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Mapping Charge Interactions in Intrinsically Disordered

Proteins
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and Kingshuk Ghosh*

Intrinsically disordered proteins (IDPs) are often rich in charged residues, and
electrostatic interactions have a pronounced effect on their conformational
distributions, interactions and functions. However, attaining quantitative
understanding of electrostatics is challenging because of the
sequence-specific arrangement of charges in the chain, the long-range nature
of electrostatic interactions, charge screening, and the condensation of
counterions—effects that all need to be taken into account self-consistently.
Here, analytically tractable quantitative models are developed to predict
ensemble average distances between any pair of residues in IDPs as a
function of sequence and salt concentration, explicitly considering charge
patterning. These models are tested systematically against extensive
single-molecule Forster resonance energy transfer (FRET) data mapping
intrachain distances for a range of charged IDPs with different sequence
compositions, as a function of salt concentration, and with different labeling
positions and fluorophores. The resulting polymer model with a minimal set
of adjustable parameters accounts for counterion condensation, the resulting
effective charges, as well as dipolar interactions, and can be used to predict
detailed intrachain distance maps between all residues. Analytical models of
this kind offer a valuable complement to simulations and can provide
fundamental insight into the interactions underlying the conformational
distributions of IDPs.

Sl

1. Introduction

Intrinsically disordered proteins (IDPs) are
enriched in charged amino acids,!'l and
electrostatics thus play a key role in mod-
ulating their conformations and functions.
Several aspects of electrostatics can affect
IDP behavior. First, the number, type (pos-
itive or negative), and position of charges
within the sequence influence the con-
formational ensembles of IDPs.>18) Sec-
ond, changes in salt concentration can
screen electrostatics (attractive or repul-
sive) in a sequence-dependent manner.1%1°]
For example, screening the charge repul-
sion in polyelectrolytes leads to chain com-
paction, whereas screening charge attrac-
tion in polyampholytes can lead to chain
expansion,>2-23] and two sequences with
the same charge composition but differ-
ent charge patterning can exhibit markedly
different response under identical changes
in ionic strength.[1%?* Third, the effective
charges in the polypeptide chain can be
variable, contrary to the typical assump-
tion that the side chains are fully ionized
at neutral pH. The origin of this variable
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charge state is that ionizable residues are in an equilibrium be-
tween two states: fully ionized and complexed with oppositely
charged ions.[?2%-28] This phenomenon is often termed charge
regulation for protonation equilibria, or charge renormalization
for the interaction with other counterions from salt in solution.
In both cases, the net result is that the effective charge of ion-
izable residues in an IDP can differ from the nominal charge
commonly assigned to them.[?’-32] The difference, often quan-
tified by an effective degree of ionization, will depend on addi-
tional factors, such as the presence of other charges in the se-
quence, the dielectric constant in the vicinity of the chain, solu-
tion conditions (e.g., pH, ionic strength), and also on the con-
formation of the chain, which in turn depends on the sequence
and degree of ionization. To answer the question of how these
factors are coupled and how they influence IDP conformations,
we need an approach integrating quantitative measurements and
models.

On the experimental side (see Sections S1 and S2, Support-
ing Information), we used single-molecule Forster resonance
energy transfer (FRET)1**%) to measure end-to-end and intra-
chain distances across 18 different disordered protein sequences
with different compositions and patterning that cover a di-
verse sequence space (Figure 1). A set of 16 naturally occur-
ring intrinsically disordered regions (IDRs) of identical length
but with large differences in amino acid composition, hydropho-
bicity, and charge content and patterning was previously se-
lected from linkers found in RNA-binding proteins, ¢! for which
we probed the end-to-end distance (Table S1, Supporting Infor-
mation). In a complementary set of samples, FRET dyes were
placed at different positions in the highly negatively charged
IDPs Starmaker (Stm)P*’! and Prothymosin a (ProTa)?3®! to
probe intra-chain distances for different segments and segment
lengths within those sequences (Figure 1; Table S1, Support-
ing Information). In addition to using this diverse set of se-
quences, we modulated the electrostatic interactions by probing
the chain dimensions and intrachain distances across a broad
range of concentrations of monovalent salt. The resulting data
set thus provides rich information on electrostatic and non-
electrostatic interactions in disordered proteins across a wide
range of sequence compositions, chain lengths, and salt con-
centrations, making it ideally suited for developing and test-
ing a quantitative framework that describes charge interactions
in IDPs.

Toward this aim, we developed analytically tractable
quantitative models based on the Edwards-Muthukumar
Hamiltonian®*#1 to predict ensemble average distances be-
tween any pair of residues in IDPs as a function of sequence,
explicitly considering charge patterning and ion condensation.
Our theory includes sequence-specific electrostatic interactions
between charges, as well as dipolar interactions (charge—dipole,
and dipole—dipole) arising from ion-pairs formed between
charges on the polypeptide chain and condensed counterions
(Figure 1). These models were then optimized and tested against
the large set of single-molecule FRET data. An advantage of
analytical models is the ability to test hypotheses by varying the
complexity of the models. Starting with the most complex model
and subsequently reducing model complexity, we find that it
is possible to describe the data by a minimal, near-predictive
model. In this framework, sequence-specific non-electrostatic
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interactions are quantified from measurements at high salt
concentration, where electrostatics are fully screened. Counte-
rion interactions are described by two parameters: an effective
separation (dipole length) between the side chain charge and
condensed ion, and an effective dielectric in the vicinity of
the chain. Both parameters can be learned from the data and
used in a transferable manner to describe the majority of
the sequences. In this formalism, effective ionization is due
to counterion condensation and is highly dependent on the
ionic strength and on the protein sequence. Taken together,
our study provides a stringent test of models of IDPs with
different charge content, patterning, and screening based on
experimental data, which enable a quantitative description of
the critical role charge interactions play in the conformations of
IDPs.

2. Model

2.1. Models for Calculating the End-to-End Distance

We developed an analytical model of an IDP with N residues, and
N, positive and N_ negative charges (upon full ionization). To
model charge variation of residues, we assume that each charge
type is ionized with a probability a, € [0, 1], yielding the effective
charge q,, = +a,, q,, = —a_, or g,, = 0, depending on its clas-
sification (basic/acidic/neutral). We assume that charges of the
same type (i.e., acidic or basic) have the same effective charge,
irrespective of their location in the sequence. This mean-field
assumption reduces model complexity and describes the data
well, as will be seen in the Results section. We account for the
charges of the N- and C-terminal amino and carboxyl groups, re-
spectively, as well as the FRET dyes, by modifying the sequence
appropriately; in one approach, dyes with charge -2 are incorpo-
rated by adopting the effective charge g,, = —2a_ (see Support-
ing Information Table S1 for specific sequences and Figure S1
and Section S3 for details of charge assignment for dyes and
amino acids). The overall chain dimensions are given by a dimen-
sionless swelling factor x defined as the ratio of the ensemble-
averaged mean squared end-to-end distance, (R2), and a Flory
random coil reference state with mean squared end-to-end dis-
tance Nb#, where b = 3.8 A is the bond length, and # = 8.0 A is
the Kuhn length (see References [13, 16] for details). The swelling
factor x = (R?)/Nb¢ and the effective charge weights (degrees
of ionization) a, , @_ depend on each other, so we require a self-
consistent description. Thus, we construct a free energy F as a
function of (x, a,, a_) with five contributions:*! F(x, a,, a_) =
Filay, a_) + Fy(ay, a_) + Fi(ay, a_) + Fy(a,, a_) + F5(x, a,
a_). F,, F, are the combinatorial and translational entropies of
the ions bound to the chain and free in solution, respectively; F,
is the fluctuation contribution of all ions; F, is the free energy
(related to the equilibrium constant) of ion pair formation aris-
ing from each counter ion condensed with its oppositely charged
partner on the chain, as in Ref. [26]; and F; gives the free en-
ergy of the chain arising from chain connectivity and intra-chain
interactions. In Figure S2 (Supporting Information) and below
we describe the details of these different free energy contribu-
tions.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 1. lllustration of the key components of the analytical theory used (top) and of the molecular systems investigated with single-molecule FRET

(bottom) in an integrated approach to quantify ion condensation and its impact on the chain dimensions. In the theory, Gaussian chain statistics
are combined with two-body and three-body excluded volume interactions. Condensed counterions on the charged side chains form dipoles (shaded
ellipses) and give rise to charge-dipole, dipole-dipole, and charge-charge interactions. The theory accounts for these interactions for arbitrary sequences
of positive (blue), negative (red) and neutral (grey) amino acids to predict ensemble-averaged distances ((R;)) between any residues i, j. A wide range

of protein variants were used to parameterize the theory and test its predictions based on single-molecule FRET measurements probing intrachain
distances. Structural representations of the different disordered proteins and schematics of the sequences and labeling positions (red and green) are
shown. The structural representations were generated from the sequences using AlphaFold 314" and Afflecto.[*?] The naming of the different linker IDRs
reflects their sequence properties (see Table S1, Supporting Information, and Holla et al.13%] for details).
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2.1.1. Details of Entropic and Fluctuation Contributions to the Free
Energy

First, we describe the three contributions F,, F, and F,. The free
energy F, corresponding to the combinatorial entropy of con-
densed counterions is given by

ﬂF

N +)ll’l(1 - a+))

_f;—(a 11’1 +)+(

+f (a_In(@ )+ (1 -a_)In(l —a_)) (1)
where we introduce the charge fractions f, = N_/N, and § =
1/kyT. The free energy F, corresponding to the translational en-
tropy from counterions free in solution is given by

F
ﬂ—NZ = (fia, +&/p) In(fra, p+T) + (fa_ +&/5) In(fa_jg+E)

—(fro, +fa_+2¢8/p) (2)

where j and ¢, are the reduced concentrations of monomers
and salt defined as j = pb® and ¢, = ¢, b*, respectively. For ex-
ample, given a concentration p in molar units (mol L™!) and
length b in Angstroms (A), the reduced equivalent is obtained
via § = (6.023 x 10+ Lmol ™'/ A*)p b*. We note that in our case,
the contribution of the terms f, @, and f_ a_ is negligible for the
counterion concentration, since the single-molecule experiments
were performed at picomolar IDP concentrations, but we include
the terms in the equations for generality. The electrostatic free
energy F; from Debye-Hiickel theory,*’] also known as the ion
fluctuation contribution,! is

BFy K’ 2\/_ Far 3/2

N =Tz =3 e et fa)p ] (3)
where
K> =4ntp|(foa, +fa)p+2c) 4

with Bjerrum length £ = €2/ (4xe, ek, T), €, is the vacuum permit-
tivity, and € = 80 for water. We use the reduced Bjerrum length
£y =1¢4/b.

2.1.2. Free Energy of lon Pair Formation

Next, we consider the free energy of ion pair formation along the
chain given by F,.12644] We write the energy of forming a single
ion pair as an effective Coulomb interaction, JAE = —¢36/d. One
may interpret the ratio §/d as a single sequence-specific param-
eter; here, we keep the two parameters 6§ and d independent and
emphasize the connection to the physical separation distance,
which enables a consistent treatment for dipolar interactions (see
ref. [28] for details). The effective separation distance, d, is defined
by 1/d =[1/p + 1/(26a,) + 1/(2a,)]. Here, p is the physical sepa-
ration distance, a, is the radius of the small counterion, and 4, is
the radius of the charged group of the side chain (see Chapter 5 of
Ref. [45] for details). The charged side chain is much larger than
the other length scales: a, > a,, p. We expect that the physical
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separation is similar to the size of a counterion: p ~ 4,. Thus, we
take the approximate form 1/d ~ (1/p)[1 + 1/(26)]. Upon count-
ing the counterions condensed along the chain, and using the
reduced dipole length p = p/b, and Z, = £,/b, the total energy
associated with ion pair formation is

a+)+f_(l—zx_)]?3(6+%) B

—

BE,
~ - ka

2.1.3. Sequence-Dependent Free Energy of the Polymer Chain

Finally, the detailed form of the chain free energy F; is given by

pF, = %(x—ln(x)) + #(%)3
+2{73Q<$)1/2+Q<%6)3/2 (©6)

This free energy has four contributions: elastic entropy from
chain connectivity (first term on the right hand side), three-body
repulsive excluded volume with strength ,, two-body long-range
electrostatics between two charges given by the Q term, and two-
body non-electrostatic interactions (and other short-range inter-
actions such as charge-dipole, dipole-dipole etc.) in Q given by
the last term. The three-body contribution is given by

>

=3 m=2 n=1

-1 m—1

1
N [(1 = m)(m — n)]3/2 7
where I, m, n are the indices of residues participating in the
three-body interaction. The three-body repulsive interaction is
needed to prevent chain collapse in the case of strong intrachain
attraction.[***’] The sequence-dependent charge-charge electro-
static interactions with screening, described by Q, are defined as

(19]

N m-1

== X Tt =) AR (m = )/ ®)
m=2 n=1
A(2) = 1 — \/7z exp(2) erfc(v/2) 9)

where the effective charge on each residue is dictated by the
charge weights, g,, = +a,. In the limit of zero screening and
full ionization (a, = 1), Q reduces to the Sequence Charge
Decoration (SCD) metric defined in prior work.[#1l The in-
verse Debye screening length is given in reduced form by &% =
4nly [(foa, +fa_)p + 22, where densities of residues and salt
ions are, in reduced form, j = pb® and ¢, = ¢ b*.

The two-body interaction, given by Q, has three distinct contri-
butions. The first contribution is non-electrostatic, Q,, ., given
by

-1

3

1
Qnon-e = N WOy

(m—n)~? (10)

M=

2 n

3
Il
I
—_
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where w,, , is the interaction between amino acids m and n. Since
the interaction parameters between individual residues are un-
known, we use an effective interaction parameter w, ,, (to com-
pute the end-to-end distance) defined as

N m-1 N m-1
®,, = ZZwm,n(m—nr”z] / [2 (m—n)'”z] (11)

Thus, w,,, is a pairwise mean-field non-electrostatic interaction
among all residues. Sequence specificity of w, ,, has been termed
Sequence Hydropathy Decoration (SHD) and was used to model
simulated chain dimensions.['*] More recently, it has been deter-
mined by a machine learning model using a large set of coarse-
grained simulations.[*®] With this definition, we get

m—1

N
1
Qnone () eeﬁ Z 1/2 (12)

m=2 n=l

Two additional contributions to Q are Q_4 and Q, 4, resulting
from directionally averaged charge—dipole and dipole—dipole in-
teractions approximated as delta function potentials,[26*] with

N m-1

1 —1/2
cd—wcd;]z:;; (Cpd,, + c,d,, ) (m — 1) (13)
1 N m-1
Qi = Pady Z Z d,d, (m—n)~1/? (14)
m=2 n=1

where, for each residue, the charge state is determined by the
unsigned weights (probabilities of ionization), ¢,, = a,, and the
dipole state is dictated by the complementary weights (probabili-
ties of condensation), d,, = 1 — «, . Non-ionizable residues do not
contribute. The specific arrangement of charges in the sequence
will make these contributions sequence-specific. Consequently,
we get two new patterning metrics: Sequence Charge-Dipole
Decoration (SCDD = Q_,/w,,;) and Sequence Dipole Decoration
(SDD=Q, 4/w4,) as defined in ref. [28]. The magnitudes of the ef-
fective interaction (pseudopotential) arising from charge—dipole
() and dipole—dipole (w,,) contributions are given by [26, 44,
45],

Weq =

—%52/7;152 exp(—2&)[2 + K] (15)

Wy = —55 2025 exp(—2k)[4 + 8% + 4k% + &) (16)

Thus, the salt concentration dependence of the chain dimensions
is not only determined by screening of charge—charge interac-
tions (given by Equation 8) but also by these dipole-induced pat-
terning metrics.

2.1.4. Free Energy Minimization Scheme

The free energy thus depends on three adjustable parame-
ters (Figure S2, Supporting Information): w,,, accounting for
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sequence-specific non-electrostatic interactions that we cannot
predict from first principles at present; §, the dielectric mismatch
between the bulk solvent and at a position in the vicinity of the
chain; and p, the dipole length describing the distance between
the charged group of the side chain and the neutralizing ion.
All other parameters are known. By minimizing this free en-
ergy for given values of w,,,, p, and § with respect to x, a,,
a_, we self-consistently determine the optimal effective charge
and ensemble-averaged end-to-end distance to compare against
experimentally measured dye-dye distances. We determine w, ,,
from the FRET measurements at high salt (0.4 M), where charge
interactions are screened, and we use p and/or § as adjustable pa-
rameters in the fit to the experimental data. We used this formal-
ism recently for describing the salt-dependent end-to-end mea-
surements of ProTa and its net charge.[?*]

2.1.5. Different Model Variants Used

We use various forms of this model to identify the one that pro-
vides the best balance between describing the experimental FRET
data and the simplicity of the model, especially the number of ad-
justable parameters. The first model is the simple case in which
counter ion condensation is excluded; this case is recovered from
the formulation above by setting @, = 1, and it does not require
parameters p and 5. We call this the full ionization model and
use the label MO. A related model is a mean-field polyampholyte
model developed by Higgs and Joanny!**! (here referred to as “H-
J”) that does not adjust charge weights and is not sensitive to
sequence charge patterning; we amend the original formulation
with a three-body term as in the second term of Equation (6), with
Equation (7), to prevent unphysical chain collapse (see Section S5
and Equations S1- S3, Supporting Information, for the details of
the H-J] model).

For the cases with counter ion condensation, the models dif-
fer by the method for determining p and . We find that a single
fixed value of the dipole length, p/b = 0.66, is suitable for all se-
quences. However, § is expected to depend on the local dielectric
permittivity near the chain, which can depend on charge pattern-
ing and chain dimensions, and is therefore sequence-dependent.
We thus define M1 as the case where § is determined individu-
ally from chi-square fitting of the FRET-basefd end-to-end dis-
tances for each of the 16 linker IDRs previously selected for di-
versity in amino acid composition, hydrophobicity, and charge
patterning®! (Table S1, Supporting Information) as a function
of salt concentration (while w, ,, was adjusted to match the high-
salt data point). This procedure yields a linear trend relating § to
low-salt end-to-end distance (see Results). In a third model, M2,
6 is determined from the low-salt end-to-end distances based on
this linear trend (again adjusting w, ), thus substantially reduc-
ing the number of fit parameters.

We do not explicitly model charge regulation, i.e., changes in
the protonation state of the amino acids, since all experiments
were performed near pH 7 and at salt concentrations above 50
mM. Under these conditions, the protonation states can be ap-
proximated based on the nominal pK, values of the ionizable
groups.[?7°% Thus, we neglect deviations that might occur at
very low salt concentrations below the range we probe, and for
histidine, which is present only in very low proportions in the

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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sequences we investigate. If charge reduction occurs due to both
charge regulation and charge renormalization, our formalism,
when fitted to the data, will yield a single set of mean-field pa-
rameter values that effectively account for both effects. More ad-
vanced variants of the theory that separate protonation effects
and the complexation between charged residues and salt ions®!!
could be developed based on suitable pH-dependent experimen-
tal data.

2.2. Model For Computing Intrachain Distance Maps

Based on the single-molecule FRET experiments, we have not
only measured average end-to-end distances but also distances
(R;,) between residues at positions i, j. Such experiments were
performed for two IDPs, Stm!*”] and ProTa, 338 which are much
longer than the linker IDRs (see Table S1, Supporting Informa-
tion, for details of the sequences and dye positions). To determine
(RZ,) in the context of our theory, we define residue pair (i, j)-
specific swelling factors x; ; just like x defined above, and con-
struct a free-energy function F that depends on x;, a,, a_. For
this approach, F;, F,, F;, and F, are defined as above, only the
chain free energy F; is now constructed in the reaction coordi-

nate X;; as:
3
oN Tij 3
2 |i—j| erxij

1/2 3/2
5 3 3

where Tj; is the residue pair-specific three-body term defined in
our earlier work,"l and Q; is the patterning metric arising from
charge—charge interactions specific to residue pair i, j, also known
as the Sequence Charge Decoration Matrix (SCDM),'®l and de-
fined as

1 i j-1 (m _]
= ‘ 9 32
(Ul e (m—n)>

n=1

3
pF; = E(x’f - ln(xij)) +

A(*b*(m — n)x;;/6)

i om-1

+ XY 4,4,0m—n) AR - n)x, /6)

m=j+1 n=j

+ Z Z Dl 77 3/2

m=i+1 n=1

+ Z quqn

m=i+1 n=j

A(k*b* (m — n)x;;/6)

A(biz(m n)x;;/6) (18)

with A defined in Equation (9) above.

The two-body interaction Q; is also residue pair-specific and
accounts for three contributions: 1) purely non-electrostatic in-
teractions (also defined as Sequence Hydropathy Decoration Ma-
trix or SHDMI1652]); 2) sequence-dependent charge—dipole inter-
actions (Sequence Charge-Dipole Decoration Matrix, SCDDM);
and 3) sequence dipole-dipole interactions (sequence Dipole Dec-
oration Matrix, SDDM). These patterning contributions are now
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dependent on the specific residue pair (i, j) and hence give rise
to matrices generalizing the metrics defined for the end-to-end
distance. In our previous work,['l the SHDM was derived as

SHDM;

ij-1 i

5 | Z ot 3 Bt

(m— n5/2
m=j+1 n=j
(i—n)? il
3 Son e n)5/2+22w S| )
m=i+1 n=j m=i+1 n=1

As noted above, the ,, , values are not known a priori. However,
as previously done, the entire contribution is written as a single
parameter , ; ;, where SHDM,; is normalized by the interaction-

independent segmental part j\f (i-e., setting w,, , = 1 in Equa-
tion 19). Specifically, we have
,,; = SHDM,;/N;. (20)

and

i j-1 i
N =

)’ Ly .
if (iij) Z m_nJ5/2+ZZ m—n)~/?

m=j n=1 m_]+l n=j

i ; j-1

N
+ ZHZ 5/2 + Z 5/2 (21)
m=t n=j

m=i+1 n=1

This definition is a generalization of w, ,, defined above (Equa-
tion 11) for the calculation of the end-to-end distance. In the limit
of a homopolymer, where w,, , variation is zero, w,,, = w,;; will
be a constant independent of i and j. Otherwise, w, ;; will depend
on i, j and will be sequence-specific. We determine w, ; ; by using
the experimentally observed residue pair-specific chain dimen-
sions (R;) in the high-salt limit to determine the non-electrostatic
interaction strength.

The sequence-dependent charge—dipole interaction written in
matrix form (due to specific residue pairs), SCDDM, is defined
as

i j-1
(m—J)
SChDM, = 2. (endy + ) ( B2
m=j n=1
13 m—1
Z 2 Cplh, + C,d,, ) (m —n)™/?
m=j+1 n=j
N i ( n)
+ Z 2 Cy, +¢,d,,) —
m=i+1 n=j ( )
N j-1 o
(i—J)
2| 22
+Wl=zl+l =1 C dn+cndm)(m—n)5/2 (22)

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

SDDM is defined as

SDDMi'_wdd . mYn (m—J)
e NP oF = R e
i m-1
+ Z Z d,.d,(m—mn)/?
m=j+1 n=j
N i .
(i—-n)?
+m=2i+1 n2=] dmdn (m _ n)S/Z
N j-1 e
(t—J)
+m=2i+1 ; d,d, | (23)

where w4, @y, ¢,,, 4,, have the same meaning as defined above.

As before, this function is minimized to determine optimal
swelling factors x; and degrees of ionization a, for a given
residue pair i, j. The swelling factors are related to distances
by x; = (R;.)/(Ii —jlb¢). We fitted w, ;; specific to residue pairs
based on the experimental data with FRET labels in different po-
sitions, while p and § were assumed to be independent of the
segment probed and kept invariant for a given protein. We used
experimentally measured C, — C, distances for these compar-
isons, and dyes were modeled as one residue with an effective
charge of -2 (for Alexa 488 and 594), —1 (for CF6606R), or 0 (for
Cy3B), without internal structure, in contrast to the analysis for
the linker IDRs (see Section S3, Supporting Information). This
formalism was also used to predict normalized distance maps di*J

(see Section S6, Supporting Information) for a given linker se-
quence with the assumption w,,, = @,;;, and w,,, determined
by fitting the single-molecule FRET data for the end-to-end dis-
tances of the 16 sequence-diversified linker IDRs.[3¢]

3. Results

We performed single-molecule FRET experiments on 18 differ-
ent IDPs and over a wide range of KCl concentrations to pro-
vide a data set that allows us to stringently test models that de-
scribe intrachain distances and their salt-dependence. By plac-
ing FRET donor and acceptor dyes at different positions in the
sequence, we can probe not only end-to-end distances but also
shorter segments within the IDPs. To cover a broad range of se-
quences, we use a combination of samples (Figure 1). With a fo-
cus on sequence composition, we measured the end-to-end dis-
tances in a recently established set of 16 sequences selected from
intrinsically disordered regions (IDRs) connecting RNA-binding
domains of identical length of 57 residues, but with large dif-
ferences in amino acid composition, hydrophobicity, and charge
patterning!*®! (Table S1, Supporting Information). While the pre-
vious study!*®! reported measurements only at a single salt con-
centration, here we performed measurements across different
salt concentrations to rigorously test different electrostatic mod-
els. To complement these measurements and test the results also
for segments within longer IDPs, we use Starmaker (Stm)l7!
and Prothymosin « (ProTa),[>*#] two naturally occurring, highly
negatively charged IDPs of 598 and 112-113 residues, respec-
tively (Table S1, Supporting Information). We note that naturally
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evolved sequences have the advantage of higher success rates in
recombinant expression for protein production and avoid issues
such as translation arrest of long polylysine repeats.[*) Moreover,
contributions other than charge interactions are important for
a realistic parametrization of the theory, so the content of un-
charged amino acid residues is an essential aspect of our se-
quence set. To further account for the contribution of the dyes,
especially their charges,[>*%! we labeled the 16 IDRs with two dif-
ferent FRET pairs, on the one hand AlexaFluor 488 and 594, and
on the other Cy3B and CF660R. The Alexa dyes carry a net charge
of -2 each, whereas Cy3B is a net neutral zwitter ion, and CF660R
carries a net charge of -1 (see Section S3, Supporting Informa-
tion). For all of these different sequences and variants, we per-
formed measurements across a broad range of salt concentra-
tions to modulate the electrostatic interactions.

Based on the FRET data, we use the following strategy: We
infer average inter-dye distances for the 16 IDRs from transfer
efficiencies measured as a function of monovalent salt concen-
tration using the SAW-v distance distribution (see Section S2,
Supporting Information),>*>* which has previously been shown
to yield monomodal distance distributions for the 16 IDRs that
agree well with those from coarse-grained and atomistic implicit-
solvent simulations;**! we then use the resulting average dis-
tances for direct comparison with the values from the different
theoretical models described above, where the charge interac-
tions are assumed to be sufficiently screened at the highest salt
concentrations used (>0.4 M) so that those distances can be used
for estimating the non-electrostatic contribution to the free en-
ergy of the chains. By minimizing the deviation between experi-
ment and theory for all 16 sequences and all salt concentrations
globally, we obtain parameter sets that provide the best descrip-
tion of all sequences for each model. It is worth emphasizing that
the sequences even exhibit qualitatively different trends with in-
creasing salt concentration: some sequences compact, while oth-
ers expand, reflecting the importance of the content and distribu-
tion of positive and negative charges within the sequence. This
rich set of data collected for these diverse linker IDRs and two ad-
ditional IDPs Stm and ProT« provides the first rigorous test of a
unified analytical theory of electrostatics that self-consistently ac-
counts for the effects of sequence, variable charge states, dipolar
interactions, ionic strength and their impact on the chain confor-
mation.

3.1. Full lonization Is Insufficient for Describing Chain
Dimensions Quantitatively

We begin with the simplest model, MO, to test its ability to de-
scribe the data. Model MO only minimizes x and assumes a,
= 1, implying that all charged residues are fully ionized. While
MO correctly captures the qualitative trends of salt-induced com-
paction/expansion of the majority of the sequences, it tends
to overestimate the chain dimension in the low-salt regime
(Figure 2). For the sequence sCh, MO even fails to describe
the qualitative trend, predicting a decrease in chain dimensions
with increasing salt concentration, in contradiction to the data.
For comparison, we also include the mean-field polyampholyte
model of Higgs and Joanny,>#) which assumes the positive and
negative charges to be distributed uniformly along the sequence
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Figure 2. Comparison of the different theoretical models with single-molecule FRET results for 16 sequence-diversified IDRs labeled with Alexa
488/594 (“measured”). Full ionization models, purely compositional (Higgs-Joanny; H-J, black dashed line), or with sequence dependence (MO,
blue line), tend to overestimate conformations compared to FRET-based RMS end-to-end distances across ionic strengths. Counterion models, M1
(orange line) with sequence-dependent 6, and the simpler near-predictive M2 (green line) with sequence-dependent § given by the linear relation

6 =—0.123 1/(R2,) + 2.146 from low-salt 1/(R2,) (in nm) (see Figure 3), both with p = 0.66, describe the data better (see Table 1). For all models,

the two-body non-electrostatic interaction parameter w, , is determined by matching the data points at the highest salt concentration. Models M0, M1,
M2 used a three-body non-electrostatic interaction strength of w; = 0.1. Higgs—Joanny (H-) additionally required a strongly amplified three-body term,

w3 = 10, to prevent unphysical collapse of polyampholytic sequences at low salt. See Table S2 (Supporting Information) for parameter values.

and does therefore not take charge patterning into account. The
resulting trends and quantitative agreement are generally similar
to those of model M0. However, for a substantial fraction of the
sequences, neither of these simple models provide a quantitative
account of the experimental findings.

3.2. Model With lon Condensation Describes Data Well Across
IDR Sequences

To explain the ionic-strength-dependent data of all 16 linker IDR

sequences, we thus test the model with ion condensation. An im-
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portant aspect of model selection is to avoid overfitting. For this
purpose, we apply a model with the minimal number of param-
eters. Although all three adjustable parameters are expected to
be sequence-dependent, we expect the average dipole length p to
be least sensitive to the sequence because it is not explicitly de-
pendent on the local chain environment, while é is dependent on
local permittivity. Thus, we fit the data with model M1 where p
is held fixed but 6 is allowed to vary from sequence to sequence
(see Section S8, Supporting Information, for details on our y? fit-
ting procedure).) We also determine the non-electrostatic param-
eter , ,, for each sequence by matching the high-salt data, where
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electrostatics is expected to be largely screened.®! The best fit
value of the dimensionless dipole length p = 0.66 and the val-
ues of § (reported in Table S2, Supporting Information) for each
sequence are within the expected range (see Section S7, Sup-
porting Information). Model M1 fits the salt-dependent chain di-
mensions very well for virtually all linker sequences (Figure 2).
We also note that the effective charge reduction due to counte-
rion condensation can be pronounced (Figure S3, Supporting
Information). Furthermore, the effective charges can differ sub-
stantially from sequence to sequence, and although they always
decrease with increasing salt concentration, the amplitude of
the change differs between sequences and between anionic and
cationic groups.

The above analysis with M1 yields fitted 6 values with a sub-
stantial spread from roughly 1.0-1.9 (Table S2, Supporting Infor-
mation), precluding the use of a global value. Understanding the
sequence-dependent variation of § is important to reduce model
complexity and build a predictive model. We hypothesize that se-
quences with more compact dimensions would tend to have a
greater mismatch between bulk and local dielectric (larger 6) due
to lower solvent accessibility. To test this hypothesis, we plot &
against 4/(R2) at low salt concentration (Figure 3) and notice a
modest anticorrelation, with sNh- and sPTBP being two outliers.
The additional scatter indicates contributions of other local ef-
fects (e.g., polar residues, spatial variation of dielectric mismatch)
on 6 beyond just the overall chain compactness. Nevertheless, to
reduce the number of adjustable parameters, we leverage the lin-
ear correlation to find the simplest relation that describes the salt
concentration-dependent data for all sequences with a global fit.
In this global fitting procedure, w, ,, is determined for each se-
quence by matching the high-salt (R ) measurement. The linear

relation between 6 and 4/(R%) at low salt is adjusted until the

total y? for 15 IDRs (all except sNh-) is minimized. Note that
this is different from directly fitting sequence-specific § values
(blue points in Figure 3) obtained from M1 by fitting the salt
concentration-dependent data for each sequence separately. The
sequence-dependent value of § obtained from the global fit can
be estimated from the low-salt (52 mM) mean squared end-to-end

distance 4/(R%) (in nanometers) from the equation

§=-0.123 y/(R2) +2.146 (24)
where the minimum allowed value of § is unity since the dielec-
tric in the volume occupied by the chain cannot be higher than
that of water. We find that the resulting model M2, in which § val-
ues are used based on this optimized line (dashed black line in
Figure 3), describes the data well for most sequences (Figure 2),
including sPTBP, which was an outlier in Figure 3, implying that
sPTBP is not very sensitive to the dielectric mismatch parameter.

The only sequence that M2 fails to describe is sNh-, which is

also an outlier in the dependence of 6 on 4/(R2) and was thus

not included in the linear fit. sNh- is high in negative charge,
with the highest net charge per residue among the IDRs of —0.35,
and low in positive charge. Polyelectrolyte theory would thus pre-
dict a decrease in chain dimensions with the addition of salt, al-
though there are contiguous stretches of 12 glutamates at the C-
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Figure 3. The dielectric mismatch parameter 5 of all linker IDRs from
model M1 (points) labeled with Alexa 488/594 is linearly correlated with
the FRET-based distances \/@ (at 52 mM salt concentration), with a
Pearson correlation coefficient of r = —0.64. Assuming a linear depen-
dence of 6 on \/@ at low salt (52 mM), we find the optimized depen-

dence (black dashed line) by fitting (R%) as a function of salt concentra-
tion (from FRET) for all 15 sequences simultaneously (all except the outlier
sNh-, orange). For model M2, § is set for each sequence according to this
(R2,) +2.146, thus

removing all parameters adjustable individually for each chain except the
non-electrostatic interaction strength w, .

optimal line (black dashed line) given by § = —0.123

terminus and 3 lysines at the N-terminus, whose attractive inter-
action could lead to polyampholyte-like expansion with increas-
ing salt concentration.l?**] However, the single-molecule FRET
measurements show that the dimensions of sNh- are largely in-
sensitive to salt concentration. Within our model, this trend could
be explained by a low degree of ionization or equivalently a high
propensity to form dipoles by counterion condensation. A high
value of dielectric mismatch promotes such dipole formation and
a resulting low degree of ionization. The specific cause of such
high dielectric mismatch is, however, unclear. On the other hand,
it is possible that sNh- exhibits salt insensitivity due to other fac-
tors not included in the model. For example, it is conceivable
that the dye interacts with the three lysine residues close to the
N-terminus and forms local contacts not accounted for in the
model.*] Indeed, an influence of dye interactions is supported
by the difference between the salt concentration dependence ob-
served for the Alexa 488/594- and Cy3B/CF660R-labeled variants
(Figure 4). There might thus be a competition between interac-
tions of the lysine-rich region with the glutamate-rich region on
the one hand and the N-terminal dye on the other; the latter is ex-
pected to be less pronounced for Cy3B and CF660R owing to their
lower net charge compared to the Alexa dyes.[*®! The salt insensi-
tivity could also arise from specific non-electrostatic interactions
that are only described at a mean-field level in our model.
Nevertheless, model M2 accounting for partial charge neutral-
ization describes the data fairly well for all proteins except sNh-.
Table 1 provides a comparison between the four models (H-J,
MO, M1, and M2). The models M1 and M2 taking into account
counterion condensation perform better than the models with-
out condensation (HJ and MO). The near-predictive model M2
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Figure 4. Comparison of the different theoretical models with single-molecule FRET results for the 16 sequence-diversified IDRs labeled with
Cy3B/CF660R (“measured”) (analogous to Figure 2): compositional Higgs—Joanny (H-J, black dashes), sequence-dependent model with full ioniza-

tion (MO, blue line), counterion model with fitting 6 individually (M1, orange line) and applying the near-predictive linear relation for § with

(R2,) (M2,

green line), all with p = 0.66. The near-predictive model M2 presented here is based on the same linear relation for predicting § based upon the Alexa
dye results shown in Figure 3), and still compares reasonably well with the FRET-based RMS end-to-end distances across ionic strengths. Parameter

values are shown in Table S3 (Supporting Information).

does only slightly worse than model M1 with é adjusted indi-
vidually for each sequence. Thus, model M2 reduces the num-
ber of adjustable parameters without significantly compromis-
ing its ability to describe the data, and thus increases the pre-
dictive power of our formalism. To further facilitate the com-
parison of the models, we present the deviations of all four
models from the experimental data in Figure S4 (Supporting

Information). Positive differences (AR, = A4/(R%)) are where

theory predicts more expanded conformations than measured,
while negative differences are where theory predicts more com-
pact conformations. We also provide comparison of y? errors

Adv. Sci. 2025, 14056 €14056 (10 of 16)

across models for each sequence (Figure S5, Supporting Infor-
mation).

The inferred parameter values can be further used to quan-
titatively determine the different contributions to the total free
energy (entropy of counterions, free energy of ion condensation,
chain free energy, etc). For this purpose, we selected two repre-
sentative sequences, skh and dCh- due to their differences in
charge composition and salt response. sxh is a strong polyam-
pholyte with 11 positive and 11 negative charges, and expands
with addition of salt. On the other hand, dCh- is polyelectrolyte-
like, with 13 negative charges and 4 positive charges and com-
pacts with addition of salt. Figure S6 (Supporting Information)
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Table 1. Summary of model performance for the 16 IDRs with Alexa dyes
for Higgs—Joanny (H-J), full ionization (model MO), counterion model
with fitted 6 (model M1), counterion model with § from best linear de-

pendence on low-salt chain dimensions /(R2,) (model M2). Mean er-

rors (chi-squared) of 1/(R2,) across salt concentrations are determined

for each sequence, then we report two means: i) the mean across all se-
quences (overall mean) and ii) the mean across all except sNh- (excluding
sNh-). A comparison of y? across models for each sequence is shown in
Figure S5 (Supporting Information).

www.advancedscience.com

Table 2. Summary of model performance for the 16 IDRs with
Cy3B/CF660R dyes using Higgs—Joanny (H-]), full ionization model (M0),
counterion model with individually fitted 6 (model M1), counterion model

with & from best linear dependence on low-salt 4/(R2,) (model M2). Mean

errors (chi-square) of 4/(R2,) across salt concentrations are determined

for each sequence, then we report two means: i) the mean across all se-
quences (overall mean) and ii) the mean across all except sNh- (excluding
sNh-). A comparison of y? across models for each sequence is shown in
Figure S10 (Supporting Information).

H-) MO M1 M2 H-) MO M1 M2
Overall mean 3.297 4.702 0.0397 0.700 Overall mean 3.413 3.941 0.1475 1.949
excluding sNh- 2.586 3.725 0.0348 0.166 excluding sNh- 1.776 1.929 0.1466 1.026

shows the contributions of the different free energy terms for
these two sequences using the parameter values obtained from
model M1.

As detailed above, model M2 reduces the number of param-
eters by estimating § from the measured end-to-end distance at
low salt and ignores its variation with salt. This is a reasonable
approximation given the greater variation in the end-to-end dis-
tance at low salt across different sequences than as a function of
salt concentration for a given sequence. However, the formalism
can be extended to model M3, where 6§ is allowed to vary with salt
for a given sequence. The salt dependence of § can be approx-
(R%) is the end-to-end dis-
tance measured at different salt concentrations. Model M3 com-
pares well with the data (Figure S7, Supporting Information). We
use this analysis primarily as a consistency check, since it is dif-
ficult to use M3 for predictions if salt-dependent measurements
are not available. Variation in é can also arise from the decrease
in dielectric constant with increasing salt concentration, known
as dielectric decrement.>®! However, for KCl and the highest salt
concentration of 420 mM used here, the change in dielectric will
be relatively small (from 80 to 75) with minimal impact on § val-
ues. Thus, we conclude that, overall, M2 is the preferred model
for its simplicity, practical use, and its ability to describe a wide
range of data.

imated using equation 24, where

3.3. Testing the Model With a Different Dye Pair

To address the question of how much the charged dyes impact
chain dimensions and whether our models are general enough to
describe the effect, we collected ionic strength-dependent single-
molecule FRET data using a different pair of dyes, Cy3B and
CFG660R, which carry a lower net charge than the AlexaFlours
and have been found to exhibit less attractive interactions with
positively charged residues.l**] We then used models M0, M1,
and M2 to fit the data, with the same value of p and the same

\/(R2,) used for the Alexa dyes

(Figure 3 and Equation 24) to estimate the dielectric mismatch
for M2. The only independently adjustable parameter is the non-
electrostatic interaction w, ,, determined from the high-salt data
for each sequence. The resulting model parameters are listed in
Table S3 (Supporting Information). As before, we find that both
M1 and M2 describe the data well, with the exception of sNh-

linear relation between § and

Adv. Sci. 2025, 14056 €14056 (11 of 16)

and sCh, for which M2 does not provide a good fit (Figure 4).
Both sNh- and sCh show a strong salt-induced expansion in the
experimental data, indicative of a pronounced polyampholyte ef-
fect. Indeed, sNh- and sCh are the two sequences with the combi-
nation of the highest total charge content and highest degree of
charge segregation in the set.**! The accumulation of opposite
net charges near the termini may thus have a pronounced in-
fluence on chain dimensions, potentially modulated by charge-
mediated dye interactions. We note that our model ignores the
branched nature of the dye moieties attached via flexible linkers
and any salt dependence of chain dimensions arising from mech-
anisms other than electrostatic effects. For example, the solubil-
ity of polar amino acids (and fluorophores) can vary with salt con-
centration, potentially modulating the salt-dependent variation of
the chain dimensions.’”] We also ignored the spatial variation in
6 for a given sequence even at a fixed salt concentration. How-
ever, differences in local compactness and the nature of chemi-
cal groups may cause fluctuations in the § values. It is important
to note that the data for sCh can be well described by M1, which
optimizes the dielectric mismatch parameter within a range for
each sequence individually, yielding a value of § = 2.03, whereas
for M2 the value is 6 = 1.56.

As before, we compare all models (H-], M0, M1, M2) for the
16 IDRs with Cy3B/CF660R in Table 2 and Figure 4. Overall, we
find that M1 is the best model in terms of absolute agreement
with the data, but at the price of individually adjusted values of
5. The near-predictive model M2 performs better than both the
full ionization (M0) and H-] model, and given the fixed relation

between 6 and

fit quality and the number of adjustable parameters.

We note that counterion condensation can lead to a substan-
tial reduction in effective charge and varies across sequence and
ionic strength (Figure S8, Supporting Information), consistent
with our earlier observation with the Alexa dyes. As before, we
also provide a comparison of the deviations of all four models
from the measured data to highlight differences between mod-
els (Figure S9, Supporting Information). Moreover, Figure S10
(Supporting Information) compares the y? values of the differ-
ent models for each sequence. Finally, we provide a comparison
of data against model M3, where 6§ is allowed to vary with ionic
strength, for a given sequence (Figure S11, Supporting Informa-
tion). M3 performs even slightly better than M2, confirming that
our analysis is internally consistent. In fact, M3 improves the pre-

(R%), it provides a good compromise between
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diction for sCh compared to M2 (as discussed earlier), indicating
that the salt dependence of § can be important for this sequence.
We reiterate that model M2 (equation 24 derived from data col-
lected using the Alexa dyes) can be used to describe the data
collected with Cy3B/CF660R dye pairs. This result, along with
the observation that & values are in a reasonable range (see Sec-
tion S7.3, Supporting Information, for estimates) and that M3
provides improved or comparable performance as M2, indicates
that 6 is likely to have physical significance, even though we are
currently not able to determine it from first principles.

3.4. Inferring Inter-Residue Distance Maps

So far, we have used single-molecule FRET data to obtain mean
square end-to-end distances (R ) across salt concentrations (and
sequences) to determine the adjustable parameters of the mod-
els. However, our resulting models can also be utilized to pre-
dict the average distances (R;.) between any two residues (i,j) in
the chain, which are not available from the experimental data
and would be difficult to obtain because only sequence separa-
tions greater than 30 or 40 residues can typically be probed with
the Forster radii of the dye pairs available for single-molecule
FRET.[3*3*] We present the distance maps predicted by the mod-
els in the normalized form d;. (see Section S6, Supporting Infor-
mation, for details of calculation) using the parameters from M0
and compare them with the maps resulting from M1 (Figure 5),
where parameters were obtained by fitting data collected using
the Alexa dyes.

The resulting distance maps indicate clear deviations from
the uniform scaling of interresidue distance with sequence sep-
aration expected for simple homopolymers,/?’! and the regions
of relative expansion (or compaction) are similar for the mod-
els MO and M1. Moreover, features of distance maps (regions
of expansion relative to homopolymer scaling in red and com-
paction in blue; see Section S6, Supporting Information, for
details) for sequences dArich, sCh, dCh-, sPTBP, dxh, skh,
sNh+, sNh- compare well with those computed from the coarse-
grained and atomistic simulations reported previously.**! These
simulated maps were predicted after reweighting the ensem-
ble (for atomistic simulation using ABSINTHI®®]) or by fitting
non-electrostatic interaction parameters (for coarse-grained sim-
ulation with the HPS model®l) to match FRET efficiency data.
Modest agreement is found for dGrich, dkl, skl. However, dE-
rich, sNrich, dCh+, dTRBP, and sGrich show clear deviations
between the distance maps based on the simulations and the pre-
dictions based on our models. Interestingly, the same sequences
(except dCh+) also exhibit differences in distance maps between
coarse-grained and atomistic simulations, indicating features in
sequences that amplify differences in force fields and models. We
note that theoretical predictions using M1 include dipolar inter-
actions and partial ionization, which are not included in either
simulation. On the other hand, non-electrostatic interactions in
MO and M1 are modeled with the mean-field assumption o, ;; ~
o, .- Both factors can contribute to the observed discrepancies
between theory and simulation. Additional experiments on the
linker sequences would be needed to benchmark these predicted
distance maps and thus assess the accuracy of theory, coarse-
grained simulations (HPS model), and atomistic simulations.3¢!
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Figure S12 (Supporting Information) shows the predicted dis-
tance maps using parameters derived from data collected with
the Cy3B/CFG660R dye pair. We also compared distance maps
predicted from parameters obtained by fitting data collected us-
ing the two different dye pairs (Alexa dyes against Cy3B/CF660R
dyes). These distance maps (Figure S13, Supporting Informa-
tion) for a given sequence are very similar, with two notable ex-
ceptions for sCh and sNh-. These differences most likely arise
from the presence of the dyes, and are consistent with the effect
of dyes seen in the measured chain dimensions for these two se-
quences (Figures 2 and 4).

3.5. Model With lon Condensation Is Required to Describe
Inter-Residue Distance Profiles

The preceding section highlights the ability of providing intra-
chain distances from our models. Motivated by this aspect, we
tested our models’ ability to describe inter-residue distances for
segments within the chain for two longer IDPs, ProTa (112-113
residues) and Stm (598 residues). For Stm, we measured eight
sets of distance pairs and for ProTa three distance pairs as a
function of salt concentration. For this comparison, we use Ca-
Ca inter-residue distances and model the dyes as one bead with
an effective charge, neglecting the branched nature of the dyes
not amenable to more detailed treatment in our current theoret-
ical formalism (see Section S3, Supporting Information, for de-
tails of dye modeling). Since we have multiple sets of data for a
given sequence, unlike for the linker sequences, we modify our
parameter inference scheme from before. For a given sequence,
we optimize for values of p and § (similar to M1 for the 16 IDRs)
that best describe the measured distances for all pairs. Moreover,
residue pair (i,j)-specific distances allow us to determine interac-
tion strength values (w,;, defined in equation 20) individually
(and do not assume they are identical for all segments) by fitting
the high-salt data for every segment probed. These parameters
are expected to vary across residue pairs (i,j) due to variation in
the non-electrostatic two-body interactions (w,, , in Equations 19
and 20) between different types of amino acids.

Both Stm and ProTa show a pronounced compaction with
increasing salt concentration, as expected based on their large
negative net charge and the low fraction of positively charged
residues>*’! (Figure 6). We find that the ion-condensation model
M1 describes the salt-dependent distances for Stm and ProTa
reasonably well (Figure 6). The fitted values of w, ; ;, exhibit mod-
est variations from segment to segment, with Stm segments
spanning values from 0.3 to 1.7, and ProTa segments values
from 0.9 to 1.7 (Tables S4 and S5, Supporting Information). Re-
maining discrepancies between theory and experiment could be
due to effects such as a variation of non-electrostatic or dielec-
tric mismatch parameters with ionic strength, which is neglected
in the model. We also ignore local fluctuations in the dielectric
mismatch. The full ionization model MO, in contrast, overesti-
mates inter-residue distances for both proteins, similar to the
trend observed for the 16 linker IDRs, highlighting the impor-
tant role of counterion condensation and the resulting reduction
in effective charge. The inferred values of p (p = 0.45) are within
the range expected from our previous results (Section S7, Sup-
porting Information). Furthermore, for both IDPs we obtain low
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Figure 5. Inter-residue distance maps (normalized by fits to homopolymer scaling; see Section S6, Supporting Information) for the 16 IDRs at 150 mM
salt (T =20°C), predicted using parameters (determined by matching end-to-end distances collected using Alexa 488/594) of model M1 (bottom
triangle) and MO (upper triangle). The maps clearly show a dependence on sequence, and differences between models are qualitatively consistent with

those of Ref. [36].

values of 6 (1.3 for Stm and 1.1 for ProTa) and an expanded
chain at low salt, consistent with the trend seen in Figure 3 for
the linker IDRs. We also note that predicting the distance be-
tween specific residue pairs is associated with minimizing the
free energy with respect to three variables: distance and two ef-
fective charges (for positive and negative groups). Consequently,
predicted distances between specific residue pairs will have as-
sociated with them a prediction of the effective degrees of ion-
ization. A self-consistent model must predict very similar values
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of these effective charges (degrees of ionization) that are global
properties of the chain. As shown in Figure S14 (Supporting In-
formation), these values are nearly identical, reflecting internal
consistency of our model. As before, we also note that these ef-
fective charges gradually decrease with increasing salt concentra-
tion. As a further consistency check, we reanalyzed the 16 IDRs
using Ca-Cea distances with the single-bead model for the dye.
To ensure the robustness of our parameters, we kept the same
values of p and 6 from M2 and only fitted w, ,,. Figures S15 and
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Figure 6. Inter-residue distances of Stm and ProTa as a function of salt concentration, as measured by single-molecule FRET (red), are described better
by the sequence-dependent condensation model (M1, orange), compared to the full ionization model (MO, blue). The best parameter values for Stm
used here are p = 0.45, § = 1.30, and for ProTa p = 0.45, 56 = 1.10. Each plot shows a different inter-residue pair as labeled by (i, j). Mean errors (chi-
square) between theory and experiment averaged across residue pairs, for Stm, are 27.680 for MO and 2.803 for M1; for ProTa, they are 18.787 for MO
and 0.590 for M 1. See Tables S4 and S5 (Supporting Information) for additional parameters, and Table S1 (Supporting Information) for the sequences.
See Figure S14 (Supporting Information) for effective charges (degrees of ionization).The large error bars for Stm (484, 567), (374,484), and ProTa NC
are a consequence of the low transfer efficiencies observed for these variants (see Methods, Supporting Information).

S16 (Supporting Information) show good agreement between the
model and the data, supporting the robustness of the inferred
parameters irrespective of the two slightly different models. For
the Alexa 488/594 fluorophores, mean errors (chi-squared) are
0.927 including all linker IDRs, and 0.147 when excluding sNh-.
Similarly, for Cy3B/CF660R, mean errors (chi-square) are 2.244
including all sequences, and 0.956 excluding sNh-.

4, Discussion

Alarge set of single-molecule FRET experiments were performed
to determine intrachain distances and global dimensions of IDPs
with very different sequences and lengths; by varying the loca-
tion of the FRET probes within the sequences; by using different
FRET dye pairs; and by changing the salt concentration across
a broad range to modulate the electrostatic interactions. These
comprehensive sets of measurements were used to test different
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variants of analytically tractable polymer models that take into
account the sequence-specific charge distributions and to quan-
tify several factors that affect electrostatic interactions in IDPs
and influence their conformational distributions. Specifically, we
used the data to test two competing models: (i) a model (MO)
where charged amino acids are fully ionized, and (ii) a model
(M1) allowing partial ionization due to condensation of oppo-
sitely charged counterions on the side chains. Predicting the ex-
tent of ion condensation is non-trivial since it depends on the con-
formation which in turn depends on the condensation, requiring
a self-consistent treatment. M1 is such a self-consistent analytical
theory accounting for sequence effects (not just composition) to
predict both chain dimensions and ionization. Although MO also
computes sequence-dependent electrostatics within an analytical
theory, we find that it is insufficient to explain the data. Specifi-
cally, MO tends to overestimate the chain dimensions at low salt
concentrations. The ion condensation model M1, on the other
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hand, can explain the data at different ionic strengths and outper-
forms MO. Different versions of ion condensation models were
tested against the data to balance model complexity and agree-
ment with experiment. It is possible to find a near-predictive
model (M2) where the dipole length resulting from the distance
between counterion and side chain charge is treated as a shared
parameter across all sequences, and the dielectric mismatch pa-
rameter is described by an empirical relation based on its corre-
lation with the dimensions of the chains.

The better performance of the models taking into account ion
condensation can be traced to two factors. First, the reduction
in effective charge significantly alters the charge-charge inter-
actions (repulsive or attractive) compared to those in MO. Fur-
thermore, new types of interactions, absent in MO, arise from
the condensation of oppositely charged ions forming dipoles on
the chain, which can contribute to intrachain interactions. To-
gether, these two effects alter the sequence-dependent interac-
tions and the chains’ response to salt concentration and conse-
quently their conformational distributions. All these effects, and
their sequence and solution dependence, are self-consistently
treated in model M1. This self-consistent model can also predict
— although not seen in the current set of sequences — first order
phase transitions in charge and chain dimensions space by vary-
ing the Bjerrum length (inversely related to temperature) and salt
for some sequences, as seen in our previous work.2]

At present, we ignore the patterning effects from uncharged
amino acids and their response to salt concentration. Our analyt-
ically tractable model also ignores the branched nature of the dyes
attached to the chain via flexible linkers.[**! These and other sub-
tle conformational restrictions due to rotation and limited bond
stretching, neglected in the theory, can be captured in simula-
tions. Another assumption of the model is that charges of one
type have the same degree of ionization, thus ignoring local dif-
ferences in counterion condensation. Furthermore, we neglect
spatial fluctuations of the dielectric constant and assume a mean-
field value for a given sequence. Moreover, we neglect variation
of the dielectric constant and hydrophobicity (affecting w,) with
salt concentration. These effects may further modify the degree
of condensation and may be responsible for the disagreement of
the theory with one of the sequences we investigated experimen-
tally.

The ability to describe a wide range of measurements on dif-
ferent disordered proteins with polymer models that take into ac-
count counterion condensation supports the need to further in-
vestigate the role of counterions for the interactions within and
between IDPs, often ignhored in computational studies of IDPs
at present, especially in coarse-grained models, and its impact
on IDP conformation. Further directions to explore would be the
effect of divalent ions, particularly for poly-acidic IDPs, which
would be particularly pertinent for understanding the role and
regulation of IDPs in the cellular milieu. Accounting for this ef-
fect may also provide insights to the role of electrostatics in IDP
function.[) The model presented here will be of practical use
in such predictions due to its analytical and high-throughput na-
ture and the ability to generate new insights and hypotheses. For
large IDPs, such as Stm, simulations remain challenging, espe-
cially at an atomistic level with explicit solvent, where explicit ion
effects can be included.[®”) An interesting aspect will be to extend
the current theory to include an explicit treatment of protona-
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tion equilibria,3!] especially for solutions at low salt concen-
trations and in pH ranges close to the pK, values of ionizable
amino acid residues. Another interesting extension of the theory
would be to include the contribution of salting-out effects or in-
creased hydrophobicity at very high salt concentrations in the mo-
lar range.l?*] Analytical models like the ones we present here will
continue to make an important contribution to the multi-scale
modeling of disordered proteins. The predicted degree of ioniza-
tion might be used to modify charge states in coarse-grained sim-
ulations. Finally, our work addresses the long-standing question
of counterion condensation in polymer physics mainly discussed
for homopolymers. Our formalism extends the investigation to
heteropolymers, highlighting the rich physics of the problem and
stimulating future studies in natural and synthetic polymers.
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Supporting Information is available from the Wiley Online Library or from
the author.
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S1 Protein purification and labeling

The disordered linker sequences from RNA-binding proteins (see Table encoded in pET-20b(-+) expres-
sion vectors were expressed in E. coli and purified as described by Holla et al. [1]. Briefly, linker constructs
were expressed as fusion constructs with N- and C-terminal fusions of a Hisg-tag and a GB1-Hisg-tag, re-
spectively (both of which were separated from the IDR of interest by a thrombin cleavage site) in E. coli
Rosetta (DE3) cells (Merck Biosciences) and purified under denaturing conditions (6M guanidinium chlo-
ride) using immobilized metal ion affinity chromatography (IMAC); dialysis to non-denaturing conditions
followed by thrombin-induced tag cleavage, concentration using 3-kDa molecular weight cut-off centrifugal
concentrators, reduction and a final purification using reversed-phase high performance liquid chromatog-
raphy (RP-HPLC) on a C18 column (Reprosil Gold 200, Dr. Maisch GmbH) using a water/acetonitrile
gradient yielded the linkers, which were lyophilized and used for labeling. The linkers were labeled with
AlexaFluor 488/AlexaFluor 594 or Cy3B/CF660R as described previously using a sequential labeling ap-
proach in which the lyophilized reduced proteins were reacted with substoichiometric (molar ratio 0.7)
Alexa 488 or Cy3B (donor dyes) maleimides, followed by separation of the donor-labeled species using
RP-HPLC on a C18 column (Reprosil Gold 200, Dr. Maisch GmbH), which was subsequently labeled
with a stoichiometric excess (3-fold molar excess) of Alexa 594 (for Alexa 488-labeled samples) or CF660R
maleimide (for Cy3B-labeled samples); purification of the double-labeled species containing donor and
acceptor and labeling permutations (where possible) was achieved with a subsequent final RP-HPLC step.

Stm variants containing pairs of cysteine residues instead of alanine were prepared. Alanine codons
were replaced by cysteine codons by site-directed mutagenesis using a PCR-based method described by
Ko and Mal2|]. In the first stage, the Stm gene was amplified into two separate PCR fragments using two
pairs of anchor and mutagenic primers. The anchor primers contained restriction sites for subcloning the
mutated gene into corresponding sites of a pQE-80L (Qiagen, Germany) vector derivative generated in
our laboratory without His-tag. The forward and reverse anchor primers contained BamHI and HindIII
restriction sites, respectively, and the two mutagenic primers contained the desired mutation near the
recognition site of the BsmBI restriction enzyme. After digestion of the two PCR fragments with the
appropriate enzymes, both fragments were ligated together and into the vector to generate the construct
with the mutated gene. To introduce a second mutation, the entire procedure was repeated using the
previously obtained mutant as the template for PCR. Alternatively, when possible, the second mutation
was introduced during the first stage using a mutated anchor primer. The DNA sequences of all double
mutants were confirmed by sequencing.

Double cysteine variants of Starmaker without the signal peptide (Stm variants; see Table for se-
quences) were purified as wild-type Stm (WT Stm) following Kaplon et al. [3]. Untagged Stm variants,
cloned into the pQE-80L vector (Qiagen, Germany), were overexpressed in BL21(DE3) pLysS E. coli cells
(Novagen, Germany) and purified to homogeneity using a three-step protocol: fractionation with solid
(NH4)250y, gel filtration, and hydroxyapatite chromatography. The samples were then reduced, con-
centrated, and further purified by RP-HPLC on a Vydac 214 TPC4 column using a water/acetonitrile
gradient, then lyophilized for subsequent labeling. For labeling, the Stm pellet was diluted in 200 pL. of
100 mM phosphate buffer (pH 7.0). The amount of free sulthydryl groups in Stm was estimated using
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB). To obtain pure donor- and acceptor-labeled Stm, a sequen-
tial labeling procedure was used. The first fluorophore (AlexaFluor 488 maleimide or AlexaFluor 594
maleimide), dissolved in DMSO, was added to the Stm solution at a 1:1 molar ratio and allowed to react
for 1 h at room temperature. The reaction was quenched by adding 10 mM DTT. The labeled Stm species
were purified by RP-HPLC on a Vydac 214 TPC4 column. In most cases, the single-labeled Stm could
be separated from unlabeled and double-labeled species; the fraction containing single-labeled Stm was
frozen and lyophilized. For labeling with the second dye (AlexaFluor 594 or AlexaFluor 488 maleimide),
the single-labeled Stm was diluted in 60 pL of 100 mM phosphate buffer (pH 7.0). The protein concentra-
tion was estimated from the maximum absorbance of the first dye, assuming single labeling. The second
dye was then added in five- to ten-fold molar excess and allowed to react at room temperature for 1h to
2h. The reaction was terminated by adding 2 pL. 2-mercaptoethanol. Finally, the double-labeled Stm was
purified by RP-HPLC on a Vydac 214 TPC4 column.
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ProTa C (isoform 1, see Table[S1]for the sequence) was purified as an N-terminally Hisg-tagged construct
(the tag was removed by HRV 3C cleavage) and labeled as described previously[4][5]. ProTa NC and ProT«o
N (isoform 1, see Table were cloned into a pBAD-IntCBD-12His vector and purified as described
previously; briefly, the constructs were overexpressed in F. coli BLL21 A1 cells carrying C-terminal fusions
of the intein-chitin-binding domain-His;s, purified under native conditions with IMAC, followed by thiol-
induced tag cleavage, dialysis, and reverse IMAC to remove the cleaved tag. The tag-free protein was
concentrated with 3 kDa molecular-weight cut-off centrifugal filters and used for fluorescence labeling
without further purification[d]. In brief, the reduced protein (treated with 10 mM TCEP followed by
buffer exchange with centrifugal filters) was simultaneously labeled with ~6.5 fold molar excess of Alexa
488 and Alexa 594 maleimide. After quenching the reaction and removing excess dye by sequential buffer
exchange with centrifugal filtration, the double-labeled protein was purified by RP-HPLC on a Sunfire C18
column (Waters).

S2 Single-molecule measurements and analysis

Single-molecule experiments were performed on freely diffusing molecules with a MicroTime 200 con-
focal single-molecule instrument (PicoQuant, Berlin, Germany) or a custom-built setup as described
previously[I]. Depending on the fluorophore under investigation, different excitation sources were used.
Alexa 488 was excited using an LDH-D-C-485 diode laser (PicoQuant GmbH), whereas Alexa 594 and Cy3B
were excited with a supercontinuum fiber laser (SC-450-4, Fianium Ltd.) that was filtered with a z582/15
or HC543.5/2 band-pass filter, respectively (Chroma Technology). For CF660R excitation, an LDH-D-C-
640 diode laser (PicoQuant GmbH) was used. All lasers were operated at a pulse repetition rate of 20 MHz,
which allowed for the pulsed interleaved excitation (PIE) of donor and acceptor molecules|6]. Fluorescence
photons were collected using a UplanApo 60x/1.20W objective (Olympus) and passed through an appro-
priate multiband mirror and a 100-I3m confocal pinhole. The photons were subsequently separated by
polarization with a polarizing beam splitter and by wavelength with appropriate dichroic mirrors. Finally,
after passing through optical band-pass filters, the photons were detected by avalanche photodiodes, and
their arrival times were recorded using a HydraHarp 400 time-correlated single-photon counting system
(PicoQuant) with a resolution of 16 ps.

Experiments were performed at a temperature of 22°C using chambered cover slides (p-Slide, ibidi).
For the linker sequences, experiments employed approximately 100 pM labeled molecules in 20 mM
KH,PO,/KoHPO, buffer (pH 7.3) with different KC1 concentrations, supplemented with 0.001 % Tween 20
and 10 mM DTT for the Cy3B/CF660R-labeled samples, or with 147 mM 2-mercaptoethanol for the Alexa
dye-labeled samples. Measurements in ionic strength-matched Bis-Tris or Tris buffer with KCI showed mi-
nor differences in transfer efficiencies of less than 0.02 for sCh, sNh-, and dTRBP compared to the reported
measurements in phosphate buffer. For Stm and ProTa (all Alexa 488- and Alexa 594-labeled samples),
measurements were performed in 10 mM Tris-HCI buffer (pH 7.4) with different KCI concentrations, 0.01 %
Tween 20, and 147 mM 2-mercaptoethanol.

Fluorescence signals were acquired from single molecules freely diffusing through the confocal volume,
and transfer efficiency F and the stoichiometry ratio S were quantified from selected photon bursts, each
burst representing a single molecule traversing the observation volume, according to

_ Nap ~ Npp+ Nap

Npp + Nap’ Npp + Nap + Naa’
where Npp and Np are donor and acceptor photons after donor excitation,respectively, that are corrected
for background signals, direct acceptor excitation, and differences in dye quantum yields or detector effi-
ciencies. N4 correspond to the acceptor photons after acceptor excitation, corrected for background and
for relative donor/acceptor excitation intensities as described previously [7] [§]. For Stm and ProTa mea-
surements, the correction factors were obtained from the PIE measurements as described previously[9][8].
Data analysis was performed with Fretica, a custom add-on for Mathematica (Wolfram Research), available
at https://github.com/SchulerLab.

Transfer efficiency histograms obtained under different experimental conditions were fitted with a Gaus-
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sian peak function (for linkers) or by Photon Distribution Analysis (PDA)[I0][IT] to extract the mean
transfer efficiency (E). The RMS end-to-end inter-dye distances were then inferred by numerically solving
E) = [P B B0) =

where P(r) is the distance probability density function, and Ry is the Forster radius of the chosen flu-
orophore pair (5.4nm for Alexa 488/Alexa 594 and 6.0nm for Cy3B/CF660R). An empirically modified
self-avoiding random-walk model (SAW-v) was employed for P(r)[12]. The length scaling exponent v for
the IDP segments probed was estimated assuming an equivalent of nine additional amino acids accounting
for the fluorophores and their linkers|8, 12], and the RMS C, distances were then calculated using that
value of v and the number of peptide bonds in the chain segment bracketed by the labeling positions|12} [13].
The origin of the large uncertainties in inter-dye distances for Stm and ProT«a variants probing long and
highly charged segments at low salt concentrations (Fig. 6) is a result of very low observed transfer effi-
ciencies, F: If the value of E approaches or falls below the systematic uncertainty of 0.03, we can effectively
only provide a lower bound on the distance; as a result, the upper error bars diverge.
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Table S1: Sequences of all IDRs used.

Name

Sequence

Charge

dArich
dErich
dGrich
sGrich

sNrich
sCh

dCh +
dCh —

dTRBP
sPTBP
dkh

skh

Stm54_ 109

Stm87_147

Stm 209 272

Stm311_ 374

Stm17_87

GSGSCLPTGAEGRDSSKGEDSAEETEAKPAVVAPAPVVEAVSTPSAAFPSDATAEQGPILTKCTLGPR
GSGSCEGEMFGVMSEENSVVLSVEQPAELKEVADVSPPPTTRNHTIEMKPPLSAQQSESNPVCTLGPR
GSGSCGPRTGLEGAGMAGGSGQQKRVFDGQSGPQDLGEAYRPLNHDGGDGGNRYSVIDRIQECTLGP
R
GSGSCSGGYGSERGGGYGSERGGGYGSERGGGYGSERGGGYGSQRSGGGYGGSQRSSYGSGSCTLGP
R

GSGSCLDQEDNNGPLLIKTANNLIQNNSNMLPLNALHNAPPMHLNEGGISNMRVNDSLPSNTCTLGPR
GSGSCKKAQPEMNDKDDNESGNEDAEENHDDEEDENEEEDRQVDQASKNKESKRKAQNKREDCTLG
PR
GSGSCQTPLKRIKVKTPGKSGAAAREGSVVSGTDGPTQTGKPERRKRLNPPKDKLIDMDDADCTLGP
R
GSGSCMGLPTGMEEKEEGTDESEQKPVVQTPAQPDDSAEVDSAALDQAESAKQQGPILTKHGCTLGP
R

GSGSCLEPALEDSSSFSPLDSSLPEDIPVFTAAAAATPVPSVVLTRSPPMELQPPVSPQQSECTLGPR
GSGSCRPDLPSGDSQPSLDQTMAAAFGLSVPNVHGALAPLAIPSAAAAAAAAGRIAIPGLAGCTLGPR
GSGSCAMGGGPGPGTDFTSDQADFPDTLFQEFEPPAPRPGLAGGRPGDAALLSAAYGRRRLLCTLGP
R
GSGSCKPRRLSKLRRSKKPADEENNAASQDPTVEATQERGQASEDPENAANNAKQAKPTSDDCTLGP
R
GSGSCLPTGMDQKTTELMKVDEPVSTQETLPPVIKMEPEPVPITETPTDENARQQGPILTKHCTLGPR
GSGSCAPEGVFKLPAPPKEIKKSEKSEKSSDSINDKKEVESTTKTAATTTTTKKGTDNNTQFCTLGPR
GSGSCPEEIETRKKDRKNRREMLKRTSALQPAAPKPTHKKPVPKRNVGAERKSTINEDLLPPCTLGPR
GSGSCKKKLQDTPSEPMEKDPAEPETVPDGETPEDENPTEEGADNSSAKMEEEEEEEEEEEECTLGPR
GSAPVSNNNGTDNDESAADQRHILTVQFNVGTPAPCDGDSVTTDGKDSAEKNECPGDSSDTTEKPGT
TDGKDSAEQHGVTTDGKDEAEQHGVTTEGQDSAEKRGETDGAPDKPDTQNGTDDTDSDKETDASHH
KTGDSDENKDKPSAEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDED
ANKSSTEADKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNS
EADEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTADSKDSDEDKDKDHSEQKDSEDHEHKEK
HTKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKEASKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDS
HSDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSE
SSETAEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDD
DDIDAHDDEAGVEHGTDEASKPHQEPDHHDDTTHGSDDGSKTSMPISKLN
GSAPVSNNNGTDNDESAADQRHILTVQFNVGTPAPADGDSVTTDGKDSAEKNECPGDSSDTTEKPGTT
DGKDSAEQHGVTTDGKDEAEQHGVTTEGQDSAEKRGETDGCPDKPDTQNGTDDTDSDKETDASHHK
TGDSDENKDKPSAEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDEDA
NKSSTEADKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNSE
ADEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTADSKDSDEDKDKDHSEQKDSEDHEHKEKH
TKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKEASKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDSH
SDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSESS
ETAEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDDD
DIDAHDDEAGVEHGTDEASKPHQEPDHHDDTTHGSDDGSKTSMPISKLN
GSAPVSNNNGTDNDESAADQRHILTVQFNVGTPAPADGDSVTTDGKDSAEKNEAPGDSSDTTEKPGTT
DGKDSAEQHGVTTDGKDECEQHGVTTEGQDSAEKRGETDGAPDKPDTQNGTDDTDSDKETDASHHK
TGDSDENKDKPSCEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDEDA
NKSSTEADKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNSE
ADEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTADSKDSDEDKDKDHSEQKDSEDHEHKEKH
TKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKEASKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDSH
SDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSESS
ETAEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDDD
DIDAHDDEAGVEHGTDEASKPHQEPDHHDDTTHGSDDGSKTSMPISKLN
GSAPVSNNNGTDNDESAADQRHILTVQFNVGTPAPADGDSVTTDGKDSAEKNEAPGDSSDTTEKPGTT
DGKDSAEQHGVTTDGKDEAEQHGVTTEGQDSAEKRGETDGAPDKPDTQNGTDDTDSDKETDASHHK
TGDSDENKDKPSAEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDEDA
NKSSTECDKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNSE
CDEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTADSKDSDEDKDKDHSEQKDSEDHEHKEKH
TKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKEASKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDSH
SDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSESS
ETAEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDDD
DIDAHDDEAGVEHGTDEASKPHQEPDHHDDTTHGSDDGSKTSMPISKLN
GSAPVSNNNGTDNDESAADQRHILTVQFNVGTPAPADGDSVTTDGKDSAEKNEAPGDSSDTTEKPGTT
DGKDSAEQHGVTTDGKDEAEQHGVTTEGQDSAEKRGETDGAPDKPDTQNGTDDTDSDKETDASHHK
TGDSDENKDKPSAEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDEDA
NKSSTEADKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNSE
ADEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTCDSKDSDEDKDKDHSEQKDSEDHEHKEKH
TKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKECSKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDSH
SDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSESS
ETAEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDDD
DIDAHDDEAGVEHGTDEASKPHQEPDHHDDTTHGSDDGSKTSMPISKLN
GSAPVSNNNGTDNDESCADQRHILTVQFNVGTPAPADGDSVTTDGKDSAEKNEAPGDSSDTTEKPGTT
DGKDSAEQHGVTTDGKDECEQHGVTTEGQDSAEKRGETDGAPDKPDTQNGTDDTDSDKETDASHHK
TGDSDENKDKPSAEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDEDA
NKSSTEADKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNSE
ADEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTADSKDSDEDKDKDHSEQKDSEDHEHKEKH
TKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKEASKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDSH
SDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSESS
ETAEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDDD
DIDAHDDEAGVEHGTDEASKPHQEPDHHDDTTHGSDDGSKTSMPISKLN

—10/+4
—-10/+3
—8/+6
-4/ +6

—5/+2
—23/ +11

-8/ +13
—13/ + 4
-8/ +1
—-3/+2
-7/4+5
—11/+11
—-10/+5
-9/ +11
-8/ + 16

—26/ 45
-6/ +2

—15/+5

+18/ + 7

—27/ +12

—30/ + 14

—16/+6

Continued on next page
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Table Iﬁ' (continued)

Name

Sequence

Charge

Stm484 567

Stm374_484

ProTa N
ProTa C

ProTa NC

GSAPVSNNNGTDNDESAADQRHILTVQFNVGTPAPADGDSVTTDGKDSAEKNEAPGDSSDTTEKPGTT
DGKDSAEQHGVTTDGKDEAEQHGVTTEGQDSAEKRGETDGAPDKPDTQNGTDDTDSDKETDASHHK
TGDSDENKDKPSAEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDEDA
NKSSTEADKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNSE
ADEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTADSKDSDEDKDKDHSEQKDSEDHEHKEKH
TKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKEASKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDSH
SDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSESS
ETCEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDDD
DIDAHDDEAGVEHGTDECSKPHQEPDHHDDTTHGSDDGSKTSMPISKLN
GSAPVSNNNGTDNDESAADQRHILTVQFNVGTPAPADGDSVTTDGKDSAEKNEAPGDSSDTTEKPGTT
DGKDSAEQHGVTTDGKDEAEQHGVTTEGQDSAEKRGETDGAPDKPDTQNGTDDTDSDKETDASHHK
TGDSDENKDKPSAEDHTDGNHAGKDSTDSKESPDTTDKPEGPDSDSAPDGDSASAEKTDSDHSPDEDA
NKSSTEADKDDTSDKDSSQTDEKHDSDASDKDEKHEDKDEKSDEKDSSKDSEDKSLEKSDKSDDGSNSE
ADEQKESVESKDHDSDSQDSDSAEKKEKHDDKDQDSSDTADSKDSDEDKDKDHSEQKDSEDHEHKEKH
TKDKEEHKDSDEGKDDEDKSKSDEHDKDESESKECSKSDESEQEEKKDDKSDSDNSSRDSHSDSDSDSH
SDSDSDSHSDSHSDSDSDSHSDSDSDSDSDSDSDSDSDSDSNSRDKEEKKDKSSESRDEDSSDSDSKSNSESS
ETCEEDTNDDKDSSVEKDKTDSSDSASVEANDSDDEHDDDSKDATPSSEDHTAEKTDEDSHDVSDDDD
DIDAHDDEAGVEHGTDEASKPHQEPDHHDDTTHGSDDGSKTSMPISKLN
GCDAAVDTSSEITTKDLKEKKEVVEEAENGRDAPANGNAENEENGEQEADNEVDEECEEGGEEEEEE
EEGDGEEEDGDEDEEAESATGKRAAEDDEDDDVDTKKQKTDEDDGA
GPSDAAVDTSSEITTKDLKEKKEVVEEAENGRDAPANGNAENEENGEQEADNEVDEECEEGGEEEEEE
EEGDGEEEDGDEDEEAESATGKRAAEDDEDDDVDTKKQKTDEDC
GCDAAVDTSSEITTKDLKEKKEVVEEAENGRDAPANGNAENEENGEQEADNEVDEEEEEGGEEEEEEE
EGDGEEEDGDEDEEAESATGKRAAEDDEDDDVDTKKQKTDEDCGA

—38/+5

—42/ 4+ 12

—-20/+5
-32/+5

—53/ + 10
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S3 Modeling the FRET Dyes

The properties of the fluorophores, especially their charge and finite size, should be included in the model
to account for their effect on the observed dye-to-dye distance. Moreover, the charges from the terminal
a-amino and a-carboxyl groups need to be accounted for. For the IDRs from RNA-binding proteins, we
modeled the dyes as short sequences of residues that approximate the size and charge of the fluorophores.
Dyes are attached to Cysteine residues near the terminals of the sequences, with small tails at each end
(Table ; each sequence begins with GSGS and ends with TLGPR. To account for the terminal charges,
we replaced the first residue G — K, and the last residue R — A. Short sequences of 4 and 5 residues
approximate the size of the dyes|[§| for both dye pairs (Alexa 488/594 or Cy3B/CF660R, see Figure [S1).
Since the donor/acceptor labeling permutations are not well defined in all cases[I], we modeled both
labeling permutations and found negligible differences in inter-dye distances. For simplicity, all results
are presented with dyes modeled with the donor on the N- and the acceptor at the C-terminus, and we
represent the charge content of each dye as a linear sequence of suitably charged residues. Alexa 488 was
thus modeled as EEKE, and Alexa 594 as EAEKE; in combination with the amino acid tails and the terminal
charges, we ultimately replaced GSGS—AEKE at the N-terminus and TLGPR—EAEKE at the C-terminus.
Simliarly, Cy3B was modeled as EKAA, and CF660R as EEKKE; again combining with the terminal charges,
we ultimately replaced GSGS—EKAA at the N-terminus and TLGPR—EEKKE at the C-terminus.

ﬁ-OH
O COOHis o O CoOH is

Dye pair 1
y p charged at charged at
| N—(eHgNH-C 1 physiological | ji—eHgn=c | physiological
o}

0 s pH 5 pH
o o

Donor dye: Alexa Fluor 488 (697 Da, net charge: -2) Acceptor dye: Alexa Fluor 594 (886 Da, net charge: -2)

Dye pair 2 NH

Donor dye: Cy3b (683 Da, net charge: 0)
Acceptor dye: CF660R (1010 Da, net charge: -1)

Figure S1: FRET dye pairs used for labeling of the linker sequences. For Stm and ProTa, only dye pair 1 (Alexa 488/594)
was used. To approximate their size and charge, we modeled the first of each pair (left) as a 4-residue segment at the
N-terminus, and the second of each pair (right) as a 5-residue segment at the C-terminus.

For long and highly charged sequences, such as Stm and ProTa, the dyes have a minor influence on
chain properties. Different segments of these sequences were probed by placing Cys (C) for dye labeling at
specific positions along the chain, which precludes the possibility of modeling the size of the fluorophores
in the detail used for linker sequences; instead, we modeled the dyes by simply replacing Cys by single
residues of appropriate net charge. Due to their large lengths and charge, we also omitted adjustments
from terminal charges as their effects would be negligible. Only the dye pair Alexa 488/594 was used in

S7



WILEY-VCH

both Stm and ProT«a, so we ultimately just replaced each C—X with charge —2. For the sake of comparison
between the two approaches of representing the dyes, we also modeled the dyes in the linker sequences
without including additional residues accounting for their size, using only the net charge of the dyes as
single residues at the Cys labeling positions, but keeping the terminal charge adjustments as described
above. For Alexa 488/594, we replaced each C by a residue X with charge —2. For Cy3B/CF660R, we left
the first C unchanged since Cy3B is net neutral, and we replaced the second C by D since CF660R has net
charge —1. Note that full sequences of Table are used in the inter-residue theory for RMS distances

1/(Rl2j), not just the segments between dyes at locations (i, ), because the theory accounts for context

provided by the parts of the sequence outside of the probed segments.

We also note that charge assignments of residues in all sequences are K,R — +1 and E,D — —1. In most
sequences, we consider Histidine as neutral. This approximation is justified since the linker IDRs have at
most 2 His residues, and ProTa has zero. However, Stm has 32 His residues so for those sequences we use
the charge assignment H — +0.5.
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S4 Details of free energy

fixed/known parameters fitting parameters
h tterni conctleaiation monomer ffecti le | h
number of charge charge patterning Salt length effective dipole lengt

monomers  composition dipolar patterning  \ qoncentrationt  3-body 2-body non-charge interaction
interaction dielectric mismatch
e T A U e
ota

T (N,f ,,_,SCDM,SCDDM, SDDM, p, Cy, b, W3, p,W2,6 ) = Fy + Fy + F5 + Fy + Fs

Entropy + fluctuation l
— - lon-pair
Minimization w.rt a,, a_ and x
chain free energy

1.) Charge of the IDR
2.) Inter-residue and end to end distances

Figure S2: A schematic of the free energy and its optimization. The different contributions to the total free energy are
depicted in red. The free energy is minimized with respect to effective ionization and swelling ratio to determine optimal
charge and distance. Several parameters are known and fixed (in blue), and only the parameters in gray are inferred from
fitting the experimental data.
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S5 Higgs-Joanny Model

We describe here the specific form of the Higgs-Joanny model (H-J) used in main text Figure 2 and 4,
as well as SI Figures [S4] and . We present the H-J model using the same swelling/compaction variable
x as employed in the sequence patterning models (M0, M1, M2), related to RMS end-to-end distance by
(R2) = N/(bz. This notation differs from the original formulation, which also defines a swelling/compaction
parameter but in a different way|[14].

For a sequence with N residues, N, with positive charge (K, R) and N_ with negative charge (E, D),
and the rest neutral (either hydrophobic or polar), the fractions of each charge type are f, = N, /N and
f- = N_/N. For the Debye length, ! in Debye-Hiickel screening, we use x* = 87lpgc,, where (5 is the
Bjerrum length and ¢, is the salt concentration (equivalent to ionic strength in our case of monovalent
ions).

Essentially, the H-J model is equivalent to a self-avoiding walk model with the two-body interaction
modulated by electrostatic effects. The bare two-body non-electrostatic interaction is ws. The two-body
interaction is then combined with electrostatic effects due to the polyelectrolyte and polyampholyte prop-
erties of the sequence related to net charge and total charge, respectively (see Ref. [14] for details). The
total two-body interaction strength is given by

Arlp(fy — f)° B mE(fr + f)?
(0b)3/2 k2 (£b)3/% K

Vo = Wy + (Sl)
Note that we use a geometric mean between bond length (b = 3.8 A) and Kuhn length (¢ = 8 A) as the
single length scale in the H-J model, vfb ~ 5.5A, to reconcile the original H-J formulation with the
relation (R?)) = N{bz. We note that the Higgs-Joanny model is strictly applicable only in the high-salt
limit (k*¢b > 1) and formally diverges as the salt concentration approaches zero. This necessitates the
introduction of a three-body repulsive interaction to maintain physical results at low salt (52mM), as
described below.

Although the original formulation of Higgs and Joanny is in terms of an equation of state, we integrate
that to obtain the effective free energy. With the above two-body interaction strength, the H-J model
adopts the same form as our model MO apart from the sequence-dependent electrostatic contribution, i.e.
it reads as the main text Eq. 6 with () = 0. Two-body interactions are included in the term €2 in the same
way as in the main text Eq. 12, replacing ws.. — v2. Based on that, we write the weight of two-body
interactions here with the double summation

m—1

L © ~1/2
Qozﬁz (m—n) / (S2)

m=2 n=1

The original H-J model does not include any three-body interaction, but we add it here because it is
needed to prevent unphysical chain collapse in the strong polyampholyte limit, which applies for a subset
of the linker IDRs. The three-body term has the same form as in main text Eq. 6, with weight B given
by main text Eq. 7.

The effective free energy for the H-J model as used in this work is then

3 3\ wB/ 3\*
/BFHJ = 5(1‘ — hl(l’)) + UQQ() (%) + T (%) (83)

As with our model MO, the above free energy for the H-J model is minimized to obtain z, and thus (R2,),
at each salt concentration. Note that differentiating Eq. and setting w3 = 0 in the limit of large N
recovers the original H-J formulation of Ref. [14], Eq. 4.12.
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S6 Generating normalized distance maps

The overall theoretical approach for calculating distance maps is explained in main text Section 2.2. Briefly,
we have a free energy that depends on sequence (charge patterning) and effective charge, which determines
the inter-residue compaction or swelling through the chain factor z;;, for each residue index pair (7, j). We
then obtain the actual RMS distance from the relation (R;) = xy; |i — j|b(, using the bond length b = 3.8 A

and Kuhn length ¢ = 8.0 A.

It is possible to construct inter-residue profile maps using the RMS distance directly, 4/ <R3J> However,
depending on the sequence, the features of such a direct map are generally dominated by homopolymer
scaling, i.e. 4 /<R12j> o |i — j|", where v is a scaling exponent. In particular, differences between sequences
of the same length can be very subtle in the direct mapping, even though the theory includes sequence
dependence. Further, differences between models (e.g. for the linker IDRs, the full ionization model, MO,
and the fitted effective charge model with counterion condensation, M1) can appear negligible based on
direct maps.

For better comparison between sequences and between models, and to delineate subtle features of
the maps, we therefore sought a way to normalize the distance maps, focusing on deviations from the
homopolymer model as was done in the previous work [I, 15, [16]. We term the normalized distance map
d;;. This normalization divides the homopolymer contribution as

(RY)
Agli — jI¥

/bg i - +10.5—v

Ao

*

where the prefactor Ay and exponent v must be determined from a fitting procedure. As eq. makes
clear, the normalization is not simply mapping z;;.

The fitting procedure to determine Ay and v first requires the RMS distance <R§j> averaged across

residues with fixed index separation A = |i — j],

N

Ra=3 i X2 [ () L:Z-A (55)

i=14+A

We then use a least-squares algorithm to fit eq. to the homopolymer form, Ra ~ Ag A”. The best fit
values of Ag and v (in the range v € [0.3,0.7]) are then used in eq. [S4] to obtain dj;.

This procedure was employed for all sequences and models of interest; the resulting normalized maps
of dj; are presented in main text Figure 5, and SI Figure and [S13|
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S7 Estimates of key model parameters

S7.1 Dipole Length

The physical separation, p, of a condensed ion from the side chain ion it interacts with is also the length
of dipoles in charge-dipole and dipole-dipole interactions. We estimate p based on properties of proteins
and their constituent amino acids to apply our model and assess best fit parameters. Charged side chains
contain either a carboxylate group (Glutamic acid and Aspartic acid), a protonated amino group (Lysine),
or a guanidinium group (Arginine). We consider the ions in the system to be dominated by salt ions, i.e.
K* and Cl™, rather than the smaller H". The distance separating a negative side chain ion O~ from its
condensed counterion K™ is estimated by the sum of half bond lengths of C-O and K-Cl. Likewise, the
distance separating a positive side chain ion from its counterion is the sum of half bond lengths from N-H
and K-Cl. Using values from NIST[I7] to two significant figures, the bond length of C-O is 1.2 A, N-H
is 1.0A, and K-Cl is 2.7A. Sums of half bond lengths are then 1.95A and 1.85A. Taking the mean, we
arrive at p ~ 1.9A. We obtain non-dimensional values by dividing by the bond length between amino
acids, b = 3.8 A, giving p = p/b =~ 0.5. The range of these values gives approximately 0.48 < p < 0.51. A
second independent estimate of dipole length was established previously based on the Avogadro software
(see SI of ref. [18]). The range of values from Avogadro gives approximately 0.48 < p < 0.65. Based on
these considerations and our previous estimates including NaCl as ionic contributions [I8], we expect the
separation to be approximately in the interval p € [0.45,0.65].

S7.2 Protein Concentration

FRET experiments were performed on single molecules, corresponding to very low protein concentrations
of approximately 1pM. Theoretical models with ion condensation involve division by the concentration,
which can present numerical difficulties when it is too low. We tested several values and found that results
are insensitive to the specific concentration so long as it is significantly less than 1 mM. Ultimately, we
used the concentration p = 1M in all theoretical formulations, for all sequences; this is low enough to
mimic experimental reality and high enough to support numerical minimization of the free energy. In
reduced (non-dimensional) units, the value is p = pb® = 3.304 x 1075,

S7.3 Dielectric mismatch

Another important parameter in our model is the dielectric mismatch, defined as the ratio of bulk permit-
tivity of water to the local permittivity near a protein, § = €/¢;. To assess our fitted values, we refer to
an estimate of local permittivity from a different model fit to data, ¢ = 45 4+ 13 [19]. With the standard
value for water, e = 80, this suggests an expected ratio 0 ~ 1.8. Accounting for reported uncertainty in ¢
leads to the estimated range 0 € [1.3,2.5].
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S8 Parameter values for linkers IDRs from various models

We report the final values of physical parameters for each model used.

The three-body interaction parameter w3 was assumed to be 0.1 throughout based on a previous estimate
using all-atom simulations [20]. Recent work [2I] based on coarse-grained simulations has also shown
w3 = 0.1 to be a reasonable choice and w3 = 0.2 to be optimal. The full ionization model, M0, has only
a single free parameter — the two-body interaction strength ws .. that was determined by matching the
high-salt data. This parameter can be obtained by a simple algebraic equation (see Appendix in Reference
[22]) derived by setting the derivative of free energy to zero, the criterion for the minimum in free energy.
Since derivatives can be zero for both the maximum and minimum of the free energy, it is important to
ensure that the free energy profile with the inferred ws .. indeed yields a free energy minimum at the chain
dimensions that match the experimentally measured value. For all cases, this additional self-consistency
check was performed.

The ion condensation models, M1 and M2, differ only in how the dielectric mismatch parameter, 9, is
determined. In M1, ¢ is determined by fitting the end-to-end distance vs salt data, constrained to the
interval 0 € [1.0,2.7], with wo .. still set to match the high-salt measurement, and the other parameters
fixed. In M2, § is determined from the best linear fit with low-salt end-to-end distance. This line itself
is determined by adjusting slope and intercept at each iteration, setting the value of § for each sequence
based on that iteration’s line (while ensuring 6 > 1), and calculating x? across all sequences (except the
outlier sNh—); iterations continued until the total x* was minimized. The dipole length was kept fixed at
p = 0.66 for both M1 and M2 — this is the optimal dipole length determined by global search, repeating
the fitting process of M1 for many values of p and selecting the one yielding minimum total x? from all
linker IDRs.  We use a standard definition of x?, for measured data with asymmetric error bars. We
write a given measurement of RMS end-to-end distance as R,, and the corresponding upper and lower
uncertainties as o, and o_, respectively. The corresponding theoretical prediction is then R,. Note, all
these values depend on salt concentration, ¢,. For a given sequence S, we obtain a mean chi-squared error
across salt concentrations as

() = - 3 T = Tn). ($6)
s {cs) +Y —

where Ny is the number of different salt concentrations for that sequence. A total value is obtained by
simply summing over all sequences under consideration: x7,,; = > (g X°(S). (A mean over sequences can
be used alternatively, but it makes no difference for optimization.) This approach was also used for fitting
the results from Stm and ProTa, simply using inter-residue distances and their uncertainties instead of
end-to-end.

Below we provide parameter values for different models, specified as table columns for comparison.
Sequences with different dye pairs, Alexa 488/594 and Cy3B/CF660R, are in separate tables.
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Sequence | MO wace | M1 woee | M2 woee | M1 S | M2§
dArich 0.458 0.694 0.747 1.170 1.324
dErich 0.658 0.947 0.983 1.186 | 1.279
dGrich -0.105 0.022 0.059 1.393 | 1.572
sGrich -0.426 -0.350 -0.321 1.558 | 1.778
sNrich 0.053 0.167 0.172 1.423 | 1.467

sCh -0.362 0.857 0.846 1.558 | 1.547
dCh+ 0.162 0.380 0.376 1.630 | 1.619
dCh— 0.409 1.024 0.925 1.504 | 1.310

dTRBP 0.349 0.551 0.653 1.000 | 1.308
sPTBP -0.077 -0.052 -0.011 1.000 | 1.535

dkh -0.137 -0.013 0.008 1.505 | 1.629

skh 0.147 0.411 0.394 1.694 | 1.650

dxl 1.128 1.324 1.354 1.176 | 1.272

skl 0.620 0.761 0.748 1.473 | 1.434
sNh+ 0.230 0.563 0.555 1.572 | 1.555
sNh— -0.437 2.660 1.731 1.870 | 1.255

Table S2: Parameters resulting from each model (M0, M1, M2). Ion condensation models (M1,M2) used a fixed dipole length,
p = 0.66. The proteins here were labeled with Alexa 488/594.

Sequence | MO wyee | M1 woee | M2 waee | M16 | M2 6
dArich 0.955 1.105 1.106 1.325 | 1.328
dErich 1.193 1.375 1.364 1.339 | 1.294
dGrich 0.059 0.073 0.150 1.000 | 1.533
sGrich -0.237 -0.221 -0.153 1.000 | 1.661
sNrich 0.468 0.474 0.497 1.000 | 1.407

sCh 0.395 1.811 1.398 2.034 | 1.561
dCh+ 0.428 0.633 0.652 1.399 | 1.449
dCh— 0.742 1.213 1.078 1.740 | 1.352

dTRBP 1.610 1.707 1.751 1.000 | 1.230
sPTBP 0.234 0.228 0.242 1.000 | 1.447

dkh -0.012 0.071 0.059 1.715 | 1.631

skh 0.744 1.089 0.897 2.000 | 1.467

dkl 1.843 1.898 1.943 1.000 | 1.251

skl 1.110 1.130 1.205 1.000 | 1.340
sNh+ 1.245 1.595 1.578 1.330 | 1.299
sNh— 0.079 3.356 1.993 2.700 | 1.342

Table S3: Parameters resulting from each model (M0, M1, M2). Ton condensation models (M1,M2) used a fixed dipole length,
p = 0.66. The proteins here were lableled with Cy3B/CF660R.
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S9 Non-Electrostatic Interactions for Stm and ProT«

We report the values of two-body non-electrostatic interaction strengths, ws;;, for Stm and ProTa. They
depend on probed residue indices (i,7) as described in main text Section 2.2 and equation 19, 20 and
21. They were obtained by matching the high-salt data point of each inter-residue segment, for each
sequence. We include results from the full ionization model (M0), as well as the effective charge counterion
condensation model (M1). In all cases, the three-body non-electrostatic interaction strength was fixed at
W3 = 0.1.

Residue Indices (i,5) | MO wa;; | M1 ws;;
(36,54) 0.812 0.322
(54,109) -0.441 0.530
(87,147) -0.581 0.490
(209,272) -0.879 0.810
(311,374) -0.870 0.771

(17,87) -0.201 0.540
(484,567) -1.172 1.718
(374,484) -1.185 0.997

Table S4: Two-body interaction strengths for each segment (pair of residue indices shown in left column) as determined by
matching the high-salt data, for Stm. These are parameter values for both models (M0 and M1) shown in Figure 6 of the
main text. In M1, additional parameters are p = 0.45, § = 1.30

Residue Indices (i, j) ‘ MO wy ;; ‘ M1 wy ;;

(2,57) “1.987 0.935
(58,112) -5.425 1.433
(2,111) -3.159 1.741

Table S5: Two-body interaction strengths for each segment (pair of residue indices shown in left column) as determined by
matching the high-salt data, for ProTa N, C, NC from top to bottom (see Table . These are parameter values for both
models (MO and M1) shown in Figure 6 of the main text. In M1, additional parameters are p = 0.45, 6 = 1.10
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S10 Additional plots for linker IDRs

The figure below shows predicted degrees of ionization from models M1 and M2 using parameters inferred
by fitting data collected using Alexa dyes.
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Figure S3: Effective charge (degrees of ionization) as a function of salt concentration (solid lines for positive charge, dashed
lines for negative charge) for linker sequences predicted using parameters (of model M1, and near-predictive model M2)
obtained by fitting data collected using Alexa 488/594 fluorophores. Charge can vary across a wide range, for each sequence
and across sequences, but in all cases, ionization decreases as salt is increased because more ions are made available for
condensation on charged groups in the IDR. The differences between the two models (M1 and M2), as seen for some
sequences, are due to differences in the § values (see Table
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The figure below shows the differences between fitted R, for all models (H-J, M0, M1, M2) and R, from
the data collected using Alexa dyes.
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Figure S4: Differences between the end-to-end distances for linker sequences from all four models (H-J, M0, M1, M2) and
end-to-end distances from the measurements show that counterion models (M1, M2) outperform simpler models (H-J, MO).
These results are for Alexa 488/594 fluorophores. The shaded region indicates the systematic uncertainty in the single-
molecule FRET measurements.
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The figure below shows the mean errors (chi-squared), for each of the 16 linker IDRs labeled with the
Alexa dyes, and the overall mean across all sequences.
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Figure S5: Chi-squared errors compared for the four models (H-J, M0, M1, M2) for each IDR with the Alexa dyes, with
the overall mean across all sequences in the last entry, showing that counterion models (M1, M2) perform better than the
simpler models (H-J, MO0). A log scale is used to highlight the differences between models.
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Here we compare the different components of the Free Energy contributions for two select sequences
using parameters of model M1 inferred from data collected with the Alexa 488/594 fluorophores. For both
sequences, fluctuation and entropic contributions (F; + F; + F3) increase with salt as expected, while free
energy of ion pair formation (F}) becomes more attractive due to the enhanced propensity to condense with
salt. However, contrasting trends between dCh- and skh are seen when the salt dependence of individual
terms of the chain free energy (Fs) are computed. For polyelectrolyte-like sequences such as dCh-, charge-
charge interaction is repulsive and decreases with increasing salt concentration due to screening, while sxh
exhibits polyampholytic features with charge-charge attraction that decreases (becomes less negative) with
increasing salt concentration. The total chain free energy (F5) for dCh- is monotonically decreasing with
salt, primarily due to screening of charge-charge interactions, which dominate over dipolar interactions,
while skh shows the opposite trend, since both charge-charge and charge-dipole interactions are attractive
and get progressively screened with increasing salt concentration.
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Figure S6: Free Energy contributions are compared as a function of salt concentration under model M1, for two select linker
IDRs. The choice of sequences is based on composition: dCh— (left) is polyelectrolyte-like, while skh (right) is polyampholyte-
like. The top row shows different contributions to the overall Free Energy terms: entropy and fluctuation contributions
together (F + Fy + F3), ion pair formation (Fj), chain conformations and electrostatics (Fs), and the total (Fio). These
are evaluated in dimensionless units per monomer (SF/N). The bottom row shows the different contributions of Fs: charge-
charge electrostatics (F,.), charge-dipole and dipole-dipole electrostatics (Feqiqq), remaining contributions including non-
electrostatic interactions (Fyiper ), and total F5. These are also dimensionless but for the entire chain (8F'). Note that entropic
and fluctuation terms Fy and F3 shown here are relative to the zero ionization case, i.e. Fo — Fo(ag,cs) — Fo(ayx = 0,¢4)
[and similar for F3], because the salt contributions dominate; subtracting that part exposes the chain contributions.
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The figure below is a consistency check to ensure that the M3 model (salt-dependent dielectric constant)
compares well against the data collected using the Alexa dyes. However, this model is not of practical use
since it requires knowing the value of the chain dimensions a priori.
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Figure S7: End-to-end distances as a function of salt concentration for all IDRs sequences labeled with Alexa 488/594, with
the salt-dependent ¢ model (M3), based upon the linear fit (main text equation 24), compare well with FRET measurements.
Model M3 performs slightly worse than M2, with x? (excluding sNh—) of 0.513 for M3 and 0.166 for M2 (see main text
Figure 2 and Table 1).
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The figure below shows the predicted degrees of ionization from models M1 and M2 using parameters
inferred by fitting the linker IDR data collected using the Cy3B/CF660R dye pair.
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Figure S8: Effective charge (degree of ionization) as a function of salt concentration (solid lines for positive charge, dashed
lines for negative charge) for linker IDRs predicted using parameters (of model M1, and near-predictive model M2) obtained
by fitting data collected using the Cy3B/CF660R dye pair. As with the Alexa dyes (Figure , charge can vary across a
wide range, for each sequence and across sequences, but in all cases, ionization decreases as salt is increased because more
ions are made available for condensation on the charged groups of the IDR. The differences between two models (M1 and
M2), as seen for some sequences, are due to differences in the ¢ values (see Table .
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The figure below shows the differences between the fitted R, for all models (H-J, M0, M1, M2) and R..
from linker IDR data collected using Cy3B/CF660R dye pair.
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Figure S9: Differences between the end-to-end distances for linker IDRs from all four models (H-J, M0, M1, M2) and end-to-

end distances from the measurements show that counterion models (M1, M2) outperform simpler models (H-J, M0). These
results are for Cy3B/CF660R, fluorophores. The shaded region indicates the span of error bars.
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The figure below shows mean errors (chi-square), for each of the 16 IDRs with Cy3B/CF660R dyes, and
the overall mean across sequences.
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Figure S10: Chi-square errors visually compare the four models H-J, M0, M1, M2 for each IDR with Cy3B/CF660R dyes,
with the overall mean across all sequences in the last entry, showing clearly that counterion models (M1, M2) perform better
than simpler models (H-J, M0) for most sequences. A log scale is used to highlight the differences between models.
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The figure below is a consistency check to ensure that the M3 model (salt-dependent dielectric constant)
compares well with data on the linker IDRs collected using the Cy3B/CF660R dye pair.
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Figure S11: End-to-end distances as a function of salt concentration for all linker IDRs labeled with Cy3B/CF660R, under
the salt-dependent ¢ model (M3), based upon the linear fit (main text equation 24), compare well with FRET measurements.
Model M3 performs slightly better than M2, with x? (excluding sNh—) of 0.691 and 1.026, respectively (see main text Figure
4 and Table 2).
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Normalized distance maps d}; predicted from model M1 and MO using parameters inferred by fitting data
collected for the linker IDRs using the Cy3B/CF660R dye pair.
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Figure S12: Inter-residue distance maps (normalized by fits to homopolymer scaling) for the linker IDRs under near-

physiological conditions (150mM salt and T" = 20°C), predicted using parameters (determined by matching end-to-end
distance data collected using the Cy3B/CF660R dye pair) of model M1 (bottom triangle), and model MO (upper triangle).
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Normalized distance maps dj; for the linker IDRs predicted from model M1 compared between the dye
pairs Alexad88/594 and Cy3B/CF660R.
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Figure S13: Inter-residue distance maps (normalized by fits to homopolymer scaling) for the linker IDRs under near-
physiological conditions (150 mM salt and 7' = 20°C), predicted using parameters of model M1 (see Tables [S2| and
for Alexa488/594 (bottom triangle), and Cy3B/CF660R (upper triangle).
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The figure below displays predicted effective charges (degrees of ionization) associated with the prediction
of distance between a specific residue pair (segments) of Stm and ProTa.
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Figure S14: Predicted effective charges (degrees of ionization), for positive and negative charges (a4, a_), when free energy
is minimized to determine the distance between a specific residue pair (segments) for Stm and ProTa as a function of salt
concentration (c¢s). These values vary little between different residue pairs. Legends are labeled by residue pairs, (4,7),
for each sequence, although curves are difficult to distinguish due to their similarity. These results are not enforced by
construction, but are emergent from the model, indicating that the counter-ion theory predicts highly similar results for
charges across pairs/segments, even if x;; (and R;;) are distinct between pairs/segments. These results correspond to main
text Figure 6, and were obtained self-consistently in the same calculation.
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The figure below shows the comparison between inter-residue distances R;; for the linker IDRs predicted
from M2 model and the C, — C,, distance, between the pair of residues (i, j) = (5,63), measured using the
Alexa dye pair.
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Figure S15: Inter-residue distances (C, — C,) as a function of salt concentration for all linker IDRs labeled with Alexa
488/594, modeled using M2, compare well with FRET measurements. This differs from results in main text Figure 2 in
three ways: C, — C, distances were inferred from FRET efficiencies, dyes were modeled differently (see Sec. , and the
underlying theory for R;; with residue pair (¢,j) = (5, 63) was used (see main text Sec. 2.2 and 3.5). C, — C,, based on M2
performs similarly to end-to-end M2, with x? (excluding sNh—) of 0.147 and 0.166, respectively (see main text Figure 2 and
Table 1).
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The figure below shows the comparison between inter-residue distances R;; for the linker IDRs predicted
from the M2 model and the C, — C,, distance, between the pair of residues (7, j) = (5,63), measured using
the Cy3B/CF660R dye pair.
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Figure S16: Inter-residue distances (C, — C,) as a function of salt concentration for all linker IDRs labeled with
Cy3B/CF660R, modeled using M2, compare well with FRET measurements. This differs from results in the main text
Figure 4 in three ways: C, — C, distances were inferred from FRET efficiencies, dyes were modeled differently (see Sec. ,
and the underlying theory for R;; with residue pair (¢, j) = (5,63) was used (see main text Sec. 2.2 and 3.5). C, — C,, based
on M2 performs similarly to end-to-end M2, with x? (excluding sNh—) of 0.956 and 1.026, respectively (see main text Figure
4 and Table 2).
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