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ABSTRACT: Macromolecular crowding agents, such as poly(ethylene glycol) (PEG), are often used to mimic cellular cytoplasm in
protein assembly studies. Despite the perception that crowding agents have an inert nature, we demonstrate and quantitatively
explore the diverse effects of PEG on the phase separation and maturation of protein condensates. We use two model proteins, the
FG domain of Nup98 and bovine serum albumin (BSA), which represent an intrinsically disordered protein and a protein with a
well-established secondary structure, respectively. PEG expedites the maturation of Nup98, enhancing denser protein packing and
fortifying interactions, which hasten beta-sheet formation and subsequent droplet gelation. In contrast to BSA, PEG enhances
droplet stability and limits the available solvent for protein solubilization, inducing only minimal changes in the secondary structure,
pointing toward a significantly different role of the crowding agent. Strikingly, we detect almost no presence of PEG in Nup droplets,
whereas PEG is moderately detectable within BSA droplets. Our findings demonstrate a nuanced interplay between crowding agents
and proteins; PEG can accelerate protein maturation in liquid−liquid phase separation systems, but its partitioning and effect on
protein structure in droplets is protein specific. This suggests that crowding phenomena are specific to each protein-crowding agent
pair.

■ INTRODUCTION
The study of proteins and their interactions is a cornerstone of
modern biochemistry and molecular biology. One emerging
phenomenon in this field is phase separation (PS), which
appears to underlie, at least in part, the formation of membrane-
less organelles (MLOs) inside cells.1,2 This process in protein-
based systems can be driven by multivalent protein−protein
interactions, leading to the formation of droplet-like structures
that compartmentalize biomolecules without the need for a
surrounding lipid barrier. Crucially, these protein interactions
and the ensuing PS can be heavily influenced by the crowded
nature of the cellular environment.3 In this context, the role of
crowding agents, which mimic the dense intracellular milieu, is
being increasingly recognized and investigated.4 Crowding
agents affect PS through several key mechanisms.5 One
mechanism is volume exclusion, a fundamental principle
underpinning their function. Volume exclusion promotes PS
by reducing the available volume for other macromolecules,
thereby inducing segregation and formation of distinct phases.6,7

Additionally, crowding agents typically retard diffusion rates of
proteins.8 Lastly, by inducing a dehydration effect, crowding

agents strip away water molecules that may otherwise be
associated with biomolecules, making protein−protein inter-
actions more favorable and further promoting PS.9 Molecular
partitioning of crowding agents follows one of two pathways:
competitive (segregative) and cooperative (associative).10−12 In
segregative PS, protein and crowding agent macromolecules
partition into distinct phases to minimize interactions. In
contrast, in associative PS, both protein and crowding agent
macromolecules coalesce into a single phase, driven by mutual
affinity.
Polyethylene glycol (PEG) is a widely used crowding agent in

biochemical studies to mimic the intracellular environment. It is
a variable-molecular-weight polymer composed of repeating
ethylene oxide units. PEG is hydrophilic and highly soluble in
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aqueous buffers, in particular at low molecular weight.13−15 It
typically does not form specific binding interactions but can
interact nonspecifically with proteins or other biomole-
cules.16−19 For this reason, it has been perceived as an “inert”
crowding agent.20,21 One notable exception is its apparent ability
to bind to lysine residues via a crown-ether type motif.22 In any
case, it will at least interact with its environment in a nonspecific
way. Owing to these properties, PEG has been used to effectively
mimic the crowded nature of a typical cell interior without
introducing unnecessary complications from specific non-
covalent interactions.4 Recent research indicates a shift in our
understanding of PEG’s role in PS. Contrary to its traditional
classification as an “inert” crowding agent, newer studies suggest
that PEG can colocalize within protein condensates and actively
participate in an associative PS.12,23 This highlights PEG’s
potential contribution to the formation and characteristics of the
resulting phase-separated structures.
Nucleoporins (Nups), key components of the nuclear pore

complex (NPC), belong to the family of intrinsically disordered
proteins (IDPs) that lack a well-defined structure in their native
state, providing them with exceptional conformational and
structural flexibility.24 Within the highly crowded environment
of the NPC, these Nups play an indispensable role in controlling
molecular traffic between the nucleus and the cytoplasm.25

Under certain conditions, Nups can undergo further transitions,
leading to fibrillation, where they self-assemble into fiber-like
structures in vitro.26,27 This transition is thought to be propelled
by hydrophobic interactions between phenylalanine/glycine
(FG) repeat motifs, suggesting a key role for nonpolar forces in
driving the transition toward fibrillation. The potential sequence
of transitions�liquid to gel to fibrils�showcases the
adaptability of Nups and their intricate contribution to cellular
function.28 However, this uncontrolled aggregation and
subsequent deposition of other IDP families such as FUS
(FUsed in Sarcoma) or TAU (Tubulin Associated Unit) can
disrupt normal cellular functions and is associated with a range
of neurodegenerative disorders, including Alzheimer’s, Parkin-
son’s, and Huntington’s diseases.29−33 The self-assembly of
these proteins is often driven by beta (β)-sheet formation, which
allows stable aggregates to form via an increase in intermolecular
hydrogen bonding facilitated by the exposure of hydrophobic
regions.34,35 Consequently, understanding the influence of the
nucleoporin environment on such a structural transition of Nups
is of paramount importance. This knowledge will provide critical
insights into the mechanistic pathways of protein aggregation
and its role in disease.36 Many studies have explored the impact
of PEG and other crowding agents on different proteins,
spanning both IDPs and those with well-defined secondary
structures.37,38 However, our understanding regarding the
influence of crowding on the kinetics of the structural
maturation in PS-formed protein condensates remains incom-
plete and warrants further investigation.39,40

In the present investigation, we delve into the intricacies of the
kinetic aspect of protein condensate maturation, focusing
specifically on the structural transformation of initially liquid-
like protein condensates in the presence and absence of a PEG
crowding agent. We furthermore analyze, discuss, and categorize
the phase behavior of the protein/PEG/buffer mixtures. Where
possible, we map out and model the phase diagram by
quantifying the composition of the condensates as well as the
coexisting dilute phase. We implement broadband coherent
anti-Stokes Raman scattering (BCARS) and fluorescence
recovery after photobleaching (FRAP) to examine the “aging”

states of Nup98 under varying crowding conditions and time
frames. Additionally, we include a comparison with PS of a
solution of bovine serum albumin (BSA), a well-studied protein
with defined folding. Through this study, we aim to shed light on
the specifics of how molecular crowding influences protein
condensate formation and transformation or maturation and
whether this influence translates universally across both
disordered and folded protein assemblies or remains specific
to a certain class of proteins.

■ MATERIALS AND METHODS
Nup Purification, Solutions, and Labeling. The FG domain of

Homo sapiens Nup98 (spanning 1−505 amino acids, excluding the
Gle2-binding domain (GLEBS; 157−213 amino acids), a structured
domain interspersed between the two FG domains) was expressed in
Escherichia coli BL21 AI cells. Detailed protocols for the expression and
purification are available in the Methods Section of our previous
publication.84 The purified Nup98 was concentrated to a final
concentration of 165 μM using 3 kDa molecular weight cut-off
(MWCO) centrifugal filters (Merck Millipore) in a solution of 2 M
guanidine hydrochloride (GdmCl), 0.2 mM tris(2-carboxyethyl)-
phosphine (TCEP), and 50 mM Tris−HCl, pH 8, with the
concentration measured by the Pierce BCA Protein Assay Kit
(23,227, Thermo Fisher). The proteins were flash-frozen and stored
at −80 °C.

Full NUP98 FG domain sequence without the GLEBS domain is as
follows: MFNKSFGTPFGGGTGGFGTTSTFGQNTGFGTTS-
GGAFGTSAFGSSNNTGGLFGNSQTKPGGLFGTSSFSQPAT-
STSTGFGFGTSTGTANTLFGTASTGTSLFSSQNNAFAQN-
KPTGFGNFGTSTSSGGLFGTTNTTSNPFGSTSGSLFGPSSFTA-
AGPQNQVGAGTTTGLFGSSPATSSATGLFSSSTTNSGFA-
YGQNKTAFGTSTTGFGTNPGGLFGQQNQQTTSLFSKPFGQ-
ATTTQNTGFSFGNTSTIGQPSTNTMGLFGVTQASQPG-
GLFGTATNTSTGTAFGTGTGLFGQTNTGFGAVGSTLFG-
NNKLTTFGSSTTSAPSFGTTSGGLFGFGTNTSGNSIFG-
SKPAPGTLGTGLGAGFGTALGAGQASLFGNNQPKIGGP-
LGTGAFGAPGFNTTTATLGFGAPQAPVALTDPNASAAQQ-
AVLQQHINSLTYSPFGDSPLFRNP.

The molecular weight of this NUP98 FG domain (1−448) is
43.56 kDa. For labeling, the purified Nup98 FG domain, with a single
cysteine mutation (A221C), was exchanged into 4 M GdmCl, 1× PBS,
0.1 mM EDTA, and 0.2 mM TCEP, pH 7. Labeling with Alexa Fluor
488 maleimide (A10254, Thermo Fisher) was performed at a molar
ratio of 1:2 (dye/protein) overnight at 4 °C. The reaction was
quenched with 10 mM DTT in 4M GdmCl and 1× PBS, pH 7.
Unreacted dye was washed off by using a 3 kDa MWCO centrifugal
filter, and the labeled protein was further purified with Superdex 200.
Pure fractions were selected, pooled, and concentrated, and the final
concentration was measured using a Duetta absorbance spectrometer
(Horiba). Protein was flash-frozen and stored at −80 °C. For all
fluorescence-based investigations, the Nup98 solution was doped with
1% of a fluorescently labeled version of Nup98.

BSA Solutions and Labeling. BSA Fraction V (1126GR050,
neoFroxx) was dissolved in 10× PBS buffer overnight at a constant
temperature of 25 °C using a Thermoblock to ensure complete
dissolution. The solution was then transferred to a syringe fitted with a
0.22 μm polyvinylidene difluoride (PVDF) filter and subsequently
filtered to remove any potential contaminants. The purified aliquots
were flash-frozen and stored at −80 °C until further use. The final
concentration of the solution was confirmed to be 125 μM (8.25 mg/
mL) using the Pierce BCA Protein Assay Kit (23,227, Thermo Fisher).

The BSA sequence used in our study is as follows: MKWVTF-
ISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLV-
LIAFSQYLQQCPFDEHVKLVNELTEFAKTCVADESHA-
GCEKSLHTLFGDELCKVASLRETYGDMADCCEKQE-
PERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKK-
FWGKYLYEIARRHPYFYAPELLYYANKYNGVFQECCQA-
EDKGACLLPKIETMREKVLASSARQRLRCASIQKFGE-
RALKAWSVARLSQKFPKAEFVEVTKLVTDLTKVHKECCHGD-
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LLECADDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIA-
EVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFL-
YEYSRRHPEYAVSVLLRLAKEYEATLEECCAKDDPH-
ACYSTVFDKLKHLVDEPQNLIKQNCDQFEKLGEYGFQ-
NALIVRYTRKVPQVSTPTLVEVSRSLGKVGTRCCTKPESERMP-
CTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFS-
ALTPDETYVPKAFDEKLFTFHADICTLPDTEKQIKKQT-
ALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFA-
VEGPKLVVSTQTALA. The molecular weight of BSA (25−607) is
66.43 kDa.

For fluorescent BSA, fluorescein-labeled BSA (BSA-FITC),
albumin-fluorescein isothiocyanate conjugate (A9771, Merck) was
used. The lyophilized conjugate was reconstituted in 10× PBS to a
concentration of 500 μM (33 mg/mL), following the procedure
previously outlined. Subsequent to preparation, the protein solution
was flash-frozen and stored at −80 °C until required. For all
fluorescence-driven experiments, the standard BSA solution was
enriched with 1% fluorescently labeled BSA.
PEG Solutions. Polyethylene glycol (PEG) with a molecular weight

of 4000 g/mol (95,904, Merck) was dissolved in either 1× transport
buffer (TB) (TB; 20 mM HEPES, 110 mM KOAc, 5 mM NaOAc, 2
mM Mg(OAc)2, 1 mM EGTA, and 2 mM DTT, pH 7.3)85 (Nup98
studies) or 1× PBS (BSA studies). This was achieved through overnight
incubation at 40 °C with continuous stirring on a hot plate, resulting in
a final concentration of 40% (w/v). This stock solution was then
systematically diluted to generate a series of working concentrations
suitable for our studies: 0%, 2.5%, 5%, 10%, and 30% for investigations
on Nup98 and 10%, 20%, and 30% for BSA studies. All solutions were
stored at −80 °C.
Condensate Sample Preparation and Preservation. For our

time-dependent experiments for each sample, a 24 × 60 mm, #1,
nonmodified glass coverslip was prepared with two parallel strips of
double-sided tape, leaving an approximate gap of 15 mm. Subsequently,
2 μL of the protein solution was carefully pipetted into the gap, followed
by the addition of 20 μL of the buffer with PEG. After allowing about a
minute for the sample to stabilize, a 20 × 20 mm, #1 glass coverslip was
positioned over the sample to create a seal. The top coverslip was then
firmly pressed onto the double-sided tape, ensuring a secure adhesion.
To further enhance the seal and maintain an airtight environment, each
of the four edges of the top coverslip was sealed using a quick-drying,
cyanoacrylate-based adhesive (UHU, super glue). This comprehensive
preparation ensured an optimal environment for our subsequent time-
dependent microscopy studies, minimizing potential evaporation or
contamination. Impressively, this robust setup displayed no leakage
even after 1 month of storage, thereby reinforcing the stability and
reliability of our experimental conditions.
Fluorescence Recovery after Photobleaching. FRAP experi-

ments were conducted using a Leica SP8 confocal microscope with a 63
× 1.20 NA water immersion objective. We utilized a 488 nm laser line
for studies involving Nup98 and both 488 and 496 nm laser lines for
BSA experiments. All image stacks acquired maintained a consistent
resolution of 512 × 512 pixels. The scanner was configured to a
scanning frequency of 700 Hz, allowing for a cycle time of 0.743 s. A
total of 165 frames were recorded for each sample: the first 5 frames
were captured as “pre-bleach” images using a laser power of 5%,
followed by 10 bleach frames with the laser power locally intensified to
100%, and finally 150 postbleach frames with a laser power of 5%.
Throughout the imaging process, the pinhole size was held constant at
100 nm to ensure consistency in the collected data. Zoom was also
maintained within a range of 15−30×. This imaging setup allowed for
high-resolution and consistent data collection across all FRAP
experiments. Subsequent to data acquisition, a custom Python script
was employed to process the collected data. This script was designed to
facilitate the simultaneous analysis of four bleached regions of interest
(ROIs) while accounting for an additional background ROI (consisting
of an empty plane) and a reference ROI (comprising the entire sample
plane). Following this preliminary processing, data were exported to
easyFRAP, an online FRAP analysis tool.86−88

Broadband Coherent Anti-Stokes Raman Scattering Micros-
copy. Raman measurements were performed using a home-built

broadband coherent anti-Stokes Raman scattering (BCARS) micro-
scope, the detailed configuration of which has been documented in
prior work.89 In essence, the pump/probe and Stokes pulses are created
in a dual-output, subnanosecond laser source (CARS-SM-30, Leukos).
These pulses are then synchronously overlapped in space and time at
the sample plane of an inverted microscope (Eclipse Ti−U, Nikon) and
tightly focused onto the sample using a 0.85 NA air objective (LCPlan
N, Olympus). The BCARS signal, once isolated from the excitation
pulses, is focused onto the slit of a spectrograph (Shamrock 303i,
Andor). This disperses the spectral components onto a cooled CCD
camera (Newport DU920P-BR-DD, Andor). Samples are positioned
with the coverslip facing the collector and scanned using a piezo stage
(Nano-PDQ 375 HS, Mad City Laboratories) controlled by LabView
2015 (National Instruments) software. Following data collection, the
amassed hyperspectral data undergo processing in IgorPro (Wave-
Metrics). The Raman-like spectra are retrieved through a modified
Kramers−Kronig transform.90 All spectra presented in this paper were
phase-retrieved using buffer alone, with no macromolecules as a
reference spectrum, and any background phase is removed using a
Savitzky−Golay filter with a second order polynomial and a window
size of approximately 400 cm−1. This protocol allowed us to acquire and
interpret high-quality spectral data from our samples.

For the deconvolution of the Nup98 amide I band, we utilized a
custom Python script. This script facilitated the generation of an initial
seed for the parameters of the Lorentzian peaks.We derived these initial
estimates in accordance with our prior published work.91 Upon
establishing these initial parameters, we input them into the peak
analyzer function of OriginLab Pro. This software further refined the
deconvolution and produced the final resolution of the peaks.

To analyze BSA/PEG concentrations via CH stretch peak fitting, we
employed a custom Python script based on the BCARS spectra of 4mM
BSA and 75 mM PEG reference samples for the CH region (2800−
3100 cm−1). These samples were processed andmeasured following the
same protocols as those described above. Spectral fitting of phase-
retrieved spectra was conducted in the range of 2820−3050 cm−1, with
each spectrum normalized to the highest peak of the sample. BSA and
PEG concentrations were determined by fitting the normalized
spectrum to a weighted sum of the pure BSA and PEG spectra, with
each component being weighted by a coefficient to best fit the
experimental spectrum. The fitting coefficients were then transformed
into concentrations using a reverse normalization procedure to
correlate with the BSA or PEG reference concentrations. To account
for variations linked to different alignments and to make spectra from
day-to-day quantitatively comparable, we collected Raman-like spectra
of water prior to each sample measurement. This was used for
subsequent rescaling, ensuring that potential deviations were
minimized and thus enabling accurate and reliable analysis.

Thioflavin T Microscopy. Thioflavin T (ThT; T3516) was
purchased from Sigma. A final concentration of 40 μM ThT was
diluted from a 5 mM stock in Milli-Q water, determined by absorbance
at 412 nm with ε = 31,600 M−1 cm−1. For Nup98 droplets, ThT was
added to TB prior to mixing with PEG. For BSA droplets, ThT was
added independently immediately after dilution of BSA with PEG
solutions. Microscopy for ThT was performed using epifluorescence
microscopy (Olympus IX70) with a 40× objective and standard filter
set for FITC/GFP provided by the manufacturer.

■ RESULTS AND DISCUSSION
PEG Crowding Drives Segregative Nup98 Condensa-

tion, Accelerates Structural Maturation, and Reduces
Molecular Mobility. Liquid−liquid PS of Nup98, whether in
the presence or absence of PEG, results in the formation of
droplet-like condensates. The size of these condensates varies
with the concentration of the PEG crowding agent and the
condensate population namely their location, size, and shape are
nonuniform on the sample, suggesting a kinetic process at work
during condensate formation (Figure S1). To obtain a
comparable understanding of the chemical composition of
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both the continuous and droplet phases across all PEG
concentrations, we targeted regions in the samples where both
phases (droplets and a continuous phase) were present (Figure
1A) (shown for 30% (w/v) PEG). Immediately obvious from
the bright field imaging are overlapping droplet structures,
implying the ability to form unified condensates through droplet
coalescence. This indicates the liquidity of such droplets, at least
during their formation, as the structure of condensates was

stable during the measurement 24 h post droplet formation.
BCARS imaging allowed us to acquire intensity maps spanning
the spectral range from 700 to 3700 cm−1 and to correlate the
spatial distribution of each phase with their respective CARS
spectra to understand chemical distribution across sample plane
(Figure 1B). For an in-depth analysis of the diversity of chemical
composition inside and outside of the condensates, we made
regions of interest using a representative number of pixels for

Figure 1.Molecular microscopy of Nup98:PEG condensate aging. In situ (A) BF image and (B) BCARS map imaging of the same Nup condensates
formed by mixing 1:10 Nup 0.165 mM with PEG 4 kDa 75 mM (30% m/v). Both images were captured 24 h after initiation of LLPS. BCARS map
shows averaged CH stretch intensity and is integrated over 2820−3020 cm−1 with a pixel size of 0.375× 0.375 μm.On the BCARSmap, ROI 1marked
green, represents a selected part of the droplet phase, and ROI 2 marked orange, represents a selected part of the continuous phase of a sample. (C)
Normalized fingerprint and CH stretch spectra comparison of ROI 1 and ROI 2 to 75mMPEG reference sample. (D)Normalized fingerprint and CH
stretch spectra of droplet phase for different PEG concentration systems measured 5 min after initializing liquid−liquid phase separation (LLPS) and
75mMPEG reference sample. amide I spectra deconvolution for (E) 0% PEG system at 5 min and (F) 24 h and (H) 30% PEG system at 5 min and (I)
24 h. Thick lines are fit curves which are the sum of all subpeaks, and circular points indicate the experimental data values. Every deconvolution was
based on the same set of initial parameters with fixed position and fixed fwhm of all Lorentzian peaks and freedom of 5 and 4 cm−1, respectively.
Participation of subpeaks in amide I deconvoluted spectra over time for (G) 10% PEG and (J) 30% PEG systems. Dashed lines are linear fit and circular
points represent a peak area for each time of maturation.
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both phases based on the visual representation of the intensity
map. Interestingly, these regions exhibited distinct chemical
variations (Figure 1C). The droplet phase exhibited a typical
protein fingerprint region profile with pronounced peaks at
∼1670 cm−1 for amide I and ∼1000 cm−1, indicative of
phenylalanine residues. Additionally, the C−H stretching profile
for both CH2 and CH3 groups occurred in the 2920−3030 cm−1

region, along with a notable peak at around 3065 cm−1, which
comes from aromatic groups of amino acids.41−45 In stark
contrast, the continuous phase largely lacked these peaks but
showed vibrations associated with PEG, if present in the
mixture, or nothing when the sample was protein and buffer
alone. The continuous phase with PEG andNup98 in the sample
is characterized by a triple peak in the C−H stretching vibration
region of 2850−3000 cm−1 as well as numerous peaks in the
fingerprint region correlated to C−C and C−O stretching and
C−C−O bending and other chain bending modes.46−49

The difference in spectra from the droplet versus continuous
phase regions implies that the crowding agent, PEG, is primarily
situated in the continuous phase, with minimal to no presence in
the droplet phase, which was supported when linear unmixing
was unable to identify PEG in the droplet phase. Conversely, the
continuous phase demonstrates a relative protein deficiency; the
signal emanating from the continuous phase closely mirrors that
from the prevalent PEG, with no discernible trace of protein.
From these observations, we deduce that the Nup98:PEG/
buffer mixture exhibits fully segregative PS, where the
macromolecular solutes each end up in a separate coexisting
phase.11,20 Apparently, the interaction betweenNup98 and PEG
is effectively repulsive (both having a higher affinity with the like
species compared to the unlike species), which is consistent with

the notion that PEG is hydrophilic and Nup98 relatively
hydrophobic due to the high density of apolar FG repeats in its
primary structure. Recently, it has been shown that titration of
such “depletant crowders” can be used to quantify polymer−
solvent interaction.50 Our observation seemingly contradicts
previous work, wherein it was suggested that the interaction
between PEG and cytochrome-c is based on binding to a
hydrophobic patch on the surface of the latter.51 We speculate
that such opposing observations are due to PEG’s amphiphilicity
due to which its behavior depends on the properties of its
binding partner.52

Since we noticed spatial variations in condensate formation,
we surmised that kinetic phenomena play an important role in
the PS of Nup98. Consequently, we conducted analysis of the
transition of the chemical composition of the Nup98
condensates at different PEG concentrations over time. This
examination focuses on the chemical evolution of droplets
during the maturation process. We instituted a periodic
sampling procedure, wherein BCARS measurements were
taken at 5 min and up to a significant span of 24 h post the
initiation of PS. The addition of PEG instigates pronounced
changes within the Raman spectrum, specifically in the CH
stretch region of the droplets (Figures S2 and S3), an effect that
displays a monotonic positive relationship with the concen-
tration of PEG (Figure 1D). In the incipient phase of the
experiment, especially when a 30% PEG concentration is
employed, notable increases in peak intensity at 1000, 2990, and
3065 cm−1 were recorded. These are attributed to the glycine
residue, the residual asymmetric stretching of the CH3 groups,
and the breathing mode of the aromatic ring of phenylalanine,
respectively. This points toward an increase in hydrophobic

Figure 2. FRAP of Nup98:PEG condensates shows reduced recovery with maturation time. (A) Representative images from FRAP experiments of 1%
Alexa Fluor 488-labeled Nup 0.165 mM condensates for 0%−30% PEG systems captured 5−30 min after initializing LLPS. Each sample was bleached
simultaneously in four circular spots with the same diameter of 1.5 μm. (B)Normalized fluorescence intensity of 0%−30% PEG systems over time after
bleaching. Presented curves apply to 5 min maturated samples. (C) Dependence of the mobile fraction on maturation time. (D) Dependence of the
half-time fluorescence recovery on droplet age. In graphs (B−D), thick lines are fit curves, circular points indicate the average values of 4 bleached
regions, and error bars show the standard deviation.
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intermolecular interactions among the FG repeating units of the
protein chains and suggests possible densification of the protein
packing within the droplets.
We also noticed a gradual change in the profile of the amide I

peak as the amount of PEG increased: specifically, a decrease in
the shoulder at 1645 cm−1 over time. To discern the intricacies
of the modifications within the secondary structure of Nup98,
we performed a spectral deconvolution analysis of the amide I
vibration of Nup98 condensates at different PEG concentrations
over time (Figures 1E−J and S4). In the absence of a crowding
agent, a discernible change in the peak shape and a narrowing
over time is observed. Initially, a distinct contribution from the α
helix and random coil subpeaks decreases over the course of the
experiment and is accompanied by an increase in the
contribution from β-sheet and β-turn structures (Figure 1G).
In the presence of PEG, this effect is noticeably tempered.
Samples containing PEG have a similar amide I peak profile, at
early times, to that of the sample that containing no PEG after 24
h of the maturation, albeit with a slightly higher and still rising β-
turn content (Figure 1J). These observations indicate that
changes in the secondary structure of Nup98 in condensates
occur via β-sheet formation and that the “kinetics” (or time-
dependence) of this structural maturation process can be
expedited through the introduction of PEG. As an alternative
method, we quantified thioflavin T (ThT) fluorescence
intensity, a molecule that generally indicates β-sheet presence
for Nup98 in both 0% PEG and 30% PEG over 24 h. The ThT
signal was larger in 30% PEG as compared to 0% PEG at time
zero, and both increase over time (Figure S5).While the∼2-fold
increase in ThT fluorescence for both the 0% and 30% PEG/
Nup98 droplets does not quantitatively match the increase in β-
sheets measured from CARS, the trends are nevertheless the
same, showing that the β-sheet content increases during Nup98
droplet aging.
The secondary structure of proteins plays a critical role in

defining the mechanical properties of protein droplets. The
specific folding patterns, such as β-sheets, dictate the physical
strength and elasticity of the droplets, thus influencing their
stability and resistance to external stresses.53−55 Additionally,
transformations in these structures can lead to alterations in
intermolecular interactions that subsequently impact the
viscoelasticity of the droplets. Therefore, an understanding of
these structural dynamics is fundamental to comprehending the
physical behavior of protein droplets under various conditions.
To study how the presence of PEG influences the mechanical
properties of the droplets during maturation, we performed
FRAP over 5 min to 24 h, in the presence of PEG at varying
concentrations. We observed a significant number of amalga-
mated droplets forming larger spherical condensates during the
early stages of the experiment (Figure S6). However, this
tendency was subdued with increasing PEG concentrations,
resulting in droplets of considerably smaller diameters and more
irregular shapes (Figure 2A). For our FRAP studies, we matched
the same sampling intervals as those for BCARS.
Intriguingly, even low mean PEG concentrations (2.5% and

5%) resulted in a noticeable slowing of the fluorescence recovery
kinetics, even at 5 min after condensate formation. This
deceleration was even stronger by the addition of 10% and
30% PEG (Figure 2B). In the overall analysis, the maturation
process prominently exhibited a substantial decline in the
mobile fraction (Figure 2C), indicating a reduction in the
number of freely diffusing particles within the droplets. This
phenomenon simultaneously showed a noticeable increase in

the half-time recovery (Figure 2D), indicating an extended
period required for particle diffusion, as observed from the
FRAP experiments. These findings were consistent across all
explored concentrations of the crowding agent, suggesting a
marked influence on the droplet’s internal dynamics and
stability. Dynamics of mobile fraction and half-time recovery
changes did not exhibit linear time dependence. Rather, they
manifested logarithmic decay and growth, respectively. Increas-
ing the PEG concentration correspondingly amplified the
slowingmobility trends, resulting in diminishedmobile fractions
and protracted half-time recoveries in almost all measured cases.
The only exception was a slight increase in the mobile fraction
for prolonged maturation times in the presence of lower PEG
amounts (2.5% and 5%). We additionally performed full droplet
bleaching for the 0% and 30% PEG concentrations and found a
similar slowing of recovery with time, indicating reduced
dynamic exchange of the protein in the droplet phase with
that in the continuous phase (Figure S7). Taken together, the
structural and physical maturation of Nup98 in the presence of
PEG clearly shows that maturation is accelerated at the
molecular level. Our data are fully consistent with the increase
in the binodal protein concentration with PEG content,
according to a fully segregative PS, i.e., concentrating Nup98
and thereby enhancing protein−protein interactions, which
correlates with an increase in β-sheet formation. This, in turn,
reduces the liquid-like properties of the condensates, as
observed through FRAP. While we do not use FRAP to directly
prove β-sheet formation, the correlation between increased β-
sheet content detected by CARS and the decreased fluidity
observed in FRAP is consistent with established findings.56 The
observations herein align with the hypothesis positing that even
minimal intermolecular homotypic interactions may be
sufficient to establish a percolation pathway. This pathway, in
turn, could induce the emergence of dynamically arrested states,
culminating in the genesis of gel structures which transform
primarily liquid droplets into gel-like aggregates.57,58

PEG Crowding Drives Segregative BSA Condensation
and Accelerates Physical Maturation. In this section, we
study the PS and possible maturation of a solution containing
PEG and BSA. BSA is commonly termed a protein with a well-
defined, stable, tertiary structure. This makes it an ideal
candidate for a comparison with the behavior of disordered
Nup98 in terms of how PEG crowding affects condensation and
maturation in the case of an ordered protein. BSA primarily
consists of alpha-helices, which account for up to 67% of its total
secondary structure composition,59,60 resulting in a consistent
and reliable Raman signature that serves as a helpful benchmark
for spectroscopic analysis. The robustness and temporal stability
of BSA, despite fluctuations in environmental factors, under-
score its utility in these investigations.
To study PS and to discern the impact of PEG on the kinetics

of BSA condensate maturation, we used the same protocol as
that for Nup98. Identical measurement intervals and research
techniques were employed, although the PEG concentrations
differed. Notably, we observed that BSA does not undergo PS if
the concentration of PEG is less than ∼10% (w/v) for solutions
with an average BSA concentration of 10 μM (Figure S8). This
behavior aligns with findings reported by Poudyal et al. on 8000
g/mol PEG.38 We note that BSA alone (in excess of 1 mM) or
PEG alone (even at 40% (w/v)) formed any droplets.
Condensation required BSA and PEG. Furthermore, the
noteworthy heterogeneity of the samples warrants mentioning.
Unlike Nup98 condensates, BSA droplets were primarily located
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in the region where the protein solution had been deposited on
the coverslip, which hints at a significant diffusion limitation in
the mixing of protein with the PEG-containing buffer (Figure
S8).
As for Nup98, we analyzed regions of the sample by selecting

the locations where both the continuous and droplet phases
were clearly observed (Figure 3A). BCARS imaging was
initiated in these regions, and we randomly selected a
representative number of pixels epitomizing the continuous
and droplet phases for spectral analysis (Figure 3B). The
acquired spectra from these areas were compared with the
spectra of solutions of pure BSA and PEG (Figure 3C). The
continuous phase exhibited a Raman-like spectrum almost
identical to that of the PEG solution, with common character-
istic peaks in both the fingerprint and CH stretch regions. The
droplet phase provides more intriguing insights. The fingerprint
region contains peaks from both reference spectra, particularly
apparent in the peak at 1280 cm−1 and the double peak at∼1455
cm−1. The upper part can be attributed to PEG, whereas the
lower one (closer to 1440 cm−1) is associated with BSA, related
to various deformations of the CH2 groups.

45 This shows that
the BSA-rich droplets contain a significant fraction of PEG and
that the spectrum of the droplet phase in the CH stretch region
assumes a unique shape that does not replicate either of the
reference spectra.

As mentioned above, the droplet phase comprises both PEG
and BSA (Figure 3D). Conversely, the continuous phase is
almost devoid of protein (Figure 3E). By deconvoluting the
CARS spectra, we quantified the concentrations of BSA and
PEG in both phases (Table 1) using spectral fitting. It is evident
that the concentration of PEG in the droplet phase is significant,
with its value nonlinearly increasing with the mean PEG
concentration but never exceeding it. On the other hand, BSA is
concentrated in the droplets by 70−190 times the mean value,
depending on the mean PEG concentration. The BSA
concentration in the continuous phase is below the detection
limit and displays a dominance of the crowding agent. In other
words, the PS of BSA/PEG/buffer is segregative as well, though
not as pronounced as for Nup98/PEG/buffer. Since the mean
BSA concentration is very low (see Table 1), the total volume of
the dispersed phase is much smaller than that of the continuous
phase, implying that the PEG concentration in the continuous
phase should be close to the mean or “theoretical” value. Table 1
demonstrates that our spectral quantification method supports
this idea. We determined the “expected” PEG concentration in
the continuous phase using mass conservation, ensuring that the
total amount of PEG remains constant within the system, even
as it partitions between phases. Table S1 in the Supporting
Information shows how we calculated the expected PEG

Figure 3. Molecular microscopy of BSA/PEG condensate aging. In situ (A) BF image and (B) BCARS map imaging of the same BSA condensates
formed by mixing 1:10 BSA 0.125 mM with PEG 4 kDa 75 mM (30% m/v). Both images were captured 24 h after initiation of LLPS. BCARS map
shows averaged CH stretch intensity and is integrated over 2820−3020 cm−1 with a pixel size of 0.5 × 0.5 μm. On the BCARS map, ROI 1 marked
green, represents a selected part of the droplet phase, and ROI 2 marked orange, represents a selected part of the continuous phase of a sample. (C)
Normalized fingerprint and CH stretch spectra comparison of ROI 1 and ROI 2 to 4 mMBSA and 75 mMPEG reference samples. (D) ROI 1 and (E)
ROI 2 CH stretch spectral fitting based on BSA and PEG reference samples. Fit is a gray area, and it is a linear sum of BSA and PEG contributions.

Table 1. Summary of BSA and PEG Concentrations for Different Systemsa

PEG
content component

before mixing
[mg·mL−1]

theoretical dilution
[mg·mL−1]

droplet phase*
[mg·mL−1]

continuous phase*
[mg·mL−1]

expected continuous phase
[mg·mL−1]

10% PEG PEG 100 90.90 51.72 91.26 91.47
BSA 8.25 0.75 53.59 N.A 0

20% PEG PEG 200 181.82 88.17 167.92 182.66
BSA 8.25 0.75 83.95 N.A 0

30% PEG PEG 300 272.73 108.90 247.82 273.56
BSA 8.25 0.75 148.30 N.A 0

a*Indicates directly calculated from BCARS spectra based on mixing 1 μL of BSA and 10 μL of PEG solution.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.4c00609
Biomacromolecules 2025, 26, 2060−2075

2066

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00609/suppl_file/bm4c00609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00609/suppl_file/bm4c00609_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.4c00609/suppl_file/bm4c00609_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00609?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00609?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00609?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.4c00609?fig=fig3&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.4c00609?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


concentration in the continuous phase (Supporting Informa-
tion, model development).
The fact that the PEG concentration in the dispersed BSA-

rich phase gradually increases with the mean value provides the
opportunity to obtain more quantitative concentration
information from the CARS measurements displayed in Figure
3 by linear unmixing, which is shown in Table 1. Many
interactions determine the phase behavior of the BSA/PEG/
buffer mixture, and we use the determined concentrations of the
binodal together with a free energy model based on mixing
theory to interpret different contributing interactions.
Unfortunately, mixing theory in its most basic form, i.e.,

Flory−Huggins theory,61 is insufficient to do so, as it does not
capture the well-known fact that BSA self-associates into binary
and sometimes higher order complexes,62 which cannot be
neglected when calculating the phase diagram of any solution

containing this protein. Hence, we present an extended model
that combines Flory−Huggins theory with statistical associating
fluid theory (SAFT).63 This type of hybrid model has shown to
be an excellent choice for interpreting and predicting
biomolecular phase behavior11,50,64 as it discriminates between
nonspecific interactions, captured in a general way by the term
“solvation”, and specific association between BSA monomers.
Unlike scaled particle theory, which has also been used to study
effects of crowding on the behavior of (self-)associating
proteins,65 our model includes the solvation of all species, but
it disregards contributions relating to the shape of the protein
assemblies.
We consider the solution of BSA, PEG, and buffer as a ternary

mixture, of which the species are respectively referred to as
components A−S (the latter standing for “solvent”). The model
considers the propensity of BSA to noncovalently dimerize66

Figure 4.Mean-field modeling predicts BSA/PEG partially segregative PS. (A) Schematic overview of the individual species presumed present in the
binary solution BSA/PEG/solvent, together with association constants and relative molecular sizes. (B,C)Matrices containing the sets of best fit values
of the binary interaction parameters (χ) atT = 273 K for two scenarios in which we, respectively, assume a good versus a marginal solubility of the BSA
in the solvent. For the good solvent scenario (B), we use 0.1 <

=A Si 1,2,3
< 0.3, whereas for the bad solvent scenario (C), we use 0.45 < A Si

< 0.55. With

these constraints we obtain the values for the BSA-PEG and the PEG-solvent interaction parameters through fitting the model to the experimental data
(see panels D,E). (D,E) Experimental and fitted (calculated) phase diagrams, respectively, corresponding to the sets of interaction parameters
expressed by panels (B,C) and given association constants. The magenta and red dots on the protein-devoid binodal branch represent measured and
expected data, calculated based on mass conservation, assuming the concentrations in the protein-rich phase to be correct. The blue and green squares
represent the calculated binodal and spinodal curves, respectively; the magenta (experimental) and brown (calculated) lines are the tie-lines that
connect compositions in coexisting phases.
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and to some extent form higher order complexes,62 though
without considering the exact mode of association. For this, we
define the following binding equilibrium (Figure 4A).

+ VA A A 2 (1)

+ VA A A2 3 (2)

Characterized by the association constants
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where the square brackets denotemolar concentrations. In other
words, due to the BSA self-assembly, we should consider the
ternary blend of BSA/PEG/buffer as a quinary mixture, since
thermodynamically the BSA complexes should be regarded as
additional components. The dimensionless free energy density
of this mixture comprises three contributions: one from
translational entropy, one from nonspecific interaction, and
one from noncovalent binding

= + +f
F

Nk T
f f f

B
trans int bind (5)

Here, F is the total free energy, kBT the thermal energy, and N
the total number of sites of an imaginary molecular lattice, onto
which we map the mixture.61 The first and second terms on the
RHS of eq 5 are given according to Flory−Huggins theory
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Here, ϕA, ϕA2, and ϕAd3
are the equilibrium volume fractions of

BSA monomers, dimers, and trimers, with the total BSA volume
fraction given byΦA =ϕA +ϕAd2

+ϕAd3
. The parametersNi denote

the effective molecular sizes in terms of lattice sites, ΦB andΦS =
1− ΦA − ΦB are the volume fractions of PEG and solvent and χij
are Flory parameters. The contribution due to the self-
association of BSA is given by
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with p1 and p2 the fractions of BSA accommodated in dimers and
trimers. The superscript ° refers to the pure state. The
magnitude of p1 and p2 follows from the equilibrium condition
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and the condition that themolecular volume ratio

of monomer to dimer to trimer is ∼1/2/3. These constraints
give rise to the following conditions
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Here, [A]0 is the total molar concentration of BSA. We refer to
the Supporting Information (model development) for the
derivation of eqs 8, 9, and 10.
We fitted our model against the experimental data (Figure 4),

based on two different solubility scenarios, which we detail
below. The resulting phase diagrams in panels D and E have
been calculated for effective sizesNi and association constantsK1
and K2 as specified, as well as the Flory interaction parameter
matrices (χij), given in panels B and C, respectively. Note that
the elements of the latter are given at a reference temperature of
T = 273 K, whereas in the calculation we used 300 K, so χij(300
K) = χij(273 K) × 273/300. The binodal (blue squares), i.e., the
actual fit, was calculated by equalizing the chemical potentials
and osmotic pressure in the coexisting phases, whereas the
spinodal was obtained by the condition det(H) = 0, with H
being the Hessian matrix of second derivatives of the free energy
with respect to composition. Fitting was subject to seven
constraints to limit the number of free-floating variables and
eliminate nonuniqueness. In Table 2 we list these constraints,
together with a short motivation. Note that constraints 4, 5, and
6 reduce the number of relevant Flory parameters from ten to
four.

The two fitting scenarios, respectively, represent the
assumption of a good versus marginal solubility of BSA in the
buffer, i.e., for the first scenario we have 0.1 <

= SA i 1,2,3
< 0.3,

whereas for the second scenario we take 0.45 < A Si
< 0.55 (see

Figure 4B,C). Note that even for the latter scenario the values for
A Si

are still too low to cause PS without PEG, in line with the
experimental observation. Interestingly, χAS consistently exceeds

A S2
and A S3

, implying the BSA complexes to be slightly better
solvated than unbound BSA. Apart from a small discrepancy in
the tie-line angle (which is smallest in the first), we obtain an
excellent fit with the experimental results for both scenarios,

Table 2. Constraints for Fitting the BSA/PEG/buffer Phase
Diagram

entry constraint remark

1 NS = 1 the effective molecular size of the “solvent”
represents a fundamental volume forming the
basis for the normalization of the polymer sizes

2 K1 ≫ K2 the propensity of BSA to form dimers is significantly
stronger than to form higher order complexes

3
N
N

A

B
= 16.5

N
N

A

B
reflects (by approximation) the molecular weight

ratio of BSA and PEG

4 A,A2
= A,A3

=

A A2 3
= 0

negligible nonspecific interaction between free and
complexed BSA due to chemical similarity

5
χAB = A B2

=

A B3
> 0

interaction of PEG with free and complexed BSA is
identical and (effectively) slightly repulsive

6
0 < χAS ≈ A S2

=

A S3
< 0.55

the buffer is a good to marginal solvent for BSA and
similar for the free and complexed states

7
χBS ≪

+( )1
N

1
2

1
2

B

the buffer is a very good solvent for PEG: χBS is
significantly lower than its critical value
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reproducing the partially segregative PS and confirming the
presence of a significant fraction of PEG in the BSA-rich phase.
The fit reveals a mildly repulsive interaction between the BSA
and the PEG of A Bi

= 0.15 and A Bi
= 0.23 for the first and

second scenarios, respectively, as well as a BSA dimerization
constant K1 in the range 104−105 M−1, which is in good
agreement with prior literature.66 The low trimerization
constant K2 shows that dimerization dominates the formation
of higher order BSA complexes, in agreement with the prior
observation that near-room-temperature aggregation of BSA is
negligible.62

The fact that in both scenarios χBS is low, even negative in the
first scenario, is consistent with the notion that low-molecular-
weight PEG is very hygroscopic and even deliquescent.13−15

This result demonstrates that the “crowding action” of this low-
molecular-weight PEG mainly stems from its osmolytic nature.
We corroborated this by performing additional calculations
assuming the crowder to be less soluble (increased χBS), which
shrinks the miscibility gap (see Supporting Information, Figure

S9). Although PEG is indeed known to be very hydrophilic, a
negative χBS is less consistent with the literature. Therefore, we
deem the second scenario, i.e., assuming a marginal solubility of
BSA, to be somewhat more realistic. Finally, the fact that
others38 have observed amore BSA-pure droplet phase in case of
a twice longer PEG crowder (8000 kg/mol) is not surprising,
given the lowering in translational entropy of a polymer mixture
upon increasing the chain length. We corroborated this by
performing an additional calculation based on the same input as
for Figure 4E but using a twice as large NB (see Supporting
Information, Figure S10). Clearly, the miscibility gap expands
and the crowder depletes from the BSA-rich phase, which
becomes purer. Our calculations and fitting show that a
“minimal model”-based mean-field theory can already pro-
foundly explain howmolecular interactions determine the phase
behavior of protein/crowder solutions. As we showed in
previous work,11 the key to achieving insight using such minimal
models is the categorization of the fundamental interactions
present in biomolecular systems in “specific” (associating

Figure 5. FRAP and concentration analysis of BSA/PEG condensate aging. (A) Representative images from FRAP experiments of 1% FITC-labeled
BSA 0.125mM condensates for 10% PEG and 30% PEG systems captured 5−30min after initializing LLPS. Each sample was bleached simultaneously
in four circular spots with the same diameter of 0.8 μm (10% PEG) and 1.0 μm (30% PEG). (B) Normalized fluorescence intensity of 10% PEG and
30% PEG systems over time after bleaching. The presented curves apply to 24 h maturated samples. Thick lines are fit curves, circular points indicate
the average values of 4 bleached regions, and error bars show the standard deviation. Bar graphs of half-time fluorescence recovery and apparent
mobility fraction for (C) 10% PEG and (F) 30%PEG systems for differentmaturation times. Error bars are standard deviations. Concentrations of BSA
and PEG over time in the droplet phase for (D) 10% PEG and (G) 30% PEG and continuous phase for (E) 10% PEG, and (H) 30% PEG systems.
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stickers giving defined complexes) and nonspecific (such as
solvation).
A notable observation is that in the solutions containing 10%

and 30% PEG, the amide I peak remains largely unchanged
throughout the 24 h experiment, with major contributions from
alpha helices and random coils. This observation is consistent
with the well-structured BSA, which maintains an α-helical
dominance (Figures S11−S13) for 30% PEG. However, in the
10% PEG sample, we discern a progressive alteration in the ratio
of random coils to α helix over time (Figures S11−S13)�
helices decrease ∼10% while random coils increase by ∼10%.
Similarly, a subtle change in the spectral shape can also be seen
for the CH stretch region for 10% PEG in the emergence of a
shoulder at 2950 cm−1, which might suggest a slow change in the
PEG/BSA ratio inside condensates (Figures S11 and S12). In
the case of 30% PEG, neither significant changes in amide I nor
CH stretch regions are observed during the 24 h experiment.
This behavior elucidates that in the frame of maturation within
the BSA-PEG system, any slight alterations in the secondary
structure, particularly as witnessed in the 10% PEG system, are
not a predominant effect of maturation. Specifically, variations
within the secondary structures, such as those within the α helix,
may likely be attributed to mere fluctuations, especially in
instances where the protein is not sufficiently crowded, as within
the 10% PEG condition. Furthermore, higher concentrations of
PEG confer stability to the system, enhancing this cooperative
dynamic and ensuring that the process is not significantly
influenced by minor perturbations in the protein structure but is
rather governed by the synergistic participation of both PEG and
BSA in the droplet phase.
The composition of biomolecular condensates can pro-

foundly impact their mechanical properties, which are crucial
factors in many biological processes. In vitro, the presence of a
crowding agent inside the droplets can modulate their
dynamics.67,68 When a crowding agent permeates the droplet,
it can influence the viscosity and elasticity of the droplet, hence
affecting its physical behavior.69−71 In addition, the molecules of
the crowding agent can contribute to a decrease in the diffusivity
of proteins within the droplet. This transition can also influence
the interactions between the droplets and their environment.
Consequently, comprehending how the presence of crowding
agents modulates attributes such as liquidity and viscosity within
the droplets provides vital insights into the inherent character-
istics and functionalities of these microscopic entities.
To explore changes in droplets’ mechanical properties and

protein chains’ diffusibility inside condensates, with a particular
emphasis on the dynamic properties studied over time as a
function of PEG content, we used FRAP (Figure 5A). In
accordance with the established protocol, the time intervals for
these measurements were maintained identical with those for
Nup98-based systems. However, in contrast to the Nup98
systems, it was not possible to fully deplete the intensity of the
bleached regions in the droplets to near-zero levels. This
observation suggests that the recovery of the systemmight occur
on a time scale shorter than our frame capture rate, indicating
that the recovery kinetics we are measuring could be an
overestimation, particularly in terms of the mobile fraction.
Hence, for this system we refer to this measure as the “apparent
mobile fraction”.
From the beginning of the experiment, both 10% and 30%

PEG concentrations exhibit analogous kinetics in the
fluorescence recovery process, as evidenced by the similar
shapes of their fluorescence recovery curves (Figure 5B).

Moreover, we noticed a consistent stability of both the apparent
mobile fraction and the half-time of recovery throughout the
duration of the 24 h experiment (Figure 5C,F) for both PEG
concentrations. FRAP of entire BSA droplets showed almost no
recovery, demonstrating the inability for BSA molecular
exchange between the droplet and continuous phases. As with
partial droplet FRAP, the dynamics in full droplet FRAP were
virtually unchanged over 24 h (Figure S14). However, when the
PEG concentration was at 10%, we identified marginally more
pronounced fluctuations in the half-time of recovery and
apparent mobility fraction values. These observations are
qualitatively consistent with the Raman data collected on
droplet composition for the 10% PEG system, where subtle
changes in the amide I and CH stretch spectral regions were also
observed in the experiment (Figure 5D). Interestingly, a
noticeable rise in the BSA concentration was observed in the
continuous phase for 10% PEG, where the initial concentration
was below the detection limit at the beginning of the experiment.
After approximately 60 min, the concentration rose significantly
and exceeded the theoretical mixing concentration (Figure 5E).
This prompts us to consider that a 10% PEG concentration may
not be adequately sufficient to thoroughly crowd BSA.Modeling
intimates that a reduction in crowding agent concentration
could steer results toward approaching a possible critical point
where both metastable and stable separation regions are
separated by slight fraction values. Consequently, minor
variations in local concentrations might be the driving force
for all observed fluctuations in both Raman and FRAP studies.
We note that the apparent absence of BSA in the continuous
phase is specifically observed at the 5 and 30 min time points,
during which the droplets are still in the process of developing
their shape and size. These early stages of droplet formation are
characterized by fluctuations in the CARS spectra, which can
lead to inconsistencies in the observed mass balance. However,
when considering cases where the PEG concentration was 30%,
we did not observe a similar change in protein or PEG
concentration in either phase (Figure 5G,H). Conversely, at a
PEG concentration of 30%, the PS process appears to be
spontaneous and a well-defined demixed state is preferable.

■ DISCUSSION
In this work, we aimed to unravel the intricacies of how PEG
interacts with protein droplets, discovering that its influence is
multifaceted and varies depending on the particular protein in
question. A major observation is that the aging process of
protein droplets under the influence of PEG is not uniform
across different proteins. When examining Nup98, a disordered
protein with many FG tandem repeats, we found that PEG
considerably accelerates the chemical and structural changes in
the protein when it is condensed. The secondary structure of
Nup98 exhibits maturation via the formation of β-sheets in
droplets, which is accelerated when PEG is present. We
postulate this is because PEG facilitates a denser packing of
protein molecules inside the droplets, thereby enhancing their
protein−protein sequence-specific, sticker-like interactions and
effectively speeding up the kinetics of the maturation process. As
established by others, these specific interactions are not essential
for PS.38 Yet, when a crowding agent is introduced, it not only
increases the significance of these interactions but may also alter
the kinetics associated with changes in viscoelastic and aging
properties.72 Our results with PEG and Nup98 also offer robust
support for the hypothesis that even limited but specific,
intermolecular Nup98-Nup98 interactions boosted by the
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crowder can stimulate the formation of a percolated network of
Nup98 chains. The establishment of such a network is
understood to be a pivotal step toward the manifestation of
dynamically arrested states characterized by their significant loss
of molecular mobility. This dynamic arrest, once initiated,
appears to be a mechanistic pathway leading to the formation of
a gel-like structure and delineates a transition from a liquid-like
state to a solid-like behavior, which is a hallmark of gelation
phenomena observed in various protein and RNA systems.57,58

Despite how PEG accelerates Nup98 droplet aging, PEG
exhibits a sufficiently strong net repulsive interaction with
Nup98 as evidenced by fully segregative PS; this means that
PEG acts as a true depletant in this case. This behavior aligns
closely with the concept of an inert crowding agent wherein the
agent exerts a passive influence on the protein. The kinetics of
maturation vary based on the amount of crowding agent added
to the system. Our observations indicate that PS in the ternary
mixture tends to expedite the overall reduction of the mixture’s
free energy in comparison to binary systems. Introducing even a
small quantity of PEG leads to more rapid system stabilization
and faster maturation compared to no PEG. Conversely, larger
PEG concentrations rapidly solidify as evidenced by limited
fusion, reduced mobile fraction, and long half-time recovery
when compared to similar maturation times for droplets with
less or no PEG. This suggests the presence of two distinct time
scales: the first for forming sufficient homotypic interactions to
induce PS and yield liquid droplets and a second associated with
the gradual shift from liquid condensates to gel-like aggregates.
Furthermore, the crowding-agent-dense environment may
hasten the β-sheet formation, which could facilitate protein
aggregation and amyloid formation. Consequently, this could
influence the biological processes triggered by protein
piling.73,74

In the case of BSA, we observe a distinct interaction with the
same PEG crowder. BSA, a structured protein, does not phase-
separate on its own, even at concentrations exceeding 100 mg/
mL. Yet, adding PEG to the mixture (as low as 5%) alters this
behavior such that BSA phase separates at mixture concen-
trations below 1 mg/mL. Unlike Nup98, BSA droplets
contained a significant amount of PEG, showing the net
interaction between the polymers to be less repulsive than in the
case of PEG/Nup98. Prior studies have shown a similar pattern,
where a high concentration of crowding agent is present inside
the droplet phase for proteins.12,75 In contrast to Nup98/PEG,
we observed for BSA, as expected, no increase in β-sheet but
rather a subtle reduction in helical content and increase in
random coils in the case of 10% PEG. Moreover, we saw only
minimal changes in molecular mobility from FRAP measure-
ments over the 24 hmeasurement period. Our calculations show
that a significant contribution to the segregative PS between
PEG and BSA is the hydrophilicity of the PEG: it effectively
enhances the driving force for PS by competing for the solvating
environment, thereby favoring homotypic interactions between
individual BSA molecules. We therefore conclude that (low
molecular weight) PEG acts as an osmolyte similar to, for
instance, a hygroscopic salt or highly polar molecules, such as
trimethylamine N-oxide (TMAO).
Consistent with a nonrepulsive, segregative PS, for the 10%

PEG/BSA system we detect a small amount of BSA in the
surrounding phase, which increases with time. This is consistent
with the proximity or approach to a critical point for which the
protein-devoid branch of the binodal moves away from the
composition axis. Nevertheless, any changes in droplet

chemistry or mechanics are minimal during the entire
examination period, and such changes are even smaller for a
high PEG concentration. Consequently, our primary observa-
tion is rapid separation of the protein from the solution, with a
trade of the helical structure for a random coil structure during
the 24 h examination period. With 30% PEG, we find no change
in secondary structure nor FRAP dynamics over the entire 24 h
period. Interestingly the 30% PEG and 10% PEG with BSA are
distinct, suggesting that PEG-induced PS of BSA could “trap”
the protein as it takes away solvent or delubricates proteins in the
phase separate droplet. Indeed, at 30% PEG the secondary
structure is constant overtime, and the secondary structure is
unable to change over 24 h, while at 10% the protein can
dynamically rearrange into a different structure.
Previous work on peptide self-assembly and fibrillation has

revealed that fibril formation proceeds through an LLPS-
mediated pathway; that is, LLPS is the intermediate toward the
peptide fibrillar assembly. This pathway represents a non-
classical multistep self-assembly mechanism that proceeds the
formation of supramolecular assemblies through an LLPS-
formed metastable liquid precursor.76−78 Our current work on
aging in protein droplets formed via LLPS in the presence of
PEG is consistent with this idea, suggesting the nonclassical self-
assembly mechanism also applies to protein self-assembly.
Moreover, it is pertinent to highlight that our investigations

revealed limited variations in the secondary structure of BSA
compared to those documented for its human analogue, human
serum albumin (HSA), by Patel et al.79 Through application of
circular dichroism and ThT imaging, Patel et al. demonstrated
that HSA condensates undergo maturation over time, which is
concomitant with notable modifications in the secondary
structure. These observations are predominantly discernible as
an increase in β-sheets over multiple days, a period not probed in
our study, as our focus was primarily on the initial stages of
droplet formation. Nevertheless, we also executed such
experiments with ThT imaging over 3 weeks (Figures S15 and
S16). Unlike for HSA or that from previous work with BSA,38 we
found no clear evidence for fibril or fiber-like structures in
brightfield or in ThT imaging. Additionally, the ThT signal itself
only marginally increased in the sample when kept either on a
sealed glass coverslip sandwich or in an Eppendorf tube.
Our study also has certain limitations. First, the buffer

conditions were carefully selected to optimize the PS for each
protein. Nup98 is typically used in acetate-based buffers, such as
TB, which provides the right conditions for in vitro and in-cell
experiments. On the other hand, BSA, a folded protein with a
well-defined structure, is most commonly found in physiological
environments similar to blood, where the buffer contains saline
with potassium and phosphate, hence the use of PBS. Although
buffer conditions influence PS behavior−BSA droplets form in
TB but are smaller than in PBS (Figure S17), our focus remains
on the role of the crowding agent, PEG, in driving maturation
across these different systems and our differential analysis
primarily focuses on each protein individually. We note that in
our case, no aggregation or droplet formation of PEG alone was
seen (Figure S18). Second, we are also aware of the fact that
considering only PEG as a crowder may be somewhat limited.
Future studies will include other types of crowders to learn if our
conclusions are appropriate for all types of crowding agents.
Third, our study focused on two particular proteins, i.e., FG
Nups and BSA, as representative of disordered and ordered
proteins. It would also be intriguing to examine how different
proteins respond to crowding agents and explore the underlying
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mechanisms in these systems. For instance, proteins such as Tau,
an intrinsically disordered protein, might illustrate the expulsion
mechanism via a net repulsive interaction. Enzymes such as
aldolase could demonstrate the osmolyte action where the
crowder promotes protein−protein interactions without being
repulsive. Additionally, proteins with a strong hydrophilic
nature, such as RGG, might be candidates to explore the
potential for attractive interactions leading to associative PS.
Such studies could provide valuable insights into the diversity of
protein-crowd interaction and further expand our understanding
of the role of crowding in protein PS.

■ CONCLUSIONS
Our research shows that the use of a suitable crowding agent can
trigger PS across diverse protein families, similar to previous
work.38 Nevertheless, the exact mechanism of crowding varies,
depending on the properties of the specific protein exposed to
the crowding agent. The mechanism of stimulating PS of the
protein may occur based on (1) expulsion of the protein from
the solution into a dense phase via a net repulsive interaction and
(2) an osmolyte action, wherein the crowder competes with the
protein for solvation by the aqueous environment and thus
promotes protein−protein interaction without being repulsive.
A third mechanism, which we do not observe, is a possible
attractive interaction between the protein and crowder to induce
associative PS. Thus, crowders in protein PS encompass rich
behaviors that promote different phenomena from protein aging
to droplet formation depending on the specific proteins
involved.
Finally, while we chose Nup98 and BSA with PEG crowding

as model systems, the results are potentially relevant to
understanding protein behavior in biomedical science. BSA is
widely used in biochemistry and molecular biology as a low-
interaction protein for formulation optimization, making it a
valuable model for studying protein behavior in crowded
environments or as a host in catalysis.80 Similarly, Nup98
dysfunction is implicated in diseases such as cancers and
neurodegenerative disorders.81−83 Given the naturally crowded
environment of the NPC, understanding Nup98’s behavior
could provide insights into its role in disease pathogenesis.
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