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MOLECULAR DYNAMICS SIMULATIONS OF DNA
TRIPLE-HELICES. DOES THE TRIPLEX d(A),,-d(T),,°
d(T),, HAVE A-FORM OR B-FORM GEOMETRY?

C.A. LAUGHTON

CRC Biomolecular Structure Unit, Institute of Cancer Research, Sutton, Surrey
SM25NG, UK.

( Received September 1993, accepted July 1994)

In view of the current paucity of experimental structural data, the molecular modelling of DNA triple helices
plays a particularly important role in helping to understand more clearly their structure and the factors
contributing to their stability. At the same time, it makes it difficult to assess the “realism” of the simulations.
We have used molecular modelling, and particularly molecular dynamics, to study both (poly-
purine){(polypyrimidine){polypyrimidine) and (polypyrimidine)(polypurine)(polypurine) triplexes. The im-
portance of treating solvation and electrostatic interactions in as accurate a manner as possible is clear,
resulting in the need for large scale molecular simulations.

Recently, there has been discussion as to whether the (polypurine)-(polypyrimidine)-(polypyrimidine)-
type triplexes have conformational features (particularly sugar puckers) resembling A-DNA, as in the
original fibre-diffraction-derived model, or more like B-DNA. Reported here are the results of two 160ps
molecular dynamics simulations of the triplex d(A),,.d(T),4.d(T),,. performed with explicit solvent under
periodic boundary conditions, starting from both A- and B-type structures. Both simulations show similar
behaviour, with partial unwinding of the helices (reduction in twist and increase in rise), and a preponderance
of O1’-endo sugar puckers.

KEY WORDS: DNA triple helix; DNA sugar pucker; molecular dynamics

1 INTRODUCTION

Although it has beea known for 36 years that DNA can form triple-stranded structures
in vitro [1], it is only much more recently that there has been resurgence in interest in
them. Firstly there has been the realisation that they may have a role in vivo [2], and
secondly there has been the realisation that the base-specificity of triplex formation
provides a powerful route to sequence-specific DNA recognition and targeting [ 3,4, 5].
The first model for the structure of the triple helix was derived from fibre-diffraction
data on d(T),.d(A),.d(T), [6,7]. It is generally compared to the structure of A-type
DNA duplexes, in that the sugars have C3’-endo puckers, the bases are inclined to the
helix axis and the helix has 12 residues per turn (Figure 1). With the recent upturn in
interest in triple helices have come further structural studies, however as yet there has
been no report of the determination of the crystal structure of any DNA triplex. Many
of these studies have thrown some doubt on the fibre-diffraction-derived model, and in
particular on the sugar puckers where a C2'-endo, B-DNA-like conformation has
seemed in better accord with the data [8,9]. As a result, a new model for
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Figure 1 Comparison of the structures of a) an A-form duplex, b} a B-form duplex, c) an A-form triplex, and
d) a B-form triplex.

d(T),.d(A),.d(T), has recently been proposed in which all three strands have a C2'-
endo sugar pucker and the bases lie perpendicular to the helix axis [10, 11]. In view of
these characteristics it has been described as having a B-type geometry.

We have been interested in using molecular modelling, and particularly molecular
dynamics, to study the structure and flexibility of DNA triple helices. In order to speed
up computations, it is common to perform molecular dynamics simulations without an
explicit consideration of the solvent but to approximate its effect on the solute through
amodification of the electrostatic interaction term. This modification can take the form
of a reduction in the partial charges on the solute atoms [12], and/or the use of
distance-dependent dielectric constant {13]. However, we have found that such an
approximation is not safe when applied to such highly-charged systems as DNA triple
helices. This was exemplified in a study of the (polypyrimidine)(polypurine)-(poly-
purine) type of triplex [14], where molecular modelling using a distance-dependent
dielectric constant was unable to discriminate on energetic grounds between two models
for the structure of this type of triplex, with syn- or anti- conformations for the third
strand purines. In contrast, inclusion of explicit solvent revealed the anti- structure to
be favoured, in agreement with all the experimental evidence to date.

We have previously performed short (30ps) molecular dynamics simulations of the
triplex d(TC),.d(GA)s.d(C* T); and related sequences with explicit consideration of
solvent and under periodic boundary conditions [15]. Staring from the A-type
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structure, we observed a tendency for sugar puckers to increase to O1’-endo or even
C2’-endo values, particularly in the purine strand. Similar results have been obtained
by other workers with other systems [16]. We hypothesised that the driving force
behind this change in sugar pucker might be a reorientation of the phosphate groups to
improve their solvation. Here are presented the results of longer (160ps) simulations on
the triplex d(A),,.d(T),,.d(T),,, explicitly solvated under periodic boundary condi-
tions, starting from both the A-type structure studied previously, and also from the
recently described B-type model with C2'-endo sugar puckers.

METHODS

General

All simulations were performed on a Hewlett Packard HP720 workstation using the
AMBER 4.0 suite of programs [17] and the standard all-atom parameter set [ 18].
Visualization and interactive modelling were performed using the programs Midas-
Plus [19] and MD Display [20] running on Silicon Graphics Indigo workstations.
Helical parameters were calculated using the programs Newhelix92 [21] and Curves
4.1[22].

Construction of the System

In order that the two simulations could be readily compared, it was desirable that
they should begin from as similar a position as possible, and in particular that
the counterion distributions were initially similar and both solutes were solvated by
the same number of water molecules. To achieve this, structures of the d(A), .4 (T);,.--
d(T),, triplexes with both A-type and B-type geometries were generated from
the helical coordinates given in the appropriate references [7,11], and then a triplex
with intermediate geometry was generated by coordinate-averaging the two structures.
The base labelling scheme is shown in Figure 2. It was this average structure which
was subsequently used to build the full simulation system. The system was made
electrically neutral by the addition of sodium counterions, placed according to
the procedure previously described [15]. Finally the solute was placed in a box
of Monte Carlo TIP3P waters so that there was a minimum of 8 A between the
edge of the box and any atom of the solute. The final system contained 984 solute
atoms (including 27 counterions) and 3595 water molecules in a box 5474 x
49.5A x 4834,

Minimisation and Dynamics Protocol

All energy minimisations and dynamics were performed using an 8.5A non-bonded
cutoff and a pair list that was updated every 20 steps.

Minimisations were performed under constant volume conditions to an rms gradient
0.1kcal/mol/A. Molecular dynamics were performed under constant pressure condi-
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1 10

5'-TTTTTTTTTT-3" strand 1
20 11

3'- -5 strand 2
30 21

3'-TTTTTTTTTT-5" strand 3

Figure 2 Strand definitions, strand sense and base labelling for the d(A), o d(T), o d(T),, triplex.

tions, with coupling to a heat bath and with restraints to maintain the base hydrogen-
bonding pattern. The first stage consisted of a minimisation of the whole system, during
which the DNA was converted from its intermediate structure to either the A- or B-type
geometries by application of position restraints. The second stage consisted of 5 ps of
molecular dynamics on the water molecules at 100 K, to help remove voids in the water
structure that can result from the system building procedure. The third stage consisted
of a re-minimisation of the waters, and the fourth a minimisation of the whole system,
without any restraints. At this point the molecular dynamics simulations proper could
begin. The protocol consisted of a 10 ps heating phase, in which the temperature was
raised linearly to 300K, followed by 150 ps of constant temperature dynamics, during
which snapshots of the structure were saved every 0.2 ps. Each 160 ps simulation
required about 272 CPU hours.

Helix Analyses

Helical analyses were performed on structures generated by coordinate-averaging
snapshots from successive 10 ps periods, i.e. 0-10ps, 10-20ps, etc. The coordinate
averaging was done after least-squares fitting over all DNA atoms.

RESULTS AND DISCUSSION

Rms Deviations

The rms deviations of the snapshots for each simulation from the initial A- and B-type
models models are shown in Figure 3. For the simulation begun from the A-type model
(simulation A, Figure 3a), the rms deviations indicate an initial phase of structural
reorganisation of about 60 ps with the rms deviation rising to about 3 A, followed by
a relatively stable phase of about the same length, and finally a phase in which the
structure deviates yet further from both initial models to a final rms deviation of about
4 A.For the simulation begun from the B-type model (simulation B, Figure 3b) a similar
initial phase of 60 ps is observed, but the analysis of the rest of the simulation depends
rather on which initial structure it is referred to. Relative to its own initial structure
(B-type) a short stable phase of about 30-40 ps is followed by a final stage in which the
rms deviation rises towards 4 A, while relative to the A-type structure the rms deviation
oscillates between about 3 and 3.5 A for the remainder of the simulation. The initial
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rms deviations for simulation A

rms deviation (A)

(a) time (ps)

rms deviations for simulation B

rms deviation (A)

0 50 100 150
{b) time (ps)

Figure 3 Root-mean-square deviations (measured over all DNA atoms) relative to initial A- and B-form
models for a) simulation A (begun from the A-form structure), and b) simulation B (begun from the B-form
structure).

conclusion, then, is that neither of the model structures, A-type or B-type, provides
a good representation of the conformation of this triplex in solution.

Helical Changes

From a graphical analysis of the trajectories, it was clear that one of the gross features of
both simulations was a partial unwinding of the helix. This is demonstrated in Figure 4,
where it can be seen that this unwinding was manifested in both a reduction in helical
twist and an increase in rise. Most of this stretching and unwinding of the triplex took
place during the first 60-70 ps of the simulations, i.e. it correlates withthe initial phase
that was characterised by rapidly increasing rms deviations from the starting struc-
tures. Similar unwinding has also been observed in MD simulations of hydrated DNA
duplexes [23], though not in all cases [24]. The nmr-derived structure of a triplex
containing a G.TA triple [8] also shows increased rise, though the change is more
modest (to 3.44 A) than that observed in these simulations, and is not accompanied by
any reduction in twist.
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rise and twist for simulation A
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Figure 4 Average helical rise and twist for consecutive 10 ps-averaged triplex structures taken from a)
simulation A, and b) simulation B.

DN A Bending

Bending of the triple helices is also observed during the course of the simulation. As
a rough measure of this, the angle between the first and last helix axis segments
calculated using Curves is plotted in Figure 5. It can be seen that for simulation
A bending is at a maximum (36°) 80-90 ps into the simulation, and from then on to the
end decreases almost to zero. For simulation B the angle increases unsteadily through-
out the simulation, reaching 39° just before the end. The most bent 10 ps- averaged
structures from each simulation could be overlaid with an all-DNA-atom rms devi-
ation of just 1.52 A, indicating very similar bending modes. For comparison, the rms
deviation between the two final 10 ps-averaged structures, one of which (from simula-
tion B)is bent and the other not, is 2.60 A, and the rms deviation between the two initial
models is 2.43 A.

Base Steps with Anomalous Rise

A further major structural alteration was observed in both simulations, namely a major
increase in rise at one base-pair step-in effect the spontaneous creation of a potential
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Helix bending during simulations A and B
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Figure § DNA bending (angle between first and last helix axis segments calculated using Curves) for
consecutive 10 ps-averaged triplex structures taken from simulations A and B.

intercalation site (Figure 6). For simulation A this took place 40-50ps into the
simulation and occurred between the fifth and sixth base-triples; for simulation B it
occurred 100-110ps into the simulation, between the seventh and eighth triples. In
both cases the rise at this step is increased to 7.5-8.0A. Examination of molecular

Figure 6 Structures of the d(A),o'd(T), o d(T),, triplex at the end of a) simulation A, and b) simulation B.
For clarity hydrogen atoms and counterions have been omitted.
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dynamics snapshots reveals that the space between the base-pair planes remains
essentially a void — there is little or no penetration of water molecules.

Backbone Torsion Angles

In Figure 7 and 8 the fluctuationsin individual backbone torsion angles over the course
of the simulation are presented as “dials” plots. As was found in our previous
simulation, a common structural transition involves correlated changes in alpha and
gamma angles from gauche ™, gauche™ to trans, trans. In the case of simulation A, there
are no such transitions in strand 1 (the Watson-Crick hydrogen bonded pyrimidine
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Figure 7 “Dial” plots of the backbone torsion angles over the constant temperature phase (150 ps) of
simulation A for a) strand 1, b) strand 2, and ¢) strand 3. For each dial 0 ps is at the centre and 150 ps at the
circumference; 0° is at 12 o’clock and positive angles are clockwise.
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Figure 7 (Continued)

strand), but in strand 2 (the purine strand) they occur at 20 ps (A15), 26 ps (A16),
34ps(A12), 50 ps(A 13), 80 ps(A 17) and 112 ps(A 18). In strand 3 they occur at 124 ps
(T22 and T26) and at 140 ps (T24). For simulation B there are a number of very early
transitions; at A17 at the very start of the simulation, and at T2 and T4 after just 4 ps.
Further transitions occur in strand 2 at 16 ps (A18), 52ps (A15), 70(A14) and 82 ps
(A 12), and in strand 3 at 34 ps (T24), 38 ps (T27) and 46 ps (T25). Referring to the rms
deviation plots, it is observed that there is no apparent correlation between these
transitions and sudden changes in the structure, but it is clear that the transition does
lead to increased flexibility in the backbone, as evidenced by the large fluctuations in
alpha after the transition. Similar transitions have been noted in duplex DNA
simulations [24].
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Figure 7 (Continued)

Sugar Puckers

As mentioned above a great deal of the interest in the structure of triplexes has been
focused on the question of sugar pucker. In Table 1 are given the distribution of the
sugar puckers from the last 100 ps of each simulation. Both simulations give very
similar results. For all strands the most commonly observed sugar pucker is O1’-endo,
1.e. intermediate between A- and B-form values. C2'-endo sugar puckers are most
commonly observed in strand 2 (> 20%) and C3'-endo puckers in strand 1. These
results are still not in full accordance with some of the latest nmr studies, which
indicated a high proposition of S-type (near C2'-endo) sugar puckers in all three strands
[9]. However that analysis was based on a model for sugar pucker behaviour involving
a fast, two-state equilibrium between C2'-endo and C3'-endo conformations, whereas
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Figure 8 *“Dial” plots from simulation B, for a) strand 1, b) strand 2, and c) strand 3.

these simulations indicate the existence, and high population, of the intermediate
O1’-endo conformation.

CONCLUSIONS

Despite starting from quite different structures (rms deviation 2.43 A) both simulations
result in very similar trajectories. The motion of the triplexes is characterised by two
large-scale components: i) bending of the helix, which is reversible, and ii) stretching
and unwinding of the helix, which is irreversible. Overlaying 10 ps-averaged structures
from the two simulations at points where they are similarly bent can be done with an
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all-DNA-atom rms deviation of just 1.52 A; similarly straight structures can be overlaid
with a rms deviation of 1.60 A. Thus the simulations are tending to converge, but to
astructure which is about equidistant from, but not close to, either of the initial models.
It would be nice to produce a new model for triplex structure, in terms of a regular,
helically-repeating, unit; on the basis of these simulations. However this is hampered by
the heterogeneity in the backbone conformations, particularly for the purine strand.
Whilst there is some evidence for the occasional occurrence of the trans, trans
alpha/gamma conformation from nmr studies on triplexes [25], and it is occasionally
observed in duplex crystal structures (both A- and B-form), there must be some doubt
that it is as common as these simulations would lead one to expect. It may be that these
transitions are, at least in part, the result of beginning the simulations from conforma-
tions which are quite far from the apparent equilibrium geometry. It will be interesting
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Table 1 Relative populations of different sugar-pucker states during the last 100 ps of both simulations,

taken over all bases in each strand.

Simulation Strand (P>t C3'-endo Ol'-endo C2'-endo
(°) (%) (%) (%)

A 1 71.6 19.2 74.8 59

A 2 103.8 1.7 64.8 273

A 3 82.5 124 79.8 7.8

B 1 834 16.4 72.8 10.8

B 2 103.8 42 73.8 219

B 3 82.1 13.8 80.1 6.0

* Average pseudorotation phase angle.
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to see if simulations begun from structures with modified values for helical rise, twist
and sugar pucker show similar dynamical behaviour.
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