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Abstract

Aims: Adenosine triphosphate (ATP) synthase uses chemiosmotic energy across the inner mitochondrial
membrane to convert adenosine diphosphate and orthophosphate into ATP, whereas genetic deletion of Sirt3
decreases mitochondrial ATP levels. Here, we investigate the mechanistic connection between SIRT3 and
energy homeostasis. Results: By using both in vitro and in vivo experiments, we demonstrate that ATP synthase
F1 proteins alpha, beta, gamma, and Oligomycin sensitivity-conferring protein (OSCP) contain SIRT3-specific
reversible acetyl-lysines that are evolutionarily conserved and bind to SIRT3. OSCP was further investigated
and lysine 139 is a nutrient-sensitive SIRT3-dependent deacetylation target. Site directed mutants demonstrate
that OSCPK139 directs, at least in part, mitochondrial ATP production and mice lacking Sirt3 exhibit decreased
ATP muscle levels, increased ATP synthase protein acetylation, and an exercise-induced stress-deficient
phenotype. Innovation: This work connects the aging and nutrient response, via SIRT3 direction of the
mitochondrial acetylome, to the regulation of mitochondrial energy homeostasis under nutrient-stress condi-
tions by deacetylating ATP synthase proteins. Conclusion: Our data suggest that acetylome signaling con-
tributes to mitochondrial energy homeostasis by SIRT3-mediated deacetylation of ATP synthase proteins.
Antioxid. Redox Signal. 21, 551–564.

Introduction

An intriguing finding from our previous work (11) and
that of others (1) demonstrated that cells lacking Sirt3

exhibited altered mitochondrial metabolism, including a
significant decrease in mitochondrial adenosine triphosphate
(ATP) levels. Mitochondria are central to aging and age-
related diseases such as insulin resistance, neurodegenera-

tion, and carcinogenesis by tightly regulating the reactive
oxygen species that are generated as a byproduct of normal
respiration activities (25). Chemical reactions in a cell that
are critical for the maintenance of cellular viability are ther-
modynamically dependent on the mitochondria to maintain a
mass action ratio of ATP and adenosine diphosphate (ADP)
for approximately ten orders of magnitude away from equi-
librium. The ATP synthase (F1Fo ATPase), an evolutionarily
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conserved protein complex, uses chemiosmotic energy that
is stored in a gradient across the mitochondrial inner mem-
brane to convert ADP and orthophosphate to ATP (29). There
is a membrane-bound portion (Fo) and a central stalk (F1)
containing a catalytic domain, held by a peripheral stalk stator
that extends into the matrix.

Rotational energy is generated by protons entering the
Fo portion of the ATP synthase complex via a channel or
channels between stationary subunit a and a rotary ring
consisting of eight c subunits (29). The rotational movement
is transmitted through a central stalk consisting of subunits c,
d, and e. The c subunit of this asymmetrical stalk interacts
with the nonrotating catalytic subunits consisting of 3 each of
alternating a and b subunits. The spinning central stalk of the
ATP synthase is held in place by an external stalk consisting
of oligomycin sensitivity-conferring protein (OSCP), b, F6,
and d subunits; OSCP sits at the top of the ATP synthase
complex and appears to hold the a and b proteins in specific
three-dimensional complexes (20). This stator is flexible, a
trait that may have a role in maintaining contact with the
rotating portion of the F1 complex during ATP synthesis as
well as in regulating enzymatic function (20).

Lysine acetylation is a reversible and highly regulated
post-translational modification that is found in multiple
nonhistone proteins (7). Acetylation takes place on lysine
residues, neutralizing the positive charges on proteins, sub-
sequently altering the three-dimensional structure as well as
changing enzymatic function (14, 19). This process regulates
diverse protein properties, including DNA–protein interac-
tions, subcellular localization, transcriptional activity, pro-
tein stability, protein–protein interactions, and last, but not
least, enzymatic activity (14, 19). Previously, a proteomic
survey in mouse liver mitochondria revealed that a large
number of mitochondrial proteins are subject to reversible
lysine acetylation (13), establishing lysine acetylation as an
abundant post-translational modification in the mitochon-
drion (3, 13). More recent proteomic analyses of lysine-
acetylated mitochondrial proteins confirmed this and showed
that acetylated proteins are involved in the tricarboxylic acid
cycle, oxidative phosphorylation, b-oxidation of lipids,
amino-acid metabolism, carbohydrate metabolism, nucleo-
tide metabolism, and the urea cycle (3, 22, 24).

Based on these results, it seems reasonable to suggest that
acetylation of mitochondrial proteins may play a role in
maintaining and regulating mitochondrial metabolism and

function. SIRT3 is the primary mitochondrial deacetylase
(16), and genetic knockout of Sirt3 results in decreased cel-
lular ATP levels in vitro and in vivo (1). Thus, we believe it is
a logical extension to hypothesize that SIRT3 functions as a
mitochondrial regulatory protein, maintaining mitochondrial
energy homeostasis via changes in the acetylation status of
mitochondrial metabolic proteins, including perhaps those
which comprise the ATP synthase complex. This idea would
mechanistically connect a metabolic sensing/signaling pro-
tein, such as SIRT3, to the direct regulation of ATP synthase.
Thus, it seems reasonable to propose that the ATP synthase
complex would be a downstream target of SIRT3 in the
regulation of energy generation.

Results

SIRT3 deacetylates multiple proteins
in the ATP synthase complex

We (12) and others (1) demonstrated that cells lacking Sirt3
exhibit a significant decrease in mitochondrial ATP levels and
ATP synthase is a critical enzymatic complex which generates
ATP in the mitochondria (28). Thus, it seemed reasonable to
propose that SIRT3 may target proteins in the ATP synthase
complex as a means of direct regulation of ATP synthase ac-
tivity. To address this hypothesis, affinity-purified bovine
mitochondrial ATP synthase was obtained using a Glutathione
S-transferase-tagged inhibitor protein (I1-60), and two 50 lg
samples were resolved by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by either
immunoblotting with a pan anti-acetyl-lysine antibody (Fig.
1a, lane 1) or staining with Coomassie (lane 2). These results
demonstrate that multiple ATP synthase proteins are acety-
lated in vivo. These samples were subsequently treated with
PCAF, which is an acetyl transferase previously shown to
acetylate lysine residues, separated, and immunoblotted with
an anti-acetyl antibody (Cell Signaling, Inc.) (lane 3 vs. 4). The
PCAF-treated ATP synthase samples from lane 4 were sub-
sequently mixed with recombinant SIRT3 without (lane 5)
and with nicotinamide adenine dinucleotide (NAD) (lane 6)
for a cell-free deacetylation assay (lane 5 vs. 6). Finally, the
samples in Figure 1a, lanes 5 and 6 were isolated and analyzed
by mass spectrometry, and these results identified 11 alpha, 6
beta, 3 gamma, and 1 OSCP in vitro reversible acetyl-lysines
(Table 1).

In addition, to identify the presence of in vivo acetylation
sites, liver mitochondria were isolated from both Sirt3 wild-
type (WT) and knockout mice that were initially tested for
protein acetylation levels using a pan anti-acetyl antibody
(Supplementary Fig. S1A; Supplementary Data are avail-
able online at www.liebertpub.com/ars). After detecting in-
creased acetylation in the Sirt3 - / - mice, samples were
in-solution tryptic digested followed by purification of acet-
ylated peptides with immunoprecipitation using an agarose
bead-conjugated anti-acetyl lysine antibody. Finally, the
enriched acetylated peptides were analyzed by mass spec-
trometry. Consistent with the in vitro results, multiple pep-
tides corresponding to different ATP synthase subunits were
found to be acetylated in vivo in liver mitochondria from
Sirt3-deficient mice compared with WT mice (Table 2).
These results suggest that the ATP synthase complex, which
is critical to the generation of mitochondrial ATP, contains
multiple SIRT3 deacetylation targets.

Innovation

This work connects the aging and nutrient response, via
SIRT3 direction of the mitochondrial acetylome, to the
regulation of mitochondrial energy homeostasis under
nutrient-stress conditions by deacetylating adenosine tri-
phosphate (ATP) synthase proteins. In this study, using
proteomic analysis of both in vitro and in vivo samples,
multiple reversible acetyl-lysines were identified in the
alpha, beta, gamma, and oligomycin sensitivity-conferring
protein subunits of the ATP synthase complex proteins that
are evolutionarily conserved. The results presented here
suggest that in addition to its role in reactive oxygen species
signaling by directing MnSOD activity, SIRT3 can regulate
ATP levels by deacetylating the ATP synthase complex.
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ATP synthase complex proteins physically interact
with SIRT3

In order to connect SIRT3 to the ATP synthase complex,
experiments were performed to identify a direct enzyme-
substrate interaction. As such, mitochondrial lysates from
both Sirt3 + / + and Sirt3 - / - mice were harvested, im-
munoprecipitated (IPed) with an anti-ATP synthase antibody
(Abcam, Inc.), separated into two equal fractions, and, sub-
sequently, immunoblotted with an anti-ATP synthase b
subunit, anti-OSCP (Abcam, Inc.), or anti-SIRT3 antibody
(Cell Signaling, Inc.). These results clearly show that SIRT3
interacts with the ATP synthase complex, implying that one
or more ATP synthase proteins may be legitimate SIRT3

deacetylation targets (Fig. 1b). It has been previously shown
that SIRT1 can regulate transcription of MnSOD, a SIRT3-
specific deacetylase substrate (18), suggesting that it is pos-
sible that there are redundant pathways between SIRT1 and
SIRT3 for regulating mitochondrial proteins. However, after
subcellular fractionation, we could not detect any SIRT1 in
the mitochondria (Supplementary Fig. S1B), indicating that
SIRT1 cannot co-localize with OSCP and ATP synthase
in vivo. Moreover, in contrast to the observed interaction of
ATP synthase with SIRT3, we could not detect an interaction
with SIRT1 (Supplementary Fig. S1C), which excludes the
possibility that SIRT1 can regulate ATP synthase by directly
affecting post-translational acetylation. To address the idea
that SIRT3 deacetylates one or more proteins within the ATP

FIG. 1. The adenosine diphosphate (ATP) synthase complex contains multiple proteins with reversible acetyl-
lysines and interacts with SIRT3. (a) Left panel, two 50 lg samples of highly purified bovine F1Fo ATP synthase were
separated, transferred, and blotted with an acetyl-lysine antibody (Cell Signaling, Inc.) or stained with Coomassie. Middle
panel, purified bovine F1Fo ATP synthase was treated with PCAF and blotted. Right panel, purified bovine F1Fo ATP
synthase treated with PCAF was purified, treated with recombinant human SIRT3, and blotted with an acetyl-lysine
antibody. (b) Skeletal muscle mitochondrial lysates from Sirt3 + / + and Sirt3 - / - mice were harvested, IPed with an anti-
ATP synthase antibody (Abcam, Inc.), and subsequently immunoblotted with an anti-OSCP antibody (Santa Cruz Bio-
technology, Inc.), anti-ATP synthase b subunit (Abcam, Inc.), or anti-SIRT3 antibody (Cell Signaling, Inc.). (c-d) SIRT3
physically interacts with oligomycin sensitivity-conferring protein (OSCP). HCT116 cells were constructed to constitutively
express a Myc-tagged SIRT3 gene, and cell extracts were (c) IPed with either an anti-Myc or an OCSP antibody and
immunoblotted with an anti-SIRT3 antibody, or (d) IPed with an anti-Myc antibody and immunoblotted with an OCSP
antibody. (e) IHC staining with an anti-SIRT3 and anti-OSCP antibody, with the images merged in the lower right section.
Representative micrographs are shown.
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synthase complex, additional experiments focusing on the
OSCP ATP synthase complex protein were performed, as
OSCP appeared to have only one reversible acetyl-lysine
based on our mass spectrometry data and it has been previ-
ously considered to play a role in the regulation of ATP
synthase activity (21, 28).

Therefore, OSCP was IPed from HCT116 cells genetically
altered to overexpress the WT Myc-SIRT3 gene (HCT116-

Sirt3-wt) as previously described (9) and a control cell line
that lacked overexpression. These samples were subse-
quently resolved by PAGE, immunoblotted with an anti-
SIRT3 antibody, and showed an OSCP interaction with the
SIRT3 WT and deacetylation null (DN) mutant (Fig. 1c). A
myc-IPed SIRT3 immunoblot was also done as an internal
control. In addition, a MYC-IP and anti-OSCP immunoblot
confirmed the interaction between these two proteins (Fig.
1d). Finally, HCT116 cells constitutively expressing WT
SIRT3 were stained by immunohistochemistry with anti-
bodies to OSCP and SIRT3 (Fig. 1e) or OSCP, SIRT3, and
mitotracker (Supplementary Fig. S1B), and these results
confirmed that OSCP and SIRT3 co-localize to the mito-
chondria.

OSCP contains a reversible acetyl-lysine
that is deacetylated by SIRT3 and restores ATP levels

To determine whether SIRT3 was capable of deacetylating
specific subunits of the ATP synthase, an in vitro deacety-
lation assay using human recombinant SIRT3 (BioMol, Inc.)
and purified bovine OSCP was performed (Fig. 2a). Reaction
products were separated by SDS-PAGE and detected with an
anti-acetyl antibody showing that the OSCP subunit of the
ATP synthase is significantly deacetylated by SIRT3 (lane 1
vs. 2) compared with other subunits. Consistent with this
result, the decrease in lysine acetylation was inhibited by
either addition of nicotinamide (lane 3), an inhibitor of sirtuin
reactions, or removal of NAD + (lane 4), suggesting that
deacetylation is directly due to SIRT3 activity.

Further evidence that OSCP contains reversible acetyl-
lysine residues was obtained when WT mice were fasted for
36 h, and their livers were harvested and solubilized. These
samples were subsequently divided into equal fractions, re-
solved by SDS-PAGE, and immunoblotted with either a pan
anti-acetyl (Fig. 2b, upper panel) or an anti-OSCP antibody
(Fig. 2b, lower panel), showing that OSCP acetylation was
decreased in the livers from fasting mice. In addition, total
mitochondrial protein lysine acetylation was also shown to be
increased in the Sirt3 - / - mice under normal conditions as
well as after fasting (Supplementary Fig. S2B). Finally, ATP
levels in the Sirt3 - / - mouse embryonic fibroblasts (MEFs)
were significantly less than observed in the Sirt3 + / + MEFs
(Fig. 2c), as has been shown by others (1, 11).

To determine whether SIRT3 directly deacetylates OSCP,
two lentiviruses that express either the WT (lenti-Sirt3-wt) or
a DN mutant (lenti-Sirt3-dn) Sirt3 gene (a gift from Dr. Toren
Finkel, NHLBI, NIH) in which amino acid 248 was changed
from a histidine to tyrosine (1) were used. Sirt3 - / - MEFs
were infected with these two viruses and a control lentivirus,
IPed with an anti-OSCP antibody, divided into equal frac-
tions, resolved by SDS-PAGE, and immunoblotted with ei-
ther an anti-acetyl (Fig. 2d, upper panel) or an anti-OSCP
antibody (Fig. 2d, middle panel). Equal levels of exogenously
expressed Sirt3 were confirmed by immunoblotting with an
anti-myc antibody (lower panel), as both the WT and the DN
Sirt3 genes contained a myc tag sequence. These experiments
demonstrated that WT, but not DN Sirt3, decreases OSCP
acetylation (Fig. 2d, upper panel, lane 3 vs. 2). Finally, the
observed decreased acetylation was associated with in-
creased mitochondrial ATP levels in Sirt3 - / - MEFs (Fig.
2e), though not quite to the levels observed in Sirt3 + / + MEFs

Table 1. In Vitro SIRT3 Deacetylation Targets

Spectral Count

Amino acid Sequence Pre Post

ATP synthase subunit alpha
132 LIKEGDVVKR 4 1
161 VVDALGNAIDGKGPI 5 0
167 LGNAIDGKGPIGSKT 3 1
230 TSIAIDTIINQKR 5 1
239 FNDGTDEKK 2 0
240 FNDGTDEKKK 3 1
261 RSTVAQLVKR 6 2
427 AMKQVAGTMK 12 4
434 VAGTMKLELAQYR 4 1
531 SDGKISEQSDAKLK 7 2
539 ISEQSDAKLK 4 1

ATP synthase subunit beta
55 AAQASPSPKAGATT 2 0

124 GQKVLDSGAPIRIPV 5 1
197 VVDLLAPYAKGGK 2 0
259 MIESGVINLKDATSK 2 0
426 GVQKILQDYK 4 0
522 KADKLAEEHS 3 1

ATP synthase subunit gamma
89 ADIKAPEDKKK 6 0

138 IKGILYR 4 0
154 THSDQFLVSFKDVGR 3 1

ATP synthase subunit OSCP
139 TVLKSFLSPNQILK 6 1

ATP synthase subunit MnSOD
68 NVTEEKYQEALAK 5 0

122 GELLEAKRDFGS 4 1

In vitro deacetylation assays from cell extracts treated with
SIRT3 and sent for mass spectrometry.

Pre, before SIRT3 addition; Post, after SIRT3 addition.

Table 2. SIRT3 Targets in Wild-Type

Versus Sirt3 - / -
Liver

Ac-peptides count

Subunits Sirt3 - / - Sirt3 + / +

ATP synthase alpha 132 162
ATP synthase beta 87 75
ATP synthase gamma 67 61
ATP synthase delta 21 22
ATP synthase b 189 161
ATP synthase d 368 298
ATP synthase e 10 10
ATP synthase f 4 4
ATP synthase g 14 8
ATP synthase O (OSCP) 232 152

Acetylated peptides found in wild-type and knockout liver
extracts after mass spectrometry.
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(hatched bar). These results support the hypothesis that
SIRT3 directly deacetylates OSCP and that a change in the
acetylation status of at least one ATP synthase complex
protein results in an increase in ATP levels.

SIRT3 deacetylates lysine 139 of OSCP

To detect specific lysines that might be direct deacetylation
targets for SIRT3, total mouse liver mitochondrial proteins
from Sirt3 + / + and Sirt3 - / - mice were resolved by SDS-
PAGE. Bands were excised and individually digested with
trypsin before analysis by mass spectrometry in an OrbiTrap
mass spectrometer. OSCP was identified in both samples, as
expected, but peptides modified by acetylation of lysine 139
were only detected in the Sirt3 - / - samples. Of the 13 most
intense peaks in this tandem mass spectrum, 8 are attributable
to OSCP fragments. Six peaks correspond to a series of y +
type fragment ions defining a partial amino-acid sequence of

K(Ac)SFLS. One peak is a b + type ion, b2, and an additional
peak of high intensity corresponds to the 126.0913 m/z im-
monium ion produced by the fragmentation of peptides
containing e-acetylated lysine and is diagnostic of this
modification. The lysine in the K(Ac)SFLS sequence is lo-
cated at OSCP amino acid position 139 of the mitochondrial
cleaved protein (163 for the full-length protein). A repre-
sentation of the tandem mass spectrum demonstrating the
acetylation of lysine 139 in a tryptic peptide is shown (Fig.
3a). In addition, livers from Sirt3 + / + and Sirt3 - / - mice were
harvested, and tandem mass spectrometry showed a signifi-
cant increase in the acetylation of OSCP lysine 139 in the
Sirt3 - / - as compared with the Sirt3 + / + mice (Fig. 3b).

The specificity of this lysine deacetylation was deter-
mined using recombinant human SIRT3 and a synthetic
peptide ( JPT Peptide Technologies) corresponding to a 20-
amino-acid OSCP sequence containing lysine 139. This
peptide (sequence EEATLSELKTVL(AcK)SFLSQGQ)

FIG. 2. Sirt3 knockout cells have increased mitochondrial acetylated protein and decreased ATP levels, and OSCP
contains a reversible acetyl-lysine. (a) Bovine purified OSCP was mixed with or without recombinant SIRT3 in the
presence or absence of nicotinamide and/or NAD + . After 1 h, samples were separated by PAGE, followed by immuno-
blotting with an anti-acetyl antibody (Cell Signaling, Inc.). Antibody against ATP synthase subunit c was used as a loading
control. (b) OSCP contains a reversible acetyl-lysine. Livers from isogenic, 3-month-old Sirt3 + / + mice on an AL diet ( - )
or fasted for 36 h ( + ) were harvested, IPed with an anti-OSCP antibody, and immunoblotted with an anti-acetyl antibody
or anti-OSCP antibody. (c) Mitochondrial ATP levels in Sirt3 wild-type and knockout cells. Sirt3 + / + and Sirt3 - / - MEFs
were lysed, and ATP levels were measured using a chemiluminescence assay. Data are presented as arbitrary luminescence
units for ATP levels as a ratio (or compared with) of the level in Sirt3 + / + MEFs. (d, e) Re-expression of wild-type, but not
a deacetylation null mutant of Sirt3, (d) deacetylates OSCP and (e) restores ATP levels in Sirt3 - / - MEFs. Fifth-passage
Sirt3 - / - MEFs were transfected with a control lentivirus (Cont), virus expressing a wild-type Sirt3 (wt), or one expressing
the deacetylation null gene (dn) in which amino acid 248 has been changed from a histidine to tyrosine (1). Forty hours after
infection, Sirt3 - / - MEFs were harvested and mitochondrial extracts were IPed with an anti-OSCP antibody followed by
immunoblotting with an anti-acetyl or anti-OSCP antibody. These extracts were also used to measure ATP levels as
described earlier in (b). ATP levels are presented as a ratio compared with the levels observed in Sirt3 + / + MEFs. The
results of all the experiments in this figure were obtained from at least three independent replicates. Representative gels are
shown. Error bars represent one standard deviation. *Indicates p < 0.05 by t-test.
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FIG. 3. SIRT3 deacetylates lysine 139. (a) Tandem mass spectrum from OSCP demonstrates acetylated lysine 139
in vivo. Liver mitochondria from wild-type and Sirt3 - / - mice were resolved by SDS-PAGE followed by in-gel trypsin
digestion, separation by nano-scale reverse-phase chromatography on reverse-phase columns, and analysis by OrbiTrap
analyzer via an electro-spray interface. The spectrum represents the fragmentation of the peptide with a mass of 1628.9501
corresponding to the sequence TVL(AcK)SFLSPNQILK. (b) OSCP acetylation in Sirt3 wild-type and knockout mice.
Livers from Sirt3 + / + and Sirt3 - / - mice were used to isolate mitochondrial extracts that were used to determine the
acetylation levels of OSCP amino acid 139. Data are presented as OSCPK139 acetylation as compared with Sirt3 + / + livers.
(c) In vitro deacetylation of synthetic peptides. Synthetic peptide, including acetylated lysine, corresponding to the sequence
of ATP synthase subunit OSCP (sequence EEATLSELKTVL(AcK)SFLSQGQ), was measured by MALDI-TOF (left). The
predicted m/z for acetylated peptide is 2250.57 and for deacetylated peptide, it is 2208.56 m/z. (d) Multiple species contain
a potentially reversible acetyl-lysine. The OSCP protein sequence from multiple species was BLASTed based on the
reversible acetyl-lysine located at amino acid 139 in humans and mice. A 17-amino-acid motif (LSELKTVLK*SFL-
SQGQV) was identified, and this motif is present in multiple species. (e) Deacetylated OSCP increases mitochondrial
ATP levels. HCT116 cells expressing an OSCP shRNA (Santa Cruz Biotechnology, Inc.; see inset) were infected with lenti-
OSCPK139, lenti-OSCPK139-N, or lenti-OSCPK139-R, and ATP levels were determined as described earlier (Fig. 2c legend).
Equal expression of these proteins was determined (lower panel) using an anti-OSCP antibody (Santa Cruz Biotechnology,
Inc.). Experiments were done in triplicate, and error bars represent one standard deviation. *Indicates p < 0.05 by t-test.

556 VASSILOPOULOS ET AL.



was incubated with recombinant SIRT3 (BioMol, Inc.) and
NAD + , and the reaction was monitored by MALDI-TOF
measurement of the peptide mass (Fig. 3c). After incubation of
the acetylated synthetic peptide with recombinant SIRT3, all
of the peptide was reduced in mass by 42 m/z. A control re-
action with nicotinamide (an inhibitor of sirtuins) caused no
shift in the signal, nor did a control with NAD + and no SIRT3
(data not shown). Similar experiments were performed on a
related peptide with acetylated threonine instead of a lysine
(sequence EEATLSELK(AcT)VLKSFL SQGQ), with no ev-
idence of deacetylation (Supplementary Fig. S3A).

Acetylation status of lysine 139 of OSCP
directs ATP levels

OSCP is an old, evolutionarily conserved protein which is
present in most species and, as such, if a specific OSCP
lysine is an acetylation target in the regulation of enzymatic
activity, it seems reasonable that this lysine would be con-
served in multiple mammalian and nonmammalian species.
A BLAST search demonstrated a conserved 17-amino-acid
motif (LSELKTVLK*SFLSQGQV) around the lysine of
interest at amino acid position 139 that is present in human,
murine, bovine, and yeast species (Fig. 3d). Thus, it seems
reasonable to propose that this conserved motif, which has
remained roughly intact in multiple species, may be of bio-
logical and physiological importance.

It has previously been shown that substitution of a lysine
with an asparagine mimics the acetylated lysine state, while
substitution with an arginine mimics deacetylation (15, 22,
27). Thus, mutating lysine 139 to arginine would be predicted
to mimic a deacetylated lysine, while substitution with an as-
paragine would be expected to mimic an acetylated lysine
(Supplementary Fig. S3B). To determine whether the acety-
lation status of OSCP may direct, at least in part, some aspect
of ATP synthase activity, HCT116 cells were generated that
stably express lenti-OSCPK139 (HCT116-OSCPK139), lenti-
OSCPK139-R (HCT116-OSCPK139-R), or lenti-OSCPK139-N

(HCT116-OSCPK139-N). Silencing of endogenous OSCP ex-
pression was accomplished by using shRNA targeting the 3¢
untranslated region. These experiments demonstrated that
the OSCPK139-R mutant increased ATP levels (Fig. 3e, upper
panel). The levels of exogenously expressed OSCP in these
permanent cell lines were roughly equal (Fig. 3e, lower
panel). These results suggest that acetylation of OSCP plays a
role, at least in part, in regulating ATP synthase activity.

Finally, an examination of the published three-dimensional
OSCP structure from the top and the side (Supplementary Fig.
S3C, D) shows that lysine 139 is on the matrix-accessible
portion of the OSCP protein as well as of the ATP synthase
complex. This location is an ideal position in which to interact
with other proteins, such as SIRT3. The results of these ex-
periments confirm that OSCP is a SIRT3 deacetylation target
in vitro and in vivo, that OSCP lysine 139 is a direct SIRT3
target, and indirectly suggest that at least one ATP synthase
protein targeted by SIRT3 can direct energy production by
changes in acetylation.

OSCP lysine 139 acetylation changes physiological
conditions thought to activate SIRT3

To begin to determine the physiological significance of
OSCP acetylation, as well as to confirm lysine 139 as a le-

gitimate deacetylation target, an anti-acetyl-lysine 139 OSCP
antibody was made (Epitomics, Inc.). To validate whether
this antibody was specific for acetylated OSCP at lysine 139,
HEK 293T cells were transfected with a cytomegalovirus
(CMV)-based plasmid expressing a Flag-tagged WT OSCP
protein. These cells were maintained in 1 lM trichostatin A
and after 48 h, the exogenous OSCP was IPed with an anti-
Flag antibody. Equal amounts of IPed OSCP were incubated
with purified SIRT3 protein (BioMol, Inc.) with or without
NAD + , which is required to induce SIRT3 deacetylation
activity. These samples were subsequently separated and
incubated with the anti-acetyl-lysine 139 OSCP antibody.
These experiments demonstrated that OSCP immunoreactive
protein is decreased in the sample containing SIRT3 and
NAD + as compared with the samples incubated without
NAD + (Fig. 4a, lane 2 vs. 1). These in vitro experiments
were repeated with 2 h of preincubation with the 13-amino-
acid lysine 139 acetylated peptide (Ac-peptide) that was
initially used to make the antibody (Fig. 4a, lanes 5 and 6) or
an identical control 13-amino-acid peptide which lacks an
acetyl molecule at position 139 (lanes 3 and 4). Incuba-
tion with the acetylated peptide, but not with the control,
nonacetylated peptide, prevented immunostaining with the
anti-OSCPAc-K139 antibody. These results indicate that this
antibody is specific for acetylated lysine 139 and that SIRT3
deacetylates OSCP in an in vitro/cell-free experimental
model system.

To determine whether OSCP lysine 139 is deacetylated by
SIRT3 in vivo, OSCP acetylation status was checked under
conditions of nutrient stress. Since SIRT3 activity is induced
by calorie restriction (CR), it seemed reasonable to determine
the acetylation status of OSCP by using the OSCPAc-K139

antibody. Two additional anti-acetyl-lysine antibodies to
MnSOD lysines 68 and 122, which are also SIRT3-dependent
reversible acetyl-lysines (2, 27), were used as controls. A
decrease in OSCP acetylation was observed using the anti-
OSCPAc-K139 antibody in WT mice on CR as compared with
control mice that were fed an ad libitum diet (Fig. 4b). Si-
milar results were observed using the anti-MnSODAc-K68 and
-MnSODAc-K122 antibodies, demonstrating that OSCP and
MnSOD are physiological SIRT3 deacetylation targets. Si-
milar results were also obtained when comparing the WT and
Sirt3 knockout mice that were fasted for 36 h (Supplementary
Fig. S4).

It has previously been shown that SIRT3 activity is re-
duced in mice fed a high-fat diet (HFD), and consistent with
this idea, WT mice fed an HFD for 2 months exhibited an
increase in OSCP acetylation (Fig. 4c), strongly suggesting a
decrease in SIRT3 enzymatic activity. Moreover, higher
acetylation of OSCP was detected in the skeletal muscle of
Sirt3 - / - mice, as compared with Sirt3 + / + mice (3rd panel,
lanes 3,4 vs. 1,2 and lanes 7,8 vs. 5,6), by using an anti-K139
OSCP antibody, implying that there is a strong correlation
between SIRT3 levels and acetylated levels of OSCP. With
regard to total levels of OSCP, we could detect some varia-
tion in the total protein levels between different mice, but still
the difference in the levels of acetylated OSCP between the
Sirt3 - / - and Sirt3 + / + mice was significant regardless of the
total levels of OSCP. This seems reasonable, as we could not
find any role of SIRT3 in regulating protein levels of OSCP.
Finally, it has also been proposed that sirtuin protein activ-
ity decreases with increasing age (22, 24). To address this
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idea, skeletal muscle samples were taken from WT mice of
different ages, and immunoreactive anti-OSCPAc-K139 pro-
tein levels were determined. These experiments demon-
strated an increase in OSCP acetylation in WT mice at 24
months (Fig. 4d, lanes 5–6) versus those at 6 months of age
(lanes 1–2), suggesting that SIRT3 deacetylation of OSCP
in vivo decreases with increasing age.

Sirt3 - / - mice exhibit decreased muscle endurance

The results cited earlier suggest that OSCP acetylation
affects, at least in part, the ability of the ATP synthase en-
zyme to provide energy for the cell through the synthesis of
ATP. Since OSCP was strongly detected in skeletal muscle of
Sirt3 - / - mice, we wanted to determine the role of this phe-
nomenon under energetically demanding conditions. For this
purpose, we challenged both WT and Sirt3-deficient mice
with involuntary physical exercise, testing muscle endurance
by running on a treadmill to exhaustion. After acclimatiza-
tion, mice were run with a protocol using increasing slope and
speed until they were unable to run on the treadmill despite
electric shocks. Six- and 12-month-old control animals ran an

average of 7.1 and 5.3 min longer than the knockout mice: an
average of 20.8 min for the controls versus 13.7 min for the
knockout 6-month-old mice and 17.3 min for the control ver-
sus 12.0 min for the 12-month-old knockout mice (Fig. 5a).

The difference in running distance was even greater, as the
running protocol increased speed with increasing time (Fig.
5b). Sirt3 - / - mice covered an average distance of 200.6 and
166.2 meters at 6 and 12 months of age, respectively, whereas
control mice ran averages of 358.9 and 277.1 meters (a dif-
ference of 44% and 40%, respectively). Finally, the total
work performed by control animals was also higher than that
of knockouts (Fig. 5c). Control mice used energy equivalent
to 1109 J (6 months old) and 847 J (12 months old), whereas
the average work of Sirt3-deficient mice of the same age was
499 J and 427 J (a difference of 55% and 49%, respectively).
In summary, all the parameters obtained from the treadmill
running experiment describing muscle endurance were sig-
nificantly lower for Sirt3 - / - mice compared with control
mice. Since the Sirt3 mutant mice used in these experiments
were whole body knockout mice, we wanted to exclude the
fact that the observed phenotypic differences could reflect
additional defects in heart function. Under both basal and

FIG. 4. OSCP contains a physiologically relevant reversible acetyl-lysine under cell stress. (a) Validation of an OSCP
lysine 139 anti-acetyl antibody. A Flag-tagged OSCP expression vector was transfected into HEK 293T cells that contained
Trichostatin A (TSA) (1 lM) and after 48 h, Flag-OSCP was IPed with an anti-Flag antibody (Sigma, Inc.). The samples
were subsequently washed and incubated with purified SIRT3 protein without (lane 1) or with (lane 2) NAD. After 2 h,
mixtures were immunoblotted with an anti-Ac-OSCPK139 antibody (Epitomics, Inc., - The Rabbit Monoclonal Antibody
Company). Identical experiments were done with the 13-amino-acid lysine 139 acetylated peptide (peptide-139) or the
control nonacetylated peptide (cont-peptide). (b) OSCP contains a CR-dependent, reversible acetyl-lysine. Livers from
isogenic, 2-month-old age-matched Sirt3 + / + and Sirt3 - / - mice that were placed on a CR diet for 12 weeks were harvested
and mitochondrial extracts were isolated, separated, and subsequently blotted with antibodies to MnSOD, Ac-MnSODK122,
Ac-MnSODK68, OSCP, Ac-OSCPK139, SIRT3, and COXIV. (c) Wild-type mice were placed on a high-fat ‘‘Western diet’’
(TD.88137; Harlan Teklad) as previously shown (30); livers were processed as described earlier, and samples were stained
with antibodies to SIRT3, OSCP, Ac-OSCPK139, and COXIV. (d) Skeletal muscle from isogenic, 6- and 24-month-old age-
matched Sirt3 + / + and Sirt3 - / - mice were harvested, and mitochondrial extracts were isolated, separated, and blotted with
antibodies to SIRT3, OSCP, Ac-OSCPK139, and COXIV.
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stressful conditions, such as beta-adrenergic stimulation
where rapid increase in energy demand is needed, no dif-
ference in heart or cardiovascular function was found
between Sirt3 WT and mutant mice (Supplementary Fig.
S5A, B).

Interestingly, in accordance with the decreased muscle
endurance in the Sirt3 - / - mice, a significant decrease in ATP
levels was observed in skeletal muscle compared with other
tissues (Fig. 5d), as well as increased acetylated levels of
OSCP, detected by using our anti-OSCPAc-K139 antibody.

More specifically, OSCP was deacetylated in the WT mice
upon exercise (Fig. 5e, lanes 3–4 vs. 1–2), implying that
SIRT3-mediated deacetylation of OSCP enhances ATP syn-
thase enzymatic activity in order to help mice meet the en-
ergy demands of the muscle. In contrast, no difference was
observed in the mice lacking Sirt3 (lanes 5–6 vs. 7–8), which,
as expected, were found to contain hyper-acetylated OSCP.
The same pattern was observed when acetylated levels of
MnSOD were checked (Fig. 5f), indicating that acetylation of
OSCP follows changes in SIRT3 activity and that OSCP is a

FIG. 5. Sirt32/2 mice exhibit decreased muscle endurance and OSCP is deacetylated in wild-type exercised mice.
(a–c) After acclimatization, mice were run on a treadmill with increasing speed and slope to exhaustion. Time (a), distance
(b), and work (c) were calculated from the individual performances. Bars represent mean values, and error bars represent
standard error. (d) Several tissues were harvested from Sirt3 + / + and Sirt3 - / - mice, and ATP was measured using the ATP
determination kit from Molecular Probes. Data are presented as ATP levels measured in Sirt3 - / - tissue as compared with
the Sirt3 + / + tissue controls. (e, f) Skeletal muscle from isogenic Sirt3 + / + and Sirt3 - / - mice both before exercise (Cont)
and immediately after exercise (EX) were harvested and mitochondrial extracts were isolated, separated, and subsequently
blotted with antibodies to (e) SIRT3, OSCP, Ac-OSCPK139, and COXIV or (f) with antibodies to Ac-MnSODK122, Ac-
MnSODK68, and MnSOD. (g) The same samples used earlier were also used to immunoprecipitate the ATP synthase
complex (see Fig. 1b), and these samples were immunoblotted with a pan-anti-acetyl antibody (Cell Signaling, Inc.).
Representative blots are shown, and experiments were done in triplicate.
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specific SIRT3 target in the mitochondrion. In this context,
this is a proxy for SIRT3 enzymatic activity and acetylation
of the ATP synthase proteins, when skeletal muscle was
isolated immediately after the treadmill experiment.

In addition, we assessed the respiratory profile in both
C2C12-differentiated myotubes and C2C12-differentiated
cells with stable knockdown of Sirt3 (Supplementary Fig.
S6A) using a Seahorse Flux Analyzer. These experiments
demonstrated a decrease in basal respiration, coupled respi-
ration, and maximum respiration (Supplementary Fig. S6B, C)
in shSirt3 cells, as compared with controls. Interestingly, we
could not see any difference in the levels of uncoupled res-
piration between control and shSirt3 myotubes. These results
are consistent with our data showing that acetylation of ATP
synthase, including OSCP, decreases the function of the
complex, resulting in decreased mitochondrial respiration
and ATP production.

To exclude the fact that the difference in ATP levels in
skeletal muscle was due to the different number of mito-
chondria in the Sirt3 + / + and Sirt3 - / - mice, we determined
the total number of mitochondria in skeletal muscle, as es-
timated by real-time quantitative polymerase chain reaction
(qPCR) of mitochondrial-encoded genes (NADH dehydro-
genase 2, ATP synthase 6, and cytochrome oxidase subunit
II) versus nuclear-encoded 18S rRNA. These results indicate
that the decrease in skeletal muscle ATP levels in the
Sirt3 - / - mice cannot be attributed to the different number of
total mitochondria (Supplementary Fig. S7A). Furthermore,
when we compared the shctr-differentiated C2C12 myotubes
with the shSirt3-differentiated C2C12, no difference in the
total number of mitochondria was observed, despite the dif-
ference in mitochondrial respiration (Supplementary Fig.
S7B), which is in accordance with previously published data
(10), thus confirming that SIRT3-mediated deacetylation of
ATP synthase regulates its function.

Though these results showed changes in OSCP, we thought
it would be informative to perform a more complete in vivo
investigation of the ATP synthase complex in the skeletal
muscle of mice undergoing exercise, as compared with
control mice. As such, skeletal muscle from control and ex-
ercised mice was harvested, and mitochondrial extracts were
prepared, IPed with an anti-ATP synthase antibody, sepa-
rated, and immunoblotted with a pan-anti-acetyl antibody.
These results showed that exercise stress-induced reversible
acetyl-lysine(s) are present in ATP synthase a and b complex
proteins (Fig. 5g). These results, along with the Western
blotting with lysine-specific antibodies to OSCP and MnSOD,
suggest that exercise activates SIRT3 to deacetylate ATP
synthase complex proteins.

Finally, one outstanding critical question is: Are these
lysines also altered or deacetylated in humans undergoing a
decrease in nutrient consumption? To address this, samples
were compared from patients before and after bariatric sur-
gery, representing an indirect method to investigate changes
in human nutritional status. Specifically, percutaneous mus-
cle biopsies of the vastus lateralis muscle from bariatric
surgery patients both preoperative and 6 months postopera-
tive were obtained by conchotome with IRB approval. Pro-
teomic results identified several reversible acetyl-lysines in
ATP synthase a (two lysines, 167 and 434), b (one lysine,
197), and c (one lysine, 138), as well as changes in OSCP
(lysine 139) and MnSOD (lysines 68 and 122) (Table 3).

Finally, to determine a commonality between the different
lysines that were altered, as shown earlier (Tables 1–3), a
bioinformatic analysis was done to identify potential evolu-
tionarily conserved lysines in the ATP synthase complex F1-
protein. ATP synthase a lysines K132, K161, K167, K427,
K434, and K539; ATP synthase b lysines K197 and K259;
and ATP synthase c lysines K136, K138, and K154 were
found to be conserved in multiple species, including rodent,
primate, fish, and Caenorhabditis elegans (Supplementary
Fig. S8). Thus, the results presented earlier clearly show
that the ATP synthase complex contains multiple SIRT3-
dependent reversible acetyl-lysines that are deacetylated
under conditions of exercise stress as well as potentially other
forms of cellular or nutrient stress.

Discussion

One intriguing finding from our and others’ previous work
was that cells lacking Sirt3 exhibited altered mitochondrial
metabolism, including a significant decrease in mitochon-
drial ATP levels (1, 11, 26). These results suggest a potential
connection between the regulation of ATP production and
SIRT3. In this regard, SIRT3 is the primary mitochondrial
deacetylase (16), and lysine acetylation has recently emerged
as an important, and perhaps critical, post-translational
modification that is employed to regulate mitochondrial
proteins (3, 22). In addition, large-scale mass spectrometry
screening pre- and postcaloric restriction identified reversible
acetyl-lysines in 72 mitochondrial proteins from a wide va-
riety of metabolic pathways (23). Based on these results, it
seems reasonable to suggest that deacetylation of mito-
chondrial proteins by SIRT3 may play a role in maintaining
and regulating mitochondrial metabolism and function.

A fundamental paradigm in biology is the presence of in-
tracellular sensing proteins that recognize specific cellular
conditions and initiate post-translational signaling cascades
(6), and these pathways activate the cellular machinery which
maintains cellular homeostasis. The most common example of
this is the cytoplasmic activation of kinases that phosphor-
ylate a series of downstream targets in response to different
environmental conditions, thereby minimizing any poten-
tially permanent cellular detrimental effects (5). The results

Table 3. Acetylation Changes in Human Muscle

Spectral Count

Amino acid Sequence Pre Post

ATP synthase subunit alpha
167 LGNAIDGKGPIGSKT 3 0
434 VAGTMKLELAQYR 4 0

ATP synthase subunit beta
197 VVDLLAPYAKGGK 4 0

ATP synthase subunit gamma
138 IKGILYR 4 1

ATP synthase subunit OSCP
139 TVLKSFLSPNQILK 3 0

ATP synthase subunit MnSOD
68 NVTEEKYQEALAK 7 2
122 GELLEAKRDFGS 3 0

Samples from human patients before and after bariatric surgery.
Pre, preoperative; Post, six months postoperative.
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presented earlier support this hypothesis, and along with recent
findings (11), suggest that mitochondrial sirtuins, including
SIRT3, may function as energy requirement sensing proteins
whose loss of function may result in a damage-permissive
phenotype which leads to aberrant mitochondrial function.
These results also suggest, but do not definitively prove, that
the mitochondria may contain processes which sense cellular
energy states and engage signaling processes to match energy
requirements to energy demands, including, but not limited to,
regulation of the F1 portion of the ATP synthase complex.

The active site in the ATP synthase complex is formed by
subunits a and b, which are in close proximity to subunits c
and OSCP. These proteins project out of the inner mito-
chondrial membrane, are matrix accessible, and would seem
to be ideal as targets of SIRT3 as well as for directing the
enzymatic activity of the ATP synthase complex. Functional
experiments were limited to OSCP, which is the location of
contact between the peripheral stator stalk and the enzy-
matically active a and b subunits, but they may serve as a
window into the overall function of the ATP synthase com-
plex. Indeed, small alterations in or removal of OSCP can
decouple the ATP synthetic activity of the complex from the
proton motive force (20). However, it should be mentioned
that mitochondrial production of ATP is dictated by several
flux control pathways, including adenine-nucleotide trans-
locase, phosphate transporter, and substrate transporters, to
name a few. As such, it seems likely that these and other
pathways and factors may also be SIRT3 targets or whose
function may be indirectly altered by changes in mitochon-
drial acetylation.

Since OSCP lysine 139 is a part of a beta-helix that in-
teracts with neighboring subunit b, modification of this res-
idue could reasonably alter activity of the ATP synthase
complex. Given that x-ray crystallography and intact mass
spectrometric measurement of the molecular mass of this
subunit have failed to detect e-acetylation of any lysine in
OSCP, either lysine 139 is acetylated in a small proportion of
intact ATP synthase molecules at any given time, or else, this
lysine is acetylated at times other than when this protein is
assembled into a fully formed and functional ATP synthase
complex. For example, a modification present in only a small
percent of protein complexes could be associated with a
secondary function such as uncoupling from the proton mo-
tive force or for assembly or disassembly of the complex.

Interestingly, the role of SIRT3 in regulating energy ho-
meostasis by deacetylating ATP synthase is apparent when
high energy demand is needed for the cells. In this regard, the
Sirt3 knockout mice do not show an energy-related pheno-
type under normal conditions; however, these mice exhibit
decreased muscle endurance under energetically demanding
conditions such as running on a treadmill till exhaustion. This
phenomenon is associated with the detection of elevated
levels of acetylated OSCP, highlighting the contribution of
acetylation-mediated dysfunction of ATP synthase to this
phenotype. Interestingly, in a recent study, it was shown that
muscle-specific Sirt3-deficient mice did not exhibit any dif-
ference in the endurance exercise (4). While comparing
studies is complex, the experiments presented by these au-
thors differed in several critical ways. For example, the mice
used for their exercise experiments were 8-week-old mice
whereas the mice used in our experiments were at least 6
months of age, and using younger mice may explain the lack

of a measurable phenotype. Moreover, their exercise data
were acquired using a 5-degree incline with increasing speed,
while our exercise experiments used an initial conditioning
step followed by exercise that increased both incline and
speed, producing a more intense skeletal muscle cell stress.
While our work confirms the marked global hyperacetylation
found in both the muscle and liver-specific Sirt3-deficient
mice, this new SIRT3 exercise-deficient phenotype that is
now added to other results showing altered oxidative stress,
carcinogenesis, HFD-induced obesity, and insulin resistance
(2, 8, 11, 22, 24, 27). Finally, in the last few years, it has been
proposed that changes in the acetylome (18) as well as altered
Sirtuin biology (17) may alter the physiology of the in-
flammasome and this raises an intriguing idea: Are the phe-
notypes observed in mice lacking Sirt3, or other Sirtuin
knockout mice, at least in some part, due to the aberrant
regulation of the inflammasome?

In conclusion, the results presented here clearly demon-
strate that the F1 portion of the ATP synthase complex
contains multiple SIRT3-dependent reversible acetyl-lysines
that are altered in several conditions of metabolic stress, in-
cluding exercise, CR, fasting, and HFD, in both mice and
human samples. While more mechanistic experiments to
determine that these other reversible acetyl-lysines in ATP
synthase a, b, and c will have to be confirmed, we would
suggest that it seems reasonable to propose that acetylation
plays a significant role, at least in part, in directing ATPase
activity and that SIRT3 is at least one upstream sensing factor
directing the acetylation status of these proteins.

Materials and Methods

Cell lines and purification of protein extracts

MEFs were isolated from E14.5 isogenic Sirt3 + / + and
Sirt3 - / - mice and maintained in a 37�C incubator with 5%
CO2 and 6% oxygen. Sirt3 + / + or Sirt3 - / - MEFs (11) were
infected at passage 3 with lentiviral vectors expressing either
the WT or a DN Sirt3 gene (1), made by Applied Biological
Materials, Inc. Levels of exogenous SIRT3 and OSCP were
confirmed by Western blot analysis and PCR analysis (data
not shown). The HCT116-OSCPK139, HCT116-OSCPK139-R,
and HCT116-OSCPK139-N cells were constructed by co-
infecting cells with a lentiviral system expressing WT OSCP
or-site directed mutants where OSCP amino acid 139 was
changed to an arginine, which mimics a deacetylated lysine
(HCT116-OSCPK139-R) or changed to an asparagine, which
mimics an acetylated lysine (HCT116-OSCPK139-N). C2C12
cells were maintained in high-glucose DMEM (Invitrogen)
containing 10% fetal bovine serum. For differentiation into
myotubes, after confluency, cells were cultured in DMEM
with 2% horse serum. Sirt3 shRNA lentiviral constructs were
purchased from Thermo Scientific (TRCN0000039329,
TRCN0000039331, and TRCN0000039332), and empty
pLKO.1 vector was used as a control. Stable Sirt3 knockdown
and shRNA control cell lines were generated by viral trans-
duction of C2C12 myoblasts and selection with puromycin.

Mitochondria were solubilized with 1% w/v DDM and
diluted to a protein concentration of 5.5 mg/ml. IP was per-
formed using either an antibody already cross-linked to beads
or a free antibody. IPed samples were divided into equal
samples, separated by SDS-PAGE, and immunoblotted with
anti-acetyl (Cell Signaling, Inc.) and anti-OSCP antibodies.
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Statistical analysis

All experiments were done at least in triplicate. Data were
analyzed by Student’s t-test, and results were considered
significant at p < 0.05. Results are presented as mean – SD.

Mouse tissues

All work with mice was performed at the National Cancer
Institute, National Institutes of Health, Bethesda, Maryland,
USA, and was approved by the NCI’s Animal Care and Use
Committee as described in protocol NCI ROB-118 (NCI
Radiation Oncology Branch Protocol 118).

Immunoprecipitation, transfections,
and immunoblot analysis

IP with anti-OSCP and anti-SIRT3 antibodies and the sub-
sequent western analyses were done as previously described
(11). The control for these IP experiments is normalized to
rabbit IgG as well as immunoblotting with the control, IPed
antibody. Transfections of pCMV-OSCPK139 (WT), pCMV-
OSCPK139-R, or pCMV-OSCPK139-N were done as previously
described (11). Blots were incubated with horseradish perox-
idase-conjugated secondary antibody, analyzed using an ECL
protocol (Amersham Biosciences), and visualized in a Fuji
Las-3000 dark box (FujiFilm Systems).

Measurement of mitochondrial ATP levels

ATP levels were monitored using a CellTiter-Glo Lumi-
nescent Cell Viability Assay as per the manufacturer’s in-
structions (Promega). CellTiter-Glo was added to 106 cells and
placed on an orbital shaker to induce cell lysis, and samples
were read on a chemiluminescence plate reader (Tecam Safire;
integration time of 1 s). Data are presented as mean – SE of
luminescence readings from three separate experiments.

Mass spectrometry-based proteomics and analysis

Anti-MnSOD immune complexes from Sirt3 + / + and
Sirt3 - / - mouse liver were separated by SDS-PAGE (4%–
20% acrylamide) and stained with colloidal Coomassie Blue
G-250 (Invitrogen). Samples were de-stained with 100 ll of
50% acetonitrile and 50 mM ammonium bicarbonate. A
prominent 22 kDa band present in each gel lane was excised,
finely diced, reduced with 45 mM DTT for 20 min at 55�C,
alkylated with 100 mM iodoacetamide for 30 min at room
temperature, and digested overnight at 37�C with trypsin.
Peptides were extracted with two rounds of 60% acetonitrile
and 0.1% trifluoroacetic acid and were then lyophilized to
dryness. Digests were resolubilized in 15 ll of 0.1% formic
acid and analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). For LC-MS/MS analysis and co-
IP methods, see the ‘‘Supplementary Methods’’ section.

Immunohistochemical staining

HCT116 cells were grown on cover slips to a confluency of
*50%. Mitotracker (Invitrogen) was prepared in McCoy
media at a concentration of 250 nM and applied to the cover
slips for 30 min. Cells were washed once with McCoy media
and once with phosphate-buffered saline (PBS). Cells were
fixed with 3.7% formaldehyde for 5 min, permeabilized with
0.1% Triton X-100 for 10 min, and blocked with 10% goat

serum for 30 min, all of which were prepared in PBS. Primary
antibodies were applied at a dilution of 1:100 in 10% goat
serum for 1 h. Secondary antibodies conjugated to either 568
or 488 fluorophore (Invitrogen) were applied at a dilution of
1:1000 for 1 h, and Hoechst 33342 was applied at a concen-
tration of 2 ng/ll for 10 min. Three washes with PBS were
performed between each new application. Cells were imaged
utilizing a Zeiss laser scanning microscope (510 META) and
the Zeiss software package.
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Abbreviations Used

AceCS2¼Acetyl-CoA Synthetase 2
AcK¼ acetylated Lysine (K)
ADP¼ adenosine diphosphate

AL¼ ad libitum
ATP¼ adenosine triphosphate
C.O¼ cardiac output

CCR¼ clinical cancer center
CID¼ collision-induced dissociation ()

CMV¼ cytomegalovirus
Cont¼ control (before exercise)

CR¼ calorie restriction
DAPI¼ 4¢,6-diamidino-2-phenylindole

DN¼ deacetylation null
EF¼ ejection fraction
EX¼ exercise (after exercise)

GST¼ glutathione S-transferase
HEK¼ human embryonic kidney
HFD¼ high fat diet

HR¼ heart rate
IHC¼ immunohistochemistry

IP¼ immunoprecipitation
IPed¼ immunoprecipitated

LC-MS/MS¼ liquid chromatography-tandem mass
spectrometry

LvVs¼ left ventricular volume systole
MEFs¼mouse embryonic fibroblasts

MRI¼magnetic resonance imaging
NAD¼ nicotinamide adenine dinucleotide
NCI¼National Cancer Institute

NHLBI¼National Heart, Lung, and Blood Institute
NIH¼National Institutes of Health

OSCP¼ oligomycin sensitivity-conferring protein
PBS¼ phosphate buffered saline

PCAF¼ P300/CBP-associated factor
PCR¼ polymerase chain reaction

PVDF¼ polyvinylidene difluoride
SDS-PAGE¼ sodium dodecyl sulfate polyacrylamide gel

electrophoresis
TFE¼ trifluoroethanol
TSA¼ trichostatin A
WT¼wild-type
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