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Protein ubiquitination, a major and conserved post-translational modification, is known to
play a critical regulatory role in many biological processes in eukaryotes. Although several
ubiquitinated proteins have been found in buffalo (Bubalus bubalis) testis in our previous
studies, large-scale profiling of buffalo testis ubiquitome has not been reported to date. In
the present study, we first identified a global profiling of lysine ubiquitination of adult buf-
falo testis using a highly sensitive LC-MS/MS coupled with immune-affinity enrichment of
ubiquitinated peptides. In total, 422 lysine ubiquitination sites were identified in 262 proteins
in adult buffalo testis tissue. Bioinformatics analysis showed that the ubiquitinated proteins
are involved in a variety of biological processes and diverse subcellular localizations. Ky-
oto Encyclopedia of Genes and Genomes (KEGG) pathway and protein interaction network
analysis indicated that proteasome, glycolysis/gluconeogenesis and gap junction pathways
are modulated by protein ubiquitination in testis. Besides, 44 ubiquitinated proteins may in-
volve in spermatogenesis according to the SpermatogenesisOnline database, of which, the
ubiquitination of HSPA2 and UCHL1 were confirmed by Immunoprecipitation (IP)/Western
blot analysis. Taken together, these data provide a global view of ubiquitome in buffalo testis
for the first time, and serve as an important resource for exploring the physiological role es-
pecially spermatogenesis of lysine ubiquitination in testis in mammals.

Introduction
Ubiquitin (Ub) is a small 76-amino-acid protein that is highly conserved in eukaryotic organisms. It is
conjugated to the e-amino group of Lysines (Lys) and always found in both cytosol and nucleus of eukary-
otic cells [1]. The ubiquitin—proteasome system (UPS) is facilitated to protein degradation and consisted of
three major enzymes: ubiquitin-activating enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiq-
uitin ligase enzymes (E3) [2]. Ubiquitylation is involved in the regulation of many other cellular processes
such as DNA replication [3], DNA damage repair [4,5], innate immune signaling, and receptor endocyto-
sis [6,7]. Besides, over the years, a growing number of studies have indicated that ubiquitin system plays
a vital role in spermatogenesis and fertilization [8,9].

The testis is an important sexual organ in male mammals. Specially, testis is the site of spermatogenesis,
a complicated and dynamic process in which the male germ cell metamorphoses into mature spermatozoa.
During mammalian spermatogenesis, three major events including spermatocytogenesis, meiosis, as well
as spermiogenesis occurred in the seminiferous tubules. The spermatogonia must undergo meiosis and
the round spermatids have to abandon redundant cytoplasm materials, in other words, many proteins and
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organelles are degraded, and the ubiquitin-proteasome pathway facilitates to form the highly condensed sperm in
this process [10]. Kopanja et al. demonstrated that E3 ubiquitin ligase CUL4A is essential for spermatogenesis and
the Cul4A knockout male mice are infertile [11]. The E2 ubiquitin-conjugating enzyme UBE2]1 is also required for
spermiogenesis and the male UBE2]1 knockout mice are sterile with defects in flagella and cytoplasm removal in
sperm cells [12]. In addition, deletion of deubiquitinating enzyme CYLD reduces the early wave of germ cell apopto-
sis and leads to impaired spermatogenesis [13]. In our previous study, we found E3 ubiquitin-protein ligase TRIM36
was expressed highly in puberty of buffalo testicular seminiferous tubules, and bioinformatics analysis indicated that
TRIM36 may involve in acrosome reaction and regulation of cell cycle [14]. Hence, the identification of related ubiq-
uitinated proteins is of great significance for the study of the function of ubiquitination in spermatogenesis.

Mass spectrometry (MS)-based proteomics approaches are appropriate to acquire large-scale ubiquitinated protein
profile. For example, 110 precise ubiquitination sites were found in yeast [15], and thousands of targets were mapped
in mammalian cells [16-18]. Nevertheless, due to the need for enrichment of ubiquitinated proteins in the methods,
only a relatively small number of ubiquitinated sites were identified in these studies. Recently, a preferable method
based affinity purification of ubiquitinated peptides combined with highly sensitive LC-MS/MS was used for com-
prehensively ubiquitylation site identification. As is known to all, after the ubiquitinated proteins were digested by
trypsin, the diglycine (di-Gly) remnant derived from the two C-terminal glycine residues of ubiquitin maintained
covalently linked to the modified lysines. Accordingly, a di-Gly-lysine specific antibody [19] enables the affinity cap-
ture of ubiquitinated peptides. The distinct mass shift (114.0429 Da) caused by the di-Gly remnant should be able to
identify and precisely locate the ubiquitination sites based on peptide fragment masses [20]. Several researchers have
employed the newly technique to process in-depth ubiquitin-modified proteome analyses and discover abundant
ubiquitination sites in mammalian cells and tissues [19-22]. However, the adaptability of this method to mammalian
testis has not been tested.

Buffalo (Bubalus bubalis) is of considerable economic and biological interest especially in the southern region in
China, but its reproductive efficiency is low due to the delay onset of puberty. In buffalo, the approximate duration
of spermatogenesis is 38 days, which represents the shortest period reported in the large domestic animals up to now
[23]. Approximately 63% of all possible germ cells disappear from the seminiferous epithelium theoretically during
spermatogenesis in buffalo [24]. Thus, elucidation of the ubiquitome in buffalo testis is important for understanding
the role of the UPS in regulating spermatogenesis and fertilization in this ruminant species. In the present study, we
performed a global profiling of the ubiquitome of adult buffalo testis using integrated proteomic techniques in which
all ubiquitylated peptides are directly enriched from peptide mixtures with a high-affinity anti-di-Gly-lys-specific
antibody. Overall, a total of 422 lysine ubiquitination sites were identified in 262 proteins in adult buffalo testis,
regulating a wide range of biological processes especially metabolic and reproductive processes. The results provide
an overall view of ubiquitome of buffalo testis and an abundant dataset for exploring the physiological role of lysine
ubiquitination in testis in mammals.

Materials and methods

Sample preparation and protein extraction

All swamp buffalo (Bubalus bubalis) testes (age 3-5 years) were collected from a local commercial slaughterhouse
and transported to the lab in sterile isotonic saline within 4 h and the tunica vaginalis and epididymis were removed.
The three collected testes were divided into three separate samples to obtain three biological replicates. The weight and
length of each testis were recorded and the detailed data listed in Supplementary Table S1. All procedures involving
animal treatment and collection of testes to be used in the study were based on the Guiding Principles for animal use as
described by the Council for International Organizations of Medical Sciences (CIOMS) and approved by the Animal
Experimentation Ethics Committee of Guangxi University, Nanning, China. The adult buffalo testicular tissue was
dissected into small pieces and ground to powder in liquid nitrogen and then transferred to a 5-ml centrifuge tube.
After that, four volumes of lysis buffer (8 M urea, 2 mM EDTA, 1% Protease Inhibitor Cocktail and 50 M PR-619)
were added to the cell powder, followed by sonication three times on ice using a high-intensity ultrasonic processor
(Scientz, Ningbo, Zhejiang, China). The remaining debris was removed by centrifugation at 12000 g at 4°C for 10
min. Finally, the supernatant was collected and the protein concentration was determined with BCA kit (Solarbio,
Beijing, China) according to the manufacturer’s instructions.

Trypsin digestion
For digestion, the protein solution was reduced with 5 mM dithiothreitol (DTT) for 30 min at 56°C and alkylated
with 11 mM iodoacetamide for 15 min at room temperature in the dark. The protein sample was then diluted by
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adding 100 mM NH4HCO; to urea concentration less than 2 M. Finally, trypsin was added to the diluted protein
sample at 1:50 trypsin-to-protein mass ratio for the first digestion overnight and 1:100 trypsin-to-protein mass ratio
for a second digestion for 4 h.

Affinity enrichment of the ubiquitinated peptides

To enrich ubiquitinated peptides, tryptic peptides dissolved in NETN buffer (100 mM NaCl, 1 mM EDTA, 50 mM
Tris/HCI, 0.5% NP-40, pH 8.0) were incubated with pre-washed anti-K-¢-GG beads (Lot number PTM-1104, PTM
Biolabs, Hangzhou, China) at 4°C overnight with gentle shaking. Then the beads were washed four times with NETN
buffer and twice with ddH,O. The bound peptides were eluted from the beads with 0.1% trifluoroacetic acid (TFA)
thrice. Finally, the eluted fractions were combined and vacuum-dried. For LC-MS/MS analysis, the resulting peptides
were desalted with C18 ZipTips (Millipore) according to the manufacturer’s instructions.

LC-MS/MS analysis

The enriched peptides were dissolved in solvent A (0.1% formic acid), directly loaded on to a reversed-phase analytical
column (15-cm length, 75 um i.d.). The gradient comprised an increase from 10 to 22% solvent B (0.1% formic acid
in 90% acetonitrile) over 40 min, 22 to 35% in 12 min and climbing to 80% in 4 min, then holding at 80% for the last
4 min, all at a constant flow rate of 700 nl/min on an EASY-nLC 1000 UPLC system. The peptides were subjected
to NSI source followed by tandem mass spectrometry (MS/MS) in Orbitrap Fusion™ (Thermo) coupled online to
the UPLC. The electrospray voltage applied was 2.0 kV. The m/z scan range was 350-1550 for full scan, and intact
peptides were detected in the Orbitrap at a resolution of 60000. A data-dependent procedure that alternated between
one MS scan followed by 20 MS/MS scans with 15.0 s dynamic exclusion. Automatic gain control (AGC) was set at
5E4.

The MS proteomics data have been deposited in the ProteomeXchange Consortium via the PRIDE [25] partner
repository with the dataset identifier PXD012231.

Username: reviewer50874@ebi.ac.uk
Password: mtGAMTcX

Database search

The resulting MS/MS data were processed using Maxquant search engine (v.1.5.2.8). Tandem mass spectra were
searched against Proteomes Bos taurus (24215 sequences) database concatenated with reverse decoy database.
Trypsin/P was specified as cleavage enzyme allowing up to four missing cleavages. The mass tolerance for precur-
sor ions was set as 20 ppm in first search and 5 ppm in main search, and the mass tolerance for fragment ions was
set as 0.02 Da. Carbamidomethyl on Cys was specified as fixed modification and Gly-Gly modification for lysines
and oxidation on Met were specified as variable modifications. FDR was adjusted to <1% and minimum score for
modified peptides was set as >40. The site localization probability was set as >0.75.

Bioinformatics analysis

The Motif-X software [26] was used to analyze the model of sequences with amino acids in specific positions of
ubiquityl-21-mers (10 amino acids upstream and downstream of the site) in all protein sequences. The B. taurus
proteome was used as the background database, the setting parameters were: occurrences = 20, Bonferroni corrected
P-value =0.005, and the other parameters were set with default. Secondary structures of all proteins were predicted
by NetSurfP software [27]. The mean secondary structure probabilities of the modified lysine residues were com-
pared with those of the control residues for all ubiquitinated proteins identified in the present study. The domain
annotation was performed with InterProScan on the InterPro domain database (http://www.ebi.ac.uk/interpro/) [28]
and the protein domains with a corrected P-value <0.05 were considered significant. WoLF PSORT [29] was used to
predict the subcellular localization. Gene Ontology (GO) annotation proteome was derived from the UniProt-GOA
database (http://www.ebi.ac.uk/GOA/) [30] and the lysine ubiquitination proteins were classified by GO annota-
tion involving three categories: biological processes, molecular functions, and cellular components. The Spermato-
genesisOnline database (https://mcg.ustc.edu.cn/bsc/spermgenes/documentation.php) [31] was used to analyze and
verify spermatogenesis-related process terms. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database
[32] was used to perform pathway analysis. Functional annotation tool of DAVID bioinformatics resources 6.8
(https://david.ncifcrf.gov) [33] was used to identify GO term and KEGG pathway. Protein-protein interaction net-
work among the surveyed proteins was retrieved from STRING database (version 10.5) with a confidence score of at
least 0.7, and the interaction network was visualized in Cytoscape software [34].

(© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 3
License 4.0 (CC BY).


http://www.ebi.ac.uk/interpro/
http://www.ebi.ac.uk/GOA/
https://mcg.ustc.edu.cn/bsc/spermgenes/documentation.php
https://david.ncifcrf.gov

™ Bioscience Reports (2020) 40 BSR20193537
.... FF:F?E%ELAND https://doi.org/10.1042/BSR20193537

Immunohistochemistry analysis

Immunohistochemistry was performed on 4% paraformaldehyde-fixed buffalo testes. The paraffin-embedded testic-
ular sections were dewaxed and dehydrated, and endogenous peroxidase activity was quenched by methanol contain-
ing 3% H, O, for 30 min. Sections were subjected to antigen retrieval in 0.01 M sodium citrate buffer (pH 6.0) using
microwave heating. The sections were then incubated in blocking solution (5% BSA) for 2 h at room temperature
and incubated overnight at 4°C with primary antibody against UCHLI (7863-1004, AbD, Oxford, UK.) at a dilu-
tion of 1:200. After washing twice in PBS-Tween-20, the sections were incubated with secondary antibody labeled
with FITC (ab6717, abcam, 1:200) for 1 h at room temperature, and then cover-slipped in Prolong Gold antifade
reagent with DAPI (Life Technologies) and kept in the dark until photographed using an Olympus IX73 inverted
fluorescence microscope (Olympus, Tokyo, Japan). Negative control was incubated in blocking solution without the
primary antibody.

Immunoprecipitation and Western blot analysis

To confirm the ubiquitination of proteins utilizing the K-e-GG antibody, we performed immunoprecipitation (IP)
and Western blot analysis. The lysed cell extracts were immunoprecipitated with anti-ubiquitin antibody (ab105015;
Abcam, Cambridge, MA, U.S.A.) or rabbit IgG (ab205718, Abcam) using protein A+G agarose (Beyotime, Shanghai,
China), after shaking at 4°C for 3 h, the supernatant was removed carefully by centrifugation at 1000 g for 5 min and
the precipitate was washed for five times by PBS buffer (8 mM Na,HPOy, 1.5 mM KH,POy, 135 mM NaCl, and 2.7
mM KCl), then 20 pl of 1x SDS/PAGE loading buffer (CWBIO, Beijing, China) was added into the precipitate and
used for electrophoresis after boiling at 100°C for 5 min. After electrophoresis, the SDS/PAGE gel was transferred on
to a polyvinylidene difluoride (PVDF) membrane by a semidry Western blotting system (Bio-Rad). The membrane
was blocked with 5% nonfat milk in TBST solution for 2 h at room temperature and then incubated overnight at 4°C
with primary antibody against UCHLI1 (7863-1004, AbD, Oxford, U.K.) and HSPA2 (bs-18080R, Bioss Biotechnology
Inc., China) at a dilution of 1:1000. Membranes washed with TBST buffer three times were incubated with horseradish
peroxidase-conjugated secondary antibodies (CWBIO, Beijing, China) in TBST buffer for 1.5 h at room temperature.
Bands were visualized with an ECL detection kit.

Results
Proteome-wide analysis of lysine-ubiquitinated sites and proteins in

buffalo testis

In our previous proteomic study of buffalo testicular seminiferous tubules, we identified many ubiquitin enzymes
including USP47, USP14, UCHL1, UCHL5, UBE2K, UBE2V2, UFCI, and UBA1 (Supplementary Table S2) [14].
In order to study the roles of ubiquitinated proteins in buffalo testis, we performed proteome-wide analysis of lysine
ubiquitination sites and proteins in normal adult buffalo testis. A total of 422 lysine ubiquitination sites were identified
unambiguously, corresponding to 262 lysine ubiquitinated proteins (Supplementary Table S3). The length of most
ubiquitinated peptides ranged from 7 to 34 amino acids, which is consistent with the property of tryptic peptides
(Figure 1A).

We sorted the ubiquitinated proteins according to the number of ubiquitination sites, as shown in Figure 1B. Among
these ubiquitinated proteins, 72.1% (189) contained a single ubiquitination site, and 15.3% (40) contained two ubig-
uitination sites. It is noteworthy that 4.2% (11) of proteins contained five or more lysine ubiquitination sites and f
had at least nine sites (Supplementary Table S4). Elongation factor 1-c« 1 (EEF1A1) protein was the most intensely
ubiquitinated protein, bearing 12 different lysine ubiquitination sites (Figure 1C). Some ubiquitinated proteins were
determined in buffalo testis in our previous studies, but the detailed ubiquitination sites remain vague. In the present
study, USP4 protein was found to be ubiquitinated at K837, UBE2N protein was found to be ubiquitinated at K92,
and the protein USP5 was found to be ubiquitinated at K163, K357, K360, K406, K423, K468, K574, K575, K586,
K743, and K793. The representative MS/MS spectra of ubiquitinated peptides from USP5 protein were shown in
Supplementary Figure S1.

Motif analysis around identified ubiquitinated sites

We further performed motif analysis of the sequences around the identified ubiquitinated sites using motif-x program
to reveal the distribution of the surrounding amino acids. No significant sequence recognition motif was identified
among the ubiquitination sites (Figure 2A,B), which was consistent with previous observations in Arabidopsis and
human cells [17,19,21,35]. Our results showed that there was a subtle enrichment for specific residues at some posi-
tions, such as leucine (L) at +1, +3, and +4 positions, valine (V) at —2 and +2 positions, alanine (A) at +5 position,
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Figure 1. Identification of lysine ubiquitinated sites in buffalo testis

(A) Peptide length distribution of the ubiquitinated peptides. (B) Distribution of the number of lysine ubiquitination sites in the
identified ubiquitinated peptides. (C) Twelve lysine ubiquitination sites present in EEF1A1. Red sequences indicate the lysine ubig-
uitinated sites. Underlined sequences indicate the identified ubiquitinated peptides. Abbreviation: EEF1A1, elongation factor 1-«
1.

glycine (G) at —3 position, and aspartate (D) at —1 position. It is probably that the motifs were affected by the sequence
bias of the antibody enrichment technique employed here, and a similar discovery has been noted by employing two
antibodies for enrichment of ubiquitinated peptides [22].

In order to investigate the properties of ubiquitylation sites in more detail, the local secondary structures of ubiqui-
tylated proteins were investigated (Figure 2C). The results showed that 59.6% of the ubiquitylated sites were located in
regions of ordered secondary structure. Among them, 42% sites were located in ot-helix and 17.6% sites in (3-strand.
The rest of 40.4% were located in disordered regions of the proteins (coil). Nevertheless, because of the similarity of
distribution pattern of secondary structures between ubiquitylated sites and all lysine sites (P>0.05), it seems that
there is no tendency of ubiquitination in proteins of buffalo testis. In addition to ordered regions, we further evalu-
ated the surface accessibility of the ubiquitylated lysine sites. The results indicated that 92.43% of the ubiquitylated
lysine sites were exposed to protein surface, compared with 92.3% of all lysine sites (P=0.036) (Figure 2D). Although
the difference is subtle, the surface property of proteins is likely to be changed by lysine ubiquitination.
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Figure 2. The properties of lysine ubiquitination sites

(A) Probable sequence motifs for +10 amino acids around the lysine ubiquitination sites. The central K stands for the ubiquitinated
lysine and the height of each letter corresponding to the frequency of the amino acid residue in that position. (B) Heat map showing
the relative frequencies of amino acids in specific positions. Red and green respectively indicate the amino acid is significantly
enriched or reduced near the ubiquitinated site. (C) Probable distribution of secondary structures containing lysine ubiquitination
sites. (D) Predicted surface accessibility of the ubiquitinated sites. Ubiquitinated lysine sites were in red and all lysine sites were in
green.

Functional classification and cellular localization of ubiquitinated

proteins

To better understand the ubiquitome in buffalo testis, the identified ubiquitinated proteins were annotated with GO
annotation. All level GO terms were used to classify the proteins into three categories: biological process, cellular
component, and molecular function (Figure 3A-C, Supplementary Table S5). The results showed that large group of
ubiquitinated proteins were related to cellular component organization (81), followed by protein metabolic process
(74), organelle organization (55), catabolic process (48) and response to stress (47), moreover, others were assigned
to ubiquitin-dependent protein catabolic process (28) and reproductive process (19) (Figure 3A). Most of ubiquiti-
nated proteins for molecular function classification were related to protein binding (114) and catalytic activity (108)
(Figure 3B), suggesting that massive ubiquitinated proteins may be enzymatic proteins in the present study. Besides,
others were assigned to small molecule binding (69), nucleoside phosphate binding (62), hydrolase activity (58), and
ubiquitin protein ligase binding (21).

In the cellular component category, most of ubiquitinated proteins were located in cell (223), organelle (202) and
membrane (134), others were distributed in extracellular region (85), extracellular exosome (81), protein complex
(65), endomembrane system (62), nuclear lumen (58), cell junction (21), and sperm part (10) (Figure 3C). In order
to elaborately subdivide the cells into functionally distinct membrane bound compartments, we further carried out
subcellular localization analysis using WoLF PSORT software. The results revealed that the largest group of ubiqui-
tinated proteins in buffalo testis is associated with cytoplasm (132, 50.38%), the other four subcellular components
with active ubiquitination were nucleus (46, 17.56%), plasma membrane (32, 12.21%), mitochondria (14, 5.34%), and
extracellular (12, 4.58%) (Figure 3D, Supplementary Table S6).
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Figure 3. Functional classification of ubiquitinated proteins in buffalo testis

(A) Classification of the ubiquitinated proteins based on biological process. The ubiquitinated proteins were involved in many bio-
logical processes, large group of them were related to cellular component organization (81), followed by protein metabolic process
(74), organelle organization (55), catabolic process (48) and response to stress (47), others were assigned to ubiquitin-dependent
protein catabolic process (28) and reproductive process (19). (B) Classification of the ubiquitinated proteins based on molecular
function. Most of ubiquitinated proteins were related to protein binding (114) and catalytic activity (108), others were assigned to
small molecule binding (69), nucleoside phosphate binding (62), hydrolase activity (58), and ubiquitin protein ligase binding (21).
(C) Classification of the ubiquitinated proteins based on cellular component. Most of ubiquitinated proteins were located in cell
(228), organelle (202) and membrane (134), others were distributed in extracellular region (85), extracellular exosome (81), protein
complex (65), endomembrane system (62), nuclear lumen (58), cell junction (21) and sperm part (10). (D) Subcellular localization of
the ubiquitinated proteins. The largest group of ubiquitinated proteins is associated with cytoplasm (132, 50.38%), the other four
subcellular components with active ubiquitination were nucleus (46, 17.56%), plasma membrane (32, 12.21%), mitochondria (14,
5.34%), and extracellular (12, 4.58%).

Functional enrichment analysis of ubiquitinated proteins

All ubiquitinated proteins were subjected to enrichment analysis to further elucidate the characterization in buffalo
testis. GO enrichment analysis indicated that the ubiquitinated proteins were significantly enriched in cellular protein
catabolic process, which is consistent with the observation that proteins with enzyme binding and ubiquitin protein
ligase binding have a higher tendency to be ubiquitinated. In agreement with the subcellular localization analysis,
the ubiquitinated proteins were significantly enriched in cytoplasm and extracellular vesicle based on the cellular
component enrichment (Figure 4A, Supplementary Table S7).

To better understand the functions of these ubiquitinated proteins and how they affect buffalo testis, KEGG
pathway and enrichment analysis were performed. The results showed that many ubiquitinated proteins were
highly enriched in proteasome, pentose phosphate pathway, gap junction, tight junction, glycolysis/gluconeogenesis,
and spliceosome, etc (Figure 4B, Supplementary Table S8). Of which, most enrichment pathways were related to
metabolism, genetic information processing, and cellular processes. Additionally, we analyzed the distribution of
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Figure 4. Enrichment analysis of the ubiquitinated proteins in buffalo testis

(A) GO enrichment analysis of the identified ubiquitinated proteins in terms of cell component, molecular function, and biological
process. (B) KEGG pathway enrichment analysis of the identified ubiquitinated proteins. (C) Protein domain enrichment analysis of
the identified ubiquitinated proteins.

ubiquitination sites on proteins and found correlation of ubiquitination sites in domains by protein domain en-
richment. A total of 145 proteins have lysine-ubiquitinated sites within functional domains, and in total of 87 do-
mains have at least one ubiquitinated site identified (Figure 4C, Supplementary Table S9). Several domains in pro-
teins such as TCP-1-like chaperonin intermediate domain, GroEL-like apical domain, tubulin (C-terminal), and
ubiquitin-associated domain were highly enriched. It is possible that the structure of particular domains may be
related to the function of ubiquitination.

Protein interaction networks of ubiquitinated proteins in buffalo testis

To understand how the ubiquitinated proteins might interact with diverse pathways, we constructed the
protein—protein interaction networks for all ubiquitinated proteins using STRING database and Cytoscape software.
A large network containing 117 ubiquitinated proteins, and three highly interconnected clusters of ubiquitinated pro-
teins were retrieved according to the algorithm of Cytoscape software (Figure 5, Supplementary Table S10). The first
cluster consists of six ubiquitinated proteins involved in gap junction, the second cluster consists of seventeen ubiqui-
tinated proteins involved in proteasome, and the third cluster consists of five ubiquitinated proteins associated with
glycolysis/gluconeogenesis. The results suggested that these three pathways all displayed dense protein interaction
networks and the physiological interactions may lead to their coordination and cooperation in buffalo testis. Inter-
estingly, we found 44 lysine ubiquitinated proteins with known functions may important for meiotic, fertilization,
and spermatogenesis through the network of testis-associated biological processes and the SpermatogenesisOnline
database (Figure 6, Supplementary Table S11).

Confirmation of the ubiquitination of certain proteins

The results of IP/Western blot analysis of two proteins (UCHL1 and HSPA2) showed that all of the proteins were
presented in the ubiquitin-IP pulldown compared with IgG control (Figure 7). UCHLI and HSPA2 may relate to
spermatogenesis according to the above bioinformatics analysis (Figure 6, Supplementary Table S11). We further
confirmed the lysine ubiquitination of these proteins.
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Figure 5. The whole protein-protein interaction network of the identified ubiquitinated proteins in buffalo testis
Interaction network of ubiquitinated proteins involved in proteasome, gap junction, and glycolysis/gluconeogenesis pathway. The
bubble size represents the number of ubiquitination sites.

Discussion

In the present study, we demonstrate the enrichment of endogenous ubiquitylated peptides from buffalo testicular
tissue lysates and their subsequent identification by MS. The presented dataset contains 422 ubiquitylation sites cor-
responding to 262 lysine ubiquitinated proteins and by far the first ubiquitome in the adult buffalo testis. Recently,
immunoaffinity reagents have been reported that are capable of capturing K-GG peptides from ubiquitin and its
thousands of cellular substrates. A limitation of this approach is that it does not distinguish between various types
of modifications, such as monoubiquitination, polyubiquitination, and the rare NEDD8 and ISG15 modifications
[36,37]. However, expression of NEDD8 in mammalian tissues was shown to be developmentally down-regulated
[38], and ISG15 expression in bovine tissues is low in the absence of interferon stimulation [39]. In cell culture ex-
periments it was shown that a great majority of sites identified using di-glycine-lysine-specific antibodies stems from
ubiquitylated peptides [36]. Thus, most di-Gly remnants derived from cellular peptides are derived from ubiquiti-
nated proteins. Therefore, in the present study we refer to all di-Gly modified lysines as ‘ubiquitination sites} even
though a small portion of these sites might be derived from an NEDDS or an ISG15 modification.

Until recently, the ubiquitome was only reported in mammalian cells and tissues in human and murine [16-22].
Comparison with the mUbiSiDa (database of mammalian protein ubiquitination site) [40] revealed that 216 sites
were common with the database, and 206 were newly identified (Supplementary Figure S2 and Table S12). Further
analysis demonstrated that most of the common proteins were involved in metabolic process, localization, transport,
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Figure 6. Ubiquitinated proteins involved in spermatogenesis, meiosis, and fertilization processes
The yellow circles represent biological processes, and the green circles represent the involved ubiquitinated proteins.

and catabolic (Supplementary Table S12). This indicated that ubiquitination is conserved in mammalian and plays
important roles in metabolic process. While most of the newly identified proteins in buffalo testis were associated
with cellular process, metabolic process, reproduction, and protein complex assembly. Besides, reproduction-related
processes such as reproduction, organelle fission, spermatogenesis, and fertilization were only found in buffalo testis
(Supplementary Table S12). It may be due to the first detection of whole ubiquitome in mammalian testis. In a word,
the results imply that lysine ubiquitination plays both common and specific roles in different cells or tissues in different
mammalian species.

Ubiquitination has been established to be an important PTM process regulating protein function in diverse phys-
iological aspects of the eukaryotic cells [41]. Our results demonstrated that the ubiquitinated proteins widely dis-
tributed in various cell components and involved in a variety of biological processes. The mammalian testis consists
of two compartments, the interstitium and seminiferous tubules, of which the seminiferous tubules account for ap-
proximately 82% of total testis volume in buffalo testis and the important site of spermatogenesis [42,43]. In other
words, spermatogenesis is the most important function of the testis. Hence, we focus on meiotic, fertilization, and
spermatogenesis associated proteins. Here, four proteasome subunits including proteasome activator complex sub-
unit 4 (PSME4), proteasome 26S subunit ATPase 3 (PSMC3), 26S proteasome non-ATPase regulatory subunit 13

1 0 (© 2020 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Anti-ubiquitin -~ Anti-HSPA2 Anti-UCHL1

Figure 7. Verification of lysine ubiquitination of HSPA2 and UCHL1 in adult buffalo testis
Tissue lysates were immunoprecipitated by ubiquitin antibody and the control (IgG) and the ubiquitinated proteins HSPA2 and
UCHL1 were presented in the ubiquitin-IP pulldown compared with IgG control by Western blot analysis.

(PSMD13), and proteasomal ubiquitin receptor ADRM1 were involved in proteasome pathway (Supplementary Fig-
ure S3). PSME4, also called PA200, is a proteasome activator and widely expressed in mammalian tissue especially in
testes. It may be involved in the repair of DNA double-strand breaks and PSME4-deficient mice exhibited a marked
reduction in male fertility due to defects in pre- and postmeiosis in spermatogenesis [44,45]. PSME4 was also found
in the mouse epididymis sperm proteome a few years ago [46], nonetheless, in our study, we first analyzed one lysine
ubiquitination site (K918) on PSME4 that may be critical for spermatid development. PSMC3, PSMD13,and ADRM1
are 19S regulatory particles of the 26S proteasome in proteasome pathway. PSMC3 interacts with PSME4 in the pro-
tein interaction network and was ubiquitinated on K54 in buffalo testis. It is noteworthy that PSMC3 was found in
acrosome membranes during rat spermatid development [47]. PSMD13 was related to meiosis I process in GO anal-
ysis and was ubiquitinated on two lysine sites (K84, K130) in buffalo testis. ADRMI, also termed as Rpn13 or GP110,
is a novel proteasomal ubiquitin receptor that directly binds to deubiquitinating enzyme UCH37 and promotes its
activity [48]. Adult Rpn13~/~ mice were infertile due to defective gametogenesis [49]. It is possible that ADRM1 K21
ubiquitination might be very important for buffalo spermatogenesis in our study.

Ubiquitin carboxyl-terminal hydrolases USP14, UCHLI, and CYLD were ubiquitylated on K214, K4, and K532
respectively in our research. USP14 protein was widely distributed in the cytoplasm of round and elongating sper-
matids in mice testes and USP14-deficient testes revealed the presence of degenerating germ cells and abnormal
spermatogenesis [50]. UCHL1 was detected in mouse testicular spermatogonia and Sertoli cells and played a special
role in mitotic proliferation and differentiation of spermatogonial stem cells [51-53]. To further explore the poten-
tial functions of UCHLI in spermatogenesis, we investigated by immunohistochemistry analysis in pre-puberal and
adult buffalo testes. UCHL1 was mainly localized in the cytoplasm and membrane of spermatogonia in pre-puberal
and adult buffalo testes, while the expression quantity decreased with age (Supplementary Figure S4). In the present
study, we found that UCHLI1 was ubiquitylated on K4 and verified by ubiquitin-IP coupled with Western blot analysis
(Figure 7), which may be one of the reasons for the decreased expression of UCHLI in adult buffalo testes. CYLD,
another pivotal deubiquitinating enzyme, performed an essential function in regulation of spermatogenesis and male
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fertility. CYLD knockout male mice were sterile and revealed severe abnormalities in the seminiferous tubules and
further caused impaired spermatogenesis [13]. Thus, the three deubiquitinating enzymes in ubiquitin proteasome sys-
tem are required during spermatogenesis in buffalo. In addition, E3 ubiquitin protein ligase HUWEI was identified
to mediate ubiquitination of core histones and highly expressed in nuclei from spermatogonia to mid-pachytene sper-
matocytes in testis and may play a role in chromatin modification in early germ cells [54,55]. Ubiquilin 1 (UBQLN1),
interacts with sperm maturation 1 (SPEM1), localized to the manchette of elongating spermatid and participates in
spermiogenesis [56].

We found that three heat shock proteins including HSP90AA1, HSPA4, and HSPA2 were ubiquitylated and may
related to spermatogenesis process according to bioinformatics analysis. The molecular chaperone HSP90 is ubiq-
uitous highly conserved in eukaryotes and has two isoforms, HSP90AA1 and HSP90ABI. The mutant HSP90 alle-
les in male Drosophila melanogaster are sterile and display meiotic disruption [57]. In male mice, the absence of
HSP90AA1 lead to spermatogenesis arrests specifically at the pachytene stage of meiosis I in spite of the development
of the reproductive system appears to be normal [58]. In the present study, we found that ubiquitination occurred
at six lysine residues (K58, K84, K69, K185, K328, and K420) of HSP90AA1. Proteomics analysis revealed that there
were 39 and 46 ubiquitination sites in human HSP90AA1 and HSP90ABI, respectively [59]. We speculated that the
comprehensive ubiquitination of HSP90AA1 might associate with spermatogenesis and other biological processes
in buffalo testis. HSPA4 and HSPA2 belong to the heat shock protein 70 family, and HSPA4 binds to HSP90AAL1 in
protein—protein interaction network (Figure 6). It is reported that HSPA4 is expressed in both germ cells and Ser-
toli cells, and HSPA4-deficient male mice display impaired fertility due to the drastically reduction in the number of
spermatozoa and their motility [60]. We first found that one ubiquitylated site K686 in HSPA4 and it may require for
normal spermatogenesis. The molecular chaperone HSPA2 has been verified to play a critical role in meiosis, sper-
matogenesis, male fertility, and sperm-oocyte binding [61-65]. In our previous study, we have identified HSPA2 pro-
tein in buffalo testicular seminiferous tubules and suggested that HSPA2 may participate in buffalo spermatogenesis
[14]. Here, we further discovered that two ubiquitination sites K127 and K129 in HSPA2 and the lysine ubiquitination
confirmed by IP/Western blot analysis (Figure 7). It is speculated that the lysine ubiquitination of HSPA2 may play
an important role in reproduction processes.

Conclusion

In conclusion, the present study is the first proteome-wide analysis of ubiquitylated proteins in the adult buffalo testis.
We identified a total of 422 ubiquitination sites from 262 proteins using an integrated proteomics approach. Our
findings indicate that lysine ubiquitination may play a critical role in a broad range of cellular processes especially
in spermatogenesis. Thus, we speculated that the ubiquitome widens the range of physiological process regulation
and provides a rich resource to examine the functions of lysine ubiquitylated in testis in buffalo and mammals. Fur-
ther studies are needed to verify the functions of these ubiquitylated proteins and elucidate the regulatory roles and
mechanisms of lysine ubiquitination in buffalo testis.
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