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Liquid–liquid phase separation (LLPS) of biological polymers 
(protein and RNA) has emerged as a critical phenomenon in 
the formation of intracellular ‘membraneless’ organelles1–7. 

Such examples include nucleoli8, Cajal bodies9 and promyelocytic 
leukaemia bodies2 in the nucleus as well as stress granules in the 
cytoplasm10–12. These liquid condensates concentrate biomolecules 
(proteins and nucleic acids) at distinct cellular sites to perform vari-
ous cellular functions3. Owing to the lack of physical barriers, the 
liquid condensates are able to exchange their components rapidly 
with the surrounding4,13,14. Most of the liquid condensates possess 
common characteristics; for instance, they are highly mobile and 
spherical in shape, but deform on physical contact, fuse and even-
tually revert back to the spherical shape1. Several proteins known 
to undergo LLPS contain intrinsically disordered regions that are 
closely associated with prion-like domains and low-complexity 
domains (LCDs)15–17, in which the amino acid variance is extremely 
low18. These intrinsically disordered regions drive LLPS by weak, 
multivalent interactions between the protein molecules, and thus 
allow various homotypic and heterotypic interactions of proteins 
and other biomolecules10,11,19,20.

Many proteins that initially form highly mobile liquid conden-
sates become more viscoelastic and rigid over time and eventually 
form a gel-like state that is unable to exchange its component mol-
ecules with the surrounding10,21–23. This transition could be due to 
either the entanglement of biopolymers or a stronger association 
of proteins, which leads to fibril formation, as observed for many 
proteins, such as FUS22, TDP-4324, tau23,25 and hnRNPA110. In these 
cases, phase separation might increase the nucleation rate for pro-
tein aggregation into amyloid-like fibrils10,11,17.

α-Synuclein (α-Syn) is a natively unstructured protein26, and its 
aggregation into cytotoxic oligomers and amyloid fibrils is associ-
ated with Parkinson’s disease (PD)27–29. Mutations of α-Syn asso-
ciated with early-onset familial PD30,31 are known to modulate its 
aggregation32, which supports that it has role in PD pathogenesis. 
Although the mechanism of α-Syn aggregation is an area of extensive 
research33–36, the early aggregation events are not well-established. 
The primary structure of α-Syn consists of three distinct domains: 
the N-terminal region, an aggregation-prone ‘non-amyloid-β com-
ponent’ (NAC) and a flexible C-terminal domain. Although the 
NAC region primarily drives α-Syn aggregation37, the majority 
of familial mutations are at the N terminus, which highlights its 
importance in α-Syn misfolding and aggregation38,39.

As α-Syn possesses two LCDs, we hypothesized that it might 
undergo LLPS under the appropriate conditions. Here we show that, 
in the presence of a molecular crowder, α-Syn undergoes LLPS, which 
is further promoted by various PD-associated conditions. We dem-
onstrate that the N terminus and hydrophobic NAC domain majorly 
drive α-Syn LLPS. Interestingly, our results reveal that α-Syn droplets 
undergo a liquid to solid-like transition, which leads to a hydrogel 
formation that contains fibrillar aggregates and oligomers. Further, 
α-Syn forms liquid droplets even within cells and subsequently trans-
forms into solid-like aggresomes, which is regulated by microtubules. 
These findings establish that phase separation acts as an initial step 
towards α-Syn aggregation associated with PD pathology.

Results
LLPS of α-Syn in vitro. To predict α-Syn LLPS, we used the Simple 
Modular Architecture Research Tool (SMART)40 and IUPred241 
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algorithms to examine the presence of LCDs and intrinsically dis-
ordered regions, respectively. SMART analyses predicted two LCDs 
(residues 10–23 and 63–78, upper panel in Fig. 1a) and IUPred2 
revealed disorderness in three segments (residues 26–28, 54–56 
and 99–140, lower panel) in the α-Syn sequence. In the presence 
of a molecular crowder such as 10% polyethylene glycol (PEG)-
8000, α-Syn showed the formation of liquid-like droplets in vitro 
at concentrations ≥200 µM (Fig. 1b and Supplementary Fig. 1). 
The liquid-droplet formation was further confirmed by light 
scattering and fluorescence imaging with fluorescein isothio-
cyanate (FITC)-labelled α-Syn (10% labelled) protein (Fig. 1c and 
Supplementary Fig. 2). Note that the presence of the 10% labelled 
protein did not change the major biophysical properties of α-Syn 
(Supplementary Fig. 3). Further, increasing the molecular crowding 
decreased the critical concentration of protein for phase separation 
(Fig. 1d), which suggests that an increased local concentration by 
molecular crowding is sufficient to initiate α-Syn LLPS.

For developing a phase regime, we compared the phase separa-
tion of α-Syn at various concentrations and at different pH values 
(pH 5.4 and 7.4, in the absence and presence of 10% PEG). At low 
pH (5.4), α-Syn formed droplets even at 10 µM and 5 µM concentra-
tions in the absence and presence of PEG, respectively (Fig. 1e and 
Supplementary Fig. 4). As protein phase separation is temperature 
dependent19,21,42, α-Syn LLPS was studied at 4, 18, 25 and 37 °C using 

200 μM protein. α-Syn formed liquid droplets at all the tempera-
tures (except at 4 °C) after 48 h (Supplementary Fig. 5). To examine 
the temperature-dependent reversibility, α-Syn droplets (d2) were 
subjected to a high temperature (65 °C). The droplets initially dis-
appeared after 1 h, but reappeared within 3 h on cooling at 37 °C, 
which suggests their reversible and liquid-like nature. In contrast, 
aged (d20) droplets became insensitive to high temperature (65 °C). 
When heated to 65 °C for 6 h, only the size of the droplets reduced; 
however, the droplets size completely recovered after 24 h when 
subsequently incubated at 37 °C (Fig. 1f and Supplementary Fig. 5).  
This suggests a liquid-to-solid-like transition of α-Syn droplets  
over time, similar to that of other proteins, which include FUS22, 
TDP-4324 and tau23.

Dynamics of α-Syn molecules inside liquid droplets. We stud-
ied the dynamics of α-Syn molecules in the liquid droplets dur-
ing their formation and maturation over a period of 20 days. We 
observed that the size of the droplets increased with time (Fig. 2a) 
owing to both Ostwald ripening43 and droplet fusion44. For instance,  
we found the coalescence of two droplets to form a larger-sized 
droplet (Fig. 2b and Supplementary Video 1), which indicates  
droplet fusion. Further, the gradual disappearance of the smaller 
droplets and simultaneous growth of the nearby larger-sized drop-
lets (Supplementary Video 2) suggests the possibility of Ostwald 
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Fig. 1 | α-Syn undergoes LLPS in vitro. a, In silico analysis of the primary sequence of WT α-Syn using SMART (top) to predict the LCDs and IUPred2 
(bottom) to analyse the disorder tendency. b, Differential interference contrast (DIC) images of α-Syn phase-separated droplets at different protein 
concentrations in the presence and absence of the molecular crowder PEg-8000 at day 2 (d2). Representative images are shown. c, Fluorescence images 
of FITC-labelled α-Syn (200 μM) phase-separated droplets formed in the presence of 10% PEg-8000 at d15. Representative images are shown. d, Regime 
diagram illustrating the phase separation of α-Syn at different protein and PEg concentrations at d2. e, Regime diagram of α-Syn at pH 5.4 and 7.4 (n = 3 
independent experiments). f, DIC images of α-Syn (200 μM) droplets in the presence of 10% PEg at d2 (left) and d20 (right) demonstrate the fast and 
slow reversible nature of the droplets, respectively, on heating (65 °C) and cooling (37 °C). Representative images are shown. All the experiments were 
performed three times with similar observations (b-f).
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ripening43. To characterize the dynamics of the proteins inside liquid 
droplets, we performed fluorescence recovery after photobleaching 
(FRAP) experiments using droplets formed by rhodamine-labelled 
α-Syn (rhod-α-Syn) (10% labelled). Similar to FITC, the presence 
of 10% rhodamine-labelled protein did not alter any biophysi-
cal properties of α-Syn (Supplementary Fig. 3). Immediately after 
droplet formation (d2), FRAP studies revealed a rapid (Half-life 
(t1/2) of 3.75 s) and complete fluorescence recovery (~96%). The 

kinetics and % recovery, however, decreased substantially with time 
(~7.5% recovery at d20) (Fig. 2c–e). From the t1/2, we estimated 
the apparent diffusion coefficient (Dapp) of the protein molecules 
to be 0.584, 0.23 and 0.18 μm2 s–1 for d2, d5 and d10, respectively 
(Fig. 2f). The decrease in FRAP recovery (on ageing) indicates a 
change in the material properties (such as rigidity) that are prob-
ably due to the aggregation of proteins inside the droplets10,22,23. The 
decreased molecular diffusion of α-Syn inside the droplets during  
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maturation might be attributed to a change in the viscoelasticity  
of the droplets8,23.

Although FRAP measurements provided information on the 
translational dynamics of α-Syn in liquid droplets, we performed 
microscopy-based time-resolved fluorescence anisotropy decay 
to reveal rotational dynamics (both at local and global levels)45 of 
α-Syn. We measured the anisotropy decay from inside (P1) and 
outside (P2) FITC-tagged α-Syn droplets at different time intervals 
(Fig. 2g). The data clearly showed a reduced rotational motion and 
therefore more rigidity (rotational correlation times (ɸ) = 1.6 ns  
at d2) of the protein molecules inside the droplet compared with 
those outside (ɸ = 1.0 ns) (Fig. 2h and Supplementary Table 1). 
However, unlike the decay pattern obtained from outside the drop-
lets, the anisotropy decays from inside them showed a y intercept of 
the asymptote. This reflects the amplitude of a very long correlation 
time (C) that exists due to the higher rigidity of the molecules46. 
Furthermore, α-Syn molecules inside the d10 droplets were more 
rigid (ɸ = 1.8 ns) than the freshly formed d2 droplets (ɸ = 1.6 ns). 
These observations, along with the FRAP recovery data, clearly 
point to a liquid-to-solid-like transition of α-Syn on ageing.

PD-associated factors and familial mutations accelerate α-Syn 
LLPS and aggregation. PD is mostly a sporadic disorder in which 
environmental and cellular factors play a major role in the disease 
pathogenesis47. Factors such as metal ions48, interaction with lipid 
membranes49, Ser129 phosphorylation50 and familial mutations32 are 
known to play critical roles in α-Syn aggregation in PD pathogene-
sis51. For a possible correlation between phase separation and aggre-
gation, we monitored LLPS and aggregation kinetics of α-Syn in 
the presence and absence of metal ions (Cu2+ and Fe3+), liposomes, 
phosphomimetic S129E and the most characterized familial mutants 
A53T30 and E46K31. As controls, we also monitored LLPS and aggre-
gation by wild-type (WT) α-Syn alone (without PEG) and in the 
presence of dopamine, a known inhibitor of α-Syn fibril formation52. 
PD-promoting factors accelerated α-Syn aggregation, as evident by 
a thioflavin T (ThT) fluorescence assay (Fig. 3a) and their corre-
sponding reduced lag times (Extended Data Fig. 1). Furthermore, 
the aggregated state showed amyloid-like fibrils as confirmed by 
transmission electron microscopy (TEM). In contrast, dopamine 
delayed the aggregation and α-Syn alone did not show any aggrega-
tion even after 30 days of incubation (Fig. 3a). Importantly, when we 
analysed LLPS in identical experimental conditions, we found that 
Cu2+, Fe3+ and liposomes accelerated the liquid-droplet formation 
(~24 h) even in the absence of PEG (Fig. 3b). Further, the S129E 
phosphomimetic α-Syn phase separated at a faster rate in the pres-
ence of ≥1% PEG compared with WT under identical conditions 
(Extended Data Fig. 1). Apart from faster rate of liquid-droplet for-
mation, many of these factors also reduced the critical concentra-
tion required for LLPS (Extended Data Fig. 1). For instance, α-Syn 
formed liquid droplets at a 5 μM concentration in the presence of 
100 μM Cu2+ or 1 mM liposomes. This suggests that elevated lev-
els of these factors increased the intermolecular interaction of 
α-Syn molecules49,53,54 and therefore, lowered its critical concentra-
tion for phase separation. Similarly, two familial mutants, A53T30 
and E46K31, showed faster aggregation than WT α-Syn in  vitro 
(Fig. 3a) and phase separated in the presence of PEG after 48 h and 
24 h, respectively (Fig. 3b). In contrast, we did not observe LLPS of 
WT α-Syn (with 10% PEG) in the presence of dopamine until d20, 
which was also confirmed by TEM analysis (Extended Data Fig. 1). 
Moreover, these droplets did not grow in size even after one month 
of incubation, which suggests a very slow rate of maturation.

FRAP analysis of droplets formed in the presence and absence 
of PD factors showed similar % fluorescence recoveries (except for 
Cu2+ and Fe3+), but with significantly reduced recovery rates (higher 
t1/2 and lower Dapp) (Fig. 3c,d and Extended Data Fig. 1). This sug-
gests that the translational dynamics of the molecules in the droplets 

is slower in the presence of these PD-associated factors, which might 
eventually cause an enhanced aggregation and lead to early matura-
tion of the droplets. The microscopy-based time-resolved anisot-
ropy decay measurements of α-Syn droplets showed a much slower 
anisotropy decay kinetics (increased ɸ and %C) in the presence of 
the PD-associated factors compared with the droplets formed in the 
absence of these factors (Fig. 3e–g and Supplementary Table 1). This 
further supports that the rigidity of the molecules inside the drop-
lets formed in the presence of PD-associated factors is higher than 
that in α-Syn droplets formed in the presence of PEG.

Aggregation state of α-Syn during LLPS and liquid-to-solid tran-
sition. To establish a direct correlation between α-Syn aggregation 
(the formation of oligomers and fibrils) and LLPS, we simultane-
ously monitored the aggregation kinetics using ThT fluorescence 
and LLPS using various microscopic techniques. Moreover, dur-
ing LLPS and aggregation, we isolated and quantified the relative 
amounts of different α-Syn species formed over time (from the 
same sample) (Fig. 4a and Supplementary Fig. 6). A similar method 
was used previously for the isolation of oligomeric intermedi-
ates of α-Syn55,56. The isolated species were characterized for their 
secondary structure using circular dichroism and morphology by 
TEM (Supplementary Fig. 7). The aggregation kinetics and LLPS 
showed that the liquid droplets formed in the early lag phase of 
aggregation (Fig. 4b(inset),c). The quantification of different spe-
cies showed ~90% of low molecular weight (LMW) α-Syn (majorly 
monomeric)55,57, small amounts of oligomers (~8%) and fibrils 
(~2%) at the early stages (d5) of LLPS (Fig. 4b). However, a sub-
stantial decrease in the LMW population and concomitant increase 
in fibrils was observed during the maturation of the droplets. Note 
that the amount of oligomers remained unchanged from d10 to d30 
(Fig. 4b), which suggests that the oligomeric intermediate might 
have reached a ‘steady state’ (according to steady-state approxima-
tion)58. The TEM and circular dichroism data showed that LMW 
fractions are mostly amorphous with a random coil structure. 
The oligomeric fractions showed mostly a globular morphology 
with a helical structure (except at d5 and d10). The fibrillar frac-
tions contain predominately amyloid fibrils with a β-sheet struc-
ture; however, a random coil component was also observed on d5 
(Supplementary Fig. 7). Although a helix-rich structure is known 
for tetrameric59 and membrane-bound monomeric α-Syn26, oligo-
meric helix-rich structures are also evident during α-Syn aggrega-
tion55. Collectively, these data clearly point to a dynamic interplay 
between various α-Syn species (monomer, oligomers and fibril) in 
which the monomer gradually converts into fibrillar aggregates via 
an oligomer-mediated process during LLPS.

Further, we also microscopically examined the liquid droplets at 
various time intervals during the entire process of LLPS and aggre-
gation (30 days). Thioflavin S (ThioS) staining of WT α-Syn showed 
a diffused fluorescence signal in the background at the beginning 
of phase separation; however, at later stages (d5 onwards), ThioS 
readily co-partitioned into the droplets, which demonstrates the 
presence of amyloid-like aggregates. This was further confirmed by 
TEM imaging, which showed fibrillar aggregates at d30 (Fig. 4c).  
Interestingly, after d20, we observed protein aggregates emerg-
ing from the subset of droplets (Fig. 4d) and fibril-like struc-
ture was observed inside individual droplets when imaged using 
high-resolution TEM (Fig. 4e). After d30, the LLPS-solution trans-
formed into hydrogel as confirmed by gel-inversion test and scan-
ning electron microscopy (SEM) (Fig. 4f). The frequency sweep 
bulk rheology measurement with α-Syn hydrogel revealed higher 
storage modulus (surface elasticity, G′) over loss modulus (surface 
viscosity, G′′) suggesting gel and/or solid-like behaviour (Fig. 4g).

Next, we asked how the two familial mutations, A53T and E46K, 
modulate the liquid-to-solid transition and gel formation of α-Syn. 
Apart from increased number, larger-sized droplet formation and 
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PD-associated factors at the indicated time points. The formation of liquid droplets occurs within 24 h in the presence of the aggregation accelerating 
factors, whereas in the presence of PEg, the time taken is ~48 h. c,d, The dynamics of α-Syn molecules inside the droplets measured using FRAP. The 
normalized FRAP curves of α-Syn droplets at d2 (c) and the corresponding t1/2 (d). The data represent the mean ± s.e.m. for n = 3 independent experiments. 
Radius of the region of interest = 2 μm. ***P ≤ 0.001, *P ≤ 0.05. The P values for WT + Cu2+ (***P = 5.8 × 10–4), WT + Fe3+ (***P = 9.3 × 10–7), WT + liposome 
(*P = 0.04), S129E + PEg (*P = 0.05), A53T + PEg (***P = 3.5 × 10–7) and E46K + PEg (***P = 2.5 × 10–12) were calculated with respect to WT + PEg.  
e,f, Time-resolved fluorescence anisotropy decay curves obtained from inside the phase-separated droplets of FITC-labelled WT α-Syn formed in the 
presence of various PD-associated factors and two familial mutations (A53T and E46K). e, Reference fluorescence images of the droplets formed under 
various conditions from which the time-resolved anisotropy data points were collected. f, Time-resolved anisotropy decay curves obtained from the inside 
of the droplets (shown in e) under given conditions at d2. n = 3 independent experiments. g, Bar plot showing ɸ of the droplets at d2; the data represent 
mean ± s.e.m. for n = 3 independent experiments. The P values for all the samples were calculated to be ***P < 0.001 compared with outside the droplet; 
P values for WT + Cu2+ (***P = 7.5 × 10–7), WT + Fe3+ (***P = 9.6 × 10–4), WT + liposome (not significant (NS), P > 0.99), S129E + PEg (***P = 0.001), 
A53T + PEg (*P = 0.03) and E46K + PEg (**P = 2.2 × 10–3) were calculated with respect to WT + PEg. Statistical significance was determined using  
one-way ANOVA followed by a Student–Newman–Keuls post hoc test with a 95% confidence interval (d,g). All the experiments were performed three  
times with similar observations.
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higher light scattering, both the mutants showed a faster aggrega-
tion (Extended Data Fig. 2). Moreover, ThioS co-partitioned early 
for the A53T and E46K droplets (at d2) compared with WT α-Syn 
co-partitioning, which suggests a faster aggregation of A53T and 
E46K into amyloid fibrils inside the droplets. Both mutants also 
showed a stiffer hydrogel formation compared with that of WT pro-
tein (Extended Data Fig. 2).

Domain interactions responsible for α-Syn LLPS. To determine 
the domain interactions responsible for LLPS at the residue-specific 
level, two-dimensional [15N–1H] heteronuclear single quantum 
coherence (HSQC) spectra were recorded. We chose WT α-Syn 
along with two familial mutants (A53T and E46K) to compare the 
extent of domain interactions. The narrow signal dispersion in the 
direct dimension (HN) indicated the disordered state of the pro-
teins. During LLPS, WT α-Syn showed a gradual decrease in the 
intensities of the residues at the N terminus (V3-A27, V37-K43 
and H50-E57) and NAC region (V74-V82 and A89-K97). The resi-
dues in the C terminus (I112–N122) showed a comparatively lower 
reduction in intensity (Fig. 5a,b and Supplementary Fig. 8). Similar 
observations were also seen for both A53T and E46K; however, with 

a rapid decrease in the NMR signal at the N terminus and NAC 
regions (Supplementary Figs. 9 and 10). For E46K, after d3, amide 
cross-peaks of most of the residues disappeared while new peaks 
appeared, which indicates major changes in the conformation. At 
d20, extensive broadening and shifting of the NMR signal suggested 
a higher-order structure formation by all three proteins. The NMR 
data therefore suggest that, apart from the disordered N terminus, 
the hydrophobic NAC region might also be involved in α-Syn LLPS. 
This inference is further supported by time-resolved fluorescence 
decay measurements with site-specific single Trp-mutants of α-Syn 
(N terminal, 3W; NAC region, 71W; C terminal, 124W and 140W). 
Previously, it was shown that introduction of Trp at these positions 
did not alter the properties of α-Syn60. The time-resolved fluores-
cence intensity decay analysis suggests that there is no substantial 
change in the local environment of the Trp probes due to LLPS (Fig. 
5c,d). However, the structural rigidity of the N terminus and the 
NAC region is considerably higher compared with that of the C 
terminus, as evident from the faster correlation time (ɸ1) and its 
amplitude (α1) (Fig. 5e,f and Supplementary Fig. 11) after LLPS.

To examine whether the structural rigidity at the N terminus and 
the NAC region is due to the intermolecular interactions after phase 
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1.2 × 10–11, respectively.
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separation, we performed Förster resonance energy transfer (FRET) 
experiments. We used single cysteine (Cys) mutants of α-Syn (3C, 
74C and 124C) labelled with 5-5′-dithio-bis-(2-nitrobenzoic acid) 
(DTNB) as acceptors and complimentary Trp mutants as donors61. 
The energy transfer efficiency for the C terminus (124W–124C) at 
the early stages of LLPS, however, was low compared with those 
of the N-terminal and NAC regions (Fig. 5g and Supplementary 
Figs. 12 and 13). This suggests that the interdomain interac-
tion of the N-terminus and NAC regions might drive the α-Syn  
droplet formation.

To further establish the involvement of these domains within the 
droplets as they mature into more solid-like phases, we performed 
FRET microscopy for the α-Syn NAC domain at a single-droplet 
resolution. We chose fluorescein-5-maleimide-labelled α-Syn at the 
74th position as the donor and rhodamine-C2-maleimide-labelled 
α-Syn at the same position to be the acceptor. Using these, three 
phase-separated samples were prepared that comprised only donors 
(fluorescein-α-Syn), only acceptors (rhodamine-α-Syn) and an 
equimolar ratio of donors and acceptors.

Energy-mapped and spatially resolved fluorescence imaging of 
individual liquid droplets that contained both donor and acceptor 
reveal an enhanced sensitized emission of the acceptor fluorophore 
when the donor fluorophore was selectively excited (Fig. 5h). This 
served as a signature of intermolecular FRET owing to proximity of a 
significant fraction of donor- and acceptor-labelled proteins. Further, 
in each droplet, the extent of enhancement (intensity enhancement 
factor due to energy transfer, IEFET) in the sensitized emission (or 
the apparent FRET efficiency (Supplementary Methods)) gradually 
increased with incubation time (Fig. 5i, Supplementary Fig. 14 and 
Extended Data Fig. 3), which indicates a progressively closer prox-
imity of the α-Syn molecules within each droplet.

The importance of the α-Syn NAC domain in LLPS is further 
evident because β-synuclein, which lacks the eight hydrophobic 
amino acid stretch in the NAC domain, neither showed aggregation, 
as previously shown62, nor LLPS under the experimental conditions 
(Extended Data Fig. 4). Interestingly, in LLPS-relevant conditions, 
another human synuclein family protein, γ-synuclein also did not 
show any phase separation and/or aggregation, even on extended 
incubation (Extended Data Fig. 4). γ-Synuclein is known to aggre-
gate very slowly55, which might be due to the absence of two Tyr 
residues at the C terminus and the substitution of three glycines in 
the NAC domain with highly charged glutamate residues. In con-
trast, the α-Syn core (30–110 residues)63 exhibits both a faster aggre-
gation and LLPS compared with the WT α-Syn (Extended Data  
Fig. 4), which provides further evidence that the core/NAC domain 
is essential for LLPS.

LLPS and liquid-to-solid transition of α-Syn in mammalian 
cells. To demonstrate α-Syn LLPS in cells, we cultured HeLa cells 
that overexpressed tetracysteine-tagged α-Syn (C4-α-Syn) for 24 
and 48 h and subsequently stained C4-α-Syn with FlAsH-EDT2 
(fluorescein arsenical hairpin binder). Only ~20% of the cells 
showed cytoplasmic protein accumulates, whereas the remain-
ing cells showed a diffused pan-cellular localization of C4-α-Syn 
(Fig. 6a). Based on the possible pathological link between iron 
and α-Syn64,65, we examined the effect of iron on α-Syn LLPS in 
cells. Strikingly, after 24 h of treatment with 10 mM ferric ammo-
nium citrate, >95% of the cells displayed cytoplasmic droplet-like 
assemblies (285 ± 116 droplets per cell) (Fig. 6a and Extended Data  
Fig. 5) with a spherical shape of average diameter 0.46 µm (Fig. 6b 
and Supplementary Video 3). After 48 h, these droplets were largely 
clustered and localized at the perinuclear region (Supplementary 
Video 5). However, the number of droplets decreased considerably 
after 48 h (76 ± 21 droplets per cell) with an increase in their average 
diameter to 0.61 µm (Fig. 6b). The 24 h droplets were highly mobile 
and underwent frequent fusion events with a rapid relaxation into 

spherical assemblies (Fig. 6c), indicative of their liquid-like state. 
These droplets did not show any colocalization with Nile red (stain 
for lipid droplets)66 and markers for membrane-bound organelles 
(lysosomes and mitochondria) (Extended Data Fig. 5), which sug-
gests their membraneless state.

To examine the dynamic properties of C4-α-Syn molecules, we 
performed in-cell FRAP. As a control, the region with a diffused 
expression was chosen to determine the intracellular dynamics of 
the FlAsH-stained C4-α-Syn. We found a partial recovery (~56% 
recovery at t1/2 = 10 ± 3.04 s) of the droplet-free region, which sug-
gests that C4-α-Syn diffuses slowly in the cellular milieu (data not 
shown). After 24 h of treatment, the fluorescence recovery within 
the droplets was faster (t1/2 = 5.4 ± 2.33 s) compared with that at 48 h 
(t1/2 = 23 ± 7.6 s). This indicates that the α-Syn molecules at 24 h can 
diffuse and equilibrate with the cytoplasmic pool, in agreement 
with the properties of the liquid-like state (Fig. 6d). The decreased 
dynamics at 48 h can be attributed to the liquid-to-solid-like tran-
sition, which might be due to the aggregation of C4-α-Syn within 
these droplets. A similar droplet formation and liquid-to-solid tran-
sition was also observed when cells were treated with another metal 
ion, Cu2+ (Extended Data Fig. 5). However, the maturation of the 
copper-induced droplets was faster (36 h) compared with that of the 
iron-induced droplets (48 h), which is in accordance with in vitro 
FRAP and anisotropy studies (Fig. 3).

Subsequently, we performed single-particle tracking measure-
ments inside cells to investigate the diffusion dynamics of indi-
vidual α-Syn droplets after 24 and 48 h. Statistical analysis of the 
single-particle-tracking data after 24 h revealed a predominantly 
super-diffusive behaviour (exponent, α > 1) of the droplets, which 
indicates an active or facilitated motion of the droplets, probably 
assisted by the cellular machinery (Fig. 6e and Supplementary Fig. 
15). The calculated straightness of the particle tracks also showed a 
positive correlation with their α values, which further supports the 
directed motion of these liquid-like droplets. However, after 48 h, 
the α distribution shifted to lower values (α ≤ 1) for the majority 
of droplets (Fig. 6e), indicating a (sub)diffusive behaviour, which 
might be governed by the droplet size and its microenvironment.

To probe the mechanism of super-diffusive displacement of α-Syn 
droplets and the possible involvement of microtubules, cells were 
treated with the microtubule-depolymerizing agent nocodazole. On 
microtubule destabilization, the majority of the droplets formed at 
24 h clumped together (Fig. 6f and Supplementary Video 4). The 
calculated α-distribution after the microtubule destabilization 
showed a considerable shift towards values ≤1, which indicates a 
freely and/or subdiffusive motion (Fig. 6e, right). This supports the 
involvement of the microtubule network for droplet movement. In 
addition, the distribution of track straightness and root mean square 
velocity of the droplets weighted towards lower values both for 48 
h and nocodazole-treated cells compared with those of the droplets 
at 24 h (Supplementary Fig. 15). Overall, these results suggest that 
movement of the liquid-like α-Syn droplets is initially much more 
directed with the assistance of the microtubules, which is substan-
tially reduced upon liquid-to-solid transition and its localization to 
the perinuclear area.

Liquid-to-solid transition of α-Syn triggers aggresome for-
mation. As α-Syn liquid droplets transformed into more rigid 
assemblies over time, we asked whether LLPS triggers α-Syn amy-
loid aggregation in cells. We probed the fibril formation using the 
amyloid-specific OC antibody67 with immunoprecipitated α-Syn at 
different time points. A dot blot assay revealed that the OC signal 
increased for both treated and untreated cells over time (Fig. 6g  
and Supplementary Fig. 16). However, cells treated for 48 h  
showed a considerably increased OC immunoreactivity compared 
with that of untreated cells. Strikingly, the cell viability remained 
uncompromised (Supplementary Fig. 16), which could be due to the 
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e, Distribution plot of the diffusion exponent (α) calculated based on the log–log fit of the mean squared displacement versus time plot. The plots  
present a comparison of droplet behaviour after 24 and 48 h of iron treatment (left) and 24 h with and without treatment of nocodazole (noco) (right).  
f, Immunofluorescence images for α-tubulin staining of 24-h iron-treated HeLa cells with (right) or without (left) nocodazole. n = 2 independent 
experiments. g, Immunoprecipitation of α-Syn using anti-FLAg from cell extracts of the iron-treated and untreated cells after 48 h, and subsequent dot 
blots probed with amyloid-specific OC antibodies. Samples were probed with the FLAg antibody to ensure an equal loading of the immunoprecipitates 
(IPs). A 5% input of the total protein is also shown. UT, untreated; T, treated with iron. h, Aggresome detection using ProteoStat dye staining. After 48 h of 
treatment, α-Syn localized at the perinuclear region and showed colocalization with the ProteoStat dye, whereas the untreated cells showed no dye  
binding. All the experiments for f–h were repeated independently twice with similar results. DAPI, 4′,6-diamidino-2-phenylindole.
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formation of perinuclear aggresomes68. Indeed, the aggresome for-
mation in HeLa cells due to Fe3+ or Cu2+ treatment was confirmed 
by colocalization of α-Syn with ProteoStat (an aggresome marker) 
and the corresponding aggresome propensity factor (Fig. 6h and 
Extended Data Fig. 6). Overall, the data suggest metal-induced 
LLPS triggers aggresome formation in cells, which is regulated by 
microtubules.

Discussion
We showed that α-Syn phase separates and forms liquid droplets 
either in the presence of molecular crowding (PEG) or at a low pH 
(Fig. 1), the conditions that promote intermolecular interactions 
and/or an increase in the local concentration of α-Syn69,70. Initially, 
α-Syn droplets possessed liquid-like properties, as suggested by 
their physical shape, high diffusivity and temperature reversibil-
ity (Fig. 2). Interestingly, α-Syn possessed a significant amount of 
molecular rigidity inside the droplets immediately after formation 
as compared with that of outside (Fig. 2f,g). This suggests a dis-
tinct molecular signature of the proteins inside the droplets, irre-
spective of their liquid-like state. With time, these droplets became 
more rigid with fewer dynamic α-Syn molecules, consistent with a 
liquid-to-solid-like transition.

The direct implication of α-Syn LLPS in PD is apparent as 
PD-associated factors, which accelerate α-Syn aggregation, pro-
mote liquid-droplet formation and liquid-to-solid transitions 
(Fig. 3). In addition, conditions that retard α-Syn aggregation also 
delay or inhibit LLPS, which suggests that LLPS might be a criti-
cal step to nucleate its aggregation. Previous studies showed that a 
liquid-to-solid-like transition is associated with fibril formation by 
multiple proteins10,22–24; however, the direct demonstration of LLPS 
in the pathway(s) of aggregation has not been established. Amyloid 
aggregation generally occurs through a nucleation-dependent 
polymerization reaction with three distinct phases (lag, elongation 
and stationary)71. The parallel monitoring of LLPS and aggregation 
kinetics showed that liquid droplets first appeared at the early lag 
phase of α-Syn aggregation and fibrils were seen inside the droplets 
during the elongation phase. Intriguingly, α-Syn remains mostly in 
the monomeric state (LMW) during the early stages of LLPS, as weak 
intermolecular interactions by the protein govern the liquid-droplet 
formation3,72. However, over time, α-Syn gradually converts into 
oligomers and fibrils concurrently with the liquid-to-solid-like 
transition, which leads to a gel state (Fig. 4). In this context, our 
previous data suggest that α-Syn hydrogels could entrap cytotoxic 
α-Syn oligomers and fibrils56, which indicates that LLPS and gel for-
mation could be a toxic process associated with PD.

The intersection of α-Syn LLPS with previous reports becomes 
particularly important to understand the biochemical aspects of 
various proteins associated with aggregation and neurological dis-
orders. Structural and functional differences in the proteins may 
govern the biophysical properties and fate of phase-separated drop-
lets. For instance, the physiological role of FUS in stress granules 
requires the formation of reversible liquid droplets and hydrogel-like 
structures21. However, the disease-associated mutations induce an 
aberrant phase transition into an aggregate state, which is irrevers-
ible in nature21,22. Similarly, the LLPS of hnRNPA1 contributes to 
the assembly of stress granules and dysregulation of its inherent 
capability to cycle between the liquid and solid states results in an 
irreversible aggregated state10. Further, in the case of tau, no typical 
LCD exists, but still the protein exhibits a phase transition that leads 
to a disease-associated amyloid-like state23. By analogy, α-Syn at a 
high local concentration and in the presence of disease-associated 
conditions results in an aberrant phase transition that leads to its 
aggregation. Moreover, the LLPS of different proteins is known to be 
majorly driven by electrostatic interactions23 and mediated through 
LCD domains10,22. In case of α-Syn, phase separation is mediated 
by an interplay of electrostatic interactions in the unstructured  

N-terminal domain and hydrophobic interactions in the NAC 
domain. During maturation, the C-terminus domain of α-Syn also 
becomes involved in the liquid-to-solid transition, which leads to 
amyloid aggregation (Fig. 5).

Previous reports show that a high local concentration, change in 
pH, temperature or specific ligand binding (such as RNA) induce 
protein LLPS in cells16,19,73,74. Our cellular studies showed that α-Syn 
in the presence of metal ions (iron or copper) forms liquid droplets 
(Fig. 6 and Extended Data Fig. 5). This metal-induced LLPS could be 
either due to a direct metal–α-Syn interaction that leads to structural 
changes and oligomerization48,75,76 or to an oxidative stress (reactive 
oxygen species generation), which promotes α-Syn aggregation77,78. 
These liquid droplets convert to the solid-like state with the concom-
itant formation of amyloid-like aggregates (OC antibody positive). 
The maturation of these droplets eventually leads to aggresome for-
mation, which is a cytoprotective mechanism against protein aggre-
gates68. Interestingly, the dynamics of these droplets as well as their 
maturation into aggresome are assisted by microtubules. In this con-
text, actin filaments are reported to influence the localization and/or  
movement of liquid condensates of the LAT (linker for activation 
of T cells) cluster79,80 and provide mechanical support to the large 
nucleus of Xenopus laevis oocytes against gravitational forces81.

Based on our observations, we propose a model for 
LLPS-mediated α-Syn aggregation (Supplementary Fig. 17). Under 
normal physiological conditions, α-Syn does not undergo LLPS, 
possibly due to its auto-inhibited conformational state, but at a 
high local concentration, due to pH changes, metal exposure, lipid 
interaction and mutation, the protein phase separates and forms 
liquid droplets. Slow maturation and ageing eventually convert the 
droplets into solid-like hydrogels composed of structurally ordered 
oligomers and amyloid fibrils. This process might be associated 
with cellular toxicity and the cell-to-cell transmission of amyloid82 
in neuronal cells associated with PD.
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Methods
Protein expression and purification was performed and in vitro LLPS was carried 
out using LMW α-Syn in the presence of various factors. The liquid droplets were 
visualized under an optical microscope. The dynamics of α-Syn during LLPS 
was studied using FRAP and microscopy-based time-resolved anisotropy decay 
measurements. α-Syn aggregation during LLPS was studied using ThT fluorescence 
and ThioS binding, and the structure and morphology of the aggregates and gels were 
analysed using TEM and SEM. The domain involvement of α-Syn during LLPS was 
studied using two-dimensional NMR, time-resolved lifetime and anisotropy decay 
and FRET analyses. LLPS in cells was carried out using HeLa cells overexpressing 
C4-tagged α-Syn. The liquid droplets in the cells were characterized using FRAP, 
single-particle tracking and other immunofluorescence methods for amyloid and 
aggresome detection. The detailed methods are provided in Supplementary Methods.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Extended Data Fig. 1 | PD-associated conditions promote α-Syn LLPS. a, The aggregation growth curves are used for lag time (tlag) calculation using 
the equation (9) given in the Methods section of the supplementary information. The lag time for aggregation is decreased significantly in the presence 
of the PD-factors (tlag for Cu+2, Fe+3, liposome, S129E, A53T and E46K are 3.9, 3.2, 5.6, 5.2, 3.1 and 2.9 days, respectively) compared to the WT α-Syn 
in presence of 10% PEg (tlag of 10.5 days). Data represents mean ± SEM for n=3 independent experiments. p-values are denoted with ***p≤0.001. 
p-values are calculated for WT+Cu+2 (***p=0.001), WT+Fe+3 (***p=9e-04), WT+liposome (***p=3e-04), S129E+PEg (***p=1.8e-04), A53T+PEg 
(***p=8.9e-05) and E46K+PEg (***p=7.8e-05), with respect to WT+PEg. b, TEM images showing the morphology of the aggregates formed in various 
conditions post 30 days of incubation. α-Syn formed fibrils in the presence of each of the additives (50 μM Cu+2, 50 μM Fe+3, 1 mM liposome, and 
200 μM S129E phosphomimetic). Fibril formation by A53T and E46K α-Syn (+10% PEg-8000) under LLPS conditions are also shown. c, Left panel: 
Representative DIC images of 200 μM α-Syn showing liquid droplet formation in presence of different concentrations of the additives. It is important to 
note that in presence of 100 μM Cu+2, Fe+3 and >1 mM liposome, α-Syn shows aggregated structures under the microscope. S129E phosphomimetic α-Syn 
shows droplet formation at a faster rate than WT (within 24 h) in the presence of 1, 5 and 10% PEg. Right panel shows LLPS with 5 μM of α-Syn in the 
presence of indicated additives (100 μM Cu+2, 1 mM liposome; except for Fe+3 for ≤100 μM concentration). S129E α-Syn also shows droplet formation 
at 5 μM concentration in presence of 15% PEg (~24 h). d, DIC and TEM images of 200 μM α-Syn +10% PEg in presence of 200 μM dopamine showing 
appearance of droplets only after 20 days of incubation at 37 °C. To note, the droplets do not grow in size even after 30 days. e, The % fluorescence 
recovery (left) and apparent diffusion coefficient (right) of liquid droplets formed at d2 in presence of various additives after photobleaching. The % 
fluorescence recovery (left) is analyzed from n=3 independent experiments. p-values are denoted with ***p≤0.001, * p≤0.05, NS (non-significant) 
p>0.05. p-values for WT+Cu+2 (*p=0.04), WT+Fe+3 (***p=0.0006), WT+liposome (NS, p>0.99), S129E+PEg (NS, p>0.99), A53T+PEg (NS, p>0.99) 
and E46K+PEg (NS, p>0.99) are calculated with respect to WT+PEg. The apparent diffusion coefficients (right) at d2 are calculated to be 0.42 μm2s-1 
for droplets formed in presence of 10% PEg and 0.14, 0.20, 0.34, 0.30, 0.189, 0.08 μm2s-1 for droplets formed in presence of Cu+2, Fe+3, liposome, S129E, 
A53T(+10% PEg) and E46K(+10% PEg), respectively. ω (radius of the bleached region) = 2 μm. Data represents mean ± SEM for n=3 independent 
experiments. p-values are denoted with ***p≤0.001. p-values for WT+Cu+2 (***p=2.12e-08), WT+Fe+3 (***p=1.5e-07), WT+liposome (***p=9e-04), 
S129E+PEg (***p=5.5e-04), A53T+PEg (***p=1.3e-07) and E46K+PEg (***p=1.9e-08), with respect to WT+PEg. The p-values are calculated with 
the help of one way ANOVA followed by Student-Newman-Keuls (SNK) post hoc test with a 95% confidence interval (a, e), All the experiments are 
performed three times with similar observations (b-d).
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Extended Data Fig. 2 | effect of familial mutations of α-Syn on LLPS, liquid-to-solid transition and aggregation. a, α-Syn and its two familial mutants 
A53T and E46K are incubated in presence of 10% PEg at 37 °C for LLPS. At different time intervals, microscopy images are taken and the number and 
size of the liquid droplets is quantified. The number of droplets (n=200) are counted from five different microscopic fields (63X magnification) and data 
represents mean ± standard deviation (SD) for n=3 independent experiments. The data shows more in number and larger size droplets formed by both 
familial mutants compared to WT type α-Syn. For number distribution (left), the p-values are NS p>0.99 (A53T, d2), ***p=4.4e-05 (E46K, d2), NS, 
p=0.227 (A53T, d3), ***p=7.6e-09 (E46K, d3), ***p=9e-08 (A53T, d5), ***p=7.2e-08 (E46K, d5), ***p=7e-04 (A53T, d7), ***p=3.3e-05 (E46K, d7),  
NS p=0.0537 (A53T, d15) and NS p=0.05 (E46K, d15) with respect to WT. For size distribution (right) the p values are NS, p=0.05 (A53T, d2),  
***p<1e-12 (E46K, d2), **p=0.00510 (A53T, d3), *p=0.047 (E46K, d3), ***p<1e-12 (A53T, E46K d5), NS p=0.32 (A53T, d7), ***p<1e-12 (E46K, d7) and 
***p<1e-12 (A53T, E46K d15) with respect to WT. The range of p values is taken as (*p≤0.05; **p≤0.005; ***p≤0.001; NS, p>0.05, NS: non-significant). 
The significance of the data is analyzed with the help of one way ANOVA followed by Student-Newman-Keuls (SNK) post hoc test with a 95% confidence 
interval. The significance is calculated with respect to WT α-Syn. b, Light scattering measurements at 350 nm for 200 μM WT, A53T and E46K α-Syn in 
presence of 10% PEg. The plot shows greater increase in light scattering for E46K followed by A53T and WT protein, suggesting higher extent of phase 
separation and liquid droplet formation by mutants compared to the WT protein. n=2 independent experiments. c, Comparison of aggregation kinetics by 
WT, A53T and E46K α-Syn under LLPS condition (200 μM α-Syn + 10% PEg, no agitation, incubated at 37°C) monitored by ThT fluorescence over the 
course of 30 days. n=3 independent experiments. Values represent mean ± SEM. The data shows faster aggregation kinetics by mutants over WT protein. 
d and e, Fluorescence images of A53T and E46K α-Syn droplets showing positive ThioS co-partitioning after d2 of incubation. TEM image reveals the 
presence of droplets at the early days of incubation and formation of amyloid fibrils at the later stage (d30). f, The gel inversion test for A53T and E46K 
α-Syn solution in presence of 10% PEg after 30 days of incubation (under LLPS conditions) depicting hydrogel formation (left) and the corresponding 
scanning electron microscope (SEM) showing hydrogel networks (right). g, Bulk rheology of A53T and E46K α-Syn hydrogels showing higher storage 
modulus (g’) than loss modulus (g’’) for both proteins confirming their gel-state. n=2 independent experiments. All the experiments are performed  
three times with similar observations (d-f).
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Extended Data Fig. 3 | Spatially-resolved FRet study within single liquid droplets. Spatially-resolved fluorescence spectra, which are measured from 
single phase separated droplets formed at the indicated time points from fluorescein labeled (donor) and rhodamine labeled (acceptor) α-Syn proteins 
(fluorescein and rhodamine labeled at 74th Cys). The solid lines represent rhodamine emission when excited at 488 nm for five individual droplets  
(LD 1 to 5); whereas dotted lines represent rhodamine emission under no FRET scenario for those five respective droplets. The thick line is the average  
of these five spectra when FRET occurs. These spectra are utilized to extract intensity enhancement factor (IEFET) at different days (d2, d7 and d24).  
The spectral broadening at day 24 (d24) suggests the formation of amyloid aggregates. n=3 independent experiments.
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Extended Data Fig. 4 | Comparative aggregation profile and LLPS behavior of synuclein family of proteins. a, (Top) Domain organization of α-Syn.  
The N-terminus (blue), non-amyloid-β component (NAC) (red) and C-terminus (grey) are shown. Bottom: Multiple sequence alignment of the members 
of the synuclein family generated through Clustal-W omega. α-Syn core (30-110 amino acids) is represented with symbol ▼. The glycine residues  
(67, 84 and 86), and C-terminal tyrosine residues are highlighted in yellow and cyan, respectively. Residues in the β- and γ-synucleins that are different 
from those in α-Syn are colored. b, Comparative aggregation profile under non-rotating LLPS condition (200 μM protein + 10% PEg, no agitation, 
incubated at 37 °C) for α, β, γ and core-Syn monitored using ThT fluorescence. The core α-Syn shows faster aggregation kinetics with smaller lag  
time (~4 d) compared to the full-length α-Syn (lag time ~10.5 d). β-Syn and γ-Syn do not show any ThT positive aggregation during the indicated 
incubation time. n=2 independent experiments. c, LLPS behavior of β, γ and core-Syn (200 μM protein, 10% PEg, pH 7.4, 37°C, no agitation) showing  
no LLPS for β or γ-Syn. The core α-Syn (30-110) shows faster LLPS (within 1 day) than full length WT α-Syn (which takes 2 days under identical conditions). 
At ~d6, core α-Syn (30-110) starts to form aggregate-like structures visible under microscope (white triangular pointer). d, TEM images of α, β, γ and 
core-Syn after one month of incubation under LLPS condition showing fibril formation for full-length and core α-Syn. However, β or γ-Syn does not show 
any amyloid formation. All the experiments are performed three times with similar observations (c-d).
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Extended Data Fig. 5 | In cell analysis of liquid-like condensates of α-Syn. a, Fluorescence and DIC merged images of iron-treated HeLa cells expressing 
C4-α-Syn, which is stained with FlAsH-EDT2. The images are captured at 24 h and 48 h post treatment. The white dotted segmentation marks the nuclear 
boundary. The experiments are repeated independently five times with similar observations b, Quantification of the droplet numbers for the iron-treated 
cells. Number of cells for droplet count from three independent live experiments are n = 10 for 24 h and n=13 for 48 h. Data is presented as mean ± SEM 
(Paired two tailed Students-t-test analysis calculated the ***p value to be 0.00032). c, α-Syn liquid droplets do not associate with membranes or lipid. 
Representative confocal images of Nile red, LysoTracker-red and MitoTracker dye staining of cells showing that the FlAsH stained C4-α-Syn droplets  
(24 h) do not colocalize with the cellular lipid droplets or membrane-bound organelles, mitochondria and lysosomes, respectively. The images are 
acquired at 63X magnification. The experiments are repeated independently twice with similar results. Scale bar=10 μm. d, Representative confocal  
live cell images of 10 µM Cu+2 treated HeLa cells stained with FlAsH-EDT2 at indicated time-points. The cells showing cytoplasmic liquid-like droplet 
formation that localize to perinuclear region with time (36 h). The experiments are repeated independently three times showing similar observations.  
e, f, Quantification of the diameter (e) and circularity (f) of the α-Syn droplets in cells formed due to10 µM Cu+2 treatment. The number of images 
processed from three independent experiments are n=12 (16 h), n= 13 (24 h), n= 10 (36 h); and the total number of droplets accounted is n = 733  
(for 16 h), n = 650 (for 24 h) and n = 1190 (for 36 h). Data is presented as a dot plot with the corresponding mean represented as dash lines. g, FRAP 
recovery of 10 µM Cu+2 induced droplets in cells at given time-points. Left panel: The images correspond to the pre-bleach and post-bleach droplets 
represented in thermal pseudocolour. Right panel: Normalized fluorescence recovery curves showing slow recovery for 24 h droplets (~18.8 s) compared  
to 16 h (~4.9 s). Less than 12% recovery is observed for droplets at 36 h. Data are shown as mean ± SEM (n=3 independent experiments).
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Extended Data Fig. 6 | α-Syn LLPS transformed into aggresomes in cells as detected using ProteoStat dye staining. a, Confocal images of the iron and 
copper-treated and untreated cells, at the indicated time points, stained with FlAsH-EDT2 (α-Syn) and ProteoStat dye (red). DAPI (blue) is for nuclear 
staining. The data shows aggresome formation by iron and copper treated cells. Each individual experiment is repeated twice showing similar results.  
b-d, Aggresome propensity factor (measured by ProteoStat) is determined using FACS analysis (refer to Methods). b, Representative scatter plots for 
gating of cells (left) and the corresponding histograms for the fluorescence intensity in PE-Texas-Red A channel (right) are shown (n=2 independent 
experiments). Overlaid staggered plots for comparison of the intensities at different time-points (top) and histogram for aggresome propensity factor 
(bottom) are given in c and d, The iron and copper treatment data are given in c and d, respectively. The mean fluorescence intensity values from untreated 
and iron/copper-treated samples are used to compute the aggresome propensity factor using the equation given in the methods section. Proteasomal 
inhibitor, 5 µM Mg132, is used as a positive control for aggresome induction. The data showing considerable increase in aggresome formation at 48 h  
(iron-treated) and 36 h (copper treated) compared to earlier time-points of treatment. Both the experiments are repeated twice (n=2 independent 
experiments) and the values are given as mean.
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