THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 17, pp. 14078-14086, April 20, 2012
© 2012 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

SIRT3 Protein Deacetylates Isocitrate Dehydrogenase 2
(IDH2) and Regulates Mitochondrial Redox Status™”"

Received for publication, February 22, 2012, and in revised form, March 12,2012 Published, JBC Papers in Press, March 13,2012, DOI 10.1074/jbc.M112.355206

Wei Yu, Kristin E. Dittenhafer-Reed, and John M. Denu'

From the Department of Biomolecular Chemistry and the Wisconsin Institute for Discovery, University of Wisconsin-Madison,

Madison, Wisconsin 53715

restriction.

activity by as much as 44-fold.
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(Background: NAD " -dependent deacetylase SIRT3 is essential for the prevention of age-related hearing loss during caloric
Results: Oxidative stress resistance by SIRT3 was mediated through IDH2. SIRT3 deacetylates IDH2 at lysine 413 and stimulates

Conclusion: Increased SIRT3 expression protects cells from oxidative stress through IDH?2 activation.
Significance: Our results provide the mechanism by which SIRT3 regulates IDH2.
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Mitochondria play a central role in oxidative energy metabo-
lism and age-related diseases such as cancer. Accumulation of
spurious oxidative damage can cause cellular dysfunction. Anti-
oxidant pathways that rely on NADPH are needed for the reduc-
tion of glutathione and maintenance of proper redox status. The
mitochondrial matrix protein isocitrate dehydrogenase 2
(IDH2) is a major source of NADPH. Previously, we demon-
strated that the NAD* -dependent deacetylase SIRT3 was essen-
tial for the prevention of age-related hearing loss in mice fed a
calorically restricted diet. Here we provide direct biochemical
and biological evidence establishing an exquisite regulatory
relationship between IDH2 and SIRT3 under acute and chronic
caloric restriction. The regulated site of acetylation was mapped
to Lys-413, an evolutionarily invariant residue. Site-specific,
genetic incorporation of N€-acetyllysine into position 413 of
IDH2 revealed that acetylated IDH2 displays a dramatic 44-fold
loss in activity. Deacetylation by SIRT3 fully restored maximum
IDH2 activity. The ability of SIRT3 to protect cells from oxida-
tive stress was dependent on IDH2, and the deacetylated mimic,
IDH2"*'3R yariant was able to protect Sirt3~/~ mouse embry-
onic fibroblasts from oxidative stress through increased
reduced glutathione levels. Together these results uncover a
previously unknown mechanism by which SIRT3 regulates
IDH2 under dietary restriction. Recent findings demonstrate
that IDH2 activities are a major factor in cancer, and as such,
these results implicate SIRT3 as a potential regulator of IDH2-
dependent functions in cancer cell metabolism.

Mitochondria play a central role in energy metabolism and
are a source of reactive oxygen species (ROS)?> generated
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through normal respiration activity (1, 2). Cellular damage
caused by aberrant ROS is considered a major factor in many
age-related diseases. Isocitrate dehydrogenase 2 (IDH2) is a
critical component of the mitochondrial antioxidant pathway
through its ability to generate NADPH from oxidative decar-
boxylation of isocitrate to a-ketoglutarate (3, 4). NADPH is
necessary for the regeneration of reduced glutathione (GSH),
the major antioxidant responsible for preventing ROS damage.
In addition to a critical role in maintaining a proper redox state,
IDH2 and its cytoplasmic counterpart IDHI1 recently have
received great attention because of their involvement in reduc-
tive glutamine metabolism in cancer cells and because mutated
forms of IDH1 and IDH2 produce an oncogenic metabolite
2-hydroxyglutarate, which alters the epigenome (5-10).
Protein acetylation is now recognized as a major post-trans-
lational modification for regulating protein function. Pro-
teomic analysis indicated that IDH2 is one of many proteins in
the mitochondria displaying acetylation at lysine residues (11—
14), suggesting that IDH2 is controlled by acetylation. Recent
evidence supports the role of the NAD"-dependent protein
deacetylase SIRT3 in regulating the function of several mito-
chondrial proteins (2, 11, 15-24). SIRT3 regulates key meta-
bolic pathways in response to nutrient deprivation and caloric
restriction, including fatty acid oxidation, oxidative phosphor-
ylation, and the urea cycle (2, 15-20, 25). In fasted or calorie-
restricted mice, SIRT3 expression is induced severalfold (2, 17,
26). Caloric restriction (CR) extends the lifespan and delays the
onset of age-associated phenotypes in diverse species through a
reduction of oxidative damage in multiple tissues (27-30).
SIRT3 is essential for the prevention of age-related hearing loss
under CR as mice lacking Sirt3~ /" failed to manifest the bene-
fits of CR, displaying similar hearing loss to mice on a control
diet (2). Although Sirt3~’~ mice showed no response to CR,
Sirt3~'~ mice on a CR diet exhibited higher levels of NADPH, of
reduced glutathione, and of IDH2 activity in mitochondria. These
observations led us to postulate that IDH2 may be a direct in vivo
target of SIRT3 (2). Correlative evidence supported the idea, but

SOD2, superoxide dismutase 2; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide.
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the significance and mechanism of regulation remained unknown.
Here we provide detailed biochemical and biological evidence that
elucidate the exquisite regulatory relationship between SIRT3 and
IDH2. Using in vivo and in vitro studies, the site of regulatory
(de)acetylation was mapped to Lys-413 of IDH2. In response to
calorie and glucose restriction, we demonstrate that SIRT3
deacetylates IDH2 on Lys-413, stimulating catalysis by 25-fold. We
show that protection against oxidant stress afforded by SIRT3
depends on IDH2, which contributes =25% of the total NADPH in
the mitochondria. Moreover, the deacetylated mimic IDH2**13}
is able to protect Sirt3~'~ MEFs from oxidant stress through
increased mitochondrial GSH:GSSG. This study uncovers a previ-
ously unknown mechanism by which SIRT3 regulates IDH2 under
acute and chronic caloric restriction. In addition to regulation of
mitochondrial redox status, these results implicate SIRT3 as a gen-
eral regulator of IDH2 functions, particularly in cancer cell
metabolism.

EXPERIMENTAL PROCEDURES

In Vivo Site-specific Incorporation of Acetyllysine into
Proteins—To generate a homogeneously acetylated IDH2 con-
struct for analysis, we used a three-plasmid system described by
Neumann et al. (31, 32). This system allows for the site-specific
incorporation of N¢-acetyllysine by way of a Methanosarcina
barkeri acetyl-lysyl-tRNA synthetase/tRNA;, pair that rec-
ognizes an amber codon. To avoid the isolation of truncated
forms of IDH2Ac, wild-type IDH2 was cloned into pTEV-9
(pET-21b backboned with tobacco etch virus cleavage site),
producing a C-terminal His,-tagged construct. By incorporat-
ing an amber codon at Lys-413 (AAG to TAG by site-directed
mutagenesis), we produced pTEV-IDH2 that encodes for a
homogeneous pool of IDH2Ac. Both proteins were produced
and purified as described below.

The three plasmids (TEV-9 with expressed gene, pCDF
pylT-1, and pAcKRS) were transformed into electrocompetent
Escherichia coli BL21 DE3 cells (laboratory collection). Over-
night cultures were subcultured 1:100 into 2 liters of 2X YT
containing spectinomycin (50 ug/ml) + kanamycin (50 pg/ml) +
ampicillin (150 ug/ml). Cultures were grown at 37 °C with
shaking to an A4, of 0.6, induced with 0.4 mm isopropyl-1-thio-
B-p-galactopyranoside in addition to 2 mMm N<-acetyllysine
(Sigma-Aldrich) and 20 mMm nicotinamide to inhibit the activity
of E. coli deacetylases. Cells were grown overnight at 22 °C, har-
vested by centrifugation, and resuspended in 20 ml of binding
buffer (20 mm nicotinamide, 20 mm sodium phosphate at pH 7.5,
containing 500 mm NaCl and 20 mm imidazole) containing
lysozyme (1 mg/ml), DNase I (25 pg/ml), and PMSF (0.5 mm).
Cells were lysed by sonication, and clarified cell lysate was
obtained after centrifugation (15 min, 10,000 rpm) and filtration.
Samples were loaded onto a 5-ml HisTrap Ni* column attached to
an AKTA FPLC system (GE Healthcare) and purified. The rabbit
polyclonal antibody used to detect Lys-413 acetylation was gener-
ated with a synthetic peptide corresponding to the human IDH2
sequence SGAMT(ac)KDLAGC (GeneTel Laboratories LLC,
Madison, WI).

Measurement of NADPH and GSH:GSSG—NADPH levels
were determined by the method of Zerez et al. (33). Briefly, 200
wl of the mitochondrial lysate was mixed with 180 ul of a nico-

APRIL 20, 2012+VOLUME 287+NUMBER 17

SIRT3 Deacetylates IDH2 and Regulates Redox Status

tinamide solution (10 mm nicotinamide, 20 mm NaHCO;, 100
mM Na,CO,) and underwent three freeze-thaw cycles to
extract NADP™ and NADPH. To destroy NADP™" in the sam-
ple, 90 ul of the lysate was incubated in a heating block for 30
min at 60 °C. Twenty-five microliters of each unheated and
heated sample was mixed with 225 ul of a reaction mixture (100
mM Tris, 5 mm EDTA, 0.5 um thiazolyl blue tetrazolium bro-
mide, 2 uM phenazine ethosulfate, 1.3 units of glucose-6-phos-
phate dehydrogenase, pH 8.0) and incubated in a water bath for
5 min at 37 °C. The reaction mixture was transferred to each
well of a 96-well plate, and 1 ul of 1 mm glucose 6-phosphate
was added to initiate the reaction. The absorbance was read at
570 nm every 10 s for 3 min in a microplate reader (Synergy H4,
BioTek). All samples were run in duplicate. The reaction rates
were calculated, and NADPH levels were determined as the
ratio of NADPH (heated sample) to the total of NADP* and
NADPH (unheated sample). The GSH:GSSG ratio was deter-
mined using the GSH:GSSG-Glo assay kit (Promega).

Generation of Stable Cell Pools—HEK293 or immortal
Sirt3*/* or Sirt3~'~ MEF cells were initially cultured in
DMEM supplemented with 10% FBS prior to their use in estab-
lishing stable transfections. SIRT3 MEFS were kindly provided
by Leonard Guarente (34). To establish stable Sirt3-expressing
cells, HEK293 cells were transfected with pCDNA3-
Sirt3-FLAG by calcium phosphate transfection. A vector con-
trol cell line was established by the same method using
pCDNA3. To establish stable IDH2-expressing cells,
pCDNA3.1-IDH2-FLAG, K413R, and K413Q plasmids were
transfected into Sirt3™/* or Sirt3~/~ MEF by TurboFect in
vitro transfection reagent (Fermentas). After transfection, cells
were selected in the medium containing G418 (1.5 mg/ml) for
10 days. The antibiotic-resistant clones were selected,
expanded, and further cultured in medium supplemented with
adequate amounts of antibiotics. To generate stable IDH2
knockdown cell pools in HEK293 cells stably expressing SIRT3
protein, 30 pmol of siRNA for IDH2 mRNA (Sigma) was trans-
fected into HEK293 by TurboFect reagent. After 36 h of trans-
fection, mitochondria were isolated (2) from 9 X 10° HEK293
cells. The mitochondrial fraction was used to measure NADPH
concentration.

Cytotoxicity Assay—The three stable HEK293 cell pools (vec-
tor, SIRT3, and SIRT3 with knockdown IDH2 lines) or Sirt3™/*
or Sirt3~'~ MEF cell pools of stably expressing IDH2%*'3<
IDH2"*'3R were first grown on a 96-well plate at a density of
1 X 10* cells/well before oxidant treatment and subsequent
assessment of cell viability, using 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (35). After
overnight culture, 25 uMm menadione or 1 mm hydrogen perox-
ide was applied to the cells in serum-free DMEM, and cells were
incubated for an additional 48 h at 37 °C. After 48 h of oxidant
treatment, culture medium was aspirated before 200 wl of MTT
(1 mg/ml) was added and further incubated for 4 h at 37 °C. The
MTT solution was discarded by aspirating, and the resulting
formazan product converted by the viable cells was dissolved in
150 ul of dimethyl sulfoxide. The absorbance was read in an
ELISA plate reader at 595 nm (Synergy H4, BioTek). Cell via-
bility is expressed as a percentage of the absorbance measured
in the untreated control cells.
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FIGURE 1. A, maintenance of unacetylated Lys-413 is necessary for IDH2 activity. Wild-type IDH2 and K413R, K413Q, K272Q, K256Q, and K263Q mutants were
expressed in HEK293 cells. Proteins were purified by immunoprecipitation (/P), IDH2 levels were normalized for protein, and activity assays were performed.
Wild-type IDH2 activity was set as 100%. Bars and error bars represent mean and S.D. of triplicate assays. B and C, kinetic comparison of wild-type IDH2 and
variants. Lys-413 was mutated to glutamine or arginine and bacterially expressed, recombinant proteins were purified, and steady-state kinetic analyses were
performed. Comparison of IDH2 (open circles) and variants K413R (open squares) and K413Q (open diamonds) shows that the Lys-413 is important in catalysis.

RESULTS

Mapping Functional Acetylation Sites in IDH2—Recent pro-
teomic studies reported that 13 different lysine residues in
IDH2 were modified by acetylation (12—14); however, it was
unknown which sites played a critical role in regulating IDH2
activity. Because IDH2 is an evolutionarily conserved protein,
we speculated that important regulatory sites targeted by acety-
lation might be conserved. Sequence alignments from diverse
species revealed that lysines 256, 263, and 413 are invariant,
allowing us to focus our inquiry on those residues (supplemen-
tal Fig. S1). We replaced lysine 256, 263, and 413 with either
glutamine or arginine (Fig. 14). As a control, we also mutated
Lys-272, which is not conserved but was reported as acetylated.
The Lys to Arg mutation retains a positive charge and is often
utilized as a deacetylated mimic, whereas Lys to Gln abolishes
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the positive charge and can act as a surrogate of acetylation (18,
23). The IDH2 variants were overexpressed in HEK293 cells
and immunoprecipitated, and IDH2 activity assays were per-
formed. The assay continuously monitors the formation of
NADPH as an increase in absorbance at 340 nm (36). When
compared with WT IDH2, substitutions at Lys-256, Lys-263,
and Lys-272 displayed no significant change in activity. Strik-
ingly, activity of the K413Q mutant decreased by 20-fold,
whereas the corresponding K413R mutant displayed minimal
change (Fig. 1 and supplemental Table S1). Sequence alignment
of five human IDH enzymes revealed that Lys-413 is conserved
among NADP " -dependent IDH1 and IDH2, but not in NAD*-
dependent IDH3. These observations suggest that a positive
charge at position Lys-413 is critical for NADP ™ binding and/or
IDH2 catalytic activity.

RS
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FIGURE 2. A, in vivo site-specific incorporation of acetylated Lys-413 in IDH2. IDH2 and IDH2%4"3A< were recombinantly expressed and purified and analyzed by
12% SDS-PAGE or detected in total lysates by Western blot with an anti-Hisg antibody or anti-pan acetyllysine antibody. NAM, nicotinamide; AcK, acetyllysine.
B, relative IDH2 activity assays using purified IDH2 and IDH2X4'3A<, C and D, SIRT3 specifically deacetylates IDH2"*'3< and rescues activity. C, recombinant
IDH2X413A< from A was incubated with purified recombinant SIRT3 with or without NAD* at 37 °C for 1 h. Acetylation status was assessed by Western blotting
with anti-acetyllysine antibody. An anti-His Western blot shows that equivalent IDH2 protein levels were used. D, IDH2 activity assays were performed using the

COFTESponding IDH2K413Ac

or unacetylated IDH2 from C. E and F, steady-state kinetic analysis of wild-type IDH2 and IDH2%%'3A<, Recombinant proteins were

purified by nickel affinity chromatography, and kinetic assays were performed as described under “Experimental Procedures.” Comparison of wild-type IDH2
(open circles) and IDH2X4"3A< (open squares) reveals that acetylation greatly affects V..., and V,,..,/K,,,. Data are means * S.E.

To investigate the mechanism by which Lys-413 acetylation
might reduce IDH2 activity, we recombinantly expressed and
purified human wild-type IDH2 and the K413R and K413Q
mutants from E. coli. Steady-state kinetic analysis of IDH2
and variants (Fig. 1, B and C) indicated that substitution of
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Lys-413 with arginine did not appreciably alter the K, values
for isocitrate and NADP™; however, the K413Q variant
exhibited a dramatic 20-fold decrease in V_,, when com-
pared with WT, whereas the K413R variant was unaffected in
Vax (supplemental Table S1). Also, the K413Q variant dis-

max
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FIGURE 3. A and B, NADPH concentrations in mitochondria decrease when endogenous IDH2 is knocked down in HEK293 cells. A, Western blotting (WB) with
anti-IDH2 antibody confirms IDH2 expression. B, measurements with errors are shown for two different stable cell populations from each type of transfection
(SIRNA control, SiRNA of Idh2) (n = 3). p values indicate values significantly different from control (p < 0.05). C and D, IDH2 is critical to mediate the
SIRT3-dependent protection in HEK293 cells treated with oxidant stressors hydrogen peroxide (H,0,) (C) or menadione (D). The three different stable cell
populations (vector (VEC), SIRT3 stable expression, and IDH2 knockdown in stable SIRT3 cells, supplemental Fig. 2A) were transiently exposed to either 1 mm

H,O, or 25 um menadione (n = 16). Data are means * S.E.

played an ~5-fold increase in the K, value for NADP ™" but
no significant change in the K, value for isocitrate. These
results support an inhibitory effect of Lys-413 acetylation on
IDH2 activity.

Genetic Incorporation of Acetyllysine at Amino Acid Position
413—Although arginine/glutamine substitutions can provide
general insight into possible functional effects of protein acety-
lation, there is sufficient evidence that such strategies do not
reveal the true consequences of acetylation (37). To directly
determine the effect of acetylation, we utilized site-specific,
genetic incorporation of N€-acetyllysine at position 413 of
IDH2. The incorporation of N€-acetyl-lysine was genetically
encoded through an amber stop codon (TAG) at amino acid
position 413. The mutant version of IDH2 was coexpressed in
E. coli with an orthogonal N€-acetyllysine-tRNA synthetase/
tRNA 4 pair in the presence of N€-acetyllysine. Only with
N<-acetyllysine in the growth medium was the full-length pro-
tein formed, and incorporated acetyllysine was verified by
immunoblotting with an anti-acetyllysine antibody (Fig. 24).

Acetylation of Lys-413 Decreases Catalysis and SIRT3 Reac-
tivates IDH2 upon Deacetylation—IDH2"*'?A¢ was purified,
and catalytic activity was assessed, yielding an enzyme with
decreased activity by greater than 10-fold when compared with
wild-type enzyme (Fig. 2B). Next, we determined whether
SIRT3 could deacetylate Lys-413 and recover IDH2 activity.
Using an in vitro deacetylation assay, we demonstrated that
only when SIRT3 and the co-substrate NAD " are present does
SIRT3 remove the acetyl group from IDH2**'34< (Fig. 2C).
Corresponding IDH2 activity assays revealed that deacetylated
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IDH2 recovers full catalytic activity when compared with WT
(Fig. 2D).

To provide molecular insight into the regulatory mechanism
of IDH2 reversible acetylation, a steady-state kinetic analysis
was performed with WT and IDH2X*'34<, Substrate saturation
curves were determined with NADP™ (Fig. 2E) and isocitrate
(Fig. 2F) as the varied substrate with either IDH2 or
IDH25*34< When compared with IDH2, this kinetic analysis
revealed that IDH2X*'34< displays a 15-fold (average from sup-
plemental Table S1) decrease in V. and a 44-fold decrease in
the apparent second order rate constant V,, /K, with NADP™
as substrate. (Fig. 2, E and F). Interestingly, the K, values for
isocitrate were similar between the acetylated and unacetylated
enzyme (supplemental Table S1). These results demonstrate
for the first time the molecular and functional consequence of
Lys-413 acetylation on IDH2 activity.

SIRT3-dependent Deacetylation of IDH2 Suppresses Cellular
ROS Stress—Previous studies implicate IDH2-produced
NADPH as a protective mechanism against cellular oxidative
stress (3). We demonstrated that SIRT3 regulates the ability of
cells to resist ROS damage from exogenous and endogenous
ROS (2). We proposed that SIRT3 deacetylates IDH2 and stim-
ulates an increase in NADPH, which is utilized by the mito-
chondrion antioxidant system to combat ROS. To determine
how much IDH2 contributes to the steady-state levels of
NADPH, we used siRNA to knock down endogenous IDH2 in
HEK293 cells (Fig. 3A) and measured the corresponding
change in NADPH levels within mitochondria. The results (Fig.
3B) indicate that IDH2 contributes =25% of the total NADPH
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produced in the mitochondria, which is consistent with previ-
ous studies showing IDH2 as one of major mitochondrial
sources of NADPH (38).

To test whether the protective effect of SIRT3 against oxida-
tive stress is dependent on IDH2, we used siRNA to knock down
endogenous IDH2 in cells stably overexpressing SIRT3.
HEK293 cells were treated with H,O, or menadione, and cell
viability was monitored (Fig. 3, C and D). Consistent with our
previous observations (2), expression of SIRT3 offers signifi-
cant protection from ROS insults such as H,O, and menadione
(Fig. 3, C and D). Here we show that when IDH2 levels are
knocked down, the protective effects of SIRT3 expression are
eliminated (with H,O,, Fig. 3C) or substantially reduced (with
menadione, Fig. 3D). These results provide strong biochemical
evidence that IDH2 is a major pathway through which SIRT3
provides defense against ROS.

Acetylation of Lys-413 Is Regulated by SIRT3 in Response to
Calorie and Glucose Restriction—Next, we investigated in vivo
whether Lys-413 is a critical acetylation site that modulates the
activity of IDH2 in response to glucose or calorie restriction. To
determine the in vivo acetylation status of Lys-413, a rabbit
polyclonal anti-acetylated Lys-413 IDH2 antibody was gener-
ated as outlined under “Experimental Procedures.” Western
blot analysis of IDH2 overexpressed in HEK293 cells revealed
an immune-reactive band that displayed increased intensity
with cells treated with nicotinamide, a general sirtuin inhibitor
(Fig.4A). The anti-acetylated Lys-413 IDH2 antibody, however,
did not recognize the IDH2 K413R mutant, indicating that the
antibody is specific for IDH2 K413Ac. These data validate the
site-specific antibody and confirm that Lys-413 in IDH2 is
indeed acetylated when expressed in HEK293 cells.

Under caloric restriction or fasting, SIR'T3 mRNA and pro-
tein levels are dramatically increased in mice (2, 39, 40). This led
us to inquire whether IDH2 acetylation levels and activity might
be directly controlled by glucose availability. We examined the
effect of glucose levels on IDH2 acetylation in cultured cells and
found that lowering glucose levels led to a decrease in Lys-413
acetylation, as determined by the Lys-413 acetylation-specific
antibody (Fig. 4B). Lys-413 acetylation inversely correlated
with the measured IDH2 activity (Fig. 4B), in agreement with an
inhibitory effect of Lys-413 acetylation on IDH2 activity. Also,
consistent with a direct effect by SIRT3, we found that lowered
glucose levels increase the protein level of SIRT3 (Fig. 4B).
These results suggest an exquisite relationship between nutri-
ent status, SIRT3 levels, and regulated IDH2 activity.

To provide direct evidence that SIRT3 controls IDH2 activity
via reversible acetylation of Lys-413, we utilized the site-spe-
cific anti-K413Ac antibody and determined acetylation levels of
IDH2 from liver mitochondria of WT and Sirt3~'~ mice fed
control or calorie-restricted diets (Fig. 4C). In CR tissues, the
acetylation of Lys-413 is decreased 3-fold when compared with
control diet. This change closely matches the 3-fold increase in
SIRT3 protein levels under CR (Fig. 4C) (2, 17, 26). In Sirt3~'~
mice tissues, hyperacetylation of IDH2 was observed in both
control and CR diet conditions, indicating that SIRT3 is
required for the CR-induced deacetylation of IDH2 Lys-413.

IDH2"*3R Rescues Oxidant Damage in Sirt3~'~ MEFs—We
have shown that substitution of lysine with glutamine mimics
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FIGURE 4.A, in cells, IDH2 is acetylated on lysine 413. A specific acetyllysine 413
antibody was generated using the peptide SGAMT(AC)KDLAGC. HEK293 cells
were co-transfected by pcDNA3-IDH2-FLAG and pcDNA3-IDH2K413R-
FLAG. IDH2 proteins were immunoprecipitated (/P) using FLAG beads. IDH2
Lys-413 acetylation levels were detected using the site-specific antibody. WB,
Western blotting; NAM, nicotinamide; AcK, acetyllysine. B, low glucose
decreases acetylation level of IDH2 Lys-413 and increases IDH2 activity. IDH2-
FLAG was overexpressed in HEK293 cells following treatment with varying
glucose levels (5, 3, 1, and 0 g/liter) for 6 h. Cell lysates were resolved by
SDS-PAGE and detected by Western blotting with anti-SIRT3 antibody. IDH2-
FLAG was immunoprecipitated with anti-FLAG beads, and IDH2 activity was
measured and normalized to IDH2 protein levels; quantifications of the
amounts of IDH2 were performed by anti-FLAG antibody and anti-acetylated
Lys-413 antibody from A. Error bars represent standard error measurement
(S.E) (n = 3), p < 0.05. C, Bottom and middle, Western blot analysis of SIRT3
(bottom) and levels of acetylated lysine 413 (middle) in liver from 5-month-old
WT or Sirt3~/~ mice fed either control diet (CD) or calorie-restricted diet (CR).
Top, endogenous acetylated IDH2 was isolated by immunoprecipitation with
anti-IDH2 antibody followed by Western blotting with anti-acetyllysine 413
IDH2 antibody (middle).

an acetylated Lys-413 of IDH2, whereas substitution with an
arginine mimics the deacetylated state (Figs. I, Band C,and 2, E
and F). We took advantage of this unique mimicry to investi-
gate, in the absence of SIRT3, whether overexpression of
IDH2%*'*R could protect cells from oxidant stress. For compar-
ison, we separately expressed the IDH2%*!3Q acetylation
mimic. Three stable cell pools expressing IDH2X*'?R
IDH2X*13Q or a vector control were generated in Sirt3~/~
MEFs (34) (Fig. 5A and supplemental Fig. 2B). The levels of
GSH:GSSG and cell viability were determined = H,O, or =
menadione. In Sirt3~ '~ MEFs, treatment with H,O, and men-
adione caused significant decreases in mitochondrial GSH:G-
SSG ratios (Fig. 5, A and B). Expression of the IDH2"***® vari-
antin Sirt3~/~ MEFs (Fig. 5, Band C) provided maintenance of
the GSH:GSSG ratio after H,O, or menadione treatment. The
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FIGURE 5. A and B, GSH:GSSG ratios are significantly increased when IDH2%4"3R was stably overexpressed in Sirt3~/~ MEFs. Measurements with errors are
shown for the five different stable cell populations from each type of transfection (vector (VEC), IDH2X4'3%, and IDH2"*"*R in Sirt3~/~ MEFs) (n = 3), (p <
0.01) in cells treated with oxidants hydrogen peroxide (H,0,) (A) and menadione (B). C and D, IDH2X*'3R overexpression is sufficient to protect Sirt3 ™’

MEFs from hydrogen peroxide (H,0,) (C) and menadione (D). Cells were transiently exposed to either T mm H,0, or 25 um menadione (n = 16) (p < 0.05).

Data are means * S.E.

IDH2X*13Q yariant was unable to maintain the GSH:GSSG,
yielding similar GSH:GSSG values to those of vector control
after ROS treatment. The effects on cell viability are more dra-
matic and consistent with the trends observed for GSH:GSSG
changes (Fig. 5, C and D). Expression of the IDH2*** variant
provided complete protection against both oxidant insults (Fig.
5, Cand D). In contrast, stable expression of IDH25**3*< offered
no significant protection against H,O, and menadione, consis-
tent with the trends on GSH:GSSG levels. These results support
a critical role for IDH2 in maintaining the redox balance in
mitochondria and a regulatory function of reversible acetyla-
tion at Lys-413.

DISCUSSION

Here we provide the mechanistic basis for SIRT3-dependent
regulation of IDH2 under glucose and caloric restriction. We
mapped the regulated site of acetylation to Lys-413 using muta-
tional analysis of evolutionarily invariant lysine residues. To
provide unequivocal assessment for the effect of acetylation, we
utilized site-specific, genetic incorporation of N€-acetyllysine
into recombinantly expressed and purified IDH2. When com-
pared with WT enzyme, steady-state kinetic analysis revealed
that IDH2X*'?A¢ displays an approximate 15- and 44-fold
decrease in V,, and V, . /K, (NADP™), respectively, consis-

max

tent with the kinetics of IDH2**3*<, SIRT3 specifically deacety-
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lated IDH2"*'34¢, resulting in full recovery of IDH2 activity. To
our knowledge, this is the first use of site-specific genetic incor-
poration of acetyllysine to perform a detailed mechanistic anal-
ysis on the catalytic effects of acetylation. Previous kinetic anal-
ysis of NADP ™ -dependent IDH revealed that catalysis proceeds
by a random sequential mechanism where catalysis is more
rapid than product release (41). Therefore, the effect of acety-
lation on V,, likely reflects altered product release. Similarly,
the dramatic drop in V,,, /K, for NADP" might reflect ineffi-
cient formation of the catalytically competent conformation.
Structural studies of IDH2 from Saccharomyces cerevisiae (57%
identity to human IDH2) indicated that the protein undergoes
substantial conformational changes during catalysis (42). We
hypothesize that acetylation of Lys-413, partially through the
ablation of the positively charged binding pocket (supplemental
Fig. S3), as well as through potential structural alteration
induced by acetylation, prevents the proper binding conforma-
tion and positioning of NADP™ for catalysis.

The ability of SIRT3 to modulate IDH2 activity has wide-
ranging implications in metabolism, ROS mitigation, and can-
cer. Consistent with emerging evidence (2, 15-23, 25, 43),
SIRT3 promotes oxidative metabolism and mitochondrial
reprogramming under lowered energy input (acute and chronic
caloric restriction). Stimulation of oxidative metabolic path-
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ways in mitochondria can result in increased production of
ROS, which causes damage to cellular components and com-
promises cell viability (44, 45). The role of IDH2 in the mito-
chondrial antioxidant pathways suggests a protective role in
cancer as it is postulated that decreased cellular damage by ROS
slows cancer development (46, 47). We propose that SIRT3
activates the IDH2 pathway as a coordinated program to miti-
gate increased ROS during periods of increased oxidative
metabolism. We demonstrate that SIRT3 can protect cells from
mitochondrial oxidative stress and that this effect is almost
entirely dependent on IDH2. Cellular knockdown of IDH2
revealed that 25% of mitochondrial NADPH is maintained by
IDH2 under nonstressed growth, which is consistent with pre-
vious reports that IDH2 is one of two major mitochondrial
NADPH producers (48). IDH2 knockdown in cells stably over-
expressing SIRT3 led to a complete or nearly complete loss of
protection from oxidative stress. Importantly, we show that the
Lys-413 deacetylation mimic, IDH2¥*"?®, is able to protect
Sirt3~'~ MEFs from oxidative stress by increasing GSH:GSSG,
providing evidence that IDH2 serves as the critical link
between SIRT3 and protection from ROS. Recent studies
reported that SIRT3 can also activate superoxide dismutase
2 (SOD2) (21) and Mn-SOD (22, 23). SOD catalyzes the con-
version of superoxide to H,O,. Hydrogen peroxide, pro-
duced by dismutation of superoxide and other cellular redox
chemistries, is the major oxidizer of GSH and protein thiols.
Oxidized thiols are repaired by the IDH2-dependent antiox-
idant pathway involving glutathione reductase. The observa-
tion that IDH2 is critical for GSH buffering and cell viability
against both H,O, and menadione supports a critical role for
IDH2 regardless of ROS origin. Taken together, SIRT3 is a
key factor in a coordinate up-regulation of oxidative metab-
olism and antioxidant pathways in response to acute and
chronic caloric restriction.

Recent studies describe previously unappreciated functions
of IDH that suggest a major role in cancer cell metabolism.
First, there are known active-site mutations that result in
decreased rates of a-ketoglutarate formation, but increased
ability to form an oncogenic product, 2-hydroxyglutarate (5-7).
Second, IDH2 is critical for the metabolic reprogramming that
allows tumor cells to utilize glutamine for macromolecular bio-
synthesis required for cell growth (8—10). In the latter case,
IDH2 catalyzes the reductive carboxylation of a-ketoglutarate
to isocitrate, the reverse direction of the normal IDH2-cata-
lyzed reaction.

Here we have uncovered a previously unknown mechanism
by which SIRT3 regulates IDH2 under dietary restriction. In
addition to the antioxidant functions described in the current
study, these results implicate SIRT3 as a major regulator of
IDH2 function and cancer cell metabolism. Several recent stud-
ies suggest that SIRT3 acts as a tumor suppressor (34, 49, 50),
whereas others report a positive correlation with cancer and
SIRT3 expression (51). Given this regulatory connection
between these enzymes and their effects in cancer cell metabo-
lism, future investigations will be important to elucidate the
role of SIRT3-dependent modulation of IDH2 activity in cancer
progression.
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