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Homologs of the Saccharomyces cerevisiae Sir2 protein, sirtuins, promote longevity in many organisms.
Studies of the sirtuin SIRT3 have so far been limited to cell culture systems. Here, we investigate the
localization and function of SIRT3 in vivo. We show that endogenous mouse SIRT3 is a soluble mitochondrial
protein. To address the function and relevance of SIRT3 in the regulation of energy metabolism, we generated
and phenotypically characterized SIRT3 knockout mice. SIRT3-deficient animals exhibit striking mitochon-
drial protein hyperacetylation, suggesting that SIRT3 is a major mitochondrial deacetylase. In contrast, no
mitochondrial hyperacetylation was detectable in mice lacking the two other mitochondrial sirtuins, SIRT4 and
SIRTS. Surprisingly, despite this biochemical phenotype, SIRT3-deficient mice are metabolically unremark-
able under basal conditions and show normal adaptive thermogenesis, a process previously suggested to
involve SIRT3. Overall, our results extend the recent finding of lysine acetylation of mitochondrial proteins and
demonstrate that SIRT3 has evolved to control reversible lysine acetylation in this organelle.

Conserved from bacteria to humans, the sirtuin family of transferase enzymes controls a variety of cellular processes
NAD™-dependent protein deacetylase/mono-ADP-ribosyl- such as aging, metabolism, and gene silencing (18, 24). It has
been proposed that sirtuins mediate the longevity-promoting
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Although reversible lysine acetylation as a means of regu-
lating protein function is well characterized for other cellular
compartments, lysine acetylation of mitochondrial proteins has
only recently been described (21, 31). The identities of the
enzymes controlling mitochondrial protein acetylation are not
known. Although a fraction of histone deacetylase 7 has been
reported to localize to mitochondria, the implications of this
finding are unclear (3). Among the mitochondrial sirtuins, only
SIRT3 possesses robust NAD "-dependent deacetylase activity
(27, 28, 31, 32).

To study the biological function of SIRT3 in vivo, we raised
antibodies against mouse SIRT3 and generated SIRT3-defi-
cient mice via homologous recombination. Here, we dem-
onstrate that SIRT3-deficient mice show hyperacetylation of
numerous mitochondrial proteins including the metabolic en-
zyme GDH. In contrast, SIRT4- and SIRTS5-deficient mice do
not exhibit globally increased mitochondrial protein acetyla-
tion levels. These results indicate that SIRT3 is a major mito-
chondrial protein deacetylase in mammals. However, the in-
crease in mitochondrial lysine acetylation resulting from loss of
SIRT3 did not translate into any metabolic abnormalities un-
der standard laboratory housing conditions or in response to
metabolic challenges such as fasting or cold exposure.

MATERIALS AND METHODS

Antibodies. Antibodies used were anti-mitochondrial heat shock protein 70
(anti-mtHsp70; Affinity Bioreagents); anti-Hsp90«, anticalreticulin, and anti-
manganese superoxide dismutase (anti-MnSOD; StressGen Biochemicals and
Santa Cruz Biotechnology, Inc.); anti-RNA polymerase IT and anti-histone H4
(Upstate); anti-Hsp60 (Santa Cruz Biotechnology, Inc.); anti-cytochrome ¢ oxi-
dase subunit IV (anti-COX-IV) and anti-F,F,-ATPase subunit a (Invitrogen
Molecular Probes); anti-GDH (Biotrend Chemikalien GmbH); anti-uncoupling
protein 1 (anti-UCP-1; Alpha Diagnostic Int. Inc.); anti-cytochrome ¢ (clone
7HS8.2C12; BD Pharmingen); and anti-acetylated-lysine polyclonal and monoclo-
nal antibodies (Cell Signaling Technology). Antibodies against mitochondrial
transcription factor A (TFAM) were a kind gift from N.-G. Larsson (Karolinska
Institute, Stockholm, Sweden). Antibodies recognizing murine SIRT3 were
raised against the C-terminal 15-amino-acid peptide (C)DLMQRERGKLDG
QDR. The peptide was conjugated to carrier protein KLH via the added C
residue and injected into rabbits at Covance Research Products, Inc. (Denver,
PA). SIRT3 antisera were purified by immunoaffinity chromatography. Antibod-
ies to murine SIRTS were raised in rabbits using the C-terminal peptide GPC
GKTLPEALAPHETERT (Covance Research Products, Inc.).

Subcellular fractionation, purification of mitochondria, and separation of
mitochondrial protein complexes. Murine liver mitochondria and nuclei were
prepared and purified according to standard protocols (14-16). The postmito-
chondrial supernatant was centrifuged at 100,000 X g for 1 h at 4°C to obtain the
light-membrane fraction (pellet) and cytosol (S-100; supernatant). Solubilization
of purified mitochondria with n-dodecyl B-p-maltoside (Sigma) and separation of
mitochondrial protein complexes by sucrose density gradient centrifugation were
performed as previously described (34, 35).

Alkaline extraction of mitochondria. Carbonate extraction of mitochondria
was performed as described previously (13, 32).

SIRT3 gene targeting and SIRT3-deficient mice. The murine SIRT3 gene was
cloned from a 1290la mouse genomic DNA library (kind gift from Raju Kucher-
lapati, Albert Einstein College of Medicine). Three overlapping A phage clones
were subcloned into pBluescript (Stratagene). A 5.8-kb genomic DNA fragment
containing exon 1A, exon 1B, exon 2, and exon 3 was inserted flanking the
pGK-Neo cassette of the pGEM7 vector. A 3-kb genomic DNA fragment con-
taining exon 4 was inserted on the opposite side of the pGK-Neo cassette. A
pGK-TK cassette was inserted adjacent to the 3-kb DNA fragment. LoxP sites
were located flanking exons 2 and 4. The construct was electroporated into
embryonic stem (ES) cells, and correctly targeted clones were isolated via pos-
itive and negative selection followed by Southern blotting. Chimeric mice were
generated by injection of targeted ES clones into C57BL6/J blastocysts. Male
chimeras were mated with 129Sv females to generate F, heterozygous mice.
Heterozygous animals were subsequently bred to the EITA-Cre line to remove
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the Neo® gene (23), and Neo-deleted heterozygotes were then interbred to
generate homozygous knockout mice.

Immunoprecipitation. Mitochondria were lysed in ice-cold LMIP buffer (1%
n-dodecyl B-p-maltoside, 0.5 mM EDTA, 150 mM NaCl, 10 mM nicotinamide,
1 pM trichostatin A, 50 mM Tris-HCI, pH 7.4) containing the Complete EDTA-
free protease inhibitor cocktail (Roche). Immunoprecipitations were performed
according to standard procedures. Immune complexes were washed four times
in NP1 buffer (1% NP-40, 300 mM NaCl, 0.5 mM EDTA, 50 mM Tris-HCI,
pH 7.4).

In vitro deacetylation assays. Equal amounts of purified recombinant SIRT3
and bovine GDH (Sigma) were incubated in SDAC deacetylation buffer (31) in
the presence or absence of 1 mM NAD™ (Sigma) and 10 mM nicotinamide
(Sigma) and in the presence of 500 nM trichostatin A (Wako Biochemicals) for
3 hat 32°C.

Dual-energy X-ray absorptiometry (DEXA). To analyze body composition,
mice were anesthetized with isoflurane and analyzed with a PixiMus2 scanner
(GE Healthcare Lunar, Madison, WI).

Metabolic analysis. Energy balance was determined in 4- to 6-month-old male
mice fed a standard chow diet (5053 PicoLab diet; Purina, St. Louis, MO). Food
intake, activity levels, oxygen consumption (Vo,), and respiratory exchange ratios
(Vco,/Vo,) were measured using the Oxymax comprehensive laboratory animal
monitoring system (Columbus Instruments, Columbus, OH). V,, was normalized
for lean body mass, as measured by DEXA scanning on the day before calorim-
etry studies. Briefly, mice were fasted for 4 h and anesthetized with isoflurane,
and their body compositions were analyzed by DEXA. Data represent the means
plus standard errors of the means (SEM) for six animals per genotype.

Adaptive thermogenesis. Cold test experiments were performed as described
previously (2). In brief, age-matched groups of male mice were housed individ-
ually in cages without food. Core body temperature was measured rectally with
a digital thermometer (model 4600; Yellow Springs Instruments, Yellow Springs,
OH). The results shown are representative of four separate assays.

RESULTS

SIRT3 is a soluble mitochondrial protein highly expressed
in mitochondrion-rich tissues. To determine the expression
and localization of endogenous murine SIRT3, we generated
and affinity purified antibodies against its C terminus. SIRT3
protein expression in a panel of murine tissues was analyzed
(Fig. 1A). SIRT3 protein levels correlated with expression lev-
els of the mitochondrial protein MnSOD and were particularly
high in tissues rich in mitochondria: brain, heart, liver, and
brown adipose tissue (BAT). Our results are in agreement with
previous studies of SIRT3 mRNA expression (33).

Previously, ectopically expressed epitope-tagged murine
SIRT3 was reported to localize to mitochondria in cultured
cells (33). To determine the subcellular localization of endog-
enous murine SIRT3, subcellular fractions were prepared from
the livers of wild-type mice and equal amounts of total
homogenate, mitochondria, light membranes, and cytosol were
probed with SIRT3-specific antibodies (Fig. 1B). SIRT3, like
the mitochondrial marker protein MnSOD, was enriched in
mitochondria in comparison to the total homogenate but was
absent from other subcellular fractions. Immunoblotting of
these fractions for the marker proteins calreticulin (endoplas-
mic reticulum) and Hsp90a (cytosol) confirmed the purity of
the fractions. Thus, endogenous murine SIRT3 is a mitochon-
drial protein.

Next, we performed alkaline extraction experiments to ad-
dress whether endogenous murine SIRT3 is soluble in mito-
chondria or bound to mitochondrial membranes. Previously,
epitope-tagged murine SIRT3 overexpressed in cultured cells
was reported to be an integral protein of the inner mitochon-
drial membrane (33). In contrast, human SIRT3 protein is a
soluble mitochondrial matrix protein (31, 32). Sodium carbon-
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FIG. 1. SIRT3 is a soluble mitochondrial protein highly expressed
in tissues rich in mitochondria. (A) Prominent SIRT3 protein expres-
sion in mitochondrion-rich tissues. Twenty micrograms of total protein
extract from each tissue was analyzed by immunoblotting with anti-
bodies to SIRT3 and the mitochondrial protein MnSOD. SKM, skel-
etal muscle (quadriceps); WAT, white adipose tissue. (B) Endogenous
murine SIRT3 is a mitochondrial protein. Equal amounts of total liver
homogenate (total), mitochondria (Mito), light membranes (LM), and
cytosol (S-100) were separated by SDS-PAGE and analyzed by immu-
noblotting using antibodies against SIRT3 and marker proteins of
known subcellular distribution. (C) Murine SIRT3 is a soluble mito-
chondrial protein. Purified mouse liver mitochondria were extracted
with sodium carbonate (pH 11.5), and the distribution of SIRT3, the
soluble mitochondrial protein GDH, and the integral membrane pro-
tein COX-IV was analyzed by immunoblotting. T, total; P, pellet
(membranes); S, soluble. (D) SIRT3 is absent from the nucleus in liver.
Equal amounts of nuclear and mitochondrial protein extracts were
immunoblotted with antibodies against the indicated proteins. RNAP-
II, RNA polymerase II; H4, histone H4.
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ate treatment (pH 11.5) of liver mitochondria released SIRT3
and the soluble matrix protein GDH, while the integral mem-
brane protein COX-IV remained bound to the membrane
(Fig. 1C). These results show that endogenous murine SIRT3,
like its human homolog, is a soluble mitochondrial protein.

A fraction of full-length, unprocessed human SIRT3 has
been localized to the nucleus (30). To test whether a fraction
of endogenous murine SIRT3 might show nuclear localization,
liver nuclei and mitochondria were purified according to stan-
dard procedures. Equal amounts of nuclear and mitochondrial
protein extracts were analyzed by immunoblotting using anti-
bodies against SIRT3 and organelle marker proteins. As
expected, purified nuclei contained high levels of RNA poly-
merase I and histone H4 (Fig. 1D). Under basal or metabolic-
stress conditions (overnight fast followed by cold exposure),
SIRT3 was undetectable in nuclei while it was readily detect-
able in the mitochondria, along with the known mitochondrial
proteins COX-IV and Hsp60 (Fig. 1D; see Fig. S1 in the
supplemental material). We conclude that endogenous SIRT3
predominantly localizes to mitochondria in mouse liver under
both basal and stress conditions.

Generation of SIRT3-deficient mice. To explore the biolog-
ical functions of SIRT3 in vivo, we inactivated the murine
SIRT3 gene by homologous recombination in ES cells. The
SIRT3 locus was mutated by deletion of exons 2 and 3, encod-
ing the translational start site plus a portion of the catalytic
domain (36) (Fig. 2A). Correctly targeted ES cell clones were
used to obtain heterozygous mice, which were interbred to
obtain homozygotes. Genotyping was performed by PCR (Fig.
2B) and by Southern blotting (not shown). Immunoblotting
with SIRT3-specific antibodies confirmed the absence of SIRT3
protein in mitochondrial protein extracts from liver and brain of
knockout mice (Fig. 2C). SIRT3-deficient mice were born at a
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FIG. 2. Generation of SIRT3-deficient mice. (A) Gene targeting strategy for the SIRT3 locus. Arrows indicate loxP sites, and Neo" indicates
the neomycin resistance cassette used to select targeted ES cell clones. Restriction sites are as shown. WT, wild type. (B) SIRT3 PCR genotyping.
KO, knockout; Het, heterozygous. (C) SIRT3 protein is absent from liver and brain mitochondria of knockout mice. Protein extracts were probed

with antibodies to SIRT3 and F,F,-ATPase subunit o (loading control).
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FIG. 3. SIRT3 is a major mitochondrial protein deacetylase in vivo.
(A) Hyperacetylation of mitochondrial proteins in liver of SIRT3-
deficient mice. SIRT3-deficient and littermate control mitochondrial
extracts from two mice per genotype were fractionated by SDS-PAGE
and immunoblotted with polyclonal antibodies to acetyl-lysine (Ac-K),
SIRT3, or MnSOD as a loading control. (B) Hyperacetylation of mi-
tochondrial proteins in BAT of SIRT3-deficient mice. Mitochondrial
extracts from two SIRT3-deficient mice and two wild-type littermate
controls were probed as in panel A except that COX-IV was used as a
loading control. (C) Recombinant SIRT3 reverses mitochondrial hy-
peracetylation associated with SIRT3 deficiency. Mitochondrial ex-
tracts were treated with recombinant wild-type (WT) SIRT3 or a
SIRT3 catalytic mutant (SIRT3-HY) as shown. NAD™, a cofactor
required for sirtuin-mediated deacetylation, and nicotinamide (NAM),
a sirtuin inhibitor, were added as indicated. Samples were separated by
SDS-PAGE and probed with a monoclonal acetyl-lysine antibody.
SIRT3 antibodies were used to demonstrate the presence of recombi-
nant SIRT3; mtHsp70 served as a loading control. (D) SIRT3, but not
SIRT4 or SIRTS, is responsible for global protein deacetylation in
mitochondria. Liver mitochondrial extracts were generated from mice
of the indicated genotypes and analyzed as in panel A.

Mendelian ratio (see Fig. S2A in the supplemental material),
morphologically indistinguishable from the wild type (see Fig.
S2B in the supplemental material), healthy until at least 1 year
of age, and fertile as homozygotes.

Hyperacetylation of mitochondrial proteins in SIRT3-deficient
mice. SIRT3 possesses potent NAD-dependent deacetylase
activity (27, 28, 31, 32). Recently, mitochondria have been
shown to contain lysine-acetylated proteins (21, 31). Because
SIRT3 is a mitochondrial protein deacetylase, we speculated
that SIRT3 might affect the acetylation status of mitochondrial
proteins. To address this hypothesis, global lysine acetylation
levels in mitochondria from wild-type and SIRT3-deficient
mice were assessed using commercially available pan-acetyl-
lysine antibodies. Consistent with a role of SIRT3 as a mito-
chondrial deacetylase, mitochondria from SIRT3-deficient
mice showed increased lysine acetylation of several distinct
protein bands in liver and BAT (Fig. 3A and B), as well as in
brain and heart (data not shown). Hyperacetylation in BAT
was particularly striking (Fig. 3B). Different acetyl-lysine anti-
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bodies recognized distinct spectra of lysine-acetylated proteins
(data not shown), but all antibodies tested showed higher lev-
els of lysine acetylation in mitochondria from SIRT3-defi-
cient mice. This phenotype was present irrespective of mouse
gender.

To test whether the observed hyperacetylation of mitochon-
drial proteins is a direct consequence of SIRT3 deficiency,
mitochondrial extracts from SIRT3-deficient mice were incu-
bated with purified recombinant SIRT3 protein. In the pres-
ence of NAD™, recombinant SIRT3 reversed mitochondrial
protein hyperacetylation (Fig. 3C, lane 2); this reaction was
completely abolished in the presence of the sirtuin inhibitor
nicotinamide (Fig. 3C, lane 3). Incubation of SIRT3-deficient
mitochondrial extracts with catalytically inactive SIRT3 mutant
protein (31, 32) did not reduce mitochondrial protein acetyla-
tion (Fig. 3C, lane 4), demonstrating that the exogenous re-
combinant SIRT3 but not some impurity present in the
deacetylation reaction mixture mediated the deacetylation.
These results indicate that mitochondrial protein hyperacety-
lation in SIRT3-deficient mice is a direct consequence of loss
of the SIRT3 deacetylase.

In addition to SIRT3, SIRT4 and SIRTS have been reported
to localize to mitochondria (19, 26). To assess the role of these
other proteins in mitochondrial protein deacetylation, we gen-
erated mice individually deficient in SIRT4 (19) or SIRTS (see
Fig. S3A in the supplemental material). SIRTS5-deficient mice
were born at a Mendelian ratio (see Fig. S3B in the supple-
mental material), fertile, and grossly healthy until at least 18
months of age. Immunoblot analysis of liver mitochondria con-
firmed the absence of SIRTS protein in the knockout; inciden-
tally, this represents the first demonstration of endogenous
SIRTS protein in the mitochondrion (Fig. 3D). No mitochon-
drial protein hyperacetylation was observed in liver extracts
from mice lacking SIRT4 or SIRT5 (Fig. 3D). These results
suggest that other mitochondrial sirtuins are not functionally
redundant with SIRT3 with regard to regulation of global
levels of lysine acetylation observed in mitochondria.

SIRT3 controls the acetylation status of GDH in vivo. Liver
mitochondria were used to identify hyperacetylated proteins
present in SIRT3-deficient mice. Mitochondrial extracts pre-
pared under conditions that preserve multiprotein complex
integrity were fractionated by sucrose density gradient centrif-
ugation followed by one-dimensional sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 4A) ac-
cording to published methods (34, 35). Immunoblots of the
fractions were probed with acetyl-lysine antibodies and were
compared to gels stained with Coomassie blue prepared in
parallel (Fig. 4A). Two acetyl-lysine antibody-reactive bands of
approximately 50 kDa present in fractions 6 and 7 of the
gradient (Fig. 4B) were analyzed by liquid chromatography-
mass spectrometry. Peptides corresponding to GDH were
found in both gel bands after in-gel digestion with trypsin, and
three GDH peptides containing acetylated lysine residues were
identified (see Fig. S4 and S5 and Table S1 in the supplemental
material). One of these GDH acetylation sites (K527) has been
reported previously (21).

To confirm that GDH is indeed a SIRT3 target, acetylated
proteins were immunoprecipitated from wild-type and SIRT3-
deficient mitochondrial extracts using acetyl-lysine antibodies
and probed with an antibody against GDH (Fig. 4C). GDH
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FIG. 4. SIRT3 deacetylates GDH in vivo. (A) Scheme for identi-
fying putative SIRT3 substrates from mouse liver mitochondria. KO,
knockout. (B) Representative immunoblot (IB) of protein fractions
prepared as illustrated in panel A and probed with monoclonal acetyl-
lysine antibody. *, acetyl-lysine antibody-reactive bands analyzed by
mass spectrometry. (C and D) GDH is hyperacetylated in SIRT3-
deficient mouse liver mitochondria. (C) Acetylated proteins from liver
mitochondria of animals with the indicated genotypes were immuno-
precipitated (IP) with monoclonal acetyl-lysine antibodies, fraction-
ated by SDS-PAGE, and probed with GDH antibodies. Results shown
are representative of five independent experiments. (D) GDH immune
complexes from wild-type and SIRT3-deficient liver mitochondria
were immunoblotted with monoclonal acetyl-lysine antibodies (Ac-
GDH). Probing with GDH antibodies revealed total GDH levels.
Results shown are representative of three independent experiments.
(E) GDH is a bona fide SIRT3 substrate. Bovine GDH was incubated
with recombinant SIRT3, NAD", and nicotinamide (NAM) as indi-
cated. Reactions were stopped by boiling in SDS sample buffer, and
levels of total and acetylated GDH were analyzed by immunoblotting.
The presence of recombinant SIRT3 was demonstrated by immuno-
blotting with antibodies to SIRT3.

was strongly enriched in the anti-acetyl-lysine immune com-
plexes from SIRT3 knockout mitochondria, suggesting that
GDH is indeed hyperacetylated in SIRT3-deficient mitochon-
dria. To further confirm this observation, we immunoprecipi-
tated GDH from mitochondrial extracts and analyzed the im-
mune complexes with antibodies to acetyl-lysine (Fig. 4D).
GDH from SIRT3 knockout mice exhibited higher levels of
acetylation than GDH from wild-type mice, confirming GDH
hyperacetylation in SIRT3 deficiency. To determine directly
whether GDH can serve as a SIRT?3 substrate, we incubated
GDH derived from Bos taurus with recombinant SIRT3 (Fig.
4E). SIRT3 deacetylated GDH in the presence of NAD " (Fig.
4E, lane 2); this reaction was completely blocked by nicotin-
amide (Fig. 4E, lane 3). GDHs from Bos taurus and Mus
musculus show high homology (96% identity), and all but two
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lysine residues are conserved between both species (see Fig. S6
in the supplemental material). Our findings indicate that GDH
is a target of SIRT3 in vivo.

SIRT3-deficient mice are metabolically unremarkable un-
der both fed and fasted conditions. In light of the mitochon-
drial protein hyperacetylation in SIRT3-deficient animals,
these mice were examined for defects in metabolically relevant
tissues. Histological examination of liver, BAT, heart, brain,
kidney, and skeletal muscle from fed (not shown) and fasted
animals did not reveal any morphological alterations in SIRT3-
deficient mice (Fig. SA and 6B; see Fig. S7 in the supplemental
material). To assess overall mitochondrial number, levels of
TFAM were assessed in total liver extracts from SIRT3-defi-
cient and littermate control mice (Fig. 5B). TFAM levels were
identical between genotypes, suggesting that mitochondrial
numbers were not altered in the absence of SIRT3 and thereby
arguing against the possibility that potential functional defi-
ciencies of SIRT3-deficient mitochondria are compensated by
an increase in total mitochondrial number.

Impaired mitochondrial B-oxidation or defects in the elec-
tron transport chain lead to hepatic steatosis in mice and hu-
mans (7), and altered mitochondrial function can translate into
alterations in body composition (for example, see reference 6).
To address this issue, SIRT3-deficient mice and controls were
weighed and subjected to body composition analysis by DEXA
analysis (Fig. 5C). On a chow diet, the body weight and body
fat content of SIRT3-deficient mice were indistinguishable
from those of wild-type mice. Furthermore, this analysis also
demonstrated normal bone mineral density and overall bone
mineral content in SIRT3-deficient animals (Fig. 5C).

Since perturbations in mitochondrial physiology can affect
whole-body metabolism, we assessed energy balance in SIRT3-
deficient mice during the last 6 h of a 24-hour fast and during
the first 6 h of the transition to the fed state (Fig. 5D). SIRT3-
deficient mice were indistinguishable from wild-type litter-
mates with respect to oxygen consumption, respiratory ex-
change ratio, and activity and consumed similar amounts of
food during the refeeding period (Fig. 5D). In summary, loss of
SIRT3 did not affect overall metabolism under standard labo-
ratory conditions.

SIRT3-deficient mice show normal adaptive thermogenesis.
The dramatic mitochondrial protein hyperacetylation in BAT
of SIRT3-deficient animals prompted us to test the function of
this tissue in these knockouts. In mice, one critical role of BAT
is in adaptive thermogenesis (25). In this context, it has been
proposed that SIRT3 affects adaptive thermogenesis via regu-
lation of gene expression in BAT (33), in particular expression
of UCP-1, a protein critical for cold tolerance (10). However,
protein levels of UCP-1 in BAT mitochondria (Fig. 6A) and
overall BAT morphology (Fig. 6B) were unaltered in SIRT3-
deficient mice. In cold exposure studies, age-matched SIRT3-
deficient and wild-type male littermates showed no difference
in body weight at room temperature or after a 6-hour exposure
to 4°C (Fig. 6C, left). Over the course of this assay, SIRT3-
deficient animals were able to effectively mobilize body stores,
as the percentages of body weight loss for wild-type and knock-
out mice, both in young mice (7 to 10 weeks old; Fig. 6C,
middle) and in older mice (13 weeks old; see Fig. S8 in the
supplemental material), were identical. Furthermore, both
groups of mice showed effective maintenance of core body
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FIG. 5. SIRT3-deficient mice are viable and metabolically unremarkable under both fed and fasted conditions. (A) Normal liver histology in
wild-type (WT) and SIRT3-deficient (KO) mice subject to an 18-hour fast. (B) SIRT3 deficiency does not affect mitochondrial content. Equal
amounts of protein from total liver extracts generated from animals of the indicated genotypes representing two separate litters were probed with
antibodies to TFAM to assess mitochondrial content and MnSOD, COX-IV, and cytochrome c as loading controls. (C) Body weight, adiposity,
bone mineral density (BMD), and bone mineral content (BMC) are not affected by SIRT3 deficiency. (D) SIRT3-deficient and wild-type littermate
control mice display similar measures of energy balance in both the fed and fasted states. Oxygen consumption (V,), respiratory exchange ratios
(Vco/Vo,), activity levels, and food intake were measured in metabolic cages. Data represent the means plus SEM for six animals per genotype.

temperature for at least 6 hours under these conditions (Fig.
6C, right; see Fig. S8 in the supplemental material). Overall,
our results suggest that SIRT3 is not essential for normal
energy metabolism or short-term cold resistance in mice.

DISCUSSION

This study has established that murine SIRT3 is a soluble
mitochondrial protein controlling global mitochondrial protein
acetylation levels. SIRT3 represents the first factor known to
affect protein acetylation in this compartment. In contrast,
deletion of SIRT4 or SIRTS is not associated with globally
increased mitochondrial lysine acetylation, in agreement with
previous reports showing that these factors possess little or no
deacetylase activity (1, 19, 27, 31). We cannot exclude the
possibility that SIRT4 and SIRT5 deacetylate specific mito-
chondrial factors not detected by our methodology. Surpris-
ingly, despite accumulating hyperacetylated mitochondrial
proteins, SIRT3-deficient mice are healthy under normal lab-
oratory conditions and conditions of mild stress such as short-
term food deprivation and show normal overall metabolism
and cold resistance. We have focused on a metabolic charac-
terization of SIRT3-deficient mice under basal conditions and
conditions of mild nutritional stress, such as 24-h fasting; fu-

ture studies are required to determine whether acute stressors
such as oxidative insult, food deprivation, and conditions that
require high levels of oxidative metabolism over a long period
of time (e.g., high-fat diet) will uncover abnormalities in these
mice. Along these lines, given that SIRT3 levels increase with
CR in mice (33), SIRT3 may regulate mitochondrial protein
function in response to CR. Of interest, it has been reported
that polymorphisms in the human SIRT3 gene are linked to
longevity (5, 29). In this context, formal life span analysis of
SIRT3-deficient mice under various dietary regimens will be
needed to establish a firm role for this protein in regulating life
span overall and the CR response in particular. Alternatively,
in light of the central role of mitochondria in many cellular
processes, SIRT3 might have functions aside from metabolism.
For example, given the importance of mitochondria in the
regulation of cell survival, a role for SIRT3 in apoptosis is
conceivable.

We have identified GDH as one target of SIRT3. The func-
tional significance of GDH acetylation is unclear; chemical
acetylation of GDH has been shown to reduce its enzymatic
activity in vitro (8, 9). Future studies will be required to further
address the role of reversible lysine acetylation in GDH regu-
lation. Notably, GDH is ADP-ribosylated by SIRT4, leading to
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FIG. 6. SIRT3-deficient mice show normal adaptive thermogenesis. (A) SIRT3-deficient mice show wild-type levels of UCP-1. UCP-1 protein
levels were assessed in BAT mitochondrial extracts from wild-type (WT) and SIRT3 knockout (KO) animals from three different litters. Levels
of Hsp60 and MnSOD were measured as loading controls. (B) Normal BAT morphology in SIRT3 KO mice. Hematoxylin-eosin staining is shown.
Original magnification, X400. (C) Normal adaptive thermogenesis in SIRT3 KO mice. (Left) SIRT3 KO and WT cohorts are similar in both pre-
and post-cold exposure body weights. (Middle) SIRT3 KO and WT mice lose equal percentages of body weight during 6 h of cold exposure (4°C).
ns, not significant. (Right) Core body temperatures of 7- to 10-week-old male SIRT3 KO and WT mice during exposure to 4°C for 6 h. Data

represent the means = SEM for three animals per genotype.

decreased GDH activity and decreased insulin secretion in
response to amino acids (19). It will be of interest to determine
whether SIRT3 and SIRT4 coregulate GDH and under which
conditions this might occur. SIRT4 activity was proposed to
decline with CR to permit higher levels of GDH activity (19).
CR is associated with elevated SIRT3 expression (33) and
potentially increased SIRT3 activity. Depending on the func-
tional consequence of GDH acetylation, SIRT3 and SIRT4
may regulate GDH and potentially other proteins in a similar
fashion during CR.

Given the pronounced hyperacetylation present in SIRT3-
deficient mitochondria, the lack of an overt phenotype in these
animals is puzzling. It is possible that, although mitochondrial
protein hyperacetylation is dramatic in SIRT3 knockout mice
at the level of immunoblot analysis, only a minor proportion of
any particular factor is acetylated. Consequently, most pro-
teins, e.g., metabolic enzymes such as GDH, would still be fully
functional, explaining the absence of a strong metabolic phe-
notype in SIRT3-deficient mice. This possibility is supported
by data showing that increased GDH acetylation in SIRT3-
deficient mice does not result in grossly impaired GDH func-
tion, as indicated by normal tissue levels of the GDH substrate
a-ketoglutarate (see Fig. S9 in the supplemental material).
Presently, factors responsible for lysine acetylation of mito-
chondrial proteins are unknown. It might be necessary to over-
express the putative mitochondrial acetyltransferase(s) and/or
delete putative redundant deacetylases in order to elicit a phe-
notype of SIRT3 deficiency. Indeed it is unclear whether lysine
acetylation of mitochondrial proteins occurs in the mitochon-
drion itself or in the cytosol prior to mitochondrial import.

Similarly, the biological function of mitochondrial protein
acetylation is entirely unclear (21). This modification could a
priori regulate enzymatic activity, intramitochondrial localiza-
tion, protein-protein interactions, protein stability, or some
combination of these. Overall, SIRT3 represents the first fac-
tor described to affect global mitochondrial lysine acetylation,
and SIRT3-deficient mice should serve as a valuable tool to
study reversible lysine acetylation biology in mitochondria in
vivo.
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