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Abstract

Succinylation refers to modification of lysine residues with succinyl groups donated by succinyl-
CoA. Sirtuin5 (Sirt5) is a mitochondrial NAD*-dependent deacylase that catalyzes the removal
of succinyl groups from proteins. Sirt5 and protein succinylation are conserved across species,
suggesting functional importance of the modification. Sirt5 loss impacts liver metabolism but the
role of succinylation in the heart has not been explored. We combined affinity enrichment with
proteomics and mass spectrometry to analyze total succinylated lysine content of mitochondria
isolated from WT and Sirt5/~ mouse hearts. We identified 887 succinylated lysine residues in
184 proteins. 44 peptides (5 proteins) occurred uniquely in WT samples, 289 (46 proteins) in
Sirt5™1= samples, and 554 (133 proteins) were common to both groups. The 46 unique proteins

in Sirt571~ heart participate in metabolic processes such as fatty acid p-oxidation (Eci2) and
branched chain amino acid catabolism, and include respiratory chain proteins (Ndufa7, 12, 13,
Dhsa). We performed label-free analysis of the peptides common to WT and Sirt57~ hearts. 16
peptides from 9 proteins were significantly increased in Sirt5~ by at least 30%. The adenine
nucleotide transporter 1 showed the highest increase in succinylation in Sirz57~ (108.4 fold). The
data indicate that succinylation is widespread in the heart and enriched in metabolic pathways. We
examined whether the loss of Sirt5 would impact ischemia-reperfusion (I/R) injury and we found
an increase in infarct size in Sirt5~ hearts compared to WT littermates (68.5%/_ 1.1% Sirt5/~
vs 39.6%/_ 6.8% WT) following 20 minutes of ischemia and 90 minutes reperfusion. We further
demonstrate that I/R injury in Sirt57/~ heart is restored to WT levels by pretreatment with dimethyl
malonate, a competitive inhibitor of succinate dehydrogenase (SDH), implicating alteration in
SDH activity as causative of the injury.
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Introduction

An emerging class of post-translational modifications (PTMSs) involves modification of
lysine side chains with thioester-coenzyme A metabolites [1-5]. Succinylation refers to the
modification of lysine residues with succinyl groups that are donated by the intermediate
metabolite succinyl-CoA (SucCoA) [4]. The phenomenon of protein succinylation is
conserved across species, and has been identified in £. coli, S. cerevisiae, D. melanogaster,
M. musculus, and H. sapiens [4, 6-10]. To date, a cellular succinyltransferase has not

been identified, and the reaction of SucCoA with lysine side chains is presumed to occur
spontaneously [11]. Conditions of the mitochondrial matrix, where pH is relatively high
and SucCoA is concentrated, support this spontaneous reaction, thus it is not surprising
that succinylated proteins are enriched in mitochondria [7, 9]. Manipulation of cellular
SucCoA levels via genetic deletion of TCA enzymes in yeast demonstrates that global
protein succinylation positively correlates with SucCoA levels [7]. SucCoA levels reflect
the metabolic status of a cell, suggesting that protein succinylation and the intermediate
metabolite SucCoA function as a metabolic signaling pathway. The mammalian Sirtuin
(Sirt) family of proteins includes seven members, three of which (Sirt3, Sirt4, and Sirt5)
are predominantly located in the mitochondria. Sirt5 catalyzes the desuccinylation of
lysine residues in a reaction that requires consumption of NAD™ [12]. The study of Sirt5
and its desuccinylase activity has recently been described, and the general recognition

that succinylation is a bona fide PTM and the ability of Sirt5 to regulate it in liver

was only recently reported [12]. Succinylation can both increase and decrease protein
activity. Succinylation of protein components of the pyruvate and succinate dehydrogenase
complexes correlates with increased complex activity [9]. Conversely, succinylation of 3-
hydroxy-3-methylglutaryl-CoA synthetase 2 (Hmgcs2) decreases activity of the enzyme, and
ketogenesis is altered in the Sirt5 knockout mouse liver [10].

The function of Sirt5 in the heart has not been explored. The unrelenting energy needs of
the heart underlie a crucial need for proper metabolic tuning in cardiac tissue. Although
metabolic remodeling in liver in the Sirt5/~ mouse has been described,[9, 10, 13], there
are little or no data on succinylation in the heart. To investigate this, we combined

affinity enrichment with proteomics to capture an image of lysine succinylation in cardiac
mitochondria. The data demonstrate that protein succinylation occurs at baseline in heart
mitochondria and suggests that Sirt5 functions as a desuccinylase. The data in this paper
provide the first description of the cardiac succinylome. We find that succinylation is
widespread in the heart, and proteins succinylated in cardiac mitochondria participate in
the processes of oxidative phosphorylation, fatty acid oxidation, ketogenesis, and branched
chain amino acid catabolism, among others. We investigated whether the metabolic
alterations in the Sirt5~~ mice might alter the response of the heart to ischemia-reperfusion
injury, and we found that the Sirt5 knockout mouse has increase ischemia-reperfusion (I/R)
injury.
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All animals were treated and cared for in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health (NIH), Revised 2011), and protocols were
approved by the Institutional Animal Care and use Committee. The sexes and ages of mice
at time of experimentation are indicated within particular method descriptions. The Sirt5~/~
mice are on a C57B6 background and have been backcrossed more than 10 generations.

Mitochondria isolation from mouse hearts

Mitochondria were isolated by differential centrifugation according to standard procedures
[14]. Briefly, hearts were minced in mitochondrial isotonic buffer (“Buffer B”) consisting

of 225 mM mannitol, 75 mM sucrose, 5 mM MOPS, 0.5 mM EGTA, and 2 mM taurine,

5 mM nicotinamide, 1 pM trichostatin A (pH 7.25). Minced heart tissue was homogenized
by Polytron. To digest contractile proteins, trypsin (0.001g/0.1g wet tissue) in buffer B was
added to homogenized hearts for 5 minutes on ice. Homogenates were centrifuged at 500xg
for five minutes (4 deg C) and the resulting supernatant was centrifuged at 11,000xg for five
minutes (4 deg C) to pellet mitochondria. Final mitochondrial pellets were resuspended in
Buffer B.

Immunoblotting

Protein extracts were quantified with BCA protein assay (Pierce Cat #23225) or Bradford
protein assay (Sigma Cat# B6916). Proteins were reduced with 50 mM DTT, denatured
with LDS (lithium dodecyl sulfate), heated, and equivalent amounts of protein were
loaded on NuPage 4-12% Bis-Tris gels (Invitrogen) and electrophoresed in 1x MES
buffer. Protein gels were transferred to nitrocellulose membranes (0.2 uM pore size).
Membranes were blocked with 5% milk. Primary antibodies were incubated in 5% BSA
overnight at 4 deg C. Secondary antibody incubations were performed in 5% milk at room
temperature for 30-45 minutes. Blots were developed with reagents from the Amersham
ECL Select Western Blotting kit (Amersham, Cat #RPM2235) and signal was collected
with chemiluminescence film (Amersham, Cat #28906834). Sirt5 antibody, Mdh2 antibody,
and the antibodies designed to detect acetylated lysine residues were obtained from

Cell Signaling Technologies (Sirt5, #8779; Mdh2, #8610; AcK #9441; AcK #9681). The
antibody designed to detect succinylated lysine residues was obtained from PTM Biolabs
(PTM-401).

Affinity purification of peptides containing succinylated lysine residues

To measure succinylation we used an approach that has been used previously to measure
acetylation [2, 15]. This approach employs an antibody against succinyl-lysine (SuK) to
precipitate SuK containing peptides, which are then identified by mass spectrometry. Hearts
were collected from three male wild type and four Sirt57/~ male mice at 6 months of

age. Mitochondria were isolated via differential centrifugation in the presence of deacylase
inhibitors (5 mM NAM and 1 uM trichostatin A). Isolated mitochondrial pellets (800 ug)
were resuspended in 8.0 M guanidine hydrochloride (Sigma, #G9284). Samples were first
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reduced with 5 mM DTT for 1 hour at 60 deg C, then alkylated with 15 mM iodoacetamide
for 30 minutes at room temperature in the dark. Alkylation reactions were quenched

with DTT. Samples were diluted with 25 mM TEAB such that guanidine hydrochloride
concentration was < 0.8 M. The samples were then digested overnight at 37 deg C with
trypsin (Pierce, V5111) at protein:enzyme ratio of approximately 50:1. The tryptic peptides
were acidified with formic acid, and desalted on Oasis HLB 1 cc cartridges (Waters
#WAT200677) per manufacturer’s instructions. Collected eluants were lyophilized overnight
and resolubilized in NETN buffer (50 mM Tris-Cl (pH 8.0), 100 mM NaCl, 1 mM EDTA,
0.5% NP-40). Tryptic peptides were enriched via immunoprecipitation with anti-succinyl
lysine antibody (PTM Biolabs, PTM-401) immobilized on Protein G agarose beads (Life
Technologies, 15920-010). Peptides and antibody-beads were incubated overnight at 4 deg
C with end-over-end rotation. The beads were washed 3x with 1 mL NETN buffer, then

2x with 1 mL ETN buffer (50 mM Tris-ClI (pH 8.0), 200 mM NaCl, 1 mM EDTA). Bound
succinylated peptides were eluted from the agarose with 0.1% TFA. The eluate was cleaned
with C18 tips (Varian Omix, A57003100). Peptides were dried and samples resuspended in
0.1% formic acid for mass spec analysis. The samples were analyzed on an LTQ Orbitrap
Elite (Thermo Fisher Scientific, San Jose, CA) coupled with an Eksigent nanoLC-Ultra 1D
plus system (Dubin, CA). Peptides were separated on a PicoFrit analytical column (250 mM
long, ID 75 uM, tip 1D 10 um, packed with BetaBasic 5 um 300 A particles, New Objective,
Woburn, MA) using a 160-minute linear gradient of 5-35% acetonitrile in 0.1% formic acid
at a flow rate of 250 nL/min. Mass analysis was carried out in data-dependent analysis
mode, where MS1 scanned full MS mass range from m/z 300 to 2000 at 60,000 mass
resolution and 10 CID MS2 scans were sequentially carried out in the Orbitrap and the ion
trap, respectively. The LCMS data were searched against the SwissProt database, taxonomy
Mus musculus (mouse) using Mascot server (Matrix Science, London, UK; version 2.4).
Searching parameters were set as follows: precursor mass tolerance at 20 ppm, fragment
ion mass tolerance at 0.8 Da, trypsin enzyme with 4 miscleavages, carbamidomethylation
of cysteine as fixed modification, and deamidation of asparagine and glutamine, oxidation
of methionine, and succinylation of lysine as variable modifications. Peptides were filtered
with 1.0% false discovery rate (FDR). Relative quantification of succinylated peptides were
performed using QUOIL (QUantification without Isotope Labeling), an in-house software
program designed as a label-free approach to peptide quantification by LC-MS/MS [16].

Pathway Analysis

Pathway analysis was performed with the Ingenuity Pathway Analysis tool (IPA, Ingenuity
Systems, www.ingenuity.com). A dataset containing the UniprotKB IDs for all proteins
identified as succinylated was uploaded to the application. The entire mouse proteome was
used as the reference set. A core analysis was performed to identify protein function and a
canonical pathway analysis was used to identify the pathways to which the proteins mapped.
Significance is measured within IPA by two means: 1.) Determination of a ratio calculated
by dividing the number of differentially expressed genes that map to a particular pathway
by the total number of genes in that pathway; 2.) Calculation of a p-value by Fisher’s exact
test to determine the probability that the association between the genes in the dataset and the
canonical pathway can be explained by chance.
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Langendorff Heart Perfusion

Global ischemia/reperfusion was carried out via Langendorff technique with WT and
Sirt5™~ mice. Mice were anesthetized with an intraperitoneal injection of 0.10 cc
pentobarbital sodium diluted 1:5 in perfusate. The abdominal cavity was exposed with a
transverse incision and 0.05 cc heparin was administered to the inferior vena cava. The heart
was quickly isolated and briefly (less than 1 minute) placed in ice-cold Krebs-Heinseleit
(KH) buffer (in mmol/L: 25 NaHCO3, 120 NaCl, 11 glucose, 4.7 KCI, 1.2 KH,POy4, 1.2
MgSOy, and 1.75 CaCly) prior to cannulation. The aorta was cannulated on a Langendorff
apparatus and the heart was perfused in retrograde fashion with KH buffer at a constant
pressure of 100 cm of water at 37°C. All hearts were perfused with KH buffer gassed with
95% O, and 5% CO,. Hearts were subjected to 30 minutes of equilibration followed by 20
minutes of ischemia. When indicated, hearts were treated with dimethyl malonate for 20
minutes prior to ischemia.

ROS Measurements of Perfused Hearts

The hearts were Langendorff perfused with KH buffer for 30 min of equilibration followed
with 20 min of no-flow global ischemia for I/R control. Dimethyl malonate (DMM, 5
mmol/L, Santa Cruz) was infused in the perfusate during the last 20 min of perfusion for

the DMM-I/R group. MitoSox red (2.5 umol/L) and DAPI (1 pg/mL) (Molecular Probes)

as indicators of superoxide and nuclei, respectively, were infused with the perfusate at the
onset of reperfusion for 5 minutes. The hearts were then removed and ventricles were cut
into ~1.0 mm transverse slices for immediate confocal imaging using a Zeiss LSM 780
confocal microscope equipped with a Plan-Apochromat 63x/1.40 Oil DIC M27 immersion
objective. The imaging of DAPI and MitoSox red was achieved by excitation at 405 nm, and
the emissions were collected at 420 to 480 nm and 560 to 615 nm, respectively. The Z-Stack
scan function of the confocal microscope was used to identify the optimal focal plane; the
same focal plane and laser gain were used for all the imaging to ensure the signals among
groups are comparable.

Lactate Production

Accumulation of lactate was measured in hearts subjected to 20 minutes of global ischemia.
Global ischemia was carried out via Langendorff technique in the manner described above.
Hearts isolated from 3 female WT and 3 female Sirt57~ mice, all between 23-28 weeks

of age, were analyzed. After the 20 minutes ischemic interval, hearts were snap frozen,
minced, and extracted with 3.6% perchloric acid. Samples were centrifuged at 3000xg for
10 minutes at 4 deg C and the supernatant was neutralized with K,CO3 to pH ~ 7.0.

Lactate concentration in each sample was determined with a colorimetric Lactate Assay Kit
(Biovision, cat# K607-100).

Sample preparation and labeling with tandem mass tags (TMT)

To measure total protein abundance, hearts were isolated from three male WT and three

male Sirt5”'~ mice, all between 14-16 weeks of age, in the manner described previously
in these methods. Hearts were quickly isolated, washed in ice-cold PBS, and minced. 1.0
mL lysis buffer (7 M Urea, 2 M Thiourea, 4% CHAPS) was added to minced heart tissue
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and Precellys homogenizing beads (Precellys, KT 03961-1-009.2). Homogenization was
carried out in a Precellys Homogenizer (Bertin Technologies, chilled with liquid nitrogen.
The samples spun at 6500 rpm for two 20-second cycles. Extracted protein was quantified
with Bradford assay (Sigma, B6916). 100 ug protein from each heart were reduced with

10 mM TCEP (2 hours at room temperature), then alkylated with 17 mM iodoacetamide

(30 minutes at room temperature in the dark). 6 volumes of ice cold acetone were added

and protein was precipitated overnight at —20 deg C. Protein was pelleted by centrifugation
(8000%g, 10 minutes, 4 deg C), air dried, and resuspended in 100 mM TEAB. Each sample
was digested overnight at 37 deg C with 2.5 ug trypsin (Pierce, V5111). Each enzymatic
digest of reduced and alkylated proteins was then labeled with one of six TMT tags (Pierce,
90110) according to the manufacturer’s protocol. Briefly, TMT reagents were dissolved in
anhydrous acetonitrile at room temperature and one tag was added to each of the trypsinized
samples. Labeling occurred at room temperature for 1 hour and were quenched with 5%
hydroxylamine for 15 minutes. Samples were subsequently mixed, acidified with formic
acid, and desalted on Oasis HLB 1 cc cartridges (Waters #WAT200677) per manufacturer’s
instructions, and subsequently separated into 12 fractions using basic reverse phase liquid
chromatography. Each fraction was then completely dried in by SpeedVac then resuspended
in 0.1% formic acid for mass spec analysis on an Orbitrap Fusion (Thermo Fisher Scientific,
San Jose, CA). Relative protein quantitation was calculated based on the intensities of TMT
report ions using Scaffold 4.0 (Proteome Software, Portland, OR).

The proteomics data were analyzed using QUIOL. For infarct size, recovery of function

and lactate measurements we used a t-test to measure differences between 2 groups and
ANOVA to compare differences between multiple groups followed by a Tukey post hoc test.
Because the Mito Sox data were not normally distributed these data were analyzed using a
Kruskal-Wallis ANOVA on Ranks.

Lysine succinylation is increased in heart mitochondria of Sirt5~/~ mice

Succinylation of lysine residues is a dynamic PTM that regulates enzyme activity [4, 9, 10,
12]. Previous work identified Sirt5 as a lysine desuccinylase with weak lysine deacetylase
activity [12]. As shown in Online Fig 1a, we confirmed that Sirt5 was not present in the
Sirt5—/-hearts. To determine if Sirt5 functions as a desuccinylase in heart mitochondria,
we analyzed the total succinylated lysine content of mitochondria isolated from mouse
hearts. Western blot analysis demonstrates a strong increase in lysine succinylation in
Sirt5™= mitochondria relative to WT (Online Fig 1b), but no significant change in lysine
acetylation in Sirt5 KO mitochondria relative to WT (Online Fig. 1b). Taken together, these
data are consistent with the hypothesis that Sirt5 functions as a desuccinylase in cardiac
mitochondria.

Specific lysine residues are targeted for succinylation

To identify the sites of mitochondrial lysine succinylation (SuK) in mouse heart, we
combined affinity enrichment with proteomics (Fig. 1a). Mouse heart mitochondria were
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isolated from Sirt5”'~ and WT littermates. Equal amounts of protein from each sample were
digested with trypsin and succinylated peptides were immunoprecipitated with an antibody
specific for succinylated lysine residues (PTM Biolabs, #PTM-401). The isolated peptides
were analyzed with mass spectrometry and were searched against the mouse proteome with
the Mascot search engine. With a false discovery rate (FDR) of <1%, we identified 2787
succinylated peptides. We excluded redundant peptides and peptides that were only detected
in 1 sample, which generated a data set that included 887 unique SuK peptides which
mapped to 184 proteins (see Supplemental Table 1). Of these, 44 peptides occurred only in
the WT samples, 289 only in the Sirt57/~ samples, and 554 were common to both groups
(Fig 1b).

We aimed to identify biological processes that are affected by succinylation in the heart. The
184 succinylated proteins identified in at least 2 samples were analyzed with the Ingenuity
Pathway Analysis tool (IPA, Ingenuity Systems, www.ingenuity.com) to determine the
molecular pathways in which the proteins participate. Using the mouse proteome as
reference, we compiled a list of pathways enriched with succinylated proteins. Pathways
that passed this analysis with a p-value < 0.05 are presented in Supplemental Table 2. The
top 12 pathways, obtained by only including those pathways with a p- value > (=log(p)) =
5.581) are presented in Figure 2. Succinylated cardiac mitochondrial proteins participate in
processes such as oxidative phosphorylation, fatty acid oxidation, ketogenesis, and branched
chain amino acid catabolism, among others. Many are enzymatic components of the TCA
cycle.

Identification of specific Sirt5 substrates with label-free peptide quantification

We aimed to identify the specific protein substrates of Sirt5. We first defined the 289
peptides that were only found to be succinylated in the Sirz57/~ hearts as Sirt5 substrates
(Supplemental Table 3). These peptides mapped to 114 proteins which were organized

into functional pathways with the IPA pathway analysis tool (Fig 3a). Sirt5 substrates
include proteins that participate in fatty acid metabolism, the TCA cycle, and in oxidative
phosphorylation, including subunit A of the succinate dehydrogenase complex (Dhsa).

We also applied a label free analysis with an in-house software program (QUantification
with Out Isotope Labeling (QUOIL)) to identify common peptides that were enriched in
succinylation in the Sirt57~ hearts [16]. Peptides whose abundance was increased at least
1.3 fold in Sirt57/~ samples relative to WT were assigned as Sirt5 substrates. These 216
peptides mapped to 66 proteins. A complete list of the label-free quantification data is
presented (Supplemental Table 4). If we further limited the data to peptides increased at
least 1.3 fold with p = 0.05, the list was reduced to 16 peptides which mapped to 9 proteins
(Supplemental Table 4). The distribution of fold change among these 16 peptides was
inspected and found to be widely varied (Fig 3b). The highest fold change, 108.4, occurred
in a peptide that mapped to the ADP/ATP translocase 1 protein (Adtl) while the lowest fold
change, 1.87, was detected in a peptide that mapped to an acyl-CoA dehydrogenase, Acadv.

To be sure that the relative changes in succinylation do not reflect altered protein abundance
we used a quantitative labeling approach using tandem mass tags to determine relative
protein levels between WT and Sirt5~/~ hearts. Tryptic peptides prepared from protein
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extracted from Sirt57/~ and WT littermate hearts were labeled with tandem mass tags, and
relative protein abundance was compared across the samples. As illustrated in figure 3c,

the data demonstrate that, with the exception of Sirt5 abundance, there are no significant
differences in protein abundance between Sirt57~ and WT hearts, indicating that the relative
changes in peptide abundance reflect the degree of lysine succinylation (Fig 3b). These data
also suggest that loss of Sirt5 does not lead to compensatory changes in other proteins. The
entire protein abundance data set is presented in the supplement to this paper (Supplemental
Table 5).

We inspected the degree to which the Sirt5-targeted lysine residues in the peptides are
conserved by evolution. Each of the 16 lysine residues is conserved between human and
mouse, while 15/16 are conserved between human, mouse, and rat. We extended the
analysis to include the S. cerevisiae genome and found that only 10/16 peptides mapped
to proteins with homologues in yeast. Of these, 4 lysine residues are conserved between
the organisms (Fig 3d). The strong degree of conservation among these residues suggests
potential biological importance of the modification [17].

Sirt5-KO exacerbates ischemia/reperfusion injury

Some of the metabolic alterations that have been reported to occur in Sirt5~/~ mice could be
beneficial, while others detrimental in the setting of ischemia reperfusion (I/R). We therefore
examined the effect of loss of Sirt5 on I/R injury. Three female WT and three female
Sirt571~ perfused hearts were subjected to I/R injury. Post-ischemic recovery of rate pressure
product (RPP) and infarct size were measured to assess cell injury. We found that Sirz5/~
mice exhibit an increased susceptibility to I/R injury. Recovery of the RPP after I/R was
significantly decreased in Sirt5~ hearts relative to WT (28.7% vs 50.6% of preischemia
RPP) (Fig 4a). Infarct size was measured with TTC staining and data were calculated as
percentage of infarct relative to total ventricular area. The data demonstrate that infarct

size was significantly increased in Sirt5™~ hearts relative to WT (68.5% vs 40.2% of total
ventricular area) (Fig 4b). Taken together, these data suggest that Sirt5 loss negatively
impacts the ability of the heart to recover from ischemic injury. We considered that the
increased I/R injury evident in the Sirz5/~ heart could be a result of altered anaerobic
glycolysis. To investigate this, lactate was quantified in extracts isolated from ischemic WT
and Sirt57~ hearts. However, no significant difference in lactate accumulation was detected
between the ischemic hearts (Fig 4c).

Accumulation of succinate is reported to be a metabolic signature of ischemic tissue

and a driver of cellular injury upon reperfusion [18]. It has been recently reported that

that during ischemia succinate accumulates due to generation of fumerate and reversal of
succinate dehydrogenase (SDH). Furthermore on reperfusion the accumulated succinate is
re-oxidized by SDH and leads to reverse electron flow through complex | generating reactive
oxygen species (ROS) leading to I/R injury. Succinylation of protein components of the
SDH complex has been shown to increase complex activity [9]. Our study identified 4
succinylated lysine residues in the SDH subunit Dhsa and 1 succinylated lysine in subunit
Dhsh. Of these, 2 residues (K179, K335) in Dhsa were classified as Sirt5 targets, as these
modifications were only detected in Sirt5~ hearts (Fig 5a). We considered the possibility
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that increased succinylation of Dhsa in the Sirz57/~ heart underlies the observed exacerbation
of I/R injury in the knockout animals, as succinylation of SDH increases its activity.

To test this, perfused hearts isolated from Sirt5/~ and WT animals were treated with 5

mM dimethyl malonate, a competitive inhibitor of SDH, for 20 minutes before ischemia/
reperfusion [18]. Consistent with the hypothesis, dimethyl malonate treatment attenuated I/R
injury in WT hearts. Strikingly, dimethyl malonate treatment of Sirz5/~ hearts restored RPP
recovery to WT levels (Fig 5b). We measured infarct size in Sirt5~ and WT hearts and
show that, consistent with the recovery of function data, there is no significant difference
between infarct size when hearts are pretreated with dimethyl malonate. The data are
consistent with a model in which loss of Sirt5 activity increases succinylation of Dhsa,
promotes SDH activity, and increases oxidation of succinate after ischemia. The increased
rate of succinate oxidation exacerbates I/R injury in the Sirt57~ heart, presumably through
increased generation of ROS. To further test this hypothesis we used Mito Sox to measure
ROS in Sirt57~ and WT hearts after 20 min of ischemia followed by 5 min of reperfusion.
As shown in Figure 6a, we find a slight but significant increase in ROS in Sirt5~ hearts
compare to WT hearts after ischemia and reperfusion. Furthermore, addition of methyl
malonate significantly reduced ROS in Sirt57/~ and WT hearts. Summary data of the
changes in fluorescence averaged over four hearts in each group is shown in figure 6b.

Discussion

Succinylation is a reversible post-translational modification that is conserved across species.
Several studies demonstrate that lysine succinylation can result in inhibition or activation of
metabolic enzymes in liver [9, 10, 12]. This study reports the first comprehensive proteomic
analysis of succinylation in the heart. We identified 184 succinylated proteins in cardiac
mitochondria isolated from Sirt5~ and WT mice, and demonstrate that major metabolic
pathways are enriched with these proteins. Succinylated proteins in the heart participate

in the processes of oxidative phosphorylation, TCA cycling, branched chain amino acid
catabolism, and p-oxidation of fatty acids. Appropriate regulation of these pathways and
processes is critical to optimal cardiac function. We applied label-free quantification to

our data to determine which peptides were increased in abundance in Sirz5~ tissue, in
order to delineate specific proteins targeted for desuccinylation by Sirt5. We determined that
289 peptides (46 proteins) were detected only in Sirz57/~ mitochondria, and 16 peptides (9
proteins) were significantly hypersuccinylated in Sirt5/~ heart mitochondria. Thus, these
findings are consistent with a role for Sirt5 in regulating succinylation in the heart.

Overlap between lysine succinylation and ubiquitination

Negative crosstalk between PTMs describes a scenario in which modification of an amino
acid with one modifier precludes its modification with an alternate modifier. Ubiquitination
of mitochondrial proteins at lysine residues has been described [19-21]. We examined

the degree to which lysine succinylation and lysine ubiquitination overlap. To accomplish
this, we compared the 305 Sirt5 substrate lysines identified in our study to a published
dataset containing ubiquitinated lysines mapped from mouse heart tissue [22] (Supplemental
Table 6). 166 peptides identified as containing at least one ubiquitinated lysine mapped

to proteins that are also Sirt5 substrates. We found that 54 lysines overlapped between
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the two datasets. Thus, 17.7% of Sirt5 substrate lysines can be ubiquitinated at the same
position (Fig 7a). Using Phosphosite (Cell Signaling Technologies) [23]), we determined
that, of the 54 overlapping sites, 51 (94%) are conserved between mouse and human,
and 45 (83.3%) are also acetylated in mouse (Fig 7b). Ubiquitination of mitochondrial
proteins has been shown to impact mitochondrial biogenesis, to regulate fission/fusion,
to control turnover of individual proteins by the proteasome, and to oversee turnover of
mitochondria via mitophagy [24-27]. The data suggest that metabolic derangements that
underlie dysregulation of protein succinylation may also impact protein ubiquitination,
which may contribute to mitochondrial discord.

The biological function of Sirt5 in the heart is not well characterized. The Sirt5”~ mouse
used in our study appears normal at baseline; these animals are born with Mendelian

ratios, are fertile, and do not demonstrate gross abnormality or decline in heath as they

age [28]. We are aware of only two studies that have examined Sirt5 in heart. The first
demonstrated that intermittent hypoxia in a hyperbaric chamber for 6 hours per day for 42
days increased Sirt5 protein levels in rat hearts [29]. However it is not clear whether this
hypoxic induced increase in Sirt5 is beneficial or detrimental. The second study showed that
Sirt5 levels are decreased in H9c2 cells following 12 hours hydrogen peroxide treatment and
that sSiRNA knockdown of Sirt5 reduced apoptosis following hydrogen peroxide treatment.
[30]. To better clarify the role of Sirt5 in a model of ischemia and reperfusion we subjected
Langendorff perfused hearts from Sirt57/~ mice and their wild type littermates to ischemia
and reperfusion and assessed recovery of function and infarct size. We found that loss of
Sirt5 and the resultant increase in succinylation leads to an increase in I/R injury. The
Sirt5™~ hearts have increased post-ischemic contractile dysfunction and increased infarct
size.

A number of metabolic alterations have been reported to be regulated by succinylation;

we considered whether any of these modifications might be involved in the increase in

I/R injury that we observed. Increased succinylation of enzymes involved in beta-oxidation
have been shown to decrease fatty acid oxidation in hepatocytes from Sirt5”~ mice. We
considered that this might lead to an increase in glycolysis that could increase lactate
production during ischemia and might contribute to the increase in I/R injury. However we
found no change in lactate production during ischemia between WT and Sirt57/~ hearts.

It has recently been reported that inhibition of SDH is beneficial in I/R, because there is a
build-up of succinate during ischemia which on reperfusion results in reversal of Complex

| and generation of ROS [18]. Recent studies in liver reported an increase in succinylation

of SDH which increases its activity. Consistent with studies in the liver, we found increased
succinylation of SDH in the heart. We treated hearts with an inhibitor of SDH and consistent
with the hypothesis, we found that inhibition of SDH rescued the Sir#57/~ from increased I/R
injury. We further showed that inhibition of SDH reduced superoxide production in both WT
and Sirt57/~ hearts. Although these data suggest that increased I/R injury in Sirt5™~ hearts is
mediated, at least in part, by SDH, Sirt5 could have other effects and other targets that might
also influence the response to I/R.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 November 01.
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In summary, our study is the first to provide global insight into lysine succinylation in the
heart. Sirt5 loss leads to an increase in protein succinylation in the heart, and also correlates
with increased susceptibility to I/R injury.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Identified 184 proteins in the cardiac succinylone
. Demonstrated that Sirt5 functions as a desuccinylase in heart
. Demonstrated that loss of Sirt5 increases ischemia-reperfusion (I/R) injury
. Increase I/R injury in Sirt5—/- hearts depends on succinate dehydrogenase

activity
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Figure 1. Identification of sites of lysine succinylation in cardiac mitochondria
(a) Mouse heart mitochondria were isolated from Sirt5~ (n=4) and WT (n=3) mice. Each

sample was digested with trypsin and succinylated lysine (SuK) containing peptides were
isolated by immunoprecipitation with an antibody designed to recognize SuK (PTM Biolabs,
PTM-401). Isolated peptides were analyzed with mass spectrometry and label free analysis
was used to quantify the relative abundance of peptides common between the sample groups.
(b) To be considered for analysis, a peptide must have been detected in at least 2 of the 7
samples. We identified 1390 succinylated (SuK) peptides, which corresponded to 887 unique
sites of lysine succinylation. These 887 peptides constitute the cardiac succinylome, and
map to 184 proteins. (c) Of the 887 identified SuK peptides, 44 occurred uniquely in WT
samples, 289 occurred uniquely in Sirt5 KO samples, and 554 were common to both groups.
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Figure 2. Pathways enriched with succinylated proteins

IPA core analysis was used to generate a list of pathways enriched with succinylated
proteins. The top 12 scoring canonical pathways are represented. The left y-axis bar
represents the [-log (p-value)] of the pathway, calculated by Fisher’s exact test. The

oney

Page 15

right y-axis points (orange line) represent the ratio calculated by dividing the number of
succinylated proteins that map to a particular pathway by the total number of proteins in that
pathway. The top scoring pathways include oxidative phosphorylation, the TCA cycle, and

[-oxidation of fatty acids.
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Fatty Acid Metabolism

Adhbb, Acadl, Acadv, Acd10, Aco13, Acot2, Al4A1, Aldh2, Cpt2, Decr, Dhrs4, Echa, Echb,
Echd3, Echm), Eci1, Ec12, Hed2, Hedh, Ssdh, Sucb2, Them4, Thim

Branched Chain Amino Acid Catabolism

Acdsb, Auhm, Hibch, Mccb, Thil

TCA Cycle

Cisy, Fumh, Idh3a, Idhp, Mdhm, Odo1, Suca, Sucb

Oxidative Phosphorylation

Atp5e, Atp5h, AtpSj, Atpa, Atpb, Atpg, Atpk, Atpo, Dhsa, Ndua2, Ndua7, Nduac, Nduad, Ndubb,
MNdus4, Nduv3, Qer7, Uer1

Stress Pathways

Ch10, Ch60, Girx5, Grp75, Prdx5, Sodm

Ketogenesis

Acon, Bdh, Hmgcl

Pyruvate Dehydrogenase

0db2, Odpa, Odpb, Odpx

Other

Abhda, Adt1, Adt2, Afg32, Ap3b1, Atif1, Atp8, Cf203, Clybl, Cn159, Coqg, Cox5b, Dhe3, Dnja3,
Efts, Eftu, Es1, Etfa, HsdI2, Iqcd, Kad3, Kad4, Lactb, Lyrmd, Macd1, Mecr, Mic60, Mpcp, Msra,
Muta, Myh6, Nips2, Nntm, Phb, Phb2, Phs2, Ppif, Prr11, Rm12, Rs24, Ssbp, Syim, Sysm, Tfam,

Usmg5, Wdr33
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Gene ID Protein ID Abundance:
Ratio,
SirtsKO:WT
Adtl Adtl 1.01
Mdhm Mdh2 1.00
Acadm Acadm 0.99
Atpo AtpSo 1.00
Echa Hadha 1.00
Thil Acatl 0.99
Atpa Atp5al 1.00
Afg32 Afg3l2 1.00
Acadv Acadvl 1.00
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d
Protein Uniprot Description Modified Fold Human Mouse Rat Yeast
D lysine change
Adtl P48962 ADP/ATP translocase 1 K147 108.4 + + + +
Mdhm  P08249 Malate dehydrogenase, K307 99.2 + + +
mitochondrial
Acadm  P45952 Medium-chain specific acyl- K212 73.3 + + + n.h.
CoA dehydrogenase,
mitochondrial
Atpo Q9DB20 ATP synthase subunit O, K84 67.2 + + +
mitochondrial
Echa Q8BMS  Trifunctional enzyme subunit K406 50.7 + + + n.h
1 alpha, mitochondrial
Echa Q8BMS  Trifunctional enzyme subunit K334 33.0 + + + n.h.
1 alpha, mitochondrial
Thil Q8QZT1 Acetyl-CoA acetyltransferase, K171 236 + + + -
mitochondrial
Mdhm P08249 Malate dehydrogenase, K215 14.7 + + + +
mitochondrial
Adtl P48962 ADP/ATP translocase 1 K263 133 + + + -
Echa Q8BMS  Trifunctional enzyme subunit K166 10.1 + + + n.h.
1 alpha, mitochondrial
Atpa Q03265 ATP synthase subunit alpha, K541 7.0 + + + =
mitochondrial
Echa Q8BMS  Trifunctional enzyme subunit K664 6.4 + + + n.h.
1 alpha, mitochondrial
Atpo Q9DB20 ATP synthase subunit O, K70 5.0 + + + +
mitochondrial
Atpa Q03265 ATP synthase subunit alpha, K539 2.7 + + +
mitochondrial
Afg32 Q8JZQ2 AFG3-like protein 2 K307 2.5 + + - +
Acadv  P50544  Very long-chain specific acyl- K277 1.9 + + + n.h.

CoA dehydrogenase,
mitochondrial

Figure 3. Identification of Sirt5 substrates
(a) IPA core analysis was used to functionally classify proteins mapped from peptides

that were detected only Sirt5~ samples. (b) A label free analysis program (QUOIL) was
used to determine the relative abundance of succinylated peptides detected in both WT
and Sirt57'~ samples. Represented here are the 16 peptides from 9 proteins increased by >
30% with p < 0.05 in Sirt5™~ hearts. (c) Relative protein quantitation was calculated based
on the intensities of TMT report ions using Scaffold 4.0 (Proteome Software, Portland,
OR). The average ratio of protein expression (Sirt57/~: WT) is expressed numerically. The
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data demonstrate no significant differences in total protein abundance between Sirt5—/-
and WT mice. (d) Conservation of the Sirt5 substrate lysines across human, mouse, rat,
and S. Cerevisiae (yeast). Protein alignments were performed with the “Align” tool at
www.uniprot.org; “+” indicates a conserved lysine, “~* indicates that the lysine is not
conserved, “n.h.” indicates that a homologous protein is not expressed by the organism.

J Mol Cell Cardiol. Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Boylston et al.

¥ of prelschemia RPP

Figure 4. Sirts™~ mice are susceptible to ischemia-reperfusion injury
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(a) Assessment of the rate pressure product (RPP = heart rate*systolic blood pressure) after
ischemia-reperfusion injury in hearts of three female WT and three female Sirt5~ mice.
Baseline RPP priiror to ischemia averaged 54,009+/-4572 (HR*cm of water), and LVDP
at baseline was 130+/-9 cm of water. (b) Infarct size in WT and Sirz5~~ mice following

20 minutes of global ischemia and 90 minutes of reperfusion. (c) WT and Sirz5~~ mice
show no difference in production of lactate after 20 minutes of global ischemia *p<0.05;
**p<0.01; n.s., not significant, measured by t-test. Values are means +/— SEM n=3 in each

group.
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a
Protein Peptide Sequence Modified WT WT WT KO KO KO KO
Group Lysine 1 2 3 1 2 3 4
—Accessions
DHSA_MOUSE AFGGQSLk*FGK K179 X X X
DHSA_MOUSE TEDGk*IYQR K167 X X X X
DHSA_MOUSE VGSVLQEGCEk*|SQLY K538 X X X X X X
GDLK
DHSA_MOUSE YAPVAk*DLASR K335 X X X X
DHSB_MOUSE MQTYEVDLNk*CGPM K69 X X
VLDALIK
100
* p<0.05, vs I/R in each mouse strain;
# p<0.05, vs WT-IIR
o 807
o
14 M
o I *
P T
?
T 40 A #
o
s
e
20 N
g IIR DMM-I/R IIR DMM-I/R
b WT SIRT5™
100
* p<0.05, vs /IR in each mouse strain;
#, p<0.05, vs WT-IIR
80 4

8

% of total ventricular area
3 &

0 I I

c

DMM-HR

DMM-I/R
SIRTS b

Figure 5. Inhibition of succinate dehydrogenase attenuates injury in WT hearts and restores
recovery in Sirt5—/- hearts

(@) M/S identification of 5 peptides that map to protein components of the SDH complex.
2/4 peptides mapped to SDH subunit Dhsa (bold font) are classified as Sirt5 substrates, as
these peptides were only detected in Sirt5/~ samples. (b) Assessment of the rate pressure
product (RPP = heart rate*systolic blood pressure) when a competitive inhibitor of SDH,
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dimethyl malonate, is delivered to WT and Sir#5~/~ hearts before ischemia-reperfusion
injury. Malonate, which is generated in the cell upon addition of dimethyl malonate
attenuates injury in the WT heart and restores recovery in Sirt5”~ hearts to WT levels.
Baseline RPP prior to ischemia (or addition of DMM) was 45,585+/-1922, and baseline
LVDP was 124+/-4 cm of water. Significance was determined by ANOVA followed by a
post hoc Tukey.t-test. Values are means +/- SEM. N=11 for WT I/R (ho drug), n=6 for WT
I/R treated with dimethyl malonoate (DMM-I/R), n=9 for SIRT5KO (no drug), and n=4 for
SIRT5KO + DMM-I/R. Male and female mice were used in this study. There were no sex
differences. (c) Infarct size in WT and Sirt57/~ mice after hearts were pretreated with 5 mM
methyl malonate for 20 minutes before 20 minutes of global ischemia and 90 minutes of
reperfusion. Significance was determined by ANOVA followed by a post hoc. Values are
means +/— SEM.N values are the same as 5b.
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Figure 6. Mito Sox measurement of superoxide in I/R
Panel A shows representative images of section of WT, SIRT5-KO, WT + dimethyl

malonate (DMM) and SIRT5-KO + DMM hearts treated with Mito Sox following 20 min
of ischemia and 5 min of reperfusion. The bright red spots are due to Mito Sox binding

to nucleotides as confirmed by co-localization with DAPI (data not shown). The mean and
standard error for each group (n=4) are provided in panel B. * indicates Ssignificantly
was determined difference between groups as measured by Kruskal-Wallis ANOVA and a
Student-Newman Keuls test.
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Figure 7. Overlap of succinylation and ubiquitination in mouse heart
The Venn diagram illustrates the overlap between Sirt5 targeted lysines and ubiquitination.

Of the 54 overlapping lysine residues, 51/54 (94%) are conserved between mouse and
human. 45/54 (83.3%) are known to be acetylated in mouse.
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