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ABSTRACT We display the displacement vectors or eigenvectors of calculations of the A- and
B-DNA backbones. These calculations are based on a refinement scheme that simultaneously
fit several backbone modes of A-DNA, B-DNA, and A-RNA. We discuss the role of
symmetry operations in mode calculations and the relevance of these displacement vectors to
the interpretation of linear dichroism measurements performed on the A- and B-DNA helix.

Linear dichroism data on nucleic acids have been interpreted in terms of structural details of
the backbone phosphate oxygen displacements during normal mode vibrations (1, 2). The
interpretation of the infrared dichroism has led to structural parameters disagreeing with
x-ray scattering data (3).

The structural interpretation of the dichroism data has been criticized by Beetz et al (4).
Their criticism notes that a PO, moiety, when incorporated into a nonsymmetric structure like
a nucleic acid backbone, no longer vibrates in patterns displaying the high symmetry
characteristic of the free ion or simple compounds. Furthermore, the mechanical coupling of
the PO, to the rest of the nucleic acid molecule through the covalent bonds that bind the
moiety into the backbone communicates vibrational energy to the rest of the polymer. Hence
atoms other than those of the PO, group may participate in the vibrational motion excited by
the IR photons, and the partial charges on these other atoms contribute to the observed dipole
moment of the excited line. This additional contribution bears no simple relation to the PO,
vibrations, either in magnitude or direction, and so serves to confuse the interpretation of the
observed dichroism. We present the numerical results of a normal mode vibration calculation
on the backbone of A-DNA and B-DNA. The eigenvectors so obtained show that both
criticisms are well founded.

Double helical DNA composed of homopolymer chains—that is, all base pairs identical—
and of infinite length possesses a screw-axis operator that is a true symmetry operator. The
screw-axis operation rotates the helix and shifts the helix along its axis such that the sth unit
cell of two bases and the associated backbone atoms assume the previous positions of the
n + 1 unit. An additional ¢, operation exists that interchanges the backbones but also
interchanges the complementary base pairs and is therefore not a true symmetry operation.
The screw-axis operator and its higher powers form an Abelian group if periodic boundary
conditions are assumed. No other true symmetry operators exist for the simple homopolymer
double helix. Therefore, all the irreducible representations are one-dimensional and character-
ized by simple phase shifts of the displacement from one unit cell to the next. This is shown in
detail by Higgs (5).

The absence of higher symmetry means that the actual displacements for each vibrational
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mode must be determined by the diagonalization of the secular matrix. These displacements
are found as eigenvectors of the diagonalization. No further symmetry-related block diagonal-
ization is possible.

Polar moments are associated with these vibrational modes because the atoms have
unbalanced charges; the polar moment interacts with electromagnetic fields giving rise to
electric dipole IR absorption. This is usually the dominant term for IR absorption. These polar
modes also can be analyzed with the help of group theory and must conform to irreducible
basis functions. For these Abelian groups this means that both displacement eigenvectors and
polar moment vector have the same phase shift, 8, from one unit cell to the other as this is the
only symmetry-determined part of the problem. The vectors within a unit cell of the
displacement and the vector within a unit cell of the polar moments need not be colinear and
would only be colinear by some accident, as, for example, if all effective charges on the various
atoms were equal.

The orientation of the polar moment within a unit cell of double helical DNA must be
calculated rather than inferred from group theory. This is because no further symmetry
information is available to reduce the matrix describing a single unit cell. The polar moments
arise from the vibrational modes and have both the same frequency and # dependence, but the
polar moment is not necessarily a simple function of the vibrational displacements.

In Fig. 1 we show the DNA backbone-ribose model we adopted in this investigation. All the
hydrogen atoms are assumed to be rigidly attached to their bonded atoms following common
usage. The base atoms were neglected assuming relatively little interaction between the
backbone and the bases for the relevant modes. More elaborate calculations (6) have
confirmed the validity of this approximation.

We used the atomic coordinates as given by Arnott et al. (7) in evaluating the matrix, D,
that transforms the mass-weighted cartesian coordinates into the internal coordinates. F is the
force constant matrix in internal coordinates. The product matrix D”FD was then diagonal-

FIGURE 1 Atoms of the DNA backbone chain shown for one ful! unit and part of a second. Atom N is
part of a base unit.
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ized numerically to obtain the vibrational modes of the backbone-ribose model. Comparisons
of the calculated and observed frequencies were shown in an earlier paper (8).

The actual unbalanced charge on each atom will also affect the vibrational modes and this
was estimated in previous calculations (8). This effect was found to be small for those modes
in the frequency range considered in this paper.

Tables I and II give the maximum displacements of the backbone atoms in x, y, and z
directions. The z axis is taken to be the helix axis, and the diad relating the strands of the
double helix is along the x axis. Since in the long wavelength limit appropriate to IR
absorption all displacements in different cells are in phase, we list in the table only 33
components that correspond to the displacements of the backbone and ribose atoms in one unit
cell.

A number of interesting observations can be made about our eigenvalue solutions. The
1,209.9-cm™' line for A-DNA has a large antisymmetric dioxy character, and has total
displacements of the O,—-P---O, group, which are within 1° of the line connecting the O, and
O, atoms in their unstretched positions. The same is true for the 1,209.5-cm ™' line calculated
for B-DNA. The lines with symmetric dioxy character have displacements of the O,PO,
group lying within 3° of the O,PO, bisector for A-DNA and within 4° of the bisector for
B-DNA. The lines with symmetric diester character have displacements that are about 11 and
10° off from the O,—P—O, bisector of A- and B-DNA, respectively. Although the
displacements of the atoms in the PO, group are not far from those expected from symmetry
arguments for an isolated PQO,, all the eigenvectors have considerable displacements over other
atoms in the backbone.

The situation is especially unclear for the antisymmetric diester stretch modes. Referring to
Table 1, where we expect an antisymmetric stretch in the frequency range below 900 cm™', we
see that there are two modes with substantial diester motion at 832 and 886 cm™' but that
neither is of markedly antisymmetric character. Furthermore, both modes show equally large
or greater ion displacements in the ribose ring than in the backbone oxygens. Substantial
displacement of C, in the 832 cm™' line suggests that the base atoms may also share
substantially in the motion.

Table I1 shows that this loss of antisymmetric character is not a fluke, but also appears in
the B-conformation eigenvectors. The same spread of oscillation amplitude among the atoms
of the ribose ring is also observed here, as well as the particular motion of the C, atom.

In even the most favorable case among the four lines studied here, that of the antisymmetric
dioxy stretch, the characterization is no more than qualitative owing to the large amount of C,
and C, motion in the eigenvector. In the worst case, the characterization is not even
qualitative. An interpretation of optical absorption that made quantitative use of the
“symmetric” or “antisymmetric” character of these resonances, but had no reference to
quantitative experimental information about eigenvectors in these specific molecules, could
only be correct by accident.
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