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ABSTRACT: Salts modulate the behavior of intrinsically dis-
ordered proteins (IDPs) and influence the formation of
membraneless organelles through liquid−liquid phase separation
(LLPS). In low ionic strength solutions, IDP conformations are
perturbed by the screening of electrostatic interactions, independ-
ent of the salt identity. In this regime, insight into the IDP behavior
can be obtained using the theory for salt-induced transitions in
charged polymers. However, salt-specific interactions with the
charged and uncharged residues, known as the Hofmeister effect,
influence IDP behavior in high ionic strength solutions. There is a
lack of reliable theoretical models in high salt concentration
regimes to predict the salt effect on IDPs. We propose a simulation methodology using a coarse-grained IDP model and
experimentally measured water to salt solution transfer free energies of various chemical groups that allowed us to study the salt-
specific transitions induced in the IDPs conformational ensemble. We probed the effect of three different monovalent salts on five
IDPs belonging to various polymer classes based on charged residue content. We demonstrate that all of the IDPs of different
polymer classes behave as self-avoiding walks (SAWs) at physiological salt concentration. In high salt concentrations, the transitions
observed in the IDP conformational ensembles are dependent on the salt used and the IDP sequence and composition. Changing
the anion with the cation fixed can result in the IDP transition from a SAW-like behavior to a collapsed globule. An important
implication of these results is that a suitable salt can be identified to induce condensation of an IDP through LLPS.

■ INTRODUCTION
Salts have significant impact on the conformations sampled by
intrinsically disordered proteins/regions (IDPs/IDRs). As a
result, salts can affect diverse cellular functions of IDPs1 such
as cell signaling,2 stress granule assembly,3,4 heterochromatin
formation,5 transcription, etc. Furthermore, transitions in the
conformational ensembles sampled by IDPs due to the changes
in cellular environment can result in pathologies4,6 such as
neurodegenerative diseases and cancer7 through the formation
of membraneless organelles8 via liquid−liquid phase separation
(LLPS).9

Salts modulate a range of biophysical processes such as
protein folding, aggregation, protein−RNA interactions,
protein crystallization, and precipitation.10,11 The mechanism
through which salts interact with biomolecules depends on the
salt concentration ([salt]). In low [salt], the ions screen the
electrostatic interactions between the charged residues
independent of the salt used. However, in high [salt], the
ions interact with the biomolecules through salt-specific
interactions known as Hofmeister effects. Salt ions are
arranged in a series referred to as Hofmeister series based on
their ability to stabilize/destabilize (salting-out/-in) the folded
state of a globular protein.11−14

At physiological conditions, IDPs rapidly interconvert
between nonspecific conformations as they are devoid of

secondary/tertiary structures due to a significant fraction of
polar and charged residues present in their sequences.15 There
has been extensive effort using experiments and theory to
understand the effect of salts on the IDPs.16−19 Single-
molecule Förster energy transfer (smFRET) and simulations
demonstrated that, in low ionic strength solutions, the
dimensions of the IDPs increased with the net charge.16,17,20

Polyampholyte-like IDPs exhibited compaction in dimensions
due to interaction between opposite charges.20−24 Experiments
further demonstrated using the polymer scaling laws that
solvent quality of water to the IDPs depends on the IDP
sequence composition.18,25 However, it is challenging to
characterize the conformational ensembles sampled by IDPs
as they are highly influenced by the charge distribution in the
sequence. The charge distribution in the IDPs can be
characterized by parameters such as the fraction of charged
residues (FCR), the net charge per residue (NCPR), charge

Received: May 19, 2022
Revised: July 22, 2022
Published: August 9, 2022

Articlepubs.acs.org/JPCB

© 2022 American Chemical Society
5959

https://doi.org/10.1021/acs.jpcb.2c03476
J. Phys. Chem. B 2022, 126, 5959−5971

D
ow

nl
oa

de
d 

vi
a 

IN
D

IA
N

 I
N

ST
 O

F 
SC

IE
N

C
E

 o
n 

Se
pt

em
be

r 
7,

 2
02

2 
at

 0
9:

31
:1

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiranmay+Maity"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lipika+Baidya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Govardhan+Reddy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.2c03476&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03476?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03476?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03476?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03476?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.2c03476?fig=agr1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/32?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/32?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/32?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/32?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.2c03476?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf


asymmetry (σ±), charge pattern (κ), and sequence charge
decoration (SCD)21,23,24,26,27 (see Methods for details). These
parameters further help identify the IDPs to the polymer class
they belong to, such as polyelectrolytes, polyampholytes, or
uncharged polymers.
Since charge distribution in the IDPs plays a critical role in

influencing their conformational ensemble, salts will signifi-
cantly impact IDP conformations and their physical properties.
In low [salt] solutions, salts affect the IDP conformations
through charge screening, independent of the salt identity.
Therefore, we can exploit the existing polyelectrolyte28−31 and
polyampholyte22,26,32,33 theories to understand the IDP
behavior as demonstrated previously.16,22,27 However, in
large [salt], salt identity is crucial due to the salt-specific
Hofmeister effects11,34 that affect the IDP conformations.
There is no analytic theory to account for the Hofmeister
effects on IDPs. A recent coarse-grained hydrophobicity scale
(HPS) model19 parametrized using the FRET efficiency
experimental data was able to predict the salt effect on the
LLPS of IDPs.
Computer simulations complement experiments and theory

and are playing an important role in elucidating the behavior of
IDPs. Simulations were pivotal in understanding the IDPs
conformational ensembles and dynamics.20−22,35−44 Computer
simulations using atomistic force fields matching the
appropriate length and time scales of the biophysical
phenomena have the advantage of providing detailed
information about the biophysical processes.45−49 However,
the main drawbacks are the lack of reliable all-atom force
fields50 to simulate the Hofmeister effect of salts, and it is
computationally intensive to simulate large IDPs to obtain
conformations representative of the equilibrium ensembles.
In this article, we developed an efficient simulation model to

compute the properties of IDPs in different salt concentration
regimes and studied salt-induced transitions in the conforma-
tional ensembles of different classes of IDPs. To overcome the
time scale problem associated with the sampling of
representative IDP conformations, we used a coarse-grained
model for the IDPs, which is a variant of the self-organized
polymer model for IDP (SOP-IDP).35 The effect of salt on the
IDP residues is taken into account implicitly using the
molecular transfer model.51,52 The transfer energies of amino
acids in various salt solutions are obtained from the
experiments,34,53 where the salt’s effect on the solubility of
model compounds used to mimic amino acids is measured and
explained in terms of the solute partitioning model.54 We have
successfully used this model in a previous study to probe the
effect of salts on protein folding thermodynamics.55

To understand salt-induced transitions in the conforma-
tional ensembles of IDPs, we studied the effect of salt on the
conformations of five different IDPs: (1) nucleoporin, (2)
human prothymosin-α, (3) cyclin-dependent inhibitor kinase
sic1, (4) N-terminal transactivation domain (TADn) of ERM
protein (ERMTADn), and (5) N-terminal domain of HIV-1
integrase (IN). These IDPs have different chain lengths (Nres),
compositions, sequences, and physicochemical properties
based on the electrolytic behavior (Supporting Information
Table S1). These IDPs are also used as model systems in
experiments16,56−59 to understand IDP properties. Nucleopor-
in is an 81 residue long uncharged IDP rich in hydrophilic
residues. The other IDP sequences contain ionizable charged
residues and behave as polyelectrolytes or polyampholytes,
depending on their NCPR and FCR. Human prothymosin-α

and sic1 are polyelectrolytes, whereas ERMTADn and IN are
polyampholytes. In the absence of Zn2+, IN is unstructured,
and in this study, we treat it like an IDP. The IDP sequences
are characterized21,60 using FCR, NCPR, and σ± (Table S1).
To probe the effect of salts on IDPs, we performed simulations
of IDPs in three different salt solutions: guanidine hydro-
chloride (GuHCl), potassium chloride (KCl), and potassium
glutamate (KGlu). The salt GuHCl acts as a denaturant, which
destabilizes a globular protein’s folded state, whereas KCl and
KGlu are protective osmolytes, which stabilize the folded state.
Experiments16,18 on IDPs show that GuHCl stabilizes the
expanded conformations, whereas KCl and KGlu stabilize the
compact conformations.

■ METHODS
We used a variant of the self-organized polymer model for
intrinsically disordered proteins (SOP-IDP) to model the
IDPs.35 The SOP-IDP model is similar to the well-established
self-organized polymer model with side chains (SOP-SC),52,61

which is extensively used to study folding thermodynamics of
globular proteins.62−67 In SOP-IDP, each residue is modeled as
two beads�one bead for the backbone atoms and the other
bead for side chain atoms. The center of backbone bead is
present at the Cα position, and the center of the side chain
bead is present at the center of mass of the side chain atoms.
The primary sequence of the five IDPs used in this study is
shown in Table S1. Initial structures for the two bead SOP-
IDP model are generated using VMD.68

The energy function (ECG({r}, 0)) of the SOP-IDP model in
the absence of salt-specific Hofmeister effects is the sum of
bonded (EB), nonbonded (ENB), and electrostatic (Eele)
interactions. The nonbonded energy consists of local (ENBL )
and nonlocal (ENBNL) interactions. The Hamiltonian of the SOP-
IDP model is

E E E E E( r , 0)CG B NB
L

NB
NL

ele{ } = + + + (1)

If charged residues are present in the IDP, then λ = 1; else, λ =
0. The bonded potential EB between two beads, which are
connected by a covalent bond, is modeled using the finite
extensible nonlinear elastic (FENE) potential,
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where NB is the total number of bonds in the SOP-IDP model.
ri is the instantaneous bond distance between the ith pair of
bonded beads, ri0 is their corresponding equilibrium bond
distance, and R0 is the maximum tolerance of bond extension/
compression. The values of ri0 are set to the initial bond
distance values obtained from VMD. The values of k and R0
are given in Table S2. The two beads, which are not bonded by
a covalent bond and separated by less than two residues along
the polypeptide chain, interact with each other through a
nonbonded local potential (ENBL ). ENBL is a purely repulsive
potential accounting for excluded volume interactions to
prevent unphysical overlap between the two nonbonded beads
and is given by
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where σi is the sum of the van der Waals (vdW) radii of the ith
pair of nonbonded beads and ϵl is the strength of repulsive
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interaction. The value of ϵl is given in Table S2, and values of
vdW radii for each amino acid residue are listed in Table S3.
The beads, which are separated by more than two residues,

interact through nonbonded nonlocal interaction potential,
ENBNL, which is modeled using
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The first, second, and third terms of eq 4 correspond to the
backbone−backbone, backbone−side chain, and side chain−
side chain interactions energies, respectively. Nbb, Nbs, and Nss
denote the number of interaction pairs present between
backbone−backbone, backbone−side chain, and side chain−
side chain beads, respectively. ri is the distance between the ith
pair of beads, and kB is the Boltzmann constant. σbb is the
diameter of the backbone bead, which is taken as 3.8 Å. σi

bs and
σi
ss are the sums of bead radii for the ith pair of backbone−side
chain and side chain−side chain beads, respectively. σi

bs and σi
ss

are computed using the bead radii listed in Table S3. ϵi
bb, ϵi

bs,
and ϵi

ss are the strengths of backbone−backbone, backbone−
side chain, and side chain−side chain interactions, respectively.
We used Betancourt−Thirumalai statistical potential for ϵi

ss,
which was initially proposed for the side chain−side chain
interactions of globular proteins.69 However, for IDPs we used
a rescaling factor ω (0 < ω < 1) to weaken the strength of
interactions. The value of ϵi

bb is approximated to be the
Betancourt−Thirumalai statistical potential corresponding to
the interaction between two Gly residues. ϵi

bs is approximated
as the statistical potential for the interaction between Gly and
the side chain corresponding to the other residue. We have
used an ω value for which the experimental and simulated
SAXS profiles of the IDPs are in agreement. The value of ω
used for all of the IDPs is given in Table S2. We have used the
truncated and shifted form of Lennard-Jones (LJ) potential
using a cutoff distance 30 Å beyond which the interaction
between the two beads is neglected.
If an IDP contains charged residues, the beads correspond-

ing to the side chains of the charged residues interact through a
screened Coulomb potential given by

E
q q r

r

exp( )

i

N

j i

N
i j ij

ij
ele

1

1 cc

=
= > (5)

where Nc is the total number of charged residues present in the
IDP, rij is the distance between charged beads i and j, and qi
and qj are the point charges measured in units of electron
charge placed on the centers of the side chain beads i and j,
respectively. At neutral pH, qi is +1 for positively charged Lys
and Arg residues and −1 for negatively charged Asp and Glu
residues. The inverse Debye length, κ, is computed for 150
mM monovalent salt concentration. We have used the
dielectric constant of the medium ϵ = 78.0 ϵ0, where ϵ0
(=1.0) is the permittivity of vacuum.
The energy functions and the parameters accounting for the

interaction strength used in this article are the same as the

SOP-IDP model35,70 except for the nonlocal nonbonded
potential (ENBNL). The energy functions used to describe ENBNL
(eq 4) are the same in both models, but the parameters which
account for the interaction strength between a pair of nonlocal
beads are different. We also introduced residue-specific
backbone−side chain interactions in addition to the residue-
specific side chain−side chain interactions.
Molecular Transfer Model (MTM). Salts in low

concentration affect the IDP conformations by screening the
electrostatic interactions, and this effect is independent of the
salt identity but depends on the salt concentration ([salt]),
whereas, in high concentration, salts affect the IDP
conformations through salt-specific Hofmeister effects. The
nonspecific Coulombic interaction is modeled by the Eele
potential (eq 5).
To introduce salt-specific interactions, we used the

molecular transfer model (MTM), which was extensively
used previously to study folding thermodynamics of globular
proteins.55 In MTM, the modified energy function of an IDP
conformation with coordinates ({r}) and salt concentration
[salt] is given by

E E Gr r r( , salt ) ( , 0) ( , salt )CG CG tr{ } [ ] = { } + { } [ ] (6)

where ΔGtr({r},[salt]) is the transfer free energy associated
with the transferring of an IDP conformation from water to a
salt solution with concentration [salt] and is given by
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=
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where Nres is the total number of residues in the IDP,
δgtrbb([salt]) and δgtr,isc ([salt]) are the transfer free energies of
backbone bead and side chain bead of the ith residue from
water to a salt solution [salt], respectively, αi

bb({r}) and
αi
sc({r}) are the solvent accessible surface areas (SASAs) of the
backbone and side chain beads of residue i in the protein chain,
and αGly−i−Glybb and αGly−i−Glysc are the SASAs of the backbone and
side chain beads of the same amino acid residue i in the
tripeptide Gly−i−Gly. The values of δgtrbb([salt]), δgtr,isc ([salt]),
αGly−i−Glybb , and αGly−i−Glysc are available in ref 55. The SASA of
IDP conformations is calculated using the method described
by Wodak and Janin.71

In this model, electrostatic interactions are modeled using
screened Coulomb potential, and the salt-specific effect on the
IDP residues is taken into account using MTM.51,52,55 The
transfer energies of amino acids in different salts are available
in ref 55.
Detailed descriptions of the SOP-IDP energy parameters are

given in the Supporting Information.
Data Analysis. We ran low friction Langevin dynamics

simulations of the IDPs using the SOP-IDP model in different
salt concentrations. The IDP ensemble in the presence of salt
is characterized using the small-angle X-ray scattering (SAXS)
intensity profiles (I(q)), and it is calculated using the equation

I q f q f q
qr

qr
( ) ( ) ( )

sin( )

i

N

j

N

i j
ij

ij1 1

=
= = (8)

where q is the wave vector and its range is usually between 0
and 10 nm−1 in the experiments, rij is the distance between the
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beads i and j, N is the number of beads in the IDP, and f i(q) is
the form factor of bead i, and their values are taken from ref 72.
The normalized structure factor,73 S(q), is computed using the
equation

S q
N

qr

qr
( )

1 sin( )

i

N

j

N
ij

ijbb
2

1 1

bb bb

=
= = (9)

where Nbb is the number of backbone beads in the IDP and rij
is the distance between the backbone beads of residues i and j.
To characterize the changes in IDP dimensions with the
change in salt concentration, we computed the radius of
gyration of the IDP conformations using the equation

i
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N
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ijg 2

,

2

1/2
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where ri⃗j is the vector joining beads i and j.
IDP Characterization. The IDP dimensions are charac-

terized by the fraction of charged residues, FCR = ( f+ + f−) and
net charge per residue, NCPR = |f+ − f−|, where f+ and f− are
the fractions of positive and negative charged residues in the
IDP. The charge asymmetry in the IDP is defined as
i
k
jjj y

{
zzzf f

f f

( )

( )

2

=± +
+

+
. IDPs can be classified as polyelectrolytes

(FCR > 0; NCPR > 0), polyampholytes (FCR > 0; NCPR ∼
0), and uncharged (FCR = NCPR = 0). Polyelectrolye- and
polyampholyte-like IDPs are further categorized as weak (FCR
≤ 0.3) and strong (FCR > 0.3).21,60

In polyampholytes, segregation of positively and negatively
charged residues are quantified in terms of charge patterning
parameter (κ)21 and sequence charge decoration23,24 (SCD). κ
is a measure of the deviation of local charge asymmetry of the
blob (charged sequence segment) from the total charge
asymmetry of the whole sequence. The range of κ is between 0
(well-mixed sequence) and 1 (segregated sequence). SCD also
quantifies charge patterning, and it is defined as

N
q q m nSCD

1
( )

m

N

n

m

m n
2 1

1
1/2=

= = (11)

where N is the number of charged residues and qm and qn are
the charges of the mth and nth charged residues. SCD becomes
more negative with increasing segregation of charged residues.
SCDlow salt characterizes IDP behavior as a function of [salt] in
the low [salt] regime by quantifying charge patterning, and it is
defined as

N
q q m nSCD

1
( )

m

N

n

m

m nlow salt
2 1

1

=
= = (12)

where N is the number of charged residues and qm and qn are
the charges on the mth and nth charged residues. IDPs with
negative (positive) SCDlow salt expand (compact) with increas-
ing [salt] in the low [salt] regime.

■ RESULTS AND DISCUSSION
Kratky Plot of IDPs. We computed a normalized intensity

of scattered wave vector (I(q)/I(0)) (eq 8) and a Kratky plot
(q2 I(q)/I(0)) for all five IDPs using the simulation data at T =
300 K and [salt] = 0.15 M. The computed I(q)/I(0) and
q2I(q)/I(0) are in near quantitative agreement with the
measurements from small-angle X-ray scattering56−59 (SAXS)

experiments in similar salt concentrations (Figures 1A,B and
S1). The agreement between simulations and experiments for

both smaller (q ≲ 1.0 nm−1) and larger q values (q ≳ 1.0
nm−1) shows that the SOP-IDP model can capture the IDP’s
overall dimensions and accurately describe its structure at
smaller length scales. The computed average radius of gyration
(⟨Rgsim⟩) and the experimentally measured values (Rgexp) of
IDPs are in good agreement (Figure 1C). The Kratky plot of
globular proteins exhibits a bell shaped curve due to the
secondary and tertiary structures present in the protein. The
Kratky plot of the IDPs exhibit a plateau at intermediate q
values and further increases at larger q values, indicating the
absence of ordered structure (Figure 1A,B).
IDPs Exhibit Self-Avoiding Walk (SAW) Behavior and

Conformational Heterogeneity at Physiological Salt
Concentration. The scaling exponent ν, which indicates the
polymer behavior in a solvent, is extracted using the scaling
relation R|i−j| ∼ |i−j|ν, where R|i−j| is the distance between
residues i and j in the IDP. The exponent ν is also extracted
from the IDP backbone structure factor (eq 9) using the

Figure 1. Normalized Kratky plot (q2I(q)/I(0) vs q) from
experiments and simulations for (A) nucleoporin (green), ERMTADn
(violet), and IN (magenta) and (B) sic1 (red) and prothymosin-α
(blue). Experimental data are not available for IN. Light shaded dots
and deep solid line are the corresponding experimental and simulated
results, respectively. (C) IDPs average radius of gyration computed
from simulation, ⟨Rgsim⟩, are plotted against the experimentally
measured values, Rgexp. The Pearson correlation coefficient is ≈0.93.
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scaling relation S(q) ∼ q−1/ν.73 The value of ν obtained from
both methods is ≈0.59, suggesting that IDPs behave like a
polymer in a good solvent exhibiting the features of a SAW at
physiological salt concentration (≈150 mM) (Figure 2A,B).22
The scaling exponent ν is strictly valid to describe the
homopolymer behavior in different solvent conditions and
holds only for polymers with a degree of polymerization, N ≫
1. Computing the exponent ν for the IDPs is an approximation,
and it is only an effective way to characterize the IDP behavior
in various solvent conditions. IDPs are heteropolymers, and
their conformational ensembles are highly heterogeneous in
nature,35,37,74−77 which cannot be completely captured by the
scaling exponents alone. We demonstrated the conformational
heterogeneity in the IDPs by comparing their probability
distribution of dimensionless end-to-end distance
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= , where Ree is the end-to-end distance and ⟨Ree2 ⟩

is the second moment of the end-to-end distance) with the
theoretically obtained universal expression for SAW78 (Figure
2C). The universal shape of P(X) for the SAW is given by

P X AX X( ) 4 expg2= [ ]+ (13)

where ν is the Flory scaling exponent, g = (γ − 1)/ν, δ = 1/(1
− ν), and γ ≈ 1.1619 for three-dimensional SAW.79 The
constants A and α are obtained using the constraints

P X X X P X X( ) d ( ) d 1
0 0

2= = . The simulated P(X)
deviates significantly from the universal distribution, which
can be attributed to the residue-specific interactions and long-
range electrostatic interactions between the charged residues.
In addition to P(X), the nonlocal contact (contact between
two residues separated by ≥8 residues along the polypeptide
chain) frequency obtained for a pair of residues is
inhomogeneous unlike a homopolymer, which further
indicates that IDPs sample a heterogeneous ensemble (Figure
S2). The IDPs heteropolymeric behavior can also be quantified
by computing the deviation in the residue-specific distance33

between two residues i and j with respect to an ideal polymer
chain (Figure S3). The deviation is defined as
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R
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where Rij is the distance between two specific residues i and j, l
is the bond length between two backbone beads, and |i − j|l2 is
the distance between the identical residues in an ideal polymer
chain. xij computed for different residue pairs in the IDPs is
non-uniform and strongly depends on the sequence, suggesting
heteropolymeric behavior of the IDPs (Figure S3).
Electrostatic Interactions and Hofmeister Effects

Modulate IDP Behavior in Low and High Salt
Concentration Regimes. To probe salt-induced transitions
in the conformational ensembles of IDPs, we simulated IDPs
in salt solutions of GuHCl, KCl, and KGlu. The salt GuHCl
acts as a denaturant and destabilizes the folded state of
globular proteins, whereas KCl and KGlu act as protective
osmolytes, which stabilize the folded state.16,18

Salts modulate the IDPs behavior through the screening of
electrostatic interactions and Hofmeister effects.11,34 In low salt
concentrations ([salt] < 1.0 M), the effect of salt on the IDP is
primarily through the screening of electrostatic interactions,
and it is independent of the identity of the salt. However, in
high salt concentrations ([salt] ≥ 1.0 M), the effect of salt on

the IDP is through Hofmeister effects, and it is salt-
specific.11,34 To demonstrate this in the simulations, we
performed different sets of simulations using the energy

Figure 2. (A) Inter-residue distance (R|i−j|) plotted as a function of
separation between residues i and j (|i − j|) on a log−log scale for
prothymosin-α (blue pentagons), sic1 (red diamonds), IN (green
triangles), ERMTADn (magenta circles), and nucleoporin (yellow
rhombus). The dotted line in black corresponds to a polymer
exhibiting SAW for which R|i−j| ∼ |i − j|0.588. (B) Structure factor
(S(q)) for all five IDPs plotted as a function of scaled wave vector
(qN0.588), where N is the number of residues in the IDP. The dotted
line in black corresponds to a polymer behaving as a SAW for which

S(q) ∼ q−1/0.588. (C) Probability distribution of X R R( / )ee ee
2= ,

P(X), plotted for all five IDPs. The universal P(X) for SAW (eq 13) is
shown in black dashed line.
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functions, eq 1 and 6. When we simulate the IDP using the
energy function given by eq 1, we take into account only the
screening of the electrostatic interactions in the IDP due to the
addition of the salt. However, when we simulate the IDP using
the energy function given by eq 6, we include the transfer
energy (ΔGtr({r},[salt])) in the energy function, which takes
into account the salt-specific Hofmeister effects on the IDP.
Simulations show that the average radius of gyration (⟨Rgele⟩)
(eq 10) for a charged IDP initially increases or decreases due
to charge screening for [salt] < 1 M when simulations are
performed using eq 1 (Figure S4). For [salt] ≥ 1 M, the effect
of charge screening on ⟨Rgele⟩ is minimal. However, on adding
the ΔGtr({r},[salt]) term to the energy function (eq 6), the
average radius of gyration (⟨Rg⟩) of the IDPs increased in the
case of GuHCl, which acts as a denaturant for folded proteins
for [GuHCl] > 1 M due to salt-specific Hofmeister effect
(Figure S4). This demonstrates that initially the effect of salt
on the IDP is due to the salt identity independent screening of
electrostatic interactions, and in high [salt] the effect on the
IDP is due to the salt-specific Hofmeister effect34 (Figures 3, 4,
and 5).
Salt-Induced Transitions in Polyelectrolyte-like IDPs.

We characterized the structures of polyelectrolyte-like IDPs,

prothymosin-α and sic1, as a function of [salt]. In the low
[salt] regime ([salt] < 1 M), the ⟨Rg⟩ of the IDPs initially
decreased with an increase in [salt] due to charge screening
(Figure 3A,B). The decrease in ⟨Rg⟩ with an increase in [salt]
followed the same trend obtained for polyelectrolytes in
monovalent [salt].22,28,29,31,80 The decrease in ⟨Rg⟩ for
prothymosin-α and sic1 with the increase in [salt] from 0 to
0.7 M is ≈20.1 and 2.5 Å, respectively, and this initial
compaction due to charge screening is independent for the
three salts (GuHCl, KCl, and KGlu) used. The effect of [salt]
on the dimension of a charged IDP can be assessed using FCR
or NCPR.20 Prothymosin-α is a strong polyelectrolyte (FCR ≈
0.57; NCPR ≈ 0.39), whereas sic1 is a weak polyelectrolyte
(FCR ≈ 0.12; NCPR ≈ 0.12). The extent of compaction in the
IDP dimensions observed for prothymosin-α and sic1 can be
attributed to their strong and weak polyelectrolyte behavior.
In the high [salt] regime ([salt] > 1 M), the increase or

decrease in the IDP dimensions depends on the Hofmeister
effect of the salt. Salt GuHCl stabilizes expanded IDP
conformations, and the dimensions of both prothymosin-α
and sic1 increased with the increase in [GuHCl], whereas salts
KCl and KGlu stabilized compact IDP conformations and the
dimensions of both prothymosin-α and sic1 decreased with the

Figure 3. Average radius of gyration (⟨Rg⟩) of (A) prothymosin-α and (B) sic1 computed as a function of [GuHCl] (red squares), [KCl] (green
circles), and [KGlu] (blue triangles). ⟨Rg⟩ as a function of [salt] in low [salt] regime (0 < [salt] ≤ 1 M) is shown in the inset. (C) Normalized
structure factor S(q) of prothymosin-α at [GuHCl] = 0.01 M (red), 1.0 M (yellow), and 8 M (blue); [KCl] = 8 M (green); and [KGlu] = 8.0 M
(black). (D) S(q) for sic1 at [GuHCl] = 0.01 M (red), 0.5 M (violet), and 8 M (blue); [KCl] = 8 M (green); and [KGlu] = 8.0 M (black). The
dashed straight lines with scaling q−1, q−5/3, q−5/2, and q−2 correspond to rod-like (red), SAW (blue), swollen globule (black), and, ideal (magenta)
configurations. Representative IDP structure(s) are shown in bead representation. The acidic, basic, and neutral residues are shown as blue, red,
and green beads, respectively.
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increase in [KCl] or [KGlu]. KGlu strongly stabilizes compact
conformations of the IDPs compared to KCl. The extent of
prothymosin-α and sic1 compaction in the presence of KGlu is
larger compared to KCl (Figure 3A,B). Experiments,16

theory,28,29,31,80 and computer simulations20 on polyelectro-
lytes show that salt can induce structural transitions in a
polyelectrolyte. In the limit [salt] = 0, a strong polyelectrolyte
adopts a rod-like structure81 and it can undergo a transition
from rod-like to SAW in the limit of infinite [salt].29 We
characterized prothymosin-α and sic1 behavior at different
length scales as the [salt] is varied by extracting the scaling
exponent ν from S(q) (Figure 3C,D). In low [salt] (=0.01 M),
prothymosin-α, which is a strong polyelectrolyte, behaves as a
rod (S(q) ∼ q−1) (Figure 3C), whereas sic1, which is a weak
polyelectrolyte, behaves as a SAW (S(q) ∼ q−5/3) (Figure 3D).
With the increase in [salt], prothymosin-α switches from a rod-
like behavior to SAW due to charge screening (Figure 3C). In
a high concentration of KGlu ([KGlu] = 8 M), which stabilizes
compact IDP conformations, prothymosin-α approaches ideal
polymer chain behavior (S(q) ∼ q−2) (Figure 3C), whereas
sic1 is on the verge of collapse to a globule because the value of
ν is between the ideal chain and collapsed globule values (1/3
< ν < 1/2) probably due to the finite length of sic1 (Figure

3D). At short length scales (q > 3 nm−1), both prothymosin-α
and sic1 behave as SAWs for all [salt] except for [KGlu] = 8
M, where they exhibit ideal chain behavior (Figure 3B,D).
We can rationalize our polyelectrolyte-like IDP results in

strongly protective salt solutions using the self-consistent
variational theory for the size of a polyelectrolyte chain in a
poor solvent.29 According to this theory, the effective excluded
volume, which determines the size of the polymer, depends on
two terms: (1) effective two-body interaction term in the
absence of charges, which is negative in poor solvents, and (2)
the second term, due to the charges present in the polymer,
which is positive and increases with the net charge on the
polymer. If both terms balance out, then the effective excluded
volume is zero and the polymer behaves like an ideal chain.
However, if the second term is larger due to a higher net
charge per residue in the IDP, the effective excluded volume
will be more positive and the polymer will be swollen.
Salt-Induced Transitions in Polyampholyte-like IDPs.

A significant fraction of the IDPs are polyampholytes in
nature.82 Based on FCR, ERMTADn and IN are classified as
strong polyampholytes (FCR ≥ 0.3). The ⟨Rg⟩ of ERMTADn
increased from 31.75 to 36.0 Å with the increase in [salt] from
0 to 1 M (Figure 4A). In contrast to ERMTADn, the ⟨Rg⟩ of

Figure 4. ⟨Rg⟩ of (A) ERMTADn and (B) IN computed in the presence of [GuHCl] (red squares), [KCl] (green circles), and [KGlu] (blue
triangles). ⟨Rg⟩ as a function of [salt] in low [salt] regime is shown in the inset. (C) S(q) of ERMTADn in the presence of [GuHCl] = 0.01 M
(red), 1 M (yellow), and 8 M (blue); [KCl] = 8 M (green); and [KGlu] = 8 M (black). (D) S(q) of IN computed in the presence of [GuHCl] =
0.01 M (red), 0.15 M (violet), and 8 M (blue); [KCl] = 8 M (green); and [KGlu] = 8 M (black). The dashed straight lines with q−5/3, q−2, and
q−5/2 represent SAW (blue), an ideal chain (magenta), and a swollen globule (black), respectively. Representative structure(s) of IDPs are shown in
bead representation. The acidic, basic, and neutral residues are color coded as blue, red, and green beads, respectively.
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IN marginally decreased from 21.75 to 21.5 Å as the [salt] is
increased to 0.15 M (Figure 4B). The opposite trend in ⟨Rg⟩
variation as a function of [salt] can be attributed to σ± and
SCDlow salt in ERMTADn (σ± ≈ 0.007, SCDlow salt = −7.4) and
IN (σ± ≈ 0.017, SCDlow salt = 10) (Table S1). Expansion of
ERMTADn (SCDlow salt < 0) and compaction of IN (SCDlow salt
> 0) with the addition of salt in low [salt] are in compliance
with the polyampholyte theory.22,33,83

ERMTADn, being a strong polyampholyte with low σ±,
behaves as an ideal chain in low [salt] (=0.01 M), and as the
[salt] is increased, it approaches the SAW behavior (Figure
4C). IN is a polyampholyte with a large σ± in low [salt] (=0.01
M), and it behaves as a SAW for all concentrations of GuHCl
and KCl (Figure 4D). Although ERMTADn and IN are strong
polyampholytes, the type of conformations sampled by IDPs
may differ in low [salt] due to differences in SCD24 and the
charge patterning parameter (κ).21 ERMTADn (SCD =
−1.06) is more compact than IN (SCD = 1.28) at [salt] =
0.01 M due to segregation of charges. The ideal chain behavior
of ERMTADn (κ = 0.22) and SAW behavior of IN (κ = 0.1) at
[salt] = 0.01 M is in accordance with the Flory random coil
and excluded volume21 limit of random polyampholytes,
respectively, based on κ.
In high concentration of the strong protective salt KGlu

([KGlu] = 8.0 M), ERMTADn undergoes compaction and it is
on the verge of collapse to a globule as 1/3 < ν < 1/2 (Figure
4C), and IN approaches ideal chain behavior (Figure 4D).

Both ERMTADn and IN, at short length scales (q > 3 nm−1),
behave as SAW for all [GuHCl] and [KCl], and in low [KGlu].
For [KGlu] = 8.0 M, even at smaller length scales, both
ERMTADn and IN exhibit ideal chain behavior.
Salt-Induced Transitions in Uncharged IDP. We

investigated the effect of salts on the structure of nucleoporin,
which has no charged residues. Being devoid of charged
residues, modulation of Coulombic interactions by salt does
not apply to this IDP. The conformational ensemble of
nucleoporin is affected by salt-specific Hofmeister effects. The
salt-specific interactions with nucleoporin are similar to the
other polypeptide chains investigated here. With the increase
in [GuHCl] from 1 to 8 M, the ⟨Rg⟩ marginally increased from
≈30.14 to ≈32.5 Å. In the presence of protective osmolytes,
KCl and KGlu, the ⟨Rg⟩ decreased with an increase in [salt].
However, the decrease in ⟨Rg⟩ is significantly different as KCl
is a weakly stabilizing agent whereas KGlu is a strongly
stabilizing agent. As [KCl] changed from 1 to 8 M, ⟨Rg⟩ of
nucleoporin decreased by ≈0.9 Å, whereas, with the increase in
[KGlu] from 1 to 8 M, the ⟨Rg⟩ decreased by ≈12.0 Å.
Nucleoporin behaves like a SAW (ν ≈ 3/5) at all length scales
for all concentrations of GuHCl and KCl and low
concentration of KGlu ([KGlu] < 6 M) as inferred from
S(q). However, at higher concentration of KGlu ([KGlu] = 8
M) nucleoporin collapsed to a compact globule-like con-
formations (ν = 1/3). At smaller length scale (q > 4 nm−1), the
chain exhibits ideal polymer chain behavior.
IDP Conformations in High Concentration of

Strongly Protective Salt. Depending on the polymer class
to which the IDP belonged, it exhibited three kinds of behavior
(ν = 1/2, 2/5, and 1/3) in high concentrations of a strongly
protective salt ([KGlu] = 8 M). The free energies for
transferring the amino acid residues from water to a KGlu
solution (δgtr) are positive for all of the residues except for Asp
and Asn.55 Residue Phe has the maximum positive δgtr value.
As a result, in the KGlu solution, IDPs prefer to adopt compact
conformations if they are devoid of Asp and Asn and coil-like
conformations if they are rich in Asp and Asn.
In prothymosin-α, there are 19 (≈17%) Asp, 6 (≈5.45%)

Asn, and 0 Phe residues. In IN there are 5 (≈8.9%) Asp, 2
(≈3.57%) Asn, and 2 (≈3.57%) Phe residues. Since both
prothymosin-α and IN are rich in Asp and Asn, even when
[KGlu] = 8 M, they exhibit ideal chain (ν = 1/2) behavior
(Figures 3C and 4D). The IDP nucleoporin contains only 3
(≈3.7%) Asn residues, which destabilize compact conforma-
tions. All of the other residues present in nucleoporin prefer
compact conformations, and in addition it has 7 (≈8.4%) Phe
residues, which strongly prefer compact conformations. As a
result, when [KGlu] = 8 M, nucleoporin adopts a globular
conformations (ν = 1/3) (Figure 5B).
In sic1 and ERMTADn, the Asn and Asp residues are more

in number than the Phe residues. In sic1, there are 6 (≈6.67%)
Asn and 3 (≈3.33%) Phe residues, whereas in ERMTADn,
there are 11 (≈9.02%) Asn, 3 (≈2.45%) Asp, and 6 (≈4.92%)
Phe residues. When [KGlu] = 8 M, both sic1 and ERMTADn
adopt neither the globule ensemble (ν = 1/3) nor the ideal
chain ensemble (ν = 1/2). The value of ν obtained for both
these IDPs is ≈2/5, which is between 1/3 and 1/2 (Figures 3D
and 4C). To check if these IDPs at [KGlu] = 8 M are on the
verge of collapse to a globule, we performed simulations in
higher concentration, [KGlu] = 10 M, although a salt solution
with this concentration is unphysical. We find that both of
these IDPs collapse to a globule, yielding ν ≈ 1/3 (Figure S5),

Figure 5. (A) ⟨Rg⟩ of nucleoporin as a function of [GuHCl] (red
squares), [KCl] (green circles), and [KGlu] (blue triangles). (B) S(q)
of nucleoporin in the presence of [GuHCl] = 1 M (yellow) and 8 M
(blue); [KCl] = 8 M (green); and [KGlu] = 6 M (violet) and 8 M
(black). The dashed straight lines represent the globule (green), ideal
chain (magenta), and SAW (blue) polymer chain configurations.
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confirming that both sic1 and ERMTADn, at [KGlu] = 8 M,
with ν ≈ 2/5 are on the verge of collapse to a globule.
When [KGlu] = 6 M, sic1 and ERMTADn exhibit ideal

chain behavior (ν ≈ 1/2). At [KGlu] = 8 M, where the IDPs
yield ν ≈ 2/5, we computed the probability distribution of Rg,
P(Rg) to get an estimate into the population of IDPs
conformations spanning between ideal chain conformations
and globule conformations and compared it to those obtained
at [KGlu] = 6 and 10 M (Figure S6). Computed P(Rg) shows
that, at [KGlu] = 8 M, there is a significant IDP population in
both the globule and ideal chain conformations, which can
result in a ν value of ≈2/5.
Role of Salt in the Formation of Biomolecular

Condensates. Experiments84−87 show that salts alter the
propensities of IDPs/IDRs to exhibit LLPS by modulating
electrostatic and hydrophobic interactions (Figure 6). Polymer
theory based on random-phase-approximation88 and computer
simulations36,42,89 demonstrated that the propensity of an IDP
to exhibit LLPS is encoded in its single-molecular properties.
These studies show that compaction of the IDP dimensions at
the single-molecular level is correlated to exhibiting LLPS. The
solvent conditions (ν ≤ 1/2) for which the IDP dimensions
are smaller than the ideal chain are conducive to observing
LLPS. Hence, sequence properties such as net charge/charge
patterning89 must play a key role in governing the LLPS
propensity. The mechanism of condensate formation varies

depending on [salt]. In low [salt], the LLPS propensity is
controlled by electrostatic interactions independent of solvent
quality, whereas, in high [salt], at least ideal solvent conditions
are essential for phase separation.
In this work, we show that, in the low and high [salt]

regimes, electrostatic interactions and Hofmeister effects
govern the IDP single-chain behavior, respectively. We can
now predict the solvent quality of a specific salt solution to an
IDP by computing the exponent ν from simulations performed
using the IDP coarse-grained model in conditions mimicking
the salt concentration. Combining this capability with the
result36,88,89 that a correlation exists between the solvent
quality to an IDP and IDPs propensity to exhibit LLPS, we can
now predict whether an IDP in the semi-dilute regime can
show LLPS when we vary the concentration of a specific salt.
In the low [salt] regime ([salt] ≲ 200 mM), polyelectrolyte-

like IDPs such as prothymosin-α and sic1 are highly expanded
due to electrostatic repulsion. Therefore, oppositely charged
molecules such as RNA,90−92 DNA, polylysine, or polyarginin
are required to induce LLPS through a network of heterotypic
interactions between the IDPs and ligands.93,94 Conversely,
polyampholyte-like IDPs such as ERMTADn and IN are
stabilized due to attractive intramolecular electrostatic
interactions between positively and negatively charged
residues. Polyampholytes exhibit LLPS by forming a network
of homotypic interactions94 through self-association, and

Figure 6. Prediction of IDP condensate formation from single-molecule salt-dependent properties. IDPs can form condensates in low and high
[salt]. In low [salt], polyelectrolyte-like IDPs exhibit LLPS in the presence of oppositely charged ligands, whereas polyampholyte-like IDPs can
undergo self-assembly without any ligands as they have both positively and negatively charged residues. In high [salt], the change in solvent quality
due to the addition of salt leads to condensate formation by the IDPs. The quality of the solvent to the IDP modified by the addition of salt should
be poorer than the ideal solvent conditions, ν ≤ 1/2.
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ligands are not required. The IDP concentration must be in the
semi-dilute regime to show phase separation. The critical IDP
concentration required to exhibit phase separation for charged
IDPs decreases with the increase in FCR and increases with
[salt] in low [salt] regime.92 Moreover, droplet stability of
charged IDPs increases with FCR for a fixed [salt].
Additionally, the distribution of charged residues in the
sequence must be considered to decipher the polymer−salt
phase diagram, especially the nature of the tie line in the low
[salt] regime.95−97 Theories developed for uniformly dis-
tributed homopolyelectrolytes predict a tie line with a negative
slope in the polymer−salt phase diagram.95,96 In contrast, the
theory to account for the non-uniform distribution of charged
residues in the IDP sequences predicts a tie line with a positive
slope.97

In the intermediate salt concentration regime (200 mM ≲
[salt] ≲ 2 M),84,85 the electrostatic interactions are screened
out and LLPS is not observed for both polyelectrolytes- and
polyampholyte-like IDPs (Figure 6). Uncharged IDPs such as
nucleoporin will not exhibit LLPS in low and intermediate
[salt] due to the absence of charged residues and high
solubility due to the polar residues present in the IDP.
IDPs can re-enter the demixed phase separated state from a

well-mixed state exhibiting LLPS in high concentration of
stabilizing salts,84,85 through salt mediated Hofmeister effects98

(Figure 6). Both charged and uncharged IDPs can form
droplets if intramolecular monomer−monomer interaction is
more favorable compared to monomer−solvent interaction at
the single-molecular level (ν ≲ 1/2).36,88,89 On the basis of the
single-chain properties of polyelectrolyte IDPs (prothymosin
and IN, (Figure 3C,D)), polyampholyte IDPs (ERMTADn
and sic1 (Figure 4C,D)) and uncharged IDP (nucleoporin
(Figure 5B)), we predict that these IDPs in the semi-dilute
regime can re-enter the phase separated state in salt solutions,
[KGlu] ≈ 8 M, as ν ≲ 1/2 for these IDPs.

■ CONCLUSIONS
We proposed a simulation methodology to study the effect of
salts on IDPs using a reliable coarse-grained simulation model
for the IDPs35 and experimentally measured transfer free
energy of amino acids from water to the salt solutions.34,53 The
method bridges a critical gap to understand the IDP properties
in salt solutions, as salts are widely used to perturb IDP
conformations to probe their role in biophysical phenomena or
for use as biomaterials. Furthermore, the method overcomes
the time scale problem associated with the all-atom simulations
and the lack of reliable force fields to simulate high salt
concentration solutions. The salt-induced transitions observed
in the IDPs conformational ensemble with the variation in salt
concentration depend on the polymer class of the IDP and salt
identity. The role of charge composition and sequence in
influencing the IDP structures in low ionic strength solutions
where charge screening plays a dominant role is in accordance
with the previous studies.16,21,22 However, in high ionic
strength solutions, the transitions observed in the conforma-
tional ensembles of IDPs depend on the salt identity. Using
this simulation methodology, we studied the effect of multiple
salts on the single-molecule properties of IDPs, which can
predict whether the salt can induce LLPS in semi-dilute
solutions of IDPs. The model makes it feasible to directly
simulate the LLPS by various IDPs in different salt solutions to
understand the mechanism and dynamics of IDP condensate
formation.
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