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ABSTRACT: Solid-state 2H N M R  spectroscopy was used to investigate dynamics in the [n~e thy l -~H] thy-  
midine-labeled oligonucleotide [d(CGCGAAT*T*CGCG)I2. Quadrupole echo line shapes, spin-lattice 
relaxation, and quadrupolar echo decay rates were investigated as a function of hydration W (moles of 
water/moles of nucleotide) between 0 and -30. The amplitude of the base motion, modeled as a fast four-site 
libration, or diffusion in a cone, increased slightly with higher levels of hydration. A slower component 
of motion about the helix axis appears a t  W - IO and increases in rate and amplitude, leading to the 
intermediate rate line shape observed a t  W - 21. 

x e  role of dynamics i n  the cellular function of poly- 
nucleotides has spurred numerous experimental and theoretical 
investigations of internal motions in nucleic acids (Barkley & 
Zimm, 1979; Allison & Schurr, 1979; Langowski et al., 1985; 
Schurr & Fujimoto. 1988; Lipari & Szabo, 1981a; Hogan & 
Jardetzky, 1979, 1980; Opella et al., 1981). In particular, there 
have been a large number of high-resolution NMR'  investi- 
gations of DNA dynamics from relaxation data, with the 
objective of elucidating the exact nature of internal dynamics 
occurring in DNA [for a review see James (1984)l. Many 
of the investigations, notably work by Hogan and Jardetzky 
(1979, 1980). Bolton and James (1979, 1980), and Bendel et 
al. ( 1982), have reported large-amplitude internal motions with 
correlation times in the neighborhd of nanoseconds. Analysis 
of relaxation data including contributions of collective torsional 
motions has suggested that the amplitude of local internal 
motion may not be as large as previously supposed (Allison 
et al., 1982). I t  is evident that there still remains some con- 
troversy concerning the nature of motions in DNA, as well 
as the contributions of local and collective motions. 

Solution N MR studies suffer from the disadvantage that 
information concerning the anisotropic nature of spin inter- 
actions is lost due to isotropic averaging from molecular 
tumbling. As a consequence, dynamical information must be 
obtained through an analysis of KMR relaxation data, in 
particular spin-lattice ( T I )  and spin-spin ( T , )  relaxation. 

'This research was supported by NIH Program Project Grant (GM 
32681-06) and the NlH Molecular Biophysics Grant to T.M.A. (GM 
08268-02). 

Interpretation of spin-lattice relaxation in systems of dipolar 
coupled nuclei (i.e., IH, "P) can be a very complicated process, 
invariably requiring numerous assumptions of local geometry 
and relaxation mechanisms. This is especially true with 31P 
relaxation data where an analysis requires inclusion of not only 
dipolar terms in TI but also CSA and possibly dipolar/CSA 
cross terms. 

In solid-state NMR retention of anisotropic spin interactions 
allows dynamical information to manifest itself within the 
spectral line shape, which is sensitive to both the rate and the 
type of motion (Davis, 1983; Spiess, 1985; Opella, 1986). 
Investigation of relaxation in solid-state NMR also provides 
a probe of the rate and type of motion occurring within the 
molecule (Torchia & Szabo. 1982). Solid-state NMR has 
found application in the study of DNA, including numerous 
investigations using 'lP NMR to probe the dynamics of the 
phosphorus backbone [for a review see Shindo ( 1  984)], along 
with 'Li and Z'Na NMR studies of oriented DNA (Edzes et 
ai., 1972; Kowalewski et al., 1988; Einarsson et al., 1990). 

Deuterium NMR, which has been used extensively to study 
polymer systems, possesses several advantages as a dynamic 
probe. First, the quadrupole interaction dominates both the 
spectral line shape and the relaxation of deuterons, and because 
this interaction is a single nucleus property, no detailed 

I Abbreviations: NMR. nuclear magnetic resonance: CSA, chemical 
shift anisotropy: NOE. nuclear Overhauser effect; PAGE, polyacrylamide 
gel electrophoresis; EFG, electrical field gradient; PAS. principal axis 
system; FID. free induction decay: RH, relative humidity; RI. relative 
intensity. 
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al., 1980; Dickerson & Drew, 1981a,b; Kopka et al., 1985; 
Pjura et al., 1987). In addition, information on the dynamics 
and local mobility within the crystal have been obtained from 
isotropic thermal factors (Drew et al., 1981) and segmented 
rigid body analysis (Holbrook & Kim, 1984). Studies in- 
volving the geometry of hydration have also been performed 
(Drew & Dickerson, 1981; Kopka et al., 1983). The sequence 
was also investigated by using high-resolution two-dimensional 
NMR (Hare et al., 1983), and a structure has been obtained 
from NOE data through distance geometry methods (Nerdal 
et al., 1989), along with a preliminary investigation of sugar 
conformation (Bax & Lerner, 1988). 

We have acquired quadrupolar echo line shapes, spin-lattice 
relaxation times (TI), and quadrupolar echo decay times ( T2e) 
as a function of hydration, allowing the development of a 
motional model to describe the internal dynamics in oligo- 
nucleotides. In this study, however, we have primarily ex- 
ploited the changes of spectral line shape in the analysis of 
molecular motion. The dominant motion occurring is the fast 
reorientation of the methyl group about the C3 symmetry axis, 
but as we will show, other dynamics manifest themselves within 
the observed spectral line shape. Since the methyl group is 
rigidly attached to the pyrimidine base, it is influenced by base 
dynamics as well as overall molecular dynamics. Due to the 
partial averaging by the methyl motion, the line shape is 
sensitive to motions on a slower time scale than those of 
previous base-labeled materials. The results are compared to 
previous base studies, and a motional model is presented. 

To understand the line-shape analysis, a brief review of 
general deuterium NMR theory is presented. For an isolated 
deuteron in a solid, the NMR frequency is given by 

where 

= f W Q  

wQ = 37r/4(e2qQ/h)[3 cos2 8 - 1 - 7 sin2 8 cos 2@] 

(e2qQ/h) is the quadrupolar coupling constant (QCC), and 
7 is the asymmetry parameter that describes the deviation from 
cylindrical symmetry of the electrical field gradient (EFG) 
tensor about the qrr axis in the principal axis system (PAS). 
The orientation of the magnetic field Bo in the PAS of the EFG 
tensor is described by the polar angles 8 and @ (Abragam, 
1961). In the presence of motion the 2H NMR line shape will 
change. If the molecular motion is rapid on the time scale 
of w$, the frequency can be defined by using QCCerr and qeR, 
the effective quadrupolar coupling constant and asymmetry 
parameter of the averaged electrical field gradient, respectively. 
If the motion occurs within the intermediate exchange regime 
( -aQ-’), the use of QCCeff and qeff is not applicable, and it 
becomes necessary to calculate the spectrum for continuous 
dynamics with a diffusion operator or discrete dynamics 
utilizing a jump matrix, where the modulation effect of mo- 
lecular motion on the angular dependent frequencies is de- 
termined. These types of analysis have been previously dis- 
cussed (Barbara et al., 1986; Wittebort et al., 1987). 

MATERIALS AND METHODS 
Labeled Synthesis. Labeled [n~ethyl-~H]thymidine was 

prepared by using a scaled procedure previously described 
(Kintanar et al., 1988). The purity and extent of deuterium 
incorporation in the labeled compound was determined by 
high-resolution IH NMR spectroscopy at 500 MHz, which 
indicated greater than 75% exchange at the methyl position 
and less than 5% exchange at the H6 base position; no im- 
purities were detected. The reduction in percent deuteration 
in contrast to previous studies is most likely the result of 

structural information is required to invoke it as a relaxation 
mechanism. In addition, the dynamic range of motions that 
may be studied by deuterium NMR is very high, ranging from 

Solid-state 2H NMR investigations of nucleic acids have 
dealt primarily with base dynamics of DNA, but there has 
been recent work involving the sugar 2’,2’-dideuteriodeoxy- 
guanosine and 2’,2’-dideuteriothymidine (Roy et al., 1986), 
as well as 2”-deuterideoxyadenosine and its incorporation into 
a synthetic oligonucleotide (Huang, 1989; Huang et al., 1990). 
There have also been studies involving the 5’,5’-dideuterio- 
thymidine (Kintanar et al., 1988), along with the interesting 
2H studies of hydration waters in solid Li-DNA (Brandes et 
al., 198813) and magnetically ordered DNA liquid crystals 
(Brandes & Kearns, 1986). 

In  an early 2H study of base dynamics in solid B-form DNA 
(DiVerdi & Opella, 1981) no fast, large amplitude motions 
of the bases were detected as a function of temperature. In- 
vestigation of the base dynamics as a function of hydration 
have shown small but significant librational motions that in- 
crease with higher water content. In the study of poly(1) and 
poly(l).poly(C) fibers (Bendel et al., 1983; James et al., 1983) 
an increase in hydration to approximately eight waters per 
nucleotide showed an increase in minimum fluctuations de- 
scribed by a cone of half-angle 8 for the double-stranded 
sample from 8 - f 1.9O to 8 - f2.4’ and near complete loss 
of the quadrupolar echo at elevated hydrations, suggesting the 
presence of motions in  the microsecond range. Deuterium 
NMR studies on oriented and unoriented sodium and lithium 
calf thymus DNA as a function of hydration have also been 
reported (Vold et al., 1986; Brandes et al., 1986, 1988a). In 
these studies the hydration level ranges through -22 waters 
per nucleotide, resulting in a significant increase in the am- 
plitude of local motions with elevated water content. By use 
of a four-site librational model the maximum base amplitude 
was -*lo0 at low hydration levels, and at  14 waters per 
nucleotide the base librations increase to -f14’. At higher 
humidity levels the onset of slower motions results in the 
complete loss of the quadrupolar echo. Recent investigation 
of the spectral densities J , (wo)  and J2(2oO) of oriented Li- 
DNA allows insight into the internal motions of poly- 
nucleotides, but also hints at the complexity of such motions 
(Brandes et al., 1990). In a similar study of salmon sperm 
DNA films and oriented fibers, base fluctuations modeled as 
a four-site libration increased from approximately f8.5’ at 
79% relative humidity (RH) to f13.5’ at 92% RH. At these 
higher hydrations a slower motion about the helix axis was 
observed (rms fluctuations 30’ and rc - s) in both the 
2H and 31P studies (Fujiwara & Shindo, 1985; Shindo et al., 
1987). Solid-state 2H NMR studies of base motion within 
well-defined synthetic oligonucleotides have also recently been 
reported (Kintanar et al., 1989). The amplitudes of base 
librations reported are very similar to those of previous hy- 
dration studies, including the appearance of a slower motion 
at 80% RH, with rC - 10” s. 

In this study the internal dynamics of the synthetic DNA 
dodecamer [d(CGCGAAT*T*CGCG)], are investigated by 
using [me th~d-~H]  thymidine incorporated into positions dT7 
and dT8. This self-complementary dodecamer contains the 
EcoRl restriction endonuclease recognition site d(GAATTC) 
and has been extensively studied in both the liquid and 
crystalline states. For instance, this sequence was the first 
oligonucleotide single crystal investigated containing a com- 
plete turn of double-helical B-form DNA and has been the 
subject of several X-ray diffraction investigations (Wing et 

103 to 1010 HZ. 
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Table I :  Line-Shape Parameters and Relaxation Rates of [d(CGCGAAT’T*CGCG)]2‘ 

Biochemistry, Vol. 29, No. 14, 1990 3423 

RH (%) W RI (%I QCCefr (kH4 Teff ( T I )  (ms) (T2c) (PS) ( T2db (PS) 
dry 0.0 1 .oo 51.5 f 0.5 0.05 357 f 23 396 f 45 
66 5.0 0.99 51 .5  f 0.5 0.05 260 f 13 316 f 31 
7 5  10.4 0.86 51.0 f 0.5 0.05 204 f I O  252 f 25 250 
80 11.6 0.80 50.5 k 0.5 0.05 213 f 11 244 f 23 250 
88 16.3 0.40 45.5 f 0.5 0.06 173 f 12 142 f 20 135 
90 21.2 0.43 c c 161 f 08 115  f I O  163 
92 26.6 0.62 20.5 f 0.5 -0 146 f 07 200f  18 218 
92 29.6 0.79 20.0 f 0.5 -0 127 f 06 230 f 20 213 
95 39.8 0.60 15.0 f 0.5 -0 103 f 06 249 f 24 256 
98 69.9 - Od - Od 

Experiments performed at 298 K.  bCalculated value. Intermediate rate line shape. dObserved only isotropic component. 

incomplete exchange during scale up. 
The deuterated P-cyanoethyl phosphoramidite was prepared 

by using the following procedure. Labeled thymidine was 
protected at the 5’-position with 4,4’-dimethoxytrityl (DMT) 
according to established procedures (Ti et al., 1982). The 
5’-O-DMT-[methyl-2H]thymidine was converted to the cor- 
responding 3’-(O-@-cyanoethyl N,N-diisopropylphosphor- 
amidite) by procedures described previously in the preparation 
of [H6-2H]thymidine phosphoramidite (Barone et al., 1984; 
Kintanar et al., 1989). The only modification was the addition 
of 1.1 equiv of @-cyanoethyl-(N,N-diisopropy1amino)phos- 
phine2 (Sinha et al., 1984) in place of (N,N-diisopropyl- 
amino)methoxyphosphine. The crude product was purified 
by flash chromatography (ethyl acetate) to yield the desired 
labeled phosphoramidite. 

The DNA sample investigated was prepared in two 10-pmol 
batches by using the phosphoramidite method on an Applied 
Biosystems 380A DNA synthesizer. The labeled thymidine 
phosphoramidite was added at  the appropriate step in the 
synthetic sequence to produce the self-complementary dode- 
camer [d(CGCGAAT*T*CGCG)I2. Each synthesis was 
ethanol precipitated followed by desalting on a Sephadex G- 10 
column (60 cm X 2 cm). The purity and homogeneity of the 
DNA sample were verified by PAGE and ‘H NMR spec- 
troscopy at 500 MHz. Both syntheses were greater than 95% 
pure (free of short failure sequences and organic contaminants) 
as determined by comparison to previously published ‘H NMR 
spectrum of the unlabeled sequence (Hare et al., 1983). NMR 
spectroscopy also confirmed that the sample was -75% 
deuterated at  the dT7 and dT8 positions. To the purified, 
desalted DNA was added 10% NaCl by weight. Labile deu- 
terons were reexchanged by lyophilizing from ZH-depleted 
water. The lyophilized DNA, total weight 56.5 mg, was 
packed into a 5 mm X 15 mm NMR tube. The sample was 
hydrated over appropriate salt solutions containing 2H-depleted 
water (Weast, 1979). Equilibration for 3-4 weeks at each 
humidity level allowed for complete and uniform humidifi- 
cation, and water adsorption as a function of relative humidity 
was monitored gravimetrically. A blank tare was allowed to 
equilibrate at each humidity to determine and correct for water 
adsorption on glass. The difficulty in removing all the water 
from DNA, even with extensive pumping, has been noted 
(Rupprecht & Forslind, 1970), but the error introduced by 
the assumption that the lyophilized samples were dry is small 
and will result in reported hydration levels being slightly re- 
duced from real values. Determination of the DNA dry weight 
allowed the calculation of water adsorption for each relative 
humidity, and the results are presented in Table I. 

Solid-state NMR Spectroscopy. Solid-state 2H spectra 
were obtained at 76.75 MHz with quadrature phase detection 

The gracious gift of Dr. Andreas Spaltenstein. 

on a home-built spectrometer (Drobny and Gladden, unpub- 
lished results) controlled by a DEC MicroVaxII. An eight-step 
phase-cycled quadrupolar echo sequence, ~ / 2 ~ - r ~ - ~ / 2 , , - r ~ -  
acq, with ?r/2 pulses less than 3 pus was used for data acqui- 
sition (Griffin, 1981). A recycle delay of -5Tl was used to 
ensure thermal (spin) equilibrium. Pulse spacing, r l ,  varied 
from 40 to 200 ps, while data acquisition was initiated prior 
to the solid echo by adjustment of r2. The time domain signal 
was left shifted to the echo maximum prior to Fourier 
transformation. Lorentzian line broadening of 500-1000 Hz 
was applied to the experimental spectrum to obtain adequate 
signal to noise ratios. 

Deuterium spin-lattice relaxation times were determined 
by using an inversion recovery pulse sequence. The magne- 
tization was determined from the echo height maximum and 
fit by using a nonlinear least-squares analysis (De Fontaine 
et al., 1975) to the exponential magnetization curve 

S ( t )  = S( m) [ 1 - 2e-‘/T~] 

Relaxations obtained from the quadrupolar echo height are 
commonly referred to as “powder averages” and denoted as 
( T I  ). The irreversible loss of phase memory as a function of 
pulse separation, referred to as ( Tze) ,  was determined from 
echo maximum and fit to the exponential recovery curve 

S(2r1) = Ae-2rl/Tze 

Line-Shape Simulations. Simulations of deuterium NMR 
line shapes were obtained by using the program MXQET, which 
can accommodate multisite, multiaxis motional models and 
has been described in detail elsehwere (Greenfield et al., 1987). 
Powder patterns and FIDs were calculated for the spectra 
including finite pulse corrections and effects of exchange during 
pulses. Aligned sample simulations were obtained by using 
a modified version of MXQET, allowing different distributions 
of the helix axis orientation. Static values of the quadrupolar 
coupling constant (e2qQ/h) and the asymmetry parameters 
(7) were obtained from previous monomer studies (Kintanar 
et al., 1988). Effective values of the quadrupolar coupling 
constant (QCC,,) and asymmetry parameter (fCff) were de- 
termined from observed line shapes, assuming no motional 
models. The splitting between perpendicular edges (“horns”), 
6, and the separation between parallel edges, A, have previously 
been used to describe motional effects on the electrical field 
gradient (EFG) tensor. It was found that more accurate fits 
could be obtained by simulation of the entire experimental 
powder pattern. The relationship between (QCC,,), veff, and 
6,A has been described elsewhere (Brandes et al., 1986). All 
simulations were run on either a DEC Vaxstation 3200 or a 
Convex C 1. 

RESULTS 
Water adsorption W (moles of H20/moles of nucleotide) 

as a function of relative humidity for the sodium dodecamer 
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FIGURE 1: Water content, W (moles of HzO/moles of nucleotide), 
of Na-[d(CGCGAAT*T*CGCG)]2 with variation in percent relative 
humidity, RH. 

is illustrated in Figure 1. The results are similar to those 
presented previously (Falk et al., 1962; Brandes et al., 1986). 
The humidity studies on the lyophilized dodecamer did reveal 
a slightly higher W than observed in previous investigations 
of oriented films or fibers, resulting from the increased amount 
of salt present. Water adsorption by DNA has been shown 
to be dependent on salt concentration (Rupprecht & Forslind, 
1970). 

Solid-state 2H spectra, spin-lattice relaxation times ( Tl ), 
and quadrupolar echo decay times, ( 7'2e), were obtained at 
76.75 M H z  for [methyl -2H] thymidine ,  [d-  
(CGCGAAT*T*CGCG)I2, as a function of relative humidity 
(RH) ranging from dry (W = 0.0) to 98% (W = 69.9). Ef- 
fective quadrupolar coupling constants, QCCeff, effective 
asymmetry parameters, Teff, relative intensities (RI), ( Tl ), and 
( Tze)  for humidities through 90% R H  are given in Table I .  
For hydration levels above 92% R H  a liquid-crystalline phase 
was observed and will be discussed in detail elsewhere (Alam 
& Drobny, 1990). Representative line shapes as a function 
of hydration for [d(CGCGAAT*T*CGCG)I2 are presented 
in  Figure 2. 

Up to a relative humidity of 80% (W = 1 1.6) there are no 
significant changes of the observed line shape aside from a 
1 .O-kHz reduction in QCCeff, and the effective asymmetry 
parameter remains constant throughout this range (Figure 
2a,b). The line shape undergoes a slight loss of center intensity 
with increasing humidity through 88% RH. Beginning with 
88% R H  (W = 16.3), a 5.0-kHz reduction in QCCeff with 
respect to 80% R H  is observed followed by drastic reduction 
to 20.5 kHz at 92% R H  (W = 26.6) and 15 kHz at 95% R H  
(W = 39.8) (Figure 2c,e,f). The line shape at  90% R H  (W 
= 21.2) is uniquely a signature of intermediate rate motion 
occurring within the sample and therefore could not be 
characterized by an effective QCC or T (Figure 2d). Above 
W - 25 the turbid appearance of the sample cleared when 
placed in the magnetic field, behavior characteristic of aligned 
samples. This liquid-crystalline phase has been investigated 
in more detail and will be presented in a subsequent paper 
(Alam & Drobny, 1990). Beginning at W - 20, an isotropic 
component became conspicuous and increased in relative 
magnitude until at W = 69.9 only a central isotropic line was 
observed. At low hydration levels this isotropic component 
was attributed to residual HOD, while at higher humidity 
levels it may result from isotropic regions within the sample. 

Increasing the level of hydration from the lyophilized powder 
produced a loss in relative intensity (RI) through 90% RH (W 
= 21.2), followed by a surprising increase in signal intensity 
beginning at 92% R H  (W = 26.6). Similar attenuation of 
quadrupolar echo intensity as a function of hydration has been 

C 
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FIGURE 2: Experimental and simulated (- - -) 76.75-MHz deuterium 
quadrupole echo spectra of [methyLZH] thymidine-labeled [d- 
(CGCGAAT*T*CGCG)]z at various hydration levels W (moles of 
HzO/moles of nucleotide). The simulated spectra were calculated 
as described in text, ignoring the central isotropic component. Spectra 
are shown for pulse delay of 50 ps at (a) dry lyophilized powder, W 
N 0, 12000 scans, (b) 75% RH, W = 10.4, 24000 scans, (c) 88% 
RH, W = 16.3,32000 scans, (d) 90% RH, W = 21.2,28 500 scans, 
(e) 92% RH, W = 26.6, 32000 scans, and (f) 95% RH, W = 39.8, 
8000 scans. 

reported (Bendel et ai., 1983; Brandes et al., 1986), resulting 
in the complete loss of the quadrupolar echo at hydration levels 
greater than 92% RH. Preliminary data a t  92% R H  (W = 
24.9) on the base-labeled dodecamer revealed a signal with 
a reduction in QCCefr of approximately 100 kHz, and a RI  
of -0.09 (Huang, 1989). Quadrupolar echo spectra of salmon 
sperm DNA films and oriented fibers have been reported as 
high as 98% R H  but lacked discussion concerning the extent 
of relative intensity loss (Shindo et al., 1987). 

Corresponding behavior of ( T2e) with increasing humidity 
was observed with a 4-fold decrease through 90% R H  (W = 
21 . I )  followed by an increase in ( T2e) above 92% R H  (W = 
26.6) (see Table I) .  Significant loss in signal intensity with 
variation in pulse delay was observed (for example, see Figure 
3a for 75% RH), while anisotropic T2e effects were not as 
pronounced as in previous studies (Brandes et a]., 1986; Shindo 
et al., 1987; Kintanar et al., 1989). This result is not readily 
apparent unless the spectra are scaled to the same relative 
intensity (Figure 3b). The largest degree of anisotropic be- 
havior with variation in pulse delay was observed for 90% RH. 

Spin-lattice relaxation times, ( T , ) ,  decreased by a factor 
of 3.5 from dry to 95% R H  (W = 39.8). The most dramatic 
decrease occurred between the "dry" and 66% R H  samples, 
followed by a plateau at higher hydration levels. Relaxation 
times for the dry sample were significantly different from those 
observed for the monomer [methyL2H] thymidine. It should 
be noted that the relaxation recovery curves were found to be 
highly nonexponential in the dry sample. The anisotropic 
relaxation behavior of the thymidine methyl group undergoing 
a 3-fold jump would be expected to give multiexponential 
relaxation if a powder average recovery is monitored (Torchia 
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the C, symmetry axis of the methyl group. A motionally 
averaged line shape characteristic of fast methyl reorientation 
was observed in the dry dodecamer and monomer samples. To 
describe the methyl group dynamics in monomer studies of 
[methyf-*H]thymidine (Kintanar et al., 1988), the 3-fold-jump 
model was found to be superior to a model of free diffusion 
about the C, axis and was subsequently used to describe the 
methyl motion within the dodecamer. Increasing the rate of 
the methyl motion will not alter the line shape, the observed 
line shape being in the rapid narrowing regime. This places 
a lower limit on the rate responsible for the spectral line shape 
observed, 7, << "6' - lo4 s. This conclusion is also supported 
by the observation that varying the interval T~ in the quad- 
rupolar echo sequence from 40 to 200 ws produces little in- 
tensity loss and no distortion of the powder line shape. The 
short anisotropic T2e effects expected for motions occurring 
in the intermediate regime were not observed in the dry sample. 
The reduction in QCCeff could occur due to variation in @, 
which describes the angle between the methyl motional axis 
and the qzz element of the EFG tensor, which is typically 
oriented coincident with the carbon-deuterium bond. This 
explanation has been used to describe the reduction in QCCefl 
in studies of polycrystalline amino acids (Batchelder et al., 
1983). However, to explain the large reductions in QCCeff 
that occur at high hydration levels, a distortion of the tetra- 
hedral configuration of the methyl group to @ = 43" would 
be required. Such a large variation in @ was considered 
physically unrealistic and was not pursued further. All sub- 
sequent analysis assumed @ = 70.5', and any reduction in 
QCCeff was attributed to additional averaging of the quad- 
rupolar tensor by internal or overall motions. 

Incorporation of a 2-fold libration of the base plane in 
addition to the methyl group 3-fold jump was also considered. 
This model was evaluated previously in the dynamic studies 
of thymidine monomer as well as analysis of the base-labeled 
dodecamer (Kintanar et al., 1988, 1989). Since the methyl 
group 3-fold-jump motion produces an axially symmetric 
averaged tensor, the direction of the 2-fold libration cannot 
be assigned, the averaged elements of the methyl EFG tensor 
being equivalent ( 4 ,  = 4,). Directional analysis has been 
discussed for other base studies (Shindo et al., 1987; Brandes 
et al., 1988a,b), the relative orientation of the EFG tensor in 
the molecular frame being obtained from analysis of oriented 
DNA samples. In the analysis of 2H base labeled purine 
studies, it has been found that qxx of the EFG tensor lies 
approximately in the base plane, but the present study involves 
the analysis of the methyl EFG tensor and no direct com- 
parison is applicable. 

The reduction in QCCeff at 75% R H  and 80% R H  can be 
accounted for by increasing the angle of libration from 0 = 
9" for the dry sample to 0 = 12' at 80% R H  (W = 11.6), both 
at a rate with 7, 10" s, where 0 is the half-angle between 
the two sites. This is in agreement with the [H6-*H]thymidine 
studies in the same dodecamer (Kintanar et al., 1989). It is 
interesting to consider correlation times (T,) calculated from 
corresponding ( T1) values for this model. Spin-lattice re- 
laxation behavior for a model including a 3-fold jump about 
the C, symmetry axis and an uncorrelated small-amplitude 
2-fold libration was determined with an expression (Alam, 
unpublished results) based on the two-axis correlation function 
Caa4t) = 

I ,  I 

-40 0 10 -4C 0 -10 

~ H L  ItHL 

F I G U R E  3: Solid-state 2H N M R  spectra of [d- 
(CGCGAAT*T*CGCG)I2 hydrated at 75% RH, W = 10.4, with (a) 
variation in pulse delay of 50, 110, and 200 ps, (b) same as (a) except 
scaled to the same absolute intensity, (c) simulated spectra obtained 
from the motional model described in the text, and (d) same as (c) 
scaled to the same absolute intensity. 

& Szabo, 1982). These deviations from a single-exponential 
relaxation are difficult to distinguish and were not discernible 
in the monomer studies (Kintanar et al., 1988). Presently the 
signal to noise ratio of the deuterated dodecamer and available 
instrumentation do not allow a thorough analysis of the an- 
isotropic behavior of T I  within the dodecamer, and for this 
reason powder average ( Tl)s were determined and anisotropic 
effects ignored. The dry sample relaxation data were subse- 
quently fit by using an equally weighted double exponential 
upon the belief that the extreme nonexponential behavior was 
the result of the two labeled methyl group sites in the dode- 
camer experiencing different motional environments. This 
resulted in ( T I )  values of 921 and 107 ms for the equally 
weighted biexponential fit and in a ( T , )  of 357 ms for a 
single-exponential tit, compared to the ( T , )  of 1.08 s observed 
for the dry monomer. Relaxation recovery for all remaining 
humidities investigated were fit by using a single exponential. 
The biexponential behavior of the dry sample may reflect 
differences in local environment between the monomer 
[methyl-*H] thymidine and the dodecamer, but these differ- 
ences were not pursued further. 

DISCUSSION 

Analysis of NMR powder line shapes has provided insight 
into the internal dynamics of DNA. Numerous models have 
been presented to explain various aspects of previous 2H and 
,lP solid-state NMR studies (Fujiwara & Shindo, 1985; 
Brandes et a]., 1986, 1988a, 1990; Shindo et al., 1987). The 
general procedure is to consider several different models, 
simulate the resulting NMR spectrum, and compare to the 
experimentally observed line shape. Line-shape analysis can 
never prove that a model represents what is physically oc- 
curring in the system, but analysis of experimental line shapes 
can dismiss certain models. It is hoped that a model can be 
developed that accounts for all attributes of the line shape and 
relaxation data and is compatible with studies involving la- 
beling at  different sites. 

The first characteristic of the line shape considered was the 
variation in QCCeff and qeff with increasing humidity. The 
simplest model considered consists of a rapid 3-fold jump about 

where @ is the angle between the qzz axis of the EFG tensor 
in the principal axis system and the methyl symmetry axis, 
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8 describes the relative orientation of the methyl symmetry 
axis and the librational symmetry axis, and dgi values are 
elements of the Wigner rotation matrix (Brink & Satchler, 
1968). The correlation function for the methyl group three-site 
jump, rE(t), has been previously described (Torchia & 
Szabo, 1982). The correlation function for the two-site li- 
bration model, I'#o,.(t), was obtained by using a jump model 
formalism (Wittebort & Szabo, 1978; Torchia & Szabo, 1982) 
and was simplified by considering power average ( T I )  ex- 
pressions. (The correlation function retains only those terms 
a = a'.) For 8 = 12' and /3 = 70.5', four solutions are ob- 
tained for the correlation time. The 2-fold libration has so- 
lutions for the correlation time, T ~ ,  of -3.6 X or -4.6 
X IO-" s, with the corresponding pair of methyl solutions, 7c - 1.5 X or - 1.3 X lo-" s. The pair of solutions with 
slower methyl correlation times do not reproduce the exper- 
imental methyl fast averaged line shape. On the other hand, 
both solutions for 7, of the librational motion result produce 
nearly identical methyl line shapes regardless of pulse spacing, 
71. Simulations of base-labeled line shapes for the librational 
correlation time solutions show only minor variation in center 
intensity. Given the signal to noise ratio observed for the 
base-labeled material a t  80% R H  (Kintanar et al., 1989), it 
would be difficult to distinguish between these two solutions. 
In contrast, analysis of the dry base-labeled dodecamer ( T I )  
produces librational correlation time solutions with distin- 
guishable line shapes, supporting the assumption that the 
correct librational correlation time is on the fast side of the 
T I  curve. Additional information is available from relaxation 
studies at different field strengths which are presently in 
progress. 

Attempts to extrapolate this two-site librational model to 
88% R H  (W = 16.3) and beyond were unsuccessful. In- 
creasing the angle of libration to account for reduction in 
QCCeff  resulted in a dramatic increase in qefP This was not 
observed experimentally, suggesting that a 2-fold jump model 
is unrealistic in describing the internal dynamics of the base. 
A similar conclusion was reached in the analysis of relaxation 
rates in oriented fibers (Brandes et al., 1990), where similar 
T ,  relaxation rates for 8 = 90' and = 0' suggests the bases 
undergo a more symmetric motion. 

Different models have been proposed to describe internal 
motions in DNA (Lipari & Szabo, 1981a). The diffusion- 
in-a-cone model (Warchol & Vaughan, 1978; Wang & Pecora, 
1980; Lipari & Szabo; 1981b) has found a wide range of 
applications including investigations of fluorescence polari- 
zation decay in membranes (Kinosita et al., 1977) and nuclear 
magnetic relaxation in lipids (Brainard & Szabo, 1981). It 
has also been used in the analysis of 2H studies of purine-la- 
beled nucleic acids (Brandes et al., 1986, 1990). Use of this 
model to describe the restricted motion of the base may not 
be completely applicable to the present study due to obser- 
vation of T~~ > 0. A symmetric motion like diffusion in a cone, 
along with the methyl 3-fold jump motion, will produce a 
symmetrically averaged EFG tensor (Teff = 0), but use of this 
model, ignoring deviations from axial symmetry of the mo- 
lecular motion, still allows an estimation of changes in internal 
motion with increasing hydration. Defining 0, as the half-angle 
of the cone in which the C3 symmetry axis is allowed to freely 
diffuse and ignoring the small asymmetry parameter, the 
effective quadrupolar coupling constant is given approximately 
by 
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QCCeff - (e2qQ/h)Yfszz 
where (e2qQ/h)$f is the effective averaged quadrupolar cou- 
pling constant due to rapid methyl motion, and the uniaxial 
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order parameter for diffusion in a cone is given by 
s,, = (COS eo +  COS^ 00)/2 

Assuming that there are no significant librational motions 
present within the dry-sample application of this diffusion- 
in-a-cone model gives S,, = 0.981 and 8, = 9" at 80% RH, 
S,, = 0.883 and 8, = 23' at 88% RH, S,, = 0.388 and 8, = 
59' at 92% RH, and S,, = 0.291 and 8, = 65' at 95% RH. 
The value of 80% R H  is smaller than the reported Bo = 16' 
for 84% RH in Li-DNA (Brandes et al., 1986), which has a 
similar water content. It compares well with the 8, = 8.5' 
reported for salmon DNA (Shindo et al., 1987). Analysis of 
purine base labeled dodecamer data with a diffusion-in-a-cone 
model resulted in similar values for the angle of fluctuation, 
with 8, = 17' at 80% R H  and 8, = 57' at 92% RH. These 
values for 8, assumed that librational motions were absent in 
the dry methyl labeled dodecamer. Including the possibility 
of librational motions within the monomer and dry dodecamer 
will increase the angle of fluctuations. Besides the inability 
of this model to describe the intermediate rate line shape 
observed at 90% RH, the appearance of a nonzero asymmetry 
parameter and the large cone angle required to fit experimental 
spectra at elevated levels of hydration make the applicability 
of this model to the dodecamer data questionable. Additional 
models need to be investigated. Of course, a nonzero asym- 
metry parameter can be obtained by means other than through 
a nonsymmetric motion, but in accord with the model pres- 
ented in the previous thymidine monomer studies, these were 
not considered [see Kintanar et al. (1988) for a further dis- 
cussion]. 

A biaxial model, consisting of motions in two perpendicular 
directions, has been previously presented as a model of internal 
base motions (Brandes et al., 1986, 1988a; Shindo et al., 1987). 
In all cases it is assumed that one direction of libration is within 
the base-pair plane and the second direction of libration is 
perpendicular to that plane. The fluctuations of the methyl 
C3 symmetry axis are described by 4, for the in-plane libration 
and by 8, for the out-of-plane librations. Relation of 8, and 
4, to a specific direction with respect to the C3 symmetry axis 
is not possible, since the methyl motion alone produces a 
symmetric averaged EFG. Assignment of which direction is 
8, and which is 4, is possible from an analysis of the aligned 
liquid-crystal spectrum, which allows discrimination between 
twisting and tilting type motions, and will be treated in a future 
paper (Alam & Drobny, 1990). The changes in QCCeff and 
veff with increasing humidity can be described by increases in 
8, and 4,. By use of the static value of e2qQ/h obtained from 
monomer studies, the line shape of the dry sample can be 
simulated by using 8, = 9' f l o ,  and 4, = 7' f 1'. At 75% 
R H  (W = 10.4) and 80% R H  (W = 11.6) the angles of 
libration increase to 8, = 12' f 2' and 4, = 10' f 2', while 
a t  88% RH (W = 16.3) 8, = 19' f 2' and 4, = 17" f 2', 
a t  92% R H  (W = 26.6) 8, and 4, - 40' f 3O, and at 95% 
R H  (W = 39.8) 8, and 4, - 43' f 3". The lower hydration 
levels compare favorably with values reported for calf thymus 
Li-DNA (Brandes et al., 1986, 1988a), while the higher hy- 
dration levels show substantially higher values of libration than 
reported for salmon DNA fibers and films (Shindo et al., 
1987). This increase may result from differences in the actual 
level of hydration or from differences in the helix axis motion 
as discussed below. Analysis of the base-labeled dodecamer 
(Huang, 1989) using this four-site librational model resulted 
in surprisingly large differences between Bo and 4o given the 
values of qeff at lower hydration levels, but at 92% RH, 8, and 
4, equaled about 38', remarkably close to those values ob- 
tained for the methyl group. It should be noted that in the 
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methyl line shape analysis the angles are restricted to Bo # 
4o to fulfill the requirement qeff # 0. 

If  the librational motions of this four-site model are faster 
than the width of the rigid lattice spectrum, effective average 
values of QCC and q are produced. The correlation time of 
the libration cannot be determined from line-shape analysis, 
but an upper limit of 7C < "6' - 10" s can be set. A 
thorough analysis of relaxation data is required for determi- 
nation of these experiments are in progress. The four-site 
librational model adequately fits the experimental line shape 
for dry and 66% R H  (see Figure 2a). Comparison of simu- 
lated spectra for this model to experimental spectra at 75%, 
8096, and 88% R H  shows only partial agreement. The line 
shape observed at  90% RH, however, is characteristic of 
motion occurring in the intermediate rate regime and cannot 
be reproduced by fast librations regardless of angle. The angle 
of libration of w f 4 5 "  for 92% RH and higher hydration levels 
is again physically debatable. It is obvious that additional 
motions are occurring and that other line-shape characteristics 
must be addressed in the analysis of spectra. One charac- 
teristic to consider is the loss in center intensity with increasing 
humidity. This orientationally dependent attenuation is not 
present in the simulations involving only methyl motions and 
fast librations. Also observed is a loss in signal intensity or 
echo attenuation with variation in pulse spacing (see Figure 
3a), as well as variation in relative intensity between hydration 
levels. The biaxial model consisting of only fast motions shows 
no variation in 71, nor can the simple increase in the librational 
angle account for the loss in signal intensity. The loss in 
intensity and line-shape modulation with respect to pulse 
spacing, T,, may be attributed to heteronuclear dipolar de- 
phasing (Heaton et al., 1989). Consideration of these het- 
eronuclear dipolar interactions with surrounding protons in 
the DNA and water molecules is impractical, requiring 
knowledge of each interaction distance. Recognizing the om- 
ission of heteronuclear dipolar contributions as an approxi- 
mation, these effects were not considered further. If the 
spectra are scaled to the apparent ( T2e) present from inter- 
actions at  dry or 66% RH, additional changes in T2e with 
increasing humidity can be entirely attributed to dynamic 
processes within the oligonucleotide. 

Changes in the observed experimental line shape can be 
accounted for by the appearance of a slower motion about the 
helix axis. Different models have been presented to describe 
the motion about the long axis of DNA (Allison & Schurr, 
1979; Lipari & Szabo, 1981a); the simplest is to treat the 
DNA molecule as a rigid cylinder undergoing free diffusion 
or restricted diffusion about the helix axis. Coupling of the 
biaxial librational model with slow motion about the helix axis 
adequately reproduces the observed line shapes through 90% 
RH (W = 2 1.2). The effect of helix diffusion was simulated 
by using a jump model between nearest neighbors of equal site 
probability described by the equilibrium 

A L A  SI 7 s2 7 *.. 7 s, 
where Si represents the ith site and k represents the rate of 
jumping between sites. This type of model has been used in 
the analysis of *H and 31P line shapes in DNA (Fujiwara & 
Shindo, 1985; Shindo et al., 1987; Kintanar et al., 1989). The 
relationship between k and the planar diffusion coefficient DR 
can be obtained in the following manner. The number of 
random jumps required for an axis to reorient by an angle ,$ 
is given by (Luz et al., 1981) 

"t = ,$*/e; 
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FIGURE 4: Simulated quadrupole echo spectra as a variation of N ,  
the number of sites in the helix motion. (a) 7, = 50 ps for 3 kHz, 
0 . .  = 20°, (-) N = 6 ,  ( - - - )  N = 16. (b) Same as (a) except T] = 
2bO ps. Note Figure 2c ( - - - )  is equal to (a) (-). 

where Oij is the arc angle between successive sites. The average 
time required to reorient the axis by one radian is 

7 = n, /k  = l/kB$ 

which can be used to obtain the diffusion coefficient 

DR = 1/21 = kB$/2 

The larger the number of sites N ,  or the smaller the jump 
size Bij, the closer to the true diffusion limit this becomes. 
Studies by Wittebort and co-workers (1987) showed that 
differences in line shapes and variation in relative intensities 
can occur with increasing number of sites. The six-site jump 
model was used almost exclusively as a model of diffusion 
about the helix axis in the present simulations primarily to 
minimize computational time, but results are also presented 
for larger numbers of sites. 

The experimental line shapes of 75% R H  and 80% R H  are 
simulated well by using the methyl rapid 3-fold jump, a fast 
four-site libration of the base plane, and a slower six-site helix 
motion at k = 1 kHz, 8, = 5' (see Figures 2b and 3c,d), 
corresponding to a DR = 3.8 s-I. Line-shape variations are 
minimal in going from N = 6 to N = 16 for the 1-kHz model, 
corresponding to total angular displacements of 25" and 75'. 
This suggests that the slow azimuthal rotation may not be truly 
restrictive in nature but at a rate slow enough to appear re- 
stricted in nature on a 2H NMR time scale. The observed 
spectrum at 88% R H  is fit similarly with k = 3 kHz, Bij = 20°, 
corresponding to DR = 1.8 X lo2 s-l. Variations in the line 
shape for N = 6 and N = 16 are shown in Figure 4, corre- 
sponding to total angular displacements of 100' and 300°, 
respectively. There are minor differences with variation in N ,  
but only small changes in the rate or angle would be required 
to fit the experimental spectra. The observed signal to noise 
ratio at 88% R H  allowed only an approximate fit, but it was 
obvious from analysis of line-shape changes with variation in 
pulse spacing that the lack of anisotropic attenuation precludes 
models containing significantly larger angles and/or increased 
rates, since these produced line shapes that varied differently 
with interpulse spacing than was observed experimentally. 

The experimental line shapes become difficult to interpret 
at higher hydrations due to local internal librations being 
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masked by larger amplitude motions occurring a t  low rates. 
Simulation of the intermediate line shape observed at 90% R H  
by using 8, = 60’ and k = 400 kHz, corresponding to DR = 
2.2 X IO5  s-I (with the amplitude of the four-site libration 
unchanged from that of 88% RH), produced line shapes with 
the same general characteristics, but insufficiently narrowed. 
Simulations where the rate or angle was varied from these 
values tended to produce line shapes uncharacteristic of the 
intermediate regime. An approximate fit can be obtained by 
increasing the internal fluctuations to do and q50 = 22’ to give 
a librationally averaged QCCefI - 40 kHz and teff - 0. One 
can also assume that those local motions described by the rapid 
4-fold libration remain unchanged a t  hydration levels greater 
than 88% R H  and that all subsequent variations in line shape 
result from motions in addition to the base libration. This is 
not entirely implausible in that at W = 16.3 the hydration of 
the oligonucleotide is complete. Between W = 5 and W = 
12 the nucleotide bases are hydrated, above W = 12 the do- 
decamer is completely hydrated and additional water binds 
to the primary hydration level, and finally above W = 20 water 
adds to the grooves as well as between dodecamer helices (Falk 
et al., 1962, 1963a,b). Contributions of diffusion about an 
axis other than the azimuthal axis may also need to be con- 
sidered. A rough estimate of contributions from diffusion 
about an axis perpendicular to the helix symmetry axis can 
be obtained from consideration of the rotational dynamics of 
circular cylinders and by using expIessions applicable to shorter 
DNA fragments (Tirado & Garcia de la Torre, 1980; Tirado 
et al., 1984). The ratio of diffusion rate about the helix axis 
and the axis perpendicular to the helix is approximately 1.9 
for a molecule with a length to diameter aspect ratio of ap- 
proximately 1.7. A rough simulation of the contributions from 
motion about an axis perpendicular to the helix axis can be 
obtained with this ratio. Simulation using a six-site jump 
motion about the helix axis a t  k = 400 kHz and dij = 60°, DllR 
= 2.2 X IO5 s-I, and a helix “wobble” characterized by a 
three-site jump at k = 1.56 MHz, O’, = 22’, and D I R  = 1.15 
X lo5 s-l produced slightly improved fits of experimental 
spectra (see Figure 2d) compared to a simple reduction of 
QCCefP This jump model for helix wobble is a crude ap- 
proximation for diffusional processes about two perpendicular 
axes, but it does demonstrate that increases in base libration 
may not be required to account for the additional narrowing. 
The possibility of magnetic ordering was investigated for 90% 
RH, but an aligned phase was not observed to be a major 
component a t  this hydration level. 

Parameters obtained for the six-site jump model compare 
well to previous ,H studies of DNA. Kintanar and co-workers 
analyzed the base-labeled dodecamer and found that a t  80% 
RH k = 3.3 KHz, with dij = 5’, while at 88% R H  k = 1 MHz, 
with 8, = 30’. The lower humidity data correspond well with 
the values obtained from the methyl-labeled dodecamer, while 
the 88% R H  data differ significantly. The rate and angle 
values reported by Kintanar and co-workers for 88% R H  were 
investigated but produced line shapes that were distinctly 
outside the intermediate regime. This suggests that the methyl 
label is a more sensitive probe of motions occurring near 50 
kHz. Applying this model to longer pieces of DNA at 92% 
RH, Shindo and co-workers found the best fit using k = 2 
MHz, Oil = 30°, corresponding to D, = 2.7 X lo5 s-l. This 
vlaue of DR is surprisingly close to that observed a t  90% RH, 
but simulations involving a restricted reorientation were un- 
successful, resulting in broad shoulderless methyl line shapes 
similar to those reported for the base. This discrepancy may 
be the result of the differences in DNA size, the smaller do- 

Biochemistry, Vol. 29, No.  14, 1990 Alam and Drobny 

decamer being able to fully reorient about its helix axis at this 
hydration level. Above W - 25 the sample was found to align 
with the helix axis perpendicular to the magnetic field. Sim- 
ulation of the line shapes observed a t  92% R H  (W = 26.6) 
and 95% R H  (W = 39.9) can be obtained in a similar manner 
as described for lower hydration levels, except the degree of 
alignment must be considered. A more thorough investigation 
of this unique phase will be presented in a subsequent paper. 

Analysis of the echo decay time, T,,, allows investigation 
of motional rates occurring in the dodecamer, as well as a 
means of discriminating between various models. There have 
been numerous investigations of T,, relaxation in lipids and 
integral membrane proteins (Davis, 1983; Pauls et al., 1985). 
Even though T,, relaxation rates are angularly dependent, and 
therefore would give rise to nonexponential decay recovery 
curves, the signal to noise ratio for the deuterated dodecamer 
reported in this paper was not sufficient to detect these de- 
viations from exponential behavior. Powder average decay 
rates (denoted ( T, , ) )  were therefore determined and can be 
interpreted in terms of changes in the second moment of the 
observed line shape. The second moment, M,, is given by 

where w = 0 is the Larmor frequency w,, andf(w) is the 
line-shape function. For symmetric powder patterns the second 
moment can be related to the effective quadrupolar coupling 
constant by 

M2 9 ~ ~ ( Q C C , f r ) ~ / 2 0  

A qualitative analysis of T,, relaxation shows that in the slow 
motional limit T2, - T,, while in the rapid limit Tze - 
(T~AM,)-’ (Pauls et al., 1985). This shows that for a motion 
about a single axis variation in the correlation time from the 
slow or rigid limit to the rapid time scale results in T2, passing 
through a minimum. Intepretation of T,, for the dodecamer 
would require consideration of other internal dynamics in 
addition to motion about the helix axis, but the appearance 
of a T2e minimum supports the model of an increase in the 
rate of motion about the helix axis with higher humidity levels 
as proposed from line-shape analysis. As a crude approxi- 
mation of the correlation time for this rotational process, 
changes in the second moment can be related to the loss in 
quadrupole echo by 

1 / T2, = A M ~ T ,  

For 92% R H  the changes in the second moment (assuming 
that they result entirely from motion about the helix axis), give 
T ,  - 5 X lo-’ s. This is a crude approximation of the cor- 
relation time of helix motion and is complicated by the fact 
that changes in the second moment may result from other 
motions occurring within the dodecamer. Analysis of T2, can 
still be used to discriminate between various models, by com- 
parison to decay rates obtained from simulations. These rates 
were scaled to the (T , , )  observed in the dry sample and 
represent relaxation due to motional changes in comparison 
to the dry sample. Simulated values of ( T2,) are given in 
Table I and compare favorably with those observed experi- 
mentally. In particular, the reversal of ( T2e) with increasing 
humidity levels is reproduced. Attempts to simulate the overall 
loss in echo intensity as a function of W from these models 
were not successful. The overall trend of signal intensity loss 
was observed, but the magnitude of echo attenuation was less 
than observed experimentally. This discrepancy may in part 
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be due to the numerous experimental conditions that can 
contribute to echo intensity attenuation or due to interactions 
(i.e., heteronuclear dipolar dephasing) not explicitly considered. 

CONCLUSION 
In summary, we have obtained *H NMR spectra of 

[methyL2H] thymidine-labeled [d(CGCGAAT*T*CGCG)I2 
as a function of hydration level. From line-shape analysis 
increases in hydration level lead to small but significant 
changes in the degree of librational fluctuations. At higher 
hydration levels there is the appearance of an additional motion 
about the helix axis which increases in rate with elevated water 
content. This helix motion must be included to account for 
the line shape observed at 90% RH. Analysis of variation in 
the methyl line shape has yielded a wealth of information on 
internal dynamics in the dodecamer at higher hydration levels 
than investigated in previous base-labeled studies. The methyl 
label has also proven to be an excellent probe of slower helix 
motions occurring in the range of 20 ws.  There still exist 
ambiguities about the nature of the helix motion, since the 
exact model to describe this motion cannot be readily deter- 
mined from powder line shape analysis. These ambiguities 
may be reduced by investigation of relaxation data, but the 
complexity of motions observed does not allow a simple in- 
tepretation of relaxation data, especially at a single field 
strength. Various models for motion about the helix axis have 
been proposed including free diffusion of a rigid rod and re- 
stricted diffusion within a square well potential or Gaussian 
potential, as well as diffusion models incorporating collective 
torsional modes. Careful analysis of spin-lattice and quad- 
rupolar order relaxation as a function of field strength can 
provide a means of discriminating between these various 
models. Studies of the relaxation behavior of the methyl-la- 
beled dodecamer at various field strengths are in progress and 
will be discussed in detail in a later publication. We are also 
investigating internal dynamics of the sugar and backbone of 
DNA by studying dodecamers labeled at the sugar 2”- or 5’- 
and 5”-positions. In addition, investigation of variation in 
internal dynamics with drug binding is underway. 
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