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Parkinson disease anddementiawith Lewybodies are featuredwith
the formation of Lewy bodies composed mostly of α-synuclein
(α-Syn) in the brain. Although evidence indicates that the large olig-
omeric or protofibril forms of α-Syn are neurotoxic agents, the de-
tailed mechanisms of the toxic functions of the oligomers remain
unclear. Here,we show that large α-Syn oligomers efficiently inhibit
neuronal SNARE-mediated vesicle lipid mixing. Large α-Syn olig-
omers preferentially bind to the N-terminal domain of a vesicular
SNARE protein, synaptobrevin-2, which blocks SNARE-mediated
lipid mixing by preventing SNARE complex formation. In sharp con-
trast, the α-Syn monomer has a negligible effect on lipid mixing
even with a 30-fold excess compared with the case of large α-Syn
oligomers. Thus, the results suggest that largeα-Syn oligomers func-
tion as inhibitors of dopamine release, which thus provides a clue, at
the molecular level, to their neurotoxicity.
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Alpha-Synuclein (α-Syn) is a 140-residue peripheral membrane-
binding protein predominantly expressed in central neurons

and localized in presynaptic terminals (1, 2). It is a major com-
ponent of the amyloid fibrils known as Lewy bodies found in the
brains of patients with Parkinson disease (PD) and those with
dementia with Lewy bodies (3, 4). In addition to the general
sporadic form of PD, the point mutants of α-Syn and duplication
or triplication of the α-Syn gene (PARK1) are associated with
autosomal dominant familial PD (5–9). Although the deposition
of the fibril forms of α-Syn in Lewy bodies is a common hallmark
of PD, currently the hypothesis that large soluble oligomeric or
protofibril intermediates of α-Syn are toxic agents is widely ac-
cepted (10, 11). Another distinctive hallmark of PD is the pref-
erential destruction of dopaminergic neurons in the early stage
of PD (12–14). This observation led to the conjecture that do-
pamine, particularly its oxidant forms generated by oxidative
stress, may play an important role in PD (11, 15, 16). Indeed,
Conway et al. (17) have shown that dopamine accelerates for-
mation of large α-Syn oligomers while suppressing fibril forma-
tion, demonstrating the connection between dopamine and large
α-Syn oligomers (18–21). However, the molecular origin of the
toxicity of dopamine-induced large α-Syn oligomers remains
unclear (15, 22).
Because α-Syn is localized at the presynaptic terminal, its

physiological functions frequently have been linked to synaptic
transmission and the soluble N-ethylmaleimide-sensitive factor
attachment protein receptor (SNARE) complex, the core fusion
machinery for vesicle fusion (23–26). For example, over-
expression of α-Syn resulted in reduction of dopamine release by
interfering with a step after vesicle docking in exocytosis (27, 28)
or by inhibiting the reclustering of synaptic vesicles at the active
zone after endocytosis (29). When the α-Syn level was reduced,
the number of vesicles in the reserved pool decreased (30), but
more vesicles were found in the readily releasable pool (31). In

contrast, Südhof and coworkers (25) recently found that α-Syn
promotes SNARE complex formation through its binding to
a vesicular SNARE protein, synaptobrevin-2. However, it does
not promote the release, indicating that it might play a mainte-
nance role by helping stabilize the spent cis-SNARE complex on
the plasma membrane before recycling (25, 26). Therefore, al-
though it is highly likely that α-Syn oligomers might interfere
with the fusion machinery, the nature and the molecular mech-
anism of this interference are completely unknown.
Here, we show that dopamine-induced large α-Syn oligomers

efficiently inhibit neuronal SNARE-mediated lipid mixing. Using
single-vesicle and bulk in vitro lipid-mixing assays, we find that
large α-Syn oligomers preferentially bind to the N-terminal do-
main of synaptobrevin-2, which blocks the docking between vesi-
cles. In contrast, the α-Syn monomer presents no appreciable
effect on bulk lipid mixing, although it promotes SNARE complex
formation, consistent with the results by Südhof and coworkers
(25). Also, we show that exocytosis in PC12 cells is reduced dra-
matically by large α-Syn oligomers whereas the monomer has
a negligible effect on it, confirming the inhibitory role of large
α-Syn oligomers in exocytosis. These results suggest that large
α-Syn oligomers inhibit exocytosis, which may explain the neuro-
toxicity of large α-Syn oligomers at a molecular level.

Results
Soluble SDS-resistant large α-Syn oligomers were generated by
incubating α-Syn (10 μM) in the presence of 10-fold molar excess
amounts of dopamine (100 μM) at 37 °C for 72 h (17–19). The
pattern of the oligomeric bands obtained from SDS/PAGE was
consistent with previous work (Fig. 1A) (18, 19), in which dimer,
trimer, and higher molecular weight oligomers were observed. In
contrast, without dopamine, α-Syn produced no oligomeric species
(Fig. 1A). We purified higher molecular weight oligomers using
size exclusion chromatography (Fig. S1), which resulted in a band
at around 250 kDa (Fig. 1A).We observed a short nonfibrillar rod-
shaped structure of large oligomers using transmission electron
microscopy (Fig. 1B). The generation of the rod-shaped large
α-Syn oligomers was reproducible in multiple independent ex-
perimental runs. Typically, α-Syn fibrils measure a few micro-
meters in length and around 10 nm in width (18). In contrast, the
average length and width of the large oligomers in Fig. 1B were
estimated to be ∼37 nm and 5 nm, respectively (Fig. S2).
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Large α-Syn Oligomers Inhibit SNARE-Mediated Lipid Mixing. Using
the purified large α-Syn oligomers, we first tested whether large
α-Syn oligomers inhibited neuronal SNARE-mediated lipid mixing
(32, 33)with an in vitro lipid-mixing assay using proteoliposomes (34).
Lipid mixing in such a bulk assay may result from hemifusion as
well as fusion (35–37), but in any case requires trans-SNARE com-
plex formation. Furthermore, a bulk lipid-mixing assay cannot dis-
tinguish between effects caused by differences in docking, hemifusion,

or complete fusion. Our single-vesicle alternating-laser excitation
(ALEX) lipid-mixing method (discussed below) can distinguish be-
tween docking and hemifusion/fusion (38), although it still cannot
distinguish between hemifusion and complete fusion (35–37).
In this bulk lipid-mixing assay, t-SNAREs [syntaxin Habc-

truncated (HT) and synaptosomal-associated protein-25 (SNAP-
25)] and the v-SNARE synaptobrevin-2 are reconstituted separately
into two populations of proteoliposomes (t- and v-vesicles, respec-
tively) (34). Membrane fusion may occur when t- and v-vesicles are
mixed (Fig. 1C). Lipid mixing between t- and v-vesicles is moni-
tored by the increase of fluorescence resonance energy transfer
(FRET) signal (Fig. 1C). When we applied purified large α-Syn
oligomers to the reaction mixture, the extent of lipid mixing was
reduced significantly compared with the control (Fig. 1C). The
inhibition was as much as 25% when the concentration of large
α-Syn oligomers was 30 nM (in monomer units). In sharp contrast,
the same amount of α-Syn monomer did not show any inhibitory
effect on lipid mixing (Fig. 1D). In fact, the α-Syn monomer
showed no effect even with a 30-fold excess (0.9 μM) of large
oligomers (Fig. 1E). When we examined the potential effects of the
oxidized dopamine and probe dyes incorporated into vesicles on
the inhibition of lipid mixing, we found no inhibitory effect (Figs.
S3 and S4). These results show that large α-Syn oligomers inhibit
SNARE-mediated lipid mixing.

Large α-Syn Oligomers Preferentially Bind to Synaptobrevin-2. We
then investigated the mechanism by which large α-Syn oligomers
inhibit lipid mixing at a molecular level. For both α-Syn mono-
mers and aggregates, there are three known modes of interactions
between α-Syn and SNARE-reconstituted proteoliposomes: (i)
binding to a negatively charged membrane surface (39–41), (ii)
permeabilization of lipid membranes (42), and (iii) binding to
v-SNARE synaptobrevin-2 (25). We questioned whether these
modes of interaction are relevant for large α-Syn oligomers.
We tested scenario i by adding protein-free liposomes to the

reactionmixture in the presence of large α-Syn oligomers (Fig. 2A).
If large α-Syn oligomers had interacted with phospholipids in
vesicles, the oligomers would bind to protein-free liposomes, which
should have reduced the number of free large α-Syn oligomers
compared with the case without protein-free liposomes: The ad-
dition of protein-free liposomes would have dampened the in-
hibitory effect of large α-Syn oligomers on lipid mixing. However,
we observed no change in the inhibitory effect, even with a three-
fold excess of protein-free liposomes (Fig. 2A). The addition of
large α-Syn oligomers to the reaction mixture showed 50% in-
hibition of lipid mixing (Fig. 2A, blue bar). When we added large
α-Syn oligomers to the reaction mixture in the presence of protein-
free liposomes, the same 50% inhibition of lipid mixing was ob-
served (Fig. 2A, red and green bars), indicating that large α-Syn
oligomers do not bind to protein-free liposomes or phospholipids.
In contrast, when we increased the concentration of SNARE-
reconstituted proteoliposomes while keeping the concentration of
large α-Syn oligomers the same, the extent of inhibition was re-
duced significantly (Fig. 2B). These results imply that the binding of
large α-Syn oligomers to pure phospholipids is relatively weak
compared with their interactions with SNARE-reconstituted pro-
teoliposomes, and the phospholipid binding may not contribute
much to the inhibitory function of large α-Syn oligomers. The weak
lipid binding by large α-Syn oligomers was confirmed again by
a coflotation assay (Fig. 2C).
We then tested scenario ii by using proteoliposomes encapsu-

lating sulforhodamine B (Fig. S5). We would expect to observe
the leakage-induced dequenching of the fluorescence signal had
there been permeabilization of the membrane. However, we did
not observe such leakage. This result is consistent with previous
work onmembrane permeabilization by α-Syn aggregates (42, 43).
In that work, membrane permeabilization occurred when vesicles
were composed of 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA)
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Fig. 1. Dopamine-induced large α-Syn oligomers and their inhibitory effect
on SNARE-mediated lipid mixing. (A) Western blot of the α-Syn monomers
and oligomers. First lane, α-Syn oligomers generated by incubating 10 μM
α-Syn with 100 μM dopamine at 37 °C for 72 h. Second lane, a control
without dopamine. Third lane, purified large α-Syn oligomers (Fig. S1).
Fourth lane, α-Syn monomers. (B) Typical electron micrograph of purified
large α-Syn oligomers. Rod-shaped large α-Syn oligomers are dominant. The
average length and width are estimated to be 37 nm and 5 nm, respectively
(Fig. S2). (C) The effect of large α-Syn oligomers on an in vitro lipid-mixing
assay. When t-vesicles doped with donor dyes [reconstituted with t-SNAREs
[T]) and v-vesicles doped with acceptor dyes [reconstituted synaptobrevin-2
(V)] are hemifused or fused together, lipid mixing between two vesicles
occurs and increases the FRET signal. No α-Syn: T and V (20 μM in lipid
concentration) were mixed together at 35 °C without α-Syn. No SNAP-25:
a lipid mixing control without SNAP-25 in T. When the α-Syn monomers were
added to the T–V mixture, no inhibition of lipid mixing was observed
(170 nM, violet line; 340 nM, light green line). When large α-Syn oligomers
were added to the T–V mixture, a significant reduction was observed in lipid
mixing (85 nM, red line; 170 nM, dark green line; 340 nM, blue line; all
concentrations in monomer units). (D) Relative percentages of lipid mixing
at 1,800 s from C. (E) Percentages of lipid-mixing inhibition at various α-Syn
concentrations. Blue ●, monomers; red ▪, large oligomers. Error bars were
obtained from three independent experiments.
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or 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DOPG)
(42, 43). However, when 1,2-dioleoyl-sn-glycero-3-(phospho-L-
serine) (DOPS) was used as a negatively charged lipid or the
composition of neutral lipids was over 50 mol%, no per-
meabilization by α-Syn aggregates was observed (43). In this work
we used 7%DOPS as negatively charged lipid in liposomes. Thus,
the possibility of membrane permeabilization by large α-Syn
oligomers in our work was low.
Next, we investigated whether large α-Syn oligomers interacted

with SNARE proteins (scenario iii). We used a coflotation assay
(Fig. 2C) similar to the one Südhof and coworkers (25) used to
identify the interaction between the α-Syn monomer and syn-
aptobrevin-2. We collected large α-Syn oligomers bound to vesi-
cles and analyzed the quantities by Western blot. We found that
large α-Syn oligomers preferentially bound to v-vesicles compared
with the binding to t-vesicles and protein-free liposomes (Fig. 2C).
This result shows that, like monomers, large oligomers have
preferential binding to v-SNARE synaptobrevin-2.

Large α-Syn Oligomers Inhibit Lipid Mixing by Interacting with the
N-Terminal Domain of Synaptobrevin-2. To confirm that the specific
binding of large α-Syn oligomers to synaptobrevin-2 indeed was
responsible for inhibiting lipid mixing, we prepared a truncation
mutant of synaptobrevin-2 (nt-synaptobrevin-2, amino acids 29–
116) lacking the N-terminal region. It was shown previously that
the α-Syn monomer binds to the N-terminal domain of synapto-
brevin-2 (25). Similarly, if large α-Syn oligomers bind synapto-
brevin-2 through its N-terminal region, nt-synaptobrevin-2 would
lose its interaction with large oligomers and, consequently, the
inhibitory effect of large oligomers would be annihilated. As
expected, the coflotation assay revealed that large α-Syn oligom-
ers have a much lower binding affinity to v-vesicles reconstituted
with nt-synaptobrevin-2 than to vesicles carrying full-length syn-
aptobrevin-2 (Fig. 2C, Western blot), supporting that large
oligomers interact with the N-terminal domain of synaptobrevin-2.

Next, we tested whether large α-Syn oligomers have a similar in-
hibitory effect on lipid mixing with nt-synaptobrevin-2 (Fig. 2D).
Again, as expected, large oligomers showed no inhibitory effect on
lipid mixing when nt-synaptobrevin-2 was used. These results
clearly demonstrate that large α-Syn oligomers inhibit lipid mixing
by interacting with the N-terminal region of synaptobrevin-2.

Large α-Syn Oligomers Inhibit the Vesicle-Docking Step. How does
the large α-Syn oligomers’ interaction with synaptobrevin-2 in-
hibit lipid mixing? The most likely scenario is the inhibition of
SNARE complex formation by large α-Syn oligomers, thereby
reducing vesicle docking (44). To verify this scenario, we used
ALEX, a single-vesicle assay that can discriminate between
docking and lipid-mixing steps (Fig. 3) (38). ALEX observes one
vesicle at a time, diffusing in solution (Fig. 3A), of which fluo-
rescence intensity readouts report its status, i.e., unreacted,
docked, and lipid mixed (Fig. 3B). The result of ALEX is repre-
sented by the E (FRET efficiency) vs. S (sorting number) graph
(Fig. 3C), in which green and red ellipsoids denote the locations of
unreacted t- and v-vesicles, respectively; the purple square rep-
resents docked vesicles; and the orange square represents lipid-
mixed vesicles. After incubating the reaction mixture for 30 min at
35 °C, wemeasured the subpopulations of themixture (Fig. 3D–F).
We observed that large α-Syn oligomers reduced the sub-
population of lipid-mixed vesicles significantly (Fig. 3E), whereas
the α-Syn monomer had no effect on the subpopulation of lipid-
mixed vesicles, consistent with our bulk lipid-mixing experiments
(Fig. 3F). Here, we note that the subpopulation of docked vesicles
(purple squares) did not increase in Fig. 3E. If the lipid-mixing
step were inhibited, the docked population must have accumu-
lated in the solution as much as the reduced subpopulation of
lipid-mixed vesicles (38). The fact that the docked population did
not increase implies that large α-Syn oligomers inhibited the
docking step, i.e., the initial complex assembly between t-SNARE
and synaptobrevin-2. Thus, these results suggest that large α-Syn
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Fig. 2. Large α-Syn oligomers inhibit lipid mixing by binding to the N-terminal domain of synaptobrevin-2. (A) Test of large α-Syn oligomer binding to
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mixture was varied from 20 μM to 60 μM (in lipid concentration) (± SD, n = 3). (C) Coflotation assay for large α-Syn oligomer binding to vesicles. (Left) Schematic
description of the coflotation assay. T, V, ntV, or F was incubated with large α-Syn oligomers, respectively, and then vesicle-bound large α-Syn oligomers were
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acids 29–116). (Right) The amounts of vesicle-bound large α-Syn oligomers were quantified by Western blot (± SD, n = 3). (D) The effect of large α-Syn oligomers
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oligomers’ binding to synaptobrevin-2 limits the accessibility of
synaptobrevin-2 to t-SNARE for SNARE complex formation.

Large α-Syn Oligomers Transduced into PC12 Cells Reduce Exocytosis.
Next, we tested whether large α-Syn oligomers block SNARE-
mediated exocytosis at the cellular level using PC12 cells. To ac-
complish this, we delivered large α-Syn oligomers directly into the
cytoplasm of PC12 cells using the protein transfection method
(Fig. 4A) (45). We then determined the level of exocytosis by
measuring the amount of [14C]-acetylcholine release induced by
depolarization of docked vesicles with a solution of high K+

concentration (Fig. 4B). We observed that large α-Syn oligomers
reduced exocytosis in PC12 cells significantly (Fig. 4B). In con-
trast, α-Syn monomers did not affect the high K+-induced ace-
tylcholine release. The delivery of large α-Syn oligomers and
monomers into PC12 cells was confirmed by Western blot (Fig.

4A). Without treatment with the transfection reagents, neither
large oligomers nor monomers were transfected into the cyto-
plasm of PC12 cells (Fig. 4A) and no reduction of exocytosis was
observed (Fig. 4C). In all cases, the cytotoxicity of large oligomers
and monomers was monitored by a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay, which showed no
toxicity for any of them (Fig. 4B andC). Thus, the results show that
large α-Syn oligomers delivered into PC12 cells inhibit exocytosis,
consistent with the outcomes of the in vitro measurements.

Discussion
In the present work, we studied the effect of large α-Syn oligomers
on neuronal SNARE-mediated lipid mixing. The rod-shaped large
α-Syn oligomers produced by dopamine oxidation had an inhib-
itory effect on vesicle lipid mixing, whereas α-Syn monomer
showed no such effect. The large oligomers did not permeabilize
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Gray bar, without α-Syn; blue and red bars, transduced with α-Syn monomer and large oligomers, respectively (***P < 0.005). Cell viability after transfecting
α-Syn was measured by the MTT method (green ▪). (C) Controls without transfection reagents. PC12 cells were incubated with the α-Syn monomers or large
oligomers without the treatment of transfecting reagents. All error bars were obtained from five independent measurements.
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the vesicles, nor did they bind directly to phospholipids. We found
that the large oligomers bound preferentially to synaptobrevin-2,
a SNARE protein in synaptic vesicles, which results in inhibition
of docking between donor and acceptor vesicles. We also tested
whether such inhibitory effect occurs in the cellular level by
transfecting large α-Syn oligomers directly into PC12 cells, which
resulted in a marked reduction of exocytosis.
Using a single-vesicle lipid-mixing assay, we showed that large

α-Syn oligomers block vesicle docking, which is the initial complex
formation step between synaptobrevin-2 and t-SNARE. Because
largeα-Syn oligomers havemultiple binding sites for synaptobrevin-
2 on the v-vesicle, they might sequester most of the synaptobrevin-2
on the vesicle to make less synaptobrevin-2 available for SNARE
complex formation (Fig. 5). Alternatively, it is possible thatmultiple
synaptobrevin-2 binding sites on a large α-Syn oligomer bind syn-
aptobrevin-2 proteins from several vesicles to induce vesicle clus-
tering (Fig. S6), thereby limiting the number of v-vesicles available
for docking. Recently, it was suggested that synaptobrevin-2 is not
required for the initial docking of synaptic vesicles to the plasma
membrane in vivo (46, 47). Our results show that large α-Syn
oligomers specifically inhibit SNARE complex formation between
synaptobrevin-2 and t-SNAREs after initial docking by other
synaptic factors, such as synaptotagmin-1, in the neuron. We
note that this work is limited to α-Syn’s effect on SNARE-in-
duced lipid mixing; α-Syn’s effect on Ca2+-triggered membrane
fusion involving synaptotagmin-1 (36) has not been investigated.
Another distinct feature of large α-Syn oligomers is that

the large α-Syn oligomers’ interaction with synaptobrevin-2 is
stronger than that with phospholipids (Fig. 2A andC). Thus, large

α-Syn oligomers might bypass phospholipid binding in cytosol.
Because large α-Syn oligomers are resistant even to degradation
(22), the accumulation of a small amount of large α-Syn oligomers
in cytosol might be sufficient to hinder neurotransmitter release.
It is remarkable that the α-Syn monomer and large oligomers

have opposite effects on SNARE complex formation despite
their using the same interaction mode. The monomer promotes
SNARE complex formation in vitro (Fig. S7), consistent with the
results by Südhof and coworkers (25), whereas the large
oligomers inhibit SNARE complex formation. It is particularly
interesting that the α-Syn monomer does not enhance SNARE-
dependent lipid mixing, despite its activity in promoting SNARE
complex formation. Consistently, Südhof and coworkers (25)
showed that α-Syn monomer did not enhance exocytosis in
neurons. Even αβγ-synuclein triple-knockout mice did not show
a significant difference in synaptic strength, indicating that the
α-Syn monomer has no immediate impact on vesicle fusion un-
der normal conditions. Collectively, these results suggest that the
α-Syn monomer plays a maintenance role in keeping spent cis-
SNARE complex on the plasma membrane stable and properly
recycled, rather than directly regulating trans-SNARE complex
formation relevant to vesicle fusion.
It should be noted that A9 dopaminergic neurons, which

contain a high level of α-Syn (48, 49) and increased pigmentation
by neuromelanin in the early stage of PD before producing Lewy
bodies (12, 50, 51), exhibit early vulnerability. Analysis of brain
samples from PD patients showed that the optical density of
neuromelanin increased together with α-Syn accumulation
around the neuromelanin granules in A9 neurons (51), and
α-Syn was found to be a major proteic component, cross-linked
to neuromelanin from brains of PD patients (52). These obser-
vations showed that the enhanced dopamine oxidation and the
high level of α-Syn are specific features of A9 neurons, which
provide favorable environments for the generation of large α-Syn
oligomers (17). The increased level of large α-Syn oligomers
would inhibit dopamine release, which potentially leads to the
preferential destruction of A9 neurons.
In summary, this work shows that large α-Syn oligomers induced

by dopamine oxidants function as inhibitors of SNARE-mediated
vesicle docking. For the inhibitory effect, large α-Syn oligomers use
their interactions with synaptobrevin-2. This specific inhibition
might create havoc in all trafficking pathways involving synapto-
brevin-2. Thus, our work suggests a potential mechanism of cyto-
toxicity of large α-Syn oligomers on dopaminergic neurons in PD.

Methods
Preparation of α-Syn Monomer and Large Oligomers. The gene of recombinant
α-Syn fused with GST was inserted into pGEX-KG, which was transformed
into Escherichia coli Rosetta (DE3) pLysS (Novagene). The cells were grown at
37 °C in LB medium with 100 μg/mL ampicillin until the absorbance at 600
nm reached 0.6–0.8. The cells were grown further overnight after addition
of Isopropyl β-D-1-thiogalactopyranoside (0.5 mM final concentration) at
16 °C. The cell pellets were harvested and resuspended in lysis buffer (1%
sarcosine and 2 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochlo-
ride in 1× PBS). Cells then were broken by sonication. The supernatant of the
lysate was transferred to a column containing glutathione-agarose beads,
which was incubated for 1 h at 4 °C and washed several times with 1× PBS
buffer. The thrombin reaction was conducted to cleave the α-Syn protein
from the resin. To prepare large α-Syn oligomers, 10 μM α-Syn was mixed
with 100 μM dopamine in 20 mM sodium phosphate buffer (pH 7) at 37 °C
for 72 h. After incubation, the mixture was centrifuged to remove large
aggregates at 162,000 × g for 5 min at 4 °C. Then, the supernatant was
concentrated using Ultracel 10K membrane (Millipore). Large oligomers
were purified by size exclusion chromatography using Superdex 200 10/300
GL (GE Healthcare) and concentrated again using Ultracel 10k-membrane.

Preparation of SNARE Proteins, Proteoliposome Reconstitution, in Vitro
Lipid-Mixing Assay, and the Coflotation Assay. The procedures of protein
purification, reconstitution, in vitro lipid-mixing assay, and coflotation assay
are described in detail in SI Text.

synaptobrevin-2

t-SNARE

dopamine

Large 

Oligomers

Monomer 

+ +

+

plasma membrane

Fig. 5. A model for large α-Syn oligomers’ inhibition effect on exocytosis.
Oxidative stress induces oxidants of dopamine that accelerate the formation
of large α-Syn oligomers. Large α-Syn oligomers bind to the N-terminal do-
main of synaptobrevin-2, which blocks SNARE complex formation. Large
α-Syn oligomers may sequester most of the synaptobrevin-2 using multiple
binding sites for synaptobrevin-2 on vesicles; thus, less synaptobrevin-2 is
available for SNARE complex formation. Alternatively, multiple synapto-
brevin-2 binding sites on a large α-Syn oligomer bind synaptobrevin-2 pro-
teins from several vesicles to induce vesicle clustering, which limits the
number of v-vesicles available for docking.
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Single-Vesicle Lipid-Mixing Assay by ALEX. The instrumental setup and data
analysis of ALEX (Fig. S8) were described previously (38, 53), and the mod-
ifications for this work are described in SI Text.

PC12 Cell Culture and Determination of [14C]-Acetylcholine Release. PC12 cells
were purchased from the Korean Cell Line Bank. The PC12 cells were plated
on poly-D-lysine–coated culture dishes and maintained in Roswell Park Me-
morial Institute (RPMI) medium 1640 containing 100 μg/mL streptomycin,
100 U/mL penicillin, 2 mM L-glutamine, and 10% (vol/vol) heat-inactivated
FBS at 37 °C in 5% CO2 incubator. After PC12 cells were grown in 24-well
plates at a density of 2 × 105 cells per dish, large α-Syn oligomers or mon-
omers were transduced into the PC12 cells at 80% confluence by Pro-Ject
Protein Transfection Reagent (Pierce) according to the manufacturer’s
instructions. Briefly, PC12 cells were predepolarized with high-K+ solution
(115 mM NaCl, 50 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 1.2 mM MgSO4,
11 mM glucose, and 15 mM Hepes-Tris at pH 7.4) to release already-loaded
neurotransmitters of vesicles for exocytosis (the readily releasable pool).
After 15 min, mixtures of 2.5 μl of the transfection reagent with various

concentrations of α-Syn were added and incubated for 3 h at 37 °C. Then,
[14C]-acetylcholine (1 μCi/mL) was applied for 60 min in low-K+ solution
(140 mM NaCl, 4.7 mM KCl, 1.2 mM KH2PO4, 2.5 mM CaCl2, 1.2 mM
MgSO4, 11 mM glucose, and 15 mM Hepes-Tris at pH 7.4). The cells were
washed four times to remove unincorporated radiolabeled neurotrans-
mitters, then depolarized with a high-K+ solution for 15 min to assess the
stimulated release (54). Extracellular medium was transferred to scintillation
vials, and the quantity of released neurotransmitter was measured by liquid
scintillation counting. The test of cell viability using a modified MTT assay
is described in SI Text.
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