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Spectrally Resolved FRET Microscopy of α-Synuclein
Phase-Separated Liquid Droplets

Jaladhar Mahato, Soumik Ray, Samir K. Maji, and Arindam Chowdhury

Abstract

Liquid-liquid phase separation (LLPS) has emerged as an important phenomenon associated with forma-
tion of membraneless organelles. Recently, LLPS has been shown to act as nucleation centers for disease-
associated protein aggregation and amyloid fibril formation. Phase-separated α-synuclein droplets gradually
rigidify during the course of protein aggregation, and it is very challenging to understand the biomolecular
interactions that lead to liquid-like to solid-like transition using conventional ensemble measurements.
Here, we describe a spectrally-resolved fluorescence microscopy based Förster resonance energy transfer
(FRET) imaging to probe interactions of α-synuclein in individual droplets during LLPS-mediated aggre-
gation. By acquiring entire emission spectral profiles of individual droplets upon sequential excitation of
acceptors and donors therein, this technique allows for the quantification of sensitized emission propor-
tional to the extent of FRET, which enables interrogation of the evolution of local interactions of donor-/
acceptor-labeled α-synuclein molecules within each droplet. The present study on single droplets is not only
an important development for studying LLPS but can also be used to investigate self-assembly or aggrega-
tion in biomolecular systems and soft materials.

Key words Liquid-liquid phase separation, α-synuclein, Domain interaction, Biomolecular interac-
tions, Liquid droplet aging, Sensitization imaging, Spectrally-resolved FRET microscopy

1 Introduction

A living cell makes membraneless compartments to organize and
sequester biomolecules (proteins and nucleic acids) for a wide range
of functionalities [1–12]. These phase-separated compartments
allow rapid exchange of molecules from the surrounding environ-
ment [6, 13, 14]. Biological liquid-liquid phase separation (LLPS)
of the nucleoli [10], Cajal body [11], and PML body in the nucleus
and stress granules [1] in the cytoplasm have been shown to mod-
ulate a diverse and significant array of cellular functions. Most
often, these phase-separated structures are spherical in shape (liquid
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droplets) and dynamic entities that fuse upon contact [5]. In pro-
teins, transient interactions (such as charged, cation-π, and hydro-
gen bonding) via low-complexity domains (LCDs) and intrinsically
disordered regions (IDRs) are believed to drive LLPS [12, 15–
17]. The cell regulates the expression levels of proteins in such a
way that allows these droplets to form and redissolve whenever
required [18].
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However, abnormal regulation(s) and disease-associated con-
dition(s) are often associated with the liquid-to-solid transition of
LLPS, a phenomenon infamous for gradual rigidification of the
phase-separated droplets. Although the liquid-to-solid transition
could act as a necessary function [19], for most cases, it corrobo-
rates with toxic higher-order structure formation. In recent years,
FUS [20, 21], tau [22, 23], TDP-43 [24], hnRNPA1 [15], and
α-synuclein (α-Syn) [25] have been shown to undergo LLPS,
which subsequently lead to aggregation of these proteins associated
with various neurological disorders such as amyotrophic lateral
sclerosis (ALS), Alzheimer’s disease (AD), and Parkinson’s disease
(PD). This indeed has been clearly shown for α-Syn where phase-
separated α-Syn droplets undergo a viscoelastic transition with time
(from liquid-like to solid-like), which ultimately results in aggrega-
tion and amyloid fibril formation.

The primary sequence of natively unstructured α-Syn contains
three distinct domains: the N-terminal domain, the non-amyloid β
component (NAC) domain, and the flexible C-terminal domain
[25]. The intermolecular interaction mediated through
N-terminus and the NAC domain is primarily responsible for α-
Syn LLPS and subsequent aggregation [25]. Bulk spectroscopic
techniques provide ensemble-averaged information that can be
very relevant, especially for homogeneous systems. However, rare
events and specific molecular interactions within local domains of
heterogeneous systems such as LLPS droplets are often obscured
by dominant nonspecific interactions in solution. To understand
intermolecular interaction exclusively inside the phase-separated
droplets, microscopic methods are necessary, which selectively
delineate information from spatially separated individual droplets.

Generally, the interaction (proximity) among the biomolecules
is investigated by the conventional fluorescence co-localization
method [26, 27]. In this method, the distinct biomolecules are
tagged with different (colored) fluorophores, and each is imaged
with the corresponding fluorescence channel. Here, the
co-localized spatial region is a result of the coexistence of the
relevant species, which are assumed to be interacting [26–
29]. However, the spatial resolution of this co-localization is lim-
ited by the diffraction limit, which depends on the used radiation
wavelength (λ) and the numerical aperture (NA) of the objective
lens (resolution~λ/2NA). Typically, the diffraction limit for a
microscope of high NA objective is ~200 nm [30]. It should be



noted that a volume of this dimension is much bigger than the size
of molecules and can contain approximately a million probes in one
unit resolution (diffraction-limited region) of a co-localized image.
As a consequence, the fluorescence co-localization does not guar-
antee the interacting nature of biomolecules owing to the limited
resolution of the fluorescence microscope (see Note 1) [26–
30]. Figure 1a demonstrates this situation on a molecular scale
with two kinds of biomolecules for three scenarios in a
diffraction-limited area for the same number of molecules in each
case. In category I, there is no interaction between the molecules,
whereas in category III, most of the molecules strongly interact
owing to close proximity. Category II represents the intermediate
situation where a proportion of the molecules interact and the rest
are randomly distributed. However, the fluorescence
co-localization will show the co-localized emission (in a
diffraction-limited area) for all these three different thought experi-
ments where the extent of interactions is designed to be distinct.

In the context of visualization, it is important to ensure
whether the probes are engaged in biomolecular interaction or
not. This can be achieved if certain spectroscopic signatures
corresponding to such interactions (or proximity) can be detected
and spatially resolved. There are a few optical microscopy-based
techniques to probe the interaction of dipoles within a diffraction-
limited area, such as the interaction of proteins Bcl-2 and Beclin,
and clustering of MHC class I molecules at the endoplasmic reticu-
lum [31–33]. It is relevant to note that the detection of spectral
signatures owing to dipole-dipole interaction is only observed
when the interacting molecular species are within a distance of
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Fig. 1 (a) Schematic depiction of three different scenarios, which leads to the same co-localization in a
diffraction-limited area. In Category (Cat) I, the D (green stars) and A (red stars) are randomly distributed,
which is in contrast to Cat III, where the molecules are in close proximity due to the strong interaction and
therefore would show negligible and high FRET, respectively. Cat II represents the situation where fractions of
the D and A are engaged in molecular interaction, which results in intermediate FRET within a unit resolution
area. Cat II may arise when most of the D and A are in intermediate distance compared to Cat I and Cat III. One
D and A are zoomed in to highlight the proximity with respect to the Förster radius (R0). (b) Typical absorption
and emission profile of fluorophores used in practical FRET study showing the bleed-through (β) and cross talk
(γ) along with their overlap of absorption and emission spectrum
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nanometers from each other. This is because dipole-dipole interac-
tion sharply falls off with distance (r), that is,/ 1

rn , where n � 3
[34]. One of the consequences of commonly observed dipolar
interactions between two chromophores is Förster resonance
energy transfer (FRET), where radiationless transfer of
energy occurs from a donor to acceptor [35]. This dipolar coupling
between two molecules also depends on the overlap of the emission
spectra of the donor (D) and the absorption spectra of the acceptor
(A) [36]. Under situations when acceptors are emissive, energy
migration from excited donors results in enhanced emission of the
acceptors and simultaneous reduction of the donors’ fluorescence
quantum yield of the donors [33]. Thus, the sensitized emission
from the acceptor in a donor-acceptor (D � A) system can be used
as measure of FRET, because the extent of sensitization will scale
with the efficiency of FRET. It should be noted that nonzero FRET
efficiency can be detected only at short dipolar distances (~2–10
nm), although factors such as orientation of dipoles and medium
can affect energy transfer [37]. Therefore, the fluorescence output
due to FRET from two distinct probes can authenticate the inter-
acting nature of the species, which enables FRET microscopy to be
used for functional imaging.
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Several FRET-based microscopy techniques have been devel-
oped to interrogate the biomolecular interaction, which provides
answers to a large number of biological questions [38, 39]. In
FRET microscopy, the sensitized emission is recorded along with
the conventional D and A fluorescence channel (used in
co-localization). The three distinct energetically separated channels
are defined below based on their mode of excitation (Ex) and
emission (Em):

I EmD
ExD

D channel fluorescence when excited at the donor λExD .

I EmA
ExA

A channel fluorescence when excited at the acceptor λExA .

I EmA
ExD

A channel fluorescence when excited at λExD .

Each band of these channels is determined by the full width and
half maxima (fwhm) of the emission peaks of D and A. In an ideal
FRET microscopy experiment, the A channel intensity upon exci-
tation of D, that is, I EmA

ExD
, originates entirely from the sensitized

emission. In such scenarios, the noticeable I EmA
ExD

indicates that the
D and A undergo bimolecular interaction whereas negligible I EmA

ExD
points out to noninteracting species [40]. The magnitude of I EmA

ExD
determines the extent of interaction among the molecular species.
However, it is relevant to note that I EmA

ExD
contain not only the

sensitized emission but also the fluorescence from the cross-
excitation of A when excited at absorption maxima of D λExDð as
well as the leak-through ofD emission in theA channel (see Fig. 1b)
owing to broad spectral widths at room temperature. Therefore,
even in the absence of FRET (i.e., no molecular interaction), I EmA

ExD
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has contributions of fluorescence signals due to the cross talk (γ)
fromA and the bleed-through (β) fromD [32, 35]. Removal of the
cross talk γI EmA

ExA

� �
and bleed-through βI EmD

ExD

� �
contributions from

the I EmA
ExD

can be used to estimate the maximum intensity enhance-
ment due to the sensitized emission (SE) of the acceptor in the
FRET pair (see Note 2):

SE ¼ I EmA
ExD

� γI EmA
ExA

� βI EmD
ExD

The sensitized emission can be normalized to obtain the appar-
ent sensitization efficiency (ASE) (see Note 3). The calculation of
ASE in each pixel in a fluorescence image will, therefore, provide
the spatially resolved map of FRET and thereby the spatial variation
of biomolecular interactions (see Note 4).

While probing the bimolecular interaction using the existing
intensity image-based FRET microscopy method, it is important to
address several technical issues. First, the fluorescence detection
channels collect photons through energetically separated band-
pass filters. However, it is extremely challenging to match pairs of
band-pass filters with the emission spectral characteristics of the
donor and acceptors. This, combined with detrimental effects like
polarization and chromatic aberration, poses difficulty in accurately
determining the bleed-through contributions. Besides, for micro-
scopic structures, the collection of absorption spectra from donors
and acceptors is extremely challenging due to weak signals, uncer-
tain path length, and the variation of local concentrations. In effect,
the number of Ds and As that contribute to the emission within a
diffraction-limited area remains uncertain, and thus, the interpreta-
tion of sensitized/FRET signal becomes ambiguous, especially
whenD andA chromophores are not covalently connected. Finally,
any small changes of spectral envelopes under specific conditions or
environments in theD � A system during experiments would yield
spurious results, owing to the range of existing channels not being
calibrated for such spectral profiles. Therefore, ideally, the results
from two such sets of experiments should not be compared. It is
relevant to mention here that single-molecule FRET experiments,
such as alternating-laser excitation (ALEX) FRET, bypass several of
these factors; however, the technique cannot be extended to a
system where the number of D and A is much higher [41].

This chapter describes a spectrally resolved FRET (SR-FRET)
microscopy method via the collection of spatially resolved emission
spectra of non-covalent assembly of donors’ and acceptors’ D � A
system, to obtain the enhancement in (sensitized) emission owing
to an energy transfer from the D to A. The proof of principle has
been demonstrated on the site-specific phase-separated droplets of
74C-α-Syn during its LLPS and subsequent liquid-to-solid transi-
tion. The fluorescent probes (fluorescein-5-maleimide (D) and
rhodamine-C2-maleimide (A)) were attached to the 74th cysteine



to probe the NAC region of α-Syn (~65–95 amino acids) during
LLPS (see Note 5). It is relevant to mention that one can judicially
choose different FRET pairs to avoid the drastic correction which
might arise from the cross talk γI EmA

ExA

� �
and bleed-through

βI EmD
ExD

� �
(seeNote 6). The SR-FRETmicroscopy records the entire

emission spectrum from the individual particle (collection of mole-
cules) or in this case liquid droplets, in a single shot. As the results
are spectrally resolved, the extraction of γ and β (from pure
D and A) is simple (see Fig. 2a, b) which in turn helps easy estima-
tion of the possible maximum emission intensity from a D � A
system without FRET (see Fig. 2c). The details have been described
in Subheading 3.8. To investigate the biomolecular interactions in
system of interest, the spectrum is recorded at λExD, which is used to
obtain the intensity for both the direct emission from
D (peak of I EmD

ExD
λð ÞÞ and the sensitized emission (see blue profile

in Fig. 2d,e). On the other hand, the emission intensity only from
A molecules (peak of I EmA

ExA
λð ÞÞ in D � A is obtained from the

emission spectrum for λExA (see red dotted profile in Fig. 2d, e).
The method does not use filters to separate the donor, acceptor,
and sensitized emission. It should be emphasized that the extract-
ing true FRET efficiency is challenging due to the lack of informa-
tion on the absolute number of D and A. The method described
here provides an alternate route for such systems to compare and to
quantify the progressive change of intermolecular interactions (see
Fig. 2d, e) in individual microscopic objects. It is worth mentioning
that this technique can be employed to study structural and func-
tional aspects of a variety of self-assembled soft materials; these
include sub-diffraction-limited polymersomes, which have phase-
separated donors and acceptors [42] and supramolecular block
copolymers containing alternate donor and acceptor segments
[43] to investigate energy migration over mesoscale (>500 nm)
distances.
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2 Materials

2.1 74C-α-Syn
Expression and

Purification

1. E. coli BL21 (DE3)-competent cells

2. pRK172 plasmids cloned with Cys-74C-α-Syn [25]

3. QuikChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA)

4. 1 mM isopropyl-β-D-thiogalactoside (IPTG)

5. 1 mM dithiothreitol (DTT)

6. Protease inhibitor cocktail (Roche Applied Science, USA)
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Fig. 2 Schematic representation of the SR-FRET concept and the procedure for β and γ correction. (a) Diagram
showing emission spectrum from a D-labeled 74C-α-Syn (D control) droplet at λExD . This spectrum is
normalized to 1 to estimate the contribution of D at λEmA

, which is the bleed-through (β) factor. (b) Schematic
of an emission spectrum of a A-labeled 74C-α-Syn droplet (A control) at λExD and λExA . The ratio of
fluorescence intensity at the emission peak of A i :e:, λmaxEmA

� �
at λExD with the fluorescence intensity at

λExD , provides the cross talk (γ) factor. (c) Representation of an emission profile of a droplet containing both D-
and A-labeled 74C-α-Syn at λExD . Here, the A peak intensity is higher than A alone (control) in the absence of
FRET because the fluorescence intensity arises from the tail of D at λEmA

defined as false-positive FRET. (d) A
true positive FRET scenario is observed in D � A sample when the A peak intensity at λmaxEmA

is higher than A-
only control (γ corrected) even after correction of tail contribution (β). Note that the D intensity at λmaxEmD

decreased due to energy transfer. (e) The A peak intensity increases significantly for a higher FRET scenario,
and the D peak intensity decreases further. (This schematic is reproduced from article [25] with permission
from Springer Nature)
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7. Lysis buffer: 50 mM Tris-HCl, pH 8.0, 10 mM trypsin-
ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, and
protease inhibitor cocktail

8. 10% (w/v) streptomycin sulfate

9. Glacial acetic acid

10. Saturated ice-cold ammonium sulfate (at 4 �C) and absolute
ethanol

11. 100 mM ice-cold ammonium acetate (at 4 �C)

12. BOD shaker incubator (37 �C)

13. Centrifuge (up to 13,000 rpm)

14. Probe sonicator (Sonics & Materials, Inc, USA)

15. Lyophilizer

Dialysis of α-Syn-lyophilized powder against desired buffer may
lead to formation of higher-order assembly because α-Syn is very
prone to aggregation. Therefore, it is recommended to centrifuge
α-Syn after dialysis through a 100 kDa cutoff membrane filter and
collect the flow-through. The membrane retains higher-order
structures (if any) and allows only low-molecular-weight (LMW,
monomeric) α-Syn to pass (see Subheading 3.2):

2.2 Low-Molecular-

Weight (LMW) α-Syn

1. 100 mM sodium phosphate buffer stock: 3.1 g NaH2PO4.
H2O, 10.9 g Na2HPO4, 1 L of Milli-Q water, and pH adjusted
to 7.4 with NaOH/HCl. Store at 4 �C. It is advisable to add
0.01% sodium azide to the sodium phosphate buffer solution
to prevent bacterial/fungal contamination. 20 mM sodium
phosphate buffer, pH 7.4, is obtained by adding four volumes
of Milli-Q water to one volume of stock solution. Check the
pH after dilution and filter the buffer using a 0.22 μm
membrane.

2. Lyophilized 74C-α-Syn powder.

3. Centrifuge (at least 13,000 rpm) with temperature control
(4 �C).

4. pH meter.

5. 10 kDa cutoff membrane, 100 kDa cutoff filters, and 0.22 μm
membrane filters.

6. UV-Vis spectrophotometer.

2.3 Fluorescent

Labeling of α-
Synuclein and

Subsequent LLPS of

the Labeled Proteins

1. 500 μM LMW 74C-α-Syn stock in 20 mM phosphate buffer
pH¼7.4: ~25–30 mg lyophilized 74C-α-Syn powder, 500 μL
20 mM sodium phosphate buffer pH 7.4, and 0.01% sodium
azide (see Note 7).

2. Dimethyl sulfoxide (DMSO).
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3. Fluorescein-5-maleimide (D) stock: Prepare a 10 mM stock of
fluorescein-5-maleimide in DMSO.

4. Rhodamine-C2-maleimide (A) stock: Prepare a 10 mM stock
of rhodamine-C2-maleimide in DMSO.

5. Polyethylene glycol (PEG)-8000 stock: 3 g PEG-8000 powder
and 10 mL 20 mM sodium phosphate buffer pH 7.4.

6. Micro-pH meter probe.

7. Dialysis units: 10 kDa dialysis bag and 100 kDa molecular
weight cutoff filter.

8. UV/Vis spectrophotometer.

9. Magnetic stirrer unit with magnetic beads (7 2 mm).

10. Glass slides and coverslips.

2.4 Microscopy

Setup for FRET

Measurement

1. Inverted microscope (we used Nikon Eclipse TE2000-U)

2. Two main laser sources: λExD ¼ 488 nm (we used OXXIUS,
model: ACX-CTRB) and λExA ¼ 532 nm (we used LASER-
GLOW, model: LRS-0532-PFM-00200-03). Two more radia-
tion sources (405 nm and 633 nm):

3. Neutral density filters and a λ/4 wave plate

4. Objective lens (we used Nikon, Oil immersion, 1.49 NA, 60X,
Apo TIRF)

5. Glass slides and coverslips (we used Blue Star, India)

6. Filters: Two bandpasses (515–565 nm and 590–700 nm), one
long pass (500–700)

7. Relay lens: A combination of two plano-convex ( f 65mm)

8. Polychromator: Combination of an adjustable slit and a trans-
mission grating (70 grooves/mm (see Note 8)

9. Array detector: sCMOS camera (we used Hamamatsu ORCA-
Flash 4.0 V3)

10. Data acquisition software: Micromanager

11. Image analysis software: ImageJ (NIH)

12. Data analysis: Origin Pro 8 and MATLAB 2019a (see Note 9)

The single Cys mutant (V74C) was a kind gift from Prof. Roland
Riek, ETH Zurich, Switzerland, and was generated with Quik-
Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA).
The vector pRK172 was also a kind gift from Prof. Roland Riek,
ETH Zurich, Switzerland:

3 Methods

3.1 74C-α-Syn
Expression and

Purification
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1. Transform the E. coli BL21 (DE3)-competent cells with the
desired plasmid. Add 1mM IPTG to induce the transformation
process for 4 h at 37 �C.

2. Pellet down the E. coli at 4000 rpm, 4 �C, for 30 min.

3. Resuspend the pellet using lysis buffer. Add 0.01% sodium
azide to the buffer solution to prevent bacterial/fungal
contamination.

4. To prevent the proteolytic cleavage, add protease inhibitor
cocktail.

5. Lysed the cells by probe sonicator at 40% amplitude with pulse
3 s on and 1 s off for 10 min (on ice or at 4 �C).

6. Denature the suspension for 20 min using a hot water bath
(at 95 �C).

7. Collect the supernatant after centrifugation at 10,000 rpm for
30 min at 4 �C.

8. Precipitate DNA from the supernatant using ~2 mL/ L strep-
tomycin sulfate (10% (w/v) and glacial acetic acid.

9. Collect the supernatant after discarding the DNA by centrifu-
gation at 10,000 rpm for 30 min.

10. Precipitate the supernatant at 4 �C overnight using an equal
volume of saturated ammonium sulfate.

11. Subsequently, centrifuge the solution twice at 12,000 rpm at
4 �C for 45 min to pellet down the protein.

12. Dissolve the pellet in 50% ammonium sulfate and centrifuge at
12,000 rpm at 4 �C for 45 min.

13. Resuspend the precipitate thrice by 100 mM ammonium ace-
tate. Add an equal volume of ethanol to the suspension to
precipitate the α-Syn for 30 min at room temperature (25 �C).

14. Dissolve the final pellet protein with a minimum volume of
100 mM ammonium acetate, flash-frozen with liquid nitrogen
and lyophilized.

15. Check the purity of the protein by running SDS-PAGE or
MALDI/TOF.

16. For Cys mutants of α-Syn, 1 mM DTT must be added during
the purification steps to avoid intermolecular disulfide
linkages [25].

3.2 Aggregate-Free,

Low-Molecular-Weight

(LMW) 74C-α-Syn
Preparation

1. Dissolve ~25–30 mg of lyophilized 74C-α-Syn in ~500 μL of
20 mM sodium phosphate buffer (pH 7.4) to prepare the
primary protein stock solution.

2. Adjust the pH of the solution to 7.4 using a pH meter.

3. Activate 10 kDa dialysis membranes by stirring them in boiling
water with gentle rubbing for 15 min.
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4. Dialyze the protein solution for 10–12 h at 4 �C against 20 mM
phosphate buffer (7.4) using the 10 kDa cutoff membrane.

5. Pre-equilibrate 100 kDa cutoff filters with 20 mM phosphate
buffer (7.4). Add ~300 μL of 20 mM phosphate buffer
(pH 7.4) to the filter, and centrifuge at 6000 rpm for 15 min
at 4 �C. Repeat this step three times.

6. Centrifuge the solution at 13000 rpm for 30 min at 4 �C.

7. Take out the supernatant and pass through the equilibrated
100 kDa cutoff filter by centrifugation at 10,000 rpm for
30 min at 4 �C.

8. Collect the flow-through and measure the 280 nm absorbance
for estimation of the protein concentration of the LMW
74C-α-Syn using a UV/Vis spectrophotometer (see Note 10).

3.3 Fluorescent

Tagging and LLPS of

Labeled α-Syn

1. Prepare reaction mixtures containing 500 μM of the LMW
74C-α-Syn and 2.5 mM (5-mole excess) of fluorescein-5-mal-
eimide and rhodamine-C2-maleimide separately. Mix the con-
stituents of the reaction mixture for 2h at 25 �C with the help
of a micro-stirrer bead (7 mm� 2 mm) with very slow rotation
(~20 rpm) on a magnetic stirrer. This will allow the protein
molecules to get attached to the fluorescent molecule
(s) specifically at the 74th cysteine.

2. Remove the excess dye by dialysis against 20 mM phosphate
buffer, pH 7.4 (for ~48 h with changing of the buffer every
5 h) using an activated 10 kDa dialysis membrane at 4�C (see
Subheading 3.2).

3. Prepare a stock LMW solution of 500 μM of unlabeled and
fluorescently labeled 74C-α-Syn by mixing one volume of
labeled 74C-α-Syn (500 μM) and nine volumes of unlabeled
74C-α-Syn (500 μM). This will serve as the master stock to
prepare subsequent LLPS mixtures. In the master stock, the
protein is now 10% labeled (90% unlabeled).

4. From the master stocks (in step 3), prepare the LLPS reaction
mixtures for both fluorescein-5-maleimide (green)- and rhoda-
mine-C2-maleimide (red)-tagged 74C-α-Syn in separate reac-
tion tubes. In the LLPS reaction mixture, the protein
concentration will be 200 μM in the presence of 10% (w/v)
PEG-8000 (prepared in 20 mM sodium phosphate buffer,
pH 7.4).

5. Mix equal volume of the LLPS reaction mixture (in step 4)
containing fluorescein-5-maleimide-labeled and rhodamine-
labeled 74C-α-Syn. This will be the FRET solution where
both the donor (fluorescein-5-maleimide-labeled 74C-α-Syn)
and the acceptor (rhodamine-C2-maleimide-labeled 74C-α-
Syn) are present in equal proportions (concentration as well
as volume).
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6. Prepare the donor-only control LLPS reaction mixture from
the master stock of fluorescein-5-maleimide-labeled 74C-α-
Syn (in step 3). This reaction mix will have 200 μM 10%
(v/v) fluorescein-5-maleimide-labeled 74C-α-Syn in the pres-
ence of 10% (w/v) PEG-8000 (prepared in 20 mM sodium
phosphate buffer).

7. Prepare the acceptor-only control LLPS reaction mixture from
the master stock of rhodamine C2-maleimide-labeled 74C-α-
Syn (in step 3). This reaction mix will have 200 μM 10% (v/v)
rhodamine C2-maleimide-labeled 74C-α-Syn in the presence
of 10% (w/v) PEG-8000 (prepared in 20 mM sodium phos-
phate buffer) (see Note 11).

8. Drop-cast 15–20 μL of the mixture onto a glass slide and
sandwich the solution with 12 mm coverslips. Seal the sides
of the coverslip with commercially available nail polish for
making the chamber airtight.

9. Prepare a moist chamber by making a water-soaked tissue paper
bed in a box.

10. Put the slides in the moist chamber and airtight the chamber.

11. Incubate the chamber containing the samples in 37 �C.

12. In such conditions, 74C-α-Syn would undergo LLPS after
48 h (two days). Put the phase-separated droplets under
microscopy-based FRET studies at regular time intervals start-
ing from day 2.

The method employed here requires the modification of an existing
inverted optical microscope in the detection mode. However, we
describe the entire alignment of the microscopy setup as many
subtle details have to be maintained while performing the experi-
ments. The modification has been done on a wide-field epi-/total
internal reflection fluorescence (TIRF) microscope. The humidity
must be controlled on the sample chamber or in the microscopy
room to prevent sample drying due to the evaporation. The details
of instrument alignment are depicted in Fig. 3a and provided
below:

3.4 Spectrally

Resolved FRET (SR-

FRET) Microscopy

1. Excitation: Align the two laser lines λExD ¼ 488 nmð ; λExA ¼
532 nmÞ and focus on the back focal plane of the objective.
Maintain the identical power density (5Wcm-2) of the two
excitation sources with the help of a power meter (see Note
12). A set of ND filters can help to maintain equal power. Place
a broadband λ/4 plate to get rid of the polarization artifact due
to the photo-selection.

2. Illumination: Place the sample on the stage so that the cover-
slip part touches the microscope stage, and the glass slide part is
at the top side (seeNote 13). Illuminate the sample with a high
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Fig. 3 (a) The layout of spectrally-resolved FRET microscopy. The shorthand notation used in the figures
carries the following meaning – NDF! neutral density filter,λ/4! quarter-wave plate, BE! beam expander,
L1 and L2! lenses, DM! dichroic mirror, BFP! back focal plane, M! mirror/prism, and TG! transmis-
sion grating. Here, both the zeroth-order and the first-order images fall on the same array detector. It should
be pointed out that the I EmD

ExD
, I EmA

ExD
, and I EmA

ExA
images can be recorded in the same setup if slit and TG are

removed, and appropriate band-pass filters are used. (b) The typical spectral image from D � A sample
showing the zeroth- and first-order image (reproduced from article [42], at Fig. SI15 with permission from the
American Chemical Society). (e) Calibration of sCMOS array detector forms pixel distance to wavelength (nm)

NA objective lens. Maintain the uniformity of the field; a beam
expander at the excitation part can help to achieve this.

3. Detection: Keep appropriate dichroic mirror and notch filters
after the objective, which collects the emission from the sam-
ple. Mount a narrow slit at the first image plane (see Note 14).
Make a second image plane at the array detector by using a relay
lens after the slit. Place a transmission grating (TG) inside the
relay tens such that its zeroth-order and first-order image is
formed in the same array detector (see Note 15 and Fig. 3b).
Open the slit such that its open dimension becomes not more
than diffraction limit (see Note 16). Make sure the data acqui-
sition software function properly.



It is imperative to check whether the fluorescently tagged 74C-α-
Syn sample undergoes liquid-liquid phase separation or not before
performing SR-FRET. Figure 4a shows that the D � A system
forms phase-separated spherical liquid droplets (the data for only
D and A are not shown). Besides, the co-localized emission from
D and A in D � A is readily observable, which indicated the
possibility of interaction among the protein molecules. It has
been observed that protein aggregates emerge from α-Syn droplets
after 20 days of maturation, and after 30 days, the LLPS trans-
formed into a hydrogel [25]. Meanwhile, the imaging setup has
been turned on for the spectral imaging of phase-separated
droplets.

The following step will guide to perform a complete set of
SR-FRET experiments. Here, we take SR-FRET data at d2, d7,
and d24 time points. Collect at least 50 spectral images for each set
of experiments. All the experiments have been performed 1 h after
the coverslips have been placed on the stage (see Note 17). The
sample has been taken from the microscope and stored for
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Fig. 4 (a) Mixture of fluorescein-5-maleimide-labeled 74C-α-Syn (D) and rhodamine-C2-maleimide-labeled
74C-α-Syn (A) liquid droplets represented by green and red colors, respectively, along with their co-localized
image. (b) Typical, spectral images of a single phase-separated droplet containing both D- and A-labeled
74C-α-Syn proteins when excited at λExD at d2 (top) and d7 (bottom). Two distinguished spectrally resolved
domains for D and A have been marked by dotted line box. (c) Three-dimensional rendition of intensity profiles
of the spectral image from the two individual droplets, as shown in Fig. 4b, shows two emission peaks for
D and A emissions. These plots could provide information on the spatial heterogeneity within a droplet. Note
that the fluorescence maximum at A relative to D is more for the second droplet. (Figure 4a is reproduced from
article [25] with permission from Springer Nature)

3.5 Prior Check

Before SR-FRET

Measurements

3.6 Collection of SR-

FRET Microscopy Data
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maturation till the next time points. Typically, spectral images of
labeled 74C-α-Syn droplets were collected at 300 ms exposure, and
the temperature was maintained at 25 �C:

1. Day 2: Record the spectral images of several spatially separated
individual droplets containing only D at λExD 488 nm.

2. Day 2: Record the spectral images of several spatially separated
individual droplets containing only A at λExA ¼ 532 nm .
Immediately, collect another spectral image of the same area,
however at λExD 488 nm.

3. Day 2: Record spectral image of a droplet containing both the
donor- and acceptor-labeled proteins upon excitation
at λExA ¼ 532 nm. Record another spectral image of the same
droplet at λExD 488 nm of the same area (see Note 18).

4. Day 2: Record the zeroth- and first-order spectra of four laser
line sources (405 nm, 488 nm, 532 nm, and 633 nm) to
calibrate the wavelength from pixels to nm (see Note 19).

5. Day 7: Place the same LLPS sample (which was imaged on d2)
on the microscope stage, and repeat steps 1–4 to obtain the
spectral image (see Note 20).

6. Day 24: Mount the sandwiched coverslips containing LLPS
sample, which were imaged at d7 on the microscope. Collect
several spectral images from each set of experiments as directed
by steps 1–4.

The experiments to collect the spectral image have been performed,
as outlined in Subheading 3.6. The calibration procedure of
SR-FRET data differs from the intensity image-based FRET
microscopy. Figure 3c shows the calibration of the spectral image
from distance in pixels to wavelength (nm), and each step has been
described in the following section. Two such representative images
from phase-separated D � A droplet have been shown in Fig. 4b
along with its surface plot in Fig. 4c when excited at λExD . The
appearance of two peaks corresponding to theD andA emissions is
evident for these droplets. In addition, the A emission intensity
relative to theD emission is higher for the second droplet collected
at d7 than the first one collected at d2. It should be noted that the
extracted spectral profile has been integrated over those pixels of a
droplet, which has been selected by the slit, and thereby, the spectra
are spatially averaged for a single droplet. However, our method of
collecting spatially resolved fluorescence spectra (see Fig. 4b–c)
could allow for monitoring the spatial distribution of sensitization
efficiency or the apparent FRET efficiency within a single phase-
separated liquid droplet provided that the droplets are reasonably
large (several microns). It should be mentioned that the results
collected on different days cannot be compared without proper
calibration on each day:

3.7 Spectral Image

Calibration
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1. Open a spectral image in a visualization software (such as
ImageJ) and find a liquid protein droplet in it. Select an ROI
containing the droplet from the center of the zeroth-order
image to the far end of its corresponding the first-order dis-
persed image.

2. Draw the line profile of the selected ROI. The x-axis is the
wavelength in pixel, and the y-axis contains the fluorescence
count. Export the data to a computer program that can display
data and perform arithmetic calculations (Origin 8).

3. Collect the line profile from the top and bottom part of the
existing ROI, which has three-pixel breadth. Calculate the
average line profile. Subtract the average line profile from the
profile containing the droplet (see Note 21).

4. Extract the line profile from the four laser sources, that is,
405 nm, 488 nm, 532 nm, and 633 nm. Estimate the distance
from first-order peak maxima to the zeroth-order peak for all
the four lasers. Plot the wavelength in the y-axis and pixel
distance on the x-axis. Calculate the slope and intercept with
the linear fitting of this plot (see Fig. 2c).

5. Replace the x-axis of the droplet’s spectral profile with the
extracted slope and intercept (see Note 22).

The spectral profile of droplets has been extracted using the step, as
mentioned in Subheading 3.7. The emission spectrum from the
droplet containing the only donor fluorescein-5-maleimide (D)-
and only acceptor rhodamine-C2-maleimide (A)-labeled 74C-α-
Syn has a peak at 530nm λEmDð Þ and 595nm λEmA

ð Þ . The peak
intensities have been compared to compute the intensity enhance-
ment factor due to energy transfer (IEFET) or the apparent FRET
efficiency. Here, we have analyzed only the spatially averaged emis-
sion spectra over a single droplet. The steps associated with the
calculation of IEFET/apparent FRET efficiency are schematically
presented in Fig. 2. The results of this analysis have been shown
in Fig. 5 for five representative single droplets at d2, d7, and d24.
The variation of IEFET at a particular day for different droplets has
been noticed each day, as shown in Fig. 5a–c. The average profile of
IEFET has been computed to compare with the data collected on a
different day, which has been shown as a thick orange profile in
Fig. 5a–c. The evolution of IEFET with the incubation time is
shown in Fig. 5d, which reveals gradual increment of IEFET with
time (days). The increase in IEFET with incubation time indicates
either the progressive enhancement of proximity among 74C-α-
Syn proteins or gradual increase of number 74C-α-Syn molecules in
the phase-separated protein pools during the maturation of the
phase-separated protein. The following are the steps to quantify
the sensitization efficiency (or the apparent FRET efficiency):

3.8 Quantification of

Sensitization

Efficiency



¼
I
ExD

λð Þ

Probing Liquid-Liquid Phase Separation of α-Synuclein by. . . 441

480 520 560 600 640 680 720
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8 G1

G2
G3
G4
G5
Average

480 520 560 600 640 680 720
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8 G1

G2
G3
G4
G5
Average

480 520 560 600 640 680 72
0.0
0.4
0.8
1.2
1.6
2.0
2.4
2.8 G1

G2
G3
G4
G5
Average

IE
F ET

IE
F ET

Wavelength (nm) Wavelength (nm)

Wavelength (nm)

a

0.8

1.8

1.6

1.4

1.2

1.0

4 128
Time (d)

***
***

No FRET

74th Position2.0

16 20 240

IE
F ET

b

c d
d24

d7d2

Fig. 5 IEFET plot of five representative D � A-tagged 74C-α-Syn phase-separated droplets at (a) d2, (b) d7,
and (c) d24 presented in the emission spectral profile of D � A, which has been normalized with the false-
positive FRET (see Note 25). Note that the y-axis applies to the dotted square area and should not be
interpreted with the D spectral profile. The variation of IEFET among the droplets on a particular day is very
evident. The thick orange spectrum is the average of these five spectra. A gradual increase in average IEFET
with time (days) has been observed for such D � A-tagged 74C-α-Syn phase-separated droplets. (d) The
progressive enhancement of IEFET with time (day) for 74C-α-Syn droplet indicates the gradual increase of
proximity for 74C-α-Syn droplet molecules, or more number of 74C-α-Syn interacts inside the droplets during
the maturation of the phase-separated protein droplets (see Note 26). 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. (This figure is reproduced from article [25] with permission from Springer Nature)

1. Open spectral image of a droplet containing the onlyD that has
been excited at λExD ¼ 488 nm. Extract spectral line profile of
that droplet. Repeat the same for several droplets. Normalize
the emission spectra between 0 and 1 (see Note 23). Calculate
the β from the following equation:

β
I
EmA
ExD

λð Þ
EmD

, from droplets only D molecules
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2. Extract spectral line profile of droplet that has been tagged with
the only A and excited at λExA ¼ 532 nm. Extract the spectral
line profile from the same area when excited at donor, that
is, λExD ¼ 488 nm. Select more droplets and extract the spectra
at both λExA ¼ 532 nm and λExD ¼ 488 nm. Estimate the γ
factor (see Note 24):

γ
I
EmA
ExD

λð Þ
EmA

, from droplets of only A molecules

3. Open the spectral image of droplets containing both the donor
and acceptor that has been excited at λExD ¼ 488 nm. Extract
the spectral line profile from one droplet by selecting an appro-
priate ROI. Open the spectral image of the same area which has
been excited at λExA ¼ 532 nm. Extract the spectral line profile
of the same droplet from the same ROI.

4. Multipy the acceptor emission spectrum which was obtained
when D � A sample was excited at λExA ¼ 532 nm with the γ
factor.

5. Multiply the donor peak maxima which were obtained when
D � A sample was excited at λExD ¼ 488 nm with the normal-
ized emission spectra of fluorescein-5-maleimide-labeled
74C-α-Syn.

6. Add the spectrum obtained in steps 4 and 5. This is the
spectrum without energy transfer for a D � A sample (see
Note 25).

7. Calculate the intensity enhancement factor due to the energy
transfer IEFET, the enhancement of intensity (in I EmA

ExD
Þ due to

the sensitization with respect to in the absence of energy trans-
fer (see Note 26 and Note 27):

IEFET ¼ I EmA
ExD

β � I EmD
ExD

λð Þ þ γ � I EmA
ExA

λð Þ
h

4 Notes

1. The super-resolved fluorescence microscopy, such as PALM,
STORM, and STED, is not diffraction-limited, and its spatial
resolution is ten times higher, that is, 20 nm [44, 45]. The
two-color super-resolved image can distinguish Cat I/Cat
II/Cat III with improved precision. However, still, the subtle
change of molecular interaction (proximity) over time cannot
be monitored as the ~20 nm is quite high to the dimension of
molecules.
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2. Generally, for most practical FRET pair, the donor gets hardly
excited at λExA , that is, the cross talk contribution from the
donor is negligible.

3. The apparent sensitization efficiency (ASE) can be expressed
using the following formula:

E ¼ sensitized intensity
total donor intensity

¼
I EmA
ExD

� βI EmD
ExD

� γI EmA
ExA

�

I EmD
ExD

þ I EmA
ExD

� βI EmD
ExD

� γI EmA
ExA

�AS

4. The ASE image where structural features are absent will be
dominated by background intensity and is almost equal
for I EmA

ExD
, I EmD

ExD
, and I EmA

ExA
. This aspect should be remembered

while interpreting the obtained result.

5. Cysteine labeling does not affect protein structure nor LLPS
behavior.

6. One might choose D and A in such a way that the excitation
spectrum of the D does not overlap with the excitation spec-
trum of the acceptor (cross talk). Also, emission spectrum of
theD should not overlap with emission spectrum of A to avoid
corrections for bleed-through. However, bleed-through or
cross talk is unavoidable when there are a disproportionate
number of donors and acceptors in an assembly where FRET
is being probed [42].

7. Add a few drops of 2(N) NaOH if the powder does not dissolve
properly.

8. We used 70 grooves/mm TG from optometric; however,
300 grooves/mm gratings can also be used for higher resolu-
tion if there is enough signal.

9. A computer program which can simultaneously display a 16-bit
image and perform arithmetic calculation such as MATLAB is
enough to complete the data analysis.

10. The molar extinction coefficient (ε) used for calculating con-
centration is of 5960 M-1cm-1 for 74C-α-Syn.

11. The control sets of experiments are performed to extract the β
and γ, respectively, from D- and A-labeled 74C-α-Syn.

12. It is essential to maintain the identical power for λExD ¼
488 nm and λExA ¼ 532 nm . Our calculation of IETET is
based on these criteria. This is because in a D � A sample,
λExA only excite the A, and hence the emissions are from
A molecules; however, λExD excite both D and A molecules.
The multiplication of β with the I EmA

ExA
λð Þ will provide the

expected intensity from only A molecules if excited at λExD in
a D � A sample. The equivalence (γ � I EmA

ExA
λð Þ) is valid if we

maintain the equal power for λExD 532 nm.
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13. Keeping the coverslip (thin) on the bottom and the glass slide
(thick) on the top helps to work in a high-NA objective, which
has low working distance.

14. The slit is required for the spatial selection of the object within
the field of view (FOV). The slit has to be in the focus of the
first image plane. The out-off-focus slit yields an image with a
much wider dimension than the expected diffraction limit.
Thus, in-focus slit yields higher resolved spatial and thereby
spectral (dispersed) image.

15. The zeroth-order image is the intensity image of the object,
whereas the first-order image is the dispersed spectra of that
emissive object.

16. The narrow slit yields high spectral resolution and prevents the
dispersed image from being mixed with the unwanted nearby
species.

17. Generally, the phase-separated droplets are not static in the
coverslip. If we allow an hour of rest on the microscope stage,
then the droplet settled down. It is highly recommended that
SR-FRET data remains devoid of motion artifact.

18. The spectral image data collection from D � A sample should
be performed first with λExA followed by λExD, from the same
area. It is imperative to refrain from touching the microscope
and producing any mechanical noise to avoid stage drift.

19. The dispersed image of the known laser source through the
transmission grating allows us to calibrate the wavelength from
pixel to nm. Generally, the power of laser sources, which were
used to exciteD and A, is increased so that it leaks through the
dichroic filters. The remaining lasers easily leak at low power
with the existing dichroic set.

20. It is not possible to find the same droplets, which have been
imaged in d2. However, the collection of spectra from several
droplets with similar size each day represents sufficient knowl-
edge on the nature of interaction among the species.

21. The background subtraction process for a diffraction-limited
spot performed in image-based FRET microscopy significantly
differs from the SR-FRET microscopy. Generally, the noise has
been subtracted from the entire image at once in image-based
FRET microscopy.

22. The distance in a pixel has been multiplied by the extracted
slope, and the intercept has been added to it. This essentially
converts the wavelength in terms of pixel to nm.

23. The emission spectra of droplets containing the only fluores-
cein-5-maleimide 74C-α-Syn have a very long tail
at λExD ¼ 488nm . The emission intensity at 595 nm, that
is, γ, is found to be ~0.065.
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24. It has been found that the rhodamine-C2-maleimide-labeled
74C-α-Syn intensity at 595 nm is ~5.4 times higher when
excited at λExA than when excited at λExD .

25. In our analysis, the emission spectrum from D � A sample has
been normalized with false-positive FRET emission at λEmA .

26. It is important to note that in the absence of biomolecular
interaction, the intensity enhancement is not expected (i.-
e., IEFET � 1) from the sample. However, when the probe
molecules interact, we expect a positive increment of IEFET
(i.e., IEFET > 1) due to energy transfer. Besides, further
increase of IEFET reflects with higher FRET, that is, more
closer association of molecules, either due to the stronger
interaction or increase of D � A in the pool of the protein
droplets.

27. IEFET at single droplet levels cannot be exactly equal to the
absolute FRET efficiency, which scales with the sixth power of
distance (r) for singleD and singleA dipole-dipole interaction.
However, IEFET is proportional to the FRET efficiency. Note
that the excited state of the donor can transfer energy to the
nearby acceptor by mechanisms other than FRET. For
instance, energy transfer can occur via the electron exchange
(Dexter interaction) mechanism when the acceptor is in molec-
ular contact (orbital overlap) with the donor. Besides, in the
heterogeneous systems, multiple donors can sur-
round each acceptor as opposed to a single D and single A
scenario as in FRET and might experience diverse environ-
ments (number and proximity) in different spaces [36].
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