVC-CL2, and non-
capacitated cluster—NC-CL.
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functions that were among the most significantly enriched  (Padj < 0.05) in IVC spermatozoa were pyruvate 
dehydrogenase (NAD +) activity (fold enrichment = 75.55,  Padj = 3.02 ×  10−03), ubiquitin protein ligase binding 
(fold enrichment = 51.94,  Padj = 5.63 ×  10−13), and dynein intermediate chain binding (fold enrichment = 24.84, 
 Padj = 1.08 ×  10−02). Molecular functions that were among the most significantly enriched  (Padj = 0.05) in non-
capacitated spermatozoa were proteasome-activating ATPase activity (fold enrichment = 55.27,  Padj = 1.18 ×  10−02), 
protein binding involved in protein folding (fold enrichment = 26.38,  Padj = 3.83 ×  10−07), and endopeptidase activity 

Fig. 2.  GO Biological Process enrichment analysis of identified sperm proteins (a) in the in vitro capacitated 
spermatozoa, and (b) non-capacitated spermatozoa. Count represents the number of protein hits within each 
group.
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(fold enrichment = 21.49,  Padj = 2.17 ×  10−07). Lastly, among the most significantly enriched pathways  (Padj < 0.05) in 
IVC spermatozoa were citrate cycle (fold enrichment = 38.09,  Padj = 5.20 ×  10−13), 2-oxocarboxylic acid metabolism 
(fold enrichment = 23.76,  Padj = 4.06 ×  10−07), and carbon metabolism (fold enrichment = 13.15,  Padj = 9.15 ×  10−11). 

Fig. 3.  GO Cellular Component enrichment analysis of identified sperm proteins (a) in the in vitro capacitated 
spermatozoa, and (b) non-capacitated spermatozoa. Count represents the number of protein hits within each 
group.
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The most significantly enriched pathways  (Padj < 0.05) in non-capacitated spermatozoa were proteasome (fold 
enrichment = 26.98,  Padj = 6.28 ×  10−11), glycolysis/gluconeogenesis (fold enrichment = 13.35,  Padj = 3.55 ×  10−04), 
and carbon metabolism (fold enrichment = 10.16,  Padj = 1.86 ×  10−05).

Fig. 4.  GO Molecular Function enrichment analysis of identified sperm proteins (a) in the in vitro capacitated 
spermatozoa, and (b) non-capacitated spermatozoa. Count represents the number of protein hits within each 
group.
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Targets of the ubiquitin‑proteasome system during sperm in vitro capacitation
Similarly, as in the previous section, changes in sperm protein abundances between IVC-proteasomally-inhibited 
and IVC-vehicle control spermatozoa were compared using volcano plot analysis (Supplementary Fig. 5b). No 
significantly different proteins were found between these two groups by using this technique. Therefore, the 
student’s T-test was used to identify additional differentially abundant sperm proteins, with a level of significance 
P < 0.05. In total, 13 proteins were found significantly different between proteasomally-inhibited and vehicle 
groups. Nine proteins were significantly more abundant in the proteasomally-inhibited spermatozoa including 
ACAD10, ALB, BTBD16, CFAP161, CLYBL, CST3, FAM205C, H2AC1, and RAB2A. The significantly more 
abundant proteins in the vehicle control spermatozoa were EEF1A1, KLK8, MT-ND2, and TTR (Table 1).

A literature search of these 13 proteins was performed by searching each protein individually in the PubMed.
gov database for their reported/known function and localization specifically in spermatozoa (Table 1). Proteins 
ACAD10, ALB, CST3, H2AC1, MT-ND2, and RAB2A were characterized in spermatozoa previously (see Table 1 
for references), with known biological functions. Localization-wise; ALB, H2AC1, and RAB2A are localized in 
the head; ACAD10, CLYBL, and MT-ND2 are localized in midpiece/mitochondrial sheath; flagellar localization 
was reported for CFAP161 and EEF1A1; and finally, CST3 was reported in both the head and flagellum. Three 
significantly different sperm proteins (RAB2A, CFAP161, and TTR) between capacitated, proteasomally inhib-
ited, and vehicle control groups were phenotyped in spermatozoa within all treatment groups.

Localization and dynamics of selected UPS‑regulated sperm proteins during sperm in vitro 
capacitation
Candidates for UPS modulation during sperm IVC—RAB2A, member RAS onco family, cilia and flagella associ-
ated protein 161 (CFAP161), and transthyretin (TTR) were subjected to phenotype studies employing immuno-
cytochemistry (ICC), image-based flow cytometry (IBFC), Western blotting (WB), and immunoprecipitation 
(IP; only TTR) (Figs. 5, 6 and 7).

Starting with RAB2A, the protein localized to the acrosomal region in both non-capacitated (NC) and in vitro 
capacitated spermatozoa (Fig. 5a1,a2, resp.). A decrease in fluorescence intensity median after IVC was observed 
by IBFC, resulting in two distinct sperm cohorts (Fig. 5b1). The decrease in the RAB2A signal intensity was 
observed in the acrosomal region (Fig. 5b2,b3), corroborating ICC images. The RAB2A sperm-cohort redis-
tribution was significant between NC and IVC groups (P < 0.0001), but no significance was observed between 
spermatozoa that were capacitated under proteasome-inhibiting conditions (100 µM MG132) when compared 
to the vehicle control group (0.2% EtOH; P = 0.29, Fig. 5b4). By using WB, we detected RAB2A in all sperm 
treatment groups as a protein band triplet at ~ 24, 27, and 31 kDa (Fig. 5b1–b3). The RAB2A abundance/extract-
ability increased significantly after IVC (P = 0.013, Fig. 5c4), while WB detected no significant abundance change 
between the proteasomally-inhibited IVC versus the vehicle control group (P = 0.97, Fig. 5c4).

The second studied protein, CFAP161, localized to the acrosomal region of the sperm head and the flagel-
lum in NC spermatozoa (Fig. 6a1), and the acrosomal region only in IVC spermatozoa (Fig. 6a2). The median 

Table 1.  List of significantly different sperm proteins between proteasomally-inhibited IVC spermatozoa 
compared to IVC vehicle groups. *Up/downregulated in IVC spermatozoa under proteasomal inhibition when 
compared to IVC vehicle control spermatozoa.

Gene name UniProtKB Entry Protein name Mass Up/down regulated*
Biological function in 
spermatozoa Localization in spermatozoa References

ACAD10 F1RL48 Acyl-CoA dehydrogenase 
family member 10 115,840 Up Fatty acid metabolism Midpiece, mitochondria 67

ALB A0A287AMK0 Albumin 69,670 Up
Component of high-
molecular-weight ZP-binding 
complexes

Acrosomal matrix 68

BTBD16 I3LJE4 BTB/POZ domain-containing 
protein 16 58,470 Up Unknown Unknown

CFAP161 F1RID8 Cilia and flagella associated 
protein 161 35,335 Up Unknown Flagellum 69

CLYBL A0A5G2R6V1 Citramalyl-CoA lyase 35,518 Up Unknown Midpiece, mitochondria 70

CST3 Q0Z8R0 Cystatin C 15,734 Up Cysteine Protease Inhibitor/
decapacitating factor

Post-acrosomal region, 
flagellum

71

EEF1A1 A0A288CG57 Elongation factor 1-alpha 49,071 Down Unknown Flagellum 72

FAM205C A0A5G2QEV9 Family with sequence similar-
ity 205 member C 152,820 Up Unknown Unknown

H2AC1 A0A5G2RMV0 Histone H2A 14,246 Up DNA packaging, epigenetic 
memory Nucleus, perinuclear theca 73–75

KLK8 A0A286ZM99 Kallikrein related peptidase 8 28,217 Down Unknown Unknown

MT-ND2 O79875 NADH-ubiquinone oxidore-
ductase chain 2 39,056 Down Oxidative phosphorylation Midpiece, mitochondria 76

RAB2A F1RT87 RAB2A, member RAS onco 
family 25,152 Up Acrosome biogenesis, zona 

binding
Perinuclear theca, periacro-
somal plasma membrane

77–80

TTR A0A5G2QIE9 Transthyretin 16,036 Down Unknown Unknown
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signal intensity decreased after IVC, resulting in two distinct sperm cohorts (Fig. 6b1). The higher median signal 
intensity in NC spermatozoa was attributed to the stronger fluorescence intensity in the acrosomal region as 
well as to the presence of flagellar labeling (Fig. 6b2,b3), as also observed by ICC. The sperm cohort redistribu-
tion was significant (P = 0.022) after IVC when compared to NC control, and no significance was observed in 

Fig. 5.  Phenotyping of RAB2A protein in the non-capacitated (NC) and in vitro capacitated (IVC) spermatozoa 
with and without proteasomal inhibition, including vehicle control. The ICC detection of RAB2A (red) in NC 
(a1) and IVC, non-inhibited (a2) spermatozoa, including non-immune serum control (a3). Spermatozoa were 
co-stained for acrosomal presence with peanut agglutinin (PNA, green), and nuclear stain DAPI (blue). All 
fluorescence channels are superimposed with the differential interference contrast (DIC) brightfield channel. 
Scale bars represent 20 µm. The IBFC of formaldehyde fixed and Triton X-100 permeabilized NC and IVC 
spermatozoa with or without proteasomal inhibition, including a vehicle and negative, normal rabbit serum 
control (b1). Immunofluorescence images of NC (b2) and IVC spermatozoa (b3), including normal mouse 
serum (b4) obtained by IBFC to confirm labeling. The IBFC was performed in 4 replicates with consistent 
results. Detection of RAB2A by WB (c1) in the extracts obtained from NC and IVC spermatozoa under 
proteasome permissive and inhibiting conditions including vehicle control. The red arrows point to the 24 and 
27 kDa RAB2A band doublet reported  previously80, and the blue arrow points to the 31 kDa form observed 
here for the first time. The membrane was stripped and reprobed with anti-TUBB antibody (c2) and stained 
with CBB R-250 (c3) for protein load normalization purposes. Western blotting was performed in 6 replicates. 
Statistical evaluation of the IBFC results (b5) and WB results (c4) was performed by using ANOVA with Sidak’s 
post hoc test (α = 0.05). Full, uncropped membranes of all six replicates of TUBB and RAB2A WB detections are 
presented in Fig. S7 A and B, respectively. RAB2A blocking peptide assay and Western blotting of recombinant 
human RAB2A are presented in Fig. S8 and S9, respectively.
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the proteasomally-inhibited IVC treatment group compared to its vehicle IVC control (P = 0.131, Fig. 6b4). 
Further, we observed a drop in sperm cohort with tail labeling after IVC (Fig. 6c1), however, without statistical 
significance between IVC vs NC control spermatozoa (P = 0.129, Fig. 6c2) as well as between the proteasomally-
inhibited IVC treatment group compared to its vehicle IVC control (P = 0.653, Fig. 6c2).

The last studied protein, TTR, localized in both the acrosomal region and postacrosomal sheath of the sperm 
head as well as in the flagellum of NC and IVC spermatozoa (Fig. 7a1,a2). The fluorescence signal intensity 
decreased significantly after IVC when compared to NC control (P = 0.04, Fig. 7b1,b5), however, no significance 

Fig. 6.  Phenotyping of CFAP161 protein in the non-capacitated (NC) and in vitro capacitated (IVC) 
spermatozoa with and without proteasomal inhibition, including vehicle control. The ICC detection of 
CFAP161 (red) in NC (a1) and IVC, non-inhibited (a2) spermatozoa, including non-immune serum control 
(a3). Spermatozoa were co-stained for acrosomal presence with peanut agglutinin (PNA, green), and nuclear 
stain DAPI (blue). All fluorescence channels are superimposed with the differential interference contrast 
(DIC) brightfield channel. Scale bars represent 20 µm. The IBFC of formaldehyde fixed and Triton X-100 
permeabilized NC and IVC spermatozoa with or without proteasomal inhibition, including a vehicle and 
negative, normal rabbit serum control of the total sperm fluorescence intensity (b1) and the sperm flagellum 
fluorescence intensity (c1). Immunofluorescence images of NC (b2) and IVC spermatozoa (b3), including 
normal rabbit serum (b4) obtained by IBFC to confirm labeling. The IBFC was performed in 4 replicates with 
consistent results. Statistical evaluation of the total sperm fluorescence intensity (b5), and the sperm flagellum 
fluorescence intensity (c2) was performed by using ANOVA with Sidak’s post hoc test (α = 0.05).



10

Vol:.(1234567890)

Scientific Reports |        (2024) 14:20159  | https://doi.org/10.1038/s41598-024-71056-4

www.nature.com/scientificreports/

was observed between the proteasomally-inhibited IVC treatment group compared to its vehicle IVC control 
(P = 0.845, Fig. 7b1,b5). The acrosomal, postacrosomal, and flagellar labeling of TTR was corroborated by IBFC 
in both NC and IVC spermatozoa (Fig. 7b2,b3, resp.).

Discussion
This study is a continuation of ongoing research efforts to understand the regulation mechanism of sperm capaci-
tation by the ubiquitin-proteasome system (UPS). In the present study, we monitored how UPS modulates the 
whole sperm proteome remodeling during sperm capacitation. Adding to the previous studies, where a handful 
of UPS targets were identified during sperm capacitation including MFGE8, ADAM5, ACRBP, CSEL1, and 
PFDN4 to name a  few44,46,47,81, we are adding 13 more potential UPS targets in the present study. The relatively 
narrow range of UPS targets in the whole pig sperm proteome during sperm capacitation confirms our previous 
 study46, where we reported 14 candidate UPS targets on the boar sperm surface during capacitation. In both 
our proteomic studies, we reason that a relatively small number of UPS targets during IVC might be due to (i) a 
possible compensatory mechanism of PRKA that might drive capacitation forward in proteasomally-inhibited 
 spermatozoa60, (ii) the residual caspase-like and trypsin-like activities of 20S core that can compensate for the 
inhibited chymotrypsin-like activity (MG132 is a potent inhibitor of the chymotrypsin-like activity of the 20S 
core, which also inhibits caspase-like and trypsin-like activities, albeit with lesser  efficiency82), and (iii) later 
stages of sperm capacitation might be less dependent on the proteasomal activity as the proteasome abundance 

Fig. 7.  Phenotyping of TTR in the non-capacitated (NC) and in vitro capacitated (IVC) spermatozoa, with and 
without proteasomal inhibition including vehicle control. The ICC detection of TTR (red) in NC (a1) and IVC, 
non-inhibited (a2) spermatozoa, including non-immune serum control (a3); the insets show TTR channel only. 
Spermatozoa were co-stained for acrosomal presence with peanut agglutinin (PNA, green), and a nuclear stain 
DAPI (blue). All fluorescence channels are superimposed with the DIC brightfield channel. Scale bars represent 
20 µm. The IBFC of formaldehyde fixed and Triton X-100 permeabilized NC and IVC spermatozoa with or 
without proteasomal inhibition, including vehicle control and negative immunolabeling control, normal rabbit 
serum control (b1). Immunofluorescence images of NC (b2) and IVC spermatozoa (b3), including normal 
rabbit serum (b4) obtained by IBFC to confirm labeling. The IBFC was performed in 4 replicates with consistent 
results. Statistical evaluation of the IBFC results (b5) was performed by using ANOVA with Sidak’s post hoc test 
(α = 0.05). The relative amounts of TTR median fluorescence intensity are related to the non-capacitated sperm 
control with an assigned value of 100%. The statistical significance P < 0.05 is denoted with small letters.
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diminishes after 4 h of  IVC45. The mechanism that leads to diminished proteasomal abundance after 4 h may 
likely be due to the shedding of proteasomes from the sperm surface, loss of proteasome-rich acrosomes by pre-
mature/spontaneous exocytosis, or other mechanisms. The UPS targets, identified in the current study, deserve 
further attention as the majority was not phenotyped or characterized.

We phenotyped three targets of the UPS during capacitation in the present study, namely RAB2A, CFAP161, 
and TTR. We have previously identified RAB2A as a sperm surface protein with zona pellucida binding  activity80. 
Other groups implicated RAB2A in acrosomal biogenesis in  mice77 and  bulls78. Recently, RAB2A was found to 
be present in perinuclear theca  fraction79 implicating a role in post-fertilization events. In the present study, 
we monitored capacitation-related changes in RAB2A and made two observations, (i) the median fluorescence 
intensity of RAB2A decreases, while (ii) RAB2A extractability increases after IVC. Presumably, the decrease in 
median fluorescence intensity of RAB2A is caused by the decrease in accessibility to the antibody. We hypothesize 
that during the protein remodeling that occurs during capacitation, RAB2A may assemble into multimeric high 
molecular weight (HMW) ZP-binding complexes on the sperm anterior head plasma membrane (APM)83,84, 
and the epitope recognized by our antibody may be masked, therefore becoming less accessible. Indeed, RAB2A 
has previously been found among protein aggregates in lipid rafts in human and mouse  spermatozoa85,86. Kong-
manas et al.83 did not find RAB2A within the pig’s HMW complexes, however, the protein was detected in the 
extracts from APM vesicles from both non-capacitated and capacitated pig spermatozoa. The increase in RAB2A 
abundance/extractability after IVC could be explained by the fact that RAB2A is a component of detergent-
resistant membrane (DRM) domains, insoluble membrane fractions also known as lipid rafts, as shown in 
aforementioned proteomic studies in human and mouse  spermatozoa85,86. Capacitation induces changes in the 
membrane distribution of proteins in these lipid  rafts87, and these may become more susceptible to extraction. A 
proteomic comparison of DRM-associated proteins from capacitated and non-capacitated mouse spermatozoa 
had previously shown a decrease in DRM-associated proteins in the capacitated  spermatozoa88. This supports our 
hypothesis that extraction resistance is higher in non-capacitated spermatozoa and that extractability/solubility 
increases after capacitation, although other studies have observed an increase in the presence of lipid rafts in 
capacitated  spermatozoa85,89–91. Nixon &  Aitken90 suggested that the conflicting results may be due to the different 
methods used to isolate lipid rafts. Another possible explanation for the increased RAB2A abundance after IVC 
is better extractability from the perinuclear theca. We have shown a similar pattern previously for perinuclear 
theca protein  CCIN92. Our WB results are consistent with our previous study in boar  spermatozoa80, but not 
with other studies reporting a decrease in RAB2A after capacitation in mouse  spermatozoa93, and RAB2 (the 
authors do not specify RAB2A/B) in boar  spermatozoa94. Our antibody (5C5) recognizes RAB2A protein in 
pigs, uniquely identified by MS after immunoprecipitation of the protein from sperm extract and known to be 
present in the male reproductive tract and  gametes80. We therefore assume that it is a specific form of RAB2A, 
which may also differ between mammalian species. The authors in the latter  study94 even proposed that RAB2/
RAB2A is involved in structural modification of the acrosome to induce acrosomal exocytosis after capacitation, 
as has been documented for RAB3A in human  spermatozoa95–97. We can speculate that the contradictory find-
ings of these studies may be caused by the use of different antibodies which might recognize different epitopes 
of the RAB2A protein. One finding supporting this hypothesis could be that RAB2A was observed in both the 
head and tail of boar  spermatozoa98, in contrast to our observation of RAB2A localization being restricted to 
the acrosomal region of the sperm head. These studies used a commercially available polyclonal antibody raised 
against a recombinant fragment corresponding to the C-terminal amino acids of human RAB2 expressed in E. 
coli99. In addition, Kwon et al.98 used a commercially available polyclonal anti-RAB2A antibody to detected only 
one RAB2 (presumably RAB2A) isoform of 24 kDa. Bae et al.93 also detected only one RAB2 isoform of 25 kDa 
in mouse spermatozoa using a rabbit polyclonal antibody. We have previously reported two RAB2A isoforms 
with molecular masses of 24 and 27  kDa80 in boar spermatozoa, and in the current study, we detected isoforms 
of 24, 27, and 31 kDa by using the same mouse monoclonal antibody 5C5. The reason for this difference could 
be more sensitive detection or it may be due to boar breed or individual variability or even a different strength 
of the detergent used.

Little is known about the second phenotyped protein, cilia and flagella associated protein 161 (CFAP161), 
in spermatozoa. At the time of this paper’s publication, only one functional study done in Cfap161-/- mice was 
 available69. The authors detected CFAP161 in the flagellum of wild-type (WT) mouse spermatozoa. Mutant 
Cfap161-/- mice bred normally, the disruption of the Cfap161-/- gene did not lead to motile cilia-related phe-
notypes, no abnormalities were found in sperm count and motility when compared to WT, and no obvious 
structural abnormalities were observed in the axonemes of the mutant mice revealing no evidence for essential 
CFAP161 function in mice sperm flagellum. However, the authors noticed that genes related to microtubules and 
cilia, microtubule motor activity, and inner dyneins were dysregulated, suggesting compensation for Cfap161-/- 
knockout. We localized CFAP161 in the pig sperm flagellum of NC boar spermatozoa that vanished after sperm 
IVC capacitation (P = 0.13), implying a role in sperm hyperactivation. The UPS does not seem to be involved 
in CFAP161 shedding from the sperm flagellum (P = 0.65). Furthermore, we observed acrosomal localization 
of CFAP161 in both NC and IVC spermatozoa with lower signal intensity after IVC (P = 0.022). Proteasomal 
inhibition did not reduce the signal intensity in a significant manner (P = 0.131). The abundance of CFAP161 in 
spermatozoa detected by WB seems to be consistent as no significant change was detected among all treatment 
groups (P > 0.05).

The last phenotyped protein, transthyretin, was identified in sperm proteome  previously100. Besides the carrier 
role of TTR for thyroxin and retinol throughout the human body including the  brain101, it also seems to play a 
role in human receptivity and normal  pregnancy102 and has been identified in the bovine sperm proteome of 
epididymal and ejaculated bull  spermatozoa100. We are reporting TTR in NC and IVC pig spermatozoa for the 
first time. We observed a significant decrease in TTR labeling after IVC (P = 0.04) by using IBFC, however, we 
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were not able to corroborate our proteomic data that suggested TTR as the target of proteasomal inhibition by 
our phenotyping pipeline, most likely due to a very low abundance of TTR in spermatozoa.

Apart from identifying new UPS targets/substrates during sperm capacitation, our study adds new knowledge 
to the pig sperm proteome remodeling during sperm capacitation, reported previously in comparative proteomic 
 studies46,83,94,103–105. Sperm capacitation is a multifaceted event as demonstrated by GO and KEGG pathway 
enrichment analyses of 401 proteins that changed significantly in their abundance after IVC, identified in this 
study, and its complete understanding is far from complete.

Even though this study did not aim to reveal the underlying mechanisms, we reason that the increase in 
protein abundance after IVC might be due to altered characteristics of sperm protein solubility. Spermatozoa 
carry highly condensed accessory structures such as the hypercondensed, protaminated DNA, the perinuclear 
theca, the outer dense fibers, and the fibrous sheath. The condensed chromatin and protein structures have 
unique solubilization properties and varied resistance to detergent extraction, likely affected by IVC. We have 
shown previously that this was the case for the perinuclear theca protein CCIN, as we observed better extract-
ability of this protein after  IVC92; this is also likely the reason for the higher abundance of RAB2A protein after 
IVC, reported in this study. On the other hand, proteins whose abundance decreased after IVC might have 
been shed from the sperm surface and released into the capacitation medium (as is the case of sperm surface 
 spermadhesins44), while the intracellular proteins were processed by intrinsic proteases (such as acrosin, matrix 
metalloproteases, or proteasomes). Nevertheless, the actual mechanism of these sperm protein content changes 
warrants further investigation.

A deeper understanding of the sperm capacitation process will benefit assisted reproductive technologies and 
therapies (ART) in animals and humans, respectively. Boar semen extenders could be improved by the addition 
of proteasomal inhibitors, effectively preventing the UPS-target proteins from capacitation-related modifica-
tions, which might ward off undesirable premature sperm capacitation. Conversely, including small molecule 
activators of the proteasomal activity in the in vitro fertilization (IVF) media may boost sperm fertility during 
human ART, in particular intrauterine insemination and conventional IVF. Intracytoplasmic sperm injection 
(ICSI) could benefit from controlled, proteasome-optimized sperm capacitation treatment before individual 
spermatozoa are selected for the procedure, to boost post-ICSI disassembly of accessory sperm structures, the 
release of sperm-borne oocyte activating factors and sperm nuclear decondensation. Lastly, the unique cellular 
surface exposure of sperm proteasomes and their sensitivity to non-permeant proteasomal inhibitors give the 
possibility for the development of pharmacological contraceptives for humans.

Methods
Antibodies and reagents
Proteasomal inhibitor MG132 (cat # BML-PI102) was purchased from ENZO Life Sciences (Farmingdale, NY, 
USA). Reagents for indirect immunofluorescence, image-based flow cytometry, and Western blotting, were 
sourced as follows: rabbit polyclonal anti-CFAP161 antibody (cat # NBP2-14,378, Novus Biochemicals, Cen-
tennial, CO, USA); mouse monoclonal anti-TTR antibody (cat # MAB7505, R&D Systems, Minneapolis, MN, 
USA); mouse monoclonal anti-phosphotyrosine antibody, clone 4G10 (cat # 05-321) was bought from Millipore 
Sigma, Burlington, MA, USA; mouse IgG isotype control (cat # 31903), and normal rabbit serum (cat # 31883) 
were both purchased from Invitrogen, Carlsbad, CA, USA. Mouse monoclonal anti-RAB2A, clone 5C5 was made 
in-house80 and the antibody specificity was confirmed by blocking peptide assay using recombinant human 
RAB2A (cat # PR0373, Canvax Reagents, Boecillo, Valladolid, Spain) as well as WB detection of recombinant 
human RAB2A (NPB1-72344, Novus Biologicals, Centennial, CO, USA) by using 5C5 antibody. Mouse mono-
clonal anti-β-tubulin antibody, clone E7 (Antibody Registry ID: AB_2315513) was bought from Developmental 
Studies Hybridoma Bank of the University of Iowa, Iowa City, IA, USA. Goat anti-mouse IgG, AF488 (cat # 
A11001), goat anti-mouse IgG, HRP (cat # 31430), goat anti-rabbit IgG, AF488, goat anti-rabbit IgG, AF647 (cat 
# A21244), goat anti-rabbit IgG, HRP (cat # 31460), lectin PNA, AF568 (cat # L32458), and DAPI (cat # D1306) 
were purchased from Invitrogen, Carlsbad, CA, USA. For Western blotting, the following reagents were used: 
Halt™ Protease and Phosphatase inhibitor cocktail, EDTA free (cat # 78443) was purchased from ThermoFisher 
Scientific, Rockford, IL, USA; NuPAGE™ 4–12% Bis-Tris gel (cat# NP0329BOX) and Novex® Sharp Pre-stained 
Protein Standard purchased from Invitrogen, Carlsbad, CA, USA; bicinchoninic acid assay (BCA, cat #23227) 
was purchased from ThermoFisher Scientific, Rockford, IL, USA; PVDF Immobilon Transfer Membrane and 
Luminata Crescendo Western HRP Substrate were bought from Millipore Sigma, Burlington, MA, USA; and 
sequencing grade modified trypsin (cat # V5111a) was purchased from Promega Corporation, Madison, WI, 
USA. All other chemicals used in this study were purchased from Sigma-Aldrich, St. Louis, MO, USA.

Compliance with ethical standards
Ethical approval
All applicable international, national, and/or institutional guidelines for the care and use of animals were fol-
lowed. All studies involving vertebrate animals were completed under the strict guidance of an Animal Care 
and Use protocol, approved by the Animal Care and Use Committee (ACUC) of the University of Missouri. This 
article does not contain any studies with human participants performed by any of the authors.

The study is reported in accordance with ARRIVE guidelines (https:// arriv eguid elines. org).

Semen processing and in vitro sperm capacitation (IVC)
Fresh boar spermatozoa were collected weekly from healthy, non-transgenic fertile large white boars (n = 2) at the 
National Swine Resource and Research Center, University of Missouri, used for routine in vitro fertilization trials 
with high blastocyst yield. The sperm-rich fraction (n = 6) was used for the study purposes. The concentration 
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and motility of ejaculates were evaluated by conventional semen analysis methods under a light microscope. 
Sperm concentration was measured by hemocytometer (ThermoFisher Scientific) and ranged from 300 to 500 
million/mL; only ejaculates with > 80% motile spermatozoa and < 20% morphological abnormalities were used 
for the study. Collections contaminated with urine were discarded. The collected semen fractions were free of 
contaminants other than the expected minimal content of sperm cytoplasmic droplets, thus not necessitating 
gradient purification. Spermatozoa were separated from seminal plasma by centrifugation (2000 RPM ~ 400 × g, 
10 min; IEC Centra CL2, ThermoFisher Scientific), then washed with pre-warmed HEPES buffered Tyrode lactate 
medium supplemented with polyvinyl alcohol (TL-HEPES-PVA), containing 10 mM sodium lactate, 0.2 mM 
sodium pyruvate, 2 mM  NaHCO3, 2 mM  CaCl2, 0.5 mM  MgCl2 and 0.01% (w/v) polyvinyl alcohol (PVA); 
pH = 7.4, t = 37 °C. After the final wash, the sperm pellet was split into quarters; the first quarter was not allowed 
to capacitate, processed immediately as described below, and used as a non-capacitated (NC) control sample. 
The other three quarters were in vitro capacitated for 4 h, 37 °C, 5% (v/v)  CO2 in TL-HEPES-PVA described 
above, supplemented with 5 mM sodium pyruvate, 11 mM glucose, and 2% (w/w) BSA as described  previously45 
either in the absence of the proteasomal inhibitor (IVC control), in the presence of 100 µM MG132 and 0.2% 
(v/v) ethanol (IVC, proteasomally-inhibited group), or the presence of 0.2% (v/v) ethanol alone (IVC vehicle 
control). We have demonstrated that our IVC protocol successfully capacitated spermatozoa under the conditions 
used in this study (Supplementary Fig. 1) as well as that the concentration of 100 µM MG132 represents strong 
proteasome-inhibiting  conditions12,44–47,59. Spermatozoa after IVC were washed from BSA. Non-capacitated and 
IVC-capacitated groups were processed for (i) mass spectrometry of sperm proteins, (ii) immunocytochemistry 
and image-based flow cytometry, and (iii) Western blotting and immunoprecipitation.

Proteomics
The whole sperm proteomes from all four treatment groups, i.e., non-capacitated, capacitated without protea-
somal inhibition, capacitated with 100 µM MG132, and IVC vehicle control were isolated lysing approximately 
100 million spermatozoa by using 1% (w/v) 3-(4-Heptyl)phenyl-3-hydroxypropyl)dimethylammoniopropanesul-
fonate (C7BzO, cat # C0856, Millipore Sigma), 7 M urea, 2 M thiourea, 40 mM Tris∙HCl, pH = 7.4 supplemented 
with Halt™ Protease and Phosphatase inhibitor cocktail for 1 h at 4 °C with end-over-end rotation. Samples were 
centrifuged at 16,000 × g, 4 °C, for 20 min and the supernatants were transferred to Protein LoBind tubes (cat # 
022431102, Eppendorf, Hamburg, DEU). Samples were lyophilized and shipped to the University of Newcastle, 
NSW, Australia.

To generate the spectral library, peptides were analyzed by LC-MS in DDA mode on a Sciex 6600 triple ToF 
mass spectrometer. Mobile phase A was 2% Acetonitrile, 0.1% Formic Acid, and Mobile Phase B was 80% Acetoni-
trile, 0.1% Formic acid. Tryptic digests of samples were loaded onto a Sciex trapping column (200 µM × 0.5 mm 
ChromXP C18-CL, 3 µM, 120 Å), washed for 5 min at 2 mL/min with 2% mobile phase B, then eluted directly 
onto the separation column (75 μm × 15 cm ChromXP, C18, 3 μm, 120 Å). The gradient used to separate the 
peptides was 5–9% B in 2 min, 9–35% B in 52 min, and 35–50% B over 7 min, all as linear increases at a flow rate 
of 5 µl/min. For peptides entering the spectrometer, the scan range was 400–1250 m/z, with the top 20 peaks 
selected for fragmentation with a 30 s exclusion time, and the collision energy spread was set at 5 eV.

The files were searched against the Sus scrofa UniProtKB database (all isoforms, downloaded 13/06/19). To 
obtain peptide quantitative data, the samples were again run through liquid chromatography (LC), coupled 
to a 6600 Triple ToF mass spectrometer, running a SWATH acquisition method. Briefly, the LC methods were 
identical to the DDA acquisition, but fragments were acquired by sequentially scanning the total mass range 
for fragmentation in set m/z ranges (windows). Window size was calculated using Sciex’s provided method and 
based on the DDA results. In order to quantify peptides, the spectral library was processed using PeakView 
(2.2), and the raw data were then exported into MarkerView (version 1.3.0.1). From there, the data were again 
exported as a raw text file, which allowed for analysis using the freeware Perseus software (version 2.0.3.1) (www. 
perse us- frame work. org). In Perseus, the data were log2-transformed and then normalized to the median of each 
individual sample. Sample groups were compared by using a paired Welch’s t-test and FDR analysis. Proteins 
with a fold change greater than 2.0 and an adjusted p-value > 0.05 were considered significant. The experiment 
was replicated six times, and results are presented in the Excel spreadsheet as Supplementary Data 1.

Immunofluorescence
Non-capacitated and IVC-capacitated spermatozoa with and without proteasomal inhibition were fixed in 2.0% 
(v/v) formaldehyde in PBS for 10 min at room temperature, and permeabilized in 0.1% (v/v) TrX-100 in PBS 
(PBST) or fixed and permeabilized in 50% (v/v) ice-cold acetone in PBS without prior formaldehyde fixation. 
Approximately 20 million spermatozoa per sample were blocked with PBST supplemented with 5% (v/v) nor-
mal goat serum (NGS). All the antibodies used for immunofluorescence studies were previously characterized. 
Primary antibodies used were as follows: anti-CFAP161 (1:100 dilution, NBP2-14,378, Novus Biochemicals), 
anti-TTR (1:100 dilution, MAB7505, R&D Systems), and anti-RAB2A (1:200  dilution80) all diluted in PBST sup-
plemented with 5% (v/v) NGS. Primary antibodies were added to sperm sample tubes and incubated overnight 
at 4 °C. For the primary control, non-immune rabbit serum of comparable protein concentration or mouse IgG 
isotype of comparable immunoglobulin concentration was used instead of primary antibodies and processed in 
the same fashion. The following morning, spermatozoa were washed twice with PBST with 1% (v/v) NGS. Next, 
an appropriate species-specific secondary antibody, such as the goat anti-mouse conjugated to AF488, or goat 
anti-rabbit conjugated to AF647 (1:200 dilution) in PBST with 1% (v/v) NGS was added and allowed to incubate 
for 40 min at room temperature. For acrosomal integrity assessment, peanut agglutinin conjugated to Alexa 
Fluor 568 (PNA-AF568, 1:1500 dilution; Invitrogen) was used, and 4’,6-Diamidino-2-Phenylindole Dilactate 
(DAPI), a DNA stain (1:1000 dilution) was used as a reference and nuclear contrast stain. Both PNA-AF568 
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and DAPI were mixed and coincubated with secondary antibodies. After incubation with secondary antibodies, 
spermatozoa were washed twice with PBST with 1% (v/v) NGS. For the secondary antibody control, secondary 
antibodies were omitted as well as DAPI and PNA-AF647 and processed in the same fashion. All steps were 
accomplished in suspensions.

Epifluorescence microscopy
The fluorescently labeled samples were mounted on microscope slides with VectaShield (Vector Laboratories, 
Inc., Burlingame, CA, #H-1000) and imaged by using a Nikon Eclipse 800 microscope (Nikon Instruments, Inc., 
Melville, NY, USA) with Retiga QI-R6 camera (Teledyne QImaging, Surrey, BC, Canada) operated by MetaMorph 
software (ver. 7.10.2.240, Molecular Devices, San Jose, CA, USA). Images were adjusted for contrast and bright-
ness in Adobe Photoshop 2020 (Adobe Systems, Mountain View, CA, USA), to match the fluorescence intensities 
viewed through the microscope eyepieces.

Image‑based flow cytometry (IBFC)
The fluorescently labeled samples were measured with an Amnis FlowSight Imaging Flow Cytometer (AMNIS 
Cytek Biosciences, Fremont, CA, USA) as described  previously106. The instrument was fitted with a 20 × micro-
scope objective (numerical aperture of 0.9) with an imaging rate of up to 2000 events per sec. The sheath fluid was 
PBS (without  Ca2+ or  Mg2+). The flow-core diameter and speed were 10 µm and 66 mm per second, respectively. 
The raw image data were acquired by using INSPIRE® software (AMNIS Cytek Biosciences, Fremont, CA, USA). 
To maximize resolution, the camera setting was at 1.0 µm per pixel of the charge-coupled device. Samples were 
excited by using four lasers concomitantly: a 405-nm line (20 mW), a 488/642-nm line (20 mW), a 561-nm line 
(20 mW), a 785-nm line (70 mW, side scatter), and two LEDs (32.57 mW and 19.30 mW respectively). Signals 
were recorded in the following channels: channels 1 and 9—brightfield, channel 2—green fluorescence (AF488, 
505–560 nm), channel 4—orange fluorescence (AF568, 595–642 nm), channel 6 (SSC), channel 7—blue fluo-
rescence (DAPI, 435–505 nm), and channel 11—infrared fluorescence (AF647, 642–745 nm). A total of 10,000 
events were collected per sample, and data were analyzed by using IDEAS® software (Version 6.2.189.0; AMNIS 
Cytek Biosciences, Fremont, CA, USA). A focused, single-cell population gate was used for the histogram dis-
play of mean pixel intensities by frequency for collected channels. Intensity histograms of individual channels 
were then used for drawing regions of subpopulations with varying intensity levels and visual confirmation. The 
intensity of DAPI was used for histogram normalization among NC and IVC spermatozoa. Relevant masks were 
applied for analysis of specific sperm compartments as well as to exclude autofluorescent debris.

Sperm protein isolation
The processing of an ejaculate to obtain spermatozoa as well as sperm IVC is described in previous sections. A 
total of 100 million TBS-washed spermatozoa per treatment (NC, IVC spermatozoa with or without proteasomal 
inhibition, vehicle control) were resuspended in 100 µL of lithium dodecyl sulfate (LDS) loading buffer (106 mM 
Tris HCl, 141 mM Tris base, 2% (w/v) LDS, 10% (w/v) glycerol, 0.51 mM (0.75%) EDTA, 0.22 mM (0.075%) 
Coomassie Brilliant Blue G250, 0.175 mM (0.025%) Phenol Red, pH = 8.5) supplemented with Halt™ protease 
and phosphatase inhibitor cocktail, and left to incubate overnight at 4 °C with end-over-end rotation. The fol-
lowing day, the suspensions were spun at 13,000 × g and 4 °C, for 15 min and the supernatants were transferred 
to new Eppendorf tubes. Before the PAGE loading, 2-mercaptoethanol was added to the final concentration of 
2.5% (v/v), and incubated at 70 °C for 10 min.

Immunoprecipitation
The TTR protein was immunoprecipitated from NC and IVC spermatozoa by using the Thermo Scientific Pierce 
crosslink magnetic IP/Co-IP kit (cat # 88805) according to manufacturer ‘s protocol. Briefly, 5 µg of mouse 
monoclonal anti-TTR antibody (MAB7505, R&D Systems) was bound to the Protein A/G magnetic beads. Sperm 
proteins were extracted from 100 million NC or IVC spermatozoa by the addition of 500 µL of lysis buffer sup-
plemented with Halt™ Protease and Phosphatase inhibitor cocktail and left to incubate for 30 min at 4 °C with 
end-over-end rotation. Protein concentration was determined with a BCA assay (cat #23227, ThermoFisher 
Scientific). One milligram of the total protein was added to the magnetic beads with the bound antibody and 
incubated for 60 min at room temperature with end-over-end rotation. The antigen was eluted with a low pH and 
neutralized. Resultant immunoprecipitates were concentrated by using MilliporeSigma Amicon centrifugal filters 
(cat # UFC500396). A 4 × LDS sample buffer and 2-mercaptoethanol were added to the immunoprecipitates, 
to prepare a 1 × LDS sample buffer and 2.5% (v/v) 2-mercaptoethanol, respectively. Samples were incubated at 
70 °C for 10 min before WB detection.

Western blotting (WB)
For polyacrylamide gel electrophoresis (PAGE), a NuPAGE® electrophoresis system was used (Invitrogen, Carls-
bad, CA). A protein equivalent of 10 million spermatozoa (~ 20 µg of the total protein) was loaded per single 
lane. The PAGE was carried on an Owl™ Dual-Gel Vertical Electrophoresis System (cat # P8DS, ThermoFischer 
Scientific) with NuPAGE™ 4–12% Bis–Tris gel (cat # NP0329BOX, Invitrogen) using TRIS-MOPS SDS Running 
Buffer [50 mM Tris Base, 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 0.1% (w/v) SDS, 1 mM 
EDTA, pH = 7.7]. Anode buffer (the upper one) was supplemented with 5 mM  NaHSO3 to prevent disulfide 
bond reoxidation. The molecular masses of separated proteins were estimated using Novex® Sharp Pre-stained 
Protein Standard (cat # LC5800, Invitrogen, Carlsbad, CA) run in parallel. The PAGE was carried out for 5 min 
at 80 V to let the samples delve into the gel and then for another 60–70 min at 160 V. The power was limited to 
20 W. After PAGE, proteins were electrotransferred onto a PVDF Immobilon Transfer Membrane (Millipore 
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Sigma) by using an Owl™ Mini Tank Electroblotting System (cat # VEP-2, ThermoFisher Scientific) at 300 mA 
for 90 min for immunodetection, by using Bis-Tris-Bicine transfer buffer (25 mM Bis–Tris base, 25 mM Bicine, 
1 mM EDTA, pH = 7.2) supplemented with 10% (v/v) methanol, and 2.5 mM  NaHSO3.

The PVDF membrane with the transferred proteins was blocked with 10% (w/v) non-fat milk (NFM) in TBS 
with 0.05% (v/v) Tween 20 (TBST) and incubated with the primary antibody overnight. Primary antibodies 
were diluted as follows: anti-CFAP161 (1:2000 dilution; NBP2-14,378, Novus Biochemicals), anti-TTR (1:1000 
dilution, MAB7505, R&D Systems), and anti-RAB2A (1:200  dilution80) all diluted in TBST and supplemented 
with 5% (w/v) NFM. The next day, the membrane was incubated for 40 min with an appropriate species-specific 
secondary antibody, such as the HRP-conjugated goat anti-rabbit antibody (GAR-IgG-HRP, 1:10,000 dilution; 
cat # 31460 Invitrogen) or goat anti-mouse antibody (GAM-IgG-HRP, 1:10,000 dilution; cat # 31430 Invitrogen). 
The membrane was reacted with a chemiluminescent substrate (Luminata Crescendo Western HRP Substrate; 
Millipore Sigma) and the blot was screened with ChemiDoc Touch Imaging System (Bio-Rad, Hercules, CA, 
USA), to record the protein bands. Membranes were stripped with Restore WB stripping buffer (cat # 21059) 
and reprobed with anti-TUBB antibody (clone E7, AB_2315513) for protein load normalization purposes. The 
images were analyzed by Image Lab Touch Software (ver. 5.2.1, Bio-Rad, Hercules, CA, USA). Unless specified 
otherwise, procedures were carried out at room temperature. Membranes were stained with CBB R-250 after 
chemiluminescence detection for additional protein load control.

Statistics and reproducibility
Six biological and technical replicates were conducted for high-resolution mass spectrometry and used for MS 
data analysis. The MS data were log2-transformed and then normalized to the median of each individual sample. 
Sample groups were compared by using a paired Welch’s t-test and FDR analysis. Proteins with a fold change 
greater than 2.0 and an adjusted p-value > 0.05 were considered significant. Four IBFC replicates and six WB 
replicates were performed to ensure scientific rigor. The numbers of replicates are also denoted in the figure 
legends. Each data point is presented as a mean ± SD. Datasets were tested for normal distribution by using the 
Shapiro–Wilk normality test and processed by using one-way analysis of variance (ANOVA) in GraphPad Prism 
(ver. 9.5.1, GraphPad Software, Inc., La Jolla, CA, USA) in a completely randomized design. Sidak’s multiple 
comparison test was used to compare the mean values of individual treatments with a 95% confidence interval. 
A value of P < 0.05 was considered statistically significant. No data was excluded from the statistical evaluation.

Data availability
The MS proteomics data in this paper have been deposited in the ProteomeXchange Consortium (http:// 
prote omece ntral. prote omexc hange. org) via the MassIVE partner repository with the data set identifier 
MSV000093882. All source data are included as supplementary data. All other data are available upon reason-
able request. Correspondence and requests for materials should be addressed to MZ.
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