Cell. Mol. Life Sci. 65 (2008) 1272 -1284
1420-682X/08/071272-13

DOI 10.1007/s00018-008-7589-1

© Birkhduser Verlag, Basel, 2008

Research Article

ICeIIuIar and Molecular Life Sciences

Mitochondrial association of alpha-synuclein causes oxidative

stress

M. S. Parihar®, A. Parihar®, M. Fujita”, M. Hashimoto” and P. Ghafourifar™™*

? Department of Surgery, Davis Heart and Lung Research Institute, and Institute of Mitochondrial Biology,
Ohio State University, 460 West 12th Avenue, Columbus, 43210 OH (USA),

e-mail: Pedram.Ghafourifar@osumc.edu

® Laboratory for Chemistry and Metabolism, Tokyo Metropolitan Institute for Neuroscience, Fuchu, Tokyo

(Japan)

Received 27 December 2007; received after revision 7 February 2008; accepted 8 February 2008

Online First 25 February 2008

Abstract. a-Synuclein is a neuron-specific protein that
contributes to the pathology of Parkinson’s disease via
mitochondria-related mechanisms. The present study
investigated possible interaction of a-synuclein with
mitochondria and consequences of such interaction.
Using SHSY cells overexpressing a-synuclein AS3T
mutant or wild-type, as well as isolated rat brain
mitochondria, the present study shows that a-synu-

clein localizes at the mitochondrial membrane. In
both SHSY cells and isolated mitochondria, interac-
tion of a-synuclein with mitochondria causes release
of cytochrome ¢, increase of mitochondrial calcium
and nitric oxide, and oxidative modification of mito-
chondrial components. These findings suggest a piv-
otal role for mitochondria in oxidative stress and
apoptosis induced by a-synuclein.
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mitochondrial nitric oxide synthase, oxidative stress.

Introduction

a-Synuclein (a-syn) is a major protein component of
Lewy bodies and Lewy neuritis that are involved in the
pathology of neurodegenerative diseases [1, 2]. In-
creased aggregation of a-syn into large inclusion
bodies and increased accumulation of high molecular
weight a-syn plays a significant role in neurotoxicity
particularly in dopaminergic neurons of the substantia
nigra [3]. The link between a-syn aggregation and
disease pathology has been strengthened by the
discovery of mutant forms of a-syn, AS3T and A30P,
that are associated with cases of familial Parkinson’s
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disease [4—-8]. However, the exact pathogenic mech-
anism of those mutants is not fully understood.
Overexpression of these o-syn mutants in a cell
system provides an opportunity to analyze the molec-
ular pathways underlying normal a-syn biology and its
pathogenic consequences. a-Syn associates with mem-
branous structures including mitochondria [9]. Over-
expression of a-syn in cells has been suggested to
cause elevation of mitochondrial oxidant radicals [10,
11] and mitochondrial structural and functional ab-
normalities [12-15]. Mitochondria produce NO via
mitochondrial NO synthase (mtNOS; reviewed in
[16]). mtNOS-derived NO readily produces peroxy-
nitrite [16, 17] that induces mitochondrial oxidative
stress [17] and release of cytochrome ¢ from the
organelles [18, 19]. Remarkably, several neurotoxins
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involved in neurodegeneration such as amyloid
peptide [20,21] and mutant huntingtin [22] also induce
oxidative stress and apoptosis by releasing cyto-
chrome ¢ from mitochondria.

Despite many experimentally tested models, the
consequence of a-syn-mitochondrial interaction and
molecular mechanism by which a-syn induces neuro-
nal toxicity remains largely elusive. To address this
issue, the present study tested a-syn at subcellular
levels and examined the effect of a-syn on isolated
mitochondria. We show that both A53T mutant and
wild-type a-syn are localized at the mitochondria of
human neuroblastoma dopaminergic SHSY cells.
Overexpression of a-syn A53T mutant or wild-type
in SHSY cells, or treatment of isolated rat brain
mitochondria with aggregated a-syn causes release of
cytochrome ¢ from mitochondria, and increase of
intramitochondrial ionized calcium ([Ca®],,) and NO.
Our findings introduce a novel mechanism potentially
involved in the pathology of a-syn.

Materials and methods

Cell culture

Human dopaminergic neuroblastoma SHSY cells
were obtained from ATCC (Manassas, VA). Cells
were grown onto poly-D-lysine-coated 12-mm glass
coverslips in 24-well plates with DMEM/F-12 (1:1)
(Invitrogen) supplemented with 10% fetal bovine
serum, 50 U/ml penicillin, and 50 pg/ml streptomycin.
All cells were maintained in a humidified 5% CO,
atmosphere at 37 °C. Viability of the cells was verified
by Trypan blue exclusion assay.

o-Syn constructs

To create a-syn AS3T expression vector, a two-step
PCR strategy was performed as described [23].
Briefly, two sets of primer pairs, sense primer 5’-
ATGGATGTATTCATGAAAGGACT-3’ (the N-
terminal 1-23 oligonucleotide position of a-syn) and
antisense primer 5-CTCAGCCACTGTTGTCA-
CACCATGCAC-3’ (antisense sequence of 197-223
oligonucleotide position of a-syn with A53T muta-
tion), and sense primer 5’-GTGCATGGTGTGA-
CAACAGTGGCTGAG-3’ (sense sequence 197-223
oligonucleotide position of a-syn with A53T muta-
tion) and antisense primer 5 TTAGGCTT-
CAGGTTCGTAGTCTTG-3’ (the C-terminal 400-
423 oligonucleotide position of a-syn) were individu-
ally incubated with pCEP4-a-syn as a template in the
first PCR reaction. In the second PCR reaction, the
PCR products were gel-purified, combined and in-
cubated with the N- and the C-terminal human a-syn
primers to synthesize a full-length a-syn A53T cDNA.
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The resulting PCR products were inserted into
mammalian expression vector p-TARGET by TA
cloning (Promega Biotech, Madison, WI). To create a
wild-type a-syn expression vector, a regular PCR was
performed using N- and C-terminal human a-syn
primers and subcloned into the p-TARGET, while a
self-ligated plasmid of the p-TARGET was used as a
control vector. Fidelity of sequences was confirmed
for all plasmids.

Transfection

SHSY cells grown on glass coverslips were transfected
with a-syn A53T mutant, wild-type, or empty vector at
70-80 % confluence using Lipofectamine 2000 (In-
vitrogen) according to manufacturer’s protocol.

Transmission electron microscopy

Subcellular localization of a-syn in cells expressing
AS3T mutant was tested by immuno-gold electron
microscopy. SHSY cells were grown on 22-mm cover-
slips in six-well plates. At 48 h after transfection, cells
were fixed in 4% paraformaldehyde and 0.04 %
glutaraldehyde in 0.1 M PBS (pH 7.4) for 3 h at 4 °C.
Cells were post-fixed with 0.05% osmium tetroxide
15 min at 4 °C, dehydrated with graded acetone and
embedded in Spurr resin (Agar Scientific, Stansted,
Essex, UK). Ultrathin sections (80 nm) were cut
following polymerization using ultramicrotome
(Leica Microsystems). Sections were permeabilized
on Formvar-coated nickel grids with aqueous 10 %
hydrogen peroxide for 15 min, washed three times for
5 min each in D-PBS (Gibco), and exposed for 30 min
to 5% heat-treated normal goat serum (NGS) in PBS
(Electron microscopy science, Hatfield, PA). Sections
were incubated overnight at 4 °C with primary a-syn
antibody (H3C; 1:100 dilution) followed by incuba-
tion in gold-labeled rabbit anti-mouse IgG (Electron
microscopy science). Sections were washed twice for
5 min each with 5 % NGS in PBS, then further washed
in D-PBS twice 10 min each. Sections were fixed in
2% glutaraldehyde, and washed three times in D-PBS
and twice in H,O. Samples were stained with 2%
uranyl acetate and lead citrate for 5 min and air dried.
Electron micrographs were taken using electron
microscope (Tecnai G2, Hillsboro, OR) operated at
100 kV.

Immunofluorescence staining

To determine subcellular distribution of a-syn and
cytochrome ¢, cells were loaded with the mitochon-
drial marker mitotracker red (CM-H,Xros; Molecular
Probes; 500 nM) in DMEM/F-12 medium under 5%
CO, at 37 °C for 30 min, washed three times with PBS,
and fixed in freshly prepared 4 % paraformaldehyde
for 20 min at 4 °C. After three washes in TBS, the
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samples were immunostained overnight with mono-
clonal antibody against a-syn (H3C; 1:500 dilution) or
anti-cytochrome ¢ antibody (BD Biosciences Phar-
mingen, 1:200 dilution) followed by 60-min incubation
with an anti-mouse Alexa 488-conjugated secondary
antibody (Molecular Probes: 1:200 dilution).

Loading with fluorescent dyes and performing
confocal imaging

To measure [Ca’'],, cells were loaded with thod-2AM
(Molecular Probes; 5 uM) simultaneously with mito-
tracker green FM (200 nM) in DMEM/F-12 medium
under 5% CO, at 37 °C for 45 min. Probed cells were
permeabilized with digitonin (10 uM) to eliminate the
cytosolic fraction of rhod-2 [24]. As a positive control,
[Ca®],, was elevated by treating cells with ionomycin
(10 pM) for 30 min before loading with fluorescent dye
[25]. At the end of each measurement, carbonyl-
cyanide-p-trifluoro-methoxy-phenylhydrazone (FCCP)
(5uM) was used to deplete [Ca’'], by collapsing
mitochondrial transmembrane potential (Ay). To meas-
ure mitochondrial NO, cells were incubated with
mitotracker red (200 nM) and membrane permeable
NO probe, 4,5-diaminofluorescein diacetate (DAF-
2DA; 5 uM; Calbiochem) under 5% CO, at 37 °C for
20 min [24]. Probed cells were permeabilized with
digitonin (10 uM) to eliminate the cytosolic fraction of
DAF-2.

Fluorescent image acquisition and processing

The coverslips containing probed cells were washed
twice with low fluorescence DMEM. Image acquis-
ition was performed using a Zeiss confocal microscope
equipped with LSM 5 software with a 63x water
objective. Fluorescence measurement was performed
using multichannel detection of excitation with the
488-nm line of an argon laser and the 543- and 633-nm
lines of HeNel and HeNe2 at room temperature.
Fluorescence mitotracker red and rhod-2 images were
acquired using 543-nm excitation and 579-nm emis-
sion. Fluorescence DAF-2, mitotracker green and
Alexa 488, were acquired using 488-nm excitation and
516-nm emission. Images were acquired at 12-bit
resolution by taking a single z-stack 1-um steps.
Fluorescence intensity was quantitated using ImageJ
(NIH).

Isolation and purification of rat brain mitochondria
and microsomes

Isolation and purification of brain mitochondria was
performed as described [26]. Brains were removed,
washed, and homogenized in Medium A [320 mM
sucrose, 1 mM potassium EDTA, 0.1 % fatty acid-free
BSA (FAF-BSA), 10 mM Tris-HCl pH 7.40]. The
homogenate was centrifuged at 1100 g for 10 min and
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the supernatant was re-centrifuged at 19000 g for
20 min to obtain crude mitochondrial fraction. The
pellet was resuspended in Medium A, laid on 6%
Ficoll solution, and centrifuged at 19000 g for 30 min.
Supernatant and the fluffy layer above the mitochon-
dria pellet were discarded. Each 10 mg of the brown
pellet was resuspended in 70 mg Purification Medium
[2.56 g 20% (w/w) dextran T500, 1.28 g 40% (w/w)
polyethylene glycol (PEG) 4000, 2.24 g 1 M sorbitol,
70 mg 10 mM potassium EDTA, 700 mg 1% FAF-
BSA, 200 mg 200 mM potassium phosphate pH 7.80,
and H,O to 7.00 g) and centrifuged at 600 g for 2 min
in a swing-bucket centrifuge. The upper phase was
discarded, 300 pl Washing Medium [96 mg 20 % (w/w)
dextran T500, 480 mg 40 % (w/w) PEG 4000, 960 mg
1M sorbitol, 75 mg 200 mM potassium phosphate
pH 7.80, 30 mg 10 mM potassium EDTA, 300 mg 1 %
FAF-BSA, and H,O to 3.00 g) was added to the lower
part, mixed and centrifuged at 600 g for 2 min. The
upper part was discarded and the lower part was
mixed with 3 ml Medium B (320 mM sorbitol, 1 mM
potassium EDTA, 0.1 % FAF-BSA, 5 mM potassium
phosphate pH 7.80). The suspension was centrifuged
at 19000 g for 20 min, and the mitochondrial pellet
was collected. The supernatant was centrifuged for 1 h
at 100000 g to yield the microsomal pellet as described
[27]. All steps were carried out at 4 °C. Purity of the
isolated mitochondria was assessed by measuring
cytochrome a using an £qs gonm 12 MM 'cm™ as
described [28], and detecting cytochrome oxidase
using Western blot. Possible contamination of the
isolated mitochondria with cytoplasm was ruled out by
lack of detectable cytoplasmic marker Cu/Zn super-
oxide (Cu/Zn SOD), as determined by Western blot.
Only mitochondria with less than 5% impurity were
used.

Preparation of mitochondria and cytoplasm of SHSY
cells

Mitochondria and cytoplasm were isolated from
SHSY cells as described [29]. Briefly, cells were
homogenized in lysis buffer (250 mM sucrose, 10 mM
Tris-HCI pH 7.40, 1 mM EDTA, 10 pg/ml leupeptin,
40 U/ml aprotinin, 10 pg/ml pepstatin A, 0.2 mM
phenylmethylsulfonyl fluoride), centrifuged at
1500 g for 10 min, and the supernatant was kept on
ice. The pellet was re-homogenized with 3 ml isolation
buffer (320 mM sucrose, 1 mM potassium EDTA,
10 mM Tris-HCl pH 7.4), and the homogenate was
centrifuged at 1500 g for 5 min. Both supernatants
were pooled and centrifuged at 1500 g for 10 min. The
supernatant of this centrifugation was further centri-
fuged at 17000 g for 10 min. The pellet, ie., the
mitochondrial fraction, was resuspended in 200 pl
isolation buffer to obtain about 4 mg mitochondrial
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protein/ml. All steps were carried out at4 °C. Purity of
the mitochondrial preparation was tested by measur-
ing cytochrome a as described above. Intactness of
mitochondria was verified by measuring the trans-
membrane potential that was rapidly collapsed by the
uncoupler FCCP.

Treatment of isolated mitochondria or microsomes
with a-syn

a-Syn (rPeptide, Bogart, GA, [30]) was aggregated by
incubating in sterilized phosphate-buffered saline at
37°C for 7 days [31]. Aggregation of a-syn was
confirmed by gel electrophoresis. Isolated brain
mitochondria were pre-incubated 30 min on ice in
the absence or presence of mtNOS inhibitor L-NS-
monomethyl arginine (L-NMMA, 100 uM, [18, 19,
32]) followed by treatment with aggregated a-syn
(1 pg/ml; [9]) for 30 min at room temperature. Control
mitochondria were treated with equal amount of
unaggregated o-syn. Binding of a-syn to microsomes
was tested as above, except microsomes were used in
place of mitochondria. For Western blot analyses, a
protease inhibitor cocktail containing aprotinin, pep-
statin A, phenylmethanesulfonyl fluoride, and leu-
peptin (10 uM each, [17]) was present in the incuba-
tion medium.

Protein tyrosine nitration, Cu/Zn SOD, cytochrome
oxidase, and cytochrome ¢ immunoblotting

Samples were immunoblotted against monoclonal
anti-nitrotyrosine antibody (Alexis, San Diego, CA)
for detection of protein tyrosine nitration, anti-Cu/Zn
SOD for detection of Cu/Zn SOD (Calbiochem), or
anti-cytochrome oxidase (anti-oxphos complex IV
subunit VIc, mouse IgG; Molecular Probes, Eugene,
OR) for detection of cytochrome oxidase. To detect
cytochrome c release, samples were centrifuged at
10000 g for 10 min and the supernatants were re-
centrifuged at 100000 g for 20 min. The second super-
natant and pellet were immunoblotted against mono-
clonal anti-cytochrome ¢ antibody (eBiosciences, San
Diego, CA).

Binding of a-syn to isolated mitochondria or
microsomes

Binding of a-syn to brain mitochondria was tested by
immunoblotting the pellet and supernatant of mito-
chondria treated with aggregated or unaggregated a-
syn as described [9]. Mitochondria or microsomes
were treated with a-syn as described under Treatment
and centrifuged at 10000 g for 5 min. The supernatant
containing unbound a-syn was collected. The pellet
was washed twice with isolation buffer followed by
centrifugation at 10000 g for 5 min and the pellet of
second centrifugation was collected to test for bound
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a-syn. Samples were immunoblotted with monoclonal
antibody against a-syn (H3C; 1:5000, courtesy of Dr.
Julia M. George, University of Illinois at Urbana-
Champaign, IL).

Proteinase K treatment

Mitochondria were treated with a-syn as described
under Treatment. Proteinase K was added to the
mitochondria treated with a-syn at a final concen-
tration of 50 pg/ml and samples were incubated for
25 min at 0 °C [33]. Protease inhibitor cocktail con-
taining aprotinin, pepstatin A, phenylmethanesulfon-
yl fluoride, and leupeptin (10 uM each) was then
added to a-syn-treated samples and further incubated
for 10 min at 0°C. Samples were centrifuged at
10000 g for 10 min. Supernatant and pellet were
separated and immunoblotted against a-syn mono-
clonal antibody.

Permeability transition and lipid peroxidation of
isolated mitochondria

Permeability transition (permeability transition pore,
PTP) was detected at 540 nm as described [34]. Lipid
peroxidation (LPO) was measured by thiobarbituric
acid assay as described [17, 28].

Nitric oxide synthase activity of isolated mitochondria
Nitric oxide synthase activity was determined by the
following assays.

Oxyhemoglobin (oxyHb) assay. Broken mitochondria
were prepared from a-syn-treated mitochondria by
freeze-thawing as described [18, 28]. mtNOS activity
was detected at 401-420 nm in the presence of oxyHb
(4uM) using an extinction coefficient of
100 mM ™ cm™ [28].

Citrulline radioassay. Mitochondria were treated as
under Treatment; the incubation medium was supple-
mented with [L-’H]arginine (30000-50000 cpm).
Radio-labeled L-citrulline was measured as described
[18, 28].

Chemiluminescence sssay. Treated mitochondria
(100 pg) were injected into the purge vessel containing
vanadium chloride (0.8 % in 1 M HCI) thermostated
at 93 °C, and NO was measured using a chemilumi-
nescence analyzer (Sievers 280i, General Electric,
Boulder, CO) as described [18].

Determination of [Ca*],,

Determination of [Ca®'], was performed using the
highly sensitive dual-wavelength excitation fluoro-
metric assay recently established in our lab [18, 19, 35].
Briefly, isolated mitochondria were loaded with fura-
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2/acetoxymethylester (10 uM; 15 min on ice and
washed twice with cold buffer), excited from 320 to
400 nm and emission was collected at 510 nm. A clear
peak and a sharp isosbestic point were detected at 352
and 362 nm, respectively. [Ca®"],, was measured by
exciting loaded mitochondria at dual-wavelengths of
peak minus isosbestic point (352-362 nm) and de-
tecting the emission at 510 nm.

Statistical analysis

Barograms are mean + SEM. Differences were tested
by unpaired Student’s ¢-test and considered significant
at p<0.05. All computations were performed using
PlotiT (Scientific Programming, Hazlet, MI).

Results

a-Syn localization in mitochondria

Considering the significance of a-syn in neuronal cell
death and the pivotal role of mitochondria in this
process, the present study investigated the importance
of mitochondria in a-syn-induced neurotoxicity.
SHSY cells were transfected with a-syn AS53T
(A53T) mutant or wild-type and subcellular local-
ization of a-syn was tested using confocal microscopy.
Figure 1A shows intense co-localization of the green
fluorescence of a-syn with red fluorescence of mito-
tracker red in both cells overexpressing a-syn AS3T or
wild type. Control cells show that basal endogenous a-
syn distributed in the cytoplasm slightly co-localize
with the mitochondria. Figure 1B shows quantitative
fluorescent intensity of a-syn in mitochondria of cells
expressing AS53T or wild-type a-syn that is signifi-
cantly higher than that of control. Mitochondrial
localization of a-syn was confirmed by immuno-gold
electron transmission microscopy. Figures 1C and D
show localization of a-syn in the mitochondria of wild-
type (Fig.1C) and AS53T (Fig. 1D) overexpressing
cells that confirm findings presented in Figure 1A.
Few immuno-gold particles were also found in the
cytoplasm.

o-Syn releases cytochrome ¢ from mitochondria

Release of cytochrome ¢ from mitochondria is a key
event inducing apoptosis in many cells including
neurons. The present study detected cytochrome c
using confocal microscopy and Western blot. Fig-
ure 2A shows that, in control cells, cytochrome c signal
was punctated and co-localized with mitochondria,
whereas in cells overexpressing wild-type or AS3T
cytochrome ¢ was scattered in the cytoplasm. This
finding indicates release of cytochrome ¢ from the
mitochondria of cells overexpressing wild-type or
AS3T a-syn. Figure 2B supports these findings by
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showing release of cytochrome ¢ from the mitochon-
dria of a-syn A53T and wild-type overexpressed cells,
as determined by Western blot.

o-Syn increases intramitochondrial NO

Elevated mitochondrial NO causes cytochrome c
release in variety of cells [17-19]. Thus, we tested
mitochondrial NO in cells overexpressing o-syn.
Figures 3A and B show increased mitochondrial NO
in cells overexpressing wild-type or AS3T a-syn,
compared to control cells.

a-Syn increases [Ca®],,

Mitochondrial NO formation is sensitive to [Ca®'],,.
Therefore, we tested whether expression of a-syn
AS3T or wild type is associated with changes in
[Ca*"],.. Figures 4A and B show higher [Ca*"],, in wild-
type and AS3T a-syn-expressing cells, compared to
control cells. As shown in Figures 4A and B, ionomy-
cin that was used as a positive control increased
[Ca®"],,, and FCCP that depletes mitochondria of
[Ca®"],, decreased the [Ca®'],.

The above findings (Figs. 1-4) show localization of a-
syn in mitochondria of SHSY cells overexpressing
wild-type or A53T a-syn causing cytochrome c release
and increased mitochondrial NO and [Ca’"],. To
confirm these results, we tested effects of a-syn on
isolated rat brain mitochondria.

Aggregation of a-syn and its effects on isolated rat
brain mitochondria

First, we verified the purity of our mitochondrial
preparation using mitochondrial marker cytochrome
oxidase, and cytoplasmic marker Cu/Zn SOD. Figur-
es5A and B show that mitochondria contained
cytochrome oxidase, whereas no detectable Cu/Zn
SOD was observed. These findings validate the purity
of mitochondrial preparation and suggest negligible
contamination of mitochondria with cytoplasmic
components. Next we tested aggregation of a-syn
peptide. Figure SC shows un-aggregated a-syn at
approximately 19 kDa consistent with the monomeric
size and oligomers of aggregated a-syn. Next, we
tested binding of a-syn to mitochondria by incubating
isolated mitochondria with aggregated or unaggre-
gated a-syn. Figure 5D shows that mitochondria pellet
contained significant amount of oligomer o-syn,
indicating binding of a-syn oligomers to mitochon-
drial membrane. However, most of the a-syn mono-
mer was found in supernatants of those samples. To
study the nature of a-syn association with mitochon-
dria, a-syn-treated mitochondria were incubated with
proteinase K. Proteinase K removes proteins that
unspecifically associate with mitochondrial mem-
branes [33]. Figure SE shows that aggregated o-syn
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largely remained in mitochondria pellet even after
proteinase K treatment. Figure SF shows lack of
association of aggregated a-syn with microsomes.

To confirm data of cell experiments and to test
whether release of cytochrome ¢ was a result of direct
interaction of aggregated a-syn with mitochondria,
release of cytochrome ¢ was tested in mitochondria
treated with aggregated a-syn. Figure 6A shows that
aggregated a-syn induces cytochrome c release from
isolated mitochondria. To examine the role of mito-
chondrial NO in cytochrome c release, mitochondrial
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Figure 1. Mitochondrial locali-
zation of o-synuclein (a-syn).
(A) Overexpressing a-syn AS3T
(AS53T), wild-type (WT) and con-
trol cells (Ctrl) were loaded with
mitotracker red (mitochondria)
and immunostained for a-syn
using monoclonal a-syn antibody
(a-syn). Fluorescence was de-
tected by confocal microscopy.
The o-syn immunoreactivity is
shown in green, mitochondria
staining in red, and the merge
image (merge) is yellow for over-
lapping red and green signals. (B)
Quantitation of fluorescence in-
tensity of a-syn immunoreactiv-
ity in the mitochondria of AS3T
(AS53T), wild-type (WT) and con-
trol (Ctrl) cells. (C) Immuno-
gold electron microscopically lo-
calization of a-syn in the mito-
chondria and cytoplasm of wild-
type a-syn-overexpressing cells.
(D) Immuno-gold electron mi-
croscopically localization of a-
syn in the mitochondria and cy-
toplasm of AS53T a-syn-overex-
pressing cells. Inset show zoomed
area of mitochondria where im-
muno-gold labeled particles are
localized and shown by arrows.

o
1

Ctrl WT

A53

NO formation was inhibited in samples treated with
aggregated o-syn. As shown in Figure 6A, L-NMMA
dramatically prevented a-syn-induced cytochrome ¢
release. Protein tyrosine nitration is a reliable bio-
marker of NO-dependent oxidative stress and mito-
chondria are critical sources and targets of nitrating
species. Figure 6B shows mitochondrial protein tyro-
sine nitration. As shown, a-syn increases tyrosine
nitration of several mitochondrial proteins, and that
this was dramatically prevented when NO was in-
hibited. Tyrosine nitrated BSA was used as a positive
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mitochondria cyto ¢
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Figure 2. o-Syn wild-type and A53T induces cytochrome c release.
(A) Overexpressing a-syn AS53T (AS3T), wild-type (WT) and
control cells (Ctrl) were loaded with mitotracker red (mitochon-
dria) and immunostained for cytochrome ¢ (cyto ¢) using mono-
clonal anti-cytochrome ¢ antibody and Alexa 488. Merge shows
mitochondria and cyto c overlay pictures. (B) Using Western blot
analysis, panel a shows cytochrome c released into the cytoplasm of
AS3T and WT SHSY cells, and panel b shows cytochrome ¢
remaining in the mitochondrial fraction of those cells.

control, and cytochrome oxidase was used as loading
control. Next, the effect of a-syn on LPO and PTP as
oxidative stress markers was tested. Figure 6C shows
that treatment of mitochondria with aggregated a-syn
elevated mitochondrial LPO, and this was prevented
by L-NMMA. Figure 6D shows that a-syn caused PTP
opening and that removing mitochondrial Ca®" pre-
vented a-syn-induced PTP.

Since effect of a-syn on releasing cytochrome c, and
increasing LPO and tyrosine nitration were prevented
when mtNOS was inhibited, we tested whether a-syn
stimulates mtNOS activity. Figures 7A —C show that
aggregated a-syn increased mitochondrial NO as
determined by all three assays, and that L-NMMA
prevented this effect of a-syn. Elevation of [Ca*'],,
stimulates mitochondrial NO formation, elevates
LPO, and induces PTP opening [17-19, 34]. There-
fore, we tested effect of a-syn on [Ca*'],,. Figure 7D
shows that a-syn increased [Ca*'],, and that L-NMMA
did not attenuate increase of [Ca®"],,.

a-Synuclein and mitochondria

mitochondria nitric oxide

merge

vy}
DAF-2 fluorescence (a.u.) &
8
*
*

Ctrl WT AS3T

Figure 3. a-Syn wild-type and A53T increases mitochondrial NO.
(A) NO production in overexpressing a-syn A53T (A53T), wild-
type (WT) and control (Ctrl) cells as detected by mitotracker red
(mitochondria) and NO fluorescence probe DAF-2DA (nitric
oxide). (B) Bars show mean + SE fluorescence intensity of
mitochondria (n=200) from at least four to six cells from three to
five coverslips.

Discussion

o-Syn plays a significant role in the pathology of
Parkinson’s disease. Aggregation of a-syn and in-
creased oxidative stress in dopaminergic neurons are
main hallmarks of Parkinson’s disease [4, 5]. Both
recombinant o-syn [9] and o-syn mutant AS53T
interact with membranes [36] and binding of a-syn
to membranes is necessary for a-syn toxicity [37].
Mitochondria are membranous organelles that have
been suggested as cellular targets for a-syn neuro-
toxicity [38]. However, the significance of mitochon-
dria in cell death caused by a-syn is not well under-
stood. The present study used two experimental
models, human dopaminergic neuroblastoma SHSY
cells and isolated rat brain mitochondria, and inves-
tigated mitochondrial localization of a-syn and con-
sequences of a-syn-mitochondrial interaction.

First, we tested subcellular localization of o-syn.
Figures 1A and B show endogenous a-syn distributed
in the cytoplasm of control cells and very minimal a-
syn was detected in the mitochondria. Cells over-
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mitochondria
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expressing wild-type or AS3T mutant a-syn, however,
exhibited immunoreactivity associated with most of
their mitochondria. To confirm association of wild-
type or AS3T a-syn with mitochondria observed by
confocal microscopy, we performed immuno-gold
electron microscopy. Figures 1C and D show that a-
syn wild-type or AS53T were, indeed, localized in the
mitochondria of wild-type or A53T mutant over-
expressing cells. Some immuno-gold spots were also
distributed in the cytoplasm, which is consistent with
cytoplasmic o-syn in wild-type or AS3T cells
(Fig. 1A). Using transgenic mice expressing human
wild-type or familial Parkinson’s disease-linked AS3T
or A30P mutant o-syn, electron microscopic studies
showed a-syn cross-reacting immuno-gold spots co-
localize with degenerating mitochondria deposited
onto cytoplasmic inclusions [39]. Very recently, one
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Figure 4. a-Syn wild-type and
AS3T increases mitochondrial
[Ca*'],.. (A) a-Syn AS53T over-
expressing (A53T), wild-type
(WT), or control (Ctrl) cells
were co-loaded with mitotracker
green (mitochondria) and rhod-
2AM (calcium). Confocal images
of green mitochondria fluores-
cence and red calcium fluores-
cence were collected. Merge
shows mitochondria and calcium
images overlaid. FCCP was
added at the end of each imaging
as a negative control. Cells were
treated with ionomycin (Iono)
used as positive control. (B)
Bars show mean £ SE fluores-
cence intensity of mitochondria
(n=200) from at least four to six
cells from three to five coverslips.

study used electron microscopy and suggested that in
dopaminergic neurons of the mouse substantia nigra
pars compacta, o-syn is located at mitochondrial
membrane [40]. Our study clearly indicates that
both wild-type and AS3T a-syn are located at
mitochondrial membrane of overexpressing cells.

We next determined the factors render neuronal cells
sensitive to a-syn toxicity. It is evident that aggrega-
tion of wild-type and AS3T is associated with en-
hanced cell death [41]. We tested whether over-
expression of wild-type or A53T a-syn induce cyto-
chrome c release from mitochondria, which is a key
pro-apoptotic event in most forms of apoptosis.
Figure 2A shows that expression of wild-type or
mutant A53T a-syn induced cytochrome c release
from mitochondria of SHSY cells. As shown in this
figure, cytochrome ¢ was localized within the mito-
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Figure 5. Aggregation and mitochondrial binding of a-syn. (A)
Immunoblot using anti-cytochrome oxidase antibody shows that
mitochondrial preparation contains cytochrome oxidase. (B)
Immunoblot using anti-Cu/Zn superoxide dismutase antibody
(Cu/Zn SOD) shows that mitochondrial preparation is not
contaminated with cytoplasm. (C) Silver-stained SDS-PAGE
showing unaggregated a-syn (un-aggr a-syn) and aggregated -
syn (aggr a-syn). Lane marked MW shows molecular mass in kDa.
Un-aggregated a-syn migrated at about 19 kDa, consistent with
monomeric size. Aggregated a-syn showed both low and high
molecular mass. (D) Immunoblot with monoclonal anti-o-syn
antibody showing pellet and supernatant of mitochondria incu-
bated with aggregated or un-aggregated a-syn. (E) Aggregated a-
syn or un-aggregated a-syn treated mitochondria were incubated
with proteinase K. Supernatant and pellet were analyzed by
Western blot. (F) Immunoblot using monoclonal anti-a-syn anti-
body showing pellet and supernatant of microsomes incubated with
aggregated a-syn.

chondria of control cells, whereas cytochrome ¢ was
diffused in the cytoplasm of cells expressing wild-type
or A53T a-syn, indicating cytochrome ¢ was released
from the mitochondria of those cells. In support of
these findings, Figure 2B used Western blot analysis
and shows that cytochrome ¢ was released from the
mitochondria of cells expressing AS3T and WT a-syn.
Studies conducted in PC12 cell lines [36] and primary
cortical neurons [42] suggested that a-syn AS3T
interacts with mitochondria and that o-syn might
induce cytochrome c release [36, 39, 43]. Our findings
clearly show that overexpression of a-syn causes
cytochrome c release, which could well serve mech-
anism underlying pro-apoptotic properties of a-syn.
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Figure 6. Effect of a-syn on isolated brain mitochondria. Mito-
chondria were treated with un-aggregated a-syn (control), aggre-
gated a-syn (a-syn), or aggregated a-syn after pretreatment of
mitochondria with L-NMMA (o-syn + L-NMMA). (A4) Cyto-
chrome c released from the mitochondria into the supernatant (a)
and cytochrome ¢ in the pellet (b). (B) Tyrosine nitration of
mitochondrial proteins. Tyrosine nitrated BSA (TN-BSA) was
used as positive control. Molecular weight marker (WM) is shown
in kDa. Cytochrome oxidase (COX) served as loading control. (C)
Lipid peroxidation (LPO) of mitochondria expressed as nmol
thiobarbituric acid reactive substance (TBARS) per mg mitochon-
drial protein. (D) Induction of mitochondrial permeability tran-
sition (PTP) was measured and expressed as AOD at 540 nm.
Mitochondria were treated with aggregated a-syn (o-syn) or un-
aggregated a-syn (control) in the absence or presence of EGTA.
Ca’" indicates when PTP was induced by loading mitochondria
with 40 yM Ca’". Arrow indicates addition of Ca**. *p<0.05
compared with the control; n>6.

Altered cellular calcium homeostasis along with
elevated cellular NOS activity contributes to the
apoptosis of dopaminergic neurons in Parkinson’s
disease [44, 45]. The present study shows that over-
expression of wild-type or AS3T o-syn caused a
dramatic increase in mitochondrial NO compared to
control cells (Fig. 3). These novel findings strongly
suggest that o-syn wild-type or AS3T stimulate
mtNOS in human dopaminergic neurons.

Our previous studies showed that intramitochondrial
NO is increased upon increase in [Ca*"],, [17-19, 35],
therefore we tested changes in [Ca®'],,. Mitochondria
are main cellular calcium stores and play a crucial role
for cellular calcium homeostasis. Mitochondria main-
tain intra-organelle calcium homeostasis by continu-
ously precipitating the [Ca*'],, to the non-ionized
calcium stores, the matrix electron-dense granules,
and releasing Ca”" from the granules [17-19, 35, 46—
48]. Drugs, hormones, or pathological conditions alter
intramitochondrial calcium homeostasis in favor of
[Ca*'],, or non-ionized calcium granules [18, 19, 46,47,
49]. Increased Ca’" is a prominent feature in the
tissues from patients with Alzheimer’s disease, Par-
kinson’s disease, Huntington’s disease, and amyotro-
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Figure 7. 0-Syn stimulates mtNOS and increases [Ca®], in
isolated mitochondria. mtNOS activity of isolated brain mitochon-
dria treated with un-aggregated a-syn (Control), aggregated a-syn
(a-syn), or aggregated a-syn upon pretreatment with L-NMMA (o-
syn + L-NMMA). (A) mtNOS activity measured by oxyhemoglo-
bin assay and expressed as nmol NO per mg mitochondrial protein
per minute. (B) mtNOS activity determined by chemiluminescence
assay and expressed as pmol NOx per mg mitochondrial protein.
(C) mtNOS activity determined by radioassay and expressed as
cpm L-citrulline per mg mitochondrial protein. (D) Real-time
determination of [Ca*'], in mitochondria treated with un-aggre-
gated a-syn (Ctrl), aggregated o-syn (a-syn), or aggregated a-syn
when mitochondria were pretreated with L-NMMA (a-syn + L-
NMMA). #p<0.05 compared with the control.
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phic lateral sclerosis [50]. While Ca** regulates several
physiological processes, excess Ca’" initiates apopto-
sis via mitochondrial pathway [51]. Under stressed
conditions, Ca" is released from mitochondria, which
induces cellular damage and ultimately cell death.
Although the exact mechanism of intramitochondrial
calcium homeostasis is not fully understood, our
previous studies demonstrated that oxidative stress
in mitochondria of human cancer cells [19] and rat
heart [35] induces release of Ca’" from non-ionized
stores. Several apoptosis-inducing agents causes cyto-
chrome c release by elevating [Ca*"],, in cancer cells
[19]. Likewise, amyloid B causes neuronal apoptosis
by elevating [Ca®"],, [52]. Elevated [Ca’'],, also
accounts for mtNOS stimulation leading to oxidative
stress and cytochrome c release in heart mitochondria
undergoing ischemia/reperfusion [35]. Figure 4 shows
that wild-type or AS53T a-syn increased [Ca’'],
compared to control cells. Mitochondrial Ca*" is
sensitive to protonophores such as FCCP. As shown,
FCCP almost completely abolished the [Ca*"],, sig-
nals. Tonomycin, a Ca®" ionophore that elevates
cytosolic and [Ca*'], [25] was used as a positive
control. As shown in Figure 4, ionomycin caused a
significant increase in [Ca”*'],,, validating the sensitiv-
ity of the fluorescence assay used in the present study.
As to other potentially important consequences of the
[Ca®"],,-mediated mitochondrial dysfunction, the in-
crease in [Ca*'],-sensitive mitochondrial NO may be
critical for neuronal cells.

Overexpression of AS3T or A30P mutant a-syn in
human embryonic kidney (HEK) cells exhibits great-
er toxicity than the wild-type [53]. Our findings show
that in human neuroblastoma SHSY cells toxicity
caused by overexpression of A53T is comparable to
that of wild-type a-syn. Similar toxicities of A53 and
wild-type a-syn might be due to high level of over-
expression reached in the present study, or indicate
that a-syn toxicity is cell-type specific.

To confirm our findings in SHSY cells overexpressing
wild-type or AS3T mutant o-syn, we performed
studies on isolated mitochondria treated with aggre-
gated or unaggregated o-syn. First, aggregation of a-
syn was tested. Figure 5C shows a-syn monomer forms
aggregated oligomers, which is consistent with an
earlier observation [9]. To test the association of a-syn
with mitochondria, the present study tested bindings
of aggregated and unaggregated a-syn to isolated
mitochondria. Figure 5D shows that aggregated a-syn
associated with mitochondria, whereas unaggregated
a-syn shows minimal association with mitochondria
and largely remains in the supernatant. Figure SE
shows that aggregated a-syn associated with mito-
chondrial membrane was resistant to removal by
proteinase K, whereas un-aggregated a-syn was fully
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removed when mitochondria were treated with pro-
teinase K. Proteinase K removes proteins that un-
specifically associate with the surface of mitochon-
drial outer membrane [33, 54]. Figure S5F shows that
aggregated a-syn does not associate with microsomes,
further suggesting specific association of a-syn with
mitochondria. Thus, novel findings presented under
Figure 5 strongly indicate that aggregated a-syn
specifically associated with the mitochondria.

The interaction of aggregated a-syn with mitochon-
dria and understanding consequence of this interac-
tion could provide important insights into the mech-
anism of cell death caused by a-syn. a-Syn induces
apoptosis via mitochondria-dependent pathways
downstream to cytochrome c release, including cas-
pases activation [55]. Figure 6A shows that aggregat-
ed a-syn that associates with isolated mitochondria
(Fig. 5D) caused release of cytochrome c. Cytochrome
¢ is a mediator of apoptotic cell death involved in a-
syn-induced oxidative stress in Parkinson’s disease
and related disorders [37, 56]. Other proteins involved
in neurodegenerative diseases including amyloid
peptide [20, 57] and Huntingitin [58] cause release of
cytochrome c. Thus, the novel findings presented in
Figure 6A confirm results of Figure2 of overex-
pressed wild-type or AS3T a-syn and suggest that
cytochrome c¢ release may account for apoptosis
induced by a-syn.

Nitrated synuclein inclusions with degenerating mi-
tochondria in cell bodies [39] indicate involvement of
peroxynitrite in pathological effects of a-syn. Protein
tyrosine nitration that is a reliable marker of perox-
ynitrite is increased in neurons undergoing o-syn-
induced apoptosis [11]. In dopaminergic neurons of
Nurrl-knockdown mice, a model for Parkinson’s
disease, increased tyrosine nitration and cytochrome
c release occur along with increased cytoplasmic NOS
activity [59]. Figure 6B shows aggregated o-syn in-
creased tyrosine nitration of mitochondrial proteins,
strongly suggesting that aggregated o-syn increased
mitochondrial peroxynitrite. Increased LPO, an in-
dicator of oxidative stress,was seen in neurons over-
expressing a-syn [11] and in the substantia nigra of
patients with Parkinson’s disease [60]. Figure 6C
shows that aggregated a-syn increased LPO of
isolated brain mitochondria, indicating aggregated
a-syn elevated oxidant radicals in the mitochondria.
PTP opening is a marker of oxidative stress and
apoptosis [61]. In some cases, PTP, which is associated
with the opening of the mitochondrial megapore, may
be implicated in the release of cytochrome c [62].
Figure 6D shows that aggregated a-syn induced PTP
opening in isolated mitochondria. Findings presented
in Figures 6A-D indicate that interaction of aggre-
gated a-syn with mitochondria induced mitochondrial

a-Synuclein and mitochondria

hallmarks of oxidative stress and apoptosis. Figure-
s 6A —C also show that a-syn-induced cytochrome ¢
release, increased protein tyrosine nitration and LPO
were prevented by inhibition of mtNOS activity.
Stimulation of mtNOS in mitochondria isolated
from rat heart [35] or liver [17], or human breast
cells [19] causes cytochrome c release, elevates protein
tyrosine nitration and LPO, and decreases transmem-
brane potential [16]. Findings presented in Figure-
s 6A —Csuggest that mtNOS is involved in effects of a-
syn on brain mitochondria. Thus, we tested whether a-
syn increases mtNOS activity. Figures 7A—-C show
that aggregated a-syn stimulated mtNOS activity of
isolated brain mitochondria, and that L-NMMA
inhibited this effect of a-syn. Figure 7 confirms data
obtained from cell experiments and shows a dramatic
increase in the mitochondrial NO of mitochondria
with aggregated a-syn compared to un-aggregated a-
syn.

mtNOS is Ca’*' sensitive and elevation of [Ca®'],
stimulates mtNOS activity [17-19, 63-66]. Mito-
chondrial calcium homeostasis in cell systems com-
prises exchange of calcium with cytoplasm and intra-
mitochondrial homeostasis. Figure 4A shows that
overexpressing o-syn wild-type or AS53T increases
[Ca*'],, in SHSY cells. To study whether elevated
[Ca*'],, shown in Figure 4A was due to increased Ca*"
efflux into mitochondria or release of Ca*" from
intramitochondrial granules, the direct effect of a-syn
on isolated mitochondria was tested. Figure 7D shows
that aggregated a-syn, indeed, increased [Ca®'],.
Thus, this could serves the mechanism underlying
stimulation of mtNOS by a-syn. As shown, a-syn-
induced increase in [Ca®'],, was not sensitive to L-
NMMA. Findings in the present study suggest that
aggregated o-syn interacted with mitochondria, which
increased [Ca®"],, by shifting the balance between
[Ca®],, and matrix granules in the favor of [Ca®],,.
Elevated [Ca®*'], stimulated mtNOS activity that
increased mitochondrial peroxynitrite, caused oxida-
tive modification of mitochondrial proteins and
membranes, and released cytochrome c¢ from the
mitochondria. We have also shown that L-NMMA
inhibited a-syn-induced mtNOS stimulation, whereas
it did not affect [Ca®],,. This finding indicates that
effect of L-NMMA on inhibiting effects of a-syn was
due to inhibition of mtNOS.

Taken together, the present study reveals the mito-
chondrial localization of a-syn. Overexpressing wild-
type or AS3T mutant a-syn in SHSY cells or treating
isolated mitochondria with aggregated a-syn induce
cytochrome c release from mitochondria and increase
mitochondrial oxidative stress. Findings presented
here indicate the significance of mitochondria in
oxidative stress and apoptosis induced by a-syn. The
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present study also suggests a novel role for mtNOS in
cytochrome c release and oxidative stress induced by
a-syn.
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