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Abstract: The structural, dynamical, and recognition properties of antiparallel DNA triplexes formed by
the antiparallel d(G#G‚C), d(A#A‚T), and d(T#A‚T) motifs (the pound sign and dot mean reverse-Hoogsteen
and Watson-Crick hydrogen bonds, respectively) are studied by means of “state of the art” molecular
dynamics simulations. Once the characteristics of the helix are defined, molecular dynamics and
thermodynamic integration calculations are used to determine the expected stabilization of the antiparallel
triplex caused by the introduction of 8-aminopurines. Finally, oligonucleotides containing 8-aminopurine
derivatives are synthesized and tested experimentally using several approaches in a variety of systems. A
very large stabilization of the triplex is found experimentally, as predicted by simulations. These results
open the possibility for the use of oligonucleotides carrying 8-aminopurines to bind single-stranded nucleic
acids by formation of antiparallel triplexes.

Introduction

DNA is a largely polymorphic molecule, which in near-
physiological conditions can adopt a variety of structures.1-3

Triple helices are one of these minor conformations that appear
when a DNA duplex containing a polypurine track interacts with
a third strand by means of specific H-bonds in the major groove
of the duplex. DNA triple helices were theoretically proposed
in 1953 by Pauling and Corey,4 and demonstrated experimentally
by Rich and co-workers in 1957.5 Triplexes have been since
then the subject of intense research effort owing not only to
their role in the cell cycle but also to their possible biomedical
(the antigene strategy) and biotechnological applications.6-12

Depending on the orientation of the third strand with respect
to the central polypurine Watson-Crick (WC) strand, triplexes

are classified into two main categories: (i) parallel and (ii)
antiparallel. The former (also named pyrimidine triplexes) are
defined by three types of Hoogsteen triads (Figure 1): d(T-A‚
T), d(C-G‚C), and d(G-G‚C), where the first base refers to the
Hoogsteen strand and the symbols dot and dash refer to
Watson-Crick and Hoogsteen pairings, respectively. The anti-
parallel triplexes (also named purine triplexes) are based on three
reverse-Hoogsteen triads (Figure 1): d(G#G‚C), d(A#A‚T), and
d(T#A‚T), where the pound sign refers to reverse-Hoogsteen
hydrogen bonds.

Most structural studies on DNA triplexes have focused on
parallel helices, which, under normal laboratory conditions, are
more stable than the corresponding antiparallel conformations.15-18

Accurate structural models of parallel triplexes have been
derived from IR and NMR experiments19 and molecular
dynamics (MD) simulations.20 This large amount of information
about the structure, reactive properties, and flexibility of these
triplexes has allowed the design and synthesis of new molecules
for the stabilization of the structure in physiological conditions
(for a review, see ref 21). Especially powerful are the 8-ami-
nopurine derivatives developed by our groups, which are able
to dramatically stabilize parallel triple helices built on the
d(T-A‚T) or d(C-G‚C) triads.22
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Parallel triplexes are typically formed by binding a single-
stranded oligonucleotide to a Watson-Crick duplex. However,
they can be formed also by targeting a single-stranded DNA or

RNA.23 Thus, it has been demonstrated that linking Watson-
Crick and Hoogsteen pyrimidine strands23a,c,g-i as well as
Hoogsteen pyrimidine strands23c,e yields hairpins or clamps
which bind their target single-stranded DNA with enhanced
affinity for triplex formation. This effect is more pronounced
using circular oligonucleotides,23d or when the Watson-Crick
strand contains 8-aminopurine derivatives.23g,h,i Kool and co-
workers23e,jhave proved that the same strategy works to generate
stable antiparallel triplexes using as templates purine-rich
hairpins. In addition to the excellent binding properties of
hairpins or clamps as templates for triplex formation, they
present a priori several potential advantages which include better
nuclease resistance and unlimited possibilities for functional-
ization in the loop region.

There is scarce high-resolution structural information on
antiparallel triplexes,21,23,24which is probably because of their
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Figure 1. Schematic representation of distinct triads found in triplexes. First row: Hoogsteen pairings found in parallel triplexes. Second row: reverse-
Hoogsteen pairings found in antiparallel triplexes. Third row: suggested reverse-Hoogsteen pairings involving 8-aminoadenine and 8-aminoguanine. The
position of the minor (m), minor-major (mM), and major-major (MM) grooves is displayed for each triad.
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reduced stability,15-18 making the structures stable only in the
presence of a high concentration of divalent ions.19a,24-26

However, despite their reduced stability under laboratory
conditions, antiparallel triplexes are more promising than parallel
structures in the biomedical field, since the formation of the
former is pH independent, while a parallel triplex requires in
most cases an acidic pH, which is not always present inside
the cell.27 Accordingly, there is a clear need for more structural
information on antiparallel triplexes, since this structural
knowledge would help in the design of new strategies for the
stabilization of this important family of triple helices.

Here we present a wide theoretical study of antiparallel
triplexes using state of the art MD simulations. Structures built
on the d(G#G‚C), d(A#A‚T), and d(T#A‚T) triads were analyzed
using nanosecond time scale simulations in aqueous solvent.
The equilibrated structures were used to examine the impact of
8-aminopurine substitutions on the stability of distinct antipar-
allel triplexes by means of a combination of MD and thermo-
dynamic integration (TI) simulations. Moreover, the 8-ami-
nopurine derivatives were synthesized and for the first time
incorporated into antiparallel triplexes. Experimental analysis
allowed us to confirm experimentally that 8-aminopurine
derivatives lead to extremely stable antiparallel triplexes, even
in conditions that mimic physiological ones. The impact of this
discovery on the design of new antigene and antisense strategies
is discussed.

Methods

Molecular Dynamics Simulations.MD simulations were performed
to analyze the structural, dynamic, and recognition properties of
antiparallel duplexes that contain all types of antiparallel triads (Figure
1). For this purpose, starting models of the following triplexes were

generated (Table 1): (i) a 10-mer poly[d(G#G‚C)] triplex (named T1),
(ii) a 10-mer poly[d(A#A‚T)] triplex (T2), (iii) a 10-mer poly(T#A‚T)
triplex (T3), and (iv) a 10-mer triplex containing d(T#A‚T) and d(G#G‚
C) triads with the reverse-Hoogsteen pairing (T4 in Table 1). To analyze
the impact of the oligonucleotide size on the structure of the triplexes,
additional simulations were performed for (v) an 8-mer d(A#A‚T)
triplex (T5), (vi) a 9-mer poly[d(T#A‚T)] triplex (T6), and (vi) two
7-mer triplexes containing d(T#T‚A) and d(G#G‚C) triads with the
reverse-Hoogsteen pairing (T7a and T7b simulations in Table 1).

Starting conformations for triplexes T1-T7a were generated from
Patel’s structure24 of the triplex d(AGGAGGA), which contains d(A#A‚
T) and d(G#G‚C) triads (PDB entry pdb134d). Sequences were modified
when needed, and triplexes longer than sseven triads were extended
using average helical parameters. For comparison, one simulation (T7b)
was repeated using as starting conformation another triplex structure
also deposited by Patel’s group in PDB as entry pdb135d (the root
mean square deviation (RMSD) between the two NMR structures for
all atoms is 0.9 Å (for the duplex portion) and 1.2 Å (for the entire
molecule)). This new trajectory was very similar to that found for T7a,
demonstrating that MD simulations are not highly dependent on small
structural changes in the starting configuration. All the structures were
partially minimized to avoid incorrect geometries for 1000 steepest
descent and 1000 conjugate gradient cycles. These relaxed systems were
then surrounded by water (between 2200 and 2800 TIP3P28 molecules)
and Na+ to achieve neutrality. They were then optimized, thermalized,
and equilibrated using our standard multistage protocol, which extends
for 200 ps.20a,b Equilibrated systems were then subject to production
runs of 5 ns (T1), 3 ns (T2-T4), and 2 ns (T5-T7) of unrestrained
MD simulation.

To analyze the structural impact of the introduction of 8-aminopu-
rines, we defined additional triplexes that contained these derivatives
in at least one position of the triplex (Table 1). Structures were created
from the corresponding reference triplexes (see above), and were then
hydrated, optimized, and equilibrated using a protocol identical to that
described above. Simulations of triplexes containing 8-aminopurines
were extended for 2 ns in all the cases. Finally, when needed for TI
simulations (see above), Watson-Crick duplexes were generated using(24) Radhakrishnan, I.; Patel, D. J.Structure1993, 1 135.

(25) Ji, J.; Hogan, M. E.; Gao, X.Structure1996, 4, 425.
(26) Bernue´s, J.; Beltran, R.; Casasnovas, J. M.; Azorin, F.EMBO J.1989, 8,

2087.
(27) Washbrook, E.; Fox, K. R.Biochem. J.1994, 301, 569.

(28) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R. W.; Klein,
M. L. J. Chem. Phys.1983, 79, 926.

Table 1. Summary of Calculations Done with Antiparallel Triplexes Containing Normal Nucleobases and Their 8-Amino Derivativesa

oligo name simulation length (ns) oligo name simulation length (ns)

d(GGGGGGGGGG) T1 5 d(GGGGGGGGGG) T1n 2
d(CCCCCCCCCC) d(CCCCCCCCCC)
d(GGGGGGGGGG) d(GGGGGNGGGGG)
d(GGGGGNGGGGG) T1nn 2 d(CCTCCCTCTC) T1db 2
d(CCCCCCCCCC) d(GGAGGNGAGAG)
d(GGGGGNGGGGG)
d(AAAAAAAAAA) T2 3 d(AAAAAAAA) T5 2
d(TTTTTTTTTT) d(TTTTTTTT)
d(AAAAAAAAAA) d(AAAAAAAA)
d(TTTTTTTTTT) T3 3 d(TTTTTTTTT) T6 2
d(TTTTTTTTTT) d(TTTTTTTTT)
d(AAAAAAAAAA) d(AAAAAAAAA)
d(TTTTTTTTT) T6n 2 d(TTTTTTTTT) T6d 2
d(TTTTTTTTT) d(AAAAA NAAAA)
d(AAAAA NAAAA)
d(GTGTTTGTTG) T4 3 d(GTGTTTGTTG) T4n 2
d(CTCTTTCTTC) d(CTCTTTCTTC)
d(GAGAAAGAAG) d(GAGAANAGAAG)
d(CTCTTTCTTC) T4d 2
d(GAGAANAGAAG)
d(TGGTGGT) T7a 2 d(TGGTGGT) T7b 2
d(TCCTCCT) d(TCCTCCT)
d(AGGAGGA) d(AGGAGGA)

a Simulations with duplexes containing the 8-amino derivatives are also displayed for completeness. The sequence of the third strand is shown in italics.
b Note that the sequence of the duplex matches always that of the parent triplex except for this case, where some adenines replaced guanines to avoid an
A-philic duplex.
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the standard fiber parameter,29 hydrated, neutralized, optimized, heated,
and equilibrated as described above. Unrestrained simulations for
duplexes (both modified and unmodified) extended for 2 ns.

The MD simulations were carried out in the isothermic-isobaric
ensemble using periodic boundary conditions and the particle mesh-
Ewald technique to represent long-range electrostatic effects.30 AMBER-
9931,32 and TIP3P force fields28 were used to represent molecular
interactions in the system. Parameters for 8-aminopurines were taken
from our previous parametrization studies.23h,33SHAKE34 was used to
constrain all the bonds at their equilibrium distances, which allowed
us to use a 2 fstime scale for integration of Newton’s laws of motion.
The AMBER-6.0 computer program was used for the MD simulations.35

The simulations reported here correspond to up to 30 ns of unrestrained
MD simulation of antiparallel triplexes (22 ns for unmodified triplexes
and 8 ns for triplexes containing 8-aminopurine derivatives).

Energetic analysis of the trajectories was carried out using analysis
modules in AMBER-6.0, as well as “in house” programs. Interaction
maps were determined using our cMIP methodology.20a,b,36Accordingly
MD-averaged structures were used to compute the interaction energy
of a given triplex with a probe molecule (O+ in this paper) located in
a regular grid around the molecule. Interaction energies were determined
as the addition of a van der Waals term to an electrostatic component
determined using Poisson-Boltzmann molecular electrostatic potentials
(inner dielectric 2 and outer dielectric 80) computed using AMBER
force field parameters. Hydration maps were obtained by integrating
solvent population during the dynamics using in house programs.20a,b

Free Energy Calculations.MD/TI calculations were performed to
determine the gain in stability of antiparallel triplexes obtained by the
substitution of purines by 8-aminopurines. For this purpose, and
following standard thermodynamic cycles, mutations between 8-ami-
nopurines and purines were done in distinct triplexes and duplexes (see
the Results and Discussion). Mutations between oligonucleotides
containing 8-aminoguanine (GN) and 8-aminoadenine (AN) and those
containing parent nucleobases were performed using 21 or 41 windows
of 10 ps each (independent free energy estimates were taken from the
first and second halves of each window), leading to simulations of 420
and 840 ps. To gain statistical confidence in the results, mutations were
carried out in the 8-aminopurinef purine and purinef 8-aminopurine
directions. Thus, each free energy difference value was obtained by
averaging eight independent estimates of the same process. In our
experience this procedure leads to better converged results than those
obtained by single, but more extended trajectories. Structures for the
oligonucleotides containing 8-aminopurines were built from MD-
averaged structures of the corresponding unmodified oligonucleotides
and equilibrated for 2 ns of unrestrained MD. In all the cases the
mutations were done in positions located in the center of the helix.

The impact of the 8-aminopurine substitution on the triplex stability
was determined as the difference between the free energies associated
with the mutations in the triplex and in the duplex (see eq 1). That is,
MD/TI calculations provided a direct estimate of the change in the
free energy of the triplexf duplex transition associated with the

substitution of a purine (in the Watson-Crick position) for an
8-aminopurine.

Oligonucleotide Synthesis.Oligonucleotides were prepared on an
automatic Applied Biosystems 392 DNA synthesizer. The phosphor-
amidites of 8-aminoadenine, 8-aminoguanine, and 8-aminohypoxanthine
were prepared as described elsewhere.22a-c,37-39 The phosphoramidite
of protected 8-amino-2′-deoxyinosine was dissolved in dry dichloro-
methane to yield a 0.1 M solution. The remaining phosphoramidites
were dissolved in dry acetonitrile (0.1 M solution). Oligonucleotides
containing natural bases were prepared using commercially available
chemicals and following standard protocols. After the assembly of the
sequences, oligonucleotide supports were treated with 32% aqueous
ammonia at 55°C for 16 h except for oligonucleotides bearing
8-aminoguanine. In this case, a 0.1 M 2-mercaptoethanol solution in
32% aqueous ammonia was used, and the treatment was extended to
24 h at 55°C.8 Ammonia solutions were concentrated to dryness, and
the products were purified by reversed-phase HPLC. Oligonucleotides
were synthesized on a 0.2µmol scale and with the last DMT group at
the 5′ end (DMT on protocol) to facilitate reversed-phase purification.
All purified products presented a major peak, which was collected.
Yields (OD units at 260 nm after HPLC purification, 0.2µmol) were
between 5 and 10 OD. HPLC solutions were as follows: solvent A,
5% ACN in 100 mM triethylammonium acetate, pH 6.5; solvent B,
70% ACN in 100 mM triethylammonium acetate, pH 6.5. Other HPLC
conditions were as follows: column, PRP-1 (Hamilton), 250× 10 mm;
flow rate, 3 mL/min; a 30 min linear gradient from 10% to 80% B
(DMT on) or a 30 min linear gradient from 0% to 50% B (DMT off).

Helix-Coil Transitions and Thermodynamic Analysis.Melting
experiments with duplex d(C3T4C3)‚d(GGNGNA4GNGNG) and triplex
d(C3T4C3)‚2[d(GGNGNA4GNGNG)] were performed as described by
Pilch et al.40

Melting experiments with triplexes were performed as follows.
Solutions of equimolar amounts of hairpins and the target Watson-
Crick pyrimidine strand (11-mer) were mixed in 10 mM sodium
cacodylate, 50 mM MgCl2, and 0.1 mM EDTA at pH 7.2. The DNA
concentration was determined by UV absorbance measurements (260
nm) at 90°C, using the following extinction coefficients for the DNA
coil state: 7500, 8500, 12500, 12500, 15000, and 15000 M-1 cm-1 for
C, T, G, 8-amino-G, A, and 8-amino-A, respectively. The solutions
were heated to 90°C, allowed to cool slowly to room temperature,
and stored at 4°C until UV analysis. UV absorption spectra and melting
experiments (absorbance vs temperature) were recorded in 1 cm path
length cells using a spectrophotometer, with a temperature controller
and a programmed temperature increase rate of 0.5°C/min. Melts were
run on triplex concentrations of 3µM (1-1.2 OD units at 260 nm).

The samples used for the thermodynamic studies were prepared in
a similar way, but melting experiments were recorded at 260 nm and
using 0.1, 0.5, and 1 cm path length cells.

Thermodynamic data were analyzed as described elsewhere23i,40-42

Melting curves were obtained at concentrations ranging from 0.5 to
20 µM triplex. The melting temperatures (Tm) were measured at the
maximum of the first derivative of the melting curve. The plot of 1/Tm

vs lnC was linear. Linear regression of the data gave the slope and the
y-intercept, from which∆H and ∆S were obtained. The free energy
value was obtained from the standard equation∆G ) ∆H - T∆S.
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133, 1405.
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10089.

(31) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M.;
Fergurson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman,
P. A. J. Am. Chem. Soc.1995, 117, 5179.

(32) Cheatham, T. E.; Cieplak, P.; Kollman, P. A.J. Biomol. Struct. Dyn.1999,
16, 845.

(33) Cubero, E.; Luque, F. J.; Orozco, M.J. Am. Chem. Soc.2001, 123, 12018.
(34) Ryckaert, J. P.; Ciccotti, G.; Berendsen, H. J. C.J. Comput. Phys.1977

23, 327.
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Kollman, P. A.AMBER-6.0; University of California: San Francisco, 1999.
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NMR Experiments. NMR experiments were performed to gain
additional evidence on the formation of antiparallel triplexes. For this
purpose, equimolar mixtures of the hairpins H26GT and H26GT(2GN)
with the WC-11-mer were prepared in 200µL of either D2O or 9:1
H2O/D2O. The resulting solutions were buffered (25 mM sodium
phosphate, 50 mM MgCl2, pH 7) and had a triplex concentration of
about 1 mM. NMR spectra were acquired in a Bruker DMX
spectrometer operating at 600 MHz and processed with X-WINNMR
software. TOCSY43 and NOESY44 spectra were acquired in D2O and
in H2O/D2O (9:1). All 2D experiments were carried out at 5°C. NOESY
spectra were acquired in 100 ms in H2O and 200 ms in D2O. In H2O
experiments, water suppression was achieved by employing jump-and-
return pulse sequences.45

Results and Discussion

Structural Description of the Antiparallel Triplex Helix.
Equilibrium trajectories of the triplexes were well equilibrated,
indicating that a reasonable description of the structure can be
obtained by nanosecond time scale MD simulations (see Table
2 and the Supporting Information) performed under low ionic
strength conditions. The RMSDs with respect to the respective
MD-averaged structures were very small (around 1 Å) in all
cases, indicating that the trajectories were visiting a quite well-
defined region of the configurational space, and that the
flexibility of the triplex was quite reduced compared with that
of duplexes with the same (Watson-Crick) sequence. The
RMSDs with respect to the NMR structures in pdb134d and
pdb135d (computed using all backbone atoms of the central
7-mer sequence) were also quite small, around 2 Å. For the
T7a and T7b triplexes (those corresponding to the same
oligonucleotides studied by Patel’s group) the RMSDs between
theoretical and NMR structures were around 2.2 Å (only
backbone atoms) and 1.8 Å (all atoms), confirming that the MD
trajectories were sampling regions of the configurational space
similar to those detected in the NMR experiments.24 Given the
ability of MD simulations to escape from incorrect triplex
conformations,20a,46 the agreement between MD and NMR
results cannot be considered fortuitous or related to incomplete
sampling of the MD trajectory.

Analysis of the trajectories shows the independence of the
results on the length of the oligonucleotide (in the range 7-10-
mer) on the starting conformation for the simulation (pdb134d
or pdb135d) and on the length of the trajectory (in the 1-5 ns
range; see Table 2). The introduction of one or two 8-aminopu-
rines led to negligible changes in the structures, as found
previously for parallel triplexes.22a-c In all the cases studied
here the RMSDs between the oligonucleotides containing
8-aminopurines and the parent oligonucleotides were below 1
Å (i.e., very close to the thermal noise of the simulation). In
summary, the main characteristics of the antiparallel triplex were
well defined on the nanosecond time scale, and are independent
of the definition of the simulation model and of the presence
of small chemical alterations in the structure. We can then safely
qualitatively discuss the characteristics of the antiparallel
triplexes containing the three reverse-Hoogsteen triads (see the
Methods), d(T#A‚T), d(G#G‚C), and d(A#A‚T), by analyzing
only simulations for the larger unmodified oligonucleotides T1-
T4. Caution is however necessary before a quantitative explana-
tion since we cannot forget that individual MD simulations are
performed on a short time scale and under conditions which
are not identical to those considered experimentally, where for
instance a nonnegligible amount of Mg2+ (not considered in
our simulations) is added to gain stability in the structure.

Despite some distortions in the third strand of sequences
containing adjacent d(T#A‚T) triads (T3 and T4), the general
shapes of the helices are well preserved during all simulations
(Figure 2). Watson-Crick hydrogen bonds were present for 98-
100% of the time for trajectories T1-T4 (the same values were
obtained for T5-T7), but the reverse-Hoogsteen hydrogen bonds
were more labile, especially for adjacent d(T#A‚T) triads, as
shown by the fact that around 27% of the T3 simulation and
32% of the T4 simulation showed disruption of T#A reverse-
Hoogsteen hydrogen bonds because of breathing movements.
Similar values were obtained for T6, while greater conservation
of reverse-Hoogsteen hydrogen bonds (86% and 92%) was
found for triplexes T7a and T7b, which contained d(T#A‚T)
triads, but not in contiguous positions. Analysis of trajectories
T3, T4, and T6 shows that the partial disruption of reverse-
Hoogsteen hydrogen bonds was due to a clear tendency of the
reverse-Hoogsteen thymine in poly[d(T#A‚T)] tracks to escape
from the planarity of the Watson-Crick d(A‚T) pair in a pseudo-
propeller-twist movement. The lost or reverse-Hoogsteen hy-
drogen bonds were less important for triplexes containing only
d(G#G‚C) and d(A#A‚T) triads (85% and 90% of reverse-
Hoogsteen hydrogen bonds were present in simulations T1 and
T2, respectively). Interestingly, the magnitude of breathing in
antiparallel d(T#A‚T) triplexes was much larger than that found
for the parallel d(T#A‚T) structures. This finding suggests that
the parallel arrangement is clearly more stable for the d(T#A‚
T) triads, despite the similar stability of Hoogsteen and reverse-
Hoogsteen hydrogen bonds.

The general structure of antiparallel triplexes is surprisingly
similar to that of parallel arrangements,22a-c as shown by
RMSDs in the range 1-2 Å between the Watson-Crick
backbones of the MD-averaged parallel and antiparallel triplexes
(Table 3). Interestingly, the general characteristics of the
antiparallel triplexes were quite independent of the sequence,
as noted in RMSDs, which were also in the range 1-2 Å
between the Watson-Crick backbones of MD-averaged struc-

(43) Bax, A.; Davies, D. J.J. Magn. Reson.1985, 65, 355-360.
(44) Kumar, A.; Ernst, R. R.; Wu¨thrich, K. Biochem. Biophys. Res. Commun.

1980, 95, 1-6.
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5895.

Table 2. RMSDs (Å) between the Triplexes Studied Here and
Several Reference Structuresa

triplex MD-avdb pdb134dc pdb135dc

T1 1.7(0.5) 2.1(0.3) 2.1(0.4)
T1n 1.0(0.4)
T1nn 1.1(0.3)
T2 1.2(0.3) 2.1(0.2) 2.0(0.2)
T3 1.1(0.3) 2.0(0.1) 1.7(0.1)
T4 1.5(0.4) 2.3(0.2) 2.1(0.2)
T4n 1.3(0.3)
T5 1.2(0.3) 2.0(0.2) 1.9(0.2)
T6 1.4(0.3) 2.2(0.2) 2.0(0.2)
T6n 1.4(0.3)
T7a 0.9(0.2) 2.1(0.2) 2.2(0.2)
T7b 1.1(0.2) 2.1(0.2) 2.1(0.2)

a Standard deviations (Å) are shown in parentheses.b Values computed
with respect to the respective MD-averaged conformation using all the atoms
in the corresponding oligonucleotide.c Values computed using only back-
bone atoms (including C1′) for the common 7-mer sequence.
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tures of simulations T1, T2, T3, and T4 (Table 3). However,
the introduction of the third strand in the calculation of the
RMSD led to a dramatic increase of c.a. 1 Å, confirming24 that
the largest sequence-dependent changes are always located in
the third strand, while the core of the triplex (defined by the
Watson-Crick strands) is less sensitive to sequence effects.
Cross-RMSD relationships suggest that triplexes containing only
d(G#G‚C) and/or d(A#A‚T) triads (T1, T2) are very similar,
and both differ slightly from triplexes containing d(T#A‚T) triads
(T3, T4), which are more distorted from an ideal helical
conformation (Table 3). The reduced stability of the d(T#A‚T)
reverse-Hoogsteen triads can explain the differential structural
properties of triplexes containing this type of triad. Additional
distortions in the third strand in T4 (Figure 2) were probably
due to the different sizes of d(T#A‚T) and d(G#G‚C) triads.

Triplexes T1-T4 showed quite standard helical values, with
an average twist around 30° (which increases to 32° for T3), a
rise around 3.4 Å, a small inclination, a roll and propeller twist,

and small (in absolute terms) and negativex-displacement values
(Table 4). On average, the sugars are in the south to southeast
regions (Table 4 and Figure 3A) for all the triplexes, as expected
for structures pertaining to the B-family. However, large
differences were observed in the puckering population between
Watson-Crick and reverse-Hoogsteen strands (Figure 3A).
Thus, the vast majority of sugars in the Watson-Crick strands
had phase angles in the range 90-180°. On the contrary, large
populations of north puckerings were detected in the reverse-
Hoogsteen strand, and for one of the triplexes (T3) north
puckerings were more populated than south puckerings. In
summary, as found in previous studies with parallel triplexes,20a,b

Figure 2. Schematic representation of the MD-averaged structure of the 10-mer antiparallel triplexes (T1-T4 from left to right) studied here. The third
strand is shown in color (T1, red; T2, green; T3, blue; T4, orange), and the Watson-Crick duplex is in black.

Table 3. Backbone RMSDs (Å) between Different MD-Averaged
Structures of Antiparallel Triplexes (T1, T2, T3, and T4) and the
MD-Averaged Structure of the Poly[d(T-A‚T)] Parallel Triplex in
Reference 22a

parallel T1 T2 T3

T1 1.7
T2 1.3 0.8/2.2
T3 2.3 2.2/3.0 2.0/2.8
T4 1.5 1.3/2.3 1.0/2.1 1.3/2.2

a Values in Roman font were obtained by fitting only the Watson-Crick
strands, and values in italics were derived by fitting the three backbones.

Table 4. Helical Parameters (Watson-Crick Strands) of
Antiparallel Triplexes T1-T4a

T1 T2 T3 T4 NMR

x-displacement -2.7(0.7) -4.9(1) -3.2(2) -4.8(2) -2.1/-1.9
inclination -3.3(6) 10.9(7) -0.1(5) 11.6(14) -0.4/-4.8
rise 3.4(0.1) 3.4(0.2) 3.4(0.1) 3.4(0.1) 3.6/3.7
roll 2.9(2) 0.8(2) -3.9(1) -0.5(2) 1.8/-0.6
twist 30.1(1) 30.3(0.9) 32.1(0.7) 30.5(1) 30.0/30.3
propeller twist -2.1(5) -3.9(5) -8.2(4) -6.0(5) -11/-13
phase 131(29) 128(32) 134(23) 131(27) 122/121b

m groove 12.6(0.5) 12.3(0.5) 10.5(0.4) 11.4(0.5) 12.7/12.2b

mM groove 10.8(0.6) 10.4(0.6) 11.7(0.4) 11.7(0.4) 9.0/8.8b

MM groove 12.8(2.5) 12.9(0.9) 12.9(0.7) 12.5(1) 14.5/14.7b

a Angular values are in degrees, and displacement values are in angstroms.
Only the central 8-mer Watson-Crick strand of the triplex is considered
for the analysis. Average NMR data are displayed for comparison (Roman
data from pdb134d and dat in italics from pdb135d).b NMR data are
obtained for a 7-mer oligonucleotide, which implies large uncertainties in
the definition of the grooves.
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the sugars of the Watson-Crick strands were restricted to the
south-southeast region of the pseudorotational circle, but sugars
in the third strand were more free to move and sample north
regions.

As noted by the standard deviations (Table 4) and the
distribution plots (Figure 3), the triplexes displayed a nonneg-
ligible flexibility and sampled wide regions of the helical space
during the trajectories. All the values observed during the
trajectories fell within the range of variability found in NMR
structures (Table 4 and Figure 3), demonstrating that helical
parameters obtained from the unrestrained trajectories obtained
here are consistent with experimental NMR data. Not surpris-
ingly, the largest deviation in the canonical structure is found
in triplexes containing d(T#A‚T) triads, which, when present
adjacent in the sequence, introduce significant distortions in the
third strand.

Interestingly, most helical values mirror those obtained for
parallel triplexes,20a,b which is not surprising considering the
small RMSD between parallel and antiparallel triplexes. The
only major differences between the two conformations were in
the grooves (Table 4). In parallel triplexes the major groove of
the duplex is divided into two asymmetric grooves (see Figure
1 and ref 20a for nomenclature): the minor part (mM) and the
major part (MM) of the major groove. For parallel d(T-A‚T)
triplexes the widths (measured as the shortest P-P distance) of
the grooves were around 17 Å (MM), 12 Å (m), and 9 Å (mM).
The situation differed completely for the antiparallel triplexes

studied here, in which the presence of the reverse-Hoogsteen
strand broke the major groove of the duplex more symmetrically.
Thus, on average the MM groove was only 1 Å wider than the
mM groove, compared to the large difference (8 Å) found in
parallel triplexes. The width of the minor groove in antiparallel
triplexes was around 12 Å, a value similar to that obtained for
parallel triplexes, and for normal B-DNA duplexes,20a show-
ing that the minor groove is not dramatically altered by the
presence of the third strand. The effect of the sequence in the
width of the groove was moderate, implying a reduction in the
width of the m groove and a parallel increase in the width of
the mM groove for triplexes containing the relatively unstable
d(T#A‚T) triads.

cMIP analysis shows that the potentiality for interaction of
cations with the triplex depends on the sequence (see Figure 4
and methods). For triplex T1 the regions of better interaction
were located in the MM and mM grooves, while the m groove
was not such a good target probably because of the presence of
the 2-amino groups of guanines, as found in DNA duplexes.
Triplex T2 showed favorable regions of interaction in the three
grooves, the MM groove being the best target for cationic
interaction. Finally, triplexes T3 and T4 showed a marked region
of favorable interaction in the MM groove and another located
in the m groove at steps containing d(T#A‚T) triads. The
phosphate charge distribution and the presence of a suitable
H-bond acceptor at the bottom of the groove (Figure 1) justify
the existence of these regions of favorable cMIP(O+).

Figure 3. Distribution plots corresponding to (A, left top, left middle, and left bottom) the phase angle of the 2′-deoxyriboses corresponding to all nucleotides,
those located in the Watson-Crick strands, and those located in the Hoogsteen strand and (B, middle top, middle bottom, right top, and right bottom)
selected helical parameters. Values were obtained by collecting data along the trajectories. The ranges of values found in NMR structures (entries pdb134d
and pdb135d) are displayed as lines (solid and dotted-dashed, respectively) in the plots. In all the plots T1 is black, T2 red, T3 green, and T4 blue.
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Density maps provide an MD-averaged picture of the ability
of the distinct triplexes to interact with water. All the triplexes
were well hydrated, with extended regions where the population
of water was 3.5-fold higher than the background of the
simulation (Figure 4). Clear spines of hydration were found for
all the triplexes located in the m groove (Figure 4). These spines
were not disrupted in the presence of d(G#G‚C) triads, despite
the perturbing effect of the 2-amino group of the Watson-Crick
guanines. Additional strands of water were found in the mM
groove (clearer in triplexes T3 and T4), and small strands of
water were also located in the MM groove of the four triplexes.
In summary, the water seems to take advantage of its ability to
act as H-bond donor and acceptor and interacts very well with
all the triplex structures. Overall, the patterns of hydration found
here do not differ greatly from those previously obtained for
parallel triplexes, despite differences in the groove sizes of
parallel and antiparallel conformations.20a

Free Energy Calculations.MD calculations allowed us to
obtain a qualitative picture of the antiparallel triplex and
provided us equilibrated structures which can be used to
determine the expected change in stability induced by the
presence of modified nucleobases in the structure. Particularly,
we wanted to explore the effect of substitution of purines (in
the Watson-Crick strand) by 8-aminopurines. These substitu-
tions were able to strongly stabilize parallel triplexes,21,22,23g,h

and simple inspection of Figure 1 suggested that this could also
be the case for antiparallel triplexes. To investigate this

hypothesis, models of triplexes containing 8-amino derivatives
were generated by manipulation of MD-equilibrated structures,
and were then relaxed and reequilibrated as described in the
Methods (see Table 1). Comparison of the corresponding
trajectories (T1n, T1nn, T4n, and T6n) with the parent trajec-
tories T1, T4, and T6 shows that the structural impact of the
presence of 8-aminopurines in the triplexes is very small and
localized in the substituted triad, which becomes more planar.

The substitution of the Watson-Crick guanine (d(G#G‚C)
triad) by 8-aminoguanine and the substitution of adenine
(d(T#A‚T) triad) by 8-aminoadenine led to an improvement of
nearly 6 kcal/mol in the reverse-Hoogsteen hydrogen-bonding
energy, with little (0.4-0.1 kcal/mol) impact on the stacking
energy and Watson-Crick hydrogen-bonding energy (around
-0.2 kcal/mol), which suggests that the introduction of 8-ami-
nopurine derivatives in antiparallel triplexes could be energeti-
cally favorable, at the level of nucleobase-nucleobase inter-
action. To account for other energy terms, solvation, and
entropic effects, we performed MD/TI simulations in which the
reversible works associated with the mutations AT AN and
G T GN were computed using the procedure explained in the
Methods (see Table 5). The mutation profiles were smooth and
did not show clear discontinuities (data available upon request),
suggesting the lack of hysteresis effects, and the standard errors
in the free energy estimates were very small (0.2-0.4 kcal/mol
for the eight independent estimates), indicating a good conver-
gence in the averages. In summary, despite the caution necessary

Figure 4. cMIP (top) and solvation (bottom) maps corresponding to triplexes T1-T4 (from left to right). The cMIP contour corresponds to an interaction
energy of-7 kcal/mol. Solvation maps correspond to a density of water of 3.5 g/cm3.
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for subnanosecond MD/TI calculations, we can be confident in
the statistical quality of the free energy values reported in Table
5.

Free energy values suggest that the presence of a single
8-aminopurine strongly stabilizes triplexes based on both
d(G#G‚C) and d(A#A‚T) triads. Interestingly, the results for
triplexes T1n and T1nn were similar, which suggests that the
presence of GN in the Hoogsteen strands (as in some of the
experimental models used in this study) does not alter the
triplex-stabilizing effect of the Watson-Crick GN. Remarkably,
the gains in stability of antiparallel triplexes induced by the
8-aminopurines were similar to those induced by the same
molecules in parallel triplexes, indicating that the introduction
of these molecules is an almost universal mechanism of triplex
stabilization. As in antiparallel triplexes, the gain in H-bonding
and the entropy gain related to the liberation of waters in the
mM groove appeared to be responsible for the gain in stability
of the triplexes induced by the presence of GN or AN in the
Watson-Crick position.

Experimental Studies on the Stability of a Short Inter-
molecular Antiparallel Triplex Containing 8-Aminoguanines.
MD simulations provided us with tridimensional structures of
antiparallel triplexes which can be used to obtain quantitative
prediction of the effect of substitution of purines by 8-ami-
nopurines in the stability of the triplex. Calculations predict that
G f GN and A f AN substitutions dramatically stabilize the
corresponding antiparallel triplex, which could have large
practical importance in antigene- and antisense-oriented methods
based on the formation of antiparallel triplexes (see the
Introduction), and must be verified experimentally. For this
purpose, we prepared oligonucleotides carrying 8-aminopurines
and studied the triplex-forming properties of the same.

First, the effect produced by the presence of 8-aminoguanine
in antiparallel triplexes was analyzed on a short intermolecular
triplex described by Pilch et al.40 Triplexes formed by d(C3T4C3)‚
2[d(GGNGNA4GNGNG)] were analyzed by melting and gel-shift
experiments. The stoichiometry associated with the interaction
of these two oligonucleotides was determined by PAGE
retardation assay. Mixtures containing 1:1 and 1:2 stoichiometric
ratios of d(C3T4C3) and d(GGNGNA4GNGNG) were separated
by PAGE. As described by Pilch et al.,40 only a single band,
corresponding to the duplex, was present at a 1:1 ratio. This
band showed a mobility similar to that of the purine strand. At
a 1:2 ratio a new band with reduced mobility was observed,
which corresponded to the triplex (see the Supporting Informa-
tion).

Thermal denaturation curves of the d(C3T4C3)‚d(GGNGN-
A4GNGNG) duplex and d(C3T4C3)‚2[d(GGNGNA4GNGNG)]
triplex were determined spectrophotometrically at 260 nm in
50 mM MgCl2, 10 mM sodium cacodylate, and 0.1 mM EDTA
at pH 7.2. As previously reported40 in these conditions a single

transition (triplexf random coil and duplexf random coil)
is detected. When the dependence of the melting temperature
on DNA concentration was studied, a lineal dependence between
the concentration and 1/Tm was found, which allowed us to
obtain ∆H, ∆S, and∆G from the regression equation (Table
6). The substitution of four guanines for 8-aminoguanines
changed the∆G of the duplex to random coil transition from
-12.6 to-10 kcal/mol (a decrease of 2.6 kcal/mol). On the
contrary, the same substitution changed the∆G of the triplex
to random coil transition from-26.3 to -28.4 kcal/mol (an
increase of 2.1 kcal/mol). Combination of these numbers shows
that the presence of four GN’s stabilizes the triplex (with respect
to the duplex) by 4.7 kcal/mol. Assuming that the effect of GN

is fully additive, stabilization of around 1.2 kcal/mol per
substitution is found. This experimental value compares very
well with the MD/TI estimate (1.5 kcal/mol from Table 5). That
is, as theoretically suggested, the Gf GN substitution in the
Watson-Crick position strongly stabilize antiparallel triplexes
containing the d(G#G‚C) triad.

Thermal Stability of Triplexes Formed from Reverse-
Watson-Crick Hairpins. As discussed in previous studies (see
the Introduction), an interesting alternative to create triplexes
which takes advantage of the stabilizing effect of 8-aminopurines
in the Watson-Crick position consists of using duplexes to
target single-stranded nucleic acids, instead of the usual ap-
proach of targeting duplexes with single-stranded DNA. In this
context, we aimed to analyze whether oligonucleotides carrying
8-aminopurines and designed to have the possibility to form
antiparallel reverse-Hoogsten hairpins can be templates for
antiparallel triplex formation. In this part of the study, and
mimicking our previous work with parallel triplexes, the effect
of 8-aminoguanine, 8-aminoadenine, and 8-aminohypoxanthine
(IN) in the triplex-forming properties of reverse-Hoogsteen
hairpins was studied using the oligonucleotides displayed in
Figure 5, which were designed to make antiparallel triplexes
with the polypyrimidine sequence WC-11-mer (5′TCTCCTC-
CTTC3′). The parent polypurine-polypyrimidine sequences
(H26GA and H26GT) were taken from a parallel triplex studied
by several authors,23i,41,42 where the linking between the
Watson-Crick polypurine and the reverse-Hoogsteen strands
was done by a tetrathymidine loop. 8-Aminopurine derivatives
were introduced in a number of positions of the Watson-Crick
strand of the putative hairpin. Thus, in oligonucleotides H26GA-
(2AN) and H26GT(2AN) two adenines were replaced by two
8-aminoadenines, in oligonucleotides H26GA(2GN) and H26GT-
(2GN) two guanines were replaced by two 8-aminoguanines,
and in H26GA(2IN) and H26GT(2IN) two guanines were

Table 5. Free Energy Changes in the Triplex f Duplex Transition
Induced by Changes from Purine to 8-Aminopurinea

mutation triplex
∆∆G

(kcal/mol)

G f GN T1n 2.1(0.2)
G f GN T1nn 1.5(0.2)
A f AN T4n 2.6(0.2)

a A positive sign implies stabilization of the triplex. Standard errors are
shown in parentheses.

Table 6. Thermodynamic Parameters of the Triplex and the
Duplexa

structure
Tm

(°C)
∆H

(kcal/mol)
∆S

[cal/(mol K)]
∆G25

(kcal/mol)

unmodified duplexb 52.0d -72d -198d -12.6d

8-amino-G duplexc 44.7e -28 -63 -10.0
unmodified triplexb 54.0d -152d -424d -26.0d

8-amino-G triplexc 53.5e -133 -350 -28.4

a Data obtained in 10 mM sodium cacodylate, 50 mM MgCl2, and 0.1
mM EDTA at pH 7.2.∆G25 refers to the standard free energy change at 25
°C. b Unmodified duplex, d(C3T4C3)‚d(G3A4G3); unmodified triplex,
d(C3T4C3)‚2[d(G3A4G3)]. c 8-Amino-G duplex, d(C3T4C3)‚d(GGNGNA4GN-
GNG); 8-amino-G triplex, d(C3T4C3)‚2[d(GGNGNA4GNGNG)]. d Data from
ref 1. Tm at a 15µM concentration.e Tm at a 4µM concentration.
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replaced by two 8-aminohypoxanthines. The corresponding
oligonucleotides carrying two hypoxanthines, H26GA(2I) and
H26GT(2I), were also prepared for comparison. Finally, in
H26GT(5AN) and H26GA(6GN) all adenines and guanines at
Watson-Crick positions were replaced by 8-aminoadenines and
8-aminoguanines, respectively. Control oligonucleotides with
a scrambled Hoogsteen strand (H26contGT and H26contGA)
and without the reverse-Hoogsteen strand were also prepared
(S11pur, S11pur2AN, S11pur2GN) as described in the Methods.

The relative stability of triple helices formed by H26GA and
H26GT hairpins and the polypyrimidine target sequence (WC-
11-mer) was measured spectrophotometrically at 260 nm in 50
mM MgCl2, pH 7.2. In all cases, one single transition character-
ized as a transition from a triple helix to a random coil was
observed with 15% hyperchromicity. Monophasic curves were
observed only when H26GA and H26GT hairpins were mixed
with the polypyrimidine target sequence (WC-11-mer). This
finding strongly suggests that H26GA and H26GT are not fully
preorganized before binding to the third strand. This observation
clearly contrasts with the behavior for Hoogsteen hairpins,23h,i

which are fully organized even in the absence of the Watson-
Crick polypyrimidine strand.

Triplexes obtained by incubation of hairpins H26GA and
H26GT and their derivatives with the polypyrimidine oligo-
nucleotide d(TCTCCTCCTTC) showed melting temperatures
in the range 54-77 °C (Table 7). Interestingly, the control
duplex formed by the WC-11-mer and the corresponding
polypurine strand (without the reverse-Hoogsteen strand, S11
derivatives) melted at lower temperatures (42-50 °C). The
addition of a non-sense Hoogsteen strand (H26contGT and
H26contGA) gave a similar melting temperatures to control
duplexes without a Hoogsteen strand (S11 derivatives). In
summary, H26GA and H26GT lead to a very stable and specific
triplex at physiological temperatures.

According to our MD and MD/TI calculations, replacement
of purines by 8-aminopurines in the Watson-Crick strand
should stabilize the triple helix. This is confirmed once again

by the observation of an increase in melting temperature of the
triplex between 2 and 4°C per substitution (H26GT(2GN), ∆Tm/
substitution) +3.7 °C; H26GA(2GN), ∆Tm/substitution)
+4.1°C; H26GA(6GN), ∆Tm/substitution) +2.4°C). Replace-
ment of adenine by 8-aminoadenine in the H26GT hairpin
stabilized the triplex around 1°C per substitution (H26GT(2AN),
∆Tm/substitution) +0.6 °C; H26GT(5AN), ∆Tm/substitution
) +1.2°C), demonstrating that, as predicted from MD and MD/
TI calculations, the Af AN substitution also stabilizes
antiparallel triplexes. It is worth analyzing the results obtained
by the introduction of 8-aminoadenines in the H26GA hairpin,
since in this case the triads involving adenines should be d(A#A‚
T), where molecular models suggest that 8-aminoadenines
should destabilize the triplex due to strong amino-amino
interactions (test MD simulations lead to opened triads). The
experimental data in Table 7 confirm this prediction (H26GA-
(2AN), ∆Tm/substitution) -3.1°C). This strongly suggests that
the effect of 8-aminopurine in the melting curves is due to
specific (d(G#G‚C) and d(T#A‚T)) triad stabilization, as pre-
dicted by simulations, and not by an unspecific aggregation
effect.

As a complement to the study, and following previous
studies,22b,47 we analyzed experimentally the effect of the
substitution of guanine by hypoxanthine. If the triplex models
explained above are correct, this should produce a strong
destabilization in the triplex caused by the loss of one hydrogen
bond in the Watson-Crick pair, and this was confirmed (Table
7) (H26GT(2I),∆Tm/substitution) -3.8°C; H26GA(2I),∆Tm/
substitution) -4.8 °C). Following the same reasoning, the
substitution of hypoxanthine by 8-aminohypoxanthine is ex-
pected to recover part of the stability, since the loss of one
Watson-Crick hydrogen bond is partially compensated by a
new hydrogen bond in the reverse-Hoogsteen pair (Figure 6).
Once again, the experimental data fully agreed with the

(47) Rueda, M.; Luque, F. J.; Orozco, M.Biopolymers2002, 61, 52.

Figure 5. Sequences of oligonucleotides carrying 8-aminopurines as
prepared in this study: GN, 8-aminoguanine; AN, 8-aminoadenine; IN,
8-aminohypoxanthine.

Table 7. Melting Temperatures (°C) for Triplexes Formed by
H26GA and H26GT Derivatives and WC-11-mera

hairpin Tm
b ∆Tm

c ∆Tm/substitution
duplex
(S11)

duplex
(H26con)

H26GT 60.5 50.0d 51.0h

H26GT(2AN) 61.7 +1.2 +0.6 45.6e

H26GT(2GN) 68.0 +7.5 +3.7 41.1f

H26GT(2IN) 61.5 +1.0 +0.5
H26GT(2I) 52.8 -7.7 -3.8 38.5g

H26GT(5AN) 66.6 +6.1 +1.2
H26(GA) 62.7 50.0d 50.0i

H26GA(2AN) 56.5 -6.2 -3.1 45.6e

H26GA(2GN) 71.0 +8.3 +4.1 41.1f

H26GA(2IN) 62.4 -0.3 -0.1
H26GA(2I) 53.1 -9.6 -4.8 38.5g

H26GA(6GN) 77.2 +14.5 +2.4

a Data obtained in 10 mM sodium cacodylate, 50 mM MgCl2, and
0.1 mM EDTA at pH 7.2.b At a concentration of approximately 3µM.
c ∆Tm ) Tm - Tm of the corresponding unmodified H26 derivative (H26GT
or H26GA). d S11pur:WC-11-mer control duplex.e S11pur2AA:WC-11-
mer control duplex.f S11pur2AG:WC-11-mer control duplex.g S11purI:
WC-11-mer control duplex.h H26contGT:WC-11-mer control duplex.
i H26contGA:WC-11-mer control duplex.

A R T I C L E S Aviñó et al.
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predictions derived from structural models, indirectly supporting
their quality.

Thermodynamic Studies.The dependence of the triplex to
random coil transition on DNA concentration was studied in
several triplexes. In all cases, the melting temperatures of the
transitions decreased with concentration, as expected for a
bimolecular transition. The plot of 1/Tm versus ln(concentration)
was linear, giving a slope and ay-intercept from which∆H,
∆S, and ∆G were obtained. The∆G values for the triplex
dissociation were-17.1 and-18.2 kcal/mol for the unmodified
H26GT:WC-11-mer and H26GA:WC11mer triplexes, respec-
tively (Table 8). The substitution of two adenines by two
8-aminoadenines in the H26GT(2AN):WC-11-mer triplex gave
a difference in ∆G of 4.6 kcal/mol. Assuming that the
stabilization of AN is additive, this would imply a stabilization
of the triplex by 2.3 kcal/mol per substitution (MD/TI calcula-
tions shown in Table 5 suggested a stabilization of 2.6 kcal/
mol). As expected, the same substitution in the reverse-
Hoogsteen position produced a destabilization of 0.7 kcal/mol
(0.35 kcal/mol per substitution). Triplexes carrying GN gave
stabilizations in∆G of 6.7 kcal/mol (3.3 kcal/mol per substitu-
tion) and 3.7 kcal/mol (1.8 kcal/mol per substitution), values
which compare very well with the theoretical estimate of 2.1
kcal/mol in Table 5.48 This and previous quantitative agreements

between theory and experiment confirm the utility of “state of
the art” molecular simulation as a quantitative tool for predicting
the structure and stability of novel nucleic acids.

Structural Data from NMR Experiments. Exchangeable
proton NMR spectra of the triplex formed by H26GT and

(48) The transitions followed experimentally here differ slightly from those
computed in our simulations, since the experimental values include both
Watson-Crick duplex formation and triplex formation from this duplex.
The effect of 8-aminopurines in WC duplex stability is always unfavorable
(in most cases a few tenths of a kcal/mol; see refs 21, 22a-c, 23g,i, and
47; in other cases larger values can be obtained (see the previous section)).
Accordingly, data obtained in this section can be safely used to discuss
triplex stability (vs Watson-Crick duplexes or vs single-stranded DNAs),
but quantitative comparison with theoretical values must be made with
caution.

Figure 6. Schematic representation of the reverse-Hoogsteen d(G#G‚C)
triad and those formed by inosine (I) and 8-aminoinosine (IN).

Table 8. Thermodynamic Parameters for Triplex to Random Coil
Transitions in 10 mM Sodium Cacodylate, 50 mM MgCl2, and 0.1
mM EDTA at pH 7.2 from the Slope of the Plot 1/Tm versus ln Ca

triplex
Tm

b

(°C)
∆H

(kcal/mol)
∆S

[cal/(mol K)]
∆G

(kcal/mol)

H26GT+ WC-11-mer 60.7 -83 -222 -17.1
H26GT(2AN) + WC-11-mer 61.5 -123 -342 -21.7
H26GT(2GN) + WC-11-mer 67.6 -101 -269 -20.8
H26GT(2IN) + WC-11-mer 62.0 -96 -260 -18.8
H26GA + WC-11-mer 63.4 -88 -235 -18.2
H26GA(2AN) + WC-11-mer 57.4 -95 -260 -17.5
H26GA(2GN) + WC-11-mer 72.5 -122 -325 -24.9

a ∆H, ∆S, and∆G are given as round numbers, and∆G is calculated at
25 °C, with the assumption that∆H and∆Sdo not depend on temperature;
analysis was carried out using melting temperatures obtained from
denaturation curves.b At 4 µM triplex concentration.

Figure 7. Proton spectra of the triplexes formed by H26GT+ WC-11-
mer (A) and H26GT(2GN) + WC-11-mer (B) in H2O. (C) 2D NOESY
spectrum of H26GT(2GN) + WC-11-mer. NOE cross-peaks characteristic
of Watson-Crick base pairs are labeled (amino protons of cytosines with
guanine iminos, and iminos of thymines with adenine H2 protons). The
arrows indicate cross-peaks between H8 protons of adenines and guanines
and Hoogsteen imino protons. All spectra were recorded atT ) 5 °C and
pH 7 with 50 mM Mg2Cl.

Antiparallel Triple Helices A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 125, NO. 51, 2003 16137



H26GT(2GN) with their polypyrimidine target WC-11-mer are
shown in Figure 7. In the case of the unmodified triplex, the
signals are rather broad, indicating that some conformational
or solvent exchange is taking place. This dynamic effect is
clearly reduced in the case of the modified triplex, where the
signals are much narrower. In both cases the large signal line
widths prevent the acquisition of two-dimensional spectra of
enough quality for a complete sequential assignment of the
proton spectra. However, some key resonances could be
identified as shown in Figure 7C.

Chemical shifts of the exchangeable proton signals as well
as NOESY cross-peaks clearly show that H26GT(2GN) hybrid-
izes with WC-11-mer, forming an antiparallel triplex. At least
three NOE cross-peaks between the imino protons, with
chemical shifts between 14 and 15 ppm, and adenines H2
protons are observed, indicating the formation of A-T Watson-
Crick base pairs. Also, cross-peaks between guanine imino
protons and some cytosine amino protons were found, showing
the occurrence of G-C Watson-Crick base pairs. In addition,
some imino protons, with chemical shifts between 12 and 14
ppm, present intense cross-peaks with nonexchangeable base
protons. These protons were identified in the D2O spectra as
H8 of adenines or guanines, and their NOEs with iminos are
indicative of the formation of reverse-Hoogsteen G#G or T#A
base pairs. In summary, NMR data clearly confirm the existence
of antiparallel triple helices and the gain in structure obtained
by the introduction of 8-aminopurine derivatives.

Conclusions

Molecular dynamics simulations have been used to study a
large variety of antiparallel triplexes and to obtain a general

view of their structural and dynamic properties. The resulting
structural models allow quantitative prediction of the stabilizing
effect of the replacement of purines in the Watson-Crick strand
by 8-aminopurines. Experimental studies have proven that the
structure-based predictions were correct and that 8-aminopurines
can be used to obtain stable purine#purine‚pyrimidine triplexes.
The introduction of 8-aminopurines in purine-rich hairpins
allows the targeting of single-stranded polypyrimidine, forming
very stable antiparallel triplexes at room temperature. This
stability coupled to the lack of an acidic pH requirement strongly
suggests that the hairpins described in this work have unique
potential use in applications involving oligonucleotide targeting
of single-stranded oligonucleotides in vitro and in vivo.
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