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ABSTRACT: High-throughput proteomics studies have identified several thousand acetylation sites on more than 1000
proteins. Mitochondrial aconitase, the Krebs cycle enzyme that converts citrate to isocitrate, has been identified in many of these
reports. Acetylated mitochondrial aconitase has also been identified as a target for sirtuin 3 (SIRT3)-catalyzed deacetylation.
However, the functional significance of mitochondrial aconitase acetylation has not been determined. Using in vitro strategies,
mass spectrometric analyses, and an in vivo mouse model of obesity, we found a significant acetylation-dependent activation of
aconitase. Isolated heart mitochondria subjected to in vitro chemical acetylation with either acetic anhydride or acetyl-coenzyme
A resulted in increased aconitase activity that was reversed with SIRT3 treatment. Quantitative mass spectrometry was used to
measure acetylation at 21 lysine residues and revealed significant increases with both in vitro treatments. A high-fat diet (60% of
kilocalories from fat) was used as an in vivo model and also showed significantly increased mitochondrial aconitase activity
without changes in protein level. The high-fat diet also produced an increased level of aconitase acetylation at multiple sites as
measured by the quantitative mass spectrometry assays. Treatment of isolated mitochondria from these mice with SIRT3
abolished the high-fat diet-induced activation of aconitase and reduced acetylation. Finally, kinetic analyses found that the
increase in activity was a result of increased maximal velocity, and molecular modeling suggests the potential for acetylation at
K144 to perturb the tertiary structure of the enzyme. The results of this study reveal a novel activation of mitochondrial aconitase
by acetylation.

Lysine acetylation is a reversible post-translational mod-
ification in which an acetyl group is transferred to the ε-

amine of lysine residues in a protein. High-throughput
proteomic studies have identified several thousand lysine
acetylation sites distributed over more than 1000 proteins.1−7

Bioinformatics analyses of these data reveal a potential link
among acetylation, mitochondrial proteins, and metabolism.1

These studies have also shown that mitochondrial protein
acetylation responds to nutritional alterations, including a high-
fat diet, fasting, and caloric restriction.1−3 There is currently
some evidence of a mitochondrial protein acetyl transferase,
although its exact role in the heart is not clear.8,9 However,

acetyl-coenzyme A (acetyl-CoA) is able to react directly with
proteins to acetylate lysine residues, especially under the
higher-pH conditions found in the mitochondria.10 In fact, at
least one group has reported that acetyl-CoA from lipid
metabolism is necessary and sufficient to acetylate mitochon-
drial proteins.11 Conversely, deacetylation is enzymatically
driven by a group of enzymes known as sirtuins. These
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enzymes are localized in a variety of intracellular compartments
and have a range of deacylase activities, including deacetylation.
Sirtuin 3 (SIRT3) is an NAD+-dependent deacetylase present
in the mitochondria and is considered to be a primary regulator
of mitochondrial acetylation.12 Proteomics experiments with
knockout animals have shown a large number of acetylated
mitochondrial proteins, but not all, are targets of SIRT3.1−5

Overall, protein acetylation, and deacetylation, is emerging as
an important regulatory post-translational modification. The
term carbon stress has been used to illustrate the importance of
the balance between nonenzymatic protein acetylation by
acetyl-CoA and deacetylation by the sirtuins as a regulator of
cellular metabolism.13−15

Mitochondrial aconitase (ACO2) is consistently identified as
an acetylation target in these high-throughput proteomics
experiments, with acetylation detected at multiple sites.
Acetylated aconitase has also been identified as a target for
SIRT3-mediated deacetylation on the basis of both synthetic
peptide microarray experiments and the analysis of acetylated
proteins in Sirt3 knockout mice.1,16 Mitochondrial aconitase is
a Krebs cycle enzyme that catalyzes the stereospecific
dehydration−hydration reaction that converts citrate to
isocitrate. This activity gives aconitase a key role in citrate
metabolism with the corresponding potential to impact
multiple metabolic pathways affected by citrate availability.
For example, others have shown that significant amounts of
citrate efflux from mitochondria into the cytosol in perfused rat
hearts.17 Once exported to the cytoplasm, citrate both is a
source of acetyl-CoA and has the ability to activate acetyl-CoA
carboxylase. The malonyl-CoA formed by this enzyme can then
act as an inhibitor of carnitine O-palmitoyltransferase 1 to
control mitochondrial fatty acid uptake and β-oxidation.17,18

Therefore, an acetylation-dependent change in mitochondrial
aconitase function is a potential point at which acetylation and
deacetylation could alter mitochondrial fatty acid metabolism.
While these high-throughput proteomics studies show that

mitochondrial aconitase is a target for acetylation and support
the potential significance of the modification in mitochondrial
metabolism, the exact effects on enzyme function have not been
determined. In fact, functional effects of only a small number of
more than 1000 acetylated proteins identified in the proteomics
screens have been described. In the study reported here, we
found that acetylation of mitochondrial aconitase produced a
unique increase in the activity of the enzyme. This activation
was produced by direct treatment of isolated mitochondria with
the known acetylating reagents acetic anhydride and acetyl-
CoA and was reversed by treatment with recombinant SIRT3.
These in vitro experiments allowed comprehensive mapping of
21 aconitase acetylation sites and the development of a
quantitative proteomics method that used selected reaction
monitoring (SRM) to quantify changes in acetylation at these
sites. Aconitase activation and acetylation were also seen in vivo
in mice fed a high-fat diet. Subsequent SRM analyses showed
an increased level of acetylation in vivo at 12 of the 21
acetylation sites mapped in vitro. Treatment of the isolated
mitochondria with recombinant SIRT3 reduced both the
activity of the enzyme and the extent of acetylation at six of
these sites. These data identify mitochondrial aconitase as an
important target of reversible acetylation at the functional level.

■ MATERIALS AND METHODS
Animal Model and Diets. Six-week-old male C57BL/6N

mice (Charles River) were housed in colony cages on a 12 h

light/12 h dark cycle. In selected experiments, the mice were
fed either a high-fat diet (60% of kilocalories from lard fat, 20%
of kilocalories from carbohydrates, and 20% of kilocalories from
protein) or a control low-fat diet (10% of kilocalories from lard
fat, 70% of kilocalories from carbohydrate, and 20% of
kilocalories from protein) (Research Diet, Inc.) for the
indicated lengths of time. The mice were sacrificed by cervical
dislocation and the hearts harvested for analysis. All experi-
ments were approved by the Oklahoma Medical Research
Foundation Institutional Animal Care and Use Committee.

Sample Processing and Isolation of Heart Mitochon-
dria. At sacrifice, the hearts were perfused with an isolation
buffer [10 mM MOPS, 1 mM EDTA, 210 mM mannitol, and
70 mM sucrose (pH 7.4)] and quickly removed. Approximately
10 mg of heart tissue was flash-frozen for RNA analysis. The
remainder of the heart tissue was processed for mitochondrial
isolation. For this isolation, the heart was homogenized in ice-
cold isolation buffer using a Potter-Elvehjem homogenizer. The
initial homogenate was centrifuged at 550g for 5 min at 4 °C,
and the supernatant was filtered through cheese cloth to clarify
the supernatant. Mitochondria were pelleted from the S1
supernatant by centrifugation at 10000g for 10 min at 4 °C and
resuspended in the isolation buffer. For selected treatments,
0.05% Triton X-100 was included in the buffer to solubilize the
mitochondria.19 Protein concentrations were determined using
the bicinchoninic acid method with BSA as a standard.

Mass Spectrometry Analysis. Mapping Acetylation
Sites. Samples of isolated mitochondria treated with ≤200
μM acetic anhydride were used for qualitative mapping of
aconitase acetylation sites. After the reaction, the mitochondrial
proteins were precipitated with ice-cold acetone overnight. The
precipitated proteins were dissolved in Laemmli buffer and
separated by sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS−PAGE), and the gel was fixed and
stained. The aconitase band at approximately 85 kDa was cut
from the gel, reduced, alkylated, and digested with trypsin. The
samples were analyzed using data-dependent analysis on a
linear ion trap mass spectrometer (ThermoScientific LTQ-XL)
configured with a splitless capillary column HPLC system. The
samples (10 μL aliquots) were injected onto a 10 cm × 75 μm
inside diameter column packed with a C18 reversed phase
material (Phenomenex, Jupiter C18). The column was eluted at
a rate of 150 nL/min with a 75 min linear gradient of
acetonitrile in 0.1% formic acid. All collision-induced
dissociation (CID) spectra recorded were used to search the
mouse RefSeq database with the search program Mascot.
Matching CID spectra were interpreted manually to verify
proper assignment as an acetylated peptide.

Quantitative Proteomics Using SRM. The first type of
quantitative proteomics experiment was the analysis of
mitochondrial protein expression that specifically measured all
Krebs cycle enzymes in isolated mitochondria and whole heart
homogenates.20,21 A defined amount of bovine serum albumin
(BSA, 8 pmol) was added to samples containing 60 μg of total
protein and the mixture precipitated with ice-cold acetone
overnight. The protein pellet was dissolved at a concentration
of 1.0 μg/μL in Laemmli buffer and a 20 μL aliquot (20 μg
protein) run just 1.5 cm into a 12.5% SDS−PAGE gel (Bio-
Rad). The gel was then fixed and stained. For each sample, the
entire lane was cut, divided into smaller pieces, and washed to
remove the stain. The proteins contained in the gel were
reduced, alkylated, and digested with 1 μg of trypsin overnight
at room temperature. The peptides were extracted, dried, and
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reconstituted in 150 μL of 1% acetic acid for analysis. The
samples were analyzed on a triple-quadrupole mass spectrom-
etry system (ThermoScientific TSQ Vantage) with a splitless
capillary column HPLC system (Eksigent). The samples (10
μL aliquots) were injected onto a 10 cm × 75 μm inside
diameter column packed with a C18 reversed phase material
(Phenomenex, Jupiter C18). The column was eluted at a rate of
150 nL/min with a 60 min linear gradient of acetonitrile in
0.1% formic acid. Each Krebs cycle protein was detected and
quantified on the basis of the detection of three peptides
chosen and validated during a methodical development
process.20 The SRM data were analyzed using Pinpoint
(ThermoScientific) that determines the chromatographic peak
areas for each peptide. The total abundance of each set of three
peptides was used to calculate the abundance of the parent
protein by normalizing to the total abundance of three peptides
from the bovine serum albumin.
The second type of quantitative proteomics experiment

measured aconitase acetylation. For this assay, 20 μg of
mitochondrial protein was resolved in a full-length 12.5%
SDS−PAGE gel, fixed, and stained. The aconitase band at 85
kDa was cut from the gel, reduced, alkylated, and digested with
1 μg of trypsin overnight at room temperature. The peptides
were extracted, dried, and reconstituted in 50 μL of 1% acetic
acid for analysis. The samples were analyzed using SRM as
described above. The detection method for each peptide was
developed and optimized using samples from the in vitro
treatment of permeabilized mitochondria with ≤200 μM acetic
anhydride. The SRM data were analyzed using Pinpoint
(ThermoScientific) that determines the chromatographic peak
areas for each peptide. In each sample, acetylated peptide
abundances were normalized to the abundance of the
unmodified aconitase reference peptide VDVSPTSQR to
correct for minor differences in the amount of aconitase
protein among the different samples.22,23

Western Blot Analysis. Aconitase was detected in homoge-
nates of both whole heart homogenates and isolated
mitochondrial proteins with antibodies for aconitase in 5%
milk. Actetylated proteins were detected with an anti-
acetyllysine antibody (Cell Signaling) in 1% BSA. Primary
antibody binding was visualized using horseradish peroxidase-
conjugated secondary antibodies (Pierce) and SuperSignal
West Pico Chemiluminescent Substrate (ThermoScientific).
Aconitase Activity Assay. Aconitase enzyme activity was

measured as previously described.24 Briefly, aconitase activity in
mitochondrial samples was determined as the rate of NADP+

reduction (340 nm; ε = 6200 M−1 cm−1) by isocitrate
dehydrogenase after addition of 1 mM sodium citrate, 0.6 mM
MnCl2, 0.2 mM NADP+, and 1 unit/mL isocitrate dehydrogen-
ase. Assays were performed in a buffer containing 25 mM
MOPS and 0.05% Triton X-100 (pH 7.4).
Quantitative Reverse Transcription Polymerase Chain

Reaction (RT-PCR). Approximately 10 mg of heart tissue was
immediately frozen at harvest in liquid nitrogen and stored at
−80 °C. RNA was extracted using Roche Tripure reagent. The
RNA concentration was measured by absorbance (260 nm/280
nm ratio of >1.8 for all samples) on a NanoDrop 2000 UV−vis
spectrophotometer. RNA (1.0 μg) was converted to cDNA
(final volume of 20 μL) using the QuantiTect Reverse
Transcription kit (Qiagen). Quantitative PCR was performed
on a CFX96 thermocycler (Bio-Rad) with reaction mixtures
consisting of 1.0 μL of cDNA, a final concentration of each
primer of 125 nM, and iQ SYBR Green Supermix (Bio-Rad) in

a total volume of 20 μL. Technical duplicates were performed
for all samples. Relative transcript expression ratios were
calculated using CFX Manager Software version 2.1, and
statistics were generated with REST2009.25 The transcript
levels for target genes were normalized to three reference genes,
Gapdh, Sdha, and Hsp90ab1, determined to be stable between
dietary conditions using geNorm analysis.26 The respective
cDNA was amplified with the following primers: Aco2 76 bp
product, 5′-tgagtacatccgatatgacctgc-3′ (forward) and 5′-gagag-
taagaggccggttcaa-3′ (reverse); Gapdh 136 bp product, 5′-
atgttccagtatgactccactc-3′ (forward) and 5′-ggcctcaccccatttgatgt-
3′ (reverse); Sdha 106 bp product, 5′-ggaacactccaaaaacagacct-3′
(forward) and 5′-ccaccactgggtattgagtagaa-3′ (reverse);
Hsp90ab 1102 bp product, 5′-tcaaacaaggagattttcctccg-3′
(forward) and 5′-actgtccaacttagaagggtc-3′ (reverse).

In Vitro Acetylation. Mitochondria isolated from heart tissue
were permeabilized in 25 mM MOPS and 0.05% Triton X-100.
For the reactions with acetic anhydride, a pH of 7.4 was used
with mitochondria at 0.25 mg/mL treated with concentrations
of acetic anhydride of ≤200 μM for 10 min at room
temperature. For reaction with acetyl-CoA, a pH of 7.8 was
used with mitochondria at 0.5 mg/mL treated with 5 mM
acetyl-CoA for 5 min at room temperature.

SIRT3 Deacetylation. The isolated and permeabilized
mitochondria were incubated with recombinant human
SIRT3 (10 μg) and NAD+ (1 mM) for 15 min at room
temperature in a buffer of 50 mM Tris-HCl, 137 mM NaCl, 2.7
mM KCl, and 1 mM MgCl2 (pH 8). Control reactions were
performed in the absence of NAD+. The expression vector for
human SIRT3 was obtained from E. Verdin at the Gladstone
Institutes of the University of California (San Francisco, CA).

Computational Methods. The crystal structure of bovine
aconitase [Protein Data Bank (PDB) entry 1AMJ] was used as
a template to build a mouse model of aconitase using Modeler
software. The mouse aconitase model was then used to create
acetylated and unacetylated versions of aconitase using PyMOL
(The PyMOL Molecular Graphics System, version 1.7.2,
Schrödinger, LLC).

Statistics. All data are presented as means ± the standard
error of the mean (SEM). Statistical analyses were performed
using the two-tailed Student’s t test. Statistically significant
differences are defined as p values of <0.05.

■ RESULTS

In Vitro Acetylation of Heart Mitochondrial Proteins
with Acetic Anhydride Activates Aconitase. Acetylation is
reported to regulate metabolic enzymes through several
different mechanisms,27−33 but the role of acetylation in
regulating mitochondrial aconitase remains unknown. As an
initial test of the effect of acetylation on mitochondrial
aconitase, isolated mitochondria were treated with acetic
anhydride in vitro and aconitase enzyme activity was measured.
Acetic anhydride is a known acetylating reagent that we have
previously shown to be capable of acetylating mitochondrial
proteins.34 Here, a biphasic effect was seen with aconitase
activity increased significantly with acetic anhydride concen-
trations of ≤10 μM (Figure 1). The inactivation of aconitase at
higher acetic anhydride concentrations shows a narrow range of
effects of acetylation and the ability of protein acetylation to
either activate or inhibit protein function, depending on specific
reaction conditions. Nonetheless, acetic anhydride is a well-
characterized lysine acetylating reagent, making the increased
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activity at lower concentrations a clear demonstration of the
activating effect of acetylation on aconitase activity.
These in vitro reactions with acetic anhydride were also a

valuable resource for mapping the sites of acetylation on the
enzyme and developing the quantitative SRM methods used in
subsequent experiments. A total of 21 potential acetylation sites
on aconitase that were fairly distributed across the primary
sequence of the protein were identified (Table 1). A number of
other lysine residues were targeted as potential modification
sites during the development process, but the respective
acetylated peptides were not detected. For the acetyllysine
peptides that were detected, the combination of the measured
peptide molecular weight and fragmentation pattern seen in the
CID spectra clearly supported the confident assignment of the
modification site. This group of acetylation sites is also
consistent with the aggregate of acetylation sites on aconitase
reported in the various high-throughput proteomics experi-
ments but represents the first comprehensive quantitative
analysis of all known sites.
The identification experiments were the starting point for

developing a method to quantify all of the acetylated peptides
by SRM. This method was built and validated on the basis of
the peptide molecular weights, fragmentation patterns, and
chromatographic retention times seen in the qualitative
mapping experiments. A multistep process was used to develop
the SRM method as described previously.20 Briefly, an initial
version of the method was constructed using all possible b- and
y-ions for the acetylated peptides, including different charge
states. This initial version of the method was tested
experimentally using samples of heart mitochondria treated
with higher concentrations of acetic anhydride. The initial
method was edited to eliminate low-abundance fragment ions
that did not contribute to the overall signal intensities. As a final
step, the collision energy used for each fragmentation reaction
was also optimized experimentally. The method included a
number of unacetylated aconitase peptides that could be used
for normalization as described for the native reference peptide
method.22,23 The aconitase peptide (R)VDVSPSTQR was
selected as the reference peptide on the basis of the absence of
lysine in the sequence that may be affected by acetylation to
interfere with tryptic digestion. The SRM method was used to

quantify the complete set of acetylated peptides in all of the
subsequent experiments. The abundance of each peptide was
determined independently and normalized to the reference
peptide. The total acetylation of aconitase was taken as the
geometric mean of all acetylated peptides and normalized to
the reference peptide.
This quantitative SRM method was used to monitor the

extent of acetylation on aconitase in the mitochondria treated
with increasing concentrations of acetic anhydride. Figure 2A
shows the amount of acetylation for the 10 μM treatment at the
21 mapped acetylation sites. For these analyses, the chromato-
graphic peak area for each acetylated peptide was normalized to
the unmodified peptide VDVSPSTQR and shown in the figure
relative to untreated controls. Individual lysine residues on
aconitase exhibited differential susceptibility to this acetylation
reaction. Lysine residues K31, K138, K144, K401, K549, K689,
K700, K701, and K723 represent the most responsive sites with

Figure 1. Mitochondrial aconitase is activated by acetylation using
acetic anhydride. Isolated and solubilized mitochondria (0.25 mg of
protein/mL) were treated with the indicated concentrations of acetic
anhydride for 10 min at room temperature. Aconitase activity was
measured in a coupled reaction as the rate of NADP+ reduction by
isocitrate dehydrogenase with sodium citrate added as the substrate.
Values are presented as the means ± SEM (n = 3). Statistically
significant differences (p < 0.05) are designated with an asterisk.

Table 1. Acetylation Sites in Aconitase Mapped by Mass
Spectrometric Analysisa

acetylation
site peptide sequence

peptide
molecular
ion m/z,
charge

1 K31 AK[a]VAM*SHFEPSEYIR 608.3, +2
2 K50 YDLLEK[a]NINIVR 766.4, +2
3 K86 GK[a]TYLR 390.2, +2
4 K138 VAVPSTIHC*DHLIEAQVGGEK[a]

DLR
672.3, +4

5 K144 AK[a]DINQEVYNFLATAGAK 998.0, +2
6 K233 VIGVK[a]LTGSLSGWTSPK 886.5, +2
7 K309 YLSK[a]TGR 433.7, +2
8 K401 SAAVAK[a]QALAHGLK 469.6, +3
9 K411 C*K[a]SQFTITPGSEQIR 897.4, +2
10 K517 FNPETDFLTGK[a]DGK 805.9, +2
11 K523 FK[a]LEAPDADELPR 771.9, +2
12 K549 SDFDPGQDTYQHPPK[a]DSSGQR 802.0, +3
13 K591 GK[a]C*TTDHISAAGPWLK 595.3, +3
14 K628 GHLDNISNNLLIGAINIENGK[a]

ANSVR
930.2, +3

15 K689 AIITK[a]SFAR 524.8, +2
16 K700 IHETNLK[a]K 512.8, +2
17 K701 K[a]QGLLPLTFADPSDYNK 975.0, +2
18 K723 IHPVDK[a]LTIQGLK 502.0, +2
19 K730 LTIQGLK[a]DFAPGKPLK 590.0, +2
20 K736 DFAPGK[a]PLK 507.8, +2
21 K739 DFAPGKPLK[a]C*VIK 505.6, +3

unmodified VDVSPTSQR 494.8, +2
unmodified VAGILTVK 400.8, +2
unmodified NTIVTSYNR 534.3, +2
unmodified SQFTITPGSEQIR 732.4, +2

aIsolated mitochondria treated with ≤200 μM acetic anhydride were
reduced, alkylated, and digested with trypsin. The digests were
analyzed using combinations of unbiased data-dependent methods
with database searches designed to find acetylated peptides and
targeted analysis based on previously identified acetylation sites. For
each site, the resulting collision-induced dissociation (CID) spectra
were interpreted manually to verify correct assignment of the peptide
and acetylation position. The acetylated peptides were incorporated
into the quantitative selected reaction monitoring methods used to
quantify acetylation in subsequent experiments, with the additional
unmodified peptide used for normalization. K[a] designates an
acetylated lysine residue. M* designates an oxidized methionine
residue. C* designates a carboxyamidomethylated cysteine residue.
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acetylation increased >16-fold with 10 μM acetic anhydride
treatment. The quantitative mass spectrometry data were also
used to measure total acetylation on aconitase and found
increased total acetylation with increasing concentrations of
acetic anhydride (Figure 2B). With a 10 μM acetic anhydride
treatment, a 10-fold increase in total aconitase acetylation was
observed, which increased to 40-fold at 25 μM. The dose-
dependent increases in total acetylation were also confirmed
through Western blot analysis using an anti-acetyllysine
antibody (data not shown). These in vitro findings show that
mitochondrial aconitase can be activated through acetylation
and demonstrate the effectiveness of the SRM method used to
quantify acetylation on aconitase at each of the sites mapped
along with the total acetylation.
In Vitro Acetylation with Acetyl-CoA Activates

Mitochondrial Aconitase. Mitochondria are the primary
sites of carbon utilization with a corresponding generation of
acetyl-CoA through metabolism of these energetic substrates.
This acetyl-CoA production supports a scenario in which
acetylation of mitochondrial proteins occurs nonenzymatically
using acetyl-CoA generated by lipid metabolism.10−13,27,35,36

The potential for nonenzymatic acetylation via acetyl-CoA is
further enhanced by the unique pH conditions in the
mitochondrial matrix, and an alkaline pH in the range of
7.7−8.2 is suitable for this reaction.27,37,38

To test the ability of pH conditions in the mitochondrial
matrix to activate mitochondrial aconitase via acetyl-CoA-
driven acetylation, detergent-solubilized heart mitochondria
were incubated at pH 7.8 with 5 mM acetyl-CoA followed by
aconitase activity assays and SRM analyses. Mitochondrial
aconitase activity increased by 45% with this treatment (Figure
3A). Mass spectrometric analyses found a 4-fold increase in

total lysine acetylation of aconitase (Figure 3B), which was
confirmed by Western blot using anti-acetyllysine antibody
(data not shown). Similar to the acetic anhydride treatment,
increased acetylation was seen with acetyl-CoA for most, but
not all, of the mapped lysine residues on mitochondrial
aconitase. Further, the extent of modification varied consid-
erably, with increases ranging from no change to a 40% increase
in the extent of modification (Figure 3C). These data show that
treatment of aconitase with physiologically relevant acetyl-CoA
concentrations and an alkaline pH increased lysine acetylation
at multiple sites and activated aconitase enzyme activity.
Through the combined results of the in vitro acetylation

experiments with acetic anhydride and acetyl-CoA, and the
quantitative SRM analyses, a series of favored acetylation sites
emerged. These sites are K31, K144, K401, K549, K689, K700,
K701, and K723. These sites are considered favored on the
basis of the rapid dose response increase with the acetic

Figure 2. Differential acetylation by acetic anhydride is seen for the 21
acetylation sites identified in mitochondrial aconitase. (A) Abundance
of the individual acetylated peptides measured by selected reaction
monitoring. Data are presented for permeabilized mitochondria
treated with 10 μM acetic anhydride for 10 min at room temperature.
A log 2 scale is used for the y-axis where a value of 1 represents no
change from control. (B) Dose-dependent increase in total aconitase
acetylation. These values are determined as the geometric mean of the
normalized abundance of the complete group of acetylated peptides at
each acetic anhydride concentration. A log 2 scale is used for the y-axis
where a value of 1 represents no change from control. Each value is the
mean ± SEM (n = 3). Statistically significant differences (p < 0.05) are
designated with an asterisk.

Figure 3. Metabolic intermediate acetyl-CoA acetylates mitochondrial
aconitase and increases its activity. Isolated and solubilized
mitochondria were treated with 5 mM acetyl-CoA for 5 min at
room temperature. (A) Aconitase activity in mitochondria treated with
acetyl-CoA compared to untreated controls. (B) Quantification of the
total acetylation status of aconitase measured by selected reaction
monitoring of the acetylated peptides. The total acetylation measure-
ment is determined as the geometric mean of the normalized
abundance of all 21 acetylated peptides. Data are presented relative to
the average of the untreated controls. (C) Abundance of the individual
acetylated peptides measured by selected reaction monitoring. Data
are presented relative to untreated controls. A log 2 scale is used for
the y-axis where a value of 1 represents no change from control. All
values are presented as means ± SEM, where an asterisk indicates a
significant increase in treated relative to untreated mitochondria (p <
0.05; n = 6).
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anhydride treatment and the magnitude of the increase with the
acetyl-CoA treatment as determined by the SRM analyses.
Aconitase Activity and Acetylation Increases in

Hearts of Mice Fed a High-Fat Diet. A high level of dietary
fat drives increased fatty acid oxidation and increased
mitochondrial protein acetylation.9,35−40 The effect of these
high-fat diets on mitochondrial aconitase, however, has not
been described in these reports. We have previously used a
mouse model of diet-induced obesity to determine the effects
of high-fat diet and obesity on mitochondrial function in the
heart.41−43 This mouse model was used here to examine the
physiologic relevance of the changed aconitase activity and
acetylation seen in the in vitro experiments. For these
experiments, mice were fed either a high-fat or control low-
fat diet for varying periods of time, heart mitochondria isolated,
and functional characteristics of aconitase analyzed, and the
acetylation status was measured. Mitochondrial aconitase
activity in the hearts of mice fed a high-fat diet increased at 2
weeks and remained 50−60% elevated for up to 50 weeks on
the diet (Figure 4A). Mitochondrial aconitase message levels

were measured by quantitative RT-PCR, and protein levels
were measured by SRM and Western blotting to determine if
the increase in activity was due to increased expression. No
changes were seen in either mRNA (Figure 4B) or protein
(Figure 4C,D) at any time tested over the 50 week experiment.
These data show that the mitochondrial aconitase is activated in
vivo under conditions that have been linked to increased acetyl-
CoA production and increased protein acetylation.

Kinetic analysis of mitochondrial aconitase isolated from
mice receiving the different diets was used to examine the
nature of the increased aconitase activity (Figure 5). These

analyses found a 36% increase in Vmax with the high-fat diet
versus the control diet [from 242 ± 26 nmol min−1 (mg of
protein)−1 in control to 330 ± 35 nmol min−1 (mg of
protein)−1 with the high-fat diet (p < 0.05; n = 5)] with no
change in KM (both at 22 ± 3 μM). These results show that
heart mitochondrial aconitase activity is increased by the high-
fat diet, without an increase in expression, because of the higher
catalytic efficiency of the enzyme.
Additional experiments tested the reversibility of the

aconitase activation by returning mice fed a high-fat diet for
2 weeks to a control low-fat diet for 1 week. With this return to
the low-fat diet, mitochondrial aconitase activity returned to
control levels (Figure 6A) with no change in protein
expression. Quantitative mass spectrometry using SRM
measured a significant increase in total lysine acetylation of
aconitase (Figure 6B). Individual lysine residues on aconitase
exhibited differential susceptibility to acetylation, with increased
acetylation at K144, K401, K523, K689, and K730 (among
others) in response to 2 weeks on the high-fat diet. Returning
the animals to a low-fat diet reduced the increased acetylation,
with several sites returning to control levels (Figure 6C). These
data provide direct evidence that heart mitochondrial aconitase
is acetylated in response to a high level of dietary fat. Further,
aconitase activity returned to control when the animals were
taken off the high-fat diet with corresponding decreases in the
acetylation at many but not all of the sites.

SIRT3 Reverses High-Fat Diet-Induced Acetylation
and Aconitase Activation. In the mitochondria, SIRT3 is the
major deacetylase. SIRT3 knockout has been found to alter
acetylation on a large number of mitochondrial proteins.1−6

Mitochondrial aconitase has been identified as a target of
SIRT3 through peptide microarray studies16 and SIRT3
knockout studies.1−6 However, the effect of SIRT3 deacetyla-
tion on aconitase activity in response to high dietary fat is not
known. Hence, we examined the ability of SIRT3 to deacetylate
mitochondrial aconitase from mice fed a high-fat diet using
recombinant SIRT3. Solubilized heart mitochondria isolated
from mice fed a high-fat or control diet for 2 weeks were
incubated with SIRT3 in the presence or absence of the
cofactor NAD+. As seen in Figure 7A, the increased
mitochondrial aconitase activity observed after a high-fat diet

Figure 4. Mitochondrial aconitase activity increases in the cardiac
tissue of mice fed a high-fat diet for extended amounts of time. Mice
were fed a high-fat or control low-fat diet for up to 50 weeks, as
indicated, and hearts were processed for functional analyses of
mitochondrial aconitase. (A) Relative activity of aconitase in
mitochondria from hearts of mice fed a high-fat diet normalized to
the control diet. (B) Corresponding mRNA levels by quantitative RT-
PCR. (C) Corresponding protein content determined by mass
spectrometry. (D) Western blot analysis and densitometry for the
expression of aconitase in high-fat vs control diet for 2 weeks. All data
are presented as means ± SEM, where an asterisk indicates a
statistically significant increase in mice fed the high-fat diet vs mice fed
the control low-fat diet at each time (p < 0.05; n = 5).

Figure 5.Mitochondrial aconitase isolated from mice on a high-fat diet
has an increased Vmax. Lineweaver−Burk plot for the kinetic analysis of
mitochondrial aconitase from hearts of mice fed a high-fat diet vs a
control diet. These data were used to determine the Km and Vmax of
the enzyme.
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for 2 weeks was abolished by treatment with SIRT3 and NAD+.
The SIRT3 deacetylation also reduced aconitase activity in
control animals consistent with a contribution of acetylation to
the enzyme activity under normal diet conditions. While no
measurable effect on total acetylation could be seen with the
SIRT3 treatment (Figure 7B), treatment with the complete
SIRT3 and NAD+ activity did reduce acetylation at a subset of
the lysine acetylation sites, with K50, K86, K144, and K233 all
showing significant reductions (Figure 7C). These findings
confirm that the activation of aconitase seen in vivo with the
high level of dietary fat is due to acetylation of the enzyme and
that SIRT3 has the ability to reverse this activation at specific
sites.

■ DISCUSSION
It is clear from the multiple high-throughput proteomics
analyses that a large number of mitochondrial proteins are

acetylated. Functional validation of these results, however, has
been a vital issue with only a limited number of reports
investigating the effect on function and no reports of
acetylation-dependent effects on aconitase activity. Among
the few proteins in which function has been assessed,
acetylation is most often associated with enzyme inhib-
ition.44−49 Isocitrate dehydrogenase and succinate dehydrogen-
ase are examples of Krebs cycle enzymes inhibited by
acetylation. Increased enzyme activity with acetylation has
been observed for a small number of enzymes.7,27−30 Both the
cytosolic and mitochondrial forms of malate dehydrogenase,
another Krebs cycle enzyme, are examples of enzymes that are
activated by acetylation.7,28 This study expands the link
between acetylation status and function by showing an

Figure 6. Increased mitochondrial aconitase activity and protein
acetylation seen with 2 weeks on a high-fat diet are reversed by return
to a low-fat diet. Heart mitochondria were isolated from mice fed
either a control low-fat diet for 2 weeks, a high-fat diet for 2 weeks, or
a reversal diet of a 2 week high-fat diet followed by a 1 week low-fat
diet. (A) Aconitase activity in isolated mitochondria. (B) Total
aconitase acetylation measured by selected reaction monitoring and
determined as the geometric mean of the abundance of the 21
acetylated peptides. All values are presented as means ± SEM, where
the asterisk indicates a significant increase relative to the animals on
the control low-fat diet (p < 0.05; n = 5). (C) Abundance of selected
acetylated peptides measured by selected reaction monitoring. For
each acetylation site, the data are presented relative to the control low-
fat diet for the high-fat diet and reversal diet. All values are presented
as means ± SEM. A log 2 scale is used for the y-axis where a value of 1
represents no change from control. Lysine acetylation sites indicated
with an asterisk had statistically significant increases (p < 0.05; n = 5)
on the high-fat diet that were reduced to control values with the
reversal diet. Sites indicated with a hash (#) had statistically significant
increases (p < 0.05) on the high-fat diet that remained significantly
increased with the reversal diet.

Figure 7. SIRT3-mediated deacetylation reduces the activity of
mitochondrial aconitase. (A) Mitochondrial aconitase activity in hearts
of mice fed a high-fat and control diet with treatment with
recombinant SIRT3 in the presence or absence of the cofactor
NAD+. The four groups shown are control diet, control diet treated
with both SIRT3 and NAD+, high-fat diet treated with SIRT3 but
without NAD+, and high-fat diet treated with both SIRT3 and NAD+.
(B) Quantification of the total aconitase acetylation in these same four
groups. For panels A and B, the values are presented as means ± SEM,
where the asterisk indicates a significant difference between the
indicated groups (p < 0.05; n = 5). (C) Abundance of selected
acetylated peptides measured by selected reaction monitoring. For
each acetylation site, the data are presented relative to the control low-
fat diet for the high-fat diet mitochondria (red bars) and high-fat diet
mitochondria treated with SIRT3 and NAD+ (yellow bars). All values
are presented as means ± SEM. A log 2 scale is used for the y-axis
where a value of 1 represents no change from control. Lysine
acetylation sites indicated with an asterisk had statistically significant
increases (p < 0.05; n = 5) on the high-fat diet that were significantly
reduced when the mitochondria were treated with the active SIRT3
system (SIRT3 and NAD+). Sites indicated with a hash (#) had
statistically significant increases (p < 0.05) on the high-fat diet that
were not significantly reduced when the mice were treated with the
active SIRT3 system.
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important Krebs cycle enzyme, aconitase, is activated in
response to acetylation in vivo by a high-fat diet in vivo.
We used a variety of experimental conditions to build an

argument for the importance of acetylation at specific sites in
aconitase. In addition to those analytical data, one would
speculate that if a specific lysine residue was an acetylation
target needed to regulate an important enzyme activity, then
that lysine would be conserved across a range of species.
Sequence alignments found 7 of the 21 lysines we measured as
acetylation sites are conserved across diverse animal species
ranging from human to fly and including representative
primate, rodent, amphibian, reptile, and fish species. These
sites are K144, K411, K591, K689, K700, K701, and K736. In

this group of conserved lysines, only K144 and K689 responded
with acetylation changes that reflected the activity changes
under all conditions tested. K144 and K689 were acetylated by
treatment with both acetic anhydride and acetyl-CoA. These
lysine residues also had increased acetylation in mitochondria
from mice fed a high-fat diet, with reduced acetylation when the
mice returned to the control low-fat diet. However, only K144
acetylation was reduced by SIRT3 treatment, consistent with
the decreased aconitase activity that the SIRT3 produces. The
sequence alignment for K144 is shown in Table 2. It has been
proposed that regulatory lysines have perturbed pKa values that
increase their susceptibility to acetylation.27 These perturbed
pKa values could result from flanking positively charged

Table 2. Alignment of Selected Regions of the Aconitase Sequences To Illustrate the Conservation of K144 and Q541a

aRegions including the K144 acetylation site and the interacting glutamine residue Q541. The numbering of the amino acids is based on the mouse
sequence. Species and NCBI GI accession numbers included are as follows: human, 4501867; chimp, 694983472; mouse, 18079339; rat, 40538860;
dog, 73968966; pig, 47522738; chicken, 24637100; fish, 38707983; frog, 147904130; snake, 602637826; beetle, 91088677; and fly, 17864292.

Figure 8. Modeling of the interaction between K144 and Q541. A portion of the hinge region of the mouse aconitase structural model based on the
bovine aconitase structure (PDB entry 1AMI) is shown with a semitransparent van der Waals surface except for the side chain at K144 with either
lysine or acetylated lysine, each of which is shown as sticks. Q541 is represented in both with a semitransparent van der Waals surface and stick
representation. The filling of the gap, presumed to be in the native structure, by the acetyl group on acetylated lysing is represented by the closing of
the interatomic distances as shown.
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residues. Because K144 and K689 are in the proximity of this
type of flanking arginine residue, the lowered-pKa theory might
explain the propensity of these lysines to be acetylated. The
demonstration that aconitase acetylation and activity are
modulated in vivo in a mouse model of diet-induced obesity
is a new contribution to the link among protein acetylation,
changes in protein function, and changes in metabolism.
Kinetic analysis of mitochondrial aconitase from the hearts of
mice in that study showed the high-fat diet produced a
fundamental alteration in enzyme function as seen in the
significant increase in Vmax.
Analysis of the three-dimensional structure of aconitase

predicts that K144 interacts with Q541 (Figure 8), which is in
the hinge region of the protein that allows the swivel domain to
change conformations as the enzyme interacts with the
substrate. As shown in Table 2, Q541 is also highly conserved.
Acetylation of K144 fills this space and narrows the distance
from 6.1 to 4.1 Å. The resulting perturbation has the potential
to alter the flexibility of this region. One would predict on the
basis of the increased Vmax seen with acetylation, that the
altered flexibility enhances substrate accessibility of the active
site to increase the rate of the reaction. Unfortunately, aconitase
is not amenable to traditional site-directed mutagenesis
experiments that might prove this link exists because of the
difficultly in reconstituting the iron−sulfur center needed to
express an active enzyme. Additionally, while these experiments
monitored acetylation at a large number of lysine residues, not
all lysines were amenable to mass spectrometric detection. This
gap leaves the possibility that the exact picture of aconitase
acetylation is incomplete.
The effects of acetylation on mitochondrial aconitase raise

the broader question of the significance of acetylation-mediated
aconitase activation for metabolism in the heart. Given the
central role of aconitase in citrate metabolism, it is intriguing to
consider the possibility that acetylation-dependent activation of
aconitase may represent a mechanism for sensing nutrient
availability and modifying mitochondrial substrate selection. In
the cytoplasm, citrate is a regulator of fatty acid oxidation
through the allosteric activation of acetyl-CoA carboxylase
(ACC) with downstream effects of mitochondrial fatty acid
uptake by carnitine pamitoyltransferase (CPT1).17,50 Thus, the
increased citrate utilization driven by the 30−60% increase in
aconitase activity in the mitochondria could reduce citrate efflux
and promote β-oxidation via increased fatty acid uptake. This
scenario would represent a means for mitochondria to sense
changes in nutritional status and increase the use of fatty acid
oxidation for energy production when lipids are available.
In summary, this study used multiple approaches to identify

and characterize a novel role of lysine acetylation in regulating
aconitase activity in heart mitochondria. The key result seen
throughout was an increase in aconitase activity with increased
acetylation. We developed a label free quantitative mass
spectrometry assay using SRM that selectively quantified the
peptides containing the acetylated lysine residues and used this
method to determine the dynamics of aconitase acetylation in
vitro and in vivo. In vitro acetylation with acetyl-CoA detected a
subset of the identified acetylation sites that increased
significantly with treatment and were reversed with the
SIRT3 treatments. This same quantitative pattern was also
seen in aconitase isolated from heart mitochondria of mice that
were fed a high-fat diet. Importantly, aconitase acetylation and
activity returned to control levels when those mice were
returned to a low-fat diet, strengthening the link to the high-fat

diet. Overall, these data directly link acetylation to a change in
aconitase function in vivo that increases the activity of the
enzyme.
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