2620

Article

THE

EMBO

v oo

TRANSPARENT OPEN
PROCESS ACCESS

JOURNAL

Analysis of acetylation stoichiometry suggests that
SIRT3 repairs nonenzymatic acetylation lesions
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Abstract

Acetylation is frequently detected on mitochondrial enzymes, and
the sirtuin deacetylase SIRT3 is thought to regulate metabolism by
deacetylating mitochondrial proteins. However, the stoichiometry
of acetylation has not been studied and is important for under-
standing whether SIRT3 regulates or suppresses acetylation. Using
quantitative mass spectrometry, we measured acetylation stoi-
chiometry in mouse liver tissue and found that SIRT3 suppressed
acetylation to a very low stoichiometry at its target sites. By exam-
ining acetylation changes in the liver, heart, brain, and brown
adipose tissue of fasted mice, we found that SIRT3-targeted sites
were mostly unaffected by fasting, a dietary manipulation that is
thought to regulate metabolism through SIRT3-dependent
deacetylation. Globally increased mitochondrial acetylation in
fasted liver tissue, higher stoichiometry at mitochondrial acetyla-
tion sites, and greater sensitivity of SIRT3-targeted sites to chemi-
cal acetylation in vitro and fasting-induced acetylation in vivo,
suggest a nonenzymatic mechanism of acetylation. Our data indi-
cate that most mitochondrial acetylation occurs as a low-level
nonenzymatic protein lesion and that SIRT3 functions as a protein
repair factor that removes acetylation lesions from lysine residues.
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Introduction

Lysine acetylation is a reversible protein posttranslational modifi-
cation (PTM) that regulates protein function. The role of acetylation
in regulating chromatin structure and gene transcription is well stud-
ied with both lysine acetyltransferases and deacetylases taking part

(Shahbazian & Grunstein, 2007). Mass spectrometry (MS), combined
with acetylated peptide enrichment, has enabled the identification of
thousands of acetylation sites on diverse proteins (Kim et al, 2006;
Choudhary et al, 2009; Lundby et al, 2012), implicating acetylation
in regulating various cellular processes. Metabolic proteins, particu-
larly in mitochondria, were found to be frequently acetylated, and a
multitude of studies have investigated the role of acetylation in regu-
lating metabolism (Wang et al, 2010; Zhao et al, 2010; Newman
et al, 2012). While thousands of acetylation sites have been identi-
fied on mitochondrial proteins, few acetyltransferases have been
implicated in their regulation (Scott et al, 2012; Fan et al, 2014), and
recent studies suggest most mitochondrial acetylation occurs non-
enzymatically through exposure to acetyl-CoA (Wagner & Payne,
2013; Pougovkina et al, 2014; Weinert et al, 2014).

The mitochondrial sirtuin deacetylase SIRT3 regulates acetylation
at hundreds of sites (Sol et al, 2012; Hebert et al, 2013; Rardin et al,
2013b), and SIRT3 levels are increased by dietary manipulations
such as calorie restriction and fasting (Shi et al, 2005; Palacios et al,
2009; Hirschey et al, 2010; Tao et al, 2010; Newman et al, 2012).
Several studies have suggested that calorie restriction regulates
metabolism through SIRT3-mediated deacetylation of mitochondrial
enzymes (Hirschey et al, 2010; Qiu et al, 2010; Shimazu et al, 2010;
Someya et al, 2010; Hallows et al, 2011; Hebert et al, 2013).
However, it is unclear whether SIRT3 is activated to regulate protein
function in response to metabolic changes or whether SIRT3 constitu-
tively deacetylates proteins to preserve their normal function.
Notably, acetylation typically inhibits the catalytic activity of mito-
chondrial enzymes and deacetylation by SIRT3 rescues their activity
(Lin et al, 2012; Ghanta et al, 2013). A recent review suggested that
nonenzymatic acetylation may represent a type of “carbon stress”
which SIRT3 counteracts to ensure metabolic fidelity in mitochondria
(Wagner & Hirschey, 2014). If this were the case, we would expect
that SIRT3 suppresses acetylation to very low stoichiometry under
both basal conditions and the conditions that cause increased acetyla-
tion of mitochondrial proteins, such as calorie restriction and fasting.

In this study, we used quantitative MS to estimate acetylation
stoichiometry in mouse liver tissue with a particular focus on SIRT3-
targeted sites. We used a knockout mouse model for adipose
triglyceride lipase (ATGL) to study the dependence of mitochondrial
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acetylation dynamics on fatty acid oxidation in the liver, heart, brain,
and brown adipose tissues of fed and fasted mice. Our data indicate
that most acetylation occurs at very low stoichiometry (< 0.1%), that
SIRT3 suppresses acetylation to background levels, and that SIRT3-
targeted sites are only modestly affected by dietary manipulations
such as fasting and calorie restriction, suggesting that a major role of
SIRT3 is to remove acetylation lesions on mitochondrial proteins.

Results
Method used to estimate acetylation stoichiometry

We previously showed that partial chemical acetylation could be
used to estimate acetylation stoichiometry (Weinert et al, 2014). In
this study, we partially acetylated denatured proteins, measured the
relative increase in acetylated peptide abundance and the median
decrease in all corresponding unmodified peptides (CPs) (Fig 1A).
The median degree (%) of partial chemical acetylation is equal to 1
minus the median CP ratio; thus, for a fixed degree of chemical
acetylation (5%), the CP ratios will be constant (0.95) while the
acetylated peptide ratios will depend on the initial stoichiometry of
acetylation (Fig 1B). Acetylation stoichiometry was calculated based
on the relative increase in acetylation (acetylated peptide ratio) and
the median decrease in CPs (CP ratio) using a previously described
formula (Olsen et al, 2010) (Fig 1C).

Quantification of acetylated peptide and corresponding
peptide ratios

We partially acetylated liver proteins in vitro under denaturing
conditions using three concentrations of acetyl phosphate (AcP).
The relative increase in acetylation at individual sites (acetylated
peptide ratios) was quantified by MS using two different methods,
stable isotope labeling by amino acids (SILAC) (Ong et al, 2002)
and tandem mass tags (TMT) (Thompson et al, 2003) (Datasets EV1
and EV2). AcP caused increased acetylation relative to untreated
control samples in a concentration-dependent manner at nearly all
quantified acetylation sites (Fig 1D).

Because of the low level of partial chemical acetylation, we were
unable to accurately measure the reduction in CP abundance for
individual peptides, as this reduction was less than the resolution of
SILAC or TMT quantification in our experiments. In order to over-
come this limitation, we devised a method to examine decreased CP
abundance at a population level using an internally controlled
comparison based on thousands of peptide measurements (see
Materials and Methods). We validated this approach by showing
that median CP ratios were reduced by chemical acetylation in a
concentration- and pH-dependent manner and that the degree of
acetylation predicted from the median CP ratios was correlated with
the number of acetylation sites detected in these samples (Appendix
Fig S1). Partial chemical acetylation caused a significant reduction
in median CP ratios as detected by both quantitative methods
(Fig 1E). The median CP ratio at 100 mM AcP was 0.96 (TMT quan-
tification) or 0.95 (SILAC quantification), indicating 4% or 5%
chemical acetylation, respectively. Since TMT quantification can
be affected by parent ion interference, which buffers ratio changes
toward the median (Ting et al, 2011), we used the median CP
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ratio based on SILAC quantification for calculating acetylation
stoichiometry.

We calculated acetylation stoichiometry from samples treated
with 100 mM AcP using the equation shown in Fig 1C, the acety-
lated peptide ratios for individual sites (Datasets EV1 and EV2), and
a median CP ratio of 0.95. SIRT3-targeted acetylation sites (defined
as having > 2-fold (S3 > 2), > 4-fold (S3 > 4), or > 8-fold (S3 > 8)
increased acetylation in liver tissue from SIRT3 knockout (KO) mice
(Hebert et al, 2013)) had lower median CP ratios (Fig 1E), suggest-
ing a slightly greater degree of chemical acetylation at these sites.
Therefore, to more accurately estimate stoichiometry at SIRT3-
targeted sites, we used the median CP ratios shown in Fig 1E to
calculate stoichiometry at these sites (0.94 for S3 > 2, 0.93 for
S3 > 4, and 0.92 for S3 > 8). We consider these stoichiometry calcu-
lations to be estimates, since the CP ratios for individual sites were
not determined and the degree of chemical acetylation at individual
sites may be variable. In addition, we cannot account for additional
modifications at these positions, the presence of which would cause
us to overestimate acetylation stoichiometry.

Validating estimated acetylation stoichiometry

In order to directly validate our stoichiometry estimates, we devised
a spike-in absolute quantification (AQUA) approach using heavy-
isotope-labeled peptide standards (AQUA peptides) (Gerber et al,
2003). We spiked in acetylated AQUA peptides at 0.01%, 0.1%, and
1% stoichiometry and used affinity enrichment to enable the detec-
tion of both native and AQUA peptides (Fig 2A and B, and Dataset
EV3). Acetylation stoichiometry determined by AQUA was signifi-
cantly correlated with our stoichiometry estimates based on partial
chemical acetylation (Fig 2C). To further validate our stoichiometry
estimates at a larger number of sites, we used comprehensive
(100%) chemical acetylation to essentially generate hundreds of
acetylated AQUA peptides. Comprehensively acetylated proteins
were mixed with unlabeled liver proteins to 0.01%, 0.1%, and 1%
stoichiometry, prior to affinity enrichment of acetylated peptides
and SILAC quantification by MS (Dataset EV4, Materials and Meth-
ods). Stoichiometry estimates based on 100% chemical acetylation
were highly significantly correlated with our estimates based on 5%
chemical acetylation, were similar in magnitude, and showed low
variability (Fig 2D). Together, these data provide confidence in the
accuracy of our stoichiometry estimates based on partial chemical
acetylation.

Stoichiometry estimates based on SILAC and TMT quantification
were poorly, yet significantly correlated (Appendix Fig S2A). Simi-
larly, estimates based on TMT quantification were poorly correlated
with estimates based on 100% chemical acetylation (Appendix Fig
S2B). For this reason, all subsequent analyses of acetylation stoi-
chiometry are based on SILAC quantification (unless otherwise
noted). Although less accurate for individual sites, the estimates
based on TMT quantification were comparable to SILAC for dif-
ferent classes of acetylation sites (Appendix Fig S2C) and are
presented in Dataset EV2 as an additional resource.

Acetylation levels in the four-month-old mouse liver tissue used
to estimate stoichiometry in this study were comparable to acetyla-
tion levels in liver tissues from one-, eight-, and sixteen-month-old
animals (Fig 2E). Acetylation levels were also similar in SILAC liver
tissue, liver tissue from an independent source (wild-type (WT) fed
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Figure 1. Estimating acetylation stoichiometry using partial chemical acetylation.

A Model illustrating the reciprocal relationship between acetylated peptides and their corresponding unmodified peptides (CPs) after 5% chemical acetylation. The
diagram illustrates the relative amounts of unmodified and acetylated peptides occurring at an individual acetylation site; as acetylation increases, the amount of

CPs is proportionally decreased.
acetylation stoichiometry.

(C) measured in panel (E). The equation is derived from Olsen et al (2010).

The table shows the relationship between acetylation stoichiometry, acetylated peptide ratio, and CP ratio after 5% chemical acetylation at the indicated initial
Equation used to calculate initial acetylation stoichiometry (I) based on acetylated peptide ratios (A) at individual sites measured in panel (D), and median CP ratios

Acetyl phosphate (AcP) causes a concentration-dependent increase in acetylation. The box plots show the distributions of acetylated peptide ratios (AcP/control)

quantified by SILAC or TMT. The box portion of the plot shows the interquartile range (IQR) and the line indicates the median value, whisker ends extend to 1.5 times
the length of the IQR (unless the data range is smaller, in which case the whisker ends extend to the minimum or maximum value), outliers are not shown. Data is
from a single experimental replicate that was performed independently for each quantitative method (SILAC or TMT).

AcP causes a concentration-dependent, significant reduction in median CP abundance. The column graph shows median CP ratios based on an internally controlled

comparison (see Materials and Methods). Ratios are for all CPs, unless indicated; sites where acetylation was mapped in this study (Ac mapped), sites on

mitochondrial proteins (mitochondrial), or SIRT3-targeted sites [defined as having >

2-fold (S3 > 2), > 4-fold (S3 > 4), or > 8-fold (S3 > 8) increased acetylation in

liver tissue from SIRT3 knockout (KO) mice (Hebert et al, 2013)]. Statistical significance was determined by Wilcoxon’s test.

mice, see Fig 4), and liver tissue from four-month-old mice (Fig 2F).
These mice were raised in independent animal facilities and their
liver tissue harvested by different individuals. Therefore, our stoi-
chiometry estimates appear to be generally applicable to diverse
mouse liver tissues.

Stoichiometry of acetylation

Our measurements indicate that the vast majority of acetylation
sites are modified at a very low stoichiometry. We calculated a
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median stoichiometry of acetylation that was ~0.05%. Mitochon-
drial sites had a significantly higher median stoichiometry (~0.11%)
than non-mitochondrial sites (~0.04%) (Fig 3A), an observation
that is consistent with our previous analysis in yeast cells (Weinert
et al, 2014), and with the existence of separate mitochondrial and
non-mitochondrial acetyl-CoA pools (Wellen et al, 2009). In yeast,
high stoichiometry acetylation sites were associated with nuclear
proteins involved in chromatin organization and transcription
(Weinert et al, 2014). In this study, we estimated acetylation stoi-
chiometry on a known regulatory site in the nucleus, structural
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Figure 2. Validating estimated acetylation stoichiometry.

A The mass spectra show AQUA quantification of an endogenous acetylation site (MDH2 K301) using three dilutions (1%, 0.1%, and 0.01%) of AQUA peptide.
B Table comparing acetylation stoichiometry determined using AQUA peptides (AQUA stoichiometry) to estimates based on partial (5%) chemical acetylation using
SILAC (SILAC stoichiometry) and TMT (TMT stoichiometry) quantification. AQUA stoichiometry is the median of two independent experimental replicates; SIRT3-

targeted sites are indicated by * (see Appendix Table S1 for references).

C The scatterplot shows the correlation between AQUA stoichiometry and stoichiometry estimates based on partial chemical acetylation using either SILAC (black) or
TMT (red) quantification. Spearman’s correlation (Corr)) and P-value (p) by two-tailed test are shown.

D The scatterplot shows the correlation between estimated stoichiometry based on partial (5%) chemical acetylation and comprehensive (100%) chemical acetylation
using SILAC quantification. Spearman’s correlation (Corr.), P-value (p) by two-tailed test, and number (n) of estimates analyzed are shown.

E Acetylation levels are comparable in mice with different ages. The box plots show the distributions of acetylation site ratios comparing 4-month-old mice to
1-month-, 8-month-, and 16-month-old mice. Acetylation levels were compared using SILAC liver tissue as an internal standard for comparison; the number (n) of
sites analyzed is shown. The box portion of the plot indicates the middle 50% of the distribution, inner hatch marks denote 9-91%, whisker ends 2-98%, and outliers

are not shown.

F Acetylation levels are comparable in liver tissue from different mice. The box plots show acetylated peptide ratio distributions comparing SILAC liver tissue (SILAC) to
liver tissue from an independent source (WT), and to the 4-month-old mice used to estimate acetylation stoichiometry in this study. Box plots are described in (E),

the number of acetylated peptide SILAC ratios quantified are shown in parentheses.

maintenance of chromosomes protein 3 (SMC3) K106, which was
4% acetylated (Rolef Ben-Shahar et al, 2008; Zhang et al, 2008).
However, most of the high stoichiometry sites we detected were on
mitochondrial proteins, perhaps because the abundance of mito-
chondrial proteins in liver tissue limited the dynamic range of our
analysis. Of the 4,322 sites with stoichiometry estimates, 344
occurred on proteins associated with the UniProt keyword
“nucleus” while 1,532 occurred on proteins associated with the

© 2015 The Authors

keyword “mitochondrion” (Dataset EV1). Although we detected
known regulatory acetylation sites on histone N-terminal domains,
these sites occurred on multiply acetylated peptides for which we
were unable to accurately estimate stoichiometry and were therefore
excluded from our analysis.

High stoichiometry acetylation (> 1% acetylated) was overrepre-
sented on mitochondrial proteins; acyltransferases; lyases; butanoate

metabolism; and valine, leucine, and isoleucine degradation
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Figure 3. Acetylation stoichiometry.

A

The box plots show the distributions of stoichiometry estimates based on partial (5%) chemical acetylation and SILAC quantification. The median stoichiometry of
acetylation is shown above each box plot, and the number of sites analyzed is shown in parenthesis. Proteins were classified by association with the UniProt
keywords “nuclear” (nuclear), “cytoplasmic” (cyto.), or “mitochondrion” (mito.). SIRT3-targeted sites were classified based on the degree of increased acetylation in
SIRT3 KO liver tissue (Hebert et al, 2013); untargeted sites (S3 < 2) and sites with > 2-fold (S3 > 2), > 4-fold (S3 > 4), or > 8-fold (S3 > 8) increased acetylation are
shown. SIRT3-targeted sites were additionally classified based on the degree of increased acetylation in SIRT3 KO liver tissue (Rardin et al, 2013b); sites with > 2-fold
(S3 > 2),> 4-fold (S3 > 4), or > 8-fold (S3 > 8) increased acetylation are shown. Significance was determined by Wilcoxon’s test (*P < 2e~6).

Gene Ontology enrichment analysis of proteins harboring high stoichiometry (> 1%) acetylation sites. The scatterplot shows the significance of GO term enrichment
(-Log10 P-value) and the degree of GO term enrichment (fold enrichment) comparing proteins with high stoichiometry (> 1%) sites to proteins with low
stoichiometry (< 1%) sites. The size of each point is proportional to the number of proteins associating with the term.

Proteins with high stoichiometry (> 1%), SIRT3-targeted acetylation sites. The table lists the estimated stoichiometry based on partial (5%) chemical acetylation using
either SILAC or TMT quantification for SIRT3-targeted sites (defined as having > 2-fold increased acetylation in SIRT3 KO liver tissue (Hebert et al, 2013)).

The box plots show the distributions of stoichiometry estimates based on SILAC quantification. Acetylation sites were classified as in (A). Stoichiometry was predicted
in SIRT3 knockout (KO), calorie-restricted SIRT3 KO mice, and calorie-restricted wild-type (WT) mice using the acetylation changes quantified by Hebert et al (2013).
The median predicted stoichiometry of acetylation is shown above each box plot.

Data Information: (A, D) The box portion of the plot shows the interquartile range (IQR) and the line indicates the median value, whisker ends extend to 1.5 times the
length of the IQR (unless the data range is smaller, in which case the whisker ends extend to the minimum or maximum value), outliers are not shown.
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(Fig 3B). Overrepresentation of high stoichiometry acetylation sites
on mitochondrial proteins is consistent with our observation of
significantly higher median stoichiometry in this organelle (Fig 3A).
We further observed that high stoichiometry sites were frequently
found on enzymes that catalyze reactions involving acetyl groups,
such as AACS (K391, 13% acetylated), NAA30 (K235, 8% acety-
lated), NAASO (K34, 5% acetylated), ACSM1 (K200, 5% acetylated),
KEG1 (K128, 4% acetylated), and GLYAT (K127, 1.5% acetylated).
These findings suggest that enzymes that transfer acetyl groups may
accumulate higher levels of acetylation due to autocatalysis or higher
local concentrations of acetyl metabolites. A recent study similarly
found that acetyl-CoA acetyltransferase 1 (ACAT1) catalyzed lysine
acetylation of pyruvate dehydrogenase (PDHA1) K321 and pyruvate
dehydrogenase phosphatase (PDP1) K202, mediating the Warburg
effect in EGF-treated and immortalized cells (Fan et al, 2014). We
determined acetylation stoichiometry at PDHA1 K321 by SILAC
(0.84% acetylated) and TMT (0.39% acetylated). The low stoichiom-
etry found at this position in liver tissue is consistent with the idea
that PDHA1 K321 acetylation is only found after EGF stimulation or
in immortalized cell lines (Fan et al, 2014).

We also estimated acetylation stoichiometry at more than 20
sites that were previously suggested to regulate metabolic proteins
(Appendix Table S1), and found that nearly all of these sites were
< 1% acetylated. Stoichiometry at several of these positions was
independently determined using the AQUA method (Fig 2B), provid-
ing additional confidence in these findings. Our results differ from a
previous study that reported high stoichiometry acetylation on
enoyl-coenzyme A hydratase (EHHADH) and malate dehydrogenase
(MDH2) (Zhao et al, 2010). While the reasons for these differences
are not clear, it is plausible that the levels of acetylation may be dif-
ferent in the analyzed samples. In the study from Zhao et al,
EHHADH and MDH2 were expressed ectopically in cultured cells,
while we estimated acetylation stoichiometry on the endogenously
expressed proteins in liver tissue.

Acetylation stoichiometry at SIRT3-targeted sites

Acetylation stoichiometry at SIRT3-targeted sites (S3 > 2, median
0.08%) was slightly lower than at mitochondrial sites not targeted
by SIRT3 (S3 < 2, median 0.11%), while the sites most affected in
SIRT3 KO mice (S3 > 4, S3 > 8) had even lower median stoichiome-
try (0.05%) (Fig 3A). For these analyses, we used SIRT3-targeted
sites defined by Hebert et al (2013); however, estimated stoichiometry
was similar if we used SIRT3-targeted sites defined in an independent
study that used a different quantitative method (Rardin et al, 2013b)
(Fig 3A). These data indicate that SIRT3 suppresses acetylation to
background levels at targeted sites. While the vast majority (97 %) of
SIRT3-targeted sites were < 1% acetylated, some SIRT3-targeted
sites were acetylated at a high (> 1%) stoichiometry (Fig 3C).
SIRT3-deficient animals have reduced metabolic function, which
is linked to increased mitochondrial protein acetylation. In order to
systematically investigate acetylation stoichiometry in SIRT3-
deficient animals, we used previously determined changes in liver
protein acetylation in SIRT3 KO, calorie-restricted SIRT3 KO, and
calorie-restricted wild-type mice (Hebert et al, 2013) to predict acety-
lation stoichiometry under these conditions (Fig 3D and Dataset
EV1). SIRT3-targeted sites (S3 > 2) were predicted to have a median
4-fold increase in acetylation stoichiometry in SIRT3 KO animals,
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and this increase was slightly greater (5-fold) in calorie-restricted
SIRT3 KO animals. Sites that were most affected by loss of SIRT3
(83 > 8) were predicted to have the greatest increase in acetylation
stoichiometry, ~11-fold in SIRT3 KO animals and ~20-fold in calorie-
restricted SIRT3 KO animals (Fig 3D). Glycine N-acyltransferase
(GLYAT) K127 is ~57-fold elevated in both fed and calorie-restricted
SIRT3 KO animals (Hebert et al, 2013). We estimated that this lysine
is ~1.5% acetylated in wild-type animals, suggesting that acetylation
stoichiometry could be as high as 87% in the absence of SIRT3. In
addition, we predicted that hydroxymethylglutaryl-CoA lyase
(HMGCL) K48 is ~16% acetylated and methylmalonyl-CoA
epimerase (MCEE) K152 is ~9% acetylated in SIRT3 KO animals. In
total, 48 SIRT3-targeted sites were predicted to have high (> 1%)
stoichiometry in SIRT3 KO animals and 57 SIRT3-targeted sites were
predicted to have high stoichiometry in calorie-restricted SIRT3 KO
animals. In contrast, only 13 SIRT3-targeted sites were predicted to
have high stoichiometry in calorie-restricted wild-type animals.
SIRT3-targeted sites were not substantially altered by calorie restric-
tion in wild-type animals; therefore, the stoichiometry we predicted
at these sites was similarly unaltered (Fig 3D, compare WT to WT
calorie-restricted). Notably, sites not targeted by SIRT3 were slightly
increased (median 2.3-fold) by calorie restriction in wild-type
animals, while the median stoichiometry of SIRT3-targeted sites was
unchanged. These analyses suggest that acetylation reaches a suffi-
cient stoichiometry in SIRT KO animals to account for the metabolic
defects seen in these animals, particularly if multiple proteins and
acetylation sites are affected in a common metabolic pathway.

Acetylation at SIRT3-targeted sites is mostly unaffected
by fasting

Given the low stoichiometry of acetylation at SIRT3-targeted sites,
understanding how acetylation at these positions is affected by
dietary manipulations is important for determining whether SIRT3
regulates mitochondrial proteins by deacetylating SIRT3-targeted
sites in response to dietary changes. In order to examine how fasting
affects acetylation at SIRT3-targeted sites, we measured acetylation
levels after fasting, and after fasting in a genetic mouse model that is
deficient in generating fatty acids (FAs). Fasting triggers the mobi-
lization of FAs from adipose tissues to the liver, where they are
oxidized to acetyl-CoA in mitochondria. Adipose triglyceride lipase
(ATGL) is important for lipolysis in adipose tissues, and ATGL-
deficient mice have a reduced capacity to generate FAs for energy
homeostasis (Haemmerle et al, 2006; Zimmermann et al, 2009). We
used SILAC liver tissue to quantify acetylation levels in fed and
fasted, wild-type and ATGL-deficient mouse liver tissue (Dataset
EVS). Since we used the same SILAC liver tissue that was used to
estimate stoichiometry in our previous experiments, we could
directly estimate acetylation stoichiometry in these animals and
found that stoichiometry in fed wild-type mice was comparable to our
previous estimates (Appendix Fig S3). Fasting caused globally
(median 1.8-fold) increased acetylation of mitochondrial proteins in
liver tissue, and this effect was significantly abrogated in ATGL-deficient
animals (Fig 4A). Notably, the effect of fasting on mitochondrial
acetylation was significantly greater at SIRT3-targeted sites in a
manner that was proportional to the effect of SIRT3 deficiency on
these sites (Fig 4A), mirroring the greater sensitivity of these sites to
partial chemical acetylation (Fig 1E). ATGL-deficiency partially
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Figure 4. Fasting-induced acetylation in mouse tissues.

A The box plots show the distribution of acetylation site ratios comparing the
liver tissues of fasted mice to fed mice. Differences in acetylation were
quantified using SILAC. Significance was determined by Wilcoxon’s test
(P-values shown in red, *P < 2e ). Proteins were classified by association
with the UniProt keyword “mitochondrial” (mito.). SIRT3-targeted sites were
classified based on the degree of increased acetylation in SIRT3 KO liver
tissue (Hebert et al, 2013); untargeted sites (S3 < 2) and sites with > 2-fold
(S3 > 2), > 4-fold (S3 > 4), or > 8-fold (S3 > 8) are shown. Numbers of
quantified sites are shown in parenthesis, and the median ratio is shown
above each box plot.

B The box plots show essentially the same experiment as shown in (A) except
that differences in acetylation were quantified using TMT.

C The box plots show the distribution of acetylation site ratios comparing the
heart, brain, and brown adipose tissue (BAT) of fasted mice to fed mice.
Differences in acetylation were quantified using TMT. Sites were classified
as in (A). Significance was determined by Wilcoxon’s test (*P < 2e ).
Although not indicated in the figure panel, sites most affected by SIRT3
were significantly increased by fasting in heart tissue (S3 > 4, P = 6e-15;
S3 > 8, P = 5e-8) and BAT (S3 > 4, P = 4e-10; S3 > &, P = 5e-4) when
compared to mitochondrial sites. Acetylation in brain tissue was not
significantly different.

Data Information: (A-C) The box portion of the plot shows the interquartile
range (IQR) and the line indicates the median value, whisker ends extend to
1.5 times the length of the IQR (unless the data range is smaller, in which case
the whisker ends extend to the minimum or maximum value), outliers are not
shown.

suppressed increased mitochondrial acetylation, both at untargeted
and at SIRT3-targeted sites, suggesting that FA oxidation drives
increased mitochondrial acetylation in the liver tissue of fasted
animals. We verified that SIRT3 was similarly expressed in the liver
tissue of fed and fasted, wild-type and ATGL KO mice (Appendix
Fig S4), suggesting that differences in acetylation at SIRT3-targeted
sites were unlikely to result from differences in SIRT3 protein
abundance.

We verified these findings in liver tissue using TMT quantification
(Fig 4B and Dataset EV6) and additionally used TMT to quantify
acetylation changes in heart, brain, and brown adipose tissue (BAT)
(Fig 4C and Dataset EV6). TMT quantification revealed similar
changes in liver acetylation, although the magnitude of these
changes was not as great as seen with SILAC quantification (Fig 4B).
The greater sensitivity of SIRT3-targeted sites to fasting-induced
acetylation was also seen in heart tissue where fasting only caused
significantly increased acetylation at SIRT3-targeted sites (Fig 4C). In
brain and BAT, fasting did not result in substantially altered acetyla-
tion (note that the vast majority of sites are < 2-fold affected by fast-
ing, Fig 4C), although median acetylation levels were slightly, but
significantly, higher at SIRT3-targeted sites in fasted BAT.

A previous study examined acetylation dynamics in the liver
tissue of calorie-restricted wild-type and SIRT3 KO mice (Hebert
et al, 2013), and their data showed that SIRT3-targeted acetylation
sites were mostly unchanged in calorie-restricted, wild-type animals
(Fig 3C and Appendix Fig S5A). Another study examining liver
acetylation in fasted and obese mice (Still et al, 2013) showed that
median acetylation levels were not substantially altered by fasting
or obesity in wild-type animals (Appendix Fig S5B). A small number
of acetylation sites were significantly affected by fasting and obesity
(Still et al, 2013), and our analysis of their data showed that SIRT3-
targeted sites were the most affected by fasting (Appendix Fig S5B),
consistent with our own results (Fig 4A and B). Together, these data
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suggest that SIRT3-targeted sites are only modestly affected by fast-
ing or calorie restriction, in contrast to the substantially increased
acetylation seen in SIRT3 KO animals (Hebert et al, 2013; Rardin
et al, 2013b). In particular, induction of SIRT3 activity should
reduce acetylation at these positions, while we observed modestly
increased acetylation in liver and heart tissues. This suggests that
SIRT3 is unable to completely suppress fasting-induced acetylation
at these positions. Interestingly, while calorie restriction and fasting
cause a similar global increase in mitochondrial acetylation in liver
tissue (Schwer et al, 2009; Hebert et al, 2013; Pougovkina et al,
2014), acetylation at SIRT3-targeted sites remains mostly unchanged
in calorie-restricted wild-type animals (Fig 3D, Appendix Fig S5A).
This suggests that acute fasting has a more robust effect on SIRT3-
targeted sites than prolonged calorie restriction, perhaps because
SIRT3 expression was not sufficiently induced at this time point.

SIRT3 has a greater impact on acetylation levels in tissues

In a recent study, we showed that acetylation accumulated in the
mitochondria of metabolically active, growth-arrested yeast cells
(Weinert et al, 2014). We similarly found that mitochondrial acety-
lation accumulates in growth-arrested, serum-starved human cervi-
cal cancer (HeLa) cells (Fig 5A), and we reasoned that acetylation
might similarly accumulate in the metabolically active, postmitotic
cells of metazoans. In order to test this idea, we used a SILAC-based
MS approach to compare acetylation in two different exponentially
growing mouse embryonic fibroblast (MEF) cell lines to four dif-
ferent mouse tissues. Acetylation levels, corrected for differences in
protein abundance between cells and tissues, were higher in all four
tissues (Fig 5B and Dataset EV7). Notably, mitochondrial protein
acetylation was significantly higher than non-mitochondrial acetyla-
tion, mirroring the effect of growth arrest on yeast (Weinert et al,
2014) and HeLa cells (Fig SA). We suspect that growth arrest causes

A O non-mitochondrial B

@ mitochondrial
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increased acetylation by prolonging the exposure of proteins to
acetyl-CoA; however, the precise mechanism remains unclear, and
it is possible that other physiological differences between cultured
MEEF cells and tissues result in higher levels of mitochondrial acety-
lation in tissues. Regardless, the observed elevated mitochondrial
protein acetylation in tissues suggests that the function of SIRT3 in
suppressing acetylation may have a greater impact in the context of
tissues. In order to test this idea, we compared previously published
proteomics data identifying SIRT3-targeted sites in MEFs (Sol et al,
2012), and liver tissue (Hebert et al, 2013), and found that loss of
SIRT3 affected acetylation to a greater degree in liver tissue than in
MEFs (Fig 5C). These data illustrate the idea that the impact of
SIRT3 deficiency may depend on the propensity of the cell type or
tissue to accumulate acetylation, which will be similarly impacted
by the metabolic state.

Discussion

In this work, we investigated the stoichiometry of lysine acetylation
in mouse liver tissue with a particular focus on SIRT3-targeted
acetylation sites. We found that most acetylation occurs at a very
low stoichiometry, including SIRT3-targeted sites and other putative
regulatory sites. We further found that the majority of SIRT3-
targeted sites are mostly unaffected by fasting. Our findings support
an emerging model whereby most acetylation occurs nonenzymati-
cally and SIRT3 has a major function in protecting metabolic fidelity
by suppressing acetylation on mitochondrial proteins.

Nonenzymatic acetylation

Recent studies suggest that most acetylation occurs nonenzymati-
cally through exposure to acetyl-CoA, particularly in the high pH
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Figure 5. Acetylation levels are higher, and the impact of SIRT3-deficiency is greater, in tissues than in cultured cells.

A Acetylation accumulates in the mitochondria of serum-starved human cervical cancer (HeLa) cells. The bar graphs show the median ratio comparing serum-starved
to control, exponentially dividing cells. Mitochondrial proteins were classified based on association with the UniProt keyword “Mitochondrion.”
B Acetylation accumulates in tissues. The column graph shows the median ratio of acetylation comparing two mouse embryonic fibroblast cell lines (MEF-1 and MEF-2)

to four different mouse tissues. Mitochondrial protein classification as in (A).

C SIRT3 has a greater effect on acetylation levels in liver tissue compared to MEFs. The scatterplot shows the correlation between acetylation sites quantified in SIRT3
KO liver tissue (Hebert et al, 2013) and MEF cells (Sol et al, 2012). The Spearman’s correlation (Corr.) and number of sites compared (n) are shown.

Data information: (A, B) Significance was determined by Wilcoxon’s test (P-values shown in red, *P < 2e
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environment of the mitochondrial matrix (Wagner & Payne, 2013;
Weinert et al, 2014). Here we showed that liver mitochondrial
protein acetylation occurs at a significantly higher stoichiometry
than cytoplasmic and nuclear protein acetylation. These findings are
consistent with a separate mitochondrial acetyl-CoA pool and high
pH environment that favors nonenzymatic acetylation. We addition-
ally found that fasting-induced mitochondrial acetylation was abro-
gated by loss of ATGL, suggesting that FA oxidation promotes
mitochondrial protein acetylation. An independent study reported
that fasting-induced mitochondrial acetylation in liver tissue
depended on very-long-chain acyl-CoA dehydrogenase (VLCAD), a
central enzyme in FA oxidation (Pougovkina et al, 2014). Pougovkina
et al further showed that inducing fatty acid oxidation in fibrob-
lasts increases protein acetylation and that fatty acids are a direct
source for mitochondrial protein acetylation. These results are
consistent with the idea that acetyl-CoA, formed through FA oxida-
tion, impacts mitochondrial acetylation levels by a nonenzymatic
mechanism. Furthermore, nonenzymatic acetylation is consistent
with the global changes in mitochondrial acetylation caused by fast-
ing and loss of ATGL and is consistent with the low stoichiometry of
acetylation.

SIRT3: protein regulator or protein repair factor?

Many studies have shown that SIRT3 deficiency results in increased
mitochondrial acetylation and reduced activity of numerous mito-
chondrial enzymes (Newman et al, 2012). SIRT3 protein levels are
increased upon fasting and calorie restriction (Shi et al, 2005;
Palacios et al, 2009; Hirschey et al, 2010; Tao et al, 2010; Newman
et al, 2012), and increased SIRT3 activity has been suggested to
regulate metabolism under these conditions. However, with the
exception of a single study (Fan et al, 2014), a regulatory axis
between enzyme-catalyzed acetylation and SIRT3-mediated deacety-
lation has not been demonstrated. A hallmark of protein regulation
by posttranslational modifications is site-specific, enzyme-catalyzed
modification that mostly occurs in a conditional manner. However,
there is little evidence of enzyme-catalyzed, site-specific acetylation
in mitochondria, and several studies suggest that most mitochon-
drial acetylation occurs nonenzymatically (Wagner & Payne, 2013;
Pougovkina et al, 2014; Weinert et al, 2014). Based on these obser-
vations, a recent review suggested that SIRT3 protects mitochondrial
protein activity by suppressing nonenzymatic acetylation (Wagner &
Hirschey, 2014).

The results presented in this study provide support for the idea
that SIRT3 repairs nonenzymatic acetylation lesions on mitochon-
drial proteins in order to preserve their normal function. Most
importantly, we found that SIRT3 suppressed acetylation to a very
low stoichiometry at targeted sites. This suggests that SIRT3 is unli-
Kkely to regulate protein function by further deacetylating mitochon-
drial proteins, as the stoichiometry of acetylation is already very
low, and acetylation at SIRT3-targeted sites typically inhibits enzy-
matic activity (Lin et al, 2012; Ghanta et al, 2013). We found that
fasting did not result in reduced acetylation at SIRT3-targeted sites
and these findings are consistent with the previously published
proteome-wide studies investigating mitochondrial acetylation in
calorie-restricted, fasted, and obese mice (Hebert et al, 2013; Still
et al, 2013). In light of our stoichiometry estimates, these results
indicate that these dietary manipulations do not substantially alter
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acetylation levels at SIRT3-targeted sites generally. In contrast, loss
of SIRT3 results in substantially increased acetylation at targeted
sites that exceeds any changes observed at these same sites in
fasted, calorie-restricted, or obese wild-type animals, indicating that
the role of SIRT3 in suppressing acetylation is greater than the effect
of dietary manipulations on acetylation levels at these sites (e.g.,
see Fig 3D). We found that SIRT3-targeted sites were similarly sensi-
tive to fasting-induced acetylation in vivo and nonenzymatic acety-
lation in vitro, in a manner that was proportional to the degree of
increased acetylation in SIRT3 KO animals. These data suggest that
the increased acetylation at these sites in the absence of SIRT3 is a
function of their inherent reactivity and the nonenzymatic origin of
acetylation. This idea is further supported by our observation that
fasting-induced acetylation at SIRT3-targeted sites was suppressed
by loss of ATGL. Together, our data indicate that SIRT3 suppresses
acetylation to a very low stoichiometry under all conditions
analyzed, and suggest that a constitutive function of SIRT3 is to
remove nonenzymatic acetylation lesions from mitochondrial
proteins. The mitochondrial sirtuin deacylase SIRTS suppresses both
succinylation and glutarylation in mitochondria (Du et al, 2011;
Park et al, 2013; Rardin et al, 2013a; Tan et al, 2014), and both of
these modifications may occur nonenzymatically (Wagner & Payne,
2013; Weinert et al, 2013b; Tan et al, 2014), suggesting that sirtuin
deacylases may have a general role in protecting mitochondrial
proteins from reactive acyl-CoA metabolites.

It is important to note that our data and their implications are
global in nature; we describe the general properties of acetylation
sites that are affected by SIRT3 deficiency. SIRT3 may have a general
function in suppressing nonenzymatic acetylation, as our data
suggest, and also have specific functions in regulating individual
sites, as suggested in previous studies. Furthermore, it may be possi-
ble that nonenzymatic acetylation and SIRT3 deacetylation combine
to regulate metabolism in a physiologically relevant manner. Of
particular interest may be conditions that inhibit SIRT3 activity (Jing
et al, 2013), allowing acetylation to accumulate at targeted sites.
However, future work needs to consider the stoichiometry of
acetylation when determining whether acetylation regulates protein
function, in particular for metabolic enzymes where site-specific
acetylation is thought to impair their catalytic efficiency.

Materials and Methods
Sample preparation

All mouse work was performed according to national and interna-
tional guidelines approved by the Danish Animal Ethical Committee
and the Review Board at the Faculty of Health and Medical Sciences,
University of Copenhagen. ATGL-deficient and isogenic wild-type
mice were handled according to the guidelines of the Federation of
European Laboratory Animal Science and were approved by
Austrian government authorities. Mouse liver tissues used for stoi-
chiometry estimation (from 1-, 4-, 8-, and 16-month-old animals)
were harvested mid-morning from five 16-week C57BL/6 male mice
fed ad libitum and transferred immediately to liquid nitrogen. A
total of 8- to 10-week-old male wild-type and ATGL-deficient
animals (both on C57BL/6J background) were sacrificed and tissues
immediately snap-frozen in pre-chilled 2-methylbutane and stored
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in liquid nitrogen. Tissues from several mice were pooled and
pulverized at —180°C using a liquid nitrogen chilled Retsch MM 400
Ball Mill, mixed with lysis buffer (50 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium deoxycholate, 1x
complete protease inhibitor cocktail (Roche), 10 mM nicotinamide,
5 mM valproic acid), clarified by centrifugation, and precipitated
with —20°C acetone. Mouse embryonic fibroblast (MEF) and HeLa
cell lines were cultured in DMEM (PAA Laboratories) supplemented
with heavy isotopes of arginine and lysine (**C4'°Nj,-arginine and
13C¢!°N,-lysine, Cambridge Isotope Laboratories) and dialyzed
serum (Sigma). All cell lines were tested for mycoplasma infection
before use. HeLa cells were serum-starved for 48 hours by washing
the cells twice with PBS before transferring into the above-described
DMEM lacking dialyzed serum. Cells were harvested using
lysis buffer (above) and centrifuged, and protein was acetone-
precipitated. Acetone-precipitated protein was re-dissolved in urea
solution (6M urea, 2M thio-urea, 10 mM Hepes pH 8.0), and the
concentration was determined by Quick-Start Bradford assay
(Bio-Rad). Protein was treated with freshly prepared acetyl
phosphate (AcP, Sigma) in urea solution at 37°C for 3 h. AcP was
removed by acetone precipitation. Protein digestion, peptide
purification, acetyllysine peptide enrichment, and SCX fractionation
were performed as described (Weinert et al, 2013a).

Mass spectrometry

Peptide fractions were analyzed by online nanoflow LC-MS/MS
using a Proxeon easy nLC system connected to an LTQ Orbitrap
Velos or Q-Exactive mass spectrometer (Thermo Scientific), as
described (Kelstrup et al, 2012; Weinert et al, 2013a). Raw data was
computationally processed using MaxQuant (version 1.5.2.8) and
searched against the UniProt database (downloaded on January 23,
2014) using the integrated Andromeda search engine (http://www.
maxquant.org/) (Cox et al, 2011). Acetylation sites were further
filtered to ensure a localization probability greater than 90%, and
to remove redundant entries. In order to reduce parent ion
interference, quantification using TMT reporter ions was performed
using only fragment (MS2) scans where the targeted ion constituted
more than 75% of the total ions present (parent ion fraction, PIF
> 0.75). All sites quantified by SILAC in this study were detected in
untreated control samples, indicating that these sites occurred
endogenously in the absence of chemical acetylation. Similarly, sites
quantified by TMT had reporter ion signal in untreated control
samples. Only singly acetylated peptides were used for estimating
stoichiometry; peptides with more than one acetylation sites were
omitted because it was not possible to account for different degrees
of initial stoichiometry at each individual position. The experimental
setup used in all quantitative MS experiments can be found in
Appendix Table S2. The raw data and MaxQuant output files have
been deposited to the ProteomeXchange Consortium (http://pro
teomecentral.proteomexchange.org) via the PRIDE partner reposi-
tory (Vizcaino et al, 2013) with the dataset identifier PXD000885.

Measuring median unmodified corresponding peptide ratios
At a low degree of chemical acetylation, the small decrease in CP

abundance (predicted ratio of 0.95 for 5% chemical acetylation)
was not resolvable for individual peptides. In order to overcome
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this limitation, we examined the median ratio of thousands of
peptides in an internally controlled comparison, which provided
statistically significant differences. Trypsin proteins
C-terminal to lysine and arginine, but it is unable to cleave at
acetylated lysine residues. Since we chemically acetylated our
proteins under denaturing conditions, all tryptic peptides generated
by cleaving a lysine residue will be reduced in a manner that is
proportional to the degree of acetylation. Arginine-flanked (AF)
peptides (generated by cleavage at two arginine residues) will be
unaffected by acetylation, while the cleavage of lysine-dependent
(LD) peptides (generated by cleavage at one lysine and one argi-
nine) and lysine-flanked (LF) peptides (generated by cleavage at
two lysines) will be blocked by acetylation. LF peptides are twice
as likely to be blocked by acetylation as LD peptides, since acetyla-
tion can block peptide cleavage at either lysine. Since SILAC
samples were only lysine-labeled, we calculated median CP ratios
by taking the median ratio of LF peptides relative to LD peptides.
However, for TMT samples the relative decreases seen comparing
LF to LD peptides were consistent with that seen comparing LD to
AF peptides.

cleaves

AQUA quantification

AQUA was performed using AQUA QuantPro heavy-isotope-labeled
peptide standards (Thermo Fisher Scientific). Native acetylated
peptides could not be detected without enrichment of acetylated
peptides (we estimated our detection limit for these peptides to be
~1% stoichiometry). In order to overcome the detection limit, we
devised a strategy to combine AQUA peptides with affinity enrich-
ment. First, we determined protein abundances for our proteins of
interest using AQUA quantification of unmodified peptides (one
unmodified peptide for each protein, see Dataset EV3 for AQUA
peptide sequences). AQUA peptides were serially diluted, and the
AQUA peptide dilution with the closest intensity to the native
peptide was used for quantification with a minimum of three
independent measurements. Acetylated AQUA peptides were then
spiked into the liver peptide preparation at three concentrations
(in separate reactions) to yield final stoichiometry of 1%, 0.1%, or
0.01%. Different amounts of each AQUA peptide were added
according to the individual protein abundances in the peptide
preparation. Acetylated peptides were then affinity-enriched to
enable detection of the acetylated native and acetylated AQUA
peptides. All three concentrations of acetylated AQUA peptides
(1%, 0.1%, and 0.01% stoichiometries) were used for quan-
tification in technical duplicate measurements (6 measurements in
total), and the experiment was performed in two independent
runs.

Quantifying stoichiometry using 100% acetylation

SILAC liver protein was 100% acetylated in 8M guanidine HCI,
50 mM Hepes pH 8.5 using 40 mM NHS-acetate (Thermo Scientific)
for 2 h at room temperature, and the reaction was quenched with
200 mM Tris, pH 7.5. Hundred percent acetylated SILAC protein
was mixed with unlabeled liver protein from 4-month-old male mice
to 1%, 0.1%, or 0.01% stoichiometry. Acetylated peptides were
enriched from these samples, and acetylation stoichiometry was
calculated by dividing the stoichiometry of mixing (1%, 0.1%, or
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0.01%) by the SILAC ratio. For example, if 100% acetylated SILAC
protein was added at a 1/100 dilution (1%), we divided 1% by the
SILAC ratio to calculate stoichiometry. Estimating stoichiometry
using 100% acetylation is limited to peptides generated by cleavage
at arginine residues, thereby resulting in far fewer stoichiometry
estimates than our method using partial chemical acetylation. In our
data analysis, we only considered acetylation site ratios quantified
from peptides generated by cleaving arginine residues.

A number of important controls were performed. Hundred
percent acetylation was confirmed by comparing the number of
lysine-dependent tryptic peptides recovered in 100% acetylated
(n = 16) and control samples (n = 713), confirming that acetylation
caused a 98% reduction in these peptides. In order to control for
efficient tryptic digestion of 100% acetylated proteins, we used
E. coli lysate as a model system (because SILAC mouse liver tissue
is not arginine-labeled, we cannot quantify how acetylation affects
these peptides). Peptides generated by cleavage at arginine residues
(arginine-flanked, AF) were compared between 100% acetylated
and control-treated samples. Hundred percent acetylation caused a
slight reduction in the median ratio of AF peptides, indicating a
slight decrease in AF peptide cleavage after 100% acetylation. In
addition, the distribution of AF peptides after 100% acetylation was
broader than in the control sample, indicating greater variability in
peptide cleavage (which may contribute to inaccurate measure-
ments using this method) (Appendix Fig S6). In order to ensure that
our ratio measurements were accurate, we only considered
measurements that were consistent between two dilutions; for
example, the ratio at 0.01% stoichiometry should be 10x less than
at 1% stoichiometry. Since ratio measurements are imprecise, we
allowed a 2-fold deviation from the expected 10x difference (5x to
20x). This was an important control since many ratios did not show
a linear relationship with the dilution series, indicating that these
measurements were inaccurate.

Expanded View for this article is available online:
http://emboj.embopress.org
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