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Peroxisome proliferator-activated receptor-gamma co-activator 1o (PGC-1ot) and PTEN-induced putative
kinase 1 (PINK1) are powerful regulators of mitochondrial function. Here, we report that a previously
unrecognized, novel 35 kDa PGC-1a isoform localizes to the mitochondrial inner membrane and matrix
in brain as determined by protease protection and carbonate extraction assays, as well as by immuno-

Ke_yWWdS-' i electron microscopy. Immunoelectron microscopy and import experiments in vitro revealed that
ycl'tcoihond”a 35 kDa PGC-1a colocalizes and interacts with the voltage-dependent anion channel (VDAC), and that
PlNlE]a its import depends on VDAC. Valinomycin treatment which depolarizes the membrane potential, abol-

Brain ished mitochondrial localization of the 35 kDa PGC-1o. Using blue native-PAGE, co-immunoprecipitation,
VDAC and immunoelectron microscopy analyses, we found that the 35 kDa PGC-1a binds and colocalizes with
PINK1 in brain mitochondria. This is the first report regarding mitochondrial localization of a novel
35 kDa PGC-1a isoform and its association with PINK1, suggesting possible regulatory roles for mito-

chondrial function in the brain.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

PGC-1a and PINK1 have recently emerged as key molecules for
the maintenance of mitochondrial integrity potentially linking
metabolic abnormality and neurodegeneration. Recent studies
have indicated an important role of PGC-1a in neurodegenerative
diseases and diabetes [1-4]. The PGC-1o null mouse displays se-
vere systemic mitochondrial and metabolic abnormalities, and
spongiform neurodegeneration [5]. Consistent with this observa-
tion, PGC-1a overexpression protects neurons against oxidative
stress by inducing antioxidant enzymes [6]. Down-regulation of
PGC-1a is associated with mitochondrial dysfunction and impaired
lipid metabolism in obesity and diabetes [4], both of which in-
creases the risk of neurodegenerative diseases.

PINK1 dysfunction is implicated in both neurodegenerative dis-
eases and diabetes. Loss-of-function mutations in PINK1 have been
linked to PD [7]. Polymorphisms in PINK1 are associated with al-
tered plasma fatty acid concentration and oxidative energy metab-
olism in diabetes [8]. PINK1 transcription is suppressed in diabetes
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and associated with its severity [9]. PINK1 depletion causes mito-
chondrial dysfunction, increased oxidative stress, and neuronal
inactivity, while its overexpression protects cells from these abnor-
malities [10,11].

Here, we show that a novel 35 kDa PGC-1a isoform localizes to
the mitochondrial inner membrane and matrix, and associates
with PINK1 within brain mitochondria. This result suggests a pos-
sible role of mitochondrial 35 kDa PGC-1a and PINK1 for regulat-
ing mitochondrial function in brain.

2. Materials and methods
2.1. Animals

All animal procedures were approved by the Institutional Ani-
mal Care and Use committee at the University of Maryland School
of Medicine and were in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. The PINK1 knockout mouse
was provided by Dr. Shen Jie at Havard Medical School [11].
2.2. siRNA transfection

For depletion of VDAC, or PGC-1a in human embryonic kidney
cells (HEK) cells, the following siRNAs were tested: VDAC siRNA-1,
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5-GAAUACCGACAAUACACUATT-3' (Ambion, s14768); VDAC siR-
NA-2, 5-GCGCTTCGGAATAGCAGCCAA-3’ (Qiagen, S103220399);
PGC-1a siRNA-1, 5'-GAGAAUUCAUGGAGCAAUA-3’ (Dharmacon);
PGC-1o siRNA-2 (sc-38884, Santa Cruz Biotechnology). Scrambled
siRNAs with no known mammalian homology (non-targeting siRNA
#1 (Ambion) and #2 (Santa Cruz Biotechnology)) were used as neg-
ative controls. HEK cells were transfected with the siRNAs using the
Mirus TransIT-TKO® reagent (Mirus, Madison, WI) according to the
manufacture’s manual. Untransfected cells were used as controls for
all the experiments.

2.3. Isolation of mitochondria from mouse brain and cells

Hippocampal tissue of mouse brain was homogenized in isola-
tion medium (225 mmol mannitol, 75 mmol sucrose, 5 mmol
HEPES, 1 mmol EGTA, pH 7.4). The homogenate was centrifuged
at 1300xg for 3 min, and the pellet will be re-suspended and cen-
trifuged again at 1300xg for 3 min. The pooled supernatants will
be centrifuged at 21,200xg for 10 min, the crude mitochondrial
pellet was re-suspended in 15% Percoll, and layered on a pre-
formed gradient of 40% and 24% Percoll. After centrifugation at
31,700xg for 8 min, the mitochondria were collected from the
interface of the lower two layers, diluted with isolation medium
and centrifuged at 16,700xg for 10 min. The Percoll-purified mito-
chondrial pellet was used for co-immunoprecipitation assays and
blue native (BN)-PAGE analyses. For the separation of mitochon-
dria and other organelles, SH-SY5Y cells were homogenized and
fractionated using mitochondria/cytosol fractionation kit (BioVi-
sion, CA) according to the manufacturer’s protocol.

2.4. Two-dimensional blue-native/SDS gel electrophoresis

Purified mitochondrial proteins (100 pg) were solubilized with
150 ul of buffer (50 mM NaCl, 50 mM imidazole/HCl, 2 mM 6-
aminohexanoic acid, 1 mM EDTA, pH 7.0) containing a digitonin
to a final concentration of 5g per g protein. After incubation for
30 min on ice, samples were centrifuged at 20,000xg for 20 min
and were supplemented with 7 pl of 5% (w/v) Coomassie-Blue G-
250 solution in 750 mM aminocaproic acid. Dye-treated protein
samples were loaded onto 4-12% native gels followed by second-
dimensional 4-20% SDS-PAGE. The gels were subjected to Western
blot analysis.

2.5. Protease protection assay

Reaction mixtures contained 50 g of isolated mitochondria in
50 ul of mitochondrial isolation buffer (225 mmol mannitol,
75 mmol sucrose, 5 mmol HEPES, 1 mmol EGTA, pH 7.4). Where
indicated, samples were treated with 200 pg/ml proteinase K (for
25 min at 0 °C) before stopping the reactions with 2 mM phenyl-
methylsulfonyl fluoride (PMSF). Trypsin was added to an estimated
protein/enzyme ratio of approximately 50:1. The reaction mixture
was incubated overnight at 4 °C, and then the protease was inacti-
vated with 2 mM PMSF. Samples were washed three times with 1x
PBS and centrifuged, and the pellets were resuspended in protein
extraction buffer, followed by Western blot analysis.

2.6. Carbonate extraction assay

The mitoplast was prepared followed by carbonate extraction
assay as previously described [12]. Mitochondria were resus-
pended in buffer A (10 mM phosphate buffer, pH 7.4, 1 mM ethyl-
ene glycol-bis (B-aminoethyl ether)N,N,N,N-tetraacetic acid
(EGTA), 1 mM PMSF, using a Dounce homogenizer, further diluted
to a protein concentration of approximately 0.1 mg/ml and kept on
ice for 20 min. Mitoplasts were resuspended in buffer A containing

8.6% (w/v) sucrose and recovered from the 33%/47% interphase,
washed and resuspended in buffer B (20 mM 3-(N-morpholino)
propanesulphonic acid, pH 7.2, 1 mM EGTA, 1 mM PMSF) and bro-
ken by freeze/thaw cycles followed by sonication. The inner mem-
brane and matrix fractions of the mitoplasts were separated by
centrifugation at 100,000xg for 30 min. The inner membrane frac-
tion was further subjected to alkaline treatment (0.1 M Na,COs, pH
11.5 for 30 min) and then centrifuged at 144,000xg at 4 °C to ob-
tain integral inner membrane proteins.

2.7. Co-immunoprecipitation assay

Purified mitochondria were incubated with protease K and
mitochondrial pellet was lysed in a buffer containing 50 mM
HEPES (pH 7.4), 100 mM NaCl, 1% NP-40, and a mixture of protease
inhibitors (Roche Molecular Biochemicals) and phosphatase inhib-
itors (Sigma). After homogenizing with 20 strokes by using a Doun-
ce homogenizer (Bellco Glass), mitochondrial lysates were
centrifuged at 20,000xg, and the supernatants were used for co-
immunoprecipitation assay using the Pierce co-immunoprecipita-
tion kit. Co-immunoprecipitates were collected and used for Wes-
tern blot analysis.

2.8. Western blotting

Cells were rinsed in cold PBS and collected in 200 p RIPA buffer
(150 mM NacCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate in 50 mM Tris, pH 8.0) and protease inhib-
itors (Roche Molecular Biochemicals) for Western blot analysis as
previously described [13]. Protein content was determined using
bovine serum albumin as a standard (Pierce Biotechnology). Pro-
teins were separated by SDS-PAGE electrophoresis (25 pig/lane)
and transferred to nitrocellulose membranes (Bio-Rad Laborato-
ries). Primary antibodies used were included rabbit PGC-1a, (P-
120 and H-300) [13,14], goat anti-PGC-1a (K-15, Santa Cruz Bio-
technology, sc-5816), anti-actin (Millipore, MAB1501R), anti-HSP
60 (Cell Signaling, 4870), anti-Histone H3 (AbCam, ab1791), anti-
GAPDH (Cell Signaling, 2118), anti-VDAC (AbCam, ab14734),
anti-Tom 40 (Santa Cruz Biotechnology, sc-11025), anti-NDUFV2
(Sigma, HPA003404), anti-Grp 75 (Cell Signaling, 2816), anti-PINK1
(LSBio, LS-B3384). Horseradish peroxidase-conjugated secondary
antibodies were purchased from Pierce Biotechnology. Antibody
binding was detected by using the SuperSignal chemiluminescence
kit (Pierce Biotechnology) and an Alpha Innotech imaging system.

2.9. Immunoelectron microscopy

Mice were perfused with saline followed by 4% paraformalde-
hyde in 0.1 mol/L of phosphate buffer. Mouse hippocampus tissue
was dissected under an operating microscope, mounted in the slot
of a small screw, and snap frozen in liquid nitrogen. Ultra-thin sec-
tions (70-100 nm) from mouse hippocampus tissue were incu-
bated concurrently with primary antibodies against PGC-1a,
VDAGC, or PINK1 for 1 h and followed by incubation with appropri-
ate 5 or 10 nm immunoGold conjugated secondary antibodies
(Jackson ImmunoResearch Laboratories, PA) for 1 h. Sections were
fixed with 2.5% glutaraldehyde, counter-stained with 4% neutral
uranyl acetate, embedded in 1.25% methyl cellulose, then observed
using a JEOL JEM 1210 electron microscope (JEOL USA, Inc., MA) at
80 kV.
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3. Results

3.1. Validation of the PGC-1a antibodies used for detection of the
35 kDa PGC-1o isoform protein

In this study, we utilized different antibodies raised against PGC-
1o to ensure accuracy in the detection of the 35-kDa PGC-1a; rabbit
polyclonal PGC-1a (P-120) antibody raised against amino acids 1-
120 [13], rabbit polyclonal PGC-1a (H-300) antibody [14] raised
against amino acids 1-300, and goat polyclonal PGC-1a (K-15) anti-
body raised against amino acids near the C-terminus. The results
show that a band at 91 kDa was detected by the three P-120, H-
300, and K-15 antibodies in total lystates of SH-SY5Y cells
(Fig. 1A). However, both the 100 and 35 kDa protein bands were de-
tected only by P-120 and H-300, but not K-15 (Fig. 1A). Western blot
analysis of PGC-1a on purified mitochondria from SH-SY5Y cells
with P-120 antibody shows that 35 kDa protein band was detected
in the mitochondrial fraction, whereas 100 and 91 kDa bands were
detected in the remaining cytosolic fractions devoid of mitochon-
dria (Fig. 1B). We verified the purity of the mitochondrial and the
remaining cytosolic fractions using Western blot analysis with
anti-HSP 60, anti-Histone H3, and anti-GAPDH antibodies. We fur-
ther checked the specificity of the P-120 antibody. The results show
that in the total extracts of HEK cells, five protein isoforms (100, 91,
45,40, and 35 kDa) were detected by the P-120, and all these protein
bands were completely down-regulated by transiently transfecting
HEK cells with siRNA against PGC-1a, but not with a scrambled siR-
NA1 (Fig. 1C) or a scrambled siRNA 2 (data not shown). These exper-
iments clearly document the specificity and the capability of P-120
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Fig. 1. Detection of a 35 kDa PGC-1a isoform by different antibodies, and down-
regulation of the protein by PGC-1a siRNAs. (A) Total protein extracts of SH-SY5Y
cells were analyzed by Western blotting with anti-PGC-1o antibodies. (B) Purified
mitochondria and the remaining cytosolic fraction including nucleus were analyzed
by Western blotting with P-120, anti-HSP60, anti-Histone H3, and anti-GAPDH
antibodies. (C) HEK cells were transiently transfected with scrambled siRNA (lane 1)
or two separate siRNAs against PGC-1a (lanes 2 and 3), followed by Western blot
analysis with P-120 and actin antibodies.

antibody for detecting all potential isoforms of PGC-1a protein.
Therefore, we have utilized this antibody to further investigate
the mitochondrial localization of PGC-1a in brain and to identify
its binding partner in the following studies.

3.2. 35 kDa PGC-1a protein localizes in the mitochondrial inner
membrane and the matrix in the brain

To further confirm the mitochondrial localization of 35 kDa
PGC-1a, we performed a protease protection assay, a carbonate
extraction assay, and immunoelectron microscopy analysis. Puri-
fied mitochondria from mouse hippocampus were treated with
protease K or trypsin followed by a Western blot analysis
(Fig. 2A). Results showed that the PGC-1a detected in the mito-
chondria is only the 35 kDa isoform (Fig. 2A). The 35 kDa PGC-1a
isoform and NDUFV2, an inner mitochondrial membrane protein,
were unaffected by proteinase K treatment, as evidenced by the
presence of a single 35 or 24 kDa protein band, respectively. In con-
trast, VDAC, the integral outer mitochondrial membrane protein,
was degraded by this treatment, resulting in multiple VDACs with
lower molecular mass (25 and 18 kDa) (Fig. 2A, lane 1). Upon treat-
ment of the mitochondria with trypsin under stringent conditions
(overnight incubation at 4 °C), both VDAC and NDUFV2 were com-
pletely degraded, as evidenced by a shift of 30 and 24 kDa proteins
to lower mass, respectively (Fig. 2A, lane 2). By contrast, 35 kDa
PGC-1o was only partially fragmented. As expected, without prote-
ase K or trypsin treatment, all three proteins, 35 kDa PGC-1a,
VDAC, and NDUFV2 remained intact (Fig. 2A, lane 3).

To further investigate the sub-mitochondrial localization of
35 kDa PGC-1q, the isolated mitoplasts were disrupted and puri-
fied inner membrane fraction was subjected to carbonate extrac-
tion to obtain intrinsic proteins embedded in the inner
membrane. Western blot analysis revealed a strong signal at
35 kDa in the both soluble and pellet fractions (Fig. 2B). We veri-
fied the purity of the inner membrane fraction and the matrix frac-
tion using Western blot analysis with anti-Grp 75 (a mitochondrial
matrix marker), anti-NDUFV2 (a mitochondrial inner membrane
marker), anti-Histone H3, and anti-GAPDH antibodies. This result
indicates that 35 kDa PGC-1a was associated with both the mito-
chondrial inner membrane fraction and matrix fraction (Fig. 2B).

Immunoelectron microscopy analysis of mouse hippocampal
tissue with anti-PGC-1a0 antibody and post-OsO, treatment
showed apparent localization of PGC-1a protein in the mitochon-
drial outer and inner membranes, and in association with cristae
(Fig. 2C and D). Quantification of the distribution of PGC-1a inside
mitochondria showed that ~92% of the gold particles were de-
tected in cristae and matrix, and 8% associated with the outer
membrane (342 gold particles from 30 mitochondria were counted
total). No gold particles were detected in the controls when the
anti-PGC-1a antibody was omitted (Fig. 2E), confirming the speci-
ficity of our observations. Taken together, these experiments dem-
onstrate that 35 kDa PGC-1a isoform localizes to the mitochondrial
inner membrane, as well as in the mitochondrial matrix.

3.3. 35 kDa PGC-1a transport is dependent on the VDAC and
mitochondrial membrane potential

PGC-1a contains no classical mitochondrial import signal, thus
we suspect that the protein might be transported via non-tradi-
tional protein import machinery. To explore this concept, three
independent studies were performed: immunoelectron micros-
copy, BN-PAGE, and siRNA-mediated knockdown of the mitochon-
drial import machinery. Double immunogold-labeling electron
microscopy of mouse hippocampal tissue with antibodies against
PGC-1o and VDAC revealed a colocalization of these proteins on
the surface of the outer mitochondrial membrane (Fig. 3A). No gold
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Fig. 2. 35 kDa PGC-1a localizes to the mitochondrial inner membrane and the matrix. (A) Purified mitochondria from the mouse hippocampus were treated with protease K
(lane 1), treated with trypsin (lane 2), or left untreated (lane 3). The amount of PGC-1a, VDAC, NDUFV2, Histone H3, or GAPDH was determined by Western blotting. (B)
Western blot analysis of mitochondrial inner membrane (Mem) and matrix (Sol.) probed with antibodies directed against P-120, NDUFV2, Grp 75, Histone H3 (a nuclear
marker), and GAPDH (a cytosolic marker). Immunoelectron microscopy of mouse hippocampus tissue with P-120 antibody (C) followed by OsO,4 treatment (D) or without P-

120 antibody (E) Arrows indicate PGC-1a Immunogold labeling.

particles were detectable in the control, when the primary anti-
PGC-1a or anti-VDAC antibody was omitted (data not shown).
We next performed BN-PAGE analysis that allows separating na-
tive multi-protein complexes. Immunoblot analysis of the sec-
ond-dimension SDS-PAGE gels followed by BN-PAGE analysis of
purified hippocampal mitochondria revealed that both 35 kDa
PGC-1a and 30 kDa VDAC proteins co-migrated with a molecular
mass of 170 kDa (Fig. 3B). Interestingly, a ~335-kDa band that is
immunoreactive to VDAC but not 35-kDa PGC-1a was detected
(Fig. 3B), likely representing additional protein complexes contain-
ing VDAC. Western blot analysis of the BN-PAGE gels (10-
1,236 kDa) with anti-Histone H3 and anti-GAPDH antibodies veri-
fied the purity of the mitochondrial fraction (Fig. 3B). Next, we
examined the effect of siRNA-mediated VDAC down-regulation
on the mitochondrial localization of 35 kDa PGC-1a in HEK cells.
Results showed that VDAC siRNA completely down-regulated
VDAC and 35kDa PGC-la expression within mitochondria,
whereas control siRNA did not (Fig. 3C). Tom 40 protein, a major
component of outer mitochondrial membrane transporter machin-
ery, had little effect, indicating the specificity of siRNA against
VDAC. To determine whether 35 kDa PGC-1a import was depen-
dent on the mitochondrial membrane potential, HEK cells were

treated with valinomycin, a potassium ionophore that depolarizes
the mitochondrial membranes. Valinomycin treatment completely
inhibited mitochondrial localization of the 35 kDa PGC-1a isoform
(Fig. 3C).

3.4. 35 kDa PGC-1a physically associates with PINK1 in the
mitochondria

To assess the potential functional significance of the findings of
the 35 kDa PGC-1a localized in the mitochondria, we sought to
identify its protein binding partner inside mitochondria. Immuno-
blotting analysis of the BN-PAGE gels of purified mitochondria
from mouse brain with various antibodies against well-known
mitochondrial proteins revealed that both PGC-1a and PINK1 pro-
teins are immunoreactive to the same protein band with a molec-
ular mass of 480 kDa (Fig. 4B), indicating that the proteins form a
native complex in the mitochondria of mouse brain. The specificity
of the mouse monoclonal anti-PINK1 antibody used for this study
was confirmed in the hippocampus tissue of PINK 1 knockout
and control mice (Fig. 4A). Total mitochondrial lysates were sub-
jected to co-immunoprecipitation with anti-PGC-1a, anti-PINK1,
or anti-IgG (negative control) antibodies. Western blot analysis
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Fig. 3. Transport of 35 kDa PGC-1a depends on the VDAC protein and the mitochondrial membrane potential. (A) Immunoelectron microscopy showing colocalization of
mitochondrial PGC-1a. and VDAC. White and black arrows indicate VDAC (10 nm) and PGC-1a (5 nm) immunoGold labeling in mouse hippocampus tissue. (B) Immunoblot
analysis of the second-dimension SDS-PAGE gels followed by BN-PAGE analysis of native mitochondrial protein complexes with P-120, anti-Histone H3, and anti-GAPDH

antibodies. (C) HEK cells were transfected with scrambled control siRNA (lane 1),

two separate VDAC siRNAs (lanes 2 and 3), or treated with valinomycin. Mitochondrial

lysates were analyzed by Western blotting with P-120, anti-VDAC, and anti-Tom40 antibodies.

showed that PGC-1a co-immunoprecipitated with PINK1 in the
mitochondria of mouse brain (Fig. 4C). Neither PGC-1o nor PINK1
immunoreactivity was detectable in samples immunoprecipitated
with anti-IgG rabbit antibodies (Fig. 4C). Double labeling immuno-
electron microscopy analysis with antibodies against PGC-1a and
PINK1 revealed that these two proteins colocalize in the hippocam-
pal mitochondria of mouse brain (Fig. 4D). The average number of
gold particles per mitochondria was 7 + 4.5 for PGC-1otand 2 + 1.1
for PINK1. No gold particles were detected in the controls, when
the anti-PGC-1o or anti-PINK1 antibody was omitted (data not
shown). We did not observe their colocalization outside mitochon-
dria. Together, these results provide strong evidence for an in vivo
association of 35 kDa PGC-1a with PINK1 in brain mitochondria.

4. Discussion

The present study demonstrates that a novel 35 kDa PGC-1a
isoform localizes to mitochondria and associates with PINK1 in
brain. We showed that the 35 kDa isoform is the only PGC-1a pro-
tein found in brain mitochondria. A recent report [3] showed that
the human PPARGC1A locus, the gene encoding PGC-1a contains a
novel promoter at the 583 kb upstream of exon 1. From the novel
PPARGC1A promoter, several brain-specific transcripts are initiated
and Western blot analysis of in vitro translation reactions of these
abundant transcripts detects NT-PGC-1a with its molecular mass
of ~ 35 kDa. They showed that brain-specific NT-PGC-1a is de-
tected in the cytoplasm, while full-length PGC-1a localizes to the
nucleus. Consistent with this report, we detected full-length
91 kDa PGC-1a in the remaining cytosolic fractions but not in the

mitochondrial fraction. 91 kDa PGC-1a has long been considered
a nuclear transcriptional co-activator. These suggest that a distinct
35 or 91 kDa PGC-1a isoform may regulate mitochondrial function
and nuclear transcription of mitochondrial proteins. To identify the
molecular origin of brain mitochondrial 35 kDa PGC-1a protein, we
attempted Edman sequencing of the purified mitochondrial 35 kDa
PGC-1a protein. Unfortunately, despite repeated attempts, we
were unable to sequence this 35 kDa PGC-1a species due to its
low abundance or blocked N-terminal for Edman sequencing. Our
findings show the presence of several PGC-1a protein bands
(100, 91, 40, 45, and 35 kDa) in cells. The molecular basis for these
various isoforms could be cell-specific differences in the usage of
the reference promoter or the novel promoter of PPARGC1A, and/
or post-transcriptional or post-translational modifications.

We suggest that 35 kDa PGC-1a is imported through a VDAC-
mediated pore. A previous study suggested that VDAC exists as a
multimer, instead of single polypeptide [15], which may provide
a large enough pore to serve as a transport route for small proteins
that do not contain a classical import signal, such as 35 kDa PGC-
1a, to cross the outer mitochondrial membrane. We showed that
valinomycin treatment results in an inhibition of mitochondrial
localization of 35 kDa PGC-1a. This result indicates that import
and integration of 35 kDa PGC-1a protein into the mitochondrial
inner membrane requires a membrane potential.

Previous studies indicated that PINK1 is a putative mitochon-
drial kinase and that its loss results in mitochondrial dysfunction
[10,11]. We demonstrated that 35 kDa PGC-1a associates with
PINK1 in brain mitochondria. Therefore, it is conceivable that
PINK1 may potentially phosphorylate 35 kDa PGC-1a within brain
mitochondria, which could alter its sub-mitochondrial localization,
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Fig. 4. Co-localization and association of 35 kDa PGC-1a. with PINK1. (A) Total protein lystates from the hippocampus of PINK1 knockout and wild-type mice were analyzed
by Western blotting with anti-PINK1 and actin antibodies. (B) Purified mitochondria from mouse hippocampus were subjected to BN-PAGE analysis, followed by the second-
dimension SDS-PAGE gels and immunoblotting with P-120 and anti-PINK1 antibodies. Lane 1&2 represent two different mice. (C) Lystates from purified hippocampal
mitochondria were co-immunoprecipitated with anti-PINK1, P-120, and anti-IgG antibodies, followed by immunoblotting using anti-PINK1 and P-120 antibodies. (D)
Immunoelectron microscopy of mitochondrial PGC-1a and PINK1 co-localization. White and black arrows indicate PGC-1a (5 nm) and PINK1 (10 nm) immunogold labeling.

stability, or function. In supporting this possibility, we found that
the 35 kDa PGC-1a isoform is localized on the mitochondrial inner
and outer membranes, and is associated with cristae. The various
sub-mitochondrial localizations of 35 kDa PGC-1a could suggest
the presence of multiple signaling pathways regulated by the pro-
tein within brain mitochondria. Consistent with our findings, a pre-
vious report showed that PGC-lo forms a complex with
mitochondrial transcription factor A or presents as free proteins
within the mitochondrion, and exercise increases mitochondrial
PGC-1a content [14]. It is important to note, however, that there
is a lack of information regarding the exact molecular mass of
mitochondrial PGC-1a, and skeletal muscle of mice was used in
this study. We showed the mitochondrial localization of 35 kDa
PGC-1a but not 91 kDa PGC-1a in tissue from mouse hippocam-
pus. Thus, if there is a discrepancy in the finding of the molecular
mass of mitochondrial PGC-1a, it could be due to the difference in
tissues used between the previous and current studies.

We demonstrate a new isoform of PGC-1a that co-localizes
with PINK1. Further work is required to show that 35 kDa PGC-
1o and PINK1 act together in mitochondrial degeneration. Given
the potential importance of PGC-1a and PINK1 in pathophysiolog-
ical conditions associated with mitochondrial dysfunction during
neurodegenerative disease and diabetes, a possible interaction of
35 kDa PGC-1a and PINK1 in brain mitochondria would appear
to be a promising therapeutic target for these disorders.
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