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Abstract: Using a constrained molecular modeling method, we have generated DNA (D), RNA (R), and hybrid
DNA/RNA triple-helical structures. Starting with the reference frame defined by the X-ray fiber diffraction
model of the poly(dT)‚poly(dA)+poly(dT) triple helix, where “‚” denotes Watson-Crick pairing and “+”
indicates Hoogsteen pairing, we have exhaustively sampled the arrangements of the sugar-phosphate backbone
that connect adjacent bases on each of the three strands. We focus attention on regular polymer models
constructed from conformationally identical repeating units. Structures free of local steric constraints are
combined in all possible ways to build short triplexes, and overall triple helix energies are computed under
several different dielectric environments. The predicted ordering of Pyr‚Pu+Pyr triplex stabilities, D‚D+D >
D‚D+R> D‚R+D > D‚R+R> R‚D+D > R‚D+R> R‚R+D > R‚R+R, agrees qualitatively with measured
stabilities of triplexes containing DNA and/or RNA single strands in gel electrophoresis, NMR, X-ray, and
thermodynamic studies. The relevance of the computed data to other triple helical simulations is also discussed.

Introduction

Among the special structural features of nucleic acid double
helixes are the grooves formed by the antiparallel sugar-
phosphate backbones. The cavities created by the grooves play
a vital role in the interactions of DNA and RNA with other
molecules, including water,1 drugs,2 and proteins.3,4 The
grooves also play a crucial role in enhancing interactions with
other nucleic acid molecules. The latter interactions, which are
sequence-specific in nature, include associations between double
helixes and single strands of either DNA or RNA.5 For
example, both polypurine and polypyrimidine sequences interact
with the major groove atoms of duplex structures. These
interactions are mediated by the formation of specific hydrogen
bonds between the bases of the third strand and the purine bases
of the duplex. Nucleic acid triple helixes may be either inter-
or intramolecular in nature. The first reported triple helix
formed by two strands of polyribo(uridylic acid) and one strand
of polyribo(adenylic acid) provides an example of an intermo-
lecular complex made up of three separate strands (trimolecu-
lar),6 while so-called H-DNA is an example of an intramolecular
triple helix formed within a single closed circular DNA
molecule.7

In recent years, increasing interest has focused on triple-
helical nucleic acids due to their potential biological relevance,
as well as their importance in therapeutic, diagnostic, and
biotechnological applications. Many groups have studied the
thermodynamics of DNA triple helixes,8-15 finding triplex

formation to be less favorable than the formation of the
constituent duplex. The hierarchy of relative energetic stabilities
of hybrid nucleic acid triplexes containing various combinations
of DNA and RNA strands has been examined by quantitative
affinity cleavage titrations,14 comparative electrophoresis and
CD studies,11 and UV absorption spectrophotometry.15 While
there are some discrepancies among the different experimental
measurements, all available studies carried out at high salt
concentrations (at least 100 mM NaCl) indicate that DNA/RNA
hybrid triplexes containing RNA third strands are more stable
than the corresponding triplexes containing DNA third strands.
This observation has profound implications with regard to the
triplex-based applications noted above.
Early X-ray fiber diffraction studies of the poly(dT)‚poly-

(dA)+poly(dT) and poly(rU)‚poly(rA)+poly(rU) complexes,16
where “‚” denotes Watson-Crick pairing and “+” indicates
Hoogsteen pairing, yielded A-type structural models in which
the pyrimidine third strand engaged in Hoogsteen hydrogen-
bonding interactions with the purine strand of the Watson-
Crick duplex and all sugar residues adopted a C3′-endo puckered
conformation (with the C3′ atom puckered out of the mean plane
of the furanose ring in the direction of the base). More recent
two-dimensional (2D) NMR studies of short pyrimidine‚-
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purine+pyrimidine DNA triplexes17-19 and an 15N NMR
analyses of a 21 base pair duplex with a shorter (15 nucleotide)
third strand20have confirmed the Hoogsteen base pairing scheme
proposed by the fiber diffraction model. NMR studies of the
d(TC)4‚d(GA)4+d(TC)4 triplex17 and d(T)6‚d(A)6+d(T)619 in-
dicate mixed results on the preference of sugar puckering in
these complexes. Circular dichroism, infrared, and molecular
modeling investigations, on the other hand, suggest that DNA
triple helixes are members of the B-DNA family of structures,
with the sugars of all strands in the C2′-endo puckered form.21,22

It is important to note that a C3′-endo to C2′-endo sugar
repuckering is followed by an∼1 Å increase in the nonbonded
distances between adjacent phosphorus atoms in each single
strand and that ring repuckering is sometimes,23 but not always,24

tied to a large-scale configurational change from the A- to
B-helical form.
X-ray diffraction studies of single crystals of the model

triplex, C3T12‚A12+T12C3, and the hetero-oligomer, C+TC+
2T3-

C+T2C+
2T‚GAG2A3GA2G2T+ACTC2T3CT2C2A, have yielded

only fiber-type diffraction patterns because of lack of ordering.25

The data, nevertheless, suggest a B-type structure with C2′-endo
sugar puckering in both triplexes. The triple helix with homo-
oligomeric A and T sequences is 13-fold with a rise per residue
of 3.26 Å, a structure somewhat different from the classical
poly(dT)‚poly(dA)+poly(dT) triple-helical structure (12-fold
with a rise per residue of 3.26 Å) and the triplex with a hetero
sequence (∼12 residues per turn and 3.2 Å rise per residue).
The currently available (NMR and X-ray) structural database

of nucleic acid triplexes is thus small. Molecular modeling and
dynamics studies26-28 have helped to fill this gap in knowledge
and, at the same time, provide potentially useful insights into
the three-dimensional conformations of triple helical complexes.
Most of these studies, carried out in the presence of solvent
molecules orin Vacuo, consistently point to a repuckering of
the sugar rings in the complex from C3′-endo to either O1′-endo
or C2′-endo conformations. (The O1′-endo state is commonly
thought to be a high-energy intermediate between the C3′-endo
and C2′-endo forms.29) The relative proportions of the puckered
states, however, vary in different dynamics studies. These
preferences apparently reflect the choice of force field, which
is known to lead to entirely different predictions in simulations
of otherwise identical duplex systems.30-32 Many published
simulations of DNA triplexes ignore long-range electrostatic

effects, which can have a substantial effect on the preferred ring
conformation (see below). Optimization studies of regular
d(T)n‚d(A)n+d(T)n triple-helical structures21,33also give conflict-
ing results. Calculations22,27 based on the JUMNA34 and
AMBER35 force fields, respectively using the triple helical fiber
model and the canonical B- and A-DNA double helixes as
starting structures, predict that the purine strand preferentially
adopts the C2′-endo conformation. Corresponding calculations36

employing the CHARMM37 force field, by contrast, indicate a
preference for C3′-endo sugars in model d(T)7‚d(A)7+d(T)7 triple
helixes. These differences presumably reflect the built-in
preferences of the force fields described above.
In this paper, we report a constrained molecular modeling

study of regular DNA, RNA, and DNA/RNA hybrid triple
helixes. To our knowledge, no one has yet generalized DNA
triplex construction methods for analyses of RNA and hybrid
complexes and incorporated all possible combinations of sugar
puckering in molecular models. Starting with the Watson-
Crick and Hoogsteen base pairing schemes supported by fiber
diffraction, single crystal, and NMR studies, we have evaluated
all possible combinations of DNA and RNA sugar-phosphate
backbones that connect adjacent bases on each of the three
strands of the poly(dT)‚poly(dA)+poly(dT) triplex. In these
cases, we identify the potential polymer building blocks and
rank the monomer repeating units according to their confor-
mational energies.
We then generate triple helixes made up of 16 identical

monomer repeating units from all possible sets of the low-energy
building blocks. We choose this chain length in order to
compare our predictions with experiments carried out on triple-
helical DNAs of comparable length. The total energies of the
different triple helixes are computed using a set of standard
potential functions. The effects of counterion condensation as
well as different dielectric treatments are considered. The
relative energies of DNA, RNA, and mixed DNA/RNA triplexes
are compared with observed stabilities derived from gel elec-
trophoresis, NMR, and thermodynamic measurements of the
corresponding structures. To estimate the relative deformability
of the triplets compared to conventional base-paired duplexes,
we also compute the potential energies of interaction of free
base pairs in typical helical arrangements.

Methods

Constrained Nucleic Acid Model Building. The different
nucleic acid backbone combinations that link a chosen three-
dimensional arrangement of bases can be determined by
considering the various combinations of sugar and glycosyl
geometries that bring the intervening 3′- and 5′-ester oxygens
within standard phosphate bonding distances.38 The glycosyl
and sugar torsions (both the ring puckering and the exocyclic
O5′-C5′-C4′-C3′ torsion termedγ39) are treated here as
independent variables. When the resulting O3′‚‚‚O5′ distances
conform to the known geometry of phosphate chemical bond-
ing,40 an intervening phosphorus atom with the correct C-O-P
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valence angles is located. Four sequential torsion angles about
the C4′-C3′-O3′-P-O5′-C5′-C4′ bonds are thereby obtained
as dependent variables.38 When the backbone solutions are
computed, the sugar puckering in adjacent residues is varied
over 20 evenly spaced pseudorotational states (P1, P2) of
amplitude 38°, while the exocyclic C5′-C4′ sugar torsion (γ)
and the glycosyl angles (ø1, ø2) are varied at 10° increments
between 0° and 350°. The hydroxyl of ribose is treated, for
simplicity, as a single atom (with reduced charge) in the energy
calculations described below.
Modeling Nucleic Acid Triple Helixes. Construction of a

feasible triplex model involves the formation of three backbone
linkages in the purine and pyrimidine strands of the complex.
Starting with the idealized base positioning in the poly(dT)‚-
poly(dA)+poly(dT) fiber diffraction model,41 we determine all
possible polymer building blocks that connect sequential bases
on the three strands. The independent parameters are varied
over the ranges specified above, but because of the assumed
conformational identity of the glycosyl and pseudorotational
variables in successive residues, the chain closure search is
simplified. The sets of monomer units are then combined to
form triple helixes with 16 residues in each single strand, the
energy of which (including both intra- and intermolecular
interactions of all nonbonded atomic pairs) is assessed with the
potential functions and dielectric treatments outlined below.
Potential Energies. The total potential energyV of the triple-

helical structures is estimated on the basis of a standard
semiempirical potential function42,43 that accounts for additive
contributions arising from nonbonded and torsional terms. The
nonbonded contributionsVnb are a function of the distancerij
between nonbonded atom pairs (i and j) and are calculated as
a sum over all pairwise contributions in the form of van der
Waals’ and Coulombic interactions (Vnb ) Vvdw + Vel).
The van der Waals’ contributionssa sum of repulsive and

attractive terms,Vvdwsare estimated by a combination of 6-12
and 10-12 potentials (the latter applied to hydrogen bonds).
The electrostatic energy,Vel, is assessed with a Coulombic
potential. The set of atomic charges for DNA and RNA is
derived from very high resolution, single-crystal X-ray diffrac-
tion studies of model nucleosides and nucleotides at low
temperature.44 These charges reproduce stacking distances in
dimer models of neighboring (A‚T)2 and (G‚C)2 base pairs (data
not shown). Because the bases are fixed in the triplex, it is not
necessary to introduce a hydrogen bonding potential.
Explicit modeling of nucleic acid-salt and nucleic acid-

solvent interactions, while becoming feasible in representative
simulations of short nucleic acid helixes,30,36,45,46is out of the
question for conformational searches as exhaustive as those

carried out here. Our desire to sample conformation space as
widely as possible forces us, of necessity, to adopt an implicit
representation of the chemical environment. In view of the
uncertainties of such an approach, we examine a range of
feasible treatments of the energy contributions. The dielectric
constantε is assigned a value of 4 in initial calculations at the
level of local dimer formation but is considered as a distance-
dependent variable in subsequent oligomer models (see below).
The influence of the local ionic environment is treated indirectly
through reduction of the net charge on the phosphate group by
0.848 esu (i.e.,δphosphate) -0.152 esu),38 in accordance with
the concepts of counterion condensation theory.47 This is
accomplished in the triplex models by modifying the residual
charges on the pendent oxygen atoms of the phosphodiester.
The level of charge reduction is based on the mean spacing of
residues in the standard triple helix and the assumption of
condensed monovalent counterions. (The estimated degree of
charge condensation per phosphate unit would increase to 0.924
esu if the counterions were divalent.)
The dielectric constant used in the electrostatic calculations

of the triple-helical structures is chosen to mimic the long-
range screening of charged interactions by solvent. As a first
approximation,ε is set equal to the dielectric constant of water
(ε∞ ) 78.3). At the next level of approximation, a standard
Debye-Hückel screening term,ε(rij) ) ε∞ exp(rij/D), is used.
The parameterD is the Debye length, a constant proportional
to the ionic strength and here taken to be 10 Å, corresponding
to a salt concentration of∼0.1 M. Three different sigmoidal
dielectric functions are also considered. The first, developed
by Hingerty et al.,48mimics the binding of selected cations with
the crystalline GpC monoanion:

The function, introduced by Mazur and Jernigan,49 which
mimics the salt-dependent B-to-A transition in base pair models
of the poly(dG)‚poly(dC) duplex, offers two sigmoidal variations
of the dielectric constant:

The parameterrmid in the above equation is related to the ionic
strength of the surrounding environment and is equal to the
distance at whichε ) ε∞/2. The coefficientp is set equal to 1
or 2, with the latter form approaching theε∞ limit more sharply
and at shorter distances.
The intrinsic torsional potentialVφ associated with a given

rotation angleφ is obtained using a finite Fourier series with
constants chosen to reproduce known torsional barrier heights
and gauche/trans energy differences in model compounds.29 The
lone pair interactions of the phosphate are treated with a virtual
bond torsional potential of barrier height 1 kcal mol-1.38
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Results

Base Stacking Energies.The intrinsic flexibility of the
triplex is estimated from the energies of neighboring base triples.
The extra Hoogsteen-linked pyrimidine base (T) is omitted in
the duplex calculations. The base positions in the poly(dT)‚-
poly(dA)+poly(dT) fiber diffraction model are used as the
reference state in both computations. A coordinate frame is
defined with respect to the starting Watson-Crick base pair
plane so that rolling motions (Ro) correspond to rotations about
the long axis (y-axis) and tilting motions (Tl) to angular changes
about the short axis (x-axis) of the base pair. They-axis so
defined is very nearly parallel to the long axis of the Watson-
Crick base pair. The origin of this coordinate system, however,
is shifted into the major groove from the base pair origin of the
standard B-DNA reference frame. This coordinate frame is
described in Figure 1 with the Watson-Crick hydrogen-bonded
pyrimidine and purine bases designated respectively by Pyr and
Pu and the Hoogsteen-linked pyrimidine base by Pyr*. Suc-
cessive residues in the reference triplex are generated through
a translation of 3.26 Å along the starting base pair normal (i.e.,
z-axis) and a rotation Tw about the same axis.
The nonbonded energiesVi,i+1 between adjacent base triples,

computed at 5° increments in Ro and Tl over the range-30°
to+30° and at 2° increments in twist (i.e., the rotation Tw about
the vertical axis) from 26° to 36°, are expressed in terms of the
residue partition functionz given by

Here,R is the universal gas constant andT is the absolute
temperature (taken as 298 K). The flexibility of the triplex
defined on this basis is appreciably reduced compared to that
of the duplex and justifies the treatment of perfectly parallel
base planes in our models of backbone-linked triple helixes.
The partition function corresponding to the free base triplex,
zW‚C+H ) 2.3, is roughly one-third that of the duplex,zW‚C )
6.4. The association of a third base through a Hoogsteen
arrangement markedly restricts the bending of the chain, leading
to nearly a 4-fold increase in the computed persistence length
of the triplex (see ref 50 for procedural details). Experimental
measurements of triplex persistence lengths, however, are not
available. Recent transient electric birefringence measurements

of double-helical dAn‚dTn and merotriplex{[A] n/2‚/+dTn}
DNAs,51 nevertheless, demonstrate that the triple-helical struc-
tures, in which the single-stranded poly(thymidylate) species
folds back upon itself to provide the two polymer strands of
the merotriplex formed with the free purine bases, are almost
as rigid as their duplex counterparts.
Backbone Linkages. The multiple sugar-phosphate back-

bones that link adjacent bases in the pyrimidine (Pyr), purine
(Pu), and Hoogsteen (Pyr*) strands of the triplex have been
obtained using both an exhaustive search of conformation space
at the dimer level and a more limited polymer modeling scheme.
The PyrPyr, PuPu, and Pyr*Pyr* base steps are first considered
separately in the searches of acceptable phosphodiester linkages.
The preliminary set of backbone conformations (data not shown)
fall into five low-energy categories corresponding to the
puckering of the sugar rings. Consistent with a number of
earlier computational estimates,28,52,53the O1′-endo conforma-
tional combination dominates over all others in the three
dinucleotide steps of the DNA mini triplex. Importantly, for
all dimer steps mixed C3′-endo:C2′-endo states occur more
frequently than C2′-endo:C3′-endo sugar puckers. This dispro-
portionality points to possible limitations on mixed sugar
puckering states in long triple-helical structures. As a result,
all subsequent analyses of triple-helical conformations are
focused on monomeric repeating units with identical sugar
puckerings in successive residues.
As detailed above, a search of polymer models with identical

monomer repeats was undertaken to explore the triplex forming
potentials of DNA- and RNA-linked polymer chains. The DNA
and RNA polymer backbones connecting each of the three
single-stranded steps of the (Pyr) T, Pu) A, Pyr* ) T) triple
helix are reported in Table 1. The total number of computed
polymer solutions (M1) and the smaller subset of states (M2)
obtained after introducing a 10 kcal mol-1 relative energy limit
(compared to the lowest energy conformation) for each dimer
step are listed respectively in the third and the fourth columns
of Table 1. The number of polymer solutions represents only
a small fraction of the successfully closed dimer steps for each
of the three strands. Further classification of the low-energy
structures based on sugar puckering preferences is also reported
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Figure 1. The orthogonalx,y,z reference frame of the pyrimidine‚-
purine+pyrimidine base triplet. The origin of this reference frame is
shifted into the major groove by∼4 Å from the canonical B-DNA
duplex. The y-axis is roughly parallel to the vector connecting
pyrimidine C6 and purine C8 of the T‚A Watson-Crick base pair.
The starting base triple coordinates (with an inherent propeller twist
of -9.2° and a built-in buckle of-1.2° between the T‚A base pair)
are taken from the X-ray fiber model.16

z) ∑
Tw

∑
Ro

∑
Tl

exp(-Vi,i+1(Tw,Ro,Tl)/RT) (3)

Table 1. Total Number of Monomeric Backbone Linkages of
DNA and RNA Triple-Helical Structures at the Polymer Level

sugar puckering

strand linkage M1
a M2

a NN EE SS

DNA (12-fold)
Pyr 3′-5′ 160 7 0 5 2
Pu 3′-5′ 139 14 1 9 4
Pyr* 3′-5′ 150 13 4 8 1

RNA (12-fold)
Pyr 3′-5′ 160 7 2 4 1
Pu 3′-5′ 139 17 3 12 2
Pyr* 3′-5′ 150 7 2 5 0

DNA (13-fold)
Pyr 3′-5′ 137 5 0 5 0
Pu 3′-5′ 157 7 1 4 2
Pyr* 3′-5′ 155 8 0 8 0

a M1 ) total number of acceptable covalent linkages;M2 ) number
of low-energy linkages (rel energye 10 kcal mol-1).
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in Table 1. TheEE states with unusual O1′-endo sugar
puckering once more dominate all steps. As noted above,
similar sugar puckering preferences have been found in mo-
lecular dynamics simulations of model triple helixes.28,52,53

However, it is well-known that O1′-endo sugar conformations
occur only rarely in high-resolution crystal structures of low
molecular weight nucleic acid analogues40and in oligonucleotide
crystal structures24 and are intrinsically of high energy.29 Table
1 further reveals that the deoxyribose sugars of the purine strand,
in agreement with solution data,17,54 have a slightly greater
tendency to adopt C2′-endo (S) over C3′-endo (N) puckering in
the regular triplex. The sugar puckering preferences of the RNA
backbone, by contrast, include large numbers of O1′-endo (E)
states and more examples of C3′-endo (N) than of C2′-endo (S)
sugar puckers.

Also reported in Table 1 are the number of occurrences of
low-energy states for the three single strands in a 13-fold DNA
triplex. The Pyr and Pyr* strands of these monomers adopt
the energetically less favored O1′-endo (EE) sugar puckering
state exclusively, whereas the purine strand shows some
additional tendency for C2′-endo (SS) and C3′-endo (NN)
puckering. These structures are quite different from the
published models based on X-ray fiber diffraction patterns of
single crystals of 13-fold triple-helical DNA,25 in which the C2′-
endo family of sugar puckering is proposed for all the three
single strands.
The computed low energy helical conformations for the Pyr,

Pu, and Pyr* strands in the 12-fold triple helixes are further
described in Table 2. The chain backbone torsions are classified
into six ranges corresponding to cis (c ) 0° ( 20°), gauche(
(g( ) ( 60° ( 40°), skew( (s( ) ( 120° ( 20°), and trans (t
) 180° ( 40°) arrangements. The glycosyl conformations are(54) Rajagopal, P.; Feigon, J.Biochemistry1989, 28, 7859-7870.

Table 2. Computed Lowest Energy Helical Conformation States for Pyrimidine (Pyr), and Purine (Pu), and Hoogsteen (Pyr*) Single Strands
of the 12-fold Triplex Repeating Units from Table 1

strand
no. of
states P

ø
(C3′

ε
s
φ′

O3′

ú
s
ω′

P
R
s
ω

O5′

â
s
φ

C5′

γ
s
ψ

C4′) av energy/
nucleotidea

DNA
Pyr 3 E a t g- g- t g+ 3.9
Pyr 1 S a t g- t g+ t 2.7
Pyr 2 E a t s- g- t g+ 6.9
Pyr 1 S a t s- g- t g+ 9.6

Pu 1 S a t g- s- g+ t 0.0
Pu 2 S a t s- g- t g+ 4.3
Pu 1 S ha t g- g- t g+ 5.2
Pu 4 E a t s- g- t g+ 7.1
Pu 1 E a g+ g+ g+ t t 6.9
Pu 3 E a t g- g- t g+ 8.0
Pu 1 E a s- g- s- s+ t 8.1
Pu 1 N a t g- g- t g+ 9.9

Pyr* 3 N a t g- g- t g+ 2.4
Pyr* 6 E a t g- g- t g+ 5.4
Pyr* 1 E a t g- s- g+ t 2.9
Pyr* 1 N a g+ g+ g+ g+ t 6.0
Pyr* 1 E a s- g- t t t 6.6
Pyr* 1 N a t s- g- t g+ 7.4

B-DNAb S ha t/g- g-/t g- t g+

RNA
Pyr 2 E a t s- g- t g+ 1.9
Pyr 1 S a t s- g- t g+ 1.7
Pyr 1 E a g- g- g- g+ s+ 4.8
Pyr 1 E a t g- g- t g+ 4.9
Pyr 1 N a t g- g- t g+ 6.4
Pyr 1 N a g- t g+ g- t 6.9

Pu 2 N a t g- g- t g+ 1.8
Pu 3 E a t g- g- t g+ 4.9
Pu 4 E a t s- g- t g+ 7.4
Pu 1 E a s- g- g- g+ s+ 6.6
Pu 1 E a s- g- s- s+ s+ 6.9
Pu 1 E a s- s- s+ g- t 7.0
Pu 2 S a t s- g- t g+ 8.4
Pu 1 N a g- g- g- s+ s+ 7.3
Pu 1 E a s- g- g- s+ g+ 7.7
Pu 1 E a s- g- s- s+ t 9.5

Pyr* 1 N a t g- g- t g+ 0.0
Pyr* 4 E a t g- g- t g+ 6.4
Pyr* 1 N a g+ g+ g+ t t 8.3
Pyr* 1 E a t s- g- t g+ 9.9

A-DNA b N a t g- g-/t t g+/t

a Average relative energies (in kcal mol-1) computed with respect to the lowest energy conformation of a given class taken as zero.b Values
based on the survey of crystal structures reported in ref 59.
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divided into four angular ranges where the sugar-base linkage
is anti (a ) 30° ( 45°), high anti (ha) 120° ( 45°), syn (s)
210° ( 45°), or high syn (hs) 300° ( 45°). Chain backbone
torsions are described with respect to a 0° planar cis reference
state and glycosyl torsions are defined with respect to cis
arrangements of the O1′-C1′-N1-C6 (pyrimidine) and O1′-
C1′-N9-C8 (purine) atomic sequences. Also, reported in Table
2 are the average relative energies per nucleotide for each local
conformational state and the number of conformations of a given
type. A number of sterically unfavorable states with unusual
E (O1′-endo) sugar puckerings are evident in the lowest energy
models in the table. Notably, in all cases the exocyclic C5′-
C4′ (γ) torsion adopts favorablet or g+ states. Similarly, the
phosphodiester (úR) conformations in the lowest energy struc-
tures are limited to a narrow range of (g- or s-) states. The
glycosyl torsion (ø) is uniformly anti.
Regular Polymer Models. To understand the potential helix-

forming tendencies of the various monomer building blocks,
we have generated DNA and RNA 16-mers and determined the
total (intra- plus intermolecular) energies of the different hybrid
triple helixes. Only the lowest energy states corresponding to
each base pair step with C2′-endo (S) (in the case of DNA) and
C3′-endo (N) (for RNA) sugar puckerings are included in the
hybrid structures. This is consistent with the decided preference
of C2′-endo sugar puckerings in B-DNA and C3′-endo sugar
puckerings in RNA observed in numerous oligonucleotide
single-crystal structures.24,40 The single strands forming part
of the various triplex structures are identified in Table 3 by the
backbone chemistry, D (DNA) or R (RNA), followed by a
subscript,S (C2′-endo) orN (C3′-endo), designating the sugar
puckering. The absolute values of the total potential energies
corresponding to the triple-helical hybridssDS‚DS+DS,
DS‚DS+RN, DS‚RN+DS, etc.sare reported in the Table 3. These
energies include electrostatic contributions based on the five
different dielectric treatments described above. The groove
widthssPyr‚‚‚Pyr*, Pyr*‚‚‚Pu, and Pu‚‚‚Pyr (i.e., minor
groove)sassociated with the different triplexes are also listed
in the table. These values correspond to the shortest distances
across the ribbon-like virtual bond pathways connecting suc-
cessive phosphorus (P) atoms on the edges of the specified
grooves.55 As evident from the table, the Pyr*‚‚‚Pu groove
shows the greatest fluctuations (4.9-10.7 Å) in the low-energy
complexes, increasing in width (8.0-10.7 Å) when the purine
strand is DNA but shrinking (4.9-7.2 Å) when the purine
backbone is RNA. A superposed stereo representation of two
of the lowest energy triple-helical complexes (DS‚DS+DS and
DS‚RN+DS) is illustrated in Figure 2. Strands are color-coded

according to base identity with the Watson-Crick pyrimidine
strand red and the Hoogsteen-bonded strand green. The purine
DS strand of the DS‚DS+DS triplex is shown in blue and that of
the DS‚RN+DS triplex in gray. The narrow Pyr*‚‚‚Pu groove
of the DS‚DS+DS triplex (i.e., the space between the green and
blue strands) is readily apparent from the figure. It is also clear
from the images that the introduction of an RNA purine (RN)
strand reduces the width of the Pyr*‚‚‚Pu groove still further
(compare the spacing between green and blue versus green and
gray strands).
On the basis of the nonbonded energies reported in Table 3,

the all-D triplex is predicted to be highly stable while the triple-
helical structure with only RNA strands is consistently least
stable. The energies computed with the Hingerty48 and Mazur-
Jernigan49dielectric treatments (eqs 1 and 2) reveal the following
overall hierarchy of stabilities: DS‚DS+DS > DS‚DS+RN >
DS‚RN+DS > DS‚RN+RN > RN‚DS+DS > RN‚DS+RN >
RN‚RN+DS> RN‚RN+RN. The order changes slightly when the
rankings are based on energies computed with the Debye-
Hückel andε∞ ) 78.3 electrostatic treatments. This ordering
of triple helical energies also agrees qualitatively with trends
found from gel electrophoresis studies on similar complexes14

and from calorimetric investigations of D‚D+D and D‚D+R
triplexes.13 According to both the experimental observations
and the computed energies, single-stranded DNA and RNA can
easily bind to double-stranded Watson-Crick DNA and form
a stable triple-helical complex.
Experimental studies11,14,15 indicate that the D‚R+D and

R‚R+D complexes are the least stable among all DNA, RNA,
and hybrid triple-helical structures. However, on the basis of

(55) Srinivasan, A. R.; Olson, W. K.Biochemistry1994, 33, 9389-
9404.

Table 3. Minimum Long-Range Nonbonded Energies (in kcal mol-1) under Different Dielectric Treatments and Groove Widths (in Å) of
Regular 12-fold Triple Helixes Composed of 16-mer (T‚A+T) DNA and RNA Single Strands

dielectric treatment

eq 2 groove widths

strandsa (Pyr‚Pu+Pyr*) ε∞ DH eq 1 (p)1) (p)2) Pyr‚‚‚Pyr* Pyr*‚‚‚Pu Pu‚‚‚Pyr (minor groove)

DS‚DS+DS 143 139 -475 -75 -274 15.7 8.0 10.7
DS‚DS+RN 188 184 -319 12 -160 12.7 10.7 10.7
DS‚RN+DS 174 170 -279 17 -139 15.7 4.9 13.8
DS‚RN+RN 226 221 -121 110 -20 12.7 7.2 13.8
RN‚DS+DS 446 442 -61 269 99 12.5 8.0 13.5
RN‚DS+RN 491 486 95 357 214 9.2 10.7 13.5
RN‚RN+DS 477 472 136 362 235 12.5 4.9 16.3
RN‚RN+RN 530 523 295 455 354 9.2 7.2 16.3

aD ) DNA; R ) RNA; S) C2′-endo;N ) C3′-endo.

Figure 2. Superposed stereo diagram illustrating the lowest energy
triple helical conformation of DS‚DS+DSand DS‚RN+DS triplexes. The
pyrimidine, purine, and Hoogsteen DNA strands are colored respectively
in red, blue, and green, while the RNA purine strand RN is shown in
gray.
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the present energetic criteria, the D‚R+D triplex structure is
predicted to be lower in energy than most other strand
combinations. This result is, nevertheless, consistent with the
recent observation of a stable D‚R+D poly(dT)‚poly(rA)+poly-
(dT) triplex in the presence of selected nucleic acid binding
ligands56 (see below). It is important to note that none of the
available experimental data provide information on the sugar
puckering in the three-stranded complexes.

Discussion

The variety of DNA, RNA, and hybrid DNA/RNA triple-
helical structures generated here point to the extent to which
sugar puckering may contribute to the stability of these
complexes. The furanose puckering determines the structural
character of the triplex as a whole, defining both the groove
widths (Figure 2) and the long-range interactions of the
negatively charged sugar-phosphate backbone (Table 3). The
computationally predicted structures reflect a balance between
the intrinsic energy of pseudorotation and the accompanying
interactions with other parts of the polymer. The energy
treatment used here, however, is too crude to predict the outcome
of this tug-of-war between local and long-range forces. Further
information from solid-state and solution studies must be
gathered before the relative energetics of the various triplex
schemes can be well understood.
Simple assessment of the nonbonded interactions of neigh-

boring base triplets clearly shows how the introduction of a
Hoogsteen-bonded third base restricts the mobility of the triple
strand as a whole. The rolling and tilting motions of unlinked
hydrogen-bonded bases, studied over a range of helical twist
values (26°-36°), are considerably reduced in the free base
triplex compared to the corresponding pseudo (unlinked) double
helix. This restriction may be a factor controlling the overall
behavior of triple-helical nucleic acid structures.
A useful outcome of the current work is the capability to

model hybrid DNA and RNA triple-helical structures in a wide
range of conformations. The relative energetics of the various
models, differing mainly in the backbone torsion angles, help
to make sense of the observed stabilities of hybrid structures
such as the DNA‚RNA+DNA complex. This triplex structure,
found to be highly unstable in a number of experiments,11,14,15

has recently been shown to occur in the presence of certain
nucleic acid binding ligands (e.g., berenil, DAPI, ethidium,
netropsin).56 The current calculations predict this structure to
be relatively low in energy compared to other hybrid triplexes.
The conformation of the Hoogsteen strand, however, is some-
what unusual with backbone and glycosyl angles altered from
the ideal B-form structure,Râγ ) tg-g+, ø ) a in the model
triplex versusRâγ ) g-tg+, ø ) ha in B-DNA. Furthermore,
the introduction of standard B-DNA geometry in the third strand
raises the energy of the molecular complex. The drug-enhanced
stability of the DNA‚RNA+DNA triplex may thus reflect this
conformational transition, with the ligand facilitating changes
in Hoogsteen strand geometry not possible in the ordinary three-
stranded complex. Drug-induced structural perturbations are
well-known to occur in single-crystal X-ray studies of oligo-
nucleotide duplexes complexed with groove binding ligands.2

The composite data suggest that triplex stabilities are governed
not only by the chemical nature of the single strands (DNA or
RNA) but also by the backbone conformations of the constituent

oligomers and that a ligand-induced change in the backbone
conformation can transform an otherwise unstable structure to
a stable one.
The overall stabilities of the different triplexes predicted in

the current study fall in the following order regardless of
electrostatic treatment: DS‚DS+DS> DS‚DS+RN > DS‚RN+DS

> DS‚RN+RN >RN‚DS+DS > RN‚DS+RN > RN‚RN+RN. (The
ranking of the RN‚RN+DS triplex, which is not observed
experimentally, is more favored whenε) ε∞ or when a Debye-
Hückel term is employed than when the sigmoidal forms are
used). By contrast, the experimentally derived stabilities follow
three rankings: (1) R‚D+R > D‚D+R > R‚R+R > R‚D+D
> D‚D+D > D‚R+R according to spectroscopically derived
(ultraviolet) temperature-dependent free energies;11,12(2) D‚D+R
> R‚D+R> D‚D+D > D‚R+R) R‚D+D ) R‚R+R obtained
from UV absorption spectrophotometry and molecular model-
ing;15 and (3) D‚D+D > D‚D+R > R‚D+R > R‚D+D >
D‚R+R > R‚R+R based on electrophoresis measurements.14

Direct calorimetric rankings of the D‚D+D and D‚D+R
complexes13 agree more closely with the binding constants
derived from the gel study,14 but concur with the ultraviolet
spectroscopic analysis15 in showing that the triplex to duplex
melting is entropy driven. The energies of the hybrid complexes
computed here match the gel electrophoresis data14 qualitatively,
although correspondence between the precise order of observed
stabilities and the theoretical rankings is imperfect. The
calculations invert the order of two of the observed states
(R‚D+R and D‚R+D) and, as noted above, predict the occur-
rence of the D‚R+D triplex in the absence of stabilizing ligands.
Otherwise there is a 1:1 agreement with the gel electrophoresis
data.14 It is important to note that the current calculations
provide no insight into “melting processes”; this level of
structural understanding can only come from more elaborate
simulation methods (e.g., free energy perturbation studies57,58).
The triple-helical models presented here illustrate some of

the more likely ways in which DNA and RNA chains may
associate with one another. These idealized poly(dT)‚poly-
(dA)+poly(dT) structures are useful starting points for more
detailed molecular dynamics simulations incorporating explicit
solvent atoms and ions. Our model building procedure offers
a way to generate and assess the relative importance of the wide
range of conformations that a nucleic acid might adopt.
Molecular dynamics simulations, by contrast, do not sample
states significantly different from the assumed starting structure.
Here, we have a way to choose better starting structures for
such state-of-the-art simulations incorporating sequence effects.
An obvious next step is to extend the present calculations to
charged base triples (G‚C+C+), which are needed for modeling
heterogeneous triple-helical complexes. The residual charges
on cytosine will have no effect on the sterically allowed
backbones identified in this work but may change the relative
ordering of DNA and RNA triplexes. Our approach can also
be used to design various nucleic acid binding ligands (DNA
mimics) and to visualize their structures as outlined in the paper
that follows.59 While the relative placement of adjacent base
triples has been kept fixed in this study, repositioning the base
triple proves to be important in modeling the third strand binding
of DNA mimics. The variation of base stacking parameters

(56) Pilch, D. S.; Breslauer, K. J.Proc. Natl. Acad. Sci. U.S.A.1994,
91, 9332-9336.

(57) Pearlman, D. A.; Kollman, P. A. InComputer Simulation of
Biomolecular Systems; van Gunsteren, W. F., Weiner, P. K., Eds.;
ESCOM: Leiden, 1989; Vol. 1, pp 101-119.

(58) Hausheer, F. H.; Singh, U. C.; Saxe, J. D.; Flory, J. P.; Tufto, K.
B. J. Am. Chem. Soc.1992, 114, 5356-5362.

(59) Srinivasan, A. R.; Olson, W. K.1998, 120, 492-499.
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from canonical geometry also disrupts the DNA/RNA triplex
backbone (see reference 59).
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