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Phonon dispersion of oriented DNA by inelastic x-ray scattering
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Films of oriented deoxyribonucleic acid (DNA), prepared by the wet spinning method, have been
studied using inelastic x-ray scattering. Spectra were recorded within the range of energy transfers
-30<Aw<30 meV at momentum transfers AQ ranging from 2.5 to 30 nm~' whereby the direction of
Q essentially coincided with the helical axis. Measurements at ambient temperature cover samples in the A, B,
C, and D conformations of DNA. Within the limits of the instrumental resolution, the spectra were analyzed by
the response of a damped harmonic oscillator delivering dispersion and damping of modes having displace-
ments with nonzero projections onto Q, i.e., essentially the compression waves traveling along the helical axis.
The longitudinal speed of sound resulting from the sinusoidal dispersion varies only weakly with conforma-
tion. Our sound speed values are compared to results from Brillouin spectroscopy. The dispersion curves
exhibit a minimum at about the inverse rise per residue, which—together with strong elastic scattering—reflect
the large degree of disorder. Overdamping of the modes is observed for Q>5 nm~!. The possibility that the
observed large damping parameters are due to several contributing modes is discussed in terms of a simple
model calculation for an idealized double helix. Whereas the quasicrystalline approximation for an effective
disordered chain could well describe the sinusoidal dispersion, it fails to reproduce the observed damping by
one order of magnitude. Our results indicate that the high-frequency dynamics of DNA is liquidlike and is most

appropriately described by instantaneous normal modes of short correlation length.
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I. INTRODUCTION

Double-stranded DNA can adopt one of five distinct con-
formations depending on base-pair sequence, hydration, and
ionic conditions. The A (11 base-pairs per helix pitch of
28.2 A), B (10 base-pairs per helix pitch of 33.4 A), and C
conformations (9.3 base-pairs per pitch of 31.0 A) are found
in natural “random sequence” DNA [1-3]. Two other confor-
mations, known as D (8 base-pairs per helix pitch of 24.2 A)
and Z (12 base-pairs per helix pitch of 45.0 A), are observed
in DNA having highly repetitive sequences [4,5]. Of the five
structures, the A, B, C, and D conformations are right handed
helices, and the Z conformation is left handed. With the ex-
ception of the Z conformation, all of these structures were
determined by x-ray fiber diffraction [1-3]. The Z conforma-
tion was solved by x-ray crystallography [6] and then later
described in fibrous samples by Arnott er al. [5]. All five
conformations can be observed in fibers of polymeric DNA,
whereas only the A, B, and Z structures have been observed
in oligonucleotide single crystals. Structural transitions
between these forms are possible as a function of hydration
and ionic strength, and with suitable humidity control [7].
Such changes can be studied in real time by time-resolved
x-ray fiber diffraction [8]. The biological significance of
the different conformations of DNA is not clear. However
it would be rather surprising if the ability of the double
helix to adopt these unique structures were not exploited in
biological function.

Knowledge of the dynamical properties of DNA is of im-
portance for developing theoretical models of biological pro-
cesses such as base pair opening, replication, and transcrip-
tion. For example, an energetically intriguing puzzle is the
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formation of about 10— 20 open base pairs in the complex of
DNA with ribonucleic acid polymerase as a result of a minor
temperature increase [9]. Therefore, numerous studies have
focused on the low frequency spectra of DNA, which reflect
the forces stabilizing the double helix. The very existence of
the various conformations and of transitions between these
[10] underlines the subtle balance of the relevant interactions
between DNA, counterions, hydration, and excess salt. In
order to shed light on the transition from A to B conforma-
tion at around 90% relative humidity (RH), Prohofsky and
co-workers [11] applied the soft mode concept [12] to DNA
by variation of the effective dielectric constant and/or the
polarizability in their model on the atomistic level. The tem-
perature dependence was incorporated in this model by a
modified self-consistent phonon approximation (MSPA),
adopting the Morse potential for the hydrogen bonds linking
the two strands of DNA. This allowed the study of DNA
melting, i.e., disruption of the double helix, as a function of
base pair composition [13,14]. Within this framework the
DNA is represented by an effective harmonic lattice with
corresponding phononlike excitations. On the other hand, (i)
native DNA is intrinsically not translationally invariant since
the base-pair sequence varies along its length, (ii) short range
order and mixtures containing more than one conformation
can be identified in fiber diffraction patterns, and (iii) hydro-
gen exchange experiments suggest dynamical local opening
of the double helix well below the denaturation temperature.
Thus apart from small oscillations, both the influence of con-
formational disorder and the consideration of large amplitude
fluctuations exploring the anharmonicity of the interaction
landscape are expected to play an important role in modeling
DNA dynamics [15,16]. This has led Peyrard, Bishop, and
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co-workers to develop a model exhibiting breatherlike exci-
tations, which provide a means to focus thermal energy in
space [17,18]. Attention is paid to one degree of freedom per
base pair only, i.e., the hydrogen bond stretching governed
by the Morse potential. This model has been extended to
include the rotation of base pairs around the helical axis due
to the inherent connection between local unwinding and base
pair opening [19]. In order to incorporate the aspects men-
tioned above, the concept of instantaneous modes [20] has
been applied in order to obtain the short time dynamics of
DNA using a replicated transfer matrix formalism. A major
finding is that normal modes are highly disordered and co-
herent over a few base pairs only. Thus, there are two ap-
proaches in modeling the low frequency dynamics of
DNA—either exploiting translational invariance (solidlike,
plane waves) or exploiting one-dimensionality by using a
transfer matrix (liquidlike, instantaneous modes).

Experimental attempts to determine the dynamical prop-
erties of DNA have been mostly performed by Brillouin
[21-24] and Raman scattering [25]. The sound velocity par-
allel and perpendicular to the helix axis for the A and B
conformation as a function of humidity content was deter-
mined, and a decrease of both velocities with increasing hu-
midity, as well as slight differences in the sound attenuation
between A and B conformation were observed. Temperature-
dependent Brillouin scattering studies revealed an increase of
the sound speed and a decrease of the sound attenuation with
decreasing temperature. Raman scattering results demon-
strate a stiffening of the lowest lying mode by almost a factor
two between 0 °C and —50 °C, whereas between —50 °C
and —150 °C the mode is almost frequency independent.
These results indicate the presence of two relaxation pro-
cesses in hydrated DNA, associated with the coupling of the
collective vibrational modes with the primary and the second
hydration shell. At room temperature the relaxation times
amount to 7,=4X10""s and 7=2X10""2s (first and
second hydration shell, respectively).

The dynamics of DNA approaching length scales associ-
ated with its structural periodicity, i.e., the pitch of the
double helix, was studied by coherent inelastic neutron scat-
tering (INS) [26,27]. Coherent INS, as well as inelastic x-ray
scattering (IXS) techniques, directly probe the dynamic
structure factor S(Q, 7 w), which is the Fourier transform in
space and time of the density-density correlation function
[28]. Here, #iw is the energy of the excitation, associated with
density fluctuations induced by the collective movement of
the particles. In the macroscopic time-space domain, these
excitations, known as sound waves, display a linear disper-
sion. In the mesoscopic regime, accessed by INS and IXS,
typical length and time scales are comparable to interparticle
distances and correlations and the lifetime of these correla-
tions, respectively. Due to the kinematic limitations of INS,
the experiment could not be performed at small momentum
transfers within the first Brillouin zone [corresponding to
momentum transfer values up to Q,,../2, where Q,,, marks
the position of the first peak in the static structure factor
S(Q)] [29]. The experiment was instead performed in the
vicinity of the structure factor maximum. Utilizing an effec-
tive hyperbolic dispersion relation a sound speed of
2180 m/s could be derived for B DNA at room temperature.
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Very recently, a pioneering IXS experiment was performed
on shear-aligned columnar hexagonal liquid crystalline B
DNA dispersed in water and in 0.085 M MgCl, [30]. As a
matter of fact, within the present context IXS is the spectro-
scopic tool of choice for various reasons: (i) In contrast to
coherent INS, IXS is free of kinematic limitations, and there-
fore collective excitations in the first Brillouin zone can be
assessed without compromise in the energy resolution; (ii)
the IXS process is predominantly coherent, whereas for INS
the incoherent contributions have to be evaluated by refer-
ence scans [26,31]. This method breaks down for small
Q-values due to the lateral ordering of the DNA fibres; (iii)
the necessary sample volume for INS amounts to approxi-
mately 1.5 cm?, whereas IXS needs only 1% of this value.
This small volume opens the possibility to investigate as well
artificial DNA. The IXS results spanned the 2-30 nm™' mo-
mentum transfer range, and were analyzed within the frame-
work of the generalized three effective eigenmode (GTEE)
theory [32]. An oscillatory behavior of the phonon dispersion
was observed with a linear increase at low Q (sound velocity
of about 3100 m/s), a maximum at about 9 nm™', no detect-
able inelastic features in the Q range around the position of
the maximum in the S(Q), and a second increase of the pho-
non energy for Q>22 nm~!. These results are in variance to
previous INS results where the phonon energies do not go
down to zero, which was reported to be due to anticrossing
with low-lying optical modes [26]. These discrepancies may
be due to the different methods of data analysis, and under-
line the importance of further experiments.

Here we present an IXS study on the dynamics of oriented
DNA films for four different conformations at room tempera-
ture in the 2.5 to 30 nm™! momentum transfer range. Despite
significant structural differences, the lattice dynamics are
only weakly affected. Overdamping of the modes is observed
for 0>5 nm™!, and its origin discussed by comparing our
experimental results with two model calculations, namely (i)
an idealized double helix with six dispersion curves, corre-
sponding to the six degrees of freedom, and (ii) a one-
dimensional disordered linear chain. While the limited ex-
perimental resolution does not allow resolving individual
modes at low Q, the resulting dispersion is qualitatively well
reproduced, and provides a natural explanation for the mini-
mum in the sinusoidal dispersion at momentum transfers in
the vicinity of the first structure factor maximum. The disor-
dered chain mode provides a good description of the phonon
dispersion as well, but underestimates the amount of phonon
damping by one order of magnitude.

The paper is organized as follows. Section II provides the
experimental details, including sample preparation and char-
acterization as well as the experimental setup, the theoretical
formalism and the fitting procedure. The results on B DNA
are presented and discussed in Sec. III, while Sec. IV pro-
vides the comparison with the other three conformations and
the discussion. Section V summarizes the main results of the

paper.
II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

Oriented samples in the four conformations A, B, C, and
D DNA with 11, 10, 28/3, and 8 base pairs per turn of the
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helix, respectively, have been prepared. Material for the A
and B DNA sample was extracted from salmon testes
(FLUKA Chemie AG) and for the C DNA sample from
calf-thymus (Worthington Biochem. Corp.)—both purchased
as sodium salts. The D DNA sample was made from a
highly polymerized sample of the DNA polynucleotide poly
[d(A=T)]-poly[d(A-T)]. This polymer was made by enzy-
matic synthesis by incubation of DNA polymerase I with
equimolar quantities of JATP and dTTP, with a small amount
of primer. Procedures for doing this are described by Pope et
al. [33]. The purified polynucleotide was prepared as the
potassium salt.

In order to stabilize the B or the C conformations, the Na*
counterions were exchanged against Li* by dialysis. From
aqueous solutions of Na and Li DNA, respectively
(~1 mg/ml), highly oriented DNA films were produced
by the wet-spinning method [34]. In this method, a motor-
ized syringe extrudes the DNA solution through a spinneret
(60 wm holes) into a column (~1 m) of an ethanol-water
solution, causing precipitation. The resulting DNA fibers
are continuously stretched by winding them up on a
rotating Teflon-coated glass cylinder after passing through a
V-shaped guide. A slow adapted axial motion of the cylinder
between adjustable limits allows for winding up of parallel
fibres layer by layer. The conditions for spinning the syn-
thetic poly [d(A-T)]-poly[d(A—T)] were somewhat different.
Firstly, KF was used as electrolyte as opposed to the NaCl or
LiCl used for the A DNA and B DNA samples respectively;
second, the polynucleotide concentration of the spinning so-
lution was about three times higher to compensate for the
lower degree of polymerization.

The spun deposits were subsequently bathed in an aque-
ous ethanol solution of the required electrolyte concentration
[35]. After removal from this solution, the excess liquid was
removed and the cylinder with spun deposit placed in a des-
iccator (in a refrigerator). This resulted in slow drying as
ethanol or water condensed on the desiccator walls. As a
result, the fibers fuse together forming an oriented DNA film
that was then cut cleanly from the cylinder. Adding a small
amount of silica gel in the desiccator speeded up this drying
procedure. The films obtained were stored above a saturated
NaClOj; solution, maintaining a relative humidity of 75%.
The asymptotic water uptake of the DNA film corresponds to
about 15 H,O per base pair. This corresponds to about opti-
mum conditions for the correlation length along the helix
[36]. The excess salt content of the films is about 0.12 NaCl
/base pair for the A, 0.70 LiCl /base pair for the B, 0.06 LiCl
/base pair for the C, and 0.5 KF/base pair for the D DNA
sample.

The DNA conformations were verified by recording x-ray
fiber diffraction patterns from test pieces. In order to main-
tain the humidity during exposure (~20 min), the films were
placed between thin mica sheets (0.12 mm). Tightening was
achieved by high vacuum grease whereby a sideways dis-
placed “chamber” was formed for the added droplet of satu-
rated salt solution. The observed loss of weight was only 1%
per day. The resulting patterns are shown in Fig. 1. Some
small sharp spots can be seen in these pictures. These arise
from the mica sheets. The patterns are typical for the various

PHYSICAL REVIEW E 73, 061909 (2006)

FIG. 1. Fiber diffraction pattern of the DNA samples. (a) A
DNA. The double arrow indicates the helical axis. The white rect-
angle emphasizes intense features in the 6%, 71, and 8™ layer line
which are characteristic for the A conformation. The arrow marks
contamination by the B, and C conformation. (b) B DNA. The 10"
layer line (base pair peak) is also marked, corresponding to the
inverse distance of base pairs along the helical axis (double arrow).
(c) C DNA sample. (d) D DNA. The inclined arrow marks contami-
nation by the B conformation close to the 7" layer line.

conformations and exhibit good orientation. As expected, the
worst in this respect is the D DNA sample [Fig. 1(d)], be-
cause of the lower molecular weight of the synthetic poly
[d(A-T)]-poly[d(A-=T)]. The reduced length of the mol-
ecules diminishes their response to the orienting strain field
built up by stretching and winding up the bundle of fibers
during the spinning process. The sample closest to “transla-
tional invariance” is the B DNA sample for which the base
pairs are moderately inclined (®=6.3°) and their center of
mass is close to the helical axis (¢=0.03 nm). The C confor-
mation is similar (®=8° d=0.05 nm), however, with a
much lower correlation length than for B as evidenced by the
large width of the base stacking peak [Fig. 1(c)]. The form
factor of the inclined base pairs(®=20.3°, d=0.49 nm) in the
A conformation leads to the characteristic intense off-center
signals in the 6", 7" and 8™ layer line indicated in Fig. 1.
However, the intensity bridging those off-center features of
the 8™ layer line is incommensurate and due to much less
inclined base pairs, i.e., a contamination with B DNA [37]. A
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FIG. 2. Elastic scans along the helical axis for the four investi-
gated conformations. The scans represent corresponding sections
through the fiber diffraction patterns shown in Fig. 1. They are
displaced vertically by a constant amount for clarity. The peak po-
sitions are discussed in the text.

similar contamination by B DNA is recognizable for the D
DNA sample [Fig. 1(d)] because of the displacement of the
7% layer line by about 2.4% from the regular position.

The in situ characterization and structural control
of the samples was done by elastic scans along the
helical axis. Figure 2 shows typical scans for the

four conformations. The peak due to the 11" layer line
at 0=24.6 nm~'—corresponding to a helical pitch of
2.81 nm—was taken as characteristic for the A conforma-
tion. Its relatively weak intensity is due to the inclined base
pairs. One recognizes again the B, C contamination by the
broad peaks between 18.5 and 19.5 nm~'. Note that these
peaks are by an order of magnitude smaller than those from
the corresponding pure conformations. This puts the estimate
for the contamination in the 10% region. The characteristic
feature for the B conformation is the strong base stacking
peak at Q=18.6nm™' (10" layer line, helical pitch
=3.38 nm). The signals from the 2", 4" and 6" layer line
are also visible. The base stacking peak for the C conforma-
tion is shifted to @=19.2 nm™' (helical pitch=3.05 nm). For
the D conformation one recognizes the peaks due to the 2™,
4t 6th 7% and 8 layer lines. Closer inspection reveals that
the 2", 4™ and 6™ layer lines follow closely the helical pitch
of 2.41 nm, whereas the 7" layer line is slightly shifted to-
wards the commensurate base stacking peak of B DNA. The
8 Jayer line exhibits already a double peak shape indicating
some admixture of the B conformation. In summary, al-
though the fiber diffraction patterns are found to be charac-
teristic for the expected conformations, one has to keep in
mind that the conformational homogeneity is limited.

B. Inelastic x-ray scattering setup

The experiment was carried out at the Inelastic X-ray
Scattering Beamline II (ID28) at the European Synchrotron
Radiation Facility in Grenoble, France. The x rays from the
undulator source are monochromated by a cryogenically
cooled silicon (111) double crystal monochromator and a
high-energy resolution backscattering silicon monochro-
mator, operating at a Bragg angle of 89.98°, and utilizing the
(11 11 11) reflection order. The focusing is accomplished by
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a gold-coated toroidal mirror, which provides a focal spot at
the sample position of 270 (horizontal) X 80 (vertical)um?
FWHM. The scattered photons are energy analyzed by a
Rowland circle five-crystal spectrometer of 6.5 m radius, op-
erating at the same reflection order as the monochromator.
The energy-analyzed photons are detected by a Peltier-
cooled silicon diode detector. The momentum transfer
Q=2k; sin(6,/2), where k; is the incident photon wave vector
and 6, is the scattering angle, is selected by rotating the
spectrometer around a vertical axis passing through the
scattering sample in the horizontal plane. Since there are
five independent analyser systems, spectra at five different
momentum transfers can be recorded simultaneously. Their
separation is energy dependent and for the silicon (11 11 11)
reflection, utilized in the present experiment, it amounts
to 3nm™!. The energy scans were performed varying
the monochromator temperature, while the analyzer tempera-
ture is kept fixed. Conversion from the temperature scale to
the energy scale is accomplished by the following relation:
AE/E=aAT, where @=2.58 X 107° is the linear thermal ex-
pansion coefficient of silicon at room temperature. The va-
lidity of this conversion has been checked by comparing the
measured diamond dispersion curve for longitudinal acoustic
and optical phonons with well established inelastic neutron
scattering results. The overall experimental resolution is de-
termined by measuring the scattering from a disordered
sample of plexiglass at a Q transfer of 10 nm™!, correspond-
ing to the first maximum in the static structure factor S(Q),
and at 7=10 K in order to maximize the elastic contribution
to the scattering. Further details on the instrument and the
IXS technique can be found elsewhere [38—42].

For each of the sample types, two pieces of DNA film
with dimensions of 8 X8 0.12 mm® were used for the in-
elastic scattering experiment. These were sandwiched be-
tween two Nb cubes of 8.5 mm length. This arrangement
was then inserted into a sample cell made of copper and
having four diamond windows allowing for passage of the
beam between the Nb cubes either parallel or perpendicular
to the fiber axis. Apart from a test scan, the fiber axis was
aligned approximately parallel to the momentum transfer
vector Q. Sealing the cell at its bottom cover activated a
spring keeping the slit between the Nb cubes centered with
respect to the diamond windows which had a free diameter
of about 3.5 mm. The cell was then fixed to the Cu plate of
a closed cycle refrigerator. Helium gas, humidified to the
required level for the particular DNA sample being studied,
was passed continuously through the sample cell. The hu-
midity of the outgoing gas was monitored (66% RH for D
DNA, 75% RH else).

After alignment of the sample in the scattering plane,
data acquisition consisted in alternatively taking elastic
scans testing the structural quality of the sample, and record-
ing five constant-Q scans simultaneously in the range
30 meV<7w<+30 meV. IXS spectra were recorded
for three settings for each conformation covering the range
2.5 nm™'< Q<30 nm™! corresponding to scattering angles
1.3° <O,<15.6°. This entails a maximum angle of 7.8° be-
tween the fiber axis and the momentum transfer Q. Based on
constant-Q scans taken with neutrons at positions slightly off
from the helical axis, this deviation is not expected to alter
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the response seriously. The structural quality of the sample
was checked by S(Q) scans before and after each IXS scan,
and the sample was shifted laterally by 0.5 mm in order to
avoid radiation damage. The inelastic data were collected
within two counting intervals of about 6 h for each of the
three settings of the analyzers.

C. Fit procedure

In view of several contributing factors to the strong scat-
tering signal, centered around zero energy transfer, and the
limited energy resolution, we have restricted the description
of the IXS signal to two types of response, i.e., an effective
Lorentzian for the strong (quasi-)elastic scattering and a
“damped harmonic oscillator” ansatz (DHO) representing the
resolvable vibrational part. The choice of a DHO function
has several motivations: (i) this line shape can be derived
using a Markovian ansatz for the memory function, for
which one assumes that the time scale of the considered den-
sity fluctuations, and thus the reaction of the surrounding
medium, is much faster than the relaxation time associated
with any relaxation process active in the system. This corre-
sponds to a model of the memory function entering in the
generalized Langevin equation made up of a constant and a §
function; (ii) the DHO model is routinely used in the analysis
of neutron data and MD simulations of disordered systems;
(iii) it is a model function utilizing a minimum of param-
eters, and serves therefore to highlight the main features of
the spectra without the need to invoke a specific theory. The
shape of the resolution is essentially Lorentzian as shown
e.g. in Fig. 3 for small values of Q where the quasielastic
broadening is negligible. The full width at half maximum
(FWHM) ranges from 1.7-1.9 meV for the five analyzers.

The spectral response of the DHO function with fre-
quency w, and damping I" is described by

)" =\F 2 = ’
X (w) | dyn| (wz_ w(2))2+ W2 ”n(ﬁw) +1

(1)

where x"(w) denotes the imaginary part of the susceptibility
and Sy(w) the balanced scattering function. n(x) represents
the Bose occupation factor (¢*—1)~" and B=1/kgT. Since we
consider one effective oscillator, only, the modulus of the
dynamical structure factor Fg,, may be considered as a
(Q-dependent scale factor. Thus, the experimental data are
described by seven parameters: one for a constant back-
ground, one for the precise center of the abscissa, two for
the central Lorentzian (height and width), and three (height,
energy position, and width) for the DHO. In order to
minimize as much as possible parameter -correlation,
we exploited the possibility to reduce the number of param-
eters for each step of the parametrization. First, the determi-
nation of the background was decoupled from the fit of the
ansatz by the requirement of detailed balance. Suitable basis
for this determination were the energy windows 25 meV
<|w| <30 meV, delivering a statistical error of about 30%.
Second, the measured data were normalized by their maxi-
mum intensity, cast into the |x"(w)| representation and aver-
aged over energy gain and energy loss. Initial parameters
were estimated for width and amplitude of the effective
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Lorentzian describing the strong central scattering. The DHO
response was isolated by subtraction of the resolution folded
Lorentzian and fitted by the three corresponding parameters.
A few iterations of this decoupling scheme led to self-
consistency between those two groups of parameters even for
the critical Q ranges in the neighborhood of the base stacking
peak at Q=18.6 nm~', and at small Q values where the os-
cillator contribution is relatively small.

III. RESULTS FOR B DNA

A. IXS spectra and dispersion relation

Figure 3 shows the IXS spectra of B DNA, together with
their best fit results and the corresponding individual compo-
nents. We note that the DHO model provides an excellent
description of the experimental spectra. Inelastic features
with an increasing width are recognizable throughout the
spanned Q range with exception of the region around Q
=18.6 nm™' where the spectrum is governed by strong
(quasi-)elastic scattering. For Q values of 17.5 and
20.52 nm~!, the inelastic features appear centered around
zero energy transfer, while the fit results in a finite excitation
energy. This is a consequence of the DHO model function.
For momentum transfers Q >20.52 nm™!, the inelastic exci-
tations are becoming increasingly overdamped. It is obvious
from Fig. 3 that the IXS spectra are dominated by nonresolv-
able central and low energy scattering. Basically, three con-
tributions have to be considered: (i) elastic scattering due to
lack of translational invariance, (ii) relaxational motion, and
(iii) low energy torsional modes. In fact, the development of
a strong quasielastic component for 7> 7,=200 K has been
observed by neutron scattering in the region from 2 ueV up
to about 5 meV [43]. This component includes relaxational
motions of the water hull as well as conformational fluctua-
tions (B« C conformation). Cooling of the sample below T,
leads to a random freezing of those fluctuations and
thus does not reduce this central scattering appreciably. The
width of the effective central Lorentzian, as obtained from
the fit to the IXS data, remains small as compared to the
resolution, reaching a maximum of about 0.3 meV for the
largest Q. Within the presently achievable energy resolution
a more refined analysis of this central component is therefore
not possible.

The wave vector dependence of the inelastic features is
shown in the top panel of Fig. 4, while the corresponding
dependence of the excitation width is reported in the bottom
panel. Coarsely speaking, the dispersion of the eigenfre-
quency w, resembles that for a linear chain with dominating
next neighbor interaction subjected to disorder. This is re-
flected by the increase of the eigenfrequency for small Q up
to a maximum at about half of the base stacking peak at
0,=18.6 nm™!, followed by the decrease towards Q, where
the mode becomes nonresolvable. Beyond Q,, the mode re-
appears, however heavily overdamped. The sound velocity,
propagating along the helix axis, can be derived from a linear
fit to the low Q part, and is determined to be 2830+50 m/s.
This value is slightly larger than values obtained by Brillouin
scattering: 2400 m/s [23] and 2600 m/s [24] and for B DNA
at 75% humidity. The higher sound speed, observed in the
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FIG. 3. Measured and fitted
(white lines) constant-Q scans for
B DNA at room temperature. The
elastic and quasielastic part is in-
dicated by the dashed curves,
whereas the solid lines represent
the oscillatory part. See text for
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details of the fitting procedure.
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IXS experiment, resides in the difference of the probed wave
vectors between Brillouin and inelastic x-ray scattering, and
marks the difference between the viscous regime, character-
ized by the adiabatic sound velocity ¢, and the elastic re-
gime with its infinite frequency sound velocity c...The previ-
ous INS results delivered, depending on the approach [(i)
linear dispersion around Q,, or (ii) use of an effective hyper-
bolic dispersion] v=1850+50 m/s and 2180+50 m/s, re-
spectively, with a finite excitation energy of 1.7 meV [26].
The lower sound velocity derived from these results is a
direct consequence of the fact that the INS measurements
could only be performed around Q,, where the shape of
S(Q,w) is very sensitive to the effects of disorder and cou-
pling of modes in the DNA chain.

The previous IXS study, using the generalized three effec-
tive eigenmode theory [30], yielded a value of zero for the
phononlike modes at Q values between 16 and 22 nm™". This
is not only in contrast to the present analysis, where in this Q

45 0 15 30

range the excitation energy never attains a value below
4 meV, but also to the INS results, which clearly identify
inelastic features. In order to shed further light on this issue
we performed two types of model calculations, which are
described in detail below.

B. Model calculations

Several questions arise from the dispersion curves shown
in Fig. 4. The most obvious one concerns the large values
obtained for the damping parameter I and the minimum in
the phonon dispersion around 18.5 nm™'. The latter can be
interpreted as a direct consequence of the disorder due to the
variance in average distances and contamination with other
conformations, which affects as well the damping parameter.
On the other hand, it is not excluded that I" just represents an
averaging over several modes. In this context, it might be
instructive to inspect the predictions for frequency w, and
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FIG. 4. Dispersion of eigenfrequency wq and damping I" of the
DHO ansatz [see Eq. (1)] for B DNA at ambient temperature. The
initial slope, corresponding to a sound velocity of 2.84 km/sec, is
indicated by the thin, straight line. The dotted hyperbola represents
results obtained by neutron scattering [26].

damping I' on the basis of two simplified models, i.e., the
modes of a simplified double helix and the effect of disorder
on the dispersion of a linear chain.

A model for the external modes of an idealized double
helix has been discussed by Capellman and Biem [44]. Here,
the nucleotide is reduced to a mass point, a twofold axis C,,
creates the “base pair,” and a tenfold screw axis S, trans-
forms it into a double helix with the helix pitch of 3.38 nm
for the B conformation. In the extended zone scheme, this
model has then 6 dispersion branches corresponding to the 6
degrees of freedom of the dumbbell representing the base
pair. The fact that C,, conserves the wave vector leads to a
grouping of those 6 modes into two noninteracting triplets—
one in which both strands of the double helix move in phase
(ip modes) and one where the two strands are displaced op-
positely (oop modes).

The center of mass of the average nucleotide (base-+sugar
+phosphate) for the mass point results in a distance of
0.6 nm from the helical axis and a mass of about 320 amu
(0.531 X 1072! g). This next-neighbor (NN) force model con-
tains 4 force parameters which are, however, not arbitrary.
They can be related approximately to (for example) the
maximum frequency w, and the speeds of the 3 acoustic
modes (longitudinal vy », transverse vy, and torsional vg,).
From our measurements we estimate wy=14 meV and
vAa=~2900 m/s. The recent determination of the torsional
modulus C=410 pN nm? by Bryant et al. [45] corresponds to
Ura=0.6 km/sec for the above moment of inertia of the
effective mass point. Stability of the double helix requires
1000 m/sec <vpp <1400 m/s. The upper limit leads to an
appreciable softening of vy,, the lower limit to instability of

PHYSICAL REVIEW E 73, 061909 (2006)

144 —ipl e
- = ip2 P
- - - .lp3 '/,'
2d UOp‘[ ’,-’ i
oop2 i e}
,
""""" oop3 S
O  B-DNA K4 o
10 S 4
S O
~ 8- 1
=
. O
E .
3 6+ L - —

FIG. 5. The 2 X 3 dispersion curves of the model for a simplified
double helix in the extended zone scheme [44]. The model param-
eters are described in the text. For the triplet of ip modes (thick
lines), both strands move in phase whereas they move with different
sign for the oop modes (thin lines). The experimental results for B
DNA at ambient temperature are shown by open circles.

the antiphase motion of the strands along the helical axis. We
choose vro=1100 m/s which delivers v; ,=2650 m/s and
Ura=480 m/s. The resulting six dispersion curves are shown
in Fig. 5 together with the experimental data for B DNA at
ambient temperature. For infinite wavelengths (Q —0), the
three “in-phase”- or ip-modes (thick lines) correspond to dis-
placements along ¢, z-, and p direction of a cylindrical co-
ordinate system (z||,pL helical axis). Thus ipl starts as tor-
sional mode, ip2 as LA mode, and ip3 as breathing mode at
low Q values. Because of the helical shape, the TA branches
start at a phase of 77/5 or Q=7/5/0.338 nm~'=1.86 nm™".
For one strand, the displacement is inverted for the three
“out-of phase” or oop modes (thin lines). The extent to
which these modes might contribute to the measured disper-
sion can be demonstrated by considering the dynamical
structure factor Fyy, for O along the helical axis z

20

2,2 )
den e ¢ QZ é’kelthﬁ (2)
k=1

Here, {; and z; denote the z components of eigenvector and
position of mass point k, respectively. A mean squared dis-
placement of #?=5X 10"* nm? was assumed. Apart from a
constant factor, the intensity / of a mode is then given by
I=|Fyyn*/ ;. Obviously, the oop modes are “invisible” be-
cause of the opposite displacements ¢, and identical posi-
tional coordinate z; for a base pair. Note, that this is no
longer true for the inclined base pair when also all six modes
may interact (loss of C,, axis). The dispersion and the
intensity, multiplied by the eigenvalue for the three remain-
ing ip modes, are shown in Fig. 6, where the intensity
is proportional to the symbol size. It is evident that the
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FIG. 6. (Color online) Left panel: Calculated dispersion and
intensity for the model of a simplified double helix in the extended
zone scheme [44]. From lower to higher frequency, the three
branches correspond to torsional (ipl), compressional (ip2), and
breathing (ip3) motion at infinite wavelength. Note that for clarity
of presentation the intensity has been multiplied by the eigenvalue,
and is proportional to the symbol size. Right panel: Schematic rep-
resentation of the DNA. Each base pair is characterized by its radius
p, angle ¢, and height z. The arrows indicate approximately the
displacement patterns of the three modes, which are visible in the
IXS experiment.

dominating intensity arises from the low lying torsional
branch. Although its displacement is perpendicular to the
helical direction for Q — 0, it mixes in rapidly displacement
components along this direction for Q>0. This intrinsic
coupling between motion around and along the helical
direction has been clearly demonstrated by the twist and
stretch experiments on single DNA molecules [45]. Of
course, this branch will become an optical one for a bundle
of molecules with interhelical interaction being strongly
dependent on humidity and merging into quasielastic scatter-
ing at ambient temperature, as observed by Raman scattering
[46]. The other two branches—the compressional (LA) and
breathing modes—undergo an “anticrossing” in the region
3 nm~'< Q<5 nm~! which obviously leads to an exchange
of eigenvectors. Thus, in the first Brillouin zone, the experi-
ment should observe either the LA or the breathing branch.
In the second Brillouin zone, however, one might conclude
that the experimentally determined DHO parameters repre-
sent an effective average over the response due to the LA and
breathing branch. On the other hand, within experimental
resolution, we observe neither an indication of a bimodal
spectral response nor a deviation from the effective sinu-
soidal dispersion for low Q values. In this context it seems
worth noting that the breathing modes in particular stress the
anharmonic Morse potential for the hydrogen bonding be-
tween bases [17,18,47].

The second model includes the effect of disorder on the
dispersion of a linear chain. As a matter of fact, native DNA
is by construction disordered due to the sequence of adenine-
thymine and guanine-cytosine base pairs. Thus, strictly
speaking, plane wave excitations are no longer eigenstates
and become damped even in the harmonic approximation.
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FIG. 7. Predictions for frequency (a) and damping (b) of
phononlike excitations of a disordered linear chain by the coherent
potential and quasiparticle approximation [48,49]. Disorder is rep-
resented by the relative variances o (NN distance) and N (NN force/
mass). Dashed lines correspond to A=0.03 and the experimentally
observed 0=0.036. The solid lines are obtained by tripling this
value of ¢. Solid symbols show the fitted values for B DNA at
ambient temperature.

The order of magnitude of this damping may be estimated in
the coherent potential [48] and quasicrystalline approxima-
tion [49] applied to an effective linear chain with NN inter-
action. A rectangular shape is assumed for the force-constant/
mass distribution (relative variance=\) and a Gaussian for
that of the NN distance (relative variance=c). From the
width of the base pair peak for B DNA (see Fig. 2) follows
0=3.6% and A =2% would result from the mass fluctuation
of the base pairs, alone. A value of A=3% is assumed for the
calculation together with an average NN distance of 0.34 nm
and an average speed of sound of 3000 m/s. Figure 7 shows
the comparison of this quasicrystalline approximation for
two values of o with the DHO parameters for B DNA. The
calculation, using A=3% and o= 10% nicely describes the
experimental dispersion curve for B DNA including its mini-
mum around 18.6 nm~!. Adopting the information from the
S(Q) scan with 0=3.6% would correspond closely to the
neutron measurements (see Fig. 4). The appropriate value is,
however, of secondary importance. The essential point is that
the damping parameter due to this disorder is by one order of
magnitude smaller than the observed one. This discrepancy
persists even for a variance A\ as large as 10% where the limit
of the DHO description is reached.

IV. RESULTS FOR THE A, C, AND D CONFORMATION
AND DISCUSSION

Figure 8 shows the resulting dispersion and the excitation
width for the other three DNA conformations at ambient
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FIG. 8. Dispersion of eigenfrequency w, and damping I" of the
DHO ansatz [see Eq. (2)] resulting from the four datasets of the A,
B, C, D DNA samples at ambient temperature. The initial slopes
corresponding to sound velocities of 2.8 and 3.0 km/sec are indi-
cated by the two thin, straight lines. The dotted hyperbola repre-
sents results obtained by neutron scattering [26].

temperature, together with the already reported one of the B
conformation. Despite large differences in their static struc-
ture, as manifested in the recorded S(Q) spectra (see Fig. 2),
the dispersion shape as well as the Q evolution of the damp-
ing are very similar. It seems that C DNA resembles B DNA,
as does A DNA and D DNA, and that there are slight differ-
ences between these two pairs. This mainly concerns the
maximum of the excitation energy (higher for A and D
DNA), whereas the minimum around Q,, is only pronounced
for the B conformation, as expected from the very sharp and
intense peak in the S(Q) spectrum. Table I summarizes the
derived sound velocities as well as the result of a power law
fit to the excitation width for the Q range between 2.5 and
10 nm™".

The similarity of the four dispersion curves and the Q
evolution of the excitation width points towards a high-
frequency dynamics, which is only weakly dependent on the
structural details. We nevertheless observe, as pointed out
above, that the phonon dispersion of the B conformation,
which can be considered the most “ordered” form of DNA,

TABLE 1. Sound velocities, v, and Q dependence of sound
damping, I'(Q) for A, B, C, and D DNA at ambient temperature.

Conformation v[m/s] I'[meV]
A 2880+ 100 0.98 x 0!%7
B 2830+50 1.04 x Q130
C 2925+100 0.87x Q'3
D 2985+50 0.87x Q'8
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displays the most pronounced minimum around the Q posi-
tion of the first maximum in the S(Q). On the other hand, the
dominating effect appears to be the structural disorder in-
duced by the random sequence of the base pairs. A further
contribution to the disorder arises from the limited confor-
mational homogeneity, at least for A, B, and D DNA. It is
important to emphasize that our two model calculations for
the B conformation cannot be brought into quantitative
agreement with the experimental observations, in particular
concerning the strong damping of the modes. This indicates
that crystallinelike approaches to describe the collective
modes, even if disorder is included, are not appropriate. Nu-
merous IXS studies on liquid systems have yielded a quali-
tatively similar Q evolution of the phononlike excitations
and their width [41,50]. It seems therefore more appropriate
to use a formalism, which abandons the concept of plane
wave normal modes with an infinite correlation length. One
possible approach starts from a randomly chosen configura-
tion at thermodynamic equilibrium, for which the equations
of motion can be linearized, defining some instantaneous
normal mode (INM) and their corresponding relaxation times
and frequencies [20]. These quantities are then averaged over
the initial configuration chosen from the Gibbs ensemble.
The resulting normal modes are disordered and have a finite
correlation length, giving therefore rise to broad excitations.
This approach has been employed by Cocco and Monasson
for B DNA in solution [19]. They find that the normal modes
are highly disordered and coherent over a few base pairs
only, in good agreement with our results.

V. SUMMARY

Probing oriented DNA by inelastic x-ray scattering has
provided a survey of the spectral response covering the ex-
ternal modes (—30< A w<30 meV) and ranging from the
long wavelength limit up to the region of umklapp excita-
tions (2.5<Q <30 nm™"). All four tested conformations ex-
hibit liquidlike dispersion, i.e., strong damping and a mini-
mum around the inverse stacking distance of base pairs along
the helical axis. This observation demonstrates that the group
velocity derived from umklapp phonons as observed by neu-
tron scattering is much lower than the speed of sound at long
wavelengths due the effect of disorder and anharmonicity
[23,24]. The maximum restoring forces are found to be about
30% larger for conformations with shorter helical pitch (A
DNA and D DNA) as compared to the B or C conformations.

The limits of interpreting the observed large damping
parameters in terms of either unresolved dispersion branches
or disorder within the quasicrystalline approximation
have been shown by quantifying two simple model ap-
proaches. As a consequence, the experimental data suggest
the inclusion of both strong anharmonicity and finite
coherence length of modes in modeling the low frequency
excitations of DNA. It is tempting to associate the large
damping with the strong anharmonicity of the effective
Morse potential of the hydrogen bonds between nucleic acid
pairs. An extension of the modeling approach of Cocco and
Monasson [19] to all dominating external degrees of freedom
seems highly desirable.
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