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The description of deoxyribonucleic acid (DNA) has 
evolved from the uniform, static double helix originally 
Dresented bv Watson and Crick nearlv 4 0  vears azo.' 
The determcnation of X-ray crystal stru&u& of several 
synthetic DNA oligomers" reveals that while these 
molecules have overall geometries which are similar to 
the structures obtained by fiber diffraction? there is 
considerable sequence-dependent variability of the local 
structure.6.' Two-dimensional NMR studies indicate 
that such sequence-dependent variability may exist in 
DNA oligomers in solution as well? An intriguing 
prospect is that this phenomenon provides the molec- 

ular basis for the specificity of protein-DNA interac- 
tions. Therefore, it is important to determine how 
well-defined these structures are and the degree to 
which deviations occur from average structures. In 
other words, what are the internal dynamics of DNA? 

Theoretical and experimental investigation of dy- 
namics in polynucleotides has progressed at  a rapid 
rate, involving many researchers and a variety of tech- 
niaues and aDDroaches. vet various descrbtions of the 
internal mot&& in DNA-are inconsistent 0; incomplete. 
Additional study is clearly required before we obtain 'Univeraity of Washington. 

OOOP2665/91/0791-1545$09.50/0 0 1991 American Chemical Society 
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Figure 1.  Representation of a polynucleotide chain containing 
the nucleosides deoxyadenosine (A), deoxyguanosine (G), deox- 
ythymidine (T), and deoxycytidine (C). The chain direction is 
from the 5’- to the 3’-end as shown by arrow (adapted from 
Saenger (ref 9)). 

a thorough understanding of the flexibility and con- 
formational fluctuations that occur in polynucleotides 
and the role that these dynamics may play in the bio- 
logical function of these molecules. 

This review describes the work of a number of groups 
using solid-state NMR, and particularly deuterium (%) 
NMR, to probe the internal dynamics of synthetic ol- 
igonucleotides and high molecular weight DNA. 
Hopefully this review will acquaint the reader with the 
potential of solid-state NMR to contribute to the 
ever-growing picture of the internal dynamics of poly- 
nucleotides. 

1.1 DNA Structure: A Brief Review 
As the repository of genetic information carried by 

chromosomes, nucleic acids play a prominent role in the 
cellular function of living organisms. To begin any 
discussion of DNA it is essential that the general 
structure be understood. The repeating unit in DNA 
is the nucleoside, composed of a &~-2’-deoxyribose 
substituted at the C1’-position by one of four hetero- 
cyclic bases: thymine, cytosine, adenine, or guanine. 
These nucleosides are linked by 3’,5’-phosphodiester 
bonds to form a polynucleotide strand. A representa- 
tion of a polynucleotide chain is shown in Figure 1, and 
the numbering scheme and various torsional angles 
within the nucleotide unit are shown in Figure 2. Two 
polynucleotide chains associate via hydrogen bonding 
between bases to form the classic double helix, shown 
in Figure 3. This double helix has been shown to exist 
in a number of conformations including A, B, and Z 
forms.9 DNA in the A or B form has a right-handed 
helical structure, and these conformations may be dis- 
tinguished on the basis of sugar puckering mode, base 
pair tilt, axial rise per residue, etc. The sugar rings in 
A-form DNA are observed to favor the C3’-endo puck- 
ering mode while in the B form sugar ring puckering 

I 

Figure 2. Atomic numbering scheme and definition of the 
torsional angles within the polynucleotide chain (adapted from 
Saenger (ref 9)). 

Figure 3. Molecular model of the DNA sequence [d(GAAITC)I, 
in the ideal B form. Small arrow denotes 2” sugar proton. 

is generally distributed about the C2’-endo mode. In 
the A form, axial rise per nucleotide is about 2.59-3.59 
A, but varies from 3.03 to 3.37 A in B-form DNA. In 
A-form DNA the rotation per nucleotide about the helix 
axis is only about 30’ but increases to 36’-45’ in B- 
form DNA. Z DNA, a conformation observed only in 
nucleic acids such as poly(dG-dC), poly(dG-dm5C), or 
the halogenated sequence poly(d1-dBr5U), has a left- 
handed helical structure. 

The role of hydration or water content is important 
in determining the structure and dynamics of nucleic 
acids. The repulsive phosphate-phosphate electrostatic 
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interaction is mediated by the dielectric constant of 
water and hydrated counterions, and water content is 
an important factor involved in the various conforma- 
tional transitions that occur in DNA.g X-ray investi- 
gations of the structure of the hydration shells of DNA 
oligomers in single have been reported, as 
well as diffraction studies of the adsorption properties 
of DNA fibers.12-14 The conclusions of the fiber dif- 
fraction studies are summarized below. 

(1) Between 0% and 65% relative humidity (RH) (up 
to W = 6 mol of H20/mol of nucleotide) the phosphate 
oxygens are hydrated. 

(2) The hydration of the base amino, imino, and keto 
groups occurs above 65% RH with W = 13-15. 

(3) The primary hydration shell is completely occu- 
pied at ca. 80% RH and corresponds to W = 20. 
(4) Further hydration is accompanied by swelling of 

the sample, and formation of the second hydration shell. 
The A- to B-form transition is known to occur be- 

tween 75% and 92% RH.9 The exact point of this 
transition has been shown to vary with salt concentra- 
t i ~ n , ' ~ ~  where high concentrations of salt causes in- 
creased water uptake by the DNA, resulting in the 
formation of the B-form structure. The use of high salt 
concentrations in solid-state NMR studies increases the 
likelihood that the local, internal dynamics observed at 
low hydration levels are representative of those motions 
occurring in solution. 
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their data and found that a best fit resulted assuming 
31P-H vector fluctuations of f27' with a time constant 
of 2.2 X s. Similar treatments of the 13C and 'H 
data resulted in base plane fluctuations of f20' with 
a time constant of lo* s and fluctuations of the deox- 
yribose sugar ring of &20° to f 3 3 O  with a similar time 
constant. 

Bolton and JameslG analyzed 31P and 13C NMR data 
on very long DNA fragments using a model developed 
by Woessner20 in which a single internal rotation is 
superimposed on isotropic reorientation, and internu- 
clear vectors diffuse freely. Assumptions regarding the 
absence of collective torsional effects in the relaxation, 
absence of CSA relaxation, and invariance of 31P-H 
distances were made. The general conclusion of these 
studies is that large amplitude local motions occur on 
the nanosecond time scale in long DNA fragments. 
Continuing along these lines, James and co-workers 
performed p r ~ t o n ' ~ ~ ' ~  and 31P19 NMR relaxation mea- 
surements of supercoiled and circular DNA. Remark- 
ably long proton and 31P T1 relaxation times were 
measured (>1 s for protons). These workers concluded 
again that extreme local mobility existed in these 
DNAs. 

Following the publication of the Hogan-Jardetzky 
and Bolton-James studies, Lipari and Szabo21 proposed 
a variety of models of internal motion in DNA including 
two-site jumps, fluctuations of the azimuthal angle of 
internuclear vectors (twisting), and wobbling of inter- 
nuclear vectors. Lipari and Szabo were able to fit a 
variety of models to the Hogan-Jardetzky data, and all 
of these models implies the existence of large amplitude 
internal motion on the nanosecond time scale. 

During the same period as the Bolton-James, Ho- 
gan-Jardetzky, and Lipari-Szabo work, a number of 
theories of internal motion in DNA were developed to 
interpret EPR and nanosecond fluorescence depolari- 
zation data. In particular Barkley-Zimm22 developed 
an elastic model of semiflexible chain macromolecules 
in order to treat internal rotary Brownian motion in the 
DNA helix. From the model, a time distribution 
function of the angular orientation of a fluorescent 
probe embedded in a chain macromolecule was derived 
and used to compute the emission anisotropy. Com- 
parison with published data for ethidium-DNA com- 
plexes indicated that the decay of the anisotropy arises 
primarily from twisting of the DNA helix and to a lesser 
extent from bending. 

Robinson et al.23 developed at  about the same time 
a theory of the EPR response from a spin-labeled in- 
tercalator bound to DNA by solving the stochastic 
Liouville equation. The internal dynamics were treated 
in a discrete model in which disks (base pairs) are 
harmonically coupled together, the entire polymer un- 
dergoing Brownian rotational motion in solution. The 
theory accounted well for the temperature dependence 
of the rotational correlation time 7R as well as the de- 
pendence of T~ on the number of base pairs (N) in the 
DNA. A further study by Robinson and c o - ~ o r k e r s ~ ~  
measured EPR spectra of a family of spin-labeled 
probes noncovalently bound to DNA as functions of 
helix orientation, packing density, and temperature. 
The study indicated the presence of substantial tor- 
sional motion but no detectable bending on the EPR 
time scale. A very interesting feature of this work is 

1.2 Internal Dynamics In DNA: Background 

During the last 10 years, a number of studies of in- 
ternal dynamics in DNA have appeared in the litera- 
ture. It is not practical to review all the literature, but 
a brief survey of selected works will be presented in an 
attempt to represent the state of knowledge and the 
points of controversy. 

In the late 1970s/early 1980s the first NMR studies 
of DNA motion appeared in the literature. Most of 
these efforts were relaxation studies of solutions of DNA 
fragments hundreds of base pairs in length. Many of 
these studies, notably work by Hogan and Jardet~ky, '~  
Bolton and James,lG Bendall and James,17 and Bendall, 
Laub, and James,18 reported large amplitude internal 
local motions at rates in the neighborhood of lo9 s-'. It 
might be instructive to briefly review how these studies 
reached such conclusions. 

Hogan and Jardetzky performed a number of relax- 
ation measurements (Tl, T2, NOE) on 'H, 13C, and 31P 
nuclei in DNA fragments 140 and 260 base pairs in 
length. An analysis of the relaxation data based on a 
two site exchange model for internal motion in ellipsoids 
was performedlg in which internuclear vectors were 
assumed to exist in two discrete configurations. 
Tl and T2 values for 31P as well as 31P[1H] NOES were 

measured for 140 and 260 base pair long DNA frag- 
ments. In fitting their model to the data, the authors 
made numerous assumptions, including neglecting the 
contribution of collective torsional motions to nuclear 
relaxation, assuming that the relaxation of 31P is purely 
dipolar and involves only the 3'-, 5'-, and 5"-protons 
(relaxation by the chemical shift anisotropy or CSA is 
neglected), and assuming that the 31P-H3', 31P-H5', and 
31P-H5" distances do not change as a result of the 
motion. Using these assumptions, Hogan and Jardetzky 
fit their model expressions for T1, T2 and the NOE to 
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an analysis of the temperature dependence of the cor- 
relation time of a propidium probe in terms of several 
models of internal motion. In terms of a model of 
elastic rotational coupling between adjacent nucleotides, 
it was suggested that nucleotide pairs undergo random 
oscillations with a root mean square (rms) amplitude 
of 4 ’4 ’  at room temperature. 

In 1979, Allison and Schurr2” published a dynamical 
model that incorporates the effect of collective torsional 
modes on an elastic fiber. In 1982, Allison et al.25b 
extended this model to include the effect of collective 
torsional modes as well as local reorienting motions of 
pertinent internuclear vectors in harmonic restoring 
potentials within a nucleotide unit, and end-over-end 
rotations of the helix axis. This model was used to 
calculate the dipolar and CSA contributions to T1 and 
Tz of 31P in DNA. These authors demonstrated that 
collective torsional motions can contribute to T1 re- 
laxation and claimed that components of motion on the 
time scale observed by Bolton-James are manifested 
in collective torsional deformations. Torsional defor- 
mations exhibit an unusual correlation function: exp 
( - A / d l ) ,  which results in an unusual field dependence 
of the dipolar and CSA relaxation rates. This model 
further predicts that assuming pure dipolar relaxation, 
31P-H vectors are expected to have rms local angular 
displacements of only 7’ with a relaxation time of 1 ns, 
with collective torsional deformations dominating T,. 
Should the CSA contribution to Tl be as large as 40’70, 
local rms displacements of the 31P-H vector would in- 
crease to 12’ with a relaxation time of 0.2 ns. 

Langowski et a1.26 studied supercoiled DNA by 31P 
NMR and measured a T2 value of 2 ms, which lies well 
within the estimates of an extended Allison et al.25 
model using normal rigidities. These authors ques- 
tioned the results of the Bendall-Laub-James studyla 
and claimed that the conclusions of that study imposed 
upon the DNA one or more extreme properties such as 
enormously reduced bending or twisting rigidities. 

I t  is clear from the above review that the nature of 
internal motions in DNA remains an unsettled issue. 
Part of the reason for lack of unanimity in reported 
views of the details of internal motions in DNA lies in 
the complicated nature of the NMR relaxation study. 
Interpretation of spin-lattice relaxation times in sys- 
tems of dipolar-coupled nuclei can be a very compli- 
cated task, invariably requiring numerous assumptions 
concerning local molecular geometry and relaxation 
mechanism. This is especially true with 31P data where 
a thorough analysis requires inclusion not only of di- 
polar terms in T ,  but also CSA and possibly dipolar/ 
CSA cross terms. Such a treatment requires detailed 
knowledge of local geometry, principle values of the 31P 
CSA tensor, and the orientation of the CSA tensor in 
a molecule-fixed frame. Certain internal motions (Le. 
rotations about the 0-C5 bond axis) would tend to 
change the 31P[H] distance, thus complicating the 
analysis even further. Such bond rotations are generally 
neglected. In a recent analysis of NMR data acquired 
by the Kearns group,27 Schurr and Fujimoto% conclude 
that using their model of DNA motion and certain 
structural assumptions, large amplitude internal mot- 
ions need not be superimposed on collective torsional 
motions to account for the data. However, these au- 
thors conclude that “the low precision of present 
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knowledge about solution structure does not allow a 
definitive statement about the rms amplitudes of local 
angular motions of the bases to be made independent 
of any structural or geometric assumptions”. Thus to 
achieve progress in defining the internal dynamics of 
DNA, it would seem reasonable to seek a spectroscopic 
technique in which motional processes could be studied 
without the necessity of making detailed and possibly 
unsubstantiated assumptions on local structure. 

2.0 Solid-state NMR 

Solid-state NMR, and particularly 2H NMR, has long 
been recognized as being particularly suited to the study 
of polymer dynamics. The advantages of 2H NMR to 
the study of the internal dynamics of DNA are (1) 
Deuterium is a nonperturbing probe. The replacement 
of protons with deuterium has a negligible effect on the 
structure and dynamics of DNA. (2) Deuterium is a 
spin I = 1 nucleus and therefore possesses an electric 
quadrupole moment. The interaction of the nuclear 
electric quadrupole moment with surrounding electric 
field gradients (EFG) dominates the solid-state NMR 
spectrum of deuterium relaxation as well. Because the 
quadrupolar interaction is a single nucleus property, few 
structural assumptions are required to analyze the line 
shape or relaxation. (3) Different types of motion can 
be distinguished through analysis of the 2H line shape 
or through the analysis of 2H Zeeman relaxation. (4) 
The dynamic range of 2H NMR is large. Relaxation 
investigations allow motions from 106-1010 Hz to be 
probed, while analysis of the solid echo line shape allows 
motions in the 104-106 Hz range to be studied. Even 
longer time scale motions can be probed from the study 
of spin-alignment e ~ h 0 s . l ~ ~  This feature of 2H NMR is 
particularly useful because a number of internal mot- 
ions in DNA such as helical bending and RousseZimm 
coil deformations occur at  very long time scales. ( 5 )  A 
disadvantage is that isotopic labeling is required due 
to the low natural abundance of deuterium. This can 
prove to be an overall advantage since unique infor- 
mation can be obtained by site-specific labeling. 

The study of the internal dynamics of DNA by sol- 
id-state 2H NMR involves the interpretation of the in- 
fluence of internal motions on the 2H NMR spectral line 
shape and relaxation. Section 2.1 provides a brief ov- 
erview of the essential elements of 2H NMR. Section 
2.2 presents a review of the quadrupolar line shape and 
describes the effect on the 2H line shape of several 
discrete and continuous motions. Section 2.3 focuses 
on the influence that various types of internal dynamics 
exert on the observed Zeeman (T,) relaxation rate. 

2.1 General Deuterium NMR Theory 

A comprehensive discussion of the principles of sol- 
id-state NMR is beyond the scope of this review. The 
theoretical material presented in this section will be the 
bare essentials, hopefully allowing an understanding of 
the subsequent solid-state 2H NMR investigations of 
high molecular weight DNA and synthetic oligo- 
nucleotides. Those readers interested in a more thor- 
ough discussion of solid-state NMR are referred to 
several excellent and detailed textsW3l and  review^.^^^^ 
Those readers desiring less theoretical detail, however, 
may skip sections 2.2 and 2.3 and proceed directly to 
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the experimental sections 3.0-3.2, where, when the need 
arises, references are made to specific equations in 
sections 2.2 and 2.3. 

In general the Hamiltonian for an NMR spin system 
can be written as a sum of terms 

(1) 

The interaction with external magnetic fields (eext) 
includes the Zeeman interaction with the static mag- 
netic field (7tz = -7IJ3J and the interaction with the 
radio frequency magnetic field of the pulse (7frf = 
-7ZBrf). The Hamiltonian describing the interaction 
with internal or local fields (7thJ can involve couplings 
to other spins (homonuclear and heteronuclear dipolar 
interactions) or coupling to the local environment 
(chemical shift and quadrupolar). 

For nuclei with spin angular momentum 21, 7tht is 
dominated by the quadrupolar Hamiltonian 7tQ, which 
can be conveniently expressed in terms of irreducible 
spherical tensors:34 

7t = H e ,  + 7tht 

2 +I  

I=Om=-l 
BQ = CQC C ( - 1 ) q l m R l - m  (2) 

where CQ = eQ/2h. 
For the quadrupolar interaction on the spherical 

tensor representation of the spin operators is defined 
as 

1 
T2,*2 = 212, 

where the magnetic field Bo defines the z axis of the 
laboratory frame. The EFG tensor is described in the 
principal axis system (PAS) using a spherical repre- 
sentation: 

The parameters eq and 7 are related to the Cartesian 
components of the EFG tensor, V,,, Vw, and V,,, by V,, 
= eq and 7 = (V,, - Vyy) /  V,,. 

The transformation of these tensor elements to the 
laboratory frame is accom lished using the rotation 

The convention 
DL;(CYPY) = exp -i(an + rn’)dt$(P) with rotation 
through the angles (spy) is used.35 The irreducible 
coupling elements expressed in the laboratory frame are 
represented by R!& and are given in terms of the ten- 
sors in the PAS using the relation 

matrix with elements DinIaPr). 8 

2 

n’=-2 
R$$ = C ~2,~W,%(@er) (5 )  

where (W3r) is the solid angle describing the trans- 
formation from the PAS to the lab frame (LAB). 

Since the static magnetic field is large in comparison 
to the magnitude of the internal interaction 7fint, only 
those components that commute with the Zeeman in- 
teraction ([7fZ,7t’,,] = 0) contribute in first order to the 
observed spectrum. This part of the internal Hamil- 
tonian Wht is referred to as the secular component and 
is the only portion considered further. The secular 

a 

b 
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Figure 4. (a) The effects of the first-order quadrupolar per- 
turbation on the energy levels of a spin I = 1 nucleus in a high 
magnetic field. The degenerate transition under the Zeeman 
interaction 7f, are split by quadrupolar interaction 7fQ (b) The 
resulting spectrum for a single value of the quadrupolar interaction 
at w0 i w Q  

orientation-dependent quadrupolar perturbation Ham- 
iltonian is given by 

%Q = ceTW% (6) 
Expressing the coupling tensor in the principal axis 
system using eq 5 gives 

7tQ = CQT.~ 2 p,nm:?h(mr) (7) 

It should be noted that the rotation matrix D$i(@eI’) 
is independent of F. This simply means that in the case 
of the secular quadrupolar Hamiltonian the resonant 
frequency does not vary with ita orientation about the 
Zlab axis. The resulting Hamiltonian is 

7fQ = CeTb20[3 cos2 8 -1 + 7 sin2 8 cos 2@] (8) 

The energy levels for a spin I = 1 nucleus and the 
resulting quadrupolar perturbation are depicted in 
Figure 4. A spin I = 1 nucleus is a three-level system. 
Under the influence of a Zeeman interaction, 7f,, two 
degenerate transitions at  a frequency wo occur. In the 
presence of the quadrupolar %Q, this degeneracy is 
removed, resulting in two transitions at f w g  about the 
Zeeman frequency wo (see Figure 4b), where 

nI-2 

(9) 

The quantity (e2qQ/h) is called the quadrupolar cou- 
pling constant (QCC),  and 7 is called the asymmetry 
parameter. 

Thus far it has been tacitly assumed that only one 
orientation of the EFG tensor with respect to the 
magnetic field Bo exists. If the NMR sample consists 
of domains or molecules where the orientation of the 
molecular axis or director are randomly oriented with 
respect to the magnetic field, a classic powder pattern 
or Pake doublet is obtained which is the superposition 
of these transitions. The spectral intensity I ( w )  inte- 
grated over a frequency range bw = w, - Ob (referred to 
a curve of constant frequency) is equal to the super- 
position of transitions for all orientations 8, @ that 
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ration t,, pulse delays of T ~ ,  and exchange is given b y 7  
P = i[~,7+1 + k(Pd’ - P )  (11) 

where 7+ describes both the quadrupolar interactions 
and the rf pulse, k is the exchange rate, and P is the 
exchange operator. The exchange operator acts only 
on the site labels of the spin operators, such that PI:$’ 

The spin-density operator can be expressed as a linear 
combination of operators forming a complete basis set 

= Itl. 

~ ( t )  Cmi(t)Oi (12) 

In the Liouville representation, eq 11 can be written as 
a set of coupled differential equations 

nii = CLjmj (13) 
I 

whose general solution is 
M(t) = exp (Lt)M(O) (14) 

where the column vector M is composed of the expan- 
sion coefficients given by the relationship in eq 12. The 
signal S ( t )  is obtained by evaluating the trace of the 
product of the density matrix p ( t )  with the operator 
CN,&~ or Et&, where the index (Y labels the site. 

S(t)  = Tr~Cl:lP(t)l (15) 

Evaluation of this trace results in a subset selection of 
the vector M such that a nonzero element implies that 
the operator mi is associated with IX1 or IYl for the site 
(Y in question. 

The general procedure described above is required 
to treat dynamics in the regime where the rate of the 
motion is on the order of w$. In the limit where the 
motion is fast on the time scale of w;, determination 
of the resulting quadrupolar line shape is simplified. In 
this regime the resulting line shape is dependent on the 
equilibrium conformational populations P( Q), and is 
independent of the exchange rate. The analysis of line 
shapes is accomplished through calculation of the av- 
eraged quadrupolar coupling constant QCCeff and av- 
eraged asymmetry parameter qeff such that the resulting 
line shape is defined by 

N 

a=l  

0 !D 

b 

w4 

wb 

6w 0 
Figure 5. (a) Illustration of the constant frequency curve for an 
axially symmetric EFG tensor in stereographic projection. (b) 
The Peke doublet spectra resulting from both transitions is 
composed of two mirror image powder spectra. The shaded region 
corresponds to that in part a. 

correspond to frequencies in the interval. Examples of 
curves of constant frequency and the resulting powder 
pattern are presented in Figure 5. The calculation of 
the intensity for the interval So reduces to determina- 
tion of the area between two curves of constant fre- 
quency w, and Ob 

L ~ ( u )  dw = NL:S,” sin 8 d e  d@ (10) 

The resulting line shapes for random and partially or- 
dered solids have been treated in detail e l~ewhere .~~B~ 

b 

2.2 Dynamic and Motional Processes 

Internal dynamics and molecular motion can modu- 
late the angular-dependent frequencies w If the 
motion is slow on the time scale of w$ the o % servable 
effects on the quadrupolar echo line shape are minimal. 
Spectra in this limit are usually referred to as static line 
shapes, allowing the determination of the static quad- 
rupolar coupling constant QCCstatic and static asym- 
metry parameter qstatic. If the motion is on the time 
scale of w;, distinct spectral distortions of the line 
shape can occur.36 

If the molecular motion is fast on the time scale of 
w$, the resonant frequencies are defined using effective 
v ues of the averaged quadrupolar coupling constant 
QCCeff and asymmetry parameter qefP 

The evolution of the spin system under the influence 
of dynamics can be monitored in the general case 
through the use of the density matrix. The overall 
formalism for the simulation of evolution for a spin I 
= 1 nuclei subject to radio frequency (rf) pulses of du- 

(16) 
The reduction in the quadrupolar coupling constant is 
typically discussed in terms of an order parameter S!,. 
Since the order parameter is not necessarily symmetric 
and its correct use will involve qeff, we refrain from 
utilizing it here and instead define a simpler “reduction 
factor” A to describe the motional averaging of the 
quadrupolar coupling constant. 

2.2.1 Discrete Dynamics 

If the motion is fast in comparison to w;, the eigen- 
values of the motionally averaged or quasistatic EFG 
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tensor TEAS replace the static principal components of 
VKAS. The motionally averaged EFG tensor is an ori- 
entational-dependent average weighted by the equilib- 
rium distribution P(Q) .  For discrete processes: 

Considering only an axial symmetry component ( T ~ ~ ~  
= 0) and the conventions of Torchia and S z a b ~ ~ ~  the 
resonant frequency for an N site libration in the fast 
exchange limit is given by 

N + 2  

1'1 a=-2 
UQ = KBP~OCP,,~') C dl,?(e)d&)(ej) COS [a(4j - *)I 

(19) 
where @ = f(3/2)i/2eQ/2h, ,om = (3/2)'I2eq, and p 0') 
is the equilibrium probability of j th  site. The anaes 
8 and 0 describe the orientation of the magnetic field 
in the crystal frame, while d j  and 4.  describe the ori- 
entation of the crystal frame in the $AS of the j th site. 

In the analysis of experimental 2H NMR line shapes 
obtained from selectively deuterated DNA, a number 
of discrete motional models will prove useful. The 
procedure for obtaining expressions for unequal site 
probabilities is to diagonalize the averaged EFG tensor 
V, allowing the eigenvalues or principal components to 
be determined by inspection. For the case in which the 
static EFG tensor is axially symmetric in the PAS 

(20) 

the EFG tensor in a given site ( O j )  is obtained from 
VPAS using the orthogonal transformation r( 

v(ej) = r+(flj)VPASr(Qj) (21) 

It follows from the axial symmetry of VPAS only two 
Euler angles Oj = (flj,4j) are required to orient V(Oj), 
resulting in 

e9 
2 

vcnj,=- - x 

32 sin 24j sin2 e, 1 - 3 sin2 +j sin2 ej -312 sin $j sin 
1 - 3 cos2 4, sin2 ej 3 2  sin 24j sin2 ej 

3 2  cos +j sin 20, -34 sin +j sin 2ej 

32 cos 4j sin 2 3  

1 - 3 cos2 ej 

(22) 

The averaged EFG tensor resulting from a 2-fold li- 
bration or 2-fold jump with a half-angle Bo is obtained 
using eqs 18 and 22 to give 

v = -  - 1 0  ) (23) 

where the difference in equilibrium site populations is 
given by = [p (1) - p (2)]. Diagonalization of this 
averaged tensor a o w s  th: principal components to be 
easily determined. Contours depicting the variation of 
the reduction factor A and qeff as a function of the 
half-angle Bo and site probability peq(l) are presented 
in Figures 6 and 7. The variation in line shape is found 
to differ slowly with p&), suggesting that a wide range 

1 - 3 sin' eo o 5;2(3/2) sin 2e0 - 
5;2(3/2)sin200 o l - 3 c o s 2 e o  
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VI" I I I I I 1 

0.0 0.1 0.2 0.3 0.4 

P d l )  
Figure 6. Variation in the reduction factor A for a discrete 
two-site jump as a function of equilibrium population p&) and 
the half-angle of displacement, 0, Contours are shown for specific 
values of A; 0.99 (- .), 0.98 (e .), 0.97 (- -), 0.96 (-), 0.95 (- .). 

20.0 - 
15.0 - 
10.0 - 
5.0 - 
0.0 

0.0 0.1 0.2 0.3 0.4 

P& 
Figure 7. Variation in the effective asymmetry parameter veil 
for a discrete two-site jump as a function of equilibrium population 
p,(l) and the half-angle of displacement 0, Contours are shown 
for specific values of teff; 0.01 (- -), 0.02 (. .), 0.03 (- .), 0.04 (-), 

of site populations could easily account for small ob- 
served values of qefF 

Expressions for a four-site libration are obtained in 
the same manner as described above. Assuming the 
libration is characterized by half-angles do and &,, the 
averaged tensor is obtained again using eqs 18 and 22: 

0.05 (- -). 

- 3 COS2 '$0) 1 b: + &(I - 3 sina e,) o 

&(3/2) sin 2% 

5;(3/2) sin 28, 

s&(i - 3 cos2 e,) + 
+ b4(1 - 3 sin2 -&-,(3/2) sin 29, 

+:(3/2) sin 2q0 (. (24) 

where E$ = [peq(i)  f peqO')]. Contours showing the 
behavior of Teff and A as a function of the half-angles 
Bo and $ J ~  for different site populations are presented 
in Figure 8. 
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40.0 

35.0 { 
25.0 

. .  i 1 1 4  
0.0: 1 1 1  'i I I I 1 I I 

43 

0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45 

Figure 8. Variation in the reduction factor A and the effective 
asymmetry parameter T~~ for a discrete four-site libration as a 
function of the two half-angles of displacement Bo and r j 0  with 
the equilibrium populations peq(l) = p,(2) = p (3) = p,(4) = 
0.25. Contours are shown for specific values 3 A (lower left 
concentric circles), 0.99 (- e) ,  0.98 (. .), 0.97 (- -), 0.96 (-), 0.95 
(- -), and specific values of veff, 0.01 (- -), 0.02 (* .), 0.03 (- e), 

0.04 (-), 0.05 (- -). 

The final discrete model which will prove useful in 
our discussion of DNA line shapes is the trans-gauche 
isomerization between three sites defined by the angles 
$1 = Oo, $2 = 120°, $3 = 240' and 8. The averaged EFG 
tensor for this three site jump motion is 

v = -  eq x 
- 

2 

~ ~ ~ ( 1 x 1 -  3 sin2 e)  + -&(333/4) sin2 e p,(ix3n) sin 2e 
G(1- 314 sin2 e)  p,(i) + +33/4) sin 213 

<;(333/4) sin2 e S,',CI - ~ 4 )  sin2 e) -~,;(343/4) sin 2e 
p,(lX3/2) sin 28 +23(343/4) sin 2e 1 - 3 ma2 e 

4 4 3 1 4  sin 213 

(25) 

Contour plots displaying the behavior of A and qeff as 
a function of the site populations are shown in Figures 
9 and 10. 

2.2.2 Continuous Dynamics 

The quadrupolar line shape resulting from fast con- 
tinuous dynamics is obtained in a manner analogous to 
that for a discrete process. The residual or averaged 
EFG tensor B(3) is a weighted average based on the 
equilibrium distribution of molecular orientations P( 3). 
For continuous processes, this is given by 

V(3) = p n  P(O)V(O) (26) 

where the equilibrium distribution is determined by the 
potential U(Q) through the Boltzmann distribution 

P(3)  = Z-'e-U("M (27) 

where 2 is the partition function, the parameter /3 is 
identified with l/kBT (T is the absolute temperature 

0.0 d.z d.4 d.6 d.a i 
P e d i )  

Figure 9. Variation in the reduction factor A for a discrete 
three-site jump as a function of the equilibrium population p,(i) 
and the relative ratio of the remaining fractions [P,G) - p,- 
( k ) ] / [ p  (j) + p,(k)] .  Contours are shown for the specific values 
of A: 035 (- -), 0.90 (e e), 0.85 (- -), 0.80 (-), 0.75 (- a), 0.70 
(~~),0.65(--),0.60(-),0.55(--),0.50(~*),0.45(--),0.40(~). 

s 0.2 

h - -0.2 

I -0.4 

g -0.6 
h 

v 

0.0 0 2  0.4 0.6 0.8 1 
Peq(i) 

Figure 10. Variation in the effective asymmetry parameter ' 1 ~ 8  
for a discrete three-site jump as a function of the equilibrium 
population p (i) and the relative ratio of the remaining fractions 
Ip,(j) -p , (kf / [p , ( j )  + p (k)]. Contours me shown for specific 
values of qeff; 0.02 (- -), 0.03 (. a), 0.60 (- a) ,  0.08 (-), 0.10 (- -). 

and kB is the Boltzmann constant). 
The fast limit line shape for a CD bond undergoing 

motion within a harmonic potential is obtained using 
eqs 22 and 26. The harmonic potential is defined as 
W O O )  = f8; or U($,) = f& sin2 8, depending on whether 
8 or is allowed to be time dependent. Two distinctly 
different motional processes involving a harmonic po- 
tential are presented. 

The first process considered can be described as a 
continuous libration and is depicted in Figure 11. The 
potential is U(Bo) = f88, with the angle of displacement 
defined as Bo and the force constant f. The potential 
is symmetric about 6 = 0'. This results in equilibrium 
populations P(Q) = P(-Q),  reducing the integration 
range to S; in the analysis. Analytical expressions for 
individual tensor elements were obtained by evaluating 
the integral over the range So". Extension of the upper 
limit to infinity is justified because the exponential of 
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u =  re,' 

00 

Figure 11. Representation of the continuous librational harmonic 
potential defined by U@,) = f0: where f is the force constant and 
Bo is the angle of displacement from equilibrium. 

a 
1 

J 

b 
8 -I I 

f 
Figure 12. Variation of (a) the reduction factor A and (b) the 
effective asymmetry parameter vSff for a continuous librational 
motion in the one-dimensional harmonic potential U(0,) = f0: as 
a function of the force constant f. 

the Boltzmann distribution dominates the first terms 
in the integral. The resulting averaged EFG tensor is 

1 - 3 cos2 0 sin2 e, 34 sin a sin2 e, 
3/2 sin 

o 
1 - 3 sin2 0 sin2 80 0 
0 

sin2 Bo 

(0 (29) 

It should be noted that the angle Cp commutes with CP 
(which is the angle describing the crystal to lab trans- 
formation). This commutation produces averaged 
line-shape parameters QCCefl and qeff that are invariant 

V 

$0 

Figure 13. Representation of the one-dimensional harmonic 
potential defined as U(&J = f& sin2 0, where f is the force constant 
and do is the half-angle of displacement. The angle between the 
V,, element of the EFG tensor and the motional axis is defined 
as 0. 

0.0 3, 
0.0 5.0 10.0 15.0 20.0 25.0 30 

f 
Figure 14. Variation of the reduction factor A for the one-di- 
mensional harmonic potential U(I#JO) = j& sin2 0 (see Figure 13) 
as a function of the angle 0 and the force constant j .  Contours 
are shown for specific values of A: 0.99 (- .), 0.98 (. a), 0.97 (- 

to changes in Cp. This invariance to Cp allows the value 
of 9 = 0 to be used without loss of generality, and re- 
sults in a diagonal averaged EFG tensor. The behavior 
of A and qeff with variation in the force constant is 
shown in Figure 12. At low force constants, motion in 
the plane is nearly uniform, resulting in the reduction 
factor A = l/z as is expected. In this limit the motion 
is also symmetric, leading to an averaged asymmetry 
parameter qeff = 0. With increasing force, constant A 
approaches the value of 1. This simply reflects the fact 
that with a steep harmonic potential the dynamics are 
reduced, restricting the deuterium to a limited range 
of the potential with little motional averaging. The 
behavior of the average asymmetry parameter with in- 
creasing values of the force constant shows distinct 
maximum of qeff = 1 at f = 0.95kBT, followed by a 
steady decrease with higher values off. 

A similar continuous motional model is depicted in 
Figure 13. The dynamics are governed by the potential 
U(4) = fCpg sin2 0. The motion occurs on the edge of a 
cone defined by the time-independent angle 8. In the 
limit that 8 = 90°, this is equivalent to the continuous 
libration within a plane discussed above. For other 8 
angles the dynamic process is expected to have differing 

-), 0.96 (-), 0.95 (- *). 
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where 7fz refers to the Zeeman interaction, is the 
time-dependent quadrupolar Hamiltonian, and ( 7 f ~ )  
is the time-independent or static component of the 
quadrupolar interaction. Transformation of the Ham- 
iltonian to the interaction frame of So = 7f2 + (%,) 
using the unitary operator U = exp [-i7fot] allows the 
evolution of the density matrix to be written as 

dp'/dt = - i [%'r( t ) ,p']  (32) 
where p' = UpU-' and the transformed relaxation 
Hamiltonian [%',(t)] is given by 
%'r(t) = U(%Q(t) - (WQ(t)))U-' = U%,(t)U-' (33) 

Evolution of the density matrix under the relaxation 
Hamiltonian 7fr is governed by a master equation, 
which is best framed in terms of the relaxation Ham- 
iltonian expressed in an irreducible tensor basis: 

(34) 

The master equation is written in the interaction 

+2 

m=-2 
7f , ( t )  = CQ C (-1)mT2m&-m 

where CQ = eQ/2h. 

frame of the Zeeman Hamiltonian as 

dp*/dt = i [ p * , (  S Q ) ]  - c2 
+2 
I3 (-I)"'+" exp (i(m + 

&m(Rz-m(t)Rz-m4t - 7)) exp (-im'u07) d r  (35) 

where p* is the density matrix in this new rotating 
frame 

p* = VpV-', V = exp (i7f2t) (36) 
Also note that the operators Tl, are modified by a 
factor of exp (*iw,t) due to the static component ( H,), 
but since WQ << wo, these factors are ignored. 

In the determination of relaxation rates only slow 
changes in the elements of the density matrix are of 
interest, not the rapid oscillations on the order of the 
Larmor frequency oo. Inspection of eq 35 reveals that 
only those secular terms with m = -"need to be re- 
tained, resulting in the evolution expression 

m=m'=-2 

m?wot)[Tzm[Tzm~,P*(t) - &I1 X 

+2 

m=-2 
dp*/dt = i [ p * , ( 7 f Q ) l  - (cQ)z C [T2m[T2-m,P*(t) - 

pi11 X Sm(R2-,(t)R2,(t - T))e-i> d~ (37) 

c'm(t) = (R,-m(t)R,m(t - 7)) (38) 
followed by a redefinition of time scales and rescaling, 
leads to the autocorrelation function 

(39) 

The spectral density function is related to the auto- 
correlation function by the cosine Fourier transform 

@j(mwo) = (-l)m21mCm(t) cos (ut) dt  (40) 

The relaxation of individual elements of the spin- 
density matrix can be expressed in terms of the spectral 
densities presented in eq 40. The relaxation of the 
Zeeman polarization, also referred to as spin-lattice 
relaxation, is obtained by examining the evolution of 
the coefficient m,, of the operator I ,  

0 

Defining the correlation function 

c m ( t )  = (&-m(O)R2m(t) ) / ( P ~ o ) ~  

0 

0.0 ,, 
0.8 5.0 10.0 15.0 20.0 25.0 30 

f 
Figure 15. Variation of the effective asymmetry parameter qeff 
for the one-dimensional harmonic potential V(4,) = f& sin2 B (See 
Figure 13) as a function of the angle B and the force constant f. 
Contours are shown for specific values of 0.01 (- -), 0.02 (. 

effects on the line shape. The averaged tensor is 
evaluated as described previously, resulting in 

e) ,  0.03 (- e), 0.04 (-), 0.05 (- -). 

1 - 3 cos2 $, sin' e o 

3/2 cos +o sin 20 0 

W2 cos sin 28 

1 - 3 COS' e 
1 - 3 sin2 Q~ sin' e o ::. (30) 

The influence of the angle 6 and the force constant 
f on the line-shape parameters are shown in Figures 14 
and 15. It is interesting to note that if B = 0 the motion 
has no effect on the line shape since the C-D bond 
points along the axis of motion. 

2.3 Zeeman Relaxation 

In this section the effect of molecular motion on the 
observed Zeeman relaxation rate will be considered. In 
particular, expressions for the Zeeman relaxation rate 
corresponding to a number of motional models relevant 
to the study of the internal dynamics of DNA will be 
derived. As was mentioned earlier, 2H NMR relaxation 
is particularly convenient to analyze because the re- 
laxation dynamics of deuterium are dominated by the 
quadrupolar mechanism. To appreciate this consider 
that the quadrupolar coupling of a deuterium nucleus 
bound to an aliphatic carbon is typically on the order 
of 150-200 kHz. In comparison, the dipolar interaction 
between a deuteron and a proton is only on the order 
of 10 kHz, and the dipolar interaction between two 
deuterons is even smaller. Therefore, to an excellent 
approximation, in systems of deuterium nuclei, Zeeman 
relaxation is dominated by fluctuations of the quadru- 
polar interaction, which in turn are produced by mo- 
lecular motions. To express these fluctuations the total 
Hamiltonian can be rewritten, in the absence of a radio 
frequency field, as29932*33 

7f = 7fz + ( H Q )  + ( 7 f ~ ( t )  - ( 3 f ~ ( t ) ) )  (31) 
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h z l  = -(&I - %4)/Tl (41) 
where the initial equilibrium density matrix contains 
only the matrix element mzf. This leads to the well- 
known expression 

Similarly the decay of quadrupolar order is given by: 

1 
(43) 

In the absence of rf fields, the decay of the quadru- 
polar echo intensity may be described by the relaxation 
of the two transverse components of magnetization that 
decay to zero as exp ( - t /T2J  where 

(44) 

and 

(45) 

(46) 
The decay of the quadrupolar echo as a function of the 
pulse delays 71 and 7 2  determines T2e. This should not 
be confused with inhomogeneous decay G, which de- 
scribes the dephasing of magnetization in the transverse 
plane. This dephasing is refocused by the quadrupolar 
echo pulse sequence. 

2.3.1 Models for Localized Motions 

Localized internal motions in DNA such as base li- 
brations, sugar ring conformational interconversions, 
and motions of the phosphodiester backbone may be 
modeled as discrete jumps and in some cases continuous 
librations about one or more axes. In this section 
correlation functions for several models of single axis 
and multiaxis discrete jump-type motions will be 
presented. 

Recall that the elements RIm can be constructed from 
the irreducible coupling elements described in the PAS 
through 

+1 

n'=l 
R l m  = C p , n t D f L ( Q ( t ) )  (47) 

The time-dependent fluctuations in Rl, can result from 
changes in Q = (a,@,r) or from changes in the principal 
values pLnr(t) .  We will consider only the case where the 
time dependence results from motional variation in the 
orientation angle Q ( t ) .  The Ti relaxation rate for deu- 
terium is dominated by the quadrupole coupling 
mechanism; thus only second-rank coupling compo- 
nents are nonzero. Utilizing the symmetry relationship 
of the rotation matrix DgKdQ) = (-l)m-m'D!2-mdQ) ex- 
pression of the correlation function in the PAS system 
yields 

P2nP2n1 

nnba'=-Z ( ~ 2 0 ) ~  
C,(t) = E - ( DE*( Qpc (0)) DA24 lQp, ( t )  1 ) X 

(D~~(Qcl(0))D~2~(QcI(t))  ) (48) 

where the Euler angles @cl,cycl are the spherical polar 
angles (e,@) describing the orientation of the crystal 
axis in the laboratory frame. The approximation of 9 
= 0 is valid for deuterium bound to carbon (especially 
for aliphatic deuterons) producing an axially symmetric 
coupling tensor that contributes only terms with n = 
n' = 0. Each term in the sum is assumed to be the 
simple product of two functions 

+2 

aa'=-2 
c m ( t )  = C Caa4t)Gaa*mm(t)  (49) 

where 
caa4t) = (D~2,"(Q,,(o))D~)dQ~,(t)) ) (50) 

is the internal correlation function describing the 
motion of the C-D bond in the base pair reference 
frame, and 

is the correlation function describing the motion of the 
base pair subunit in the laboratory reference frame. 

Expressions for spin-lattice relaxation in solids for 
various motional models were treated extensively by 
Torchia and Szabo.% They presented explicit expres- 
sions for the correlation function Ca&) and the re- 
sulting Ti relaxation for N site jump motions. In the 
following section the two site and three site jump 
models will be investigated, including a characterization 
of the anisotropic behavior of Tl relaxation across the 
powder pattern. This jump formalism will be extended 
to investigate TI relaxation for an asymmetric four-site 
jump. 

Correlation functions for an N-site jump are obtained 
using the formalism presenetd by Szabo and Witte- 
b0 r t . 4~*~~  In general the correlation function for a jump 
process is given by 

Gaajmm(t) = (D~~(e(o)@(O))Dj(e(t)@(~)) ) (51) 

(f(Q(O))g(Q(t)) ) = Cf(Ql)P,q(I)g(Q2k)P(ktl10) (52) 
kl 

where peq(l) is the probability of configuration 1 at  
equilibrium and p(ktlZ0) is the conditional probability 
that if site 1 is occupied at time t = 0 site iz will be 
occupied at  time t ,  subject to the initial conditions 

(53) p(kt(Z0) = 8 k l ,  t = 0 
lim p(ktlZ0) = p,,(k) (54) 
t-- 

It has been assumed that the probability of site i at time 
t (pi@)) satisfies the master equation 

(55)  

where Rii is the exchange rate between site j and i. The 
correlation function can now be determined from the 
eigenvalue problem 

RX = -AX (56) 
The correlation function is now given by 
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with the equilibrium populations being peq(l) and 
p,(2). The interconversion is represented by the two 
rate constants 

W k )  
Figure 16. Variation of the powder average spin-lattice relaxation 
(TI), as a function of the jump rate k, for a two-site jump of equal 
site probabilities. All calculations are for the resonant frequency 
(wo/2r) = 76.75 MHz and a quadrupolar coupling constant of QCC 
= 170 kHz. Relaxation curves for different angles of displacement 
Bo are shown: 6” (- -1, 8” (. -1, 10” (-1, 12” (- .I, 14” (- - -1. 

where A, and X” are the rzth eigenvalue and eigenvector 
of the diagonalized R matrix, and Qj describes the 
orientation of site j .  

In deuterium studies relaxation rates are often de- 
termined from quadrupole echo intensity. This so- 
called “powder average” is the spatial average of all 
orientations and neglects the anisotropic behavior of Tl 
relaxation. The error introduced by this method is 
often small and the simplification in calculating T, 
expressions is significant. It is possible to take the 
explicit T1 expression and determine the powder av- 
erage by integration over all spatial orientations (either 
numerically or analytically). The same result can be 
obtained more easily if the averaging is taken into ac- 
count in the original Tl derivation. The effects on the 
correlation function Gaajmm(t) are easily determined 

(D~~(e (o )a (O) )Dj (e ( t )~ ( t ) )  ) = 

revealing that the spectral density is independent of m. 
In the case where the correlation function Gm’,,,,,,(t) has 
no time dependence (i.e. the crystal does not move with 
respect to the laboratory frame) the orthogonality re- 
lationship g i v e ~ ~ ~  

6” ( D ~ ~ * ( e ( O ) ~ . ( o ) ) D ~ ~ ( e ( t ) ~ ( t ) )  ) (58) 

Jd(Qc,) DgN(aJDhn(QJ = 

((8r2)/(21 + 1))6L,[aM,m6N,n (59) 

such that only diagonal terms of G,,,, survive, con- 
tributing a normalization factor of 1/5. Inserting these 
results into eq 49 gives 

(60) 
1 +2 

In this manner the powder average T1 expressions can 
be quickly determined. 

As a simple example, consider a 2-fold jump motion.% 
Using the relation between the Euler and spherical 
polar angles, ( B p C , ~  ,) = ( 8 , ~  - 41, where (6,4) are the 
spherical polar angis  describing the orientation of the 
PAS V,, tensor element in the crystal frame. The 
orientation of the PAS V,, tensor element is specified 
by apt. For a two-site jump the orientations are de- 
scribed by dl = 8, and $1 = Oo and O2 = 8, and & = 180°, 

c(t) = - C c a a ( t )  
5a=-2 

The equilibrium populations must satisfy microrever- 
sibility producing 

(62) 

The internal correlation function for a two-site jump 
is given by 

c:;qt) = d~)(sO)d~)~6,)r;I~~(t) (63) 

r;lj(t) = (exp (ia40(0)) exp (-ia’4,(t))) (64) 

Peq(1) = k21/(k12 + k21) 

Peq(2) = k d ( k 1 2  + k21) 

where 

With eq 52, this correlation function is 

r;Ip(t) = beq(1) + ( - l ) a ~ e q ( 2 ) 1 b e q ( l )  + 
( F I ) ~ ’ P ~ ~ ( ~ ) I  + e-t’7c~eq(l)~eq(2) [1 - [1 - (-I)”’] 

(65) 

with the correlation time rC being defined as 7, = 1 / k 1 2  + Kzl .  It is important to note that the only time-de- 
pendent terms of I’$’P(t) that have nonzero diagonal 
elements are a = a ’ =  f l ,  and a = -af = fl. Full T1 
expressions have appeared in the literature (see eq 37 
and Table 2 in ref 38) and will not be reproduced here. 
In the extreme narrowing limit (wr, << l), the relaxation 
expression becomes 
1 - =  

m 

(66) 

The powder average expressions for a two-site jump 
are easily determined from eqs 63 and 64, where only 
the components with a = a’ = f l  contribute to the 
spectral density. The internal correlation function re- 
duces to 

C$p(t) = 3peq(l)peq(2)e-t/Tc sin2 28, (67) 

which yields the powder average relaxation expression 

2 

c ‘1 

47c 1 sin2 28, (68) 
1 + 7:wg 1 + 4 r f 4  

Figure 16 shows ( TI) relaxation for a two-site jump of 
equal site populations as a function of 60 and jump rate 
k. Utilizing these expressions the rate of motion can 
be determined from Tl measurements. 

The internal correlation function for an N equivalent 
site jump ( N  L 3) has also been obtained.38 The ori- 
entations of the N sites are assumed to be 6, = 8 = Ppm 
and bj = 27rj f N ,  j = 0,1, ..., N - 1. The rate constant 
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between site j and j + 1 is k. The internal correlation 
function is the same as in eq 63 with 
Fa&) = exp [-4kt sin2 (ra/N)] a = a’(mod N) 

(69) 
A three site nearest neighbor jump model can describe 
the internal dynamics of a methyl group. For equal 
rates the correlation time 7, is defined as 7, = (3k)-’. 
The nonzero elements of the internal correlation 
function are 

= 0 otherwise 

r%(t) = 1 a = a ’ =  0 
= e-t/rc a = a’ = f l ,  f 2 ,  and la - a1 = 3 

(70) 
The fact that the three-jump model I’$(t) is nondiag- 
onal leads to nonexponential decay, a result of the TI 
expressions being dependent on both the angles 8 and 
a, while the line shape is a function of the angle 8 only. 
In general this nonexponential decay is difficult to ob- 
serve experimentally and vanishes in the extreme nar- 
rowing limit. Full TI expressions have been presented 
earlier (see eq 39 and Table 2 of ref 38) and will not be 
reproduced here. In the extreme narrowing limit (UT, 

<< l) ,  the T, relaxation for a methyl group (0 = PPm = 
70.5O) is still dependent on the angle of the orientation 
of the C3 symmetry axis 
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(71) 
- 1 = -( 4 -) 3e2qQ T , ( l +  cos2 e) 
Ti 9 4h 

Powder average relaxation expressions are obtained 
recalling that only the diagonal terms (a  = a? contrib- 
ute in the internal correlation function. The time-de- 
pendent terms of C$(t) that survive are a = a’ = f l ,  
f 2 .  By utilizing eqs 58 and 61, the powder average 
relaxation expression ( T,) becomes 

3.2{sin4 e + sin2 28]g(s,,2w0)] (72) 
where g(T,,wO) = T J ( ~  + U ~ T : ) .  

Powder average (T,) expression were obtained using 
the formalism of a N-site jump. The asymmetric 
four-site libration is described by the site orientations 

(73) 

If the equilibrium site populations are considered to 
be equal [p (i) = 0.251, a global jump rate k defines the 
dynamics. 3iagonalization of Rij for an all-site jump 
results in the powder average relaxation shown in Fig- 
ure 17 as a function of the jump rate k, the angles Bo 
and @o, and the resonant frequency wg. 

Expressions for T1 relaxation involving more com- 
plicated models can be obtained following the same 
procedure. The effects of several distinct motions on 
the internal correlation function C,(t) can be obtained 
by following the multiaxis approach of W i t t e b ~ r t . ~ ~  
Recalling the definition of the internal correlation 
function given in eq 50, expressions for multiaxis models 
can be obtained by successive transformations of the 
Wigner rotation matri~es.4~ Assuming that all internal 
motions are independent, the required internal corre- 

a, = (o,eo,o) a, = (0,4~,90) a3 = (o,-eo,o) 
a4 = (o,-40,90)’ 

W k )  
Figure 17. Variation of the powder average spin-lattice relaxation 
(TI), as a function of jump rate k, for a four-site libration with 
equal site probabilities. All calculations are for the resonant 
frequency of (00/27r) = 76.75 MHz and the quadrupolar coupling 
constant QCC = 170 kHz. Relaxation curves are presented for 
different amplitudes of displacement: eo = lo’, 90 = 5’ (. -1; 00 - - 100, $o = io0 (- .); eo = 100, $o = 150 (- - -1; o0 = 100, 4o = 
20° (- -), and Bo = loo, @o = 25’ (-). 

lation function C,, ( t )  for n different motional frames 
is 
( DiPT Q,,(o) ) D/&fi,,(t) ) ) = 

+? 

I .  . . .  
(D~~~’(a,c(o))Db?~,~an,(t,, ) (74) 

where Qpl and am are the Euler angles for the PAS to 
the first internal axis, and the nth axis to crystal 
transformation, respectively. This expression allows 
multiaxis motions of the methyl group in the labeled 
oligonucleotide to be addressed, but can be easily ex- 
tended to describe motions at other sites if the appro- 
priate correlation functions are used. 

2.3.2 Models for Motion of the Helix 

Accounting for helix motion within the oligo- 
nucleotide was accomplished with the internal corre- 
lation function CHlx(Q(t))  using eq 72, and restricting 
the evaluation of TI to powder pattern averaged ex- 
pressions (a = a?. Here it is assumed that all motions 
are contained in the internal correlation function C&). 
It can be shown that this is equivalent to taking the 
helix motion correlation function C,Hbf(Q(t)) into con- 
sideration during the crystal to lab transformation. The 
internal correlation function is then factored into var- 
ious individual terms and assuming these motions are 
uncorrelated the expression is 

c9 

. . .. .. 
(75) 

where f i i j  represents the Euler angles for the i-to-j frame 
transformation, and an, represents the nth frame-to- 
crystal axis transformation. If the angles a,,,P,, are 
considered to be time independent, the helix motion is 
described by the time dependence of y,,(t) and repre- 
sents motion about the long axis of the oligonucleotide. 
The angles am,& lack time dependence, but are crucial 
in describing the orientation of the helix motions with 
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Figure 19. Variation of the powder average spin-lattice relaxation 
( T I ) ,  as a function of the helix diffusion constant D, for a multiaxis 
motion involving a restricted helix motion and a methyl three-site 
jump (see the text). All calculations are for a resonant frequency 
of (u0/27r) = 76.75 MHz, Ppm = 70.5', Pm = 90°, a three-site jump 
rate of k = 9.8 X 1O'O Hz, and a quadrupolar coupling constant 
of QCC = 159 kHz. Relaxation curves are presented for different 
amplitudes of restricted helix motion yo: 6' (- - -), 12' (- a), 

The series falls off as l/n2 and the expression converges 
quickly, requiring only a limited number of terms in the 
infinite sum. To simulate restricted helix diffusion for 
a methyl-labeled dodecamer the correlation function 
given in eq 79 is substituted into eq 76. Figure 19 shows 
(T,)  relaxation for a combined methyl group three-site 
jump and a restricted helix motion as a function of the 
diffusion rate D and the angle of maximum displace- 
ment yo. 

The final model for helix motions is the collective 
torsional model developed by Schurr and co-work- 
emw9 This model treats the oligonucleotide as a linear 
array of N + 1 identical rods connected by Hookean 
springs opposing torsional and bending deformations. 
For short fragments of DNA, or in the case of oligo- 
nucleotides at low hydration levels, bending deforma- 
tions can be neglected (i.e. setting any bending corre- 
lation function equal to 1). The exclusion of bending 
and tumbling may not be fully justified at  high hy- 
dration levels. The internal correlation function for a 
three site jump methyl motion and collective torsional 
motion used for powder average ( T1) relaxation calcu- 
lations is given by 

18' (- -), 24' (. e) ,  30' (-). 

+2 

Caa(Qpc(t)) = C cM(t)aiia(t) 
bb'=-2 

where the twisting correlation function is 

Qtia(t)  = exp ( - iamc(b  - b ? ) d ~ ( P m c ) d b ? ~ ( P , , ) r ~ ~ ( t )  
rZF(t) = (exp[ia(y(t) - r(0))l) (82) 

As discussed earlier, the angles a,, /3,, describe the 
orientation of the helix axis with respect to the jump 
axis. Setting a, to zero corresponds to one of the jump 
sites in the methyl being parallel to the helix axis. In 
the previous two sections a methyl-jump motion was 
been used in conjunction with different helix motions, 
but other types of motions can be employed. A two-site 
jump or libration correlation function Ck$(t) or a com- 
bined methyl-libration correlation function could re- 
place the methyl correlation function CE(t ) .  In the 
instance of a two-site jump, the angle amC = 0" or 90" 
orients the direction of the libration parallel or per- 
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pendicular to the helix 2 axis, respectively. The angle 
Om, = 90' orients the C3 symmetry axis perpendicular 
to the helix 2 axis. 

This torsional model was used previously to describe 
the internal dynamics in base-labeled oligonucleotides.s0 
In that study a two site jump model and a torsional 
helix motion was used to describe the dynamics. Un- 
fortunately, the transformation between the jump axis 
and the helix axis was overlooked. This omission cor- 
responds to setting &, = Oo, placing the CD bond al- 
most parallel to the helix axis (the 2 axis of the two-site 
jump is parallel) and corresponding torsional motions. 
In this orientation, motion about the helix axis is not 
expected to have a major effect on relaxation. Similar 
observations have been noted for fluorescence depo- 
larization and 13C NMR.51952 This missing transfor- 
mation stimulated Kintanar and co-workers to remove 
portions of the internal correlation function that can 
contribute to the spectral densities. The (TI) relaxation 
for the base and methyl group studies will be compared 
using the formalism presented below. The twisting 
correlation function for the mth subunit is given by 

exp (-a2Dl,t) exp (-a2[ C d f Q W  - exp ( - t / ~ J ) l )  

(83) 

[rFIm = 
n+l 

1=2 

where 

Chemical Reviews, 1991, Vol. 91, No. 7 1550 

df = kBT/4a sin2 

The parallel diffusion rate is represented by D,,, 71 
corresponds to the relaxation time of the Zth mode, and 
d: represents the mean displacement of the Ith mode. 
The remaining symbols include the rotational friction 
factor y, the torsional force constant a, the absolute 
temperature T, the Boltzmann constant kg, and, finally, 
the transformation matrix Qml, which is given by 
Qml = [2 / (N + 1)]'12 COS [ (m  - 1/2) 

( I  - l ) n / ( N  +1)] 1 1 2 (84) 

The previous 2H NMR relaxation studies that em- 
ployed collective torsional modes utilized analytical 
expressions for the various time zones of the correlation 
function, but for sufficiently small subunit numbers, N 
< 50, direct use of the correlation function in eq 83 is 
possible. If the relaxing motion occurs a t  a time t 
sufficiently large (t  >> 72),  the exponential terms in the 
sum of eq 83 will approach a limiting value and con- 
tribute to the scaling factor B(m), while in the first term 
in rM contributes a single exponential decay. This time 
zone is call the uniform mode zone and the correlation 
function is given by 

[r:~(t)i, = exp (-a2Dllt)[Ba(m)Im (85) 

where 
N+ 1 

1=2 
[&,(=)I, = exp (-a2[ C dfQkll) (86) 

For a small number of base units this expression can 
be obtained exactly and, for the dodecamer, presents 

"'......... ..............,.. ....... .. ....................... , ............. .....-......_.... v 

A:] \ 7 _._.__._._.....--.. 
.... ----- I , -600 ;sw-*- , -440 , 

\------- ----- 
------- 

n 

+.68.0 -52 0 

Ln(7) 
Figure 20. Variation of the powder average spin-lattice relaxation 
(TI), as a function of the friction factor y, for a multiaxis motion 
involving a collective torsional motion and a methyl three-site 
jump (see the text). All calculations are for a dodecamer with 
a torsion constant a = 4.0 X dyn cm, a resonant frequency 
of ( w 0 / 2 r )  = 76.75 MHz, &,,, = 7 0 . 5 O ,  pm = 90° (unless otherwise 
specified), and a quadrupolar coupling constant of QCC = 159 
kHz. Relaxation curves are presented for different methyl 
three-site jump rate; ,f3, = Oo, k = 9.8 X 1O'O Hz (a  e); k = 9.8 X 
1O'O Hz (-), k = 3.3 X 1O'O Hz (- -), k = 3.3 X lo9 Hz (- .), k 

no computational difficulty. For short oligonucleotides, 
higher torsional modes are not expected to contribute 
significantly and manifest themselves in a reduction of 
B(w)  and the residual amplitude of the uniform mode. 
The degree of this reduction depends on the value of 
the torsional spring constant considered, but in general 
was found to be B( a) L 0.90 for the range investigated. 
The small angular displacements of the higher modes 
allows the first exponential to be expanded 

[r:r(t)], = exp (-u2D,,t){l - u2 C dfQml(l - exp 

= 3.3 X lo8 HZ (- - -). 

N+l 

1=2 
N+l 

1=2 
( - t / q ) )  + 1/2(a2 C dfQmI(1 - exp ( - t / 7 1 ) ) ) ~  - ...I 

(87) 
Figure 20 shows ( T I )  relaxation as a function of the 
methyl-jump rate and frictional constant. 

3.0 Solid-state NMR Studies of DNA Dynamics 
and Structure 

Having completed a review of the manner in which 
molecular dynamics affects the solid state NMR line 
shape and nuclear Zeeman relaxation rate, a review of 
the experimental implementation of these principles to 
the study of the internal dynamics and structure of 
DNA will be presented. Although sections 2.2 and 2.3 
emphasized ?H NMR, nuclei other than deuterium have 
been used as probes of dynamics and structure in high 
molecular weight DNA. Our review will address such 
work as well. The review of experimental work in this 
field will be divided into two sections. Section 3.1 will 
deal with the extensive literature consisting of solid 
state NMR studies of high molecular weight DNA. A 
number of groups have contributed to this field, and 
an effort has been made to cite as much of that litera- 
ture as possible, while confining discussion to certain 
selected works. The interested reader is encouraged to 
consult the bibliography if further information is de- 
sired. Section 3.2 describes our own solid state NMR 
studies of the structure and dynamics of selectively 
labeled synthetic oligonucleotides. 
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tion of the DNA molecules relative to the fiber axis, or 
both. The authors attributed the difference between 
the parallel and perpendicular line widths as due to a 
distribution of phosphodiester group orientations with 
DNA and claimed that a difference of 9 ppm in ob- 
served line widths could be accounted for by a variation 
in the angle p of about f7".  

Rupprecht and co-workers have reported a number 
of NMR studies of highly oriented DNA fibers.6s In 
particular, those workers reported a 31P NMR study of 
oriented fibers of calf thymus DNA in the A form which 
challenged the conclusions of the Shindo 
Rupprecht and co-workers acquired proton-enhanced 
31P spectra at a variety of temperatures and goniometer 
rotation angles. Spectral simulations agreed with ex- 
perimental spectra if the following assumptions were 
made: (i) no motionaI averaging of the 31P chemical 
shifts, (ii) the orientation of the 31P chemical shift an- 
isotropy tensor as reported by Kohler and Klein1% was 
assumed, (iii) samples of oriented DNA were considered 
to be composed of crystallites which are oriented rela- 
tive to one another such that their dispersion about the 
experimentally determined zero angle is Gaussian with 
standard deviation between 2" and lo", and (iv) the 
intrinsic line width for fibrous A-form DNA was as- 
sumed to be about 0.5-1.0 kHz (5-10 ppm). Given 
these assumptions, Rupprecht and co-workers con- 
cluded that the backbone of A-form DNA forms a rigid 
lattice and that the structure of the phosphodiester 
backbone is regular in structure. 

Recent 31P NMR studies by Harbison and co-work- 
e r ~ ~ ~  of oriented films of salmon sperm DNA report 
similar line shapes to those obtained previously by 
Shindo et and Nall et al.56 Those authors used 
magic angle spinning (MAS) techniques to determine 
the orientational distribution function P ( X , ~ , + )  of the 
31P CSA tensor. The position of the maximum in P- 
(x,$,+) was centered at  x = 65", 6 = 62", in good 
agreement with the studies of Nall et al. and Shindo et 
al. The authors concluded that although the phosphate 
backbone orientation is consistent with the fiber dif- 
fraction models of Arnott and H ~ k i n s , 5 ~  heterogeneity 
of both the isotropic chemical shift and CSA tensor 
orientation occurs. 

Another interesting example of the application of 
solid-state 31P NMR spectroscopy to the study of DNA 
structure and dynamics has been reported by Rill and 
co-workers who have studied a variety of mesomorphic 
phases formed by DNA at  high concentrations.58 The 
paper by Strzelcka and Rill is an experimental study 
of the isotropic to cholesteric transition of DNA in 
which the authors use polarizing microscopy and sol- 
id-state 31P NMR to characterize the phase diagram. 
Using polarizing microscopy, those workers found sam- 
ples with concentrations of 130, 137, 145, and 150 
mg/mL to be biphasic over the 20-70 "C range exam- 
ined. The two lowest concentration samples were highly 
viscous and appeared transparent. Microscopic exam- 
ination revealed trace amounts of cholesteric phase as 
small spherulites, and samples with concentrations of 
157 and 164 mg/mL were liquid crystalline up to 44" 
and 56", respectively. 

Solid-state 31P NMR was used to study the 157 and 
165 mg/mL samples. At room temperature the 31P 
resonance was symmetric and broader than expected 

3.1 NMR Studies of High Molecular Weight DNA 

3.1.1 31P NMR Studies 

Some of the earliest solid state NMR studies of DNA 
probed the conformation and dynamics of the phos- 
phodiester backbone. Shindo and co-workers, for ex- 
ample, used the chemical shift anisotropy (CSA) of 31P 
to study backbone conformation and dynamics of highly 
oriented Li-DNA fibers in the A, B, and C forms.53 
Those authors observed the 31P line shape as a function 
of the orientation of the fiber axis relative to the 
magnetic field. At  parallel orientations the spectra of 
A- and B-form DNA consisted of a single resonance in 
each case about 50 ppm wide at  half the maximum 
intensity, while the spectrum of C-form DNA at parallel 
orientation spanned the entire range of 31P chemical 
shifts (about 170 ppm). At perpendicular orientations 
DNA fibers in the A form displayed a somewhat 
broader resonance but fibers in the B form displayed 
a narrow resonance. At intermediate rotation angles 
(45", for example), the spectrum of A form fibers was 
reminiscent of a powder pattern while B-form fibers 
displayed a broadened, featureless resonance. In gen- 
eral A-form fibers were equilibrated at  79% RH and 
B-form fibers were equilibrated at about 98% RH. 

The authors analyzed these line shapes in the fol- 
lowing way. The chemical shift tensor in the PAS, A,, 
was related to the tensor in the frame of the goniometer 
by a series of frame transformations: 

AB = R-lR-' m dRpA$$dRm -l (88) 
Rp transforms the tensor from the PAS to a mole- 

cule-fixed frame, while R, transforms the tensor into 
the frame fixed to the goniometer. The transformation 
Rd describes misalignment of the fiber and consists of 
an rotation from an intermediate molecular frame M' 
to the molecular frame M. Of the three Euler angles 
(a, P ,  y) which locate the CSA tensor p and y are de- 
termined by phosphodiester coordinates which the au- 
thors obtained from Landridge et al.54 for B-form DNA 
or from Arnott and Hukinss6 for A-form DNA. Thus 
the chemical shift frequency 6,, corresponding to a fiber 
rotation angle CP was determined to be dependent on 
a and two angles 4 and 0 which described the fiber 
misalignment: 
6,,(cu,6,0) = 1/2[Ag(1,1) + Ag(2,2)1 + 1/2[Ag(1,1) - 

A,(2,2)] cos (2@) + 1/2[Ag(1,2) + Ag(2,1)] sin(2@) 
(89) 

Calculated spectra for A- and B-form fibers predicted 
a broad doublet at 90° orientation, a singlet a t  O", and 
a triplet a t  45". Experimental data, however, did not 
display a doublet at perpendicular orientations but 
rather a singlet which was particularly evident for B- 
form fibers. The authors attributed this discrepancy 
to rapid molecular rotation aboutt he helix axis which 
would be especially effective in narrowing the resonance 
of highly hydrated B-form fibers. The authors went on 
to address certain questions concerning the B-form 
spectra: (i) why was the parallel spectrum so broad 
(-41 ppm), (ii) why was the perpendicular spectrum 
narrower than the parallel by 10 ppm? The first 
question was addressed by assuming that the orienta- 
tion of the DNA varied either due to lack of truly 
parallel alignment between the fibers, lack of orienta- 
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for an isotropic sample, but narrower than a powder 
pattern. Upon heating, a sharp resonance appeared on 
the downfield side of the broad resonance. This sharp 
resonance was due to the appearance of the isotropic 
phase. The asymmetric disposition of the isotropic 
phase resonance relative to the cholesteric phase reso- 
nance indicates that the latter phase is magnetically 
ordered, a fact which was confirmed by polarizing mi- 
croscopy. Because the integrated areas of the reso- 
nances are proportional to the number of molecules in 
the isotropic and cholesteric phases, the phase diagram 
can be established from 31P NMR spectra obtained 
from samples of varying concentration. 

The phase diagram calculated for 146 base pair DNA 
at a Na+ activity of 0.21 was found to be in qualitative 
agreement with the predictions of Flory theory59 and 
the observed behavior of rodlike, nonelectrolyte poly- 
mers. There is a narrow region of coexistence of the 
isotropic and cholesteric phases, and the phase bound- 
ary is weakly temperature dependent. In general, the 
diagram compares well to the repulsive region of the 
phase diagram for rodlike molecules with axial ratio of 
20 as predicted by the theory of Warner and Flory.'j0 

Thus far our review of 31P NMR has revealed general 
features of the backbone structure of DNA fragments 
oriented in fibers and the nature of the isotropic-cho- 
lesteric phase transition in samples of hydrated DNA, 
but little specific information on the nature of the in- 
ternal dynamics of polynucleoides. Early solid-state 
NMR studies of the internal dynamics of DNA were 
reported by Opella and co-workers who used 2H and 31P 
NMR to study the dynamics of high molecular weight 
DNA. DiVerdi and OpellaG1 studied high molecular 
weight calf thymus DNA in the B form as a function 
of temperature using deuterium NMR. Those workers 
deuterated DNA by exchanging the H8 protons of the 
purine bases. This study found that although 31P NMR 
shows nonaxial averaging of the 31P CSA tensor at rates 
>lo4 Hz, little or no averaging of the 2H powder pattern 
occurred, causing the authors to conclude that large 
amplitude motions of the bases do not occur at nano- 
second time scales. Those authors observed that the 
nonaxial 31P line shape precluded the fast, axial motion 
proposed by Shindo and c o - ~ o r k e r s ~ ~  for B-form DNA 
in fibers. 

Another example of the application of 31P NMR to 
the study of DNA dynamics has been reported by Mai 
et a1.62 Those authors studied the 31P line shape, 
spin-lattice relaxation, and 31P-H NOE of high mo- 
lecular weight calf thymus DNA fragments as a function 
of hydration level and observed that the motional 
narrowing of the 31P powder pattern generally increases 
with hydration level, beginning with low amplitude, 
high frequency (>lo4 Hz) motions at  low hydration 
levels. At about 85% relative humidity the transition 
from A to B form occurs with a sudden decrease in line 
width which the authors attribute to fluctuations of the 
backbone of a t  least f30° at a minimum frequency of 
lo4 Hz. No detailed motional model was proposed. 

3.1.2 15N and 13C NMR Studies 

Besides solid-state 31P NMR spectroscopy, both 13C 
and 15N NMR have been demonstrated to be useful in 
the study of DNA structure and dynamics. For exam- 
ple, Opella and co-workers have uniformly 15N labeled 
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DNA by growing Escherichia coli on a medium with 
15NH4S04 as the sole source of nitrogen.'j3 The DNA 
extracted from the bacteria was primarily in the form 
of 6800 base pair duplex viral replicative intermediate. 
Using proton-enhanced 15N MAS spectroscopy at a 
Larmor frequency of 40 MHz, the authors reported 15 
well-resolved lines resulting from the chemically distinct 
nitrogen nuclei of DNA. Two-dimensional 15N-15N 
NMR spin-exchange experiments performed for mixing 
times of 2, 4, and 6 s showed variations in cross peak 
intensity, and the spectrum was further simplified by 
using the heteronuclear dipolar coupling between 15N 
and protons as a selection mechanism. Cross peaks 
between 15N nuclei without bonded protons were se- 
lected in this way. With this approach the authors 
proposed studying the structure of DNA fragments 
much larger than the DNA oligomers currently under 
study by high-resolution NMR methods. 

Harbison and co-worker~~~ have determined DNA 
sugar ring puckering using solid state 13C NMR spec- 
troscopy. From a series of model nucleotides and nu- 
cleosides those authors correlated the 13C chemical shift 
with deoxyribose ring conformation and found that 
3'-endo conformers have 3'- and 5'-chemical shifts sig- 
nificantly upfield (5-10 ppm) from comparable 3'-exo 
and 2'-endo conformers. These trends appeared to be 
maintained in high molecular weight calf thymus DNA 
with 13C chemical shifts confirming that A-form DNA 
is primarily 3'-endo and both B- and C-form DNA are 
largely 2'-endo. 

3.1.3 *H NMR Studies 

Following early 2H NMR studies of DNA by Opella 
and co-workersG1 and James and co-workers,64 the first 
attempt to quantitatively model the 2H dynamics of 
DNA was reported in a series of papers by the Kearns 
and Vold groups.'jS9 This work has involved 2H NMR 
studies of hydrated samples of randomly oriented calf 
thymus DNA'j'j as well as 2H NMR studies of oriented 
DNA The latter studies have been per- 
formed in collaboration with the Rupprecht group. 

2H NMR studies of the effects of hydration were 
reported for calf thymus DNA deuterated at the A8 and 
G8 positions.'j6 The results of this study are summa- 
rized in Table I. Samples of Li-DNA and Na-DNA 
were hydrated over appropriate saturated salt solutions 
to produce the relative humidities given in Table I. 2H 
NMR spectra and relaxation times were recorded at 
38.4 and 76.8 MHz. An example of the 2H NMR 
spectrum of Li-DNA is given in Figure 21, which was 
obtained at  a frequency of 38.4 MHz from a sample 
equilibrated at 66% RH. For this spectrum, simulation 
yields a QCCeff of 173 f 1 kHz and an asymmetry pa- 
rameter qeff of 0.065 f 0.010. Comparable values for 
dry, oriented Li-DNA are QCCeff = 179 f 1 kHz and 
qeff = 0.06 f 0.01. As shown in Figure 22, at higher 
relative humidities the amplitude of the quadrupolar 
echo was diminished and the spectrum narrowed. 

The most complete set of 2H spin-lattice relaxation 
data vs W were obtained for Li-DNA samples,at 25 "C 
and are displayed in Figure 23, along with the 31P T1 
data reported by Mai et a1.'j2 Li-DNA is reported to 
remain in the B form down to hydration levels of 23% 
RH at  W = 1.4 the TI was found to be about 7 s. Be- 
tween W = 5 and W = 6 Tl dropped steeply. Further 



1562 Chemical Reviews, 1991, Vol. 91, No. 7 Aiam and Eobny 

1 0.00 

TABLE I. Deuterium Quadrupole Splittings and  Relaxation Rates of Randomly Aligned DNA with Na+ or Li+ as  
Counterionc 

:I 
I I I 1 I 1 1 1 1  I I I I I I IIIJ 

:x t 

Ti(76.8 MHd/ 38.4 MHz 76.8 MHz W (mol of H20/ 
% RH mol of nucleotide) 8 ,  kHz Ti, s Ti, 8 T,s, US Tl(38.4 MHz) 

0.Oltl I I 1 I 1 1 1 1 1  I 1 I I l I l l l 1  

0 
6 

35 
52 
66 
75 
75 
75 
84 
88 
92 

4.00- 

200- 

1.00 

CI 0.40- s 

0.20- 
I= 

0.1 0: 

0.04 

0.02 

1.4 
2.8 
4.5 
6.3 
7.7 
9.8 
9.8' 

10.0b 
12.1 
19.7 
22.6 

: 

- 

- 

66 7.2 
75 8.4 
84 9.8 
92 20.8 

Li-DNA 
126 f 2 

123 f 2 0.87 f 0.04 2.0 f 0.2 2.3 f 0.3 
256 f 25 

1.9 f 0.2 122 f 2 0.20 f 0.01 0.38 f 0.02 245 f 42 
122 f 2 0.15 f 0.01 0.26 f 0.01 271 f 24 1.7 f 0.2 

7.3 f 1.4 
4.2 f 0.5 

0.62 f 0.08 

0.22 f 0.02 
0.26 f 0.03 

0.068 f 0.01 
0.062 f 0.01 

119 f 2 0.09 f 0.02 0.20 f 0.01 193 f 17 2.2 f 0.5 
124 f 33 
132 f 16 

Na-DNA 
0.30 f 0.02 
0.27 f 0.03 
0.21 f 0.04 
0.045 f 0.006 

'Measured at  30 "C. bLyophilized DNA. CMeasurementa were performed at 25 O C  and various levels of hydration. Reprinted with 
permission from ref 66, copyright 1986 American Chemical Society. 

LI-DNA at 6 6 %  RH 
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Figure 21. 38.4-MHz deuterium quadrupolar echo spectrum of 
Li-DNA at  66% RH and 25 "C. The spectrum was obtained with 
64 000 scans using 2 - p ~  90° pulse times and a 2-kHz Gaussian 
broadening was applied to  the free induction decay. Theoretical 
powder patterns were calculated assuming Bo, 4o = 6", 10" (--) 
and Bo, C#J~ = loo, 14". The central narrow line is due to deuterium 
in the water of hydration (reprinted from ref 66; copyright 1986 
American Chemical Society). 
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Figure  22. Deuterium quadrupolar echo spectra of Li-DNA 
equilibrated a t  75% (-), 84% (--), and 88% RH (---) recorded 
at  76.8 MHz and 25 "C using 4-rs 90" pulse times (reprinted from 
ref 66; copyright 1986 American Chemical Society). 
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Solid-state NMR Studies of DNA Structure and Dynamics 

diffusion-in-a-cone model. This model yields the ex- 
pression for the effective QCC: QCCeR = QCCstetic&, 
where the uniaxial order parameter is defined as S,, = 
1/2(cos I3,)(l + cos 13,) and Bo is the half angle of the 
cone. Application of this model to the observed de- 
crease in QCC from 0% RH to 84% RH yields s,, = 
0.968 and Bo = 12' at 66% RH and S,, = 0.944 and Bo 
= 16" at 84% RH. 

A more realistic model proposes that the C-D bonds 
undergo restricted diffusion in two perpendicular 
planes, one of which is the purine base plane (for fur- 
ther discussion of the effect of continuous dynamics 
models on the 2H line shape, see section 2.2.2). The 
frequency of a quadruplanar isochromat is then given 
by:65 

v = *(3/4)QCCs,ic[(1/2) X (3 cos2 P - l)f(v,f+J - 
(l/2)(sin2 P cos 2r)gh,Bo,40)1 (90) 

where 
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possible to find any values of cone correlation times that 
satisfy the constraint Tl (76.8)/T1 (38.4) = 2.0. The 
authors suggested that collective torsional models may 
offer an alternative to diffusion models (see section 
2.3.2). 

2H NMR relaxation and line shape studies of A-form 
and B-form DNA in oriented fibers have also been re- 
ported.65 Vold et al. reported a study of 2H line shape 
as a function of hydration at  a resonance frequency of 
38.4 MHz for oriented high molecular weight calf thy- 
mus DNA. Using the continuous libration model de- 
scribed in eqs 90-92, the authors estimated librational 
amplitudes of 4o = 13' f 2' and 19, = 10' f 2 O  for 
B-form DNA at  66% RH. 

Shindo, Torchia, and co-workers also reported a 2H 
NMR study of oriented fibers of salmon sperm DNA.71 
The authors observed that the QCC derived from the 
2H spectrum of randomly oriented DNA samples was 
about 5.0 kHz smaller than in model compounds and 
simulated this reduction in QCC using a four-site dis- 
crete jump model (see section 2.2.1) deducing motional 
amplitudes of 8.1" and 8.9'. Like Vold and co-workers, 
a drastic drop in T1 was observed at  higher hydration 
levels, and the authors sought to simulate this trend 
using the Tl expression for cone diffusion derived by 
Torchia and S~abo .~*  The cone angle Bo was assumed 
to be the average of the four-site fluctuation angles: 
8.5'. Two solutions for the correlation times were ob- 
tained 2.5 X lo-', and 3.6 X lo4 s, but only the longer 
value was consistent with the strong field dependence 
of Tl. The spin-lattice relaxation was measured at two 
frequencies: 38.5 and 76.8 MHz with a reported ratio 
of 2.9, somewhat larger than that reported by the Vold 
and Kearns groups. Shindo et al. also failed to simulate 
the field dependence of Tl with a simple cone diffusion 
model. 

On the basis of a line shape analysis applied to 
spectra obtained from oriented DNA fibers, it was de- 
termined that the purine base planes of the A form of 
DNA were tilted about 70' relative to the helix axis, and 
although the orientation of purine base planes in B- 
form DNA varied significantly, they were on the average 
perpendicular to the helix axis. In contrast to the 79% 
RH DNA powder patterns, at 92% RH the 2H spectrum 
could not be simulated using fast motion limit models 
alone. Shindo et al. observed that only the perpendi- 
cular components of the powder pattern have signifi- 
cant intensity and interpret this fact as indicating that 
the DNA molecule undergoes rotation about the helix 
axis with a correlation time in the intermediate range 
(10*10-7 s). The authors sought to simulate the effect 
on the line shape of a restricted rotation about the helix 
axis with an N-site jump model (see section 2.2.1). It 
was found that a maximum rotation amplitude of EO0, 
i.e. root-mean-square (rms) fluctuation for each jump 
arms of at  least 30°, was required to simulate the ob- 
served 92% RH DNA spectrum, at a jump rate on the 
order of (2 f 1) X lo6 s-l, which is approximately equal 
to w ~ / 2 a .  Restricted diffusion about the helix axis does 
not account for the precipitous drop in Tl which occurs 
a t  higher hydration levels, however. To simulate the 
decrease in Tl which occurs for hydration levels over 
79% RH the rms amplitude of the four-site jump is 
increased to 13.5" and the correlation time is decreased 
to T~ = 1.5 X s. 

and 

In the above equations P is the angle between the DNA 
helix axis and the magnetic field, y is the angle of ro- 
tation of the CD vector around the DNA helix axis, 7 
is the static asymmetry parameter, and the CD bonds 
are assumed to fluctuate over the intervals (+,, +40) 
and (90' - !!lo, 90" + eo). Simulations using this model 
are given in Figure 21 for Bo, 4, = 6', 10" (dashed line) 
and e,, 4,, = loo, 14' (dotted line), and these simulations 
appear to bracket the experimental data. Therefore 
best estimates of the motion of the purine base planes 
at  66% RH are Bo = 8' f 2 O  and 4,"= 12' f 2'. 

The T1 data in Table I impose the condition T1 
(76.8)/T1 (38.4) = 2.0 f 0.4. Assuming that the motions 
under consideration occur in the fast regime relative to 
the time scale of the 2H Larmor frequency, the spin- 
lattice relaxation rate is given by eq 42. The spectral 
densities Jl(oo) and J2(w0) depend upon the orientation 
between the CD bond and the magnetic field, 

+2 

N=-2 
JM(MwO,P) = JN(Mwo,0)[d&(P)]2 (93) 

The authors then attempted to fit their relaxation data 
using a cone diffusion model. (For further discussion 
of the effect of continuous and discrete motions on the 
Zeeman relaxation rate, see section 2.3.1.) For cone 
angles less than 60°, JN(MW,,O) is given bf9 

where DR is the rotational diffusion constant from 
which a correlation time rN = bN/DR is defined and CN 
are the amplitudes of the appropriate correlation 
functions. Using eqs 92-94, the authors found it im- 
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TABLE 11. Experimental Spectral Densities for Solid Li-DNA" 
librational 
amplitudes frequency 

% wo = 38.4 MHz wo = 76.8 MHz dependence relative tilt twist, 
humidity Bo, deg $o, deg J l (wo) ,  ps J2(2wO), ps J1/Jz Jl (w0) ,  ps J2(2wo), ps J1/J2 J?/J1" JZ"/JZ" Jl"/J?' 

35 7 f 2 10 f 2 1.2 f 0.1 0.28 f 0.06 4.3 f 1.0 
66 10 f 2 12 f 2 6.1 f 0.3 1.4 f 0.1 4.4 f 0.4 2.8 f 0.1 0.50 f 0.05 5.6 f 0.6 2.2 * 0.1 2.8 f 0.3 2.0 f 0.2 
75 12 f 2 13 f 2 8.6 f 0.4 2.6 f 0.3 3.3 f 0.4 4.2 f 0.1 0.93 f 0.08 4.5 f 0.4 2.0 f 0.1 2.8 f 0.4 1.6 f 0.2 
84 15 f 2 16.0 f 1.2 8.4 f 1.2 1.9 f 0.3 

,I Reprinted with permission from ref 67, copyright 1988 Academic Press. 

Studies of static disorder and librational motionss7 
and conformations8 in films of oriented Li-DNA and 
Na-DNA have also been performed by Vold and 
Kearns in collaboration with the Rupprecht group. The 
authors used 2H NMR line shape analysis to measure 
static base tilts as well as anisotropic motional ampli- 
tudes as a function of hydration and temperature in 
oriented DNA films. At  a hydration level of W = 10 
(about 80% RH) the tilt angle is close to zero with a 
distribution of tilt angles about this mean which cannot 
exceed 9'. A slightly greater distribution is observed 
at lower hydration levels with the average base tilt being 
about 23" at 75% RH. Amplitudes for tilting motions 
are dependent on hydration and range from 4 O  for the 
driest and 15' for the wettest samples, with slightly 
larger amplitudes observed for twisting motions. The 
tilting motion is suppressed at low temperature while 
the twisting appears independent of temperature. 

Studies of T ,  and Tlg at 38.4 and 76.8 MHz have 
enabled a measurement of the spectral densities Jl(wo) 
and J z ( 2 w 0 )  as a function of fields9 (see section 2.3, in 
particular eqs 42 and 43). Results of that study are 
displayed in Table 11. A comparison of J1 and J2 at 
two fields shows that J1 is inversely proportional to the 
Larmor frequency. Although J2 depends more strongly 
on field, perhaps as w-3/2,  neither the J1 nor the J2 
frequency dependence is strong enough to be due to 
diffusive motion, which in the range of relaxation rates 
encountered here should be proportional to w - ~ .  In fact 
it is clear from the data in Table I1 that J1 is greater 
than J 2  in all cases. For the three driest samples, the 
ratio of J1/J2 falls in the range 3.3-5.6, dropping to 1.9 
f 0.3 at 38.4 MHz and 84% RH. Defining P at in- 
cluding the angle between the base normal and the helix 
axis and the angle between the helix axis and the 
magnetic field, the authors show that the following 
relation holds between the correlation functions of in- 
terest for small P: 

(95) 

Thus for @ 1 2 2 O ,  the ratio of the correlation functions 
must be less than 0.14. Although the ratio of J1 and 
J2 does not obey such a simple relationship, at the 
sample orientation used in the study, the authors argue 
that the ratio of J1 to J2 must be substantially less than 
one for torsional motions occurring about the base pair 
plane normal. Because at the three lowest degrees of 
hydration the ratio is substantially greater than one, 
in-plane torsions are not considered to contribute sub- 
stantially to the relaxation of these samples, although 
the decreasing trend of the ratio as hydration is in- 
creased indicates that contributions from torsional 
motions may be on the increase. Other motional models 

including diffusion-in-a-cone were considered, but a 
satisfactory fit to the data was not achieved. 

3.2 Internal Dynamlcs of synthetic 
Ollgonucleo tides 

In the last section the literature describing solid-state 
NMR studies of the internal dynamics and structure 
in high molecular weight DNA was reviewed. In sum- 
mary, numerous investigations of DNA base dynamics 
and backbone dynamics have detected the occurrence 
of significant internal motions which increase in am- 
plitude and rate as hydration is increased. However, 
the exact nature of these motions remains a point of 
controversy. In this section, 2H NMR studies of the 
internal dynamics of specifically labeled oligo- 
nucleotides will be described. Before proceeding with 
the review, however, it is reasonable to discuss the 
motivation for studying the internal dynamics of DNA 
oligomers. 

NMR studies of DNA reviewd thus far have involved 
samples of uniformly labeled, high molecular weight 
DNA. Such work, while capable of elucidating general 
dynamic properties of purine bases or the phosphodi- 
ester backbone, cannot define the localized dynamics 
at specific points in the DNA sequence. In fact, the 
sequence dependence of internal DNA dynamics has 
not been addressed by any of the studies reviewed thus 
far. To address the question of the sequence depen- 
dence of local DNA structure and dynamics, or to in- 
vestigate the perturbation of local dynamics or structure 
produced by the site-specific binding of a drug or a 
regulatory protein, the same sample control that has 
been exercised in X-ray crystallography and high-res- 
olution two-dimensional NMR must be exercised in 
solid-state NMR studies: DNA oligomers of known 
sequence and length must be synthesized. 

The study of specifically labeled DNA oligomers has 
additional advantages. Synthetic protocols exist for 
introducing deuterium nuclei at a number of sites in the 
furanose rings and at the 5'-methylene group, in ad- 
dition to a number of sites in the purine and pyrimidine 
bases, thus allowing the study of specific points outside 
the base region. The internal dynamics of short DNA 
oligomers may be somewhat simpler than the dynamics 
of high molecular weight DNA. We have already re- 
viewed the complex nature of the collective torsional 
motions which some have claimed may dominate the 
Zeeman relaxation of deuterium-labeled DNA at  high 
hydration levels. However, as explained in section 2.3.2, 
the amplitudes and rates of collective torsional modes 
are length dependent. As the length of the DNA de- 
creases, torsional dynamics approach the rigid rod lim- 
it,72 which is reasonably straightforward to treat. 
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Clearly, the dynamic and structural properties of syn- 
thetic DNA oligomers merit study by solid-state NMR. 

However, which DNA sequence should be selected for 
study? A natural choice would be a sequence which has 
been studied by other structural methods such as high 
resolution NMR or X-ray crystallography. A brief 
survey of the literature offers an obvious candidate: the 
DNA dodecanucleotide [d(CGCGAATTCGCG],. This 
self-complementary dodecamer contains the EcoRI re- 
striction endonuclease recognition site, d(GAATTC), 
and has been extensively studied in both the liquid and 
crystalline states. The sequence was the first oligo- 
nucleotide crystallized in the B form, and has been the 
subject of several X-ray diffraction  investigation^.^^^^ 
Information on the dynamics and local mobility within 
the crystal have been obtained from isotropic thermal 
factors78 and segmented rigid body analysis.79 Studies 
of the geometry of the hydration sphere have also been 
performed.80i81 

The sequence [d(CGCGAATTCGCG)I2 has also been 
investigated using high-resolution two-dimensional 
NMR.82 A solution structure has been obtained from 
NOE data using distance geometry methods,= and a 
preliminary investigation of sugar conformation has also 
been reported.& These X-ray and NMR studies have 
sought to elucidate the structural basis of the specific 
interaction between the sequence d(GAATTC) and the 
restriction enzyme, so before describing solid state 
NMR studies of the internal dynamics and structure 
of the DNA dodecamer, a brief background on the re- 
striction endonuclease will be provided. 

Deoxyribonucleic acid type I1 restriction endo- 
nucleases and modification methylases are host-specific 
enzymes that act as barriers for interstrain transfer of 
DNA between cell lines. Foreign DNA is subjected to 
rapid endonucleolytic hydrolysis, to produce 3’-hydroxyl 
and 5’-phosphoryl termini, if it does not contain the 
characteristic DNA modification of that particular 
strain. The modification enzyme catalyzes the methyl 
transfer from S-adenosyl-L-methionine (AdoMet) to a 
DNA sequence specific for that host. This methylation 
of a DNA site is also recognized by the restriction en- 
zyme and renders the cellular DNA resistant to endo- 
nuclease activity.85 

The EcoRI endonuclease exists in solution as an 
equilibrium mixture of dimer and tetramer proteins. 
For activity in vivo, type I1 endonucleases require only 
Mg2+ ion and unmodified DNA. The restriction activity 
results from the enzyme introduction of two staggered 
single-strand breaks. The methyl modification of the 
restriction site at the exocyclic amino group yields N-6 
methyladenine. The continued activity of the methy- 
lase enzyme is required to insure viability of the cell. 
The modification enzyme is functional as a monomer. 
This observation has led to the suggestion that the 
mechanism of endonuclease and methylase recognition 
differ.85 Besides the site specific recognition by the 
EcoRI endonuclease, the enzyme also binds nonspe- 
cifically without hydrolysis. This has prompted in- 
vestigation into the hypothesis of the nonspecific com- 
plex diffusing along the DNA to enhance the rate of 
formation for the site-specific ~ o m p l e x . ~ ? ~ ~  

Chemical modification and base substitution studies 
have led to a qualitative assessment of contacts im- 
portant in endonuclease and methylase activity. Con- 
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tacts with the methyl group of the thymidine are im- 
portant in the recognition of the methylase enzyme, but 
have a reduced effect on the endonuclease activity. 
Contacts with the adenine and guanine bases also in- 
fluence the site-specific interactions. Recent studies 
into the energetics of specificity for the EcoRI endo- 
nuclease recognition have proposed the formation of an 
activated complex.88 These investigations also reveal 

E + DNA + E-DNA [E-DNA]* (96) 

that site discrimination cannot be fully accounted for 
by the energetics of base contacts, but may also involve 
the free energy of phosphate contacts (AG h,J, the free 
energy of conformational reorganization (AG,,), and 
energy changes due to hydration. 

The relative structural simplicity of the type I1 en- 
zymes has made these systems attractive subjects for 
studies of protein-DNA interactions, and the [d- 
(CGCGAATTCGCG)], sequence has been a standard 
reference for structural, chemical, and dynamical in- 
vestigations. As was mentioned above, the sequence 
[d(CGCGAATTCGCG)], was the first oligonucleotide 
crystallized containing a complete turn of B-form 
DNA77 and has been the subject of extensive X-ray 
structural studies. The crystal structures of the EcoRI 
endonuclease with the  dodecanucleotide 
CGCGAATTCGCG and tridecanucleotide 
TCGCGAATTCGCG have also been reported,88@ and 
though detailed information of these systems has pro- 
vided insight into protein-DNA interactions, a complete 
description is still lacking. The importance of major 
structural or conformational changes for the activity of 
DNA endonuclease and methylation recognition has 
been seen as minimal. The involvement of cruciform 
or bulge structures have been ruled out in the systems 
studied, but the contribution of local fluctuations in the 
sequence-specific recognition has not been fully ad- 
dressed and needs to be considered to further under- 
stand the mechanism underlying the biophysical in- 
teraction between this DNA sequence and the restric- 
tion enzyme. 

3.2.1 Base Dynamics in [d(CGCGAAlTCGCG)], 

In this section the internal dynamics of the DNA 
dodecamer [d(CGCGAATTCGCG)], are investigated 
using [ nethyZ-2H]-2’-deoxythymidine incorporated into 
the bases of dT7 and dT8. Quadrupolar echo line 
shapes, spin-lattice relaxation times (TI), and quadru- 
polar decay times ( Tze) have been obtained as a function 
of hydration, allowing the development of a motional 
model to describe the internal dynamics of the dT7 and 
d T 8  bases in the  oligonucleotide [d- 
(CGCGAAT*T*CGCG)],. The dominant motion is the 
fast reorientation of the methyl group about the C3 
symmetry axis, but as will be shown, other motions 
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 rotational motion of the methyl group, the 
line shape is sensitive to motions on a slower time scale 
than those of previous base-labeled studies of high 
molecular weight DNAs. The results are compared to 
previous NMR studies of selectively and nonselectively 
base-labeled [ d( CGCGAATTCGCG)] ,. 
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TABLE 111. Line-Shape Parameters and Relaxation Rates of [metbyl-*H]-2’-Deoxythymidine-Labeled 
[ d(CGCGAAT*T*CGCG)],“ 

% RH W % RIb QCCefi, kHz 'let (TI), ms (T&), ws (Ta), WS‘ 

dry 0.0 1.00 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 
75 10.4 0.86 51.0 f 0.5 0.05 204 f 10 252 f 25 250 
80 11.6 0.80 50.5 f 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 

161 f 08 115 f 10 163 
218 146 f 07 92 26.6 0.62 20.5 f 0.5 -0 

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 - Oe - Oe 

90 21.2 0.43 -d -d 

200 f 18 

- - - 

a Experiments performed at  298 K. *Relative intensity with respect to dry dodecamer. Value obtained from simulation. Intermediate 
rate line shape. Observed only isotropic component. 

Investigation of the Hydrated Dodecamer: 
Experimental Results 

This section describes the investigation of [methyl- 
2H]-2’-deoxythymidine-labeled [d(CGCGAAT*T*- 
CGCG)I2 as a function of hydration. The value of 
QCCstatic assumed in this study was obtained from 2H 
NMR studies of [methyl-2H]-2’-deoxythymidine mo- 
nomer.w Water adsorption, W (mol of H20/mol of 
nucleotide), as a function of relative humidity for the 
sodium dodecamer is given in Table 111. The results 
are similar to those presented previously for high mo- 
lecular weight DNA.l2sg1 Humidity studies on the lyo- 
philized dodecamer did reveal a slightly higher W than 
that observed in previous investigations of oriented 
films or fibers and most likely results from the increased 
amount of salt present.92 

Solid-state 2H spectra, spin-lattice relaxation times 
(TI),  and quadrupolar echo decay times ( T2e)  were 
obtained at  76.75 MHz for [methyl-2H]-2’-deoxy- 
thymidine-labeled [d(CGCGAAT*T*CGCG)I2 as a 
function of relative humidity (RH) ranging from dry ( W 
= 0.0) to 98% RH (W = 69.9). Effective quadrupolar 
coupling constants QCCeR, effective asymmetry ’param- 
eters qeff, relative intensities (RI), ( T1), and ( T2e)  are 
given in Table 111. Representative line shapes as a 
function of hydration level are given in Figure 24.93 

Up to a relative humidity of 80% RH (W = 11.6), no 
significant changes of the observed line shape are ob- 
served aside from a 1.0-kHz reduction in QCCeff. The 
effective asymmetry parameter remains constant 
throughout this range. (Figure 24A,B). The line shape 
undergoes a slight loss of center intensity with in- 
creasing humidity through 88% RH. Beginning with 
88% RH (W = 16.31, a 5.0-kHz reduction in QCCeff with 
respect to 80% RH (W = 11.6) was observed, followed 
by drastic reduction to 20.5 kHz at 92% RH ( W = 26.6) 
and 15 kHz at  95% RH (W = 39.8) (Figure 24C,E,F). 
The line shape at 90% RH (W = 21.2) is a signature 
of intermediate rate motion occurring within the sample 
and therefore could not be characterized by an effective 
QCC or q.  (Figure 24D). Above W = 25, the turbid 
appearance of the sample cleared when placed in the 
magnetic field, behavior characteristic of aligned sam- 
ples. Beginning at  W = 20, an isotropic component 
became conspicuous and increased in relative magni- 
tude until at W = 69.9 only a central isotropic line was 
observed. At low hydration levels this isotropic com- 
ponent was attributed to residual HOD, while at higher 
humidity levels it results from isotropic regions within 
the sample. 

I 
-40 0 40 - 40 0 40 

kHz kHz 

Figure 24. Experimental (-) and simulated (- -) 76.75-MHz 
deuterium quadrupole echo spectra of [methyl-*H]-2’-deoxy- 
thymidine-labeled [d(CGCGAAT*T*CGCG)I2 a t  various hydra- 
tion levels W (mol of H 2 0  mol of nucleotide). The simulated 
spectra were calculated as i escribed in text, ignoring the central 
isotropic component. Spectra for pulse delay of 50 ~s a t  (A) dry 
lyophilized powder, W = 0,12 000 scans; (B) 75% RH, W = 10.4, 
24000 scans; (C) 88% RH, W = 16.3,32000 scans; (D) 90% RH, 
W = 21.2,28500 scans; (E) 92% RH, W = 26.6,32000 scans; (F) 
95% RH, W = 39.8, 8000 scans. 

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% RH (W 
= 26.6). Similar attenuation of quadrupolar echo in- 
tensity as a function of hydration has been reported in 
samples of high molecular weight DNA (see section 
3.1.3), resulting in the complete loss of the quadrupolar 
echo at hydration levels greater than 92% RH. Pre- 
liminary data a t  92% RH (W = 24.9) on the base-la- 
beled dodecamer revealed a signal with a reduction in 
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QCC,R of - 100 kHz, and a RI of -0.09.94 Quadrupolar 
echo spectra of salmon sperm DNA films and oriented 
fibers have been reported as high as 98% RH, but 
lacked discussion concerning the extent of relative in- 
tensity 

Corresponding behavior of ( Tze) with increasing hu- 
midity was observed with a 4-fold decrease through 
90% RH (W = 21.1) followed by an increase in ( Tze) 
above 92% RH (W = 26.6); see Table 111. Significant 
loss in signal intensity with variation in pulse delay was 
observed (for example, see Figure 3A in ref 93), while 
anisotropic T,, effects were not as pronounced as in 
previous s t u d i e ~ . ~ * ~ ~  This result is not readily apparent 
unless the spectra are scaled to the same relative in- 
tensity. The largest degree of anisotropic behavior with 
variation in pulse delay was observed for 90% RH (W 
= 21.2). 

Spin-lattice relaxation times, (TI), decreased by a 
factor of 3.5 from dry to 95% RH (W = 39.8). The most 
dramatic decrease occurred between the “dry” and 66% 
RH samples, followed by a plateau at higher hydration 
levels. Relaxation times for the dry sample were sig- 
nificantly different than those observed for the mono- 
mer [methyl-2H]-2’-deoxythymidine.w 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 deoxythymidine 
methyl group undergoing a 3-fold jump would be ex- 
pected to give multiexponential relaxation if a powder 
average recovery is monitored.% These deviations from 
a single exponential relaxation are difficult to distin- 
guish and were not discernible in the monomer stud- 
ies.w Presently the signal to noise ratio of the deu- 
terated dodecamer and available instrumentation does 
not allow a thorough analysis of the anisotropic be- 
havior 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 was 
subsequently fit using an equally weighted double ex- 
ponential upon the belief that the extreme nonexpo- 
nential behavior was the result of two labeled methyl 
group sites in the dodecamer experiencing different 
motional environments. This resulted in (T,) values 
of 921 and 107 ms for the equally weighted biexpo- 
nential fit, and a (T,) of 357 ms for a single exponential 
fit, compared to the (TI) of 1.12 s observed for the dry 
monomer. Relaxation recovery for all remaining hu- 
midities investigated were fit using a single exponential. 
The biexponential behavior of the dry sample may re- 
flect differences in local environment between the mo- 
nomer [ m e t h ~ l - ~ H ]  -2’-deoxythymidine and the dode- 
camer, but these differences were not pursued further. 
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dismiss certain models. It is hoped that a model can 
be developed that accounts for all attributes of the line 
shape and relaxation data as well as being compatible 
with studies involving labeling at  different sites. 

The first characteristic of the line shape considered 
was the variation in QCCeff and qeff with increasing 
humidity. The simplest model copsidered consists of 
a rapid three-site jump about the C3 symmetry axis of 
the methyl group. A motionally averaged line shape 
characteristic of fast methyl reorientation was observed 
in the dry dodecamer and monomer sample. To de- 
scribe the methyl group dynamics in monomer studies 
of [methyl-W]-2’-deo~ythymidine,~ the three-site jump 
model was found to be superior to a model of free 
diffusion about the C3 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, << = lo4 s. This conclusion is also supported by 
the observation that varying the interval T, in the 
quadrupolar echo sequence from 40 to 200 ps produces 
little intensity loss and no distortion of the powder line 
shape. The short anisotropic T2, effects expected for 
motions occurring in the intermediate regime were not 
observed in the dry sample. The reduction in QCC,R 
could occur due to variation in p,,, 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 ex- 
planation has been used to describe the reduction in 
QCCeff in studies of polycrystalline amino acids.v6 
However, to explain the large reductions in QCCEff that 
occur at high hydration levels, a distortion of the tet- 
rahedral configuration of the methyl group to Ppm = 43’ 
would be required. Such a large variation in ppm was 
considered physically unrealistic and was not pursued 
further. All subsequent analysis assumed ppm = 70.5’’ 
and any reduction in QCCeS was attributed to averaging 
of the quadrupolar tensor by additional internal or 
overall motions. 

Incorporation of a two-site libration of the base plane 
in addition to the methyl group three-site jump was also 
considered. This model was evaluated previously in the 
dynamic studies of deoxythymidine monomer as well 
as analysis of the base-labeled dodecamer.50*w Since the 
methyl group three site jump motion produces an un- 
iaxially averaged tensor, the direction of the two-site 
libration cannot be assigned; the averaged elements of 
the methyl EFG tensorbeing equivalent (z = g). 
Directional analysis has been discussed for other base 
s t~dies ,6~@J~ 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 la- 
beled 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 comparison is applicable. 

The reduction in QCCeff a t  75% RH (W = 10.4) and 
80% RH (W = 11.6) can be accounted for by increasing 
the angle of libration from Bo = 9O for the dry sample 
(W = 0) to Bo = 12’ at 80% RH (W = 11.6), both at a 
rate with T~ < lo* s, where Bo is the half-angle between 
the two sites. This is in agreement with the [6H- 

Analysis of Dodecamer Dynamics: Local Internal 
Dynamics 

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 31P solid-state NMR studies (see 
section 3.1). The general procedure is to consider sev- 
eral different models, simulate the resulting NMR 
spectrum, and compare it to the experimentally ob- 
served line shape. Line-shape analysis can never prove 
that a model represents what is physically occurring in 
the system, but analysis of experimental line shapes can 
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2H]-2'-deoxythymidine studies in the same dodecamer.50 
It  is interesting to consider correlation times (TJ cal- 
culated from corresponding ( T1) values for this model. 
Spin-lattice relaxation behavior for a model included 
a three-site jump about the C3 symmetry axis and an 
uncorrelated small-amplitude two-site libration was 
determined from a Sprmalism developed in section 2.2.1. 
For a site-site libration amplitude eo = 1 2 O  and an angle 
between the C-D bond and the methyl C3 symmetry 
axis Ppm. = 70.5', four solutions are obtained for the 
correlation time. The two-site libration has solutions 
for the correlation time, T~ of -3.6 X or -4.6 X 
lo-" s, with the corresponding pair of methyl correla- 
tion time solutions being -1.5 X or -1.3 X lo-" 
s. The pair of solutions with slower methyl correlation 
times do not reproduce the observed experimental 
methyl line shapes. On the other hand both solutions 
for 7, of the librational motion produce nearly identical 
methyl line shapes regardless of pulse spacing, T ~ .  

Simulations of base-labeled line shapes for the libra- 
tional correlation time solutions show only minor var- 
iation in center intensity. Given the signal to noise 
observed for the base-labeled material at 80% RH (W 
= 11.6),50 it would be difficult to distinguish between 
these two solutions. In contrast, analysis of the dry base 
labeled dodecamer ( Tl ) produces librational correlation 
time solutions with distinguishable line shapes, sup- 
porting the assumption that the correct librational 
correlation time is on the fast side of the T1 curve. 

Attempts to extrapolate this two site librational 
model to 88% RH (W = 16.3) and beyond were un- 
successful. Increasing the angle of libration to account 
for reduction in QCCeff resulted in a dramatic increase 
in qefp This was not observed experimentally, sug- 
gesting that a two site 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 fibers69 where similar TI relaxation 
rates for 9 = 90' and 8 = 0' suggests the bases undergo 
a more symmetric motion. 

Different models have been proposed to describe in- 
ternal motions in DNA.21 The diffusion-in-a-cone 
modePgs  has found a wide range of applications in- 
cluding investigations of fluorescence polarization decay 
in membranesw and nuclear magnetic relaxation in 
lipids." It has also been used in the analysis of 2H 
studies of purine-labeled nucleic acids as described in 
section 3.1. Use of this model to describe the restricted 
motion of the base may not be completely applicable 
to the present study due to observation of qeff > 0. A 
symmetric motion like diffusion-in-a-cone, along with 
the methyl three site jump motion, will produce a 
symmetrically averaged EFG tensor (Teff = 0), but use 
of this model, ignoring deviations from axial symmetry 
of the molecular motion, still allows an estimation of 
changes in internal motion with increasing hydration. 
Defining 8, as the half-angle of the cone in which the 
C3 symmetry axis is allowed to freely diffuse, and ig- 
noring the small asymmetry parameter, the effective 
quadrupolar coupling constant is given approximately 
by 

QCCeff - (e2q&/h)%sz, (97) 

where (e2qQ/ h)zF is the effective averaged quadrupolar 
coupling constant due to rapid methyl motion, and the 
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uniaxial order parameter for diffusion-in-a-cone is given 
by 

s,, = (cos eo + cos2 e0)/2 (98) 

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 Bo 
= 9' a t  80% RH (W = 11.6), S,, = 0.883 and Bo = 23' 
at 88% RH (W = 16.3), S,, = 0.388 and 0, = 59O at 92% 
RH (W = 26.6), and S,, = 0.291 and Bo = 65' a t  95% 
RH (W = 39.8). The value for 80% RH (W = 11.6) is 
smaller than the reported eo = 16' for 84% RH in Li- 
DNA,68 which has a similar water content. It compares 
well with the Bo = 8.5' reported for salmon sperm 
DNA.7l Analysis of purine base labeled dodecamer data 
with a diffusion-in-a-cone model resulted in similar 
values for the angle of fluctuation, with 0, = 17' at 80% 
RH (W = 11.6) and do = 57' at  92% RH (W = 26.6). 
These values for eo assumed that librational motions 
were absent in the dry methyl-labeled dodecamer. In- 
cluding 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 (W = 21.2) and the appearance of a nonzero 
asymmetry parameter, the large cone angle required to 
fit experimental spectra at elevated levels of hydration 
makes the applicability of this model to the dodecamer 
data questionable. Additional models need to be in- 
vestigated. Of course, a nonzero asymmetry parameter 
can be obtained by other means than through a non- 
symmetric motion, but in keeping with the model 
presented in the previous deoxythymidine monomer 
studies, these were not pursued. (See ref 90 for further 
discussion.) 

Fluctuation of the C3 symmetry axis within an one 
dimensional harmonic potential was examined to de- 
scribe the changes in the dodecamer line shape with 
increasing hydration levels. Expressions for a one-di- 
mensional harmonic potential, U(6,) = f#,, were pres- 
ented in section 2.2.2. If the observed asymmetry pa- 
rameter is entirely the result of fluctuations within the 
harmonic potential, solutions for the reduction factor 
A and qeff are shown in Figure 25. The observed 
asymmetry parameter qeff = 0.05 results from fluctua- 
tions in a potential defined by the force constant f = 
151tBT. The rms amplitude is found using the Boltz- 
mann distribution 

(99) 

( = ( ~ ~ ~ / 2 f ) l / ~  (100) 

P(eo) = 2-l exp (-feo/kBT) 

and is given by 

To explain the observed asymmetry parameter the force 
constant would correspond to a rms displacement of 
10.5'. This is in close agreement with the rms of 12' 
obtained from the two site jump model. The value of 
f corresponds to a single value of the reduction factor 
A = 0.94, and cannot explain the continuous reduction 
of A with a constant qew As with the two site libration, 
fluctuations in a harmonic potential are unable to ex- 
plain all the observed changes in line shape as a func- 
tion of hydration. 

An alternative model is one-dimensional harmonic 
diffusion on a cone, U(e,$,) = f '& sin2 6 = f & ,  described 
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Figure 25. Observed vefl and A for a simple one-dimensional 
harmonic potential (U = fez) as a function of the force constant 

and dry dodecamer (ab) are shown. 

in section 2.2.2. Figure 26 presents a contour surface 
relevant values of veff and A as a function of the force 
constant f. The distribution is a simple Gaussian, with 
the root mean square amplitude being given by 

(101) 

Descriptions of the reorientation of a CD bond on the 
unit sphere are only comparable when the sin2 6 is in- 
cluded in the rms determination, thus avoiding large 
ellipticity effects of the harmonic potential. There are 
no possible solutions for A = 0.97 and 0.96 for the entire 
range of the cone angle 6. The solution for A = 0.95 
corresponds to diffusion in a cone of 6 - 40' with f = 
7kBT, while for A = 0.86 the cone angle is d = 22' and 
f = IkBT. These solutions correspond to rms distri- 
butions of 15' and 40.5', respectively. While the model 
can explain the line shapes for two of the hydration 
levels, it offers no solution for the lowest hydration 
levels. The variation in the cone angle 8 with hydration 
level corresponds to the motional axis moving with re- 
spect to the C3 symmetry axis, questioning the physical 
relevance of this model. There are no structural 
characteristics that would motivate such a process with 
higher water content, suggesting that this model is in- 
adequate in describing the internal dynamics. The lack 
of solutions for the lower hydration levels may result 
from using a QCC,,ti, that was obtained using a two site 
jump model. A similar treatment of 'leff in the monomer 
using the one-dimensional harmonic potential model 
would produce a different QCC,,,,. In contrast to the 
two site jump model, solutions for an observed asym- 
metry parameter veff do not have an unique solution of 
A. 

A biaxial model, consisting of motions in two per- 
pendicular directions, has been previously presented as 
a model of internal base motions.67*68-71 In all cases it 
is assumed that one direction of libration is within the 

f. Solutions for the [methyl- s H]-2'-deoxythymidine monomer (aa) 

(&)1/2 sin e = (kBT/2f?'l2 
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Fi ure 26. Observed veff and A for diffusion in a cone (U = f '6: 

0. Contours for specific values of veff, 0.05 (-), and A, 0.97 (e  .), 
0.96 (- -), 0.95 (-1, 0.86 (- - -). Solution for 80% RH (aa) and 
88% RH (ab) and the corresponding one-dimensional libration 
(OJ. 

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 4o for the 
in-plane libration, and 60 for the out-of-plane librations. 
It is not possible to determine the relationship of do and 
4o to a specific direction with respect to the C3 sym- 
metry axis, since the methyl motion alone produces a 
uniaxially averaged EFG. Assignment of the directions 
of eo and $o is possible from an analysis of the aligned 
liquid crystal spectrum, which allows discrimination 
between twisting and tilting type motions.lo1 

Changes in QCCeff and veff with increasing humidity 
can be described by increases in do and Using the 
static value of e2qQ/h obtained from monomer stud- 
ies,gO the line shape of the dry sample can be simulated 
using 6, = 9' f lo, and $o = 7' f 1'. At 75% RH (W 
= 10.4) and 80% RH (W = 11.6) the angles of libration 
increase to Bo = 12' f 2' and $o = 10' f 2', while at 
88% RH (W = 16.3) do = 19' f 2' and $o = 17' f 2O, 
at 92% RH ( W  = 26.6) do and $o = 40' f 3', and at  
95% RH ( W  = 39.8) do and $o i2: 43O f 3'. The lower 
hydration levels compare favorably with values reported 
for calf thymus Li-DNA,68*91 while the higher hydration 
levels show substantially higher values of libration than 
those reported for salmon DNA fibers and films.'l 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 
dodecame9 using this four site librational model re- 
sulted in surprisingly large differences between do and 
$o, given the values of veff at lower hydration levels, but 
at 92% RH, do and 4o equaled about 38', remarkably 
close to those values obtained for the methyl group. It 
should be noted that in the methyl line shape analysis 
the angles are restricted to do # $o to fulfill the re- 
quirement qeff # 0. These librational amplitudes are 
tabulated in Table IV and were obtained using a visual 
fit of the line shape.lol Figure 27 shows the contour 
surface of a four-site libration. It immediately becomes 
evident that there are no solutions for veff = 0.05 and 
A > 0.96. This results in an inability to explain the 
observed line shape of the dodecamer at the dry or 66% 

sin ?i 0) as a function of the force constant f and the cone angle 
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is again not possible, For this reason the value of 
QCCstatic obtained using the two-site libration will con- 
tinue to be utilized. 

If the librational motions of this four-site model are 
faster than the width of the rigid lattice spectrum, ef- 
fective average values of QCC and t are produced. The 
correlation time of the libration cannot be determined 
from line-shape analysis, but an upper limit of 7, < 
= lo4 s can be set. A thorough analysis of relaxation 
data is required for determination of 7,. The two site 
or four site librational model adequately fits the ex- 
perimental line shape for dry and 66% RH (See Figure 
24A). Comparison of simulated spectra for this model 
to experimental spectra a t  75%, 80%, and 88% RH 
shows only partial agreement. The line shape observed 
at 90% RH, however, is characteristic of motion oc- 
curring in the intermediate rate regime and cannot be 
reproduced by fast librations regardless of angle. The 
angle of libration of -&45O 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 characteristic to consider 
is the loss in center intensity with increasing humidity. 
This orientationally dependent attenuation is not 
present in the simulations involving only methyl mot- 
ions and fast librations. Also observed is a loss in signal 
intensity or echo attenuation with variation in pulse 
spacing as well as variation in relative intensity between 
hydration levels. The biaxial model consisting of only 
fast motions, shows no variation with T ~ ,  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 dephasing.lo3 
Consideration of these heteronuclear dipolar interac- 
tions with surrounding protons in the DNA and water 
molecules is impractical, requiring knowledge of each 
interaction distance. Recognizing the omission of 
heteronuclear dipolar contributions as an approxima- 
tion, these effects were not considered further. If the 
spectra are scaled to the apparent ( T2e)  present from 
interactions at dry or 66% RH, additional changes in 
T,, with increasing humidity can be entirely attributed 
to dynamic processes within the oligonucleotide. 

Dodecamer Helix Motion 

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 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 = 21.2). The effect of helix diffusion was 
simulated using a jump model between nearest neigh- 
bors of equal site probability described by the equilib- 
rium 

(102) A L L  

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 

s, - sz 7 ... - s, 

TABLE IV. RMS Deviations of Biaxial Libration with 
Relative Humidity for 
[ metbyl-’H]-2’-Deoxythymidine-Labeled 
[d(CGCGAAT*T*CGCG)12 

% RH W A 60,” deg @o,O deg 80,bdeg #o? deg 
dry 0.0 0.97 9 f 1 7 f 1 nsc nsc 
66 5.0 0.97 9 f 1 7 f 1 ns ns 
75 10.4 0.96 12 f 2 10 f 2 ns ns 
80 11.6 0.95 12 f 2 10 f 2 14.5 3.0 
88 16.3 0.86 19 f 2 17 f 2 21.0 15.5 
90 21.2 
92 26.6 0.39 40 f 3 40 f 3 39.5 39.5 
92 29.6 0.38 40 f 3 40 f 3 40.0 40.0 
95 39.8 0.28 43 f 3 43 f 3 43.5 43.5 
98 69.9 

a Visual fit of simulations. 
sions for a four-site libration. 
pressions. 

Obtained using analytical expres- 
ns, no solution using analytical ex- 
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Figure 27. Contour surface for a four-site libration as a function 
of the displacement 6, and &,. Contours for specific values of A 
(concentric circles) are shown, 0.97 (-), 0.96 (- .), 0.95 (. .), 0.86 
(- -), 0.39 (-), 0.38 (- a), 0.28 (a .), as is a contour for q d  at 0.05 
(-), Solution for different hydration levels are shown: (ea) 80% 

= 29.6), and (ee) 95% RH. 
RH, (Ob) 88% RH, (OJ 92% RH (W = 26.6), (Od) 92% RH (W 

RH humidity levels (as well as the monomer). The 
results for other hydration levels are shown in Table 
IV. There are several points that need to be addressed. 
The first is how a visual fit could produce solutions for 
the lower hydration levels, while the analytical ex- 
pressions have no possible solutions. This discrepancy 
may lie in the smallness of the observed asymmetry 
parameter, and the difficulty of measuring subtle 
changes in the asymmetry parameter with the 1-1.5 
kHz natural line broadening present. As seen in Figure 
8 a variation in the observed teff of fO.O1 would produce 
solutions for the dry and 66% RH samples. The dif- 
ficulty in measuring the small veff may also explain the 
discrepancy of relative differences in Bo and &, when 
compared to the reported base values. The analytical 
expressions for a four-site libration produce differences 
in these two amplitudes that are on the same order as 
those reported by Huang and co-workers for the base- 
labeled dodecamer.50 The lack of solutions for the lower 
hydration levels may also result from the method of 
determining QCCBhtic (see previous paragraph). In- 
spection of Figure 27 reveals that given an observed 
asymmetry parameter teff, a unique solution for QCCSbtic 
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DNA.S0i71 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 5 is given by104 

nE = E2/83 (103) 

where 8ij is the arc angle between successive sites. The 
average time required to reorient the axis by one radian 
is 

T = nl/k = l / k @  (104) 

which can be used to obtain the diffusion coefficient 
DR = 1/27 = k88/2 (105) 

The larger the number of sites N ,  or the smaller the 
jump size 8+ the closer to the true diffusion limit this 
becomes. Studies by Wittebort and c o - w ~ r k e r s ~ ~  
showed that differences in line shapes and variation in 
relative intensities can occur with increase of the num- 
ber 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 com- 
putational time, but results are also presented for a 
larger number of sites. 

The experimental line shapes of 75% and 80% RH 
are simulated well using the methyl rapid three-site 
jump, a fast four-site libration of the base plane, and 
a slower six-site helix motion at  k = 1 kHz, O i .  = 5' (See 
Figure 24), corresponding to a DR = 3.8 s-l. Line-shape 
variations are minimal in going from N = 6 to N = 16 
for the 1-kHz model, corresponding to a total angular 
displacements of 25' and 75' or rms displacements of 
8.5' and 23O, respectively. This suggests that the slow 
azimuthal rotation may not be truly restrictive in na- 
ture, but at a rate slow enough to appear restricted in 
nature on a 2H NMR time scale. The observed spec- 
trum at  88% RH is fi t  similarly with k = 3 kHz, 8ij = 
20°, corresponding to DR = 1.8 X lo2 6'. The observed 
signal to noise at 88% RH 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 
inter-pulse spacing than was observed experimentally. 

The experimental line shapes become difficult to in- 
terpret at higher hydrations due to local internal li- 
brations being masked by larger amplitude motions 
occurring at low rates. Simulation of the intermediate 
line shape observed at 90% RH using 8ij = 60', k = 400 
kHz, corresponding to DR = 2.2 X lo5 s-l (with the 
amplitude of the four-site libration unchanged from 
that of 88% RH), produced line shapes with the same 
general characteristics, but were insufficiently narrowed. 
Simulations where the rate or angle were varied from 
these values tended to produce line shapes uncharac- 
teristic of the intermediate regime. An approximate fit 
can be obtained by increasing the internal fluctuations 
to Bo and 4o = 22' to give a librationally averaged QCC& 
= 40 kHz and qeff = 0. One can also assume that those 
local motions described by the rapid four-site libration 
remain unchanged at hydration levels greater than 88% 
RH and that all subsequent variations in line shape 
result from motions in addition to the base libration. 
This is not entirely unplausible in that at W = 16.3 the 
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hydration of the oligonucleotide is complete. Between 
W = 5 and 12 the nucleotide bases are hydrated, above 
W = 12 the dodecamer 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 Contributions 
of diffusion about an axis other than the azimuthal axis 
may also need to be considered. A rough estimate of 
contributions from diffusion about an axis perpendi- 
cular to the helix symmetry axis can be obtained from 
consideration of the rotational dynamics of rigid 
spherocylinders, and using expressions applicable to 
shorter DNA f r a g m e n t ~ : ' ~ ~ J ~  

kBT (1) (107) 
DilR = (3.841)xqLR2 1+ 61, 

where kB is the Boltzmann constant, L and R are the 
length and radius of the cylinder, T is the absolute 
temperature, q is the solvent viscosity, and p is the 
length to diameter ratio 

L 
P = z  

The parameters 6, and all are end-effect coefficients. 
Values of these corrections for different p ratios were 
presented by Tirado and Garcia de la Torre. Extensions 
to any arbitrary value of p are obtained using the ex- 
pressions presented by Hustedt:lo7 

6, = -0.66181 + 0.912667 - 0.04242 - (109) (8 (3 
all = 0.689236( $) - 0.20321( ir (110) 

The ratio of diffusion rate about the helix axis and the 
axis perpendicular to the helix is ca. 1.9 for a molecule 
with a length to diameter aspect ratio of ca. 1.7. A 
rough simulation of the contributions from motion 
about an axis perpendicular to the helix axis can be 
obtained using this ratio. Simulation using a six site 
jump motion about the helix axis at k = 400 kHz, 8ii = 
60°, and DllR = 2.2 X lo5 s-l and a helix "wobble" being 
characterized by a three-site jump at k = 1.56 MHz, 8'- 
= 22', D,R = 1.15 X lo5 s-l produced slightly improved 
fits of experimental spectra (see Figure 24) compared 
to a simple reduction of QCCen. This jump model for 
helix wobble is a crude approximation for diffusional 
processes about two perpendicular axis, 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 at this hydration level. 

Parameters obtained for the six site jump model 
compare well to previous ?H studies of DNA. Kintanar 
and co-workersw analyzed the base-labeled dodecamer 
and found that 80% RH, k = 3.3 kHz, with O i j  = 5', 
while at 88% RH, k = 1 MHz, with Oi. = 30'. The lower 
humidity data correspond well with t i e  values obtained 
from the methyl-labeled dodecamer while the 88% RH 
data differ significantly. The rate and angle values 
reported by Kintanar and co-workers for 88% RH were 



1572 Chemlcal Reviews, 1991, Vol. 91, No. 7 

investigated, but produced line shapes that were dis- 
tinctly 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 It  = 2 MHz, Oi j  = 30°, 
corresponding to DR = 2.7 X lo5 s-l. This value of DR 
is surprisingly close to that observed at 90% RH, but 
simulations involving a restricted reorientation were 
unsuccessful, 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 dodecamer 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. Simulation of the 
line shapes obsereved at 92% RH ( W = 26.6) and 95% 
RH (VI = 39.9) can be obtained in a similar manner as 
described for lower hydration levels, except the degree 
of alignment must be considered. 

Analysis of the echo decay time, T2,, allows investi- 
gation 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 pro- 

The Tze relaxation rates are orientational 
dependent, and therefore would give rise to nonexpo- 
nential decay recovery curves; the signal to noise ratio 
for the deuterated dodecamer reported in this disser- 
tation was not sufficient to detect these deviations 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 

M2 = 1; dw w2 f ( w ) / S m  -m dw f ( w )  (111) 

where w = 0 is the Larmor frequency wo, and f (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~~(QCC,f f )~ /20  (112) 

A qualitative analysis of T2, relaxation shows that in 
the slow motional limit T2 == T,, while in the rapid limit 
T2 = (7,M&)-1.108 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 T,, 
passing through a minimum. Interpretation of T2, for 
the dodecamer would require consideration of other 
internal dynamics in addition to motion about the helix 
axis, but the appearance of a T,, 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 approximation of the 
correlation time for this rotational process, changes in 
the second moment can be related to the loss in quad- 
rupole echo by 
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proximation of the correlation 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 T% can still be used 
to discriminate between various models, by comparison 
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 com- 
parison to the dry sample. Simulated values of ( T2,) 
are given in Table 111, and compare favorably to those 
observed experimentally. In particular, the reversal of 
( T,,) 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 suc- 
cessful. 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 be due to the numerous experimental 
conditions that can contribute to echo intensity atten- 
uation, or due to interactions (Le. heteronuclear dipolar 
dephasing) not explicitly considered. 

Spin-Lattice Relaxation in Dodecamer 

As demonstrated in previous sections, measurement 
of spin-lattice relaxation can provide information con- 
cerning the rate and nature of motions occurring within 
a DNA sample. The nature of nuclear spin relaxation 
in hydrated nucleic acids has only recently been ad- 
dressed and has the potential of providing an abun- 
dance of information on internal molecular dynamics. 
The models describing helix motion vary in complexity 
and each model invokes a number of adjustable pa- 
rameters. Fitting a single (T,)  value obtained at one 
magnetic field strength to a particular model of mo- 
lecular dynamics cannot prove the uniqueness of the 
model, and in fact the solutions obtained for a single 
point fit are not expected to be unique within the 
multiple dimensional parameter space. Yet with ju- 
dicious restriction of some parameters, valuable insights 
can be obtained. In the following sections three models 
of helix motion are addressed: (i) free helix diffusion, 
(ii) restricted helix diffusion, and (iii) collective torsional 
modes. Expressions for spin-lattice relaxation rates for 
each of these models were presented in section 2.3. 

Free-Helix Diffusion 

The view of motion around the helix axis as free 
diffusion of a rigid cylinder will now be considered. To 
reduce the number of parameters the following as- 
sumptions are made: (i) in the “dry” sample no azi- 
muthal helix motions are present, and the relaxation 
is dominated by the methyl motion alone; (ii) The 
correlation time of the methyl three-site jump is fixed 
at 7, = 3.4 X lo-’, s based on the observed ( T,) for the 
dry [methyl-2H]-2’-deoxythymidine-labeled dodecamer 
sample; (iii) all changes in the observed spin-lattice 
relaxation with increasing hydration result from azi- 
muthal motion about the helix. Using these assump- 
tions values for DliR were obtained and are shown in 
Table V. There are two solutions to the ( T,) expres- 
sion, but the rapid DllR solution was rejected because 
it corresponds to a room temperature solvent viscosity 
that is considerably less than that of water. This model 
was investigated for two different orientations of the 
base &, = 70° and 90°, corresponding to the A and B 

1 - = A M , T ,  
T2e 

For 92% RH the changes in the second moment (as- 
suming that they result entirely from motion about the 
helix axis) give T,  = 5 X lo-’ s. This is only an ap- 
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TABLE V. Parameters for Free Helix Diffusiona 
% RH W D ~ R ,  s-' 8,, deg DIIR, 8-l 8,,, deg 
66 5.0 1.22 X lo7 90 1.37 X lo7 70 
75 10.4 1.71 X lo7 90 1.95 X lo7 70 
80 11.6 1.70 X lo7 90 1.94 X lo7 70 
88 16.3 1.96 X lo7 90 2.24 X lo7 70 

T,  (methyl) = 3.4 X s, &,,, = 70.5O, details of model pres- 
ented in the text. 

TABLE VI. Parameters for Restricted Helix Diffusion" 

75 10.4 3.76 X lo7 90 5.31 X lo7 70 24 
80 11.6 3.75 X lo7 90 5.30 X lo7 70 24 
88 16.3 3.23 X lo7 90 3.98 X lo7 70 30 

T ,  (methyl) = 3.4 X lo-'* 8,  a,,,, = 70.5', details of model pres- 
ented in the text. 

forms of DNA. The diffusion coefficients obtained only 
increase by a factor of 1.6 with hydration to 88% RH 
( W  = 16.3). These diffusion constants are also un- 
realistic, being approximately the same magnitude as 
the viscosity observed in 2Ck35% sucrose solutions (see 
Table D-2 in ref 107). 

Restricted Helix Diffusion 

Another model that has been used in the description 
of helix motion is diffusion within a restricted potential 
defined by 2y0. Using the same assumptions presented 
for the free helix diffusion analysis, plus the assumption 
that 27, = 48" (see section 2.3.2), values of DllR were 
obtained and are shown in Table VI. Attempts to 
utilize the value of 2y0 = 24O, based on the amplitude 
of the six-site jump used in the line-shape simulations, 
were unsuccessful, so the value of 2y0 = 48' was used. 
The magnitude of the diffusion constant increased only 
slightly in comparison to the unrestricted motion. It 
was also found that the hydration level of 88% RH (W 
= 16.3) could not be explained unless the amplitude of 
motion was increased to yo = 30". 

Collective Torsional Modes 

The effects of collective helical torsional motion on 
the spin-lattice relaxation were also investigated. This 
model has been described in section 2.3.2. Employing 
the same assumptions that were used in the free-dif- 
fusion analysis, plus restriction of the torsional spring 
constant to a = 4.0 X dyn cm, the changes in 
relaxation with hydration level were modeled by vari- 
ation of the friction factor y. Similar assumptions were 
made for the analysis of the base-labeled spin-lattice 
relaxation. Results for a base orientation angle of P,, 
= 70' and 90" are presented in Table VII. A general 
comparison to the previous models can be made by 
determining the uniform mode diffusion coefficient, DllR 
= 1.2 X lo7 s-l for 66% RH, and is again unrealistically 
large. The near 100-fold difference in the torsional 
frictional constant between the methyl- and base-la- 
beled50 spin-lattice relaxation also reveals an incon- 
sistency in the motional model. The removal of these 
inconsistencies will require further experimental in- 
vestigations, including analysis of spin-lattice and 
quadrupolar order relaxation (and the corresponding 
individual spectral densities J(mwo)) at  a variety of 
fields. 

TABLE VII. Parameters for Collective Helix Torsional 
Motion" 

% RH W y, dyn cm s @,, deg 7 ,  dyn cm s b,, deg 
66 5.0 2.66 X 90 2.37 X 70 
75 10.4 1.88 X 90 1.68 X lo-% 70 
80 11.6 1.89 X 90 1.69 X lo-= 70 
88 16.3 1.68 X 90 1.49 X 70 

a = 4.0 X dyn cm, T~ (methyl) = 3.4 X s, a,,,, = 70.5', 
details of model in the text. 

3.2.2 Backbone Dynamics in Hydrated 
[d( CGCGAAT'T'CGCG)], 

Line-Shape Analysis: Fast Regime Dynamics 

In section 3.1.1, 31P solid state NMR studies of 
backbone dynamics in oriented fibers of high molecular 
weight DNA were reviewed. Another approach to 
probing the dynamics of the backbone will be described 
in this section, where samples of [d- 
(CGCGAAT*T*CGCG)I2, selectively deuterated at the 
5'-carbon, have been studied by 2H NMR. As in studies 
of dodecamer base dynamics which were described in 
section 3.2, 2H NMR studies will be discussed at  two 
levels: line-shape analysis and relaxation. 

The specific sample to be examined is [d- 
(CGCGAAT*T*CGCG)I2, in which the 5'- and 5"- 
protons of dT7 and dT8 have been replaced by deu- 
terons. The chemical synthesis and a 2H NMR study 
of the monomeric nucleoside [ 5',5''-2Hl;l]-2'-deoxy- 
thymidine have been reportedw with observed values 
of QCCefl = 164 f 1 kHz and Veff = 0.07 f 0.01. If the 
observed symmetry parameter is assumed to result 
entirely from fast limit dynamics, a model utilizing 
discrete jumps between two orientations with a half- 
angle of Bo = f 1 2 O  and a QCCStatic of 175 i 1 kHz gives 
the observed Teff. This value of QCCstatic is consistent 
with the value reported by Kintaner et al.w for the 
monomer, but is high in the range for values reported 
for methylene deuterons.lW The question arises: how 
unique are the solutions for Bo and QCC,,tic within the 
framework of two site dynamics? For small values of 
the half-angle Bo it may be shownl10 that the ratio of 
QCCeff to QCCstatic and the effective asymmetry pa- 
rameter are given by the following expressions: 

QCCeff/QCCstatic = PZ(COS BO) (114) 
Veff = [1 -  COS ~ ~ ) ] / P ~ ( C O S  00) (115) 

The uniqueness of QCCstatic is seen by a simple rear- 
rangement of these two equations: 

QCCstatic = (1 + VedQCCeft (116) 
So within the framework of a two-site jump and small 
displacements, the solution for QCCstatic is unique for 
observed values of Veff and QCCeff. 

Line-Shape Analysis 

The 2H line shape for backbone-labeled [d- 
(CGCGAAT*T*CGCG)I2 is shown in Figure 28 as a 
function of hydration. There are several aspects of the 
2H line shape of the backbone-labeled [d- 
(CGCGAAT*T*CGCG)] that need to be addressed. 
One of the primary changes is the reduction in QCCetf, 
coupled with the observation of a nearly constant Veff 
with increasing hydration. In modeling the local dy- 
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Figure  28. Experimental (-) and simulated (- -) 76.75-MHz 
deuterium quadrupole echo spectra of [5',5''-2H1;1]-2'-deoxy- 
thymidine-labeled [d(CGCGAAT*T+CGCG)l2 for various levels 
of water content W (mol of H20/mol  of water). The simulated 
spectra were calculated as described in the text, ignoring the 
central isotropic component. Using a pulse delay of 50 ps and 
n/2 pulse lengths varying from 2.3 to 3.0 pa, spectra were obtained 
for (A) 66% RH, W = 4.8,60000 scans; (B) 80% RH, W = 11.9, 
116750 scans; (C) 88% RH, W = 16.3, 144000 scans; (D) 90% 
RH, W = 20.5, 288000 scans. 

A .  Three Site Trans-Gauche Isomerization 

8. Two Site Libration 

C.  Four Site Libration 

Figure  29. Representation of the different motional models 
considered: (A) three-site trans-gauche isomerization, (B) b e s i t e  
libration of the methylene group with an amplitude 0, (C) four-site 
libration of the methylene group with amplitude Bo and &,. 

namics of the backbone, the possibility of large con- 
formational changes over a range of interconversion 
rates must be considered. In methylene chain polymers 
a crankshaft motion is often used to describe the mo- 
lecular motions, and a similar model involving fluctu- 

1 k = 10' 5-l 

-200 6 
kHz 

Figure 30. Simulations of backbone conformational conversions 
for a pulse delay of 50 ps as a function of jump rate ki,. (A) 
Interconversion between gauchegauche (+sc), gauchetrans (ap), 
and trans-gauche (-sc) with populations of 0.85 (site l), 0.05 (site 
2), and 0.10 (site 3), respectively. The site to site jump rates kI2, 
k13, and k2,3 were assumed to be equal. (B) Two-site diamond 
lattice jump with site population of 0.8 and 0.2 for differing jump 
rates kIz.  

ations of the torsional angle $ between the backbone 
conformations gauchegauche (+sc), gauchetrans (ap) 
and trans-gauche (sc)?  with unequal site probabilities, ' 

has been applied to the dodecamer. Conformational 
energy surfaces for 5'-nucleotides have been computed 
for rotation about the exocyclic C4'45' bond. The +sc 
conformation corresponds to the global minimum, while 
the energy of the ap and -sc conformations were found 
to be only 1 kcal/mol'" or 2 and 1.3 kcal/mol, re- 
spectively112 above the minimum. In ref 112, Yathindra 
and co-workers calculated the populations for the var- 
ious conformations using the expression 

P(X,d  = 
100 x exp [ -V(x ,4 ) /Rr l (C  exp [ - V ( x , d / R W '  

(117) 
where V(x ,@)  is the potential energy. The surface was 
computed at loo intervals of x and 6, and values of 78% 
for +sc, 4% for ap, and 10% for -sc were reported. 
Line-shape simulations utilizing a discrete three site 
trans-gauche isomerization with unequal populations 
p,(i) of 85, 5, and 10% for different jump rates hi .  (i 
# j )  were initially investigated. The jump matrix kij 
used in the simulation must satisfy microreversibility, 
ki'Peq(i) = k j g e q p )  with kii being the negative sum of 
all rates depleting site i. The first model involves 

x d  
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Figure 31 also reveals the lack of possible solutions that 
would produce averaged line shapes with ~ , f f  = 0.06 and 
A < 0.89. Since the line shape observed at 75% RH (W 
= 10.5) corresponds to A = 0.87, a rapid isomerization 
is unable to simulate this or higher hydration levels. 
The lack of rapid trans-gauche isomerization of the 
backbone was not unexpected based on previous mo- 
lecular mechanics studies113 and molecular dynamics 
~imulat ions, l l~J~~ in which the torsional angle $ was the 
least flexible. In the molecular dynamics simulations 
of [d(CGCGAATTCGCG)], and other oligonucleotides, 
trans-gauche isomerizations were not observed except 
in terminal nucleotides. Small variations in the tor- 
sional angle were observed during the 80-90 ps simu- 
lations with rms fluctuations of 70114 and 9°-100.115 Due 
to the inability of this three-site isomerization model 
to explain the observed variation of the line shape with 
increasing hydration, except for the limiting case of the 
dry dodecamer, this motional model was not pursued 
further. 

The variation in QCCEff and Teff has been simulated 
by various librational models in previous sugar and base 
investigations of the dodecamer. Since the static 
asymmetry parameter is assumed to be zero, the ori- 
entation of a librational plane with respect to a mo- 
lecular or crystal frame is only possible from measure- 
ments on oriented samples. If the rate of internal li- 
bration is rapid, anisotropic librations can produce a 
nonzero effective asymmetry parameter Teff. If addi- 
tional motions occur within the sample (see later dis- 
cussion) the orientation of these secondary motions can 
be described relative to the librationally averaged EFG 
tensor, but absolute orientation in a molecular or crystal 
frame will still require investigation of an oriented 
sample. While use of these models involves arbitrary 
orientations, consideration of the molecular or crystal 
environment may suggest preferred librational direc- 
tions. 

The simplest model considered is a two-site libration 
of the individual C-D bond (see Figure 29B). This 
model has been used to describe the base and methy- 
lene dynamics in the 2’-deoxythymidine monomel.90 and 
the sugar dynamics in 2’-deoxyadenosine,l18 along with 
the base dynamics in the labeled dodecamer.w Assum- 
ing QCCshtic = 175 kHz, qshtic = 0.0, the reduction in 
QCCEff for dry (W = 0.0) and 66% RH ( W = 4.8) can 
be accounted for by including a libration of Bo = 11.5’ 
f 1’ using eqs 114 and 115. Using the relaxation ex- 
pressions for a two-site libration, the (T,) of 505 ms for 
the dry (W = 0.0) dodecamer corresponds to a corre- 
lation time of 32 ps or 0.05 ps, while a t  66% RH (W = 
4.8) the (TI) of 206 ms corresponds to a two site cor- 
relation time of 85 ps or 0.02 ps. As observed in the 
monomer, the line shape is inconsistent with the larger 
correlation times. Attempts to extend this librational 
model to account for the 12 kHz reduction in QCCEff 
upon hydration to 75% RH (W = 10.5) were unsuc- 
cessful. The large librational angle required to produce 
the motional averaging results in an increased effective 
asymmetry parameter Teff (easily seen from inspection 
of eq 115), a trend not observed experimentally. 

Another possible model to describe the internal dy- 
namics in the DNA backbone is a biaxial four-site jump 
(see Figure 29C), consisting of librations in two per- 
pendicular p l a n e ~ . ~ ~ ~ ’ ~ ~ ~ J ’ ~  The biaxial model was de- 

0.80 0.h4 0 . h  0:92 0:96 1.0 
Peq(i) 

Figure 31. Variation in the reduction factor A and the effective 
asymmetry parameter qsff for a discrete three-site trans-gauche 
isomerization as a function of the equilibrium population p,(i) 
and the relative ratio of the remaining fractions [(p,(j) - p,- 
(k))/(p&] + p&))]. Contours are for an experimentally relevant 
region of A (straight horizontal contours), 0.88 (-), 0.90 (- -), 
0.92 (. .), 0.94 (- e), 0.96 (-), and ‘left (curved contours), 0.10 (- 
-), 0.08 (-), 0.06 (- .), 0.04 (- e), 0.02 (- -). The solution (ma) 
corresponds to the dry and 66% RH, W = 4.8 line shapes; the 
remaining hydration levels have no possible solutions. 

isomerization about the C4’-C5’ bond, which is the C3 
symmetry axis for the 5’-tetrahedral carbon, as shown 
in Figure 29A. Variation of the line shape as a function 
of the jump rate kij is shown in Figure 30A. For large 
jump rates (fast exchange) the line shape undergoes 
significant averaging, leading to increased values of the 
effective asymmetry parameter (Teff > 0.2), while ex- 
change at intermediate rates distinct line shapes result; 
note particularly the disappearance of shoulders. An 
extension of this motional model is to restrict the 
motion to a two-site isomerization. Simulations using 
unequal site populations peq(i) of 90% and 10% as a 
function of the jump rate ki j  are illustrated in Figure 
30B. The differences between these simulations and 
experiment support the conclusion that large amplitude 
trans-gauche interconversion between conformations 
of substantial equilibrium probability do not occur in 
the oligonucleotide backbone at  rates above ki j  = lo4 
s-l. Figure 30A,B also reveal the insensitivity of 
quadrupolar echo line shapes analysis to conformational 
changes occurring at  rates slower that -lo3 s-l. 

Information for the entire range of equilibrium pop- 
ulations in the fast-exchange limit are easily obtained 
using eq 25 for a three-site isomerization, to produce 
surfaces of A and Teff. Figure 31 shows a contour plot 
of the overlap between these two surfaces as a function 
of the equilibrium population peq(i) and the relative 
distribution of the probability between the two re- 
maining sites. The region shown is for the experimen- 
tally pertinent range (veff = 0-0.08 and A = 1.0-0.82). 

If QCCstatic is assumed to be 175 kHz and vstatic = 0 
the line shape observed for the dry dodecamer corre- 
sponds to A = 0.94 and qeff = 0.06. Inspection of Figure 
31 reveals that a rapid three site trans-gauche isom- 
erization with equilibrium population of p,(l) = 0.94, 
p,(2) = 0.05 and p,(3) = 0.01 (or equivalently peq(2) 
= 0.01 and p 4 3 )  = 0.05) will produce these fast-ex- 
change line-shape parameters. The contour surface in 
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Figure 32. Variation in the reduction factor A and the effective 
asymmetry parameter qeff for a discrete four-site libration as a 
function of the two half-angles of displacement Bo and 4o with 
equal site populations p&) = 0.25. Contours are for specific 
values of A (lower left concentric circles); 0.94 (- e), 0.87 (. .), 0.86 
(- -), and 0.82 (-), and qeff at 0.06 (-). Solutions for different 
hydration levels are shown: dry and 66% RH, W = 4.8 (aa); 75% 

and 90% RH, W = 20.5 (ad). 

fined using Bo to describe librations parallel to the long 
helix axis of the dodecamer, and 4o to describe libra- 
tions in the plane perpendicular to the helix axis. The 
variation in QCCeff and qeff with increasing relative 
humidity can be explained by changes in Bo and is 
presented as a contour overlay in Figure 32. Using the 
value QCC,,tii, = 175 kHz and vStatic = 0.0 the line shape 
of the dry (W = 0.0) and 66% RH ( W = 4.8) sample 
were simulated with Bo = 16O f 2’ and 4o = 4’ f 2’. 
At 75% RH ( W = 10.5) the librational angles increased 
to Bo = 20.5’ f 4’ and $o = 13.5’ f 4O, while at 80% 
RH (W = 11.9) the angles were Bo = 22’ f 4’ and 4o 
= 15’ f 4’. At 88% RH (W = 16.3) Bo = 20.5’ f 3’ 
and 4o = 20.5’ f 3’ which remained unchanged for 
90% RH (W = 20.5). It should be noted that in the 
line-shape analysis the angles were restricted to Bo # 
qjo to fulfill the requirement qeff # 0. Inspection of 
Figure 32 reveals that for a given A and Teff only sym- 
metry related solutions are possible within the range 
investigated. 

Using the ( T,) relaxation expressions for a four-site 
libration presented in section 2.3.1, the (T,) of 505 ms 
for the dry ( W = 0.0) dodecamer corresponds to a rate 
of 6.5 X lo9 or 5.4 X loe Hz. Jump rates (k) are reported 
here, instead of the common correlation time T,, because 
the relaxation may involve a sum of exponentials re- 
laxing at different multiples of the jump rate. This is 
easily evident from inspection of eq 57 for an N site 
jump process when N > 3. At 66% RH (W = 4.8) the 
(T,) of 206 ms corresponds to a jump rate of 2.7 X lo9 
or 1.3 X lo7 Hz, while at 75% RH (W = 10.5) the ( T1) 
is 59 ms with a jump rate of 1.6 X lo9 or 2.2 X lo7 Hz. 
With increase of the hydration level to 80% RH ( W = 
11.9) the (TI) of 41 ms corresponds to 1.3 X lo9 or 2.8 
X lo7 Hz, while at 88% RH (W = 16.3) the ( T,) of 40 
ms corresponds to 1.5 X lo9 or 2.4 X lo7 Hz. Through 
the entire hydration range investigated there is only a 
factor of 4 variation in the rate of motion, and a factor 
of 2 variation in the root mean square amplitude of the 

RH, W = 10.5 (Ob); 80% RH, W = 11.9 (03; 88% RH, W = 16.3; 

TABLE VIII. RMS Deviation of Biaxial Libration with 
Relative Humidity 

Libration Angle, deg, of sampleo 
% RH A Bb Cb Db E 

~~ ~~ ~ 

dry 8 f l  5* b 9b 12 * 2 
66 8 f l  7 10 10 12 f 2 
75 11 i 2 17 f 4 
80 1 1 f 2  9 12 14 19 f 4 
88 1 8 f 2  5 16 21 i 3 

A = [methyl-2H]-2’-deoxythymidine-labeled [d- 
(CGCGAAT*T*CGCG)I2; B = [8-2H]-2’-purine-labeled [d- 
(CG*CG*A*A*TTCG*CG*)1,; C = [6-2H]-2’-deoxythymidine-la- 
beled [d(CGCGAAT*TCGCG)]2; D = [2”-2H]-2’-deoxyadenosine- 
labeled [d(CGCGA*A*TTCGCG)],; E = [5’,5”-2Hl;l]-2’-deoxy- 
thymidine-labeled [d(CGCGAAT*T*CGCG)]2. bRelative errors 
for libration angles were not reported for these samples, but are 
assumed to be similar to the errors for the methyl and 5’,5”-labeled 
dodecamer. 

four-site libration. The faster rates produced simulated 
line shapes that were consistent with the observed line 
shape in the dry and 66% RH dodecamer and were 
used for the remaining hydration level simulations. 

It is interesting to compare the root mean square 
amplitude of the backbone deuterons obtained from 
this four-site libration model to the rms amplitude ob- 
served in previous 2H NMR investigations of the do- 
decamer, where the rms is defined as 

The results through 88% RH (W = 15) are shown in 
Table VIII. While the dynamic amplitude of the 
backbone deuterons is always greater than that ob- 
served for the base or sugar positions by 2’-6”, it never 
greatly exceeds the amplitude of base and sugar libra- 
tion at  any hydration level. The rms amplitude of 21’ 
at 88% RH (W = 16.3) is smaller than the 27’ fluctu- 
ations reported for the PH vector from solution NMR 
investigations of Hogan and Jardetzky.ls This com- 
parison may not be directly applicable since the dipolar 
relaxation involves dynamics over three bonds while the 
quadrupolar interaction simply involves reorientation 
of the EFG tensor. Rill and co-~orkers”~ observed the 
effects of intermolecular interactions on internal dy- 
namics in the 13C NMR investigation of spontaneous 
ordering of DNA (147, 234, and 437 base pairs). At 
concentrations as low as 6.5 mg/mL motions of the C5’ 
were slowed, while the dynamics of the C2’ remained 
rapid even in the oriented phase. The concentration 
of the [5’,5”-2Hl~,]-2’-deoxythymidine-labeled dode- 
camer sample hydrated at 90% RH (W = 25.5) was 940 
mg/mL. Due to the high concentration levels present, 
intermolecular interactions may account for the simi- 
larity between the observed rms amplitude of the 
backbone dynamics and the rms amplitude of the base 
or sugar 2”. 

Characterization of the local mobility in nucleic acids 
from crystallographic data using a segmented rigid body 
model revealed that the phosphate backbone has the 
largest rms amplitude in comparison to other groups 
of the n u ~ l e o t i d e . ~ ~  The eigenvector clusters for the 
librational matrix were determined for the dodecamer. 
The rms amplitudes of the phosphate librations were 
found to be ca. 29’ and 20°, while the librations of the 
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the relaxation of the remaining labeled positions sug- 
gests that within the 12 base pair oligonucleotide, the 
motions of the backbone, the sugar 2”, and the purine 
bases are similarly coupled. Analysis of 31P relaxation 
within the dodecamer is presently being pursued in our 
laboratory. 

Slow Helix Motion 

While the fast biaxial libration model describes the 
reduction in QCCeff and veff, it does not explain all the 
observed variations in the line shape. Only the dry ( W 
= 0.0) experimental line shape was adequately simu- 
lated using a fast librational model alone. The invar- 
iance of fast-exchange line shapes to pulse spacing is 
inconsistent with the observed spectra of the dodecamer 
sample at  hydration levels above 66% RH (W = 4.8), 
which reveal a loss of center intensity with pulse 
spacing. Similar changes have been noted in previous 
investigations of 2H base-labeled dodecamers, as de- 
scribed in section 3.2.1, and are characteristic of an- 
isotropic motions in the slow and intermediate exchange 
regime. 

The possibility of slow motion about the long helix 
axis in addition to fast four-site internal librations was 
the next model investigated. As described previously 
in eqs 96-99, a model of N-site nearest-neighbor jumps 
may be used to portray restricted diffusion about the 
helix axis. To model the effects of helix rotation on the 
line shape of the [5’,5”-2H,;l]-2’-deoxythymidine-labeled 
dodecamer, the orientation of the EFG tensor with re- 
spect to the helix axis needs to be considered. Assuming 
model B-form DNA, the 5’- and 5”-C-D bond form 
angles of ca. 38’ and 71’ to the helix axis. The orien- 
tation of the biaxial libration was defined with dis- 
placements parallel to the helix rotation axis being 
defined as Bo. It should be noted that different orien- 
tations of the biaxial librations produced effects on the 
simulated line shape that were small compared to the 
detail obtainable from the low signal to noise samples. 
The line shape at 66% RH ( W = 4.8) was simulated by 
including a slow helix axis motion at  k = 1 kHz, Bij = 
5O, corresponding to DR = 3.8 s-l (Figure 28A). At 75% 
RH (W = 10.4) and 80% RH (W = 11.9) this helix 
motion increased to k = 6 kHz, Bij  = 5’, DR = 22.8 s-l 
(Figure 28B). At  88% RH (W = 16.3) the simulation 
yields k = 10 kHz, Bij = 20°, and DR = 609 s-l (Figure 
28C). Even though the signal to noise is highly reduced, 
the line shape at 90% RH ( W = 20.5) is consistent with 
k = 100 kHz, Bi, = 20°, and DR = 6092 s-l (Figure 28D). 

The values for the rate and amplitude of helix motion 
were quite similar to those observed in previous sugar 
and base investigations of the dodecamer through 88% 
RH (W = 16.3). The fact that for hydration levels 
through W = 20 the model of fast librations combined 
with a slow helix motion can explain the observed line 
shapes for all 2H-labeled dodecamers examined to date 
suggest that it is indeed a reasonable, while perhaps not 
unique model of dynamics in hydrated oligonucleotides. 

The high hydration level of 90% RH (W = 20.5) 
could not be simulated with the values (k = 400 kHz, 
8, = 60’) obtained for the methyl-labeled dodecamer 
at 90% RH (W = 21.2), since these values produced a 
line shape with greater motional averaging than ob- 
served experimentally. This hydration level was not 
investigated for either the sugar-labeled dodecamer (see 
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Figure 33. 2H spin-lattice relaxation (TI) as a function of 
hydration level W for various labeled positions in the dodecamer: 
(0) [5’,5’‘-2H,.,]-2’-deoxythymidine-labeled [d-  
(CGCGAAT*T*C6CG)I2; (0) [8-2H]-purine-labeled [d- 
(CG*CG*A*A*TTCG*CG*)2] ; (0 )  [ methyL2H] -2’-deoxy- 
thymidine-labeled [d(CGCGAAT*T*CGCG)2]; and (m) [2”- 
2H]-2’-deoxyadenosine-labeled [d(CGCGA*A*TTCGCG)I2. 

ribose were 32’ and 22’ and the base librations were 
14’, 17O, and 18’. The magnitude of these librations 
is significantly larger than those obtained from 2H 
line-shape analysis using a four site librational model. 
These differences may be model dependent or reflect 
conformational disorder and rigid body librational 
disorder within the crystal. 

Spin-Lattice Relaxation 

The rate of these fast internal librations cannot be 
determined from analysis of quadrupolar echo line 
shapes alone except for a lower limit on the rate. While 
the fast librations have been modeled as a four-site 
jump, the exact nature of the motion, including the 
possibility of contributions from collective motions, 
cannot be determined from analysis of line shapes. A 
detailed investigation of spin-lattice relaxation at  
various magnetic field strengths, along with separation 
of the various spectral densities, would allow this 
problem to be addressed (see section 3.1.3). While such 
detailed analysis is not possible with the present 
[5’,5”-2H1;1]-2’-deoxythymidine-labeled dodecamer, 
comparison of trends in the spin-lattice relaxation for 
various positions of the nucleotide is possible. Brandes 
and co-workers noted that the ratio between the 31P 
relaxation obtained by Mai and co-workers62 for the 
backbone and the 2H relaxation of the purine bases in 
calf thymus DNA was approximately constant through 
hydration levels of W = 20. Similar trends were noted 
by Huang and co-workers118 (see section 3.2.3) between 
the 2H relaxation of the sugar 2” and the purine basew 
within the dodecamer [d(CGCGAATTCGCG)],. These 
trends suggest that the backbone, sugar, and base 
motions are coupled. Similar comparisons can be made 
between all the 2H-labeled sites of the dodecamer. 
Spin-lattice relaxation time as a function of hydration 
is shown in Figure 33. The variation in relaxation for 
the various positions is similar from 66% RH ( W = 4.8) 
through 88% RH (W = 16.3), with the notable excep- 
tion of the methyl-labeled position. This last obser- 
vation is not surprising in that the relaxation of the 
methyl group is strongly influenced by the rapid (10-50 
ps) motion about the C3 symmetry axis. The trend in 
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discussion in the next section) or the base-labeled do- 
decamer.@’ In the investigation of the methyl and 2”- 
labeled dodecamer a t  hydration levels of W > 20, con- 
tributions from diffusion about an axis perpendicular 
to the long helix axis were also employed to explain 
finer aspects of the experimental data. The poor sig- 
nal-to-noise observed for the [ 5’,5”-2Hl,l]-2’-deoxy- 
thymidine-labeled dodecamer does not warrant such a 
detailed analysis and will not be considered further. 
This inability to obtain rates that are consistent for the 
methyl- and backbone-labeled dodecamer at 90% RH 
may reflect subtle differences between the samples (Le. 
hydration levels), or a weakness of the simplistic six-site 
jump to describe helix diffusion at higher hydrations. 

In the analysis of the methyl-labeled dodecamer, echo 
decay times ( TZe) were used to discriminate between 
models of helix motion both as a function of hydration 
and temperature. This analysis consisted of comparing 
the echo decay rate from simulations to the decay rate 
observed experimentally. This comparison was per- 
formed for the [ 5’,5”-2Hl;1]-2’-deoxythymidine-labeled 
dodecamer. The rates were scaled to the (T,) observed 
in the dry sample and represent relaxation due to 
motional changes in comparison to the dry sample. 
These results do not compare favorably for any hy- 
dration level, with the simulated (T2e)  values being 
considerably smaller (a factor of 1.5-2.0). Variation in 
the rate and amplitude of helix motion required to 
produce similar ( values resulted in line-shape 
simulations that disagreed with experimental data. 
This may reflect a differential motion between the 
backbone and the methyl labels, but if there was ad- 
ditional intermediate helix motion at the 5’,5”-positions, 
the experimental ( T2,) would be reduced from the ob- 
served value. It is also possible that there was backbone 
motion within the dry sample that was not observed in 
the methyl-labeled dodecamer, affecting the scaling of 
( T Z e ) .  An alternative explanation is that the rapid 
3-fold jump motion of the methyl grup reduces the 
effects of dipolar interactions which have been shown 
to modulate the echo d e ~ a y , l l ~ J ~ ~  while for the back- 
bone-labeled sample these dipolar effects were not 
eliminated. Attempts to simulate the overall loss of 
signal intensity with variation in hydration were also 
unsuccessful. This discrepancy has been noted before 
and is most likely the result of instrumental variation 
during the 3-5 weeks of sample hydration. 

In summary, the variation of the 2H NMR spectra for 
the [5’,5”-2Hl,l]-2’-deoxythymidine-labeled dodecamer 
[d(CGCGAATTCGCG)I2 was studied as a function of 
hydration level. With higher hydration levels there is 
a steady increase in the librational amplitude modeled 
using a four site jump model. The rms amplitude of 
this libration was only slightly larger than the motional 
amplitude observed in the sugar 2” or base-labeled in- 
vestigations. At  higher hydration levels, slow motion 
about the helix axis must be included to account for the 
observed experimental line shapes, and is consistent 
with previous 2H NMR studies involving the internal 
dynamics in synthetic oligonucleotides. 

3.2.3 Furanose Ring Dynamics in 
[ d( CGCGAAlTCGCG)], 

In this section we will discuss a 2H NMR study of 
furanose ring dynamics in [d(CGCGAATTCGCG)],, 
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selectively deuterated at the H2”-position on the fu- 
ranose rings of A5 and A6. Before proceeding, however, 
a brief discussion of prior knowledge on the confor- 
mation and dynamics of sugar rings in DNA will be 
presented. Primary sources of experimental informa- 
tion on localized motions of the furanose rings in po- 
lynucleotides include high-resolution NMR relaxation 
parameters, averaged scalar coupling constants, and 
X-ray diffraction data. Furanose rings in nucleosides 
are asymmetrically substituted and therefore the con- 
formations assumed by the ring are not evenly weighted 
on the pseudorotation cycle. In fact, X-ray crystallo- 
graphic studies of polynucleotides indicate that the 
conformations assumed by the sugar ring tend to cluster 
a t  two distinct and relatively narrow puckering con- 
formations, namely C2’-endo and C3’-end0.~~~-’~~ 

The relative conformational energies of the C2’-endo 
and C3’-endo puckering modes have been the subject 
of several theoretical studies. For example, Levitt and 
W a r ~ h e l ’ ~ ~  utilized a potential energy analysis, where 
the energy parameter was obtained through analysis of 
a large body of X-ray crystallographic, calorimetric, and 
spectroscopic data, and concluded that the energy 
barrier for the sugar conformation interconverting be- 
tween C2’-endo and C3’-endo was only 1.4 kcal/mol. 
Olson and co-workers carried out a series of statistical 
computations to test various theoretical potential en- 
ergy estimates of furanose p s e u d o r ~ t a t i o n ’ ~ ~ J ~ ~  and 
suggested that the presence of endocyclic and exocyclic 
substituents in the sugar moiety introduces a potential 
barrier that opposes free pseudorotation. 

NMR relaxation studies of internal dynamics in high 
molecular weight DNA have largely supported the oc- 
currence of substantial and localized motions of the 
furanose rings on the time scale of nanoseconds. For 
example, on the basis of high-resolution and 13C 
relaxation measurements, Jardetzky and co-workers15 
reported 31P-1H vector fluctuations of *27O with a time 
constant of 2.2 X lo4 s, base-plane fluctuations of *20° 
with a time constant of s, and fluctuations of the 
deoxyribose ring of f20° to k33” with a similar time 
constant. A similar view of the internal dynamics of 
very long DNA fragments has been reported in a series 
of papers by James and co-workers.*J7 

Clore and GronenbornlZ7 have reported a study of 
furanose ring dynamics in synthetic oligonucleotides. 
In that work, cross-relaxation rates between proton 
pairs were determined from the initial slope of the NOE 
build-up curves, from which the apparent correlation 
times were calculated using a model of internal motion 
which included a two-site jump and restricted diffusion 
or wobble within a cone, with the whole molecule as- 
sumed to undergo an isotropic tumbling motion. The 
results were claimed to indicate that the correlation 
time of the H2’-H2” vector fluctuation to be 3-fold 
shorter than that of the H5-H6 vector and of the order 

By far the most exhaustive study of sugar ring con- 
formation dynamics has been performed by Altona and 
co-workers who, drawing from a large body of X-ray 
crystallographic data and lH NMR coupling constants, 
constructed a set of formulae which relate the magni- 
tude of the scalar coupling constant between a given 
proton pair to the relevant bond torsional  angle^.'^'^^ 
In this empirical approach, endocyclic torsional angles 

of 10-9 s. 
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TABLE IX' 
5'-CGCGA*A*TTCGCG-3' * 3'-GCGCTTA*A*GCGC-5' 

% relative humidity 
W (H,O/nucleotide) dry 0.0 66 4.1 80 10.4 88 15.3 92 28.3 

7'1, 8 1.80 1.04 0.110 0.070 0.089 

QCC,m k H z h  17210.04 17010.05 161/0.06 155/0.05 14610.04 
two-site libration *go *loo &13' f14' f16' 
liaxial libration (&6, fb) f12', f4' 113', f4' *18', f8' f18', f14' f22', fl8' 

(rms) 8.9' 9.6' 13.9' 16.1' 20.1' 
cone diffusion (S,,, 6,) 0.93, 17.7' 0.907, 20.5O 0.85, 26.5' 0.82, 29.0' 0.79, 31.7' 

T20 1 s  330 330 190 150 112 

Motional amplitudes in Table IX were calculated from a fit to QCCem See the text for details. *A* refers to [2"-2H]-2'-deoxyadenosine. 
eStatic quadrupole coupling constant (QCC) = 178 kHz, static asymmetry parameter (9) = 0.00. 

in five-membered rings were described by a pseudoro- 
tation phase angle and an amplitude of puckering, and 
the authors suggested that conformational intercon- 
version is a process of hindered pseudorotation with a 
correlation time on the nanosecond time scale, pro- 
ceeding through the 04'-endo conformation and main- 
taining a constant puckering amplitude of -38'. 

Bax and Lernera4 have analyzed the H2'-H2" and 
H3'-H4' coupling constants of the sequence [d- 
(CGCGAATTCGCG)], utilizing a program developed 
by Altona and co-workers. By confining the minor 
conformer to the 3'-endo conformation with a 36' am- 
plitude of pucker, the analysis indicated that the pop- 
ulation of the major conformer ranges from 74% to 
99% with a puckering amplitude of ca. 33'-38' for the 
individual deoxyribose sugar moieties in the sequence. 

A somewhat different view of the structure of the 
DNA dodecamer [d(CGCGAATTCGCG)], has been 
reported by Reid and ~ o - w o r k e r s . ~ ~ ~ ~ ~  That structure, 
derived using distance geometry techniques, displays 
kinks in the C3-G4 base step and at the A6-T7 base 
step, which appear similar to those reported for the 
EcoRI restriction site DNA bound to its endo- 
n~c1ease . l~~  Although this solution structure differs in 
several respects from the crystal structure as reported 
by Dickerson and the conformations reported 
by both studies for the sugar rings of A5 and A6 are 
quite similar, the NMR study reporting :T conforma- 
tions for both sugars and the X-ray study reporting l~ 

(C1'-exo) conformations for both sugars. 
Torchia and ~ o - w o r k e r s ~ ~ ~ J ~ ~  have reported a solid- 

state 2H NMR investigation of sugar ring flexibility in 
single nucleosides where an enzymatic synthesis was 
used to produce 2'-deoxyguanosine-2 '-d2 and 2'-deoxy- 
thymidine-2'-d2 (both protons at  the C2' ring position 
were deuterated). This investigation showed signifi- 
cantly shorter TI values than expected for a rigid sys- 
tem: <1 s for deoxyguanosine and -0.15 s for deoxy- 
thymidine. The authors suggested the presence of small 
amplitude motion of the furanose ring on a time scale 
of <lo* s which may be independent of the nature of 
the base. The authors also observed only about one-half 
of the expected 2H signal intensity of deoxyguanosine 
when compared with a known weight of methylene- 
deuterated polyethylene and interpreted this fact as 
indicating that a significant fraction of the sample un- 
dergoes motion of the furanose ring on a time scale 
within the intermediate rate regime. The authors 
suggested that this may be due to interconversion be- 
tween different sugar ring conformations. 

The ,H NMR spectrum of the DNA dodecamer [d- 
(CGCGA*A*TTCGCG)I2 deuterated at the 2"-position 
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Figure 34. Solid-state 2H NMR line shape of [2"-*H]-2'- 
deoxyadenosine labeled [d(CGCGA*A*TCGCG)I2 as a function 
of hydration level for (A) dry DNA, (B) DNA equilibrated at 66% 
RH, (C) 80% RH, (D) 88% RH, and (E) 92% RH. Solid lines 
are theoretical spectra calculated assuming a two site jump model 
with jump amplitude ranging from 19'' for dry DNA to 116' for 
DNA equilibrated at 92% RH and static parameters QCCShtic = 
178 KHz and qstatie = 0.0. 

on A5 and A6 is shown in Figure 34 as a function of 
hydration level. The corresponding 2H NMR spectral 
and relaxation parameters are given in Table IX. The 
water content profile (the number of moles of water per 
mole of nucleotide, W, versus relative humidity, RH) 
of this sugar-deuterated dodecamer is essentially the 
same as previously discussed for base- and backbone- 

KHz 
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deuterated [d(CGCGAATTCGCG)],. Spectral data in 
Table IX indicate a decrease in QCCeff from 172 kHz 
in dry samples to 146 kHz in samples equilibrated at 
92% RH. The effective asymmetry parameter feff re- 
mains about constant at 0.04-0.06. As will be discussed 
below, the modest decrease in QCCeR over the observed 
range of hydration suggests that any fast regime mot- 
ions a t  the 2”-sites on A5 and A6 must be low in am- 
plitude. Large amplitude motions (>>20°) in the fast 
rate regime would tend to produce far more drastic 
averaging of the EFG tensor, and consequently of the 
2H line shape, than would be suggested by the experi- 
mental data. However, the 30-fold decrease in ( Tl), the 
3-fold decrease in ( T2e) ,  the decrease in QCCeR over the 
observed hydration range, and the distortion of the 
quadrupolar echo spectral line shape as a function of 
pulse spacing at  high levels of hydration suggest the 
occurrence of nonnegligible dynamics at  the 2”-sites of 
A5 and A6. 

Line-shape trends shown in Figure 34 generally sup- 
port the existence of significant motions of the 2”-sites 
of A5 and A6 in the slow and/or intermediate rate re- 
gimes at high levels of hydration. As indicated in Table 
IX, QCCeff decreases from 172 to 146 kHz as W in- 
creases from 0 to 28.3 (92% RH), a trend that may be 
reproduced by a number of N-site jump or diffusive 
models occurring at rates in the fast regime. However, 
2H line shapes obtained from samples equilibrated at  
180% RH consistently show less intensity in the center 
of the powder pattern than would be predicted assum- 
ing that the internal dynamics can be described by 
small amplitude, fast motions (Figure 34C-E), a trend 
also observed in base-deuterated dodecamers. Such 
distortions of quadrupolar echo spectra are known to 
be produced by anisotropic motions in the slow/inter- 
mediate rate r e g i m e ~ . ~ ~ ~ ’ ~ ~  

Although changes in the 2H powder pattern shape as 
a function of hydration level for 2”-deuterated and 
base-deuterated DNAs are similar in a number of re- 
spects, there are also a number of differences. In 
base-deuterated DNA dodecamers QCCeff decreases 
precipitously from 170 kHz at  88% RH to 71 kHz at  
92% RH, whereas the QCCeff of 2”-deuterated DNA 
dodecamers shows much less averaging over the same 
hydration range (Figure 34 and Table IX). Even more 
interesting is the comparative loss in spectral intensity 
as a function of hydration for base-deuterated and 
2”-deuterated DNA dodecamers. In base-deuterated 
DNA the relative spectral intensities for the hydration 
series (RH) 66%:80%:88% was 1.0:-0.7:-0.2,50 a 5- 
fold loss, whereas over the same hydration range, the 
relative spectral intensities obtained from 2”-deuterated 
samples were 1.0 -0.77: -0.74, indicating a reduction 
in relative spectral intensity of only 25%. In the fol- 
lowing section, these observations will be evaluated with 
the goal of developing a motional model that describes 
the local dynamics of the sugar ring as well as the 
whole-molecule dynamics in a way consistent with 
studies of base and methyl-deuterated DNA dodecam- 
ers. 
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2H line shape of the monomeric nucleoside an effective 
asymmetry parameter veM of 0.02 and an effective deu- 
teron quadrupole coupling constant QCCeR of 172 kHz 
are derived. 

At low hydration levels (W), the dynamics of the 
2”-deuterons on A5 and A6 may be described by simple 
jump or diffusive models with rates in the fast regime. 
Simulation of the 2H powder pattern of the lyophilized 
2“-deuterated DNA dodecamer yields a QCCeff of 172 
kHz with an veff of 0.04. Similarly, simulation of the 
2H powder pattern of the same sample equilibrated a t  
66% RH (W = 4.1) results in a QCCeff of 170 kHz and 
an veff of 0.05. Assuming a QCCstatic of 178 kHz and a 
qstatic of zero, as determined from studies of 2’-deoxy- 
adenosine-2”-dl, described above, and assuming the 
dynamics of 2”-sites at A5 and A6 can be described as 
a 2-fold jump, the 2H powder line shapes (Figure 34A,B) 
may be reproduced by a librational amplitude of i9’  
in dry DNA, increasing slightly to f10’ a t  66% RH. 
QCCeff decreases from 161 kHz a t  80% RH to 155 and 
146 kHz at 88% and 92% RH, respectively, a trend that 
can be reproduced by assuming an increase in the li- 
brational amplitude from f13’ at  80% RH to f14’ at 
88% RH and i16’ at  92% RH, but the line shapes 
obtained at  these hydration levels are not reproduced 
(Figure 34C-E). 

Other models may be considered to describe internal 
motions in DNA. The biaxial jump model described 
above can also reproduce the QCCeff trend observed in 
Figure 34 and Table IX. Biaxial jump amplitudes 0 and 
4 are found to be f12’ and k4’ in dry DNA (rms = 
8.9’), k13’ and f4’ at 66% RH (rms = 9.6’), i18’ and 
f8’ at 80% RH (rms = 13.9’), i18’ and k14’ at  88% 
RH (rms = 16.1’), and f22’ and f18’ at 92% RH (rms 
= 20’). Like the two-site jump model, however, the 
biaxial jump model does not reproduce the line shapes 
shown in Figure 34C-E. 

have proposed the use of a diffu- 
sion-in-a-cone model to describe the restricted motion 
of purine-labeled polynucleotides. This model produces 
symmetrically averaged EFG tensors (veff = 0), if the 
motion occurs in the fast rate regime and if the static 
asymmetry parameter is zero. In the current study, as 
in the study of base- and methyl-deuterated DNA do- 
decamers,’1° deviations of observed 2H line shapes from 
axial symmetry imply that cone diffusion cannot ac- 
count for all the fast internal dynamics in oligo- 
nucleotides. However, ignoring deviations from axial 
symmetry, and defining do as the half-angle of the cone 
in which the C-D bond axis is allowed to freely diffuse, 
the amplitude of local motions may be estimated for 
this model, assuming the effective quadrupolar coupling 
constant QCC,, is given by eqs 97 and 98. Assuming 
that cone diffusion describes the sugar ring dynamics, 
the model yields S,, = 0.97 and do = 11.5’ in the dry 
dodecamer, S,, = 0.96 and Bo = 14.1’ at  66% RH, S,, 
= 0.90 and do = 21.5’ at  80% RH, S,, = 0.87 and do = 
24.5’ at 88% RH, and S,, = 0.82 and do = 28.9’ at 92% 
RH. 

Dynamical models based on small amplitude motions 
in the fast state regime cannot account for 2H line 
shapes observed at  higher hydration levels. In partic- 
ular, the central part of the experimental powder pat- 
terns are consistently too low in intensity, but this 
feature can be simulated by assuming the presence of 

Brandes et 

Line-Shape Analysis 

Information on static QCC and asymmetry parameter 
values have been derived from 2H NMR studies of 2’- 
deo~yadenosine-2”-d~.~~~ From the simulation of the 
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internal motions occurring at rates on the order of 
104-105 Hz. To develop a model of this intermediate 
regime motion, we first recall the observation stated 
above that the quadrupolar echo intensity of the sug- 
ar-deuterated sample diminishes by only 25% in going 
from W = 4.1 (66% RH) to W = 10.4 (88% RH), an 
observation that is in contrast to studies of base-deu- 
terated DNAs where much greater attenuations of echo 
intensity have been We may resolve these 
seemingly disparate data with the following model. 
Assuming that the principal axis of the EFG tensor of 
the D6 aromatic deuteron is approximately perpendi- 
cular to the helix axis and the principal axis of EFG 
tensor of the 2”-deuteron makes a small (130’) angle 
with the helix axis, the difference in echo intensity as 
a function of hydration for 2”-deuterated DNAs and 
base-deuterated DNAs may be explained if the inter- 
mediate regime motion is assumed to be a restricted 
reorientation about the helix axis. Fiber-diffraction 
s t ~ d i e s ~ ~ - ~ ~  indicate that as DNA is progressively hy- 
drated from W = 4.1 to W = 10, the transition from A 
to B form occurs, and we assume that a t  W = 10 the 
DNA is sufficiently hydrated to allow the onset of helix 
twisting motions at rates on the order of lo4 Hz. This 
motion in turn produces an attenuation of the quad- 
rupolar echo amplitude which is maximal for base 
deuterons, and less extreme for 2”-deuterons if the 
sugar rings exist in conformations in which the C-D 
vector makes a moderate angle (<30’) with the helix 
axis. In fact, the angle between the C2’-D2” bond axis 
and the helix axis is sensitive to the conformation of the 
sugar ring. As shown in Figure 3 (see small arrow) for 
the dodecamer [d(CGCGAATTCGCG)I2 in the ideal B 
form, where the sugar rings are in the C2’-endo con- 
formation, the C2’-D2” bond axis of A5 makes an angle 
of about 20’ with the helix axis. In A-form DNA, on 
the other hand, where the sugar rings are in the C3’- 
endo conformation, the same bond axis makes an angle 
of about 90’ with the helix axis. 

Restricted diffusion about the helix axis may be ap- 
proximated as described in section 3.2.1 using eqs 104 
and 105 to calculate the diffusion coefficient. As in our 
studies of base-labeled and backbone-labeled DNA 
dodecamers (see sections 3.2.1 and 3.2.2), the number 
of sites, N ,  was typically limited to 6 in order to min- 
imize computational time. Increasing N beyond 6 
produced subtle line-shape changes, but these changes 
were not considered significant given the limited sig- 
nal-to-noise of our spectral data. 

A t  low hydration levels, where torsional motions 
about the helix axis are negligible, the orientation of the 
librational axis of the sugar ring cannot be determined 
in a polycrystalline sample because the EFG tensor is 
uniaxial (qstatic = 0). At higher levels of hydration 
however, the mutual orientation of the helix axis and 
the axis of libration of the C2’-D2” bond becomes im- 
portant. To proceed further we assume that the axis 
of local libration of the C2’-D2” bond is perpendicular 
to the helix axis. The reduction of QCCeff to 161 kHz 
at 80% RH can then be simulated assuming a two-site 
libration about this perpendicular axis with an ampli- 
tude of f13’. To invoke a slow rotation of the helix axis 
we assume the sugar ring exists in a conformation such 
as C2’-endo, where the C2’-D2” bond makes an angle 
of about 20’ with the helix axis. NMR studies of 
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Figure 35. (A) 2H NMR line shape for DNA dodecamer, deu- 
terated at the 2“ position of A5 and A6, equilibrated at 80% RH. 
The broken line corresponds to a dynamical model of restricted 
reorientation about the helix axis, N = 6, Oij = 5O, k = 6.9 kHz. 
(B) 2H NMR line shape for DNA equilibrated at 88% RH. The 
broken line corresponds to a model of restricted reorientation 
about the helix axis, N = 6, Oij = 20°, k = 13 kHz. 

methyl-deuterated dodecameric DNA”O indicate that 
at 80% RH torsional motions about the helix axis may 
be modeled as a six-site jump (N  = 6) with a eij of about 
5’ at a rate of 1 kHz. Studies of that same dodecamer 
deuterated at  the H6 site on T7 similarly obtain a Oij 
of 5 O  at  a slightly higher rate of 3.3 kHz. As shown in 
Figure 35A, essentially the same model of torsional 
motions applies to 2“-deuterated DNA dodecamers with 
the line shape of the 80% RH data being successfully 
reproduced, assuming dij = 5’ at a rate of 6.9-9.8 kHz. 
Assuming a slightly larger value of jump angle Oij = 10’ 
results in a best fi t  for rates 4.9-6.9 kHz. 

Samples hydrated at  8890 RH absorbed - 15 mole- 
cules of water per nucleotide and the DNA assumed a 
gel-like consistency. As indicated in Table IX, QCCen 
decreases to 155 kHz at 88% RH from 161 kHz at  80% 
RH, a trend that can be reproduced by increasing the 
amplitude of fast libration to 14’. 2H NMR studies of 
methyl-deuterated DNA dodecamers equilibrated at 
88% RH indicate that torsional dynamics about the 
helix axis can be simulated using the same N site jump 
models as in the 80% RH case, only using somewhat 
larger values of dij and slightly higher jump rates. This 
is a physically reasonable approach in view of the fact 
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estimate of contributions from diffusion about an axis 
perpendicular to the helix axis was obtained from 
consideration of the dynamics of spherocylinders.lMJM 
Assuming the diameter of an oligonucleotide is about 
24 A and the length is given by N X 3.4 A, where N is 
the number of base pairs (N  = 12 for a dodecamer), the 
length-to-diameter ratio of the DNA dodecamer is 
about 1.7. The theory of Tirado et al.105JM indicates 
that the ratio of the diffusion coefficient for reorien- 
tation about an axis parallel to the helix axis (Ill,) to the 
diffusion coefficient for reorientation about an axis 
perpendicular to the helix axis (Ill) should equal about 
1.9 for an oligonucleotide with a length-to-diameter of 
1.7. Including a slow helix wobble (restricted rotation 
about an axis perpendicular to the helix axis) with an 
amplitude of 22’ and a rate of 1.56 MHz in addition to 
unrestricted diffusion about the helix axis a t  a rate of 
400 kHz produces slightly improved fits of experimental 
spectra of methyl-deuterated DNA dodecamers at hy- 
dration levels above 90% RH. Including essentially the 
same wobbling motion in a fit of 2”-deuterated DNA 
results in substantially improved fits to experimental 
data, except that QCCeE becomes too small (<146 kHz) 
if the amplitude of local libration is assumed to be 16’. 
Reducing the libration amplitude to the value at  88% 
RH (f14’) resulted in the spectrum shown in Figure 
36B. 

160 80 0 -8b -160 
kHz 

Figure 36. (A) Theoretical spectrum assuming formation of a 
liquid-crystalline phase with 70% of the sample existing in or- 
dered domains with the helix axes perpendicular to the magnetic 
field and a Gaussian ordering profile of u = 2 5 O .  A dynamical 
model of free diffusion about the helix axis a t  100 kHz is assumed 
with a fast libration of the furanose ring about an  axis perpen- 
dicular to the helix axis with an amplitude of 16’. (B) Similar 
model to A but adding a helix wobble of 11’ at  a rate of 1.5 MHz 
and a somewhat reduced sugar ring libration of 14O. (C) Ex- 
perimental spectrum. 

that further hydration of DNA above 80% RH simply 
adds water to spaces between DNA molecules, allowing 
less restricted reorientation about the helix axis. As 
shown in Figure 35B, the line shape of DNA equili- 
brated at 88% RH can be simulated, assuming Oij = 20° 
and a rate of about 9.8-13 kHz. 

Simulation of the experimental 2H NMR spectrum 
of 2”-deuterated DNA hydrated at 92% RH presents 
a considerable problem. 2H NMR studies of methyl- 
deuterated [d(CGCGAATTCGCG)], indicate that at a 
hydration level of W = 26.6, the DNA is partially or- 
dered into liquid-crystalline domains in which the helix 
axis is oriented perpendicular to the magnetic field, with 
about 70% of the DNA in liquid-crystalline domains 
and the remaining 30% randomly ordered.l1°J4 At  a 
hydration level of W = 29.6 the fraction of randomly 
ordered DNA approaches zero. Internal motions in 
both domains were described by free diffusion about 
the helix axis at a rate of about 400 kHz, but the low 
signal-to-noise of the spectra of 2”-deuterated DNA at  
92 % RH precludes such detailed modeling of the degree 
of ordering and the internal dynamics. As shown in 
Figure 36A, however, assuming approximately the same 
degree of long range ordering as in the methyl-deuter- 
ated sample, together with internal motions described 
as a local libration of the furanose ring of f16’ and 
diffusion around the helix axis a t  a rate on the order 
of 100 kHz results in a rather poor fit to the experi- 
mental spectrum shown in Figure 36C. 

It is not unreasonable, however, to assume that a 
DNA dodecamer may be undergoing restricted reori- 
entations about axes other than the helix axis. In 
studies of methyl-deuterated DNA dodecamers, a rough 

Spin-Lattice Relaxation Data 

Brandes et al.69 have measured both the Zeeman re- 
laxation time Tl and the quadrupolar relaxation time 
Tlg at two different values of magnetic field strength, 
which enables a study of the individual spectral den- 
sities Jl(wo) and J2(2w0) as a function of frequency. In 
this study, T1 at  a single field strength has been mea- 
sured, and although we cannot present as complete an 
analysis of the dynamics of the 2”-deuterated DNA 
dodecamer as has been applied to purine base motion 
in high molecular weight DNA, a comparison of trends 
in Zeeman relaxation as a function of hydration level 
with earlier studies of base-deuterated DNAs as pos- 
sible. 

Zeeman spin-lattice relaxation times (T,) for the 
2”-deuterated DNA dodecamer as well as base and 
backbone deuterated dodecamers are plotted as a 
function of hydration level in Figure 33. (T , )  for the 
2”-deuterons of A5 and A6 is 1.8 s in the dry, lyophilized 
dodecamer, which is about equal to the value of 1.66 
s reported by Kintanar et al.so for the Hgdeuterated 
dodecamer, and somewhat shorter than the 7 s reported 
by Brandes et al. for H8-deuterated high molecular 
weight Li-DNA.69 Hydration at  66% RH resulted in 
a moderate decrease in the ( Tl) of the 2”-deuterated 
dodecamer to 1.04 s in comparison to the hydrated 
H8-deuterated dodecamer, which decreased to 0.78 s, 
and the HSdeuterated high molecular weight Li-DNA, 
which decreased to 0.30 s. In going from 66% to 80% 
RH, ( T1) of both the H8-deuterated and the 2”-deu- 
terated DNA dodecamers decreased markedly to values 
of 0.11 and 0.24 s, respectively. Mai et a1.,62 in a 31P 
NMR study of the backbone dynamics of the Na salt 
of calf thymus DNA, observed a similar decrease in the 
31P spin-lattice relaxation time and suggested that the 
transition from A- to B-form DNA occurs with an in- 
crease in internal motion, thus accounting for the re- 
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duction of T1. Brandes et al.45 in a 2H NMR study of 
both the Na and the Li salts of high molecular weight 
DNA also observed a similar decrease in T,, but disa- 
greed with the attribution of this T1 decrease to the 
onset of the new motional regime caused by conversion 
to B-form DNA produced this Tl decrease since their 
Li-DNA remained in the B form throughout the hy- 
dration range covered by their study. 

Brandes et al. also noted that up to a hydration level 
of W = 20, the ratio of the 31P and 2H spin-lattice 
relaxation times is approximately constant, implying 
that base and backbone motions are coupled. In fact, 
inspection of Figure 33 shows that the ( Tl) values for 
H8-deuterated and 2"-deuterated DNA dodecamers 
also vary in constant proportion as a function of hy- 
dration level between 80% and 92% RH, implying a 
similar coupling between base and furanose ring mot- 
ions in DNA dodecamers. Models incorporating col- 
lective torsional modes into the internal dynamics of 
DNA have long been used to explain FPA and EPR 
data of DNA  solution^^^-^^ and may be invoked to ex- 
plain the apparent coupling of the base and furanose 
ring motions in DNA dodecamers as well. In this pic- 
ture, the increased amplitudes of the fast regime mot- 
ions of the C-D bond vectors on the base and furanose 
rings at high levels of hydration may be due in part (or 
entirely) to collective motions of the polymer. In a 
recent study, Brandes et al. note that the large ratio of 
Jl(wo) to J2(2w0) measured for H8-deuterated high 
molecular weight DNA excludes the possibility that 
in-plane torsional motions is the dominant relaxation 
mechanism in DNA for hydration levels up to 84% RH 
(W = 13), but note that the ratio decreases at higher 
hydration levels. The possibility that coupled torsions 
are responsible for the ( T1) trend observed in Figure 
36 remains. We note that studies of the frequency 
dependence and the dependence of 2H relaxation on 
oligonucleotide length would be helpful in elucidating 
the nature of internal motions in synthetic DNAs. Such 
studies, as well as relaxation and line-shape studies of 
DNA oligomers selectively deuterated on the H5'/5"@ 
sites, are in progress in this laboratory. 

Summarizing our 2H NMR study of the furanose ring 
dynamics of the  DNA dodecamer [d- 

(a) The amplitude of fast regime motions of the fu- 
ranose rings of A5 and A6, as elucidated by the effective 
quadrupolar coupling constant QCCeff, increases from 
about 9" in dry, lyophilized samples to about 16' in 
samples equilibrated at 92% RH (W = 28.3), assuming 
a simple two site jump model, a QCCstatic of 178 kHz, 
and an asymmetry parameter of zero. Other simple 
jump or restricted diffusion models similarly yield small 
motional amplitudes. Assumption of a smaller QCCSktic 
would moderate these amplitudes even further, as 
would the assumption of a static asymmetry parameter 
greater than zero. For example, if a QCCstatic of 173.7 
kHz is assumed, the amplitude of the fast regime 
motion of the furanose ring (modeled as a two-site 
jump) is only 3-4" in the dry dodecamer, -5' for the 
dodecamer at 66% RH, -9' at 80% RH, -11' at 88% 
RH, and -13" at 92% RH. 

(b) Studies of 2H Zeeman relaxation as a function of 
hydration level indicate that above 80% RH, the 
motions of the bases and furanose rings appear to be 

(CGCGAATTCGCG)] 2: 
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coupled, implying that part, or all, of the decrease in 
QCC& may be due to collective motions of the oligomer, 
as opposed to an increase in the amplitude of localized 
motions of the furanose rings. 

(c) Over the hydration range studied, there is no 2H 
NMR evidence to suggest the occurrence of an inter- 
conversion between the C2'-endo and C3'-endo con- 
formations (or any other conformations where the 
change in amplitude is greater than 16') of the furanose 
rings of A5 and A6 on the nanosecond time scale or a t  
any rate greater than lo4 or lo5 Hz. 

(d) Changes in the 2H line shape over the hydration 
range 66% RH (W = 4.1) to 92% RH (W = 28.1) can 
be accounted for by a modest increase in the amplitude 
of fast regime motions of the furanose rings together 
with the onset of reorientations about the helix axis, 
which increase in amplitude and rate with hydration 
level. Models of restricted motion about the helix axis 
used to fit the line shapes of 2"-deuterated DNA oli- 
gomers at 80% and 88% RH are in excellent agreement 
with models used in similar studies of methyl-deuter- 
ated DNA dodecamers. Rates of restricted reorienta- 
tion about the helix axis derived from line-shape studies 
of 2"-deuterated and methyl-deuterated DNA dode- 
camers are also in agreement with similar studies of 
H8-deuterated DNA dodecamers hydrated at 80% RH, 
but differ by an order of magnitude for H8-deuterated 
dodecamers hydrated at  88% RH. Line-shape simu- 
lations in this latter case, however, were of spectra of 
very low signal-to-noise, and derived rates were only 
approximate. 

(e) Line-shape data of 2"-deuterated DNA dodecam- 
ers hydrated at 92% RH are of limited signal-to-noise 
and therefore preclude detailed modeling ofthe motion 
of the furanose rings. However, the large QCCeff elim- 
inates the possibility of large amplitude motions on the 
nanosecond time scale, and the general line shape is 
consistent with the formation of a liquid-crystalline 
phase. 

4.0 Properties of the Aligned Phase of 
Oligonucleotides 

Thus far investigation of structural questions in DNA 
by 2H NMR has been limited to characterization of 
purine base tilt and order in oriented DNA films and 
fibers.57>65-68*71 Recalling the discussion of 2H NMR 
studies of DNA fibers in section 3.1.3, Shindo and co- 
w o r k e r ~ ~ ~  reported a base tilt of -20" for A-form DNA 
and -0' &loo for B-form DNA. Investigation of or- 
iented Li-DNA by Brandes and co-workersw found the 
average base tilt & = 0' with aT = 9' for the B-form 
DNA at W = 10 (mol of H20/mol of nucleotide), while 
Na-DNA in the A form ( W = 8.6) resulted in & = 23' 
and UT = 4'. The static order was also investigated, 
with changes in W for oriented Li-DNA and was found 
to decrease from a = 17' at W = 0.5 to u = 9" for W 
= 6 through W = 13.4. 

The formation of a liquid-crystal phase by high mo- 
lecular weight DNA at high concentration was reported 
long ago in the and a preliminary 2H 
NMR investigation of the oriented phase and dynamics 
using the [ methyZ-2H]-2'-deoxythymidine-labeled do- 
decamer has also been r e p ~ r t e d , l ~ J ~ ~  In the DNA do- 
decamer a liquid-crystal phase was found to exist for 
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concentrations ranging from 490 to 722 mg/mL, with 
the helix axis aligning perpendicular to the magnetic 
field. This section presents a structural investigation 
of the selectively deuterated synthetic oligonucleotide 
[d(CGCGAATTCGCG)], in the liquid-crystal phase. 
Three different samples, [methyl-2H]-2’-deoxy- 
thymidine-labeled [d(CGCGAAT*T*CGCG)I2, [8- 
2H]-2’-deoxyadenosine, [8-2H]-2’-deoxyguanosine-la- 
beled [d(CG*CG*A*A*TTCG*CG*)I2, and [2”-2H]-2’- 
deoxyadenosine-labeled [d(CGCGA*A*TTCGCG)I2, 
were investigated. By analysis of line shapes obtained 
at reduced temperatures for these highly hydrated 
samples, information concerning the base and sugar 
conformation and order were obtained. 

Alam and Drobny 

4.0.1 Analysis of Quadrupoiar Line Shapes 

Recall from section 2.1 that the NMR frequency for 
an isolated deuteron in a solid is given by w = wo f wQ 
where 

(119) 

(e2qQ/h) is the quadrupolar coupling constant (QCC) 
and 9 is the asymmetry parameter which describes the 
deviation from cylindrical symmetry of the electrical 
field gradient (EFG) tensor about the qzz axis in the 
principal axis system (PAS). To quantitatively describe 
the effects of helix alignment on the resonant frequency 
it is convenient to introduce an intermediate helix frame 
of reference. Transformation between these frames 
using the simplifying assumption of a symmetric EFG 
tensor results in 

sin 2p cos (y + 4) + 3/4 sin2 e sin2 p cos 2 (y +$)I 
(120) 

where P2(x)  are second-order Legendre polynomials. 
The angles e ,$  define the orientation of the EFG tensor 
in the helix axis frame, and p, y describe the orientation 
of the helix axis with respect to the lab frame. A visual 
representation of these frames is shown in Figure 37. 
In particular, p describes the angle between the helix 
and the magnetic field, y describes the relative rotation 
about the helix axis, and 0 describes the angle between 
the C-D bond and the helix axis (making the assump- 
tion that the qzz tensor element is coincident with the 
C-D bond), while describes the orientation of the 
bond about the helix axis. Since y and commute, C#J 
can be set to zero without loss of generality. For a 
nonzero asymmetry parameter, an additional angle x 
is required to describe the orientation of the EFG tensor 
in the helix axis frame; WQ then becomes dependent on 
the asymmetry parameter. Internal motions also affect 
the observed quadrupolar frequency: anisotropic base 
motion modeled as restricted diffusion in two perpen- 
dicular p l a n e ~ , 6 ~ 1 ~  along with the analogous effect of a 
four-site libration on the methyl group frequency.144 

If the helix axis does not align perfectly in the mag- 
netic field, there will be a distribution of p angles. 
Simulations of the experimental line shapes were ob- 

t 
YH 

Figure 37. Illustration of coordinate system for a uniaxir EFG 
tensor. The orientation of the qrr component of the EFG tensor 
with respect to the intermediate helix axis frame is described the 
angles 0 and 4. The orientation of the helix frame with respect 
to the external magnetic field Bo is described by @ and y. 

tained with appropriate weighting of @ characterized by 
an orientational weighting function f(p)104J45 

(121) 

Different forms off@) are available, but experimental 
spectra were simulated by imposing domains where the 
helix axis is randomly oriented with domains where the 
helix axis is highly ordered. A Gaussian distribution 
was assumed for the oriented domains, the functional 
form of f (p)  being given by 

f (p )  = (p/cr+)e-(~+o)*/2~ + (1 - P) (122) 

where P is the fraction of the sample in the oriented 
domain, is the mean angle of alignment, and cr is the 
standard deviation in the Gaussian distribution. Var- 
iation in the line shape with changes in these parame- 
ters has been discussed p r e v i o ~ s l y . ~ ~ ~ ~ ~ * ’ ~  

~ ( w )  = J J I ( ~ , P , ~ , ~ , ~ M B )  sin (PI d ~ d r  

4.0.2 Characteristics of the Aligned Phase 

The effect of helical alignment is demonstrated by 
the spectra shown in Figure 38. The spectrum in 
Figure 38A was obtained from a sample of [methyl- 
2H]-2’-deoxythymidine-labeled dodecamer at a reduced 
water content [ W = 16.8 (mol of H20/mol of nucleo- 
tide)] which was frozen inside the magnetic field. This 
level of hydration was not observed to form an oriented 
phase during the time scale of previous investigations 
(24-48 h). The spectrum is characteristic of an uno- 
riented sample and differs significantly from the ex- 
perimental line shape shown in Figure 38B. Figure 38B 
is a spectrum of the same sample, hydrated to a level 
of W = 29.6 and frozen in the magnetic field. This 
spectrum displays the characteristic cylindrical powder 
pattern.146 Further proof of alignment is given by 
Figure 38C, which shows the result of rotating the fro- 
zen, aligned [methyl-2H]-2’-deoxythymidine-labeled 
sample, the initial spectrum of which is shown in Figure 
38B, about the X or Y lab axis. These spectra prove 
that there is helix ordering with respect to the angle p, 
but no macroscopic order is present about a (around 
Bo). This is clear if one imagines that the all the do- 
decamer helix axes align perpendicular to the field (0 
= goo), but within the plane defined by the p = 90’ 
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Figure  38. (A) Experimental spectrum of [methyb2H]-2’- 
deoxythymidine-labeled [ d(CGCGAAT*T*CGCG)I2 equilibrated 
a t  W = 16.8, representative of a line shape obtained from an 
unaligned sample. (B) Experimental and simulated (dotted line) 
spectra of the same methyl-deuterated DNA dodecamer, equil- 
ibrated a t  W = 29.6 and then frozen while in the magnetic field. 
(C) The same sample and preparation conditions as in B only the 
sample has been rotated about the X lab axis. 

angle there is no macroscopic order (no order in a). 
When the sample is rotated about a lab X or Y axis the 
helix axes now have a range of /3 values eliminating the 
characteristic cylindrical line shape observed for the 
oriented sample. Freezing samples outside the magnetic 
field prevents alignment of the dodecamer when placed 
within the field. 

4.0.3 Investlgatlon of Conformation and Order 

From the discussion of the analysis of 2H line shapes, 
the orientation of the C-D bond with respect to the 

A 
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Figure 39. Experimental (-) and simulated (- -) 76.75-MHz 
deuterium quadrupole echo spectra of labeled [d- 
(CGCGAAl”CGCG)I2 in the oriented liquid-crystal phase. The 
simulated spectra were calculated aa described in the text, ignoring 
the central isotropic component. Usin a pulse delay of 50 ps, 

(CG*CG*A*A*TTCG*CG*)2], 13000 scans, n/2 = 2.3 ps, W = 
27.7; (B) [methyl-2H]-2’-deoxythymidine-labeled [d- 

spectra were obtained for (A) 18- B HI-purine-labeled [d- 

(CGCGAAT*T*CGCG)2], 8000 scans, n/2 = 2.5 p ~ ,  W = 29.6. 

TABLE X. Experimental Parameters for Magnetically 
Oriented [d(CGCGAATTCGCG)],a 

A B C 
W (H,O/nucleotide) 29.6 30.5 28.9 
concn, mg/mL 654 635 685 
temp, K 228 f 3 200 f 3 200 f 3 
e, deg 90 f 10 90 f 10 22 f 3 

15 20 15 
0.7 0.7 0.7 

a A = [methyl-2H]-2’-deoxythymidine-labeled [d-  
(CGCGAAT*T*CGCG)],, B = [8-2H]-purine-labeled [d- 
(CG*CG*A*A*TTCC*CG*)],, C = [2”-2H]-2’-deoxyadenosine-la- 
beled [d(CGCGA*A*TTCGCG)I2. Symbol definitions are given in 
Table XI. 

helix axis can be determined. The oligonucleotide in 
the liquid-crystal phase has uniaxial order; therefore 
only 8, Po, and cr can be determined. The 2H NMR 
spectra of [methyl-2H]-2’-deoxythymidine-labeled [d- 
(CGCGAAT*T*CGCG)] 2, [ Eb2H] -2’-deoxyadenosine, 
[8-2H]-2’-deoxyguanosine-labeled [d(CG*CG*A*A*- 
TTCG*CG*)I2, and [2”-2H]-2’-deoxyadenosine-labeled 
[d(CGCGA*A*l’TCGCG)I2 are shown in Figures 39A,B 
and Figure 41A. The water content (W), concentration, 
and experimental temperatures are given in Table X. 
At reduced temperature the observed line shapes are 
characteristic of aligned samples. Use of reduced tem- 
peratures is critical to obtain line shapes that are not 
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Figure 40. Simulated quadrupole echo spectra as a function of 
Gaussian distribution parameters. (A) Variation in ~t0t.l: (-) 
lo, (- -) IOo, (- - -) 20°, bo = 90°, 0 = 90°, P = 1.0. (B) Variation 
in P: (-) 1.00, (- -) 0.75, (- - -) 0.50, bo = 90°, 0 = 90°, utOtal = 
15'. (C) Variation in 0 (-) 90°, (- -) 80°, (- - -) 70°, Po = 90°, 
I9 = 90°, P = 1.0, utOtal = 10'. (D) Variation in Bo, (-) 90°, (- -) 
80°, (- - -) 75', I9 = 90°, P = 1.0, ~ t O t a l  = 5'. 

TABLE XI. Summary of Parameters Introduced in the 
Description and Simulation of Magnetically Oriented 

gR, gT average variation of roll and tilt between base pairs 
OR, BT average roll and tilt of base with respect to global 

leTl average tilt magnitude with respect to global helix axis 
width of distribution of tilt magnitude 

101 average orientation of base or sugar with respect to 

width of orientation distribution 
average angle between helix axis and C-D bond 

16'1 average magnitude of C-D bond orientation 
Po average angle between helix axis and Bo 
u,utOtal combined distribution width of helix and C-D bond 

u8 distribution width of helix axis orientation around Po 
distribution of C-D bond orientation about 8 ? fraction of sample oriented 

highly averaged by motion about the helix axis. Ex- 
amples of this motional averaging have been presented 
previ~us ly . '~~  

Librational amplitudes were not determined in the 
nonselectively labeled base or sugar-labeled material 
due to insufficient signal to noise. Spin-lattice relax- 
ation times ( TI) and quadrupole echo decay times (T,) 
were determined only for [methyl-2H]-2'-deoxy- 
thymidine-labeled [d(CGCGA4T*T*CGCG)l2 and have 
been reported in the original characterization of the 
liquid-crystal phase.144 

4.0.4 Base Orientation and Order 

From the spectra of the methyl- and base-labeled 
material information concerning the conformation and 
order within the base domain is obtained. The effects 
of the variables 6, Po, 0, and P on the line shape of the 

[d(CGCGAATTCGCG)], 

helix axis - 

global helix axis 

- 

orientation 
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,, 
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Figure 41. (A) Experimental (-) spectrum of [2"-2H]-2'- 
deoxyadenosine-labeled [d(CGCGA*A*TTCGCG)I2 using 24 340 
scans, r / 2  = 2.3 ps, W = 28.3; simulated (- -) spectrum for 
Czendo sugar conformation in model B-form DNA; and simulated 
(- - -) spectrum for Csrendo configuration of model A-form DNA. 
(B) Variation in 6 (-) 0 = 20°, u = 15'; (a  a )  0 = 25', u = 10"; 
(- - -) 0 = 30°, u = 5 O ;  (- -) 0 = 35O, u = 5 O .  (C) Simulated spectra 
using solution NMR distance geometry structure for each of the 
2"-labeled adenosines in the dodecamer. (D) Sum of individual 
simulations for (-) u = 15' and (- -) u = 1'. 

purine base labeled material is shown in Figure 40. 
Similar effects were investigated for the [methyl- 
2H]-2'-deoxythymidine-labeled dodecamer.lU Finite 
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pulse effects are less pronounced in the methyl-labeled 
spectra due to the reduced line width resulting from the 
rapid 3-fold jump of the methyl group. 

The spectrum of nonselectively labeled, [€b2H]-2'- 
deoxyguanosine-[8-2H]-2'-deoxyadenosine-labeled [d- 
(CG*CG*A*A*TTCG*CG*)I2 was simulated using 
QCC,R = 178 kHz, qen = O.O8,0 = 90°, & = 90°, u =: 20°, 
and P = 0.7 (Figure 41A). Using these effective values, 
the element of the averaged EFG tensor lies ap- 
proximately within the base plane (x = goo), in agree- 
ment with that observed by Brandes and co-workers.@ 
The random fraction value was determined from the 
methyl-labeled spectrum which has much higher signal 
to noise. The values of QCCe~  and qeff are the same as 
those observed in the dry dodecamer. If one uses the 
static values of QCCstatic = 179 kHz and qStatic = 0.06, 
the observed effective values would require an addi- 
tional libration in two orthogonal planes of - f7' and - &2°.50 Unlike the investigation in the methyl-labeled 
dodecamer, the signal-to-noise of the purine-labeled 
material does not allow distinguishing between the ef- 
fects of tilting and twisting librations on the line shape. 
The simulation parameters listed in Table X for the 
nonselectively labeled purine sample assumed that the 
experimental spectra can be described by a single av- 
erage 8 and utotal (see later discussion). The experi- 
mental spectra could also be simulated using average 
0 values ranging from 80' to 100' with only small 
changes in u. Base tilt angles exceeding this range 
produced simulations different from experimental data 
(See Figure 40C). Similarly, variation of the standard 
deviation u also produced line shapes not observed 
experimentally (See Figure 40A). From previous in- 
vestigations of the [ methyl-2H]-2'-deoxythymidine-la- 
beled dodecamer, the spectrum was simulated using 8 

qeff = 0.0, and a rapid three-site jump about the C3 
symmetry axis of the methyl group, along with a tilt 
libration 8, = 10' f 3' and a twisting libration of $o = 
15' f 3' (See Figure 41B). Since the C-D vector of the 
[8-2H]-labeled purine is -15' from the roll axis, to a 
first approximation base role and propeller twist will 
have a small effect on the 2H NMR powder pattern. In 
contrast, the C3 symmetry axis of the methyl group is 
-72' from the roll axis so that the angle 8 with respect 
to the helix axis is affected by both roll and twist. 
Therefore, the 6 distribution found in the base- and 
methyl-labeled material cannot be directly compared. 
As pointed out by Brandes and c o - ~ o r k e r s ~ ~  it is not 
possible to distinguish between a helix distribution (a@) 
or a distribution in the orientational angle 0 (us). If one 
assumes that these distributions are independent, the 
standard deviation of the Gaussian distribution deter- 
mined experimentally is described by abtal, where 

= 90°, = 90°, u = 15', P = 0.7, QCCBbtic = 159 kHz, 

= u; + u; 

If the purine- and methyl-labeled samples have the 
same distribution of P, the largest possible us is 15' (i.e. 
the utotal of the methyl-labeled sample, assuming f.78 = 
0'). The minimum 8 distribution for the nonselectively 
labeled purine is therefore a@ -13' using eq 123. 

These values of the angle 8 and the standard devia- 
tion ug can be compared to those from previous struc- 
tural studies, and are similar to the values obtained 
from X-ray inve~tigations.'~~ Since only tilt magnitude 

is measured in our investigations, the average tilt 
magnitude lgl and distribution al+( corresponding to 
the crystal structure was determined. For the purine 
bases this is = 4.3' (i.e. 8 = 85.7') and upd = 3.1', 
while the average tilt magnitude for the thymidines is 
leTl = 9.3' and uleTl = 1.0'. Recall that there will be 
a small contribution from the roll to the apparent tilt 
values for the purine-labeled material and a larger 
contribution to the apparent tilt the methyl-labeled 
material: these contributions were not calculated. The 
portion of ubd for the methyl-labeled sample that re- 
sults from variation in base tilt cannot be determined 
without additional labeled samples to determine up. 
The average tilt value determined from X-ray structural 
data does not conflict with what is observed experi- 
mentally, but the crystal structure shows a significantly 
lower distribution in than the minimum 8 distri- 
bution possible in the purine sample. 

- 

4.0.5 Sugar Conformation 

The analysis of sugar conformation proceeds in a 
similar fashion. Utilizing the maximum us possible (i.e. 
up = E'), QCCeff = 174 KHz, Teff = 0.03, Po = go', and 
P = 0.7, the angle between the helix axis and the C-D 
bond of the C2" position is 8 = 22' (see Figure 41A). 
The contributions from the ca. 10% deuterium label 
present a t  the 2'-position were ignored; this omission 
results in a slightly increased value of 8. Using us = 15' 
means that there is no distribution in 6. As in the 
previous discussion, using the value of ag = 13.7' and 
eq 111 gives ug = 6.1'. Decreasing the P distribution 
would require an increase in the value of 6, but for 
values of 8 I 25' (see Figure 41B) simulations did not 
reproduce the experimental line shape. These simula- 
tions were obtained using an average 8 value to describe 
the sugar conformation, an assumption that may not 
be realistic considering the average involves only four 
2'-deoxyadenosines (see discussion below). This range 
of 0 values (20'-25') corresponds well to the value of 
0 = 22.5' expected for the C2,-endo configuration in 
model B-form DNA. As a comparison the Cs,-endo 
sugar conformation of A-form DNA results in the 2" 
C-D bond having a 8 angle of ca. 90'. Simulations for 
this large 6 do not reproduce the experimental spectra 
(See Figure 41A). 

These results can also be compared to the sugar 
conformation observed in previous structural investi- 
gations. Considering only the 2'-deoxyadenosine sugar 
conformations in the crystal structure of the dodecamer, 
one obtains 18) = 42.7' with = 14'. Both of these 
values differ significantly from the 6 observed experi- 
mentally. Comparison to the distance geometry solu- 
tion structure (using the same assumptions about local 
helix axis as the base investigation) results in 181 = 42' 
with aiel = 29'. Again the average 8 value and deviation 
are significantly larger than the value observed exper- 
imentally and are similar in magnitude t~ that observed 
in the crystal structure. Simulations for each C2" of 
the 2'-deoxyadenosines and associated 8 values are 
shown in Figure 41C, while the sum for utod = 15' and 
utoa = 1' are shown in Figure 41D. The sum of these 
simulations for u = 15' has additional center intensity 
in comparison to experimental spectra, while the sim- 
ulations using utotal = 1' has fine structure that is not 
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observed experimentally. Obviously an average 0 value 
does not converge to the s u m  of spectra for low numbers 
of sites, in contrast to the case observed in the pu- 
rine-labeled sample. 

The possibility of sugar conformer mixtures was also 
investigated. Recent 2H solid state NMR studies of 
internal dynamics in the furanose ring of [d- 
(CGCGAATTCGCG)], suggest that fast, large ampli- 
tude motions such as interconversion between the 
Cz$-endo and C,/-endo do not occur on the nanosecond 
time scale.l18 Unfortunately the analysis of ,H NMR 
quadrupolar echo line shapes is insensitive to motions 
occurring at rates slower than lo4 Hz, and in any caes 
may not be able to detect small populations of C,,-endo. 
In contrast investigation of sugar conformations within 
the dodecamer by analysis of coupling constants sug- 
gests that there is rapid interconversion between two 
 conformer^,^^ with the C,,-endo population of the 2'- 
deoxyadenosines calculated to be 6-7 % . Simulations 
of mixtures between 8 = 22' (Cz,-endo) and 8 = 90' 
(C3t-endo, A form) suggest the maximum mixture that 
would fit the experimental data was -20% for the 8 
= 90' conformer. This value must be approached with 
caution since the 8 value used for the C3,-endo config- 
uration was obtained from model A-form DNA. The 
complete conformation of the sugar cannot be obtained 
using only the 2"-labeled material. It will become 
necessary to utilize labels a t  additional positions to 
determine the complete sugar conformation. 

4.0.6 Aligned Phase: Conclusions 

We have shown that the oriented liquid-crystal phase 
formed by oligonucleotides at high hydration levels can 
be utilized to investigate molecular structure and order 
by solid-state 2H NMR. The base orientation and sugar 
conformation have been investigated using the deu- 
terated dodecamer [d(CGCGAATTCGCG)],. The loss 
of structural information accompanying the use of 
nonselectively labeled samples necessitates that selec- 
tively deuterated oligonucleotides be produced. Al- 
though selective deuteration is laborious, ,H provides 
a complementary technique to probe the local structure 
of oligonucleotides currently under study by X-ray and 
high-resolution NMR methods. One advantage of 
solid-state NMR is that the growth of a diffractable 
crystal is not required. If selectively deuterated samples 
are prepared, solid-state NMR methods are free of the 
necessity of performing assignments of nuclear reso- 
nances, as is required by 2D NMR methods, so virtually 
any oligonucleotide sequence that produces a phase 
with an identifiable ordering axis can be investigated. 
In addition, the size of oligonucleotides that can be 
studied is limited only by the practical yield in the DNA 
synthetic protocols, and we anticipate the ability to 
study sequences up to 40-50 base pairs in the near 
future. The liquid-crystalline phase of oligonucleotides 
is lyotropic, and only exists at relatively high levels of 
hydration. However, phase ordering is preserved at 
reduced temperatures, where large amplitude microse- 
cond time scale motions about the helix axis are ef- 
fectively quenched. Ordering also occurs a t  easily 
available field strengths, for instance the methyl-labeled 
dodecamer was aligned at only 4.5 T. In summary 
solid-state NMR methods are capable of yielding 
structural information in addition to the internal dy- 
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namics of oligonucleotides. The conformation and 
structure of the base domains in [d- 
(CGCGAATTCGCG)], agree well with the distance 
geometry solution structure. In contrast, the agreement 
between 181 of the 2"-orientation and either the X-ray 
or distance geometry solution structure is poor. The 
conformation of furanose rings cannot be exactly de- 
fined with only a single deuterium label; however, 
synthetic labeling of other ring positions are being 
pursued. 

In addition to angular information obtained from the 
study of EFG and CSA tensors in aligned phases, the 
selective labeling of DNA oligomers with spin 1/2 nuclei 
such as nitrogen-15 and carbon-13 enables the extrac- 
tion of distance information from aligned and unaligned 
samples through the measurement of direct dipolar 
couplings. Griffin and co-workersl@ and Schaeffer and 
co-w~rkers '~~ have recently described MAS experiments 
which enable the measurement of distances in excess 
of 6 A in biopolymers. The selective labeling of DNA 
and RNA oligomers with spin '/, nuclei is underway in 
our lab with the objective of using high-resolution 
solid-state NMR techniques to measure distances be- 
tween nonadjacent bases and distances between the 31P 
nuclei of the backbone and various points on the bases 
and furanose rings. 

5.0 Conclusions 
To what degree has solid-state NMR advanced our 

knowledge of the structure internal dynamics of nucleic 
acids, and what are the biological implications of this 
information? DNA, as the repository of genetic infor- 
mation, interacts with various types of RNA, which in 
turn translate the DNA sequence into amino acid se- 
quences. The control of genetic expression involves 
further interactions between nucleic acids and various 
regulatory proteins. High-resolution NMR and X-ray 
crystallographic studies of nuclear acid oligomers are 
motivated by a desire to understand the structural basis 
of these interactions. The following question arises: to 
what extent are the structures of DNA oligomers rep- 
resentative of high molecular weight DNA? 

If DNA oligomers are perfectly representative of high 
molecular weight DNA, then structural information 
derived from these systems yields direct insight into 
biological function. However, high molecular weight 
DNA is known to be internally dynamic, and this review 
has sought to point out that the nature of the internal 
dynamics of nucleic acids is a question with vast im- 
plications for structural studies. 

If the internal dynamics of DNA are strictly localized 
and thus adequately described by the methods reviewed 
in section 2.3.1, information derived from oligomerase 
systems is directly insightful. If internal motions are 
largely collective (see section 2.3.2), the structure of high 
molecular weight DNA may significantly deviate from 
the structures reported for DNA oligomers in crystal 
lattices in solution. As explained in section 1.2, col- 
lective models of DNA dynamics adequately simulate 
high-resolution NMR relaxation data, but the degree 
to which Zeeman relaxation in solution is dominated 
by collective versus localized motion remain in question. 

Solid-state deuterium NMR studies of high molecular 
weight DNA have not settled the question entirely 
because no simple dynamical model has yet been found 
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which perfectly simulates Jl(oo) and Jz(2w0) for deu- 
terated, high molecular weight DNA. If in-plane tor- 
sional motions dominate the internal dynamics of DNA, 
this should be reflected in simulations of experimental 
spectral densities. In-plane torsional models fail to 
simulate the J 1 / J 2  ratio a t  low hydration levels but 
approach the theoretical ratio as the hydration level is 
increased. 

Theoretical and experimental NMR studies of the 
dynamics of high molecular weight DNA should be 
continued. Theoretical models can be improved, per- 
haps by incorporation of additional motions such as 
bending of the helix axis. 

What insights have solid-state NMR studies of DNA 
oligomers provided? First, the separation of local and 
overall molecular dynamics is more readily achieved 
because DNA oligomers to a very good approximation 
behave dynamically as rigid rods. Studies of selectively 
deuterated oligonucleotides have yielded results only 
partly in agreement with the view of internal DNA 
dynamics provided by high-resolution NMR and mo- 
lecular dynamics (MD) calculations. In particular, 
dynamic equilibrium between conformations of the 
sugar rings has not been observed in solid-state NMR 
studies of DNA dodecamers and the experimentally 
observed amplitude of a backbone motions is also at 
variance with the predictions of some MD studies. 

Solid-state NMR has great potential for studying 
DNA structure and DNA-drug interactions.150 In 
contrast to high-resolution NMR where NOE-derived 
distances generally do not exceed 3-4 A, solid-state 
NMR methods such as rotational resonance and rota- 
tional echo double resonance can yield internuclear 
distances of over 8 A. If appropriately labeled oligo- 
nucleotides can be prepared, problems such as the na- 
ture of static bending in certain DNA sequences could 
be efficiently addressed. 
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