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Abstract

DJ-1 is a novel oncogene and also a causative gene for familial Parkinson’s disease (park7). DJ-1 has multiple functions that
include transcriptional regulation, anti-oxidative reaction and chaperone and mitochondrial regulation. Mitochondrial
dysfunction is observed in DJ-1-knockout mice and fry, and mitochondrial DJ-1 is more protective against oxidative stress-
induced cell death. Although translocation of DJ-1 into mitochondria is enhanced by oxidative stress that leads to oxidation
of cysteine 106 (C106) of DJ-1, the characteristics of mitochondrial DJ-1 and the mechanism by which DJ-1 is translocated
into mitochondria are poorly understood. In this study, immunostaining, co-immunoprecipitation, cell fractionation and
pull-down experiments showed that mutants of glutamine 18 (E18) DJ-1 are localized in mitochondria and do not make
homodimers. Likewise, DJ-1 with mutations of two cysteines located in the dimer interface, C46S and C53A, and pathogenic
mutants, M26l and L166P DJ-1, were found to be localized in mitochondria and not to make homodimers. Mutant DJ-1
harboring both E18A and C106S, in which C106 is not oxidized, was also localized in mitochondria, indicating that oxidation
of C106 is important but not essential for mitochondrial localization of DJ-1. It should be noted that E18A DJ-1 was
translocated from mitochondria to the cytoplasm when mitochondrial membrane potential was reduced by treatment of
cells with CCCP, an uncoupler of the oxidative phosphorylation system in mitochondria. Furthermore, deletion or
substitution of the N-terminal 12 amino acids in DJ-1 resulted in re-localization of E18A, M26l and L166P DJ-1 from
mitochondria into the cytoplasm. These findings suggest that a monomer and the N-terminal 12 amino acids are necessary
for mitochondrial localization of DJ-1 mutants and that conformation change induced by C106 oxidation or by E18 mutation
leads to translocation of DJ-1 into mitochondria.
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reported that activity of mitochondrial complex I is decreased in
patients with Parkinson’s disease [38-42] and that mitochondrial
dysfunctions occur in DJ-1 knockout mice and fry [33,43]. DJ-1
binds to subunits of mitochondrial complex I and regulates its
activity [28]. When mitochondrial membrane potential is de-
creased, DJ-1 is translocated into mitochondria, resulting in
induction of mitophagy, which is clearance of damaged mito-

Introduction

The D7J-1 gene has been identified by us to be a novel oncogene
that transforms NIH3T3 cells in cooperation with the activated ras
gene [1] and was later found to be a causative gene for familial
Parkinson’s disease (park7) [2]. DJ-1 is expressed ubiquitously in
cultured cells and tissues and is localized in the cytoplasm, nucleus

and mitochondria [1,3-5]. DJ-1 has multiple functions, including
transcriptional regulation [6-14], anti-oxidative stress function
[3,15-19], and chaperone [20,21], protease [22-24] and mito-
chondrial regulation [25-35]. DJ-1 contains three cysteine residues
at amino acid numbers 46, 53 and 106 (C46, C53 and C106,
respectively). Of those cysteines, C106 is highly sensitive to
oxidative stress and is oxidized in forms of SOH, SO,H and SOsH
[3,16]. Mutation of C106 results in complete loss of DJ-1's activity
[3,15,17], and highly oxidized DJ-1 was found in the brains of
patients with Parkinson’s disease and Alzheimer’s disease [36,37].

Although a portion of DJ-1 is present in mitochondria [4,28],
the degree of translocation of DJ-1 into mitochondria is stimulated
by oxidative stress, and oxidation of C106 with SO,H is necessary
for mitochondrial translocation of DJ-1 [3]. Mitochondria-target
sequence-conjugated DJ-1 has been shown to be more protective
against oxidative stress-induced cell death [27]. It has been
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chondria [29,31,34]. These findings suggest that DJ-1 plays a role
in homeostasis of mitochondria. Since DJ-1 has no mitochondrial
target sequence, the precise mechanism by which DJ-1 is
translocated into mitochondria is still not known. DJ-1 binds to
several chaperones, including Hsp70, CHIP and mitochondrial
Hsp70/Mortarin/Grp75, suggesting that translocation of D]J-1
into mitochondria is associated with other proteins, including
mitochondrial Hsp70 [26].

In this study, we found that DJ-1 with mutation at glutamine 18
(E18) is localized in mitochondria and does not form a homodimer.
Likewise, dimer formation-negative DJ-1 mutants, including
pathogenic M26I and L166P DJ-1, are also localized in
mitochondria, indicating that monomer DJ-1 is localized in
mitochondria. Furthermore, we found that the N-terminal 12
amino acids in DJ-1 are necessary for mitochondrial translocation

of DJ-1.
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Figure 1. Dimer formation of wild-type and various mutants of DJ-1. A and C. FLAG-tagged wild-type DJ-1 and various mutants of DJ-1 were
transfected into 293T cells (A) and DJ-1(—/—) cells (C) together with One-STrEP-tagged wild-type DJ-1 and various mutants of DJ-1. Proteins extracted
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from transfected cells were applied to Strep-Tactin Sepharose. Proteins bound to Strep-Tactin Sepharose were subjected to Western blotting with
anti-HA and anti-StrEP antibodies as described in Materials and methods. B and D. FLAG-tagged wild-type DJ-1 and various mutants of DJ-1 were
transfected into 293T cells. At 54 hrs after transfection, proteins extracted from transfected cells were immunoprecipitated with an anti-FLAG M2
agarose and precipitates were analyzed by Western blotting with an anti-StrEP antibody as described in Materials and methods. E. 293T cells were
transfected with FLAG-tagged wild-type DJ-1 and various mutants of DJ-1. At 24 hrs after transfection, proteins extracted from transfected cells were
treated with 5 mM DSS for 30 min and subjected to Western blotting with an anti-FLAG antibody.

doi:10.1371/journal.pone.0054087.g001

Materials and Methods
Cells

HeLa and 293T cells were purchased from American Tissue
culture collection (ATCC). DJ-1-knockout (DJ-1(—/—)) and its
parental DJ-1(+/+) mouse cells that had been immortalized with
SV40 T-antigen were described previously [44]. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with
10% calf serum. DJ-1(—/—) cells were transfected with expression
vectors for human wild-type, C106S and E18A DJ-1-HA together
with that for the hygromycin B-resistant gene and cultured in the
presence of 400 pg/ml hygromycin B. About 3-4 weeks after
transfection, hygromycin B-resistant cells were selected and named
WT-HA, C106S-HA and E18A-HA cells, respectively.

Western Blotting and Antibodies

To examine the expression levels of endogenous proteins or
proteins attached with various tags in cells, proteins were extracted
from cells with a buffer containing 150 mM NaCl, ] mM EDTA,
20 mM Tris (pH 8.0) and 0.5% NP-40. Proteins were then
separated on a 12% polyacrylamide gel and subjected to Western
blotting with respective antibodies. In the case of treatment of cells
with disuccinimidyl suberate (DSS), above buffer containing 1%
NP40 was used. Proteins on the membrane were reacted with an
IRDye 800- (Rockland, Philadelphia, PA, USA) or Alexa Fluor
680-conjugated secondary antibody (Molecular Probes, Eugene,
OR, USA) and visualized by using an infrared imaging system
(Odyssey, LI-COR, Lincoln, NE, USA). The antibodies used were
anti-HA (1:1000, Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-FLAG (1:1000, M2, Sigma, St. Louis, MO USA), anti-
OxPhos complex V (1:1000, Molecular Probes), anti-lamin B
(1:200, C-20, Santa Cruz), anti-GAPDH (1:4000, Chemicon,
Temecula, CA, USA) and rat anti-DJ-1 (1:100) antibodies. The rat
anti-DJ-1 monoclonal antibody was established by us after
immunization of rats with recombinant human DJ-1. After
proteins on membranes had been reacted with Alexa Fluor 680-
conjugated anti-mouse, rabbit, rat or goat antibody (Molecular
Probes, Eugene, OR) or IRDye 800-conjugated anti-mouse or
rabbit antibody (Rockland, Philadelphia, PA), the proteins were
visualized by using an infrared imaging system (Odyssey, LI-COR,
Lincoln, NE).

Co-immunoprecipitation Assay

293T cells in 6-cm dishes were transfected with 3 pug of
expression vectors for FLAG-tagged wild-type or various mutant
DJ-1s together with those for corresponding One-STrEP-tagged
DJ-1 by the calcium phosphate precipitation technique. Fifty-four
hrs after transfection, proteins were extracted from cultured cells
as described in the Western blotting and antibodies section. One
percent of NP40 was used instead of 0.5% NP40. Proteins were
immunoprecipitated with an agarose-conjugated anti-FLAG
antibody (1:500, M2, Sigma) and precipitates were analyzed by
Western blotting with an anti-STrEP antibody (1:1500, IBA,
Gottingen, Germany). Proteins on membranes were visualized as
described above.

PLOS ONE | www.plosone.org

Pull-down Assays

DJ-1(—=/—) cells in 6-cm dishes were transfected with 4 ug of
expression vectors for HA-tagged wild-type DJ-1 or various
mutant DJ-1s together with those for corresponding One-
STrEP-tagged DJ-1 by Lipofectamine 2000 (Invitrogen, Carlsbad,
CA, USA) according to a manufacturer’s protocol. Twenty-six hrs
after transfection, proteins were extracted from transfected cells as
described above and applied onto Strep-Tactin Sepharose (ABI).
Proteins bound to Strep-Tactin Sepharose were subjected to
Western blotting with anti-HA (1:1000, Santa Cruz) and anti-
StrEP (1:1500, IBA) antibodies.

Indirect Immunofluorescence

DJ-1(—/—) or HelLa cells in 6-well plates were transfected with
4 ng of expression vectors for HA-tagged wild-type DJ-1 or
various DJ-1 mutants by lipofectamine 2000. Twenty-four hrs
after transfection, 100 nM MitoTracker Red CMXRos (Molecu-
lar Probes) was added to the cells and the cells were cultured for
another 45 min. After the cells had been washed and cultured in
the normal medium for 2 hrs, they were fixed with 4% para-
formaldehyde for 15 min and then with 3:7 ratio of acetone/
methanol for 5 min or with 0.1-0.2% Triton X-100 for 10 min
and reacted with an anti-HA antibody (1:100, Santa Cruz) for
1 hr. The cells were then reacted with an FITC-conjugated anti-
rabbit IgG, and their nuclei were stained with DAPIL. The cells
were then observed under a fluorescent microscope (Biorevo BZ-
9000, Keyence, Osaka, Japan) or confocal laser fluorescent
microscope (LSM510 META, Carl Zeiss, Jena, Germany).

Isoelectric Focusing

GST-free wild-type DJ-1 and mutants of DJ-1 were prepared as
described above and reacted with 1 M HyO, for 60 min at room
temperature. After DJ-1 had been precipitated with acetone, it was
separated on pH 2.5-8 ranges of an isoelectric focusing gel,
transferred onto nitrocellulose membranes and reacted with anti-
DJ-1 antibodies (1:4000, rabbit polyclonal antibody or 1:1000,
mouse monoclonal antibody, clone 3E8, MBL).

Subcellular Fractionation

DJ-1(+/+4) or DJ-1(—/—) cells harboring HA-tagged wild-type
or various mutant DJ-1s were washed twice with cold PBS and
fractionated by using a Protein extract subcellular proteome
extraction kit (Calbiochem/Merk, Darmstadt, Germany) accord-
ing to the manufacturer’s protocol.

Ethics Statement

All animal experiments were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and the protocols were approved by the
Committee for Animal Research at Hokkaido University (the
permit number 08-0467).

January 2013 | Volume 8 | Issue 1 | 54087



Mitochondrial Localization of DJ-1

A
WT  E18A C106S E18A/C106S DJ 1-H - C106S E18A E18A/C106S
-+ - o+ -+ -+
pl : =
60{ _ = . a-HA
-
‘ - - - e
4 -
7.4
WT  E18D E18S E18A )
. - . o T, MitoTracker
pl Red
60 . 2
-
2 - s A S
7.4 -
WT  E18N  E18Q E18A merge
- * - o+ -+ - *
pl
6.0 a : Cell: DJ-1 (--)
8 & . (o WT-HA C106S-HA E18A-HA E18A/C106S-HA
7.4, F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4
a-DJ-1 0-DJ-1 [== == -
83.9 16.1 63.7 36.3 43.5 56.5 429 5741
o-complexV [~ — [ — [— |
o-Lamin B| — —| —l ” —'—'“ ——
0-GAPDH [—— == [ — |[=— |
Cell: DJ-1 (--)
D DJ-1 (+/+) DJ-1 (--) WT-HA (#1) WT-HA (#2)  E18A-HA (#3) C106S-HA (#4) E18A-HA (#4)
F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4

oc-HAI

F2 F3 F4 F1

—_— -— —_—

= W

oc-complexVI

———— CI)
¥ —_— — . —_—

a-LaminBl-u - ._"_—.-.='....".“.-.:"‘.'.“ ﬂ—wll --v--—-"-?"-',‘!‘ﬂx,.. ,..,..;’ -T"f..'.‘..ﬂ‘l_‘nll ——'—'|
0-GAPDH/=— — —— -_—— |[— J— J— —
Cell: DJ-1 (-/-)
E  DJ1-HA E18D (mito) E18D (cyto) E18S (mito) E18S (cyto)  E18N E18Q

o-HA

MitoTracker
Red

merge

Cell: DJ-1 (--)
F E18D-HA E18S-HA E18N-HA E18Q-HA
Fi F2 F3 F4 F1 F2 F3 FA F1 F2 F3 F4 F1 F2 F3 F4
0-DJ-1 [=— [ — SR— P— |
88.7 11.3 81.9 181 53.2 46.8 58.1 41.9
o-complexV|[  — [ — —— — |
o-Lamin B | ——| = _— — —
0~-GAPDH |[=—= = -— —
Cell: DJ-1 (-/-)

Figure 2. Localization of monomer-forming mutants of DJ-1. A. GST-free DJ-1s were expressed in and purified from E. coli and GST-free DJ-1s
were prepared. GST-free DJ-1s were reacted with 1 M H,0, for 60 min at room temperature. After DJ-1 had been precipitated with acetone, it was
separated on pH 2.5-8 ranges of an isoelectric focusing gel, followed by Western blotting with anti-DJ-1 antibodies as described in Materials and
methods. B and E. HA-tagged wild-type DJ-1 and various mutants of DJ-1 were transfected into DJ-1(—/—) cells. At 24 hrs after transfection,
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mitochondria in cells were stained with MitoTracker Red. The cells were then fixed with 0.2% triton X-100 (B) or with 4% paraformaldehyde and with
acetone/methanol (E) and reacted with an anti-HA antibody. After cells had been reacted with an FITC-conjugated secondary antibody, proteins were
visualized as described in Materials and methods. C and F. DJ-1(—/—) cells that had been transfected as described in the legends for Figures 2B and
2E were fractionated by using a subcellular fractionation kit. Proteins in each fraction were analyzed by Western blotting with anti-HA (Figure 2C),
anti-DJ-1 (Figure 2F), anti-OxPhos complex V (Complex V), anti-Lamine B and anti-GAPDH antibodies as described in Materials and methods. Fractions
1 (F1), 2 (F2), 3 (F3) and 4 (F4) contain the cytosol, membrane-containing organelle, nucleus and cytoskeleton, respectively. D. DJ-1(—/—) cells
expressing HA-tagged wild-type and various mutants of DJ-1 were fractionated by using a subcellular fractionation kit. Proteins in each fraction were

analyzed by Western blotting as described in the legend for Figure 2C.

doi:10.1371/journal.pone.0054087.g002

Results

E18 Mutants of DJ-1 do not form a Homodimer

Homodimer formation is necessary for DJ-1 to elicit its
functions, and L166P DJ-1 found in patients with Parkinson’s
disease lacks dimer-forming activity, resulting in loss of function
[2]. Since the crystal structure of mutant DJ-1 at glutamine at an
amino acid number 18, E18A DJ-1, is similar to that of wild-type
DJ-1 ([45,46] our unpublished data), it is thought that E18A DJ-1
also makes a homodimer. To examine dimer formation of various
DJ-1 mutants, including E18A DJ-1, 293T cells were transfected
with FLAG-tagged wild-type, E18A, C106S and H126A DJ-1
together with various combinations of One-STrEP-tagged DJ-1.
Proteins extracted from transfected cells were applied onto Strep-
Tactin sepharose, and proteins bound to sepharose were analyzed
by Western blotting with anti-STrEP and anti-FLAG antibodies.
The results showed that C106S, H126A and E18A DJ-1 all made
heterodimers with wild-type DJ-1 but that homodimer formation
occurred in wild-type, CG106S and H126A DJ-1 but not in E18A
DJ-1 (Fig. 1A). No or reduced homodimer formation of E18A DJ-
1 was further confirmed by co-immunoprecipitation experiments,
in which 293T cells were transfected with FLAG and One-STrEP-
tagged DJ-1 as described above. After transfection, proteins
extracted from transfected cells were immunoprecipitated with an
anti-FLAG antibody and the precipitates were analyzed by
Western blotting with anti-STrEP and anti-FLAG antibodies.
The results showed that while One-STrEP-tagged wild-type,
C106S and HI126A DJ-1 were well-precipitated with the anti-
FLAG antibody, only a small amount of One-STrEP-tagged E18A
DJ-1 was co-immunoprecipitated (Fig. 1B). Furthermore, homo-
dimer formation of other E18 mutants of DJ-1 and E18A/C106S
double mutant of DJ-1 was examined by pull-down experiments as
described in the legend of Fig. 1A, in which DJ-1(—/—) cells were
used instead of 293T cells to rule out the effect of endogenously
expressed DJ-1 in cells. As shown in Fig. 1C, all of the E18
mutants of DJ-1 lost dimer-forming activity. While C106S D]J-1
formed dimer, E18A/C106S DJ-1 also lost dimer-forming activity.
No or reduced homodimer formation of other E18 mutants of DJ-
1 and E18A/C106S double mutant of DJ-1 1 was further
confirmed by co-immunoprecipitation experiments after 293T
cells had been transfected with E18 mutants of DJ-1 and E18A/
C106S DJ-1 (Fig. 1D). We then used cross-linking experiments to
confirm reduced homodimer-forming activity of E18A DJ-1. 293T
cells were transfected with FLAG-tagged wild-type, E18A, C106S
and H126A DJ-1. At 24 hrs after transfection, proteins extracted
from transfected cells were reacted with 5 mM disuccinimidyl
suberate (DSS) for 30 min and analyzed by Western blotting with
the anti-FLAG antibody. Molecular mass of dimer DJ-1 is around
45 kDa. As shown in Fig. 1E, the dimer level of FLAG-E18A DJ-1
was lower than that of wild-type, CG106S and H126A DJ-1 even
under the condition of 5 mM DSS. These results clearly indicate
that E18 is essential for DJ-1 to make a homodimer.

PLOS ONE | www.plosone.org

E18 Mutants and E18A/C106S Double Mutant of DJ-1 are
Localized in Mitochondria

It has been reported that some E18 mutants of DJ-1 are
localized in mitochondria [45] and that translocation of DJ-1 into
mitochondria requires oxidation of C106 [3]. Oxidative status of
various E18 mutants after exposure to HoOy was examined by
isoelectric focusing gels. The results showed that wild-type and all
of the E18 mutants of DJ-1 were highly oxidized after exposure to
HyO, but that C106S and E18A/C106S DJ-1 were less oxidized
or not oxidized (Fig. 2A). This result and the result in Fig. 1C
showed that oxidative status of CG106S DJ-1 was not changed by
additional mutation of E18, but E18A/C106S DJ-1 did not form
a homodimer. To examine the relationship between oxidative
status and property of DJ-1, localization of these mutants of DJ-1
were examined. DJ-1(—/—) cells were transfected with HA-tagged
wild-type, C106S, E18A and E81A/106S DJ-1, fixed with 0.2%
triton X-100 and reacted with an anti-HA antibody followed by an
FITC-conjugated secondary antibody. Mitochondria were stained
with MitoTracker Red, and FITC (green) and MitoTracker Red
(red) colors were merged. The results showed that wild-type and
C106S DJ-1 were localized mainly in the cytoplasm and in the
nucleus and mitochondria to a lesser extent (Fig. 2B-b and 2B-c)
and that E18A DJ-1 was localized in mitochondria (Fig. 2B-d).
E18A/106S DJ-1 was, on the other hand, found to be localized in
mitochondria (Fig. 2B-e). Localization of mutants of DJ-1 in
transfected DJ-1(—/—) cells was also examined by a subcellular
fractionation study. After fractionation of cells, four fractions,
including fraction 1 (cytosol), fraction 2 (membrane-containing
organelle), fraction 3 (nucleus) and fraction 4 (cytoskeleton), were
obtained, and their proteins were analyzed by Western blotting
and proportion of localization of DJ-1 is shown under figures
(Fig. 2C). F1F0-ATPase, which is a subunit of mitochondrial
complex V, and lamin B were used as marker proteins in the
mitochondria and nucleus, respectively. Since GAPDH is prefer-
entially localized in the cytoplasm but partly localized in the
nucleus and membrane fractions, GAPDH was also used as
a marker protein. The results of Western blotting with an anti-DJ-
1 antibody showed that while wild-type DJ-1-HA was localized
mainly in the cytosolic fraction (83.9%) and faintly in the
membrane-containing organelle (16.1%) and while C106S D]J-1-
HA was localized in the cytosolic fraction (63.7%), more than half
of E18A DJ-1-HA and E18A/C106S DJ-1-HA were localized in
the membrane-containing organelle (56.5 and 57.1%, respectively)
(Fig. 3B). Localization of mutants of DJ-1 was also examined using
stable cells lines. To do this experiment, DJ-1(—/—) cells were
transfected with HA-tagged wild-type, EI8A and C106S D]J-1
together with an expression vector for hygromycin B, and
hygromycin B-resistant DJ-1(—/—) cells expressing wild-type DJ-
1 or mutants of DJ-1 were selected. The results of Western blotting
with an anti-HA antibody showed that while wild-type DJ-1-HA
was localized mainly in the cytosolic fraction and faintly in the
membrane-containing organelle and while C106S DJ-1-HA was
preferentially localized in the cytosolic fraction, E18A DJ-1-HA in
two cells lines, #3 and #4, was localized only in the membrane-

January 2013 | Volume 8 | Issue 1 | 54087



Mitochondrial Localization of DJ-1

A a-HA MitoTracker Red merge
o .-

Cell: DJ-1 (--)

CS53A-HA

C106S-HA

B C46S-HA C53A-HA C106S-HA
Fi_ F2 F3 F4 F1 F2 F3 F4 F1_F2 F3 F4

184 5.7 759 721 279 96.1 3.9

a-complexV | -— — - — |
a-Lamin B | —_—— ol i — -—-|
a-GAPDH |— : -— -— |
Cell: DJ-1 (-/-)
C
a-DYKDDDDK a-Tom20 merge a-DYKDDDDK  a-Tom20 merge spot enlarged
WT-FLAG

. . o .
o . . o .
o . . . o

Cell: DJ-1 (-/-) Cell: HeLa

Figure 3. Localization of dimer formation-negative and pathogenic mutants of DJ-1. A. DJ-1(—/—) cells were transfected with HA-tagged
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been transfected as described in the legends for Figure 3A were fractionated by using a subcellular fractionation kit. Proteins in each fraction were
analyzed by Western blotting as described in the legend for Figure 2C. C and D. DJ-1(—/—) cells (C) and Hela cells (D) were transfected with FLAG-
tagged wild-type, M26l and L166P DJ-1, and localization of proteins was examined as described in the legend of Figure 3A.
doi:10.1371/journal.pone.0054087.g003

containing organelle (Fig. 2D). Localization of other E18 mutants mitochondria (Figs. 2E-a and 2E-c) and cytoplasm (Figs. 2E-b and
was then examined as described in the legend of Fig. 2B. E18D- 2E-d). E18N-HA and E18Q-HA D]J-1, like E18A-HA DJ-1, were
HA and E18S-HA DJ-1 showed two patterns of localization, in the localized in mitochondria (Figs. 2E-e and 2E-f). Fractionation
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Figure 4. Identification of the mitochondrial region of DJ-1 mutants. Hela cells were transfected with FLAG-tagged wild-type, E18A, M26I
and L166P DJ-1. At 24 hrs after transfection, cells were fixed with 4% paraformaldehyde, permeabilized with 0.01% digitonin for 5 min or with 1%
TritonX-100 for 10 min, and subjected to immunostaining as described in Materials and methods. Cell images were observed using a confocal laser
microscope. A. The cells were reacted with anti-B-tubulin, anti-TOM20, anti-Endo G and anti-70-kDa subunit of complex Il antibodies. B. The cells were

reacted with an anti-FLAG antibody.
doi:10.1371/journal.pone.0054087.9004

studies using these transfected cells also showed mitochondrial
localization of E18 mutants (Fig. 2F). Different ratio of localization
of DJ-1 in organelle between immunostaining and fractionation
studies 1s thought to be due to a fixation method used in the
immunostaining study as later shown in Fig. 4. These results
suggest that oxidation of G106 is not essential for mitochondrial
localization of DJ-1 and that conformation change induced by
C106 oxidation or by El18 mutation leads to mitochondrial
localization of DJ-1.

Monomer DJ-1 is Localized in Mitochondria

E18 mutants of DJ-1 and pathogenic L166P DJ-1 do not form
homodimers and are localized in mitochondria (this study and
references [3,45]). We therefore speculated that monomer DJ-1 is
localized in mitochondria. Cysteine residues at amino acid
numbers 46 and 53 in DJ-1, C46 and C53, are located in the
dimer interface [46] and mutations of C46 and C53 reduced anti-
oxidative stress activity of DJ-1 [15]. To examine the above
possibility, HA-tagged C46A, C53A and C106S DJ-1 were
transfected into DJ-1(—/—) cells and their localization was
examined by fixation of cells with 0.2% triton X-100 followed
by staining with an anti-HA antibody. As shown in Fig. 3A, C46S
DJ-1-HA and C53A DJ-1-HA, but not C106S DJ-1-HA, were
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localized in mitochondria. Cell fractionation studies also showed
C46S DJ-1-HA was localized in the cytoskeleton in addition to
mitochondria and that about 30% of C53A DJ-1-HA was
localized mitochondria. Majority of G106S DJ-1-HA was localized
in the cytoplasm (Fig. 3B).

Furthermore, localization of pathogenic mutants of FLAG-
tagged M261 and L166P DJ-1 and of FALG-tagged wild-type DJ-1
were examined after transfection of these DJ-1s into DJ-1(—/—)
and HeLa cells (Figs. 3C and 3D, respectively). The results showed
that M261 DJ-1-FLAG and L166P DJ-1-FLAG were localized in
mitochondria and that wild-type DJ-1-FLAG was localized mainly
in the cytoplasm in both cell types. Cell fractionation studies also
showed that about half of M26I DJ-1-FLAG and L166P DJ-1-
FLAG were localized in mitochondria. We have already shown
that homodimer-forming activity of M26I DJ-1 is weak compared
to that of wild-type DJ-1 [26]. These results suggest that monomer
DJ-1 is translocated into mitochondria.

DJ-1 is Localized Preferentially Inside the Outer
Mitochondrial Membrane

There are several reports on the localization of DJ-1 in
mitochondria, including the outer membrane [3], inner mem-
brane [28] and matrix [4]. To examine the localization of
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Figure 5. Effect of reduction of mitochondrial membrane potential on localization of E18A DJ-1. A. Hela cells were transfected with
FLAG-tagged wild-type and E18A DJ-1. At 11 hrs after transfection, the cells were treated with 20 uM CCCP for 7 hrs, fixed with 4% paraformaldehyde
and with 0.2% TritonX-100, and stained with anti-FLAG and anti-Tom20 antibodies. Cell images were then observed under a fluorescent microscope.
B. To examine mitochondrial membrane potential, transfected Hela cells described above were reacted with 250 uM TMRM for 15 min at 1 hr after
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doi:10.1371/journal.pone.0054087.g005
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monomer DJ-1 in mitochondria, two permeabilization conditions
were used before reaction of cells with primary antibodies.
Digitonin permeabilizes the peripheral membrane, but the
mitochondrial outer membrane remains intact. Triton-X100, on
the other hand, permeabilizes both peripheral and mitochondrial
membranes, resulting in reactivity of proteins localized in the
intermembrane space, inner membrane and matrix to respective
antibodies. When HelLa cells were treated with 0.01% digitonin,
Tom20, which is localized in the mitochondrial outer membrane,
was observed, but Endo G, which is localized in the matrix, was
not observed (Figs. 4A-g and 4A-h). When HeLa cells were treated
with 1% TritonX-100, on the other hand, Tom20, Endo G and
70-kDa subunit of complex II, which is localized in the inner
membrane, were observed (Figs. 4A-f, 4A-1 and 4A-l).

HeLa cells were transfected with FLAG-tagged wild-type,
E18A, M26I and L166P DJ-1, treated with 0.01% digitonin or
with 1% TritonX-100, and reacted with an anti-FLAG antibody.
Localization of DJ-1-FLAG was then observed by using a confocal
laser microscope. Cytoplasmic localization of wild-type DJ-1-
FLAG was observed with both digitonin and TritonX-100
treatment, but localization in the nuclear edge became clear with
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TritonX-100 treatment (Figs. 4B-b and 4B-c). All of the mutants of
DJ-1 were weakly stained by digitonin treatment and strongly
stained in mitochondria after cells had been treated with TritonX-
100, indicating that E18, M261 and L166P DJ-1 were mainly
localized inside the mitochondrial outer membrane and that small
portions of them were localized in the outer membrane.

Reduced Mitochondrial Membrane Potential Re-localizes
E18 Mutant of DJ-1 from Mitochondria to the Cytoplasm

It has been reported that some portions of DJ-1 are translocated
into mitochondria when mitochondrial membrane potential is
decreased [29,33,34]. To examine the effect of reduced mito-
chondrial membrane potential on the localization of E18A DJ-1,
HelLa cells were transfected with wild-type DJ-1-HA or E18A DJ-
1-HA. At 11 hrs after transfection, cells were treated with CCCP,
an uncoupler of the oxidative phosphorylation system in
mitochondria, for 7 hrs and treated with tetramethylrhodamine
methyl ester (TMRM) for 15 min. The cells were then stained with
anti-FLAG and anti-TOM20 antibodies. First, reduced mitochon-
drial membrane potential after treatment of cells with CCCP was
confirmed by staining cells with TMRM, an indicator of
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Figure 7. Identification of N-terminal sequence necessary for mitochondrial localization of mutant DJ-1. A. DJ-1(—/—) cells were
transfected with wild-type, E18A, C46S DJ-1 and their mutants with deletion of the N-terminal 12 amino acids. At 24 hrs after transfection, the cells
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PLOS ONE | www.plosone.org January 2013 | Volume 8 | Issue 1 | 54087



mitochondrial membrane potential (Fig. 5B). While a portion of
wild-type DJ-1-FLAG tended to be co-localized in mitochondria,
a large portion of E18A DJ-1-FLAG was re-localized in the
cytoplasm (Fig. 5A). Cell fractionation studies also showed that
mitochondrial/membrane localization of E18A DJ-1-FLAG was
reduced after CCCP treatment of cells (from 74.2 to 49.6) (Fig. 5C).
To examine dimer formation of E18A DJ-1-FLAG in CCCP-
treated cells, cross-linking experiments were carried out. The
results showed that ratios of monomer and dimer E18A were
reduced from 42.8 to 21.3 and increased from 57.2 to 68.7,
respectively, after E18A-transfected cells were treated with CCCP
(Fig. 5D).

N-terminal Sequence is Necessary for Mitochondrial
Localization of Mutants of DJ-1

To examine the effects of N- and C-terminal regions of DJ-1 on
its localization in cells, DJ-1(—/—) cells were transfected with
E18A and C46S DJ-1 tagged with FLAG at the N-terminus or C-
terminus and stained with an anti-FLAG antibody. Tag-free E18A
and C46S DJ-1 were transfected as controls and stained with an
anti-DJ-1 antibody, and mitochondria were stained with Mito-
Tracker Red (Fig. 6). Tag-free E18A and C46S DJ-1 were located
in mitochondria (Figs. 6A-a and 6A-j) as in the case of E18A and
€468 DJ-1 with a C-terminal FLAG (Figs. 2, 3, 6A-g and 6A-p).
E18A and C46S DJ-1 with an N-terminal FLAG were, on the
other hand, found to be localized mainly in the cytoplasm
(Figs. 6A-d and 6A-m). Cell fractionation studies using transfected
cells clearly showed this correlation (Fig. 6B). These results suggest
that proper mitochondrial localization of E18 and C46S DJ-1 is
inhibited by addition of a FLAG sequence to the N-terminus of
DJ-1.

DJ-1 consists of 9 o-helices and 6 B-sheets, and a-helix 1 is
comprised of N-terminal 12 amino acids [47]. To examine the
effect of the N-terminal sequence on localization of DJ-1 in cells,
FLAG-tagged wild-type, E18A and C46S DJ-1 lacking the N-
terminal 12 amino acids were transfected into DJ-1(—/—) cells
and their localization was analyzed by staining cells with an anti-
FLAG antibody (Iig. 7A). While mainly cytoplasmic localization
of wild-type DJ-1-FLAG was a little changed by its N-terminal
deletion, both E18A and C106S-FLAG were translocated from
mitochondria to the cytoplasm (Figs. 7A e-f), suggesting that the N-
terminal 12 amino acids are required for E18A and C46S DJ-1 to
be localized in mitochondria. To identify the amino acid(s) specific
to determination of mitochondrial localization, each amino acid at
numbers 3-12 in E18A DJ-1 was substituted to A (Fig. 7C) and
localization of 7 substituted mutants of E18A DJ-1-FLAG was
examined after transfection into DJ-1(—/—) cells. Localization of
the substituted mutants of E18A DJ-1-FLAG tested was not
changed, and they remained in mitochondria (Fig. 7B). Then
leucine, valine, isoleucine and leucine at amino acid numbers 7, 8,
9 and 10, respectively, in E18A DJ-1 were changed to A. As shown
in Fig. 7D-n, this mutant (E18A/LVIL-4A) of E18A DJ-1-FLAG
was localized in the cytoplasm. The other mitochondrial localized
mutants, M261 and L166P DJ-1, were also re-localized from
mitochondria to the cytoplasm by this substitution (Figs. 7D-o and
-p)- A small portion of wild-type DJ-1s harboring these substitution
mutations tended to change their localization compared to that of
wild-type DJ-1 (Figs. 7D-a and 7D-m). When merged cell images
were enlarged, clear localization changes of DJ-1 were observed
(Fig. 7E). Mitochondrial localization of E18A, M26I and L166P
DJ-1-FLAG was inhibited by alanine substitution and some
portion of wild-type DJ-1-FLAG tended to be re-localized.
Furthermore, cell fractionation studies clearly showed that a large
portion of E18A, M26I and L166P DJ-1 (around 50% to less than
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10%) and small portion of wild-type DJ-1 (from 16.7% to 10.1%)
were re-localized from mitochondria to cytoplasm and cytoskel-
eton fractions (Fig. 7F). These results suggest that the N-terminal
12 amino acids, at least leucine, valine, isoleucine and leucine, are
necessary for mitochondrial localization of DJ-1 mutants that do
not form a homodimer.

Discussion

In this study, we found that unlike C106S DJ-1, E18 mutants of
DJ-1 are oxidized in a manner similar to that of wild-type DJ-1.
We then found that E18 mutants of DJ-1 do not make
homodimers and are localized in mitochondria. These phenomena
are true for pathogenic mutants, M26I and L166P DJ-1, and for
dimer formation-negative mutants, C46S and C56A D]J-1.
Furthermore, the N-terminal 12 amino acids were found to be
necessary for mitochondrial localization of these mutants of DJ-1.
These findings indicate that E18 mutants of DJ-1 are useful tools
for analyzing DJ-1's properties. Furthermore, monomer DJ-1 was
found to be localized in mitochondria.

The catalytic triad in DJ-1 is comprised of E18, H126 and C106
[47], and integrity of C106 is essential for all of the functions of
DJ-1 [3,15,17]. It has been reported that formation of a sulfinic
acid of C106 through hydrogen bonding to E18 is critical for
mitochondrial function of DJ-1 and that various E18 mutants
differentially affect oxidation of C106 [45]. When we compare our
localization results of E18 mutants with those of Blackinton et al.
[45], there is a slight difference: E18D DJ-1, like C106A DJ-1, is
localized mainly in the cytoplasm in M17 neuroblastoma cells
[45], but E18D DJ-1 was found to be localized in the cytoplasm
and mitochondria in DJ-1(—/—) cells in this study (Fig. 2E). This
difference might be due to different cells used. Of E18 mutants of
DJ-1, E18D and E18S mutants showed three localization patterns,
in the cytoplasm, mitochondrial and both. Immunoprecipitation
and pull-down experiments showed that both mutants did not
form stable dimer and that the level of dimer formation of E18D
and E18S mutants was similar to that of other E18 mutants,
suggesting that E18D and E18S DJ-1 are present in the cytoplasm
as a monomer due to insufficient import into mitochondria. It is
therefore thought that interaction of E18D and E18S DJ-1 with
protein(s) recruiting DJ-1 into mitochondrial is reduced. Alterna-
tively, these mutations may change interaction of DJ-1 with
cytoplasmic protein(s) that retains DJ-1 in cytoplasm. Since the N-
terminal region of DJ-1 is necessary for translocation of E18A DJ-
1 in mitochondria and since E18 is located close to the N-terminal
region, however, it is likely that mutations of E18 affect the
recruiting process of DJ-1 into mitochondria. A previous studies
showed that oxidation of C106 as a sulfinic acid is required for
mitochondprial localization of DJ-1 [3] and that a side chain of E18
is connected with G106 by a hydrogen bond that influences its
pKa [46], the results in this study showed that E18A/C106S DJ-1,
in which oxidation of C106 does not occur, was localized in
mitochondria (Fig. 2B) and that oxidation of C106 is not necessary
for dimer formation (Fig. 1), indicating that oxidation of C106 is
required but not essential for mitochondrial localization of DJ-1.
These results also suggest that integrity of the structure around
E18 and C106 is important for mitochondrial localization of DJ-1
and that the side chain of E18 has a role in discrimination and
interaction of protein(s) that regulates localization of DJ-1. Ratios
of mitochondrial localization of DJ-1 were a little changed by
immunofluorescence and by subcellular fractionation techniques.
It would be explained as follows: Fixation of cells with 0.2% Triton
X-100 in immunofluorescence experiments tends to release a small
portion of cytoplasmic proteins from cells. Subcellular fraction-
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ation of proteins, on the other hand, retains all of the proteins in
respective fractions. The different amount of cytoplasmic proteins
in two methods leads to small difference of ratios of mitochondrial
localization of DJ-1.

It has been reported that mitochondria-localized DJ-1, in-
cluding pathogenic M26I and L166P DJ-1, is not able to form
a dimer [2,48]. Dimer formation is necessary for DJ-1 to elicit its
function [15], and anti-oxidative stress activities of M26I and
L166P DJ-1 and E18 mutants of DJ-1 are weaker than that of
wild-type DJ-1 [45,49]. Anti-oxidative stress activity of DJ-1
tagged with a mitochondrial target sequence is stronger than that
of wild-type DJ-1 [27], and some portions of DJ-1 are translocated
into mitochondria after cells receive oxidative stress [3,35].
Considering these findings, it is thought that localization of DJ-1
as a dimer in mitochondria is required for DJ-1 to play a role in
anti-oxidative stress reaction and that DJ-1 localized in mitochon-
dria as a monomer, such as M26I and L166P DJ-1, 1s, in contrast,
harmful to cells.

Since DJ-1 contains no mitochondrial targeting signal, it is not
known how DJ-1 is re-localized in mitochondria. We found that
deletion or mutation of the N-terminal 12 amino acids in DJ-1
resulted in location of EI18A, M26I and L166P DJ-1 in the
cytoplasm (Fig. 7). When green fluorescence protein (GFP) was
linked to the N-terminal 12 amino acids of DJ-1 and transfected
mto cells, however, GFP was not translocated into mitochondria
and was located in whole cells (data not shown), suggesting that the
N-terminal 12-amino acid sequence of DJ-1 is not a bona fide
mitochondrial targeting signal but that the N-terminal 12 amino
acids are necessary for monomer DJ-1 to be localized in
mitochondria.

When mitochondrial membrane potential was reduced after
cells had been treated with CCCP, some portions of wild-type DJ-
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1 tended to be translocated to mitochondria as reported previously
[29,31,34]. E18A DJ-1 was, on the other hand, localized in the
cytoplasm (Fig. 5). Reduction of mitochondrial membrane
potential occurs when cells receive oxidative stress, and DJ-1
translocated into mitochondria may induce mitophagy to degrade
damaged mitochondria, thereby maintaining mitochondrial ho-
meostasis (see a recent review [50]). By using two permeabilization
methods, E18A, M261 and L166P DJ-1 were found to be localized
inside the outer mitochondrial membrane, including the inner
membrane and matrix (Fig. 4). Important machineries such as
oxidative phosphorylation and glycolytic systems are present in the
mnner membrane and matrix. Although it is not clear why E18A
DJ-1 is re-localized from mitochondria into the cytoplasm under
the condition of reduced mitochondrial membrane potential, it is
thought that monomer DJ-1 is easily shuttled between compro-
mised mitochondria and the cytoplasm and that cells exclude
monomer DJ-1, which is harmful DJ-1, from mitochondria in
order to prevent further damage to mitochondria. Alternatively, it
is also thought that E18A DJ-1 is not able to be imported into
mitochondria due to reduced activity of the import system under
the condition of reduced mitochondrial membrane potential.
Further experiments are necessary to assess these possibilities.
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