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replacement of NO2 by H in activated compounds by NADH 
occurs via an electron-transfer chain mechanism as demonstrated 
by the influence of free radical inhibitors and scavengers on the 
reaction.48 Evidence for a stepwise path of hydride equivalent 
transfer in the oxidation of MA by 2,3-dicyano-l,4-benzoquinone 
was provided by Lai and Colter49 when they found the N-
methylacridinyl radical was trapped by 2-methyl-2-nitrosopropane. 
Even PrNADH has been shown to react (although the kinetics 
are somewhat complex) with ferricyanide, presumably through 
a one-electron transfer mechanism.50 In view of our earlier 
findings51,52 that flavin radicals (whose reaction with NADH model 
compounds is exothermic) do not undergo detectable one-electron 
transfer with dihydronicotinamides, the aforementioned obser
vations of one-electron transfer may be explained as follows: if 
the redox potential of the oxidant is high enough to form the 
putative nicotinamide radical intermediate, it will presumably do 
so; otherwise hydride transfer from dihydronicotinamides to less 
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In the past several years, a number of experiments have shown 
that double-stranded B-forms DNA, both in solution and in or
dered phases, undergoes some relatively fast motions in addition 
to the normal reorientation of a rigid cylinder.1-9 Hogan and 
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powerful one-electron or two-electron oxidants will follow a 
two-electron pathway—that of direct H" transfer. A correlation 
of kinetic and secondary isotope effects and reaction rates with 
the redox potential53 for various NADH model reactions would 
elucidate the factors governing such a dual mechanistic pathway 
for hydride equivalent transfer. 
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Jardetzky1-3 and Bolton and James5 reported correlation times 
of the backbone motions to be in the range of 1 X 10"9 s. Early, 
Feigon, and Kearns4 showed that base pairs also show the effects 
of such motions. Opella, DiVerdi, and Wise6-7 showed that ordered 
B-form DNA similarly showed motions of the sugar phosphate 
backbone. Optical measurements have additionally demonstrated 
internal flexibility for long DNA helicides in solution.16,17 Keepers 
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Abstract: The effect of hydration on motions in the sugar California 94305 backbone of double-stranded DNA fragments 
200 ± 50 base pairs in length has been examined by using 31P NMR. It is shown that very little motion occurs in lyophilized 
DNA, but motions increase in amplitude with increasing hydration. Changes in the relaxation behavior with increasing hydration 
suggest that several different types of motion are present at different hydration levels, with the changes between them occurring 
at hydration levels that correlate with the successive hydration at various molecular sites previously described. In the hydration 
range of B-form DNA, the changes in the spectrum induced by increasing hydration are found to be similar to the changes 
induced by increasing temperature. 
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et al.9 calculated that the DNA backbone should undergo rapid 
motions between local torsional minima, which do not couple along 
the chain or across the base pairs. Most measurements have shown 
that base-pair motions are slower and/or smaller in amplitude 
than motions of the backbone.7"9 

Although the existence of motions in the DNA helix have been 
thoroughly discussed, many of the details have not yet been ad
dressed. Only recently it was shown that in ordered phases the 
amplitude of the backbone motions are significantly affected by 
increasing temperature but the base motions are not.7 Classical 
experiments by FaIk and co-workers'0-12 showed that water of 
hydration changes the structure of double-stranded DNA and 
stabilizes the B form found in solution. This and the differences 
in 31P longitudinal relaxation times among the ordered A, B, and 
lyophilized forms of DNA suggested that the degree of hydration 
had a considerable influence on the motions of the sugar 
phaosphate backbone of DNA. We have therefore measured the 
31P spectrum and relaxation time of a well-defined DNA sample 
as a function of hydration to clarify the effect of water molecules 
on the dynamics of DNA. Through measurement of both the 
width of the powder spectrum and the relaxation times we are 
provided with information about both the amplitude and frequency 
of the motions of the phosphate group. 

Experimental Section 
Calf thymus DNA was prepared and sized as previously described.1 

The material was free of single-strand ends and was prepared with 10% 
by weight sodium chloride. A sample of 94 mg of this DNA was dis
solved in D2O lyophilized, and then loosely packed into a 10-mm NMR 
tube under dry nitrogen. The tube was sealed with a septum cap and 
covered with parafilm to assure that it did not absorb moisture from the 
air. Successive stages of hydration were achieved by introducing D2O 
(99.8% deuteration) into the top of the sealed tube with a microsyringe. 
The amount of D2O added was determined both by the volume and by 
weighing immediately before and after addition of D2O to the sample. 
The water added was put on the side of the tube, not directly on the 
DNA, and then allowed to equilibrate for 3 days at 303 K. At the end 
of the equilibration the water drop let introduced had always been ab
sorbed by the DNA. NMR measurements were made on a modified 
Varian XL-100 spectrometer equipped with a Nicolet MONA accessory 
and a homebuilt decoupler and solid state/MAS probe. The probe was 
a single-coil double-resonance type with a 10-mm coil that would accept 
either a 10-mm tube or a MAS rotor assembly. The 31P 90° pulse was 
13 MS and about 8 G of decoupling field was used. 

Results 
The 31P NMR parameters of a single DNA sample at various 

hydration states are given in Table I and corresponding spectra 
are shown in Figure 1. The line widths of lyophilized, A-form 
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Figure 1. 40.5-MHz 31P MNR spectra of a sample of double-stranded 
DNA at increasing hydration and 303 K. Spectra were taken by using 
a 90° pulse and strong proton decoupling, with an average of 20 000 
transients for each, taken with a delay of 5 times T1. The spectrum of 
lyophilized DNA is the average of 15 000 transients taken with cross 
polarization using a 1-ms contact time. 50-Hz line broadening was used 
in the data processing. Chemical shifts are referenced to external 85% 
H3PO4. 

and B-form DNA have been previously reported,15"17 and our 
measurements at the appropriate level of hydration, equivalent 
in relative humidity, are in agreement with them. 

The spin-lattice relaxation time T1 of lyophilized DNA was 
aproximately 130 s, with some variation among samples apparently 
corresponding to different amounts of residual water. Mea
surement of T1 of a carefully dried sample using magic angle 
spinning gave a similar value. When the DNA had absorbed about 
five D2O molecules per nucleotide, the T1 dropped dramatically 
to about 5 s, indicating an increase in motion in the DNA. At 
this level of hydration all of the oxygen atoms of the phosphate 
group should be hydrated.10""12 As more D2O molecules were 
added, the T1 continued to gradually decrease up to 11 D2O 
molecules per nucleotide. At this level of hydration, all of the 
exposed hydration sites on the DNA are thought to be filled."'12 

Beyond this the Tx value plateaued until about 25 D2O molecules 
per nucleotide, at which point it began to increase. The additional 
water at this stage fills the grooves of the DNA, and the spaces 
between molecules causing swelling to occur.10"12 

The changes in the line width of the DNR with hydration are 
shown in Figures 2 and 3. There was a significant reduction in 
line width upon addition of the first five D2O molecules, followed 
by a plateau up to 11 D2O molecules per base pair. From 11 to 
20 D2O molecules there was a rapid decrease in line width, down 
to the values previously reported for the B form. Further increases 
in hydration brought about further reduction in the line width, 
with the line shape becoming more symmetric. The integrated 
31P NOE values upon saturating the protons are shown in Figure 
4 for the same levels of hydration. These NOE values are small 
and the errors of the measurements could not really be determined. 
However, all of the values measured were positive so that an upper 
bound on the error of ca. ±0.5 could be estimated, and we can 
be confident that the enhancement values are nonzero at low 
hydration and decrease with increasing hydration. 

Discussion 
Although the measurements described here are not detailed 

enough to provide a complete description of the dynamic process, 
several features of the relaxation data make it possible to suggest 
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Figure 2. Effect of hydration on the transverse relaxation time of 31P in 
double-stranded DNA. The integrated T1 relaxation times were mea
sured by using a saturation recovery sequence and a minimum of five 
different delays. Proton decoupling was used during collection of the FID 
but gated off between acquisitions. The T1 values were calculted by using 
the standard Nicolet software, with the error of determination typically 
about 5% of the T1 value. The sample was kept at 303 K during all 
measurements. The D2O per nucleotide molar ratio was calculated by 
using 20 g/mol for D2O and 340 g/mol for an average sodium nucleotide. 
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Figure 3. Effect of hydration on the line width of 31P NMR spectra of 
DNA. Sample conditions are as in Figure 1. axx and <T33 were deter
mined by eye from the discontinuities in the powder spectra. At high 
hydration the width reported is the full width at half-height of the line 
observed. Errors of determination are estimated to be approximately 5 
ppm. 

the range of frequencies and amplitudes involved. A relatively 
complete description of relaxation in ordered phases has been given 
recently.14 The anisotropic nature of the problem complicates 
calculations significantly relative to solution problems. However, 
the qualitative dependence of the parameters T1 and NOE on 
amplitude and frequency are not different from that found in 
solution. Fluctuations in either dipolar couplings or chemical shift, 
which arise from either the distance or orientation dependences 
of the couplings due to molecular motion, will give rise to short 
Tx values only if the fluctuations are near the Larmor frequency 
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Figure 4. Effect of hydration on the observed NOE for "Pin DNA. The 
NOE values have been measured as the ratio of the intergrated areas of 
spectra accumulated with and without preirradiation of the protons. 
Proton saturation was accomplished by using 90° pulses-spaced by 2 ms, 
for a period equal to 5 times the measured Tx for riP. Acquisition of 
transients with and without irradiation was alternated to minimize any 
spectrometer changes during the course of the measurements. 

of the spin involved. For a significant nuclear Overhauser effect 
to occur, the fluctuations should occur at rates greater than the 
Larmor frequency (in angular units), and at least part of the 
relaxation must stem from dipolar coupling to the saturated spin 
(in this case protons). The effects of motion upon chemical 
shielding tensors are well-known and have been used for detailed 
studies of molecular reorientation processes.15 If the motions occur 
at a rate greater than the chemical shift anisotropy (calculated 
in frequency units), then an average tensor will be observed, with 
principal values determined by the amplitude and direction of the 
motion. To acheive a large degree of averaging, a large amplitude 
of motion is required. If the motions are very slow, then no 
averaging will be observed, and in the intermediate range, aver
aging and broadening will occur. 

The spectra and relaxation behavior observed suggest three 
different regimes of motion that occur. First, at low hydration, 
after addition of about five waters of hydration, a low-amplitude 
but high-frequency motion occurs. The low amplitude is indicated 
by the relatively small amount of averaging of the shielding tensor. 
The NOE that is observed indicates that the relaxation is, at least 
partially, coming from protons, which must be on the DNA since 
the added water was deuterated, and, in addition, that the fre
quency of the motion is relatively high. A reasonable possibility 
for this motion would be a small-amplitude but rapid confor
mational change in the backbone, such as a coupled sugar-
phosphate twisting. Since only the phosphate motion is being 
monitored, no estimate of the amplitude of the sugar motion can 
be made. It is possible that some contribution to the relaxation 
is made by the deuterium and sodium dipolar couplings. As 
further water is added the amplitude of motion increases, as 
indicated by the further decrease in line width. The Tx continues 
to drop, but the NOE decreases, suggesting that this additional 
motion has a frequency near enough the Larmor frequency to 
cause efficient relaxation but on the low side of the Tx vs. frequency 
curve so that there is not a significant NOE. Previous studies 
have suggested that the B form is stable for relative humidities 
from 85% upward (corresponding to about 12-13 waters per 
nucleotide). The beginning of the rapid drop in line width may 
mark the conversion to the B form. The existence of motion in 
the B form has been pointed out previously.718 However, re
gardless of the point of conversion, the dynamics of the B form 
change with hydration. From the degree of averaging of the 
shielding tensor at 20 waters per nucleotide, the motion must 
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correspond to an angular fluctuation of the phosphate of at least 
±30°. This estimate is based on the minimum angular fluctuation 
required about the a22 tensor axis, to provide the observed degree 
of averaging. If the axis of the fluctuation is not the u22 axis, then 
the size of the fluctuation must be even larger. Since the features 
of the powder spectrum are not severely broadened as water is 
added, the motion must always be in the fast exchange limit, at 
a minimum frequency of ca. 10 kHz, and increasing in amplitude 
with additional water. The spectrum at 20 waters per nucleotide 
corresponds closely with that obtained for B-form DNA prepared 
by vapor-phase equilibration. The motions at this point may 
correspond to the approximately nanosecond time scale processes 
that are observed in solution and are attributed variously to strictly 
local3'4 and a superposition of local and collective8 motions. The 
line shape that occurs is consistent with a twisting motion about 
the long axis of the helix, assuming that a22 is near the helix axis, 
expected from model compound studies. The angular fluctuation 
derived from the powder line shape is larger than that for the 
torsional modes derived from fluorescence measurements in so
lution. However, the NMR measurement is sensitive to slower 
motions than the optical measurements, and hence the amplitude 
will be larger if slow motions are present and their contribution 
is included in the total amplitude. Upon further addition of water, 
the averaging becomes even more drastic, with an essentially 
isotropically averaged line occurring by 33 waters per nucleotide. 
The relaxation behavior does not change significantly over this 
range, which indicates that the new motion is too slow to be 
efficient for relaxation, bracketing it to be in the range greater 
than ca. 10 kHz but less than 10 MHz. This motion is equivalent 
in effect to (and probably is the same as) the motion observed 
in B-form DNA upon raising the temperature. Opella et al.7 did 

Introduction 
While the mechanisms of cheletropic reactions3 have been 

extensively discussed4,5 in terms of qualitative MO theory, no 
adequate quantitative calculations for such reactions seem as yet 
to have been published. In order to be of any real chemical value 
in such connections, the calculations must not only be carried out 
by a procedure of adequate accuracy and reliability, but also with 
full geometry optimization, using a derivative optimization method 
and without making any assumptions.6 Transition states must 
also be characterized by the Mclver-Komornicki7 procedure of 
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not observe averaging of the deuterium quadrupole coupling tensor 
of a base-attached hydrogen in the same sample for which the 
31P tensor averaging was observed. However, in a recent report19 

Valeutine and Opella concluded from partially averaged 15N 
spectra that backbone motions also appear at the level of hydration 
of 5 water molecules per nucleotide. These motions must be 
internal since at this low level of hydration, tumbling of the DNA 
in the solvent would be extremely unlikely. The discrepancy 
between their 2H and 15N results remains unexplained, but given 
the low sensitivity of 2H and the broad spectra observed, the initial 
partial averaging of the 2H tensor could have been obscured by 
quadrupolar effects. It is clear from the findings reported here 
that hydration is essential to permit the type of internal motions 
in DNA which can be detected by NMR and that the amplitude 
of such motions increases with an increasing degree of hydration. 

From the present work we have shown that several different 
kinds of motion occur in DNA at various levels of hydration. The 
measurements are thus far limited to 31P and hence probe only 
the backbone of the DNA. Further measurements will be made 
on defined-sequence DNA with labels incorporated in various sites 
to further define the nature of these motions. 
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calculating force constants and transition vectors. These re
quirements make calculations by adequate ab initio procedures 
prohibitively expensive for any but the simplest organic molecules.8 

Meaningful calculations for the larger systems of direct interest 
to organic chemists can therefore be carried out at present only 
by some semiempirical procedure, and the only ones with any real 
claim to adequate accuracy currently available are the parametric 
methods developed by our group, i.e., MINDO/39 and MNDO.10 
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