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ABSTRACT: Friction to translational diffusion of ionic particles in polar liquids
should scale linearly with the squared ion charge, according to standard theories.
Substantial slowing of translational diffusion is expected for proteins in water. In
contrast, our simulations of charge mutants of green fluorescent proteins in water
show remarkable insensitivity of the translational diffusion constant to protein’s
charge in the range of charges between —29 and +35. The friction coefficient is
given as a product of the force variance and the memory function relaxation time.
We find remarkably accurate equality between the variance of the electrostatic force
and the negative cross-correlation of the electrostatic and van der Waals forces. The
charge invariance of the diffusion constant is a combined effect of the force variance
and relaxation time invariances with the protein charge. The temperature
dependence of the protein diffusion constant is highly non-Arrhenius, with a
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fragile-to-strong crossover at the glass transition.

F riction produced by the medium on the diffusing particle
is the main factor that determines the diffusion constant D
through the Einstein equation

D'=p¢ (1)

Here, { is the friction coefficient and f = (kBT)_1 is the
inverse temperature. Following the original hypothesis of
Einstein," hydrodynamic friction has been applied to diffusion
of colloidal (Brownian) particles and even to individual
molecules in the form of the Stokes—Einstein equation
connecting { to liquid’s shear viscosity # and the particle’s
radius R: { = {3; = 62nR. Born suggested” that the Stokes—
Einstein description of friction is incomplete for multipoles
diffusing in polar liquids, where friction due to electrostatic
forces (dielectric friction) has to be included. Theories of
dielectric friction that followed’™ were based on Born’s
additivity assumption, allowing one to add the dielectric
friction coefficient {p, to the hydrodynamic component:® ¢ =
Cy + Cp. The result of this assumption is the prediction of the
inverse diffusion constant to scale linearly with the squared
ionic charge q for translational diffusion of ions." Likewise, the
inverse rotational diffusion constant is predicted® to scale
linearly with the squared dipole moment M

D' =Dy + ag*((6E)*)z,

D' = D, + bM*((SE)*)1, ®)
Here, D, = (B&;)"" and Dy, refer to hydrodynamic transla-
tional and rotational diffusion constants, respectively. The
numerical coefficients a, b are specified by analytical theories or

numerical simulations. Included in the above scaling is the
product of the relaxation time 75 and the variance ((6E)*) of
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the electric field of medium E acting on the diffusing multipole.
The product gE in the first equation is the magnitude of the
electric force acting on the moving ion. The dipole moment M
in the second equation affects the rotational diffusion constant
through the fluctuating torque MOE sin 8 connecting it to the
electric field fluctuation SE, where 6 is the angle between M
and OE. A statistical average over angles @ introduces a
constant parameter absorbed in proportionality constant b in
eq 2.

The anticipated scaling of the translational and rotational
diffusion constants with the corresponding solute multipoles
approximately holds for small ionic and dipolar solutes in water
when tested by molecular dynamics (MD) simulations, even
though the additivity assumption is consistently violated.”*
However, the standard theory seems to fail dramatically when
applied to the translational diffusion of proteins in water. First,
the relaxation time 7 is significantly longer for solvated
proteins than for small electrolyte ions and dipolar solutes.
Combined with a large variance of the electric field due to
elastic deformations of the protein surface carrying ionized
surface residues, the standard equations produce large friction
coefficients inconsistent with the reported diffusion constants
for proteins in water.® In addition, and in stark contrast to the
predictions of standard theories, a set of previous simulations
of azurin mutants in water’ with q changing from q = 0 to q =
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—Se produced D insensitive to g, implying no significant
dielectric friction. The theory-simulation contradiction was
explained by the breakdown of the Born’s additivity
assumption and strong cross-correlations between fluctuations
of osmotic (van der Waals, vdW) and electrostatic (E) forces
kicking proteins into diffusive motion. Friction from electro-
statics cannot, therefore, be separated from friction produced
by density fluctuations modulating vdW forces. The purpose of
this study is to show that strong E-vdW correlations are not
limited to a single set of protein mutants, to further explore the
molecular details of these cross correlations, and to clarify
reasons for the failure of standard theories of molecular
friction.

Here, we substantially extend the range of protein charges by
taking advantage of an exceptional stability of green
fluorescence proteins (GFPs) to charge mutations.'°™"* The
charge range to study protein diffusion is strongly broadened
to —29<z<35,q=ez (see the Supporting Information, SI).
We find a remarkable lack of sensitivity of D to changes in the
protein charge, even in this largely extended charge range. We
confirm the stability of the compensation relation between the
vdW-E cross-correlation and the electric force variance found
in previous simulations.”” We additionally study for the first
time the stability of this relation to temperature changes by
simulations of another globular protein, plastocyanin (PC) in
the range of temperatures 100—400 K in TIP3P water.'*
Remarkably, the compensation relation remains stable in the
entire temperature range, despite reported structural crossovers
of the protein hydration shell around the temperature of
dynamical transition."”™'® All protein simulations were
performed without electrolyte ions to avoid complications
from the electrolyte friction. The uniform background charge
arising from applying Ewald sums with the overall charged
simulation box'” does not affect our results because only the
field fluctuation SE enters our calculations.

The temperature dependence of the diffusion constant for
PC is found to be strongly non-Arrhenius, with signatures of
the strong-to-fragile crossover”’ near the glass transition of
hydration water at T,, ~ 170 K.'> This feature is related to
protein—water electrostatics, as the variance of the electrostatic
force acting from hydration water on the protein passes
through a sharp peak at T ~ 200 K. An even stronger peak, at
the same temperature, is found for the rotational relaxation
time of the protein dipole.

The standard Stokes—Einstein framework does not provide
a microscopic view of the physical forces promoting diffusion.
Einstein viewed diffusion as driven by osmotic forces," which,
in the modern language, can be identified with the collective
density fluctuations modifying vdW forces acting from the
interfacial liquid on the tagged particle. In contrast to the
Stokes—Einstein perspective, the Kirkwood equation allows
one to treat the problem from the perspective of physical
random forces acting on the diffusing particle. The starting
point here is the memory equation®' for the velocity-velocity
autocorrelation function C,(t) = (v(t) -v(0)). The correspond-
ing normalized correlation function, ®,(t) = C,(¢)/C,(0),
satisfies the memory equation®"*”

a0 + [ (i - 00 = 0 o

Here, the memory function M,(t) propagates short-range,
local dynamics to more collective dynamics of ®,(t).”> The

memory function M,(t) can be factorized into its t = 0 value
and a normalized time-dependent function m(t)

¢ _ B
v  3M

M,(t) = M,(0)m(t), M,(0) = ((6F)*)

Q)

where M is the mass of the diffusing particle. The Fourier—
Laplace transform of eq 3 yield

O (w) = [—iw + M, ()] (s)

where tildes denote the Fourier—Laplace transforms of the
corresponding time dependent functions.

Equation 5 connects the diffusion constant,”’
D = ((v*)/3)®,(0), to the statistics and dynamics of random
forces

_ 1
D' = ZpH(SF))s
RGOS ©
The friction coefficient in the Einstein eq (eq 1) is thus the
product of the force variance and the integral memory
relaxation time

[Se]
7. = m(0) = f dtm(t)
" 0 (7)
Equation 6 is exact, while the Kirkwood equation is an
approximation replacing 7,, with the force relaxation time 7y,
that is the area under the curve of the normalized force—force
time correlation function

TF:/O dtDp(t) ()

where

@(t) = ((5F)*)"'(SE(t)-6F(0)) )

One obtains 7,, = 7z in eq 6, restoring the Kirkwood
equation, when the solute is much heavier than the solvent.***
Deviations from the exact formula can be derived as a series
expansion in the square root of the ratio of the solvent, m, and
solute, M, masses.”” Recent molecular dynamics (MD)
simulations have shown that this expansion starts with the
second-order term and the first nonvanishing correction scales
as m,/M.”* Based on this scaling, diffusion of proteins in water
is expected to follow the Kirkwood equation. However, we find
from our MD simulations that z,, ~ 275 while both of them
maintain essential independence of the protein charge (Table

1).

Table 1. Relaxation Times of Component Forces and of the
Total Force (ps)”

z (M), D T 7y T T T 7,
-29 354 1.28 0.60 0.012 0.023 1871 1837
-15 413 1.09 0.50 0.013 0.025 14968 20121
—6 293 1.14 0.64 0.013 0.027 1104 1125
10 309 1.48 0.69 0.016 0.028 1740 1855
25 256 1.61 0.78 0.016 0.029 5288 5113
35 510 2.13 1.05 0.014 0.026 3475 3795

“Also shown are the integral memory time 7,, calculated from D and
((5F)*) in eq 6 and the relaxation time of the protein dipole 7,; and
the rotational relaxation time 7,.

https://doi.org/10.1021/acs.jpclett.4c02062
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The memory relaxation times 7,, in Table 1 were calculated
from the force variance discussed below and the diffusion
constant of proteins according to eq 6. The diffusion constants
D are from MD simulations of protein mutants of GFP and PC
in the temperature range of 100—400 K. The calculations use
mean-squared displacements (MSD) {(Ar*(t)) according to the

relation

Dyp = (6t)(AF(2)) (10)

The diffusion constants from MD, Dy, were corrected for the
finite size of the simulation box according to the following
equation25

D = Dy + 2.837297k;T/(6mmL) (11)

where L is the length of the simulation box and # is the solvent
viscosity for which the value for TIP3P, n = 0.306 cP, was
adopted.”® Our diffusion constants (Table 2) are somewhat

Table 2. D (ﬂmz/ s) According to eqs 10 and 11 vs the
Charge q = ze of GFP Mutants

z Dyp D
-29 22.01 22.03
—-15 23.65 23.67
—6 20.83 20.85
10 20.42 20.44
25 20.84 20.86
35 21.08 21.10

lower than =~ 82—87 um?/s*’ " reported for GFPs in water.

Experimental diffusion constants are lower for eukaryotic
cytoplasm, =~ 27 um?/s.>" A quantitative agreement between
experimental and simulated diffusion constants is not
anticipated with the existing force fields given that even the
self-diffusion constant of bulk water is not reproduced by the
TIP3P model (5.48 X 1075 cm?/s for TIP3P vs 2.30 X 107°
cm?/s for water®?). The results for GFP mutants are compared
to azurin mutants’ in Figure la. We note that the ratio of
diffusion coefficients for two sets of proteins is inconsistent
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Figure 1. (a) Diffusion constants of GFP (circles) and azurin (AZ,
diamonds) mutants’ vs the protein charge q = ez. The ratio of average
values (horizontal lines) is 2.45. The ratio of GFP and arurin radii is
1.34 (R(GFP) =~ 19.3 A, R(AZ) ~ 14.4 A, see SI). (b) Components
of the force variance S*((6F)*)/3 (A™?). The dashed lines show
polynomial fits of the vdW component of the variance (32921.5 +
4.103762% A™%) and of the total variance (17341.9 + 1.35959z% A™2).
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with the ratio of the corresponding radii, which one would
anticipate from the Stokes—Einstein law.

We confirm here the finding for azurin of a compensation
relation® between the vdW (Lennard-Jones, L]) and electro-
static forces acting from water on the protein. This general
result was confirmed for diffusion of gold nanoparticles® and
even for self-diffusion of water.”* Compensation arises from
separating the total force F = Fy + Fy; acting on the protein
from water to the electric, Fg, and LJ, Fyj, components. The
force variance is then a sum of component variances and a
cross term

((58)*) = ((5Fy)") + <(5FL))2> + 2(0Fg-Fyy) (12)
We found (Table 3) that the relation®’
<(5FE)2> = _<5FE'FLJ> (13)

Table 3. Variances of Electrostatic and L] Force
Components and Their Cross Term vs the Protein Charge®

z E Ly E-LJ total
-29 18461 38037 —18469 19560
-15 15699 32982 —15728 17226
—6 16091 33546 —16094 17449
10 15616 33027 —15609 17425
25 18105 34494 —18079 16440
35 18635 36975 —18630 18350

“All parameters are given as f*((6F)*)/3 (A™%) consistent with eq 6.

holds very accurately, thus yielding a compensatory relation
between the component variances in the total force variance

<(5F)2> = <(6FLJ)2> - <(5FE)2> (14)

While eq 14 holds very accurately, one also finds an
approximate relation ((SF)*) ~ ((8Fy)*) (Figure 1b), which,
however, does not hold for azurin mutants.’

Equation 14 results in a cancellation of changes of

component variances with the protein charge. Both ((5FLJ)2)

and ((5F;)*) increase with the protein charge g = ez and can
be approximated by broad parabolas of z (a + bz?, dashed lines
in Figure 1b). However, there is much less variation of the
total variance with z because of the compensation. The near
independence of D of the protein charge is a combined effect
of the constancy of the force variance (Table 3) and the
constancy of 7,, and 7y (Table 1).

Table 1 additionally lists the relaxation times of the
component forces (LJ and E), along with the values of 7
and 7,,. The reported relaxation times are integrals of the
corresponding time correlation functions

ru=/0 dtS,(t) (15)

where a = E, L], F (the fitting protocol for the correlation
functions is explained in the SI). Relaxation of the electrostatic
force is the slowest among the correlation functions considered
(Figure 2), with relaxation of the total force occurring on a
time scale about 2 orders of magnitude faster. The strong
cross-correlation between E and L] components seen for the
force magnitudes also extends to the dynamics: the total force
is always much faster than the component forces.

https://doi.org/10.1021/acs.jpclett.4c02062
J. Phys. Chem. Lett. 2024, 15, 9502—9508
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Figure 2. Normalized time autocorrelation functions S,(t), a = Tot, E,
LJ of the total force and of the force components for GFP with z =
—6. The dashed lines show fits to analytical functions (see SI).

Table 1 also reports two additional relaxation times related
to the dynamics of the protein dipole moment: the dipole
moment relaxation time 7, and the rotational relaxation time
7,. The former characterizes the normalized time correlation
function of the protein dipole M(t)

Dy (1) = ((8M)*) 1 (5M(t)-5M(0)) (16)

where 6M(t) = M(t) — (M). The dipole moment is also used
to determine the unit vector &(t) = SM(t)/8M(t) and the
corresponding rotational correlation function

@ (t) = (&(t)-e(0))

The relaxation time 7, is the time integral of ®@,(t).
The rotational relaxation time 7, and the rotational diffusion

(17)

constant D, = (27,)”" are expected to be altered through the
changing dipole moment of the solute affected by random
torques of the medium. A linear scaling of 7, with the squared
protein dipole (M)? predicted by classical theories of dielectric
friction® (eq 2) is not supported by the present data (Figure S4
in SI). Predictions of standard theories of dielectric friction are
thus violated for both the translational and rotational diffusion
of proteins.

Figure 3 shows the temperature dependence of the diffusion
coefficient for PC. The overall temperature law for this linear
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Figure 3. In[D(T)] vs 1/T for PC. The solid line shows the fit to the
VTF temperature law, D(T) = D, exp[—B/(T — T,)] with D, = 227
um?/s, B = 242 K, and T, = 130 K. The dashed line shows the
Arrhenius fit of three low-temperature points at T = 120, 130, 140,
150, and 170 K. Also shown are the experimental viscosity of bulk
water®® and of SPC/E water.*® These two lines are shifted vertically to
fit the scale of the plot.

transport coefficient is non-Arrhenius, similar to the diffusion
constant for pure water and fragile glassforming materials.”” A
more careful analysis, however, reveals a fragile-to-strong
crossover’® of D(T): the temperature dependence is non-
Arrhenius at T > T, ~ 170 K, followed with the Arrhenius
temperature law at lower temperatures. Note that T, ~ 170 K
is often identified with the glass transition of the protein

hydration water,'> which is somewhat higher that the glass
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transition temperature of bulk water, ~165 K*”*° (previously
identified at 136 K*'). The solid line in Figure 3 is the fit to the
Vogel—Tammann—Fulcher (VTF) temperature law In[D] o
B/(T — T,). The fit results in the Kauzmann temperature®’ T,
~ 130 K. It appears that the glass transition of the hydration
shell intervenes before the anticipated divergence of the
relaxation time. Also shown in Figure 3 are viscosities of bulk®
and SPC/E* water (no n(T) data for TIP3P water are
available, to the best of our knowledge). It is clear that 7(T)
does not match D(T) for PC. This means that the Stokes—
Einstein equation does not globally describe the protein
diffusion constant,** and peculiarities seen in Figure 3 should
be related to interfacial and not bulk water.

The compensation relation (eq 13) remains very accurate
when considered as a function of the temperature. Figure 4a
shows the results for the PC in TIP3P water (see SI for the
simulation protocol). Equation 13 is satisfied in the entire
range of simulated temperatures 100—400 K (red circles vs
black crosses, Table S4 in SI). The total force variance scaled
with > shows a smooth variation with temperature (filled
circles in Figure 4a). In contrast, the electrostatic component
ﬂz((ﬁFE)z)/?) passes through a distinct maximum at ~200 K.
The approach of the electrostatic force variance to the
transition temperature from above is well described by the
T2 functionality.

The crossover at T, =~ 170 K is reflected in the system
dynamics. The relaxation time of the protein dipole 7,(T),
which is representative of the protein rotational dynamics, rises
sharply on approach to T (Figure 4b) and drops below this
temperature, similarly to the variance of the electrostatic force
in Figure 4a. The rotational relaxation time as predicted by
hydrodynamics, 7o, = 4pn(T)R® (1, = (2D,,)"" in eq 2), is
compared to MD results in Figure 4b with #(T) taken for
SPC/E water.”® The agreement is poor given differences
between SPC/E’s #(T) used in the plot and TIP3P water used
in the present simulations and potential distinctions in
viscosities of interfacial and bulk water. Importantly, the non-
Arrhenius character of 7(T) of bulk water does not account for
high dynamical fragility’” shown by 7),(T).

The crossover temperature also marks a change in the non-

Gaussian parameter”** of the dipole moment (Figure 4c)
(18)

One finds y = 0 for a freely rotating vector 6M satisfying
Gaussian statistics with a zero mean. A change in y signals an
alteration in the statistics of the protein dipole moment at the
crossover temperature. Finally, we find that a strong separation
between the component relaxation times 7g;; and the total
relaxation time 7 (Table 1) exists only at high temperatures
and all three times become close to each other at T < T,
(Figure 4d and Table S3 of SI). The crossover temperature
T oss thus marks a dramatic change in both the statistical and
dynamical properties of protein hydration water.

To summarize, we report new results from MD simulations
of diffusion of proteins in water, invalidating classical theories
of dielectric friction, which predict a strong correlation of
translational/rotational diffusion constants with the molecular
multipole of the diffusing particle (eq 2). The failure of these
theories is linked to the incorrect assumption of friction
additivity for osmotic (vdW or LJ) and electrostatic forces
acting on the protein from water. We instead find a remarkable
insensitivity of the diffusion constant to the protein charge

x=1-3((6M)*)/(5((6M)*))

https://doi.org/10.1021/acs.jpclett.4c02062
J. Phys. Chem. Lett. 2024, 15, 9502—9508
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Figure 4. (a) Components of the force variance f*((SF)*)/3: E (red circles), negative of E—L] (crosses, coinciding with the E component on the
plot scale), and the total variance (black circles) vs T. The fit of the high-temperature data (T > 200 K) is with the a + b/T” function and the low-
temperature data (T < 200 K) are fitted to a quadratic function (dashed lines). (b) Relaxation time 7,(T) (black triangles) of the dipole moment
(eq 16). The dashed line shows the VTF fit with 7, = 2750 ps, B = =193 K, and T, = 140 K. The dash-dotted line shows the hydrodynamic
rotational time, 7,, = 47fy(T)R?, with R(PC) = 14.1 A and 7(T) for SPC/E water.*® (c) The non-Gaussian parameter y(T) (eq 18, black
triangles). The dashed lines are linear fits to guide the eye. (d) Force relaxation times 7,(T), a = E, L], Total. All simulation results refer to wild-

type PC.

varied here in a significantly broader range than attempted
before. In contrast to diffusion in dilute solutions, the
asymmetry of GFP’s diffusion constant in cytosol in respect
to its charge sign has been related to ribosomal and RNA’s
negative charges.*’

The invariance of the diffusion constant in water with
respect to the protein charge is a combined effect of the charge
invariance of both the force variance and the force relaxation
time. The Kirkwood relation for the diffusion constant is found
to yield the diffusion constant within a factor of ~2 when
applied to proteins. At the same time, the Stokes—Einstein
equation for the diffusion constant does not predict its scaling
with the protein radius and is inconsistent with the
temperature dependence of the diffusion constant.

Both a strongly non-Arrhenius D(T) and the strong-to-
fragile crossover at the glass transition temperature T, =~ 170
K found here still require explanation. The standard view of
the origin of such phenomena is in terms of collective
dynamics, involving many liquid particles, in low-temperature
and metastable liquids.””**” In contrast, this behavior is
found here for the diffusion of a single protein. The protein
diffusion constant is affected by interfacial hydration water,
which is mostlg broken in dipolar domains oriented by local
electric fields'® and frustrated through their incompatible
orientations.”® It is not clear why this mosaic interfacial
structure should promote a non-Arrhenius D(T), unless
surface domains propagate into the bulk on approach to T
On the other hand, many of the features of the low-
temperature dynamics of liquids arise from an increasing
impact of electrostatics at low temperatures.” We indeed find a
strong increase of the temperature reduced electrostatic force

variance *((6F;)*) on approach to T and a substantial
spike in the relaxation time of the protein dipole reminiscent of
critical slowing down.*’

Because of the compensation between the electrostatic and
L] forces required by mechanical equilibrium, a spike in the
electrostatic variance is accompanied by a corresponding spike

9506

in the L] variance (Figure SS of SI) to allow a smooth variation
of the total variance with temperature (Figure 4a). Despite
singularities in the temperature dependence of statistics and
dynamics of component forces, the overall force variance, the
force relaxation time, and the diffusion constant do not show
any nonuniform features. Glass arrest of protein diffusion
occurs in our study by lowering temperature but can be
achieg{)e?1 by altering the ATP concentration in bacterial
cells.””
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