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Theoretical understanding of macromolecular electrostatics has
advanced substantially over the past year. Continuum models
have given promising results for calculating protein–ligand
binding free energy differences, as well as pKas and redox
properties, particularly with explicit treatment of multiple
conformers. Generalized Born and other techniques have led to
the first molecular dynamics simulations of proteins and RNA
with continuum solvent. Continuum and microscopic descriptions
of dielectric relaxation have been critically compared.
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Abbreviations
BPTI bovine pancreatic trypsin inhibitor
FDPB finite-difference Poisson–Boltzmann
GB generalized Born
MD molecular dynamics
PB Poisson–Boltzmann
rms root mean square

Introduction
Theoretical treatments of electrostatics go back to
Linderstrom–Lang, Tanford, Kirkwood, Hill and the days
when proteins were spherical. Long before molecular
dynamics (MD) simulations, they had expanded into ellip-
soids, truncated spheres, cylinders and slabs. Today, when
one speaks of continuum electrostatics models in structural
biology, one usually refers to the semi-microscopic numeri-
cal approaches pioneered by Warwicker and Watson [1],
and represented by household software packages such as
GRASP [2]. These are atomistic models that have the ambi-
tion to provide not only qualitative insights but also, in
some cases, quantitative predictions. For many applica-
tions, continuum models do surprisingly well, yielding at
least semi-quantitative accuracy for aspects such as redox
properties, pH-dependent protein stability and conforma-
tional thermodynamics of peptides and nucleic acids [3].
Unfortunately, their use often involves adjustment of para-
meters, such as the solute dielectric constant(s). Indeed,
although they can accurately model long-range electrostat-
ic interactions, continuum models tend to break down
when short-range effects become important, such as indi-
vidual water molecules bridging functional groups. To
address this, theories have evolved from considering
spheres and slabs to increasingly complex descriptions in
which more and more degrees of freedom are treated in
atomic detail. As a result, continuum electrostatic models

now span an enormous area. At one end are the ‘physicists’,
with semi-analytical treatments of large macromolecular
assemblies in nonideal solutions [4]. At the other are the
‘chemists’: only the solvent is implicit — the solute is sim-
ulated by MD and/or quantum mechanics [5,6]. This
review covers a broad intermediate area, which should be
most relevant to structural biology. It includes the time
period between early 1999 and the end of 2000. I focus
almost exclusively on continuum electrostatic models,
referred to below simply as ‘continuum models’.

Despite the continuing flow of interesting applications, I
believe that the most important recent contributions are
methodological and my main emphasis is on these. Most
fall into two categories: steps to improve the continuum
model by making it more microscopic and critical studies
of the model’s limitations and its relation to the underlying
microscopic structure and dynamics. I start with studies of
molecular recognition, including calculations of
protein–ligand binding free energies and very fast methods
for docking. Next, I consider techniques to couple contin-
uum models with MD simulations. Several of these rely on
the generalized Born (GB) model. I then describe critical
comparisons between continuum models and microscopic
approaches, including calculations of protein dielectric
constants from MD simulations. Finally, I describe several
recent studies of acid–base equilibria, and discuss them in
the light of the critical comparisons above.

This review is far from exhaustive, even for the time peri-
od covered, and I refer the reader to several other review
articles on this and related areas. Implicit solvent models,
including lattice models, integral equation models and sur-
face area models, have been reviewed recently [5–8].
Electrostatic free energy calculations [3], protein–protein
association and interactions [9], spectroscopic applications
[10], binding free energies [11,12] and the GB model [13]
have all been reviewed. For reasons of space, calculations
with a quantum mechanical solute and continuum solvent
are beyond the scope of this review: they are described in
[6]. Important new theories of the hydrophobic effect
could also not be covered (see [14•,15••] and references
therein). 

Molecular recognition studies
Continuum models are being increasingly used to study
binding affinities. This is a challenging area, in which elec-
trostatic interactions play an important role, but are not
necessarily predominant. Therefore, continuum models
have traditionally been used to compute relative binding
free energies of series of ligands or receptors in such a way
that nonelectrostatic contributions approximately cancel
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out. Attempts to increase the scope of continuum models
by including ‘nonelectrostatic’ terms have a long history
(see e.g. [5,6,11]). The use of such hybrid models has
increased over the past year and they are now being
applied to macromolecule–ligand association. Other recent
developments include free energy component analyses,
which provide insights into the structural basis of ligand
binding and specificity, and the emergence of very fast
continuum models for docking and ligand design. 

Binding free energies and free energy differences
Many competing effects can contribute to ligand–receptor
binding free energies: changes in the rotational, transla-
tional, conformational and vibrational entropy of the
partners; entropy changes associated with solvent ordering
around hydrophobic or charged groups; solute conforma-
tional strain; changes in electrostatic and van der Waals
interactions within and between the partners and the sol-
vent; and counterion reorganization. All of these effects
can be accounted for automatically in explicit solvent sim-
ulations, as long as sufficient conformational sampling is
performed. They have all been included in simplified con-
tinuum or semi-microscopic models in the past [11], with
different flavors and varying degrees of success.

The simplest case is the calculation of relative binding free
energies in systems dominated by electrostatics. The con-
tinuum electrostatic free energies of the bound and free
states are simply subtracted. The key model ingredients
are the dielectric constant(s) used for the solutes and the
structures used to model the various states (e.g. bound,
unbound, native, mutant). Hunenberger et al. [16]
obtained good agreement with experimental binding con-
stants for inhibitors binding to cAMP-dependent protein
kinase using a single solute dielectric of two and crystal
structures of the various protein–inhibitor complexes.
Archontis et al. [17•] found that a solute dielectric of four
was appropriate to reproduce MD free energy simulation
results for aspartic acid and asparagine binding to aspartyl-
tRNA synthetase. Results were averaged over structures
taken from MD simulations of the bound states; experi-
mentally, the structure of the native protein hardly changes
when the aspartic acid ligand is removed, so the unbound
state could be modeled by simply removing the ligand
from the bound-state structures. Good agreement was also
obtained for a K198L mutant. But, if structures of the
native protein were used to model the mutant complexes,
the aspartic acid and asparagine binding free energies were
in error by over 10 kcal/mol. Chong et al. [18•] used a solute
dielectric of one and MD structures of the bound states to
study hapten binding to a mature and germ-line antibody;
good agreement with the experimental binding free ener-
gy difference was obtained. From these studies, it appears
that the model structures should be representative of the
states considered and the dielectric constant must be
adjusted empirically for each system. Given the complexi-
ty of the binding reaction, this is, perhaps, less surprising
than the fact that such simple models work at all.

A related ‘alanine-scanning’ approach was applied to a
fragment of p53 binding to deletion mutants of the onco-
protein Mdm2 [19]. The key idea is to study a large
number of mutations using the structure of only one vari-
ant, for example, the native protein. Although a correlation
between calculated binding free energies and an experi-
mental ‘mutational tolerance’ was observed, experimental
binding free energies were not available. Binding of native
and mutant U1A proteins to a hairpin RNA was also stud-
ied [20]. Structures of the mutants were obtained by
simply replacing the mutated sidechain in the native crys-
tal structure and energy minimizing. Although this led to
reasonable binding free energy differences in most cases,
in one case that disagreed with experiment, the mutation
went on to be modeled more elaborately using an MD sim-
ulation, upon which the binding free energy changed by
10 kcal/mol. It appears that, although the possibility of
studying multiple mutations using only one or a few struc-
tures would be very useful, the validity of the method
remains to be established.

Other recent studies have attempted to calculate absolute
binding free energies [21,22]. This is much more difficult,
as discussed above. For example, solvent entropy contri-
butions were modeled rather crudely using a term
proportional to the surface area buried upon binding. This
is appropriate for small linear alkanes [5], but is of uncer-
tain quality for large solutes [14•,15••]; in particular, water
depletion of large hydrophobic surfaces is a collective
effect [15••], such that a linear model (free energy propor-
tional to surface area) may be inappropriate. Nevertheless,
one variant of the model gave good discrimination
between a library of misfolded proteins and their correct
folds [23] (see also Update). 

Free energy component analyses
Component analyses of Poisson–Boltzmann (PB) binding
free energies have been proposed by many authors, but a
fully systematic treatment was developed only recently
[24•] and has been applied to GCN4 leucine zipper for-
mation and to amino acid binding by aspartyl-tRNA
synthetase [17•]. It distinguishes two main effects: partial
desolvation of each ligand due to its association with the
other and interactions between the charges on the two lig-
ands, screened by the surrounding dielectric media. Each
of these two terms can be decomposed further into residue
or group contributions. In the GCN4 dimer [24•], electro-
static effects were found to disfavor dimerization by as
much as 15 kcal/mol as a result of the desolvation of
charged and polar group, insufficiently compensated by
direct interactions between monomers in the bound state.
Desolvation always reinforces interactions within each lig-
and, a net favorable effect in this system, but still
insufficient to compensate for the loss of interactions with
the solvent. In aspartyl-tRNA synthetase [17•], the com-
ponent analysis was used to identify groups that
discriminate between binding of the substrate aspartic
acid and the analog asparagine to the native and mutant
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proteins. This was especially useful because not all of the
most important interactions were evident from visual
inspection of the structures. Many competing interactions
exist and point mutations around the binding pocket often
led to structural shifts, whereby new groups became
strongly involved and old interactions were weakened.
This study included the first detailed comparison with
free energy components from alchemical MD free energy
simulations. In another study, Roux and MacKinnon [25•]
analyzed the selectivity of the KcsA potassium channel in
terms of particular free energy components, including des-
olvation components and direct interactions of the ion
with the channel helices. The partial ion desolvation that
occurs in the channel favors monovalent over multivalent
ions; the field of the pore helices, enhanced by the low
dielectric membrane environment, favors cations over
anions. Thus, the channel appears to confer selectivity for
monovalent cations through simple electrostatic principles. 

Fast methods for docking and ligand design
A very important application of continuum models is the
rapid screening of many possible ligands and binding
modes for a particular target macromolecule. The usual
finite-difference Poisson–Boltzmann (FDPB) or boundary
element methods are much too slow for these applications,
which require additional approximations. Several current
strategies rely on the GB model, reviewed recently [13],
which represents an analytical approximation to the com-
plete dielectric continuum solvent and calculates solvation
energies hundreds of times faster than FDPB. 

In the GB model [13,26], the interaction between two
charges qi and qj takes the form:

(1)

where rij is the distance between the charges, ew is the sol-
vent dielectric and bi and bj are effective Born solvation
radii, which are related to the Born self energy Es(i) of each
charge through:

(2)

The bi are functions of the environment of each charge
and can be thought of as the distance between the charge
and the solvent. The energy in Equation 1 reproduces
exactly the full dielectric continuum energy in the limit-
ing cases of a pair of very distant or very close charges.
Several approximations have been proposed for the 
solvation radii (bi) [13,26–28]. With these approximations,
bi and u(rij) become complicated but (usually) differen-
tiable functions of the positions of all of the solute atoms,
which can be used in energy minimization and MD sim-
ulations, and which are now available in many modeling
programs, such as MacroModel, AMBER, CHARMM, XPLOR

and TINKER. 

The model agrees well with FDPB for determining solva-
tion and conformational free energies of small molecules and
peptides [13]. For large solutes such as proteins, differences
between the physics of the GB model and the ‘exact’ dielec-
tric continuum approach become significant, and extensive
parameterization and testing of the GB model are needed to
recover and verify dielectric-continuum-like behavior.
Caflisch and co-workers [29•] performed extensive compar-
isons with the full dielectric continuum approach for
small-molecule–protein binding. Other recent studies tested
GB combined with a Gaussian hydrophobic energy term [30]
and with nonzero ionic strength [31], and culminated in sev-
eral MD simulations of proteins and nucleic acids
[32•–35•,36]. Overall, the model performs surprisingly well
even for large solutes. Kuntz and co-workers [37] found that
it led to improved ligand scoring compared with the distant-
dependent dielectric used in earlier versions of the DOCK

program. Dominy and Brooks [38] also proposed a docking
method using GB solvation. Another, still faster, approach
simplifies the GB model further, assuming that the main
contribution to electrostatic desolvation arises from the dis-
placement of waters in the first shell around the receptor
when the ligand binds [39]. The main energy components
can then be precomputed on a grid surrounding the binding
site, allowing the estimation of about 300 protein–fragment
binding modes per second on a personal computer. A relat-
ed approximation was proposed by Arora and Bashford [40].

In general, the problem of ligand design is complicated by
the need for specificity, that is, the ligand should have a
high affinity for the target, but should not bind to compet-
ing receptors or decoys; similarly, the receptor should not
bind competing ligands. Kangas and Tidor [41] proposed
an elegant analysis of specificity in a simplified mathemat-
ical framework. The ligand charges are optimized against a
cost function within a space of finite dimensionality, corre-
sponding to a finite set of predefined possible ligands and
ligand positions. The cost function involves the binding
free energies to the target(s) and decoy(s). Studies of
model systems suggest that there is usually a trade-off
between affinity and specificity, but that electrostatics can
often enhance specificity with only minimal loss of affinity
for the target (see also Update).

Continuum models go microscopic
‘Continuum’ models are becoming increasingly atomistic.
Although atomic charge distributions have been used since
the late 1980s, the description of dielectric relaxation was
normally a ‘macroscopic’ one — that is, in response to a
new charge or field, the system could only respond by a
redistribution of induced polarization, determined by the
solute and solvent dielectric constants. Today, it is the
microscopic relaxation mechanisms that are increasingly
included at an atomic level. 

Introducing multiple conformers
A first step in this direction was a novel multiple-
conformer method [42]. Selected residues or groups in the
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macromolecule were each assigned a few, predetermined
possible conformers. For example, charged sidechains in a
protein could be assigned their most common rotamers.
The different conformers play a role in the model that is
analogous to the different possible protonation states of
the titratable residues. Depending on interactions with
their environments, each group occupies each of its avail-
able conformers with a certain Boltzmann probability.
When a nearby group binds a proton or a redox electron,
for example, the occupancies adjust automatically, so that
a residue may shift (wholly or fractionally) from one con-
former to another. Thus, a mechanism for explicit
conformational relaxation is included in the model. This
approach was used recently to study coupled proton and
electron binding in a photosynthetic reaction center
[43•,44]. Difficulties include the need to define in
advance which conformations are expected to be impor-
tant, the exponential growth of possible states with the
number of conformers and the need for a balanced combi-
nation of explicit and implicit relaxation channels (the
appropriate solute dielectric constant is likely to depend
on the extent of ‘explicit’ relaxation allowed, that is, on
the number and type of conformers included). With
increasing computer power, however, large numbers of
conformers can be used. Mean field and Monte Carlo
methods also continue to be developed for the efficient
sampling of states [45]. The main advantage of the
method is the ability to treat local, anisotropic structural
rearrangements, which might not be accurately described
by an average, isotropic dielectric constant. By predicting
which rearrangements occur as a function of pH or redox
potential, the model can provide structural insights. For
example, concerted rearrangements of protein sidechains
and ordered waters were observed upon reducing a
quinone in the reaction center [43•].

A novel method by Havranek and Harbury [46••] uses the
multiple-conformer treatment with a fast approximation to
the continuum model, which combines elements of the
GB model and an image charge method. Following the
studies of Tanford and Kirkwood [47], and more recently
Abagyan and co-workers [11], the local region around each
protein charge is mapped onto an equivalent low dielectric
sphere and the solvent polarization induced by the protein
charge is represented by an image charge. The method was
applied to BPTI acid–base titration, accurately reproduc-
ing the experimental pKas.

Molecular dynamics with continuum solvent
A more radical step towards microscopic realism is to treat
the macromolecule by MD or Monte Carlo simulation,
with only the solvent treated implicitly. With this
approach, the macromolecule will usually be assigned a
dielectric constant of one, as dielectric relaxation in
response to perturbing charges or fields is modeled explic-
itly by structural rearrangements occurring during the
simulation. Several implicit solvent models have been
used in MD simulations [5–8] and models based on a

dielectric continuum solvent are among the most attrac-
tive. Until very recently, they have been limited by cost
and difficulties in computing accurate forces, but in the
past year, simulations of both proteins and nucleic acids
have been performed using the GB model, and the first
protein simulation with a full dielectric continuum solvent
was published [32•–35•].

Molecular dynamics with the generalized Born model
The past year has seen the first MD studies of proteins
and nucleic acids using the GB model [32•–35•]. Direct
comparison between GB and the full dielectric continu-
um solvent had already shown that conformational free
energies [30,32•] and charge self energies [31,32•,34•]
were in reasonable agreement, possibly within the error of
the full dielectric continuum model. In MD simulations
of nucleic acids, structures in good agreement with exper-
iment and explicit solvent simulations were sampled
[33•,34•]. These last two studies used two different func-
tional forms for the analytical solvation radii bi
(Equation 1) [26,27]. Conformational sampling was found
to be faster than in explicit solvent simulations, probably
because of the reduced mechanical friction and the
instantaneous dielectric response of the continuum sol-
vent. In MD simulations of a small protein, a slight
reparameterization of the solvation radii given in [26] led
to stable structures with a mean deviation from the crys-
tal structure of only 1.1–1.3 Å, even smaller than with
explicit solvent (1.5 Å) [32•]. The computer cost was only
five times greater than a vacuum simulation and over ten
times less than with explicit solvent. The use of the ana-
lytical solvation radii of Schaefer et al. (parameterized for
small peptides) [28,48] led to stable MD trajectories for
two proteins [36]; the trajectories deviated by about 2 Å
from the crystal structure. Several simpler solvent models
gave poorer results.

These results show that the GB model, suitably parame-
terized, can be used for MD not only of small peptides
[48], but also of proteins and nucleic acids with at least
semi-quantitative accuracy. Potential applications
include conformational searching, NMR structure
refinement and calculation of pKas with MD free energy
simulation methods. The first such application was a
study of the stability of several mesophilic and ther-
mophilic proteins by Dominy and Brooks (B Dominy, C
Brooks, personal communication). The thermophiles
were found to have enhanced polarizabilities, which
were proposed to play a role in their enhanced stability
by reducing the penalty to partially desolvate charged
groups upon folding of the protein. The corresponding
reduction in favorable charge–charge interactions within
the protein was estimated to make a smaller contribu-
tion, so that the overall effect of the enhanced
polarizability was stabilizing. 

Monte Carlo simulations with GB solvent have been
extensively used by Gilson and co-workers [49] to study
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molecular recognition in small host–guest systems, includ-
ing helical peptides. This application illustrated the very
weak contribution (<1 kcal/mol) of solvent-exposed salt
bridges to helix stability.

Molecular dynamics with a full dielectric continuum solvent
This area has been very active over the past year, with sev-
eral new formulations of the method, significant technical
advances and the first simulation of a protein with a full
dielectric continuum solvent.

In textbooks, the forces arising from a continuum solvent
are derived from the Maxwell stress tensor (e.g.
Equations 15.12 and 15.13 of [50]). Only recently was this
formalism turned into a useful algorithm for biomolecules
[35•,51]. Two new formulations have been based on quite
different approaches, inspired by techniques from ab initio
molecular orbital theory. The first involves minimization of
a free energy functional, which can be done ‘on the fly’
during an MD simulation [52]; see also [53]. The second
involves expanding either the electrostatic potential
[54,55,56••] or the solute charge density [57••] in terms of
a set of basis functions, leading to tractable analytical
expressions for the solvation forces. These new techniques
are still at an experimental stage, but they open signifi-
cantly different routes that are likely to be very useful.
Thus, the first MD free energy simulation of a protein in
which part of the system was treated as a dielectric contin-
uum was reported recently [58].

Most FDPB applications in the past used simple periodic
grids to discretize the PB equation. Several groups are now
using adaptive approaches to construct ‘smarter’, nonperi-
odic grids, which are dense close to the solute boundary
and to source charges, and sparse elsewhere [55,59]. This
should increase efficiency and eventually allow faster MD
simulations. In one implementation on a massively parallel
computer, a model of a microtubule with 600,000 particles
was studied [56••]. 

The first MD simulation of a protein in a dielectric con-
tinuum solvent was a nanosecond simulation of HIV
protease [35•]. The ‘traditional’ methodology [50] was
improved by a careful treatment of both short-range
forces and forces near the dielectric boundary, leading to
a very stable trajectory in good agreement with the exper-
imental structure. The simulation required 10 times more
computer time than a vacuum simulation, still signifi-
cantly faster than an explicit solvent simulation.
Moreover, efficiency will presumably improve (see
above). Conformational sampling also appears to be faster
with a continuum solvent than with explicit solvent
because of reduced friction [33•,34•]. Finally, the contin-
uum solvent simulation directly yields the potential of
mean force (the ‘conformational free energy’) for the
solute [5,23], from which the probabilities of different
conformations can be extracted much more readily than
with explicit solvent.

Dielectric relaxation in macromolecules
In the applications of the ‘Molecular recognition studies’
section, the continuum model was mainly used to predict
free energy changes. Taking a different perspective, the
continuum model can provide a phenomenological inter-
pretation of dielectric relaxation or polarization observed
experimentally or in MD simulations. For example, the
continuum model that ‘best fits’ the MD of a protein can
be determined through the so-called Frohlich–Kirkwood
theory, providing a ‘nonempirical’ estimate of the protein
dielectric constant that measures the average protein polar-
izability (see [60,61] for reviews). Similarly, continuum
models that best fit reorganization free energies in
cytochrome c have been determined [62,63], providing a
measure of the local polarizability around specific groups,
such as the heme. Continuum models parameterized in
this way yield useful physical insights. They also help to
determine the limitations of the dielectric continuum
approach and ways to improve it. 

A recent advance was the demonstration that, in one pro-
tein [64••], substantially different continuum models are
needed to fit different processes, depending on whether
they involve only an equilibrium charge distribution (‘sta-
tic’ processes) or relaxation in response to a perturbing
charge (‘relaxation’ processes). This was demonstrated by
studying the insertion of a charge onto protein atoms. The
insertion can be performed in two steps [65]. In the first,
‘static’ step, the new charge is inserted, but the environ-
ment (protein and solvent) is not allowed to adjust.
Specifically, polarization charge is not allowed to rearrange.
In the second, ‘relaxation’ step, the environment adjusts to
the product state charge distribution through a redistribu-
tion of polarization charge. The free energy of the second
step can be shown to be independent of the charge set
used for the reactant state and to depend only on the new
charge and the dielectric constants. It is closely related to
the reorganization energy of Marcus electron transfer the-
ory [65,66]. The free energy of the first step depends on
the equilibrium electrostatic potential at the charge inser-
tion sites in the reactant state, which, in turn, depends
strongly on the charge set used for the protein, as well as
on the dielectric constants. If a charge set borrowed from a
molecular mechanics force field is used, it is likely that a
low protein dielectric constant will be appropriate for the
first step (the charge set is probably optimized for use in
simulations with a dielectric constant of one). The protein
dielectric constant for the second step should accurately
measure the polarizability of the medium. For charge
insertion in the active site of the studied enzyme [64••],
protein dielectrics of 1 and of 5–6 were optimal for the sta-
tic and relaxation steps, respectively (80 was used for
solvent). These values show that, in this system, the mol-
ecular mechanics charge set cannot provide a consistent
description of both equilibrium potentials and dielectric
relaxation using the same protein dielectric constant. The
calculations also provide a phenomenological characteriza-
tion of the polarizability of the active site considered:
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though very polar, it is only moderately polarizable, with a
local protein dielectric (for relaxation) of 5–6.

A similar analysis has been applied to other types of charge
rearrangement in model systems, including photoexcita-
tion [67,68]. Another study compared the equilibrium
solvent polarization around a protein from an explicit sol-
vent MD simulation with that from a PB continuum model
[69]. No relaxation in response to perturbing charges is
involved (the structure is at equilibrium with the charge
distribution) and, indeed, a low protein dielectric constant
of two gave qualitative agreement with the MD polariza-
tion (though the latter was probably affected by the use of
an electrostatic cutoff). A continuum model was also used
to probe the electrostatic potential produced in 305 pro-
teins by the peptide backbone [70]. The potential was
found to be predominantly positive because, in allowed
regions of the Ramachandran diagram, the sidechain tends
to come off the backbone near the amide hydrogen and
because the carbonyl oxygens tend to be solvent-exposed.

Another contribution was the calculation of the
Frohlich–Kirkwood dielectric constants of four proteins
using multinanosecond MD simulations including all elec-
trostatic interactions [71•]. The results are consistent with
earlier studies that used somewhat shorter simulations
and/or less accurate long-range electrostatics. All of the pro-
teins have a fairly large (15–40) overall dielectric constant,
which arises mainly from the motion of charged sidechains.
This confirms that the protein Frohlich–Kirkwood dielec-
tric ‘constant’ is spatially heterogeneous, with low values
(2–4) in the interior and large values close to the surface.
How do these values relate to applications of continuum
models for, say, calculations of spectroscopic properties or
pKas? By construction, the Frohlich–Kirkwood dielectric
constant measures the polarizability of the protein and
should be appropriate to describe relaxation in response to
a perturbation, such as the binding of a proton or a redox
electron. In principle, the spatial heterogeneity of the sys-
tem should be taken into account here (though, in practice,
the low internal dielectric constant gave reasonable results
for charge binding throughout cytochrome c [63,72]). In
contrast, the Frohlich–Kirkwood dielectric constant may 
be completely inappropriate for the ‘static’ free energy 
component of the same charge-binding process (and 
for free energies of more complicated processes, such as 
ligand binding) [60].

Optical spectroscopy is a powerful experimental tool to
study both equilibrium fields and dielectric relaxation in
proteins [10,68,73,74]. Hole burning experiments on
cytochrome c were recently compared with continuum
models [73,74]. A quantum mechanical treatment of the
heme is needed for accurate results [74]. A simple classi-
cal model was, however, sufficient to qualitatively
describe the field heterogeneity at the heme [73]; snap-
shots from an MD trajectory served as input for FDPB
calculations. Cytochromes from yeast and horse heart 

differed by the number of ‘electrostatically different con-
formations’ they sampled, accounting for the difference in
observed spectral populations. 

Finally, studies of time-dependent dielectric relaxation
with continuum models are becoming more common, with
the development of a powerful, general formalism [75] and
recent applications to small chromophores [72,75] and one
protein [76]. This will be useful for understanding how
enzymes and photoactive proteins control the dynamics of
charge binding and charge transfer. 

Acid–base equilibria
The calculation of proton-binding constants continues to
be one of the main applications of continuum electrostat-
ics. Recent work has addressed the coupling of proton
binding and electron transfer in redox and photoactive pro-
teins [43•,44,77–79,80•], proton transfer steps in the
reaction mechanism of beta-lactamases [81,82] and pH-
dependent protein stability [83]. This area presents several
difficulties. For most titratable groups in proteins, the pKa
shifts relative to model compounds in solution are very
small. They correspond to free energies of less than
1 kcal/mol, a formidable target for a theoretical model. If
model quality is measured using absolute pKas, it will be
very hard to outperform a null model, in which all pKa
shifts are taken to be zero [84]. Models with a large protein
dielectric constant have been found to perform well on
average [81,82,84,85•]. It has sometimes been argued that
the large dielectric constant may be needed to account for
protein flexibility (but see below) or counterion binding.
In fact, as the protein dielectric becomes larger —
approaching that of water in some applications
[81,82,85•] — the model becomes more and more like the
null model. Differences arise from Coulomb interactions
among protein residues, but these are reduced by a factor
approaching 80, so that a 3 Å salt-bridge contact yields a
pKa shift of approximately 1 instead of about 20 in a medi-
um with dielectric 4. 

The conformational flexibility of proteins does indeed lead
to large average dielectric constants, as calculated from
MD simulations and Frohlich–Kirkwood theory (see sec-
tion ‘Dielectric relaxation in molecules’). However, the
calculated dielectric constant is spatially heterogeneous,
with much lower values throughout the protein bulk
[60,71•,72]. In addition, although this dielectric constant
should be at least roughly appropriate to describe relax-
ation in response to a perturbing charge, there is no direct
evidence that it is appropriate for equilibrium potentials
and, hence, for some of the free energy components asso-
ciated with proton binding. 

Instead of asking why a large protein dielectric ‘works’,
one might ask why, in some cases, seemingly more reason-
able low values fail. Spatial heterogeneity of the protein
dielectric properties, which is usually neglected, has been
invoked by several authors and must certainly play a role
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in some cases. However, the charge-binding study dis-
cussed previously [64••] suggests an additional, more
subtle, possibility. Although a protein dielectric of around
four [78,79,80•] should give a reasonable description of the
conformational relaxation, combining it with a molecular
mechanics charge set parameterized with a dielectric of
one may lead to internal inconsistency of the model, with
equilibrium potentials being incorrectly scaled down.
Related arguments were discussed in [66]. This inconsis-
tency should be signaled by large differences between free
energies calculated in the reactant → product and prod-
uct → reactant directions [64••].

Conclusions
The low computational cost and wide availability of con-
tinuum models, especially coupled to computer graphics,
have made them household items in structural biology
groups. Qualitative analysis of electrostatic potentials is a
standard step when a new structure is determined and
structure classification based on electrostatic potentials has
become a tool in bioinformatics [86•]. Although this has
certainly raised ‘electrostatic awareness’, one should keep
in mind the often simplistic assumptions of continuum
models and the potential dangers of ‘fixing’ them by
adjusting parameters.

Many applications to molecular recognition were reported
in the past year. Calculations of binding free energy differ-
ences show that continuum models can be a valuable tool
for ligand and protein design, as long as structural models
are generated carefully and consistently, and the solute
dielectric constant is calibrated and validated for a given
system using experimental data and/or MD free energy
simulations. Component analyses of PB free energies can
then provide valuable insights into the sources of affinity
and specificity. Significant progress has also been made in
developing efficient treatments of electrostatics and solva-
tion for docking.

Comparisons between continuum and microscopic
descriptions of dielectric relaxation are a fruitful route for
understanding the limitations of continuum models and
finding ways to improve them. In one case, it was shown
that different protein dielectric constants were required to
describe static fields and field shifts induced by a perturb-
ing charge. This indicates that, in some current
applications, the charge set and dielectric constants may
not be mutually consistent. Spatial heterogeneity of the
solute dielectric properties is another, distinct effect that
undoubtedly plays a role in many systems.

The most robust recipe for a fully consistent continuum
model is to make the solute ‘fully microscopic’ by perform-
ing MD, with the continuum treatment limited to the
solvent. Multiple-conformer methods for pKa or redox cal-
culations are another step in the same direction. MD with
continuum solvent should be especially useful for confor-
mational searching and when coupled to free energy

simulation techniques. This approach will be too expensive
or complex for some current applications. For example, the
treatment of many simultaneously titrating sites is beyond
the scope of current MD simulations and will require spe-
cial techniques. Meanwhile, simpler continuum models
will continue to provide essential qualitative insights into
biomolecular structure and function.

Update
Lee and Tidor [87] applied their charge optimization
method to the barnase–barstar complex, systematically
exploring alternate charge distributions for each of the
interfacial amino acid sidechains (with fixed backbone
conformation). The optimal net charge for each sidechain
agreed with its ‘natural’ charge, suggesting that the com-
plex is electrostatically optimized for tight binding.

Lee et al. [88•] tested the ability of a physically based
energy function to discriminate between native-like
folds of two proteins. The folds were taken from a large
set of ab initio structure predictions, generated in the
CASP III structure prediction forum, whose rms devia-
tions from the experimental structure ranged from about
1.5 to 8 Å. The energy function included a molecular
mechanics term, a continuum dielectric solvation term
and an accessible surface term. After a structure refine-
ment step using MD in explicit solvent, this energy
function displayed a good correlation with the rms devi-
ation between the model structure and the experimental
structure, allowing a fairly accurate ranking of the the
ab initio predictions.
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