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ABSTRACT: A known imbalance between intra-protein and protein−water
interactions in many empirical force fields results in collapsed conformational
ensembles of intrinsically disordered proteins in explicit solvent simulations that
disagree with experiments. Multiple strategies have been introduced in the literature to
modify protein−water interactions, which improve agreement between experiments
and simulations. In this work, we combine simulations with standard and modified
force fields with a spatially resolved analysis of solvation free energy contributions and
compare the consequences of each strategy. We find that enhanced Lennard-Jones
(LJ) interactions between protein atoms and water oxygens primarily improve the
solvation of nonpolar functional groups of the protein. In contrast, modified electrostatics in the water model or strengthened LJ
interactions between the protein and water hydrogens mainly affect the hydration of polar functional groups. Modified electrostatics
further impact the average orientation of water molecules in the hydration shell. As a result, protein−water interactions with the first
hydration layers are strengthened, while interactions with water molecules in higher hydration shells are weakened. Hence, distinct
strategies to balance intra-protein and protein−water interactions in simulations have qualitatively different effects on protein
solvation. These differences are not necessarily captured by comparisons to experiments that report on global parameters describing
protein conformational ensembles, e.g., the radius of gyration, but will influence the tendency of a protein to form aggregates or
phase-separated droplets.

■ INTRODUCTION
While the structural information for folded proteins continues
to grow1−4 and de novo predictions are feasible,5−7 the
discovery of intrinsically disordered proteins (IDPs) that lack
folded domains8−11 challenges the structure−function para-
digm in molecular and structural biology. In addition to IDPs,
many proteins with folded domains contain extensive intrinsi-
cally disordered regions (IDRs), which are required for
function.12,13 IDPs and IDRs constitute about 33% of the
total eukaryotic proteome, while in humans, this fraction is
found to be closer to 50%.14,15 The expression of IDPs is often
tightly regulated in the cell,16 and they exhibit a wide range of
biological functions such as cellular signaling17 and molecular
recognition.18,19 The biological function of some IDPs and
IDRs can be tied to folding or partial folding, e.g., upon
binding to a specific target,20,21 but the formation of high-
affinity complexes has been reported even for fully unfolded
IDPs.22

IDPs are involved in multiple diseases, such as cancer,
amyloidosis, and neurodegenerative diseases.23−27 To shed
light on the pathological behavior of IDPs and the relationship
between their sequence, function, and characteristic features
such as the tendency for liquid−liquid phase separation,28−31
we need to understand how conformational ensembles
accessible to IDPs in solution depend on interactions with
their molecular environment. In principle, structural and
dynamical properties of conformational ensembles explored

by IDPs can be characterized in small-angle X-ray scattering
(SAXS), nuclear magnetic resonance (NMR), and Förster
resonance energy transfer (FRET) experiments,32−34 while
atomistic molecular dynamics (MD) simulations provide a
valuable tool to obtain the underlying microscopic pic-
ture.35−37 However, MD simulations with standard empirical
force-field models typically fail to reproduce experimental
observations and tend to predict overly compact conforma-
tions of solvated IDPs.35,36,38 This led to the development of
IDP-specific protein force-field parameters, which re-weight
dihedral angles to modify the conformational ensembles of
IDPs in simulations.39 However, the shortcomings of
simulations with standard force fields to describe IDPs are
more commonly ascribed to an imbalance between non-
covalent interactions within the protein, which stabilize
compact states, and protein−solvent interactions, which
stabilize extended conformations with a higher solvent-
accessible surface area (SASA).35,36,38
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This motivated multiple strategies to modify standard force
fields to improve their ability to reproduce experimental
results.37 In one approach that combines protein force fields in
the AMBER family40−42 with the TIP4P/2005 water model,43

Lennard-Jones (LJ) interaction energies between water
oxygens and protein atoms have been increased by
10%.36,44,45 Using a similar strategy, scaled LJ interactions
between water hydrogens and protein atoms were proposed for
the CHARMM36m force field46 in combination with the
TIPS3P water model47 (a modified version of the TIP3P48

water model used in CHARMM that includes water hydrogen
LJ sites). In a different approach, Shaw and co-workers re-
parameterized the TIP4P water model to improve dispersion
interactions between the protein and the solvent while also
modifying electrostatics and parameters in AMBER-type
protein force fields.35,49−51 Encouraging results have also
been achieved with new types of water models that emphasize
the role of electrostatics and charge distributions over
molecular geometry.52,53

In each of the cases cited above, modified protein−water
interactions result in more favorable extended conformations
for IDPs in solution and improve the agreement between
atomistic simulations and experimental data. However, the
thermodynamic consequences of modified protein−water
interactions for the solvation of proteins have so far only
been analyzed for side-chain analogues.36,37 A more detailed
analysis of protein solvation free energies including a
decomposition of local enthalpic and entropic contributions
has so far been missing. The latter is key to understanding the
microscopic consequences of modified protein−water inter-
actions that remain hidden by comparisons to structural
parameters obtained in experiments.
In this study, we simulated the intrinsically disordered K-18

domain of the Tau protein32,54 with varying combinations of
standard and modified proteins and water force fields. In
addition to an analysis of the conformational ensembles
obtained with each simulation model, we analyzed the protein
solvation free energy and its enthalpic and entropic
contributions for a selected conformational state with spatial
resolution using the previously developed 3D-2PT (3D-two-
phase thermodynamics) approach.55,56 Our analysis reveals
that distinct strategies for the modification of protein−water
interactions have distinguishable thermodynamic consequen-
ces. Further, protein solvation is not just affected globally, but
each modification of force-field parameters results in unique

changes in the solvation thermodynamics of polar and non-
polar groups of the protein that affect the conformational
ensembles sampled in simulations.

■ METHODS
Conformational Sampling. All simulations were per-

formed using the GROMACS 2018.157 software package. We
chose the K-18 domain of the Tau protein as an example to
study the impact of varying force-field parameterizations on the
solvation of IDPs and their thermally accessible conformational
space.32,54 We used four pairs of force-field parameters in our
simulations, each containing one set of standard parameters
and one set with modified protein−water interactions intended
to stabilize extended conformations and improve agreement
with experiments. We provide a list of the pairs of force-field
parameter sets and modifications applied to protein−water
interactions in Table 1, where we also introduce shorthand
notations used throughout this work. The A03w and A99w
protein force fields are modified versions of AMBER03 and
AMBER99SB for use in combination with the highly optimized
TIP4P/2005 water model.43,44 In A03ws and A99ws, the ϵ
parameter that describes the strength of LJ interactions has
been scaled by a factor of 1.10 for interactions between protein
atoms and water oxygens.36,44 In A99*D, the four-site water
model has been re-parameterized with increased dispersion
interactions (affecting protein−water and water−water inter-
actions simultaneously) and a larger water dipole moment that
modifies electrostatic interactions and screening.35 The
resulting TIP4P-D water model shares its geometry with the
TIP4P/2005 water model that we use here as a reference in the
A99* system without modifying the protein force field. To
ensure that our results do not depend on this combination of
protein and water force fields, we performed an alternative
version of our analysis with the TIP4P-Ew water model58 as a
reference for comparisons to TIP4P-D (A99*Ew). Lastly, in
the C36m* model, the ϵ parameter for LJ interactions between
protein atoms and water hydrogens has been increased by a
factor of ∼2.17.46 The existence of such interactions is a
specific feature of the TIPS3P water model, which has been
developed in conjunction with the CHARMM force-field
family for proteins.47

To generate an initial atomistic structure model for MD
simulations of the protein, we selected the first backbone
conformation for the K-18 domain of Tau in the PED00017
entry of the protein ensemble database (PED)60 (6AAC in a

Table 1. Force-Field Parameter Sets Used in MD Simulations of the K-18 Domain of the Tau Protein

system name protein FF water FF modification

A03w AMBER03wa TIP4P/2005b none

A03ws AMBER03wsc TIP4P/2005b
1.10 scaling of LJ-

O ,Xw p

A99w AMBER99SBwc TIP4P/2005b none

A99ws AMBER99SBwsc TIP4P/2005b
1.10 scaling of LJ-

O ,Xw p

A99* AMBER99SB*-ILDNd TIP4P/2005b none
A99*Ew AMBER99SB*-ILDNd TIP4P-Ewe none
A99*D AMBER99SB*-ILDNd TIP4P-Df re-parameterized water model
C36m CHARMM36mg TIPS3Ph none

C36m* CHARMM36mg TIPS3Ph
2.17 scaling of LJ-

H ,Xw p

aReference 44. bReference 43. cReference 36. dReference 59. eReference 58. fReference 35. gReference 46. hReference 47.
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previous version of the PED32). We then used the SCWRL4
package61 to add the missing side chains, which resulted in
1986 protein atoms for the 130 amino acid residues. We set
the protonation state of each amino acid residue according to a
pH of 7 based on standard side chain pKa’s in solution. We
then solvated the protein in a cubic box with a 164 Å side
length by adding approximately 145,000 water molecules and
828 ions (409 of Na+ and 419 of Cl− ions), neutralizing the
protein charge and resulting in a physiological salt concen-
tration of 150 mM. Salt can influence the conformational
ensemble and phase separation behavior of IDPs via
electrostatic screening and salting-out effects, as discussed in
recent work by Zheng et al.62

We applied periodic boundary conditions (PBCs) in all
dimensions and used the particle mesh Ewald algorithm63 to
describe long-ranged electrostatics using a 1.2 Å real space
grid. We used a 10 Å real space cut-off for short-ranged
electrostatic and LJ interactions, constrained all bond lengths
in the protein with the LINCS64 algorithm, and constrained
the geometry of all water molecules in the system with
SETTLE.65 Simulations with all force fields were preceded by
1500 steps of energy minimization with the steepest descent
algorithm.
We then equilibrated each system in the isothermal−isobaric

ensemble (NPT) at 300 K and 1 bar for 1 ns using a time step
of 1 fs, a velocity rescaling thermostat66 with a 0.1 ps time
constant, and a Berendsen weak-coupling barostat67 with a
time constant of 2.0 ps. For each system, we then performed 1-
2 μs simulations in the NPT ensemble at 300 K and 1 bar using
a time step of 2 fs and a Nose−Hoover thermostat68 and a
Parrinello−Rahman barostat69 with a time constant of 2.0 ps to
sample the conformational space. We monitored the conforma-
tional dynamics of the simulated proteins via the root mean
squared displacements (RMSDs) from the initial structure, the
radius of gyration (RG), and the SASA and considered the first
200 ns of each trajectory as additional equilibration time.

Solvation Thermodynamics. For an in-depth analysis of
the solvation thermodynamics with 3D-2PT,55,56,70 we selected
a moderately compact structure (RG = 24.6 Å) with an
extended SASA of 14,100 Å2 from the A03ws (see Table 1)
simulation. This specific structure was chosen due to the
simultaneous presence of fully extended and partially collapsed
portions of the protein (see Results).
For the 3D-2PT analysis, we followed procedures in

previous work70−74 and performed an additional set of
simulations during which the protein conformation was kept
fixed, while hydration water configurations were sampled. For
this purpose, position restraints with a force constant of 5000
kJ mol−1 Å−2 were applied to all protein atoms during all the
following steps. First, we re-solvated the protein in its selected
conformation with 30,000 water molecules in a 100 Å × 100 Å
× 100 Å cubic simulation box and generated topologies for all
force-field models described in Table 1. After performing a
steepest descent energy minimization, we equilibrated each
system for 1 ns in the NPT ensemble using a Berendsen weak-
coupling thermostat and barostat67 with a time constant of 1
ps, a reference temperature of 300 K, and a reference pressure
of 1 bar. The applied position restraints maintained the RMSD
for all protein atoms below 0.1 Å. Following the equilibration,
we performed for each system 10 ns simulations in the NVT
ensemble at 300 K using a Nose−Hoover thermostat with a
time constant of 1 ps.75 From this simulation, we extracted 100
independent solvent micro-states (coordinates and velocities)
at regular 100 ps time intervals. These microstates were then
used to initialize NVE simulations of 100 ps length, which were
used for the 3D-2PT analysis. In these simulations, the
integration time step was set to 1 fs, and coordinates and
velocities were stored every 8 fs.
The 3D-2PT analysis, which is described in detail in ref 55

and in the Supporting Information, was carried out on a 98 ×
98 × 98 analysis grid with a grid constant of 1 Å. The grid was
used to compute local contributions to the solvation enthalpy,

Figure 1. Time traces of the protein RG in MD simulations of the K-18 domain of the Tau protein with distinct sets of force-field parameters (see
Table 1). An equilibration time of 200 ns is highlighted and excluded from further analysis. Dashed horizontal lines indicate averages, and shaded
gray backgrounds represent standard deviations due to conformational fluctuations. The numerical values are given as insets, and histograms of RG
are indicated on the alternative y-axis.
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ΔHsolv, and solvation entropy, ΔSsolv, which are combined to
describe contributions to the solvation free energy, ΔGsolv.

G H T Ssolv solv solv= (1)

Ignoring negligible contributions from volume work, ΔHsolv is
computed as a sum of pair-wise solute−solvent (uv)
interactions, ΔUuv, and changes in solvent−solvent (vv)
interactions, ΔHvv, caused by the presence of the solute. A
similar separation is performed for ΔSsolv based on Ben−
Naim’s proof that solute-induced changes of the enthalpy and
entropy cancel out exactly.76,77

H T S 0vv vv = (2)

Hence, ΔGsolv can alternatively be described as the sum of
enthalpy and entropy changes caused solely by solute−water
interactions.

G H T Ssolv uv uv= (3)

As described in the Supporting Information, contributions to
each term are computed per voxel of the analysis grid, either as
an average local contribution per water molecule or as a spatial
density. The latter can be summed over all voxels of the
analysis grid or a fraction of it, e.g., to obtain the total solvation
free energy or contributions from distinct components of the
hydration shell, respectively.

■ RESULTS AND DISCUSSION
Comparison of Conformational Ensembles. We begin

our analysis of the impact of force-field modifications on
simulations of IDPs in solution with a comparison of
conformational ensembles. For this purpose, we performed
microsecond timescale simulations of the K-18 domain of the
Tau protein.
As a reference, we used simulations with force-field

parameters from the AMBER and CHARMM families that
have been optimized for simulations of folded proteins (A03w,
A99w, A99*/A99*-Ew, and C36m in Table 1).44,46,59 We then
compared results from these reference simulations to
simulations with modified force fields optimized to improve
the description of IDPs in solution either via explicit
modification of protein−water interactions or a re-parameter-
ization of the water model (A03ws, A99ws, A99*D, and
C36m*, see Table 1).35,36,44,46
In Figure 1, we plot the time evolution of the radius of

gyration RG of the protein for all sets of simulations. The
results show that the K-18 domain quickly collapses into a
compact conformation in simulations with standard force-field
parameters (A03w, A99w, A99*, and C36m), resulting in an
average RG between 20 and 22 Å with minor fluctuations. The
sampling of these systems was stopped after 1 μs due to the
lack of conformational changes after the collapse. These
observations are in agreement with previous simulation studies
of other protein systems using standard force fields but are
incompatible with experimental observations.36,38,46

Experimentally, the average radius of gyration of the K-18
domain was determined as (33.7 ± 7.6) Å by Blackridge and
co-workers using chemical shifts and residual dipolar
couplings.32 All modified force fields optimized for simulations
of IDPs tested in this study generate conformational ensembles
that are in much better agreement with this experimental
result. We extended simulations with these force fields up to
2−3 μs to sample conformational fluctuations. Especially
simulations with scaled LJ interactions between protein and

water atoms (A03ws, A99ws, and C36m*) accurately
reproduce the experimental average, while simulations with
the TIP4P-D water model (A99*D) slightly overshoot and
predict an average radius of gyration that is too large.
A complementary comparison of the conformational

ensembles generated in our simulations to single-molecule
FRET data78 is provided in Figure S1 of the Supporting
Information. The experiments report an average Cα−Cα
distance between the two cysteine residues of the K-18
domain of 38 Å. This distance is significantly smaller in
simulations with standard force fields (20−24 Å), which
matches our observations for RG. For simulations with
modified force fields, A03ws shows close agreement with the
experiment, while we observed larger average distances of 45-
50 Å for A99ws, A99*D, and C36m*, albeit with large
fluctuations.
Both the NMR and single-molecule FRET experiments were

performed in 50 mM sodium phosphate buffer at pH
6.8,32,78,79 which corresponds to an ionic strength of 78 mM
(Debye length 10.9 Å). Compared to the salt concentration in
our simulations (150 mM, Debye length 7.8 Å), we expect
decreased electrostatic screening of repulsive interactions
between the predominantly positive charges of the K-18
domain (more extended conformations) in these experiments.
Compared to chloride, salting-out effects for anionic
components in the experimental buffer are stronger,80 but
their concentration is lower.62 In summary, one may expect
that conformations of the K-18 domain in experiments are
slightly more extended than in our simulation. This is notable
since our results in Figures 1 and S1 indicate that the average
RG and Cα−Cα distances observed in our simulations with
modified force fields mostly exceed the experimental reference
values. A03ws predicts average RG and Cα−Cα distances that
remain closest to the experiments. C36m* is an exception as it
predicts an average RG that is lower than observed
experimentally but significantly overestimates the experimen-
tally measured Cα−Cα distance.
In Figure S2 of the Supporting Information, we show a

complementary analysis of the SASA versus simulation time,
which reproduces the general trend observed in Figures 1 and
S1: simulations with standard force-field parameters result in
collapsed conformations, while extended conformations are
observed in simulations with the modified force fields.
Joint probability distributions of RG and SASA shown in

Figures S3 and S4 of the Supporting Information further
illustrate differences between the conformational ensembles
observed in simulations with standard and modified force-field
parameters. More importantly, the joint probability distribu-
tions highlight quantitative differences between the simulations
with distinct sets of modified force fields. While all simulations
with modified force-field parameters result in improved
agreement with experimental observables, the conformational
ensembles generated in each of these simulations remain
noticeably distinct from each other.
Solvation Thermodynamics. To provide additional

insights on how the distinct force-field modifications promote
the formation of more extended and solvent-exposed protein
conformations, we analyzed in the following the solvation
thermodynamics of the K-18 domain using 3D-2PT.56 To
ensure comparability between the simulations, we perform
these studies for a fixed conformation of the protein and
sample only the protein−water and water−water interactions.
The protein conformation was selected from the A03ws
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simulation and includes a mixture of compact and extended
features. The spatially resolved analysis of the solvation
thermodynamics for a single structure allows us to separate
contributions to the solvation free energy, ΔGsolv, from the
hydration shells of polar and nonpolar functional groups of the
K-18 domain as well as longer-ranged contributions from water
molecules with a minimum distance of 5 Å from the closest

protein atom. While ΔGsolv will depend strongly on the protein
conformation, our analysis aims to highlight overall differences
in the protein solvation thermodynamics for distinct force
fields that are not expected to depend strongly on the specific
protein conformation.
IDP Solvation with Standard Force-Field Parameters.

The 3D-2PT approach spatially resolves local contributions to

Figure 2. Solvation of the K-18 domain in a fixed conformation. (A) The selected conformation with RG = 24.6 Å and SASA = 13,260 Å2 was
sampled as a comparably compact state in the A03w simulation, which features extended and collapsed domains. All atoms in the protein are shown
as van der Waals spheres colored by the corresponding residue type, as indicated. (B) Exemplary solvation free energy map obtained with the 3D-
2PT formalism using the A03w force field. Local contributions to ΔGsolv per water molecule (eq S10 in the Supporting Information) are projected
on an iso-surface of the water density at 1.25 g/cm3, which effectively highlights the first hydration shell of the protein. (C) Solvation free energy
density obtained from the dataset in (B) (eq S11 in the Supporting Information) color-coded on two surfaces with a constant distance of 3.0 and
3.5 Å from the closest atom of the protein. The outer surface is semi-transparent to allow an average view on both surfaces.

Figure 3. Solvation thermodynamics obtained with 3D-2PT for the fixed conformation of the K-18 domain in simulations with standard force-field
models (see Table 1). (A) Total solvation free energy (gray), solvation free energy contributions of a 5 Å shell around the protein defined by the
distance to the closest non-hydrogen protein atom (light gray), and decomposition into contributions of hydration shells of polar (light blue) and
nonpolar (light red) protein atoms. (B) Number of water molecules in the total 5 Å hydration shell and its polar and nonpolar components (colors
as in A). (C,D) Solvation free energy contributions per water molecule in the polar (C) and nonpolar (D) components of the hydration shell. The
latter (light gray) is decomposed into enthalpic and entropic contributions, including (ΔHsolv in red and −TΔSsolv in green) and excluding (ΔHuv in
orange and −TΔSuv in cyan) canceling contributions from solute-induced changes of water−water interactions (see Methods and Supporting
Information). Error bars describing the error of the mean are included in all panels but not visible on the shown scale.
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the solvation free energy, enthalpy, and entropy on a 3D
analysis grid. Each property can be expressed either per water
molecule at a given site or as an energy density (per volume).
The results are shown together with a 3D representation of the
selected conformation of the K-18 domain in Figure 2. We
visualize the selected conformation in panel A and highlight
the location of charged, polar, and nonpolar side chains. In
panel B, we illustrate a 3D map of local contributions to the
solvation free energy. For this purpose, we used a color code to
project spatially resolved solvation free energy contributions
per water molecule on an iso-density surface of the water
number density at 1.25 g/cm3. This iso-density surface
encloses regions of increased water density characteristic for
the first hydration shell of the protein where contributions to
the solvation free energy are primarily located. In panel C, we
show the closely related solvation free energy density projected
on two surfaces with a constant distance to the closest protein
atom, i.e., 3.0 and 3.5 Å, respectively (see caption). Both
representations of the solvation free energy maps provide
complementary information. Blue colors indicate sites with
small or even positive (unfavorable) contributions to the
protein solvation free energy, while green and red colors
indicate local sites with significant favorable contributions to
ΔGsolv. Differences between the results obtained from
simulations with distinct force fields are not easily discernible
at this scale, which is why we show here only the result for
A03w.
Quantitative differences between distinct force fields become

apparent upon integration over the entire analysis grid, the
hydration shell (voxels within 5 Å of the closest non-hydrogen
protein atom), and its polar and nonpolar components. Here,
we distinguish polar and nonpolar components of the

hydration shell based on the partial charge (in the
AMBER03 force field) of the closest non-hydrogen atom of
the protein. If a voxel of the analysis grid lies within the protein
hydration shell and the closest non-hydrogen atom of the
protein carries a partial charge q with |q| > 0.2, we define it as
part of the polar hydration shell. All other voxels of the protein
hydration shell are defined as the nonpolar hydration shell.
We first analyzed distinct contributions to the solvation free

energy of the K-18 domain in simulations with standard force
fields described in Table 1. In panel A of Figure 3, we compare
the integrated solvation free energies of the K-18 domain in
simulations with the distinct standard force fields (prior to the
introduction of any modifications). The total solvation free
energy obtained upon integrating over the entire analysis grid
is most favorable for the C36m system and least favorable for
A03w. The solvation free energy is a critical component of the
free energy surface sampled by the protein in unconstrained
simulations. However, the total free energy surface of the
protein also includes the intramolecular protein potential
energy and its conformational entropy,73 which are excluded
from our present analysis.
Figure 3A shows that a dominant fraction of the total

solvation free energy stems from contributions in the 5 Å
hydration shell (∼90%). Within the hydration shell, solvation
free energy contributions are dominated by contributions from
the polar hydration shell in all systems. The latter is partially
caused by the respective numbers of water molecules in the
polar and nonpolar hydration shells shown in panel B of Figure
3. The 5 Å hydration shell consists of just below 1400 water
molecules in all systems. Approximately 60% of these water
molecules are located in the polar and ∼40% in the nonpolar
hydration shell. However, more important than these different

Figure 4. Change in solvation due to modified force-field parameters. (A) Change in the total solvation free energy (gray), solvation free energy
contributions of a 5 Å shell around the protein defined by the distance to the closest non-hydrogen protein atom (light gray), and decomposition
into contributions of hydration shells of polar (light blue) and nonpolar (light red) protein atoms. (B) Change in the number of water molecules in
the total 5 Å hydration shell and its polar and nonpolar components. (C,D) Change of solvation free energy contributions per water molecule in the
polar (C) and nonpolar (D) components of the hydration shell. The latter is decomposed into enthalpic and entropic contributions, including
(ΔHsolv in red and −TΔSsolv in green) and excluding (ΔHuv in orange and −TΔSuv in cyan), canceling contributions from solute-induced changes
of water−water interactions (see Methods and Supporting Information). Error bars indicate the statistical error of the mean.
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populations are the distinct thermodynamic properties of water
in polar and nonpolar hydration shells, which are quantified
and decomposed into enthalpic and entropic components (per
water molecule) in panels C and D of Figure 3.
Independent of the force-field model, water molecules in the

polar hydration shell contribute ∼−9 kJ/mol to the solvation
free energy, while water molecules in the nonpolar hydration
shell only contribute ∼−2 kJ/mol. This difference is not
surprising given the hydrophilic and hydrophobic properties of
the polar and nonpolar functional groups of the protein.
Decomposing local solvation free energy contributions into
enthalpic and entropic contributions allows us to analyze the
distinct protein−water interactions in more detail.
If protein-induced changes in the water−water interactions

are included, the solvation entropy ΔSsolv appears only as a
minor factor. The positive −TΔSsolv term compensates 18−
21% of the corresponding negative ΔHsolv term in the polar
hydration shell, which seemingly dominates the favorable
solvation free energy contribution of ∼−9 kJ/mol per water
molecule. In the nonpolar hydration shell, both terms are
smaller and the positive −TΔSsolv term compensates 35-36% of
the negative ΔHsolv term, which leads to the weakly favorable
∼−2 kJ/mol contribution to ΔGsolv per water molecule.
As discussed in the context of eqs 2 and 3, ΔHsolv and ΔSsolv

include the exactly canceling protein-induced changes of
water−water interactions, ΔHvv and ΔSvv, which have no
impact on the free energy. To focus only on non-canceling
contributions caused directly by solute−water interactions, we
thus computed ΔHuv and ΔSuv. This reveals the actual
thermodynamic driving forces that govern solvation and allows
for direct comparisons to analytical theory. Specifically, linear
response theory for the solvation of ions, dipoles, etc., in a
polar solvent, i.e., solute−solvent interactions dominated by
electrostatics,81,82 predicts the following ratio81,82

G H/ 1/2solv uv= = (4)

For both the polar and nonpolar hydration shells, ΔHuv and
−TΔSuv are substantially larger than ΔHsolv and −TΔSsolv
terms. Consequently, the degree of cancellation between ΔHuv
and −TΔSuv is also increased. In the polar hydration shell, 43%
of the negative ΔHuv term is compensated by positive −TΔSuv
contributions. In other words, the ratio γ evaluates to 0.43,
which is just below the linear response prediction for
electrostatically dominated solvation. In the nonpolar hydra-
tion shell, this ratio drops to just ∼0.34 with a weak
dependence on the force field used.
We previously introduced deviations of γ from the linear

response prediction as a measure of the relative importance of
electrostatic solute−solvent interactions with γ = 0.5 as an
upper limit.73 We then used an empirical expression for γ to
predict the solvation free energies of a small peptide as a
function of its conformation based on ensemble averages of
ΔHuv.

73 In the present study, the observed decrease of γ from
0.43 in the polar to 0.34 in the nonpolar hydration shell follows
the expected trend, i.e., the solvation of polar functional groups
is dominated by electrostatics, while the solvation of nonpolar
functional groups is not.
Changes in IDP Solvation with Modified Force Fields.

In Figure 4, we analyzed changes in the solvation of the K-18
domain induced by modified force-field parameters, i.e., we
analyzed the difference between solvation free energy
contributions obtained in simulations with modified and
standard force-field parameters. An alternative version of this

analysis is shown in Figure S5 of the Supporting Information,
where the A99*Ew system was used for comparison with
A99*D. As shown in panel A, the solvation free energy
changes, ΔΔGsolv, are favorable for all four force-field pairs, i.e.,
the modified force fields result in an overall more negative
ΔGsolv of the protein. The latter is expected given the more
expanded protein conformations observed in simulations with
the modified force fields in Figures 1 and S1−S4. However, the
magnitude, localization, and decomposition of ΔΔGsolv differ
between distinct pairs of standard and modified force fields. In
Figure 4A, the magnitude of the total ΔΔGsolv is significantly
larger for the comparisons of A03ws and A99ws with their
reference systems than for C36m*. For A99*D, the magnitude
of the total ΔΔGsolv depends on the choice of the reference
system. If A99* (with the TIP4P/2005 water model) is used as
a reference, the total ΔΔGsolv is comparable to C36m*.
However, if we use A99*Ew (with the TIP4P-Ew water
model) as a reference, the total ΔΔGsolv is comparable to
A03ws and A99ws. The latter is interesting as it does not
directly correlate with changes of the sampled conformational
ensembles sampled with the modified force fields analyzed in
Figures 1 and S1−S4. The lack of correlation can be attributed
to different intra-protein and protein−water interactions in the
corresponding reference systems.
It is further important to note that the different effects of

force-field modifications on the solvation of polar and nonpolar
groups discussed below imply that the total ΔGsolv and ΔΔGsolv
for the compared pairs of modified and standard force fields
are expected to depend on the protein conformation selected
for the analysis, i.e., the relative exposure of polar and nonpolar
functional groups. Hence, we focus our following analysis on
changes of solvation parameters that we expect to be less
dependent on the protein conformation, i.e., qualitative
contributions to ΔΔGsolv from the first and higher hydration
shells and per water molecule contributions in hydration shells
of polar and nonpolar functional groups.
In the systems in which the protein−water interactions were

modified directly, i.e., A03ws, A99ws, and C36m*, favorable
contributions to ΔΔGsolv are found in the protein hydration
shell as well as to a lesser extent in higher hydration shells for
distances larger than 5 Å from the protein. The latter results in
an increasing magnitude of ΔΔGsolv, when the integration is
performed over the full analysis grid instead of just the
hydration shell. Notably, this situation is significantly different
for A99*-D with the re-parameterized TIP4P-D water model
(independent of the choice of the reference system, see Figure
S5 in the Supporting Information). Here, favorable ΔΔGsolv
contributions in the hydration shell are partially compensated
by unfavorable contributions at larger distances from the
protein. We can rationalize the latter by the nature of the force-
field modifications.
In the A99*D system, the re-parameterized water model

features a larger dipole moment, which affects the preferential
orientation of water molecules within the electric field of the
protein. These changes are largest at short distances and in the
polar hydration shell, where local contributions to ΔΔGsolv are
most pronounced. Water molecules at distances >5 Å from the
protein interact more strongly with water molecules in the first
hydration shell (with which they can form direct hydrogen
bonds) than with the protein. Consequently, water molecules
in higher hydration shells prioritize their interactions with
water in the first hydration shell over weaker direct interactions
with the protein. Thus, altered water orientations in the first
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hydration shell of the A99*D system propagate into succinct
hydration shells, where they result in unfavorable changes of
protein−water interactions and thus unfavorable contributions
to ΔΔGsolv.
In addition to ΔΔGsolv, we analyzed changes in the number

of water molecules within the 5 Å hydration shell due to the
modified force-field parameters in Figure 4B. As one might
expect, the number of water molecules increased in all cases
where protein−water interactions were modified to be more
attractive, i.e., due to changes in protein−water LJ interactions
in the A03ws, A99ws, and C36m* systems. However, for the
A99*D system, where the re-parameterized water model affects
both protein−water and water−water interactions, the number
of water molecules in the hydration shell decreases despite the
favorable ΔΔGsolv reported in panel A. While less compared to
the overall number of hydration water molecules (see Figure
3B), these changes highlight that the impact of simultaneously
modified protein−water and water−water interactions is non-
trivial to predict. The same applies to changes in the solvation
free energy: only changes in water−water interactions induced
by the presence of the protein solute cancel out as described in
eq 2, while modified water−water interactions in the force-field
model do not.
In Figure 4C,D, we decomposed ΔΔGsolv contributions from

the polar and nonpolar hydration shells into contributions per
water molecule. This decomposition reveals additional details
that inform how the distinct modifications of the force-field
parameters impact protein solvation in each case.
For A03ws and A99ws, ΔΔGsolv contributions per water

molecule are largest in the nonpolar hydration shell, while the
opposite is the case for A99*D and C36m*. We begin the
discussion of these differences with the nonpolar hydration
shell in the A03ws and A99ws systems, where LJ interactions
between protein atoms and water oxygens have been scaled.
In the nonpolar hydration shell, protein−water LJ

interactions do not compete with electrostatic protein−water
interactions such as hydrogen bonds. Existing attractive LJ
interactions simply become stronger upon scaling, while
changes in the water structure are minimal. The latter can be
deduced by the minor difference between ΔΔHsolv and ΔΔHuv,
which describes the change of water−water interactions
ΔΔHvv. Further, the decomposition of ΔΔGsolv shows that
the latter is essentially identical to ΔΔHuv, and no significant
compensation by the −TΔΔSuv term is observed. For
hydrophobic surfaces in water, ΔSuv is dominated by repulsive
protein−water interactions,83 which are insensitive to scaling
of the corresponding LJ potentials. The steepness of the
repulsive term prevents the population of strongly repulsive
configurations even prior to scaling.
This situation is different in the polar hydration shell of the

A03ws and A99ws systems. Here, LJ interactions between
protein atoms and water oxygens, which are isotropic and do
not prefer any specific water orientation, compete with
directional protein−water hydrogen bonds. Scaling the LJ
interactions thus increases the weight of LJ interactions within
this balance and results in overall less directional protein−
water interactions. The consequences can be compared to
previous studies of bulk water with modified water models,
which showed how an increased weight of isotropic LJ
interactions weakens the structure of the water hydrogen bond
network.84 In the polar hydration shell of the A03ws and
A99ws systems, we thus observe a (small) favorable −TΔΔSuv
term, i.e., an increase of the solute−solvent entropy. The

resulting change in the hydration water structure is particularly
pronounced in the A99ws system, where it even leads to a net
unfavorable change of the protein−water interaction energy,
i.e., ΔΔHuv.
Compared to the observation for A03ws and A99ws,

changes in solvation are qualitatively different for the A99*D
and C36m* systems, where the introduced changes in the
force field affect the preferential orientation of hydration water
molecules.
In the A99*D system, the increased dipole moment of the

water model results in an enhanced strength of electrostatic
protein−water interactions such as protein−water hydrogen
bonds, which is particularly evident in the ΔΔHuv term for the
polar hydration shell. This effect on electrostatic interactions
seems to be more important than the enhanced dispersion
interactions in the TIP4P-D water model. In both the polar
and non-polar hydration shells, ∼50% of the favorable ΔΔHuv
is compensated by an unfavorable −TΔΔSuv term, which is
expected for primarily modified electrostatic interactions
(following the same linear response approach discussed in
the context of eq 4). Since electrostatic protein−water
interactions are significantly more relevant in the polar
hydration shell, the resulting contributions to ΔΔGsolv are
larger than in the nonpolar hydration shell. The large
difference between ΔΔHsolv and ΔΔHuv, especially in the
polar hydration shell, indicates a significant change in the
hydration shell structure and water−water interactions. The
latter is a consequence of the previously discussed modified
preferential orientation of hydration water molecules and the
simultaneous change of water−water interaction potentials in
the water model.
In the C36m* system, the scaling of short-ranged LJ

interactions between protein atoms and water hydrogens,
which are specific to the TIPS3P water model, primarily
enhance the strength of protein−water hydrogen bonds.
Consequently, the impact on ΔΔGsolv (while small in
comparison to the other modified force fields) is primarily
localized in the polar hydration shell. Interestingly, the partial
cancellation of ∼50% of the favorable ΔΔHsolv term by an
unfavorable −TΔΔSuv term closely resembles the expectations
for modified electrostatic interactions despite the actual nature
of the force-field modification.

■ CONCLUSIONS
We used all-atom MD simulations of the K-18 domain of the
Tau protein to compare the impact of previously proposed
force-field modifications to improve agreement between
conformational ensembles of IDPs in simulations and experi-
ments. We utilized four distinct pairs of standard and modified
force fields that implement distinct strategies to increase
favorable protein−water interactions and stabilize extended
conformational states. We initially analyzed conformational
ensembles sampled in simulations on the microsecond
timescale before performing a detailed analysis of spatially
resolved solvation free energy maps.
As expected, all force-field modifications that stabilize

extended protein conformations result in favorable changes
in the protein solvation free energy compared to standard
parameters. However, our analysis based on spatially resolved
solvation free energy maps of a single protein conformation
identifies significant differences that arise from each specific
strategy to increase attractive protein−water interactions.
These differences are expected to affect the properties of
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conformational ensembles sampled in MD simulations as well
as water-mediated interactions between proteins that influence
the ability to form complexes in solution, to aggregate, or even
phase-separate.85,86

For example, simulations with the TIP4P-D water model
were found to enhance protein−water interactions in the first
hydration layers relative to reference simulations with either
TIP4P/2005 or TIP4P-Ew, while changes of protein−water
interactions over longer distances were found to be
unfavorable. We can associate this behavior with a change in
the preferential orientation of water molecules in the first
hydration shell in response to the modified protein−water
interactions. Such restructuring of inner hydration shells
propagates into the solution, where water molecules tend to
optimize interactions with their immediate solvent environ-
ment and interactions with more distant protein atoms only
play a secondary role.
Quantitative definitions of solvent-mediated interactions,

e.g., between two proteins in solution, include the cost of
depopulating each other’s hydration shells upon complex
formation. As a consequence, simulations with the TIP4P-D
water model facilitate the approach of other proteins up to
distances of up to 5 Å compared to simulations with the
reference water models. Only the final desolvation of the
protein−water interface, required to form direct protein−
protein contacts, is expected to involve more work due to the
increased thermodynamic cost of removing water molecules in
the hydration shell compared to simulations with a standard
force field.
In addition, the distinct force-field modifications exhibit

distinct effects on the solvation of polar and nonpolar
functional groups of the protein. A03ws and A99ws primarily
enhance the solvation of nonpolar functional groups, while
A99*D and C36m* primarily enhance the solvation of polar
functional groups.
Distinct preferences to enhance the solvation of polar and

nonpolar groups will have direct consequences on changes of
conformational ensembles sampled with standard and modified
force-field parameters. Simulations with A03ws and A99ws will
tend to stabilize extended and solvent-exposed states of
nonpolar residues, while simulations with A99*D and
C36m* will tend to stabilize extended and solvent-exposed
states of polar residues (relative to the corresponding standard
force field).
For IDPs whose sequence includes both polar and nonpolar

residues, such differences are not likely to be evident in
comparisons of global parameters to characterize protein
conformational states such as the radius of gyration or end-to-
end distance. However, such differences will become more
dominant if a protein primarily consists of polar or nonpolar
amino acids.
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Green, T.; Qin, C.; Žídek, A.; Nelson, A. W.; Bridgland, A.; et al.
Improved protein structure prediction using potentials from deep
learning. Nature 2020, 577, 706−710.
(6) Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.;
Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.;
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