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Abstract: Molecular dynamics and thermodynamic integration calculations have been carried out on a set
of G-rich single-strand, duplex, triplex, and quadruplex DNAs to study the structural and stability changes
connected with the guanine f 6-thioguanine (G f S) mutation. The presence of 6-thioguanine leads to a
shift of the geometry from the B/A intermediate to the pure B-form in duplex DNA. The G f S mutation
does not largely affect the structure of the antiparallel triplex when it is located at the reverse-Hoogsteen
position, but leads to a non-negligible local distortion in the structure when it is located at the Watson-
Crick position. The G f S mutation leads to destabilization of all studied structures: the lowest effect has
been observed for the G f S mutation in the reverse-Hoogsteen strand of the triplex, a medium effect has
been observed in the Watson-Crick strand of the triplex and duplex, and the highest influence of the G f

S mutation has been found for the quadruplex structures.

Introduction

6-Thioguanine (abbreviated asS throughout this paper) is one
of the most important therapeutic agents used in the clinical
treatment of acute childhood lymphoblastic leukemia, inflam-
matory bowel disease, Crohn’s disease, AIDS, and some other
pathologies.1-11 Very recently, the anti-angiogenic properties
of 6-thioguanine have been proved, which might even increase
the range of therapeutic actions of this fascinating molecule.8

The therapeutic effects ofS are believed to be related to its
incorporation into the DNA,12-16 but not many details regarding

structural and functional consequences of such incorporation
are known. Some authors have suggested that the main effect
of Smight be related to its ability to block quadruplex formation,
interfering then in telomere structure.17 On the contrary, others
have suggested that the inhibition of RNase H and/or topo-
isomerase II is the main mechanism of cytotoxicity ofS.3-5 In
any case, it is clear that all these effects should be related to
the ability of this molecule to distort normal or unusual nucleic
acid structures.

Experimental structural information on thioguanine-containing
nucleic acids is limited to DNA duplexes containing this
nucleobase paired to cytosine or thymine.17-19 All NMR data
suggest that the Gf S substitution leads to only moderate
changes in the stability of the DNA duplex,17-19 but discrepancy
exists in the magnitude of the structural change induced by the
presence of 6-thioguanine in the duplex. Thus, Marathias et al.17

suggested that the Gf S substitution largely distorts the
structure of the DNA duplex, while Somerville et al.18 and
Bohon et al.19 suggested that it has only a small and very local
impact on DNA structure. All NMR data suggest that the
presence ofS leads to partial opening of theS‚C Watson-Crick
base pair into the major groove, probably as a consequence of
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the larger size of the sulfur atom.17-19 Particularly, NMR-
exchange measurements by Somerville et al.18 indicated an
anomalous fast proton exchange rate for theS‚C base pairs,
corresponding to a ca. 80-fold decrease of the base pair
lifetime,18 which might suggest a lower stability of theS‚C pair
compared with the G‚C pair.

Recent experimental studies suggest that the presence of
thioguanine (see Figure 1) largely destabilizes quadruplexes,
with a small impact on the stability of antiparallel triplexes.17,20-22

This finding opens a wide range of possibilities for 6-thioguanine
in anti-gene therapies (i.e., strategies based on the inhibition of
pathological genes by triplex formation), since the generation
of antiparallel triplexes based on the d(G#G‚C) motif is in many
cases handicapped (see Figure 2) by the formation of intramo-
lecular quadruplexes in the triplex-forming oligonucleotide
(TFO).20-22

The gas-phase properties and molecular interactions of
6-thioguanine have been studied by means of ab initio meth-
ods.23 It was found that 6-thioguanine has tautomeric properties
very similar to those of guanine, and that its electrostatic
distribution is also similar, as noted in the dipole moment,
oriented in the same direction and only slightly larger for
6-thioguanine than for guanine (7.8 D vs 6.6 D).23 Ab initio
calculations also demonstrated that, at least in the gas phase,
6-thioguanine can establish stable stacking interactions, and that

theS‚C Watson-Crick pair is of stability similar to that of the
G‚C pair (-23.4 kcal/mol vs-25.5 kcal/mol; from ref 23). Ab
initio calculations in the gas phase suggested that the major
differences between G andS were related to the ability of both
purines to interact with cations and water molecules. Thus, it
was suggested that the less polar S6 group reduces hydration
of theS‚C pair in the major groove side compared with that of
the G‚C pair.23 On the other hand, the presence of a sulfur atom
increases the ability of 6-thioguanine to interact with soft metal
cations, such as mercury and cadmium, compared to that of
guanine.24 It remains to be investigated to what extent they are
affecting nucleic acids in solution.

To our knowledge only one extended molecular dynamics
(MD) study on nucleic acids containing 6-thioguanine has been
published.25 The analysis of several trajectories of DNA
quadruplexes of the types d(GGGG)4, d(SSSS)4, and d(GSGG)4
suggested that tetrads containing four 6-thioguanines are
unstable probably for steric reasons while the presence of one
6-thioguanine in a tetrad formed with three guanines is tolerated.

In the present paper we report an extended MD study of
molecular interactions of 6-thioguanine in DNA duplexes, tri-
plexes, and tetraplexes. MD coupled to thermodynamic integra-
tion (MD/TI) calculations provide for the first time quantitative
estimates of the change in stability of duplexes, triplexes, and
tetraplexes arising from the substitution of one guanine by one
6-thioguanine. The impact of the results in the design of more
efficient triplex-based anti-gene strategies is discussed.

Methods

We have studied the effect of 6-thioguanine on a wide range of
molecules, the majority of them containing stretches of guanines. All
studied sequences are summarized in Table 1, with sites of GT S
mutation highlighted.

Starting Structures. The duplex structures were constructed in the
standard B-like conformation using the Nucgen module of AMBER6.26
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Figure 1. Structure of duplexes, triplexes, and quadruplexes containing
6-thioguanine studied in this work.

Figure 2. Schematic representation of the duplexT triplex transition in
the absence (∆Gtriplex) or presence (∆Gtriplex

app) of quadruplex competition.
The corresponding dissociation constants are displayed at the left.
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For single-strand simulation needed to calculate the thermodynamics
data (see below) only the central G4T part of the duplex strand was
used. The initial triplex geometry was generated using our previously
MD equilibrated conformations27 which were originally built on the
basis of Patel’s NMR structure of TAGGAGGAT.28 In the case of
quadruplexes, both parallel and antiparallel arrangements have been
studied. Initial coordinates for the parallel-stranded quadruplex are based
on the crystal structure of d(TGGGGT)4, where all terminal thymines
were omitted.29 The structure of the antiparallel quadruplex was taken
from the NMR structure of d(GGGGTTTTGGGG)2.30 Again, only the

central guanine stem without the attached thymine loops has been used
in the simulations. The quadruplex channel is in all cases occupied by
three ions located in cavities between adjacent quartets.

Force Field.AMBER parm9931,32and TIP3P33 parameters were used
to describe the interactions between standard residues of DNA. Atomic
charges defining the electrostatic interactions of 6-thioguanine were
obtained by fitting HF/6-31G(d) potentials following RESP methodol-
ogy.34 On the basis of ab initio calculations, the equilibrium length for
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Table 1. Oligonucleotides Investigated in the Course of This Study

a When TI calculation was carried out, the sequence of the structure after mutation is presented.b The simulation time is mentioned only for simulations
where structural analysis has been carried out.
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the C-S bond was set to 1.6589 Å and the stretching force constant
was 570 kcal/(mol‚Å2). The van der Waals parameters of the sulfur
atom of 6-thioguanine were fitted to extensive ab initio data for
H-bonding and stacking of thioguanine.23 Final values were 2.0 Å for
the van der Waals radius and 0.5 kcal/mol for the potential well depth.
The final parameters (see Table S1 in the Supporting Information)
reproduce very well MP/6-31G*(0.25) results for stacking and hydrogen
bond interaction energies (see Table S2 in the Supporting Information).
For example, the best stacking energy (for a twist angle of 150°) for
the S-S dimer is-12.5 kcal/mol (AMBER) and-12.7 kcal/mol (MP/
6-31G*(0.25)). The hydrogen bond energies of the G‚C and S‚C dimers
are -21.7 and-20.6 kcal/mol, respectively, values which compare
well with MP/6-31G*(0.25) calculations:-23.4 and-22.5 kcal/mol,
respectively.

Molecular Dynamics. Starting geometries of the different nucleic
acids were immersed in large boxes of TIP3P water molecules extending
around 12 Å in each direction from the solute. The systems were then
neutralized by a minimum number of sodium or potassium ions, placed
initially in the regions of the most electronegative potential. The systems
were then thermalized and equilibrated using standard protocols.35

Finally, the equilibrated systems were subjected to unrestrained MD
simulations for 1 ns. These structures were used as starting points for
MD/TI simulations (see below). Some of the trajectories were extended
as noted in Table 1 to collect structural data. All simulations were
performed using periodic boundary conditions and the particle mesh
Ewald method.36 SHAKE37 was used to maintain all the bonds at their
equilibrium lengths, which allowed us to use 2 fs for integration of
Newton’s equations.

Thermodynamic Integration. TIs were carried out using a very
lengthy and conservative protocol.38 Accordingly, each perturbation was
done both in the Gf S direction and in theS f G direction. To even
improve the statistical quality of the simulation, and to reduce the noise,
each of the individual mutations was done twice: starting from
independent configurations and running for 420 and 840 ps using in
all cases 21 windows. Every window was divided into two halves, each
used to obtain an independent estimate of the free energy change. Thus,
for each mutation eight independent numbers were averaged to obtain

each free energy value. The stabilizing effect of the GT Ssubstitution
on different structures was explored using standard thermodynamic
cycles (see Figure 3) from mutation data. All nonbonded interactions
(including intragroup contributions) were considered dependent on the
mutation coordinate, which implies that all the free energy values
needed to be corrected by the gas-phase values.

Analysis.Trajectories have been analyzed using the Carnal and Ptraj
modules of AMBER6 as well as specificin-housesoftware. Helical
base pair and base pair step parameters have been calculated by the
3DNA program.39 Helical parameters have been calculated for all
trajectory frames as well as for MD-averaged structures. Hydration and
ion distribution have been analyzed by evaluation of water density maps
and molecular interaction potential (MIP)40 profiles. Residence times
were evaluated following the standard procedure in the Carnal module
of AMBER.26 Accordingly, waters around selected polar atoms of DNA
were assigned to the nearest atoms in consecutive snapshots, analyzing
the period of time which the water occupies a given binding position.

Results and Discussion

Structural Analysis of Duplexes.On the basis of 3-5 ns
trajectories, Stefl et al.25 described the structural impact of the
presence of 6-thioguanine in DNA tetraplexes, suggesting that
tetrads formed by four 6-thioguanines are unstable due to steric
hindrance of the sulfur atoms, which leads to the expulsion of
ions from the central channel, resulting in major distortion and
likely collapse of the structure. The same authors also concluded
that the presence of only one 6-thioguanine in a tetrad is
tolerated without any major distortions in the structure of the
G-DNA.25 We will complete the analysis here by inspecting
the structural effects of the introduction ofS in duplex and
triplexes (at both the Watson-Crick and reverse-Hoogsteen
positions).

We first analyzed the structure of three duplexes, d(GTTT-
GGGGTTTG), d(GTTTGGSGTTTG), and d(GTTTSSSSTTTG),
noted as G-,S-, and 4S-duplexes in the following, using 10 ns
samplings (detailed structural results are shown in Table S3 of
the Supporting Information). Average RMSDs from the canoni-
cal B-form (base pairs at both ends of the molecule were
omitted) are 3.6 Å (G-duplex), 2.9 Å (S-duplex), and 2.0 Å
(4S-duplex). The RMSDs reduce to 1.8 Å (G-duplex), 1.7 Å
(S-duplex), and 1.2 Å (4S-duplex) if only the central four base
pairs are considered. As a reference, the RMSDs of the central
four steps (central quartet) with respect to the canonical A-form
are 2.0 Å (G-duplex), 2.2 Å (S-duplex), and 2.4 Å (4S-duplex).
The large RMSD with respect to the B-form of the G-duplex,
and the fact that for the central quartet of the G-duplex
RMSD(A-form) is equal to RMSD(B-form), confirms that
G-tracts have an intermediate B/A character.41-45 This is clear
in a positive roll of ca. 5°, a negative slide up to-1.5 Å, a
base pair inclination of 10°, and a low helical twist (around
30°) for the pure G-track (G-duplex; see Table S3 in the
Supporting Information).

The introduction ofSproduces a displacement of the structure
of the duplex toward the B-form. Thus, RMSd(B) decreases by
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Figure 3. Thermodynamic cycles characterizing the impact of Gf S
substitution in the transition of different multimeric forms of DNA. The
vertical terms (∆G(1), ∆G(1), ∆G(2), ∆G(3), ∆G(3)′, and∆G(4)) are those
computed by MD/TI calculations.
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0.6 Å while RMSd(A) increases by 0.3 Å when four 6-thiogua-
nines are introduced. Thus, single Gf S mutation leads to
subtle changes in the structure of the G-tract, especially at the
mutation site: an increase of 2-3° in the helical twist, a
reduction of around 2° in the roll, a reduction of around 0.4 Å
in the negative slide, and finally a reduction of around 3° in
inclination (see Table S3). The local structural changes are more
important when four 6-thioguanines are introduced (4S-duplex),
since there is a substantial increase of the helical twist (around
5°), the average roll and slide are close to 0, and inclination is
small and negative. In summary, the introduction of four
6-thioguanines drives the structure from the B/A to the pure B
conformation. Not surprisingly, sugar puckerings change from
124° in the G-duplex to 134° in the S-duplex and 143° in the
4S-duplex, signaling then the B/Af B transition upon
6-thioguanine introduction. Clearly, all these local changes are
mostly related to the steric hindrance generated by the presence
of the sulfur group at position 6, which leads to enlargement in
both intra- and interstrand nucleobase-nucleobase distances (see
Table S3).

6-Thioguanine narrows the minor groove by almost 2 Å
(widths are measured as the shortest distance between phos-
phates on opposite strands following the 3DNA procedure),
which leads to more electronegative minor grooves, as shown

in MIP distributions in Figure 4, and in the depth of the MIP
minima (differences of 1 and 2 kcal/mol between the G- and
S- and 4S-duplexes). The change in MIP, and the recovery of
the large electronegative region in the minor groove upon
introduction ofS, agrees with the displacement toward pure
B-forms induced by 6-thioguanine.

The hydration shape in the major groove of the G-tract of
the G-duplex is highly ordered, with the best hydration point
located in the plane of the G‚C pair. Regions of large water
density are located in both major and minor grooves (Figures 4
and 5). These sites are occupied by water molecules with
moderate residence times (around 0.1 ns). Three hydration sites
are located in the minor groove and three others in the major
groove of the G‚C pairs (see Figure 5). The presence of
6-thioguanine leads to distortions of the hydration pattern, which
are especially important in the major groove, and which are
mostly related to the poorer hydration of the sulfur S6 atom
compared to the oxygen O6 atom. This is especially clear from
inspection of the solvation map of the 4S-duplex, where the
density of water around the S6 atom is clearly reduced compared
to that around the O6 atom (see Figure 5). This result confirms
the earlier suggestions based on gas-phase ab initio calcula-
tions.23 No dramatic changes are found in the average residence
times of waters bound to G‚C andS‚C pairs.

Figure 4. MIP profiles (top) and solvation maps (bottom) for (left to right) G-,S-, and 4S-duplexes. The probe molecule for MIP calculations was O+, and
the contour level was-8.0 kcal/mol. A density contour of 2.0 g/mL is shown in the solvation maps.

A R T I C L E S Špačková et al.
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In this paper we are mostly interested in the impact of Gf
Ssubstitution in the G-tract, but we considered it also interesting
to analyze the impact of this mutation in duplexes where the
substitution site is not surrounded by other guanines. The first
corresponds to the sequence studied by Somerville,18 and the
second corresponds to Marathias’s duplex with one mutated base
in the CpSpA step and the other in the CpSpC step (see Table
1), mimicking the type of mutation studied by Bohon et al.19

Simulations were performed using the same procedure as for
G-tracts and demonstrated that most effects caused by the
G f S substitution in the non-G-tract segments were similar to
those for the G-tracts. All trajectories were stable on the
nanosecond time scale, with RMSD(B) around 2.8-2.9 Å
(common RMSD range for MD simulations of duplexes),
suggesting that also here the presence of 6-thioguanine does
not introduce major alterations to the structure. It is worth noting
that MD simulations do not support the existence of anom-
alous helical parameters for unmodified (d(CTAAGGAAAG)‚
d(CTTTCCTTAG)) and modified (d(CTAAGSAAAG) ‚
d(CTTTCCTTAG)) duplexes, as Somerville’s data suggested.

Structural Analysis of Triplexes. We have analyzed the
structural impact of 6-thioguanine in the Watson-Crick (WC)
or reverse-Hoogsteen (rH) positions of antiparallel triplexes (i.e.,
d(G#S‚C) and d(S#G‚C); see Figure 1). For this purpose we
built three triplexes with sequences d(G)10#d(G)10‚d(C)10 (G-
triplex), d(G)10#d(G4-S-G5)‚d(C)10 (S-WC-triplex), and d(G4-
S-G5)#d(G)10‚d(C)10 (S-rH-triplex), and analyzed them using
molecular dynamics (see Table 1 and the Methods). Control
simulations (5 ns each) were performed using a 1 Mconcentra-
tion of NaCl, but the results found were very similar to those
obtained using a minimum amount of ions (which were needed
to neutralize the system) and are not shown here (they are
available upon request).

The three trajectories sample conformational regions close
to the canonical antiparallel triplex27 generated from the NMR
structure,28 as noted in the average RMSD (from the canonical
structure) ranging from 2.1 Å (G-triplex) to 2.3 Å (S-rH-triplex).
The average RMSD between the G-triplex trajectory and the
MD-averaged conformation is 1.7( 0.5 Å, while it reduces to
1.3 ( 0.4 Å for triplexes containingS. This suggests that the
presence of 6-thioguanine leads to a small restriction in the
flexibility of the helix. Interestingly, the cross RMSDs (obtained

by comparing one trajectory with the MD-averaged structure
of another) range from 1.8 to 2.3 Å, demonstrating that there
are no dramatic changes in the structure of the triplex induced
by the presence of 6-thioguanine.

Helical analysis of the triplexes (for technical reasons
restricted always to the WC strands) confirms that no dramatic
general changes in the structure occur whenS is present (see
Table S4 in the Supporting Information) either in the Watson-
Crick or reverse-Hoogsteen positions. The only remarkable
variations are related to a certain loss of planarity and partial
opening effects in the d(G#S‚C) triad. These distortions are
related to small changes in the pattern of hydrogen bonds in
the d(G#S‚C) triad. Thus, the G-triplex canonical Watson-Crick
and reverse-Hoogsteen hydrogen bonds were present for 99.8%
and 95.6% of the simulation time, the loss of hydrogen bonding
being related to local and fast atomic fluctuations and not to
real openings of the triad. WhenS is at the Watson-Crick
position, there is only a small reduction of the WC hydrogen
bonding (a total of 98.9% of the time the WC hydrogen bonds
are detected) while the loss of reverse-Hoogsteen hydrogen
bonding is more visible (from 95.6% to 92.5%). All these
modest effects can be rationalized by the steric repulsion of the
sulfur atom, which produces fast atomic movements leading to
partial opening movement at the Watson-Crick portion of the
triad, and a slight displacement of the third nucleobase (guanine)
apart from the Watson-Crick dimer (see Figure 6). Interestingly,
the presence of 6-thioguanine in the reverse-Hoogsteen position
does not modify at all the population of either Watson-Crick
(99.6% population) or reverse-Hoogsteen (93.4% population)
hydrogen bonds (see Figure 6).

In summary, structural analysis clearly suggests that the
impact of the 6-thioguanine in the structure of the antiparallel
triplexes is generally small and localized at the mutation site.
Only when 6-thioguanine is present in the Watson-Crick
position some local distortions of the triad are detected.
However, we cannot ignore that even small conformational
changes might induce large alterations in the ability of the triplex
to interact with other molecules. Thus, to clarify this point, we
computed the MIP profiles for the three antiparallel triplexes
considered. As noted before,27 for d(G#G‚C) antiparallel
triplexes, the minor part of the major groove (mM groove) is
the best region for interaction with small cations (see Figure 7)

Figure 5. Details of solvation in the plane of dimers and trimers containing guanine or 6-thioguanine (in blue). The solvation contour corresponds to a
density of 3.6 g/mL.
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but favorable interactions are also found in the major part of
the major groove (MM groove). When 6-thioguanine is present
(at either the Watson-Crick or reverse-Hoogsteen positions),
there is a decrease in the electronegativity of the MM groove
but that located in the mM groove is mostly unaltered (see
Figure 7).

Water density analysis (see Figures 5 and 7) shows a
reasonable degree of hydration in all the triplexes, with large

regions with high water density located in the minor groove
(located between triads and making hydrogen bonds with N3
(G) and N2 (G) of stacked guanines) and smaller regions placed
in the MM groove.27 Quite surprisingly, despite its large
electronegativity, the mM groove does not appear especially
well solvated. The insertion of 6-thioguanine does not largely
disturb the hydration pattern in the triplex, which can be
understood considering that the thio group remains quite hidden
in the triplex. The only remarkable change in hydration pattern
is a marginal loss of highly structured waters whenS is inserted
into either Watson-Crick or reverse-Hoogsteen positions (see
Figures 5 and 7).

Thermodynamic Calculations.One of the main advantages
of computational techniques is their ability to directly relate
the structural data with the energetics. Thus, MD/TI calculations
were performed to analyze the impact of the Gf Ssubstitution
on the stability of different multiplex structures (see the
Methods). All simulations reported here appear well converged,
as noted in the similarity of the free energy estimates obtained
from different trajectories. Mutation profiles were smooth and
without apparent discontinuities, and forward and reverse
simulations yield very similar estimates, showing that hysteresis
is not a major problem in our simulations. Clearly, the moderate
magnitude of the mutation, the change from a CdO bond to a
CdS bond, and our conservative approach (we have simulated

Figure 6. MD-averaged structure of triads containing 6-thioguanine
compared with the unmodified d(G#G‚C) triad: light blue, d(G#G‚C);
orange, d(G#S‚C); black, d(S#G‚C).

Figure 7. MIP profiles (top) and solvation maps (bottom) for (left to right) G-,S-WC-, andS-rH-triplexes. The probe molecule for MIP calculations was
O+, and the contour level was-7.0 kcal/mol. A density contour of 3.0 g/mL is shown in the solvation maps.
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only systems in which the mutation was not expected to destroy
the structure of the multiplex) justify the good statistical quality
of our theoretical estimates.

The Gf S mutation destabilizes all the multiplex structures
relative to the corresponding single-stranded oligonucleotides
(see Table 2). The duplex is strongly destabilized (around 2.1
kcal/mol) by the Gf S substitution. There is not a direct
experimental measure of the change in stability/melting free
energy of the duplex induced by the presence of 6-thioguanine,
but a reasonable estimate can be obtained by using regression
equations between melting free energies and temperatures
obtained in duplexes of similar size and structure. Thus, taking
data from Kool’s group,47 a regression equation can be obtained,
∆G ) -0.254∆Tm + 0.339 (r2 ) 0.971), relating differences
in melting temperatures and stability free energies. Using this
equation, we can predict that the Gf S mutation should
destabilize the duplex by around 6.9°C, which agrees very well
with rough estimates by Somerville et al. (around 6°C in ref
18) and Marathias et al. (around 7°C in ref 17). Analysis of
H-bonding and stacking interactions shows that duplex desta-
bilization (see Table 3) by 6-thioguanine originates in the lower
stability of its base pairing (around 3 kcal/mol per substitution)
in the substituted site, a fact that was already detected in previous
gas-phase ab initio calculations.23 The loss of stability is not
compensated for by improved stacking interactions occurring
as a consequence of the Gf S substitution (see Table 3).

The profound impact of 6-thioguanine in the stability of the
duplex strongly contrasts with its moderate structural effect on
the duplex detected in our simulations and in previous experi-
mental studies (see above). Clearly, this behavior, which is
common to other modified nucleobases such as the apolar
isosteres of nucleobases,47 implies that under normal experi-
mental conditions the impact on the structure of very stable
duplexes will be negligible while for duplexes of moderate
stability the presence of 6-thioguanine will lead to the total
unfolding of the structure. Note that, although the global
minimum molecular structure of the duplex is not altered

significantly, the free energy change might well facilitate the
base pair opening (or breathing).

MD/TI simulations (Table 2) suggest that the triplex is
strongly destabilized (2.4 kcal/mol) with respect to the single-
stranded structure whenS is inserted into the Watson-Crick
position of a triplex. This impact in stability is similar (difference
of only 0.3 kcal/mol in free energy) to that of insertingS into
a duplex, suggesting that the duplexf triplex transition is
mostly unaltered by the insertion of 6-thioguanine into the parent
duplex. This is a quite unexpected result, since the presence of
S in the WC position should disrupt both Watson-Crick G‚C
and reverse-Hoogsteen G#G hydrogen bonds (as the energy
analysis in Table 3 confirms), leading then to an extra
destabilization of the triplex compared with the duplex. How-
ever, as noted in Table 3, the loss of stability in the reverse-
Hoogsteen hydrogen bond is largely compensated for by the
gain in stacking with the central 6-thioguanine. The final result
is a netS-induced destabilization for the triplex of 2.7 kcal/
mol, not far from the destabilization of 1.5 kcal/mol found for
the duplex (see the energy values in Table 3 and free energy
values in Table 2).

The Gf S substitution has a moderate impact on stability
when taking place in the reverse-Hoogsteen position of the
triplex with respect to the single-stranded oligonucleotide (∆∆G
) 0.7 kcal/mol; from Table 2). To verify if this behavior was
dependent on ionic strength, we equilibrated the structure of
triplexes (normal andS-modified) for 1 ns in 1 M NaCl. The
results (see Table 2) are almost identical to those obtained using
a minimum amount of Na+ counterions to obtain electro-
neutrality, proving that the impact of an ionic atmosphere is
not crucial in our MD/TI simulations. Overall, MD/TI calcula-
tions strongly suggest that the formation of antiparallel triplexes
using a TFO containing 6-thioguanine is not much more difficult
(∆∆G ) 0.4 kcal/mol) compared with utilization of an unmodi-
fied TFO. This quantitative finding agrees very well with
experimental qualitative estimates obtained by Maher’s group,21

who reported no significant changes in the duplex+ TFO f
triplex transition, in normal andS-containing TFOs. Energy
analysis (Table 3) shows that the introduction of 6-thioguanine
in the reverse-Hoogsteen position does not alter the hydrogen
bond stability and reduces only slightly the stacking energy
(around 1 kcal/mol), mostly in the reverse-Hoogsteen intra-
molecular stacking.

The impact of a singleSon the stability of a parallel tetraplex
is dramatic, as noted in the difference of 4.4 kcal/mol between
the quadruplex and single-strand free energies (see Table 2).
To verify if this value was dependent on the nature of the
counterion placed in the central hole of the tetraplex, we repeated
the calculations for equilibrated (1 ns) quadruplexes (normal
andS-modified) containing K+ in the central channel (see Table
1). Results are not dramatically different (∆∆G ) 3.9 kcal/
mol; see Table 2). Furthermore, to gain extra confidence in our
estimates, we repeated the simulation, but now from 1 ns
equilibrated quadruplexes (normal andS-modified) with an
antiparallel arrangement of the G-strands (and K+ as the
counterion). Once again (see Table 2), the results are not altered
(∆∆G ) 3.9 kcal/mol), which convinced us that, independently
of the strand topology or counterion, the presence of 6-thio-
guanine very strongly destabilizes the tetraplex with respect to
the single strand. Interestingly, the destabilizing effect of

(46) Schneider, B.; Berman, H. M.Biophys. J. 1995, 69, 2661-2669.
(47) Kool, E. T.; Morales, J. C.; Guckian, K. M.Angew. Chem., Int. Ed. 2000,

39, 990-1009.

Table 2. Differences in the Free Energy Changes (∆∆G)
Associated with G f S Mutationa

simulation name free energy
∆∆G

(kcal/mol)
std dev

(kcal/mol)

S-duplex ∆G(A) - ∆G(D) 2.1 0.4
S-WC-triplex ∆G(G) - ∆G(J) 2.4 0.3
S-rH-triplex ∆G(G) - ∆G(J) 0.7 0.5
S-rH-triplexb ∆G(G) - ∆G(J) 0.4 0.5
1S-quadruplex ∆G(H) - ∆G(L) 4.4 0.3
1S-quadruplexc ∆G(H) - ∆G(L) 3.9 0.2
1S-quadruplex-antiparallelc ∆G(H) - ∆G(L) 3.9 0.6
2S-quadruplexd ∆G(H) - ∆G(L) 3.4 0.3

a ∆∆G values are calculated for the single strandf multiplex (duplex,
triplex, quadruplex) formation process using the thermodynamic cycles
described in Figure 2. A positive value means thatS destabilizes the
multiplex structure with respect to the single strand and thus also relatively
with respect to the multiplex with the natural base. The rest of the individual
free energy differences in Figure 3 can be easily derived by taking advantage
of the state function nature of the free energy from data in this table.
b Calculation performed using 1 M NaCl solution.c Calculations performed
using K+ as the counterion.d The free energy value corresponds to the
inclusion of the second 6-thioguanine in a central d(SG3) tetrad of a parallel
quadruplex.
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6-thioguanine on tetraplexes seems to be additive, since the
presence of a secondS in the tetrad further destabilizes the
tetraplex by 3.4 kcal/mol more (Table 2; simulations done for
a parallel tetraplex with Na+ as the counterion). MD/TI
calculations of the free energy change induced by the insertion
of additional 6-thioguanines are precluded by the fact that
perturbations are not reversible due to the spontaneous unfolding
of the tetraplex induced by the presence of three or more
6-thioguanines in the tetrad.

There are no experimental quantitative estimates of the
destabilization of tetraplexes induced by 6-thioguanine, but all
the available experimental data (refs 17 and 21 and references
therein) clearly show that this modified purine inhibits tetraplex
formation even under Na+ or K+ concentrations that lead to
very stable (melting temperatures above 60°C) unmodified
tetraplexes. Our theoretical calculations provide then direct
quantitative evidence supporting qualitative experimental data.

Energy analysis (Table 3) shows that the strong destabilizing
effect of 6-thioguanine is not related to poorer nucleobase-
nucleobase interactions, since both hydrogen bond and stacking
interactions are improved in tetrads containing 6-thioguanine
with respect to the reference ones. On the contrary, the
destabilization of tetraplexes induced by 6-thioguanine seems
to be related to the conflict between the bulky sulfur atom and
the ions placed in the central channel (see Table 3). It is clear
that as the number of 6-thioguanines in the tetrad increases the
interaction with the central ion will become more difficult,
leading to the expulsion of the ion from the central channel,
triggering then the unfolding of the tetraplex.25

We can suggest that the good antiparallel triplex formation
reported whenS was present in the TFO20-22 is due to the
combination of (i) very moderateS- induced destabilization of
the triplex and (ii) very strong destabilization of the intra-
molecular TFO-tetraplex induced by 6-thioguanine. The effect
of S is then to decrease the apparent dissociation constant by
reducing the inhibitory effect of tetraplex competition (see
Figure 2 and refs 20-22), leading then to a net increase in the
quantity of antiparallel triplex formed.

Conclusions

(i) The presence of the 6-thioguanine in DNA duplexes leads
to a clear displacement of the duplex to the canonical B-form-
like geometry, especially for G-tract sequences that are known
to adopt B/A intermediate structure. No visible perturbation of
the duplex structure is noticed; however, the 6-thioguanine alters
the major groove hydration pattern. Further, reduction of the
base pairing stabilization energies leads to a sizable loss of
stability in the duplex.

(ii) The insertion of 6-thioguanine into an antiparallel triplex
is well tolerated from structural and energetic points of view.
Thus, when it is incorporated into the Watson-Crick strand,
the structure is not destabilized preferentially from du-
plexes. Similarly, the presence of 6-thioguanine in the reverse-
Hoogsteen strand is not disfavored with respect to the single
strand. In summary, the free energy associated with the folding
process TFO+ duplex f triplex is mostly unaltered by the
presence ofS in either the duplex or TFO position.

(iii) The presence of 6-thioguanine is very destabilizing in
all studied quadruplexes, primarily due to the existence of
unfavorable interactions between the bulky sulfur group and
the cations in the central channel. The destabilization is not
caused by electronic structure effects, i.e., the nucleobase-cation
interaction term.

(iv) Combining the small impact of 6-thioguanine on the
structure and stability of triplexes with its tremendous impact
on tetraplexes strongly supports the use of 6-thioguanine in
TFOs designed for antiparallel triplex formation as an excellent
approach to reduce the competition between tetraplex and triplex
formation. Single oligonucleotides containing 6-thioguanine
should be then more effective as triplex-forming oligonucleo-
tides than parent unmodified oligonucleotides.
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Table 3. Nucleobase-Nucleobase and Nucleobase-Ion Interaction Energies and Standard Deviations (Total, H-Bond, and Stacking) for
the Central Three Base Pairs of G-, S-, and 4S-Duplexes, for the Central Three Triads of G-, S-WC-, and S-rH-Triplexes, and for the
Central Three Tetradsa of Parallel G- and 1S-Tetraplexes with Na+ as the Counterionb

G-duplex S-duplex 4S-duplex G-triplex S-WC-triplex S-rH-triplex G-quadruplex 1S-quadruplex

H-bond -81 ( 2.8 -77 ( 2.8 -70 ( 6.3 -131.9( 4.9
(-80.3,-51.6)

-125.3( 4.4
(-77.1,-48.2)

-131.5( 4.1
(-81.0,-51.4)

-99.7( 13.2 -110.0( 15.2

stacking -23 ( 2.8 -24 ( 3.1 -27 ( 3.7 -48.8( 5.5 -52.7( 3.7 -47.8( 5.1 -23.0( 6.2 -29.6( 6.9
nucleobase-ion -186.9( 12.2 -159.9( 20.3
total -103( 2.9 -102( 3.2 -97 ( 6.3 -180.7( 7.4 -178.0( 5.7 -179.2( 6.6 -309.6( 19.0 -299.5( 26.3

a The total number of quartets is four, so in the case of three quartets one tetrad is outer.b See Table 1. Only the ions placed in the central channel around
the mutation site are considered. Similar results are obtained considering other topologies of the tetraplexes and other central counterions. All values are in
kilocalories per mole. Values in parentheses correspond to Watson-Crick and reverse-Hoogsteen hydrogen bond interactions.
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