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The mitochondrial uncoupling proteins 2 and 3 (UCP2 and
-3) are known to curtail oxidative stress andparticipate in awide
array of cellular functions, including insulin secretion and the
regulation of satiety. However, the molecular control mecha-
nism(s) governing these proteins remains elusive. Here we
reveal that UCP2 and UCP3 contain reactive cysteine residues
that can be conjugated to glutathione. We further demonstrate
that this modification controls UCP2 and UCP3 function. Both
reactive oxygen species and glutathionylation were found to
activate and deactivate UCP3-dependent increases in non-
phosphorylating respiration. We identified both Cys25 and
Cys259 as the major glutathionylation sites on UCP3. Addi-
tional experiments in thymocytes from wild-type and UCP2
null mice demonstrated that glutathionylation similarly
diminishes non-phosphorylating respiration. Our results
illustrate that UCP2- and UCP3-mediated state 4 respiration
is controlled by reversible glutathionylation. Altogether,
these findings advance our understanding of the roles UCP2
and UCP3 play in modulating metabolic efficiency, cell sig-
naling, and oxidative stress processes.

UCP2 and -3 belong to the mitochondrial anion carrier fam-
ily and are �73% homologous to each other, and they are both
�58% homologous to the highly thermogenic uncoupling pro-
tein, UCP1. Whereas UCP3 is expressed in skeletal muscle and
brown adipose tissue (BAT)3 and to some extent in the heart,
UCP2 is found in a wide variety of tissues (1). UCP2 and UCP3
have been shown to diminish oxidative stress by lowering the
mitochondrial membrane potential (2, 3). Acute increases in
reactive oxygen species (ROS) production increase proton con-
ductance through both UCP2 and UCP3, providing a negative
feedback loop to limit furthermitochondrial ROS formation (4,

5). Furthermore, UCP2 and UCP3 have also been implicated in
many physiologic functions, suggesting that the common
underlying mechanism may be ROS-mediated cell signaling.
Previous work has reported that UCP3 protects against insu-

lin resistance and obesity (6–9), whereas UCP2 has been impli-
cated a broad range of functions, including hormone secretion
from the pancreas, immune cell function, and feeding behavior
(10–13). For UCP2, most of these functions are linked to ROS
level buffering (14–16). Indeed, UCP2 null mice on various
genetic backgrounds exhibit oxidative stress in many tissue
types and a decrease in the circulating glutathione (GSH)/glu-
tathione disulfide ratio (2, 12). Increased expression of UCP2 in
cancer cells is associated with the acquisition of drug-resistant
phenotypes, a phenomenon related to the ROS-quenching
function of UCP2 (17, 18). The absence of UCP3 in skeletal
muscle increases oxidative damage and perturbs skeletal mus-
clemetabolism (19). IncreasedUCP3 expression inmuscle aug-
ments fatty acid metabolism and also curtails ROS production
during fatty acid oxidation (20, 21). Remarkably, although they
have been linked to a plethora of cellular processes, the molec-
ular control of UCP2 and UCP3 has remained elusive.
Reactive cysteine residues of cellular proteins are known sites

of regulation by conjugation to GSH, a process referred to as
glutathionylation. This is especially relevant for mitochondria
because a large fraction of the mitochondrial proteome con-
tains exposed thiols that can be covalently modified by GSH.
We were intrigued by the fact that UCP2 and UCP3 proteins
contain several cysteine residues located in predicted mem-
brane-spanning domains and in a loop region in the mitochon-
drial matrix (22). Here, we provide the first evidence that impli-
cates reversible glutathionylation in the regulation ofUCP2 and
UCP3 function. We also show that glutathionylation and ROS-
induced deglutathionylation work in tandem to turn UCP2 and
UCP3 off and on, respectively. This novelmechanism for UCP2
andUCP3 control provides new insight into the putative role of
these proteins for cellular ROS buffering. These results also
improved our understanding of the function of these proteins
in various physiological processes.

MATERIALS AND METHODS

Thymocyte Isolation—Thymocytes were isolated fromUCP2
null (knock-out (KO)) and wild-type (WT) mice as described
previously (23). The thymus was immediately removed and
placed in ice-cold glucose-free Dulbecco’s modified Eagle’s
medium (DMEM) containing 5 mM glutamine, 1 mM pyruvate,
2%FBS andbufferedwithHEPES, pH7.4 (Glc-freeDMEM) and
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then pressed through a metal tea strainer. Cells were washed
twice with Glc-free DMEM and counted for oxygen consump-
tion rate determinations.
Primary Cell Culture and Treatment—Primary myoblasts

were isolated fromWT and UCP3 null (KO) mice as described
(24). Primary myoblasts were maintained on Matrigel-coated
60-mm2 plates in DMEM containing 5 mM dextrose, 1 mM

pyruvate, 4 mM glutamine, 10% (v/v) fetal bovine serum (FBS),
and 1% antimycotics antibiotics (A.A.). For experiments, pri-
mary myoblasts were grown to 70% and then differentiated for
up to 7 days in DMEM containing 5 mM dextrose, 1 mM pyru-
vate, 4 mM glutamine, 2% FBS, and 1% A. A. Cells were then
exposed to the superoxide-producing quinone menadione
(0–20 �M), butathionine sulfoximine (BSO; 0–100 �M), or
diamide (0–500 �M). Differentiated myotubes were then
treated accordingly for experimentation.
Isolation of Mitochondria from Mouse Skeletal Muscle and

BAT—Muscle mitochondria were isolated as described previ-
ously (25). Skeletal muscle from forelimbs, hind limbs, and the
pectoral region were pooled, cleaned, and placed in basic
medium (140 mM KCl, 20 mM HEPES, 5 mM MgCl2, 1 mM

EGTA, pH 7.0). Following mincing, tissue was placed in
homogenizing medium (basic medium supplemented with 1
mMATP and 1% BSA (w/v)) and one unit of protease (subtilisin
A) and homogenized using a glass/Teflon Potter-Elvehjem tis-
sue grinder. Mitochondria were then isolated as described (25).
BAT mitochondria were isolated using a standard protocol, as
described (26). Interscapular BAT was dissected from 2–3
mice/genotype, cleaned, and pooled in a 250 mM sucrose solu-
tion. The tissue was minced and then homogenized by hand
using a glass/Teflon Potter-Elvehjem tissue grinder in a 250mM

sucrose solution containing 0.2% BSA. Mitochondria were iso-
lated as described (26). Protein concentration was determined
by Bradford assay using BSA as the standard.
Mitochondrial preparations were kept on ice, and all exper-

iments were conducted within 4 h following completion of the
isolation procedure. Experiments in skeletal muscle mitochon-
dria were conducted in incubationmedium containing 120mM

KCl, 1 mM EGTA, 5 mM KH2PO4, 5 mM MgCl2, and 5 mM

HEPES, pH 7.4, supplemented with 0.3% defatted BSA. Exper-
iments in BAT mitochondria were conducted in incubation
medium containing 125 mM sucrose, 20 mM Tris-HCl, 2 mM

MgCl2, 4 mM KH2PO4, 1 mM EDTA, pH 7.2. An aliquot of
mitochondria from BAT and skeletal muscle was frozen at
�20 °C for immunoblot analysis.
Clark-type Oxygen Electrode Measurements—Oxygen con-

sumption was measured in isolated mitochondria (0.5 mg/ml)
or thymocytes at 37 °C using a Clark-type oxygen electrode
(Hansatech, Norfolk, UK) and incubated in the appropriate
incubationmediumassumed to contain 406 nmol of oxygen/ml
at 37 °C. Mitochondria were preincubated in the absence or
presence of 2�M diamide for skeletal musclemitochondria and
100 �M diamide for BAT mitochondria with 1 �g/ml of oligo-
mycin for 10 min at 37 °C before oxygen consumption mea-
surements. 10 mM pyruvate and 5 mM malate were the
substrates.
For determinations in thymocytes, 20 � 106 cells were incu-

bated inDMEMcontaining 5mM glucose, 4mM glutamine, and

1 mM pyruvate for 15 min at 37 °C containing oligomycin (1
�g/ml) and in the presence or absence of diamide (100 �M).
Following incubations, cells were then placed in the Clark-type
electrode chamber for oxygen consumptionmeasurements. An
aliquot of thymocytes was kept for immunoblot analysis of
UCP2 levels.
Mitochondrial Membrane Potential—Membrane potential

(��m) was determined fluorimetrically, using safraninOdye (5
�M; excitation 485 nm, emission 580 nm) in isolated mouse
mitochondria (0.5mg/ml) incubated in the requisite incubation
medium at 37 °C (27). Prior to assessments, mitochondria were
preincubated for 10 min in diamide (0–200 �M) and then
treated with 1 �g/ml oligomycin to induce state 4 respiration
conditions. The substrates used were 5 mM pyruvate and 3 mM

malate for BAT and 5 mM succinate for skeletal muscle.
In Situ Determination of Mitochondrial Bioenergetics—The

XF24 extracellular flux analyzer (Seahorse Bioscience, North
Billerica, MA) was employed to determine the mitochondrial
bioenergetic characteristics of primary myotubes exposed to
menadione, diamide, and/or BSO. Primary myoblasts were
seeded at 50,000 cells/ml in Matrigel-coated 24-well Seahorse
XF24 culture plates. Upon differentiation and reaching conflu-
ence, the cells were exposed to menadione (0–20 �M) or BSO
(0–100 �M) for 24 h and then incubated for 30 min at 37 °C in
HCO3-free DMEM containing 5–10 mM glucose, 4 mM L-glu-
tamine, and 1mM pyruvate.Measurement of oxygen consump-
tion rates (OCRs) was performed for three measurement inter-
vals to assess basal metabolic rate (one measurement interval
consists of a 2-min mixing, 2-min incubation, and 2-min mea-
surement step). State 4 respiration, maximal metabolic rate,
and extramitochondrial O2 consumption were ascertained by
injecting oligomycin (1 �g/ml), carbonyl cyanide p-trifluoro-
methoxyphenylhydrazone (1�M), and antimycin A (1�M). The
impact of glutathionylation on state 4 respiration was deter-
mined by exposing cells to 100 �M diamide for 15 min prior to
the injection of oligomcycin. OCR was normalized to total cel-
lular protein/well using the Bradford assay.
Biotinylated Iodoacetamide (BIAM) and Biotinylated Gluta-

thione Ethyl Ester (BioGEE) Labeling of UCP3 in Vitro—Reac-
tive cysteines and glutathionylation sites were tested by BIAM
(Invitrogen) and BioGEE (Invitrogen) labeling (28, 29). Briefly,
partially purifiedUCP3was diluted to 4mg/ml in sucrose buffer
(250 mM sucrose, Tris-HCl, pH 7) containing 100 �M BIAM or
BioGEE and incubated for 30 min at room temperature in the
dark under constant agitation. For control experiments, the
samples were preincubated for 30 min at room temperature in
10mMdithiothreitol (DTT) or 5mMN-ethylmaleimide (NEM).
Samples were then passed through a PD-10 Sephadex G25
desalting column (GEHealthcare) and eluted by centrifugation
at 1000 rpm for 1min (30). BIAM and BioGEE-labeled proteins
were then pulled out of solutionwith streptavidin-coated beads
overnight at 4 °C. Beads were then collected, and the superna-
tant fraction was placed in an ice-cold minitube containing
Laemmli buffer. Beads were separated from the BIAM and
BioGEE-labeled proteins using sucrose media containing 5 M

urea. Upon removal of the deproteinated beads, the sample was
placed in an ice-cold minitube containing Laemmli buffer con-
stituting the pull-down fraction. Samples were electrophoresed
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under non-reducing conditions, and then UCP3 was detected
by immunoblot using anti-UCP3 antibody (Abcam).
Glutaredoxin (GRx) Glutathionylation of UCP3—The gluta-

thionylation of UCP3 was tested with glutaredoxin 1 (GRx1;
Sigma). For GRx1, experiments were performed as described
previously (31) with some modifications. Purified UCP3 was
incubated in sucrose buffer for 15 min at 37 °C under constant
agitation and in the dark with 0.5 mM GSH in the absence or
presence of 10 units of GRx1. The samples were then incubated
in 200 �M BioGEE for 30 min at room temperature under con-
stant agitation and in the dark. The reactionwas quenchedwith
5 mM NEM and passed through a PD-10 Sephadex G25 desalt-
ing column. The amount of UCP3was accessed by immunoblot
using anti-UCP3 antibody (Abcam).
UCP2 Glutathionylation in Kidney Lysate—Kidneys from

WT and UCP2 null (KO) mice were excised, flash-frozen, and
stored at �80 °C. On the day of experiments, kidneys were
placed in 10ml of Trizma (Tris base)-buffered sucrose solution
(125mM sucrose, 25mMTrizma, 2mMMgCl2, 1mMEGTA, pH
7.2) and homogenized on ice using a glass/Teflon Potter-Elve-
hjem tissue grinder. The homogenate was then centrifuged at
150 � g for 5 min at 4 °C to remove any particulates and whole
cells, and the supernatant was then tested for protein content.
Protein was diluted to 4 mg/ml in sucrose buffer and incubated
for 30 min in the dark at room temperature under constant
agitationwith 100�MBioGEE. Reactionswere quenched by the
addition of NEM. 15 �g of total protein was then loaded in a
6–15% linear gradient SDS-gel and then electrophoresed under
standard conditions. UCP2 biotinylated with BioGEE was
detected by probing blots for 1 h at room temperature in the
dark using an anti-biotin HRP-conjugated antibody (1:4000
dilution in 5% nonfat skim milk; Abcam). The electrophoretic
mobility of UCP2 in the biotin blots was confirmed by probing
for UCP2 on the same gel with anti-UCP2 antibody. The assay
was optimized by loading various amounts of protein (5–60�g)
and by varying antibody dilution (1:500 to 1:4000) and incuba-
tion time (30 min to 24 h).
UCP3 Glutathionylation in Isolated Mitochondria—To test

whether UCP3 was glutathionylated, we employed mitochon-
dria isolated from the skeletal muscle of WT and UCP3 null
(KO) mice. Mitochondria were diluted to 4 mg/ml in sucrose
buffer and incubated in BioGEE. Reactions were stopped by the
addition of NEM. Protein was then loaded in a 6–15% linear
gradient SDS-gel and then electrophoresed under standard
conditions. Detection of biotinylation was performed using
anti-biotin HRP-conjugated antibody (1:4000 dilution in 5%
nonfat skim milk; Abcam). The electrophoretic mobility of
UCP3 in the biotin blots was confirmed by probing for these
proteins on the same gel with anti-UCP3 (1:1000 dilution, 24-h
incubation at 4 °C; Abcam) antibody.
Site-directed Mutagenesis—CMV plasmid constructs con-

taining the full-length human UCP3 were purchased fromOri-
gene Technologies (Rockville, MD). For the site-directed
mutagenesis, suitable primers (from Sigma; 5�-gcaggcacagcag-
ccgcttttgctgacctcgt-3� and 3�-cgtccgtgtcgtcggcgaaaacgactgga-
gca-5� for UCP3C25A, 5�-ttggagccggcttcgctgccacagtggtgg-3�
and 3�-aacctcggccgaagcgacggtgtcaccacc-5� for UCP3C230A, and
5�-tacttcagccccctcgacgctatgataaagatggtggc-3� and 3�-atgaagtc-

gggggagctgcgatactatttctaccaccg-5� for UCP3C259A, respec-
tively) were used to change codons from cysteine to alanine.
Primers were designed using the QuikChange II mutagenesis
primer design application (Agilent Technologies). Mutants
were generated using the QuikChange II site-directed
mutagenesis kit (Agilent Technologies). Plasmids carrying the
appropriate point mutation were confirmed using BLAST and
Expasy.
Transient transfections were carried out with Lipofectamine

2000 according to the manufacturer’s instructions. Briefly,
HEK293 cells were seeded at 90% confluence in Matrigel-
coated 60-mm dishes in antibiotic/antimycotic-free low glu-
cose DMEM containing 10% FBS. Cells were treated with plas-
mid-Lipofectamine complex in antibiotic/antimycotic-free
DMEMcontaining 10% FBS and incubated for�36 h in the cell
incubator. The cell monolayer was washed once with PBS and
then incubated for 1 h at 37 °C in serum and antimycotic/anti-
biotic-free DMEM containing 1 mM BioGEE. The cell mono-
layer was then quickly washed twice, and the cells were lysed on
ice with precipitation buffer containing 25 mM NEM. BioGEE-
labeled proteins were isolated as described above. UCP3 was
detected by immunoblot as described above.
Regulation of Glutathionylation by ROS—PrimaryWTmyo-

tubes were treated for 1 h with serum-free LGDMEM contain-
ing 1 mM BioGEE. Monolayers were then washed once with
serum-free DMEM and then treated with serum-free DMEM
containing 0–100 �M H2O2 for 15 min. Cells were then imme-
diately washed with PBS and lysed with precipitation buffer
containing 25 mM NEM. BioGEE-labeled proteins were
extracted as described above, and the presence of UCP3 was
tested by immunoblot. Protein content was tested by a BCA
assay.
Cells exposed to BioGEE and H2O2 as described above were

also tested for ROS levels. Immediately following H2O2 expo-
sure, WT cells were incubated for 30 min at 37 °C in differenti-
ating media containing 20 �M dichlorofluorescein diacetate.
Fluorescence was determined as described (17).
Complex I Activity—PrimaryWT and UCP3 null (KO) myo-

tubes were treated with 100 �M diamide for 30 min and then
isolated by trypsinization. Mitochondria were isolated by soni-
cation and differential centrifugation as described (32) with
some modifications. 50 mM NEM was included in the mito-
chondrial isolation buffer. Mitochondria were permeabilized
with 1% (w/v) digitonin on ice for 30min, and the specific activ-
ity of complex I was then determined using 1.5 mMNADH and
0.5 mg/ml mitochondrial protein. NADH consumption was
monitored as described (32).Mitochondrial protein concentra-
tion was determined using the Bradford assay.
Detection of Protein-Glutathione Adducts—Primary myo-

tubes fromWTmicewere treatedwith diamide (0–500�M) for
1 h in serum-free media and then lysed in a radioimmune pre-
cipitation buffer containing 50 mM NEM (to quench diamide
reaction). Protein-glutathione (PSSG) adducts were detected
using anti-PSSG antibody (Virogen). PSSG adducts were
detected as described (33).
Determination of GSH Levels—Primary myotubes were

exposed to BSO (0–100 �M) for 24 h and then trypsinized and
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washed with PBS, and then total GSH levels were tested using a
GSH detection kit provided by Sigma.
Diamide and Menadione Toxicity—WT and KO primary

myotubes were seeded, grown, and differentiated in Matrigel-
coated 96-well plates. Upon full differentiation, cells were
treated for 24 h with differentiating medium containing 0–40
�M menadione or for 30 min with serum-free DMEM contain-
ing 0–500 �M diamide. Following the exposure, cell monolay-
ers were washed, probed with propidium iodide, and then
tested for amount of cell death as described (32).
Immunoblots—Immunoblots were carried out as described

previously (32). The membranes were blocked and probed for
3–24 h at 4 °C with primary antibodies directed against UCP3
(1:1000 dilution for cell lysate, 1:500 dilution of detection fol-
lowing BioGEE pull-down from cell lysate, 1:2500 dilution for
purified UCP3; Abcam), UCP2 (1:2000, N-19; Santa Cruz Bio-
technology, Inc.), UCP1 (1:10,000; Sigma), protein-glutathione
adducts (1:500; Virogen), troponin T (1:1000; Abcam), and
SDH (1:2000; Santa Cruz Biotechnology, Inc.). SDH and tro-
ponin T served as the loading standards.Membranes were then
incubated for 1 h at room temperature with the requisite horse-
radish peroxidase-conjugated secondary antibodies (anti-rab-
bit, anti-mouse, or anti-goat 1:2000; Santa Cruz Biotechnology,
Inc.). Blotswere incubated in enhanced chemiluminescent sub-
strate for visualization (ECL kit, Thermo Scientific).
Statistical Analysis—Unless otherwise stated, all data are

expressed as mean � S.D. Statistical analysis was performed
using Statview software (SAS Institute Inc.) except for Student’s

t tests, which were performed in Microsoft Excel. Comparison
of control with treated groups was performed with Student’s t
test, and for comparison of multiple treatments in the same
group with a control, one-way ANOVAwith a post hocTukey’s
test was used.

RESULTS

UCP3 Is Covalently Modified by Glutathione—As a first
approach, we determined if partially purified UCP3 protein
could be covalently modified with the two agents BIAM and
BioGEE in vitro. BIAM is routinely used to test the presence of
reactive cysteines on proteins, whereas BioGEE, a cell-perme-
able glutathione molecule attached to biotin, is used to test if
proteins can be glutathionylated. We found that UCP3 was
readily recovered following BIAM treatment and streptavidin
pull-down (Fig. 1a). By maintaining the cysteines in a reduced
state or by blocking the cysteines with NEM, the yield of UCP3
in the pull-down was significantly diminished, confirming the
presence of reactive cysteines in this protein (Fig. 1a). Similar
observations were made with BioGEE (Fig. 1a). The level of
recoverable UCP3 following BioGEE treatment was decreased
substantially by the reducing and blocking agents DTT and
NEM, revealing the requirement of cysteines for the conjuga-
tion of GSH to UCP3 (Fig. 1a). Glutathionylation of proteins
has been shown to be mediated by GRx, a thiol-rich enzyme
involved in antioxidative defense (34). Incubation ofUCP3with
GRx1 and GSH prior to BioGEE treatment and pull-down with
streptavidin significantly diminished the recovery ofUCP3 (Fig.

FIGURE 1. a, UCP3 contains reactive cysteine groups and is covalently modified by GSH. Reactive and modifiable cysteines were detected in vitro using purified
UCP3 as described under “Materials and Methods.” Purified UCP3 protein was treated with BIAM or BioGEE and pulled out of solution with streptavidin beads.
UCP3 levels were detected by immunoblot in the BIAM or BioGEE pull-down (PD) and supernatant from pull-down (SN) fractions. Treatment with 10 mM DTT
or 5 mM NEM prior to BIAM or BioGEE exposure served as a control. b, the glutathionylation of UCP3 in vitro is enzymatically mediated by GRx1. Following
exposure to GSH or GSH � GRx1, purified UCP3 was incubated with BioGEE and then pulled out of solution with streptavidin beads. Presence of UCP3 was
tested by immunoblot in the BioGEE pull-down and supernatant from pull-down. In all panels, input corresponds to the total protein used in the reaction.
c, UCP3 is modified by BioGEE in isolated skeletal muscle mitochondria. Skeletal muscle mitochondria isolated from WT and UCP3 null (KO) mice were treated
with or without BioGEE and then subjected to immunodetection for proteins modified by biotin using anti-biotin antibodies. UCP3 was subsequently detected
on the same gels using anti-UCP3 antibody as described under “Materials and Methods.” d, analysis of the site of glutathionylation in UCP3. Diagram depicts
the putative locations of Cys25, Cys230, and Cys259 (red asterisks). UCP3 genes carrying point mutations for either cysteine were overexpressed in HEK293 cells.
Cells were then lysed, treated with BioGEE, and then tested for the amount of UCP3 following elution with streptavidin beads. UCP3 was subsequently detected
on the same gels using anti-UCP3 antibody as described under “Materials and Methods.”
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1b). In contrast, incubations performed in the absence of GRx1
increased UCP3 recovery following BioGEE treatment and
streptavidin pull-down. These data indicate that the glutathio-
nylation of UCP3 is enzymaticallymediated in vitro by theGSH
exchanger, GRx. We next tested whether BioGEE could cova-
lently modify UCP3 in mitochondria from skeletal muscle.
Mitochondria were treated with BioGEE and then tested for
biotin content by immunoblot using anti-biotin antibodies.
Immunoblotting for BioGEE-modified mitochondrial proteins
revealed bands at �34 kDa, which corresponds to the electro-
phoretic mobility of UCP3 (Fig. 1c). Moreover, these immuno-
reactive bands were only detected in mitochondria from WT
mice. Furthermore, a slight shift in the electrophoreticmobility
of UCP3 in the BioGEE-treated WT mitochondria was
observed. This ismost likely due to the covalentmodification of
this protein with BioGEE (Fig. 1c). Detection of BioGEE-mod-
ified proteins with anti-biotin antibodies also revealed a num-
ber of other immunoreactive bands at a range of molecular
weights indicating that a number ofmitochondrial proteins can
be modified by GSH in skeletal muscle mitochondria. This is
not surprising because themitochondrial proteome is known to
be very susceptible to glutathionylation (35). To confirm that
UCP3 is glutathionylated and to identify the site(s) of glutathio-
nylation, we generatedUCP3 genes carrying mutations for var-
ious cysteines and expressed themutant genes inHEK293 cells.
Following a 1-h exposure of cells carrying either wild type or
mutant UCP3 genes to BioGEE, cells were lysed, and the Bio-
GEE proteins were enriched with streptavidin beads for immu-
noblot analysis. Mutation of Cys25 significantly decreased
UCP3 enrichment (Fig. 1d). Changing Cys230 to Ala also
decreased UCP3 enrichment but not to the same degree as the
Cys25 mutation. When Cys259 (which is located in the last loop
region of UCP3 contacting the matrix) was mutated, a much
greater decrease in UCP3 enrichment was recorded (Fig. 1d).
Hence, Cys259 appears to be themajor site for GSH conjugation
in UCP3, although contributions from other sites, such as
Cys25, cannot be ruled out.
Glutathionylation Inhibits UCP3-mediated State 4 Res-

piration—Because the in vitro determinations above indicated
that UCP3 can be conjugated to GSH, we next tested if gluta-
thionylation of UCP3 impacts mitochondrial metabolism.
Diamide, a strong catalyst forGSH conjugation to proteins, was
employed to induce glutathionylation in mitochondria isolated
from skeletal muscle and brown adipose tissue. We performed
the experiment using a range of diamide concentrations (0–50
�M for skeletal muscle and 0–200 �M for BAT mitochondria).
An acute 10-min exposure to diamide (2 and 10 �M) increased
the mitochondrial membrane potential under oligomycin-in-
duced state 4 (non-phosphorylating) conditions in muscle
mitochondria from WT but not UCP3 null mice (Fig. 2a).
Higher concentrations of diamide (20–50�M) induced a steady
decline in membrane polarization in both WT and UCP3 null
mitochondria, indicating that these higher concentrations had
more promiscuous effects on mitochondrial metabolism. The
steady decline inmembrane potential is probably due to induc-
tion of mitochondrial permeability transition (MPT). Oxygen
consumption was similarly affected by the induction of gluta-
thionylation. Clark-type electrode experiments revealed that

non-phosphorylating O2 consumption in WT mitochondria
was decreased by an acute 10-min exposure to 2�Mdiamide, an
effect not observed in UCP3 null mitochondria (Fig. 2b). The
cysteine residues shared between UCP1 and UCP3 are highly
conserved. Hence, we next tested the effect of glutathionylation
on UCP1 function. Diamide concentrations ranging from 50 to
100�M induced significant increases inmembrane polarization
in BATmitochondria fromWTmice (Fig. 2c). In contrast, BAT
mitochondria from theUCP3 null mice were far less responsive
to the diamide treatments. We further tested the effects of
diamide on BAT mitochondria bioenergetics by assessing O2
consumption using a Clark-type electrode. Acute treatment
with 100�Mdiamide diminished state 4O2 consumption in the
WT but not UCP3 null mitochondria from BAT, confirming
the observations made with safranin O (Fig. 2d). It is also
intriguing to note that high amounts of diamide did not collapse
membrane potential as they did in skeletal muscle mitochon-
dria, highlighting the metabolic differences between skeletal
muscle and BATmitochondria. Hence, although UCP3 is con-
trolled by glutathionylation, our data indicate that UCP1 may
be regulated by different mechanisms. The control of UCP3 by
glutathionylation was confirmed in situ by measuring O2 con-
sumption in intact WT and KO primary myotubes. Myotubes
fromWTmice displayed diminished state 4 respiration follow-
ing a 15-min treatment with 100 �M diamide (Fig. 2e). These
effects were absent in myotubes from UCP3 null mice.
To determine which Cys residue(s) played a functional role

in controllingUCP3 following glutathionylation, we transiently
transfected HEK293 cells withUCP3 genes carrying Cys to Ala
mutations followed by the assessments of state 4 respiration in
situ. Mutation of either Cys25 or Cys259 blunted the diamide-
induced inhibition of UCP3 (Fig. 2f). In contrast, diamide treat-
ment inhibited UCP3-mediated state 4 respiration in cells car-
rying the Cys230 mutant gene. Hence, Cys25 and Cys259 appear
to be functionally important for the regulation of UCP3 by
glutathionylation.
Diamide Toxicity—Diamide is used frequently to induce the

glutathionylation of proteins andhas beenused routinely to test
the effects of glutathionylation on bioenergetics (33). However,
diamide is also known to induce opening of the mitochondrial
permeability pore and induce cell death. Hence, to confirm that
acute diamide treatment was not having any adverse effects on
cell metabolism or viability, we conducted a range of toxicolog-
ical and functional assessments. These assessments also
allowed us to determine if the effects of diamide on state 4
respiration were due to the inhibition/activation of other mito-
chondrial processes. It is important to note that for amajority of
our determinations, we exposed cells to diamide for no more
than 1 h to avoid cell toxicity. As shown in supplemental Fig. S3,
acute diamide exposure did not induce any significant increases
in cell death (except in the case of 500 �M in KO cells). Acute
treatment ofWTmyotubeswith 100�Mdiamide induced a 50%
increase in cellular glutathionylation, confirming that this
compound catalyzes the modification of proteins with GSH
(Fig. 3a). Complex I activity was also tested because it is a key
component of the respiratory chain and is known to be inhib-
ited by glutathionylation. Complex I was not inhibited by the
acute exposure to 100 �M diamide (Fig. 3b). This observation
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was confirmed by testing the impact of different concentrations
of diamide on basal O2 consumption in situ. Concentrations of
�200 �M did not affect basal O2 consumption for at least 1 h in
the WT myotubes (Fig. 3c). Hence, these correlative data indi-
cate that acute exposure to diamide concentrations below 500
�Mdoes not have adverse effects on cellular respiration,metab-
olism, or cell viability.
Depletion of GSH Prevents UCP3 Deactivation by Gluta-

thionylation—The inhibitory role of glutathionylation on
UCP3-dependent state 4 respirationwas investigated further in
GSH-depleted cells. GSHwas depleted using BSO, a compound
that inhibits GSH synthesis. It has been reported previously
that a 24-h exposure to BSO is required to deplete mitochon-
drial GSH (35). Exposure to 25–100�MBSO for 24 h resulted in
a steady decline in the cellular GSH levels (supplemental Fig.
S1). Treatment with BSO also did not affect the basal or oligo-
mycin-induced state 4 respiration in theWTprimarymyotubes
(supplemental Fig. S1). Further analyses with cells treated

acutely with diamide revealed that depletion of cellular GSH
with BSO prevented the diamide-induced decrease in state 4
respiration in the WT cells (supplemental Fig. S2). These
results confirm that GSH is required to inhibit UCP3 function.
In contrast, WT cells untreated with BSO displayed a robust
decrease in state 4 respiration following the acute diamide
treatment (supplemental Fig. S2). By contrast, treatment of the
UCP3 null cells with diamide or a combination of diamide and
BSO had no effect on state 4 respiration. Hence, these observa-
tions from intact cells further corroborate the role of glutathio-
nylation in the control of UCP3.
ROS and Glutathione Work to Control UCP3 Activation—

Brand and colleagues (4) have shown that ROS activates proton
leak through UCP3 in isolated mitochondria. Thus, we tested
the impact of chronic ROS exposure on state 4 respiration in
situ using intact primary myotubes exposed to menadione, a
superoxide-generating quinone (Fig. 4a). In contrast to WT
cells, UCP3 null myotubes were more sensitive to menadione

FIGURE 2. a and c, impact of diamide on the membrane potential of mitochondria isolated from skeletal muscle and BAT. Skeletal muscle and BAT mitochondria
from WT and UCP3 null (KO) mice were treated acutely with different concentrations of diamide for 10 min and tested for mitochondrial inner membrane
polarization using safranin O. Reactions were performed under oligomycin-induced state 4 conditions. *, p � 0.05; **, p � 0.02, n 	 5–7, Student’s t test. The
single and double asterisks correspond to significance when compared with the WT control (0 �M diamide). Error bars in a are S.E. b and d, oligomycin-induced
state 4 oxygen consumption in skeletal muscle mitochondria isolated from WT and UCP3 null (KO) mice. Mitochondria were treated with or without 2 �M

diamide (skeletal muscle) and 100 �M diamide (BAT) with oligomycin and then tested for state 4 respiration. *, p � 0.05, n 	 4 – 6, Student’s t test. e,
diamide-induced glutathionylation inhibits state 4 respiration in myotubes from WT but not UCP3 null (KO) mice. Shown is an in situ assessment of the impact
of diamide on oligomycin-induced state 4 respiration using the Seahorse extracellular flux analyzer. Following treatment of WT and UCP3 null (KO) myotubes
for 15 min with or without 100 �M diamide, the state 4 OCR (nmol/min) was tested. State 4 respiration was initiated following diamide treatment. p � 0.05, n 	
4, Student’s t test. The asterisk corresponds to significance when compared with no diamide treatment at each interval. f, In situ analysis of the diamide-
mediated control of UCP3 carrying mutations at Cys25, Cys230, and Cys259. Analyses were conducted using the Seahorse extracellular flux analyzer. Confluent
HEK293 cells transiently transfected with WT or mutant (C25A, C230A, or C259A) UCP3 genes were acutely treated for 15 min with or without 100 �M diamide,
and then oligomycin-induced state 4 OCR was assessed. Basal OCR was measured prior to diamide treatment, and data were expressed as a percentage of basal
OCR. p � 0.05, n 	 4, Student’s t test. The asterisk corresponds to significance when compared with no diamide treatment. Error bars, S.D.
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treatment, confirming that UCP3 plays a part in minimizing
oxidative stress. Indeed, sharp decreases in oligomycin-in-
duced state 4 respiration and maximal respiration (stimulated
by carbonyl cyanide p-trifluoromethoxyphenylhydrazone)
were observed in theUCP3null cells treatedwithmenadione. A
gradual increase in oligomycin-induced state 4 respiration was
observed in primaryWTmyotubes treated with 5–10 �Mmen-
adione (Fig. 4b). This response was absent in the UCP3 null
myotubes. Interestingly, a higher concentration of menadione
(20�M) led to a decrease in state 4 respiration inWTmyotubes,
suggesting that only small amounts of superoxide or related
ROS, such as H2O2, are capable of activating UCP3 (Fig. 4b). In
addition, diamide treatment blunted the menadione-induced
increase in state 4 oxygen consumption rate in the WT cells,
indicating that glutathionylation can prevent ROS-induced
activation of UCP3 (Fig. 4c). Concentrations of menadione
ranging from0 to 20�Mdid not induce increases in cell death in
both theWT and the KO cells (supplemental Fig. S3). Further-
more, we have previously used this range of menadione to
induce increases in cellular ROS without inducing cell death
(17, 32). The regulation of UCP3 by glutathionylation and ROS
was confirmed in WT primary myotubes using BioGEE and
H2O2. Cells incubated within the cell-permeable BioGEE were
treated acutely with 0, 20, 50, and 100 �MH2O2 for 15min, and
then BioGEE-labeled proteins were isolated and tested by
immunoblot. In control cells (untreated with H2O2), UCP3 was
readily detected following the pull-down of BioGEE-labeled
proteins (Fig. 4d). Although 20 �M H2O2 increased the Bio-
GEEylation of UCP3, higher H2O2 partially or completely
reversed the modification of UCP3 with this compound. Fur-
thermore, the decrease inUCP3 glutathionylationwith BioGEE
coincided with a significant increase in cellular ROS levels
(Fig. 4e).
Several groups have provided evidence that 4-hydroxynon-

enal (4-HNE), a ROS by-product, activates UCP3 (36, 37).
Chronic exposure of WT myotubes to 10 �M 4-HNE had no
effect on state 4 respiration (supplemental Fig. S4).However, 10
�M 4-HNE completely disrupted both basal and state 4 O2 con-
sumption rates in the UCP3 null myotubes, indicating that lack
of UCP3 sensitized cells to the toxic effects of 4-HNE (supple-

mental Fig. S4). In comparison with chronic treatments, acute
incubations had relatively little effect on basal or state 4 oxygen
consumption rates in WT and UCP3 null myotubes (supple-
mental Fig. S4). These results do point to a role, possibly indi-
rect, of UCP3 in nullifying 4-HNE toxicity but do not support
the previously proposed role of 4-HNE specifically in activating
UCP3.
Covalent Addition of Glutathione Inhibits UCP2 Function—

UCP2 shares a high degree of amino acid sequence homology
(�73%) to UCP3 and is also well documented to play a role in
controlling mitochondrial ROS emission. Thus, we tested
whether glutathionylation also modulates UCP2 function. For
these measurements, we used mouse thymocytes, which are
well known to express UCP2 (Fig. 5a) (38). Acute treatment
with 100�Mdiamide decreased oligomycin-induced state 4 res-
piration in the WT thymocytes (Fig. 5b). In contrast, diamide
had no effect on state 4 respiration in thymocytes from UCP2
null mice. Glutathionylation of UCP2 was confirmed by expo-
sure of kidney lysate to BioGEE. Biotin detection with anti-
biotin HRP antibodies revealed the presence of a band at �33
kDa in theWT kidney extract, corresponding to the molecular
mass of UCP2 (Fig. 5c). Also, biotinylation altered the electro-
phoretic mobility of UCP2, confirming its modification by
BioGEE. This band was absent in the kidney extract from
UCP2 null mice. Hence, like UCP3, increases in non-phos-
phorylating respiration associated with UCP2 is also regu-
lated by glutathionylation.

DISCUSSION

UCP2 andUCP3 are known to participate in a wide variety of
physiological processes and are thought to buffer mitochon-
drial ROS production through a proton leak mechanism. How-
ever, the manner in which these proteins are controlled at the
molecular level has remained elusive. In this study, we provide
the first evidence that UCP2 and UCP3 are controlled by gluta-
thionylation. We also found that this modification is reversed
by ROS leading to an increase in state 4 respiration. In vitro
studies using purified UCP3 revealed that UCP3 contains reac-
tive cysteine residues that can be readily modified by glutathi-
one. These observations were confirmed and extended using

FIGURE 3. Assessment of the impact of diamide on mitochondrial bioenergetics and enzyme function. a, diamide treatment increases protein-glutathi-
one adduct formation. WT primary myotubes were exposed to varying concentrations of diamide (0 –500 �M) for 1 h in serum-free media. Protein-glutathione
adducts were then detected by immunoblot using anti-PSSG adduct antibody (Virogen) and quantified. n 	 3; *, p � 0.05, one-way ANOVA with Tukey’s post
hoc test. b, impact of diamide on complex I activity. WT and UCP3 null (KO) primary myotubes were exposed to 0 or 100 �M diamide for 30 min in serum-free
media. Mitochondria were subsequently isolated and permeabilized for complex I activity analysis. n 	 4. c, impact of diamide treatment on basal OCR. WT
primary myotubes were treated acutely with diamide following assessment of basal respiration. The effect of diamide on basal respiration was tested over a
period of 1 h. Basal OCR was determined in WT primary myotubes before and after exposure to 0 –500 �M diamide. n 	 3. Error bars, S.D.
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skeletal muscle mitochondria from WT and UCP3 null mice
and kidneys from UCP2 null mice.
For a cysteine residue in a protein to be glutathionylated, it

must be 1) accessible and 2) reactive. Recent work by others
has indicated that allosteric activators or covalent modifica-
tion of UCP2 or UCP3 is required to induce proton leak to
control mitochondrial ROS production. Nadtochiy et al. (39)
demonstrated that UCP2-mediated proton leak is induced
by nitoalkene-induced covalent modification of cysteine res-
idues, the first recorded covalent modification of UCP2.
Brand and colleagues (4, 5, 36) have also showed that ROS
and ROS by-products activate UCP1, UCP2, and UCP3. In
this case, although the authors do not provide any evidence
for the site of ROS or ROS by-product action, they specu-
lated that the UCPs are activated by modification of specific
amino acids. In this study, we identified Cys25 and Cys259 as

major sites for the control of UCP3 by glutathionylation.
Mutation of either of these cysteines resulted in a sharp
decrease in the BioGEE-mediated isolation of UCP3. Fur-
thermore, in situ analysis of cellular state 4 respiration
revealed that mutation of either Cys25 or Cys259 desensitized
UCP3 to the inhibitory effects of diamide-induced glutathio-
nylation. Cys259 sits in a predicted loop region contacting the
matrix, making it a perfect candidate for reversible gluta-
thionylation. Intriguingly, Cys25 is located in a predicted
transmembrane-spanning portion of the protein. It is diffi-
cult to knowwhether Cys25 is a structural residue or required
for the transport function of UCP3 because the three-dimen-
sional structure has not been solved. Also, Figtree et al. (40)
recently observed that the sarcolemmal Na�-K� pump is
controlled by the reversible glutathionylation of a cysteinyl
group located on a transmembrane-spanning subunit of the

FIGURE 4. a, in situ determination of the mitochondrial bioenergetic parameters of WT and UCP3 null (KO) primary myotubes exposed to varying amounts of
menadione for 24 h. Analyses were conducted using the Seahorse extracellular flux analyzer. Following the determination of basal respiration various
bioenergetic parameters were tested. State 4 respiration, maximal respiration, and extramitochondrial O2 consumption were tested using oligomycin (O; 1
�g/ml), carbonyl cyanide p-trifluoromethoxyphenylhydrazone (F; 1 �M), and antimycin A (A; 1 �M), respectively. b, state 4 respiration in WT or UCP3 null (KO)
myotubes treated with menadione. State 4 respiration was induced with oligomycin. Data were expressed as a percentage of 0 �M menadione. *, p � 0.05, n 	
4, one-way ANOVA with Tukey’s post hoc test. The asterisk corresponds to comparison with control mean. c, impact of diamide treatment on state 4 respiration
in menadione-exposed cells. Oligomycin-induced state 4 respiration was measured following a 15-min exposure to 100 �M diamide. *, p � 0.05, n 	 4, one-way
ANOVA with Tukey’s post hoc test. The asterisk corresponds to comparison with control mean. d, ROS deglutathionylates UCP3. Primary WT myotubes were
exposed to BioGEE and then incubated in H2O2 (0 –100 �M). Cells were then lysed, and proteins modified by BioGEE were isolated with streptavidin beads. The
presence of both UCP3 and SDH was tested by immunoblot following streptavidin pull-down. e, ROS levels in BioGEE-treated primary WT myotubes exposed
to H2O2. Following treatment with BioGEE, cells were exposed to H2O2 (0 –100 �M) for 15 min and then tested for ROS levels with dichlorofluorescein diacetate
(20 �M, 30-min exposure). Data were normalized to protein level and expressed as a percentage of control. Absolute values were calculated by subtracting
background fluorescence. *, p � 0.05, n 	 6, one-way ANOVA with Tukey’s post hoc test. Error bars, S.D.
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protein. Hence, our evidence also indicates that even “inac-
cessible” cysteines can be key sites for GSH conjugation.
In previous studies, Brand and colleagues (4) showed that

ROS and ROS by-products induce proton leak through UCP2
and UCP3 to acutely regulate cellular ROS levels. Indeed, in a
prior report, Nègre-Salvayre (2) demonstrated that UCP2was a
negative regulator of mitochondrial hydrogen peroxide pro-
duction. Furthermore, Nadtochiy et al. (41) showed that ische-
mic preconditioning activates proton leak through UCP2 and
ANT, thereby controlling ROS emission. Here, we substantially
extend these observations by showing that 1) UCP3 is activated
by ROS in situ, 2) glutathionylation acutely reverses the ROS-
mediated activation of UCP3, and 3) glutathionylation can sub-
sequently be reversed by acute treatment with ROS. We found
no in situ evidence indicating that 4-HNE, a ROS by-product,
performs the same function. Hence, we contend that ROS are
responsible for the activation of UCP2- and UCP3-mediated
increases in state 4 respiration. Although the ROS-mediated
deglutathionylation ofUCP2was not investigated herein, based
on similarities in amino acid sequence and the role of UCP2 in
preventing ROS toxicity, we hypothesize that UCP2 is activated
by ROS in a similar fashion. The treatment of intact cells with
100 �M diamide decreased oligomycin-induced state 4 respira-
tion in a UCP2- and UCP3-dependent fashion. Following our
correlative toxicological analysis of the impact of diamide on
basal respiration, complex I activity, cell viability, and mito-
chondrial membrane bioenergetics, we conclude that, based on
the genotype specific effect, acute diamide treatment exerts its
effects through UCP3 (and UCP2). Effects were dose-depen-

dent because exposure of cells to high concentrations impeded
basal respiration and increased cell death when UCP3 was
absent. However, despite these observations and because
effects of diamide on UCP3 were small but significant, we can-
not exclude the possibility that other proteins affecting mito-
chondrial bioenergetics are involved. For instance, the ANT-
mediated proton leak may be affected by diamide-induced
glutathionylation. Indeed, ANT can be modulated via cysteine
covalent modification and is also reported as a glutathionyla-
tion target (42). Hence, the possible role of glutathionylation in
the control of proton leak through ANT should also be
explored.
It is intriguing that ROS was responsible for the deglutathio-

nylation of UCP3 because ROS is mostly associated with gluta-
thionylation. Indeed, we observed that acute H2O2 exposure
increased cellular ROS levels, and this coincided with UCP3
deglutathionylation. In addition, chronic exposure to very low
amounts of menadione (5 and 10 �M) was required to activate
UCP3. A few proteins have been shown to be deglutathiony-
lated when ROS levels increase; these includemonomeric actin
and SDH (43, 44). Hence, although ROS is most often associ-
ated with increased glutathionylation, it is now more apparent
that under certain circumstances, ROS also induce the deglu-
tathionylation of proteins. Furthermore, we provide evidence
indicating that ROS-induced deglutathionylation requires an
enzymatic system. Indeed, in vitrodeterminationswith purified
UCP3 tagged with BioGEE showed that H2O2, even at millimo-
lar concentrations, cannot deglutathionylate UCP3 spontane-
ously (data not shown). However, as shown in Fig. 4d, ROS-

FIGURE 5. a, immunodetection of UCP2 in thymocytes isolated from WT and UCP2 null (KO) mice. Spleen lysate was used to confirm the electrophoretic mobility
of UCP2. SDH was used as the loading control. UCP2 was detected with anti-UCP2 antibodies. b, impact of diamide on oligomycin-induced state 4 respiration
in thymocytes from WT and UCP2 null (KO) mice. Cells were treated acutely for 15 min with oligomycin in the presence or absence of 100 �M diamide, and then
oxygen consumption was tested. *, p � 0.05, n 	 4, Student’s t test. c, anti-biotin detection of glutathionylated UCP2. Kidney lysate from WT and UCP2 null (KO)
mice was treated with or without BioGEE and then immunodetected with proteins modified by BioGEE using anti-biotin antibodies. Detection of UCP2 on the
same gels was used to confirm the electrophoretic mobility of UCP2. Control reactions were performed in the absence of BioGEE. Error bars, S.D.
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mediated deglutathionylation of UCP3 occurred readily in cells
exposed acutely to micromolar amounts of H2O2. Hence, we
contend that the ROS species required to mediate this process
is actually H2O2 and not superoxide because 1) H2O2 is a well
known signaling molecule, 2) superoxide is rapidly dismutated
in cells to H2O2, and 3) acute H2O2 exposure deglutathiony-
lated UCP3. Moreover, although menadione does generate
superoxide, chronic exposure would increase H2O2 levels as
well.
In this study, GRx1 was shown to glutathionylate UCP3 in

vitro. The physiological relevance of this finding requires fur-
ther testing. Both GRx1 and GRx2 mediate glutathionylation
reactions (45, 46). GRx proteins are often thought to mediate
deglutathionylation reactions; however, more evidence is accu-
mulating indicating that GRx actively glutathionylates target
proteins as well. Mitochondria harbor two GRx isoforms with
GRx1 in the intermembrane space andGRx2 in thematrix (46).
Although less is known about GRx2, this isoform has a moder-
ately high concentration in the matrix and has been shown to
glutathionylate mitochondrial proteins (45). Post-translational
controls of protein function in vivo require that modifications
occur dynamically. In the case of UCP3 and UCP2, we demon-
strate that reversible glutathionylation of these proteins is
mediated by GRx and ROS.
The results presented herein describe a novel mechanism for

the control of UCPs and validate the original observation that
UCPs buffer cellular ROS levels following activation by ROS. In
the present study, our findings further reveal that UCP1 func-
tion is not modulated by diamide-induced glutathionylation.
UCP1does contain cysteine residues located at the same sites as
UCP2 and UCP3 (22). However, UCP1 only shares �58%
homology with UCP2 and UCP3, indicating that the present
functional differences may be due to structural differences
between the proteins (22). Likely to be of additional relevance is
the fact that the redox environment of BAT mitochondria is
unique, as evidenced by a very lowGSH/GSSG ratio in compar-

ison with skeletal muscle mitochondria, which may influence
glutathionylation events (47).4 In addition, skeletal muscle
mitochondria harbor both GRx1 and GRx2, whereas BAT
mitochondria only contain the former, indicating that gluta-
thionylation may not be as important in regulating BAT mito-
chondrial function.4 However, this should not be surprising
because the function ofUCP1 is quite divergent fromUCP2 and
UCP3. Indeed, UCP1 serves a thermogenic purpose, and stud-
ies have demonstrated that UCP1 does not control ROS levels
(48). Moreover, there is evidence that UCP1 can be phosphor-
ylated (49). Hence, the control mechanisms governing UCP1
are apparently very different from those governing UCP2 and
UCP3. The role of redox state and glutathionylation in the con-
trol ofmetabolic programs in skeletal muscle and BAT requires
further exploration.
GSH is the major regulator of cellular redox status due to its

high concentration, reductive potential, and involvement in
quenching oxidative stress (50). Covalent modification of pro-
teins with GSH is also emerging as a key post-translational
modification required for protein regulation in response to
changes in redox environment.We show that UCP2 and UCP3
contain reactive cysteines that can be targeted for modification
by GSH. Although this is not the first reported covalent modi-
fication of UCP2 and UCP3, our findings provide the first evi-
dence of on-off “switch” mechanisms responding to GSH and
ROS. Hence, we propose that deglutathionylation/glutathiony-
lation serves as the on-off switch, respectively, for UCP2 and
UCP3 (Fig. 6). In our hypothetical model, UCP2/3 is glutathio-
nylated and in an inactive state whenmitochondrial ROS levels
aremaintained at tolerable levels and cell redox state is normal.
Small increases in ROS lead to UCP2/3 deglutathionylation,
inducing increased state 4 respiration.More research is needed
to elucidate the physiological relevance ofUCP2/3 activation by

4 R. J. Mailloux and M.-E. Harper, unpublished data.

FIGURE 6. Hypothetical model for the control of UCP2 and UCP3 by glutathionylation and deglutathionylation. Increases in ROS production prompt the
deglutathionylation and activation of net proton conductance activity of UCP2 and UCP3. Upon restoration of tolerable ROS levels, UCP2 and UCP3 are
reglutathionylated by GRx, effectively deactivating the proton conductance process. Orange UCP2 or UCP3, inactive; green UCP2 or UCP3, active. IMS, inter-
membrane space; MIM, mitochondrial inner membrane; SH, thiol residue; SSG, protein-glutathione conjugate. ��m, mitochondrial membrane potential.
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deglutathionylation. Our ongoing research findings and the pre-
viously published work of others support the idea that this switch
mechanism impacts a large number of physiological processes
ranging from tumor cytotoxicity to mitigation of oxidative stress,
the control of pancreatic insulin and glucagon secretion, ghrelin-
induced feeding behavior, and additional signaling in the brain, all
processes involving UCP2 and UCP3 (1, 14, 51).
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