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Liquid-liquid phase separation
�

Membraneless organelles
↓

Germline P granules are liquid droplets.
(A. A. Hyman et al. Science 2009, 324, 1729.)

Fig. 1. P granule localization is not due to cytoplas-
mic flow. (A) Fluorescent images of GFP::PGL-1 (green)
superimposed on differential interference contrast
(DIC) (red). Time relative to pronuclear meeting (pnm).
A, anterior; P, posterior. (B and C) The movement of P
granules is similar to the movement of yolk granules.
(B) Cytoplasmic flow field from PIV analysis of a single
embryo (blue DIC image) during symmetry breaking.
Yellow arrows indicate flow direction and magnitude.
(C) Maximum-intensity projection of confocal stacks of
GFP::PGL-1 P granules in the one-cell embryo during
symmetry breaking; first frame, –8 min, 7 s pnm; last
frame, –3 min, 30 s pnm; P granules in center of em-
bryo move posteriorly (red arrow), and P granules near
cortex move anteriorly (green arrows). (D) Overlay of P
granule trajectories (white) from five GFP::PGL-1 em-
bryos. Trajectories crossing into the posterior are shown
in red, and those crossing into the anterior are in green.
(E) Probability distribution of the location perpendicular
to the AP axis of P granules crossing the midpoint
[yellow line in (D)] into anterior (green) versus posterior
(red). (F) The average flux per embryo (mean T SEM,
n = 5) indicates negligible net flux.

Fig. 2. Spatiotemporal
changes in P granule size.
(A) P granules through-
out the one-cell embryo
are initially dissolving;
blue and red traces are
intensities of individual
GFP::PGL-1–labeled P
granules in the anterior
and posterior, respective-
ly. Trajectories in themid-
dle (black) are omitted
for clarity. (B)mex-5(RNAi)
(n = 5 embryos, blue
curve) abrogates the an-
terior dissolution seen in
WT GFP::PGL-1 embryos
(n = 8, red curve),
whereas par-1(RNAi)
(n = 6, green curve)
gives rise to dissolution
throughout the embryo,
as with spd-5(RNAi) em-
bryos before symmetry
breaking (n = 8, black curve). Data are shown as the mean T SEM. (C) Example
anterior (A) and posterior (P) GFP::PGL-1–labeled P granule (each recentered),
showing anterior dissolution, and posterior dissolution followed by condensation.
(D) Time sequence of GFP::PGL-1 embryo treated with spd-5(RNAi) for >24 hours
to delay symmetry breaking. P granules completely dissolve, but then re-form

upon symmetry breaking. (E) Fluorescence intensity in anterior (A) versus posterior
(P) regions of a confocal slice through the middle of the embryo, after complete
P granule dissolution in spd-5(RNAi) GFP::PGL-1 embryos. Regions of measure-
ments indicated (mean T SEM, n = 8). (F) The growth rate of P granules in the
embryo posterior (arrow).
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Figure 3
Evidence for disturbed phase separation and condensate formation in neurodegeneration, cancer, and infectious diseases. In
neurodegenerative diseases, mutations or repeat expansions, abnormal posttranslational modifications (PTMs), altered subcellular
localization, or impaired protein quality control (PQC) can promote the formation of ectopic condensates as well as their transition
from a liquid-like state to a solid-like state, leading to pathological protein aggregates. This can impair the dynamism and function of
ribonucleoprotein (RNP) granules and trap essential cellular factors, contributing to neuronal dysfunction and eventually neuronal cell
death. In cancer, mutations in signaling receptors or chromosomal translocations involving an intrinsically disordered region (IDR) can
alter the formation of signaling clusters or condensates at sites of transcription or DNA damage repair. This can alter cellular signaling
cascades, drive aberrant transcriptional programs, or impair DNA damage repair, thus promoting a proliferative and malignant state of
a cell. In viral infections, liquid-like condensates termed viral factories form de novo through phase separation of viral intrinsically
disordered proteins, promoting viral genome replication or altering the antiviral immune response. Some antiviral sensors that detect
pathogen-associated molecular patterns (PAMPs) form condensates upon binding to foreign DNA or RNA, thus stimulating an
immune response. Some viruses also modulate cellular condensates, e.g., stress granules (SGs) and P bodies (PBs), by viral protease-
induced cleavage of essential SG or PB proteins, thus suppressing the cellular stress response and innate immune response. Moreover,
dormancy in bacteria and fungi is caused by a solidification of their cytoplasm, giving rise to dormant microbes that are resistant to
cytostatic drugs.

between arginines and aromatic residues, which drive condensation of FUS (127, 152). Aberrant
condensation caused by abnormal phosphorylation may also contribute to disease, as TDP-43
is hyperphosphorylated in ALS and FTD brains (63, 82). Moreover, PTMs on binding partners
of phase-separating proteins may also play an important role; for example, binding of TDP-43
and FUS to polyADP ribose (PAR), which is present on many RNA-binding proteins, promotes
phase separation of FUS and TDP-43 (8, 105, 123). Thus, PTMs can alter phase separation and
aggregation of disease-linked proteins in cis and in trans. Targeting the respective PTM-modifying
enzymes, e.g., with small molecules, is a promising therapeutic strategy, as recently exemplified by
the neuroprotective effects of PAR polymerase inhibitors in cell and animal models of TDP-43-
associated toxicity (105, 106).
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Droplet-forming Amyloid : FUS

Article

A Liquid-to-Solid Phase Transition of the ALS Protein
FUS Accelerated by Disease Mutation

Graphical Abstract

Highlights
d The ALS-associated protein FUS forms liquid compartments

in vivo and in vitro

d Liquid compartment formation is dependent on the prion-like

low-complexity domain

d Liquid compartments of FUS convert with time into an

aberrant aggregated state

d ALS patient mutations accelerate aberrant phase transitions

of FUS

Authors
Avinash Patel, Hyun O. Lee, Louise

Jawerth, ..., David Drechsel, Anthony A.

Hyman, Simon Alberti

Correspondence
hyman@mpi-cbg.de (A.A.H.),
alberti@mpi-cbg.de (S.A.)

In Brief
The ALS-associated protein FUS

assembles into a liquid-like compartment

to operate in vivo, but a risk of the

functionality conferred by the liquid

phase is aggregation to the disease-

linked solid phase. Aging diseases

caused by aggregation-prone proteins

may arise from a failure to maintain liquid-

phase homeostasis.

Patel et al., 2015, Cell 162, 1066–1077
August 27, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.cell.2015.07.047

https://gousei.f.u-tokyo.ac.jp/seminar/pdf/Lit_Sohei_Majima_M2.pdf

Majima–san’s literature seminar about ALS-associated protein

FUS: ALS-associated protein

S. AlberC et al. Cell, 2015, 162, 1066 
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α-Synuclein Aggregation Mechanism

Monomer

Oligomer Fibril

Lewy body
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α-Synuclein Aggrega0on Mechanism

Monomer

Oligomer Fibril

� �

How does α-synuclein aggrega3on start?
Ordered amyloid fibrils ↔ Highly complex and heterogeneous Lewy bodies

Lewy body
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Monomer

Oligomer Fibril

Droplet Gel

Lewy body

α-Synuclein Aggregation through Droplet Formation 8



Amino Acid Sequence

MDVFM KGLSK AKEGV VAAAE KTKQG VAEAA GKTKE GVLYV GSKTK EGVVH 
GVATV AEKTK EQVTN VGGAV VIGVT AVAQK TVEGA GSIAA ATGFV KKDQL 
GKNEE GAPQE GILED MPVDP DNEAY EMPSE EGYQD YEPEA

N-terminal region

non-amyloid component  (NAC)

C-terminal region

Amphiphilic
Common sequence KTKEGV 
Adopt an alpha-helix structure

Hydrophobic
Aggregation center

Highly acidic
Proline-rich region
Flexible 
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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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MDVFM KGLSK AKEGV VAAAE KTKQG VAEAA GKTKE GVLYV GSKTK EGVVH 
GVATV AEKTK EQVTN VGGAV VIGVT AVAQK TVEGA GSIAA ATGFV KKDQL
GKNEE GAPQE GILED MPVDP DNEAY EMPSE EGYQD YEPEA

IDR: intrinsically disordered regions 
A region that cannot have a stable secondary 
structure by itself.

LCD: low complexity domain
A domain consisting of a limited number of 
amino acids

S. K. Maji et al. Nat. Chem. 2020, 12, 705.

Amino Acid Sequence 10



Droplet formation in the Presence of a Molecular Crowder 

S. K. Maji et al. Nat. Chem. 2020, 12, 705.
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Supplementary Figure 1: α-Syn undergoes liquid-liquid phase separation (LLPS) 
in vitro 

Representative Differential Interference Contrast (DIC) images of phase separated 
droplets in the presence of various concentrations of protein and PEG showing the 
regime of α-Syn LLPS. High concentration of either the protein and the molecular 
crowder (PEG-8000) or both can induce liquid-liquid phase separation of α-Syn. The 
experiment is repeated three times with similar observations. 
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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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Supplementary Figure 4: Effect of pH on α-Syn liquid-liquid phase separation 
 
α-Syn LLPS regime at two different pHs (5.4 and 7.4) showing effect of pH on phase 
separation. Representative DIC images of the α-Syn phase separated droplets formed 
at pH 5.4 and 7.4 at different protein concentrations are shown. a. At pH 5.4 (close to 
the protein’s pI (4.7)), the critical concentration of α-Syn LLPS reduces to 5 μM in the 
presence of 10% PEG and 10 μM in the absence of the crowding agent. The insets 
represent magnified images for better visualization of the droplets. b. At pH 7.4, the 
critical concentration of α-Syn LLPS is 200 μM and 500 μM in presence and absence of 
10% PEG, respectively. The experiments are performed in 20 mM Na-phosphate buffer 
(pH 7.4) and the droplet formation is observed after two day (d2) of undisturbed 
incubation at 37 °C. All the experiments are repeated three times with similar 
observations (a, b). 
 

 

 

Droplet formation at Different pH Values
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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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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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Supplementary Figure 5: Temperature dependence and reversibility of α-Syn 
LLPS 
 
a. Representative DIC images showing temperature-dependent LLPS of 200 µM α-Syn 
(in presence of 10% PEG) at 4, 18, 25 and 37 °C. α-Syn undergoes LLPS at d2 of 
incubation at all temperatures except 4 °C. The insets represent magnified images for 
better visualization of the droplets. b. Top panel: DIC images demonstrating the time-
dependent disappearance and subsequent reappearance of α-Syn droplets when the 
droplets (formed after 2 days of incubation) are first heated up to 65 °C and then 
allowed to cool down to 37 °C, respectively. Bottom panel represents 20 days old 
droplets that show extremely slow re-mixing kinetics when heated at 65 °C for 6 h. 
Reversing the temperature back to 37 °C shows very slow maturation of the droplets 
over the course of one day (24 h). No change is observed when the temperature is 
shifted to 4 °C. All the experiments are repeated three times with similar observations 
(a, b). 
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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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Fluorescence Recovery after Photobleaching (FRAP) 
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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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Fig. 2 | The dynamics of α-Syn in LLPS slows down with time. a, Fluorescence images showing the growth of NHSrhod-α-Syn droplets over time 
(NHS, N-hydroxysuccinimide). Representative images are shown. b, Time-lapse images of an α-Syn droplet showing the fusion of two droplets and the 
formation of a larger single droplet over the time (represented in ‘glow’ pseudocolour). Representative results are shown. c,d, A representative droplet 
at the indicated time points (c) and FRAP measurements of α-Syn droplets at these times to measure the change in dynamics of droplets at d2 (black), 
d5 (red), d10 (blue), d15 (green) and d20 (brown) (d). e, t1/2 values at the indicated time points. Notably, t1/2 could not be calculated for the d15 and 
d20 droplets due to the negligible recovery after photobleaching. The data represent the mean!±!s.e.m. for n!=!3 independent experiments. Radius of the 
region of interest!=!3!μm. ***P!≤!0.001; P values for d5 and d10 were 6.8!×!10–8 and 8.7!×!10–8, respectively. f, Dapp values at d2, d5 and d10 were calculated 
from the obtained t1/2 and are plotted. The data represent the mean!±!s.e.m. for n!=!3 independent experiments. ***P!≤!0.001; P values for d5 and d10 
were calculated to be 5.12!×!10–8 and 2.5!×!10–9, respectively. g, Left: representative image of FITC-labelled α-Syn droplets analysed with time-resolved 
fluorescence anisotropy decay. P1 and P2 are points from inside and outside the droplets, respectively, used for the analysis. Right: fluorescence anisotropy 
decay curves demonstrating a delayed decay for d10 droplets compared with that for d2 droplets, which indicates the increased rigidity of α-Syn molecules 
during droplet maturation. All the experiments were carried out with 200!μM protein in the presence of 10% PEG. h, ɸ obtained from inside and outside 
the droplets at d2 and d10 for FITC-α-Syn. The data represent the mean!±!s.e.m. for n!=!3 independent experiments. ***P!≤!0.001; P values for d5 and d10 
were 2.2!×!10–9 and 4.5!×!10–9, respectively. For e, f and h, the statistical significance was calculated using one-way analysis of variance (ANOVA) followed 
by a Student–Newman–Keuls post hoc test with a 95% confidence interval. All the experiments were performed three times with similar results (a–d,g).
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(NHS, N-hydroxysuccinimide). Representative images are shown. b, Time-lapse images of an α-Syn droplet showing the fusion of two droplets and the 
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• Fluorescence didn’t recovered (d10, d15, d20)

→ the aggregation of α-synuclein inside the droplets 
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Fig. 3 | PD-associated aggregation factors promote α-Syn LLPS. a, ThT-fluorescence assay demonstrating α-Syn aggregation kinetics under non-rotating 
(static) conditions in the presence of various factors (PEG, Cu2+, Fe3+, liposomes, S129E-phosphomimetic, A53T and E46K mutations, and dopamine).  
WT α-Syn (200!μM) was incubated with 10% PEG, 50!μM Cu2+, 50!μM Fe3+, 1!mM liposomes and 200!μM dopamine (with 10% PEG). At the same time, 
200!μM S129E, A53T and E46K α-Syn were incubated with 10% PEG for the LLPS study. WT α-Syn alone was taken as a control. The data represent the 
mean!±!s.e.m. for n!=!3 independent experiments. b, Representative fluorescence microscopic images of rhod-α-Syn droplets formed in the presence of 
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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Droplet formation with PD-Associated Factors

200 µM α-Syn

PD-associated factors promote droplet formation. → Aggregation occurs via droplet formation.  
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Fig. 3 | PD-associated aggregation factors promote α-Syn LLPS. a, ThT-fluorescence assay demonstrating α-Syn aggregation kinetics under non-rotating 
(static) conditions in the presence of various factors (PEG, Cu2+, Fe3+, liposomes, S129E-phosphomimetic, A53T and E46K mutations, and dopamine).  
WT α-Syn (200!μM) was incubated with 10% PEG, 50!μM Cu2+, 50!μM Fe3+, 1!mM liposomes and 200!μM dopamine (with 10% PEG). At the same time, 
200!μM S129E, A53T and E46K α-Syn were incubated with 10% PEG for the LLPS study. WT α-Syn alone was taken as a control. The data represent the 
mean!±!s.e.m. for n!=!3 independent experiments. b, Representative fluorescence microscopic images of rhod-α-Syn droplets formed in the presence of 
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. 
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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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FRAP with PD-Associated Factors

2 d incubation

• Slow fluorescence recovery rate 
• Small fluorescence recovery value

↓
PD-associated factors speed up the 
aggregation of α-synuclein.
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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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• The initial droplets have a high percentage of monomer
• The percentage of aggregates increases with time.
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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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structures inside a droplet (white arrow). f, Gel formation confirmed by a gel inversion test after d30 by α-Syn in the presence of 10% PEG at 37!°C. The SEM 
images show the presence of liquid droplets embedded in the hydrogel bed (white arrow). g, Bulk rheology measurement of a LLPS sample after d30 showing 
a higher storage modulus (G′) than the loss modulus (G″), which confirms its gel state. n!=!2 independent experiments. All the experiments described  
in c–f were performed three times with similar observations.
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The Changes in the Intensity Profile of Amide Cross-Peaks
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Supplementary Figure 8: Residue-specific involvement of WT α-Syn during LLPS 
monitored by NMR spectroscopy 

a. Two-Dimensional [15N-1H] HSQC spectra (red) of WT α-Syn and its residue-specific 
assignment at the beginning of incubation for LLPS (d0) overlapped with spectra 
obtained after d1 (blue), d2 (green), d3 (sky blue) d4 (teal) and d20 (magenta). The 
assignments of each amino acid residue are shown in the NMR spectrum. Insets 
showing DIC microscopic images for liquid droplets formed in the sample for NMR study 
supporting LLPS in the given sample. n=2 independent experiments. b. The changes in 
the intensity (I/I0) profile of amide cross-peaks from [15N-1H] HSQC spectra for WT α-
Syn on d1 (red), d2 (cyan), d3 (blue) and d4 (green), which are normalized against 
intensity of peaks on d0 (grey). The data shows a gradual decrease in the NMR signal 
intensities for the residues at the N-terminus (V3-A27, V37-K43, H50-E57) and NAC 
domain (V74-V82 and A89-K97) during LLPS and further maturation of liquid droplets. 
n=2 independent experiments.  
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Supplementary Figure 9: Residue-specific involvement of A53T α-Syn during 
LLPS monitored by NMR spectroscopy 

a. Two-Dimensional [15N-1H] HSQC spectra (red) of A53T α-Syn at the beginning of 
incubation for LLPS (d0) overlapped with spectra obtained after d1 (blue), d2 (green), 
d3 (sky blue) d4 (teal) and d20 (magenta). The assignments of each amino acid residue 
are shown in the NMR spectrum. The insets showing DIC microscopic images for liquid 
droplets formed in the sample for NMR study supporting LLPS in the given sample. n=2 
independent experiments. b. The changes in the intensity (I/I0) profile of amide cross-
peaks from [15N-1H] HSQC spectra on d1 (red), d2 (cyan), d3 (blue) and d4 (green) 
normalized against intensity of peaks on d0 (grey) for A53T α-Syn. Immediately after d1, 
residues V3-K34 exhibits drastic decrease in the intensities as compared to the other 
residues of N-terminus (36-58), NAC region (T75-G84 and A89-K97) and C-terminus 
(G111-L113 and D119-N122). After d2, amide cross peaks of V3-G14 disappears 
completely due to line broadening; whereas a drastic decrease is observed for A89-
K97, which completely disappears after d4. n=2 independent experiments. 
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Supplementary Figure 10: Residue-specific involvement of E46K α-Syn during 
LLPS monitored by NMR spectroscopy 

a. Two-Dimensional [15N-1H] HSQC spectra (red) of E46K α-Syn at the beginning of 
incubation for LLPS (d0) overlapped with spectra obtained after d1 (blue), d2 (green), 
d3 (sky blue) d4 (teal) and d20 (magenta). The assignments of each amino acid residue 
are shown in the NMR spectrum. The insets show representative DIC microscopic 
images for liquid droplets formed in the samples prepared for NMR study. n=2 
independent experiments. b. The changes in the intensity (I/I0) profile of amide cross-
peaks from [15N-1H] HSQC spectra for E46K α-Syn on d1 (red) and d2 (cyan) are 
plotted. After d2, residues V17-K34 exhibits approximately 40% decrease in the 
intensities and amide cross peaks of V3-L8 disappeared due to line broadening. 
Residues V37-V40 exhibit a drastic decrease in intensity and G41-S42 in the N-
terminus is completely disappeared. The NAC region of E46K shows decrease in 
intensity for the residues T75-G84 and I88-K97. The normalized intensity plots of E46K 
could not be plotted for the time intervals after d2 since most of the peaks are shifted 
possibly due to extensive higher order species formation. n=2 independent experiments.  

       

E46K

• A gradual decrease in the intensi9es of the residues at the N terminus (V3-A27, V37-K43 
and H50-E57) and NAC region (V74-V82 and A89-K97).

• The residues in the C terminus (I112–N122) showed a compara9vely lower reduc9on in 
the intensity.
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FRET Efficiency between Trp & Cys-DTNB 22
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Fig. 5 | Site-specific conformational changes and dynamics of α-Syn during LLPS. a, Overlapped [15N–1H] HSQC spectra of WT α-Syn (red),  
A53T (blue) and E46K (green) on d0 (left) and d2 (right) showing the residues (G31, V3 and V17, enlarged areas) of WT and mutants have substantial 
differences in their intensities post-LLPS. n!=2 independent experiments. b, Normalized intensity (I/I0) profile of amide cross-peaks from 1H–15N HSQC 
spectra of WT (red), A53T (blue) and E46K (green) on d2 (post-LLPS) showing a substantial decrease in intensities for residues at the N terminus and 
NAC domain after LLPS (d0, grey). The extent of the intensity decrease is greater for A53T and E46K compared with that for WT. n!=!2 independent 
experiments. c, Time-resolved fluorescence intensity decay of α-Syn Trp substitution mutants (positions 3W (red), 71W (blue), 124W (green) and 
140W (grey)) on d2 after phase separation; black line, intensity of reflectance. n!=!3 independent experiments. d, The mean lifetime (τm) computed from 
time-resolved fluorescence data before (d1, red bars) and after (d2, blue bars) the phase separation event showing no significant difference. The data 
represent mean!±!s.e.m. for n!=!3 independent experiments. The P values (*P!>!0.05) were determined using a two-tailed paired Student t-test with  
a 95% confidence interval. The calculated P values for 3W, 71W, 124W and 140W were NS P!=!0.53, NS P!=!0.81, NS P!=!0.14 and NS P!=!0.85, respectively.  
e, The time-resolved fluorescence anisotropy decay of α-Syn Trp substitution mutants (positions 3W (black), 71W (red), 124W (blue) and 140W (green)) 
after phase separation (at d2). n=3 independent experiments. f, The fluorescence anisotropy decay analysis reflects a higher rigidity at the N terminus 
(3W) and the NAC region (71W) compared with that at the C terminus (red, soluble; blue, phase separation (d2)). The magnitude of the first correlation 
time (ϕ1) is higher for 3W and 71W Trp (left), whereas the corresponding amplitudes (α1) are lower (right). n!=!3 independent experiments. The P values 
(*P!≤!0.05, **P!≤!0.005, ***P!≤!0.001 and NS P!>!0.05) were determined using a two-tailed paired Student t-test with a 95% confidence interval. The 
P values for 3W, 71W, 124W and 140W were ***P!=!0.001, ***P!=!9!×!10–4, NS P!=!0.05 and NS P!=!0.10, respectively (left), and *P!=!0.05, *P!=!0.05, NS 
P!=!0.54 and NS P!=!0.71 (right), respectively. g, Left: spectroscopy-based FRET analysis of the bulk system that involves a Trp–Cys DTNB intermolecular 
FRET pair. The FRET efficiencies for the N-terminal region (3W–3C (DTNB), black line) and the NAC domain (71W–74C (DTNB), red line) were higher 
from the beginning of the LLPS compared with that of the C terminus (124W–124C (DTNB), blue line) region, which showed a higher extent of FRET 
during the later stage. Images below the x axis are representative DIC microscopy images of droplets obtained from the sample at indicated time-points. 
Right: the intermolecular distance (R) calculated from the FRET efficiency values are plotted against time with the R0 value considered as 23!Å. The 
experiments were repeated twice with similar results. h, Left: single-droplet fluorescence imaging of droplets that contain fluorescein (donor) and 
rhodamine (acceptor) as the intermolecular FRET pairs for the 74th position (NAC). LD, liquid droplet. Right: the red and orange lines show the emission 
spectra from a droplet excited at 532!nm and 488!nm, respectively. Note, the rhodamine emission at the 488!nm excitation shows an enhanced emission 
compared with the transfer scenario without energy (black line) from the same droplet, which indicates the closeness of the two fluorophores after LLPS. 
The experiment was repeated three times with similar results. Rhod., rhodamine; fluor., fluorescein. i, The evolution of the energy transfer at the 74th 
position due to intermolecular FRET shows that the NAC regions of α-Syn draw close to each other with time during the aggregation inside the droplets. 
The data represent mean!±!s.e.m. for n!=!3 independent experiments. The P values (***P!≤!0.001) were determined using a one-way ANOVA followed by a 
Student–Newman–Keuls post hoc test with a 95% confidence interval. The calculated P values for d7 and d24 (with respect to d2) were ***P!=!5!×!10–9 and 
1.2!×!10–11, respectively.
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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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Fig. 6 | Liquid-like condensates of α-Syn in cells. a, Representative confocal images of HeLa cells overexpressing C4-α-Syn stained with FlAsH-EDT2 
captured at 24!h (top) and 48!h (bottom). Untreated cells (left) predominantly show pancellular localization; however, cells treated with 10!mM ammonium 
ferric citrate (right, ×10 magnification) show intracellular liquid-like droplet formation. The experiments were repeated independently five times with  
similar observations. b, Quantification of the diameter and circularity of droplets in iron-treated cells. The total number of droplets accounted is n!=!2,400 
(for 24!h) and n!=!950 (for 48!h) from 13 independent microscopic fields. The dotted line (the measure of the centre) defines the mean of the values.  
c, The images represent a time-lapse series of the fusion event captured at 24!h after iron treatment. The experiments were repeated independently three 
times. d, In-cell FRAP recovery of droplets at 24 and 48!h of treatment. Left: the images correspond to the prebleach and postbleach droplets at t!=!0!s and 
t!=!39!s (24!h) and t!=!50!s (48!h), represented in thermal pseudocolour. Right: normalized fluorescence recovery curves for 24 and 48!h droplets showing a 
slow recovery for the 48!h droplets compared with 24!h ones. The % recovery for the 24 and 48!h droplets were ~57% and ~36%, respectively. The data are 
shown as mean!±!s.e.m. n!=!5 independent experiments. Owing to the difference in the bleach region of interest, a diffusion constant could not be computed. 
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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Fig. 6 | Liquid-like condensates of α-Syn in cells. a, Representative confocal images of HeLa cells overexpressing C4-α-Syn stained with FlAsH-EDT2 
captured at 24!h (top) and 48!h (bottom). Untreated cells (left) predominantly show pancellular localization; however, cells treated with 10!mM ammonium 
ferric citrate (right, ×10 magnification) show intracellular liquid-like droplet formation. The experiments were repeated independently five times with  
similar observations. b, Quantification of the diameter and circularity of droplets in iron-treated cells. The total number of droplets accounted is n!=!2,400 
(for 24!h) and n!=!950 (for 48!h) from 13 independent microscopic fields. The dotted line (the measure of the centre) defines the mean of the values.  
c, The images represent a time-lapse series of the fusion event captured at 24!h after iron treatment. The experiments were repeated independently three 
times. d, In-cell FRAP recovery of droplets at 24 and 48!h of treatment. Left: the images correspond to the prebleach and postbleach droplets at t!=!0!s and 
t!=!39!s (24!h) and t!=!50!s (48!h), represented in thermal pseudocolour. Right: normalized fluorescence recovery curves for 24 and 48!h droplets showing a 
slow recovery for the 48!h droplets compared with 24!h ones. The % recovery for the 24 and 48!h droplets were ~57% and ~36%, respectively. The data are 
shown as mean!±!s.e.m. n!=!5 independent experiments. Owing to the difference in the bleach region of interest, a diffusion constant could not be computed. 
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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Droplet in Cell

S. K. Maji et al. Nat. Chem. 2020, 12, 705.

l Size & surface tension of droplet

l FRAP

• Droplets at 24 hours have the 
proper:es of a liquid.

• Droplets at 48 hours have reduced 
liquid proper:es.

24
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Fig. 6 | Liquid-like condensates of α-Syn in cells. a, Representative confocal images of HeLa cells overexpressing C4-α-Syn stained with FlAsH-EDT2 
captured at 24!h (top) and 48!h (bottom). Untreated cells (left) predominantly show pancellular localization; however, cells treated with 10!mM ammonium 
ferric citrate (right, ×10 magnification) show intracellular liquid-like droplet formation. The experiments were repeated independently five times with  
similar observations. b, Quantification of the diameter and circularity of droplets in iron-treated cells. The total number of droplets accounted is n!=!2,400 
(for 24!h) and n!=!950 (for 48!h) from 13 independent microscopic fields. The dotted line (the measure of the centre) defines the mean of the values.  
c, The images represent a time-lapse series of the fusion event captured at 24!h after iron treatment. The experiments were repeated independently three 
times. d, In-cell FRAP recovery of droplets at 24 and 48!h of treatment. Left: the images correspond to the prebleach and postbleach droplets at t!=!0!s and 
t!=!39!s (24!h) and t!=!50!s (48!h), represented in thermal pseudocolour. Right: normalized fluorescence recovery curves for 24 and 48!h droplets showing a 
slow recovery for the 48!h droplets compared with 24!h ones. The % recovery for the 24 and 48!h droplets were ~57% and ~36%, respectively. The data are 
shown as mean!±!s.e.m. n!=!5 independent experiments. Owing to the difference in the bleach region of interest, a diffusion constant could not be computed. 
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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Fig. 6 | Liquid-like condensates of α-Syn in cells. a, Representative confocal images of HeLa cells overexpressing C4-α-Syn stained with FlAsH-EDT2 
captured at 24!h (top) and 48!h (bottom). Untreated cells (left) predominantly show pancellular localization; however, cells treated with 10!mM ammonium 
ferric citrate (right, ×10 magnification) show intracellular liquid-like droplet formation. The experiments were repeated independently five times with  
similar observations. b, Quantification of the diameter and circularity of droplets in iron-treated cells. The total number of droplets accounted is n!=!2,400 
(for 24!h) and n!=!950 (for 48!h) from 13 independent microscopic fields. The dotted line (the measure of the centre) defines the mean of the values.  
c, The images represent a time-lapse series of the fusion event captured at 24!h after iron treatment. The experiments were repeated independently three 
times. d, In-cell FRAP recovery of droplets at 24 and 48!h of treatment. Left: the images correspond to the prebleach and postbleach droplets at t!=!0!s and 
t!=!39!s (24!h) and t!=!50!s (48!h), represented in thermal pseudocolour. Right: normalized fluorescence recovery curves for 24 and 48!h droplets showing a 
slow recovery for the 48!h droplets compared with 24!h ones. The % recovery for the 24 and 48!h droplets were ~57% and ~36%, respectively. The data are 
shown as mean!±!s.e.m. n!=!5 independent experiments. Owing to the difference in the bleach region of interest, a diffusion constant could not be computed. 
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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Diffusion Dynamics of Droplets

Nocodazole (NOCO): 
microtubule-depolymerizing agent

• Movement of the liquid-like α-Syn
droplets is initially much more directed 
with the assistance of the microtubules

• Movement of the liquid-like α-Syn
droplets reduced upon liquid-to-solid 
transition

25
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Fig. 6 | Liquid-like condensates of α-Syn in cells. a, Representative confocal images of HeLa cells overexpressing C4-α-Syn stained with FlAsH-EDT2 
captured at 24!h (top) and 48!h (bottom). Untreated cells (left) predominantly show pancellular localization; however, cells treated with 10!mM ammonium 
ferric citrate (right, ×10 magnification) show intracellular liquid-like droplet formation. The experiments were repeated independently five times with  
similar observations. b, Quantification of the diameter and circularity of droplets in iron-treated cells. The total number of droplets accounted is n!=!2,400 
(for 24!h) and n!=!950 (for 48!h) from 13 independent microscopic fields. The dotted line (the measure of the centre) defines the mean of the values.  
c, The images represent a time-lapse series of the fusion event captured at 24!h after iron treatment. The experiments were repeated independently three 
times. d, In-cell FRAP recovery of droplets at 24 and 48!h of treatment. Left: the images correspond to the prebleach and postbleach droplets at t!=!0!s and 
t!=!39!s (24!h) and t!=!50!s (48!h), represented in thermal pseudocolour. Right: normalized fluorescence recovery curves for 24 and 48!h droplets showing a 
slow recovery for the 48!h droplets compared with 24!h ones. The % recovery for the 24 and 48!h droplets were ~57% and ~36%, respectively. The data are 
shown as mean!±!s.e.m. n!=!5 independent experiments. Owing to the difference in the bleach region of interest, a diffusion constant could not be computed. 
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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Fig. 6 | Liquid-like condensates of α-Syn in cells. a, Representative confocal images of HeLa cells overexpressing C4-α-Syn stained with FlAsH-EDT2 
captured at 24!h (top) and 48!h (bottom). Untreated cells (left) predominantly show pancellular localization; however, cells treated with 10!mM ammonium 
ferric citrate (right, ×10 magnification) show intracellular liquid-like droplet formation. The experiments were repeated independently five times with  
similar observations. b, Quantification of the diameter and circularity of droplets in iron-treated cells. The total number of droplets accounted is n!=!2,400 
(for 24!h) and n!=!950 (for 48!h) from 13 independent microscopic fields. The dotted line (the measure of the centre) defines the mean of the values.  
c, The images represent a time-lapse series of the fusion event captured at 24!h after iron treatment. The experiments were repeated independently three 
times. d, In-cell FRAP recovery of droplets at 24 and 48!h of treatment. Left: the images correspond to the prebleach and postbleach droplets at t!=!0!s and 
t!=!39!s (24!h) and t!=!50!s (48!h), represented in thermal pseudocolour. Right: normalized fluorescence recovery curves for 24 and 48!h droplets showing a 
slow recovery for the 48!h droplets compared with 24!h ones. The % recovery for the 24 and 48!h droplets were ~57% and ~36%, respectively. The data are 
shown as mean!±!s.e.m. n!=!5 independent experiments. Owing to the difference in the bleach region of interest, a diffusion constant could not be computed. 
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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T (Treated) : W/ Ferric ammonium citrate
UT (Untreated) : W/O Ferric ammonium citrate
OC : Amyloid-specific anIbody
FLAG : Total protein
ProteoStat : Aggresome detecIon
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l Fluorescence life0me imaging 
FRET between YFP and α-synuclein aggregates reduces the fluorescence lifetime of YFP.
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Droplet in C. elegans. with 1,6-Hexanediol 
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Hexanediol : dissolves droplets

Day-11: droplet
Day-15: aggregates
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Day-11: droplet
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Summary 31

• α-Synuclein forms droplets in vivo, in cell & in C. elegans.
• α-Synuclein aggregates from droplets.
• PD-associated factors & familial mutation promote droplet formation.

55 
 

 

 

Supplementary Figure 17: Schematic representation of the proposed mechanism 
for α-Syn LLPS and aggregation 

Monomeric α-Syn can undergo a phase transition event in the pathologically relevant 
milieu and in the presence of disease-associated factors. The droplets are initially 
stabilized by weak intermolecular interactions involving residues at the N-terminus and 
NAC domain leading to the formation of nucleus for aggregation. The phase-separated 
droplets mature from a liquid state to a solid-like state due to fusion and Ostwald 
ripening. α-Syn molecules inside these droplets gradually become stiffer and eventually 
transform into amyloid hydrogel state containing fibrillar aggregates and oligomers.  
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Toxic Misfolded Conformers Are Diluted by Cell Division

soma%c cell neuron

cell division no cell division

Toxic misfolded conformers are diluted. Toxic misfolded conformers are not diluted.
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Molecular Chaperones & Protein Disaggregases

neuron

34

TRIM11
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TRIM11 Prevents and Reverses Protein Aggregation
and Rescues a Mouse Model of Parkinson’s Disease

Graphical Abstract
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d TRIM11 prevents and reverses protein aggregation in an ATP-

independent manner

d These molecular chaperone and disaggregase activities

enhance protein solubility

d They also act together with TRIM11 SUMO ligase activity to

degrade defective proteins

d TRIM11 mitigates pathology, neurodegeneration, and motor

defects in a mouse PD model
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Post-Translational Modifications : Phosphorylation 35

P

• Phosphoryla*on promotes droplet forma*on & aggrega*on.

P

• Phosphorylation suppresses droplet formation & aggregation.

P

P

A. L. Darling & J. Shorter, Biochim. Biophys. Acta, Mol. Cell Res., 2021, 1868, 118984.
TIA1 : Y. Jin, et al. Neuron, 2019, 104, 290.
tau : B.T. Hyman et al. Embo J. 2018, 37, e98049. 
FUS : N.L. Fawzi et al. Embo J. 2017, 36, 2951. 
TDP-43 : N.L. Fawzi et al. Embo J. 2018, 37, e97452

TIA1 & tau 

FUS & TDP-43

Phosphoryla*on

Phosphoryla*on



Post-Translational Modifications : Oxygenation 36

ARTICLESNATURE CHEMISTRY

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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Fig. 2 | The dynamics of α-Syn in LLPS slows down with time. a, Fluorescence images showing the growth of NHSrhod-α-Syn droplets over time 
(NHS, N-hydroxysuccinimide). Representative images are shown. b, Time-lapse images of an α-Syn droplet showing the fusion of two droplets and the 
formation of a larger single droplet over the time (represented in ‘glow’ pseudocolour). Representative results are shown. c,d, A representative droplet 
at the indicated time points (c) and FRAP measurements of α-Syn droplets at these times to measure the change in dynamics of droplets at d2 (black), 
d5 (red), d10 (blue), d15 (green) and d20 (brown) (d). e, t1/2 values at the indicated time points. Notably, t1/2 could not be calculated for the d15 and 
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from the obtained t1/2 and are plotted. The data represent the mean!±!s.e.m. for n!=!3 independent experiments. ***P!≤!0.001; P values for d5 and d10 
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decay curves demonstrating a delayed decay for d10 droplets compared with that for d2 droplets, which indicates the increased rigidity of α-Syn molecules 
during droplet maturation. All the experiments were carried out with 200!μM protein in the presence of 10% PEG. h, ɸ obtained from inside and outside 
the droplets at d2 and d10 for FITC-α-Syn. The data represent the mean!±!s.e.m. for n!=!3 independent experiments. ***P!≤!0.001; P values for d5 and d10 
were 2.2!×!10–9 and 4.5!×!10–9, respectively. For e, f and h, the statistical significance was calculated using one-way analysis of variance (ANOVA) followed 
by a Student–Newman–Keuls post hoc test with a 95% confidence interval. All the experiments were performed three times with similar results (a–d,g).
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Supplementary Figure 8: Residue-specific involvement of WT α-Syn during LLPS 
monitored by NMR spectroscopy 

a. Two-Dimensional [15N-1H] HSQC spectra (red) of WT α-Syn and its residue-specific 
assignment at the beginning of incubation for LLPS (d0) overlapped with spectra 
obtained after d1 (blue), d2 (green), d3 (sky blue) d4 (teal) and d20 (magenta). The 
assignments of each amino acid residue are shown in the NMR spectrum. Insets 
showing DIC microscopic images for liquid droplets formed in the sample for NMR study 
supporting LLPS in the given sample. n=2 independent experiments. b. The changes in 
the intensity (I/I0) profile of amide cross-peaks from [15N-1H] HSQC spectra for WT α-
Syn on d1 (red), d2 (cyan), d3 (blue) and d4 (green), which are normalized against 
intensity of peaks on d0 (grey). The data shows a gradual decrease in the NMR signal 
intensities for the residues at the N-terminus (V3-A27, V37-K43, H50-E57) and NAC 
domain (V74-V82 and A89-K97) during LLPS and further maturation of liquid droplets. 
n=2 independent experiments.  
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Supplementary Figure 10: Residue-specific involvement of E46K α-Syn during 
LLPS monitored by NMR spectroscopy 

a. Two-Dimensional [15N-1H] HSQC spectra (red) of E46K α-Syn at the beginning of 
incubation for LLPS (d0) overlapped with spectra obtained after d1 (blue), d2 (green), 
d3 (sky blue) d4 (teal) and d20 (magenta). The assignments of each amino acid residue 
are shown in the NMR spectrum. The insets show representative DIC microscopic 
images for liquid droplets formed in the samples prepared for NMR study. n=2 
independent experiments. b. The changes in the intensity (I/I0) profile of amide cross-
peaks from [15N-1H] HSQC spectra for E46K α-Syn on d1 (red) and d2 (cyan) are 
plotted. After d2, residues V17-K34 exhibits approximately 40% decrease in the 
intensities and amide cross peaks of V3-L8 disappeared due to line broadening. 
Residues V37-V40 exhibit a drastic decrease in intensity and G41-S42 in the N-
terminus is completely disappeared. The NAC region of E46K shows decrease in 
intensity for the residues T75-G84 and I88-K97. The normalized intensity plots of E46K 
could not be plotted for the time intervals after d2 since most of the peaks are shifted 
possibly due to extensive higher order species formation. n=2 independent experiments.  
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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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Droplet formation and 
aggregation is faster than 
when iron ions are added.


