
Computer-Assisted Modeling of Receptor-Ligand Interactions:
Theoretical Aspects and Applications to Drug Design, pages 65-74
@ 1989Alan R. Liss, Inc.

ELECTROSTATICINTERACTIONSIN PROTEINS

Barry Honig, Kim Sharp and Michael Gilson

Department of Biochemistry and Molecular
Biophysics, Columbia University, 630 West 168 St.
New York, NY 10032, USA

INTRODUCTION

Electrostatic interactions playa central role in
protein structure and function (for reviews see Matthew,
1985; Honig et al., 1986). However, despite their great
importance, it has been extremely difficult to treat
electrostatic interactions theoretically. The problem is
not just one of obtaining accurate numbers. It has often
been the case that even a qualitative estimate of the
magnitude of electrostatic interactions in different sys-
tems has been difficult to achieve.

The underlying problem is that Coulomb's law is only
valid for charges immersed in an infinite medium of a single
dielectric constant. Since most biological phenomena take
place near interfaces between water and a macromolecule or
membrane, Coulomb's Law, which is a special case solution to
the Poisson equation, is not valid. Our approach to the
problem is to solve the Poisson equation (or the Poisson-
Boltzmann (PB) equation when ionic strength effects are of
interest) directly. The advantages of this approach is that
the dielectric constant of the solvent can be set at any
desired value, ionic strength-dependent phenomena can be
treated, computational demands though significant are not
intractable and the reliance on simple elctrostatic concepts
provides intuitively pleasing explanations to a variety of
phenomena.

In the following we first outline the major features of
our model and methodology, describing both its strengths and
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weaknesses, and comparing its to other methods. Wethen
describe the numerical methods and programs we have developed
and illustrate how they may be used in a variety of different
applications. Directions for future developemnt are
presented in a concluding section.

MICROSCOPIC AND MACROSCOPIC MODELS

The basic model we have developed (thee FDPBmethod)
has been described in a number of recent papers (Gilson et
al., 1985; Gilson and Honig, 1986; Klapper et al., 1986;
Gilson et al., 1988; Gilson and Honig, 1988). The protein is
described in terms of its three dimensional structure with
the location of all real and partial charges defined from
the coordinates of the appropriate atoms. These charges are
embedded in a low dielectric medium consisting of the volume
enclosed by the solvent accessible surface of the protein.
The surrounding solvent is treated as a continuum of dielec-
tric constant 80 with an electrolyte behaving according to
the Poisson-Boltzmann equation. In the following we consider
the various assumptions implicit or explicit in the model.
These fall into three categories: a) a PB treatment of the
solvent ions, b) treatment of water as a continuous
dielectric medium, c) the treatment of electronic polariz-
ability in the macromolecule in terms of a single dielectric
constant.

a) The use of the PB equation for polyelectrolytes has
been criticized principally because it neglects the finite
size of solvent ions and spatial correlations between them.
However, quantitative comparisons have been made of cylin-
drical solutions to the PB equation with Monte-Carlo
simulations (Murphy et al., 1985) and hypernetted chain
calculations (Bacquet and Rossky, 1984) where these discrete
ion effects can be included explicitly. These studies have
shown that for univalent ions with radii that are small
compared to the size of the macromolecule, the non-linear
PB equation is a very good approximation. The PB equation
generally underestimates the concentration of counterions
very close to the surface by only about 12-18% and produces
essentially identical results in other regions.

It should be emphasized that at this point the PB
equation offers the only practical method to account for
ionic strength effects on biological macromolecules. If one
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were to consider, say, Monte-Carlo or molecular dynamics
simulation on a protein, the volume of the simulation space
would have to be large enough to include ions at least two
Debye lengths from each charged group in the system. At
physiological ionic strength this would imply a layer of
water and ions at least 16A thick around the macromolecule.

b) A major issue regarding the solvent concerns the
extent to which a dielectric constant of 80 is appropriate
for boundary layer water. Of course, waters that are bound
tightly enough to be seen crystallographically can be
considered as part of the macromolecule. In fact, including
bound waters significantly improved the agreement with
experiment we obtained in a study of subtilisin discussed
below (Gilson and Honig, 1987a). For waters that are
loosely bound but still not as mobile as bulk water there is
reason to believe that the dielectric constant is still
quite high. For example, the remarkable success of the Born
model of ion solvation (Rashin and Honig, 1985), even for
charges as high as +3 or +4, suggests that water retains its
dielectric properties at high fields and does not saturate
easily. Wehave been carrying out free energy simulations
of ion solvation and have found no significant saturation
effects for ions as large as +2 (unpublished results).
That is, the change in free energy of the system as the
charge is increased varies as the square of the charge (as
is observed experimentally) which is the expected dielectric
response if no saturation is occurring.

Two other treatments of the solvent are currently in
use. Warshel (see e.g. Warshell and Russell, 1984) treats
water in terms of Langevin dipoles located on a cubic grid.
It is not generally recognized that this is essentially a
macroscopic model and it is not clear that it offers any
advantages over simply treating the solvent as a medium of
dielectric constant of 80. Its disadvantages include the
absence of any treatment of ionic strength and uncertainties
as to the dielectric properties of the model, particularly
in its treatment of solvated ions.

The more commontreatment of the solvent is in terms
of specific potential functions for each water molecule.
This approach, with suitable parametrization, can account
for phenomena which are sensitive to the details of water
structure and, as such, offers distinct advantages over a
macroscopic treatment of the solvent. On the other hand,



68 I Honig, Sharp, and Gilson

there are serious uncertainties associated with the ability
of current potential functions to treat electrostatic
phenomena. Problems include: a) inaccuracies in the calcu-
lated dielectric constants, b) large errors in calculating
ion solvation energies (which depend on three body terms
that are difficult to include in the potential functions),
c) the difficulties discussed above in treating ionic
strength dependent phenomena and d) the enormous computa-
tional demands associated with including a large number of
water molecules in the simulations. Thus, it seems clear
that a parallel development of microscopic and macroscopic
models offers the best path to a comprehensive treatment of
solvent effects in biological systems.

c) The dielectric constant assigned to the protein
depends on the specific application. Consider, for example,
the problem of calculating an electric field around a
protein. In this case the dipolar groups on the protein can
be taken to be fixed, or in a time-averaged position, and
they will make no contribution to the dielectric constant.
Under these circumstances we use a dielectric constant of 2
to account for electronic polarizability, which we do not
treat explicitly. It would, however, be straightforward to
incorporate variations in electronic polarizability into our
calculations by specifying a different dielectric constant
for each atom in the macromolecule. This would be completely
equivalent to accounting for variations in polarizability by
allowing each atomic center to contain an inducible dipole.

If the protein atoms are expected to move in a
particular application, (as in their response to the
titration of a surface group) a dielectric constant of about
3-5 (Gilson and Honig, 1986) will account for the response
of the protein to a weak field. Finally, if regions of the
protein are expected to significantly rearrange, for example
upon ion binding, it would be inappropriate to use a
dielectric constant to describe the response of the atoms
in question.

A commonmisconception concerning the FDPBmethod is
that it does not account for the microscopic nature of the
protein. (See for example the headline, "What About Protein
Polarity," that accompanied a recent News and Views in
Nature; (Warshel, 1987». As stated above the FDPBmethod
treats the protein in microscopic detail, it is only the
solvent that is treated as a continuum. Each atom in the

-- -
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protein is treated in an identical fashion to its treatment
in standard molecular mechanics simulations. The limitation
of the method is that it only deals with a single protein
conformation. It does, however, provide a means of
devo10ping dielectric functions which will offer a more
reliable treatment of solvent effects in molecular dynamics
simulations than is currently available (see below).

NUMERICALANDCOMPUTATIONALMETHODS

We have recently developed a series of computer
programs (called de1Phi) which allow us to calculate a
variety of phenomena associated with the electrostatic
properties of proteins (Klapper et al., 1986; Gilson et a1.,
1988). These programs use Brookhaven data format as input
and produce maps of electrostatic potential inside and out-
side the protein. Since the Poisson-Boltzmann equation is
solved numerically, with a finite difference algorithm (the
FDPBmethod), the maps are stored in the form of numerical
values at each point in a cubic lattice. Recent enhance-
ments of our numerical algorithm allow us to obtain solu-
tions that are accurate to within 5%as compared to analytic
solutions which are available for simple spherical models.
Problems associated with discontinuities that arise for
charges placed near interfaces are avoided by centering
each charge at the atomic nucleus, thus guaranteeing that
no charge is located closer than one atomic radius from the
solvent.

A numberof recent enhancements of the program include
the solution of the non-linear PBequation and the intro-
duction of periodic boundary conditions both necessary for
the treatment of DNA(Jayaram et al., submitted) and a new
method to calculate solvation energies and electrostatic
contributions to ion binding energies (Gilson and Honig,
1988).

The
point for
following
a variety

maps of electrostatic potential are the starting
the analysis of experimental data. In the
sections we outline approaches to the analysis of
of electrostatic phenomena.

--
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APPLICATIONS

The Electrical Potential Around Proteins

It is possible to obtain the electrical potential
around a protein with a single run of the program. All
real and partial charges would be included in such a run.
Potential maps, which can be displayed on 2D or 3D graphics
devices, can be used to gain intuitive insights into the
interactions of the protein with substrates or other macro-
molecules, or used as a basis for studying dynamical
behavior. In recent work we have shown how the electrical
potential of superoxide dismutase (Klapper et al., 1986)
enhances substrate association rates by a factor of 30
(Sharp et al., 1987a). It was found that the PB equation
made it possible to account for the ionic strength depend-
ence of substrate diffusion while simple Coulombic models
produced results which were contrary to experiment (Sharp
et al., 1987b).

Effects of Single Site Mutations

The application of site directed mutagenesis makes it
possible to directly determine the effect of changing a
single charge on a protein. One of the numerous applications
of such experiments is that they provide the opportunity of
directly testing different electrostatic models. In a recent
study, Thomas et al. (1985) have determined the pK changes of
the active site histidine in subtilisin, brought about by a
number of mutations located about 14 ~ away. We have calcu-
lated these pK changes with a variety of electrostatic models
(Gilson and Honig, 1987a, 1987b). The extent of agreement
with experiment depends strongly on the method used to
calculate the interaction. The pK shifts calculated with
the Poisson-Boltzmann equation are close to the experimental
values at all ionic strengths while simpler Coulombic models
fail to reproduce the experimental data.

Conformational Energy Calculations

Potential energy functions used in energy mimimizations
or molecular dynamics simulations have an effective dielectric
constant in the denominator of the term used to calculate
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coulombic interactions. An effective dielectric constant is
one which accounts, in an average way, for dielectric
screening due to both the protein and solvent. For example,
the distant dependent dielectric constant, commonly used in
simulations, is an attempt to account for the fact that
solvent screening will increase as the distance between two
interacting groups increases. We have tested this model by
comparing its predictions to those of the FDPBmethod for
interactions between a large number of pairs of atoms in the
protein, rhodanese (Gilson and Honig, 1987b). The distance
dependent dielectric constant overestimates weak electro-
static interactions for groups near the protein surface but
yields relatively good results for buried groups.

We have recently developed an ionic strength dependent
dielectric function to describe phosphate-phosphate inter-
actions in DNA(Jayaram et al., submitted). The basic idea
is to fit a simple functional form to the potentials calcu-
lated from the FDPBmethod. This approach can be extended
to the interactions between charged groups on proteins.
That is, to calculate pairwise interactions between charged
amino acids and find an appropriate effective dielectric
function. This function can then be used in a dynamics
simulation. Ultimately, with faster computers, it may be
possible to calculate forces directly by incorporating a new
FDPBrun after a fixed number of steps in a simulation.

Solvation Contributions to Protein Stability and Ion Building

As the ability to predict protein conformation improves,
for example through the use of homology model building, it
will become increasingly important to devise methods for
assessing the relative stability of different computer
generated conformations. A particularly important parameter
is the total electrostatic energy of the protein. This
number depends not only on pairwise electrostatic inter-
actions between charged and polar groups but also on the
solvation energies of individual groups. Consider a con-
formation in which a charged lysine is surrounded by
hydrophobic atoms and which is not in contact with water.
There is no term in conventional force fields that indicates
that this is an unstable configuration, nor is the extent of
destabilization (relative to a configuration in which the
lysine is exposed) easy to evaluate.

- - -
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We have recently introduced a method for calculating
the total electrostatic energy of molecules of arbitrary
shape and charge distribution, accounting for both
Coulombic and solvent polarization terms (Gilson and Honig,
1988). In addition to the solvation energies of individual
molecules, the method can be used to calculate the electro-
static energy associated with conformational changes in
proteins as well as changes in solvation energy that
accompany the binding of charged substrates. Good agreement
with experiemnt is obtained for the hydration energies of
acetate, ammonium,methyl ammoniumand methanol. The
method was used to explore the relationship between the
depth of a charge within a protein and its interaction with
solvent. This charge-solvent term is the missing inter-
action in conventional force fields which do not account
for energetics of removing a lysine from the solvent. We
have shown that the same term can successfully distinguish
between stable and misfolded protein structures (Gilson and
Honig, 1988).

CONCLUSION

We now have available the theoretical and computational
tools to treat a variety of phenomena associated with
electrostatic interactions in proteins. The underlying model
is conceptually straightforward and the computational
demands, though not insignificant, are well withi~ the
resources of most labs working on protein design. This makes
it possible to apply the method to different problems with
only a moderate investment of initial effort. The available
programs are interactive and require only Protein Data Base
files as input.

One of the attractions of a continuum treatment of
solvent is that there are essentially no adjustable para-
meters. However, the method is open to further refinements
such as defining a separate dielectric constant to boundary
layer water or combining a continuum treatment of bulk
solvent with an explicit all-atom description of solvent
molecules in certain regions. In any case, our initial
studies indicate that, for many applications, satisfactory
agreement with experiment is to be expected with the current
model. This implies that, at the very least, it is now
possible to obtain qualitatively reasonable estimates of the
magnitude of electrostatic interactions, a feature which
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should prove useful in the design and interpretation of
experiments.
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