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Continuum Solvent Modeling of Nonpolar Solvation: Improvement by Separating Surface
Area Dependent Cavity and Dispersion Contributions
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Continuum models are frequently used to calculate hydration properties of organic and biomolecules and to
estimate its dependence on conformation and association. Often a single surface tension parameter has been
used to estimate nonpolar solvation contributions from the solvent accessible surface of a molecule. The
assumption of a uniform surface tension parameter is based on the observation that for linear alkanes free
energies of hydration (vacuum to water transfer free energies) increase (approximately) linearly with the
solvent accessible surface area (SAS). However, this correlation for example does not hold for the vacuum
to water transfer of cyclic alkanes. The transfer of a nonpolar solute from vacuum to water can be formally
split into a contribution due to cavity formation which involves a redistribution and reordering of water
molecules and changes in watavater interaction and second van der Waals (dispersion) interactions between
solute and water. In the present study, the solute solvent dispersion contribution has been calculated using a
surface integral continuum approach (Floris, F.; Tomasi, Comput. Chenml989 10, 616-627). Combined

with a cavity contribution that has been assumed to be proportional to the solvent accessible surface area
calculated hydration free energies for linear, branched and cyclic alkanes are in significantly better agreement
with experiment than using a pure SAS model. In addition, the calculated changes of hydration free energies
upon alkane conformational changes agree much better with results of explicit solvent simulations compared
to a model that employs a single surface tension parameter.

Introduction coefficient is obtained from a fit of experimentalalkane
vacuum-water transfer (hydration) free energies vs surface area.

Continuum solvent models have been used extensively to This yields an estimate for the surface area tension coefficient
study many biological processes such as folding, association,
y y giea’ b g (termedy) around~ 0.005-0.007 kcal mot! A=246-9 |nterest-

and biomolecule partioning between aqueous and organic . ; o . . .
phased: 1?2 Because of computational limitations, the calculation ingly, with an appropriate parametrization (internal dielectric

of solvation contributions for large organic or biomolecules Cconstant for the Poisson calculations, surface probe diameter,
using explicit solvent simulations is difficult because of the slow €(C-), Very reasonable overall correlation of calculated vs
convergence of thermodynamic perturbation and integration €XPerimental solvation free energies can been obtdidthis
methods. Many applications that involve large biomolecular includes, however, both nonpolar and polar solutes, and for
structures, generation of many different conformers, or drug Mmany small polar organic molecules, the polar solvation
design applications which require the evaluation of many contribution dominates. For example, the simple SAS dependent
putative biomolecule-ligand complexes demand the application Nonpolar solvation model largely underestimates the solvation

of reasonably accurate continuum solvent models to accountOf cyclic alkanes. In addition, the free energy of hydration
for solvation. depends on the conformation of the molecule. Explicit solvent

Based on macroscopic solvation concepts, one of the mostsimulations indicate that the standard SAS hydration model with
common continuum modeling approaches involves splitting the ¥ ~ 0.005-0.007 kcal mot! A~2 significantly underestimates
aqueous solvation of a molecule into a nonpolar and polar the change of solvation upon conformational changes of
contribution (for example, see refs-8). For calculating the ~ nonpolar molecule’'4 However, to be useful to study as-
polar solvation contribution, the solute is treated as a low sociation events and conformational changes of organic and
dielectric cavity embedded in a high dielectric (aqueous) biomolecules, an accurate continuum calculation especially of
continuum. Assuming a charge distribution given by a molecular conformation dependent contributions to solvation is desirable.
mechanics force field, the polar solvation contribution can be  The present study indicates that it is possible to yield a much
calculated from a solution of the Poisson equation (or Poisson  petter correlation between calculated nonpolar solvation and
Boltzmann equation in the case of salt_ containing solutions). experimental results (including cyclic alkanes) if cavity con-
The nonpolar solvation of a molecule is estimated from the yipytion and dispersion contributions are calculated separately.
solvent accessible surface area (SAS) of the molecule using agny the former is assumed to be directly proportional to the
uniform surface tension coefficient. Usually, the surface tension solvent accessible surface area, whereas the latter term is

calculated by calculating the dispersion interaction of each solute
* To whom correspondence should be addressed. International University y 9 b

Bremen, Dept. of Comput. Biology, Campus Ring 1, D-28759 Bremen, atom with the su_rrounding So'_Vent Us_i_ng a sur_faf:e integral
Germany. E-mail: m.zacharias@iu-bremen.de. approach by Floris and Tomasiln addition, predictions for

10.1021/jp027598c CCC: $25.00 © 2003 American Chemical Society
Published on Web 04/01/2003



Nonpolar Solvation Modeling

J. Phys. Chem. A, Vol. 107, No. 16, 2003001

the conformation dependence of hydration free energies of someTABLE 1: Comparison of Alkane —Water Interactions from

alkanes are in much better agreement with explicit solvent
simulations compared to the pure SAS model.

Methods

Because the focus of the present study is on calculating
nonpolar contributions to solvation, the alkane molecules were

treated as neutral without any partial charges on the atoms. For

simplicity and to avoid any electrostatic contributions to
solvation, a united atom model was used with a cark{@rater)-
oxygen dispersion parametd&ls,, taken from the OPLS force
field (ref 16,Csyw = 1246.0 kcal mott A®). All molecules were
generated using the Builder module of the Insightll software
package (Accelrys. Inc., Burlington, MA). An extended (trans)

conformation was used for the linear alkanes. It is assumed that
the solvation free energy of alkane molecules can be separatedi

into a cavity contribution that includes entropic and enthalpic
contributions due to reordering and reorientation of water
molecules around the solute and second selstdvent van der

Waals interactions. The calculation of the cavity contribution

was based on the SAS calculated using the Shrake and Rupley

method” with a water probe radius of 1.4 A.
In contrast to solvation models that assume for both contribu-

Explicit Solvent Simulations and Continuum Model

Calculations?
alkane molecule Udisp MD (explicit water) Udisp (SASI)
methane -3.3 —-3.2
ethane 5.4 —54
propane -7.2 -7.3
butane -9.0 -9.0
pentane —10.8 —10.7
hexane -12.4 —-12.4
isobutane —-8.9 —8.8
2-methylbutane —10.1 —10.3
neopentane —-10.4 —10.1
cyclopentane —10.0 —10.6
cyclohexane -11.7 —-12.1

aColumn 2 gives the solute solvent interactions (in kcal ™ol
alculated by Gallicchio et &f.for a set of alkane molecules (column
) using thermodynamic perturbation simulations including explicit
solvent (termedAU,, in Table 2 of ref 14). Values in column 3 are
obtained from the surface integral continuum method by Floris and
Tomast5 usingryone= 1.8 A for defining the solute solvent boundary.

A (r iw) =T iW/(3riw6)

such that the dispersion interaction can be estimated from a

tions a linear surface area dependence, in the present study, th8iscrete summation over surface area elemexfis, around the

solute-solvent van der Waals interaction was calculated using
a continuum method by Floris and TomaslIn this continuum
model, the water distribution around solute atoms (i) is
approximated by a continuous density functigg,(riy), de-
pending only on the distance,, between water and solute
atoms and a solute atom-water correlation functm(riv)

piw(riw) = Pw g(riw)

moleculet®

Ns

Ugisi(Solute in water)= Z pWCiWZAS(A(rik)-nSK
|

Here,ri points from atom i to the surface element k, amgis
the normal vector associated with surface elene®t A(ri)
is evaluated as defined above. The surface area elenmeads (
were calculated using the Shrake and Rupley méfhatich

Assuming that the dispersion interaction between solute andgenerates a set of surface points representing uniformly sized

water falls off with the sixth power of the distance (possible
contributions that fall off with a different power in the distance
have been neglected) and is characterized by a single carbon
water-oxygen dispersion parameté€l,,, the dispersion interac-
tion can be calculated from

Ns

Ugi{Solute in watery= % 0, G, S, dri 9T
I

The sum is here taken over all solute atoidg 6f the molecule
and the integration is over the solute excluded volumg).(
As shown by Floris and Tomdsi based on Huron and
Claveriel® this volume integral can be transformed into an

surface elements around the molecule. The normal vegr,
associated with each surface element was calculated as the
normalized vector pointing from the atom center to the
associated surface point. For the calculation of the dispersion
contribution, a second surface was defined using the Shrake
and Rupley methdd and a slightly larger probe radius of 1.8

A compared to a probe radius of 1.4 A used to calculate the
solvent accessible surface area (see above). This probe radius
together with a united atom carbon van der Waals radius of 1.9
A and the OPLS parameter for the watsolute dispersion
interaction gave good agreement with results of explicit solvent
simulations by Gallicchio et al. (ref 14, see below). At a
minimum distance 0f3.7 A of each surface element from any
carbon atom, the repulsive part of the LJ potential is much

integral over the surface of the solute excluded volume (vectors smaller than the attractive dispersion contribution and therefore

are in bold)

Ns

UggSolute in watery= % p,C, J5 dosAr,)ns
|
with

ACi) = [, f; G0 oy,

only the attractive dispersion interactions have been included.

Results and Discussion

The solute-solvent dispersion interactions calculated with
the continuum modét were compared to solutssolvent
interaction energies for a set of alkanes studied by Gallicchio
et all* using explicit solvent simulations (Table 1). It should
be noted that Gallicchio et al. used an all-atom (OPLS) model
in the explicit solvent simulations, whereas in the present study,
for simplicity, a united atom model with a single waterarbon

The solute excluded volume and its surface are determined bydispersion coefficient was used. Therefore, perfect agreement
appropriate van der Vaals radii of the solute atoms and a solventis not expected; nevertheless, with an appropriate choice for

probe radius (see below). For the casegff) = 1 (uniform

rprobe= 1.8 A (probe radius to define the surface for calculating

solvent density outside solute cavity), the above one-dimensionalaverage solute solvent dispersion interactiddg), from the

integral can be solved

continuum model correlates quite well with the results from
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explicit solvent simulation®® It is interesting to compare for A
example butane and cyclopentane (or pentane and cyclohexane).
Both pairs of molecules have approximately the same surface
area, yet, their experimental hydration free energies differ by
~1 kcal mof?t in favor of cyclopentane (or cyclohexane). This
clearly indicates that a model which simply relates hydration
free energies to the amount of solvent accessible surface area
is insufficient for these pairs of molecules. Both the explicit
solvent studies by Gallicchio et #.as well as the continuum

35 -

25| "? o -

solute-solvent dispersion model indicate that the van der Waals °
) X - 1.5 F .
interaction between cyclopentane and waters—1.5 kcal
mol~! more favorable then the butaneater interaction (similar 1k i
for the cyclohexane/pentane pair). A simple physical interpreta-

05} .

tion for this result is that the solvent accessible surface or
envelope of cyclopentane/cyclohexane encompasses one more

Calculated solvation free energy
n

0 L L L L L L L

atom (or more electrons that cause dispersion interactions) than 0 05 1 15 2 25 3 35 4
butane/pentane, respectively, which in turn enhances the disper- Experimental solvation free energy
sion interaction with the solvent. This is also in line with explicit
solvent simulation studies on nonpolar solvation that indicate B
that dispersion interactions are not necessarily simply propor- 4 —
tional to the accessible surface area of a moletuig:1%-20
Based on the observation that for linear alkanes the hydration D 35} ° .
free energy increases (approximately) linearly with the number %
of carbon atoms and the alkane surface area nonpolar hydration 2 r i
free energies of organic or biomolecules are frequently calcu- E o5k b 4
lated using—® s
'§ 2 F ® -
Gpya(SAS)= p + y SAS (1) S sk |
°©
with B = 0.92 kcal mot! andy = 0.0055 kcal mot!A—27 the ﬁ 1k . .
correlation between experimental and calculated hydration free 3
energies is quite reasonable for the linear and branched alkanes S 05F 1
(correlation coefficient:r = 0.98) but poor for cyclic alkanes o P T R SR T T
(Figure 1a, inclusion of cyclic alkanes gives a correlation 0 05 1 15 2 25 3 35 4
coefficient: r = 0.33). The possibility to calculate free energies Experimental solvation free energy

of hydration as a sum of cavity contributions (SAS part) and _. . .
| | di Lo ) btained f h f Figure 1. Calculated hydration free energy for cyclm)( linear, and
solute solvent dispersion interactions obtained from the surfacey,ncheqd @) alkanes vs experimental hydration free energies for the

integral (SI) continuum approathwas exploited by using SAS continuum solvent model (A) and the SASI model (B). The list
of 24 alkane molecules includes cyclopentane, cyclohexane, cyclohep-
Gy SASI) = a+ b SAS+ ¢ Uy.(SI) (2) tane, methyl-cyclopentane, methylcyclohexane, dimethylcyclohexane,

cylooctane, 2-methylpropane, 2-methylbutane, 2,2-dimethylpropane,
The parameters, b, andc have been obtained from a fit of 2-methylpentane', 3-methylpentane, 2,2-Qimethylbutane, 2,4-dimethyl-
calculated vs experimental hydration free energies (SASI Pentane, 2.2,5-trimethylhexane, and all linaalkanes starting from
. . . ; N methane througim-octane. Experimental hydration free energies are
indicates surface area cavity surface integral dispersion o0 Ben-Naim and Marcu&: All values are in kcal mof.
contributions to solvation). All linear, branched, and cyclic
alkanes given in the legend of Figure 1 have been included for b is necessary to scale the calculated sets@vent dispersion
the fit. Similar to the pure SAS model (eq 1), parametes interactions to obtain optimal agreement of calculated and
required because in the model a solute with zero radius still experimental hydration free energies (using gshe= 1.8 A).
has a solvent accessible surface and a solute solvent dispersioAn alternative way to adjust the calculated solute solvent
interaction. Parametelsandc relate the surface area dependent dispersion interaction would be to appropriately adjust the
cavity contribution and the solvensolute dispersion interaction,  carbon-(water)oxygen dispersion parameter or the probe radius
respectively, to the calculated hydration free energy of linear, used to define the solutesolvent boundary. The correlation
branched, and cyclic alkanes. Optimal correlation between between calculated and experimental hydration free energies is
calculated and experimental hydration free energies was obtainednuch better in particular for the cyclic alkanes compared to
for a= —2.0 kcal mot?, b = 0.0435 kcal mot! A-2andc = the pure SAS model (Figure 1b). The standard deviation for
0.62. With this set of parameters, the correlation coefficient for the fit is <0.16 kcal mot™. The three parameters in eq 2 were
comparing experimental and calculated solvation free energiesfurther validated by systematically omitting single molecules
of all alkanes given in the legend of Figure 1lris= 0.83 from the set used for the fit to obtaia b, and c yielding
(compared to 0.33 in case of the SAS model, see above). If standard deviations of 0.06 kcal méffor parameten, 0.0008
one includes only linear and branched alkanes, the correlationkcal mott A=2 for b, and 0.04 for parameter. This means
coefficient for the SASI model is similar to the value obtained that omitting any data point from the fit to obtain the parameters
with the SAS modelr(= 0.98). This indicates that the SASI in eq 2 leads to parameter variation-©8%, ~2%, and~6%
model performs equally well as the SAS model for predicting for parameters, b, andc, respectively. For each case, the
linear and branched alkane solvation and is a significant parameters were used to predict the solvation free energy of
improvement in the case of including cyclic alkanes. Parameter the molecule that has been omitted during the fit. This gave a
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TABLE 2: Conformation Dependence of Calculated explicit solvent simulations compared to between 50 and 70%
Hydration Free Energy Change$ in case of the SASI model.

hexane Note that, in case of the SASI model, the parameters that
rotamers Gnyarp  AGhyate  Ghyasasi AGnyasasi  Ghyasas  AGnyasas give the best agreement with experiment were used (not
ttt 3.78 0.00 257 0.00 254 0.00 parameters that give best agreement with explicit solvent
tgt 339 -039 250 -0.07 251 -0.03 simulations) and that the explicit solvent TP simulations are
tgg 260 -118 212 045 245 -0.09 not necessarily in perfect agreement with experimérior
gg?ane 111 -267 125 -132 234 02 example, one of the hexane rotamers (the ggg hexane state)
trans 2.15 0.0 203 0.0 203 0.0 has t_he same con_format|on as cyclohe>_(ane, and the SASI model
cis 18 -035 196 —0.27 219 —0.04 predicts a hydration free energy relative to ttt hexane that is

very close to the experiment-(.3 kcal mot?), whereas the
TP calculations overestimate the hydration free energy difference
>1 kcal mol.

@ Column 1 indicates the hexane or butane conformation (in case of
hexanga t means trans conformation around the selecte@ Gond).
Note that the ggg hexane conformation (all threeG@bond torsions
in a gauche state) is identical to the cyclohexane conformaBgure
corresponds to the calculated hydration free energy using free energyConclusions
perturbation in explicit water (data for hexane is from Table 5 in ref
14; for cis and trans butane from Ashbaugh et al., ref G)usasiand A computationally relatively inexpensive continuum model
Gryasas are the hydration free energies calculated using the SASI or for nonpolar solvation has been presented that is based on a
pure SAS method, respectively. Columns 3, 5, and 7 give relative values separate calculation of cavity contribution and dispersion
with respect to the tit hexane or trans butane conformations, respec-contribution to hydration of nonpolar solutes in water. Although
tively. All values are in kcal mof. both contributions are calculated from the accessible surface
area of the molecule, the dispersion contribution in the current
model is not linearly related or simply proportional to the
accessible surface area but depends on distances and number
of solute atoms that can interact with the accessible surface.

The present continuum treatment of nonpolar solvation shows

standard deviation of 0.18 kcal ntéland a maximal deviation

of the calculated from the experimental solvation free energies
of 0.4 kcal mot?. This deviation is much smaller than the
deviation of the calculated vs experimental solvation free energy

of cyclic alkaneslwhen using the SAS model which can be larger a considerably improved correlation between the calculated and
than 2 kcal mot? (see Figure 1a). . . ;
- ) ) the experimental vacuum to water hydration free energies
It is interesting to note that for aromatic nonpolar compounds compared to a model with a single surface area tension
the calculated hydration free energies are also closer {0 parameter that accounts simultaneously for cavity and dispersion
experiment than for the SAS model even without adjusting the contributions to hydration. In addition, the predicted conforma-
carbon-oxygen dispersion parameter or accounting for any ion dependence of hydration free energies is in much better
electrostatic contributions to solvation. For example, the cal- agreement with explicit solvent simulation studies than a single
culated hydration free energy for benzene is 0.45 kcal'mol  grface tension parameter approach. This result may have
using the SASI apprloach compared to the experimental valuegjgnificance for molecular mechanics simulation studies that
of _0-88? kcal mot* by Ben-Naim and Marcd$ and ~2.2 employ an implicit solvent description. Although the model
kcal molt using the SAS mc_)del. Accounting for the small polar requires about twice the CPU time to calculate the selute
character of the €H bond in benzene and/or use of a more  go)yent dispersion contribution than to only calculate the surface

appropriate solutesolvent dispersion parameter (increased gareq, jt can still easily be applied to large macromolecules and
dispersion between water and aromatic vs aliphatic carbons) macromolecular complexes.

may account for the residual discrepancy between calculated

and experimental numbers of1.3 kcal mot. Acknowledgment. This work was supported in part by the
It is interesting to note that the surface tension parameter in Deutsche Forschungsgemeinschaft (DFG).
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