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Abstract 28 

Background: Lysine succinylation (Ksu) exists in both eukaryotes and prokaryotes, and 29 

influences a variety of metabolism processes. However, little attention has been paid to Ksu in 30 

insects, especially the notorious invasive pest Solenopsis invicta.  31 

Results: In this study, the first analyses of Ksu proteome and overlap between Ksu and lysine 32 

acetylation (Kac) in S. invicta were presented. 3,753 succinylated sites in 893 succinylated 33 

proteins were tested. The dihydrolipoyl dehydrogenase, V-type proton ATPase subunit G, and 34 

tubulin alpha chain all had evolutionary conservatism among diverse ant or bee species. 35 

Immunoblotting validation showed that there were many Ksu protein bands with a wide range 36 

of molecular mass. In addition, 1,230 sites in 439 proteins were highly overlapped between 37 

Ksu and Kac. 54.05% of Ksu proteins in cytoplasm were acetylated. The results demonstrated 38 

that Ksu may play a vital part in the allergization, redox metabolism, sugar, fat, and protein 39 

metabolism, energy production, immune response, and biosynthesis of various secondary 40 

metabolites.  41 

Conclusions: Ksu and Kac were two ubiquitous protein post-translational modifications 42 

participated in a variety of biological processes. Our results may supply rich resources and a 43 

starting point for the molecular basic research of regulation on metabolic pathways and other 44 

biological processes by succinylation and acetylation. 45 

Keywords: Succinylation; acetylation; proteome; Solenopsis invicta; overlap 46 

 47 

 48 

Background  49 

Lysine residues can be modified by a large number of post-translational protein acylation 50 

modifications, namely, succinylation, acetylation, β-hydroxybutyrylation, 51 

2-hydroxyisobutyrylation, and biotinylation [1]. Lysine succinylation (Ksu) transforms the 52 

side chains of cationic lysine into anions, and has important potential efforts on the structure 53 

and function of proteins [2]. Ksu is a novel discovered reversible post-translational 54 

modification (PTM), which exists in both eukaryotes and prokaryotes and influences a variety 55 

of metabolism processes [1]. Ksu may functionalize proteins mainly by non-enzymatic 56 



mechanisms [3]. Ksu couples the cyclic metabolism of tricarboxylic acid (TCA) with the 57 

changes of activities, structures, and charges of proteins participated in multiple cellular 58 

processes through succinyl-CoA [4]. Comprehensive study of proteome has shown that Ksu 59 

strides over various biological compartments, but mainly centralizes on mitochondria [5].  60 

Protein succinylation, whose aim was to determine the comprehensive Ksu sites at the 61 

proteomic level, was carried out in plants, microorganisms, and animals [6]. The 62 

comprehensive succinylome was first reported in the traditional Chinese medicine herb 63 

Pogostemon cablin (Blanco) Benth, which broadened the range of Ksu in plants [7]. Gao et al. 64 

[8] utilized mass spectrometry-based proteomics to enrich Ksu peptides by 65 

immunoprecipitation, and conducted a comprehensive localization of Ksu in zebrafish Danio 66 

rerio. The global view of succinate group in the rice blast disease Pyricularia oryzae for the 67 

first time was supplied, which might contribute to seek latent pathogenicity-related proteins to 68 

control P. oryzae [9]. The proteomes of Ksu and Kac were analyzed, and these two 69 

modifications were widely involved in the metabolism of the seed embryos of germinating 70 

rice Oryza sativa [6]. Zhen et al. [10] firstly analyzed the proteomes of Ksu and Kac in the 71 

seedling leaves of Brachypodium distachyon L, and showed that Ksu and Kac could be used 72 

as switches to control the activities of some key enzymes and ensure the proper 73 

developmental function of B. distachyon accession 21. The first succinyl and acetyl groups of 74 

Pseudomonas aeruginosa PA14, which were cultured at the exits of four diverse carbon 75 

sources, were presented [11]. 76 

Solenopsis invicta is an invasive pest of notorious reputation in the world. Because S. 77 

invicta spreads rapidly, it has led to many ecological problems and huge economic losses to 78 

many countries, prompting researchers to conduct in-depth study on its invasion causes [12]. 79 

The sting of S. invicta can lead to skin redness, swelling, anaphylactic shock, and even death 80 

[13]. S. invicta depends on quantitative and behavioral advantages to take over native species, 81 

and has a great impact on resident ants after establishment [14]. The acetylome in S. invicta 82 

for the first time revealed that extensive functions were modified by Kac [15]. However, little 83 

attention has been paid to Ksu in insects. In this study, the first analyses of Ksu proteome and 84 

overlap between Ksu and Kac in this notorious invasive species S. invicta were presented. 85 



Results 86 

Proteomic profiling of Ksu in S. invicta 87 

The length of all Ksu peptides ranged from 7 to 37 amino acids, and most of them ranged 88 

from 7 to 19 amino acids (S1 Fig. A-C). 3,753 non-redundant succinylated sites in 893 89 

non-redundant succinylated proteins were tested (Fig. 1A). There were 306.33 proteins 90 

(40.89%) that included one Ksu site, and there were 179 proteins (23.90%) that included five 91 

or more Ksu sites. 30.57 proteins (4.10%) had more than 15 Ksu sites. There were 4.04 sites 92 

per protein (S2 Fig. A-C). 1,355 sites were discovered to contain amino acid sequence around 93 

–10 to +10 positions of succinylated lysine. Five conserved motifs were significantly 94 

overrepresented around the Ksu sites, such as K(su)xxxxxxK, AK(su), GK(su), K(su)A, and QK(su). 95 

“x” meant a random amino acid residue. Alkaline amino acid (K) and hydrophobic amino 96 

acid (A) were located in the upstream of Ksu sites, while hydrophobic amino acid (A) and 97 

hydrophilic amino acids (G and Q) were located in the downstream of Ksu sites. 98 

K(su)xxxxxxK was the most abundant, which frequently occurred at the +7 position (Fig. 1B).  99 

Gene ontology (GO) classification and subcellular distribution of succinylated proteins 100 

In order to understand the possible roles of Ksu, GO classification of the identified proteins 101 

was conducted. The analysis of biological process showed that the main functions of Ksu 102 

proteins were involved in the cellular metabolic process, organic substance metabolic process, 103 

primary metabolic process, and nitrogen compound metabolic process. Within the category of 104 

cellular component, the Ksu proteins were mostly localized in the intracellular, intracellular 105 

organelle, membrane-bounded organelle, and non-membrane-bounded organelle. With respect 106 

to molecular functions, the proteins were predominantly involved in protein binding, 107 

hydrolase activity, oxidoreductase activity, and organic cyclic compound binding (Fig. 2A). 108 

43.43% of the Ksu proteins occurred in the cytoplasm, 17.40% of them occurred in the 109 

mitochondria, 16.61% of them were located in the extracellular, and 10.44% of them were 110 

located in the nucleus (Fig. 2B). It was found that the venom allergens Sol i II (10 Ksu sites), 111 

Sol i III (6 Ksu sites), and Sol i IV (10 Ksu sites) were localized in the extracellular (Fig. 2C).  112 

GO, KEGG, and domain enrichments 113 

The three types of Ksu proteins were elucidated by GO enrichment. As shown in terms of 114 



biological process, Ksu proteins were mainly enriched in the monocarboxylic acid metabolic 115 

process, fatty acid beta-oxidation, monocarboxylic acid catabolic process, and TCA metabolic 116 

process (p < 0.0001; Fig. 3A). With respect to cellular component, Ksu proteins were mostly 117 

enriched in the cytoplasmic part, ribosomal subunit, ribosome, and muscle myosin complex (p 118 

< 0.0001; Fig. 3B). In the molecular function, enrichment were observed in Ksu proteins 119 

associated with the structural constituents of ribosome, oxidoreductase activity, 120 

oxidoreductase activity, acting on NAD(P)H, and actin binding (p < 0.0001; Fig. 3C). 121 

Enriched substrates of protein domains were related to the middle domain, C-terminal 122 

domain, and N-terminal domain of acyl-CoA dehydrogenase, biotin-requiring enzyme, 123 

proteasome subunit, and N-terminal domain of glutathione S-transferase (p < 0.0001; Fig. 3D). 124 

Furthmore, a few proteins with diverse domains, such as the spectrin repeat, Ca
2+

 insensitive 125 

EF hand, EF-hand domain pair, elongation factor Tu domain 2, and elongation factor Tu GTP 126 

binding domain, had a series of succinylation sites (S1 Table). 127 

KEGG pathway enrichment analysis found that a total of 25 highly enriched pathways were 128 

identified, such as the valine, leucine, and isoleucine degradation, citrate cycle (TCA cycle), 129 

ribosome, alanine, aspartate, and glutamate metabolism, propanoate metabolism, pyruvate 130 

metabolism, and glycolysis/gluconeogenesis (p < 0.0001; S3 Fig.). The TCA cycle included 131 

270 Ksu sites in 26 Ksu proteins, such as the isocitrate dehydrogenase [NAD] subunit, malate 132 

dehydrogenase, FAD_binding_2 domain-containing protein, succinate-CoA ligase subunit 133 

beta, dihydrolipoyl dehydrogenase, and succinate dehydrogenase (p < 0.05; Fig. 4). The 134 

valine, leucine, and isoleucine degradation contained 169 Ksu sites in 22 Ksu proteins, such 135 

as the dihydrolipoyl dehydrogenase, 3-hydroxy-3-methylglutaryl coenzyme A synthase, 136 

pyruvate carboxyltransferase domain-containing protein, aldedh domain-containing protein, 137 

2-oxoisovalerate dehydrogenase subunit alpha, acyl-CoA_dh_1 domain-containing protein, 138 

dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase complex, and 139 

uncharacterized protein (p < 0.05; Fig. 5). There were also a few Ksu proteins in the 140 

phagosome, including the V-type proton ATPase subunit G, and tubulin alpha chain (p < 0.05; 141 

Fig. 6). It was found that the dihydrolipoyl dehydrogenase, which had 18 Ksu sites, and the 142 

V-type proton ATPase subunit G, which contained 5 Ksu sites, both had evolutionary 143 

conservatism among diverse ant species by sequence alignment analyses (Fig. 7A, B). The 144 



residue tubulin alpha chain, which contained 8 Ksu sites, also had evolutionary conservatism 145 

among various species of ants and bees (Fig. 7C). 146 

PPI networks 147 

To study the interactions between different Ksu proteins and their participation in a variety of 148 

interaction pathways, PPI analysis was performed with all identified Ksu proteins in S. invicta. 149 

203 Ksu proteins were appraised as nodes and interconnected to match PPI networks. 47.29% 150 

of the proteins in the networks had more than 50 node degrees, such as uncharacterized 151 

protein, ribosomal_L2_C domain-containing protein, ribosomal_L23eN domain-containing 152 

protein, and guanine nucleotide-binding protein subunit beta-like protein. 13.79% of the 153 

proteins in the PPI networks contained more than 10 Ksu sites, including uncharacterized 154 

protein, aconitate hydratase, ATP synthase subunit alpha, transket_pyr domain-containing 155 

protein, and dihydrolipoyl dehydrogenase (S2 Table). The dihydrolipoyl dehydrogenase, 156 

whose degree was 64, contained 18 sites. The three highly PPI networks included the 157 

ribosome, oxidative phosphorylation, and carbohydrate metabolism (S4 Fig. A–C).  158 

Immunoblotting validation of Ksu proteins in S. invicta 159 

The distribution of Ksu proteins in S. invicta was demonstrated by Western blotting. Fig. 8 160 

and S5 Fig. A-B showed immunoblotting validation of short exposure (8s) and long exposure 161 

(15s). The result implied that Ksu level in S. invicta was quite high. There were many protein 162 

bands with a wide range of molecular mass that were investigated. 163 

Overlap between Ksu and Kac 164 

The sites and proteins in this study of succinylation were compared to those in our previous 165 

study of acetylation in S. invicta [15]. 1230 sites (32.77%) in 439 proteins (49.16%) were 166 

highly overlapped between succinylation and acetylation (Fig. 9A, B). 54.05% of Ksu 167 

proteins in cytoplasm were acetylated, while 45.15% of Kac proteins in cytoplasm were 168 

succinylated (Fig. 9C). 63.23% of Ksu proteins in mitochondria were acetylated, while 59.03% 169 

of Kac proteins in the mitochondria were succinylated (Fig. 9D). 170 

Discussion 171 

Succinylation proteomic analysis of insects has never been reported before. This was the first 172 

time to present the Ksu proteomic analysis and the overlap analysis between succinylation 173 



and acetylation in this dangerous invasive species S. invicta. The results demonstrated that 174 

Ksu may play an important role in the allergization, redox metabolism, sugar, fat, and protein 175 

metabolism, energy production, immune response, metabolism or biosynthesis of various 176 

secondary metabolites, biotic and abiotic stress responses, and nerve signal transduction of S. 177 

invicta. Furthermore, Ksu and Kac were two ubiquitous protein PTMs participated in a 178 

variety of biological processes. 179 

3,753 succinylation sites in 893 proteins were tested in our study. Gao et al. [8] implied that 180 

D. rerio had 552 nonredundant Ksu sites in 264 proteins, which was detected in vertebrates 181 

for the first time. 5,502 Ksu sites occurring on 2,593 proteins were obtained in the O. sativa 182 

leaves [16]. 1,520 Ksu unique sites on 612 proteins were tested in P. aeruginosa [11]. 183 

Compared with the typical regulation of PTMs (such as phosphorylation), the complexity of 184 

succinylation in bacteria seemed to be greater than that in eukaryotes [1]. It was found that the 185 

complexity of succinylation was greater in rice than in S. invicta, while the Ksu complexity 186 

was greater in S. invicta than in bacteria. 187 

In this study, there were enrichments of K(su)xxxxxxK, AK(su), GK(su), K(su)A, and QK(su), 188 

which showed different abundances. This indicated that succinyl groups were more likely to 189 

modify the proteins with specific amino acid residues. QK was also observed in rice leaf [16], 190 

embryo of germinating rice seed [6], and protozoan parasite Toxoplasma gondii [17]. 191 

K(su)xxxxxxK also appeared in P. aeruginosa [11]. These suggested that conserved motifs 192 

surrounding Ksu sites were conserved among different species, and alkaline amino acid and 193 

hydrophilic amino acids might play pivotal roles in succinylation. The same lysine G was 194 

both succinylated and acetylated at the -1 position in S. invicta [15]. This indicated that fatty 195 

amino acid was more easily to be modified by both Kac and Ksu. The distribution of amino 196 

acids was not biased in the acetylomes of S. invicta [15], but there was bias in this study. 197 

The results of GO classification and subcellular localizatioin found that Ksu proteins were 198 

involved in a variety of biological processes, and showed a wide subcellular distribution. The 199 

Ksu proteins of D. rerio, human cell, and mouse liver were predominantly located in the 200 

mitochondria [1, 8]. The chloroplast and cytoplasm were the major category of Ksu proteins 201 

in the leaves of P. cablin [7]. Succinylated proteins were mostly located in cytoplasm in P. 202 

aeruginosa [11]. Succinate can be formed in the cytoplasm as a residue by passing through 203 



the mitochondrial membrane [18]. In this study, cytoplasm was the top preferred cellular 204 

component of Ksu proteins in S. invicta, followed by mitochondria. The Kac proteins also 205 

mainly occurred in the cytoplasm in S. invicta [15]. It was found that the venom allergens Sol 206 

i II, Sol i III, and Sol i IV, which were located in the extracellular, were succinylated. They 207 

were also found to be acetylated in the extracellular in S. invicta [15]. There were more sites 208 

of venom allergen Sol i II, Sol i III, and Sol i IV (10, 6, and 10 sites, respectively) for 209 

succinylation than those for acetylation (7, 4, and 1 sites, respectively). All the 12 Kac sites of 210 

venom allergen were overlapped with the Ksu sites. 0.1% of the venom of S. invicta consists 211 

of four highly allergenic proteins, namely Sol i I, Sol i II, Sol i III, and Sol i IV. These 212 

allergenic proteins can lead to anaphylactic shock [19]. These four allergic proteins are 213 

different in structure. Sol i IV is unique to S. invicta [20]. Soli II and Sol i III are the main 214 

protein components of venom, while there are of small amounts of Sol i I and Sol i IV [19]. 215 

These demonstrated that both Ksu and Kac may play central roles in the allergization of S. 216 

invicta. Moreover, there was possible interaction between Ksu and Kac in the modulation of 217 

allergization. 218 

The pathways TCA cycle, glycolysis/gluconeogenesis, and pyruvate metabolism, which 219 

produced an effect in monitoring sugar, fat, and protein metabolism and energy production for 220 

life processes [6], were of significant enrichment. Malate dehydrogenase, which was a key 221 

enzyme in TCA cycle, was enriched in the metabolism pathways including cysteine and 222 

methionine metabolism, pyruvate metabolism, and glyoxylate and dicarboxylate metabolism. 223 

7 Ksu sites of malate dehydrogenase were overlapped with Kac sites in S. invicta [15]. The 224 

pathways valine, leucine, and isoleucine degradation, propanoate metabolism, and alanine, 225 

aspartate, and glutamate metabolism were also enriched, which suggested that Ksu were 226 

related to the metabolism or biosynthesis of various secondary metabolites in S. invicta. In the 227 

valine, leucine, and isoleucine degradation, all the 19 Kac proteins were overlapped with Ksu 228 

ones, and 63 Kac sites were overlapped with Ksu ones in S. invicta [15]. Ye and Li
 
[15]

 
229 

showed that in the phagosome there were 7 lysine acetylated proteins with16 Ksu sites, which 230 

were also found to be succinylated in our study, including the V-type proton ATPase subunit 231 

G, tubulin alpha chain, and actin-87E isoform 1. More proteins, including V-type proton 232 

ATPase subunit a, plug_translocon domain-containing protein, integrin beta, and 233 



uncharacterized protein, were involved in Ksu than Kac in the phagosome [15]. Ye and Li
 
[15] 234 

reported that alpha chain and ATPase subunit G tubulin had evolutionary conservatism in the 235 

acetylomes of S. invicta. In this study, dihydrolipoyl dehydrogenase located in the 236 

mitochondria, tubulin alpha chain located in the cytoskeleton, and ATPase subunit G located 237 

in the cytoplasm had evolutionary conservatism among diverse species. The acetylation of 238 

tubulin alpha chain and ATPase subunit G in S. invicta may participate in the biotic and 239 

abiotic stress responses and transduction of nerve signal [15]. Dihydrolipoyl dehydrogenase is 240 

a momentous source of reactive oxygen species in mammalian mitochondria [21]. 241 

Dihydrolipoyl dehydrogenase was inhibited by heat restriction and participated in 242 

Saccharomyces cerevisiae aging [22]. The result demonstrated that succinylation may play a 243 

role in the redox metabolism of S. invicta. Furthermore, the extensive overlap between Ksu 244 

and Kac in diverse pathways indicated the possible cooperation between these PTMs in the 245 

regulation of sugar, fat, and protein metabolism, energy production, biosynthesis of various 246 

secondary metabolites, response to biotic and abiotic stress, transduction of nerve signal, and 247 

redox metabolism.  248 

Node degree is a critical parameter to evaluate the significance and relativity of proteins in 249 

the network [9]. 47.29% of the Ksu proteins in the network had more than 50 node degrees. 250 

The three networks were interlinked by a number of Ksu proteins, suggesting that there were 251 

cross-links in the TCA cycle, oxidative phosphorylation, and photosynthesis, and 252 

succinylation might adjust these cross-links in P. cablin [7]. In our study, the three highly PPI 253 

networks were ribosome, oxidative phosphorylation, and carbohydrate metabolism, which 254 

indicated that succinylation played a vital role in regulating these biological processes. The 255 

first and second largest interaction clusters of Kac proteins were also ribosome, oxidative 256 

phosphorylation [15]. These results implied that there were cross-links in the biological 257 

process of ribosome and oxidative phosphorylation, and both succinylation and acetylation 258 

might monitor these cross-links. In addition, immunoblotting validation showed that there 259 

were many Ksu protein bands with a wide range of molecular mass. 260 

Ksu and Kac are two momentous PTMs in proteins, which are participated in the 261 

modulation of a variety of biological processes, especially metabolism [23]. 142 proteins were 262 

both succinylated and acetylated with 133 overlapping sites in 78 proteins, indicating that Ksu 263 



collaboratd or contended with Kac on the same protein [23]. Weinert et al.
 
[1] demonstrated 264 

that succinylation extensively overlapped with acetylation in four evolutionarily diverse 265 

organisms, increasing the possibility of crosstalk between succinylation and acetylation. 266 

There were 27% of human, 56% of S. cerevisiae, 57% of mouse, and 66% of Escherichia coli 267 

Ksu sites, which were acetylated at the same position [1]. In our study, 32.77% of sites in 268 

49.16% of proteins were highly overlapped between succinylation and acetylation. The ratios 269 

of S. cerevisiae succinylation and acetylation in mitochondrial proteins were similar; the 270 

ratios of mitochondrial succinylation were significantly greater than those of mitochondrial 271 

acetylation in mouse liver tissue and human cervical cancer cells [1]. In our study, the 272 

proportion of Ksu proteins was also greater than that of Kac proteins in mitochondria. The 273 

subcellular localizatioins of these PTMs were different in S. invicta, mammals, and S. 274 

cerevisiae. 275 

Enriched lysine-succinylated substrates included middle domain, C-terminal domain, and 276 

N-terminal domain of acyl-CoA dehydrogenase, biotin-requiring enzyme, proteasome subunit, 277 

and N-terminal domain of glutathione S-transferase. Acyl-CoA dehydrogenase, which 278 

constitutes a large family of flavoproteins, mostly encodes enzymes of mitochondrial 279 

β-oxidation or amino acid metabolism [24, 25]. Acyl-CoA dehydrogenase is a key protein 280 

related to lipid metabolism and transport [26]. The pyruvate dehydrogenase complexes, which 281 

catalyze the overall conversion of pyruvate to acetyl-CoA and CO2, contain three component 282 

enzymes: pyruvate decarboxylase, dihydrolipoamide acetyltransferase, and dihydrolipoamide 283 

dehydrogenase [6, 27]. The amino acid sequence of dihydrolipoamide acetyltransferase 284 

component of pyruvate dehydrogenase complexes, which contained three domain structures, 285 

was considerably homologous in human and rat [28]. Over expression of dihydrolipoamide 286 

acetyltransferase component may lead to increased immune response [28]. Compared with 287 

our previous study, both acyl-CoA dehydrogenase and dihydrolipoamide acetyltransferase 288 

component of pyruvate dehydrogenase complexes were succinylated and acetylated in S. 289 

invicta [15]. The intensive succinylation of the acetyl-CoA metabolism related enzymes 290 

indicated that there were complex interactions between acetylation and succinylation [6]. This 291 

was further confirmed in our study.  292 



Conclusion 293 

In conclusion, our research on lysine succinylome may provide basic resources for functional 294 

validation of Ksu proteins in this very dangerous invasive pest S. invicta and other insects. 295 

The details of the cooperation or competition between Ksu and Kac were firstly revealed in S. 296 

invicta, which may supply rich resources and a starting point for the molecular basic research 297 

of regulation on metabolic pathways and other biological processes by the two PTMs. 298 

Materials and methods 299 

Protein extraction and trypsin digestion 300 

The workers of S. invicta, which were gathered from lawn in Guangzhou, China, were 301 

mashed into powder by liquid nitrogen. Then, the powder was put into a 5 -mL tube, and 302 

lysed in four volumes of buffer containing 1% protease inhibitor cocktail, 8 M urea, 3 μM 303 

TSA, and 50 mM NAM on ice. TSA and NAM were inhibitors. Next, the high-intensity 304 

ultrasounic processor (Scientz) was used for three times of ultrasonic vibration. The 305 

supernatant was collected and the protein concentration was tested by a BCA kit in the light 306 

of the manufacturer’s instructions after centrifugation at 4 °C, 12,000 g for 10 minutes.  307 

1.5 mg protein was digested. The protein solution was reduced with 5 mM dithiothreitol at 308 

56℃ for 30 min and alkylated by adding 11 mM iodoacetamide in the dark at room 309 

temperature for 15 min. Next, the dilution of protein sample was carried out by adding 100 310 

mM TEAB so that the concentration of urea was < 2M. Afterwards, the first digestion 311 

overnight with trypsin was carried out at a 1: 50 trypsin-to-protein mass ratio, and the second 312 

digestion for 4 h with trypsin was conducted at a 1:100 trypsin-to-protein mass ratio. 313 

Succinylated enrichment 314 

In order to enrich succinylated peptides, the incubation of trypsin peptides lysed in NETN 315 

buffer (100 mM NaCl, 50 mM Tris-HCl, 1 mM EDTA, 0.5% NP-40, pH 8.0) was performed 316 

with beads of anti-succinyl lysine antibody. After that, the peptides were shaken softly 317 

overnight at 4°C. Then, the binding peptides were eluted from the beads, which were scoured 318 

four times with NETN buffer as well as twice with ddH2O, with 0.1% trifluoroacetic acid. 319 

Afterwards, the peptides were vacuumed.  320 

LC-MS/MS analysis  321 



The peptides of trypsin were lysed in 0.1% FA (solvent A). Then, the purified peptides 322 

were loaded onto a trap column and separated with a reversed-phase analytical column 323 

(15-cm length, 75 μm i.d.). The mobile phase components consisted of 0.1% FA in 98% ACN 324 

(solvent B). The gradient elution conditions were: 6% to 23% solvent B for 26 min, 23% to 325 

35% solvent B for 8 min, 35% to 80% solvent B for 3 min, and 80% solvent B for the last 3 326 

min. All of these were performed on an EASY-nLC 1,000 UPLC system at a constant flow 327 

rate of 400 nL/min. The peptides were processed by a NSI source and coupled online to the 328 

UPLC in Q ExactiveTM Plus (Thermo) by tandem mass spectrometry (MS/MS). The ESD 329 

voltage was set to 2.0 kV. The precursor ion scans were ranged from m/z 350 to 1,800, and 330 

the resolution of complete peptides detected in Orbitrap was 70,000. Then, the normalized 331 

collision energy was set to 28 to choose the peptides, and the detection of ion fragments was 332 

carried out in the Orbitrap at a resolution of 17,500. A data-dependent process, in which one 333 

MS scan was followed by 20 MS/MS scans and 15.0s dynamic exclusion, was used. MS/MS 334 

spectra were generated by accumulating 5E4 ions. The experiments repeated triple.  335 

Database search 336 

Raw files were handled by MaxQuant (v.1.5.2.8). The generated MS spectra were searched 337 

through the database of S. invicta protein sequence connected with a reverse decoy database. 338 

Trypsin/P was designated as cleavage enzyme and allowed up to four cleavage deletions. The 339 

first search mass tolerance of precursor ions was 20 ppm, the main search one was 5 ppm, and 340 

the fragment ion one was 0.02 Da. The carbamidomethyl modification on Cys was fixed, 341 

while the succinylation and oxidation modification on Met were variable. 40 were the 342 

minimal score for Ksu peptides. The false discovery rate (FDR) of identification was set to 343 

less than 1%.  344 

Bioinformatics methods 345 

Annotation methods 346 

GO annotation: UniProt-GOA database was used to annotate the Ksu proteome. GO 347 

functions of annotated proteins were compared by InterProScan software according to the 348 

method of protein sequence alignment if some of the identified proteins were not annotated by 349 

UniProt-GOA database. After that, proteins were classified into biological process, cellular 350 

http://www.ebi.ac.uk/interpro/


component, and molecular function by Gene Ontology annotation. 351 

Domain annotation: InterProScan and InterPro domain database were used to describe the 352 

function of the identified protein domains. To determine the potential functions of proteins, 353 

the protein sequences were searched according to diagnostic models called signatures at the 354 

center of InterPro. InterPro is widely used in extensive analyses of characterization of single 355 

protein sequence, whole genomes, and meta-genomes. 356 

KEGG pathway annotation: Kyoto Encyclopedia of Genes and Genomes (KEGG) was 357 

applied to annotate and map the Ksu protein pathways. First of all, KEGG database 358 

description of annotated proteins was analyzed by KAAS. After that, KEGG mapper was used 359 

to map the annotation result to the KEGG pathway database. 360 

Subcellular localization: the subcellular localization was predicted by WOLFPSORT (a 361 

subcellular localization predication soft). 362 

Motif analysis 363 

Amino acids sequences, which were composed of Ksu sites, were assessed by Motif-x 364 

algorithm. The parameters of all sequences of database protein were defaulted. The minimum 365 

number of occurrences was set to 20.  366 

Functional enrichment 367 

The enrichment of Ksu proteins against all proteins was detected by a two-tailed Fisher’s 368 

exact test in the species database for enrichment analyses of GO, KEGG pathway, and protein 369 

domains. The GO, pathway, and domains with p-values less than 0.05 after correction were 370 

considered to be significantly different. 371 

Enrichment-based clustering 372 

All the categories and their p-values after enrichments were sorted out. Next, those 373 

categories, which were concentrated in at least one cluster with p-value less than 0.05, were 374 

selected. The function x = −log10 (p-value) was used to convert the filtered p-value matrix. 375 

Next, the x score of each functional category was converted to z. Afterwards, one-way 376 

hierarchical clustering was used to cluster the z values. The “gplots” R-package was applied 377 

to visualize the cluster membership by the heat map of “heatmap.2” function. 378 

http://www.geneontology.org/
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Protein-protein interaction (PPI) networks 379 

The version 10.5 of STRING database was applied to retrieve the database accessions or 380 

sequences of all differentially expressed Ksu protein for PPIs. The interactions among the Ksu 381 

proteins were chosen in the dataset, while external candidates were excluded. The interaction 382 

of confidence score >0.7 (high confidence) was presented. The STRING database was used to 383 

obtain PPI networks, while R package “networkD3” was applied to visualize the networks. 384 

Immunoblotting validation 385 

Proteins were separated by 12% SDS-PAGE. Then, the separated proteins were diverted to 386 

an NC membrane (BioRad, 0.2 μm). After being blocked with 5% bovine serum albumin for 387 

90 min, the membrane was incubated with a 1:1,000 dilution of pan anti-succinyl lysine 388 

antibody (PTM Biolabs, Hangzhou, China). Subsequently, Ksu proteins were revealed. The 389 

second antibody was 1:10,000 diluted with horseradish peroxidase-labeled goat anti-mouse 390 

IgG antibody. 391 
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Figure captions 522 

Fig. 1. Identification of lysine succinylation (Ksu) sites in Solenopsis invicta. (A) Basic 523 

statistical results of MS. (B) Heat map analysis of motif enrichment of amino acids around 524 

Ksu sites. Red denotes significantly enriched amino acids near the Ksu site, while green 525 

denotes significantly reduced amino acids near the Ksu site. 526 

Fig. 2. Analyses of GO classification and subcellular distribution of the identified lysine 527 

succinylation (Ksu) proteins in Solenopsis invicta. (A) GO classification analysis in 528 

biological process, cellular component, and molecular function. (B) Subcellular localization. 529 

(C) Ksu sites of the venom allergens Sol i II, Sol i III, and Sol i IV seated in the extracellular. 530 

The red stars indicated conserved lysine succinylated residues. 531 

Fig. 3. GO and domain enrichment analyses of the identified lysine succinylation 532 

proteins in Solenopsis invicta. (A) GO enrichment in biological processes. (B) GO 533 

enrichment in cellular components. (C) GO enrichment in molecular functions. (D) Protein 534 

domain enrichment. 535 

Fig. 4. KEGG pathway enrichment in the citrate cycle of Solenopsis invicta. Lysine 536 

succinylated proteins were labeled with red. 537 

Fig. 5. KEGG pathway enrichment in the valine, leucine and isoleucine degradation of 538 

Solenopsis invicta. The lysine succinylated proteins were labeled with red. 539 

Fig. 6. KEGG pathway enrichment in the phagosome of Solenopsis invicta. Lysine 540 

succinylated proteins were labeled with red. 541 

Fig. 7. The dihydrolipoyl dehydrogenase, V-type proton ATPase subunit G, and tubulin 542 

alpha chain in Solenopsis invicta had evolutionary conservatism among diverse ant or 543 

bee species. The red stars indicated conserved lysine succinylated residues. (A) 544 

Dihydrolipoyl dehydrogenase. (B) V-type proton ATPase subunit G. (C) Tubulin alpha chain. 545 

Fig. 8. Immunoblotting validation of lysine succinylation (Ksu) proteins in Solenopsis 546 

invicta. Primary antibody: anti-succinyllysine antibody (PTM-419: Lot: 105032317G009; 547 

1:1000 dilution); second antibody: Thermo, Pierce, horseradish peroxidase-labeled goat 548 

anti-mouse IgG antibody, 31430, 1: 10000 dilution; 20 μg protein/lane. (A) Short exposure 549 

(8s). (B) Long exposure (15s). 550 



Fig. 9. The Venn diagrams of the overlap between succinylation and acetylation in 551 

Solenopsis invicta. (A) The overlap of all identified sites. (B) The overlap of all identified 552 

proteins. (C) The overlap proteins in cytoplasm. (D) The overlap proteins in mitochondria. 553 

 554 

Supporting information 555 

S1 Fig. Length distribution of lysine succinylation (Ksu) peptides in Solenopsis invicta. 556 

(A) Experiment I. (B) Experiment II. (C) Experiment III. 557 

S2 Fig. Amounts of succinylated sites per protein. (A) Experiment I. (B) Experiment II. (C) 558 

Experiment III.  559 

S3 Fig. KEGG pathway enrichment analyses of the identified lysine succinylation 560 

proteins in Solenopsis invicta. 561 

S4 Fig. Protein-protein interaction (PPI) networks analyses of succinylated proteins in 562 

Solenopsis invicta. (A) Ribosome. (B) Oxidative phosphorylation. (C) Carbohydrate 563 

metabolism. 564 

S5 Fig. Immunoblotting validation of lysine succinylation (Ksu) proteins in Solenopsis 565 

invicta. Primary antibody: anti-succinyllysine antibody (PTM-419: Lot: 105032317G009; 566 

1:1000 dilution); second antibody: Thermo, Pierce, horseradish peroxidase-labeled goat 567 

anti-mouse IgG antibody, 31430, 1: 10000 dilution; 20 μg protein/lane. (A) Short exposure 568 

(8s). (B) Long exposure (15s). 569 

S1 Table. Lysine succinylated proteins with various domains in Solenopsis invicta. 570 

S2 Table. Lysine succinylated proteins containing diverse degrees of protein–protein 571 

interaction in Solenopsis invicta. 572 
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Figures

Figure 1

Identi�cation 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 signi�cantly



enriched amino acids near the Ksu site, while green denotes signi�cantly reduced amino acids near the
Ksu site.

Figure 2

Analyses of GO classi�cation and subcellular distribution of the identi�ed lysine succinylation (Ksu)
proteins in Solenopsis invicta. (A) GO classi�cation analysis in biological process, cellular component,
and molecular function. (B) Subcellular localization. (C) Ksu sites of the venom allergens Sol i II, Sol i III,
and Sol i IV seated in the extracellular. The red stars indicated conserved lysine succinylated residues.



Figure 3

GO and domain enrichment analyses of the identi�ed lysine succinylation proteins in Solenopsis invicta.
(A) GO enrichment in biological processes. (B) GO enrichment in cellular components. (C) GO enrichment
in molecular functions. (D) Protein domain enrichment.



Figure 4

KEGG pathway enrichment in the citrate cycle of Solenopsis invicta. Lysine succinylated proteins were
labeled with red.



Figure 5

KEGG pathway enrichment in the valine, leucine and isoleucine degradation of Solenopsis invicta. The
lysine succinylated proteins were labeled with red.



Figure 6

KEGG pathway enrichment in the phagosome of Solenopsis invicta. Lysine succinylated proteins were
labeled with red.



Figure 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.



Figure 8

Immunoblotting validation of lysine succinylation (Ksu) proteins in Solenopsis invicta. Primary antibody:
anti-succinyllysine antibody (PTM-419: Lot: 105032317G009; 1:1000 dilution); second antibody: Thermo,
Pierce, horseradish peroxidase-labeled goat anti-mouse IgG antibody, 31430, 1: 10000 dilution; 20 μg
protein/lane. (A) Short exposure (8s). (B) Long exposure (15s).



Figure 9

The Venn diagrams of the overlap between succinylation and acetylation in Solenopsis invicta. (A) The
overlap of all identi�ed sites. (B) The overlap of all identi�ed proteins. (C) The overlap proteins in
cytoplasm. (D) The overlap proteins in mitochondria.
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