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SUMMARY

Protein function is regulated by diverse posttranslational modifications. The mitochondrial sirtuin
SIRT5 removes malonyl and succinyl moieties from target lysines. The spectrum of protein
substrates subject to these modifications is unknown. We report systematic profiling of the
mammalian succinylome, identifying 2,565 succinylation sites on 779 proteins. Most of these do
not overlap with acetylation sites, suggesting differential regulation of succinylation and
acetylation. Our analysis reveals potential impacts of lysine succinylation on enzymes involved in
mitochondrial metabolism; e.g., amino acid degradation, the tricarboxylic acid cycle (TCA) cycle,
and fatty acid metabolism. Lysine succinylation is also present on cytosolic and nuclear proteins;
indeed, we show that a substantial fraction of SIRTS5 is extra-mitochondrial. SIRTS5 represses
biochemical activity of, and cellular respiration through, two protein complexes identified in our
analysis, pyruvate dehydrogenase complex and succinate dehydrogenase. Our data reveal
widespread roles for lysine succinylation in regulating metabolism and potentially other cellular
functions.

INTRODUCTION

Protein posttranslational modifications (PTMs) represent a key means of regulating cellular
processes and diversifying the proteome. In recent years, high-resolution mass spectrometry
(MS) has enabled the identification of an array of novel PTMs. Lysine (Lys) residues, in
particular, are targets of numerous PTMs; e.g., acetylation, methylation, biotinylation,
ubiquitination and ubiquitin-like modifications, butyrylation, propionylation, crotonylation,
malonylation, and succinylation (Berger, 2007; Chen et al., 2007; Peng et al., 2011; Tan et
al., 2011; Xie et al., 2012; Zhang et al., 2011). Comprehensive identification of the targets of
these PTMs as well as the characterization of their functional impacts remain at an early
stage.
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Among Lys PTMs, acetylation (Kac) is by far the most well characterized. Our work, as
well as that of others, has extensively characterized the cellular acetylome (Chen et al.,
2012; Choudhary et al., 2009; Hebert et al., 2013; Kendrick et al., 2011; Kim et al., 2006;
Schwer et al., 2009; Zhao et al., 2010). Though this modification was originally
characterized on nuclear histones, it is now clear that reversible acetylation is a major
regulatory mechanism for a diverse spectrum of cellular proteins in multiple cellular
compartments. A high fraction of acetylated proteins are mitochondrial metabolic enzymes.
Acetylation is a major regulator of most or all metabolic pathways in a manner that is
conserved from bacteria to mammals (Finley et al., 2011; Hallows et al., 2011; Hebert et al.,
2013; Hirschey et al., 2011; Smith et al., 2011; Starai et al., 2002; Wang et al., 2010; Zhang
et al., 2009; Zhao et al., 2010).

Sirtuin family NAD*-dependent Lys deacetylases regulate key biological processes in
mammals, including many aspects of metabolism (Finkel et al., 2009). Three mammalian
sirtuins (SIRT3, SIRT4, and SIRT5) localize mostly or exclusively to the mitochondrial
matrix. SIRT3 represents the major mitochondrial deacetylase activity. SIRT3 deficiency in
the mouse results in dramatically increased acetylation of numerous mitochondrial proteins
(Lombard et al., 2007), leading, in turn, to multiple cellular and organismal defects
(Lombard et al., 2012). Less is known regarding the functions of SIRT4 and SIRT5, which,
unlike SIRT3, do not impact bulk mitochondrial protein acetylation (Lombard et al., 2007).
SIRT5 promotes urea cycle function via the regulation of carbamoyl phosphate synthase
(CPS1) (Nakagawa et al., 2009; Ogura et al., 2010) and purine metabolism via urate oxidase
(Nakamura et al., 2012).

It is well known that a mass shift from MS analysis can only elucidate the elemental formula
of a compound and cannot resolve its structural isomers. In addition, alternative chemical
and biochemical methods should be used to fully establish the modification. In the case of a
mass shift of 100.016 Da, two structural isomers, succinyllysine and methylmalonyllysine,
may exist. The existence of Lys succinylation had been suggested in the literature (Acker et
al., 2009; Kawai et al., 2006; Rosen et al., 2004). However, these studies were not sufficient
to fully establish the chemical structure of the madification. Although an initial publication
determined the correct elemental composition of Lys succinylation, the studies were not
sufficient to distinguish the succinyl group from its structural isomers (Rosen et al., 2004).
Moreover, there were no studies using immunochemistry, high-performance liquid
chromatography (HPLC) coelution, or tandem MS (MS/MS) of synthetic peptides to
elucidate whether the mass shift was caused by a succinyl group or its isomers. A second
publication used an MS approach that was insufficiently accurate to definitely characterize
the elemental nature of the modification and also did not distinguish the structural isomers
(Kawai et al., 2006). Although an antibody against succinyllysine was described in the
paper, the specificity of this antibody was not characterized. A more recent study employing
an 1H nuclear magnetic resonance (NMR)-based approach did not include chemical shift
and integration of hydrogen atoms for structural elucidation, nor did it fully label critical
NMR peaks to distinguish succinyl from its isomer-methylmalonyl groups (Acker et al.,
2009). In addition, supporting evidence (e.g., 13C NMR or HPLC coelution of synthetic
peptides or immunaoblot with a well-characterized antibody) to conclusively identify Lys
succinylation was lacking.

Recently, we identified and fully validated Lys succinylation and malonylation as PTM
pathways, implying an ancient conserved function (Peng et al., 2011; Zhang et al., 2011).
These modifications are also present on histones, suggesting possible roles in regulating
chromatin structure and function (Xie et al., 2012). Our work, as well as that of others, has
identified SIRTS5 as the only known enzyme to date catalyzing Lys desuccinylation and
demalonylation (Du et al., 2011; Peng et al., 2011; Zhang et al., 2011). Although
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succinylation regulates activities of two metabolic enzymes, isocitrate dehydrogenase (IDH)
and CPS1, a global picture of how this modification may affect cellular functions is lacking.

We report global analysis of Lys succinylation in mammals. Succinylation is widespread
among diverse mitochondrial metabolic enzymes and also on extramitochondrial cytosolic
and nuclear proteins. We test the impact of SIRT5 on two substrates identified in this
analysis, the pyruvate dehydrogenase complex (PDC) and succinate dehydrogenase (SDH).
SIRTS5 suppresses the biochemical activities of, and respiration mediated by, both of these
complexes. Thus, Lys succinylation is a functional modification with the potential to impact
mitochondrial metabolism and diverse extramitochondrial processes.

Lysine Succinylation Proteome in Mouse Cells

To identify Lys-succinylated (Ksucc) proteins and sites regulated by SIRT5, we performed
two sets of large-scale proteomic analyses. First, we carried out proteomics screening of Lys
succinylated peptides in Sirt5 knockout (KO) mouse liver using protein fractionation,
affinity enrichment, and HPLC-MS/MS analysis (Figure 1A, left panel, and Figure S1A
available online). This study provided a comprehensive list of Ksucc substrates in an organ
important for energy metabolism. To study dynamics of Ksucc in response to SIRTS5, the
only enzyme currently known to regulate Ksucc status, we quantified the Ksucc proteomes
between wild-type (WT) and Sirt5 KO mouse embryonic fibroblasts (MEFs) using stable
isotope labeling of amino acids in cell culture (SILAC) and MS (Figures 1A, right panel,
and S1B). We identified 1,675 sites from 436 proteins in liver tissue (Table S1B) and 1,184
Lys succinylation sites from 505 proteins in MEFs (Table S1A) with a false discovery rate
(FDR) of less than 1% at protein, peptide, and site levels. Furthermore, we removed those
peptides with additional stringent cutoff criteria (see Supplemental Experimental
Procedures). After removing overlapping sites, we identified a total of 2,565 Lys
succinylation sites from 779 proteins in mouse cells (Figures 1B and 1C). We found that
some proteins were highly succinylated, including CPS1 with 47 sites and hydroxyacyl-
coenzyme A dehydrogenase (HADHA) with 32 sites (Figure 1C and Tables SIA-S1B).
Among the identified Ksucc sites, only 294 sites overlapped between MEFs and mouse liver
cells (Figure 1B).

To investigate the extent to which Lys succinylation and Lys acetylation sites overlapped,
we quantified Lys acetylation substrates in the Sirt5 KO and WT SILAC MEFs using HPLC
fractionation, immunoaffinity enrichment, and HPLC-MS/MS analysis. We identified 2,329
nonredundant Lys acetylation sites with an FDR less than 1% and with additional stringent
cutoff criteria (see Supplemental Experimental Procedures) (Table S1C). To compare Ksucc
sites and Kac sites in MEFs, we extracted all quantified Ksucc and Kac sites from the two
proteomics studies. We found that only 282 sites overlapped between Ksucc and Kac sites
identified in MEFs (Figure 1D).

To gain functional insight into how Ksucc may regulate cellular function, we assessed
Ksucc levels in whole-cell extracts and mitochondria in the liver and kidney from male and
female mice under fed and fasting conditions (Figures S2A-S2H). We found that Ksucc
levels rose in response to fasting in both tissues, and this change was more marked in the
liver than the kidney. Similar trends were apparent for acetylation. Thus, Lys succinylation
might contribute to the fasting response.

Quantitative Analysis of Lys Succinylation and Acetylation Sites in Response to Sirt5 KO

Using SILAC, we quantified the dynamics of Lys succinylation sites in WT and Sirt5 KO
MEFs. Out of 1,184 Ksucc sites, 997 sites were quantifiable (Figure 2A), and more than
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90% of these showed increasing abundance in Sirt5 KO cells with an average KO/WT
SILAC ratio of 3.61 and a median KO/WT SILAC ratio of 1.93. Significantly, over 12% of
the sites showed over 4-fold increase in abundance in SIRT5-deficient cells (Figure 2A).
These data showed that SIRT5 deficiency significantly impacted Ksucc levels, suggesting
that SIRTS is a central regulator of Lys succinylation in mammalian cells, analogous to the
role of SIRT3 in regulating overall Lys acetylation in mitochondria (Hebert et al., 2013;
Lombard et al., 2007; Smith et al., 2011). To investigate whether SIRT5 significantly
impacted Lys acetylation in vivo, we compared the quantitative changes of Lys acetylation
between WT and Sirt5 KO MEFs. Consistent with previous reports (Du et al., 2011;
Lombard et al., 2007; Peng et al., 2011), our data showed that SIRT5 deficiency does not
significantly impact global Lys acetylation and has an average KO/WT SILAC ratio of 1.04
(Figure S3A).

To investigate whether SIRT5 deficiency significantly impacted global protein expression,
we quantified protein levels in WT and Sirt5 KO MEFs using SILAC and HPLC-MS/MS.
Our analysis quantified 3,944 nonredundant protein groups with 5,109 proteins (Table S1D).
Our data showed that about 85% of the proteins (3,348 out of 3,944) showed less than 1-fold
change in abundance in Sirt5 KO MEFs (SILAC Sirt5 KO/WT ratio between 0.5 and 2)
(Figure S3B), and normalization by protein quantification ratios did not significantly alter
the quantification ratio distribution of Lys succinylation sites (Figure S3A).

In SIRT5-deficient MEFs, 28 Ksucc sites showed a more than 10-fold increase in abundance
(Figure 2B). Hydroxyl-coenzyme A dehydrogenase (mitochondrial HADH) is an essential
enzyme in lipid metabolism with major activity in the oxidation of 3-hydroxybutyryl-CoA.
Our data indicate that the HADH amino acid residue K81, which is adjacent to a CoA
binding site at K80, is succinylated, and its modification increased by more than 200-fold in
Sirt5 KO fibroblasts (about 74-fold after normalization with protein abundance changes).
Mitochondrial acetyl-CoA acetyltransferase is a critical enzyme in ketone body metabolism
that conjugates acetyl-CoA into acetoacetyl CoA. Succinylation at K265, located near a
CoA-binding site (K260) increased in abundance by more than 120-fold in Sirt5 KO cells
(about 104-fold after normalization with protein abundance changes).

To calculate the absolute stoichiometry of Lys succinylation, we modified a previously
reported algorithm (Olsen et al., 2010) that used SILAC quantification ratios of modified
and un-modified peptides as well as corresponding proteins. In this method, the
stoichiometries of those Ksucc sites can be calculated if they meet several criteria (see
Supplemental Experimental Procedures) (Olsen et al., 2010). With this consideration, we
were able to calculate absolute stoichiometries of 137 Ksucc sites in both WT and Sirt5 KO
MEFs with a dynamic range from 0.02% to 90%, out of which 134 sites showed increased
Ksucc stoichiometries in SIRTS deficiency (Figure 3A and Table S1E). Our analysis showed
that 32% of the Ksucc sites had stoichiometries greater than 10% in Sirt5 WT cells, whereas
this figure increased to 56% in Sirt5 KO cells (Figures 3B—3C). For example, GTP-binding
nuclear protein (RAN) is a GTPase involved in protein and RNA transport between the
nucleus and cytoplasm. Our data showed that the K23 site on RAN, located within one of
the GTP-binding regions, is Lys succinylated, and its stoichiometry increased from 15% to
45% in Sirt5 KO cells. Pyruvate kinase isozyme M1/M2 (PKM) is a critical glycolytic
enzyme with an established role in cancer cell Warburg metabolism (Vander Heiden et al.,
2009). Recent studies identified additional functional roles in the nucleus as a protein kinase
regulating histone H3 and STAT3 phosphorylation (Gao et al., 2012; Yang et al., 2012). Our
data revealed that a total of seven sites on PKM were Lys succinylated, among which the
stoichiometry of K498 site increased from 12% to 31% in Sirt5 KO MEFs (Figures 2C and
3C).
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Flanking Sequence and PTM Correlation Analysis

To assess whether SIRTS shows structural preferences for its enzymatic activity, we
evaluated the flanking sequences of Ksucc sites identified from both MEFs and liver tissues.
The data showed a preference for Gly or Ala at the —1 position and Ala at the +1 position
(Figure 4A). Arg is largely depleted at both the -1 and +1 position. Accordingly, motif
analysis identified AK, GK, KF, and KA motifs as significantly overrepresented for Lys
succinylation sites (Bonferroni corrected p < 0.05) (Figure S4). This is in contrast to recent
studies demonstrating that Kac sites targeted by SIRT3 tend to be near positively charged
amino acids (Hebert et al., 2013; Smith et al., 2011).

We compared our data sets to the public databases of known PTMs in UniProt (http://
www.uniprot.org). In addition to Lys acetylation, we identified 18 Ksucc sites overlapped
with other modifications (Table S2), including ubiquitination and previously reported Lys
malonylation sites. Furthermore, we identified 92 Ksucc sites located within five residues in
flanking distance to various types of PTMs (Table S2), including phosphorylation,
ubiquitination, and lipid modification sites. Among all Ksucc sites colocalized with
phosphorylation sites, a surprisingly high percentage (18%) colocalized near known or
predicted phosphotyrosine residues.

Cellular Localization of the Lys Succinylation Proteome

SIRTS5 is thought to localize primarily to mitochondria (Lombard et al., 2007; Michishita et
al., 2005; Nakagawa et al., 2009; Schlicker et al., 2008). An intriguing question is whether
SIRTS5 regulates Lys succinylation on extramitochondrial proteins. We performed cellular
compartment analysis of all Lys-succinylated proteins identified from Sirt5 KO liver tissue
and MEFs. As expected, a significant portion of cytosolic Ksucc proteins localized
exclusively or partially to mitochondria (p = 2.3 x 107112, Fisher’s exact test) (Figure 4B).
Furthermore, we compared our data set with known mitochondria genes annotated in the
Mito-Carta database (Pagliarini et al., 2008). Sixteen percent of mitochondrial proteins were
Lys succinylated in MEFs, whereas 23% of mitochondrial proteins were Lys succinylated in
liver tissue. Altogether, 29% of mitochondrial proteins were Lys succinylated, suggesting
potentially important roles of Lys succinylation in regulating mitochondria functions. Also,
we identified similar numbers of proteins that were not annotated as mitochondrial (Figure
4B), including ribosomes and histone proteins H2A, H2B, H3, and H1, many of which have
significantly upregulated Lys succinylation upon Sirt5 KO (Table S3). Lys acetylation is
known to be abundant on nuclear proteins. In contrast, only 38 Lys-succinylated proteins
identified in this study were previously annotated as exclusively nuclear.

Functional Annotation of the Lys Succinylome

To understand the biological functions of Lys succinylation substrates, we performed
enrichment analysis with the Gene Ontology annotation database. Consistent with previous
reports (Du et al., 2011; Peng et al., 2011), our data showed that Lys-succinylated proteins
are significantly enriched in cellular metabolic process with specific enrichment in oxoacid
metabolism (adjusted p = 1.6 x 107110), oxidation reduction process (adjusted p = 8.2 x
10786), and coenzyme metabolism (adjusted p = 5.4 x 10~°7) (Figure 4C, upper panel).
Accordingly, the molecular functions carried out by Lys succinylated proteins included
cofactor binding (adjusted p = 1.2 x 107%°) and oxidoreductase activity (adjusted p = 4.2 x
10~"1) (Figure 4C, middle panel). In addition, we also found that Lys-succinylated proteins
were enriched for translational processes (adjusted p = 3.4 x 10~30) because of the
identification of succinylated ribosome proteins. Analysis of the PFAM domain database
showed that Lys-succinylated proteins were enriched for acyl-CoA dehydrogenase (adjusted
p = 5.3 x 10717), isomerase (adjusted p = 9.2 x 10712), and aldehyde dehydrogenase
(adjusted p = 2.9 x 1079) (Figure 4C, bottom panel).
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To understand the cellular pathways involving SIRT5-regulated Lys succinylation, we
performed enrichment analysis of KEGG pathways. Our data showed that, in Sirt5 KOs, 37
of 51 proteins in the Val-Leu-lle degradation pathway, as well as over 80% of all proteins in
the tricarboxylic acid (TCA) cycle, and 60% of all proteins in fatty acid metabolism were
Lys succinylated (Figures SSA-S5C). Interestingly, we found that nearly all annotated
pathways involving succinyl-CoA in mice were enriched with Lys-succinylated proteins,
including the Val-Leu-1le degradation pathway (adjusted p = 1.1 x 10728), the TCA cycle
(adjusted p = 5.6 x10721), and propionate metabolism (adjusted p = 5.1 x 10717) (Figure
4D).

SIRTS5 Is Present Extramitochondrially

These data suggested that a portion of SIRT5 might exist extramitochondrially, regulating
Lys succinylation outside this organelle. Subcellular fractionation revealed that a significant
fraction of endogenous SIRT5 was present cytosolically both in human cells (Figure 5A)
and mouse liver (Figure 5B). A very small amount of SIRT5 was also detected in the nuclear
fraction, which was particularly evident in the liver samples (Figure 5B). To confirm these
results, we performed immunofluorescence (IF) and confocal microscopy to localize
endogenous SIRTS5 (Figure 5C). Consistent with our fractionation studies, SIRT5 (green)
partially colocalized with MitoTracker Red to produce a yellow signal. However, a
detectable fraction of SIRT5 was present cytosolically, as evidenced by a green signal that
was not apparently localized to mitochondria. No SIRT5 signal was evident in the Sirt5
knockdown (KD) control cells. Thus, SIRT5 is present both mitochondrially and
extramitochondrially, a finding which is consistent with the proteomic results.

Protein Interaction Networks of Lys Succinylation Proteome

We visualized the protein-protein interaction networks of Lys-succinylated proteins on the
basis of the STRING database (Jensen et al., 2009). Our data set showed a vast, highly
connected network with clusters of nodes extending out to form protein complex patterns
(Figure 6A). Using the MCODE tool (Bader and Hogue, 2003), we identified a number of
highly connected subnetworks among Lys-succinylated proteins, including the F1FO ATP
synthetase, respiratory chain supercomplexes (complexes I, I11, and IV), glutathione S
transferases, ribosomes, and the chaperonin-containing TCP1 complex (Figure 6A). The first
two protein networks are localized to mitochondria, whereas the last three are mainly
cytosolic. Quantitative analysis showed an increase in Lys succinylation among most protein
networks in SIRT5 deficiency, and some Ksucc proteins were only identified in Sirt5 KO
MEFs or mouse liver tissue (Figure 6A).

Protein Complex Analysis

To identify complexes regulated by SIRT5 and Lys succinylation, we performed protein
complex enrichment analysis with the manually curated CORUM core complex database
(Ruepp et al., 2008) for mammalian proteins. Because only a limited number of mouse
complexes were annotated and experimentally confirmed, all of the mammalian protein
complexes in the database were taken into consideration on the basis of the assumption of
evolutionary conservation of core protein complexes among mammalian species. Our
analysis showed over 20 enriched protein complexes from Lys-succinylated proteins
(adjusted p < 0.01). In addition to the protein complexes identified by interaction network
analysis, we identified significant enrichment of Lys succinylation in the frataxin complex
(Figure 6B, adjusted p = 1.8 x 10711), the HMGB1-HMGB2-HSC70-ERP60-GAPDH
complex (Figure 6C, adjusted p = 3.8 x 10710), the PDC (Figure 6D, adjusted p = 3.6 x
10710), and the SDH-mABC1-PIC-ANT-ATPase complex (Figure 6E, adjusted p = 7.7 x
1077), suggesting potential impacts of Lys succinylation and SIRT5 enzymatic activity in
regulating physiological functions of these protein complexes (see below). Lys acetylation is
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known to be involved in the regulation of macromolecular complexes, many of which are
located in the nucleus and involved in transcription-related processes (Choudhary et al.,
2009). In contrast, we were not able to identify any nuclear protein complexes that were
enriched among Ksucc proteins.

Kinetics of Lys Succinylation

To assess succinylation turnover, we pulse labeled HeLa cells with D4-isotopic succinate
and collected cells to compare the Ksucc heavy-to-light abundances at 0, 8, and 24 hr. Cells
were lysed and subjected to a single immune-affinity enrichment with an antibody against
Ksucc. Enriched peptides were analyzed by HPLC-MS/MS, and raw data from each time
point were analyzed with MaxQuant (v.1.3.0.5) with the specification of Lys succinylation
and Lys D4 succinylation as variable modifications. In-house-developed scripts were used to
extract maximum peak intensities of each Lys-succinylated (1, ) or D4-succinylated (1)
peptide. The labeling ratios of Ksucc peptides were calculated as 14/l , and the percentage
of unlabeled Lys-succinylated peptide was calculated as I} *100%/(1_ +Iy). From these data,
we were able to identify 15 Ksucc peptides in both light and heavy form from all three time
points (Table S4). We performed fuzzy c-means clustering analysis of the labeling ratios
from all 15 peptides and identified four core clusters (Figure S6A).

Each cluster clearly showed different dynamic profiles in Ksucc turnover upon pulse
labeling. For simple calculation of the turnover rate, we selected Cluster 2, in which the
main Ksucc sites showed nearly linear increase in labeling ratios with increasing labeling
time. We performed a linear regression analysis on the percentage of the Lys D4
succinylation (heavy form) and the percentage of the Lys H4 succinylation (light form) at
the three time points (0, 8, and 24 hr) for all the major Ksucc sites in cluster 2. Our data
showed that the average rate of Lys D4 succinylation incorporation (or the average rate of
the Lys H4 succinylation loss) is about 0.92% per hr for the Ksucc sites in Cluster 2 (Figure
S6B). Thus, Lys succinylation may regulate functions of its targets on a relatively slow time
frame (hr to days). However, the modification of specific sites may occur much more
rapidly.

SIRTS5 Suppresses Pyruvate Dehydrogenase Complex Activity

As proof of principle that the SIRTS5 targets identified in our studies can be functionally
impacted by succinylation, we tested the role of SIRT5 in regulating activities of two
metabolic protein complexes, PDC and SDH. PDC catalyzes oxidization of pyruvate to
acetyl-CoA for use in the TCA cycle. PDC consists of ELa and E1p heterotetramers
surrounding a core consisting of E2, E3, and E3bp subunits (Patel and Korotchkina, 2006).
PDC activity is tightly regulated. E1a phosphorylation by pyruvate dehydrogenase kinases
represses PDC activity and represents a major known mechanism of PDC regulation.
Pyruvate dehydrogenase phosphatases dephosphorylate E1a and activate PDC.

Using SILAC analysis, we identified multiple subunits of PDC as hypersuccinylated in Sirt5
KO MEFs (Figure 7A, Tables S1A and S5). Additional succinylation sites on PDC were
identified in MS/MS analysis of Sirt5KO livers (Tables S1B and S5). We immunoblotted
commercially available PDC and confirmed that we could detect succinylation on multiple
PDC subunits (Figure 7B). Consistent with our SILAC data, WT SIRTS5 robustly
desuccinylated PDC in vitro (Figure 7B); a SIRT5H158Y mutant showed hypomorphic
desuccinylase activity (Nakagawa et al., 2009). Treatment of purified PDC with SIRT5
decreased holoenzyme activity in vitro (Figure 7C). These data suggested that SIRT5
negatively regulates PDC activity. To test this in vivo, we generated two independent human
embryonic kidney (HEK) 293T cell lines in which SIRT5 was depleted via lentiviral small
hairpin RNA (Figure 7D). Sirt5 KD resulted in elevated PDC activity (Figure 7E). This
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increase was synergistic with treatment with dichloroacetate (DCA), which stimulates PDC
activity by reducing the phosphorylation and turnover of E1a (Morten et al., 1999;
Stacpoole et al., 2008). Thus, SIRT5 and Ela phosphorylation attenuate PDC activity
through distinct mechanisms.

SIRTS5 Suppresses SDH Activity and Cellular Respiration

The SDH complex (complex 1) includes four subunits, SDHA-SDHD. SDH participates in
both the TCA cycle and the electron transport chain, catalyzing the oxidation of succinate to
fumarate with concomitant conversion of ubiquinone to ubiquinol. Germ-line mutations in
all Sahsubunit genes can cause mitochondrial disease and tumor susceptibility syndromes
(Gill, 2012). SILAC studies identified four Lys succinylation sites on the SDHA subunit of
SDH (Figure 7F). Analysis of Sirt5 KO liver tissue identified several additional sites in
SDHA as well as a single Lys succinylation site in SDHB (Tables S1B and S6).

First, to test the potential functional impact of SIRT5 on SDH, we assessed SDH
biochemical function in Sirt5 KD cells and controls. Sirt5 KD led to a substantial increase in
SDH activity (Figure 7G). This was associated with a large (roughly 3.5-fold) elevation in
cellular respiration in the presence of the SDH substrate succinate (cells were permeabilized
to allow compounds access to mitochondria) (Figures 7H and 71). Increased respiration was
also observed in Sirt5 KD cells in the presence of the PDC substrate pyruvate (Figures 7H
and 71). Sirt5 KD did not impact respiration in the presence of the complex 1V substrate
ascorbate.

To confirm the cell results, we isolated mitochondria from Sirt5 KO livers and controls and
assessed for respiratory activity using various substrates (Figure 7J). SIRT5-deficient
mitochondria showed significantly increased respiration in the presence of succinate and
pyruvate. In contrast, no significant differences in respiration between WT and Sirt5 KO
were observed with ascorbate. We conclude that SIRT5 targets PDC and SDH to suppress
their biochemical activities and mitochondrial respiration driven by these complexes.

DISCUSSION

We report global analysis of the Lys succinylome in mammals. This modification is
widespread in fibroblasts and hepatocytes, occurring on both mitochondrial metabolic
enzymes as well as extramitochondrial proteins such as histones and ribosomes. Consistent
with a role for SIRTS5 in regulating Ksucc levels extra-mitochondrially, we find that a
substantial fraction of SIRTS5 protein is cytosolic. Our data are consistent with a major role
for SIRTS in regulating Ksucc levels, which is analogous to the principal role of SIRT3 in
regulating mitochondrial Lys acetylation (Hebert et al., 2013; Lombard et al., 2007; Smith et
al., 2011). Supporting functional roles for SIRT5 and succinylation, we have identified roles
for SIRTS in suppressing respiration via PDC and SDH, succinylated enzyme complexes
that were identified in our studies. The succinylation of many of SIRT5 targets identified in
this analysis will most likely prove functionally relevant and impact metabolism or other
cellular processes. Other activities of SIRT5 (e.g., demalonylation) most likely contribute to
its biological effects as well.

Our analysis of Lys succinylation and acetylation in Sirt5 WT and KO cells suggests that
there is a limited overlap between the two modifications, implying different regulatory
mechanisms. It is unknown how proteins are succinylated in the cell—e.qg., whether this
process is catalyzed by putative succinyl transferases or, instead, occurs passively by
reaction of succinyl-CoA with surface-exposed Lys (Du et al., 2011; Peng et al., 2011;
Zhang et al., 2011). We attempted to evaluate the latter possibility by inhibiting SDH
function in order to increase intra-cellular succinate levels either by treating cells with the
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SDH inhibitors 3-nitropropionic acid (3-NPA,; Figure S7A) or malonate (Figure S7B) over a
range of concentrations or by knocking down SDHC (Figure S7C). 3-NPA treatment, but
not malonate treatment or SDHC KD, resulted in a slight increase in Ksucc levels. Thus,
mechanisms of Lys succinylation remain unclear. It is possible that the occurrence of
acetylation and succinylation on distinct subsets of lysines occurs as a consequence of
divergent mechanisms of modification. Alternatively, SIRT3 and SIRT5 may be targeted to
distinct Lys sites for the removal of these modifications.

Given the reported mitochondrial localization of SIRT5, it is somewhat surprising that we
identified 35 nonredundant histone Lys succinylation sites, six of those sites overlapping
with our first report of histone succinylation sites in mouse cells (Xie et al., 2012). Lys
succinylation on histones increases significantly in SIRT5 deficiency with an average
SILAC KO/WT ratio of 5.09. Similar to previous findings, Lys succinylation sites on
histones primarily localize to the C-terminal globular domains, the exception being the
histone H2B K5. This is in contrast to Lys acetylation, which primarily occupies the N-
terminal tails of histones, potentially suggesting a distinct epigenetic role of histone Lys
succinylation in comparison to Lys acetylation. These data imply that SIRT5 functions
outside mitochondria, potentially impacting chromatin functions.

We tested whether Lys succinylation sites identified in this study overlapped with known
enzymatic activity sites on the basis of UniProt annotation, an important sign that Lys
succinylation may regulate the function of a substrate. Sixteen Ksucc sites overlapped with
known cofactor binding or catalytic sites, and 74 Ksucc sites were located within five
residues in flanking distance to enzymatic activity sites (Table S7). IDH is a key metabolic
enzyme catalyzing isocitrate conversion to 2-oxoglutarate. Our previous studies identified
Ksucc sites on £. coli IDH (Zhang et al., 2011). Mutations in the /DHZ2 gene, a mammalian
IDH homolog, causes D-2 hydroxyglutaric aciduria type 2 (D2HGA?2) (Kranendijk et al.,
2010), whereas its downregulation leads to epigenetic dysfunction via the loss of 5-
hydroxymethyl-cytosine in melanoma (Lian et al., 2012). /DH1 or /DHZ mutations lead to
production of the oncometabolite D2-hydroxyglutarate (D-2HG) (Yen et al., 2010). We
identified a total of 15 Ksucc sites on IDH2, 2 Ksucc sites (K180 and K256) being located
within five residues in flanking sequence to sites on IDH2 that are critical for catalysis
(Y179 and K251, respectively). These data suggest a potential impact of Lys succinylation
on the activity of IDH2, which may impact epigenetic regulation and neoplasia.

SIRTS5 suppresses activities of PDC and SDH. Germline SDH mutations have been
identified in the SDH subunits SDHA-SDHD and also in SDH assembly factor 2 in tumor
predisposition syndromes (Hao et al., 2009; Korpershoek et al., 2011; Neumann et al., 2004;
Niemann and Miller, 2000; Oudijk et al., 2013; Pollard et al., 2005; Ricketts et al., 2008;
Ricketts et al., 2010). Dysregulated SDH activity in the setting of these mutations promotes
the accumulation of succinate and mitochondrial reactive oxygen species, activating HIF1a
and inducing angiogenesis (Selak et al., 2005). Elevated succinate levels can lead to
epigenetic dysregulation (Cervera et al., 2009; Smith et al., 2007). Thus, SIRT5 could play a
role in neoplasia by regulating PDC and SDH.

About 50% of overall daily caloric intake passes through PDC, highlighting the central
importance of this holoenzyme in glucose metabolism (Patel and Korotchkina, 2006). The
regulation of PDC activity is the major mechanism regulating glucose oxidation in mammals
in vivo (Wieland et al., 1972). PDC dysfunction is linked to type 2 diabetes (T2D) and a
diverse spectrum of other human pathologies, such as neoplasia and cardiac ischemia (Patel
and Korotchkina, 2006). PDC activity is tightly regulated by metabolite levels as well as
Ela phosphorylation. Our finding that SIRTS5 desuccinylates PDC subunits to inhibit PDC
activity reveals a previously unappreciated aspect of PDC regulation and raises the eventual
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possibility of inhibiting SIRTS5 activity as an adjunct treatment in T2D. However, it is likely
that the impact of SIRT5 on mitochondrial respiration and overall metabolism is much
broader than repressing PDC and SDH function.

EXPERIMENTAL PROCEDURES

Animal experiments were performed in accordance with institutional guidelines at the
University of Michigan. See the Supplemental Information for complete experimental
details.

MEF Studies

MEFs were generated by standard methods from Sirt5 heterozygous breeding pairs in the
129-strain background. Cells were subsequently immortalized by large T antigen
transduction. For SILAC, MEFs were cultured for more than six generations in media
containing either “heavy” or “light” Lys.

PTM-Specific Immunoaffinity Enrichment

Enrichment of Ksucc and Kac peptides was performed with antibody-immobilized beads as
previously described (Kim et al., 2006).

Enzyme Activity Assays

PDC activity was assayed with previously described methods (Jeoung et al., 2006; Schwab
et al., 2005). SDH activity was assayed by previously published methods (Nadanaciva et al.,
2007).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Profiling Lys Succinylation Proteomein Mouse Cells

(A) Schematic representation of experimental workflow for the identification of Lys
succinylation substrates in Sirt5 KO mouse liver (left) and SILAC quantification of Lys
succinylation in WT and Sirt5 KO MEFs (right) (see also Figure S1).

(B) Venn diagram showing the total numbers of Lys succinylation sites identified in MEFs
and in mouse liver tissue and their overlap (see also Figure S2).

(C) Pie chart showing the distribution of the number of Ksucc site identifications per
protein.

(D) Venn diagram showing overlap between quantifiable Lys succinylation sites and Lys
acetylation sites in MEFs.
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(A) Histogram showing the ratio distribution of quantifiable Lys succinylation sites between

Sirt5 KO and WT MEFs (see also Figure S3).

(B) Scatter plot showing the quantification of Lys succinylation sites in relation to peptide

intensities.

(C) Full MS and MS/MS spectra for the identification and quantification of K498
succinylation on Pkm. b and y ions indicate peptide backbone fragment ions containing the
N and C terminal, respectively. ++ indicates doubly charged ions, and * indicates loss-of-

amine ions. Succinylated Lys is underlined and colored in red.
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Figure 3. Absolute Stoichiometries of Lys Succinylation Sitesin Sirt5 KO and WT MEF Cells
(A) Comparison of stoichiometries of Ksucc sites in WT (red dots) and Sirt5 KO MEF cells

(blue dots).

(B) Comparison of distributions of Ksucc stoichiometries between WT (pink bars) and Sirt5

KO ells (red bars).

(C) List of representative Ksucc sites with significant changes in absolute stoichiometries

between WT and Sirt5 KO cells.
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Figure 4. Characterization of Lys Succinylation Proteome
(A) Icelogo representation shows flanking sequence preferences for all Lys succinylation

sites (see also Figure S4).

(B) Venn diagram showing cellular compartment distribution of Ksucc proteins.
(C) Bar graphs showing representative ontology annotations enriched with Ksucc proteome

(see also Figure S5).

(D) Table of all KEGG pathways involving succinyl-CoA in mice showing the enrichment
of each pathway in Ksucc proteins (see also Table S3).
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Figure5. Subcellular Localization of Human and Mouse SIRT5

(A and B) Subcellular fractionation of control and Sirt5 KD HEK 293T cells (A) and WT
and Sirt5 KO mouse livers

(B). Fractionation controls were SDHA and SOD2 (mitochondria), HSP90 (cytosol), and
histone H3 (nucleus). MT, mitochondria; N, nucleus.

(C) Confocal microscopy analysis of SIRT5 localization in control and Sirt5 KD cells along
with MitoTracker Red (MT).
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Figure 6. Interaction Network and Protein Complex Analysis of Lys Succinylation Proteome
(A-E) Protein-protein interaction network on the basis of the STRING database (v8.3) (A)
and visualized in Cytoscape and representative protein complexes enriched in Lys
succinylation proteome: Frataxin complex (B), HMGB1-HMGB2-HSC70-ERP60-GAPDH
complex (C), PDC (D), and SDH-mABC1-PIC-ANT-ATPase complex (E). Each node is
color coded to represent the Log2 of the median SILAC KO/WT ratio for each protein. The
size of the node corresponds to the relative number of Ksucc sites identified on each protein.
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Figure 7. SIRT5 Suppressesthe Activities of Pyruvate Dehydrogenase Complex and Succinate
Dehydrogenase

(A) Quantitative Ksucc changes on PDC subunits between Sirt5 KO and control MEFs (see
also Tables S1A and S5).

(B) SIRT5 desuccinylates PDC subunits in vitro. Left, ponceau S; Right, IB: Ksucc.

(C) SIRT5 suppresses PDC activity in vitro. PDC activity in reactions in (B). Data are mean
+ SEM of triplicate measurements; p value designates comparison via a paired two-tailed t
test.

(D) SIRTS immunoblot in Sirt5 KD cell lines and control. LC, loading control.

(E) PDC activity in Sirt5 KD cells and controls + 5 mM DCA. Data summarize four
independent experiments, each done in quadruplicate. Error bars designate SEM; ***p <
0.001 by two-way ANOVA.

(F) Quantitative Ksucc changes on SDHA between SIRT5 KO and control MEFs (see also
Tables S1A and S6 and Figure S7).

(G) Increased SDH activity in Sirt5 KD cells. Data are mean + SEM of triplicate
measurements; ***p < 0.001 by an unpaired two-tailed t test.

(H) Representative oxygen consumption in Sirt5 KD and control cell lines. Additions are as
follow: cells; Pyr/Mal, pyruvate + malate; F-Pyr, fluoropyruvate; S/R, succinate + rotenone;
AA, antimycin A; A/T, ascorbate + TMPD; KCN.

(I) Quantification of (H). Succ, succinate + rotenone; Asc/TMPD, ascorbate + TMPD. Data
are mean + SEM of triplicate measurements; *p < 0.05 by an unpaired two-tailed t test.

(J) Increased respiration in the presence of pyruvate or succinate but not ascorbate + TMPD
in SIRT5-deficient mitochondria. Top, plotted data; bottom, raw data (blue or turquoise,
Sirt5KO; red or pink, WT control). OCR, oxygen consumption rate. Data are representative
of five independent experiments performed in quadruplicate on a littermate WT/KO pair.
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Statistical comparisons were performed with an unpaired two-tailed t test; error bars
designate SEM.
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