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VAMP2 chaperones a-synucleinin synaptic
vesicle co-condensates
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o-Synuclein (a-Syn) aggregation is closely associated with Parkinson’s
disease neuropathology. Physiologically, a-Syn promotes synaptic vesicle
(SV) clustering and soluble N-ethylmaleimide-sensitive factor attachment
proteinreceptor (SNARE) complex assembly. However, the underlying
structural and molecular mechanisms are uncertain and it is not known
whether this function affects the pathological aggregation of «-Syn. Here
we show that the juxtamembrane region of vesicle-associated membrane
protein 2 (VAMP2)—a component of the SNARE complex that resides

on SVs—directly interacts with the carboxy-terminal region of a-Syn
through charged residues to regulate o-Syn’s function in clustering SVs
and promoting SNARE complex assembly by inducing a multi-component
condensed phase of SVs, a-Syn and other components. Moreover, VAMP2
binding protects a-Syn against forming aggregation-prone oligomers and
fibrils in these condensates. Our results suggest amolecular mechanism
that maintains a-Syn’s function and prevents its pathological amyloid
aggregation, the failure of which may lead to Parkinson’s disease.

a-Synuclein (a-Syn) isanintrinsically disordered protein that is highly
expressed in presynaptic neuronal terminals’. It consists 0f 140 amino
acidswithaconserved amino (N)-terminal lipid-binding motif followed
by an aggregation-prone hydrophobic motif and an acidic carboxy
(C)-terminal tail*. In solution, a-Syn has a propensity to aggregate,
forming 3-sheet-rich amyloid fibrils in a nucleation-dependent man-
ner*. Theabnormal aggregation of a-Syn is a pathological hallmark of
Parkinson’s disease, Lewy body dementia, multiple system atrophy
and other synucleinopathies and it plays an essential role in disease

initiation and progression®”. a-Syn aggregation is nucleated through
liquid-liquid phase separation in vitro®, which may play animportant
rolein neurodegenerative diseases’ . Synaptic vesicles (SVs) are organ-
ized into liquid phases constituting presynaptic clusters of SVs near
release sites”. Thus, it is critical to identify factors that prevent toxic
amyloid formation under physiological conditions.

In contrast with intensive studies on the pathological role of mis-
folded a-Synin neurological diseases, the normal functions of a-Syn
remain largely unclear'*>, Combined in vivo and in vitro experiments
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revealed that a-Syn promotes soluble N-ethylmaleimide-sensitive fac-
tor attachment protein receptor (SNARE) complex assembly through
interaction with a vesicular SNARE protein: vesicle-associated mem-
brane protein 2 (VAMP2; also called synaptobrevin-2)'°. Notably, the
levels of VAMP2 and monomeric a-Syn simultaneously decrease with
increasing duration of dementia, which implies a potential functional
link between VAMP2 and monomeric a-Syn". Moreover, the interac-
tion between «-Syn and VAMP2 with a binding affinity in the micro-
molar range™ offers a tool for investigating the cellular functions of
a-Syn at the molecular level”. However, the molecular basis of the
a-Syn-VAMP2 interaction and its influence on the functions of a-Syn
remain unknown.

«-Syn binds to highly curved membranes containing negatively
charged lipids via its N-terminal domain, which is required to pro-
mote the clustering of SVs*>”'. However, at a high protein-to-lipid
ratio, the negatively charged phospholipids in SVs can also induce
a-Syntoformaggregation-prone oligomers and facilitate its amyloid
aggregation’?*. Thus, the question arises of how a-Syn is maintained
in a highly dynamic liquid-like state®® without forming pathological
fibril aggregation. In this article, we show that the molecular interac-
tion between a-Syn and VAMP2 on SVs participates in the formation
of co-condensates of SVs and a-Syn. We also discovered that VAMP2
efficiently prevents a-Syn’s oligomerization and amyloid aggrega-
tion. Our findings highlight theimportance of VAMP2 in chaperoning
a-Syn on the SV membrane to maintain a non-pathogenic conforma-
tion and promote SV clustering and SNARE complex assembly. This
chaperoning activity of VAMP2 reported here represents a unique,
non-fusogenic function for SNAREs.

Results

«-Syn and SVs form a co-condensate

First, we re-examined the interaction of a-Syn and SVs containing
VAMP2. Detergent is required to purify full-length VAMP2. Since
detergent may undergo phase separation under some conditions®,
we used the cytoplasmic domain of VAMP2 (VAMP2!°¢) that has been
reported to anchor on SVs¥in co-condensation experiments. a-Syn and
VAMP2!"% form co-condensates with protein-free SV mimics (SVMs)
(Fig. 1a and Extended Data Fig. 1a—e). As a control, VAMP2' % alone
did notinduce droplet formation of SVMs (Fig. 1a (top)), whereas a
few small droplets were observed for SVMs in the presence of a-Syn
(Fig. 1a (middle)). The droplets formed by SVMs and a-Syn substan-
tially increased in size in the presence of VAMP2'*¢ (Fig. 1a (bottom)),
but not with the addition of other presynaptic proteins (Extended
Data Fig. 1f). The droplets were formed by multi-component phase
separation (also referred to as co-condensation) of SVMs, a-Syn and
VAMP2!"%¢ asverified by a fluorescence labelling followed by imaging
(Extended DataFig.1g). Fluorescence recovery after photobleaching
(FRAP) experiments revealed that the droplets formed by the three
components exhibited high mobility, like a liquid (Fig. 1b)°. Moreo-
ver, to further confirm the co-condensation results, we purified SVs
(Extended Data Fig. 1h-j) with endogenous full-length VAMP2 from
mouse brains and found that a-Syn can co-condensate together with
purified SVs (Fig. 1c,d). In the boutons of cultured mouse primary
neurons, green fluorescent protein (GFP)-tagged «-Syn (a-Syn-GFP)
but not GFP alone co-localized with SVs to form puncta (Fig. 1e). The
FRAP experiments in live primary neurons (Fig. 1f) of a-Syn and SVs
from the same punctum showed a fluorescence intensity recovery
similar to previous results®”. The t,, of a-Syn-GFPis 18.0 s. The slower
fluorescence recovery of SVs was caused by their larger size, which
reduces the diffusion speed®. Our FRAP speed of a-Synis comparable
to what has been reported for a-Syn phase separation in vitro and in
cells®*”, which is two to three orders of magnitude slower than what
hasbeenreported for soluble a-Syn in neurons®. Our results support
that a-Syn and SVs form liquid-like co-condensates when VAMP2is on
the vesicle surface.

The VAMP2 juxtamembrane region interacts with the a-Syn C
terminus

To characterize the structural basis of the interaction between o-Syn
and VAMP2, we used solution nuclear magnetic resonance (NMR) spec-
troscopy. Upon the addition of VAMP2'*® to ®N-labelled a-Syn, the
5N-'H heteronuclear single quantum coherence (HSQC) spectrum
revealed chemical shifts and cross-peak intensity changes primar-
ily for residues 105-140 of the C-terminal domain of a-Syn (Figs. 2a
(left) and 2b (top) and Extended Data Fig. 2a (top)). Considering the
relatively small chemical shifts, the overall conformation of a-Syn is
largely retained. This finding is consistent with previous studies™ sug-
gesting that a-Syn binds to VAMP2 mainly throughits C-terminal region.
However, the NMR chemical shift changes indicate that a more exten-
sive region than that suggested by co-immunoprecipitation studies is
involved in binding'. Conversely, the addition of a-Syn to *N-labelled
VAMP2'**resulted in an overall decrease in the cross-peak intensities,
and the VAMP2'"*¢ juxtamembrane region exhibited more remarkable
chemical shift and intensity variations than those of the other residues
(Figs.2a (right) and 2b (bottom) and Extended Data Fig. 2a (bottom)).
This finding implies that VAMP2'* primarily binds to a-Syn via its
juxtamembrane region (Fig. 2c). Previous co-immunoprecipitation
studies with full-length VAMP2 in the presence of 0.15% Triton X-100
suggested that there is also an interaction between the N-terminal
region of VAMP2 and a-Syn'®, which may be too weak to be detect-
able by solution NMR. The nearby SNARE motif of VAMP2 also weakly
interacted with a-Syn (Fig. 2a-c). Notably, the interfaces identified
by NMR chemical shifts include several negatively charged residues
(for example, 119D, 126E, 130E and 137E) of the C-terminal region of
«-Syn, as well as positively charged residues (for example, 83K, 85K,
86R and 87K) of the juxtamembrane region of VAMP2, indicating that
theinteraction between VAMP2 and a-Syn is mainly electrostatic, which
agrees with anindependent study similarly describing an interaction
of the juxtamembrane domain of VAMP2 with a-Syn”.

We further characterized the interaction between a-Syn and
VAMP2 on the membrane surface. Using chemical cross-linking coupled
with mass spectrometry (XL-MS) profiling interacting lysines on two
proteins in the presence of liposomes, we confirmed that the critical
region of soluble VAMP2 to interact with a-Syn on membranes is the
juxtamembrane region (Fig. 2d and Supplementary Tables 1-3), con-
sistent with the solution NMR data. The majority of a-Synintra-subunit
cross-links are located in the N-terminal region (Supplementary
Table 2), whereas most of the a-Syn-VAMP2 inter-subunit cross-links
are within its C-terminal region (Supplementary Table 1), which sug-
geststhat thisregionis the focal point of the a-Syn-VAMP2 interaction.
Meanwhile, the C-terminal region of a-Syn lacks lysine residues (after
residue K97), which prevents interaction of the entire a-Syn C-terminal
region with VAMP2 from being captured by XL-MS using lysine-linked
reagents. However, the C-terminalinteraction region of a-Synis consist-
entwith previous results'®”. Therefore, we only used the on-membrane
cross-linking datato confirm the newly discovered interaction between
«-Syn and the VAMP2 juxtamembrane region.

Disruption of a-Syn-VAMP2 interaction abolishes
co-condensation

Next, we examined whether the a-Syn-VAMP2 interaction mediates
«-Syn-SV co-condensation. We prepared a C-terminally truncated
variant of a-Syn (a-Syn''%°), which is present within human patho-
logical inclusions®. The interaction between a-Syn and VAMP2 was
abolished without the a-Syn C-terminal domain, but the SVM binding
of a-Synremained unaffected (Extended Data Fig. 2b,c). Moreover, the
truncation efficiently eliminated the co-condensation of a-Syn and
SVMs (Fig. 3a (middle) and Extended Data Fig. 2d). In addition, puncta
with a-Syn and SVs were eliminated in cultured mouse neurons when
expressingsimilar protein levels of a-Syn' ' instead of wild-type a-Syn
(Fig.3b and Extended Data Fig. 2e), suggesting that the interaction
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Fig.1|SVs and a-Syn co-condense. a, Images of protein-free SVMs (1 mM) in the
presence of both VAMP2'*¢ (V2'-°) and a-Syn at a molar ratio of 10:1:1at room
temperature, as well as under SVMs + V2" and SVMs + &-Syn conditions. The
buffer used was 10 mM HEPES-Na (pH 7.4), 5% (wt/vol) polyethylene glycol 3350
and 5 mM Zn*. The diameter of the SVMs was ~50 nm (Extended Data Fig. 1a).

b, FRAP for carboxyfluorescein-labelled SVMs (CF-SVMs) in the presence of both
VAMP2'*¢ and a-Syn. The t,,, was 47.2 s (as determined by fitting a single-term
exponential model). Fluorescence images of one droplet at theindicated time
points are shown at the top (representative of six FRAP experiments). The
datarepresent means + s.d. and the error bars (black) represent the s.d. of six
independent measurements. c¢,d, Images of a-Syn (containing 1% a-Syn-Alexa
Fluor 488) with or without isolated SVs from mouse brains (c) and FRAP of the
a-Syndroplets in the presence of SVs (d). The t;,, was 15.6 s. The datarepresent

Time (min)

means + s.d. and the error bars (black) represent the s.d. of sixindependent
measurements. e, Representative images of cortical neurons expressing

GFP or a-Syn-GFP loaded with FM 4-64 dye (labelling endocytosed SVs) show
puncta of a-Syn and SVs (n = 6 independent cultures per condition). f, FRAP of
o-Syn-GFP and FM 4-64 in a single bouton. Top, representative pseudo-colour
images of a string of boutons were selected and a single bouton was selectively
photobleached and recovered for the indicated time. Bottom, average FRAP
time course of a-Syn-GFP and FM 4-64 in similar sized single boutons to those
shownin the top images. The data represent means * s.d. (n = 5independent
measurements on the same bouton for the two fluorescence conditions). DIC,
differential interference contrast. Source numerical data are available in Source
DataFig.1.

between the C-terminal region of a-Syn and VAMP2 is essential for
co-condensation of a-Syn and SVs in neurons. We also truncated the
juxtamembrane region of VAMP2, which is critical for a-Syn binding.
Replacing VAMP2'"*® with VAMP2! 78 abolished co-condensation of
a-Synand SVMs (Fig. 3a (bottom) and Extended DataFig. 2d). Moreover,
as shown by the solution NMR titration experiments (Extended Data
Fig. 2f,g), the acidicresidues of E105, D119, E126, E130 and E137 on a-Syn
are essential for the interaction with VAMP2. We found that a-Syn*
(E105A, D119A, E126A, E130A and E137A) and &-Syn** (E105K, D119K,
E126K, E130K and E137K) variants disrupt the a-Syn-VAMP2 interac-
tionand abolish co-condensation of a-Syn with SVMs (Fig. 3¢) in vitro.
a-Syn**impaired the liquid-like character of co-condensed a-Synin neu-
ronsand a-Syn** even disrupted it (Fig. 3d,e). The different behaviour of
the a-Syn** variantin vitro versusin the neuronsimplies that there may
beotherfactorsinvolvedin regulating SV co-condensation. Together,

our results demonstrate that the interaction between the C-terminal
region of a-Syn and the juxtamembrane region of VAMP2 is essential
for mediating the co-condensation of a-Syn and SVs.

Disruption of a-Syn-VAMP2 interaction impairs a-Syn
function in SV trafficking

We previously showed that «-Syn and VAMP2 cooperate to induce SV
clustering??'. Meanwhile, others have shown that a-Syn alone can clus-
ter liposomes™. To analyse the influence of VAMP2 on the clustering
activity of a-Syn, we conducted asingle-vesicle clustering assay using
SVMs?*, We labelled two SVM populations with spectrally distinct fluo-
rescent lipid analogues, DiD and Dil, allowing us to track the location
ofthe free-floating DiD SVMs and to assess the surface coverage of the
immobilized Dil SVMs. Interactions between the two populations of
SVMs were measured by counting the number of initially free-floating
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Fig.2|The juxtamembrane region of VAMP2 interacts with the C-terminal
region of a-Syn. a, Left, overlay of the two-dimensional 'H-*N HSQC spectra of
5N-labelled a-Syn alone (100 uM; black) and in the presence of soluble VAMP2
(blue). Right, overlay of the two-dimensional 'H-*N HSQC spectra of soluble
5N-labelled VAMP2 alone (100 pM; black) and in the presence of a-Syn (red). The
residues harbouring large chemical shift changes are magnified. The NMR buffer
used was 50 mM NaH,PO, (pH 6.5) with 50 mM NaCl. b, Residue-specific changes
in the chemical shift of a-Syn signals upon VAMP2 titration (top) and VAMP2
signals upon a-Syn titration (bottom). ¢, Mapping of the interfaces between
a-Synand VAMP2. The C-terminal domain of a-Syn and juxtamembrane region
(amino acids 79-96; juxta) of VAMP2 are involved in the interaction between

the molecules. The VAMP2 SNARE motif next to the juxtamembrane region also
weakly interacts with a-Syn. d, Left, diagram of cross-linked lysine pairs of a-Syn
and soluble VAMP2, as identified by mass spectrometry. The black and white
circles labelled on the protein domain represent cross-linked and unlinked lysine,
respectively. Right, arepresentative second-stage mass spectrometry (MS2)
spectrum of cross-linked a-Syn K97 and VAMP2 K91 corresponds to the grey line
on the left. The molar ratio of a-Syn (50 uM), VAMP2'** and PS liposome was
1:1:20 and the cross-linking buffer used was 10 mM HEPES-Na (pH 7.4). NAC, non-
amyloid component; TMD, transmembrane domain. Source numerical dataare
available in Source DataFig. 2.

DiD SVMs bound to theimmobilized Dil SVMs (Extended Data Fig. 3a).
Usingthe clustering assay, we found that a-Syninduced the clustering of
protein-free SVMs at alow a-Syn-to-lipid ratio, but this was completely
reversed at a high a-Syn-to-lipid ratio (Fig. 4a). In contrast, the recon-
stitution of a full-length VAMP2 to both DiD and Dil SVMs dramatically
boosted a-Syn-mediated SVM clustering in aconcentration-dependent
manner (Fig. 4b), especially at the high protein-to-lipid ratio. In both
cases, a physiological level of negatively charged phospholipids
(12% phosphatidylserine (PS)**) was required for vesicle clustering
(Extended Data Fig. 3b—-d). Moreover, vesicle clustering was signifi-
cantly reduced with a-Syn' % or a-Syn** variants lacking the residues
interacting with VAMP2 (Fig. 4c,d). Thus, the single-vesicle clustering
assay revealed that VAMP2 can still maintain the function of a-Synin
clustering SVs even at high o-Syn concentrations usually associated
with phase separation®.

Next, we assessed whether disruption of the interaction between
VAMP2 and a-Syn affected its function for SNARE complex assembly.
Toruleout the possibility that decreased expression levels of a-Syn'1*°
or a-Syn** variants accounted for this lack of SNARE complex assem-
bly, we transfected HEK293T cells with the three SNAREs syntaxin-1,
synaptosomal-associated protein of 25 kDa (SNAP-25) and VAMP2
in addition to increasing amounts of wild-type a-Syn, a-Syn'*°° or
a-Syn®*. Even at high levels, compared with wild-type a-Syn, neither
a-Syn' ' (Fig. 4e,fand Extended Data Fig. 4a,b) nor a-Syn** (Fig. 4g,h
and Extended DataFig. 4c-f) could support SNARE complex assembly
inHEK293T cells orin cultured a-Syn knockout neurons. Furthermore,
a-Syn®* was unable to modulate synaptic transmission as wild-type
a-Syndoes (Extended DataFig. 5). These results suggest that theinter-
action between a-Syn and VAMP2 is essential for maintaining the physi-
ological conformation and function of a-Syn in SV trafficking.
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Fig. 3 | Disruption of the a-Syn-VAMP2 interface abolishes co-condensation.
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dyelabelling endocytosed SVs. ¢, Images of 1 mM CF-SVM vesicles alone and
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E130A and E137A) or a-Syn** (E105K, D119K, E126K, E130K and E137K) variants.
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The molar ratio of SVMs:VAMP2:a-Syn was 10:1:1. d, Representative pseudo-
colour snapshots of primary neurons expressing different «-Syn-GFP variants in
FRAP assay (n = 8 random imaging locations). The green colour represents the
«-Syn-GFP variants and the red colour represents the FM 4-64 dye. e, Results of a
representative FRAP experiment on a single bouton (white boxes ind) of primary
neurons with GFP-linked a-Syn variants. The data represent means + s.d. and the
error bars (black) represent the s.d. of eight independent measurements on the
same bouton. Source numerical data are available in Source Data Fig. 3.

VAMP2 prevents a-Syn aggregation and cytotoxicity

Next, we examined how the binding of VAMP2 to a-Syninfluences a-Syn
amyloid aggregation. Using athioflavin T (ThT) kinetic assay, which meas-
ures a-Syn amyloid fibrils, a kinetics assay and negative-stain electron
microscopy, we found that VAMP2' % reduced a-Syn aggregationina
dose-dependent manner in the presence of PS liposomes, whichiis criti-
calfor a-Syn binding (Fig. 5a,b). In addition to preventing a-Syn fibrilla-
tion, the full-length VAMP2 decreased the formation of a-Syn oligomers
induced by PS liposomes, as revealed by a cross-linking experiment
(Fig. 5¢). Expression of VAMP2"* substantially decreased the formation of
insoluble a-Syn aggregation in HEK293T cells (Fig. 5d). A cell viability assay
showed that VAMP2 ameliorates the cytotoxicity of a-Syn aggregates to
HEK293T cellsand cultured primary neurons (Fig. 5e,f). Finally, truncation
or mutation affecting the a-Syn-binding region of VAMP2 (VAMP2' 7 or
VAMP2%9954) decreased theinhibitory effects of VAMP2 on a-Syn aggrega-
tion (Fig. 5g,h and Extended Data Fig. 6a,b), which agrees with the FRAP
results showing that a-Syn* with decreased binding to VAMP2 assumes
alessliquid state, presumably via aggregation (Fig. 5d,e and Extended
Data Fig. 2f,g). a-Syn''°° showed more a-Syn amyloid aggregation in
neurons after long-term expression (Extended Data Fig. 6¢). Together,
theseresults suggest that VAMP2 chaperones a-Syn on SVM membranes
to prevent its oligomerization and amyloid aggregation.

Discussion
Biologically, the juxtamembrane region of VAMP2 for a-Syninteraction
may imply a possible regulatory mechanism in SV trafficking and SV

clustering at synaptic boutons. The juxtamembrane region of VAMP2
interacts withthe SV membrane, which may decrease SNARE complex
assembly**, Therefore, by competing with the interaction between
the VAMP2 juxtamembrane region and the SV membrane, o-Syn may
promote SNARE complex assembly, thereby regulating synaptic neu-
rotransmitter release. Our earlier findings demonstrated an essential
role of VAMP2 in a-Syn-induced SV clustering®*', whereas other studies
showed that a-Syn alone, synapsin alone or both together can cluster
liposomes'*?. Here we reconciled these contradictory findings by
showing how VAMP2 can maintain the physiological conformation
of a-Syn even at high concentrations. Our results agree well with an
independent study?, not only showing that VAMP2 can promote the
co-condensation of a-Syn and SVs, but also that the region responsible
for SV-a-Syn co-condensate formationislocated at the juxtamembrane
domain of VAMP2. In addition to SV clustering, a-Syn promotes SNARE
complex assembly?®.

Forallof thein vitro experiments, we only included «-Syn, VAMP2
and SVM. a-Syn** effectively disrupts the co-condensation and vesicle
clustering in vitro by using either VAMP2'%¢ (Fig. 3¢) or full-length
VAMP2 (Fig. 4d). Meanwhile, in synaptic boutons, SVs form tight clus-
ters near presynaptic release sites that are interconnected by highly
abundant proteins with multivalent low-affinity interactions*,
However, recent evidence suggests that these synaptic clusters con-
sisting of primed SVs (readily releasable pool) and reserve pools are
more dynamic than was previously thought®, consistent with the
notion of aliquid-like co-condensate of SVs and protein components.
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Fig. 4 | Disruption of the a-Syn-VAMP2 interface impairs the a-Syn function of
SV trafficking. a, Numbers of interacting DiD-labelled protein-free SVMs on the
imaging surface with various protein-to-lipid ratios. b, Numbers of interacting
DiD-labelled SVMs reconstituted with full-length VAMP2 on the imaging surface
with various protein-to-lipid ratios. ¢,d, a-Syn'% (c) and a-Syn** (d) reduced the
clustering of DiD-labelled SVMs reconstituted with full-length VAMP2.Ina-d,

the bar graphs show quantification of the interacting vesicles, where the data
represent means + s.d. and statistical significance was determined by unpaired
two-tailed t-test (n (left to right) = 8,15,20,26 and 20 in a, 20,12,20,20 and 16
inb,16incand 20 ind (nrefers to the number of random imaging locations in

the same sample channel)). e-h, Effects of wild-type a-Syn and a-Syn' % (e,f) or
a-Syn* (g,h) on a-Syn-mediated catalysis of SNARE complex assembly, measured
viathe SDS resistance of SNARE complexes in transfected HEK293T cells (e-g) or
a-Syn knockout neurons (h). HEK293T cells were co-transfected with constant

amounts of syntaxin-1, VAMP2 and SNAP-25 and increasing amounts (zero- to
threefold) of wild-type a-Syn or &-Syn'"'%°, along with decreasing amounts of
pCMV5-emerald (three- to zerofold, to balance the total DNA amount) (e,f) or
fourfold GFP, wild-type a-Syn or a-Syn® (g). a-Syn knockout primary neurons
were transduced with lentiviral vectors expressing wild-type a-Syn or a-Syn* (h).
The expression levels of individual SNARE proteins are shown in Extended Data
Fig.4a-d. SNARE complexes and a-Syn were quantified and normalized to control
levels. a-tubulin (a-Tub), heat shock cognate 71 kDa protein (Extended Data
Fig.4e) or B-tubulin-1ll (Extended Data Fig. 4f) was used as aloading

control. SNARE complexes were measured as high-molecular-mass bands
immunoreactive for SNAP-25, which disappeared upon boiling. The data
represent means + s.d. Statistical significance was determined by unpaired two-
tailed t-test (n =3, 6 and Sindependent cultures for f, g and h, respectively. Source
numerical dataand uncropped blots are available in Source Data Fig. 4.

Multi-component phase separation or co-condensation of SVs is medi-
ated by synapsin'®, RIM (Rab3 interacting molecules) and RIM-binding
proteins*’, Piccolo* and a-Syn. Therefore, in the presence of other
factors causing SV co-condensation in vivo, a-Syn** could contribute
to SV co-condensation through the remaining charged C-terminal
residues (Fig. 3d,e). Considering the relative location of synapsin*?
or a-Syn*’ proximal or distal to the active zone and their potential
interaction*!, we propose that a-Syn and synapsin may cooperate for
SV co-condensationin neurons®.

We not only showed that a-Syninteracts with VAMP2 to form drop-
lets with SVs but also discovered an unexpected role for this interac-
tion in preventing a-Syn pathological aggregation. In neurons, a-Syn
exists in equilibrium between cytosolic and membrane-bound states.
Cytosolic a-Syn is natively unfolded in amonomeric conformation'*®,
whereas membrane-bound a-Synadopts an a-helical conformation w1th

spontaneous oligomerization on the membrane®, which could facilitate
amyloid fibril aggregation®. The SV membrane-bound form of a-Syn,
rather than the cytosolic unfolded form, is thought to act as a SNARE
complex chaperone in the presynaptic terminal™ and delays toxicity
and pathology”’. However, the dynamics of a-Syn on the SV membrane
surface andits assembly and dissociation regulation remain unclear. Our
results suggest that VAMP2 is essential in maintaining the equilibrium
between cytosolicand membrane-bound states of a-Syn. Partially folded
a-Synonmembranes canbridge SVs***®, whereas large oligomers formed
by ahigh protein-to-lipid ratios fall off the membrane and decrease the
capability of SV clustering. By interacting with a-Syn, VAMP2 decreases
the size of membrane-induced pathological oligomers, thereby prevent-
ing cytosolic a-Syn from forming 3-sheet-rich amyloid fibrils (Fig. 5i).
Since a-Syn aggregates have been implicated in cellular toxicity by
disrupting the integrity of biological membranes®, the interaction
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Fig.5| VAMP2 prevents a-Syn aggregation and cytotoxicity. a,b, ThT spectra
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in the presence of PS liposomes with or without VAMP2'*°, The molar ratios of
liposome:VAMP2:a-Syn are indicated. Scale bars, 200 nm. The datarepresent
means +s.d.and the error bars represent the s.d. of three independent replicates.
¢, Western blot analysis (n = 3independent replicates) of cross-linked a-Syn
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full-length VAMP2 (1:2,1:1,1:0.5 and 1:0). d, Gel image of «-Syn levels in HEK293T
cells with or without expression of VAMP2'™°, The upward-pointing arrow
indicates the supernatant, whereas the downward-pointing arrow designates the
pellet containing intact cells. The NP-40 insoluble form of a-Syn was fractionated
and quantified by western blot (n = 2independent replicates). e,f, HEK293T

cell (e) and primary neuron (f) survival measurements with a-Syn and specified
VAMP2!"% concentrations. Recombinant a-Syn and VAMP2! * were added to

the cell culture media at the indicated ratios for the cell viability measurements.
The datarepresent means + s.d. Statistical significance was determined by
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foreanf, respectively).g,h, ThT spectra (g) and electron microscopy images

(h) showing a-Syn amyloid aggregation in the presence of PS liposomes with
VAMP2'"% or VAMP2'78, The molar ratios of protein and PS lipids are indicated.
Scale bars, 500 nm. The data represent means + s.d. and the error bars represent
thes.d. of threeindependent replicates. i, Schematic of how VAMP2 chaperones
o-Synin co-condensates. In neurons, a-Syn exits in dynamic equilibrium
between cytosolicand membrane-bound states. Cytosolic a-Synisintrinsically
disordered, whereas membrane-bound a-Syn adopts an a-helical conformation.
o-Syn with an a-helical conformation tends to form oligomers on the membrane,
which could trigger the formation of B-sheet-rich amyloid fibrils from a-Syn
(bottom route). a-Syn can cluster SVs and assist in forming co-condensates

and this effect depends on the specific interaction between VAMP2 and a-Syn
(top route). Notably, VAMP2 can decrease the size of membrane-induced a-Syn
pathological oligomers, thereby preventing cytosolic amyloid aggregation

of a-Syn. Schematic created with BioRender.com. Source numerical dataand
uncropped blots are available in Source Data Fig. 5.

could be a protective presynaptic mechanism. Our findings also show
that formation of the co-condensation of a-Syn and SVs depends on
a specific protein-protein interaction (between VAMP2 and &-Syn),
rather thananon-specificinteraction phenomenon, and that this inter-
action prevents a-Syn pathological aggregation. In cultured neurons,

visualization of fluorescently tagged a-Syn in photobleaching experi-
ments showed a similar abundance of a-Syn per SV as VAMP2 (ref. 18),
which supports the notion of a preventative effect of a-Syn-VAMP2
interaction. Althoughitis well known that SNAREs mediate membrane
fusion, their possible physiological or pathological function besides
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membrane fusion has not been explored. In addition to the above bio-
logical implications, this newly discovered non-fusogenic function of
VAMP2instabilizing a-Syn also holds potential as a platform withwhich
toprobe molecular disease mechanisms and identify therapeutic targets
for Parkinson’s disease.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
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Methods

Lipids

The lipid molecules used in this study were 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC; 850375), 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS; 840035), 1,2-dimyristoyl-sn-glycero-3-
phospho-L-serine (DMPS; 840033), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE; 850725), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(biotinyl) (Biotinyl PE; 870828), cholesterol
(700000) and DOPE-N-carboxyfluorescein (810332). All were pur-
chased from Avanti Polar Lipids.

Antibodies

The antibodies used included syntaxin-1 (110011; Synaptic Systems;
1:1,000), SNAP-25 (111011; Synaptic Systems; 1:1,000 and 76422-670;
Sternberger Monoclonals; 1:1,000), synaptobrevin-2/VAMP2 (104211;
Synaptic Systems; 1:2,000), pCMV5-emerald (Emd) (detected by GFP
antibody;]JL-8; Clontech;1:1,000), a-synuclein (610786; BD Transduc-
tion; 1:2,000), a-tubulin (12G10; Developmental Studies Hybridoma
Bank; 25 ng ml™), GFP (632381; Clontech; 1:1,000), Hsc70 (P903; made
inhouse;1:1,000), DYKDDDK (Flag) (2368S; Cell Signaling Technology;
1:1,000), B-Actin (ab8227; Abcam; 1:1,000), synaptophysin (101011;
Synaptic Systems; 1:10,000), Rpt4 (sc-65753; Santa Cruz Biotechnol-
ogy; 1:500), VDAC (4661; Cell Signaling Technology; 1:1,000), SEC61B
(14648S; Cell Signaling Technology; 1:1,000), P-S129-a-Syn (51253;
Abcam; 1:1,000) and Tuj1 (302302; Synaptic Systems; 1:1,000).

Protein purification

Human wild-type a-Syn, a-Syn'°, a-Syn** and a-Syn** were cloned
into the pET22 vector. Expression was induced by 1 mM isopropyl
-1-thio-D-galactopyranoside (IPTG) at 37 °C for 4 h in Escherichia coli
BL21-DE3 (CodenPlus). The pellets were lysed in 100 mM Tris-HCI
(pH 8.0), 1 mM ethylenediaminetetraacetic acid (EDTA) and 1 mM
phenylmethylsulfonyl fluoride (PMSF). The lysates were boiled for
10 minfollowed by centrifugation at16,000gfor 30 min. For wild-type
a-Synand a-Syn** purification, 20 mg ml™ streptomycin was mixed with
the supernatants. After 30 min of centrifugation at 16,000g, the pH
value of the supernatants was adjusted to 3.5 by 2 M HCI, followed by
centrifugationat16,000g for 30 min. Then, the supernatants were dia-
lysedinabuffer containing 25 mM Tris-HCI (pH 8.0) overnight at 4 °C.
The dialysed protein solution was further purified by ion-exchange
column chromatography (17-5156-01; GE Healthcare), followed by
further purification via size exclusion chromatography (Superdex
75; GE Healthcare). For a-Syn'°° and a-Syn** purification, the super-
natants were dialysed against a buffer of 25 mM NaH,PO, (pH 6.0) at
4 °C overnight. The dialysed protein solution was further purified by
cation exchange chromatography (HiTrap SP HP; GE Healthcare) and
gelfiltration viaa Superdex 75 column.

The human soluble VAMP2" %, VAMP2" 7 and VAMP2* fused with a
His-tagwere clonedinto the pET31b vector and expressedintoinclusion
bodies in E. coli BL21-DE3. Bacteria were collected by centrifugation
afterinductionby1 mMIPTGat37 °Cfor 6 hatanoptical density of 2.0.
The pellets were lysed by high pressurein alysis buffer (50 mM Tris-HCI
(pH 7.4),100 mM NaCland 1 mM PMSF). The inclusion bodies were cen-
trifuged (16,000g for 30 min) and ultrasonically washed twice in10%
Triton X-100 and 1 M NaCl buffer (25 mM Tris-HCI (pH 7.4)) to remove
lipid membranes, nucleotides and other proteins. Then, the inclu-
sion bodies were solubilized in 6 M guanidine hydrochloride buffer
(25 mM Tris-HCI (pH 7.4)) and purified using HisTrap HP columns (GE
Healthcare). The protein was collected in 6 M guanidine hydrochloride
buffer (25 mM sodium phosphate (pH 2.0)) and further purified with
an RP-HPLC C3 column (Agilent Technology). The lyophilized VAMP2
protein was cleaved by tobacco etch virus protease at 4 °C overnightin
buffer (50 mM Tris-HCI (pH 7.4),100 mM NaCland 1 mM dithiothreitol
(DTT)) to remove the His-tag. VAMP2!°¢, VAMP2!7® and VAMP2%* were
further purified with an RP-HPLC C8 column and lyophilized.

1-100

The full-length rat VAMP2 fused with a glutathione S-transferase
(GST) tag with a thrombin cleavage site was cloned into the
pGEX-KGET28avector. Expression wasinduced by 0.4 mMIPTGat 25 °C
for12 hinE. coliBL21-DE3 (CodenPlus). The pellets were lysed in 50 mM
MES (2-(N-morpholino)ethanesulfonic acid) (pH 6.3), 500 mM Nacl,
10% glycerol, 1% Triton X-100, 2 mM DTT and 1 mM PMSF. The lysates
were centrifuged at 16,000g for 30 min and the pellet was discarded.
The supernatant was incubated with 10 ml GST resin (20507ES10;
Yeasen Biotechnology) andincubated for4-6 hat4 °C. Theresin bound
with the target protein was washed twice with 40 ml washing buffer
(20 mM MES (pH 6.3),1M NaCl, 10% glycerol, 0.5% Triton X-100 and
2mMDTT). Then, the resin was resuspended in 20 mlthrombin cleav-
age buffer (20 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10% glycerol, 1%
B-octyl glucoside and 2 mM DTT) with the addition of 0.5-1.0 U mI™
thrombin (T4648; Sigma-Aldrich) at room temperature for 4 h to
remove the GST tag. After running a gel to verify the cleaved protein,
the collected flow-through was flash frozen and stored at —-80 °C for
future use. The full-length VAMP2 construct, Munc18-1, Muncl3 and
SNAP-25 were kindly gifted by C. Ma (Huazhong University of Science
and Technology).

Liposome and SVM preparation

Lipids dissolved in chloroform were evaporated using a dry nitro-
gen stream. The film of dried lipids was hydrated by adding a ThT or
cross-linking buffer solution (indicated below) and then sonicated in
awater bathat 65 °Cfor 10 min. To prepare liposomes of homogenous
size, the hydrated lipids were extruded 21 times at 65 °C through a
polycarbonate film with a pore size of 50 nm (Whatman Nuclepore
Track-Etched Membranes) using an extruder apparatus (610000;
Avanti Polar Lipids).

To prepare SVMs, 55 mol% DOPC, 20 mol% DOPS, 15 mol% DOPE
and 10 mol% cholesterol were mixed according to a previously
published protocol®. To prepare the carboxyfluorescein-labelled
SVM vesicles (CF-SVMs), 2 mol% DOPE was replaced with 2 mol%
DOPE-N-carboxyfluoresceinin the lipid mixture.

To prepare the Dil and DiD SVMs for single-vesicle clustering
experiments, 2 mol% fluorescent dyes (Dil or DiD) and 0.2 mol% Bioti-
nyl PE was added to the SVM lipid mixture. HEPES buffer (25 mM HEPES
(pH 7.4) and 90 mM NacCl) was added to the dried tube to hydrate the
lipid film. The solution obtained was freeze thawed at least five or six
times and stored at —80 °C. Before further experiments, they were
filtered throughamembrane with a pore size of 50 nmto obtainmono-
dispersed vesicles.

Toreconstitute the full-length VAMP2 in vesicles, 65 pl liposomes
or SVMs (10 mM lipid in total), 70 pl VAMP2 solution (46.4 pM) and
127.5 pl HEPES buffer were mixed and incubated for 30 min on ice.
The mixture was then diluted with the same volume of HEPES buffer.
After dialysis in 2 | HEPES buffer overnight, the vesicle solutions were
transferred into tubes and stored. The lipid-to-protein ratio was 200:1.

Phase separation assay

CF-SVMs (1 mM) were mixed with wild-type a-Syn, a-Syn' %, a-Syn**
or a-Syn** variants plus VAMP2!% or VAMP2'7® or SNAP-25, Munc18
and Muncl3 at theindicated molar ratiosinbuffer A (10 MM HEPES-Na
(pH 7.4), 5% (wt/vol) polyethylene glycol 3350 (Sigma-Aldrich) and
5mMZn(Ac),) atroom temperature. To characterize the components
in SVM droplets, 1% (mol/mol) Alexa Fluor 555-labelled (A20346; Inv-
itrogen) a-Syn-S42C and Alexa Fluor 647-1abelled (A20347; Invitro-
gen) VAMP2-A5C were mixed in buffer A at room temperature. To test
whether the purified SVs can form droplets with wild-type «-Syn, SVs
were mixed with100 pM a-Syn (containing 1% «-Syn-Alexa Fluor 488) in
buffer Aatroomtemperature. To draw the phase diagram, each sample
was prepared in 10 mM HEPES-Na (pH 7.4) and 5 mM Zn(Ac),. For the
turbidity test, 30 pl of each mixture in a 96-well plate was measured
using a microplate reader (Thermo Fisher Scientific) at 600 nm and

1-100
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eachmeasurement contained three replicates. For theimaging experi-
ment, 5 pl of each sample was loaded into an ultra-thin glass-bottom
dish (801001; NEST Biotechnology) and imaged using aLeica TCS SP8
confocal microscopy system with differential interference contrast
technology and an excitation wavelength of 488 nm.

FRAP experiments

FRAP experiments were performed using a Leica SP8 microscope with
a100x oil objective, which was coupled with a living cell stage for neu-
ronimaging. For the in vitro FRAP assay, 5 pul1 mM CF-SVM vesicles and
VAMP2'*¢ mixed with a-Syn variants at a molar ratio of 10:1:1in phase
separation buffer at room temperature were loaded into an ultra-thin
glass-bottom dish. Circular regions of -2 um diameter within droplets
of -4 pm were bleached for 5 s with full laser power, then post-bleach
images wereacquired at 2.5 s per frame. For theliving neuron FRAP assay,
recycled SVs were first labelled with FM 4-64 Dye (T13320; Invitrogen),
as previously described®*". Circular regions of -1 um diameter were
bleached for 5 swith full laser power at 488 and 561 nm, separately, and
post-images wereacquired at 5 s per frame.Images were analysed using
Leica Application Suite X software (version 5.2.2) and Image] (version
1.54i). For each time point, the intensity was corrected by the intensity
ofaneighbouring unbleached region (control; ck) and the fluorescence
recovery fraction was calculated with the formula (1,/1,)/(*1,/*1,).

SVisolation

Weisolated SVs from ~-8- to -12-week-old C57BL6 mice (mixed gender)
(ShanghaiLingchang Biotechnology Co.and The Jackson Laboratory)
following a previously published protocol®’. The procedure was per-
formed at 4 °C or on ice with pre-cooled reagents. Eight brains were
homogenized in 60 ml 4 mM Na-HEPES (pH 7.4) and 320 mM sucrose
buffer with protease inhibitors using glass homogenizers, five strokes
with asize A pestle and three strokes with asize B pestle. The homoge-
nate was centrifuged at 816g for 10 min. The pellet (P1) was discarded
and the supernatant (S1) was centrifuged at 11,200g for 15 min. The
supernatant (S2) was pipetted off, leaving a pellet of ~-2-3 ml. The
light portion of the pellet (P2) was gently resuspended using a10 ml
pipette, discarding the dark centre of the pellet. The resuspended P2
pellet (40 ml) was centrifuged at 13,552g for 20 min. The supernatant
(S3) wasdiscarded. Theresulting pellet (P3), which contained synapto-
somes, was resuspended with 4 ml sucrose buffer (with 10X protease
inhibitors), thenhomogenizedin 45 mlH,0 using aglass homogenizer
(three strokes with the size B pestle). The P3 homogenate was centri-
fuged at40,432gfor20 min. The pellet (LP1) was discarded. The super-
natant (LS1) was centrifuged with an ultra-centrifuge at 280,000g for
45 min. The supernatant (LS2) was discarded. Theresulting pellet (LP2)
wasresuspendedin 1.5 mlvesicle buffer (20 mM Na-HEPES (pH 7.4) and
90 mM NaCl) and homogenized using a 2 ml glass homogenizer. The
LP2 pellet was diluted with vesicle buffer to 5 ml, then thoroughly mixed
with 5 mlOptiPrep (D1556; Sigma-Aldrich). Next, gradient ultracentrifu-
gation was performed: the LP2 mixture (containing 50% OptiPrep) was
transferred to one SW 40 Ti centrifuge tube, overlayed with 2.5 ml1 40%
OptiPrep and centrifuged at 285,000g for 6 h. Three layers (Extended
DataFig. 1h) of 200 pl sample were collected carefully.

Fractions of each step were diluted and normalized to a total pro-
tein concentration of 50 ug ml™ for western blotting. The antibodies
usedinthis experiment were B-actin for the cytoplasm, synaptophysin
for SVs, Rpt4 for the proteosome, VDAC for mitochondriaand Sec61B
for the endoplasmic reticulum. The bottom layer (Extended Data
Fig. 1h) of the suspension was diluted using 25 ml vesicle buffer then
centrifuged at 280,000g for 40 min. Theresulting pellet (purified SVs)
was homogenized in 1.5 ml vesicle buffer and drawn through a 20 G
hypodermic needle attached to a 3 ml syringe, then drawn through a
27 Gneedle and expelled. Negative-stain transmission electron micros-
copy (TEM) was used for quality control and purity assessment of the
isolated SVs.

Primary neuron culture experiments

Primary cortical and hippocampal neurons were dissected from E16-
E18 embryos of C57BL/6 mice (Lingchang Company) according to the
established protocol*’. Dissociated neurons with adensity 0f 300,000
cells per well were plated onto a 35 mm dish (81158; ibidi). Primary
cortical neurons were cultured in serum-free Neurobasal Medium
(21103049; Gibco) supplemented with 2% B-27 (17504044; Gibco), 1%
GlutaMax (35050061; Gibco) and 1% penicillin-streptomycin at 37 °C
under 5% CO,. At 7 d in vitro, neurons were infected with lentivirus of
pLenti-hSyn-GFP, pLenti-hSyn-aSyn-GFP and pLenti-hSyn-aSyn'°-
GFP, separately, for 8 d forimaging and 4 and 12 d for the immunoblot-
ting experiments.

Togenerate lentivirus forinfecting primary neurons, HEK293T (CRL-
3216; American Type Culture Collection) cells were co-transfected with
pLenti-hSyn-GFP* or pLenti-hSyn-aSyn-GFP (pLenti-hSyn-aSyn' -
GFP, pLenti-hSyn-aSyn**-GFP or pLenti-hSyn-aSyn>*-GFP), psPAX2 and
pMD2.G at aratio of 4:2:1in Opti-MEM medium using Lipofectamine
2000.The culturesupernatant was collected at48 hafter transfectionand
passed through a 0.45 um filter. Viral particles were concentrated from
culture supernatants by Lenti-X Concentrator (Clontech). Viral pellets
used for neuronal infection were resuspended in Neurobasal Medium.

Alternatively, mouse cortical neurons were cultured from new-
born mice. Brain regions were dissected in ice-cold Hank’s Balanced
Salt Solution, dissociated by trypsinization (0.05% trypsin-EDTA for
10 minat37 °C), tritrated with asiliconized pipette and plated (100 pl)
onto a12 mm coverslip (for immunofluorescence) or on 24-well plas-
tic dishes that had been coated for at least 30 min with Matrigel (BD
Biosciences). Plating medium (Minimum Essential Medium (Gibco)
supplemented with 5 g 17 glucose, 0.2 g 1™ NaHCO, (Sigma-Aldrich),
0.1gl'transferrin (Calbiochem), 0.25 g I insulin (Sigma-Aldrich),
0.3 gl L-glutamine (Gibco) and 10% foetal bovine serum) was replaced
with growth medium (Minimum Essential Medium (Gibco) containing
5gl'glucose, 0.2 g™ NaHCO, (Sigma-Aldrich), 0.1g 1™ transferrin (Cal-
biochem), 0.3 g I L-glutamine (Gibco), 5% foetal bovine serum, 2% B-27
supplement (Gibco) and 2 puM cytosine arabinoside (Sigma-Aldrich))
24-48 h after plating. Neuronal cultures were transduced with recom-
binant lentiviruses and/or used for the experiments as indicated.

For the generation of lentiviral particles, HEK293T cells were trans-
fected with complementary DNA using calcium phosphate produced
inhouse: 1 hbefore transfection, 25 pM chloroquine in fresh media was
added. DNA was incubated for 1 min at room temperature in 100 mM
CaCl,and 1x HBS (25 mM HEPES (pH 7.05),140 mM NaCl and 0.75 mM
Na,HPO,) and the transfection mix was then slowly added to the cells.
The medium was replaced with fresh medium after 6 h. Cells were
collected or used for the experiments as indicated 2 d after transfec-
tion. For lentivirus production, HEK293T cells were transfected with
equimolar amounts of lentiviral vector FUW containing myc-tagged
«-Syn, pMD2-G-VSVg, pMDLg/pRRE and pRSV-Rev. Medium containing
theviral particles was collected 48 hlater and centrifuged for 10 minat
2,000 rpmtoremove cellular debris. Viral particles were subsequently
concentrated tenfold by centrifugation.

Solution NMR spectroscopy

N-labelled a-Syn or VAMP2'"*¢ for NMR analysis were concentrated
to 100 pM in a 50 mM sodium phosphate buffer (pH 6.5) containing
50 mM NaCl and 10% D,O (vol/vol). Unlabelled VAMP2!¢ (200 pM),
a-Syn (150 pM), a-Syn' % (600 pM) or a-Syn** (100 pM) were used in
the different titration assays. The Agilent standard pulse sequence was
used to collect the two-dimensional 'H-"N HSQC spectra®*, which were
acquired at25°Conan800 MHz Agilent spectrometer equipped with
acryogenic probe (Agilent Technologies) using the VNMR] (rev.3.2A)
software. Backbone resonance assignment of soluble VAMP2 and a-Syn
was accomplished according to Biological Magnetic Resonance Bank
entries 4272 (ref. 55) and 6968 (ref. 56). NMR data were processed using
NMRPipe (build 2018)*” and analysed with SPARKY (version 3.115)°%.
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Cross-linking experiment

Disuccinimidyl suberate (DSS; 21658; Thermo Fisher Scientific; space
arm =11.4 A) was used as the cross-linker. Each cross-linking reac-
tion contained 50 uM «-Syn, 1 mM DOPS liposomes, 2 mM DSS and
50 uM VAMP2""%¢ or the specified concentrations of full-length VAMP2
(Fig. 4c) in cross-linking buffer (10 mM HEPES-NaOH (pH 7.4)). All
cross-linking samples were incubated at 25 °Cfor 1 hand thereactions
were terminated by adding Tris-buffer (pH 7.4) to afinal concentration
of 100 mM at 25 °C for 10 min. The cross-linked a-Syn samples were
loaded in a 4-20% precast protein improved gel (36231ES10; Yeasen
Biotechnology) and processed for western blotting using an a-Syn
antibody (Fig. 5c).

XL-MS experiment

The cross-linked samples were denatured in 8 M urea and 100 mM
Tris-HCI (pH 8.5), followed by incubation with 10 mM iodoacetamide
for 15 min for the alkylation reaction in the dark. Then, the samples
were diluted in 2 M urea and 100 mM Tris-HCI (pH 8.5) and digested
with trypsin (the molar ratio of protein to trypsin was 50:1) at 37 °C
for 16 h, followed by desalting with C18 desalting tips. The digested
peptides were analysed by online nanoflow liquid chromatography
with tandem mass spectrometry (LC-MS/MS) on an EASY-nLC 1200
System (Thermo Fisher Scientific) connected to a Q Exactive HF-X
(Thermo Fisher Scientific) through a nanoelectrospray ion source.
The peptides were separated on anano-column (manually packed with
C18resin; 100 pm x 15 cm; 1.9 um; 120 A) and further analysed using an
Orbitrap Q Exactive HF-X mass spectrometer equipped with Thermo
Fisher Scientific’s Xcalibur (version 4.1) software. A 60 mingradient was
usedinthe Nano LC ataflow rate of 300 nl min: for 0-4 min, from 5%
buffer B (80% acetonitrile and 0.1% formic acid) and 95% buffer A (0.1%
formic acid in water) to 20% buffer B; for 4-45 min, from 20% buffer B
to 37% buffer B; for 45-53 min, from 37% buffer B to 47% buffer B, and
thenincreasing to 100% buffer Bin the next 4 minand staying at 100%
buffer B for 3 min. The precursor ion (MS1) was acquired with a scan
range of 350-1,500 m/zand aresolution of 60,000 and the automatic
gain control target was set at 3 x 10°. Each full scan was followed by
20 higher-energy collisional dissociation scans at R=30,000 and a
normalized collision energy of 27. The scan range of product ion (MS2)
was 200-2,000 my/z, the automatic gain control target was setat 1 x 10°
and the maximum injection time was 45 ms.

The cross-linked peptide pairs were identified by pLink (version
1.9)*. The searching parameters of pLink set in this study included:
(1) 20 ppm for a window of precursor mass tolerance; (2) 10 ppm for
awindow of fragment mass tolerance; (3) Lys for cross-linking sites
of the cross-linker DSS; (4) 138.0680796 Da for xlink mass shift; (5)
156.0786442 Da for monolink mass shift; (6) 57.02146 Da for fixed
carbamidomethyl-Cys modification mass shift; (7) 15.99491 Da for
variable Met modification mass shift; (8) 4-100 amino acids per chain
for peptidelength; (9) 400-10,000 Da per chain for peptide mass; and
(10) two missed cleavage sites per chain for trypsin digestion of protein.
Thesearchresults were filtered with a false rate of <5% and E values of
<0.0001. The pLink readout data were filtered with a score of <10™
and peptides were identified more than three times.

Single-vesicle clustering experiments

The pre-formed Dil and DiD SVMs with or without VAMP2 were used
for single-vesicle clustering experiments. In brief, Dil SVMs were first
immobilized on theimaging surface of PEGylated quartzslides viaabio-
tin/NeutrAvidininteraction. Dil SVM coverage was confirmed by green
laser excitation. After abuffer change, a-Syn (wild-type a-Syn, a-Syn' 1%
or a-Syn**) and DiD SVM s at the specified protein-to-lipid ratio were
injected into the sample channel and incubated for 30 mintobe bound
toimmobilized Dil SVMs. Before imaging under a wide-field total inter-
nal reflection fluorescence microscopy, the channels were washed with
HEPES buffer three times to remove free SVMs. The smCamera program

(version1.0) was used to acquire and analyse theimages. The clustering
number was determined by counting the number of fluorescent spots
ofthe acceptor channel. Random locations were imaged and analysed
for each sample channel on the slide.

ThT fluorescence assay

50 uM a-Syn was incubated with the indicated ratios of VAMP2'%¢,
VAMP2'"78 VAMP2** or DMPS liposomesin ThT buffer (25 mM Tris-HCl
(pH 7.5) and 0.05% (wt/vol) NaN,) and 50 uM ThT in a Nunc 384 plate
under agitation of 600 rpm (double orbital) at 37 °C. The ThT fluores-
cence signal was measured using a microplate reader (BMG Labtech)
with an excitation wavelength of 440 nm and a recording emission
wavelength of 480 nm. Each experiment comprised three replicates.

Negative-stain TEM

Each sample (5 pl) was pipetted onto a carbon-coated copper grid.
Then, 3% uranyl acetate (1% for endogenous SVs) was used for nega-
tive staining after washing the grid twice with 5 pl H,0. The grid was
air-dried after removing extra uranyl acetate. TEM images were
obtained with an FEI electron microscope at 120 kV equipped with a
LaB, gun and an FEI BM-Eagle charge-coupled device camera.

Cell culture experiments

HEK293T cells (CRL-3216; American Type Culture Collection) were
cultured in Dulbecco’s Modified Eagle Medium for 18 h, followed by
co-transfection of a Flag-a-Syn plasmid and VAMP2'*° plasmid (vector
backbone pCAGGS) using PolyJet reagent for 6 h. Cells were collected
46 hafter transfection and lysed with the lysis buffer (50 mM Tris-HCI
(pH 7.4),150 mM NaCl, 0.1% NP-40, 5 mM NaF and 1 mM EGTA, 1 mM
EDTA,1 mM PMSF and protease inhibitors cocktail) for 30 minat4 °C.
The lysates were centrifuged at 12,000g for 30 min. The pellets were
dissolved with denaturing buffer (50 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1% sodium dodecyl sulfate (SDS) and 5 mM EDTA) overnight with
agitation at 16 °C and then boiled for 30 min. The primary antibodies
used were anti-Flag, anti-actin and anti-VAMP2.

Cell viability experiments

We used the CellTiter 96 AQueous Non-Radioactive Cell Prolifera-
tion Assay (MTT) kit (G4100; Promega) to evaluate the cytotoxicity of
a-Syn in the absence or presence of VAMP2. Before the toxicity test,
HEK293T cells were first plated at 8,000 cells per well in a 96-well
plate at a total volume of 90 pl. The cells were cultured in Dulbecco’s
Modified Eagle Medium with 10% foetal bovine serum for 18 hat 37 °C
under 5% CO,. Primary cortical neurons were cultured from E16-E18
embryos of pregnant Sprague-Dawley rats (Lingchang Company). Dis-
sociated cortical neurons were culturedin a 96-well plate at a density of
5x10* cells per well. For the preparation of a-Syn and VAMP2 mixture
solutions, 50 uM a-Syn and 0.25 pM o-Syn fibril seeds were placed ona
shaker (37 °Cand 900 rpm) with VAMP2 at the indicated concentrations
in phosphate-buffered saline for 16 h. Toinitiate the cell viability assay,
10 pl pre-sonicated (20% power; 15 times) mixture was added to each
well and treated for 24 h in HEK293T cells or 30 d in neurons at 37 °C
under 5% CO,. Then, 15 pl Dye Solution (G4102; Promega) was applied
into each well. After incubation for 4 h at 37 °C, 100 pl Solubilization
Solution (G4101; Promega) was added. After further incubation at
16 °C for 12 h, the absorbance reading was collected at 570 nm with
a background reading at 650 nm. Four replicates were measured in
parallel for each sample. The cell survival rate was normalized using
the phosphate-buffered saline-treated cells as100% viability and 0.1%
SDS-treated cells as 0% viability.

Circular dichroism spectroscopy

Wild-type a-Syn or a-Syn''°° (10 pM) was incubated in a buffer solution
(10 mM HEPES (pH 7.4)) or with 100 pM DOPC or DOPS liposomes,
respectively. Circular dichroism signals were measured from 260 to
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190 nmthree times with ascanning speed of 0.3 s nm™and abandwidth
of 1nmby Chirascan (Applied Photophysics) at 25 °C. The path length
of'the quartz cuvettes used was 0.5 mm.

Quantitation of SNARE complex assembly

Forthe a-Syn titration experiments, HEK293T cells were co-transfected
with pCMV5-syntaxinlA, -VAMP2 and -SNAP-25A (1:1:1) and an increasing
amount of a plasmid encoding human a-Syn. Total DNA was kept con-
stant by balancing o-Syn plasmid with pCMV5-emerald, which expresses
asimilar-sized GFP-derived protein. Two days after transfection, cells
were collected by solubilization in 0.1% Triton X-100 and subjected to
immunoblotting. To measure total SNARE protein levels, samples were
boiled for 20 min. SDS-resistant SNARE complexes were defined as the
immunoreactive material above 40 kDa that was absent from boiled
samples. Note thatas with all other quantitative immunoblotting experi-
ments, infrared-dye-labelled secondary antibodies were used and signals
were measured using aninfrared imaging system (Odyssey CLx; LI-COR).

Multi-electrode array

Primary a-Syn knockout neurons were cultured on 48-well CytoView
MEA plates (Axion Biosystems) at one PO pup per plate with 2.67 pg pl™
laminin. Cells were transduced at 5 d in vitro with lentiviral vectors
expressing a-Syn or a-Syn** or empty vector as a control. Spontane-
ous activity was recorded at 16 d in vitro for 15 min using the Maestro
Pro MEA system (Axion Biosystems). The extracellular voltage was
recorded at each electrode with a sampling rate of 12.5 kHz. Spikes
were identified from the raw signals using a detection threshold set
independently for each electrode of +6x the s.d. of the noise (AXIS
Navigator software; version 3.6.2; Axion Biosystems). Electrodes with
atleast five spikes per minute were considered active electrodes. Wells
without active electrodes were excluded from the analyses. Bursts were
identified as events with a minimum of five spikes on an individual
electrode, withamaximuminter-spike interval of 0.1 s. Neuronal firing
properties were analysed using the Neural Metric Tool (version 4.1.1;
Axion Biosystems). The weighted mean firing rate is based on only
electrodes with an activity greater than the minimum spike rate and
it equals the number of spikes divided by the duration of the analysis.
Theburst frequency equals the total number of single-electrode bursts
divided by the duration of the experiment and the burst percentage
equals the number of spikes in single-electrode bursts divided by the
total number of spikes and then multiplied by 100.

SNARE complex assembly in primary neurons

a-Syn knockout mice were generated by outcrossing affy-synuclein
triple-knockout mice with wild-type mice'®. Primary a-Syn knockout
neurons cultured on 48-well CytoView MEA plates were harvested at
16 dinvitro.Neuronal lysates were sonicated and separated by sodium
dodecylsulfate polyacrylamide gel electrophoresis and immunoblot-
ted for SNARE complexes (SMI8I; Sternberger Monoclonals), a-Syn
and Tujl (class Il B-tubulin).

Animal statement

All animal procedures were performed in accordance with the proto-
cols approved by the animal care committee of the Interdisciplinary
Research Center on Biology and Chemistry at the Chinese Academy
of Sciences (rat protocol number 20230110001 and mouse protocol
number 20230110005), the Stanford Administrative Panel on Labo-
ratory Animal Care institutional guidelines (mouse protocol number
29981) and to National Institutes of Health guidelines and approved
by the committee on animal care at Weill Cornell Medicine (mouse
protocol no.2014-0016).

Statistics and reproducibility
Experimental data were analysed and processed in Excel (2021) and
plotted using GraphPad Prism (version10.2.3) using unpaired two-tailed

t-tests. The number of experiments, sample size and statistical tests are
reportedintherespective figure captions. All of the in vitro phase sepa-
rationimaging assays (Figs.1a,c and 3a,c and Extended DataFig.le-g,j)
were performed in at least three independent experimental sessions.
The electron microscopy imaging assays (Fig. 4b,h and Extended Data
Fig. 6b) were performed in three independent experimental sessions.
Nostatistical method was used to predetermine the sample size, but our
samplesizes are similar to those reported in previous publications'®?,
Thedatadistribution was assumed to be normal, but it was not formally
tested. Experiment randomization was not necessary, butin all experi-
ments, control and experimental samples were analysedin parallel. Data
collection and analysis were not performed blind to the conditions of
the experiments. No data were excluded from the analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All of the data are available within the paper or its supplementary
materials. The XL-MS raw data and pLink searched data have been
uploaded to iProX with the accession number IPX0006924001. Any
data supporting the findings of this manuscript are available from
the corresponding author upon reasonable request. Source data are
provided with this paper.
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Extended Data Fig.1| «-Syn, VAMP2, and SVs form a multi-component
condensed phase. (a) Dynamic light scattering measurement of the size
distribution of SVMin solution. (b) Molecular weight and concentration of PEG
pairs, (c) SVM lipid, and (d) NaCl concentrations scoring positive (blue dots) or
negative (red dots) for the appearance of droplets. 100 uM VAMP21-96, and 100
KM a-Syn were used for all the titrations. Additionally, 1mM SVMs, 5% (w/v) PEG
3350, or1mM SVMs and 5% (w/v) PEG 3350 were used for the titration in (b), (c),
or (d), respectively. Fluorescence images of (e, top) 100 pM a-Syn (containing
1% Alexa555-a--Syn), (e, middle) 100 uM VAMP2!*¢ (containing 1% Alexa647-V2),
(e, bottom) 100 pM a-Syn (containing 1% Alexa555-a-Syn) and 100 uM VAMP2'%¢
(containing 1% Alexa647-V2), (f) 100 uM a-Syn (containing 1% a-Syn-Alexa488)
and1mM SVM with 100 uM other synaptic proteins (90 pM SNAP-25, 5 uM
Muncl8, and 5 pM Muncl3), or (g) 100 uM a-Syn (containing 1% Alexa555-a-

Syn) and 1 mM carboxyfluorescein-green-labeled SVM with 100 pM VAMP2"%¢
(containing 1% Alexa647-V2) in the buffer A (10 mM HEPES-Na pH 7.4, 5mM Zn?",
5% PEG 3350), respectively. DIC: differential interference contrast. (h) The final
SV product was fractionated into three fractions by gradient centrifugation. The
SVsinthe bottom layer were used for experiments. (i) Western blot of fractions
collected from each step of SV purification. The fraction containing SVis
highlighted in red boxes. Other fractions are labeled in abbreviations (see details
inMethods). The fractions were immunoblotted for tubulin (cytosol marker),
synaptophysin (SV marker), Rpt4 (proteasome marker), VDAC (mitochondria
marker), and Sec61B (endoplasmic reticulum marker), respectively. (j)
Representative negative staining TEM image of endogenous SVs (bottom layer)
purified from mouse brains. Uncropped blots are available in the Source Data
Extended DataFig. 1.
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Extended Data Fig. 2| The C-terminal region of a-Syn electrically interacts
with the juxtamembrane region of VAMP2. (a) Top: residue-resolved relative
NMR cross-peak intensity ratios (I/1,) of 100 pM™a-Synin 200 pM soluble
VAMP2 (VAMP2®) to that in solution. Bottom: residue-resolved relative NMR
cross-peak intensity ratios (I/1,) of 100 uM soluble "*VAMP2 in 150 uM &-Syn to
thatin solution. (b) The C-terminal region of a-Syn isimportant for interacting
with VAMP2. The 2D 'H-"N HSQC spectrum of "N-labled soluble VAMP2 (black)
and in the presence of a-Syn''° alone (red) are almost identical, which validates
that the C-terminal end of a-Syn is responsible for the interaction between a-Syn
and VAMP2. (c) Circular dichroism spectroscopy of a-Syn''° alone (black), in
the presence of DOPS (red) or DOPC (blue) liposomes, shows that the C-terminal
truncation does not influence membrane binding of a-Syn. The molar ratios

of VAMP2 to a-Syn are indicated. (d) The turbidity was measured for several
mixtures:1mM SVM alone, SVM mixed with a-Syn only, SVM with VAMP2"* and
a-Syn, SVM with VAMP2"*¢ and a-Syn**%°, and SVM with VAMP2'® and &-Syn.

The wavelength was 600 nm, and the molar ratio of liposome:VAMP2:a-Syn was
10:1:1. Data are means + SD; n =3 replicates. (e) Comparison of expression levels
of a-Syn-GFP (Fig. 1e) and a-Syn''°-GFP (Fig. 3b) in cultured cortical neurons by
immunoblotting. (f) 2D 'H-N HSQC of ®N-labled soluble VAMP2 only (black) and
in the presence of a-Syn** (E105A, D119A, E126A, E130A, E137A) alone (red) are
nearly identical. (g) Per residue chemical shift changes of soluble VAMP2 signals
upon a-Syn** titration. Source numerical data and uncropped blots are available
inthe Source Data Extended Data Fig. 2.
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by counting the number of spots arising from the fluorescence emission of
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protein-free SVMs—with or without PS—interacting on the imaging surface was
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interacting on the imaging surface was assessed both in the presence of a-Syn or
not. (b-c) Bar graphs: quantification of interacting vesicles; data are means + SD;
unpaired two-tailed t-test; n (left to right) =8, 20, 25,12, 0r 16, 16,16, 16 for (b) or
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highlight the residue positions 30 and 95. Source numerical datais availablein
the Source Data Extended Data Fig. 3.
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(WT and a-Syn'®?), and (c,d) with 4-fold expression plasmids of GFP, a-Syn""and
a-Syn**. Cell lysates were immunoblotted for the indicated SNAREs, followed

by quantitation for representativeimmunoblots (see Fig. 4¢e). Total expression
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HEK293T cells were analyzed by melting SNARE-complexes in SDS sample
buffer (100 °C for 20 min), and quantitated by immunoblotting, normalized to
a-tubulin (a-Tub) or heat shock cognate 71 kDa protein. HEK293T cell lysates (e)
(n=6independent replicates) or primary neuron lysates (f) (n =5independent
replicates) wereimmunoblotted for SNARE complexes and a-Syn followed by
quantification and normalization to heat shock cognate 71kDa protein (Hsc70)
or B-tubulin-IIl (Tuj1) levels. Data shown are means + SD; unpaired two-tailed
t-test;n=3(a,b) or 6 (d) independent cultures. Source numerical data and
uncropped blots are available in the Source Data Extended Data Fig. 4.
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Extended Data Fig. 5| Disrupting the interface between «-Syn and VAMP2
impairs the role of a-Syn in synaptic transmission. (a) Graphic annotation

of the multi-electrode array (MEA) assay on cultured primary neurons. (b-d)
Representative images of conducting MEA assay in the a-Syn knockout neurons
(b) or knockout neurons expressing wildtype a-Syn (c) or a-Syn* (d) mutant.
(e-g) MEA data from a«-Syn knockout neurons or knockout neurons expressing
wildtype a-Syn or a-Syn™ mutant were subjected to analysis of mean firing rate

(e), burst frequency (f), and burst percentage (g). In the Violin plots, the lower
dashed line represents the first quartile, the middle dashed line represents the
median, and the upper dashed line represents the third quartile; unpaired two-
tailed t-test; n (left toright) = 88, 88, 88, or 82, 73,80 or 84, 80, 86 firing events for
(e) or (f) or (g), respectively. Source numerical datais available in the Source Data
Extended Data Fig. 5.
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Cell line source(s) HEK-293T (Cat.# CRL-3216) cell lines were purchased from ATCC, USA.
Authentication HKE-293T cells have been authenticated by STR method.
Mycoplasma contamination The cell line is negative for mycoplasma contamination

Commonly misidentified lines e didn't use any commonly misidentified cell lines.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals C57/BL6 mixed gender mice used in this paper were purchased from Lingchang Company, Shanghai, China and the Jackson Lab,
California, USA. Sprague-Dawley (SD) ratswere purchased from Lingchang Company, Shanghai, China. Alpha/beta/gamma synuclein
triple knockout mice were kindly donated by Dr. Thomas C. Studhof (Stanford University, Palo Alto, USA). Synuclein triple knockout
mice were bred as homozygous knockout mice.

Wild animals No wild animals were used in the study.

Reporting on sex Mixed gender mice for SVs preparation and primary neuron cultures.

Field-collected samples  No field collected samples were used in the study.

Ethics oversight All animal procedures were performed in accordance with the protocols approved by the Animal Care Committee of the
Interdisciplinary Research Center on Biology and Chemistry, Chinese Academy of Sciences (rat protocol number 20230110001;

mouse protocol number 20230110005), and to NIH guidelines and approved by the Committee on Animal Care at Weill Cornell
Medicine (mouse protocol number 2014-0016).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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