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dria remain elusive.

19-dependent manner.
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(Bacl(ground: Apart from its mitochondrial localization, mechanistic details of STAT3 import and assembly in mitochon-
Results: Using an in vitro import assay, we show that STAT3 associates with the mitochondrial inner membrane in a GRIM-

Conclusion: GRIM-19 chaperones the recruitment of STAT3 into mitochondrial inner membrane complexes.
Significance: This study identifies a novel function of GRIM-19 and a mechanism for STAT3 import into mitochondria.
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The signal transducer and activator of transcription 3
(STAT3), a nuclear transcription factor, is also present in mito-
chondria and regulates cellular respiration in a transcriptional-
independent manner. The mechanism of STAT3 import into
mitochondria remains obscure. In this report we show that
mitochondrial-localized STAT3 resides in the inner mitochon-
drial membrane. In vitro import studies show that the gene asso-
ciated with retinoid interferon induced cell mortality 19
(GRIM-19), a complex I subunit that acts as a chaperone to
recruit STAT3 into mitochondria. In addition, GRIM-19
enhances the integration of STAT3 into complex I. A S727A
mutation in STAT3 reduces its import and assembly even in the
presence of GRIM-19. Together, our studies unveil a novel chap-
erone function for GRIM-19 in the recruitment of STAT3 into
mitochondria.

Mitochondria are essential organelles involved in many cel-
lular processes including energy transduction, apoptosis, and
metabolism of lipids and amino acids. Even though they possess
their own genome, most mitochondrial proteins are encoded by
the nuclear genome and are imported into different sub-com-
partments of mitochondria by multisubunit protein import
receptors (1-3). Understanding the mechanisms by which pro-
teins are imported into the mitochondria will provide insights
concerning the role of these proteins in mitochondrial respira-
tion, biogenesis, and apoptosis (4).

The molecular mechanisms by which Stat transcription fac-
tors regulate nuclear gene expression have been actively pur-
sued for decades. Recent reports suggested non-canonical
functions for STAT3 and other nuclear transcription factors in
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mitochondria that involve regulation of energy management by
the mitochondria. For instance, researchers have identified
STATS3 (5), estrogen receptors (6, 7), myocyte enhancer factor
2D (8), glucocorticoid receptors (9, 10), p53 (11), NF-kB (12),
and CREB (cAMP-responsive element binding protein) (13—
15) in mitochondria regulating mitochondrial functions in a
manner that is dependent or independent of transcription (16).
These findings suggest a paradigm shift in the functions of these
transcription factors to target and modulate mitochondrial
driven cellular functions.

STATS3 isakey transcription factor that is phosphorylated on
tyrosine 705 and serine 727 in response to cytokines and growth
factors. Phosphorylated STAT3 translocates into nucleus and
regulates expression of genes associated with various cellular
processes. We and others have recently shown that STAT3 is
also localized to mitochondria (5, 17-20). Mitochondrial
STATS3 increases activity of complex I and II of the electron
transport chain in a transcriptional-independent manner (5). In
addition, Ras-mediated cellular transformation is shown to be
dependent on mitochondrial STAT3 (17). Interestingly, phos-
phorylation of STAT3 on Ser-727, but not Tyr-705, seems to
be integral for its mitochondrial activity (5, 17). Recent
reports also suggest involvement of mitochondrial STAT3 in
cardioprotection during ischemia and reperfusion possibly
by preventing leakage of electrons from complex I (18, 21).
The regulatory mechanisms involved in STAT3 import, inte-
gration into complex I, and its role in respiration remain
obscure.

GRIM-19 was identified as a principal mediator of IFN-/
Retinoic acid-induced cell death (22). Subsequently, GRIM-19
was identified as a component of complex I in the electron
transport chain. Small amounts of GRIM-19 have also been
detected in nuclei (22—-24) where it has been reported to be a
negative transcriptional regulator of STAT3 (25-28). Phosphor-
ylation of STAT3 on Ser-727 seems to be essential for its inter-
action with GRIM-19 (28). The requirement of Ser-727 phos-
phorylation for its mitochondrial functions and its interaction
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with GRIM-19 suggested that STAT3-GRIM-19 interaction
may influence each other’s localization or function.

In the present study we find that STAT3 anchors to the inner
mitochondrial membrane. Using an in vitro import system, we
demonstrate the involvement of GRIM-19 in the recruitment of
STAT3 to mitochondria and its integration into complex L
Import of STAT3 requires phosphorylation at Ser-727 site as
removal of the C terminus of STAT3 or mutation of Ser-727
reduces integration of STAT3 into the inner membrane of
mitochondria. Together, our results disclosed a novel role of
GRIM-19 as a chaperone in STAT3 localization into the
mitochondria.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Antibodies used in this study were
STAT3C-20, TOM20, and ND1 (Santa Cruz Biotechnology),
Cyt ¢ (Cell Signaling Technology), GRIM-19 (Mitosciences),
aconitase 2 (Novus Biologicals), and Mia40 (in-house-gener-
ated and purified using CNBr-Sepharose). All chemicals were
obtained from Sigma Aldrich and Amersco.

Plasmid Constructs—Full-length GRIM-19, TIM23, and
RBM3 cDNA were amplified by polymerase chain reaction
from total HeLa cell RNA using gene specific primers and
cloned into a myc-tagged mammalian expression vector,
pCDNA 3.1/myc(A). All STATS3 clones in pCDNA 3.1 (5) and
pGEMT-SP6-Su9-DHFR* have been described earlier (29).
Full-length STAT3 was subcloned into Pet28 (a+) vector. The
protein was expressed in bacteria and purified to homogeneity
by using Ni-NTA column. His,-DHFR was amplified using
Su9-DHEFR as a template and cloned into pGEMT vector.
pCDNA-ER-« was a kind gift from Dr. Bramanandam Mana-
vathi (University of Hyderabad, Hyderabad, India).

Cell-free Synthesis of Proteins—Full-length STAT3 and
mutants, GRIM-19, Su9-DHFR, RBM3, ER-«, TIM23, and
DHER proteins were synthesized using T7 or Spé6 in vitro cou-
pled transcription and translation system (Promega) according
to the manufacturer’s instructions. Each translation mix con-
tains 20 uCi of >*S-labeled methionine (1170 Ci/mmol, BARC).
Translated products were analyzed using phosphorimaging
and scintillation counting.

Isolation of Mitochondria—Mitochondria were isolated from
rat heart using differential centrifugation (30, 31). Briefly,
excised tissues were minced in 0.9% saline and then homoge-
nized in cold homogenization buffer (H medium: 220 mm man-
nitol, 70 mMm sucrose, 0.2 mm EDTA, 2 mm HEPES, pH 7.2, and
added 0.36 mg/ml BSA before use). Homogenates were centri-
fuged at 2000 rpm for 10 min. Supernatants were centrifuged at
10,000 rpm for 10 min. The pellet was washed in H-medium
twice and suspended in import buffer (0.25 M sucrose, 1.5 mm

“The abbreviations used are: DHFR, dihydrofolate reductase; Ni-NTA, nickel-
nitrilotriacetic acid; ERa, estrogen receptor «; IMM, inner mitochondrial
membrane; GRIM-19, gene associated with retinoid-interferon induced
mortality-19; ND1, NADH dehydrogenase 1; RBM3, RNA binding motif 3;
STAT3, signal transducer and activator of transcription 3; TIM23, translo-
case of inner membrane 23; TOM20, translocase of outer membrane;
BN-PAGE, blue native PAGE; Bis-Tris, 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol; Tricine, N-[2-hydroxy-1,1-bis(hydroxy-
methyl)ethyl]glycine.
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MgCl,, 2.5 mg/ml BSA, and 10 mm HEPES, pH 7.2). To obtain
a highly purified mitochondrial fraction, the crude mitochon-
drial suspension was layered on top of a 2.5 M sucrose-Percoll
gradient and centrifuged at 46,000 X g at 4 °C for 45 min, and
mitochondria were isolated as described (5).

Separation of Inner Mitochondrial Membrane (IMM) and
Matrix Fraction of Mitochondria—IMM and matrix fractions
were generated from mitoplasts as described (32). Mitochon-
dria were resuspended in 450 ul of hypotonic buffer (5 mm
Tris-HCl and 1 mm EDTA, pH 7.4) and incubated on ice for 15
min to generate mitoplasts. The solution was centrifuged at
20,000 X g for 10 min at 4 °C to pellet mitoplasts. The resulting
mitoplasts were resuspended in 450 pl of hypotonic buffer and
sonicated for 2 min (30 s off and 30 s on at 150 watts, Branson
Sonifer) on ice. The solution was then spun at 100,000 X g for
40 min. The resultant pellet contains the IMM-enriched frac-
tion, whereas the supernatant contains matrix-enriched frac-
tion. For high salt treatment, mitoplasts were incubated with
400 mM KCI on ice for 10 min followed by centrifugation
(15,000 rpm for 15 min). For high pH treatment, mitoplasts
were incubated with 200 mm Na,CO,, pH 11.5, for 10 min fol-
lowed by centrifugation.

In Vitro Import Assay—>S-Labeled proteins of GRIM-19
(6,000 cpm), STAT3 (12,000 cpm), STAT3,_,-, (12,000 cpm),
STAT3g,,,, (12,000 cpm), Su9-DHFR (10,000 cpm), His,-
DHER (10,000 cpm), RBM3 (10,000 cpm), ERa (10,000 cpm),
and TIM23 (10,000 cpm) were used in import assays unless
otherwise described in the legends. Labeled proteins were incu-
bated with 200 ug of isolated mitochondria in import buffer
(0.25 M sucrose, 1.5 mm MgCl,, 2.5 mg/ml BSA, and 10 mm
HEPES, pH 7.2) supplemented with 2 mm ATP, 2 mm GTP, 5
mM Mg(OAC), 20 mm KCI, and 2 mm succinate at 37 °C for 60
min. After import, one-half of each sample was directly used to
assess the mitochondrial association, and the other half was
treated with proteinase K on ice for 15 min to remove the non-
imported protein. After inhibiting proteinase K with PMSF (1
mM), mitochondria were re-isolated by passing through a
sucrose cushion (0.8 M sucrose in 10 mm HEPES, pH 7.2) at
12,000 rpm for 10 min. Mitochondria were separated on SDS-
PAGE, and the import was analyzed by using phosphorimaging.
For mitoplasts preparation, after import, mitochondria were
resuspended in hypotonic buffer (20 mm KCI, 10 mm HEPES,
pH 7.2) or 0.1% digitonin and incubated on ice for 20 min. The
resulting mitoplasts were reisolated by centrifugation at 12,000
rpm for 10 min and processed as mentioned above.

Immunoblotting—For Western blot analysis, mitochondria
were lysed in radioimmune precipitation assay buffer (50 mm
Tris-HCI, pH 7.2, 150 mm NaCl, 1% deoxycholic acid, 1% Triton
X-100, 0.1% SDS, and 0.25 mM EDTA) with the protease inhib-
itor mixture (Roche Applied Science) and centrifuged to
remove the debris. Protein concentrations were measured
using Bradford reagent (Amersco). Then lysates were resolved
on SDS-PAGE and transferred to polyvinylidene difluoride or
nitrocellulose membranes and probed with specific antibodies.
After incubation with HRP-conjugated secondary antibodies,
the blots were developed using the Bio-Rad Versa doc imaging
system.
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In Vitro Phosphorylation Assay—Recombinant purified
STATS3 protein was incubated with rabbit reticulocyte lysate in
phosphorylation buffer (20 mm Tris-Cl, pH 7.5, 1 mm DTT, 25
uM ATP, 10 mm MgCl,, 1 mm NaF, 1 mm NazVO4, 40 mm KCI)
containing y->?P-labeled ATP at 35 °C for 30 min. Reactions
were quenched by adding SDS, and recombinant protein was
pulled down using Ni-NTA resin and separated on SDS-PAGE
and analyzed using a phosphorimaging system.

Two-dimensional BN-PAGE—For the first dimension BN-
PAGE, mitochondrial pellets were resuspended in solubiliza-
tion buffer (1% dodecyl maltoside, 0.75 M aminocaproic acid,
and 50 mwm Bis-Tris, pH 7.2). Mitochondrial suspensions were
cleared at 14,000 rpm for 30 min at 4 °C and mixed with 5%
serva blue G dye. Complexes were resolved on native 6 -13%
acrylamide gradient gels as described (33). For the second
dimension, excised bands from BN-PAGE were soaked in 1%
mercaptoethanol and 1% SDS for 1 h at room temperature. Gel
pieces were layered on top of a 12% Tricine-SDS gel, and elec-
trophoresis was performed at room temperature at 100 V (34).

RESULTS

Mitochondrial STAT3 Resides in the IMM of Mitochondria—
Though STAT3 was shown to be associated with mitochondria,
the exact submitochondrial localization remains ambiguous.
To determine submitochondrial localization of STAT3, highly
purified rat heart mitochondria were subjected to increasing
concentrations of trypsin treatment (Fig. 14). Mitochondrial
fractions were separated on SDS-PAGE, Western-transferred,
and probed with antibodies specific for each mitochondrial
subcompartment (Fig. 14). As shown in the Fig. 14 (top panel),
STATS3 is resistant to low concentrations of protease treatment
like matrix-localized protein, aconitase (bottom panel),
whereas the outer membrane protein, TOM20 (Fig. 14, lane 2),
and the intermembrane space protein, Mia40, were completely
digested (Fig. 14, lane 3). A further increase in the trypsin con-
centration to 100 ug/ml reduced the mitochondrial associated
STAT3 by 50% when compared with aconitase levels (Fig. 14,
lane 4). However, solubilization of mitochondrial membranes
by Triton X-100 before protease treatment completely
degraded the STAT3 and aconitase (Fig. 14, lane 6). A sim-
ilar observation was made when mitochondria was subjected
to proteinase K treatment (not shown). These results show
that a significant fraction of endogenous STAT3 is localized
in the protease-inaccessible compartment of mitochondria.

To further investigate the submitochondrial localization of
STATS3, mitochondrial outer membranes were solubilized with
digitonin (Fig. 1B). The resulting mitoplasts were spun at high
speed to separate insoluble mitoplasts and soluble intermem-
brane space fraction. 40% Mia40, an intermembrane space
marker, was detected in the supernatant fraction but not ND1,
an inner membrane marker (Fig. 1B, lane 2). Like ND1, most of
the STAT3 was associated with mitoplast fraction (Fig. 1B, lane
3) and also partially resistant to protease treatment (Fig. 1B,
lane 5). These results suggest that STATS3, like ND1, is not
associated with soluble intermembrane space fraction; rather, it
is likely to be associated with the inner membrane or matrix
fraction.
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To ascertain the exact localization of STAT3, we further sep-
arated mitoplasts into IMM and matrix fractions as described
under “Experimental Procedures.” Separation of these fractions
was confirmed by immunoblotting against specific marker pro-
teins (Fig. 1C). Immunoblotting of these fractions with STAT3-
specific antibody revealed enrichment of STAT3 in IMM frac-
tion (Fig. 1C, lane 3). Treatment of mitoplasts with high salt
(400 mm KClI) failed to dislodge STAT3 from the membrane
fraction-like GRIM-19 (an integral membrane protein),
whereas cytochrome ¢, a loosely associated inner membrane
protein, was released into soluble fraction (Fig. 1D, compare
lanes 3 and 5). However, high pH treatment (200 mm Na,CO,,
pH 11.5) releases STAT3 into a soluble fraction (Fig. 1D, lane
4), indicating that STAT3 is tightly associated but not inte-
grated into the membrane. Because STAT3 is known to
increase the activities of complex I and II (5), we further evalu-
ated the presence of STAT3 in the mitochondrial electron
transport chain complexes. Mitochondria and mitoplast frac-
tions were subjected to blue native gel electrophoresis and
probed for STAT3 and a complex I subunit, ND1 (Fig. 1E). As
shown in Fig. 1E, STAT3 was found to be associated with a high
molecular mass complex above 700 kDa like a known complex
I subunit, ND1. Protease treatment of the mitoplast fraction
before to BN-PAGE reduced STAT3 association with this high
molecular mass complex by 50%. In contrast, the levels of ND1
did not change significantly (Fig. 1E, lanes 3 and 4). Separation
of this high molecular mass complex in second dimension
showed the presence of STAT3 and GRIM-19, a known com-
plex I subunit (supplemental Fig. S1). Taken together, our
results indicate that STAT3 tightly associates with inner mito-
chondrial membrane complexes, likely to complex I, in a pro-
tease-inaccessible manner.

In Vitro Import of STAT3 into Isolated Mitochondria—To
investigate the translocation of STAT3 across mitochondrial
membranes, in vitro translated and *°S-labeled STAT3 was
incubated with isolated mitochondria. Import of STAT3 was
confirmed by its resistance to externally added proteinase K. As
shown in the Fig. 24, STAT3 was resistant to proteinase K (top
panel), which indicates the presence of STAT3 within mito-
chondria. Import of **S-labeled Su9-DHER (bottom panel) and
His,-DHER proteins (Fig. 2C) was used as the positive and neg-
ative control, respectively. Upon import, Su9-DHFR, which has
a presequence of subunit 9 of F,F, ATPase (Fig. 24, bottom
panel) was protected from the protease treatment, whereas
His,-DHEFR protein, having no mitotargeting sequence, was
susceptible to protease treatment (Fig. 2C). Most of the
imported fragments were completely digested when the mito-
chondrial membranes were solubilized with Triton X-100 (Fig.
2A, lane 6). Primary criteria for translocation of proteins into
mitochondria are the requirement of energy in the form of ATP
and GTP (35-37). In addition, most of the matrix-targeted pro-
teins and some of the inner membrane-targeted proteins
require membrane potential to cross the inner membrane (1, 2,
38). To analyze whether STATS3 translocation requires mem-
brane potential and energy, the import was performed in the
absence of membrane potential, and external energy source and
immunoblots were probed with aconitase antibody to show
equal amount of protein in all samples (Fig. 2B). When mem-
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FIGURE 1. STAT3 is localized to inner mitochondrial membranes. A, purified rat heart mitochondria were subjected to different concentrations of trypsin
(25-200 pg/ml, lanes 2-6) either in the absence (lanes 2-5) or presence (lane 6) of Triton X-100 for 20 min on ice. After inhibiting the trypsin by the addition of
trypsin inhibitor, mitochondrial fractions were re-isolated by centrifugation and separated on SDS-PAGE followed by immunoblotting with antibodies
specific for STAT3, TOM20 (outer membrane marker), Mia40 (inter membrane space marker), and aconitase (matrix marker). B, STAT3 sub-compartmen-
tal localization is shown. Mitochondrial outer membranes were solubilized with digitonin (0.1%) for 15 min on ice, and the resulting mitoplasts were
re-isolated by centrifugation at 20,000 X g for 10 min. Both soluble (supernatant (S)) and insoluble fractions (pellet (P)) were collected and untreated or
treated with proteinase K (25 ug/ml). After inhibition of proteinase K with PMSF (1 mm), all the fractions were separated on SDS-PAGE and probed with
antibodies as specified in the figure. C, rat heart mitochondria (M) were subfractionated into mitoplasts (MP), IMM, and matrix (Mat) fractionations as
described under “Experimental Procedures” and separated on SDS-PAGE and probed with specific markers as indicated in the figure. D, to show the tight
association of STAT3 with membranes, isolated mitoplasts were subjected to high salt (400 mm KCI) and high pH (200 mm Na,CO; pH 11.5) treatment
for 15 min onice. Mitoplasts were re-isolated, and equivalent fractions were resolved on SDS-PAGE and analyzed by Western blot. E, mitochondria (lanes
1 and 2) and mitoplasts (lanes 3 and 4) were treated without (7 and 3) or with 25 wg/ml proteinase K (lanes 2 and 4). After inhibiting proteinase K with
PMSF, samples were solubilized in 1% dodecyl maltoside buffer as described under “Experimental Procedures.” The samples were subjected to BN-PAGE
and probed for STAT3 and ND1.

0-ND1

GRIM-19 Regulates STAT3 Translocation into Mitochon-
dria—Because GRIM-19 is a negative transcriptional regulator

brane potential was dissipated with valinomycin, import of
both Su9-DHER (Fig. 2B, bottom panel, lane 2) and STAT3 (Fig.

2B, top panel, lane 5) was abolished, whereas import under
energy deficit conditions resulted in 20-30% reduction of
import (Fig. 2B, top panel, lane 4, and bottom panel, lane 3). The
persistent translocation of STAT3 in the absence of external
energy could be due to ATP leaking out of the mitochondria
(39) or mitochondria respiring on endogenous substrates.
These results indicate that STAT3 import and translocation
across mitochondrial membrane requires membrane potential
and likely requires energy.
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of STATS3, we investigated whether GRIM-19 also regulates
STATS3 import into mitochondria. Co-import of *S-labeled
STAT3 and GRIM-19 was carried out as described under
“Experimental Procedures.” Interestingly, STAT3 import was
steadily enhanced up to certain concentrations of GRIM-19,
and the stimulatory effect was more profound at lower concen-
trations (Fig. 34). To rule out the possibility of interference
from reticulocyte lysate components, we performed an in vitro
import with increasing concentrations of lysate but found no
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FIGURE 2. In vitro import of STAT3 into isolated mitochondria. A, in vitro import of STAT3 and Su9-DHFR was performed for 60 min as described under
“Experimental Procedures.” After import, samples were treated with increasing concentrations of proteinase K (lanes 2-6) either in the absence (2-5) or
presence of Triton X-100 (/ane 6). After inhibition of proteinase K with PMSF (1 mm), samples were re-isolated and resolved on SDS-PAGE (P, precursor; M,
mature). B, import of STAT3 (top panel) and Su9-DHFR (bottom panel) was examined in the absence of membrane potential by incubating mitochondria with
valinomycin (5 um) for 5 min (top panel, lane 5; bottom panel, lane 2) or by excluding the external energy source in the form ATP, GTP, and succinate (top panel,
lane 4; bottom panel, lane 3) in the import reaction. C, import of Hiss-DHFR was carried out as described under “Experimental Procedures,” and the samples were

treated with proteinase K (25 ng/ml) and analyzed by phosphorimaging.

difference in STAT3 recruitment (supplemental Fig. S2). To
show specificity, co-import was performed with another tran-
scription factor, ERa, known to be associated with mitochon-
dria. Most of mitochondrial-localized ER« is accessible to
externally added protease (40). However, in our in vitro import
studies, ERa neither increased its association with mitochon-
dria (not shown) nor was it protected from externally added
protease even in the presence of GRIM-19 (Fig. 3B). Most
importantly, GRIM-19 does not have any effect on the import
of a mitochondrial inner membrane protein, TIM23 (Fig. 3C).
Additionally, as a negative control, we also performed co-im-
port of GRIM-19 with RBM3, a RNA binding motif protein
localized mostly in the nucleus and cytosol (data not shown). As
shown in the Fig. 3D, RBM3 failed to be internalized into mito-
chondria, and GRIM-19 does not affect the import of this pro-
tein. In addition, we also performed co-import of STAT3 with
increasing concentrations of another mitochondrial-targeted
protein, Su9-DHEFR, and found no significant difference in
STAT3 recruitment to mitochondria (Fig. 3E). Together these
results demonstrate the specific role of GRIM-19 in STAT3
recruitment to mitochondria.

GRIM-19 Enhances Integration of STAT3 into Complex [—As
GRIM-19 was found to be a positive regulator of STAT3 import
into mitochondria, we further evaluated whether GRIM-19

FEBRUARY 15,2013 «VOLUME 288-NUMBER 7

could influence STATS3 topology and its association with mem-
branes or complex I. After in vitro import of >*S-labeled STAT3
in the presence or absence of GRIM-19 (Fig. 44), mitochondria
were subjected to hypotonic shock to generate mitoplasts. As
expected, imported STAT3 was protected from protease treat-
ment of mitochondria (Fig. 44, lane 2). However, most of the
imported fraction is susceptible to protease treatment in mito-
plasts (Fig. 44, right panel, lane 3), indicating STATS3 is trans-
located across the outer membrane and is probably loosely
associated with the inner membrane. Surprisingly, upon its co-
import with GRIM-19, a significant fraction of STAT3 was pro-
tected from externally added protease even in mitoplasts (Fig.
4A, right panel, lane 5), indicating GRIM-19-dependent inte-
gration of STAT3 into a protease-inaccessible fraction that is
likely a matrix or inner mitochondrial membrane. Protection of
in vitro imported GRIM-19 and Su9-DHEFR in mitoplasts indi-
cates the intactness of mitochondrial inner membrane and
matrix (supplemental Fig. S3). Immunoblots were also per-
formed to confirm the formation of mitoplasts by protease sus-
ceptibility of Mia40, an intermembrane space marker, but not
ND1, an inner membrane marker (supplemental Fig. S3).

To precisely determine the localization of protease-pro-
tected >°S-labeled STAT3 in mitoplasts, we carried out the
import of STAT3 in the presence of GRIM-19. Protease-treated
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FIGURE 3. GRIM-19 stimulates the import of STAT3 into mitochondria. A, in vitro co-import of STAT3 (6 X 10 cpm) was performed with increasing
concentrations (1 X 10%,1.5 X 10%,2 X 10%,2.5 X 103,3 X 1034 X 10 and 6 X 10°) of >*S-labeled GRIM-19 for lanes 2— 8 for 60 min at 37 °C. After import, outer
membrane-associated proteins were digested with proteinase K (25 ug/ml). Then samples were resolved on SDS-PAGE, and imported proteins were analyzed
by phosphorimaging. As a negative control, co-import was also performed with ER « (B), TIM23 (C), and RBM3 (D) with increasing concentrations of GRIM-19.
In another control experiment, STAT3 (6 X 10° cpm) was co-imported with increasing concentrations of Su9-DHFR (3 X 10%,5 X 10%,8 X 10%,and 10 X 10% cpm

of Su9-DHFR for lanes 2-6 of panel E as described above.

mitoplasts were separated into IMM and matrix fractions (Fig.
4B). Separation of these fractions was demonstrated by immu-
noblotting with known marker proteins such as GRIM-19
(inner membrane) and aconitase (matrix) (Fig. 4B, bottom pan-
els). When STAT3 was imported alone, a small fraction of
STAT3 was found to be associated with IMM and matrix frac-
tion (Fig. 4B, left panel, lanes 1 and 2). However, upon its co-
import with GRIM-19, most of the STAT3 was recruited to
IMM (Fig. 4B, right panel, lane 1). These results demonstrate
that GRIM-19 integrates STAT3 into the inner membrane of
mitochondria. To further assess whether the co-import of
STAT3 with GRIM-19 enhances the association of STAT3 with
respiratory complexes, in particular complex I, in vitro co-im-
ported samples of **S-labeled STAT3 with unlabeled GRIM-19
(cold) were separated by BN-PAGE, and STAT3 association
was monitored by phosphor imager. As shown in the Fig. 4C,
STATS3 association with complex I was increased in the pres-
ence of GRIM-19 (Fig. 4C, compare lanes 1 and 2), and any
further increase in GRIM-19 had no effect on STAT3 associa-
tion with complex I (Fig. 4C, compare lanes 2 and 3). 3*S-La-
beled STAT3 or **S-labeled GRIM-19 when imported alone
was associated with the complex I (Fig. 4C, lanes I and 4). How-
ever, >°S-labeled STAT3 that was associated with complex I was
loosely bound (Fig. 4D) and susceptible to protease treatment
(supplemental Fig. S5, right panel, lane 1). This was further
confirmed by separating labeled **S-labeled STAT3 alone (Fig.
4D, right panel, lane 1) or co-imported **S-labeled STAT3 and
35S-labeled GRIM-19 (Fig. 4D, lane 2) or **S-labeled GRIM-19
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alone (Fig. 4D, lane 3) by BN-PAGE (Fig. 4D, left panel) fol-
lowed by two-dimensional Tris-Tricine gels (Fig. 4D, right
panel). The association was monitored by phosphorimaging of
two-dimensional gels. STAT3 was found only in co-imported
fraction (Fig. 4D, right panel, lane 2) but not in STAT3 alone
fraction (Fig. 4D, right panel, lane 1). GRIM-19, a known com-
plex I subunit, served as a positive control (Fig. 4D, right panel,
lane 3). A Ponceau S-stained two-dimensional gel showed
equal amounts of complex I proteins in all samples, and MALDI
analysis confirms the presence of NDUFS], a subunit of com-
plexI (supplemental Fig. S4). Taken together these results dem-
onstrate that GRIM-19 probably alters topology of mitochon-
drial STAT3 and also promotes its integration into complex 1.

Ser-727 of STAT3 Is Required for GRIM-19-dependent
Import and Assembly—The transcriptional activation domain
lies in the C terminus of STAT3. To test whether the C termi-
nus is required for the protein to be imported into the mito-
chondria, we generated a STAT3 truncation mutant, STAT3
(STAT3,_,,0). We carried out an in vitro import of labeled
STAT3,c in the presence and absence of GRIM-19 (Fig. 5).
Import of STAT3,. was absent even in the presence of
GRIM-19 (Fig. 5A, lanes 2-5). Furthermore, the protein devoid
of C-terminal domain failed to assemble into complex I even in
the presence of GRIM-19, whereas full-length STAT3 was sig-
nificantly present in complex I (supplemental Fig. S5 panel ).
This clearly indicates that the C terminus of STAT3 is required
for GRIM-19-dependent import and integration of STAT3 into
complex I. Ser-727 of STATS3 is located in the C terminus
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FIGURE 4. GRIM-19-mediated association of STAT3 with complex I. A, labeled STAT3 was imported into mitochondria for 60 min in the absence (left panel
lanes 1 and 2; right panel, lanes 2 and 3) or presence of GRIM-19 (left panel, lanes 3 and 4; right panel, lanes 4 and 5), and mitoplasts were generated by hypotonic
treatment of mitochondria. Mitochondria (left panel, lane T; right panel, lane 2) and the resulting mitoplasts (left panel, lanes 2-4; right panel, lanes 3-5) were
either left untreated (left panel) or treated with proteinase K (right panel). After inhibiting the protease, mitochondria and mitoplasts fractions were re-isolated
and separated on SDS-PAGE and analyzed by phosphor imager. As a loading control, the right panel fractions were probed with antibodies specific for ND1.
B, to demonstrate the association of co-imported STAT3 (with GRIM-19) with IMM, mitoplasts were further separated into IMM and matrix. The equivalent
fractions of IMM and matrix were separated on SDS-PAGE and analyzed by phosphorimaging. Left and right panels represent the IMM associated STAT3 in the
absence and presence of GRIM-19 respectively. To confirm the separation of IMM and matrix fractions, these fractions were also probed with inner membrane-
specific antibody, GRIM-19, and matrix-specific antibody, aconitase (bottom panels). C, to analyze complex | association of STAT3, import of radiolabeled STAT3
was performed without (lane 7) or with increasing concentrations of unlabeled GRIM-19 (lanes 2 and 3).Import of labeled GRIM-19 (lane 4) was used as a positive
control. After import, mitochondria were re-isolated and solubilized in 1% dodecyl maltoside buffer, and electron transport chain components were separated
by BN-PAGE. Association of STAT3 with the components of the electron transport chain was detected by using phosphorimaging (C, right panel). Immunoblot,
with ND1-specific antibody, was performed to show the equal loading of protein in all the fractions. D, to provide direct evidence for STAT3 association with
complex|, in vitro import of labeled STAT3 (lane 1) or STAT3/GRIM-19 (lane 2) or GRIM-19 (lane 3) was performed, and these imported samples were protease-
treated (25 wg/ml). After inhibiting the protease, the mitochondria samples were solubilized in 1% dodecyl buffer and separated on BN-PAGE (left panel) in the
first dimension. For the second dimension, complex | bands were excised and separated on Tris-Tricine PAGE (right panel) and analyzed by phosphorimaging.
The Ponceau S stained blot shows equal amount of protein in all lanes (middle panel). Lane 4 represents the in vitro translated **S-labeled products of STAT3 and
GRIM-19 to identify the STAT3 and GRIM-19 on two-dimensional-PAGE.

These results likely indicate that phosphorylation at Ser-727 of

region of the protein and is known to be essential for STAT3
STAT3 may be required for its import into mitochondria.

functions in mitochondria (5, 17) and is also a prerequisite for
GRIM-19/STATS3 interaction (28). We evaluated the role of

Ser-727 on mitochondrial import of STAT3 in the presence of DISCUSSION

GRIM-19. Interestingly, mutation of serine 727 to alanine
reduced the import of STAT3 into mitochondria even in the
presence of GRIM-19 (Fig. 5B, compare lane 1 with 2—4). This
study indicates a requirement of the Ser-727 residue in the C
terminus of STAT3 for its GRIM-19-dependent import into
mitochondria. To further clarify whether STAT3 was phospho-
rylated before import, we performed an in vitro phosphoryla-
tion assay using purified recombinant STAT3 and reticulocyte
lysate (used as a kinase source). STAT3 was found to be phos-
phorylated by the reticulocyte lysate in vitro (Fig. 5C, lane 4). In
addition, alkaline phosphatase treatment of reticulocyte lysate
containing labeled STAT3 before import reduces the import of
STATS3, whereas no such inhibition was observed with Su9-
DHEFR (supplemental Fig. S6 comparelanes 1 with2 and 3).
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Recent findings from us and others indicate that STAT3 is
associated with mitochondria (5, 17-20), where it modulates
cellular respiration (5) and supports cellular transformation
induced by the Ras oncogene (17). The mechanism by which
STAT3 is imported into mitochondria has not been addressed
in detail. In this report we demonstrate that a distinct mecha-
nism is employed by STAT3 for its import and assembly into
mitochondria and GRIM-19 has a major influence on this
process.

Using an in vitro import system, we show that STAT3 effi-
ciently traverses the mitochondrial membrane, although it does
not have a canonical mito-targeting sequence. We further dem-
onstrate that the mitochondrial import of this protein requires
membrane potential and may require energy (Fig. 2). We also
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FIGURE 5. Requirement of Ser-727 of STAT3 for GRIM-19-dependent import of STAT3. Aand B, in vitroimport of STAT3 ¢ (STAT3, _4,,) and STAT3,,,, with
increasing concentrations of GRIM-19 was performed. After proteinase K treatment, samples were resolved on SDS-PAGE and analyzed by phosphorimaging
(Aand B). C, to determine whether STAT3 is phosphorylated before import, in vitro phosphorylation was performed using rabbit reticulocyte lysate as the kinase
source. Recombinant purified His-tagged STAT3 was incubated either in the presence (lane 2 and 4) or absence (lane 3) of rabbit reticulocyte lysate and in the
presence of (lanes 3-5) or absence (lane 2) of [y->?P]ATP as indicated under “Experimental Procedures.” Rabbit reticulocyte lysate incubated with [y->2P]JATP
serves as a negative control (lane 5). Ni-NTA pulldown products were analyzed by phosphorimaging and also probed with STAT3 antibodies to show equal

amounts of protein.

show that in vitro imported STATS3 is susceptible to proteases
upon removal of the outer membrane by digitonin (Fig. 44, lane
3). However, the endogenous mitochondrial STAT3 is partially
protected from externally added protease (Fig. 1, B and C). In
vitro imported STAT3, but not the endogenous protein, is
accessible to protease treatment in mitoplasts, suggesting that
an unknown factor(s) may be required for STAT3 transportin a
protease-inaccessible mitochondrial compartment. This led us
to evaluate whether GRIM-19 has any role in import of STAT3
into mitochondria given that both the proteins have been
shown to interact and are present in mitochondria (24-27).
Interestingly, we find that a low concentration of GRIM-19
facilitates transport of STATS3 into the mitochondria (Fig. 4).
However, excessive GRIM-19 reduced internalization of
STATS3 (Fig. 34). We speculate that the decrease in recruitment
of STATS3 at high concentrations of GRIM-19 may be due to
competition for the same receptor, as both are devoid of cleav-
able mitochondrial targeting sequences, and proteins having
similar sequences utilize the same receptor. In support of this
notion, co-import of STAT3 with a pre-sequence-containing
protein, Su9-DHFR, does not affect its mitochondrial recruit-
ment, even at higher concentrations (Fig. 3E).

We also analyzed the role of GRIM-19 on subcompartmental
localization of in vitro imported STAT3. In the absence of
GRIM-19, most of the STAT3 is susceptible to protease upon
opening of the outer mitochondrial membrane. Surprisingly,
upon its co-import with GRIM-19, STAT3 is protease-resistant
even in mitoplasts, indicating its association with a protease-
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inaccessible compartment of mitochondria (Fig. 44, lane 5).
We further demonstrate that this protease-inaccessible portion
of imported STAT3 is associated with inner mitochondrial
membranes by separating IMM and matrix fractions. The
absence of STAT3 in the matrix fraction and resistance toward
the protease in mitoplasts suggests that STAT3 might be
anchored to the inner membrane facing toward the matrix, and
this organization seems to require GRIM-19. In support of this
idea, we find that a major portion of endogenous STAT3 also
resides in inner mitochondrial membranes (Fig. 1). Similar to
GRIM-19, high salt treatment failed to dislodge STAT3 from
mitochondrial inner membranes, whereas high pH treatment
releases most of the protein into the soluble fraction, which
implies strong association with mitochondrial membranes.
Based on these in vivo and in vitro import studies, we propose
that STAT3 tightly associates with the inner mitochondrial
membrane, and this association requires GRIM-19.

Studies indicate that 50% of mitochondrial proteins do not
contain any canonical mitochondrial targeting sequences (41—
43). Generally, proteins having no typical mitochondrial target-
ing sequence utilize the chaperone system (44) to translocate
into the mitochondria, whereas some mitochondrial-targeted
proteins contain an internal targeting sequence (45). It has been
shown that phosphorylation of some proteins enhance their
interaction with chaperones or exposes the cryptic mitochon-
drial targeting sequences to facilitate their mitochondrial
recruitment (46, 47). Despite the absence of a mitochondrial
targeting sequence, STAT3 efficiently traverses the mitochon-
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drial membranes. Alkaline phosphatase treatment or S727A
mutation diminishes the import of STAT3 into mitochondria,
suggesting that serine 727 needs to be phosphorylated for effi-
cient import of STAT3. We speculate that phosphorylation of
STATS3 might be required for its interaction with GRIM-19 to
facilitate its mitochondrial localization.

While our paper was in preparation Shulga and Pastorino
(48) showed that phosphorylation of STAT3 on Ser-727 by
RIPK1 enhances its interaction with GRIM-19 and thereby its
mitochondrial localization.
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