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Biomolecular condensation is an important mechanism of cellular
compartmentalization without membranes. Formation of liquid-like
condensates of biomolecules involves protein-protein interactions working in
tandem with protein-water interactions. The balance of these interactions in
condensate-forming proteins is impacted by multiple factors inside of a living
organism. This work investigates the effects of post-translational modifications
(PTMs) and salt concentration as two such perturbing factors on the protein
Fused in Sarcoma (FUS), an RNA binding protein. The protein was obtained from
two expression systems differing by their capability to add PTMs to the protein,
bacterial and insect cell. Attenuated total reflection Terahertz spectroscopy is
used to probe the solvation behavior in condensates formed from FUS protein
with and without PTMs at 100 mM and 2.5 M KCl. The results show that while
PTMs impact the phase-separating propensity, they do not alter protein solvation
in the condensate. On the other hand, salt concentration was found to alter the
stiffness of the water hydrogen bond network. These findings have implications
for biomolecular condensates chemistry, showing that condensate molecular
organization is perturbed by fluctuations in solvent properties.
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1 Introduction

In living organisms one of the key principles of organizing matter is
compartmentalization. One mechanism of sequestration that has gained importance in
the life sciences is biomolecular condensation (Brangwynne et al., 2009; Banani et al., 2017).
In this process, biomolecules assemble to form membrane-less organelles. Such assemblies,
while separate from their surroundings, remain liquid and dynamic. Condensation
influences biological processes on multiple scales, from regulating rates of reactions to
buffering biomolecule concentrations in times of cellular stress (Klosin et al., 2020; Lyon
et al., 2020; Alberti and Hyman, 2021). Condensates are commonly formed by proteins
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containing intrinsically disordered regions, where polypeptide
chains do not fold into stable secondary or tertiary structures.
Biomolecular condensation can be described through the
framework of coupled associative and segregative transitions
(Pappu et al., 2023). In this context, associative interactions
describe electrostatics-based interactions between polypeptide
residues, i.e., protein-protein interactions, whereas segregative
interactions refer to unfavorable interactions with the solvent,
i.e., protein-water interactions.

Protein-protein interactions have been shown to be essential for
condensation, where multivalent, transient contacts between amino
acid residues drive phase separation (Wang et al., 2018; Martin et al.,
2020), resulting in the formation of a percolation network spanning
the whole droplet (Farag et al., 2022). For instance, condensates of
the RNA-binding protein Fused in Sarcorma (FUS) are held together
by interactions between the aromatic tyrosine residues in the
N-terminal domain and positively charged arginine residues in
the C-terminal domain (Wang et al., 2018). Small changes in the
protein sequence, such as those from post-translational
modifications (PTMs), in which methylation or phosphorylation
occur, impact the efficiency of phase separation (Hofweber and
Dormann, 2019). In the case of FUS, arginine methylation (Qamar
et al., 2018) increases the saturation concentration of phase
separation. How protein sequence governs biomolecular
condensation has been modeled theoretically with the stickers
and spacers model. In this model, polymer chains contain
patches or sequences that strongly interact, known as stickers,
interspersed with regions that don’t interact called spacers
(Villegas et al., 2022). Theoretical work has predicted that the
effective solvation volume of the spacers impacts the effective
valence and strength of the stickers in a manner analogous to
changing their patterning in the protein sequence, since poor
solvent behavior of the spacers brings the stickers closer to each
other (Semenov and Michael, 1998; Harmon et al., 2017; Choi et al.,
2020; Martin et al., 2020). The intermolecular interactions driving
the formation of condensates are thus sensitive to both changes in
the protein as well as its solvation environment. Such studies
highlight that protein-water interactions play an equally
important role as protein-protein interactions in biomolecular
condensation.

Knowledge of protein hydration in condensates and how it
relates to specific amino acid interactions is still lacking (Ribeiro
et al., 2019). In the last years, several studies have emerged
demonstrating that the liberation of hydration water from the
protein solvation shell provides the entropic contribution to the
free energy of condensation (Ahlers et al., 2021; Pezzotti et al., 2023;
Watson et al., 2023), while the electrostatic interactions between
polypeptide chains provide the enthalpic contribution (Mukherjee
and Schäfer, 2023). The water retained in condensates after their
formation shows significantly reduced mobility. This change in
water dynamics is caused by hydrogen binding to the protein,
resulting in confined water molecules in the percolation network
(Lorenz-Ochoa and Baiz, 2023). However, water dynamics are not
unrelated to electrostatic interactions inside condensates. The
accumulation of charges from biomolecules and counterions
results in the formation of unique electrochemical environments
(Dai et al., 2024). Charged residues of biomolecules perturb the
coordination of water molecules, creating heterogeneous water

populations that depend on the biomolecule morphology (Laage
et al., 2017). Recent studies have suggested that electrostatic protein
interactions increase tetrahedral order of solvation water in
condensates, while decreased water ordering stems from
hydrophobic protein interactions (Joshi et al., 2024). For more
complex, multilayered condensates pH gradients between the
layers of a condensate can form, caused by differences in the
amount of charged residues (King et al., 2024). Such studies
indicate that solvent properties, including ion distribution, are
linked to the protein biochemical makeup.

A common way to study macroscopic solvent effects on
condensates is through the mapping of phase diagrams.
Experimental parameters such as temperature, pH, protein
concentration, as well as solute concentration can be easily
changed in vitro, allowing for determination of what solvent
conditions disrupt the delicate balance of protein-protein and
protein-solvent interactions. For example, FUS is known to
undergo phase separation in biologically relevant salt
concentration regime, 50–150 mM. Outside this range, phase
separation is suppressed due to electrostatic screening. However,
the low complexity (LC) N-terminal domain of FUS, containing
only the tyrosine-rich region, undergoes phase separation that is
enhanced by salt (Murthy et al., 2019). For LC-FUS, hydrophobic
interactions and salting-out effects contribute to driving phase
separation. Interestingly, salting-out effects also have an effect on
full-length FUS, which has been shown to undergo a concentration-
dependent reentrant phase transition (Krainer et al., 2021). In
addition to forming condensates at near-physiological salt
concentrations, FUS also forms them at high salt concentrations
(>2 M). Studies on model peptides have shown that hydrophobicity
of arginine drives reentrant phase separation (Hong et al., 2022).
Such behavior shows that even a single protein can switch between
electrostatic to hydrophobic protein-protein interactions depending
on its solvent environment (Hazra and Levy, 2023). Yet, how or
whether protein-solvent interactions in condensates are altered by
solvent conditions remains poorly understood.

The objective of this study is to determine how protein
properties and solvent properties influence protein-water
interactions in biomolecular condensates. To this end, FUS was
utilized to prepare in vitro condensates, as it has relevance to
neurodegenerative diseases and its phase diagrams have been well
established. Here, protein properties of FUS were altered through
PTMs and were achieved by expression of FUS in prokaryotic and
eukaryotic systems (Hofweber et al., 2018; Qamar et al., 2018).
Solvent properties were altered through increased salt
concentration. To probe the protein-water in condensates,
Terahertz (THz) spectroscopy was utilized. This method is
sensitive to perturbations in the water hydrogen-bonding
network and reports on structure and dynamics of solvation
water (Ahlers et al., 2021). Results show that even though PTMs
suppress phase separation of FUS, protein-water interactions in
condensates are not perturbed by molecular level changes of the
protein. Solvent conditions, however, impact the stiffness of the
solvation network, where increased salt concentration softens the
hydrogen-bonding network. Taken together, these results indicate
that PTMs mostly influence phase separation through modification
of protein-protein interactions, while solvent conditions influence
protein-water interactions.
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2 Materials and methods

2.1 Protein expression and purification

Bacterial expression of maltose binding protein-FUS-enhanced
green fluorescent protein (MBP-FUS-eGFP) was adapted from
literature (Ahlers et al., 2021). Bacterial cultures of BL-21 E. coli
with a volume of 1–2 L were grown in lysogeny broth (LB) medium
until reaching an optical density (600 nm) of 0.6. 0.1 mM isopropyl
β-D-1-thiogalactopyranoside was added and the cultures were
incubated for 22 h at 12°C. Afterwards cells were pelleted by
centrifugation, resuspended in lysis buffer (50 mM Tris:HCl,
pH 8, 1 M KCl, 20 mM imidazole, 1 mM dithiothreitol, 5%
glycerol) with an EDTA-free proteased inhibitor cocktail, spun
down in 50 mL tubes, snap-frozen, and stored at −80°C for later
use. Eukaryotic expression of maltose binding protein-FUS-
monomeric enhanced green fluorescent protein (MBP-FUS-
mEGFP) was adapted from literature (Patel et al., 2015). For
eukaryotic expression, Sf9 insect cells (Expression Systems,
Cat#94-001F) with a baculovirus expression system were used.
Cells were harvested 72 h after inoculation, pelleted by
centrifugation and resuspended in lysis buffer of the same
composition and volume ratio as bacterial cells. The sequence of
the FUS protein was identical for both expression systems used to
create recombinant constructs.

Before cell lysis, bacterial cells were thawed at room temperature
and resuspended in lysis buffer at a ratio of 1 mL of buffer to 10 mL
of the original culture. Sf9 cells were lysed immediately after
harvesting. For both expression systems cell lysis was performed
using a LM10 Microfluidizer (Microfluidics, Germany), and the
resulting lysate was cleared from debris by centrifugation at 40,000 g
for 45 min at room temperature for bacterial lysate, and 18,000 g for
60min for insect cell lysate. The resulting supernatant was applied to
a tandem of 2 Protino® Ni-NTA 5 mL columns (Macherey-Nagel,
Germany) for protein purification. The protein was washed at the
column with wash buffer (50 mM Tris:HCl, pH 8, 1 M KCl, 25 mM
imidazole, 1 mM DTT, 5% glycerol), followed with elution buffer
(50 mM Tris:HCl, pH 8.5, 1 M KCl, 250 mM imidazole, 1 mMDTT,
5% glycerol). The eluted protein fraction was collected and applied
to a HiLoad™ 16/600 Superdex™ 200 pg size exclusion
chromatography column (Cytiva). For the insect cell expressed
protein, cleavage of the protein with 3C protease (in-house) was
performed before application to the column. The protein was eluted
with size exclusion buffer (50 mM Tris:HCl, pH 7.4, 500 mM KCl,
1 mM DTT, 5% glycerol), and pooled protein fractions were
concentrated by centrifugation on a Vivaspin® 20 column
(Sartorius, 30 kDa cutoff filter). Protein concentration was
determined by absorbance at 488 nm assuming an extinction
coefficient of the EGFP tag to be 55,900 M−1 cm-1, and
56,000 M−1 cm−1 for mEGFP as taken from FPBase (Lambert,
2019). The protein was then split into aliquots, snap-frozen using
liquid nitrogen and stored at −80°C.

2.2 Sample preparation

KCl buffers were prepared by disolving appropriate amounts of
Tris-HCl and KCl in water. Solutions were adjusted to pH 7.4 with

HCl and were filtered with a 0.2 µm filter. FUS samples for
experiments at low salt conditions (100 mM KCl) were prepared
by diluting the FUS aliquot with 50 mM Tris buffer at pH 7.4. For
2.5 M KCl solvent an appropriate amount of 3 M KCl buffer was
used for dilution. The protein samples were prepared at desired salt
concentration and in the case of protein from bacterial expression,
phase separation was induced by adding the TEV protease to cleave
off the MBP fusion tag.

2.3 THz spectroscopy

FTIR-THz measurements of FUS condensates were performed
with a FTIR spectrometer (Bruker Vertex 80v, Germany) equipped
with a mercury arc lamp source and a liquid helium cooled Si
bolometer detector. The device was equipped with a single bounce
diamond ATR unit (Platinum, Bruker, Germany). Spectra were
measured from 30 to 680 cm−1 with a resolution of 1 cm−1 and
are an average of 64 scans. Phase separation of FUS samples was
prepared following literature and 10 min after induction of phase
separation, 50 µL of solution was placed in an ATR flow cell (Bruker,
Germany). The inlet and outlet of the flow cell were sealed with
Teflon caps and parafilm to prevent evaporation. A time series of
THz spectra was collected, with individual spectra recorded every
3.5 min for 90 min. Between measurements the diamond prism was
cleaned with ultrapure water, 0.5 M NaOH, and isopropanol. All
spectra were recorded at room temperature (22°C).

The absorption coefficient (α(ν)) of the phase-separated samples
was determined from the Beer-Lambert law, as shown in Equation 1:

α ]( ) � − 1
dp

ln
I ν( )
I0 ν( )( ) (1)

where I(v) and I0(v) are the intensities of the sample and reference,
respectively, and dp is the penetration depth. Here, the bare diamond
surface served as the reference. The wavelength (λ) dependent
penetration depth was determined from the incident angle of the
THz radiation (θ = 45°) and the refractive indices of the diamond
(ndiamond = 2.38) and sample (nsample), as shown in Equation 2. Here
it was assumed that nsample = 1.5 (Ahlers et al., 2021). The THz
penetration depth in this wavelength regime is on the order of
several μm (see Supplementary Figure S1).

dp � λ
2π ·

���������������������
n2diamond · sin θ( )2 − n2sample

√ (2)

Difference spectra, Δα, were obtained by subtracting the first
spectrum in the time series (t = 0 min) from the rest of the spectra.
The Δα spectra corresponding to the difference between the final
and initial timepoint were used for further analysis. Spectral
deconvolution was done with fitting of damped harmonic
oscillators, as shown in Equation 3,

Δα ~ν( ) � anw2
0,nν̃2

4π3 ν̃2w2
0,n

π2 + ν̃2d,n + w2
0,n

4π2 − ν̃2( )2[ ] (3)

where an, w0,n, and νd,n are respectively, the amplitude, width, and
center frequency of the nth peak (Schienbein et al., 2017).
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2.4 Microscopy

Fluorescence images were recorded on a CSU-X spinning disk
confocal microscope (Nikon) equipped with an iXon Ultra CCD
camera (Andor). Samples were prepared in a 384 well PhenoPlate
(Revvity) Image acquisition was done using a ×100 oil immersion
objective with a numerical aperture of 1.49 (Nikon). The laser power
of the argon laser source was set to 0.5% at 488 nm. 70.38 × 70.38 µm
images were acquired for each condition. Image processing and
droplet size quantification was done in ImageJ.

3 Results and discussion

The FUS protein was utilized as a model protein for in vitro
phase separation. Previous studies have mapped the phase diagram
of FUS, and it has been shown to undergo LLPS when expressed in
both E. coli bacterial cells and Sf9 insect cells (Wang et al., 2018;
Hofweber et al., 2018). Bacterial cells do not possess the cellular
machinery needed to add PTMs to FUS (Hofweber et al., 2018),
while eukaryotic cells, such as Sf9 insect cells, produce FUS
containing PTMs (Qamar et al., 2018). For FUS, modifications
that most commonly occur are phosphorylation and methylation
(Rhoads et al., 2018a). Phosphate groups are typically added to
hydrophilic serine and threonine residues, increasing the charge of
the sequence (Monahan et al., 2017; Rhoads et al., 2018b; Rhoads
et al., 2018a). Methylation, on the other hand, introduces
hydrophobic groups primarily on positively charged arginine
residues (Rhoads et al., 2018a; Dormann et al., 2012). This
introduces steric hindrance to the cation-π interactions of
arginine and tyrosine underlying condensate formation
(Dormann et al., 2012; Qamar et al., 2018; Hofweber et al.,
2018). Other common PTMs, such as glycosilation, do not
readily occur for FUS (Kamemura, 2017; Kakuo et al., 2023).

These modifications alter both the charge and hydrophobicity of
the protein, therefore likely altering intermolecular hydrogen-
bonding interactions. To determine how these modifications
impact condensate morphology, fluorescence microscopy images
of 7 µMGFP-labeled FUS condensates from E. coli bacterial cells and
Sf9 insect cells at low salt (100 mM KCl) and high salt (2.5 M KCl)
conditions were collected and are shown in Figure 1A. For
simplicity, FUS without PTMs will be referred to as bacterial
FUS and that with PTMs will be referred to as insect FUS. Low
salt conditions are consistent with previous literature (Hofweber and
Dormann, 2019; Monahan et al., 2017; Hofweber et al., 2018), where
spherical-like droplets form. Droplets from insect FUS are smaller in
size relative to bacterial FUS. Quantification of the total droplet area
(Figure 1B) reveals that insect FUS at low salt only occupies roughly
10% of the total area while bacterial FUS occupies ~55%. At 2.5 M
KCl, where reentrant phase separation of FUS occurs, the droplet
morphology of both bacterial and insect FUS is altered. Droplets are
no longer spherical-like and instead coalesce into large amorphous
shapes. This shape change likely stems from increased hydrophobic
protein-protein interactions (Krainer et al., 2021), resulting in
droplets becoming more solid-like in character. More solid-like
behavior has been shown in the reentrant phase transition of
another arginine-rich protein, protamine (Hong et al., 2022),
suggesting that mesoscale properties are linked to molecular
interactions in condensates. Quantification of the total droplet
areas also shows that at high salt insect FUS covers a smaller
percentage area than bacterial, ~40% vs 65%. Interestingly, when
comparing the droplet percentage areas, it is notable that the
presence of PTMs causes a decrease in the condensate area in
both the low and high salt regimes, indicating PTMs suppress
condensation. However, PTMs suppress condensation to a
greater extent in the low salt regime (55% for bacteria vs 10% for
insect FUS). This suggests that protein condensation in high salt is
less affected by PTMs. Previous work found that at high salt

FIGURE 1
PTMs decrease condensate area (A). Confocal microscopy images of condensates formed by 7 µM FUS-GFP from a bacterial and insect cell
expression system in 100 mM KCl and 2.5 M KCl (B). Percentage of image area covered by the condensed phase.
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concentration, the excess concentration of ions changes the types of
interactions between protein molecules from electrostatic to
hydrophobic. Therefore, it seems that PTMs which introduce
charge changes have a greater effect on LLPS of FUS than
hydrophobic ones. A possible explanation for such an effect
could be due to increased protein-water interactions by charged
hydrophilic groups, such as phosphates.

To understand how PTMs impact protein-water interactions,
the collective behavior of water in condensates was probed by ATR-
FTIR absorption spectroscopy in the THz region. Figure 2 presents
the ATR-FTIR spectra of 7 µM FUS condensates from bacterial and
insect expression at 100 mM KCl and 2.5 M KCl. Here, spectra are
presented as the difference in the absorption coefficient of the
sample at t = 0 min and t = 90 min, denoted Δα. The change in
absorption with time comes from accumulation of condensates at
the surface of the ATR crystal through sedimentation. The scaling of
the spectrum intensity with the amount of condensates has been
shown in previously published work (Ahlers et al., 2021). Only the
initial (t = 0 min) and final (t = 90 min) timepoints were used for
further analysis, as these represent the difference between the dilute
and condensed phase. For bacterial FUS at 100 mMKCl (Figure 2A),
the Δα spectrum has two prominent features with peak center
frequencies at ~130 cm−1 and ~370 cm−1. These features are
consistent with previously published literature (Ahlers et al.,
2021), which looked at FUS condensates in 150 mM NaCl and
phosphate buffer, and were assigned to desolvation of hydrophobic
moieties on the protein (130 cm−1) and the stiff network of bound
water inside the condensates (370 cm−1). For simplicity, the feature
at 130 cm-1 will be referred as the desolvation peak, while the feature
as 370 cm−1 will be referred to as the stiffness peak throughout the
remainder of the text. This spectrum serves as a baseline case for
biomolecular condensate hydration. The spectra of insect FUS
(Figure 2B) at 100 mM KCl show a smaller change in the Δα,
which is approximately half the intensity of bacterial FUS. This
change in intensity can be ascribed to the decrease in condensate

droplet area caused by the presence of PTMs, as discussed earlier.
Overall, the shape of the spectrum is similar between the two
expression systems.

This is similarly observed when comparing bacterial and insect
FUS at 2.5 M KCl. Both spectra have similar shape, and the intensity
of the insect FUS is smaller than that of the bacterial FUS. Again, this
is due to the decreased droplet area in the case of insect FUS at 2.5 M
KCl (see Figure 1B). However, the spectra at 2.5 M KCl are distinct
from that at 100 mM. The hydrophobic desolvation feature at
130 cm-1 is less prominent relative to the high frequency peak at
370 cm-1. This shows that the population of hydrophobic hydration
water that contributes to condensate formation is suppressed in the
high salt regime. This likely arises from accumulation of ions at the
protein interface, resulting in electrostatic screening of charged
arginine groups, which then leaves less hydrophobic wrap water
to be released as the normal cation-π interaction that drives FUS
condensation is inhibited. The hydrophobic desolvation peak was
also less prominent in liquid-solid phase separation (Ramos et al.,
2023), indicating that release of solvation water is of less prominent
for hydrophobically driven condensation. Considering both the low
and high salt results for bacterial and insect FUS, indicates that
PTMs do not significantly alter the protein-water interactions
responsible for driving phase separation.

Comparison of the low and high salt spectra show spectral shifts
in the peak frequencies. To quantify these shifts, spectral fitting with
damped harmonics oscillators (Equation 3) was done (see
Supporting Material for full fit results). Results of the spectral
fitting are shown in Figure 3. At high salt conditions, both the
desolvation and hydrogen-bonding stiffness peaks red shift in
frequency compared to low salt conditions. For the desolvation
peak (Figure 3A), this shift is 10–15 cm-1, indicating that
hydrophobically driven condensation is distinguishable from
electrostatically driven condensation. Such results show that the
frequency of the desolvation peak can be used as a spectroscopic
marker for condensation. For the water stiffness peak (Figure 3B), a

FIGURE 2
Reentrant phase separation gives rise to vastly different condensate hydration independent of PTMs. ATR-FTIR Δα spectra of 7 µM FUS-GFP
condensates formed in 100mM KCl and 2.5 M KCl for (A). Bacterial FUS (B). Insect FUS. Inset: insect FUS with narrowed y-axis range. The average error of
all measurements is 16 cm−1.
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red shift of ~15 cm−1 is also observed. This high frequency peak in
the condensate spectrum results from blue and red shifts of the
librational peak of water, which reports on the relative stiffness of
the water network in the condensate. A blue shift corresponds to a
stiffer water network, while a red shift corresponds to a softer water
network. Therefore, the red shift observed for reentrant phase-
separated condensates indicates that the bound water inside the
condensate has a softer hydrogen-bonding network compared to the
low salt regime.

In order to determine the source of the softening of the water
network in high salt condensates, ATR-FTIR spectra of KCl
solutions at various concentrations were measured and are
shown in Figure 3C. As the concentration of KCl increases, the
librational band of water red shifts to lower frequencies. This
corresponds to a decrease in tetrahedral order of water molecules
(Morawietz et al., 2018). Therefore the changes in solvent stiffness in
condensates are related to the stiffness of the solvent itself. Figure 3D
shows the comparison of Δα spectra of bacterial FUS protein at high

salt KCl with that of the Δα spectra of 2.5 M KCl buffer relative to
0 M KCl buffer. The blue shift in the FUS condensate spectrum
partially reverses the induced softness of the water network caused
by the solvent itself. This could stem from decreased degrees of
freedom of bound water molecules in the condensate, where
hydrophobic interactions between protein molecules can confine
the water to a larger degree. A change in the libration region can also
come from spatial confinement of the water, as THz spectra of water
trapped between graphene layers have previously shown a similar
blue shift in the libration region of the spectrum with increasing
confinement (Ruiz-Barragan et al., 2022). However, the increased
stiffness could also point to selective partitioning of ions into the
dense phase. Recent results have shown that while KCl is excluded
from condensates at low salt concentrations, enrichment of KCl ions
in condensed phase occurs in the reentrant phase separation regime
(Ausserwöger et al., 2023). Interactions of highly concentrated ions
with the condensed protein might cause the ions to lose their
hydration shell through forming solvent shared or contact ion

FIGURE 3
FUS condensation counteracts hydration changes caused by KCl (A). Fitted peak center frequencies of the low frequency feature, corresponding to
protein desolvation, in the Δα spectra of FUS-GFP condensates formed in 100 mM KCl and 2.5 M KCl (B). Fitted peak center frequencies of the high
frequency feature, correspond to stiffness of the hydrogen-bond network, in the Δα spectra of FUS-GFP condensates formed in 100 mM KCl and 2.5 M
KCl (C). THz absorption spectra of KCl concentration series in 50 mM Tris:HCl at pH 7.4 (D). Comparison of the Δα spectra of FUS-GFP condensates
formed in 2.5 M KCl with the negative of the molar absorption coefficient of 2.5 M KCl buffer obtained from data shown in panel (C).
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pairs. Overall, such results show that independent of the solvent
stiffness itself, the stiffness inside of the dense condensates phase is
greater than that of the dilute phase.

As discussed earlier, a change in the desolvation and water
stiffness bands were observed for both bacterial and insect FUS in
the high salt regime. In order to more quantitatively assess these
changes, the ratios of integrated areas of the water stiffness peak to
the librational peak obtained from the damped harmonic oscillator
fits were determined and are shown in Figure 4 (see Supplementary
Figure S2 for example, of spectral fits). At 100 mM KCl, both
bacterial and insect FUS have a peak ratio value around 1, while this
value is between 1.5 and 3.6 for the high salt regime. The prominence
of the high frequency peak indicates that there is a greater
population of bound water in the high salt concentration regime.
This is consistent with studies of hyaluronic acid and protamine
coacervates, which found reduced mobility of water in high salt
condensates (Hong et al., 2022). Taken all together, the results
obtained here show that modification of solvent properties have a
greater impact on the protein-water interactions in FUS condensates
than protein level modifications.

4 Conclusion

Studies of phase-separating proteins have indicated that
chemical modification of the protein through PTMs impacts the
ability to form condensates. Spectroscopic measurements of FUS
condensates show that these protein modifications don’t influence
the solvation network inside the condensate. These PTMs likely have
a larger impact on protein-water interactions in the dilute phase,
i.e., before condensation occurs, and hence perturbs the saturation
concentration of the phase transitions. Probing solvation properties
of proteins in the low concentration limit (µM or smaller) remains a
challenge, as this is below the detection limit of most methods.

However, results obtained here unveil that the water hydrogen-
bonding network inside of condensates is strongly impacted by the
solvent environment. The water network is stiff for low salt
concentrations and becomes softer at high salt concentration.
Compared to the dilute phase, water inside in the condensates is
always stiffer, reflective of water with suppressed degrees of freedom
similar to confined or interfacial water. Such results have
implications for biological processes, where fluctuations in ion
concentration or pH can impact the solvation environment
inside biomolecular condensates.
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