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Background: Lysine succinylation is a newly identified posttranslational modification
(PTM), which exists widely from prokaryotes to eukaryotes and participates in various
cellular processes, especially in the metabolic processes. Staphylococcus epidermidis
is a commensal bacterium in the skin, which attracts more attention as a pathogen,
especially in immunocompromised patients and neonates by attaching to medical
devices and forming biofilms. However, the significance of lysine succinylation in
S. epidermidis proteins has not been investigated.

Objectives: The purpose of this study was to investigate the physiological and
pathological processes of S. epidermidis at the level of PTM. Moreover, by analyzing
previous succinylome datasets in various organisms, we tried to provide an in-depth
understanding of lysine succinylation.

Methods: Using antibody affinity enrichment followed by LC-MS/MS analysis, we
examined the succinylome of S. epidermidis (ATCC 12228). Then, bioinformatics
analysis was performed, including Gene Ontology (GO), KEGG enrichment, motif
characterization, secondary structure, protein–protein interaction, and BLAST analysis.

Results: A total of 1557 succinylated lysine sites in 649 proteins were identified in
S. epidermidis (ATCC 12228). Among these succinylation proteins, GO annotation
showed that proteins related to metabolic processes accounted for the most.
KEGG pathway characterization indicated that proteins associated with the
glycolysis/gluconeogenesis and citrate cycle (TCA cycle) pathway were more likely to
be succinylated. Moreover, 13 conserved motifs were identified. The specific motif
KsuD was conserved in model prokaryotes and eukaryotes. Succinylated proteins
with this motif were highly enriched in the glycolysis/gluconeogenesis pathway. One
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succinylation site (K144) was identified in S-ribosylhomocysteine lyase, a key enzyme
in the quorum sensing system, indicating the regulatory role succinylation may play
in bacterial processes. Furthermore, 15 succinyltransferases and 18 desuccinylases
(erasers) were predicted in S. epidermidis by BLAST analysis.

Conclusion: We performed the first comprehensive profile of succinylation in
S. epidermidis and illustrated the significant role succinylation may play in energy
metabolism, QS system, and other bacterial behaviors. This study may be a fundamental
basis to investigate the underlying mechanisms of colonization, virulence, and infection
of S. epidermidis, as well as provide a new insight into regulatory effects succinylation
may lay on metabolic processes (Data are available via ProteomeXchange with identifier
PXD022866).

Keywords: post-translational modification, lysine succinylation, Staphylococcus epidermidis, energy metabolism,
succinyltransferase, desuccinylase, quorum sensing

INTRODUCTION

Posttranslational modification (PTM) is a key mechanism in the
effective enlargement of the function and diversity of proteins.
It mainly occurs on the lysine among 20 amino acids that are
the fundamental components of proteins. Because of the nature
of lysine, the changes in its charge and structure will affect the
composition, activity, and interaction of proteins (Azevedo and
Saiardi, 2016; Stram and Payne, 2016; Gao J. et al., 2019). There
are more than 620 types of PTMs discovered (Xu et al., 2018),
including methylation (Unnikrishnan et al., 2019), acetylation
(Barnes et al., 2019), phosphorylation (Pawson and Scott, 2005),
ubiquitination (Ronau et al., 2016), crotonylation (Tan et al.,
2011), malonylation (Peng et al., 2011), and succinylation
(Zhang et al., 2011).

Among all these PTMs, succinylation is a new type of
PTM, which was identified by Zhang et al. (2011) using the
high throughout HPLC-MS/MS and antibody-based affinity
enrichment. The process of succinylation is to transfer the
succinyl group from succinyl-CoA to the lysine residue of
protein, thus increasing the mass shift of 100.0186 Da and
introducing the −2 charge at the same time, finally turning the
+1 lysine into −1 succinyllysine. Compared with acetylation
or methylation, which adds a group of 42 Da or 14 Da,
respectively, succinylation brings more remarkable changes
in the structure and charges, which is believed to play a more
critical role in physiological and pathological regulation (Sabari
et al., 2017). With the rapid development of MS technology,
lysine succinylation is revealed to widely exist in prokaryotic
and eukaryotic organisms, such as Escherichia coli, Vibrio
parahaemolyticus, Saccharomyces cerevisiae, Trichophyton
rubrum, Aspergillus flavus, Pseudomonas aeruginosa, Toxoplasma
gondii, Dendrobium officinale, Mus musculus, and Homo
sapiens (Weinert et al., 2013; Li et al., 2014; Pan et al.,
2015; Feng et al., 2017; Xu et al., 2017; Gaviard et al., 2018;
Ren et al., 2018). It is highly conserved, reversible, and
dynamic and plays a vital role in the metabolism in multiple
species (Alleyn et al., 2018). In bacteria including E. coli,
V. parahaemolyticus, Mycobacterium tuberculosis, Bacillus

subtilis, Corynebacterium glutamicum, Aeromonas hydrophila,
P. aeruginosa, and Porphyromonas gingivalis, it is demonstrated
that lysine succinylation emerges as a regulator of growth,
virulence, antibiotic resistance, and, especially, metabolic
processes in bacterial behaviors. Moreover, a plethora of enzymes
that play a significant role in multiple pathways are subject
to succinylation and conserved among different species, for
example, isocitrate dehydrogenase (IDH), carbamoyl phosphate
synthase 1 (1), 3-hydroxy-3-methylglutaryl-CoA synthase 2
(HMGCS2), molecular chaperone DnaK, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Weinert et al., 2013;
Kosono et al., 2015; Pan et al., 2015; Yang et al., 2015; Mizuno
et al., 2016; Gaviard et al., 2018; Wu et al., 2019; Yao et al.,
2019). However, the in-depth mechanism and physiological
significance of lysine succinylation remain elusive. More
research on succinylation should be carried out to elucidate
its underlying mechanism and provide a new insight to find
possible targets to treat diseases, especially those caused
by microorganisms.

Staphylococcus epidermidis is a coagulase-negative
staphylococcus, which scarcely produces coagulase. Unlike
coagulase-positive Staphylococcus aureus, which can cause
multiple infections of the host, S. epidermidis always emerges
as a commensal bacterium in the skin and mucous membrane
without progressive pathogenicity (Heilmann et al., 2019).
However, in recent years, increasing evidence shows that it
is an opportunistic bacterium, which can cause infections
of the skin, soft tissues, endocardium, and other tissues in
patients who are elderly, newborns, or immunocompromised.
It is the most frequent causative of nosocomial infection by
dwelling in the surgically medical devices (Grice and Segre,
2011; Christensen and Brüggemann, 2014; Argemi et al.,
2019). Several cases have been reported of the patients infected
with S. epidermidis, and the number of these cases increases
gradually, which causes a great burden to the public health
system (Schoenfelder et al., 2010). This bacterium can form
biofilms as virulence to infect the host and escape from the
immune elimination. Besides, it is widely present in the skin
and mucous membrane. Therefore, avoiding infection with
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this bacterium during operation or insertion is dramatically
complicated (Paharik and Horswill, 2016).

Except for the pathogenicity, it plays various roles in skin
homeostasis mechanisms by interacting with the host cells
or other skin bacteria. With regard to wound healing, a
study revealed that N-formyl methionine peptides, secreted by
S. epidermidis, are recognized by dendritic cells and presented
to CD8 + T cells, subsequently promoting the accumulation
of CD8 + T cell and benefitting the wound healing (Linehan
et al., 2018). For skin tumors, S. epidermidis can suppress
the growth of melanoma partially without systematic toxicity
by producing 6-N-hydroxyamino-purine, an inhibitor of DNA
polymerase activity (Nakatsuji et al., 2018). Additionally, Wang
et al. (2017b) reported that S. epidermidis generates butyric
acid, which promotes the differentiation of adipose-derived
stem cells to adipocytes as well as increases the accumulation
of cytoplasmic lipid, leading to an increased dermal layer.
S. epidermidis can release succinic acid that acts on the TLR2
of the host keratinocytes, promoting its production of AMPs
(antimicrobial peptides), then competing with C. acne (Claudel
et al., 2019). Therefore, the abundance of S. epidermidis may
be a regulatory factor for the colonization of C. acne in the
skin. Regulating the balance between S. epidermidis and C. acne
may be a new therapy for treating acne. Furthermore, Iwase
et al. revealed that S. epidermidis secretes a serine protease Esp,
which can hinder the biofilm formation and nasal colonization
of Staphylococcus aureus, a severe infectious pathogen of
pneumonia, endocarditis, and septicemia. The unknown novel
mechanism of Esp inhibiting S. aureus may be a therapeutic
target to prevent the infection caused by S. aureus (Iwase et al.,
2010). All the above-mentioned studies show that metabolic
processes and metabolites may act as essential regulators in
physiological and pathological processes of S. epidermidis. Still,
the interaction between S. epidermidis and other skin bacteria as
well as its function in skin health remains unclear and deserves
more investigation.

Until now, the underlying mechanisms of transforming
commensal S. epidermidis to an infectious pathogen have not
been investigated at the level of PTM. In this study, we conducted
the first profile of lysine succinylome in the S. epidermidis and
elucidated that 1557 lysine sites in 649 proteins were subject
to succinylation, which were highly enriched in significant
cellular processes including glycolysis/gluconeogenesis, citrate
cycle (TCA cycle), pyruvate metabolism, and binding activity.
The results proved an essential role succinylation might play
in S. epidermidis. This study may promote our understanding
of bacterial behaviors of S. epidermidis at the level of lysine
succinylation and provide new insight into the development of
effective drugs to treat infections caused by S. epidermidis.

MATERIALS AND METHODS

Bacterial Culture
The strain used in this study is S. epidermidis (ATCC 12228),
which was purchased from the American Type Culture Collection
(ATCC). After overnight culture, the S. epidermidis (ATCC

12228) cells were inoculated into beef extract-sodium chloride-
peptone medium (BSCP) at a ratio of 1:200, and the inoculation
was adjusted to make the OD 600 nm 90 µL S. epidermidis
suspension account for 0.027. Then, mix 50 ml bacterial
suspension in a certain concentration with 50 ml BSCP medium
and gently shake the mixture at 37◦C for 12 h. Centrifugate the
suspension at 4000g and 4◦C for 3 min. Discard the supernatant
and wash the remaining debris with PBS three times.

Protein Extraction, Labeling,
Fractionation, and Affinity Enrichment
Samples were ground by liquid nitrogen and sonicated on
ice in lysis buffer. The remaining debris was discarded after
centrifugation at 20,000g and 4◦C for 10 min. Finally, the protein
was precipitated with cold 15% TCA for 2 h at −20◦C. After
centrifugation at 4◦C for 10 min, the supernatant was removed.
The precipitate was washed with precooled acetone three times,
dissolved in the buffer (8 M urea, 100 mM TEAB, pH 8.0), and
determined with a 2-D Quant kit. For digestion, the protein
solution was reduced with 10 mM DTT for 1 h at 37◦C and
alkylated with 25 mM IAA for 45 min at room temperature in
the darkness, then diluted by adding 100 mM TEAB until the
urea concentration was less than 2 M. Finally, add the trypsin
at the mass ratio of 1:50 trypsin-to-protein for the first digestion
overnight and 1:100 trypsin-to-protein for a second 4-h digestion.

After trypsin digestion, the peptides were desalted and further
vacuum-dried. Peptides were resuspended in 0.5 M TEAB,
and subsequent procedures were conducted according to the
manufacturer’s protocol for the 6-plex TMT kit. The samples
were fractionated by high pH reversed-phase HPLC using Agilent
300Extend C18 column (5 µm particles, 4.6 mm ID, 250 mm
length). Then, the peptides were dried by vacuum centrifugation.
To enrich Ksu peptides, tryptic peptides dissolved in NETN
buffer (100 mM NaCl, 1 mM EDTA, 50 mM Tris–HCl, 0.5%
NP-40, pH 8.0) were incubated with prewashed antibody beads
(PTM Biolabs) at 4◦C overnight. The beads were washed, and
the bound peptides were eluted from the beads. The fractions
were combined, vacuum-dried, and cleaned with C18 ZipTips
(Millipore) for further LC-MS/MS analysis.

LC-MS/MS Analysis
The peptides were dissolved in 0.1% FA and then loaded onto
a reversed-phase analytical column (Acclaim PepMap RSLC,
Thermo Fisher Scientific). The gradient comprised of an increase
from 7 to 25% solvent B (0.1% FA in 98% ACN) for 24 min, 25
to 40% for 8 min, and climbing to 80% in 5 min, then holding at
80% for the last 3 min, all at a constant flow rate of 400 nl/min on
an EASY-nLC 1000 UPLC system. The peptides were subjected
to NSI source followed by tandem mass spectrometry (MS/MS)
in Q Exactive Plus (Thermo Fisher Scientific) coupled online to
the UPLC. The electrospray voltage applied was 2.0 kV. For full
scans, the m/z scan range was 350 to 1800, and intact peptides
were detected in the Orbitrap at a resolution of 70,000. Peptides
were selected for MS/MS using the NCE setting as 28 and 31;
ion fragments were detected in the orbitrap at a resolution of
17,500. A data-dependent procedure was alternated between one
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MS scan followed by 20 MS/MS scans with a 15.0-s dynamic
exclusion. The automatic gain control (AGC) was set at 5E4. The
fixed first mass was set as 100 m/z.

Database Search
The resulting MS/MS data were processed using MaxQuant with
an integrated Andromeda search engine (Cox and Mann, 2008).
Tandem mass spectra were searched against the S. epidermidis
ATCC12228 database concatenated with the reverse decoy
database. Trypsin/P was specified as a cleavage enzyme allowing
up to 4 missing cleavages, 5 modifications per peptide. The
mass tolerance for precursor ions was set as 20 ppm in the first
search and 5 ppm in the main search, and the mass tolerance
for fragment ions was set as 0.02 Da. Carbamidomethyl on
Cys was specified as fixed modification and oxidation on Met.
Succinylation on Lys and acetylation on protein N-terminal
were specified as variable modifications. False discovery rate
(FDR) thresholds for protein and peptide were specified at
1%, and the minimum score for modified peptides was set
>40. The minimum peptide length was set at 7. For the
quantification method, TMT 6-plex was selected. The site
localization probability was set as >0.75.

Bioinformatics Analysis
UniProt-GOA, KEGG, and InterPro database were, respectively,
used to annotate GO, pathway, and domain information of
proteins (Kanehisa et al., 2019; Mitchell et al., 2019; UniProt
Consortium, 2019). Webserver software CELLO (v 2.5) was used
to predict subcellular localization based on protein sequences.
A two-tailed Fisher’s exact test was performed to test the
functional enrichment of succinylated protein.

Secondary structure analysis was performed using NetSurfP
(v1.0). Only predictions with a minimum probability of 0.5 for
one type of secondary structures (coil, α-helix, β-strand) were
retained for analysis. The mean secondary structure probabilities
of the modified lysine residues were compared with the mean
secondary structure probabilities of a control dataset containing
all the lysine residues of all the succinylated proteins identified
in this study. The p-values were calculated by the Wilcoxon test.
The protein–protein interaction (PPI) network was conducted by
the STRING database (version 11.0) and visualized by Cytoscape
software (version 3.8.0) (Doncheva et al., 2019; Szklarczyk et al.,
2019).

To predict Ksu motifs, the motif-x was used to analyze
peptide sequences that consist of 10 amino acids upstream and
downstream of the succinylated lysine site (Chou and Schwartz,
2011). Motif-x analysis parameter: significance threshold was set
as 1e-6; min occurrences were set as 20, and the background
database was set as all protein sequences of species. All statistical
tests and calculations were performed using R (version 3.6.1)
(Chan, 2018).

Data Availability
The raw succinylome datasets generated for this study have been
deposited to the PRIDE Archive1 (Perez-Riverol et al., 2019) with
identifier PXD022866.

1https://www.ebi.ac.uk/pride

RESULTS

Identification of 1557 Succinylated Sites
in 649 Proteins of Staphylococcus
epidermidis
We identified a total of 1557 succinylation sites in 649 proteins,
in which the FDR was lower than 1%. The distributions of
mass error were near zero, most <0.02 (see Supplementary
Table 1). Additionally, the length of most succinylated peptides
was in the range of 7 to 20. Taken together, both the mass
accuracy of MS data and the property of tryptic peptides fit the
established standards.

Of all succinylation proteins identified, 48.1% (312/649)
possessed only one modified site, 21.4% (139/649) had two
succinylated peptide sites, 9.9% (64/649) contained three sites,
and 1.2% (8/649) of modified proteins have 10 or more
sites (see Figure 1A). The average degree of succinylation
sites per protein was 2.4 (1557/649). Compared with other
species including E. coli 3.85 (2580/670), V. parahaemolyticus
3.0 (1931/642), A. hydrophila 3.3 (2174/666), M. tuberculosis
2.5 (1545/626), P. aeruginosa 2.5 (1520/612), T. rubrum 2.0
(569/284), A. flavus 2.8 (985/349), S. cerevisiae 2.8 (1345/474),
D. rerio 3.4 (552/164), H. sapiens 2.7 (2004/738), M. musculus
2.9 (2140/750), C. cathayensis 1.3 (259/202), S. lycopersicum
1.7 (347/202), and T. aestivum 1.9 (330/173) (Weinert et al.,
2013; Pan et al., 2015; Yang et al., 2015; Jin and Wu,
2016; Xu et al., 2017; Zhang et al., 2017; Gaviard et al.,
2018; Ren et al., 2018; Gao Y. et al., 2019; Yao et al.,
2019; Yuan et al., 2019), S. epidermidis ranked the last in
the bacterial group whose average degree was over 2.5 (see
Figure 1B).

Among the total 649 proteins, the most extensively
succinylated protein is chaperone protein Dnak, which had
23 modified sites. Foldase protein PrsA, 2-oxoglutarate
dehydrogenase E1 component (OGDH), and elongation
factor Ts possessed 20, 17, and 17 sites, respectively.
Dnak, which is associated with heat shock processes,
is reported in the XDR Mtb with 25 succinylated sites
(Xie et al., 2015). It is speculated that succinylation may
have a significant effect on Dnak activity in response to
environmental stimuli.

Conservation Analysis of Succinylated
Proteins in S. epidermidis Revealed the
Coexisted Similarity and Discrepancy
Among Multiple Organisms
A plethora of reports have revealed the high abundance of
succinylated proteins from prokaryotes to eukaryotes (Weinert
et al., 2013). Investigation of the orthologous proteins in various
organisms may elucidate the evolutionary conservation of
succinylation. To figure out more features of succinylated events,
we performed a comparison of succinylprotein homologs against
8 species with identified succinylomes: V. parahaemolyticus,
E. coli, Trypanosoma brucei, S. cerevisiae, Magnaporthe oryzae,
M. musculus, H. sapiens, and Oryza sativa (Weinert et al.,
2013; Pan et al., 2015; Zhen et al., 2016; Wang et al., 2019;
Zhang et al., 2020). A total of 297 succinylated proteins
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FIGURE 1 | The basic data of LC-MS/MS data and the succinylation profile of Staphylococcus epidermidis. (A) The number of proteins with the various numbers of
succinylated sites. (B) Average succinylation sites per protein in bacteria, fungi, animals, and plants.

in S. epidermidis were found orthologs in these 8 species.
In prokaryotes including V. parahaemolyticus and E. coli,
202 and 224 succinylated proteins are homologous, which
account for 31.42% (202/643) and 22.6% (224/991) of totally
identified succinylation events in these two species, respectively.
Meanwhile, in eukaryotes like T. brucei, S. cerevisiae, M. oryzae,
M. musculus, H. sapiens, and O. sativa, the result was that 52,
58, 78, 66, 64, and 158 succinylation proteins had homologs
with S. epidermidis, respectively. Moreover, the homologous
succinylproteins accounted for 13.51% (52/385), 12.21%

(58/475), 10.91% (78/715), 8.79% (66/751), 8.66% (64/739),
and 6.09% (158/2594) in terms of corresponding organisms
(see Figures 2A,B and Supplementary Table 2). All the
above suggested that succinylated proteins were conserved
from prokaryotes to eukaryotes. Furthermore, orthologous
proteins in prokaryotes accounted more than that in eukaryotes,
demonstrating that the number of homologous events of
succinylation was higher between two prokaryotes than between
prokaryotes and eukaryotes, which was consistent with the
evolutionary laws.
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FIGURE 2 | Conservation analysis of identified succinylation proteins in Staphylococcus epidermidis. (A) The number of proteins in S. epidermidis with a different
frequency of homology in various organisms. (B) The number and percentage of proteins in 8 different species, which are homologous with those in S. epidermidis.
(C) Cluster proteins in S. epidermidis are classified into three categories according to their frequency of homology with other 8 species.

Then, we classified the orthologous proteins into four groups
according to the number of organisms, which they were
homologous in. Succinylproteins that have orthologs in 6∼8
species were grouped into the “highly conserved” category, which
accounted for 7.1% (46/649) of all succinylated proteins in S.
epidermidis. About 14.2% (92/649) proteins were homologous
in 3∼5 species, which belonged to the “conserved” category.
The “poorly conserved” category included 24.5% (159/649) of
total succinylation events, in which homologous succinylproteins

were found in 1∼2 species. Finally, proteins subjected to
succinylation, which did not have orthologs in other 8 organisms,
were clustered to the “novel” category, accounting for 54.2%
(352/649) of all succinylated proteins in S. epidermidis (see
Figure 2C). These results elucidated that despite the conservation
of succinylated proteins among species, there still existed unique
succinylation events in the distinctive organisms, providing a new
insight for investigating specific functions of succinylproteins in
particular creatures.
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Functional Annotation and Subcellular
Distribution Analysis Showed the Broad
Existence of Succinylated Proteins in
S. epidermidis
To figure out the role succinylation plays in the cellular
processes, we performed the Gene Ontology (GO) functional
classification of succinylated proteins in S. epidermidis from the
perspective of biological process (BP), molecular function (MF),
and cellular component (CC) (see Figure 3A and Supplementary
Table 3). Based on the biological process, the four largest
groups of proteins were all involved in metabolic processes,
such as cellular metabolic process (16%), organic substance
metabolic process (15%), primary metabolic process (14%), and
nitrogen compound metabolic process (13%). The consequence
elucidated that succinylation may play a significant role in the
metabolic regulation in S. epidermidis. Additionally, 3% and 2%
succinylated proteins were involved in response to stress and
cellular response to the stimulus, respectively, indicating a pivotal
mechanism for the survival and adaptation of S. epidermidis.
With regard to molecular function, proteins involved in organic
cyclic compound binding (13%), heterocyclic compound binding
(13%), ion binding (8%), and structural constituent of ribosome
(7%) were more likely to be succinylated. Moreover, on the basis
of cellular component analysis, succinylated proteins preferred to
distribute in the cytoplasm (27%), cytosol (19%), cell periphery
(13%), and membrane (12%), which was consistent with the
consequence of subcellular distribution analysis that cytoplasmic
(62%), unknown (25%), and cytoplasmic membrane (10%)
proteins accounted for the most among all the identified ones
(see Figure 3B). Interestingly, in the cluster of the cellular
component, nearly 5% of succinylated proteins were related to
external encapsulating structure, which may be an important clue
for the virulence of S. epidermidis. These results, corresponding
to GO annotation and subcellular distribution, elucidated that
succinylation existed broadly in nearly all cellular components
and played a significant role in multiple processes in the
S. epidermidis.

Enrichment Analysis of Succinylated
Proteins and Peptides
In order to figure out the relationship between succinylated
proteins and cellular function, we did the enrichment analysis
based on GO enrichment, KEGG pathway, and Pfam domain
(see Figure 4 and Supplementary Table 4). The consequences
showed that in terms of the cellular component in GO
enrichment, proteins related to the cytosolic ribosome,
ribosome, ribosomal subunit, ribonucleoprotein complex,
and intracellular non-membrane-bounded organelle were
significantly enriched, indicating the high involvement of
succinylation in the ribosomal events. Furthermore, in the light
of biological process, succinylated proteins were more likely
to enrich in processes including ribonucleoprotein complex
assembly, cellular protein-containing complex assembly,
ribosome assembly, posttranscriptional regulation of gene
expression, and regulation of translation. On the basis of

molecular function enrichment, proteins associated with the
structural constituent of ribosome, RNA binding, nucleic
acid binding, and rRNA binding were highly subjected to
succinylation. Moreover, KEGG enrichment indicated that
succinylated proteins were more likely to enrich in the pathways
related to the ribosome, glycolysis/gluconeogenesis, citrate
cycle (TCA cycle), pyruvate metabolism, aminoacyl-tRNA
biosynthesis, and glycerolipid metabolism, which was consistent
with the results in GO enrichment and aforementioned KEGG
pathway analysis of succinylation in other species like E. coli,
V. parahaemolyticus, H. sapiens, and others, confirming the
important role of succinylated proteins in the metabolism
processes. Then, we utilized Pfam to analyze domain features of
proteins subjected to succinylation. It is illustrated that biotin-
requiring enzyme, S1 RNA-binding domain, AAA domain
(Cdc48 subfamily), and anticodon-binding domain of tRNA
were significantly enriched.

Characterization of 13 Conserved Motifs
of Succinylation Proteins and
Investigation of the Relationship Among
Motifs and Functional Processes
To investigate the nature of succinylated sites in S. epidermidis,
we use motif-X to characterize the flanking protein sequences
of S. epidermidis (10 amino acids upstream and downstream
of the lysine succinylated site) based on the 1557 succinylated
sites identified in this study. Consequently, 13 conserved motifs
were identified, whose detailed information was shown below
(see Figures 5A,B and Supplementary Table 5). The top five
abundant motifs are E∗∗KsuK, Ksu∗E, Ksu∗D, KsuR, and KsuP
(Ksu indicates the succinylated lysine sites and ∗ represents
a random amino acid residue). At the site of + 1 around
succinylated lysine, K, R, D, Y, and P were comparably preferred.
Also, D, E, and R were most frequent at the −1 site. These
results demonstrated that succinylation had a higher tendency
to occur around the polar residues (basic or acidic) than
the non-polar ones. In the position of + 2, polar acidic
residues including D and E were most frequent, which was
consistent with the above findings. K was more abundant
in the position of −7 and +1 in the identified proteins of
S. epidermidis. Among these amino acid residues flanking
lysine succinylated sites, R was the most frequent one that
possessed a high tendency for the −4, +1, +5, +6, and +7 sites
around succinyllysine.

Aiming to figure out the profound relationship between
motifs and cellular functions, we extracted succinylated proteins
with these five motifs and clustered them into five groups.
Then, we did the GO, KEGG, and domain enrichment analysis
of these five clusters (see Figures 6A–E and Supplementary
Tables 6–8). The results showed that proteins with specific
motifs were associated with corresponding functions, pathways,
and domains. For example, proteins enriched in the citrate
cycle (TCA cycle), carbon fixation pathways in prokaryotes, and
butanoate metabolism possessed the abundant motif of KsuR.
A large portion of proteins with the Ksu∗D motif was located
in the cell wall, cell division site, and external encapsulating
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FIGURE 3 | Gene Ontology functional classification of succinylated proteins in Staphylococcus epidermidis. (A) Classification of succinylated proteins on the basis of
biological process (BP), molecular function (MF), and cellular component (CC). (B) Classification of succinylated proteins on the basis of subcellular location.
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FIGURE 4 | Enrichment analysis of identified succinylproteins in terms of biological process (BP), molecular function (MF), cellular component (CC), KEGG pathway,
and protein domain (p < 0.05).

structure according to cellular component enrichment analysis.
On the basis of molecular function, they were highly associated
with binding events like protein-containing complex binding,
glycosylation-dependent protein binding, modification-
dependent protein binding, and ribonucleoprotein complex

binding. Also, proteins with domains like periplasmic binding
protein and transketolase, pyrimidine binding domains were
enriched. These findings together elucidated the consistency
among motif, domain, protein localization, and molecular
function. We speculated that there is an underlying relationship
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FIGURE 5 | Properties of the succinylated peptides in Staphylococcus epidermidis. (A) The number of peptides with each of these 13 motifs. (B) A heat map of
amino acid compositions surrounding the succinylated lysine.

between motifs and protein function, which may provide a novel
insight for the future prediction of succinylated sites and their
roles in cellular processes.

Furthermore, we compared the 13 identified motifs in
S. epidermidis with previously reported succinylomes in E. coli,
V. parahaemolyticus, T. brucei, S. cerevisiae, M. oryzae,
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FIGURE 6 | The heat maps showed the enrichment analysis of proteins with each of the five motifs (E**KsuK, Ksu*E, Ksu*D, KsuR, and KsuP) in terms of (A)
molecular function (MF), (B) KEGG pathway, (C) protein domain, (D) biological process (BP), and (E) cellular component (CC).
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FIGURE 7 | Conservation analysis of identified motifs in the 9 organisms.

M. musculus, H. sapiens, and O. sativa (see Figure 7 and
Supplementary Table 9; Weinert et al., 2013; Pan et al., 2015;
Zhen et al., 2016; Wang et al., 2019; Zhang et al., 2020). The
pattern of K at the + 1 site around succinyllysine was identified
in E. coli, Hela cells, and yeast. Compared with other motifs
reported in previous succinylome studies in various organisms,
Ksu∗D identified in this investigation was conserved in E. coli,
Hela cells, and yeast. Meanwhile, KsuD was found in E. coli, yeast,
Hela cells, and the mouse liver. These results indicated that the
nature of succinylated sites was conserved among prokaryotes to
eukaryotes. The highly conserved motifs may be unknown targets
for the “readers” and “erasers” in the succinylated events, which
provided a new insight to investigate the underlying mechanism
of succinylation in cellular processes.

According to other reported results, several motifs were
conserved in prokaryotes and eukaryotes, which can raise a
question that whether these motifs were correlated with a
specific function of proteins with them in different species.

We did a GO, domain, and KEGG enrichment analysis
of proteins with the KsuD motif selected from E. coli,
S. cerevisiae, M. musculus, H. sapiens, and S. epidermidis. It
is revealed that proteins located in the cytosol, ribosome,
and ribonucleoprotein complex were enriched in four species
(E. coli, H. sapiens, M. musculus, and S. cerevisiae) based on
cellular component enrichment analysis. Moreover, cytoplasmic
proteins of E. coli, H. sapiens, and M. musculus had a higher
tendency to have a KsuD motif (see Figure 8). According
to the result of molecular function enrichment, succinylated
proteins associated with binding activities including adenyl
nucleotide binding, ATP binding, small molecule binding,
nucleoside phosphate binding, and carbohydrate derivative
binding were highly enriched in S. cerevisiae, H. sapiens,
and M. musculus (see Figure 9). Additionally, succinylated
proteins with the KsuD motif had a higher consistency of
molecular function in eukaryotes (S. cerevisiae, H. sapiens,
and M. musculus) than that in prokaryotes (E. coli and S.
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FIGURE 8 | Cellular component enrichment analysis of succinylated proteins with KsuD motif among five organisms (Escherichia coli, Homo sapiens, Mus
musculus, Saccharomyces cerevisiae, and Staphylococcus epidermidis).

epidermidis), which is consistent with the laws of evolution.
Based on the KEGG enrichment analysis, proteins in the
glycolysis/gluconeogenesis pathway were highly enriched in all
five organisms, indicating the important role of succinylated
proteins in energy metabolism as well as the functional
conservation of these succinylation proteins with KsuD motif
(see Figure 10).

Succinylation May Affect the Secondary
Structure and Surface Properties of
Modified Proteins
Then, we analyzed the secondary structure of all succinylated
proteins in S. epidermidis to figure out the relationship
between the protein structure and succinylation frequency (see

Figure 11A and Supplementary Table 10). The consequences
revealed that succinylated events were more abundant in the
α-helix (p < 2.2e-16) and coils (p = 2.5e-13) than that
in the β-strand (p = 0.28). The percentage of unmodified
lysines located in the α-helix of all unmodified peptides
was higher than that of succinylated lysines in the α-
helix of all succinyllysine residues; however, the results were
converse in coli structure. Taken together, it is elucidated
that succinylation might change the secondary structure of
modified substrates.

Additionally, we investigated the absolute surface accessibility
of succinylated lysines (see Figure 11B and Supplementary
Table 10). The results demonstrated that succinylated lysine sites
were more frequently located on the surface than the unmodified
lysines did, leading to the speculation that succinylation tends to
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FIGURE 9 | Molecular function enrichment analysis of succinylated proteins with KsuD motif among five organisms (Escherichia coli, Homo sapiens, Mus musculus,
Saccharomyces cerevisiae, and Staphylococcus epidermidis).

the protein surface and succinylated events may alter the surface
properties of the modified proteins.

Succinylation Is a Significant Regulator
of Energy Metabolism in S. epidermidis
The TCA cycle and glycolysis/gluconeogenesis are key processes
to provide energy for organisms, which is essential for survival.
A plethora of studies have revealed the preference of lysine
succinylation in these metabolic processes (Kosono et al., 2015;
Xie et al., 2015; Yang et al., 2015; Feng et al., 2017). In
this study, the KEGG pathway enrichment analysis showed
that succinylated proteins associated with the TCA cycle
and glycolysis/gluconeogenesis pathways were highly enriched.
We tried to figure out the regulatory mechanism of lysine
succinylation in S. epidermidis in terms of metabolic enzymes.

Nearly all significant enzymes in the Krebs cycle were
succinylated in S. epidermidis. They were as follows: pyruvate
carboxylase, dihydrolipoyl dehydrogenase, aconitate hydratase A,
dihydro-lipoyl lysine-residue succinyltransferase component of
2-oxoglutarate dehydrogenase complex, isocitrate dehydrogenase
[NADP], succinate-CoA ligase [ADP-forming] subunit beta,
citrate synthase, pyruvate dehydrogenase E1 component subunit
beta, pyruvate dehydrogenase E1 component subunit alpha,
phosphoenolpyruvate carboxykinase [ATP], and 2-oxoglutarate
dehydrogenase E1 component. Citrate synthase (SE_1371)
converts the oxaloacetate and acetyl-coenzyme A into citrate
and coenzyme A, which is the first and rate-limiting step of the
Krebs cycle (Li et al., 2016). Five lysine sites of citrate synthase
including K64, K117, k262, K357, and K365 were succinylated,
indicating the important role of lysine succinylation in the
enzymatic regulation. Another pivotal rate-limiting enzyme,
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FIGURE 10 | KEGG pathway enrichment analysis of succinylated proteins with the KsuD motif among five organisms (Escherichia coli, Homo sapiens, Mus
musculus, Saccharomyces cerevisiae, and Staphylococcus epidermidis).

isocitrate dehydrogenase (IDH), which catalyzes the oxidation
and decarboxylation of isocitrate and produces α-ketoglutarate,
carbon dioxide, and NADH + H+/NADPH + H+ (Tommasini-
Ghelfi et al., 2019), was revealed in six succinylated lysine
sites: K58, K132, K163, K189, K225, and K262. Meanwhile, in
drug-resistant M. tuberculosis, a total of 21 succinylated sites
were identified on IDH, among which K262 was near the critical
catalysis site (K257) (Xie et al., 2015). Furthermore, in E. coli,
it was demonstrated that the succinylation of K100 and K242
residues of IDH affects the enzyme activity by site mutation
analysis (Zhang et al., 2011). Three enzymatic components
of α-ketoglutarate dehydrogenase (OGDH) complex—
E1 (2-oxoglutarate dehydrogenase), E2 (dihydrolipoamide
succinyltransferase), and E3 (dihydrolipoamide dehydrogenase),
which together promote the conversion of α-ketoglutarate into

succinyl-CoA (Lu et al., 2019), were succinylated at 8, 4, and 7
lysine sites, respectively. Furthermore, five succinylated peptides
were also identified in succinyl-CoA synthetases including
sucC and sucD that catalyze the reaction of succinyl-CoA
hydrolysis and succinate production, which is the only step
of substrate-level phosphorylation in the citrate cycle (Huang
and Fraser, 2016). Succinyl-CoA is an important donor of
the succinyl group for lysine succinylation in proteins. In
turn, succinylation affects enzymes that regulate succinyl-CoA
production and consumption, indicating a possible cyclic
mechanism for regulating succinylation levels in organisms. In
addition, proteins associated with the TCA cycle were widely
succinylated, which may act as evidence that succinylation plays
a pivotal role in regulating energy metabolism in S. epidermidis
(see Figure 12).
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FIGURE 11 | Properties of succinylated sites based on the (A) secondary structure probability and (B) absolute surface accessibility.

Ten out of ten glycolytic enzymes associated with converting
glucose to pyruvate were subject to succinylation. These proteins
contained glucokinase, glucose-6-phosphate isomerase, ATP-
dependent 6-phosphofructokinase (PFK), fructose-bisphosphate
aldolase (FBA), triosephosphate isomerase, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), phosphoglycerate kinase
(PGK), 2, 3-bisphosphoglycerate-independent phosphoglycerate
mutase (PGPG), enolase (ENO), and pyruvate kinase.
Phosphofructokinase catalyzes the conversion of fructose-
6-phosphate to fructose-1,6-bisphosphate by transferring a
phosphoryl group from ATP, which is the core regulatory step
of the glycolytic process (Kim et al., 2017). Two succinylated
lysine sites (K77, K212) were identified in PEK, indicating the
regulatory role succinylation may play in the glycolysis pathway.
Pyruvate kinase, which catalyzes the last step of glycolysis, is one
of the three key regulatory enzymes in the glycolysis pathway. It
transfers a phosphoryl group from PEP to ADP, then produces
pyruvate and ATP (Schormann et al., 2019). In this study, we
found six succinylated lysine sites in the pyruvate kinase—K139,
K156, K173, K341, K390, and K563. K563 was located in the
PEP-utilizing enzyme, a mobile domain at the N-terminus
of pyruvate kinase, demonstrating that succinylation of K563
may be a possible regulatory site of the enzyme activity (see
Figure 12).

Protein–Protein Interaction Networks of
Succinylated Proteins
To figure out the relationship among these identified
succinylation proteins, we performed PPI network analysis

using the STRING database and Cytoscape software (Doncheva
et al., 2019; Szklarczyk et al., 2019). We chose 80 proteins that
were related to glycolysis/gluconeogenesis, TCA cycle, pyruvate
metabolism, and aminoacyl-tRNA biosynthesis pathways, which
were the four most enriched groups in KEGG enrichment
analysis (see Figure 13 and Supplementary Table 11). Fourteen
succinylated proteins had a degree over 40. Eight of these
substrates were associated with the glycolysis/gluconeogenesis
pathway, indicating that succinylated proteins in this pathway
may play an essential role in biological processes. Four proteins
were revealed with the higher degree that was over 50, i.e.,
SE_0967, SE_1371, SE_2160, and formate acetyltransferase
(pflB), among which pflB possessed the most succinylated sites
(13 sites), implying that this protein may be a pivotal target to
understand the deep mechanisms of succinylation.

DISCUSSION

Using the MS technology together with the antibody affinity
purification method, we performed the first analysis of
succinylation profiles in S. epidermidis at the level of proteomics.
In this study, we revealed a total of 2845 succinylated sites
corresponding to 913 proteins in S. epidermidis, among which
1557 sites in 649 succinylation proteins were identified
after three-time repetition. The different number and
functional enrichment of succinylated substrates among
various bacterial species may be explained by the discrepancy
of inherent succinylation levels of proteins and sites in
different bacteria. Furthermore, the divergence of antibody
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FIGURE 12 | Succinylated proteins related to metabolism pathways.

affinity and MS accuracy also account for this difference. Our
investigation may enlarge the scale of understanding lysine
succinylation in microorganisms, especially S. epidermidis
which emerged as commensal inhabitants in human skin
and mucous membranes as well as opportunistic pathogens
of nosocomial infections. It may provide new insights into
regulating bacterial survival, invasiveness, and pathogenicity by
lysine succinylation.

Lysine succinylation plays an essential role in metabolic
processes according to the previous investigation (Colak et al.,
2013; Yang et al., 2015). In this study, multiple results
illustrated the intensive connections between lysine succinylation
and energy metabolism, especially the glycolysis process. For
example, the KEGG enrichment analysis showed that proteins

associated with the glycolysis/gluconeogenesis pathway had
a higher tendency for succinylation. Ten out of ten key
enzymes in this pathway were succinylated, especially the
pyruvate kinase, which was identified with six modified sites.
The result of PPI indicated that eight succinylated proteins
associated with glycolysis possessed a degree over 40, the
number of which was larger than that of other pathways.
All the above demonstrated the significant effect of lysine
succinylation on the glycolysis process in S. epidermidis.
Further study should be conducted to investigate whether lysine
succinylation could alter the structure, activity, and interaction of
related enzymes.

The quorum system is a commonly existed mechanism
in bacteria, which mediates cell-to-cell communication by

Frontiers in Microbiology | www.frontiersin.org 17 February 2021 | Volume 11 | Article 632367

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-632367 January 25, 2021 Time: 16:19 # 18

Zhao et al. Succinylome Profiling in Staphylococcus epidermidis

FIGURE 13 | Protein–protein interaction (PPI) network of identified proteins associated with pyruvate metabolism, glycolysis/gluconeogenesis, TCA cycle, and
aminoacyl-tRNA biosynthesis pathways.

producing, releasing, accumulating, detecting, and responding
to extracellular signaling molecules called autoinducers (AIs)
(Rutherford and Bassler, 2012). QS plays a significant role
in controlling bacterial behaviors including virulence, biofilm
formation, gene expression, and adaptation to a complex
environment (Mukherjee and Bassler, 2019). It has been reported
that agr, a known QS system in S. epidermidis, inhibits
biofilm formation and alters the structure of biofilms (Le
and Otto, 2015; Williams et al., 2019) by regulating biofilm
factors including AtlE and delta-toxin (Hello et al., 2010;
Reiter et al., 2014). Moreover, the LuxS/AI-2-dependent QS
system has also been revealed as functional in S. epidermidis
(Vendeville et al., 2005). LuxS responds to signaling AI-2 and
represses virulence and biofilm formation of S. epidermidis
by mediating transcription of the ica genes and production

of PIA. LuxS (S-ribosylhomocysteinelyase) is a key enzyme
in the QS system, which plays a pivotal role in bacterial
behaviors including virulence, pathogenesis, biofilm formation,
bioluminescence, and antibiotic resistance (Lewis et al., 2001;
Xu et al., 2006). Recently, at the level of PTM, LuxS was
identified as a tyrosine kinase phosphorylation site in V. harveyi
(De Keersmaecker et al., 2006). Furthermore, according to
the complete analysis of succinylomes in A. hydrophila, two
lysine succinylation sites (K23 and K30) were identified in
LuxS. Site-specific mutagenesis of K23 and K30 showed that
these Ksu sites in LuxS upregulated enzymatic activity and
influenced the communication of A. hydrophila with other
bacteria (Yao et al., 2019). In our study, one succinylated site
(K144) was found in LuxS of S. epidermidis, which is close
to the iron-binding site (C123) and at the terminal of the
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protein sequence. Further study should focus on the role this
succinylated site of LuxS may play in the QS system and bacterial
processes, which may be a significant target to understand
succinylation and other PTMs.

Succinylation is a newly recognized PTM, whose important
regulatory enzymes like desuccinylases and succinyltransferases
that possess oppose roles have not been investigated
comprehensively yet. KAT2A, KGDHC, and CPT1A are
recently identified proteins with succinyltransferase activity
in eukaryotes (Gibson et al., 2015; Wang et al., 2017a; Kurmi
et al., 2018; Tong et al., 2020). However, succinyltransferases
have not been revealed in prokaryotes yet. Lysine acetylation
is one of the best-investigated lysine acylations, whose lysine
acetyltransferase (KATs) and lysine deacetylases (KDACs) have
been identified to possess expanded activities in other acylations
including Kpr, Kbu, Kcr, Kbhb, Ksucc, and Kglu (Sabari et al.,
2017). For example, KATs p300, a well-known transcription
co-activator, has been reported to recognize multiple actyl-CoAs
like propionyl-CoA (Chen et al., 2007), butyryl-CoA (Chen
et al., 2007), crotonyl-CoA (Sabari et al., 2015), succinyl-CoA
(Sabari et al., 2017), glutaryl-CoA (Tan et al., 2014), and β-
hydroxybutyryl-CoA (Kaczmarska et al., 2017) and catalyze the
corresponding acylation processes. Furthermore, the current
structural investigation showed that GCN5 recognizes the
common CoA portion of short-chain acyl-CoAs and possesses
the identical affinity for acetyl-CoA, propionyl-CoA, and
butyryl-CoA (Ringel and Wolberger, 2016; Kollenstart et al.,
2019). According to the known discovery, mammalian KATs
were categorized into two groups including type A KATs and type
B KATs which are located mainly in the nucleus and cytoplasm,
respectively (Yang et al., 2011; Li et al., 2020). Type A contains
five families including the GNAT, p300/CBP, MYST, Basal TF,
and NCoA family (Menzies et al., 2016). Due to the wide range
of acyltransferase activities and structural similarity of these acyl-
CoAs, we conducted BLAST analysis based on well-known lysine
acetyltransferases and revealed 15 proteins in S. epidermidis
that are homologous with these acetyltransferase families, i.e.,
GNAT family (Q92830, Q92831, and Q5SQI0), p300/CBP
family (Q92793 and Q09472), MYST family (Q92993, Q92794,
Q8WYB5, O95251, and Q9H7Z6), NCoA family (Q15788,
Q15596, and Q9Y6Q9), and Type B (O14929, Q9H7 × 0). More
in-depth studies need to be performed to elucidate whether these
proteins have succinyltransferase activities or other enzymes
exist that can catalyze succinylation in S. epidermidis. It may
lay the foundation for further understanding of regulating the
dynamic balance of succinylation in bacteria (see Supplementary
Table 12).

A total of 18 types of KDACs have been recognized in
mammals which are divided into 4 classes. Among them, sir-
2 like proteins (SIRT1-7) play a significant role in multiple
deacylation processes (Ali et al., 2018). SIRT5 and SIRT7 are two
commonly known deacetylases, which have been identified as
desuccinylases located mainly in the mitochondria and nucleus,
respectively (Osborne et al., 2016). In prokaryotes, sir2-like
proteins, i.e., CobB is identified as the first desuccinylase in
E. coli (Colak et al., 2013). Meanwhile, ScCobB2 in S. coelicolor
is homologous with SIRT5 and E. coli CobB possesses the
desuccinylase activity (Zhang et al., 2019). In S. epidermidis, we

found 18 proteins homologous with HDACs in mammals that
may possess deacetylase activity. Among them, Q9NXA8 and
Q9NRC8 are in homology with SIRT5 and SIRT7, respectively
(see Supplementary Table 12). They are highly possible to
desuccinylate modified substrates and regulate bacterial processes
in S. epidermidis. It is intriguing to explore the possible
desuccinylase activity of these proteins and their function in
bacterial behaviors of this organism.

In other PTMs like phosphorylation, a complete regulatory
system was identified which comprised of “writers” (transfer the
acyl groups to targets), “erasers” (remove the acyl groups from
the modified substrates), and “readers” (identify the modified
peptides and initiate downstream reaction) (Biswas and Rao,
2018). For lysine succinylation, writers (succinyltransferases) and
erasers (desuccinylases) were reported in succession. However,
the readers have been scarcely reported until now. This may
be due to the less specificity of succinylation motifs and fewer
datasets of succinylation events. In this study, we tried to figure
out the exact motif that existed in most organisms and investigate
whether it had functional conservation according to KEGG
and GO enrichment analysis. The results revealed that proteins
with the same motif (KsuD) in different organisms including
E. coli, S. epidermidis, S. cerevisiae, H. sapiens, and M. musculus
were highly enriched in the glycolysis/gluconeogenesis pathway
and pyruvate metabolism pathway based on KEGG enrichment
analysis. Accordingly, it is possible to hypothesize that the KsuD
motif could be a clue to figure out the “reader” that can recognize
succinylated events and initiate further reactions. Otherwise,
one motif in five organisms is too little to elucidate a common
phenomenon or principle. Further study should be undertaken to
include more species and motifs and investigate the stable pattern
of succinylated events.

There are a couple of limitations in the present study. Firstly,
experimental verification like Co-IP and site mutation should be
carried out in further studies. Secondly, whether or not various
PTMs such as acetylation, malonylation, and crotonylation in
adjacent sites have different effects should be investigated deeply
in the next project. Thirdly, the enzyme activity of predicted
succinyltransferases and desuccinylases in S. epidermidis should
be verified later. We hope to take this research as a starting point
to further explore the physiological and pathological mechanisms
of S. epidermidis at the level of PTM.

CONCLUSION

In this study, we elucidated 649 proteins with 1557 succinylated
lysine sites in S. epidermidis using antibody affinity purification
and MS technology, which is the first comprehensive
succinylation profile in this organism. GO annotation, KEGG
enrichment, and PPI network showed strong connections
between lysine succinylation and metabolic processes. We
identified 13 conserved motifs and tried to figure out the
functional and pattern relativity from the perspective of motifs
(KsuD), which provides a new insight for investigating features
and regulatory factors, i.e., “readers” of succinylation; 15
succinyltransferases and 18 desuccinylases were predicted
that could be pivotal regulators of succinylated events in
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this organism. Proteins associated with survival, metabolism,
virulence, and cell-to-cell communication were succinylated in
S. epidermidis, indicating the potential role succinylation may
play in bacterial behaviors of this species. This study lays the
foundation to deepen the understanding of succinylated events
and provide a promising reference to develop therapeutic targets
against infections caused by S. epidermidis.
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