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Atomic Born radii @) are used in the generalized Born (GB) equation to calculate approximations to the
electrical polarization componerb(y) of solvation free energy. We present here a simple analytical formula

for calculating Born radii rapidly and with useful accuracy. The new function is based on an atomic pairwise
rj~4 treatment and contains several empirically determined parameters that were established by optimization
against a data set of 10 000 accurate Born radii computed numerically using the Poisson equation on a
diverse group of organic molecules, molecular complexes, oligopeptides, and a small protein. Coupling this
new Born radius calculation with the previously described GB/SA solvation treatment provides a fully analytical
solvation model that is computationally efficient in comparison with traditional molecular solvent models
and also affords first and second derivatives. Tests with the GB/SA model and Born radii calculated with
our new analytical function and with the accurate but more time-consuming PeiBsttzmann methods
indicate that comparable free energies of solventlike dielectric polarization can be obtained using either method
and that the resulting GB/SA solvation free energies compare well with the experimental results on small
molecules in water.

I. Introduction popular approach to continuum solvation treats a solute as a
distribution of charges or electrical multipoles in a cavity in a
dielectric continuunt*~1” Depending on the model, the cavity
may accurately follow the van der Waals surface of the solute
or it may be a simple geometrical object such as an ellipsoid
that approximates the shape of the solute. These models allow

have been developed. Molecular solvent models employ ©N€ to compute approximations to a significant (in high dielectric

hundreds or thousands of discrete solvent molecules and provide>©!Vents) component of solvation energy, the electrostatic solvent
the most widely used method for carrying out simulations in Polarization energy Gy,). While such continuum solvation
liquid environments. Though many of the properties of solu- model; are computationally efficient, calculating derivatives of
tions and solutes have been reproduced using calculationsGpol With respect to solute atom movemestd, for energy
employing molecular solvent models, such calculations converge Minimizations or dynamics calculations) including the effect
only slowly to precise answers because of the large number of of cavity boundary fluctuations is computationally intensive and
particles and states involved. In fact, molecular solvent has not been widely used. Furthermore, such dielectric con-
calculations generally require several orders of magnitude moretinuum models of the solvent do not include solvesblvent
CPU time than corresponding gas phase calculations on the samé&avity terms Gca)) or attractive van der Waals solvergolute
solute. Because molecular solvent models are so computationinteraction termsGyaw).

ally demanding, we and others have a significant interest in  Because of the shortcomings of previous models and because
developing more rapid continuum solvation models. Continuum we needed a practical solvation model for molecular mechanics
models treat the solvent as a continuous medium having theand dynamics calculations requiring derivatives, several years
average properties of the real solvent and surrounding the soluteago we developed a new continuum solvation model (termed
beginning at or near its van der Waals surface. In principle, the GB/SA model) that provided solvation free energi@g)

such models can provide solvation effects with relatively little pased on a generalized Born (GB) treatmerbgf and surface
computational effort, because the properties of an analytical, greas (SA) for approximating the cavity and van der Waals
continuum solvent are converged by nature and because thesontributions to solvatiof.

model includes no particles other than the atoms of the solute. |, the GB/SA model. the total solvation free ener@d) is
A variety of continuum solvation models have been described iven as the sum of a solversolvent cavity term Gea), a

over the years. Among these, treatments based on surface are lute-solvent van der Waals terrB{aw), and a solute solvent
or solvent accessible surface area have been recurring thenes. ; it .

; - electrostatic polarization ternto):
As a method for evaluating the total solvation free enefay),
however, we were concerned that area-based representations G.=G.  +G.. +G )
would provide poor approximations of the long range electro- sol — “eav T Fvdw T “pol
static components of solvation. In particular, purely area-based
treatments are problematic in that they give constant solvation Because saturated hydrocarbons are nonpolar m0|e@!>i6315 (
energies for all arrangements of ions or other charged atoms™ 0) and theiiGs, in water is approximately linearly relatéd
having nonintersecting solvent-accessible surfaces. Anotherto their solvent accessible surface areas (SA), the GB/SA model
computessqay + Gyaw together by evaluating solvent-accessible
® Abstract published irAdvance ACS Abstractdpril 1, 1997. surface area%®

The accurate modeling of molecules in solution using
molecular mechanics is a challenging problem because solven
is an extended medium having an astronomical number of low-
energy states. To treat such a medium in a molecular calcula-
tion, both moleculdr? and continuurfr'® models of solvent
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N
Gcav + GvdW = ZUKSAk (2)
=
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parameters associated with the model based on Poisson equation
derived Gyo energies, and show how the model performs in
reproducing accurate Born radii and experimental solvation
energies. We also compare its performance to a different

where SA (A?) is the total solvent-accessible surface area of approach to Born radii recently described by Hawkétsal 19

all atoms of typek and oy (kcal/(mol A2)) is an empirically

determined atomic solvation parameter. For hydrophobic atoms||. Methods

in water and a solvent-accessible surface lying 1.4 A outside

the van der Waals surface,has the value 0f0.01 kcal/(mol

To define our approach to computing Born radi),(we begin

A?). In the work described here, solvent accessible surface aread!ith the original Born expression (eq 4) for a monoatomic

were computed numerically.

For Gpo (kcal/mol), we began with the generalized Born
equation and modified it to allow for application to irregularly
shaped solutes:

n a9,

1 n
Gyor = —166.((1 - —)ZZ—
€li= 1= (I’IJZ + aijzeiDij)O.s

wherea; (A) = (ai0)°® and Dy = rj%/(20)? and the double
sum runs over all pairs of atomsgndj). «; is the so-called
Born radius of atoni (see below). Dj is the squared ratio of

®)

spherical ion surrounded by a continuum dielectric medium

1 2
Gpor = —166.({1 - Z)% )

representing a solvent which relates the total dielectric polariza-
tion energy of the systemGq, kcal/mol) to the chargeq(
electrons), the dielectric constanr} 6f the medium, and., the
ion’s effective or Born radius (or, more precisely, the distance
from the center of the ion to the boundary of the dielectric, A).
For such a spherical system in a solventlike, continuum dielectric
medium, the effective dielectric boundary will be found at some

thei,jth atom pair separation to their mean Born diameters, and fixed distance (previously defin®das the dielectric offset

its exponential is used to for€a, to approximate the dielectric
part of Coulomb’s law rapidly as atomisandj move beyond
the contact distance of their Born radii.

distancep) from the van der Waals surface of the solute. Thus,
for a spherical monoatomic solute, there is a simple relationship

This model has been betweena and the distance from the ion center to its van der

modified by Truhlar and co-workers and successfully used in Waals surfaced = ¢ + Rww). For a polyatomic solute,

conjunction with semiempirical molecular orbital calculatiéhs.

however, the corresponding distance from an atomic charge to

Although eq 3 is a simple, pairwise expression, it requires a the molecular van der Waals surface will vary depending on

Born radius ¢) for each atom in the solute having an atomic

which part of the molecular surface is being considered. To

charge (or partial charge). For a simple spherical solute with a avoid the mathematical complexities associated with such an

charge located at its centeg.§, a model for a metal ion)x

angularly dependent, we sought an appropriate way to average

can simply be taken as the van der Waals radius of the solute.the various distances from a given charge to all points on the

But for more complex solutes, the Born radius of ttieatom

dielectric boundary to produce a single valuexdbr use in eq

(o) depends upon the positions and volumes of all other atoms 3.

in the solute because they displace the solventlike dielectric

The approach we developed begins with eq 4 and the

medium. The Born radius of a charged particle is actually not following idea. Imagine a polyatomic solute whose atoms are
so much a radius as it is a kind of average distance from the all electrically neutral but displace the dielectric solvent medium
atomic charge to the boundary of the dielectric medium. For to create a solute-shaped cavity in the medium. For such a

certain simple systems, the value @fis thus obvious. For
examplea for an atom at the center of a spherical macromol-

system,Gpoi = 0. Now, choose an atomi)(and place an
electrical chargedf) on it. The resulting system will now have

ecule would be the radius of the macromolecule. For systemssome nonzerd@,q. |If we could compute thi€,,, we could

having irregular shapes, however,is more complicated to
evaluate. In previous descriptions of the GB/SA modelor

then use eq 4 to calculate;, a value corresponding to a
spherically averaged, effective Born radius of atomThus,

such solutes has been obtained by a numerical, finite differencegiven a method to calculat®,y for a system consisting of a

method based on the Born equatforiWhile this numerical

continuum dielectric and an irregularly shaped solute with a

evaluation provided well-defined and reasonably accurate evalu-single charge located at any position within the solute, Born

ations ofa’s, it was also the most time-consuming part of the

radii for each atom in the solute could be readily calculated.

GBJ/SA solvation calculation (eq 3). Furthermore, because of This general approach to Born radii was introduced as part of

the numerical nature of the previoasevaluation, full deriva-
tives of Gpo Were not readily obtained.

the original GB/SA solvation model and assumes that the Born
radius of a given atom does not depend upon the charge

In this paper, we describe a significant enhancement to the distribution in the systerf. The following paragraphs describe

GBJ/SA solvation model in the form of a fast, analytical approach
to computing atomic Born radii. Though our analytical ap-
proach toa is not exact, we show here that it yields Born radii
that compare reasonably well with accurat&s calculated

numerically. Furthermore, in conjunction with the GB/SA
model for water, experimental solvation energies are well
reproduced by GB/SA calculations usings computed either

a method for carrying out sudB, calculations in the context
of a solute having atom-centered charges in a continuum
dielectric medium. We begin by describing our analytical
method for the rapid calculation of suj,’'s and thus Born
radii.

An Analytical Approach to Born Radii ( o). In order to
computea efficiently, we sought an analytical function leading

by our rapid approximate method or by a slower but accurate to usefully accurate Born radii via a simple pairwise evaluation
numerical method. Because the new approach to computingof the atoms in a molecular solute. The idea we developed is

Born radii makes the GB/SA solvation model fully analytical,

best described with the aid of Figure 1. Imagine that we wish

we implemented it several years ago with full first and second to computeq; in a polyatomic solute in a solvent represented
derivatives as an unpublished feature in our molecular modeling by a continuum dielectric. All of the atoms of the solute may

program MacroModel/BatchMit# In this paper, we describe
our analytical approach to Born radii in detail, reoptimize the

be considered to displace any dielectric within their van der
Waals surfaces to create a solute-shaped cavity in the solventlike
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Figure 1. VIr* model for evaluating the Born radius of atdnin a
solute (see text).

dielectric medium as indicated in Figure 1A. In order to
calculaten;, we computeG,; for a simplified system in which
all atoms in the solute except forare electrically neutral as
outlined above. To comput€,y;, we start by removing all
the atoms in the solute except ator(Figure 1B). TheGpyq;
energy of that system would be simply given by the Born
equation (eq 4), witlw equal to atoni’s van der Waals radius
(plus anyg). Now consider the effect on the system of including
one of the solute’s other atoms.§, atomj, Figure 1C). While
atomj is uncharged, it chang€,q; because it displaces a piece
of dielectric medium equivalent to its volume/Y. The
inclusion of atomy thus results in an increase of the energy of
the system@pol; becomes less negative) which is proportional

to Vj and inversely proportional to the distance between atoms

i andj (ry) raised to the fourth powef. This Vj/rj* relationship
follows from the loss of a classical charge/induced dipole
interaction between the charge on atérand the dielectric
medium that is displaced by aton By similarly including
the effects of dielectric displacement by all other atoms in the
solute,Gpo; for the full solute system (approximately Figure1A)
could be computed and its reciprocal would yieldvia eq 4.
Though the above model for computiGyo; is reasonable,
it is also simplistic in that it defines the solvent dielectric as

occupying all regions of space outside the van der Waals

envelopes of the individual atoms of the solute. In reality,
however, a molecular solute in molecular solvent includes

numerous small voids between solute atoms that are too smal

to be filled by solvent molecules. Furthermore, there may be
overlaps of certain atomic volumes. Finally, ttiér;* relation-
ship is accurate only when atormandj are widely separated
(rij is large). While such defects in our model could be

corrected, we thought that the basic model might capture the
essential physics of the system and thus be useful for rapidly

computing approximate Born radii. We added a series of
empirical scaling parameters to the basic* equation in an
attempt to minimize the effect of model defects in an average
sort of way. We then optimized the values of these scaling
parametersK;—Ps) to best reproduce accura@,; for the
atoms in a diverse set of molecules. The explicit equation we
use is given as eq 5a and yiel@s,q;, a polarization energy
that assumes a unit charge on atcamd a surrounding medium
of high dielectric (1— 1/e =~ 1.0):

G li —166.0 stretctP,V. bendP V.
Gl = —— = + 35—+ —+
€
nonbondeP4\/jCCF

—— (53)
rA.4
i

where Gpoij = polarization energy of atom (kcal/mol), ¢ =

dielectric offset (A),rj = distance between atomsndj (&),
V; = volume of atony (A3), Rgw-i = van der Waals radius of
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atomi (A), P, = single-atom scaling factoP, = 1,2 scaling
factor,P; = 1,3 scaling factorP, = 1,>4 scaling factorPs =
soft cutoff parameter, and CCE close contact function for
1,>4 interactions where

CCF=1.0 if

( I )2 1
Raw-i T Ra-j/  Ps

otherwise

_ _ M 2 2
cor-{oduo-of o]

Making the same assumptions regarding the charge on atom
i and dielectric constant of the medium, we can then use the
simplified Born equation (5b) to compute:

__—166.0
i Gl

(Sb)

pol,i

The right-hand side of eq 5a defing§,0 and depends on neither
€ nor the charge distrubutiony; (eq 5b) depends 08’ Only
and is therefore also independent@ind the charge distribution.
The first equality in eq 5a shows th@t,, may be interpreted
as the infinite-dielectric limit 0Gyqr.

The first term in eq 5a gives the Born energy of atoatone
in the dielectric medium (as in Figure 1B). The remaining three
terms take into account the effect of all other atoms (atpims
Figure 1C) which make the magnitude Giq; smaller by
displacing the dielectric medium. We distinguish these other
atoms by their connectivity to atom Thus, atoms involved in
1,2-stretching interactions with atom i are treated differently
from those involved in 1,3-bends or nonbondea&@), interac-
tions. We made this distinction because we expected our simple
pairwise model to show deviations from a real molecular system
that depended systematically on the separation of the atom pairs
(e.g, covalent bound atoms (1,2-stretching interactions) would

Ibe expected to be systematically more overlapping than any

other pairs of atoms). The separation of atomic pairs into classes
corresponding to stretch, bend, and nonbonded categories, which
correlate with increasing pair separation and geometrical
disposition, also allows the scaling parameters to accommodate
systematic deviation from idedl/r* behavior ag increases.

The only deviation of our model from the scaléft* treatment
occurs when nonbonded atom pairs come within 80% of their
summed van der Waals radii and thus overlap significantly. In
that situation, the CCF is used to reduce the effective volumes
of the overlapping atoms.

Associated with eq 5a are several details of implementation
that improve the model’s efficiency and are justified by the facts
that bond lengths and bond angles do not vary greatly among
different conformations of the same molecule. Thusj fitoms
involved with atomi in stretching (term 2 in eq 5a) and bending
interactions (term 3 in eq 5a), we take equilibrium bond lengths
and angles from the molecular mechanics force-field stretch and
bend parameters to defimgrigidly for those terms. Thus, all
terms in eq 5a can be taken as constants (connectivity dependent
but coordinate independent) for a given molecule except for
the last term which deals with the effects of nonbonded atoms.
This simplification allows the contributions of 1,2- and 1,3-
atom pairs toa to be computed once at the beginning of an
energy minimization or molecular simulation and then used as
constants throughout the rest of the calculation.

For atomic volumes\() in eq 5a, we use simple atomic
volumes minus those subvolumes that would lie inside directly
bonded atomskj. Thus, given constant bond lengthgjs also
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a constant and is thus given by
4 3 1 2
V= gﬂRvdw—j - Zéﬂhjk BRuaw-; — hy) (6)

wherehy is the difference betweeR,qw-j and the vector from
the center of atonj to the center of the circle formed by the
intersection of the overlapping spheres.

2 2 2
Raw—k — Raw—” — ik )
2R aw-jk

For van der Waals radii, we use atomic radii taken as €r&dm

the Jorgensen OPLS force fiélaxcept for hydrogens to which
we assign a radius of 1.15 A as described previofisiven

our rigid treatment of atoms directly bonded to aténthe
distance between bound atomandk (ri) is also a constant
which we define to be 1.04, wherelg is the natural length of
that bond as given by the molecular mechanics force field in
use. The 1% increase lp allows for the minor stretching of
bonds that commonly accompany energy minimization.

1+

hie = Rigw-j
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at the van der Waals boundary of the solute. The same OPLS-
derived van der Waals radii were used in these FDPB calcula-
tions as were used with eq 5a (see above). Applying Born eq
4 to theGyq; thus calculated gives the Born radius of atom
(o). To the extent that DelPhi's FDPB calculation is accurate,
o; will also be accurate.

We use an internal dielectric constant of 1, rather than a value
in the range 2-4, as used by Honig and co-worker¥, because
the Born equation (eq 3) we are using assumes an internal
dielectric constant of 1. This value fethas been shown to be
appropriate when considering the solvation energies of small
molecules?3

We optimized the parameteR—Ps in eq 5a to minimize
the discrepancy between Born radii determined by the above
FDPB method and by eq 5a. We first assembled a data set of
189 representative organic molecules and biopolymers contain-
ing more than 10 000 atoms (see supporting information). These
structures included both all-atom and united-atom (hydrocarbon
fragments only) representations of the molecules. All molecules
in the data set were first energy minimizedvacuousing the
MacroModel AMBER* force field?> Next we used the above
FDPB method and eq 4 to evaluate an accurate Born radius for

In tests on small molecules, we find the assumptions of each atom in every molecule in the data set. Our parameter
constant bond lengths and angles (using natural lengths andpptimization procedure used a simulated annealing algorithm

angles from a standard molecular mechanics force field) to
change the total solvation energies$%% in comparison with
solvation energies having 1,2 (stretching) and 1,3 (bending)
terms computed from actual, energy-minimized atomic coor-
dinates.

One further simplification was made to improve the model’s
efficiency, and that entails using the united-atom approximation
for the hydrocarbon portions of the solute. The united-atom
approximation is common in the modeling of large molecules
and involves substitution of carbons and all directly bound
hydrogens with single, enlarged superatoms. The justification
of the united-atom approach is that hydrogens are relatively
small atoms and lie mostly within the van der Waals envelope
of attached carbons. In eq 5a, this approximation significantly
reduces the number pfatoms that have an effect on the Born
radius of atom by eliminating the effect of all hydrogens bound

to carbon and instead using the appropriate united-atom radius

for these carbons.

To determine the best values for paramefarsPs in eq 5a,
we first computed a large number of atomic Born radii using
the PoissorBoltzmann (PB) equation as implemented in the
DelPhi program of Honigt al.*>-17 DelPhi is widely regarded
as a reliable predictor of electrostatic interactions in polar

combined with the downhill Simplex meth#dthat randomly
varied P;—Ps to minimize an error function (eq 7) comparing
results from FDPB and eq 5a.

Our error function (eq 7) was defined as the average squared
difference between atomic polarization energi€&d;;) com-
puted by FDPB and eq 5a for all atoms in the data set. We
based our error function 0@'y; instead of the corresponding
o; because we are more interested in reproducing polarization
energies than Born radiier se This choice of ERROR biased
the optimization procedure toward atoms having smaller Born
radii, thus making it more sensitive to those atoms making the
largest contributions to dielectric polarization energies.

N
Z(Glpol,i (eq 5a*)_ G"pol,i(FDPB))2
ERROR= A/ =

N ()

N is the total number of atoms in the data set (here 10 034) and

G'paij indicates the atomic polarization energies based on an

atomic charged) of 1.0 and medium dielectric constant of 80.
After optimization ofP; throughPs, the value of ERROR

solvents and has been successful in computing good approxima-(eq 7) was 7.9 kcal/mol. This value of ERROR corresponds
tions to the electrostatic component of hydration enerfigbe approximately to a 3% average erroiGiy,.; for atoms in these
program uses a finite difference methoq to iteratively solve the ionic model systems. Analyzing the Born radii calculated by
PB equation (FDPB) for a charge-bearing molecular solute in parameterized equations (5a) and (5b) for the entire data set,
a continuum dielectric medium and thus provides a method for \ye found that Born radii for certain atom types were consistently
computing accurat€po energies assuming atom-centered solute 146 small relative to accurate Born radii from FDPB calculations
charges and a dielectric continuum surrounding the solute. In (see Table 1, column eq 5a). These atoms were S, CI2\(sp
our calculations, the ionic strength was set to zero so we actuaIIyN(sz), H(N), and H(O). We therefore increased the van der
used DelPhi to solve the Poisson equation. ] Waals radii of these atom types by 5% except for S whose radius
Given the FDPB approach to computi@go and its relation- 55 increased by 10%. ReoptimizationRafthroughPs using
ship with a (eq 4), it is possible (though time-consuming) to  {hese altered radii in eq 5a then led to ERRER.9 kcal/mol,

compute accurate Born radii for all atoms in virtually any ang the results are summarized in Table 1, column eq 5a*. The
molecule in a solventlike, continuum dielectric medium. Thus, final values for these parameters are

to compute the Born radius for atann a molecule, one places
a unit charge on that atom; (= 1.0) and sets the charges of all

P 0.073

the other atoms in the molecule to zero. DelPhi is then used to pi 0.921

compute the polarization energy of the systeBp.f;) with a Ps 6.211

solute dielectric constant of 1.0, a solution ionic strength of 0.0, E4 1?-322
5 .

and a water-like continuum dielectric mediua 80) starting
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TABLE 1: Average Errors in Born Radii ( o) Based on
Atom Type

av error=o. —
MacroModel a(FD—PB),A
atom atom type eq 5a eg 5ab no. atom$

C(sp) C1 —0.028 0.002 1
C(sp) Cc2 0.024 0.070 1668
C(sp) C3 —0.135 —0.102 723
CH(sp) CA —0.043 0.015 727
CHg(sp) CB 0.062 0.096 597
CHa(sp) CcC 0.145 0.180 393
CH(sp) CD 0.096 0.132 245
o(sp) 02 —0.099 —0.066 940
O(sp) 03 —0.138 —0.097 331
(on oM 0.001 0.029 209
N(sp) N1 —0.011 0.015 1
N(sp) N2 —0.249 0.014 876
N(sp’) N3 —0.406 —0.225 14
N*(sp) N4 0.119 0.153 69
N*(sp) N5 —0.048 —0.018 86
H(C) H1 —0.069 —0.051 1638
H(O) H2 —0.187 —0.072 232
H(N) H3 —0.564 —0.410 857
H(N™) H4 —0.023 0.000 365
S S1 —0.574 —0.241 35
P PO —0.128 —0.099 17
F FO —0.112 —0.099 17
Cl Cl —0.285 —0.120 17
Br Br —0.030 0.001 1
| 10 —0.024 0.007 4

aBy V/r4 model (eq 5) using OPLS radii and 1.15 A for Mv/r4
model (eq 5) using OPLS radii and 1.15 A for H except that R)(sp
N(sp’), H(O), H(N), and ClI are enlarged by 5% and S is enlarged by
10% (see text): Number of atoms in data set of designated atom type.

While the work described here was underway, a different
pairwise approach for the evaluation of Born radii was reported
by Hawkinset al.l® Their method was based on our original
finite difference Born shell approach to Born radii but employed
a pairwise descreening approximafibto make the approach
both rapid and analytical. We term this method the PDA
method. The PDA method is similar in spirit to duir* method
(eq 5a) in that it computes an atom’s Born radius by summing
the effects of dielectric displacement by all other atoms in the

molecule. Though both methods approach the Born radius

problem using an atomic pairwise algorithm, the basic underly-
ing models differ in that the PDA method is an analytical
approximation to our original Born shell modelyhereas our
new work is based on the¢/r* model of Figure 1. To see how

the PDA method performs relative to eq 5a and accurate FDPB
results, we programmed and tested the Hawkins formula for

oL

Like our V/r* model, the PDA approach is simplistic in that
it does not explicitly deal with voids between atoms or atomic
overlaps. Instead, empirical scaling facto&) (are used to
adjust the atomic radii to minimize such effects. These scaling
factors were optimized to best reproduce known solvation

energies of more than 100 organic molecules using a GB/SA-

like solvation model with SM2 atomic radii and AM1-derived
partial charges. Their values as given by Hawkésl. are
shown below under th&, column:

atom S S¢*
H 0.82 0.78
C 0.70 0.77
(@] 0.54 0.64
N 0.66 0.66

In comparing the results from the PDA method with those
from our V/r* method (eq 5a) and FDPB, we used Hawkihs
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al.’s original scaling factorsg,) as well as modified scaling
parameters*) that we optimized to minimize the same error
function (eq 7) and data set used to optimRethrough Ps.
These modified scaling parameters should be more appropriate
for the OPLS atomic radii and charges used here. We term the
results of the PDA method with our modifi&¥ scaling factors

as the PDA* results in the discussion below. For compounds
containing sulfur, phosphorus, or halogens, no PDA or PDA*
calculations were carried out because scaling parameters were
unavailable for those atom types.

Ill. Results and Discussion

In the following sections, we test the ability of ovir* model
(eq 5a) to reproduce solventlike, continuum dielectric polariza-
tion energies (atomi€'y; and molecularGy,) from FDPB
calculations. We also usé/r* and FDPB-derived Born radii
in our GB/SA solvation model to compute the total solvation
energies Gso) of small molecules in water where experimental
data are available. Finally, we provide similar comparisons
using the PDA approach to Born radii.

llla. Comparison with Finite Difference Poisson—Boltz-
mann (FDPB) Results. Because solution of the Poisson
equation provides polarization energies for charge-bearing
objects in a continuum dielectric medium, it provides a
convenient source of accura®,; data for comparison with
corresponding energies calculated using\thé model (eq 5a).
This comparison for all 10 034 atoms in our data base is shown
graphically in Figure 2A. To make the correlation graphs easier
to read, we have plotte@'po; for small molecules and large
molecules (various nonapeptide conformations and crambin)
separately. As these graphs show, & model does the best
job at reproducing FDPB atomic polarization energies for those
atoms having the largest (most negative) solvent polarization
energies. Those atoms are the ones having the smallest Born
radii. Thus, the atoms making the largest contributions to
solvent polarization energies are most accurately treated. While
most atoms had solvent polarization energies that were within
a few percent of the correct FDPB results, a significant number
of atoms having larger Born radii (less negati¥g;) had Born
radii that were systematically smaller than those from the FDPB
calculations. These outliers occurred primarily in the larger
molecules and tended to be those atoms most deeply buried
within a solute.

In the FDPB method, a Connolly surface is used to define
the solute boundary and to exclude dielectric from small voids
in regions of densely packed solute atoms. In contrasi/ftfe
model uses atomic van der Waals surfaces to define those
volumes from which the dielectric is excluded. This approach
effectively leaves small, interstitial void volumes containing
dielectric within the solute. While the parameterization de-
scribed above minimizes such differences in an average way,
differences still remain, especially for deeply buried atoms in
large molecules. The net effect is that these atoms often
experience a higher microdielectric environment in et
model than in the FDPB treatment.

Table 2, column eq 5a* provides statistical data on the
correlation between eq 5a and FDPB calculations of atomic
medium polarization energies. Given there are correlation
coefficients €) for a linear fit betweerG'po; computed by the
two methods. Atomic polarization energies for small molecules
are better reproduced € 0.96) than those of large molecules
(r = 0.92), as expected given our systematic overestimation of
G'polj for buried atoms. The average unsigned erroGipy;
for all 10 034 atoms in our data set is 4.27 kcal/(mol atom)
(just under 6% of the mean atomic polarization energy).
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Figure 2. Comparison of atomic dielectric medium polarization energl@g.(;, kcal/(mol atom)) computed by various methods. Panel A: GB
radii from eq 5a with optimal atomic radii. Panel B: GB radii using the method of ref 19. Panel C: GB radii using method of ref 19 with reoptimized
S parameters.

Also given in Table 2 (eq 5a* column) are Born radius data energies Gyo)) for molecules bearing complete sets of atomic
computed fronG'yqi; (€9 5b) for the same 10 034 atoms. The charges. The same charge sets were used in both calculations
correlation between theddr4- and FDPB-derived Born radii ~ and came from the AMBER* force fiel#. The molecules were
is weaker = 0.85) than with the energetic equivaléByl;, the same 189 organic and biological molecules used in the above
and the average unsigned error in Born radii over the entire setG'po; and o calculations. TheG,, comparison in which the
is 0.17 A/atom. As discussed above, the greatest differencesGB calculations employeW/r4-derived Born radii is shown in
in Born radii are found with those atoms having the largest Born Figure 3A. There is a strong linear correlation (slepé.000,
radii. These effectively larger atoms contribute the least to the correlation coefficient= 0.999) between the twGp, calculation
solvation energies so that the overdlr*-derived and FDPB results. The differences that do exist are generally small relative
energetic results still agree reasonably well, as we show below.to the total solvation energies involved and are explicitly plotted

We next investigated the agreement between GB and FDPBnext to the correlation graph. The molecule having the largest
in computing solventlike dielectric mediura£ 80) polarization difference inGyo energy as calculated by the GB method with
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TABLE 2: Comparison of Atomic Polarization Energies the original GB/SA work all atoms were treated as hydrophobic
(G'poli, kcal/mol) and Born Radii (e, A) Calculated by and used the same atomic solvation parameter { cal/(mol
\F@gﬁﬁé Methods and Compared to PoissorrBoltzmann A2)) in the solvent-accessible surface area (SA) part of the
— - model. Since that time, we have adopted Cramer and Truhlar’s
polarization energies  FDPB eqSa® PDA’  PDA* approach of using differenio’s for different atom types though

mean energy per atom —76.7 —77.6  —-857 784 we distinguish only a few atom types in this way. Thus, we
slope (small mols) 0.93 1.01 0.97 treat atoms based on their approximate hydrophobicity/hydro-
glcggés(rlr;?g emrglos?é) 8:32 8:31 8:?2 philicity and use the following three area-based atomic solvation
corr (large mols) 0.92 0.83 0.90 parameters for the common atom typegC(sp), S)= 10 cal/
av unsigned error 4.27 9.40 589  (mol A?), o(C(sp), C(sp), P)= 7 cal/(mol &), 6(0, N) =0
- cal/(mol A%). To speed our surface area calculations, we employ

Born radii FOPB  eqS5© PDA’  PDA* the united atom approximation in the SA part of the GB/SA
meano. 2.33 2.27 2.01 2.18 model, and thusg(H) is zero.
ig?gé 8:2‘51 8:;‘3 8:;2 The results of our G_B/SA hydrati_on free _energ@s&) _
av unsigned error 0.17 0.31 0.21 calculations are summarized along with experimental data in

a . L Table 3. Results using oi/r* Born radius model are given
. Data computed for 19 034 atoms in ;189 m.oleculefs bearmg single- in column ea 5a* and plotted in Fiqure 4. There it can be seen
unit chargesd = 1) and in an external dielectric continuum with= q P g ’

80 except for PDA and PDA* results which are based on 7407 atoms that GB/SA(_X from V/r4) solvation ener_gies are strongly
in 139 molecules (see text) Accurate result given by finite difference  correlated with experiment (average unsigned error 0.9 kcal/
Poissor-Boltzmann calculation® V/r* model (eq 5)¢ Pairwise de- mol, linear fit slope= 0.96,r = 0.94). We also carried out
screening approximation method of Hawkitsal ® (G'pa; = —1660,"). analogous GB/SA calculations using accurate, FDPB-derived
Pairwise descreening approximation method withmodified scaling Born radii. Those data are shown in the FDPB column of Table
parameters (see texf)Slope of linear fit between designated method 3and h . d £0.8 keal/mol. Th
and FDPBJ Correlation coefficient for linear fit of points between and have an average unsigned error of U.c kcal/mol. - 1hus,
designated method and FDPB. comparable accuracy relative to experiment is obtained in our

GBJ/SA Gs, calculations regardless of the source of the Born
V/r4 Born radii is the protein crambin, the largest molecule in radii. The utility of theV/r* model for computing Born radii
the data set. Even here thel6 kcal/mol GB/EDPB difference  for use in the GB/SA solvation model would therefore seem to
is relatively small: about 7% of crambin’s total dielectric be validated.

polarization energy. The average unsigned error of \G) Finally, we tested the basic GB equation (eq 3) of our GB/
Gpol relative to FDPB for all 189 molecules in the data set is SA model for solvation by replacing the entire GB equation
1.93 kcal/mol. with a full FDPB calculation 0fGp,. Those results are given

Because the above molecular GB, calculations depend  in Table 3 under the FDPB/SA column and yield an average
both upon the validity of the GB equation (eq 3) and of the unsigned error of 0.9 kcal/mol relative to experiment. Thus,
VIr* model (eq 5), we carried out one further test to probe the to the extent that experiment is the best yardstick for assessing
sensitivity of theseGp, calculations to the above-noted errors  the usefulness of a model in real applications, we find no
in V/r#-derived Born radii. This test involved using accurate, evidence that the FDPB method is any better than the simpler
FDPB-derived Born radii in the GB equation. The results are GB approximation. Indeed, we think it likely that the ap-
plotted in Figure 3B and indicate the be&3{, results that the  proximation of a polar molecular solvent by a simple continuum
GB equation (3) can provide relative to full,o calculations dielectric is more significant than the difference between FDPB
by the FDPB method. While the errors in moleculayo, are and GB approaches Bpol.
generally smaller with FDPB-derived Born radii, the improve- llic. Comparison with the Pairwise Descreening Method.

ment is not dra_matlc and the average unsigned error for theWe also carried out similar tests on the related PDA approach
entire data set Is now 1.74 kcal_/mol. ) to Born radii recently reported by Hawkiret al'® As noted
”lb'. Co_mparlson with I_Expenmental Free Ene_rg|es Of_ in the Methods section, we found it advantageous to reoptimize
So!vatlon in Water. Wh|lg the above comparisons with their S based on our van der Waals radii and FDPB-derived
Poissonr-Boltzmann calculations support the utility of the GB G'ooi. We have compared the results with both the original
and V/r* approximations in computing polarization energies (PFIJSA' S. parameters) and the revised (PD/S* parameters)
(Gpo)) for a molecular solute in a dielectric continuum medium, paran,weter sets. The PDA and PDA* compa;isons with EDPB
the medium in real-world applications of the method is not a G poyy are given. in parts B and C of Figure 2. GB(PDA or

dielectric continuum but a r_eaI mol_ecular _solvent. We therefore PDA*) molecular solvation energies are compared with FDPB
ask how well GB calculations using various sources of Born - .
results and experiment in Figure 3C and Table 3.

radii reproduce actual solvation free energies for the polar sol- . L . .
vent water. Here, accurate experimental data are more limited FOF atomic solvent polarization energies and Born radii, the
and are available only for certain small molecules. To compare ©riginal PDA method provided a reasonable correlation with
our calculations with experiment, we chose 36 small organic FDPB-derived results. However, using the reoptimized scaling
molecules having diverse functional groups and whose hydrationfactors &), PDA* performed significantly better relative to
free energies appeared accurately kndivids in the original FDPB, especially with large molecules (Figure 2C). Statistics
GB/SA work? we also limited the molecules to those bearing for these PDA and PDA* calculations are given in Table 2 and
functional groups having atomic partial charges defined by quantify the improvement irG'po; and i with the PDA*
Jorgensen’s OPLS force fidfdor derived from electrostatic ~ Parameter set.

potential fitting to minimally HF/6-31G*ab initio wave We then compared th&, from FDPB and GB(PDA) for

functions. 139 molecules in our data set that did not contain sulfur,
To calculate the total solvation free energies of these phosphorus, or halogen. For the small molecules, PDA Born

molecules, we used the GB/SA solvation model (eg8)lusing radii in conjunction with the GB equation yield&g},, that are

Born radii calculated using the methods described above. Inin good agreement with molecular FDPB results but systemati-
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Figure 3. Comparison of molecular dielectric medium polarization enerdgs, (kcal/mol) computed by the GB method using Born radii obtained
by various methods. Panel A: GB radii from eq 5a with optimal atomic radii. Panel B: GB radii using the method of ref 19. Panel C: GB radii
using method of ref 19 with reoptimize®l parameters.

cally and significantly overestimate the FDPB energies for larger ~ Overall, both the//r* and the PDA (or PDA*) models provide
molecules (data not shown). Using PDA*, however, the larger valuable methods for rapidly computing useful, though approx-
molecules were brought back into line with only a small imate, Born radii. Relative to FDPB calculations for both large
reduction in the goodness-of-fit for the small molecules. and small molecules, thér* model is marginally more accurate,
Overall, the GB(PDA*)Gyo energies were nicely correlated to  although the effect of this on solvation free energies is probably
accurate FDPB energies (linear slopge1.012,r = 0.999) negligible. Although the average unsigned error in reproducing
(Figure 3C). The average unsigned errors for such GB(PDA*) observed solvation energies of small molecules is somewhat
and GB(PDA)G calculations are 1.84 and 10.19 kcal/mol. smaller with Born radii derived from ouv/r* model (0.9 vs
Finally, PDA and PDA* Born radii in the GB/SA calculations 1.0 kcal/mol), the precise solvation energies one calculates with
of hydration free energies of small molecules both give good the GB/SA solvation model vary with the choice of van der
correlations with experiment (average unsigned errors of 1.1 Waals radii and the source of atomic partial charges. Thus,
and 1.0 kcal/mol, respectively; see Table 3). the small differences i errors reported in Table 3 for the
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TABLE 3: Comparision of Experimental Hydration Free
Energies Gso, kcal/mol) and Those Calculated Continuum
Solvation Models Using Various Born Radius Treatments

GB/SA, Born radius source

FDPB/
solute eq 5a* PDA PDA* FDPB SA  expt
propane 1.8 1.9 18 1.8 19 20
n-butane 2.1 21 21 21 21 22
n-hexane 25 25 25 25 25 2.6
n-octane 2.9 2.9 2.9 2.9 2.9 29
2,4-dimethylpentane 2.8 2.8 2.8 2.8 28 29
cyclohexane 1.8 1.8 1.8 1.8 1.8 1.2
methanol -73 —-69 —-6.6 —-57 -6.7 —-51
1-butanol —50 —-53 —48 —-48 -56 —47
ethanol -56 -59 -54 -52 -6.1 -50
2-propanol —43 —-47 —40 —-42 —-53 —48
1-hexanol —46 —-49 —-43 —44 52 —-44
acetone —27 —-26 —-23 -24 -23 -39
2-butanone -20 —-20 -16 —-19 —-2.0 -36
acetic acid -64 —-9.0 -79 -6.7 —-7.0 —-6.7
methyl acetate -21 —-26 —-21 -19 -21 -33
dimethyl ether -38 -19 -17 -19 -23 -19
benzaldehyde —-55 —-6.1 —-52 -54 -55 —4.0
acetonitrile —47 —-55 —-53 —-47 —-46 -39
acetamide —-11.2 -12.6 —11.8 —11.5 —11.7 —9.7
dimethylamine -23 —-20 -18 -18 —-27 —-43
N-methylacetamide -8.1 —-86 —-7.7 —-81 -80-10.1
N,N-dimethylacetamide —5.7 —-5.7 -5.1 -54 -55 -85
morpholine =77 —-57 —-47 -65 -80 -7.2
ethyl mercaptan —-21 NA NA —-20 -23 -12
methyl ethyl sulfide —-20 NA NA -19 -20 -14
thioanisole —-20 NA NA -—-22 -21 -27
thiophenol —-28 NA NA -30 —-33 -—-26
benzene -1.0 -12 -0.8 -1.0 -11 -0.9
phenol -64 —-75 —-64 —-64 —-7.1 —-6.6
aniline —-41 —-69 -58 -57 —64 —49
naphthalene -15 -16 -10 -16 -—-17 -24
o-xylene 1.0 1.0 1.3 1.0 1.0-0.9
toluene 0.0 0.0 0.3 0.1 0.0-0.8
pyridine —42 —-51 —-43 —-49 —-49 -—-47
2-methylpyrazine -50 -6.2 -51 -6.0 —-6.0 -55
mean -30 NA NA —-29 -32 -32
av unsigned error 0.9 1.1 1.0 0.8 0.9
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Figure 4. Comparision of experimental hydration free energi®s,(
kcal/mol) and those calculated with the GB/SA method, using GB radii
from eq 5a.

various methods of computing Born radii are unlikely to be
significant.
Both the PDA and//r* models are quite efficient. Computing

J. Phys. Chem. A, Vol. 101, No. 16, 19983013

in part because the united-atom approximation for hydrocarbon
portions of a solute (see Methods section) eliminates the need
for considering the effects of hydrogen atoms.

IV. Conclusion

The simple analytical models described above for the Born
radii calculation can have significant value in the rapid
computation of solvation energies using the generalized Born
(GB) continuum dielectric solvation model. Not only is the
V/r* model for computing Born radii described here computa-
tionally efficient, but its accuracy in reproducing continuum
dielectric polarization energies in the context of the GB model
is comparable to that of classical but far more computationally
intensive methods. The same can be said about the related PDA
model for Born radii recently reported by Hawkias al.1®

We find it particularly telling that the GB solvation model
with analytical Born radii reproduces the experimental solvation
energies of small molecules in water essentially as accurately
as the more elaborate PoissaBoltzmann (PB) calculations.
There are several possible reasons for this. One possibility is
that solvation energy errors originating from surface-area-based
atomic solvation parameters or inaccurate atomic partial charges
or van der Waals radii outweigh the differences between the
GB and PB treatments. Indeed, solvation energies can vary
significantly when atomic partial charges are altered even
slightly, and it is likely that more accurate charges will improve
the performance of both the GB and PB methods. There is
also the issue that the experimental hydration energies are not
perfectly accurate and could easily be off by several tenths of
a kilocalorie/mole. In addition, both models make arbitrary
though differing assumptions about the precise shape of the
cavity in which the solute is embedded. Another possibility,
which we regard as more likely and significant, is that real water
is only crudely described by a homogeneous continuum
dielectric, especially near the solutsolvent interface. To make
continuum solvation models perform much better than they do
now, it may be necessary to treat solvent near the interface
somewhat differently than solvent lying farther from the solute.
Furthermore, the atomic partial charge model is simplistic in
comparison with electrical properties of real molecules, and it
may also need upgrading before highly accurate solvation
energies are available by calculation.

Though the continuum solvation energies computed with
analytical, approximate Born radii and the GB/SA model are
far from perfect, they seem to model the effects of real solvation
semiquantitatively and can be calculated quite rapidly. Fur-
thermore, because the GB/SA continuum model is now fully
analytical, derivatives of the energy with respect to atom
movement are available and allow the effects of solvation to
be included efficiently in energy minimization, molecular
dynamics, etc. Such analytical first and second derivatives of
the GB/SA solvation model have been a part of our molecular
modeling program MacroModel for several years and, coupled
with the newly parameterizedr* model described here, should
help to make molecular modeling in water a routine and more
reliable affair.
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