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Abstract
Alpha-synuclein (alpha-syn) is implicated in the pathogenesis of Parkinson’s disease (PD). Mutations
in alpha-syn gene or alpha-syn locus (SNCA) triplication are associated with mitochondrial
abnormalities and early onset of familial PD. The goals of the present study were to examine whether
alpha-syn is localized in the mitochondria of alpha-syn overexpressing cells (HEK-syn cells); and
whether alpha-syn overexpression causes cells to be more vulnerable to mitochondrial toxin,
rotenone. Western blotting and confocal microscopy techniques were employed to assess localization
of alpha-syn in the mitochondria of HEK-293 cells that were stably transfected with human wild-
type alpha-syn. The results demonstrated that the mitochondrial fractions that were isolated from
HEK-syn cells showed the presence of alpha-syn, whereas, no alpha-syn was detected in the
mitochondrial fractions of control HEK cells. The mitochondria of HEK-syn cells were found to be
more susceptible to rotenone-induced toxicity when compared to control HEK cells. The intracellular
ATP levels were significantly decreased in HEK-syn cells in response to sub toxic concentrations of
rotenone. These results suggest that under overexpression conditions, alpha-syn may translocate to
mitochondria and cause enhanced toxicity in response to sub toxic concentrations of mitochondrial
toxins. This study has implications to the pathogenesis of familial PD where alpha-syn
overexpression is mainly involved.
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INTRODUCTION
Parkinson’s disease (PD) is an age-associated, progressive neurodegenerative disease that is
characterized by gradual loss of dopamine producing neurons in the substantia nigra pars
compacta. The mechanisms by which these neurons die in PD are not well understood,
however, oxidative stress and mitochondrial complex I deficiency were consistently observed
in degenerating dopaminergic neurons [13,14]. Alpha-synuclein (alpha-syn) is a pre-synaptic
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protein which is also associated with the pathogenesis of PD. It is a major component of protein
aggregates termed as Lewy bodies that appear in the brains of PD patients [18]. Mutations in
alpha-syn gene or alpha-syn locus (SNCA) triplication are associated with early onset of
familial PD [7,12,15]. Individuals with SNCA triplication were found to have increased alpha-
syn protein in their blood and brains [10]. However, how this increased alpha-syn dosage is
related to the pathogenesis of PD remains unknown. Interestingly, mitochondrial defects were
consistently observed in the cells that were overexpressed with the alpha-syn gene and such
defects were also found in alpha-syn transgenic mice [4,9]. It has been demonstrated that alpha-
syn knock-out mice were resistant to the parkinsonism-inducing neurotoxin, MPTP. On the
contrary, enhanced mitochondrial pathology has been observed in the substantia nigra of alpha-
syn transgenic mice [1,17]. Moreover, abnormal mitochondria with swollen and rounded
structures were also commonly found in the brains of PD patients [20]. These observations
lead us to hypothesize that alpha-syn overexpression causes accumulation of alpha-syn in
mitochondria and alter mitochondrial function. The goals of the present study were to
investigate whether alpha-syn colocalizes to mitochondria; and whether alpha-syn
overexpressing cells show increased susceptibility to parkinsonism-inducing mitochondrial
toxin, rotenone. We have used the cell line, HEK-293 (Human embryonic kidney-293; HEK)
which was stably transfected with human wildtype alpha-syn gene (HEK-syn). For control
HEK cells, we used cells that were transfected with an empty vector.

MATERIALS AND METHODS
Control HEK and HEK-syn cells that were stably transfected with human wild-type alpha-syn
or blank vector (pc DNA 3.1), using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA)
were obtained from Dr. Nussbaum’s Laboratory, National Institutes of Health, Bethesda, MD.
Cells were grown in Dulbecco’s modified eagle’s medium (Invitrogen, Carlsbad, CA) with
10% fetal bovine serum and antibiotics (penicillin and streptomycin) and placed in a humidified
incubator (Thermo Forma, Minneapolis, MN) at 37°C with 5% CO2 in air. Alpha-syn levels
were determined in whole cell lysates and also in mitochondrial and cytosolic fractions of both
HEK and HEK-syn cells by western blot analysis. Briefly, the cell lysates were prepared by
lysing cells in a RIPA buffer containing protease inhibitors (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 1 mM PMSF, 1 mM EDTA, 5 μg/ml Aprotinin, 5 μg/ml Leupeptin, 1% Triton X-100,
1% Sodium deoxycholate and 0.1% SDS). The lysates were centrifuged and the protein content
in the supernatants was estimated using Bio-Rad protein assay kit (Bio-Rad Laboratories,
Hercules, CA). The mitochondrial and cytosolic fractions were separated from HEK and HEK-
syn cells according to the method of Vander Heiden et al., [21]. Cells (1×107) were placed in
0.8 ml of ice-cold buffer A (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2,
1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and protease inhibitors cocktail) and
homogenized with glass Dounce homogenizer with 40 strokes of the B pestle in cold. Unlysed
cells, cell debris, and nuclei were pelleted by a 10 min, 1,000 × g centrifugation. The
supernatant fluids were then centrifuged at 10,000 × g for 25 min, and the pellets were washed
twice, resuspended in buffer A and represented as the mitochondrial fractions. Supernatants
were used as cytosolic fractions. Proteins obtained from whole cell lysates and also from both
fractions (mitochondrial and cytosolic) were loaded (ten microgram per lane) separately onto
15% polyacrylamide gel, separated by electrophoresis and transferred onto nitrocellulose
membrane. The membranes were blocked with 3% bovine albumin and probed with anti-alpha-
syn antibodies (R & D systems, Minneapolis, MN). After incubation with HRP-labeled anti-
goat secondary antibodies, the membranes were developed using an ECL chemiluminescence
method (Amersham Pharmacia Biotech, Piscataway, NJ). To check the purity of mitochondrial
fractions, the membranes were stripped with stripping buffer and reprobed with antibodies to
complex I enzyme (Molecular Probes, Inc., Eugene, OR), which is a specific marker for
mitochondria. Equal loading of protein in whole cell lysates was confirmed by probing with
antibodies to β-actin.
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The localization of alpha-syn to mitochondria in HEK-syn cells was further confirmed by using
double labeling confocal microscopy. Briefly, HEK-syn cells were grown on sterile glass cover
slips (BD Biosciences, Bedford, MA) and fixed with 4% paraformaldehyde solution. After
permeabilization in 0.2% Triton X-100 in PBS, cells were blocked with 10% goat serum in
PBS at RT for 30 min and incubated with anti alpha-syn (R & D Sytems, MN) and anti-COX
(cytochrome oxidase; Molecular Probes, Eugene, OR) antibodies for 2 hrs. We used COX
antibodies to localize mitochondria. After washing with the washing buffer, the cells were
incubated with rhodamine-conjugated anti-goat IgG (red) and FITC-labelled anti-mouse IgG
(green) for 1 hr at RT. The cells were washed and the fluorescent signals were examined with
an Olympus FluoView 300 Confocal laser scanning microscope.

To study the differential susceptibility of HEK and HEK-syn cells to rotenone toxicity, we
treated cells with various concentrations of rotenone (5 nM to 50 nM) and ATP levels were
measured using an ATP Lite kit (Perkin-Elmer, Wellesley, MA) after 12 hrs of incubation.
Briefly, ten micro liters of cell lysates were added to 50 μl of ATP-substrate solution in a 96-
well plate (black-colored). The plate was shaken for 5 min, dark adapted for 10 min, and the
luminescence was measured with a luminescence counter (Top Count NXT; Packard, Downers
Grove, IL, USA). ATP values were normalized with their respective protein values.

STATISTICS
Results were expressed as Mean ± SEM. Statistical comparisons were made using unpaired
student’s t test and one way ANOVA.

RESULTS
Alpha-syn protein levels were found several folds higher in alpha-syn overexpressing HEK-
syn cells when compared to control HEK cells (Fig 1A). Alpha-syn was found both in cytosolic
and mitochondrial fractions of HEK-syn cells but not detected in HEK control cells of both
fractions (Fig 1C). To confirm that the mitochondrial fractions were indeed enriched with
mitochondria, we probed these fractions with antibodies to complex I enzyme, which is a
specific marker for mitochondria. The complex I enzyme was detected only in the
mitochondrial fractions of both HEK and HEK-syn cells, but not in the cytosolic fractions (Fig
1B). This indicated that the mitochondrial fractions isolated were, indeed, highly enriched with
mitochondria. However, to rule out completely the possibility of cytosolic contamination of
mitochondrial fractions, we conducted double labeling confocal microscopic studies using
antibodies to alpha-syn and a mitochondrial respiratory enzyme, cytochrome c-oxidase (COX).
As shown in Fig 2C, the merged image (yellow-color) indicated colocalization of alpha-syn
with COX enzyme in HEK-syn cells. To our knowledge, this is the first report to indicate that
alpha-syn is localized in the mitochondria of alpha-syn overexpressing HEK cells. We further
investigated the sensitivity of HEK-syn cells to mitochondrial toxin, rotenone, by analyzing
intracellular ATP levels in both control HEK and HEK-syn cells. No differences were observed
in basal ATP levels between HEK-control and HEK-syn cells, however, lower concentrations
of rotenone (5 nM and 10 nM) caused a significant reduction in ATP levels in HEK-syn cells
(p<0.05, p<0.01; Fig 3). At higher concentration of rotenone (50 nM), both cells became
susceptible to rotenone-induced ATP depletion. However, more ATP depletion was observed
in HEK-syn cells compared to control HEK cells (Fig 3). These results suggest that
mitochondria of HEK-syn cells are more vulnerable to rotenone-induced toxicity compared to
mitochondria of control HEK cells.
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DISCUSSION
Previous studies have indicated that alpha-syn is widely expressed in presynaptic vesicles and
also, as an aggregated protein in the Lewy bodies of PD patients. The functional role of alpha-
syn in neurons is still not completely understood. In this study, we provide the first evidence
that alpha-syn protein is localized in the mitochondria of alpha-syn overexpressing cells. In
addition, we also found that alpha-syn overexpressing cells are increasingly vulnerable to
subtoxic concentrations of rotenone, a mitochondrial toxin, that is linked to the pathogenesis
of PD. Our study has implications to familial PD where alpha-syn overexpression is mainly
involved [15]. Increased alpha-syn levels were found in the blood and brains of individuals
that carried extra copies of the alpha-syn gene [10]. It is also demonstrated that increased alpha-
syn levels can cause mitochondrial defects and degeneration of dopamine neurons, however,
the precise mechanisms behind it were not well understood. The present results demonstrate
that alpha-syn is localized to the mitochondria of alpha-syn overexprssing HEK cells, but not
in the mitochondria of control cells that have very low expression. These results indicate that
alpha-syn may translocate into mitochondria under overexpressed conditions. Although the
precise colocalization of alpha-syn in the mitochondria is currently unknown, the double
labeling confocal microscopy results with alpha-syn and COX antibodies suggested that it may
be localized in the inner membrane of mitochondria. Based upon these results, we presume
that alpha-syn may have certain regulatory functions in the mitochondria, which remains to be
elucidated. Recent studies have suggested that alpha-syn is also present in the mitochondria of
other neuronal cells [8,11].

The second goal of the study was to determine the mitochondrial function by measuring ATP
levels in HEK control and HEK-syn cells after treatment with various concentrations of
rotenone. Alpha-syn overexpressing cells showed increased susceptibility to subtoxic
concentrations of rotenone in terms of cell viability and ATP levels. Low concentrations of
rotenone caused a significant decrease in ATP levels in HEK-syn cells, suggesting that
mitochondria of HEK-syn cells are more vulnerable to rotenone toxicity. It is interesting to
note that alpha-syn knock-out mice were found resistant to MPTP (mitochondrial toxin)
neurotoxicity [1], whereas, enhanced mitochondrial pathology was found in human alpha-syn
transgenic mice after treatment with the same toxin [17]. On the other hand, knockdown of
alpha-syn by RNA interferance protected the cells from MPP+ toxicity in the cell culture model
of PD [2]. Our results also suggest that mitochondrial functions were significantly impaired in
HEK-syn cells by subtoxic concentrations of rotenone. Overall, these observations indicate
that in the presence of excess alpha-syn, the mitochondrial toxins such as MPTP or rotenone
may exert strong inhibitory actions on complex I enzyme in the mitochondria of alpha-syn
overexpressing cells. Future studies should reveal whether alpha-syn regulates the
mitochondrial complex I enzyme activity in dopaminergic neurons.

The precise mechanisms by which alpha-syn overexpression causes mitochondrial dysfunction
and dopamine neuron death are not well understood. Several mechanisms were proposed for
alpha-syn mediated neurotoxicity in dopaminergic neurons. Alpha-syn overexpression is
known to increase intracellular reactive oxygen species [6] and activate MAPK pathway [5],
which may contribute to neuronal cell death. Further, it has also been demonstrated that
increased expression of alpha-syn predisposes dopaminergic cells to proteasomal dysfunction
[19]. Previous studies from our laboratory suggested that oxidative stress increases alpha-syn
expression, whereas, antioxidants that decrease free radical stress protect from alpha-syn
toxicity [16]. As mitochondria are a major source for oxidative stress [3], post-translationally
modified alpha-syn by toxins like MPTP and rotenone may induce mitochondrial defects and
dysfunction in PD.
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In conclusion, our present results provide a novel initial evidence that alpha-syn is localized
in the mitochondria of alpha-syn overexpressing cells; and alpha-syn overexpression increases
susceptibility to mitochondrial toxins. Future studies with dopaminergic neuronal cells that
overexpress alpha-syn should provide insights into the mechanisms by which alpha-syn causes
mitochondrial defects and dopamine neuron death in PD.
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Fig 1.
A Alpha-syn protein in HEK control and HEK-syn cells. Alpha-syn was detected by western
blot analysis. Ten micrograms of protein from HEK control and HEK-syn cells was resolved
separately by polyacrylamide gel-electrophoresis, transferred onto nitrocellulose membrane
and probed with antibodies to alpha-syn. Lanes 1. Protein marker; 2. HEK-Control cells; 3.
HEK cells overexpressing alpha-syn (HEK-syn cells). The blot is representative of three
independent experiments.
B Complex I enzyme in mitochondrial fractions of HEK control and HEK-syn cells.
Mitochondrial and cytosolic fractions were separated and complex I enzyme was detected by
western blot analysis using antibodies to complex I. Lanes 1. Standard protein marker; 2.
Control HEK cells (cytosolic fraction); 3. Control HEK cells (mitochondrial fraction); 4. HEK-
syn cells (cytosolic fraction); 5. HEK-syn cells (mitochondrial fraction). Complex I enzyme
was identified only in mitochondrial fractions of both HEK control (lane 3) and HEK-syn cells
(lane 5) but not in the cytosolic fractions of both cells. The blot is representative of three
independent experiments.
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C Alpha-syn in cytosolic and mitochondrial fractions of HEK-syn cells. Mitochondrial and
cytosolic fractions were separated from cell lysates of HEK control and HEK-syn cells. Alpha-
syn was detected by western blot analysis using antibodies to alpha-syn. Lanes 1. Standard
protein marker; 2. Control HEK cells (cytosolic fraction); 3. Control HEK cells (mitochondrial
fraction); 4. HEK-syn cells (cytosolic fraction); 5. HEK-syn cells (mitochondrial fraction).
Alpha-syn was found in the cytosolic as well as mitochondrial fractions of HEK-syn cells (lanes
4 & 5) but not found in either fractions of control HEK cells (lanes 2 & 3).
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Fig 2.
Colocalization of alpha-syn with COX enzyme in mitochondria of HEK-syn cells. HEK-syn
cells were stained with both anti-COX and anti-alpha-syn antibodies (primary) and then with
FITC-conjugated (Green; Panel A), and rhodamine-conjugated (Red; Panel B) secondary
antibodies, respectively. Alpha-syn and COX immunoreactivity overlaps with each other
producing yellow color (Panel, C). The bar in panel C indicates 20 μm.
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Fig 3.
Intracellular ATP levels in HEK control and HEK-syn cells after treatment with various
concentrations of rotenone. Cells were treated with rotenone for 12 h and ATP levels were
measured by ATP Lite kit. Each value represents Mean +/- SEM of six separate determinations.
The symbols *, **, *** represent significance between vehicle-treated HEK-syn and rotenone-
treated HEK-syn cells at p<0.05, p<0.01 and p<0.001, respectively. The symbol ## represents
significance between vehicle-treated control HEK-cells and HEK-cells that were treated with
50 nM of rotenone at p<0.01.
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