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Both homozygous (L166P, M26I, deletion) and heterozygous mutations (D149A, A104T) in the DJ-1 gene have
been identified in Parkinson’s disease (PD) patients. The biochemical function and subcellular localization of
DJ-1 protein have not been clarified. To date the localization of DJ-1 protein has largely been described in
studies over-expressing tagged DJ-1 protein in vitro. It is not known whether the subcellular localization of
over-expressed DJ-1 protein is identical to that of endogenously expressed DJ-1 protein both in vitro and
in vivo. To clarify the subcellular localization and function of DJ-1, we generated three highly specific anti-
bodies to DJ-1 protein and investigated the subcellular localization of endogenous DJ-1 protein in both
mouse brain tissues and human neuroblastoma cells. We have found that DJ-1 is widely distributed and is
highly expressed in the brain. By cell fractionation and immunogold electron microscopy, we have identified
an endogenous pool of DJ-1 in mitochondrial matrix and inter-membrane space. To further investigate
whether pathogenic mutations might prevent the distribution of DJ-1 to mitochondria, we generated human
neuroblastoma cells stably transfected with wild-type (WT) or mutant (M26I, L166P, A104T, D149A) DJ-1
and performed mitochondrial fractionation and confocal co-localization imaging studies. When compared
with WT and other mutants, L166P mutant exhibits largely reduced protein level. However, the pathogenic
mutations do not alter the distribution of DJ-1 to mitochondria. Thus, DJ-1 is an integral mitochondrial protein
that may have important functions in regulating mitochondrial physiology. Our findings of DJ-1’s mitochon-
drial localization may have important implications for understanding the pathogenesis of PD.

INTRODUCTION

Parkinson’s disease (PD) is a common progressive neurode-
generative disorder. A hallmark feature of the disease is
the relatively selective loss of nigrostriatal dopaminergic
neurons (1,2). The molecular mechanisms underlying the
pathogenesis of PD are not understood, but epidemiologic
studies, neuropathologic investigations, new experimental
models of PD and genetic analyses are yielding important

new insights into the causes of PD. The majority of PD is
sporadic and studies in human post-mortem brain indicate
that reactive oxygen species (ROS) and free radical stress
play important roles in the pathogenesis of PD. In particular,
there are consistent findings of decrements in mitochondrial
complex-I (complex-I) (3–5). Defects in complex-I lead
to increased free radical stress and increased neuronal vulner-
ability to glutamate excitotoxicity (3). At least three complex-I
inhibitors cause selective dopaminergic cell death and lead to
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the formation of inclusions similar to Lewy bodies, the patho-
logic hallmark of sporadic PD (6–9). Thus, derangements in
complex-I may be central to the pathogenesis of sporadic
PD (10).

Genetic defects have been identified in rare familial cases of
PD (11). At least 10 distinct loci are responsible for rare
Mendelian forms of PD. To date, mutations in five genes are
linked to familial PD. Missense mutations or triplications of
a-synuclein cause autosomal dominantly inherited PD
(12,13). Mutations in the ubiquitin E3-ligase, parkin, are the
major cause of autosomal recessive PD and are considered
to be one of the major causes of familial PD (14). Recently,
mutations in DJ-1 and PINK1 are linked with autosomal reces-
sive early onset PD (15,16), and mutations in LRRK2 are
linked with autosomal dominantly inherited PD (17,18).

DJ-1 belongs to the ThiJ/PfpI protein superfamily and is
present in a diverse number of organisms from humans to bac-
teria (15). The biologic function of DJ-1 remains unknown, but
recent studies suggest that it may function as a redox sensitive
molecular chaperone (19,20). DJ-1 has been crystallized and
structurally resembles the heat shock protein 31 of bacteria
and yeast (21,22). Over-expression of DJ-1 protects against
oxidative stress-induced injury and knockdown of DJ-1 by
RNA interference renders cells more susceptible to oxidative
injury (23). Both homozygous mutations (L166P, M26I,
deletion) and heterozygous mutations (D149A, A104T) have
been identified in PD patients. How mutations in DJ-1 cause
dopaminergic cell death and lead to PD is not known.
However, the L166P mutant has been suggested to cause PD
due to its instability at protein level and its inability to accom-
plish required cellular functions (21,23–28). The biochemical
function and subcellular localization of DJ-1 protein have not
been clarified. To date, the localization of DJ-1 protein has
largely been described in studies over-expressing tagged
DJ-1 protein in vitro (24,29,30). It is not clear whether the sub-
cellular localization of over-expressed DJ-1 protein is identical
to that of endogenously expressed DJ-1 protein both in vitro
and in vivo. To begin to dissect the molecular mechanisms
by which derangements in DJ-1 lead to the pathogenesis of
PD, we generated highly specific DJ-1 antibodies to determine
the cellular and subcellular localization of DJ-1. We also gene-
rated human neuroblastoma cells stably transfected with wild-
type (WT) or mutant DJ-1 to investigate whether pathogenic
DJ-1 mutations might interfere with the distribution of DJ-1
to its target organelles. Here, we show that DJ-1 is expressed
in a variety of tissues including brain and is localized to
mitochondrial matrix and inter-membrane space (IMS) and
the pathogenic mutations do not prevent the distribution
of DJ-1 to mitochondria. DJ-1’s mitochondrial localization
may have important implications for understanding the patho-
genesis of PD.

RESULTS

Generation of polyclonal antisera to DJ-1

A C-terminal peptide corresponding to amino acids 179–189
of human DJ-1 and a N-terminal peptide based on amino
acids 1–13 of human DJ-1 were synthesized and conjugated
to KLH and injected into rabbits to raise antiserum (28).

A recombinant full-length mouse DJ-1 protein was generated
and injected into rabbits to produce antiserum against
full-length DJ-1 protein. All three antibodies to DJ-1 reveal a
discrete band at 23 kDa in whole mouse brain lysate (Fig. 1A).
The specificity of all three DJ-1 antibodies was evaluated
by comparing immunoreactivity in WT mice versus DJ-1
knockout (KO) mice whole brain lysates. All three antibodies
robustly recognize DJ-1 in WT mice, whereas there is no
immunoreactivity in DJ-1 KO mice (Fig. 1B).

The tissue distribution of DJ-1 was examined and compared
with other PD associated genes, parkin and a-synuclein
(Fig. 2). DJ-1 is widely distributed and highly expressed
in the brain and a variety of peripheral organs, including
the testes, ovaries, skeletal muscle (SM), spleen, adrenal
gland, kidney, liver, lung and heart, whereas there are very
low levels of DJ-1 in adipose tissue (Fig. 2). In contrast,
a-synuclein is enriched in the brain and lung and parkin is
expressed in the brain, heart, liver, kidney, adrenal gland, SM
and ovaries (Fig. 2).

Immunohistochemical localization of DJ-1 in brain

At low magnification, immunohistochemical visualization
reveals that DJ-1 is expressed throughout the brain. It is par-
ticularly enriched in the pyramidal cells of the hippocampus
and in the cerebellum, as well as in the olfactory bulb
(Fig. 3A). In the cerebral cortex, DJ-1 staining is evident
throughout all laminae with minimal staining in the corpus
callosum (Fig. 3C). DJ-1 staining is also present in the
striatum (Fig. 3E). In the hippocampus, pyramidal cells
demonstrate DJ-1 immunoreactivity throughout their peri-
karya in all CA subfields (Fig. 3D). In the substantia nigra
(SN), DJ-1 immunoreactivity is present both in the pars
compacta and pars reticulata (Fig. 3F). The specificity of
DJ-1 staining was confirmed by the absence of immuno-
reactivity in DJ-1 KO mouse brain (Fig. 3B). High power
views of DJ-1 staining reveal that DJ-1 is enriched and
concentrated primarily within the perikarya of cortical
pyramidal cells (Fig. 4A). In the striatum, DJ-1 is enriched
within the cell bodies of small-medium-sized spiny neurons
(Fig. 4B). In the hippocampus, DJ-1 is localized to cell
bodies and there is evidence of faint staining in dendrites of
CA1 pyramidal cells (Fig. 4C). In the SN, DJ-1 is widely dis-
tributed throughout the cell bodies of the SN pars compacta
and pars reticulata (Fig. 4D).

Localization of DJ-1 to mitochondria

As DJ-1 immunostaining was enriched within the perikarya of
neurons, we performed subcellular fractionation studies to
identify the subcellular compartments where DJ-1 is localized
and compared the subcellular fractionation of DJ-1 with parkin
and a-synuclein. These observations were further compared
with the synaptic vesicle-enriched protein synaptophysin-1
(Fig. 5A). DJ-1, parkin, a-synuclein and synaptophysin-1 are
all detectable within the total homogenate (H) and fractionate
within the S1 fraction, which contains mitochondria, as well
as other subcellular organelles. Further, fractionation reveals
that DJ-1 is absent from the P1 fraction, which contains
crude nuclei, cell debris and myelin fragments (Fig. 5A).
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DJ-1, parkin and a-synuclein are present in both the medium
speed (P2) and high speed (P3) pellets. Both DJ-1 and
a-synuclein are present in the high-speed supernatant (S3),
whereas parkin is absent from the high speed S3 fraction.
When the P2 fraction containing mitochondria and synapto-
somes was subfractionated after hypotonic lysis according to
the method of Huttner et al. (31), synaptophysin, an integral
synaptic vesicle protein, was highly enriched in the LP2
fraction as expected. DJ-1 and a-synuclein are found in the
soluble (LS2) fraction. DJ-1 is found in the synaptic vesicle-
enriched LP2 fraction, whereas a-synuclein is barely detect-
able in this fraction.

Because DJ-1 is potentially localized to the mitochondrial
compartment based on the subcellular fractionation studies,
we further explored the possibility that DJ-1 may be localized
to the mitochondria. Accordingly, we performed mitochondrial
subfractionation studies and demonstrate that DJ-1 is localized
to the mitochondria and that DJ-1 co-segregates with manga-
nese superoxide dismutase (MnSOD), an integral mitochon-
drial protein (Fig. 5B). The integrity of our subfractionation
studies was confirmed by the absence of immunoreactivity for
the nuclear protein, histone, in our mitochondrial fraction
(Fig. 5B). These results taken together suggest that DJ-1 is
distributed in a variety of subcellular compartments of the
cell, but that one pool of this protein is localized to the
mitochondria.

Mitochondria have several compartments. To determine the
mitochondrial localization of DJ-1, submitochondrial fraction-
ation studies were conducted. DJ-1 protein is located in the
mitochondrial IMS and matrix. Little, if any, DJ-1 protein is

associated with outer or inner mitochondrial membranes
(Fig. 5C). The identity of the different submitochondrial
fractions was demonstrated by enrichment of marker proteins
in expected fractions. We observe the outer membrane
(OM) marker voltage-dependent anion channel (VDAC) in
the inner membrane (IM) fraction, which suggests that the
separation of the OM from IM was incomplete. This might
be a result of the localization of VDAC to specialized
contact points in mitochondria where IM and OMs are asso-
ciated. Nevertheless, our results clearly reveal that DJ-1
protein is not associated with mitochondrial membrane
fractions but is localized to the IMS and matrix.

To further confirm that DJ-1 is localized to mitochondria, we
performed immunogold electron microscopy to examine the
subcellular distribution of DJ-1 at the ultrastructural level.
Consistent with our fractionation studies, immunogold
particles signaling DJ-1 are found to be associated with mito-
chondria (Fig. 6A). The distance between the center of a gold
particle and the respective epitope may be up to 20–25 nm
[corresponding to the sizes of the interposed immunoglobulins
(32)]. Thus, the immunogold analysis does not permit
conclusions as to the precise submitochondrial localization of
DJ-1. However, the pattern of immunogold labeling is consist-
ent with the idea that the epitope is associated with the
intermembrane space, as gold particles tended to cluster over
the mitochondrial cristae (Fig. 6A). Gold particles are also
superimposed on the matrix. In contrast, gold particles are
rarely found in association with the outer mitochondrial
membrane. The specificity of DJ-1 staining was confirmed by
the absence of immunogold particles in DJ-1 KO mouse
tissue (Fig. 6B). As both cell fractionation and immunogold
electron microscopy studies showed an endogenous pool of
DJ-1 in mitochondria, we further investigated whether patho-
genic mutations might prevent the distribution of DJ-1
to mitochondria. We first evaluated the distribution of DJ-1
in human SH-SY5Y neuroblastoma cells by cell fractionation
analysis and detected an endogenous pool of DJ-1 in
mitochondria (Fig. 7A). Approximately 25% of total DJ-1

Figure 1. Characterization of anti-DJ-1 protein antibodies by western blot
analysis. (A) Homogenates of DJ-1 WT mouse brain (20 mg per lane) were
subjected to SDS–PAGE, blotted to PVDF membranes and probed with
anti-DJ-1-FL (FL), anti-DJ-1-C (C) or anti-DJ-1-N (N) antibodies. All three
antibodies detected a single band (Mr 23 kDa). (B) Homogenates of DJ-1
WT or DJ-1 KO mouse brain (20 mg per lane) were subjected to western
blot analysis with three anti-DJ-1 antibodies and an anti-actin antibody. All
three anti-DJ-1 antibodies detected a band in WT but not in KO mouse
brain homogenates. These experiments were run three times with similar
results.

Figure 2. Western blot analysis of DJ-1 protein expression in mouse brain and
peripheral tissues. Homogenates prepared from various mouse tissues were
resolved by SDS–PAGE, blotted to PVDF membranes and probed with
anti-DJ-1-FL, anti-parkin, anti- a-synuclein or anti-SOD-1 antibodies. DJ-1
was present in essentially all tissues, a-synuclein was mainly expressed in
brain. These experiments were repeated two times with similar results.
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is localized to mitochondria (Fig. 7B). To ascertain whether
oxidative stress causes an increase in the mitochondrial
pool of DJ-1, we treated SH-SY5Y cells with paraquat. We
failed to detect any significant increase of DJ-1 in the mito-
chondrial fraction (Fig. 7C). We then generated human
SH-SY5Y neuroblastoma cells containing myc-tagged WT
or mutant (L166P, M26I, A104T or D149A) human DJ-1 or
control plasmid, and performed mitochondrial fractionation
studies and confocal co-localization imaging analysis. The
mitochondrial fractionation studies show that, compared
with WT DJ-1 and other mutants, L166P mutant exhibits
largely reduced protein levels. However, both WT and
mutant DJ-1 proteins were detectable in the mitochondria
fraction (Fig. 7D). Confocal imaging analysis also shows
that both WT and mutant DJ-1 immunoreactivity significantly
overlaps and co-localizes with MitoTracker fluorescence
(Fig. 8). These data taken together indicate that the patho-
genic mutations investigated in this study do not alter the dis-
tribution of DJ-1 to mitochondria.

DISCUSSION

The major finding of this study is that a pool of endogenous
DJ-1 is localized to the mitochondrial matrix and IMS of
neurons. DJ-1 is expressed throughout the body in a variety
of organs except for minimal expression in adipose tissue.
In the brain, DJ-1 is found in a broad range of brain regions.
The distribution of DJ-1 is more extensive than that
of parkin and a-synuclein, which have restricted tissue
distributions.

The specificity of anti-DJ-1 antibodies is evident from
the failure to observe any immunoreactivity in mice lacking
the DJ-1 gene. Using these highly specific antibodies, we
show that endogenous DJ-1 is exclusively cytoplasmic with
no detectable immunoreactivity in the nucleus. This contrasts
with other reports, which suggest that DJ-1 may be localized
to the nucleus. We suspect that this may be due to antibody
specificity issues, but we cannot exclude the possibility of
differences in methodologies. This study indicates that DJ-1

Figure 3. Immunohistochemical distribution of the DJ-1 protein in mouse brain. Sagittal sections (A) or coronal sections from DJ-1 WT mouse brain including
cerebral cortex (C), hippocampus (D), striatum (E) and SN (F) were stained with anti-DJ-1-FL. DJ-1 immunoreactivity was present throughout the brain and was
particularly enriched in the hippocampus. The immunoreactivity was absent in DJ-1 KO mouse brain (B). Bar, 200 mm. These experiments were run three times
with similar results.
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is expressed as a 23 kDa protein with widespread distribution
in both brain and peripheral tissues. Within the brain, this
protein is present in the SN, but it is not enriched where the
pathology is greatest in PD. It is expressed in neurons at mod-
erate to high levels and in glia at much lower levels, if at all. In
neurons, it is expressed in cell bodies and dendrites including
small caliber processes as evident by neuropil staining. We
were unable to directly compare the immunostaining proper-
ties of DJ-1 and parkin as currently available specific and
selective parkin antibodies are not adequate for immunohisto-
chemical localization of parkin (33). We did not directly
compare DJ-1 immunoreactivity with a-synuclein as prior
studies indicate that a-synuclein is a synaptic terminal
enriched protein (34).

The subcellular distribution of DJ-1 indicates that it is
present in both the high-speed supernatant and the high-
speed pellet and moderately enriched in the LP2 fraction.
This subcellular distribution differs from that of parkin and
a-synuclein. Parkin is primarily enriched in the high-speed
pellet and LP1 fraction, whereas synuclein is primarily
enriched in the high-speed pellet and the LP1 and LS2 frac-
tions. The fact that parkin is enriched in the LP1 fraction is
consistent with the recent observations suggesting that
parkin plays an important role in mitochondrial function,
including the observation that Drosophila lacking parkin
have mitochondrial defects (35). Furthermore, parkin may be

localized to the outer mitochondrial membrane (36) and
parkin KO mice have mitochondrial defects (37). The localiz-
ation of a-synuclein to the LP1 fraction is consistent with the
observations that over-expression of a-synuclein impairs
mitochondrial function (38), and its enrichment in the LS2
fraction is consistent with it being a synaptic terminal associ-
ated protein (34).

The localization of DJ-1 to the mitochondrial fraction and
its co-localization with MitoTracker and its localization ultra-
structurally to the mitochondria suggest that DJ-1 may play
important roles in mitochondrial function. The precise role
of DJ-1 in mitochondria remains to be elucidated. The fact
that DJ-1 is not indispensable for cell development observed
in DJ-1 KO mouse (39) (L. Zhang, M. Sasaki, T.M. Dawson
and V.L. Dawson, unpublished data) and in PD patients with
DJ-1 mutations suggests that DJ-1 may not play a critical
role in energy metabolism, the most common function of mito-
chondria. Rather, DJ-1 might contribute to the maintenance of
a stable microenvironment inside mitochondria allowing mito-
chondria to function properly in physiological conditions.
Multiple in vitro studies implicate DJ-1 as an antioxidant
protein or a free radical scavenger as it can protect against
cell death induced by oxidative stress (23,30,40,41). It is poss-
ible that under physiologic conditions, DJ-1 may function as a
free radical scavenger to balance the free radical level within
mitochondria. Consistent with this notion is the observation

Figure 4. Higher magnification of anti-DJ-1 protein immunoperoxidase reaction product in mouse brain. Sections of mouse cerebral cortex (Ctx), striatum (ST),
CA1 of hippocampus and pars compacta of substantia nigra (SNpc) were stained with anti-DJ-1-FL. In the cerebral cortex, DJ-1 immunoreactivity appeared
primarily within the perikarya of cortical pyramidal cells (A). In the striatum, DJ-1 was enriched within the cell bodies of small-medium spiny neurons (B).
In the hippocampus, DJ-1 was primarily localized to cell bodies and there was faint staining in dendrites of CA-1 pyramidal cells (C). In the substantia,
DJ-1 was widely distributed throughout the cell bodies of the SN pars compacta (D). (A–D) are higher magnification views of the boxed area in the inset.
Bar, 40 mm.
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that the DJ-1 KO mice are more sensitive to the toxic effects of
MPTP (42). Loss of this protective effect of DJ-1 could render
mitochondria and cells more susceptible to free radical injuries.
The accumulation of free radical injuries and oxidative stress
damage might eventually result in an initiation of an irrevers-
ible cell death process. This is particularly important in light

of the evidence that dopamine and its metabolite can generate
ROS and enhance oxidative stress.

In in vitro studies over-expressing a tagged DJ-1, investi-
gators report that oxidizing conditions favor both WT and
pathogenic mutant DJ-1 relocalization from cytoplasm to the
outer mitochondrial membrane (30,43) and oxidative stress
induced relocalization of DJ-1 protein is required for its pro-
tective role against oxidative stress (30). However, as shown
in our present studies, endogenous DJ-1 is localized to the
mitochondrial matrix and IMS in addition to a cytosolic
localization. Moreover, we fail to observe translocation of
endogenous DJ-1 following oxidative stress. Thus, it is
likely that translocation of DJ-1 is not required for its protec-
tive properties. Our failure to observe translocation may be
due to methodological considerations, which requires further
investigation to clarify the role, if any, for DJ-1 translocation

Figure 5. Subcellular fractionation of mouse brain. (A) Subcellular fractions
were prepared from mouse brain tissue, resolved by SDS–PAGE, blotted
to PVDF membranes and incubated with anti-DJ1-C, anti-parkin or anti-
a-synuclein antibodies. The blot was also probed with an antibody to synap-
tophysin, yielding a band at the appropriate indicated molecular masses. (B)
Whole brain lysate (W) and different subcellular fractions [cytosol (C), mito-
chondria (M) and nucleus (N)] prepared from various mouse brain tissues
(striatum, SN and cerebral cortex) were subjected to western blot analysis
with anti-DJ-1 antibodies. Of all the three tissues tested, DJ-1 immunoactivity
was present in whole brain lysate, cytosol and mitochondria but not in nucleus.
The blot was also probed with antibodies to the indicated proteins (MnSOD for
mitochondria, Histone for nucleus), yielding bands at the appropriate indicated
molecular masses. (C) Submitochondrial fractionation of mouse brain.
Mitochondria isolated from the mouse brain were fractionated into OM,
IMS, IM and matrix (Mx). About 10 mg proteins from each subfraction and
the total mitochondrial homogenate (T) were subjected to western blot
analysis using antibodies to DJ-1 and markers for different mitochondrial sub-
fractions (see Materials and Methods). DJ-1 is mainly located in the intermem-
brane space and matrix of mitochondria.

Figure 6. DJ-1 immunogold labeling in mouse SN (pars reticulata). Ultrathin
Lowicryl sections from DJ-1 WT (A) or KO (B) mouse SN were subjected to
immunogold cytochemistry with anti-DJ-1-FL. The majority of gold particles
were detected in DJ-1 WT but not in KO mouse mitochondria (M). The
labeled mitochondria shown here were localized in major dendrites but
immunopositive mitochondria also occurred in cell bodies and in small
caliber processes, consistent with the neuropil staining demonstrated at the
light microscope level.
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in protection against oxidative stress. It is unclear which pool
of DJ-1 protein contributes to protection against oxidative
stress. On the basis of the central role of mitochondria in
free radical generation and oxidative stress, it is possible
that under physiological conditions, it is mainly the mitochon-
drial DJ-1 that helps to control the level of free radicals in
mitochondria.

In summary, the localization of DJ-1 in mitochondria and
the potential function of DJ-1 as an antioxidant imply that
DJ-1 might play a role in pathologic processes involving oxi-
dative stress. Increased oxidative stress is a common feature of
PD and might be a link between sporadic PD and familial PD
due to DJ-1 mutations (44). As evidence from this study shows
that the pathogenic DJ-1 mutations (L166P, M26I, A104T or
D149A) do not alter the distribution of DJ-1 to mitochondria,
further studies are needed to directly test the antioxidant
actions of DJ-1 and its mutants and to investigate the antiox-
idant capacity of mitochondria from DJ-1 null mice and in
tissue from familial PD patients due to DJ-1 mutations. The
fact that DJ-1 is widely distributed in neurons and cells in
the periphery and that DJ-1 is also present in other subcellular
fractions other than mitochondria suggests that it is also
important to investigate other functions of DJ-1 throughout
the body.

MATERIALS AND METHODS

Generation and characterization of DJ-1 antibodies

N-terminal (anti-DJ-1-N) and C-terminal (anti-DJ-1-C) DJ-1
antibodies were generated as described previously (28).
These two antibodies recognize both human and mouse DJ-1
protein. To generate an antibody to full-length DJ-1 protein,

the cDNA encoding the full-length open reading frame
of mouse DJ-1 gene was subcloned in frame with a
glutathione S-transferase (GST) gene in a pGEX-6P vector
(Amersham Biosciences, Piscataway, NJ, USA). The recombi-
nant GST–DJ-1 fusion protein was then expressed in Escher-
ichia coli BL21 cells and purified through a glutathione
agarose column. After digestion by PreScissionTM protease
(Amersham) to remove the GST tag, the untagged DJ-1
protein was then injected into a rabbit to generate antibodies.
Full-length DJ-1 antibody (anti-DJ-1-FL) was then affinity-
purified from crude rabbit serum.

A DJ-1 KO mouse was generated by deletion of partial exon 2
and complete exon 3 of DJ-1 gene (L. Zhang, M. Sasaki, T.M.
Dawson and V.L. Dawson, unpublished data). To test the
specificity of anti-DJ-1 antibodies, proteins from either WT
or DJ-1 KO mouse brain tissue were resolved by 15%
SDS–PAGE and blotted to a PVDF membrane. The mem-
brane was probed with rabbit polyclonal anti-DJ-1-N, anti-
DJ-1-C or anti-DJ-1-FL at 48C for overnight. The membrane
was then probed with a horseradish peroxidase (HRP) conju-
gated goat anti-rabbit IgG antibody (Pierce Biotechnology,
Rockford, IL, USA) at room temperature (RT) for 1 h. The
signals were detected with enhanced chemiluminescence
method (Pierce). The membrane was re-probed with a
mouse monoclonal anti-actin antibody (Sigma, St Louis,
MO, USA) for loading control.

Cell lines and transfections

Human SH-SY5Y neuroblastoma cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin/streptomycin
and incubated at 378C in a 5% CO2 atmosphere. Cells were

Figure 7. Distribution of WT and mutant DJ-1 in human neuroblastoma cells. (A) Cytosol and mitochondria prepared from human SH-SY5Y neurobalstoma
cells were subjected to SDS–PAGE analysis with anti-DJ-1-N. The blot was also probed with an antibody to VDAC, a marker of mitochondria, yielding a band
at the appropriate indicated molecular masses. (B) The levels of DJ-1 protein from (A) were quantified by densitometry analysis. The bar represents the
mean + SE of four independent experiments. (C) Mitochondria were prepared from untreated SH-SY5Y cells or cells treated with 100 mM of paraquat for
24 or 48 h. The proteins were resolved by SDS–PAGE, blotted to PVDF membranes and incubated with anti-DJ1-N. The blot was also probed with an antibody
to VDAC for loading control. (D) Mitochondria were prepared from human SH-SY5Y neuroblastoma cells stably transfected with myc-tagged WT or mutant
(L166P, M26I, A104T and D149A) DJ-1, a polymorphic variant of DJ-1 (R98Q) or control plasmid, subjected to SDS–PAGE analysis with anti-DJ1-N. The
corresponding position of myc-tagged (DJ-1-Myc) or endogenous (DJ-1) DJ-1 protein is indicated. The blot was also probed with an antibody to VDAC.
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stably transfected with C-terminal myc-tagged WT or mutant
(L166P, M26I, A104T or D149A) human DJ-1 or control
plasmid, by using Lipofectamine 2000 transfection reagent
(Invitrogen). The stably transfected cells were then maintained
in the medium containing G418 (Invitrogen).

Regional tissue distribution

To analyze the distribution of DJ-1 protein, various
tissues, including cerebral cortex (CTX), SN, striatum, cerebe-
llum, heart, lung, liver, kidney, adrenal grand, spleen, SM,
ovary, testes and adipose tissue from adult male and female
C57BL6 mice were collected for western blot analysis. Each
tissue sample was homogenized in cell lysis buffer [10 mM

Tris–HCl, 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, 1 �

complete mini protease inhibitor cocktail (Roche, IN, USA),
pH 7.4]. Total protein in the lysates was quantified by the
BCA kit (Pierce) with bovine serum albumin (BSA) standards.
About 25 mg of protein from each tissue sample was resolved
by SDS–PAGE and subjected to western blot analysis with
rabbit polyclonal anti-DJ-1-FL (1:2000), mouse monoclonal
anti-parkin (1:250), mouse monoclonal anti-a-synuclein

(1:2000, BD Biosciences, Palo Alto, CA, USA) or rabbit
polyclonal anti-superoxide dismutase-1 (SOD-1) (1:2000,
kindly provided by D. Borchelt, Johns Hopkins University,
USA) at 48C overnight. The membrane was then probed
with a HRP conjugated goat anti-rabbit IgG (Pierce) or a
goat anti-mouse IgG (Sigma) antibody at RT for 1 h. The
signals were detected with enhanced chemiluminescence
method (Pierce).

Mitochondrial and nuclear fractions

For the subcellular fractionation assay, cerebral cortex or
striatum from eight adult C57BL6 mice were pooled and
processed. Subcellular fractioning of mouse brain tissue was
performed as described (31,45). Proteins from each fraction
were resolved by SDS-gradient gel (4–20%) and subjected
to western blot analysis with anti-DJ-1-C, anti-parkin,
anti-a-synuclein or anti-synaptophysin-I (1:2000, Sigma)
antibodies.

Isolation of intact mitochondria from brain tissues was per-
formed as described (46). To isolate intact nuclei, brain tissues
dissected from 10 adult C57BL6 mice were subjected to

Figure 8. Co-localization of WT and mutant DJ-1 with MitoTracker in stably tranfected human neuroblastoma cells. Human SH-SY5Y neuroblastoma cells
stably transfected with myc-tagged WT or mutant (L166P, M26I, A104T and D149A) DJ-1 or control plasmid (Con) were stained with anti-Myc antibody
(Green), MitoTracker (Red) and TOTO-3 (Blue). Both WT and mutant DJ-1 immunoreactivity overlaps with MitoTracker fluorescence. Bar, 13 mm for
higher magnification views (Mag) and 40 mm for the others.
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differential centrifugations. After centrifugation at 2000g at
48C for 3 min, the supernatant was discarded and the pellet
was resuspended in 1 ml SEE media (250 mM sucrose; 1 mg/
ml BSA; 0.5 mM EDTA; 0.5 mM EGTA; 10 mM HEPES, pH
7.4) and mixed with 4 ml sucrose buffer II [2 M sucrose;
5 mM magnesium acetate; 0.1 mM EDTA; 1 mM dithiothreitol
(DTT); 10 mM Tris–HCl, pH 8.0]. The sample was then
layered onto 4.4 ml sucrose buffer II, topped off with sucrose
buffer I (0.32 M sucrose; 3 mM CaCl2; 2 mM magnesium
acetate; 0.1 mM EDTA; 1 mM DTT; 0.5% NP-40; 10 mM

Tris–HCl, pH 8.0) and ultracentrifuged at 30 000g at 48C for
45 min. After centrifugation, the supernatant was removed
and the nuclei pellet was resuspended with glycerol storage
buffer (5 mM MgCl2; 0.1 mM EDTA; 50% glycerol; 0.1 mM

PMSF; 50 mM Tris–HCl, pH 8.0). Proteins from mitochondria
and nucleus were then subjected to western blot analysis with
anti-DJ-1-FL, rabbit polyclonal anti-superoxide dismutase-1
or sheep polyclonal anti-human histone (1:100, USBiological,
Swampscott, MA, USA) antibodies.

Further sub-fractionations of mouse brain mitochondria
were prepared as described (47) with minor modifications.
In brief, mouse whole brain was removed and homogenized in
buffer A (300 mM sucrose, 0.1 mM EGTA, 10 mM HEPES, pH
7.4) with a glass Potter-Elvehjem homogenizer and a PTFE
pestle. The homogenate was then centrifuged at 600g for
5 min. The supernatant was collected and filtered through
four layers of cheesecloth and centrifuged at 3300g for
10 min. The pellet was suspended in buffer B (10 mM

KH2PO4, pH 7.4) and the mixture was shaken at 48C for
15 min. Equal volume of buffer C [32% (w/v) sucrose,
30% glycerol (v/v), 10 mM MgCl2, 10 mM KH2PO4, pH 7.4]
was added to the mixture and shaken for another 15 min.
The mixture was then centrifuged at 12 000g for 10 min and
supernatant (S1) and pellet (P1) were collected separately.
P1 was resuspended in 3 ml of buffer B, shaken at 48C for
30 min, and subjected to ultracentrifugation at 160 000g for
30 min. The supernatant (S2) and pellet (P2) were collected.
S2 was the fraction of mitochondrial matrix (Mx), and P2
mitochondria IM. S1 was also subjected to ultracentrifugation
at 160 000g for 30 min, and the resulting supernatant (S3)
and pellet (P3) were fractions containing mitochondria
IMS and mitochondria OM, respectively. Protein was then
subjected to western blot analysis with antibodies to DJ-1
(anti-DJ-1-C) and markers for different mitochondrial subfrac-
tions, i.e. VDAC (EMD Biosciences, San Diego, CA, USA)
for mitochondria OM, cytochrome c oxidase subunit IV
(COX IV) (Molecular Probes, Eugene, OR, USA) for mito-
chondrial inner membrane, HSP-60 (Stressgen, San Diego,
CA, USA) for mitochondrial matrix and cytochrome C
(Cyt-C) (BD Pharmingen, San Diego, CA, USA) for mito-
chondrial IMS.

To investigate mitochondrial distribution of WT and
mutant DJ-1 in cells, cytosol and mitochondria were pre-
pared, as previously described (48), from human SH-SY5Y
neuroblastoma cells treated with 100 mM of paraquat
(Sigma) for 24 or 48 h, and from SH-SY5Y cells stably trans-
fected with myc-tagged WT or mutant (L166P, M26I, A104T
or D149A) DJ-1 or control plasmid. Proteins were then
resolved by SDS–PAGE, blotted to PVDF membranes and
incubated with anti-DJ-1-N and VDAC. Quantitation of

protein expression was performed using densitometry analysis
software (AlphaImager, Alpha Innotech Corp., San Leandro,
CA, USA).

Immunocytochemistry

For immunostaining and light microscopy studies, mice were
perfused with phosphate buffered saline (PBS, pH 7.4)
followed by 4% paraformaldehyde in PBS. Brains were
removed and post-fixed at 48C overnight in the same fixative.
Paraffin sections were prepared at 5 mm thickness following
standard protocol. The sections were blocked with 4% goat
serum in PBS and 0.2% Triton X-100, incubated
with anti-DJ-1-FL (1:2000), followed by incubations with
a biotin-conjugated polyclonal goat anti-rabbit antibody
(1:1000, Jackson Immunoresearch Laboratories, West Grove,
PA, USA), a HRP-conjugated avidin/biotin complex (Vector
Laboratories, Burlingame, CA, USA) and a SigmaFastTM

DAB Peroxidase Substrate (Sigma). Sections were dehydrated
through graded ethanol, cleared in xylene and mounted on
glass slides before coverslipping.

For post-embedding immunogold labeling, ultrathin
Lowicryl HM20 sections of freeze-substituted specimens
obtained from perfusion fixed mouse brain were mounted on
formvar-coated grids and processed for immunogold cyto-
chemistry as described (49). In brief, sections were immersed
in a saturated solution of NaOH in absolute ethanol for 2–3 s
and incubated at 278C first for 10 min in 0.1% sodium borohy-
dride and 50 mM glycine in 5 mM Tris buffer containing
0.3% NaCl and 0.1% Trition X-100 (TBNT), followed by
incubation in 2% human serum albumin (HSA) in TBNT,
and then for 12–16 h in mixtures of anti-DJ-1-FL in TBNT
containing 2% HSA. Next, sections were placed in 2% HSA
in TBNT for 10 min and, finally, in goat anti-rabbit Fab
fragments coupled to 10 nM gold particles (GFAR10; British
BioCell International, Cardiff, UK) diluted 1:20 in TBNT
containing 2% HSA and polyethylene glycol (0.5 mg/ml) for
2 h. Sections were examined and photographed in a Tecnai
electron microscope at 20 000 � primary magnification.

For double labeling and confocal microscopy studies, stably
transfected human SH-SY5Y neuroblastoma cells were grown
in DMEM containing 10% FBS and penicillin/streptomycin/
G418 at 378C in a 5% CO2 atmosphere. Cells were incubated
with 500 nM MitoTracker Orange CMTMRos (Molecular
Probes) at 378C for 45 min, washed briefly with ice-cold
Tris-buffered saline (TBS), fixed with methanol at 2208C
for 10 min, blocked with 4% goat serum in TBS at RT for
30 min and incubated with anti-DJ-1-FL (2% goat serum,
0.02% NaN3 in TBS) at 48C for overnight. The cells were
then incubated with fluorescein (FITC)-conjugated goat anti-
rabbit IgG (1:100, Jackson Immunoresearch Laboratories) at
RT for 1 h and stained with dimeric cyanine nucleic acid
stains (TOTO-3) (1:1000, Molecular Probes) for 10 min. The
fluorescent signals were examined with a Zeiss confocal
microscope with LSM 510 software system.

ACKNOWLEDGEMENTS

This work was supported by grants from the USPHS NS38377
and NS47565, Sylvia Nachlas Trust and the Lee Martin Trust.

Human Molecular Genetics, 2005, Vol. 14, No. 14 2071

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/14/14/2063/608382 by guest on 16 August 2022



L.Z. is a recipient of the Veola Kerr Postdoctoral Fellowship
from the Parkinson’s Disease Foundation. D.M. is the Herbert
Freiberg Fellow in Parkinson’s Disease. T.M.D. is the
Leonard and Madlyn Abramson Professor in Neurodegene-
rative Diseases. R.T. and O.P.O. are supported by the
Norwegian Research Council and FUGE.

Conflict of Interest statement. None declared.

REFERENCES

1. Lang, A.E. and Lozano, A.M. (1998) Parkinson’s disease. First of two
parts. N. Engl. J. Med., 339, 1044–1053.

2. Lang, A.E. and Lozano, A.M. (1998) Parkinson’s disease. Second of two
parts. N. Engl. J. Med., 339, 1130–1143.

3. Sherer, T.B., Betarbet, R. and Greenamyre, J.T. (2002) Environment,
mitochondria, and Parkinson’s disease. Neuroscientist, 8, 192–197.

4. Schapira, A.H., Gu, M., Taanman, J.W., Tabrizi, S.J., Seaton, T.,
Cleeter, M. and Cooper, J.M. (1998) Mitochondria in the etiology and
pathogenesis of Parkinson’s disease. Ann. Neurol., 44, S89–S98.

5. Orth, M. and Schapira, A.H. (2002) Mitochondrial involvement in
Parkinson’s disease. Neurochem. Int., 40, 533–541.

6. Forno, L.S., Langston, J.W., DeLanney, L.E. and Irwin, I. (1988) An
electron microscopic study of MPTP-induced inclusion bodies in an old
monkey. Brain Res., 448, 150–157.

7. Vila, M. and Przedborski, S. (2003) Targeting programmed cell death in
neurodegenerative diseases. Nat. Rev. Neurosci., 4, 365–375.

8. Thiruchelvam, M., Richfield, E.K., Baggs, R.B., Tank, A.W. and
Cory-Slechta, D.A. (2000) The nigrostriatal dopaminergic system as a
preferential target of repeated exposures to combined paraquat and
maneb: implications for Parkinson’s disease. J. Neurosci., 20,
9207–9214.

9. Betarbet, R., Sherer, T.B., MacKenzie, G., Garcia-Osuna, M., Panov, A.V.
and Greenamyre, J.T. (2000) Chronic systemic pesticide exposure
reproduces features of Parkinson’s disease. Nat. Neurosci., 3, 1301–1306.

10. Dawson, T.M. and Dawson, V.L. (2003) Molecular pathways of
neurodegeneration in Parkinson’s disease. Science, 302, 819–822.

11. Dawson, T.M. and Dawson, V.L. (2003) Rare genetic mutations shed light
on the pathogenesis of Parkinson’s disease. J. Clin. Invest., 111, 145–151.

12. Polymeropoulos, M.H., Lavedan, C., Leroy, E., Ide, S.E., Dehejia, A.,
Dutra, A., Pike, B., Root, H., Rubenstein, J., Boyer, R. et al. (1997)
Mutation in the alpha-synuclein gene identified in families with
Parkinson’s disease. Science, 276, 2045–2047.

13. Singleton, A.B., Farrer, M., Johnson, J., Singleton, A., Hague, S.,
Kachergus, J., Hulihan, M., Peuralinna, T., Dutra, A., Nussbaum, R. et al.
(2003) alpha-Synuclein locus triplication causes Parkinson’s disease.
Science, 302, 841.

14. Kitada, T., Asakawa, S., Hattori, N., Matsumine, H., Yamamura, Y.,
Minoshima, S., Yokochi, M., Mizuno, Y. and Shimizu, N. (1998)
Mutations in the parkin gene cause autosomal recessive juvenile
parkinsonism. Nature, 392, 605–608.

15. Bonifati, V., Rizzu, P., van Baren, M.J., Schaap, O., Breedveld, G.J.,
Krieger, E., Dekker, M.C., Squitieri, F., Ibanez, P., Joosse, M. et al.
(2003) Mutations in the DJ-1 gene associated with autosomal recessive
early-onset parkinsonism. Science, 299, 256–259.

16. Valente, E.M., Abou-Sleiman, P.M., Caputo, V., Muqit, M.M.,
Harvey, K., Gispert, S., Ali, Z., Del Turco, D., Bentivoglio, A.R.,
Healy, D.G. et al. (2004) Hereditary early-onset Parkinson’s disease
caused by mutations in PINK1. Science, 304, 1158–1160.

17. Paisan-Ruiz, C., Jain, S., Evans, E.W., Gilks, W.P., Simon, J.,
van der Brug, M., de Munain, A.L., Aparicio, S., Gil, A.M., Khan,
N. et al. (2004) Cloning of the gene containing mutations that cause
PARK8-linked Parkinson’s disease. Neuron, 44, 595–600.

18. Zimprich, A., Biskup, S., Leitner, P., Lichtner, P., Farrer, M., Lincoln, S.,
Kachergus, J., Hulihan, M., Uitti, R.J., Calne, D.B. et al. (2004) Mutations
in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic
pathology. Neuron, 44, 601–607.

19. Lee, S.J., Kim, S.J., Kim, I.K., Ko, J., Jeong, C.S., Kim, G.H., Park, C.,
Kang, S.O., Suh, P.G., Lee, H.S. et al. (2003) Crystal structures of human

DJ-1 and Escherichia coli Hsp31, which share an evolutionarily
conserved domain. J. Biol. Chem., 278, 44552–44559.

20. Shendelman, S., Jonason, A., Martinat, C., Leete, T. and Abeliovich, A.
(2004) DJ-1 is a redox-dependent molecular chaperone that inhibits
alpha-synuclein aggregate formation. PLoS Biol., 2, 1764–1773.

21. Wilson, M.A., Collins, J.L., Hod, Y., Ringe, D. and Petsko, G.A. (2003)
The 1.1-A resolution crystal structure of DJ-1, the protein mutated in
autosomal recessive early onset Parkinson’s disease. Proc. Natl Acad. Sci.
USA, 100, 9256–9261.

22. Wilson, M.A., St Amour, C.V., Collins, J.L., Ringe, D. and Petsko, G.A.
(2004) The 1.8-A resolution crystal structure of YDR533Cp from
Saccharomyces cerevisiae: a member of the DJ-1/ThiJ/PfpI superfamily.
Proc. Natl Acad. Sci. USA, 101, 1531–1536.

23. Taira, T., Saito, Y., Niki, T., Iguchi-Ariga, S.M., Takahashi, K. and
Ariga, H. (2004) DJ-1 has a role in antioxidative stress to prevent cell
death. EMBO Rep., 5, 213–218.

24. Miller, D.W., Ahmad, R., Hague, S., Baptista, M.J., Canet-Aviles, R.,
McLendon, C., Carter, D.M., Zhu, P.P., Stadler, J., Chandran, J. et al.
(2003) L166P mutant DJ-1, causative for recessive Parkinson’s disease, is
degraded through the ubiquitin–proteasome system. J. Biol. Chem., 278,
36588–36595.

25. Macedo, M.G., Anar, B., Bronner, I.F., Cannella, M., Squitieri, F.,
Bonifati, V., Hoogeveen, A., Heutink, P. and Rizzu, P. (2003) The
DJ-1L166P mutant protein associated with early onset Parkinson’s disease
is unstable and forms higher-order protein complexes. Hum. Mol. Genet.,
12, 2807–2816.

26. Gorner, K., Holtorf, E., Odoy, S., Nuscher, B., Yamamoto, A.,
Regula, J.T., Beyer, K., Haass, C. and Kahle, P.J. (2004) Differential
effects of Parkinson’s disease-associated mutations on stability and
folding of DJ-1. J. Biol. Chem., 279, 6943–6951.

27. Olzmann, J.A., Brown, K., Wilkinson, K.D., Rees, H.D., Huai, Q., Ke, H.,
Levey, A.I., Li, L. and Chin, L.S. (2004) Familial Parkinson’s disease-
associated L166P mutation disrupts DJ-1 protein folding and function.
J. Biol. Chem., 279, 8506–8515.

28. Moore, D.J., Zhang, L., Dawson, T.M. and Dawson, V.L. (2003)
A missense mutation (L166P) in DJ-1, linked to familial Parkinson’s
disease, confers reduced protein stability and impairs
homo-oligomerization. J. Neurochem., 87, 1558–1567.

29. Bonifati, V., Rizzu, P., Squitieri, F., Krieger, E., Vanacore, N.,
van Swieten, J.C., Brice, A., van Duijn, C.M., Oostra, B., Meco, G. et al.
(2003) DJ-1(PARK7 ), a novel gene for autosomal recessive, early onset
Parkinsonism. Neurol. Sci., 24, 159–160.

30. Canet-Aviles, R.M., Wilson, M.A., Miller, D.W., Ahmad, R.,
McLendon, C., Bandyopadhyay, S., Baptista, M.J., Ringe, D., Petsko,
G.A. and Cookson, M.R. (2004) The Parkinson’s disease protein DJ-1
is neuroprotective due to cysteine-sulfinic acid-driven mitochondrial
localization. Proc. Natl Acad. Sci. USA, 101, 9103–9108.

31. Huttner, W.B., Schiebler, W., Greengard, P. and De Camilli, P. (1983)
Synapsin I (protein I), a nerve terminal-specific phosphoprotein. III. Its
association with synaptic vesicles studied in a highly purified synaptic
vesicle preparation. J. Cell Biol., 96, 1374–1388.

32. Matsubara, A., Laake, J.H., Davanger, S., Usami, S. and Ottersen, O.P.
(1996) Organization of AMPA receptor subunits at a glutamate synapse: a
quantitative immunogold analysis of hair cell synapses in the rat organ of
Corti. J. Neurosci., 16, 4457–4467.

33. Pawlyk, A.C., Giasson, B.I., Sampathu, D.M., Perez, F.A., Lim, K.L.,
Dawson, V.L., Dawson, T.M., Palmiter, R.D., Trojanowski, J.Q. and Lee,
V.M. (2003) Novel monoclonal antibodies demonstrate biochemical
variation of brain parkin with age. J. Biol. Chem., 278, 48120–48128.

34. Maroteaux, L., Campanelli, J.T. and Scheller, R.H. (1988) Synuclein: a
neuron-specific protein localized to the nucleus and presynaptic nerve
terminal. J. Neurosci., 8, 2804–2815.

35. Greene, J.C., Whitworth, A.J., Kuo, I., Andrews, L.A., Feany, M.B. and
Pallanck, L.J. (2003) Mitochondrial pathology and apoptotic muscle
degeneration in Drosophila parkin mutants. Proc. Natl Acad. Sci. USA,
100, 4078–4083.

36. Darios, F., Corti, O., Lucking, C.B., Hampe, C., Muriel, M.P., Abbas, N.,
Gu, W.J., Hirsch, E.C., Rooney, T., Ruberg, M. et al. (2003) Parkin
prevents mitochondrial swelling and cytochrome c release in
mitochondria-dependent cell death. Hum. Mol. Genet., 12, 517-526.

37. Palacino, J.J., Sagi, D., Goldberg, M.S., Krauss, S., Motz, C., Wacker, M.,
Klose, J. and Shen, J. (2004) Mitochondrial dysfunction and oxidative
damage in parkin-deficient mice. J. Biol. Chem., 279, 18614–18622.

2072 Human Molecular Genetics, 2005, Vol. 14, No. 14

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/14/14/2063/608382 by guest on 16 August 2022



38. Tanaka, Y., Engelender, S., Igarashi, S., Rao, R.K., Wanner, T.,
Tanzi, R.E., Sawa, A., Dawson, V.L., Dawson, T.M. and Ross, C.A.
(2001) Inducible expression of mutant alpha-synuclein decreases
proteasome activity and increases sensitivity to mitochondria-dependent
apoptosis. Hum. Mol. Genet., 10, 919–926.

39. Goldberg, M.S., Pisani, A., Haburcak, M., Vortherms, T.A., Kitada, T.,
Costa, C., Tong, Y., Martella, G., Tscherter, A., Martins, A. et al. (2005)
Nigrostriatal dopaminergic deficits and hypokinesia caused by
inactivation of the familial Parkinsonism-linked gene DJ-1. Neuron, 45,
489–496.

40. Kinumi, T., Kimata, J., Taira, T., Ariga, H. and Niki, E. (2004) Cysteine-
106 of DJ-1 is the most sensitive cysteine residue to hydrogen peroxide-
mediated oxidation in vivo in human umbilical vein endothelial cells.
Biochem. Biophys. Res. Commun., 317, 722–728.

41. Yokota, T., Sugawara, K., Ito, K., Takahashi, R., Ariga, H. and
Mizusawa, H. (2003) Down regulation of DJ-1 enhances cell death by
oxidative stress, ER stress, and proteasome inhibition. Biochem. Biophys.
Res. Commun., 312, 1342–1348.

42. Kim, R.H., Smith, P.D., Aleyasin, H., Hayley, S., Mount, M.P.,
Pownall, S., Wakeham, A., You-Ten, A.J., Kalia, S.K., Horne, P. et al.
(2005) Hypersensitivity of DJ-1-deficient mice to 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyrindine (MPTP) and oxidative stress. Proc. Natl
Acad. Sci. USA, 102, 5215–5220.

43. Blackinton, J., Ahmad, R., Miller, D.W., van der Brug, M.P.,
Canet-Aviles, R.M., Hague, S.M., Kaleem, M. and Cookson, M.R.

(2005) Effects of DJ-1 mutations and polymorphisms on protein
stability and subcellular localization. Brain Res. Mol. Brain Res.,
134, 76–83.

44. Moore, D.J., Zhang, L., Troncoso, J., Lee, M.K., Hattori, N., Mizuno, Y.,
Dawson, T.M. and Dawson, V.L. (2005) Association of DJ-1 and parkin
mediated by pathogenic DJ-1 mutations and oxidative stress. Hum. Mol.
Genet., 14, 71–84.

45. Sharp, A.H., Loev, S.J., Schilling, G., Li, S.H., Li, X.J., Bao, J.,
Wagster, M.V., Kotzuk, J.A., Steiner, J.P., Lo, A. et al. (1995)
Widespread expression of Huntington’s disease gene (IT15 ) protein
product. Neuron, 14, 1065–1074.

46. Lee, C.P., Sciamanna, M. and Peterson, P.L. (1993) Intact Rat Brain
Mitochondria from a Single Animal: Preparation and Properties. Methods
in Toxicology. Academic Press Inc., New York, vol. 2, pp. 41–50.

47. Hovius, R., Lambrechts, H., Nicolay, K. and de Kruijff, B. (1990)
Improved methods to isolate and subfractionate rat liver mitochondria.
Lipid composition of the inner and outer membrane. Biochim. Biophys.
Acta, 1021, 217–226.

48. Yu, S.W., Wang, H., Poitras, M.F., Coombs, C., Bowers, W.J.,
Federoff, H.J., Poirier, G.G., Dawson, T.M. and Dawson, V.L. (2002)
Mediation of poly(ADP-ribose) polymerase-1-dependent cell death
by apoptosis-inducing factor. Science, 297, 259–263.

49. Takumi, Y., Ramirez-Leon, V., Laake, P., Rinvik, E. and Ottersen, O.P.
(1999) Different modes of expression of AMPA and NMDA receptors in
hippocampal synapses. Nat. Neurosci., 2, 618–624.

Human Molecular Genetics, 2005, Vol. 14, No. 14 2073

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/14/14/2063/608382 by guest on 16 August 2022


