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Quantification of Mitochondrial Acetylation Dynamics
Highlights Prominent Sites of Metabolic Regulation*□S
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Background: Lysine acetylation, a prevalent post-translational modification, alters mitochondrial metabolism in response
to nutrient changes.
Results: Quantitative proteomics distinguishes dynamic and static acetylation sites, highlighting 48 likely regulatory sites of
thousands identified.
Conclusion: Acetylation of Acat1 lysine 260, a highly dynamic site, reversibly inhibits enzyme activity.
Significance:Quantitative, state-specific proteomic analyses accelerate the functional characterization of acetylation in mito-
chondrial remodeling.

Lysine acetylation is rapidly becoming established as a key
post-translational modification for regulating mitochondrial
metabolism. Nonetheless, distinguishing regulatory sites from
among the thousands identified by mass spectrometry and elu-
cidating how these modifications alter enzyme function remain
primary challenges. Here, we performed multiplexed quantita-
tive mass spectrometry to measure changes in the mouse liver
mitochondrial acetylproteome in response to acute and chronic
alterations in nutritional status, and integrated these data sets
with our compendium of predicted Sirt3 targets. These analyses
highlight a subset of mitochondrial proteins with dynamic
acetylation sites, including acetyl-CoA acetyltransferase 1
(Acat1), an enzyme central tomultiplemetabolic pathways.We
performed in vitro biochemistry and molecular modeling to
demonstrate that acetylation of Acat1 decreases its activity by
disrupting the binding of coenzyme A. Collectively, our data
reveal an important new target of regulatory acetylation and
provide a foundation for investigating the role of select mito-
chondrial protein acetylation sites in mediating acute and
chronic metabolic transitions.

Protein acetylation was first identified 50 years ago (1, 2) and
has since become established as a key regulator of gene tran-

scription through its role in chromatin remodeling. In recent
years, fueled by technological advances in mass spectrometry-
based proteomics, lysine acetylation has become recognized
as a widespread post-translational modification (PTM)3 that
rivals phosphorylation and ubiquitination in its prevalence
(3–5). Metabolic enzymes, including many in mitochondria,
are among the most heavily acetylated proteins (6–8). Mecha-
nistic and physiological studies have begun to reveal that acety-
lation of these proteins plays a key role in regulating metabolic
flux, and to suggest that aberrant levels of this PTMmight con-
tribute to disorders associated with metabolic inflexibility,
including obesity, type 2 diabetes, and cancer (9–15).
Despite mounting evidence that acetylation is a prevalent

protein modification, much work remains to establish it as a
pervasive mitochondrial regulatory mechanism. This includes
the need to distinguish bona fide functional acetylation sites
from what may be widespread spurious or adventitious modi-
fications (16). This is highlighted by the considerable gap
between the large number of identified mitochondrial lysine
acetylation sites (�2,200) and the few with a validated regula-
tory function (�12 proteins) (17). The reasons for this disparity
stem in part from both the relative youth of the field and from
technical limitations of most previous mass spectrometry-
driven investigations, which were largely unable to produce
accurate quantitative information on how acetylation levels
change between contrasting biological states.
Here, we applied our newly developed quantitative acetyl-

proteomics methods to measure changes in the mouse liver
mitochondrial acetylproteome between two pairs of contrast-
ing nutritional states (18). First, because PTMs are a primary
mechanism of regulation at acute time scales, we assessed
changes in the mitochondrial acetylproteome between fasted
and refed mice. Second, because chronic dysregulation of
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PTMs can be an important factor in disease, we compared the
mitochondrial acetylproteome of obese (Leptin-deficient, Lep-
tinob/ob) and lean (Leptin�/�) C57/Bl6 (B6) mice. Our analyses
reveal that, among a background of largely static acetylation
sites, 237mitochondrial proteins have a significant change (q�
0.1, Welch’s t test with Storey correction) in the relative occu-
pancy of one or more acetylation sites during these transitions
in nutritional status. These include a range of enzymes from
core mitochondrial metabolic processes, such as oxidative
phosphorylation, fatty acid �-oxidation, branched chain amino
acid metabolism, and ketogenesis.
To further prioritize mitochondrial lysine acetylation sites

that are themost likely to be important formetabolic flexibility,
we integrated these large-scale data sets with our compendium
of predicted Sirt3 targets (18). Together, these analyses high-
lighted a select set of mitochondrial proteins as being likely
targets for regulatory acetylation, including acetyl-CoA acetyl-
transferase 1 (Acat1), which possessed several sites of highly
dynamic acetylation. By performing site-specific acetyllysine
incorporation and in vitro biochemical enzyme activity assays,
we discovered that Sirt3-driven deacetylation of K260ac and
K265ac significantly enhances Acat1 activity. Molecular mod-
eling revealed that the inhibitory effects of acetylation onAcat1
activity are likely due to decreased affinity for CoA caused by a
loss of a favorable electrostatic interaction between one or
more positively charged lysines with the negatively charged
3�-phosphate of CoA. Collectively, ourwork reveals Acat1 as an
important new metabolic target of reversible acetylation and
provides a resource of prioritized acetylation sites for future
investigations into the role of this PTM in regulatingmitochon-
drial protein function (19).

EXPERIMENTAL PROCEDURES

Animal Models—Breeding, sacrificing, and tissue harvesting
of mice were described previously for the fasting versus refeed-
ing study (19) and the obese versus lean study (20). Briefly, male
mice were bred and housed in an environmentally controlled
facility with a 12-h light-dark cycle (6 am–6 pm light cycle) and
provided water and standard rodent chow (Purina number
5008). For the fasting versus refeeding study, chow was
removed for 16 h (5 pm–9 am), after which half of the animals
were sacrificed, whereas the other half were allowed to feed ad
libitum an additional 2 h before being sacrificed. Liver tissue
was dissected and immediately enriched for mitochondria
using differential centrifugation (19). For the obese versus lean
study, chowwas removed for 4 h (8 am–12 pm) before sacrifice,
and the liver was flash-frozen in liquid nitrogen before being
thawed and enriched for mitochondria.
QuantitativeAcetylproteomeAnalysis—Crudemitochondria

were subjected to quantitative proteomics/acetylomics using
recently developedmethods (18). Briefly, mitochondrial pellets
were resolubilized, and the proteinswere reduced and alkylated
and digested enzymatically and labeled with isobaric tags
(6-plex TMT or 8-plex iTRAQ). Samples were mixed and sub-
jected to strong cation exchange chromatography, followed by
immunoprecipitation with pan-acetyllysine antibody (Immu-
nechem), and non-bound peptides were further fractionated by
high pH reverse phase chromatography. All samples were sub-

jected to data-dependent Nano-LC-MS/MS analysis on an
ETD-enabled LTQ Orbitrap Velos (Thermo Fisher Scientific)
using our previously described QuantMode instrumentation
method (21) with higher energy collision-activated dissociation
fragmentation. Our custom software COMPASS (22) was uti-
lized to search the MS/MS spectra against a concatenated tar-
get-decoymouse database (UniProt), to trim the identified pep-
tides (1% false discovery rate), to normalize the intensities of
isobaric tag reporter ions, to group all peptides to parsimonious
protein groups (1% false discovery rate), to localize acetylation
sites to specific residues (95% probability), and to sum reporter
ion intensities for spectra identifying the same protein or
acetyl-isoform. For more details, see the supplemental “Exper-
imental Procedures”.
Measurement of Oxygen Consumption Rate—The oxygen

consumption rate was measured using an XF-96 Extracellular
Flux Analyzer (Seahorse Bioscience) with methods based on
previous work (23). Briefly, isolatedmitochondria were quanti-
fied by wet weight, and 40 �g were loaded per well and supple-
mented with 10 mM glutamate and 2 mM malate. Basal respira-
tion was measured for 3 min, followed by ADP injection to a
final concentration of 2mM.ADP-stimulated oxygen consump-
tionwas calculated by subtracting basal respiration, after which
the wells were averaged. Data analysis was performed using the
XF96 software (version 1.4.1.4) and the “Level(Direct)Akos”
algorithm. See the supplemental “Experimental Procedures”
for further details.
Biochemical Assessment of Acat1 Activity—Recombinant

Acat1 (amino acids 31–424) with a C-terminal hexahistidine
tag was overexpressed in Escherichia coli and purified using
metal affinity resin based on previous methods (24, 25). For
site-specific acetyllysine incorporation, an acetyl-lysyl-tRNA
synthetase/tRNACUA pair that recognizes an amber codon was
co-expressed with Acat1 in the presence of 10 mM acetyllysine
and 20 mM nicotinamide (26–28). Briefly, a plasmid encoding
Acat1 was cotransformed with pBK AcKRS (acetyllysine tRNA
synthase) and pCDF PyIT (tRNACUA) into BL21(DE3) E. coli.
Cells were grown to anA600 of 0.5 to 0.7 and then supplemented
with 10 mM acetyllysine and 20 mM nicotinamide for 30 min
before the addition of 0.3 mM isopropyl 1-thio-�-D-galactopy-
ranoside. Cells were purified using metal affinity resin as above
with the inclusion of 20 mM nicotinamide in the lysis buffer.
Incorporationwas verified bymass spectrometry and immuno-
blots for Acat1 and acetyllysine. Sirt3 was purified as described
previously (29).
Acat1 Activity Assays—Activity was assessed as described

previously (24, 30). Briefly, the reaction mixture contained 50
mM Tris-HCl (pH 8.1), 20 mM MgCl2, 10 �M acetoacetyl-CoA,
40 mM KCl, and 8 ng of purified Acat1 enzyme (diluted into a
buffer of 50 mM HEPES (pH 6.6), 9.5% glycerol, and 0.5 mg/ml
gelatin). The reaction was initiated with the addition of CoA.
The final volume of the reaction was 300 �l. We measured the
change in absorbance at 303 nm over 30 min at room temper-
ature (�25 °C). For the determinations ofKm andVmax forCoA,
the above procedure was followed, and the CoA concentration
was varied between 15 and 300 �M. All absorbance measures
were obtained using the BioTek Synergy 2 microplate spectro-
photometer with Gen5 software. We analyzed the mean veloc-
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ity over the first 5 min, whereas the reaction velocity curve
remained linear over the first 10min.Km andVmax calculations
were obtained using the Enzkin package in Matlab and Sigma-
Plot (version 12).
Sirt3 Treatments—Sirt3 treatments were performed at 37 °C

for 30 min and contained 16 ng/�l Acat1, 0.375 �M Sirt3, 1 mM

NAD�, 0.5mMDTT in dilution buffer (50mMHEPES, pH 8.23,
0.5mg/ml gelatin, 9% glycerol). Deacetylation was verified with
immunoblots for Acat1 and acetyllysine, and activity wasmeas-
ured as above.
Electrostatic Modeling—To assess the changes in charge

complementarity for CoA in the active site of Acat1 caused by
lysine acetylation, the tetrameric coordinates of Protein Data
Bank code 2IBW (24) were prepared for electrostatic calcula-
tions. Water and other ligands were removed from the model.
Lysine residues were either fully charged in the calculation or
neutralized to simulate the effect of acetylation. An electro-
static map was calculated using the Adaptive Poisson-Boltz-
mann Solver (31) plugin in PyMOL (The PyMOL Molecular
Graphics System, Version 1.5.0.4, Schodinger, LLC) using
default parameters. Local electrostatic environment was visu-
alized as a continuous red-blue gradient running from �4 to
�4 kT/e on the solvent accessible surface of the protein, or as
an isosurface extending through space at �1 kT/e.

RESULTS

Quantitative Analysis of Mitochondrial Acetylation Dynam-
ics during Fasting and Refeeding—To quantify the dynamics of
mitochondrial acetylation with high resolution, we leveraged
our recently developed strategy for efficient acetyl peptide
enrichment (18) and our QuantMode method (21) for highly
accurate quantitative proteomics with isobaric tags to profile
mouse liver mitochondrial protein abundance and acetylation
levels across the transition between fasting and refeeding. Eight
mice were fasted overnight for 16 h, after which half were
allowed to feed ad libitum for 2 h (Fig. 1A), a time point featur-
ing marked PTM changes with limited protein abundance
changes (19). We identified 1,915 unique acetylation isoforms,
of which 1,796 were quantified (Fig. 1B and supplemental Fig.

S1). Unsupervised average linkage hierarchical clustering of the
data based on relative acetyl isoform occupancy (site-specific
acetyl fold change divided by protein abundance fold change)
grouped the refed and fasted mice separately (Fig. 2A), indicat-
ing that acetylation changes are a reproducible and distinguish-
ing feature of the transition between fasting and refeeding (32,
33). Importantly, our quantitative approach reveals that �10%
(188) of identified acetyl isoforms exhibited a statistically sig-
nificant change (q� 0.1) in acetyl occupancy in response to this
acute perturbation of metabolic status.
We hypothesize that the subset of mitochondrial protein

acetylation sites with changing occupancy upon refeeding rep-
resent those most likely to have a regulatory function during
this transition. For example, we detect acetylation on all four
mitochondrialmembers of themalate-aspartate shuttle (Mdh2,
Got2, Slc25a11, and Slc25a12), which is responsible for relaying
the reducing potential of NADH generated from glycolysis into
the mitochondrial matrix (Fig. 2B) (34). Rat liver Mdh2 activity
is increased upon feeding (35), and previous studies have
reported that Mdh2 activity can be increased either by acetyla-
tion (on Lys-185, Lys-301, Lys-307, and Lys-314) (36) or by
Sirt3-dependent deacetylation (of Lys-239) (18). Here, we
detect a large decrease in acetylation occupancy of Mdh2 Lys-
239 with little or no changes to the other sites. This indicates
that the Sirt3-controlled acetylation site (Lys-239) is likely the
dominant regulator of Mdh2 during this acute metabolic per-
turbation, consistent with an increased flux of reducing equiv-
alents from the cytosol into the mitochondria for energy pro-
duction upon feeding.
Quantifying the magnitude of acetylation changes across an

acute time scale can provide insights into key acetyl sites with-
out the confounding changes in protein levels that accompany
longer perturbations (Fig. 2C). For example, despite unchang-
ing protein levels among almost all enzymes involved in mito-
chondrial fatty acid oxidation (FAO), more than 90 distinct
acetyl isoforms within this pathway are altered significantly
upon refeeding (Fig. 2D). These include four acetylation sites
on carnitineO-palmitoyltransferase 2 (Cpt2; Lys-104, Lys-544,

FIGURE 1. Schematic of workflow for quantitative proteomic and acetylomic analyses of mouse liver mitochondria. A, in experiment one, eight lean mice
were fasted for 16 h and either sacrificed immediately or refed for 2 h before being sacrificed. In experiment two, three obese mice and three lean mice were
fasted for 4 h before being sacrificed. In each case, liver mitochondria were enriched and analyzed by LC-MS/MS (see “Experimental Procedures”). SCX Frac.,
strong cation exchange fractionation. B, summary of protein and acetylation data. IDs, unique identifications at 1% false discovery rate; Quant, measurements
quantified with isotopic reporter ions in all mice assessed; �, measurements significantly changing with q � 0.1. See also supplemental Fig. S1.
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Lys-537, and Lys-453), an enzyme involved in the transport of
fatty acids from the cytosol into the mitochondrial matrix for
�-oxidation (37). Similarly, energy production from amino acid
degradation is robustly induced in the postprandial state (38),
and several enzymes in amino acid catabolic processes exhibit
large changes in relative acetylation occupancy without altera-
tion to the underlying protein abundance levels. As one exam-
ple, acetylation on Lys-329 of glutaminase (Gls2) decreases
�2-fold following refeeding, which is consistent with this PTM
serving an inhibitory function on this key enzyme of amino acid
breakdown. Overall, the vast majority of dynamic acetylation
sites decreases in relative acetyl occupancy upon refeeding,
consistent with previous reports that fasting can lead to hyper-
acetylation of liver mitochondrial proteins (23).
Quantitative Analysis of Mitochondrial Acetylation Dynam-

ics due toChronicObesity—Previous studies have noted general
changes to the acetylproteome during the onset of obesity (13,
39); however, these studies were also limited by the semi-quan-
titative nature of their applied mass spectrometry methods. To
evaluate andmeasure the key obesity-induced changes in acety-
lation of mitochondrial proteins with high accuracy and depth
of coverage, we performed a large-scale quantitative compari-
son of the liver mitochondrial acetylproteome from three lean
(Leptin�/�) and three obese (Leptinob/ob) mice at 10 weeks of
age, each fed standard chow diet ad libitum (Fig. 1A). This

approach provides a comparison that is similar in nature to the
first perturbation (contrasting nutrient abundance) but mark-
edly different in time scale (hours versus weeks). Leptin defi-
ciency in B6 mice is known to cause hyperphagia-induced
obesity, which is accompanied by a dramatic response to over-
nutrition (e.g. hyperinsulinemia, hepatic steatosis) by 10 weeks
(40). These obese mice, however, have only a mild, controlled
elevation in blood glucose andmodel the prediabetic state, pro-
viding a model of obesity that is not confounded by diabetes.
Here, we identified 1,723 unique acetyl isoforms, 1,601 ofwhich
were quantified, and 826 that were significantly changing (q �
0.1; Fig. 1B, and supplemental Fig. S1).
Not surprisingly, given the relative magnitudes and dura-

tions of the perturbations involved, the changes in protein
abundance and acetyl occupancy due to chronic obesity
encompass a greater dynamic range than those seen following a
mere 2-h refeeding (Fig. 1B and Fig. 3, A and B). This compar-
ison could reveal key acetylation events potentially important
for regulatingmitochondrial function in states of chronic over-
nutrition. For instance, it is known that the protein abundance
and the activity of complexes in the oxidative phosphorylation
(OxPhos) pathway are increased in certain models of obesity
(19, 41), and acetylation has been implicated in inhibiting all
five complexes of OxPhos (39, 42–45); however, the specific
regulatory sites are as yet unclear. To confirm the increase in
OxPhos flux in our model of obesity, we isolated liver mito-
chondria from obese and lean livers andmeasured oxygen con-
sumption using a Seahorse extracellular flux analyzer. As
expected, mitochondria from obese mice exhibit an elevated
state 3 oxygen consumption rate compared with their lean
counterparts (Fig. 3D and supplemental Fig. S1). In our obese
versus lean acetylome comparison, we identified 156 acetyl iso-
forms onOxPhos proteins (Fig. 3C). Ninety-seven of these sites
change significantly (q � 0.1) in acetyl occupancy, 91 of which
decrease in the obese state.We therefore predict that a subset of
these 91 sites (which we further prioritize below) plays an
important role in the stimulation of OxPhos activity in obesity,
irrespective of any protein abundance changes.
As with our fasting and refeeding study, we find that cata-

bolic enzymes, including those of FAO and amino acid degra-
dation, appear particularly susceptible to alterations in acetyla-
tion levels. For example, acetylation of Lys-42 on long chain
acyl-CoAdehydrogenase (Acadl) is significantly decreasedwith
obesity. This PTMhas previously been shown to decrease enzy-
matic activity (46), consistent with elevated mitochondrial FAO
in obese animals. Aminoadipate aminotransferase (Aadat), a pro-
tein involved in tryptophan degradation to kynurenine acid (47),
has increased acetylation on Lys-263, which is involved in bind-
ing the pyridoxal phosphate cofactor (48, 49). We predict that
acetylation of Lys-263 reduces aminoadipate aminotransferase
activity by preventing this enzyme-cofactor interaction. This
decrease in activity could shift tryptophan degradation from
the kynurenine-kynurenic acid pathway toward the kynu-
renine-NAD� pathway, which has previously been linked to
hypertension, diabetes, atherosclerosis, obesity, and immu-
nodeficiency (50).
Notably, for our proteomics analyses we purified mitochon-

dria only to the extent required to achieve near comprehensive
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coverage of the liver MitoCarta protein list. (MitoCarta is a
compendium ofmitochondrial proteins (51).) As such, wewere
also able to profile the acetylproteomes of other co-purifying
organelles, including peroxisomes and endoplasmic reticulum.
Interestingly, FAO enzymes with evidence of mitochondrial/
peroxisomal co-localization are generally increasing in relative
occupancy with obesity (38 detected; 24 increase, one
decreases, q� 0.1) (Fig. 3E). In comparison, acetylation sites on
mitochondria-specific FAO enzymes are mostly decreasing
(89 detected; three increase, 49 decrease, q � 0.1). Among the

peroxisomal enzymes with increasing acetylation is Ehhadh
(enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydrogenase),
which is activated by this PTM (36). We detect increasing
acetylation on seven lysines, with the greatest change on Lys-
344, consistent with the known increase peroxisomal fatty oxi-
dation (i.e. �-oxidation) in obesity (35, 52). Overall, acetylation
increases on most peroxisomal proteins in the obese state but
decreases on most mitochondrial and endoplasmic reticulum
proteins (Fig. 3F).
Integration of Disparate Data Sets Highlights Key Regulatory

Acetylation Sites—The analyses above clarify the role of previ-
ously identified acetylation events and also quantify the acetyl
occupancy of a wide range of uncharacterized acetylation sites.
To further prioritize this extensive list for subsequent mecha-
nistic studies, we compared the dynamic acetylation sites
observed in both datasets. Of the thousands of mitochondrial
sites we identify across the two studies, only 48 change signifi-
cantly (q � 0.1) due to both refeeding and obesity (Fig. 4C). We
hypothesized that these isoforms likely represent key PTMs
that serve as common mechanisms for mediating metabolic
responses to a variety of different perturbations in nutrient sta-
tus. Included in these are four of the OxPhos isoforms noted
above (Sdha Lys-179 in complex II, and Atp5e Lys-28, Atp5h
Lys-121, and Atp5j K84 in complex V), further highlighting
them as high-likelihood regulatory sites from among the hun-
dreds of OxPhos sites identified (Figs. 3C and 4C).
We reasoned thatmany bona fide regulatory acetylation sites

would also be targets of Sirt3, the only well established mito-
chondrial deacetylase (17). Therefore, we further integrated
our data sets with a compendium of predicted Sirt3 targets,
which we recently developed from analysis of wild type and
Sirt3�/� mouse liver mitochondria (18). Sirt3 target sites are
among those with the largest decrease in relative acetyl occu-
pancy due to acute refeeding or chronic obesity, indicative of an
induction of Sirt3 activity in these states (Fig. 4,A and B). Strik-
ingly, putative Sirt3 targets represent over half of the acetyl
isoforms that exhibited a significant change (q� 0.1) in relative
acetyl occupancy in both studies despite accounting for�7% of
all sites quantified. These results suggest a major, Sirt3-driven
remodeling of the acetylproteome that is secondary to genetic
obesity or to 2 h of refeeding after an overnight fast. Measure-
ments for Sirt3 protein using both quantitative MS (Fig. 4B,
inset) and immunoblotting (supplemental Fig. S2) indicate that
Sirt3 abundance is increased in B6 10-week-old animals with
obesity, consistent with our activity predictions. We note that
this obesity-induced increase in Sirt3 abundance mirrors the
induction of Sirt3 levels observed at early time points in the
regimen of high fat diet feeding (13), as opposed to the decrease
seen after many weeks of this diet. We did not observe a signif-
icant change in Sirt3 abundance following refeeding, despite
the significant decrease in acetylation levels of predicted Sirt3
sites (Fig. 4, A–C, and supplemental Fig. S2). This is consistent
with previous reports that alterations in Sirt3 activity are not
always correlated with its protein abundance levels (39, 53, 54),
suggesting that Sirt3 itself might be subject to post-transla-
tional regulation following acute perturbations. It is also con-
sistentwith indirectmeasures ofmitochondrial redox state that
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FIGURE 3. Comparison of of acetylproteome response to acute and
chronic perturbations. A, all quantified MitoCarta proteins are ranked on the
x axis by protein abundance fold change (black dots) for the chronic compar-
ison of obese (O) and lean (L) mice. Relative acetyl isoform changes are plot-
ted in the same position on the x axis as the corresponding protein measure-
ment (gray dots). B, dynamic ranges of protein and acetyl abundance are
greater in obese/lean study than in refed/fasted (R/F) study. A box plot com-
paring the ranges of protein abundance and acetyl isoform fold change in the
acute (refed/fasted) study versus the chronic (obese/lean) study. Whiskers rep-
resent data within 50% of the range of the first and third quartiles, and
remaining outlier data is represented as a gray dots. C, prioritization of acety-
lation sites in oxidative phosphorylation. Acetyl isoforms exhibiting signifi-
cant changes (q � 0.1) in both studies are in red; those significantly changing
in the obese versus lean study only are in black; those isoforms that are not
changing significantly are in gray; isoforms that were identified but not quan-
tified are in white. D, ADP stimulated increase in oxygen consumption rate is
greater in mitochondria isolated from obese livers than from lean livers. An
asterisk indicates significance (p value � 3.9 	 10�14). E, relative acetyl occu-
pancy changes in fatty acid oxidation. Sites with significantly changing (q �
0.1) occupancy are marked in black, those that were quantified but not sig-
nificantly changing in gray, and those that colocalize to peroxisomes are
grouped. F, acetylation by organelle. Pie charts show the number of mito-
chondrial, peroxisomal, or endoplasmic reticular acetyl isoforms from the
obese/lean study that are not significant (q � 0.1) (gray), significantly increas-
ing (red), and significantly decreasing (black).

Quantitative Mitochondrial Acetylation Dynamics

SEPTEMBER 6, 2013 • VOLUME 288 • NUMBER 36 JOURNAL OF BIOLOGICAL CHEMISTRY 26213

 at U
niversity of W

isconsin-M
adison on O

ctober 3, 2014
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


suggest an increase in theNAD�/NADH ratio in the refed state
(55).
Among the dynamic Sirt3 targets observed in both large-

scale analyses are multiple sites on enzymes from core meta-
bolic pathways involved in responding to changing nutrient sta-
tus. Three of these processes, branched chain amino acid
metabolism, fatty acid catabolism, and ketogenesis, exhibit
acetylation changes in many pathway members and have in
common a single enzyme: acetyl-coenzyme A acetyltransferase
1 (Acat1, NCBI gene ID 110446) (56, 57). Acat1 catalyzes two
major reversible reactions: the cleavage of acetoacetyl-CoA
into two acetyl-CoA, and the cleavage of 2-methyl acetoacetyl-
CoA into propionyl-CoA and acetyl-CoA. We identified 18
total acetylation sites on this protein, nine of which are chang-
ing significantly (q � 0.1) in at least one comparison. Relative
acetyl occupancy at three of these sites changed significantly in
both analyses (Lys-187, Lys-260, and Lys-265) (Fig. 5A), the
latter two of which are predicted Sirt3 targets. Another recent
Sirt3 knock-out study also identifies Lys-260 and Lys-265, but
not Lys-187, as Sirt3 targets (15). In the present study, the acety-
lation levels of both putative Sirt3-target sites on Acat1
decrease markedly with obesity (relative to lean mice) and with
refeeding (relative to fasted mice), whereas acetylation on Lys-
187 increases due to obesity. These data led us to hypothesize
that acetylation on Lys-187, Lys-260, and/or Lys-265 alters the
activity of Acat1. Moreover, as Sirt3 most often activates its
target enzymes (17), we further hypothesized that deacetylation
of Lys-260 and Lys-265 increases Acat1 activity in response to
nutrient excess.

Acetylation of Lysine 260 and 265 on Acat1 Inhibits Enzy-
matic Activity—Our analyses suggest that acetylation of select
Acat1 lysines is important for regulating enzyme activity. To
begin testing this possibility, we individually mutated five
acetylated lysine residues (Lys-84, Lys-187, Lys-260, Lys-265,
and Lys-340) to glutamine to mimic the charge state of an
acetylated lysine ormutated to arginine tomimic a deacetylated
state (58). These sites were selected based on the structure of
human ACAT1 (24) and on the dynamic changes seen in both
data sets. Acat1 variants and wild type protein were purified
from E. coli and tested by an in vitro activity assay. Mutation of
lysines 260 and 265 to arginine (K260R, K265R) resulted in
increased activity compared with the respective glutamine
mutant (K260Q, K265Q), suggesting that acetylation would
decrease activity (Fig. 5B). In contrast, K187R led to a loss of
activity compared with K187Q. Interestingly, mutation of the
other acetylation sites did not significantly change the activity
of Acat1, further suggesting that Lys-187, Lys-260, and Lys-265
may be the most important acetylation sites for regulating the
activity of this enzyme.
Although mutation of lysine to glutamine or arginine can

approximate the effect of acetylation on protein function, these
are imperfect analogs. To validate the ability of acetylation to
regulate Acat1 enzymatic activity, we used site-specific acetyl-
lysine incorporation, a technique that allows for the production
of a protein with nearly full acetylation occupancy on a specific
lysine (26, 27). Acat1 variants were generated and purified that
each possessed a single acetylated lysine at position 187, 260, or
265 (K187ac, K260ac, K265ac). Acetyllysine incorporation was
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verified by immunoblot andMSanalyses, and in vitro treatment
of these proteins with recombinant Sirt3 effectively removed
this acetylation in an NAD�-dependent manner (Fig. 5C and
supplemental Fig. S3). Interestingly, in vitro Sirt3 treatment
more readily removed the acetyl groups on Lys-260 and Lys-
265 than that on Lys-187, consistent with the prediction that
K260ac and K265ac are Sirt3 targets in vivo.
In vitro Acat1 activity assays of each isoform revealed that

Sirt3-mediated deacetylation of K260ac and K265ac dramati-
cally increased enzyme activity in an NAD�-dependent man-
ner (Fig. 5, D–F and supplemental Fig. S4). In contrast, we
observed minimal change in activity with identically treated
wild type or K187ac proteins. We further analyzed the kinetic
properties of the Acat1 K260 in its acetylated and deacetylated
forms across several concentrations of substrate and deter-
mined that acetylation decreases the Vmax of the enzyme while
increasing its Km for CoA (Fig. 5F). As physiological levels of
CoA in liver are markedly higher than the Acat1 Km (59), these
alterations in Vmax will likely alter metabolic flux in vivo.
Consistent with the hypothesis that regulatory residues are

likely to be conserved throughout evolution (16, 60), Acat1 Lys-
260 and Lys-265 are highly invariant and correspond to lysines
263 and 268 in the human ACAT1 ortholog (K263_Hs and
K268_Hs). Recently, Haapalainen and colleagues (24) solved
the crystal structure of humanACAT1 in complex with its CoA
substrate. This structure reveals that positively charged
K263_Hs is in close proximity to the negatively charged
3�-phosphate of CoA, which suggests that charge complemen-
tarity for CoA in the active site is important for substrate bind-
ing. Using this structure (Protein Data Bank code 2IBW) (Fig.
6A), we modeled a neutralized lysine residue at K263_Hs to
simulate the effect of acetylation (Fig. 6B). We then calculated
electrostatic isosurfaces extending through space at �1 kT/e
with all lysines fully charged (Fig. 6C), or with K263_Hs neu-
tralized (Fig. 6D). This analysis clearly reveals that the nega-
tively charged 3�-phosphate of CoA is present within the posi-
tively charged space enclosed by this electrostatic isosurface
in the fully charged enzyme, but not when K263_Hs is neutral-
ized. These data suggest that acetylation of Acat1 Lys-260
(ACAT1 K263_Hs) likely reduces the favorable electrostatic
interactions between CoA and the Acat1 binding pocket. This
is similar to reports of the Sirt3-dependent regulation of other
enzymes by an electrostatic repulsion mechanism, including
Mn-SOD (61, 62). Together, in conjunction with our in vitro
activity data, we propose that Sirt3 activates Acat1 by removing
lysine acetylation that reduces the affinity of Acat1 for CoA.

DISCUSSION

Reversible lysine acetylation is rapidly becoming recognized
as a pervasive PTM that regulates cellular processes ranging
from gene transcription to intermediary metabolism. The
impact of this modification extends to mitochondria, where a
strikingly high percentage of proteins are acetylated on one or
more lysines. A few of these sites are now known to modify
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metabolic flux by altering enzymatic activity or substrate avail-
ability, adding to the growing notion that PTMs are key to reg-
ulating mitochondrial function.
However, although thousands of mitochondrial acetylation

sites have now been identified, little is known about the
enzymes that control acetylation inmitochondria. There is only
a single well established mitochondrial protein deacetylase,
Sirt3 (17). Likewise, there is no known acetyltransferase within
this organelle, although emerging evidence suggests that
GCN5-L1 may be a regulator of a yet to be characterized pro-
tein acetyltransferase complex (63). Further confounding this
issue is the fact that even at low concentrations of acetyl-CoA,
acetylation can occur nonenzymatically (64, 65). Coupled with
the knowledge that mitochondrial enzymes tend to become
acetylated following nutritional changes that produce an
increase in acetyl-CoA (66) and that there are a very limited
number of validated regulatory sites, this has led to the specu-
lation that many of the numerous mitochondrial acetylation
eventsmay be nonenzymatic and, thus, likely nonregulatory. As
such, rigorous efforts are needed to spotlight and validate bona
fide regulatory acetylation sites from a potentially noisy back-
ground of non-regulatory PTM “decorations” (67).
To prioritize candidate acetyl-regulated sites on mitochon-

drial proteins, we performed large-scale quantitative acetyl-
proteomics across multiple contrasting biological states. Our
data reveal that only a select subset of sites significantly change
in occupancy during drastic acute and chronic alterations in
nutritional status. From our recent study (18), we predict that
many of these dynamic acetylation sites are targets of Sirt3,
consistent with the role of this enzyme as a primary regulator of
mitochondrial acetylation. Together, our integrated analyses

highlight a collection of proteins with high-confidence candi-
date regulatory sites (Fig. 4C). Although other acetylation
sites may prove to be regulatory under distinct metabolic
transitions, our data nonetheless caution that many others
might represent unregulated and likely non-regulatory tar-
gets of acetylation.
A second priority in the field is to rigorously validate and

define the functions of this modification in regulating protein
activity (16, 68). In this study, we investigated the importance of
acetylation on Acat1. Our quantitative analyses nominated
three of the 18 acetylated lysines on this protein as likely regu-
latory sites. Using site-specific acetyllysine incorporation, in
vitro enzymatic analyses and molecular modeling, we demon-
strated that acetylation of Lys-260 and Lys-265 inhibits Acat1
activity by disrupting CoA binding.
Acat1 is found at the cross-roads of branched chain amino

acid degradation, ketogenesis, and fatty acid catabolism. Inter-
estingly, more than one-third (19/48) of our high-confidence
candidate regulatory sites are on proteins involved in these
three pathways. As such, we hypothesize that the role of regu-
latory acetylation is not limited to isolated control points, but
rather that it impacts multiple enzymes of a pathway to collec-
tively alter net flux, often alongside other PTMs. Indeed, other
key regulators are known for each of these pathways (e.g. Bck-
dha phosphorylation (69), Hmgcs2 acetylation (70) and phos-
phorylation (19), and Acadl acetylation (46)). Interestingly,
Acat1 Lys-265was also recently identified as a prominent site of
reversible succinylation, further suggesting that this is an
unusually important site of post-translational regulation (71).
Based on our work here, we predict that this modification
would likewise dampen Acat1 activity.
Although each of the three pathways mentioned above

occurs in the liver, they are not simultaneously induced. For
example, branched chain amino acid degradation is robustly
induced by refeeding, as assessed by Bckdha phosphorylation
status (19, 38) but fatty acid oxidation and ketogenesis are
inhibited in that same state (56). Conversely, fatty acid oxida-
tion and ketogenesis are highly active in the obese state (72).
Thus, it seems reasonable to speculate that the overabundance
of PTMs on ketogenesis, FAO, and branched chain amino acid
enzymes noted above, including those on Acat1, operate com-
binatorially to help properly calibrate the individual fluxes
through these interrelated but distinct pathways. Furthermore,
although our biochemical data support a role for deacetylation
of Acat1 in enhancing flux through any these pathways, its
acetylation alone would likely not be sufficient for complete
inactivation of any one of them. Further integration of our data
sets with other protein PTM data and quantitative metabolic
flux analyses will be necessary to better define the physiological
ramifications of these modifications in collectively modifying
metabolic output.
The results of our analyses both mirror current trends in the

acetylation field and also raise new issues. Consistent with pre-
vious work, we find that acetylation is widespread inmitochon-
dria and that its levels generally tend to track with predicted
acetyl-CoA abundance (66). Our data also suggest that Sirt3 is
more active in the refed state and early during the onset of
obesity and that it tends to enhance the activity of its target

FIGURE 6. Electrostatic modeling of acetylation effects using the crystal
structure of Homo sapiens ACAT1 (Protein Data Bank code 2IBW). Local
electrostatic environment of ACAT1 active site surrounding K263_Hs
(K260_Mm, identified by the white arrow). A and C represent wild-type ACAT1,
whereas B and D mimic acetylation on K263_Hs by neutralizing its charge. The
electrostatic environment is visualized as a continuous red-blue gradient
from �4 to �4 kT/e on the solvent accessible surface of the protein. In C and
D, it is overlaid with an electrostatic isosurface extending through space at �1
kT/e. The negatively charged 3�-phosphate of CoA is located within the space
enclosed by the positive isosurface when K263_Hs is fully charged, but it is
located outside when this lysine is neutralized.
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enzymes. However, our data reveal that acetyl occupancy at
several putative Sirt3-regulated sites (e.g. Eci2 Lys-60, Gstk1
Lys-93, Cs Lys-52, and Tst Lys-175) was significantly decreased
due to refeeding but significantly increased due to obesity. This
suggests that Sirt3 may possess an adjustable target preference
under different nutritional states. Moreover, our data indicate
that Sirt3 activity cannot necessarily be predicted from its
abundance, implying that other regulatory post-transcriptional
or post-translational features might be important for titrating
its activity. Last, our data reveal that many probable non-Sirt3
sites also change considerably in acetylation occupancy, sup-
porting the notion that other mitochondrial regulatory acety-
lation machinery awaits discovery.
Collectively, our work provides a quantitative map of the

changing mitochondrial protein acetylation landscape during
acute and chronic metabolic transitions, defines the role of
deacetylation in stimulating Acat1 activity, and highlights
many other high-priority acetylation sites for mechanistic fol-
low-up work (19).
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