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Abstract

Ž . Ž . Ž .Hoogsteen-bonded guanine tetrad G-tetrad has been studied at the HFr6-311G d, p and B3LYPr6-311G d, p levels of
theory. The optimized structure of G-tetrad is significantly different from the traditionally suggested structure. Bifurcated
hydrogen bonds are predicted to be responsible for the formation of internal G–G pairs in G-tetrad. The calculated

Ž .stabilization energy of 62 kcalrmol at the HFr6-311G d, p level suggests that a quite stable G-tetrad is formed through
Ž Ž . .four pairs of bifurcated H-bonds. Inclusion of electron correlation the B3LYPr6-311G d, p approach recovers only 4

kcalrmol of additional stabilization energy. The electrostatic potential map of G-tetrad shows significant concentration of
negative charges in the central area of the G-tetrad. The neutralization of this charge by a cation placed in this central area is
expected to bring an auxiliary stabilization of the G-tetrad. q 1999 Elsevier Science B.V. All rights reserved.

Guanine-rich oligonucleotides are known to be
inhibitors for fibrinogen action in thrombin and HIV

w xviral mediated cell fusion 1–5 . The formation of
Hoogsteen-bonded guanine tetrads leads to novel

w xfour-stranded structures 6–10 in guanine-rich oligo-
Ž .nucleotides such as d T2G4 found in Tetrahymena

Ž . Ž .telomeric DNA, d T4G4 in Oxytricha, d T2G3 in
Ž . w xhuman, and d T3AG3 in Arabidopsis 11–14 . A

number of proteins have been identified to have
w xspecific binding to G-tetraplex structures 15,16 .

G-tetraplexes have been postulated to be crucial for
w xdimerization of HIV RNA 17 .
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Previous theoretical studies on the structure of
G-tetrad have been performed using the molecular
mechanics and the molecular dynamics methods
w x18–25 in which classical empirical potentials de-
pend on the atom–atom pair-wise additivity and
cover only electrostatic, dispersion, and repulsion
contributions. The ab initio studies on trimers of
DNA bases have demonstrated the importance of the
nonadditivity of interaction in the H-bonded triads of

w xnucleobases 26 . Besides, the drastic and different
approximations are introduced by different potential
models, and consequently, the calculated properties
of nucleobases are known to be force-field depen-

w xdent 27,28 .
It has been found that the presence of a metal ion

is essential in the formation of the G-tetrad com-
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plexes in both parallel and folded-back quadruples
w xstructures 25,29–34 . Recent studies have also

demonstrated the function of ammonium ion in stabi-
w xlizing the G-tetraplex 35,36 . It seems that in order

to stabilize this complex, charge compensation in the
center of G-tetrad is necessary. However, based on
the structure depicted in Scheme 1 in which there are
eight H-bonds holding four guanines together, one
could expect that the G-tetrad might be stable even
without the presence of a metal ion or other cations.
There is an increasing evidence that the four-stranded
Hoogsteen-bonded G-tetrad structure is thermody-

w xnamically more stable than duplex DNA 36–39 .
Although the structure and stability of G-tetraplex
does not solely depend on the interaction of isolated
Hoogsteen-bonded tetrads of the bases, the base
pairing is one of the most important factors in the
formation of tetraplexes, and the details of this phe-
nomenon could only be revealed by accurate compu-
tational studies. Due to a relatively large size of such
system, no theoretical study of the energy minimum
structure of G-tetrad based on the reliable ab initio
quantum chemistry methods has been reported so far.

In this Letter we report the first ab initio quantum
chemistry study of the stability and structure of
G-tetrad. The Hartree–Fock self-consistent-field
Ž .SCF method in conjunction with the valence
triple-zeta basis set augmented with d- and p-like

Scheme 1. Hoogsteen H-bonded G-tetrad.

Fig. 1. The optimized structure of G-tetrad with C symmetry.4

Values in parentheses are the optimized geometric parameters of
˚guanine. Atomic distance in A.

w x Ž Ž ..polarization functions 40 6-311G d, p was used
to ensure a correct description of the H-bonded
system. To cover the electronic correlation effects,

Ž .the density functional theory the B3LYP approach
w x41–43 was used in the single point energy calcula-
tion. Our previous studies on H-bonded systems
involving DNA bases have shown that the B3LYP
approach predicts reliable interaction energies and is

Ž . w xcompatible to the MP2r6-31 d, p method 44,45 .
w xGaussian-94 software 46 was used in the calcula-

tions.
The energy minimum form of the G-tetrad was

Ž .located at the HFr6-311G d, p level. C symmetry4

constraint was imposed during the optimization. De-
spite the assumed non-planar initial structure of the
guanine units, the optimized geometry of the G-te-
trad consists of almost planar monomers. The geo-
metric parameters of the optimized G-tetrad are given
in Fig. 1 together with the parameters of the guanine
monomer which are also listed for comparison.

The structure of G-tetrad as obtained by this
calculation is significantly different from the tradi-
tionally suggested structure in the presence of cations
Ž .see Scheme 1 . In contrast to the traditionally sug-
gested structure, the current study indicates that G-te-
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trad is stabilized by bifurcated hydrogen bonds. In
the optimized G-tetrad, bifurcated hydrogen bonds
are predicted to form internal G–G pairs. The hydro-
gen of the amino group forms a relatively stronger

˚Ž .H-bond with the O6 atom R s2.15 A ratherO PPP H
˚Ž .than with the N7 atom R s2.58 A . This is aN PPP H

result of the negative charge distribution on the O6
atoms of guanine. The oxygen atoms in the central
part of G-tetrad repulse each other due to the electro-
static force. In order to minimize such interactions,
guanine units in the tetrad orient themselves in such
a way that the oxygen atom forms the bifurcated
H-bonds with the hydrogen attached to the N1 and
the hydrogen from the amino group. In this case,
there are a number of factors stabilizing the G-tetrad:
Ž .1 the negative charge on the O6 atom is partly

Ž .neutralized by two hydrogen atoms; 2 the
Ž .oxygen–oxygen atomic distances increase; and 3

the neighboring oxygen–oxygen interaction is par-
tially screened by the H atom at the N1 position. The
significant non-planarity of the amino group of iso-
lated guanine disappears in the G-tetrad due to the
strong interaction between the hydrogen from the
amino group with the O6 and the N7 atoms, of a
neighbouring guanine.

The calculated energies of the G-tetrad and gua-
nine are summarized in Table 1. The stabilization

Ž .energy of 62 kcalrmol at the HFr6-311G d, p level
Ž w x .BSSE 47 included suggests significant stabiliza-
tion of the G-tetrad formed through four pairs of
bifurcated H-bonds. Inclusion of the electron correla-

Ž .tion at the B3LYPr6-311G d, p level provides only
4 kcalrmol of additional stabilization energy. An
additional study of the oxygen–oxygen repulsion
contributions to stabilization of such structure has

Table 1
a bBSSEE D E BSSE D E

Ž . Ž . Ž . Ž .hartree kcalrmol kcalrmol kcalrmol

Ž .HFr6-311G d, p :
Guanine y539.52751 y1.6
G-tetrad y2158.219 51 y68.7 y62.1

Ž . Ž .B3LYPr6-311G d, p rrHFr6-311G d, p :
Guanine y542.69300 y2.4
G-tetrad y2170.892 72 y75.8 y66.2

a Ž . Ž .D Es E G-tetrad y4= E guanine .
b
D EBSSE sD Ey4=BSSE.

Fig. 2. The energy profile of G-tetrad along the energy minimum
˚path of the diagonal O–O distance. Atomic distance in A and

energy in kcalrmol.

been carried out by optimizing the tetrad structure
for different assumed diagonal O–O distances. The
calculations reveal that an increase of the diagonal
O–O distance leads to a larger energy increase than
that caused by reduction of the diagonal O–O dis-
tance. Fig. 2 shows the energy profile along the
energy minimum path of the diagonal O–O distance.
At small O–O distances, it has been found that the

Fig. 3. Two optimized structures of G-tetrad with the constraints
˚of diagonal O–O distances of 6.924 and 7.309 A.
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˚Fig. 4. The electrostatic potential map of G-tetrad. Top: G-tetrad plane. Bottom: 1.6 A above G-tetrad plane. Thin line represents the
positive part of electrostatic potential and thick line is the negative parts of electrostatic potential.
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increase of the O–O repulsion is partly compensated
by better H-bonding between the guanine pairs. At a

˚Ž .large O–O atomic distance ;7 A the bifurcated
H-bonds becomes a single H-bond as can be seen in
Fig. 3. The energy increases rapidly as the H-bond-
ing changes from the bifurcated to the single form.
From an analysis of Fig. 3 along with the energy
profile, one can see that the stability of G-tetrad is
governed by the formation of bifurcated H-bonding;
the electrostatic effects have been reduced to a mini-
mum through an adjustment of the relative position
of the guanine units in the tetrad. It is interesting that
the G-tetrads, in the absence of intercalated ions,
achieve a similar bifurcated H-bonding arrangement

Ž .during a molecular dynamics simulation of d G 7
quadruples structure, carried out using the latest
AMBER force field and PME method for treating

w xthe electrostatic interaction 48,49 . Hence the effect
of including the sugar–phosphate backbone, and us-
ing a semi-empirical force field lead to model a
larger system, leads to similar G-tetrads, with the O6
atom forming strong hydrogen bonds with both N1
and N2, while the N7 atom is moved away from the
N2 amino group, leading to a considerably weaker
hydrogen bond. The diagonal O6–O6 distance is

˚;5.8 A, close to the value corresponding to the
energy minima in Fig. 2, which reduces considerably
if cations are located between the G-tetrads, leading
to an increase in the intrinsic energy of the DNA
quadruplex, which is compensated by ion–DNA in-
teractions. Recent chemical probing data also indi-
cates that the G-tetrads undergo cation dependent
local variations and the N7 atom of guanine is

w xexposed in some cases 50 in agreement with the
G-tetrad structure revealed by theoretical studies.

Electrostatic potential map provides a simple way
to predict how different geometries alter reactivities
in intact DNA. The electrostatic potential map of
G-tetrad shows significant concentration of the nega-

Ž .tive charge in the central area of G-tetrad Fig. 4 .
The effects of cations in stabilizing G-tetrad is clearly
through the neutralization of this charge. From the
geometric parameters of the optimized structure in
which the diagonal oxygen–oxygen atomic distance

˚is ;6 A, it is obvious that the position of a cation
which interacts with G-tetraplex can be either be-
tween or within the planes of the H-bonded G-tetrad
that is in agreement with the data obtained by X-ray

crystallographic technique for the sodium cations
w xstabilized guanine-tetraplex 32,34 . It is unlikely

that in such complex the oxygen atoms act as
w x‘ligands’ as suggested by Ross and Hardin 25 . The

details of the interactions between G-tetrad and dif-
ferent cations are currently being investigated in our
laboratory.
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