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Abstract

Uncoupling protein 3 (UCP3) is a member of the mitochondrial solute carrier superfamily that is enriched in
skeletal muscle and controls mitochondrial reactive oxygen species (ROS) production, but the mechanisms
underlying this function are unclear. Aims: The goal of this work focused on the identification of mechanisms
underlying UCP3 functions. Results: Here we report that the N-terminal, intermembrane space (IMS)-localized
hydrophilic domain of mouse UCP3 interacts with the N-terminal mitochondrial targeting signal of thioredoxin
2 (Trx2), a mitochondrial thiol reductase. Cellular immunoprecipitation and in vitro pull-down assays show that
the UCP3–Trx2 complex forms directly, and that the Trx2 N-terminus is both necessary and sufficient to confer
UCP3 binding. Mutation studies show that neither a catalytically inactivated Trx2 mutant, nor a mutant Trx2
bearing the N-terminal targeting sequence of cytochrome c oxidase (COXMTS-Trx2) bind UCP3. Biochemical
analyses using permeabilized mitochondria, and live cell experiments using bimolecular fluorescence comple-
mentation show that the UCP3–Trx2 complex forms specifically in the IMS. Finally, studies in C2C12 myocytes
stably overexpressing UCP3 (2.5-fold) and subjected to Trx2 knockdown show that Trx2 is required for the
UCP3-dependent mitigation of complex III-driven mitochondrial ROS generation. UCP3 expression was in-
creased in mice fed a high fat diet, leading to increased localization of Trx2 to the IMS. UCP3 overexpression also
increased expression of the glucose transporter GLUT4 in a Trx2-dependent fashion. Innovation: This is the first
report of a mitochondrial protein–protein interaction with UCP3 and the first demonstration that UCP3 binds
directly, and in cells and tissues with mitochondrial thioredoxin 2. Conclusion: These studies identify a novel
UCP3–Trx2 complex, a novel submitochondrial localization of Trx2, and a mechanism underlying UCP3-reg-
ulated mitochondrial ROS production. Antioxid. Redox Signal. 15, 2645–2661.

Introduction

Mitochondria generate the vast majority of cellular
reactive oxygen species (ROS), but the complex mech-

anisms that govern ROS production are not fully understood.
ROS generation mainly involves the slippage of electrons
(derived from substrate oxidation) from their ubisemiquinone
binding sites in complexes I and III, leading to the nonenzy-
matic reduction of molecular oxygen, to superoxide at topo-
logically distinct sites in the mitochondrial matrix (complex I)
and intermembrane space (complex III) (2, 32). Once formed,
superoxide is subsequently converted by superoxide dis-
mutases to the more lipid soluble and more reactive form
hydrogen peroxide (H2O2). H2O2 can be further reduced to
highly destructive hydroxyl radical species nonenzymatically
in the presence of heavy metals (32). Under normal condi-

tions, basal levels or inducible ‘‘bursts’’ of ROS generation are
implicated in a variety of physiological cell signaling func-
tions related to cell growth, differentiation, and survival (2).
On the other hand, mitochondrial dysfunction induced by or
in association with a variety of pathologic conditions includ-
ing hypoxia, cancer (21, 23), aging (30), hyperglycemia (dia-
betes) (6), and chemical mitochondrial respiratory inhibition
(49) can lead to a pathological increase in ROS generation and
acceleration of age-related disease.

Uncoupling proteins (UCPs) comprise a subfamily of mi-
tochondrial inner membrane anion carrier proteins that
function prominently in the regulation of membrane proton
conductance (1). UCP-dependent proton leak increases res-
piration and substrate oxidation that is uncoupled from ADP
phosphorylation, and in brown fat and muscle is associated
with thermogenesis (7). The prototypical UCP1 protein is
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largely, if not exclusively, expressed in brown fat and plays a
critical role in mammalian thermoregulatory physiology in
rodents, hibernators, and newborns; UCP1 is an indispensable
mediator of heat production in response to cold and perhaps
overfeeding (28). The close UCP1 homolog UCP3 was first
identified in 1997 and is predominantly expressed in skeletal
muscle, heart, and brown adipose tissue (5). UCP3 shares *72
percent amino acid sequence homology with UCP1, which
suggests that it likely has at least some overlapping biochem-
ical properties and functions with UCP1 (25). Despite intensive
investigation, however, the physiological functions and un-
derlying mechanisms of UCP3 action are still largely unknown.
UCPs are regarded as the major, if not most important, regu-
lators of de novo mitochondrial ROS generation, in part because
of the well established relationship between the mitochondrial
membrane potential and ROS production (25).

A growing body of evidence implicates UCP3 in the inhi-
bition of mitochondrial oxidative damage, either by facilitat-
ing the export of unmetabolizable or oxidized mitochondrial
fatty acids or by decreasing the generation of mitochondrial
ROS (16, 43). Indeed, mitochondrial ROS production and ir-
reversible protein oxidation (carbonylation) in response to
various oxidative stress conditions have been demonstrated
to be decreased in UCP3 overexpressing L6 and C2C12
muscle cells, respectively (3, 29). In animal studies, relative to
wild-type mice, those lacking UCP3 had increased levels of
oxidative damage markers and decreased activity of aconi-
tase, a tricarboxylic acid enzyme with a defined superoxide-
inhibited iron–sulfur cluster (51). Recent studies have
demonstrated that UCP3 actively lowers the rate of ROS pro-
duction in isolated energized skeletal muscle mitochondria in
the absence of exogenous activators (48). However, the role of
UCP3 in the regulation of mitochondrial membrane potential
in muscle under physiological conditions is controversial, and
the precise mechanism(s) by which UCP3 controls mitochon-
drial oxidant generation is unclear. Moreover, the paucity of
information regarding possible post-translational modifica-
tions and protein–protein binding partners for the UCP family
of proteins in general has impeded our understanding of their
biochemical functions and mechanisms of action.

Thioredoxins are thiol reductase enzyme components
of a major pathway mediating protein thiol reduction and
ROS scavenging in cells (11). Thioredoxin 2 (Trx2) is a rela-
tively oxidant resistant, mitochondrially-localized member
of the thioredoxin family that is essential for survival in
mice (12, 46). Trx2 has been demonstrated to block TNF-a-
induced mitochondrial ROS generation in muscle (17), and
heterozygous Trx2-deficient mice show impaired mitochon-
drial function and increased oxidative stress (37). Trx2
has a classical N-terminally-cleaved, 59 amino acid mito-
chondrial targeting signal (MTS) that directs its localization
to the mitochondrial matrix (12). In the present study,
we report that UCP3 binds with nonprocessed Trx2 in the
mitochondrial intermembrane space (IMS) when over-
expressed and at endogenous concentrations in vivo, and di-
rectly in vitro. This interaction with UCP3 directs Trx2
processing, submitochondrial localization, and antioxidative
functions within the IMS compartment. The interaction sur-
face between UCP3 and Trx2 was defined mutationally
and consists of the N-terminal amino acids (1–16) of UCP3
and the N-terminal MTS of Trx2. Finally, the data show
that the attenuation of mitochondrial H2O2 generation me-

diated by UCP3 is lost after Trx2 knockdown. These data il-
luminate a novel mechanism for the control of mitochondrial
ROS generation involving a complex formed between Trx2
and UCP3 in the mitochondrial IMS.

Results

UCP3 associates with nonprocessed Trx2,
but not processed Trx2 in mitochondria

It has been reported that UCP3 protects cells against oxida-
tive damage by attenuating the mitochondrial production of
reactive oxygen species, but the mechanisms underlying UCP3-
dependent control of ROS generation are unclear (16, 48). To
identify novel UCP3 regulatory mechanisms, yeast two-hybrid
screens were performed using a heart cDNA library with bait
DNA coding sequences corresponding to the seven hydrophilic
domains of the mouse UCP3 protein (subcloned into the
pGBKT7 yeast expression vector, Clontech). We identified full-
length Trx2 as a candidate binding partner with the N-terminal
UCP3 hydrophilic domain consisting of amino acids 1–16 (Fig.
1A). In the first described characterization, Damdimopoulos
and colleagues observed that in vitro translated rat Trx2 was
approximately 20 kDa, and observed that rat mitochondrial
lysates contained a processed, *14 kDa isoform (12). Similarly,
after overexpression of full-length mouse Trx2-myc in trans-
fected HeLa cells, both anti-myc (C terminal tag) and anti-Trx2
antibodies recognized both processed and nonprocessed iso-
forms (*17 and *23 kDa, respectively) in whole cell lysates
(Fig. 1B, middle lane). Furthermore, a Trx2 mutant lacking the
putative 59 amino acid targeting signal (DMTS Trx2-myc) was
also recognized by anti-myc and anti-Trx2 antibodies and mi-
grated closely to the processed form of native Trx2 (Fig. 1B,
right lane). Cell lysates from empty vector transfectants were
used as negative controls for antibody specificity (mock, Fig.
1B, left lane). To confirm the yeast two-hybrid results, we
performed co-immunoprecipitation (IP) assays in HeLa and
C2C12 cells. Unlike in mock transfectants, in cells co-expressing
UCP3-V5 and Trx2-myc, anti-myc antibody (Trx2-myc), but
not IgG control, co-immunoprecipitated UCP3-V5 (IB: anti-V5)
(Fig. 1C, upper panel). Interestingly, when the reverse IP was
performed with anti-UCP3-V5 followed by immunoblotting
for captured Trx2-myc, UCP3 was found to interact specifically
with non-processed (N) Trx2 but not with the processed (P)
form (Fig. 1C, panel 3). Expression of the transfected proteins
and equal protein loading was confirmed by immunoblotting
for V5, myc, and b-actin in whole cell lysates from the indicated
transfectants (Fig. 1C, lower three panels). The UCP3-Trx2
complex could also be detected in co-transfected C2C12 myo-
blasts (Fig. 1D). We also performed immunostaining in HeLa
cells co-transfected with UCP3 and Trx2. As expected, both
UCP3-V5 and Trx2-myc each co-localized (Merge) in a punc-
tate, perinuclear fashion with the mitochondrial dye Mito-
tracker red (Mito) (Fig. 1E, upper and middle panels).
Moreover, co-immunostaining for UCP3 (V5) and Trx2 (myc)
shows that the expressed proteins interact in an overlapping
mitochondrial pattern (Fig. 1E, lower panels).

The Trx2 active site cysteines are dispensable
for UCP3 binding

Trx2 has been shown to play a crucial role in the scavenging
of ROS in mitochondria and in regulation of the mitochon-
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drial apoptosis signaling pathway (47). Trx2 canonically
mediates the reduction of target protein thiols through the
conserved thioredoxin active site motif Trp-Cys-Gly-Pro-Cys,
which binds and reduces oxidized cysteine residues in pro-
teins such as peroxiredoxin-3 and ASK1 (53, 54). Full-length
UCP3 contains seven cysteine residues; one in the IMS region,
five in the inner membrane domains, and one on the matrix
side (Supplementary Fig. S1; Supplementary Data are avail-
able online at www.liebertonline.com/ars), suggesting the
possibility that it could interact with the active site of Trx2. To
determine whether the interaction between UCP3 and Trx2
requires the catalytic cysteine residues of Trx2, we performed
immunoprecipitation experiments in cells expressing either

single or double active site cysteine residue Trx2 mutants
(C90S–Trx2, C93S–Trx2 and C90, 93S–Trx2) along with wild-
type UCP3 or empty vector (mock). Unlike with cells trans-
fected with empty vector, wild-type, C90S, and C93S Trx2
mutants immunoprecipitated UCP3-V5 (Fig. 2A, IP: myc, IB:
V5), and similarly, full-length UCP3-V5 specifically im-
munoprecipitated only the nonprocessed versions (N) of the
wild-type and C90S/C93S double mutant Trx2-myc (Fig. 2B,
IP: V5, IB: myc). Consistent with the idea that the Trx2 active
site is not involved in UCP3 binding, neither treatment of cells
with 0.5 mM H2O2 over a 2-hour time course, nor varying
doses of H2O2 influenced the interaction between UCP3 and
nonprocessed Trx2 (Figs. 2C and 2D, IP: V5, IB:myc). These

FIG. 1. Interaction of UCP3 and thioredoxin 2 (Trx2). (A) Trx2 was identified as a UCP3 interacting partner by yeast two-hybrid
analysis. The coding sequences for the hydrophilic amino acid residues 1–16 of the UCP3 gene were cloned into the pGBKT7 vector
and used as bait. With a heart cDNA library used as prey, three potential UCP3 binding candidates were identified by yeast
growth, with the arrow representing the Trx2-positive colony. (B) HeLa cells were transfected with empty vector (mock), myc-
tagged Trx2 (Trx2-myc), and myc-tagged Trx2 with a truncated MTS (DMTS Trx2-myc). Cell extracts (20 lg/lane) were subjected
to SDS-PAGE, followed by immunoblotting (IB) with anti-myc, anti-Trx2, and anti-b-actin antibodies. N, nonprocessed Trx2; P,
processed Trx2. (C and D) HeLa (C) and C2C12 (D) cell extracts (100lg) transfected with Mock, Trx2-myc, and V5-tagged UCP3
(UCP3-V5) were immunoprecipitated (IP) with anti-IgG, anti-myc, or anti-V5 antibodies and analyzed by immunoblotting to detect
V5 (UCP3) and myc (Trx2). b-Actin was used as an internal standard. WCE, whole cell extracts. *indicates the nonspecific IgG band
on the immunoblot. (E) HeLa cells transfected with UCP3-V5 (top) or Trx2-myc (middle) were immunostained with V5 (green) or
myc (green) antibodies and co-stained with the mitochondrial indicator MitoTracker Red (red), as indicated. HeLa cells co-
transfected with UCP3-V5 and Trx2-myc (bottom) were co-immunostained with V5 (red) and myc (green) antibodies. The overlay
shows that UCP3 co-localized with Trx2. IB, IP, and microscopy experiments are representative of at least three independent
studies. (To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).
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results suggest that the Trx2:UCP3 interaction is atypical and
may not be mediated by the redox-sensitive Trx2 active site.

The Trx2-UCP3 interaction is mediated
by the N-termini

As shown in Figure 1, the N-terminal 16 amino acids of
UCP3 were predicted to mediate complex formation with Trx2.
To test the role of the UCP3 N-terminus in Trx2 binding, we
constructed an N-terminal truncation mutant of UCP3 (UCP3
DN1–16) that exhibits appropriate mitochondrial localization
(Supplementary Fig. S2A). Unlike full-length UCP3, the UCP3
DN1–16 truncation mutant lost the ability to bind nonprocessed
Trx2 (Fig. 3A, IP:V5, IB:myc; Fig. 3B, IP:myc, IB:V5). These
results confirm yeast two hybrid data and indicate that the
UCP3 N-terminus is required for Trx2 binding.

Since UCP3 was shown to bind specifically to non-
processed Trx2, we constructed, bacterially expressed, and
purified a variety of N- and C-terminal serial truncation
mutants of Trx2 in frame with N-terminal glutathione S
transferase (GST) using glutathione beads (constructs are
shown in Fig. 3C). Importantly, bacteria lack the ability to
process mammalian MTS-containing proteins. We tested the
ability of GST, wild-type Trx2, and its mutant derivatives to
bind UCP3-V5 from transfected whole cell extracts (WCE)
using GST pull-down assays. As revealed by UCP3 immu-
noblotting, unlike GST alone (construct 1) both full-length
Trx2 (GST–MTS–Trx2, construct 2) and the Trx2 N-terminus
alone (GST–MTS, construct 3) bound to full-length UCP3 (Fig.
3D, upper panel, constructs 1–4, IB: V5); however, a Trx2

mutant lacking the Trx2MTS amino acids 1–59 (MTS, con-
struct 4) was unable to do so. Shown also is a positive control
(WCE) for UCP3 immunoreactivity (Fig. 3D, WCE, IB:V5) and
a Coomassie brilliant blue-stained gel (CBB) to confirm con-
struct expression (Fig. 3D, lower panel, CBB). Similarly, none
of the Trx2 mutants lacking the MTS (GST–DMTS–Trx2)
bound UCP3 (Fig. 3E, upper panel, constructs 4, 5, 6, 7), de-
spite similar expression levels (Fig. 3E, lower panel, CBB).

To test whether these interactions are direct, we performed
in vitro binding reactions using purified recombinant GST,
GST-Trx2, and T7-tagged UCP3 proteins (expression shown
in Fig. 3F, CBB, lanes 1 and 2). As shown in Figure 3F, lane 2,
recombinant GST-Trx2 (containing the MTS) bound effi-
ciently to full length UCP3-T7 (IB: T7). In this assay, we also
confirmed whether UCP3 binding is specific for the MTS of
Trx2 (as opposed to all MTS) using GST-Smac, another mi-
tochondrial intermembrane space protein that contains a mi-
tochondrial targeting signal. As expected, UCP3 is unable to
interact with Smac, unlike Trx2 (Fig. 3G). To further charac-
terize the Trx2 MTS interaction with UCP3 observed in GST
pull-down assays, we performed domain-swapping experi-
ments where either the entire Trx2 MTS (59 amino acids) or
only the first half (31 amino acids) of the MTS was replaced
with tandem repeats of the MTS from subunit VIII of human
cytochrome c oxidase (Fig. 3H, construct 2, COXMTS-Trx2D1–59;
construct 3, COXMTS–Trx2D1–31). The COXMTS strongly
targets proteins to the mitochondrion in mammalian cells (40).
As expected, COXMTS-Trx2D1–59 and COXMTS–Trx2D1–31

correctly localized to mitochondria when expressed in mam-
malian cells (Supplementary Figs. S2B and S2C). However,

FIG. 2. Effects of Trx2 active
site mutations and oxidative
stress on the interaction of
UCP3 and Trx2. (A and B)
HeLa cells were transfected
with mock, UCP3-V5, Trx2-
myc, C90STrx2-myc, C93STrx2-
myc, or the double active site
mutant (C90, 93S Trx2-myc) as
indicated. Cells extracts (100lg)
were immunoprecipitated (IP)
with anti-myc and anti-V5 an-
tibodies and analyzed by im-
munoblotting (IB) with anti-V5
and anti-myc antibodies, re-
spectively. (C and D) Cells
transfected with UCP3-V5 and
Trx2-myc were treated with
hydrogen peroxide (H2O2)
(0.5 mM) for 0–120 min (C) or
0.1 mM H2O2 for 120 min (D)
and cells were immnopreci-
pitated (IP) with anti-V5 anti-
bodies and analyzed by IB with
anti-myc antibodies. Equal
protein loading was deter-
mined by immunoblotting for
b-actin. N, nonprocessed Trx2;
P, processed Trx2. IB, IP exper-
iments are representative of at
least three independent studies.
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unlike full-length wild-type Trx2, which interacted with
UCP3 (Fig. 3I, construct 1, IP:V5, IB: myc), neither COXMTS-
Trx2D1–59 nor COXMTS–Trx2D1–31 interacted with UCP3 in
HeLa cells (Fig. 3I, constructs 2 and 3). Combined, these re-
sults indicate that MTS amino acids 1–31 of Trx2 are both
necessary and sufficient for direct binding to UCP3.

Full-length but not processed Trx2 interacts with UCP3
at the IMS side of the inner mitochondrial membrane

Based on the crystal structure of the adenine nucleotide
carrier, the N-terminal hydrophilic sequences of UCP3 are

strongly predicted to localize to the mitochondrial IMS
(Supplementary Fig. S1). Thus, in addition to its demon-
strated localization to the mitochondrial matrix, where it is
known to bind thiol moieties (35), Trx2 should also be present
in the IMS. To examine this notion, we used complementary
biochemical and live cell approaches to define the submito-
chondrial localization of Trx2 and its interaction with UCP3.
First, we examined Trx2 localization in the soluble and
membrane fractions of detergent-treated (either SDS or Triton
X-100), isolated mitochondria from HeLa cells co-expressing
Trx2-myc and UCP3-V5. We found that processed Trx2-myc
was localized predominantly in the supernatant fraction

FIG. 3. Mapping the interacting domains of UCP3 and Trx2 in cells and in vitro. (A and B) The N terminal residues of UCP3
required for binding to Trx2 were defined using mutagenesis and immunoprecipitations. HeLa cells were transfected with full-
length UCP3 and truncated mutants (residues1–16, UCP3 DN1–16). Cells extracts (100lg) were immunoprecipitated (IP) with
anti-myc antibodies and analyzed by immunoblotting (IB) with anti-V5 antibodies. (C) Diagram for expression constructs of (1)
GST, (2) GST-Trx2 (residues 1–166), (3) GST-MTS alone (Trx2 residues 1–59), (4) GST-MTS truncation mutant (DMTS-Trx2,
residues 60–166), (5) GST-DMTSTrx2 (residues 60–106), (6) GST-DMTSTrx2 (residues 60–129) and (7) GST-DMTSTrx2 (residues
60–150). (D and E) The residues of Trx2 required for direct binding to UCP3 were determined with GST pulldown assays. GST-
fusion proteins were purified and stained by Coomassie brilliant blue (CBB) as indicated. In HeLa cell extracts expressing UCP3-
V5, the ability of the truncated Trx2 fusion proteins to bind to UCP3 was analyzed by immunoblotting against V5. WCE, whole
cell extracts. (F) Direct protein interactions were determined by incubating purified recombinant T7-tagged UCP3 (1 lg) with
GST-Trx2 or GST. The samples from the GST pulldown assay were subjected to SDS-PAGE and immunoblotting against T7.
Purified UCP3 (0.4 lg) protein was used as a positive control. (G) The specificity of the interaction between UCP3 and the Trx2-
MTS was determined using GST-Smac, another mitochondrial intermembrane space protein containing a mitochondrial tar-
geting signaling sequence. GST-fusion proteins were purified and stained by CBB. The ability of the proteins to bind to UCP3 in
HeLa cell extracts expressing UCP3-V5 was analyzed by immunoblotting against V5. (H) Diagram for expression constructs of
(1) Trx2 (residues 1–166), (2) COXMTS–Trx2D1–59 (residues 60–166), and (3) COXMTS–Trx2D1–31 (residues 32–166). COXMTS
derived from the subunit VIII of human cytochrome c oxidase. (I) Cell extracts (100lg) all transfected with UCP3-V5 plus (1)
Trx2 (residues 1–166), (2) COXMTS–Trx2D1–59 (residues 60–166) or (3) COXMTS–Trx2D1–31 (residues 32–166) were im-
munoprecipitated (IP) with anti-V5 antibodies and analyzed by IB with anti-myc antibodies. N, nonprocessed Trx2; P, processed
Trx2. IB, IP, and pulldown experiments are representative of at least three independent studies.
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(SUP) containing the soluble matrix resident DNA polymer-
ase c (Fig. 4A, IB: myc, DPc). In contrast, nonprocessed Trx2
was strongly and selectively localized in the membrane frac-
tion (PPT), along with UCP3 and cytochrome c oxidase 4 (Fig.
4A, IB: Myc, V5, COX4). To further define the mitochondrial
localization of Trx2, we performed a submitochondrial lo-
calization assay using varying concentrations of digitonin
(DIG) in combination with protease K (Pro K) treatment.
Immunoreactivity of nonprocessed Trx2 (myc) and UCP3
(V5) was more resistant to DIG when compared with the IMS
resident Smac (Fig. 4B, lane 1–5), indicating that the
UCP3:Trx2 complex binding surface localizes to the IMS. In
contrast, the matrix resident HSP60 and processed Trx2 (V5)
required increased DIG concentrations for proteolysis (Fig.
4B, lane 1–7). Next, we used bimolecular fluorescence com-
plementation (BiFC) (22), and mutational techniques to di-
rectly visualize and define the mitochondrial localization of
the UCP3–Trx2 complex in live cells. The BiFC system we
chose uses a split-Venus fluorophore tag expression system in
which Venus protein fluorescence can be reconstituted from
individual split-Venus tags (N-terminal = VN, C-terminal = VC)
when protein interactions occur (22). As illustrated in Figure
4C, for this set of studies we generated the following fusion
proteins: full-length UCP3 with the N-terminus of Venus
(residues 1–172) fused to the UCP3 C-terminus that extends
into the IMS (UCP3-VN), C-terminally truncated UCP3 (res-
idues 1–234) with the N-terminus of Venus extending into the
matrix (DCUCP3-VN), and full-length Trx2 with the C-ter-
minus of Venus (residues 155–238) fused to the C-terminus of
Trx2. In this BiFC assay, DCUCP3 was also useful as a nega-
tive control because Trx2 interacts through the N-terminus of
UCP3. Localization of Trx2-VC, UCP3-VN, and DCUCP3-VN
in mitochondria is the same as that observed in Figure 4B
(Supplementary Fig. S3A), indicating that the Venus protein
does not disturb the localization of the tagged proteins. As
expected, in cell lysates from co-transfected (but not single
transfected) HeLa cells, both V5-tagged UCP3-VN and
DCUCP3-VN co-immunoprecipitated with myc-tagged Trx2-
VC (Fig. 4C, IP: myc, IB:V5). In live cells, expression of UCP3-
VN or Trx2-VC alone yielded no fluorescence, nor did co-
expression of DCUCP3-VN and Trx2-VC. However, strong
mitochondrial fluorescence was obtained with co-transfection
of UCP3-VN and Trx2-VC (Fig. 4E and Supplementary Fig.
S3B). We used FACS analysis to quantify the BiFC fluores-
cence intensity in order to determine the efficiency of fluo-
rescence complementation in cells. As shown in Figure 4F, the
fluorescence intensity significantly increased in cells co-
transfected with UCP3-VN and Trx2-VC compared to cells
expressing DCUCP3-VN and Trx2-VC. Combined, these re-
sults strongly suggest that nonprocessed Trx2 binds to the N-
terminus of UCP3 in the IMS.

UCP3 physiologically regulates the submitochondrial
localization of Trx2

Proteins bearing an N-terminally cleaved MTS are pro-
cessed by the mitochondrial intermediate peptidase (MIP)
within the matrix, and the recently identified intermembrane
peptidase (IMP) in the IMS (15). Binding of Trx2 to the N-
terminal hydrophilic domain of UCP3 predicts that Trx2
could be localized and processed in the mitochondrial IMS as
well as the matrix. As shown in Supplementary Figure S4, this

notion is supported by the presence of contiguous consensus
sequences for both IMP and MIP-mediated cleavage near the
established processing site (*amino acid position 60) of the
pro-form of Trx2 (46). To begin to understand the impact of
changes in UCP3 function on Trx2 mitochondrial localization,
we generated mitoplasts from UCP3-V5 and Trx2-myc co-
transfected HeLa cells using increasing concentrations of
digitonin to selectively permeabilize the outer mitochondrial
membrane and fractionate the matrix (Pellet) from the IMS
(Supernatant). As shown in Figure 5A, the majority of Trx2
(IB:myc) and all of UCP3 immunoreactivity (IB:V5) were lo-
calized to the matrix. In addition, a pool of primarily pro-
cessed Trx2 co-localized in the IMS with the IMS resident
cytochrome c (IB:cyt c). In contrast, the matrix resident aco-
nitase 2 (Aco2) was not released by digitonin treatment
(IB:Aco2), but could be detected in whole cell extracts (Fig. 5A,
bottom panel, WCE). Moreover, consistent with the domain-
switching studies showing that COXMTS–Trx2 fails to inter-
act with UCP3 (Fig. 3H), we failed to detect the processed form
of COXMTX–Trx2 in the IMS fraction when co-expressed with
UCP3-V5 (Fig. 5B, IB:myc).

The physiological significance of these results is under-
scored by observations that the levels of processed Trx2 re-
leased from the IMS fraction in digitonin-treated UCP3-/-

mouse muscle mitoplasts was significantly decreased relative
to wild-type muscle (Fig. 5C), whereas there was no difference
in Trx2 mRNA level in wild-type and UCP3-/- mice (Fig. 5D).
This result combined with the lack of detection of transfected
COXMTS–Trx2 in the IMS in UCP3-expressing cells argues
strongly that the UCP3-dependent partitioning of Trx2 is
mediated by the UCP3–Trx2 interaction, and not by the
overaccumulation of transfected molecules or any electro-
genic effect on import machinery. Finally, the UCP3-regulated
processing and localization of Trx2 influences its function.
Using a common alkylation assay with the thiol-specific re-
agent AMS, we found that IMS-localized (released from mi-
toplasts), processed Trx2 can undergo thiol alkylation with
AMS in a manner blocked by H2O2. However, nonprocessed,
IMS-localized Trx2 failed to bind AMS, implying that Trx2
acts as a ROS scavenger in the IMS only in its processed form
(Fig. 5E).

Trx2 regulates UCP3-dependent suppression
of mitochondrial ROS generation

Because both Trx2 and UCP3 regulate ROS production or
scavenging, we sought to understand whether they function
in a common pathway that regulates mitochondrial ROS
generation using DHE, MitoSox, and Amplex Red dyes (48).
C2C12 myoblast cell lines stably overexpressing UCP3 within
the physiological range of induction (approximately 2.5-fold)
were generated (Fig. 6A). UCP3-infected cells had comparable
membrane potentials to mock-infected control cells, but not
CCCP-treated cells (Fig. 6B). Mock and UCP3-infected cells
showed similar levels of mitochondrial matrix superoxide
(measured by MitoSOX fluorescence, data not shown). Ad-
dition of antimycin A with succinate drastically increased
superoxide release from the mitochondria, as measured by
DHE, however, this effect was significantly suppressed in
UCP3-infected cells compared with Mock-infected controls
(Fig. 6C). Consistent with these results, the rate of H2O2 pro-
duction by isolated mitochondria from UCP3-infected C2C12
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FIG. 4. Submitochondrial localization of the UCP3/Trx2 interaction. (A) Mitochondria isolated from HeLa cells trans-
fected with UCP3 and Trx2 were suspended in RIPA buffer + SDS or lysis buffer + Triton X-100, respectively. Mitochondrial
pellets and supernatants were subjected to SDS-PAGE followed by immunoblotting (IB) with anti-myc, anti-V5, anti-COX4,
and anti-DNA polymerase c (DPc) antibodies. PPT, mitochondrial pellet after centrifugation; SDS, RIPA buffer; SUP, su-
pernatant after centrifugation; Triton X-100; lysis buffer. (B) Mitochondria isolated from HeLa cells transfected with UCP3-V5
and Trx2-myc were subjected to mitochondrial sublocalization assay, as described in the Materials and Methods. Mi-
tochondrial pellets and supernatants were resuspended in SDS-PAGE buffer, and then loaded onto an SDS-PAGE gel.
Immunoblots show the presence of the intermembrane space (IMS) resident Smac and the matrix resident HSP60 in mito-
chondria that were untreated or treated with proteinase K (Pro K) (lanes 2–7) and increasing concentrations of digitonin (DIG)
(lanes 3–7, 0.1 to 0.7 mg/ml DIG). (C) N (VN)- and C (VC)- terminal fragments of Venus fluorescent proteins were fused to
the C-terminus of UCP3 (resides 1–308) (UCP3-VN) or DCUCP3 (residues1–234) (DCUCP3-VN), and the C-terminus of Trx2,
respectively. The fragments of fluorescent proteins of belonging to UCP3-VN and DCUCP3-VN were localized to the mi-
tochondrial IMS and matrix, respectively. (D) HeLa cells were transfected with UCP3-VN, Trx2-VC, DCUCP3-VN and Trx2-
VC, and UCP3-VN and Trx2-VC. Cell extracts (100 lg) were immunoprecipitated (IP) with anti-myc antibodies and analyzed
by IB to detect V5 (UCP3) and myc (Trx2). b-Actin was used as an internal standard. (E) Fluorescent images of HeLa cells
transfected with UCP3-VN, Trx2-VC, DCUCP3-VN and Trx2-VC, and UCP3-VN and Trx2-VC as indicated in each panel. (F)
HeLa cells transfected with DCUCP3-VN or UCP3-VN, and Trx2-VC were analyzed by flow cytometry. N, nonprocessed
Trx2; P, processed Trx2. IB, IP, microscopy, and flow cytometry experiments are representative of at least three independent
studies. (To see this illustration in color the reader is referred to the web version of this article at www.liebertonline.com/ars).
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myoblast cells was significantly decreased compared to mock-
infected control cells (Fig. 6D). In contrast, there were no
significant differences between mock- and UCP3-infected
cells in the rate of H2O2 production by mitochondria in the
presence of pyruvate/malate plus antimycin A or rotenone
(Fig. 6D).

Since complete absence of Trx2 expression is embryonically
lethal and cytotoxic (33), we used moderate Trx2 knockdown
to determine whether the decrease in H2O2 production ob-
served in UCP3-infected cells involved Trx2. As shown in
Figure 7A, the amount of Trx2 mRNA in Trx2 shRNA-
transfected cells stably expressing control or UCP3 lentiviral
constructs was decreased approximately 40% compared with
shRNA control cells. Importantly, the capacity for UCP3 to
decrease the rate of succinate-driven H2O2 production from
isolated mitochondria in control shRNA-transfected cells (Fig.
7B, shCntl) was abolished in cells after Trx2 knockdown (Fig.
7B, shTrx2). Moreover, Trx2 knockdown led to significant,
similar increases in H2O2 production in both control and
UCP3 overexpressing cells (Fig. 7B). Under these conditions,

the amount of SOD1 mRNA in UCP3-infected cells signifi-
cantly increased compared with mock-infected cells, while
Trx2 knockdown did not affect SOD1 mRNA level (Fig. 7C).
Combined, these results imply that Trx2 plays a mechanistic
role in UCP3-dependent mitochondrial ROS suppression.

The UCP3–Trx2 complex is increased in response
to high fat diet and regulates members
of the insulin signaling pathway

Finally, we examined the role of the UCP3–Trx2 complex in
pathological conditions. Because it has been reported that
increased levels of oxidative stress are correlated with the
development of obesity-related insulin resistance and type 2
diabetes (34), we reasoned that the UCP3–Trx2 complex may
be involved in protection from the excess ROS produced
under these conditions. UCP3 mRNA and protein expression
in skeletal muscle was significantly increased in mice fed a
high fat diet (HFD, *45% calories from fat) compared with
normal diet (ND)-fed mice (Figs. 8A and 8B). Accordingly, the

FIG. 5. UCP3-dependent
regulation of Trx2 in the
IMS. (A) Mitochondria iso-
lated from HeLa cells trans-
fected with UCP3 and Trx2
were subjected to digitonin
(DIG) treatment at the con-
centrations shown. Mi-
tochondrial pellets and
supernatants were re-
suspended in SAS-PAGE
buffer, and then loaded onto
an SDS-PAGE gel, followed
by immunoblotting (IB) with
anti-myc, anti-V5, anti-cyto-
chrome c (cyt c, IMS marker)
and anti-aconitase 2 (Aco2,
matrix marker) antibodies.
(B) Mitochondria isolated
from HeLa cells transfected
with UCP3, Trx2 (residues 1–
166) and COXMTS-Trx2D1–59

(residues 60–166) were trea-
ted with DIG. Supernatants
after centrifugation were re-
suspended in SAS-PAGE
buffer, and then loaded onto
an SDS-PAGE, followed by IB
with anti-myc, anti-V5, anti-
cyt c, and anti-Aco2 anti-
bodies. The upper and lower
band of nonprocessed or
processed Trx2 represents
COXMTS-Trx2D1–59 and
Trx2, respectively. (C) Mi-

tochondria isolated from wild-type and UCP3-/- mice were treated with DIG. Supernatants after centrifugation were re-
suspended in SDS-PAGE buffer, and loaded onto an SDS-PAGE, followed by IB with anti-Trx2 and anti-cyt c antibodies. The
ratio of Trx2 to cyt c was calculated by densitometric analysis. *p < 0.05, compared with wild-type mice. (D) Total RNA
extracted from gastrocnemius muscle in wild-type and UCP3-/- mice was subjected to quantitative RT-PCR. The intensity
ratio of Trx2 to GAPDH was calculated. (E) HeLa cells were transfected with UCP3-V5 and Trx2-myc. AMS treatment was
then used to identify the redox status of Trx2. The upper band represents the AMS-modified dithiol (reduced), active form of
Trx2, while the disulfide form of Trx2 (oxidized) is detected as the lower band that lacks AMS labeling. H2O2 (0.5 mM)
treatment was used as an oxidizing agent where indicated. N, nonprocessed Trx2; P, processed Trx2; WCE, whole cell
extracts. IB and IP experiments are representative of at least three independent studies.
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amount of processed Trx2 released into the IMS fraction in the
HFD-fed mice was significantly increased relative to ND-fed
mice (Fig. 8C). This implies that the UCP3–Trx2 complex may
be upregulated as a mechanism of cytoprotection in patho-
logical conditions that result in elevated cellular ROS.

Since it is known that UCP3 expression levels influence
insulin sensitivity, fatty acid oxidation and related signaling

pathways (44), we also investigated whether the UCP3–Trx2
complex was associated with changes in glucose homeostasis
and lipid metabolism. As shown in Figure 8D, the amounts of
PPARa and GLUT4 mRNA levels in UCP3-infected cells were
significantly higher than those in mock-infected cells, while
there were no significant differences in PPARc, PPARd, and
PEPCK gene expression between mock- and UCP3 infected
cells. Interestingly, Trx2 knockdown only affected GLUT4
expression (Fig. 8E), suggesting that the UCP3–Trx2 complex
may regulate a GLUT4-related signaling pathway. In fact,
H2O2 treatment induced phosphorylation of p38 in mock
transfected cells, whereas UCP3 transfection significantly
decreased H2O2-mediated phosphorylation of p38 (Fig. 8F).

FIG. 6. Effects of UCP3 on mitochondrial superoxide and
H2O2 production. (A) C2C12 myoblasts were stably infected
with FG9-mock and -UCP3 lentivirus. Cell extracts (20 lg/
lane) were subjected to SDS-PAGE followed by immuno-
blotting (IB) with anti-UCP3 and anti-b-actin antibodies. The
ratio of UCP3 to b-actin was calculated by densitometric
analysis. (B) Mock and UCP3-infected C2C12 myoblasts
were assayed for membrane potential by flow cytometry
using the fluorescent dye TMRM. (C) The rate of superoxide
from mock- and UCP3-infected C2C12 myoblastic cells was
assessed by dihydroethidium (DHE) fluorescence. Succinate
and antimycin A were used as respiratory complex II sub-
strate and complex III inhibitors, respectively. (D) The rate of
H2O2 production from isolated mitochondria in mock- and
UCP3-infected C2C12 myoblastic cells was assessed by
Amplex Red fluorescence. Succinate and pyruvate/malate
were used as respiratory substrates. Rotenone was used as a
complex I inhibitor. For ROS production experiments,
means – SD from three independent experiments performed
in duplicate are shown. *p < 0.05, compared with mock-
infected cells. IB and flow cytometry experiments are rep-
resentative of at least three independent studies.
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FIG. 7. Effects of Trx2 knockdown on UCP3-mediated
abrogation of mitochondrial H2O2 production. (A) Mock
and UCP3-infected C2C12 myoblasts were transfected with
scrambled and Trx2 shRNA using TransIT-LT1 (Mirus Bio)
transfection reagent. Total RNA was extracted and subjected
to quantitative RT-PCR. The intensity ratio of Trx2 to GAPDH
was calculated. Data are mean – SD (n = 3). *p < 0.05, #p < 0.05,
compared with mock- and UCP3-infected control cells, re-
spectively. (B) The rate of H2O2 production from isolated
mitochondria in scrambled and Trx2 shRNA-transfected cells
overexpressing mock DNA and UCP3 was measured using
Amplex Red fluorescence 30 min after respiratory energization
of mitochondria with succinate. (C) Total RNA from cells was
extracted and subjected to quantitative RT-PCR. The intensity
ratio of superoxide dismutase 1 (SOD1) to GAPDH was cal-
culated. Data are mean – SD (n = 3). *p < 0.05, #p < 0.05, com-
pared with mock- and UCP3-infected control cells,
respectively. Shown are the means – SD from three indepen-
dent experiments, each one performed in duplicate. *p < 0.05,
#p < 0.05, compared with mock- and UCP3-infected control
cells, respectively. Quantitative RT-PCR production experi-
ments are representative of at least three independent studies.
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Discussion

The results of this study provide the first direct biological
and biochemical evidence that UCP3 interacts with and con-
trols the partitioning of Trx2 in the mitochondrial IMS via the
N-terminus of UCP3 and the N-terminus of nonprocessed

Trx2. To our knowledge, this is also the first demonstration to
show that Trx2 can localize to the IMS, and among the few
reports of Trx binding mechanisms not mediated by the Trx
active site cysteines. Additionally, these observations illumi-
nate a novel protein–protein interaction functionally in-
volved in the UCP3-dependent control of mitochondrial ROS

FIG. 8. Effect of pathological conditions on the UCP3–Trx2 complex, and implications for the insulin signaling pathway.
(A) Total RNA extracted from muscle of mice fed high fat diet (HFD) and normal diet (ND) for 5 weeks was subjected to
quantitative RT-PCR. The intensity ratio of UCP3 to GAPDH was calculated. Data are mean – SD (n = 6). *p < 0.05, compared
with muscle of mice fed ND. (B) Mitochondrial extracts (40 lg/lane) isolated from muscle of mice fed HFD and ND for 5
weeks were subjected to SDS-PAGE, followed by immunoblotting (IB) with anti-UCP3 and anti-aconitase 2 (Aco2) anti-
bodies. Mitochondria extracted from UCP3-/- mice were used as a negative control. (C) Mitochondria isolated from muscle of
mice fed HFD and ND for 5 weeks were treated with DIG and probed with anti-Trx2 and anti-cyt c antibodies. The ratio of
Trx2 to cyt c was calculated by densitometric analysis. *p < 0.05, compared with ND. (D) Total RNA from cells was extracted
and subjected to quantitative RT-PCR. The intensity ratio of PPARa, PPARc, PPARd, GLUT4, and PEPCK to ribosomal
protein S3 (Rps3), a house keeping gene, was calculated. Data are mean – SD (n = 3). *p < 0.05, compared with mock-infected
control cells. (E) Expression level of PPARa and GLUT4 transcripts in scramble and Trx2 shRNA transfected UCP3 over-
expressing cells was assessed by quantitative RT-PCR. The intensity ratio of PPARa, and GLUT4 to Rps3 was calculated. Data
are mean – SD (n = 3). *p < 0.05, compared with scramble RNA transfected UCP3 overexpressing control cells. (F) Cells
transfected with empty vector (mock), UCP3-V5, and Trx2-myc were treated with hydrogen peroxide (H2O2) (0.5 mM), and
suspended in lysis buffer (50 mM Tris-HCl buffer, pH 7.5, 150 mM NaCl, 1% Triton X-100, protease inhibitors, phosphatase
inhibitors containing 0.5 mM Na3VO4 and 20 mM Na4P2O7). Cell extracts (20 lg/lane) were subjected to SDS-PAGE, followed
by immunoblotting (IB) with anti-phospho-p38 and anti-p38 antibodies.
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generation. Together, these results add to an increasingly
complex understanding of the regulation of uncoupling pro-
tein function, especially as it relates to mitochondrial redox
control mechanisms.

The mitochondrial respiratory chain generates roughly
90% of the overall cellular burden of superoxide and its re-
active derivatives, such as hydrogen peroxide and hydroxyl
radicals. Topologically, mitochondrial complex I generates
superoxide on the matrix side of the inner membrane, and
complex III releases ROS on the IMS side and ultimately into
the cytoplasm (9, 31). Thus, the IMS is an important region for
the regulation of redox crosstalk between the mitochondrial
respiratory chain and extramitochondrial compartments. Al-
though antioxidant systems were identified long ago in
multiple subcellular compartments, only very recently have
redox and disulfide-relay control mechanisms been demon-
strated to exist in the IMS. Indeed, very recent reports indicate
that the IMS contains a large number of small (< 30 kDa)
disulfide bond-containing proteins (8, 18, 24). Interestingly,
the Erv1–Mia40 component disulfide relay system transfers
disulfides to these IMS proteins. During disulfide formation
and exchange, this system utilizes the electron transport chain
as a terminal electron acceptor and is tightly coupled to both
mitochondrial protein import and antioxidant defense (4).
The antioxidant Cu-Zn superoxide dismutase has recently
been confirmed to localize to the IMS along with glutathione
(24), and thioredoxin reductase-1, which reduces and re-
activates thioredoxins (20). Similarly, the eubacterial thior-
edoxins DsbC and DsbG localize to the bacterial periplasm,
the phylogenetic origin of the eukaryotic IMS, where they
mediate thiol reduction (13). We found that both over-
expressed and endogenous Trx2 is localized in a UCP3-
binding dependent manner in the IMS of isolated mitochon-
dria ex vivo, and that the IMS interaction of Trx2 and UCP3
could be visualized in live cells in vivo (Figs. 5A and 5C).

The capacity for Trx2 to dynamically localize in both the
matrix and the IMS compartments can be inferred by the
presence of protease cleavage sites for both the matrix poly-
peptidase (MIP) and the IMS peptidase (IMP). Mouse Trx2 is
known to be cleaved by MIP between Leu-59 and Thr-60 (46).
Trx2 also has several sites that can potentially be processed by
IMP, which localizes to the outer face of the mitochondrial
inner membrane and cleaves the pro-form of proteins at an
asparagine residue, position - 1 (38). Moreover, mitochondrial
thioredoxin reductase also contains an IMP cleavage site near
the predicted processing site for cleavage of the N-terminal
targeting sequence (not shown). We detected processed Trx2 in
the IMS that was similar in size to that of processed Trx2 in the
mitochondrial matrix fraction, and noted that the cleavage
sites on Trx2 are distinctly different between IMP and MIP.
Many mitochondrial protein precursors are processed in two
sequential steps by mitochondrial processing peptidases (MPP)
and MIP (15). These precursors are characterized by the motif:
R-XY(F/L/I)-X-X-(T/S/G)-X-X-X-XY. MPP first cleaves the
motif two peptide bonds after the arginine residue, yielding a
processing intermediate with a typical N-terminal octapeptide
that is sequentially cleaved by MIP, yielding the mature-size
protein. Trx2 also contains a (V/I)-X-X-T-X-X-X-XYmotif that
can be recognized by MIP between Val-64 and Gln-65 (Sup-
plementary Fig. S4). In fact, when we generated a truncation
mutant based on the previously reported cleavage site (yield-
ing a processed intermediate containing residues 60–166 plus

methionine), it migrated by SDS-PAGE slightly slower than the
major processed version of Trx2 in mitochondria (Figs. 1B, 3H,
and 5B). These results suggest that the predicted cleavage site
may be slightly upstream of the actual cleavage site, which
interestingly has overlapping cleavage site homology for both
MIP and IMP proteases. Further studies are necessary to define
the processing mechanisms of Trx2.

A growing body of evidence shows that UCP3 decreases
mitochondrial ROS production, protects from oxidative se-
quelae (e.g., lipid peroxidation), and exports metabolizable
and/or oxidized fatty acid peroxides across the inner mem-
brane to protect the matrix from oxidative stress. However,
the mechanism of UCP3-dependent redox control is hotly
debated, and the role of the membrane potential in this pro-
cess is unclear. Toime and Brand demonstrated that UCP3
decreases ROS production through a membrane potential-
independent mechanism in isolated mitochondria (48). Simi-
larly, we found that a 2.5-fold increase in UCP3 expression has
no effect on membrane potential, but significantly attenuates
ROS production in isolated mitochondria. Additionally, the
capacity for UCP3 to blunt mitochondrial ROS generation
disappears when levels of Trx2 are decreased. It has also been
reported that Trx2 forms complexes with cytochrome c, a
potent and direct superoxide and lipid peroxide reductant,
but no information was provided regarding the submito-
chondrial distribution of this interaction (36, 47). Interestingly,
the bulk of the nontransmembrane component of cytochrome
c extends into the IMS, and only a very small portion extends
into the matrix. Thus, it is tempting to speculate that UCP3
may simultaneously regulate the detoxification and export of
fatty acid peroxides and complex III-generated superoxide
through the putative Trx2-cytochrome c complex.

Complex III is a major site of mitochondrial ROS generation
(9, 31) and is comprised of two ubisemiquinone redox centers:
the Q0 center is oriented toward the IMS; and the Q1 center is
localized in the inner membrane and faces the mitochondrial
matrix. Antimycin A, a strong antagonist of the Q1 center,
strongly activates superoxide anion production and release
into the IMS from the Q0 center (26, 50). Since Trx2 interacts
with UCP3 on the IMS side of the inner membrane, we fo-
cused on ROS production through the Q0 center. Modestly
increased UCP3 expression significantly attenuates ROS
production in isolated mitochondria respiring on succinate
(complex II substrate), but not pyruvate/malate (complex I
substrate) (Fig. 6D). Furthermore, UCP3 attenuates genera-
tion of ROS by antimycin A-inhibited complex III, which re-
leases superoxide to both sides of the mitochondrial inner
membrane, whereas there is no difference in rotenone-
inhibited complex I, which directs ROS into the mitochondrial
matrix (Figs. 6C and 6D). These results are consistent with a
previous report that UCP3 actively lowers the rate of ROS
production in isolated, energized skeletal muscle mitochon-
dria, in absence of exogenous activators such as rotenone (48).
The significantly decreased ROS production mediated by
UCP3 is abolished by moderate Trx2 knock down. Our data
are in agreement with previous work showing a significant
increase in ROS production in the presence of respiratory
substrates for complex II in Trx2 heterozygous knockout mice
(37). Although Trx2 gene deletion in mice is embryonically
lethal (33), conditional Trx2 knockdown in DT40 cells leads to
increased ROS production (47, 52). Combined, the studies
suggest that Trx2 acts as an oxidant scavenger in the IMS.
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Oxidative stress may contribute to obesity-induced insulin
resistance and type 2 diabetes. In this study, a high fat diet for
5 weeks led to upregulation of UCP3 protein levels and in-
creased release of Trx2 in the IMS. These findings suggest that
increased UCP3 may regulate the processing of Trx2, and the
resultant increase of processed Trx2 in the IMS may mitigate
oxidative stress induced during pathological conditions such
as obesity. It has been noted that oxidative stress markedly
decreases insulin-stimulated glucose metabolism, and is as-
sociated with decreased GLUT4-mRNA and protein expres-
sion. Furthermore, overexpression of UCP3 in the skeletal
muscle of transgenic mice results in increased energy expen-
diture, resistance to diet-induced obesity, and increased glu-
cose tolerance and insulin sensitivity (10). Oxidative stress
also results in the phosphorylation and activation of p38
MAPK, which may play a role in the oxidant stress-induced
impairment of insulin-stimulated glucose transport activity
(14). In accordance with these findings, we found that in-
creased UCP3 expression improved glucose metabolism by
increasing GLUT4, and that this effect was abrogated by Trx2
knock down. At the same time, UCP3 expression also in-
hibited oxidative stress-induced phosphorylation of p38.
Thus, our results suggest that the UCP3–Trx2 complex may
play a role in the regulation of increased ROS production in
the IMS seen under pathological conditions such as obesity,
thereby leading to a significant inhibition of the oxidative
stress-mediated impairment of insulin signaling.

In summary, we present the first evidence of a novel, redox-
regulatory UCP3–Trx2 complex in the mammalian IMS of
skeletal muscle, and illuminate a mechanistic role for Trx2 in
the UCP3-dependent attenuation of mitochondrial ROS pro-
duction (Fig. 9). The data support a hypothetical model
wherein factors that influence UCP3 expression and activity
(e.g., fatty acids, lipid peroxides) may regulate the relative
matrix versus IMS pools of Trx2. Obesity and fasting are as-
sociated with increased skeletal muscle UCP3 expression, and
overnutrition and refeeding can induce supraphysiological
mitochondrial ROS production. Thus, UCP3 may act to lo-
calize Trx2 to the IMS under these conditions as a protective
measure against excess or pathologic ROS effects, such as
signaling or damage, in cells undergoing nutritional stress.
Future work is necessary to explore the physiological func-
tions of the UCP3–Trx2 complex, and the mechanisms for its
regulation.

Materials and Methods

Yeast two-hybrid

The hydrophilic sequence in the UCP3 N-terminus (nucle-
otides encoding amino acids 1–16) was PCR-amplified from a
full-length mouse UCP3 cDNA clone. This fragment was
fused to the GAL4 DNA binding domain in the pGBKT7
vector, and used as bait in a two-hybrid screen from a heart
cDNA library. From this screen, we identified a cDNA en-
coding thioredoxin 2 that was characterized by sequencing
using the BLAST algorithm.

Plasmid DNA Constructs

Mouse UCP3 and Trx2 cDNA was isolated from a mouse
skeletal muscle cDNA library by PCR. The isolated UCP3 and
Trx2 PCR products were subcloned into mammalian expres-

sion plasmid vectors pcDNA3.1-V5 and pCNDA6.1-myc
(Invitrogen, Carlsbad, CA), respectively. Point mutations
were made in the template of pCDNA6.1-Trx2-myc using the
QuikChange site directed mutagenesis technique of Strata-
gene Cloning Systems (Stratagene, La Jolla, CA). The C90S
and C93S mutants, as well as the C90S and C93S double
mutant, were generated by PCR. The mutational primers
were as follows: C90S Trx2, forward: 5’-ATGCACAGTGG
AGTGGCCCCT-3’, reverse: 5’-AGGGGCCACTCCACTGTG
CAT-3’; C93S Trx2, forward: 5’-GTGTGGCCCCAGCAA
GATCC-3’, reverse: 5’-GGATCTTGCTGGGGCCACAC-3’.
The N-terminal deletion of UCP3 (residues 17–308) was con-
structed using the modified PCR technique of Stratagene
Cloning Systems. The following oligonucleotide primers were
used for amplification: 5’- TTCCTGGGGGCCGGCACTG-3’
and 5’-CATGGTGGATCCGAGCTCGGTAC-3’ for UCP3.
The Trx2 mutants that replaced the MTS of Trx2 with that of

FIG. 9. Model of Trx2-mediated redox regulation by UCP3
in the mitochondrial intermembrane space (IMS). The hy-
drophilic sequences of the N-terminal IMS facing region of
UCP3 are necessary for binding to Trx2 and interact with the
MTS of nonprocessed Trx2 in the IMS. Trx2 bound to UCP3 can
then be processed in the IMS by the intermembrane peptidase
(IMP), thereby activating the IMS pool of Trx2. ROS released
from complex III into the IMS can then be detoxified through a
Trx2-regulated pathway prior to escape into the cytoplasm. (To
see this illustration in color the reader is referred to the web
version of this article at www.liebertonline.com/ars).
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human cytochrome c oxidase, subunit VIII (COXMTS) were
subcloned from the pHyper-dMito vector (Evrogen, Moscow,
Russia) and ligated in frame into the pCDNA6.1-Trx2-myc.
For the construction of the expression plasmids for GST-
tagged Trx2 (GST–Trx2) and T7 tagged-UCP3, the DNA frag-
ments encoding mouse Trx2 and UCP3 were subcloned from
pCDNA6.1-Trx2 and pCNDA3.1-UCP3 vectors and ligated in
frame into the pGEX6P-1 and pET23 vector, respectively. The
truncated forms of GST-Trx2 were constructed by modified
PCR. The mouse Smac sequence was subcloned by PCR and
ligated in frame into the pGEX6P-1 vector. UCP3 was cloned
into the FG9 lentiviral vector (kindly provided by Dr. Casey
W. Wright, University of Texas-Austin, TX). For the generation
of shRNAs, oligonucleotides to Trx2 (5’-GATCCCCCC
AGTTGTTGTGGACTTTCATTTCAAGAGAATGAAAGTCC
ACAACAACTGGTTTTTGGAAA -3’; 5’-AGCTTTTCCAA
AAACCAGTTGTTGTGGACTTTCATTCTCTTGAAATGAA
AGTCCACAACAACTGGGGG-3’) or a scrambled control
(sense: 5’-GATCCCCACCGTCGATTTCACCCGGGTTCAA
GAGACCCGGGTGAAATCGACGGTTTTTGGAAA-3’; an-
tisense: 5’-AGCTTTTCCAAAAACCGTCGATTTCACCCGG
GTCTCTTGAACCCGGGTGAAATCGACGGTGGG-3’) were
annealed to generate sticky ends (underlined) and immediately
cloned into the BglII–HindIII sites of pSuper (OligoEngine,
Seattle, WA). The boxed sequence corresponds to the 9-
nucleotide hairpin that is generated after transcription.

Cell culture

HeLa and C2C12-Mock and -UCP3 cells (an isolated clone
of C2C12 cells stably infected with empty vector (Mock) or the
UCP3 gene) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum (FBS)
and 1% 100X PenG-Streptomycin (Invitrogen). Cells were
incubated at 37�C with 5% CO2. Maintenance of C2C12-Mock
and -UCP3 cells was performed by treating with hygromycin
(300 lg/ml). HeLa and C2C12-Mock and -UCP3 cells were
transiently transfected using Lipofectamine (Invitrogen) and
TransIT-LT1 (Mirus Bio, Madison WI) transfection regents,
respectively. Cells were allowed to incubate for 24 h prior to
experiments.

Diet-induced obesity studies

Six-week-old wild-type FVB/N and UCP3-knockout
(UCP3-/-) FVB/N mice (n = 3) were placed on either a normal
diet (5.3% calories from fat) or a high-fat diet (45% calories
from fat) for 5 weeks, following which mice were sacrificed
by cervical dislocation. Skeletal muscle (gastrocnemius)
was isolated and used for subsequent analyses, as described
below.

Isolation of mitochondria

Mitochondria from HeLa, C2C12-Mock and -UCP3 cells,
and skeletal muscle from wild-type C57BL6/j, FVB/N,
UCP3-/- C57BL6/j, and UCP3-/-FVB/N mice were prepared
according to previously established protocols (45). Briefly,
tissues or cells were immediately harvested and minced in ice-
cold CP-1 buffer (100 mM KCl, 50 mM Tris-HCl, 2 mM EGTA,
pH 7.4). After grinding in a glass homogenizer, supernatants
were applied to a 40 lM cell strainer. Mitochondria were then
separated by differential centrifugation and lysed with either

RIPA + SDS (50 mM Tris-HCl, pH 8.0, containing 1% NP40,
0.5% sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM
EDTA, and protease inhibitors) or lysis buffer + Triton X-100
(50 mM Tris-HCl buffer, pH 7.5, containing 150 mM NaCl, 1%
Triton X-100, and protease inhibitors).

Submitochondrial localization assay

Mitochondria were isolated from HeLa cells as described
above. Water-soluble digitonin (MP Biomedical, Cleveland,
OH) was used for permeabilization. Following 5 lg/ml pro-
teinase K treatment, 100 lM phenylmethylsulfonyl fluoride
(PMSF) was added to stop the enzyme’s activity. Anti-Smac
(Cell Signaling, Danvers, MA) and anti-HSP60 (Enzo Life
Sciences, Plymouth Meeting, PA) primary antibodies were
used as markers of the mitochondrial intermembrane space
and matrix, respectively.

Isolation of mitochondrial IMS contents

The mitochondrial outer membrane was selectively dis-
rupted by treating mitochondria (40 mg/ml) with digitonin
(0.11 mg/mg of protein) (20). The IMS contents were then
removed from mitoplasts by centrifugation at 10,000 g for
15 min at 4�C.

GST pull-down assay

Purified GST-tagged proteins were prepared as previously
described (39). Five micrograms of each purified GST fusion
protein or GST protein alone was added to 100 lg of cell ex-
tracts from HeLa cells and incubated in GST lysis buffer
(20 mM Tris-HCl, pH 7.4, 0.5 mM DTT, 150 mM NaCl, 0.5%
Triton X-100, 1 mM EDTA, plus protease inhibitors) for 3 h at
4�C. After addition of 25 ll of glutathione-Sepharose 4B, the
binding was allowed to continue for an additional 16 h at 4�C.
The bound beads were washed four times with the same lysis
buffer and analyzed by SDS-PAGE.

Immunoblotting

Cells were prepared in 50 mM Tris-HCl buffer, pH 7.5,
containing 150 mM NaCl, 1% Triton X-100, 200 lM PMSF,
1 lg/ml Leupeptin, 1 lg/ml Pepstatin A and 100 U/ml
Aprotinin, and samples were homogenized using a sonicator.
The Pierce BCA Assay (Pierce Biotechnology, Rockford, IL)
was used to quantify proteins. Protein samples were com-
bined with 4X sample buffer (250 mM Tris-HCl, 8% SDS, 40%
glycerol, 8% betamercaptoethanol, 0.02% bromophenol blue)
and separated on a 12% polyacrylamide gel. The proteins
were transferred to a nitrocellulose membrane and probed
with primary antibody according to the manufacturer’s in-
structions; anti-V5, anti-UCP3, anti-aconitase 2, anti-b-actin
(Abcam, Cambridge, MA), anti-cytochrome c (BD Bios-
ciences, Franklin Lakes, NJ), anti-myc, anti-phospho-p38,
anti-p38 (Cell Signaling), anti-COX4 (Clontech, Mountain
View, CA), anti-DNA polymerase c (Neo Markers, Fremont,
CA), anti-T7 (Novagen, Gibbstown, NJ), and anti-thioredoxin
2 (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies
were used. Secondary antibodies were donkey anti-rabbit
1:5000 and sheep anti-mouse 1:5000 (Amersham Biosciences,
Piscataway, NJ). Membranes were developed using Pierce
Super Signal West Pico chemiluminescent substrate (Pierce
Biotechnology).
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Immunoprecipitation

Immunoprecipitation (IP) samples were prepared using
100 lg protein and adjusted to 300 ll with lysis buffer. They
were incubated with either 2 lg of primary antibody or IgG
(for controls) at 4�C for 4 h with rotation. Thirty microliters of
Protein G Sepharose beads (Amersham Biosciences) were
added to each IP sample and rotated at 4�C for 16 h. Samples
were washed six times in wash buffer, after which samples
were prepared for SDS-PAGE as described above.

Redox Western blotting for Trx2

The redox state of Trx2 was determined by analysis of cell
extracts pre-incubated with AMS (4-acetamido-4¢-
maleimidylstilbene-2,2¢-disulfonic acid) as previously described
(27). Briefly, cells were precipitated with 10% ice-cold tri-
chloroacetic acid for 30 min at 4�C. Samples were centrifuged at
12,000 g for 30 min, resuspended in 100% acetone and incubated
at 4�C for 30 min. Following centrifugation at 12,000 g for
10 min, the acetone was removed and protein pellets were
dissolved in 20 mM Tris/HCl, pH 8.0, containing 15 mM AMS
and incubated at room temperature (25�C) for 3 h. Trx2 redox
forms were separated by SDS-PAGE in the presence of nonre-
ducing loading buffer.

Quantitative RT-PCR

Total RNA was extracted from C2C12 cells and mouse
skeletal muscle with an acid guanidinium thiocyanate-phenol-
chloroform mixture (TRIZOL; Invitrogen). Quantitative
RT-PCR was performed with the primers and SYBR Green
dye by using a real-time PCR system (CFX96� Real-Time
PCR Detection System; Bio-Rad, Hercules, CA), as described
previously (19). The following primers were used for ampli-
fication: 5’-TTCATGCACAGTGGTGTGG-3’ and 5’-GGCAC
AGCTGACACCTCATA-3’ for mouse Trx2; 5’-GGAGTCTC
ACCTGTTTACTGACAACT-3’ and 5’-GCACAGAAGCCA
GCTCCAA-3’ for mouse UCP3; 5’-GGGTTCCACGTCCATC
AGTA-3’ and 5’-CTTTCCAGCAGTCACATTGC-3’ for
mouse SOD1; 5’-TCACAGACACCCTCTCTCCA-3’ and 5’-
TTCGACACTCGATGTTCAGG-3’ for mouse PPARa; 5’-CCC
ATCGAGGACATCCAA-3’ and 5’-CACGTGCTCTGTGACG
ATCT-3’ for mouse PPARc; 5’-GCAGCCTCTTCCTCAAT
GAC-3’ and 5’-GGAGACTTCGCAAGAACTCG-3’ for mouse
PPARd; 5’-GCTCTCCTGCAGCTGATTCT-3’ and 5’-CAGC
TCAGCTAGTGCGTCAG-3’ for mouse GLUT4; 5’-GGTT
CCGGAAGGACAAAGAT-3’ and 5’-CCTTAGGGATGTAG
CCGATG-3’ for mouse PEPCK; 5’-ATCAGAGAGTTGAC
CGCAGTTG-3’ and 5’-AATGAACCGAAGCACACCA
TAG-3’ for mouse ribosomal protein S3 (Rps3); 5’-AGAA
CATCATCCCTGCATCC-3’ and 5’-GGTCCTCAGTGTAGC
CCAAG-3’ for mouse glyceraldehyde-3-phosphate dehydro-
genase (GAPDH).

Immunofluorescence staining

Cells were cultured on coverslips and loaded with 50 nM
MitoTracker� Red CMXROS (Invitrogen) for 30 min at 37�C in
the dark, then fixed in 2% paraformaldehyde for 10 min at
25�C, and permeabilized with 0.2% Triton X-100 for 10 min at
4�C. The cells were incubated with anti-V5 and anti-myc an-
tibodies, followed by secondary anti-rabbit Alexa 568, anti-
rabbit Alexa 488, or anti-mouse Alexa 488 (Invitrogen). All

fluorescent images were acquired with a Nikon Eclipse Ti-S
microscope, using a 100X Nikon Plan Apo VC Oil objective
with a numerical aperture of 1.40. Images were taken with a
Photometrics Coolsnap EZ camera and processed using NIS
Elements BR 3.0 software.

BiFC analysis

The sequences encoding amino acid residues 1–172 and
155–238 of Venus were subcloned from the pCE-BiFC-VN173
and pCE-BiFC-VC155 vectors (Addgene, Cambridge, MA),
and ligated in frame into the pCNDA3.1-UCP3-V5 (resides 1–
308) or pCNDA3.1-DCUCP3-V5 (residues 1–234), and
pCDNA6.1-Trx2-myc (Trx2–VC) vectors, respectively. The
fluorescence signals were analyzed using a Nikon Eclipse Ti-S
fluorescent microscope or by flow cytometry.

Assessment of mitochondrial membrane potential
and superoxide levels

C2C12-Mock and -UCP3 cells were harvested by trypsin
digestion, washed with PBS, and incubated with HBSS con-
taining 25 nM tetramethylrhodamine methyl ester (TMRM)
for 15 min (assessment of mitochondrial membrane potential),
or 5 lM MitoSox for 10 min (superoxide detection in the mi-
tochondrial matrix) at 37�C in the dark. TMRM and MitoSox
fluorescence was analyzed by flow cytometry (Beckman-
Coulter, Fullerton, CA). Dihydroethidium (DHE) was used as
a second method for detection of superoxide. C2C12-Mock
and -UCP3 cells were plated in 96-well plates and incubated
with HBSS containing 5 lM DHE. Fluorescence was recorded
by a microplate reader (VICTOR� 3V; Pelkin Elmer, Wal-
tham, MA) with 490 nm excitation and 595 nm emission
wavelengths.

Detection of H2O2 production

The rate of H2O2 production by isolated mitochondria was
measured using the oxidation of the fluorogenic indicator
Amplex Red, as previously described (41). Fluorescence was
recorded using a microplate reader with 531 nm excitation
and 595 nm emission wavelengths. Standard curves obtained
by adding known amounts of H2O2 to the assay medium in
the presence of reactants were linear up to 2 lM. Mitochon-
dria from C2C12 cells were suspended in a buffer containing
5 mM MOPS (pH 7.4), 70 mM sucrose, and 220 mM mannitol,
and mitochondrial protein concentration was determined
using a BCA protein assay (Pierce Biotechnology, Rockford,
IL). Mitochondria (5 lg mitochondrial protein/well) were
incubated in a reaction mixture containing 50 lM Amplex
Red, 0.2 U/ml horseradish peroxidase (HRP), 30 U/ml su-
peroxide dismutase (SOD), 10 lM antimycin A or 2.4 lM ro-
tenone, and pyruvate (2.5 mM)/malate (2.5 mM) or succinate
(10 mM) as substrate at room temperature for 30 min, pro-
tected from light. SOD was added to convert all superoxide
into H2O2. The rate of H2O2 production was linear with re-
spect to mg of mitochondrial protein.

Statistics

Analysis of variance comparisons for immunoblot-
ting, quantitative RT-PCR, and detection of H2O2 produc-
tion were analyzed by single factor ANOVA followed by a
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Dunnet’s post hoc test, with a p < 0.05 set a priori as statistically
significant.
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Abbreviations Used

AMS¼ 4-acetamido-4’maleimidylstilbene-2,2’-
disulfonic acid

BiFC¼ bimolecular fluorescence complementation
CBB¼Coomassie brilliant blue

CCCP¼ carbonyl cyanide m-chlorophenyl
hydrazone

COXMTS¼ cytochrome c oxidase subunit VIII
mitochondrial targeting signal

DHE¼dihydroethidium
DIG¼digitonin
DTT¼dithiothreitol

EDTA¼ ethylenediaminetetraacetic acid
EGTA¼ ethylene glycol tetraacetic acid

GAPDH¼ glyceraldehyde-3-phosphate
dehydrogenase
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Abbreviations Used (Cont.)

GST¼ glutathione S transferase
HFD¼high fat diet

HRP¼horseradish peroxidase

IMP¼ inner membrane peptidase

IMS¼ intermembrane space

MIP¼mitochondrial intermediate peptidase

MOPS¼ 3-(N-morpholino)propanesulfonic acid

MPP¼mitochondrial processing peptidase
MTS¼mitochondrial targeting signal

ND¼normal diet
NP40¼nonidet-P40

PAGE¼polyacrylamide gel electrophoresis
PMSF¼phenylmethylsulfonyl fluoride
RIPA¼ radio immunoprecipitation assay
ROS¼ reactive oxygen species
SDS¼ sodium dodecyl sulfate

SOD¼ superoxide dismutase
TMRM¼ tetramethylrhodamine-methyl-ester

Trx2¼ thioredoxin 2
UCP3¼uncoupling protein 3
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