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Abstract

Neurotransmission relies on the tight spatial and temporal regulation of the synaptic vesicle (SV) cycle.

Nerve terminals contain hundreds of SVs that form tight clusters. These clusters represent a distinct liquid

phase in which one component of the phase are SVs and the other synapsin 1, a highly abundant synaptic

protein. Another major family of disordered proteins at the presynapse includes synucleins, most notably

a-synuclein. The precise physiological role of a-synuclein in synaptic physiology remains elusive, albeit its

role has been implicated in nearly all steps of the SV cycle. To determine the effect of a-synuclein on the

synapsin phase, we employ the reconstitution approach using natively purified SVs from rat brains and the

heterologous cell system to generate synapsin condensates. We demonstrate that synapsin condensates

recruit a-synuclein, and while enriched into these synapsin condensates, a-synuclein still maintains its

high mobility. The presence of SVs enhances the rate of synapsin/a-synuclein condensation, suggesting

that SVs act as catalyzers for the formation of synapsin condensates. Notably, at physiological salt and

protein concentrations, a-synuclein alone is not able to cluster isolated SVs. Excess of a-synuclein dis-

rupts the kinetics of synapsin/SV condensate formation, indicating that the molar ratio between synapsin

and a-synuclein is important in assembling the functional condensates of SVs. Understanding the molec-

ular mechanism of a-synuclein interactions at the nerve terminals is crucial for clarifying the pathogenesis

of synucleinopathies, where a-synuclein, synaptic proteins and lipid organelles all accumulate as insoluble

intracellular inclusions.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).

Introduction

Neuronal communication depends on the tightly
regulated spatial and temporal release of the
messenger molecules known as neurotransmitters.
Neurotransmitters are packed into synaptic
vesicles (SVs) and nerve terminals contain
hundreds of SVs that are tightly clustered.1 Despite

being held together in these clusters, SVs are highly
mobile. This allows them to be swiftly recruited to the
neuronal plasmamembrane to release their content
upon activation of the neuron.2,3

Several features of SV clusters suggest that they
have fluid-like properties.4 For example, SV clusters
have homogeneous structures with sharp bound-
aries and exclude other organelles despite the
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absence of a specific barrier that delimits them.1,5

While being tightly clustered, SVs appear to be
mobile both within the clusters and between the
cluster and the surrounding cytoplasm.6 It was pro-
posed that liquid–liquid phase separation could
underlie this compact clustering of SVs while main-
taining their high mobility.4 Indeed, reconstitution
studies showed that synapsin 1, the major synaptic
phosphoprotein,7,8 can form liquid condensates that
actively sequester lipid vesicles via its long intrinsi-
cally disordered region (IDR).9 Phosphorylation of
Synapsin IDR by CaMKII disperses synapsin con-
densates,9 mimicking the dispersion of SVs
observed in living synapses.10

Apart from Synapsins, another protein family that
lacks a stable tertiary structure, is the family of
Synucleins (a-, b-, and c-synuclein).11 In the past
three decades, a-synuclein has been under the
spotlight because of its involvement in neurodegen-
erative diseases, collectively called synucle-
inopathies, not the least Parkinson’s disease
(PD).12 a-Synuclein is highly abundant at the nerve
terminal.13 It is structurally unfolded in solution and
in cells14–16 or it forms transient tetramers.17,18

Upon binding to negatively charged membranes,
the N-terminal domain of a-synuclein folds into an
a-helix19 and was shown to form oligomers at the
surface of SVs.20

The precise physiological role of a-synuclein in
synaptic physiology remains elusive, albeit its role
has been implicated in nearly all steps of SV
cycle.21–24 A recent analysis of neurons in culture
showed that overexpression of a-synuclein attenu-
ates neurotransmitter release but only in the pres-
ence of synapsin, suggesting a functional
interaction between the two proteins.25 Interest-
ingly, while genetic deletion of three synapsin genes
results in dispersion of SVs from the nerve terminals
in mice both in culture26,27 and in situ,9 the analyses
of nerve terminals inmice that lack all three synucle-
ins showed, different from the wild type situation, a
nearly crystalline-packing of SVs.28 Given that
these synuclein triple-KO mice still expressed
synapsin,28 the presence of SV clusters is not sur-
prising, but the tight liquid-crystalline architecture
of these clusters suggests a fundamental alteration
of its material properties. The interaction between
synapsin and a-synuclein has been mostly estab-
lished in overexpressed conditions,25,29 so the pre-
cise mechanism that underlies their association
under physiological conditions, either direct or indi-
rect, remains elusive.
Here, we employ the heterologous cell system to

ectopically generate synapsin condensates and
reconstitution approaches using natively purified
SVs isolated from rat brains to determine the
effect of a-synuclein recruitment in the synapsin
condensates. We show that, at physiological
concentrations and salt conditions, a-synuclein
alone is not able to cluster native SV. However, a-
synuclein is enriched into synapsin condensates,

while still maintaining its high mobility.
Interestingly, excess of a-synuclein disrupts the
kinetics of synapsin/SV condensate formation,
indicating that the molar ratio between synapsin
and a-synuclein is important in assembling the
functional condensates of SVs.

Results

For imaging in cells, we tagged human synapsin 1
and a-synuclein with mCherry and blue fluorescent
protein (BFP), respectively. Given that synapsin 1
has a long intrinsically disordered domain at the
C-terminus (8 and Figure S1), the tag was cloned
at its N-terminus. For a-synuclein, a protein that is
nearly entirely disordered in solution (15,16,
Figure S1), we fused BFP to its C-terminus since
this construct maintains its N-terminal ability to
SVs as shown for the untagged protein.30 Overex-
pressed in primary hippocampal neurons, both
mCherry-synapsin 1 and a-synuclein-BFP localize
to synaptic boutons (Figure 1(a), Figure S1).
Ectopic overexpression of either mCherry-

synapsin 1 (Figure 1(b), Figure S2) or a-synuclein-
BFP (Figure 1(c), Figure S2) alone in a non-
neuronal cell line such as a HEK cells results in a
diffuse signal in the cytosolic region suggesting
soluble proteins. On some occasions, small
puncta can be noticed close to the plasma
membrane, probably reflecting synapsin
interaction with actin.31 However, co-expression of
mCherry-synapsin 1 and a-synuclein-BFP results
in the appearance of large fluorescent foci enriched
with both proteins (Figure 1(d), Figure S2). The
appearance of these droplets was dependent on
the amount of transfected plasmid (Figure S2). Puri-
fying recombinant mCherry and imaging a dilution
series of known concentrations under the same
laser power as we performed the live-cell imaging,
suggests that 1 mM is the total cell concentration
of mCherry-synapsin 1 above which we start seeing
droplets. Condensates of mCherry-synapsin 1 and
a-synuclein-BFP are distinct from puncta formed
by overexpression of FUS-EGFP, an RNA-binding
protein known to phase separate (Figure S3).
To examine whether condensates of mCherry-

synapsin 1 and a-synuclein-BFP are dynamic, we
turned to fluorescence recovery after
photobleaching (FRAP) measurements. Indeed,
bleaching both mCherry-synapsin 1 and a-
synuclein-BFP condensates results in swift
recovery of fluorescence (Figure 2(a)) indicating
their fluid nature. While for a-synuclein-BFP the
entire fluorescence signal recovered both within a
condensate and in soluble pool, for mCherry-
synapsin 1, only about 40% of total fluorescence
within a condensate recovered. This suggests
mCherry-synapsin 1 acting as a scaffold molecule
building a condensate and a-synuclein-BFP being
transiently enriched in these condensates.
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Another suitable assay to distinguish fluid
condensates from insoluble aggregates is to
measure the effect of the aliphatic alcohol 1,6-
hexanediol on condensates. If fluid, condensates
will be dissolved by the addition of 1,6-
hexanediol.32,33 Indeed, condensates of mCherry-
synapsin 1 and a-synuclein-BFP disperse after add-
ing of the final concentration 3% 1,6-hexanediol
(Figure 3). This effect is specific to 1,6-hexanediol
since shorter aliphatic alcohol, 1,3-propanediol,
has a lower potency for dissolving the condensates
(Figure S4). That mCherry-synapsin 1 and a-
synuclein-BFP coexpressed in cells form droplets,
might be due to overall high concentrations, local
crowding in cells, and phosphorylation state of
proteins.
After characterizing the condensates that arise by

ectopic co-expression of mCherry-synapsin 1 and
a-synuclein-BFP, we turned to minimal
reconstitution system using recombinant proteins,
liposomes and natively purified synaptic vesicles
(SVs) (Figure S5). For assay readout, we used
turbidity measurements for quantifying the rate of
condensate formation similarly as in 9. Here, the

formation of condensates and the increase of
molecular packing results in the increase of turbidity
at 405 nm. Synapsin 1 (6 mM) is known to form con-
densates9 and the presence of molecular crowder –
in our case 3% PEG 8000 – speeds up the reaction
(Figure 4(a), magenta dashed curve). a-Synuclein
(2 mM), on the other hand, fails to undergo phase
separation even in the presence of 3% PEG 8000
(Figure 4(a), green full and green dashed curves).
The condition in which a-synuclein is added to
synapsin 1 at the physiological molar ratio 3:1 (sy-
napsin 1-to-a-synuclein)13 has the same kinetics
of condensation as synapsin 1 alone (Figure 4(a),
blue curve). Importantly, at the conditions used
(concentrations, crowding and duration of assay,
salt concentration), a-synuclein is not forming fibrils
(Figure 4(b)).
We further reconstituted EGFP-Synapsin 1 and

a-synuclein chemically labeled with far-red dye
(Alexa Fluor 647) for microscopy visualization.
Indeed, droplets of EGFP-Synapsin 1 at 3% PEG
8000 and physiological salt concentration
(150 mM NaCl) recruit a-synuclein (Figure 4(c)).
Bleaching of either EGFP-Synapsin 1 or a-

Figure 1. Interaction of synapsin 1 and a-synuclein in cells. (a) Both mCherry-synapsin 1 and a-synuclein-BFP

constructs are targeted to synapses in primary hippocampal neurons. Heterologous expression of mCherry-Synapsin

1 (b) and a-synuclein-BFP (c) in HEK293T cells results in mostly diffuse distribution. (d) Co-expression of both

mCherry-synapsin 1 and a-synuclein-BFP results the formation of condensates. Line profiles indicate that both

proteins co-localize in puncta. Scale bars, 10 mm.
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synuclein is followed by the recovery of
fluorescence signal, indicating fluid nature of these
condensates (Figure 4(d)). Similarly to FRAP
experiments in cells, a-synuclein shows full
recovery unlike EGFP-Synapsin 1 where a large

immobile fraction is observed. This strongly
indicates that a-synuclein is transiently recruited to
synapsin droplets.
To assess the contribution of SVs to

condensation of synapsin 1 and a-synuclein, we

Figure 2. a-Synuclein retains its mobility in synapsin condensates. (a) FRAP of mCherry-synapsin 1 (top) and

a-synuclein-BFP (bottom) in a droplet (highlighted in yellow). (b) Recovery after bleaching of mCherry-synapsin 1 in

droplets (dark magenta) and in cytosol (light magenta). (c) Recovery after bleaching of a-synuclein-BFP in droplets

(dark green) and in cytosol (light green). Values are represented as average ± standard error of the mean. Data are

from three independent biological replicates (ten cells each). Scale bars, 10 mm.

Figure 3. 1,6-Hexanediol disperses synapsin 1/a-synuclein condensates. (a) Confocal images of mCherry-

synapsin 1 (top) and a-synuclein-BFP (bottom) before (0 s) and after loading 3% 1,6-hexanediol (final concentration).

Scale bars, 10 mm. (b) Line profiles of mCherry-synapsin 1 (left) and a-synuclein-BFP (right) for different time points

(full line – 0 s, dashed line – 30 s, dotted line – 120 s). (c) Dispersion profiles of both mCherry-synapsin 1 and a-

synuclein-BFP from four independent experiments.
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chose the condition at which synapsin is not phase
separating,9 which is 3 mM synapsin without any
crowding reagent, and supplemented it with physio-
logical ratio of a-synuclein (3:1).13 At this condition
optical density remains unchanged (Figure 5). How-
ever, co-incubating the protein mixture with increas-
ing amounts of native SVs (5.9 nM, 11.5 nM, 23 nM,
35 nM and 70 nM) purified from rats triggered the
condensation (Figure 5). In fact, we observed that
raising the amounts of SVs increases the extent of
condensation. Despite its ability to cluster small
liposomes and SVs,39–42 a-synuclein alone was
not sufficient to form condensates with SVs at phys-
iological molar ratios and salt concentrations (Fig-
ure 6, green curve).
The average synapsin to SV ratio is projected to

be between 1:100 and 1:1000, and the ratio of
synapsin to a-synuclein is projected to be 3:113

prompting us to explore the significance of main-
taining this molar relationship. Here, we co-
incubated synapsin and a-synuclein in three differ-
ent ratios (1:1, 1:3, and 3:1) while maintaining the
concentration of SVs constant. In conditions where
synapsin was present at a higher or equimolar ratio
to a-synuclein (Figure 6(a), dark and light blue

curves, respectively), the rate of condensation
was nearly the same as when synapsin 1 was co-
incubated alone with SVs (Figure 6(a), magenta
curve). However, the molar excess of a-synuclein
over synapsin 1 (Figure 6(a), turquoise curve)
decreases the rate of synapsin-mediated conden-
sate formation. In a complementary assay, the con-
centration of synapsin 1 was fixed at 2 mM and a-
synuclein was added to reach either 3:1 or 1:3molar
ratio (Figure S6). Here, data indicate that, at low
concentrations of a-synuclein, the synapsin/SV
condensation follows sigmoidal kinetics and, at
higher concentrations of a-synuclein, the condensa-
tion is steady without an apparent saturation pla-
teau. Together, this implies the relevance of
maintaining the tight balance of molar ratios
between synapsin and a-synuclein for SV packing
at the nerve terminals (Figure 6(b)).

Discussion

Four main conclusions can be drawn from our
data. First, synapsin condensates recruit a-
synuclein. Moreover, a-synuclein maintains its
high mobility within synapsin condensates. This

Figure 4. Condensate formation of purified recombinant proteins. (a) 6 mM EGFP-synapsin 1 in magenta;

6 mM mCherry in red; 2 mM a-synuclein in green in the absence (full line) or presence of 3% PEG 8000 (dashed line).

The condensate formation was measured as a change in turbidity at 405 nm. (b) Thioflavin T-based aggregation

assay of 2 mM a-synuclein (light green), 40 mM a-synuclein in 15% PEG 8000 (dark green), 46 mM amyloid-b 1–42

(positive control, dark purple), 46 mM amyloid-b 1–42 with inhibitor compound (negative control, light purple), and

46 mM BSA (orange). (c) Colocalization of reconstituted condensates containing EGFP-Synapsin 1 (6 mM) and a-

synuclein (2 mM, chemically labeled with Alexa Fluor 647, AF 647) in 3% PEG, 8000. Scale bars, 5 mm. (d) Recovery

after bleaching of a-synuclein (AF 647) (green) and EGFP-Synapsin 1 (magenta). Values are represented as

average ± standard error of the mean. Data are from three independent reconstitutions.
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implies that synapsin/SV condensates at the nerve
terminals are able to spatially enrich a-synuclein, in
line with SV clusters acting as a buffer of synaptic
proteins.34–36 In fact, the dispersion of synapsin/
vesicle condensates upon stimulation10 releases
transiently-enriched proteins such as a-synuclein,
which can subsequently translocate to the plasma
membrane and facilitate endocytosis and SV
recycling.23,37

Second, SVs act as triggers for the phase
separation of synapsin. The presence of SVs
enhances the rate of synapsin/a-synuclein
condensation (Figure 5). Titration of SVs into
synapsin/a-synuclein condensates fits well a linear
curve. In this empirical model, the slope
represents the number of protein molecules
directly bound to SVs, which matches well
previous quantitative assessments.38 Beyond
enhancing the rate of condensate formation, a-
synuclein, at the surface of SVs, forms oligomers,20

helps assemble the SNARE complexes,12 thereby
stimulating exocytosis.21 While only a fraction of a-
synuclein might be enriched in SV clusters, the
dynamic distribution of a-synuclein – even a compe-

tition – for binding to different protein and mem-
brane structures present at the presynapse
remains to be understood. This is particularly impor-
tant given the roles of a-synuclein in mitochondria
physiology, endocytic processes, or to stabilize
SNARE complexes.21–24

Third, a-synuclein alone, under physiological salt
concentrations, cannot induce phase separation of
native SV purified from rat brains (Figure 6).
Although a-synuclein binds to small, acidic lipid
vesicles39–42 and SVs,30,43,44 our results clearly
show that, at physiological concentrations, a-
synuclein alone does not result in liquid–liquid
phase separation of native SVs. However, at these
protein and salt concentrations, vesicles enhance
the rate of synapsin/a-synuclein condensate
formation.
Fourth, the excess molar ratio of a-synuclein

slows down the rate of synapsin/SV condensate
formation. In situ analyses of nerve terminals in
mice that lack all three synucleins showed,
different from the wild type situation, a nearly
crystalline-packing of SVs.28 Given that synuclein
TKO mice have smaller buttons22 and still express

Figure 5. Synaptic vesicles promote the formation of synapsin condensates. Reconstitution of a-synuclein

(1 mM) and EGFP-synapsin 1 (3 mM), with increasing concentrations of SVs. The kinetics of condensate formation,

assessed as a change in turbidity, increases with the increase of SV concentration.

Figure 6. Excess of a-synuclein reduces the rate of synapsin condensate formation. (a) Condensate

formation of purified recombinant proteins EGFP-synapsin 1 and a-synuclein in different molar ratios (curves in tones

of blue), EGFP-synapsin 1 alone (magenta), a-synuclein alone (green) in presence of 23 nM SVs. The condensate

formation was measured as a change in turbidity at 405 nm. Each value is shown as the average ± standard error of

the mean, data are from three independent replicates (each time fresh isolation of native SVs). (b) Scheme of the

synapsin/SV condensation in the presence of different molar ratios of a-synuclein (a-synuclein-to-synapsin, 1:1 left

and 3:1 right) or in the absence of synapsin (bottom).
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synapsin, which is essential and sufficient for SV
cluster formation,45 the presence of tight SV clus-
ters is not surprising. However, the liquid-
crystalline arrangement of SVs28 suggests an alter-
ation of its material properties. Our reconstitution
data now show that an excess of a-synuclein slows
down the rate of native SV condensation (Figure 6),
implying that a tight balance between synapsin 1
and a-synuclein is important for maintaining the
architecture of SV clusters.
a-Synuclein aggregates appear in the range of

disorders collectively referred to as
synucleinopathies.46 From a pathological stand-
point, a-synuclein accumulates predominantly at
the presynaptic terminals in patient brains affected
with synucleinopathies causing changes in synaptic
function and leading to neurodegeneration.47 It is
therefore crucial to understand the functional impli-
cations of the regulation of a-synuclein abundance
at the synapse. Functionally, the excess amounts
of a-synuclein in wild-type murine synapses results
in a decrease of SV release and recycling.48 Inter-
estingly, this phenotype is absent when a-
synuclein is overexpressed in neurons derived from
synapsin TKO animals25 indicating a functional
interplay between these proteins. Since our data
suggest that a-synuclein and synapsin associate
as biomolecular condensates, it is tempting to spec-
ulate that multivalent low-affinity interactions would
play an important role in their condensation.49 One
such candidate is synaptobrevin 2, an integral pro-
tein of SVs that interacts with a-synuclein.42,50

While a-synuclein and synaptobrevin 2 might
increase clustering of SVs,42 they are not sufficient
to induce mesoscale condensation of native SVs
(Figure 5). On the other hand, acidity of SVs seems
to play an important role in synapsin/lipid vesicle
condensation (Figure S5 and Ref. 9) as neutral lipo-
somes have no effect on enhancing condensation.
The affinity of a-synuclein for negatively charged
phospholipids might be of critical importance51,52

to locally enrich a-synuclein into synapsin/SV
condensates.
The liquid–liquid phase separation might be on a

reaction trajectory to aggregation of a-synuclein
similarly to aggregates formed by RNA-binding
proteins in other neuro- and muscular-
degenerative diseases.53,54 In fact, at pathologically
high concentrations (e.g., 200 mM in 10% PEG
8000),a-synuclein is able to form liquid condensates
en route to aggregation.55These aggregates disrupt
both the SV cycle48 and mitochondrial physiology.56

Recent data suggest that a-synuclein aggregates
are more complex than it was previously thought
and may be composed not only of a-synuclein and
other proteins, but also by disrupted intercellular
membranes and organelle remnants.57

In conclusion, we show that synapsin
condensates are able to sequester a-synuclein,
both by co-expression with of a-synuclein in
heterologous cells and in minimal reconstituted

system with native SVs under physiological ion
strength and protein concentrations. Our study
emphasizes the importance of the molar ratio of
synapsin and of a-synuclein in the kinetics of
condensate formation. It is important to reiterate
that liquid–liquid phase transitions depend on the
valency, affinity and concentrations.49,54 In that con-
text, our work opens a range of important questions
such as what the precise molecular mechanism
underlies the low-affinity association between
synapsin and a-synuclein; how this association is
regulated during depolarization; and what the effect
is of numerous other synaptic proteins enriched at
the SV cluster.

Materials and Methods

Cloning

Synapsin 1 open reading frame was inserted into
the pmCherry-C1 or pEGFP-C1 vector using BglII-
SacI restriction sites (Genscript). pEGFP-C1 and
pmCherry-C1 were modified through NheI-XhoI
sites to encode the His6-tag, according to 9 a-
Synuclein (Addgene #51437) was PCR-based
cloned using restriction sites BamHI-XhoI sites into
a BFP-containing vector (kind gift from Geert van
den Bogaart) to obtain C-terminally tagged a-
synuclein-BFP. All the vectors contain CMV pro-
moter and SV40 terminator. Synaptophysin-EGFP
(kind gift of Pietro De Camilli) and FUS-EGFP plas-
mid (kind gift of Susanne Wegmann) were both in
pEGFP-N1 vector.

Cell culture and transfection

HEK cells were maintained at 37 �C and 5% CO2

in Dulbecco’s Modified Eagle’s Medium (DMEM,
Gibco) supplemented with 10% FBS (FACS), 1%
Glutamax (Gibco), 1% non-essential amino acids
(Sigma Aldrich) and 0.5% penicillin/streptomycin
(Gibco). Cells were split every 2–3 days using
0.05% trypsin (Gibco).
Hippocampal neurons were prepared from P0

wild-type mice (C57BL6/J). Brains were manually
dissected and hippocampi were collected in cold
Hank’s balanced salt solution (HBSS, Gibco)
containing 10 mM Hepes buffer (Gibco), 1 mM
Pyruvic Acid (Gibco), 0.5% penicyllin/streptomycin
and 5.8 mM Magnesium Chloride. After
dissection, hippocampi were enzymatically
digested with Papaine (Sigma) in HBSS for 20 min
at 37 �C. Papaine was removed with repeated
HBSS washing, and plating medium was added
(Neurobasal Medium A [NB-A, Gibco],
supplemented with 5% FBS, 1% B27, 1x
Glutamax, and 1% penicillin/streptomycin). Final
cell suspension was obtained through mechanical
dissociation with a P1000 pipette. Cells were
seeded on glass coverslips coated with 0.1 mg/mL
poly-L-lysine (PLL; Sigma). Neurons were
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maintained at 37 �C and 5%CO2 in Neuronal Media
(NB-A supplemented with 1% B27, 1% Glutamax,
and 0.5% penicillin/streptomycin).
Cells were transfected by Lipofectamine 2000

(Thermo Fisher) following manufacturer’s
instructions. Briefly, 3 ll of lipofectamine 2000
was mixed with 2 lg of total DNA in 200 ll
OptiMEM (Gibco) for HEK cells or NB-A for
neurons. Transfection mix was incubated for 30
minutes at room temperature, then was added to
the cells. HEK cells were transfected and
incubated overnight (37 �C and 5% CO2). The
day after medium was fully replaced with fresh
supplemented DMEM. Neurons were transfected
after 12 days in culture and incubated at 37 �C
and 5% CO2. After 2 hours, medium was changed
with Neuronal Medium.
All animal experiments were approved by the

Institutional Animal Welfare Committees of the
Charité University Clinic (Berlin, DE) and Max
Planck Institute for Biophysical Chemistry
(Göttingen, DE).

Confocal fluorescence live-cell microscopy

Spinning disk confocal (SDC) microscopy was
carried out on an Eclipse Ti Nikon Spinning Disk
Confocal CSU-X, equipped with OkoLab Live-cells
incubator (for control of temperature at 37 �C, 5%
CO2), 2 EM-CCD cameras (AndorR iXon 888-U3
ultra EM-CCD), Andor Revolution SD System
(CSU-X), objectives PL APO 60�/1.4NA oil
immersion lens. Excitation wavelengths were:
405-nm for BFP, 488-nm for EGFP; 561-nm for
mCherry.
For imaging, one or more constructs were

transfected in HEK 293 cells or primary
hippocampal neurons using Lipofectamine 2000
(Thermo Fisher). During imaging, cells seeded on
glass coverslips (1.5 thickness, 25 mm diameter)
were placed in a microscopy adaptor and then
placed on the objective stage. Exposure time
200 ms, Gain 300 (EM gain 20 mHz 16-bit) and
Piezo stage z-motor was used to collect z-series.
Images were acquired using Acquisition software
NIS Elements 5.21.02 and then analyzed with
ImageJ (NIH).

1,6-Hexanediol assay. 1,6-Hexanediol (Sigma)
was dissolved in DMEM (0,3 g/mL stock solution).
HEK cells expressing a-Synuclein-BFP and
mCherry-Synapsin 1 were added a pre-warmed
1,6–hexanediol solution diluted to final
concentration of 3% in DMEM (culture media) and
imaged for various times as indicated in the text.
All images were analyzed with ImageJ (NIH).

FRAP experiments and data analysis. Fluores-
cence recovery after photobleaching (FRAP)
experiments were performed in HEK 293 cells
expressing a-Synuclein-BFP and mCherry-
Synapsin1. The bleach ROI was fixed to 1.12 mm

of diameter and bleached at 100% transmission
intensity (405 nm = 3.5 mW and 561 nm = 4.1
mW) for 500 ms. Recording were carried out
starting with 1 picture pre-bleach, followed by
bleach event and a post-bleach time-laps images
were collected (1 s frame rate) up to 180 s.
Reference ROI were defined in the cytosol of the
same cell, and the Background ROI were defined
outside of the cell. Each FRAP experiment was
performed in at least 3 independent biological
replications (different transfections). Intensity
recovery traces obtained from the regions of
interest were background corrected and all traces
were normalized. The average trace was fitted to
a simple linear regression function (Prism 9,
Graphpad) obtaining the half time of recovery. All
data are presented as mean ± s.e.m.

Confocal imaging and FRAP of reconstituted
condensates

Chemical labeling of a-synuclein. For chemical
labeling of a-synuclein the NHS-ester reactive
fluorescent Alexa 647 dye from Thermo Scientific
was used (Alexa647-NHS-Ester, 10 mg/ml).
Labeling was performed in PBS (pH 8,3 with
NaHCO3) for 1 h at room temperature with a 10
times molar excess of NHS-ester dye. Not-
conjugated dye was removed from labeled a-
synuclein by running the labeling reaction over a
PD-10 column and elution with PBS
(SephadexTMG-25 M, GE Healthcare).

Microscopy. A mixture of 6 mM EGFP-Synapsin
1 was mixed with 2 mM a-synuclein (equimolar
amounts of unlabeled and Alexa Fluor 647-labled)
was incubated with in 25 mM Tris–HCl (pH 7.4),
150 mM NaCl, 0.5 mM TCEP. After the addition of
3% PEG 8000 (final concentration), the
condensation reaction was transferred to a Glass
Bottom Slide (81507, Ibidi) for imaging. The ROI
was fixed to approx. 1.5 mm diameter and
bleached at 100% transmission intensity
(488 nm = 3.9 mW, 640 nm = 4.7 mW) for
500 ms. Recording was carried out starting with a
prebleach sequence, followed by the bleach event
and post-bleach images were acquired up to
160 s (250 ms frame rate). Intensity recovery
traces obtained from the regions of interest were
background corrected and all traces were
normalized. All data are presented as mean ±
s.e.m.

Protein expression and purification

EGFP-Synapsin 1 and mCherry were expressed
in Expi293FTM cells (Thermo Fisher Scientific) for
three days following enhancement. Cells were
harvested and lysed in buffer that contained
25 mM Tris–HCl (pH 7.4), 300 mM NaCl, 0.5 mM
TCEP (buffer A), and protease inhibitor (Complete
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EDTA-free, Roche). All purification steps were
carried out at 4 �C. The lysates were centrifuged
for 1 h at 20,000g, followed by a two-step
purification. The first step was affinity purification
on a Ni-NTA column (HisTrapTMHP, GE
Healthcare) using 25 mM imidazole for binding of
proteins, 40 mM during wash steps and 400 mM
imidazole for elution of proteins (all in buffer A).
Eluates were concentrated and subjected to size
exclusion chromatography (SuperdexTM200
Increase 10/300, GE Healthcare) in 25 mM Tris–
HCl (pH 7.4), 150 mM NaCl, 0.5 mM TCEP (buffer
B).
Untagged human a-synuclein was expressed

from the pET17b vector (Novagen) in
Escherichia coli BL21 cells and purified
essentially as described.58 Shortly, the expression
of the protein was induced at 37 �C for 3 hours,
cells pelleted and periplasm proteins released by
incubation in the osmotic shock buffer (40% v/v
sucrose in 30 mM Tris HCl pH 7.2, 2 mM EDTA)
at room temperature for 10 min and subsequently
in ice-cold 2 mM MgCl2 for 3 min. Periplasmic
extract was loaded on the strong anion-
exchange column HiPrep Q FF (GE Healthcare)
and bound synuclein was eluted by running a 0–
500 mM NaCl gradient. Synuclein-containing frac-
tions were pooled, concentrated using 3 kDa
cutoff-filters (Vivaspin 15R, Sartorius) and loaded
on the gel filtration column HiLoad Superdex 200
16/600 (GE Healthcare). The relevant fractions
were concentrated using Vivaspin 15R, heated at
95 �C for 30 min and precipitates separated by
centrifugation. The remaining supernatant was
gel-filtrated again. Synuclein concentration was
determined at 280 nm applying a molar extinction
coefficient of 5960 M�1 cm�1.

Isolation of synaptic vesicles from rat brains

Synaptic vesicles (SVs) were isolated according
to previous publications.59,60,38 Briefly, 20 rat brains
were homogenized in ice-cold sucrose buffer
(320 mM sucrose, 4 mM HEPES-KOH, pH 7.4 sup-
plemented with 0.2 mM phenylmethylsulfonylfluo-
ride and 1 mg/ml pepstatin A). Cellular debris was
removed by centrifugation (10 min at 900gAv, 4 �

C) and the resulting supernatant was further cen-
trifuged for 10 min at 12,000gAv, 4 �C. The pellet
containing synaptosome was washed once by care-
fully resuspending it in sucrose buffer and further
centrifuged for 15 min at 14,500gAv, 4 �C. Synapto-
somes were lysed by hypo-osmotic shock and free,
released SVs were obtained after centrifugation of
the lysate for 20 min at 14,500gAv, 4 �C. The super-
natant containing the SVs was further ultracen-
trifuged for 2 h, yielding a crude synaptic vesicle
pellet. SVs were purified by resuspending the pellet
in 40 mM sucrose followed by centrifugation for 3 h
at 110,880gAv on a continuous sucrose density gra-
dient (50–800 mM sucrose). SVs were collected
from the gradient and subjected to size-exclusion

chromatography on controlled pore glass beads
(300 nm diameter), equilibrated in glycine buffer
(300 mM glycine, 5 mM HEPES, pH 7.40, adjusted
using KOH), to separate synaptic vesicles from
residual larger membrane contaminants. SVs were
pelleted by centrifugation for 2 hr at 230,000gAv and
resuspended in sucrose buffer by homogenization
before being aliquoted into single-use fractions
and snap frozen in liquid N2. The molar concentra-
tion of SVs was determined by measuring the total
protein concentration where ~100 ng/mL of total
SV protein corresponds to ~10 nM of SVs, accord-
ing to previously established quantitative
relationship.37

Western blot of contaminants and synaptic vesi-

cle proteins. Proteins were transferred from a Tris-
Glycine SDS-PAGE gel onto Amersham Hybond
LFP membrane (0.2 mm, Cytiva). Wet transfer was
done after standard protocol for either 1.5 h at
80 V at room temperature or overnight at 10 V at
4 �C. For washing and blocking steps TBS was
used. Blocking was performed for 1 h at room
temperature, while the blocking agent (3% BSA or
5% MLK in TBS) depended upon the primary
antibody combination. Incubation with primary
antibody was typically performed overnight with
shaking: (Synaptophysin 1 [1:4000 in 3% BSA/
TBS, Sysy 101 011], Synaptobrevin 2 [1:8000 in
3% BSA/TBS, Sysy 104 211], NSF [1:5000 in 3%
BSA/TBS, Sysy 123 011], Synaptotagmin [1:1000
in 5% MLK/TBS, Sysy 105 011], PSD95 [1:1000
in 5% MLK/TBS, Sysy 124 011], SDHA [1:1000 in
5% MLK/TBS, Abcam ab14715], Na+/K+-ATPase
[1:1000 in 5%MLK/TBS, Merck/Millipore 05-369]).
For fluorescent detection Cy3-conjugated
secondary antibodies (goat-a-mouse-IgG-Cy3)
from the Amersham ECL PlexTMDetection kit were
used according to manufacturer’s instructions
(1:2500 in 5%MLK/TBS, Cytiva). Fluorescence
detection was performed using a Typhoon Trio
Variable Imager System (GE Healthcare) by Cy3
excitation with the green laser (532 nm) and Cy3
emission filter settings (580 nm BP 30 nm).

Preparation of liposomes

In this study, we used 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) from Avanti Polar Lipids.
To prepare small unilamellar liposomes, DOPC
was mixed and dissolved in chloroform (total
concentration of 5 mM), dried first under a mild
stream of N2 and then in desiccator overnight.
Dried lipid films were rehydrated in 25 mM Tris–
HCl (pH 7.4), 150 mM NaCl, 0.5 mM TCEP.
Liposomes were formed by ten freeze (liquid N2)
– thaw (37 �C water bath) cycles. Finally, the
liposomes were extruded 21 times through the
50 nm-diameter polycarbonate filters (Avanti Polar
Lipids).
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In vitro reconstitution of synapsin-SV
condensates and data analysis

Optical density at 405 nmwasmeasured every 10
minutes for at least 45 hours at 37 �C by using a
Synergy H1 Hybrid Multi-Mode Microplate Reader
(BioTek Instruments). A 30 mL reaction mixture
was set up at 4 �C, transferred to a 384-well
microtiter plate (Greiner Bio-One, #781906) and
preincubated for 5 minutes at 37 �C prior
measurement. All the measurements were done in
the following buffer: 25 mM Tris–HCl (pH 7.4),
150 mM NaCl, 0.5 mM TCEP.
For protein-only measurements, the raw data is

plotted for each condition. In SV titration
experiments 3 mM synapsin 1 and 1 mM a-
synuclein were incubated with SVs at the following
final concentrations: 70 nM, 35 nM 23 nM 11.5 nM
5.9 nM.
For examining the effect of increasing

concentration of a-synuclein, the final protein
concentration was fixed at 8 mM in which synapsin
1 and a-synuclein were mixed at 3:1, 1:1 or 1:3
molar ratios, as indicated in the text. Synaptic
vesicles were added at 23 nM, following the
average physiological molar ratio of synapsin to
SVs.13,38 The condition where the molar ratio of
synapsin 1, a-synuclein and SVs mimicked the
physiological (6 mM, 2 mM and 23 nM, respectively)
was used as a reference for normalizing the remain-
ing curves in Figure 6(a). Three independent mea-
surements (each containing a unique isolation of
SVs) were done for each sample; all the data are
represented as a mean ± standard error of the
mean.
For examining the kinetic effect of a-synuclein’s

presence during condensate formation the
concentrations of synapsin 1 (2 mM) and SVs
(23 nM) were fixed. a-Synuclein was added to a
final concentration of 0.67 mM or 6 mM to reach a
synapsin 1 to a-synuclein ratio to 3:1 and 1:3,
respectively. Three independent measurements
were done for each sample; all the data are
represented as a mean ± standard deviation.

Thioflavin T aggregation assay

Fluorescence (excitation at 440 nm, emission at
484 nm) was measured every 20 minutes for 50
hours at 37 �C, double orbital shaking (425 cpm,
3 mm) for 5 s prior to recording, by using a
Synergy H1 Hybrid Multi-Mode Microplate Reader
(BioTek Instruments). A 30 mL reaction mixture
was set up at 4 �C, transferred to a 384-well
microtiter plate (Greiner Bio-One, #781906). All
the measurements were done in the following
buffer: 25 mM Tris–HCl (pH 7.4), 150 mM NaCl,
0.5 mM TCEP. Thioflavin T (T3516, Sigma
Aldrich) was added to a final concentration of
50 mM. As a positive control for fibrillation, we
used 46 mM amyloid-b (AS-72216, AnaSpec). As
the negative controls, we used 46 mM amyloid-b

mixed with the accompanying inhibitor (AS-72214,
AnaSpec) and 46 mM BSA.
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