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ABSTRACT The ability of the four-stranded guanine (G)-DNA motif to incorporate nonstandard guanine analogue bases
6-oxopurine (inosine, ), 6-thioguanine (tG), and 6-thiopurine (tl) has been investigated using large-scale molecular dynamics
simulations. The simulations suggest that a G-DNA stem can incorporate inosines without any marked effect on its structure
and dynamics. The all-inosine quadruplex stem d(llll), shows identical dynamical properties as d(GGGG), on the nanosecond
time scale, with both molecular assemblies being stabilized by monovalent cations residing in the channel of the stem.
However, simulations carried out in the absence of these cations show dramatic differences in the behavior of d(GGGG), and
d(lll),. Whereas vacant d(GGGG), shows large fluctuations but does not disintegrate, vacant d(llll), is completely disrupted
within the first nanosecond. This is a consequence of the lack of the H-bonds involving the N2 amino group that is not present
in inosine. This indicates that formation of the inosine quadruplex could involve entirely different intermediate structures than
formation of the guanosine quadruplex, and early association of cations in this process appears to be inevitable. In the
simulations, the incorporation of 6-thioguanine and 6-thiopurine sharply destabilizes four-stranded G-DNA structures, in
close agreement with experimental data. The main reason is the size of the thiogroup leading to considerable steric conflicts
and expelling the cations out of the channel of the quadruplex stem. The G-DNA stem can accommodate a single thioguanine
base with minor perturbations. Incorporation of a thioguanine quartet layer is associated with a large destabilization of the

G-DNA stem whereas the all-thioguanine quadruplex immediately collapses.

INTRODUCTION

The guanine (G) quadruplex motif is among the most inter-
esting unusual conformations that DNA can adopt. DNA
sequences with stretches of guanine residues that are capa-
ble of forming this four-stranded structure occur at the ends
of eukaryotic chromosomes, the telomeres (Akman et al.,
1991; Cech, 1988; Han et al., 1999b; Henderson et al., 1987;
Klobutcher et al., 1981; Lipps et al., 1982; Marathias et al.,
1999; Mergny et al., 1999; Moyzis et al., 1988; Murchie and
Lilley, 1992; Oka and Thomas, 1987; Read et al., 1999; Sen
and Gilbert, 1988; Sundquist, 1993; Sundquist and Heaphy,
1993; Sundquist and Klug, 1989; Williamson et al., 1989).
The capability of telomeric DNA sequences to adopt this
unusual DNA conformation renders them particularly at-
tractive as a target in anti-cancer therapy (Mergny et al.,
1999). Quadruplex molecules containing guanine bases
have been well characterized by x-ray (Kang et al., 1992;
Laughlan et al., 1994; Phillips et al., 1997) and NMR
(Aboul-ela et al., 1994; Hud et al., 1999; Schultze et al.,
1999; Smith and Feigon, 1992; Smith et al., 1995; Strahan
et al., 1998) techniques and also studied in detail by large-
scale molecular dynamics (MD) simulations (Spackova et
al., 1999), providing interesting insight into the structural
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and dynamical properties of the four-stranded G-DNA stem
formed by consecutive guanine quartets. G-DNA is an ex-
ceptionally stable and rigid DNA form possessing unique
mechanical properties (Spackové et al., 1999, submitted).
Monovalent cations lining up in the channel of the G-DNA
stem represent an integral part of these molecular assem-
blies. MD simulations showed that the G-DNA stem can
sustain a reduction of the number of monovalent cations in
the channel without any marked destabilization (Spackova
etal., 1999). This allows a smooth exchange of the ions with
the solvent. On the other hand, a G-DNA stem without any
cation is unstable and can either disintegrate or undergo
stabilization by spontaneous interception of cations from the
solvent. The latter process is more likely and we recently
estimated that a vacant G-DNA stem would spontaneously
attract a cation on a scale of ca 10 ns (Spackova et al.,
submitted). Besides the all-guanine GGGG quartet, the
four-stranded G-DNA stem can also incorporate other base
quartet arrangements. Well-characterized G-DNA quadru-
plex structures containing such quartets are antiparallel G-
DNA molecules with mixed guanine/cytosine GCGC quar-
tets (Bouaziz et al., 1998; Kettani et al., 1995, 1998). Such
quadruplexes have been studied by high-resolution NMR
techniques (Bouaziz et al., 1998; Kettani et al., 1995, 1998)
and MD simulations (Spackova et al., submitted).
Although the atomic resolution experiments and simula-
tions provide a consistent picture of the final status of the
G-DNA stem and the role of cations in its stabilization
(Aboul-ela et al., 1994; Bouaziz et al., 1998; Hud et al.,
1999; Kang et al., 1992; Kettani et al., 1995, 1998; Laugh-
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lan et al., 1994; Phillips et al., 1997; Schultze et al., 1999;
Smith and Feigon, 1992; Smith et al., 1995; gpaékové etal.,,
1999, submitted; Strahan et al., 1998), much less is known
about the processes leading to a formation of the G-DNA
stem. Formation of a G-DNA assembly is a long process
that takes hours to days. Experiments indirectly indicate that
duplexes as well as other intermediate structures are in-
volved in quadruplex formation (Han et al., 1999a; Hardin
et al., 1997). MD simulations revealed that a G-DNA stem
can adopt alternative cation-stabilized folds with shifted
strands having structural properties closely resembling the
native stem (Spackova et al., 1999). Such structures were
suggested to be possible metastable states during the very
last stages of the formation of the final G-DNA stem.

The four-stranded G-DNA stem should be entirely capa-
ble of incorporating the guanine analog 6-oxopurine (ino-
sine, ). Inosine quartets lack hydrogen bonds involving the
guanine amino group. Apart from that, however, they would
exhibit exactly the same coordination of the ions as in the
channel of the guanine quadruplex as the electronic struc-
ture and molecular electrostatic potential of inosine and
guanine are similar (Sponer et al., 1996). Indeed, poly-rI is
assumed to form the quadruplex structure (Arnott et al.,
1974). Quadruplex molecules analogous to the guanine qua-
druplex could be formed also by 6-thioguanine or even
6-thiopurine, as the electronic structure of 6-thioguanine is
similar to guanine with even a larger molecular dipole
moment (Sponer et al., 1997, 1999). Molecular interactions
of thioguanine have been extensively characterized by ab
initio quantum chemical calculations (Sponer et al., 1997,
1999). Thioguanine has similar intrinsic H-bonding and
stacking properties as guanine, although H-bonds involving
thioguanine show a slightly reduced electrostatic contribu-
tion whereas the dispersion attraction is enhanced. On the
other hand, the 6-thio-group is very poorly hydrated com-
pared with the 6-oxo-group, and thus replacement of thio-
guanine by guanine was suggested to have a pronounced
effect on the DNA hydration pattern (Sponer et al., 1997).
The thiogroup shows also uniquely strong interactions with
soft metals such as Cd", Hg", and Pt"" (Sponer et al., 1999).

However, experiments clearly show that 6-thioguanine
inhibits a formation of a quadruplex in the presence of K™
(Gee et al., 1995; Marathias et al., 1999; Olivas and Mabher,
1995; Rao et al., 1995). The experiments do not explain
whether the reason for this is found in the absolute insta-
bility of such an assembly or the existence of other more
stable structures competing with the quadruplex. Also, the
experiments do not reveal whether the destabilization of
G-DNA by 6-thioguanine is primarily due to a weak inter-
action between the thiogroup and the cations, or due to
steric reasons associated with the size of the thiogroup.
6-Thioguanine was also found to have an influence on the
stability and structure of duplexes (Marathias et al., 1999)
although there appear to be no substantial effects on triplex
formation (Gee et al., 1995; Marathias et al., 1999; Olivas
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and Maher, 1995; Rao et al., 1995). Inhibition of G-DNA
formation via insertion of thioguanine is important because
it facilitates triplex formation at a physiological concentra-
tion of K* (Gee et al., 1995; Marathias et al., 1999; Olivas
and Mabher, 1995; Rao et al., 1995).

Various aspects of the structure and dynamics of quadru-
plex molecules have been addressed in computational stud-
ies (Hardin and Ross, 1994; Mohanty and Bansal, 1995,
1994; Spaékové et al., 1999, submitted; Strahan et al.,
1994). Recent qualitative advances in all-atom MD simula-
tions (implementation of accurate methods for the long-
range electrostatic interactions (Cheatham et al., 1995) and
refinement of the DNA force fields (Cheatham et al., 1999;
Cornell et al., 1995; Follope and MacKerrel, 2000; Langley,
1998) allowed unprecedented improvements in the molec-
ular modeling of nucleic acids (Feig and Pettitt, 1998, 1999;
Cheatham et al., 1998; Konerding et al., 1999; Louise-May
et al., 1996;; Shields et al., 1997; Sprous et al., 1999;
Trantirek et al., 2000; Weerasinghe et al., 1995; Young and
Beveridge, 1998;Young et al., 1997) including studies of
four-stranded assemblies (gpaékové et al., 1998, 1999, sub-
mitted). In the present study we use state-of-the-art MD
techniques to carry out a set of unconstrained nanosecond-
scale MD simulations of parallel quadruplex stems
d(NNNN), incorporating guanine (G), 6-oxoguanine (ino-
sine, I), 6-thioguanine (tG), and 6-thiopurine (tI) (N = G, I,
tG, or tI) as well as mixed antiparallel structures d(NCNN),
(Figs. 1 and 2). We pursued two objectives by carrying out
these simulations. First, we aimed at comparing the ability
of G and I to form quartet structures and answer the ques-
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FIGURE 1 Qaudruplex topologies and nucleobase quartets investigated
in this paper. Molecular structure of the parallel d(NNNN), stem is shown
on the left and the antiparallel d(NCNN), stem is shown on the right; N =
G or . Cytosine bases in anti conformation are in black, purine bases in syn
conformation are in white, and purine bases in anti conformation are in

gray.
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FIGURE 2 Nucleobase quartets inves-
tigated in this paper.

tion why thioguanine inhibits a formation of quadruplexes.
Second, by simulating quadruplex stems with different
compositions and different stabilities, we aimed to obtain
more information about the general principles underlying
the stabilization of these molecular assemblies and a further
insight into their folding path. The simulations show that
inosine can form stable quadruplex stems d(III), and
d(ICI),, with all structural and dynamical properties essen-
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tially identical to the native G-DNA stem on the nanosecond
time scale. The simulations nevertheless indirectly show
that d(IIII), is less stable than d(GGGG), due to the absence
of one of the H-bonds. More importantly, we suggest that
the lack of the guanine amino group causes certain struc-
tures that might be semi-stable intermediates in the forma-
tion of the d(GGGG), quadruplex to be unstable in the case
of d(IIII),. Thus, we speculate that a formation of d(IIII),
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can proceed via different intermediates than a formation of
d(GGGQG),. It is also possible that the formation of d(IIII),
may be kinetically hindered compared to d(GGGG),. The
simulations show that the d(tGtGtGtG), and d(tItItItI), par-
allel quadruplexes exhibit absolute instability on the nano-
second scale, the primary reasons being steric problems
associated with the size of the thiogroup.

METHODS
Molecular dynamics simulations

All simulations were carried out using the AMBER 5.0 (Case et al., 1997;
Pearlman et al., 1995) program with a Cornell et al. (1995) force field. The
nucleic acid molecules were surrounded by a periodic box of water mol-
ecules described by the TIP3P potential (Jorgensen et al., 1983). The
periodic box was extended to a distance of 10 A from any solute atom. The
number of explicit water molecules included in the simulations was
~2700. The molecules were neutralized by Na™ cations using standard
parameters for the Cornell et al. force field (Cornell et al., 1995; Hardin and
Ross, 1994). Missing parameters for 6-oxopurine, 6-thioguanine, and
6-thiopurine were obtained in the following way. The ESP charges have
been derived using the Hartree-Fock approximation with the 6-31G* basis
set of atomic orbitals, consistent with the other parts of the force field. The
missing bond lengths and angles of thiobases have been taken from
HF/6-31G* calculations. The C-S bond length was set to1.6589 A with the
K, constant of 570.0 kcal/(mol A?). The following nonbonded parameters
were assigned to the sulfur: van der Waals radius of 2.0 A and well depth
of 0.5 kcal/mol. These parameters were obtained by a fitting to extensive
ab initio data available for H-bonding and stacking of thioguanine (Sponer
et al., 1997). Internal cations were added into the channel either by using
crystallographic data for the high-resolution parallel G-DNA structure
(Phillips et al., 1997) or manually into cavities between G-quartets in all
other cases. The other cations were initially placed into the most negative
locations of the electrostatic potential using Coulombic potential terms
with the LEAP (Case et al., 1997) module of AMBER 5.0. In simulation
with a vacant channel, however, all ions were added at an equal distance
from phosphate oxygen atoms spaced 3.5 A from the phosphorus atom
using the EDIT (Case et al., 1997) module of AMBER 5.0. All cations
were considered as part of the solvent including those in the channel.
Calculations were carried out using the Sander module of AMBER 5.0 with
SHAKE on the hydrogen atoms with a tolerance of 0.0005 A and a 2-fs
time step. A 9-A cutoff was applied to Lennard-Jones interactions. Simu-
lations were performed using the Berendsen temperature-coupling algo-
rithm (with a time constant of 0.2 ps). The nonbonded pair list was updated
every 10 steps. Equilibration was started by 1000 steps of minimization
with the positions of the nucleic acid fixed. After this initial equilibration,
all subsequent simulations were performed using the particle mesh Ewald
method (PME) for inclusion of long-range electrostatic interactions into
calculations without truncation. The PME charge grid spacing was approx-
imately 1.0 A, and the charge grid was interpolated using a cubic B-spline
with the direct sum tolerance of 10~¢ at the 9-A direct space cutoff. To
speed up the fast Fourier transform in the calculation of the reciprocal sum,
the size of the PME charge grid was chosen to be a product of powers of
2, 3, and 5. For dynamics runs subsequent to minimizations, initial veloc-
ities were assigned from a Maxwellian distribution. Equilibration was
continued by 25 ps of PME dynamics, with the position of the nucleic acid
fixed. Subsequently, 1000 steps of minimization were carried out with 25
keal/(mol A?) restraints placed on all solute atoms, continued by 3 ps of
MD simulation using the same restraint. This equilibration was followed by
five rounds of 1000-step minimization with solute restraints reduced by 5
kecal/(mol A?) in the course of each round. Then 20 ps of MD followed,
with the system heated from 100 K to 300 K over 2 ps. Equilibration was
continued by several nanoseconds of production simulation. It should be
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noted that the simulations of thiobase-containing stems were initiated
assuming the crystal geometry of unmodified d(TG,T), We have thus
carefully monitored the equilibration process to assure that the observed
disintegration of these structures is not due to some initial energy strain.
Coordinates were written to trajectory files after each picosecond. The
center of mass velocity was removed during the production dynamics
periodically in intervals of 10 ps.

The results were analyzed using the Carnal module of AMBER 5.0. No
extra processing of the averaged structures obtained by the Carnal module
was performed. Solvent distributions were monitored by binding atom
positions from RMS coordinate fit frames over all DNA atoms at 1-ps
intervals into 0.5-A* grids over 1-ns portions of the trajectories (Cheatham
and Kollman, 1997), with the aid of program USCF MidasPlus (Ferrin et
al., 1988).

Ab initio calculations of
thioguanine-cation complexes

The structures of thioguanine-Na* complexes were optimized within the
Hartree-Fock approximation utilizing the 6-311+G(d, p) basis set of
atomic orbitals while the M-S6-C6 angle (M:ion) was kept frozen at a
value of 135°. This constraint maintains the position of the cation with
respect to guanine in a similar geometry as adopted by the cation in the
G-DNA stems. However, we have further assumed an in-plane position of
the cation with respect to guanine. We assume the in-plane position of a
cation has no impact on the comparison with the force field but that it
greatly simplifies the calculations and makes them easier to be reproduced
for others. Furthermore, we calculated the dependence of the interaction
energy on the interatomic S6-M™ distance starting from optimized geom-
etry and varying the S6-M™ distance. The calculations were performed
applying the second-order Moeller-Plesset perturbational method (MP2)
with the 6-311+G(d, p) basis set and corrected for the basis set superpo-
sition error. The quantum chemical interaction energies were compared
with those provided by the force field. All calculations were carried out
using the Gaussian 94 set of programs (Frisch et al., 1995).

RESULTS

Molecular dynamics of d(GGGG), and d(llll), with
three cations in the channel

Let us first compare the simulations of d(GGGG), (2.5 ns)
and d(IIll), (2.5 ns) with three sodium cations initially
placed in the channel (Fig. 3). The d(GGGG), quadruplex
with sodium ions in the central channel is an extremely
stable and rigid molecule and the only movements observed
during the simulation are infrequent oscillations (bistability)
of some phosphate groups. The simulated molecule is in
excellent agreement with the 0.95-A resolution crystal
structure of d(TGGGGT), (including the phosphate bistabil-
ity), except for a small difference in the distribution of the
Na™ cations in the channel and the occurrence of a bifur-
cated bonding in the inner two quartets of the simulated
structure (see below). The simulated structure of d(III),
shows, on the nanosecond scale, identical structural and
dynamical properties as the d(GGGG),. The superimposed
averaged structures over the last nanosecond of both the
d(GGGG), and d(I1Il), quadruplex simulations (Fig. 3 B)
show greater deviations at the ends of the molecules than in
its central part due to end effects. The heavy atom RMS
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FIGURE 3 MD simulations of parallel d(GGGG), and d(IIII), quadru-
plexes with three Na™ cations in the channel. (4) RMS deviation (in A)
with respect to the starting structure based on 0.95-A resolution crystal of
d(TGGGGT), (solid line, guanine quadruplex; dotted line, inosine quadru-
plex). (B) Stereo overlay of averaged d(GGGG), and d(II1I), molecules.

value between these average structures is 0.7 A (superim-
posed after elimination of N2 amino nitrogens from guanine
bases), which proves a high degree of similarity between
these two structures.

As noted above, in the inner guanine quartets of the
d(GGGQG), simulated structure, the bases are shifted with
respect to each other such that bifurcated hydrogen bonds
are formed with equidistant bond lengths (~3.3 A) between
the N1 nitrogen of one guanine and the N7 and O6 atoms of
the adjacent guanine residue (Spackova et al., 1999). The
bifurcated bonding concerns all bases in the quartet, as the
quartet is symmetrical. No bifurcated bonding is observed
in the outer quartets of the simulated d(GGGG), stem. The
bifurcated bonds are also absent in all inosine quartets. The
distances between the N1 nitrogen of one inosine and the
N7 and O6 atoms of the adjacent inosine residue is ~3.0
and 3.8 A, respectively. Again, all quartets are perfectly
symmetrical.

Let us reiterate that the bifurcated H-bonding that is
observed in the inner quartets in the simulation of
d(GGGQG), (Spackova et al., 1999) is not in agreement with
the 0.95-A resolution crystal structure of d(TGGGGT),
(Phillips et al., 1997). The crystal shows symmetrical quar-
tets in accordance with our simulation, but no bifurcated
bonding. Due to the high quality of the crystal data we
consider this experimental structure of d(TGGGGT), to be
the current reference structure for geometries of guanine
quartets. It is in principle possible that the quartet geome-
tries are affected by crystal packing forces, but we do not
expect this to be the actual source of the x-ray versus MD
structural difference. As explained in detail in our preceding
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paper, the discrepancy between MD data and the crystal
structure is likely due to a subtle force field artifact
(Spackova et al., 1999), namely, due to the lack of a polar-
ization term. This artifact cannot be repaired with the cur-
rent generation of pair-additive force fields; however, it
influences only the cation-solute interactions at very short
distances. Therefore, it is unlikely for this imbalance to
substantially affect the global geometry, stability, and dy-
namical properties of the quadruplex stem. The global prop-
erties are primarily determined by the electrostatic effects,
which are rigorously treated by the force field and the
simulation protocol. Also, it is not a primary task of our
study to investigate and report the structural fine details of
the simulated molecules.

It is noteworthy that the current NMR studies provide a
slightly different picture of quartet geometries compared
with both the x-ray and MD data. More specifically, NMR
studies often show nonsymmetrical guanine quartets, i.c.,
quartets having two different O6-O6 distances across the
channel (Strahan et al., 1998). The reason for this difference
between NMR data on one side and the x-ray and MD data
on the other remains to be clarified (Spackova et al., 1999).
The low-resolution x-ray structure of an antiparallel guanine
quadruplex (Kang et al. 1992), finally, shows considerably
deformed quartet layers that are substantially different from
all other NMR, x-ray, and MD structures.

The MD simulations show that the three Na™ cations
within the channel are equally distributed and stay in the
centers of their cavities. In contrast, the crystal structure of
d(TGGGGT), shows Na™ cations between successive gua-
nine quartets more and more displaced in the 3’ direction as
the cations are close to the 3’ terminus, whereas the last
cation is co-planar with the outer quartet. In our opinion,
this experimental cation distribution can be rationalized as a
consequence of an inter-cation electrostatic repulsion with a
contribution of the crystal packing effects. Note that there
are seven cations lining up continuously in the crystal,
positioned among eight consecutive quartets belonging to
two quadruplexes. On the other hand, we have shown before
(Spackova et al., 1999) that the Na™ cations in the current
force field appear to be slightly oversized when placed into
the quadruplex channel and it keeps them in the cavity
centers for most of the time. A minor reduction of the van
der Waals radius of the cation leads to a substantial tempo-
rary presence of cations in the plane of the outer guanine
quartets during a simulation (Spackova et al., 1999). Let us,
however, again underline that this force field adjustment is
in fact not fully justified, as the inaccuracy of the force field
is primarily not due to the van der Waals parameters but due
to absence of the polarization term. Nevertheless, fine de-
tails of the cation distribution in the channel have probably
no substantial effect on the overall quadruplex dynamics
and in fact are neither within the accuracy of the technique
nor the objective of our study.
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A stable hydration pattern of the quadruplex stem is
achieved swiftly during the first nanosecond due to the
extraordinary rigidity of the solute molecule. The conver-
gence of the hydration pattern is apparently faster com-
pared, for example, with B-DNA duplex simulations (Stefl
and Koca, 2000). The overall hydration patterns are almost
identical for the guanine and inosine quadruplexes (Fig. 4).
The simulated quadruplexes have clearly developed hydra-
tion sites capping the channel entrances (Spackova et al.,
1999; Strahan et al., 1998). Well-organized hydration is also
found around the backbone parts. The most distinguishable
hydration pattern, a clear spine of hydration, is localized
inside the grooves. The spine of hydration of the guanine
quadruplex is more shapely and resides on the bottom of the
grooves. The spine of hydration observed in the grooves of
the simulated guanine quadruplex is actually quite similar to
the primary hydration spine in the high-resolution crystal
structure of d(TGGGGT), (Phillips et al., 1997). The spine
of hydration of the inosine quadruplex is less uniform and
appears to form two layers. This is because the grooves of
the inosine quadruplex are more capacious due to the ab-
sence of the amino groups. No penetration of the sodium
cations into the groove’s first hydration shell was evident
during our simulations. The absence of cations in the
grooves is in agreement with the 0.95-A x-ray study on
d(TGGGGT), (Phillips et al., 1997). The resolution of this
crystal should allow localization of close to all Na* ions in
the lattice.

FIGURE 4 A stereo-view picture of
the averaged structures and their hydra-
tion (contoured water oxygen atom den-
sity) over the last nanosecond of the par-
allel d(GGGG), (4) and d(Illl), (B)
quadruplex simulations. The contours of
the water oxygen density, at 1-ps inter-
vals, into 0.5-A3 grid elements over a
50-A* cubed grid, at a contour level of 15
hits per 0.5 A* (~3.6 times the bulk wa-
ter density) are displayed using the den-
sity delegate from MidasPlus.
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Molecular dynamics of d(GGGG), and d(llll), with
a vacant channel

To further compare properties of d(GGGG), and d(IIII),,
we have carried out a 3-ns simulation of a vacant d(II1I),
stem and compared it with the 2.3-ns simulation of a vacant
d(GGGG), stem (Fig. 5). Both structures are apparently
destabilized by the absence of the cations. The simulation of
a vacant d(GGGG), quadruplex was described in detail in
our earlier study (Spackova et al., 1999). The channel was
fully hydrated throughout the whole simulation, but it was
not sufficient to rigidify the molecule, and large fluctuations
occurred. These included mutual sliding and slippage of the
strands. Nevertheless, the molecule did not disintegrate dur-
ing the simulation. Large fluctuations during this simulation
do not allow any meaningful structure averaging and eval-
uation of H-bonding patterns in the quartets.

The behavior of a vacant d(IIll), stem is amazingly
different compared with its d(GGGGQG), counterpart. There is
a swift and full disintegration of the all-inosine quadruplex
structure within the first nanosecond. The rearrangements of
the quadruplex architecture started at ~300 ps. The strands
A and D were simultaneously shifted by one base step in the
5’-end direction (see Fig. 1 for strand and base numbering).
This slippage of the base-pairing interactions between main-
tained pairs of A-D and B-C strands leads to a structure
where only two I-quartets are retained and the base pairs 14
with 116 (at the 3'end) and I5 with 19 (at the 5’end) are
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FIGURE 5 MD simulations of parallel d(GGGG), and d(IllI), quadru-
plexes with no cations in the channel. RMS deviation (in A) with respect
to the starting structure based on 0.95-A resolution crystal of d(TGGGGT),
(solid line, guanine quadruplex; dotted line, inosine quadruplex).

situated at the ends of the molecule. Further rearrangements
comprised a disruption of the A-D and B-C strand pairs
from the 3" end. The remaining two inosine quartets have
gradually been disrupted and the paired strands have been
shifted away. The disintegration led at ~1 ns to a structure
already bearing no resemblance to a quadruplex. Interest-
ingly, in this structure two strands remained H-bonded and
formed a duplex, although the strands were shifted by one
step. The inosine base pairs were stabilized by two O6 -
HI1-N1 H-bonds. The other two strands adopted a perpen-
dicular position to the duplex (Fig. 6).

Molecular dynamics of d(GCGG), and d(ICll),
antiparallel stems

As another attempt to highlight any differences between the
respective capabilities of inosine and guanine to form qua-
druplex arrangements, we carried out two simulations of an
antiparallel d(ICII), stem (Fig. 1). The initial stem structure
is based on the NMR structure of a d(GCGGTTTGCGG),
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four-stranded hairpin duplex (Kettani et al., 1995) where the
thymine loops were removed. The d(ICII), stem is com-
posed of two mixed inosine-cytosine quartets in its center
embedded between two all-inosine quartets.

In the first simulation we have positioned two sodium
cations into the outer cavities, i.e., between mixed and
all-inosine quartets. It follows from our recent study that it
is an optimal cation distribution for the mixed stem con-
taining GCGC quartets (Spackova et al., submitted). When
starting simulations of a mixed stem with three cations in
the channel, one of them is usually swiftly eliminated on a
time scale of 1 ns. The simulation of d(ICII), was entirely
stable with RMS deviations of ~1.5 A from the starting
structure, and we did not see any conformational change
during this simulation. The two Watson-Crick inosine-cy-
tosine base pairs in the mixed quartet are hydrogen bonded
through their edges, as seen in the NMR studies of mixed
quadruplex stems in the presence of NaCl (Bouaziz et al.,
1998; Kettani et al., 1995, 1998). We have extended this
simulation up to 7 ns to verify convergence. The simulated
structure was entirely stable throughout the whole simula-
tion. Thus, inosine appears to be poised to form mixed
stems equally as well as guanine. In the second simulation
(3.3 ns long) no sodium cations were initially placed into the
channel. However, one cation was initially placed so close
to the channel entry that it moved into the channel already
during the equilibration. The cation adopted the usual po-
sition between IIII and ICIC quartets and remained there
during the whole simulation. The two quartets enveloping
the cation were apparently stable during the simulation and
the RMS deviation along the trajectory did not exceed 1.8 A
in this region. On the other hand, the outer inosine quartet at
the opposite end of the molecule not stabilized by the cation
reached RMS deviation of 4 A at 0.5 ns. Its RMS value
increased up to 7 A in the course of the simulation. The
quartet has been destabilized at the beginning of the simu-
lation, and during the simulation one or more bases of this
quartet have been flipped into the solvent (Fig. 7). Analo-

FIGURE 6 Simulation of a vacant d(IIIl), stem: cartoon showing the swift disintegration of the stem.
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FIGURE 7 Snapshot of the d(ICII), simulated with only one cation in
the channel. Note the pronounced instability of the outer inosine quartet not
stabilized by the cation.

gous simulation of d(GCGG), with a single cation in one of
the outer cavities shows almost no destabilization of the
G-quartet not contacted with the cation (Spackova et al.,
submitted), again underlining the instability of inosine quar-
tets in the absence of cations.

Molecular interactions in d(GGGG),, d(llll),,
d(GCGG),, and d(ICll), stems

We have evaluated selected molecular interactions of
nucleobases in the simulated structures to obtain further
insight in similarities and differences between the ability of
guanine and inosine to form quadruplexes. The calculations
were carried out with the original AMBER force field
parameters for nucleobases. The sugar-phosphate backbone
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has been replaced by a hydrogen and its charge has been
adjusted to keep the nucleobases neutral. All structures used
in the calculations including cation positions are based on
the averaged MD structures reported above. This means that
all interaction energies are calculated for quartet geometries
actually occurring in the quadruplexes. The results are sum-
marized in Table 1.

The first part of Table 1 summarizes the net H-bonding
energies of the quartets. The mixed quartets show the largest
H-bonding contribution originating mainly in the Watson-
Crick base pairing. The outer all-guanine quartet shows a
considerable H-bonding stabilization with interaction en-
ergy of almost —45 kcal/mol. This value is lower (in abso-
lute value) compared with the ab initio stabilization energy
of ~—60 kcal/mol reported for a fully isolated and opti-
mized guanine quartet in gas phase (Gu et al., 1999). The
difference is primarily due to adjustment of the quartet
geometry induced by the cations, solvent, and other contri-
butions that were absent in the gas phase ab initio calcula-
tions. The presently used force field well reproduces the ab
initio interaction energies for H-bonded complexes of DNA
bases (Hobza and Sponer, 1999). The inner all-guanine
quartet enveloped by two cations and showing the bifur-
cated H-bonding (see above) has a considerably reduced
base-base interaction in the quartet layer of —25 kcal/mol.
This is another indication that the H-bonding energy of the
GGGG quartet depends significantly on its geometry. The
all-inosine quartet shows only negligible intrinsic stabiliza-
tion, and it is not surprising that this quartet without a cation
swiftly disintegrates in water, as demonstrated above.

TABLE 1 Selected interaction energies (kcal/mol) in d(GGGG),, d(llll),, d(GCGG),, and d(ICll), stems
Hydrogen bonding energy of a quartet without considering the cation

System Coulombic term Van der Waals term Total interaction energy
GGGG* —38.6 —4.9 —43.5
GGGG' —18.0 —6.2 —242
it -0.7 —6.7 —7.4
GCGC* —63.5(—8.4) —3.7(—3.6) —67.2(—12.0)
ICIC* —51.5(—10.0) —53(—-3.8) —56.8 (—13.8)
Base stacking between two consecutive quartets without considering the cations.
GGGG/GGGGT +37.6 —48.8 -11.2
g +46.1 —41.4 +4.7
GCGC/GGGG +23.9 —41.9 —18.0
ICIC/IT +17.7 —37.8 —20.1
GCGC/GCGC +8.1 —36.5 —28.4
ICIC/ICIC —0.7 —34.1 —34.8
Interaction energy between a quartet and the proximal Na™ cation.
GGGG/Na*" —110.4 +3.7 —106.7
II/Na™ ¥ —120.3 +4.3 —116.0
GCGC/Na™ —62.4 +3.1 —59.3
ICIC/Na™ —59.0 +3.3 —55.7

The geometries used for calculations were taken from the respective averaged MD structures having three and two cations in the channel for d(NNNN),
and d(NCNN),, stems, respectively. Cornell et al. force field and dielectric constant of 1 have been utilized.

*Outer quartet of the all-guanine stem (data for the 3" and 5’ ends are essentially identical).

Inner quartet(s) of all-guanine (inosine) stem considered. This means a bifurcated arrangement of the all-guanine quartet (see the text).

#The values in parentheses show the edge interaction between the two Watson-Crick base pairs (cf. Figure 1 C).
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The second part of Table 1 summarizes the base stacking
energies between consecutive quartets. The stacking of two
all-inosine quartets is again the least stable arrangement.
The mixed stems appear to have slightly better stacking than
the homo-purine stems.

The last part of Table 1 shows the quartet-sodium cation
interaction energies. Evidently, both GGGG and IIII quar-
tets show a very large and attractive quartet-cation interac-
tion, clearly dominating over the H-bonding. This explains
why the two quartets behave in a similar manner when they
contact a cation. The interaction between the mixed quartets
and the sodium cation still shows a considerable intrinsic
attraction. However, one should take into account that in
solution the mixed quartets have to compete for the cations
with either the solvent or the all-guanine quartet. The latter
interactions are more favorable compared with the mixed
quartet-cation interaction.

Molecular dynamics of d(tGtGtGtG),, d(tltltltl),,
d(GtGGG),, and d(GtGGG)

In the next part of the study, we investigated hypothetical
all-thioguanine- and all-thiopurine-containing parallel qua-
druplex stems. Before the simulations, we carried out a
quantum-chemical analysis of the thioguanine-Na™ interac-
tion, assuming a constrained cation-base geometry mimick-
ing the position of the cation within the quadruplex channel
(see Methods). We compared these reference data with the
empirical potential values and with the data for guanine-
Na™ interactions (Tables 2 and 3). Tables 2 and 3 show
several important features. First, the optimal distance for the
thioguanine-Na™ interaction is considerably larger com-
pared with guanine, as expected. Note that also the C-S
bond is considerably longer compared with the C-O one. On
the other hand, the tG-Na™* complex is equally as stable as
the G-Na™ one. Second, the force field considerably under-
estimates the depth of the minimum on the potential energy

TABLE 2 Interaction energy AE (in kcal/mol) between
thioguanine S6 and Na* depending on the S6-Na™ distance

AE , i (kcal/mol)

Distance (A) AEyp, (kcal/mol) empirical
S6-Na** ab initio potential
-0.5 —12.9 +11.8
—-0.4 —213 —6.8
-0.3 —26.2 —16.0
-0.2 —30.0 —20.5
—0.1 —31.6 —22.4
Optimal value —32.6 —229
+0.1 —32.1 —22.6
+0.2 —314 —22.0
+0.3 —30.4 —21.1
+0.5 —28.1 —19.2

*Distance is given with respect to the optimal value of 2.619 A. The
Na-06-C6 angle was frozen at 135°.
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TABLE 3 Interaction energy AE (in kcal/mol) between
guanine 06 and Na™ depending on the O6-Na* distance to
the optimal value of 2.149 A. The Na-06-C6 angle was frozen
at 135°

AE g (kcal/mol)

Distance (A) AE\p> (kcal/mol) empirical
06-Na™* ab initio potential
-04 —10.0 +69.5
-0.3 —21.2 +20.8
-0.2 —27.6 —23
—0.1 —30.9 —12.8
Optimal value —32.2 -17.3
+0.2 =315 —19.0
+0.4 —28.8 —17.6
+0.6 —255 —15.6

*Distance is given with respect to the optimal value of 2.149 A. The
Na-06-C6 angle was frozen at 135°.

curve for Na™-base interactions for both nucleobases and
somewhat exaggerates the short-range repulsion between
nucleobases and cations. As discussed elsewhere (Spackova
et al., 1999) this inaccuracy is due to principal approxima-
tions inherent to the current generation of force fields (lack
of a polarization term and atom-centered point-charge ap-
proximation) and it cannot be repaired by varying parame-
ters within the framework of the current force field function.
The force field nevertheless reproduces the relative differ-
ence between thioguanine and guanine interactions with
Na™ reasonably well. In addition, for our MD simulation we
primarily need the force field to provide reasonable energy
gradients around the minimum energy distance, and this
appears to be fulfilled.

We have carried out MD simulations of d(tGtGtGtG),
(4.5 ns) and d(tItItItl),, quadruplex stems (5 ns) with initially
three Na™ cations in the channel. Both simulations (Fig. 8)
show pronounced deformations compared with the starting
structure, in contrast to the d(GGGG), and d(IIIl), simula-
tions discussed above.

In the course of the simulation of d(tGtGtGtG),, the
sodium cations remained in the channel during the equili-
bration protocol. However, at the beginning of the simula-
tion (at ~30 ps) one sodium cation was expelled from the
channel at the 3’ end of the quadruplex. Then the strands A
and B (see Fig. 1) remain to interact in the classical qua-
druplex manner while the strands C and D are shifted by one
base step in the 5'-end direction with an apparent tilt and
roll. This change occurred at ~150 ps. The second sodium
cation was expelled at ~2 ns. However, the overall structure
of the molecule described above had not changed yet. Thus
the simulation resulted in a structure that was not fully
disintegrated on the nanosecond scale, but was considerably
different from the native d(GGGG), stem and included one
cation buried inside the collapsing stem (Fig. 8 B).

Even larger changes were noticed in the course of the
d(tItItItl), simulation. One sodium cation was expelled from
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FIGURE 8 MD simulations of parallel d(tGtGtGtG), and d(tItItItI),
quadruplexes with initially three cations in the channel. (4) RMS deviation
(in A) with respect to the starting structure based on 0.95-A resolution
crystal of d(TGGGGT), (solid line, thioguanine quadruplex; dotted line,
thioinosine quadruplex) . (B) Stereo picture of the d(tGtGtGtG), simulated
structure averaged over the last nanosecond, the position of the last cation
remaining inside is indicated by +. (C) Stereo picture of the d(tItItItI),
simulated structure averaged over the last nanosecond. Strands are indi-
cated as in Fig. 1.

the channel already during the equilibration. The second
sodium cation left the channel at ~300 ps during the pro-
duction simulation. The last sodium ion was eliminated
from the structure at ~2.5 ns. The starting quadruplex stem
structure completely collapsed during the simulation and
showed no similarity to the original quadruplex (Fig. 8 C).
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We have carried out two additional simulations with one
and four guanines in the original d(GGGQG), stem replaced
by thioguanines. In the first simulation (3 ns), we have
inserted one thioguanine into the second quartet of the stem.
The simulation was quite stable, although a closer inspec-
tion reveals that the stem geometry locally oscillates be-
tween two substates with a periodicity of 50-200 ps. The
first conformation is the usual stem, although the sodium
cations are slightly shifted away from the thioguanine res-
idue. The second conformation is characterized by one
cation positioned in the plane of the first quartet. The
thioguanine placed in the second quartet is slightly buckled
toward the first quartet whereas the central cation is slightly
shifted toward the second quartet. In the subsequent simu-
lation (3.1 ns) we replaced the whole second quartet by a
thioguanine quartet. This resulted in a marked stress in the
structure (Fig. 9). At the beginning of the simulation all
thioguanines buckle toward the center of the stem, shifting
the second and third cation into planes of the third and
fourth quartet, respectively. The third cation even moves
outside the channel. The structure essentially repairs at 200
ps, but shortly after the whole thioguanine quartet buckles in
the opposite direction, pushing the proximal cation into the
plane of the terminal quartet. This geometry persisted until
1.0 ns, when the cation moved outside the channel and the
outer quartet is markedly destabilized. The structure reaches
the maximum RMS deviation at ~1.7 ns, when the cation is
returning close to the channel entry; however, it does not
enter the channel. At the very end of the simulation the
cation again leaves the stem and the outer quartet is
destabilized.

Finally, we have carried out an additional 3-ns simulation
of a parallel-stranded all-thioguanine quadruplex d(tGtGt-
GtG), in the presence of Li", again initially with three
cations in the channel. The first cation was eliminated from
the quadruplex channel at ~0.5 ns, and a second one at
~2.5 ns. The quadruplex stem shows extensive fluctuations
and mutual shifts of the strands already in the early stages of
the simulations. At the end of the simulation, the RMS
deviation of the stem with respect to the starting geometry
reaches as much as 4 A and the structure is largely de-
formed. This simulation convincingly predicts that d(tGtGt-

. mo thi,
_thio 55 ps — —2

FIGURE 9 MD simulations of parallel d(GtGGG), quadruplex with three Na* cations initially placed into the channel: sketch of thioguanine buckling

and sodium cations shifting observed during the simulation.
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GtG), quadruplex is unstable even in presence of the small-
est Li™ cation.

DISCUSSION

We have carried out a set of explicit-solvent, nanosecond-
scale, unrestrained simulations of four-stranded G-DNA
stems, containing the modified bases 6-oxopurine, 6-thio-
guanine, and 6-thiopurine and compared the results with
those obtained for all-guanine quadruplexes. The simula-
tions represent an extension of our preceding studies of
four-stranded DNA assemblies (Spackova et al., 1998,
1999, submitted).

The simulations show that inosine is capable of forming
cation-stabilized all-inosine as well as mixed inosine-cy-
tosine quadruplex stems with identical (on the nanosecond
scale) properties as the native structures with guanine. This
mainly means a presence of cation-stabilized inosine quar-
tets and exceptional rigidity of the stem. The loss of all
amino groups implies a loss of four hydrogen bonds per
quartet, although no apparent destabilization is seen. This
clearly indicates that the stems are primarily stabilized by
the quartet-cation interactions, which are very similar for
inosine and guanosine due to close similarity in their elec-
tronic structures (Sponer et al., 1996).

In contrast, simulation of a hypothetical structure of a
parallel all-inosine stem with a vacant channel revealed a
striking difference between guanine’s and inosine’s ability
to form quadruplexes, which is not apparent when simulat-
ing just the final cation-stabilized stems. When removing all
cations from the channel, both d(GGGG), and d(IIII), stems
are destabilized; thus the vacant stem structure is an unsta-
ble stage for both molecules. However, the vacant guanine-
containing stem does not disintegrate on the nanosecond
scale, despite its fluctuations. This in fact gives the mole-
cule enough time to intercept a cation from solvent and to
achieve stabilization. On the other hand a vacant d(IIII),
stem disintegrates immediately and completely and has no
time to catch any cation. In other words, on a longer time
scale, we expect that the initially vacant d(GGGG), stem
would be converted into a native cation-stabilized stem
whereas the initially vacant d(II1I), disintegrates. Thus these
simulations give us an unprecedented insight into possible
differences in the process of formation of guanine and
inosine quadruplexes. Both molecules behave in the same
way when fully soaked by the monovalent cations, as the
cation-quartet contribution is the dominating stabilization
term. However, when the molecules have to rely on the
H-bond stabilization due to the lack of cations they may
behave very differently. Formation of a cation-stabilized
quadruplex is an exceptionally slow process with complex
kinetics and it certainly involves long-living intermediates
very different from the final structure. One can hardly
assume that four strands and three cations are simulta-
neously coming together to form the stem. It is reasonable
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to assume that some of the intermediate structures are
stabilized by conventional base-base H-bonds rather than by
cation-base interactions (Han et al., 1999a; Hardin et al.,
1997), and for such structures the guanine-inosine differ-
ence can be very significant. Thus we speculate that forma-
tion of guanine and inosine quadruplexes might proceed via
a different sequence of intermediates. We can also imagine
a situation when a formation of an inosine quadruplex is
kinetically blocked or hindered due to instability of some
key intermediates despite that the final quadruplex itself
would be stable. The vacant stem is an example of such a
structure. If dG, reaches this structure, then formation of the
quadruplex is likely to proceed smoothly. However, this
would not be the case for dl,. Of course it does not mean
that we suggest vacant stems are the actual major interme-
diates in a quadruplex formation. Nevertheless, formation of
a parallel all-guanine stem could in principle involve this
state, as a result of either stepwise strand addition or duplex
dimerization (cf. Fig. 10 in Hardin et al., 1997). However,
there seems to be no reasonable way to form an all-inosine
stem through this process, and for the all-inosine stem,
active cation coordination in earlier stages of the quadruplex
formation appears to be vital. Work is in progress in our
laboratories to further investigate alternative folding pat-
terns and possible intermediates for quadruplex formation.

Several recent experimental studies investigated an ex-
change of cations between the central ion channel of the
quadruplex stem and bulk solvent. Hud and coworkers
(1999) applied 'H and '°N heteronuclear NMR spectros-
copy on the bimolecular quadruplex [d(G,T,G,)], in the
presence of ammonium ions. They have shown that a full
exchange of ammonium ions occurs on a millisecond time
scale with the average cation residence time being ~250
ms. Earlier work (Deng and Braulin, 1996) deals with the
same type of quadruplex in the presence of sodium ions.
This study suggests a lifetime of a bound Na* to be ~250
ms. These experiments, unfortunately, cannot be directly
compared with the present simulations carried out on the
nanosecond time scale only.

Simulations of quadruplexes with thioguanine and thioi-
nosine convincingly show that dtG, and dtl, do not have
any ability to form cation-stabilized quadruplexes. Al-
though the thiogroup has a very favorable interaction with
Na®, this group is too bulky and its presence leads to
expulsion of the cations from the channel and a collapse of
the quadruplex structure on the nanosecond scale. When
only one thioguanine is incorporated into the stem, the
structure remains stable, although local fluctuations around
the thioguanine are seen. This behavior is in agreement with
experiments suggesting that one thioguanine can be incor-
porated although the structure becomes less stable (Gee et
al., 1995; Marathias et al., 1999; Olivas and Mabher, 1995;
Rao et al.,, 1995). When a whole thioguanine quartet is
incorporated the structure appears to be quite disturbed,
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although it does not disintegrate on the nanosecond time
scale.

Modern nanosecond-scale, unrestrained, explicit-solvent
MD simulations carried out with the aid of an accurate
method for the treatment of electrostatic interactions (PME)
represent a robust technique to study the structure and
dynamics of oligonucleotides. Nevertheless, even the accu-
racy of such a state-of-the-art computational tool has limi-
tations caused by the approximations inherent to the force
field (cf. the ab initio and force field data in Tables 2 and 3)
and time scale of the simulations. We do not intend to
discuss these limitations in this contribution, as the reader
can find detailed discussions for quadruplexes in our pre-
ceding reports (Spackova et al., 1998, 1999, submitted). Let
us nevertheless comment on the approximation we believe
is the most critical one for evaluation of the outcome of the
studies presented here, namely, the limited accuracy of the
description of direct cation-solute interactions. The pair-
additive force field has a limited ability to treat interactions
of metal cations, even for monovalent alkaline species. Due
to the neglect of polarization contributions, the strength of
interactions involving cations is in general underestimated
by the force field. At the same time, the Lennard-Jones van
der Waals term is too steep in its repulsive region; i.e., for
short cation-ligand distances the short-range repulsion is
exaggerated by the force field. As demonstrated elsewhere,
with standard AMBER parameters the Na® cation in fact
appears to be a little oversized when placed into a guanine
quadruplex stem (Spackova et al., 1999). Because we con-
cluded in the present study that the thiobase destabilizes
quadruplexes primarily through steric repulsion one can
argue that the overestimated short-range repulsion is an
issue to be concerned about. This is one of the reasons why
the current simulations were performed using Na* AMBER
parameters rather than K* although the relevant experi-
ments were done in a K" environment. When using the
AMBER model of Na™ in the simulations, we in fact carry
out the simulation with a particle with short-range repulsion
effects somewhere in-between the short-range repulsion that
would be exerted by real Na* on the one hand and real K™
on the other (though obviously being still closer to a real
sodium). Thus such simulations represent a lower estimate
of the actual steric effects that would accompany a place-
ment of a genuine K™ into the thioguanine quadruplex stem.
Genuine K™ would exert even stronger destabilization ef-
fects on the thio-G-containing quadruplex than seen in our
simulations. The simulations are in our opinion entirely
relevant with respect to the available experimental data in
the presence of KCI. Nevertheless, based on the degree and
speed of the destruction of the d(tG,), stem we predict that
such a quadruplex cannot be stabilized by any cation, as
confirmed explicitly by the simulation considering Li* cat-
ions in the channel.
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CONCLUSIONS

The ability of G-DNA to incorporate the nonstandard purine
bases 6-oxopurine (inosine, I), 6-thioguanine (tG), and
6-thiopurine (tI) has been investigated using large-scale MD
simulations with explicit inclusion of water and counter-
ions. The simulations were carried out using the AMBER
program package, utilizing the Cornell et al. force field, and
long-range electrostatic interactions were treated using the
PME technique. The length of the simulations presented
reaches a total of 26 ns.

Our simulations demonstrate that inosine is well posi-
tioned to be incorporated into G-DNA stems. Even the
all-inosine quadruplex stem d(IIIl), shows identical struc-
tural and dynamical properties as d(GGGG), on the nano-
second scale despite the lack of four H-bonds in all inosine
quartets as compared with all-guanine quartets. The reason
is that both d(GGGG), and d(IIll), quadruplexes are pri-
marily stabilized by interactions between the monovalent
cations residing in the channel of the stem and the exocyclic
carbonyl groups of the nucleobase quartets. This is ex-
plained by the similarity in the electronic structures of
guanine and inosine.

Notwithstanding, simulations carried out lacking mono-
valent cations in the channel identify dramatic differences in
the behavior of d(GGGG), and d(Illl),. A vacant
d(GGGG), stem shows large fluctuations but does not dis-
integrate. Our recent study on mixed G-DNA stems
(Spackova et al., submitted) indicates that a vacant G-DNA
stem is able to intercept and attract a cation from the bulk
solvent on a time scale of ~10 ns to achieve its basic
stabilization. However, vacant d(IIlI), is irreversibly dis-
rupted within the first nanosecond of simulation without
having much of a chance to incorporate a cation. The
absence of channel cations leads to a full manifestation of
the lack of H-bonds involving the missing N2 amino group.
We hypothesize that this difference between guanine and
inosine quartets may affect, for example, the process of the
folding of the respective quadruplexes. More specifically,
the actual process of a formation of d(IIlI), could involve
different intermediates compared with a formation
d(GGGG),. One can also imagine a situation when a for-
mation of the inosine-containing quadruplex is hindered due
to the instability of some key H-bonded intermediates that
would be stable in presence of the N2 amino group, similar
to what was observed in a simulation of the vacant d(IIII),
molecule. We are, however, aware of the fact that relevant
experimental data do not exist at this time to assess the
relevance of our suggestions, rendering these to some extent
speculative. Nevertheless, it is our opinion that the contem-
porary MD technique is a robust and solid methodology
capable of making useful predictions even in the absence of
relevant experimental data, and in our view it is useful to
highlight the differences between guanine- and inosine-
quartet-containing molecules.
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Experiments clearly demonstrate that thioguanine inhibits
the formation of G-DNA. Our simulations provide the first
atomic insight into this process. The G-DNA stem is able to
incorporate a single thioguanine base although it already
leads to minor local perturbations of the structure indicating
some destabilization. Incorporation of a whole thioguanine
quartet is associated with a large perturbation of the G-DNA
stem already on the nanosecond time scale and this mole-
cule appears to be unstable on a long time scale. This
sharply contrasts the exceptional stability characteristic for
the native G-DNA stem. When all guanines are replaced by
thioguanines the stem immediately collapses. Incorporation
of thiopurine leads to an even faster disintegration of the
quadruplex.

The main reason for the destabilization of G-DNA by
thioguanine and thiopurine is the size of the thiogroup. This
leads to insurmountable steric conflicts in the quadruplex
channel and expels the cations out of the channel of the
quadruplex stem. The electrostatic interaction between
monovalent alkaline cations and the thiogroup per se is as
favorable as for the carbonyl group.

The results of our study show agreement with all avail-
able experimental data and summarily demonstrate the use-
fulness of a large-scale MD simulation technique in the
analysis of unusual DNA assemblies and their molecular
interactions.
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