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Abstract

DNA melts at temperatures around 70 °C (~340 K) depending on the base-pair composition, level of hydration, type of
counterions and excess salt concentration. Vibrational modes, which increase the separation between base molecules,
i.e. perform the base pair opening, are thought to play an important role in DNA-bubble formation but these are typi-
cally assigned frequencies around 90 cm™ (120 K). Understanding DNA melting and related biological processes requi-
res this apparent energy gap of more than 200 K to be understood. We have performed atomistic molecular simulations
which enable us to reconcile this energy difference between cause and effect. Using quasi-harmonic analysis we have
analyzed the way in which vibrational modes of DNA change with the temperature.
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1. Introduction

Understanding the function of biological molecules
requires knowledge of their dynamics. In the case of
deoxyribonucleic acid (DNA), one of the key points of in-
terest is base-pair opening as such dynamics play a key ro-
le in replication, transcription and melting.' These proces-
ses all involve the splitting of the double helix into single
strands, which is initiated locally by the breaking of inter-
base hydrogen bonds and the formation of bubbles span-
ning several base-pairs. Although these processes often
involve proteins, they are thought to be driven by the
dynamics of DNA itself.

Experimentally, the dynamics of DNA has attracted
considerable attention. The sound velocity parallel and
perpendicular to the helix axis for A and B form as a func-
tion of humidity was measured using Brillouin? and Ra-
man® scattering. Dynamics of DNA was also studied by
coherent inelastic neutron scattering (INS)* and inelastic
X-ray scattering in a range of samples.’

Numerical and theoretical models are also essential
for a detailed understanding of low frequency dynamics of

DNA. Mesoscale models have been developed, in which
DNA is typically represented by a one-dimensional chain
of effective atoms with a Morse potential describing the
hydrogen-bonding between the base-pair molecules. The
Peyrard-Bishop-Dauxois model® has been parameterized
to reproduce denaturation curves and describes base-pair
opening frequencies at 40 cm™ and 80 cm™ for adenine-
thymine (A-T) and guanine-cytosine (G-C) pairs respecti-
vely. Early atomistic models predict base-pair opening
frequencies between 59 and 84 cm™ for A-T and between
95 and 124 cm™ for G-C’.

In our previous study® we have focused on disper-
sion relations at low frequencies and characterization of
the vibrational modes using all-atom B-DNA models and
large scale phonon calculations® based on the harmonic
approximation. Our motivation here was to analyse the
way in which the vibrational modes of DNA change with
temperature. To this end we have performed a series of
molecular dynamics (MD) simulations at different tempe-
ratures followed by quasi-harmonic analysis'® of the tra-
jectories. The resulting vibrational modes are discussed in
the context of base-pair opening.

Merzel and Johnson: Low-frequency Vibrations of DNA and Base Pair Opening



Acta Chim. Slov. 2011, 58, 442447

2. Methods

Crystallographic coordinates of B-DNA form were
taken from the Protein Data Bank (sequence AGCAGCA-
GAG for 1 strand). MD simulations at T = 100 K, 200 K,
300 K and 320 K were carried out with the CHARMM""
molecular modeling package together with the all-atom
force field, CHARMM?22.'? The highest temperature, T =
320 K, was chosen just below the melting temperature to
ensure the structural stability of DNA during the MD si-
mulation. A periodic fibril structure of DNA in the B
form, 10 base-pairs per helical pitch, length 34.6 A, was
obtained during relaxation of the hexagonal simulation
box (a=39.0 A, c=34.6 A) filled with 20 lithium counter
ions and 1460 water molecules (Figure 1A) using periodic
boundary conditions and linking the DNA strands in the
primary box with their periodic images. The amount of
water in the unit-cell creates a fully hydrated state of DNA
fiber with the minimum fiber to unit-cell-surface distance
of more than three water-shell layers. Consequently, the
variation of the size of the lateral dimension of the unit
cell is expected to have negligible influence on the base-
pair opening characteristics of DNA in our simulations.

a)

Figure 1. A) Atomistic B-DNA model used in this work (water mo-
lecules, counter ions and periodic simulation box not shown). B)
Alternative representation of DNA in which the center of mass of
each nucleotide is represented by a bead.

The water was treated with the TIP3P model."* The
MD simulations of 50 ns at constant pressure, p = 1 atm.,
and constant temperatures (CPT) using Nose-Hoover met-
hod were carried out with an integration step of 1 fs.
Structures were saved every 0.1 ps to produce trajectories.
The n(gn-bonded interactions were treated using a cut-off
of 12 A.

To enable analysis of DNA dynamics at different le-
vels of coarse graining, we introduced the projection of
atomic displacements on the center of mass of a given
nucleotide, or eventually, on a base molecule, as imple-
mented in the program NMscat.” Nucleotide centers of
mass are represented by beads as shown in Figure 1B.

It is common to analyze molecular vibrations in
terms of the vibrational density of states g(), which is
usually extracted from the shape of the potential energy
surface of the atomic system using normal-mode analysis
as a frequency distribution function of vibrational modes.
In this case, vibrational modes are represented as eigen-
vectors of the Hessian matrix, which is the matrix of
mass-weighted second derivatives of potential energy
with respect to atomic displacements. An alternative way
to derive g(m) is to apply the quasi-harmonic approxima-
tion (QHA) on the MD trajectory of the system. This met-
hod has shown to be very useful in studying biomolecular
dynamics'* !> '® because it also probes anharmonicity of
inter-atomic interactions. In QHA, the fluctuations obser-
ved during the system motions are described by a multiva-
riate Gaussian probability distribution. Using this as-
sumption, a temperature-dependent effective potential re-
sulting in a Gaussian probability distribution can be defi-
ned. The quasi-harmonic modes can then be computed
from the mass-weighted Hessian matrix defined in terms
of its elements as kBT/Gij, where kg is the Boltzmann con-
stant and T is the absolute temperature. Consequently, o
are the elements of the covariance matrix. Those elements
are defined as dynamics dependent variances (diagonal
elements) and covariances (off-diagonal elements) of the
fluctuations of the Cartesian atomic coordinates, x;,

oy = (0 = (e e, = {x, ) 0

that are obtained from MD simulation with { ) denoting ti-
me average over MD trajectory. Solving the secular equa-
tion

. kT
dc{M"-aM'---LJ]:O )

w

where M is the mass matrix and [ is the identical matrix,
one obtains the quasi-harmonic frequencies ®,, which are
used to compute vibrational density of states:

2(0) =2 0(0-0,) G)

where 9 is the Dirac delta function and D is the total num-
ber of degrees of freedom.

Further useful information can be extracted from
QHA when analyzing the directionality and the size of
atomic displacements in a given vibrational mode. For
example, the quantity revealing the breathing or base-pair-
opening character of the vibrational mode can be defined
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in terms of projection operators of atomic/bead displace-
ments:

NP

%(c?,.,m—c?p[zh‘

=2,
Np ded 2max(d,[1])d,[2])”
P

“)

where Jp[l] Jp[Z] and Jp[Z] are the net displacement vec-
tors of the beads forming an individual nucleotide pair.
/|7 is the directional vector along the line connecting two
beads of a pair, and N, is the number of nucleotide pairs in
the model DNA, i.e. 10. Plotting B as a function of vibra-
tional frequency enables a systematic mode assignment
across the entire frequency range.

3. Results

We first compare the vibrational density of states,
g(®), derived from the normal mode analysis (NMA) and
QHA from the simulation at T = 100 K, which is expected
to exhibit harmonic type of motion (Figure 2A). The ove-
rall agreement of both spectra is good. Temperature de-
pendent g(w) derived from QHA in the low-frequency
range, i.e. < 600 cm™', is shown in Figure 2B. At higher

temperatures (T > = 300 K) we observe the broadening of
the first low frequency band at @ < 100 cm™ and increase
of the density of states in the frequency range 250 < ® <
400 cm™'. The systematic increasing of the DOS at @ < 30
cm! with increasing temperature can be attributed to the
softening of the DNA dynamics at higher temperatures.

For comparison we show in Figure 3 the vibrational
density of states, g(®), calculated directly from the MD
trajectory at 100 K as the velocity autocorrelation func-
tion using the program nMoldyn'” which agrees remar-
kably well with the result obtained from the normal mode
analysis (Figure 2A).

The distribution function of the base-pair opening
character of the bead motion is plotted versus frequency
in Figure 4. The projection of the atomic displacement
vectors summed over individual nucleotides on to the
corresponding inter-nucleotide vectors was calculated by
equation (4) and analysis was carried out for eigen-vec-
tors obtained from NMA and QHA of dynamics at 100 K,
respectively. Both distributions show a maximum at
80—130 cm™. According to the definition (4) the peak va-
lue of B = 0.6 means that the base-pair opening character
occurs at about six nucleotide pairs, out of 10, in low fre-
quency modes. The high level of agreement between the
NMA and QHA results indicates clearly the accordance
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Figure 2. Vibrational density of states (vDOS) of B-DNA. A) Comparison of vDOS obtained by the normal mode analysis (NMA) and by the qua-
si-harmonic analysis (QHA) of the MD simulation at 100K. B) Temperature dependent low-frequency vDOS derived from QHA.
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Figure 3. Vibrational density of states derived from the velocity autocorrelation function using the program nMoldyn'’.

of static and dynamic representations of low-frequency
vibrations.

In Figure 5 we show distribution functions of the
base-pair opening character of bead dynamics at two le-
vels of coarse-graining, as revealed by simulations of
DNA at different temperatures. First we define beads as

0.7 T

representing nucleotides (Figure 5SA) and secondly as
representing only the base molecules (Figure 5B). Apart
from the modest shift of the position of the first maxima
towards lower frequencies with increasing temperatures
from 100 K to 300 K, the distribution functions in Figu-
re 5A do not differ much from each other. However, clo-
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Figure 4. “Breathing” or base-pair-opening character of individual vibrational modes as a function of mode frequency. Results for the normal mo-
des is shown in black and for the quasi-harmonic modes in red. (Smoothed red curve is obtained by a Gaussian convolution of the QHA values.)
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Figure 5. Base-pair-opening character of QHA vibrational modes of B-DNA at different temperatures as a function of frequency analyzed in terms
of A) nucleotides and B) base-molecules. The yellow band indicates the energy range corresponding to the melting temperature.

se to the melting point (320 K), the distribution beco-
mes flatter: the maximum at ~100 cm™ is lower while
modes at ® > 200 cm™ exhibit stronger base-pair ope-
ning character. The energy range 230 < ® < 260 cm™'
depicted by the yellow boxes in Figure 5 corresponds to
the thermal energy of DNA melting. For T < = 300 K
base-pair opening occurs over about four nucleotide
pairs in low frequency modes and only about two nuc-
leotide pairs at higher frequencies. The increase of the
breathing character of modes at ® > 200 cm™' demon-
strated for the simulation at T = 320 K is relevant to
melting. Also, the bubble formation preceding melting
seems to be enhanced by more localized modes close to
the melting point.

Redefining beads as base (Figure 5B), sugar and
phosphate molecules (not shown) in our analysis gives a
distribution functions with a continuous plateau up to ~
320 cm™', demonstrating the presence of the breathing
modes of base molecules up to frequencies that match the
melting temperature of DNA. Comparing these distribu-
tions with those in which beads representing whole nuc-
leotides (Figure 5A) leads to a conclusions that the avera-
ge motion of nucleotide beads does actually hide the
breathing-like character of the inter-base vibrations. This
is due to the out-of-phase motion of nucleotide units (su-
gar, phosphate and base molecules) which reduce the net
contribution to the displacement of the bead as a whole
nucleotide. Overall, distribution functions become broa-
der and lower with an increasing temperature. For the ba-
se-molecules, the projection B shows an opposite (decrea-
sing) trend with increasing temperature as for whole nuc-
leotides (Figure 5A) at frequency range 200 < ® < 300
cm™'. While this suggests more irregularity in the breat-
hing character of the base molecules motion themselves
with increasing temperature, it is clear that this effect
must be compensated by the presence of increasingly hig-
her level of the in-phase motion of nucleotide units within
the nucleotide.

4. Conclusions

Using MD simulations and QHA we investigated
dynamics of DNA over different temperatures ranging
from 100 K to 320 K, i.e. close to the DNA melting tem-
perature, in terms of the base pair opening, a precursor
event of bubble formation. While the prediction of the ma-
ximum of the base-pair opening character of DNA dyna-
mics of the present work is consistent with previous
works, and the frequencies of these vibrations in bead mo-
dels, the explanation of the vibration-melting energy gap
was still missing. By analyzing the way in which vibratio-
nal modes change with temperature we were able to show
that most significant changes of modes take place in the
frequency range corresponding to the thermal energy of
melting when approaching the melting temperature. By
redefining beads as base molecules in our analysis gives
distribution functions of the base-pair opening with a con-
tinuous plateau from 100 cm™ up to ~ 320 cm™', indica-
ting that base-pair opening modes exist up to frequencies
that match the melting temperature of DNA. We have also
shown that static (NMA) and dynamic (QHA) representa-
tion of low-frequency vibrations of DNA are in good
agreement.
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Molekula DNK ima talis¢e okrog 70 °C (~340 K) odvisno od zaporedja baznih parov, stopnje hidracije, tipa protiionov
in preseZne koncentracije soli. Nihajnim nac¢inom DNK, pri katerih se spreminja razmik med baznimi molekulami in ki
imajo pomembno vlogo pri nastanku mehurckov v dvojni vijaénici, ustrezajo frekvence okrog 90 cm™ (120 K). Za zve-
zo med nihajnimi nacini, ki razpirajo bazne pare in taljenjem DNK je torej potrebno razumeti obstoj energijske reZe ve-
likosti ~200 K. V ta namen smo izvedli atomisti¢ne simulacije, ki nam pojasnijo energijsko razliko v luci povezave med
vzrokom in uc¢inkom. Z uporabo kvaziharmonske analize smo analizirali tudi temperaturno odvisnost narave nihajnih

nacinov DNK.
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