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Collective variable modelling of nucleic acids
Ingrid Lafontaine* and Richard LaveryT

Collective variable models continue to contribute to our
knowledge of nucleic acids. The past year has seen
considerable progress both in modelling sequence-dependent
effects on nucleic acid conformation and in understanding how
proteins or external stresses influence nucleic acid structure.
Algorithmic developments have also allowed collective models
to be applied to studies of thermal fluctuations and dynamics.
For larger systems, models with varying degrees of resolution
are being refined and applied to nucleic acids containing
hundreds or thousands of nucleotides.
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Abbreviations

BD Brownian dynamics
CAP catabolite activator protein
JUMNA  junction minimisation of nucleic acids

LEF-1 lymphoid enhancer binding factor-1
MC Monte Carlo

MC-SYM macromolecular confarmation by symbolic generation
NLPB nonlinear Poisson—Boltzmann

PNA peptide nucleic acid

PurR purine repressor

SELEX simulated evolution of ligands by exponential enrichment
SRY sex-determining region Y

TBP TATA-box-binding protein

WLC worm-like chain

Introduction

Although collective variable models of nucleic acids have
been around for about 25 years (see, for example, [1-3]),
they are far from having reached the end of their useful-
ness or the end of their algorithmic development. The
principal reason for this is an explosion in the vanety of
nucleic acid structures. During the past two decades,
experimental studies of nucleic acids have brought to light
many new structural families that are important from bio-
logical and, in some cases, pharmacological points of view
[4]. Triple helices are a good example. where antigene
strategies are powering the development of noncanonical
oligonucleotide chains. During the same period, the com-
plex folded structures of natural RNAs have come to light
and have been joined more recently by ‘aptamers’ gener-
ated with SELEX (simulated evolution of ligands by
exponential enrichment) iz vifro evolution techniques.
Ribozymes have also demonstrated that RNA is not simply
a passive information carrier. At the finest level of derail,
we now have access to the atomic contacts and the

sequence-dependent heterogeneity that contribute to pro-
tein—nucleic acid recognition, while at the other extreme,
we are beginning to probe packaging and control mecha-
nisms involving thousands of nucleotides within chromatin
or complex molecular machines. such as the ribosome.

As structural information grows, so does the data coming from
atomic-scale simulations, which, although still imited to a few
tens of nucleotides and to nanosecond timescales, are notably
able to deal with explicit solvent and counterion environ-
ments [5]. The challenge todav is to put this information
together to build simplified, but realistic, models that will be
able to overcome the barriers opposing the modelling of sys-
tems with hundreds or thousands of nucleotides or systems
involving slow dynamic processes, subtle intermolecular
recognition or complex folding pathways. We review below
some of the recent steps taken towards these goals.

Construction algorithms

Moving from Cartesian to internal coordinates and freezing
both bond lengths and a subset of valence angles already
allows an order of magnitude reduction in the number of
variables necessary to represent a nucleic acid fragment.
T'his gain can be pushed further using pseudorotational
sugar representations or helical symmetry restraints. Such
models have been widely used for building and encrgy
minimising nucleic acid structures.

T'here are, however, still difficulties in building helical DNA
when taking into account sequence dependence. A partial
solution to this problem has been proposed by Hunter and
Lu [6], who used a technique based on a library of dinu-
cleotide steps constructed from crystallographic data. DINA
fragments are built by plugging together dinucleotides with
chosen helical step parameters and averaging the positions
of the common backbone atoms. This method. which has
been applied to building both oligomers and long DNA
fragments, has the advantage of generating reasonable back-
bones for any helical conformation; however, it requires that
the user choose the parameters defining the helix and suf-
fers from the limitations of the current structural database,
in which the scatter of parameters for each of the 10 unique
dinucleotide steps often shows large overlaps.

For RNA, construction problems are even more severe.
One now has to deal not only with helical segments, but
also with single-stranded elements, such as loops and
bulges. In this field, L.emicux ez @/, [7°] made an interesting
refinement by checking whether different base sequences
known to be compatible with a given structure (and possi-
bly with a given catalytic activity) are also compatible with
a given model conformation. This approach. termed ICS
(intersection of conformational space), has been tested
within the MC-SYM (macromolecular conformation by
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symbolic generation) program [8] on a six nucleotide loop
belonging to the active site of a leadzyme. Sequence data
enabled the selection of a single structural model from
starting conformations that covered all possible hydrogen-
bonding arrangements for the loop bases. It is interesting to
note, however, that although the MC-SYM approach can
often produce structures with good hydrogen-bonding
arrangements, it has more difficulty with stacking interac-
tions, apparently because of current limitations in the
number of backbone geometries available in its nucleotide
library. These limitations are also seen to lead to increased
base-pair deformations [9].

Building RNA loops was also the subject of recent work by
Tung [10], who has developed a loop-closure algorithm based
on setting a pseudo torsional angle (03-C5"-03"-C5’) so that
it satisfies the distance between two flanking nucleotides.
Conformations satisfying this constraint are improved by
Monte Carlo (MC) sampling and energy minimisation. An
iterative version of the procedure can be applied to the loops
of several nucleotides. Tung {11] has used this approach tw0
break the construction of simple RNA fragments into two
steps: firstly, positioning helical segments and, secondly, con-
structing the linking loops. The scanning of relative helix
positions can be limited to some extent by the observed
range of loop lengths, but the computational expense
increases rapidly with loop size and a two-nucleotide loop
already requires the generation of 5000 structures in order to
scan the available conformational space.

Helical conformations and dynamics
Sequence-induced deformations of duplex DNA have
recently been investigated using a rigid base model by
Hunter and Lu {12], who found that rise, roll and tilt
depend largely on base stacking and can be successfully
predicted from van der Waals’ energy calculations. On the
other hand, slide and shift are both flexible and dependent
on electrostatics, whereas twist is directly coupled to back-
bone geometry. These results have been extended by
analysis of existing oligomer conformations and the formu-
lation of a virtual bond model of the nucleic acid backbone
that is flexible with respect to slide, shift and propelier, but
rigid with respect to all other degrees of freedom [13]. This
model helps to clarify the correlations between base and
backbone geometries.

In the realm of triple helices, Srinivasan and Olson have
carried out a systematic search of backbone geometries for
conventional DNA and RNA backbones [14], and peptide
nucleic acid (PNA) and 2’-5" modified backbones [15].
The results, which can be criticised for being limited to
fixed, or only partially mobile, base positions, nevertheless
provide a comprehensive view of possible backbone con-
formations and, in the case of PNA, help to explain the
movement towards A-like geometries.

Conformational scanning of sugar puckers within the
JUMNA (junction minimisation of nucleic acids) internal

and helical coordinate model has been used as a tool to
find the most stable conformations of a single adenine
bulge within a DNA double helix {16]. Both extruded and
stacked conformations of the bulged base were considered
and it was shown that, with a nonlinear Poisson—
Boltzmann (NLPB) electrostatic solvent correction, the
most stable state was stacked and led to axis curvature, in
agreement with solution data. The conformational scan-
ning approach also led to the discovery of a new bulged
conformation that has interactions with the C#G base pair
on the 5 side. This bulged conformation is related to the
base triad structure proposed by Kuryavyi and Jovin [17]
and is found within folded RNA structures.

More extensive deformations that are related to DNA-pro-
tein interactions have been the subject of a number of
recent publications. In the case of the TATA-box-binding
protein (TBP), Lebrun ¢ 4/ [18*] have shown that local
stretching of the distance between the 3’-phosphate groups
bracketing the TATA sequence reproduces the highly dis-
torted DNA conformation induced by the protein. This
study also showed that stretching led to rolls at the base-pair
steps at which partial protein sidechain intercalation occurs.
This work was subsequently extended to three other minor-
groove-binding proteins — sex-determining region Y (SRY),
lymphoid enhancer binding factor-1 (LEF-1) and the purine
repressor (PurR) — with similar results, suggesting that a
common DNA deformation mechanism is shared by this
family of proteins [19]. It was also found that phosphate
neutralisation facilitated DNA deformation, although the
mechanism is different from that seen with major-groove-
binding proteins, for which DNA bending is towards and
not away from the neutralised face of the duplex.

"The conformation of a large multimeric protein—-DNA com-
plex has been studied by Nagaich and co-workers [20°,21]
using an internal coordinate approach and symmetry con-
straints to further reduce the number of degrees of
freedom. This work involved building the tetrameric com-
plex of p33 using the available experimental data on a
single DNA-binding domain interaction. Using a specifical-
ly developed set of helical coordinates to scan the relative
positions of the protein monomers, it was found that DNA
curvature was necessary to avoid intermonomer steric clash-
es. The results suggest that sequence-dependent DNA
flexibility appears to play an important role in p53 binding,

Collective variable models can also be used to go beyond
conformational optimisations. As a first step, normal mode
analysis offers an inexpensive way of studying the dynam-
ics around a stable conformational state. Using internal
coordinates implies the necessity of removing the overall
translations and rotations of the molecule. This develop-
ment, made initially for proteins [22], has been extended to
valence angles and fully flexible sugar rings, and applied to
DNA by Ha Duong and Zakrzewska [23]. The resuiting
methodology has been used to study indirect recognition in
protein—nucleic acid complexes and, more specifically, the
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role of the central base sequence within the 434-repressor-
binding site. These bases influence binding, but do not
directly contact the protein [24]. Although it is generally
thoughrt that this effect is due to sequence-dependent flex-
ibility, normal mode calculations do not support this idea.
Rather, it was found that sequence-dependent electrostatic
properties appear to dominate. It was nevertheless noted
that the lowest frequency normal mode of the target base
sequence induced bending in the same direction as that
seen within the protein-DNA complex. This suggests that
normal modes may be a useful guide to large-scale DNA
deformations, in analogy with their use in the study of pro-
tein domain movements.

Similar studies of the catabolite activator protein (CAP)
binding to DNA showed that large amplitude vibrations in
the low-frequency normal modes were correlated with
kink sites in the complexed DNA conformation. In this
study, it was found that phosphate neutralisation, via the
formation of salt bridges with cationic protein sidechains,
was not only responsible for DNA curvature towards the
protein, but also led to DNA rigidification. Both the static
and dynamic effects of neutralisation were found to be
strongly sequence dependent [25°].

MC simulations that allow more extensive scanning of con-
formational space have recently been performed using an
internal coordinate model of DNA [26]. This approach
used the scaled collective variable approach developed by
Noguti and Go [27]. This method enables more efficient
scanning of conformational space via multiple variable
moves based on the eigenvectors of the Hessian matrix
derived from an initial energy minimised conformation.
The results obrained for an oligomer containing a target
site for TBP showed deformations that are very similar to
those of Cartesian coordinate molecular dynamics simula-
tions with explicit solvent and counterions.

Despite the promise of long duration molecular dynamic
simulations with internal coordinates, the development of
such approaches has been hindered both by difficulties in
formulating efficient algorithms and by unexpected prob-
lems with integration techniques, thermal equilibration and
the role of atomic collisions. An original proposition for
dealing with these problems, based on an O(n) robotics
algorithm, has recently been developed by Briinger and
colleagues [28] and used o refine nucleic acid and protein
structures. Another approach has been implemented by
Guntert ¢t 2l [29], again with macromolecular structure
refinement in view. In both cases, fundamental physical
difficulties are avoided by the use of highly simplified
force-fields and increased atomic masses and, in the latter
case, by using a space-fixed base for the initial nucleotide.
The algorithms, which vield good final structures for both
proteins and nucleic acids, are faster than Cartesian coordi-
nate approaches and, incidentally, avoid problems caused
by chirality inversion, which have been shown to be sur-
prisingly common in published nucleic acid structures [30].

The first real solution to the problem of internal coordinate
dynamics has been proposed by Mazur [31°°], who has
developed an algorithm that includes a refined and stable
integration technique, an efficient method for solving the
equations of motion and an appropriate treatment of flexi-
ble rings. This method allows 10 fs time steps at room
temperature when all bond lengths are frozen and valence
angles are only considered for atoms belonging to the sugar
rings. It is nevertheless necessary to increase the momen-
ta associated with light nigid bodies (-OH and —-CH,) and
with sugar ring bonds (C-C and C-0) in order to achieve
this result. A hybrid solvent model, combining a distance-
dependent dielectric constant, reduced phosphate charges
and explicit water molecules in the minor groove, has
enabled stable trajectories to be generated for a B-DNA
dodecamer. The resulting conformations are remarkably
close to the corresponding crystallographic results.

DNA under stress

Over the past few years, single-molecule experiments on
DNA have led to the discovery of unexpected conformation-
al transitions that are induced by external stress. Modelling
with JUMNA has enabled the conformational impact of such
constraints to be reproduced. Adiabatic mapping was first
used to understand polymeric DNA stretching, leading to
models of so-called S-DNA [32,33]. The same approach has
now been applied to an oligomer, mimicking an atomic force
microscope experiment by Noy ez @/ [34]. The results,
which, in common with polymer stretching, led to a force
plateau, also reveal similar conformations — a narrow fibre
with inclined bases when the traction involves the 3’ termini
and a flat unwound ribbon when the 5 termini are pulled
[35]. The same oligomer has also been ‘unzipped’ by sepa-
rating the strands at one end. This led to forces that vary as a
function of the AT/GC content, in line with recent results on
polymeric DNA obtained by Heslot’s group [36].

Ribbon-like DNA, obtained by 3’ stretching, has also been
used as the starting point for modelling strand exchange
induced by the RecA protein [37°]. In contrast to earlier
suggestions, this model involves attack by the single-
stranded DNA-RecA filament on the minor-groove side of
the stretched duplex. Stretching increases the width of the
minor groove to allow the bases of the single strand to form
interactions with the duplex base pairs. This leads to a
triple helix that is stable in its extended form. A similar
model [38°] has also been proposed by the authors of a
recent NMR spectroscopy study of a RecA monomer-DNA
complex. Strand exchange can subsequently take place
through a simple base rotation, yielding a triple helix in
which the leaving strand lies in the major groove.

Another aspect of DNA deformation has been addressed in
an experiment in which magnets are used to rotate a tiny
paramagnetic bead attached to a single DNA molecule.
Over or undertwisting DNA generally leads to the formation
of plectonemes through axial writhing. When this is pre-
vented by pulling the DNA, a structural transition is seen
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that corresponds to local denaturation for undertwisting and
to the creation of a previously unknown structure (P-DNA)
for overtwisting [39°*]. Modelling with JUMNA suggested
that this structure had unpaired bases surrounding tightly
interwound phosphodiester backbones (twist =137° and
rise ~ 5.8 A) and, to some extent, resembled the early DNA
structure proposed by Pauling and Corey [40]. This result
was supported by the observation that the overtwisted and
stretched DNA becomes reactive towards glyoxal, a reagent
that is specific for unpaired bases.

Low-resolution models

We now turn to collective variable models that no longer
resolve individual atoms and that are aimed at studying the
properties of large nucleic acids and, in particular, linear or
circular DNA. Such models exist with various degrees of
resolution: nucleotides, nucleotide pairs, helical segments
or, even, chromosome fragments. Given the computation-
al difficulties and the lack of sufficient data for
parametrisation, such models must often abandon some
characteristic aspects of DNA structure (bending
anisotropy, sequence inhomogeneity, electrostatic interac-
tions, etc). Their formulation is still, to some extent, a4 foc,
but it is worth noting that a recent study has investigated
the validity of various rigid-body models through a
detailed analysis of the correlated movements observed
within Cartesian coordinate dvnamic trajectories [41°].

Although most models in this area do not take base
sequence or DNA bending anisotropy into account, a
number of attempts have been made recently to include
such effects. One approach, proposed by Huertas er a/.
[42], uses a single bead per nucleotide, with intrastrand
and interstrand spring interactions between neighbouring
beads. This construction, however, appears to be less easy
to manipulate than models that use segmented rods with
one segment per nucleotide pair [43,44%]. An example of
this is the model of Munteanu er #/. [44°], which includes
inhomogeneous and anisotropic flexibilities based on
DNAse I digestion data. This model leads to a rationalisa-
tion of the experimentally observed sequence dependence
of Cro repressor binding free energy.

Sequence effects (based on dinucleoude wedge angles)
have also been included in an averaged sense within a seg-
mented rod model, in which each segment represents
roughly one turn of the double helix. The results show that,
aithough sequence inhomogeneity does not affect the
radius of gyration of circular DNA, it does have an impor-
tant impact on the equilibrium linking number
distribution, which may become bimodal [45°*]. This result
may be important for other studies, such as the recent work
of Swigon ez @/, [46], which uses a homogeneous rod model
to relate nucleosome binding energies to this property.

Ignoring sequence effects, there are many models using seg-
mented rods whose applications overlap with continuous
elastic rod treatments of DNA. Such models, which have

been the subject of a number of reviews [47,48), are contin-
uously being improved in terms of both their physical basis
(anisotropy, self-contact, electrostatic and hydrodynamic
effects, etc.) and their computational efficiency. We mention
here only a few recent extensions. Within the segmented
rod approach, Langowski’s group {49] have developed and
applied a model that is applicable to both linear and circular
DNA, including the treatment of intrinsically curved seg-
ments, and using an efficient second-order Brownian
dynamics (BD) algorithm. This model has been used to
study the cyclisation reaction of DNA fragments with
120470 base pairs in good agreement with experiment [50].
A related approach has been used to study the dynamics of
site juxtaposition within circular DNA and shows that sim-
ple slithenng, although accelerated by supercoiling, is not an
efficient mechanism for bringing sites together [51]. A seg-
mented rod model [52] has also been used to describe the
behaviour of supercoiled DNA under tension, in conjunc-
tion with recent micromanipulation experiments [39**,53], a
problem that has also been approached analytically within
the WLC (worm-like chain) model [54]. It is also remarked
that the WLC model has also been recently extended to
allow segments exhibiting intrinsic curvature or differing
flexibilities to be taken into account [55]).

In the field of continuous rod models, a number of simpli-
fied representations exist that enable circular DNA to be
manipulated with a small number of variables. In this area,
Liu er a/l. [56°] have improved on an earlier B-spline
approach by introducing a finite Fourier series representa-
tion. This technique, applied to Langevin dynamic
simulations, maintains the advantage of a reduced number
of variables, but describes the DNA path more precisely
and automatically satisfies ring closure constraints. Work
from Martino and Olson [57] also replaces the B-spline for-
mulation for a description of the equilibrium conformations
of circular minichromosomes. This approach uses
Newton—-Raphson minimisation to relax elastic rod seg-
ments joining rigid supercoils around phantom histone
cores, whose positions are scanned by MC sampling. This
model can be contrasted with the simpler model that the
Langowski group [58] used for BD simulations of a linear
chromatin fibre. Their model links chromatin beads with
straight, extensible rod segments and limits bending to the
bead junctions between segments. We finally mention a
hybrid WL.C plus bead model, introduced by Jian e a/.
[59°**]. which leads to an improved treatment of hydrody-
namic effects. In connection with the passage from discrete
to continuous models, it is worth noting the analysis of
Klapper and Qian [60°], which shows that the energy of a
segmented rod does not vield the continuous elastic rod
expression in the limit of infinitely short segments.

A last step in decreasing the resolution takes us to models
that attempt to describe complete chromosomes. One
such model examining dynamic behaviour (MC/BD) has
been proposed by Miinkel and Langowski [61°], in which
the chromatin fibre is represented by a chain of beads
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divided into looped domains, with each bead representing
roughly 30 kilobase pairs. The size of the system treated
nevertheless requires many approximations (only short-
range  self-contacts, no electrostatics and no
hydrodynamics). Such models can form the basis of stud-
ies of nuclear structure, as in recent work, which finds
evidence for territorial organisation using static models to
interpret localised radiation damage [62].

It is clear that the size of many biologically important
objects will impose low-resolution models for the foresee-
able future. As Harvey and colleagues [63,64] pointed out
in their modelling of ribosome particles, however, this does
not exclude the possibility of locally improving the resolu-
tion, when available experimental data permits.

Conclusions

Despite the progress achieved with atomic-scale simula-
tions of nucleic acids, collective variable approaches are still
making important contributions. Their advantages are not
only seen for large systems, but are also in cases in which
large conformational changes are involved or in which com-
plex conformations need to be generated. With only a small
loss of resolution, they will soon be able to extend the range
of dynamic simulations, while, with greater simplification,
they offer ways of looking at very large nucleoprotein com-
plexes. How can such models be improved? The treatment
of solvent and salt effects via continuum electrostatic and/or
surface terms is one active area. Fast and precise NLPB
solutions are still awaited, but progress is being made with
more approximate models [65*]. Automated prediction of
RNA folds, even given secondary structure and experimen-
tal constraints, remains a major challenge for anything
beyond the smallest systems. Similarly, detecting subtly
defined protein-binding sites within genomic sequences
will become a more and more pressing goal. Lastly,
although low-resolution DNA models continue to incorpo-
rate more realistic features, ways need to be found to create
a homogeneous hierarchy of models that will allow us to
move up and down in resolution as required.
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