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ABSTRACT: *'P NMR provides a convenient monitor of the phosphate ester backbone conformational changes
upon binding of the intercalating drugs ethidium, quinacrine, and daunomycin to sonicated poly(A)-poly(U)
and calf thymus DNA. 3'P chemical shifts can also be used to assess differences in the duplex unwinding
angles in the presence of the drug. Thus a new 3!P signal, 1.8-2.2 ppm downfield from the double-stranded
helix signals, is observed in the ethidium ion—-poly(A)-poly(U) complex. This signal arises from phosphates
which are in perturbed environments due to intercalation of the drug. This is in keeping with the hypothesis
that the P-O ester torsional angle in phosphates linking the intercalated base pairs is more trans-like. Similar
though smaller deshielding of the 3'P signals is observed in sonicated poly(A)-poly(U)—quinacrine complexes
as well as in the daunomycin complexes. The effect of added ethidium ion, quinacrine, and daunomycin
on the 3'P spectra of sonicated calf thymus DNA is consistent with Wilson and Jones’ (1982) earlier study.
In these drug-DNA complexes the drug produces a gradual downfield shift in the DNA 3!P signal without
the appearance of a separate downfield peak. These differences are attributed to differences in the rate
of chemical exchange of the drug between free and bound duplex states. The previous correlation of 3!P
chemical shift with drug duplex unwinding angle (Wilson & Jones, 1982) is confirmed for both the RNA

and DNA duplexes.

It is now widely appreciated that duplex DNA and RNA can
exist in a number of different conformations (Saenger, 1984).
Significant conformational differences can exist globally along
the entire double helix, as in the A-, B-, C-, and Z-forms of
DNA. In addition, local conformational heterogeneity in the
sugar—phosphate backbone has been most recently noted in
the form of sequence-specific variations (Calladine, 1982;
Dickerson, 1983) or as the result of drug (Saenger, 1984) or
protein binding (Anderson et al., 1987) to local regions of the
poly(nucleic acids).

While 'H NMR can provide detailed information on the
overall conformation of the sugar rings and bases of oligo-
nucleotides, it generally is unable to provide very much in-
formation on the conformation of the phosphate ester back-
bone. Of the six torsional angles that largely define the
backbone structure, only the four involving the sugar ring are
amenable to analysis by 'H NMR techniques (via coupling
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constant or NOESY distance measurements). It has been
suggested that the sugar ring and base form a rather rigid unit
with the main conformational flexibility of the nucleic acid
backbone being limited to the two P-O phosphate ester tor-
sional angles (Sundaralingam, 1969). Thus, one of these, the
C3’-03'-P-05’ torsional angle, ¢, is found to be the most
variable one in the B-form of the DNA double helix, and the
other, the O3'-P-05~C5’ torsional angle, «, is one of the most
variable in the A-form of the RNA or DNA duplex (Saenger,
1984). Indeed, following the original suggestion of Sundar-
alingam (1969) and on the basis of recent X-ray crystallo-
graphic studies of oligonucleotides, Saenger (1984) has noted
that the P-O bonds may be considered the “major pivots
affecting polynucleotide structure”.

We have proposed that *'P NMR spectroscopy is potentially
capable of providing information on the most important re-
maining two torsional angles involving the phosphate ester
bonds that define the nucleic acid backbone. Our studies
(Gorenstein & Kar, 1975; Gorenstein, 1978, 1981, 1983a,b,
1984) indicated that a phosphate diester monoanion in a
gauche,gauche (g,g) conformation (referring to the a and ¢
torsional angles) should have a 3'P chemical shift 1.5-2.5 ppm
upfield from an ester in a non-g,g conformation. Our earlier
3P NMR studies on poly- and oligo(nucleic acids) described
in Gorenstein et al. (1976, 1982, 1988), Gorenstein (1978,
1981, 1983a,b, 1984), and Gorenstein and Luxon (1979)
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FIGURE 1: Structures of poly(nucleic acid) binding drugs.

confirmed our suggestion that the base-stacked, helical
structure with a g,g phosphate ester torsional conformation
should be upfield from the random coil conformation.

In a previous study (Goldfield et al., 1983; Gorenstein &
Goldfield, 1984) our laboratory has looked at the *'P NMR
spectra of the model system poly(adenylic acid)-oligo(uridylic
acid) [poly(A)-oligo(U)] in which separate >!P signals are
observed for the multistranded poly(A)-oligo(U) helix and the
single-strand forms of poly(A) and oligo(U). 3P NMR
spectroscopy can monitor the “helix—coil” transition in single-
and double-stranded nucleic acids (Chen & Cohen, 1984; Patel
& Canuel, 1979; Patel, 1976, 1979a,b; Gorenstein et al., 1976,
1982; Gorenstein, 1978, 1984). A downfield shift at higher
temperatures for a wide structural range of nucleic acids has
been observed. At low temperature the nucleic acids exist
largely in a base-stacked, helical conformation with the
phosphate ester predominantly in the g,g conformation, while
at higher temperature the nucleic acids will largely exist in
random coil, unstacked conformation with the phosphate ester
in an increased proportion of non-gauche (i.e., gauche,trans)
conformations. We also have examined the binding of a drug,
ethidium ion, to poly(A)-oligo(U) (Goldfield et al., 1983;
Gorenstein & Goldfield, 1984). Binding of the drug produces
a new downfield *'P signal which is induced in poly(A)-oli-
go(U) by the intercalation of the drug into the duplex.

In this paper, we examine the effect of the binding of
ethidium, quinacrine, and daunomycin (structures shown in
Figure 1) to sonicated poly(A)-poly(U) and calf thymus DNA.
3'P NMR provides a convenient monitor of the phosphate ester
conformational change occurring upon binding of drugs to
nucleic acids. 3!'P chemical shifts can also be used to test
differences in the unwinding angles! in both DNA and RNA
double-helix—drug complexes (Jones & Wilson, 1980; Wilson
& Jones, 1981, 1982; Wilson et al., 1981; Chandrasekaran et
al., 1985).

EXPERIMENTAL PROCEDURES

Materials

Poly(A)-poly(U) was purchased from P-L Biochemicals Co.
Calf thymus DNA was obtained from Sigma Chemical Co.
Quinacrine dihydrochloride, ethidium bromide, and dauno-

" In the B-form DNA double helix with ~10 base pairs per turn
(360°) of the helix, each base pair is rotated ca. +36° (helix twist) with
respect to the nearest-neighbor base pair. Insertion (intercalation) of a
drug between the stacked base pairs reduces the normal value of the helix
twist, and the amount of the change in the rotation is termed the un-
winding angle.
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mycin hydrochloride were also purchased from Sigma. ¢X174
Haelll and X HindIII fragments were from Bethesda Research
Laboratory.

Methods

Sonication. Poly(A)-poly(U) and calf thymus DNA were
sonicated in the cold room at the maximum output power
below cavitation by use of a tapered probe of a Branson Model
350 sonicator. Solutions were 2—4 mL in 0.1 or 0.2 M NaCl
buffer contained in a thick-walled glass tube equipped with
a nitrogen gas flow. The temperature was adjusted as far as
possible between 0 and 4 °C, by use of an ice bath and by use
of the pulse control with 50% duty cycle. After a 2-h soni-
cation time, samples were centrifuged at 15000 rpm for at least
30 min at 4 °C.

Size Determination. Polyacrylamide gel electrophoresis was
carried out on a slab gel apparatus according to the procedure
of Maniatis et al. (1975) and Cohen et al. (1981). Materials
for gel electrophoresis were obtained from Bio-Rad. Sonicated
DNA or RNA molecules were examined on slab gels (20 cm
X 15 cm X 0.2 cm) in Tris-borate~-EDTA (TBE) buffer [0.09
M Tris-borate (pH 8.3), 2.5 mM EDTA]. Samples were
ethanol precipitated prior to electrophoresis to remove salt and
buffer; 0.1 volume of 3 M sodium acetate and 2 volumes of
95% ethanol were added to the sample; the mixture was placed
on powdered dry ice for 5 min and centrifuged at top speed
in an Eppendorf microcentrifuge for 5 min. The precipitate
was rinsed two times with 95% cold ethanol and resuspended
in 25 uL of ten times diluted electrophoresis TBE buffer
containing 50% glycerol, 0.025% xylene cyanol FF, and 0.025%
bromophenol blue. Electrophoresis was carried out at room
temperature at constant voltage (150 V). Standards for size
determination were X174 RF Haelll and A HindIII frag-
ments. Bands were visualized by staining with ethidium
bromide (0.001%). A microdensitometer was used to scan the
gel film. The gels indicated that sonication of the DNA and
duplex RNA yielded fragments in the general range of
150-200 base pairs. To test for small fragments (<10 bp) in
the products of sonication, aliquots were treated with cold
perchloric acid (5%) for 1 h and centrifuged (Cohen et al.,
1981). UV measurements on a Varian 210 spectrophotometer
at 260 nm indicated 15-18% small fragments.

3p NMR. Before the 3P NMR spectra were run, all of
the sonicated nucleic acids were dialyzed twice against a 1-L
solution containing 0.2 M NaCl, 10 mM cacodylate, pH 7.0,
10 mM Na,EDTA, and 1 mg of Chelex-100 ion-exchange
resin for 10-24 h at 4 °C and then dialyzed in the same buffer
without Chelex-100 resin and 1 mM Na,EDTA for 18-24 h.
This is to safeguard against contamination of the biochemicals
by paramagnetic metal ion impurities, which is especially a
problem with sonicated samples. All drug stock solutions were
stored at —5 °C until needed. All of the drugs were dissolved
in double-distilled water, treated with Chelex-100 resin, and
then centrifuged and checked for impurities by TLC, showing
only one component to be present. The solvent mixture of TLC
for EtBr is 1-butanol-acetic acid—H,O (3:4:3); for daunomycin
and quinacrine it is acetic acid—methanol-chloroform (1:1:8)
(Chaires et al., 1982b). The concentrations of drug solutions
are measured by UV-vis absorbancy at various wavelengths
[es10 = 4110 cm™ M™! for EtBr (Jones & Kearns, 1975); ¢454
= 9750 cm™ M™! for quinacrine (Bontemps & Fredericq,
1974); €430 = 11 500 cm™ M~ for daunomycin (Chaires et al.,
1982a)]. All samples were used immediately or stored at —5
°C if it was used at some later time. The pH of the buffer-
nucleic acid solutions was adjusted on a Radiometer Model
PHM 64 Research meter to pH 7.0.
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FIGURE 2: P NMR spectra of sonicated poly(A)-poly(U) (1:1) at
various temperatures in 0.2 M NaCl, 10 mM cacodylate, ]| mM
EDTA, pH 7.0, and 20% D,O buffer at 32.4 MHz. Total nucleotide
concentration 10.1 mg/mL. Exponential line broadening 1 Hz.

3P NMR spectra were recorded on a Bruker WP-80 FT
NMR spectrometer at 32.38 MHz. For the NMR studies the
nucleic acid solution contained 20% D,O for field locking. All
samples were placed in a 5-mm NMR tube. Sample volume
was 0.3-0.5 mL with total polynucleotide concentration gen-
erally ca. 10.0 mg/mL. *'P NMR spectra were taken with
56° pulses, 4K-8K data points, and 1.02~2.04-s recycle times.
The spectra were broad-band 'H decoupled with the power
set at 2 W, and 2.0-Hz line broadening was applied to the FID.
The temperature of the sample was controlled to within %1
°C by a Bruker temperature control unit using nitrogen gas
as a coolant.

Chemical shifts are externally referenced to a capillary of
85% phosphoric acid in D,O at room temperature (25 °C)
unless otherwise specified (additional reference is made to a
D,O solution of trimethyl phosphate at 25 °C which is 3.456
ppm downfield of 85% phosphoric acid). Positive chemical
shifts are downfield from phosphoric acid. Spin-lattice re-
laxation times (7,) were determined by the fast inversion—
recovery method as described previously (Gorenstein & Luxon,
1979). Data were analyzed by a nonlinear least-squares
method (Dye & Nicely, 1971) on a PDP-11/03 computer.

RESULTS

Poly(A)-Poly(U) without Drugs. The temperature depen-
dence of the *'P NMR spectra and chemical shifts of a so-
nicated 1:1 mixture of poly(adenylic acid) and poly(uridylic
acid) [poly(A)-poly(U)] is shown in Figures 2 and 3. At
higher temperature (<55 °C) 'P spectra correspond largely
to the superposition of the component poly(A) and poly(U)
spectra. Near the melting temperature of the duplex (T, ~
48 °C), three signals are possibly present (although this is
difficult to firmly establish within the signal to noise of the
spectra). At 50 °C, besides the single-strand poly(A) and
poly(U), a new upfield signal at —0.84 ppm is reproducibly
observed, which we have previously assigned in poly(A)-oli-
go(U) (Gorenstein et al., 1982) to a double-helix phosphate
signal (we are assuming that the additional signal is not at-
tributable to inadequacies in preparation of the 1:1 stoi-
chiometry and that at the 1:1 stoichiometry only double and
no triple helices are present—see below). Below the melting
temperature, there are two signals (labeled DH, and DH, in
Figure 3) which correspond to two alternating conformations
of the backbone phosphates of the double helix (Joseph &
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FIGURE 3: P chemical shift melting curves for sonicated poly-
(A)-poly(U) (1:1) signals. See legend to Figure 2.
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FIGURE 4: *'P NMR spectra of sonicated poly(A)-poly(U)-Etd (1:1:3)
at various temperatures in 0.2 M NaCl, 10 mM cacodylate, | mM

EDTA, pH 7.0, and 20% D,0 buffer, at 32.4 MHz. Exponential line
broadening 2 Hz.

Bolton, 1984). The phosphorus double-helical signals below
T, are substantially broader (10-18-Hz line width at half-
height) than the single-strand signals (the line width of free
single helices at temperatures above T, is 2-8 Hz). The
polymeric, double-stranded helix will be much more rigid than
the poly(A) or poly(U) single helix. The rotational correlation
time of the duplex will be greatly reduced—this shortens the
3P transverse relaxation time (77,) and broadens the signals.
The longitudinal relaxation times, 7, measured for a 1:1
sample of sonicated poly(A)-poly(U) at 31 °C, 32.38 MHz,
are 2.55 £ 0.11 s for the downfield signal and 2.17 £ 0.17 s
for the upfield signal. The T; for poly(A) (1.75 s) (Akasaka
et al., 1975, 1977) at 32.4 MHz or poly(U) (1.14 s) at 24.3
MHz is less than the T;’s for either of the two phosphate
signals of the poly(A)-poly(U) double helix. The *!P chemical
shift melting profiles (Figure 3) for these two signals show a
sharp melting transition, characteristic of a cooperatively
melting multistranded species. All of these results are con-
sistent with the assignments of these signals. To our knowledge
these 3'P studies represent the first time separate NMR signals
for both the double- and single-stranded states have been
simultaneously observed in the poly(A)-poly(U) system.
Poly(A)-Poly(U) with Ethidium Ion (Etd). The tempera-
ture dependence of the *'P spectra and chemical shifts of
sonicated poly(A)-poly(U) with added ethidium ion (1:1:3)
is shown in Figures 4 and 5. 1In the presence of Etd ion we
observe a new downfield peak at 0.6 ppm (Figure 4). It
appears approximately 1.8-2.2 ppm downfield from the dou-
ble-stranded helix signals. The downfield drug/helix peak
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FIGURE 6: Plot of the corrected line widths at half-height at 32.4 MHz
vs various temperatures for signals in Figure 4 [sonicated poly-
(A)-poly(U)~Etd].

accounts for ~46% of the total integrated intensity at 15 °C
and saturating drug ratios (=[drug]/[duplex] > 1).

As shown in Figures 4 and 5, when the temperature of a
saturated (1:1:3) poly(A)-poly(U)-Etd complex is increased
up to 50 °C, the downfield, intercalating drug/helix signal
disappears and coalesces with the upfield signal(s) to form a
single very broad peak. The temperature dependence to the
line width of this complex is shown in Figure 6. There is a
sharp decrease in line width of this complex above 52 °C.
Increasing the ratio of drug/poly(A)-poly(U) between drug
ratios of 0.3 and 3.0 (data not shown) has little effect on the
3P chemical shift of the three signals at 15 °C. However, the
line widths of the signals increase from 10 to 22-30 Hz with
increasing [drug]/[RNA] ratios (Figure 7). At higher ratios
the two upfield peaks are too broad to resolve.

DNA with Etd Ion. Adding ethidium ion to sonicated calf
thymus DNA shifts the single 3'P signal gradually downfield
(Figure 1 of supplementary material; an example of the
spectrum at saturating ratio of ethidium is shown in Figure
8b). In confirmation of the results of Jones and Wilson (1980)
and Levy et al. (1984), we do not observe any decrease in
intensity of the 3'P signal with increasing ethidium, as reported
by Hogan and Jardetzky (1980). At saturating drug ratios
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FIGURE 7: Plot of the corrected line widths at half-height at 32.4 MHz
for poly(A)-poly(U)~Etd at various molar ratios of Etd, in 0.2 M NaCl
10 mM cacodylate, and 1 mM EDTA buffer, 15 °C, at 32.4 MHz.
Exponential line broadening 2 Hz. (®) Upfield duplex signals; (X)
downfield intercalated drug site signal.
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FIGURE 8: 'P NMR spectra of sonicated calf thymus DNA with and
without drugs. (a) Sonicated calf thymus DNA; (b) plus ethidium
(1:0.91); (¢) plus quinacrine (1:0.58); (d) plus daunomycin (1:0.62).
Under the same conditions as in Figure 7.

the signal is shifted downfield by 0.66 ppm—quite comparable
to the shift observed by Wilson and Jones (1982) of 0.62 ppm.
The ethidium increases the line width of this DNA~drug
complex by approximately 36 Hz at saturating drug ratios
([drug] /[DNA] > 0.4).

Poly(A)-Poly(U) with Quinacrine. The temperature de-
pendence of the 3'P spectra and chemical shifts of a sonicated
poly(A)-poly(U)-quinacrine (1:1:1.3) complex are shown in
Figures 2 and 3 of the supplementary material; an example
of the spectrum at saturating ratio of quinacrine is shown in
Figure 9c. At 15 °C the two poly(A)-poly(U) double-helix
main signals coalesce to form one broadened peak, and a very
broad downfield shoulder to the main peak appears around
0.3 ppm (Figure 9¢). The quinacrine-RNA downfield signal
sharpens from 40 to 10 Hz over the temperature range of
20-60 °C, respectively. Quinacrine broadens the double-helix
signals by ca. 10 Hz with increasing intercalator concentration,
in a manner similar to that of ethidium. In contrast to the
behavior of ethidium, the *'P chemical shifts of the quin-
acrine—duplex complex change very little with increasing
drug/duplex ratios.

DNA with Quinacrine. Increasing quinacrine/DNA ratios
shift the single 3!P signal gradually downfield until a ratio of
0.4-0.5 is achieved, after which no further changes are evident
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FIGURE 9: *'P NMR spectra of sonicated poly(A)-poly(U) with and
without drugs. (a) Sonicated poly(A)-poly(U) (1:1); (b) plus ethidium
(1:1:3); (c) plus quinacrine (1:1:1.26); (d) plus daunomycin (1:1:0.51).
Under the same conditions as in Figure 7.

(an example of the spectrum at a saturating ratio of quinacrine
is shown in Figure 8c). We observe a maximum shift of 0.34
ppm, quite comparable to Wilson and Jones’ (1982) value of
0.40 ppm. The quinacrine produces line broadening which
increases as a function of intercalator concentration in a
manner very similar to that of ethidium. Thus the DNA 3P
signal line width at 15 °C increases approximately 30-35 Hz
at saturating levels of the intercalator.

Poly(A)-Poly(U) with Daunomycin. A downfield shoulder
to the main signal (-1 ppm) is also observed in the poly-
(A)-poly(U)-daunomycin sample (Figure 4 of the supple-
mentary material; see Figure 9d for an example of the spectra
at saturating drug ratios). The temperature dependence of
the 3!'P chemical shifts of this complex (plot not shown) shows
that this complex has a higher melting temperature (7,

56 °C) than poly(A)-poly(U) (7 ~ 50 °C). The signals
sharpen with increasing temperature (Figure 4 of the sup-
plementary material). At increasing ratios of drug/poly-
(A)-poly(U), there is little change in the 3'P chemical shifts
while the signal broadens from 10 to 22 Hz and then levels
off with no further increase at drug/DNA ratios of >0.2.

DNA with Daunomycin. Addition of a saturating ratio of
daunomycin (ratios > 0.4) produces a 0.11-ppm downfield shift
in the DNA 3'P signal (Figure 8d); Wilson and Jones (1982)
observed a comparable shift of 0.16 ppm. The magnitude of
the total shift is smaller than that of ethidium ion or quin-
acrine. The line width of the drug-DNA 3!'P NMR signal at
15 °C increases approximately 45-50 Hz upon addition of a
saturating ratio of daunomycin. Increasing the temperature
from 15 to 70 °C decreases the line width of the daunomy-
cin—-DNA 3'P signal from 72 to 20 Hz, respectively (data not
shown).

Correlation of 3'P Chemical Shifts with Helix Unwinding
Angles and Helix Twist. Wilson and Jones (1982) have noted
that the 3P chemical shifts of the drug~DNA complexes are
linearly correlated to the observed degree of unwinding of the
duplex DNA upon drug binding. Our own results corroborate
their observations. Shown in Figure 10 is a plot of the cal-
culated helix twist of the drug~DNA complexes vs *'P chem-
ical shifts. As discussed below, the helical twist values that
we have used in Figure 10 from our data as well as those of
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FIGURE 10: Plot of *'P chemical shift vs calculated helix twist, f,.
10-14 bp oligonucleotide terminal phosphate shifts [(Q); ¢ derlved
from ¢, = 35.6 + 2.12;]. Wilson and Jones’ (1982) drug—D?\IA data
(X), drug—calf thymus DNA data from this study (0), and A-DNA
(m), B-DNA (4), and alternating poly d(AT) (+) shifts are shown.
The helix twist for the drug-DNA complex is calculated from the
difference between the helix twist of B-DNA (f, = 35.6°) and the
unwinding angle ¢ for the drug-DNA complex (for ethidium, ¢ =
26°; for quinacrine, ¢ = 17°; for daunomycin, ¢ = 10°). The 3'P
chemical shifts of the drug—DNA complexes have been corrected for
chemical shift averaging. 3'P chemical shifts are reported relative
to trimethyl phosphate which is 3.456 ppm downfield from 85%
phosphoric acid.

Wilson and Jones (1982) represent the difference between the
normal B-DNA helical twist angle of 35.6° and the observed
helical unwinding angle resulting from binding of the drug.
Also included in the figure are the ¥P chemical shifts and
helical twist values of a number of other deoxyribonucleotide
duplexes from the literature (see below). If we do a linear
least-squares fit of the 3!P shifts of the assigned deoxyribo-
nucleotide duplexes and drug—-duplex complexes to helical
twist, a modest correlation appears to exist between the two
parameters. The correlation coefficient (R) between *!P shifts
and helical twist is 0.85 (Figure 10).

A similar and rather better correlation is established between
3P chemical shifts of the downfield signal of the three poly-
{A)-poly(U)—drug complexes and the helical twist for the
drug-DNA duplexes (solid line in Figure 11; correlation
coefficient R = 0.95). Unfortunately, we do not have un-
winding angles for binding ethidium, quinacrine, or dauno-
mycin to duplex RNA. We make the assumption in Figure
11 that the unwinding angles for the RNA complexes are
comparable to those of the DNA complexes.

DiscuUSsSION

Our laboratory has suggested that 3'P chemical shifts are
dependent on P-O ester torsional angles (¢ and «) and O-P-O
bond angles. Previous results have suggested that a phosphate
diester in a gauche,gauche (g,g) conformation should have a
3P chemical shift ca. 1.5 ppm upfield from that of a phosphate
diester in a more extended conformation such a gauche,trans
(g,t) (Gorenstein & Kar, 1975; Gorenstein, 1981; Gorenstein
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FIGURE 11: Plot of *'P chemical shift vs calculated helix twist, t,,
for poly(A)-poly(U) (X, ©) and various drug~poly(A)-poly(U) com-
plexes at saturating levels of ethidium (A), quinacrine (+), and
daunomycin (@). The helix twist is calculated from the difference
between the helix twist of poly(A)-poly(U) (33°) and the unwinding
angle ¢ for the drug-DNA complex (for ethidium, ¢ = 26°; for
quinacrine, ¢ = 17°; for daunomycin, ¢ = 10°). *'P chemical shifts
are reported relative to trimethyl phosphate which is 3.456 ppm
downfield from 85% phosphoric acid.

& Goldfield, 1984). This hypothesis applies directly to the
31P spectra of nucleic acid—drug complexes.

Patel (1974a—c, 1976) first reported that the intercalating
drug actinomycin D (Act D) shifted several phosphate diester
signals up to 2.6 ppm downfield from the double-helical signal
upon binding to oligonucleotide duplexes containing dGdC base
pairs. Thus, downfield shifts of 1.6 and 2.6 ppm in the
dCdGdCdG~Act D (2:1) and 1.6 ppm in the pdGdC-Act D
(2:1) complexes at 8 °C have been observed. Reinhardt and
Krugh (1977) showed that at even lower temperature (—18
°C) in methanol /water the 3P signals of the two phosphates
in duplex pdGdC are split into two signals and shifted 1.7 and
2.4 ppm downfield upon complexation with Act D. Similar
shifts are also observed in 2:1 Act D-oligonucleotide duplex
complexes [cf. Scott et al. (1988)].

These shifts are consistent with the Jain and Sobell (1972)
model for these intercalated complexes: partial unwinding of
a specific section of the double helix allows these planar,
heterocyclic drugs such as Act D to stack between two base
pairs. We have also recently shown that the downfield-shifted
peak in a d(AGCT)-Act D complex is the dGdC base pair
complex by an 170 /!80 phosphoryl labeling method [Shah et
al., 1984; see also Petersheim et al. (1984)]. X-ray studies
on various intercalating drug—duplex complexes (Saenger,
1984; Shieh et al., 1980; Reddy et al., 1979) suggest that the
major backbone deformation of the nucleic acid upon inter-
calation of the drug involves changes in both the P-O and C-O
torsional angles (see below). According to the 3!P chemical
shift calculations, such P-O torsional angle perturbations of
20~120° can result in 3P deshielding of ca. 0.3-1.5 ppm
(Gorenstein & Goldfield, 1982; Gorenstein, 1984). Pullman
and co-workers (Giessner-Prettre et al., 1984) have suggested
that *'P chemical shifts should be a function of the C5-Q5’
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and C3’-03 torsion angles besides the P-O5’ and P-0Q3’
torsion angles. The observed torsional angle changes for these
drug complexes are therefore large enough to explain the
observed 3P chemical shift perturbations, such as the 2-ppm
downfield shift for poly(A)-poly(U)-Etd.

31p Spectral Changes in Poly(A)-Poly(U). In the absence
of added drugs the sonicated poly(A)-poly(U) *'P spectra show
two equal intensity signals separated by ca. 0.4 ppm (-1.2 and
-1.6 ppm; Figure 4). As shown by Alderfer and Hazel (1981),
these signals are associated with the duplex. The chemical
shifts of the triplex are +0.07, —0.38, and —0.90 ppm (Alderfer
& Hazel, 1981) referenced to 85% phosphoric acid, and hence,
none of the triplex form is present in our sample preparation.
Joseph and Bolton (1984) have shown by 7O labeling of the
phosphates that the two main *!P signals are associated with
phosphates in alternating conformations along the duplex
poly(A)-poly(U) rather than the phosphates in the two dif-
ferent strands. The separation of the two signals could possibly
be attributed to alternating helical twist values along the duplex
(presumably an “alternating A-RNA” structure). From
utilization of the correlation shown in Figure 11, helix twist
values of 31° and 36° could produce such 3!P chemical shift
differences (see below for additional discussion of this corre-
lation). Thus the measured helix twist value for duplex
poly(A)-poly(U) of 33° from X-ray fiber diffraction studies
(Arnott et al., 1973) could thus really represent an average
of the alternating values.

Klug and co-workers (Scheffler et al., 1968) have suggested
that poly[d(AT)] also exists in an “alternating B” conforma-
tion. Significantly, the 3'P spectrum of poly[d(AT)] gives two
signals separated by as much as 0.8 ppm depending upon salt
conditions (Shindo et al., 1979). In low-salt solution poly[d-
(AT)] shows a separation of 3'P signals of 0.24 ppm (Shindo
et al., 1979). By thiophosphoryl labeling, Eckstein and Jovin
(1983) were able to establish that the deshielded *'P signal
arises from the TpA phosphates, which on the basis of an
X-ray crystal model are in a more extended trans-like phos-
phate ester conformation. The 3!P signal of the ApT phos-
phates is quite similar to that of a normal B-DNA phosphate
and indeed is in a g~,g” conformation. According to our 3!P
chemical shift/helical twist correlation of Figure 10, this
downfield TpA phosphate signal suggests an alternating helical
twist of ~32° and 36° for the TpA and ApT portions of the
duplex, respectively, consistent with the X-ray studies. Sim-
ilarly, the 3'P signal of chicken erythrocyte DNA shifts
downfield by 0.2-0.3 ppm as it is converted from the B- to the
A-DNA conformation (Kypr et al., 1986). A-DNA shows a
1, of ca. 32-34° in contrast to B-DNA with ¢, of ca. 36°.
These downfield shifts of the TpA phosphate in poly[d(AT)]
and in A-DNA phosphates are thus in agreement with the
helical twist dependence to *'P chemical shifts. It will be
interesting to determine whether the poly(A)-poly(U) 3'P
chemical shift differences do indeed arise from such alternating
A-RNA conformations.

31p Spectral Changes in Drug—Poly(A)-Poly(U) Complexes.
Titration of the poly(A)-poly(U) *'P spectra with ethidium
produces a new signal 1.8-2.2 ppm downfield from the duplex
signal. At saturating levels of the drug ([drug]/[DNA] ratios
> 0.5), the relative intensity of the downfield signal relative
to that of the largely unperturbed upfield signal is ca. 1:1 (most
clearly seen in the ethidium ion—duplex spectra at low tem-
perature). The new downfield signal that we observe in the
sonicated poly(A)-poly(U)-Etd complex is similar to the
downfield signals of the Act D—duplex and poly(A)-oligo-
(U)-Etd complexes (Shah et al., 1984; Goldfield et al., 1983).
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In the poly(A)-poly(U)—quinacrine and poly(A)-poly(U)-
daunomycin complexes the new downfield signal appears as
a very broad downfield shoulder to the main signal (a com-
parison of all three complexes under identical conditions is
shown in Figure 9).

This deshielding for ca. half of the phosphate signals in the
poly(A)-poly(U)~drug complexes is entirely consistent with
the intercalation perturbation of the phosphate ester geometry
observed in the Act D and related ethidium ion complexes.
The chemical shift of this downfield peak is supportive of the
intercalation mode of binding, since the purely electrostatic
association between drugs and nucleic acid produces only small
and generally upfield *'P shifts (Patel, 1979a,b; Gorenstein,
1984; Wilson & Jones, 1982). The largely unperturbed upfield
signals between —1.2 and -1.6 ppm at 15 °C in these complexes
likely represent undistorted phosphates in regions adjacent to
the intercalation site, by analogy to our [!"O]phosphoryl Ia-
beling study of the [d(AGCT)],~Act D complex [Shah et al.,
1984; see also Petersheim et al. (1984) for a comparable
study]. The ca. 1:1 relative intensity of the downfield and main
upfield peaks at saturating drug ratios is consistent with the
nearest-neighbor exclusion model (Bauer & Vinograd, 1970)
for these drug~duplex complexes. Thus at saturating drug
ratios only every other base-pair step can accommodate an
intercalated drug. According to the Jain and Sobel (1972)
model, the phosphate ester backbone at the intercalation site
is in an extended conformation (see below), whereas the
phosphate ester backbone at the two neighboring sites is in
a normal B-DNA conformation.

These results are generally comparable to our earlier 3'P
NMR spectral study of the poly(A)-oligo(U)-Etd complex
(Goldfield et al., 1983). However, in that earlier study
ethidium ion stabilized the poly(A)-oligo(U) duplex, raising
the melting temperature of the duplex from ca. 55 to 62 °C
at saturating ethidium concentrations. In our sonicated
poly(A)-poly(U) sample the melting temperature is ca. 50 °C
(Figures 2 and 3). The melting temperature of the ethidium
complex is essentially the same (Figure 5) although that of
the daunomycin complex is ca. 56 °C. Possibly the bound
ethidium drug dissociates from the duplex before melting of
the duplex.

The melting of all the poly(A)-poly(U)~drug complexes
shows the result of chemical exchange effects. Thus for the
ethidium complex at temperatures much below T, the sep-
arate lines are sharp because the rate of exchange of the
phosphates in the two sites (intercalation and nearest neighbor)
is slow [7 >> 1/(2wAv), where 7 is the lifetime of a given state
and Av is the difference in chemical shift between the signals
in the two states]. The lifetime of the ethidium complex is
thus greater than 2 ms. Exchange between the two phosphate
conformations presumably requires dissociation of the drug
and rebinding at a different site. Fully resolved signals (and
slow exchange conditions) are not observed in the quinacrine
and daunomycin poly(A)-poly(U)—drug complex spectra, re-
flecting the smaller chemical shift difference between the two
phosphate environments as well as possibly the shorter lifetimes
for the drug complex state,

Comparison of Drug Binding to RNA and DNA Duplexes.
In contrast to the above RNA duplex results, Wilson et al.
(1981; Wilson & Jones, 1982) did not observe a separate
downfield peak in the binding of ethidium, quinacrine, dau-
nomycin, and tetralysine to sonicated DNA. Our own results
under comparable conditions on the same DNA—-drug com-
plexes entirely confirm their earlier *'P NMR studies. In both
3P NMR studies on the drug~-DNA complexes, increasing
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amounts of drugs only produce downfield shifts and line
broadening. The difference between the duplex RNA and
DNA systems is attributed to the rate of chemical exchange
between the duplex—drug complex. In the drug-DNA com-
plexes, under either Wilson and Jones’ (1982) earlier conditions
(relatively high salt, 30 °C, and magnetic field strength 24.15
MHz, *'P) or our own (=15 °C and magnetic field strength
32.38 MHz, *'P), the phosphates are undergoing fast chemical
exchange between sites not involving the intercalated drug
(nearest neighbor or further removed) and sites directly linking
the intercalated base pairs. The actual exchange of course
involves the exchange of the drug between these two types of
sites. Levy et al. (1984) have shown that the increase in line
width upon addition of Etd is not due to a dramatic change
in the motional dynamics of the complex but rather due to an
increased dispersion in the *'P chemical shifts. This would
be consistent with an intermediate rate of chemical exchange
between the intercalation and nearest-neighbor sites. The
observation of intermediate/fast exchange at low field and high
salt is consistent with the rates of ethidium ion binding and
dissociating from DNA as measured from temperature—jump
kinetic studies (Breslof & Crothers, 1975; Waring & Waring,
1980; Macgregor et al., 1985).

Even at lower temperature and slightly higher field strength,
which should move the system in the direction of slow exchange
kinetics, the present results on the drug—-DNA complexes still
show fast chemical exchange averaging (a single averaged
signal; Figure 8). Indeed, the exchange kinetics of quinacrine
with DNA are faster than those of ethidium while the kinetics
of exchange of daunorubicin (similar to daunomycin) are
slightly slower [referenced in Wilson and Jones (1982)].
However, by going to lower salt [0.01 M PIPES from the 0.2
M NaCl of this and Wilson and Jones’ (1982) studies], lower
temperature, and higher field strength (109.25 MHz, 3'P),
Chandrasekaran et al. (1985) were able to demonstrate slow
exchange kinetics for the ethidium-DNA complex. In this
case a separate downfield shoulder is observed 1.3-1.4 ppm
downfield from the main signal. Similarly, the poly(A)-
poly(U)-drug complexes are clearly in slow chemical exchange
on the *'P chemical shift time scale. For the poly(A)-poly-
(U)~Etd complex we observe a well resolved downfield peak
at 15 and 31 °C. For poly(A)-poly(U)—quinacrine and
poly(A)-poly(U)-daunomycin, we only can see the broad
downfield shift signal as a shoulder to the main sharper upfield
signal, even at low temperatures.

Figures 4 and 5 illustrate nicely the effects of chemical
exchange on the poly(A)-poly(U)-Etd complex. The line
widths (Figure 6) remain constant, and there is little change
in the separation of the signals until 50 ®°C when the downfield
peak broadens dramatically. At 7> 50 °C the peaks coalesce
and begin to narrow again. As expected, the region of max-
imum line broadening occurs at intermediate chemical ex-
change.

A possible explanation for the large difference in the way
that drugs bind to RNA [poly(A)-poly(U)] compared to DNA
is that RNA double helices are more rigid than DNA double
helices. Nelson and Tinoco (1984) reported that the binding
of ethidium ion to duplex ribooligonucleotides is about an order
of magnitude stronger than it is to duplex deoxyribooligo-
nucleotides. The binding constant of ethidium ion is 3.5 X
10* M at t °C and in 0.2 M NaCl for DNA and 4.7 X 106
M at 25 °C and in 0.1 M NaCl for RNA (Nelson & Tinoco,
1984).

On the basis of X-ray crystallography structures for ethi-
dium complexes with iodo-UpA and iodo-CpG, Tsai et al.
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(1982) proposed a general model for ethidium binding wherein
the sugar conformations are C3’(endo)—ethidium~C2’(endo).
The B-form DNA generally has a C2’(endo) sugar confor-
mation, whereas A-form RNA has a C3’(endo) conformation
(Saenger, 1984). DNA can exist in a number of different
conformations (A, B, alternating B, Z, etc.; Saenger, 1984),
whereas the RN A structure remains predominantly A-form.
Thus, the more flexible DNA may allow the ethidium to more
readily dissociate from the complex.

Origin of 3'P Chemical Shift Perturbations in Drug Com-
plexes. As pointed out in Ott and Eckstein (1985a,b; Connolly
& Eckstein, 1984) and Schroeder et al. [1986; 1987; see also
Gorenstein et al. (1988) and Gorenstein (1981, 1984)], 3P
chemical shifts appear to vary in response to local, se-
quence-specific, and induced environmental distortions in the
duplex geometry (Calladine, 1982; Dickerson, 1983). Included
in Figure 10 are the *'P chemical shifts and helix twist values
of the assigned phosphates of a number of oligodeoxyribo-
nucleotides, as well as the chemical shifts of the drug-DNA
complexes from this study and that of Wilson and Jones
(1982). Wilson and Jones (1982) have noted that the 3'P
chemical shifts of these drug complexes appear to correlate
with the observed degree of unwinding of the duplex DNA
upon drug binding. The helical twist values that we have used
in Figure 10 from our data as well as those of Wilson and
Jones (1982) represent the difference between a normal B-
DNA helical twist angle of 35.6° and the observed helical
unwinding angle resulting from binding of the drug. Because
of the nearest-neighbor exclusion principle (Saenger, 1984),
at saturating concentrations of these drugs, only every other
site has a bound drug. Because of fast chemical exchange
averaging, only one *'P signal is observed in these drug com-
plexes, and this must represent an average of the *'P chemical
shifts of phosphates at nonintercalative and intercalative sites.
Correction for this chemical exchange averaging has been
made in Figure 10 by multiplying the observed perturbation
of the 3P shifts by 2. This appears reasonable because in the
poly(A)-poly(U)~drug complexes where separate 3'P signals
for the two sites are observed the >'P chemical shift of the
phosphates in the intercalated drug-RNA duplexes is shifted
ca. twice the amount as found for the single averaged signal
in the intercalated drug—-DNA duplexes [thus the poly(A)-
poly(U)-Etd complex is shifted ~2.0 ppm downfield from the
phosphates in the nonintercalative site and 1.7 and 2.1 ppm
downfield from free poly(A)-poly(U)]. In contrast, the 3'P
signal in the fast chemical change DNA-Etd complex is shifted
0.7 ppm downfield from the phosphates in free DNA. By
going to higher field strength and lower salt, Chandrasekaran
et al. (1985) were able to demonstrate slow exchange kinetics
for the ethidium—DNA complex. In this case a separate
downfield shoulder was observed 1.3—1.4 ppm downfield from
the main signal, entirely consistent with our doubling of the
observed shift in the fast exchange region. However, Chan-
drasekaran et al. (1985) point out that the intensity of this
downfield shoulder is only ca. 15% of the total spectral area
rather than the expected 50% based upon nearest-neighbor
exclusion principles. Note that our slow exchange poly-
(A)-poly(U)—Etd spectra show that the downfield intercalated
drug signal integrates for 46% of the total intensity. In other
intercalative drug—oligodeoxyribonucleotide duplex complexes
where large helical unwinding angles are observed and the
phosphates are in slow chemical exchange, shifts of 1.5-2.5
ppm at the site of intercalation for single phosphates are also
found (Patel, 1974a,b, 1976; Petersheim et al., 1984; Shah et
al., 1984). Chandrasekaran et al. (1985) suggest that the
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deviation of their slow exchange ethidium—DNA complex
could be associated with a distribution of the unwinding over
several base pairs. However, our own results suggest that the
decreased intensity for the downfield signal is likely associated
with intermediate exchange kinetics.

The possible basis for the correlation between helix un-
winding, helix twist, and *'P chemical shifts in both RNA and
DNA can be analyzed in terms of sugar-phosphate backbone
distortions involved in duplex geometry changes (Gorenstein
et al., 1988). Thus, as the helix unwinds upon binding of an
intercalating drug (and the helix twist, z;, decreases), the length
of the sugar-phosphate backbone must incréase to accom-
modate the additional heterocycle intercalated between the
two stacked base pairs with a base to base separation of 6.7
A. These local helical changes require changes in the sug-
ar-phosphate backbone angles. This can be accomplished by
the phosphate switching from the B; ({ = g7, « = g7) to the
By; conformation ({ = t, « = g7) (Dickerson, 1983). The *'P
signal of a phosphate in a g~,t Bj; conformation is predicted
to be ~1.0~1.5 ppm downfield from the g~,g~ phosphate in
the B; conformation (Gorenstein, 1981, 1984), consistent with
the large downfield shift observed for the drug complexes.

Finally it should be noted that our results are consistent with
the view that unwinding of the duplex upon intercalation of
a drug occurs largely at the intercalated base step. In contrast,
Chandrasekaran et al. (1985) have recently suggested on the
basis of the low population (15%) for the downfield interca-
lated drug *'P signal in the DNA~Etd complex that unwinding
is distributed over sites adjacent to the binding site. This
distribution of structural perturbation has been observed in
the crystal structure of a drug—duplex complex (Quigley et
al., 1980). However, the upfield *'P signal representing the
nearest-neighbor site is shifted very little in these RNA- and
DNA-drug complexes from the chemical shift of the free
duplex. This suggests little perturbation of the degree of helix
twist (see Figures 10 and 11) at the nearest-neighbor site.

CONCLUSIONS

3P NMR thus appears to be able to provide a convenient
monitor of the phosphate ester backbone conformational
changes upon binding of various intercalating drugs such as
ethidium, quinacrine, and daunomycin to sonicated poly-
(A)-poly(U) and calf thymus DNA. The observed correlation
between helix twist in DNA fragments, duplex DNA—drug
complexes, and RNA—drug complexes is strongly supportive
of the hypothesis that variations in P-O ester torsional angles
are a major contributor to variations in *'P chemical shifts.

SUPPLEMENTARY MATERIAL AVAILABLE

Four figures showing 3'P NMR spectra of sonicated calf
thymus DNA-ethidium complexes at various molar ratios of
ethidium, *'P NMR spectra of sonicated poly(A)-poly(U)—
quinacrine complexes at various temperatures, *'P NMR
melting curves for poly(A)-poly(U)—quinacrine complexes, and
3P NMR spectra of sonicated poly(A)-poly(U)-daunomycin
complexes at various temperatures (5 pages). Ordering in-
formation is given on any current masthead page.
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