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ABSTRACT 

Sirtuins are NAD-dependent deacetylases that regulate important biological processes. Mammals have 

seven sirtuins, Sirt1-7. Four of them (Sirt4-7) have no detectable or very weak deacetylase activity. Here we 

found that Sirt5 is an efficient protein lysine desuccinylase and demalonylase in vitro. The preference for 

succinyl and malonyl groups was explained by the presence of an arginine residue (Arg105) and tyrosine 

residue (Tyr102) in the acyl pocket of Sirt5. Several mammalian proteins were identified to have succinyl or 

malonyl lysine modifications by mass spectrometry. Deletion of Sirt5 in mice increases the level of 

succinylation on carbamoyl phosphate synthase 1, a known target of Sirt5. Thus protein lysine succinylation 

is a posttranslational modification that can be reversed by Sirt5 in vivo.  
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Silent Information Regulator 2 (Sir2) proteins, or sirtuins, are a family of evolutionally conserved 

enzymes with nicotinamide adenine dinucleotide (NAD)-dependent deacetylase activity (Fig. S1) (1-3). 

Since the initial discovery of the deacetylase activity (4, 5), many important biological functions of sirtuins 

have been revealed (2, 3). Based on sequence similarity, sirtuins can be grouped into different classes (6). 

Mammals have seven sirtuins, Sirt1-7. Among them, only Class I sirtuins (Sirt1-3) have robust deacetylase 

activity. Sirt4-7 have either no detectable or very weak deacetylase activity (7-11).  

To check whether the lack of robust deacetylase activity for Sirt4-7 is due to strict requirement for the 

peptide sequence, the activities of six human sirtuins (all except Sirt4, which could not be expressed in 

soluble forms in E. coli) were monitored using 16 different acetyl peptides (Table S1). Under the 

experimental conditions used, Sirt1-3 and 5 showed deacetylase activity, but Sirt6 and Sirt7 did not. All 16 

peptides could be deacetylated by Sirt1-3, while only eight could be deacetylated slowly by Sirt5 (Fig. S2). 

A histone H3K9 acetyl peptide was one of the best substrates for Sirt1-3 and Sirt5. With this peptide, the kcat 

and Km of different sirtuins were determined (Table S2). The catalytic efficiency (kcat/Km) of Sirt5 was about 

500-fold lower than that of Sirt1. 

To understand why the deacetylase activity of Sirt5 is weak, a crystal structure of Sirt5 in complex with 

a thioacetyl peptide was obtained (the corresponding acetyl peptide could not be crystallized with Sirt5). A 

buffer molecule, CHES (N-cyclohexyl-2-aminoethanesulfonic acid), was also bound to Sirt5 (Fig. 1A and 

S3A). The interactions between the thioacetyl peptide and Sirt5 involved mostly backbone hydrogen bonding 

(Fig. S3B), similar to what was observed for Thermotoga maritime Sir2 (Sir2Tm), a sirtuin with robust 

deacetylase activity (12). Thus, the selectivity for peptide sequences is unlikely to be the major reason for the 

lack of robust deacetylase activity for Sirt5. 

When the Sirt5 structure was superimposed with the structure of Sir2Tm in complex with an acetyl 

peptide and NAD (PDB 2h4f) (13) (Fig. 1B), the positions of the thioacetyl lysine in Sirt5 and the acetyl 

lysine in Sir2Tm were almost identical in the superimposed structures. The acetyl group in the Sir2Tm 

structure was surrounded by three hydrophobic residues, Phe48, Ile100, and Ile159. In contrast, the 
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corresponding pocket in Sirt5 was larger and bound by CHES. The sulfate group of CHES interacted with 

Tyr102 and Arg105 of Sirt5 and was ~4 Å away from the thioacetyl group (Fig. 1A). In the reported Sirt5 

structure with HEPES bound (9), the sulfate from HEPES also interacted with Arg105 and Tyr102. 

Based on the above structural analysis, we reasoned that if the acetyl group was replaced with an acyl 

group bearing a negatively-charged carboxylate, the acyl peptide should bind Sirt5 better than the acetyl 

peptide and thus may be a better substrate for Sirt5 (Fig. 1C). In cells, the most common acyl-CoA molecules 

with a carboxylate group are malonyl-CoA and succinyl-CoA (14). Malonyl-CoA, made from acetyl-CoA by 

acetyl-CoA carboxylase in the cytosol and the mitochondria, is a precursor for fatty acid biosynthesis (15, 

16). Succinyl-CoA is an intermediate in the Krebs cycle in the mitochondria. Since acetyl-CoA is used to 

modify proteins in cells, it is possible that malonyl- and succinyl-CoA could also be used to modify proteins. 

Thus, H3K9 malonyl and succinyl peptides were synthesized and tested for hydrolysis by Sirt5. 

 Liquid chromatography–mass spectrometry (LC-MS) was used to monitor the reactions.  Sirt1, 2, and 

3 catalyzed the hydrolysis of the acetyl peptide, but not the malonyl or succinyl peptide (Fig. 2A-C and S4, 

S5, S7, S9).  In contrast, with Sirt5, little hydrolysis of the acetyl peptide was observed, but the malonyl and 

succinyl peptides were hydrolyzed significantly (Fig. 2D-F, Fig. S4-S7). The deacylated peptides have 

identical masses to the synthetic unmodified peptide (Fig. S4 and S9). Sirt6 and Sirt7 had no detectable 

activity on the acyl peptides under the conditions tested (Fig. S8). Thus, Sirt5 is a desuccinylase and 

demalonylase.  

The deacetylation mechanism of sirtuins has been well studied (Fig. S1) (1, 17-20). If Sirt5 uses the 

same mechanism to catalyze demalonylation and desuccinylation, O-malonyl-ADPR (O-Ma-ADPR) or O-

succinyl-ADPR (O-Su-ADPR) should be produced. These products were indeed detected by mass 

spectroscopy (Fig. S10). As controls, Sirt1 with malonyl and succinyl peptides did not generate these 

products (Fig. S10, A and B). The formation of O-Ma-ADPR and O-Su-ADPR was also detected using 32P-

NAD (Fig. 3). Thus, the mechanism for Sirt5-catalyzed desuccinylation or demalonylation is similar to the 

deacetylation mechanism of Class I sirtuins. 
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The kcat and Km values for Sirt5-catalyzed deacetylation, demalonylation, and desuccinylation were 

determined (Table 1, Fig. S11) with three different peptide sequences (Table S4). With all three peptide 

sequences, the catalytic efficiencies for demalonylation and desuccinylation were much (29 to >1000 fold) 

higher than that for deacetylation (Table 1).  

A crystal structure of Sirt5 in complex with a succinyl peptide and NAD was obtained (Table S5). The 

structure (Fig. 1D) showed that the carboxylate from succinyl interacted with Tyr102 and Arg105, consistent 

with what was predicted based on the structure of Sirt5 with CHES bound (Fig. 1C). Changing Arg105 to 

Met or Tyr102 to Phe significantly increased the Km for desuccinylation (Table S3). Thus, Tyr102 and 

Arg105 were important for binding succinyl and malonyl groups. 

We next determined whether lysine malonylation or succinylation exists in vivo. Lysine succinylation 

was reported to occur on E. coli homoserine trans-succinylase (21), but lysine malonylation has not been 

reported. We thought that detecting Sirt5-catalyzed formation of O-Ma-ADPR or O-Su-ADPR using 32P-

NAD could be a sensitive assay to detect the presence of malonyl or succinyl lysine. H3K9 acetyl, malonyl, 

and succinyl peptides were incubated with Sirt5 or Sirt1 in the presence of 32P-NAD. The small molecule 

products were then separated by thin-layer chromatograph (TLC) and detected by autoradiography. With 

malonyl and succinyl peptides, Sirt5 consumed all the NAD molecules and new spots that corresponded to 

O-Ma-ADPR and O-Su-ADPR appeared (Fig. 3A). With the acetyl peptide, essentially no NAD was 

consumed by Sirt5 (Fig. 3A). Incubation of the acetyl peptide or calf thymus histones with Sirt1 produced O-

Ac-ADPR (Fig. 3A). The O-Su-ADPR spot was separated from the O-Ac-ADPR and O-Ma-ADPR spots. 

Thus, Sirt5-catalyzed formation of O-Su-ADPR from the hydrolysis of succinyl peptides could be detected 

using 32P-NAD. 

The 32P-NAD assay was then used to detect whether succinyl lysine was present in bovine liver 

mitochondrial proteins because Sirt5 is localized in mitochondria (7). When bovine liver mitochondrial 

peptides were treated with Sirt5 and 32P-NAD, the formation of O-Su-ADPR was detected (Fig. 3A), 

suggesting that bovine liver mitochondrial proteins contained succinyl lysine. Control reactions with Sirt1, 
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without sirtuins, or with BSA peptides did not produce O-Su-ADPR or O-Ac-ADPR (Fig. 3A). The identity 

of O-Su-ADPR was further confirmed by LC-MS/MS (m/z 657, [M-2H]-, detected in negative mode, Fig. 

S12). 

To identify succinylated proteins, succinyl peptides from bovine liver mitochondria were affinity 

purified using a FLAG-tagged Sirt5 (Sirt5-FLAG) and then identified by LC-MS/MS. Three succinylated 

proteins were identified: HMG-CoA synthase 2, thiosulfate sulfurtransferase, and aspartate aminotransferase. 

The sites of succinyl modification were identified by MS/MS (Fig. S13). Furthermore, LC-MS/MS identified 

succinyl lysine from three commercial mitochondrial enzymes purified from animal tissues: glutamate 

dehydrogenase (GDH), malate dehydrogenase, and citrate synthase (Table S6 and S7). Thus, lysine 

succinylation occurs on mammalian mitochondrial proteins. 

LC-MS/MS of commercial mitochondrial enzymes identified three and two malonyl lysine residues on 

GDH (Table S6) and malate dehydrogenase (Table S7), respectively. Thus, protein lysine malonylation 

exists in mammalian cells.  

Sirt5 is known to regulate the activity of carbamoyl phosphate synthase 1 (CPS1) (22). We therefore 

sought to test whether CPS1 was a desuccinylation target of Sirt5. Trypsin-digested CPS1 peptides from 

bovine liver mitochondria contained succinyl lysine (Fig. S14A). To confirm that Sirt5’s desuccinylase 

functions in vivo, a Sirt5 knockout (KO) mouse strain was generated using standard technology. Consistent 

with earlier reports (22), CPS1 activity was 15% higher in Sirt5 wt than in Sirt5 KO mice.. CPS1 was 

immunoprecipitated from wt and Sirt5 KO mouse liver and incubated with recombinant Sirt5 and 32P-NAD. 

More O-Su-ADPR was formed with CPS1 from Sirt5 KO mouse than with CPS1 from wt mouse (Fig. 3B). 

As a control, the succinylation levels on immunoprecipitated tubulin were the same in wt and Sirt5 KO 

mouse. Using MS, we identified three lysine residues of CPS1 that are both acetylated and succinylated: 

Lys44, Lys287, and Lys1291 (Fig. S17). For Lys44 and Lys287, the levels of acetylation and succinylation 

did not change in Sirt5 KO mice (Table S8). For Lys1291, succinylation level increased 16 to >100-fold in 

Sirt5 KO mice compared with the level in wt mice (Fig 3, G and H, Table S8). In contrast, acetylation levels 
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of Lys1291 did not change in Sirt5 KO compared with wt (Fig 3, E and F, Table S8).  Thus, Sirt5 functions 

as a desuccinylase in vivo. 

Here we have demonstrated that Sirt5 is an NAD-dependent demalonylase and desuccinylase. The 

demalonylase or desuccinylase activity is much higher than its deacetylase activity. The preference for 

negatively charged acyl groups can be explained by the presence of Tyr102 and Arg105 in the active site of 

Sirt5, which are conserved in most Class III sirtuins (Fig. S15) (6). Presumably all Class III sirtuins with the 

conserved Arg and Tyr should have NAD-dependent desuccinylase and/or demalonylase activity.  

We showed that lysine malonylation and succinylation occur on several mammalian proteins. Protein 

lysine succinylation has been observed recently in bacteria (23). Protein lysine malonylation has not been 

reported previously. 

Acetylation occurs on numerous metabolic enzymes and regulates their activities in mammals and 

bacteria (24, 25). Given that succinyl-CoA and malonyl-CoA are common metabolites like acetyl-CoA  (14), 

and all the succinylated and malonylated proteins we found are metabolic enzymes, it is likely that protein 

lysine succinylation and malonylation function similarly to acetylation and regulate metabolism (24, 25).  
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Table 1. The kinetic parameters of Sirt5 on acetyl, malonyl, and succinyl peptides with different 

sequences. 

Peptide  kcat (s-1) Km for peptide (µM) kcat/Km (s-1M-1) 
H3 K9  
(4-13 + WW*) 
 

deacetylation ND ND (>750) 7.8 

demalonylation 0.037 ± 0.003 6.1 ± 2.8 6.1 × 103 

desuccinylation 0.025 ± 0.002 5.8 ± 2.7 4.3 × 103 
GDH K503 
(498-509 + 
WW*) 
 

deacetylation ND ND (>750) <2** 

demalonylation 0.014 ± 0.001 8.7 ± 1.3 1.6 × 103 

desuccinylation 0.028 ± 0.002 14 ± 4 2.0 × 103 
ACS2 K628  
(623-632 + 
WW*) 
 

deacetylation ND ND (>750) 18 

demalonylation 0.079 ± 0.008 150 ± 40 5.2 × 102 

desuccinylation 0.268 ± 0.051 450 ± 150 6.0 × 102 
* Two tryptophan residues were added at the C-terminal of the peptide to facilitate the detection by UV-Vis 

absorption during the HPLC assay. 

** No activity. The value was estimated based on the detection limit. 

ND: cannot be determined either because no activity was observed or because V versus [S] was linear (even 

the highest [S] of 750 µM used was much smaller than the Km). 
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Fig. 1. The structure of Sirt5 revealed an unusual acyl pocket. (A) The acyl pocket of Sirt5 was partially 

occupied by the sulfate from the CHES molecule via interactions with Arg105 and Tyr102. The sulfur was 

4.2 Å away from the thioacetyl group. (B) Alignment of Sirt5-thioacetyl peptide structure (grey) and 

Sir2Tm-acetyl peptide structure (PDB 2h4f, magenta). (C) The rationale for predicting that malonyl/succinyl 

peptides could be better substrates for Sirt5. (D) Sirt5-succinyl peptide-NAD ternary structure showing that 

the succinyl group interacted with Tyr102 and Arg105. 

 

Fig. 2. Sirt5 catalyzed the hydrolysis of malonyl and succinyl lysine. The enzymatic reactions were analyzed 

by LC-MS. Pink traces showed the ion intensities (10x magnified) for the masses of the acyl peptides (acetyl, 

m/z 1274.0; malonyl, m/z 1318.0; succinyl, m/z 1332.0) and blue traces showed the ion intensities (10x 

magnified) for the mass of the deacylated peptide (m/z 1232.0). Black traces showed the ion intensity for all 

masses from 100-2000 (total ion counts or TIC). With Sirt1, hydrolysis was observed for the acetyl peptide 

(A), but not malonyl (B) or succinyl (C) peptide. With Sirt5, hydrolysis of the acetyl peptide was barely 

detectable (D) while hydrolysis of the malonyl (E) and succinyl (F) peptides were obvious.  

 

Fig. 3. (A) Succinyl lysine was detected in bovine liver mitochondria. Sirt5-catalyzed hydrolysis of malonyl 

and succinyl peptides could be detected using 32P-NAD, which formed 32P-labeled O-Ma-ADPR (lane 2) and 

O-Su-ADPR (lane 3). No reaction occurred with acetyl peptide (lane 1). The formation of O-Ac-ADPR 

catalyzed by Sirt1 was detected (lanes 4 and 8). O-Su-ADPR was formed when bovine liver mitochondria 

peptides were incubated with Sirt5 (lane 9), but not with Sirt1 (lane 10). The control with BSA peptides and 

Sirt5 did not generate O-Su-ADPR (lane 12). CD38-catalzyed hydrolysis of NAD was used to generate the 

standard 32P-ADPR spot (lane 13). (B) Deletion of Sirt5 increased CPS1 succinylation level in mouse liver. 

CPS1 was immunoprecipitated from wt and Sirt5 KO livers and the level of succinylation was detected using 

32P-NAD. Synthetic acyl peptides were used to generate the reference points O-Ac-ADPR, O-Ma-ADPR, 

and O-Su-ADPR.The amount of immunoprecipitated CPS1 for lanes 4-7 is shown under the lane numbers. 
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(C) The relative intensities of the O-Su-ADPR generated in (B). (D) The CPS1 activities were measured 

using the liver lysates from Sirt5 wt and KO mice. (n=3, p<0.05). Relative quantitation analysis was 

achieved by extracted ion chromatograms (XICs) for peak areas of CPS1 K1291 acetyl peptides from Sirt5 

KO (E) and wt mice (F); of CPS1 K1291 succinyl peptides from Sirt5 KO (G) and wt mice (H), and of a 

reference peptide from Sirt5 KO (I) and wt mice (J). 
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Fig. 1 
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Fig. 2 
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Fig. 3 

 


