
Energetics of Base Pairs in B-DNA in Solution: An Appraisal of Potential Functions and
Dielectric Treatments

Nidhi Arora and B. Jayaram*
Department of Chemistry, Indian Institute of Technology, Hauz Khas, New Delhi-110016, India

ReceiVed: March 4, 1998; In Final Form: April 24, 1998

The energetics of base pairs in B-DNA in solution has been estimated via recently reported versions of some
empirical potential energy functions, namely, AMBER, CHARMM, GROMOS, and OPLS used commonly
in biomolecular simulations. The electrostatic component of the interaction energy between bases involved
in Watson-Crick pairing in B-DNA in aqueous environment, evaluated via the finite difference Poisson-
Boltzmann methodology with all the above force fields, is in the range of-2 to -3 kcal/mol per H-bond.
An examination of different dielectric functions used in conjunction with the above force fields suggests that
a sigmoidal function, with an estimate of-2 kcal/mol per H-bond, comes closest to mimicking the electrostatics
of AT and GC base pairs under aqueous conditions.

Introduction

Evidence emerging from the structural and computer simula-
tion data over the past few years suggests that B-DNA in
solution is a flexible macromolecule, sensitive to the effects of
solvent and counterions. It is able to undergo major structural
transitions between different allomorphic forms and some minor
ones involving base pair opening, bending or modulations in
sugar pucker and backbone torsions, induced intrinsically by
the base sequence or extrinsically by proteins or drug
molecules.1-15 The integral role of hydrogen bonds in the
stability of the double helical structure of B-DNA, in the
flexibility of nucleic acids in general that allows for structural
adaptation in the presence of proteins and drug molecules, and
the attendant energetics are yet to be fully understood in
molecular terms.

Theoretical descriptions of DNA fine structure, the intra- and
inter-base pair degrees of freedom, in particular, and DNA-
ligand interactions involving base atoms exposed in the grooves,
critically depend on the charge distribution on the base pairs
and the manner in which electrostatic interactions are treated.
Any force field attempting to model DNA and its interactions
requires a satisfactory representation of hydrogen bonding
between complementary base pairs both in gas phase and in
solution. As a number of new and carefully parametrized force
fields have been put forward recently, an assessment of these
diverse force fields and dielectric models for estimating nucleic
acid-base interactions in aqueous environment assumes sig-
nificance for an accurate model of DNA, drug-DNA, and
protein-DNA interactions. As a step toward this goal, in this
study, a comparison of the diverse force fields and dielectric
functions is undertaken, together with an estimation of the base
pair energies in B-DNA in solution.

Numerous studies, both experimental and theoretical, were
initiated to understand the specificity of base pairing and to
evaluate quantitatively the energetics involved in this interaction.
The mass spectroscopic values of-13.0 kcal/mol and-21.0
kcal/mol for AT and GC, respectively,16 have been valuable
reference points for studies on base pairing enthalpies in the

gas phase. Early attempts to estimate the base pairing energies
in solution17,18 revealed that base stacking, rather than pairing
of mononucleotides, is favored in aqueous environment, as
considerable competition is expected from the solvent. Experi-
mental studies thus employed nonaqueous solvents to study the
properties of specific H-bonded complexes. Kyogoku et al.19-21

reported a value of-6.2 ( 0.2 kcal/mol (-3.1 kcal/mol per
H-bond) for the enthalpy of formation of 9-ethyladenine and
1-cyclohexyluracil base pair in chloroform. Newmark and
Cantor22 estimated, from NMR spectra, an enthalpy change of
-5.8 kcal/mol (-1.9 kcal/mol per H-bond) and an entropy
change of-16 eu for the formation of a GC base pair from
solvated monomers in dimethyl sulfoxide (DMSO). They
rationalized the observed enthalpy change as being due to the
formation of hydrogen bonds. As DMSO is a strong proton
acceptor, the degree of H-bonding was considered to be closer
to that in water.22 Turner et al.23 derived free energy increments
for H-bonds in nucleic acid base pairs from measurements of
optical melting curves. They predicted a maximum∆∆GHB of
-2.0 kcal/mol per H-bond for double helical oligoribonucle-
otides of GC in aqueous medium. The enthalpic contribution
may be expected to be slightly larger since pairing involves
some entropy loss. It is equally conceivable that this loss in
entropy attendant upon pairing of bases, which are already
anchored to the sugar-phosphate backbone, is offset by a
favorable hydrophobic contribution originating in the formation
of a smaller cavity in water for a pair than for unpaired bases,
leading to similar magnitudes for both enthalpy and free energy
of pairing. Also, there is no a priori reason to expect that the
hydrogen bond energetics is drastically different in oligodeox-
yribonucleotides. A subtle point to be noted is that the values
of Turner et al. are more a reflection of the interaction strength
of a hydrogen bond in a base pair and the associated free energy
cost for switching off a hydrogen bond, rather than free energy
of base pair formation/H-bond. Sinden (ref 3, p 13) proposes
a value of-2 to -3 kcal/mol as the strength of hydrogen bond
in DNA.

Attempts to theoretically estimate base pair energetics focused
mainly on base-base interactions in the gas phase via the
application of ab initio methods [refs 24-28 and references* Corresponding author. E-mail: bjayaram@chemistry.iitd.ernet.in.
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therein]. An accurate description of the solution thermodynam-
ics of base pairs in DNA requires an extensive sampling of the
configurational space of the bases in a DNA-like environment,
with explicit solvent. A computationally expeditious alternative
lies in using a dielectric continuum representation of the medium
with a thorough calibration of the parameters in lieu of explicit
solvent. The utility of distance dependent dielectric functions
in modeling DNA was already commented upon by Mazur and
Jernigan.29 Our original intention was to arrive at a dielectric
function to be used in conjunction with OPLS parameters,30

which would capture the hydrogen bonding and electrostatic
interactions in protein-DNA and drug-DNA systems as
realistically as possible, to facilitate a discussion of specificity
and biomolecular recognition with relative computational ease.31

The minimum that is expected of any such dielectric function
is to reproduce the base-base interaction energies in solution.
The current study gives us an opportunity to characterize some
of the recent and popular force fields used in conjunction with
different dielectric screening functions, with base pair energies
providing a convenient testing ground. Specifically, we have
examined the interaction energies between complementary bases
involved in Watson-Crick hydrogen bonding adopting a
sigmoidal dielectric function (also referred to hereinafter as a
modified Hingerty-Lavery function: MHLF),32-36 to capture
the aqueous environment, employing parameters from AM-
BER,37 CHARMM,38 GROMOS,39 and OPLS30,40 force fields.
As H-bonds are considered to be mostly electrostatic in nature,
it is of interest to estimate the electrostatic contribution to the
energetics of base pairs by some state of the art techniques such
as the finite difference Poisson-Boltzmann (FDPB)
methodology.41-48 While this work was in progress, a com-
parison of base pair energies in gas phase was attempted by
several research groups.26,28,38,40,49 Hobza et al.49 recently
reported a critical assessment of the interaction energies of bases
in gas phase as predicted by diverse empirical potential functions
and quantum mechanical calculations. We focus here on the
energetics of base pairs as embedded in B-DNA in solution and
estimated with different force fields and dielectric treatments.

Methodology and Calculations

The structures of poly(dA)-poly(dT) and poly(dG)-poly-
(dC) homopolymers, 14 base pairs long, were generated in the
canonical B-DNA conformation using the coordinates of Arnott
and co-workers50 along with BIOSYM software.51 No further
optimization of the canonical structure was undertaken to avoid
any force field dependent changes in the conformation. The
subsequent procedure involves considering each of the central
10 base pairs separately and obtaining their interaction energies
using AMBER, CHARMM, GROMOS, and OPLS parameters.

To compare the performance of different parameter sets and
dielectric models we deemed it fit to use a single structure.
Energy minimization, in our preliminary studies, led to slightly
different structures with each force field as expected. Moreover,
the energy minimization results on the base pairs in B-DNA
are sensitive to several protocol issues dealing particularly with
solvent and counterions.7 Thus canonical B-DNA (B80)
structure50 formed a natural choice for a comparative study.

The total base-base interaction energyEbp is represented by
the following expression.

Eel is the electrostatic contribution to the total energy,EvdW is
the van der Waals term, and the summation runs over all the

atoms of a base on one strand and its complementary base on
the opposite strand. The effect of inclusion of sugar-phosphate
backbone atoms on the base pair interaction energy has also
been considered separately.

(a) Electrostatic Term. The electrostatic contribution to the
interaction energy between an atom i of one base with that of
its complementary base atom j is computed as

whereqi andqj are the partial atomic charges taken from each
specified force field30,37-39 for the two interacting atoms,r ij is
the distance between the atoms i and j, andD(r) is a dielectric
function. A series of calculations were performed with different
values forD(r), namely 1, 4, 80,r ij , and 4r ij and also withD
) 46.7 as appropriate for dimethyl sulfoxide (DMSO). In
studies employing a modified Hingerty-Lavery function (MHLF),
the D(r) was taken as

D(r) is a sigmoidal function.D ) 78, Di ) 4, andR ) sr,
where s) 0.395.31 This choice of s in our preliminary studies
led to total interaction energies (electrostatic+ van der Waals)
of ∼ -4 and -6 kcal/mol for AT and GC base pairs,
respectively (with OPLS parameters), in close correspondence
to the experimentally obtained enthalpy values of-1.9 kcal/
mol per H-bond as determined by Newmark and Cantor22 in
DMSO for base pair formation. The enthalpy of formation of
a dimer from monomers here is equated with the effective
interaction energy. Also, desolvation effects on enthalpy are
implicit to some extent in any dielectric function introduced as
a modulation in Coulomb’s expression. In addition, in a
continuum solvent representation, the dielectric constant of
DMSO is high enough to mimic water environment. Calcula-
tions performed with DMSO and with water (presented in
sequel) with solvent treated as a dielectric continuum support
this view. The magnitude of the interaction strength is also in
conformity with the measurements of Turner et al.23 in aqueous
solution which are closer to this study in design. This sigmoidal
function appears to fare well in other contexts as well. The
hydrogen bond strength inR-helices without any additional
parametrization of MHLF was estimated to be-1 kcal/mol52

consistent with some recent experiments.53,54 Usage of this
function for DNA counterion interactions and for mapping out
B to Z-DNA conformational energy profiles and integration into
JUMNA have already been reported previously.34-36

The electrostatic contribution to the interaction energy with
the sigmoidal function is amenable to expression in a more
familiar form55-57 as the sum of Coulomb and shielding terms
(due to solvent) for each pair of interacting atoms.

Fij is an effective distance parameter. Other symbols have been
defined above. This, combined with the Born type self-energies

Ebp ) ∑[Eel + EvdW]

Eel )
332qiqj

D(r)r ij

D(r) ) D - [(D - Di

2 )(R2 + 2R + 2)e-R]

qiqj

D(r)r ij

)
qiqj

r ij
- (1 - 1

D)qiqj

Fij

Fij ) { (1 - 1
D)

(1 - 1
D(r))}r ij
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of atoms i and j,55 in principle, defines the total electrostatic
energy of the system of charges i and j in a solvent of dielectric
constantD.

(b) van der Waals Term. The van der Waals interactions
were modeled using a (12,6) Lennard-Jones potential between
the atoms of the two complementary bases.

For the OPLS force field,C12
ij and C6

ij are obtained as
geometric means from the individual atomic 12,6 parameters
while for AMBER and CHARMM, the calculations involve
computing theRij andεij as

and

εi above is the well depth parameter andRi* is half the distance
to the well depth (σii ) 2-1/6Rii* and Rii* ) 2Ri*; alternatively,
σii ) 25/6 Ri*. This relation of R* is valid for both AMBER
and CHARMM force fields). TheRi* values for AMBER
calculations were taken from the van der Waals parameters listed
in Table 14 of ref 37. For CHARMM calculations (Ri* ) Ri,min/
2), these were adapted from the Lennard-Jones parameters in
Table 5 of Appendix in the Supporting Information of ref 38.
The 12,6 parameters C6 and C12 are then obtained as

and

The GROMOS force field prescribes the values of the square
roots of C12

ii and C6
ii to be used directly for calculations after

forming the appropriate ij products.
As a first step, the interaction energies of the neutral isolated

base pairs have been evaluated (atD(r) ) 1.0) in gas phase
with each force field, for the purpose of comparing them with
the results of previous experimental and theoretical studies. Such
calculations on free base pairs normally include a hydrogen or
a methyl group at N1 (pyrimidines) or N9 (purines) at a position
that is taken up by the C1′ atom of the sugar ring in DNA. In
our studies, the residual charge on each base is placed on a
hydrogen at the C1′ position and the interaction energies are
computed and compared with the literature values (Table 1).

The focus of this study is on the base atoms as embedded in
the double helix. This is a more realistic treatment of base pair

energetics in DNA, as the bases are considered a part of the
polynucleotide chain rather than as single isolated species. These
have been considered in a second series, and interaction energies
have been evaluated both in gas phase and in solution (Table
2). Essentially, the contributions of C1′ of sugar or other
attachments in its place are not included in the base pair
interaction energies in this series.

In our third series of calculations, interactions of all the atoms
in one nucleotide with all the atoms of the complementary
nucleotide were considered to gauze the effect of the number
of atoms included in estimating the base pair energies in solution
(Table 3).

Electrostatic component of the interactions between the
complementary bases in a DNA-like environment in solution
was also evaluated using the finite difference Poisson-Boltz-
mann methodology (FDPB) along with parameters from diverse
force fields, in a fourth series of calculations (Table 4). A
resolution of 4 grids/Å was employed in all the FDPB
calculations. It may be noted that for FDPB calculations the
results correspond to calculations on the central base pair of an
oligomer which effectively eliminates the role of end effects
on the calculated electrostatic potentials and the energetics. The

TABLE 1: Watson-Crick Base Pair Energies (in kcal/mol)
for Isolated Bases in Gas Phasee

base pair AMBER CHARMM GROMOS OPLS

present work AT -12.9 -13.1 -8.7 -9.8
GC -27.6 -23.5 -19.3 -22.0

lit. values AT -11.9a -14.0c -10.6d

-12.8b -13.6b -10.5b

GC -25.4a -24.8c -22.1d

-28.0b -25.5b -23.1b

a Reference 37.b Reference 49.c Reference 38.d Reference 40.e D(r)
) 1. The geometry of base pairs corresponds to the B-DNA50 structure.
Each base is made neutral by placing the residual charge on a hydrogen
located at the position of C1’ atom.

EvdW ) [C12
ij

r ij
12

-
C6

ij

r ij
6 ]

Rij* ) Ri* + Rj*

εij ) (εiεj)
1/2

C12
ij ) εij (Rij*)

12

C6
ij ) 2εij (Rij*)

6

TABLE 2: Interaction Energies (in kcal/mol) between
Complementary Bases in B-DNA with Different Force Fields
and Dielectric Models

dielectric
function base pair AMBER CHARMM GROMOS OPLS

D(r) ) 1.0 AT -11.8 -5.1 -8.7 -3.4
GC -27.6 -18.7 -19.3 -18.7

D(r) ) Rij AT -14.2 -13.6 -9.4 -10.2
GC -27.0 -20.6 -17.9 -21.5

D(r) ) 4.0 AT -3.0 -1.4 -3.8 -1.5
GC -5.6 -3.8 -6.0 -4.2

D(r) ) 46.7 AT -0.2 -0.3 -2.3 -0.9
(DMSO) GC 1.1 0.7 -2.0 0.2
D(r) ) 80.0 AT -0.1 -0.3 -2.2 -0.9

GC 1.4 0.9 -1.8 +0.4
D(r) ) 4Rij AT -3.5 -3.6 -4.0 -3.2

GC -5.5 -4.3 -5.7 -4.9
MHLFa AT -4.3 -4.3 -4.3 -3.7
(D ) 46.7) GC -7.0 -5.8 -6.6 -6.2
MHLFa AT -4.2 -4.3 -4.3 -3.7
(D ) 80) GC -6.5 -5.2 -6.2 -5.7

a MHLF: Calculations with a modified Hingerty-Lavery function:
Di ) 4 ands ) 0.395.

TABLE 3: Nucleotide-Nucleotide Interactions Energies (in
kcal/mol) in B-DNA in Solutiona

base pair AMBER GROMOS OPLS

AT -4.2 -4.4 -3.8
GC -6.4 -6.5 -5.6

a D(r) ) Modified Hingerty-Lavery function:Di ) 4 ands) 0.395.
Interactions of all the atoms in a nucleotide on one strand with those
in the complementary strand are considered in B-DNA50 geometry.
Partial atomic charges and radii employed are according to the force
field specified.

TABLE 4: Electrostatic Component of the Interaction
Energy (in kcal/mol) between Bases in Watson-Crick Base
Pairs in B-DNA Calculated with Finite Difference
Poisson-Boltzmann Method

base pair AMBER CHARMM GROMOS OPLS

(in water,D ) 80)
AT -5.8 -5.6 -2.8 -3.9
GC -11.1 -9.8 -6.0 -9.1

(in DMSO,D ) 46.7)
AT -5.8 -5.5 -2.8 -3.8
GC -11.3 -9.9 -6.2 -9.2
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results are presented and discussed below. Also the interaction
energies are divided by 2 for AT base pairs and 3 for GC base
pairs when reported as the energy per H-bond.

Results and Discussion

The gas phase (D(r) ) 1) base pair energies (Table 1) are in
line with the values reported in the literature,28,38,40,49indicating
the correctness of the application of the force fields from the
published data. The differences between the present set and
the literature values are attributable to the differences in the
geometry of the base pairs and also to the presence of a methyl
group in place of a H on the N9 or N1 ofpurine or pyrimidine,
respectively.

The Watson-Crick base pair energies with different param-
eter sets and dielectric models are reported in Table 2. Results
with a dielectric constant of unity (D(r) ) 1) in most cases fall
in the range expected from the experimental gas phase values.
Force field dependent variations are of course noticeable across
the row. The interaction strengths of the AT pair and to an
extent that of the GC pair with CHARMM and OPLS charges
in particular are seen to be underestimated. This however, is
not the case for the interaction of isolated base pairs (Table 1).
Results in Tables 1 and 2 taken together suggest that CHARMM
and OPLS charge distributions for the base pairs are distinct
from the remaining force fields. The significance assumed by
the sugar C1′ atom on the energetics as evidenced by the
differences between Tables 1 and 2 forD(r) ) 1, with these
two force fields, is striking. It may be further noted that the
partial atomic charges for bases with GROMOS force field add
up to zero for each base, even without the hydrogens at N1/
N9. Bases in DNA, with all other force fields considered here,
carry a net negative charge. While these may be matters of
how the charges are derived, special attention needs to be paid
to correlations between the force field dependent charge
distributions and the spatial disposition of the bases and sugars
in analyzing the dynamical trajectories of DNA. On the basis
of the energetics in Tables 1 and 2, a description of the DNA
fine structure with AMBER, CHARMM, and GROMOS is
expected to differ unless the explicit solvent used in simulations
(TIP3P or SPC/E) can some how compensate for these differ-
ences.

Results with D(r) ) r appear to significantly mask the
differences seen withD(r) ) 1 while simulating gas phase
environment (Table 2). An interesting feature of the base-
base interaction energies is that they are more negative with
D(r) ) r than withD(r) ) 1. This can never be the case for
isolated charges for distances greater than 1 Å, and indeedD(r)
) 1 is seen to yield much larger values for each pair of atoms
considered individually. It is the algebraic sum over all the
pairs that alters the trend. Molecules which are electrostatically
complementary can exhibit such a behavior with suitable charge
distributions. Results withD(r) ) 80 severely underestimate
the base-base attractions as expected. The computed interac-
tion energies in dimethyl sulfoxide, treated as a continuum
solvent of dielectric constant 46.7, are too small in relation to
experiment. A uniform dielectric constant (a fixed constant
value for D) appears to be inappropriate for modeling DNA in
solution using continuum solvent methods. Results withD(r)
) 4 are closer to solution values than to gas phase values, a
point of relevance to molecular dynamics protocols and model-
ing studies on DNA in vacuo. Overall, the relative strength of
the base pair energetics in gas phase, considering eitherD(r) )
1 or D(r) ) r as representative, obeys the following trend
AMBER > CHARMM > OPLS> GROMOS.

It is also apparent from Table 2 that the sigmoidal dielectric
function (MHLF) is able to describe the solution energetics both
in DMSO and water, in good agreement with the experimental
enthalpy values22 irrespective of the choice of the force field
parameters. Another dielectric functionD(r) ) 4r, is also in
vogue along with AMBER parameters37,58 for molecular me-
chanics protocols involving DNA in solution. This function
with AMBER yields -3.6 and-5.5 kcal/mol for the AT and
GC base pairs, respectively. We note that the interaction
energies with this dielectric function are slightly on the weaker
side with AMBER and GROMOS parameters in comparison
with the MHLF results and experiment, and more so with
CHARMM and OPLS parameters (Table 2). Nonetheless, an
inescapable general observation emerging from the results
presented here is the diminution of differences between diverse
force fields with distance dependent dielectric functions par-
ticularly with the sigmoidal function in contrast to the results
obtained with a fixed dielectric constant.

The list of atoms included in theoretical estimates of base
pair energies in B-DNA may have an effect on the energetics.
One such instance is the inclusion/noninclusion of a charge at
C1′ position, the consequences of which withD(r) ) 1, are
discussed above (Table 2). An alternative is to include
interactions of all the atoms in one nucleotide with all the atoms
in the complementary nucleotide. Results of such a computation
with the MHL function are very similar (Table 3) to the results
obtained considering only the base atoms (Table 2) and
consistent with expectations based on experiment.22,23 Thus the
sigmoidal dielectric function appears to perform well for any
reasonable choice of the atoms included in evaluating the base
pair energetics in solution.

Finite Difference Poisson-Boltzmann (FDPB) Calcula-
tions. H-bonding interactions, which are central to Watson-
Crick base pairing, are sensitive not only to the partial atomic
charges on the donor and acceptor groups but also to the
environment.41,52 The FDPB method is known to depict the
electrostatics of molecular systems quite accurately considering
both the shape of the solute molecule and dielectric inhomo-
geneities in solution.41 The electrostatic component of the
interaction energy between the complementary bases in aqueous
solution is evaluated in a single step as follows: the solute
dielectric constant is set at 2, the solvent dielectric constant at
80, and the charges on the atoms on either of the two bases
forming the base pair are switched on (the charges on the
complementary base atoms being switched off). The potentials
generated on the complementary base atoms upon solving the
Poisson equation (the linearized PB equation at zero ionic
strength) numerically are then multiplied by their charges to
obtain the interaction energy.

where i refers to the complementary base atoms only. This
methodology is of course not new and has been in vogue since
the work of Kirkwood and co-workers59 for estimating solvent
mediated interactions. The corresponding experiments would
involve turning one or both charge distributions on or off as by
a mutation or via a titration as feasible/applicable. As opposed
to this, binding studies typically involve bringing the two
interacting species initially separated to their final state, which
require inter alia, an explicit consideration of desolvation and
the problem configured in the framework of a thermocycle.
Binding energies can be postive/unfavorable even for oppositely
charged distributions. Identification of the forces driving the
double helix formation is beyond the purview of this study. The

∆Ah-b ) ∑qiφi
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focus here is on interaction energy between the Watson-Crick
partners as embedded in the double helix in water.

The base pair interaction energies (Table 4) are negative and
are in the range of-2 to-3 kcal/mol/H-bond with all the force
fields considered here. In a previous study, this methodology
led to a base pair energy of∼ -2 kcal/mol/H-bond [Nidhi
Arora, Jayaram, Honig, 1993, unpublished results with AMBER
united atom parameters].60 Also, Zakrzewska et al.61 reported
a value around-2 kcal/mol/H-bond with Flex force field
parameters after adding the nonelectrostatic contributions to the
FDPB results.

A notable inference emerging from the present calculations
is that the inter-base interaction strengths obey the following
order AMBER > CHARMM > OPLS > GROMOS. The
implication is that base pair opening may be relatively facile
during a dynamics run with GROMOS parameters. The earlier
GROMOS62 parameters had to be supplemented with a restraint
potential for maintaining Watson-Crick base pairing in MD
simulations on B-DNA in solution to prevent the base pairs from
opening up.63 On the other hand, base pairing with AMBER
parameters is expected to be relatively stable during a dynamics
run on B-DNA in solution.11-14 Tapia and Velazquez64

however, recently reported stable B-DNA trajectories with
GROMOS39 parameters with a hydrophoicity correction and a
weak external force constraint on the counterions. The results
provided here, particularly the striking influence of sugar atoms
on the base pair energies (as seen in Tables 1 and 2 withD(r)
) 1), do point to some scope for further finetuning of the partial
atomic charges for an accurate modeling of DNA in solution.
Molecular dynamics simulations on B-DNA and on A to
B-DNA transitions11-14,65-68 with explicit solvent, are better
equipped to bring these issues to a sharper focus. In studies
involving an implicit/continuum representation of the solvent,
it is hoped that the results presented here would help in making
a judicious choice of the dielectric function. A full thermody-
namic account of base pair/double helix formation requires an
estimation of the standard free energy of binding. Interaction
energy presented here is but one component of the binding
energy.

The base pair energetics is expected to be senstive to
temperature, solvent environment and sequence (context) effects
as well as the presence of ligands. All these factors, as
noticeable from the crystal structures and theoretical
investigations,1-15 influence the relative disposition of the bases
affecting the inter-base interaction energetics and the results
reported here hopefully provide a reference point for judging
the consequences of these factors on B-DNA stability and
flexibility in solution.

Conclusions

An analysis of the base pair energies in canonical B-DNA
with different dielectric treatments suggests that a sigmoidal
function is more apt for solution conditions in implicit solvent
treatments. The finite difference Poisson-Boltzmann calcula-
tions indicate that the electrostatic component of the interaction
energy between complementary bases in B-DNA in solution in
the canonical form is around-2 to -3 kcal/mol per H-bond,
the relative H-bond strengths with different force fields obeying
the following order AMBER > CHARMM > OPLS >
GROMOS.

Acknowledgment. Funding from the Department of Science
& Technology and the Council of Scientific & Industrial
Research, India, is gratefully acknowledged. The authors are

thankful to Prof. Douglas H. Turner for helpful discussions on
this subject. Thanks are also due to Dr. Benjamin Martin at the
American Chemical Society for supplying the Supporting
Information for CHARMM.

References and Notes

(1) Dickerson, R. E.Methods Enzymol.1992, 211, 67-111.
(2) Saenger, W.Principles of Nucleic Acid Structure; Springer-

Verlag: New York, 1984.
(3) Sinden, R. R.DNA Structure and Function; Academic Press, Inc.;

San Diego, California, 1994.
(4) Lavery, R.AdV. Comput. Biol.1994, 1, 69-145.
(5) Beveridge, D. L.; Ravishanker, G.Curr. Opin. Struct. Biol.1994,

4, 246-255.
(6) Olson, W. K.; Zhurkin, V. B. Biol. Struct. Dyn., Proc. 9th

ConVersation Discipline Biomol. Stereodyn.1996, 9 (2), 341-370.
(7) Jayaram, B.; Beveridge, D. L.Annu. ReV. Biophys. Biomol. Struct.

1996, 25, 367-394.
(8) Manning, G. S.Biopolymers1983, 22, 689-729.
(9) Young, M. A.; Ravishanker, G.; Beveridge, D. L.; Berman, H. L.

Biophys. J.1995, 68, 2454-2468.
(10) McConnell, K. J.; Nirmala, R.; Young, M. A.; Ravishanker, G.;

Beveridge, D. L.J. Am. Chem. Soc.1994, 116, 4461-4462.
(11) Cheatham, T. E., III; Miller, J. C.; Fox, T.; Darden, T. A.; Kollman,

P. A. J. Am. Chem. Soc.1995, 117, 4193-4194.
(12) Cheatham, T. E., III.; Kollman, P. A.J. Mol. Biol.1996, 259, 434-

444.
(13) York, D. M.; Young, W.; Lee, H.; Darden, T.; Pedersen, L. G.J.

Am. Chem. Soc.1995, 117, 5001-5002.
(14) Young, M.; Jayaram, B.; Beveridge, D. L.J. Am. Chem. Soc.1997,

119, 59-69.
(15) Sarai, A.; Jernigan, R. L.; Mazur, J.Biophys. J.1996, 71, 1507-

1518.
(16) Yanson, I.; Teplistsky, A.; Sukhodur, L.Biopolymers1979, 18,

1149.
(17) Ts’o, P. O. P.; Melvin, I. S.; Olson, A. C.J. Am. Chem. Soc.1963,

85, 1289- 1296.
(18) Schweiser, M. P.; Broom, A. D.; Ts’o, P. O. P.; Hollis, D. P.J.

Am. Chem. Soc.1968, 90, 1042-1056.
(19) Kyogoku, Y.; Lord, R. C.; Rich, A.J. Am. Chem. Soc.1967, 89,

496-504.
(20) Kyogoku, Y.; Lord, R. C.; Rich, A.Science1966, 154, 518-520.
(21) Thomas, G. J.; Kyogoku, Y.J. Am. Chem. Soc.1967, 89, 4170-

4175.
(22) Newmark, R. A.; Cantor, C. R.J. Am. Chem. Soc. 1968, 90, 5010-

5017.
(23) Turner, D. H.; Sugimoto, N.; Kierzek, R.; Dreiker, S. D.J. Am.

Chem. Soc. 1987, 109, 3783-3785.
(24) Hobza, P.; Sandorfy, C.J. Am. Chem. Soc.1987, 109, 1302-1307.
(25) Sponer, J.; Leszczynski, J.; Hobza, P.J. Phys. Chem.1996, 100,

1965-1974.
(26) Sponer, J.; Hobza, P.Chem. Phys. Lett.1996, 257, 31-35.
(27) Leach, A. R.; Kollman, P. A.J. Am. Chem. Soc.1992, 114, 3675-

3683.
(28) Gould, I. R.; Kollman, P. A.J. Am. Chem. Soc. 1994, 116, 2493-

2499.
(29) Mazur, J.; Jernigan, R. L.Biopolymers1991, 31, 1615-1629.
(30) Jorgensen, W. L.; Pranata, J.J. Am. Chem. Soc.1990, 112, 2008-

2010.
(31) Jayaram, B.; Das, A.; Aneja, NidhiJ. Mol. Struct. (THEOCHEM)

1996, 361, 249-258.
(32) Hingerty, B. E.; Richie, R. H.; Ferrell, T. L.; Turner, J. E.

Biopolymers1985, 24, 427-439.
(33) Ramstein, J.; Lavery, R.Proc. Natl. Acad. Sci. U.S.A.1988, 85,

7231-7235.
(34) Jayaram, B.; Swaminathan, S.; Beveridge, D. L.; Sharp, K.; Honig,

B. Macromolecules1990, 23, 3156-3165.
(35) Fenley, M. O.; Manning, G. S.; Olson, W. K.Biopolymers1990,

30, 1191-1203.
(36) Gabb, H. A.; Lavery, R.; Prevost, C.J. Comput. Chem.1995, 16,

667-680.
(37) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K.

M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Cadwell, J. W.;
Kollman, P. A.J. Am. Chem. Soc.1995, 117, 5179-5197.

(38) MacKerrell, A. D., Jr.; Wiorkiewicz-Kuczera, J.; Karplus, M.J.
Am. Chem. Soc.1995, 117, 11946-11975.

(39) van Gunsteren, W. F.; Billeter, S. R.; Eising, A. A.; Hunenberger,
P. H.; Kruger, P.; Mark, A. E.; Scott, W. R. P.; Tironi, I. G.Biomolecular
Simulation: The GROMOS’96 Manual and User Guide; University of
Groningen: The Netherlands, 1996 (43A1 parameters).

Energetics of Base Pairs in B-DNA in Solution J. Phys. Chem. B, Vol. 102, No. 31, 19986143



(40) Pranata, J.; Wierschke, S. G.; Jorgensen, W. L.J. Am. Chem. Soc.
1991, 113, 2810-2819.

(41) Honig, B.; Nicholls, A.Science1995, 268, 1144-1149.
(42) Klapper, I.; Hagstrom, R.; Fine, R.; Sharp, K.; Honig, B.Proteins

1986, 1, 47-59.
(43) Gilson, M. K.; Sharp, K. A.; Honig, B.J. Comput. Chem.1987, 9,

327-335.
(44) Jayaram, B.; Sharp, K.; Honig, B.Biopolymers1989, 28, 975-

993.
(45) Friedman, R. A.; Honig, B.Biopolymers1992, 32, 145-159.
(46) Rajasekaran, E.; Jayaram, B.; Honig, B.J. Am. Chem. Soc.1994,

116, 8238- 8240.
(47) Elcock, A. H.; McCammon, J. A.J. Am. Chem. Soc.1995, 117,

10161-10162.
(48) Dixit, S. B.; Bhasin, R.; Rajasekaran, E.; Jayaram, B.J. Chem.

Soc., Faraday Trans.1997, 93, 1105-1113.
(49) Hobza, P.; Kabelac, M.; Sponer, J.; Mejzlik, P.; Vondrasek, J.J.

Comput. Chem. 1997, 18, 1136-1150.
(50) Arnott, S.; Chandrasekaran, R.; Birdsall, D. L.; Leslie, A. G. W.;

Ratliff, R. L. Nature1980, 283, 743-745.
(51) Insight II, version 2.3.0, Delphi version 2.5;Biosym Technologies;

San Deigo, 1993(implemented on Silicon Graphics Indigo workstation at
IIT Delhi, India).

(52) Arora, N.; Jayaram, B.J. Comput. Chem.1997, 18, 1245-1252.
(53) Pace, C. N.; Shirley, B. A.; McNutt, M.; Gajiwala, K.FASEB J.

1996, 10, 75-83.
(54) Koh, J. T.; Cornish, V. W.; Schultz, P. G.Biochemistry1997, 36,

11314-11322.

(55) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T.J. Am.
Chem. Soc. 1990, 112, 6127-6129.

(56) Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G.J. Phys. Chem.1996,
100, 19824-19839.

(57) Jayaram, B.; Liu, Y.; Beveridge, D. L.J. Chem. Phys.1998,
accepted for publication.

(58) Flatters, D.; Zakrzewska, K.; Lavery, R.J. Comput. Chem.1998,
in press.

(59) Kirkwood J. G.J. Chem. Phys.1934, 2, 351-361.
(60) Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio, C.;

Alagona, G.; Profeta, S., Jr.; Weiner, P.J. Am. Chem. Soc.1984, 106, 765-
784.

(61) Zakrzewska, K.; Madami. A.; Lavery, R.Chem. Phys.1996, 204,
263-269.

(62) van Gunsteren, W. F.; Berendsen, H. J. C.GROMOS’86: Gronin-
gen Molecular Simulation System; University of Groningen: The Nether-
lands, 1987.

(63) Swaminathan, S.; Ravishanker, G.; Beveridge, D. L.J. Am. Chem.
Soc., 1991, 113, 5027-5040.

(64) Tapia, O.; Velazquez, I.J. Am. Chem. Soc. 1997,119, 5934-5938.
(65) Yang, L.; Pettitt, B. M.J. Phys. Chem. 1996, 100, 2564-2566.
(66) Cheatham, T. E.; Crowley, M. F.; Fox, T.; Kollman, P. A.Proc.

Natl. Acad. Sci. U.S.A.1997, 94, 9626-9630.
(67) MacKerell, A. D.J. Phys. Chem.1997, 101, 647-650.
(68) Ravishanker, G.; Auffinger, P.; Langley, D. R.; Jayaram, B.; Young,

M. A.; Beveridge, D. L.ReV. Comput. Chem.1997, 11, 317-372.

6144 J. Phys. Chem. B, Vol. 102, No. 31, 1998 Arora and Jayaram


