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ABSTRACT: Linear and nonlinear dielectric responses of solutions of intrinsically disordered
proteins (IDPs) were analyzed by combining molecular dynamics simulations with formal
theories. A large increment of the linear dielectric function over that of the solvent is found and
related to large dipole moments of IDPs. The nonlinear dielectric effect (NDE) of the IDP far
exceeds that of the bulk electrolyte, offering a route to interrogate protein conformational and
rotational statistics and dynamics. Conformational flexibility of the IDP makes the dipole
moment statistics consistent with the gamma/log-normal distributions and contributes to the
NDE through the dipole moment’s non-Gaussian parameter. The intrinsic non-Gaussian
parameter of the dipole moment combines with the protein osmotic compressibility in the
nonlinear dielectric susceptibility when dipolar correlations are screened by the electrolyte. The
NDE is dominated by dipolar correlations when electrolyte screening is reduced.

Proteins possess large dipole moments and can be detected
by linear and nonlinear dielectric spectroscopies. Linear

dielectric spectroscopy of protein solutions is a well-established
field.1,2 The dielectric function of protein solutions allows one
to determine two properties of the protein dipole vector Mp:
(1) the dipole mean-squared displacement ⟨Mp

2⟩ from the
increment of the dielectric constant of the solution over that of
the solvent and (2) the relaxation time of the dipole tumbling
(β-peak in the dielectric spectrum).3,4 Dipole moments of
many proteins from dielectric spectra have been reported5

based on Oncley’s formulation.6 Employing dielectric spec-
troscopy to interrogate a protein’s folding state through the
alteration of ⟨Mp

2⟩ has been only marginally explored.7

The nonlinear dielectric response of protein solutions has
not been reported to the best knowledge of these authors.
Nonlinear spectroscopies in general allow measuring specific
features not observable in linear spectroscopies, such as
interfacial structure and dynamics.8 One therefore wonders if
there are any advantages of using nonlinear dielectric
techniques9 to interrogate proteins. The main difficulty of
linear dielectric spectroscopy of proteins is a strong dielectric
response of the electrolyte (ions and bulk water) requiring
sufficiently large protein concentrations and the ensuing
difficulties with protein aggregation.10 If a stronger contrast
between proteins and electrolyte can be gained from nonlinear
techniques, it would allow a more specific focus on the protein
component.
The first exploration of this possibility11 has indeed shown

that the nonlinear dielectric effect (NDE) arising from proteins
far exceeds that of the solvent. The NDE arises from
correlations of protein dipoles if they are not screened by
electrolyte. The inclusion of electrolyte screening in this study
shows that it can strongly reduce the protein NDE thus

requiring more attention paid to relative protein and
electrolyte concentrations. Nevertheless, we confirm a strong
NDE arising from correlated dipoles of intrinsically disordered
proteins12−14 (IDPs) studied here.
The NDE is quantified by the dielectric function of a

solution ϵsol(E) being a function of the applied electric field E,
in contrast to the linear dielectric constant of solution (a
material property) ϵsol independent of the field. The difference
ϵsol(E) − ϵsol is linear in E2 in the lowest order in E. The
proportionality constant a is the Piekara coefficient:9,15−17

Δϵ(E) = ϵsol(E) − ϵsol = aE2.
A nonzero value of a arises from non-Gaussian statistics of

the z-projection Mz of the sample dipole moment,
18 where the

z-axis is chosen along the direction of the externally applied
electric field. The Piekara coefficient in this notation becomes a
product of the number of dipoles N in the sample and the term
in the brackets in eq 1 quantifying the deviation of the statistics
of Mz from a Gaussian distribution
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Here, an ensemble average ⟨···⟩ is taken over the sample
configurations in the absence of the applied field, and ⟨Mz⟩ = 0
is assumed. The term in the brackets in eq 1 vanishes for a
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macroscopic sample with a large number of dipoles N as
stipulated by the central limit theorem. This is avoided by
multiplying the bracket term with N, thus producing a finite
value. Consequently, the Piekara coefficient describes the first
order, ∝ N−1, deviation of the statistics of the macroscopic
dipole moment from the Gaussian limit. The dipole moment of
the sample fluctuates due to conformational changes of
individual proteins, their density fluctuations, and their
rotations producing non-Gaussian statistics of Mz even in the
limit of infinite dilution.19

The NDE was shown11 to be highly sensitive to protein
dipole interactions responsible for the scaling a ∝ Mp

8 in the
regime dominated by dipolar correlations. Because of this
strong scaling, nonlinear dielectric spectroscopy can be used to
monitor protein conformations and, potentially, physiological
activity. IDPs or disordered domains of folded proteins20 can
be good candidates for observing NDE. Large fluctuations, by
both rotations and conformational flexibility, of IDPs’ dipole
moments are also expected to produce a significant increment
of the static dielectric constant of the protein solution ϵsol over
that of the pure solvent, ϵs. The goal of this Letter is to quantify
the linear and nonlinear dielectric response of IDPs. We
combine molecular dynamics (MD) simulations of IDPs in
force-field water with analytical theories delivering the
corresponding experimental observables, the dielectric incre-
ment, and the Piekara coefficient, based on MD parameters.
All simulations21 were carried out with the GROMACS

2018.1 software package.22 A 130-residue (1986 atoms, 13.8

kDa) K-18 domain of the Tau protein was chosen for this
study. The natural function of Tau proteins includes the
stabilization of microtubules in the axons of neurons.23 The K-
18 domain of Tau protein is a subdomain of the overall Tau
protein, consisting of four repeat microtubule binding
regions.24 Misfolding of Tau protein can lead to the formation
of aggregates. The force fields (FFs) chosen here to describe
K-18 are A03ws (AMBER03ws TIP4P/2005), A99*D
(AMBER99SBws TIP4P/2005), and C36m*(CHARMM36m
TIP3P), which incorporate modified protein−water interac-
tions as described in ref 21; notations in the brackets specify
the protein and water force fields. The FFs used here are
nonpolarizable. Given that calculations of the dielectric
response are based on the statistics of the dipole moment,
direct screening of the external field by electronic polarization
does not affect our calculations. According to general liquid-
state theories,25 molecular dipole moments get enhanced by
electronic polarization, and this effect might be missing from
the present simulations.
IDPs are highly disordered14 compared to folded proteins

and produce large and highly fluctuating dipole moments
(Figure 1A,B). The distributions of the radius of gyration26 Rg
follow the Gaussian statistics and are much broader than the
corresponding distribution for folded lysozyme (Figure 1C). In
contrast, the statistics of the protein dipole moment are very
different from the Gaussian statistics that are applicable to
lysozyme (Figure 1D) and require either log-normal or gamma
distributions to fit the simulation data (see Figure S3 for

Figure 1. Collapsed (A) and extended (B) conformations of the Tau K-18 domain (simulated with A03ws) with the magnitude and direction of
the dipole moment shown by red arrows. (C) The distribution of the radius of gyration Rg for A03ws is compared to the corresponding distribution
for lysozyme. (D) The distribution of the dipole moment magnitude, Mp = |Mp|, for A03ws and lysozyme. The dashed lines are fits of MD data to
Gaussian (C) and log-normal (D) distributions, and the widths of the red vertical lines correspond to the width of the corresponding distributions
for lysozyme.
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comparison). This result suggests that extended conformations
dominate in the distribution of the dipole moment27 resulting
in “fat tails” on the side of larger dipoles. While many IDPs
follow Gaussian size distribution,28 previous reports29−31

showed non-Gaussian size distributions resulting from
conformational substates. Our results contrast between the
Gaussian distribution of Rg and a strongly non-Gaussian
distribution of Mp. The dipole moment of folded proteins
scales, empirically, linearly with the protein size,32 suggesting
similar statistics. Different statistics between these two
parameters for IDPs do not allow for such a simple relation.
The NDE of IDPs has never been reported, and there are

very few studies reported so far of the linear dielectric response
of IDPs.33,34 We start by focusing on the linear dielectric
response of IDP solutions, followed with the analysis of the
NDE. The linear frequency-dependent dielectric function of
the solution is given in terms of the time autocorrelation
function of the solution dipole moment.35,36 The time scales of
relaxation of the water and protein dipoles are widely
separated, which allows us to look specifically at the time
correlation function of the protein dipole. We therefore focus
on the β-relaxation peak in the dielectric spectrum of the
protein solution.1 The corresponding normalized time
correlation function of the protein dipole moment Mp(t) is

= ·t M tM M( ) ( ) (0)p p p p
2 1

(2)

where ⟨Mp⟩ = 0 is assumed as confirmed by simulations
discussed below.
The time correlation function is next used in the standard

linear-response formalism37−40 to calculate the frequency-
dependent dielectric susceptibility. The connection between
ϕp(t) and the dielectric increment, Δϵsol(ω) = ϵsol(ω) − ϵs(ω),
of the solution (ϵsol(ω)) over the pure solvent (ϵs(ω)),
neglects typically small38−40 cross correlations between protein
and water dipole moments responsible for the δ-relaxation
peak in dielectric spectra of protein solutions.40

The frequency-dependent one-sided Fourier transform
(Laplace−Fourier transform) ϕ̃p(ω) (ω = 2πν) is obtained

from the fit of the time correlation function to a multi-
exponential function. The linear dielectric susceptibility
function of a single protein molecule in the simulation box
with the volume Ω follows from ϕ̃p(ω)

= +
M

k T
i( )

3
(1 ( ))p

p

B
p

2

(3)

To transform this result to conditions of dielectric
experiments, one next considers the solution dielectric
increment Δϵsol(ω) and assumes that the protein solution is
sufficiently dilute to make protein dipoles statistically
independent (the protein Kirkwood factor41 is equal to
unity). The variance of the protein dipole moment is scaled
with the number of noninteracting proteins Np dissolved in the
sample volume Ω. The resulting expression for the dielectric
increment of solution becomes40

= [ + ]c N M i( ) 2 (1 ( )) ( )p A p p p ssol
2

(4)

where cp = Np/(NAΩ) is the molar concentration of proteins in
the solution volume Ω, β = (kBT)−1 is the inverse temperature,
NA is the Avogadro number, and Gaussian units are used42 (in
SI units, 2π would be replaced with (2ϵ0)−1, where ϵ0 is the
vacuum permittivity). The second term in the brackets
accounts for the reduction of the volume occupied by water
when the solution is formed. Here, Ωp is the average volume of
a single protein and Δϵs(ω) = ϵs(ω) − ϵ∞, where ϵ∞ is the
high-frequency (electronic) limit of the dielectric function of
the solvent (water). This term is dropped in our calculations,
as it is typically small compared to the first term in eq 4.
The time correlation functions ϕp(t) from MD are shown in

Figure 2A. Good fits of the correlation functions to
multiexponential functions are achieved. The relaxation times
listed in Table 1 are integrated times.

= dt t( )p p0 (5)

Figure 2. (A) Normalized correlation function of the protein dipole moment ϕp(t) and of the unit vector of the dipole moment orientation ϕr(t)
(A03ws). The average correlation times are 160 ns (ϕp(t)) and 69 ns (ϕr(t)). Also shown is ϕ̅p(t) (eq 7). The dashed lines refer to
multiexponential fits. (B) Real (ϵ′) and imaginary (ϵ″) parts of the increment dielectric function referring to proteins in solution calculated from eq
4 at cp = 0.1 mM (1.4 mg/mL).

Table 1. Average ⟨Rg⟩, ⟨Mp⟩, and the Standard Deviation, σp (σp
2 = ⟨Mp

2⟩), of the Protein Dipole (Debye)a

FF ⟨Rg⟩b ⟨Mp⟩ σp χB χr
c τp τr Δϵsol(0)d

A03ws 3.43 794 786 0.211 0.394 160 69 5637
A99*D 4.04 807 827 0.188 0.378 128 120 6242
C36m* 3.20 556 626 −0.355 0.402 141 35 3247

aAlso listed are the non-Gaussian parameters χB and χr and the relaxation times of the protein dipole, τp, and of rotations of the dipole unit vector,
τr (ns). bAverage radius of gyration (nm); standard deviations are listed in Table S1 and distributions are shown in Figure S1. cTheoretical value for
the uniform distribution of orientations is χr = 0.4. dCalculated at cp = 0.1 mM (1.4 mg/mL).
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Laplace−Fourier transforms of the time correlation function
are used in eq 4 to produce the increments of the dielectric
function Δϵsol(ω) (of solution over water) shown in Figure 2B.
The dielectric constant of the solution is significantly increased
relative to the water solvent even at a submillimolar
concentration of the protein (Δϵsol(0) ≃ 5 × 103).
The dynamics of the dipole moment are driven by,

potentially coupled, dipole rotations and conformational
changes. To decouple these dynamics, one can look separately
at the rotational correlation function of the directional unit
vector of the protein dipole moment e(̂t) = Mp(t) /Mp(t)

= ·t te e( ) ( ) (0)r (6)

This time correlation function is well-fitted to decaying
exponents (Figure 2A). We have also explored if the dynamics
of protein rotations can be decoupled from the dynamics of
conformational changes. Given that Mp(t) = Mp(t)e(̂t), the
assumption of dynamical decoupling leads to the following
correlation function of the dipole moment

=t M M t M t( ) ( ) (0) ( )p p p p r
2 1

(7)

It is reasonably close to ϕp(t), except for a shorter tail,
presumably cut off by faster rotations (Figure 2A). One can
therefore view the IDP as a rotating dipole with conforma-
tional disorder sampled on time scales exceeding the rotational
correlation time (Table 1).
To proceed to the nonlinear response, one can start with

separating the statistics of protein rotations from statistics of
conformations (the two components are also dynamically
uncoupled, eq 7). Assuming an ideal solution (no interactions
between the protein dipoles) and uncorrelated protein
rotations, the distribution of polar angles θ projecting the
dipole moment on the polar axis, Mz = Mcos θ, becomes
uniform. The statistical averages in eq 1 become

=M M cosz
n

p
n

B
n

(8)

where ⟨Mp
n⟩B is the nth statistical moment of the dipole

moment in the body frame (subscript “B”). Assuming a
uniform distribution p(θ) = 1/2 for the polar angles θ, one
obtains

=
+m

cos
1

2 1
n

n m,2 (9)

One can therefore calculate the non-Gaussian parameter
characterizing conformational dynamics by rewriting eq 1 as

=
M

M
1

3

5B
p B

p B

4

2 2
(10)

Fluctuations of the dipole moment in this frame are equivalent
to fluctuations of the dipole moment magnitude Mp. The
parameter χB is zero if Mp satisfies the Maxwell distribution.
This is not the case for IDPs, and Mp follows the gamma
distribution (Figure 3A)

[ ]P x x x( ) exp /1 (11)

Equally good fits are obtained with the log-normal distribution
P(x) ∝ exp[−[ln(x/x0)]2/(2σ2)] (Figure S3). The average
values of the dipole moment and the distributions of dipole
moment magnitudes are distinctly different between AMBER
and CHARMM FFs. These differences are consistent with
histograms of the end-to-end distances, which closely reflect
the differences between the corresponding dipole moment
distributions (Figure S5).
The traditional theories of the NDE36,43 consider free

rotations of dipoles in the liquid as the origin of the nonlinear
dielectric response. In this case, the fluctuations of the dipole
moment are neglected, and one arrives from eq 1 at the
following expression for the rotational non-Gaussian parameter

=
e
e

1
3r

z

z

4

2 2
(12)

In the case of an isotropic distribution of angles θ, one obtains
⟨ez2⟩ = 1/3, ⟨ez4⟩ = 1/5, and χr = 2/5. We indeed find χr
calculated from MD to be close to this theoretical prediction
(Table 1 and Figure S2), confirming the isotropic distribution
of dipolar orientations and sufficient sampling of protein
rotations.
The model of free dipolar rotations produces a nonzero and

positive value of the non-Gaussian parameter in eq 1. This
result contradicts the Langevin model of dipolar saturation,
which always predicts a negative nonlinear dielectric response.
The reason for the discrepancy is the silent assumptions made
when the Langevin model for a single dipole in the external
field is extended to an ensemble of dipoles. These assumptions
include placing the dipoles to an incompressible solid and
neglecting their orientational correlations. The first assumption
is never satisfied for solutions, and the second requires
electrolyte screening.
The result for the Piekara coefficient in the limit of dilute

solutions of rigid dipoles44 can be generalized to the problem
of fluctuating dipoles. This solution is achieved by assuming
statistical independence between rotations and conformational
fluctuations of the protein dipole (see SI). Since nonlinear
experiments are mostly done with oscillating external fields
with the amplitude Em;

9 one replaces E2 with the Em
2 /4 in the

equations for the NDE.45 Assuming that the Piekara coefficient
connects Δϵ(Em) to Em

2, one obtains

Figure 3. (A) Distributions of the magnitude of the protein dipole Mp for FFs listed in Table 1. The dashed lines, nearly indistinguishable on the
plot scale for Amber FFs, refer to fits to gamma distributions with α = 11.2 (A03ws), 10.5 (A99*D), and 2.8 (C36m*). (B) Piekara coefficient (eq
19) vs cp at ci = 0.1 and 0.01 M.
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In this equation, only the binary correlations between the
protein dipoles in solution are included, and the higher-order
correlations are dropped. Correspondingly, the Piekara
coefficient includes the Kirkwood factor gK quantifying binary
orientational correlations between directional unit vectors e ̂
and the isothermal osmotic compressibility37,46−48 χT scaled
with the ideal-gas compressibility χT

id = (ρpkBT)−1; ρp = Np/Ω is
the number density of proteins in solution. When χT = χT

id, the
density fluctuations of proteins in solution follow the Poisson
distribution of the ideal gas. If orientations of ideal-gas dipoles
are uncorrelated (gK = 1) and the compressibility is equal to
the ideal-gas compressibility, the Piekara coefficient is positive.
The non-Gaussian parameter χB = χr = 2/5 in eq 13 for rigid
dipoles and the term in the bracket is equal to 3/5. When, on
the contrary, one assumes that independent dipoles are placed
at sites of an incompressible lattice, then χT = 0, and the
Piekara coefficient becomes negative in accord with the
Langevin model.36,43 The values −0.4 < χB < 2/5 in Table 1
indicate that neither the model of rigid rotating dipoles nor the
Gaussian model apply to IDP’s dipole moment.
There is yet another parameter in eq 13 that reflects the

statistics of conformational fluctuations of protein dipoles

=
M M

M
p p

p

3

2 2
(14)

One gets γ = 1 for rigid rotating dipoles and γ = 1 + (1 + α)−1

for the dipole moment distributed according to the gamma
distribution (eq 11). The latter result is close to the limit of
rigid dipoles for α ≃ 10 fitting the MD data for Amber FFs in
Figure 3A. We, however, obtained α = 2.8, γ ≃ 1.3 for the
CHARMM FF.
The previous theoretical study of the NDE of protein

solutions11 has shown that the first summand in eq 13, arising
from interactions between the protein dipoles, dominates for
most practical conditions unless at very low protein
concentrations. Electrolyte screening was not considered in
that work, and here we add ionic screening to evaluate
conditions allowing to extract χB from the Piekara coefficient.
The goal is to learn about conformational statistics of the IDP
from the NDE.
The starting point is the effective interaction potential for

proteins in solution. The interaction between probe dipoles Mp
at the distance r = |r1 − r2| in a dielectric with the dielectric
constant ϵs was analyzed by Høye and Stell49 and can be
written as follows

=u M e
D

r
(12)

(12)
s c p

r2 2
3 (15)

Here, κ is the Debye−Hückel screening length accounting for
the electrolyte screening, and D(12) = 3(e1̂·r)̂ (r·̂e2̂) − (e1̂·e2̂)
is a rotational invariant50 based on unit vectors e1̂,2 of two
protein dipoles. Eq 15 thus describes the dipole−dipole
interaction energy screened by electrolyte ions. The parameter
χc in this equation is the cavity field susceptibility. It is equal to
the ratio of the local field acting on the dipole and the field of
the external charges.51 The cavity field depends on the
boundary conditions applied to the solvent dipoles at the

dielectric cavity surface. The cavity field susceptibility can
generally be written as52

=
+

2( 1)
3 (2 1)c c

L s

s s

2

(16)

where χc
L = (2 + ϵs)/(3ϵs) is the Lorentz cavity field,

43 and the
parameter 0 ≤ α ≤ 1 switches between the Lorentz cavity at α
= 0 and the Maxwell cavity, 3/(2ϵs + 1), at α = 1. The Høye-
Stell derivation49 leads to χc

L in eq 15, as supported by
microscopic simulations.51 The cavity field susceptibility was
empirically found to be χc ≃ 1.2−1.4 for proteins.40,52

Protein conformations producing the non-Gaussian statistics
of the protein dipole moment contribute a small negative term
to the NDE of the protein solution (χB in eq 13), which is
subtracted from the osmotic compressibility term. Dipolar
orientational correlations lead to gK > 1 in eq 13. Perturbation
theories53−56 for gK can be used at sufficiently weak dipole−
dipole interactions producing the following result (SI)

=g y e1
17
16K p

2 2
(17)

The effective diameter of the protein σ, arising from the
repulsive protein cores in protein−protein interactions, enters
the exponential electrolyte screening term in gK. The
dimensionless polarity parameter36,43 yp for proteins in solution
is given by the equation

=y c
N

M c M
4

9p p
A

s c p p p
2 2 2

(18)

From eqs 17 and 18, one finds that gK scales as cp2⟨Mp
2⟩2 with

the protein concentration and its dipole moment.
To simplify the analysis, we rewrite eq 13 in a more practical

form for solutions at T = 300 K. Assuming the ideal-gas
compressibility at a sufficiently small protein concentration, χT

id

= (ρpkBT)−1, and adopting γ ≃ 1, one obtains

× +
Ä
Ç
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12
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( 1) 1p K B
18 2

(19)

Here, we have introduced the dielectric increment parame-
ter1,57 Δ = Δϵsol/cp often reported from linear dielectric
spectroscopy of protein solutions.
The magnitude and the concentration dependence of the

NDE are strongly affected by the electrolyte concentration.
When dipolar correlations are screened, one obtains gK − 1 ≪
1 and a ∝ cp⟨Mp

2⟩2. A positive contribution from gK − 1
becomes dominant with decreasing ionic strength, and the
NDE gains a strong, ∝ cp3⟨Mp

2⟩4, scaling with the protein
concentration11 (Figure 3B). This result is based on the
perturbation expansion for gK (eq 17). One anticipates that
mutual screening between the dipoles will result in saturation
of gK at higher protein concentrations and the return of a linear
scaling ∝ cp. Measurements of the crossover from a ∝ cp3 to a ∝
cp (Figure 3B) should help in establishing limits of applicability
of perturbation theories to gK and will potentially allow
building quantitative models of dipolar correlations of highly
polar solutes in solution. The effect of electrolyte is more
complex as ionic screening also affects IDP’s compac-
tion28,30,31,58,59 thus altering ⟨Mp

2⟩.
Assuming the conservative49 Lorentz form χc ≃ 1/3 for the

cavity field susceptibility,43 one obtains yp ≃ 12.9 at cp = 0.1
mM. Combined with this large number, a large dielectric
increment Δ ≃ 6.7 × 107 M−1 (A03ws in Table 1) results in a
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substantial NDE with a ≃ 3.3 × 10−7 (m/V)2 at room
temperature and the physiological ci = 0.1 M for the electrolyte
concentration entering the Debye−Hückel screening parame-
ter for water, = c /0.3i nm−1. The latter is combined in the
screening exponent in eq 17 with the protein diameter

= R2 5/3 g obtained from the average radius of gyration
in Table 1 assuming a spherical protein shape (this number
falls between Rg/Rh ≃ 1.5 for the θ solvent60,61 and Rg/Rh ≃
0.8−0.9 for a globule, Rh ≃ σ/2 is the hydrodynamic radius).
The resulting Piekara coefficient for protein solutions needs to
be compared to the Piekara coefficient of bulk water62 a =
−0.8 × 10−15 (m/V)2, which is 8 orders of magnitude lower.
Clearly, IDPs establish a high contrast to the nonlinear
response of the surrounding electrolyte solution.
The NDE due to dipolar correlations is positive, while the

standard assignment of the NDE to dipolar saturation in the
Langevin model produces a negative NDE.43 A negative
contribution to a also comes from the non-Gaussian statistics
of the dipole moment adding a term −χB in eq 13. The use of
perturbation theories for gK is conditioned on the assumption
that the interaction between the dipoles is less than kBT at the
average distance between them ⟨r⟩. Even though large dipoles
of IDPs strongly increase the interaction, it is mostly screened
by the electrolyte at ionic concentrations of ci ≃ 0.1 M for the
large average separation of ⟨r⟩ ≃ 32 nm at cp = 0.1 mM.
Correspondingly, one gets βu(⟨r⟩) ≃ 4.7 (eq 15) without
electrolyte screening and ≃10−14 when screening at ci = 0.1 M
is applied to IDPs in Table 1. The condition of weak
interactions between the dipoles extends to the protein
concentration of cp ∼ 10 mM at ci = 0.1 M. The range of
theory applicability is strongly affected by the electrolyte
concentration.
In summary, we find that large and strongly fluctuating

dipoles of IDPs in solution do not follow the Gaussian/
Maxwell statistics and are instead reasonably fitted by the
gamma/log-normal distributions. Large protein dipoles con-
tribute significantly to the dielectric increment of the protein
solution. A large dielectric increment for unfolded proteins
offers both the possibility of monitoring the protein folding
state and altering the dielectric constant of solution by protein
folding/unfolding. Mechanical forces are produced by
polarized solutions,63 and induction of mechanical forces by
protein denaturation, leading to a higher dielectric constant of
the solution, is an intriguing possibility. Non-Gaussian statistics
of the IDP’s dipole moment makes a relatively small
contribution to the solution NDE, which is dominated by
correlations of protein dipoles and solution’s osmotic
compressibility. The solution NDE is strongly affected by
electrolyte screening that controls the turnover between the
cubic, ∝ cp3Mp

8, and linear, ∝ cpMp
4, scalings of the NDE with the

protein concentration. The non-Gaussian parameter χB (Table
1) shows a noticeable sensitivity to FFs used in simulations
(also see Figures S1−S4). The NDE can thus be used for FF
development. We find that dipole moment distributions and
resulting nonlinear dielectric responses are highly sensitive
reporters of specific aspects of protein conformational
ensembles.
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