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Prediction of modes with dominant base roll and propeller twist
in 8-DNA poly(dA)-poly(dT)
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In solving the secular equation of a one-dimensional infinite lattice model of poly(dA)-poly(dT),
we obtain dispersion relations. [The notation poly(dA)-poly(dT) means that one strand contains
only adenine (A) bases, and the other only thymine (T) bases. ] We solve the equation for consecu-
tive refinements of the nonbonded force constants based on Raman, Brillouin, and neutron scatter-
ing and Fourier-transform infrared experiments in both polynucleotides and random sequence
DNA. When these eigenvectors are examined for base roll and propeller twist, such characteristics
are found to be dominant in modes around 50 cm

I. INTRODUCTION

The polymer poly(dA)-poly(dT) is a one-dimensional
infinite lattice with the nucleotide pair adenine
(A) —thymine (T) for a unit cell. Both bases are planar
ringed structures. The orientation of these planar struc-
tures is described in terms of two parameters. ' One is the
angle between the bases in a pair, referred to as the pro-
peller twist. The other is the base roll which describes
the rotation of the base pair as a whole. We calculate the
absolute base roll which is the change of angle the base
pair, rolling as one unit, makes with the mean base pair
plane. Structural investigations by the Klug and Rich
groups of single crystals of DNA dodecamers have
identified a "propeller twist" conformation for regions
containing a homopolymeric run of A-T base pairs. Aus-
tin has suggested that propeller twist and base pair roll
are temperature dependent in solutions of poly(dA)-
poly(dT). Liu et al. suggest that the onset of these
departures from a more regular structure could be soft
mode mediated. To explore this possibility we examine
the eigenvectors of our dynamical matrix for dominant
base roll and propeller twist.

Forty-one atoms comprise the unit cell, the masses and
charges of the hydrogen atoms being included in the
heavy atoms to which they are attached. The resulting
123 modes range in frequency from 0.0 to 1700 cm
The eigenvectors are from five different calculations,
based on consecutive refinements of the nonbonded force
constants and also on two different coordinate
refinements. ' On average, for these calculations at
zone center, 12.4% of the modes lie in the 0—100-cm
range, 6.7% in the 100—200-cm ' range, 5.5% in the
200—300-cm ' range, 8.3%%uo in the 300—400-cm ' range,
and 67.1% above 400 cin '. The first refinement of the
nonbonded force constants by Devi-Prasad and Prohof-
sky is in agreement with the acoustic velocity of the
compressional mode obtained by Brillouin scattering on

randomly sequenced DNA. " The second nonbonded
force-constant refinement, in addition, uses parameters
from a calculation of the vibrational modes of the copoly-
mer 8-poly(dA-dC)-poly(dG-dT) (Ref. 7) which is fitted
to neutron scattering on randomly sequenced DNA. '

The final and most recent refinement fits the van der
%aals term to data from a Fourier-transform infrared ex-
periment on a sample of poly(dA)-poly(dT) (Ref. 13). In
all of our present homopolymer calculations, ' ' we use
this latest refinement, as it gives the most extensive agree-
ment with experimental results. However, since we have
available dispersion data from previous refinements and
for the two different coordinate refinements, we should
also like to record the effects of these changes on our re-
sults.

II. CALCULATION

The eigenvectors for these calculations are found as
follows. The equation of motion' of the polytner is given
by

(L3 LB)q =co q .

q are the eigenvectors, co the eigenfrequencies, F the ma-
trix of force constants of the internal coordinates of the
lattice, and 8 the transformation matrix from internal
coordinates to Cartesian coordinates. The force-constant
matrix F can be considered as

F=Fv+F~z .

Fv is the matrix of valence force constants refined from
spectral data above 400 cm '. ' In seeking to compare
dispersion relations, that is, relationships between fre-
quency and wavelength of the normal modes in the lat-
tice, to experiment, we find that to the valence force con-
stants Fv must be added nonbonded interactions F~B be-
tween a unit cell and its neighbors. The nonbonded in-
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teraction consists of a Coulombic term and a van der
Waals term, the specific form of which affects modes
below 200 cm

A. Nonbonded interaction

ing 6.0. This reproduces the acoustic velocity of the
compressional mode obtained by Brillouin scattering. "
The third column of Table I is labeled LRF1a, since, as
mentioned previously, different charges are used.

The nonbonded model LRF2 has

Our present refinement of the nonbonded or long-range
force constants is based on Brillouin and Fourier-
transform infrared experiments as well as a copolymer
model refined to fit neutron scattering data on random se-
quence DNA. We shall describe the three successive
refinements of the nonbonded or long-range forces
specified below as LRF1, LRF2, and LFR3. The specific
fortn of both the Coulombic and van der Waals force
needed for such correlation is also affected by the model
assumed for both charges on the atoms and their position
coordinates. Thus, in Table I, CR1 and CR2 refer to two
different coordinate refinements from Arnott et al. '
We use charges from Miller' in the first, second, fourth,
and fifth columns of Table I and charges from Renugo-
palkrishnan et al. ' in the third column. The Miller
charges are reduced by 2.31 by comparison to experimen-
tally determined charges. ' In Eqs. (3), (4), and (5), e,
refers to the charge on atom i, r, to the distance between
atoms i and j, and e the dielectric constant. Two dielec-
tric constants are required as some atoms affect each oth-
er through water and some through bases. Our earlier
nonbonded or long-range force model LFF1 has

a/e, e, f

IJ in (3)
( E(e~ ) r,~'

F; = I 1 + —42 OA +BC2'J (e E )1/2r3 r8
I J IJ IJ

(4)

Since Lee et al. have indicated that the water dipole
orientation time near the DNA polymer varies with fre-
quency, we have improved our model of nonbonded in-
teraction, by using a value of 9.0 for the dielectric con-
stant of water. For the dielectric between the bases, we
continue to use 6.0. g=0.43 which accounts for the scal-
ing of the charges and a conversion factor to give the
force constants in units of mdyn/A, for charges given in
units of electronic charge and coordinates given in
angstroms. The constants for the van der Waals term
come from Eyster and Prohofsky, '

A =1.85;

8 =209.2;
C =3.'7 .

This model is used by Prabhu et al. for the DNA co-
polymer poly(dA-dC)-poly(dG-dT) in fitting the acoustic
compressional mode to that observed in inelastic neutron
scattering. '

Our third model LRF3 has

with a fitting parameter a = l.8, the dielectric constant of
water taken as 81.0, and the dielectric between bases be-

42M

(~ e )I/2r3 rs
J J IJ

(5)

TABLE I. Frequency ranges {cm ') for base roll and propeller twist.

Calc.

Twist

CR1'-LRF3b
Freq. tI

CR1-LRF3a'
Freq. tt

CR1-LRF1ad
Freq.

CR2'-LRF2
Freq. t

CR2-LRF11'
Freq. t,

'

Twist-adenine

Twist-thymine

Roll

51.9

49.9
51.9

49.9
51.9

0.76

0.70
0.76

0.86
0.81

49.4

47.6
49.4

47.6
49.4

47.6

0.74

0.69
0.75

0.89
0.84

43.3

52.0

43.3

52.0

43.3

0.45

0.73

0.46

0.58

43.4

53.4

43.4

0.51

0.61

0.77

0.69

43.5
46.3

65.1

43.5
46.3

0.55
0.46

0.61

0.46
0.48

'CR1 refers to the coordinate refinement of Ref. 9.
bLRF3 refers to Eq. (5) with A =0.12.
'LRF3a refers to Eq. (5) with A = —0.048.
LRF1 refers to Eq. (1) with charges from Ref. 19. (Except for this column, all charges are from Ref. 18.)

'CR2 refers to the coordinate refinement of Ref. 10.
'LFR2 refers to Eq. (4).
sLRF1 refers to Eq. (1).
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Here a distance-dependent dielectric ' is used with the
dielectric constant between atoms taken as 1.0 for a sepa-
ration of 2 A. The water dielectric rises to 9.0 at a dis-
tance of 10 A, and the base dielectric rises to 6.0.
g=0.43 as in LRF2. However, the van der Waals term
has been simplified for fitting to data in the far-infrared
region (50—115 cm ') measured by Fourier-transform in-
frared methods (Fig. 5 of Powell et al. ). Thus
A =0.12. This latest model is the best fit to experimental
data for poly(dA}-poly(dT). Initially, we had used a value
A = —0.048 which we label LRF3a in the second
column of Table I.

Because of the variation of water dipole orientation
time with frequency, the dielectric constant is frequency
dependent as well. For this reason, a value of 81.0 is used
for the dielectric constant of water in reproducing the
Brillouin scattering results (5—20-GHz range), and a
value of 9.0 is used in reproducing inelastic neutron
scattering data (THz region). Using the appropriate non-
bonded force-constant matrix, FNB, we diagonalize
B FB in Eq. (1}and obtain normalized eigenvectors and
eigenvalues of the lattice. Depending on the nonbonded
interaction used, the lowest-lying optical mode varies be-
tween 6 and 9 cm '. The next highest optical mode
varies between 11 and 18 cm '. The lowest observed op-
tical mode in Raman scattering is at 12 cm

3. A test vector with unit angular displacement of thy-
mine about the C(6)-C(8) axis with all other atoms at rest.
The results are displayed in the third row of Table I.

4. A test vector with unit base roll about the C(6)-C(8)
axis with all atoms in the sugar phosphate backbone at
rest. The results are displayed in the fourth row of Table
I.

In each column of Table I, we specify first the modes
which have the value of the square of inner product t

greater than 0.5 and then the value of t,.
' itself. However,

we must note one point. In order to detect the tendency
of the bases to twist or roll, even when the backbone
atoms have a large-amplitude motion, we keep only the
part of the eigenvector representing the amplitude of the
base atoms and normalize this new set. In this process,
we lose the orthogonality of our set of eigenvectors and
thus the relation in Eq. (6}. For this reason, we denote
the inner product of test vector with the new ith eigen-
vector as t, instead of t,

'
(Th. is change is not a problem

for our study, since we are not interested in the actual
amplitude of motion of the atoms so much as the tenden-

cy of the bases to twist. )

We notice that in all the models employed for the non-
bonded forces, the dominant response of base roll or pro-
peller twist is in the range 43-53 cm . In each column

B. Absolute base roll and propeller twist

The components of an eigenvector interpret as the rela-
tive amplitudes of motion of all the atoms in the unit cell.
These amplitudes are calculated in mass-weighted, Carte-
sian displacement coordinates. By convention the axis of
roll or twist for the bases is through the pyrimidine C(6)
atom and the purine C(8) atom. We construct a test vec-
tor with no displacement in the sugar phosphate (back-
bone) atoms but a roll or twist about the above-
mentioned axis in the two bases. We mass weight this
vector in the same way the eigenvectors are mass weight-
ed, and then take the dot product of this test vector with
all eigenvectors of the dynamical matrix (that is, an or-
thogonal and normalized set). If the dot product with the
ith eigenvector is t,.',

(6)

I.O

0.5—

l.O

0.5-

l.O

0.5—

0 a s I

~ I

Those eigenvectors of the dynamical matrix, whose
square of the inner product with the test vector is greater
than 0.5, are interpreted as possessing in character the
roll or twist of the test eigenvector.

III. RESULTS

We employed four kinds of test vectors.

1. A test vector with unit angular propeller twist be-
tween the two bases about the C(6}-C(8)axis. The results
are displayed in the first row of Table I.

2. A test vector with unit angular displacement of
adenine about the C(6)-C(8) axis with all other atoms at
rest. The results are displayed in the second row of Table

0.5—

I 0 I

0.5—

O.O
0 25 50 75 l00 l25 l50 I 75 200

FREQUENCY (cm )

FIG. 1. Distribution of propeller twist modes in the 0-200-
cm ' range for each column of the first row in Table I. {Note:
first row, the fourth and fifth columns of Table I are blank, since
the square inner products for those calculations are less than 0.5
as seen here. )
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of Table I, we see that either the adenine or the thymine
base shows a tendency to rotate about the C(6)-C(8) axis.
These details show the contribution of the separate
motion of each base unit to the propeller twist and base
roll. For example, in the first and second columns, we see
that the thymine base contributes more to the propeller
twist and base roll than the adenine base. That is, the
propeller twist and base roll have larger projections onto
the thymine-only twist.

In Fig. 1, we show the distribution of the propeller
twist modes in the 0-200-cm ' range. This figure corre-
sponds to the first row of Table I; that is, starting from
the top of Fig. 1, and counting downward, the first plot
corresponds to propeller twist for CR1-LRF3. The
second plot is for propeller twist, CR1-LRF3a; the third
plot, for propeller twist, CR1-LRFla; the fourth, for pro-
peller twist, CR2-LRF2; and the fifth, for CR2-LRF1.
The total number of modes in the 0-200-cm ' region is
24 for the first three plots and 20 and 25 for the fourth
and fifth plots, respectively. In those cases in which one
mode has most of the propeller twist character, the other
modes will have very small or zero t; and thus will not
appear in the figure. Values for propeller twist are not
given in the fourth and fifth columns of Table I, since the
t; for these calculations is less than 0.5. However, we
note that even for these calculations, the highest values of
the t; are centered around 50 cm ' (Fig. 1).

In comparing the first and second columns of Table I
(also the upper two plots in Fig. 1), we see that the effect
of adjusting A in Eq. (5) is a slight decrease in the fre-
quencies of the modes in the 50-cm ' range. In the other
long-range force models (Fig. 1), the propeller twist char-
acter is less distinct for a particular mode. Instead, it ap-
pears to be shared over two or three modes.

In measuring the low-frequency Raman spectra of
oriented fibers of poly(dA)-poly(dT), Liu et al. report
bands near 60 and 130 cm ' which appear to "melt out"
with prolonged laser exposure. One explanation pro-
posed is that the bands are associated with a
temperature-dependent soft mode for the transition to a
propeller twist conformation, and thus the bands disap-

pear as the temperature of the sample rises with increased

photon counts. The implication of the present calcula-
tion is that a mode in the 43-53-cm ' range should be a
candidate for this soft mode. This calculation also sug-

gests a correlation between the experimentally observed

mode near 135 cm ' and the calculated modes in the
105—110-cm ' range (Fig. 1).
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