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Abstract

Solenopsis invicta.

ous secondary metabolites.

Background: Lysine succinylation (Ksu) exists in both eukaryotes and prokaryotes, and influences a variety of
metabolism processes. However, little attention has been paid to Ksu in insects, especially the notorious invasive pest

Results: In this study, the first analyses of Ksu proteome and overlap between Ksu and lysine acetylation (Kac) in S.
invicta were presented. 3753 succinylated sites in 893 succinylated proteins were tested. The dihydrolipoyl dehydro-
genase, V-type proton ATPase subunit G, and tubulin alpha chain all had evolutionary conservatism among diverse
ant or bee species. Immunoblotting validation showed that there were many Ksu protein bands with a wide range of
molecular mass. In addition, 1230 sites in 439 proteins were highly overlapped between Ksu and Kac. 54.05% of Ksu
proteins in cytoplasm were acetylated. The results demonstrated that Ksu may play a vital part in the allergization,
redox metabolism, sugar, fat, and protein metabolism, energy production, immune response, and biosynthesis of vari-

Conclusions: Ksu and Kac were two ubiquitous protein post-translational modifications participated in a variety of
biological processes. Our results may supply rich resources and a starting point for the molecular basic research of
regulation on metabolic pathways and other biological processes by succinylation and acetylation.
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Background

Lysine residues can be modified by a large num-
ber of post-translational protein acylation modi-
fications, namely, succinylation, acetylation,
B-hydroxybutyrylation, 2-hydroxyisobutyrylation, and
biotinylation [1]. Lysine succinylation (Ksu) transforms
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the side chains of cationic lysine into anions, and has
important potential efforts on the structure and func-
tion of proteins [2]. Ksu is a novel discovered reversible
post-translational modification (PTM), which exists in
both eukaryotes and prokaryotes and influences a variety
of metabolism processes [1]. Ksu may functionalize pro-
teins mainly by non-enzymatic mechanisms [3]. Ksu cou-
ples the cyclic metabolism of tricarboxylic acid (TCA)
with the changes of activities, structures, and charges
of proteins participated in multiple cellular processes
through succinyl-CoA [4]. Comprehensive study of pro-
teome has shown that Ksu strides over various biological
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compartments, but mainly centralizes on mitochondria
[5].

Protein sucinylome, whose aim was to determine the
comprehensive Ksu sites at the proteomic level, was
carried out in plants, microorganisms, and animals [6].
The comprehensive succinylome was first reported in
the traditional Chinese medicine herb Pogostemon cab-
lin (Blanco) Benth, which broadened the range of Ksu
in plants [7]. Gao et al. [8] utilized mass spectrometry-
based proteomics to enrich Ksu peptides by immunopre-
cipitation, and conducted a comprehensive localization
of Ksu in zebrafish Danio rerio. The global view of suc-
cinate group in the rice blast disease Pyricularia oryzae
for the first time was supplied, which might contribute
to seek latent pathogenicity-related proteins to control
P oryzae [9]. The proteomes of Ksu and Kac were ana-
lyzed, and these two modifications were widely involved
in the metabolism of the seed embryos of germinating
rice Oryza sativa [6]. Zhen et al. [10] firstly analyzed
the proteomes of Ksu and Kac in the seedling leaves of
Brachypodium distachyon L, and showed that Ksu and
Kac could be used as switches to control the activities of
some key enzymes and ensure the proper developmental
function of B. distachyon accession 21. The first succi-
nyl and acetyl groups of Pseudomonas aeruginosa PA14,
which were cultured at the exits of four diverse carbon
sources, were presented [11].

Solenopsis invicta is an invasive pest of notorious repu-
tation in the world. Because S. invicta spreads rapidly, it
has led to many ecological problems and huge economic
losses to many countries, prompting researchers to con-
duct in-depth study on its invasion causes [12]. The sting
of S. invicta can lead to skin redness, swelling, anaphy-
lactic shock, and even death [13]. S. invicta depends
on quantitative and behavioral advantages to take over
native species, and has a great impact on resident ants
after establishment [14]. The acetylome in S. invicta
for the first time revealed that extensive functions were
modified by Kac [15]. However, little attention has been
paid to Ksu in insects. In this study, the first analyses of
Ksu proteome and overlap between Ksu and Kac in this
notorious invasive species S. invicta were presented.

Results

Proteomic profiling of Ksu in S. invicta

The length of all Ksu peptides ranged from 7 to 37 amino
acids, and most of them ranged from 7 to 19 amino acids
(S1 Fig. A-C). 3753 non-redundant succinylated sites in
893 non-redundant succinylated proteins were tested
(Fig. 1A). There were 306 proteins (40.89%) that included
one Ksu site, and there were 179 proteins (23.90%) that
included five or more Ksu sites. 30.57 proteins (4.10%)
had more than 15 Ksu sites. There were 4.04 sites per
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protein (S2 Fig. A-C). 1355 sites were discovered to
contain amino acid sequence around — 10 to + 10 posi-
tions of succinylated lysine. Five conserved motifs were
significantly overrepresented around the Ksu sites, such
as K,y x000xK, AKg,, GK,) Ky A, and QK. “x”
meant a random amino acid residue. Alkaline amino acid
(K) and hydrophobic amino acid (A) were located in the
upstream of Ksu sites, while hydrophobic amino acid (A)
and hydrophilic amino acids (G and Q) were located in
the downstream of Ksu sites. K, xxxxxxK was the most
abundant, which frequently occurred at the + 7 position
(Fig. 1B).

Gene ontology (GO) classification and subcellular
distribution of succinylated proteins

In order to understand the possible roles of Ksu, GO
classification of the identified proteins was conducted.
The analysis of biological process showed that the main
functions of Ksu proteins were involved in the cellular
metabolic process, organic substance metabolic process,
primary metabolic process, and nitrogen compound
metabolic process. Within the category of cellular com-
ponent, the Ksu proteins were mostly localized in the
intracellular, intracellular organelle, membrane-bounded
organelle, and non-membrane-bounded organelle. With
respect to molecular functions, the proteins were pre-
dominantly involved in protein binding, hydrolase activ-
ity, oxidoreductase activity, and organic cyclic compound
binding (Fig. 2A).

43.43% of the Ksu proteins occurred in the cytoplasm,
17.40% of them occurred in the mitochondria, 16.61%
of them were located in the extracellular, and 10.44% of
them were located in the nucleus (Fig. 2B). It was found
that the venom allergens Sol i I (10 Ksu sites), Sol i III (6
Ksu sites), and Sol i IV (10 Ksu sites) were localized in the
extracellular (Fig. 2C). The MS? spectra of the amino acid
position K29 and K40 in Sol i II, K71 and K204 in Sol i I1I,
and K74 and K91 in Sol i IV were shown in S3 Fig. A-F.

GO, KEGG, and domain enrichments

The three types of Ksu proteins were elucidated by GO
enrichment. As shown in terms of biological process,
Ksu proteins were mainly enriched in the monocarbox-
ylic acid metabolic process, fatty acid beta-oxidation,
monocarboxylic acid catabolic process, and TCA meta-
bolic process (p <0.0001; Fig. 3A). With respect to cellu-
lar component, Ksu proteins were mostly enriched in the
cytoplasmic part, ribosomal subunit, ribosome, and mus-
cle myosin complex (p <0.0001; Fig. 3B). In the molecu-
lar function, enrichment were observed in Ksu proteins
associated with the structural constituents of ribosome,
oxidoreductase activity, oxidoreductase activity, acting
on NAD(P) H, and actin binding (p <0.0001; Fig. 3C).
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Fig. 1 Identification of lysine succinylation (Ksu) sites in Solenopsis invicta. A Basic statistical results of MS. B Heat map analysis of motif enrichment
of amino acids around Ksu sites. Red denotes significantly enriched amino acids near the Ksu site, while green denotes significantly reduced amino

Enriched substrates of protein domains were related
to the middle domain, C-terminal domain, and N-ter-
minal domain of acyl-CoA dehydrogenase, biotin-
requiring enzyme, proteasome subunit, and N-terminal
domain of glutathione S-transferase (p <0.0001; Fig. 3D).
Furthmore, a few proteins with diverse domains, such
as the spectrin repeat, Ca’" insensitive EF hand, EF-
hand domain pair, elongation factor Tu domain 2, and

elongation factor Tu GTP binding domain, had a series of
succinylation sites (S1 Table).

KEGG pathway enrichment analysis found that a
total of 25 highly enriched pathways were identified,
such as the valine, leucine, and isoleucine degradation,
citrate cycle (TCA cycle), ribosome, alanine, aspartate,
and glutamate metabolism, propanoate metabolism,
pyruvate metabolism, and glycolysis/gluconeogenesis
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(p<0.0001; S4 Fig.). The TCA cycle included 270 Ksu
sites in 26 Ksu proteins, such as the isocitrate dehydro-
genase [NAD] subunit, malate dehydrogenase, FAD_
binding 2 domain-containing protein, succinate-CoA
ligase subunit beta, dihydrolipoyl dehydrogenase, and
succinate dehydrogenase (p <0.05; Fig. 4) [16—18]. The
valine, leucine, and isoleucine degradation contained
169 Ksu sites in 22 Ksu proteins, such as the dihy-
drolipoyl dehydrogenase, 3-hydroxy-3-methylglutaryl
coenzyme A synthase, pyruvate carboxyltransferase
domain-containing protein, aldedh domain-containing
protein, 2-oxoisovalerate dehydrogenase subunit alpha,
acyl-CoA_dh_1 domain-containing protein, dihy-
drolipoamide acetyltransferase component of pyruvate
dehydrogenase complex, and uncharacterized protein
(p<0.05; Fig. 5) [16—18]. There were also a few Ksu pro-
teins in the phagosome, including the V-type proton
ATPase subunit G, and tubulin alpha chain (p <0.05;

Fig. 6) [16-18]. It was found that the dihydrolipoyl
dehydrogenase, which had 18 Ksu sites, and the V-type
proton ATPase subunit G, which contained 5 Ksu sites,
both had evolutionary conservatism among diverse ant
species by sequence alignment analyses (Fig. 7A, B).
The residue tubulin alpha chain, which contained 8 Ksu
sites, also had evolutionary conservatism among vari-
ous species of ants and bees (Fig. 7C).

PPI networks

To study the interactions between different Ksu pro-
teins and their participation in a variety of interaction
pathways, PPI analysis was performed with all identi-
fied Ksu proteins in S. invicta. 203 Ksu proteins were
appraised as nodes and interconnected to match PPI
networks. 47.29% of the proteins in the networks had
more than 50 node degrees, such as uncharacterized
protein, ribosomal _L2_C domain-containing protein,
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Fig. 3 GO and domain enrichment analyses of the identified lysine succinylation proteins in Solenopsis invicta. A GO enrichment in biological
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ribosomal_L23eN domain-containing protein, and
guanine nucleotide-binding protein subunit beta-like
protein. 13.79% of the proteins in the PPI networks con-
tained more than 10 Ksu sites, including uncharacter-
ized protein, aconitate hydratase, ATP synthase subunit
alpha, transket_pyr domain-containing protein, and
dihydrolipoyl dehydrogenase (S2 Table). The dihydroli-
poyl dehydrogenase, whose degree was 64, contained
18 sites. The three highly PPI networks included the
ribosome, oxidative phosphorylation, and carbohydrate
metabolism (S5 Fig. A—C).

Immunoblotting validation of Ksu proteins in S. invicta
The distribution of Ksu proteins in S. invicta was dem-
onstrated by Western blotting. Figure 8 and S6 Fig. A-C

showed the overall protein level and immunoblotting val-
idation of short exposure (8s) and long exposure (15s).
The result implied that Ksu level in S. invicta was quite
high. There were many protein bands with a wide range
of molecular mass that were investigated.

Overlap between Ksu and Kac

The sites and proteins in this study of succinylation were
compared to those in our previous study of acetylation
in S. invicta [15]. 1230 sites (32.77%) in 439 proteins
(49.16%) were highly overlapped between succinylation
and acetylation (Fig. 9A, B). 54.05% of Ksu proteins in
cytoplasm were acetylated, while 45.15% of Kac proteins
in cytoplasm were succinylated (Fig. 9C). 63.23% of Ksu
proteins in mitochondria were acetylated, while 59.03%
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of Kac proteins in the mitochondria were succinylated
(Fig. 9D).

Discussion

Succinylation proteomic analysis of insects has never
been reported before. This was the first time to present
the Ksu proteomic analysis and the overlap analysis
between succinylation and acetylation in this danger-
ous invasive species S. invicta. The results demonstrated
that Ksu may play an important role in the allergization,
redox metabolism, sugar, fat, and protein metabolism,
energy production, immune response, metabolism or
biosynthesis of various secondary metabolites, biotic and
abiotic stress responses, and nerve signal transduction of
S. invicta. Furthermore, Ksu and Kac were two ubiqui-
tous protein PTMs participated in a variety of biological
processes.

3753 succinylation sites in 893 proteins were tested in
our study. Gao et al. [8] implied that D. rerio had 552 non-
redundant Ksu sites in 264 proteins, which was detected
in vertebrates for the first time. 5502 Ksu sites occurring

on 2593 proteins were obtained in the O. sativa leaves
[19]. 1520 Ksu unique sites on 612 proteins were tested in
P aeruginosa [11]. Compared with the typical regulation
of PTMs (such as phosphorylation), the complexity of
succinylation in bacteria seemed to be greater than that
in eukaryotes [1]. It was found that the complexity of suc-
cinylation was greater in rice than in S. invicta, while the
Ksu complexity was greater in S. invicta than in bacteria.
In this study, there were enrichments of Ky, xxxxxK,
AKyy GKigyy Ky A, and QK(g,), which showed differ-
ent abundances. This indicated that succinyl groups were
more likely to modify the proteins with specific amino
acid residues. QK was also observed in rice leaf [19],
embryo of germinating rice seed [6], and protozoan para-
site Toxoplasma gondii [20]. Ky, xxxxxxK also appeared
in P aeruginosa [11]. These suggested that conserved
motifs surrounding Ksu sites were conserved among dif-
ferent species, and alkaline amino acid and hydrophilic
amino acids might play pivotal roles in succinylation. The
same lysine G was both succinylated and acetylated at the
—1 position in S. invicta [15]. This indicated that fatty
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amino acid was more easily to be modified by both Kac
and Ksu. The distribution of amino acids was not biased
in the acetylomes of S. invicta [15], but there was bias in
this study.

The results of GO classification and subcellular locali-
zatioin found that Ksu proteins were involved in a vari-
ety of biological processes, and showed a wide subcellular
distribution. The Ksu proteins of D. rerio, human cell,
and mouse liver were predominantly located in the mito-
chondria [1, 8]. The chloroplast and cytoplasm were the
major category of Ksu proteins in the leaves of P. cablin
[7]. Succinylated proteins were mostly located in cyto-
plasm in P aeruginosa [11]. Succinate can be formed in
the cytoplasm as a residue by passing through the mito-
chondrial membrane [21]. In this study, cytoplasm was
the top preferred cellular component of Ksu proteins in
S. invicta, followed by mitochondria. The Kac proteins
also mainly occurred in the cytoplasm in S. invicta [15].
Domain-containing protein of major facilitator super-
family (MFSD) in plasma membrane had only Ksu sites
but no Kac sites. Two new putative family members of
membrane-bound solute carriers (SLCs), MFSD1 and

MESD3, were identified [22]. The SLCs, which are crucial
and contain about 400 transporters, have some physi-
ological functions, for example ion transport, nutrient
absorption, and waste scavenging [23]. Both MFSD1
and MFSD3 are conserved in chordates, while MFSD1
is also present in Drosophila [22]. It was found that the
venom allergens Sol i II, Sol i III, and Sol i IV, which
were located in the extracellular, were succinylated. They
were also found to be acetylated in the extracellular in
S. invicta [15]. There were more sites of venom allergen
Sol i IL, Sol i III, and Sol i IV (10, 6, and 10 sites, respec-
tively) for succinylation than those for acetylation (7, 4,
and 1 sites, respectively). All the 12 Kac sites of venom
allergen were overlapped with the Ksu sites. 0.1% of the
venom of S. invicta consists of four highly allergenic pro-
teins, namely Sol i I, Sol i I, Sol i III, and Sol i IV. These
allergenic proteins can lead to anaphylactic shock [24].
These four allergic proteins are different in structure. Sol
i IV is unique to S. invicta [25]. Soli II and Sol i III are
the main protein components of venom, while there are
of small amounts of Sol i I and Sol i IV [24]. These dem-
onstrated that both Ksu and Kac may play central roles in
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Dihydrolipoyl dehydrogenase: AQLGM&TVCVE ...... KLMEO&TNVVK ...... IAGLFﬁ’KNKVEWVKGH
A GKITGKNQVTALKPDGST.....QKVLAKQGLKEF.....ANSRAKTNLET
* * * *

Solenopsis invicta AQ' G KTVCVI .. K QK TNVVK.....IAGI FK KNKVEWVK GH

GKITGKNQVTAI K PDGST.....QKVI AKQG! KF.....ANSRAK TNLET

Trachymyrmex cornetzi AQ G KTVCVI ... K QK TNVVK.....IAGL. FKKNKI IWVK GH
GKITGKNQVTAI K PDGSV.....QKVI. AKQGI KF.....ANSRAK TNLET

Wasmannia auropunctata AQ' G KTVCV ... K QK TNVVK.....IAGI FKKNKVIWVK GH
GKITGKNQVTAI K PDGSV.....QKVI AKQGI KF.....ANSRAK TNLET

Trachymyrmex zeteki AQ' G KTVCV ... K QK TNVVK.....IAGI FK KNKVIEWVK GH

GKITGKNQVTALK SDGSV.....QKVI . AKQGI KF.....ANSRAK TNLET

Temnothorax curvispinosus AQ! G KTVCV' ... K QK TNVVK.....IAGI FK KNKVEWVK GH
GKITGKNQVTALKPDGSV.....QKI1 1. AKQGI KF.....ANSRAK TNLET

Cyphomyrmex costatus AQ' G KTVCVI ...... K QK TNVVK.....IAGI. FKKNKVIWVK GH
GKITGKNQVTAILKPDGSV...... QKVI.AKQGI KF.....ANSRAK TNLET

V-type proton ATPase subunit G: QA&EEAQDEIE&YRQDE ...... DFEA&HMGS&EDVAARIEADTRVKIEEMN

B S. invicta QAKEEAQDEIEK VR.....DFEAKH\IGSKEDVAARIEADTRVKIEE
T. zeteki QAKEEAQDEIEK YR.....DFEAKH\IGSKEDVAARIEADTRLKIEE

T. curvispinosus QAKEEAQDEIEK VR.....DFEAKH SKEDVAARIEADTKVKIEE

T. cornetzi QAKEEAQDEIEK YR.....DFEAKH\IG:SKEDVAARIEADTRLKIEE

Dinoponera quadriceps QAKEEAQDEIEK " R.....EFEAKH SKEDVAARIEADTRVKIEE

C. costatus QAKEEAQDEIEK VR.....DFEAKH"\ISKEDVAARIEADTRLKIEE

C DVNAAIATIKTKRTL.....GGDLAKVQRAV.....ARLDHKFDLMYAKRAFVH
* * * *

S. invicta QLITGKEDAANNYARGHYTIGKEIVDL.....SVDYGK KSKLE...... DVVPK
DVNAAIATIK TKRTL..... DLAKVQRAV.....ARLDHK FDL\/YAKRAFVH

Harpegnathos saltator QLITCKEDAANNYARCHYTICKEIVDL.....SVDYGK KSKLE...... DVVPK
DVNAAIATIK TKRTL..... DLAK VQRAV.....ARLDHK FDL\IYAK RAFVH

Odontomachus brunneus QLIT K EDAA " YARCHYTI*.KEIVDL....SVDYGK "SI LE.... DVVPK
DVNAAIATIK TKRTI..... DLAK VQRAV.....ARLDHK FDLV YAKRAFVH

Acromyrmex echinatior QLITC KEDAANNYARCHYTICKEIVDL.....SVDYGK <SKLE..... DVVPK
DVNAAIATIK TKRTL..... DLAK VQRAV.....ARLDHK FDL\'YAK RAFVH

Habropoda laboriosa QLITGKEDAANNYARCHYTICKEIVDL.....SVDYGK KSKLE...... DVVPK
DVNAAIATIK TKRTL..... DLAK VQRAV.....ARLDHK FDLVIYAK RAFVH

Bombus terrestris QLITC. KEDAANNYARGHYTICK EIVDL.....SVDYGK KSKLE...... DVVPK

DVNAAIATIK TKRTL..... DLAK VQRAV.....ARLDHK FDL\YAK RAFVH
Fig. 7 The dihydrolipoyl dehydrogenase, V-type proton ATPase subunit G, and tubulin alpha chain in Solenopsis invicta had evolutionary

conservatism among diverse ant or bee species. The red stars indicated conserved lysine succinylated residues. A Dihydrolipoyl dehydrogenase. B
V-type proton ATPase subunit G. C Tubulin alpha chain
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the allergization of S. invicta. Moreover, there was pos-
sible interaction between Ksu and Kac in the modulation
of allergization.

The pathways TCA cycle, glycolysis/gluconeogenesis,
and pyruvate metabolism, which produced an effect
in monitoring sugar, fat, and protein metabolism and
energy production for life processes [6], were of signifi-
cant enrichment. Malate dehydrogenase, which was a key
enzyme in TCA cycle, was enriched in the metabolism
pathways including cysteine and methionine metabo-
lism, pyruvate metabolism, and glyoxylate and dicarbo-
xylate metabolism. 7 Ksu sites of malate dehydrogenase
were overlapped with Kac sites in S. invicta [15]. The
pathways valine, leucine, and isoleucine degradation,
propanoate metabolism, and alanine, aspartate, and glu-
tamate metabolism were also enriched, which suggested
that Ksu were related to the metabolism or biosynthe-
sis of various secondary metabolites in S. invicta. In the
valine, leucine, and isoleucine degradation, all the 19
Kac proteins were overlapped with Ksu ones, and 63 Kac
sites were overlapped with Ksu ones in S. invicta [15]. Ye
and Li [15] showed that in the phagosome there were 7
lysine acetylated proteins with16 Ksu sites, which were
also found to be succinylated in our study, including the
V-type proton ATPase subunit G, tubulin alpha chain,
and actin-87E isoform 1. More proteins, including V-type
proton ATPase subunit a, plug_translocon domain-con-
taining protein, integrin beta, and uncharacterized pro-
tein, were involved in Ksu than Kac in the phagosome
[15]. Ye and Li [15] reported that alpha chain and ATPase
subunit G tubulin had evolutionary conservatism in the
acetylomes of S. invicta. In this study, dihydrolipoyl dehy-
drogenase located in the mitochondria, tubulin alpha
chain located in the cytoskeleton, and ATPase subunit G
located in the cytoplasm had evolutionary conservatism
among diverse species. The acetylation of tubulin alpha
chain and ATPase subunit G in S. invicta may participate
in the biotic and abiotic stress responses and transduc-
tion of nerve signal [15]. Dihydrolipoyl dehydrogenase
is a momentous source of reactive oxygen species in
mammalian mitochondria [26]. Dihydrolipoyl dehy-
drogenase was inhibited by heat restriction and partici-
pated in Saccharomyces cerevisiae aging [27]. The result
demonstrated that succinylation may play a role in the
redox metabolism of S. invicta. Furthermore, the exten-
sive overlap between Ksu and Kac in diverse pathways
indicated the possible cooperation between these PTMs
in the regulation of sugar, fat, and protein metabolism,
energy production, biosynthesis of various secondary
metabolites, response to biotic and abiotic stress, trans-
duction of nerve signal, and redox metabolism.

Node degree is a critical parameter to evaluate the sig-
nificance and relativity of proteins in the network [9].
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47.29% of the Ksu proteins in the network had more than
50 node degrees. The three networks were interlinked
by a number of Ksu proteins, suggesting that there were
cross-links in the TCA cycle, oxidative phosphorylation,
and photosynthesis, and succinylation might adjust these
cross-links in P cablin [7]. In our study, the three highly
PPI networks were ribosome, oxidative phosphorylation,
and carbohydrate metabolism, which indicated that suc-
cinylation played a vital role in regulating these biological
processes. The first and second largest interaction clus-
ters of Kac proteins were also ribosome, oxidative phos-
phorylation [15]. These results implied that there were
cross-links in the biological process of ribosome and
oxidative phosphorylation, and both succinylation and
acetylation might monitor these cross-links. In addition,
immunoblotting validation showed that there were many
Ksu protein bands with a wide range of molecular mass.

Ksu and Kac are two momentous PTMs in proteins,
which are participated in the modulation of a variety of
biological processes, especially metabolism [28]. 142
proteins were both succinylated and acetylated with 133
overlapping sites in 78 proteins, indicating that Ksu col-
laboratd or contended with Kac on the same protein [28].
Weinert et al. [1] demonstrated that succinylation exten-
sively overlapped with acetylation in four evolutionarily
diverse organisms, increasing the possibility of crosstalk
between succinylation and acetylation. There were 27%
of human, 56% of S. cerevisiae, 57% of mouse, and 66%
of Escherichia coli Ksu sites, which were acetylated at the
same position [1]. In our study, 32.77% of sites in 49.16%
of proteins were highly overlapped between succinylation
and acetylation. The ratios of S. cerevisiae succinylation
and acetylation in mitochondrial proteins were similar;
the ratios of mitochondrial succinylation were signifi-
cantly greater than those of mitochondrial acetylation in
mouse liver tissue and human cervical cancer cells [1]. In
our study, the proportion of Ksu proteins was also greater
than that of Kac proteins in mitochondria. The subcel-
lular localizatioins of these PTMs were different in S.
invicta, mammals, and S. cerevisiae [1].

Enriched lysine-succinylated substrates included
middle domain, C-terminal domain, and N-terminal
domain of acyl-CoA dehydrogenase, biotin-requiring
enzyme, proteasome subunit, and N-terminal domain
of glutathione S-transferase. Acyl-CoA dehydrogenase,
which constitutes a large family of flavoproteins, mostly
encodes enzymes of mitochondrial -oxidation or amino
acid metabolism [29, 30]. Acyl-CoA dehydrogenase is
a key protein related to lipid metabolism and transport
[31]. The pyruvate dehydrogenase complexes, which cat-
alyze the overall conversion of pyruvate to acetyl-CoA
and CO,, contain three component enzymes: pyruvate
decarboxylase, dihydrolipoamide acetyltransferase, and
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dihydrolipoamide dehydrogenase [6, 32]. The amino acid
sequence of dihydrolipoamide acetyltransferase com-
ponent of pyruvate dehydrogenase complexes, which
contained three domain structures, was considerably
homologous in human and rat [33]. Over expression of
dihydrolipoamide acetyltransferase component may lead
to increased immune response [33]. Compared with our
previous study, both acyl-CoA dehydrogenase and dihy-
drolipoamide acetyltransferase component of pyruvate
dehydrogenase complexes were succinylated and acety-
lated in S. invicta [15]. The intensive succinylation of the
acetyl-CoA metabolism related enzymes indicated that
there were complex interactions between acetylation
and succinylation [6]. This was further confirmed in our
study.

Conclusion

In conclusion, our research on lysine succinylome may
provide basic resources for functional validation of Ksu
proteins in this very dangerous invasive pest S. invicta
and other insects. The details of the cooperation or com-
petition between Ksu and Kac were firstly revealed in S.
invicta, which may supply rich resources and a starting
point for the molecular basic research of regulation on
metabolic pathways and other biological processes by the
two PTMs. Since there was possible interaction between
Ksu and Kac in the modulation of allergization, this pro-
vided potential targets for the development of histamines
or pesticides using this mechanism against S. invicta,
which needed further study.

Materials and methods
Protein extraction and trypsin digestion
The workers of S. invicta, which were gathered from
lawn in Guangzhou, China, were mashed into powder by
liquid nitrogen. Then, the powder was put into a 5 -mL
tube, and lysed in four volumes of buffer containing 1%
protease inhibitor cocktail, 8 M urea, 3 uM trichostatin A
(TSA), and 50 mM nicotinamide (NAM) on ice. TSA and
NAM were inhibitors. Next, the high-intensity ultrasou-
nic processor (Scientz) was used for three times of ultra-
sonic vibration. The supernatant was collected and the
protein concentration was tested by a BCA kit in the light
of the manufacturer’s instructions after centrifugation at
4°C, 12,000 g for 10 min.

1.5mg protein was digested. The protein solution was
reduced with 5mM dithiothreitol at 56°C for 30min
and alkylated by adding 11mM iodoacetamide in the
dark at room temperature for 15min. Next, the dilution
of protein sample was carried out by adding 100mM
triethylammonium bicarbonate (TEAB) so that the
concentration of urea was <2M. Afterwards, the first
digestion overnight with trypsin was carried out at a 1: 50
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trypsin-to-protein mass ratio, and the second digestion
for 4h with trypsin was conducted at a 1:100 trypsin-to-
protein mass ratio.

Succinylated enrichment

In order to enrich succinylated peptides, the incubation
of trypsin peptides lysed in NETN buffer (100 mM NacCl,
50mM Tris-HCl, 1mM EDTA, 0.5% NP-40, pH8.0)
was performed with beads of anti-succinyl lysine anti-
body (PTM Biolabs, Hangzhou, China; PTM-419: Lot:
105032317G009; 1:1000 dilution). After that, the pep-
tides were shaken softly overnight at 4°C. Then, the bind-
ing peptides were eluted from the beads, which were
scoured four times with NETN buffer as well as twice
with ddH,O, with 0.1% trifluoroacetic acid. Afterwards,
the peptides were vacuumed.

LC-MS/MS analysis

The peptides of trypsin were lysed in 0.1% formic acid
(FA) (solvent A). Then, the purified peptides were loaded
onto a trap column and separated with a reversed-phase
analytical column (15-cm length, 75 um i.d.). The mobile
phase components consisted of 0.1% FA in 98% acetoni-
trile (ACN) (solvent B). The gradient elution conditions
were: 6 to 23% solvent B for 26 min, 23 to 35% solvent B
for 8 min, 35 to 80% solvent B for 3 min, and 80% solvent
B for the last 3min. All of these were performed on an
EASY-nLC 1000 UPLC system at a constant flow rate of
400 nL/min. The peptides were processed by a NSI source
and coupled online to the UPLC in Q ExactiveTM Plus
(Thermo) by tandem mass spectrometry (MS/MS). The
ESD voltage was set to 2.0kV. The precursor ion scans
were ranged from m/z 350 to 1800, and the resolution
of complete peptides detected in Orbitrap was 70,000.
Then, the normalized collision energy was set to 28 to
choose the peptides, and the detection of ion fragments
was carried out in the Orbitrap at a resolution of 17,500.
A data-dependent process, in which one MS scan was
followed by 20 MS/MS scans and 15.0s dynamic exclu-
sion, was used. MS/MS spectra were generated by accu-
mulating 5E4 ions. The experiments repeated triple.

Database search

Raw files were handled by MaxQuant (v.1.5.2.8). The gen-
erated MS spectra were searched through the database
of S. invicta protein sequence connected with a reverse
decoy database. Trypsin/P was designated as cleavage
enzyme and allowed up to four cleavage deletions. The
first search mass tolerance of precursor ions was 20 ppm,
the main search one was 5 ppm, and the fragment ion one
was 0.02Da. The carbamidomethyl modification on Cys
was fixed, while the succinylation and oxidation modifi-
cation on Met were variable. 40 were the minimal score
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for Ksu peptides. The false discovery rate (FDR) of identi-
fication was set to less than 1%.

Bioinformatics methods

Annotation methods

GO annotation: UniProt-GOA database was used to
annotate the Ksu proteome. GO functions of anno-
tated proteins were compared by InterProScan software
according to the method of protein sequence alignment
if some of the identified proteins were not annotated by
UniProt-GOA database. After that, proteins were clas-
sified into biological process, cellular component, and
molecular function by Gene Ontology annotation.

Domain annotation: InterProScan and InterPro domain
database were used to describe the function of the iden-
tified protein domains. To determine the potential func-
tions of proteins, the protein sequences were searched
according to diagnostic models called signatures at the
center of InterPro. InterPro is widely used in extensive
analyses of characterization of single protein sequence,
whole genomes, and meta-genomes.

KEGG pathway annotation: Kyoto Encyclopedia of
Genes and Genomes (KEGG) was applied to annotate
and map the Ksu protein pathways. First of all, KEGG
database description of annotated proteins was analyzed
by KAAS. After that, KEGG mapper was used to map the
annotation result to the KEGG pathway database.

Subcellular localization: the subcellular localization
was predicted by WOLFPSORT (a subcellular localiza-
tion predication soft).

Motif analysis

Amino acids sequences, which were composed of Ksu
sites, were assessed by Motif-x algorithm. The param-
eters of all sequences of database protein were defaulted.
The minimum number of occurrences was set to 20.

Functional enrichment

The enrichment of Ksu proteins against all proteins was
detected by a two-tailed Fisher’s exact test in the species
database for enrichment analyses of GO, KEGG pathway,
and protein domains. The GO, pathway, and domains
with p-values less than 0.05 after correction were consid-
ered to be significantly different.

Enrichment-based clustering

All the categories and their p-values after enrichments
were sorted out. Next, those categories, which were con-
centrated in at least one cluster with p-value less than
0.05, were selected. The function x=—logl0 (p-value)
was used to convert the filtered p-value matrix. Next, the
x score of each functional category was converted to z.
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Afterwards, one-way hierarchical clustering was used to
cluster the z values. The “gplots” R-package was applied
to visualize the cluster membership by the heat map of
“heatmap.2” function.

Protein-protein interaction (PPI) networks

The version 10.5 of STRING database was applied to
retrieve the database accessions or sequences of all dif-
ferentially expressed Ksu protein for PPIs. The interac-
tions among the Ksu proteins were chosen in the dataset,
while external candidates were excluded. The interaction
of confidence score >0.7 (high confidence) was presented.
The STRING database was used to obtain PPI networks,
while R package “networkD3” was applied to visualize the
networks.

Immunoblotting validation

Proteins were separated by 12% SDS-PAGE. Then, the
separated proteins were diverted to an NC membrane
(BioRad, 0.2um). After being blocked with 5% bovine
serum albumin for 90 min, the membrane was incubated
with a 1:1000 dilution of pan anti-succinyl lysine anti-
body (PTM Biolabs, Hangzhou, China). Subsequently,
Ksu proteins were revealed. The second antibody was
1:10,000 diluted with horseradish peroxidase-labeled
goat anti-mouse IgG antibody.
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