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. Introduction

Living organisms contain a set of instructions that
specifies every step required for the organism to
construct a replica of itself. This information is stored
in deoxyribonucleic acid, DNA, and the respective
molecule is thus one of the most important molecules
in our life. The discovery of DNA was made in 1869
by Miescher! and it took more than 70 years to
demonstrate? that DNA was the molecule that car-
ried genetic information. A further important step
in the study of DNA was made in 1953 by Watson
and Crick,® who proposed a three-dimensional, right-
handed double-helical B-DNA model of the DNA
structure. This model was discovered on the basis of
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analysis of fiber diffraction data. More advanced
experimental studies revealed that DNA can adopt
other double-helical forms, such as A-DNA, and many
other three-dimensional forms, including triple* and
quadruple helices.>™1% Another biologically very im-
portant molecule closely related to DNA is ribonucleic
acid, RNA. DNA and RNA possess an enormous
conformational variability.

Further improvement of our knowledge of the DNA
structure has been achieved due to the advance of
high-resolution oligonucleotide crystal structure
studies.!'"* It has been established that the B-DNA
molecules (as well as all other forms of nucleic acids)
are nonuniform molecules, exhibiting a significant
conformational variability at the base-pair step level.
The sequence-dependent variability is believed to be
determined, among other factors, by base stacking.>~?
The conformational variability of nucleic acids plays
the key role in transferring the information through
biomolecular recognition processes and how the
biomacromolecules read each other. Nevertheless,
intense investigation of the relationship between
sequence and the fine aspects of B-DNA variability
still did not provide the ultimate picture of sequence—
local structure relationships. These relationships are
sensitive to the quality of the refined crystal struc-
tures, and it has been convincingly demonstrated
that only the highest quality oligonucleotide crystal
structures are accurate enough to unambiguously
separate local conformational variations from the
refinement data and/or errors.??>23

On the other hand, crystallographic data revealed
(and continue to reveal) a number of new exciting
structures. The first one was left-handed Z-DNA,
which usually diffracts to very high resolution.?42>
Another noticeable molecule is a four-stranded G-
DNA,; the recently published structure of parallel
G-DNA is the highest resolution DNA molecule
published so far.%1° Many other DNA forms including
triplexes, however, have not been crystallized so far.

Significant progress has been made also in NMR
studies of DNA structure.?72° An important advan-
tage of this technique is that it studies DNA in
solution. Although the resolution of the NMR meth-
ods is behind the crystallographic data, it provides
unique information. NMR techniques can character-
ize many structures which could not be crystallized.
Their power has been demonstrated by the recent
discovery of one of the most exciting, unusual DNA
forms, four-stranded intercalated hemiprotonated
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i-DNA,* confirmed later by X-ray crystallography.3*:3?

Another important area of intense research is
analysis of DNA bending,®® which was first charac-
terized by anomalous electrophoretic gel retardation
of certain sequences (for a recent review concerning
DNA bending, see ref 33e).

From the experimental techniques directly related
to the present review, the gas-phase experiments of
nucleic acid (NA) bases and their complexes should
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be mentioned. An important advantage of such stud-
ies is the fact that they allow determination of
structure and properties of clusters studied without
the influence of a solvent.®*~3°

Studies of the structure and dynamics of DNA are
vital for understanding the mechanisms of how the
genetic code is expressed, processes of DNA replica-
tion and transcription, DNA—protein recognition,
DNA—drug interactions and others. Various experi-
mental techniques are used to study nucleic acids.
The experimental techniques are more and more
supplemented by state-of-the-art computational tech-
niques. Rapid development of computer hardware
and software at the end of the 1980s led to extended
application of computational chemistry to biodisci-
plines including various aspects of nucleic acids and
their structures. We have evidenced an impressive
improvement of the quality of all-atom molecular
dynamics simulations of hydrated nucleic acids*®~5
due to the advances in accurate treatments of elec-
trostatic interactions using the particle mesh Ewald
(PME) method?*®~*? and also partly due to improve-
ment of force fields for nucleic acids (for a review,
see ref 54).

Another area of tremendous development is ab
initio quantum chemistry. The high-level ab initio
calculations expanded into most areas of science
during the past few years, playing a major role in
many cases. The recent success and credit of ab initio
guantum chemistry have been reflected by the 1998
Nobel Prize awarded to J. A. Pople and W. Kohn.
Quantum chemistry is one of the main tools for
parametrization of empirical force fields these days.
Because the ab initio theory is deductive, it can
provide experimentalists with a consistent set of
various properties of NA bases and their complexes
prior to any experiment being performed or even
designed. Ab initio calculations were intensely ap-
plied to study nucleic acid bases and their hydrogen-
bonded (H-bonded) and stacked complexes. Base
stacking®%" and H-bonding of bases®® were first
investigated by the ab initio methods in 1986—1988.
In the first pioneering studies,® 8 the important role
of dispersion (correlation) energy was recognized.
Many other studies had been published in the next
years.®~67 (A brief overview of some additional older
studies can be found in our previous reviews.58-70) A
real breakthrough in the quality of ab initio studies
of bases and base pairs occurred around 1994—1995,
when the first high-level ab initio calculations with
consistent treatment of electron correlation effects
became feasible. These calculations improved our
knowledge of the structure and energetics of NA
bases” 75 and NA base pairs.”®% These calculations
basically provided the ultimate picture of the origin
and magnitude of interactions of DNA bases in the
gas phase.

Nevertheless, to make the theory directly compa-
rable with gas phase®3° and condensed phase
experiments®~% we must provide more complete
information about DNA interactions. Computer ex-
periments and mainly molecular dynamics (MD)
simulations represent a tool for passing from isolated
NA bases or their gas-phase complexes at tempera-
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ture of 0 K to interactions in a polar solvent and
nonzero temperature, implying the importance of the
entropy. Conditio sine qua non for performing the
computer experiments represents the knowledge of
empirical potential describing all intermolecular and
intramolecular degrees of freedom of the system
under study. The quality of the empirical potential
used predetermines the quality of calculated results;
combination of high-level computer experiments with
a poor empirical potential necessarily leads to poor
results. Empirical potentials were originally param-
etrized almost exclusively using experimental char-
acteristics, parameters of recently introduced poten-
tials are obtained from experimental and theoretical
(mostly ab initio) data. We believe that the future
parametrizations of empirical potentials will be based
almost solely on theoretical grounds, though some
empirical corrections toward condensed phase might
still be necessary. Performance of various widely used
empirical potentials to describe interactions of NA
bases was recently tested by comparing with high
level ab initio calculations for NA base pairs.®89°

Nonzero temperature brings entropy into consid-
eration. The potential energy surface (PES) and free
energy surface (FES) of NA base pairs (and more
generally of all molecular clusters) may differ sub-
stantially. Entropy can favor one structural arrange-
ment of a cluster over another; specifically, it can
influence the relation between H-bonded and stacked
NA base pairs. Proper evaluation of the gas-phase
thermodynamics is essential to understanding and
interpreting gas-phase experiments. Thermodynamic
characteristics can be estimated using classical
statistical thermodynamic treatment [i.e. rigid rotor—
harmonic oscillator—ideal gas approximation (RR—
HO—1G)]*° or more accurately evaluated by perform-
ing computer experiments.’® A recent MD study?!
clearly indicates that most likely the situation ob-
served in the gas phase experiments on NA base
pairs corresponds to a mixture of several significantly
populated isomers including stacked structures.

The present review concerns mainly with the gas-
phase ineractions of DNA base pairs. It should be
noted, however, that any investigation of base pairing
and stacking of nucleobases in condensed and solid
states requires us first to understand and reproduce
the gas-phase interaction between bases. In classical
empirical potential molecular dynamics studies, for
example, pair additive force fields are used. This
means that in such studies solvent molecules are
added without any explicit consideration of the
perturbation of the gas-phase electronic structure of
the solute due to solvent. Thus the energy is calcu-
lated as a sum of solute—solute, solute—solvent, and
solvent—solvent terms while the solute—solute term
is calculated exactly as in the gas phase. Other
models can consider explicitly polarization of solute;
however, even in this case, one needs of course to
know accurate gas-phase solute—solute energetics
before starting to think how this term can be modi-
fied by the solvent. The importance of the gas-phase
calculations (or experiments) is further underlined
by the fact that it impossible to separate (extract) the
solute—solute potential energy based on any con-
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densed-phase data.

The aim of the present review is to orient the
reader in the latest developments in the theoretical
calculations of NA bases and base pairs and to help
him or her to carry out similar calculations correctly
and with reasonable computer demands.

[l. Calculations

II.1. Interaction Energy

The interaction energy of the NA base pairs is
evaluated almost exclusively by using the variational
supermolecular method. The other theoretical pro-
cedure, the perturbational method, is applied only to
smaller molecular complexes and its use is tedious.
It mostly provides a benchmark for supermolecular
calculations because it is free of the main obstacle of
the variational calculation, the basis set superposi-
tion error (see later discussion). Interaction energy
(AE) is within the variational approach determined
as a difference between energy of a complex (E) and
energies of isolated subsystems forming the complex
(the energy of the ith subsystem is denoted as E;):

AE=E - SE 1)

Values of E and S E; typically differ only by several
kcal mol~%, while the value of E is many orders of
magnitude larger than that of AE. Therefore, all
energies must be calculated with high accuracy—to
8 or more valid digits. Because the energy of a system
is usually expressed as a sum of the Hartree—Fock
(HF) and correlation (COR) energies, the interaction
energy AE can be expressed as a sum of the HF
interaction energy (AEYF) and the correlation inter-
action energy (AECOR)

AE = AE™F + AE®OR 2)

The correlation interaction energy can be separated
into intrasystem and intersystem components and a
small coupling term. According to the perturbational
theory, the HF interaction energy is roughly identical
to a sum of Coulombic, induction, and exchange—
repulsion terms, and the intersystem correlation
energy corresponds to the dispersion energy. The
intrasystem correlation energy is either attractive or
repulsive and corresponds to the correlation correc-
tion to the Coulombic and exchange energies. The
intrasystem correlation energy is important if the
dipole moments of the subsystems determined at the
HF and correlated levels differ considerably.

There are several advantages of the supermolecu-
lar approach which are profitable for studies of NA
base pairs and larger clusters: (i) it is applicable to
any type of a molecular cluster; (ii) it yields a wave
function which can be used to derive various proper-
ties of the system; (iii) highly accurate interaction
energies can be obtained, provided that sufficiently
large basis sets of atomic orbitals are used and a
major portion of the correlation energy is included;
and (iv) many-body interactions and charge transfer
effects are explicitly taken into account.
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There are, however, also drawbacks of the super-
molecular approach and two inconsistencies should
be mentioned: the size inconsistency and the basis
set inconsistency. The size inconsistency does not
represent any problem nowadays, since the most
efficient methods for calculation of correlation energy
are size-consistent (the HF method is size-consistent
as well). The basis set inconsistency is a serious
obstacle and leads to the basis set superposition error
(BSSE). The BSSE is a purely mathematical artifact
due to the fact that different basis sets are used for
energy evaluations of the supersystem and the
subsystems. The supersystem possesses a larger
basis set which (artificially) increases its stabilization
energy, and this effect is referred to as BSSE. Jansen
and Ross,'%? and Boys and Bernardi'®® independently
introduced the function counterpoise (CP) method,
which eliminates the BSSE. The principle of the
method is simple: subsystems are not treated in their
own basis sets but in the basis set of the whole
complex.

It has been repeatedly suggested that full CP
overcorrects the BSSE at a correlated level. Recent
comprehensive investigations concluded, however,
that the full CP procedure is rigorously correct for
closed-shell interactions and that the overcorrection
argument is fundamentally wrong.1%4-10 We strongly
discourage following any suggestion not to apply the
CP procedure (or to consider only a fraction of BSSE)
at correlated levels based on claims that CP worsens
the agreement with some reference (experimental)
data or expected trends. These disagreements are
always due to other substantial inaccuracies in the
calculations opposing the BSSE, namely, the insuf-
ficient size of the basis set used for electron correla-
tion. When the CP correction is not applied, some
low-quality calculations may seem closer to experi-
ment, but this compensation of errors may not work
the same way for other systems. The magnitude of
BSSE differs for small and large complexes, depends
on the structure (e.g., is different for H-bonded and
stacked NA base dimers), and is highly dependent
on the basis set. Let us note that in some cases the
BSSE-corrected correlation interaction energy can be
close to zero or even repulsive. It does not indicate
any overcorrection of the CP procedure; it is a correct
result caused by the above-mentioned reduction of
electrostatic attraction when considering the correla-
tion of electron motions.”

The full CP procedure is straightforward when
making a single-point interaction energy calculations,
and most codes allow application of the correction
routinely. The structure of larger clusters cannot be,
however, determined using the point-by-point method
and gradient optimization is to be used. Full gradient
optimization methods relax simultaneously the intra-
and intermolecular degrees of freedom. However,
currently none of the commercially available codes
allow correction of the BSSE during an optimization.
Thus the complexes are optimized using the standard
supermolecular gradient optimization and the BSSE
correction is applied only to the subsequent evalua-
tion of interaction energies, i.e., after the optimization
is finished. This is certainly not correct, since the
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structure of a complex is optimized on the standard
PES and not on the theoretically more justified CP-
corrected PES. The problem of CP-corrected gradient
optimization was solved recently'® and the respective
method allows evaluation of the CP-corrected gradi-
ent and Hessian of a complex at any ab initio level.
The first calculations!®~1!5 showed that the CP-
corrected and standard optimizations might lead to
different structures and demonstrated the necessity
of using the CP-corrected optimization.

The stabilization energy of a complex is also
influenced by the deformation of the monomers upon
the formation of the complex. This can be accounted
for by subtracting the energy of the optimized iso-
lated monomers (Eai, Egi) from the energies of the
monomers in the dimer geometry (Eaq, Egg). The
respective deformation energy EPEF is always repul-
sive:

EPFF = (Eai — Eag) T (Egi — Egg) (3

The total complexation energy AET is thus defined
as

AE" = AE + E°F (4)

The inclusion of deformation energy is required
only if the interaction energy is determined using the
standard gradient optimization (taking all degrees
of freedom into account) and adopting “a posteriori”
the Boys and Bernardi procedure.'% Using the theo-
retically more justified CP-corrected gradient opti-
mization, the deformation energy is fully covered in
the final interaction energy.

II.2. Correlation Energy

The correlation energy is much smaller than the
HF energy (it amounts to a few percent of the total
electronic energy); nevertheless, the role of correla-
tion interaction energy is topical and cannot be
neglected. The first treatment really applicable to
large systems is the Mgller—Plesset (MP) perturba-
tional theory.™® The correlation energy is determined
as a sum of the second, third, fourth, and higher
contributions:

AECOR = AE? + AE® + AE* + - (5)

The most economical and thus widely used is the
simplest version of the MP method, the second-order
MP theory (MP2). It is applicable to extended com-
plexes (up to several dozens atoms) and gives sur-
prisingly good estimates of the correlation energy.
This is mainly due to mutual compensation of the
neglected higher order contributions. It is known!'’
that AEMP? js overestimated for some clusters, while
for other clusters it is close to the actual value of the
correlation interaction energy [mostly refers to refer-
ence CCSD(T) calculation]. If the MP theory is
performed up to the fourth order of perturbational
treatment, then a substantial part of the correlation
energy is included, though it is very demanding
considering computer time, disk space, and memory.
The main problem connected with the use of MP4 and
higher levels of perturbational theory concerns con-
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vergence of the expansion, which may oscillate. A
practical solution to this problem is the coupled-
cluster (CC) theory.'18-1222 This method includes a
larger portion of the correlation energy compared to
the MP methods and currently it seems to be the
most promising tool for accurate calculations of the
correlation energy. The original CC method includes
all possible single and double electron excitations
(CCSD). In the language of the perturbational theory,
single and double excitations are covered up to the
infinite order, and the same is true for a part of the
quadruple and hexatuple excitations. The next step
in improving!%120 the CCSD method lies in consider-
ing the effect of triple excitations, because these are
of topical importance for molecular clusters. The
CCSDT method calculates single, double, and triple
excitations iteratively, and all these contributions are
therefore included up to the infinite order. The
CCSDT correlation energies are close to those ob-
tained from the full ClI method; the computer de-
mands of the CCSDT calculations are, however,
prohibitively high, and the method is impractical for
large clusters, such as NA base pairs. A compromise
between economy and accuracy are the CCSD +
T(CCSD)*! and CCSD(T) methods,*??2 which evalu-
ate triple excitation in a noniterative way after
performing a CCSD calculation. The CCSD(T) method
also includes some fifth-order contributions. The
CCSD(T) method is iterative but nonvariational, size-
consistent, and represents the most robust tool for
calculation of the correlation energy of large systems
including the NA base pairs. Because of the impor-
tance of triple electron excitations for molecular
interactions,'®® we do not recommend the use of
either MP4SDQ or CCSD methods.

The use of all the methods mentioned is based on
the assumption that a single reference description
is possible; this requirement is, indeed, fulfilled in
the case of NA base pairs.

[1.3. Density Functional Theory

Density functional theory (DFT)'? does not include
any empirical parameters and thus belongs to the
family of ab initio methods. In the DFT approach,
the exact exchange term used in the Hartree—Fock
method is replaced by a more general expression: the
exchange-correlation functional. The simplicity of the
DFT stems from the fact that it uses a functional of
electron density to model exchange and correlation.
Real progress in the application of DFT to molecular
systems began with the introduction of nonlocal
(gradient) corrections.’?* What makes the use of DFT
attractive in the realm of large systems is the fact
that DFT energy includes, besides the exchange
contributions, also some portion of the correlation
energy. Further, DFT requires shorter computer
times when compared with conventional ab initio
methods with inclusion of electron correlation. Care
should be taken, however, when applying DFT to
molecular clusters where the dominant part of the
stabilization energy comes from the dispersion en-
ergy. There are several papers demonstrating®8®.125-130
that this energy contribution is not covered in the
DFT interaction energy, which leads to a large
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underestimation of the stabilization. Other DFT
functionals may dramatically fail in the completely
opposite direction for some other reasons. Thus, the
use of DFT theory for intermolecular interactions is
very insecure and there is currently no DFT method
capable of studying, for example, base stacking. The
widely used B3LYP and BLYP methods fail com-
pletely for base stacking.®® Considerable effort has
recently been devoted to develop DFT techniques
which will allow description of van der Waals com-
plexes,??130 while fast methods are being developed
to treat large fragments of nucleic acids.’317134 |t
seems, however, that inclusion of dispersion energy
in the DFT techniques in a consistent way will be
very difficult if not practical at all. One of the
possibilities for solving the problem is to add an
empirical dispersion energy to the DFT energy.&

It must be kept in mind that the DFT technique is
the only ab initio method which allows study of larger
fragments of nucleic acids. The basic advantage of a
variational ab initio method over an empirical po-
tential approach is the fact that besides structure and
energy also the wave function is generated. Further,
ab initio techniques cover many-body interactions
and charge transfer. These effects are not included
in the currently available empirical potentials, though
the first successful attempts to cover them already
exist_135,136

Two new promising DFT techniques introduced
recently should be mentioned in this respect. The first
is the self-consistent charge density functional tight
binding (SCC-TB) method. 133 This method is derived
from the DFT theory by a second-order expansion of
the DFT total energy functional with respect to the
charge density fluctuations at a given reference
density. The second approach, called SIESTA,3
utilizes a linear scaling, fully self-consistent DFT
method with standard norm-conserving pseudopo-
tentials and flexible LCAO basis sets. The SIESTA
method presently allows consideration of fragments
of DNA with as many as 700 atoms. The former
method is less time-consuming, and even larger
fragments of DNA can be calculated. The possibility
of studying larger fragments of DNA by the DFT
technique is quite important, since none of the
currently available semiempirical quantum-chemical
methods (such as AM1 and PM3) is suitable for
studies of complexes of nucleic acid bases.?®% The
approximations used in these methods do not allow
any reasonable description of nucleic acid interac-
tions, not only for stacked structures but also for
H-bonded ones.%8:%°

I1.4. Vibrational Frequencies

Harmonic vibrational frequencies are evaluated for
the optimized structures using Wilson FG analysis.*3’
The respective Hessians are obtained from the stan-
dard and quite recently also CP-corrected calcula-
tions. However, the vibrational frequencies and es-
pecially the intermolecular vibrational frequencies of
any molecular complex including NA base pairs are
not harmonic, and anharmonic effects should be
considered, although it is really demanding. While
harmonic vibrational frequencies are routinely ob-
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tained by any ab initio code, multidimensional an-
harmonic treatment requires the use of state of the
art methods and is only rarely reported in the
literature.’138

Recently two multidimensional anharmonic analy-
ses have been performed on systems relevant to the
scope of this review. First, intermolecular vibrational
modes of the H-bonded adenine-:-thymine Watson—
Crick base pair were obtained'®® by solving the
vibrational Schriédinger equation. Relying on a Born—
Oppenheimer-like separation of the fast and slow
vibrational motions, the complete multidimensional
vibrational problem was reduced to a six-dimensional
subproblem in which all rearrangements between
adenine and thymine can be described. The potential
energy surface was determined at the ab initio
Hartree—Fock level, and an analytical potential
energy function was obtained by fitting to the ab
initio data. This function was used to calculate
vibrational energy levels, disregarding the role of the
kinematic and potential (in-plane)—(out-of-plane)
interactions. The original six-dimensional space is
thus split into two three-dimensional subspaces. The
eigenvalue problems were solved variationally by
diagonalizing the vibrational Hamiltonians in the
form of matrixes over basis set functions which were
expressed as products of the eigenfunctions of the
corresponding uncoupled one-dimensional Schrod-
inger equations.

The other problem treated was the aniline amino
group motion.” The nonharmonicity of the amino
group motion of aniline (modeling the NA bases) was
investigated since direct spectroscopic data are avail-
able only for aniline and not for NA bases. Inversion
splitting of aniline was evaluated by solving a two-
dimensional vibrational Schrodinger equation for
large-amplitude inversion (including the nitrogen
out-of-plane motion) and torsion motions, while re-
specting the role of small-amplitude C—N stretching
and H—N—H bending motions. A five-dimensional
aniline potential energy surface was described at the
Hartree—Fock level with the 6-31G* basis set, since
for this particular system the HF/6-31G* data are in
good agreement with estimates obtained at MP2 and
CCSD(T) levels with extended basis sets.”

I.5. Gas-Phase Thermodynamic Characteristics of
Nucleic Acid Base Pairs

Gas-phase thermodynamic characteristics of NA
base pairs can be evaluated in two ways.

Statistical Thermodynamic Treatment!®

The equilibrium constant (Ky) of the formation of
NA base pair at temperature T is related to the
standard change in the Gibbs energy, AG®, by the
following equation:

AG°; = —RT InK; (6)

The AG° term can be determined from knowledge
of the enthalpy and entropy of the base pair forma-
tion, AH® and AS°®, using the usual equation

AG°; = AH°; — TAS®; 7)
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The thermodynamic functions of the formation of
NA base pairs were evaluated from the total partition
function given as product of translational, rotational,
and vibrational partition functions. Partition func-
tions were evaluated within the rigid rotor—harmonic
oscillator—ideal gas approximation and were com-
puted from the Hartree—Fock constants (equilibrium
geometry and harmonic vibrational frequencies).

Molecular Dynamic Calculationst®!

This state-of-the-art technique has been applied for
uracil dimer. The populations of various structures
of the dimer were extracted from long runs of NVE
microcanonical ensemble molecular dynamics simu-
lations combined with the quenching method. The
potential energy surface of the dimer was determined
with the Amber potential using the force field of
Cornell et al.’¥® Constant-energy MD simulations
were performed assuming rigid uracil monomers
(quaternion formalism). A 1 fs integration step was
used. In the course of the MD simulation, after a
certain number of steps, the simulation was stopped
and minimization using the Amber potential was
performed: Intermolecular and intramolecular coor-
dinates were optimized. The optimal energy and
coordinates were stored, and the MD started again
from the point where it was stopped. Populations of
various structures were determined after 1 us;
guenches were made after each 10 ps. Convergence
was checked by dividing the MD simulation into five
parts while the population distribution for each part
was calculated separately. The calculation of popula-
tions (proportional to AG values) from quenching is
possible in a rather narrow energy interval. The
energy should be sufficiently high to allow a high
frequency of interconversions among different iso-
mers. The basic advantage of this technique is that
it allows determination of the relative populations
for all structures on the PES, i.e., to pass from the
PES to FES. In the case of NA base pairs, it allows
comparison of the relative populations of H-bonded
and stacked structures.

lll. Structure and Properties of Isolated NA Bases

This review paper deals with various aspects of
H-bonding and stacking of NA bases. Nevertheless,
the molecular interactions depend on properties of
isolated NA bases. Let us, therefore, first comment
on the most important properties of isolated bases
and briefly summarize the current status of quantum
chemical theory in this area.

lIl.1. Tautomeric Equilibria of Bases

Different tautomers of bases are obtained when
considering different hydrogen positions around the
base.!*® Rare tautomers of bases are assumed to
participate in some biochemical processes including
point mutations.8* A cytosine imino tautomer has
recently been proposed to stabilize some three-
dimensional structures of nucleic acids.*6:829141 Tqu-
tomers are rarely observed in oligonucleotide crys-
tals'#? and for most biochemical processes probably
only major tautomers of bases are involved. There



Nucleic Acid Base Pairs

are several reasons for that. First, there are nucleo-
bases such as uracil or thymine for which there is a
very large energy gap between the major form and
minor tautomers. For some other bases (guanine,
cytosine) there are several energetically acceptable
tautomers. However, the major tautomer forms are
still the only ones that appear in nucleic acids under
normal circumstances. Many rare tautomers are
destabilized by solvent effects, or they do not lead to
a pairing compatible with the nucleic acids architec-
ture. The N;yH; tautomer of guanine cannot be
involved because there is a sugar attached to Ng in
DNA (the other position competing with N7 in gas-
phase experiments). It is reasonable to assume that
the minor tautomers were eliminated during evolu-
tion processes to ensure the stability of the genetic
code.

Quite an interesting possibility is a formation of
so-called metal-cation-assisted tautomers of bases
frequently observed in crystals of metalated bases
and nucleotides.'*371472 |n the gas phase, the charge
carried out by the metal group is crucial to influence
the tautomerism of bases and protonation or depro-
tonation processes. However, in a polar solvent and
in crystals, the electrostatic effects can be completely
suppressed by the solvent screening and counterions.
Therefore, comparison of the gas phase ab initio data
with solid state and condensed phase experiments is
not straightforward, especially for ionic systems. The
gas phase and experimental trends can often be
opposite. Nevertheless, the electrostatic effects can,
for example, rationalize that positively charged Pt"
adducts attached to N of guanine frequently lead to
deprotonation of N; of guanine in crystals, leading
to mispairs.’** The reason is that the charge of +2
residing on the metal group enhances the aciditity
of the N, site of guanine. This effect is very strong in
the gas phase and has nothing to do with the specific
covalent bond between Pt and Ny. It is a long-range
electrostatic effect, and all positively charged metal
groups will exert a similar influence on the N;
acididity. When the H; hydrogen of guanine is
transferred to a ring nitrogen of the other base in
the mispair, the ion-pair structure is formed and it
has better electrostatic interaction. In solid-state and
condensed-state experimental situations, the extent
to which the electrostatic contribution is expressed
depends on the environment of the metalated base.
Similarly, when negatively charged ZnCl;™ is at-
tached to the same position of adenine, the adenine
is protonated at the N; position, which also leads to
mispairing.4” The rationalization of why this cation
binding can promote a protonation of adenine can be
similar. Since the ZnCl; group bears a formal charge
of —1, its binding increases the basicity of the N;
position of adenine, making its protonation more
likely.24’® On the other hand, protonation of N3 of
cytosine and N; of adenine has been reported after a
replacement of an amino group proton by a metal
adduct with charge +1, hinting at possible nonelec-
trostatic changes of electronic structure of bases due
to the metalation.145146

Theoretical evaluation of gas-phase tautomeric
equilibria of nucleobases is not difficult and numer-
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ous papers can be found in the literature. Let us
reference a few recent papers which we have found
notable, some of them combining theoretical and
experimental approaches.?*®~162 Semiempirical tech-
niques are unsuitable to study tautomerism. Calcula-
tions employing the MP2 level of theory with medium-
sized polarized basis sets of atomic orbitals provide
quite good results for tautomeric equilibria of bases.
The ability of density functional theory methods to
predict tautomeric equilibria of bases seems to be
limited. As usual with DFT, the results depend on
which functional has been used. Currently available
reference studies show that inclusion of higher
electron correlation contributions with inclusion of
triple electron excitations and large basis sets of
atomic orbitals are desirable to guarantee quantita-
tive predictions.154159.161 Recent developments in this
field were reviewed by Leszczynski.16?

Tautomeric equilibria of nucleobases can be greatly
influenced by solvent effects. Realistic inclusion of
solvent is quite difficult'®® and thus a rather small
number of papers dealing properly with this subject
can be found.'%4-1%6 |t is assumed that the intramo-
lecular proton transfer leading to a formation of
tautomers is mediated by water molecules.'®* A series
of papers combining high-level ab initio calculations
with state-of-the-art solvent models (good-quality
guantum chemical self-consistent reaction field tech-
nique, classical Monte Carlo free energy perturbation
technique, and Poisson—Boltzmann calculations to
estimate the effect of DNA environment) were re-
ported by Orozco, Luque and co-workers.165166 They
convincingly ruled out that the mutagenic properties
of substituted uracils (5-bromouracil) can be due to
a formation of mispairs involving the enol form of
uracil.’®® This contradicts a widespread and likely
incorrect opinion in the biological literature about the
mechanism of the mutagenetic action of 5-substituted
uracils.1¢’

[Il.2. Protonization Energies of Bases

Protonated bases appear more frequently in nucleic
acids compared to the minor tautomers,2830-32,168-173
In fact, even the above-mentioned metal-assisted
tautomers of bases should be in many cases consid-
ered protonated metalated bases rather than tau-
tomers. Protonated cytosine stabilizes the three-
dimensional architecture of four-stranded i-DNA and
appears in pyrimidine—purine—pyrimidine triplexes
(where it causes a marked destabilization if consecu-
tive protonated bases are present). i-DNA is one of
the most exciting systems for studies of molecular
interactions.*® Its cytosine-rich system consists of
consecutive, protonated cytosine—cytosine pairs. There
is a fast proton transfer and/or delocalization of the
inner (Hs3) proton in the pair, since NMR and X-ray
data show that the cytosines in the pair are equiv-
alent.?830-32 Fyrther, this molecule has repulsive net
stacking interactions which contrasts all other nu-
cleic acid forms.46.82

Gas-phase protonization energies are relatively
easy to calculate,174175 though they do not neces-
sarily reflect the actual protonation in nucleic acids.
While NA bases should not be protonated at neutral
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pH, the molecular interactions of the environment
can change the free energy of protonation drastically
in favor of the protonated structure.®? Bases can then
be protonated around neutral pH in DNA because a
protonated base forms exceptionally stable base pairs
with highly polar neutral bases.®2176 Protonation of
cytosine is favorable compared to protonation of
adenine. However, when a protonated adenine-:-
cytosine base pair is formed in the DNA, the proton
is transferred to adenine to optimize the molecular
ion—molecular dipole interaction,®? as has also been
evidenced by experimental data.'’”

[11.3. Electrostatic Potential around NA Bases

The electrostatic field around NA bases is of
primary importance for all molecular interactions of
bases, since it governs the electrostatic inter-
actions.89.8284.178-180 Electrostatic interactions deter-
mine the strength of H-bonding, hydration, and
dominate also the binding of small or polyvalent
cations to bases.'81-187 What experimentalists call the
basicity of various sites of bases can be rationalized
through molecular electrostatic potential calcula-
tions. It should nevertheless be noted that cation
binding is associated with significant polarization
and charge-transfer effects which are responsible for
very specific differences among the cations and
determine their different biological roles.'8118° Elec-
trostatic interactions even govern orientation of bases
in stacked complexes, although their stability origi-
nates in dispersion attraction.®*

Inclusion of electron correlation is vital for accurate
evaluation of the electrostatic potential. Hartree—
Fock approximation overestimates the polarity of the
bases; further, the ratio of the HF data with respect
to the correct values is not uniform for different
bases. Thus there is no unique scaling factor ap-
plicable. As demonstrated by our earlier calcula-
tions,?%8 a medium-sized polarized basis set provides
already quite converged dipole moments of bases,
molecular electrostatic potentials (MEP), and MEP-
derived charges (also called ESP charges); the re-
spective data are given in Table 1. Atomic charges
and dipole moments obtained with extended aug-cc-
pVDZ basis set (containing diffuse s-, p- and d-
functions) represent benchmark data. From Table 1
it is also evident that charges and dipole moments
obtained with the considerably smaller 6-31G* (0.25)
basis set differ from previous ones only slightly,
which gives confidence to the use of the 6-31G* (0.25)
basis set (see also section 1V.3).

A very important result bolstering the current
molecular modeling tools was obtained recently
through extensive comparison of empirical potentials
and full ab initio data.®* It shows that atom-centered
point charges derived from MEP provide a very
reasonable approximation of MEP. Therefore, no
additional charge centers (77, lone-pair charges, etc.)
are required to describe base stacking.808

The most salient properties of the electric field of
bases are magnitude and the direction of the molec-
ular dipole moment.89-84190-193 Qpviously, the electric
field of bases is not represented by the dipole only,
and for proper treatment of the interactions, MEP
must be considered.

Table 1. Atomic Charges and Dipole Moments of NA Bases?? Derived by Fitting to the MP2 Molecular Electrostatic Potential Determined

atomic charges for various atoms

basis set

base

u(D)

Hao®

N1 Ce C5 C4 N3 02 N4 Hl H6 H5 H41

C

cytosine

6.27
6.49

0.129 0.224 0.442 0.449
0.138 0.244 0.451 0.458
No N2 H,

—1.067 0.354
—1.100 0.359

—-0.757 -0.577
—0.740 1.055 —-0.817 -—-0.619
C, Cy Cs N7
—0.654 0.394

—0.653 0.970

0.881 —0.601 0.207
—0.634 0.237

aug-cc-pvDZ 0.967

6-31G*(0.25)

Hg Ha1 Ha°

Hsg
—0.977 0.340 0.091 0.356 0.420 0.419 6.45

—1.053 0.393 0.105 0.415 0.458 0.444 6.65

Hg
—0.844 0.047

—0.434
—0.602

Ne

Cs

—0.498 0.236
—0.593 0.302
Cs

0.194

0.051
No

—0.713 0.480

N3
—0.710 0.856
Cs

—0.747 0.841
N1

Cs N1
—0.499 0.602

Os

6-31G*(0.25)
aug-cc-pvVDZ

guanine

—0.500 0.524

Hq He:® Hez

N7 HZ

Cs Ca

C

—0.659 0.452

N3

adenine

2.55
2.56

0.129 0.402 0.421 0.399

0.089 0.369 0.392 0.375
He

—0.897 0.072

—0.522
—0.579

Hs

—0.568 0.243

—0.503 0.277
Cs

0.591

0.538
Ce

0.128

0.013
Ny

—0.662 0.638
—0.694 0.603

N3

—0.715 0.465

6-31G*(0.25)
aug-cc-pvDZ

Hy

Hs

Oz

C

Csy
—0.519 0.744
—0.555 0.817

O4

uracil

4.10
4.37

0.144
0.155

0.334
Hs

0.351
Hi

0.340
0.349
Hs

—0.519 0.198
—0.554 0.222
Oz

—0.481
—0.554

Cs

—0.455 0.106
—0.505 0.133

0.681

—0.571
—0.609 0.749

6-31G*(0.25)
aug-cc-pvVDZ

Hobza and Sponer

4.01
4.31

HM; HM;

HM;
0.173 0.177 0.151 0.177

0.186 0.158 0.133 0.158

0.351
0.364

Cwm
—0.520 -—-0.576 0.354
—0.559 -0.474 0.361

C, Ny Cs
—0.573 0.666 —0.475 —0.059 0.055
—0.618 0.744 —0.520 —0.043 —0.041

N3

Cq

—0.487 0.586

a Cf. Figure 1. ® Taken from Sponer et al. J. Phys. Chem. 1996, 100, 5590. ¢ This hydrogen atom is H-bonded in the Watson—Crick base pairs.

O4
—0.531 0.683

6-31G*(0.25)
aug-cc-pvDZ

thymine
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Guanine and cytosine are very polar bases. There-
fore, the GC base pair is also very polar. Thymine
has smaller dipole moment and adenine is even less
polar (cf. Table 1). As a result, the whole AT base
pair is much less polar than the GC one. Hypoxan-
thine (=6-oxopurine, i.e., guanine lacking an amino
group. This base is sometimes called inosine, though
inosine should rather be used for the whole nucle-
otide) has the same orientation of dipole as guanine,
though the dipole is somewhat reduced.” 2-Ami-
noadenine has an exceptionally small dipole mo-
ment.”® Sometimes the simplest consideration of
polarities of bases is very helpful and can eliminate
widespread misconcepts. For example, one should
never argue that the number of H-bonds determines
the strength of a base pair. The 2-aminoadenine---
thymine base pair is almost two-times less stable
than the GCWC base pair (see later discussion),
despite having three H-bonds.” Nonpolar 2-ami-
noadenine does not form strong H-bonds. The GG1
base pair (see below) is more than twice as stable as
the GG4 base pair, despite the fact that both base
pairs have two H-bonds. It is again due to the
orientation of molecular dipoles. Comparison of G--
-C WC, A---T WC, and I---5metC WC base pairs (I =
hypoxanthine; see above) indicates why the latter
base pair behaves similarly to AT under certain
circumstances and similarly to the GC base pair in
other situations. The I---bmetC base pair has a
similar van der Waals contour as the AT base pair,
including lack of the sterically important minor
groove amino group. On the other hand, its electric
properties are very close to those of the GCWC base
pair.” Therefore, it can also behave similarly to the
GCWC base pair. That behavior is more likely if the
I---5metC pair is surrounded by polar GC base pairs
or consecutive I---5metC base pairs run along the
double helix, because then the electrostatic similarity
between the GC and I---5metC appears. The electro-
static polarity of I---5metC is expected to be much
less visible when surrounded by less polar AT base
pairs. This simple consideration correlates well with
recent studies on the influence of the I---5metC base
pair on the DNA structure and bending propensity
in B-DNA.1%* The crystal structure investigation®*
indicates that while the mixed AIA sequence has
similar properties as the net A-tract with high
propeller twist, the I-tract region shows low propeller
and variable stacking. This was originally rational-
ized (besides the shape similarity between I---5mC
and A---T) by considering the interactions of exocyclic
groups.’® However, one can also imagine that I---
5mC base pair stacked between two A:--T base pairs
behaves similarly to A---T base pairs, not only
because of the molecuar shape similarity between AT
and I---5mC but also due to a reduced role of
electrostatic interaction in this sequence. This is
because A---T base pairs are rather nonpolar, so the
high polarity and GC-like electrostatics of the 1---5mC
base pair is not expressed when surrounded by AT
pairs on either side. On the other hand, I-tract
sequences should have very similar and strong
electrostatic part of the stacking interaction, like the
sequence of consecutive guanines (G-tract). This
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could prevent A-tract twist geometry even though it
would be sterically affordable as for the A-tract.

l1l.4. Polarizability

Another important property of bases is their po-
larizability.1931951% Polarizability influences the in-
duction and dispersion contributions to the pertur-
bation dimerization energy. Proper evaluation of
polarizability is very difficult, and inclusion of elec-
tron correlation and extended diffuse basis sets is
required. Current reference values of polarizabilities
of bases are those reported by Cybulski et al.1% It
should be mentioned, however, that the role of models
based on polarizabilities for estimating the accuracy
of interaction correlation energy cannot be overesti-
mated. Usually, only a dipole polarizability is deter-
mined, while the correlation interaction energy in-
cludes not only the second-order dispersion energy
but also higher order dispersion contributions which
are proportional to higher order polarizabilites. Fur-
ther, the intersystem correlation energy is affected
(mostly partially compensated) by the intrasystem
term. Finally, the widely used MP2 procedure seems
to overestimate the aromatic stacking stabilization
compared to the more accurate CCSD(T) data (cf.
section 1V.3). Medium-sized diffuse basis sets there-
fore yield reliable MP2 aromatic stacking stabiliza-
tion energies.!%

lI1.5. Gas-Phase Electron Affinities (EA) and
lonization Potentials (IP)

IP and EA of bases can be obtained through
molecular beam experiments.®~37 Such experiments
can be directly compared with ab initio results.971%8
Proper evaluation of these properties of NA bases is
not easy and there still are doubts in the literature
concerning their values. Evaluation of EA and IP is
quite important to the understanding electron-
transfer processes along the DNA chain and how they
are influenced (terminated) by proton transfer be-
tween bases in base-pair radical cations. These
processes are related to radiation damage of
DNA.199-206 Base pair radical cations are not reviewed
in detail in the present paper and the reader can find
enough information in the cited literature, mainly in
the thorough study of Bertran et al.?°? and the review
by Colson and Sevilla.2%°

I11.6. Nonplanarity of DNA Bases

For many years isolated nucleic acid bases were
believed to be perfectly planar. However, recent ab
initio studies demonstrated that the amino groups
of bases are nonplanar due to the partial sp® hybrid-
ization of the amino group nitrogen atom. Ab initio
calculations carried out at the HF level with polarized
basis sets of atomic orbitals provided the first re-
spectable suggestion that a weak nonplanarity of
amino groups of bases could occur.”207-20° Neverthe-
less, it was still believed that the effect was very
weak and biologically unimportant. This view changed
when unexpectedly abundant close mutual inter-
strand amino groups contacts were found in B-DNA
crystal structures.”>?'° This observation contradicted
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Table 2. Nonplanarity of Amino Group of Isolated NA Bases Determined at Various Theoretical Levels (data
taken from Sponer et al. J. Biomol. Struct. Dyn. 1996, 14, 117)

base level XCNH,2 XCNHz° HNX® AEY (kcal/mol)
cytosine HF/6-31G** —5.5 3.3 359.5 0
MP2/6-31G* —26.2 14.1 348.8 —0.38
MP2/6-311G(2df,p) —-21.4 12.6 351.9 —0.15
adenine HF/6-31G** -5.0 4.6 359.6 0
MP2/6-31G* —-21.1 18.7 349.3 —-0.34
MP2/6-311G(2df,p) -15.3 16.5 352.9 -0.13
guanine HF/6-31G** —-11.1 28.6 348.6 —-0.34
MP2/6-31G* —-11.8 43.2 338.1 —1.63
MP2/6-311G(2df,p) —13.3 39.2 339.6 —-1.12
isocytosine HF/6-31G** —10.8 27.1 349.6 —0.27
MP2/6-31G* —12.3 40.2 340.2 —1.22
MP2/6-311G(2df,p) —-13.6 35.7 342.3 -0.78

a Amino group dihedral angle; X = Cs of cytosine and adenine and N3 of guanine and isocytosine. ® Amino group hydrogn dihedral
angle; X = Nj of cytosine and N; of adenine, guanine, and isocytosine. ¢ Sum of the HNC and HNH amino group hydrogen valence
bond angles. This quantity equals 360° for a planar molecule and is less than 360° if the amino group is pyramidal. ¢ The inversion
barrier for pyramidalization, i.e. the energy difference between nonpolar and polar optimized molecules.

the usual view assuming that amino group contacts
are purely repulsive steric clashes, > and it was
suggested that amino group pyramidalization allows
or stabilizes these contacts.”® Simultaneous quantum
chemical calculations including electron correlation
effects have shown that the pyramidalization was
underestimated by the earlier SCF calculations.”*~7°
It has then been demonstrated that the very flexible
amino groups participate in a number of interactions
in nucleic acids. Proper treatment of amino group
nonplanarity needs inclusion of electron correlation
effects. From Table 2 it is evident that amino group
nonplanarities obtained at the HF level are under-
estimated. Correlated calculations with medium-
sized polarized basis sets of atomic orbitals somewhat
overestimate the pyramidalization. Current reference
values are MP2/6-311G(2df,p) optimizations (cf. Table
2).69 MP2 and CCSD(T) calculations are assumed to
provide the same results for amino group nonplanar-
ity.”

Interestingly, the pyramidalization of guanine is
significantly more pronounced compared to that of
adenine and cytosine.”™ Further, the pyramidalization
of the guanine amino group is highly asymmetrical
due to the repulsion between the H; ring hydrogen
atom and the adjacent amino group hydrogen atom.
Some asymmetry is observed also for the cytosine
amino group due to the proximal Hs(Cs) hydrogen
atom.

The amino group hydrogens can participate in out-
of-plane H-bonds, where the hydrogens are bent away
from the molecular plane of bases.®® Further, the
amino group nitrogen atom can serve as a weak
H-acceptor.”2! The strongest amino acceptor identi-
fied so far was found in studies of complexes between
hydrated cations and base pairs, where a polarized
water molecule from the hydration shell donates
hydrogen to the amino group nitrogen atom of
adenine.’®” Amino acceptor interactions of bases were
identified in crystals of nucleobases.?!! Out-of-plane
and amino acceptor interactions can be arranged in
a concerted manner, since bending of the hydrogens
supports the sp® pyramidalization, strengthens the
negatively charged region above the nitrogen atom,
and eases the access of a H-donor to the nitrogen.83
Clear direct experimental evidence about the non-

planarity of isolated bases is still missing due to the
resolution of the available experimental techniques,
although there is a certain indirect evidence from
different experiments supporting the quantum-
chemical data?''~2!3 (see later discussion).

The high-level calculations described above give
clear evidence that amino groups in NA bases are
nonplanar. Nevertheless, due to the potential biologi-
cal importance of interactions involving nonplanar
amino groups of bases, it is still highly desirable to
verify the theoretical predictions on the amino group
nonplanarity by comparison with a gas-phase experi-
ment. Such experiments are not available for NA
bases, but good-quality spectra were reported espe-
cially for the aniline molecule.?'4-216 The geometry
characteristics are, however, not available, and their
determination from the most accurate spectroscopic
experiments requires a solution of the pertinent
internuclear dynamics Schrodinger equation. Thus
geometries are obtained from the spectroscopic data
in an indirect way by calculating the spectra and
assuming a number of serious approximations. It
must be stressed at this point that the harmonic
approach is not justified for the amino group pyra-
midalization, since the potential opposing the amino
group rocking vibration is of a double-minimum
character. Moreover, due to a rather strong coupling
of the rocking mode with the remaining modes, the
amino group vibrational dynamics may be tractable
only by means of multidimensional models. The
nonharmonicity of the amino group motion has been
almost completely ignored in theoretical studies. Only
recently a one-dimensional study of the amino group
rocking motion for 2-aminopyrimidine has been
reported.?’” As mentioned above, because of the
strong coupling of rocking motion with other vibra-
tional modes, one-dimensional modeling may not be
adequate.

The aniline molecule has 36 vibrational degrees of
freedom, two of which correspond to large-amplitude
motions (inversion and torsion). A complete dynamic
study of such a system is clearly unfeasible. We have
found”™ that the full vibrational problem of aniline
may be reduced to a two-dimensional problem for the
inversion (including the nitrogen out-of-plane motion)
and torsion motions parametrically depending on two
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Table 3. Calculated and Experimental
Inversion—Torsion Frequencies for Aniline and
Aniline-ND>*

frequency aniline aniline-ND;
(incm™) calcd exp® calcd expP
v 43 41 10 13
2vi 444 424 341 338
v 298 209
vt + Vi 332 304 217
Vi — Vi 256 237 199

a Taken from Bludsky et al. J. Chem. Phys. 1996, 105,
11042. " For references see the text. ¢ Inversion frequency.
d Torsion frequency.

small-amplitude displacements describing the C—N
distance and H—N—H angle. All the remaining small-
amplitude motions were kept frozen in the calcula-
tions. The five-dimensional PES calculated at the HF/
6-31G* level of theory was used to fit the potential
energy function. The HF/6-31G* method was se-
lected, because for this particular molecule, it pro-
vided data very close to the results of CCSD(T) and
MP2 calculations with extended basis sets of atomic
orbitals.”* The calculated and experimental inver-
sion—torsion frequencies for aniline and aniline-ND;
are given in Table 3. Evidently, the agreement
between theoretical and experimental data for fun-
damental, overtone, and combination modes is very
good. This may be partially due to compensation of
errors (the size of the basis set and inclusion of
correlation energy). Nevertheless, the very good
agreement between the theoretical and experimental
inversion—torsion frequencies for aniline as well as
for aniline-ND, gives us a clear message that the
theoretical HF/6-31G* PES is reliable. Let us recall
that the vibrational frequencies are very sensitive to
the quality of the PES. From the PES we can easily
extract values of barrier height (534 cm™') and
equilibrium inversion angle (43.1°), which should be
very close to the actual values. The good match
between experimental and theoretical inversion fre-
guencies for aniline, and aniline-ND, and the simi-
larity of the HF, MP2, and CCSD(T) aniline inversion
barriers and amino group nonplanarities give us
confidence that the MP2 inversion barriers and
amino group nonplanarites calculated with large
basis sets for NA bases at the MP2 level®74 are close
to their actual values, which are experimentally
unknown.

IV. Structure, Energetics, and Properties of NA
Base Pairs

IV.1. H-Bonded NA Base Pairs

Let us now discuss the gas-phase structures and
energies of H-bonded base pairs. The geometries of
H-bonded NA base pairs (Figure 2) were determined
using gradient optimization at the HF level with the
6-31G** basis set first under C; symmetry’ and later
without any geometrical constraint.®® Stabilization
energies were determined for the optimized structure
using correlated MP2 level with 6-31G*(0.25) basis
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Figure 1. Structures of isolated NA bases.

set with diffuse d-polarization functions with an
exponent of 0.25.7° The MP2 stabilization energy was
corrected for the BSSE and for the deformation
energy of monomers. Interaction energies and their
components are summarized in Table 4. Let us point
out that the interaction energies and geometries in
the original paper™ are reported for structures
obtained assuming Cs symmetry for all base pairs.
Table 4 in this review complements the previously
published reference interaction energy data”™ and
presents MP2 energy data re-evaluated for the non-
planar base pairs.®

The total MP2/6-31G*(0.25)//HF/6-31G** stabiliza-
tion energies of the base pairs range from 23.8 t0 9.4
kcal/mol. The GCWC base pair with three H-bonds
is the most stable pair, while one of the adenine:---
adenine pairs with two H-bonds is the weakest one.
The stability of the GG1 pair is surprisingly large.
This pair having two H-bonds is almost as stable as
the GCWC one with three H-bonds. As explained
above, the number of H-bonds is not the only factor
determining the stability of base pairing; the mag-
nitude and mutual orientation of molecular dipole
moments should also be considered. The stabilization
of H-bonded pairs originates from the Hartree—Fock
contribution. This is due to the electrostatic nature
of stabilization in the H-bonded pairs (electrostatic
energy is included in the HF stabilization energy).
This finding is not surprising in light of the rather
large dipole moments of NA bases (cf. Table 1). The
positive (destabilizing) value of AECCR found for the
GG1 pair is due to the fact that the repulsive
contribution caused by reduction of the dipole mo-
ments of monomers due to electron correlation is
larger in absolute value than the dispersion attrac-
tion. Nevertheless, it can be assumed that when
performing the optimization at the MP2 level and
considering the larger basis set of AO, the correlation
interaction energy would be attractive even in this
case. The correlation contribution is important es-
pecially for the weaker pairs, where it amounts to
30—40% of the total stabilization energy. However,
neglecting the correlation contributions would not
change the overall stabilization of H-bonded pairs
dramatically, mainly for the most stable pairs. The
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Figure 2. Structures of H-bonded NA base pairs; points represent oxygen atoms and M means methyl group.

Table 4. Calculated Interaction Energies and Their Components (in kcal/mol) of H-Bonded NA Base Pairs
Obtained at the HF/6-31G** and HF/MINI-1 (in parentheses) Optimized Geometries?

structure® AEHFe AEPFTd EDEFe AECORf AET 9
GCWC —24.6 (—32.2) —-26.5 2.1 (6.6) -1.2 —23.8 (—25.6)
GG1 —25.1 (—33.6) -24.8 2.5 (10.5) +0.4 -22.2 (-23.1)
cc —16.1 (—21.8) —-18.4 1.4 (3.5) -2.7 —17.5 (—18.3)
IC —-19.3 —-19.2 1.4 —-0.9 —18.0

GG3 —-15.9 (—16.2) -16.8 0.9 (1.7) -1.8 -16.8 (—16.2)
GAl —-12.2 (~18.6) -145 1.1 (3.6) -3.1 —14.2 (-15.0)
GT1 —14.1 (—19.9) —-14.7 1.3 (5.3) -0.9 —13.7 (—14.6)
GT2 —13.8 (—20.7) -14.2 1.2 (5.9) -0.9 —-13.4 (—14.8)
AC1 -10.8 (—16.0) -13.7 0.9 (2.7) -35 —-13.5(-13.3)
GC1 —~11.6 (—18.6) -14.2 1.0 (3.2) —2.7 ~13.4 (—15.4)
AC2 -10.4 (—14.9) -13.4 0.9 (2.2) -3.7 -13.2 (-12.7)
GA3 ~11.6 (—16.1) -13.7 1.2 (2.8) -3.3 -13.7 (-13.3)
TAH -10.4 (-14.3) -125 0.7 (2.1) -2.9 —-12.7 (-12.4)
TARH -10.3 (-14.8) -12.6 0.7 (2.2) 2.9 ~12.6 (—12.6)
TAWC —9.7 (~15.9) -11.9 0.7 (2.8) 2.7 -11.8 (—13.1)
TARWC —9.6 (—16.3) -11.4 0.7 (3.0) —2.7 -11.7 (-13.3)
AA1 ~7.8(—14.4) -10.7 0.6 (2.1) -3.7 -11.0 (-12.3)
GA4 —7.8(—14.8) -10.5 0.6 (2.5) -3.4 -10.6 (—12.3)
TC2 —8.9 (—15.6) -11.0 0.9 (3.6) -2.7 -10.7 (-12.0)
TC1 -9.1(—16.1) -11.2 0.9 (3.9) —2.7 -10.9 (-12.2)
AA2 -7.2(~12.4) -10.3 0.6 (1.9) -38 -10.3 (—10.5)
TT2 -9.3(-13.7) -9.8 0.6 (3.2) -1.3 —10.0 (—10.5)
TT1 -9.3(—14.3) -9.9 0.6 (3.5) -1.3 -10.0 (-10.8)
TT3 —-9.3(—15.2) -9.6 0.6 (4.0) -1.3 —-9.9 (—11.2)
GA2 —-7.1(-12.5) -95 0.7 (2.4) -35 -9.9 (—10.1)
GG4 —6.6 (—13.5) -9.0 0.7 (3.2) -35 9.4 (—11.3)
AA3 —6.3(—9.8) -8.9 0.6 (1.6) -3.7 —9.4 (—8.2)

a Taken from refs 79, 83, and 65. ? Cf. Figure 2. ¢ 6-31G*(0.25), (MINI-1). ¢ B3LYP/6-31G**. ¢ HF/6-31G**, (MINI-1); deformation
energies of bases with respect to planar optimized monomers. f MP2/6-31G*(0.25) correlation interaction energy. ¢ Total interaction
energy, AEHF + EPEF + AECOR, evaluated at MP2/6-31G*(0.25) level; EPEF is determined at HF/6-31G** level; in the case of MINI-
1, it is the sum of AE"F and EPEF.

deformation energies range from 0.6 to 2.5 kcal/mol
and are largest for the three most stable pairs.

The same set of calculations was also carried out®®

at the HF level using the minimal basis set MINI-
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1.2 We already pointed out?®® in 1982 the good
performance of this basis set for H-bonded and ionic
complexes, and our experience in the following
years?20221 confirmed this fact. We do not present any
data with inclusion of correlation energy for the
MINI-1 basis set, since minimal basis sets cannot be
used for a meaningful evaluation of electron correla-
tion; this contribution would be strongly underesti-
mated. The HF/MINI-1 results®® are close to those
determined with the 6-31G** basis set’® and the
stability order of the NA base pairs is mostly similar.
The important difference between 6-31G** and
MINI-1 results concerns the deformation energies,
which are much smaller at the former level. In other
words, the MINI-1 basis set exaggerates the in-
tramolecular relaxation of monomers in the complex,
which on the other hand increases the intermolecular
interaction energy. Both contributions compensate
each other, and this leads to rather reasonable total
complexation energies. Nevertheless, the MINI-1
results are promising because the respective HF
interaction energy can be determined for very large
clusters.

Structures

Optimizations carried out at the HF/6-31G** level
without geometrical constraints show that energy-
optimized structures of many pairs are nonplanar.83
One of the most prominent sources of nonplanarity
of pairs is the pyramidalization of the amino groups
of bases. Quite significant nonplanarity is apparent
for all GA mismatch pairs; also TC pairs, several GG
pairs, and 2-aminoadenine---thymine are nonplanar.
On the other hand, the GCWC, all AT, AC, CC, and
TT pairs are planar. Here the amino group is pla-
narized as a result of the formation of H-bonds. The
energy difference between nonplanar and planar base
pairs is usually small. For example, for GA1, GA2,
GA3, and GA4 pairs, it is 0.8, 0.5, 1.8, and less than
0.1 kcal/mol, respectively.® In the case of TC1, TC2,
and AA3 pairs it is 0.2 kcal/mol, and for GG4 pair it
amounts to 0.7 kcal/mol. The nonplanar base pairs
are frequently propeller-twisted and buckled.83222 As
will be shown later, the propeller and buckle motions
correspond to the lowest intermolecular vibrations
(below 40 cm™?) in base pairs. Thus the base pairs
are extremely flexible with respect to both out-of-
plane deformations, and it explains why nonplanar
pairs adopt propeller-twisted and buckled struc-
tures.’®® Performing the geometry optimization at the
much cheaper HF/MINI-1 level, we obtain surpris-
ingly very similar nonplanarities of base pairs as the
HF/6-31G** ones; both basis sets agree as to which
pairs are planar and which are not.%® Intrinsic
nonplanarity and large flexibility of base pairs can
influence local DNA structure, recognition processes,
and crystal packing; for more details, see ref 83.

Accuracy of the Theoretical Treatment Used

Structures of H-bonded NA base pairs were evalu-
ated at the HF/6-31G** level using the standard
gradient optimization. Hence, the results are influ-
enced by three inaccuracies: (i) neglect of correlation
energy; (ii) the use of only a medium-sized basis set;
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Table 5. Geometrical Characteristics (in A and deg) of
H-Bonded Uracil Dimer and Cytosine Dimer
Obtained at the MP2/6-31G** and HF/G-31G** (in
parentheses) Levels?

dimer XeeeYP H---YP

UU4c 2854 (2.992)  1.823(1.920)  177.8 (177.3)
ccd 2.917 (3.050)  1.893(2.049)  173.6 (173.1)

aFrom refs 79 and 223. * X = N(U) and N4(C); Y = O,(U)
and N3(C). ¢ Cf. Figure 7. ¢ Cf. Figure 2.

X_H...Yb

(iii) geometry optimization at the standard PES
instead of using counterpoise-corrected PES. Discus-
sion of these three inaccuracies requires a sufficient
amount of reference data obtained at very high level
of theory. However, there are almost no such data
available at this moment due to the enormous
computer requirements of such computations. Let us
nevertheless discuss those higher level calculations,
which have been recently reported.

The neglect of electron correlation certainly influ-
ences the molecular structures of base pairs. Struc-
tures of two H-bonded NA base pairs, uracil dimer
and cytosine dimer, were optimized at the MP2
level.”®223 Table 5 summarizes some selected internal
coordinates evaluated at HF and MP2 levels. Evi-
dently, correlation energy brings both subsystems
closer together. The distance of two heavy atoms in
X—H--+Y H-bond in both dimers is reduced by about
0.14 A while the X—H:--Y angle is not affected.
Stabilization energies of both pairs determined at the
MP2//HF and MP2//MP2 levels are similar. The effect
of higher order correlation contributions (MP2 vs
CCSD(T) data) and the effect of the size of the basis
set will be discussed below in section 1V.3.

Let us briefly comment on the role of BSSE in the
structure and energetics of base pairs. Usually, the
complex is optimized using the standard supermo-
lecular gradient optimization and only at the very
end, a posteriori, BSSE correction is added. This
means that the basis set extension effect is elimi-
nated only for the stabilization energy. For small
complexes, evidence was found??4225> that a proper
consideration of basis set extension effect affects not
only the interaction energy but also geometry and
other properties of a complex. Simon et al.!1° recently
offered a straightforward and elegant way to treat
the problem. The geometry of a complex is evaluated
at the CP-corrected surface, and during the respec-
tive optimization, the BSSE correction is applied in
each gradient optimization cycle. Further, both in-
tramolecular and intermolecular coordinates are
simultaneously corrected for the basis set extension
effects, which also means that the deformation
energy is included within the stabilization energy.
First applications of the method have shown!0-115
that stabilization energies from the CP-corrected PES
are always larger (more attractive) than those from
the standard PES (where the BSSE is added at the
very end). Further, and this is more important,
optimization at the standard PES might result in an
inaccurate structure.

We have compared standard and CP-corrected HF/
6-31G** optimizations for three NA base pairs:
ATWC, TC2, and GA2. Standard HF/6-31G** gradi-
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ent optimization led in the case of the first pair to a
planar structure, while the other two pairs were quite
significantly nonplanar.8 Following experience from
previous calculations, stabilization energies deter-
mined from CP-corrected optimizations were system-
atically larger (more attractive) than those from
standard optimization. However, the difference for
the NA base pairs investigated was very small and
was equal to 0.04, 0.04, and 0.06 kcal/mol for ATWC,
GAZ2, and TC2 pairs, respectively. Also the geometry
changes introduced by the CP correction were rather
modest. The CP-corrected optimization for ATWC
pair again resulted in a planar structure with slightly
larger intermolecular separations. The distance be-
tween the two nitrogens in the N—H---N intermo-
lecular H-bond increased from 2.988 A (standard
optimization) to 3.043 A, and distance between the
nitrogen and oxygen in the second N—H---O inter-
molecular H-bond increased from 3.086 to 3.091 A.
Changes of the intramolecular bond lengths in ad-
enine and thymine were marginal; the CP-corrected
bond lengths were systematically smaller. Changes
of intermolecular bond angles resulting from both
optimizations were also small, mostly within 1°.

Investigating the nonplanar TC2 pair, we found
only small changes in the intermolecular dihedral
angles, mostly within 1°. Also, all intra- and inter-
molecular valence angles and intramolecular dihe-
dral angles differed mostly by less than 1°. The
intermolecular distance resulting from the CP-cor-
rected optimization was larger with a similar exten-
sion of the H-bonds, as in the case of ATWC. Only in
the case of the GA2 base pair, the geometry changes
were more pronounced. The intermolecular dihedral
angle N—H---N—C decreased from 134° (standard
optimization) to 122° (CP-corrected optimization).
Other geometrical features of both optimized struc-
tures were similar to those found in the case of other
base pairs.

It can be concluded that the energetical and geo-
metrical characteristics of ATWC, TC2, and GA2
pairs obtained by standard and CP-corrected opti-
mizations differ only slightly; the largest difference
was found for the GA2 pair. This means that stan-
dard geometry optimization as well as standard
evaluation of stabilization energy (BSSE corrections
added only for the final structure) is justified for
H-bonded NA base pairs at the HF/6-31G** level.
Considerably larger differences between CP-corrected
and standard optimizations were obtained°-1%5 for
model systems at correlated level. Therefore, care
should be paid in the future when applying gradient
optimizations with inclusion of electron correlation
effects to NA base pairs. Differences determined at
standard and CP-corrected levels can be in these
cases larger, since the BSSE is much larger when
including electron correlation effects.

Vibrational Frequencies of Base Pairs: Harmonic
Treatment

The HF/6-31G** and HF/MINI-1 harmonic inter-
molecular vibrational frequencies (no scaling factors
were used) and the respective stabilization energies
for 25 H-bonded NA base pairs are presented in Table
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6.13%8 The vibrational frequencies were evaluated for
the optimized base pair structures. The MINI-1
frequencies are not presented for these pairs, where
the optimal structure is nonplanar. An unambiguous
assignment of individual modes is not easy, and we
attempted to assign (using graphical visualization)
at least the two lowest and the highest intermolecu-
lar modes. These modes correspond to the buckle,
propeller, and stretching vibrations and are noted by
the abbreviations b, p, and s, respectively. In am-
biguous cases, no mode description is used, and
sometimes, the combination of two modes is indicated
due to a significant coupling between two vibrations.
From Table 6 we can learn that the HF/6-31G**
frequencies are practically always slightly lower than
the corresponding HF/MINI-1 ones. Assignment of
HF/6-31G** and HF/MINI-1 frequencies, at least in
cases of b, p, and s vibrations, remains unchanged.
Similarity of intermolecular vibrations, evaluated at
both levels, is promising, because the HF/MINI-1
frequencies can be determined even for large com-
plexes.

The following discussion will be based on more
reliable HF/6-31G** data. From Table 6 it becomes
evident that there is no correlation between stabili-
zation energies and vibrational frequencies. This is
true even for stretching frequencies, where this
correlation was expected. The intermolecular vibra-
tional frequencies are almost constant for all the
pairs, while the respective stabilization energies
differ considerably. For all the pairs the buckle and
propeller vibrations are the lowest ones, while the
stretching vibrational frequency is the highest. The
lowest frequency for all the pairs lies in the narrow
range 4—23 cm™!, and stretching vibrations are
between 83 and 169 cm™. Four pairs (AA2, GG1,
GC1, GG3) possess the lowest vibration, below 10
cm™t. These very low frequencies are of crucial
importance for evaluation of thermodynamic char-
acteristics, specifically of vibration entropy.

Vibrational Frequencies of Base Pairs: Nonharmonic
Treatment

A natural question is whether a harmonic approach
is adequate for vibrational analysis of base pairs. Let
us first discuss one-dimensional anharmonic calcula-
tions?28 for the lowest buckle mode of the GCWC and
GGL1 pairs. From the one-dimensional HF/6-31G**
potential energy curves for the buckle motion con-
structed for both pairs, it was immediately clear that
the harmonic approach is justified in the case of the
former pair, but it is completely unjustified in the
latter pair. The anharmonic vibrational energy levels
of the buckle motion for the GG1 base pair was
obtained by solving a pertinent one-dimensional
vibrational Schrodinger equation. The resulting fun-
damental frequency (13 cm™) is much higher than
the respective harmonic frequency (6 cm™; cf. Table
6), giving clear evidence for inadequacy of the har-
monic approach for the buckle motion of the GG1
pair. On the basis of this calculation, we believe that
the low values of the buckle vibration in the case of
AA2, GC1, and GG3 could be also explained by
inadequacy of the harmonic approximation. Is it,
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Table 6. Harmonic Intermolecular Vibrational Frequencies and Stabilization Energies for H-Bonded NA Base

Pairs Evaluated at the Hartree—Fock Level?

AE

' -1
pair level® (kcal/mol) vit (em™)
GCWC HF/6-31G** 255 25(b) 34(p) 69 84 116 123(s)
HF/MINI-1 322 33(b) 41(p) 89 110 147 168(s)
GG1 HIF/6-31G** 25.0 6(b) 31(p) 42 57 75 112(s)
HF/MINI-1 33.6 21(b) 35(p) 81 82 96 134(s)
cc HIF/6-31G** 17.3 28(b) 38(p) 67 69 69 129(s)
HF/MINI-1 218 31(bp) 39(bp) 79 83 91 168(s)
GG3 HIF/6-31G** 16.8 9(b) 29(p) 43 48 61 99(s)
GAL HF/6-31G** 126 17(b) 32(p) 46 67 83 94(s)
GT1 HF/6-31G** 14.0 20(b) 26(p) 53 71 72 105(s)
GT2 HF/6-31G** 137 18(b) 31(p) 52 62 68 117(s)
AC1 HF/6-31G** 11.9 22(b) 25(p) 57 57 75 108(s)
HF/MINI-1 16.0 28 29 73 76 88 131
GC1 HF/6-31G** 127 4(b) 17(p) 49 50 68 113(s)
AC2 HF/6-31G** 11.4 22(b) 26(p) 58 66 77 108(s)
HF/MINI-1 14.9 22(p) 28(b) 71 73 100 140
GA3 HF/6-31G** 11.0 18(b) 32(p) 49 66 84 95(s)
TAH HF/6-31G** 109 23(b) 31(p) 53 67 88(s) 97
HF/MINI-1 14.3 27 29 69 78 98 125(s)
TARH HE/6-31G** 109 22(b) 33(p) 52 65 86 103(s)
HE/MINI-1 14.8 23(b) 32(p) 67 71 99 138(s)
TAWC HF/6-31G** 10.3 22(b) 30(p) 53 65 122 169(s)
HE/MINI-1 15.9 27(b) 34(p) 68 80 101 130(s)
TARWC HF/6-31G** 102 21(b) 32(p) 50 62 92 102(s)
HE/MINI-1 16.3 24(b) 38(p) 66 69 99 148(s)
AAL HF/6-31G** 8.7 14(pb) 18(pb) 46 50 74(s) 94
HF/MINI-1 14.4 20 27 65 68 94 115
GA4 HF/6-31G** 8.8 10(p) 18(b) 39 49 72 97(s)
TC2 HF/6-31G** 9.2 19(p) 27(b) 50 70 77 111
AA2 HF/6-31G** 8.0 4(p) 17(b) 47 54 73 91(s)
HF/MINI-1 12.4 16(p) 21(b) 64 69 94 116(s)
T2 HF/6-31G** 9.0 17(pb) 27(pb) 56 71 72 99(s)
HF/MINI-1 137 18(pb) 34(pb) 83 83 97 136
TT1 HF/6-31G** 9.1 15(b) 29(p) 55 64 70 107(s)
HF/MINI-1 143 16(b) 37(p) 70 79 87 156(s)
TT3 HF/6-31G** 9.1 13(b) 33(p) 56 57 67 114(s)
HF/MINI-1 152 14(b) 41(p) 62 79 88 177(s)
GA2 HF/6-31G** 75 18(b) 21(p) 35 51 78 91(s)
GG4 HE/6-31G** 73 19(p) 20(b) 38 55 57 99(s)
AA3 HF/6-31G** 6.9 17(p) 18(b) 40 63 70 83(s)

a Taken from Spirko et al. J. Chem. Phys. 1997, 106, 1472. ® For nonplanar structures only HF/6-31G** values are presented.

b, buckle; p, propeller; s, stretch.

however, adequate to consider only one-dimensional
anharmonicity and neglect couplings with other
intermolecular and intramolecular modes?

To answer this question, we studied the ATWC pair
using multidimensional nonharmonic treatment.3
Relying on a Born—Oppenheimer-like separation of
the fast and slow vibrational motions, the complete
multidimensional vibrational problem was reduced
to a six-dimensional (intermolecular) subproblem.
The potential energy surface was determined at the
HF/MINI-1 level, and an analytic potential energy
function was obtained by fitting to ab initio data. Due
to the symmetry of the optimized pair and by
disregarding the role of the kinematic and potential
interactions, the six-dimensional problem was re-
duced to two three-dimensional subproblems. The
resulting anharmonic and also the respective har-
monic frequencies are collected in Table 7. The
agreement among harmonic and anharmonic in-
plane and out-of-plane vibrational frequencies is
good. In-plane harmonic frequencies are systemati-
cally overestimated by about 50%, while the absolute
difference among harmonic and anharmonic out-of-
plane vibrations is lower than 15%. The finding that

Table 7. Harmonic and Anharmonic Intermolecular
Vibrational Frequencies of the Adenine:--Thymine
WC NA Base Pair Evaluated at the HF/MINI-1 Level?

vi? (cm™1)

level

harmonic  27(b) 34(p) 68 80 101  130(s)
anharmonic  25(b) 41(p) 37 91 74 93(s)

a Taken from Spirko et al. J. Chem. Phys. 1997, 106, 1472.
b b, buckle; p, propeller; s, stretch.

anharmonic and harmonic out-of-plane frequencies,
which are the lowest ones, differ by less than 15% is
very promising for evaluation of vibrational frequen-
cies and also of vibrational partition functions; har-
monic frequencies are easily obtainable even for large
clusters.

Literature Survey

As mentioned earlier, there have been many re-
cently published ab initio quantum-chemical studies
on H-bonded base pairs. Thus we would like to
present a brief overview of selected studies.

Reference Values. The current reference study is
the paper by Sponer and co-workers analyzing dozens
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of H-bonded base pairs at the MP2/6-31G*(0.25)//HF/
6-31** level under Cs symmetry.” These data were
in detail summarized above. The paper also presents
extensive density functional theory calculations and
MP2 optimization on a CC base pair. Since many
base pairs have been shown to have C; symmetry, a
subsequent paper reported nonplanar HF/6-31G**
geometries of base pairs and the energy differences
between planar and nonplanar pairs.2® The MP2/6-
31G*(0.25)//HF/6-31** calculations have been re-
cently verified by two groups. Brameld and co-
workers optimized several base pairs at the HF level
with an extended basis set [cc-pVTZ(-f)] of atomic
orbitals, and the MP2 interaction energies were
evaluated using local MP2 procedure with the same
basis set.8 These interaction energies agree within
1 kcal/mol with our data. This study is also noticeable
since it presents a very accurate empirical force field
for H-bonded base pairs giving an excellent agree-
ment with our MP2/6-31G*(0.25)//HF/6-31** data for
all base pairs. Sponer and Hobza reported reference
calculations using a larger basis set (aug-cc-pVDZ).240
Further, they have verified the MP2 procedure for
H-bonded base pairs against CCSD(T) data.?*° The
accuracy of the older paper by Gould and Kollman
reporting MP2//HF energetics of four base pairs is
influenced by the neglect of the BSSE correction at
the MP2 level.”®

Extended Systems and Modified Bases. Several
recent papers reported MP2 level studies on modified
or extended H-bonded systems of bases. Among them
a study on protonated base pairs should be men-
tioned, showing the importance of molecular ion-
molecular dipole and induction interactions.®? Sponer
and co-workers reported a set of high-level calcula-
tions on triplexes of DNA bases together with an
estimate of many-body effects and a comparison with
molecular mechanical force fields.'®* Florian and
Leszczynski studied the noncanonical 7—k base pair®
and Sponer and co-workers characterized the base-
pairing properties of thioguanine and thiouracils.®
The recent paper by Mayer and Suhnel reported the
first ab initio characterization of hydrophobic (non-
polar) base pairs, namely adenine---difluorotoluene.®”
Cysewski characterized the base-pairing properties
of 8-oxoguanine using the Becke3LYP DFT tech-
nique.%?

Proton Transfer in Base Pairs. There are two recent
very good high-level papers analyzing proton transfer
processes in base pairs. FloriAn and Leszczynski
studied mainly double-proton transfer in the GC base
pair,8 while Bertran et al. investigated radical—
cation base pairs.?°? Both papers contain additional
valuable information of general interest including a
literature survey of previous related studies.

Hydration Effects. All above-mentioned studies
have been done assuming the gas phase. It is
therefore important to include solvent effects in
future quantum-chemical studies on H-bonding of
bases. Recently two different approaches have been
used. Zhanpeisov and Leszczynski studied structures
and energetics of several base pairs in a small water
cluster representing the first hydration shell around
the base pair.%32%6-228 Florian and co-workers studied
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a number of H-bonded base pairs by combining
correlated ab initio calculations with Langevin dipole
moment formalism and observed the expected desta-
bilization of base pairing upon inclusion of polar
solvent effects.?2°

Interactions of Base Pairs with Metal Cations.
Recently several papers reported high-level ab initio
studies on interactions between bare'®485 or hy-
drated®®187 cations and base pairs. These papers
demonstrated that the stability of guanine-containing
base pairs can be significantly enhanced upon a
cation binding to N7 of guanine due to polarization
effects.186.187 However, no such polarization base-pair
enhancement has been noticed for adenine-contain-
ing base pairs.*®” The calculations also rationalized
the biologically important difference between zinc
and magnesium interacting with the nitrogenous
sites of bases.’® Zn?" and Mg?* cations have very
similar ionic radii and both carry a charge of +2.
However, the electronic structure of Zn?* includes 3d
electrons, and the 3d electrons participate in a
significant covalent-type bonding with the nitrog-
enous sites of aromatic bases having lone pairs. At
the same time both Zn?* and Mg?" cations have
rather similar interaction with oxygen atom, includ-
ing water. As a result, Zn?" is bound more efficiently
to the N7 position of purines compared to Mg* and
the two cations have a different balance of water—
cation and nucleobase—cation interactions. The pic-
ture revealed by ab initio calculations nicely corre-
lates with the known propensity of zinc (and other
similar divalent cations) to bind directly to bases in
DNA while Mg?* cations are almost exclusively
localized near the phosphate units. We think that
this is an important area for future quantum-chemi-
cal studies, since metal—cation complexes (character-
ized by large many-body effects and significant
charge transfer) are difficult to treat by empirical
potential methods and the metal cations are known
to strongly influence the DNA molecule.

IV.2. Stacked NA Base Pairs

Base-stacking interactions are equally important
to DNA structure as H-bonding of bases, and there-
fore, the same attention should be paid to them in
theoretical studies. Nevertheless, the number of ab
initio quantum-chemical studies devoted to base
stacking is much smaller compared to studies on
H-bonded base pairs. One of the reasons for the lack
of studies on base stacking is that the potential
energy surface of stacked pairs is more complex than
that of H-bonded pairs. The PES of H-bonded pairs
contains a small number of deep energy minima
while the PES of a stacked dimer contains broad and
shallow low-energy regions separated by low energy
barriers. Further, as revealed by gradient geometry
optimization, some stacked dimers appear to not have
a minimum corresponding to a stacked arrangement,
since there has been a spontaneous transition to a
H-bonded structure.??® In contrast to H-bonded base
pairs, stacking geometries observed in nucleic acids
do not coincide with optimal structures of isolated
stacked dimers. Another reason for a lack of stacking
papers is that stabilization of the stacked NA base
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Table 8. Interaction Energies (AE) and Their Components, HF Interaction Energy (AE"F), and MP2 Correlation
Interaction Energy (AE®®R) of Stacking and H-Bonding NA Base Pairs Determined at the MP2/6-31G*(0.25) Level;

(energies in kcal/mol)2

stacking®® AEHF AECOR AE H-bondingd¢ AEHF AECOR AE
GG —-0.84 —10.47 —11.31 GG1 —25.08 +0.39 —24.69
GA +1.30 —12.47 —11.16 GAl —12.22 —-3.01 —15.23
GU —-1.17 —9.45 —10.62 GT1 —14.23 —0.92 —15.15
CA +0.85 —10.35 —9.50 CAl —10.83 —3.51 —14.34
GC —1.44 —7.87 —9.32 GCwC —24.58 —1.23 —25.81
AU +1.25 —10.33 —9.08 ATH —10.38 —2.94 —13.32
AA +4.01 —12.84 —8.83 AAl —7.83 —3.72 —11.55
CcC —2.09 —6.17 —8.26 CcC —16.15 —2.66 —18.81
CuU —1.51 —7.01 —8.52 CT1 —8.68 —2.67 —11.44
uu +0.46 —6.98 —6.52 TT2 —9.29 —1.35 —10.64

a Taken from Sponer et al. J. Phys. Chem. 1996, 100, 5590. b Cf. Figure 3. ¢ MP2/6-31G*(0.25) single point optimization; optimal
geometries were estimated using a combined ab initio/fempirical potential search with rigid coplanar bases. 9 Cf. Figure 2. ¢ MP2/
6-31G*(0.25)//HF/6-31G**; Cs symmetry; deformation energy not included.

pairs is due to the dispersion energy, which originates
in the electron correlation. Therefore, the structure
and energetics of the stacked pairs cannot be inves-
tigated at the HF or DFT levels, and it is imperative
to include electron correlation effects. To account
properly for the dispersion energy, which dominantly
stabilizes these pairs, rather large basis sets contain-
ing more sets of polarization functions are re-
quired.?*° Such calculations are, and in the near
future will probably remain, prohibitively expensive.
A compromise between accuracy and economy rep-
resents the use of the 6-31G*(0.25) basis set contain-
ing one set of diffuse polarization functions with an
exponent of 0.25 on second row elements. This basis
set provides very similar electrostatic interactions as
the standard 6-31G* one. However, it improves base-
stacking stabilization qualitatively (see section 1V.3).
In fact, an extended basis set would overestimate the
stacking at the MP2 level (see below). We assume
that for aromatic base stacking the MP2/6-31G*(0.25)
data are very close to the actual values. The use of
diffuse d-polarization functions?3* for stacking was
recommended in ref 232.

Characterization of the Potential Energy Surface of
Stacked Base Dimers

As explained above, studies of stacking interactions
of NA bases are much more complicated than evalu-
ation of H-bonding. It is thus not surprising that the
first reliable study on base stacking appeared in 1995
and characterized the potential energy surface of a
stacked cytosine dimer.”® This study ultimately con-
firmed the dispersion stabilization of stacked base
pairs.’®

The preliminary study was followed a year later
by extensive characterization of 10 stacked DNA base
dimers.®* This study demonstrated that the empirical
m—am “sandwich” model relying on the use of a set of
symmetrically placed out-of-plane charges does not
represent a proper description of aromatic base
stacking. It also ruled out the possibility that stack-
ing is dominated by interactions between delocalized
electrons of aromatic rings and exocyclic groups of
adjacent bases. Instead, this study for the first time
convincingly demonstrated that a simple empirical
force field, relying on a Lennard—Jones van der
Waals potential and a Coulombic term employing just

atom-centered point charges, is qualitatively suf-
ficient to account for base-stacking phenomena. Our
MP2-adjusted empirical potential reproduced the ab
initio stacking energies for ca. 250 configurations of
stacked gas-phase nucleobase dimers (considering
adenine, uracil, cytosine, and guanine), with the
accuracy of +1.5 kcal/mol for the vertical separation
between the nucleobases being 3.3 A or more. Taking
into account the simplicity of the empirical potential
form, the agreement is excellent and it is not likely
that a better agreement can be achieved without
adding additional terms to the force fields. The most
important step to get the above agreement is to
properly parametrize the set of atom-centered point
charges. This has been done in our case by fitting
them to reproduce the molecular electrostatic field
around the monomers at the MP2 level. It should be
nevertheless noted that somewhat larger differences
than those reported above were found for some
nucleobase dimers with a vertical separation of bases
below 3.3 A. We have suggested that the lower
accuracy of the potential for the “compressed” dimers
is due to the anisotropy of short-range repulsion not
included in the isotropic Lennard—Jones term.80.8°
The agreement between ab initio and empirical
potential data for standard force fields currently used
in the molecular modeling is of course not as good,
since none of the force fields uses charges fitted to
MP2 wave functions. There are considerable differ-
ences among the force field (see below).

The conclusion mentioned bolster the use of the
empirical potential form currently used in molecular
dynamics simulations and other empirical potential
studies. An important point of both studies”8* was
that stabilization energies of stacked pairs were
determined at the same theoretical level as stabiliza-
tion energies of H-bonded pairs,”® which makes a
direct comparison of both types of NA base pairs
possible (cf. Table 8). Contrary to the study of
H-bonded base pairs,” calculations of stacked pairs
were made with the rigid planar bases: the MP2/6-
31G*-optimized geometries of guanine, adenine, and
uracil and MP2/DZ(2d)-optimized geometry of cy-
tosine were used.”® As explained above and in the
literature,® gradient optimization is inconvenient for
base stacking, and we did not use the gradient
procedure also because the 6-31G*(0.25) basis set
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Figure 3. Structures of stacked NA base pairs.

could introduce artifacts into intramolecular degrees
of freedom. Instead, we scanned the conformational
space of stacked pairs by performing a set of single-
point calculations. We were, of course, aware of the
problems connected with such an optimization—the
risk that the most important part of the PES could
be completely missed.

Therefore, we have first evaluated ca. 200 points
on the potential energy surface of various stacked
dimers using an ab initio method. Then, we have
parametrized an empirical potential which closely
followed ab initio data. An essential point was the
use of atom-centered point charges derived from the
electrostatic field around monomers as provided by
the MP2/6-31G*(0.25) wave functions, and this em-
pirical potential is the most accurate pair-additive
force field currently available for base stacking.84%°
Then we finally made a three-dimensional search
using this potential. The search included mutual
displacement of the two bases and a parameter called
twist; it means the mutual in-plane counterrotation
of the two bases. The twist between the two bases is
in our studies defined in the following way. The two
bases are initially positioned in such a way that their
centers of mass coincide and the glycosidic bond
vectors are parallel. Then twist is a counterrotation
of the two bases around the axis passing through the
centers of mass of the nucleobases and perpendicular
to their plane. Translational motions (vertical sepa-
ration of bases and displacement) are performed after
the twist rotation is done. Thus it resembles helical
twist between consecutive base pairs in DNA, except
that the helical twist is defined with respect to
geometrical centers of base pairs. The vertical dis-
tance of bases was kept frozen at 3.3 or 3.4 A, and
both bases were assumed to be coplanar. Figure 3
shows optimal stacking geometries obtained for the
10 stacked dimers studied by the empirical potential.
Table 8 summarizes MP2/6-31G*(0.25) stacking en-
ergies evaluated using these force field optimized
geometries (the ab initio energies were quite close
to the respective empirical potential values) and

compare them with data for H-bonding. It is instruc-
tive to see the opposite ratio of HF and correlation
components of interaction energies for these two
types of clusters. It should also be noticed that in all
cases the H-bonded structures are more stable in the
gas phase;®* however, as will be shown below, the
mutual stability of stacked and H-bonded structures
can be greatly influenced by considering entropy.

Finally, Figure 4 shows examples of the PES scan
carried out for all four stacked homodimers (UU, AA,
GG, CC) and illustrates the agreement between the
MP2/6-31G*(0.25) method and the empirical poten-
tial.®* The solid line shows the twist dependence of
the empirical potential stacking energy for undis-
placed dimers (undisplaced dimer means that the
centers of monomers are stacked one above an-
other).?* The dashed line is the same dependence
where the mutual displacement of bases is optimized.
A twist of 0° corresponds to a parallel and a twist of
180° to an antiparallel arrangement of the bases in
the dimer.®% Crosses and open circles show the
corresponding MP2/6-31G*(0.25) data for undisplaced
and displaced structures, respectively. The curves
nicely illustrate that while stability of stacking is due
to the dispersion forces, the mutual orientation of
bases is primarily determined by the electrostatic
interaction.®

It should be noted that despite the overall good
agreement between empirical potential and ab initio
data, the empirical potential of course cannot fully
substitute for accurate ab initio calculations. This has
been demonstrated in the course of a subsequent
study of stacked cytosine dimer.8° The calculations
revealed areas on the potential energy surface where
increased anisotropic short-range repulsion decreases
the agreement between the isotropic Lennard—Jones
potential and ab initio data. Very similar effects were
noticed in studies of the base stacking properties of
modified thiobases;® here evidently the presence of
the sulfur atom reduces the accuracy which can be
achieved by applying a Lennard—Jones type of force
field and ab initio calculations should be preferred.
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Figure 4. The dependence of the base stacking energy for CC, GG, UU, and AA stacked dimers on the twist angle calculated
by the empirical potential for undisplaced dimers (solid line curves) and dimers with optimized interbase displacements
(dashed line curves). The corresponding ab initio MP2/6-31G* (0.25) data are shown by crosses (undisplaced structures)
and open circles (displaced structures). For more details, see the text and ref 84.

Another contribution which is not included in the
potential is the classical induction contribution (per-
manent multipole—induced multipole). Induction en-
ergy is quite substantial in the case of protonated
stacked complexes of nucleobases, and ab initio
calculations show that the induction stabilization
amounts to 2—4 kcal/mol.8?

Another recent study considered base stacking of
consecutive base pairs in B-DNA and Z-DNA utilizing
standard and high-resolution oligonucleotide crystal
geometries.® This study presents the first estimate
of the many-body nonadditivity of base-stacking
evaluated at the HF/6-31G*(0.25) level. Nonadditivity
of stacking means that the base-stacking energy
between two consecutive base pairs in DNA (base
pair step) cannot be calculated as the sum of four
base—base stacking contributions (two intrastrand
and two interstrand). The stacking energy is also
influenced by a many-body contribution. The many-
body effects appear to be negligible for base pair steps
with consecutive AT base pairs or alternating AT and
GC base pairs. However, the nonadditivity of interac-
tions influences base-stacking of base pair steps with
consecutive GC base pairs and can modulate the
base-stacking energy by as much as 10—20% of the
total stacking energy. Although the nonadditivity
effects seemed negligible in most studied configura-
tions, they amounted to 2—2.5 kcal/mol of repulsion
in GG base pair steps, which was ca. 20% of the total
base-stacking energy.®® This means that nonadditiv-
ity could significantly influence the sequence-depen-
dence of stacking energy. Let us note that the
nonadditivity can be further enhanced when consid-
ering electron correlation effects, so nonadditivity of
stacking is clearly an issue which should be thor-
oughly scrutinized in future quantum chemical stud-
ies® (experimental data cannot be used for this
purpose). The study indicates quite small variability
of the stacking energy along the DNA helix, definitely

much smaller than reported in all earlier studies.*®®
This has been attributed to the fact that the calcula-
tions could be considered as physically complete, in
contrast to the previous studies. However, significant
variability has been noticed for intrastrand and
interstrand stacking contributions which show a high
degree of a mutual compensation. Their balance can
contribute to the base-stacking controlled conforma-
tional variability. Similar calculations were reported
for A- and B-DNA geometries by Alhambra et al.8®
However, they did not use diffuse polarization func-
tions which leads to an underestimation of stabiliza-
tion energies (see section 1V.3). It explains why they
reported weaker base pair step stacking in B-DNA
compared to the other studies®® despite having
considered larger systems for the calculations with
methylated Ni/Ng positions of bases where the sugar
rings are attached in DNA.

There have been recently two ab initio papers
reporting calculations of base stacking in a polar
solvent utilizing continuous models of a solvent. The
first study reported the effect of a polar solvent on a
twist dependence of stacking in a cytosine dimer,
using the Onsager spherical cavity model.?3® The
other study??® considered all stacked base dimers and
combined MP2/6-31G*(0.25) calculations with the
Langevin-dipoles model.** Large competition be-
tween gas-phase and solvation energetics has been
predicted, with an overall preference for complexes
having twist angles around 30°. Of the other papers,
studies estimating the influence of stacking phenom-
ena on the ionization potential of bases in DNA
should be mentioned.293-206

Gradient Optimizations of Stacked Base Pairs

To complement the picture obtained from studies
using rigid monomers of bases, we performed??® also
in the case of stacked pairs the unconstrained MP2
gradient optimizations. The following pairs were
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Figure 5. Structures of stacked NA base pairs determined by MP2 gradient optimization: uracil dimer [face to face (a),
face to back (b)], thiouracil dimer (c), adenine-uracil pair (d), and cytosine dimer (e).

studied: uracil dimer (face-to-face and face-to-back
structures), thiouracil dimer (face-to-back structure),
cytosine dimer, and adenine---uracil (face-to-back
structures). No stacking minimum has been found
for the cytosine---uracil dimer due to a transition to
a H-bonded pair. Selection of a basis set for such
studies is not straightforward. As mentioned previ-
ously, the 6-31G*(0.25) basis set, used for stacked
pairs (see above), could not be applied for gradient
optimization. We finally decided to use the standard
6-31G* basis set. This basis set in combination with
the MP2 procedure properly describes intrasystem
and deformation energies but yields underestimated
stabilization energies. On the other hand, the gradi-
ent procedure is not corrected for BSSE, which
introduces another bias (artificial overstabilization)
into the calculations. The calculations thus give
reliable intrasystem geometries, but the intermo-
lecular geometries may be slightly inaccurate. There-
fore, the final stabilization energy was determined
for these structures using the MP2 single point
calculations with the 6-31G*(0.25) basis set stan-
dardly applying the full CP correction. In this way
we corrected most of the inaccuracies, and the results
are thus fully comparable with those for H-bonded
base pairs.

The geometrical characteristics of the uracil dimers,
thiouracil dimer, cytosine dimer, and adenine---uracil
pair are summarized in Table 9 and shown in Figure
5. Further, the stabilization and deformation energies
of these clusters are presented in Table 9. It must
be mentioned that in this case the ZPVE is not
included, because we were not able to evaluate the
MP2 frequencies. At first sight, rings of the stacked

Table 9. Energetical (in kcal/mol) and Selected
Geometrical Characteristics of the Stacked NA Base
Pairs Determined at the MP2/6-31G* Level?

AE  EPEF o (?) R(A)
U---Ub —9.21 147 4-6-8-10 347 11-21 2.48
face-to-face 6—8—-10—-1 12 9-23 248
6—8—-10—11 192 19-12 2.95
U---yb —-9.07 1.63 5-4-3-2 346 11-13 2.90
face-to-back 4—-3-2-7 15 1-23 2.90
7—6—5—11 192 20-9 3.15
tU---tuP —10.05 1.20 4-3-2-7 348 1-22 2.97
face-to-back 5—-4-3-2 10 13-10 2.97
4—-3-2-1 167 20—-9 3.40
C---CP —10.41 143 6-1-2-3 355 9-21 298
13—-8-5-6 19 11-20 2.98
7—1-2— 174
A---UP —10.75 0.71 17-18-19-20 7 23—-10 3.09

3—-4-10-14 20 23-15 2.69
17-18—-19-23 186 23—-14 3.29

2 Taken from Hobza, P.; and Sponer, J. Chem. Phys. Lett.
1998, 288, 7. See Figure 5.

dimers strongly deviate from planarity, especially for
the uracil and thiouracil dimers. This is a very
surprising result. Due to the fact that the stabiliza-
tion of stacked pairs in the gas phase originates
mainly from dispersion energy (electrostatic energy
determines the orientation of subsystems in the pair),
we expected that the optimal stacked structure
should be characterized by planar subsystem geom-
etries (with the exception of amino groups). From
Table 9 it is evident that the nonplanarity of the
subsystem rings in the case of both isomers of uracil
dimer is significant (about 15°); for other stacked
pairs, it is slightly smaller. The deformation of ring
atoms in the cytosine stacked dimer is considerably
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smaller and did not exceed 6°. The smallest ring
nonplanarity (less than 5°) was found for adenine in
the A---U stacked pair. Also the exocyclic atoms
deviate from planarity and it concerns both oxygens
in uracil and nitrogen in amino groups of adenine
and cytosine. The nonplanarity of sulfur in thiouracil
is lower. Worth mentioning is the fact that while the
nonplanarity of the exocyclic groups in U---U, tU---
tU, and A---U pairs leads to a formation of intermo-
lecular H-bonds, the amino group hydrogens in the
cytosine dimer are oriented away from the other
cytosine. In this case, the lone pair region of one
cytosine amino group is exposed to interact with the
hydrogen of the N—H group in the adjacent cytosine,
so this is yet another example of the amino acceptor
interactions of bases.

What is the driving force leading to the significant
geometry deformations of subsystems in the super-
system? The answer is unambiguous: the geometry
deformation (associated with monomer energy in-
crease) decreases the energy of the dimer. In the case
of planar H-bonded systems with X—H---Y H-bonds,
the elongation of the X—H bonds yields more favor-
able electrostatic dipole—dipole interactions between
the proton donor and proton acceptor (e.g., see ref
235). In the case of stacked pairs, the ring deforma-
tion allows for more favorable contacts. Besides the
dispersion energy increase, it also includes formation
of intersystem H-bonds. For example, the intermo-
lecular H-bonds in the stacked uracil dimer are by
about 0.8 A shorter than the separation of the same
atoms in the stacked dimer with rigid subsystems.
It is the absence of these H-bonds in the stacked
cytosine dimer which is responsible for the smaller
deformation of ring atoms in the dimer.

The large deformability of uracil and thiouracil in
the stacked dimers is facilitated by the large deform-
ability of the pyrimidine rings. It was shown?36237
that the energy required to deform the pyrimidine
ring in thymine is small, and we expect that it will
be very similar for uracil. On the other hand, the ring
deformation energy in adenine is more than three
times larger. Consistently, the lowest ring deforma-
tion harmonic vibrational frequency of the isolated
uracil is significantly lower than that of isolated
adenine (134 and 295 cm™%, respectively).

Comparing the present stabilization energies
(stacked pairs with the deformed subsystems) with
results obtained for stacked pairs with rigid planar
subsystems (see above), we found that they do not
differ dramatically.??® Enhancement of the stabiliza-
tion energies due to the formation of intermolecular
H-bond is compensated by the repulsive intramo-
lecular deformation energy. It can be therefore
concluded that the stacking energy data obtained
using rigid monomers882849 gre quite realistic, and
in addition they allow characterization of the whole
conformational space. The nonplanarities revealed by
the gradient optimization are nevertheless important
in the gas-phase stacked dimers. Such nonplanarities
might be important also in the DNA, if the overall
distribution of various groups around the base results
in a force supporting such a deformation.
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Table 10. MP2, MP4, and CCSD(T) Interaction
Energies (in kcal/mol) of Stacked Complexes
Evaluated with Various Basis Sets

dimer basis set AEMP2  AEMP4 - AECCSD(T)
(benzene),? 6-31G +0.39
6-31G* —0.16
6-31G** -0.43
6-31G*(0.25) —-1.76
cc-pvDZ/2sP —-1.77 —-0.98 —0.46
6-311G(2d,2p) —2.05
cc-pVDZ(0.25,0.15)° —2.21 —1.47 —0.91
aug-cc-pVDZ/2s ® -256 -1.73 -—-112
aug-cc-pvDz —2.80
(cytosine),t 6-31G* —5.36
6-31+G** —7.64
6-31G*(0.25) —8.23
6-311G(2d,2p) —8.26

a Cgn sandwich structure with vertical separation of 3.9 A.
b Taken from Hobza, Selzle, and Schlag J. Phys. Chem. 1996,
100, 18790. ¢ C; antiparallel undisplaced stacked structure
with vertical separation of 3.3 A.

IV.3. Reliability of MP2 Calculations

H-bonded NA base pairs were studied at the HF
level. The stabilization energy was determined for the
HF/optimized structures using the MP2/6-31G*(0.25)
level of theory.”™ For a few H-bonded NA base pairs
the full MP2 optimization was performed, and the
correctness of the previous procedure was basically
confirmed.”®223 In the case of stacked NA base pairs,
the calculations were performed at the MP2 level,
first with rigid subsystems®0828490 and later using
unconstrained MP2 gradient optimizations.??> The
guestion of how accurate these MP2 calculations are
arises. The performance of the MP2 procedure for
H-bonded NA base pairs will be discussed first. It was
shown previously?®® that in the case of small H-
bonded clusters, the MP2 and CCSD(T) stabilization
energies (evaluated with the same basis set) are very
similar, due to certain compensation of errors. To
confirm this also for much larger H-bonded NA base
pairs, the MP2 and CCSD(T) calculations were
performed?® for the H-bonded structures of the uracil
dimer and the Hs-isocytosine dimer. Using the modi-
fied cc-pVDZ basis set (og = 0.25; polarization func-
tions on hydrogens were omitted), the following
values of MP2 and CCSD(T) stabilization energies
(in kcal/mol) were obtained: uracil dimer, 9.68 and
9.98; isocytosine dimer, 22.59 and 22.93.24° Similarly
to the nonaromatic H-bonded complexes, the MP2
and CCSD(T) procedures provide nearly identical
results.?%240 On the other hand, calculations on
H-bonded base pairs and model systems show a very
slow convergency of the correlation part of the
interaction energy with the size of the basis set;
higher angular momentum functions are important.
However, this does not influence the final results
qualitatively due to the dominating HF contribu-
tion.239v24°

The requirements for the choice of the basis set for
aromatic stacking calculations are more complicated
and are demonstrated in Table 10 with stacking
energies of a benzene dimer. The table compares MP2
interaction energies for a wide range of basis sets
starting from the 6-31G (no polarization functions)
up to the aug-cc-pVDZ one containing two sets of
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d-functions, the second set being very diffuse. Fur-
ther, data are shown for selected basis sets MP4SDTQ
and CCSD(T). Let us first comment on the MP2 data.
The MP2/aug-cc-pvVDZ stacking energies can be
considered as benchmark values, though a moderate
increase of the stacking stabilization by further
improvement of the flexibility and diffusivity of the
basis set can still be expected. A basis set without
polarization functions fails to describe the stacking
attraction. The standard 6-31G* and 6-31G** basis
sets are also very deficient. However, the modified
6-31G* (0.25) basis set, used in all our stacking
calculations, gives stacking energies close to the MP2/
aug-cc-pVDZ values. There is thus a qualitative
difference in stacking energy calculations carried out
with the 6-31G* and 6-31G* (0.25) basis sets. Let us
once again reiterate that there is a clear explanation
as the standard polarization functions in the 6-31G*
and 6-31G** basis sets do not cover the space
between the interacting monomers properly.

However, one should also consider the higher order
correlation contributions, and here the CCSD(T)
values represent the current benchmark. The CCSD-
(T) procedure consistently provides reduced stabiliza-
tion compared with MP2 (by ca. 1.3 kcal/mol for all
basis sets) for the present dimer. Let us to point out
that the same behavior was found for all aromatic
stacking clusters studied so far (see later). When
considering and extrapolating these results the MP2/
6-31G* (0.25) data appear to be very close to the
actual (unknown) stacking energies, while the MP2/
6-31G* stacking energies remain considerably un-
derestimated. The MP2/aug-cc-pVDZ data are ex-
pected to overestimate the aromatic stacking.

Table 10 also shows that there is a difference
between MP4SDTQ and CCSD(T) data, hinting at
the importance of the higher order expansion of
single, double, and quadruple electron excitations.

From Table 10 we can learn that the 6-31G*(0.25)
basis provides accurate stabilization energies also for
stacked NA base pairs. The structure studied is the
antiparallel undisplaced cytosine dimer. The table
again shows the quality of the diffuse 6-31G* (0.25)
basis set for stacking. It gives better stacking values
than the 6-31+G** basis set and is comparable with
the large 6-311(2d,2p) basis set. Again, the standard
6-31G* basis set is far from the correct values of
stacking and its use leads to an underestimation of
the stacking energy.

CCSD(T) calculations on the stacked NA base pairs
are much more complicated than these calculations
for H-bonded pairs and are still impractical. Thus
CCSD(T) calculations were performed for six model
dimers containing aromatic heterocycles: (pyrrole),,
(pyrimidine),, (triazine),, (aminotriazine),, (2-ami-
nopyrimidine),, and (4-aminopyrimidine),.24° All the
dimers were studied in the optimal antiparallel
geometry (rotation of subsystems by 180° around its
normal; starting geometry is parallel undisplaced
geometry) visualized in Figure 6. Calculations were
made again with the modified cc-pVDZ basis set and
the resulting stabilization energies are given in Table
11. From this table it is seen that the MP2 correlation
interaction energies are overestimated (in absolute
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Figure 6. Stacked structures of six model dimers contain-
ing aromatic heterocycles: (pyrrole), (a), (pyrimidine); (b),
(triazine); (c), (aminotriazine), (d), (4-aminopyrimidine), (e),
(1-aminopyrimidine), (f).

Table 11. MP2 and CCSD(T) Interaction Energies (in
kcal/mol) for Various Distances of Aromatic Stacked
Complexes Evaluated with Modified cc-pVDZ Basis
Set?

dimer® orientation® R (A) AEMPZ AECCSD(M

(pyrrole), par 3.2 5.25 7.13
3.6 0.97 2.03

anti 3.2 2.88 4.73

3.6 —0.63 0.45

(pyrimidine), anti 3.2 —1.99 0.00
36 —-387 -—-264

(triazine), anti 34 =377 -279
(4-aminopyrimidine); anti 3.4 =277 —-1.27
(2-aminopyrimidine), par 3.2 1.75 4.50
36 -—-157 —0.02

anti 33 -—7.04 —-436

36 —-6.57 —5.02

(aminotriazine), anti 34 387 274

2 Taken from Sponer, J.; Hobza, P. Chem. Phys. Lett. 1997,
267, 263. " See Figure 6. ¢ Par and anti mean parallel and
antiparallel structures.

value) for all the dimers and all vertical distances
with respect to the CCSD(T) data; this overestima-
tion is similar to that found for (benzene),, and C,H,-
--Ar and benzene---Ar clusters.?41-243

Analysis of the above-mentioned data leads us to
expect that in the cases of H-bonded base pairs the
MP2 stabilization energies evaluated with the me-
dium basis set will be smaller than the actual values.
This conclusion is based on the finding that the MP2
and CCSD(T) stabilization energies are almost iden-
tical for these clusters. Increasing the basis set size
does not affect the HF interaction energy signifi-
cantly, while the correlation interaction energy (in
absolute value) is larger. The situation with the
stacked pairs is different. Here we believe that the
MP2 stabilization energies determined with medium
diffuse basis sets having diffuse d-polarization func-
tions are close to the actual values, owing to the
compensation of errors. This conclusion stems from
the fact that the MP2 stabilization energy calculated
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with the medium (diffuse) basis set is close to the
CCSD(T) one evaluated with the extended basis set.

IV.4. Application of the DFT Method

DFT methods with local and nonlocal approxima-
tions are known to work well for H-bonded systems
in terms of structure, dipole moments, energetics,
and vibrational frequencies.?** Despite the fact that
the DFT methods include correlation energy, it is not
clear whether the intersystem correlation (dispersion)
energy is properly taken into consideration. It was
shown that both local and gradient-corrected DFT fail
to describe the dispersion attraction in the case of
noble gases.?®® Interestingly, the best performance
was provided by the simplest method, the Dirac—
Slater exchange. By investigating larger clusters such
as the benzene dimer, it was shown? that dispersion
energy is not included and the DFT stabilization
energy differs considerably from the reference results
obtained with inclusion of correlation energy. Besides
London—van der Waals clusters (stabilized by dis-
persion attraction), the DFT also failed for another
important class of molecular clusters, charge-transfer
complexes, for which these methods predict unreal-
istically deep energy minima.1?8

Table 4 compares the DFT interaction energies for
a set of H-bonded NA base pairs evaluated at HF/6-
31G**-optimized geometries.” The DFT energies are
in excellent agreement with ab initio MP2 values (cf.
with AET in Table 4; for more details, see ref 79). In
the case of standard DFT techniques, the best
performance among various functionals was exhib-
ited by the Becke3LYP one.”® However, when apply-
ing a gradient optimization using the Becke3LYP/6-
31G** method, we have evidenced overestimation of
the deformation energy of bases while the H-bond
lengths were too short.” The deviation between MP2
results and DFT results (single point calculations at
HF/6-31G** geometries) is mostly below 1 kcal/mol.
Interestingly, the same standard deviation was ob-
tained for the same set of H-bonded NA base pairs
with the SIESTA technique,?*® providing that the
same geometry of H-bonded NA base pairs was used.
Also in the case of the SCC-TB method, the interac-
tion energies are close to the reference MP2 values.?*’
It should be mentioned that results obtained with
very economical SCC-TB and SIESTA DFT tech-
niques are quite encouraging.

The situation with stacking complexes is much less
optimistic. The DFT/Becke3LYP calculations® repro-
duced well the electrostatic part of the NA stacked
pair interaction energy, but they do not include the
dispersion energy. The dependence of stacking energy
on twist agree well with the MP2 ab initio results,
and this confirms that the electrostatic interaction
is evaluated accurately. However, the stabilization
energy is significantly underestimated,® because the
dominating dispersion attraction seems to be ne-
glected completely. Very similar results for 10 stacked
NA base pairs were obtained with the SCC-TB
method.?*” The stabilization energies are attractive,
although significantly underestimated. The largest
deviation (8.6 kcal/mol) was found for the GA stack,
the smallest (2.8 kcal/mol) for the UU stack. It can
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be concluded that a reasonable inclusion of dispersion
effects into DFT calculations is a key step which must
be done in order to make these methods applicable
for nucleic acids.

IV.5. Performance of Empirical Potentials

Several empirical potentials (force fields) are used
for MD simulations of DNA and RNA in water
environment. The quality of the results obtained
depends on the performance of the simulation tech-
nique, as well as on the quality of the empirical
potential used. The empirical potential should de-
scribe correctly all intramolecular as well as inter-
molecular degrees freedom. Among them the inter-
actions of NA bases, both H-bonded and stacked play
an important role. We decided to assess the quality
of interaction energies of NA bases that were ob-
tained by various empirical force fields.®®%° The
following methods were tested: AMBER, CHARMM,
CVFF, CFF95, OPLS, and Poltev.%®*° These poten-
tials were used for calculation of stabilization ener-
gies of 26 H-bonded NA base pairs and 10 stacked
NA base pairs. These energies were compared with
nonempirical ab initio MP2/6-31G*(0.25)//HF-6-31G**
values for planar base pairs taken from ref 79. The
reason for testing these various potentials is obvi-
ous: simulation and modeling of DNA and RNA can
be performed only by using some less demanding
approach than the beyond-HF ab initio method. If,
however, the potential of choice fails to give reliable
stabilization energies for NA base pairs, then its use
in DNA and RNA simulations is questionable. An
advantage of the procedure described is that it is
possible to test the quality of any other potential with
benchmarks of beyond-HF ab initio data.

All the potentials tested were pairwise additive,
include internal (bonding) and external (nonbonded)
terms, and correspond to an all-atom model (i.e., all
hydrogens are explicitly considered). None of the
potentials used explicitly include a polarization term,
and a constant dielectric equal to 1.0 was employed
throughout this study. The following versions of
empirical potentials were used: AMBER 4.1 with the
force field of Cornell et al.;'3° CHARMM with empiri-
cal energy function parameter set 23;*8 CFF95 with
the parameter set described in ref 249; OPLS with
parameter sets of Pranata and colleagues;?®° and the
Poltev potential described in ref 251. Table 12
contains stabilization energies for 26 studied H-
bonded base pairs determined with five different
empirical potentials and also with ab initio MP2
method. The results of linear regression (Y = A +
BX) and absolute average errors are presented in
Table 13. This table shows the largest correlation
coefficient for AMBER 4.1 with the Cornell et al. force
field,'3° followed by the OPLS and CFF95 potentials.
The smallest standard deviation from the linear
regression was again found for the AMBER 4.1
potential. Also, the smallest values of absolute aver-
age error were found for AMBER 4.1 and CHARMM
potentials, and CFF95 still gave an acceptable value
of 1.2 kcal/mol.

In the case of stacked NA base pairs, the twist
dependence and vertical separation of bases were
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Table 12. Stabilization Energies (in kcal/mol) of 26
H-bonded NA Base Pairs Obtained by ab Initio MP2
Method and Various Empirical Potentials?

base pair® MP2° A4.1¢ CH239 CFF95 CVFP®¢ OPLS Poltf
GCwcC 254 280 255 21.3 16.6 23.1 255

GG1 240 264 236 21.0 16.2 214 20.9
CcC 188 18.7 181 14.2 10.5 151 175
GG3 171 194 243 16.8 13.6 17.7 18.6
GA1l 15.7 147 151 14.9 9.6 123 134
GT1 147 16.1 14.0 13.8 10.0 129 11.0
GT2 143 156 13.6 12.5 11.6 12.3 134
AC1 143 135 129 13.0 8.1 9.9 137
GC1 139 153 151 12.2 9.4 123 16.8
AC2 141 137 114 14.7 11.79 9.2 133
GA3 152 152 13.0 15.1 8.6 111 119
ATHO 133 145 133 12.6 7.9 10.8 11.9

ATRHO 13.2 145 131 121 8.3 106 117
ATWC 124 128 13.6 12.4 8.3 10.5 113
ATRWC 12.4 127 135 11.8 8.9 103 10.7

AAl 115 108 116 114 6.7 8.0 16.8
GA4 111 11.3 119 9.7 7.2 9.0 13.2
TC2 118 121 111 10.1 9.0 96 11.2
TC1 116 118 11.0 9.4 10.0 8.7 9.5
AA2 11.0 109 10.6 11.2 6.1 78 11.1
TT2 106 12.0 11.2 10.9 7.7 9.6 8.8
TT1 106 121 11.0 10.5 8.3 9.2 9.1
TT3 105 121 107 10.3 9.1 8.8 9.7
GA2 104 114 10.8 9.6 6.9 89 123
GG4 103 10.7 117 7.7 7.0 9.8 132
AA3 10.0 10.9 9.8 9.1 5.6 7.7 10.6

a Taken from Hobza et al. 3. Comput. Chem. 1997, 97, 1136.
b Cf. Figure 2. * AMBER 4.1. ¢ CHARMM23. ¢ CVFF force field
with MEP/STO-3G atomic charges. f Poltev; uracil was con-
sidered instead of thymine. ¢ Stacked structure.

Table 13. Linear Regression Y = A + BX (X = AEMP?)
for Various Empirical Potentials?

method A4.1° CH23* CVFFY CFF95 OPLS Polt

Rf 0.98 0.92 0.88 0.95 0.95 0.85
SD¢ 093 1.78 1.30 1.05 1.76 2.09
A —-0.59 0.14 0.79 1.64 —-1.69 1.64
B 110 1.00 0.62 0.80 0.95 0.85
AAER 0.9 1.0 4.4 12 2.4 17

a Taken from Hobza et al. 3. Comput. Chem. 1997, 97, 1136.
b AMBER 4.1. ¢ CHARMMZ23. ¢ CVFF with MEP/STO-3G atomic
charges. ¢ Poltev. f Correlation coefficient. 9 Standard deviation
(in kcal/mol). M Average absolute error (in kcal/mol); AAE =
(1/26) ¥1%6|AEMP2 — AEX|.

investigated. The standard potentials were compared
with our MP2-fitted empirical potential, since it is
very close to the original ab initio data.®* In general,
all potentials studied exaggerated the electrostatic
interaction; i.e., the difference between maxima and
minima on the twist curves was much larger than
those found on the ab initio MP2 curve. The twist
dependence is for some pairs strongly overestimated
(compared to the MP2 values) by CHARMM, and all
other potentials are closer to the MP2 potential. In
general, the largest differences with respect to MP2
data were found for the CHARMM force field; the
performances of AMBER 4.1, CFF95, and OPLS were
mostly similar. A very similar conclusion was found
also when investigating the energy dependence on
vertical separation of bases in parallel and antipar-
allel arrangements; here, the accuracy is also influ-
enced by the quality of the Coulombic term. It should
be noted, however, that the van der Waals terms of
all the force fields now appear to guarantee a proper
value of vertical separation of the stacked systems
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and a proper value of absolute stacking energy. This
is a marked improvement compared to some older
parametrizations (cf. discussion in refs 22 and 54).

The AMBER 4.1 potential curves have a similar
shape as the reference PES;, however, the maxima
and minima of electrostatic energy are exaggerated
by AMBER, especially for guanine and cytosine. This
result can be easily explained. The atomic point
charges of the AMBER 4.1 force field have been
derived by a fitting to molecular electric potential
around the monomers; thus, the PES should closely
resemble the correct ab initio one. However, the fit
has been made by assuming HF wave functions that
exaggerate the dipole moments of the monomers,
mainly of guanine and cytosine.

Among all tested methods, AMBER 4.1 with the
force field of Cornell et al.'® best reproduces the ab
initio H-bonding and stacking stabilization energies.
Further, all the studied force fields provided better
descriptions of interactions of NA bases than the
semiempirical quantum chemical methods (AM1,
PM3, MNDO/M) and low-level (HF) ab initio treat-
ment. Nevertheless, the HF ab initio method, even
with a minimal basis set, yields rather reasonable
geometries and stabilization energies of H-bonded
pairs.

The recent force fields represent a considerable
step forward in a proper description of base—base
interactions. Further refinement of the force fields
will require inclusion of the pyramidalization of
amino groups of base to describe the out-of-plane
H-bonds and amino—acceptor interactions and inclu-
sion of a polarization term. A polarization term is
important to describe, for example, protonated base
pairs,® polarization of bases due to their interaction
with metal cations,'8-18" and also nonadditivity of
base-pair stacking along the double helix.®®

IV.6. Thermodynamic Characteristics

Thermodynamic characteristics for the formation
of H-bonded NA base pairs were evaluated using the
ab initio data (geometries, harmonic vibrational
frequencies, stabilization energies) utilizing the rigid
rotor—harmonic oscillator—ideal gas approxima-
tion.1%° Theoretical interaction energies, interaction
enthalpies, interaction entropies, and changes of the
Gibbs energy for the formation of base pairs are
collected in Table 14. The calculations were done for
the most stable H-bonded base pairs but did not
consider H-bonded structures where glycosidic nitro-
gens were involved in H-bonding. Further, no degen-
eracy factor has been applied to account for the fact
that some dimers can have several isoenergetical
structures. While the stabilization energies for vari-
ous NA base pairs differ considerably (by more than
200%), the respective interaction entropy terms are
more uniform and vary by less than 40%. Passing
from AE to AHS (i.e. inclusion of ZPE and RT terms)
slightly destabilizes pairs investigated. Following
expectation, entropy is always important and par-
tially or almost completely compensate the enthalpy
stabilization. AG$ is negative only for few the
strongest NA base pairs. Calculated values are
compared with experimental gas-phase interaction



Nucleic Acid Base Pairs

Chemical Reviews, 1999, Vol. 99, No. 11 3271

Table 14. Thermodynamic Characteristics (in kcal/mol) for the Formation of NA Base Pairs Obtained by Rigid
Rotor—Harmonic Oscillator—Ideal Gas Approximation with ab Initio Characteristics; Experimental Values from
Field-lonization Mass Spectrometry and Supersonic Beam Expansion are Given in Parentheses?

base pairs® AE AHg T AHY TASY AGH Kr
GCwcC —23.4 -21.3 298 —20.8 -12.2 -8.6 8.5 x 108 (17)¢
381 —205
(—21.0)°
GG1d —215 —20.7 298 —19.3 —-9.2 —10.1 8.1 x 107 (8)°
cCc -175 —-153 298 —14.9 -12.1 -2.8 1.1 x 10% (2)¢
381 —14.6
(—16.0)
GA1l —13.7 -11.9 298 -11.2 -11.3 0.1 1.6
GT1 —135 -12.9 298 -12.0 —10.9 -11 48
AC1 —135 -115 298 -11.0 -115 0.5 0.4
ATH —-12.7 —-11.2 298 —-10.4 —-11.1 0.7 0.3 (1)
323 —-10.3
(—13.0)°
ATRH -12.6 -11.1 298 -10.1 -11.1 1.0 0.185
ATWC —11.8 —10.3 298 —95 —-11.1 1.6 0.007
ATRWC -11.7 —-10.2 298 -9.4 -11.0 1.6 0.007
AA —11.0 -9.2 298 —8.5 —10.9 2.4 0.002 (0.6)°
TC1 —-10.7 -9.3 298 -85 —-10.7 2.2 0.002
TT —10.0 -9.1 298 =79 -9.9 2.0 0.003 (0.6)°
323 -7.8
(=9.0)°

aTaken from Hobza, P.; Sponer, J. Chem. Phys. Lett. 1996, 261, 379." See Figure 2. ¢See ref 34 (field-ionization mass
spectrometry). 9 Due to the fact that the harmonic approach is not justified, the thermodynamic characteristics are not reliable
and cannot be considered. ¢ See ref 39 (supersonic beam expansion).

enthalpies®* (field-ionization mass spectrometry re-
sults) and equilibrium constants®® (supersonic beam
experiments). The agreement in the former case was
good and concerns not only the relative interaction
enthalpies but even the absolute values; the average
absolute error is less than 1.5 kcal/mol. On the other
hand, experimental equilibrium constants for the NA
base pair formation are far from the theoretical
values and their validity was questioned. It is as-
sumed that some experimental preconditions or as-
sumptions given in ref 39 (reproducibility of the
desorption process and/or reaching of the equilibrium
in the beam expansion) were not fulfilled.

The comparison between the theoretical and ex-
perimental results described above is based on the
assumption that only H-bonded structures of the NA
base pairs exist in the gas phase. High-level ab initio
calculations revealed that H-bonded structures are
more stable than the stacked ones, but the question
remains whether entropy is not changing the relation
between H-bonded and stacked dimers. To answer
this question, it is not enough to evaluate the entropy
contribution for one particular structure of a dimer,
but it is necessary to determine the entropy for all
the structures of a pair. In other words, it is neces-
sary to pass from the PES to the FES. The only way
to fully describe the FES of NA base pairs is to
evaluate the populations of various structures of the
pair within the long-runs of MD simulations.

The first complete theoretical analysis of the gas-
phase formation of a NA base pair has been per-
formed recently, and the PES and FES of the uracil
dimer were determined.'®! Uracil possesses a rather
small dipole moment and it is thus expected that the
H-bonded and stacked structures may be closer in
energy. Furthermore, noncanonical uracil dimers
occur in several RNAs.?5272% | ocalization of the
stationary point was performed by the MD/quenching

Figure 7. Structures of the uracil dimer; HB, T, and S
mean H-bonded, T-shaped, and stacked structures.

technique, and 11 low-energy minima were located
on the respective PES; among them seven are H-
bonded, one is T-shaped, and three correspond to
stacking arrangements (cf. Figure 7). Stabilization
energies determined with the AMBER potential
using the Cornell et al. force field are presented in
Table 15. Evidently, H-bonded structures are more
stable than the stacked ones, and the most stable
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Table 15. Interaction Energies and Changes of Gibbs
Energies Determined by Rigid Rotor—Harmonic
Oscillator—Ideal Gas Approximation (T =298 K,p =1
atm) Calculated by AMBER 4.1 and ab Initio Method
for Various Structures of the Uracil Dimer (energies
in kcal/mol?)

AE AG®
structure® ¢° AMBER 4.1 ab initio AMBER 4.1 ab initio
HB1 2 —13.0 —12.7¢ -1.3 —0.9
HB2 1 -11.1 —10.8¢ 0.9 15
HB3 2 —11.1 —10.44 0.3 11
HB4 1 —15.9 —15.9¢ —-35 -3.0
HB5 1 —11.0 —10.5¢ 0.9 15
HB6 2 —13.4 —12.4¢ =17 -1.0
HB7 2 —10.7 —10.5¢ —-0.7 0.2
T 4 —10.1 —7.84 -05 15
S1 2 —9.4 —7.7¢ 15
S2 2 -8.7 —7.4¢ 2.0
S3 4 -8.1 1.7

@ Taken from Kratochvil et al. 3. Phys. Chem. A 1998, 102,
6921. b Cf. Figure 7; HB, T, and S mean H-bonded (planar),
T-shaped, and stacked structure, respectively. ¢ Symmetry
number, i.e., the number of indistinguishable orientations of
the particular structure. ¢ MP2/6-31G*(0.25)//HF/6-31G**.
¢ MP2/6-31G*(0.25)//IMP2/6-31G*.

structure is a H-bonded dimer with two N;—H---O,
H-bonds. To verify the empirical potential results, we
performed the gradient optimization at the ab initio
level for all the structures found by the MD/AMBER/
guenching technique. From Table 15 it becomes
evident that AMBER data agree excellently with the
ab initio data. It must be mentioned that this is
partly due to the fact that ab initio calculations were
performed with the same basis set as used in the
AMBER/RESP procedure. The best agreement be-
tween AMBER and ab initio was found for planar
H-bonded structures where the largest absolute error
is about 1 kcal/mol. In the case of stacked structures,
the AMBER stabilization energies are overestimated
by about 1.5 kcal/mol. This is, however, a remarkable
success for the AMBER potential, since evaluation
of geometries and stabilization energies requires the
use of time-consuming correlated ab initio tech-
niques. Relative populations of 11 minima found at
the uracil dimer PES, determined by the MD simula-
tions in the NVE microcanonical ensemble, are
shown in Figure 8. The clearly dominant peak
corresponds to H-bonded structure 4, which is also
clearly dominant at the PES. Qualitatively, a new
feature at the FES (with respect to the PES) is the
population of stacked structures in general, and
population of the stacked structure 3 in particular:
The population of the latter structure is in fact the
second highest. Evidently, entropy works for the
energetically higher stacked structures compared to
the H-bonded ones. Consequently, the order of stabil-
ity of various dimer structures at the PES and FES
differs, which indicates the need to compare the
experimental data not with the results obtained from
the PES (as it is mostly done) but from the FES. This
is, of course, true only for experiments performed at
temperatures distinctly different from 0 K. The
present theoretical data, obtained from the MD/NVE
simulations, are to be compared with the relevant
experimental results, i.e., experiments studying the
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Figure 8. Relative population of various structures of the
uracil dimer.

isolated dimer without its interaction with surround-
ings.

V. Conclusions

We have presented a review of the structure and
properties of isolated NA bases and of structure,
energetics, and properties of H-bonded and stacked
NA base pairs as obtained from supermolecular
nonempirical correlated ab initio calculations. The
general findings of this review include the following:

(1) The amino group of NA bases is nonplanar and
very flexible. The pyramidalization of the guanine
amino group is significantly larger than that of the
adenine and cytosine amino group. Direct experi-
mental evidence about nonplanarity of isolated bases
is missing. However, the reliability of the theoretical
prediction is supported by calculating anharmonic
vibrational spectra of an aniline molecule and the
excellent agreement between its experimental and
theoretical inversion frequencies. This gives confi-
dence that the theoretical amino group nonplanari-
ties of NA bases evaluated at the MP2 level with
large basis sets are close to their actual values in the
gas phase. Flexible amino groups of bases allow
formation of out-of-plane H-bonds, mutual amino
group contacts, and amino-acceptor interactions.

(2) Many H-bonded NA base pairs are nonplanar;
nonplanar base pairs are significantly propeller
twisted and buckled. The energy difference between
nonplanar and planar pairs is, however, small (usu-
ally within 1 kcal/mol).

(3) Stabilization of H-bonded NA base pairs is of
electrostatic origin and, therefore, rather reliable
characteristics are obtained already at the Hartree—
Fock level with medium-sized polarized basis sets of
atomic orbitals. Nevertheless, inclusion of the elec-
tron correlation energy via the MP2 perturbational
theory improves the results and further improvement
can be achieved by applying large basis sets aug-
mented by higher-angular momentum functions. On
the other hand, the stability of stacked pairs is due
to the dispersion energy, and thus, correlated calcu-
lations are strictly required for receiving reliable data
on these pairs. Further, base-stacking calculations
must be carried out using a basis set containing
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diffuse d-polarization functions; failure to do so
means a qualitative underestimation of the stabiliza-
tion energies. However, it is not advised to apply
extended basis sets of atomic orbitals for base stack-
ing at the MP2 level, due to a moderate overestima-
tion of base stacking by the MP2 method. The full
counterpoise procedure must be used to eliminate the
basis set superposition error in all interaction energy
calculations of H-bonded and stacked base pairs,
including the correlation part of the interaction
energy. H-bonded pairs are systematically more
stable than the corresponding stacked base pairs. An
empirical potential consisting of a Lennard—Jones
van der Waals term and a Coulombic term with
atom-center point charges is sufficient to provide a
reasonable description of base stacking. The charges
must be fitted to reproduce the electrostatic potential
around the monomers and the van der Waals term
must be adjusted to reproduce the absolute values
of stacking energies and optimal vertical separation
of bases.

(4) Intermolecular vibrational frequencies of H-
bonded pairs are almost constant, and for all pairs
the buckle and propeller twist vibrations are the
lowest ones. Harmonic and anharmonic intermolecu-
lar vibrational frequencies of the ATWC pair differ
by less than 50%, and the harmonic approach is
rather reliable. However, for base pairs with very low
intermolecular vibrational modes, the harmonic ap-
proach is not valid. Ab initio evaluation of vibrational
frequencies of stacked pairs is still impractical.

(5) Reliable structural and energetical results for
H-bonded as well as stacked base pairs are only
obtained at the correlated level, providing that the
diffuse polarization functions are used. MP2 calcula-
tions with these basis sets yield underestimated
H-bonded stabilization energies, while stacked sta-
bilization energies will be close to the actual values.

(6) DFT methods fail to describe stacked base pairs,
while they can provide reliable characteristics of
H-bonded pairs.

(7) Use of current semiempirical methods of quan-
tum chemistry for NA base pairs cannot be recom-
mended.

(8) Entropy is always important in the formation
of NA base pairs, and energetically less favorable
stacked structures are preferred over the H-bonded
ones. Reliable thermodynamic characteristics for
H-bonded and stacked pairs are obtained only by
using computer experiment simulations.

(9) Among various potentials tested, the AMBER
potential with the Cornell et al. force field'3® best
reproduces the ab initio H-bonding and stacking
stabilization energies and is recommended for mo-
lecular dynamics simulations of DNA and RNA.
Further improvement of the force field description
requires inclusion of anisotropy of the interactions,
amino group pyramidalization effects, and a polar-
ization term. The polarization term would allow
evaluation of many-body effects in stacked clusters,
which modulate for example the sequence-depen-
dence of base stacking energy along the double helix.
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