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Abstract

A method to calculate the solvation free energy density (SFED) at any point in the cavity surface or solvent volume
surrounding a solute is proposed. In the special case in which the solvent is water, the SFED is referred to as the
hydration free energy density (HFED). The HFED is described as a function of some physical properties of the
molecules. These properties are represented by simple basis functions. The hydration free energy of a solute was
obtained by integrating the HFED over the solvent volume surrounding the solute, using a grid model. Of 34 basis
functions that were introduced to describe the HFED, only six contribute significantly to the HFED. These functions
are representations of the surface area and volume of the solute, of the polarization and dispersion of the solute, and
of two types of electrostatic interactions between the solute and its environment. The HFED is described as a linear
combination of these basis functions, evaluated by summing the interaction energy between each atom of the solute
with a grid point in the solvent, where each grid point is a representation of a finite volume of the solvent. The linear
combination coefficients were determined by minimizing the error between the calculated and experimental
hydration free energies of 81 neutral organic molecules that have a variety of functional groups. The calculated
hydration free energies agree well with the experimental results. The hydration free energy of any other solute
molecule can then be calculated by summing the product of the linear combination coefficients and the basis
functions for the solute. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of a practical dielectric cont-
inuum model to calculate solvation free energies
is crucial for an understanding of the physical and
chemical properties of solutions [1-4], especially
solutions of macromolecules. In continuum mod-
els [5-8], the solvent is treated as an ensemble-
averaged continuum medium, i.e. the solvent is
treated implicitly.

The original concept of a continuum model for
a charged solute was proposed by Born [5] and
Bell [6], and extended to the case of a dipolar
solute by Onsager [7], and given a quantum me-
chanical description by Kirkwood [8]. In the di-
electric medium, the charge or dipole of the so-
lute induces an electric field, the reaction field
(RF), and this RF in turn perturbs the solute,
leading to a modification of the charge distribu-
tion of the solute. All proposed continuum sol-
vent models, in both the classical and quantum
mechanical approaches, were derived by making
use of the concept of the reaction field.

In the classical continuum models, only first-
order perturbation effects are taken into account.
The solute has a fixed charge distribution and the
continuum medium can be polarized (the reaction
field can be modified) or, alternatively, the solute
can be polarized and the reaction field is not
modified.

In the classical approach, most works are
concerned with describing the electrostatic con-
tribution to the solvation in terms of the Poisson
equation (PE) [9] or the Poisson—Boltzmann
equation (PBE) [10]. Some workers have dealt
with the Born model [11-16], where the solute is
treated as a point charge whereas, recently, most
works deal with a distribution of charge through-
out the solute. Either the Boundary Element
Method (BEM) [13-15,17-26] or the Finite Dif-
ference Method (FDM) [27-42] can provide
numerical solutions for random charge distribu-
tions. In the BEM approach, the reaction poten-
tial is described by an apparent charge distribu-
tion, the apparent surface charge (ASC) spread
over the boundary surface between the dielectric
media, i.e. on the cavity surface of the solute.
One of the popular volume integration methods

is the FDM. In the FDM, the dielectric property
of the solvent is described in terms of a three-di-
mensional grid around the solute. In both meth-
ods, the results of the calculations depend criti-
cally on the choice of the position of the dielec-
tric boundary and on the set of atomic charges.
Since there are several parameters to be de-
termined empirically, many workers have been
concerned with finding the optimum parameters
for continuum solvation models [11-42]. The
parameters are determined so that the calculated
hydration free energies reproduce the experimen-
tal values.

A simplification of the BEM and FDM meth-
ods is the Solvent Accessible Surface Area (SASA)
and the Hydration Shell models [43-71]. The free
energy of hydration can be described simply by
multiplying the SASA or hydration shell volume
of each atom in a solute by the average free
energy density of each atom and summing up all
the contributions. These simple expressions are
computationally efficient and can reproduce the
experimental data well. However, they cannot de-
scribe the polarization of the solvent in the cavity
formed by the solute.

In quantum mechanical continuum models, an
iterative procedure is used: (i) the wave function
of the solute embedded in the solvent is evalu-
ated under the influence of the fixed solvent
reaction field, and then (ii) the solvent reaction
field is modified with the calculated solute wave
function, and this procedure is repeated variatio-
nally and self-consistently. The free energy of the
charge distribution in a homogeneous dielectric
medium was given by Kirkwood [8]. The formula-
tion contains the Born [5] solvation energy term
(for an ion located at the origin) and the Onsager
[7] dipole moment contribution term (for a dipole
located at the origin). The expression for the
reaction field is the same as with the classical
model mentioned above. Even in the quantum
mechanical model, the parameters to define the
shape of the solute must be determined empiri-
cally by fitting to experimental data.

The quantum mechanical continuum models
[72-95], such as the self-consistent-reaction-field
(SCRF) model, were developed on the basis of
the Onsager reaction field model [7]. In this



K.T. No et al. / Biophysical Chemistry 78 (1999) 127-145 129

model, the solute cavity is specified as a set of
overlapping spheres, and both the wave function
and the reaction field are repeatedly modified in
each SCF cycle. In the Polarization Continuum
Model (PCM), proposed by Tomasi and co-
workers [77-82], the effective surface charges on
the cavity, which mimic the effects of the solvent,
are calculated by using the solute wave function
and the dielectric constant of the solvent; then,
the interaction energy between the surface
charges and the charges of the solute is com-
puted. Recently, a new infinite-order solvation
scheme, the Isoelectrondensity Polarizable Cont-
inuum Model (IPCM), which defines the cavity of
the solute in a solvent with an isoelectrondensity
surface of the solute, was proposed by Wong et
al. [83—-87]. Quantum mechanical continuum di-
electric models at the semi-empirical level have
also been proposed [96-103].

For calculating the solvation free energy, the
free energy required to form a cavity of the shape
of the solute must also be evaluated [59-61], in
addition to the solute—solvent electrostatic and
non-electrostatic interactions,

The purpose of this work is to propose a method
to calculate a solvation free energy density (SFED)
which will be described as a function of molecular
physical properties with some analytical func-
tions. The parameters resulting from the calcula-
tion of the SFED of some organic molecules will
be applied to calculate the hydration free energy
density (HFED) and the hydration free energy of
some organic molecules when the solvent is wa-
ter.

2. Empirical model for solvation free energy
density (SFED) and calculation of solvation free
energy

2.1. Definitions of relevant quantities

The process of solvation of a solute can be
broken up into two steps: (i) creating a cavity of
the size of the solute in the solvent; and (ii) the
interaction of the solute with its environment, the
solvent. The free energy of solvation can be writ-
ten in terms of these two contributions as

A(;sol = AGcav + AGimer (1)

where AG,, is the difference in free energy
between the solvated solute and the unsolvated
(gas-phase) solute. The free energy of interaction,
AG,,..., is the difference between the free energy
of the solution, G, and the sum of the free
energies of the pure solvent (e.g. water) and the
solute in the gas phase.

AG;

inter

= Gsys - (Gw + Gsolute) (2)

At temperature T, this equation can be written as
follows:

A(;inter = —RT ln<€_HS.Vs/RT>

—[—RT In{e Hw/RT)

—RT ln<€_H501ule/RT>] (3)
where H, H, and H,,, represent the Hamil-

tonian of the solution, the pure solvent, and the
gas phase solute, respectively, and the symbols ¢}
represent ensemble averages. It is possible that
some part of the AG,,,. may be included in
AG,,,; since the decomposition expression, Eq.
(1), is not defined explicitly, the degree of double
counting may depend on the definition of the
state of the cavity and the reference state of
AG,.

If the enthalpy of the reference state of each
phase is set equal to zero, i.e. the reference state
of the force field is set equal to zero, and the
averaging is taken over a finite number of con-
figurations, Eq. (3) becomes

A(;inter =~ —RT ZWI( _Hl,sys/RT)
1
— 2w( —H, w/RT)
J
- ZWK( _HK,solute/RT) (4)
K

= ZWIHI,sys - ZWJHJ,W - ZWKHK,solute
1 J K

(5)
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where w;, w; and wy are the weight factors of the
Ith, Jth, and Kth configurations of the solution,
pure solvent, and pure solute, respectively. As a
result of this approximation, some of the pertur-
bations of the solute—solvent energy may be small,
and are neglected.

2.2. Components of the Hamiltonian

The Hamiltonian of the solution, H,, can be
described as a sum of components.

H _Hsolutc + HY 4+ HSTV (6)

1,sys 1,sys 1,sys 1,sys

where Hf‘b’;‘:“’ and Hy, represent the Hamilto-

nian of the solute and solvent, respectively, in the
solution. H; " represents the solute—solvent in-
teraction energy.

In Fig. 1, the solute and the solvent of the
solution are described as assemblages of interact-
ing compartments. The subscripts i and j are
used to represent the interacting compartments
of the solute (e.g. the atoms of the solute), and k
and / represent those of the solvent. The model is
composed of two domains, solute (¢) and solvent
(Q). In this continuum model, the components of

the Hamiltonian H, are described as follows.

1
Hpw© = 7/ / [V,"(a;ri,rj)
4749
+f V{(a;rki’rkj)drk}
[0} I
dl’idrj :Elo,solute +E;’SOIU[€ (7)

where a represents the physical properties of the
solute, and VY and V| are the potential energy of
the solute without perturbation by the solvent
and the change of the interaction potential
between interacting compartments i and j of the
solute due to the perturbation by the solvent,
respectively, i.e. V] represents the perturbation of
the interaction between the two compartments i
and j of the solute by the solvent.

q

Solvent
o

Fig. 1. The solute and solvent of a solution are described as
an assemblage of interaction compartments.

Hyys = %foQ[VZO(rk,rl)

+f V,'(a;r;,r;)dr; | dr dr, €))
q I

where 1 and V7, are the potential energy of the
pure solvent without perturbation by the solute
and the changes of the interaction potential
between interacting compartments k£ and / of the
solvent molecules due to the perturbation by the
solute, respectively, i.e. }/; represents the pertur-
bation of the interaction between the two com-
partments k and ! of the solvent by the solute.
Finally,

H}Y = /q fQ[V3(a;ri,rk)dridrk]1 (9)

where V; is the interaction potential between the
solute and the solvent.

The Hamiltonians of the pure solvent and the
gas phase solute are

1
Hy,, = fo«/Q[VZO(rk x)],drydr, (10)
and

1 solute
Hysowe = 7 | [ [V @irx)] ddr; = B
(11)
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respectively. By introducing Egs. (6)—(11) into Eq.
(5), AG,,,., becomes

inter

AGiier =

inter

[ZWIE;;,solute _ ZWKEI%SOIME}
1 K
1 '
+3 ZI:w,/qj;{fQVl (a;rki,rkj)drk}dridrj

1 !
+5 ;WIfQ/Q{quZ(a;rik ,ri,)dri}drkdr,

+ Lwi [ [ ViG@irr)drr, (12)
1 q°Q

2.3. Mean field approximation

By introducing the mean field approximation
into the second term of Eq. (12), the change of
the interaction potential between the interacting
compartments i and j of the solute by the solvent
is simplified as the additional interaction between
the solute and solvent compartments, i and k.

ff{fQVf(a;rki’rkf)drk}dridrj
a’q

:fo{fVl/(a;rki,rkj)dl‘,-}dl'idrk

a’o\”q

= [ [V G s, a3
q

where V}* is the result of the integration of the
term in braces on the right-hand side of Eq. (13).
The quantity V;* plays the same role as the
screening in the orbital approximation of the
Hartree—Fock method.

By introducing the mean field approximation
into the third term of Eq. (12), the change of the
interaction potential between the interacting
compartments k and / of the solvent by the
solute is also simplified as the additional interac-
tion between the solute and solvent compart-
ments, i and k; ie. by use of the mean field

approximation, we avoid the necessity of evaluat-
ing integrals of the type [, [odr,dr,.

‘[Q/Q{fVé(a;rik ,I'l-l)dl‘i}dl’kdrl
q

= fo{fQVz’(a;rik,ri,)drl}dridrk
q

= foVz* (a;r,,r)dr,dr, (14)
q

A rigid solute has only one stable conformation;
hence, I =1 and K = 1. Therefore, the first term
of Eq. (12) can be ignored, and hence only rigid
or not very flexible molecules will be used as
constraints for determining the empirical parame-
ters of this model. Thus, AG, ... becomes,

inter

AG e = fQ fq [V (a;r, r,)

+ Vi (asr,r,) + Vi(a;r, r)ldr, dr,
(15)

AG,,., corresponds to the interaction energy

between the solute and water up to the first order
perturbation.

If the solute molecule is described as a finite
number of interacting fragments, denoted by i,
and the solvent is assumed to be a continuum,
Eq. (15) can be written in terms of two alternative

formulas by replacing f by ¥,.
q

AGinter = '[Q Z [Vl* (a;r,'k)
+ Vi (asr;,) + Vi(asr,)1dr, (16)

or
A(;inter = Zf [Vl* (a;r,'k)
i 0
+ VZ* (a;rl_k) + V3(a;rl—k)]drk an

Whether one uses Eq. (16) or (17), the interaction
energy up to first order perturbation is
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[ ) =ViGar,) + Vi (ar,) + Vi@ary,)  (18)

In this work, we will use Eq. (16) because it is
easy to visualize X, f(r;) in the Q space, the
solvent domain around the solute. Hence,

AGiyer = fQ Zf(rik)drk (19)

Y, f(r;) represents the contribution of AG,,,., to
the free energy density of solvation at the point
r,. Finally, from Eq. (1), the free energy of solva-
tion becomes

AGy = AG + [ Y f(r,)dr, (20)
Q

The above relations are represented schemati-
cally in Fig. 2.

2.4. Evaluation of free energy

To evaluate Eq. (20), we must decided how to
calculate AG,,,, how to evaluate the integral f,,
how to carry out the summation, and how to
determine the form of the function f(r;,).

For the evaluation of AG,,,, several methods

have been proposed [43-71]. Among them, the
description in terms of the surface tension, v, is

Solvent

Solute

V(m)

Fig. 2. The interaction between the solute and the water
which are perturbed by the solute. The large circle designates
the boundary of the grid points for the calculation of V(r;;).
The small open circles indicate the grid points within the
boundary. The sum of the arrows from the solute to the dark
rectangle within the boundary of the solvent grid points corre-
sponds to X;7*(r;.). The sum of the arrows from the small
open circles to the dark rectangule corresponds to ¥, V(r;;).
The sum of all the arrows in the figure corresponds to
X, f(r;), where f(r;;) is given by Eq. (18).

the most widely used method in empirical models.
Eq. (20) can be modified for use with a solvent
accessible surface area (SASA) model as

MGy =L yAi+ L [, )do 1)

where A; is the surface area of the ith atom, the
volume integral [, is transformed into the surface
integral [, and f(r;,)do represents the effective
interaction of the ith interacting compartment of
the solute with the surface element do of the
cavity surface. If the average value of f(r;, ) for
each atomic species (or for each interacting seg-
ment) of the solute is taken as f,, then
[, f(r;,)do in the second term of Eq. (21) be-
comes f,,A;, and Eq. (21) becomes

AG, = Z(V"‘fm‘)Ai: Y 8iA, (22)
Eq. (20) can also be modified for use with a
Hydration Shell model. If the integration f, of
Eq. (20) is carried out from the solvent accessible
surface (SAS) to the surface at a distance Ar,
from the SAS, then Eq. (21) becomes,

MGy =Xy + L[ way, @)
or
AGy =Y A—ZCAiArC + L friAV,

= Z{Alr, +JEV,:'}AV,'= Zg’iAVi (24)

where V,, is the effective volume of the ith
atomic species which is surrounded by the SAS,
and AV is the effective solvent accessible volume
(i.e. the volume of the layer between the SAS and
the surface at the distance Ar, from the SAS).
The first term of Eq. (23) is modified to the first
term of Eq. (24) in order to describe AG,,, with
the effective solvent accessible volume. The term
f(r;,)dV; represents the interaction of the ith

interacting point of the solute with the volume
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element dV, in the shell. The quantity f,, is the
average value of [f(r;,)dV, for the ith atomic
species. When either model is used, the calcula-
tion of the surface area or the volume of the
hydration shell is the crucial step, and the empiri-
cal parameters that define the surface or the shell
must be determined with experimental free en-
ergy of solvation data through a least-squares
fitting procedure.

The concept of solvation free energy density is a
very useful tool with which to investigate the
water binding affinity distribution of the solute
surface. If is evenly distributed over the volume
or surface defined by [, or [, then AG,, of Eq.
(20) can be written as

N

A(;sol = fQ|: Zf(rik) +gcav

dr, = ng(rk)drk

(25)

where N, is the number of atoms in the solute,
8y 18 AG,,,/unit volume or AG,,,/unit area de-
pending on whether a volume or a surface inte-
gration, respectively, is used. The quantity g(r,) is

the SFED at point r,.
3. Computations

In this work, the SFED calculation method was
applied to obtain the HFED and hydration free
energy (writing AG,, for AG,,) of organic
molecules. As an approximation, [, of Eq. (25)
was replaced by a summation over a grid around
the solute, X,. The solute was described as an
assembly of atoms, and each atom was treated as
a compartment of the solute. Then, Eq. (25) was
approximated as

O Ny

AG 4 azZ Zf(rtk) + AG,,, (26)

where a, is a proportionality constant which de-
pends on the size of the grid interval, A,. The grid
points were located between the SAS and some
distance from the SAS, namely, R .- The space
between the SAS and the outer surface corre-

B>
()

Fig. 3. Solvent Accessible Surface Area (SASA) of the solute,
Ry, Rghens Al, and the van der Waals surface of the solute.

sponds to the ‘hydration shell’. The SAS of the
solute is defined by the overlap of the atomic
SASs. The atomic SAS is the spherical surface
whose radius is the sum of its van der Waals
radius, R, and the effective solvent (water)
shell thickness, R, (Fig. 3). Since the computa-
tion time depends linearly on the number of grid
points, the choice of Al and R, is very impor-
tant for economical computations. The optimum
values of Al, Ry, and R, were taken as a
compromise by considering both the computing
time and the accuracy of the calculation (see
Section 4).

The quantity f(r;,) is described with a combi-
nation of m basis functions, A(r;,).

fley) = X Cihylry) (27
J

Then, by inserting Eq. (27) into Eq. (26), AG, 4
becomes

AG4 = 2 Cihj(r,) + AG,,

Cihj(r,) + AG,,

»M!Q »MIQ

\Mg
“-tﬂ FﬂE



134 K.T. No et al. / Biophysical Chemistry 78 (1999) 127-145

cav

hi(r) + AG,

O m
=azZ ZC;
k

]

I
»M(Q

v, (ADR2(r) + AG,,, (28)
J

where h{(r,) is the contribution of the jth basis
functions of the atoms of the solute, and G is a
function of Al

To obtain the h¢(r,) terms of Eq. (28), it is
necessary to know their functional forms. As can
be seen from Eq. (15), AG,,,., has contributions
from several terms, namely, the interaction
between the solute and the solvent, and the per-
turbation of both the solute and the solvent by
their environments. Since the solvent is described
with a continuum model, one can not introduce
well-defined analytical energy functions for those
interactions. Although the functional form is not
clear, it is believed that the dominant terms in
molecular interactions in the gas phase also play
an important role in solution. Hence, in the de-
scription of A¢(r,), and therefore of f(r;), gas-
phase type intermolecular interaction functions
were introduced. The appropriate functional form
was determined through an iterative trial and
error procedure in which the difference between
the predicted and experimental hydration free
energies was minimized (see below).

For the expression for AG,,, three models
were used, namely, (i) the solute volume (V); (ii)
the solvent accessible surface area (S,); or (iii) a
linear combination of V; and S|, the latter being

AG

v = C V. + C,S, + const (29)
where the const term is a residual contribution,
even for a small cavity for which V, and S,
approach zero. Hence, Eq. (28) becomes

O m
2 X C(ADR)(r) + CV, + C,S, + const
ko

AGhyd =

(30)

For the expression for X7'C,(ADA{(r,), a linear
combination [given by the coefficients C,(A)) of

Eq. (30)] of the basis functions which are a subset
of the following trial function set X was used:

gilgl « o
{Z DAY WZ ’,ﬂ',z 3
i Tik i Tik i Tie i Tik i Tik

C
Z n2 ’Z 2 ’Z qanL > = } (31)

i zk i ik i ik i lk

where ¢;, «; and C; are the net atomic charge,
the effective atomic polarizability, and the disper-
sion energy coefficient of the ith atom in the
solute, respectively. nl is an integer from 1 to 3,
and n2 is an integer from 3 to 6. Considering the
commonly used intermolecular interaction func-
tional forms, we initially selected 32 basis func-
tions in X. After optimization, this number was
reduced (see Section 4).

The coefficients, C;(Al), Cy,, Cg, and the const
term in Eq. (28) and Eq. (29) were determined by
minimizing the following function:

F= Y Wy|AGgsy — AGER:, (32)
N

W, is the weight factor of the Nth data value, and
depends on the reliability of the data and the
frequency of its appearance in a system of biolog-
ical molecules. If the molecule is rigid, then a
large value of W, was assigned because the
geometry of the molecule does not change much
upon solvation. For flexible molecules smaller
weight factors were assigned.

For g;, atom-centered net atomic charges were
used. The charges were calculated with an empiri-
cal net atomic charge calculation method, the
Modified Partial Equalization of Orbital Elec-
tronegativity (MPEOE) method [104,105]. The
atomic polarizabilities, «;, were calculated from
an empirical formula in which the effective atomic
polarizability in a molecule is described as a func-
tion of the net atomic charge, the Charge Depen-
dent Effective Atomic Polarizability (CDEAP)
[106]. The dispersion coefficients, C;, were calcu-
lated from the «;’s using the Slater—Kirkwood
formula [107—-109]. The van der Waals radii of the
atoms of the solute molecules were taken from
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our previous work on the force fields for proteins
[107]. In this work, the van der Waals radii, sum-
marized in Table 1, were not optimized.

The surface area is approximately linear in the
number of grid points n, in the solvation shell.
The molecular volume is approximately linear in
the sum of the distances Y2r, between the center
of mass and the grid points. The quantity AG,,,
was taken as a linear combination of the con-
tributions from both the surface area and the
molecular volume. Eq. (29) then becomes

AG

cav CsA(Al7Rshell)nQ
0]

+ C,B(ALR ) Y. 7, + const
k

= C;(Al’Rshell)nQ

Y

+ C,(ALLR ) Y. 1y + const (33)
3

where A(ALR,.,) and B(ALR.,) are propor-
tionality constants and are functions of both A/
and R, .-

Since f(r;,) of Eq. (27) was described as a
function of the physical properties of molecules

Table 1
The van der Waals radii (in A) used in the HFED calculation

in Eq. (28) and Eq. (31), the HFED is a function
of both position and the physical properties.
Hence, Eq. (25) becomes

0

k

To save computation time, the grid interval was
determined as large as possible under the condi-
tion that the value of F of Eq. (32) does not
change significantly with changes in the grid in-
terval. In choosing the molecules that were used
as constraints for the determination of the coef-
ficients and the functional form of f(r;,), two
criteria were used: (i) the molecules should ap-
pear frequently as fragments of biomolecules; and
(ii) the molecules should be rigid. If the molecule
is flexible, its conformation may change upon
hydration. Since the number of rigid molecules is
not sufficiently large to establish reliable con-
straints, molecules with one or two dihedral an-
gles were also introduced as constraints. For those
flexible molecules, only the lowest-energy confor-
mations were used, and smaller weight factors
were assigned than those for rigid molecules. For
rigid molecules, the weight factor was 1, and for

Atom type Description van der Waals Radii®
H1 Aliphatic H 1.474
H2 H bonded to aromatic system 1.579
H3 Hydroxyl H in alcohol 1.175
H4 Hydroxyl H in carboxylic acid 1.220
H5 H bonded to amide N 1.165
Ho6 H bonded to amine N 1.130
C1 Aliphatic C 2.074
C2 Aromatic C 1.994
C3 C in carboxylic acid 1.725
C4 C in amide 1.725
o1 O in carboxylic acid 1.764
02 O in carboxylic acid COH 1.490
03 O in alcohol 1.489
N1 Aromatic N with three bonds 1.589
N2 Aromatic N with two bonds 1.349
N3 N in amine 1.435
N4 N in amide 1.689

*Calculated using Table 5 and Eq. (10c) of No et al. [107], except for H5, H6 and N4 whose values were determined during the

optimization procedure.
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flexible molecules the weight factor was taken
between 0.5 and 0.1 depending on the flexibility
of the molecule.

For the determination of the coefficients in Eq.
(30), 81 neutral molecules that contain H, C, N, O
atoms and encompass a variety of organic functio-
nal groups were introduced as constraints. The
geometry of the molecule was obtained by energy
minimization in the gas phase, using CVFF! for
the energy calculations. All the geometry op-
timization was carried out with Cerius2 [110].

In summary, all the basis functions of Egs. (31)
and (33) were used in Eq. (28), with the coeffi-
cients C;, C;, C}, and the const term of Eq. (33)
optimized by minimizing F of Eq. (32). Then,
those basis functions that contributed negligibly
to the calculated free energy were removed, and
optimization was continued with the remaining
basis functions that contribute significantly to
AG,,q. By evaluating the sum XA (r,),h0(x,)
was calculated at each grid point r, (the sum of
the distances from each atom i to the grid point
k) in the solvent. Then, with the aid of Egs.
(28),(33), AG 4 was calculated for the solute; this
calculation involved the calculation of the sum of
the interaction energies between each atom i of
the solute and each grid point r, of the solvent.

4. Results and discussion

4.1. Parameterization without a hydrogen bond effect:
non-polar molecules

Of 34 basis functions, two for AG,,, and 32 for
f(r;,), only six basis functions were found to con-
tribute significantly to AG 4. {S,,V;} are the func-
tions for AG,,, and

cav
q;
[bE

are those for f(r;). The second group of basis
functions will be abbreviated as {f,

mter

The optimum values for Al Rshen, and Ry,

2

; o;
L ya G
i i i

ik ik

~

lk

'CVFF: the force field in Cerius2 was used.
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Fig. 4. The error F (defined in Eq. (32)) in the calculated free
energy of hydration (in kcal /mol) is plotted against the grid

interval, Al, in A. In this illustration, the free energy was
calculated with the HFED model.

were determined as 0.5, 3.0, and 1.4 A, respec-
tively. The grid interval Al was determined as
large as possible without introducing much change
in the error function F (Fig. 4. When Ry, is
larger than 3.0 A, the calculated value of AG,y
does not change appreciably compared to its Value
when Ry, is 3 A. To save computation time, 3.0
A was used for R - A value of 1.4 A was used
for the effective radius of water. This value was
obtained from the experimental oxygen—oxygen
pair correlation function of water [103].

In this work, three models were introduced,
depending on the expression for the cavity en-
ergy, AG,,,. In model 1, S, const, and {f,,.,}, in
model II, V,, const, and { fmm} and in model III,
both S, and V, const, and {f;,,.,} were used; only
six parameters had to be determined for each of
models I and II, and only seven for model III. In
Table 2 the optimized coefficients of models I-111
are summarized. The deviations described by Eq.
(32) were obtained as 0.4906, 0.4489, and 0.4302
kcal /mol, for models I, II and III, respectively.

From the values of the deviations, the shell
volume is a better descriptor than the surface
area in describing the cavity free energy. When
both shell volume and surface area are used, the
cavity free energy can be described more accu-
rately compared with the case in which only one
descriptor is used. In model III, the coefficient of
the surface area has a negative sign and the
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Table 2
The linear coefficients for the basis functions of AGy,4 of models I-IIT
a ¢ o G
‘Z a Z a Z r3_ Z rﬁA S Vi Const.
i i i ik i ik
(x107") (x107%) (x107%) (x1077) (x107% (x107%
Model I —0.3466 —0.6359 —0.4348 —0.3042 0.8407 1.21
Model II —0.3475 —0.7686 —0.2252 —0.5299 0.1869 1.23
Model III —0.3476 —0.7686 —0.2252 —0.5299 —0.4820 0.2886 1.23

The coefficients have units that enable the product of the basis function and the coefficient to be expressed in kcal /mol.

coefficient of the volume is larger than that in
model IT (see Table 2). The coefficients of AG,

inter

of models II and III are almost idegtical whereas
the coefficients of Y % and ), — of model I
r: A

i ik ik

are very different from those of models IT and IIL.

For alkanes, alkenes, alkylated benzenes, and
alkylated naphthalenes, the calculated values of
AGy, agreed reasonably well with the experi-
mental data, especially when the molecules are
rigid or have only one or two torsional degrees of
freedom (see Table 3). Since the conformations of
flexible molecules in aqueous solution are not
known, some of the flexible molecules show large
deviations between AGﬁ;ldc and AGj. It seems
that, for non-polar molecules, the volume descrip-
tor works better than the surface area in describ-
ing the cavity free energy.

4.2. Parameterization with a hydrogen bond effect:
polar molecules

For polar molecules, especially those that can
form a hydrogen bond with water, the estimated
values of AG}C;";‘;' are smaller than those for AG{(h
except for amides (see Table 3). Since there is no
extra basis function for describing the hydrogen
bond in the expression for AG 4, the contribu-
tion from the stabilization due to the hydrogen
bond between solute and water (described par-
tially by electrostatic interactions) is less well
estimated. The contribution of the electrostatic
interaction between the solute and water to the
hydrogen bond energy is dominant compared with
the contribution from the other interactions. For
amides and alkylated acetates, the point charges
on the atoms that participate in hydrogen bond

formation with water are large enough to take the
hydrogen bond contribution into account. How-
ever, the point charges on the atoms in alcohols,
carboxylic acids, and amines that form hydrogen
bonds with water are too small to express the
hydrogen bond effect quantitatively.

The hydrogen bond is a phenomenon that is
traditionally studied outside of continuum solva-
tion models because of its high specificity and
directionality. The hydration free energies of the
alcohol, carboxylic acid, and amine molecules that
form a hydrogen bond with water are less well
estimated compared with experimental data.
Those molecules have X-H functional groups
that form hydrogen bonds. It seems that the
strength of the interaction between X—H and the
continuum solvent is not large enough to describe
the hydrogen bond between X-H and water. To
overcome this shortcoming, the magnitude of the
X—H dipole was increased until the error between
the calculated and experimental values of AGq
of alcohols, carboxylic acids, and amines reached
a minimum. During this optimization, the charges
of all atoms not included in hydrogen bonding
were fixed, while all the coefficients of AG, 4 and
the charges of the atoms that participate in the
hydrogen bonding with water were optimized.
Since model I gives better results for the group of
molecules that are fragments of biomolecules,
model I was modified. For amines, the net atomic
charge & of H in N-H was increased by Ady
(13.8% of &), and for the net atomic charge 8y
of N, A8y (which is equal to —A§y) was sub-
tracted from &y. For carboxylic acids, &, was
increased by 12.7%, and for alcohols, &, was
increased by 5.4%. The point charges on the
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hydrogen bond acceptors were not optimized. This
point charge modified model will be designated as
an HFED-Effective Charge Model (HFED-ECM).
The optimum values of Al and Ry, were ob-
tained as 0.75 and 3.0 A, respectively, whereas 0.5
and 3.0 A were obtained for the HFED model. In
an analog of Fig. 4 (not shown here), the error F
described by Eq. (32) was plotted against Al for
the HFED-ECM. In the calculation, Ry, and
Ry, were fixed at 3.0 and 1.4 A, respectively.
When Al is 0.75 A, F is smaller than those at A/
equal to 0.25 and 0.5 A. As Al increases above
0.75 A, the value of F increases rapidly. It seems
that 0.75 A is appropriate for Al both for accu-
racy and for saving computation time in the free
energy calculation in the HFED-ECM.

The values of AG,, calculated with the
HFED-ECM for the same set of 81 compounds
are listed in Table 4. The values of AGC“llC for the
molecules that form a hydrogen bond w1th water
agreed well with the values of AGY except for
methanol and ethanol (see Table 4).

In Table 5, the components of AGy, calcu-
lated with the HFED-ECM are summarized for
some molecules. Some terms from Eq. (31) were
introduced to describe the contribution from

electrostatic interactions, i.e. Z q—,i, Z q—f, ,

Z q Z 61,|Q,|

1'to 3. Among those 12 terms, only two terms,
4
\z

AG,4 and the contrlbutlons from the other terms

and Z ar , contribute considerably to

are negligible. Since ‘Z r_”‘ is the magnitude of

14
the electric potential at the grid point k, this term
is responsible for the electrostatic stabilization of
the dipole of the solvent by the electric potential
2

i

produced by the solute. Y CrI—n contributes more

i
y 4
ri’l
i i
be responsible for the interaction between the
point charge on the solute and its image charge

induced in the water, especially in the hydration
shell.

2
than to AG, (see Table 4). ) z—ﬁ, may

For describing the contributions from polariza-

. . . o;
tion and non-bonded interactions, the ) r_”l’
i ik

2

o; C,
Y — > and Y —+ terms were introduced as ba-
i ik i zk
sis functions of AG . Among them, only two

functions, Z — and ), —*
1 zk i lk
ably, espemally the second function. These two

functions may be responsible for the polarization
of the solute by water and the dispersion interac-
tion between the solute and water. The surface
area and the optimized term ‘const’ of Eq. (33),
1.15, (for the HFED-ECM) contribute to the for-
mation of the shape of the solute cav1ty. The

, contribute consider-

G , do not

q;o
cross-terms, 1i.e. Z L
lk

contribute appremably to AGh - Thus, in the
HFED-ECM, AG,, was obtamed from the fol-
lowing expression:

o

AGy =Y [—0.112878‘ L
k i ik

q?
—0.021990 ) r—’

ik

~0.301314 X 1073 Y

i Tik

C.
~0.176349x 1072 Y —6’}
ik

i

+0.370383 X 107°S¢ + 1.15 (35)

These coefficients, optimized for the HFED-ECM,
differ from those of Table 2, which were op-
timized for the HFED model. All the basis func-
tions that contribute considerably to AG, 4 have
physical meanings such as a coulomb potential, a
van der Waals potential, etc.

4.3. Final comment

The advantage of the SFED method of calcula-
tion is that it is expressed in terms of analytical
functions with only six or seven adjustable
parameters. The SFED can be transformed easily
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Table 3
Calculated and experimental free energies of solvation (kcal /mol)

Molcules AG§2k: HFED model AGER?
Model I Model 1T Model III
Methane 1.79 1.89 1.87 2.00
Ethane 1.78 1.93 1.94 1.83
Propane 1.81 2.03 2.06 1.96
Butane 1.89 2.16 2.21 2.08
Pentane 1.95 2.30 2.41 2.33
2,2-Dimethylbutane 1.79 2.14 2.26 2.59
2-Methylpropane 1.90 2.16 222 232
2,2-Dimethylpropane 1.84 2.15 2.23 2.50
3-Methylpentane 1.81 2.18 2.30 2.51
Ethene 1.25 1.24 1.27 1.27
1-Propene 1.28 1.34 1.39 1.27
1-Butene 1.27 1.47 1.59 1.38
1-Pentene 1.25 1.45 1.58 1.66
Formaldehyde —2.28 —2.55 —2.60 =277
3 — Methyl-2-butanone —3.44 —3.54 —3.48 —3.26
Cyclopentanone —3.57 —3.74 -3.70 —4.72
Benzene -0.77 —0.98 -0.97 -0.87
Toluene -0.93 -1.07 —1.00 —-0.89
2-Ethyltoluene —1.08 -1.09 —0.98 -1.04
4-Ethyltoluene -0.98 —0.96 -0.83 —0.96
1,2,3-Trimethylbenzene —-1.21 —-1.22 —1.16 —-1.22
1,2,4-Trimethylbenzene —-1.15 —-1.15 —1.04 —-0.86
1,3,5-Trimethylbenzene —1.09 —1.06 —0.98 —-0.90
Ethylbenzene -0.90 -0.97 —0.88 -0.79
Propylbenzene -1.02 -1.01 —0.88 —-0.53
Isopropylbenzene —-0.88 -0.89 —-0.78 —0.30
o0-Xylene -1.10 —-1.18 —1.09 —0.90
m-Xylene —1.04 -1.10 -1.03 -0.84
p-Xylene -1.00 -1.05 —-1.01 —0.81
Naphthalene —2.14 —241 —2.38 —-2.39
1-Methylnaphthalene —-231 —252 —2.46 —245
1,3-Dimethylnaphthalene —2.45 —2.58 —2.48 —2.48
1,4-Dimethylnaphthalene —2.40 —-2.53 —2.46 —-2.83
2,3-Dimethylnaphthalene —251 —2.63 —252 —-2.79
2,6-Dimethylnaphthalene —247 —2.58 —244 —2.64
1-Ethylnaphthalene —-2.35 —2.48 —-2.37 —-2.41
Methanol -3.29 -3.89 -3.76 -5.11
Ethanol -3.38 -3.96 -3.83 =5.01
1-Propanol -3.71 —4.28 —4.12 —4.83
2-Propanol —3.63 —-4.19 —4.04 —4.76
2-Methyl — 1-propanol —3.86 —4.42 —4.25 —4.52
2-Methyl-2-propanol —-3.74 —4.28 —-4.09 —4.52
1-Butanol -3.90 —4.43 —4.24 —4.74
2-Butanol -3.71 —4.25 —4.07 —4.58
3-Methyl-1-butanol —4.01 —4.53 —4.33 —4.44
2-Methyl-2-butanol -3.89 —4.41 -4.19 —4.45
1-Pentanol —4.05 —4.54 —4.30 —4.47
2-Pentanol —4.06 —4.57 —4.34 —-4.39

3-Pentanol —4.05 —4.55 —4.34 —4.35
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Table 3 (Continued)

Molcules AGﬁ;'cf; HFED model AGER?
Model I Model II Model III

Acetic acid —4.76 —5.58 —5.48 —6.70
Propanoic acid —4.99 —5.80 —5.68 —6.47
Butanoic acid —5.25 —6.04 —5.86 —6.38
Acetone -3.36 —3.55 —3.54 —3.80
2-Butanone —3.42 —3.57 —3.53 —3.64
2-Pentanone —3.54 —3.63 —3.55 —-3.53
3-Pentanone —3.44 —3.55 -3.49 —3.41
Acetophenone —4.92 —5.38 —5.32 —4.58
Propanal —-2.93 -3.12 -3.12 —3.44
Butanal -3.05 -3.19 -3.14 -3.19
Acetamide -9.75 —11.16 —10.89 -9.75
Propionamide —10.08 —11.49 —11.27 —-9.42
t — N-Methylacetamide —10.01 —-11.28 —11.05 —10.07
Dimethylacetamide —-8.51 —-9.48 -9.27 —-8.54
Methylamine —2.84 -3.29 -322 —4.56
Ethylamine —2.98 —341 -3.30 —4.50
Propylamine —3.06 —3.45 —-3.33 —4.39
Butylamine —3.26 —3.60 —342 —4.26
Pyridine —5.01 —5.76 —5.62 —4.70
3,5-Dimethyl pyridine —5.75 —6.40 —-6.23 —4.84
3-Methyl pyridine —5.38 —6.08 —5.89 —-4.77
4-Methyl pyridine —5.46 —6.16 —5.98 —4.96
Dimethyl ether —1.81 -2.02 -1.94 -1.90
Diethyl ether -1.69 -1.78 —1.65 —1.64
Dipropyl ether —1.99 —1.94 —-1.72 —1.15
Methylisopropyl ether —-1.75 —1.86 -1.73 —-2.01
Methylpropyl ether —1.91 —2.02 —1.86 —1.66
Diisopropyl ether —1.61 —1.61 -1.39 —-0.53
Ethyl acetate -3.21 -3.59 —3.47 -3.10
Propyl acetate —3.37 —3.70 —3.55 —2.86
Isopropyl acetate —-3.32 —3.65 -3.50 —2.65
Methyl propionate —-3.29 —3.69 —3.55 —2.94
AvP 0.4906 0.4489 0.4302

*Experimental data taken from Cabani et al. [111], Pearson [112] and Abraham et al. [113].

®Deviation defined by Eq. (32).

into other mathematical forms for some useful
physical quantities, for example, the molecular
descriptors for quantitative structure—activity re-
lations (QSAR) and quantitative structure—prop-
erty relations (QSPR). Since AG,, is expressed
as a function of position, the HFED can be
plotted around a molecule. In Fig. 5a,b, AG,,,,., of
acetamide and acetic acid are plotted in two
dimensions. Since the hydration free energy den-
sity is described in terms of the physical proper-
ties of molecules, especially the electrostatic fields
produced by molecules, we believe that the free

energy density is describable with a general func-
tional from, and this expression is transferable to
other similar molecules.

5. Conclusion

A model has been proposed to calculate the
SFED. In the model, the SFED was expressed as
a function of the physical properties of the solute
molecule with the parameters (g;,«;,C;) pertain-
ing to the atoms i and j of the solute. This model
was used for the calculation of the free energy



K.T. No et al. / Biophysical Chemistry 78 (1999) 127-145 141

Table 4

Free energy of hydration (in kcal /mol) calculated with the HFED-ECM

Molecules AG,?;LC; AGRE Molecules AGE AGHY
Methane 1.94 2.00 2-Methyl-2-propanol —432 —4.52
Ethane 1.94 1.83 1-Butanol —4.45 —4.74
Propane 1.98 1.96 2-Butanol —4.30 —4.58
Butane 2.06 2.08 3-Methyl-1-butanol —4.60 —4.44
Pentane 2.12 233 2-Methyl-2-butanol —4.49 —4.45
2,2-Dimethylbutane 1.96 2.59 1 — Pentanol —4.65 —4.47
2-Methylpropane 2.06 232 2-Pentanol —4.61 —4.39
2,2-Dimethylpropane 2.00 2.50 3-Pentanol —4.63 —4.35
3-Methylpentane 1.98 251 Acetic acid -6.71 —6.70
Ethene 1.34 1.27 Propanoic acid -7.09 —6.47
1-Propene 1.37 1.27 Butanoic acid —7.39 —6.38
1-Butene 1.40 1.38 Acetone -3.13 —3.80
1-Pentene 1.38 1.66 2-Butanone -3.23 —3.64
Formaldehyde -2.12 =271 2-Pentanone -3.33 —3.53
3-Methyl-2-butanone —3.24 —3.26 3-Pentanone —3.24 —-341
Cyclopentanone —3.40 —4.72 Acetophenone —4.96 —4.58
Benzene -0.77 -0.87 Propanal -2.75 —3.44
Toluene —0.86 -0.89 Butanal —2.85 -3.19
2-Ethyltoluene —-1.04 —-1.04 Acetamide -9.77 -9.75
4-Ethyltoluene -0.89 -0.96 Propionamide —10.04 -9.42
1,2,3-Trimethylbenzene —-1.18 —-1.22 t-N-methylacetamide -10.03 -10.07
1,2,4-Trimethylbenzene —1.06 —0.86 Dimethylacetamide —8.41 —8.54
1,3,5-Trimethylbenzene -1.09 —0.90 Methylamine —4.23 —4.56
Ethylbenzene -0.86 -0.79 Ethylamine —4.43 —4.50
Propylbenzene -0.97 -0.53 Propylamine —4.58 —4.39
Isopropylbenzene -0.81 -0.30 Butylamine —4.87 —4.26
o0-Xylene —1.06 —0.90 Pyridine —5.04 —4.70
m-Xylene -1.01 -0.84 3,5-Dimethyl pyridine —5.76 —4.84
p-Xylene -1.03 —0.81 3-Methyl pyridine —5.37 —4.77
Naphthalene —-2.23 -2.39 4-Methyl pyridine —5.44 —4.96
1-Methylnaphthalene —2.36 —245 Dimethyl ether —1.65 —-1.90
1,3-Dimethylnaphthalene —2.48 —2.48 Diethyl ether —1.53 —1.64
1,4-Dimethylnaphthalene —247 —-2.83 Dipropyl ether —-1.82 —1.15
2,3-Dimethylnaphthalene —2.54 =279 Methylisopropyl ether —1.55 -2.01
2,6-Dimethylnaphthalene —247 —2.64 Methylpropyl ether -1.75 —1.66
1-Ethylnaphthalene —-241 —241 Diisoproply ether —1.45 —-0.53
Methanol —3.66 =5.11 Ethyl acetate —3.10 -3.10
Ethanol —3.86 -5.01 Propyl acetate —3.25 —2.86
1-Propanol —4.24 —4.83 Isopropyl acetate -3.21 —2.65
2-Propanol —4.18 —4.76 Methyl propionate —3.18 —2.94
2 — Methyl-1-propanol —4.44 —4.52

AV 0.430

*Deviation defined by Eq. (32).

density and free energy of hydration of organic
molecules. Thirty-four physical properties, de-
scribed by simple basis functions, were intro-
duced, and the HFED was expressed as a linear
combination of these basis functions. The coef-
ficients of the linear combination were de-

termined in order to minimize the deviation
between the calculated and observed free ener-
gies of hydration. Among the 34 basis functions,
only six functions contribute considerably to the
HFED. All six basis functions are physically real-
istic for the description of hydration. The hydra-
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Contribution of each term (in kcal/mol) to AGyq [The values of AG, were calculated with the HFED-ECM* (in kcal /moD)]

2
4 q.i i Ci calc. exp.
DETIE T S . G
i i i ik i ik

Ethane —0.121 -0.015 —0.022 1.18 —-0.236 1.94 1.83
Propane —0.125 —0.024 —0.031 1.307 —-0.299 1.98 1.96
Benzene —-0.87 —1.703 —0.05 1.463 —-0.762 -0.77 —-0.87
Toluene —1.037 —-1.717 —0.058 1.568 —0.769 —0.86 —0.89
Naphthalene —-1.507 —-2.4 -0.079 1.717 —-1.113 —-2.23 —-2.39
Pyridine —2.553 —4.317 —0.045 1.423 —0.694 —-5.04 —-4.70
1,2,3-Trimethylbenzene —1.423 —-1.717 —-0.075 1.74 —0.857 —-1.18 —-1.22
1,2,4-Trimethylbenzene —1.332 —-1.723 —0.075 1.757 —0.839 —1.06 —0.86
1,3,5-Trimethylbenzene —-1.317 —1.755 -0.077 1.794 —0.885 -1.09 -0.90
Ethylbenzene —1.032 -1.776 —0.067 1.685 —0.818 —0.86 -0.79
o-xylene —1.261 —1.724 —0.067 1.662 —0.824 —1.06 -0.90
m-xylene —1.211 —-1.74 —0.068 1.684 —0.83 —1.01 —0.84
p-xylene —1.195 —-1.74 —0.068 1.68 —0.853 —-1.03 —0.81
Methanol —1.801 —3.823 —0.017 1.06 —0.231 —3.66 —5.11
Ethanol —-1.732 —-4.173 —0.025 1.214 -0.297 —3.86 —-5.01
Acetic acid —1.811 —6.872 —0.026 1.219 —0.369 —-6.71 —-6.70
Acetamide —4.118 —7.594 -0.03 1.243 —0.425 -9.77 —-9.75
Propionamide —4.1 —17.953 —0.038 1.367 —0.467 —10.04 —9.42
t-N-Methylacetamide —4.631 —7.493 —0.038 1.422 —0.441 —10.03 —-10.07
Dimethylacetamide —4.32 —6.247 —0.044 1.507 —0.46 —8.41 —8.54
Methyl amine —2.221 -3.914 —-0.021 1.083 —-0.309 —4.23 —4.56
Ethyl amine —2.205 —4.202 —-0.03 1.226 —-0.369 —4.43 —4.50

*The parameters for the HFED-ECM were re-optimized for the 81 compounds, including those (e.g. benzene) that do not involve

hydrogen bonds to water.

tion free energy was obtained by integration
(summation) of the HFED. For the integration
(summation), a grid model was used. Optimum
values of Al, Ry, and R, for the summation
were obtained. The calculated hydration free en-
ergies agree well with experimental data except
for some molecules that form hydrogen bonds
with water. In order to introduce the hydrogen
bonding effect into the HFED calculation method,
an effective charge model (ECM) was added to
the HFED method. Since the HFED model is
expressed in terms of an analytical function, it
can be visualized both in two- and three-dimen-
sional space.

Finally, for conformational energy calculations
for molecules (whether included or not in the
parameterization), the total energy, E,.,, is

tot»

Eypi = Epppya + AG g (36)

tot — anhy

where E,,;.4 is the anhydrous energy (calculated
by any of a number of current force fields), and
AGy, is calculated by integration of the HFED
around the solute molecule, using Eq. (28) with
the coefficients of Table 2 for the HFED model,
or those of Eq. (35) for the HFED-ECM. For
consistency, and for proper balance between
E,nya and AGy, the van der Waals radii of
Table 1 and the charges used here should be used
for the calculation of AG .
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