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Direct Membrane Association Drives Mitochondrial Fission by
the Parkinson Disease-associated Protein a-Synuclein™*
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The protein a-synuclein has a central role in Parkinson disease,
but the mechanism by which it contributes to neural degeneration
remains unknown. We now show that the expression of a-sy-
nuclein in mammalian cells, including neurons in vitro and in vivo,
causes the fragmentation of mitochondria. The effect is specific for
synuclein, with more fragmentation by a- than 8- or y-isoforms,
and it is not accompanied by changes in the morphology of other
organelles or in mitochondrial membrane potential. However,
mitochondrial fragmentation is eventually followed by a decline in
respiration and neuronal death. The fragmentation does not
require the mitochondrial fission protein Drpl and involves a
direct interaction of synuclein with mitochondrial membranes. In
vitro, synuclein fragments artificial membranes containing the
mitochondrial lipid cardiolipin, and this effect is specific for the
small oligomeric forms of synuclein. a-Synuclein thus exerts a pri-
mary and direct effect on the morphology of an organelle long
implicated in the pathogenesis of Parkinson disease.

Many observations have implicated mitochondria in the
pathogenesis of PD.”> Mitochondria from the substantia nigra of
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affected patients show a selective reduction in the activity of
respiratory chain complex I (1). Somatic mutations also accu-
mulate with age and PD in the mitochondrial DNA of substan-
tia nigra neurons (2). In addition, the neurotoxins MPTP and
rotenone, which produce models of PD, both act by disrupting
mitochondrial function. Genetic evidence further supports a
primary role for mitochondria in the pathogenesis of PD. Muta-
tions in parkin and the mitochondrial kinase PINK1 both cause
autosomal recessive PD (3), and these genes appear required for
the normal clearance of defective mitochondria by autophagy
(4). However, the molecular mechanisms responsible for mito-
chondrial dysfunction in the much more common sporadic
forms of PD have remained unclear.

Several observations suggest a central role for the protein
a-synuclein in the pathogenesis of sporadic PD. Point muta-
tions in synuclein produce a rare autosomal dominant form of
PD (5-7), indicating a causative role for the protein. «-Sy-
nuclein also accumulates in the Lewy bodies and dystrophic
neurites of essentially all patients with idiopathic PD (8), impli-
cating the protein in sporadic as well as familial forms of the
disease. Furthermore, duplication and particularly triplication
of the SNCA (a-synuclein) gene cause a severe, highly penetrant
form of PD (9, 10), indicating a dose-dependent pathogenic role
for the wild type protein when overexpressed and suggesting
that the accumulation of synuclein in sporadic PD is the pri-
mary pathogenic event. However, the mechanism by which
a-synuclein causes PD remains poorly understood. Expressed
in yeast and Drosophila, human a-synuclein produces severe
toxicity (11-14), but these model organisms lack endogenous
synuclein, and the overexpression of wild type synuclein in
mammalian systems causes remarkably little if any consistent
toxicity (15-18).

Although the mechanism by which a-synuclein causes PD
remains poorly understood, circumstantial evidence has impli-
cated mitochondria. Mice lacking a-synuclein show resistance
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to the mitochondrial neurotoxin MPTP (19) and a reduction in
the mitochonderial lipid cardiolipin (20). Mice overexpressing a
mutant form of synuclein also exhibit mitochondrial damage
(21, 22). In addition, recent observations have begun to suggest
adirect interaction of synuclein with mitochondria (21, 23-26).
We have previously found that synuclein binds specifically
to mitochondria rather than other organelles (27), and the
amount of synuclein localized to the mitochondria of substan-
tia nigra neurons increases dramatically in PD (24).

Does a-synuclein influence the behavior of mitochondria?
We now find that in mammalian cells, including neurons,
increased expression of synuclein produces mitochondrial
fragmentation, and this effect precedes any loss of mitochon-
drial function. Surprisingly, the fragmentation does not require
the mitochondrial fission protein Drpl. Rather, it involves a
novel, direct effect of oligomeric synuclein on mitochondrial
membranes.

EXPERIMENTAL PROCEDURES

Molecular Biology—All constructs used for transient trans-
fection (except mRFP) were subcloned into the pCAGGS vec-
tor downstream of the chicken actin promoter (28). mRFP was
subcloned into pGW1-CMV as described previously (29).
A30P, A53T, and E46K mutations were introduced into the
human a-synuclein cDNA by PCR. Azurite was subcloned from
pCEP4-Azurite (Addgene), MitoDsRed2 from pDsRed2-mito,
mitoGFP from pAcGFP1-Mito, and CFP from pECFP-N3
(Clontech) after introducing the L221K mutation to prevent
dimerization (30). mCherry was fused to the N terminus of rat
synaptophysin. Human HA-Drp1 and HA-K38A Drp1 were the
generous gifts from A. van der Bliek (UCLA); Mfn1-10XMyc,
Mfn1(K88T)-10XMyc, Mfn2-16XMyc, and Mfn2(K109A)-
16XMyc were the generous gifts from D. Chan (California
Institute of Technology), and huntingtin exon 1 fused to CFP
was the generous gift from J. Shao and M. Diamond (University
of California, San Francisco). Silencer select pre-designed
RNAIi s13204, s13205, s13206, and negative control 1 were
obtained from Applied Biosystems.

Cell Culture and Morphologic Analysis—Spontaneously
immortalized mouse embryonic fibroblasts were derived by
serial passage (over 30 times) of mouse embryonic fibroblasts
from E10.5 embryos as described previously (31). HeLa cells
and immortalized mouse embryonic fibroblasts were tran-
siently transfected by electroporation (Amaxa) and COS cells
by FUuGENE HD. In other studies, stable HeLa cell lines express-
ing mitoGFP were used to identify mitochondria. One to 2 days
after transfection, healthy cells with similar levels of azurite
fluorescence were imaged live in Tyrode’s medium (in mm: 127
NaCl, 10 HEPES-NaOH, pH 7.4, 30 glucose, 2.5 KCl, 2 CaCl,, 2
MgCl,) with a 100X oil objective on a Zeiss LSM 510 confocal
microscope. The images were then randomized and the prevail-
ing mitochondrial morphology in each transfected cell was
classified blind to the DNA transfected as tubular, fragmented,
or intermediate. Cells classified as having tubular mitochondria
contain almost entirely mitochondria with length/width (axis)
ratios >10, as fragmented those containing mitochondria with
axis ratio <3, and as intermediate those containing both tubu-
lar and fragmented mitochondria. Midbrain neurons were pre-
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pared from E14 embryos as described previously (32), trans-
fected by electroporation at the time of plating, and imaged at
14-17 days in vitro. Length, width, axis ratio, perimeter, area,
and number of distinct mitochondrial fragments were calcu-
lated from live neurons using Metamorph (Universal Imaging).

For survival studies using the automated microscope, pri-
mary hippocampal neurons were prepared from embryonic day
20-21 timed pregnant rats (Charles River Laboratories), cul-
tured in Neurobasal-A with B27 (Invitrogen) for 5 days, and
transfected with calcium phosphate as described previously
(33).

Immunocytochemistry—Cell were fixed for 30 min in media
containing 4% paraformaldehyde and immunostained in phos-
phate-buffered saline (PBS) containing 5% fetal bovine serum
(FBS) and 0.2% Triton X-100. «-Synuclein was detected using
either a mouse antibody to human a-synuclein (15G7, Axxora)
or rabbit antibody to all the synuclein isoforms (AB5464,
Chemicon), endoplasmic reticulum with a monoclonal anti-
body to the KDEL receptor (SPA-827, StressGen), peroxisomes
with a rabbit polyclonal antibody to PMP70 (P0497, Sigma),
cytochrome ¢ with a mouse antibody (556432, BD Biosciences),
the Golgi complex with a mouse antibody to GM130 (610822,
BD Biosciences), lysosomes with a mouse antibody to CD107a
(Lamp-1, 555798, BD Biosciences), and the microtubule cyto-
skeleton with an antibody to a-tubulin (Oncogene Science).

Analysis of Mitochondrial Function

Membrane Potential—Cells were treated for 1 h with tetram-
ethylrhodamine methyl ester (TMRM) (1 nm) and imaged in
Tyrode’s medium containing TMRM. In selected experiments,
cells were subsequently depolarized using 2.5 um FCCP. For
fluorescence-activated cell sorting (FACS), the cells were incu-
bated 1 h with TMRM in the presence or absence of 5 um FCCP,
harvested in PBS containing 0.5% FBS, and sorted on an LSR-II
(BD Biosciences), with GFP excited by a 20-milliwatt blue solid
state 488 nm laser and TMRM by a 150-milliwatt green 532 nm
laser.

Superoxide Levels—Live cells were exposed acutely to hydro-
ethidium (3.2 um), and the relative superoxide levels deter-
mined by the initial rate of increase in ethidium fluorescence, fit
by linear regression as described previously (32).

Respiration—750,000 COS cells were added to an Oxygraph2
respirometer (Oroboros Instruments) in 2.1 ml, and oxygen
consumption was measured after the sequential addition of 10
uM glutamate and 2.5 uMm malate, 2 ug/ml oligomycin, 1 um
FCCP, and then 0.5 uMm rotenone.

COS Cell Survival—16 h after transfection, COS cells were
trypsinized and replated in 96-well plates. At 24,48,72,and 96 h
after transfection, the cells were treated with 1 um calcein green
(to assess live cells) and either immediately with 5 um ethidium
(to assess dead cells) or after 30 min of incubation with 70%
methanol (to assess total cells), and the fluorescence was quan-
tified using a 96-well fluorescent plate reader.

Neuronal Survival—For the analysis of cell survival, images
were taken at 24-h intervals using an automated microscope
(29, 34), with image acquisition and analysis using ImagePro
Plus 6.2 and with custom-designed programs. Transfected neu-
rons were selected for analysis based on fluorescence intensity
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and morphology, including the presence of extended processes
at the start of the experiment. Survival time was determined as
the last time point at which the neuron was seen alive (supple-
mental Fig. S8). For statistical analysis, StatView software was
used to construct Kaplan-Meier curves from the survival data.
Survival functions were fitted to these curves and used to derive
cumulative hazard (or risk of death) curves. Differences in
cumulative risk of death curves were analyzed for statistical
significance with the log-rank test, and each of the experiments
was performed independently 2—4 times. The expression of
a-synuclein was estimated by mRFP fluorescence intensity
in the cell body. Images of mitochondria (visualized using
mitoGFP) 48 h after transfection were randomized and classi-
fied as fragmented, intermediate, or more tubular blind to the
genotype of transfection.

Fusion Assay—COS cells were cotransfected with azurite, the
indicated combinations of a-synuclein, Drpl, or empty vector
control and either mitoGFP or MitoDsRed to label mitochon-
dria. One day later, the cells were trypsinized, and cells express-
ing the same plasmids and either mitoGFP or mitoDsRed were
mixed and replated. On the 2nd day after transfection, the cells
were preincubated with cycloheximide (50 pg/ml) for 30 min
and then treated with polyethylene glycol 1500 (Roche Applied
Science, catalog no. 13396000) for 1 min before washing and
further incubation in media with cycloheximide. Cells were
fixed in media containing 4% paraformaldehyde at 4, 6.5, and
9 h after polyethylene glycol treatment.

Preparation of Liposomes—Heart cardiolipin and synthetic
dioleoylphosphatidylcholine (Avanti) were mixed in the ratios
indicated and the chloroform evaporated under nitrogen. The
resulting lipid film was dried under vacuum for 10 min and
re-hydrated to a final concentration of 5 mm in 25 mm KCl, 2.5
mM magnesium acetate, 150 mm potassium gluconate, and 25
mm HEPES-KOH, pH 7.4 (cytosol buffer), for 30 min at room
temperature. The resulting liposomes were subjected to five
freeze/thaw cycles, passed 11 times through an extruder with a
1-wm pore (Avanti), stored in the dark at 4 °C under nitrogen,
and used within 1 week.

Protein Expression

Synuclein—Recombinant human a-synuclein was expressed
and purified as described (35). Purified protein was lyophilized
and stored at —80 °C. Synuclein was resuspended in cytosol
buffer and incubated 15 min on ice. The solution was then cen-
trifuged at 184,000 X g for 15 min, and the supernatant was
stored at 4 °C until use (typically within 5 days). Monomeric
synuclein was isolated by size-exclusion chromatography
through Sephadex G-100. To prepare intermediate oligomeric
species, 140 mMm protein was stirred at 600 rpm and 37 °C for
20 h and sedimented at 15,000 X g for 30 min, and the super-
natant was separated by size-exclusion chromatography, with
oligomer 1 fraction in the void volume. To prepare large olig-
omers and fibrils, agitation proceeded for 60 h, followed by
centrifugation at 50,000 X g for 30 min to separate oligomer 2
fraction (in the supernatant, subsequently isolated by size-ex-
clusion chromatography) from fibrils (pellet).

Huntingtin—GST-tagged monomeric mutant huntingtin
(GST-Htt53Q) was a kind gift of Gregor Lotz and Paul
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Muchowski (Gladstone, University of California, San Fran-
cisco). Aggregation was initiated by cleavage of the GST tag
with PreScission protease (Amersham Biosciences), and the
mixture was shaken for 30 h at 700 rpm at 30 °C. Under these
conditions, a mixture of oligomers and fibrils forms, as
described previously (36).

Protein Analysis

Analytical Ultracentrifugation—The molecular weight of
synuclein oligomers was estimated using equilibrium analytical
ultracentrifugation, as described previously (37). Briefly 2
mg/ml purified synuclein was sedimented at three speeds
(10,000, 14,000, and 20,000 rpm, AN-60 rotor) in a Beckman
XL-1 ultracentrifuge for 16 —20 h per speed at 20 °C, and pro-
tein concentration as a function of radius was determined by
absorbance at 280 nm. Sedimentation curves were globally fit
with Sedphit and Sedphat software (National Institutes of
Health), using the monomer-dimer model with the dimer K,
value set to zero, and an extinction coefficient for synuclein of
5960 M~ ' cm ™' (38).

Dynamic Light Scattering—Dynamic light scattering of pro-
tein was measured with a DynaPro molecular sizing instrument
(Protein Solutions, Lakewood, NJ) in micro quartz cuvettes
with 1.5-mm path length and 12-ml volume. The samples were
filtered (100 nm pore size) before use, and measurements were
collected at 10-s intervals for 2—5 min. Dynamic light scattering
of liposomes in “cytosol buffer” was measured in a 384-well
microplate (Corning Glass) using a DynaPro plate reader
(Wyatt Technology).

Size-exclusion Chromatography—Size-exclusion chromato-
graphy was performed using either an AKTA Prime chromato-
graphic system equipped with a Sephadex G-100 column (0.7 X
15 cm) or a Shimadzu LC-10AD liquid chromatography system
with a Superdex 75 column (GE Healthcare). The columns were
calibrated using a series of molecular weight standards: ribonu-
clease A (13.6 kDa), chymotrypsinogen A (25 kDa), ovalbumin
(43 kDa), bovine serum albumin (65 kDa), and aldolase (158
kDa). The void volume was determined using blue dextran 2000
kDa.

Thioflavin T Fluorescence—Thioflavin T fluorescence mea-
surements were performed in semimicro quartz cuvettes
(Hellma) with a 1-cm excitation light path using a FluoroMax-3
spectrofluorometer. Spectra were recorded from 460 to 550 nm
with excitation at 450 nm, increments of 1 nm, an integration
time of 0.2 s, and 1-nm slits for both excitation and emission.
The final concentration of thioflavin T was 20 mm, whereas
protein concentrations were 100 -200 nm.

Attenuated Total Reflectance Fourier Transform Infrared
Spectroscopy—Data were collected on a Thermo-Nicolet Nexus
670 FTIR spectrometer equipped with MCT detector and out-
of-compartment germanium trapezoidal internal reflectance
element. The hydrated thin films were prepared by drying sam-
ples on the internal reflectance element under N,. Typically,
512 interferograms were co-added at 1 cm ™' resolution. Data
analysis was performed using GRAMS32 (Galactic Industries).
Secondary structure content was determined by curve-fitting
deconvoluted spectra based on the second derivative and Fou-
rier self-deconvolution to identify component band positions.
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Production and Analysis of a-Synuclein Triple Knock-out
Mice—Mice lacking a-, 8-, and y-synuclein (TKO mice) and
littermate controls were produced by crossing a-B-double KO
mice (The Jackson Laboratory) (39) to y-synuclein KO mice (a
generous gift of L. Lustig (40)).

Electron Microscopy

Cells—Eighteen hours after transfection, cells were sorted for
GEFP expression by FACS, and cells in the top quartile for fluo-
rescence were plated onto aclar discs, cultured for an additional
6 h, fixed in 2.5% glutaraldehyde, and then processed for elec-
tron microscopy by staining in 0.2 M sodium cacodylate that
contains 1% osmium tetroxide with 1.6% potassium ferricya-
nide. After dehydration in EtOH and embedding in resin,
60-nm sections were examined using a FEI Tecnai 12 transmis-
sion electron microscope.

Brain Sections—Six-month-old control and transgenic mice
overexpressing a-synuclein from the mThy-1 promoter (Line
61) (41) and 5-month-old control and synuclein TKO mice
were perfused, and the right hemibrain was postfixed in phos-
phate-buffered 4% paraformaldehyde, pH 7.4, at 4 °C for 48 h, as
described previously. The hemibrains were then sectioned with
a vibratome at 40 wm, postfixed in 1% glutaraldehyde, treated
with osmium tetraoxide, embedded in Epon araldite, and the
ventral midbrain sectioned with an ultramicrotome (Leica,
Germany). Grids were analyzed with a Zeiss OM 10 electron
microscope (42, 43), and serial electron micrographs obtained
at X5,000 and X25,000. Approximately 100 mitochondria from
the ventral midbrain were evaluated per animal to determine
average diameter and distribution. For immunogold labeling,
sections were mounted on nickel grids, etched, and incubated
with a rabbit polyclonal antibody to a-synuclein (Millipore),
followed by a secondary antibody conjugated to 10-nm Aurion
ImmunoGold particles (1:50, Electron Microscopy Sciences,
Fort Washington, PA) with silver enhancement. A total of 125
cells were analyzed per condition. Cells were randomly
acquired from three grids, and electron micrographs were
obtained at a magnification of X25,000.

Liposomes—Liposomes were incubated in “cytosol” buffer, in
the presence or absence of protein, for 5 min. A 2.5-ul sample
was then applied to glow-discharged carbon-coated copper
grids and stained twice in freshly prepared 0.75% aqueous ura-
nyl formate (44). Samples were imaged using a Tecnai T12 (FEI,
Netherlands) electron microscope equipped with a LaB6 fila-
ment and operated at an acceleration voltage of 120 kV. UCSF
Tomo (45) was used for automatic image acquisition. Lipo-
somes were selected at random, and imaged at X26,000 with a
defocus value of —5 um on a Gatan 4k X 4k (Gatan, Pleasanton,
Ca) CCD camera. The area of individual liposomes was mea-
sured using Metamorph software.

Protein—Samples were deposited on Formvar-coated 300
mesh copper grids and negatively stained with 1% aqueous ura-
nyl acetate. Transmission electron micrographs were collected
on a JEOL JEM-100B microscope operating with an accelerat-
ing voltage of 80 kV. Typical nominal magnifications were
X75,000.
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RESULTS

a-Synuclein Specifically Disrupts Mitochondrial Morphology—
Considering the specific interaction of a-synuclein with mito-
chondrial membranes (27), we first assessed the potential effect
of synuclein on mitochondrial morphology. Using HeLa cells
because of their flat shape, large size, and dispersed tubular
mitochondria, we cotransfected wild type human a-synuclein
with a mitochondrially targeted enhanced green fluorescent
protein (mitoGFP) and the blue fluorescent protein azurite as
an independent reporter for transfection. The fluorescence of
azurite correlates well with the overexpression of a-synuclein
detected by immunostaining fixed cells (supplemental Fig.
S1A), enabling us to identify live cells expressing synuclein in
an unbiased manner solely on the basis of azurite expression.
The mitochondrial morphology of azurite™ cells, assessed by
cotransfection with mitoGFP and analyzed blind to the geno-
type of transfection, was then classified as tubular, fragmented,
or intermediate. Relative to empty vector as control, the expres-
sion of a-synuclein produces a dramatic increase in the propor-
tion of cells with fragmented mitochondria (p < 0.0001 by x*
analysis), which typically cluster around the nucleus (Fig. 1, A
and B). Quantitation confirms that synuclein reduces the
length, perimeter, and area of mitochondria in transfected cells
(supplemental Fig. S1B). Synuclein also increases mitochon-
drial width and hence reduces the axis ratio (length/width),
producing shorter mitochondria with increased cross-sectional
diameter. In addition, synuclein increases the mean number of
distinct mitochondrial fragments per cell from 50.1 = 5.9 to
161.6 = 19.5 (p < 0.0001 by two-tailed ¢ test, » = 14—17 cells
per group, experiment repeated twice with similar results), thus
excluding an effect on morphology independent of fission or
fusion.

Expression of the soluble cytosolic CFP has no effect on
mitochondrial morphology (Fig. 1, A and B). In addition,
cotransfection of effective (but not ineffective) siRNA to human
a-synuclein (supplemental Fig. S2) completely blocks fragmen-
tation produced by the human protein (Fig. 1F), supporting the
specificity of the effect. Similar to wild type human a-synuclein,
the A53T and E46K mutants associated with familial PD also
fragment mitochondria, but the A30P mutant, which does not
bind membranes in vivo, has no discernible effect on the mito-
chondrial morphology of transfected cells (Fig. 1, A and B)
despite equivalent expression by Western analysis (supplemen-
tal Fig. S2), providing an additional control for the effect of the
wild type protein. To assess the dose dependence of effects on
mitochondrial morphology, we also immunostained the fixed
cells for a-synuclein. Fig. 1C shows that only the mitochondria
in cells with no or low levels of wild type a-synuclein remain
unfragmented, indicating that moderate expression suffices to
produce fragmentation. We also find that -synuclein causes
less fragmentation than a-synuclein, and y-synuclein has very
little if any effect on mitochondrial morphology (Fig. 1, D and
E). Because B- and y-synuclein have not been found to cause
PD, the relative specificity for a-synuclein supports the rele-
vance of these observations for degeneration.

Work in yeast has shown that wild type a-synuclein can dis-
rupt multiple membrane trafficking pathways, including trans-
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FIGURE 1. Synuclein produces mitochondrial fragmentation in HeLa cells. A and B, Hela cells were cotransfected with cDNAs encoding azurite (to identify
transfected cells), mitoGFP (to identify mitochondria), and either empty vector control, CFP, wild type a-synuclein (syn), A30P, A53T, or E46K a-synuclein. 48 h
after transfection, cells were selected on the basis of azurite fluorescence and imaged live; the images were randomized, and mitochondrial morphology was
classified as fragmented, tubular, or intermediate blind to the genotype of transfection. Scale bar indicates 10 um. The bar graph (B) shows the percentage of
cells in each group. Wild type, A53T, and E46K a-synuclein produce mitochondrial fragmentation not observed in control (con), CFP, A30P, and T6K (replace-
ment of Thr-22, Thr-33, Thr-44, Thr-59, Thr-81, and Thr-92 with lysines) synuclein, p < 0.0001 by x? analysis. n = 33-41 cells per group from two independent
transfections. G, cells transfected as above were also fixed and immunostained for a-synuclein, and those with a range of synuclein levels (selected blind to
mitochondrial morphology) were imaged and classified in terms of mitochondrial morphology. The number of cells in each group is indicated in parentheses.
D and E, effects of a-, B-, and y-synuclein on mitochondrial morphology were assessed the same way in live Hela cells and in fixed cells immunostained for
synuclein (E). a- and B-synuclein produce mitochondrial fragmentation (p < 0.0001), whereas y-synuclein does not (D). n = 39-50 cells per group from three
independent transfections. F, cells were cotransfected with synuclein and either siRNA to human synuclein (Silencer Select s13204 (1), s13205 (2), and 513206
(3)) or control siRNA (Silencer Select negative control 1 (con)). siRNA2 and -3 (but not siRNA1 or control siRNA) effectively reduce synuclein expression
(supplemental Fig. S3) and block mitochondrial fragmentation (n = 18-27 cells per group from two independent transfections, p < 0.0001).

port from the endoplasmic reticulum to the Golgi complex (12, the endoplasmic reticulum. a-Synuclein does cause a small
46). The A53T mutant also disrupts the morphology of both increase in fragmentation of the Golgi complex, but the Golgi
Golgi complex and mitochondria in vivo (22). However, Fig. 2 remains normal in the vast majority of cells with fragmented
shows that in mammalian cells exhibiting clear mitochondrial mitochondria (Fig. 2B). This effect is also much smaller than
fragmentation, a-synuclein has no effect on the morphology of that produced by the fungal metabolite brefeldin A, which
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FIGURE 2. a-Synuclein does not substantially affect endoplasmic reticu-
lum or Golgi morphology. A, Hela cells were cotransfected with cDNAs
encoding azurite, mitoGFP, and either vector control (—syn) or a-synuclein
(+syn). 48 h after transfection, cells were fixed, and the endoplasmic reticu-
lum was identified by staining for the KDEL receptor. a-Synuclein has no
effect on the morphology of the endoplasmic reticulum. Scale bar indicates
10 um. B, Hela cells stably expressing mitoGFP were cotransfected with
cDNAs encoding azurite and either vector control (—syn) or a-synuclein
(+syn). Control transfected cells were also treated with 5 mg/ml brefeldin A
(BFA) for 60 min before imaging and then imaged again 4 h after wash out.
48 h after transfection, cells were fixed and stained for the Golgi matrix pro-
tein GM130. Random cells were classified blind to transfection in terms of
mitochondrial and Golgi morphology. a-Synuclein produces mitochondrial
fragmentation (p < 0.0001), whereas control, BFA, and BFA following wash do
not. In contrast, BFA causes dramatic fragmentation of the Golgi complex far
greater than that by synuclein (p < 0.0001), and this does not affect mito-
chondrial morphology. n = 24-111 cells per group from four independent
transfections.

causes reversible reabsorption of the Golgi complex into the
endoplasmic reticulum (47) without any effect on mitochon-
drial morphology (Fig. 2B). We also failed to observe any effect
of synuclein on the morphology of lysosomes or on the micro-
tubule cytoskeleton (supplemental Fig. S3).

Peroxisomes use some of the same machinery for fission as
mitochondria, including the dynamin-related protein Drpl
(48), raising the possibility that a-synuclein might also affect
peroxisomes. However, a-synuclein does not affect the area or
morphology of peroxisomes (supplemental Fig. S4). Because
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the punctate morphology of peroxisomes might make it diffi-
cult to detect an increase in fragmentation, we investigated this
further using a dominant negative mutant of Drp1 (K38A) that
increases the tubulation of both mitochondria and peroxisomes
(48). a-Synuclein again fails to alter the morphology of these
more tubular peroxisomes although it does fragment the more
tubular mitochondria (supplemental Fig. S4). The effect of
a-synuclein thus appears remarkably specific for mitochondria.

Although we have not detected any synuclein-immunoreac-
tive aggregates after transfection (data not shown), a-synuclein
accumulates in the Lewy bodies and dystrophic neurites of PD
(8, 49) and can also accumulate in cultured cells under certain
circumstances (50, 51), raising the possibility that aggregation
may trigger the change in mitochondrial morphology. We thus
compared the effects of synuclein with those of a mutant form
of huntingtin (exon 1 with 72 CAG repeats) that is prone to
aggregation (52). In contrast to cells expressing a-synuclein
that show mitochondrial fragmentation, cells with either dif-
fuse huntingtin or focal aggregates do not differ from control in
mitochondrial morphology (p > 0.5 for both diffuse and aggre-
gated huntingtin versus control) (supplemental Fig. S5). Thus,
the effect of a-synuclein on mitochondrial morphology cannot
simply represent a nonspecific effect of protein aggregation.

Mitochondrial Fragmentation Precedes a Decline in Oxida-
tive Phosphorylation—Cell injury and mitochondrial dysfunc-
tion in particular can produce mitochondrial fragmentation
(53), and synuclein has recently been reported to impair com-
plex I activity in cultured cells and in vivo (24, 54), raising the
possibility that a-synuclein affects mitochondrial morphology
indirectly, simply by producing toxicity. We thus examined the
effect of a-synuclein on mitochondrial function and cell viabil-
ity. To assess mitochondrial membrane potential, we used the
dye TMRM (55). In cells cotransfected with mitoGFP, we find
that despite the mitochondrial fragmentation in synuclein-ex-
pressing cells, TMRM stains mitoGFP-labeled compartments
to the same extent as controls (Fig. 3, A and B). Treatment with
the proton ionophore FCCP redistributes TMRM away from
GFP™ mitochondria (Fig. 34), indicating that we could have
detected a decline in membrane potential induced by synuclein
ifthis had occurred. To address the possibility that high levels of
synuclein may impair mitochondrial membrane potential, we
also labeled cells expressing a-synuclein and GFP with TMRM,
then sorted for both GFP fluorescence (as a surrogate for
synuclein) and TMRM. The supplemental Fig. 64 shows that
membrane potential does not decline even at the highest levels
of GFP and hence synuclein expression. Thus, even the most
fragmented mitochondria in cells with the highest level of
synuclein expression maintain their membrane potential.

Because mitochondria generate reactive oxygen species, and
increased reactive oxygen species such as superoxide can
accompany mitochondrial fragmentation under certain con-
ditions (56), we also measured superoxide levels. The sup-
plemental Fig. 6B shows that despite marked mitochondrial
fragmentation, a-synuclein does not increase superoxide
levels. Indicating the potential to detect a change in super-
oxide, expression of K38 A DRP1 reduces the levels, as shown
previously (56).
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FIGURE 3. Mitochondrial fragmentation precedes any disturbance in mitochondrial function or toxicity. A and B, Hela cells were transfected with
mitoGFP and either empty vector control (con) or a-synuclein (+syn) and then loaded with the membrane potentially sensitive dye TMRM (1 nm) for 1 h before
imaging live. Selected on the basis of GFP, TMRM fluorescence was quantified in individual cells. Treatment with the proton ionophore FCCP (2.5 um) for 4 min
before re-imaging causes a marked redistribution of TMRM fluorescence away from mitochondria (arrows). Scale bar indicates 10 um. Quantitation of TMRM
fluorescence (B) shows no effect of synuclein. The values indicate mean = S.E.n = 12-49 cells per condition from four independent transfections. C, COS cells
were transfected with either vector control or a-synuclein. 1-2 days later, oxygen consumption was measured in the basal state (10 mm glutamate and 2.5 mm
malate) and, after addition of the ATP synthase inhibitor oligomycin (oligo) (1 pg/ml), the proton ionophore FCCP (1 um) and the complex | inhibitor rotenone
(rot) (500 nm). Synuclein impairs base-line respiration at 48 h but not 24 h, and the effect is greater in mitochondria uncoupled with FCCP. *, p < 0.01; **, p <
0.005; ***, p < 0.001; NS, not significant by one-way analysis of variance and Newman-Keuls post hoc test. n = 4-9 experiments per group. D, COS cells were
transfected with vector control, a-synuclein, or azurite (azur), and after 16 h, replated onto 96-well plates. At 24,48, 72, and 96 h after transfection, the cells were
treated with either calcein green-AM (1 um) to count live cells, ethidium bromide (5 um) to count dead cells, or after 70% methanol followed by ethidium
bromide to count total cells. a-Synuclein also has no effect on cell survival at 24 h, when fragmentation has already occurred in essentially all cells (supple-
mental Fig. S8B). By 48 h, however, there is a small increase in the number of dying cells that persists for the duration of the experiment (p < 0.01 versus control
and azurite at 48, 72, and 96 h by one-way analysis of variance and Newman-Keuls post hoc test). Data show mean = S.E., n = 6 wells per group.

To assess the effects of a-synuclein on oxidative phosphor-
ylation, we used transfection into COS cells, which confers
the more efficient expression (in ~70% cells) required for
biochemical studies. By 24 h after transfection, essentially all
cells expressing synuclein show fragmented mitochondria
(supplemental Fig. S7A) but no change in the basal rate of
oxygen consumption (Fig. 3C, left). The effect of a-synuclein
on mitochondrial morphology thus precedes any change in
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mitochondrial membrane potential, reactive oxygen species,
or respiration. Indeed, the lack of effect on mitochondrial
function seemed remarkable considering the dramatic
change in mitochondrial morphology, and previous work has
shown that a primary disturbance of mitochondrial dynam-
ics can eventually impair function (57). Consistent with this,
we find that at 48 h after transfection into COS cells, a-sy-
nuclein reduces both basal and maximal (assessed in the
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FIGURE 4. Synuclein disrupts mitochondrial ultrastructure. A-C, COS cells were transfected with mitoGFP and either vector control or a-synuclein and
sorted at 18 h for GFP fluorescence, and cells falling into the top quartile of expression were plated onto aclar discs. Cultured for an additional 6 h, the
cells were fixed in 2.5% glutaraldehyde and examined by electron microscopy. A and B, a-synuclein disrupts mitochondrial ultrastructure. Scale bar
indicates 500 nm. C, random collection of mitochondria were analyzed for the distances between the outer and inner mitochondrial membranes (O-/)
and between adjacentinner membranes (/-/), and the data presented as mean = S.E., n = 138-176 for O-l,and 222-335 for I-I. C, synuclein also increases
the proportion of cristae that branch at least once while traversing the diameter of the mitochondrion. Bars indicate mean = S.E., n = 55-56 cristae per
group from two independent transfections. *, p < 0.01 by two one-way analysis of variance and Newman-Keuls post hoc test. con, control. D-G,
ultrastructural analysis shows mitochondria with well organized cristae in the midbrain neurons of 6-month-old nontransgenic mice (D), but disorganized
cristae in the mitochondria of a-synuclein transgenic (tg) mice (E). a-Synuclein transgenic mitochondria also show an increase in cross-section diameter
(D, E, and G) and discontinuous (fractured) outer membranes (F and G). *, p < 0.01 by unpaired two-tailed Student’s t test (n = 4 per group). The size bar
indicates 0.25 um. H-J, immunoelectron microscopy for a-synuclein in the midbrain neurons of 6-month nontransgenic (H) and a-synuclein transgenic
(1) mice shows 10 nm gold particles in association with the circumferential membranes of non-transgenic mitochondria, with no labeling by IgG control
(J). In synuclein transgenic mice, however, most of the gold particles localize to internal membranes. The bar graph (K) indicates the distribution of gold
particles over outer and internal mitochondrial membranes. *, p < 0.01 by unpaired two-tailed Student’s t test (n = 4 per group). The size bar indicates
0.5 wm. L=N, ultrastructural analysis shows no difference in the morphology of mitochondria in midbrain neurons from control versus synuclein TKO
mice. The size bar indicates 0.5 um.

presence of FCCP) rates of respiration (Fig. 3C). In addition, We also used electron microscopy to characterize the

a-synuclein has no effect on cell survival 1 day after trans-
fection, but by 48 h, there is a significant increase in the
number of dying cells (Fig. 3D). However, the increase is
small relative to the total number of cells, most of which
survive (at 96 h, ~9% of cells treated with synuclein are dead
versus 6% in control groups). Although the effect of
synuclein on mitochondrial morphology appears primary, it
can thus eventually result in toxicity.
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effect of a-synuclein on mitochondrial ultrastructure. Using
flow cytometry to identify transfected cells, we found that
a-synuclein converts the elongated, thin mitochondria
observed in controls to shorter structures with increased
cross-sectional diameter (Fig. 4, A and B), as early as 24 h
after transfection, before any changes in mitochondrial
membrane potential or respiration (Fig. 3). In particular, the
mitochondria show disordered cristae, with enlarged and
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FIGURE 5. Mitochondrial fragmentation by synuclein precedes neuronal death. Rat hippocampal neurons were transfected 5 days after plating with mRFP
and either a-synuclein (syn) or vector control (con) (A-F), without or with mitoGFP (A, E, and F). MitoGFP (A) or mRFP (not shown) were then imaged on a daily
basis using an automated microscope. Scale bar is 10 um. B, cumulative risk of death curves indicate that primary neurons expressing synuclein have a
significantly greater risk of death than control cells (***, p < 0.0001, log-rank test). n = 112-115 neurons per group. The experiment was repeated three times
with similar results. C, mRFP fluorescence of individual neurons was measured 24 h after transfection and used as a surrogate for synuclein expression. Based
on mRFP fluorescence, neurons were stratified into three expression groups (low, medium, and high). a.u., arbitrary units of fluorescence. Within each of these
groups, synuclein (dark) and control (light) transfected neurons showed no significant difference in mRFP fluorescence. D, cumulative risk of death curves
indicates that neurons expressing higher levels of synuclein (red and blue) have a dose-dependent greater risk of death than controls expressing equivalent
mRFP. **, p < 0.005; ***, p < 0.0001; ns, not significant, n = 22-46 neurons per group. E, cumulative risk of death curves show that neurons with fragmented
mitochondria at 48 h have a progressively greater risk of death than neurons displaying intermediate or nonfragmented mitochondria (*, p < 0.05; **, p <
0.005; ***, p < 0.001). E and F, neurons with fragmented mitochondria express progressively higher levels of synuclein (*, p < 0.05).

irregular intermembrane and intercristal spaces (Fig. 4, A
and B).

Synuclein Fragments Mitochondria in Midbrain Neurons
and Promotes Neural Degeneration—To determine whether
a-synuclein also produces mitochondrial fragmentation in
neurons in vivo, we used transgenic mice expressing the human
protein (41). Importantly, transgenic animals expressing the
wild type protein show no neural degeneration and modest
behavioral deficits (58). Furthermore, we examined them at a
relatively young age (6 months). Relative to controls, the mito-
chondria of midbrain neurons from a-synuclein transgenic
mice have a larger diameter, with disorganized cristae (Fig. 4, D,
E and G), very similar to the results by light and electron
microscopy in non-neural cell lines (Fig. 4, A—C). In addition, a
number of mitochondria from transgenic neurons appear frac-
tured, with a loss of continuity at the outer membrane (Fig. 4, F
and G). To assess a role for endogenous synuclein in base-line
mitochondrial morphology, we also examined synuclein TKO
mice lacking a-, 8-, and y-synuclein isoforms. As described
previously (59), young synuclein null mice are viable, fertile,
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and grossly normal. In contrast to the transgenic mice, we
observed no difference in the morphology of ventral midbrain
mitochondria between synuclein TKO mice and controls at 5
months of age (Fig. 4, L-N).

To determine whether the mitochondrial fragmentation
produced by synuclein might predispose to neural degenera-
tion, we examined the survival of live cells as a function of
synuclein expression and mitochondrial morphology. Cotrans-
fecting hippocampal neurons with mitoGFP to label mitochon-
dria, and mRFP to track the survival of individual neurons over
time (supplemental Fig. S8) (29, 34), we find that the mitochon-
drial morphology of control neurons does not change signifi-
cantly over the 10 days after transfection (Fig. 54, top panels). In
contrast, cells transfected with human a-synuclein show mito-
chondrial fragmentation that can occur either late (Fig. 54,
middle panels) or early (Fig. 5A, bottom panels). We also find
that cells transfected with human a-synuclein show a dose-de-
pendent increase in the risk of death (Fig. 5, B-D). When strat-
ified prospectively in terms of mitochondrial morphology,
increasing fragmentation also predicts an increased risk of
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death (Fig. 5, E and F). Thus, wild type human a-synuclein
exerts a dose-dependent toxicity on cultured neurons, and
mitochondrial fragmentation precedes cell death by several
days.

Synuclein Promotes Mitochondrial Fission through a Drpl-
independent Pathway—How does a-synuclein affect mito-
chondrial morphology? Synuclein could produce mitochon-
drial fragmentation by decreasing the rate of mitochondrial
fusion or by increasing fission through either a Drpl-depen-
dent or -independent pathway. Live imaging of transfected cells
shows that fragmentation occurs gradually over hours, with the
fragmentation state reflecting a balance between the rate of
fusion and fission (supplemental Movies S1-S3). Similarly,
overexpression of fusion proteins fails to inhibit fragmentation
by synuclein (supplemental Fig. S94), consistent with a role for
synuclein in fission rather than fusion.

We further tested the role of a-synuclein in a direct assay for
mitochondrial fusion (supplemental Fig. S7B). Using polyeth-
ylene glycol to fuse cells overexpressing a-synuclein and either
mitoGFP or mitoDsRed (60), we began to detect fusion by 4 h in
controls, with complete fusion by 6.5 h. Cells expressing a-sy-
nuclein fuse as well but with a longer latency. However, mito-
chondrial fragmentation increases the number of individual
mitochondria, requiring more events to achieve fusion of all the
fragments. Indeed, expression of the fission protein Drp1 slows
fusion to the same or perhaps a greater extent than synuclein,
strongly suggesting that synuclein does not cause an intrinsic
defect in mitochondrial fusion. We infer from this result that
synuclein acts by promoting fission.

To determine whether synuclein affects mitochondrial mor-
phology through the known fission machinery, we both trans-
fected cells overexpressing the dominant negative mutant of
Drpl (K38A) and used cells entirely lacking Drpl. As antici-
pated, the loss of Drp1 causes a shift in base-line mitochondrial
morphology toward increased tubulation. Despite the complete
absence of Drp1, however, synuclein still increases mitochon-
drial fragmentation (Fig. 6A and supplemental Fig. 9B). Con-
sistent with this and the specificity of the effect for mitochon-
dria, synuclein does not affect the morphology of peroxisomes
(supplemental Fig. S4), which also rely on Drpl for fission.
Mitochondrial depolarization also triggers fission independent
of Drp1 (53) but produces characteristic circular disks during
fragmentation that we did not observe with a-synuclein (sup-
plemental Fig. S1B).

Requirement for a Direct Interaction with Mitochondrial
Membrane—How does a-synuclein promote mitochondrial
fission? Synuclein preferentially binds to mitochondria in vitro
(27), suggesting that the effect on mitochondrial fragmentation
may result from a direct interaction. To test this possibility, we
introduced a dual myristoylation/palmitoylation sequence
from Lyn kinase (61) that targets synuclein to the secretory
pathway. The lipid anchor completely blocks fragmentation at
even the highest levels of synuclein expressed (Fig. 6, B and C),
supporting the requirement for a direct interaction with mito-
chondria. The fragmentation is also blocked by either the A30P
mutation or the replacement of multiple N-terminal threonines
by lysine, both of which disrupt the association of a-synuclein
with membranes (Fig. 1B) (13, 23, 62, 63). Furthermore, dele-
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tion of the C-terminal 20, 30, and 41 residues all fail to block the
mitochondrial fragmentation produced by a-synuclein (sup-
plemental Fig. S10), indicating that the C terminus is not
required. However, a larger truncation of the final 60 residues,
which extend into the membrane-binding domain, does disrupt
fragmentation. The N-terminal membrane-binding domain of
synuclein is thus both necessary and sufficient for the effects on
mitochondrial morphology.

To assess further the direct interaction of synuclein with
mitochondrial membranes in vivo, we used immunoelectron
microscopy. In the midbrain of nontransgenic mice immuno-
stained for a-synuclein, gold particles over mitochondria local-
ize primarily to membranes at the circumference (Fig. 4, H and
K). Only occasional gold particles labeled internal structures.
Interestingly, a-synuclein transgenic mice show much more
intense labeling of internal membranes (Fig. 4, I and K). CA3
hippocampal neurons showed similar labeling patterns (data
not shown).

a-Synuclein Fragments and Clusters Artificial Membranes
Containing Cardiolipin—Independence from Drp1 (Fig. 6 and
supplemental Figs. S4 and S9B) together with requirements for
the membrane-binding N terminus of synuclein (Fig. 1 and sup-
plemental Fig. S10) and a direct interaction with mitochondria
(Figs. 4, H-J], and 6, B and C) (27) suggest that synuclein may
fragment mitochondria by directly binding and disrupting
mitochondrial membranes. To test this possibility in a system
free of other proteins, we incubated recombinant human a-sy-
nuclein with artificial membranes containing the acidic phos-
pholipid cardiolipin (CL) that is enriched in mitochondria and,
like other acidic phospholipids, promotes the interaction of
synuclein with artificial membranes (27). Using membranes
labeled with trace amounts of the fluorophore nitrobenzox-
adiazole (NBD), fluorescence microscopy shows that in the
absence of synuclein, liposomes containing CL and phosphati-
dylcholine (1:1 or 1:3) stay dispersed and, in many cases, flatten
onto the substrate (Fig. 7). In the presence of 20 uM synuclein,
however, large clusters quickly form (Fig. 7, A and B), and elec-
tron microscopy shows that the remaining individual lipo-
somes are much smaller with synuclein than those without (Fig.
8). Furthermore, all the effects of synuclein are specific for
membranes that contain CL, and liposomes containing PC
alone form small, stable clusters that are not affected by
synuclein. Bovine serum album (BSA) and aggregated mutant
huntingtin also have no effect on the morphology of fluorescent
liposomes containing CL (Fig. 7, A and B, and supplemental Fig.
S$11). To quantify the changes in vesicle size, we used light scat-
tering and found that synuclein reduces the size of membranes
containing CL but not control membranes lacking this phos-
pholipid (Fig. 8C). In addition, light scattering shows that
synuclein can generate larger membranous structures (Fig. 8C),
presumably due to aggregation (Fig. 7, A and B).

Synuclein occupies a number of different states, from
natively unfolded monomers in solution to an elongated a-he-
lix on membrane binding (27, 64, 65) and B-sheet structure in
fibrils (66). To determine which of these forms might be
responsible for the effect of synuclein on membranes, we used
dynamic light scattering and size-exclusion chromatography to
analyze the preparation of recombinant synuclein used for the
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FIGURE 6. Synuclein fragments mitochondria through a direct interaction independent of Drp1. A, immortalized Drp1 KO and control mouse embryonic
fibroblasts were cotransfected with cDNAs encoding azurite (to identify transfected cells), mitoGFP (to identify mitochondria), and either empty vector control (con) or
wild type a-synuclein (syn). Forty eight hours after transfection, cells were selected on the basis of azurite fluorescence and imaged live, and the images were
randomized, and mitochondrial morphology was classified as fragmented, tubular, or intermediate blind to the genotype of transfection. Scale bar indicates 10 um.
The bar graph shows the percentage of cells in each group. At base line, cells lacking Drp1 have more tubulated mitochondria (p < 0.0001). However, synuclein
produces robust mitochondrial fragmentation even in the absence of Drp1 (p < 0.0001).n = 13-34 cells per group from two independent transfections. Band C, HeLa
cells were cotransfected with azurite (to identify transfected cells), mitoGFP (to identify mitochondria), and either untagged a-synuclein (syn) or a-synuclein targeted
to the secretory pathway by fusion to the N-terminal myristoylation/palmitoylation signal of Lyn kinase (MPsyn). B, 48 h after transfection, cells were fixed and
immunostained for a-synuclein, and those with a range of synuclein levels (selected blind to mitochondrial morphology) imaged and classified in terms of mitochon-
drial morphology. The number of cells in each group is indicated in parentheses. In contrast to syn, MPsyn fails to fragment mitochondria even when expressed at high
levels. G, cells were selected on the basis of azurite fluorescence and imaged live, and the images were randomized and mitochondrial morphology was classified as
fragmented, tubular, or intermediate blind to the genotype of transfection. Scale bar indicates 10 wm. The bar graph shows the percentage of cells in each group. syn
fragments mitochondria (p < 0.0001), whereas control and MPsyn do not. n = 28-50 cells per group from two independent transfections.
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FIGURE 7. Recombinant, oligomeric a-synuclein clusters artificial membranes. A, artificial liposomes containing either CL and PC (1:1) or PC alone were
incubated for 5 min without protein, with a combination of monomeric and trimeric synuclein (0.3 mg/ml), or with BSA (0.6 mg/ml), and the fluorescence of
trace NBD conjugated to the N terminus of either 1,2-dioleoyl-sn-glycero-3-phosphocholine or heart cardiolipin (NBD-CL) visualized by light microscopy. Scale
barindicates 10 wm. B, quantitative analysis of liposome clustering. Individual indicates that essentially all liposomes in a field are isolated; small clusters indicate
2-10 liposomes per cluster, and big clusters indicates more than 10 liposomes per cluster. Liposomes containing CL and PC alone or with BSA remain isolated
and in many cases flatten onto the substrate. In the presence of synuclein, however, large clusters form rapidly (p < 0.0001 versus control for CL/PC liposomes).
Synuclein has no effect on liposomes containing PC alone. n = 21-22 fields per group. C, CL liposomes were incubated with 80 um synuclein monomer, small
oligomer (oligomer 1), mature oligomer (oligomer 2), or fibrils, and the extent of clustering was quantified. Only oligomer 1 results in clustering (p < 0.0001).

17-20 fields per group.

experiments in vitro. The analysis reveals a mixture composed
predominantly of trimers and/or tetramers but also some
monomers (supplemental Fig. S12, A and B). Because dynamic
light scattering and size-exclusion chromatography both
depend on conformation in addition to size, we also used equi-
librium analytical ultracentrifugation to determine mass inde-
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pendent of conformation. The results indicate a mean molecu-
lar mass of 34 kDa, consistent with a mixture of monomeric and
trimeric a-synuclein (supplemental Fig. S12C).

To assess further the role of different conformations in the
fragmentation of mitochondria by a-synuclein, we isolated
monomeric, oligomeric (intermediate and mature), and fibril-
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FIGURE 8. Recombinant synuclein drives the fission of artificial mem-
branes. A, liposomes were incubated for 5 min at room temperature in the
presence or absence of synuclein (20 um, monomeric and trimeric) and visu-
alized by EM. Scale bar indicates 100 nm. B, random fields of isolated lipo-
somes were photographed, and their areas were quantified. Cumulative fre-
quency distribution shows that synuclein reduces the mean area for those
containing CL/PC but not those with PC alone. n = 263-1768 liposomes per
group. G, analysis by light scattering shows that synuclein (0.3 mg/ml) but not
BSA (0.3 mg/ml) causes the emergence of two liposome populations, one
smaller than the original, and the other larger. The graphs indicate mean =
S.E, n = 11-12 wells per group from three independent experiments.

lar forms of the recombinant human protein, and we character-
ized them by light scattering, size-exclusion chromatography,
electron microscopy, and FTIR (supplemental Fig. S12). Sam-
ples were also analyzed by thioflavin fluorescence, which
stained only the fibril fraction (data not shown). A heterogene-
ous mixture of intermediate oligomers (oligomer 1) clustered
the artificial membranes, whereas monomer, mature oligomer,
and fibrils all failed to produce any discernible effect (Fig. 7C).
Smaller oligomeric forms thus appear responsible for the effect
of synuclein on membrane morphology and, by inference, on
mitochondria.

DISCUSSION

Synuclein Has a Primary Effect on Mitochondrial Morphology—
Previous work has shown effects of synuclein on a variety of cell
membranes. In yeast, expression of human synuclein causes the
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aggregation of intracellular vesicles involved in endoplasmic
reticulum-Golgi transport and secretion (13, 46). In mamma-
lian cells, however, we now find that a-synuclein has an early,
specific effect on the morphology of mitochondria. We observe
no change in the morphology of endoplasmic reticulum, lyso-
somes, peroxisomes, or microtubule cytoskeleton. We detect
some changes in the Golgi complex, but these appear modest
and occur in only a small fraction of the cells with fragmented
mitochondria. We also observe mitochondrial fragmentation
in mammalian neurons as well as non-neural cells, very similar
to a recent report using neuroblastoma cells and Caenorhabdi-
tis elegans (67). Although similar biochemical mechanisms may
account for the effect on membranes in yeast and metazoan
cells, the specific membranes targeted thus differ.

The changes in mitochondrial morphology occur in the
absence of overt toxicity or even mitochondrial dysfunction.
Previous work has indeed shown that a normal mitochon-
drial membrane potential is compatible with fragmentation
(68, 69). Recent studies have also begun to suggest that
synuclein interacts specifically with mitochondria. Although
synuclein generally behaves like a soluble protein in mam-
malian cells, it has been reported to colocalize with mito-
chondria, either constitutively or after cell injury (21, 23-26,
70). A sensitive FRET-based reporter for membrane binding
also indicates a specific interaction with mitochondria (27).
However, the functional consequences of this interaction
have remained unclear. Synuclein has been reported to influ-
ence mitochondrial complex I activity (24, 54), but we find
that at a time when fragmentation has already occurred,
mitochondrial membrane potential and respiration remain
normal.

Effect of Synuclein on Mitochondrial Morphology Involves a
Direct Interaction—How does a-synuclein fragment mito-
chondria? A30P and T6K mutations block both mitochondrial
fragmentation produced by synuclein and the interaction of
synuclein with membranes in vivo (13, 23, 62, 63), and dele-
tion of the C terminus has no effect. Mitochondrial fragmen-
tation thus requires the N-terminal membrane-binding
domain of synuclein. Consistent with a direct interaction,
targeting to the plasma membrane blocks the effect of
synuclein on mitochondrial morphology. In addition, our
data suggest that the effect of synuclein on mitochondrial
morphology involves an increase in fission rather than a
block in fusion as recently suggested (67). More numerous,
fragmented mitochondria presumably take longer to fuse
than large, tubular mitochondria. but when controlled
for size, mitochondria fragmented by overexpression of
synuclein do not differ in the rate of fusion from those frag-
mented by fission protein Drpl, which should not affect
fusion. Although by exclusion synuclein thus appears to
drive mitochondrial fission, it does not apparently require
Drpl, suggesting a novel mechanism. Analysis of the Drpl
knock-out indeed demonstrates the existence of Drpl-inde-
pendent mechanisms for fission, with their relative impor-
tance varying in different neuronal populations (31). Con-
sistent with a Drpl-independent mechanism, the ability of
synuclein to fragment artificial membranes in vitro shows
that synuclein can act alone to fragment membranes, and
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another report has recently described similar fragmentation
of large liposomes by synuclein (71). Synuclein thus belongs
to a growing number of proteins that directly affect mem-
brane dynamics.

Peripheral membrane proteins like synuclein may influence
membrane curvature through several distinct mechanisms.
First, synuclein forms an amphipathic helix on membrane
binding (72), and the insertion of an amphipathic a«-helix
directly into the lipid bilayer can cause membrane buckling
(73). Second, the clustering of lipids with a particular head-
group can influence the size of acyl chain relative to headgroup
and hence membrane curvature. Indeed, synuclein has been
found to cluster the acidic phospholipid phosphatidylglycerol
(74), and presumably has a similar effect on cardiolipin. Inter-
estingly, the protein tBid is also hypothesized to regulate the
curvature of mitochondrial membranes by binding to car-
diolipin (75). Alternatively, changes in the conformation of
synuclein may drive membrane deformation; synuclein adopts
a broken helix on small membranes such as detergent micelles
(76) but an extended a-helical conformation on binding to large
liposomes and mitochondria (27, 65).

The polymerization of membrane-associated coat proteins
such as clathrin, COP1, and COP2 may also drive membrane
deformation (77, 78), and synuclein has been suggested to
polymerize on membranes (79). We now find that the effect of
synuclein on artificial membranes specifically involves a small
oligomer. Monomer, large oligomer, and fibril are not active,
but preparations containing a small oligomer (trimer or
tetramer) are responsible for the activity observed in vitro. A
small oligomer may therefore also cause the fragmentation of
mitochondria in cells.

What accounts for the selective effect of a-synuclein on
mitochondrial morphology? Synuclein has an affinity for the
widely distributed lipid phosphatidic acid that is equivalent to
that for the mitochondrion-specific cardiolipin (27). However,
the ability of synuclein to interact with artificial membranes in
vitro depends on a high lipid:protein ratio, and the content of
acidic phospholipid (mostly cardiolipin) in mitochondrial
membranes may exceed that of other organelles (80— 83). The
specific effects of synuclein on mitochondrial morphology may
thus simply reflect the unusually high concentration of acidic
phospholipid. Indeed, the inner mitochondrial membrane
contains more cardiolipin than the outer, and we now find
that the disruption of mitochondrial morphology is accom-
panied by a redistribution of synuclein from the outer sur-
face of mitochondria to internal structures, suggesting that
access to the inner membrane contributes to changes in
mitochondrial morphology.

Normal Versus Pathologic Function—Does the effect on
mitochondrial morphology reflect a normal function of a-sy-
nuclein? We have not detected a change in the morphology of
midbrain mitochondria from synuclein TKO mice, but we also
cannot exclude a subtle effect, and RNAI for synuclein was
recently found to make mitochondria more tubular in a neural
cell line (67). In addition, we cannot exclude compensatory
effects by other proteins that promote fission such as Drp1 (84,
85). Endogenous synuclein may also influence the delivery,
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accumulation, or function of mitochondria at presynaptic bou-
tons, affecting transmitter release (59, 86, 87).

However, the effects of overexpressed a-synuclein on mito-
chondrial morphology may reflect a strictly pathologic role.
The amount of synuclein bound to mitochondria increases dra-
matically in PD, specifically in the brain regions that undergo
degeneration (24). Consistent with this, previous work has
shown that a disturbance in the machinery controlling mito-
chondrial dynamics can result in neural degeneration. A defect
in fusion leads eventually to mitochondrial dysfunction in a cell
line (57), and mutations in the fusion proteins mitofusin 2 and
Opal cause, respectively, Charcot-Marie-Tooth neuropathy
and optic atrophy (69, 88, 89). Fragmentation produced by the
high levels of a-synuclein that occur in essentially all forms of
classical PD might thus be expected to impair mitochondrial
function and result in cell death. Consistent with this possi-
bility, respiration deteriorates 2 days after transfection of
synuclein into COS cells. We also find that overexpression of
synuclein results in the death of neurons. By stratifying trans-
fected neurons prospectively in terms of synuclein expression,
we observe that highly expressing cells have a much higher
likelihood of death. Furthermore, cotransfection of a mito-
chondrial reporter shows that mitochondrial fragmentation
predicts cell death. The effects on mitochondrial morphology
may thus contribute to the role of synuclein in neural
degeneration.

If the effects of synuclein on mitochondrial morphology con-
tribute to the pathogenesis of PD, why does the A30P mutation,
which causes familial PD, apparently fail to influence mito-
chondrial morphology? We have previously found that the
A30P mutant does not show any enrichment at the synapse (90)
and may exhibit significantly increased levels in the cell body
(91). These higher levels may indeed offset the reduced intrinsic
ability of A30P a-synuclein to influence mitochondrial mor-
phology. At the same time, the penetrance of this point mutant
is lower than the others that cause PD (92).

The recent identification of a role for recessive PD genes
PARK?2 (parkin) and PINKI in mitochondrial autophagy sug-
gests interesting parallels to the effect of synuclein on mito-
chondrial morphology (84, 85, 93, 94). Indeed, fragmenta-
tion may be required for efficient mitochondrial autophagy.
However, it remains unclear whether parkin and PINK1 have
direct effects on mitochondrial morphology or simply oper-
ate downstream in the clearance mechanism (84, 85, 93-97,
99). In contrast, a-synuclein appears to promote mitochon-
drial fragmentation through a direct effect on the mem-
brane. Interestingly, the loss of both fusion proteins Mfnl
and -2 has already been shown to result in the depolarization
of mitochondria and the recruitment of parkin (4, 57), sug-
gesting that parkin and PINK1 may be required to protect
against the effects of synuclein overexpression. However, the
autosomal recessive forms of PD produced by loss of parkin
and PINK1 differ clinically and pathologically from idio-
pathic PD. In particular, most cases of recessive PD do not
appear to involve the accumulation of synuclein or indeed
Lewy bodies (100, 101).

The requirement for oligomeric synuclein to fragment
artificial membranes in vitro further suggests that oligo-
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meric forms account for the effects on mitochondrial mor-
phology in cells. Originally considered a monomeric protein
with no native structure (102), synuclein has been shown to
form oligomers in cells, in transgenic animals, and in PD (54,
98), and some of these forms may lie on the pathway to
fibrillization. Although prominent in the pathology of PD,
synuclein aggregates are also very difficult to detect after
transfection into a wide variety of cells. The robust effect on
mitochondrial morphology now suggests an important role
for oligomeric synuclein even in the absence of aggregates.
Because the monomer clearly binds to membranes, the effect
of oligomeric but not monomeric synuclein on membrane
morphology further suggests that binding alone does not
suffice to produce fragmentation.
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