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Quantitative proteomics analysis reveals alterations of lysine acetylation in
mouse testis in response to heat shock and X-ray exposure
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Environmental stresses are important factors causing male infertility which attracts broad attention. Protein
acetylation is a pivotal post-translational modiﬁcation and modulates diverse physiological processes including
spermatogenesis. In this study, we employed quantitative proteomic techniques and bioinformatics tools to
analyze the alterations of acetylome proﬁle of mouse testis after heat shock and X-irradiation. Overall, we
identiﬁed 1139 lysine acetylation sites in 587 proteins in which 1020 lysine acetylation sites were quantiﬁed.
The Gene Ontology analysis showed that the major acetylated protein groups were involved in generation of
precursor metabolites and metabolic processes, and were localized predominantly in cytosolic and mitochondrial. Compared to the control group, 36 sites of 28 acetylated proteins have changed after heat shock, and 49
sites of 43 acetylated proteins for X-ray exposure. Some of the diﬀerentially acetylated proteins have been
reported to be associated with the progression of spermatogenesis and male fertility. We observed the upregulated acetylation level change on testis speciﬁc histone 2B and heat shock protein upon heat treatment and a
sharp decline of acetylation level on histone H2AX under X-ray treatment, suggesting their roles in male germ
cells. Notably, the acetylation level on K279 of histone acetyltransferase (Kat7) was down-regulated in both heat
and X-ray treatments, indicating that K279 may be a key acetylated site and aﬀect its functions in spermatogenesis. Our results reveal that protein acetylation might add another layer of complexity to the regulation for
spermatogenesis, and further functional studies of these proteins will help us elucidate the mechanisms of abnormal spermatogenesis.

1. Introduction
Compelling studies have indicated that male fertility has been declining from 1940, which is embodied in a longitudinal decline in sperm
counts and quality [1]. Many factors are involved in this decline, such
as unhealthy lifestyles (drinking and smoking) [2], climate and environmental change [3], drug and radiation therapies [4]. In general, a
certain extent of poor male fertility attributes to dysfunctional spermatogenesis in testis, which covers the process from spermatogonia to
mature sperm.
To date, the hypersensitivity of mammalian germ cells to environmental heat shock and X-irradiation has been well documented, but
how environmental stresses inﬂuence male fertility remains unclear
[5,6]. If the local temperature of testis is hyperthermia, the process of
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spermatogenesis will be interrupted. The well-known examples are
patients with cryptorchidism who are less fertile or even infertile due to
their one side or two sides of testis staying in abdomen without falling
into scrotum. Analogous to the testes in cryptorchidism patients,
42–43 °C heat-shock treated mammalian testes exhibit vacuolation and
apoptotic bodies in seminiferous tubules, and interruption of Bloodtestis-barrier, leading to reduced male fertility [7,8]. Therefore, many
studies have employed a common heat-shock stress model to study the
underlying mechanism how hyperthermia aﬀects spermatogenesis in
testis. Meanwhile, mammalian testes are highly susceptible to oxidative
stress. High concentrations of reactive oxygen species (ROS) can cause
male infertility [9]. 43 °C heat treated rat testes has been reported to
manifest increased lipid peroxidation and decreased activities of Superoxide dismutase (Sod) and Glutathione peroxidase (Gpx4), which
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biological processes, including response to stimulus, metabolic process,
and spermatogenesis. Interestingly, heat shock-induced global acetylation alteration partially overlaps with that caused by X-irradiation,
implicating that distinct acetylation might involve in testis response to
diﬀerent stresses. Combining our data and previous studies, it is necessary to illustrate how these distinct acetylation proteins control
important events occurred in the proper development of male germ
cells, which is also signiﬁcant meaningful for male infertility research
caused by environment factors.

are two main antioxidation enzymes [10]. X-irradiation (or X-ray) is
another kind of environmental stress, which can cause genome instability. It is usually used for cancer therapy. However, it also unavoidably results in damages to normal cells and tissues. After exposure
to a single dose of X-ray, spermatogenic cells gradually disappear from
the seminiferous tubules of mouse [5]. Although the histological
changes of testis after X-irradiation are well documented, the detailed
molecular mechanisms remain elusive.
Spermatogenesis is a complex developmental process, which characterized by three phases, mitosis, meiosis and spermiogenesis.
Although microarray and proteomics studies have identiﬁed many
diﬀerentially expressed genes induced by heat stress, the information
on alterations of protein post-translational modiﬁcations (PTMs) is
largely unknown [11,12]. Previous studies have shown that phosphorylation is an important PTM in regulating sperm diﬀerentiation,
maturation and fertilization [13]. Similar to protein phosphorylation,
protein acetylation is another essential protein modiﬁcation, which
mainly occurs on lysine, to regulate protein functions and has a dynamic and reversible process [14]. Protein acetylation can help the
facilitation of histone displacement in elongating spermatids, and regulation of nucleo-cytoplasmic traﬃcking and RNA processing and
translation eﬃciency [12,15]. Acetylation on histones has been documented to regulate male germ cell diﬀerentiation during which hyperacetylation of histone can trigger histone eviction and histone-toprotamine exchange to ﬁnish spermiogenesis [16,17]. For example, the
core histone H4 is hyperacetylation in the histone displacement, which
may promote the recruitment of chromatin remodeling complexes and
nucleosome disassembly [18]. The transfer of acetyl moiety from
acetyl-CoA to a special lysine residue is mediated via lysine acetyltransferase (KAT), while the removal of acetyl moiety from proteins was
mediated through lysine deacetylase (KDAC). While, the responsible
KATs and KDACs in the spermatogenesis process are yet to be identiﬁed
[12]. In contrast, recent studies have reported non-enzymatic acetylation and acylation can lead to protein modiﬁcation [19,20]. Non-enzymatic protein lysine acetylation is always mediated by reactive
acetyl-thiol compounds (i.e. acetyl-CoA). And non-enzymatic reactions
between acetyl-CoA and protein lysines have been shown and discussed
in context of their ability to contribute to the acetylation landscape in
biological systems. Besides, the alkaline pH and abundant acyl-CoA
concentrations of the mitochondrial matrix could make non-enzymatic
acetylation favorable. One recent study demonstrated that the mitochondrial deacylases NAD-dependent protein deacetylase sirtuin-3
(SIRT3) and SIRT5 may regulate non-enzymatic protein acylation
[20,21]. While, many protein acylations occur at low stoichiometry and
the development of method will further broaden our understanding of
non-enzymatic acetylation in spermatogenesis and other biology processes [22–24].
Given that a global picture of the acetylome in testes is lacking, it
remains unclear whether other protein acetylation also regulates spermatogenesis. With the rapid development of mass spectrometry (MS)based proteomics, applications of quantitative proteomics for comprehensive systems studies have been documented in a wide variety of
biological systems to deﬁne how signal transduction regulates cellular
physiology in health and disease [25]. Some studies have analyzed the
acetylproteome of human sperm, but it remains unclear how proteins
acetylation changes under stress stimulations and how it regulates
spermatogenesis [26,27].
To understand the stress responses of spermatogenesis after heat
shock and X-irradiation, we utilized TMT-labeling quantitative proteomics to study the global alterations of acetylome proﬁle in mouse
testis. In our study, we presented the lysine acetylome of mouse testis
including 1139 lysine acetylation sites, among them 1020 lysine acetylation sites were quantitated. We also detected conserved acetylation
motifs for studying the relationship between acetyltransferase, deacetylase and acetylated proteins. After heat shock and X-ray treatment,
the diﬀerently changed acetylated proteins were related to diverse

2. Materials and methods
2.1. Environmental stress treatments and tissue preparation
Adult seven-week-old male C57BL/6 mice were purchased from
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing,
China) and kept at room temperature in a mass displacement room with
12/12 h light/dark cycle and 40–60% relative humidity. All animal
experiments were reviewed and approved by the Institute of Zoology,
Institutional Animal Care and Use Committee and were conducted according to the committee's guidelines. After 7 days' adaptation, mice
were randomly divided into three groups (n = 13 for each group) and
injected with pentobarbital sodium (0.085 μg/g) intraperitoneally to
induce general anesthesia. Then, group #1 was kept at room temperature as the vehicle control. Group #2 was exposed to heat shock
stress as described previously [10]. Brieﬂy, the lower third of mouse
body (containing the hind limbs, tail, and scrotum) was immersed in a
43 °C water bath for 30 min. Group #3 was exposed to 4 Gy of X-ray
irradiation which has been reported to impair spermatogenesis [28]
with a Rad source X-ray machine (25 mA, 160 kV; dose rate 1.13 Gy/
min). After treatments, the mice were kept at room temperature. For
western blot analysis, the testes were harvested at indicated time points
after treatments. For acetylome analysis, the testes were harvested at
1.5 h after anesthesia and fast frozen in liquid nitrogen prior to storage
at − 80 °C.
2.2. Protein extraction, peptide labeling and aﬃnity enrichment of lysine
acetylated peptides
To reduce the inﬂuence of individual diﬀerences and obtain enough
testis proteins for acetylome analysis, testes from seven mice per group
were pooled and sonicated using a high intensity ultrasonic processor
(Scientz) in lysis buﬀer (8 M urea supplemented with 1% triton X-100,
65 mM dithiothreitol (DTT), 1% protease inhibitor cocktail, 30 mM
nicotinamide, 3 μM trichostatin A). The remaining debris was removed
by centrifugation at 4 °C for 10 min at 20,000g. After that, the proteins
in the supernatant were precipitated by adding cold trichloroacetic acid
(TCA) to the ﬁnal concentration of 15% and stay at −20 °C for 2 h.
After centrifugation at 5000g for 10 min, the precipitate was washed
with cold acetone and redissolved in 8 M urea supplemented with
100 mM triethylammonium bicarbonate (TEAB), pH 8.0. Proteins were
then reduced and alkylated with 10 mM DTT and 20 mM iodoacetamide (IAM), respectively. Then the digestion was performed by adding
sequencing-grade trypsin (Promega, Madison, WI) at an enzyme-tosubstrate ratio of 1:50 at 37 °C overnight. After trypsin digestion,
peptide was desalted by Strata X C18 SPE column (Phenomenex) and
vacuum-dried. Peptide was reconstituted in 0.5 M TEAB and processed
to TMT labeling according to the manufacturer's protocol for 6-plex
TMT kit (Thermo Scientiﬁc, Pierce Biotechnology, Rockford, IL).
Speciﬁcally, the TMT reagents with the reporter ions of 126, 127 and
128 were selected for the labeling of control, heat-treated and X-ray
exposed testes samples, respectively.
To enrich Lysine acetylation (Kac) peptides, tryptic peptides were
ﬁrst dissolved in NETN buﬀer (100 mM NaCl, 1 mM EDTA, 50 mM TrisHCl, 0.5% NP-40, pH 8.0) followed by adding pre-washed anti-acetyllysine antibody beads (PTM Biolabs, Hangzhou, China) and then
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Fig. 1. (A) The general acetylation levels were analyzed with pan anti-acetylation antibody in testes at diﬀerent time points after heat or X-ray exposure. (B) The general strategy for
proteomic quantiﬁcation of lysine acetylation in testes.

precursor ions and 0.02 Da for fragment ions. Carbamidomethylation
on Cys was speciﬁed as ﬁxed modiﬁcation and oxidation on Met,
acetylation on Lys, and acetylation on protein N-terminal were speciﬁed as variable modiﬁcations. False discovery rate (FDR) threshold was
speciﬁed at 1%. Minimum peptide length was set at 7. TMT-6plex was
selected for quantiﬁcation.
For QC validation of MS Data, ﬁrstly, we checked the mass error of
all the identiﬁed peptides. The distribution of mass error is near zero
and most of them are < 0.02 Da which means the mass accuracy of the
MS data ﬁt the requirement. Secondly, the lengths of most peptides
distributed between 8 and 20, which agree with the property of tryptic
peptides, that means sample preparation reach the standard. The proteins with the quantiﬁcation ratio of the acetylated peptide > 1.2
or < 0.83 (1/1.2), the p-value < 0.05 were considered as diﬀerentially acetylated proteins [29].

incubated at 4 °C overnight with gentle shaking. After that, the beads
were washed four times with NETN buﬀer and twice with ddH2O to
remove non-speciﬁc binding. Finally, the bound peptides were eluted
by adding 0.1% triﬂuoroacetic acid (TFA) and vacuum-dried using a
SpeedVac. The resulting peptides were cleaned with C18 ZipTips
(Millipore) according to the manufacturer's instructions, followed by
LC-MS/MS analysis.
2.3. LC-MS/MS analysis, database search and data analysis
Peptides were dissolved in mobile phase A (0.1% formic acid (FA) in
2% acetonitrile (ACN)), directly loaded onto a C18 pre-column
(Acclaim® PepMap100, 3 μm, 75 μm × 2 mm, 100 Å, Thermo
Scientiﬁc). Peptide separation was performed using a C18 analytical
column (Acclaim® PepMap RSLC C18 column, 50 μm × 15 mm, 2 μm,
100 Å, Thermo Scientiﬁc) with a linear gradient of 5–35% mobile phase
B (0.1% FA in 98% ACN) for 30 min and 35–80% mobile phase B for
10 min at a constant ﬂow rate of 300 nl/min on an EASY-nLC 1000
ultra performance liquid chromatography (UPLC) system. Eluted peptides were electrosprayed and analyzed by tandem mass spectrometry
(MS/MS) in Q Exactive™ Plus hybrid quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientiﬁc) coupled online to the UPLC. The
parent ion of each peptide was detected in the Orbitrap at a resolution
of 70,000 and the m/z scan range was set at 350 to 1600. Then, the top
20 most intense ions for peptides were selected for MS/MS fragmentation using 28% normalized collision energy (NCE) with 10% stepped
NCE; ion fragments were detected in the Orbitrap at a resolution of
17,500. The threshold ion count in the MS survey scan for MS/MS was
set at 3E4 with 15.0 s dynamic exclusion. The ﬁxed ﬁrst mass was set at
100 m/z for TMT quantiﬁcation.
The resulting MS/MS data were processed using Proteome
Discoverer (version 2.0) with the embedded Mascot engine (version
2.3). Tandem mass spectra were searched against UniProt_mouse database concatenated with reverse decoy database. Trypsin/P was speciﬁed as cleavage enzyme allowing up to 3 missing cleavages, 4 modiﬁcations per peptide and 5 charges. Mass error was set to 10 ppm for

2.4. Bioinformatics analysis
Gene Ontology (GO) annotation was created with DAVID (https://
david.ncifcrf.gov/). Motif-X software was used to analyze the model of
sequences constituted with amino acids in speciﬁc positions of acetyl13-mers (6 amino acids upstream and downstream of the lysine acetylation site) in all protein sequences. Secondary structures of proteins
were predicted by NetSurfP [30]. The network construction and analysis were performed using the analyze network algorithm provided in
Ingenuity Pathway Analysis (IPA) (http://www.ingenuity.com). Correlation analysis was calculated with R statistical software. Protein and
protein interaction network was obtained from STRING (https://stringdb.org/). The SWISS-MODEL (http://www.swissmodel.expasy.org) was
used to visualize the structural prediction results and to generate
images.
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Fig. 2. Properties of lysine acetylation sites identiﬁed in
twice experiments. (A) A total of 1020 acetylation sites were
quantiﬁed and 537 sites were overlap between two repeats.
(B) Distribution of acetylated proteins based on their numbers of acetylation peptides. (C) Analysis of conservation of
acetylation sites and acetylation motifs. The signiﬁcantly
enriched acetylation site motifs for ± 6 amino acids around
the lysine acetylation sites were shown. The number of
identiﬁed peptides contained in each motif. The central K
refers to the acetylated lysine. (D) The left is the probabilities of lysine acetylation in diﬀerent protein secondary
structures including alpha-helix, beta-strand and coli. The
right is the predicted surface accessibility of acetylation
sites. All lysine sites were in orange and acetylated lysine
sites were in red. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web
version of this article.)

3. Results and discussion

acetylome analysis. Since these testes were gathered at 1.5 h after anesthesia, the control testes were also harvested at 1.5 h after anesthesia.
The general strategy for proteomic quantiﬁcation of lysine acetylation
in these testes was shown in Fig. 1B.

3.1. Dynamic changes of global lysine acetylation of proteins in mouse testes
exposed to heat shock and X-ray
To check whether heat stress has any eﬀects on testis acetylome, we
set up a system to heat shock mouse testis following the widely-used
protocol described previously [10]. Then we used this protocol or X-ray
to treat mice and harvested the testes at diﬀerent time points, with six
mice in each group. The proteins were isolated and blotted with a pan
anti-acetylation antibody. We found that the level of general acetylation did not manifest an obvious alteration immediately following the
heat shock stress (Fig. 1A). While it increased remarkably after recovery
of 1 h. Meanwhile, the level of general acetylation exhibits an obvious
variation at 1.5 h after X-ray irradiation. Therefore, testes harvested at
either 1 h after heat stress or 1.5 h after X-ray exposure was used for

3.2. Proteome-wide analysis of lysine acetylation sites
A total of 1139 lysine acetylation sites in 587 protein groups were
identiﬁed from twice experiment repeats, in which 1020 sites in 560
proteins were quantiﬁed. In addition, 828 acetylation sites (about 73%
of identiﬁed acetylation sites) were designated as novel modiﬁcation
sites in mouse proteins by retrieval of acetylation modiﬁcation in
Uniprot (http://www.uniprot.org) (Supplementary Table S1). And MS
data has been deposited in the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org) via the PRIDE partner repository with the dataset identiﬁer PXD007757. Some newly-identiﬁed
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acetylation proteins based on biological process, molecular function
and cellular localization (Supplementary Table S3). The identiﬁed
proteins were involved in multiple metabolic processes, especially in
oxidation reduction and generation of precursor metabolites and energy
(Fig. 3A, Supplementary Table S3). Notably, the processes related with
tricarboxylic acid cycle, acetyl-CoA metabolic and catabolic process
were signiﬁcantly enriched. Given that acetyl-CoA provides acetyl
moiety to acetylated proteins, this data suggested that acetylation of
these proteins may regulate the acetylome of mouse testis. The majority
of identiﬁed acetylated proteins were enriched in mitochondria and
cytoplasm. In the molecular function annotated, nucleotide binding
ranked ﬁrst and followed by unfolded protein binding (Supplementary
Table S3). Additionally, KEGG pathway analysis showed that proteins
involved in tricarboxylic acid cycle, pyruvate metabolism, glycolysis/
gluconeogenesis, and proteasome pathway were enriched (Fig. 3B,
Supplementary Table S3). Acetylation mediated proteasome degradation of core histones has been detected during spermatogenesis [37].
The identiﬁcation of acetylation of proteins involved in proteasome
pathway hints that acetylation may regulate spermatogenesis.

sites are in the proteins which had not been previously reported to be
acetylated, such as cholesterol side-chain cleavage enzyme (Cyp11a1),
heat shock-related 70 kDa protein 2 (Hspa2) and Gpx4. The spectra of
some acetylated peptides in these proteins were shown in Fig. S1.
Intriguingly, some novel acetylated sites have been reported to exhibit
other modiﬁcations. For example, we found that lysine 484 in 78 kDa
glucose-regulated protein (Hspa5) can be acetylated, while it was reported to be succinylated, too [31]. It suggests that these two modiﬁcations might have a crosstalk, at least under certain conditions.
There are 537 common acetylation sites in the 1020 quantitative sites
between two repeats (Fig. 2A). We also analyzed the distribution of
these 1139 acetylated sites. We found that 366 proteins owning one
acetylated site, 106 proteins having two acetylated sites, and several
proteins possessing over four sites (Fig. 2B). We compared our ﬁndings
to a recent report describing 456 acetylated proteins found in a human
sperm acetylome [27]. It turns out that 152 proteins are present in both
our acetylome and their data, indicating that acetylation of some proteins are conserved between human and mouse.
3.3. Distribution and motif analysis of lysine acetylation sites

3.5. The impact of heat shock on protein acetylation in mouse testis
Previous studies have shown that conserved protein sequence motifs
are related with lysine acetylation. To explore the potential consensus
motifs for lysine acetylation in testis, we analyzed the identiﬁed acetylation peptides using Motif-X software. The models of sequences
constituted with amino acids in speciﬁc positions of acetyl-13-mers (6
amino acids upstream and downstream of the lysine site) were
screened. The ﬁrst six conserved motifs were KacH, KacY, KacF, Kac***K,
L*Kac, and F*Kac, which exhibit distinct abundance (Fig. 2C, Supplementary Table S2), among them, Kac***K, KacH, and KacY are conserved
in mammals and bacteria [32], while KacF and F*Kac are found in MEF
cells [33]. Additionally, the three major potential motifs were also in
agreement with previous studies in human. We found that L*Kac was
one of the preferential motifs for lysine acetylation in our dataset.
A large number of substrates of these kinases are well studied and
the motifs of these substrates are conserved. Recent studies showed
some acetyltransferases also have their own recognition motif. An
acetyltransferase (Pat) from Rhodopseudomonas palustris (RpPat) acts on
PK/RTXS/T/V/NGKXXK/R as its substrates recognition motif [34]. In
our study, many proteins share the same motif, suggesting that these
proteins might be acetylated or deacetylated by the similar acetyltransferase or deacetylase. We found that heat shock protein 90-alpha
(Hsp90aa), histone 2B (H2B) and tubulin contain acetylated motif KacH
and were deacetylated in response to stresses. Consistently, these proteins have been reported to be deacetylated by histone deacetylase 6
(HDAC6) [35]. Recently, HDAC6 has also been discovered as a new
cellular stress surveillance factor [36]. We speculate that KacH may be
one of the recognition sequences of HDAC6, which deserves further
studies.
To explore the relationship between lysine acetylation and protein
secondary structures, a structural analysis of all the acetylated proteins
were performed. The results indicated that 21.76% of the acetylation
sites were located at ordered secondary structure regions of proteins.
Among them, 15.05% sites were located in α-helix and 6.71% were in
beta-strand. While, the acetylated lysine and all lysine sites have a similar distribution pattern, which seems that there is no tendency of
acetylation sites in testis. The surface accessibility of the acetylated
lysine sites was also evaluated. The results showed that 78.24% of the
acetylated lysine sites were exposed to protein surface, compared with
92.42% of all sites. Similarly, the surface property of proteins is not
likely to be changed by lysine acetylation.

To explore how heat shock aﬀects protein acetylation in mouse
testis, we quantitatively compared its acetylation level before and after
heat treatment. The quantitative results were shown in Supplementary
Table S1, in which the ratios have been normalized during sample
preparation and data analysis to avoiding the eﬀect of protein expression level change. And comparing with previous proteomics data of
mouse testis, we found that the protein expression level in our data did
not change obviously (data not shown here). The correlation analysis
showed that the relationship of two experiment repeats is good with
little variation (Supplementary Fig. S2). Based on the criterion that
quantiﬁcation ratio of the acetylated peptide > 1.2 or < 0.83 (pvalue < 0.05), we chose strong candidates for further evaluation. GO
analysis was performed with DAVID and the results were summarized
in Supplementary Table S4. Eventually, 36 diﬀerentially acetylated
sties of 28 proteins were noted in which only one acetylation site is
down-regulated, and 35 sites are up-regulated (Table 1).
GO biology process analysis indicates that 9 acetylated proteins
were involved in spermatogenesis, binding of sperm to zona pellucida
and sperm motility, including Gpx4, calreticulin (Calr), piwi-like protein 1 (Piwil1), outer dense ﬁber of sperm tails 1 (Odf1), Hspa2, Tcomplex protein 1 subunit epsilon and eta (Cct5 and Cct7), A-kinase
anchor protein 4 (Akap4) and phosphoglycerate kinase 2 (Pgk2)
(Table 1 and Supplementary Table S4). Interestingly, several acetylated
lysine sites in Hsp90a were identiﬁed, which manifested diﬀerent variation patterns after heat shock treatment. 12 acetylation sites were
quantiﬁed in Hsp90a, among them the acetylation level on K437 and
K568 was signiﬁcantly increased in response to heat shock. HSPs and
heat-shock-related proteins were found to be more abundant in sperm
samples. HSPs mainly function in the prevention against oxidative
stress and have been proved to factors causing idiopathic male infertility. H2B type 1-A (Hist1h2ba or HISTH2BA), also known as TH2B,
is a testicular speciﬁc histone variant and a mitochondrial malate dehydrogenase precursor. HISTH2BA guides transition protein-dependent
protamine assembly in male germ cells. MS analysis of TH2B identiﬁed
both conserved and unique modiﬁcations across tetraploid spermatocytes and haploid spermatids [38]. Acetylation on the N-terminal tail of
TH2B weakens its interactions with the DNA, suggesting that acetylation of TH2B plays an important role in chromatin regulation in
mammalian male germ cell. Together with protein-glutamine gammaglutamyltransferase 4 (TGM4) and glutamine synthetase (GLUL), Gpx4,
and HSP90B1 and HSPA5, HISTH2BA has also been proposed as the
potential markers of oxidative stress in sperm [39]. Here, we observed
the up-regulated change of several acetylation sites on TH2B upon heat
treatment, which may hint chromatin changes in male germ cells.

3.4. GO functional enrichment analysis of the acetylated proteins
To better characterize the lysine acetylome in mouse testis, we
performed Gene Ontology (GO) functional enrichment of all identiﬁed
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proteins are involved in infertility, disorganization of seminiferous
epithelium, cell quality of sperm and diﬀerentiation of spermatocytes
(Fig. 4A). These proteins gave us a breakthrough to study the mechanism of heat eﬀecting infertility at protein posttranslational level.
3.6. The impact of X-irradiation on protein acetylation in mouse testis
We identiﬁed 43 acetylated proteins in testis which exhibited a
signiﬁcant alteration at acetylation level after X-ray treatment. Among
them, the acetylation levels of 6 sites on 5 proteins were decreased and
43 sites on 38 proteins were increased (Table 1). Similar to heat shock
group, some acetylation sites on Hsp90aa1 and Hsp90ab1 were also upregulated in x-ray group. K22 on His1h2ba and K21 on His1h2bb were
down-regulated in x-ray group. And GO Biology process analysis
showed that Gpx4, histone cluster 1 H4 family member a (Hist1h4a,
also known histone H4), Hspa2 and diazepam-binding inhibitor-like 5
(Dbil5) are involved in spermatogenesis (Supplementary Table S4). The
hyperacetylation of histone H4 can help ﬁnish spermiogenesis through
triggering histone eviction, histone-to-protamine exchange and promoting the recruitment of chromatin remodeling complexes [17,18].
Here, we observed an up regulation on K32 of Hist1h4a, but not on
other Lysine acetylation sites. It may indicate a diﬀerent function of
acetylation on K32. K5ac of H2AX (not include Methionine) has been
reported to play a role in DNA repair, whose acetylation level is increased after X-ray exposure in somatic cells. In this study, we ﬁnd a
sharp decline of acetylation level of histone H2AX (H2afx) at Lys 6 and
10 suggests the response to DNA damage is inﬂuenced by X-ray in testis.
The acetylation of H2AX is essential for the turnover of NBS1 (nibrin)
on damaged chromatin. Component of the MRE11-RAD50-NBS1 (MRN
complex) plays a critical role in the cellular response to DNA damage
and the maintenance of chromosome integrity. The loss of H2AX
acetylation at Lys5 disturbed the accumulation of NBS1 at sites of DNA
damage. These ﬁndings indicate the importance of the acetylation-dependent dynamic binding of NBS1 to damaged chromatin, created by
histone H2AX exchange, for the proper accumulation of NBS1 at DNA
damage sites [41].
Similarly, to further study how acetylation inﬂuences spermatogenesis, we also conducted a disease and function analysis of the differentially acetylated proteins (Fig. 4B). The results indicated that some
acetylated proteins are concerned with fertility.
3.7. Comparison of the testis acetylomes after exposure to heat shock and Xirradiation
Fig. 3. Gene Ontology functional classiﬁcation and enrichment of identiﬁed acetylproteins with DAVID. The top processes (−log10(p-value) > 15) enriched in biological process (A) and the most signiﬁcant pathways (− log10(p-value) > 4) identiﬁed in
KEGG pathway analysis (B) were shown. The biological processes analysis reveals that
tricarboxylic acid cycle, acetyl-CoA metabolic and catabolic process were signiﬁcantly
enriched. KEGG pathway analysis showed that proteins involved in tricarboxylic acid
cycle, pyruvate metabolism, glycolysis/gluconeogenesis, and proteasome pathway were
enriched.

Although heat shock and X-irradiation are two diﬀerent kinds of
stress stimulations, both of them can trigger cellular stress response. We
compared the testis acetylome after exposure to heat shock and X-irradiation. We found that 17 acetylated sites exhibit similar change
trends at the level of acetylation after both treatments, including the
proteins response to stimulus, translation, metabolic process, acetylation, and spermatogenesis (Table 1). Among them, Gpx4 was implicated
in response to oxidation stress. Combined with previous reported result
that the activities of Gpx4 are decreased in heat-treated rat testes [10],
we speculate that alterations of acetylated Gpx4 may aﬀect their activities after heat and X-ray treatment. Except for these shared proteins
which display similar change trends at acetylation level, 16 acetylated
sites in heat shock group and 32 sites in X-irradiation group were uniquely changed at the level of acetylation, supporting that diﬀerent
stresses will lead to diﬀerent acetylation spectrum. Interestingly, some
proteins that regulate the process of meiosis manifested diﬀerent
acetylation changes after diﬀerent stresses exposure. For example,
Piwil1 and Calr exhibited acetylated change in heat shock-treated
group. And the acetylation of radial spoke head 1 homolog (Rsph1)
showed a signiﬁcant change after X-ray treatment. Histones and histone
variants are essential components of the nuclear chromatin and play
vital roles in spermatogenesis. The acetylation status of some histones

DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 (Ddx5) encodes a DEAD
box protein, which is a RNA-dependent ATPase RNA helicase. Ddx5 is
implicated in regulation of alteration of RNA secondary structure, nuclear and mitochondrial splicing, and ribosome and spliceosome assembly and plays an important role in early ontogenesis and spermatogenesis [40]. We observed an up regulation of acetylation on K33 of
Ddx5, it shows there may be a acetylation regulation mechanism of
Ddx5 in RNA fate aﬀecting spermatogenesis process. It is imperative
and meaningful to clarify the roles of acetylation regulation in the
above proteins.
To further understand the biological eﬀect of acetylation on the
process of spermatogenesis, we conducted a disease and function analysis to these diﬀerentially acetylated proteins, showing that some
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Table 1
Summary of the diﬀerentially acetylated sites and proteins in heat shock and X-ray experiments. The common sites between the two groups were marked with red color.

X-ray
Acat1-K335
Hsp90ab1-K428
Akr1b1-K306
Hsp90ab1-K559
Akr1b1-K243
Hsp90b1-K683
Alb-K413
Hsp90b1-K97
Aldh1a1-K131
Hsp90b1-K455
Anxa2-K227
Hspa2-K529
Ap2b1-K318
Hspa2-K109
Atp5h-K72
Hspa4l-K683
Copg2-K414
Hspa5-K97
Cyp11a1-K374
Hyou1-K402
Dbil5-K55
Idh2-K180
Ddx39b-K191
Manf-K91
Ddx5-K33
Pdia6-K373
Eef1g-K212
Pgk2-K220
Eef2-K318
Rpl19-K128
Gm15013-K120
Rps29-K33
Gm9755-K91
Rsph1-K162
Gpx4-K223
Rsph1-K173
Gstm2-K32
Sumo3-K47
Hist1h4a-K32
Tsga8-K26
Hnrnpu-K492
Uqcrh-K83
Total:35 Hsp90aa1-K568
Total:43
Kat7-K279
Hist1h2ba-K22
Hist1h2bb-K21
H2afx-K6
H2afx-K10
Total:1 Hspd1-K369
Total:6

Hspa2-K529
Hspa2-K78
Hspa5-K97
Hyou1-K402
Idh2-K180
Irgc1-K167
Odf1-K151
Pdia6-K373
Pdia6-K250
Pgk2-K220
Piwil1-K222
Rps29-K33
Stmn1-K104

Downregulated

U p -r e g u la te d

Heat
Akap4-K322
Ap2b1-K318
Atp5h-K72
Calr-K41
Cct5-K279
Cct7-K172
Ddx5-K33
Eef1g-K212
Gpx4-K223
Gstm2-K32
Gstm5-K196
Hbbt1-K96
Hist1h2ba-K13
Hist1h2ba-K14
Hist1h2ba-K17
Hist1h2ba-K18
Hist1h2bh-K13
Hist1h2bh-K16
Hsp90aa1-K568
Hsp90aa1-K437
Hsp90ab1-K428
Hsp90ab1-K559
Kat7-K279

formed α-helix or β-sheet (Fig. 5B). Among of these mapped acetylation
sites, we found that acetylation of K220 on Pgk2 is closely to the ligand
binding domain and may aﬀect the C-terminal domain binding ATP
ligand. Pgk2 is an isozyme of the glycolytic pathway that provides ATP
required for sperm motility. We can speculate that if Pgk2 can not bind
ATP, it may aﬀect sperm motility [44].

variants, like H2AX, Hist1h2ba and histone H2B type 1-B (Hist1h2bb),
also diﬀerently changed after exposure to stresses. Interestingly, different sites of Hist1h2ba and Hist1h2bb displayed speciﬁc variations at
the acetylation level after heat shock and X-irradiation treatments. For
example, the acetylation level on K21 of Hist1h2bb and K22 of
Hist1h2ba manifested a signiﬁcant decrease in X-irradiation group, but
not in heat shock-treated group. Conversely, the acetylation level of
several acetylated sites of Hist1h2ba displayed a signiﬁcant increase in
heat shock-treated group, but not in X-irradiation group. Considering
that histone acetylation can regulate gene expression [42,43], our data
is in line with the previous ﬁndings that many genes and proteins are
diﬀerentially expressed upon stresses. Notably, a histone acetyltransferase (Kat7 or Myst2) was found to be deacetylated in testis after
heat and X-ray treatment. Considering that alterations at acetylation
levels of acetyltransferases have been shown to modulate their transferases' activities, it is likely that some altered acetylations might attribute to the perturbation of Kat7 at the level of acetylation. Additionally, we examined these acetyltransferases and found their
interacted proteins (Fig. S3), which can help ﬁnd substrates of these
acetyltransferases. Particularly, we noted the interactions among H2B,
H2AX and Kat7. The interactions between diﬀerentially acetylated
proteins also gave us a hint that these acetylation changes may synergistically inﬂuence spermatogenesis upon heat and X-ray treatment.
The secondary structure analysis shows that Lysine acetylation sites
distribution and surface accessibility has no tendency. To further understand the signiﬁcance of acetylation on proteins, we examined the
lysine acetylation sites on its tertiary or quaternary structural analysis
of all diﬀerently changed acetylproteins. We used structural data from
Swiss-MODEL and successfully mapped 58 acetylation sites on the
corresponding proteins structures (5 not mapped). We found that the
mapped position of acetylated lysine residues mainly occurs on the
surface of protein, indicating that most lysine acetylation has an eﬀect
on their surface properties and may aﬀect the protein-protein interactions (Fig. 5A). And 25 positions of acetylation sites were found in the
α-helix and 7 in β-sheet, such as Hsp90ab1 and Gstm2. Although 26
sites were in the random coil region, the neighbouring residues usually

4. Conclusion
Spermatogenesis is a complex developmental process. Based on recent ﬁndings that illustrate how acetylation controls important events
occurred in the proper development of male germ cells, it is necessary
to give a global picture of acetylome in testis. The development of
quantitative proteomic technology can help us identify proteins and
their PTMs changes, which facilitate further functional studies to elucidate the mechanisms of abnormal spermatogenesis. In this study, we
ﬁrstly provided a comprehensive analysis of lysine acetylation in mouse
testis after heat shock and X-ray by utilizing TMT-labeling quantitative
proteomic method. Finally, we identiﬁed 1139 lysine acetylation sites
on 587 proteins with 1020 acetylated peptides were quantiﬁed. The
analysis of the amino acids around acetylated lysine revealed that
several amino acids had certain conservation. Through extensive analysis of the acetylated proteins after hyperthermia (heat shock) and Xray exposure, we found that the acetylated histone and non-histone
proteins regulate diverse cellular functions and distribute in diﬀerent
cellular compartment. Most acetylated proteins are involved in metabolism process and response to stimulus. Moreover, some proteins exhibited diﬀerentially acetylation changes after heat or X-ray exposure in
mouse testis. The cellular functions of diﬀerentially acetylated proteins
are referring to metabolism, spermatogenesis, and response to stimulus.
Additionally, certain connections between these proteins were identiﬁed. In conclusion, our results suggest that alterations of protein acetylation might add another layer of regulation for spermatogenesis
under stresses and also provide meaningful information for male infertility research caused by environment factors. The further functional
studies of these proteins will help us elucidate the mechanisms of
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BBA - Proteins and Proteomics 1866 (2018) 464–472

C. Xie et al.

Fig. 5. The structure prediction of all the diﬀerently changed acetylation site positions in
heat shock and X-ray treatment. A. The position distribution of all the Kac sites. Most of
the acetylation site positions were found in the protein surface, α-helix and random coil
regions. B. The reprehensive acetylation site position of proteins in α-helix, β-sheet and
random coil are shown. K220 of Pgk2 is closely located in the ligand binding domain and
acetylation on K220 may hinder binding ATP.

Fig. 4. Disease and function analysis of diﬀerentially acetylated proteins by IPA in heat
shock (A) and X-ray treatment (B). A dataset containing protein identiﬁers and their
corresponding expression values was uploaded into IPA disease and function networks.
These focus genes were then algorithmically generated based on their connectivity and
assigned a score. Down-regulated proteins are colored green, while up-regulated genes
are red. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

31570816, 91519324, 31470784, 81371415 and 31701227, CAS
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abnormal spermatogenesis.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbapap.2017.11.011.
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