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Background: The mechanisms initiating protein acylation in mitochondria are unknown.
Results:The pH and acyl-CoA concentrations of themitochondrial matrix are sufficient to cause protein lysine acetylation and
succinylation.
Conclusion: Protein acylation in mitochondria may be a nonenzymatic event facilitated by the alkaline pH and high acyl-CoA
concentrations.
Significance: The mitochondrial deacylases SIRT3 and SIRT5 may have evolved to regulate nonenzymatic protein acylation.

Alterations in mitochondrial protein acetylation are impli-
cated in the pathophysiology of diabetes, the metabolic syn-
drome, mitochondrial disorders, and cancer. However, a viable
mechanism responsible for the widespread acetylation in mito-
chondria remains unknown. Here, we demonstrate that the
physiologic pH and acyl-CoA concentrations of the mitochon-
drial matrix are sufficient to cause dose- and time-dependent,
but enzyme-independent acetylation and succinylation ofmito-
chondrial and nonmitochondrial proteins in vitro. These data
suggest that protein acylation in mitochondria may be a chemi-
cal event facilitated by the alkaline pH and high concentrations
of reactive acyl-CoAs present in the mitochondrial matrix.
Although these results do not exclude the possibility of enzyme-
mediated protein acylation in mitochondria, they demonstrate
that such a mechanismmay not be required in its unique chem-
ical environment. These findings may have implications for the
evolutionary roles that the mitochondria-localized SIRT3
deacetylase andSIRT5desuccinylase have in themaintenanceof
metabolic health.

Reversible lysine acetylation is a post-translational mecha-
nism that regulates diverse cellular processes in prokaryotes
and eukaryotes (1–3). In the mammalian nucleus and cytosol,
protein acetylation is regulated via the opposing actions of
lysine acetyltransferases and lysine deacetylases. In contrast,
mitochondria contain one known enzyme with deacetylase
activity, the NAD�-dependent sirtuin family member SIRT3.
SIRT3 globally deacetylates mitochondrial proteins, 65% of

which are acetylated at nearly 2,200 sites (4). Focused studies
indicate that excess mitochondrial acetylation is detrimental to
multiple processes of oxidative and intermediary mitochon-
drial metabolism and is implicated in the pathophysiology of
diabetes, the metabolic syndrome, cardiac hypertrophy, mito-
chondrial dysfunction, and cancer (4–11). Despite the perva-
sive nature of acetylation in mitochondria and its implications
for human disease, a viable mechanism responsible for initiat-
ing protein acetylation in this organelle remains unknown. Sim-
ilarly, protein lysine succinylation was recently identified in
mitochondria, but the mechanism initiating protein succinyla-
tion is unknown (12).
Consistent with rapid kinetics characteristic of enzymes,

histone acetyltransferase and histone deacetylase-mediated
changes in global histone acetylation can occur over a period of
minutes (13, 14). In contrast, a review of the published experi-
mental conditions in which mitochondrial protein hyperacety-
lation is observed (see Table 1) indicates that this phenotype
develops gradually over a longer time period, e.g. days or weeks,
suggesting a differentmechanism responsible for protein acety-
lation in mitochondria.
The physiologic conditions of the mitochondrial matrix are

distinct from those of any other cellular compartment (Fig. 1A).
As the primary site of cellular carbon utilization, mitochondria
generate between 0.1 and 1.5mM steady-state concentrations of
acetyl-CoA, which is 3–50 times higher than that of the cytosol
and nucleus according to current estimates in yeast (15–17).
Additionally, due to the extrusion of H� ions across the inner
mitochondrial membrane to generate a proton-motive force,
the pH of the mitochondrial matrix is maintained at 7.9–8.0,
which corresponds to a 6.3-fold greater hydroxide (OH�) ion
concentration than the cytosol and nucleus, which maintain a
pH of 7.2 (18).
Review of evidence from kinetic characterization of acetyl-

transferases suggests that nonenzymatic acetylation may occur
in the unique conditions of themitochondrialmatrix.Members
of the GCN5-related N-acetyltransferase (GNAT) superfamily
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of enzymes employ a general base catalyst to deprotonate the
positively charged �-amino group of a lysine residue on the
accepting protein, which is then primed for a nucleophilic
attack on the carbonyl carbon of the acetyl group in acetyl-CoA
(19, 20). This displaces the thioester bond, leaving free coen-
zyme A and an N�-acetyl-lysine. Predictably, mutating the cat-
alytic base of GCN5 abolishes acetyl transfer, but more impor-
tantly, the rate of acetyl transfer to histone substrate can be
nearly completely recovered in the absence of enzyme merely
by increasing the pH of the reaction buffer (19). Thus, chemical
(nonenzymatic) acetylation of lysine residues is energetically
favorable provided that acetyl-CoA is present and the pH is
alkaline, conditions that are both satisfied by the chemical
milieu of the mitochondrial matrix (5, 21). Furthermore, non-
enzymatic lysine acetylation shares an analogous chemical
mechanism with other endogenous nonenzymatic lysine mod-
ifications including glycation and carbamylation (Fig. 1B).

Here, we demonstrate that the minimal chemical conditions
of the mitochondrial matrix are sufficient to cause nonenzy-
matic protein lysine acetylation. Furthermore, we broaden
these findings by demonstrating that this distinct chemical
environment also promotes nonenzymatic protein succinyla-
tion by succinyl-CoA, suggesting that this post-translational
mechanism may extend to several short-chain acyl-CoA inter-
mediates present within mitochondria. To our knowledge, this
is the first study to systematically demonstrate that the chemi-
cal conditions of the mitochondrial matrix are sufficient to
cause nonenzymatic acylation of proteins, which provides a via-
blemechanism for the pervasive protein acylation in this organ-
elle and, perhaps, an evolutionary basis for the mitochondria-
localized SIRT3 deacetylase and SIRT5 desuccinylase.

EXPERIMENTAL PROCEDURES

Mitochondrial Isolation—Fresh tissue (100–200 mg) from
wild-type mice on an inbred mixed C57BL/6J x 129/Sv-ter
background was dissected and immediately immersed in ice-
cold mitochondrial isolation buffer (220 mM mannitol, 70 mM

sucrose, 30 mM Tris-Cl (pH 7.4), 0.5 mM EGTA, and 0.1% BSA)
supplemented with an EDTA-free protease inhibitor mixture

(Roche Applied Science). Tissue was briefly minced with a
razor blade and then homogenized in 1:5 w/v mitochondrial
isolation buffer with a 2-ml handDounce homogenizer (liver�
10 passes). Mitochondria were then isolated using a standard
differential centrifugation method as described previously (22)
and then resuspended and frozen in nondenaturing buffer con-
taining 50mMTris-Cl (pH 8.0 at 37 °C), 150mMNaCl or 50mM

HEPES (pH 8.0), 150 mM NaCl at 1.50 �g/�l. For experiments,
mitochondria were thawed on ice, sonicated twice for 15 s each
on ice, and then cleared by centrifugation at 12,000 � g for 10
min. Supernatants containing soluble mitochondrial protein
were used for in vitro assays described below. Protein concen-
tration was determined via the BCA method.
In Vitro Incubation of Mitochondrial Protein and BSA with

Acetyl-CoA, Succinyl-CoA, and Western Blotting—A 48 mM

solution of acetyl-CoA (Sigma) and a 100 mM solution of
sodium acetate were each made in 50 mM Tris-Cl, 150 mM

NaCl, and adjusted to pH 8.0 at 37 °C. Serial dilutions were
madeusing 50mMTris-Cl (pH8.0 at 37 °C), 150mMNaCl as the
diluent. Twenty microliters of the appropriate dilution was
added to 20 �l of soluble mitochondrial protein (1.5 �g/�l) in
50 mM Tris-Cl (pH 8.0 at 37 °C), 150 mM NaCl to achieve the
desired concentration of acetyl-CoA or acetate. Total reaction
volumes of 40�l were incubated for 6 h at 37 °C at 400 rpm in an
Eppendorf Thermomixer unless otherwise indicated. Reaction
tubes were briefly centrifuged during the incubation to mini-
mize condensation. For denatured protein experiments, solu-
ble liver mitochondrial protein was heated at 95 °C for 10 min
and cooled on ice prior to the addition of acetyl-CoA. To test
for competitive inhibition by CoA, a 12 mM solution of CoA
(Sigma)wasmade in 50mMTris-Cl, 150mMNaCl, and adjusted
to pH 8.0 at 37 °C. Dilutions of this CoA solution and acetyl-
CoA solutions were added to 30 �g of native mitochondrial
protein in 50 mM Tris-Cl (pH 8.0 at 37 °C), 150 mM NaCl to
achieve the desired concentrations in a final volume of 40 �l
and then incubated for 6 h at 37 °C and 400 rpm in an Eppen-
dorf Thermomixer. For BSA experiments, 2 �g/�l solutions of
nonacetylated, fatty acid-free BSAweremade in 50mMTris-Cl,

FIGURE 1. A, schematic highlighting the unique chemical environment of the mitochondrial matrix. Both the pH and the acetyl-CoA concentration of the
mitochondrial matrix are considerably higher than the cytosol and nucleus (pH 8.0 versus pH 7.2, and 0.1–1.5 mM versus 3–30 �M. B, nonenzymatic acetylation
is mechanistically analogous to other endogenous nonenzymatic lysine modifications such as glycation and carbamylation. In each example, the mechanism
involves a primary amine performing a nucleophilic attack on the carbonyl carbon of the endogenous metabolite.
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150 mM NaCl and adjusted to pH 6.0, 7.0, or 8.0 at 37 °C.
Twenty microliters of each BSA solution was added to 20 �l of
a 3 mM solution of acetyl-CoA or 1 mM succinyl-CoA adjusted
to the samepH for final conditions of 40�l total volume, 1.5mM

acetyl-CoA or 0.5mM succinyl-CoA, and 1�g/�l BSA in 50mM

Tris-Cl, 150 mM NaCl at pH 6, 7, or 8. BSA reactions were
incubated for 9 h as described earlier, or for 6 h for succinyl-
CoA. Following the incubations, loading buffer was added, and
the samples were separated by SDS-PAGE, transferred to nitro-
cellulose membrane, blocked, and probed with a polyclonal
acetyl-lysine antibody (Cell Signaling) or a polyclonal succinyl-
lysine antibody (PTMBiolabs, Inc.) andmonoclonal antibodies
against succinate dehydrogenase iron-sulfur subunit (SDHB)
and Complex III Rieske protein (UQCRFS1)(Mitosciences/Ab-
cam). Signal was visualized with HRP-conjugated polyclonal
goat-anti-rabbit or goat-anti-mouse secondary antibodies and
SuperSignal Pico West chemiluminescent substrate (Pierce)
with exposure to x-ray film. The pH was adjusted with an Oak-
ton 1100 series digital pH and temperature meter or Corning
pH meter 240 electrode calibrated to the same set of Fisher
Scientific buffer solution standards.
Immunoprecipitation—Mitochondrial protein extracts were

prepared as described above, and 120 �g per sample was incu-
bated with or without 1.5 mM acetyl-CoA at pH 8.0 and 37 °C
for 4 h. After incubation, the samples were diluted 1:10 in 50
mM HEPES (pH 7.1), with 150 mM NaCl, and 25 �l of acetyl-
lysine antibody-conjugated agarose beads (ImmuneChem) was
added to each sample followed by incubation for 18 h at 4 °C
with gentle rocking. Beadswere centrifuged at 400� g for 1min
at 4 °C, and the supernatant was decanted. The beads were
washed three times for 5 min in 250 �l of 50 mM Tris-Cl (pH
7.25), 150 mMNaCl, 1 mM EDTA, 0.1% Nonidet P-40, and then
boiled in loading buffer prior to SDS-PAGE.
InVitro SIRT3DeacetylationAssay—Soluble livermitochon-

drial protein (30 �g) was incubated in the following final reac-
tion conditions: 48.4 mM Tris-Cl (pH 8.0 at 30 °C), 162 mM

NaCl, 5.7% glycerol, 1.1 mM MgCl2, 5.7 mM NAD�, � 7.2 mM

acetyl-CoA, � 3 �g of GST-hSIRT3, � 10 mM nicotinamide in
a total volume of 70 �l. Reactions were incubated for 4 h at
30 °C in an Eppendorf Thermomixer set to 400 rpm. Reactions
were briefly centrifuged at 2 h to minimize reaction condensa-
tion. Reactionswere stoppedwith the addition of loading buffer
and resolved with a 12% SDS-PAGE followed by immunoblot-
ting with acetyl-lysine and Complex III Rieske protein antibod-
ies as described earlier and a polyclonal SIRT3 antibody (Cell
Signaling).
Acetyl-lysine Sequence Motif Analysis Using iceLogo—The

flanking sequence data for acetyl sites was manually retrieved
from UniProt. Using supplemental data from Hebert et al. (4),
the 40 sites with evidence of mitochondrial localization under-
going the greatest statistically significant -fold changes (p �
0.05, Welch’s t test with Storey correction) in acetylation in
response to SIRT3 deletion (SIRT3 KO-Control Diet/WT-
Control Diet) were compared with 40 sites with evidence of
mitochondrial localization undergoing smaller statistically sig-
nificant -fold changes (Welch’s t test with Storey correction) in
acetylation in response to SIRT3 deletion. Flanking sequence

data were uploaded to iceLogo, and graphs were generated in
filled logo mode.
PROPKA Analysis—Crystal structure data for the pig mito-

chondrial proteinsmalate dehydrogenase 2, succinate CoA ligase,
citrate synthase, aconitase 2, and succinate dehydrogenase (Pro-
tein Data Bank IDs: 1MLD, 2FP4, 3ENJ, 1B0J, and 1ZOY) repre-
senting 74 distinct acetylation sites (as described in Ref. 4) were
uploaded into the PROPKA 3.1 web interface (23, 24). The corre-
sponding lysine residues for thehomologousmouse proteinswere
determined through alignment in UniProt.
Image Analysis—Integrated densitometries of Western blot

exposures were calculated using ImageJ. Schematics and fig-
ures were generated using ChemBioDraw Ultra 12.0 and
Microsoft PowerPoint.

RESULTS

Nonenzymatic Acetylation in the Chemical Conditions of the
Mitochondrial Matrix—To test the hypothesis that mitochon-
drial N�-acetylation occurs chemically, we incubated soluble
livermitochondrial proteins in nondenaturing bufferwith vary-
ing concentrations of acetate or acetyl-CoA at pH 8.0, the pH of
the mitochondrial matrix. After incubatingmitochondrial pro-
teins in 50 mM acetate for 5 h, there was no change in protein
acetylation (data not shown). In contrast, incubatingmitochon-
drial proteins with low mM concentrations of acetyl-CoA gen-
erated dose- and time-dependent increases in lysine acetylation
(Fig. 2, A–E). We reasoned that if a mitochondria-localized
enzyme were responsible for this acetylation, then denaturing
themitochondrial extracts prior to incubating with acetyl-CoA
would eliminate the acetyltransferase activity. In contrast, if the
observed increase in acetylation were nonenzymatic, then pro-
tein denaturation might promote acetylation by increasing the
number of solvent-accessible lysines available to react with
acetyl-CoA. Strikingly, and consistent with the latter hypothe-
sis, our data show that heat-induced denaturation of the mito-
chondrial extracts resulted in a dose- and time-dependent
increase in lysine acetylation, which was substantially greater
relative to the native (unheated) state (Fig. 2, A–E). Incubating
native and denatured cardiac mitochondrial protein with
acetyl-CoA generated identical results (data not shown). The
increase in acetylation was not caused by the denaturation
process as evinced by loss of acetylation while incubating dena-
tured protein under acidic conditions (Fig. 2F). The observed
lysine acetylation was equally robust in non-amine-containing
buffers, was unaffected by buffer concentration, and was
directly related to protein content (data not shown).
Although the increase in N�-acetylation in the denatured

state showed that robust acetyl transfer can occur in the
absence of a functional enzyme in these conditions, it did not
exclude the possibility of enzyme-mediated acetylation in the
native state. Acetyltransferases in the GCN5 and MYST fami-
lies are competitively inhibited by their product, coenzyme A,
with inhibition constants in the lowmicromolar range (14, 25).
Protein acetyltransferases outside the GCN5 and MYST fami-
lies are predicted to undergo competitive inhibition because of
their structurally conserved CoA-binding domains (20). Thus,
if a protein acetyltransferase were responsible for acetyl trans-
fer in the native state, it would likely be competitively inhibited
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in the presence of CoA. As shown in Fig. 3A, increasing the
concentration of CoA to double that of acetyl-CoA had no
effect on the protein acetyl transfer reaction. This result sug-
gests that acetyl transfer under native protein conditions is not
competitively inhibited by CoA, and most likely occurs inde-
pendently of CoA binding.

If protein acetylation in mitochondria is nonenzymatic, then
the minimal chemical conditions of the mitochondrial matrix
(pH 8.0, 0.1–1.5mM acetyl-CoA) should also induce acetylation
of a nonmitochondrial protein. Incubating nonacetylated BSA
for 9 h in 1.5 mM acetyl-CoA at pH 6 or 7 resulted in no, or
minimal increases in lysine acetylation. In contrast, incubat-

FIGURE 2. Nonenzymatic N�-acetylation in the chemical conditions of the mitochondrial matrix. A, acetyl-CoA concentration-dependent increases in
mitochondrial protein acetylation under native and denatured conditions. The mouse liver mitochondrial extracts (30 �g) were incubated over a range of
acetyl-CoA concentrations previously determined to occur in mitochondria (15, 16) (0.1–1.5 mM, and 1 �l of matrix volume/mg of mitochondrial protein) for 6 h
at 37 °C with gentle mixing. For denatured samples, mitochondrial extracts (30 �g) were heated at 95 °C for 10 min prior to the addition of acetyl-CoA. IB,
immunoblot; ac-lysine, acetyl-lysine. B, quantification of densitometry data in A normalized to Complex III. The control reaction with the smaller arbitrary value
was set to zero, and the remaining data points were transformed accordingly. AU, arbitrary units. C, time-dependent incorporation of acetyl groups into native
and denatured mitochondrial protein lysine residues. D, quantification of the densitometry data in C normalized to Complex III. E, time-dependent incorpo-
ration of acetyl groups into native mitochondrial protein over a broader range of time points. F, acetylation is not caused by the denaturation process and is
pH-dependent. In A, C, E, and F, the nitrocellulose membrane used for immunoblotting was stained with the nonspecific protein marker Ponceau S to show
equal loading as indicated.
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ing BSA at pH 8.0 induced a striking increase in lysine acety-
lation (Fig. 3B), which was further increased at higher pH
and directly proportional to the concentration of hydroxide
ions (Fig. 3C).
Nonenzymatic Succinylation in the Chemical Conditions of

the Mitochondrial Matrix—Recent studies have identified
lysine succinylation on mitochondrial and bacterial proteins,
but amechanism responsible for succinyl transferwas not iden-
tified (12, 26, 27). Using a validated succinyl-lysine antibody, we
confirmed via Western blot that there are many succinylated
proteins in mouse liver mitochondrial extracts (Fig. 4A). Like
acetyl-CoA, succinyl-CoA is an inherently reactive short-chain
CoA thioester thatmaintains steady-state concentrations in the
millimolar range (0.1–0.6 mM) in the mitochondrial matrix
(Fig. 4B) (15). Accordingly, we hypothesized that incubating
protein with mitochondrial concentrations of succinyl-CoA at
physiological pH would initiate nonenzymatic succinylation.
Consistently, incubating nonacetylated BSA with 0.5 mM suc-
cinyl-CoA caused a pH-dependent increase in lysine succinyl-

ation (Fig. 4C). To our knowledge, this is the first study report-
ing nonenzymatic protein succinylation by succinyl-CoA at
physiological pH. These results demonstrated that the pH and
acyl-CoA concentrations of the mitochondrial matrix are suf-
ficient to induce widespread and enzyme-independent protein
lysine acylation. The specific base-catalyzed nucleophilic acyl
substitution mechanism predicted for these reactions is sum-
marized in Fig. 5.
The SIRT3Deacetylase Reverses Nonenzymatic Acetylation of

Mitochondrial Proteins—The NAD�-dependent deacetylase
SIRT3 regulates global acetylation ofmitochondrial proteins (4,
28). Therefore, we hypothesized that SIRT3 target proteins
would becomehyperacetylated in the presence of acetyl-CoA at
pH 8 and that recombinant SIRT3 would mitigate the acetyl-
CoA-induced increase in mitochondrial protein acetylation.
Immunoprecipitation and Western blotting of mitochondrial
proteins after incubation with acetyl-CoA showed that the
SIRT3 targets long-chain acyl-CoA dehydrogenase (LCAD)
and NDUFA9 (5, 29) were hyperacetylated (Fig. 6A). Further-

FIGURE 3. The acetyl transfer mechanism is not competitively inhibited by coenzyme A, and its rate is directly proportional to hydroxide ion concen-
tration. A, CoA does not competitively inhibit the observed acetyl transfer reaction. Mitochondrial extracts were prepared from liver. IB, immunoblot; ac-lysine,
acetyl-lysine. B, the physiologic pH (8.0) and acetyl-CoA concentration (1.5 mM) of the mitochondrial matrix are sufficient to induce widespread lysine
acetylation of a nonmitochondrial protein (BSA) under native conditions. C, lysine acetylation rate is directly proportional to the concentration of hydroxide
ions, consistent with specific base catalysis. AU, arbitrary units.

FIGURE 4. Protein succinylation is abundant within mitochondria and also occurs nonenzymatically at physiological pH. A, fractionation of mouse liver
tissue into whole cell lysate (WCL), cytoplasm (cyto), and mitochondrial (mito) fractions followed by Western blotting with an anti-succinyl-lysine (Suc-lysine)
antibody. Gapdh and respiratory Complex III Rieske protein antibodies were used to confirm cytoplasmic and mitochondrial subfractions, respectively. IB,
immunoblot. B, acetyl-CoA and succinyl-CoA are both inherently reactive CoA thioesters. C, the physiologic pH (8.0) and succinyl-CoA concentration (0.1– 0.6
mM) (15) of the mitochondrial matrix are sufficient to induce lysine succinylation of protein under native conditions.
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more, the addition of recombinant SIRT3 in the presence of
NAD� markedly reduced the acetyl-CoA-induced increase in
N�-acetylation, an effect that was attenuated upon the addition
of the sirtuin inhibitor, nicotinamide (Fig. 6B).
Informatics Analysis of Protein Microenvironment and

Acetylation—Although the observed acetylation mechanism
was generally pH-dependent, our data indicated that certain
mitochondrial proteins and/or lysine residues within those
proteins will more readily undergo nonenzymatic acetylation
than others (Figs. 2, 3, and 6). This observation suggests that the
tendency of a particular lysine to become acetylated at pH 8.0

may be facilitated by additional factors of the protein microen-
vironment such as local sequence features, hydrophobicity, or
Coulombic interactions with proximal residues. We used a
bioinformatics approach to test this hypothesis.
Hebert et al. (4) had demonstrated that proximal positive

charges are overrepresented among mitochondrial acetyl-ly-
sine sequence motifs. Using data from the study, our further
analysis indicated that there are significantly (p � 0.004) more
proximal positively charged residues flanking the acetyl sites
undergoing the greatest increases (-fold change 19.4–99.0) in
acetylation in response to SIRT3 deletion when compared with

FIGURE 5. Schematic illustrating the specific base catalyzed acyl transfer mechanism. The alkaline environment of the mitochondrial matrix reflects an
increased concentration of hydroxide ions (OH�) free to abstract protons from accessible lysine residues (panel 1). The deprotonated lysine can then perform
a nucleophilic attack on the terminal carbonyl carbon of the acyl-CoA (panel 2). A putative tetrahedral intermediate is formed (panel 3), which then collapses,
displacing the thioester bond and leaving an acylated (acetylated) lysine, CoASH, and hydroxide (panel 4). This mechanism was adapted from that of the GCN5
acetyltransferase, which employs a general base catalyst to deprotonate lysine residues and initiate acetyl transfer (19).

FIGURE 6. The SIRT3 deacetylase attenuates acetyl-CoA-induced acetylation of mitochondrial proteins. A, acetylation of SIRT3 target proteins in the
presence of acetyl-CoA at pH 8.0. IP, immunoprecipitation; IB, immunoblot; Ac-lysine, acetyl-lysine; LCAD, long-chain acyl-CoA dehydrogenase. B, recombinant
SIRT3 reverses acetyl-CoA-induced acetylation of mitochondrial proteins at pH 8.0. A SIRT3 antibody was used to demonstrate the presence of recombinant (59
kDa) and endogenous (28 kDa) SIRT3. Mitochondrial extracts were prepared from liver. NAD�, nicotinamide adenine dinucleotide; NAM, nicotinamide (Sirtuin
inhibitor); hSIRT3, human SIRT3.
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those sites undergoing smaller increases in acetylation (-fold
change 2.00–2.14) (Fig. 7, A and B). This finding suggests that
these sites represent better substrates of SIRT3 due to its neg-
atively charged peptide-binding pocket and, therefore, the
acetylation levels at these sites are minimized when SIRT3 is
present, as was suggested previously (4, 30). The increase in
flanking positive charges among these sites may also suggest
that the proximal positive charges are lowering the acid disso-
ciation constant, or pKa, of the target lysines, thereby promot-
ing their nucleophilic character at physiological pH and, con-

sequently, the large increase in acetylation when SIRT3 is
absent (31). However, when this hypothesis was tested by plot-
ting acetyl-lysine -fold change in response to SIRT3 deletion
against predicted pKa values calculated from crystal structure
data of fivemitochondrial enzymes using PROPKA 3.1 (23, 24),
there was no correlation (Fig. 7C). This suggests that other fac-
tors affect SIRT3-regulated lysine acetylation, such as protein
conformational flexibility, substrate binding dynamics, or tran-
sient stabilization of acetyl-CoA with protein structure, which
are not accounted for in this model.

FIGURE 7. Bioinformatics analysis of protein microenvironment and acetylation. A, acetyl sites undergoing the greatest increases in acetylation in
response to SIRT3 deletion have significantly more proximal positively charged residues than sites undergoing smaller increases in acetylation (Wilc-
oxon rank sum test). B, iceLogo analysis of site-specific amino acid abundance between the two sequence sets in A. Amino acids with greater frequency
at a specific site appear at the top, and those with lower frequency appear at the bottom. Positively charged residues are highlighted in blue, and
negatively charged residues are highlighted in red. C, scatter plot of the predicted lysine �-amino group acid dissociation constants calculated using
structural data from five mitochondrial proteins encompassing 74 acetylation sites and their corresponding acetyl-lysine -fold changes in response to
SIRT3 deletion as detailed in Hebert et al. (4). PROPKA 3.1 pKa prediction accounts for hydrogen bonding, desolvation effects, and Coulombic interac-
tions on both internal and surface residues, but does not account for conformational flexibility (23).
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DISCUSSION

Alterations in mitochondrial protein acetylation or an
inability to dispose of excess mitochondrial acetyl-CoA are
implicated in the pathophysiology of diabetes, the metabolic
syndrome, cancer, cardiac hypertrophy, andmitochondrial dis-
orders such as Friedreich ataxia (6–10). Despite ongoing char-
acterization of the mechanisms underlying protein deacetyla-
tion in mitochondria, a viable mechanism responsible for the
extensive acetylation in this organelle has remained elusive.
Our data demonstrate that the high physiologic pH and acyl-
CoA concentrations present in the mitochondrial matrix are
sufficient to cause widespread lysine acetylation and succinyla-
tion of mitochondrial and nonmitochondrial proteins in an
enzyme-independent manner.
It is important to acknowledge that these studies were per-

formed in vitro. However, a nonenzymatic reaction is one that,
by definition, cannot be proven in vivo and must be removed
from its cellular context and demonstrated in the absence of
interfering enzymes. This is the standard by which other intra-
cellular nonenzymatic lysine modifications caused by endoge-
nous metabolites, such as N�-glycation and N�-carbamylation,
have been proven (32, 33). These reactions are now widely
accepted as nonenzymatic because the modifications are
detected on proteins under normal physiological conditions
and increases in either modification are closely associated with
metabolic states that increase the endogenous modifying
metabolites (e.g. reducing sugars and isocyanic acid in diabetes
and uremia, respectively). Similarly, our data predict that phys-
iological and pathological metabolic states causing prolonged
increases in mitochondrial acetyl-CoA utilization would also
promote hyperacetylation of mitochondrial proteins. Consis-
tent with this prediction are data showing that prolonged fast-
ing, caloric restriction, high fat diets, and chronic alcohol con-
sumption all cause hyperacetylation of hepatic mitochondrial
proteins (Table 1) (4, 9, 34–36). Moreover, all are also associ-
ated with increased ketone body production, which is stimu-
lated, in part, by excess acetyl-CoA in hepatic mitochondria
(37, 38). These findings strongly suggest that increases in the
mitochondrial pool of acetyl-CoA during extended metabolic
stress are a primary factor underlying increased protein acety-
lation in this organelle.
Loss of protein deacetylation capability in mitochondria via

genetic ablation of SIRT3 has almost universally harmful and
disease-causing consequences. These include increased reac-
tive oxygen species and a predisposition to diabetes, the meta-
bolic syndrome, cardiac hypertrophy, hearing loss, and cancer
(6, 8–10, 39). Thus, all evidence to date would suggest that

unopposed mitochondrial acetylation is detrimental to mito-
chondrial function andmetabolic homeostasis, which stands in
contrast to nuclear histone acetylation that serves as an impor-
tant gene regulation mechanism for which protein acetyltrans-
ferases have been identified. Nevertheless, these studies do not
preclude the existence of a mitochondrial acetyltransferase or
succinyltransferase. Indeed, a GCN5 acetyltransferase homo-
log previously implicated in the formation of lysosome-related
organelles (Bloc1s1 or GCN5L1) can localize to mitochondria
(40). Rather, these data question what physiologic role a mito-
chondrial acetyltransferase would play considering that unop-
posed acetylation compromises numerousmetabolic processes
and the chemical environment of the mitochondrial matrix is
sufficient to initiate nonenzymatic lysine acetylation that is tar-
geted by the SIRT3 deacetylase. Further kinetic and molecular
characterizations of GCN5L1 or other potential candidates and
their roles in the varied conditions associated with mitochon-
drial protein hyperacetylation are needed.
Interestingly, a recent study highlighted the role of acetyl

phosphate metabolism in regulating global shifts in protein
acetylation in Escherichia coli (41). The authors concluded that
acetyl phosphate likely influences global protein acetylation via
nonenzymatic mechanisms. About 10% of the acetylation
events reported as nonenzymatic were also regulated by the
sirtuin CobB, suggesting an evolutionary role for this sirtuin in
the regulation of nonenzymatic acetylation in bacteria. Our
data complement these recent findings by suggesting that
mammalianmitochondria, the symbiotic descendants of bacte-
ria, also undergo nonenzymatic lysine acetylation and succinyl-
ation, which are likely mediated by variation in acetyl-CoA and
succinyl-CoA metabolism. Although acetyl phosphate is not
known to participate in eukaryotic metabolism, the acyl phos-
phate 1,3-bisphosphoglycerate is generated in prokaryotes and
eukaryotes during glycolysis and, interestingly, was recently
demonstrated to nonenzymatically modify several glycolytic
enzymes (42). The similarity between these studies and ours is
that, of the carbonyl-containing functional groups commonly
found in biological systems, acyl phosphates and thioesters are
the two most reactive toward nucleophilic acyl substitution
(43). This fact suggests that diverse organisms may have con-
served mechanisms for coping with the inherent reactivity of
these metabolites toward endogenous proteins, which has
broad implications for our understanding and treatment of
metabolic disease.
Taken together with previous findings showing that many

mitochondrial acetylation sites do not affect enzyme activity
(29, 44–46), our findings support the hypothesis that protein

TABLE 1
Review of published experimental conditions in which mitochondrial protein hyperacetylation is observed

Experimental condition
Tissue showing mitochondrial

protein hyperacetylation
Reported time to mitochondrial protein hyperacetylation

after onset of experimental condition Reference

Fasting Liver 12–48 h 34
Caloric restriction Liver 16–18 weeks, possibly earlier 36
Chronic alcohol consumption Liver 3–6 weeks 35
High fat diet Liver 13 weeks, possibly earlier 9
SIRT3 KO Liver, brown adipose, skeletal muscle 12–13 weeks, possibly earlier 8, 9, 28
Frataxin conditional KO Heart 3.5 weeks, NSE-Cre 7
Hint2 KO Liver 20 weeks, possibly earlier 11
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lysine acetylation in mitochondria is, at least in part, a slow
chemical consequence of mitochondrial metabolism facilitated
by locally high concentrations of reactive acetyl-CoA and the
uniquely alkaline environment of the mitochondrial matrix.
Furthermore, our data indicate that another abundant mito-
chondrial metabolite, succinyl-CoA, promotes nonenzymatic
protein lysine succinylation in the chemical conditions of the
mitochondrial matrix (Fig. 4). These findings further support
the notion that in addition to their important roles asmetabolic
intermediates, excess short-chain acyl-CoA thioestersmay also
act as nonenzymatic chemical donors, a hypothesis first pro-
posed in 1982 by Kirshenbaum (47). Importantly, although
mitochondria-localized SIRT5 is a weak deacetylase, it has effi-
cient lysine desuccinylase activity in vitro and was recently
shown to regulate various metabolic pathways via desuccinyl-
ation (12, 27). Thus, SIRT3 and SIRT5 may have evolved to
exploit the fasting-induced rise in mitochondrial NAD� (48),
thereby regulating the chemical acylation of proteins caused by
a concurrent increase in mitochondrial acyl-CoA utilization.
Consistent with a recent review (5), we propose that SIRT3 is
a quality control deacetylase that protects mitochondrial
enzymes and proteins from chemical acetylation-induced
impairment, especially during metabolic states predicted to
increase the mitochondrial acetyl-CoA pool such as fasting,
caloric restriction, or high fat, ketogenic diets (4, 16, 37). More
broadly, the findings that acetylation is a ubiquitous protein
modification (2, 4, 49), acetyl-CoA-induced protein acetylation
is energetically favorable at physiological pH (19) (Fig. 3, B and
C), and altering intracellular pH causes corresponding changes
in protein acetylation (50) raise the intriguing possibility that an
unexpected number of cellular acylation events may be chemi-
cal in nature and that certain deacetylases/deacylasesmay serve
to regulate the effects of unavoidable chemical acylation of cel-
lular proteins (51).
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