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Abstract: The effect of salt on coacervation of synthetic or biological polyelectrolytes is well-
studied. However, recent experiments showed that largely neutral IDPs like FUS also
undergo LLPS at physiological salt concentrations, dissolve at higher salt concentration and
again phase separate at higher salt concentrations such as, [Ci,n]~3M. Here we use
analytical theory and simulations to reveal the mechanism of these transitions. At low [Cion],
the ionic solution acts as a highly correlated medium conferring long-range effective
attractive interactions between spatially distant FUS monomers. In this regime the ion
concentration inside the condensate is higher than in the bulk solution. As [Ci.n] increases,
the correlation length in the ionic plasma decreases, and the condensate dissolves. Second
LLPS at high [Cion] is due to the entropy-driven crowding, and ion concentration inside the
condensate is lower than in the bulk. Our study unravels a general physical mechanism of

salt-dependent reentrant behavior in LLPS in neutral IDPs.
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Introduction

Intrinsically disordered proteins (IDPs) and genetic materials can undergo liquid-
liquid phase separation (LLPS) which leads to the formation of biomolecular condensates.’
The condensates exhibit liquid droplet-like behavior and underlie the formation of
membrane-less organelles (such as nucleolus, stress granules, Cajal bodies, etc.). These
organelles provide an additional means to compartmentalize subcellular processes.? In
addition to the intracellular compartmentalization, such condensates/droplets are involved
in a variety of biological processes, such as genome reorganization and transcription,®*
stress response,® noise buffering,” signal transduction,® and membrane remodeling.®™
Disruptions in LLPS have been connected to the onset of numerous diseases, such as
neurodegenerative conditions and cancer.”” During the past decade, there has been an
increasing interest in understanding the formation, microscopic structure, and kinetics of
LLPS, both experimentally and theoretically.’>®

Over the years, the molecular grammar of LLPS has been decoded.?*2" Although new
insights into the molecular grammar are emerging, it is well-accepted that individually weak
but multivalent interactions between IDPs (such as, m — i stacking, cation-m, dipole-dipole,
and charge-charge) are the major drivers of LLPS.?>2® The condensation of IDPs are often
favored by thermodynamics where the enthalpic gain through the formation of several weak
multivalent interactions and entropic gain from the release of bound water/counterions
surpasses the conformational entropy loss of the IDP and the de-mixing entropy loss.?+%¢
From a surface free energy perspective, one might presume that the phase separated IDPs

would eventually form a single (nearly) spherical phase. However, experiments always reveal
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a rather poly-dispersed multi droplet state that has recently been explained theoretically
from a kinetics perspective.’ The droplet size distribution was shown to obey a power law.?”

The LLPS propensity of an IDP is governed by its sequence and patterning of charges
including phosphorylation sites.’®'®2¢3° Other than the sequence determinants, several
physicochemical factors such as, temperature, presence co-solutes, ionic strength, pH, etc.
can alter the LLPS propensity. In some cases, an interesting phenomenon called ‘reentrant
phase separation’ is observed, where the monotonic variation of a control parameter (say,
ionic strength) transforms a system from a phase separated state to a macroscopically
identical/similar phase separated state via two distinct transitions.*

The RNA-binding protein FUsed in Sarcoma (FUS) undergoes LLPS via homotypic
interactions. FUS is found to be enriched in the nucleus and plays several important
regulatory roles. The phase diagram of FUS condensation in the temperature-concentration
space is known.*? In a recent study, Krainer et al. showed that FUS (along with four other
IDPs) exhibits reentrant phase separation with respect to the salt concentration in solution.®
FUS and other IDPs show LLPS at low (physiologically relevant) as well as at high
(physiologically irrelevant) salt concentrations but dissolve at intermediate salt
concentrations. They suggested that, at low salt concentration regime, phase separation is
driven by a mixture of hydrophobic and electrostatic interactions whereas, at high salt
concentration regime, phase separation is driven by hydrophobic as well as enhanced non-
ionic interactions. While their analysis provides a microscopic insight into the dominant
interactions at various solvent conditions, the physical reason behind multiple reentrant

transitions in a broad range of salt concentrations remain unclear. Previous studies


https://doi.org/10.1101/2025.03.20.644249
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.20.644249; this version posted March 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

highlighted the importance of salt in phase behavior of charged polymers, polyelectrolytes
and polyampholytes, including IDPs.?*%® All these studies offered an intuitive and
mechanistic explanation of the effect of salt on complexation (coacervation) of charged
polymers: salt/ions screen repulsion between monomers of the charged polymer leading to
coacervation. Inthe same vein at higher salt concentration screening becomes less effective
and reentrant transition into the dilute phase ensues. However, this explanation is not
applicable to mostly neutral IDPs such as FUS and TDP-43 which also show salt-dependent
reentrant LLPS.2® Thus, the mechanism of salt-dependent LLPS of a neutral IDP remains
unresolved.

Here we use analytical statistical mechanical theory combined with explicit
ion/solvent coarse-grained (CG) simulations to unravel the physical origin of the reentrant
LLPS in FUS and other neutral IDPs. In the first part of the paper, we present the detailed
theoretical analysis based on the modified Voorn-Overbeek approximation?' to treat FUS
polymer in complex water salt solutions. Statistical mechanical analysis predicts two
reentrant LLPS transitions in a range of salt concentrations as observed in experiments as
well as the distribution of ions inside and outside of the LLPS droplet in each LLPS regime.
Next, we validate the findings from the analytical theory with long-timescale coarse-grained
simulations that explicitly take ions and water molecules into account and discern the
essential mechanism(s) by running a series of control simulations where some factors (e.g.
remaining FUS charges or saltion charges) are abrogated one by one. Overall, by using these

two complementary approaches, we arrive at a general explanation of the reentrant LLPS
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phenomenon in neutral IDPs. Although primarily motivated by the LLPS of FUS, the

framework can be extended to other IDPs with a low humber of charged amino acid residues.

Theoretical Analysis and Predictions

Consider the phase-separated solution of an IDP (for example, FUS) which we model
as ahomopolymer. The dense phase occupies avolume V (together with water and ions) and
the remaining volume (V, — V) is occupied by the dilute phase. We use the Voorn—Overbeek
(VO)?® approximation to describe thermodynamics of neutral polymer in the Flory Huggins
approximation and charged salt ions in the Debye Huckel approximation with a modification
to accountfordirect non-electrostatic interaction between uncharged FUS and saltions (see
Eq. S6 in the Supplementary text and accompanying discussion).

The ion-equilibrium between the condensate and the bulk is achieved at equal

chemical potentials of ions in the condensate and the bulk:

1 1_¢1 F

Where ¢ denoted volume fraction of ions and FUS inside the condensate or outside as

i 1_ i - o in out ~ in out
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indicated by subscript/superscript and where the DH chemical potential z,,, can be written

as:®®
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In Eq.(2), / is the ionic strength of the salt solution, D is the dielectric permittivity of
water, F is Faraday’s constant (= eN,), b is effective ion size, and k is the Debye length. At

low to moderate salt concentrations kb << 1 and we disregard this term.
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Equivalently the condition of equilibrium between FUS molecules in the bulk and

condensate is that chemical potential of FUS molecules in the condensate is equal to that

out

inthe bulk £ = 1" which brings in the equation that determines the volume fraction of FUS

in the condensate at a fixed volume fraction of FUS in the bulk:

1 " 1_ i”’_ 5 ~ in oui ~ in ou
_Tln( fmj—Tln( ¢j)§t lomj+;fﬂ ((éfl — % t)+27(FF(¢F - Ft):O (3)
L F 1_¢F Y

Where volume fractions of ions in the bulk and the condensate are determined by the
equilibrium condition Eq. (1).

Now we explore the whole range of densities for all components. To that end, in
Figure 1b we plot Eq. (1) for the difference of chemical potentials, Ay; of ions between

condensed and dilute phases as a function of volume fraction of ions inside the condensate

in

: . For the sake of

atvarious values of volume fractions of ions outside the condensate ¢,

illustration, we fix the volume fraction of FUS in the dilute phase, ¢1f1”t at 0.1 and inside the

condensate, ¢f;’ at 0.3 (other values give qualitatively similar results).
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Figure 1. Statistical mechanics of liquid-liquid phase separation of neutral polymers in water

salt solutions: (a) A schematic illustration of the liquid-liquid phase separated system. The IDP rich

phase is the condensate with volume fraction of ions ¢1’” and the dilute/bulk phase with volume

out

fraction ¢[ . (b) Graphic solution of Eq.(1) for the difference of chemical potential of ions in the

condensed phase vs. the bulk as a function of volume fraction of salt inside the condensate (d),in).
Three panels correspond to different values of cj)}’utas marked by vertical dashed lines (0.1, 0.4, and

0.6 respectively) Red lines correspond to full free energy functional with electrostatics between ions

while the blue lines is a control where charges are “turned off”, i.e. A=0. The values of ¢I’" at which

the lines intersect y=0 correspond to the solutions of Eq.(1) for ¢;" . (c) Relative volume fraction of salt

inside the condensate vs that in the dilute phase representing solution of Eq.4 in full range of volume
fractions of salt. (d) Reentrant transitions in the solution of FUS. At low salt concentration FUS first
condenses and as salt concentration increases condensates dissolve back into a one phase

solution. Enrichment of salt inside the condensate drives the first transition until second phase


https://doi.org/10.1101/2025.03.20.644249
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.20.644249; this version posted March 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

separation transition accompanied by depletion of saltin the condensate. The Black curve shows the
volume fraction of FUS in the condensate relative to dilute phase. The Magenta curve shows the
volume fraction of ions in the condensate relative to the dilute phase. (e) same as (d) but with ion
charges off (A=0). (f) Temperature dependence of the volume fraction in the FUS condensate in the

low salt phase (black lines) and the high salt phase (magenta).

We see from Figure 1b that when salt concentration in the bulk is low, the condensate
strongly absorbs ions and the effect is largely due to the Debye-Huckel correlation as
cancellation of the DH energy in the free energy functional, Eq.(2) greatly diminishes
absorption of ions in the condensate (blue curve). However, as the bulk salt concentration
increases, this effect diminishes and finally reverses whereby the ions are depleted inside
FUS condensate compared to the bulk. This can be summarized in Figure 1c that shows the
dependence of ion concentration inside FUS condensate on the ion concentration in the
bulk at fixed density of FUS condensate. We note the non-monotonic dependence of
concentration of the ions with full charge interactions inside the condensate (red line). In
contrast, in the absence of the DH contribution to free energy the non-monotonic
dependence disappears. Rather a much weaker monotonic dependence is observed (blue
line in Figure 1c). For further analysis of the ion equilibrium including the limits on the

reentrant behavior see the Supporting Information text.

Finally, we solve Eq.(1) and Eq.(3) at a fixed volume fraction of FUS in the dilute phase
and obtain equilibrium density (volume fraction) of FUS in the condensate in a broad range
of bulk ion concentrations. The resulting typical plot (Figure 1d) indeed shows reentrance
and second transition at a higher concentration of ions exactly as observed in experiments.?®

As an important control we explore a hypothetical situation where ions charges are
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abrogated [A=0in Egs. (1)-(3)]. As seen on Figure 1e the reentrant LLPS transition at low salt

concentration disappears while the transition at higher salt remains unaffected.

Finally, to get a deeper insight into the origin of the low and high salt transitions we
explore temperature dependence of both (Figure 1f). As can be seen clearly, a lower
concentration of salt at low temperatures only the first reentrant transition occurs but the
second transition at high salt appears at higher temperature and becomes stronger as
temperature increases while the low salt transition becomes weaker and finally disappears
as temperature increases. At intermediate temperatures both transitions occur in their
respective ranges of salt concentration. From that we conclude that first transition is driven
by energetics of FUS-ion and ion-ion interactions and is opposed by unfavorable entropy of
redistributing of ions inside/outside the condensate while second transition is clearly driven
by entropy that favors more uniform distributions of all components of the complex solution

inside the condensate at high salt concentrations.

In summary, the predictions from analytical theory are:

1) The reentrant transition at low ionic strengths is driven by ionic charges whereby FUS
monomers effectively interact through the medium of highly correlated salt ions. In this
regime ion concentration inside the condensate exceeds that of the bulk solution.

2) At a higher ionic strength charge correlations become short-range and FUS condensate
dissolves.

3) Ateven higher (non-physiological) ionic strengths another FUS condensation transition,

driven by entropy of mixing, occurs. In this regime ionic charges do not play a crucial role,
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and the solvent components redistribute in the opposite direction, making concentration
of ions inside the condensate lower than in the bulk. This transition is akin to collapse

transition in a mixed solvent studied in Ref. 56 by Xia et al.

The detailed steps and descriptions of the analytical theory can be found in the
Supporting Information. Now we turn to coarse-grained simulations with explicit solvent
including water molecules, salt ions and counterions to test these predictions of analytical

theory.

Materials and Methods

The conformational space of an IDP, such as FUS-LCD (163 residues long) is vast.
Hence, molecular dynamics simulations at atomistic resolution are computationally
expensive and far from probing the biologically relevant length- and timescales. Therefore,
several coarse-graining strategies have emerged over the years. Here, we use the MARTINI
v3.0%° general purpose coarse-grained (CG) force field to model our system and test the
results from the analytical theory. We choose the MARTINI model due to its recent success
in understanding IDP dynamics and LLPS.>#-*¢ In addition, MARTINI has an explicit
representation of the ions and water molecules (missing in other implicit solvent CG force
fields) that are essential to the present study as discussed in the previous section. Below we
outline the technical details and simulation protocols.

First, we create the structure from the sequence of human FUS low-complexity
domain (FUS-LCD, residues 1-163) available in UniProt*” database (ID: P35637) by using

PyMOL.* Then the atomistic coordinates are converted into the MARTINI CG model with the

10
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help of the martinize2*® code. We randomly insert 42 copies of FUS-LCD chains inside a
cubic box of dimension (30 nm)3. Following that we add the required number of counterions
(2 Na*for each FUS chain) and excess ions (Na* and Cl’) to maintain electrostatic neutrality
as well as to maintain the desired ionic strength in the range of 0.0 M to 3.0 M. We note that
one MARTINI water bead is equivalent to 4 molecules of water.

After a steepest descent energy minimization, we equilibrate each system for 10 ns
followed by a 5 us production run. We discard the first 2 us from each trajectory and analyze
the remaining 3 ps of the trajectory. The systems that exhibit LLPS formed a well-defined
droplet within 1us whereas systems with no LLPS propensity remained dispersed
throughout. Here we use slightly recalibrated force field parameters by increasing the
protein-water Lennard-Jones interaction strength (epw) with a scaling factor A = 1.03 that
gives a reasonable transfer free-energy of FUS from the dilute to the dense phase.

For equilibration and production run, we propagate the simulations with a timestep
of 10 fs and 20 fs, respectively, using the leap-from integrator. We use the modified
Berendsen (V-rescale)® thermostat (T=298 K and tr=1 ps”) and the Parrinello-Rahman®’
barostat with isotropic pressure coupling (p=1 bar and 1, = 12 ps™) to maintain an NpT
ensemble. For equilibration purposes, we use the Berendsen barostat*® with 1, = 6 ps™. The
electrostatic interactions are screened with a dielectric constant (&) of 15 within and van der
Waals interactions are terminated at 1.1 nm with the Verlet cut-off scheme. We perform all
the simulations using GROMACS 2023.1 simulation package®? and conduct analyses with
plumed 2.5.3.%% For visualizing the trajectories and creating snapshots, we use the visual

molecular dynamics software (VMD 1.9.3).%*

11
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For the potential of mean force (PMF) calculations between two FUS monomers, we
use well-tempered metadymaics,®® WT-MetaD (T=300K and BiasFactor=5.0) with the inter
center-of-mass distance (rcom) as the collective variable (Figure 5a, inset). We solvate two
FUS chains in a 30 nm cubic box with MARTINI water and ions. We set the MetaD hill width
to be 0.35 nm and the initial hill height to be 1.0 kJ/mol. The MetaD hills are deposited every
1 ps and the MetaD simulations are run for 5 us. We use PLUMED (v 2.9.0)% patched with
GROMACS,*? to perform the MetaD simulations and subsequent analyses.

To quantify the extent of LLPS, we calculate a contact order parameter (COP), Q(t) as

shown in Eq. (4). The COP at a particular timeframe, t is expressed as:

o) = Z;,_,- q;(1), and

1‘(r”(%j6 (4)

Q[j(t):—lz
| 1 (0)
(%)

where rij(t) is the distance between the i"" and j"" beads at time t and r, is fixed to be 0.5 nm.
Hence, q;; (t) canvary smoothly from 1 to O for a given pair. We further define AQ as the gain
in COP by subtracting the time-averaged COP for FUS with only counterion system (Figure
3d), Q,. Therefore, AQ = (Q(t)) — Q,. The pair-interaction energies are obtained using ‘gmx

energy’ code. The energies contain both Lennard-Jones and electrostatic interactions.

Results

First, we study the propensity of FUS to undergo LLPS in the range of ion
concentrations from 0.0 M to 3.0 M as predicted theoretically and observed in experiment.®

We observe no condensation at 0 M. Starting from physiological 0.15 M salt FUS undergoes

12
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LLPS into single compact cluster which dissolves beyond 1.0 M NaCl. Interestingly, LLPS
reappears when salt concentration is above 2.5 M. (Figure 2a) This ‘extremely high’ salt
concentration regime, although biologically non-relevant, is important to understand from a

physics perspective as noted above.
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Figure 2. Time-averaged contact order parameter (AQ) per FUS chain against the ionic
strength of the solution: (a) when sodium and chloride ions retain their charges and (c)
when the sodium and chloride ions are made chargeless LJ beads. An increase in AQ/N
above a threshold indicates condensation. Time averaged radius of gyration, Rg against
the ionic strength of the solution: (b) when sodium and chloride ions retain their charges

and (d) when the sodium and chloride ions are made chargeless LJ beads. A decrease in Rg

13


https://doi.org/10.1101/2025.03.20.644249
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.20.644249; this version posted March 31, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

indicates condensation. Both (a) and (b) panels show the ‘double reentrant’ pohenomena. The

dotted lines should be used as guides to the eye.

In Figure 2a, we plot the density of FUS AQ/N against salt concentration, [NaCl]. A
sharp increase can be observed from [NaCl]=0.0 M to 0.15 M. The value of AQ /N decreases
upon further increase of salt concentration and the LLPS cluster fully dissolves when [NaCl]
exceeds 1.0 M. However, when[NaCl] > 2.0 M the value of AQ /N increases again and reaches
the values observed at 0.15 M [NaCl]. This is the second entrance into the ‘LLPS’ regime from
the ‘no LLPS’ zone. Therefore, we observe the double reentrant transition where the second
reentrance is observed as in experiments.®*® From the error bars (or, standard deviations)
Figure 2a, important information regarding the dynamics of the condensates can be
gleaned. Although condensation/LLPS occurs at around [NaCl]=0.15 M and at around
[NaCl]=3.0 M, the condensate is more dynamic for [NaCl]=0.15 M system (more dispersed
data) whereas, at [NaCl]=3.0 M the condensate is less fluctuating (less dispersed data). The
same can also be gleaned from another order parameter, radius of gyration (Rg) of all the
FUS chains, shown in Figure 2b. Rg sharply decreases for [NaCl]~0.15M-0.50M followed by
anincrease around [NaCl]~1.0 M and again decrease at higher [NaCl].

In Figure 2c we plot the same quantity as in Figure 2a (that is, AQ/N vs [NaCl]),
however for an artificial control system with uncharged salt (essentially LJ beads). This is
equivalent to ‘turning off’ the electrostatic interactions in the analytical approach. Thereis a
slightincreasein AQ /N atlower salt concentrations, but without condensation. The absence
of condensation can be understood from the high Rg values at that salt concentration

(Figure 2d) and from visual inspections. Interestingly, FUS undergoes LLPS at high salt (here,
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LJ bead) concentration, indicated by a sharp increase in AQ /N (Figure 2c) and a decrease in
Rg (Figure 2d). The analytical theory also predicted that the system would undergo phase
separation at high salt concentrations when electrostatic interactions are ‘turned off’ (Figure
2e). Plots for pairwise interaction energies against salt concentrations, namely Epys,
Ervus—ions Erus—w, and E;,,, can be found in Supporting Information (Figures S1 and S2).
Next, we explore in detail the mechanism of LLPS of FUS including, crucially, the role
of ions. For control and comparison, we study several model systems with the same box size
and number of FUS molecules. The five systems are as follows: (1) Original model of FUS at
0.15 M NaCl, (2) artificial ‘chargeless’ FUS chains in 0.15 M NaCl where charges of FUS
chains are abrogated, (3) FUS with artificial ‘chargeless’ 0.15 M NaClwhereby charges of salt
ions are set to zero, (4) FUS with only few Na* ions serving as counterions to FUS charges,
and (5) FUS with only 0.15 M Na+ ions without any Cl ions. The last system contains high
amount of net positive charge. Below we detail the rationale behing studying these systems.
The purpose of the control system-2 is to check whether the 4 charges on FUS (N-ter,
C-ter, Asp-5, and Asp-46) assist the LLPS in any way. It turns out that FUS whose own charges
are set to 0 forms condensate in the regular NaCl solution whose salt ion charges are intact
(Figure 3b). Therefore, we can rule out the role of FUS counterion mediated inter-polymeric
interaction in the FUS LLPS. The purpose of system-3 is to test whether the ionic charges are
required for LLPS in the low [NaCl] regime as predcited by the analytical theory. In agreement
with the theoretical predcition, the condensate does not form in this case (Figure 3¢). The
purpose of the control system 4 (Figure 3d) is to demonstrate that FUS, with only its

counterions (thatis, 2 Na*ions per chain) cannot exhibit LLPS. Importantly in control system
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5 (Figure 3e), where Na* ions retained their positive charges and the Cl anions were absent,
the highly correlated Debye-Huckel plasma does not exist and FUS did not form condensate.
This supports the conclusion from the analytical theory that LLPS at low salt concentration
is driven by the interactions throgh highly correlated ionic medium. All in all we conclude
that highly correlated system of opopsitely charged ions —a Debye Huckel plasma-is driving
reentrant condensation and dissolution of FUS at low [NaCl]. This mechanism has
significant similarity to polymer-salt-induced condensation of DNA or psi(y)-

condensation,®*®*’ discussed subsequently.
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Figure 3. Representative snapshots and pair-interaction energetics from coarse-
grained molecular dynamics: (a) FUS chains in 0.15M NaCl shows condensate formation,
(b) Artificial FUS chains with no charges in in 0.15M NaCl shows condensate formation, (c)
FUS chains in 0.15M artificial NaCl with no charges (which behave like LJ beads) shows no
condensate formation, (d) FUS with only Na* (2 ions per chain to maintain electrostatic
neutrality) ions shows no condensate formation, and (e) FUS with 0.15 M excess Na* (no Cl)
ions shows no condensate formation. The first four systems are respectively denoted as
1,2,3, and 4 in the subsequent plots. (f) Variation of the contact order parameter (AQ) per

FUS chain for the four systems. Time-averaged interaction energies of different pairs: (g)
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Among FUS chains, (h) Between FUS and ions, (i) Between FUS and water beads, and (j)

Among the ions.

To quantify the extent of LLPS, in Figure 3f we plot AQ normalized by the number of
FUS chains for the four systems depicted in Figure 3a through Figure 3d. For systems 1 and
2, the gain in number of contact pairs is at the maximum. On the contrary, for systems 3 and
4, the value of AQ/N is much lower. Note that these are not the absolute values mentioned
inthe Methods section. In Figure 3g we show the time-averaged pair interaction energies (LJ
+ Coulomb) between FUS chains, Er;5/N. As one can presume, the interaction between FUS
chains is the strongest for system 1, and almost comparable for system 2. However, these
energies are substantially lower for systems 3 and 4, where the interaction primarily arises
due to intra-chain contacts. In Figure 3h, the energies of FUS-ion interaction are plotted,
separately for Na® and Cl. The values for systems 1 and 2 are lower which indicate enhanced
interaction of FUS with salt ions. The FUS chains of system 1 interact slightly stronger with
the Na* than with the Cl owing to the presence of two negatively charged aspartate residues
in each chain. Such distinction is not present in system 2 where FUS is made chargeless. In
system 3, the excess ions are chargeless but the counterions (2 Na* per chain) are not.
Hence, it shows enhanced interaction with Na*, but the values are almost 50% reduced.
System-4 has no Cl and only Na* counterions. Areverse trend is observed in Figure 3i where
the energy of FUS with water are plotted. Systems 1 and 2 interact less with water compared
to system 3 and 4. Figure 3j shows the interaction between energies of ions. Here we find
thations interact favorably when LLPS occurs. Overall, from the pair-energetics we find that

LLPS of FUS stabilizes the inter-FUS, FUS-ion, and inter-ionic interactions; and destabilizes
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the FUS-water interactions. These results are consistent with the theoretical prediction that
interaction between ions of the salt drive LLPS of FUS at low [NaCl].

Next, we test the prediction from the analytical theory about spatial distribution of
ions, that is, in LLPS occurring at low salt concentrations the condensate will absorb more
ions, and in the second LLPS occurring at higher concentrations the condensate will expel
ions (Figure 1b-Figure 1d). Our CG simulations essentially exhibit the same behavior as
presented in Figure 4. For the condensate at [NaCl]=0.15 M, there is a significantly
increased population of both Na* and Cl ions in the interior of the FUS condensate, as seen
from the representative simulation snapshots (Figure 4a, Figure 4b, and Figure 4c¢). In Figure
4d, Figure 4e, and Figure 4f we respectively plot the spatial density profile of FUS, sodium,
and chloride along the X-dimension of the simulation box. The density profile clearly shows
the excessive adsorption of ions by the FUS condensates. In the high salt concentration LLPS
regime, for [NaCl]=3.0 M, the opposite effect is observed where the FUS-rich region of the
box has lower density of ions than the region outside the condensate. It can be seen in the
snapshots (Figure 4g, Figure 4h, and Figure 4i) and also from the density profile plots (Figure
4j, Figure 4k, and Figure 4l). This shows moderate expulsion of ions from the interior after
reentrance. Also note that excessive adsorption of ions in the low salt regime is much
stronger than their expulsion in the high salt regime (almost 3-fold for adsorption and ~15%
for expulsion) in agreement with the predictions of the analytical theory as highlighted in

Figure 1.
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Figure 4. Spatial distribution of the FUS condensate, sodium, and chloride ions inside the
simulation box for two different ionic strengths, namely, 0.175 M and 3.0 M. In the low ion
concentration regime, the density of ions follows the density of FUS as shown pictorially in panels (a)
- (c) and quantitatively from the spatial density profiles in panels (d) - (e). On the contrary, in the high
ionic concentration regime, the FUS condensate expels ions from its interior as shown pictorially in

panels (g) — (i) and quantitatively from the spatial density profiles in panels (j) — (1).
From the WT-MetaD calculations we obtain the PMF between two FUS-LCD chains in

0.15 M NaCl solution, with and without the ionic charges. The resultant PMFs are shown in
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Figure 5a where the blue trace shows an effective attraction between two FUS chains when
electrostatics are ‘on’, with approximately 30 kJ/mol free energy stabilization in the
associated state. In the same figure, the red trace shows an effective repulsion between the
FUS chains when electrostatics are ‘off. This demonstrates the long-ranged effective
attraction through the ionic media. A detailed discussion on this can be found in the

following section.

Discussion

Studies of charged polymers (polyelectrolytes and polyampholytes) in solutions
containing salts have a long history.3*3%861 Discovery of membrane-less organelles in living
cells formed by IDPs undergoing LLPS? reignited interest in biopolymer condensates in
physiologically relevant environments.®? Statistical mechanical analysis using field-
theoretical tools from polymer theory®*®* provided detailed phase diagrams for specific IDPs
enriched in charged amino acids.?” In these cases, salts affect the phase state of a
polyelectrolyte by screening electrostatic repulsion between its charges giving rise, in some
cases, to LLPS. In a similar vein, coacervation of polyelectrolytes of opposite charges
appeared to be strongly salt-dependent as electrostatics is a driving force in these
situations.®®

However recent experiments showed that largely neutral IDPs such as FUS undergo
a set of complex reentrant transitions in a broad range of salt concentration.®® The authors
of 3% carried out a series of atomistic simulations to demonstrate that different forces are

dominant at different salt concentrations. While insightful these studies do not provide a
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clear mechanistic explanation of the multiple transitions that FUS and other neutral IDPs

undergo in a broad range of salt concentrations with multiple instances of reentrance.

1 I I 1 I 1
30 _(a) = 0.15 M Charged NaCl -

= 0.15 M Uncharged NaCl

20

PMF (kJ/mol)

Figure 5. Effective attraction between FUS monomers through highly correlated medium of salt
ions: (a) Potential of mean force between two FUS chains calculated by using well-tempered
metadynamics. The two FUS chains are attractive in 0.15 M NaCl solution but becomes repulsive
when the ionic charges are set to ‘0, that is, electrostatics are turned off. (b) Illustration of the
attractive LJ interaction between a FUS monomer (red sphere) and ions creates a local increase of
density around the FUS monomer that propagates at the correlation length that is Debye radius, R..
Effective density gradient creates an energetic “funnel”that is felt by another FUS monomers creating
long-range attraction between them. As salt concentration increases the Debye length decreases,
and the attraction weakens leading to dissolution of condensates. (c) A schematic depiction of the
mechanism by which a perturbation of the ion plasma by attractive short range LJ interaction with a
FUS monomer creates local density increase near the FUS monomer which propagates up to the
scale of correlation length in the ion plasma (which coincides with Debye radius, R,) and creates
effective potential well for another FUS monomer which is attracted to the “density bump" via short

range LJ interaction potential between FUS and ions.

Here, we use a combination of theoretical and computational approaches to reach
mechanistic understanding of the physics of complex reentrant phase behavior of neutral
IDPs such as FUS at different salt concentrations. At low salt concentrations interaction
between a FUS monomer and a salt ion perturbs density of highly correlated salt ions

creating a density gradient that extends up to Debye length. Given that interactions between
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ions and FUS monomers are energetically favorable due to LJ attraction the ion density
gradient created by one FUS monomer serves as an effective energetic funnel creating a long
range attractive potential for another FUS monomer(s), as schematically shown in Figure 5a
and Figure 5b. This physical mechanism is validated in our CG simulations.

We carried out a set of control simulations by adding one energetic contribution at a
time and checking how it affects LLPS. To check whether the marginal charges of FUS (two
Aspartate and the N- and C- termini) and corresponding counterions matter we removed
these charges and observed no difference. However, when we removed the charges of salt
ions, the LLPS at low salt concentration disappeared. To assess the role of long-range
correlation in ionic plasma, we created an artificial solvent where only salt anions were
present and again found no LLPS in that case, these observations from simulations support
the notion that the medium of strongly correlated ionic plasma is crucial for LLPS of neutral
FUS at physiological salt concentrations. Remarkably, the same control calculations in the
analytical theory (e.g. dropping the DH free energy of ion interactions from the free energy
functional in Eq.2) lead to the same outcome as in simulations: disappearance of the LLPS
at physiological salt (Figure 1e). Interestingly both simulations and theory show a miniscule
increase of FUS density at physiological concentration in a control system where ion charges
are removed (Figure 1e and Figure 2b) demonstrating a remarkable agreement between
theory and simulations.

This mechanism s conceptually similar to polymer-salt-induced condensation, often
referred to as -condensation.?” y-condensation refers to collapse of DNA in the presence

of a neutral polymer (PEO) and monovalent salt in solution.®® In  -condensation, DNA-
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induced perturbation of density of PEO propagates at longer scales due to correlated
fluctuations in polymer solution creating an effective long range potential well for DNA% — a
mechanism similar to the one described here where the role of correlated medium is played
by ions.

As salt concentration increases beyond physiological levels, screening effects
become increasingly significant, leading to a suppression of long-range attractive
interactions and, ultimately, dissolution of the condensate. This is consistent with the
classical understanding of LLPS in charged systems, where the introduction of excess salt
reduces electrostatic cohesion, promoting mixing with the bulk. Our results show that this
dissolution occurs around between 1 M - 2 M salt concentration. However, an intriguing
phenomenon emerges at even higher ionic strengths, where LLPS reappears beyond 2M salt
concentration, marking the second reentrant transition. Unlike the condensation
mechanism at low salt, phase separation in this regime is not driven by FUS-salt interactions
but rather by an ion-exclusion mechanism. The FUS condensate expels ions from its interior,
allowing the system to regain phase separation despite the high salt environment. The
second LLPS transition at high salt concentration is an entropy driven phenomenon which
disappears at low temperature as predicted by the theory (see Figure 1e). CG simulations
show the same behavior: while transition at low salt is crucially dependent on ion charges
the second transition at high salt is insensitive to the abrogation of charges of salt ions
suggesting that it is driven mainly by LJ energy of association between FUS and salt and,

crucially entropy of all components in the condensate.%®
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This is a striking departure from the behavior observed at low ionic strength,
underscoring the nontrivial role of electrostatic correlations and entropic forces in governing
phase behavior in IDPs with a low fraction of charged residues. A key insight from our study
is that the mechanism of LLPS at low and high salt concentrations is fundamentally distinct,
even though both regimes exhibit phase separation. This distinction is evident in the
differences iniondistribution, pairinteraction energies, and overall condensate morphology.
The Y-condensation-like mechanism at physiological salt concentrations leads to a system
where ions are deeply embedded in the condensate, while at extreme salt conditions, the
driving force shifts towards an entropically favorable phase separation driven by ion
exclusion. These findings not only provide a microscopic understanding of the reentrant
LLPS of FUS but also suggest a generalizable framework for other IDPs with low charge
density.

Overall, our study provides a comprehensive statistical mechanical view of
mechanisms of LLPS in water-salt solutions where theoretical predictions are tested and
verified by molecular simulations. By unraveling the mechanistic details of LLPS across
different ionic environments, we not only explain recent experimental observations but also
establish a broader paradigm for understanding phase separation in biologically relevant

systems.
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