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liquid–liquid phase separation
inducedmodulation in the structure, dynamics, and
enzymatic activity of an ordered protein b-
lactoglobulin†

Saurabh Rai, Srikrishna Pramanik and Saptarshi Mukherjee *

Owing to the significant role in the subcellular organization of biomolecules, physiology, and the realm of

biomimetic materials, studies related to biomolecular condensates formed through liquid–liquid phase

separation (LLPS) have emerged as a growing area of research. Despite valuable contributions of prior

research, there is untapped potential in exploring the influence of phase separation on the

conformational dynamics and enzymatic activities of native proteins. Herein, we investigate the LLPS of

b-lactoglobulin (b-LG), a non-intrinsically disordered protein, under crowded conditions. In-depth

characterization through spectroscopic and microscopic techniques revealed the formation of dynamic

liquid-like droplets, distinct from protein aggregates, driven by hydrophobic interactions. Our analyses

revealed that phase separation can alter structural flexibility and photophysical properties. Importantly,

the phase-separated b-LG exhibited efficient enzymatic activity as an esterase; a characteristic seemingly

exclusive to b-LG droplets. The droplets acted as robust catalytic crucibles, providing an ideal

environment for efficient ester hydrolysis. Further investigation into the catalytic mechanism suggested

the involvement of specific amino acid residues, rather than general acid or base catalysis. Also, the

alteration in conformational distribution caused by phase separation unveils the latent functionality. Our

study delineates the understanding of protein phase separation and insights into the diverse catalytic

strategies employed by proteins. It opens exciting possibilities for designing functional artificial

compartments based on phase-separated biomolecules.
1 Introduction

Bimolecular condensates formed through liquid–liquid phase
separation (LLPS) of proteins, polypeptides, and nucleic acids
have garnered signicant research interest due to their
profound impact on subcellular organization, physiology, and
the realm of biomimetic materials.1–5 Recent investigations
reveal that intracellular biomolecule-rich phase-separated
systems are formed through multivalent macromolecular
interactions such as electrostatic, p–p, hydrogen bonding, and
hydrophobic interactions.6–8 The behavior of the phase separa-
tion process, depending on the local molecular environment
and density is fundamental in regulating several biological
processes and also creates heterogeneous phases inside cells
forming membraneless organelles (MLO).9–12 Such an environ-
ment inside a MLO not only modies the functional properties
of these biomolecules but also induces several conformational
f Science Education and Research Bhopal,
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948
transitions.13 The LLPS phenomenon has been demonstrated to
be the main process in protein assembly, and the crystallization
of the globular protein, human serum albumin.14,15 Most
importantly, liquid-like droplets formed via phase separation
processes may consist of an aggregated state of proteins that are
oen associated with the onset of neurodegenerative
diseases.16–18 Most of the studies on the phase-separating
system have explored the intrinsically disordered regions of
the protein that undergo a structural transition from random
coil to the aggregated state; the aggregation behavior being
irreversible.19,20 However, more in-depth characterization of
globular proteins undergoing LLPS,21,22 and elucidation of their
conformational and functional behaviors in such a small-
volume droplet-like phase are needed to decipher the molec-
ular mechanism underlying the formation of MLOs and to
develop novel functional bionanomaterials and carriers in drug
therapies to prevent disease-related condensates. Herein, we
delve into understanding the consequences of the phase sepa-
ration process for a representative globular protein b-lacto-
globulin (b-LG), which has not been reported to have any
intrinsic disorders or low complexity domains (LCD), typical
features of proteins undergoing LLPS.21 In particular, we aimed
© 2024 The Author(s). Published by the Royal Society of Chemistry
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to comprehend the conformational dynamics of b-LG in the
phase-separated state to determine how its activities can be
netuned for the development of biomaterials for catalytic
activity. b-LG is a globular protein containing 162 amino acid
residues with a b-sheet-rich secondary structure (Fig. 1a) and is
well-known for its ability to bind and transport a wide variety of
insoluble bioactive components.23–25 Additionally, it has been
reported that it can enhance or modulate human immune
responses.26 Herein, we have used polyethylene glycol, PEG8000
(Fig. 1a) as an inert crowder that can mimic a cellular-like
macromolecular crowding environment. PEG has been
employed to achieve an aqueous two-phase system for sepa-
rating and purifying a-LG and b-LG from the concentrated whey
proteins.27 The local and global conformations, and concen-
trations of biomolecules, like nucleic acids and proteins, can be
vividly modulated in a crowded environment created by an inert
crowder, like PEG8000.28–30 Very recently, it has been found that
different ordered and disordered proteins can undergo LLPS in
the presence of a crowder, like PEG.21 The formation of the
phase-separated liquid droplets occurred through non-covalent
interactions between the proteins, and such droplets were
characterized using various spectroscopic and microscopic
techniques. The uid-like behavior and dynamics of these
droplets were characterized by uorescence recovery aer
photobleaching (FRAP), and time-resolved rotational anisotropy
studies using the uorescently tagged protein.
Fig. 1 Experimental investigation of phase separation conditions for
b-lactoglobulin (b-LG) in the presence of polyethylene glycol
(PEG8000) at 37 °C and pH 7.4. (a) Molecular structures of b-LG and
PEG (n = 8000). (b) Time-dependent turbidity analysis of 50 mM b-LG
incubated with 10% w/v PEG8000 at 37 °C and pH 7.4. (c) Turbidity
profiles of b-LG incubated with a fixed concentration of 10% w/v
PEG8000 at different protein concentrations at 37 °C and pH 7.4.
(d)–(f) Morphological evolution of droplets observed through FESEM
studies during incubation of 50 mM b-LGwith 10%w/v PEG8000 at 37 °
C and pH 7.4 for 1, 3 and 7 day(s), respectively. (g)–(i) Corresponding
DIC images of 50 mM b-LG incubated with 10% w/v PEG8000 at 37 °C
and pH 7.4 for 1, 3 and 7 day(s), respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Most interestingly, our study revealed that the condensation
of b-LG within droplets can signicantly boost enzymatic
activity in the hydrolysis of various chromogenic and uoro-
genic esterase substrates. It is important to clarify that such
modulations in the catalytic activity were neither observed in
the native, denatured, or brillar forms of b-LG, nor other
proteins like HSA and BSA. This is the rst-ever systematic
report that sheds light on the conformational and catalytic
activity of an ordered protein aer the formation of phase-
separated liquid droplets. Circular dichroism (CD) spectros-
copy revealed that b-LG undergoes a structural transition from
a predominantly b-sheet form to an a-helical form upon the
treatment with 2,2,2-triuoroethanol (TFE, discussed later).
This work proposes a new insight for the development of phase-
separated biomolecule-based catalytic coacervates.
2 Experimental section
2.1 Materials

b-Lactoglobulin (b-LG), polyethylene glycol with an average
molecular weight of 8000 g mol−1 (PEG8000), guanidine
hydrochloride (GdHCl), 1,6-hexanediol, 2,2,2-triuoroethanol
(TFE), thioavin T (ThT), sodium chloride (NaCl), sodium
dihydrogen phosphate monohydrate (NaH2PO4$H2O), diso-
dium hydrogen phosphate heptahydrate (Na2HPO4$7H2O), p-
nitrophenyl acetate (PNPA), p-nitrophenyl butyrate (PNPB), p-
nitrophenyl valerate (PNPV), 20,70-dichlorouorescein diacetate
(DCFDA), caproic acid (hexanoic acid), deuterium oxide (D2O),
dextran and sodium acetate trihydrate (CH3COONa$3H2O) were
used as received from Sigma-Aldrich, U.S.A. b-LG (>90%)
contains genetic variants b-lactoglobulins A and B (b-LG A and
b-LG B). Dyes 7-(diethylamino)-3-(4-maleimidylphenyl)-4-
methyl coumarin (CPM), 5-([4,6-dichlorotriazin-2-yl]amino)
uorescein hydrochloride (5-DTAF) and rhodamine 6G (Rh6G)
were all purchased from Sigma-Aldrich, U.S.A. All the chemicals
were of the highest grade and were used without any further
purication. Phosphate buffer (10 mM, pH 7.4) solutions were
prepared using deionized Milli-Q water. Milli-Q water was ob-
tained from a Millipore water purier system (Milli-Q integral).
The concentration of b-LG was 5 mM for CD spectroscopic
measurements. For all other characterization studies, the
concentration of b-LG was 50 mM.
2.2 Methods

2.2.1 Steady-state measurements. For steady-state absorp-
tion measurements, a Cary-100 UV-vis spectrophotometer was
used in the scanning range of 200 nm to 800 nm. A HORIBA
JOBIN YVON, FLUOROLOG 3-111 uorimeter was used for
steady-state uorescence measurements in a 1 cm path length
quartz cuvette with an integration time of 0.1 s. Both the exci-
tation and the emission slits were kept equal (2 nm each for
intrinsic uorescence, 1/2 nm each for external uorophores)
and the room temperature was maintained at 23 °C for all the
measurements. The nal protein concentration was kept at 50
mM for all of the uorescence studies. The samples were excited
using a 450-Watt Xenon arc lamp at various required
Chem. Sci., 2024, 15, 3936–3948 | 3937
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wavelengths (295 nm for intrinsic tryptophan, 320 nm for the
charge transfer (CT), 384 nm for CPM labeled b-LG, and 530 nm
for Rh6G), and emission signals were collected in the appro-
priate range for spectral acquisition.

2.2.2 Time-resolved uorescence anisotropy. For time-
resolved anisotropy experiments, samples were excited using
IBH-NanoLED sources, a picosecond diode (lex: 295 nm for
intrinsic uorescence measurements, and 405 nm for the CPM-
labeled b-LG). The details of the experimental setup are
mentioned elsewhere.31 The instrument response function (IRF)
was recorded using an aqueous solution of Ludox (800 ps for
295 nm source, and 108 ps for 405 nm source). The goodness of
the tted data was evaluated by the tting parameters (c2) as
well as the visual assessment of the residuals. For the anisot-
ropy measurements, the tryptophan uorescence sample was
excited using a 295 nm diode laser, while collecting the decay at
340 nm. For CPM labeled b-LG, the sample was excited using
a 405 nm diode laser, while collecting the decay at 470 nm. The
uorescence anisotropy (r(t)) was calculated using the following
equation:31

rðtÞ ¼ Ik � GIt

Ik þ 2GIt
(1)

I‖ and It respectively, denote the parallel and perpendicular
uorescence decay intensities and G is the instrumental factor.

2.2.3 Turbidity assay. For turbidity measurement of solu-
tions, UV-visible absorbance spectra were recorded at 360 nm
on a spectrophotometer (Cary 100 UV-vis spectrophotometer)
which were further processed to obtain turbidity of the sample
using the following equation:22

T = 100 − (100 × 10−A) (2)

Here, the abbreviation T stands for turbidity, and A stands for
absorbance.

2.2.4 ThT uorescence assay. From a concentrated stock
solution (1 mM) of ThT, 4 mL was added to the sample solution
to make a nal concentration of 4 mM in 1 mL of solution. The
protein concentration was maintained at 50 mM for all the
measurements of the ThT uorescence assay. All spectra were
collected at lex/em = 450/484 nm, aer 5 min of incubation of
ThT with the samples.

2.2.5 Field emission scanning electron microscopy
(FESEM). FESEM images were obtained using the samples
coated on a mica foil by a drop-casting technique which was
attached to SEM stubs. The samples were dried overnight in
a vacuum. Before FESEM imaging, the sample surface was
coated with gold for 120 s. A Carl Zeiss (Ultra plus) FESEM
instrument was used in our experiment to capture the SEM
images at an accelerating voltage of 10–20 kV. For visualizing
the coalescence, a concentrated solution was used.

2.2.6 Confocal microscopy. Fluorescence lifetime imaging
microscopy (FLIM) and uorescence intensity-based images for
b-LG droplets were recorded, respectively, on an inverted
confocal microscope setup (PicoQuant, MicroTime 200,
Olympus IX-71) and Olympus FV3000 confocal microscope as
described elsewhere.32–34 For FLIM/uorescence imaging, the
3938 | Chem. Sci., 2024, 15, 3936–3948
liquid droplets were obtained by mixing 5% CPM-labeled
proteins with unlabeled proteins to avoid any possible effect
of CPM on the LLPS processes. For sample preparation, 5 mL of
the phase-separated sample was drop cast on a clean micro-
scope glass slide and covered with a commercially available
coverslip. Commercial nail paint was used to seal the coverslip
to stabilize and prevent solvent evaporation during the experi-
ment. The sample was excited using a 405 nm excitation laser.
Also, Rh6G dye was used to equilibrate with the phase-separated
solution which was excited using laser excitation of 532 nm. For
the FLIM experiments, we used a water immersion objective
(magnication 60×, numerical aperture (NA) = 1.2) along with
a dichroic mirror (HQ470/530 DCXR, Chroma) and a band-pass
lter (HQ532lp, Chroma) to avoid the contribution of the exci-
tation light to the emission signal. The emission was focused
through a 50 mm pinhole and the emission signal was collected
on a microphoton device detector (PicoQuant) and processed
through a PicoHarp-300. For acquiring uorescence intensity-
based images, an oil immersion objective (a plain apochro-
matic 63X, 1.4 NA oil immersion objective) was used and the
emission was collected through a DAPI channel for CPM-
labelled samples. For further analysis of droplet images,
ImageJ soware was used.34

2.2.7 Fluorescence recovery aer photobleaching (FRAP).
FRAP experiments were carried out on an Olympus FV3000
confocal microscope using a FRAP module. The samples were
observed with a plain apochromatic 63X, 1.4 NA oil immersion
objective using a 405 nm laser. ∼5% CPM-labelled protein and
95% unlabeled protein were used to incubate 50 mM b-LG in
10% w/v PEG8000, at 37 °C and pH 7.4 for carrying out FRAP
experiments. Bleaching was performed at 50% laser power
during y forward by ROI scan feature. Photobleaching was
performed on a spherical region of interest (ROI) inside the
droplet and subsequently, images were acquired every 1.6 s. The
data were collected from 11 different independent experiments
choosing different droplets and the ROIs. To analyze the uo-
rescence recovery, the background subtraction and photo-
bleaching corrections were applied. The uorescence recovery
was analyzed using Cell Sens soware (Olympus), where the
half-lifetime (s1/2) was determined as the time at which 50%
uorescence recovery occurred. The following double expo-
nential t equation was used for analyzing the recovery curves:34

y ¼ y0 þ A1$exp
� x

s1 þ A2$exp
� x

s2 (3)

The average and standard deviation (s.d.) of the independent
data (N = 11) were calculated and plotted using OriginPro 8.5
soware.

2.2.8 Rh6G incubation with liquid condensates. For this
study, we incubated 1 mM of Rh6G with the liquid condensate
solution of b-LG (50 mM incubated with 10% w/v PEG8000 at pH
7.4 and temperature 37 °C) for 12 h. The sample was imaged by
using an excitation laser of 532 nm.

2.2.9 Circular dichroism (CD) spectroscopy. For the
conformational analysis, CD measurements were performed on
a JASCO J-815 spectropolarimeter. All the CD measurements
© 2024 The Author(s). Published by the Royal Society of Chemistry
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were performed with a 0.1 cm path length quartz cell at
a temperature of 298 K (25 °C) and spectra were recorded by
diluting both native and phase-separated systems (to a nal
concentration of 5 mM unless otherwise mentioned), keeping
intensity within the instrument limitation to avoid the satura-
tion of HT voltage. The scan speed was kept at 100 nm min−1

with proper baseline correction against the buffer signal. The
average of three successive scans was taken for each spectrum,
and the spectra were plotted using OriginPro 8.5 soware. The
results are expressed as mean residue ellipticity (MRE) in units
of deg cm2 dmol−1, as follows:32

MRE ¼ qobsðmdegÞM
pcl

(4)

Here, qobs is the observed ellipticity in milli-degrees, M is the
molecular weight of the protein in g dmol−1, p represents the
number of amino acid residues, l is the path length of the
cuvette, and c is the protein concentration in g L−1.

2.2.10 Fluorescence labeling of b-LG with CPM dye. b-LG
contains 5 cysteine residues with two disulde bonds and one
free cysteine residue in its native state. For the CPM labeling,
free cysteine was utilized, and labeling was done according to
the previously reported protocol with some modications.35 In
a 5 mL b-LG solution prepared in 50 mM phosphate buffer
having pH 7.4, 5 mL of 69mMCPM solution in DMSO was added
to maintain a b-LG : CPM molar ratio of 1 : 2. The solution was
stirred gently at 300 rpm at 25 °C. The unreacted dye was
removed through dialysis using a 14 kDa cutoff dialysis tube in
10 mM PB at 4 °C for 36 h.

2.2.11 Fluorescence labeling of PEG with 5-DTAF dye. The
labelling of PEG was done according to the previously reported
protocol.36,37 In brief, 1.4 mg of 5-DTAF was added to a 2 mL
aqueous PEG8000 (2% w/v) solution followed by a dropwise
addition of 600 mL 1% w/v Na2SO4 solution. The solution pH
was adjusted to 9–10 with NaOH. The reaction proceeded for 3 h
at 60 °C with continuous stirring in the dark. Subsequently, the
polymer was precipitated using cold ethanol. The precipitate
was thoroughly washed with ethanol and dried using a freeze
dryer.

2.2.12 Liquid–liquid phase separation of b-LG. LLPS of b-
LG was observed upon incubation of different concentrations of
the protein (20–100 mM) in phosphate buffer (PB, with or
without NaCl) with polyethylene glycol (PEG8000) at pH 7.4 and
temperature 37 °C. To conduct the pH-dependent study, acetate
buffer (pH∼2.3) was used to maintain a low pH. The samples in
micro-centrifuge tubes were incubated in a solid-state temper-
ature bath. Phase separation of b-LG was also monitored at
different pH and temperatures that resulted in different extents
of droplet formation. No droplet formation was observed at 4 °
C, and high temperature (viz. 50 °C and above) suggests the
upper critical solution transition behavior of b-LG. Droplet
formation was conrmed and monitored through turbidity
assays, FESEM, confocal microscopic DIC, uorescence inten-
sity, and lifetime (FLIM)-based images.

2.2.13 Fibrillation of b-LG. To obtain brillar structures,
the proteins were heated beyond melting temperatures under
varied conditions of pH. For b-LG, the previously reported
© 2024 The Author(s). Published by the Royal Society of Chemistry
procedure was adopted.38 In brief, 2% (w/v) b-LG was taken in
water and incubated at 90 °C for 6 h in a dry bath. Thereaer,
the solution was quenched with a stream of cold water and used
for further studies.

2.2.14 Catalytic activity of the phase-separated liquid
droplets. For calculating the velocity constant, 300 mL of the
condensate solution in 10 mM PB was taken in which varying
concentrations of PNPA, PNPB, and PNPV were added. For the
control experiments using PB, PEG8000, native b-LG, BSA, and
HSA, all the experimental conditions were kept the same. Every
time fresh stock solutions of the p-nitrophenyl esters were made
in UV-grade methanol to keep the nal volume of 5 mL to be
added to the nal solution before the experiments. The absor-
bance kinetics was monitored at 400 nm for p-nitro phenolate
(PNP). The reaction rate was measured from the kinetics of all
the concentrations by linear tting for 5 minutes. The catalytic
rate constant (kcat) and Michaelis constant (Km) were obtained
from the nonlinear curve tting of velocity against substrate
concentration and Michaelis Menten enzyme kinetic analysis.
For the qualitative analysis of enzymatic activity through uo-
rescence spectroscopy, a stock solution of DCFDA (initially
prepared in DMSO) was added into 1 mL of PB, PEG8000, native
b-LG, and phase-separated b-LG solution, making a nal
concentration of DCFDA as 10 mM. The uorescence spectra
were recorded for measuring the different extent of 20,70-
dichlorouorescein (DCF) produced at different time intervals
up to 24 h by using an excitation wavelength of 490 nm, keeping
both the excitation and emission slit widths of 1 nm. The
absorbance kinetic studies were performed using a SHIMADZU
UV-2600i UV-vis spectrophotometer.

2.2.15 Electrospray ionization spectroscopy. The ESI-MS
spectrum of the hydrolyzed product of PNPA was acquired on
a Bruker microTOF QII high-resolution mass spectrometer. The
sample was prepared by decanting the supernatant solution
aer centrifugation followed by ltration through a syringe
lter having a pore size of 0.22 mm.

2.2.16 Solvent isotopic effect and medium-chain fatty acid
experiment. The deuterium oxide isotope effect was analyzed to
decipher the role of proton transfer and the involvement of
water molecules. The inuence of D2O on the ester hydrolysis of
PNPA by b-LG condensates was investigated to understand the
behavior of the proton. For the solvent isotopic study, 10% w/v
PEG8000 solution prepared in D2O and H2O, separately, were
used to half dilute the condensate solution (prepared by incu-
bating 50 mM b-LG solution at pH 7.4 and temperature 37 °C for
7 days). With these diluted solutions, PNPA hydrolysis kinetics
experiments were conducted keeping all other conditions the
same (using 120 mM PNPA and recording the absorbance at 400
nm). To investigate the effect of medium chain fatty acids, we
added caproic acid to the condensate solution maintaining the
nal concentration of 0.0003% w/v and performed the PNPA
hydrolysis kinetics (using 120 mM PNPA and recording the
absorbance at 400 nm).

2.2.17 Denaturation of b-LG by urea and GdHCl. 50 mM b-
LG was incubated with varying concentrations of urea (0–8 M)
and GdHCl (0–6 M) in HCl/KCl buffer at pH ∼2.3 and 23 °C. For
further investigations, the protein was diluted in such a way
Chem. Sci., 2024, 15, 3936–3948 | 3939
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Fig. 2 Characterization of the CPM-labelled b-LG droplets and FRAP.
(a) Schematic representation of the labelling process of b-LGwith CPM
dye. (b)–(d) Represent confocal microscopy images (left to right:
fluorescence intensity-based images, DIC images and the colocali-
zation images) of the b-LG droplets (50 mM b-LG, with 5% CPM-
labelled b-LG, in 10% w/v PEG8000, at 37 °C and pH 7.4) for day1, day3
and day7, respectively (scale bar: 3 mm). (e) Fluorescence images of b-
LG droplets (50 mM b-LG, with 5% CPM-labelled, in 10% w/v PEG8000,
at 37 °C and pH 7.4 for day5) (obtained by photobleaching a ROI)
before bleaching, after bleaching, and post-recovery of fluorescence
during the FRAP experiments (scale bar: 3 mm). (f) FRAP kinetics of
phase-separated b-LG droplets (50 mM b-LG, with 5% CPM-labelled, in
10% w/v PEG8000, at 37 °C and pH 7.4), demonstrating rapid fluo-
rescence recovery with an average half-lifetime of 60 seconds. The
error bar represents mean ± standard deviation (s.d.) for n = 11
independent experiments.
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that the denaturant concentration remained the same. The
presence of denaturants (GdHCl and urea) caused the HT value
of the CD detector to shoot up beyond the permissible value for
spectral acquisition below 210 nm. Hence, for the denatured
protein, the spectra could not be recorded below 210 nm.

2.2.18 Conformational alteration of b-LG by TFE. The
required concentration of b-LG (10 mM for CD and 50 mM for
PNPA kinetics) was incubated with varying concentrations of
TFE (0–30% v/v) in the solution at different pH (2.3 and 7.4) and
23 °C. Aer 10 minutes, the solutions were examined through
CD spectral measurements and used for further experiments.

3 Results and discussion
3.1 Characterization of LLPS of b-LG in a crowded
environment

In the quest to nd the phase separation conditions, we incu-
bated b-LG with an inert synthetic crowder, PEG8000 at
different temperatures, pH, and concentrations. The enhanced
turbidity has been considered as the initial indicator for the
phase separation. We systematically monitored the time-
dependent turbidity of different concentrations of the protein
solutions and noted the changes in the turbidity of b-LG, both
as a function of time and concentration of the protein (Fig. 1b
and c). Next, we proceeded with 50 mM protein to further opti-
mize the role of pH, temperature, time, and PEG8000 concen-
tration in the phase separation process of b-LG. From the
turbidity assay (Fig. S1a–c†), it can be rationalized that b-LG
undergoes time-dependent phase separation in a crowded
environment around physiological conditions. This signies
the role of the microenvironment in inducing such MLO of
proteins. To conrm whether this turbidity originates from the
phenomenon of LLPS, we performed the Thioavin T (ThT)
assay where we observed no signicant increase in the ThT
uorescence (which is typically seen when the protein gets
aggregated) with the formation of b-LG condensates. However,
as expected, the uorescence recorded in the presence of
aggregated protein was different and much more intense than
what was observed in the case of liquid condensates (Fig. S2†).
This study thus ruled out the possibility of brillation or amy-
loidogenic aggregation in the system when subjected to the
molecular crowder, PEG8000, and other environmental factors
that exclusively trigger the formation of liquid-like droplets.

We further investigated the phase separation process by
employing eld emission scanning electron microscopy
(FESEM) and differential interference contrast (DIC) images,
simultaneously. From the FESEM (Fig. 1d–f) as well as DIC
images (Fig. 1g–i), we observed the formation of sphere-like
droplets which represent the condensates of b-LG. The
increased size of the droplets over time can be ascribed to the
fusion/coalescence (Fig. S3a†), and the observed surface wetta-
bility (Fig. S3b†) indicates the liquid-like properties of these
condensates. When b-LG was incubated in the absence of
PEG8000 (Fig. S3c and d†), or PEG8000 was incubated without
the protein (Fig. S3e and f†), no such spherical morphologies
were observed. This substantiates the importance of PEG8000
for the formation of the droplets. As expected for the aggregated
3940 | Chem. Sci., 2024, 15, 3936–3948
protein, FESEM and DIC images displayed a completely
different morphology when compared to the liquid-like
condensates (Fig. S4a and b†). This further supports the idea
that the observed droplets are distinct from protein aggregates.

To understand whether these liquid-like droplets were
formed by proteins, we performed uorescence confocal
microscopy experiments. For this, we covalently labeled the
protein (Fig. 2a) with 7-(diethylamino)-3-(4-maleimidylphenyl)-
4-methyl coumarin (CPM) dye using the optimized protocol
with slight modications,37 and such labeling has minimum
effect on the secondary structure of the proteins.37 The images
of the condensate solution (containing 5% labeled protein
along with unlabeled protein) show distinctly visible uorescent
droplets (Fig. 2b–d) well-matched with DIC images which were
well observable for up to 7 days. This substantiates that these
droplets are the condensates of the protein with a much higher
local density in the droplet phase as compared to the
surrounding solution. Additionally, the morphology of these
droplets is completely different from what was observed for the
aggregates (Fig. S4c†). To ensure that these droplets exhibit
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characterizing protein conformation in the phase-separated
state. (a) Anisotropy measurements using CPM-labelled protein for
native and phase-separated states (50 mM b-LG, with 5% CPM-labelled
b-LG, in 10% w/v PEG8000, at 37 °C and pH 7.4) reveal the dynamic
molecular reorientation of the protein within the liquid condensates.
(b) Far-UV CD spectra of 50 mM b-LG in 10% w/v PEG8000 (incubated
at 37 °C and pH 7.4) recorded with a diluted solution at an effective
protein concentration of 5 mM within the instrument limitation, to
avoid the saturation of the detector. The dilution maintains the liquid
droplet morphology unaffected (data not shown here). (c) The fluo-
rescence spectra of b-LG undergoing the phase separation (lex = 295
nm) display the gradual increase in charge transfer band intensity

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

1/
11

/2
02

5 
07

:2
0:

07
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
uid-like properties and are not solid aggregates, we further
characterized these droplets using the uorescence recovery
aer photobleaching (FRAP) technique.39 In this experiment, we
exposed a region of interest (ROI) in a droplet to the incident
laser with 100% power for a short period of 2 s, and the process
of uorescence recovery was monitored through the subsequent
image acquisition to obtain the FRAP kinetics curve. As seen in
Fig. 2e, S5a and Video S1,† the uorescence emission from the
bleached droplets recovers gradually with time, resulting in an
almost uniform distribution indicating the diffusion of protein
chains in the liquid condensates. From the average of 11
independent experiments, we observed a recovery of 50%within
60 s (Fig. 2f and S5b†), which closely aligns with the recovery
rates and half-life times typically observed for liquid conden-
sates.1,2 On the other hand, it has been observed that proteins
that exhibited a liquid-to-solid transition did not recover aer
photo-bleaching.17 This FRAP analysis thus attests to the liquid-
like behaviour of these droplets, effectively eliminating the
possibility of solid-like aggregates of protein molecules.

Moreover, rhodamine 6G (Rh6G) incubated with the protein-
rich droplet solution revealed distinct uorescent droplets with
the partition of Rh6G within them (Fig. S5c†). These ndings
not only suggest the formation of membraneless architecture
(resembling an MLO), but they also indicate the potential of
these condensates to act as effective dye-trapping agents.
through FRET between the intrinsic tryptophan and the charge transfer
species. (d) Charge transfer fluorescence excitation and emission
spectra of the phase-separated state of b-LG centered around 320 nm
and 400 nm, respectively.
3.2 Molecular reorientation dynamics and conformational
exibility

To gain insights into the molecular reorientation dynamics of b-
LG aer the formation of condensates, time-resolved anisotropy
measurements were conducted using both extrinsic and
intrinsic uorescence approaches. The uorescence anisotropy
decays of the native protein b-LG in an aqueous buffer solution
and the phase-separated condensates under crowder milieu are
depicted in Fig. 3a and S6,† and all the corresponding decay
parameters are summarized in Table S1.† Notably, we observed
a substantial decrement in the anisotropy (indicative of faster
rotational time) for the phase-separated protein compared to
the native protein. This nding suggests an extended confor-
mation and increased mobility of the protein aer phase
separation, relative to its dispersed phase in the native state.
The lower value of residual anisotropy for the phase-separated
protein further attests to the augmented exibility in this
state as compared to the native state of the protein (Fig. S6†).
Also, this change in anisotropy is not residue-specic, as
a similar trend was observed for intrinsic rotor tryptophan
(Fig. S6†) as well as the CPM labeled b-LG (Fig. 3a, Table S2†).
Typically, in contrast to the aggregation of proteins, the phase-
separated state of proteins is associated with rapid chain uc-
tuations, a red-shied emission (discussed later), and a faster
anisotropy.40 Therefore, these observations reaffirm the forma-
tion of liquid-like condensates of b-LG.

To understand the conformational changes of the protein
inside these membrane-less compartments, we recorded
circular dichroism (CD) spectra. For macromolecules like
proteins, the dynamic secondary structures are characterized by
© 2024 The Author(s). Published by the Royal Society of Chemistry
signature peaks in CD spectra. Specically, b-sheets are char-
acterized by a large negative peak around 218 nm and a positive
peak around 195 nm, while alpha-helices exhibit negative peaks
around 208 nm and 222 nm.41 Random coil structures are
characterized by low ellipticity above 210 nm and a span of
spectrum with a negative band towards 200 nm. b-LG, a b-rich
protein, possesses approximately 50% b-sheet content.42 As
shown in Fig. 3b, the secondary structure of b-LG undergoes
signicant changes during the phase separation process. This
change is evident from the decrease in b-sheet content as
a consequence of phase separation, as indicated by the reduc-
tion in ellipticity magnitude around 218 nm. Notably, no
substantial changes were observed when the phenomenon of
phase separation was not operational, i.e., when the protein was
incubated without PEG8000 (Fig. S7†). This observation further
substantiates the conclusion drawn from our time-resolved
anisotropy measurements, reinforcing that phase separation
leads to the more conformational exibility of b-LG as
compared to the compact b-sheet structure observed in its
native state. To gain deeper insights into the conformational
and rotational dynamics of the protein within the phase sepa-
ration regime, we separated the condensed phase from the
dilute phase.

Aer centrifugation, the supernatant solution was trans-
ferred to a different tube and further used for analysing the
time-resolved anisotropy and CD spectra. As shown in Fig. S8a†
and listed in Table S3,† the dilute phase shows a slower
Chem. Sci., 2024, 15, 3936–3948 | 3941
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anisotropy decay (monitored for tryptophan emission)
compared to the phase-separated solution (consisting of dilute
and condensed phases) which exhibits a rapid decrease in
anisotropy, and its rotational time more closely resembles that
of the native protein, Fig. S6 and Table S1.† The CD spectra of
the dilute phase (Fig. S8b†) indicate conformation resembling
that of the phase-separated protein. Thus, we conclude that the
conformational unwinding and rotational exibility observed
are the reections of the alteration due to phase separation and
condensate formation. Previously, phase separation of globular
proteins has been reported to involve conformational unfolding
where the conformational unwinding plays a critical role in
inducing the phase separation of the native compact protein
and in certain instances, partial unfolding has been suggested
as a possibility.43,44

Further, to understand whether the unfolded conformation
of the protein plays an important role in inducing such a liquid
droplet state of the protein, we examined whether the phase
separation would occur when the protein was denatured by
guanidine hydrochloride (6 M GdHCl), a commonly used
denaturant. Surprisingly, we did not observe any characteristics
of liquid droplet formation by using the denatured b-LG as
evident from turbidity assay (Fig. S9a†) and FESEM (Fig. S9b†).
This observation highlights that the observed conformational
changes are unique to the LLPS process of b-LG. It is reported
that b-LG exists in dimeric form around physiological pH (∼7.4)
but in the very low pH regime (pH # 3), it mostly remains in its
monomeric form.45 Therefore, we also analyzed the LLPS
process of b-LG at pH ∼2.3 using FESEM images, where we did
not observe any formation of condensates (Fig. S9c†), as also
evident from the pH-dependent turbidity assay (Fig. S1a†). It
can be rationalized based on the previous reports that at very
low pH, the protein mainly exists in its monomeric form due to
the excess repulsion among the individual protein chains.45,46

This, in turn, further results in an unfavourable condition for
the condensation of multiple protein chains for the phase
separation process to be effective. The lack of liquid droplets
under the denatured and very low pH conditions of b-LG
suggests that the phase separation and related changes are
favourable near physiological pH and under phase-separation
conditions using native protein.
3.3 Phase separation and intermolecular charge transfer
state

To explore the phase separation process using the intrinsic
uorophore tryptophan, we monitored the time-dependent
uorescence emission spectra of tryptophan (lex/em = 295/340
nm) in the presence of the crowder (PEG8000) incubated at 37
°C. Interestingly, during the formation of the liquid droplets, we
observed an additional long-wavelength prominent emission
shoulder, appearing around 400 nm (Fig. 3c). The excitation
wavelength for this distinct emissive species was determined to
be ∼320 nm (Fig. 3d), indicating the formation of a new emis-
sive species. This rather unusual spectral signature has been
previously reported to be originating due to an extensive inter-
molecular charge transfer (CT) through the hydrogen-bonded
3942 | Chem. Sci., 2024, 15, 3936–3948
network of the polypeptide backbone enabled by trapped
water molecules which is also evident from our uorescence
data in Fig. S10a.† This newly generated uorescence peak was
absent in the dispersed phase of the proteins (i.e., in the
absence of the LLPS process, Fig. S10b†) and gets exclusively
generated as a function of time during the phase transition. It
has been previously hypothesized that phase separation can be
modulated by CT in the protein backbone, with an operational
uorescence resonance energy transfer (FRET) process between
the intrinsic tryptophan uorescence emission and the CT band
excitation.47 In a similar scenario, we observed that the phase
separation of b-LG is correlated with the rise of the CT band.
This is supported by the data from control experiments
(Fig. S10c–f†) where the CT uorescence band was absent when
LLPS was not operative. For example, when the denatured b-LG
(by 6 M GdHCl) was incubated with PEG8000 and in the case of
brillation of b-LG, no CT bands were observed (Fig. S10f†).
This unique characteristic property conrms the distinctive
nature of this process.

3.4 Effect of electrolyte and chaotropic agent on LLPS

Protein-driven phase separation mainly originates from multi-
valent interactions between biomolecules, such as electrostatic,
hydrophobic, p–p, hydrogen bonding interactions, and even
through the formation of oligomers.48 An inert crowder like
PEG8000 can prompt short-range depletion force and reduce
the long-range electrostatic repulsion between biomole-
cules.49,50 To decipher the interaction mechanism behind the
phase-separated liquid-like droplets of b-LG, we incubated the
protein along with 10% w/v PEG8000 in solutions having
different ionic strengths (50, 100, 300, and 1000 mM NaCl) and
different percentages of a chaotropic agent, 1,6-hexanediol (1, 3
and 6% w/v).1 As evident from the turbidity data and confocal
microscopic uorescence images in Fig. 4a and b, c, respec-
tively, the increasing concentration of NaCl (up to 300 mM) did
not hinder the droplet formation process, indicating that elec-
trostatic shielding had minimal impact on LLPS of b-LG under
crowding conditions. However, at very high concentrations (∼1
M) these droplet solutions show feeble turbidity, Fig. 4a, in
accordance with the previous reports.16

On the other hand, in the presence of an increasing
concentration of 1,6-hexanediol, we observed a drastic decrease
in the turbidity value (Fig. 4d) and in the presence of 6% of 1,6-
hexanediol, the formation of the liquid droplets of b-LG is
completely inhibited, as depicted by the uorescence micros-
copy images (Fig. 4e and f). This is also reected in FESEM
(Fig. S11†) images aer the serial addition of these reagents.
These observations outline the predominant role of hydro-
phobic interactions which consequently leads to the phase
separation of b-LG.

3.5 Polyethylene glycol as a crowder

The formation of coacervates is a synergistic effect of enthalpy
and entropy of mixing.40,51,52 The enthalpic effect originates
from the multitudes of weak non-covalent interactions between
biomolecules, whereas such association is entropically favored
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Investigating the effect of electrolyte and chaotropic agent on
the LLPS of b-LG. (a) Turbidity plot of the b-LG (50 mM) incubated with
a fixed concentration of PEG8000 (10% w/v) in the presence of
different concentrations of NaCl. (b) Fluorescence image of the
sample incubated with 300 mM of NaCl and (c) merged image
combining fluorescence and phase-contrast images of the sample
incubated with 300 mM of NaCl (scale bar: 5 mm). (d) Turbidity plot of
the sample (50 mM b-LG in the presence of 10% w/v PEG8000, at 37 °C
and pH 7.4) incubated with varying percentages of 1,6-hexanediol in
the solution. (e) Fluorescence image of the sample incubated with 6%
of 1,6-hexanediol in the solution and (f) merged image combining
fluorescence and phase-contrast images of the sample incubated with
6% of 1,6-hexanediol in the solution (scale bar: 9 mm).
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in a crowded milieu.53 The presence of inert crowding agents
like PEG8000 can also modulate the associated thermody-
namics of biomolecules through the excluded volume effect.54

The excluded volume effect could reduce the conformational
space for larger molecules and trigger protein–protein interac-
tions to form liquid droplets. While proteins like lysozyme and
g-crystallins at high concentrations undergoing LLPS without
the need for a crowder have been reported,44,55 our focus was on
investigating the LLPS behaviour of b-LG at signicantly lower
concentrations in the presence of PEG8000. To understand the
role of PEG8000, we investigated its interaction with the protein
and its consequences on the photophysical responses and the
secondary structure of b-LG. For this purpose, we titrated a xed
amount of the protein (50 mM for uorescence study and 5 mM
for CD) with different concentrations of the crowder PEG8000
and monitored the emission response of the intrinsic trypto-
phan uorescence, which is considered to be sensitive to the
perturbation of the microenvironment of the protein. As shown
in Fig. S12a,† the tryptophan emission of the b-LG remains
unchanged in the presence of different concentrations of
PEG8000. Again, the CD spectra (Fig. S12b†) show that the
presence of PEG8000, as such, has no signicant/direct impact
on the secondary structure of the protein. Further, to under-
stand the possible specicity of PEG8000 for inducing LLPS, we
employed dextran instead of PEG8000 at the same concentra-
tion (10% w/v) and observed the formation of droplets through
DIC images of the solution (Fig. S12c†). We also observed
a similar trend of change in the secondary structure with the
phase separation of PEG8000 as evidenced by Fig. S12d.† To
further conrm whether the droplets were composed
© 2024 The Author(s). Published by the Royal Society of Chemistry
predominantly of b-LG, or crowder (PEG) was also included
inside the droplet phase, we used 5-DTAF-labelled PEG8000 for
confocal uorescence imaging. As depicted in Fig. S13a,† the
droplets exhibit no prominent uorescence intensity of the
PEG8000 labelled with 5-DTAF compared to the bulk solution in
contrast to the imaging with CPM-labelled b-LG which shows
distinct uorescent droplets (Fig. 2b–d, 4b and S13b, c†) re-
emphasizing the notion of protein-rich condensates. The line
intensity plot (Fig. S13d†) further substantiates the negligible
intensity of PEG8000-labelled 5-DTAF within the droplets.
These observations collectively indicate the role of PEG8000 as
an inert crowder with no specic interaction with b-LG and
exerts an excluded volume effect for inducing phase separation
of b-LG. Theoretically, it has been proposed that p–p interac-
tions between amino acids drive the LLPS phenomenon51,56 and
it is possible that the crowded environment within the
condensed phase could facilitate unfolding of individual
proteins.44
3.6 Effect of LLPS on esterase-like activity of the protein

Proteins are known for their important functions in physi-
ology, including their smart enzymatic activities. Thus, it
becomes vital to understand the alterations in the functional
properties of the protein in various stages of LLPS. Aer thor-
ough characterization by spectroscopic, morphological, and
conformational properties, we strived to look for the alteration
in functional properties of the b-LG inside such liquid-droplet.
b-LG, a whey protein, is not popularly known to exhibit
esterase-like activity and its biological functions are not
entirely clear, although there are some suggestions.57 Hence, in
order to understand the modulation in the functional proper-
ties, we investigated the esterase activity prole before and
aer the phase separation of b-LG. For this purpose, we
primarily selected p-nitro phenyl acetate (PNPA), a standard
substrate (shown in Fig. 5a). The esterase enzymatic activity of
the protein in the phase-separated state was monitored by
measuring the changes in absorbance values at 400 nm
(Fig. 5b) corresponding to the hydrolyzed product, p-nitro-
phenolate (PNP). As can be seen from Fig. 5c and d, the auto-
hydrolysis of PNPA seems to be extremely slow and the
presence of PEG8000 also doesn't alter our observations.
Surprisingly, while b-LG showed almost no catalytic activity
towards ester hydrolysis in its native state, the phase-separated
liquid-like condensate exhibited efficiently high kinetics, sug-
gesting the emergence of a promiscuous esterase-like activity
of b-LG post phase separation. The formation of PNP as the
hydrolyzed product was conrmed using the ESI-MS technique
as depicted by the m/z peak centered at 138.0391 in the mass
spectra (Fig. S14†). The esterase activity of the phase-separated
proteins is easily distinguished from the hydrolysis of PNPA in
phosphate buffer, PEG8000, and native b-LG solution
(Fig. S15a–c†). The catalytic rate constant (kcat) and Michaelis
constant (Km) were estimated from multiple measurements by
varying concentrations of the substrates (Fig. S15a–d†) and
from the Michaelis–Menten enzyme kinetic analysis using
nonlinear curve tting (Fig. 5d, Table S4†). This shows that the
Chem. Sci., 2024, 15, 3936–3948 | 3943
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Fig. 5 The functional activity of the protein under native and phase-separated conditions. (a) Structural representation of the ester substrates
PNPA, PNPB, and PNPV used for analysis. (b) Gradual enhancement in the absorbance peak around 400 nm for the hydrolyzed product, PNP in
the presence of liquid–liquid phase-separated b-LG. (c) Esterase kinetics of PNPA hydrolysis (keeping [PNPA] = 120 mM; monitoring absorbance
at 400 nm) by b-LG condensates (50 mM b-LG in 10% w/v PEG8000, at 37 °C and pH 7.4 after 7 days) compared with the native protein (50 mM),
PEG8000 (10% w/v), and buffer as controls. (d) Comparative analysis of the rate of hydrolysis of PNPA as a function of its concentration by b-LG
condensates, the native protein, PEG8000, and phosphate buffer. (e) Comparative analysis of the catalytic rate constant (kcat) for PNPA hydrolysis
using b-LG condensates, the native protein, PEG8000, and phosphate buffer under similar conditions (having PNPA substrate concentration of
120 mM, 50 mM b-LG, 10% w/v PEG8000). (f) Comparative analysis of the catalytic rate constant (kcat) for different substrates, viz. 120 mM PNPA,
PNPB, and PNPV under similar conditions (50 mM b-LG, 10%w/v PEG8000; temperature 37 °C and pH 7.4) using liquid–liquid phase-separated b-
LG. (g) Fluorescence emission spectra of DCFDA when excited at 490 nm; the inset structure represents the chemical structure of the non-
emissive DCFDA and the image represents the confocal micrograph of the droplets immediately after the addition of a fresh solution of DCFDA
(scale bar: 3 mm). (h) Fluorescence emission spectra of DCF (lex/em= 490/530 nm)monitored as a function of time; the inset structure represents
the chemical structure of the hydrolyzed product DCF which is emissive and the image represents the confocal micrograph of the droplets
(brightfield merged with the fluorescence image) after 24 h hydrolysis of DCFDA (scale bar: 3 mm). (i) Comparative analysis of the fluorescence
emission of DCF formed through the different extent of hydrolysis from b-LG condensates, native protein, PEG8000, and phosphate buffer
under similar conditions.
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characteristic of the enzymatic activity towards PNPA is exclu-
sively due to the phase-separated b-LG (Fig. 5e). To further
explore the substrate scope and generalization of the observed
enzymatic activity, we veried the esterase activity of the phase-
separated system with two more chromogenic esterase
substrates (Fig. S15e and f†): p-nitrophenyl butyrate (PNPB)
and p-nitrophenyl valerate (PNPV). The kinetics analyses in the
presence of phase-separated b-LG displayed similar catalytic
3944 | Chem. Sci., 2024, 15, 3936–3948
behaviour for these substrates as well, as observed for PNPA
(Fig. S16a and b†). As expected, native b-LG was non-catalytic
towards the hydrolysis of PNPB and PNPV, and PEG8000
alone has no role in the enzymatic activity, exhibiting a similar
absorbance as encountered in the autohydrolysis process (i.e.,
in PB/water alone). The catalytic rate constant (kcat) and
Michaelis constant (Km) for the PNPB and PNPV hydrolysis
reaction were obtained similarly from the Michaelis–Menten
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc06802a


Table 1 The functional activity of the phase-separated protein for
various ester substrates

Substrate Vmax (mM min−1) Km (mM) kcat (min−1 × 103)

PNPA 43 � 2 900 � 50 880 � 40
PNPB 29 � 2 240 � 10 570 � 30
PNPV 18 � 1 250 � 10 360 � 20
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enzyme kinetic analysis (Fig. S17a and b†) and are represented
by Fig. 5f and listed in Table 1.

Furthermore, we conducted a qualitative analysis of the
enzymatic capability of b-LG in the phase-separated state using
another esterase substrate, DCFDA, by uorescence spectros-
copy. As can be seen from Fig. 5g–i, the systematic enhance-
ment in the uorescence intensity with time conrmed that the
phase-separated liquid droplets of b-LG can also catalyze the
hydrolysis of non-uorescent DCFDA to release the uorescent
product DCF (Fig. 5h).

We conducted similar studies on two different globular
proteins, HSA and BSA, under identical conditions. The DIC
images (Fig. S18a and b†) revealed the formation of conden-
sates. However, the analysis of the secondary structure through
CD spectra (Fig. S18c and d†) showed no signicant alteration,
consistent with previous ndings.21,22 Subsequently, we per-
formed a PNPA hydrolysis experiment in the presence of native
and phase-separated HSA and BSA. As evident from Fig. S18e
and f,† no notable modulation in esterase-like activity was
observed for either HSA or BSA. This indicates that the modu-
lation in one kind of functional property may not be universal to
all the proteins as the alteration in the esterase activity can be
seen for phase-separated b-LG, but not for other globular
proteins tested here (i.e., HSA and BSA). Further, we investi-
gated whether amyloidogenic aggregation or denaturation of b-
LG can regulate suchmodulations in enzymatic activity. For this
purpose, we conducted a PNPA kinetics experiment with
aggregated b-LG as well as with a denatured sample of b-LG (by
6 M GdHCl) incubated in the presence of PEG8000 (Fig. S19†).
We also conducted sequential denaturation of the protein
(partial to complete denaturation) using various denaturing
agents (viz. 0–6 M GdHCl, and 0–8 M urea) followed by moni-
toring the secondary structure through CD and conducting
PNPA kinetics (Fig. S20†). Notably, the activity observed in
phase-separated b-LG was absent in the amyloid and denatured
forms of b-LG (Fig. S19, S20b, and S20d†) emphasizing the
distinct inuence of phase separation on enzymatic activity.

To gain additional insights into the enzymatic activity within
the phase-separated protein, we conducted separate PNPA
hydrolysis experiments in the dilute phase. Inspired by
a previous report we conducted centrifugation followed by
separation of the dilute phase for further study.58 As shown in
Fig. S21,† the dilute phase displayed negligible activity, almost
similar to the native protein. These ndings strongly support
the idea that the condensates are responsible for the catalytic
activity. Additionally, we found that these droplet-like conden-
sates remain intact even aer the enzymatic activity, as
observed in the DIC images in Fig. S22a† and the inset image of
© 2024 The Author(s). Published by the Royal Society of Chemistry
Fig. 5g and h. Therefore, taking advantage of this, we acquired
the confocal microscopy images of the phase-separated solution
aer the hydrolysis of DCFDA. Interestingly, the bright eld
images of the droplets exhibited a prominent and distinct
bright green uorescence (Fig. S22a–c† and the inset image of
Fig. 5h). This compelling evidence directly indicates the pres-
ence of a catalytic site for ester hydrolysis within these highly
dense protein droplets, further reinforcing the concept that the
condensates act as robust catalytic crucibles for the esterase
hydrolysis reaction.

These comprehensive observations rmly establish that the
phase-separation of the protein signicantly modulates (gives
rise to promiscuous function) the enzymatic activity compared
to the native state of the protein. The condensates formed by
phase separation create an ideal environment for efficient ester
hydrolysis, resulting in the enhanced cleavage of esters.

This enzymatic activity within the liquid-like droplets high-
lights the unique functional properties that can emerge in such
membrane-less compartments, providing valuable insights into
the functional roles of protein phase separation in cellular
processes. Here, the excluded volume effect in the presence of
PEG8000 can modulate the effective concentrations of b-LG
compared to the global concentrations that could play
a seminal role in the enzymatic activity shown by the b-LG rich
liquid droplets herein.59 The nonstoichiometric bio-assemblies
have been reported to execute good enzymatic activity.60 In
addition, the different chemical environments and conforma-
tional organization of proteins inside the liquid-like droplets
could create a conducive chemical environment by exposing
amino acids to catalyze the hydrolysis reaction. In esterase-like
enzymatic reactions, specic amino acids such as tyrosine (Tyr),
arginine (Arg), serine (Ser), histidine (His), and glutamic acid
(Glu)/aspartic acid (Asp) in proteins and peptides have been
known to participate in catalytic activities by interacting with
substrates.61,62 Hence, the presence of these amino acids in b-LG
supports its potential for demonstrating esterase-like enzymatic
activity. While serine proteases are well-known to form catalytic
triads involving Ser, Asp/Glu, and His residues,61,63 there are
reports of esterase activity operating through different mecha-
nisms as well.64,65

The involvement of water molecules and proton transfer in
enzymatic reactions is a critical aspect for understanding the
catalytic mechanisms (since, its result is the reection of the
acetylation reaction that occurs during the rst step of the
hydrolytic reaction, generating p-nitrophenol).61,66 Serine
proteases, for instance, exhibit a solvent isotope effect depen-
dent on the mole fraction of deuterium oxide, indicating the
direct involvement of the active-site serine hydroxyl group and
water molecules in their catalytic triads.61 Hence, we attempted
to evaluate the role of water molecules and proton transfer
using the solvent isotope effect. To this end, we performed
PNPA hydrolysis kinetics in solutions having 0% and 50% D2O
as solvent. Our experimental result demonstrated that the
presence of deuterium oxide has no signicant effect on the
catalytic prole of the enzyme (phase separated b-LG here,
Fig. S23†). This nding aligns with a previous report (of
hydrolysis catalyzed by the protein HSA)62 where the lack of
Chem. Sci., 2024, 15, 3936–3948 | 3945
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isotope effect indicates that proton transfer is not a major
factor during the initial step of the hydrolytic reaction. This
observation implies that the probable catalytic mechanism of
our protein is not dependent on general acid or base catalysis,
as is the case for serine proteases. Instead, it suggests that the
catalytic process is primarily driven by other factors, such as
specic amino acid residues within the active site as described
for albumins. The signicance of tyrosine and arginine in
hydrolytic activity is evident in the case of albumins (HSA),61 as
they are perfectly preserved in all species of albumin, and the
differences in reactivity among different albumins are believed
to reect differences in the microenvironment.61,66–68 This
suggests that the catalytic process is most likely driven by
specic amino acid residues within or in the vicinity of the
active site. We also analyzed the PDB structure of the b-LG
(PDB ID:1BEB) using PyMOL, for the availability of these resi-
dues on the protein surface. We found that b-LG has 4 tyrosine
(3 present in b-strands: Y20, Y42, Y102) and 3 arginine (1
present in the b-strand: R148) (Fig. S24†). To substantiate our
ndings, we conducted PNPA kinetics experiment in the
presence and absence of a medium-chain fatty acid, caproic
acid (CA). Intriguingly, we observed that even at a low
concentration (0.0003% w/v), CA profoundly inhibits the
esterase-like activity (Fig. S25†). This inhibition pattern further
supports the notion of a mechanism, analogous to the albumin
esterases.66–68 Proteins possess diverse conformations and
activities beyond their primary roles.69,70 Our systematic day-
wise study indicates that the catalytic activity increases
(Fig. S26†) as the b-sheet content decreases with phase sepa-
ration (Fig. 3b). 2,2,2-Triuoroethanol (TFE) can prompt a shi
in the conformational distribution of b-LG, transitioning it
from being predominantly composed of b-sheets to having
a higher proportion of a-helices.71 This led us to deliberately
modify the conformational distribution of b-LG using TFE,
which we monitored through detailed CD measurements
(shown in Fig. S27a–c,† and detailed in the corresponding
gure caption). Further, we delved into examining how this
altered conformational state of b-LG affected its esterase-like
activity. Interestingly, we found that the shi in conforma-
tional distribution is accompanied by changes in the esterase-
like enzymatic activity of the protein. This strongly suggests
a correlation between conformational changes and functional
diversity (Fig. S28a and b†).

The observed modulation in esterase-like activity under the
inuence of TFE suggests that conformational alterations (and
stabilization of the a-helix-rich conformer), rather than
complete denaturation, trigger this promiscuous function.
This resonates with the concept of promiscuous functions
emerging from alternate conformations.69,71 This thereby
elucidates the intricate relationship between protein confor-
mational states and functional activities and highlights how
the shi in the conformational distributions under specic
conditions, such as phase separation, can markedly inuence
protein functionality.

This nding adds to the growing body of research that
certain proteins may employ distinct catalytic strategies,
contributing to the functional diversity observed in enzymatic
3946 | Chem. Sci., 2024, 15, 3936–3948
reactions. Further investigations into the specic residues and
structural motifs responsible for this unique enzymatic activity
will shed more light on the fascinating world of protein catal-
ysis. Our present investigation thus substantiates that chemical
environments and conformational changes play a pivotal role in
concentrating the substrate within condensates to catalyse the
hydrolysis reaction.
4. Conclusions

Our study provides comprehensive insights into the phase
separation behavior of b-LG and the formation of liquid-like
droplets induced by an inert synthetic crowder, PEG8000.
Through a series of spectroscopic and microscopic experi-
ments, we have demonstrated the formation of liquid-like
droplets, distinct from brillation or amyloidogenic aggrega-
tion, predominantly driven through hydrophobic interactions.
These droplets exhibit dynamic behavior consistent with
liquid-like properties, characterized by confocal uorescence
microscopy and FRAP study. Time-resolved anisotropy and CD
investigations revealed how LLPS modulates the conforma-
tional exibility of b-LG, subsequently inducing conforma-
tional changes. The presence of a charge transfer (CT) state, in
the case of phase-separated protein, further conrmed the
unique nature of this process. Interestingly, phase separation
alters the functional activity of b-LG, giving rise to esterase
enzymatic activity compared to the native state as veried with
various chromogenic and uorogenic esterase substrates.
Notably, such modulation was specic to the phase-separated
state, a unique characteristic not observed in the denatured or
aggregated state of b-LG and also not seen in other globular
proteins (BSA and HSA). We found that the droplets harbour
a catalytic site and act as robust crucibles for esterase hydro-
lysis, likely driven by specic amino acid residues exposed
through phase separation, similar to albumins. The promis-
cuous function emerging from alternate conformations
elucidates how the shi in the conformational distributions
under specic conditions, such as phase separation, can
unveil the latent functionality. Further investigation into
these residues and structural motifs may shed more light on
the protein catalysis mechanism. These ndings highlight the
functional properties that can emerge in membrane-less
compartments due to phase separation, providing valuable
insights into the roles of protein phase separation in cellular
processes.
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