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molecufar model for DNA s described. The model procesds in the spirit of all-atom simujations but discards many unimportant
degrees of freedom to preserve maximum simplicity. We use the reduced model to simulate several DNA saquences over about
ten nanoseconds at different temperatures. It is shown that the model is able to reproduce some features of DNA dynamics. The
helix structure of the DNA model is stable at low temperatures, but melts above a certain temperature. The melting transitions are
found to be rather slow in time; it takes longer than ten nanoseconds to completely denature a DNA sequence of only 100 base
pairs.

Abstract  Moiecular Dynamics (MDD} simuiation and modelling of deoxyribonucleic acids {DNA) are discussed. A simplified

transition may take place only over rather long timescales
{say, many tens of nanoseconds) even for a DNA of just 100

i. INTRODUCTION base pairs. We observe localized fluctuating modes in

Hydrogen {H)-bond displacements in the MD simulafions,
In recent years, with the rapid increase of computer power though this model appears to exaggerate their magnitude.
and availability, Molecular Dynamics (MD) has become an The inhomogeneity due to the difference in the strength of
increasingly important technique for simulating molecniar- H-bonds between AT and GC pairs is found to have a strong
scale matter [Allen and Tildesley 1989]. The basis of the ¢ffect on energy localization processes.

MD methods is to numerically inteprate the coupled
differential equations of motion for a system of particles {or

aioms) interacting with each other according to a given 1. THE DNA MODEL
force law. Since the MD simulation follows the detailed
trajectory of each atom, many physical properties To model deoxyribonucleic acids (DNA), it is natural to nse
(thermodynamic, structural, and transport) of the materials the gll-atom approach [McCammon and Harvey 19871
can be calculated from the simulation data. Unfortunately, the computational demand of all-atom MD
is 5o large (there are about 60 atoms per base peir) that
Biopolymers pose a unigue challenge to MDD simulation and only short DNA fragments have been simulated over a
modeiling because they have very complicated internal nanosecond at most which is much shorter than the
structures and complex inter- and  intramolecular charncteristic timescale of many physical and biological
interactions, In this paper we explore the development of a provesses in DMNA  (e.g, replication, iranscription,
simple molecular model 1o study DNA dynamics. The denaturation, and supercoiling. S8ee Cantor et al. [1980]).
reduced model, which uses only relatively few degrees of Therefore, it is useful to develop reduced DNA models. If
freedom, allows simulations of much larger DNA sequences possible such models should contain the most important
over much longer timescales than is possible with ail-atom degrees of freedom and enough structural details to mimic
approaches. It is shown that the present model can reality, while allowing simulations of large sequences over
reproduce some but not all of the basic characteristics of the long timescales. Moreover, an understanding of which
DNA dynamics. The model displays sharp thermal melting reduced models best mimic reality is essential if very simpie
transitions for the DNA dupiex, with melting temperature mathematical models are to be of use.

depending comrectly on the base pair composition, In
addition, we have demonstrated that the complete melting
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FIG. 1. {a} Schematic representation of a fragment of
DNA double helix, showing = base pair and one adjoining
aucleotide and phosphate backbone, AH hydrogen atoms
have been deleted for darity. (b) Schematic representation
of the simplified DNA model constructed from the all-atom
model. The center of mass {black circle}, hydrogen bonding
sites (whiie circle}, and backbone connections (black square}
sre indicated, with bond lengths, angles, and torsion angles
defined.

The simplified DNA model is first built up with a double
helix structure, whose eguilibrium geometry is taken to be
that for B-form DNA [Amott and Hulins 1972}, As is well
known, each strand of DNA is composed of a sequence of
purine and pyrimidine basgs or nucleotides, which are all
flat molecules composed of one or two rings of nitrogen
and carbon atoms [Saenger, 1984]. These molecules are
quite stiff with respect to all molecular distortions. In
particalar, they have ac low frequency conformational
distortions so that they may be treated approximately as
rigid bodies. Each base is attached fo a five membered
deoxyribose ring, which is connected to other such rings by
a guite flexible backbone {See Fig.1z). The deoxyribose
ring is not flat and has a number of preferred conformations.
While transitions between these preferred conformations can
oceur at physiclogical temperatures, the ring is nevertheless
significantly more rigid than the deoxyribose-PC4-
deoxyribose backbone linkage. Thus, we ignore distortions
of the ribose ring and fix it rigidly to each base in the
standard conformation it takes in idealized B-DNA. The
flexible backbone iiself is {reated as a structureless elastic
rod. Each strand of this B-DNA modetl is then a sequence
of rigid bodies (base-ribose) connected by flexible rods.
The bases of each strand are hydrogen bonded to the
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complementary bases on the other strand, i.e., Adenine (A}
to Thymine (T}, and Guanine {G) to Cytosine{(C). In the
standard egquilibrium B-DNA structure, the bases in a pair
are nearly coplanar. In this first simplest model, we only
allow these rigid base-ribose bodies to move in this XY
plane. When projected omto this plane, the backbone
connections at the ribose positions C3 and C5 are quite
close to each other. Hence, for simplicity both the backbone
connections are taken to apply at the one location. The
distance between two adjacent planes is 3.33 angstrom. The
motion of each rigid body can then be completely described
in terms of the (X,Y) coordinates of the body's centre of
mass, and an angle, @, which determines the orientation of
the body with respect to say the X axis. This model is
depicted schematically in Figure i(b).

The model potential energy has the form

V=30 2 (Ve Vet Vo) + 3(Vis + Vi), (1)

noj=12 n

where the sum is over ali base pairs (n) and over the two
strands (j=1,2), and the backbone stretching and bending,
the torsion, the monbonded, and the hydrogen bonding
interactions are

1 e
Ve o= EKb(Tb - qu)2: (2)
) 1
Vy = 5}(3[008{9{) - cos{#{)]%, (3)
Ve = K,[1-cos(r — 7%}, (4)
. Gz 98
Vig = 4e [(R) (R) ]s (5}
Vi = Vy{exp[-alr; - riT)] - 1}2
1
- :{VQH + tanh(8(rs — r))]. (6)
The model has been described in detail by Zhang and

Collins [1995].

3. MDD simulation resuits

Using the above model, we have simulated DNA chains of
various lengths and base-pair compositions. In the
following, the simulation results for three types of B-DNA
fragments of 100 base pairs (100 bp} over a time of about
10 nanoseconds will be reported in detail. Simulations of
shorter and longer sequences will also be briefly discussed.
The threc sequences are (i) Poly(A).Polw(T), (i) Poly
(G).Poly(C), and (iii) mixed content. Here, the notation
Poly(.} represents 2 homopelymer consisting of one type of



base as indicated in the parentheses. In the fragment of 100
bp with mixed content some AT rich regions are
deliberately introduced. In particular, the TATAAT
sequence, known as the “Pribnow Box", is z highly
conserved sequence appearing in many promoter sies in
many related organisms [Komberg 1974). This sequence
and the other AT rich regions are expected to be more
amenable to base pair opening, as will be shown in the
simulations.

The first feature of note in the dynamics of this model, is
that the amplitude of the position fluctuaticns of different
sites in the molecule increases from the inside to the cutside
of the double helix, and that the sites near the chain ends
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FIG. 2. Boot-mean-square {rms) displacement of sites on

the base pairs from their average positions for a DNA frag-
ment of 100 bp with mixed content simulated over 10 nsec
ab temperature T = 300 K. The sites at the backbone con-
nections (dashed line) move more than the H-bonding sites
inside the helix (symbols), The first {triangles) and the third
(squares) (for GC pairs) H-bonding sites move more than the
second (circles). The chain ends move more than the middle.

move most  {See Fig. 2}. Moreover, the first and third
hydrogen bonding sites in GC base pairs move more than
the middle {second) site. These results are qualitatively in
agreement with those reported in all-atom MD simulations
of DNA . Thus we have a picture of the base-pair motion in
which the base-ribose bodies move in and away from their
partners while undergoing hindered rotation. The overall
picture is not one in which the base and ribose swing about
2 hinge supplied by the (fixed) backbone; rather the reverse,
where the base, ribose and backbone are hinged flexibly
about the hydrogen bonds. This important qualitative aspect
of the motion of the DNA was not taken into account in
some previous attempts [Englander et al 1980} to derive
simple nonlinear models to study the base pair planary
rotations.
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FIG. 4. (a) Average hydrogen-bond displacements and (b)

percentage of H bond open, for simulations of DN A fragmentis
of 100 bp over 10 nsec.



Another gualitative feature observed in all the simulations
of this model, is that the double helical structure is stable at
low temperatures. This can be clearly seen in Fig.3{a),
which plots the “helix repeat number” against the
temperature. Here, the “helix repeat number” is the average
number of base pairs contained in a full turn. For the model
B-DNA  at the equilibriuvm geometry, the helix repeat
number is exactly 10. A value higher than 10 indicates that
the helix s “unwound” by comparison with the standard
structure. The curves in Flg.3{e) stay close to 10 at low
termperatures, but display a sharp increase at higher
temperatures which correspond to melting of the DNA
molecules. The fluctzations in the unwinding of DNA is
given by the root-mean-square average of the angle between
successive interbase center of mass vectors. See Fig.3 (b).

Hydrogen bond breaking is an important element in DNA
thermal denaturation, replication and transcription. Here we
measure the mean displacements of the H-bond lengths as
shown in Fig 4(a), where the curves display similar behavior
to that in Fig.3(a) A very slow increase of the H-bond
displacement indicates the siability of the model DNA at
low temperatures; and a rapid increase at temperatures
above some transition point shows that the helix is actually
melting. The percentage of H-boad “opening” has also been
measured and presented in Fig. 4(b). As expected, base pairs
in poly(A)poly{T) are the most amenable fo opening,
followed by the mixed and the poly(G).poly(C).

Figs. 3 and 4 clearly demonsirate that the present DNA
mode! is able to show sharp melting transitions, and that
the DNA fragments of different compositions  have
different melting temperatures, The GC homopolymer has
the highest melting temperature (about 300K), the AT
homopolymer has the lowest {460K), while the sequence
with mixed conient has intermediate melting temperature
(480K). These characteristics are qualitatively in agreement
with the resulis of thermal melting experiments for DNA
Sacnger [1984], although the melting temperatures ars about
100 K too high, indicating that the simplified DNA medel
is too “stiff” overatl.

Most interestingly, we find that the melting transitions
require long timescales to develop, and that the larger the
DMNA sequence is, the tonger the time is required for melting
o occur. Note that we stari each simulation from the
ground state of the DNA. At low temperatures, the DNA
appears to reach equilibrium in less than a nanosecond: the
energy of the moleculs, the helix repeat number and the H-
bonds displacement (see Fig. 5), and the rms displacements
of Figure 2, for example, do not “drift” in value with time
but merely fluchuate about a steady mean after less than one
nanosecond, Thus the averages in Figs. 3 and 4, which are
obtained from results of simuiations over 10 nanoseconds,
may represent the thermal equilibrivm  values at low
temperatures. However, at temperatures above the
“melting points”, disorder in the model becomes apparent
only afier several nanoseconds of simulation (Fig.6).
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FIG. 5. (&) Helix repeat number and (b} average H-bond
displacement, for 109 bp of mixed content at T = 300 K.
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FIG. 6. Average H-bond displacement for DNA fragments

with mixed content, showing the development of disorder at
temperature T = 480 K: {a) 100 bp and (b) 460 bp. The
larger the sequence, the longer the time scale required for
melting to occur, Similar behavior is observed for the helix
repeat number.

The large “steps” in Fig. 6 might be interpreted as arising
from large amplitude distortions of the molecule or
transitions of the molecule to high epergy configurations
which were not easily accessed at low temperature. These
transitions might involve crossing high energy barriers and
would therefore occur rarely even at high iemperature.
Thus, to reach thermal equilibrium in these simulations
would require extremely long simulation times. For
example, at temperatures above the melting point, ten-
nanosecond simulations may only result in the melting of
about 20 base pairs at both ends of the DNA helices {Fig.7).
This suggests that the unwinding kinetics of DNA double
helix is rather slow, as also indicated in experiments



{Cantor 1980]. Hence, we do not suggest that our
simulation results at high temperatures reflect the true
equilibrium values. Indeed, the “melting temperatures”
indicated here should be taken as upper bounds, as melting
may possibly occur at lower temperatures over much longer
timescales than were simulated.
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FiG. 7. Average H-bond displacement at T = 480 K, for
stmulation of a DNA. fragment of 100 bp with mixed content
over 10 nsec. The melting of the helix from bothk ends is seen.

We have also simulated B-DNA of shorter and longer
sequences, and obtained similar results to those reported
above. In particular, we have simulated sequences of up to
400 base pairs with mixed AT and GC content, and have
found that the eritical temperature for denaturation is about
480 K coinciding with that for a 100 bp sequence. However,
the timescale for denaturation seems to be longer: above the
melting temperature, one must wait at least several
narnoseconds to see an apparent increase of disorder in the
system (Fig.6). A short sequence such as a dodecamer
retains its stable double helix structure below 350 K, but
denatures at only slightly higher temperatures, due to the
chain-end effects.

The opening of base pairs in DNA is an important process
as it is a prerequisite for replication, transcription, and
DNA-drug binding. Ses Gueron[1987], Ramstein and
Lavery [1988]. In our simulations the hydrogen boad
displacements are monitored to observe possible large
amplitude excitations and their dependence on base pair
composition. We find that at temperatures below the
meiting point, the model DNA  exhibits some iarge-
amplitude, though short-lived, fluctuations in the H-bonds
and such excitations tend to repeat at mearby base-pairs.
Most interestingly, compared to GC pairs there are more
frequent large amplitude fluctuations int the H-bonds of AT
pairs, and a sequences of several contiguous AT and TA
base pairs are found to be more than usually prone to
hydrogen bond breaking. This is understandable because a
GC pair has one more H-bond than a2 AT pair.
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4, Concluding remarks

In semmary, we have investigated a relatively simple
molecular model to study the dynamics of DNA molecules.
The reduced model has allowed sisnulations of much larger
DNA sequences over much longer timescales than is
possible with all-atom approaches. It has been shown that
the present model can reproduce some but not all of the
basic characteristics of the DNA dynamics. The model
displays sharp thermal melting transitions for the DNA
duplex, with melting temperature depending correctly on the
base pair composition. We have showed that the complete
melting transition may take place only over rather long
timescales even for a short segment of DNA double helix,

Overall, however, the simple model appears to be too
“stiff”, since the onset of melting appears to be significantly
higher than experimentally observed. This may be primarily
due to the restriction to two dimensional motion, in addition
to the rather primitive description of the forces. Many very
tow frequency motions are excluded from the model,
including relative motion of the strands along the helix axis,
tilting and relative twisting of the bases. Three dimensional
motion, which demands a more complete description of the
forces between the stacked bases, ought to be essential in a
better quantitative description of the DNA melting,
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