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ABSTRACT: Our group has implemented a smooth Gaussian-based dielectric function in DelPhi (J. Chem. Theory Comput. 2013, 9
(4), 2126−2136) which models the solute as an object with inhomogeneous dielectric permittivity and provides a smooth transition
of dielectric permittivity from surface-bound water to bulk solvent. Although it is well-understood that the protein hydrophobic core
is less polarizable than the hydrophilic protein surface, less attention is paid to the polarizability of water molecules inside the solute
and on its surface. Here, we apply explicit water simulations to study the behavior of water molecules buried inside a protein and on
the surface of that protein and contrast it with the behavior of the bulk water. We selected a protein that is experimentally shown to
have ﬁve cavities, most of which are occupied by water molecules. We demonstrate through molecular dynamics (MD) simulations
that the behavior of water in the cavity is drastically diﬀerent from that in the bulk. These observations were made by comparing the
mean residence times, dipole orientation relaxation times, and average dipole moment ﬂuctuations. We also show that the bulk
region has a nonuniform distribution of these tempo-spatial properties. From the perspective of continuum electrostatics, we argue
that the dielectric “constant” in water-ﬁlled cavities of proteins and the space close to the molecular surface should diﬀer from that
assigned to the bulk water. This provides support for the Gaussian-based smooth dielectric model for solving electrostatics in the
Poisson−Boltzmann equation framework. Furthermore, we demonstrate that using a well-parametrized Gaussian-based model with a
single energy-minimized conﬁguration of a protein can also reproduce its ensemble-averaged polar solvation energy. Thus, we argue
that the Gaussian-based smooth dielectric model not only captures accurate physics but also provides an eﬃcient way of computing
ensemble-averaged quantities.

1. INTRODUCTION

polarizability. However, proteins are inhomogeneous objects,
with an inhomogeneous distribution of polar, charged, and
nonpolar residues. Furthermore, the packing in the hydrophobic
core is much more dense than that in the protein surface. This
motivated us to introduce a new dielectric distribution function
into the popular Poisson−Boltzmann equation (PBE) solver
into DelPhi. This is a smooth Gaussian-based dielectric function

Electrostatic interactions and energies are calculated in
molecular biology either via explicit or implicit models.
Although explicit models provide a more detailed picture of
the dynamics of the system and account directly for rearrangement of existing dipoles (and charges) being modeled during the
process, they are too time-consuming for use in investigating a
large number of cases. In contrast, continuum models oﬀer
greater speed and simplicity but overlook many microscopic
eﬀects by virtue of macroscopic averaging. For example, the
traditional two-dielectric model of an implicit solvent setup
divides the total volume into two phases: solute and solvent. It
assigns a low dielectric constant to the solute and a high
dielectric constant to the solvent, concomitant with their
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can lead to misrepresentation of the naturally occurring local
polarization eﬀects which are signiﬁcant to the solvation
energetics. In other words, the traditional continuum model
does not succeed in capturing the distinct dielectric properties of
the bulk and biological water which has been observed from
various NMR and dielectric relaxation method studies (see ref 7
for a list of relevant references).
To account for the nonuniform dielectric response of the
solute and water media, several heterogeneous dielectric models
for the implicit solvent framework have been developed.2,25−28
One such model is the Gaussian-based smooth dielectric
model.1,2,29 Its simplistic and physically appealing design is
based on the idea that loosely packed regions (typically made of
charged polar residues and bound or internal waters) of the
biomolecule exhibit more conformational ﬂexibility than tightly
packed ones (typically nonpolar hydrophobic residues). This
should be conducive to a better ability to re-orient, resulting in a
higher dielectric permittivity. It assigns a dielectric value at a
point based on its proximity to any atom of the solute. A
probability function, of an unnormalized Gaussian form, is
assigned to each atom “i” of the solute (as shown in eq 1).

that treats the entirety of the solvated macromolecular volume as
an object with an inhomogeneous dielectric distribution,
assigning lower dielectric values to the highly packed nonpolar
hydrophobic core and relatively larger values to the loosely
packed hydrophilic surface.1,2 A second and equally important
consideration that inspired the development of the Gaussianbased approach in DelPhi was the treatment of the solvent or the
water phase. Here, we focus on the water phase with the goal of
showing that the Gaussian-based approach can capture the
eﬀects of solvation as seen in solvated protein systems with
explicit water.
Water, by virtue of its abundance and active participation in
biomolecular phenomena, has become the most well-studied
solvent. With roles ranging in speciﬁcity, there is a vast variety of
scenarios in which water interacts with biomolecules and
modulates their thermodynamic, kinetic, and hydrodynamic
properties.3 Despite this versatility, some features of the aqueous
medium in a solvated biomolecular system are common and of
biological signiﬁcance. These features centrally pertain to the
alterations of water’s thermodynamic and kinetic properties, the
eﬀects of which are both microscopic and macroscopic.3,4
Microscopically, water’s structural order is perturbed/altered in
the presence of biomolecules in that it leads to the breakage of
interwater hydrogen bonds to create space for itself which then
prods the proximal or the “bound” water molecules (typically
referred to as biological water3,5−7) to adopt new hydrogen
bond networks. The free energy change associated with this
process arises from the change in entropy and the change in the
nonpolar component of enthalpy. At the same time, the
biomolecular charges (leading typically to a large dipole
moment) induce polarization eﬀects in water. As a result, a
reaction ﬁeld in the aqueous medium is generated. The
interaction of the biomolecule with this ﬁeld accounts for the
polar component of enthalpy and is largely inﬂuenced by the
dielectric value of water. Collectively, these eﬀects result in an
increased residence time and decreased diﬀusion rate of
biological water, by aﬀecting both their temporal and spatial
properties.8−12 An important addition to this category of water is
that found in the interstitial cavities of the proteins. Cavitybound waters (or any internal water) play a signiﬁcant role in
stabilizing protein folds.13 They can aﬀect the pKa values of
ionizable groups lining the cavities,14 aid in proton transport
through the core of a protein,15−18 and inﬂuence the binding
aﬃnity of speciﬁc ligands, small molecules, and other proteins by
mediating interactions between the protein and the partner.13,19,20 They also coordinate with metals or ions in active
sites of several enzymes.21 This functionally important localization of cavity waters is equally conducive to altering their
tempo-spatial properties and thus their dielectric response.
An implicit solvent model, on account of its continuum
depiction of the solvent region, neglects some of the local
microscopic eﬀects associated with it. By integrating out the
contribution of the solvent degrees of freedom, it overlooks the
diﬀerent relaxation and solvation dynamics of the biological and
bulk water along with their altered structural order.11,22 It also
discards the multimodal distribution of the re-orientation
response of biological water.23 Moreover, the deﬁnition of a
solute−solvent surface (e.g., solvent accessible surface, solventexcluded surface, and van der Waals surface) also aﬀects the
dielectric assignment.24 The choice of a surface (and its
implementation through an algorithm) can also aﬀect the
treatment of internal cavities, which has the geometric and
chemical properties to host solvent molecules. All these factors

ij ( r ⃗ − →
ri )2 yzz
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ρi ( r ⃗) = expjjj−
2
j
σ R i 2 z{
k
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The dielectric value is taken to be inversely proportional to
this probability. Farther from any solute atom, the probability
function yields a lower value and a higher dielectric value and
vice versa. This is accomplished via the mathematical framework
presented in eq 2, which uses the collective probability function
of the solute atoms and a lower and upper bound of dielectric
values (ϵref and ϵsolvent, respectively) to deliver a spacedependent continuous dielectric distribution. This model is
implemented in the popular PBE solver package DelPhi.30
ρ( r ⃗) =

∏ (1 − ρi ( r ⃗))ϵ( r ⃗)
i

= ϵref ρ( r ⃗) + ϵsolvent(1 − ρ( r ⃗))

(2)

This design principle not only allows diﬀerent regions in the
solute’s structure to feature diverse dielectric properties but also
diversiﬁes the dielectric assignment in the solvent region.
Regions farther away from the solute approach bulk-like
dielectric properties, while those closer to the solute atoms
feature intermediate values. The continuity of the dielectric
assignment using the Gaussian-based model also provides
ﬂexibility to the value assigned to a region which has an
intermediate packing density. As opposed to being strictly
classiﬁed as a “solute” or “solvent” region depending on the
accessibility of a solvent probe (as is the case with the traditional
two-dielectric model), the dielectric assigned to a region is
reﬂective of its ability to act as a site occupied by biological
water. Examples of such regions include solvent-accessible
interstitial cavities and the solute−solvent interface. By virtue of
this design principle and the continuity it imparts, the model
renders larger cavities with a higher average dielectric than a
smaller one and this simple fact can mimic the correlated
relationship between the dielectric relaxation rate of water in a
region with its rate of exchange with the bulk7 as larger cavities
are more likely to be able to exchange solvent molecules with the
bulk.
This work focuses on using this Gaussian-based smooth
dielectric distribution model (and its variants) to elucidate the
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Figure 1. Structure of IL-1β protein (PDB: 2NVH). The protein’s structure is shown using surface representation. Its cavities and the water molecules
present therein are shown using ball and stick representations and sphere representations, respectively. Cavity 1 residues are colored in dark blue, cavity
2 in red, cavity 3 in green, cavity 4 in magenta, and cavity 5 in orange. The water oxygen atoms are colored in cyan.

In the following sections, we lay out the outcomes of our work
in two main parts. First, the analyses of the tempo-spatial
properties of the cavity-bound, interfacial, and bulk water, as
observed in the explicit water simulations, are presented. These
analyses entail the observations made using two diﬀerent forceﬁeld/water model combinations to evaluate if the observed time
scales of water dynamics are aﬀected by this choice. Next, we
describe the Gaussian model’s ability (and that of its variants) to
accurately mimic these dynamics via dielectric assignment.
Through qualitative reasoning, the model’s portrayal of the
diﬀerent hydration sites is examined and a connection between
the explicit and implicit solvent results is discussed. Finally, but
importantly, the breakdown of this connection is discussed in
the context of the limitations imposed by the small length scales
of cavities on the macroscopic deﬁnition of the dielectric of a
medium.

plausible values of the dielectric value in the cavity and the bulk
regions of the solvated system, using observations from explicit
solvent simulations as benchmarks. The basis of this work is
rooted in the fact that this model has been successful in the
correct prediction of pKa values,31 eﬀects of mutation on binding
free energy,32 and optimum pH and proton transfer analyses,33
using the time-eﬃcient implicit solvent/Poisson−Boltzmann
(PB) framework. We have also qualitatively shown the realism
exhibited by this model in contrast to the traditional twodielectric model.29 However, its basis was mostly attributed to
protein ﬂexibility and polarizability and not so much on the
water phase, and parametrization has been largely empirical.1,31,34,35 Therefore, this work attempts to connect its
successful use with the trends of tempo-spatial properties of
the water medium observed in explicit water simulations.
For this work, we chose the 1-interleukin beta (IL-1β) protein
(PDB: 2NVH) because of its cavity content, the hydration
properties of which have been investigated meticulously.36,37 It
presents itself as a good model for the observation and study of
the diverse tempo-spatial properties of the water that can be
present in the internal cavities, the solute−solvent interface, and
the bulk region. This protein has also been used previously for a
computational study that developed a super-Gaussian-based
dielectric model.27 Figure 1 illustrates its structure and shows
the location and structure of these cavities. Table S1 lists the
water identiﬁers and the residues in these cavities.

2. METHODS
2.1. System Setup and Molecular Dynamics Simulations in Explicit Water. Before setting up the protein for a
molecular dynamics simulation in explicit water, all 149 water
molecules present in the crystal structure were removed,
including the 6 that were buried in 4 internal cavities of the
protein36 (see Figure 1). The 10 other hetero-atoms were also
discarded. The resulting structure was ﬁxed using the PROFIX
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width. These shells were treated as hydration sites in order to
calculate diﬀerent time scales. The same analysis performed on
the internal cavities was also performed on the shells. For the
volume of the cubic box used for the explicit solvent simulations,
the solvent volume could be divided into ﬁve shells. Properties
observed in “Shell 1” denoted the attributes of the ﬁrst hydration
shell, or in other words, of the solvent juxtaposed with the
protein’s surface and interacting dominantly with it. The
properties of “Shell 5” were deemed to represent the behavior
of bulk water. For each of these hydration shells, a set of
representative grid points in DelPhi was selected. These
representative points were taken from a surface drawn at a
distance, corresponding to a hydration shell using Delphi’s
SURFPOT module.40 On these points, the dielectric value
assigned by any of the models was computed. Their distribution
at these points was deﬁned as depicting the distribution at that
distance.
2.3. Mean Residence Time. The residence time of water at
a given site was computed from the index autocorrelation
function (IACF). The IACF measures the probability of
detecting a particular water molecule, labeled by some index,
in two snapshots separated by some time gap (Δt). The
deﬁnition of the IACF, represented in this article using P(Δt), is
very similar to the one used in ref 41 and is essentially a time
correlation function. In the literature, many variants of this
correlation function exist and are primarily developed in order to
compute the time for which a water molecule typically occupies
a hydration site (see ref 42). In our work, the IACF was deﬁned
as the following

tool from the JACKAL package (http://honig.c2b2.columbia.
edu/jackal) to model the missing C-terminal Ser153 residue.
Explicit water molecular dynamics simulation was performed
using GROMACS v5.0.5.38 For these simulations, two diﬀerent
water models (and two diﬀerent force ﬁelds) were used. The
AMBER99SB/TIP3P combination was used to simulate the
dynamics in the presence of a nonpolarizable water model, while
the OPLSAA/TIP4P combination was used for a simulation in
the presence of a polarizable water model. For both
combinations, a cubic water box was built with the protonated
protein at its geometric center. The box also consisted of Na+
and Cl− ions that were added to neutralize the −1e net charge of
the protein while also maintaining a salt concentration of 0.15
M. As the protein was solvated with these water models, no
eﬀort was made to ensure that the cavities bereaved of
crystallographic waters were occupied by water molecules.
Our intention was to allow the system to evolve under
isothermal−isobaric (NPT) conditions and to examine if
water molecules can ﬁnd a way to these cavities.
Three independent NPT simulations, each 30 ns long, were
carried out for each of the force-ﬁeld/water model combinations. These simulations were initiated with diﬀerent initial
velocities and consisted of, at most, 10,000 steps of the steepest
descent (SD) minimization followed by a 500 ps long
equilibration under constant volume condition (NVT) at 300
K and a 2 ns long equilibration under NPT conditions at 1 atm
pressure. Both of these steps were performed while restraining
the position of the protein-heavy atoms with an isotropic force
constant of 1000 kJ/mol/nm, and all the covalent bonds were
constrained using LINCS. Constant-temperature conditions
were ensured by the velocity-rescaling thermostat,39 and the
Parrinello−Rahman barostat was used for maintaining constant
pressure.
2.2. Internal Cavities and Hydration Shells. As another
goal of this work was to outline the diﬀerences in the properties
of internal cavity waters and bulk waters (including any water
molecule located outside of the molecular surface of the
protein), residence time of the latter was also computed in a
distance-dependent manner. The volume of the bulk was
divided into concentric but disjoint regions, as illustrated in
Figure 2. Each region, identiﬁed as a hydration shell, was 3 Å in

P(Δt ) =

length( I(t0 + Δt ) ∩ I(t0))
length( I(t0))

t0

(3)

In this equation, I(t) is a set of indices of the water molecules
that occupied a site at some time t, and length (I(t)) is the
number of elements in this set. For various starting points in
time, denoted by t0, the IACF is computed as a function of Δt. In
a rather simplistic case, if snapshots separated by a given Δt
consistently show that no water molecules occupying a site are of
the same index (e.g., residue sequence number), then P(Δt) ≈ 0
is likely to be the case. Such results can be expected for snapshots
separated by a large value of Δt. On the other hand, if the
snapshots share a large number of common water molecules
occupying that site, then P(Δt) ≈ 1, which can be expected from
snapshots separated by smaller Δt values. The IACF will
therefore be bound between 0 and 1.
The computed IACF was ﬁt to a biexponential model that has
been used by Makarov et al.41 to determine the time constants.
As they have noted, the biexponential model can provide
reasonable insights into short- and long-term residing waters at a
site but is not completely able to capture the complex nature of
water dynamics. In other words, any site can be thought of as
being occupied by two kinds of waterthe type that stays for
shorter times (short-term water) and the type that stays for
inﬁnitely longer times (long-term water). For our analyses, this
distinction was suﬃcient. The model has the following
expression

Figure 2. External hydration shells. A cartoon illustration of the ﬁve
concentric and disjoint external hydration shells surrounding the
protein is shown. Each shell is 3 Å in width and labeled in increasing
order as a function of distance from the surface of the solute (colored in
red). (a) Representative points for the shells around the protein used
for dielectric calculations. (b) Simplistic version of the division of the
bulk region into ﬁve hydration shells around the protein.

P(Δt ) = a0((1 − w)e−Δt / τs + we−Δt / τl)

(4)

In eq 4, the two terms on the right-hand side represent the
contribution of the short- and long-term residing water
molecules. The factor a0 (∈[0,1]) denotes the occupancy of
the site whose occupancy is being modeled; a value of 1 means
2232
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Figure 3. Depiction of the Gaussian and the super-Gaussian models of dielectric distribution. (a) For the various values of “m”, the shape of the
probability function is shown. (b−d) Dielectric distribution obtained using diﬀerent values of “m” shown for a slice cutting through the center of the
crystal structure of IL-1β protein. Although subtle, the eﬀect of varying “m” is evident.

that it is fully occupied by water in all snapshots. The factor w
(∈[0,1]) is the weight that linearly modulates the contribution
of the long-term residing water molecules to the time correlation
function. Concurrently, (1 − w) is the weight associated with the
short-time residing waters. The corresponding time constants
are denoted by τl and τs.
2.4. Water Orientational Relaxation Time. The orientational relaxation time of water was computed from the rotational
autocorrelation function (RACF) of its dipole moment vector.
The RACF of the water dipole moment was computed using the
deﬁnition mentioned in ref 43, which is based on the angle of
rotation of the unit dipole moment vector of a water molecule.
Expressed as in eq 5, the RACF or C2(Δt) maps the average
deviation of the unit vector from some starting conﬁgurations
after time Δt. The deviation is quantiﬁed using the second-order
Legendre function of the inner product of the unit vectors (the
cosine of the angle between them in conﬁgurations separated by
time Δt).
C2(Δt ) = P2(μ(̂ t0 + Δt ) ·μ(̂ t0))t0

trend as a function of the micro-environment, a single
exponential model serves the purpose.
C2(Δt ) = a0e−Δt / τr

(6)

Based on the ﬁt, the orientational relaxation time or τr was
determined.
2.5. Super-Gaussian-Based Implicit Solvent Dielectric
Models. Recent work by Hazra et al.27 inspired modiﬁcations to
the Gaussian dielectric model, which is known as the superGaussian dielectric model. By increasing the quadratic exponent
of the function used in the Gaussian model (eq 1), it allows for
the spread of the probability function to be adjusted. This is
achieved by introducing an exponent multiplier “m” in the
probability function (eq 7).
m
ji ij ( r ⃗ − →
ri )2 yzz zyz
zz
z
ρi m ( r ⃗) = expjjjj−jjj
j j σ 2R i 2 zz zz
k
{
k
{

(7)

The modiﬁed probability function can use the formulations to
deliver a varied dielectric distribution. When m = 1, the original
Gaussian model is retrieved. With increasing m, the shape of the
probability function changes as the slope of the transition region
increases (see Figure 3a). With very high values of m, the
distribution asymptotically approaches the two-dielectric model
(with σ that retains the van der Waal’s radius), and along this
transition, the average dielectric of the system increases. The
super-Gaussian model manipulates the representation of the
mobility of each solute atom (depicted by the spread of the
Gaussian probability function) while ensuring that the
continuity of the dielectric distribution is preserved (Figure
3b−d). This is particularly important in the context of
computing solvation energies (or energy of transfer across two

(5)

Time-dependent unit dipole moment vectors are denoted
using μ̂ (t) and P2(x) = 3x2/2 − 1/2 is the second-order
Legendre function. By virtue of this deﬁnition of the RACF, any
two conﬁgurations of a water molecule (or any dipolar entity)
separated by some ﬁxed time Δt will contribute a C2(Δt) = 1 if
their unit vectors are aligned in the same direction and C2(Δt) =
0 if the alignment is random.
The RACF was ﬁtted to a single exponential model expressed
in eq 6 as opposed to a biexponential43 or stretched exponential
model44 that has been used in identical analyses. Because our
objective was not to determine the precise values of the
rotational relaxation time but only to focus on their relative
2233
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Figure 4. Number of hydrogen bonds as a function of occupancy of a cavity. Plots showing the number of hydrogen bonds formed between the cavity
residues and the water molecules visiting them. Each box plot indicates the range of the number of hydrogen bonds formed for a corresponding value of
a cavity’s occupancy as seen across the MD trajectory. The relation observed across diﬀerent MD runs is denoted using diﬀerent colors and that applies
to simulations conducted using either force-ﬁeld/water model combination. The dashed black line is the line of equality (slope = 1 and y-intercept = 0).

explicit water molecules. Essentially, one of the atoms from each
pair was treated as the “source” of the local electrostatic ﬁeld and
the other one was treated as the “target”. The source atom was
charged, while the rest of the protein (including the target atom)
was not, in order to obtain the electrostatic potential at the
positions of the target without the inﬂuence of other charges.
From the potential, the pairwise interaction energy was
computed by multiplying the charge of the target atom with
the potential. Because the eﬀect of the presence of explicit water
molecules on this interaction was the main goal of this exercise, a
set of calculations was performed by modeling their explicit
presence in the cavities. Like the source atom, their charges were
also kept intact in these calculations.

diﬀerent dielectric media) by virtue of the implementation of the
ﬁnite diﬀerence algorithm used by DelPhi to solve the PB
equation. For more information regarding the technical details,
we refer elsewhere.1,29
2.5.1. Cavity Dielectric Term. The super-Gaussian model27
has another extension which was considered separately in our
work. The use of an explicit cavity dielectric or ϵgap term in their
model places an upper bound on the dielectric value that can be
assigned to regions in the vicinity of the protein atoms. In its
absence, a region’s dielectric lies between ϵref and ϵsolvent (the
protein and the solvent dielectric) and is dictated only by ρ, the
value of the probability of ﬁnding any solute atom there (eqs 1
and 2). With the addition of the ϵgap term, a limit is placed on the
value of the dielectric assigned to a point in space based on its
proximity to a representative solute or solvent phase. This
modiﬁes the dielectric distribution in the representative solute
region which, for the purpose of this work, was delineated by an
isosurface deﬁned by some cutoﬀ value of ρ that best describes
the van der Waals surface S of the protein.35 Using S, the
following dielectric distribution is modeled
l ϵ ρ( r ⃗) + ϵ (1 − ρ( r ⃗)),
o
gap
o ref
=o
m
o
o
o ϵref ρ( r ⃗) + ϵsolvent(1 − ρ( r ⃗)),
n

3. RESULTS AND DISCUSSION
The primary objective of this work was to infer the diﬀerences in
the structural and tempo-spatial properties of water bound to the
internal cavities and in hydration shells outside of the protein’s
surface through explicit water MD simulations. Using these
inferences, a dielectric model for the implicit solvent PB model is
investigated to examine its capacities to capture the solvation
eﬀects seen in those simulations. We ﬁrst discuss the
observations made from the explicit water simulations and
then switch to capturing the eﬀects using a Gaussian-based
dielectric model. We demonstrate the ability of the dielectric
model to mimic the diﬀerences in the attributes shown by cavity
and bulk water and how it serves to provide a deeper insight into
solvation eﬀects than the traditional two-dielectric model.
3.1. Occupancy of the Internal Cavities. The ﬁve internal
cavities in the protein’s structure were tested for the number of
water molecules that they hosted (known as the occupancy) and
the number of hydrogen bonds that existed between them and
the cavity residues. A water molecule was said to be occupying a
cavity if its oxygen atom was placed no farther than 3 Å from any
heavy atom of a cavity residue. Occupancies for each of the ﬁve
cavities in the structure were computed from three independent
runs obtained using AMBER99SB/TIP3P and OPLSAA/TIP4P
combinations and the results are illustrated in Figure 4.
Four out of the ﬁve cavities were found to be hydrated or
occupied for at least a few snapshots, if not for the entirety of the

ϵ( r ⃗)

r is inside S
r is outside S
(8)

The above mentioned scheme works irrespective of the value
of “m” and was implemented in DelPhi as part of its
development for future releases. We note that the dielectric
function ϵ(r⃗) deﬁned in eq 8 is usually discontinuous across the
isosurface S, while ϵ(r⃗) of the original super-Gaussian model,27
based on a diﬀerent implementation, is continuous and has
derivatives of all orders. Because of such a diﬀerence, the optimal
parameter values of the present super-Gaussian results could be
diﬀerent from those in ref 27.
2.6. Computing Pairwise Atomic Electrostatic Interaction Energies. Pairwise electrostatic interaction energy of
atom pairs from certain cavities was computed using the FRC
module of DelPhi (see ref 45) in the presence and absence of
2234
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Figure 5. IACF proﬁles of water in the cavities and the bulk hydration shells from independent runs using diﬀerent force-ﬁeld/water model
combinations. (a,b) IACF of the four cavities and the hydration shells, respectively, obtained from the trajectories of simulation performed using the
AMBER99SB force ﬁeld and TIP3P model of water. (c,d) IACF of the cavities and hydration shells from trajectories of simulation performed using the
OPLSAA force ﬁeld and TIP4P model of water. The proﬁles from the independent runs are colored diﬀerently (i.e., run 1orange, run 2green, and
run 3blue).

production run. Interestingly enough, the ﬁfth cavity, or “cavity
5”, which is as large as the ﬁrst and second cavities in terms of
volume, was found to have zero occupancy across all the runs
irrespective of the force-ﬁeld/water model combination. This is
concomitant with the observation reported in ref 36 where this
cavity was the only one with no water molecule occupation. As
mentioned above, the hydration of this cavity, as observed using
diﬀerent experimental techniques, has yielded conﬂicting
results.37 It has been argued that this cavity is in fact occupied
by water molecules but because of their very low residence times
or high mobility, they are not detectable using standard
crystallographic methods. If that was the case, then based on
the sampling frequency in our simulations, the residence time of
water visiting cavity 5 would have to be less than 10 ps, which is
unusually small.
The typical occupancy of the remaining four cavities matched
well with that reported by Quillin et al.36 and correlated
positively with their volumes (see Table S1). Cavities 1 and 2
featured a higher occupancy than cavities 3 and 4. The results
were seemingly independent of the force-ﬁeld and water model

combination. However, these observations provided us with
conﬁgurations of the protein where its cavities were hydrated
despite starting with a structure where no water molecule was
present in them. This suggests that these cavities are connected
to the bulk via some conduit whose conformation may largely
depend on the conformation of the protein. Consequently, it
permits dynamic exchange of water molecules between the bulk
and the cavity sites, which was seen during the simulations
(discussed later). In addition, water molecules visiting the
cavities engaged in more than one hydrogen bond with the
residues lining them, except for a few cases. Generally, a water
molecule appeared to be forming ∼2−3 hydrogen bonds on
average which is suggestive of multiple acceptor/donor sites in
the cavities. Such an environment inhibits bulk-like mobility of
the water in the cavity not only by virtue of geometric constraints
but also by engaging in favorable interactions with the water
molecules. On top of that, the favorable interactions compensate
for the penalty paid by the water molecules that leave the bulk
and enter the cavities. These hydrogen-bonding sites (acceptors/donors) in the cavities and the degree of their participation
2235
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Table 1. Mean Residence Times of the Water Molecules in the Internal Cavitiesa
short-term residence time τs
(ps)

long-term residence time τl (ps)

weight factor w

goodness of ﬁt R2

occupancy a0

cavity

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

1

−
4.52c
−d
8.53
428.56
57.01
−
−
0.05
−
>10,000
0.43

5.51
3.49
3.21
12.33
7.11
16.06
0.45
−
−
0.14
0.42
3.67

−
>10,000
−
>10,000
>10,000
>10,000
−
−
>10,000
−
>10,000
>10,000

1532.07
>10,000
>10,000
>10,000
>10,000
>10,000
>10,000
−
−
>10,000
>10,000
>10,000

−
0.94
−
0.99
0.97
0.99
−
−
1.00
−
1.00
1.00

0.90
0.93
0.94
0.98
1.00
0.98
1.00
−
−
0.81
0.88
0.82

−
1.00
−
1.00
1.00
1.00
−
−
0.78
−
1.00
1.00

0.16
1.00
1.00
0.48
1.00
0.80
1.00
−
−
0.79
0.87
0.82

−
0.977
−
0.998
0.997
0.706
−
−
1.000
−
1.000
1.000

0.995
0.961
0.955
0.998
1.000
0.999
0.909
−
−
0.928
0.959
0.959

2

3

4

b

a
For the four internal cavities, values of the parameters are listed that optimally ﬁt their respective IACF proﬁles using the biexponential model.
The residence times are indicated by τs and τl which represent the typical residence times of short-term and long-term waters at these cavities.
Parameters “w” and “a0,” respectively, denote the weight of the contribution of the long-term water molecules to the IACF and the water
occupancy. A dash (−) indicates that IACF proﬁles could not be ﬁtted using the biexponential model for these cases. bData from MD run 1. cData
from MD run 2. dData from MD run 3.

Table 2. Mean Residence Times of the Water Molecules in the Bulk Hydration Shellsa
short-term residence time τs
(ps)

long-term residence time τl (ps)

weight factor w

goodness of ﬁt R2

occupancy a0

shell

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

1

14.55b
14.66c
14.87d
15.94
15.61
15.90
9.64
9.69
9.62
8.15
8.11
8.11
7.98
7.81
7.86

16.55
17.50
17.19
19.17
18.87
19.55
11.55
11.59
11.69
10.14
10.12
10.08
9.72
9.84
9.77

434.27
443.23
452.25
771.85
806.10
809.43
1510.8
1563.7
1540.6
2627.6
2814.8
2768.3
3886.8
4234.3
4118.4

468.85
525.81
484.79
891.40
869.00
875.02
1735.0
1736.5
1747.5
2862.1
2846.4
2895.7
3646.6
3675.7
3753.8

0.21
0.21
0.20
0.23
0.23
0.23
0.17
0.18
0.18
0.16
0.17
0.16
0.17
0.17
0.17

0.26
0.26
0.26
0.29
0.29
0.28
0.22
0.22
0.21
0.20
0.20
0.20
0.19
0.19
0.20

0.96
0.96
0.96
0.95
0.95
0.95
0.99
0.98
0.98
0.99
0.99
0.99
0.99
0.99
0.99

0.96
0.95
0.95
0.94
0.94
0.94
0.98
0.98
0.98
0.99
0.99
0.99
0.99
0.99
0.99

0.969
0.970
0.969
0.951
0.952
0.951
0.968
0.968
0.968
0.978
0.979
0.979
0.979
0.980
0.980

0.970
0.967
0.969
0.955
0.956
0.955
0.968
0.968
0.968
0.972
0.973
0.973
0.973
0.972
0.972

2

3

4

5

a
For these shells, values of the parameters are listed that optimally ﬁt their respective IACF proﬁles using the biexponential model. The meanings of
the symbols are described in the footnote of Table 1. bData from MD run 1. cData from MD run 2. dData from MD run 3.

cavity 1 for run 1). On the contrary, the IACF proﬁles of the
shells in the solvent volume show a very diﬀerent tendency.
P(Δt) drops from 1 at 0 ns (identical snapshots) to less than
0.10 at 0.50 ns.
Upon ﬁtting the IACF proﬁles to the biexponential model (eq
4), quantitative analyses of the diﬀerence were performed. At
this point, it is worthwhile to mention two signiﬁcant points.
First, the model assumes that at a given hydration site, shortterm and long-term waters can exist and that the optimal ﬁt of
the observed IACF proﬁle yields the corresponding time scales,
known as the short-term (τs) and long-term residence times (τl),
respectively. However, it is crucial that they are examined in the
light of the weight factor “w” which is an indicator of the
“category” of water whose presence dominates (i.e., has greater
contribution to the trend of the IACF proﬁle). Second, it is also
important to consider the goodness of the ﬁt of the model to the
observed IACF. Using the coeﬃcient of determination, R2 ∈
[0,1], the quality of the ﬁt was judged and we argue that if the ﬁt

are illustrated in Figure S1. Collectively, these conﬁgurations
constituted the data set that was used to analyze the distinct
tempo-spatial behavior of water molecules in these cavities, as
described in the following sections.
3.2. Mean Residence Time. The mean residence time of
water molecules in the hydrated cavities was computed using the
procedure detailed in Section 2.1.
It is best to compare the visual appearance of the IACF
proﬁles of the internal cavity and bulk waters ﬁrst in order to
obtain a qualitative sense of the diﬀerence between them. The
stark diﬀerence is evident from the plots shown in Figure 5
which show the IACF of the four hydrated internal cavities and
the ﬁve external hydration shells obtained using both of the
force-ﬁeld/water model combinations. From the IACF plots of
the internal cavities, it is clear that the P(Δt) values generally
tend to be greater than 0.5 for smaller and larger values of Δt
(0−1 ns) used in the calculation except for a few special cases
where the occupancy was low throughout the simulation (e.g.,
2236
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Figure 6. RACF proﬁles of the water in the cavities and the bulk hydration shells from independent runs using diﬀerent force-ﬁeld/water model
combinations. (a,b) RACF of the four cavities and the hydration shells, respectively, obtained from the trajectories of simulation performed using the
AMBER99SB force ﬁeld and TIP3P model of water. (c,d) RACF of the cavities and hydration shells from trajectories of simulations performed using
the OPLSAA force ﬁeld and TIP4P model of water. The proﬁles from the independent runs are colored diﬀerently, that is, run 1orange, run 2
green, and run 3blue.

does not describe the observed IACF with an appreciable R2,
then the optimal ﬁt parameters are meaningless.
The values of the ﬁt parameters are listed in Tables 1 and 2.
For all four hydrated cavities and the ﬁve shells, these values are
listed for the two force-ﬁeld/water model combinations.
Because these ﬁts are computed numerically and the results
can be machine precision-dependent, we chose to denote
absurdly large numbers with a “>10,000” label which is only
applicable to the residence time constants. For cases where the
ﬁt failed because of numerical errors/exceptions, the values are
simply marked with a dash (−), conveying that the
biexponential ﬁt was not able to describe the observed IACF
proﬁle.
Trends featured by the internal cavity water, which are evident
from the data in Table 1, show striking diﬀerences from those
observed in the bulk (see Table 2), which is concomitant with
the visual appearance of the IACF proﬁles. For cases where the
biexponential model ﬁt did not fail, the weight factor w is very
high (>0.8). This primarily indicates that internal cavities tend
to be hydrated by long-term residing water molecules and their

contribution to the overall trend of the correlation function is
>80%, compared to <30% in the bulk. Cases where the optimal
ﬁt values could not be computed suggest that the biexponential
model for describing time correlation properties for internal
cavity waters is insuﬃcient. Because of higher values of w for the
cavity waters, the short-term residence times (τs) are not
meaningful. Instead, the residence time is better judged using
the long-term residence time (τl) which is typically >10,000 ps.
On the contrary, the smaller values of w in the hydration shells
located outside the protein’s molecular surface tell us that the
lifetime of water there is short. The residence times in the bulk
can, therefore, be quantiﬁed using the short-term residence time
and the value is typically 7−14 ps.
Overall, these results are not unexpected because internal
cavities are bound to impose steric constraints on the motion of
water, and if polar interaction sites are present, these water
molecules will favorably interact with these sites and feature
slower diﬀusion rates. The more permanent nature of water
residence at these sites is complemented by the presence of
water seen in the crystal structure of this protein at these
2237
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cavities.36 However, it is worth noting that the residence times
may diﬀer by orders of magnitude between the cavity and bulk
waters and they reﬂect the signiﬁcant variation in their
translational mobilities in these environments. Moreover, large
residence times in the cavities also signal that the rate of
exchange of water between the cavity and the bulk is low.
Learning from the correlation between the exchange rate and
dielectric relaxation times,7 it is deducible that the typical cavity
dielectric should be much smaller than that of the bulk.
For better visualization of the mobility of water in the cavities
and in the vicinity of the protein’s surface, a collection of movies
generated from the MD trajectories are provided as the
Supporting Information. Two separate movies show long-term
residing water in a low-volume cavity (cavity 4; Video S1) and
relatively short-term residing waters in a larger cavity (cavity 2;
Video S2). The former illustrates the restricted translational
diﬀusion of cavity-bound water and the practically ﬁxed
orientation of its dipole moment. The latter shows a relaxed
setting in a larger cavity and also provides an example of
exchange of water between the cavity site and the bulk. A third
movie (Video S3) shows the mobility of water molecules in the
vicinity of LYS138 (a solvent exposed charged residue) and
illustrates their motion in the bulk at varying distances from it.
3.3. Dipole Orientation Relaxation Time. The dipole
orientation relaxation time was computed for the water in the
cavities and the hydration shells. The RACF was computed at
these sites, and the relaxation time, τR, was determined using the
protocol discussed in Section 2.2.
The RACF proﬁles of the four hydrated cavities and the
external shells are shown in Figure 6. A qualitative diﬀerence is
immediately apparent in the proﬁles. The proﬁles observed for
the internal cavities feature a very slow decay rate, while the
proﬁles for the hydration shell feature a quick decay rate. The
relaxation times obtained after ﬁtting these RACFs to the
monoexponential model (eq 6) are listed in Tables 3 and 4. It is
evident that τR is signiﬁcantly larger at the cavity sites than at the
hydration shellstypically 2−3 orders of magnitude higher. As
is commonly represented, this diﬀerence would yield a
“slowdown” factor, which is the ratio τR(cavity)/⟨τR(bulk)⟩, of

Table 4. Dipole Orientation Relaxation Times of the Water
Molecules in the Bulk Hydration Shellsa
dipole orientation
relaxation time τR
(ps)

prefactor a0

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

1

616.08
1500.12
1874.99
1190.83
1614.73
3191.32
3996.95
3282.76
3212.84
3504.76
4019.83
3660.03

1227.39
817.98
3632.12
3689.17
3658.18
2720.40
−
4206.76
5032.20
2925.81
−
5144.20

0.56
0.47
0.77
0.55
0.63
0.76
0.78
0.75
0.74
0.74
0.74
0.76

0.40
0.40
0.61
0.67
0.57
0.69
−
0.69
0.53
0.59
−
0.65

0.561
0.567
0.935
0.770
0.782
0.834
0.814
0.826
0.818
0.788
0.743
0.817

0.429
0.599
0.514
0.633
0.441
0.761
−
0.636
0.232
0.526
−
0.456

2

3

4

goodness of ﬁt R2

TIP3P

TIP4P

TIP3P

TIP4P

TIP3P

TIP4P

1

3.65b
2.82c
3.77d
3.75
3.50
3.24
2.43
3.35
2.58
2.10
2.51
2.46
0.25
2.21
2.81

4.07
3.85
2.08
2.32
2.95
4.55
4.04
2.71
2.83
2.24
3.54
3.92
2.89
2.86
2.81

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

0.989
0.988
0.988
0.991
0.990
0.990
0.991
0.988
0.991
0.992
0.987
0.991
0.989
0.990
0.990

0.982
0.990
0.989
0.987
0.989
0.968
0.988
0.992
0.989
0.992
0.986
0.985
0.991
0.989
0.988

3

4

5

a

For the bulk shells, values of the relaxation times (τR) obtained after
optimally ﬁtting their respective RACF proﬁles using the single
exponential model are listed. “-” conveys that RACF proﬁles could not
be ﬁtted using the exponential model for these cases. bData from MD
run 1. cData from MD run 2. dData from MD run 3.

more than 103. This slowdown is signiﬁcantly larger than the
slowdown observed in the ﬁrst hydration shell, a value generally
<10.
For cases where the ﬁt failed because of numerical errors/
exceptions while computing, the values are simply marked with
“-” and they exemplify that the monoexponential ﬁt is not
universally able to describe RACF proﬁles. Accordingly, the
goodness of ﬁt (R2) of the RACF of the internal cavities to the
monoexponential model (eq 6) suggests that the ﬁt does not
describe the time correlation for the cavities and it does for the
external hydration shells. For the cavities, R2 ranges between 0.2
and 0.9 with a median value of 0.8, whereas the average value is
0.99 for the hydration shells. These values of R2 are not meant to
describe the absolute nature of the time correlation of rotational
mobility and therefore must only be interpreted as a relative
measure of the diﬀerence in the rotational mobilities of the bulk
water and the internal cavity water.
3.4. Dipole Moment Fluctuations. Dipole moment
ﬂuctuation, deﬁned as (δμ)2 = μ2 − μ2, has a direct relationship
with the dielectric value (ϵ), by virtue of the linear response
expression.
4π
ϵ−1=
(δμ)2
3VkBT
(9)

goodness of ﬁt R2

cavity

prefactor a0

shell

2

Table 3. Dipole Orientation Relaxation Times of the Water
Molecules in the Internal Cavitiesa
dipole orientation
relaxation time τR (ps)

Article

Although widely prescribed (alongside its variants) for
computing the total dielectric of systems solvated in polar
solvents from MD simulations,6,46−48 certain cautions must be
taken when biomolecules (with their complex geometries and
dynamics) are examined for obtaining the localized distribution
of dielectric. First, the ﬂuctuation (and therefore the dielectric)
is derived from the diﬀerence in the running average of μ2 (2norm of the total dipole moment in a region) and square of the
running average of the dipole moment vector μ⃗. If the running
averages do not converge, the dielectric computed from eq 9 will
be spurious and not reﬂective of the equilibrium screening

a

For the four internal cavities, values of the relaxation times (τR)
obtained after optimally ﬁtting their respective RACF proﬁles using
the single exponential model are listed. “-” conveys that RACF proﬁles
could not be ﬁtted using the exponential model for these cases. bData
from MD run 1. cData from MD run 2. dData from MD run 3.
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Figure 7. Dipole moment ﬂuctuation per water molecule in the cavities and the bulk water shells as a function of simulation time. (a,b) Average dipole
moment ﬂuctuation of the four cavities and the hydration shells, respectively, are shown as a function of time when these simulations were performed
using the AMBER99SB force ﬁeld and TIP3P model of water. (c,d) Same is shown for simulations performed using the OPLSAA force ﬁeld and TIP4P
model of water. The proﬁles from the independent runs are colored diﬀerently, that is, run 1orange, run 2green, and run 3blue.

debye2 for the nearest shell and 17−20 debye2 (TIP3P model)
and 11−13 debye2 (TIP4P model). In the cavities, however,
water tends to exhibit a ﬂuctuation of only ∼1−2 debye2 per
molecule. Because of the fewer number of water molecules in the
cavities, the ﬂuctuation at such a per-molecule basis has a chaotic
appearance [speciﬁcally for cavity 2 which also has the largest
range of water occupancy (Figure 4)]. A higher ﬂuctuation is
indicative of the ability of the dipole moment vectors to quickly
respond/acclimate to the changing electric ﬁeld in its vicinity
and, hence, a higher polarizability. Qualitatively speaking, this
implies that the dielectric in the exterior shells must be around
an order of magnitude larger than that in the solvent-accessible
cavity regions. These diﬀerences not only highlight the
remarkable ratio of the average ﬂuctuation but also hint at the
characteristic features of the water model used in the explicit
solvent simulations. The lower dipole moment ﬂuctuation of the
TIP4P model of water in the bulk features a ﬂuctuation that is
consistent with its relatively lower dielectric constant
(∼53).49,50 The same applies to the TIP3P model of water

capacities. Second, the volume (“V” in eq 9) cannot be correctly
determined for complicated geometries that are prevalent in the
current study. We have therefore restricted our analyses to
computing regional or local (δμ)2 only. In fact, we have
computed and compared (δμ)2/N: ﬂuctuation per molecule,
where N is the average number of dipole moment vectors
present in a region. This factor indirectly accounts for the eﬀect
of the volume term in eq 9 and provides a more sensible insight
into the polarizability in a region.
In Figure 7, (δμw)2/N (subscript “w” denotes water) is plotted
as a function of time for the four hydrated cavities and the ﬁve
external hydration shells for both force-ﬁeld/water model
combinations. The lack of convergence of the ﬂuctuation per
molecule in the cavity regions is clearly evident from Figure 7a,c.
Regardless of the nonconvergence, the range of the ﬂuctuations
suggests that ﬂuctuation per molecule is signiﬁcantly smaller in
the cavity region compared to the hydration shells (Figure 7b,d)
for which the ﬂuctuations appear to be well-converged. In the
hydration shells, the converged value of the ﬂuctuation is ∼10
2239
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Figure 8. Heterogeneity of tempo-spatial properties of water molecules in the bulk solvent region. (a,b) Variation in the mean residence time (τs) of
water across diﬀerent shells as seen in simulations performed using AMBER99SB/TIP3P and OPLSAA/TIP4P, respectively. (c,d) Variation in the
dipole orientation relaxation time (τR) of water dipole moment across diﬀerent shells for the respective force-ﬁeld/water model combinations. (e,f)
Variation observed in the average dipole moment ﬂuctuation of water in these shells for the respective force-ﬁeld/water model combinations. (g)
Distribution of the mean residence time values of water in the ﬁrst hydration shell when the eﬀects of the interfacial protein residues were resolved. The
collective value of the mean residence time for the shells [also shown in “(a)” and “(b)” for each shell] is marked using an arrow to emphasize the
contrast between distributed and combined eﬀects. (h) Same as “(g)” but with the dipole orientation relaxation time values. Data pertaining to each
independent run is colored diﬀerently but consistently in all plots, that is, run 1orange, run 2green, and run 3blue.

which features a larger dipole moment ﬂuctuation in the bulk
and is shown to have a larger dielectric (>90).50
3.5. Distance-Dependent Properties of Exterior Bulk
Hydration Shells. Investigations into the variation in the water
residence time, the dipole orientation relaxation time, and the
dipole ﬂuctuation per molecule across the ﬁve exterior hydration
shells revealed further heterogeneity. The plots in Figure 8 show
that closer to the molecular surface, the hydration shells have
longer residence times and orientation relaxation times than
those that are farther away. These resonate with the ﬁndings that
biological water exhibits restricted translational and rotational
mobilities.6,7,12 Speciﬁcally, the ﬁrst and second hydration shells
exhibit residence times of >14 ps (Figure 8a,b) and an
orientation relaxation time of >3 ps (Figure 8c,d) which is
almost twice as much as the farthest shell (the bulk region).
A further analysis of the residue-dependent eﬀects on these
time scales was also conducted. This was performed while
keeping in mind that the protein has a complex molecular
surface and that such topological variations can incur local
eﬀects in the nearby biological water. For the water around each
of the interfacial residues of the protein (identiﬁed as those with
relative SASA >50%), the mean residence times and the dipole
orientation relaxation times were computed using the same
approach. Figure 8 illustrates the distribution of these time scales
and also shows the corresponding value for each of the shells in
order to emphasize the distinction between the distributed and
the combined eﬀect. Figure 8g shows that a major portion of the
distribution of mean residence times of water in the ﬁrst
hydration shell can be likened to the bulk (or Shell “5”).
However, the range is larger (2−50 ps) which signiﬁes that there
are regions on the molecular surface of the protein that retain

interactions with a water molecule for much longer than the
others. This explains why the combined eﬀect is a longer
residence time. A similar trend is also apparent in the
distribution of the dipole orientation relaxation time (Figure
8h). Although the range is not as large as the mean residence
time, the distribution still illustrates that local eﬀects are present.
These local eﬀects in the protein−water interface are not
unexpected. As pointed out in ref 51, the presence of deep clefts
and re-entrant patches that aﬀect solvent accessibility are some
of the geometry-based factors that can lead to local variations in
the nearby water structure. The local chemical composition also
plays a role. However, the Gaussian-based models in DelPhi do
not account for distinct chemical properties of the atoms, and
hence, the focus was only laid on obtaining the distribution of
the time scales and not on their association with the chemical
properties of the nearby residues/atoms.
Besides the time scales, variation in spatial properties is also
evident from the degree of dipole moment ﬂuctuation per
molecule across the hydration shells. It is also lower in the ﬁrst
hydration shell (reduced by 50% in the case of this protein). The
ﬂuctuations per molecule plotted here were obtained after
averaging the corresponding (δμ)2/N values from the last 500
snapshotsa regime where convergence is vivid. Together with
the time scale diﬀerences, the reduced ﬂuctuations suggest
restricted mobility and change in the structural order of water. In
the hydration layers farther away, the gradual approach to bulklike properties is also evident. Such a transition has been
reported previously by theoretical and experimental studies (see
ref 52 for relevant studies).
Another consideration to note is that the reduced mobility of
the water in the ﬁrst hydration shell (or the interfacial water) is
2240
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not at par with what is featured by the cavity-bound waters. The
residence time and the dipole orientation relaxation time of the
interfacial water are still shorter than those of the cavity water by
more than one order of magnitude (tbl1Tables 1 and 2tbl2).
This is reinforced by the comparison of the “w” factor (eq 4) that
denotes the weight of the long-term residing water at a hydration
site (see tables mentioned above). For the interfacial water (and
the hydration shells in general), the value is <0.3, while in the
cavity, the value is >0.8.
These general trends are independent of the force ﬁeld and
the water model used, although a meticulous look at the data
might indicate some microscopic diﬀerences. Collectively, these
variations reﬂect a distance-dependent distribution of tempospatial properties of water brought upon by the presence of a
dipolar solute. Other studies using diﬀerent metrics, such as
tetrahedrality of the water6 and its alignment order parameters
with respect to the protein,5 have also demonstrated the change
that occurs in the structure of the bulk solvent because of the
immersion of a dipolar molecule. Our observations resonate
with these.
3.6. Dielectric Heterogeneity from Implicit Solvent
Models: Two-Dielectric Versus Gaussian-Based Dielectric Distribution Models. Up to this point, we have
demonstrated via explicit water simulation, the diﬀerences in
the properties of cavity-bound, interfacial, and bulk water. We
now shift to evaluating the use of implicit solvent models in
order to capture these details through their approach of
dielectric permittivity assignment. We used three diﬀerent
dielectric distribution modelsthe traditional two-dielectric
model, the Gaussian model, and the super-Gaussian model, all
with and without the use of a separate cavity-dielectric (ϵgap)
term. The primary goal is to conceptually validate the Gaussianbased approach of smooth dielectric distribution, which is
expected to assign a dielectric value to the cavities and regions
near the molecular surface, which is larger than the reference
internal dielectric but smaller than that of the bulk water.
The abovementioned MD results provided an assessment of
the dynamics of water molecules inside cavities and at the
protein−water interface. Assuming that the simulation time is
long enough, the corresponding snapshot structures can be
considered representative of the conformational space of the
protein. Thus, as a ﬁrst step to assess the ability of implicit
models to reproduce the explicit solvent MD results and eﬀects,
we investigated if the implicit models could reproduce the
ensemble-averaged polar solvation energy. The following
discussion will elucidate what is meant by “ensemble-averaged
polar solvation energy”. In our previous work,35 we demonstrated that the two-dielectric model implemented in DelPhi
delivers almost identical polar solvation energy as the
thermodynamics integration (TI) performed in explicit water,
provided the structures were kept rigid. Along these lines, we
subjected each snapshot from MD simulation runs to the
traditional two-dielectric DelPhi calculations and obtained the
polar solvation energy. The average of these energies results in
the ensemble-averaged polar solvation energy or ⟨ΔGsolv
polar⟩.
Next, a particular conformation of the protein was used with
these implicit solvent models to compute its polar solvation
energy (ΔGsolv
polar). This was compared with the ensembleaveraged value. In this work, we chose the vacuum-minimized
structures with the Gaussian-based models and solventminimized structure for the traditional two-dielectric model
based on our previous ﬁndings that these combinations work
best in reproducing ensemble average using a single structure.35
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We expanded our search space for optimal parameters compared
to the previous work35 by systematically varying the value of the
internal dielectric constant (ϵref or ϵprotein) for both dielectric
models but only σ and ϵgap for the Gaussian-based models. The
results for the Gaussian- and super-Gaussian-based models are
summarized in Tables 5 and 6. Table 7 reports the results from
Table 5. Optimal Combination of ϵref and σ for Diﬀerent
Values of “m” Used in the Gaussian/Super-Gaussian Models
without an Explicit ϵgap Terma
m

ϵref

σ

AMBER99SB/TIP3P
4
0.95
1b
2c
2
1.05
3
2
1.06
OPLSAA/TIP4P
1
1
0.94
2
2
1.05
3
2
1.05

solv
signed error (kT) (ΔGsolv
polar − ΔGpolar)

% error

+11.58
−29.31
−55.43

0.32
0.80
1.51

−73.31
+79.30
−5.37

2.00
2.12
0.14

a

These combinations were obtained after surveying all the
combinations in order to match the ensemble-averaged polar
solvation energy with an in vacuo minimized conﬁguration of the
lowest signed error. The relative error is indicated by the % error.
b
Gaussian model. cSuper-Gaussian model.

Table 6. Optimal Combination of ϵref and σ for Diﬀerent
Values of “m” Used in the Gaussian/Super-Gaussian Models
in the Presence of an Explicit Value for ϵgap Terma
m

ϵref

ϵgap

σ

AMBER99SB/TIP3P
1
40
0.97
1b
2c
4
70
1.00
3
2
80
1.06
OPLSAA/TIP4P
1
4
80
0.93
2
2
40
1.04
3
2
30
1.04

solv
signed error (kT) (ΔGsolv
polar − ΔGpolar)

% error

+26.92
+15.19
+0.39

0.73%
0.41%
0.01%

+3.53
+2.21
+21.11

0.09%
0.05%
0.56%

a

These combinations were obtained after surveying all of the
combinations in order to match the ensemble-averaged polar
solvation energy with an in vacuo minimized conﬁguration of the
lowest signed error. bGaussian model. cSuper-Gaussian model.

the traditional two-dielectric model in the same purview. The
performance of diﬀerent combinations of parameters is
illustrated in Figures S2 and S3 in the Supporting Information.
Although the results indicate that Gaussian-/super-Gaussianbased models could reproduce ensemble-averaged polar
solvation energy better than the traditional two-dielectric
model, we do not emphasize this observation as comparison
of data from a single protein can be statistically meaningless.
Instead, we use the optimal parameter values (ϵref, σ, and ϵgap) to
assess the dielectric permittivity distribution inside cavities and
around the protein.
Figure 9 shows the dielectric value assigned to the cavity and
the exterior hydration shell regions. For each cavity, its dielectric
permittivity was derived by taking the average of the dielectric
assigned to all the grid points within 0.1 Å of its centroid. For the
exterior shells, the probe points were determined using the
DelPhi’s SURFPOT module40 as detailed in the methods
(Figure 2a). It is clear that in the cavity regions (Figure 9a,b), the
Gaussian/super-Gaussian models assign dielectric values that
are intermediate between the solute dielectric (ϵref) and solvent
2241

https://dx.doi.org/10.1021/acs.jcim.0c00151
J. Chem. Inf. Model. 2020, 60, 2229−2246

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Article

Table 7. Assessment of the Traditional Two-Dielectric Model’s Ability to Reproduce Ensemble-Averaged Polar Solvation
Energya
solv
signed error (kT) (ΔGsolv
polar − ΔGpolar)

% error

ϵprotien

AMBER99SB/TIP3P

OPLSAA/TIP4P

AMBER99SB/TIP3P

OPLSAA/TIP4P

1

−87.23

181.05

2.38%

4.84%

a

The best results are obtained with the internal protein dielectric value (ϵprotien = 1.0). The results from both force-ﬁeld/water model combinations
are shown.

Figure 9. Dielectric values assigned in the cavities and the hydration shells using diﬀerent dielectric models provided with optimal input parameters.
The input parameters were assessed on their capability to best reproduce the ensemble-averaged polar solvation energy using a single structure with
these dielectric models. For the traditional two-dielectric model, ϵref = 1 was used. For Gaussian/super-Gaussian models, the use of the ϵgap term is
indicated by a ﬁnite value for it, otherwise its absence is marked by “-”. (a,b) Dielectric values in the cavity region using AMBER99SB and OPLSAA
charges for protein atoms. The error bars denote the range of the dielectric values observed in the vicinity of the cavity centers. (c,d) Dielectric values in
the bulk hydration shells using AMBER99SB and OPLSAA charges. The legend to these plots mentions the optimal values of the input parameters to
these models (also see tbl5Tables 5 and 6tbl6).

increasing dielectric values to the solvent regions as a function of
distance from the surface of the protein (Figure 9c,d). This
gradual transition has a visible contrast from the abrupt change
in dielectric ensued by the traditional model at the solute−
solvent interface, the diﬀerence being noticeable from looking at
the distribution of values in shells 1 and 2.
It is deducible from these observations that the Gaussianbased models can capture the eﬀects of the increased residence

dielectric (ϵsolvent). In contrast, the traditional model assigns a
value of 1 (=ϵprotein). These observations indicate that Gaussianbased models reﬂect the capacity of internal cavities to hydrate.
Simultaneously, they also capture the restricted mobility of the
water molecules visiting these cavities as pointed out in our
analyses of the explicit solvent simulations. Furthermore, they
reﬂect the heterogeneity of the tempo-spatial properties
observed in the bulk of the solvent by assigning gradually
2242
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Figure 10. Eﬀect of cavity water on the pairwise electrostatic interaction energy. (a,b) Illustration showing the water present in cavity 3 and cavity 4
from which the two atom pairs were chosen. In cavity 3, the interaction between Leu60:H and Leu69:O was computed, and in cavity 4, that between
Ser114:HG and Val100:O was computed. In each case, the water, shown in licorice representation, forms separate hydrogen bonds with these atoms.
For both cavities, the other cavity lining residues are shown in white and the residues L60, L69, V100, and S114 are displayed in “ball and stick”
representation and colored diﬀerently to add emphasis. (c,d) Box plots showing the distribution of the pairwise electrostatic energies in kT of the atom
pairs in the presence (“WATER”) and absence (“NO WATER”) of water.

and rotational relaxation times, the reduced dipolar ﬂuctuations
of the water molecules close to the interface, and the transition
to the bulk properties farther away from it. These alterations in
the properties of the bulk water, purely due to the proximity to
protein atoms, result in reduced polarizability in that locality and
a restricted ability to screen electrostatic forces, which manifest
in terms of reduced permittivity. Therefore, through the use of
these models, a qualitative match of the explicit model
phenomena can be established using an implicit solvent model
without losing accuracy in the prediction of polar solvation free
energies. Our analyses of the dielectric distribution rendered by
these models highlight the advantages of using a heterogeneous
dielectric distribution model over the traditional model, in
addition to being more realistic in its depictions of the solvated
system.29,34
3.7. Limitations of Applicability of the Macroscopic
Dielectric Eﬀects on the Microscopic Scale. Dielectric
permittivity is a macroscopic quantity. It presumes that the
medium dipoles (permanent or induced) are much smaller than
the volume of the system where the permittivity is assessed.
When one deals with microscopic objects such as biological
macromolecules and the activity of dipoles (water, side chain,
and backbone dipoles) in Angstrom length scales, the concept of
permittivity arising from dipoles may diverge from the statistical
mechanical treatment. First, the number of dipoles is too few to
provide a statistically meaningful rendition of permittivity.
Second, other short-range forces are at par with the electrostatic
forces. To illustrate this point, the eﬀect of cavity water on the
pairwise electrostatic interaction energy of residue pairs was
examined. From a macroscopic point of view, it is expected that

the presence of water molecules (water dipole) will reduce
pairwise interactions resulting in the so-termed screening eﬀect.
However, calculations of energies at these length scales reveal
something contrary but accurate.
Two pairs of atoms from two diﬀerent cavities were chosen
based on our observations regarding their participation in
forming hydrogen bonds with the cavity waters. The goal was to
derive their pairwise interaction energy and examine the eﬀects
of cavity water on it. Each pair consisted of an acceptor and a
hydrogen covalently bonded to a donor with a priori knowledge
that water was very likely mediating their interaction. As a result
of this choice, the atoms were oppositely charged if not identical
in magnitude. The atom pairs used were (a) the amide hydrogen
of Leu60 and the backbone carboxyl oxygen of Leu69 from
“cavity 3” and (b) the hydroxyl group hydrogen of Ser114 and
the backbone carboxyl oxygen of Val100 from “cavity 4”. All of
these atoms were found to form hydrogen bonds with water
(Figure S1) and placed diametrically across their corresponding
cavity (Figure 10). The average distance between these pairs, as
seen in the simulations, was 4.55 and 3.94 Å, respectively.
Pairwise energy calculations of these residues were performed
for each of the snapshots obtained from a single MD trajectory
using the FRC module of DelPhi (Section 2.6). As stated, the
objective was to assess the eﬀect of cavity water on these energies
and the focus was on elucidating their screening capacities of the
protein atom interactions. Because dielectric eﬀects are only
sensible in the context of an ensemble, the interaction energies
were computed for every snapshot of an MD trajectory with and
without the cavity-bound water. At each snapshot, the
2243
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have demonstrated that water molecules in the cavity have much
longer residence and dipole orientation relaxation times than the
bulk water, a diﬀerence of at least an order of magnitude. We
have also shown that the ﬂuctuation in the dipole moment is
fast-paced in the bulk region and very restricted (and
unpredictable) in the cavities. Our results also show that the
protein charges perturb bulk water behavior noticeably in the
nearest two hydration shells. Overall, data from explicit water
simulations suggest that heterogeneity of water is microscopically found and that waters in cavities and near protein surfaces
have much less ability to re-orient compared with the bulk water.
This is considered to be a further justiﬁcation of the applicability
of the Gaussian-based approach to model protein electrostatics.

orientation of the cavity-bound water molecules was kept as seen
in the trajectory.
The results of these analyses are shown in Figure 10. The
stabilization of the pairwise interaction in the presence of water
molecules is evident as the interaction energy is consistently
more negative than that obtained in the absence of water.
Contrary to what one might expect of water in the implicit
solvent model and also to what we have stated so far, these
results indicate that the mere presence of water does not result in
screening of the strength of any electrostatic interaction. Instead,
it appears to enhance the interaction of the cavity atoms through
hydrogen bonds. As the water occupies a cavity and wiggles in
that space under the eﬀect of the steric factors imposed by the
cavity atoms at the same time, it tries to engage in favorable
hydrogen bond interactions. This happening in our case is
evident from the nonzero number of hydrogen bonds formed
between cavity waters and residues lining it (Figure 4). The
restricted rotational motion is also evident from the long dipole
orientation relaxation times of the cavity-bound water (Table 3).
These favorable interactions are necessary as they compensate
for the desolvation penalty paid by the cavity water, as it has less
mobility (translational and orientational) than if it was in the
bulk solvent.
The abovementioned two examples should not be considered
as proof that macroscopic approaches cannot be applied to
protein electrostatics. One should be careful in applying
macroscopic approaches, depending on the question being
asked. Our investigation suggests that if one wants to model
pairwise interaction between two charges mediated by a dipole
(a water dipole in this case) and the distance between charges is
comparable with the length of the dipole, the macroscopic
approach will not work and the water must be explicitly taken
into account. This has signiﬁcant implications for modeling
electron transfer between closely situated donor/acceptor sites.
Additionally, the eﬀect of the same water in the same cavity on
the rest of the protein electrostatics can be modeled via a
macroscopic approach, as indicated by the results regarding
polar solvation energy and the value of the dielectric permittivity
assigned by the Gaussian-based method.
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Volume and identiﬁers of the water molecules and the
protein residues present in the ﬁve cavities in the crystal
structure of IL-1β protein; hydrogen-bonding sites in the
protein cavities; optimal input parameters to a dielectric
model based on their signed error; and optimal
combination of ϵref and σ for the Gaussian/superGaussian dielectric models (PDF)
Example of long-term residence of a water molecule in a
cavity. The video shows a water molecule (in “Licorice”
representation) in “cavity 4” as seen in an MD simulation
trajectory with the AMBER99SB force ﬁeld and TIP3P
model of water. Cavity 4 was found to be occupied by only
one water molecule for the majority of the trajectory. The
residues lining this cavity are shown in “CPK”
representation and are colored according to their
type“green” for polar, “white” for nonpolar, “blue” for
basic, and “red” for acidic (MPG)
Example of short-term residence of water molecules in a
cavity. This video shows multiple water molecules (in
“Licorice” representation) that visit cavity 2 (a larger
cavity than cavity 4) during the course of an MD
simulation performed using the AMBER99SB force ﬁeld
and TIP3P model of water. It illustrates, in addition to a
higher occupancy of water in this cavity, the process of the
exchange of water molecules between the cavity and the
bulk. The residues lining this cavity are shown in “CPK”
representation and are colored according to their type
“green” for polar, “white” for nonpolar, “blue” for basic,
and “red” for acidic (MPG)
Water in the vicinity of a hydrophilic amino acid. The
video shows the movement of all the water molecules (in
“Licorice” representation) that, at some point in the
course of 20 ns long MD simulation, interacted with
LYS138a solvent exposed residue. In the trajectory, the
frequently varying position and orientation of these water
molecules reﬂect their high mobility and high exchange
rate with regions farther away from the surface of the
protein. This is in contrast to the mobility and exchange
rate seen in the cavities (MP4)

4. CONCLUSIONS
The primary focus of this work is to provide further support of
the concept of modeling dielectric permittivity in molecular
biology via a Gaussian-based smooth dielectric function. From a
modeling standpoint, our Gaussian-based approach is centered
on two key factors: (a) inhomogeneity in the distribution of
charged, polar, and nonpolar residues in the protein’s volume
and (b) the diﬀerence in the ability of bulk water versus cavity
and interfacial water to polarize (re-orient dipoles under an
applied electric ﬁeld). Although the ﬁrst factor was discussed
and results were presented in our previous work,1,29,31,34 the
second one has not been directly discussed so far.
This work focused on a particular biomolecule: the IL-1β
protein (PDB: 2NVH), whose cavity hydration properties have
attracted research interest in the past.36,37 Using two diﬀerent
force-ﬁeld and water model combinations (AMBER99SB/
TIP3P and OPLSAA/TIP4P), six independent MD simulations
(each 30 ns long) were conducted and the trajectory was used to
observe the eﬀect of localization of a water molecules on its
temporal and spatial properties. The temporal properties
investigated were the mean residence times and the dipole
orientation relaxation times, and the spatial property investigated was the average ﬂuctuation of the dipole moment. We
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