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It is well-known that many proteins induce large structural
changes in DNA upon association. In particular, a common
observation is bending of the DNA either toward1 or away2-4

from the approaching protein surface. The contribution of
electrostatic effects to the former type of interaction has recently
been investigated;5,6 here we report on the role played by
electrostatics in interactions of the latter type. In the cases where
DNA bends away from the protein, as exemplified by the TBP-
DNA and SRY-DNA crystal structures,2-4 protein binding
occurs in the minor groove of the DNA and is accompanied by
a significant increase in the groove width. It has been
suggested7 that a significant contribution to this effect may come
from the loss of solvent screening of phosphate charges which
accompanies protein binding: the replacement of high-dielectric
solvent by low-dielectric protein is expected to increase cross-
strand phosphate repulsions.
To investigate this idea by computer simulation, a model

protein, designed to fit snugly in the DNA minor groove, was
constructed and placed at a distance of 30 Å from a DNA 16-
mer. The model protein was uncharged and did notdirectly
interact with the DNA in any way (i.e., there were no Coulombic
or van der Waals interactions); the protein is therefore simply
defined as a region of low dielectric immersed in a high-
dielectric solvent. The response of the DNA to the approach
of this model protein into the minor groove was then investigated
by molecular dynamics simulations in which forces due to
changes in the solvent and ionic environment were obtained
from solutions to the Poisson-Boltzmann (PB) equation. The
PB equation provides an approximate but extremely useful
description of electrostatic effects in biological molecules,8 its
main advantage here being that itimplicitly accounts for
solvation and ion atmosphere effects, allowing the omission of
the thousands of ions and water molecules that would otherwise
be required in the simulations.
Simulations were carried out with a combination of the

CHARMM9 and UHBD10 programs; the simulation protocol
adopted here will be described in more detail elsewhere.11 The
CHARMM22 molecular mechanics force field12 was used to

represent all interactions between DNA atoms; additional weak
harmonic restraints (k ) 10 kcal mol-1 Å-1) were applied to
maintain base pairing. The forces on atoms due to this “gas-
phase” force field were supplemented by PB electrostatic
forces13 used to model solvation effects. These forces were
obtained by solving the PB equation on a 753 grid of 1.0 Å
spacing, using an ionic strength of 150 mM. The response of
the DNA to the approach of the protein was modeled with the
technique of stochastic dynamics14 using a low friction coef-
ficient of 6.5 ps-1; this method has worked well in similar
simulations performed on small molecules.15 The protein was
moved closer to the DNA in 2.5 Å steps (to a final separation
of 7.5 Å) with 1 ps of dynamics being performed at each step.
PB solvation forces were updated every 0.1 ps. In total,
therefore, the protein-DNA association reaction is completed
in 10 ps. We note that this is several orders of magnitude faster
than the real process; however, the purpose of the present
simulations is to investigate only the likely structural conse-
quences of protein approach. In this case then, MD has been
used more as a means of searching configurational space for
favorable protein-DNA geometries than as a realistic model
for the time-dependent process of protein-DNA association.
It should be noted that due to the absence of much solvent
damping, the response of the DNA in these simulations is
extremely rapid. A control simulation of the DNA alone,
omitting the protein, was also performed in an exactly analogous
fashion.
Approach of the low-dielectric protein causes significant

structural changes in the DNA. This is best illustrated by
comparing the protein-DNA complex obtained at the end of
the simulations with what would have been obtained had the
DNA structure been held fixed (Figure 1). For the latter, it
can be seen that very considerable structural overlap occurs at
the position of closest approach of the protein to the DNA: few
major groove atoms remain exposed, and many phosphate
groups are completely hidden. In contrast, the structure obtained
at the end of the simulation shows the DNA phosphates no
longer embedded within the protein but, instead, fully exposed
to the high-dielectric solvent. This structural change is effected
(or accompanied) by a dramatic opening up of the minor groove.
These changes result from the presence of the protein: the
central interstrand phosphate-phosphate distances in the protein-
DNA system are on average 5.1 Å longer than those in the
control simulation of the DNA alone. Approach of the protein
and the accompanying exclusion of high-dielectric solvent cause
a large unfavorable change in the solvation of the DNA. The
structural response of the DNA in the simulations is such as to
limit this loss of solvation, as can be seen in Figure 2, which
plots the change in the solvation energy of the system as a
function of the protein-DNA distance. The tendency of the
phosphate groups to move toward high-dielectric regions
effectively causes the DNA to adapt its shape to that of the
approaching protein. In this sense, the DNA structural changes
mark a clear case of “induced fit”. It is interesting that al-
though these changes are entirely electrostatically driven, they
also result in a large increase in the buried surface area of the
protein.
It is important to emphasize that in these simulations no direct

forces acted between the protein and the DNA; groove opening
does not result, for example, from steric clashes with the protein
since no van der Waals interactions operate between the protein
and the DNA. The structural changes observed therefore result
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only from changes in the solvent and ionic environment of the
DNA, in particular, the decreased solvent shielding of phosphate
repulsions. The simulations suggest, therefore, that large
structural changes in DNA can be induced without introducing
charge-charge interactions between the protein and the DNA,

by modifying the charge-charge interactions already present
within the DNA. Favorable electrostatic interactions between
the protein and the DNA will typically contribute to bending
of DNA towarda protein surface, and charge neutralization of
the phosphates on one face of the DNA, effectively reducing
phosphate repulsions, has been shown to make a significant
contribution to such bending.5,6 The structural changes observed
here, in contrast, result fromincreasedphosphate repulsions.
In both cases, however, the DNA essentially “bends itself” on
approach of the protein. In real protein-DNA systems, it is
likely that both effects will contribute; certainly, it should not
be thought that minor-groove binding will always result in
dramatically increased groove width: positively charged resi-
dues in the minor-groove binding domain would be expected
to compensate for the dielectric effect and favor a narrow
groove, for example. The probable importance of dielectric
effects suggested by the present results, however, is underlined
by the fact that the DNA-binding domains of the proteins
inducing the most dramatic changes in DNA structure are
extremely hydrophobic.7 It is interesting to speculate whether
the dielectric-induced effects seen here might also contribute
to conformational changes in other highly-charged systems such
as lipids.
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Figure 1. Structure of the protein-DNA system at the end of the simulation (right) compared with what would have been obtained if the DNA
had been held rigid (left). The phosphate groups are represented by yellow atoms for phosphorus and red atoms for oxygen.

Figure 2. Electrostatic solvation energy of the protein-DNA system
as a function of the separation. All calculations were performed with
the UHBD program. Solutions to the nonlinear Poisson-Boltzmann
equation were obtained on a 753 grid of spacing 1 Å at anionic strength
of 0.15 M. The dielectric of the protein and DNA regions was set to
1.0, and that of the solvent region was set to 78.5, appropriate for water
at 25°C.
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