Intercalation Complex of Proflavine with DNA:
Structure and Dynamics by Solid-State NMR
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The structure of the complex formed between the intercalating agent proflavine and
fibrous native DNA was studied by one- and two-dimensional high-resolution solid-
state nuclear magnetic resonance (NMR). Carbon-13—labeled proflavine was used to
show that the drug is stacked with the aromatic ring plane perpendicular to the fiber
axis and that it is essentially immobile. Natural abundance carbon-13 NMR of the
DNA itself shows that proflavine binding does not change the puckering of the
deoxyribose ring. However, phosphorus-31 NMR spectra show profound changes in
the orientation of the phosphodiester grouping on proflavine binding, with some of
the phosphodiesters tilting almost parallel to the helix axis, and a second set almost
perpendicular. The first group to the phosphodiesters probably spans the intercalation
sites, whereas the tilting of the second set likely compensates for the unwinding of the

DNA by the intercalator.

WIDE RANGE OF MUTAGENS,
drugs, and carcinogens can interact
with double-stranded nucleic acids
by intercalation (1) and thereby inhibit both
replication and transcription; several such
agents are important in clinical pharmacolo-
gy. However, the molecular nature of the
structural change in DNA that allows the
interbase spacing to essentially double to
accommodate the intercalator has been un-
clear. Models for the intercalation complex
have involved several diverse distortions of
the basic DNA helix. Most such have been
based on crystallography of small oligomers
complexed with intercalators. An early mod-
el (2) suggested that the DNA double helix
surrounding the intercalator might have an
asymmetrical arrangement of the backbone,
with an alternating C3’-endo—C2’-endo
sugar pucker. Theoretical calculations sug-
gested that the mixed C3'-endo (3'-5')—
C2'-endo pucker was intrinsically more sta-
ble than the uniform C3'-endo conforma-
tion (3). However, the crystal structure of a
daunomycin-d (CGTACG) complex has
sugar puckers that fall within the C2’-endo
family (4), while the phosphodiester link-
ages along the DNA backbone have a tg~
conformation with respect to the C5’', in-
stead of the g"¢~ conformation of an ideal-
ized B-DNA duplex. Bis-intercalators, such
as triostin, can also alter the type of hydro-
gen bonding found in DNA base pairs;
some purines are in the syn conformation
and Hoogsteen base pairing coexists with
Watson-Crick base pairs in the crystal struc-
tures of DNA oligomers complexed to trios-
tin A (5, 6). Solution NMR studies have
confirmed this result (7, 8).
Both of these techniques have, however,
the major disadvantage that they cannot be
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applied to native DNA, whereas fiber dif-
fraction, which can, is not at present applica-
ble to most intercalators. Two-dimensional
(2-D) solid-state NMR methods (9), in
which cross polarization and magic angle
spinning (CP-MAS) are used, can in princi-
ple determine orientations of each of the
individual residues in a complex oriented
solid (10, 11); these can be applied to highly
oriented DNA films produced by wet spin-
ning methods and can be used to determine
backbone orientations. Simple 1-D 13C CP-
MAS NMR of DNA fiber samples is in itself
sufficient to determine the ring pucker (12).
We applied these methods to the DNA
intercalation complex of proflavine (3,6-
diaminoacridine), an antibacterial and muta-
genic agent that is one of the simplest
intercalating agents known.

Complexes of isotopically labeled profla-
vine with native B-DNA films can be readily
prepared (13-16); we can verify that the
proflavine signal arising from the drug-
DNA sample indeed arises from bound pro-
flavine by an inversion recovery—cross polar-
ization pulse sequence. In this sequence, the
proton magnetization M is inverted with a
180° pulse. After a variable relaxation delay
7, the proton magnetization is detected by
cross polarization to 13C. The results of the
application of this sequence of DNA are
shown in Fig. 1. The top spectrum, where 7
is much greater than the proton relaxation
time Tj, shows resonances both from la-
beled proflavine and natural abundance
DNA. The proflavine signal is composed of
a center band and a set of rotational side
bands whose intensities can be used to de-
termine the principal values of the chemical
shielding tensor (17). The 13C-9 chemical
shift tensor principal values of free profla-
vine hydrochloride (o =229 ppm,
a2 =171 ppm, and o33 = 15 ppm) and
those of proflavine bound to DNA
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Fig. 1. An inversion-recovery CP-MAS spectrum
of [9-13C]proflavine-DNA as a function of the
recovery period 7. The mole fraction of proflavine
to DNA base pairs is 0.20; the 13C-9 resonance of
proflavine and its rotational side bands are
marked with *.

(011 =228 ppm, oy =169 ppm, and
a33 = 31 ppm) are similar. The 4-ppm
downfield shift in the drug-bound form may
reflect hydrogen-bonding changes; the shift
appears to be localized in the o33 tensor
element. The near identity of the two down-
field tensor elements between free and
bound proflavine means that the molecule is
not undergoing significant motion in the
DNA bound state, and in particular is not
free to rotate about the ring normal. Deute-
rium NMR data corroborate this finding,
suggesting that the pronounced in-plane
motion detected in some crystallographic
studies of DNA oligomer-proflavine com-
plexes (18) may not be so significant in
native DNA. The bottom spectrum in Fig. 1
(t =100 ms) shows both proflavine and
DNA signals inverted. The time constants
for the recovery of the signals of both the
drug and the DNA as a function of t are
identical within experimental error, imply-
ing that both drug and DNA are being cross
polarized by the same pool of protons. This
requires that the proflavine protons and the
DNA and water protons in the sample be
able to spin-diffuse to equilibrium in a time
short compared with Ty, and thus that the
sample is microscopically homogeneous.

A 2-D CP-MAS 13C spectrum of an ori-
ented B-DNA film sample containing
bound proflavine, obtained at a spinning
speed vg of 2.6 kHz, is shown in Fig. 2A.
Displayed are slices through the 2-D spec-
trum parallel to the w, axis at intervals of
Muvpg in w;. In the w; dimension, only even-
numbered slices are plotted because there is
no significant signal intensity at odd-integer
multiples of the spinning speed in the w;
dimension when the sample axis is oriented
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at 90° to the rotor axis (9). The presence of
positive and negative side bands from the
proflavine in the M # 0 slices shows that the
molecules have some preferential orienta-
tion with respect to the rotor axis. These
side band intensities can be fit to an orienta-
tional distribution function (ODF) of the
shielding tensor, with the use of a spherical
harmonic expansion by methods previously
described (9, 11). This function describes
the probability of finding the chemical
shielding tensor principal axis system at
some particular orientation relative to the
fiber axis, expressed as two polar angles x
and @, where x is the angle between the o33
principal axis and the fiber axis, and @ is the
angle between the projection of the fiber
axis on the a1 = 0, plane, and the o; axis.
For aromatic carbons, these principal axes
are simply related to the molecular geome-
try: the o3; axis is paralle]l to the ring
normal, whereas the o; axis is along the C—
H bond (19).

The proflavine C-9 ODF is represented as
a contour plot in Fig. 2B. The strong maxi-
mum at X = 0° indicates that the ring nor-
mal is parallel to the fiber axis. This is
consistent with the proflavine binding in an
intercalative mode. The width of the distri-
bution function is similar to that obtained
for the base pairs in B-DNA.

In earlier work we showed that we can
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reliably distinguish between 3’-endo and 2'-
endo ring puckers in DNA on the basis of
the 13C chemical shifts at the 3’ and 5’
positions. The 3’-endo conformers have 3’
and 5’ chemical shifts significantly (5 to 10
ppm) upfield of comparable 2’-endo con-
formers. The deoxyribose region of the 13C
NMR spectra of B-DNA (Fig. 3A) and of
proflavine-DNA (Fig. 3B) are similar, with
only slight differences in chemical shift in
the sugar carbon resonances, and no evi-
dence of signals at the positions expected for
3'-endo sugars. (The apparent weak signals
along the baseline of both spectra are rota-
tional side bands from the DNA-base car-
bon resonances.) This finding conflicts with
early alternating pucker models, but is con-
sistent with more recent x-ray structures of
larger oligomers complexed with daunomy-
cin (4) and triostin (5, 6), which also failed
to show 3'-endo puckering.

The 3P 2-D-NMR spectra of B-DNA
(Fig. 4A) and proflavine-bound DNA (Fig.
4, B and C) were obtained by the same
method as used in Fig. 2. At low levels of
proflavine (Fig. 4B) the spectrum is qualita-
tively similar to that of B-DNA for both the
center slice and the side bands in the o,
dimension. However, for higher levels (Fig.
4C) there are marked changes in the side
band intensities in the center and side band
slices, indicating a major change in the
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Fig. 2. (A) Slices parallel to the w, axis from a 2-D 3C CP-MAS NMR spectrum of the oriented
proflavine-DNA complex [mole ratio of proflavine (P) to B-DNA (B) = 0.20], obtained at a spinning
speed of 2.666 kHz. The proflavine 13C-9 resonance and its rotational side bands are marked with *; the
DNA sugar carbons and thymine methyl carbon are also labeled. (B) Contour diagram of the
orientation distribution function of the '3C shielding tensor of the C-9 of proflavine intercalated to
DNA, obtained by a least-squares fit to experimental 2-D MAS data such as those shown in (A). The
contours are spaced at intervals of 1 unit. For comparison, a purely isotropic ODF would have an
intensity of 1 unit everywhere. x and @ are the polar angles relating the fiber axis to the frame of
reference of the chemical shielding tensor, x being the angle between the most shielded principal axis
(perpendicular to the ring plane) and fiber axis, and @ the angle by which the fiber axis is rotated out of
the tensor xz plane (which contains the C-H bond axis).
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phosphodiester group orientation in the
proflavine-DNA complex.

The ODF of the phosphorus tensor of B-
DNA is depicted in Fig. 4D. It shows a
broad maximum at x = 55° ¢ = 5°. For
comparison, we superimposed the ¢ and x
angles obtained by a computer fit of a
straight helix to the B-DNA dodecamer
(20). Our measured ODF corresponds rea-
sonably well in both overall orientation and
width to the range of angles observed in the
oligomer, albeit with a somewhat smaller o
angle. The high-proflavine ODF (Fig. 4F) is
totally different, with pronounced maxima
aty = 0°and x = 90°, 0 = 0°. In Fig. 4 it is
compared with phosphate orientations cal-
culated for the triostin-DNA octamer com-
plex. The lower proflavine concentration
(Fig. 4B) is intermediate between Fig. 4A
and Fig. 4C, with a maximum centered near
that of native B-DNA, but pronounced tails
approximately directed toward the maxima
for highly proflavine-doped DNA. Each of
these ODFs was obtained by weighted aver-
aging of data from several 2-D spectra ob-
tained at different spinning speeds; data
calculated from individual spectra and from
different samples are highly reproducible; in
addition, the standard deviation of the ori-
entation distribution in no case exceeds
10%.
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Fig. 3. (A) Aliphatic region of the 3C CP-MAS
spectrum of B-DNA. (B) The same region of the
spectrum of proflavine-DNA. The near identity of
the two spectra rules out any significant fraction
of 3'-endo sugars in proflavine DNA.
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Fig. 4. Experimental 3!P 2-
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through F) Contour plots of
the orientational distribu-
tion functions for the 3!P
shielding tensor of the phos-
phodiester ~ grouping  of
DNA, obtained from 2-D
MAS data; plots D, E, and F
correspond to the spectra la-
beled A, B, and C, respec-
tively. Contours are spaced
at intervals of 0.5 unit, with
the minimum contour plot-
ted at 1 unit.
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Fig. 5. Orientations of the phosphodiester moiety
and adjacent DNA backbone (A) in B-DNA (B)
spanning the intercalated site in proflavine-DNA
(C) in sites not spanning the intercalator in
proflavine-DNA. The phosphodiester orienta-
tions are obtained from the contour plots in Fig.
4; the rest of the backbone, in particular the C4'-
C5' torsion angle, is consistent with carbon NMR
data.

The phosphodiester ay; (downfield) prin-
cipal axis lies along a vector connecting the
two ester oxygens, whereas a3 connects the
two free oxygens (21). The data suggest that
for the proflavine-DNA complex, there are
two predominant orientations (Fig. 5). In
one, the phosphodiester linkage lies almost
parallel to the helix axis; in the second,
almost perpendicular. The parallel orienta-
tion is similar to the distribution of orienta-
tions for the triostin oligomer complex of
Wang et al. (6), and we believe that it arises
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from phosphodiesters that link the base
pairs surrounding the proflavine intercala-
tor. This orientation makes the longitudinal
spacing between the two oxygens nearly
maximal. The other major maximum, with a
nearly perpendicular orientation of the axis
through the phosphodiester oxygens, arises
from the phosphodiester groups not directly
involved in intercalation. Because intercala-
tion causes local unwinding of the DNA
helix, in a high molecular size sample, where
rotation of the DNA helices is restricted,
unwinding at one region of the DNA must
be compensated by tighter winding at oth-
ers. Such winding could be facilitated by the
phosphodiester group lying perpendicular
to the helix axis, maximizing the tangential
translation per base pair.

What of the rest of the DNA backbone?
Pivoting the phosphodiester group alone
cannot increase the interbase spacing
enough to accommodate an intercalator.
However, 13C 2-D CP-MAS data reveal no
significant change in the ODFs of the de-
oxyribose carbons in proflavine-treated sam-
ples. These DOFs are principally sensitive to
the angle between the C-O bond vectors
and the fiber axis. The one major alteration
that might go undetected is a change in the
orientation of the C5'-O bond from its
disposition in B-DNA, where it lies some-
what antiparallel and at an angle to the helix
axis, to an orientation parallel to and at the
same angle to that axis. This change in
orientation might accompany a change in
conformation from g~¢~ to tg~ about the
C5’-0 bond. This conformational change is
also shown in Fig. 5. Although one might
expect this change to also affect the C5’
chemical shift, it is not clear how large the
change would be.

These data illustrate a new experimental
technique that may be of immense value in
determining the structure and dynamics
both of drugs bound to DNA and of the
DNA itself. These studies exemplify two of
the strengths of solid-state NMR: that it can
be used to probe material of arbitrary molec-
ular size and that it gives orientational infor-
mation that is complementary to distance
information from diffraction and solution
NMR.
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