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Sirtuins are homologues of the yeast transcriptional repressor
Sir2p and are conserved from bacteria to humans. We report
that human SIRT4 is localized to the mitochondria. SIRT4 is a
matrix protein and becomes cleaved at amino acid 28 after
import into mitochondria. Mass spectrometry analysis of pro-
teins that coimmunoprecipitate with SIRT4 identified insulin-
degrading enzyme and the ADP/ATP carrier proteins, ANT2
and ANT3. SIRT4 exhibits no histone deacetylase activity but
functions as an efficient ADP-ribosyltransferase on histones
and bovine serum albumin. SIRT4 is expressed in islets of
Langerhans and colocalizes with insulin-expressing � cells.
Depletion of SIRT4 from insulin-producing INS-1E cells results
in increased insulin secretion in response to glucose. These
observations define a new role for mitochondrial SIRT4 in the
regulation of insulin secretion.

Histone deacetylases are enzymes that catalyze the removal
of acetyl groups from the �-amino group of lysine residues and
are separated into three classes. Sirtuins, the class III histone
deacetylases, are homologous to the yeast transcriptional
repressor, Sir2p, and are NAD�-dependent enzymes (1–3).
Seven sirtuins have been identified in the human genome (4, 5).
They share a conserved Sir2 catalytic core domain and exhibit
variable amino- and carboxyl-terminal extensions that contrib-
ute to their unique subcellular localization and may also regu-
late their catalytic activity.
The subcellular distribution, substrate specificity, and cellu-

lar functions of sirtuins are quite diverse (reviewed in Refs.
1–3). SIRT1 is found in the nucleus, where it functions as a
transcriptional repressor via histone deacetylation. SIRT1 can

also regulate transcription by modifying the acetylation levels
of transcription factors, such asMyoD, FOXO, p53, andNF-�B
(6–12). The SIRT2 protein is found in the cytoplasm, where it
associates withmicrotubules and deacetylates lysine 40 of�-tu-
bulin (13). The SIRT3 protein is localized in the mitochondrial
matrix (14, 15), where it is proteolytically processed at its NH2
terminus, yielding a mature protein that has protein deacety-
lase activity (14). These observations indicate that the targets of
sirtuins are not restricted to histone proteins but extend to
acetylated proteins in other subcellular compartments.
Sirtuins also differ in their substrate specificities. For

instance, SIRT1, -2, and -3 have robust activity on chemically
acetylated histone H4 peptides, whereas SIRT5 has weak but
detectable activity, and SIRT4, -6, and -7 have no detectable
activity on the same substrate (13). Interestingly, a sirtuin from
Archaeoglobus fulgidus, Sir2-Af1, which has close homology
with SIRT5, also has weak activity on a histone peptide but
significantly stronger activity on an acetylated bovine serum
albumin substrate (16, 17). Similarly, both SIRT1 and SIRT2
can deacetylate p53; however, only SIRT2 deacetylates lysine 40
of �-tubulin (13, 17).
Recently, SIRT6 was demonstrated to be a nuclear ADP-ri-

bosyltransferase (18), whereas a T. brucei SIR2 homologue
exhibited both histone NAD-dependent ADP-ribosyltrans-
ferase and deacetylase activities (19). These observations indi-
cate that sirtuins can function either as NAD-dependent pro-
tein deacetylases or as ribosyltransferases.
The substrate specificities of SIRT3 to -7 are unknown.

Determining the localization patterns of these proteins is the
first step in elucidating the physiologically relevant targets for
deacetylation by each of these enzymes. Here, we report that
SIRT4 is targeted to the mitochondrial matrix, where it inter-
acts with insulin-degrading enzyme and the ADP/ATP carrier
protein. Depletion of SIRT4 from insulin producing INS-1E
cells results in increase in secretion of insulin from these cells in
response to glucose, suggesting that SIRT4 negatively regulates
insulin secretion in these cells.

EXPERIMENTAL PROCEDURES

Tissue Culture—HEK293, HEK293T and HeLa cells were
grown in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (Gemini Bio-prod-
ucts, Woodland, CA) in the presence of penicillin, streptomy-
cin, and 2 mM L-glutamine (Invitrogen). The clonal � cell line
INS-1E (20), derived from parental INS-1 cells (21), was grown
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in Roswell Park Memorial Institute 1640 medium supple-
mentedwith 5% fetal calf serum, 10mMHepes, 2mMglutamine,
100 units/ml penicillin, 100 �g/ml streptomycin, 1 mM sodium
pyruvate, and 50 �M 2-mercaptoethanol. Adherent cultures of
INS-1E cells were transfected with control siRNA3 or siRNA
against SIRT4 (synthesized by Dharmacon Inc., Chicago, IL)
and further cultured in complete RPMI 1640medium for 3 days
before experiments.
Plasmids and Mutagenesis—The human SIRT4 gene was

cloned in a derivative of pcDNA3.1(�) (FLAG vector) to gen-
erate the construct encoding SIRT4-FLAG, as described (13).
Deletion mutants of SIRT4 were constructed by using oligo-
directed, PCR-based mutagenesis. The QuikChange site-di-
rected mutagenesis kit (Stratagene, La Jolla, CA) was used for
site-directed mutagenesis.
Antibodies—The following antibodies were obtained com-

mercially: anti-Hsp60 (clone 4B9/89; Affinity Bioreagents,
Golden, CO), anti-Hsp70 (clone JG1; Affinity Bioreagents),
anti-Hsp90 (SPS-771; Stressgen Biotechnologies, San Diego,
CA), anti-cytochrome c oxidase subunit IV (clone 20E8-C12;
Molecular Probes, Inc., Eugene, OR), anti-cytochrome c (clone
7H8.2C12; Pharmingen, San Diego, CA), anti-FLAG M2
(Sigma), anti-insulin-degrading enzyme (clone BC-2; Covance,
Berkeley, CA), Cy2-conjugated anti-mouse secondary antibody
(Jackson ImmunoResearch Laboratories,West Grove, PA), and
rabbit polyclonal anti-FLAG (Sigma). SIRT4 antiserum was
raised in rabbits (Sigma-Genosys) against a COOH-terminal
peptide corresponding to the last 15 amino acids of SIRT4
(NH2-LNSRCGELLPLIDPC-COOH). ANT2-specific antiserum
was kindly provided by Dr. Douglas C. Wallace (University of
California, Irvine) and immune affinity-purified as described
(22).
Immunofluorescence and Confocal Microscopy—HeLa cells

grown on glass coverslips were transfected with Lipofectamine
(Invitrogen). After 24 h of transfection, the cells were washed
with phosphate-buffered saline (PBS) and incubated with Dul-
becco’s modified Eagle’s medium containing 40 nM Mito-
Tracker Red (CMXRos; Molecular Probes) for 45 min at 37 °C,
washed in PBS, and incubatedwithDulbecco’smodified Eagle’s
medium for 1 h. The cells were then washed, fixed in 3.7%
paraformaldehyde for 10min at 37 °C, permeabilized with 0.2%
Triton X-100 for 10 min, and blocked with 1% bovine serum
albumin for 10 min. Immunostaining was then done with
monoclonal anti-FLAGM2 antibody (1:500) for 1 h followed by
incubation with a Cy2-conjugated anti-mouse secondary anti-
body (1:500) for 30 min. The cells were washed twice with PBS
containing 0.1% Tween 20 and once briefly with water. The
coverslips were mounted on glass slides and analyzed by con-
focal laser-scanningmicroscopywith anOlympus BX60micro-
scope equipped with a Radiance 2000 confocal setup (Bio-Rad).
Differential Centrifugation—HEK293T cells were harvested

by centrifugation and resuspended in ice-cold bufferA (250mM

sucrose, 10 mM KCl, 1.5 mMMgCl2, 1 mM EDTA, 1 mM EGTA,
1 mM dithiothreitol, 20 mM HEPES-KOH, pH 7.5) containing
protease inhibitormixture (Complete; RocheApplied Science).
Cells were homogenized using Dounce homogenization
(Wheaton, Millville, NJ). After removal of nuclei and unbroken
cells by centrifugation at 770 � g for 10 min, the heavy mem-
brane (HM) fraction was prepared by centrifugation at 5,500 �
g for 10 min. The resulting supernatant was centrifuged at
100,000 � g for 1 h to separate the light membrane (LM) frac-
tion (pellet) from the cytosolic proteins (S100). TheHMand the
LM fractions were solubilized in lysis buffer (50 mM Tris-HCl,
pH 7.5, 0.5 mM EDTA, 0.5% Nonidet P-40, 150 mM NaCl), and
the protein content was determined with Bio-Rad DC protein
assay reagent. Equal amounts of protein from each fraction
were subjected to SDS-PAGEand analyzed by immunoblotting.
Transient Transfections and Immunoprecipitations—HEK293T

cells were transfected by the calcium phosphate DNA precipita-
tion method and harvested 48 h after transfection. Mitochon-
dria were isolated by differential centrifugation as described
above and lysed in lysis buffer (50mMTris-HCl, pH 7.5, 0.5 mM
EDTA, 0.5% Nonidet P-40, 150 mM NaCl) in the presence of a
protease inhibitor mixture. SIRT4-FLAG was immunoprecipi-
tated with anti-FLAGM2-agarose affinity gel (Sigma) for 2 h at
4 °C from total cell lysate. Immunoprecipitated material was
washed three times for 15 min each with lysis buffer and dis-
solved in SDS-PAGE sample buffer.
Protease Accessibility Assays—Mitochondria fromHEK293T

cells were resuspended in SM buffer (250 mM sucrose, 10 mM
MOPS-KOH, pH 7.2) and aliquoted in three tubes. Mitochon-
dria were pelleted by centrifugation and resuspended in SM
buffer, hypotonic buffer (10 mMMOPS-KOH, pH 7.2), or SM
buffer containing 1% (w/v) Triton X-100. The mitochondria
were incubated on ice for 5 min and digested with Proteinase
K (150 �g/ml) on ice for 15 min. Proteolysis was stopped
with 2 mM phenylmethylsulfonyl fluoride, and proteins were
precipitated in 15% trichloroacetic acid, collected by centrif-
ugation, washed with acetone, recentrifuged, and analyzed
by immunoblotting.
Alkaline Extraction Experiments—Mitochondria were iso-

lated from HEK293T cells expressing SIRT4-FLAG and resus-
pended in freshly prepared ice-cold 0.1 M sodium carbonate
(pH 11.5) for 30 min at 4 °C. Mitochondria were centrifuged at
100,000� g for 30min at 4 °C followed by solubilization in SDS
sample buffer. Supernatant proteins were concentrated by tri-
chloroacetate precipitation, solubilized in SDS sample buffer,
and analyzed by immunoblotting.
Mitochondrial Sonication—Mitochondria were isolated

from cells expressing SIRT4-FLAG, resuspended in sonication
buffer (20mMTris, pH 7.5, 100mMNaCl), and sonicated with a
microtip sonicator (Cole-Parmer Instruments, model CP130,
three times for 6 s, 40% duty cycle,microtip output setting 6). The
sonicated samplewas centrifuged at 100,000� g for 30min at 4 °C
to separate the membranes (pellet) from the soluble proteins.
In Vitro ADP-ribosylation—HEK293 cells overexpressing

SIRT4-FLAG were solubilized in lysis buffer (50 mM Tris-HCl,
pH 7.5, 0.5mM EDTA, 0.5%Nonidet P-40, 150mMNaCl) in the
presence of a protease inhibitormixture, and SIRT4-FLAGwas
immunoprecipitated with anti-FLAG M2-agarose affinity gel

3 The abbreviations used are: siRNA, small interfering RNA; IDE, insulin-de-
grading enzyme; BSA, bovine serum albumin; PBS, phosphate-buffered
saline; HM, heavy membrane; LM, light membrane; MOPS, 4-morpho-
linepropanesulfonic acid; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight.
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(Sigma) for 2 h at 4 °C from total cell lysate. Immunoprecipi-
tatedmaterial waswashed three times for 15min eachwith lysis
buffer containing 300 mM NaCl and followed by SIRT4-FLAG
elution with 100 �g/ml FLAG peptide (Sigma). The ADP-ribo-
sylation reaction contained 10 �g of BSA (Sigma) or total his-
tone proteins (RocheApplied Science) and the following buffer:
10 mM dithiothreitol, 2 mM EDTA, and 50 mM Tris-HCl (pH
8.0). The reaction was initiated by adding 2.5 �Ci of [32P]NAD
and SIRT4 (0.5 �g/reaction), and the reaction was allowed to
proceed for 1 h at 37 °C. Free radioactivity was removed from
the samples using spin column (Amersham Biosciences). Sam-
ples were mixed with SDS-PAGE loading buffer and separated
on 12% SDS-polyacrylamide gels after boiling for 5 min. The
gels were dried, and autoradiography was performed.
Generation of Stable Cell Line Overexpressing SIRT4-FLAG

and SIRT5-FLAG—SIRT4 (or SIRT5)-FLAG-pcDNA3.1� vec-
tor or empty-pcDNA3.1� control vector was linearized with
the enzyme SspI, gel-purified, and transfected into HEK293
cells. After 48 h of transfection, the cells were selected in
medium containing 700 �g/ml G418.
SIRT4 Immunoprecipitation and Peptide Mass Finger-

printing—Cells expressing SIRT4-FLAG were harvested and
solubilized in lysis buffer (50 mM Tris-HCl, pH 7.5, 0.5 mM
EDTA, 0.5% Nonidet P-40, 150 mM NaCl) in the presence of a
protease inhibitor mixture, and SIRT4-FLAGwas immunopre-
cipitated with anti-FLAGM2-agarose affinity gel (Sigma) over-
night at 4 °C from total cell lysate. Immunoprecipitated mate-
rial was washed three times for 15 min each with lysis buffer
containing 300 mM NaCl and resuspended in SDS-sample
buffer. The samples were subjected to SDS-PAGE followed by
Coomassie Blue staining. Bands corresponding to proteins spe-
cifically interacting with SIRT4 were excised and prepared for
mass spectrometry. Gel slices were destained in 25 mM ammo-
nium bicarbonate, 50% acetonitrile. Gel pieces were treated
with 100% acetonitrile until shrinking of the gel pieces was
noted. Acetonitrile was removed, and the gel pieces were dried
in a vacuum centrifuge. Samples were reduced by treatment
with 10 mM dithiothreitol solution for 45 min at 56 °C. The
supernatant was removed, and the samples were alkylated in 55
mM iodoacetamide solution for 30 min in darkness at room
temperature. After washing in 25 mM ammonium bicarbonate
for 15 min, the gel pieces were treated with 100% acetonitrile
for 5 min and completely dried in a vacuum centrifuge. 25 �l of
trypsin (12.5 ng/ml)were added to the dried gel pieces, followed
by incubation on ice for 30min. 25mM ammoniumbicarbonate
was added to cover the gel pieces. After in-gel digestion for 16 h
at 37 °C, the supernatant was transferred to a fresh tube, and
peptides were extracted twice by vortexing the gel pieces for 20
min in 50% acetonitrile, 5% trifluoroacetic acid. Aqueous and
organic peptide extracts were combined and concentrated
under vacuum. Peptide mass fingerprints were obtained by
mixing 0.5 �l of each in-gel digest peptide extract with 0.5 �l of
matrix solution (�-cyano-4-hydroxycinnamic acid (5mg/ml) in
50% acetonitrile, 50% water, 0.1% trifluoroacetic acid) directly
on a stainless steel target. After co-crystallization of the peptide
mixture with the matrix, peptide mass maps were obtained
using a Voyager DE STR MALDI-TOF mass spectrometer
(Applied Biosystems). In the MALDI-TOF process, peptides

were ionized following amatrix-analyte crystal irradiation with
a pulsed nitrogen laser (337 nm) that struck the sample at a
frequency of 20 Hz. A voltage of 25 kV accelerated the peptide
ions out of the ion source into the flight tube after a 125-ns
delay. Monoprotonated peptide ions were temporally sepa-
rated according to their mass/charge ratios as they drifted
down the flight tube through the reflector mass analyzer, even-
tually striking the detector. Individual peptide masses were
determined bymeasuring the time it took each ion to travel the
distance from its origin to the detector. Delayed extraction of
peptide ions from the ion source in combination with the
kinetic energy-focusing properties of the reflector (also called
the ion mirror) provided mass resolution sufficient for deter-
mining the monoisotopic mass of each peptide. Close proxim-
ity external calibration enabled peptide masses to be measured
within �50–100 ppm of their theoretical values. Protein iden-
tification was accomplished by comparing the experimentally
generated set of peptide masses with theoretically predicted
sets of tryptic peptides derived from each protein in the Swiss-
Prot data base (available on theWorldWideWeb) by a process
of “in silico digestion.” Data base searches were performed
using the Aldente Peptide Mass Fingerprinting Tool available
to the public on the World Wide Web.
Immunoprecipitations and Western Blotting—HEK293 cells

stably expressing SIRT4-FLAG, SIRT5-FLAG, or a FLAG-con-
trol vector were plated in 100-mm dishes. Confluent cells were
rinsed off with ice-cold PBS, washed twice in PBS, and lysed in
lysis buffer (1% Nonidet P-40, 1 mM EDTA, 150 mM NaCl, 50
mMTris, pH7.4) containing protease inhibitors (RocheApplied
Science EDTA-freemixture) for 1 h on ice. Lysateswere cleared
(16,100 � g, 15 min, 4 °C) and immunoprecipitated with anti-
FLAGM2-agarose (Sigma) for 3 h at 4 °C. Immunoprecipitates
were washed five times with lysis buffer and analyzed byWest-
ern blotting.
Immunohistochemistry—Detection of SIRT4 protein in

human tissues was performed on normal human tissue samples
using the immunoperoxidase technique and the ABC Vec-
tastain Elite kit (Vector Laboratories, Inc., Burlingame, CA). An
anti-human SIRT4 antibody raised against a synthetic peptide
composed of amino acids 240–254 (DKVDFVHKRVKEADS)
of human SIRT4 was used (Orbigen, San Diego, CA). Five-�m-
thick sections of formalin-fixed paraffin-embedded tissue were
deparaffinized in xylene and rehydrated in graded alcohols.
After blocking of endogenous peroxidase activity with 1.5%
hydrogen peroxide in methanol for 30 min, the sections were
incubatedwith 1% normal goat serum in PBS for 60min. Rabbit
anti-SIRT4 antibody (1:150 dilution) was incubated overnight
at 4 °C, followed by biotinylated goat anti-rabbit IgG antibody
and the avidin-biotin-peroxidase complex. Washes were per-
formed three times with PBS after each incubation step. Perox-
idase activity was developed by a solution of 3,3�-diaminoben-
zidine tetrahydrochloride (Vel, Leuven, Belgium) dissolved in
PBS and 0.03% H2O2. The 3,3�-diaminobenzidine tetrahydro-
chloride solution was filtered and applied to the sections for 3
min. Carazzi’s hematoxylin was used to counterstain the slides
followed by dehydration and mounting. Control experiments
were performed with omission of the first antibody in the
immunoperoxidase assay. Detection of insulin expression by

SIRT4 Regulates Insulin Secretion

NOVEMBER 16, 2007 • VOLUME 282 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 33585

 at U
N

IV
 D

E
 LIE

G
E

-M
M

E
 F

 P
A

S
LE

 on D
ecem

ber 28, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


the � cells of the pancreatic islets of Langerhans was performed
on serial sections of normal human pancreas using the ABC
Vectastain Elite kit and a mouse monoclonal anti-insulin anti-
body at a dilution of 1:500 (clone 2D11-H5; SantaCruzBiotech-
nology, Inc., Santa Cruz, CA). Other controls included normal
rabbit IgGs (purchased from Serotec, purified polyclonal rabbit
IgG from normal rabbit serum) and rabbit anti-bone sialopro-
tein antibody (LF-83, provided by L. W. Fisher, National Insti-
tutes of Health) on normal human pancreas or on a case of
poorly differentiated human prostate cancer. Photomicro-
graphs of the slides were taken with a Zeiss microscope
equipped with a Leica camera.
siRNA Preparation—siRNAs corresponding to the SIRT4 gene

were designed as recommended and were chemically synthesized
byDharmaconRNATechnologies (Dharmacon Inc.,Chicago, IL).
Transfections—Transfection of control siRNA, siRNA against

SIRT4 for down-regulation, pFLAG-control, and pFLAG-
SIRT4 cDNA for up-regulation were all performed using
Lipofectamine 2000 (Invitrogen) in 24-well plates according
to the manufacturer’s specifications. Briefly, 2 � 105 INS-1E
cells were seeded per well into 24-well plates, reaching 50–60%
confluence the day of transfection. siRNAsmixtures were incu-
bated for 30minwith Lipofectamine 2000 diluted in serum-free
RPMI 1640 before transfer to cells. Next, cells were treatedwith
the respective mixtures for 6 h in the incubator before medium
replacement. Transfected cells were kept in culture for 3 days
before proceeding to experiments. Different siRNA-SIRT4
concentrations (250, 500, and 1000 nM) were tested in INS-1E
cells, and efficiency was assessed by quantitative real time PCR.
Overexpressionwas carried out using 0.14�g of SIRT4 plasmid
DNA/well.
Quantitative Real Time PCR—INS-1E cells cultured in

24-well plates were transfected with siRNA-SIRT4. Three days
after transfection, total RNA was extracted using the RNeasy
Mini Kit (Qiagen), and 2 �g was converted into cDNA. Primers
for rat SIRT4 and rat cyclophilin were designed using the
Primer Express Software (Applera Europe). Real time PCR was
performed using an ABI 7000 sequence detection system
(Applera Europe), and PCR products were quantified fluoro-
metrically using the SYBR Green core reagent kit. The values
obtained were normalized to the values of rat cyclophilin
mRNA. Rat SIRT4 primers were as follows: 5�-CCA TCC
AGC ACA TTG ATT TCA-3�; 5�-GGC CAG CCC ACA
AAG TTT C-3�. Rat cyclophilin primers were as follows:
5�-TCA CCA TCT CCG ACT GTG GA-3�; 5�-AAA TGC
CCG CAA GTC AAA GA-3�.
Immunoblotting—Ten�g of protein of INS-1E cells was ana-

lyzed per lane on 12% SDS-polyacrylamide gels. Proteins were
transferred onto nitrocellulose membrane and subsequently
incubated overnight at 4 °C in the presence of goat anti-SIRT4
polyclonal antibody (1:500) raised against human SIRT4
(Abcam, Cambridge, MA). The membrane was then incubated
for 2 h with donkey anti-goat IgG antibody (1:5000) conjugated
to horseradish peroxidase (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), and the SIRT4 protein was revealed by chemi-
luminescence (Pierce).
Insulin Secretion Assay—INS-1E cells cultured in 24-well

plates were transfected with 250 nM control siRNA or siRNA-

SIRT4 and assayed 3 days after for insulin secretion as previ-
ously described (20). Prior to the experiments, cells were main-
tained for 2 h in glucose- and glutamine-free culture medium.
The cells were then washed and preincubated further in glu-
cose-free KRBH, supplemented with 0.1% bovine serum albu-
min as carrier, before the incubation period (30min at 37 °C) at
basal (2.5 mM) and stimulatory (7.5 and 15 mM) glucose con-
centrations, with themitochondrial substratemethyl-succinate
(5mM) as well as in the presence 30mMKCl used as a calcium-
raising agent. At the end of the incubation period, superna-
tants were collected and quantified for absolute insulin
secretion, and insulin was extracted from cells using acid-
EtOH in order to measure total insulin content. Insulin lev-
els were determined by radioimmunoassay using rat insulin
as standard, and secretion was expressed according to cellu-
lar protein concentrations.
Cellular ATP Monitoring—ATP levels were monitored in

INS-1E cells expressing the ATP-sensitive bioluminescent
probe luciferase following infection with the specific viral con-
struct. Briefly, cells were transduced with AdCA-cLuc (driving
the expression of cytosolic luciferase) and used 20 h later for
experiments. Cells were washed with 1 ml of KRBH and incu-
bated for 30 min at 37 °C at 2.5 mM glucose. Then KRBH con-
taining 100 �M luciferin was added, and the luminescence was
monitored in the plate reader luminometer (Fluostar Optima)
(20).
Statistical Analysis—Where applicable, the results were

expressed as means � S.D. Differences between groups were
analyzed by Student’s t test for unpaired data, and significance
was assessed by a p value of less than 0.05.

RESULTS

SIRT4 Is a Mitochondrial Protein—To study the subcellular
localization of human SIRT4, HeLa cells were transiently trans-
fected with a plasmid encoding SIRT4-FLAG. Immunofluores-
cence analysis of the transfected cells by confocal microscopy
showed that SIRT4-FLAG was exclusively localized in discrete
rod-shaped structures in the cytosol that were reminiscent of
mitochondria (Fig. 1A). The colocalization of this fluorescence
withMitoTracker Red, a dye that preferentially accumulates in
mitochondria, confirmed the mitochondrial localization of
SIRT4 in the HeLa cells (Fig. 1A).
To further verify the subcellular localization of SIRT4,

HEK293T cells expressing the SIRT4-FLAG protein were frac-
tionated by differential centrifugation in a mitochondria-en-
riched fraction (HM), a fraction containing microsomes (LM),
and into a cytosolic protein fraction (S100). Immunoblot anal-
ysis revealed that SIRT4 was exclusively localized in the HM
fraction (Fig. 1B). The purity of these fractions was confirmed
by probing for the mitochondrial marker cytochrome c and the
cytosolic marker Hsp90.
To determine if endogenous SIRT4 is also localized to the

mitochondria, a rabbit polyclonal antiserum was generated
against a peptide corresponding to the last 15 amino acids of
human SIRT4. The antiserum reacted strongly with a 29-kDa
protein in the mitochondria-enriched fraction of HEK293T
cells (Fig. 1C).
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SIRT4 Is Proteolytically Processed at Its NH2 Terminus—The
human SIRT4 cDNAencodes a proteinwith a predictedmolec-
ular mass of 35 kDa. However, both endogenous and FLAG-
tagged SIRT4 detected in the mitochondria migrated on SDS-
polyacrylamide gels with an apparent molecular mass of 29
kDa. This observation is consistent with the possibility that
SIRT4 is proteolytically processed, as observed for many mito-
chondrial proteins. The polyclonal antiserum used to detect
endogenous SIRT4 was raised against its COOH terminus and
recognized the shorter form of SIRT4, suggesting that process-
ing occurs at the NH2 terminus. To check for this possibility,
SIRT4-FLAG (FLAGepitope at theCOOH terminus) was over-
expressed in HEK293T cells, immunoprecipitated from mito-
chondrial extracts, and subjected to NH2-terminal sequencing
by Edman degradation. This analysis revealed that the first 28
amino acids of SIRT4 are absent from the mature form of the
protein located in the mitochondria (Fig. 2A).
A deletion mutant of SIRT4 lacking the first 28 residues

(N�28) showed diffuse fluorescence after transient overexpres-
sion (Fig. 2B). This observation indicated that the NH2-termi-
nal 28 residues of SIRT4 are required for correct targeting of
SIRT4 to themitochondria and that theNH2-terminal process-
ing of SIRT4 most likely occurs after the protein reaches the
mitochondria.We also tested a series of NH2-terminal deletion
mutants of SIRT4 for mitochondrial localization and observed
that deletion of the first 10 amino acids of SIRT4 abrogates
mitochondrial targeting (data not shown).
SIRT4 Resides in the Mitochondrial Matrix—Four distinct

subcompartments can be distinguished within mitochondria:
the outer membrane, the inner membrane, the intermembrane

space, and the matrix. To determine the submitochondrial
localization of SIRT4, partially purified mitochondria were
treated with proteinase K to remove all nonmitochondrial pro-
teins and proteins associated with the outer membrane. SIRT4
was protease-insensitive under these conditions, indicating
that it is not associated with the outermembrane and is present
within the mitochondria (Fig. 3A). Three mitochondrial mark-
ers, Hsp60, CoxIV, and cytochrome c, were also resistant to the
protease treatment under these conditions (Fig. 3A). Permeabi-
lization of mitochondria with Triton X-100 rendered all pro-
teins susceptible to protease digestion, as expected (Fig. 3A).
Mitoplasts, which represent mitochondria stripped of their
outer membrane and intermembrane compartment, were pre-
pared by resuspension of mitochondria in hypotonic buffer to
disrupt the outer membrane. Digestion of mitoplasts with pro-
teinase K caused degradation of cytochrome c, an intermem-
brane protein, whereas the matrix protein Hsp60 was insensi-
tive, as predicted (Fig. 3A). SIRT4 was resistant to proteinase K
in mitoplasts (Fig. 3A), indicating that SIRT4 might be inte-
grated in the inner membrane, peripherally attached to the
inner side of the inner membrane, or residing as a soluble pro-
tein in the mitochondrial matrix.
To distinguish between these possibilities, alkaline sodium

carbonate extraction of the mitochondria was carried out. In
this procedure, soluble proteins are extracted and separated
from integral membrane proteins after centrifugation. After
this treatment, the solublemitochondrialmatrixmarkerHsp70
was found in the supernatant, whereas the integral inner mem-

FIGURE 1. Subcellular localization of SIRT4. A, HeLa cells were grown on
coverslips and transfected with SIRT4-FLAG. Transfected cells were stained
with Mitotracker Red, permeabilized, incubated with mouse monoclonal
anti-FLAG antibody and Cy2-conjugated anti-mouse antibody, and visualized
with confocal laser-scanning microscopy. B, HEK293T cells transfected with
SIRT4-FLAG were homogenized and subjected to differential centrifugation
to separate the HM, LM, and cytosolic fractions. Equal amounts of protein
from each fraction were analyzed by SDS-PAGE and Western blotting with
antibodies against Hsp90 (cytosol) and cytochrome c (mitochondria). Mouse
monoclonal anti-FLAG antibody was used to detect SIRT4-FLAG. C, HEK293T
cells were homogenized and subjected to differential centrifugation to sep-
arate the subcellular fractions. Equal amounts of protein from HM and LM
fractions were analyzed by SDS-PAGE and by Western blotting with preim-
mune serum or antiserum against SIRT4 or an antibody against cytochrome c.

FIGURE 2. SIRT4 is proteolytically processed in the mitochondria.
A, HEK293T cells were transfected with SIRT4-FLAG. The mitochondria were iso-
lated, and SIRT4-FLAG was immunoprecipitated with anti-FLAG M2-agarose
affinity gel. The immunoprecipitated protein was subjected to SDS-PAGE, trans-
ferred onto a polyvinylidene difluoride membrane, and subjected to NH2-termi-
nal sequencing by Edman degradation. The sequence obtained (IGLFVPASPP) is
aligned with the predicted sequence of full-length SIRT4. B, HeLa cells were
grown on coverslips and transfected with SIRT4-FLAG or an NH2-terminal
deletion mutant lacking the first 28 amino acids (N�28). Cells were stained
with Mitotracker Red, permeabilized, and incubated with mouse monoclonal
anti-FLAG antibody, and anti-mouse Cy2 antibody. Cells were analyzed using
confocal laser-scanning microscopy. WT, wild type.
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brane marker, CoxIV, was recovered in the membrane pellet
(Fig. 3B). SIRT4was found in the supernatant, indicating that it
resides in the mitochondrial matrix, either as a soluble protein
or peripherally associated with the inner face of the innermito-
chondrial membrane (Fig. 3B).
To further confirm these results, mitochondria were soni-

cated in a hypotonic solution. Membrane-associated proteins
were separated from soluble proteins by centrifugation. Immu-
noblot analysis of these fractions revealed that SIRT4 was pre-
dominantly present as a soluble protein (Fig. 3C). These results
indicate that SIRT4 is a soluble mitochondrial matrix protein.
Immunoprecipitated SIRT4 Is Associated with ADP-ribosyl-

transferase Activity—We have previously reported that SIRT4
exhibited no histone deacetylase activity on a histone peptide
(13). Multiple additional attempts were made to detect a pro-
tein deacetylase activity associated with SIRT4. These included
the expression and purification of SIRT4 in Escherichia coli and
the use of other potential substrates, including a modified
acetyl-lysine substrate (Fluor de Lys). These experiments were
uniformly negative, and no protein deacetylase activity could be
identified in association with SIRT4 (data not shown). Another
mammalian sirtuin, SIRT6, also shows no detectable protein
deacetylase activity (13) and was recently demonstrated to
function as an ADP-ribosyltransferase (18). To test the possi-
bility that SIRT4 might also exhibit ADP-ribosyltransferase
activity, we immunoprecipitated SIRT4-FLAG or the mutant
SIRT4-H161Y from HEK293 cells after overexpression and
incubated the immunoprecipitated material either with total
histone proteins or with BSA in the presence of [32P]NAD. This
experiment indicated that immunoprecipitated SIRT4 cata-
lyzed the ADP-ribosylation of histone proteins and, to a lesser
degree, of BSAusingNADas a donor (Fig. 4). ADP-ribosylation
of histones and BSA was reduced when the SIRT4 mutant
H161Y was used in these experiments (Fig. 4).

Identification of SIRT4-associated Proteins by Mass
Spectrometry—To identify SIRT4-associated proteins, we first
established a SIRT4-FLAG-overexpressing stable cell line and a
control cell line containing the empty vector. These cells were
harvested and lysed, and SIRT4-FLAG was immunoprecipi-
tated. The immunoprecipitated material was washed at high
stringency (300mMNaCl) to remove nonspecifically associated
proteins and resuspended in SDS-lysis buffer. SDS-PAGE anal-
ysis revealed three prominent bands of 110, 50, and 35 kDa,
respectively. These bands were specifically associated with
SIRT4 and not immunoprecipitated from the control cell line
(data not shown). These bands were excised from the gel and
subjected to mass spectrometry analysis. The 110 kDa band was
identified as insulin-degrading enzyme (IDE). Thirty-six unique
peptides were identified spanning the complete sequence of IDE
with a coverage of 36% of the reported IDE sequence (see supple-
mental materials). IDE is a thiol-dependent metalloprotease that
regulates amyloid � peptide levels and insulin levels in vivo (23–
25). Translation of IDE at an in-frame initiation codon 123 nucle-
otides upstreamof the canonical translation start site results in the
addition of a 41-amino acid NH2-terminal mitochondrial target-
ing sequence and leads to themitochondrial localization of a frac-
tion of the total cellular IDE (26). The 50 kDa bandwas a complex
mixture of proteins that did not yield conclusive results (data not
shown). The 35 kDa band contained ANT2 (ATP/ADP translo-
case 2), andmost likely also ANT3. ANT2 andANT3 show 92.9%
identity. Nine and eight peptides were matched to sequences of
ANT2 and ANT3, resulting in 34 and 26% sequence coverage,
respectively (supplemental materials). ATP/ADP translocase 2
and 3 are inner mitochondrial membrane proteins that catalyze
the exchange of ATP generated in the mitochondria by ATP syn-
thase against ADP produced in the cytosol (27).
SIRT4 Co-immunoprecipitates with IDE and ANT2—To

confirm the interaction between SIRT4 and IDE or ANT2, we
conducted immunoprecipitation experiments. Lysates from
HEK293 cells stably expressing either SIRT4-FLAG or SIRT5-
FLAG were immunoprecipitated with an antiserum against
FLAG. The immunoprecipitated material was analyzed by
Western blotting using antisera specific for endogenous SIRT3,

FIGURE 3. SIRT4 resides in the mitochondrial matrix. A, HEK293T cells were
transfected to overexpress SIRT4-FLAG. Mitochondria were isolated and
maintained under isotonic conditions, diluted with hypotonic buffer to create
mitoplasts, or lysed in Triton X-100. Proteinase K was added to these prepa-
rations to digest accessible proteins. The resulting digestion was analyzed by
Western blotting with antibodies against intermembrane space protein cyto-
chrome c (Cyt C), inner membrane protein CoxIV, and matrix protein Hsp60.
Anti-FLAG M2 antibodies were used to detect SIRT4-FLAG. B, mitochondria
were isolated from HEK293T cells transfected with SIRT4-FLAG and resus-
pended in SDS sample buffer (Total) or in freshly prepared alkaline sodium
carbonate buffer. The extract was centrifuged at 100,000 � g, and mitochon-
drial membranes (Membrane) were resuspended in SDS sample buffer. The
supernatant containing the soluble and peripheral membrane proteins (Sol-
uble) was precipitated with tricarboxylic acid before SDS-PAGE. Samples were
analyzed by Western blotting with antibodies against the soluble matrix pro-
tein mitochondrial Hsp70 and CoxIV. SIRT4 was detected with monoclonal
anti-FLAG M2 antibodies. C, mitochondria were isolated from cells expressing
SIRT4-FLAG, resuspended in Tris buffer, and sonicated. Membranes were sep-
arated from the soluble proteins by centrifugation at 100,000 � g.

FIGURE 4. Immunoprecipitated SIRT4 is associated with ADP-ribosyl-
transferase activity. Lysates from control cells or cells transfected with a
SIRT4-FLAG vector or the mutant SIRT4-H161Y-FLAG were immunoprecipi-
tated and incubated either with total histone proteins or with BSA in the
presence of [32P]NAD for 1 h at 37 °C. The reaction mix was separated by
SDS-PAGE, stained by Coomassie (Coomassie), and exposed to film for auto-
radiography ([32P]NAD). An aliquot was analyzed by Western blotting using
an antiserum specific for FLAG (�-SIRT4). WT, wild type.
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IDE, orANT2.We observed that endogenous IDE immunopre-
cipitated with SIRT4-FLAG. Surprisingly, endogenous SIRT3,
anothermatrixmitochondrial sirtuin (14), also co-immunopre-
cipitated with SIRT4. These interactions were specific, since
SIRT5-FLAG did not co-immunoprecipitate with either IDE or
SIRT3 under the same conditions, despite being expressed at a
much higher level in these cells (Fig. 5A). Western blotting
analysis demonstrated the presence of equal amounts of IDE or
SIRT3 in the cell lysates used for immunoprecipitation (Fig.
5A). Using the same experimental approach, we also found that
endogenous ANT2 co-immmunoprecipitated with SIRT4-
FLAG (Fig. 5B). Analysis of the input material (Input) demon-
strated that equal amounts of ANT2 were expressed in the
lysates used for immunoprecipitation (Fig. 5B).
SIRT4IsExpressed inaVarietyofOrgansandCellTypes, Includ-

ing the�Cells of the Pancreatic Islets of Langerhans—SIRT4 tran-
scripts have been detected in normal human tissues by North-
ern blot, including muscle, kidney, testis, and liver (28). We
used immunohistochemistry and a specific antiserum against
SIRT4 to detect SIRT4 protein levels in different human tissues.
We observed significant SIRT4 expression in various cell types,
including vascular smooth muscle cells and striated muscle
fibers, with a predominant cytoplasmic localization (Fig. 6A). A
weak but detectable amount of SIRT4 expression was observed
in pancreatic acini, whereas strong anti-SIRT4 immunoreactiv-
ity was detected in islets of Langerhans (Fig. 6B). Staining with
an anti-insulin antibody on companion sections indicated that
SIRT4 is expressed by insulin-producing � cells within the
endocrine pancreas (Fig. 6C). The specificity of this staining
was verified by several controls, including the following: no pri-
mary antibody on normal human pancreas, normal rabbit IgGs
on normal human pancreas, rabbit anti-bone sialoprotein anti-
body on normal human pancreas, and rabbit anti-bone sialo-

protein antibody on a case of poorly differentiated human pros-
tate cancer (Fig. 6C).
Knockdown of SIRT4 via siRNAEnhances Insulin Secretion in

� Cells—The expression of SIRT4 in � cells in the pancreas and
its interaction with IDE and ANT2/3, two proteins that could
modulate insulin secretion, suggested that SIRT4 might regu-
late insulin secretion. To test this possibility, SIRT4 was
depleted from an insulin-producing cell line (INS-1E) using
siRNA, and insulin secretion in response to glucose was meas-
ured. Knockdown of SIRT4 expression by siRNA led to a 5-fold
decrease in SIRT4 mRNA in INS-1E cells (Fig. 7A) and to a
more than 2-fold decrease at the protein level, as detected by
Western blotting (Fig. 7B). Insulin secretion in the supernatant
of these cells was measured under low glucose (2.5 mM), high
glucose (15 mM), and 30 mM KCl. In INS-1E cells treated with
the control siRNA, insulin secretion was stimulated 5.0-fold by
15 mM glucose in comparison with 2.5 mM glucose. The calci-
um-raising agent KCl (30 mM) induced a 2.2-fold secretory
response. In SIRT4-depleted cells, no significant change in
basal release or in the response to KCl response was noted in
comparison with cells treated with the control siRNA. In con-
trast, glucose-stimulated insulin secretion was potentiated by
45% when SIRT4 was knocked down (Fig. 7B). Total cellular
insulin contents were not significantly changed by knocking
down SIRT4 (14.2 � 5.5 versus 16.2 � 5.7 ng of insulin/mg of
protein).
SIRT4 knockdown did not modify basal insulin secretion. In

contrast, at high glucose concentrations, insulin secretion was
markedly (40%) increased in cells depleted of SIRT4 (Fig. 7C).
Importantly, when insulin secretionwas stimulatedwith a non-
nutrient secretagogue (KCl), bypassing mitochondrial activa-
tion, no significant change in insulin secretion was observed in
SIRT4-depleted INS-1E cells (Fig. 7C).

FIGURE 5. SIRT4 co-immunoprecipitates with endogenous IDE and ANT2.
A, HEK293 cells stably expressing SIRT4-FLAG, SIRT5-FLAG, or the empty FLAG
control vector were immunoprecipitated with anti-FLAG antibodies. The
immunoprecipitates (IP) were analyzed by Western blotting (WB) with anti-
bodies recognizing endogenous IDE or SIRT3. Endogenous IDE and SIRT3
were only immunoprecipitated in the presence of SIRT4-FLAG. Western blot-
ting analysis demonstrated the presence of equal amounts of IDE or SIRT3 in
the cell lysates used for immunoprecipitation (Input). B, SIRT4 interacts with
ANT2. HEK293 cells stably expressing SIRT4-FLAG or the empty FLAG-control
vector were immunoprecipitated using anti-FLAG antibodies. Immunopre-
cipitates were analyzed by Western blotting using anti-ANT2 antibodies.
ANT2 was only detectable in the presence of SIRT4-FLAG. Analysis of the input
material (Input) demonstrated that equal amounts of ANT2 were expressed in
the lysates used for immunoprecipitation.

FIGURE 6. SIRT4 is expressed in skeletal and smooth muscle cells and in pan-
creatic insulin-producing � cells. Expression of SIRT4 was examined using
immunohistochemistry in several human tissues. A, skeletal muscle, myome-
trium, and smooth muscles of arteries and arterioles in pancreas; B, islet of Lange-
rhans (i) in normal pancreatic tissue. C, adjacent slices of human pancreatic tissue
were stained either with no primary antibody, with normal rabbit IgGs, with a
rabbit anti-SIRT4 antibody, with a mouse anti-insulin antibody, or with a rabbit
anti-bone sialoprotein (BSP) antibody. As a positive control, the same rabbit anti-
bone sialoprotein antibody was used against a section of poorly differentiated
human prostate cancer.
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In agreement with the proposed role of SIRT4 in insulin
secretion via its activity in mitochondria, we also observed a
potentiation of insulin secretion after treatment of INS-1E cells
with a fuel that is directly metabolized by mitochondria, meth-
yl-succinate (29). This experiment shows that methyl-succi-
nate-evoked insulin secretion was significantly potentiated
when SIRT4 was down-regulated via siRNA (Fig. 7D).
Based on these observations, SIRT4 could act at the level of

stimulus-secretion coupling, possibly by modifying cytoplas-
mic ATP concentrations. To test this hypothesis, we measured
cytoplasmic ATP concentrations in INS-1E �-cells in which
SIRT4 has been knocked down via siRNA. No difference in
glucose-induced ATP generation was noted when comparing
cells transfected with a control siRNA with those transfected
with an a SIRT4-specific siRNA (Fig. 7E). However, this exper-
iment does not exclude the possibility that local changes inATP
concentrations occur at themicrodomain level (i.e. at a point of

close proximity between the mitochondria and K-ATP chan-
nels at the plasma membrane).
SIRT4 Overexpression Suppresses Insulin Secretion in �

Cells—To further examine the role of SIRT4 in insulin secre-
tion, we transfected INS-1E cells with an expression vector for
SIRT4. Western blot analysis measuring total SIRT4 content
showed a doubling of SIRT4 expression after transfection of the
SIRT4 expression vector in comparison with the empty control
vector (Fig. 8A). Measurement of insulin secretion under the
same conditions showed that overexpression of SIRT4 was
associated with a significant inhibition of insulin secretion in
response to 15mMglucose (Fig. 8B). These observations further
support the role of SIRT4 in controlling insulin secretion in
response to glucose.

DISCUSSION

Protein trafficking in eukaryotic cells is a complex process
coordinated by a variety of signal motifs. Proteins destined for
the various subcellular organelles, such as nucleus, mitochon-
dria, and endoplasmic reticulum, all travel distinct pathways.
Although mitochondria have their own genome, 99% of all
mitochondrial proteins are encoded by nuclear genes and are
synthesized as precursors on cytosolic ribosomes, after which
they are imported into the organelle (30). This study demon-
strates that SIRT4 is localized in the mitochondria of mamma-

FIGURE 7. Increased insulin secretion after knockdown of SIRT4 in insu-
lin-producing INS-1E cells. Control siRNA or siRNA against SIRT4 was trans-
fected into INS-1E cells, and depletion of SIRT4 was measured at the mRNA
level by Taqman analysis (A) and at the protein level by Western blot analysis
(B) (identical amounts of total protein are loaded in each lane). C, insulin secre-
tion was measured after transfection of control siRNA (Dharmacon SMART-
poolTM control) or siRNA against SIRT4 (Dharmacon SMARTpoolTM) at low (2.5
mM) and high (15 mM) glucose and after stimulation with the nonnutrient
secretagogue, KCl. Results are means � S.D. (n � 3) of one representative of
three independent experiments. *, p � 0.05 versus glucose-matched control.
D, insulin secretion was measured after transfection of control siRNA (Dhar-
macon SMARTpoolTM control) or siRNA against SIRT4 (Dharmacon SMART-
poolTM) with or without 5 mM methyl-succinate (Met-suc). Results are
means � S.D. (n � 3) of one representative of three independent experi-
ments. *, p � 0.05. E, ATP levels were monitored in INS-1E cells (treated with
SIRT4 siRNA or control siRNA) expressing the ATP-sensitive bioluminescent
probe luciferase (via adenoviral vector). Cells were incubated for 30 min in 2.5
mM glucose, followed by the addition of 100 �M luciferin and measurement of
luminescence. Cells were subsequently treated either with high glucose (15
mM) or azide. Results are presented as relative luminescence (percentage of
basal) as a function of time (in min).

FIGURE 8. Overexpression of SIRT4 suppresses insulin secretion. A, an
expression vector for SIRT4-FLAG or the empty vector control was transfected
into INS-1E cells, and total SIRT4 expression was measured with an antiserum
specific for SIRT4 by Western blot analysis (identical amounts of total protein
are loaded in each lane). B, insulin secretion was measured in cells transfected
with an empty control vector or with the SIRT4-FLAG expression vector at low
(2.5 mM) and high (15 mM) glucose. Results are means � S.D. (n � 3) of one
representative of three independent experiments. *, p � 0.05 versus glucose-
matched control.
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lian cells. The subcellular localization of SIRT4was determined
both by confocal microscopy and cell fractionation studies,
using an epitope-tagged SIRT4 and/or examining the endoge-
nous protein. Using a combination of protease protection
assays and alkaline sodium carbonate extraction of mitochon-
dria, we observed that SIRT4 resides in the mitochondrial
matrix as a soluble protein.
Mitochondrial targeting sequences are classified into two

major categories (30). The more common class contains mito-
chondrial precursor proteins with cleavable, NH2-terminal
extensions or presequences of 20–50 amino acids that are rich
in positively charged, hydrophobic, and hydroxylated residues
and have a potential to form an amphiphilic �-helix with one
hydrophobic face and one positively charged face (31, 32). The
NH2-terminal presequences function as targeting signals that
interact with themitochondrial import receptors and direct the
preproteins across both the outer and inner membranes (33).
The second class has noncleavable sequences that are usually
distributed throughout the length of the proteins and are gen-
erally not rich in basic amino acids (30).
Our observations indicate that SIRT4 behaves as a typical

mitochondrialmatrix protein. Sequencing of the SIRT4 protein
present in the mitochondrial matrix indicates that it is lacking
the first 28 amino acids predicted by the cDNA sequence. A
similar cleavage of presequences by mitochondrial proteases is
observed for most matrix proteins after import into the mito-
chondria (34). SIRT4 is synthesized as a precursor protein with
a positively charged 28-amino acid leader peptide that is
required for targeting to the mitochondria. Immunofluores-
cence microscopy of a SIRT4 deletion mutant lacking the first
10 or 28 NH2-terminal residues showed that the mutant pro-
teins are distributed throughout the cell and are not specifically
targeted to the mitochondria.
Secondary structure prediction of SIRT4 also identified res-

idues 45–56 as having a high potential to form an amphiphilic
�-helix. Mutational analysis of this amphiphilic helix revealed
that mitochondrial targeting of SIRT4 is disrupted when the
amphiphilicity of this helix is eliminated by replacing basic res-
idues with glutamines.4 Therefore, the amphiphilic helix
between residues 45 and 56 of SIRT4 contributes to mitochon-
drial targeting of SIRT4 and is distinct from the leader peptide.
In agreement with these observations, Michishita et al. (35)

also reported that human SIRT4 and SIRT5 fused to GFP colo-
calize with the mitochondrial marker MitoFluor.
Despite numerous attempts using a variety of expression sys-

tems and substrates, we have not detected any deacetylase
activity associated with the SIRT4 protein. Unexpectedly, we
have observed that immunoprecipitated SIRT4 is associated
with a strong and reproducibleADP-ribosyltransferase activity.
A similar observation was recently made for SIRT6 (18). How-
ever, SIRT6 catalytic activity appeared to be exclusively
intramolecular, with individual molecules of SIRT6 directing
their own modification. This is in contrast to SIRT4, which
catalyzes the modification of both histones and BSA in vitro.
Our observations are therefore consistent with the possibility

that SIRT4 mediates the ADP-ribosylation of select mitochon-
drial proteins. Several proteins have been reported to be ribo-
sylated in mitochondria, including the adenine nucleotide
transporter (36, 37) and glutamate dehydrogenase (38). We
have observed that glutamate dehydrogenase coimmunopre-
cipitates with SIRT4 but were unable to detect its presence in
SIRT4-associated proteins by mass spectrometry (data not
shown). There are no reports on the ADP-ribosylation of IDE,
and its role in the mitochondrion is at present unclear. Future
experiments will explore the possible role of SIRT4 as a mito-
chondrial ADP-ribosyltransferase targeting IDE and ANT2/3.
Insulin secretion by pancreatic� islet cells is tightly regulated

by glucose levels (for a review, see Ref. 39). In the � cell, glucose
is rapidly metabolized via glycolysis for entry into the mito-
chondrial tricarboxylic acid cycle (40). The mitochondrial
inner membrane protein ATP/ADP translocase exchanges
mitochondrial ATP, produced by oxidative phosphorylation,
for cytosolic ADP. This leads to an increase in cytosolic ATP/
ADP ratio, followed by closure of ATP-sensitive K� channels
and depolarization of the plasma membrane (41). Voltage-de-
pendent calcium channels respond to this membrane depolar-
ization by increasing cytosolic calcium, which then triggers the
fusion of insulin-containing secretory vesicles to the plasma
membrane to cause insulin exocytosis (42). Insulin secretion is
therefore tightly linked to glucose metabolism via its ability to
produce ATP in the mitochondria.
IDE is a widely expressed zincmetalloprotease that regulates

both cerebral amyloid� peptide levels and plasma insulin levels
in vivo (23, 24). Partial loss-of-function mutations of IDE that
induce diabetes also impair degradation of amyloid � protein
(43). The IDE region of chromosome 10q has been linked to late
onset Alzheimer disease and diabetes mellitus (44). In the
inbred rat model of Type II diabetes mellitus, the Goto-Kak-
izaki rat, two missense mutations, His183 Arg and Ala8903
Val, decrease the ability of IDE to degrade insulin and hence
confer the diabetic phenotype (45). It is interesting to note that
the His18 residue is contained within the mitochondrial target-
ing sequence of IDE, suggesting that the mitochondrial form of
IDE is involved in the diabetic phenotype. The nature of the
mitochondrial target(s) of IDE is at present unclear.
We report here that SIRT4 is highly expressed in islet � cells,

interacts with the ANT2/3 subunit of the ATP/ADP translo-
case and the IDE protease, and negatively regulates insulin
secretion. A possible model accounting for our observations is
that SIRT4 modifies ANT2/3, and possibly IDE, by ADP-ribo-
sylation and changes their activity as an ATP/ATP translocase
and as a protease. This in turnwould change the levels of insulin
secretion in response to glucose.
The role of sirtuins in the control of insulin secretion and

metabolism is growing increasingly complex (reviewed in Refs.
1–3 and 46). A possible genetic link between Sir2 and the insu-
lin/IGF-1 pathway has been reported inCaenorhabditis elegans
(47). Two recent reports have reported on the existence of a
similar link in mammals (48, 49). Both studies indicated that
SIRT1 positively regulates insulin secretion in pancreatic �
cells, in part by regulating the expression of the mitochondrial
uncoupling protein 2, another protein that may modulate ATP
provision. Our new observations bring another level of com-

4 N. Ahuja, B. Schwer, S. Carobbio, D. Waltregny, B. J. North, V. Castronovo, P.
Maechler, and E. Verdin, unpublished observations.

SIRT4 Regulates Insulin Secretion

NOVEMBER 16, 2007 • VOLUME 282 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 33591

 at U
N

IV
 D

E
 LIE

G
E

-M
M

E
 F

 P
A

S
LE

 on D
ecem

ber 28, 2007 
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org


plexity to this equation by identifying a sirtuin, SIRT4, as a
protein that negatively regulates insulin secretion. Haigis et al.
(50) also reported that SIRT4 is a mitochondrial protein and
down-regulates insulin secretion. They identified glutamate
dehydrogenase as a target for SIRT4 activity and showed that
SIRT4 opposes the effects of calorie restriction in pancreatic �
cells (50). Our results are complementary to these observations,
further identify two additional targets for SIRT4 (IDE and
ANT), and further support the role of SIRT4 in the control of
insulin secretion in pancreatic � cells. Future experiments in
mice lacking either SIRT1 or SIRT4 will be important to ascer-
tain in a comprehensive manner the role of sirtuins in insulin
secretion and energy metabolism.
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