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In Brief
The affinity antibody purification
combined with LC MS/MS was
used to investigate the lysine
succinylome profile of A. hydro-
phila ATCC7966. A total of 666
lysine succinylation proteins
were identified and analyzed in
depth to better understand its
regulatory roles. Lysine succiny-
lation modifications on S-ribosyl-
homocysteine lyase were further
studied and shown to regulate
its cellular physiology and affect
bacterial quorum sensing behav-
ior of A. hydrophila.

Graphical Abstract

Highlights

• A global lysine succinylome was investigated in A. hydrophila.

• The lysine succinylation modifications play crucial role on various metabolic pathways.

• Reversible succinylation on Lys23 and Lys30 regulates the activity of S-ribosylhomocysteine lyase LuxS.

• Lysine succinylation modifications of LuxS affect quorum sensing and metabolism.
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Integrated Succinylome and Metabolome
Profiling Reveals Crucial Role of
S-Ribosylhomocysteine Lyase in Quorum Sensing
and Metabolism of Aeromonas hydrophila*□S

Zujie Yao‡§¶**, Zhuang Guo‡§**, Yuqian Wang‡§, Wanxin Li‡§, Yuying Fu‡§,
Yuexu Lin‡§, Wenxiong Lin‡§, and Xiangmin Lin‡§�

Protein modification by lysine succinylation is a newly
identified post-translational modification (PTM) of lysine
residues and plays an important role in diverse physiolog-
ical functions, although their associated biological char-
acteristics are still largely unknown. Here, we investigated
the effects of lysine succinylation on the physiological
regulation within a well-known fish pathogen, Aeromonas
hydrophila. A high affinity purification method was used to
enrich peptides with lysine succinylation in A. hydrophila
ATCC 7966, and a total of 2,174 lysine succinylation sites
were identified on 666 proteins using LC-MS/MS. Gene
ontology analysis indicated that these succinylated pro-
teins are involved in diverse metabolic pathways and bi-
ological processes, including translation, protein export,
and central metabolic pathways. The modifications of
several selected candidates were further validated by
Western blotting. Using site-directed mutagenesis, we
observed that the succinylation of lysines on S-ribosylho-
mocysteine lyase (LuxS) at the K23 and K30 sites posi-
tively regulate the production of the quorum sensing au-
toinducer AI-2, and that these PTMs ultimately alter its
competitiveness with another pathogen, Vibrio alginolyti-
cus. Moreover, subsequent metabolomic analyses indi-
cated that K30 succinylation on LuxS may suppress the
activated methyl cycle (AMC) and that both the K23 and
K30 sites are involved in amino acid metabolism. Taken
together, the results from this study provide significant
insights into the functions of lysine succinylation and its
critical roles on LuxS in regulating the cellular physiology
of A. hydrophila. Molecular & Cellular Proteomics 18:
200–215, 2019. DOI: 10.1074/mcp.RA118.001035.

Most post-translational modifications (PTMs)1 of proteins
are dynamic, reversible, and crucial for regulating the cellular
physiology and pathology of various organisms. Several dif-

ferent PTMs have been observed among bacterial species,
including phosphorylation, glycosylation, nitrosylation, and
acylation (1). Of these, lysine acylation is one of the most
important PTMs in bacterial species because of its relative
freedom in ionic coordination and the chemical reactivity of
the primary amine group (2). The use of affinity enrichment
combined with LC-MS/MS technologies have recently ad-
vanced the discovery of novel PTMs including modifications
of lysine residues such as acetylation in Streptococcus pneu-
moniae, pupylation in Mycobacterium smegmatis, malonyla-
tion in Bacillus amyloliquefaciens, and propionylation in Ther-
mus thermophilus, all of which contribute to diverse biological
functions (3–6).

Among the recently described PTMs, modification of lysine
by succinylation (Ksucc) has been shown to be widespread in
bacteria since its discovery in 2011 (7). As in eukaryotic pro-
teins, bacterial Ksucc are evolutionarily conserved and are
involved in core metabolic pathways including the tricarbox-
ylic acid (TCA) cycle, glycolysis, and pyruvate metabolisms
(8–11). Thus, Ksucc is likely to have important cellular func-
tions in response to varying physiological conditions. Conse-
quently, a comprehensive identification of Ksucc within organ-
isms is critical to understanding essential biological activities
and response mechanisms under diverse physiological con-
ditions. Although the PTM profiles have been identified for
some bacterial species, such as Histoplasma capsulatum,
Vibrio parahemolyticus, and Escherichia coli, the function
of lysine succinylation among prokaryotes, and especially
aquatic pathogens, remains largely unknown (10, 12, 13).

Aeromonas hydrophila is a prevalent pathogen of farmed
fish that can infect freshwater species, including catfish,
salmon, and carp, and causes motile Aeromonas septicemia
(MAS) disease (14). Outbreaks of MAS lead to considerable
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economic losses in aquaculture (15). A. hydrophila also infects
domestic animals and can contaminate food products, caus-
ing gastrointestinal and extra-intestinal infections, and even
death (16). Thus, it is important to understand the mecha-
nisms underlying the pathogenicity of this important bacterial
pathogen. The abovementioned observations demonstrate
that lysine succinylation dynamically regulates enzymes in key
metabolisms that can impact basal bacterial behaviors. Con-
sequently, Ksucc proteins may play important regulatory roles
in the biological functions of A. hydrophila. However, to the
best of our knowledge, previous investigations of Ksucc in A.
hydrophila have not been conducted, which have prevented a
complete understanding of protein PTM functions in this
pathogen.

Quorum sensing (QS) is a universal bacterial behavior
involved in the communication and coordination of social
activities via the release and detection of small molecules,
including N-acyl-l-homoserine lactones (AHL), autoinducing
peptides (AIP), and autoinducer-2 (AI-2). Of these, AI-2 is
particularly used for interspecies communication in response
to population density changes. The production of 4,5-dihy-
droxy-2,3-pentanedione (DPD) the precursor for AI-2 (17), is
accomplished by the key enzyme S-ribosylhomocysteine
lyase (LuxS). Consequently, LuxS activity plays an important
role in quorum sensing, biofilm formation, bioluminescence,
virulence, and antibiotic resistance (18–20). Moreover, it has
an important metabolic function in the activated methyl cycle
(AMC), which is an important metabolic pathway for intracel-
lular methylation (21). Motif analysis has shown that LuxS of V.
harveyi has a tyrosine kinase phosphorylation site (17), sug-
gesting a role for PTM, and making this enzyme an intriguing
target to understand PTMs. However, PTMs have not been
previously validated in this enzyme via experimentation.

Proteomics is a recently developed powerful approach for
investigating protein PTM sites (22–24). Here, we combined
high-affinity purification with high sensitivity mass spectrom-
etry technologies to identify the entire succinylome of A.
hydrophila ATCC7966. A total of 2,174 lysine succinylation
sites were identified on 666 proteins that were involved in
diverse metabolic pathways and biological processes. Motif

analysis indicated the presence of eight motifs surrounding
the central lysine residues, which were succinylated and con-
served across other bacterial species. We validated selected
succinylated proteins by Western blotting, and further ana-
lyzed the effects of this PTM on the biological functions of
LuxS. Our results provide significant insights into the role of
lysine succinylation in the cellular physiology and pathology
of A. hydrophila.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions—A. hydrophila ATCC7966
was used for the experiments in this study and was maintained in our
laboratory. The strain was routinely grown overnight in fresh Luria
Bertani (LB) medium, and cultures were diluted 1:100 in the same
medium, followed by incubation at 30 °C with shaking at 200 rpm until
OD at 600 nm reached 1.0. Cells were harvested and washed twice
with phosphate-buffered saline, PBS (0.1 M Na2HPO4, 0.15 M NaCl,
pH 7.5) before further use.

Sample Preparation and In-solution Trypsin Digestion—The cell
pellet was re-suspended in lysis buffer (8 M urea, 2 mM EDTA, 5 mM

Dithiothreitol (DTT) and 1% (v/v) protease inhibitor mixture (Calbi-
ochem, San Diego, CA), and cells were disrupted by sonication on ice
as previously described (25). Proteins (�10 mg) were precipitated
with 20% TCA overnight at 4 °C, and then washed three times with
ice-cold acetone. The resultant pellet was dissolved in buffer (8 M

urea, 100 mM ammonium bicarbonate, pH 8.0) and proteins were
reduced by incubation with 10 mM DTT for 1 h at 37 °C and were
alkylated with 20 mM iodoacetamide (IAA) by incubating for 45 min at
room temperature. The sample was diluted 8 times with 100 mM

NH4CO3 before digestion with trypsin at a 1:50 ratio and incubated for
16 h at 37 °C. The tryptic peptides were dried using a CentriVap
Concentrator (Labconco, Kansas City, MO) (26).

Enrichment of Lysine-succinylated Peptides—To enrich for a high
abundance of lysine-succinylated peptides, immunoaffinity analysis
was performed using agarose-conjugated anti-succinyllysine anti-
body (PTM Biolabs Inc., Hangzhou, China), as previously described
(27). Briefly, the tryptic digested peptides were incubated with anti-
succinyllysine agarose beads overnight at 4 °C in NETN buffer (100
mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, and 0.5% Nonidet P-40, pH
8.0), and then eluted with 1% trifluoroacetic acid (TFA). The enriched
peptides were desalted with C18 ZipTips (Millipore, Burlington, MA)
and then subjected to high-performance liquid chromatography
(HPLC)-MS/MS identification.

Protein Analysis by Nano HPLC-MS/MS—Protein identification
was performed using the ThermoFisher ScientificTM Q ExactiveTM

Plus mass spectrometer (ThermoFisher Scientific, San Jose, CA).
Digested peptides were separated using the Acclaim PepMap RSLC
C18 capillary reversed-phase analytical column (ThermoFisher Scien-
tific) with a 40 min 6–80% ACN/water gradient containing 0.1% FA at
a constant flow rate of 300 nL/min on the EASY-nLC 1000 UPLC
system. The eluted peptides were further ionized and sprayed into the
nanospray-ionization (NSI) source followed by tandem mass spec-
trometry (MS/MS) in Q ExactiveTM Plus coupled online to UPLC.

The fragmentation data from two biological replicates were merged
and interpreted using the MaxQuant software package (version
1.4.1.2) against the A. hydrophila ATCC 7966 database containing
4150 sequences (downloaded from the Uniprot database on 2/1/
2018), with search parameters that included carbamidomethylation
of cysteine residues as a fixed modification, methionine oxidation,
lysine succinylation (lysine � 100.01604); and acetylation of protein
N-terminal as a variable modification, digested by trypsin with at
least four missed cleavages, five charges, and five modifications
per peptide. The mass error was set to 10 ppm for the first search,

1 The abbreviations used are: PTM, post-translational modification;
TCA, trichloroacetic acid; TFA, trifluoroacetic acid; LC-MS/MS, liquid
chromatography–tandem mass spectrometry; GC-MS, gas chroma-
tography mass spectrometry; KEGG, Kyoto Encyclopedia of Genes
and Genomes; GO, Gene Ontology; PPI, protein protein interaction;
Co-IP, Co-Immunoprecipitation; AI-2, autoinducer-2; AMC, activated
methyl cycle; MAS, motile Aeromonas septicemia; LB, Luria-Bertani;
PBS, phosphate-buffered saline; TBS, Tris-buffered saline; UPLC,
ultra-performance liquid chromatography; FDR, false discovery rate;
BSA, bovine serum albumin; Cmr, chloramphenicol resistance; Ampr,
ampicillin resistance; AB, Agrobacterium; OPLS-DA, Orthogonal par-
tial least-squares-discriminant analysis; QC, quality control; OB, oli-
gosaccharide binding; SAH, S-adenosylhomocysteine; SAM, S-ad-
enosylmethionine; SRH, S-ribosylhomocysteine; ACN, acetonitrile;
FA, formic acid; OD600, the optical density at 600 nm.
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5 ppm for the main search, and 0.02 Da for fragment ions. Identified
proteins with lengths of at least seven peptides were used for
further analysis. The maximum false discovery rate (FDR) thresh-
olds for protein, peptides, and modification sites were set to 1%. In
addition, the site localization probability threshold was specified
as � 0.75 and the cut-off score for peptides was set as 40, based
on previously described specifications (13). The raw MS files have
been submitted to the iProx (Integrated Proteome resources) data-
base under accession numbers IPX0001216000 and PXD009778
(28).

Gene Ontology Categories and Bioinformatics Analyses—Gene
Ontology (GO) terms for the identified proteins were assessed by
querying the UniProt-GO Annotation database (http://www.ebi.ac.uk/
GOA) (29). Amino acid sequence motifs comprising at least 20 amino
acids within � 10 residues of the succinylated lysine sites were
analyzed using the web-based Motif-X program (http://motif-x.med.
harvard.edu) 30). All of the database protein sequences were used as
the background database parameter, whereas the default values
were used for the other parameters. Secondary structure analysis
was performed using NetSurfP with settings as previously described
(31). The PSORTb version 3.0 software package was used for protein
subcellular localization prediction (http://www.psort.org/) and protein
domain functional annotations were assigned using InterProScan, as
implemented in the InterPro domain database (http://www.ebi.ac.uk/
interpro/) (32, 33). Protein-protein interactions were predicted with
high confidence (0.07) using the STRING software package version
10.1 (http://string-db.org). STRING was also used to identify signifi-
cantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (p value � 0.05), and these correlations were visualized in
Cytoscape 3.5.1 (34, 35).

Validation of Proteomic Analysis—To further validate the succiny-
lated lysine modification results from the proteomic analyses, tar-
geted candidate proteins were cloned and overexpressed. Then mice
or rabbits were immunized with the expressed proteins to obtain
specific antibody sera for co-immunoprecipitation (Co-IP) and West-
ern blotting experiments based on previously described methods with
some slight modifications (36–39). Briefly, about 1 ml bacterial cell
lysate was incubated with related antibody and pre-immune serum as
a negative control, and then gently vortexed at 4 °C overnight, fol-
lowed by coupling to 50 �l agarose-conjugated protein G beads
(Beyotime, Nantong, China) that were prepared in PBS for 4 h at 4 °C.
After three washes with PBS, 50 �l of Laemmli sample buffer was
added for to the proteins, which were resolved by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then
electrophoretically transferred to a PVDF membrane for Western blot-
ting. For Western blot analysis of lysine succinylation, Tris-buffered
saline (pH 8.0) containing 0.1% (v/v) Tween (TBS-T) with 5% skim
milk was used for blocking and TBS-T with 3% bovine serum albumin
(BSA) was used to prepare anti-succinyllysine antibody (PTM Biolabs)
at a 1:1,000 dilution.

Generation of luxS Knock-out Strains—The strains and plasmids
used in this study are shown in supplemental Table S6. The suicide
vector pRE112 was used to generate the luxS gene deletion mutant.
Approximately 500 bp of sequence upstream and downstream of the
luxS gene were amplified from the chromosomal DNA of A. hydrophila
ATCC7966 and fused together by overlap extension PCR. The BamHI
and SacI restriction sites were used for plasmid construction. Recom-
binant plasmids were first transformed into E. coli MC1061 (pir) cells,
and then subsequently transformed into E. coli S17–1 (pir) cells to
select for Cmr. Then the plasmids were transferred via conjugation to
wild-type A. hydrophila (Ampr,100 �g/ml) to select for chloramphen-
icol resistance, Cmr (30 �g/ml) and ampicillin resistance, Ampr (100
�g/ml) single-crossover mutant colonies. Double-crossover mutants
resistant to sucrose because of the presence of the sacB gene carried

by the plasmid, were isolated by plating onto LB-sucrose agar con-
taining 20% sucrose. Single- and double-crossover mutants were all
confirmed by PCR analysis and amplicon sequencing using the prim-
ers shown in supplemental Table S7.

Site-directed Mutagenesis of luxS—The luxS complementary strain
was constructed using the broad host vector pBBR1-MCS1 and the
HindIII and BamHI restriction sites to generate the His-tagged
pBBR1-luxS plasmid, as previously described (40). In addition, the
corresponding promoter (located about 500 bp upstream of luxS) was
also constructed and inserted upstream of luxS to ensure normal
expression. Then site-directed mutagenesis of luxS (K23E, K23R,
K30E, and K30R) was performed with the corresponding primers
(supplemental Table S7) using the Fast Mutagenesis System Kit ac-
cording to the manufacturer’s protocol (Transgen Biotech Co., Bei-
jing, China). All the resulting gene mutations were verified via DNA
sequencing.

AI-2 Activity Assay—AI-2 production was measured by site-di-
rected mutagenesis of luxS using the Vibrio harveyi BB170 biolumi-
nescence reporter assay, as previously described (41). All the strains
were cultured overnight and cells were pelleted by centrifugation at
12,000 � g for 5 min, followed by filtration of the supernatant through
a 0.22-�m sterile filter (Millipore). Then cells were diluted 1:5,000 in
fresh AB medium and 180 �l of culture was mixed with 20 �l super-
natant in a black 96-well plate (Corning-Costar, Co., Cambridge, MA).
Samples were incubated at 30 °C for 12 h and then bioluminescence
was measured every hour using the SpectraMax i3 Multi-Mode De-
tection Platform (Molecular Devices, Toronto, Canada). The overnight
cultures of V. harveyi BB170 supernatant and sterile AB medium
served as the positive and negative controls, respectively. AI-2 activ-
ity (in relative light units) was compared against the bioluminescence
of the positive control, and all of the assays were performed in
triplicate for each group.

Coculture Experiment—Bacterial competitive ability assays were
conducted, as previously described with some modifications (42).
Briefly, both the overnight-cultured competitor (Vibrio alginolyticus)
and participant (different site-directed mutants of luxS) strains were
transferred at 10% into LB media until OD600 values reached 1.0, after
which, the cultures were mixed together at equal volumes. The mix-
ture was diluted 1:10 in fresh medium and then co-cultured for 12 h
at 30 °C with shaking at 200 rpm. The abundances of V. alginolyticus
and A. hydrophila could be easily counted individually on LB plates
after co-cultivation because of substantially different colony morphol-
ogies. Moreover, additional verification was performed with PCR am-
plification of the conserved 16S rDNA sequences.

Metabolite Extraction—Metabolite extraction was performed as
previously described (43, 44).Briefly, cells grown to an OD600 of 1.0
under the same conditions previously described were harvested and
washed twice with PBS buffer. Roughly 50 mg (wet weight) sample
from each group was extracted by liquid-liquid extraction using meth-
anol/chloroform at a ratio of 3:1, and then homogenized in a ball mill
(Jingxin, Shanghai, China) for 4 min at 45 Hz. Then the samples were
treated ultrasonically for 5 min in an ice bath, and the entire procedure
was repeated three times. Supernatant was obtained after centrifu-
gation for 15 min at 12,000 rpm at 4 °C. Then, 50 �l substrate from
each sample was pooled together as the quality control (QC) sample.
In addition, 350 �l supernatant was transferred to 1.5 ml centrifuge
tubes and dried in a vacuum concentrator. Then Incubation with 30 �l
methoxy amination hydrochloride (20 mg/ml pyridine) was conducted
for 30 min at 80 °C, followed by the addition of 40 �l mono(trimeth-
ylsilyl)trifluoroacetamide (BSTFA) regent (containing 1% trimethylsilyl
chloride, TMCS) to each sample and incubation for 1.5 h at 70 °C.
Finally, 5 �l fatty acid methyl ester (FAME) in chloroform was added
to the samples when cooled to room temperature prior to analysis.
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GC-MS Analysis—Gas chromatography, GC-MS analysis was per-
formed on the Agilent 7890 Gas chromatograph system coupled to
the 5975C Mass Spectrometer (J&W Scientific, Folsom, CA). A 1-�l
aliquot of the analyte was injected into the GC-MS under the splitless
mode. Helium was used as the carrier gas, the front inlet purge flow
was set at 3 ml/min, and the gas flow rate through the column was set
at 1 ml/min. The initial temperature was maintained at 60 °C for 1 min,
then raised to 300 °C at a rate of 5 °C/min, followed by a hold for 15
min at 300 °C. The temperatures of the injection, transfer line, ion
source and quad were 280 °C, 280 °C, 230 °C, and 150 °C, respec-
tively. The mass spectrometry data were acquired in scan mode with
an m/z range of 33–600, after a solvent delay of 6.5 min.

Data Preprocessing and Analysis—The raw peaks were extracted
from the GC-MS analysis using the Chroma TOF 4.3X software (LECO
Co., St. Joseph, MI) and the LECO-Fiehn Rtx5 database. The same
software was also used for filtering baseline data and calibration of
the baseline, peak alignment, deconvolution analysis, peak identifi-
cation, and integration of peak areas (43). The mass spectra and
retention index matches were considered in metabolite identification,
and peaks were removed that were detected in � 50% of QC sam-
ples or RSD values � 30% in QC samples (45). Then data were
normalized to the total sum of the spectrum prior to data analysis.
Orthogonal partial least-squares-discriminant analysis (OPLS-DA)
was conducted using SIMCA 13.0 software package to visualize the
metabolic differences among experimental groups. The statistical
significance of metabolite differences between treatment groups and
the control group was assessed using the t test and those with a
ratio � 1.5 or � 0.667 were used in subsequent analyses. Lastly,
pathway analysis was conducted using the MetaboAnalyst 4.0 (http://
www.metaboanalyst.ca/) software package, specifying a p � 0.05
threshold (46).

Experimental Design and Statistical Rationale—An immunoaffinity
analysis was performed to enrich lysine-succinylated peptides of A.
hydrophila and then submitted to identification using mass spectrom-
etry. The fragmentation data from two biological replicates were
merged and interpreted by MaxQuant and searched against the A.
hydrophila ATCC7966 database. The false discovery rate (FDR) based
on a decoy database search for protein, peptides, and modification
sites was set to �1%. Succinylated amino acid sequence motifs were
analyzed using the motif-X program (http://motif-x.med.harvard.edu)
with a significance level of 1e-6 (30). Secondary structure analysis
was performed using NetSurfP with p values calculated by Wilcoxon
test (31). The protein subcellular localization was predicted by
PSORTb version 3.0 and protein domain functional annotations were
assigned using InterProScan (32, 33). Protein-protein interactions
were predicted with high confidence (0.07) using the STRING version
10.1. STRING was also used to identify significantly enriched KEGG
pathways with p value � 0.05, and these correlations were visualized
in Cytoscape 3.5.1 (34, 35). Six biological replicates of each group are
included in the metabolomics experiments. Statistical analyses were
done using SIMCA version 13.0 and GraphPad Prism version 7.0. A
student t test was used to calculate the significance of differences
between site-directed mutagenesis and the control group. Pathway
analysis was conducted by MetaboAnalyst version 4.0 with a p � 0.05
threshold (8). One-way Analysis of Variance (ANOVA) was used to
calculate the significance of different AI-2 activities in three biological
replicates between different groups.

RESULTS AND DISCUSSION

Identification of Lysine-succinylated Peptides and Proteins
in A. hydrophila—To obtain a comprehensive view of the lysine
succinylome in A. hydrophila, fresh bacterial lysine-succiny-
lated peptides were immediately enriched after collection us-

ing a high affinity purification method and a high specificity
succinyl-lysine antibody. Then PTMs within the enriched pep-
tides were identified using a high sensitivity Exactive nano
HPLC-Q. The accuracy of mass spectrometry is a critical
basis for qualitative analysis of mass spectrometry data. A
total of 2174 lysine-succinylated peptides from 666 proteins
were identified using a highly conservative threshold (FDR �

1%) resulting in an average peptide score of 99.4 and an
average mass error of 0.025 (supplemental Table S1). The
near-zero distribution of mass error and that the errors were
predominantly � 0.02 Da, indicated a high degree of accuracy
for identification of the modified peptides (supplemental Fig.
S1A). Most of the enriched lysine-succinylated peptide
lengths were in the range of 7–21 segments, which accounted
for 96.64% of the total identified peptides. A small number of
peptides exhibited lengths of 20–35, which accounted for
about 3.36% of the total peptides. These larger peptides are
consistent with random cutting by trypsin at lysine and argi-
nine residue sites (supplemental Fig. S1B). These results met
the expected requirements and standards for mass spec-
trometry data that are necessary for constructing a high-
quality succinylome of A. hydrophila. Moreover, the propor-
tion of lysine succinylated proteins among the total proteins
was about 16%, which is consistent with previous reports in
other bacterial species that used the same cut-off scores for
identifying PTM peptides. Thus, a considerable number of
lysine-succinylated peptides were successfully identified in A.
hydrophila.

Most of the succinylated proteins contained between one
and four PTM sites. Specifically, 38.44% of the 666 succiny-
lated proteins had one lysine succinylated site, whereas
20.57%, 12.61%, and 6.61% PTM proteins had two, three,
and four succinylated sites, respectively (supplemental Fig.
S1C). These PTM distributions are like those of V. parahemo-
lyticus and E. coli (7). The number of modified proteins with
five or more PTM sites decreased significantly, and proteins
were not observed with 16,18, 20, 23, and 25–28 lysine-
succinylated sites. The protein A0KQA4, which is the beta
subunit of the DNA-directed RNA polymerase, had the highest
number (29) of succinylated sites. In addition, numerous other
proteins exhibited high abundances (�13) of succinylated
sites including the pyruvate metabolism related proteins
A0KMQ3 (18 Ksucc sites), A0KPV1 (21), and A0KHY7 (18); the
translation process related proteins A0KQ96 (24), A0KQA5
(22), A0KNE3 (19), A0KJ93 (19), and A0KQ95 (17); stress
response proteins, including A0KMI6 (17), A0KGL1 (15), and
A0KL53 (14); and the major chaperone proteins A0KJU0
(Tig,15), A0KGL1 (GroL,15), and A0KMI6 (DnaK,17).

Based on mass spectrometry identification, many of the
PTM proteins were enzymes, which is consistent with the
hypothesis that enzyme activities may be precisely regulated
by modification via lysine succinylation. For example, isoci-
trate dehydrogenase (IcD) of E. coli has two succinylated
lysine residues (K100 and K242). Indeed, mutagenesis analy-
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sis has indicated the importance of these sites in maintaining
enzymatic activity, particularly for K100 (7). We identified both
PTM sites (K101 and K243) in the isocitrate dehydrogenase of
A. hydrophila, in addition to five other succinylated residues in
the protein, suggesting that these PTM sites may play roles in
the regulation of enzymatic activity in A. hydrophila.

Many translation-related proteins, which undergo PTM in-
clusive of all 30S ribosome subunits (S1–S21) and most 50S
ribosome subunits (except L32 and L36), were highly succi-
nylated in A. hydrophila (47, 48). In addition, elongation fac-
tors 4, G, P, Ts, and Tu also exhibited succinylated modifica-
tions. These results suggest that PTM may be involved in
bacterial protein translation.

Identification of Lysine Succinylation Motifs—To identify
sequence motifs that were generally associated with lysine
succinylation sites, we examined 21-amino acid sequence
windows surrounding central Ksucc residues using the web-
based Motif-X program and a significance threshold of p �

0.000001. Eight conserved motifs were identified among the
regions surrounding succinylated peptides (Fig. 1A). The mo-
tifs were Ksucc****R, Ksucc****K, FKsucc, LKsucc, MKsucc,
EKsucc, IKsucc, and QKsucc (where * indicates any amino acid
residue). The EKsucc pattern has also been identified in M.
tuberculosis XDR and RIMD 2210633, whereas the FKsucc and
LKsucc motifs were observed in E. coli BW25113, and the
QKsucc and LKsucc motifs were identified in Toxoplasma gondii.
In contrast, these motifs differed considerably from those ob-
served in V. parahemolyticus and E. coli DH10B (49–51). The
preference for lysine at position �1 in E. coli BW25113, �4 in T.
gondii, �5 in A. hydrophila, �6 in M.tuberculosis XDR, and at
�7 and �8 in V. parahemolyticus suggests a potential structural
domain upstream of succinylated lysine and unmodified lysine,
although the patterns were not identical. We generated an in-
tensity map based on the frequency of different amino acid
residues that were adjacent to the succinylated lysine residues
(Fig. 1B). The results indicated that succinylated sequences
were nonrandomly distributed among residues, with higher fre-
quencies in association with nonpolar hydrophobic amino ac-
ids, including F (phenylalanine, Phe) and M (methionine, Met) at
the �1 site. Two polar, positively charged amino acids, R (ar-
ginine, Arg) and K (lysine, Lys), tended to appear at the �6 and
�5 sites, respectively. Intriguingly, several polar and positively
charged amino acids, including K, R, H (histidine, His), and the
negatively charged amino acid, D (aspartate, Asp), exhibited
opposite placement at the �1 site (the cut-off value for the
log10 transformed Fisher’s exact test p value was set at 1).
Similar results have been observed in other bacterial species,
although the precise positions varied. Lysine and arginine are
both alkaline amino acids that share similar molecular struc-
tures, but significantly differ from other basic residues like his-
tidine. Thus, the common, conserved motifs between lysine and
arginine are reasonable. Overall, the lysine succinylation se-
quence motif analyses indicated a common preference for sub-
strates among different bacterial species.

Secondary Structural Analysis of Lysine-succinylated Pro-
teins—To further understand the effects of lysine succinyla-
tion on protein structure, secondary structural predictions
were performed using the NetSrufP algorithm on both the
succinylated subset and total lysine residues. Lysine succiny-
lation was more likely to occur on alpha-helix structures than
all lysine residues (p value 	 4.25 e-10). In contrast, succiny-
lated residues were less likely to be located on the coil (p
value 	 1.41e-9), and no significant difference between suc-
cinylated and all lysine residues was observed on beta-
strands (p value 	 0.3799) (Fig. 1C, left). These results are
consistent with previous studies in other species, including
eukaryotes, in which succinylated lysine residues were more
frequently found in structured regions (10). Interestingly, the
surface accessibility of succinylation sites was significantly
lower than that of all the lysine residues (p value 	 9.3e-6),
indicating that succinylated lysine residues may be preferen-
tially located on the inside of succinylated proteins. This result
may also explain the co-localization of hydrophobic amino
acids near the Ksucc motifs identified in this study (Fig. 1C,
right). Many succinylated lysine residues are involved in the
regulation of enzymatic activity, as discussed above. Thus,
the Ksucc sites located inside of proteins may be involved in
substrate binding and catalysis. For example, two succinyl-
lysine residues (K83 and K310) are in the substrate binding
pocket of the human ketogenic enzyme 3-hydroxy-3-methyl-
glutaryl-CoA synthase 2 (HMGCS2), and these residues con-
tribute to the inhibition of HMGCS2 activity (11). Taken to-
gether, our results indicate that most lysine succinylations are
located on structured regions and may affect protein activities
via secondary structure transformations.

Subcellular Predictions and Functional Classifications of
Lysine-succinylated Proteins—To better understand the func-
tions of succinylated-proteins within cells, we first used
PSORTb software to predict the subcellular localization of
Ksucc proteins. Most of the lysine-succinylated proteins (531)
were cytoplasmic, accounting for 79.73% of the total PTM
proteins (Fig. 2A and supplemental Table S2). The enrichment
of PTM proteins in the cytoplasm is consistent with previous
studies indicating predominant PTM activities within intracel-
lular metabolic pathways. The prevalence of Ksucc proteins in
the cytoplasm indicated that many might be involved in im-
portant functions, such as in core energy metabolism, biosyn-
thesis, translation processes, and substrate binding. Other
Ksucc proteins of A. hydrophila may be related to transport and
resistance to fluctuating conditions in cell envelope proteins,
including 12.76%, 4.80%, 2.25%, and 0.45% of the PTM
proteins that were in the periplasmic space, inner membrane
space, outer membrane, and extracellular space, respec-
tively. Several PTM enzymes, including insertase YidC, pyr-
roline-5-carboxylate reductase ProC, ATP-dependent zinc
metalloprotease FtsH, and Pts system proteins, such as
A0KI59 and NagE, are located on the inner membrane,
whereas some ribosomal subunits including L11, L31, and
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FIG. 1. Properties of lysine-succinylated pep-
tides in A. hydrophila ATCC7966. A, Motif analy-
sis of succinyl-peptides in A. hydrophila. Sequence
models comprising amino acids in specific posi-
tions of modified-21-mers (10 amino acids up-
stream and downstream of the site) of all of the
protein sequences. All the database protein se-
quences were used as the background database
parameter. Both the foreground and background
histograms are shown on the left; B, Heatmap
showing the frequency of different amino acid res-
idues around succinylated lysine residues in A. hy-
drophila; C, Distribution of succinylated-lysines and
all lysines in protein secondary structures. The
mean secondary structure probabilities of modified
lysine residues were compared against the mean
secondary structure probabilities of the data set
containing all lysine residues from all succinylated
proteins identified in this study. p values were cal-
culated using nonpaired Wilcox tests.
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L20, were in the periplasm. Interestingly, some outer mem-
brane proteins were also succinylated. For example, OmpAII,
an important molecule for initial infection and maintaining
bacterial cell envelope structure, contains three lysine-
succinylated sites (52). In addition, the agglutination protein
A0KLQ6 that is homologous to TolC, is a Type I secretion and
efflux outer membrane protein that plays an important role in
antibiotic resistance and exhibited two lysine-succinylated
sites (53). Thus, these succinylation modifications in nonen-
zymatic proteins may indicate involvement in multiple cellular

physiological processes, including bacterial virulence and
pathogenicity.

Previous studies have demonstrated that protein modifica-
tion is widely distributed in many important central metabolic
pathways, including glycolysis, pyruvate metabolism, and the
TCA cycle. Thus, we explored the specific metabolic path-
ways involving the functional proteins observed with PTM. In
addition, we assessed the enrichment of KEGG-annotated
Ksucc proteins in A. hydrophila. The modified proteins were
primarily involved in amphibolic microbial pathways (Fig. 2B

FIG. 2. Subcellular prediction of proteins and functional classifications of succinylated-lysine proteins in A. hydrophila ATCC7966.
A, Subcellular localization of the identified Ksucc proteins represented as a pie chart. B, KEGG pathway-based enrichment analysis of
succinyl-proteins in A. hydrophila. The enrichment of identified proteins against all KEGG database proteins was used to identify enriched
pathways via two-tailed Fisher’s exact tests. Pathways with corrected p values � 0.05 were considered significantly enriched; C, GO-based
enrichment analysis of identified proteins in A. hydrophila. A two-tailed Fisher’s exact test was employed to test the enrichment of the identified
proteins in each category against all of the database proteins. GOs with corrected p values � 0.05 were considered significantly enriched; D,
Enrichment and analysis of domains related to succinylated proteins of A. hydrophila. For each category of proteins, the InterPro database was
used to identify domains and a two-tailed Fisher’s exact test was employed to assess the enrichment of identified proteins against all database
proteins. Correction for multiple hypothesis testing was conducted using standard false discovery rate control methods. Domains with
corrected p values � 0.05 were considered significantly enriched.
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and supplemental Table S3) that are important metabolic
pathways of catabolism and anabolism. These pathways in-
cluded the pentose phosphate pathway (� 5.18% of the total
identified proteins), the TCA cycle (5.83%), 2-oxocarboxylic
acid metabolism (4.53%), pyruvate metabolism (7.77%), pro-
panoate metabolism (4.85%), and glycolysis (7.44%). In ad-
dition, other important metabolic pathways were represented,
including carbon metabolism (19.42%), pyrimidine metabo-
lism (8.74%), and methane metabolism (4.85%), among oth-
ers. These results suggest that A. hydrophila might directly
regulate important metabolic pathways, and other functional
proteins, through post-translational modifications. These dy-
namic and reversible modifications on target proteins may
allow the modification of protein/substrate interactions, or
activity, in order to adjust bacterial growth and promote ad-
aptation to dynamic, external environments.

Gene ontology analysis was also conducted to investigate
the functional enrichment of Ksucc proteins (supplemental Ta-
ble S4). In the ‘biological processes’ category, macromole-
cule biosynthetic processes, cellular macromolecule biosyn-
thetic processes, macromolecule metabolic processes, and
translation were primarily enriched (adjusted Fisher’s exact
test p value � 1e-100) (Fig. 2C, upper panel). Similarly, the
three most enriched categories in the molecular function cat-
egory were structural constituents of ribosomes, structural
molecule activities, and rRNA binding (Fig. 2C, lower panel).
The modified proteins were mostly prevalent in the cytoplasm,
and most were involved in important functions, including core
energy metabolism, biosynthesis, translation processes, and
substrate binding.

To further identify protein functions associated with PTM,
the domains of the identified PTM proteins were annotated
with InterProScan (supplemental Table S5). Rossmann-like
folds, nucleic acid-binding (OB-fold), and aminoacyl-tRNA
synthetases involved in nucleotide binding were the three
most enriched folds based on their p values (Fig. 2D). Previ-
ous reports have demonstrated that PTM can modify con-
served protein domains to regulate biological functions. For
example, the phosphorylation of Ser111 within the human
TPP1oligonucleotide/oligosaccharide binding (OB) fold is im-
portant for cell cycle-dependent telomerase recruitment. In
this study, aminoacyl-tRNA synthetases, including A0KQI5,
A0KLW3, A0KG39, A0KN87, and A0KKF6, contained Ross-
mann-like folds were succinylated. These results indicate that
the amino acid tRNA ligases may exhibit a common regulatory
mechanism via lysine succinylation. In addition, seven ATP-
dependent proteases (A0KJU3, A0KJU2, A0KQI8, A0KJC4,
A0KQE5, A0KJD7, and A0KNF0) exhibited succinylation mod-
ification, suggesting that this type of PTM may also be in-
volved in the regulation of ATPase activities.

Protein-protein Interactions of Lysine-succinylated Pro-
teins—To further understand the roles of lysine-succinylated
proteins in metabolic regulatory processes, we evaluated
metabolic pathway and protein-protein interaction (PPI) net-

works involving the observed enrichment of lysine-succiny-
lated substrates. At least night representative KEGG path-
ways that were significantly enriched as noted by PPIs are
shown in Fig. 3. More than 50 ribosomal subunit proteins from
the large and small 50S and 30S ribosomal subunit com-
plexes, respectively, were highly enriched (p value 	 2.3e-23),
indicating the importance of succinylation modification in the
regulation of protein translation. In addition, 27 pyrimidine
metabolism-related proteins including RpoB, RpoC, PyrG and
PyrE were succinylated, and highly enriched (p value 	

5.865e-03). Of these, DNA-directed RNA polymerase sub-
units, including RpoA, RpoB and RpoC play critical roles in
transcription, and are also targeted by antibiotics because of
their essential functions in maintaining cellular viability (54).
Recently, lysine methylation, acetylation, and succinylation
modification of these proteins have been observed in other
species, suggesting that there may be cross-talk among PTM,
and consequently, that the regulatory mechanisms of this
enzyme may be very complicated (55). Moreover, proteins
involved in export processes, including sec-dependent pro-
teins and tat system proteins that form complexes, exhibited
complicated protein-protein interaction networks. These pro-
teins are involved in the injection of virulence proteins into
host cells, and exhibited lysine-succinylation modification in
A. hydrophila. As expected, the PPI analysis indicated that
lysine succinylation in A. hydrophila participates in multiple
metabolic pathways including the TCA cycle, the pentose
phosphate pathway, glycolysis/gluconeogenesis, and pyru-
vate metabolism.

Lysine Succinylation in A. hydrophila is Involved in Crucial
Metabolic Pathways—In addition to the results described
above, previous research has suggested that the lysine-suc-
cinylation of proteins, especially metabolic enzymes, may play
regulatory roles in central metabolic pathways, either in eu-
karyotes or prokaryotes (26). Lysine succinylated enzymes of
A. hydrophila were involved in the TCA cycle, glycolysis/
gluconeogenesis, and pyruvate metabolism (Fig. 4), which are
all major metabolic pathways of bacteria. Indeed, many of the
metabolic enzymes in these pathways were succinylated in A.
hydrophila. These lysine modification sites may also exhibit
other types of PTM, including acetylation, pupylation, malo-
nylation, and propionylation, and thus, these major metabo-
lisms of bacteria are likely regulated by cross-talk of multiple
lysine modifications. Moreover, the regulation of these meta-
bolic pathways may result in numerous vital biological behav-
iors. For example, recent studies have demonstrated that
bacteria may alter metabolic pathways to increase resistance
to antibiotics (44, 56, 57). Consequently, the enrichment of
lysine-succinylation in crucial metabolic enzymes suggests
the presence of potentially novel antibiotic resistance mech-
anisms, as mediated by PTM.

Validation of Selected Lysine-succinylated Proteins with
Co-immunoprecipitation and Western Blotting—To confirm
the succinylation-enrichment results from proteomics, the ly-
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FIG. 4. Lysine succinylation is involved in crucial metabolic pathways of A. hydrophila ATCC7966. Identified succinylated proteins are
labeled with green circles.

FIG. 3. Analysis of protein-protein interaction networks of lysine-succinylated proteins in A. hydrophila ATCC7966. Different colors
display various clusters according to KEGG pathways enrichment.
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sine-succinylation of six selected proteins were validated with
a combination of Co-IP and Western blotting. Specifically,
we cloned and purified S-ribosylhomocysteine lyase LuxS
(A0KG57), succinyl-CoA ligase subunit beta SucC (A0KJK9),
phosphoglycerate kinase PkG (A0KGD3), LysM domain pro-
tein (A0KJB5), maltose-binding periplasmic protein A0KIV2,
and outer membrane protein (A0KHH2), and then produced
specific polyclonal antibodies for each. On the premise of
ensuring the specificity of polyclonal antibodies in total pro-
tein of A. hydrophila, those candidate proteins were captured
by specific antibodies and Western blotting was then per-
formed using anti-related protein antibodies or anti-succiny-
lation antibodies (Fig. 5). The results confirmed that all six
candidate proteins exhibited succinylation modifications con-
sistent with the proteomics data.

Lysine Succinylations of LuxS Positively Regulate the Pro-
duction of Quorum Sensing AI-2 Molecules—The PTM pro-
teomics indicated that the AI-2 synthetase LuxS protein was
modified by succinylation at the K23 and K30 sites (Fig. 6A
and 6B). Homology comparisons with other bacterial species
indicated that both lysine sites are substantially conserved
(Fig. 6C). To better understand the effects of Ksucc on the
biological function of this protein, we constructed genetic
depletion mutants of luxS and its complement strain. We also
used complemented 6� His tag LuxS in 
luxS and then
constructed site-specific mutagenesis mutants for the K23
and K30 sites by replacing lysine with glutamate (E) to mimic
lysine succinylation and with arginine (R) to conserve the
positive charge on the pBBR1MCS-1 vector, respectively.
The subsequent pull down and anti-Ksucc Western blotting
indicated decreasing signals of Ksucc on point mutant strains,
compared with the rescue strains, suggesting that both lysine
residue sites were modified by succinylation (Fig. 6D).

To further investigate the effects of Ksucc on the function of
LuxS, the capabilities of AI-2 production in the abovemen-
tioned site-directed mutagenesis experiments were measured
by V. harveyi BB170 bioassays. All the mutants exhibited

significantly decreased AI-2 production compared with the
positive controls (rescue strain) (Fig. 6E). Moreover, the K to R
mutants depressed more AI-2 signal than the K to E mutants.
These results suggest that both lysine sites are important for
AI-2 production. Moreover, based on comparisons against
the K23R and K30R mutant, the related Ksucc modification
sites on LuxS (K23E and K30E) are likely to positively regulate
its enzymatic function.

The Lysine Succinylations of LuxS Positively Regulate the
Competitive Ability of A. hydrophila—Quorum sensing affects
communication with other bacterial species. Consequently,
we tested the competitive abilities of A. hydrophila luxS mu-
tants via co-culture with V. alginolyticus, another globally
distributed aquatic pathogen. The depletion of luxS coincided
with sharply decreased bacterial abundances of A. hydro-
phila, whereas no such decreases were observed with the
rescue strain (Fig. 6F). This result indicates that LuxS plays an
important role in competition of A. hydrophila with other spe-
cies. However, when the Ksucc sites of LuxS were substituted
by E or R, survival of A. hydrophila fluctuated. Generally, the
K23E and K30E mutants exhibited increased survival, es-
pecially for K30E, which promoted the growth of V. algino-
lyticus, whereas K23R resulted in the decreased competi-
tive ability of A. hydrophila. These results indicate that lysine
succinylation of LuxS at the K23 and K30 sites may posi-
tively regulate A. hydrophila communication with other bac-
terial species.

Metabolite Profiles of LuxS and Derivatives—It has been
well documented that LuxS plays pleiotropic roles in biologi-
cal functions of bacteria. In addition to quorum sensing, LuxS
is also involved in the activated methyl cycle (AMC), which is
a major supplier of methyl donors in cells and also affects
sulfur and iron metabolism (58, 59). For example, metabolo-
mic analysis of Lactobacillus reuteri luxS mutants revealed
that it affects bacterial fermentation, and the metabolism of
fatty acids and amino acids (60). Consequently, we further
investigated whether LuxS modified by Ksucc is involved in

FIG. 5. Validation of selected lysine-
succinylated proteins in A. hydrophila
using Co-Immunoprecipitation and
Western blotting. Total proteins of A.
hydrophila were used for Western blot-
ting with anti-specific target antibodies
as lane inputs (left panel). Candidate
proteins were enriched by Co-IP with
specific antibodies and followed by
Western blotting with specific antibodies
(middle panel). Candidate proteins were
enriched by Co-IP with specific antibod-
ies and followed by Western blotting
with anti-lysine succinylation antibodies
(right panel). Pre-immune serum of rab-
bit antibody was used as the negative
controls in both experimental process
(left side of each lane in middle and right
panel).

Succinylated LuxS Regulated Quorum Sensing and Metabolism

Molecular & Cellular Proteomics 18.2 209



other metabolic pathways. GC-MS based metabolomics anal-
yses were performed to determine the metabolite profiles of
LuxS and its derivatives in A. hydrophila. A total of 271 me-

tabolites were identified including 48, 66, 109, and 52 altered
metabolites in the K23E, K23R, K30E, and K30R mutants,
respectively, when compared with the complement strain,

FIG. 6. Lysine-succinylation of LuxS affects the quorum sensing properties of A. hydrophila. A and B, MS/MS spectral identification of
succinyl-peptides on the K23 and K30 sites of A. hydrophila LuxS, respectively; C, Alignment of partial LuxS sequence (1-60 aa) homologs from
ten bacterial species, including E. coli, V. alginolytious (WP_017820391.1), V. parahemeolyticus (WP_025792841.1), V. campbellii
(WP_012128886.1), V. harveyi (WP_042603130.1), and Shigella flexneri. Conserved sites are shaded in gray/black and residues of interest are
highlighted; D, Acetylation levels of purified LuxS and its derivatives were determined by Western blotting using anti-acetyllysine and anti-His
tag antibodies, respectively. 
luxS with the original vector was used as the negative control; E, AI-2 activity of 
luxS complement strains and
derivatives, as determined by V. harveyi BBl70 bioluminescence assays; F, Effect of site-directed mutagenesis of LuxS on bacterial competition
between A. hydrophila and Vibrio alginolyticus. Statistical analysis was performed with t tests of different groups. p values � 0.0001 are
indicated by *** and p values � 0.05 are indicated by **; Wild type A. hydrophila as the positive control with 
luxS, and 
luxS containing the
original vector as the negative control; Red color indicates Vibrio alginolyticus, whereas blue indicates A. hydrophila.
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each of the metabolites exhibited fold change (FC) values
higher than 1.5 and p values � 0.05 in six biological replicates
of each sample (supplemental Table S8). Few altered metab-
olites were found in common among samples, suggesting
little overlap in metabolite profiles (Fig. 7A). Moreover, princi-

pal component (PCA) analysis clearly separated LuxS and its
derivatives (Fig. 7B), in which the metabolic profile of samples
from the K30R mutant was clearly different from the luxS
complement strain and the K30E mutant. Significant differen-
tially expressed metabolites were clustered and displayed as

FIG. 7. Metabolic profiles of LuxS and its site-directed mutant derivatives in A. hydrophila. A, Venn diagrams showing the overlap
between altered metabolites among K23E, K23R, K30E, and K30R mutants when compared with the LuxS complement strain; B, OPLS-DA
plot showing the clustering of samples based on 271 metabolite abundances for LuxS, and its four site-directed mutant derivative samples.
The first and second model components discriminate the different groups. The OPLS-DA used one predictive component and four orthogonal
components to yield a R2X of 0.519, R2Y of 0.900, and Q2 of 0.706; C, A heat map was used to visualize altered metabolites among luxS
mutants when compared with the LuxS complement strain (CK). Blue and red indicate decreased and increased metabolites ratio (log2scale),
respectively; D, KEGG pathway enrichment of metabolites among site-directed mutant derivatives of LuxS.
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a heat map (Fig. 7C). These results indicate the differential
regulation of function of Ksucc modified LuxS at the K23 and
K30 sites.

Then the impact of enriched KEGG pathways was further
investigated in these four mutants. The succinylation mimic of
the lysine 23 site of LuxS (K23E) affected lysine and tyrosine
metabolism, whereas the de-succinylated mimic K23 (K23R)
was involved in alanine metabolism, aspartate and glutamate
metabolism, and unsaturated fatty acid biosynthesis (Fig. 7D).
The K30E mutant was enriched in the most KEGG pathways
including nitrogen metabolism and the metabolism of various
amino acids. Except for sulfur metabolism, the K30R mutant
was involved in similar amino acid metabolism as the other
mutants. Together with the observation that LuxS affects
amino acid, fatty acid, and sulfur metabolisms, our metabo-
lomics data indicate that LuxS may subtly control these cen-
tral metabolisms via reversible regulation of lysine succinyla-
tion status at the K23 and K30 sites.

The Lysine Succinylations of LuxS Affect the Amino Acid
and Activated Methyl Cycle Metabolism in A. hydrophila—
Based on our metabolomics results, site-directed mutant de-
rivatives of LuxS significantly affected intracellular central me-
tabolism, especially for amino acids and their associated
metabolism (Fig. 8). The K23 mutants increased levels of
amino acids, including lysine, homoserine, glutamine, tyro-

sine, phenylalanine, tryptophan, and histidine. In contrast, the
K30 mutants decreased their levels, suggesting site-specific
effects of K23 and K30 residues of LuxS on bacterial metab-
olism. Moreover, all of the LuxS derivatives decreased the
production of AI-2, which resulted in the accumulation of
the toxic metabolite S-adenosylhomocysteine (SAH) through
the activated methyl cycle that can be harmful to bacterial
growth. Although we failed to detect S-adenosylmethionine
(SAM), SAH, and S-ribosylhomocysteine (SRH) metabolites,
the concentrations of adenosine and adenine did not change
in the mutants. The decrease in methionine in the K30E mu-
tant and its unaltered levels in the K23E, K23R, and K30R
mutants suggested that K30E suppresseed the AMC and
negatively regulated the methionine metabolite. Concomi-
tantly, the upregulated levels of homocysteine also indicated
that metabolic flow is shunted to other amino acid metabolic
pathways after suppression of AMC or AI-2 production sup-
pression. This may explain why toxic SAH may not accumu-
late in cells. Further, we also observed that the metabolism of
several amino acids, including serine, arginine, asparagine,
isoleucine, alanine, and valine, was not affected by LuxS
site-directed mutants. Thus, the metabolite profiles of LuxS
and its site-directed mutant derivatives indicate a compli-
cated regulatory network that is mediated by modification via
lysine succinylation.

FIG. 8. Lysine-succinylation of LuxS affects AMC and
amino acid metabolism in A. hydrophila. The AMC- and
amino acid-associated metabolic networks involving differ-
ent metabolites were obtained from comparisons of site-
directed mutant derivatives of LuxS to LuxS. Colored boxes
labeled 1–4 represent the log2 scale of metabolite ratios of
K23E, K23R, K30E, and K30R against the LuxS control,
respectively. White colored boxes indicate the lack of a
statistically significant change for that metabolite.

Succinylated LuxS Regulated Quorum Sensing and Metabolism

212 Molecular & Cellular Proteomics 18.2



CONCLUSIONS

A. hydrophila is a well-known pathogen of fish farms that
causes significant economic losses with outbreaks. More-
over, this pathogen can infect animals, including humans,
which has led to increasing antibiotic resistance in aquacul-
ture and hospitals. However, the intrinsic biological behaviors
of A. hydrophila are largely unknown. A growing body of
literature suggests that succinylation of lysine within proteins
is involved in the regulation of bacterial physiology and plays
a crucial role in multiple biological processes. Here, we in-
vestigated the lysine succinylation profile of A. hydrophila
ATCC7966 using affinity antibody purification combined with
LC MS/MS to better understand the regulatory roles of lysine
succinylation in this fish and mammal pathogen. A total of 666
lysine succinylation proteins were identified and the succiny-
lation patterns shared some commonalities with other bacte-
rial species that have been investigated. Further investigation
indicated that lysine succinylation modifications on S-ribosyl-
homocysteine lyase were shown to affect bacterial quorum
sensing behavior, as mediated by AI-2, which may influence
bacterial community interactions. Moreover, succinylation of
lysine was also involved in the regulation of several central
metabolic pathways, including AMC and amino acid metab-
olism. Furthermore, in addition to the Ksucc modification of
LuxS, five Ksucc modification sites were identified on S-ad-
enosylmethionine synthase, MetK, which is also involved in
AMC through the conversion of methionine to SAM. Lysine
acetylation of MetK has also been observed to regulate en-
zymatic activity in E. coli. The post-translational modifications
of LuxS and MetK suggest the presence of a complicated
intracellular regulatory network for AMC metabolism, and the
cross-talk between both common PTMs requires further in-
vestigation. In conclusion, a more complete understanding of
the physiological functions of these PTMs in A. hydrophila
proteins will aid in disease prevention and the treatment of
this important pathogen.
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