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The continuum solvent model is one of the commonly used strategies to compute solvation free energy
especially for large-scale conformational transitions such as protein folding or to calculate the binding
affinity of protein-protein/ligand interactions. However, the dielectric polarization for computing
solvation free energy from the continuum solvent is different than that obtained from molecular
dynamic simulations. To mimic the dielectric polarization surrounding a solute in molecular dynamic
simulations, the first-shell water molecules was modeled using a charge distribution of TIP4P in a hard
sphere; the time-averaged charge distribution from the first-shell water molecules were estimated based
on the coordination number of the solute, and the orientation distribution of the first-shell waters
and the intermediate water molecules were treated as that of a bulk solvent. Based on this strategy, an
equation describing the solvation free energy of ions was derived.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Most biomolecules, such as proteins, DNA, and RNA function in
an aqueous environment [1]. The behaviors of proteins dissolved in
water, such as protein-folding or protein-protein/ligand interac-
tions, are very different than the behaviors of proteins in an air/
vacuum or a nonpolar solvent environment [2]. For example, in
vacuum, the formation of hydrogen bonds between the donor
and acceptor of the biomolecules considerably lowers the electro-
static energy and stabilizes the conformation. However, in a water
solvent environment, the hydrogen donors/acceptors of the bio-
molecules form hydrogen bonds with either the acceptors/donors
of the biomolecules or water molecules. The difference in free
energy between these two states is small. Therefore, developing
a strategy to compute the solvation free energy is crucial for exam-
ining the binding affinity of protein-protein/ligand interactions
[3-6] and the stability of protein conformations [7-10].

Several strategies have been developed for computing the sol-
vation free energy. These strategies can be classified as explicit
[11], hybrid [10,12-19], and implicit [20-27] solvent models. The
continuum solvent model is one type of the implicit solvent model.
Some strategies, such as the Born equation [28-31], generalized
Born equation [32-36], Poisson-Boltzmann equation [25,37,38],
two Born radii [39,40] and distance-dependent relative permittiv-
ity are derived from the continuum solvent models. The continuum
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solvent models were conventionally incorporated into the algo-
rithm of quantum mechanics to examine protein function [25,26]
or incorporated into docking algorithms for computer-aided drug
design [41,42].

The solvation free energy calculated using the continuum
solvent model (—A fg/’d) is usually partitioned into two terms, i.e.,
the charging and non-polar solvation free energy [27,43]. The
non-polar component of the solvation free energy depends on (1)
the creation of a cavity in the solvent, and (2) the van der Waals
(vdW) interaction between the solute and the solvent. Thus, the
equations that describe dispersion contribution of the solvation
free energy (used to calculate the vdW interaction between the
solute and the solvent) were derived [44]. Here, the non-polar free
energy can be approximated by the inclusion of the volume and
area terms as follows: AGyp =~ YA + pV (where y is a solvent surface
tension parameter, A is the surface area of the solute, p is a solvent
pressure parameter, and V is the solvent-accessible volume
[45-47]). The solvent-accessible radius of a solute atom is the
summation of the radius of the solute atom, —o;, and the solvent
radius, —o..

The charging solvation free energy can be calculated by
integrating the electrostatic potential ®(q) of the solute, which is
contributed by the solvent for the solute charge to increase from
0 to Q [28]. Therefore, the Afo;,'d can be modeled as,

Q
AGE!, = / ®(q)dq + (A + pV) (1)
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®(q) was estimated using Gauss’s law by considering a spheri-
cal ion of radius, Rion, (the bare ionic radius) and charge, q,
immersed in a solvent with a relative permittivity, ¢. The ion
polarizes the solvent, generating an induced dielectric polarization,
—P(r), defined by the electric dipole moment per unit volume,
P(r) = q(1 — 1/&,)/(4nr?), which makes a contribution of —q(1 — 1/¢,)/
(4méegRion) to the electrostatic potential at the ion [48,49]. Substi-
tuting the latter into Eq. (1), the free energy of transferring
an ion from vacuum to a medium characterized by relative permit-
tivity & is given by:

Q*(1-1/e)

AGBorn = - 87'C80R'

+(YA+pY) (2)

However, AGgorm Overestimates the magnitude of the observed
solvation free energy [50,51]. On the other hand, the free energy,
calculated using the radius of Rgmax (the first peak position in
the ion-water radial distribution function) underestimates the
magnitude of the observed solvation free energy. Therefore, the
“effective” Born radius, Refr=(Rion + Rgmax)/2 was developed, and
the corresponding solvation free energy was [51]:

Q1 -1/e)
16n80(Rion + Rgmax)

AGesr = + (yYA+pV) 3)

The Born equation used to compute the charging solvation free
energy is based on Gauss’ Law. The solution from Gauss’ Law yields
an induced surface charge on the solute-solvent boundary, and the
induced volume charge density is zero outside the boundary
region. However, the induced charge distribution calculated from
Gauss’ Law is considerably different than that calculated from
MD simulations [52]. Therefore, the radii of the atoms have been
used as parameters to fit the experimental value, —AGeyp. For a sol-
ute composed of n atoms, there are n Born radii parameters but
only one AGeyp. Therefore, numerous sets of Born radii can be
adjusted to fit AGexp. However, AGeyp can be expressed as an inte-
gration of the solute solvation free energy weighted by the proba-
bility of finding the solute in a given conformation over all possible
solute conformations. The probability of finding the solute in a
given conformation depends on its environment, such as proteins
alone or protein-protein/ligand complex structures. Therefore,
the n Born radii parameters do not suffice to fit AGexp derived from
numerous solute conformations unless the function that describes
AGeyp for various solute conformations is sufficiently accurate.
Therefore, the macroscopic Gauss’ Law was reformulated to incor-
porate the near-solute solvent structure by considering excluded
solvent volume effects [52]. An approximate analytical solution
for the hydration free energy of ions is derived by considering
the excluded solvent volume effects [39]. The first-shell water
was treated as a point dipole at the center of a hard sphere, located
at a distance Rgmax from a solute atom of charge Q. For a distance
greater than (Rgmax + Rw) from the solute, the water molecules
were treated as bulk water so that the net induced surface charge
in the shell at a distance of (Rgmax + Rw) from the solute is —q(1 — 1/¢;).
Hence, the equation describing the solvation free energy using this
solvent scheme is [39]

_ 2185 (1-1/¢)
AGexcua = —166Q |:2+Rgmax+RW

gmax

+(A+pY) (4)

To mimic the charge distribution surrounding a solute in molec-
ular dynamics (MD) simulations, the dielectric polarization of the
first-shell water was modeled as a pair of surface charge layers
with a fixed distance between them, but with variable, equal,
and opposite charge magnitudes that respond to the electric field
on the first-shell water. The water outside the first-shell water is
treated as a bulk solvent, and the electric effect of the bulk solvent

can be modeled as a surface charge. Based on this strategy, the ana-
lytical solution describing the solvation free energy of ions with
charge Q is derived [53].

AGthree = Q(Dwater/air + (VA +pV)
@ 2RwC (1178
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wm,0 and ryp o are the distances between the oxygen atom and M
site and the hydrogen bisector center of the TIP4P, respectively.
S(Enet) is the sign of the net electric field on the first-shell water,
Rw is the water molecule radius, and ®wacerjair i the electric
potential across the water/air interface region. In Eq. (5), C is
defined as

_ 1 2rl-lb,ORgmax + S(Enet)R\Z/\/

1
C 2(rupo — 'mo)R 2
( HbO M'O) gmax \/1 + % (er.o + S(Enet) %)

_ er,ORgmax + S(Enet)R\Z/\/ + 1 (6)
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In Eq. (6), Npuik is the bulk solvent molecular density, and Y is
the solvent molecular polarizability.

The orientation probability distribution of the first-shell
water molecule, and the experimental coordination number of the
first-shell water, —N¢oor, Were considered in this study. The charge
distribution of a water molecule is needed for calculating the time-
averaged positions and amplitudes of charges from the first-shell
waters. A hard sphere water model is needed for including the
excluded solvent volume effect when calculating the electric field
on the solvent molecule. Taking the charge distribution of TIP4P
in a hard sphere water model as an example, the oxygen atom is
located at the center of a hard sphere, and the dummy atom with
charge, qv, and two hydrogen atoms with charges qy; and gy, are
in this sphere [54]. Considering the oxygen atom of the first-shell
water molecule as the rotational center, the oxygen atom is located
at the position corresponding to the distance from a solute atom
Rgmax, and the positions of the time-averaged dummy atom and
hydrogen atoms depend on the orientation probability distribution
of the water molecules. The orientation probability distribution
depends, in turn, on the net electrostatic field, E,, on the solvent
molecule. The negative and positive surface charge densities are
contributed by the dummy and hydrogen atoms of TIP4P, respec-
tively. The positions of the positive and negative surface charges
depend on the orientation probability distribution of the hydrogen
and dummy atoms in the TIP4P water molecule. The amplitude of
the surface charge density is estimated from Ncoor and Rgmax. The
water molecules between the first-shell waters and the waters in
water/air interface were treated as a dielectric continuum. Based
on this strategy, the equation describing the solvation free energy
of ions is derived in the Theory section, and the solvation free ener-
gies of ions computed from the derived equation and those
obtained from experiments were compared in the results/discus-
sions section.

2. Methods
2.1. MD simulations

The system studied in the MD simulation was a one-charged
atom fixed at the center of a spherical water cluster with a radius
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