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tments affect the overall solution accuracy in the stern layer
. As will be demonstrated here, this DH approximation can

assessment of how thes
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Reaction potential under certain condition ly erroneous estimates of the potential and energy salt
Stern layer undary conditions are invoked that take into account the
Debye-Hiickel i ili i olecule. Using surface integral equation, this new treatment is
Diffuse layer i e description of the electrostatic potential distribution, electrostatic solvation free

lar system by means of continuum model but also focus on physics
of the ion impe he accuracy of the results obtained by using the boundary element

method (BEM) is 8

e author also examined how the general ion exclusion layers would tend to
rostatlc potentlal under physiological salt COl’ldlthI‘lS To fac1lltate presentatlon

ted, the modeling principles nevertheless extend to general linear PBE solvers
d el can also be used to benchmark and validate the salt effect prediction capa-

existing PBE solvers. This choice promises to be particularly useful in the context of biological

where the solvation energy, arising from medium polarization, has a prime role.
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continuum models [5—9] the explicit structural features of the
solvent are replaced by a linear high dielectric constant continuum
Electrostatic interact tors in determining surrounding the solute, which is modeled as a low dielectric
the native structures of bot cleic acids as well as constant charge-containing cavity. For ionic solutions, the ion
their complexes ght drugs [1,2,3]. The distribution is modeled as a mean field, determined from statistical
longrange naturgl C i ctions, even in aqueous mechanics according to a Boltzmann distribution. The solute charge
solution, is ong¥a i theoretical treatment is difficult. distribution and, at nonzero ionic strength, the mobile ion distri-
In order to : erable and often prohibitive bution polarize the solvent, giving rise to a solvent reaction
computational exf of microscopic (explicit) solvent models potential. The calculation of the polarization of the solvent is
which, in principle, & an exact treatment of electrostatic carried out by solving the Poisson equation or, when ionic strength
interactions in solution, t has been much renewed interest in effects are to be included, by solving the more general Pois-
the use of simpler continuum models [1-9]. In one class of son—Boltzmann (PB) equation.
The interaction of the solvent reaction potential with the solute
% Tel: +852 2241 5683. charge distribution determines the free energy of solvation of the
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useful for making predictions concerning electrostatic effects in
proteins [10—13] which show reasonable agreement with exper-
imental observations. A set of very elegant calculations has
recently shown that continuum models reproduce solute-solvent
free energies obtained by using a microscopic treatment of the
solvent [37]. It is likely that the success of such continuum models
is in part due to cancellation effects in the behavior of water at the
molecular level [14,15]. The use of such continuum models is
especially suitable for aqueous systems because of the unique
behavior of the local dielectric constant in the region of the
dielectric boundary. At the boundary, the dielectric constant varies
very rapidly over a microscopic distance to the value of the
dielectric constant for bulk water. This is consistent with the
assumption in the continuum model that there are only two
(discontinuous) dielectrics separated by a molecular interface. In
addition, calculations of the potential of mean force between ions
in aqueous solution using integral equation theories [16] have
shown that water completely screens vacuum Coulombic inter-
actions within one hydration shell.

Such behavior is well represented by simple continuum models.
Analytical solutions of the PB equation can be obtained for only
a very few, simple cavity shapes. Hence, in order to study macro-
molecular systems in aqueous ionic solution using cavity-based
continuum models, efficient methods for obtaining approximate
numerical solutions to the PB equation have been developed,
although some drawbacks remain with each method. There are
broadly two different approaches in seeking approximate numer-
ical solutions of the PB equation. One such approach is the finj
difference (FD) method, first used to study bio-macromole
systems by Warwicker and Watson [5], with several very i
tant algorithmic advances being added later by Gilson et al. [6
Nicholls and Honig [18]. The finite-difference method is

edge of the lattice. There are some
using finite-difference technique,

Coulomb’s law or Debye-Hii
accuracy, it is necessary to

cular charge distribution
ing from this disturbance
nction of the lattice spacing
wever, when the molecular

achieved by @ limiting monopole distribution. Faerman and
Price [20] have atly demonstrated the utility of using such
a distributed multi® description to obtain very accurate
descriptions of the electrostatic field/potential at the molecular
surface, for peptide molecules, a prerequisite for the success of
electrostatic continuum solvent models. An alternative approach
for obtaining solutions of the Poisson equation is the boundary
element method, first developed for macromolecules by Zauhar
and Morgan [21], with different algorithmic improvements

proposed by Rashin and Namboodiri [9] and Zauhar and Morgan
[21,22,59].

The key feature of the boundary element method is the reduc-
tion of the problem to the solution of an integral equation over
a two-dimensional surface. The polarization of the solvent by the
solute induces a field throughout the volume of the surrounding
dielectric medium. Calculation of the polarization field is equiva-
lent to the calculation of induced polarization charge density at the
dielectric boundary [7,23].

The boundary element method is a function of S independent
variables, where S is the number of elements covering the two-
dimensional surface, which serves as the dielectric interface.
There is no require isplace atomic charge distributions
when using this
a more accurate

k. molecular surface than the
ary element method has thus
tlectrostatic potential and the

ergence properties of the scheme. The
effects in continuum models is often
arized version of the Poisson—Boltzmann
nlike the full nonlinear version, the linear

mechanical frarhework from a partition function [26]. However, use
of the LPB equation is unlikely to be suitable for all investigations
g macromolecular structure. This is because, even at low
ngth, the main condition for linearization, i.e., .qi¢(r)/
(where ¢(r) is the electrostatic potential, g; is the ion
T is temperature, and k is the Boltzmann constant), appears
to break down at room temperature in aqueous solution if the
djstance between an ion and an exposed polar atom is smaller than
A, according to our calculations. The ion charge density predicted
by the LPB equation is generally too low and leads to incorrect
estimations of ion screening between charged atoms. A detailed
discussion concerning the validity of the NLPB equation, as well as
derivations of various forms of the associated total electrostatic
energy, has been given recently by Sharp and Honig [27].

The purpose of the present paper is to develop a procedure to
obtain solutions to the NLPB equation within the framework of
the previously described boundary element method. The under-
lying physical basis of our method is our observation that, at
relatively low ionic strength (<1 M), the distribution of mobile
ions around the solute molecule is determined primarily by the
potential due to the solute charge distribution and the reaction
solvent potential (viz. the potential due to the surface charges
obtained in the boundary element method). This makes possible
the calculation of the mobile ion distribution around the molecule
in a way that the polarization of the solvent by the solute charge
distribution is calculated by using a boundary element method.
The accuracy of the results obtained by using the boundary
element method (BEM) is tested by comparison with analytical
Tanford—Kirkwood results for a model spherical solute system.
Finally, the author also consider how the general ion exclusion
layers tend to increase the surface electrostatic potential under
physiological salt conditions. To facilitate presentation and
computational domain, attention is restricted here to the 3D
spherically symmetric linear PBE. Though geometrically limited,
the modeling principles nevertheless extend to general linear PBE
solvers. The 3D linear PBE model can also be used to benchmark
and validate the salt effect prediction capabilities of existing PBE
solvers.
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