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ABSTRACT Base-stacking interactions in canonical and crystal B-DNA and in Z-DNA steps are studied using the ab initio
quantum-chemical method with inclusion of electron correlation. The stacking energies in canonical B-DNA base-pair steps
vary from —9.5 kcal/mol (GG) to —~13.2 kcal/mol (GC). The many-body nonadditivity term, although rather small in absolute
value, influences the sequence dependence of stacking energy. The base-stacking energies calculated for CGC and a
hypothetical TAT sequence in Z-configuration are similar to those in B-DNA. Comparison with older quantum-chemical
studies shows that they do not provide even a qualitatively correct description of base stacking. We also evaluate the
base-(deoxy)ribose stacking geometry that occurs in Z-DNA and in nucleotides linked by 2',5’-phosphodiester bonds.
Although the molecular orbital analysis does not rule out the charge-transfer n-=* interaction of the sugar O4’ with the
aromatic base, the base-sugar contact is stabilized by dispersion energy similar to that of stacked bases. The stabilization
amounts to almost 4 kcal/mol and is thus comparable to that afforded by normal base-base stacking. This enhancement of
the total stacking interaction could contribute to the propensity of short d(CG),, sequences to adopt the Z-conformation.

INTRODUCTION

Stacking interactions represent one of the important sources
of DNA stability and conformational variability (Calladine
and Drew, 1986; Hunter, 1993; §poner and Kypr, 1991b,
1993a,b; Gorin et al.,, 1995; Olson and Zhurkin, 1996).
Base-stacking interactions are usually studied by means of
empirical potentials. Empirical potentials allow a thorough
search over a wide range of conformations. However, the
information obtained is limited in several ways: 1) the
current empirical potentials are pair-additive and do not
cover many-body contributions; 2) both the van der Waals
parameters and atomic charges used by various force fields
differ considerably (Sponer and Kypr, 1991a, 1993b; Rud-
nicki and Lesyng, 1994; Hobza et al., 1996a, 1997); 3) all
empirical potentials are based on the same, very simple
analytical expression for the intermolecular interactions,
which may not be sufficient to cover all physical contribu-
tions (some contributions can even be completely absent).

The uncertainties of empirical potential treatment may be
eliminated by using nonempirical (ab initio) quantum-
chemical techniques. A proper quantum-chemical evalua-
tion of aromatic stacking is a considerably more difficult
task (Hobza et al., 1994a.b, 1995; Smith and Jaffe, 1996;
§poner et al.,, 1996a,b,d,e)). Stacked complexes are stabi-
lized by the dispersion attraction, which originates in the
intermolecular correlation of electron motion. Lower level
quantum chemical methods (e.g., semiempirical ap-
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proaches, Hartree-Fock (HF) ab initio calculations, density
functional theory (DFT)), which can be satisfactorily used
to characterize hydrogen bonding in bases, fail to evaluate
base stacking (§poner et al., 1996b,d; Hobza et al., 1997).
We must especially underline the limited accuracy of all
DFT-based ab initio approaches, although they can be used
for relatively large systems (Hutter et al., 1996; Carloni and
Andreoni, 1996).

Recent improvements in computer hardware and software
allowed us to characterize base stacking by using the sec-
ond-order Mgller-Plesset (MP2) perturbation theory, which
covers a significant portion of the electron correlation ef-
fects (Hobza et al., 1995; §poner et al., 1996a,b,d,e). The
MP2 method, with a diffuse-polarized basis set of atomic
orbitals, is a low-cost theoretical tool that is free of empir-
ical parameters and covers most important contributions to
the interaction energy. The electrostatic interaction, which
is the structure-making term, has converged at this level, as
demonstrated by calculations of electrostatic properties of
isolated nucleic acid bases with large basis sets of atomic
orbitals (Sponer et al., 1996a,b). The dispersion attraction is
also properly covered, which is evidenced for smaller aro-
matic stacking complexes (benzene dimer, aminopyrimi-
dine dimers, etc.). For these complexes, both large basis sets
of atomic orbitals and the very accurate coupled cluster
method with noniterative triple electron excitations
(CCSD(T)) were extensively tested (Hobza et al., 1996b;
§poner and Hobza, 1997). Finally, MP2 calculations with
medium-sized diffuse-polarized basis sets of atomic orbitals
agree with available gas-phase experimental data on aro-
matic stacking complexes (benzene--Ar, Krause and Ne-
usser, 1993; Brupbacher et al., 1994; benzene dimer, Aru-
nam and Gutowsky, 1993; Henson et al., 1992). It should be
noted that no such experiments are available for base stack-
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ing, because nucleic acid bases form hydrogen-bonded
complexes in the gas phase.

For nearly a decade, the quantum-mechanical calcula-
tions by Aida (Aida, 1988; Aida and Nagata, 1982, 1986)
represented reference values for base stacking. These stud-
ies were made within the HF approximation with the 4-31G
basis set and second-order perturbational evaluation of non-
expanded dispersion energy. The present MP2 calculations
with the 6-31G*(0.25) diffuse-polarized basis set represent
an improvement, concerning mainly the following items.
The 4-31G basis set was too small to provide accurate
values of electrostatic energies (polarization functions are
necessary) and strongly underestimated the dispersion at-
traction (diffuse polarization functions are inevitable). Fur-
thermore, the reduction of the dipole moments and dipole-
dipole interactions due to the electron correlation could not
be considered. Finally, the previous reference values were
not corrected for the so-called basis set superposition error.

Recent MP2 studies on base-base interactions sought
mainly to characterize in a basic way the conformational
space of neutral and protonated base dimers. Special atten-
tion is given to the nature of stacking (Hobza et al., 1995;
Sponer et al., 1996ab,d,e), hydrogen bond interactions
(Gould and Kollman, 1994; §poner and Hobza, 1994b,c;
Hobza et al., 1995; Florian and Leszczynski, 1995, 1996;
§poner et al., 1996¢,d,e), and the ability of various empirical
potentials and semiempirical and density functional theory
techniques to reproduce the ab initio data (Hobza et al.,
1996b, 1997; §poner et al.,, 1996a—e). The calculations
demonstrated that a properly parameterized empirical po-
tential provides a better description of the nucleic acid-base
interactions than any semiempirical, density functional the-
ory or Hartree-Fock ab initio method. Here we extend our
previous calculations and evaluate the base-stacking ener-
gies in 10 canonical B-DNA base-pair and Z-DNA steps,
and compare them with stacking evaluated for crystal B-
DNA geometries. Base-pair step stacking energy is calcu-
lated as a sum of four individual base-base interactions
evaluated by the MP2 method and the many-body correc-
tion. The many-body correction covers nonadditivity of
interactions and has been estimated at the HF level. This
energy contribution is not included in available force fields
and has not been studied in previous quantum-chemical
studies.

We also study the origin and strength of the purine-
(deoxy)ribose stacking interaction. This type of interaction
rarely occurs in nucleic acid helices. It does, however, occur
in Z-DNA (Wang et al., 1979), RNA tetraloops (Cheong et
al., 1990), and various dinucleotides containing 2’,5'-phos-
phodiester linkages (Krishnan and Seshadri, 1993, 1994). A
detailed survey of these contacts has been made recently
(Egli and Gessner, 1995). This interaction has not been
studied quantum chemically until now, although its pres-
ence in Z-DNA has evoked speculation about its origin and
importance (Egli and Gessner, 1995). One of the aims of the
present study is to clarify whether this interaction exhibits
any unusual interaction that could imply a failure of the
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standard empirical potentials. Z-DNA is likely to exist in
vivo (Jaworski et al.,, 1987; Rhamouni and Wells, 1989;
Lukomski and Wells, 1994; Miiller et al., 1996) and perform
some biological function (Rich, 1994; Wolfl et al., 1996).
The presence of Z-DNA binding proteins, for example,
indicates that aspects of the Z-conformation are being tar-
geted (Herbert et al., 1993). So, the (syn)-purine-deoxyri-
bose stacking geometry is a potentially important protein
recognition site. However, no detailed structures exist for
protein bound to DNA in the Z conformation at the present
time. Despite advances in elucidating Z-DNA biology, the
mechanism of the B- to Z-DNA transition itself remains
largely unsolved. Structural models for the transition exist
(Olson et al., 1983; Harvey, 1983; Saenger and Heinemann,
1989), but none are conclusive and none consider the pos-
sible role of the purine-sugar attraction. Also potentially
important are the 2’,5'-linked dinucleotides that appear in
interferon-treated cells (Kerr and Brown, 1978). Such
dinucleotides are known to adopt the (syn)-purine-sugar
stacking geometry (Krishnan and Seshadri, 1993, 1994) and
could be acting as effectors in cellular processes induced by
interferon. Proper consideration of the base-sugar stacking
geometry could improve structure-based drug design or
even suggest a new class of biologically active compounds.

METHOD
Evaluation of interaction energies

The interaction energies were calculated using the second-
order Mgller-Plesset (MP2) perturbational method. A stan-
dard split-valence 6-31G basis set of atomic orbitals, aug-
mented by a set of diffuse d-polarization functions with an
exponent of 0.25 added to the second row elements (desig-
nated 6-31G*(0.25)), was used (Kroon-Batenburg and van
Duijneveldt, 1985; Hobza et al., 1986). The use of modified
exponents of polarization functions is quite essential for
covering the space between the interacting monomers, to
include the dispersion attraction. Fortunately, modification
of the exponents of polarization functions does not signifi-
cantly influence the other contributions (Sponer et al.,
1996b). The use of the 6-31G* basis set with standard
d-polarization functions (exponent of 0.8) would underesti-
mate base stacking by almost 50% for approximately the
same computational requirements.

Although the MP2 method covers a significant portion of
electron correlation effects, higher order contributions to
electron correlation not included in the MP2 approximation
may still be important. Such calculations are now available
for a number of smaller, symmetrical systems. A reduction
in correlation stabilization energy (mainly dispersion en-
ergy) is encountered when passing from MP2 to higher-
level calculations (MP4(SDTQ) and CCSD(T) methods) for
all stacked complexes containing an aromatic molecule (1-2
kcal/mol per dimer). On the other hand, extension of the
basis set increases the dispersion attraction (Hobza et al.,
1994a, 1996; Smith and Jaffe, 1996; Sponer and Hobza,
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1997), so that both effects compensate. Thus the currently
reported MP2/6-31G*(0.25) values of base-stacking ener-
gies are expected to be close to the actual values.

The interaction energy of a dimer of nucleobases, E™
consists of two components: the Hartree-Fock (HF) and
correlation interaction energies. E™ is evaluated as a dif-
ference between the energy of the complex and the sum of
the monomer energies (supermolecule approach). Both the
HF and the correlated components of the interaction energy
are corrected for the basis set superposition error.

The stacking interaction energy of the base-pair step is
evaluated as a sum of four MP2 base-base contributions
(Fig. 1). In addition, many-body effects are estimated by
evaluating the difference (many-body correction) between
base stacking calculated as the interaction of two base pairs
and as the sum of four base-base interactions. These calcu-
lations can only be made at the HF/6-31G*(0.25) level. The
HF approximation covers first-order exchange and induc-
tion (deformation) nonadditivities only. We are not able to
estimate the dispersion nonadditivities, which could cer-
tainly affect the total nonadditivities. The evaluation of
higher order nonadditivities, including the dispersion non-
additivity, would require at least the MP3 level of calcula-
tions (Chalasinski and Szczesniak, 1994). Such calculations
are not currently feasible.

Ab initio calculations are performed using the Gauss-
ian94 program suite (Frisch et al., 1994). The scf = tight
option must be used to evaluate the many-body correction,
because the standard single-point cutoffs for the HF proce-
dure are insufficient for the present system.

Geometries of stacked base-pair steps

The base stacking energies were calculated for several sets
of geometries. First, starting from the B-DNA fiber diffrac-
tion geometry (Arnott et al., 1980), the 10 canonical dinu-
cleotide base steps were built and minimized using the
JUMNA program and the FLEX nucleic acid force field
(Lavery et al., 1986; Lavery, 1988). Using the optimization,
we tried to account for the possible backbone contributions.
The initial B-DNA geometry is characterized by the follow-
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FIGURE 1 Stacking of a base-pair step. AD-+BC is being approximated
as a sum of four base-base contributions (A--B, C+D, A-C, B-D) eval-
vated at the MP2/6-31G*(0.25) level, plus the many-body correction
(AD+BC interaction energy minus the base-base contributions) evaluated
at the HF/6-31G*(0.25) level.
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ing parameters: rise 3.38 A, helical twist 36°, propeller twist
0°, tilt 0°, inclination 0°, base pair roll 0°, and buckling 0°.
During minimization, mononucleotide symmetry is im-
posed on the structure, and base-pair rise, tilt, inclination,
propeller twist, and buckle (as defined by the Cambridge
conventions; Dickerson et al., 1989) are held fixed to main-
tain B-form helical geometry. In addition, ApT, GpC, CpG,
and TpA Z-DNA steps were built in a similar fashion, but
with important differences. Starting from the original
d(CG); crystal structure (Wang et al., 1979), the central
nucleotides were replaced with the desired sequence, using
the Curves program (Lavery and Sklenar, 1988), and min-
imized by using JUMNA without symmetry constraints but
with the same parameters as above locked at their starting
values. We built the Z-DNA steps in this fashion to obtain
a “standard” Z configuration.

During the review process, one of the referees criticized
the use of force-field preoptimizated structures in subse-
quent ab initio calculations. Potential energy optimization
substantially relaxes the DNA fiber diffraction structure
(Lavery and Hartmann, 1994). So to make our results more
easily reproducible by other investigators and to eliminate
any force-field dependence in our results, a second set of
B-DNA geometries was prepared. We used optimized ge-
ometries of AT and GC Watson-Crick base pairs obtained at
the HF/6-31G** level (Sponer et al., 1996¢c). We calculated
the centers of the two C6—C8 base pair axes and prepared
base-pair steps where all parameters were 0, except rise
(3.38 A) and helical twist (36°). The C6-C8 axis centers
were stacked directly above one another; i.e., displacements
were zero. No further adjustment has been made. These
geometries can be easily reproduced and used to test other
computational techniques. Throughout this paper, the un-
displaced standard B-DNA geometries will be referred to as
set I, and those produced by JUMNA will be referred to as
set II. Fig. 2 shows the stacking of the GG steps in these two
arrangements. For all other steps the set II geometry is very
close to that for the GG step. The two sets of geometries
differ in two parameters: geometry set II has twist 32°-34°,
and the Y-displacement is —2.5 At -35A.

We did not consider any further geometries for the Z-
DNA steps. The constrained JUMNA optimization did not
introduce any visible changes in the geometry. There are no
experimental geometries for the hypothetical AT and TA
Z-DNA steps, so we must rely on model geometries.

The present calculations on canonical B-DNA structures
were carried out with propeller twist of zero for the follow-
ing reason. Propeller twist influences stacking in a se-
quence-dependent way. Thus the use of an average propeller
twist would improve the energy in some steps, whereas in
some others it would cause artificial destabilization due to
steric clashes (Sponer and Kypr, 1990, 1993a). To estimate
the influence of propeller twist and other local conforma-
tional variations, the present data will be compared with
calculations using geometries from high-quality B-DNA
decamer structures: all five independent steps of the d(C-
CAACGTTGG), B-DNA decamer at 1.5-A resolution and
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FIGURE 2 B-DNA GG base pair step. (A) Geometry I (undisplaced); (B)
geometry II (displaced, processed by JUMNA).)

the central GC step from the B-DNA decamer d(CCAGGC-
CTGG), solved to a resolution of 1.6 A. The base-base
MP2/6-31G*(0.25) interaction energies are taken from an
earlier study (époner et al., 1996a), but with the many-body
term recalculated at the HF/6-31G*(0.25) level.

In quantum-chemical calculations only atoms of bases
were considered and the glycosidic bonds are replaced by
hydrogen atoms. Furthermore, “force-field” base geome-
tries (set II) are replaced by planar MP2-optimized geome-
tries of bases (époner and Hobza, 1994a), as in our previous
study (§poner et al., 1996a). Use of nonoptimized geome-
tries of bases could affect the dipole moments and electro-
static interaction energies.

Analysis of the sugar-base stacking

The initial geometry of the sugar-base complex was ob-
tained by starting from a crystal structure (Gessner et al.,
1989). The phosphate is replaced by a hydrogen, and the
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C5' atom is replaced by either a hydrogen or an optimized
methyl group. The geometry of ribose is relaxed (i.e., op-
timized with all dihedral angles involving crystallographi-
cally observable atoms frozen according to the respective
nucleotide/dinucleotide structure) at the ab initio HF/6-
31G** level. The optimized position of the Mg?* cation
with respect to the guanine has been obtained at the HF/6-
31G* level. The metal ion is placed between the N7 and O6
atoms of guanine (Burda et al., 1996). To measure the
spatial orientation of the furanose oxygen with respect to the
pyrimidine ring of the guanine base, a simple vector alge-
braic algorithm is used (Gabb et al., 1996). First, calculate
the mean plane and the geometric center of the pyrimidine
ring of the purine base. Next, extend a cylinder normal to
this mean plane with its origin at the geometric center. The
radius of the cylinder is equal to the distance between the
ring geometric center and the midpoint of the C4-C5 bond
of the purine. Let S be the normal vector extending from the
ring geometric center. The vector V represents the distance
from the ring geometric center to the furanose oxygen. Two
parameters, z and r, describe the position of the furanose
oxygen with respect to the pyrimidine ring of the purine
base. These two parameters are calculated using the follow-
ing equations:

¢ = cos™'[(V-S)/(V]-[S])]
where V - S is the dot product of the two vectors and
z = [V|cos(¢)
r = [V]sin(¢)

So z is the vertical distance of the oxygen over the base and
r is the lateral distance of the oxygen from the center of the
base ring.

RESULTS AND DISCUSSION
Base stacking
Interstrand and intrastrand stacking

Table 1 shows the total stacking energies and components
for the base-pair steps: the canonical undisplaced B-DNA
geometry (set I), geometries that were relaxed by the
JUMNA program starting from the fiber DNA (set II, in
parentheses), Z-DNA structures, and six B-DNA and two
Z-DNA steps from crystals. Thus our present analysis is
based on a comparison of four different sets of geometries,
covering a large sample of structures.

The total stacking energy in B-DNA ranges from —9.5
kcal/mol (GG) to —13.2 kcal/mol (GC) for standard geom-
etry set I, from —8.3 kcal/mol (GG) to —15.8 kcal/mol (GC)
for geometry set II, and from —8.9 kcal/mol (GG) to —12.6
kcal/mol (GT) for the crystal data. The stabilization is
dominated by the intrastrand contribution to the interaction
energy, which ranges (for set I) from —18.1 kcal/mol (GC)
to —4.6 kcal/mol (GG). The rather unstable intrastrand
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TABLE 1 Stacking energies for base-pair steps in B and Z conformation
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Base-pair Step Eimra Einler EMB ET

AA* —9.8 (—8.6) -22(-2.7 —0.1 (—0.1) —120(-11.4)
AA crystal” -95 -23 0.0 -11.8

GG* -4.6(-4.9) —6.9 (—5.6) +2.0 (+2.1) -9.5(—8.3)
GG crystal” -39 ~17.4 +24 -89

TC* —12.5(—1L.5) +0.4 (-0.1) +0.7 (+0.4) —11.4(-11.2)
CT* -11.9(-10.8) —0.3 (—0.6) +0.7 (+1.2) —11.5(-10.1)
AT* -10.3 (~11.7) —0.4 (—0.4) +0.1 (+0.1) ~10.6 (—12.0)
AT Z-DNA -10.6 -13 +0.6 —11.3

GC* —18.1(—18.5) +4.0 (+3.9) +0.9 (—0.9) —13.2 (—15.6)
GC crystal” —-16.6 +5.0 +0.1 -11.5

GC Z-DNA —-18.2 +5.1 -05 —-13.6

GC Z-DNA** -172 +3.7 -0.5 —-14.0

GT* -9.0(-9.5) -3.3(-3.0) +0.6 (0.0) —11.8 (- 12.5)
GT crystal® -9.9 -33 +0.6 -12.6

TA* —10.1 (-8.7) —1.1(-3.3) 0.0(—0.2) -11.2(—122)
TA Z-DNA -6.1 -53 +0.4 -11.0

CG* —11.1 (—8.4) -2.7(-4.2) +0.7 (+1.0) —13.1 (—11.6)
CG crystal® -94 -3.7 +0.8 -123

CG Z-DNA ~10.1 -1.6 -1.0 -12.7

CG Z-DNA** -10.3 -14 -0.9 -12.6

CA* —8.5(—6.9) —4.4(-5.3) +0.6 (+0.9) —123(—11.3)
CA crystal” -7.7 -48 +0.6 -11.9

E;pura is the sum of the two intrastrand stacking contributions, evaluated at the MP2/6-31G*(0.25) level; E,,, is the sum of the two interstrand stacking
contributions, evaluated at the MP2/6-31G*(0.25) level; Ey is the many-body correction evaluated at the HF/6-31G*(0.25) level. Total stacking energy

Er = Ejpua + Eier + Emp- The glycosidic bonds were replaced by hydrogens.

*Standard B-DNA, geometry set I. Values in parentheses, geometry set II (see Method).

#Geometries from high-resolution crystal structures, interstrand and intrastrand contributions taken from Sponer et al. (1996a).

¥Note that in our previous paper (§poner et al., 1996a), the Z-DNA steps are mislabeled. They should be G2C3 and C3G4 instead of C2G3 and G3C4.

stacking in the GG steps originates in repulsive intrastrand
dipole-dipole interactions. The interstrand contribution to
the stacking energy ranges (for set I) from —6.9 kcal/mol
(GG) to +4.0 kcal/mol (GC). The interstrand and intras-
trand contributions tend to compensate each other. The large
interstrand attraction in the CA step is due to the guanine-
adenine interaction, which influences the unique stacking
properties of CpA(TpG) steps (§poner et al., 1994).

Nonadditivity of stacking

The many-body corrections are rather small and vary from
—0.9 kcal/mol (GC, set II) to +2.4 kcal/mol (GG, crystal
geometry). However, they influence the sequence depen-
dence of stacking energy. Many-body correction changes
the stability order for standard geometry I. Specifically, the
GG step becomes the least stable upon inclusion of the
many-body term. The many-body term also increases the
energy difference between the most stable and least stable
steps for geometry set II (from 4.4 to 7.4 kcal/mol) and for
the crystal geometries (from 1.9 to 3.4 kcal/mol). The GG
step with evidently repulsive intrastrand electrostatics has a
repulsive many-body term. The GC step has a repulsive
many-body term in geometry set I, but an attractive many-
body term in geometry II with a difference between these
two geometries of 1.8 kcal/mol. Thus the many-body term
changes faster than all other contributions and is responsible
for the energy difference of 2.3 kcal/mol in favor of geom-
etry II. We investigated other geometries of the GC step,

starting from the geometry in set I, with various values of
Y-displacement, mimicking the I-II transition. The many-
body term was initially +0.9 kcal/mol (Y-displacement of
0, twist 36°), and then was continuously reduced: +0.5
keal/mol (—0.85 A, 35°), +0.1 kcal/mol (—1.7 A, 34°),
—0.5 kcal/mol (—2.55 A, 33°), and finally, —0.9 kcal/mol
for geometry II. Table 1 clearly shows that the many-body
term can be large in absolute value and highly variable in
steps consisting of two GC base pairs. It is always negligible
in steps consisting of two AT base pairs. The present results
indicate that the bases are polarized by the electric field
created by the other bases. To further illustrate the induction
origin of nonadditivity, we considered a GG step with a
twist of 0, which maximizes the intrastrand dipole-dipole
repulsion (other parameters as above for geometry I). The
very repulsive intrastrand electrostatic interaction is ex-
pected to be enhanced by the polarization. Indeed, the
three-body term increased from +2.0 kcal/mol (twist of
36°) to +2.8 kcal/mol. Furthermore, we added a third GC
base pair (i.e., two consecutive GG steps with a twist of 0),
which increased the many-body correction to +6.9 kcal/
mol, or +3.4 kcal/mol per base-pair step. The enhancement
of polarization effects when increasing the size of the clus-
ter (and intensity of the electric field) is well documented
for smaller systems, such as formamide clusters and crystal
(Suhai, 1994) and water clusters (Saykally, 1996, and ref-
erences therein). Such effects are not included in the present
empirical potentials for nucleic acids. Polarizable potentials
are under development and are currently being testing for
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simpler systems (Ding et al., 1995; Caldwell and Kollman,
1995; Bernardo et al., 1994; Sun et al., 1995; Alkorta and
Perez, 1996; Engkvist et al., 1996; Aastrand et al., 1994).

Stacking in B-DNA crystals and Z-DNA

The crystal-stacking energies are similar to those for ideal-
ized structures. The central GpC step of the d(CCAGGC-
CTGG), decamer is rather unstable. The reason is not
known, although it has been suggested that central steps of
crystals with twofold symmetry are more restricted by the
crystal environment than the remaining steps (Sponer and
Hobza, 1994b). Unfortunately, we cannot make a more
exhaustive scan of the conformational space of the stacked
dimers. In addition, the solvent (Friedman and Honig, 1992)
and entropy contributions, both difficult to quantify, are
likely to be important. A comparison with crystals could be
hampered by artifacts in crystal structures, x-ray data, and
refinement inaccuracies (§poner and Kypr, 1993b). Our
data confirm that stacking interactions are very flexible and
allow a wide range of geometries with similar stability.

Base stacking in Z-DNA has a strength comparable to
that of B-DNA for both CGC and TAT alternating se-
quences. Moreover, the individual contributions exhibit
some similarity in B-DNA and Z-DNA. We did not find any
striking explanation based on stacking of why alternating
CG sequences readily form Z-DNA whereas alternating TA
sequences do not. The present analysis does not cover the
free energy of base stacking (Pearlman and Kollman, 1990;
Dang et al., 1990). The sequence preference for the B-to-Z
transition may be determined primarily by the solvent free
energy and the solvent-accessible surface (Tagawa et al.,
1989; Mooers et al., 1995).

Empirical potential calculations

An important question is, how accurately can empirical
potentials approximate ab initio data? We recently com-
pared MP2 interaction energies for almost 300 geometries
of neutral stacked base dimers with data obtained by using
a simple pairwise-additive empirical potential (Sponer et al.,
1996a,b.d,e). The potential consisted of a common Lennard-
Jones term and a standard Coulombic term with atom-
centered point charges. Proper evaluation of the electro-
static term is crucial to achieving an agreement with the ab
initio data. The charges were fitted to reproduce the molec-
ular electric potential around isolated bases with the
6-31G*(0.25) basis set and with inclusion of the electron
correlation using the MP2 method. More details concerning
these empirical potential calculations, including a list of the
atomic charges and specification of the van der Waals term,
may be found in a previous paper (époner etal.,, 1996a). The
agreement between the ab initio data and this empirical
potential is remarkable, which strongly suggests that atom-
centered point charges derived from molecular electric po-
tentials with a sufficiently accurate method provide an ex-
cellent approximation of the electrostatic interaction energy.
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These charges effectively include higher multipoles. Thus
there is no reason to use additional charges (for example,
out-of-plane, “7”) (§poner et al.,, 1996a,b). Our findings
support the use of the standard empirical potential form
currently being used in many classical mechanical studies to
treat electrostatics. The quality of such potentials depends
mainly on the method by which the charges were derived
(for a survey of recently introduced potentials, see Hobza et
al., 1997) and the ability of the van der Waals term to
reproduce the vertical separation of base pairs in DNA
(Sponer and Kypr, 1993b).

The same comparison for B-DNA geometry set I is made
in Table 2. There is again a good agreement between the
empirical potential and ab initio data (the agreement for the
other sets of geometries was similar (not shown); the data
for crystal geometries were published previously (Sponer et
al., 1996a)).

Table 2 shows all individual base-base contributions. For
a given step, the first row contains the ab initio MP2 values.
The next row shows the electrostatic energy evaluated with
the potential-derived charges, and the numbers in parenthe-
ses show the total empirical potential interaction energy
after the Lennard-Jones potential is added. The empirical
potential and ab initio data correlate well. Because of the
large dipole moments of guanine and cytosine, base-pair
steps consisting of two GC pairs ensure larger variations of
base-stacking energy along the helix. This stacking energy
variability is much smaller for the remaining steps. The
electrostatic interaction energies shown in Table 2 support
this statement. The total values of electrostatic interaction
energies do not vary significantly, from +0.2 kcal/mol (CG)
to +3.4 kcal/mol (GG). However, the difference between
the GC and AT pairs is revealed when the sum of absolute
values of the four individual base-base electrostatic contri-
butions is considered. This sum is 12-13 kcal/mol for the
GG and GC steps, and smaller than 5 kcal/mol for the
remaining eight steps. This quantity exhibits especially
small variations for steps consisting of two AT pairs, 2.6—
3.0 kcal/mol. The individual base-base electrostatic contri-
butions in these three steps only vary from —0.3 kcal/mol to
+1.1 kcal/mol. In other words, the GC step influences
stacking more by electrostatic contributions, whereas AT
stacking is more dispersion-controlled. It is interesting to
note that this trend is promoted by the pyrimidine methyl-
ation. Reversion of methylation (U instead of T, and >™C
instead of C) would reduce the above-mentioned difference
between stacking properties of GC and AT base pairs (cf.
also discussion in Wang and Kool, 1995).

Comparison with previous studies

Fig. 3 compares the present MP2 ab initio data (geometry
set I without the many-body correction) with some older
computational procedures. (Note that the geometries used
here and those used in the previous studies differ, so Fig. 3
should be searched for qualitative trends only.) Among the
previous quantum-chemical studies, the best agreement is
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TABLE 2 Comparison of the ab initio stacking energies (without the many-body term), and the empirical potential data,
standard B-DNA, geometry set |

1.-2 3.4 1.-3 2...4 TOT
A1A2(T3T4) MP2 -6.2 -3.6 -12 -1.0 -12.0

POT +0.7 (—6.8) +0.8 (—3.5) -02(-14) -03(-19) +1.0(—13.7)
G1G2(C3C4) MP2 =35 -11 —4.1 -238 -11.5

POT +4.3(—4.3) +3.5(-0.7) -3.1(—4.4) —-13(-34) +3.4(—12.8)
T1C2(G3A4) MP2 =37 -88 +0.4 0.0 —12.1

POT +0.7 (=3.7) -1.2(-94) +1.0(-0.3) +1.6 (0.0) +2.1(—13.4)
C1T2(A3G4) MP2 —49 =70 0.0 -0.3 =122

POT -02(-44) +0.1(-7.7) +1.0(-0.3) +1.0(-1.0) +1.9(—13.4)
AIT2(A3T4) MP2 -5.1 -5.1 -0.8 +0.4 -10.6

POT +0.6 (—5.2) +0.6 (—5.2) +1.0(-1.6) +0.8 (+0.2) +3.0(-11.8)
G1C2(G3C4) MP2 —-9.0 -9.0 +1.4 +2.5 —14.2

POT -2.9(-9.5) -2.9(-9.5) +4.1(+1.1) +3.2(+2.6) +1.4(—15.3)
GIT2(A3C4) MP2 —4.5 -4.5 =32 -0.1 -12.3

POT +1.7(—4.6) +1.3(—4.7) -1.2(-39 +0.4 (-0.2) +2.2(—13.5)
T1A2(T3A4) MP2 -5.0 =50 +0.3 -14 —-11.2

POT +0.6 (-5.2) +0.6 (—5.2) +0.8 (+0.2) +1.1(-2.3) +2.9(-13.6)
C1G2(C3G4) MP2 -5.6 =56 +1.1 -3.7 -13.4

POT =09 (-6.0) -0.9 (-6.0) +1.7(+1.0) +0.3 (—4.2) +0.2 (—15.3)
CIAX(T3G4) MP2 -38 -4 -09 =35 -129

POT 0.0(-5.3) +1.0(—4.0) -04(-1.0) -04(—44) +0.1 (—14.7)

1...2,3...4,1...3,2. . 4, The individual base-base contributions, as indicated in the first column; TOT, sum of the four individual base-base contributions;
MP2, the ab ibitio values; POT, electrostatic energy approximated by the point charge Coulombic term with electrostatic potential-derived charges. Values
in parentheses, electrostatic energy plus van der Waals Lennard-Jones empirical potential. The empirical potential parameters were taken from §poner et
al. (1996a). All data are in kcal/mol.

found with the pioneering ab initio study of Aida (1988),
although her calculations underestimate the stacking ener-
gies because of the insufficient size of the basis set. The
results of Ornstein et al. (1978) also tend to underestimate
stacking energies and to significantly exaggerate the se-
quence dependence of stacking energy. Kudriatskaya and
Danilov (not shown) predicted that the stacking energies
vary from —6.6 kcal/mol (AT) to —23.6 kcal/mol (CG)
(Kudriatskaya and Danilov, 1976). DeVoe and Tinoco
(1962) calculated a range from —1.8 kcal/mol (TA, CG) to
—15.9 kcal/mol (GC). The inability of previous attempts to
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properly predict the base stacking and their mutual incon-
sistency is due to the insufficient level of theoretical treat-
ment imposed by the computer resources available. Let us
note, however, that when going from the older studies to
present high-level ab initio data, steady improvement can be
seen. Furthermore, as the physical description of stacking
becomes more complete, the predicted sequence depen-
dence of stacking decreases sharply. Fig. 3 also shows the
stacking energies obtained by Hunter (1993), using the
empirical 7-7r interaction model (the data were extracted
from the figures in Hunter (1993) and correspond to stan-
dard B-DNA structure with a propeller twist of 15°). His
agreement with the present data is rather poor, and the
absolute value of stacking is underestimated.

Base-(deoxy)ribose stacking in Z-DNA
Interaction energy

Crystal structures of Z-DNA, as well as some 2',5'-linked
dinucleotides, reveal a tight interaction of the sugar 04’
with the six-membered aromatic ring of adjacent purines
(Wang et al., 1979) (Fig. 4). Fig. 5 shows the dependence of

IR TR TSN WU WY NN SR NN S the base-sugar ab initio stacking energy and its components
AA GG TC CT AT GC GT TA CG CA on the O4’-guanine plane distance. The starting geometry is
GA AG AC TG

BASE PAIR STEP

FIGURE 3 Comparison of the MP2/6-31G*(0.25) base-pair stacking
energies (——; geometry I, without the many-body correction) for 10
B-DNA steps with previous studies: Aida (1988) (- - -), Ornstein et al.
(1978) (~), Hunter (1993) (A).

based (see Methods) on a Z-DNA crystal structure (Gessner
et al, 1989). The vertical distance has been varied by
shifting the sugar along the guanine normal. The base-sugar
interaction is attractive, and the stabilization originates in
the electron correlation component of the interaction energy
(basically dispersion attraction). The optimal energy, —2.7
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FIGURE 4 Graphical illustration of the base-deoxyribose interaction in a
Z-form dinucleotide (dCpG). The guanidine is in the C3’-endo/syn con-
figuration with the six-membered ring of the guanine base stacked over the
neighboring cytidine sugar (C2’-endo). Pyrimidine-purine dinucleotides
linked by a 2’,5'-phosphodiester bond have similar structures.

kcal/mol, is typical for such a contact and represents a
nonnegligible stabilization.

We reevaluated the interaction energy by the empirical
potential. The Lennard-Jones parameters for guanine and
sugar were taken from the recent AMBER4.1 force field
(Comell et al., 1995). The atomic charges were derived
from the molecular electric potential by the same MP2/6-
31G*(0.25) method that was used in the ab initio interaction
energy calculations. We obtained the value of —2.8 kcal/
mol (electrostatic energy of +0.2 kcal/mol), i.e., the same as
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FIGURE 5 Dependence of the deoxyribose-guanine interaction energy
on the variation of the separation of the monomers 8Z (6Z = 0 corresponds
to the crystal geometry from Gessner et al., 1989). X, The MP2/6-
31G*(0.25) interaction energy; O, its HF component; @, its electron
correlation component.
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using the quantum-mechanical procedure. It indicates that
currently available empirical potentials are sufficient to
evaluate the sugar-base stacking. Let us note that there is no
reason to expect any stabilizing electrostatic interaction
between the negatively charged oxygen of sugar and the
delocalized m-electron clouds of guanine.

Molecular orbital analysis

We also analyzed the molecular orbitals (MOs) obtained
from the HF procedure. The MO analysis does not rule out
the attractive charge-transfer n-7* interaction proposed by
Egli and Gessner (1995). The lowest unoccupied molecular
orbital (LUMO) is of the 7* type and is predominantly
localized on the guanine six-membered ring. The HOMO-5
(fifth highest occupied molecular orbital), localized pre-
dominantly at the n-orbitals of the sugar oxygen, is ener-
getically close, and their overlap is also geometrically fa-
vorable. However, all charge-transfer interactions are
included in the HF interaction energy, which is, for the
present system, slightly repulsive. There are thus two pos-
sibilities: 1) the charge-transfer n-m* stabilization is very
weak, or 2) charge-transfer n-7r* attraction is significant but
is compensated by repulsive electrostatics between base and
sugar. Unfortunately, the MO analysis does not allow any
quantification of the magnitude of the charge-transfer at-
traction, and in the present calculations it is not possible to
separate this contribution from the HF interaction energy.
Nevertheless, the unambiguous conclusion of our study is
that sugar-base stacking is stabilized by the dispersion at-
traction, as evidenced by the ratio between HF and corre-
lation components of the interaction energy. Although we
are not able to separate the n-7* interaction from the other
contributions, this contribution is, in contrast to force fields,
properly included.

The influence of the sugar-base geornetry

We carried out further ab initio calculations. The lateral
position of the sugar with respect to guanine was varied by
0.5 A in all directions at optimal vertical separation of
monomers. For the most part, this resulted in worse inter-
action energies compared to the original geometry, but the
energy did remain within —2 to —3 kcal/mol. This indicates
that the observed geometry is close to optimum and that the
potential energy surface is flat, which is also characteristic
of van der Waals interactions. The only surprising result is
the apparent compression of the crystal base-sugar dimer by
0.2-03 A compared to the calculated optimum geometry,
clearly shown in Fig. 5 (the empirical potential predicted a
similar geometry). There is a rather significant repulsion in
the original geometry with respect to the distance of the O4’
atom from the guanine plane. However, this compression
appears to be an artifact of the particular structure used. We
carried out another search using the structure derived from
the average base-sugar geometries found in the data base.
Here the O4’-base distance is close to optimum, whereas the
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calculated optimal stabilization energy is the same. Geo-
metric analysis of all Z-DNA dinucleotides in the Rutgers
Nucleic Acid Database (Berman et al,, 1992), using the
method of Gabb et al. (1996), shows that the average
distance from the sugar O4’ to the purine base plane is
2.935 + 0.013 A (range 2.58-3.35 A) for guanine (N =
138) and 3.018 * 0.019 A (range 2.93-3.17 A) for adenine
(N = 10). Likewise, the average lateral distance of the sugar
04’ to the geometric center of the six-membered ring of the
purine is 0.504 = 0.005 A (range 0.11-0.99 A) for guanine
and 0.361 * 0.004 A (range 0.0-1.14 A) for adenine.

Interaction with a metal cation

It has been proposed that a coordination of divalent metal
cations to the N7 and/or O6 atoms of guanine may polarize
the base, leading to stabilization of the purine-ribose inter-
action (Egli and Gessner, 1995). We carried out MP2 cal-
culations on a (guanine-Mg?*)-deoxyribose trimer to test
this hypothesis. The Mg?* cation was selected because of
its strong interaction with guanine (Burda et al., 1996). The
(G-Mg?*)-sugar interaction can be decomposed into three
components: G-sugar and Mg”*-+sugar interaction ener-
gies, evaluated as pair-additive contributions, plus the three-
body term. The effect of guanine polarization on
sugar-base stacking is included in the three-body term. We
have found that the (G-Mg“)msugar interaction is attrac-
tive, —11.2 kcal/mol. The attraction, however, originates
primarily in long-range electrostatic interaction between the
charged metal ion and the sugar (Mg " +sugar), which may
be significantly reduced because of the solvent screening in
DNA. The base-sugar interaction has not been changed
substantially. Finally, the three-body correction (MP2/6-
31G*(0.25)) is small and slightly repulsive (+0.3 kcal/mol).
Hence no additional nonadditive stabilization of the gua-
nine-sugar interaction through the metal-ion coordination
has been found.

We also investigate the deoxyribose O4’ interaction with
inosine and adenine. Both contacts are of a strength similar
to that of the O4’-guanine interaction. Once again, the
stabilization is due to dispersion attraction.

Role of the sugar C5’ group

The above calculations were carried out with the C5’ de-
oxyribose atom replaced by a hydrogen. However, the C5’
atom is not far from the base, so in some calculations the
CS' atom was replaced by a methyl group. This enhanced
the base-sugar stacking attraction by about —1.1 to —3.7
kcal/mol at the optimum O4'-base distance. The respective
change was +0.2 kcal/mol for the HF interaction energy
and —1.3 kcal/mol for the correlation interaction energy,
which undoubtedly shows that the increased stabilization is
due to dispersion energy. Therefore, the C5’ group contrib-
utes significantly to the base-sugar stacking observed in
Z-DNA. As shown above, base-pair stacking varies in B-
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DNA and Z-DNA within —8 to —16 kcal/mol per base-pair
step; i.e., the average base-base contribution (there are four
base~base contributions per step; Fig. 1) is ~2 to —4
kcal/mol, not larger than the base-sugar stacking.

CONCLUDING REMARKS

Further analysis of the data base revealed that there is no
water around the sugar-base contacts in Z-DNA. Water is
excluded from the contact area by the phosphate group and
neighboring bases. In some crystal structures it is possible
for water to get close to the C2'/C3’ side of the sugar, but
never to the base-sugar contact point. Thus the sugar-base
stacking could be described as a dispersion-controlled hy-
drophobic interaction. A number of related interactions (C-
H-O contacts and sugar-base stacking) were recently
shown to exist in i-DNA (Kang et al., 1994; Berger et al.,
1995, 1996). These interactions do not appear to be exposed
to solvent, as in the sugar. .. base contact in Z-DNA (l.
Berger, personal communication). The significance of hy-
drophobic interactions in DNA has recently been demon-
strated by successful replacement of polar bases by non-
hydrogen-bonding bases (Schweitzer and Kool, 1994,
1995).

The sugar-base stacking might be one of the sources of
observed helical preferences of short d(CG), oligonucleo-
tides. For example, it is known that d(CG); can form Z-
DNA, whereas d(GC); cannot (Quadrifoglio et al., 1984).
The d(CG); oligonucleotide is capable of forming three
Z-form dinucleotide repeating units and hence six base-
sugar interactions. d(GC); can form two Z-form dinucleo-
tides and hence only four base-sugar interactions. We sug-
gest that this loss of stabilization contributes to the inability
of d(GC), to form Z-DNA. Another contribution could
originate in the resistance of base-stacking forces in purine-
pyrimidine steps (compared with the pyrimidine-purine
steps) to adopt A-DNA conformation (Sponer and Kypr,
1991b). If we subtract the flanking GC steps (where the roll
can easily be decreased), this contribution will destabilize
the d(CG); A-DNA oligonucleotide more than d(GC);.

CONCLUSIONS

1. The base-pair stacking energies of canonical B-DNA
steps, crystal B-DNA steps, and Z-DNA steps were evalu-
ated at the MP2/6-31G*(0.25) level with inclusion of Har-
tree-Fock nonadditivities. The stacking energies vary from
—9.5 kcal/mol (GG) to —13.2 kcal/mol (GC) for standard
B-DNA steps, whereas the values obtained for crystal and
Z-DNA geometries are similar.

2. Many-body effects influence the sequence dependence
and geometry dependence of stacking energy. The present
values of many-body effects can still change, because the
dispersion nonadditivity could not be assessed.
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3. The present results substantially improve on older
quantum-chemical studies.

4. Deoxyribose-purine stacking, observed in CG Z-DNA
steps and some other structures, is stabilized by dispersion
attraction, like base stacking. This interaction appears to
gain little or no additional (three-body) stabilization through
metal-ion coordination to guanine.
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