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Abstract

Misfolded a-synuclein is a major component of Lewy bodies, which are a hallmark of
Parkinson’s disease. A large body of evidence shows that a-synuclein can self-assemble
into amyloid fibrils, but the relationship between amyloid formation and Lewy body
formation still remains unclear. Here we show, both in vitro and in a C. elegans model of
Parkinson’s disease, that o-synuclein undergoes liquid-liquid phase separation by
forming a liquid droplet state, which converts into an amyloid-rich hydrogel. This
maturation process towards the amyloid state is delayed in the presence of model synaptic
vesicles in vitro. Taken together, these results suggest that the formation of Lewy bodies
is linked to the arrested maturation of a-synuclein condensates in the presence of lipids

and other cellular components.
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Introduction

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder, affecting
over 2% of the world’s population over 65 years of age [1, 2]. The molecular origins of this
disease are not fully understood, although they have been closely associated with dysregulation
of the behaviour of a-synuclein [1, 3, 4], a disordered protein whose function appears to
involve the regulation of synaptic vesicle trafficking [5-8]. This gap in our knowledge of the
disease aetiology is no doubt partly responsible for the lack of disease modifying therapies for

PD [9-12].

The pathological hallmark of PD is the presence of Lewy bodies within dopaminergic neurons
in the brains of affected patients [13]. Although misfolded a-synuclein is a major constituent
of Lewy bodies [ 14, 15], ultrastructural and proteome studies have indicated that these aberrant
deposits contain a plethora of cellular components, including lipid membranes and organelle
fragments [16-20]. These findings have led to the suggestion that the processes associated with

the formation of Lewy bodies could be major drivers of neurotoxicity in PD [16, 18, 21].

Since it has also been shown that a-synuclein can aggregate into ordered amyloid fibrils in
vitro [22-26] and in vivo [27-32], we asked how such a-synuclein aggregation can be
reconciled with the formation of highly complex and heterogeneous assemblies such as Lewy
bodies. We hypothesised that a-synuclein may be capable of irreversibly capturing cellular
components through liquid-liquid phase separation, as this mechanism has been shown to drive
the self-assembly of various disease-associated proteins on-pathway to the formation of solid
aggregates [33-36]. Under healthy conditions, the condensation of proteins into a dense liquid
droplet state through liquid-liquid phase separation is normally reversible, and exploited in a
variety of ways to carry out cellular functions, including RNA metabolism, ribosome
biogenesis, DNA damage response and signal transduction [33, 34, 37]. Upon dysregulation,
however, liquid droplets can mature into gel-like deposits, which irreversibly sequester
important cellular components and lead to pathological processes [38]. This phenomenon has
been observed for FUS and TDP-43 in ALS [38, 39] and more recently also for tau in
Alzheimer’s disease [40-42]. Our results show that a-synuclein can undergo a similar process
by forming a dense liquid droplet state, which matures into a gel-like state rich in amyloid

structure, consistently with very recent results [43].
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Results

a-synuclein forms non-amyloid inclusions in C. elegans

To understand the initial events in the a-synuclein aggregation process, we assessed its self-
association using confocal fluorescence lifetime imaging (FLIM) in the nematode worm
Caenorhabditis elegans. The fluorescence lifetime of a fluorophore has been previously shown
to be an accurate measure of protein self-assembly and amyloid formation, independent of
protein concentration or fluorescence intensity [44-46]. Given the optical transparency and
well-established genetics of C. elegans, we sought to compare the fluorescence lifetime of a
human a-synuclein-YFP fusion protein expressed in body wall muscle cells (OW40 worm
model, see Methods). In line with previous reports [47], we observed age-dependent
coalescence of a-synuclein-YFP into distinct cytoplasmic inclusions (Figure 1A). Previous
fluorescence recovery after photobleaching (FRAP) and FLIM studies have suggested that a-
synuclein in inclusions exists in a mobile, non-amyloid state [44-47]. Here, we performed high
resolution FLIM to be able to differentiate the protein localised at inclusions from the diffuse
(non-aggregated) pool (Figure 1A). Our analysis revealed that the self-association state of o-
synuclein-YFP in inclusions was similar to that of the diffuse state for the majority of the
nematode’s adult life (days 1-11 of adulthood), indicating that a-synuclein assemblies are
predominantly non-amyloid in C. elegans (Figure 1B,C). Only at old age, a-synuclein-YFP
inclusions started to show increased amyloid-like features (days 13-15 of adulthood), an

observation supported by the simultaneous appearance of proteinase K resistant protein species

(Figure 1D).

Early a-synuclein inclusions in C. elegans have liquid-like properties

The presence of non-amyloid a-synuclein assemblies in C. elegans prompted us to further
investigate their material properties. To this end, we used the aliphatic alcohol 1,6-hexanediol,
which has recently been used as a tool to test the liquid properties of protein condensates in
vitro as well as in vivo [48]. Hexanediol dissolves assemblies maintained by weak hydrophobic
interactions, whereas solid-like amyloid structures remain intact. Exposure to 10% (w/v)
hexanediol in C. elegans almost completely dissolved a-synuclein inclusions between days 1
and 11 of adulthood, reflecting the role of low-affinity interactions in inclusion assembly
(Figure 2A,B and Movie S1). As before, inclusions in aged nematodes (days 13-15 of

adulthood) appeared to be solid-like, as evidenced by decreased hexanediol-mediated
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dissipation. We then assessed whether a-synuclein assemblies in younger nematodes could
reappear after hexanediol was washed out. Indeed, newly formed small inclusions were
observed in washed worms after one day of recovery, reflecting the dynamic and liquid-like

properties of a-synuclein assemblies in C. elegans (Figure 2C,D).

Liquid-liquid phase separation drives a-synuclein droplet formation in vitro

The results presented above indicate that a-synuclein is a component of liquid-like assemblies
in C. elegans. To investigate whether this behaviour is mediated by the intrinsic biophysical
properties of a-synuclein, we tested its capability of forming such assemblies in vitro. We
incubated Alexa-488 labelled human a-synuclein at physiological pH and in the presence of
polyethylene glycol (PEG), a commonly used crowding agent (Methods). When deposited on
a glass surface, a-synuclein formed micron-sized droplets within several minutes (Figures 3A
and S1, and Movie S2). Droplet formation was sensitive to ionic strength (Figure S2), which
is likely the result of the involvement of the acidic C-terminal region of a-synuclein. This
region is predicted to spontaneously phase separate via disordered interactions (Figure S3). To
characterise whether a-synuclein droplets had properties of a liquid phase, we assessed two
key biophysical features. First, we observed that two droplets readily fuse and relax into a
larger droplet once they come in close proximity (<1 um) (Figure 3B and Movie S3). Second,
fluorescence recovery after photobleaching (FRAP) of a small area within the droplet was
followed by rapid recovery (ti2=75 s), reflecting local rearrangement of a-synuclein molecules

within the condensate (Figure 3C and Movie S4).

The conversion of a-synuclein droplets into gel-like assemblies is associated with amyloid
formation

The ability of a-synuclein molecules to rearrange within droplets declines over time (Figure
3C), which is in line with the thermodynamic drive of dense protein solutions to mature into
more solid-like states, such as highly ordered amyloid fibrils [38, 41, 49, 50]. To test whether
the maturation of a-synuclein droplets is associated with amyloid formation, we assessed this
process using turbidity measurements in the presence of the amyloid-binding dye thioflavin T
(ThT) (Figure 4A,B). Droplet formation as seen from increased turbidity at 540 nm was
followed by increased ThT fluorescence, indicating that droplet ageing involves the formation
of amyloid species. Furthermore, a hydrogel with amyloid-like features could be recovered at

the end of each incubation period (Figure 4C). These results indicate that under physiological
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conditions, a-synuclein can undergo a phase transition into a dynamic liquid droplet state

which converts into gel-like aggregates over time.

a-Synuclein droplets age more slowly when merged with liposomes

In dopaminergic neurons, a-synuclein is highly concentrated at pre-synaptic terminals where
it can transiently bind a variety of lipid surfaces, including those of synaptic vesicles [5, 7, 8,
51]. These observations lead to the question how the presence of synaptic vesicles modulates
the phase behaviour of a-synuclein. We thus incubated a-synuclein with liposomes with a
composition mimicking that of synaptic vesicles [52] (Methods). To enable detection by
fluorescence microscopy, liposomes were supplemented with a fluorescently labelled lipid,
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cyanine 5) (Cy5-DOPE) (Methods).
Formation of a-synuclein droplets coincided with the appearance of condensates that were
positive for the labelled lipid (Figure SA and Movie S5), whereas liposomes alone either
remained diffuse or formed irregular aggregates (Figure 5B). 3D rendering of the droplets
showed that lipids are directly recruited into a-synuclein droplets (Figure SC and Movie S6)
which continue to behave as a liquid phase as evidenced by rapid fusion of two a-
synuclein/lipid droplets (Figure 5D). Crucially, a-synuclein/lipid droplets appeared to be more
resistant to ageing, as they showed a slower decline in FRAP when compared to a-synuclein
droplets alone (Figure SE). These results suggest that liposomes mimicking synaptic vesicles
stabilise the liquid state of a-synuclein, which is expected as binding of a-synuclein to these
membranes does not readily trigger amyloid formation in vitro, although the binding to other

membranes could have an opposite effect [53].

Discussion and Conclusions

We have shown that a-synuclein forms liquid-like condensates in vivo in a C. elegans model
of Parkinson’s disease and in vitro at physiological concentrations and pH. Our FLIM analysis
indicated that the inclusions formed by a-synuclein in C. elegans body wall muscle cells are
largely non-amyloid and can be dissociated by 1,6-hexanediol. a-Synuclein droplets behave as
a liquid phase in vitro, as individual a-synuclein molecules rapidly rearrange within the

droplets and individual droplets were observed to fuse and relax back into a spherical shape.
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These observations can be linked to the increasing evidence that the phenomenon of liquid-
liquid phase separation underlies the organisation of proteins at the synapse [54-56]. It has also
been shown that a-synuclein clusters synaptic vesicles and regulates the synaptic vesicle pool
[5-8]. In this context, our results suggest that droplet formation by a-synuclein may be involved
in a physiological mechanism to cluster synaptic vesicles, possibly in conjunction with other
proteins such as synapsins, which have also been shown to phase-separate into liquid-like
assemblies [55]. Indeed, synapsins are implicated in synaptic function in conjunction with

synuclein [57, 58] and are components of Lewy bodies [59].

We have also shown that the droplet state can undergo a maturation process into a gel-like state
rich in amyloid structure, which is reminiscent of the pathological state seen in Lewy body
pathologies [14, 15, 60]. This phenomenon is expected on the grounds that the transition from
the droplet state to the amyloid state takes place through a maturation process, known as
Ostwald ripening [61, 62], and it is consistent with the recent report that a.-synuclein can form
hydrogels [63, 64]. From a thermodynamic point of view, it is important to note that the gel-
like assembly is not a stable state in addition to the native, the droplet and the amyloid states,
but a slowly evolving conformation on pathway to the amyloid state (Figure 6A). This ageing
process can become very slow depending on the complexity of the composition, and one can
speculate that Lewy bodies are in a condition of nearly arrested maturation. In this context, we
found that the sequestration of liposomes mimicking synaptic vesicles slows the maturation
process, which is consistent with the observation that various lipid vesicles and membranes are
found in Lewy bodies [16, 17]. We can thus suggest that the effects of such membranous
structures on the ageing process of the droplets involve a slowing down of the amyloid
conversion of the gel-like a-synuclein assemblies. This process could create a metastable toxic

state, as the gel-like assemblies can be a reservoir for cytotoxic a-synuclein oligomers [64].

We also note that the conversion of a-synuclein between the native state and the amyloid state
can take place directly through a ‘deposition pathway’ (Figure 6B) following a more
conventional nucleation-growth process [65], where the nucleation step can be catalysed by
the presence of charged lipid membranes [66], rather than the ‘condensation pathway’
described here (Figure 6B). Whether a-synuclein follows primarily the deposition route to the
amyloid state or the condensation route through the droplet state is likely determined by the

environmental conditions. One such condition could involve the lipid composition of
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membranes, since this determines the rate of a-synuclein nucleation, with membranes
mimicking synaptic vesicles being unable to drive nucleation [53]. A decline in synaptic
vesicles density, as observed for some PD mutations through altered synaptic protein function

[67], could therefore shift a-synuclein membrane binding with adverse consequences.

In conclusion, we have shown that a-synuclein undergoes liquid-liquid phase separation to
adopt a droplet state and that this process may lead to the formation of aberrant gel-like

assemblies with features of Lewy bodies.

Materials and Methods

C. elegans strains and maintenance

Standard conditions were used for the propagation of C. elegans [68]. We used the OW40
(zgls15[unc-54p::a-synuclein::YFP] 1V) strain in which a-synuclein is fused to yellow
fluorescent protein (YFP) [47]. OW40 animals were synchronised by hypochlorite bleaching,
hatched overnight in M9 buffer (3 g/ KH2POs, 6 g/ Na;HPOys, 5 g/ NaCl, 1 mM MgSOs)
and subsequently cultured at 20 °C on nematode growth medium (NGM) plates (1 mM CacCla,
I mM MgSOs, 5 pg/mL cholesterol, 250 mM KH>PO4 [pH 6], 17 g/L agar, 3 g/LL NaCl, 7.5
g/L casein), which were seeded with the Escherichia coli strain OP50. At L4 stage, larvae were
placed on nematode growth medium (NGM) plates containing 5-fluoro- 2’deoxy-uridine

(FUDR, Sigma) (75 uM) to inhibit the growth of offspring.

Fluorescence lifetime imaging (FLIM)

At indicated timepoints, transgenic worms were washed off NGM plates in M9 buffer and
mounted on 2.5% agarose pads on glass microscopy slides and immobilised using 10 mM
levamisole hydrochloride (Merck). Slides were then mounted onto a modified, confocal-based
platform (Olympus FV300-IX700) integrated with a time-correlated single photon counting
(TCSPC) module (SPC-830, B&H). Images of the anterior region of the worm were acquired
at 60X (PLAPON 60XOSC2, 1.4NA, Olympus) magnification. For excitation of YFP, the
output of a pulsed supercontinuum source (WL-SC-400-15, Fianium Ltd.) operating at 40 MHz
repetition rate and filtered using a FF03-510/20 (Semrock Inc.) bandpass filter was used. YFP

fluorescence emission was filtered with a FF01-542/27 (Semrock Inc.) bandpass filter. Photons
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were acquired for two minutes to create a single 256x256 image with 256 time bins. Inclusions
were detected using a custom-designed image-processing pipeline in ImagelJ (NIH). Briefly,
cytoplasmic background was reduced through application of a Gaussian convolution filter and
binarized according to the Chow and Kaneko adaptive thresholding method [69].
Subsequently, clustered inclusions were separated using a classic watershed segmentation
algorithm. The resulting image was then used to create a mask of the signal representing
inclusions and subtracted from the total signal, creating a separate mask for the diffuse signal.
Lifetime analysis of the processed images was carried out using FLIMFit (Imperial College
London Photonics). FLIM data were fitted with a single exponential decay function to extract

the fluorescence lifetime in each pixel using FLIMFit v4.12 [70].

Proteinase K assay

For proteinase K digestion assays, worms were lysed using a Balch homogeniser in NP-40 lysis
buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris pH 8.0), as described previously [71]. Lysates
were kept on ice before being exposed to increasing proteinase K concentrations (0, 1, 2, 3
pg/ul) for 30 minutes at 37 °C. Following digestion, samples were immediately heated at 100
°C for 5 minutes in Laemmli buffer, separated on NuPAGE Novex 4-12 % Bis-Tris Protein
Gels (Life Technologies) and transferred to nitrocellulose membranes using an iBlot Dry
Blotting System (Life Technologies). To improve a-synuclein immunodetection, the
membrane was treated with phosphate-buffered saline (PBS) containing 0.4%
paraformaldehyde for 30 min at room temperature, followed by blocking for 1 h with 5% skim
milk in PBS. Membranes were probed with the LB509 anti-a-synuclein antibody (1:1000;
Abcam) overnight at 4 °C and visualised with a fluorescent secondary antibody (goat-anti-
mouse I1gG Alexa 488-conjugated (1:5000, A11029, Life Technologies)). Fluorescent bands
were detected on a Typhoon FLA 7000 (GE Life Sciences) imaging system. Images were
quantified in ImageJ (NIH).

Hexanediol experiments

To achieve slow diffusion of 1,6-hexanediol into the worms without eliciting rapid toxic
effects, animals were washed off NGM plates in M9 buffer and embedded in 20 pL of a thermo-
reversible hydrogel (CyGEL™, Biostatus) supplemented with 10% (w/v) 1,6-hexanediol
(Sigma) and 10 mM levamisole hydrochloride (Merck) on a glass-bottom imaging dish
(MatTek P35G-1.5-14-C). For control experiments, worms were embedded in hydrogel with
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10% dH>0 and 10 mM levamisole hydrochloride. Glass-bottom dishes were subsequently
sealed with a 12 mm x 12 mm? 1.5 cover glass (Fisherbrand) and left at room temperature for
1 hour. After incubation, worms were imaged on a Leica SP8 upright confocal microscope
using a 40x/1.3 HC PL Apo CS oil objective (Leica Microsystems). For recovery experiments,
imaging dishes were cooled on ice until the hydrogel liquified and immediately diluted in M9
buffer. Worms were then washed 2x in M9 buffer, before being left to recover on seeded NGM

plates for 24 hours. Hereafter, worms were imaged as described above.

a-synuclein purification and labelling

Wild type and A90C a-synuclein were purified from E. coli expressing plasmid pT7-7
encoding for the protein as previously described [23, 72]. Following purification, the protein
was concentrated using Amicon Ultra-15 Centrifugal Filter Units (Merck Millipore). A90C a-
synuclein was labelled with 1.5-fold molar excess Alexa Fluor 488 Cs maleimide (Life
Technologies) overnight at 4 °C. The excess dye was removed on a Sephadex G-25 desalting
column (Sigma) as described previously [23], and buffer exchanged into 25 mM Tris-HCl (pH
7.4).

Liquid-liquid phase separation assay

To induce droplet formation, non-labelled wild type a-synuclein was mixed with Alexa Fluor
488 labelled A90C a-synuclein at a 10:1 molar ratio in 25 mM Tris-HCI (pH 7.4), 50 mM
NaCl, 1 mM DTT and 10% polyethylene glycol (PEG) (Thermo Fisher Scientific) at 20 °C,
unless indicated otherwise. The final mixture was pipetted on a 35 mm glass-bottom dish
(P35G-1.5-20-C, MatTek Life Sciences) and immediately imaged on a Leica TCS SP5
confocal microscope using a 40x/1.3 HC PL Apo CS oil objective (Leica Microsystems). The
excitation wavelength was 488 nM for all experiments. All images were processed and

analysed in ImageJ (NIH).

Fluorescence recovery after photobleaching

Fluorescence recovery after photobleaching (FRAP) was performed on the setup described
above for the liquid-liquid phase separation assay, under the same experimental conditions.
Bleaching was done using the 488 nm laser at 50% intensity, to obtain £50-60% relative

photobleaching. Images were captured at 600 ms intervals, following a 1.8 s (3 frame) pre-


https://doi.org/10.1101/2020.06.08.140798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.08.140798; this version posted June 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

bleach sequence and a 1.2 s (2 frame) spot bleach covering 30-50% of the droplet area.

Intensity traces of the bleached area were background corrected and normalised.

Liposome preparation

Small unilamellar vesicles (SUVs) were prepared to approximate the lipid composition of
synaptic vesicles [52], 50 mol% DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), 30 mol%
DOPE (1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine), 20 mol% DOPS (1,2-dioleoyl-
sn-glycero-3-phospho-L-serine), and supplemented with 1 mol% DOPE-CyS5 (1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(Cyanine 5)) (Avanti Polar Lipids). Lipids were mixed in
chloroform and dried under a mild stream of nitrogen gas. Dried lipids were then lyophilised
for 3 h (VWR, Avantor), before being rehydrated in 25 mM Tris-HCI (pH 7.4). Liposomes
were formed by ten consecutive freeze-thaw cycles (-196 °C to 30°C). To form uniformly sized
liposomes, the mixture was extruded 20 times through 50 nm-diameter polycarbonate filters
(Avanti Polar Lipids). Liposome size distribution was confirmed using dynamic light scattering

(Average size = 50 nm) and re-extruded when standard deviation > 20 nm.

Turbidity and thioflavin T (ThT) assay

Wild type a-synuclein was mixed with 20 uM ThT in 25 mM Tris-HCl (pH 7.4), 50 mM NaCl,
and 10% PEG (Thermo Fisher Scientific) at 20 °C. All samples were prepared in low binding
test tubes (Eppendorf), after which each sample was pipetted in triplicate into a 96-well half-
area, low-binding, clear bottom plate (Corning) on ice?. Assays were initiated by placing the
96-well plate at 20 °C under intermediate (5 min) shaking (100 rpm, 10 s) conditions in a plate
reader (Fluostar Omega or Fluostar Optima, BMG Labtech). The absorbance at 540 nm was
measured every 5 min over 72 h. ThT fluorescence was measured through the bottom of the

plate with a 440 nm excitation filter and a 480 nm emission filter.

Electron microscopy (cryo-SEM)

Cryo-SEM was performed on a Verios 460 scanning electron microscope (FEI/Thermo Fisher)
equipped with a Quorum PP3010T cryo-transfer system. Hydrogel samples were pipetted into
shuttle-mounted universal cryo-stubs and flash-frozen in slushed nitrogen. After transfer into
the prep-chamber, samples were fractured, sublimed at -90 °C for 2 minutes, sputter-coated
with a thin layer of platinum and transferred to the SEM cryo-stage. Both prep-chamber and

cryo-stage were set to -140 °C. SE-imaging was performed at 1 keV accelerating voltage and
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25 pA probe current using the Through-Lens-Detector (TLD) in immersion mode. Images
were acquired with a pixel resolution of 1536 x 1024 pixels using a 300 ns dwell time/32 image

integrations and using drift correction.

Droplet predictions

The binding modes of a-synuclein, as the probability to undergo disorder-to-order (ppo) or
disorder-to-disorder (ppp) transitions upon interactions, were predicted from the amino acid
sequence using the FuzPred program (protdyn-fuzpred.org) [73]. The FuzPred-Droplet method
was used to estimate the probability for spontaneous liquid-liquid phase separation based on

disorder in the free and bound states.

Statistical analysis

All statistical analysis was performed in GraphPad Prism 8 (GraphPad Software). Data are
presented as means + SEM from at least 3 independent biological replicates, unless indicated
otherwise. Statistical significance between experimental groups was analysed either by 2-tailed

Student’s 7 test or one-way ANOVA followed by Bonferroni’s multiple-comparison
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Figure 1. a-Synuclein forms non-amyloid inclusions in C. elegans. (A) Age-dependent
coalescence of a-synuclein-YFP into cytoplasmic inclusions with distinct lifetime profiles
between inclusions and diffuse signal. The scale bar represents 50 um, rainbow scale bar 2600
(blue) - 3200 (red) picoseconds (ps). (B) Analysis of the high-resolution FLIM revealing that
a-synuclein assemblies are predominantly non-amyloid in C. elegans. At day 13 and 15 a shift
towards lifetimes associated with the amyloid-state can be observed. Each square and triangle
represents one animal from the population. (C) Violin plots for all individual inclusions from
the animals in (B). A distinct population of lower lifetime inclusions appears at old age. Black
line = median. Dotted line = quartiles. (D) Appearance of proteinase K resistant protein species
show a-synuclein-YFP with increased amyloid-like self-association in aged animals (days 13-
15 of adulthood). a-Synuclein levels probed with the LB509 antibody (Methods) are shown
(left). Quantification of protein levels corrected for loading control and normalised against
untreated control (right). Results are mean = SEM. One-way ANOVA. ***P < (0.001, ****P

<0.0001, ns, not significant.
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Figure 2. a-Synuclein inclusions in C. elegans have liquid-like properties. (A) Exposure to
10% (w/v) 1,6-hexanediol dissolves a-synuclein inclusions between days 1 and 11 of
adulthood, reflecting the dependence of inclusion assembly on weak hydrophobic interactions.
By contrast, inclusions in aged nematodes (days 13-15 of adulthood) appear to be solid-like,
as evidenced by decreased hexanediol efficacy. (B) Quantification of images in (A). Each
square or circle represents one animal from the population. (C) a-Synuclein assemblies in
younger nematodes reappear after hexanediol is washed out. Newly formed small inclusions
were observed in washed worms after one day of recovery, reflecting the dynamic and liquid-
like nature of a-synuclein assemblies in C. elegans. (D) Quantification of images in (C). The
scale bars represent 25 um. Results are mean + SEM. One-way ANOVA. ***P <0.001, ****p

<0.0001, ns, not significant.
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Figure 3. a-Synuclein undergoes liquid-liquid phase separation in vitro. (A) Wild-type
human a-synuclein, supplemented with 1 mol% Alexa-488 labelled a-synuclein, forms
micrometre sized droplets under physiological conditions. The scale bar represents 5 um. (B)
Fusion of two a-synuclein droplets in close proximity (<1 um). The scale bar represents 1 um.
(C) Fluorescence recovery after photobleaching (FRAP) of a small area within the droplet. Red

line represents aged droplets. The scale bar represents 1 um; error bars represent SEM.
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Figure 4. a-Synuclein droplets mature into amyloid-like hydrogels under in vitro. (A) o-
Synuclein in the presence of 10% PEG becomes turbid, representing the formation of light-
scattering objects such as droplets. Data points represent 5 min interval measurements,
preceded by brief shaking. (B) a-Synuclein becomes positive for ThT following an increase in
turbidity, indicating that the assemblies adopt an amyloid-like nature. (C) Scanning electron
microscopy (cryo-SEM) image of a-synuclein hydrogel, formed at the end of the experiment
shown in (B). Left panel shows the hydrogel. The morphology as seen by cryo-SEM (middle
and right panels) indicates that hydrogels are rich in fibrillar structures. The scale bars represent

1 um (left) and 500 nm (7ight).
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Figure 5. a-Synuclein droplets co-localise with liposomes. (A) a-Synuclein droplets co-
localise with liposomes resembling the lipid composition of synaptic vesicles
(DOPE:DOPC:DOPS) labelled with DOPE-Cy5. The scale bar represents 5 um. (B)
Liposomes in buffer remain diffuse (top) or form aggregates (bottom). The scale bar represents
10 um. (C) 3D rendering of the droplets showing that lipids are directly recruited into a-
synuclein droplets. The scale bar represents 1 um. (D) Fusion of two a-synuclein/liposome
droplets in close proximity. The scale bar represents 1 um. (E) a-synuclein/liposome droplets
mature slower than droplets containing only a-synuclein. Each data point represents the
average recovery out of three droplets for that timeframe. The scale bar represents 1 um; error

bars represent SEM. One-way ANOVA. **P <0.01, ****P <0.0001, ns, not significant.
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Figure 6. Schematic illustration of the thermodynamics and Kkinetics of a-synuclein
aggregation. (A) a-Synuclein can populate the monomeric state, the droplet state and the
amyloid state. The amyloid state is likely to be the thermodynamically most stable state under
cellular conditions, but its kinetic accessibility is reduced by the presence of free energy
barriers between the native and droplet states, and by the droplet and amyloid states. The latter
free energy barrier can be crossed through a maturation process that involves the formation of
gel-like amyloid-rich assemblies that gradually age into the amyloid state. This slow

conversion can become altogether arrested in the presence of cellular components, possibly


https://doi.org/10.1101/2020.06.08.140798
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.08.140798; this version posted June 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

resulting in the formation of Lewy bodies. (B) The conversion of a-synuclein from the
monomeric to the amyloid state can proceed through two distinct pathways. In the ‘deposition
pathway’, a-synuclein forms initially small disordered oligomers that then convert into ordered
oligomers, which then grow into amyloid fibrils. In the ‘condensation pathway’ a-synuclein
forms first a droplet state, which then gradually mature into the amyloid state going through a
gel intermediates. Although both pathways can be homogeneous, with a-synuclein as the sole
component of the system, in complex environment they are most likely heterogeneous, with

other cellular components taking part in the process.
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Figure S1. o-Synuclein forms droplets at various concentrations under crowding
conditions. (A) Wide field microscopy images of a-synuclein forming micrometre-sized
droplets in the presence of 10% PEG after 5 minutes incubation. Droplet size scales with
protein concentration. The scale bar represents 5 um. (B) Phase diagram of the droplet state as

a function of a-synuclein and PEG concentration at 5 min post incubation.
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Figure S2. a-Synuclein droplet formation is sensitive to solution ionic strength. Dose-
dependent distribution graphs representing the quantification of the effects of NaCl on the ??

of the average size of condensates at a 5 min time point.
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Figure S3. The acidic C-terminal region of a-synuclein likely drives droplet formation
through disordered interactions. (A) A sequence-based prediction of the binding modes of
disordered a-synuclein [73] suggests that the C-terminus remains predominantly disordered
(ppp, orange) in complexes. (B) A sequence-based prediction of the probability of spontaneous
liquid-liquid phase separation (prrps) indicates an important role for the C-terminus of a-

synuclein in droplet formation (protdyn-fuzpred.org).
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Movie S1. 1,6-hexanediol dissolves non-amyloid a-synuclein inclusions in C. elegans. Control
(left) represents untreated animal. Hexanediol (right) represents animal treated with 10% (w/v)

1,6 hexanediol.

Movie S2. Rapid droplet formation of a-synuclein (100 uM) in the presence of 10% PEG after

deposition on a glass slide starting at the edge of the solution. The scale bar represents 5 um.

Movie S3. Fusion event of two a-synuclein droplets after 5 min incubation. The scale bar

represents 1 pm.

Movie S4. Fluorescence recovery of a-synuclein after photobleaching of a region within a

droplet.

Movie SS. Droplet formation of a-synuclein (100 uM) incubated with DOPE:DOPC:DOPS
liposomes (1 mol% DOPE-Cy5) in the presence of 10% PEG, starting at the edge of the
solution and spreading inwards. Droplets sediment on the glass surface over time. Channels
represent a-synuclein (/eft), liposomes (middle) and an overlay (right). Scale bar represents 5

pum.

Movie S6. 3D rendering of a z-stack of a single a-synuclein/lipid droplet. Channels represent

an overlay (/eft), a-synuclein (middle) and lipids (right). Scale bar represents 1 pm.
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