
INTRODUCTION

Mitochondrial dysfunction has long been implicated in the 
pathogenesis of PD. Several previous studies point to the central 
role of mitochondria in PD: reduced complex I activity [1-5], 
reduced mitochondrial membrane potential (ΔΨm) along with 
increased production of reactive oxygen species (ROS) [6, 7], 

alterations in mitochondrial fission-fusion events [8, 9], and 
defects in mitochondrial trafficking [10, 11]. These studies also 
indicate that many of the PD-related proteins are either located at 
the mitochondria and/or closely associated with mitochondrial 
functions [12-16]. Dysregulated accumulation of the misfolded 
proteins is another feature typically accompanied in patients 
with PD and experimental models of PD [17]. It has been shown 
that disturbance or imbalance of such systems as the ubiquitin 
proteasomal system (UPS) and the heat shock proteins (HSP) 
are critically involved in the progression of the disease [18, 19]. 
Transcriptional analysis of multiple brain regions in PD also 
indicates the dysfunction of UPS, along with a robust induction 
of several forms of HSPs is one of the central events during 
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neurodegeneration [20]. In consideration of pathological features 
of PD including formation of Lewy bodies and Lewy neurites, 
it is quite obvious that aberrant accumulation of the misfolded 
proteins is a common event in chronic neurodegenerative 
disorders including PD. Certainly, this phenomenon indicates that 
abnormality of protein homeostasis is substantially contributing 
to the pathogenesis of the disease [18]. 

Currently, proteomic approaches have been utilized to identify 
multiple target proteins that potentially associated with disease 
progression [21-24]. Both fluid and solid tissue samples obtained 
from experimental models of PD or from patients with PD have 
been subjected to proteomic analysis [25-28]. So far, quantitative 
proteomic analyses have been conducted using well-characterized 
models of PD that are established following treatment with MPTP 
[29, 30], 6-OHDA [31-34], L-dopa [35], dopamine quinone [27] 
or lipopolysaccharide [36]. In this study, we specifically attempted 
to analyze changes in the mitochondrial protein profiles in the 
MN9D dopaminergic cell line following 6-OHDA treatment. By 
utilizing the fractionated mitochondrial samples, we attempted 
to identify the altered mitochondrial proteins via 2-dimensional 
electrophoresis (2-DE) in conjunction with mass spectrometry. 
As a result, we initially identified 73 altered proteins in the 
mitochondria of MN9D cells treated with 6-OHDA. Among these 
identified potential candidates, we found that TRAP1 is released 
from the mitochondria into the cytosol. This phenomenon was 
paralleled with a drug-induced neurodegeneration in MN9D cells 
as well as primary cultures of dopaminergic neurons. At present, 
its functional implication is not understood. Further study to 
delineate the molecular and cellular mechanism underlying the 
subcellular translocation of TRAP1 may provide a new insight 
of critical role for the chaperone proteins in the regulation of 
neurodegeneration. 

MATERIALS AND METHODS

Cell culture and Drug Treatment

MN9D dopaminergic neuronal cell line was established by 
somatic fusion between embryonic mesencephalic neurons 
and N18TG cells. MN9D cells were plated at a density of 1×106 
on 25 µg/ml poly-D-lysine (Sigma, St. Louis, MO, USA)-coated 
P-100 culture plate and cultivated in Dulbecco’s Modified 
Eagle’s Medium (DMEM; Sigma) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Gibco, Grand Island, NY, 
USA) in an atmosphere of 10% CO2 for 2~3 days. The medium 
was subsequently replaced with N2 serum-free defined medium 
containing 100 µM 6-OHDA, 1 µM staurosporine (STS) or 100 
µM etoposide (all from Sigma) for the time periods indicated. 

If necessary, 1 mM N-acetyl-L-cysteine was also added to the 
medium. To prepare primary cultures of dopaminergic neurons, 
the ventral mesencephalon were removed from Sprague Dawley 
rat embryos at gestation day 14.5 (Orient, Suwon, Korea). Tissues 
were incubated with 0.01% trypsin in HBSS for 10 min at 37oC 
and triturated with a constricted Pasteur pipette. Dissociated 
cells were plated at 1.0×105 cells onto poly-D-lysine and laminin 
(Invitrogen, San Diego, CA)-double coated Aclar embedding film 
with a size of 8 mm in diameter (Electron Microscopy Sciences, 
Fort Washington, PA). Cultures were maintained at 37oC in a 
humidified 5% CO2 atmosphere in MEM supplemented with 10% 
FBS, 2 mM glutamine and 6.0 mg/L glucose. At 5 or 6 DIV, cells 
were washed with MEM and treated with 20 µM 6-OHDA. 

Cellular Fractionation

Following drug treatment, MN9D cells were fractionated into 
the cytosolic and the mitochondrial fractions using a sucrose 
density gradient method. Briefly, freshly collected cellular lysates 
were homogenized with a loose pestle homogenizer (Wheaton, 
USA) at 4oC in a buffer containing 10 mM Tris-HCl, pH 7.4, 
10% sucrose and complete protease inhibitor cocktail (Roche, 
Mannheim, Germany). The homogenate was centrifuge at 600×g 
for 15 min at 4oC, and the pellet was discarded. The supernatant 
containing the mitochondria was subjected to centrifugation 
at 15,000×g for 20 min at 4oC. For the cytosolic fraction, the 
resulting supernatant was further centrifuged at 100,000×g for 1 
hr at 4oC. For the mitochondrial fraction, pellet was loaded onto 
10~50% sucrose gradient in 10 mM Tris-HCl pH7.4 containing 
complete protease inhibitor cocktail. Samples were then subjected 
to an additional centrifugation at 100,000 x g for 2 hr at 4oC. The 
brownish band between 40 and 50% sucrose gradient layer was 
collected using a constricted pipette tip and again subjected to a 
centrifugation at 100,000×g for 1 hr at 4oC. The resulting pellet 
was lysed in a RIPA buffer containing 50 mM Tris-HCl pH 7.4, 1% 
NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 0.1% 
SDS, and complete protease inhibitor cocktail. This was used as the 
mitochondrial fraction. 

2-DE 

All procedures for 2-DE was carried out basically based on our 
previous report [32]. Following treatment with 100 µM 6-OHDA 
for various times indicated, MN9D cells were fractionated as 
described above. Each fractions were solubilized in a sample 
buffer containing 7 M urea, 2 M thiourea, 4.5% CHAPS, 40 
mM Tris-HCl, 100 mM DTE, 0.002% BPB, complete protease 
inhibitor cocktail and 1% IPG buffer for pH 3~10 non-linear 
Immobiline DryStrip (Amersham Biosciences). Protein content 
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was determined by Bradford protein assay reagent (Bio-Rad, 
Hercules, CA, USA) Prior to isoelectric focusing, Immobiline 
DryStrips (24 cm or 7 cm) were rehydrated in a sample buffer 
containing 500 to 1,500 µg of the fractionated cellular lysates. Gels 
were run for a total of 96 kVh for 24 cm DryStrip or 8.7 kVh for 
7 cm DryStrip using progressively increasing voltage on an Ettan 
IPGphor (Amersham Biosciences). After equilibration, SDS-
PAGE was performed on a 10~15% gradient gel in an Ettan Dalt 
II System for 24 cm DryStrip, or on a 8% gel in a Mini-Protean 
3 Electrophoresis Cell (Bio-Rad) for 7cm DryStrip. Gels stained 
with 0.1% Coomassie Brilliant Blue G-250 were scanned using a 
densitometer (Powerlook 2100XL, UMAX, USA) and the images 
were analyzed using the ProteomWeaver software system (Bio-
Rad). For in-gel digestion, protein spots of interest were manually 
excised from the Coomassie-stained gels. Gel slices were washed 
with a buffer containing 25 mM NH4HCO3/50% acetonitrile, 
dried completely using a Speedvac evaporator dryer (BioTron, 
Korea) and digested with 10 μg/ml trypsin (Promega) in 25 mM 
NH4HCO3 at 37oC for 18 hr. Peptides were solubilized with 0.1% 
trifluoracetic acid (TFA), and desalted using an in-house column 
packed with C18 porous beads. Bound peptides were eluted 
in 0.6 µl elution buffer containing 1 mg/ml-cyano-4-hydroxy-
cinnamic acid solution in 60% acetonitrile/0.1% TFA and spotted 
onto a MALDI plate (Applied Biosystems). Peptide mixtures were 
analyzed by a 4700 Proteomics Analyzer (Applied Biosystems) and 
peptide masses were matched with the theoretical peptide masses 
of all proteins from all species using the NCBI or SWISS-PROT 
database. 

Immunoblot analysis

Following drug treatment, MN9D cells were lysed on ice in 
a RIPA buffer containing 50 mM Tris-HCl pH 7.4, 1% NP-
40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 0.1% 
SDS, and complete protease inhibitor cocktail. Cells were then 
homogenized using a 1-ml syringe attached with a 26-gauge 
needle. Cellular lysates were centrifuged at 14,500×g for 10 min 
at 4oC. The supernatants were collected and quantified using 
a Bradford protein assay reagent. Following drug treatment, 
MN9D cells were lysed on ice for 30 min in PBS containing 1% 
Triton X-100 and complete protease inhibitor cocktail. After 
centrifugation at 15,000×g for 30 min at 4oC, 1% Triton X-100-
soluble fractions were collected. The pellets were washed 4 times 
with PBS containing 1% Triton X-100 and further solubilized in 
PBS buffer containing 1% SDS, 1% Triton X-100, and complete 
protease inhibitor for 1 hr at 60oC. Subsequently, Triton X-100-
insoluble fractions were collected by centrifugation at 15,000×g 
for 30 min at 4oC. For immunoblot analysis, fifty micrograms of 

protein from each sample were separated on 7 or 8% SDS-PAGE 
gels and blotted onto PVDF membranes (Pall Corp., Ann Arbor, 
MI, USA). Membranes were probed with one of the following 
primary antibodies: mouse anti-BCKDHA, mouse anti-HCCS, 
mouse anti-WWP1, mouse anti-NDUFS2, mouse anti-PMPCB, 
mouse anti-PGAM1; Novus; 1:1000), rabbit anti-ACO2, rabbit 
anti-VDAC2, rabbit anti-STOML2 (Proteintech; 1:1000), rabbit 
anti-Cpn10 (Stressgen; 1:1000), rabbit anti-Erp57, goat anti-
SOD-1, rabbit anti-α-tububin, rabbit anti-Tom20 (Santa Cruz; 
1:1000), mouse anti-Grp75, mouse anti-PTGES, goat anti-DJ-
1(Abcam; 1:1000), mouse anti-cytochrome c, mouse anti-TRAP1 
(BD Biosciences; 1:2000), mouse anti-COXIV (Molecular Probes; 
1:1000), rabbit anti-cleaved caspase-3 (Cell Signaling; 1:1000), 
and mouse anti-GAPDH (Chemicon; 1:3000). After washing with 
TBS containing 0.1% Tween-20, cells were incubated with goat 
anti-rabbit HRP-conjugated antibody (Santa Cruz; 1:3000), goat 
anti-mouse HRP-conjugated antibody (Santa Cruz; 1:3000), or 
donkey anti-goat HRP-conjugated antibody (Santa Cruz; 1:20000). 
Specific bands were detected using enhanced chemiluminescence 
(ECL; Amersham Pharmacia Biotech, Piscataway, NJ, USA).

Immunocytochemistry

For a double immunocytochemical labeling, cells were fixed 
with 4% paraformaldehyde (EMS, Hatfield, PA, USA) at RT for 10 
min at various time periods after drug treatment. For the images 
of TRAP1 and cytochrome c, cells were permeabilized with 0.3% 
saponin (Sigma) at RT for 10 min followed by blocking in 0.2% 
cold water fish gelatin/0.5% BSA in PBS (PBG) at RT for 30 min. 
After permeabilization and blocking steps, cells were incubated 
with a mouse anti-TRAP1 antibody, mouse anti-cytochrome C 
antibody (BD Biosciences; 1:200) or rabbit anti-Tom20 (Santa 
Cruz; 1:200) in 0.2% PBG overnight at 4oC. After extensive 
washing, cells were incubated with Alexa488-conjugated goat 
anti-rabbit IgG (Invitrogen; 1:200) and Alexa568-conjugated 
goat anti-mouse IgG (Invitrogen; 1:200) at RT for 1 hr. Hoechst 
33258 staining (Molecular Probes; 1 μg/ml, Eugene, OR, USA) was 
performed for 10 min at RT. Slides were mounted with Vectashield 
mounting medium (Vector Laboratories, Burlingame, CA, USA). 
Samples were observed under an LSM 510 META confocal laser 
scanning microscope equipped with epifluorescence and a digital 
image analyzer (Carl Zeiss, Zena, Germany).

RESULTS AND DISCUSSION

Our laboratory previously reported that 6-OHDA induces 
pro to typic apoptosis, including cytochrome c release and 
caspase activation in MN9D cells as well as primary cultures 
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of dopaminergic neurons. Our laboratory has also proposed 
that ROS is one of the initial triggers leading to activation of 
apoptotic signaling following 6-OHDA treatment. In consi-

deration of previous studies by others indicating that ROS affects 
various mitochondrial proteins in their expression, location, 
or modification [37-40], therefore, the goal of  the present 

Table 1. Summary of the identified mitochondrial proteins altered after 6-OHDA treatment

Spot number Protein namea Accession numberb Locus

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
16
16
17
17
18
19
20

2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial precursor
Acyl-coenzyme A thioesterase 2, mitochondrial precursor
10 kDa heat shock protein, mitochondrial
Protein disulfide-isomerase A3 precursor
Stress-70 protein, mitochondrial precursor
Cytochrome c-type heme lyase
Voltage-dependent anion-selective channel protein 2
Prostaglandin E synthase 2
NEDD4-like E3 ubiquitin-protein ligase WWP1
NADH dehydrogenase [ubiquinone] iron-sulfur protein 2, mitochondrial precursor
Mitochondrial-processing peptidase subunit beta, mitochondrial precursor
Stomatin-like protein 2
Electron transfer flavoprotein subunit alpha, mitochondrial precursor
Voltage-dependent anion-selective channel protein 2
Heat shock protein 75 kDa, mitochondrial precursor
Aconitate hydratase, mitochondrial precursor
Aconitate hydratase, mitochondrial precursor
Aconitate hydratase, mitochondrial precursor
Voltage-dependent anion-selective channel protein 3
Voltage-dependent anion-selective channel protein 3
Zinc finger protein 30
Cytochrome b-cl complex subunit 1, mitochondrial precursor
Thioredoxin-dependent peroxide reductase, mitochondrial precursor

P50136
Q9QYR9
Q64433
P27773
P38647
P53702
Q60930
Q8BWM0
Q8BZZ3
Q91WD5
Q9CXT8
Q99JB2
Q99LC5
Q60930
Q9CQN1
Q99KI0
Q99KI0
Q99KI0
Q60931
Q60931
Q60585
Q9CZ13
P20108

Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt
Mt

Spot number Change Protein mass/pIc Score Matched peptide Sequence coverage Expect

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
16
16
17
17
18
19
20

Up/down
Fuse
Fuse
Up 
Down
Up
Down
Down
Down
Down
Down
Up
Up
Up
Down
Up
Up
Up
Up
Down
Down
Down
Devide
Up

Da/pI
50,624/8.14
49,849/6.91
10,956/7.93
57,099/5.88
73,768/5.91
31,330/6.40
32,340/7.44
43,565/9.11

105,426/5.98
52,991/6.52
55,378/6.55
38,475/8.95
35,330/8.62
32,340/7.44
80,501/6.25
86,151/8.08
86,151/8.08
86,151/8.08
31,076/8.96
31,076/8.96
64,496/9.32
53,420/5.75
28,337/7.15

60
74
64

173
65
82
60
96
60

196
60
76
77
68
76
55

130
124

83
105

60
92
60

15/52
14/44

8/72
23/48

9/14
16/53

9/43
18/36
16/45
27/45
11/33
11/34
13/44

9/35
16/38
11/32
18/32
21/44
13/54
15/46
13/51
18/41
10/48

%
36
35
62
45
16
44
35
50
25
51
26
39
45
35
25
19
31
36
48
49
31
25
31

0.016
0.00057
0.0068
7.60E-14
0.0053
0.00011
0.017
3.70E-06
0.017
3.80E-16
0.018
0.00037
0.00031
0.0026
0.00041
0.05
1.50E-09
6.10E-09
7.10E-05
4.80E-07
0.015
1.00E-05
0.015

aEach protein spot in Fig. 1B was identified based on mass spectra of tryptic peptides obtained by MALDI-TOF mass spectrometry.
bAccession numbers of the identified protein spots were obtained from the Swiss-Prot data base.
cTheoretical molecular mass (Da) and pI.
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study was to identify alteration in the mitochondrial proteins 
of MN9D dopaminergic neuronal cells following 6-OHDA 
treatment. For this purpose, we utilized a conventional 2-DE 
in conjunction with a mass spectrometry. More specifically, 
using fractionated mitochondrial lysates of 6-OHDA-treated 
MN9D cells, comparative proteome analyses between 6-OHDA-
treated and untreated control samples were performed through 
integrated technologies including protein separation by 2-DE 
and identification by matrix assisted laser desorption/ionizing 
time of flight (MALDI-TOF) mass spectrometry. Among the 
altered proteins, 73 protein spots were initially subjected to in-gel 
digestion with trypsin, MALDI-TOF mass spectrometry and a 
database search using either the NCBI or SWISS-PROT database. 
Among these identified protein spots, expression of 20 protein 
spots was significantly changed with p-value of less than 0.05 
(n>3). Table 1 summarizes these altered mitochondrial proteins 
in MN9D cells with accession number, their change in expression 
levels, score, molecular weight/pI, matched peptide number and 
sequence coverage. Proteins that increased or decreased in their 
intensity following Coomassie Brilliant Blue staining were listed. In 

addition, two protein spots that were fused were also listed in Table 
1. These included 2-oxoisovalerate dehydrogenase subunit alpha 
(spot number #1; Bckdha) and acyl-coenzyme A thioesterase 2 
(spot number #2; Acot2). Subsequently, we further confirmed the 
expression levels of these identified proteins in the mitochondrial 
and the cytosolic fraction by immunoblot analysis. As shown in 
Fig. 1, many of the identified proteins seemed to be released into 
the cytosol following 6-OHDA treatment. These included Aco2 
(spot number 16 in Table 1), Cpn10 (spot number 3), Grp75 (spot 
number 5), and TRAP1 (spot number 15). Unlike these proteins, 
several of the mitochondrial proteins that were decreased in the 
mitochondria after 6-OHDA treatment, were not detected in the 
cytosol. This may suggest the existence of alternative clearance 
pathway in the mitochondria after drug treatment. 

Heat shock protein 75 is a mitochondrial protein that in human 
is encoded by the gene called tumor necrosis factor receptor-
associated protein 1 (TRAP1). TRAP1 is known to play roles as 
ROS antagonist and chaperone [41-45]. Recently, it attracts much 
attention due to its close connection with PD-linked protein, 
PINK1 [46]. Based on the protein profiling data (Fig. 1 and 

Fig. 1. Immunoblot analysis of the identified protein expression in the mitochondrial and cytosolic fractions. MN9D cells were treated with or 
without 100μM 6-OHDA for the indicated time periods and subjected to cellular fractionation (mitochondria and cytosol). The fractionated lysates 
were separated on 8~12% SDS-PAGE and subjected to immunoblot analyses using antibodies that specifically recognize corresponding proteins. Anti-
cytochrome c antibody (CytC) was used as a positive control in that release of cytochrome c into the cytosol was induced during 6-OHDA-mediated 
apoptosis. The following antibodies were utilized as controls; COXIV (mitochondrial marker), SOD-1 (cytosolic marker), and GAPDH (loading 
control).
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Table 1), we were very much interested in analy zing expression 
and distribution pattern of TRAP1 protein following 6-OHDA 
treatment. To meet this end, MN9D cells were treated with 
6-OHDA for the time periods indicated, and subjected to cellular 
fractionation followed by an immunoblot analysis using anti-
TRAP1 antibody. As shown in Fig. 2A, mitochondrial expression 
level of TRAP1 was slightly decreased whereas its cytosolic 
expression level was increased in a time-dependent manner. 
Increased expression pattern of TRAP1 in the cytosolic fraction 

was also confirmed through mini-2DE (7-cm strip; Fig. 2B), 
suggesting that TRAP1 may be released form the mitochondria 
into the cytosol upon exposure to 6-OHDA. This phenomenon 
was accompanied with slight decrease in total expression level of 
TRAP1 (right panel of Fig.2A). Because increased oxidative stress 
leads to protein misfolding and aggregation [47], both Triton 
X-100-soluble and -insoluble fraction obtained from the control 
and drug-treated MN9D cells were subjected to an immunoblot 
analysis. As expected, expression level of TRAP1 was increased in 

Fig. 2. Characterization of TRAP1 release in MN9D cells following 6-OHDA treatment. (A) MN9D cells were treated with or without 100 μM 
6-OHDA for the indicated time periods and subjected to cellular fractionation. Total and fractionated lysates were separated on SDS-PAGE and 
analyzed for TRAP1 expression using anti-TRAP1 antibody. Anti-α-tubulin antibody was used as a cytosolic marker. (B) MN9D cells were treated 
with 100 μM 6-OHDA for 18 hr and the fractionated samples were separated on mini 2-DE (7-cm strip) and analyzed for TRAP1 expression with the 
specific antibody. (C) Cellular lysates obtained from MN9D cells treated with or without 100 μM 6-OHDA in the presence or the absence of 2 mM 
N-acetylcysteine (NAC). Cells were then subjected to separate 1% Triton X-100-soluble from Triton X-100-insoluble fractions. Blots were probed with 
mouse anti-TRAP1 antibody. Anti-caspase-3 antibody was used to demonstrate drug-induced apoptotic death.
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the Triton X-100-insoluble fraction following 6-OHDA treatment 
(Fig. 2C). Decreased expression patterns of TRAP1 in total lysates 
may be due to 6-OHDA-induced proteins transfer to the Triton 
X-100-insoluble fraction. This phenomenon was reversed in the 
presence of N-acetylcysteine (NAC), a widely used antioxidant. 
From an immunocytochemical labeling of TRAP1, we verified 
the punctated staining patterns of TRAP1 in the untreated control 
MN9D cells, indicating that TRAP1 is predominantly present 
in the mitochondria (Fig. 3A). This was confirmed by a double 
immunelabeling with anti-Tom20 (a mitochondrial marker) 
and anti-TRAP1. In contrast, TRAP1 showed a diffuse and 
dense staining pattern following 6-OHDA treatment in MN9D 
cells. This was quite reminiscent of those found in 6-OHDA-
mediated cytochrome c release into the cytosol [48]. To further 
confirm whether 6-OHDA triggers cytosolic release of TRAP1 
in primary cultures of mesencephalic dopaminergic neurons, a 

double immunofluorescent labeling was performed using anti-
TRAP1 and anti-tyrosine hydroxylase (TH), a rate-limiting 
enzyme of dopamine biosynthesis. We also observed 6-OHDA-
induced release of TRAP1 in tyrosine hydroxylase (TH)-positive 
dopaminergic neuron (Fig. 3B). Taken together, data indicated that 
TRAP1 was released from the mitochondria into the cytosol in 
MN9D cells as well as primary cultures of dopaminergic neurons 
following 6-OHDA treatment. Intriguingly, this phenomenon 
was not appeared in other cell death induced by staurosporine 
(Fig. 4A) and etoposide (Fig. 4B). As shown in Fig. 5, a double 
immunofluorescent labelling indicated that TRAP1 expression 
pattern in MN9D cells treated with either staurosporine or 
etoposide quite differed from that in 6-OHDA-treated cells. Taken 
together, our data indicated that release of TRAP1 into the cytosol 
is drug-specific. 

TRAP1 was initially identified as an interactive protein that 

Fig. 3.  Immunoc ytochemical 
localization of TRAP1 following 
6-OHDA treatment. Mitochondrial 
release of TRAP1 into the cytosol 
w a s  e x am i ne d  i n  ( A )  M N 9 D 
cells, and (B) in primary cultures 
of mesencephalic dopaminergic 
neurons. Cultures were treated with 
or without 20~100 μM 6-OHDA 
for 18 hr. Cells were stained with 
anti-TRAP1, anti-Tom20 (an outer 
mitochondrial membrane protein, 
mitochondrial marker), anti-TH 
(dopaminergic neuron marker) 
antibodies. Hoechst 33258 was 
used as a counter staining probe to 
mark the nuclei. 
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binds to the intracellular domain of  TNFR1 in vitro [49]. 
TRAP1 is localized in the mitochondria and the member of the 
HSP90 family [41, 50, 51]. It possesses ATPase activity as well as 
chaperone activity. TRAP1 is shown to be induced by various 
environmental stresses. These include glucose deprivation, 
oxidative injury, and ultraviolet A irradiation. In these conditions, 
TRAP1 acts as a mitochondrial chaperone and plays an essential 
role for maintaining mitochondrial function and regulating 
cellular apoptosis [43, 46, 52, 53]. Consequently, overexpression 
of TRAP1 has been shown to protect cells from apoptotic death 
caused by mitochondrial dysfunction, oxidative stress, and 
ischemic injury in the brain and in the heart [45, 52]. Recently, the 
possibility of interrelationship between TRAP1 and Parkinson’s 
disease has raised because TRAP1 was identified as a substrate 
of PTEN-induced putative kinase 1 (PINK1), one of the familial 
Parkinson’s disease genes [54, 55]. PINK1 promotes cell survival 

against oxidative stress by phosphorylating TRAP1 and that 
is impaired by PD-linked PINK1 G309D, L347P, and W437X 
mutations [46]. Another identified protein called Grp75 is also 
a molecular chaperone primarily located in the mitochondria, 
where it functions to maintain mitochondrial homeostasis and 
antagonize oxidative stress injury. Therefore, knockdown of Grp75 
induces mitochondrial dysfunction and it is rescued by Parkin [56]. 
Moreover, expression level of Grp75 is reduced and its interaction 
with another PD-associated protein DJ-1 is also diminished in the 
affected brain regions of PD patients. Recently, two amino acid 
exchanges in the ATPase domain (R126W) and the substrate-
binding domain (P509S) of Grp75 in Spanish PD patients 
and other variant (A476T) in the substrate-binding domain in 
German PD patients were identified [57-60]. Unfortunately, all of 
those studies listed above did not examine a potentially distinct 
functional role for these proteins in the mitochondrial and the 

Fig. 4. Characterization of TRAP1 release in MN9D cells following treatment with other apoptosis-inducing drugs. MN9D cells were treated with or 
without (A) 1μM staurosporine (STS) or (B) 100 μM etoposide (ETO) for the indicated time periods and subjected to cellular fractionation (mitochondria 
and cytosol). Total and fractionated lysates were separated on SDS-PAGE and probed with anti-TRAP1 antibody. 
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cytosolic fraction. Therefore, further study aiming to this end 
may disclose a dynamic role for these proteins and their interplay 
with the known PD-related proteins. More specifically, there are 
several other points to be addressed to understand the significance 
and importance of drug-induced release of the mitochondrial 
proteins. For example, it is intriguing to investigate i) how the 
cytosolic TRAP1 regulates a functional role for the cytosolic PD-
related proteins; ii) how drug-induced TRAP1 release is related to 
cell death, and iii) what other unidentified regulators or signaling 
pathways are also critically involved in these events. With these and 
many other unanswered questions in mind, further elucidation of 
the role of the TRAP1 at the molecular and cellular levels could 
contribute to our understanding of the pathogenesis of Parkinson’s 
disease.
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