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SUMMARY

Calorie restriction (CR) extends life span in diverse
species. Mitochondria play a key role in CR adapta-
tion; however, the molecular details remain elusive.
We developed and applied a quantitative mass spec-
trometry method to probe the liver mitochondrial
acetyl-proteome during CR versus control diet in
mice that were wild-type or lacked the protein deace-
tylase SIRT3. Quantification of 3,285 acetylation
sites—2,193 from mitochondrial proteins—rendered
a comprehensive atlas of the acetyl-proteome and
enabled global site-specific, relative acetyl occu-
pancy measurements between all four experimental
conditions. Bioinformatic and biochemical analyses
provided additional support for the effects of specific
acetylation on mitochondrial protein function. Our
results (1) reveal widespread reprogramming of
mitochondrial protein acetylation in response to CR
and SIRT3, (2) identify three biochemically distinct
classes of acetylation sites, and (3) provide evidence
that SIRT3 is a prominent regulator in CR adaptation
by coordinately deacetylating proteins involved in
diverse pathways of metabolism and mitochondrial
maintenance.

INTRODUCTION

Calorie restriction (CR) is the only regimen known to extend the

life span and health span in a spectrum of organisms that include

yeast, mice, and nonhuman primates (Colman et al., 2009;

Mattison et al., 2012; Weindruch et al., 1986). Reducing food
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consumption 25%–60% without undernutrition extends the life

span of rodents up to 50% (Weindruch et al., 1986) and in

different animal models delays the onset of age-related mal-

adies, like cardiovascular disease, cancer, and diabetes

(Colman et al., 2009; Koubova and Guarente, 2003). The positive

effects of CR are linked to major metabolic reprogramming

toward efficient fuel utilization and a reduction in oxidative

damage to macromolecules (Anderson and Weindruch, 2012;

Sohal and Weindruch, 1996). Mitochondrial dysfunction plays

an important role in cellular aging (Wallace, 2005) and reduces

fuel utilization plasticity. As metabolic centers for fuel utilization

and primary producers of cellular reactive oxygen species, mito-

chondria are poised to act asmediators of reprogramming under

CR. However, the molecular basis for global metabolic adapta-

tion induced by CR remains unknown.

Emerging evidence suggests that reversible protein acetyla-

tion might be a dynamic protein modification that regulates

metabolism through multiple mechanisms. The sirtuin family of

nicotinamide adenine dinucleotide (NAD)+-dependent protein

deacetylases is implicated as possible regulators of the cellular

adaption to CR and directly deacetylate specific metabolic

enzymes. In yeast, sirtuins are reported as critical components

of the CR-dependent extension of life span (Lin et al., 2000),

and in multiple organisms, sirtuins are linked with improved

health span and metabolic regulation. A critical link between an

antiaging phenotype associated with CR and sirtuins was

recently demonstrated for the mitochondrial Sirtuin3 (SIRT3),

which was essential for the prevention of age-related hearing

loss in mice under CR (Someya et al., 2010; Yu et al., 2012). In

response to CR or prolonged fasting, the expression of SIRT3

is induced considerably (Hirschey et al., 2010; Someya et al.,

2010). SIRT3 regulates the function of several mitochondrial

proteins involved in oxidative phosphorylation, fatty acid oxida-

tion, the urea cycle, and the antioxidant response system

(Hallows et al., 2006, 2011; Hirschey et al., 2010; Lombard
.
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Figure 1. Experimental Design andMass SpectrometryWorkflow for

Quantitation of Acetylated Mitochondrial Proteins between Four

Biological Conditions

(A) WT and Sirt3�/� mouse liver mitochondria were compared in biological

triplicate from mice fed either the control or CR diet. Numbers correspond to

the isobaric mass tag used for that sample.

(B) Extracted protein from purified liver mitochondria was trypsin digested

followed by labeling with TMT reagents. Labeled peptides were combined and

fractionated by strong cation exchange chromatography. Each fraction was

enriched for acetyl peptides with a pan anti-acetyl lysine antibody and

analyzed via nano-reverse-phase liquid chromatography (RPLC)-MS/MS. See

also Figure S3.
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et al., 2007; Qiu et al., 2010; Schlicker et al., 2008; Schwer et al.,

2006; Shimazu et al., 2010; Yu et al., 2012). SIRT3 is postulated

to be themain, if only, protein mitochondrial deacetylase, but the

extent of its capacity to modulate mitochondrial processes

remains unclear.

Protein acetylation has emerged as a major posttransla-

tional modification, and accumulating evidence indicates that

acetylation rivals phosphorylation as a regulatory modification

(Chen et al., 2012; Choudhary et al., 2009; Henriksen et al.,

2012; Kim et al., 2006; Lundby et al., 2012; Pagliarini et al.,

2008; Zhao et al., 2010). With respect to CR and the role of

SIRT3, a broad and deep understanding of acetylation dynamics

remains elusive. In a handful of cases, mass spectrometry (MS)

has been applied to study mitochondrial acetylation in response

to diet changes or SIRT3 expression on a subset of potential

protein substrates (Fritz et al., 2012; Hirschey et al., 2010; Ken-

drick et al., 2011; Law et al., 2009; Schwer et al., 2009; Someya

et al., 2010); however, to understand the diverse mechanisms of

reversible acetylation that modulate mitochondrial metabolism

and maintenance, a robust, quantitative approach that maps

physiologically relevant changes across the mitochondrial

acetylome is required.

Here we describe a quantitative acetyl-proteomic method

that combines isobaric tagging for multiplexed quantifica-

tion, immunoenrichment, two-dimensional chromatography,

and high-resolution, high-accuracy MS. We applied this

approach to examine the mitochondrial-wide changes to the

acetyl-proteome during CR inmice and concomitantly examined

the function of resident protein deacetylase SIRT3 in mediating

the CR response. We identified 3,285 acetylation sites, of which

2,193 were localized to mitochondrial proteins, and achieved

near complete coverage of the mitochondrial proteome. This

quantitative acetylation atlas provides a key resource for under-

standingmitochondrial regulation and reversible protein acetyla-

tion.With these data, we establish that SIRT3 is amajor regulator

of the mitochondrial acetylome in response to CR and discover

new processes controlled by SIRT3.

RESULTS

Metrics
We developed and applied a quantitative acetyl-proteomic

method to examine the mitochondrial-wide reprogramming of

the acetylome and proteome in response to CR and the role of

SIRT3-dependent regulation of the mitochondrial acetylome

under CR. Our approach (Figure 1) utilized four distinct compo-

nents: (1) isobaric tags for multiplexed quantification, (2)

an antibody-based acetylpeptide enrichment technique, (3)

two-dimensional chromatography, and (4) high-resolution,

high-mass-accuracy MS. We compared liver mitochondrial pro-

teomes and acetyl-proteomes of 12 mice (C57BL/6J) following

a CR dietary study. Specifically, three wild-type (WT) and three

Sirt3�/� mice, at 2 months of age, had their caloric intake

reduced by 25% (i.e., CR group), while three WT and three

Sirt3�/� animals were maintained on a control diet (CD; i.e.,

CD group, Figure 1). All mice were euthanized at 12 months of

age. Altogether, we analyzed, in biological triplicate, the mouse

liver mitochondrial proteomes and acetyl-proteomes across
Mo
four conditions: WT-CD, WT-CR, Sirt3�/�-CD, and Sirt3�/�-
CR. From these experiments, we detected and quantified

3,285 acetylation sites, the vast majority of which (2,193) were

localized to mitochondrial proteins (434). We likewise achieved

very deep quantification of the mitochondrial proteome (568 of

the 701 confirmed members), allowing for the most comprehen-

sive mitochondrial acetyl-proteome study to date.

To profile acetylome dynamics, as regulated by CR and/or

SIRT3, intact mitochondria were purified from mouse livers

(vide supra) via differential centrifugation. The purified mitochon-

drial proteins were subjected to trypsin digestion followed by

isotopic labeling (isobaric tag, TMT). Labeled peptides were

then combined (Figure 1), fractionated by strong cation ex-

change chromatography, and immunopurified to isolate acety-

lated peptides. A small portion (�5%) was excluded from

acetyl-enrichment to obtain protein abundance (Table S1 avail-

able online). All fractions were analyzed using a nanoflow liquid

chromatography-mass spectrometry method on a high-resolu-

tion and high-mass-accuracy orbitrap mass spectrometer.

Eluting peptide cations were isolated and subjected to tandem

mass spectrometry (MS/MS) to obtain both sequence identity
lecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc. 187
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Figure 2. Example Relative Acetyl Occupancy Quantitation for Site K195 on the MRRF Protein

The peptides used for calculations are highlighted within the MRRF protein sequence. Blue: Unmodified peptide sequences, spectra with reporter ion magni-

fication, and protein fold change for each condition compared toWT-CD condition. Note: the three unique peptides from five total identifications are shown here.

Yellow: TheMRRF K195 acetylated peptide sequence, spectra, and acetyl fold change for each condition compared toWT-CD. Bottom center: Results for acetyl

fold change normalized to protein fold change for each condition compared to WT-CD. See also Figure S1.
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and quantitative information in a single scan (Figure 2). A perva-

sive problem that occurs during isobaric tagging is a phenom-

enon known as precursor interference. Briefly, when a precursor

mass-to-charge (m/z) is selected for dissociation, it is isolated

from all the other peptide m/z values present in the MS1 spec-

trum with approximately a 2–3 m/z window. Very often (>60%),

other peptide species are coisolated with the intended target,

and though these contaminants are usually of lower abundance

and do not affect identification of the target sequence, all

isolated precursors generate reporter tags and are measured

collectively. The presence of these contaminants distorts the

measurement and reduces both quantitative accuracy and

dynamic range. To eliminate this problem, we employed

a recently developed gas-phase ion/ion reaction scheme,

QuantMode (Wenger et al., 2011a). QuantMode subjects each

isolated precursor to an extremely fast (�50 ms) gas-phase

ion/ion reaction that purifies the intended target prior to MS/

MS. With this strategy, we collected �1.5 million MS/MS scans,

each of which was processed using a custom in-house devel-

oped software suite (COMPASS) (Phanstiel et al., 2011; Wenger
188 Molecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc
et al., 2011b). Only peptide and protein identifications below 1%

false discovery rate (FDR) are reported here; acetylation site

assignments were subsequently localized to specific lysines

using a modified A-score algorithm (Figure S1) (Wu et al., 2011).

Alterations of protein abundance, either in vivo or during prep-

aration, can cause apparent acetylation changes, even when the

acetylation site occupancy of a protein remains unaffected.

Measuring absolute occupancy of global acetylation sites would

require the synthesis of thousands of isotopically labeled internal

standards and is thus currently impractical. Instead we imple-

mented an experimental design to generate relative acetylation

site occupancy information by quantifying both acetylation and

protein abundance. The spectrum shown in Figure 2A depicts

an MS/MS scan mapped to the peptide EMLVK(ac)LAK, a

product of digested ribosome releasing factor (MRRF). Note

the inset displays the reporter tag mass-to-charge (m/z) region,

which indicates strong upregulation of this site in WT-

CR (2-fold), Sirt3�/�-CD (7.5-fold), and Sirt3�/�-CR (11-fold)

animals. To confirm this difference is a result of increased acet-

ylation, rather than an artifact ofMRRF abundance, we examined
.
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Figure 3. Acetylomic Experimental Results and Metrics

(A) Experimental metrics for each experiment. Enrichment efficiency is

calculated as the ratio of acetyl peptide spectral matches to the total number

of peptide spectral matches for enriched samples.

(B) Venn diagram indicating overlap of the acetyl sites quantified in each

experiment. Experimental overlap of acetyl sites identified in three biological

replicates yields 1,757 quantifiable acetylation sites.

(C) Pie chart of the number of acetylation sites detected per mitochondrial

protein.

(D) Number of acetyl sites significantly changing R2-fold for each condition

compared to WT control diet (p < 0.05, Welch’s t test with Storey Correction).

See also Tables S1 and S2.
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all detected unmodified MRRF peptides. In total, five MS/MS

scans were mapped to three unique unmodified peptides from

MRRF. Summation of these five reporter ion regions provides

a protein abundance measurement; combination of these data

with acetylation fold-change confirms that the acetylation site

occupancy is indeed dynamic (Figure 2). This process was con-

ducted for each of the 3,285 acetylation sites documented here

and is presented in whole in Table S2.

From these data, we conclude our method is both specific

and reproducible. In each of the three experimental replicates,

approximately 70% of the acetylation sites were frommitochon-

drial proteins. The average enrichment efficiency observed in

this study (46%), i.e., number of acetyl peptides identified

divided by the total number of identified peptides, was consider-

ably higher than values typically reported (Figure 3A) (Guan et al.,

2010; Lundby et al., 2012). Improved enrichment efficiency may

have resulted from reducing sample complexity through

fractionation prior to immunoenrichment or the increased abun-

dance of the acetylation modification in the Sirt3�/� mitochon-

dria. Figure 3B presents the overlap of acetylation sites detected

across the replicates—over half of all acetyl sites were found in
Mo
every experiment. The interexperiment overlap of our acetylation

identifications is higher than what is commonly observed for

phosphorylation, where only 1/3 of all phosphorylation sites

would likely be observed in all three experiments (Wolf-Yadlin

et al., 2007). The high overlap provides both a basis for strong

statistical analysis, as most sites are detected in all three

biological replicates, and strong confidence in our identifica-

tions. From this comprehensive atlas, we report that 65% of

mitochondrial proteins have at least one identifiable acetylation

site (Figure 3C); the majority of these proteins have multiple sites

of acetylation. This observation was unexpected and goes well

beyond the recent estimates that �20% of the mitochondrial

proteome is acetylated (Kim et al., 2006). Site occupancy

measurements indicate that, of the 1,275 mitochondrial acetyla-

tion sites identified in all of the experiments, 8%, 32%, and

43% exhibit R2-fold statistically significant changes (p < 0.05,

Welch’s t test with Storey correction) in the CR, Sirt3�/�, and
Sirt3�/�-CR conditions, respectively (Figure 3D). Altogether,

our data indicate that the mitochondrial proteome is (1) exten-

sively acetylated and (2) pervasively altered by CR and genetic

loss of SIRT3.

Calorie Restriction Dramatically Alters the
Mitochondrial Protein Acetylation Landscape
CRdynamically altersmitochondrial protein acetylation, with two

notable trends. CR increases acetylation site occupancy of

135 acetyl sites (p < 0.05) by >2-fold when compared to CD

(Figure 3D), while a subset of mitochondrial acetylation sites

(>100) display decreased acetylation under CR. The two modes

of the distribution in Figure 4A reflect both the acetylation sites

that decrease under CR and a segregation based upon mito-

chondrial localization, with acetyl sites localized to themitochon-

dria exhibiting increased acetylation and the nearly 500 nonmito-

chondrial acetyl sites showing minimal change. These results

indicate CR is a major regulator of protein acetylation, but these

changes are predominantly mitochondrial. A major benefit of our

approach is the quantitation of total protein in addition to acetyl

sites. Compared with acetylation, there is relatively little change

in the overall distribution of protein-fold changes across condi-

tions, as only 33 proteins changemore than 1.5-fold (Figure S2A),

supporting a hypothesis that changes in acetylation, but not

overall protein levels, drive metabolic reprogramming under CR.

CR induced significant deacetylation of 108 acetyl sites (p <

0.05) by 20% or greater. SIRT3 expression is stimulated under

chronic CR (Figure S3) (Hallows et al., 2011; Schwer et al.,

2009; Someya et al., 2010) and both deacetylates and regulates

the function of several mitochondrial proteins in response to

fasting and/or CR, including OTC, LCAD, HMGCS2, and IDH2

(Hallows et al., 2011; Hirschey et al., 2010; Shimazu et al.,

2010; Someya et al., 2010). As the only validated deacetylase

in mitochondria, and because SIRT3 expression is stimulated

under CR, we attribute acetyl sites displaying decreased acety-

lation under CR as SIRT3 substrates. Further, the majority of

acetyl sites with decreased acetylation in CR show dramatically

increased acetylation (8- to 100-fold, p < 0.05) in Sirt3�/� (Fig-

ure 4B). We conclude that SIRT3 is responsible for the striking

loss of acetylation in a number of proteins in diverse mitochon-

drial pathways.
lecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc. 189
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Figure 4. Quantitative Distribution of Acetyl Site Data and Scatter-

plot Analysis Reveal Distinct Populations

(A) Bimodal distribution of acetyl sites quantified (n = 3) segregates between

mitochondrial (blue) and nonmitochondrial (gray) proteins.Mitochondrial acetyl

sites exhibit increased acetylation, while nonmitochondrial acetyl sites show

minimal change. Top plot: Analysis of acetyl sites for WT-CR versus WT-CD

indicates CR alters mitochondrial protein acetylation. Middle and lower plots:

Analysis of acetyl sites for Sirt3�/�-CD/CR versusWT-CD indicates that loss of

SIRT3 dominates the acetylation content of mitochondrial proteins with

increased acetylation apparent in Sirt3�/� under both CD and CR.

(B) Scatter plot (left) of acetyl fold change between Sirt3�/�-CR and Sirt3�/�-
CD displays near-linear correlation and indicates SIRT3 expression dominates

global acetylation status of the mitochondrial proteome. Right plot: Scatter

plot comparison of the acetyl fold change of Sirt3�/�-CR to WT-CR exposes

unique populations of acetyl sites. See also Figure S2.
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SIRT3 Expression Is a Dominant Regulator of the
Mitochondrial Acetylome
We detected a vast number (�400) of mitochondrial acetyl sites

increasing (i.e., >2-fold) in the absence of SIRT3—120 of these

exhibited >8-fold increased acetylation (Figure 3D). CR treat-

ment of Sirt3�/� mice induces an additional 34% increase in

the number of acetyl sites significantly increasing R2-fold (Fig-

ure 3D). Regardless of dietary treatment, the overall mitochon-

drial acetylation landscape is dominated by loss of SIRT3

(Sirt3�/�) as evinced by the near linear correlation between the

acetyl fold change of Sirt3�/�-CR and Sirt3�/�-CD (Figure 4B).

Importantly, a number of acetyl sites previously identified as

SIRT3 substrates were identified, including those in HMGCS2,

IDH2, and SDHA. The trends we observed for HMGCS2

(Shimazu et al., 2010) are consistent with published results, as

regulated lysine residues (K327, K333, and K473) display low

acetylation in CR and considerably increased acetylation in

Sirt3�/� (Figure S4). K413 of IDH2 is a SIRT3 target (Yu et al.,

2012), and here we observed 50% increased acetylation in

Sirt3�/�. Comparing Sirt3�/�-CR to WT-CD results, a similar

analysis revealed numerous proteins exhibiting 10- to 100-fold

increases in specific acetylation, while many lysine residues

displayed minimal perturbation.

Cluster Analysis Reveals Distinct Classes of Acetyl
Isoforms
To determine whether the quantifiable mitochondrial acetyl sites

could be categorized into subpopulations based on their specific

patterns across all four conditions (WT-CD, WT-CR, Sirt3�/�-
CD, and Sirt3�/�-CR), we used a probabilistic clustering algo-

rithm based on a Gaussian mixture model (Hastie et al., 2009).

The clustering algorithm generated 15 clusters (Figure 5A) that

segregate into three distinct classes: Class 1 acetyl sites that

are controlled by SIRT3 protein expression, exhibiting low acet-

ylation under CRwhen SIRT3 ismaximally expressed and hyper-

acetylation when SIRT3 expression is lost; Class 2 acetyl sites

that increase in response to CR; and Class 3 sites that display

minimal change in response to either dietary regimen or SIRT3

expression.

We postulated that each major acetylation class might

comprise unique physical properties. To investigate this, we

interrogated the sequence and secondary structure of acetyl

sites among each class subpopulation. Initially, the frequencies

of neighboring amino acids were determined for acetyl sites

from each class and compared against all acetyl peptides quan-

tified, avoiding false motifs that may arise from antibody bias by

immunoenrichment. We observed distinct preferences for amino

acids localized near the acetyl lysine for each class (Figure 5B).

Positively charged residues (i.e., Lys and Arg) near the acetyl

lysine are more prevalent in clusters (Class 1) with increased

acetylation in the absence of SIRT3. A strong preference for

basic peptides is consistent with previous SPOT-library and

machine-learning screens of SIRT3 substrate specificity (Smith

et al., 2011) and with the structure of SIRT3. The peptide-binding

pocket of SIRT3 contains negatively charged residues, particu-

larly C-terminal to the acetyl lysine binding site (Jin et al.,

2009). In Class 2 (acetyl sites displaying increased acetyla-

tion in response to CR), surrounding sequences are largely
.
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probabilities of these secondary structure elements in all lysines identified in the study. (Class I a-helix: p < 3.03 10�3; Class I b strand: p < 2.03 10�4; Class II coil:

p < 8.0 3 10�4; Class II a-helix: p < 2.5 3 10�5, hypergeometric analysis).
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hydrophobic and uncharged residues. The nature of Class 2

sites and the inability of SIRT3 to induce deacetylation suggests

that these acetyl lysines are within hydrophobic regions and

inaccessible to SIRT3. In Class 3 (acetyl sites displaying little

change in response to dietary treatment or SIRT3 expression),

amino acids surrounding acetyl lysine are enriched for negatively

charged residues at positions �1 and +1. Given the known

in vitro peptide specificity of SIRT3 (Smith et al., 2011), Class 3

acetyl lysines are expected to be poor SIRT3 substrates.

For each acetyl isoform, the conformational tendencies for

a helix, b strand, or coil were determined using PSIPRED (Jones,

1999), a protein structure server used to predict protein

secondary structure against a background set containing all

lysines ofmitochondrial proteins identified in this study. The local

secondary structures allow for interrogation of differentially

enriched regions for acetyl lysine in each cluster (Figure 5C).

Previous global acetyl-proteomics studies indicated that acetyl

lysine sites are significantly enriched in a-helical and b strand

regions (Kim et al., 2006). Our data reveal distinct secondary

structure preferences among different subpopulations of acetyl

sites. Class 1 acetyl sites are significantly enriched in a-helical

regions (p < 3.0 3 10�3, hypergeometric test) and depleted in
Mo
b strand regions (p < 2.0 3 10�4) (Figure 5C). Acetyl sites

increasing in response to CR (Class 2) are enriched in a-helical

regions (p < 2.5 3 10�5) and depleted in coils (p < 8.0 3 10�4).

Interestingly, Class 3 acetyl sites, which are unchanging across

conditions, display no significant enrichment in any secondary

structure element.

SIRT3 Coordinately Deacetylates Multiple Targets
in Mitochondrial Metabolic Pathways
Dysregulation of mitochondrial energy metabolism is a hallmark

of aging and disease; however, CR apposes these trends and

leads to increased metabolic gene expression and changes in

metabolism that protect cells and tissues from aging. The re-

programming of metabolism toward more efficient fuel utiliza-

tion and energy production requires coordinate regulation of

a number ofmitochondrialmetabolic pathways.Cluster (Figure 5)

and scatterplot (Figure 4B) analysis identified a large pool of

regulated sites dominated by SIRT3. To identify affected path-

ways and understand the biological functions of these acetyl

sites responding to CR and Sirt3�/�, we performed a network

analysis using functional association data (Warde-Farley et al.,

2010). Proteins were grouped according to their involvement in
lecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc. 191
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biological processes using Gene Ontology annotations, and

networks were visualized in Cytoscape (Smoot et al., 2011).

Significant enrichment of major mitochondrial processes was

apparent, including fatty acid metabolism, electron transport/

ATP production, acetyl-CoA metabolism, amino acid catabo-

lism, and mitochondrial integrity (Figure S5). Strikingly, these

results reveal two major features: (1) SIRT3 regulates the acety-

lation status of multiple proteins within a given pathway and (2)

SIRT3 regulates pathways not previously linked to SIRT3

function. These include branched-chain amino-acid (BCAA)

catabolism, one-carbon metabolism, mitochondrial genome

maintenance and transcription, and iron homeostasis.

Metabolite Analysis of Sirt3–/– MEFs Verifies Pathways
Regulated by Acetylation
To provide complementary evidence of pathways affected by

SIRT3, we profiled metabolite changes resulting from genetic

loss of SIRT3. This was accomplished by comparing, over

a time course, the metabolic differences in Sirt3�/� and Sirt3+/+

mouse embryonic fibroblasts (MEFs). Although a number of

metabolites in liver tissue and plasma were determined in

previous analyses ofSirt3�/�mice (Hallows et al., 2011; Hirschey

et al., 2010), here the utilization of homogenous MEFs provided

a number of benefits: (1) eliminated the complexity of entire

organism analysis and multitissue compensation; (2) allowed

for controlled growth conditions; and (3) provided the opportu-

nity to utilize isotopic metabolites and quantitatively monitor

flux, ultimately resulting in clear identification of pathways

affected by loss of SIRT3 and subsequent increased protein

acetylation. Briefly, MEFs were cultured to 80% confluence,

and media was replaced with modified minimal medium supple-

mented with 2 mM [U-13C]-glucose and 10 mM glutamine. Cells

and their corresponding conditioned media were collected at

0.25, 0.5, 1, 4, 8, and 16 hr. Lysed cells were subjected to nuclear

magnetic resonance (NMR)-based metabolomics analysis. A

total of 44 cellular metabolites were identified in 1H spectra

(Table S3). To determine the distribution of experimental groups,

an unsupervised principal component analysis (PCA) (Bathe

et al., 2011; Janes and Yaffe, 2006) was performed with 31

metabolites that were quantifiable in all samples (Figure 6). Three

principal components (PCs) were used in the analysis, capturing

84% of the total variance in the data (Figure S6). PCA analysis

resulted in a clear segregation between Sirt3�/� and Sirt3+/+

MEFs (Figure 6A), demonstrating these populations aremetabol-

ically distinct. The loading plot (Figure 6B) identified metabolites

that significantly contribute to the biochemical segregation of

Sirt3�/� and Sirt3+/+ MEFs. This metabolomic analysis identified

perturbations in many metabolic pathways, which likewise were

revealed from our SIRT3-dependent acetylome investigation,

providing corroborating evidence that SIRT3 regulates the

acetylation and activity of diverse proteins in many mito-

chondrial processes. Below, we highlight these pathways and

briefly discuss supporting biochemical, structural, and biological

evidence.

Amino Acid Catabolism
CR requires metabolic adaption to lowered energy input, com-

monly resulting in enhanced gluconeogenesis fueled by precur-
192 Molecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc
sors generated from protein breakdown. In CR mice, the tran-

scription and enzymatic activity of transamination and nitrogen

disposal enzymes are increased, supporting the importance of

amino acid catabolism in the adaption to CR (Hagopian et al.,

2003). Our analysis identified eight highly regulated acetyl

sites on proteins involved in transamination and nitrogen detox-

ification, including carbamoyl phosphate synthase 1 (CPS1,

K1356), glutaminase (GLS2, K329), glutamate dehydrogenase

(GLUD1, K480), and ornithine carbamoyltransferase (OTC,

K275), demonstrating the extent to which SIRT3 regulates amino

acid catabolism and the urea cycle in response toCR.Metabolite

analysis revealed an accumulation of many amino acids in

Sirt3�/�MEFs, including glutamate, glutamine, serine, threonine,

and tyrosine (Tables 1 and S3). These data are supportive of

significant defects in amino acid catabolism resulting from the

loss of SIRT3. The accumulation of glutamine over time in

Sirt3�/�MEFs provides evidence that acetylation downregulates

GLS2 activity, a primary enzyme responsible for glutamine

catabolism. Here we identified K329 within GLS2 with a 4.7-

fold increase in acetyl occupancy in Sirt3�/�-CR. Based on the

homologous site in the cytoplasmic isoform of GLS2, K329 lies

in the homodimeric interface and would be predicted to affect

activity (DeLaBarre et al., 2011).

Amino acid catabolism is an important anapleurotic pathway

for other mitochondrial processes. The breakdown of BCAA

(isoleucine, leucine, and valine) results in the production of

acetyl-CoA and succinyl CoA, metabolites used in the citric

acid cycle (TCA) or ketone body synthesis, pathways important

in CR responses. Acetylome data reveal BCAA catabolism as

a highly enriched Kyoto Encyclopedia of Genes and Genomes

pathway among mitochondrial proteins regulated by SIRT3 in

response to CR (Figure S7). Nearly half of the proteins involved

in this pathway contain significantly increasing acetyl sites in

Sirt3�/�-CR (Figure S5; Table 1). These include two subunits

of branched-chain alpha-keto acid dehydrogenase (BCKDHA

and AUH), the enzyme catalyzing the first, shared step in break-

down of all BCAA in the liver. Supporting the conclusion that

acetylation decreases BCKDHA activity, isoleucine, leucine,

and valine are elevated in Sirt3�/� MEFs (Table S3) and in

Sirt3�/� liver tissue (Table 1). Deficiency in acetyl-CoA acetyl-

transferase (ACAT1) in humans has been associated with

a buildup of branched chain amino-acid metabolites (Fontaine

et al., 1996). ACAT1 plays a critical role in BCAA catabolism

as well as acetyl-CoA metabolism and ketone body synthesis

(Haapalainen et al., 2007). Our acetylome analysis provided

strong evidence that ACAT1 is a major target of SIRT3 (Fig-

ure S4). Of the 22 acetyl lysines quantified in ACAT1, three

(K260, K263, and K265) display a 16- to 32-fold acetylation

increase in the absence of SIRT3. These residues are located

within the CoA-binding pocket of ACAT1, within 3–5 Å from

the ribosyl-phosphate group of CoA; thus, we predict acetyla-

tion of these residues will alter CoA binding and regulate

ACAT1 activity.

Additional evidence for SIRT3-dependent regulation of BCAA

catabolism comes from the elevated levels of 3-hydroxyiso-

valerate in Sirt3�/� MEFs at early time points (Table S3).

Increased excretion of 3-hydroxyisovalerate is an indicator of

BCAA catabolic deficiency, organic acidemia, and is associated
.
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Figure 6. Functional Validation of SIRT3 in Mitochondrial Metabolism

(A–D) NMR-metabolomics analysis of Sirt3+/+ and Sirt3�/� MEFs. (A) PCA analysis three-dimensional (3D) score plot for the first three PCs with corresponding

contribution percentage for each PC. PCA segregatesSirt3+/+ andSirt3�/�MEFs. (B)Metabolites contributing to the segregation ofSirt3+/+ andSirt3�/�MEFs are

identified in the loading plot for PC1 and PC2. Metabolites localized further from the origin (0,0) have a greater contribution to the segregation of Sirt3+/+ and

Sirt3�/�. (C) 13C-edited 1H-NMR spectra of metabolites secreted into the media. 13C-Glucose, 13C-lactate, and 13C-alanine peaks are identified. (D) Time-

dependent increases in 13C-lactate (top plot) and 13C-alanine (bottom plot) concentrations relative to glucose concentration.

(E) MDH2 activity is reduced by K239 acetyl mimic. Rates are calculated relative to WT; error bars represent standard deviation (n = 3, n = 2 for vector

control).

(F) Acetyl CoA concentration (left) frommouse liver tissue (one per biological condition) displayed as nmol/g wet weight of tissue and acetyl CoA/CoA ratio (right).

Error bars represent percent error calculated from isotopic acetyl CoA standard. See also Figure S6 and Table S3.
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with a rare human recessive autosomal disorder caused by

isovaleryl-CoA dehydrogenase (IVD) deficiency (Lin et al.,

2007). Our acetylome analysis revealed that the acetylation state
Mo
of IVD at K316 is controlled by SIRT3 in a CR-dependentmanner.

K316 undergoes deacetylation during CR, but a 3.27-fold

increase in acetylation in the absence of SIRT3. K316 is found
lecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc. 193



Table 1. Examples of SIRT3 Targets Revealed in This Study and Metabolite Perturbation in the Sirt3–/– Condition

Pathways Protein Site

Acetyl Fold [

Sirt3�/�-CR Proposed Function

Altered Metabolites: WT

Versus Sirt3�/� MEFs

Altered Metabolites: WT

Versus Sirt3�/�

Amino acid

catabolism

Branched chain

amino acid

catabolism

ACAT1 K265 [4] 26 altered substrate

binding (CoA)

isoleucine, leucine,

valine, 2-oxocaproate*,

3-hydroxyisovalerate*

(isoleucinea, leucinea,

valinea) methylsuccinateb,

isobutyrylglycinebAUH K304 [1] 25 stability/protein

interactions/localization

DBT K261 [1] 7.3 BCKDH complex

formation

MCCC2 K495 [1] 21 no structural data

BCKDHA K199 7.1 BCKDH complex

formation

HSD17B10 K104j105 51 tetramer interface

HIBCH K100 [2] 7.7 stability/protein

interactions/localization

Transamination

and ammonia

detoxification

CPS1 K1356 [3] 7.6 allosteric regulator

binding

aspartate, glutamate

glutamine,

3-phenylacetate*

aspartatea, ornithinea,

uracila, uridinea,

glutaminea, citrullinea,

arginosuccinatea,
GLS2 K329 4.7 dimer formation

GLUD1 K480 [1] 9.6 stability/protein

interactions/localization

OTC K275 44 stability/protein

interactions/localization

Mitochondrial

integrity

mtDNA

transcription

and translation

CLPX K127 6.4 protein-protein

interaction

HSPA9 K653 [5] 16 protein-protein

interaction

HSPE1 K36 29 protein-protein

interaction

LETM1 K458 6.8 no structural data

LONP1 K378 15 no structural data

MRPL12 K145 [1] 18 mtDNA interaction

MRPS9 K174 5.8 RNA binding

PNPT1 K421 6 no structural data

TFAM K70 [1] 8.2 mtDNA binding

TACO1 K162 8.1 no structural data

Iron

homeostasis

ACO2 K144 7.3 substrate binding

CISD3 K96 6.9 iron binding; Zn finger

region

FXN K194 11 ubiquitin/acetylation

cross talk

GLRX5 K147 14 stability/protein

interactions/localization

TST K175 10 no structural data

Antioxidant

response

PRDX3 K254 11 ubiquitin/acetylation

cross talk

ROSd, glutathioned,

nicotinamide adenine

dinucleotide phosphatedTXN2 K110 8.7 protein-protein

interaction

Citric acid

cycle

ACO2 K144 [2] 7.3 substrate binding glutamate, lactate,

succinate, fumarateeCS K49j52 [2] 32 stability/protein

interactions/localization

FH K424 9.7 protein-protein

interaction

MDH2 K239 [1] 83 dimer formation

SDHA K179 22 FAD binding
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Table 1. Continued

Pathways Protein Site

Acetyl Fold [

Sirt3�/�-CR Proposed Function

Altered Metabolites: WT

Versus Sirt3�/� MEFs

Altered Metabolites: WT

Versus Sirt3�/�

Acetyl CoA

metabolism

ACAA2 K209 58 no structural data 3-hydroxybutyrate malonyl carnitinea,

hydroxybutyryl carnitinea,

3-hydroxybutyratec
ACAT1 K265 [4] 26 altered substrate

binding (CoA)

ECH1 K316 10 no structural data

HMGCS2 K333 [6] 11 protein conformation

Fatty acid

oxidation

ACADVL K299 [3] 7.7 stability/protein

interactions/localization

isobutyrate, taurine carnitinea, malonyl

carnitinea, hydroxybutyryl

carnitinea, C6a, C14a,

C14:1a, C16a, C16:1b,

C16:2b, C18-OHb,

C18:2-OHb, C20:4b,

ethylmalonateb

ECHS1 K288 [1] 23 stability/protein

interactions/localization

HADH K312 [2] 29 no structural data

HADHA K406j411 [14] 45 no structural data

HADHB K189j191 [1] 4.4 no structural data

One-carbon

metabolism

DMGDH K852 [1] 37 no structural data phosphocholine,

serine

cholinea, betainea,

homocysteinea,

methioninea
CHDH K582 6.8 no structural data

SHMT2 K464 [1] 4.7 stability/protein

interactions/localization

This table highlights a number of protein targets, the sites deacetylated in CR and hyperacetylated inSirt3�/�, and relevant perturbations ofmetabolites

associated with those mitochondrial pathways. #, number of additional acetyl sites increasing 4-fold; *, metabolite exhibiting change, but not statis-

tically significant (p < 0.05).
aHallows et al. (2011).
bHirschey et al. (2010).
cShimazu et al. (2010).
dSomeya et al. (2010).
eMetabolite identified in MEFs, but not quantified.
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near the subunit interface of IVD and may affect tetrameric

assembly (Tiffany et al., 1997).

Citric Acid Cycle
An increase in respiration efficiency is a hallmark of the mito-

chondrial response to CR (Civitarese et al., 2007). This relies

on precisely controlled production and consumption of redox

coenzymes NADH and FADH2, produced in the TCA cycle. We

identified nine acetyl sites on four enzymes of the TCA cycle

that display increased acetylation of >4-fold, including citrate

synthase (CS, K49jK52), aconitase (ACO2, K144), malate

dehydrogenase (MDH2, K239), and succinate dehydrogenase

(SDHA, K179). Metabolite analysis identified an increase in

succinate in Sirt3�/� MEFs (Table S3) and provides further

evidence for acetylation decreasing succinate dehydrogenase

activity. Consistent with a role for dynamic acetylation in the

TCA cycle, alterations in glutamate, lactate, and aspartate

were also apparent in Sirt3�/� MEFs.

One of the most striking examples of hyperacetylation upon

loss of SIRT3 is MDH2. Among seven quantified acetyl sites on

MDH2, K239 displayed a 66-fold increase in acetylation in

Sirt3�/� mice. This same site exhibited decreased acetylation

under CR with WT animals. Within the MDH2 structure, K239

lies within the dimeric interface and near to the substrate-binding

channel (Protein Data Bank ID Code [PDB] 2DFD). Thus, K239 is

a likely target of SIRT3 in response to CR (Figure S4). Within the

MDH2 structure, K239 lies within the dimeric interface and near

to the substrate-binding channel (PDB 2DFD). To provide
Mo
evidence that acetylation of K239 would affect MDH2 activity,

we generated the acetyl mimic (K239Q) and compared activity

against WT protein. Indeed, the K239Q mutant exhibited a

dramatic loss in activity (>5-fold) when compared to WT, sug-

gesting acetylation of this site dynamically regulates MDH2

activity (Figure 6E). This example provides additional validation

of our acetylome atlas and demonstrates the utility of mining

the data for functional importance and defining specific roles

for SIRT3.

One-Carbon Metabolism
One-carbon (1C) transfer reactions are essential for amino

acid catabolism; transfer of methyl groups to DNA, RNA, and

proteins; and in formylation of the initiator transfer RNA (tRNA)

required for mitochondrial protein synthesis (Tibbetts and

Appling, 2010). Serine, glycine, dimethylglycine, sarcosine, and

choline serve as mitochondrial 1C donors. Four key proteins

involved in 1C transfer reactions contain acetyl sites responsive

to CR and Sirt3�/� (Figure S5; Table 1). Serine hydroxymethyl-

transferase (SHMT2, K464) is involved in breakdown of serine

to glycine, with concomitant conversion of tetrahydrofolate

to 5,10-methylenetetrahydrofolate. Lysine 464 displays 4-fold

increased acetylation in response to Sirt3�/�. Serine contributes

significantly to the segregation between Sirt3�/� and Sirt3+/+

MEFs by PCA and is elevated in Sirt3�/� MEFs (Table S3), sup-

porting the role of SIRT3 in regulating SHMT2 activity and

a defect in serine utilization. Mitochondrial dimethylglycine

dehydrogenase (DMGDH) converts dimethylglycine to sarcosine
lecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc. 195
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and contains an acetyl site (K852), whose relative acetyl occu-

pancy increases a dramatic 36-fold in Sirt3�/�-CR.
Choline is a major source of dietary methyl groups in

mammals, and oxidation of choline to betaine, which ultimately

supplies 1C units to the mitochondria as dimethylglycine, takes

place primarily in the liver. Choline dehydrogenase (CHDH,

K582) contains an acetyl site displaying increased acetylation

of 6.8-fold. Betaine, choline, and homocysteine, a metabolite

necessary for the conversion of betaine to dimethylglycine, are

all altered in liver tissue in response toCRandSirt3�/� (Figure S5;

Table 1). Together these results provide compelling evidence

that SIRT3 controls donation of 1C units to carbon carriers in

the mitochondria.

Mitochondrial Integrity
CR is reported to enhance mitochondrial proliferation (Civitarese

et al., 2007; López-Lluch et al., 2006). Consistent with new

protein synthesis, over 40% of gene transcripts overexpressed

in response to CR (Plank et al., 2012) were identified in the

current study with increased (R40%) relative protein level in

CR (Table S1). However, overall proteome quantitation argues

against widespread mitochondrial biogenesis during CR

(Figure S2), as discussed previously (Miller et al., 2012). We

observed a slight overall enrichment of mitochondrial proteins

relative to nonmitochondrial proteins during CR. Our data

support reversible acetylation as a major mechanism that drives

CR-dependent metabolic reprogramming in mitochondria.

It is known that CR-adapted mitochondria use less oxygen

and produce less reactive oxygen species (ROS), whilemaintain-

ing ATP production. Onemolecular mechanism to enhancemito-

chondrial performance, while minimizing new protein synthesis,

might be the stimulation of effective quality control pathways for

mitochondrial proteins. Our study supports this hypothesis. We

identified significant SIRT3-dependent changes in acetylation

(>6-fold, p < 0.05) on major enzymatic regulators of mitochon-

drial proteome homeostasis, including the ATP-dependent

Lon-like protease (LONP1, K378), and the chaperone proteins,

100 kDa chaperone (CLPX, K127), heat shock protein 70

(HSPA9, K653), and 10 kDa heat shock protein (HSPE1, K36).

Our analysis reveals a potential role for SIRT3 in coordinating

the regulatory network required for maintaining mitochondrial

integrity, including protein quality control, mitochondrial DNA

(mtDNA) transcription and translation, and iron homeostasis.

Mitochondria play a central role in iron metabolism and serve

as a key location for iron sulfur cluster (Fe-S) and heme biogen-

esis (Richardson et al., 2010). Several proteins involved in

homeostasis are well-represented as major targets of SIRT3

deacetylation (Figure S5; Table 1). These include frataxin

(FXN), ACO2, and GLRX5.

Mitochondrial Genome Maintenance, Transcription,
and Translation
A number of components from mitochondrial transcription and

translational machinery are highlighted in the network analysis

of SIRT3-regulated acetylation sites (Figure S5). Mitochondrial

transcription factor A (TFAM, K70) plays an essential role inmain-

tenance, expression, and organization of mitochondrial DNA

(Ngo et al., 2011). TFAM is required for efficient promoter recog-
196 Molecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc
nition by mitochondrial RNA polymerase and binds and induces

significant conformational changes in mtDNA (Campbell et al.,

2012). We identified a previously unreported acetyl lysine in

TFAM, K70 that exhibits an 8-fold increase in acetylation in

Sirt3�/� and a slight decrease in acetylation under CR when

SIRT3 expression is induced. Reversible acetylation of TFAM

could control mtDNA binding and subsequent transcription,

akin to the role of histone acetylation regulating nuclear gene

expression. Mitochondrial ribosomal proteins (MRPS9, K174

and MRPL12, K145) play an important role in coordinating mito-

chondrial transcription and translation and contain acetyl sites

that increase 5- and 18-fold, respectively, in the Sirt3�/�-CR
condition. MRPL12 interacts with mitochondrial RNA poly-

merase and is thought to enhance mitochondrial transcription

(Wang et al., 2007). The essential mitochondrial elongation factor

Ts (TSFM, K83) is also a target of SIRT3-dependent acetylation.

Mutations in TSFM result in severe infantile liver failure (Vedrenne

et al., 2012). TSFM functions as an activator of elongation factor

Tu, which delivers the aminoacyl-tRNA to the ribosome during

elongation of protein synthesis. K83 exists at a kink in alpha helix

3 of TSFM, connecting two major contact regions with elonga-

tion factor Tu, and would be predicted to alter protein:protein

interaction (Jeppesen et al., 2005).

13C-Glucose Flux Analysis Confirms Major Defects
in Oxidative Glucose Metabolism in Sirt3–/– MEFs
Our acetylome and metabolite analyses suggest a profound

upregulation of oxidative metabolism by the dynamic regulation

of protein acetylation induced by CR andmediated by SIRT3. To

provide support that wholesale alteration to the acetylome

results in a major shift in glucose metabolism, we measured

the metabolic flux of [U-13C]-glucose in Sirt3�/� and Sirt3+/+

MEFs. Conditioned media from cells treated with [U-13C]-

glucose were analyzed by NMR spectroscopy, and the

consumption of glucose and production of 13C-labeled metabo-

lites was monitored over 16 hr (Figure 6D). Strikingly, the rate of
13C-lactate and 13C-alanine production and excretion to media

was increased dramatically in Sirt3�/� MEFs 17- and 4-fold,

respectively, compared to Sirt3+/+ (Figure 6D). These flux studies

indicate a major defect in oxidative glucose metabolism in the

absence of SIRT3. Glucose uptake is slightly increased in

Sirt3�/� MEFs, and a buildup of glucose-derived metabolites,

such as myoinositol and uridine diphosphate-glucose, was

apparent in 1H-spectral analysis (Figure 6B; Table S3). These

results reinforce the hypothesis that SIRT3 plays a critical role

in mitochondrial metabolic reprogramming toward oxidative

metabolism and are consistent with previous reports (Finley

et al., 2011).

Sirt3–/– Mice Display Inability to Lower Liver Acetyl-CoA
Levels during CR
The metabolic flux results suggest decreased ability of Sirt3�/�

MEFs cells to perform full oxidation of glucose. The conse-

quences on acetyl-CoA and CoA levels were assessed in liver

from Sirt3�/� and WT mice under either CD or CR diet. In WT

animals, we observed a considerable (53) decrease in liver

acetyl-CoA under CR compared with CD (Figure 6F). In contrast,

Sirt3�/� mice were unable to lower their acetyl-CoA levels in
.
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response to CR (Figure 6F). The ratios of acetyl-CoA/CoA

displayed similar trends, indicating that the difference in these

ratios reflect differences primarily in acetyl-CoA. Lower levels

of acetyl-CoA during CR are consistent with increased acetyl-

CoA utilization in energy requiring processes and validate the

role of SIRT3 in mitochondrial reprogramming toward efficient

oxidative metabolism. Sirt3�/� mice display lower acetyl CoA

under either dietary condition and were unable to lower their

acetyl CoA levels in response to CR. These findings are consis-

tent with a deficiency in mitochondrial oxidative metabolism due

to misregulation of protein acetylation in the absence of SIRT3.

DISCUSSION

We developed and applied a method for multiplexed, global

acetyl-proteome quantification directly frommammalian tissues.

Our approach uses tandem mass tags for isotope-based

isobaric tagging, fractionation using strong cation exchange

chromatography, highly efficient immunopurification of acetyl-

lysine residues, and, finally, reversed-phase nanoflow liquid

chromatography coupled with high-resolution and high-mass-

accuracy MS. We used this approach to provide a comprehen-

sive and quantitative analysis of 3,285 acetylation sites altered

by CR and/or the genetic loss of SIRT3. Biochemical and

computational analyses revealed that the 2,193 acetylation sites

from mitochondrial proteins fell into three general classes,

each with distinct functional and physical features. Given their

dynamic nature, Class 1 and 2 acetylation sites provide new

insight into regulation of mitochondrial processes and the mech-

anisms of protein (de)acetylation, while Class 3 acetylation sites

appear to represent low-level, spurious acetylation of surface-

exposed lysine residues. Importantly, these data provide the

foundation for understanding the breadth and depth of the mito-

chondrial proteome and acetylome in response to such profound

reprogramming input as CR and SIRT3 expression.

EXPERIMENTAL PROCEDURES

See Supplemental Information for detailed experimental procedures.

Sample Preparation, Mass Spectrometry, and Data Analysis

Mitochondria were isolated from homogenized mouse liver tissue by differen-

tial centrifugation. Protein was extracted by sonication and quantified by

a bicinchoninic acid assay. Proteins were reduced, alkylated, and digested

with LysC followed by trypsin. The resulting peptides were labeled with

TMT isobaric labels, mixed, and fractionated by strong cation exchange

chromatography. Acetylated peptides were enriched with pan-acetyl lysine

antibody-agarose conjugate. Enriched and nonenriched fractions were

analyzed by nano reverse phase liquid chromatography coupled to anOrbitrap

Elite (Thermo). Spectra were searched using open mass spectrometry search

algorithm, and results were filtered to 1%FDR at the unique peptide level using

the COMPASS software suite. TMT quantitation and protein grouping were

performed according to previously reported rules (Phanstiel et al., 2011).

Proteins were identified as mitochondrial or nonmitochondrial based on inclu-

sion or exclusion from the mitoCarta compendium of mitochondrial mouse

proteins (Pagliarini et al., 2008).

Bioinformatics

To cluster the acetyl sites, we used a Gaussian mixture model clustering

algorithm (Hastie et al., 2009). The frequencies of amino acids surrounding

acetylated lysines were compared for acetyl sites from each class with all
Mo
acetyl sites quantified in the study using iceLogo (Colaert et al., 2009). Mouse

protein FASTA sequences were downloaded from the European Molecular

Biology Laboratory and the PSIPRED programwas used to predict three types

of secondary structures (Jones, 1999).

Metabolite Analysis

Sirt3+/+ or Sirt3�/� MEFs were cultured to 80% confluence. Cells were treated

with 2 mM [U-13C]- glucose and 10 mM glutamine. Cells were harvested, and

conditioned media were collected at 15 min, 30 min, 1 hr, 4 hr, 8 hr, and 16 hr.

NMR spectra were collected using a Varian 600 NMR spectrometer, and data

was processed using software package vnmrJ 1.1D (Varian, Inc).

Acetyl CoA and CoA Measurement

Metabolites were extracted from liver tissue in a cold solution of methanol and

1% trifluoroacetic acid (TFA) in the presence of acetyl-1,2-13C2 coenzyme A.

Samples were prepared using solid phase chromatography and analyzed by

high-performance liquid chromatography (HPLC) coupled to a Qtrap MS

(Applied Biosystems).

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, Supplemental Experimental

Procedures, and three tables and can be found with this article online at http://

dx.doi.org/10.1016/j.molcel.2012.10.024.
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Wierenga, R.K. (2007). Crystallographic and kinetic studies of human mito-

chondrial acetoacetyl-CoA thiolase: the importance of potassium and chloride

ions for its structure and function. Biochemistry 46, 4305–4321.

Hagopian, K., Ramsey, J.J., and Weindruch, R. (2003). Caloric restriction

increases gluconeogenic and transaminase enzyme activities in mouse liver.

Exp. Gerontol. 38, 267–278.

Hallows, W.C., Lee, S., and Denu, J.M. (2006). Sirtuins deacetylate and acti-

vate mammalian acetyl-CoA synthetases. Proc. Natl. Acad. Sci. USA 103,

10230–10235.

Hallows, W.C., Yu, W., Smith, B.C., Devries, M.K., Ellinger, J.J., Someya, S.,

Shortreed, M.R., Prolla, T., Markley, J.L., Smith, L.M., et al. (2011). Sirt3

promotes the urea cycle and fatty acid oxidation during dietary restriction.

Mol. Cell 41, 139–149.

Hastie, T., Tibshirani, R., and Friedman, J. (2009). The Elements of Statistical

Learning (New York: Springer).

Henriksen, P., Wagner, S.A., Weinert, B.T., Sharma, S., Bacinskaja, G.,

Rehman, M., Juffer, A.H., Walther, T.C., Lisby, M., and Choudhary, C.

(2012). Proteome-wide analysis of lysine acetylation suggests its broad

regulatory scope in Saccharomyces cerevisiae. Mol. Cell. Proteomics, in

press. Published online August 2, 2012. http://dx.doi.org/10.1074/mcp.

M112.017251.

Hirschey, M.D., Shimazu, T., Goetzman, E., Jing, E., Schwer, B., Lombard,

D.B., Grueter, C.A., Harris, C., Biddinger, S., Ilkayeva, O.R., et al. (2010).

SIRT3 regulates mitochondrial fatty-acid oxidation by reversible enzyme

deacetylation. Nature 464, 121–125.

Janes, K.A., and Yaffe, M.B. (2006). Data-driven modelling of signal-transduc-

tion networks. Nat. Rev. Mol. Cell Biol. 7, 820–828.

Jeppesen, M.G., Navratil, T., Spremulli, L.L., and Nyborg, J. (2005). Crystal

structure of the bovine mitochondrial elongation factor Tu.Ts complex.

J. Biol. Chem. 280, 5071–5081.

Jin, L., Wei, W., Jiang, Y., Peng, H., Cai, J., Mao, C., Dai, H., Choy, W., Bemis,

J.E., Jirousek, M.R., et al. (2009). Crystal structures of human SIRT3 displaying

substrate-induced conformational changes. J. Biol. Chem. 284, 24394–24405.

Jones, D.T. (1999). Protein secondary structure prediction based on position-

specific scoring matrices. J. Mol. Biol. 292, 195–202.

Kendrick, A.A., Choudhury, M., Rahman, S.M., McCurdy, C.E., Friederich, M.,

Van Hove, J.L., Watson, P.A., Birdsey, N., Bao, J., Gius, D., et al. (2011). Fatty

liver is associated with reduced SIRT3 activity and mitochondrial protein

hyperacetylation. Biochem. J. 433, 505–514.

Kim, S.C., Sprung, R., Chen, Y., Xu, Y., Ball, H., Pei, J., Cheng, T., Kho, Y.,

Xiao, H., Xiao, L., et al. (2006). Substrate and functional diversity of lysine acet-

ylation revealed by a proteomics survey. Mol. Cell 23, 607–618.

Koubova, J., and Guarente, L. (2003). How does calorie restriction work?

Genes Dev. 17, 313–321.
198 Molecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc
Law, I.K., Liu, L., Xu, A., Lam, K.S., Vanhoutte, P.M., Che, C.M., Leung, P.T.,

and Wang, Y. (2009). Identification and characterization of proteins interacting

with SIRT1 and SIRT3: implications in the anti-aging and metabolic effects of

sirtuins. Proteomics 9, 2444–2456.

Lin, S.J., Defossez, P.A., and Guarente, L. (2000). Requirement of NAD and

SIR2 for life-span extension by calorie restriction in Saccharomyces cerevi-

siae. Science 289, 2126–2128.

Lin, W.D., Wang, C.H., Lee, C.C., Lai, C.C., Tsai, Y., and Tsai, F.J. (2007).

Genetic mutation profile of isovaleric acidemia patients in Taiwan. Mol.

Genet. Metab. 90, 134–139.

Lombard, D.B., Alt, F.W., Cheng, H.L., Bunkenborg, J., Streeper, R.S.,

Mostoslavsky, R., Kim, J., Yancopoulos, G., Valenzuela, D., Murphy, A.,

et al. (2007). Mammalian Sir2 homolog SIRT3 regulates global mitochondrial

lysine acetylation. Mol. Cell. Biol. 27, 8807–8814.
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(2012). A meta-analysis of caloric restriction gene expression profiles to infer

common signatures and regulatory mechanisms. Mol. Biosyst. 8, 1339–1349.

Qiu, X., Brown, K., Hirschey, M.D., Verdin, E., and Chen, D. (2010). Calorie

restriction reduces oxidative stress by SIRT3-mediated SOD2 activation.

Cell Metab. 12, 662–667.

Richardson, D.R., Lane, D.J., Becker, E.M., Huang, M.L., Whitnall, M., Suryo

Rahmanto, Y., Sheftel, A.D., and Ponka, P. (2010). Mitochondrial iron traf-

ficking and the integration of iron metabolism between the mitochondrion

and cytosol. Proc. Natl. Acad. Sci. USA 107, 10775–10782.

Schlicker, C., Gertz, M., Papatheodorou, P., Kachholz, B., Becker, C.F., and

Steegborn, C. (2008). Substrates and regulation mechanisms for the human

mitochondrial sirtuins Sirt3 and Sirt5. J. Mol. Biol. 382, 790–801.

Schwer, B., Bunkenborg, J., Verdin, R.O., Andersen, J.S., and Verdin, E.

(2006). Reversible lysine acetylation controls the activity of the mitochondrial

enzyme acetyl-CoA synthetase 2. Proc. Natl. Acad. Sci. USA 103, 10224–

10229.

Schwer, B., Eckersdorff, M., Li, Y., Silva, J.C., Fermin, D., Kurtev, M.V.,

Giallourakis, C., Comb, M.J., Alt, F.W., and Lombard, D.B. (2009). Calorie

restriction alters mitochondrial protein acetylation. Aging Cell 8, 604–606.

Shimazu, T., Hirschey, M.D., Hua, L., Dittenhafer-Reed, K.E., Schwer, B.,

Lombard, D.B., Li, Y., Bunkenborg, J., Alt, F.W., Denu, J.M., et al. (2010).
.



Molecular Cell

CR and SIRT3 Reprogram Mitochondrial Acetylome
SIRT3 deacetylates mitochondrial 3-hydroxy-3-methylglutaryl CoA synthase 2

and regulates ketone body production. Cell Metab. 12, 654–661.

Smith, B.C., Settles, B., Hallows, W.C., Craven, M.W., and Denu, J.M. (2011).

SIRT3 substrate specificity determined by peptide arrays and machine

learning. ACS Chem. Biol. 6, 146–157.

Smoot, M.E., Ono, K., Ruscheinski, J., Wang, P.L., and Ideker, T. (2011).

Cytoscape 2.8: new features for data integration and network visualization.

Bioinformatics 27, 431–432.

Sohal, R.S., andWeindruch, R. (1996). Oxidative stress, caloric restriction, and

aging. Science 273, 59–63.

Someya, S., Yu, W., Hallows, W.C., Xu, J., Vann, J.M., Leeuwenburgh, C.,

Tanokura, M., Denu, J.M., and Prolla, T.A. (2010). Sirt3 mediates reduction

of oxidative damage and prevention of age-related hearing loss under caloric

restriction. Cell 143, 802–812.

Tibbetts, A.S., and Appling, D.R. (2010). Compartmentalization of Mammalian

folate-mediated one-carbon metabolism. Annu. Rev. Nutr. 30, 57–81.

Tiffany, K.A., Roberts, D.L., Wang,M., Paschke, R., Mohsen, A.W., Vockley, J.,

and Kim, J.J. (1997). Structure of human isovaleryl-CoA dehydrogenase at

2.6 A resolution: structural basis for substrate specificity. Biochemistry 36,

8455–8464.

Vedrenne, V., Galmiche, L., Chretien, D., de Lonlay, P., Munnich, A., and Rötig,

A. (2012). Mutation in the mitochondrial translation elongation factor EFTs

results in severe infantile liver failure. J. Hepatol. 56, 294–297.

Wallace, D.C. (2005). Amitochondrial paradigm ofmetabolic and degenerative

diseases, aging, and cancer: a dawn for evolutionary medicine. Annu. Rev.

Genet. 39, 359–407.

Wang, Z., Cotney, J., and Shadel, G.S. (2007). Humanmitochondrial ribosomal

protein MRPL12 interacts directly with mitochondrial RNA polymerase to

modulate mitochondrial gene expression. J. Biol. Chem. 282, 12610–12618.
Mo
Warde-Farley, D., Donaldson, S.L., Comes, O., Zuberi, K., Badrawi, R., Chao,

P., Franz, M., Grouios, C., Kazi, F., Lopes, C.T., et al. (2010). The GeneMANIA

prediction server: biological network integration for gene prioritization and pre-

dicting gene function. Nucleic Acids Res. 38(Web Server issue), W214-20.

Weindruch, R., Walford, R.L., Fligiel, S., and Guthrie, D. (1986). The retardation

of aging in mice by dietary restriction: longevity, cancer, immunity and lifetime

energy intake. J. Nutr. 116, 641–654.

Wenger, C.D., Lee, M.V., Hebert, A.S., McAlister, G.C., Phanstiel, D.H.,

Westphall, M.S., and Coon, J.J. (2011a). Gas-phase purification enables accu-

rate, multiplexed proteome quantification with isobaric tagging. Nat. Methods

8, 933–935.

Wenger, C.D., Phanstiel, D.H., Lee, M.V., Bailey, D.J., and Coon, J.J. (2011b).

COMPASS: a suite of pre- and post-search proteomics software tools for

OMSSA. Proteomics 11, 1064–1074.

Wolf-Yadlin, A., Hautaniemi, S., Lauffenburger, D.A., and White, F.M. (2007).

Multiple reaction monitoring for robust quantitative proteomic analysis of

cellular signaling networks. Proc. Natl. Acad. Sci. USA 104, 5860–5865.

Wu, R., Dephoure, N., Haas, W., Huttlin, E.L., Zhai, B., Sowa, M.E., and Gygi,

S.P. (2011). Correct interpretation of comprehensive phosphorylation

dynamics requires normalization by protein expression changes. Mol. Cell.

Proteomics 10, M111–, 009654.

Yu, W., Dittenhafer-Reed, K.E., and Denu, J.M. (2012). SIRT3 protein deacety-

lates isocitrate dehydrogenase 2 (IDH2) and regulates mitochondrial redox

status. J. Biol. Chem. 287, 14078–14086.

Zhao, S., Xu, W., Jiang, W., Yu, W., Lin, Y., Zhang, T., Yao, J., Zhou, L., Zeng,

Y., Li, H., et al. (2010). Regulation of cellular metabolism by protein lysine acet-

ylation. Science 327, 1000–1004.
lecular Cell 49, 186–199, January 10, 2013 ª2013 Elsevier Inc. 199


	Calorie Restriction and SIRT3 Trigger Global Reprogramming of the Mitochondrial Protein Acetylome
	Introduction
	Results
	Metrics
	Calorie Restriction Dramatically Alters the Mitochondrial Protein Acetylation Landscape
	SIRT3 Expression Is a Dominant Regulator of the Mitochondrial Acetylome
	Cluster Analysis Reveals Distinct Classes of Acetyl Isoforms
	SIRT3 Coordinately Deacetylates Multiple Targets in Mitochondrial Metabolic Pathways
	Metabolite Analysis of Sirt3−/− MEFs Verifies Pathways Regulated by Acetylation
	Amino Acid Catabolism
	Citric Acid Cycle
	One-Carbon Metabolism
	Mitochondrial Integrity
	Mitochondrial Genome Maintenance, Transcription, and Translation
	13C-Glucose Flux Analysis Confirms Major Defects in Oxidative Glucose Metabolism in Sirt3−/− MEFs
	Sirt3−/− Mice Display Inability to Lower Liver Acetyl-CoA Levels during CR

	Discussion
	Experimental Procedures
	Sample Preparation, Mass Spectrometry, and Data Analysis
	Bioinformatics
	Metabolite Analysis
	Acetyl CoA and CoA Measurement

	Supplemental Information
	Acknowledgments
	References


