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SUMMARY

a-Synuclein (a-Syn) aggregation and amyloid formation is directly linked with Parkinson’s
disease (PD) pathogenesis. However, the early events involved in this process remain unclear.
Here, using in vitro reconstitution and cellular model, we show that liquid-liquid phase
separation (LLPS) of a-Syn precedes its aggregation. In particular, in vitro generated a-Syn
liquid-like droplets eventually undergo a liquid-to-solid transition and form amyloid-hydrogel
containing oligomers and fibrillar species. Factors known to aggravate a-Syn aggregation such as
low pH, phosphomimic substitution, and familial PD mutation also promote a-Syn LLPS and its
subsequent maturation. We further demonstrate a-Syn liquid droplet formation in cells, under
oxidative stress. These cellular a-Syn droplets eventually transform into perinuclear aggresomes,
the process regulated by microtubules. The present work provides detailed insights into the phase
separation behavior of natively unstructured a-Syn and its conversion to a disease-associated
aggregated state, which is highly relevant in PD pathogenesis.
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INTRODUCTION

Liquid-liquid phase separation (LLPS) of biological polymers (protein, RNA) into liquid
condensates has emerged as a critical phenomenon in the formation of intracellular “membrane-
less” organelles (Alberti, 2017; Banani et al., 2017; Boeynaems et al., 2018; Brangwynne et al.,
2009; Hyman et al., 2014; Shin and Brangwynne, 2017). Such examples include nucleoli (Feric
et al., 2016), Cajal bodies (Kaiser et al., 2008), PML bodies (Banani et al., 2016) in the nucleus
as well as stress granules in the cytoplasm (Lin et al., 2015; Molliex et al., 2015; Riback et al.,
2017). These liquid condensates concentrate biomolecules such as proteins and nucleic acids at
distinct cellular sites and perform various cellular functions (Shin and Brangwynne, 2017). Due
to the lack of a physical barrier, such as membrane, the liquid condensates are able to exchange
their components rapidly with the surrounding medium (Hyman et al., 2014; Mitrea and
Kriwacki, 2016). Most of the liquid condensates possess common characteristics, which include
their formation mechanism as well as their physical properties. For instance, multivalent proteins
or nucleic acids associate through weak intermolecular interactions and reach a solubility limit to
form liquid condensates (Banani et al., 2017; Shin and Brangwynne, 2017). These condensates
are highly mobile, spherical, but get deformed on physical contact, fuse and eventually relax
back to their spherical shape (Brangwynne et al., 2009; Brangwynne et al., 2011; Molliex et al.,
2015; Nott et al., 2015). Several proteins undergoing LLPS, however, contain intrinsically
disordered regions (IDRs) that are closely associated with prion-like domains (PLDs) and low
complexity domains (LCDs) (Hughes et al., 2018; Maharana et al., 2018; Pak et al., 2016; Wang
et al., 2018), where the amino acid variance is extremely low (Burke et al., 2015; Elbaum-
Garfinkle et al., 2015; Zhang et al., 2015). These IDRs drive LLPS by weak, multivalent
interactions between the protein molecules, thus allowing various homotypic and heterotypic
interactions of proteins and other biomolecules (Li et al., 2012; Lin et al., 2015; Mitrea et al.,
2016; Molliex et al., 2015; Nott et al., 2015).

Many proteins which initially form highly mobile liquid condensates become more viscoelastic
and rigid during time and eventually form a gel-like state that is unable to exchange its
component molecules with the surrounding (Molliex et al., 2015; Murakami et al., 2015; Patel et
al., 2015; Wegmann et al., 2018). This transition could either be due to entanglement of
biopolymers or stronger association of proteins leading to fibril formation as reported for many
protein condensates associated with neurological disorders such as FUS, TDP-43, Tau and
hnRNPA1 (Ambadipudi et al., 2017; Conicella et al., 2016; Molliex et al., 2015; Patel et al.,
2015; Wegmann et al., 2018). It has been suggested that in these cases, phase separation might
increase the nucleation rate for protein aggregation into amyloid fibrils (Lin et al., 2015; Pak et
al., 2016; Xiang et al., 2015). Following this concept, in the study presented, we hypothesized
that a-Syn aggregation associated with PD pathogenesis (Spillantini et al., 1997; Volles and
Lansbury, 2003) might involve LLPS.
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a-Synuclein (a-Syn) is a natively unstructured protein (Eliezer et al., 2001), and its aggregation
into cytotoxic oligomers and amyloid fibrils are associated with PD pathogenesis (Goedert,
2001). a-Syn aggregation involves nucleation-dependent polymerization (Conway et al., 2000),
where the unstructured protein first forms partially folded intermediates (Uversky et al., 2001)
followed by oligomerization and fibrillation into amyloids. Moreover, the mutations of a-Syn
associated with early onset aggressive form of familial PD (Kruger et al., 1998; Pasanen et al.,
2014; Zarranz et al., 2004), are known to modulate its aggregation (Conway et al., 1998; Ghosh
et al., 2014; Greenbaum et al., 2005), further supporting its role in PD pathogenesis. Although
the mechanism of a-Syn aggregation is an area of extensive research, most studies are focused
on delineating the end-stage of the aggregation process; however, the early events (involving the
formation of transient species) leading to the formation of aggregates is not well established. The
primary structure of o-Syn contains three distinct domains: the N terminal region, an
aggregation-prone “non-amyloid component (NAC)” domain and a flexible C-terminal domain.
Although the NAC region primarily drives a-Syn aggregation (Giasson et al., 2001), the majority
of familial mutations are, however, at the N-terminal region highlighting its importance in a-Syn
misfolding and aggregation as demonstrated by the cryo-electron microscope structure of a-Syn
fibrils (Guerrero-Ferreira et al., 2018; Li et al., 2018a). Further, the N-terminal domain possesses
two LCDs suggesting that a-Syn might undergo phase separation under appropriate conditions.

We demonstrate here LLPS and liquid droplet formation by a-Syn at a high local concentration
(in the presence of molecular crowder), which is greatly promoted by various known conditions
associated with PD pathogenesis. Detailed biophysical and structural characterization revealed
that the a-Syn droplets undergo a liquid to solid-like transition, eventually transforming into a
gel state containing fibrillar aggregates and oligomers. Structural studies establish that low-
complexity region of N-terminus and the central hydrophobic NAC domain majorly drive a-Syn
LLPS. In cells, a-Syn formed liquid droplets under oxidative stress, which subsequently mature
and transform into solid-like aggregates forming aggresomes, the process regulated by
microtubules. Our findings establish that a-Syn phase separates into liquid droplets, which act as
an initial step towards a-Syn aggregation associated with PD pathology.

RESULTS
Liquid-liquid phase separation of a-Syn in vitro

Proteins with intrinsically disorder regions (IDRs) and low complexity domains (LCDs) are
known to phase separate in vitro when the local concentration of the protein molecules becomes
high in the presence of a molecular crowding agent (Fonin et al., 2018). We used bioinformatics
tool such as SMART (Letunic and Bork, 2018) and IUPred2 (Meszaros et al., 2018) algorithms
to examine the presence of IDRs and LCDs, respectively, in a-Syn. As indicated in Figure 1A,
SMART analyses predicted two LCDs (residues 10-23 and 63-78) in the primary sequence of a-
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Syn (upper panel), and IUPred?2 revealed disorderness in the segment of 26-28, 54-56 and 99-140
(lower panel). We, therefore, hypothesized that a-Syn might undergo LLPS under appropriate
conditions. We examined the phase separating behavior of a-Syn at different protein
concentrations in 20 mM phosphate buffer, pH 7.4, in the presence and absence of 10%
polyethylene glycol (PEG)-8000 as a molecular crowding agent. Incubation of a-Syn at 37°C in
the presence of PEG showed the formation of liquid-like droplets at high protein concentrations
(>200 uM) (Figure 1B). Increasing the molecular crowding further decreased the critical
concentration of a-Syn to phase separate. For example, in the presence of 15 — 20% PEG even at
10 pM protein concentration liquid-like droplets are formed (Figures 1D and S1A), while the
control with PEG alone in phosphate buffer, pH 7.4 did not show any droplet formation (data not
shown). This suggests that an increased local concentration of a-Syn by crowding is sufficient to
initiate a-Syn LLPS under physiological condition. a-Syn LLPS was further confirmed using
light scattering, which showed an increase in scattering after 48 h, as anticipated for phase-
separated samples (Figure S1B). Fluorescence imaging studies with orthogonal-plane sectioning
using fluorescein isothiocyanate (FITC)-labeled a-Syn confirmed that these liquid droplets
indeed contain a-Syn molecules (Figures 1C and S1C).

In order to explore the phase space of the LLPS, we compared phase separation of a-Syn at
various concentrations and at two different pHs, 5.4 and 7.4 (in the absence and presence of 10
% PEG). At pH 5.4, a-Syn formed droplets even at concentrations of <10 uM in the absence of
PEG, and at 5 uM in the presence of 10% PEG (Figures 1E and S1D). As many protein droplets
showed dependency on temperature (for the formation and reversibility) (Falahati and
Wieschaus, 2017; Nott et al., 2015; Reichheld et al., 2017; Schuster et al., 2018), we also tested
temperature-dependent a-Syn phase separation (i.e. 4 °C, 18 °C, 25 °C and 37 °C) using 200 uM
protein concentration. a-Syn liquid droplets were observed at all temperatures (except at 4 °C)
after 48 h of incubation (Figure S1E). To examine the temperature reversibility, we subjected the
freshly formed a-Syn liquid droplets to increasing temperature and observed that the newly
formed droplets disappeared when the temperature was raised to 65 °C, while they reappeared
within 1 h upon cooling to 37 °C (Figures 1F and S1F). The disappearance of liquid droplets
upon heating and reappearance upon cooling highlights their reversible, liquid-like nature.
However, 20 days aged droplets incubated at 37 °C did not show this temperature reversibility
suggesting the appearance of a rigid-like hydrogel state (Figures 1F and S1F). This shows a time-
dependent change of the physical properties of phase-separated a-Syn droplets from a liquid-
liquid to a solid-like state. Similar characteristics have also been observed for liquid droplets
formed by FUS (Patel et al., 2015), TDP-43 (Conicella et al., 2016) and Tau (Wegmann et al.,
2018) undergoing a transition from the reversible liquid state to an aberrant gel-like state of
irreversible aggregates.

Dynamics of a-Syn molecules inside the phase separated liquid droplets
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To understand the dynamics of a-Syn molecules, the droplet formation and its maturation was
monitored over time (20 days). The time-dependent analysis of a-Syn LLPS under the
microscope showed that during maturation, the size of the droplets increased (Figure 2A and
Video S1), which could be due to Ostwald ripening or droplet fusion (Berry et al., 2015;
Voorhees, 1992). Representative time-lapse images show coalescence of two droplets forming a
larger sized droplet (Figure 2B) further supporting the existence of droplet fusion. Subsequently,
to characterize the dynamic nature of the droplets, we performed fluorescence recovery after
photobleaching (FRAP) experiments using droplets containing 10 % rhodamine-labeled a-Syn.
FRAP studies revealed that fluorescence recovery of the bleached region of a-Syn droplets is
very rapid at the beginning of their formation (i.e. day 2-old droplets show a 96 % recovery and a
diffusion coefficient of 0.584 pum?s?), which significantly decreased after 20 days of aging,
where only ~7.5 % recovery was observed (Figures 2C and D). The average diffusion
coefficients calculated for day 5 and day 10 droplets were 0.2402 and 0.187 um?s™, respectively.
The diffusion coefficients for day 15 and 20 could not be calculated as the % recovery showed
no exponential increase with time. The progressive rigidity (low recovery from FRAP) is
attributed to increased viscoelasticity and decreased molecular diffusion of the protein molecules
inside the droplets during their maturation (Kato et al., 2012). Furthermore, to confirm the liquid
to solid-like transition of the a-Syn droplets, we measured time-resolved fluorescence anisotropy
decay from inside and outside of the FITC-tagged a-Syn phase separated droplets. Fluorescence
anisotropy decay is expected to be very fast when a-Syn is in the liquid state but is slow when in
the solid-like state (Sahay et al., 2016). P1 (inside the droplet) and P2 (outside the droplet) are
the reference pixels under the microscopic field from which the fluorescence anisotropy decay
was obtained (Figure 2E, left panel). The fluorescence anisotropy decay inside the droplet was
slower compared to outside, which clearly reflects the rigidity of the protein molecules within
the droplet compared to the outside (bulk phase). The a-Syn molecules inside the dayl10 old
droplets, however, were more rigid compared to day 2 droplets (freshly formed), as seen by the
decrease in the fluorescence anisotropy decay (Figure 2E, right panel). These observations are in
accordance with FRAP recovery data, which asserts the transition from liquid to solid-like state
during incubation. It should be noted here that the FRAP data reports on the translational
diffusion of the fluorophore, however, the time-resolved fluorescence anisotropy provides
information on the rotational motions (Sahay et al., 2016). The observed results, therefore,
clearly suggest that both the translational and rotational motions of the fluorophore are slowed as
the droplets mature over time.

Parkinson’s disease-promoting factors accelerate a-Syn aggregation and droplet formation
PD is mostly a sporadic disorder where environmental and cellular factors play major roles in the

disease pathogenesis (Cookson, 2005). In this context, factors including metal ions, interaction
with a lipid membrane, phosphorylation of Ser129, and familial mutations are known to play a
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critical role in aggregation of a-Syn in the diseased brain as well as in vitro (Breydo et al., 2012).
Similarly, it has been shown that factors that modulate the assembly of protein or solubility, such
as post-translational modification and pH play a critical role in modulating LLPS (Ambadipudi
et al., 2017; Monahan et al., 2017; Nott et al., 2015; Riback et al., 2017). In line with this
correlation is the finding that lowering the pH promotes both a-Syn LLPS (Figures 1E and S1D)
and o-Syn aggregation (Buell et al., 2014). To further strengthen this apparent correlation, we
asked whether these PD-associated factors also affect the phase separation behavior of a-Syn.
We first tested the aggregation kinetics of a-Syn using thioflavin T (ThT) fluorescence assays in
the presence and absence of these modulators. Cu*?, Fe*, liposomes, and S129E
phosphomimetic accelerated a-Syn aggregation compared to a-Syn alone, while the fibril
formation interfering dopamine (Conway et al., 2001; Jha et al., 2017) delayed the aggregation
kinetics (Figure 3A). As expected the aggregated state showed amyloid-like fibrils under all the
conditions as confirmed by TEM (Figure S2A). When we studied the liquid droplet formation in
the presence of the modulators (Cu*?, Fe*3, and liposomes), faster liquid droplet formation
(within 24 h) without any requirement of the molecular crowder, PEG was observed (Figures 3B
and S2B). Although the phosphomimetic mutant S129E a-Syn could not form droplets in the
absence of molecular crowder, it phase separated at a faster rate in the presence 1-10% PEG (24
h) when compared to the WT protein (Figures 2A and 3B). Apart from the faster rate of liquid
droplet formation, many of these factors also reduced the critical concentration of a-Syn for
LLPS. For example, a-Syn formed liquid droplets at 5 uM protein concentration in the presence
of 100 pM Cu*?or 1 mM liposomes (Figure S2B). Also, in the presence of 15 % PEG, the S129E
variant formed droplets at concentrations as low as 5 uM. The data, therefore, suggest that these
factors lower the critical concentration of a-Syn phase separation due to an increased propensity
for intermolecular interaction between a-Syn molecules in these conditions. A53T is a familial
mutant of a-Syn associated with early-onset PD (Conway et al., 1998; Polymeropoulos et al.,
1997), which is known to aggregate faster in vitro than WT (Narhi et al., 1999). Similar to WT
a-Syn, A53T mutant also phase separated in the presence of PEG after 48 h (Figure 3B),
however, the propensity of droplet formation for A53T was higher compared to WT, as
confirmed by the light scattering measurements (Figure S2D). Furthermore, the A53T mutant
showed significantly increased number and larger sized droplets compared to WT a-Syn (Figure
S2E). In contrast, in presence of dopamine, no phase separation occurred even after extended
incubation (7 days) of 200 uM a-Syn in presence of 10% PEG (Figure S2C); thus, providing a
direct link between LLPS and aggregation.

We next analyzed the effect of these external factors on a-Syn dynamics inside the liquid
droplets immediately after their formation. The FRAP data revealed significantly decreased
fluorescence recovery for droplets formed in the presence of these additives (Figure 3C). The
calculated average diffusion coefficient of the a-Syn molecules inside the liquid droplets formed
in presence of Cu*?, Fe*3, and liposomes were 0.0448, 0.1592, and 0.1689 um?s?, respectively
(Figure 3D), which is significantly less compared to PEG-induced a-Syn droplets (0.369 um?s™).
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Droplets formed by 200 uM S129E and AS53T in presence of 10% PEG showed a diffusivity of
0.1457 and 0.1602 um?s™, respectively (Figure 3D). This is further consistent with fluorescence
anisotropy decay analysis of FITC-labeled a-Syn, where ASL3T droplets showed slower
fluorescence anisotropy decay at day 2 compared to WT suggesting more rigidity of A53T a-Syn
molecules inside the droplets (Figure 3E). Our results show that although A53T mutation did not
lower the critical/saturating concentration for phase separation, the physical properties such as
internal viscosity or dynamics of a-Syn is greatly affected as evident by FRAP analysis.
Irrespective of lower diffusivity, the average fluorescence recoveries of a-Syn droplets after
photobleaching were comparable in the presence of additives, except for Fe*® (62%) at day 2
(Figure S2F). The decreased diffusivity of a-Syn in the presence of these PD-associated factors
could be due to enhanced aggregation leading to early maturation of the droplets. Taken together,
phase separation of a-Syn correlates with its aggregation behavior in the presence of PD-
associated factors suggesting that liquid droplets plausibly act as a nucleus for initiating and/or
accelerating a-Syn aggregation.

Aggregation state of a-Syn during LLPS and liquid-to-solid transition

To study the extent of aggregation of a-Syn into oligomers and fibrils during LLPS and droplet
maturation, we quantified the relative amount of different species formed over time (Figure
S3A). The kinetics of fibril formation measured by ThT fluorescence (inset, Figure 4A) showed
that the liquid droplets are formed in the early lag phase of amyloid formation kinetics. The
quantification of different a-Syn species showed mostly low molecular weight (LMW) a-Syn
(~90%) along with small amount of oligomers (~8%) and fibrils (~2%) at the early stages of
LLPS and aggregation (day 5) (Figure 4A). A significant decrease in LMW fraction and
concomitant increase in fibril population was observed during maturation of droplets along with
a-Syn aggregation. However, the amount of oligomers remained unchanged from day 5 to day
10 (Figure 4A). The increase in amyloid fibril formation over time is evident by an increase in
ThT fluorescence and B-sheet structural transition monitored using circular dichroism (CD) for
a-Syn solution during phase separation (Figure 4A, inset, and Figure S3B). Morphological
analysis by TEM showed that fractions isolated during LLPS contain amorphous, small
oligomers, and fibrillar aggregates (Figure S3C). Collectively, the data suggest that there is a
dynamic interplay between the species (i.e. monomer, oligomers, and fibril); wherein, the
monomer gradually converts into fibrillar aggregates via an oligomer-mediated process during
LLPS.

To directly establish the link between LLPS and a-Syn aggregation, we microscopically
examined the liquid droplets at various time intervals after their formation in presence of 10 %
PEG. ThioS staining during LLPS showed diffused fluorescence signal in the background at the
beginning of the phase separation, however, it readily co-partitioned into the phase separated
droplets after day 5, indicating the formation of amyloid-like species inside the droplets (Figure
4B). TEM imaging further confirmed the phase-separated a-Syn droplets formed at day 2, 5, 10
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and 20, while we mostly observed fibrillar aggregates at day 30 (Figure 4B), where a-Syn liquid
droplets solution transformed into a gel-like structure. Interestingly, after day 20, we observed
protein aggregates emerging from the subset of liquid droplets (Figure 4C) and even fibril-like
structure were observed inside the individual droplets when analyzed using high-resolution TEM
(Figure 4D). As the a-Syn liquid droplet solution transformed into a gel-like state, we formally
characterized its physical properties. The gel inversion test along with higher order network
structure by SEM and higher storage modulus compared to loss modulus further support the gel
state of the a-Syn solution (Figures 4E and S4C) (Yan and Pochan, 2010). We also asked how
familial mutation, A53T, modulates the liquid-to-solid transition of a-Syn. In contrast to WT, we
observed early co-partitioning of ThioS (as early as day 2) in the liquid droplets (Figure S4B),
which could be due to the faster aggregation of A53T inside the droplets as compared to WT
(Figure S4A). The TEM data also showed the appearance of fibrils from the A53T droplets and
stiffer gel formation compared to WT a-Syn as suggested by rheological measurements (Figure
S4C, inset). Overall, the data support that phase separated droplets act as nucleation sites for a-
Syn aggregation and during incubation the liquid droplets harden due to the formation of
amyloid fibrils.

Domain interactions responsible for a-Syn liquid-liquid phase separation

It has been shown that multivalent IDRs and LCDs containing proteins with mostly charged
amino acid residues drive the LLPS through weak intermolecular interaction (Han et al., 2012;
Lin et al., 2015; Mitrea et al., 2016; Nott et al., 2015). Although, in some instances, the
hydrophobic interaction mediating LLPS has also been shown (Li et al., 2018b; Pak et al., 2016).
For a-Syn, the central hydrophobic NAC region primarily drives the aggregation into amyloid
fibril (Giasson et al., 2001). This is strengthened by the fact that lack of the hydrophobic residue
stretch in B-Syn abolishes its amyloid formation capacity (Uversky et al., 2002). To determine
the domain interaction responsible for LLPS in a-Syn, we recorded 2D-HSQC-[**N, *H]-NMR
spectra for WT protein with the progression of LLPS. We also used the A53T mutant along with
WT to examine potential differences. During the early stages of LLPS, WT a-Syn showed a
gradual decrease in the intensity for the residues in the N-terminal along with the residues in the
NAC region (Figures 5A, B). On the 20" day, the peaks completely disappeared and new peaks
were visible, highlighting a different aggregating a-Syn conformation (Figures S5A, C). In case
of A53T, immediately after LLPS, there was a drastic decrease in the intensities (almost 60 %)
for peaks at the N-termini and the NAC region highlighting the crucial role of these regions in
LLPS (Figures 5A, B and S5B, D). A53T showed a comparatively greater decrease in intensities
at the N-termini and the NAC region than WT after LLPS (Figure 5B). The residue-specific
changes are described in detail in the Supplementary Results. The results suggest that along with
IDR containing highly charged amino acids at the N-terminus, the hydrophobic NAC region is
also involved in intermolecular interactions responsible for LLPS.
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To further delineate the relative involvement of domain interaction during LLPS and liquid-to-
solid transition, we strategically introduced single Trp probes (a-Syn is devoid of Trp) at the N-
terminal (3W), NAC (71W) and C-terminal (124W, 140W) domains and subjected the protein to
undergo LLPS. Previous studies showed that this introduction of Trp did not majorly alter the
properties of the protein (Sahay et al., 2015). To investigate the difference in the local
environment and structural rigidity at these four different positions, we employed time-resolved
fluorescence intensity and fluorescence anisotropy decay analysis for day 2-old LLPS sample
(immediately after droplet formation) and a sample without LLPS. The fluorescence intensity
and anisotropy decay curve for the different Trp probes pre and post LLPS are given in Figures
5C, D and S6A. The data show that although there is no significant change in the local
environment of the Trp probes representing each domain of a-Syn (Figure 5E), the structural
rigidity of the N-terminus and the NAC region (3" and 71% positions, respectively) is
considerably high compared to the C-terminus (Figure 5F). The rigidity is presented by the faster
correlation time (1) and its amplitude (o1) (Sahay et al., 2015). The Trp probe at 3" and 71%
positions showed higher values of @1 and lesser values of a1, which clearly indicates increased
rigidity at these positions post-LLPS (Figure 5F).

Subsequently, we asked whether the structural rigidity at the N-terminus and the NAC region is
due to the self-association of the protein molecules after phase separation. To address this, we
introduced single cysteine residue at positions; N-terminal (3C), NAC (74C) and C-terminal
(124C). Next, we labeled the cysteine mutants with DTNB (a non-fluorescent acceptor), and
performed Trp-DTNB intermolecular FRET with complimentary Trp (donor) and Cys-DTNB
(acceptor) pairs (Jha and Udgaonkar, 2009). FRET was quantified by the decrease in
fluorescence intensity by Trp. The FRET efficiency for the N-terminal (3W-3C) and the NAC
(71W-74C) regions increased rapidly after phase separation at day 2. The energy transfer for C-
terminus (124W-124C), however, was low compared to the N-terminal and NAC regions
(Figures 5G and S6B). The distance between the FRET pairs was also calculated for each of the
positions considering the Ro value as 23 A (Bhatia et al., 2018), which reflects increased
proximity and association among these domains over the time (Figure 5G). The fluorescence
spectroscopy data reveals that during the early stages of LLPS, the inter-domain interaction
between N-terminus and NAC region might drive the formation of the condensed protein-rich
phase separated droplets. Important to note that all the above experiments probing domain
interaction were ensemble measurements reflecting properties of a-Syn inside and outside the
droplet.

To confirm the domain involvement at a single droplet resolution, we studied the FRET using a-
Syn NAC domain as a representative case. For this, fluorescein-5-maleimide-labeled a-Syn at
74" position was chosen as the donor and rhodamine-C2-maleimide labeled a-Syn at the same
position was chosen to be the acceptor fluorophore. We prepared three types of phase-separated
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samples; droplets containing only donor (fluorescein-a-Syn); only acceptor (rhodamine-a-Syn);
and droplets containing an equimolar ratio of both donor and acceptor. The three samples were
incubated at 37°C so that they undergo LLPS. When the donor fluorophore was excited, in the
sample containing donor and acceptor a-Syn in an equimolar ratio, the fluorescence emission
signal from acceptor fluorophore was detected indicating intermolecular FRET (Figure 5H). No
energy transfer was observed in only fluorescein and rhodamine controls (data not shown). We
further estimated the efficiency of FRET with time, and our data showed that during incubation,
the extent of FRET gradually increased (Figures 51 and S6C). This further supports the ensemble
measurement that NAC region is actively involved in LLPS and droplet maturation. The detailed
FRET results and experimental set-up are given in Supplementary Information.

To gain further insight into the role of the individual domains in LLPS, we probed human f-
synuclein (B-Syn, lacking 8 residues hydrophobic amino acid stretch in the central NAC domain
amongst others), y-synuclein (y-Syn) and the amyloid core a-Syn (30-110) comprising residues
30-110 for liquid droplet formation. -Syn did not show amyloid formation at physiological pH,
while y-Syn shows extremely slow aggregation in vitro (Uversky et al., 2002). In contrast, the a-
Syn core (30-110) shows faster aggregation into fibrils compared to the full-length protein (Vilar
et al., 2008). As anticipated, ThT fluorescence assay showed faster aggregation kinetics for a-
Syn core (30-110), whereas B- and y-Syn did not show any considerable aggregation even after
120 h of incubation at pH 7.4 (Figure S4D). When we examined the LLPS behavior of these
proteins (200 uM of protein and 10% PEG), a-Syn core (30-110) (lacking N-terminus and C-
terminus) underwent LLPS at a faster rate (within 24 h) compared to full-length a-Syn (48 h),
while B- or y-Syn did not phase separate even after 6 days (Figure S4E). Prolonged incubation in
LLPS conditions led to amyloid fibril formation for a-Syn core (30-110), similar to WT as
confirmed by TEM (Figure S4F). This suggests that the hydrophobic patch in the core region of
a-Syn is primarily essential both for LLPS and amyloid aggregation.

Liquid-liquid phase separation and liquid-to-solid transition of a-Syn in mammalian cells

Since a-Syn undergoes LLPS in vitro, we hypothesized that it might also phase separate in cells
under appropriate conditions. In order to assess the behavior of a-Syn in a cellular environment,
we used Hela cells stably expressing FLAG and tetracysteine-tagged a-Syn (C4-a-Syn) because
of its robustness, controlled expression upon doxycycline induction, and widely used model cell
line for studying in cell LLPS (Maharana et al., 2018; Maucuer et al., 2018; Molliex et al., 2015).
The small (~1.5 kDa) tetracysteine-tag which binds to biarsenical compounds such as FIAsH has
been used to monitor protein dynamics in live cells (Irtegun et al., 2011; Whitt and Mire, 2011).
In vitro and in cell characterization of C4-a-Syn suggests that it shares identical biochemical and
biophysical properties with WT a-Syn (Roberti et al., 2007), thus providing a suitable system for
monitoring o-Syn LLPS in cells.
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To perform live cell imaging experiments, we cultured the stably transfected Hela cells for 24
and 48 h and subsequently stained C4-a-Syn with FIAsH. We found that ~20 % of the cells
showed cytoplasmic protein accumulates (Figure 6A), whereas remaining cells showed diffused
pan-cellular localization of C4-a-Syn. The background fluorescence for FIAsH was estimated
with two controls, one with non-a-Syn expressing HelLa cells and other with pcDNA-a-Syn
transfected cells, which showed notably lower signal compared to cells expressing C4-a-Syn
(data not shown). Several reports suggest that treatment of cells with metal ions, such as Fe*®
induce reactive oxygen species (ROS) formation and promote aggregation of a-Syn in cells that
over-express the protein (Matsuzaki et al., 2004; Ostrerova-Golts et al., 2000). Therefore, we
examined the effect of iron on the aggregation and phase separation behavior of a-Syn in cells.
Strikingly, post 24 h of treatment with 10 mM of ferric ammonium citrate, >95 % of cells
displayed cytoplasmic droplet-like assemblies (235 + 20 droplets/cell) (Figures 6A and S7A, B).
Confocal microscopy revealed that these assemblies were majorly spherical with an average
diameter of 0.46 um (Figure 6B). However, to note, after 48 h of iron treatment, these droplets
were largely clustered and localized majorly at the perinuclear region of the cell (Figures 6A and
S7A). Furthermore, the number of the droplets decreased considerably after 48 h (76 = 21
droplets/cell) (Figure S7B) with the increase in the average diameter of the droplet (Figure 6B,
left panel).

To probe the dynamic behavior a-Syn inside the droplets, we performed time-lapse confocal
microscopy of cells treated with iron at different time points. At 24 h, we observed that these
droplets are highly mobile, and undergo frequent events of fusion with rapidly relaxing back into
spherical assemblies (Figure 6C). These a-Syn droplets formed in the cell showed characteristic
properties of liquid-state, which includes spherical morphology and fusion ability (Figures 6B
and C), thereby suggesting that these accumulates are liquid-like droplets formed by a-Syn LLPS
in the cytoplasm. Furthermore, they did not show colocalization with intracellular lipid droplets
(detected using Nile red staining (Greenspan et al., 1985) and membrane-bound organelles such
as lysosomes, mitochondria (Figure S7C), thus confirming its liquid-like membrane-less state.

In order to understand the dynamic properties of C4-a-Syn molecules in these droplets, we
performed in cell FRAP measurements, post 24 and 48 h of stressor treatment. As a control, the
region with diffused expression was chosen to determine the intracellular dynamics of the FIAsH
stained C4-a-Syn molecules. The recovery for the droplet-free region was partial; with percent
recovery of ~56 % and ti2 ~ 10s, suggesting that the fluorescently labeled C4-a-Syn slowly
diffuses in the cellular milieu (data not shown). Post 24 h treatment, the fluorescence recovery in
the bleached region of the droplet was estimated to be 57 £ 16 %, and recovery half-time of ~5.4
s (Figure 6D), indicating that a-Syn molecules can diffuse and equilibrate with the cytoplasmic
pool, in agreement with the properties of the liquid-like state. In contrast, at 48 h, the %
recovery reduced to ~36 %, with a significant increase in recovery half time (t12~23 s) (Figure
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6D). The decreased mobility of a-Syn molecules in these droplets can probably be attributed to
the liquid to solid-like transition, which might be due to the aggregation of C4-a-Syn within the
droplets.

Further, single particle tracking and statistical analysis were done to understand and track droplet
motion inside the cells. More than 400 droplets in cells across different conditions were taken
into account for the analyses. The time-dependent trajectory data was generated using IMARIS
software and analyzed with msdanalyser package in MATLAB2018B (Tarantino et al., 2014). At
24 h and 48 h, the mean squared displacement of the droplets as a function of time was computed
(Figure S7D) and the diffusive exponent (o) was determined. The major population of the
droplets at 24 h showed a values to be greater than 1, among which few have a values close to 2
(Figure 6E), indicating a super-diffusive, nearly directed motion (Munder et al., 2016; Tarantino
et al., 2014). This suggests that the motion of the droplets, at 24 h, possibly involves an active or
facilitated movement. The representative trajectories of single droplets at 24 h for different
values of a are provided in Figure S7E. Remarkably, after 48 h, a population shift in the a-
distribution was observed where the mean was around o<1 (Figure 6E, left panel), indicating
diffusive or sub-diffusive behavior of these droplets. It is important to note that droplets formed
after 24 h are randomly distributed in the cytosol, while they cluster at the perinuclear region
post 48 h treatment (Video S2 and S3). This indicates that possibly the particles are initially
actively displaced and directed towards the perinuclear site, and later its motion is influenced by
the size and particles’ microenvironment. To probe the mechanism of super-diffusive
displacement of a-Syn droplets and the possible involvement of microtubule for this, we treated
the cells with nocodazole to de-polymerize the microtubules that might be assisting the active
movement of the droplets. Interestingly, upon microtubule destabilization confirmed using a-
tubulin staining, the majority of the droplets formed at 24 h clumped together (Figure 6F, right
panel, and Video S4) suggesting that microtubule network might play a role in droplet
movement. When we calculated a-distribution post microtubule destabilization, we observed a
considerable shift towards values equal to or less than 1, indicating a freely diffusive motion
(Figure 6E, right panel) further supporting the role of the microtubule network for droplets
movement. We further determined the track straightness value, which is the ratio of displacement
and length of the path traveled by the particles. The increased value of this ratio denotes a more
directed and confined motion of the particle (Fusco et al., 2003). For both 48 h and nocodazole-
treated 24 h cells, the distribution of straightness weighted towards lower values compared to 24
h cells (Figure S7F). The track straightness of the droplets at 24 h also showed a positive
correlation with a (Figure S7G), further supporting the directed motion of these droplets. In
addition, distribution of the root mean square velocity (Vms) for the droplets showed that at 48 h
or in the nocodazole-treated cells, the droplets Vims was lesser compared to droplets formed at 24
h (Figure S7H). This analysis corroborates with an increase in the effective size of the droplets at
later time-point or clumping upon nocodazole treatment. The results suggest that a-Syn liquid
droplet movements are much more directed with the assistance of the microtubules, which is
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significantly reduced after their liquid-to-solid transition and its localization to the perinuclear
area.

Liquid-to-solid transition of a-Syn triggers aggresome formation

Since a-Syn liquid droplets in cell harden with time as suggested by FRAP data, we asked
whether these droplets trigger the a-Syn aggregation with production of fibrils in cells. Previous
studies have reported that PD-associated factors, including iron, promote a-Syn aggregation in
the transfected cells such as COS-7 and BE-M17 cells (Lee et al., 2002; Paxinou et al., 2001). To
test this, we probed a-Syn amyloid-like fibril formation using the fibril-specific OC antibody
(Kayed et al., 2007) staining with immunoprecipitated a-Syn at different time-points. Dot blot
assay revealed that the OC signal increased for both treated and untreated cells over time
(Figures 6G and S8A). However, 48 h treated cells showed considerably increased
immunoreactivity for OC compared to the untreated cells (Figure 6G). The samples were probed
with anti-FLAG to ensure equal loading of the immunoprecipitates. The dot blot result indicates
the gradual transition of liquid droplets into solid-like state consisting of amyloid-like
aggregates. We further tested cellular viability to examine the effect of liquid-to-solid transition
on cellular processes. We found that the cell viability remained uncompromised even in the
presence of a-Syn aggregates (Figure S8B), which is in contrast to neuronal cells where iron-
induced a-Syn accumulation and aggregation leads to neurotoxicity (Yasuda et al., 2013). The
perinuclear localization of a-Syn droplets after 48 h and lack of cellular toxicity suggest that a-
Syn droplets might form aggresome, which is known to provide cytoprotectivity against
unwanted protein aggregates (Garcia-Mata et al., 1997). To probe this, we performed
immunofluorescence and quantitative flow cytometric analysis with the aggresome specific
marker ProteoStat. The colocalization of a-Syn and ProteoStat was monitored, and aggresome
propensity factor was calculated for different time-points (Figures 6H and S8C, D) after iron
treatment. The data clearly revealed that iron-induced LLPS triggers a-Syn aggresome formation
in HeLa cells after 48 h and possibly facilitate their clearance by a yet unknown mechanism.

DISCUSSION

Although the pathway(s) and mechanism of a-Syn aggregation in PD have been studied
extensively, the early events that lead to toxic a-Syn aggregates remain unclear. In this study, we
elucidate the detailed mechanism of LLPS driven a-Syn aggregation and address fundamental
questions regarding the formation of amyloid aggregates in Parkinson’s disease.

a-Syn is an intrinsically disordered protein with two LCDs, one present at the N-terminal region
(residues 10-23) and another at the NAC region (residues 63-78) (Figure 1A). We hypothesized
that a-Syn aggregation involves LLPS and liquid to solid-like transition as shown by other IDR-
containing proteins like FUS and TDP43 (Conicella et al., 2016; Molliex et al., 2015; Patel et al.,
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2015). Indeed, our data show that a-Syn undergoes LLPS in the presence of PEG (Figure 1B),
suggesting PEG-induced molecular crowding increases the local concentration and protein
association (Shtilerman et al., 2002) thereby resulting in LLPS. Increase in the a-Syn
intermolecular interactions by lowering pH (pH 5.4) (Wu et al., 2009) also promotes a-Syn phase
separation with a significant decrease in the solubility limit (5 uM concentration, Figure 1E).
Initially, a-Syn droplets possess liquid-like properties such as fusion and spherical shape (Video
S1), rapid internal molecular rearrangements (high FRAP recovery) (Figure 2C), and
temperature reversibility (Figure 1F), similar to other phase separating proteins (Lin et al., 2015;
Molliex et al., 2015; Patel et al., 2015). However, over time, the droplets become more rigid with
less dynamic a-Syn molecules, consistent with a liquid to solid-like transition, as observed for
FUS, TDP 43 (associated with amyotrophic lateral sclerosis) (Conicella et al., 2016; Molliex et
al., 2015; Patel et al., 2015), and Tau (associated with Alzheimer’s disease) (Ambadipudi et al.,
2017; Wegmann et al., 2018).

LLPS of a-Syn could be strongly implicated in PD, as various PD-associated conditions such as
exposure to metal ions (i.e. Fe3* and Cu?*), lipids, the phosphomimetic substitution at serine 129,
and a familial mutation (Breydo et al., 2012) promote LLPS by lowering the solubility limit of a-
Syn and increase in the internal rigidity of liquid droplets (Figures 3B and C). In contrast,
conditions that delay synuclein aggregation (such as the B- and y-Syn), (Figures 3A and S4D),
slow down the LLPS significantly (Figures S2C and 4E). These correlative findings suggest that
phase separation and aggregation are interlinked, where LLPS is a critical step for aggregation of
a-Syn. This is further strengthened by the finding that liquid droplets first appear in the early lag
phase of a-Syn aggregation and the presence of fibrils inside the droplets in the elongation phase
(Figures 4B and D). a-Syn remains mostly in the monomeric state during early stages of LLPS
(Figure 4A), as weak intermolecular interactions by protein govern the liquid droplet formation
(Banani et al., 2017; Shin and Brangwynne, 2017). However, over time, monomeric a-Syn
gradually changes to oligomers and fibrils, suggesting that oligomers and fibrils occur
concurrently with the liquid to solid-like transition. This is further evident from the increase in
size, change in droplet morphology, the formation of ThioS positive aggregates and visible
fibrillar aggregates within these droplets during the transition (Figure 4). Our observations are
consistent with several previous studies including Tau (Ambadipudi et al., 2017; Wegmann et
al., 2018), TDP 43 (Conicella et al., 2016), FUS (Molliex et al., 2015; Murakami et al., 2015;
Patel et al., 2015), which are shown to undergo an irreversible transition of liquid-droplets to
protein aggregates.

After long incubation (for a month), the phase separated a-Syn solution eventually convert to a
gel state (Figures 4E and S4C). Our previous data suggest that the formation of an amyloid
hydrogel primarily serves as a reservoir for cytotoxic a-Syn oligomers and fibrils (Kumar et al.,
2018). This data indicates that LLPS and gel formation by a-Syn could be a toxic process
associated with PD. Other proteins such as Tau, FUS, TDP43, and hnRNPA1 protein have also
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been shown to form protein-rich droplets and eventually convert to a gel state during aggregation
(Kato et al., 2012; Molliex et al., 2015; Monahan et al., 2017; Murakami et al., 2015; Wegmann
et al., 2018). However, it is still unclear whether LLPS is essential for a-Syn aggregation into
oligomers and fibrils or other pathways (exclusive of LLPS) could lead to a-Syn fibril formation.

It is known that weak non-specific interactions through IDRs and LCDs of protein mediate the
LLPS, however more specific interactions like interaction between B-strands forming fibrils
might facilitate the liquid to solid/gel state transition (Alberti, 2017; Banani et al., 2017;
Boeynaems et al., 2018; Hyman et al., 2014; Shin and Brangwynne, 2017). Although a-Syn is
known to aggregate primarily through hydrophobic interactions mediated by the NAC region
(Giasson et al., 2001), our previous studies showed that early oligomerization events require
interaction through the N-terminus (Sahay et al., 2015). This parallels with the presented NMR
and specific FRET analysis of LLPS, which shows that both N-terminus as well as the middle
NAC regions are involved in LLPS (Figure 5). Further, the experiments show that for liquid-to-
solid transition, the C-terminus is also involved (Figure 5G). However, for a-Syn liquid droplet
formation, N-terminus containing IDRs and LCDs are not essential as the core domain of a-Syn
(i.e. a-Syn (30-110)) exhibited rapid LLPS. This suggests that the hydrophobic interaction could
alone drive LLPS and liquid-to-solid transition, similar to fibril formation (Winner et al., 2011).
The absence of hydrophobic interaction mediated by NAC region could abolish the LLPS of a-
Syn, as synuclein lacking the middle hydrophobic stretch, i.e. B-Syn, did not form any droplets
even after prolong incubation (Figure S4E).

Previous studies showed that at high local concentration, or change in pH, temperature or access
with specific ligand binding (such as RNA), proteins undergo LLPS in cells, which could be
reversible and tightly controlled (Maharana et al., 2018; Munder et al., 2016; Nott et al., 2015;
Shin et al., 2017). In contrast, proteins associated with neurodegenerative orders, liquid-to-solid
transition along with fibril formation was also seen (Kwon et al., 2013; Molliex et al., 2015;
Wegmann et al., 2018). a-Syn under iron-induced oxidative stress (Matsuzaki et al., 2004;
Ostrerova-Golts et al., 2000) readily forms liquid-like droplets with rapid turnover and fusion
ability (Figure 6C, D). With time these liquid droplets, however, change to solid-like state with
the formation of OC antibody-positive amyloid-like aggregates (Figure 6G). Further, the liquid-
to-solid transition of a-Syn droplets leads to aggresome formation with no cytotoxicity (Figures
6H and S8B). Apart from the larger size, the perinuclear a-Syn condensates also show restricted
movement compared to liquid droplets formed at an earlier time point (24 h). Since aggresome
formation actively requires microtubules (Garcia-Mata et al., 1999; Johnston et al., 2002), we
hypothesized that microtubules might help in the a-Syn liquid droplet movement and aggresome
formation. Indeed, microtubule destabilization by nocodazole in cells halted droplet movement
and clustered the droplets into large aggregates (Figure 6E and F). The data indicate that
microtubules possibly assist in the droplet movement and their maturation into aggresomes. In
this context, it has been shown that actin filaments influence the localization and movement of
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liquid condensate of LAT cluster (Kaizuka et al., 2007; Yi et al., 2012). The F-actin scaffold is
also shown to provide mechanical support to the large nucleus of Xenopus laevis oocytes against
gravitational forces (Feric and Brangwynne, 2013).

The concept of intracellular phase separation and formation of the toxic membrane-less
compartment is an emerging concept in the field of protein aggregation in neurodegenerative
diseases (Aguzzi and Altmeyer, 2016; Brangwynne et al., 2009; Brangwynne et al., 2011). Based
on our observations, we propose a model for a-Syn aggregation, which is initiated through
liquid-liquid phase separation (Figure 7). Under physiological conditions, a-Syn does not
undergo phase separation, possibly due to its auto-inhibited conformational state (Dedmon et al.,
2005), but at high local concentrations; due to metal exposure, lipid interaction, pH changes, the
protein phase separates and forms liquid droplets. Similarly, in cells, upon cellular insult such as
oxidative stress; soluble disordered a-Syn phase separates to form dynamic liquid-like droplets.
The protein-dense droplets are stabilized by weak intermolecular interactions involving residues
at the N-terminus and NAC domain leading to the high local concentration of a-Syn, thus,
providing a nucleus for aggregation. Slow maturation and aging of the droplets eventually
convert it into hydrogels composed of structurally ordered oligomers and amyloid fibrils.

In summary, the present study provides new insights into the mechanism of initiation and
progression of a-Syn aggregation through LLPS. More importantly, it provides a detailed map of
the pathophysiological conditions that can promote LLPS and subsequently a-Syn aggregation,
thus contributing towards understanding the processes involved in PD pathogenesis. Delineating
the process of phase separation and progressive aggregation could help, particularly, in
understanding its function and malfunction in protein aggregation-associated neurodegenerative
diseases.

EXPERIMENTAL PROCEDURES

Expression and purification of recombinant synuclein proteins

a-Syn WT and mutants including A53T, tryptophan (3W, 71W, 124W) and cysteine variants
(3C, 74C, 124C), phosphomimetic S129E a-Syn, core a-Syn (residues 30-110), B- and y-Syn
proteins were expressed and purified using previously reported protocols (Volles et al., 2007)
with slight modifications (Singh et al., 2013). For the Cys substituted mutants (3C, 74C, 124C)
of a-Syn, the protein was purified in a reducing environment (1 mM DTT) to prevent covalent
disulfide bonding between the intermolecular Cys residue, which might have led to dimerization.
Proteins were labeled with fluorescein, rhodamine dyes, and DTNB as per the manufacturer’s
instructions (ThermoFisher Scientific, USA). The detailed expression and purification process
are described in the supplementary information.
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In-vitro liquid-liquid phase separation

To study LLPS and liquid droplet formation, the proteins of interest (a-Syn and its variants) were
suspended in 20 mM phosphate buffer (pH 7.4), 0.01% sodium azide. 10 pl of the reaction
mixture prepared under various LLPS screening conditions; including PEG-8000, Cu*?, Fe*3,
liposomes, dopamine at mentioned concentrations were drop-casted onto glass slides and
sandwiched with a 12 mm coverslip (Blue Star, India). The slides were kept in a moist chamber
(37°C) for subsequent incubation periods and further visualized with 63X oil immersion
objective under a DMi8 microscope (Leica, Wetzlar, Germany) in the DIC mode.

Fluorescence recovery after photobleaching (FRAP) experiment

WT and A53T a-Syn were labeled using NHS-rhodamine C2 (ThermoFisher Scientific, USA) as
per the manufacturer’s instructions. For in vitro FRAP study, LLPS samples were spotted onto
15 mm depression slides (Blue Star, India). Photo-bleaching of the phase separated droplets was
carried out using a 561 nm DPSS 561-10 laser at the 5" cycle and recovery was recorded till the
fluorescence emission reached a plateau. Appropriate ROIs outside and inside the droplet
(adjacent to bleached region) were taken as controls. FRAP studies were performed using a laser
scanning confocal microscope (Zeiss Axio-Observer Z1 microscope) with a 63X oil immersion
objective. The selected region of interest (ROI) was bleached with a 100 % laser power. All the
measurements were performed at room temperature and at least in triplicates. For in cell FRAP,
the bleaching of ROI (2-3 pum) was performed at a 100% laser power and 50 iterations, after
acquiring 2 images before bleaching and the recovery was monitored for ~100 s. The images
were corrected for laser bleaching by selecting a fluorescent region outside the ROIl. FRAP data
analysis was performed as described (Supplementary information).

Time-Correlated Single Photon Counting (TCSPC) microscopy

To determine the fluorescence anisotropy decay and lifetime decay analysis, WT and AS3T a-
Syn were labeled with FITC as per the manufacturer’s protocol (ThermoFisher Scientific, USA).
Fluorescence anisotropy decay curve of FITC-labeled proteins inside a single droplet was
acquired with a time-resolved microscopy setup (MT-200, PicoQuant®, Berlin). The 482 nm
laser (at 5-8 pW power) pulsing at 40 MHz, and a dual-band dichroic 480/645 (Chroma) was
used to collect the fluorescence in epifluorescence mode. A 488 nm long pass filter was used to
eliminate any excitation wavelength, and a 100 pum pinhole to eliminate out-of-focus light. The
fluorescence emission was split into two single photon sensitive avalanche photodiodes (MPD-
SPAD) using a 50/50 beam splitting cube and the samples were analyzed under a 60X
magnification, 1.2 numerical aperture (NA) objective (Olympus).

Time-resolved fluorescence spectroscopy

Time-resolved fluorescence spectroscopic studies were carried out using the tryptophan variants
of WT a-Syn (V3W, V71W, A124W, and A140W). 200 uM of each Trp variant in presence of
10 % PEG-8000 (pH 7.4) were incubated in a closed moist chamber at 37°C. 885 nm radiation
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from a Ti-sapphire laser (Mai Tai HP, Spectra Physics); pulsing at 80 MHz was used to irradiate
the samples after frequency tripling to 295 nm. For the fluorescence lifetime experiments, the
emission polarizer (Glan-Thompson) was set at a magic angle (54.7 °) with respect to the plane
of the excitation beam to avoid polarization effects. For fluorescence anisotropy studies,
however, it was kept at either parallel (0°) or perpendicular (90°) orientation with respect to the
plane of excitation. The emission was recorded at 340 nm using a hybrid PMT detector (HPM-
100-40, Becker and Hickl) operating at 83 % gain voltage. Single photon counting was initiated
by a photodiode (APM-400, Becker and Hickl) and read by a TCSPC card (SPC-630, Becker and
Hickl). Time per channel was 48.8 ps for our measurements. A colloidal mixture of a silica-
based scattering solution (LUDOX) was used to collect the Instrument Response Function (IRF).
The fluorescence lifetime of the aqueous solution of NATA (2.5-2.8 ns), which acts as a control
for free Trp molecule in solution was collected routinely as a reference. The peak counts for all
decay measurements were taken up to 10,000 for an acquisition window of 50 ns. The lifetime
and fluorescence anisotropy measurements were taken both before and after LLPS, and analyzed
to measure the mean lifetime and the rotational correlation time (Supplementary Information).

Nuclear Magnetic Resonance (NMR) spectroscopy

Proteins were expressed in M9 minimal media with N labeled NH4CI for NMR studies and
purified as mentioned above. NMR experiments were recorded at 288 K on a 750 MHz NMR
spectrophotometer equipped with a triple resonance 5 mm TXI probe (Bruker, USA). Two
dimensional *H->N heteronuclear single quantum correlation spectroscopy (HSQC) of 200 uM
a-Syn WT and A53T in 20 mM phosphate buffer containing 10 % PEG (pH 7.4) was recorded
on the first five days (day O, day 1, day 2, day 3, day 4) and day 20 of phase separation.
Important to note that LLPS experiment was done in NMR tube only, where phase separation
during the time was confirmed by analyzing small aliquot under the microscope. Each spectrum
was acquired with 2046 and 256 data points in the direct and indirect dimensions. The spectra
were recorded and processed using Bruker Topspin 3.5 software. The spectra were analyzed and
the intensities of the amide cross-peaks obtained using CCP-NMR (Collaborative Computational
Project for NMR).

In vitro Forster resonance energy transfer (FRET) experiment

Trp (donor) and DTNB-labeled Cys (acceptor) pair was used to monitor time-dependent FRET.
Briefly, 200 uM of tryptophan variants (V3W, V71W and A124W) were mixed with an
equimolar concentration of respective DTNB-labeled V3C, V74C and A124C proteins in
presence of 10 % PEG. During incubation, the samples were excited at 295 nm and the decrease
in Trp fluorescence emission due to DTNB quenching was recorded using a spectrofluorimeter
(FluoroMax-4, HORIBA Scientific, USA) in the range of 300 - 450 nm. Appropriate non-FRET
pair controls (only donor, only acceptor) were taken for each experiment. The intermolecular
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FRET efficiency was calculated as the ratio of the fluorescence emission intensity of Trp in
presence of DTNB (Fpa) and Trp alone (Fp);

F
Eprer = % 1)
D
The distance (R) between the FRET donor (Trp) and acceptor (DTNB) can be calculated using

the following equation;
1-F
R=R,( ;

1

)e )

where Ry is the distance between Trp and DTNB in maximum denaturing conditions (in presence
of 6 M Guanidine hydrochloride). The value of Ro is reported to be 23 A (Bhatia et al., 2018).

For determining FRET in a single liquid droplet, spatially-resolved fluorescence imaging was
employed. 1:1 Fluorescein and rhodamine maleimide (ThermoFisher Scientific, USA) labeled a-
Syn containing single liquid droplet was imaged using a home-built epifluorescence total internal
reflection fluorescence microscopy (Nikon Eclipse TE2000-U). 488 nm and 532 nm DPSS lasers
(OXXIUS, model: ACX-CTRB and LASERGLOW, model: LRS-0532-PFM-00200-03,
respectively) were used to illuminate a region of interest through a 1.49 NA, 60X TIRF objective
lens (Nikon, Japan). The emission was collected and passed through the appropriate
dichroic/long pass filters, and imaged through an air-cooled CCD camera (DVC 1412AM). The
colocalization of fluorescein and rhodamine-labeled droplet was done by collecting the emission
at two energetically separated detection channels, using 515 — 565 and 590 — 700 nm band-pass
emission filters, respectively, while excited at 488 nm. Typically, images were collected at 50 ms
exposure and averaged over 20 frames before further image processing. The background
correction has been done with 50 pixels rolling ball radius. The spatially resolved spectroscopy
of liquid droplets was done by the combination of a narrow slit and a transmission grating (70
g/mm) in the emission path before the SCMOS camera (ORCA-Flash4.0 V3, model: C13440-
20CU). All the spectrally resolved images were collected at identical excitation power (5W/cm?)
of 488 nm and 532 nm lasers at the same exposure time (0.3s). All measurements were
performed at 295 K and the data were analyzed using ImageJ (NIH) and OriginPro 8 (OriginLab,
USA) (Supplementary Information).

a-Syn LLPS in cells

HelLa cells have been extensively used for studying LLPS in cells that over-express the protein
of interest (Maharana et al., 2018; Maucuer et al., 2018; Molliex et al., 2015). Using a similar
concept, we used HeLa cells stably expressing C4-a-Syn for our study. The details for the
generation of the cell line are provided in Supplementary Information. The cells were cultured at
37°Cin 5 % CO2 in DMEM (GIBCO) supplemented with 10 % FBS (GIBCO) and 20 ng of
doxycycline hyclate (Sigma, USA). After 16 h of culturing, 10 mM of ferric ammonium citrate
dissolved in water was used to induce stress. The cells were stained with FIASH-EDT> using the
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previously described method (Hoffmann et al., 2010). Briefly, cells were incubated with 1 pM
FIAsH (Cayman Chemicals, USA) and 10 mM EDT in Opti-MEM (Invitrogen, USA), for 30
min at 37 °C and 5 % CO». Subsequently, the unbound dye was removed by washing for 10 min
with 100 mM EDT prepared in Opti-MEM. The images were captured using Zeiss Axio-
Observer Z1 laser scanning confocal microscope (inverted) equipped with iPlan-Apochromat
63X/1.4 NA oil immersion objective. FIAsH was excited with an Ar-ion laser at 488 nm and
detected with a 515 long-pass filter. Image processing and quantification were performed with
Imaris 7.6.4 (BitPlane, Switzerland) and ImageJ (NIH). Annexin V-Pl (BD Biosciences)
apoptosis assay, MitoTracker Red (Catalog no M7513, Thermo Fisher Scientific, USA), and
LysoTracker Red DND-99 (Catalog no. L7528, ThermoFisher Scientific) staining was performed
as per the manufacturer’s protocol.

SUPPLEMENTAL INFORMATION
Supplemental information includes Supplemental Experimental Procedures, Result, eight figures,
and four movies.
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Figure Legends
Figure 1: a-Syn undergoes liquid-liquid phase separation in vitro

A. In silico analysis of the primary sequence of WT a-Syn using SMART and IUPred2. LCDs
were predicted by SMART (top panel) and the disorder tendency was analyzed using IUPred?2
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prediction (bottom panel). B. DIC images of a-Syn phase separated droplets at different protein
concentrations in the presence and absence of molecular crowder, PEG-8000. C. Fluorescence
images of FITC-labeled a-Syn (200 uM) phase separated droplets formed in presence of 10%
PEG-8000 at day 15 (d15). D. Regime diagram illustrating phase separation of a-Syn at different
protein and PEG-8000 concentrations. E. Regime diagram of a-Syn at pH 5.4 and 7.4. Filled
circles (@) indicate phase separation and open circles (o) as no phase separation. F. DIC images
of a-Syn (200 uM) in presence of 10 % PEG, at day 2 (d2) and day 20 (d20), demonstrating the
reversible and irreversible nature of the droplets, respectively upon heating (65 °C) and cooling
(37°C).

Figure 2: Dynamics of a-Syn in LLPS slows down with time

A. Fluorescence images showing the maturation of NHS-rhodamine labeled a-Syn droplets over
time. B. Time-lapse images of a-Syn droplet showing the fusion of two droplets and formation of
a larger single droplet over the time, represented in pseudocolor. C. FRAP measurements of a-
Syn droplets at different times to measure the change in dynamics of droplets at day 2 (d2), day 5
(d5), day 10 (d10), day 15 (d15) and day 20 (d20). A representative droplet at indicated time
points and corresponding FRAP intensity curves are shown alongside. D. Diffusion coefficients
at indicated time points are shown. Notably, the diffusion coefficient could not be calculated for
day 15 and day 20 droplets due to negligible recovery after photobleaching. Area of ROI, w? =9
um?; n=3, values represent mean = s.e.m (***p < 0.001). E. Left panel: Representative image of
FITC-labeled a-Syn droplets analyzed with time-resolved fluorescence anisotropy decay. P1 and
P2 are points from inside and outside of the droplets, respectively, used for the analysis. Right
panel: Fluorescence anisotropy decay curves demonstrating a delayed decay for day 10 (d10)
droplets compared to day 2 (d2), indicating increased rigidity of a-Syn molecules during droplet
maturation. All the experiments were carried out with 200 uM of the protein in presence of 10 %
PEG.

Figure 3: PD-associated aggregation factors promote a-Syn LLPS

A. ThT-fluorescence assay demonstrating a-Syn aggregation Kinetics in the presence of various
factors (Cu*?, Fe*3, liposomes, S129E- phosphomimetic, A53T mutation, and dopamine) is
shown. 200 uM WT and mutant o-Syn were incubated with 50 pM Cu*?, 50 uM Fe*3, 1 mM
liposomes and 200 uM dopamine in absence of PEG. B. Fluorescence microscopic images of
rhodamine-labeled a-Syn droplets formed in the presence of PD-associated factors at indicated
time points. The formation of liquid droplets occurred within 24 h in presence of the aggregation
accelerating factors, while in the presence of PEG, the time taken was ~48 h. C, D. The
dynamics of a-Syn molecules inside the droplets measured using FRAP. Normalized FRAP
intensity curves of a-Syn droplets at day 2 (d2) (C) and corresponding diffusion coefficients (D)
are shown. ©? = 4 um?; n=3, values represent mean * s.e.m (***p < 0.001). E. Time-resolved
fluorescence anisotropy decay of FITC-labeled WT and A53T a-Syn from a single droplet at day
2 showing the decay is slower for A53T compared to WT protein.

Figure 4: a-Syn phase separated droplets mature and age into fibrillar aggregates
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A. a-Syn in the presence of 10% PEG in microcentrifuge tube was imaged for LLPS at various
time points, and the solution was taken for isolating monomers, oligomers, and fibrils. In
parallel, ThT fluorescence assay was performed to monitor the aggregation and amyloid
formation by a-Syn. During LLPS and aggregation, the relative percentage of monomers
(LMW), oligomers and fibrils at indicated time points were quantified and plotted. n=3; values
represent meanzs.e.m. Inset shows aggregation kinetics for WT a-Syn under LLPS conditions
(200 uM a-Syn + 10% PEG, no agitation, incubated at 37°C) monitored by the ThT assay. B.
Time-dependent maturation of WT o-Syn analyzed by DIC imaging, ThioS staining, and
fluorescence microscopy and TEM imaging. At day 2, a-Syn droplets showed no ThioS co-
partitioning inside the droplets; probably due to lack of ThioS positive aggregates. At later time
points, ThioS readily co-partitions inside the droplets, highlighting the presence of ThioS
positive a-Syn aggregates during maturation of droplets. At the end of the incubation period
(after 30 days), the coverslip showed a ThioS positive mesh-like structure. C. The Appearance
of fibrils at day 20 of droplet incubation at 37°C. ThioS staining and TEM images show the
presence of protein aggregates (marked by white arrows) adjacent to the droplets. D. Magnified
TEM image showing the presence of fibril-like structures inside a droplet (white arrow). E. Gel
formation confirmed by gel inversion test for day 30 post droplet formation by a-Syn in presence
of 10% PEG at 37°C. SEM image showing the presence of liquid droplets embedded in the
hydrogel bed (white arrows).

Figure 5: Site-specific conformational changes and dynamics of a-Syn during LLPS

A. Overlapped [*°N-tH] HSQC spectra of WT a-Syn (red) and A53T a-Syn (blue) on day 0 and
day 2 showing the residues (G31, V3, V17) of WT and A53T have significant differences in their
intensities, post-LLPS. B. Normalized intensity (I/lo) profile of amide cross-peaks from H-°N
HSQC spectra of WT (red) and A53T (blue) on day 2 (post-LLPS) showing a significant
decrease in intensities for residues at N-terminus and NAC domain after LLPS. The extent of
intensities decrease was more for A53T compared to WT. Time-resolved fluorescence intensity
(C) and fluorescence anisotropy decay (D) of a-Syn Trp substitution mutants (positions 3", 71,
124" and 140" post phase separation (at day 2). E. The mean lifetime (tm) computed from
time-resolved fluorescence data before (day 1, red bars) and after (day 2, blue bars) the phase
separation event. F. The fluorescence anisotropy decay analysis reflects higher rigidity at the N
terminal (3') and the NAC-region (71%) compared to the C-terminus. The magnitude of the first
correlation time (®1) is higher for 3 and 71% Trp, while the corresponding amplitudes (o) are
lower. G. Left panel: Spectroscopy-based FRET analysis of the bulk system involving Trp-Cys
DTNB intermolecular pair. FRET efficiency for N terminal region [3W-3C (DTNB)] and the
NAC domain [71W-74C (DTNB)] was higher from the beginning of the LLPS compared to C-
terminus [124W-124C (DTNB)] region, which showed higher FRET during the later phase of
liquid-solid transition. Right panel: The intermolecular distance (R) calculated from the FRET
efficiency values were plotted against time considering the Ro value as of 23 A. H. Left: Single
droplet fluorescence imaging of the droplets containing fluorescein (donor) and rhodamine
(acceptor) as intermolecular FRET pairs for the 74" position (NAC). Right: Red and orange lines
show emission spectrum from a droplet excited at the 532 nm and 488 nm, respectively. To note,
rhodamine emission at 488 nm excitation shows enhanced emission compared to without energy
transfer scenario (black line) from the same droplet indicating the closeness of the fluorophore
due to energy transfer. 1. The evolution of the energy transfer at the 74™ position due to
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intermolecular FRET showed that the NAC regions of a-Syn come close to each other with time
during aggrgeation inside the droplets. n=3, values represent mean + s.e.m (¥**p < 0.005; ***p <
0.001).

Figure 6: Liquid-like condensates of a-Syn in cells.

A. Confocal images of HeLa cells over-expressing C4-a-Syn stained with FIASH-EDT captured
at 24 h and 48 h. Untreated cells predominantly show pan-cellular localization; however, cells
treated with 10 mM ammonium ferric citrate showing intracellular liquid-like droplet formation.
Scale bar: 10 um. B. Quantification of the diameter and circularity of droplets in iron-treated
cells. The number of images processed form from three independent experiments are n>12, and
the total number of droplets accounted is n = 2400 (for 24 h) and n = 950 (for 48 h). Data is
presented as a dot plot with the corresponding mean represented as dash lines. C. Images
represent a time-lapse series of the fusion event. Scale bar: 0.5 um. D. In cell FRAP recovery of
droplets at 24 h and 48 h of treatment. Left panel: The images correspond to the region of
interest (ROI) with pre-bleach and post-bleach droplets at t=0 s and t=39 s (24 h) and t = 50 s
(48 h). Right panel: Normalized fluorescence recovery curves for 24 h and 48 h droplets showing
slow recovery for 48 h droplets compared to 24 h. Data are shown as mean + s.e.m (n=5). Due to
the difference in the bleach ROI, diffusion constant could not be computed. Scale bar: 1 um. E.
Distribution plot of the diffusion exponent (o) calculated based on the log-log fit of mean
squared displacement versus time. The plots present a comparison of droplet behavior after 24 h
and 48 h of iron treatment (left) and 24 h with and without treatment of nocodazole (right). F.
Immunofluorescence images for a-tubulin staining of 24 h iron-treated Hela cells with or
without nocodazole. a-Syn droplets were clumped upon nocodazole treatment. Scale bar
represents 10 um. G. Immunoprecipitation of a-Syn using anti-FLAG from cell extracts of iron-
treated and untreated cells, post 48 h, and subsequent dot blots probed with amyloid-specific OC
antibodies. Significantly increased OC staining was observed for treated samples compared to
untreated cells showing higher fibril formation due to LLPS. Samples were probed with FLAG
antibody to ensure equal loading of the immunoprecipitates (IP). UT and T indicate untreated
and treated with iron. 5% input of the total protein is also shown. H. Aggresome detection using
ProteoStat-dye staining. Post 48 h treatment, a-Syn localized at the perinuclear region showing
colocalization with the ProteoStat dye, while the untreated cells show no dye binding.

Figure 7: Schematic representation of the proposed mechanism for a-Syn LLPS and
aggregation

Monomeric a-Syn can undergo a phase transition event in the pathologically relevant milieu and
in the presence of disease-associated factors. The phase separated droplets mature from a liquid
state to a solid-like state due to fusion and Ostwald ripening. a-Syn molecules inside these
droplets gradually become stiffer and eventually transform into amyloid hydrogel state
containing fibrillar aggregates and oligomers. The intermolecular interactions involving the
residues in the N-terminal and NAC domains primarily drive the liquid-to-solid-like transition of
a-Syn.
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