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Abstract

The average strength of hydrogen bonding interactions at the interface of 40 protein-DNA
complexes comprising ~ 1500 potential hydrogen bonds and their free energies of formation
have been estimated employing some recent advances in theoretical treatments of electrosta-
tic interactions. The hydrogen bond spatial frequency distribution shows a maximum at a pro-
ton-acceptor distance of 2.1A. The corresponding average interaction energy and the binding
free energy are computed to be -1 kcal and +4 kcal/mol.H-bond respectively. Thus hydrogen
bonds do not appear to provide the driving force for the formation of specific complexes from
initially separated protein and DNAbut serve to optimize the interactions in the specific com-
plex once it is formed, via distance and angle requirements.

Introduction

Hydrogen bonds are invoked as one of the most common modes of intra and inter
molecular recognition in chemical and biochemical systems. The Watson-Crick
base pairing in the DNA double helix (1), the formation of alpha helical and beta
sheet secondary structures in proteins via backbone hydrogen bonds as postulated
by Pauling (2), are two most cited cases. The direct code proposed (3) for protein-
DNA*@EBégnition and observed in some crystal structures such as in EcoRI endonw
cleas€ - DNA complex (4), is based on hydrogen bonds. These ideas originating in
structural studies correlate intermolecular recognition / stability of secondary struc-
tures to the propensity for hydrogen bond formation. A clear understanding of the
role of hydrogen bonds, of course requires a complementary thermodynamic
assessment - as to what extent are the structurally feasible hydrogen bonds, ener-
getically significant. This issue of structure versus energetics as it relates to hydro-
gen bonds, is by no means trivial because the formation of both intra and intermot
ecular hydrogen bonds in aqueous medium involves loss of hydrogen bonds with
solvent water. Hydrogen bonds - lack of a clear context-based molecular thermody
namic perspective on their role notwithstanding - are of fundamental interest in mol-
ecular recognition and in molecular docking experiments.

Several mutational studies in both proteins and protein-DNA complexes place the

strength of hydrogen bonds at ~ -1 kcal/mol H-bond (5-7). Some recent theoretical
investigations based on refined electrostatic models (8,9) led to the conclusion that
hydrogen bonds do not contribute to the stability of protein secondary structures as the
unfavorable desolvation expense overcomes the favorable interaction energy associat-
ed with hydrogen bond formation. An analysis of the problem in terms of interaction
vis-a-vis binding simplifies the scenario considerably. Structure or energy based inter-
pretation of the role of H-bonds in the final state (as in a complex) is an interaction
problem. One way to quantify this interaction energy is to identify the atoms involved
in the hydrogen bond, employ an appropriate effective dielectric function and estimate
the strength. This interaction energy often turns out to be negative (10,11), indicating
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that hydrogen bonds are favorable as they occur in the final state.
To address whether hydrogen bonds provide the necessary driving
force for the formation of the complex or secondary structure in the
final state from the reactants or extended chain in the initial state,
both initial and final states have to be considered in the analysis
(8,12). The net energetics of this process which can be equated to
the binding free energy, includes direct interactions as well as des-
olvation expense, and in principle can be either positive (unfavor-
able) or negative (favorable), depending upon a differential effect

of the solute-solvent interactions in the initial and final states.

Whether protein-DNA complex formation can occur by virtue of
direct code alone falls under the purview of the binding analysis.
Additional clarification of this issue has been sought here using
smaller prototypical systems such as the base pairs, where in sim-
ilar roles are played by hydrogen bonding interactions and the sol-
vent while explicit solvent simulations on protein-DNA complex-

es are just becoming computationally tractable.

In this study, we present an exhaustive quantification of the
strength of over 1500 potential hydrogen bonds occurring at the
interface of about 40 protein-DNAspecific complexes and exam-
ine its consequences to protein-DNA recognition. Observations
from a series of molecular dynamics simulations on base pairs in
aqueous and non-aqueous media are employed to develop a mol-
ecular thermodynamic perspective on the effects of hydrogen
bonding interactions and the role of the environment / solvent in
biomolecular recognition mediated by H-bonds.

Materials & Methods

Crystal structures of over 40 protein-DNAcomplexes were adapt-
ed from NDB/PDB (13-15). These complexes were prepared for
analysis as reported earlier (16). All potential hydrogen bonds
weak or strong with a proton - acceptor distance of 0 to 3.0A have
been included in the analysis. This criterion results in a set of over
1500 potential hydrogen bonding interactions each of which has
been examined individually and their net energetics averaged
among the hydrogen bonds occurring at each separation.

Interaction Energy

Partial atomic charges and van der Waals parameters were
assigned to all the interacting atoms using the most recent para-
meter set of AMBER force field (17,18). A modified Hingerty-
Lavery distance dependent dielectric function simulating the
aqueous environment developed previously (19-21) and suc
cessfully applied to assess the strength of hydrogen bonds in
base pairs and alpha helices (11,12) was used to compute the
electrostatic component of the H-bond interaction energy.
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where D = 78, D; = 4, and s = 0.395. The van der Waals energy
component was calculated using ennard-Jones term.
The estimation involved a consideration of the net interaction
energy among the donor heavy atom and proton with the accep-
tor atom and its precedent atom. Thus in a >C=0...H- N"bon’d’
the interaction energy of the carbonyl group is computed with
the NH group.

Binding Energy

The energetics of binding in a solvent medium can be estimated
via a thermodynamic cycle involving four stages and three steps
(Figure 1). In the first step, the donor and acceptor pairs, infi-
nitely apart as in the initial state before complexation, are trans-
ferred from the solvent medium to vacuum. The desolvation
energy accompanying this transfer process consists of three con
tributions. An electrostatic part that is estimated using the mod-
ified generalized Born (GB) model (22-26),
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where { . is an effective atomic size / distance parameter derived
from the Born radii o; and pair-wise distances r;. The decavitation
energy, i.e. the energy gained in removing the cavity from solvent,
and the concomitant loss in van der Waals interactions of the solute
with solvent are estimated based on solvent accessible surface
areas of the hydrogen bonding atoms. The solvent accessible sur-
face area is calculated using the ACCESS (27) program with
AMBER van der Waals radii. The cavitation and dispersion ener-
gy in water together contribute 7.2 cal/mol/A2 (24). In the estima-
tion of the electrostatic contribution, atoms in the protein or DNA
that are not involved in the hydrogen bond formation were dis-
charged. In the second step, the hydrogen bonding pair is brought
together as in the final state but in vacuum, and allowed to interact,
i.e. the electrostatic and van der Waals interactions are turned on to
form the complex. In the third and final step, the complex is trans-
ferred from vacuum back to the solvent and this process again
involves an electrostatic term, a cavitation term and a van der
Waals term signifying the corresponding interactions of the com-
plex with the solvent. These are estimated as in the desplvation
(first) step. The net average free energies of formation of hydrogen
bonds at each distance of separation between the hydrogen atom
and the acceptor atom together with the corresponding interaction
energies in the final state are presented below.

Results and Discussion

The number of potential hydrogen bonds in all the 40 protein-
DNA specific complexes considered is shown in Figure 2 as a
function of separation between the hydrogen and the acceptor
atom. Also shown superposed in Figure 2 are the average inter-
action energies (in the final state) as well as the binding free
energies i.e. the free energies of hydrogen bond formation.

Several observations emerge out of this figure on the nature of
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Figure 1: The thermodynamic cycle used for the estimation of the free energy of
hydrogen bond formation. In Stage 1. the hydrogen bonding atoms are infinitely
apart in solvent. The functional groups are transferred to vaccum (Step 1) accom-

panied by transfer free energies, AG, upers ANd AGyaer 2. In Step 2, the hydrogen

bonding groups interact (ﬁ(}mu) in vaccum to form the complex. Step 3 is

attained on transfer of the complex back to solvent accompanied byAG ager -

hydrogen bonds in protein-DNA specific complexes. The short-

est hydrogen bonds occur at a proton-acceptor distance of 1.8A.
At this distance, the interaction energy is around -1.5

keal/mol.H-bond. The maximum number of hydrogen bonds
occur at a seperation of 2.1A. The corresponding average inter-
action energy is ~ -1 kcal/mol,H-bond. Beyond 2.8A, the inter
action energies associated with the potential hydrogen bonds are
close to zero in conformity with expectations.

The computed binding energies (free energy of hydrogen bond
formation) are however positive in almost all cases. At 2.14, it
is around 4 kcal/mol.H-bond. The unfavorable cost of the desol
vation component in the process of creating a hydrogen bond
strongly overrides the favorable interactions that are derived by
the formation of a hydrogen bond. The inference that follows is
that hydrogen bonds do not provide the necessary driving force
for the formation of protein-DNA complexes in aqueous medi-
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um.lSome caution however needs to be exercised in interpreting
this result. Only the dipolar interactions and their desolvation
are considered in estimating the binding free energies as
described in figure 1 and in the methodology section. Thus
hydrogen bonds formed by charged residues such as Asp, Glu,
Arg, Lys and the phosphate group may exhibit different ener-
getic characteristics when full charges are included in the theo
retical treatment."Related studies on the total (all atom) energet-

ics of protein-DNA complexation indicate that overall electro-gsbwe..

statics is marginally unfavorable to binding but other factors
such as the van der Waals and hydrophobic interactions make a

l favorable contribution to the net binding free energies (16).

We have performed some exploratory molecular dynamics stud
ies on base pair formation in aqueous and non-aqueous media
with the aim of understanding the effect of solvent on molecular
association and hydrogen bonding. Results from the molecular
dynamics simulations - performed with initial configurations
involving base pairs at different separations - indicated that
while the bases prefer to remain in the vicinity of each other
exhibiting different orientations in aqueous environment, the
bases predominantly stack. It is a well-accepted opinion that
stacking is affected by van der Waals and hydrophobic / cavita-
tion interactions between the planar molecules (28-31). This
observation which is well received in the case of base pair inter-
actions also appears to hold true in the case of protein-DNA
interactions (16). In chloroform however, where the hydrophe
bic component is not operational and there is little electrostatic
desolvation expense because of the nonaqueous and low dielec-
tric nature of the medium, the base association is dominated by
the electrostatic / hydrogen bonding interactions between the
bases. Thus base paired configurations involving hydrogen
bonding interactions are formed. In the context of protein-DNA
complexation, the release of the first layer of water from the pro-
tein and DNA surface results in a more nonpolar environment
that is conducive to establishing favorable hydrogen bond inter

_ actions. The role of hydrogen bonds in protein-DNAcomplexes

Figure 2: Hydrogen bonding at the protein-DNAinterface: Average properties

of 1520 hydrogen bonds at the protein-DNAinterface with pr&t'on-ﬂcceptur atom
distance less than 2.8A are plotted as a function of the sepgration. The primary
Y axis carries the average binding and interaction energies and the secondaryy

axis represents the number of hydrogen bonds (bar). The maximum number of
hydrogen bonds are observed near 2.1 A. The interaction energies at this distance
are about -1 kcal/mol and the binding energies are about 4 kcal/mol. The
strength of these interactions tend to zero beyond 2.84A.

thus seems to be not in driving the specific complex formation

but in stabilizing the complex via favorable interactions once the

final state is attained / complex is formed. Specificity due to

hydrogen bonds manifests itself via an optimization of the dis-

tance and angle requirements resulting in favorable interactions.
-However, this picture derived from a continuum model of sol-
~vent is not extendable to water mediated hydrogen bonds report-
~ed in the literature.

Taken together with some earlier studies on protein-DNArecog-
nition (7,16,19,32), our present study enables the formulation of
a working hypothesis for protein-DNArecognition from an ener-

- getic viewpoint. Non-specific association could be driven by

simple diffusion or favorable long range electrostatic interac-
tions. Non-specific to specific complex formation among other
contributors (16), involves desolvation (7), the electrostatics of
which is unfavorable (16,33). It is here that the van der Waals
(packing/steric) and hydrophobic interactions contribute favor-
ably. After the complex is formed hydrogen bonds are expected
to stabilize the final state in case of specific complexes.



Conclusions

Based on an analysis of over 1500 hydrogen bonds at the protein-
DNA interfaces in 40 co-crystal structures of protein-DNAcom-
plexes, it is observed that the maximum number of hydrogen
bonds occur at a proton acceptor atom separation of 2.1A. On the
basis of an empirical energy function, the interaction energy at
this separation is estimated to be ~ - 1 kcal/mol.H-bond. The cor-
responding free energy of hydrogen bond formation between

=dipolar groups turns out to be ~ + 4 kcal/mol.H-bond, mainly due
to the unfavorable nature of the electrostatic component in the
hydrogen bonding group desolvation. Although hydrogen bond-
ing does not appear to drive complex formation, the presence of
hydrogen bonds at the protein-DNAinterface facilitates recogni-
tion in specific complexes due to the favorable interaction ener-
gy between the hydrogen bonding groups.
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