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Abstract: Simulation of experimental solid-state deuterit#i) 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 #t€ NMR spectra of NaDNA at low humidity are not in
complete agreement with the X-ray results. Here we have successfully expleitndddR 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. THel 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 théH NMR time scale, whereas the effects of faster librational motions are contained in the intrinsic
line widths and the effective coupling constants. The pre3¢MMR 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-protééic

acid interactions.

Introduction orientation of the electric field gradient (EFG) tensor corre-
sponding to the individual €2H bonds. Comparison of the
experimental line shapes with theory allows one to determine

Sl)a)\:;?hatl‘?:r::it(l;,?lleliglerr:r;rw?)l]?(r:r?(l)?jre?:loﬁ?))(ei:?al?or;tll’:(]aL':ii i_ ttoe gr? the bond angles and orientations of the base pairs with respect
P Y to the helix axis’® In previous work, it has been shown that

niques. X-ray diffraction methods have been most widely used the2H NMR spectra of Li-DNA (the B-form) can be simulated

in studies of DNA, and have led to the identification of three by assuming a uniaxial distribution of the base pairs around

?ajﬁéazgrrpz} ée{ﬁ:;?%é?ho%ss sAuchBas zzgrezs-c[()awcﬁ\é -g;e Olar_the helix axis, including pre-averaging of the transition frequen-
PP P P cies due to librations of the base pdirsyhich leads to a

Lz:;or? a%d gynamlct: I|gthtds(;:$tterulﬁ@? WeII?s NMR rg?thogliA reduction of the coupling constant due to base plane fluctua-
1S provided important additional Information regarding tions8 However, the more comple3d NMR spectra of calf
microstructure and d_ynam|_cs. Mult|d|me_n3|onal NMR methods thymus Na-DNA (75% relative humidity) have been more
haye been used to investigate small oIllgonuclleo_tlde dUpIexes’dif‘ficult to explain satisfactorily. When the average helix axis
which has made it possible to determine their time-averaged is oriented parallel to the main magnetic field, the-NENA

structure by using NMR distance constrafhtt addition, solid- spectrum consists of two doublets, with broad inner peaks and

state NMR studies of DNA, in partlc_ular dgute_rluﬁhﬂ[ NMR ._sharp outer peaks, which have been interpreted by assuming a
spectroscopy, have been valuable in elucidating further detallsSuperposition of contributions from both the A- and B-fofs.

|(2|f thetr;structurle a_n(fj dynz:_mlc_s 3f D'\tllA in the i)?ll(ithﬁtblh th However, according to X-ray diffraction, only the A-form of
ere the angular information 1s directly accessible through the pa s detected under these conditions, which is inconsistent

T Abbreviations used: DNA, deoxyribonucleic acid; EFG, electric field With the?H NMR interpretation. In the present work we have
gradient tensor; EtOH, ethanol; NMR, nuclear magnetic resonance; PAS,
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addressed this issue by introducing a model which accounts forAlternatively one can consider jump-type modéi&®2> How-

the detailed DNA geometry, and includes a realistic treatment ever, in the more complex case of DNA, which involves an
of the helix axis disorder. ThéH NMR line shapes of both  asymmetric EFG tensor, analytical derivation of the line shape
the A- and B-forms of DNA":812are successfully described in  function represents a difficult mathematical task. This is due
agreement with the X-ray results. Moreover, these studies revealto the fact that multiple subtransformations are needed to account
structural insights which may provide a valuable source of for the complicated DNA geometry, including the base pair tilt
information in future studies of DNA microstructure and its and roll, and the DNA helix disorder. Therefore, an alternative

interactions with proteins.

Theory and Model

The 2H NMR transition frequencies for a particular-@H
bond are given by

3

i 4X{ (2)(QXL)

n
NG

where the subscript X P, | denotes the frame associated with
the principal axis system (P) of ttstatic electric field gradient
tensor or the intermediate (1) frame of thesidualEFG tensor
(i.e., leftover from motions fast on thH#1 NMR scale) and L
denotes the laboratory frame defined by the external main
magnetic field. In eq 1y = xo or;gQ is the static or re3|dual
(effective) quadrupolar coupling constant apes 7q or nQ is

the asymmetry parameter of the EFG tensor, wheger0=< 1.

The coupling parameterns and 5 are related to the principal

D% O(QXLHD(Z)(QXL)]} 1)

values of the EFG tensor and can be determined from the

powder-type?H NMR spectrum of unoriented DNA fibe#s,

for which the bond directions are isotropically distributed. For
instance, comparison of the residual valygsand 8 to the
appropriate static valuegy and 7q yields information about
the influences of pre-averaging due to fast librational motiéns.
In the above formuldD@(Qx.), 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-& bond of the nucleic

acid base, to the laboratory frame as given by the Euler angles,

QL. Here the Rosé convention for body-fixed right-handed
rotations is used, with the Rdgeconvention for the Wigner
rotation matrices. The above transformation can be expande
into various intermediate transformations which include the
orientation of the &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

is to simulate numerically the line shape by either summing
over the contributions from all possible angles weighted with
an appropriate probability density?1917or 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 |, the DNA
geometry is approximated by introducing two subtransforma-
tions® Namely, the matrix element®@(Qx.) can be ex-
panded in the following way:

DAQy) = Z DP(Qye) DRQR) @

m=-2

The first set of Euler angle€xr = (0, /2 — Or, ¢tw + én)
includes the base plane tilé{) and twist ¢rw) angles, where

¢u is the angle of the base plane rotation around the helix axis,
and the second set is given s = (0, a, 0), wherea
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 fromA/2 — 61) — 6pto (/2 — 67) + B with respect

to 67, and fromgrw —¢o to grw ¢ With respect taprw about
étw = 0, where6y and ¢ denote librational tilt and twist
amplitudes, respectivefand then divided by the normalization
factor #opo. As can be seen, model | contains quantitative
information about the librational amplitudes and base plane tilt
angle, which can be obtained from the line shape simulation,

dWhI|e 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 elemen®?(Qy, ) using closuré into a

the helix axes, and the orientation of the sample as a whole set of four subtransformations, depicted in Figure 1 and referred

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 averagihéf For a
simple distribution of a &2H or C—C2?H3 bond on a cone, the
closed-form expression for tiel NMR line shape in the case
of an axially symmetric EFG tensor has also been derife$.
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to as model Il, namely
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Here we start with the orientation of the principal axis system
(PAS) with itsz-axis along the C82H bond, they-axis lying
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o w2-6, section. The other angles, such as the bond apgl¢he roll
m anglefg, and the tilt angledr constitute the fitting parameters
— of the model and correspond to a particular DNA structure, such
oy, x as the A- or B-form. The starting values for the parameters
can be obtained from the literatuteFinal refinement of the
theoretical spectrum involves the introduction of small static
distributions of the anglesg and 6+ 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 rangek#00 kHz.

Figure 1. Transformation of the coupling tensor from the principal Treatment of Helix Axis Disorder

axis system to the laboratory frame. Here the DNA geometry is

described by four transformations in agreement with the crystallographic ~ The most widely used expression for the probability distribu-
notation. The first set of Euler angl€¥cz = (—71/2, ys, Or) describes tion involves a Gaussian probability density function, which

the orientation of the principal axis system (PAS) of the statie{(R) approximates the disorder in a general fashion
or residual (X= 1) EFG tensor with respect to the roll axis of the base

pair plane; the angles denotes the angle between the-3i bond 2

and the roll axis, andr is the base pair roll angle. The second set p(c) O exp — o (4)
Qpn = (/2, /2 — 61, ¢n) describes the orientation of the base pair 20(03)2

plane with respect to the DNA helix axis, wheflg is the tilt angle

ﬁgﬁxtgiig?isa’dis;gisbmEr‘:g(’:nor theTaZSgﬂtrig i‘r’;enssfroer';t;%g the local \1ogifications of the normal distribution have been also
g Y 9l HE proposed? in which the total probability density is written as

(0, o, ¢") corresponds to the uniaxial distribution of the local helix . . ] . .
axes with respect to the average helix axis within the DNA fiber or & SUM of a highly oriented and highly disordered fraction of

film as given by the angles’ andg'. Finally, the fourth transformation  helices. In the uniaxial three-dimensional case, the probability
Qr = (0, a, 0) describes the sample inclination (tilt) relative to the density function should be weighted by the sine of the angle
external magnetic fieldB,. corresponding to a given axis inclination, which seems most
appropriate for the description of noncollective disorder, i.e.,
in the base plane, and consequently xh&xis being perpen-  when the axis orientations are distributed independently of one
dicular to the base plane (Figure 1), which is in agreement with another. One example involves the case of the uniaxial disorder
eq 1. The first set of Euler angl&ys = (—/2, yg, Or) thus of immobile integral membrane proteins (mosaic spréaipe
pertains to the orientation of the PAS of the static or residual Gaussian probability of finding an axis orientation betwegn
EFG tensor associated with the average orientation of tt&#HC ~ ando’ + da’ then has an additional weight, proportional to the
bond with respect to the roll axis of the base pair platieg area element sia’ da’ on a unit sphere, which in turn implies
angleyg denotes the angle between the-&1 bond and the that the probability of a perfect alignment with the average axis
roll axis, anddr is the base pair roll angle (cf. Figure 1). The is zero, increasing with tilt away from the perfect orientation.
second set of Euler angl€sy = (7/2, 7/2 — 01, ¢n) describes However, in the case of thin films of DNA prepared by the
the orientation of the base pair plane with respect to the DNA wet-spinning method}? one deals with @wo-dimensional
helix axis, taking into account the base pair tilt angteand disorderwhich would imply that the additional sine factor is
the uniaxial distribution of the base tilt axes relative to the local not needed to describe the orientations of the DNA helix axes
helix axis, as given by the angi;. The third transformation ~ Within a given plane. To take into account the helix disorder
Que = (0, o, ¢') corresponds to the uniaxial distribution of in the simpler model I, one needs to convolute the spectra
the local helix axes with respect to thaeragehelix axis of calculated at various values of —~ o + o' with a Gaussian
the DNA fiber or film as given by’ and¢’. Finally, the fourth distribution centered at' = 0. Note that this approach is valid
transformatior2e. = (0, o, 0) describes the sample inclination ~ strictly for model | only in the case of two-dimensional disorder,
(tilt) relative to the external magnetic field. Note that model | and an additional subtransformation, containing explicitly the
can be reproduced as a limiting case from model Il by collapsing colatitude anglea’ and the azimuthal angle’, should be

the first three subtransformations involvib§)(Qxz), DA(Qg), included to treat three-dimensional disorder as in model II; cf.

andD®(Qyg) into one effective transformatio®@(Qxg). This eq 3.

involves settingyg = 6r = 0 wheregrw = 0, and eliminating As an alternative to the above formulation for the noncol-

the explicit dependence of the helix axis disorder; bé 5 ¢' lective helix axis disorder, one can consider possible orientations

=0. within an entire DNA molecule, referred to as collective
Inserting eq 3 into eq 1, one can then simulateHMR disorder, which also seems applicable for macroscopically

line shape for model Il in the following simple manner, referred Oriented DNA films. Here a portion of the DNA molecule with
to as Monte Carlo line shape simulation. First a random triple itS Own axis orientation belongs to the entire molecule; cf. Figure
of the angles, o, and¢’ is generated, then the corresponding 2. In this case the sine weighting factor for the distribution of
quadrupolar splitting is calculated, and finally a unit intensity ' IS @lso not needed, since the uniaxial angjleotates all the

is assigned for this splitting. The analogous procedure can alsoerientations of the DNA around the molecular axis at the same
be applied to model I, eq 2. Uniform distributions from 0 to time. It should be noted that, in principle, one could incorporate
27 are assumed for the angles and ¢'. Values ofa’ are both types of distributions by introducing a fifth transformation
generated in the following way: random values of the distribu- into model I, eq 3. However, detection of such complex
tion function ofa’, P(a), are generated from 0 to 1, and then (23) Moltke, S. et al, Manuscript in preparation

the corresponding values of are calculated. The distribution (24) Rupprecht, AActa Chem. %canemgﬁ 20, 494-504.

function for the helix disordeP(a') is discussed in the next (25) Rupprecht, ABiotechnol. Bioeng197Q 12, 93—-121.




A- and B-Form DNA Structure froH NMR Line Shape Simulation J. Am. Chem. Soc., Vol. 120, No. 19, 388l

12

&

o g
'

C_2>¢

8 o’

max

Py ()

4 150 100 50 0 -50  -100 -150
25° “ DNA fiber L
g5° b) Model I, Gaussian with sine
K 45° 65°
\I Y
20 60 80

0 40
o'/ degrees

Figure 2. Probability distribution for the helix disorder as a function
of the cutoff parametet!'max plotted from 5 to 85° in intervals of
20°, and at 89.9. Whena'max < 50°, the probability distribution has

a sharp peak corresponding to tHfeddientation and a broad shoulder 150 100 S0 0 -50 -100 -150
extending to larger angles, suggesting the presence of both highly
ordered and relatively disordered fractions. At larger cutoffs the ¢) Model I, Gaussian without sine

maximum asymptotically shifts to 90

disorder from the line shape simulation would probably lie
beyond the capabilities of one-dimensional solid-stet&lMR
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 frequency / KHz
collective ohsorder_ of the DNA helix axes. For a sample of Figure 3. Simulation of2H NMR spectra of oriented films of Na
macroscopically oriented DNA molecules, one may assume thatpna at 75% relative humidity: (a) experiment&i NMR spectrum
a DNA molecule behaves as a stiff wormlike chain having a taken at ® sample tilt angle, ref 7; (b) comparison to model I, eq 2,
rather long persistence length, which is still substantially less assuming a Gaussian distribution for the noncollective helix disorder
than the total molecular length. One can, therefore, treat with a sine weighting factor (three-dimensional distribution); (c)
deviations of the local helix axes from the average molecular comparison to model | using a Gaussian distribution without the sine
axis in terms of elementary wavelike disturbances such as cosfactor (two-dimensional distribution). A Gaussian line broadening of
(k¥). Here is the variable corresponding to length, dng 2.6 kHz together with a correctl_on, ref 38, for the fln_lte pulse width of
. . N . . .5 us has been applied for this and subsequent figures. (The use of
the dlsorder wavevector .relate'd to the inverse persistence Lorentzian line broadening yields little difference in spectral appear-
length; cf. Figure 2. The orientation of an element of the DNA ance.) At a sufficiently large value (o) of 11° or greater, model |
molecule with respect to the average molecular axis can thenyields sharp outer peaks in the NBNA 2H NMR spectrum, corre-
be calculated as sponding to a contribution from the perpendicular orientations of the
C—2H bonds with respect to the main magnetic field. Note that no
d ) assumption about the presence of a B-DNA fraction is necessary, which
tana’ = d_g(COSKs&) = —ksink& (%) is in agreement with X-ray results. The use of the two-dimensional
distribution improves the quality of the fit, which would imply that

. L . the sine weighting factor is not needed to describe helix axis disorder
If £ is assumed to be distributed uniformly from Qrttk, where in planar DNA films.

the cosine function is single-valued, thg(£) = k/z, and
differentiating eq 5, the probability density far can be written P (o) = ﬁ)“ Do) dat”

as
= Z[Sm—l( tan fx' ) 4 _tan fx' Sech—l( tanfx' )]

p)=p@ %=1 _dttafa ©) m tana’;,,)  tano’ ., tana’
do’ 7T (k2 — tarf a,)llz )

The total probability density function can then be obtained by  Plots of the probability density functigm.(a') for different
integrating over the range &fin eq 6 where the integral exists, maximum cutoffsx’'nax are presented in Figure 2. One can see

i.e., fromkpin = tano’ up to a maximum cutoff valukmax = that ata’'max < 50° one has a sharp peak at zero orientation

tan ' max  The result is with a wide base, which is analogous to the distribution given
elsewherd? suggesting the presence of highly oriented and

, N tan o max dk disordered fractions of the helix axes, but described by only
Pod@') = cod a’fta”“' (szrFa')l’z one paramete'max. At larger cutoffs the maximum asymp-
totically shifts to 90; cf. Figure 2.
= N ~1f_tana’ (7) . . o .
co o tana’,,, Simulation of Lithium and Sodium DNA 2H NMR

Spectra

whereN is a normalization constaritl = (/> tano'may~*. The For this work we have relied on publishéld NMR spectra

corresponding (cumulative) distribution function now becomes of calf thymus Na-DNA (75% relative humidity) and l--DNA
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Table 1. Summary of Parameters of Models | and 1l Used To SimuletdNMR Spectra of the A-Form and B-Form of DNA

Na—DNA Na—DNA
(1% excess NaCl, (1% excess NacCl,
Li—DNA Na—DNA EtOH treated, EtOH treated,
parameter (66% rh) (75% rh) 66% rh) 75% rh)

Model |
coupling constantyo/kHz 179 179 179 179
asymmetry parameteyg 0.06 0.06 0.06 0.06
base tilt angledr & o(6+)/ded —-6+3 225+ 3 225+ 3 225+ 3
tilt librational amplitudes@o/deg 10 10 10 10
twist librational amplitudespo/deg 12 12 12 12
noncollective helix axis disorder with sine factor (3-bfo.')/deg 11
noncollective helix axis disorder without sine factor (2-Bjo')/deg 16.5 14 12

Model Il
coupling constanty§ /kHz 173 173 173 173
asymmetry parameteveﬁ b 0.065 0.065 0.065 0.065
C8—C1 bond angleyslgeq 13 13 13 13
base roll anglefr/deg —4 6 6 6
base tilt anglefr &+ o(6+)/ded —-6+3 21.5+ 3.7 21.5+ 3.7 21.5+ 3.7
cutoff for the collective distribution of helix axes,;ma/deg 30 34 27 26

2 Assuming a Gaussian distributiohAverage values determined from simulation of BieNMR powder-type spectrum of HDNA, ref 12.
¢ Obtained from the base pair geometry given in ref 1.

a) b) Model 1 ¢) Model 11

v

I

90° tilt

200 100 0 -100 200 200 100 0 -100 -200 200 100 O -100 -200
frequency / kHz frequency / kHz

Figure 4. Simulation of the?H NMR powder-type spectrum of HIDNA at 66% relative humidity: (a) experiment#i NMR spectrum for
randomly oriented L+DNA, ref 12; (b) comparison to the powder-type limit of model I, eq 2, féradd 90 tilt angles; (c) comparison to the
powder limit of model Il, eq 3, for Dand 90 tilt angles. Note that model | yields a powder pattern as@mple 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 I,
which considers three-dimensional uniaxial helix disorder, yields a powder-type spectrum as a limiting result at all tilt angles. The coupéteypara
Xgﬁ andngﬁ used in the simulation of the experimental NMR spectrum are given in Table 1.

(66% relative humidity), both having specifically deuterated summarized in Table 1, which led to a significant improvement
purine rings at position C87812 A Monte Carlo line shape  of the fit; cf. Figure 3, part c. This would seem to imply that
simulation method was used to simulate the experiméhtal  the two-dimensional distribution of the helix axes is indeed more
NMR spectra of DNA in order to avoid mathematical and suitable for simulating NMR spectra of macroscopically oriented
computational difficulties associated with the direct derivation DNA films rather than a Gaussian function with a sine weighting
of an analytical expression. All calculations were performed factor.
on a desktop computer operating at 100 MHz using MATLAB One should note at this juncture that the above theoretical
(The MathWorks, Inc., Natick, MA). ?H NMR spectra of NaDNA can be explained in simple

A representativeH NMR spectrum of NaDNA at zero intuitive terms. Setting the base plane tilt angle to about 20
sample inclination (tilj is shown in part a of Figure 3. As (that is 70 relative to the helix axis) gives rise to the
can be seen, the spectrum contains two relatively broad innerquadrupolar splitting neat45 kHz at 0 sample tilt, whereas
peaks and two sharp outer peaks. Figure 3, part b, shows thea sufficiently large value of(a') of 16.5 yields the sharp outer
simulation of the Nae-DNA 2H NMR spectrum at zero sample  peaks at:60 kHz, corresponding to perpendicular orientations
tilt by using model I, eq 2, with a Gaussian distribution of the of the G—2H bonds relative to the main magnetic field. The
helix axes including the sine factor (three-dimensional noncol- perpendicular component is due to the combined effect of
lective disorder), with the values of the fitting parameters as mosaic spread of the helix axes together with the static disorder
reported in Table 1. However, as can be seen from comparisonof base plane tilt and roll, which results in a fraction of the
of parts a and b of Figure 3, the use of a Gaussian distribution C—2H bond distribution which intersects the laboratoxy ¥)
of the helix axes with the sine factor gives rise to a significant plane and gives rise to the characteristié¢ Sidgularities irPH
excess of intensity in the spectral center, i.e., near the carrierNMR spectroscopy®
frequency. As an alternative, model | has been used assuming As a further test, model | has been used to simulate a powder-
a two-dimensional noncollective helix disorder, i.e., a Gaussian pattern2H NMR spectrum as a limiting case. Indeed, if the
distribution without the sine factor with the fitting parameters helix axis orientations are assumed to be distributed uniformly
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0° tilt
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Figure 5. Simulation of?H NMR spectra of oriented films of L
DNA at 66% relative humidity assuming collective helix axis disorder,
egs 7 and 8: (a) experimentd NMR spectra for the B-form at°0
and 90 sample tilt angles, ref 5; (b) theoretical simulations for@d
90° sample tilt angles using model Il with the fitting parameters
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b)
\J\J\/L -
JJLO" tilt

-200 200 10 0 -100 -200

frequency / kHz

Figure 6. Simulation of?H NMR spectra of oriented films of Na
DNA at 75% relative humidity assuming collective helix axis disorder,
eqs 7 and 8: (a) experimenfad NMR spectra for @ and 90 sample
tilt angles, ref 5; (b) theoretical simulations fot &nd 90 sample tilt

summarized in Table 1. A Gaussian line broadening of 0.6 kHz together angles using model Il with the fitting parameters summarized in Table

with a correction, ref 38, for the finite pulse width of 2.8 has been
applied. The model is able to fit the experimertidl NMR spectra,
and the fitting parameters are in agreement with X-ray results.

over a unit sphere, i.e., d — o £ o' and cosa’ is uniformly
distributed from+1 to —1, then the model should yield a

1. A Gaussian line broadening of 0.8 kHz and a correction for the finite
pulse width of 2.5us have been applied. Note that model Il having
collective helix disorder describes the data comparably to model | with
noncollective helix disorder for the’Gample tilt; cf. Figure 3.

there is also a fraction of base planes aligned parallel to the

limiting powder-type spectrum regardless of the macroscopic external magnetic field, which yields the additional peaks at

tilt angle a. of the sample. Figure 4, part a, show3-aNMR
powder-type spectrum of HDNA;2 simulations corresponding
to the powder limit of model | for sample tilt angles= 0°
ando. = 90° are shown in part b, with the fitting parameters

about+120 kHz. Note that the present model Il fits thieti
Li—DNA spectra as well as modet Assuming noncollective
three-dimensional helix axis disorder. However, an obviously
better quality of the fits of the $0sample tilt spectra is observed

givenin Table 1. As can be seen, the model generates a powderversus model 18 and no assumption about the orientation

type pattern for the Osample tilt, but fails to do so if the sample
is tilted at 90. The reason for this is that model | does not
explicitly contain the angle’, cf. eq 2, and thus effectively

dependence of the transverse relaxation fatesecessary.
The fits of model Il to the?lH NMR spectra of oriented
samples of NaDNA,® part a of Figure 6, for sample tilt angles

corresponds to a two-dimensional treatment of the helix axis of o = 0° anda. = 90° are shown in part b of Figure 6, and the
disorder. By contrast, part ¢ of Figure 4 shows that the fitting parameters are presented in Table 1. The helix axes are
alternative model I, eq 3, gives a typical powder pattern in distributed according to eqs 7 and 8 assuming collective helix
both cases due to the presence of the nonvanishing azimuthabxis disorder. The same parameters describe simultaneously
angle¢’ describing three-dimensional orientations of the helix the2H NMR spectra of the NaDNA helices oriented at both
around its average axis, which justifies the more detailed 0° and 90 relative to the main magnetic field; cf. Table 1. Note
expansion in eq 3. Note that even though additional subtrans-that model 1l assuming collective helix disorder gives results
formations are considered in eq 3, the model still yields a typical almost indistinguishable from those for two-dimensional helix
powder-type spectrum, which can also be described by thedisorder, eq 4, atOsample tilt, but yields rounder shoulders at
simple Pake formuf&'¢in terms of a spherical powder-type  90° compared to the latter (not shown), which is more consistent
average over the bond orientatiofe, . From the fit to the  with experimental data. The results for NANA in Figure 6

powder-type spectrum, the effective coupling parame)g% S

= 173 kHz andr]eﬂ = 0.065 have been obtainédcf. Table 1.
Figure 5 shows a comparison of the experimefthNMR

spectra of Li-DNA,® part a, to simulations obtained by using

can also be compared to those for model | with the treatment
of two-dimensional noncollective helix disorder; cf. part ¢ of
Figure 3.

Finally, theoretical simulations of thtH NMR spectra of

the more detailed model Il, part b, together with the collective Na—DNA treated with EtOH at different relative humidities
distribution of the helix axes as given by egs 7 and 8, and the are shown in Figure 7 with the fitting parameters given in
fitting parameters summarized in Table 1 for sample tilt angles Table 1. Here varying the spread of the helix axes yields

of a = 0° anda. = 90°. Comparable results are obtained for

different ratios of the inner to outer peak intensities. It is

model Il using a Gaussian distribution without the sine factor noteworthy that a previous interpretatfgninvolved the as-

(not shown).
perpendicular to the helix axis fof @ample tilt, the cylindrical

If the tilt angles of the base planes are set nearly sumption of a change in the A-form to B-form DNA ratio at

different relative humidities. By contrast, the present model

symmetry about the main magnetic field leads to a single suggests that the effect of humidity and EtOH treatment mainly

quadrupolar splitting with peaks at60 kHz, corresponding to
the B-form of DNA; cf. Figure 5. When the sample is inclined
at 9C¢, the most probable orientation of the cylindrically-

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

distributed base pair planes is still perpendicular to the magneticonly the A-form under the given conditiods.Thus, the 99

field, giving rise to the peaks at aroung0 kHz. However,

singularities in the?2H NMR Na—DNA spectra are most
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Figure 7. Simulation of?H NMR spectra of EtOH-treated NeDNA

at different relative humidities using model II: (a) experimental spectra
for 75% and 66% relative humidities at 6ample 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

vddeov et al.

films using a simple Monte Catrlo 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. ExperimentdH 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 experimetfal
NMR spectra of NaDNA films. Note that, in contrast to
previous simulation&/ no assumption about the presence of
the B-form in the Na-DNA spectra is necessary, which removes
previous discrepancies between the resultd-bNMR 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. The values of the roll and tilt angles
obtained from the line shape simulation are in good agreement

suggests that the ratio of the inner to outer peaks depends on the degre®ith X-ray data-3° A detailed treatment of thstatic disorder

of helix disorder, and not on a change in the A- to B-form ratio.

probably due to a larger degree of helix axis disorder than that
used in Brandes et dl.which in addition may be sensitive to
external conditions (relative humidity, salt concentration, etc.).

Discussion

It is widely recognized that deuteriurfiH) solid-state NMR
spectroscopy constitutes a powerful tool for investigating the
dynamical and equilibrium properties of the nucleic atigi&*1!
in combination with X-ray crystallographiy, 28 fluorescence
depolarizatior?,dynamic light scatteringand multidimensional
solution NMR spectroscop.In previous worké12it has been
shown that théH 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 the?lH NMR time scale) librational motions.
However, the more complicatéi NMR spectra exhibited by
the A-form of DNA have been more difficult to explain
satisfactorily! Under conditions where, according to X-ray
diffraction, only the A-form of DNA is present (Na salt, low
relative humidity)}2°the?H NMR spectrum reveals additional
features such as sharp outer peaks. THeNMR spectra of
the Na-DNA have been previously simulatedinder 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 aspec
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-
state?H NMR spectroscopy to X-ray diffraction data for DNA
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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 complicatéd NMR spectral features
of the oriented DNA samples. In previous wétke 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 experimenfid NMR spectra
has also been made (not shown), involving singular value
decomposition methodd:32 |t 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
guestion may be resolved in the future with the use of
deconvolution techniques for two-dimensional solid-state NMR
spectras334

As noted before, the observed DNe 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 amplitudé$. On the other hand, the
convenient closure expression combined with the Monte Carlo

{ine 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 constansg’ and g, which
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486
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can be determined experimentally, the number of motional a more comprehensive picture of DNA internal structure and
amplitudes used in the model cannot exceed two without beingits interactions with proteins, and may be of interest as an
underdetermined, whereas obviously many more types of adjunct to other experimental techniques, such as multidimen-
motions occur in DNA including base roll, tilt, and twist sional high-resolution NMR spectroscopy, fluorescence depo-
librational motions and DNA string undulatio®s3¢ Therefore, larization, and light scattering studies.

at present it seems more suitable to treat the dynamical effects )

on 2H NMR solid-state spectra of complex systems by means Acknowledgment. This work was supported by the U.S.
of effective coupling constants and line widths, leaving the National Institutes of Health and by a postdoctoral fellowship
specific details for NMR relaxation studi&d’ The solid-state ~ from the Deutsche Forschungsgemeinschatft (S.M.).

2H NMR line shape method described here can aid in developing jag9734612

(35) Allison, S. A.; Shibata, J. H.; Wilcoxon, J.; Schurr, J. Blopoly- (37) Wang, A. C.; Kennedy, M. A.; Reid, B. R.; Drobny, G. P.Am.
mers1982 21, 729-762. Chem. Soc1992 114, 6583-6585.
(36) Song, L.; Allison, S. A.; Schurr, J. NRiopolymersl99Q 29, 1773— (38) Bloom, M.; Davis, J. H.; Valic, M. ICan. J. Phys198Q 58, 1510~

1791. 1517.



