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Hydrogen bonding and stacking interactions of nucleic acid base pairs:
A density-functional-theory based treatment
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We extend an approximate density functional theory~DFT! method for the description of long-range
dispersive interactions which are normally neglected by construction, irrespective of the correlation
function applied. An empirical formula, consisting of anR26 term is introduced, which is
appropriately damped for short distances; the correspondingC6 coefficient, which is calculated from
experimental atomic polarizabilities, can be consistently added to the total energy expression of the
method. We apply this approximate DFT plus dispersion energy method to describe the hydrogen
bonding and stacking interactions of nucleic acid base pairs. Comparison to MP2/6-31G* ~0.25!
results shows that the method is capable of reproducing hydrogen bonding as well as the vertical and
twist dependence of the interaction energy very accurately. ©2001 American Institute of Physics.
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I. INTRODUCTION

The interaction between closed shell molecules plays
important role in physics, chemistry, and especially in bi
ogy. Molecular interactions affect many biophysical and b
chemical processes such as, for example, molecular reco
tion. Interaction between nucleic acid bases, responsible
the structure of DNA, which is of key importance for i
function, is another typical and important example.

Much of our knowledge of the DNA structure has be
obtained from oligonucleoctide crystal structure studies1,2

Other sources of information are nuclear magnetic resona
studies of DNA in solution.3,4 In recent years experimenta
techniques have been increasingly supplemented by com
tational and theoretical studies. This concerns application
quantum chemical as well as statistical methods. The m
goal of quantum chemical calculations is to complement
periments and provide information and predictions which
not easily accessible by experimental techniques, in orde
elucidate the nature of the processes studied.

DNA is a challenging system for quantum chemic
studies because an accurate description of weak intermo
lar interactions, manifested in hydrogen bonding~H bond-
ing! and stacking interactions of DNA base pairs, is nec

a!Electronic mail: m.elstner@dkfz.de
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sary. Recently,ab initio methods were intensely applied t
study hydrogen bonded and stacked nucleic acid dime5,6

~for a review, see 7 and 8!. H bonding can already be de
scribed to a reasonable accuracy at the Hartree–Fock~HF!
level of theory using medium-sized basis sets. This is du
cancellation of errors concerning the basis set incompl
ness error, the basis set superposition error, and the ne
of correlation~this has been described in great detail, e.g.,
the water dimer9!. Description of dispersion interactions re
sponsible for the stabilization of the stacked pairs requ
inclusion of the effects of correlation. Unfortunately, th
convergence of the interaction energies with the basis
size and the order in perturbation theory is rather slow10

Very large basis sets and treatment of correlation at leas
the fourth-order Møller–Plesset or even coupled-clus
single double triple level of theory restricts the systems to
considered to the size of a few atoms. However, a car
analysis of the concurring effects allows the choice o
cheaper computational method, since the influence of b
set effects and higher orders of correlation on the stabil
tion energy have opposite sign. Therefore, t
MP2/6-31G* ~0.25! level has been proposed5,6 to describe the
stacking interactions of DNA bases with good accura
Still, this method is limited to systems not larger than ba
trimers or tetramers due to its computational cost.

Semiempirical methods like the AM111 and PM312 mod-
9 © 2001 American Institute of Physics

t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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els are widely used for electronic structure calculations, si
they are several orders of magnitude faster thanab initio
methods. They are suitable methods for systems contai
up to 1000 atoms which would allow treatment of larg
fractions of DNA. Formally, these methods are an appro
mation to HF theory, but correlation effects are incorpora
into the methods by the fitting procedure applied to de
mine the values of the parameters, which in principle wo
allow an application to DNA oligomers. However, while
bonding of base pairs is reasonably described using a sp
parametrization for H-bonded systems@modified neglect of
differential overlap~MNDO!/M13!, these methods fail in the
stacking problem, predicting repulsive instead of attract
interactions between the base pairs.6

In contrast, several empirical force fields have be
shown to describe H bonding and stacking very accurate6

Therefore, recent force fields represent a considerable
forward toward an accurate description of nonbonding in
actions and allow realistic simulations of larger DNA fra
ments. There has been enormous improvement of the qu
of empirical force fields which formerly yielded unrealist
results for hydrated oligonucleotides in terms of struct
and energy.14 Additional improvements seem to be necess
in order to describe, e.g., the pyramidalization of am
groups, which allows for an additional flexibility in H bond
ing. Moreover, polarization is not covered in recent for
fields, which is important to describe, e.g., protonated b
pairs, polarization of the bases due to interaction with me
cations, or the nonadditivity of base pair stacking along
double helix~for a review, see Ref. 8!.

All the aforementioned effects can be captured by qu
tum mechanical methods and, although there are attemp
include polarization in empirical force fields, it would b
desirable to have a quantum mechanical method suitable
applications to larger systems. Density functional the
~DFT! has become popular in the last decade due to its lo
computational cost compared toab initio methods. Since
correlation is included from the very beginning, it provid
highly accurate results for many molecular properties. Wh
the inclusion of gradient corrected approximation~GGA!
terms into the exchange–correlation functionalExc signifi-
cantly improves the description of H bonding over the lo
density approximation~LDA ! formalism, the situation is
very different for application to complexes stabilized by d
persion interactions. Although the exactExc must also in-
clude dispersion, currently available LDA and GGA fun
tionals do not cover the correlation between distant dipo
density fluctuations, i.e., they do not reproduce the w
known R26 behavior of two separate neutral~nonoverlap-
ping! fragments.15 Therefore, novel approaches try to inco
porate dispersion into DFT by developing ne
functionals.16–19 An alternative approach for the calculatio
of the corresponding dispersion coefficientC6 is provided by
determining the frequency dependent polarizabilities w
time-dependent DFT.20

Although the dispersion interaction arises from the c
relation energy, Zhang and Yang21 showed that the behavio
of the exchange functional for small densities and large d
sity gradients is crucial for binding in van der Waals~vdW!
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systems. While LDA overbinds rare gas diatomic molecul
some GGA functionals result in repulsive interactions21

Similar results have been described for the interaction
benzene with organic dimers.22 For the systems considere
in these studies, LDA seems to overbind, theBECKE8823 ex-
change leads to repulsive interactions,24,25,21,22,26–28while
other exchange correlation functionals like the PW9129 and
PBE30 lead in some cases to good agreement with post
results. Using the HF exchange functional, Perez-Jordaet al.
tested the performance of several correlation functionals
the binding of rare gas dimers.31 Except for one case, al
other tested functionals lead to significant overbinding
underbinding. Attempts to improve the long-range behav
of the exchange functionals by modifying existing functio
als could improve the performance significantly.27,32Kafafi32

suggested a modification and combination of existing fu
tionals, the K2-BVWN methodology, where the gradient co
rections to LDA are eliminated and an approximate e
change term is combined with exact exchange. T
important point is that the resulting correlation functional h
the right distance dependence ofR2n(n54,6,8), that is, the
London dispersion interaction is recovered. The new fu
tional is able to describe qualitative trends in binding en
gies of rare gas pairs, however, quantitatively the functio
still underestimates or overestimates the energies depen
on the basis set used. For the application of a DFT appro
to larger scale calculations on DNA oligomers, several o
stacles seem to be relevant. First, despite some succe
several cases, the description of vdW complexes is
qualitative, and there is no clear picture to which extent
dispersion is covered by the particular exchange–correla
functional employed. Further, the convergence of the in
action energies with basis set size is rather slow. Fairly la
basis sets are needed which in turn limit the system s
significantly.

In order to apply density functional theory to study DN
oligomers, we decided to follow an alternative approach.
augment an approximate DFT method with an empirical d
persion term for the description of vdW complexes. A sim
lar approach has been followed by Lewis and Sankey33 in the
framework of an approximate DFT-LDA method, and Meij
and Sprik tested the performance of an additional empir
dispersion contribution for the interaction of two benze
molecules using both LDA and GGA functionals.34 Giant-
urco et al. have added dispersion forces from results of p
turbation theory to DFT and suggested a procedure to s
these contributions for small distances.35

The approximate DFT method has been described in
tail elsewhere.36–38 It is comparable in computational spee
to the AM1 and PM3 methods and is derived from DFT
an expansion of the DFT total energy up to second orde
the charge density fluctuations around a reference den
The subsequent approximations lead to a generalized ei
value problem, which has to be solved self-consistently
atomic charges. The method can be seen as a general e
sion of so-called tight binding~TB! methods to charge self
consistency. All parameters of this model are calculated fr
DFT, and the method is therefore called a self-consiste
charge, density-functional tight-binding method~SCC-
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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DFTB!. The results for reaction energies, geometries and
quencies for small organic molecules have been prese
elsewhere.36,37 The mean average deviations from expe
mental values are comparable to DFT calculations. T
method has also been benchmarked for biologically relev
molecules, H-bonded complexes, small peptides, and D
H-bonding interactions.38,39 The benchmarks performed s
far have been quite satisfactory, showing that the SC
DFTB method is able to give a reliable description of seve
biological molecules. In this work, we describe an extens
of the SCC-DFTB method by augmenting the model with
London dispersion term and show the results for H-bon
and stacked DNA base pairs.

The paper is organized as follows: In Sec. II we descr
briefly the SCC-DFTB model only to the extent necessary
derive the extension for the dispersion term. In Sec. III
describe the choice of the parameters entering the dispe
energy and the damping of theR26 term for small inter-
atomic distances, while in Sec. IV we present results fo
bonded and stacked base pairs. We conclude in Sec. V.

II. METHOD

The SCC-DFTB model is derived from density fun
tional theory~DFT! by a second-order expansion of the DF
total energy functional with respect to the charge den
fluctuationsdn around a given reference densityn0 :

E5(
i

occ

^c i uĤ0uc i&1
1

2E E S 1

ur2r 8u
1

d2Exc

dn~r !dn~r 8!
U

n0

D
3dn~r !dn~r 8!dr dr 82

1

2E E 8n0~r !n0~r 8!

ur2r 8u
drdr 8

1E @Exc@n0#2Vxc@n0##n0~r !dr1Eii . ~1!

Ĥ05Ĥ@n0# is the effective Kohn–Sham Hamiltonian eval
ated at the reference density and thec i are Kohn–Sham
orbitals. Exc and Vxc are the exchange–correlation ener
and potential, respectively, andEii is the core–core repulsio
energy.

To derive the total energy of the SCC-DFTB method, t
energy contributions in Eq.~1! are further subjected to th
following approximations.

~a! The Hamiltonian matrix elementŝc i uĤ0uc i& are
represented in a minimal basis of confined, pseudoato
orbitalsfm ,

c i5(
m

cm
i fm .

To determine the basis functionsfm , we solve the DFT
atomic problem by adding an additional harmonic potentia40

to confine the basis functions. The Hamiltonian matrix e
ments in this basis,Hmn

0 , are then calculated as follows: Th
diagonal elementsHmm

0 are taken to be the atomic eigenva
ues and the nondiagonal elementsHmn

0 are calculated in a
two-center approximation,
Downloaded 28 Mar 2001 to 199.98.105.63. Redistribution subjec
e-
ed
-
e
nt
A

-
l

n

d

e
o
e
ion

y

e

ic

-

Hmn
0 5^fmuT̂1Veff@na

01nb
0 #ufn&, mea,neb,

which are tabulated together with the overlap matrix e
mentsSmn with respect to the interatomic distanceRab . Veff

is the effective Kohn–Sham potential andna
0 are the densi-

ties of the neutral atomsa; T̂ is the kinetic energy operator
~b! The charge density fluctuationsdn are written as a

superposition of atomic contributionsdna ,

dn5(
a

dna ,

which are approximated by the charge fluctuations at
atomsa, Dqa5qa2qa

0 . qa
0 is the number of electrons o

the neutral atoma and theqa are determined from a Mul-
liken population analysis. The second order term indn of the
energy in Eq.~1! is then approximated by(abgabDqaDqb .
For aÞb, gab is determined analytically from the Coulom
interaction of two spherical charge distributions, located
Ra and Rb . The onsite contributionsgaa are calculated as
]Ea

2/]2qa .
~c! The double counting terms and the core–core rep

sion energy are represented in the termErep, which is ap-
proximated as a sum over all pairs of a two-body interact
potentialU(r ):

Erep5 (
aÞb

U@Rab#.

With these definitions and approximations, the SC
DFTB total energy finally reads:

Etot5(
imn

cm
i cn

i Hmn
0 1

1

2 (
ab

gabDqaDqb1Erep. ~2!

In the determination of the Hamiltonian matrix elements
use the Perdew–Burke–Ernzerhof29 exchange–correlation
functional, which does not show excessive repulsion
vdW complexes.21

Applying the variational principle, one obtains a set
approximate Kohn–Sham equations, which have to
solved iteratively for the wave function expansion coef
cientscm

i , since the Hamiltonian matrix elements depend
thecm

i due to the Mulliken charges. Analytic first derivative
are readily obtained, and second derivatives of the ene
with respect to atomic positions are calculated numerica
The two-body interaction potentialU(r ) is calculated by
subtracting the DFT total energy from the SCC-DFTB ele
tronic energy as a function of the bond distancer 5Rab for a
suitable reference system.

III. DISPERSION ENERGY

To discuss the extension of the method, we consider
simplicity the case of vanishing charge fluctuationsDqa

50 and assume for the momentExc to be the true exchange
correlation functional, where the dispersion interacti
would be included. In this case the total energy is given

Etot5(
imn

cm
i cn

i Hmn
0 1Erep5(

i

occ

e i1Erep ~3!
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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with

Erep52
1

2E E n0~rn0~r 8

ur2r 8u
dr dr 81E @Exc@n0#

2Vxc@n0##n0~r !dr1Eii ,

the e i are the eigenvalues of the approximate Kohn–Sh
equations. Inspection of Eq.~3! shows that the asymptoti
R26 behavior in the case of nonoverlapping densities of
atomic fragments for the true exchange–correlation fu
tional comes fromExc@n0#. In the SCC-DFTB model, this is
contained inErep, since( ie i decays exponentially with in
creasing interatomic distance and is zero in the case of
ishing overlap. As described previously,Erep is determined
from DFT calculations by taking the difference of the SC
DFTB and DFT binding curves. In practice,Erep is assumed
to be short ranged and purely repulsive, it approaches
for distances between first and second nearest neighbor
tances of the considered atom pairs, which is about 2.5–
Å for atoms of the first row of the Periodic Table. On th
other hand,Erep containing the trueExc functional should
have anR26 behavior for nonoverlapping atomic densitie
that is, the case of atoms of the first row forR>4 – 5 Å.

Practically, it is not possible to obtain anErep containing
theR26 interaction with the procedure described previous
since DFT does not cover dispersion properly. Therefore,
decided to add a London-type dispersion energy for la
distances, and include a damping of this term with the on
of overlap of the charge density. Similar arguments can
applied for an extension of DFT methods using current LD
or GGA functionals whereExc vanishes for zero overlap o
the two atomic or molecular fragments.15

The London41 dispersion energy is given by

Edis5
3

2

I aI bpapb

~ I a1I b!Rab
6

, ~4!

whereI a is the ionization potential andpa is the polarizabil-
ity of atom a. Kang and Jhon44 determined atomic polariz
abilities for several elements and showed that they can
scribe molecular polarizabilities very accurately assum
additivity. However, vdW coefficients are slightly unders
mated when calculated with Eq.~4!. Recently Halgren42 has
reviewed the treatment of vdW interactions in the framew
of empirical potentials and has suggested a scheme to c
late vdW coefficients (C6) from atomic polarizabilities. The
advantage of this scheme is that only the atomic polariza
ities are needed, which makes it easily applicable to syst
containing any type of atoms.

A. Calculation of C6 coefficients

Given the atomic polarizabilities, theC6 coefficients are
calculated by

C6
a50.75ANapa

3 ~5!

with Na the Slater–Kirkwood effective number of electron
Halgren42 proposes an algorithm for calculatingNa with
Na50.8 for hydrogen and

Na51.1710.33nv
a ~6!
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for C to Ne atoms, wherenv
a is the number of valence elec

trons for atoma. For diatomic coefficientsC6
ab Halgren

obtained the best results using the Slater–Kirkwood com
nation rule:

C6
ab5

2C6
aC6

bpapb

pa
2C6

a1pb
2C6

b
. ~7!

Molecular polarizabilities can be represented with go
accuracy as a sum of atomic contributions, when the hyb
states of atoms are taken into account~see, e.g., Refs. 43 an
44!. For the atom types of interest here, the atomic pola
abilities from Miller43 and Kang and Jhon44 are comparable,
as shown in Table I. Table II shows theC6

a values calculated
from Eq. ~4! using the data from Kang and Jhon44 and from
Eqs.~5! and ~6! using the polarizabilities given by Miller.43

The latter are slightly larger, which should be in better a
cord with experimental values as mentioned before.44 Fur-
ther, the latter scheme has the advantage of being easily
tended to other types of atoms, since only the atom
polarizabilities are needed and similar prescriptions as
~6! are given for elements in the second and third rows of
Periodic Table.

B. Damping of the RÀ6 function

The London dispersion formula, i.e., theR26 depen-
dence of the interaction energy, has been derived for the
of the interaction of two systems with nonoverlapping de
sities and is, therefore, strictly valid only in this regime. Fu
ther, the current LDA and GGA correlation functionals giv
zero contribution to the binding energy in this case of va
ishing electron density overlap, while the effects of corre
tion are covered for smaller interatomic distances, i.e., in
binding region. Concerning the SCC-DFTB method, the l
ter effects are included inErep @Eq. ~3!#, while the long-range
R26 dependence is clearly missing. Therefore, theR26 term
should be damped for small distances, where the electr
densities start to overlap. An appropriate damping functio
given by

TABLE I. Static atomic polarizabilities~in Å3) from Miller ~Ref. 43! and
Kang and Jhon~Ref. 44!, and ionization potentialsI p ~eV!. The types of
atoms follow the definitions of Ref. 43.

H CTR CTE NTR2 NPI2 OvC

Reference 43 0.387 1.352 1.061 1.030 1.090 0.5
Reference 44 0.386 1.382 1.064 1.030 1.090 0.4
I p 13.61 11.22 14.57 14.51 12.25 17.25

TABLE II. C6
a coefficients~eV/Å6): SLKI: C6 calculated from atomic po-

larizabilities~Ref. 43! using the Slater–Kirkwood formula. LOND: C6 cal
culated from London dispersion formula using values from Kang and J
~Ref. 44! for the ionization potentials and polarizabilities. The types
atoms follow the definitions of Ref. 43.

Conf. H CTR CTE NTR2 NPI2 OvC

SLKI 1.61 18.56 12.93 13.16 14.33 5.71
LOND 1.53 16.07 12.37 11.55 10.92 4.15
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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f ~R!5@12exp~2d* ~R/R0!N!#M . ~8!

A similar damping function has been used in earlier H
plus dispersion calculations~for a review see Ref. 42, an
references therein! and recently for the development of inte
molecular potentials.45 Figure 1 shows the functionf (R)R26

andR26 with the valuesd53.0, N57, M54, andR053.8
Å. It can be seen, thatf (R)R26 starts deviating fromR26 at
R0 and approaches zero forR'3 Å, the desired behavior a
discussed previously. We use Eq.~8! with the same valuesd,
N, andM for all types of atoms.R0 is defined by the range o
the overlap of two atoms. We useR053.8 Å for first row
elements andR054.8 Å for second row elements. Combin
tions of R0 are given by the cubic mean rule,42

R0
ab5

~R0
a!31~R0

b!3

~R0
a!21~R0

b!2
.

With Eqs. ~7! and ~8!, the total energy of the SCC-DFTB
model augmented with a dampedR26 finally becomes

Etot5(
imn

cm
i cn

i Hmn
0 1

1

2 (
ab

gabDqaDqb1Erep1Edis,

~9!

Edis52(
ab

f ~Rab!C6
ab~Rab!26.

FIG. 1. Damping functionf (r ) as described in the text.
Downloaded 28 Mar 2001 to 199.98.105.63. Redistribution subjec
With this formulation, the calculation of energy derivative
with respect to atomic positions, which give the forces act
on the atoms, is straightforward.

IV. RESULTS

A. H-bonded DNA base pairs

In a previous publication we presented the interact
energies for 26 H-bonded base pairs38 and compared them
with the results from Hobzaet al.,6 who optimized the ge-
ometries of all complexes at the HF level of theory, wh
the interaction energies were calculated at
MP2/6-31G* ~0.25! level of theory with subsequent correc
tion for the basis set superposition error~BSSE!.5 In Ref. 6,
a set of empirical force fields have been tested as well as
semi-empirical AM1 and PM3 methods. While most of th
force field methods show a very small average error co
pared to the second-order Møller–Plesset~MP2! reference
interaction energies of the 26 base pairs, leading to m
average errors of 0.9–2.4 kcal/mol, the semiempirical me
ods AM1 and PM3 show much larger deviations. The me
average errors are 7.3 and 6.3 kcal/mol for the AM1 a
PM3 methods, respectively. However, the MNDO/M is
good agreement with the MP2 results with a mean aver
error of only 2.5 kcal/mol. The SCC-DFTB interaction ene
gies evaluated with Eq.~2! are slightly underestimated, bu
the relative stabilities are reproduced well, leading to a m
average error of 2.8 kcal/mol. Introduction of the addition
dispersion energy according to Eq.~9! increases the interac
tion energies. The SCC-DFTB, MP2, and SCC-DFTB1Edis

results are presented in Table III. The mean average e
with respect to the MP2 values decreases to 1.1 kcal/m
The geometries of the H-bonded pairs were determined
means of unconstrained geometry optimizations. All intra-
well as intermolecular degrees of freedom have been o
mized.

B. Stacked DNA base pairs

To calculate interaction energies for the stacked pa
we followed the procedure of Ref. 6. We consider und
placed dimers, i.e., the centers of both monomers are sta
one above the other with coplanar bases. The subsystem
nd
TABLE III. Interaction energies~kcal/mol! of H-bonding base pairs at the SCC-DFTB, MP2, a
SCC-DFTB1Edis levels of theory, as described in the text.

SCC-DFTB MP2 SCC-DFTB1Edis SCC-DFTB MP2 SCC-DFTB1Edis

gcwc 21.0 25.4 23.9 atwc 9.7 12.4 11.8
gg1 22.5 24.0 24.7 atrwc 9.5 12.4 11.7
cc 13.6 18.8 15.8 aa1 8.7 11.5 10.9
gg3 12.5 17.1 15.2 ga4 8.4 11.1 10.8
ga1 12.3 15.7 14.8 tc2 9.1 11.8 11.3
gt1 14.4 14.7 16.3 tc1 8.8 11.6 10.9
gt2 13.9 14.3 15.7 aa2 7.7 11.0 10.3
ac1 10.5 14.3 12.7 tt2 10.4 10.6 11.5
gc1 10.3 13.9 12.9 tt1 10.3 10.6 12.0
ac2 9.5 14.1 12.4 tt3 10.2 10.5 11.8
ath 9.5 13.3 11.9 ga2 7.5 10.4 10.3
ga3 10.4 15.2 13.2 gg4 6.9 10.3 9.7
atrh 9.5 13.2 11.8 aa3 6.8 10.0 9.7
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ometries were frozen from MP2/6-31G* optimization. We
investigated the dependence of stacking energy on the v
cal distance and on the twist angle. The twist between
bases is defined in the following way: The two bases
initialized in such a way that their centers of mass coinc
and the glycosidic bond vectors are parallel. Then a twist
counter-rotation of the two bases around the axis pas
through the centers of mass of the bases and perpendicu
their plane. A twist of 0° corresponds to a parallel, a twist
180° corresponds to an antiparallel arrangement of the ba
The twist dependence was investigated for a vertical dista
of 3.4 Å. Stacking energies have been evaluated at
MP2/6-31G* ~0.25! level of theory with aposteriori correc-
tion for BSSE at geometries resulting from MP2/6-31G* op-
timization of the respective monomers.6

The dependence of the stacking energies on the ver
distance for a fixed twist angle of 180°~antiparallel arrange-
ment of the bases! is given in Fig. 2. Without the dispersio
correction, SCC-DFTB interactions are sometimes co
pletely repulsive, while theEdis correction lowers the ener
gies leading to very good agreement with the MP2 res
~Fig. 3!. The main difference appears in the curvature of
total energy: the SCC-DFTB1Edis total-energy curves are
slightly flatter than the MP2 ones and the equilibrium d
tances are about 0.1–0.15 Å shorter. The overall agreem
with the MP2 data, however, is surprisingly good.

Figures 3 and 4 show the dependence of the base s
ing energies of all ten stacked dimers with respect to
twist angle. All three curves~SCC-DFTB, SCC-DFTB
1Edis, MP2! exhibit a similar twist dependence. This is n
surprising since the twist dependence is mainly governed
the electrostatic energy, which qualitatively can be descri
by a simple point charge model.46 The SCC-DFTB energy
curve is too repulsive since the dispersion energy is not c
ered at this level of theory. SCC-DFTB1Edis overestimates
the stabilization energy with respect to the MP2 values~by
about 1.5 kcal/mol!, but the overall agreement with the MP
data is again very good.

FIG. 2. Dependence of the interaction energy~in kcal/mol! on the vertical
separation~in Å! for the different base pairs. The solid line corresponds
the SCC-DFTB1Edis model; the points relate to the MP2 energies as
scribed in the text.
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V. CONCLUSION

We have augmented the approximate DFT meth
~SCC-DFTB! with a pairwise dispersion term to account f
van der Waals interactions. TheR26 function is truncated for
small distances with an appropriate damping function wh
is similar to the HF1Edis approach. For the calculation of th
correspondingC6 coefficients we utilize a simple prescrip
tion using static atomic polarizabilities. In principle, a sim
lar procedure can be applied to full DFT calculations. W
applied this extension to H bonding and stacking of DN
base pairs. In the case of H-bonding energies, we foun

-

FIG. 3. Dependence of the interaction energy~in kcal/mol! on the twist
angle ~in deg! for the different base pairs. The upper solid line~higher in
energy! corresponds to the SCC-DFTB, the lower one to t
SCC-DFTB1Edis model, and the crosses relate to the MP2 energies as
scribed in the text.

FIG. 4. Dependence of the interaction energy~in kcal/mol! on the twist
angle ~in deg! for the different base pairs. The upper solid line~higher in
energy! corresponds to the SCC-DFTB, the lower one to the SCC-DF
1Edis model, and the points relate to the MP2 energies as described in
text.
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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slight improvement compared to the values evaluated w
the SCC-DFTB model. For the stacking, however, the c
rection changes the performance of the method qualitativ
since the SCC-DFTB gives unphysical results for the b
stacking, which is unstable~repulsive interactions!. After in-
clusion of the approximate dispersion energy we obtain v
good agreement with the MP2 reference calculations for
dependence of the energy on the vertical distance as we
the twist angle. This approximate DFT1 Edis method thus
represents a DFT-based method applicable to DNA stack
It is expected that the computational efficiency of th
method in combination with QM/MM47 and O(N)48 algo-
rithms will allow its application to studies of the structu
and dynamics of DNA and the interaction of DNA with oth
molecules.
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