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SUMMARY

The helix to coil transitions of calf thymus and salmon sperm DNA were
probed by 31P nuclear magnetic resonance spectroscopy. Both the helical and
coil forms were observed in the melting region indicating slow exchange between
the two forms with an estimated rate of interconversion <<36 sec~! at 70°C. At
Teast three different signals were also observed at temperatures significantly
above the Tm, suggesting three classes of conformational states. One of these
classes has a significantly lTower Ty than the other two indicating considerable
residual structure in this form. The four only partially resolved signals in-
dicate that the phosphate residues have very similar chemical shift environ-
ments. From the experimentally observed small chemical shift differences be-
tween the helical and coil forms, it is concluded that the gauche, gauche, con-
formation predominates in the coil form as has been found for the helix.

INTRODUCTION

Both theoretical (1) and experimental (2) results indicate that the single
stranded nucleic acid sugar-phosphate backbone can assume a range of distinct
conformations. Although there have only been three studies, to our knowledge,

31P nmr (3), the technique has been found to be useful

on natural DNA utilizing
for studying conformational transitions in nucleic acids (4). Our initial in-
terest in the method was to supplement our 13C (5) and ]H (6) investigations of
ligand-nucleic acid interactions. Prior to undertaking this task, however, it
is necessary to have some knowledge of the possible conformational states and
the resulting 3]P spectra of DNA under a variety of conditions. We report here
our investigation of the thermal transition for both calf thymus and salmon
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sperm sonicated DNA samples by ~ P nmr. Evidence for the coexistence of at

Teast four different resonances which indicate four classes of conformational
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states for the DNA backbone in solution at temperatures near the Tm is presented.
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Even at temperatures considerably above the Tm, we find at least three ~ P peaks

in the spectra for both calf thymus and salmon sperm DNA.

MATERIALS AND METHODS

Calf thymus and salmon sperm DNA (Worthington Biochemicals) were dissolved
in H20 (0.5M in NaC1) and sonicated using a Heat Systems W-375 sonicator, tuned
for maximum output and operating at 10% duty-cycle in the pulse mode for approx-
imately 20 hours (total sonication time of ~2 hours). A gentle flow of N, gas
was passed through the solution during the duration of the sonication. The tem-
perature, regulated with a Haake thermoregulator and an ethylene-glycol conden-
sor was maintained between 4° and 8°C by chilling the DNA solution in a 40%
ethanol/H20 mixture. Sonication, removal of particulate contamination, preci-
pitation, characterization of DNA and dialysis in standard buffer were performed
as described in detail previously (7). Estimation of chainlength by polyacryl-
amide gel electrophoresis (8) gave a band centered at ~200 base pairs and further
extensive sonication did not result in any significant reduction of the DNA
molecular weight., DNA obtained this way was further dialysed ?gainst nmr buffer
(0.01M phosphate, pH=7; 5x10~%M EDTA) and stored at 4°C. A11 3!P nmr spectra
were taken with a JEOL FX60Q spectrometer. Samples were prepared and concen-
trated by 1yophilizing the DNA stock solution and redissolving it in 99.8% D20
(Aldrich). 10 mm tube and spectral width of 1000 Hz were routinely used.
Temperature of samples was regulated with a JEOL NM5471 Variable Temperature
controlier and is accurate to within #1°.

RESULTS AND DISCUSSION

The native form of DNA (low temperatures) has a 31P chemical shift of about
4.3+0.1 ppm, (Figure 1) measured at the center of the broad peak upfield from
trimethyl phosphate {TMP). Upon gradual heating a downfield shift of the order
of 0.5 ppm is observed (Figure 1), Several features are evident in the spectra
shown in Figure 1: (a) a gradual decrease in line width (as the temperature
increases) from a width at half height of ~18 Hz at 30°C to ~2 Hz (estimated for
the center peak) at 90°C; (b) both the helical and coil forms are observed in
the intermediate region, centered near 68°C (where melting occurs), indicating
slow exchange between the two forms on the nmr time scale; moreover, from the
chemical shift separations between the helical and coil forms a rate of inter-
conversion < 36 sec'] {which corresponds to Peak IV at 70°C) is calculated as
an upper limit (Kearns and his coworkers (9) have reported that the rate of
disruption of the synthetic poly dA+dT helix must be smaller than 100 sec']);

(c) in the melting region a minimum of four different peaks can be identified
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Figure 1 - (a) Representative 24.15 MH; Fast Fourier transform 3p spectra of
salmon sperm DNA (66 mg/ml, 90° pulse, repetition time (PR) =5 sec, 4096 data
points, 500 scans) at different temperatures. Chemical shifts are relative

to TMP. (b) 70°C spectrum of (a) with resolution enhanced by negative expo-
nential filtering (expanded by a factor of 2.4 relative to the spectra in 1(a)).
(Figure 1b); Peak I is assigned to the native form and Peaks II, IIT and IV to
denatured forms; (d) as the temperature increases above the melting transition,
Peak I disappears and a redistribution of the intensities of the other peaks
occurs; (e) as the temperature is increased from 65° to 90°C, Peaks II, III
and IV shift downfield in a roughly parallel fashion by ~0.2 ppm; (f) close
examination of the spectra at high temperatures utilizing resolution enhancement
techniques (negative exponential filtering)(not shown) suggests that Peak III
has a shoulder both on the right and left and Peak IV broadens somewhat, rela-
tive to the spectrum at 70°C; (g) when the high temperature sample is cooled

to 30°C, however, the signals broaden, coalesce and shift upfield (top spectrum

in Figure 1).
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The observation of three distinct nmr peaks for the denatured state of DNA
is somewhat unexpected. Small nucleotide segments and nucleotide homopolymers
have shown a composition and sequence dependence of their 3]P chemical shifts
(4) but have not shown any tendency to fall into groups with similar chemical
shifts. From these published results a continuous envelope of chemical shifts
for the sugar phosphate backbone in DNA might be expected in contrast to the
results obtained. McDonald et af (10) have shown by ]H nmr that there is con-
siderable stacking and structure remaining in denatured DNA. The results in
Figure 1 suggest that the coil form may contain at least three conformational
classes having different averaged 37P chemical shifts which may be due to varia-
tions in (i) P-0 bond angles and/or torsional angles, (ii) chemical environment
(eg. ring current effects), (iii) residual helical states, and (iv) some com-
bination of the above. Since calf thymus and salmon sperm DNA samples give very
similar resonances, there must be some general feature, at least for these two
eukaryotic DNA samples, leading to these three 31P resonances. This is being
investigated using DNA samples from different sources.

Convincing evidence for the coexistence of significantly different confor-
mational states is shown in Figure 2 from a 180°-t-90° pulse sequence experiment.
In principle, a more ordered form is expected to relax faster due to its re-
stricted dynamic flexibility. The results in Figure 2 show that Peaks II and
IV have (in relative terms) the shortest and longest T1's, respectively, with
Peak III having a T] close to that of Peak IV (exact T1 values were not deter-
mined because of the extensive peak overlap and the long waiting times required).
This suggests then that Peak II represents a class of conformations with con-
siderable structural organization, i.e., the conformations would have the Teast
nongauche character due to some secondary structure which could presumably arise
from stacking and/or double stranded helices. Similar conclusions have been

reached from 3

P magnetic resonance studies of the independently behaving peaks of
yeast tRNAPhe (11). What should be emphasized is that in denatured DNA the
phosphate groups are in several different discreet states and that a highly

structured form remains far above the Tm.
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Figure 2 - (a) Spectrum of salmon sperm DNA (16 mg/ml, 80°C, 90° pulse, PR =
16 sec, 153 scans. Note that this spectrum has no appreciable difference in
spectral character compared to the higher concentration one at same tempera-
ture (Figure 1). (b), (c), and (d} same sample as in {(a) but a 180°-7-90°
pulse sequence was applied {phase correction settings were not changed) with
T=2.42, 2.7 and 2.9 respectively. A .97-Hz broadening function (exponential
filter) was applied to each free induction decay before Fourier transformation.
This solution data can be compared to the percentage population of the dif-
ferent conformations of the DNA backbone —gauche, gauche (g,9), gauche, trans
{g,t) and trans, trans (t,t) as compiled by Olson (12). The compiled X-ray data
show that the (g,9) and (g,t} forms represent about 80% and 20% of the popula-
tion respectively. Based on the observation that the coil form peaks do not
experience large chemical shifts, it is reasonable to assign all the peaks to a
predominantly (g,g) form. The small shifts at temperatures above 65°C can then
be accounted for by different states, as defined above, which are in rapid (g,9)

<~ (g,t) equilibria with the (g,t) becoming more accessible at higher tempera-

tures (13).
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