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Abstract: Simulation of experimental solid-state deuterium (2H) NMR spectra of nucleic acid fibers allows
one to deduce important microscopic information about the orientation of the base pairs and the helix axis
disorder. However, existing interpretations of the2H NMR spectra of Na-DNA at low humidity are not in
complete agreement with the X-ray results. Here we have successfully explained2H NMR spectra of oriented
films of both Li-DNA and Na-DNA with the purine bases specifically deuterated at position C8. The
transformation of the coupling tensor from the principal axis system to the laboratory frame has been expanded
into four subtransformations, including the crystallographically defined base plane tilt and roll angles. Alternative
treatments in terms of noncollective or collective helix axis disorder are considered, and the appropriate powder-
pattern limits are recovered. The2H NMR spectral line shapes have been calculated by using the Monte
Carlo method, i.e., by randomly sampling over the static uniaxial distributions of the base pairs and helix
axes. The results of the simulations and the structural parameters are in excellent agreement with X-ray
diffraction studies, which indicate the presence of either the A-form or B-form of DNA under the given
experimental conditions. Only a static distribution of base pairs is needed to account for the spectral line
shapes on the2H NMR time scale, whereas the effects of faster librational motions are contained in the intrinsic
line widths and the effective coupling constants. The present2H NMR approach can aid in developing a more
comprehensive picture of DNA conformation and dynamics as an adjunct to X-ray crystallography, fluorescence
depolarization, and light-scattering methods, and moreover may prove useful in studies of protein-nucleic
acid interactions.

Introduction

Investigation of the structure and dynamics of DNA has
played a central role in molecular biology and continues to do
so with the development of modern molecular genetics tech-
niques. X-ray diffraction methods have been most widely used
in studies of DNA, and have led to the identification of three
major forms, referred to as A-, B-, and Z-DNA.1 The
application of optical methods such as fluorescence depolar-
ization2 and dynamic light scattering3 as well as NMR methods
has provided important additional information regarding DNA
microstructure and dynamics. Multidimensional NMR methods
have been used to investigate small oligonucleotide duplexes,
which has made it possible to determine their time-averaged
structure by using NMR distance constraints.4 In addition, solid-
state NMR studies of DNA, in particular deuterium (2H) NMR
spectroscopy, have been valuable in elucidating further details
of the structure and dynamics of DNA in the solid state.5-11

Here the angular information is directly accessible through the

orientation of the electric field gradient (EFG) tensor corre-
sponding to the individual C-2H bonds. Comparison of the
experimental line shapes with theory allows one to determine
the bond angles and orientations of the base pairs with respect
to the helix axis.7,8 In previous work, it has been shown that
the2H NMR spectra of Li-DNA (the B-form) can be simulated
by assuming a uniaxial distribution of the base pairs around
the helix axis, including pre-averaging of the transition frequen-
cies due to librations of the base pairs,8 which leads to a
reduction of the coupling constant due to base plane fluctua-
tions.6 However, the more complex2H NMR spectra of calf
thymus Na-DNA (75% relative humidity) have been more
difficult to explain satisfactorily.7 When the average helix axis
is oriented parallel to the main magnetic field, the Na-DNA
spectrum consists of two doublets, with broad inner peaks and
sharp outer peaks, which have been interpreted by assuming a
superposition of contributions from both the A- and B-forms.6,7

However, according to X-ray diffraction, only the A-form of
DNA is detected under these conditions, which is inconsistent
with the2H NMR interpretation. In the present work we have† Abbreviations used: DNA, deoxyribonucleic acid; EFG, electric field

gradient tensor; EtOH, ethanol; NMR, nuclear magnetic resonance; PAS,
principal axis system; rh, relative humidity.
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addressed this issue by introducing a model which accounts for
the detailed DNA geometry, and includes a realistic treatment
of the helix axis disorder. The2H NMR line shapes of both
the A- and B-forms of DNA5,7,8,12are successfully described in
agreement with the X-ray results. Moreover, these studies reveal
structural insights which may provide a valuable source of
information in future studies of DNA microstructure and its
interactions with proteins.

Theory and Model

The 2H NMR transition frequencies for a particular C-2H
bond are given by13

where the subscript X≡ P, I denotes the frame associated with
the principal axis system (P) of thestaticelectric field gradient
tensor or the intermediate (I) frame of theresidualEFG tensor
(i.e., leftover from motions fast on the2H NMR scale) and L
denotes the laboratory frame defined by the external main
magnetic field. In eq 1,ø ≡ øQ or øQ

eff is the static or residual
(effective) quadrupolar coupling constant andη ≡ ηQ or ηQ

eff is
the asymmetry parameter of the EFG tensor, where 0e η e 1.
The coupling parametersø andη are related to the principal
values of the EFG tensor and can be determined from the
powder-type2H NMR spectrum of unoriented DNA fibers,12

for which the bond directions are isotropically distributed. For
instance, comparison of the residual valuesøQ

eff andηQ
eff to the

appropriate static valuesøQ and ηQ yields information about
the influences of pre-averaging due to fast librational motions.11

In the above formulaDn0
(2)(ΩXL), wheren ) 0 or (2, are the

Wigner rotation matrix elements which define the transformation
of the EFG tensor from its static or residual principal axis
system, associated with a particular C-2H bond of the nucleic
acid base, to the laboratory frame as given by the Euler angles
ΩXL. Here the Rose14 convention for body-fixed right-handed
rotations is used, with the Rose14 convention for the Wigner
rotation matrices. The above transformation can be expanded
into various intermediate transformations which include the
orientation of the C-2H bond with respect to the ring system
of the base, the orientation of the base plane, including the roll
and tilt angles with respect to the helix axis, the distribution of
the helix axes, and the orientation of the sample as a whole
with respect to the external magnetic field.
In general, there are two strategies for simulating solid-state

NMR spectra, e.g., involving quadrupolar, dipolar, or chemical
shift interactions. The first is to derive a closed-form line shape
function, which is limited to fairly simple distributions, such
as spherical or cylindrical powder-type averaging.15,16 For a
simple distribution of a C-2H or C-C2H3 bond on a cone, the
closed-form expression for the2H NMR line shape in the case
of an axially symmetric EFG tensor has also been derived.16-18

Alternatively one can consider jump-type models.10,19-21 How-
ever, in the more complex case of DNA, which involves an
asymmetric EFG tensor, analytical derivation of the line shape
function represents a difficult mathematical task. This is due
to the fact that multiple subtransformations are needed to account
for the complicated DNA geometry, including the base pair tilt
and roll, and the DNA helix disorder. Therefore, an alternative
is to simulate numerically the line shape by either summing
over the contributions from all possible angles weighted with
an appropriate probability density6-8,10,17or randomly sampling
over the angles in accordance with their distribution functions
to accumulate the spectrum (Monte Carlo line shape simula-
tion).22 The latter approach proves to be more suitable when
the geometry of the system becomes more complicated and
involves static distributions of more than one parameter.
In one existing model, herein referred to as model I, the DNA

geometry is approximated by introducing two subtransforma-
tions.8 Namely, the matrix elementsDn0

(2)(ΩXL) can be ex-
panded in the following way:

The first set of Euler anglesΩXF ≡ (0, π/2 - θT, φTW + φH)
includes the base plane tilt (θT) and twist (φTW) angles, where
φH is the angle of the base plane rotation around the helix axis,
and the second set is given byΩFL ≡ (0, R, 0), whereR
describes the helix orientation within a DNA fiber or film as a
whole with respect to the main magnetic field. To take into
account the effects of dynamical pre-averaging, eq 2 can be
integrated from (π/2- θhT) - θ0 to (π/2- θhT) + θ0 with respect
to θT, and fromφhTW -φ0 to φhTW +φ0 with respect toφTW about
φhTW ) 0, whereθ0 and φ0 denote librational tilt and twist
amplitudes, respectively,8 and then divided by the normalization
factor 4θ0φ0. As can be seen, model I contains quantitative
information about the librational amplitudes and base plane tilt
angle, which can be obtained from the line shape simulation,
while the DNA geometry and dynamics are treated in a relatively
simple manner.
In the present work we consider in more detail the micro-

scopic DNA structure and the DNA helix distribution. We thus
expand the matrix elementsDn0

(2)(ΩXL) using closure16 into a
set of four subtransformations, depicted in Figure 1 and referred
to as model II, namely

Here we start with the orientation of the principal axis system
(PAS) with itsz-axis along the C8-2H bond, they-axis lying
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in the base plane, and consequently thex-axis being perpen-
dicular to the base plane (Figure 1), which is in agreement with
eq 1. The first set of Euler anglesΩXB ≡ (-π/2, γB, θR) thus
pertains to the orientation of the PAS of the static or residual
EFG tensor associated with the average orientation of the C-2H
bond with respect to the roll axis of the base pair plane;1 the
angleγB denotes the angle between the C-2H bond and the
roll axis, andθR is the base pair roll angle (cf. Figure 1). The
second set of Euler anglesΩBH ≡ (π/2,π/2- θT, φH) describes
the orientation of the base pair plane with respect to the DNA
helix axis, taking into account the base pair tilt angleθT and
the uniaxial distribution of the base tilt axes relative to the local
helix axis, as given by the angleφH. The third transformation
ΩHF ≡ (0, R′, φ′) corresponds to the uniaxial distribution of
the local helix axes with respect to theaVeragehelix axis of
the DNA fiber or film as given byR′ andφ′. Finally, the fourth
transformationΩFL ≡ (0,R, 0) describes the sample inclination
(tilt) relative to the external magnetic field. Note that model I
can be reproduced as a limiting case from model II by collapsing
the first three subtransformations involvingD(2)(ΩXB), D(2)(ΩBH),
andD(2)(ΩHF) into one effective transformation,D(2)(ΩXF). This
involves settingγB ) θR ) 0 whereφhTW ) 0, and eliminating
the explicit dependence of the helix axis disorder; i.e.,R′ ) φ′
) 0.
Inserting eq 3 into eq 1, one can then simulate the2H NMR

line shape for model II in the following simple manner, referred
to as Monte Carlo line shape simulation. First a random triple
of the anglesφH, R′, andφ′ is generated, then the corresponding
quadrupolar splitting is calculated, and finally a unit intensity
is assigned for this splitting. The analogous procedure can also
be applied to model I, eq 2. Uniform distributions from 0 to
2π are assumed for the anglesφH and φ′. Values ofR′ are
generated in the following way: random values of the distribu-
tion function ofR′, P(R′), are generated from 0 to 1, and then
the corresponding values ofR′ are calculated. The distribution
function for the helix disorderP(R′) is discussed in the next

section. The other angles, such as the bond angleγB, the roll
angleθR, and the tilt angleθT constitute the fitting parameters
of the model and correspond to a particular DNA structure, such
as the A- or B-form. The starting values for the parameters
can be obtained from the literature.1 Final refinement of the
theoretical spectrum involves the introduction of small static
distributions of the anglesθR and θT and convolution of the
spectral distribution with the intrinsic line shape. The spectrum
can thus be easily simulated on a desktop computer. A total of
about 100 000 random samples is sufficient to accumulate a
smooth line shape within the spectral range of(200 kHz.

Treatment of Helix Axis Disorder

The most widely used expression for the probability distribu-
tion involves a Gaussian probability density function, which
approximates the disorder in a general fashion

Modifications of the normal distribution have been also
proposed,10 in which the total probability density is written as
a sum of a highly oriented and highly disordered fraction of
helices. In the uniaxial three-dimensional case, the probability
density function should be weighted by the sine of the angle
corresponding to a given axis inclination, which seems most
appropriate for the description of noncollective disorder, i.e.,
when the axis orientations are distributed independently of one
another. One example involves the case of the uniaxial disorder
of immobile integral membrane proteins (mosaic spread).23 The
Gaussian probability of finding an axis orientation betweenR′
andR′ + dR′ then has an additional weight, proportional to the
area element sinR′ dR′ on a unit sphere, which in turn implies
that the probability of a perfect alignment with the average axis
is zero, increasing with tilt away from the perfect orientation.
However, in the case of thin films of DNA prepared by the
wet-spinning method,24,25 one deals with atwo-dimensional
disorderwhich would imply that the additional sine factor is
not needed to describe the orientations of the DNA helix axes
within a given plane. To take into account the helix disorder
in the simpler model I, one needs to convolute the spectra
calculated at various values ofR f R ( R′ with a Gaussian
distribution centered atR′ ) 0. Note that this approach is valid
strictly for model I only in the case of two-dimensional disorder,
and an additional subtransformation, containing explicitly the
colatitude angleR′ and the azimuthal angleφ′, should be
included to treat three-dimensional disorder as in model II; cf.
eq 3.
As an alternative to the above formulation for the noncol-

lective helix axis disorder, one can consider possible orientations
within an entire DNA molecule, referred to as collective
disorder, which also seems applicable for macroscopically
oriented DNA films. Here a portion of the DNA molecule with
its own axis orientation belongs to the entire molecule; cf. Figure
2. In this case the sine weighting factor for the distribution of
R′ is also not needed, since the uniaxial angleφ′ rotates all the
orientations of the DNA around the molecular axis at the same
time. It should be noted that, in principle, one could incorporate
both types of distributions by introducing a fifth transformation
into model II, eq 3. However, detection of such complex

(23) Moltke, S. et al. Manuscript in preparation.
(24) Rupprecht, A.Acta Chem. Scand.1966, 20, 494-504.
(25) Rupprecht, A.Biotechnol. Bioeng.1970, 12, 93-121.

Figure 1. Transformation of the coupling tensor from the principal
axis system to the laboratory frame. Here the DNA geometry is
described by four transformations in agreement with the crystallographic
notation. The first set of Euler anglesΩXB ≡ (-π/2, γB, θR) describes
the orientation of the principal axis system (PAS) of the static (X) P)
or residual (X) I) EFG tensor with respect to the roll axis of the base
pair plane; the angleγB denotes the angle between the C-2H bond
and the roll axis, andθR is the base pair roll angle. The second set
ΩBH ≡ (π/2, π/2 - θT, φH) describes the orientation of the base pair
plane with respect to the DNA helix axis, whereθT is the tilt angle
and the uniaxial distribution of the base tilt axes relative to the local
helix axis is given by the angleφH. The third transformationΩHF ≡
(0, R′, φ′) corresponds to the uniaxial distribution of the local helix
axes with respect to the average helix axis within the DNA fiber or
film as given by the anglesR′ andφ′. Finally, the fourth transformation
ΩFL ≡ (0, R, 0) describes the sample inclination (tilt) relative to the
external magnetic fieldB0.

p(R′) ∝ exp[- R′2

2σ(R′)2] (4)
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disorder from the line shape simulation would probably lie
beyond the capabilities of one-dimensional solid-state2H NMR
spectroscopy. Therefore, in the present paper we shall use only
one type of distribution for a particular simulation and then
compare the results.
In what follows we describe a simple way of treating

collective disorder of the DNA helix axes. For a sample of
macroscopically oriented DNA molecules, one may assume that
a DNA molecule behaves as a stiff wormlike chain having a
rather long persistence length, which is still substantially less
than the total molecular length. One can, therefore, treat
deviations of the local helix axes from the average molecular
axis in terms of elementary wavelike disturbances such as cos
(kê). Hereê is the variable corresponding to length, andk is
the disorder “wavevector” related to the inverse persistence
length; cf. Figure 2. The orientation of an element of the DNA
molecule with respect to the average molecular axis can then
be calculated as

If ê is assumed to be distributed uniformly from 0 toπ/k, where
the cosine function is single-valued, thenp(ê) ) k/π, and
differentiating eq 5, the probability density forR′ can be written
as

The total probability density function can then be obtained by
integrating over the range ofk in eq 6 where the integral exists,
i.e., fromkmin ≡ tanR′ up to a maximum cutoff valuekmax≡
tanR′max. The result is

whereN is a normalization constant,N) (π/2 tanR′max)-1. The
corresponding (cumulative) distribution function now becomes

Plots of the probability density functionptot(R′) for different
maximum cutoffsR′maxare presented in Figure 2. One can see
that atR′max < 50° one has a sharp peak at zero orientation
with a wide base, which is analogous to the distribution given
elsewhere,10 suggesting the presence of highly oriented and
disordered fractions of the helix axes, but described by only
one parameter,R′max. At larger cutoffs the maximum asymp-
totically shifts to 90°; cf. Figure 2.

Simulation of Lithium and Sodium DNA 2H NMR
Spectra

For this work we have relied on published2H NMR spectra
of calf thymus Na-DNA (75% relative humidity) and Li-DNA

Figure 2. Probability distribution for the helix disorder as a function
of the cutoff parameterR′max, plotted from 5° to 85° in intervals of
20°, and at 89.9°. WhenR′max < 50°, the probability distribution has
a sharp peak corresponding to the 0° orientation and a broad shoulder
extending to larger angles, suggesting the presence of both highly
ordered and relatively disordered fractions. At larger cutoffs the
maximum asymptotically shifts to 90°.

tanR′ ) d
dê
(coskê) ) -k sinkê (5)

p(R′) ) p(ê) dê
dR′ ) - 1

π
1+ tan2 R′

(k2 - tan2 R′)1/2
(6)

ptot(R′) ) N

cos2 R′
∫tanR′

tanR′max dk

(k2 - tan2 R′)1/2

) N

cos2 R′
sech-1( tanR′

tanR′max) (7)

Figure 3. Simulation of2H NMR spectra of oriented films of Na-
DNA at 75% relative humidity: (a) experimental2H NMR spectrum
taken at 0° sample tilt angle, ref 7; (b) comparison to model I, eq 2,
assuming a Gaussian distribution for the noncollective helix disorder
with a sine weighting factor (three-dimensional distribution); (c)
comparison to model I using a Gaussian distribution without the sine
factor (two-dimensional distribution). A Gaussian line broadening of
0.6 kHz together with a correction, ref 38, for the finite pulse width of
2.5 µs has been applied for this and subsequent figures. (The use of
Lorentzian line broadening yields little difference in spectral appear-
ance.) At a sufficiently large value ofσ(R′) of 11° or greater, model I
yields sharp outer peaks in the Na-DNA 2H NMR spectrum, corre-
sponding to a contribution from the perpendicular orientations of the
C-2H bonds with respect to the main magnetic field. Note that no
assumption about the presence of a B-DNA fraction is necessary, which
is in agreement with X-ray results. The use of the two-dimensional
distribution improves the quality of the fit, which would imply that
the sine weighting factor is not needed to describe helix axis disorder
in planar DNA films.

Ptot(R′) )∫0R′
ptot(R′′) dR′′

) 2
π[sin-1( tanR′

tanR′max) + tanR′
tanR′max

sech-1( tanR′
tanR′max)]

(8)
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(66% relative humidity), both having specifically deuterated
purine rings at position C8.5,7,8,12 A Monte Carlo line shape
simulation method was used to simulate the experimental2H
NMR spectra of DNA in order to avoid mathematical and
computational difficulties associated with the direct derivation
of an analytical expression. All calculations were performed
on a desktop computer operating at 100 MHz using MATLAB
(The MathWorks, Inc., Natick, MA).
A representative2H NMR spectrum of Na-DNA at zero

sample inclination (tilt)7 is shown in part a of Figure 3. As
can be seen, the spectrum contains two relatively broad inner
peaks and two sharp outer peaks. Figure 3, part b, shows the
simulation of the Na-DNA 2H NMR spectrum at zero sample
tilt by using model I, eq 2, with a Gaussian distribution of the
helix axes including the sine factor (three-dimensional noncol-
lective disorder), with the values of the fitting parameters as
reported in Table 1. However, as can be seen from comparison
of parts a and b of Figure 3, the use of a Gaussian distribution
of the helix axes with the sine factor gives rise to a significant
excess of intensity in the spectral center, i.e., near the carrier
frequency. As an alternative, model I has been used assuming
a two-dimensional noncollective helix disorder, i.e., a Gaussian
distribution without the sine factor with the fitting parameters

summarized in Table 1, which led to a significant improvement
of the fit; cf. Figure 3, part c. This would seem to imply that
the two-dimensional distribution of the helix axes is indeed more
suitable for simulating NMR spectra of macroscopically oriented
DNA films rather than a Gaussian function with a sine weighting
factor.
One should note at this juncture that the above theoretical

2H NMR spectra of Na-DNA can be explained in simple
intuitive terms. Setting the base plane tilt angle to about 20°
(that is 70° relative to the helix axis) gives rise to the
quadrupolar splitting near(45 kHz at 0° sample tilt, whereas
a sufficiently large value ofσ(R′) of 16.5° yields the sharp outer
peaks at(60 kHz, corresponding to perpendicular orientations
of the C-2H bonds relative to the main magnetic field. The
perpendicular component is due to the combined effect of
mosaic spread of the helix axes together with the static disorder
of base plane tilt and roll, which results in a fraction of the
C-2H bond distribution which intersects the laboratory (x, y)
plane and gives rise to the characteristic 90° singularities in2H
NMR spectroscopy.16

As a further test, model I has been used to simulate a powder-
pattern2H NMR spectrum as a limiting case. Indeed, if the
helix axis orientations are assumed to be distributed uniformly

Table 1. Summary of Parameters of Models I and II Used To Simulate2H NMR Spectra of the A-Form and B-Form of DNA

parameter
Li-DNA
(66% rh)

Na-DNA
(75% rh)

Na-DNA
(1% excess NaCl,
EtOH treated,
66% rh)

Na-DNA
(1% excess NaCl,
EtOH treated,
75% rh)

Model I
coupling constant,øQ/kHz 179 179 179 179
asymmetry parameter,ηQ 0.06 0.06 0.06 0.06
base tilt angle,θhT ( σ(θT)/dega -6( 3 22.5( 3 22.5( 3 22.5( 3
tilt librational amplitudes,θ0/deg 10 10 10 10
twist librational amplitudes,φ0/deg 12 12 12 12
noncollective helix axis disorder with sine factor (3-D),σ(R′)/dega 11
noncollective helix axis disorder without sine factor (2-D),σ(R′)/dega 16.5 14 12

Model II
coupling constant,øQ

eff/kHzb 173 173 173 173

asymmetry parameter,ηQ
eff b 0.065 0.065 0.065 0.065

C8-C1′ bond angle,γB/degc 13 13 13 13
base roll angle,θR/deg -4 6 6 6
base tilt angle,θT ( σ(θT)/dega -6( 3 21.5( 3.7 21.5( 3.7 21.5( 3.7
cutoff for the collective distribution of helix axes,R′max/deg 30 34 27 26

a Assuming a Gaussian distribution.b Average values determined from simulation of the2H NMR powder-type spectrum of Li-DNA, ref 12.
cObtained from the base pair geometry given in ref 1.

Figure 4. Simulation of the2H NMR powder-type spectrum of Li-DNA at 66% relative humidity: (a) experimental2H NMR spectrum for
randomly oriented Li-DNA, ref 12; (b) comparison to the powder-type limit of model I, eq 2, for 0° and 90° tilt angles; (c) comparison to the
powder limit of model II, eq 3, for 0° and 90° tilt angles. Note that model I yields a powder pattern at 0° sample tilt but fails to do so at a sample
tilt of 90°, which is due to the effectively two-dimensional character of the helix disorder considered by the model. The more detailed model II,
which considers three-dimensional uniaxial helix disorder, yields a powder-type spectrum as a limiting result at all tilt angles. The coupling parameters
øQ
eff andηQ

eff used in the simulation of the experimental2H NMR spectrum are given in Table 1.
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over a unit sphere, i.e., ifR f R ( R′ and cosR′ is uniformly
distributed from+1 to -1, then the model should yield a
limiting powder-type spectrum regardless of the macroscopic
tilt angleR of the sample. Figure 4, part a, shows a2H NMR
powder-type spectrum of Li-DNA;12 simulations corresponding
to the powder limit of model I for sample tilt anglesR ) 0°
andR ) 90° are shown in part b, with the fitting parameters
given in Table 1. As can be seen, the model generates a powder-
type pattern for the 0° sample tilt, but fails to do so if the sample
is tilted at 90°. The reason for this is that model I does not
explicitly contain the angleφ′, cf. eq 2, and thus effectively
corresponds to a two-dimensional treatment of the helix axis
disorder. By contrast, part c of Figure 4 shows that the
alternative model II, eq 3, gives a typical powder pattern in
both cases due to the presence of the nonvanishing azimuthal
angleφ′ describing three-dimensional orientations of the helix
around its average axis, which justifies the more detailed
expansion in eq 3. Note that even though additional subtrans-
formations are considered in eq 3, the model still yields a typical
powder-type spectrum, which can also be described by the
simple Pake formula15,16 in terms of a spherical powder-type
average over the bond orientationsΩXL. From the fit to the
powder-type spectrum, the effective coupling parametersøQ

eff

) 173 kHz andηQ
eff ) 0.065 have been obtained;12 cf. Table 1.

Figure 5 shows a comparison of the experimental2H NMR
spectra of Li-DNA,5 part a, to simulations obtained by using
the more detailed model II, part b, together with the collective
distribution of the helix axes as given by eqs 7 and 8, and the
fitting parameters summarized in Table 1 for sample tilt angles
of R ) 0° andR ) 90°. Comparable results are obtained for
model II using a Gaussian distribution without the sine factor
(not shown). If the tilt angles of the base planes are set nearly
perpendicular to the helix axis for 0° sample tilt, the cylindrical
symmetry about the main magnetic field leads to a single
quadrupolar splitting with peaks at(60 kHz, corresponding to
the B-form of DNA; cf. Figure 5. When the sample is inclined
at 90°, the most probable orientation of the cylindrically-
distributed base pair planes is still perpendicular to the magnetic
field, giving rise to the peaks at around(60 kHz. However,

there is also a fraction of base planes aligned parallel to the
external magnetic field, which yields the additional peaks at
about(120 kHz. Note that the present model II fits the 0° tilt
Li-DNA spectra as well as model I8 assuming noncollective
three-dimensional helix axis disorder. However, an obviously
better quality of the fits of the 90° sample tilt spectra is observed
Versusmodel I,8 and no assumption about the orientation
dependence of the transverse relaxation rates8 is necessary.
The fits of model II to the2H NMR spectra of oriented

samples of Na-DNA,5 part a of Figure 6, for sample tilt angles
of R ) 0° andR ) 90° are shown in part b of Figure 6, and the
fitting parameters are presented in Table 1. The helix axes are
distributed according to eqs 7 and 8 assuming collective helix
axis disorder. The same parameters describe simultaneously
the 2H NMR spectra of the Na-DNA helices oriented at both
0° and 90° relative to the main magnetic field; cf. Table 1. Note
that model II assuming collective helix disorder gives results
almost indistinguishable from those for two-dimensional helix
disorder, eq 4, at 0° sample tilt, but yields rounder shoulders at
90° compared to the latter (not shown), which is more consistent
with experimental data. The results for Na-DNA in Figure 6
can also be compared to those for model I with the treatment
of two-dimensional noncollective helix disorder; cf. part c of
Figure 3.
Finally, theoretical simulations of the2H NMR spectra of

Na-DNA treated with EtOH at different relative humidities7

are shown in Figure 7 with the fitting parameters given in
Table 1. Here varying the spread of the helix axes yields
different ratios of the inner to outer peak intensities. It is
noteworthy that a previous interpretation5,7 involved the as-
sumption of a change in the A-form to B-form DNA ratio at
different relative humidities. By contrast, the present model
suggests that the effect of humidity and EtOH treatment mainly
affects the helix disorder (mosaic spread) without changing the
DNA structure. This conclusion is in full agreement with the
X-ray crystallographic data which also suggest the presence of
only the A-form under the given conditions.7 Thus, the 90°
singularities in the2H NMR Na-DNA spectra are most

Figure 5. Simulation of2H NMR spectra of oriented films of Li-
DNA at 66% relative humidity assuming collective helix axis disorder,
eqs 7 and 8: (a) experimental2H NMR spectra for the B-form at 0°
and 90° sample tilt angles, ref 5; (b) theoretical simulations for 0° and
90° sample tilt angles using model II with the fitting parameters
summarized in Table 1. A Gaussian line broadening of 0.6 kHz together
with a correction, ref 38, for the finite pulse width of 2.5µs has been
applied. The model is able to fit the experimental2H NMR spectra,
and the fitting parameters are in agreement with X-ray results.

Figure 6. Simulation of2H NMR spectra of oriented films of Na-
DNA at 75% relative humidity assuming collective helix axis disorder,
eqs 7 and 8: (a) experimental2H NMR spectra for 0° and 90° sample
tilt angles, ref 5; (b) theoretical simulations for 0° and 90° sample tilt
angles using model II with the fitting parameters summarized in Table
1. A Gaussian line broadening of 0.8 kHz and a correction for the finite
pulse width of 2.5µs have been applied. Note that model II having
collective helix disorder describes the data comparably to model I with
noncollective helix disorder for the 0° sample tilt; cf. Figure 3.
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probably due to a larger degree of helix axis disorder than that
used in Brandes et al.,7 which in addition may be sensitive to
external conditions (relative humidity, salt concentration, etc.).

Discussion

It is widely recognized that deuterium (2H) solid-state NMR
spectroscopy constitutes a powerful tool for investigating the
dynamical and equilibrium properties of the nucleic acids5-8,10,11

in combination with X-ray crystallography,26-28 fluorescence
depolarization,2 dynamic light scattering,3 and multidimensional
solution NMR spectroscopy.4 In previous work,8,12 it has been
shown that the2H NMR spectra of the B-form of calf thymus
DNA can be simulated by a model that approximates the base
plane geometry by using two subtransformations pre-averaged
over fast (on the2H NMR time scale) librational motions.
However, the more complicated2H NMR spectra exhibited by
the A-form of DNA have been more difficult to explain
satisfactorily.7 Under conditions where, according to X-ray
diffraction, only the A-form of DNA is present (Na salt, low
relative humidity),1,29 the2H NMR spectrum reveals additional
features such as sharp outer peaks. The2H NMR spectra of
the Na-DNA have been previously simulated7 under the
assumption of a superposition of contributions from both the
A-form and B-form of DNA, which apparently are not detectable
using X-ray diffraction techniques. One should note that
typically only the ordered regions of the sample are observed
with X-ray diffraction, and the contribution from the diffuse
background scattering is neglected. Thus, an additional aspect
is whether current theoretical formulations are sufficient to
accurately account for the solid-state NMR spectra of DNA films
at the microscopic level in terms of the equilibrium properties
as established via X-ray diffraction methods.
In this work we have addressed the correspondence of solid-

state2H NMR spectroscopy to X-ray diffraction data for DNA

films using a simple Monte Carlo line shape simulation method.
The complex DNA geometry is described in detail by four
intermediate rotational subtransformations, including either two-
dimensional noncollective disorder of the average molecular
axes or collective disorder within one DNA molecule. In the
latter case the stiff DNA molecules are assumed to have a strong
preferential average direction which allows one to treat the
disorder within one molecule in terms of wavelike disturbances
of a wormlike chain. Experimental2H NMR spectra of both
Li- and Na-DNA have been simulated self-consistently for
different sample tilt angles. The assumption about a two-
dimensional character of the helix disorder yields adequate
intensities of the inner and outer peaks with respect to the
intensity in the center, in agreement with the experimental2H
NMR spectra of Na-DNA films. Note that, in contrast to
previous simulations,6,7 no assumption about the presence of
the B-form in the Na-DNA spectra is necessary, which removes
previous discrepancies between the results of2H NMR spec-
troscopy and X-ray diffraction. Moreover, the present approach
explains the effect of relative humidity mainly by changes in
the helix axis disorder with water content, and not by changes
in the A- to B-form ratios.7 The values of the roll and tilt angles
obtained from the line shape simulation are in good agreement
with X-ray data.1,30 A detailed treatment of thestaticdisorder
within the NMR frequency and temperature range studied in
terms of the combined effects of the helix axis disorder and the
distribution of base plane tilt and roll angles proves to be
sufficient to describe the complicated2H NMR spectral features
of the oriented DNA samples. In previous work7 the effect of
the helix axis disorder has been underestimated, leading to the
possible misidentification of the sharper outer peaks in the 0°
tilt Na-DNA spectra with the presence of the B-form, rather
than as a characteristic feature of the A-form. It should be noted
that an attempt to reconstruct the form of the distribution of
DNA helix axes directly from the experimental2H NMR spectra
has also been made (not shown), involving singular value
decomposition methods.31,32 It was found that the helix
distribution could not be obtained to an acceptable accuracy
from the given experimental data, which makes the choice of
the model for the helix disorder somewhat arbitrary depending
on the plausibility of the physical picture employed. This
question may be resolved in the future with the use of
deconvolution techniques for two-dimensional solid-state NMR
spectra.33,34

As noted before, the observed DNA2H NMR line shapes
can be simulated by assuming only a static distribution of the
base pair orientations, thus reflecting mainly the equilibrium
properties of DNA. In the present approach the possible effects
from motions have been taken into account in terms of the
intrinsic line widths and effective coupling constants which are
related to motional amplitudes.11 On the other hand, the
convenient closure expression combined with the Monte Carlo
line shape simulation makes it possible to include pre-averaged
subtransformations containing the motional amplitudes instead
of using the effective coupling parameters. However, since there
are only two effective coupling constants,øQ

eff andηQ
eff, which
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Figure 7. Simulation of2H NMR spectra of EtOH-treated Na-DNA
at different relative humidities using model II: (a) experimental spectra
for 75% and 66% relative humidities at 0° sample tilt angle, ref 7; (b)
theoretical simulations for 0° sample tilt angle with the fitting
parameters given in Table 1. The model for the collective disorder
suggests that the ratio of the inner to outer peaks depends on the degree
of helix disorder, and not on a change in the A- to B-form ratio.
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can be determined experimentally, the number of motional
amplitudes used in the model cannot exceed two without being
underdetermined, whereas obviously many more types of
motions occur in DNA including base roll, tilt, and twist
librational motions and DNA string undulations.35,36 Therefore,
at present it seems more suitable to treat the dynamical effects
on 2H NMR solid-state spectra of complex systems by means
of effective coupling constants and line widths, leaving the
specific details for NMR relaxation studies.9,37 The solid-state
2H NMR line shape method described here can aid in developing

a more comprehensive picture of DNA internal structure and
its interactions with proteins, and may be of interest as an
adjunct to other experimental techniques, such as multidimen-
sional high-resolution NMR spectroscopy, fluorescence depo-
larization, and light scattering studies.
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