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quid–liquid phase separation of
ataxin-3 and quantitative evaluation of its
concentration in a single droplet using Raman
microscopy†

Kazuki Murakami, a Shinji Kajimoto, a Daiki Shibata, a Kunisato Kuroi, b

Fumihiko Fujii b and Takakazu Nakabayashi *a

Liquid–liquid phase separation (LLPS) plays an important role in a variety of biological processes and is also

associated with protein aggregation in neurodegenerative diseases. Quantification of LLPS is necessary to

elucidate the mechanism of LLPS and the subsequent aggregation process. In this study, we showed that

ataxin-3, which is associated with Machado–Joseph disease, exhibits LLPS in an intracellular crowding

environment mimicked by biopolymers, and proposed that a single droplet formed in LLPS can be

quantified using Raman microscopy in a label-free manner. We succeeded in evaluating the protein

concentration and identifying the components present inside and outside a droplet using the O–H

stretching band of water as an internal intensity standard. Only water and protein were detected to be

present inside droplets with crowding agents remaining outside. The protein concentration in a droplet

was dependent on the crowding environment, indicating that the protein concentration and intracellular

environment should be considered when investigating LLPS. Raman microscopy has the potential to

become a powerful technique for clarifying the chemical nature of LLPS and its relationship with protein

aggregation.
Introduction

Various physiological processes are currently being explored
using liquid–liquid phase separation (LLPS).1,2 LLPS is
a phenomenon in which two or more different mixtures are
separated into multiple liquid phases. In biology, intracellular
LLPS is a phenomenon in which highly concentrated liquid
phases of certain proteins or biomolecules are generated as
liquid droplets inside a cell.3 LLPS is responsible for various cell
functions, such as protection against external stress perturba-
tions4 and improvement of the efficiencies of enzymatic reac-
tions and signal transduction.5 Since highly concentrated
droplets that form under certain biological conditions are
a liquid phase, the droplets can disappear and return to a single
homogeneous liquid phase when particular changes occur in
the cellular microenvironment.

Furthermore, LLPS has also been investigated in relation to
pathogenesis of neurodegenerative diseases thought to be
caused by the aggregation (brils) of causative proteins.6–14 For
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example, FUS6,7 and hnRNPA110 have been shown to form
aggregates in amyotrophic lateral sclerosis (ALS), and compel-
ling evidence suggests that Alzheimer's disease is associated
with the aggregation of tau.8 The aggregation mechanism has
remained unclear for decades, and it has recently been reported
that LLPS can be involved in the formation of these aggre-
gates.14 In this proposed mechanism, liquid droplets of the
causative protein are generated, and instead of disappearing as
they normally would under homeostatic conditions, the liquid
droplets turn into hydrogels and then form protein aggre-
gates.15 Thus, strategies to reduce generation and/or gelation of
droplets are now being actively investigated to cure neurode-
generative diseases.

Although LLPS has been extensively studied in biology,
current methods for studying LLPS have several difficulties in
understanding the detailed nature of LLPS. The most common
method to study LLPS is uorescence labelling, which involves
a uorescent protein or molecule (uorescent probe) that is
tagged to a target protein that causes LLPS, and then uores-
cence from the droplet is observed by uorescence microscopy.
Strong uorescence is observed only in the droplet region where
the labelled protein exists with a high concentration, which
conrms the presence of the droplet due to the tagged protein.
Highly sensitive measurements can be performed by uores-
cence labelling; however, it is conceivable that labelling with
Chem. Sci., 2021, 12, 7411–7418 | 7411
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a uorescent probe changes the nature of LLPS. Since the
formation of a liquid droplet results from the sum of weak
intermolecular interactions between proteins, the addition of
a uorescent probe to a protein may alter these intermolecular
interactions. In addition, the conventional uorescencemethod
only reveals the presence of the labelled protein even if there are
other biomolecules in a droplet, and uorescence microscopy
generally measures absolute uorescence intensity and any
variations in optical and experimental conditions such as
photobleaching interfere with the evaluation of absolute
intensity in some cases. Fluorescence microscopy does not
allow the examination of the detailed molecular structure of the
target protein and the evaluation of the composition outside
liquid droplets.

Raman microscopy is expected to solve all the above-
mentioned problems. Raman scattering is inelastic scattered
light from the sample at wavelength different from that of the
incident light and originates from molecular vibrations of the
sample molecules. Information related to structures and phys-
ical parameters such as concentration of the target molecule is
obtained from Raman scattering. The primary advantage of
Raman scattering in biology is that label-free detection and
structural analysis of the target molecule with adequate spatial
resolution can be achieved; Raman microscopy has now been
applied to a variety of biological phenomena in living
systems.16–21 It is thus conceivable that Raman microscopy
could perform label-free analyses of structures and concentra-
tions of a target protein present in liquid droplets with suffi-
cient spatial and temporal resolution. Identication of
components other than the target protein inside and outside
liquid droplets can also be performed because all molecules
within the spot of excitation light can be observed by Raman
microscopy.

In this study, we show that Raman microscopy can be
applied to determine the concentration of a target protein and
identify other components present in a single liquid droplet.
These analyses are necessary to elucidate the mechanism of
LLPS and the subsequent gelation and aggregation process.
Ataxin-3 protein with a molecular weight of approximately 42
kDa was used for Raman microscopy measurements. Ataxin-3
has been proposed as the causative protein in the neurode-
generative disorder Machado–Joseph disease (MJD) because
aggregation of ataxin-3 was found in patients with this
disease.22–26 Ataxin-3 has an N-terminal portion called the
Josephin Domain (JD) (residues 1–182) and a glutamine (Q)
chain (polyQ) consisting of a repeating sequence of Q on the C-
terminal portion. The molecular weight of JD is approximately
23 kDa and JD is known to act as a ubiquitin-degrading enzyme.
The polyQ chain is normally Q12–36 and is abnormally elon-
gated in MJD patients (Q55–84). This suggests a correlation
between the chain length and the onset of MJD, although the
aggregation mechanism remains unclear. Elongation of the
polyQ chain is a phenomenon found in proteins responsible for
some neurodegenerative diseases. These proteins have nothing
in common except for polyQ, and hence protein aggregation
resulting from abnormally elongated polyQ has been suggested
as the cause of these diseases.
7412 | Chem. Sci., 2021, 12, 7411–7418
In this study, ataxin-3 was shown to express LLPS in vitro,
like other neurodegenerative disease-related proteins. Next, the
concentration of ataxin-3 in a single liquid droplet is quantita-
tively evaluated using Raman microscopy. We have shown that
the protein concentration in a droplet depends on the
surrounding environment, which means that the protein
concentration varies with the intracellular environment.

Results and discussion

Two recombinant ataxin-3 proteins were prepared; one has 28
glutamine residues in the polyQ region and the other has only
the JD region, hereaer referred to as Q28 and JD, respectively
(Fig. S1, ESI†). Intrinsically disordered regions (IDRs) in
a protein are important for the formation of protein assemblies
such as LLPS, and the exibility of IDPs has been shown to allow
for the formation of weak interactions between proteins.27–30

Motifs that form weak intermolecular interactions have also
been identied, and arginine-rich motifs and prion-like
domains (PrLD) with repeating residues of serine, glutamine,
tyrosine, or glycine have oen been found in LLPS-forming
proteins such as FUS. We analysed the Q28 sequence (Fig. 1A)
using the PONDR® (Predictor of Natural Disordered Regions)
algorithm31 to estimate the IDRs in Q28, and conrmed that the
region around polyQ is highly disordered. The PLAAC (Prion-
Like Amino Acid Composition) algorithm32 also exhibited that
the prion-like domain is assigned in the polyQ region (Fig. 1B).

The interior of a cell is crowded with biomolecules, which is
referred to as macromolecular crowding. Macromolecular
crowding has the ability to alter the structures and functions of
biomolecules in cells.33–37 In this study, intracellular macro-
molecular crowding environments were mimicked using buffer
containing a biopolymer of either polyethylene glycol (PEG,
molecular weight (MW): 7400–10 200) or dextran (DEX, MW:
50 000–70 000 or 180 000–210 000) as a crowding agent. As
shown in Fig. 1C, liquid droplets in the PEG buffer solution
containing Q28 were clearly visible. When Q28 was labelled with
a uorescent molecule (Fig. S2, ESI†), strong uorescence was
observed only in the liquid droplets, indicating a high concen-
tration of Q28 in the droplets. The fusion of two liquid droplets
over time was also observed (Fig. 1D), which conrms that the
droplets are indeed a liquid phase. These results indicate that
Q28 has the ability to form LLPS, like other proteins causing
neurodegenerative diseases.

The LLPS ability of Q28 and JD was compared (Fig. S3, ESI†).
Q28 was found to exhibit LLPS in a buffer solution containing
a crowding agent (PEG or DEX), whereas LLPS did not occur for
JD irrespective of crowding agent addition. Measurements of
protein concentration dependence showed that large spherical
liquid droplets appeared when the Q28 concentration
increased, while JD did not show LLPS at any concentration
used in this study (Fig. S4, ESI†). These results indicate that the
polyQ domain preferentially induces LLPS of ataxin-3. LLPS did
not occur without a crowding agent, either for Q28 or JD. Thus,
the ability of LLPS formation of ataxin-3 is not as strong as those
of some other causative proteins (e.g., FUS), which produce
liquid droplets without a crowding agent.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A and B) The amino acid sequence of Q28 (A) and its PONDR
and PLAAC analyses (B). The JD and polyQ regions are highlighted in
yellow and red, respectively. (C and D) LLPS of Q28 in the macro-
molecular crowding environment mimicked by PEG (MW: 7400–
10 200). (C) Bright field (top) and fluorescence (bottom) images of
Q28. Q28 was labelled with Alexa Fluor® 488 for the fluorescence
measurement. (D) Time-lapse bright field images showing fusion of
liquid droplets of Q28. The concentration of Q28 was 100 mM. The
concentration of PEGwas 20 wt% (C) and 10 wt% (D). Scale bar: 10 mm.

Fig. 2 Representative Raman spectra of the inside and outside of
a droplet of Q28 in 20 wt% PEG (MW: 7400–10 200) solution (A) and in
20 wt% DEX (MW: 50 000–70 000) solution (B). The concentration of
Q28 was 100 mM. Bright field images indicate the spot of the excitation
beam. Red, inside a droplet; blue, outside droplets; black, only buffer
solution containing PEG or DEX. Each Raman intensity was normalised
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Experiments were then performed to quantify the extent of
LLPS based on turbidity due to droplets and to ascertain the
driving force of LLPS (Fig. S5, ESI†). The turbidity of Q28
increased with increasing protein concentration in the presence
of PEG; however, almost no turbidity was observed for Q28
without PEG. JD exhibited no turbidity whether PEG was
present or not. These results are in agreement with those from
the imaging experiments. The ability of droplet formation
depends on the salt concentration in solution.38,39 When the salt
concentration was varied from 0 to 150 mM in the presence of
either 10 wt% or 20 wt% PEG, the turbidity of the solution
tended to increase with increasing salt concentration, which
may come from enhanced hydrophobic interactions among Q28
due to the reduced amount of water molecules interacting with
© 2021 The Author(s). Published by the Royal Society of Chemistry
Q28. Amphiphilic small molecules, such as amphiphilic alco-
hols, are expected to disrupt weak hydrophobic interactions,40

and some droplets and membrane-less structures composed of
hydrophobic protein–protein interactions were dissolved by the
addition of hexanediol.41–44 In Fig. S5D,† upon addition of
10 wt% 1,6-hexenediol, the turbidity of the 15 wt% PEG solution
was reduced to less than half of that originally obtained. From
these results, it is suggested that multivalent hydrophobic
interactions among Q28 are important for the droplet forma-
tion. Finally, we performed FRAP (Fluorescence Recover Aer
Photobleaching) for a droplet of uorescence-labelled Q28 in
20 wt% PEG solution (Fig. S6†). The uorescence intensity in
the bleaching region was recovered around half of the original
intensity at 250 s and the degree of the recovery depended on
the position of the droplet, suggesting that the observed drop-
lets were rich in gel-like components in 20 wt% PEG solution.

Next, Raman spectra were measured for a single liquid
droplet formed with Q28 to evaluate the structure and concen-
tration of Q28 inside a droplet. Fig. 2 shows the Raman spectra
of the inside and outside of a single droplet, together with those
of only buffer containing a crowding agent. A home-made
inverted confocal Raman microscope with a continuous wave
532 nm laser was used for all the Ramanmeasurements at room
temperature. The Raman spectra of the buffer solution include
the Raman bands of water and the crowding agent, and the
assignments of these bands are established.20,45 The strong
broad band in the 3100–3700 cm�1 region and the weak broad
to that of the O–H stretching band. Scale bar: 10 mm.

Chem. Sci., 2021, 12, 7411–7418 | 7413
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Fig. 3 (A) Raman spectra of Q28 in buffer at different Q28 concen-
trations. (B) The expansion of the region of the amide I band around
1660 cm�1. (C) The calibration line obtained from the integrated
Raman intensity of the amide I band relative to that of the O–H
stretching band plotted as a function of the protein concentration. The
integrated areas of the amide I and O–H stretching bands were 1626–
1720 and 3500–3600 cm�1, respectively. The component of the O–H
bending band of water that appears in the amide I wavenumber region
was subtracted when preparing the calibration line.
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band at around 1650 cm�1 are ascribed to the O–H stretching
and O–H bending bands of water, respectively. The crowding
agents exhibit the strong C–H stretching band in the 2900–
3100 cm�1 region and the C–H bending band at around
1480 cm�1. The difference between the C–H stretching bands of
PEG and DEX in the buffer solution is clear; three peaks appear
for PEG, and one peak and one shoulder for DEX. Thus, PEG
and DEX are clearly distinguishable from each other based on
their C–H stretching bands. The O–H stretching bands of the
crowding agents also appear at around 3400 cm�1, but the
magnitude is much smaller than that of water.

In the Raman spectra of the inside of a droplet (red lines),
the amide I band due to protein was clearly observed at
�1660 cm�1 in both the PEG and DEX solutions. This band was
not observed in the spectra from outside droplets, showing that
Q28 is present in droplets at high concentration, which is
consistent with the uorescence measurement (Fig. 1). Q28 also
exhibited the C–H stretching and C–H bending bands in the
2900–3050 cm�1 and 1400–1500 cm�1 regions, respectively. As
shown in the expanded spectra (Fig. S7, ESI†), the C–H bands
inside droplets appeared to have the same shape in the PEG and
DEX solutions, which were completely different from those of
PEG or DEX alone. Furthermore, the shapes of the C–H bands
were the same both outside droplets and in the buffer solution.
These results indicate that the C–H bands inside droplets
dominantly arise from Q28. The band at �3100 cm�1 observed
only inside droplets was also assigned to the C–H stretching
band of Q28.

To investigate whether the crowding agent is present in
droplets, the Raman spectrum of Q28 in buffer without
a crowding agent was measured, and then this spectrum was
subtracted from that obtained from the inside of a droplet
(Fig. S8, ESI†). The absence of the C–H bending band of the
crowding agent at around 1480 cm�1 in the subtracted spec-
trum reveals that droplets are mostly composed of water and
proteins. It can therefore be concluded that the Q28 droplets in
the crowding solution are formed in such a way that the
crowding agent is excluded from the droplets to some extent.
This result is consistent with uorescence microscopic or NMR
studies using PEG as a crowding agent.46,47 The concentration of
crowding agent in the droplet can be estimated to be less than
1 wt% based on the observation limit using the present Raman
system.

Subtraction of the Raman spectrum of buffer only from that
of Q28 in buffer without a crowding agent results in the Raman
spectrum of Q28 (Fig. S9, ESI†). The broad band due to Q28 was
observed in the O–H stretching band region; its peak position
shied to a lower wavenumber compared to that of water, which
is partly due to the N–H stretching band of Q28 that is also
present in this region. The peak position of the amide I band in
the 1600–1700 cm�1 region depends on the protein secondary
structure.48,49 The amide I band of the a-helix structure is
observed in 1649–1660 cm�1 and that of the b-sheet structure is
observed in 1620–1648 cm�1.48 The amide I band of Q28 in
Fig. S9† was observed at �1660 cm�1, which is consistent with
its dominance of the a-helix structure.50,51 The peak position of
the amide I band was the same between the buffer solution and
7414 | Chem. Sci., 2021, 12, 7411–7418
the droplet, indicating that most of the secondary structure did
not change during droplet formation. The structural change to
b-sheet structures in the droplet was not observed in the Raman
spectra.

The concentration of the protein inside liquid droplets was
evaluated next. Our previous Raman studies demonstrated that
the O–H stretching Raman band of water can be quantitatively
analysed to obtain information on cellular environments.20,21

Thus, in this study, the O–H stretching Raman band of water
was used as the internal intensity standard of the Raman
spectra.

To evaluate the protein concentration, the Raman spectra of
1, 2, and 5 mM Q28 in buffer without a crowding agent were
measured, and the ratio of the intensity of the amide I band of
the protein to that of the O–H stretching band of water was
plotted as a function of the protein concentration (Fig. 3). A
linear relationship was obtained between the intensity ratio and
the protein concentration, which can be used as the calibration
line to evaluate the concentration of Q28. The broad Raman
band of Q28 at around 3300 cm�1 (Fig. S9, ESI†) may not be
negligible at high concentrations, and therefore the Raman
intensity in the 3500–3600 cm�1 region was integrated as the
intensity of the O–H stretching band.

The Raman spectra of the inside and outside areas of a single
liquid droplet were then analysed. The O–H stretching band of
the outside area was used as the intensity standard because of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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the ambiguity of water density inside droplets, which is due to
the very high concentration of Q28 in droplets. The decrease in
the Raman intensity in the 3500–3600 cm�1 region due to the
crowding agent outside the droplets was corrected by
comparing the Raman intensities in this region with and
without the crowding agent (Fig. S10, ESI†). The observed
decrease arises from the change in the water density with the
presence of the crowding agent.52 From the calibration line, the
concentration of Q28 in the droplet was evaluated to be 13.6 �
0.6 mM at 20 wt% PEG (Fig. S11, ESI†). This result indicates that
Q28 was approximately 140 times more concentrated inside the
droplet since the Q28 concentration was prepared at 100 mM.

The same quantication measurements were performed
with the other crowding agent DEX and different amounts of
PEG (Fig. S11, ESI†). Droplets larger than �3 mm in diameter
were selected for the Raman measurements (Fig. 4). Each
protein concentration was evaluated using the O–H stretching
band of the outside area. When DEX was used as the crowding
agent, the protein concentration in a droplet seemed to be
slightly lower (12.7 � 1.3 mM) than that in 20 wt% PEG. In
contrast, increasing the amount of PEG to 30 wt% resulted in
the increase in the protein concentration to 15.4 � 0.5 mM.
These results indicate that the protein concentration in
a droplet depends on the concentration of the crowding agent.
The protein is more preferentially concentrated in droplets
when the extent of crowding is high. The droplet solution was
centrifuged and separated into two phases, droplet and super-
natant, and the Q28 concentration in the supernatant was
estimated to be about 6 mM from SDS-PAGE (sodium dodecyl
sulfate poly-acrylamide gel electrophoresis). The protein
concentration outside the droplet is in this concentration
range.

It is noted here that the effect of the laser light on the sample
temperature is negligible because the measurements were per-
formed in a label-free manner and both the protein and the
crowding agents do not absorb the 532 nm laser light. In
Fig. 4 Representative Raman spectra obtained from the inside of
a droplet of Q28 formed in the presence of either 20 wt% DEX (MW:
180 000–210 000) (blue), 20 wt% PEG (MW: 7400–10 200) (green), or
30 wt% PEG (MW: 7400–10 200) (red). The concentration of Q28 was
100 mM. Each Raman intensity was normalised to that of the O–H
stretching band.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a single-component system of protein in water, the protein
concentration in liquid droplets is expected to be constant when
the temperature and pressure are xed. In this study, the
solution consisted of two components: protein and crowding
agent in water, resulting in a change in the protein concentra-
tion with the crowding conditions. In the actual cellular system,
the protein concentration in droplets is therefore expected to
vary depending on the intracellular environment such as
molecular crowding.

As shown in Fig. 2, the C–H stretching band is much stronger
than the amide I band, and we also constructed a calibration
curve based on the ratio of the C–H and O–H stretching bands.
However, due to the limitation of the height-axis resolution, the
small contribution of the C–H band of the crowding agent
outside the droplet cannot be neglected, and the protein
concentration was calculated to be slightly higher than that
from the amide I band. There are some reports on the Raman
spectra of protein LLPS that discuss protein structures.53–55 Very
recently, the Raman band of phenylalanine was used to esti-
mate protein concentration in a droplet.55 We have shown here
that Raman microscopy can be applied to quantitatively analyse
the concentration of the protein responsible for LLPS formation
using the water Raman band as an intensity standard. Quanti-
cation inside liquid droplets was discussed using NMR;
however, it is difficult to measure each droplet separately
because of insufficient spatial resolution. A single droplet
analysis is important to analyse LLPS in complexed cases,
especially in non-equilibrium systems such as those that
change from droplets to brils.13

In this study, we have shown that protein liquid droplets in
crowding environments are formed with excluding the crowd-
ing agent from droplets to some extent. A similar situation is
expected in cells; the components of biomolecules may signif-
icantly differ between the inside and outside of a droplet. It is
also conceivable that the components inside liquid droplets in
cells depend on the intracellular environment. Furthermore,
the protein concentration was shown to depend on the solution
environment, which implies that the protein concentration in
droplets varies with the intracellular environment. Certain
intracellular conditions are expected to induce the formation of
highly concentrated droplets, thus resulting in a transformation
to gels and aggregates. Actually, the present droplets included
gel-like components as mentioned above. The present results
suggest that both the protein concentration and the intracel-
lular environment should be considered when investigating
aggregate formation via LLPS.

Conclusions

We found that ataxin-3, an MJD-associated protein, forms LLPS
which has implications for understanding protein aggregation
in MJD. The concentration of ataxin-3 in a single droplet was
quantitatively evaluated by Raman microscopy in a label-free
manner. It was shown that the protein concentration depends
on the crowding concentration, and that the crowding mole-
cules present in solution were hardly contained in the droplets.
These results indicate that both the protein concentration in
Chem. Sci., 2021, 12, 7411–7418 | 7415
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a liquid droplet and the intracellular environment need to be
considered to gain a better understanding of LLPS in cells. The
present results were obtained by measuring a single droplet in
a label-free manner, which is very important to study LLPS. We
established a method to quantify a single liquid droplet due to
protein by applying Raman microscopy and the O–H stretching
band of water as an internal intensity standard. We believe that
analysis by Raman microscopy has promising potential to
become a new standard method for LLPS research.
Experimental section
Protein preparation

The ataxin-3 gene with an N-terminal His tag was cloned into
the pET-15b expression vector and expressed in Escherichia coli
strain BL21 (DE3) cells. The cells were grown in LB (lysogeny
broth) medium at 37 �C, and then expression was induced at an
optical density of 0.6 at 600 nm with 0.5 mM IPTG (isopropyl b-
D-1-thiogalactopyranoside) and grown for 3 h at 28 �C. The cells
were then pelleted by centrifugation and resuspended in
300 mM NaCl, 10 mM imidazole, 1 mM 2-mercaptoethanol,
0.1% Triton X-100, 10% glycerol, 2 mM PMSF (phenyl-
methylsulfonyl uoride), 50 mM NaH2PO4 (pH 8.0) and lyso-
zyme chloride. The cells were then lysed by sonication, and the
obtained lysate was claried by centrifugation at 4 �C. The
resulting protein lysate was loaded onto a Ni-NTA (nitrilotri-
acetic acid) column (GE Healthcare) in wash buffer (50 mM
NaH2PO4 (pH 8.0), 300 mM NaCl, 20 mM imidazole, 1 mM 2-
mercaptoethanol, 2 mM PMSF). Proteins were eluted with
elution buffer (wash buffer with imidazole concentration of 500
mM), loaded onto a size-exclusion chromatography column,
and eluted with PBS/G buffer (10.1 mM NaH2PO4 (pH 8.0),
140 mM NaCl, 1.76 mM KH2PO4, 10% glycerol, 1 mM 2-mer-
captoethanol) (Fig. S1A, ESI†). Puried proteins were then ash-
frozen and stored at �80 �C. The purity of the prepared protein
was conrmed by SDS-PAGE (Fig. S1B, ESI†), and protein
concentrations were determined by measuring the absorbance
at 280 nm from the molar extinction coefficient estimated by
the number of Trp and Tyr residues.56,57 All the reagents were
purchased from Nacalai tesque, Japan.
Preparation of labelled proteins

The protein was labelled using an Alexa Fluor® 488 Protein
Labelling Kit (Thermo Fisher Scientic) for uorescence
measurements. With this uorescent labeling kit, proteins are
reacted with Alexa Fluor® 488 carboxylic acid tetrauorophenyl
(TFP) ester. The ester group forms an amide bond with the
primary amino group such as the lysine in a protein under mild
conditions, allowing the protein to be labelled with Alexa Flu-
or® 488. Q28 stored at �80 �C was thawed and its buffer was
replaced with PBS (�) buffer (9.58 mM NaH2PO4, 137 mM NaCl,
1.47 mM KH2PO4, 2.68 mM KCl) using a centrifugal lter unit
(Amicon Ultra-15, Merck Millipore). The concentration of Q28
was prepared at 2 mgmL�1. Bicarbonate (1 M, 50 mL) was added
to a 0.5mL aliquot of the 2mgmL�1 Q28 solution. The resulting
Q28/bicarbonate solution was then transferred to a vial of Alexa
7416 | Chem. Sci., 2021, 12, 7411–7418
Fluor® 488 reactive dye and stirred for 1 h at room temperature,
and then loaded onto a purication column and eluted with
elution buffer (10 mM potassium phosphate, 150 mMNaCl, 200
mM sodium azide). The concentration and the ratio of the
labelled protein were estimated by measuring the absorption
spectrum of the prepared protein (Fig. S2, ESI†). The ratio
between the labelled and unlabelled Q28 (r) was calculated by
the following formula where C and 3280 are the concentration
and the molar coefficient at 280 nm of Q28, and A280 and A494
are the absorbance at 280 and 494 nm of the sample solution.

C ¼ ½A280 � ðA494 � 0:11Þ�
3280

r ¼ A494

71 000C

Phase separation assays

Q28 or JD stored at �80 �C was thawed and its buffer was
replaced with buffer A (150 mM NaCl, 50 mM NaH2PO4/
Na2HPO4 (pH 7.4) phosphate buffer). Buffer A containing
a crowding agent at a xed concentration was also prepared and
mixed with this buffer A protein solution. In the case of 100 mM
protein solution containing 20 wt% PEG, equal amounts of
40 wt% PEG solution and 200 mM protein solution were mixed
and stirred, and droplets could be seen in the solution. All the
experiments were conducted at room temperature. The protein
concentration was typically 100 mM.

Measurements of bright-eld and uorescence images

Protein solution (10 mL) was transferred into a glass-bottomed 8-
well chamber (155411, Nunc) and bright eld images were
acquired on an inverted microscope (Eclipse Ti–U, Nikon) with
a 60� objective (NA ¼ 0.95). Alexa Fluor® 488-labelled protein
prepared as mentioned above was mixed with unlabelled
protein in a molar ratio of 1 : 12.8, and uorescence images
were obtained on the same microscope using a mercury lamp
through a uorescence lter (Nikon) (excitation wavelength:
460–500 nm, observation wavelength: above 510 nm).

Turbidity measurements

Turbidity of the protein solutions was estimated from the
optical density at 400 nm. Protein solution (10 mL) was placed
into each plate of a at bottom 384-well plate (Thermo Fisher
Scientic), and the optical density at 400 nmwas recorded using
a microplate reader (Molecular Devices).

Quantication of protein concentration outside the droplets

The concentrations of Q28 and PEG were prepared at 100 mM
and 20 wt%, respectively. The Q28 droplets were precipitated
in the lower layer by centrifugation at 5000 � g for 20 min at
room temperature, and the supernatant was collected. The
standard Q28 aqueous solutions at 5, 10, 15, 20, and 50 mM
and the supernatant were analysed by SDS-PAGE. Aer
© 2021 The Author(s). Published by the Royal Society of Chemistry
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staining and decolorization, the integrals of the optical
densities (ODs) of the standard Q28 solution bands were
calculated, and a calibration line between the Q28 concen-
tration and the integrated OD was obtained. The average
integrated ODs of the supernatant were calculated in the same
manner, and then the Q28 concentration in the supernatant
was obtained using the calibration line.
Measurements of confocal Raman spectra

Raman spectra were measured using a home-made inverted
confocal Raman microscope. The glass-bottomed 8-well
chamber (Matsunami) containing the protein solutions was
equipped on an inverted microscope (IX-70, Olympus). A
532 nm YAG laser (Shanghai Dream Lasers) was used with
a power of 10–20 mW through a 100� objective (NA ¼ 1.49, oil
immersion, Olympus). The Raman signal passing through
a pinhole providing a confocal condition was dispersed by
a polychromator and detected by a thermoelectric cooled CCD
(DV420A-OE, Andor). The exposure time of each Raman
measurement of LLPS solution was 60 s and there was no
accumulation. To obtain the calibration line, the Raman spec-
trum of each protein solution was obtained with 60 s exposure
time and 10 times accumulation.
Measurements of uorescence recover aer photobleaching
(FRAP)

FRAP experiments on a single droplet of Q28 labelled with Alexa
Fluor® 488 were performed using the confocal laser scanning
microscope (Fluoview FV1000, Olympus) with a 60� objective
(NA ¼ 1.2). Each well in an 8-well chamber was lled with 20 mL
of Q28 droplet solution, and the 8-well chamber was placed on
the microscope. The output from a 473 nm diode laser was used
to photobleach a small area in the droplet with 50 mW and 1 ms
duration, and uorescence images were acquired with the
same laser (0.1 mW). The results of n ¼ 17 were averaged
and smoothed by the binomial algorithm (smoothing 1) in
IGOR Pro.
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Gould, A. Koeppen, N. Déglon and L. Pereira de Almeida,
Brain, 2011, 134, 1400–1415.

24 M. d. C. Costa and H. L. Paulson, Prog. Neurobiol., 2012, 97,
239–257.

25 X. Li, H. Liu, P. L. Fischhaber and T.-S. Tang, Prog.
Neurobiol., 2015, 132, 34–58.

26 A. Sicorello, G. Kelly, A. Oregioni, J. Nováček, V. Sklená̌r and
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