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Parkinson's disease (PD) is a neurodegenerative disorder caused by loss of dopaminergic neurons. Although
many reports have suggested that genetic factors are implicated in the pathogenesis of PD, molecular
mechanisms underlying selective dopaminergic neuronal degeneration remain unknown. DJ-1 is a causative
gene for autosomal recessive form of PARK7-linked early-onset PD. A number of studies have demonstrated
that exogenous DJ-1 localizes within mitochondria and the cytosol, and functions as a molecular chaperon, as
a transcriptional regulator, and as a cell protective factor against oxidative stress.However, theprecise subcellular
localization and function of endogenous DJ-1 are not well known. The mechanisms by which mutations in DJ-1
contributes to neuronal degeneration also remain poorly understood. Here we show by immunocytochemistry
that DJ-1 distributes to the cytosol andmembranous structures in a punctate appearance in cultured cells and in
primary neurons obtained from mouse brain. Interestingly, DJ-1 colocalizes with the Golgi apparatus proteins
GM130 and the synaptic vesicle proteins such as synaptophysin and Rab3A. Förster resonance energy transfer
analysis revealed that a small portion of DJ-1 interacts with synaptophysin in living cells. Although thewild-type
DJ-1 protein directly associates with membranes without an intermediary protein, the pathogenic L166P
mutation of DJ-1 exhibits less binding to synaptic vesicles. These results indicate that DJ-1 associates with
membranous organelles including synaptic membranes to exhibit its normal function.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Parkinson's disease (PD) is the second most common neurode-
generative disorder next to Alzheimer's disease and is characterized
by motor symptoms as cardinal features such as resting tremor,
rigidity, bradykinesia and postural instability. Pathological hallmarks
of PD include marked cell loss of dopaminergic neurons in the
substantia nigra pars compacta which causes dopamine depletion in
the striatum and the presence of intracytoplasmic inclusions known

as Lewy bodies in the remaining neurons (Fearnley and Lees, 1991).
Although most of the PD cases are sporadic, approximately 5% of PD
patients have clear familial etiology. Thus, the presence of monogenic
forms of familial PD tells us that genetic factors contribute to the
pathogenesis of PD. Indeed, heterozygous and homozygous mutations
in one of the responsible genes have been reported in sporadic cases,
suggesting that genetic factors are implicated in the pathogenesis of
PD. Until now, 9 genes for familial PD have been reported, and these
include α-synuclein, parkin, UCH-L, PINK-1, DJ-1, LRRK2, ATP13A2,
PLA2G6, and FBXO7 (Hatano et al., 2009).

Previous reports have suggested that DJ-1 functions as a molecular
chaperon (Lee et al., 2003), a transcriptional regulator (Kim et al.,
2005; Niki et al., 2003; Shinbo et al., 2005; Takahashi et al., 2001), and
as a cell protective factor against oxidative stress (Canet-Aviles et al.,
2004; Taira et al., 2004b; Yokota et al., 2003). The localization of DJ-1
has been shown to be in mitochondria, cytosol, nucleus, and
microsomes (endoplasmic reticulum (ER) and Golgi) (Bonifati et al.,
2003; Canet-Aviles et al., 2004; Miller et al., 2003; Taira et al., 2004a).
However, most studies have been performed by exogenous DJ-1 using
overexpression systems. On the other hand, endogenous DJ-1 is
present in synaptic terminals, in both axons and dendrites, as well as
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in mitochondria (Olzmann et al., 2007; Zhang et al., 2005). However,
the precise function and dynamics of DJ-1 related to vesicular
trafficking remain unclear. In the present study, we demonstrate the
association of endogenous DJ-1 with membranous organelles and the
molecular interaction of recombinant DJ-1 protein with membranes
in cultured cells. In addition, we examine whether pathogenic
mutations found in PARK7-linked early onset PD patients may be
affected by binding activities of DJ-1.

Materials and methods

Antibodies and recombinant proteins

Mouse monoclonal antibody (M043-3, Clone 3E8) and rabbit
polyclonal antibody (NB300-270) for DJ-1 were obtained from
Medical & Biological Laboratories Co. (MBL, Nagoya, Japan) and
Novus Biologicals, Inc. (Littleton, CO), respectively. Rabbit polyclonal
antibodies to Rab3A (sc-308), Rab4A (sc-312), Rab5B (sc-598), and
Tom20 (sc-11415) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA), and Rab7B (R4779) was obtained from Sigma (St.
Louis, MO). Mouse monoclonal antibodies to synaptophysin were
purchased from Chemicon International, Inc. (MAB5258, Temecula,
CA) (used for immunoblotting) and Progen Biotechnik (61012,
Heidelberg, Germany) (used for immunocytochemistry). Synaptotag-
min (610434) and NMDAR1 (556308) were obtained from BD
Biosciences Pharmingen (San Diego, CA). Other primary antibodies
were Rab3A (107111, Synaptic Systems, Gottingen, Germany), anti-
human transferrin receptor (13-6800, Zymed Laboratories, South San
Francisco, CA), Parkin (#4211) and Calnexin (#2679S) (Cell Signaling,
Danvers, MA), VAMP2 (NB300-595, Novus Biologicals, Inc.), BIP2
(ab21685, Abcam, Cambridge, MA), Hsp70 (610608, BD Transduction
Laboratories), Mito Tracker Red CMXRos (M-7512, Molecular Probes),
and total OXPHOS rodent WB antibody cocktail (MS604; MitoSciences,
Eugene, Oregon). Secondary antibodies conjugated to horseradish
peroxidase were purchased from GE HealthCare Bio-Sciences (Piscat-
away, USA). From InvitrogenMolecular Probes, 488 and 546 conjugated
secondary antibodies were purchased. The vectors encoding GST-
tagged WT and mutants DJ-1 (M26I, A104T, D149A, and L166P) were
kindly provided by Hiroyoshi Ariga (Laboratory of Pharmaceutical
Science, Hokkaido University).

Experimental animals (DJ-1 KO mice)

The DJ-1 KO mice (F2) were a kind gift from The Laboratory of
Pharmaceutical Science, Hokkaido University. The DJ-1 KO mice were
generated at the Center for Neurologic Diseases, Brigham and
Women's Hospital Program in Neuroscience, Harvard Medical School
(Goldberg et al., 2005). F2 progeny were backcrossed for five
generations to C57BL/6 mice, and heterozygotes were intercrossed
to generate homozygous mice for the targeted DJ-1 allele. For the
experiments, C57BL/6J mice and DJ-1 KO mice were used at 7 to
9 weeks of age. All animal experiments were carried out in accordance
with the Ethics Review Committee for Animal Experimentation of
Juntendo University School of Medicine.

Cell culture and transfection

SH-SY5Y cells and HeLa cells were grown in Dulbecco's modified
Eagle's medium (D-MEM, Sigma) with 10% fetal bovine serum (FBS;
Sigma) and 1% penicillin–streptomycin (PS; Invitrogen). SH-SY5Y cell
culture medium was supplemented with 1% non-essential amino acid,
1% sodium pyruvate, and 1% L-glutamate (Invitrogen). The cells were
cultured at 37 °C and 5% CO2. PC12 cells were grown in D-MEMwith 5%
FBS and 10% horse serum. Primary cortical neurons containing glia cells
were prepared from E15.5 C57BL/6J mice and cultured for growth on
Fisher-brand cover glass (Fisher Scientific, Pittsburgh, USA) in starting

medium (F12 andMinimumEssentialMediumwith 10% FBS, 1% PS, and
0.001% insulin) for 3 days, and incubated sequentially for 5 days with
0.5 μM Ara-C (Sigma) in maintenance medium (F12 and Minimum
EssentialMediumwith5% calf serum, 5%horse serum, 1%PS, and0.001%
insulin). HeLa cells were transfected with expression vectors for FLAG-
DJ-1 WT, M26I, A104T, D149A, or L166P by using FuGENE HD
Transfection Reagent (Roche). After 24 h, immunocytochemistry was
performed on the cells.

Immunocytochemistry

Cellswerefixed for 10 min in 4%paraformaldehyde and0.5% sucrose
in phosphate-buffered saline (PBS). The cells were permeabilized with
PBS containing 0.2% Triton X-100 (Sigma) for 5 min at RT. For blocking,
1× BlockAce (Yukijirushi Co., Osaka, Japan) was used for SH-SY5Y cells,
and 10% FBS and 1% bovine serum albumin (BSA) in PBS (primary
cortical neurons from mice) was used for primary cortical neurons for
30 min. Cells were incubated overnight with primary antibodies at 4 °C.
The cellswerewashed3 timeswith PBS andwere incubated atRT for 1 h
with secondary antibodies. After the cells were washed 3 times with
PBS, the slides were mounted with Vectashield (Vector Laboratories,
Burlingame, CA) and analyzed using a Leica confocal microscopy.

Preparation of synaptosome fractions from mouse brain

Synaptic vesicles were prepared as described previously (Hatano
et al., 2007; Hell, 1998), with some modification. Briefly, whole brains
from 3 mice (C57BL/6J) at 7 to 9 weeks of age were placed into 8 ml
ice-cold synaptosomal homogenizing buffer (HB) (0.32 M sucrose,
4 mM HEPES–NaOH, pH 7.4 with EDTA-free protease inhibitor
cocktail Complete Mini, EDTA free). The tissues were homogenized
using a glass-Teflon homogenizer (10 up and down strokes, 830 rpm).
The homogenized brain sample was centrifuged at 1000g for 10 min
at 4 °C. After the supernatant (S1-1) was removed, the pellet was re-
suspended in 5 ml HB and was homogenized and centrifuged at the
same speed. The supernatant (S1-2) was removed, and the pellet was
resuspended in 3 ml HB, and was homogenized and centrifuged in the
same manner. The pellet was considered the P1 fraction, while the
supernatant (mixed with S1-1, S1-2, and S1-3) was centrifuged at
12,000g for 15 min at 4 °C. The supernatant (S2) was removed and the
pellet (P2) was resuspended with HB, and then centrifuged for 15 min
at 13,000g at 4 °C. After removal of the supernatant (S2′), the pellet
(P2′) was collected as the crude synaptosome fraction. P2′ was
subsequently re-suspended with HB to a final volume of 1 ml. The P2′
fraction was suspended with 4 ml of ice cold water in the EDTA-free
protease inhibitor cocktail. The samples were homogenized by 6 up
and down strokes of the glass-Teflon homogenizer at 830 rpm and
mixed with 39 μl 1 M HEPES, pH 7.4, then centrifuged for 20 min at
33,000g at 4 °C. The lysate pellet was considered the LP1 fraction, and
the supernatant (LS1) was centrifuged for 2 h at 260,000g at 4 °C.
After the supernatant (LS2) was removed, the pellet (LP2) was
resuspended with 300 μl of HB. To loosen the pellet, samples were
extruded consecutively through a 23-gauge and a 26-gauge hypo-
dermic needle attached to a 1 ml syringe. The concentration of protein
in each of the fractions was calculated using the BCA protein assay kit
(Pierce, Rockford, IL). Finally, the same amounts of proteins from each
fraction were analyzed by SDS–PAGE followed by immunoblotting.

Sucrose gradients of LS1 fraction from mouse brain

The LS1 fraction was layered on top of a linear sucrose density
gradient ranging from 0.2 to 2.0 M sucrose dissolved in HEPES buffer
(pH 7.4), and ultra-centrifuged at 465,000g for 13 h at 4 °C. Each of the
fractions (0.5 ml) was collected from the top of the gradient, and
equal volumes of each fraction were subjected to SDS–PAGE followed
by immunoblotting.
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