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Dynamics in a DNA decamer duplex, d(CATTTGCATC) z
d(GATGCAAATG), were investigated via a detailed 13C NMR
relaxation study. Every 2*-deoxyadenosine and 2*-deoxyguanidine
was chemically enriched with 15% 13C and 98% 15N isotopes. Six
nuclear relaxation parameters [R(13Cz), R(1Hz), R(21Hz

13Cz),
R(13Cx), R(21Hz

13Cx) and steady-state 13C{1H} NOE] were mea-
sured at 600 MHz and three were measured at 500 MHz (1H
frequency) for the CH spin systems of sugar 1*, 3*, and 4* as well
as base 8 and 2 positions. A dependence of relaxation parameter
values on chemical position was clearly observed; however, no
sequence-specific variation was readily evident within our exper-
imental error of ;5–10%, except for 3* and 5* termini. It was
demonstrated that the random 15% 13C enrichment effectively
suppressed both scalar and dipolar contributions of the neighbor-
ing carbons and protons on the relaxation parameters. To analyze
dynamics via all observed relaxation parameters, full spectral
density mapping (1992, J. W. Peng and G. Wagner, J. Magn.
Reson. 98, 308) and the “model-free” approach (1982, Lipari and
Szabo, J. Am. Chem. Soc. 104, 4546) were applied complementa-
rily. A linear correlation between three spectral density values,
J(vC), J(vH 2 vC), and J(vH 1 vC) was observed in plots
containing all measured values, but not for the other spectral
density terms including J(0). These linear correlations reflect the
effect of overall motion and similar internal motions for each CH
vector in the decamer. The correlations yielded two correlation
times, 3–4 ns and 10–200 ps. One value, 3–4 ns, corresponds to the
value of 3.3 ns obtained for the overall isotropic tumbling corre-
lation time determined from analysis of 13C T1/T2 ratios. The
possibility of overall anisotropic tumbling was examined, but sta-
tistical analysis showed no advantage over the assumption of
simple isotropic tumbling. Lack of correlations entailing J(0) im-
plies that a relatively slow chemical exchange contributes to yield-
ing of effective Jeff(0) values. Based on spectral density mapping
and the T1/T2 ratio analysis, three basic assumptions were initially
employed (and subsequently justified) for the model-free calcula-
tion: isotropic overall tumbling, one internal motion, and the
presence of chemical exchange terms. Except for terminal resi-
dues, the order parameter S2 and the corresponding fast internal
motion correlation time were determined to be about 0.8 6 0.1 and
20 6 20 ps, respectively, for the various CH vectors. Only a few
differences were observed between or within sugars and bases. The

internal motion is very fast (ps–ns time scale) and its amplitude
restricted; e.g., assuming a simple wobble-in-a-cone model, the
internal motion is restricted to an angular amplitude of 622.5° for
each of the 1*, 3*, 4*, 2, and 8 positions in the purine nucleotides
in the entire duplex. © 1998 Academic Press
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INTRODUCTION

Developments in NMR have enabled structure determination
of DNA oligomers in solution (1, 2). Over the course of the
past decade, the quality of the structures determined has
steadily improved. However, with current methods, NMR re-
straints obtained from dynamic molecules in solution are used
in structure refinement to yield a single structure. As a result,
the single structure determined cannot satisfy all experimental
restraints. This conflict has been frequently observed in DNA
oligomer studies (3, 4), because DNA is a molecule with
internal motions (5, 6). Numerical approaches, such as the use
of time-averaged restraints (7, 8) and the probability distribu-
tion of a conformational ensemble (4), have been used suc-
cessfully to explain the experimental restraints, nuclear Over-
hauser effect (NOE) intensities, and scalar coupling constants,
which are time- and ensemble-averaged, i.e., compromised by
conformational averaging (internal motion). However, the con-
formational ensembles described by numerical methods are not
unique; we deal with an under-determined problem with the
number of experimental observables (NOE intensities and sca-
lar coupling constants) inadequate to define rigorously multiple
(even two) interconverting structures. We can improve our
approximate description of the true dynamic nature of a struc-
ture with additional experimental data, especially data that
elucidate the internal motions. Strictly speaking, knowledge of
the amplitude and frequency of internal motions (or conforma-
tional jumps) is necessary to describe a molecule’s dynamic
structure.

DNA flexibility has been studied by several physicochemi-
cal techniques (9, 10). Most research has focused on the overall
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motion, e.g., isotropic or anisotropic tumbling, and on large-
scale segmental motion, i.e., bending and twisting. Conse-
quently, we can easily estimate the isotropic correlation time of
a DNA oligomer as a function of the number of base pairs
(11, 12). In addition, some information about fast site-specific
motions in DNA has been acquired via13C relaxation param-
eters at natural abundance (13, 14) or initial NOE buildup rates
of specific1H–1H pairs at fixed distances (15–17). The preci-
sion of the experimental data in those studies was not high, but
their conclusions are basically in agreement: sequence-specific
differences in dynamics is small except for terminal residues,
and the amplitude of the internal fast motion is fairly small for
both base and sugar. They are also consistent with the results
from solid-state2H NMR (9). 2H NMR gives more detailed
information about fast local motions because, at very low
relative humidity, overall tumbling does not affect2H T1
values and lineshapes. For example, amplitudes of fast local
motions are estimated to be in the order H8, H6 , H20 ,
H59/H50 for d(CGCGAATTCGCG)2 in the solid state (18).
Similarly detailed information is difficult to discern for DNA in
solution without advanced techniques such as a2H/13C/15N
stable isotope enrichment and heteronuclear pulse techniques.

Heteronuclear NMR techniques have dramatically devel-
oped in the last decade, enabling more accurate determination
of the frequency and amplitude of overall tumbling and internal
fluctuations, especially for proteins (19–22). They are based on
1H-detected2H/13C/15N relaxation parameter measurement and
analysis; the methods are applicable to DNA, but2H/13C/15N
isotope enrichment is required. High-level, uniform13C enrich-
ment introduces the complication of cross-relaxation (23)
which is difficult to analyze. If an atom-site specifically en-
riched sample is available, it will give the most accurate
results. Such DNA samples are available with labeling at
several positions: C6 of thymidine (24), methyl carbon of
thymidine (25), C19 (26) and C59 (27). Two of them have
already been used for oligomer dynamic studies, C6 of thymi-
dine (28) and C19 (29). Their relaxation data are precise
enough to assess several motional models, and one study
reported sequence-dependent dynamics at the C19 position
(29). However, to elucidate internal fluctuations within a mol-
ecule thoroughly, low-level uniform labeling may be the only
way to obtain sufficient sensitivity while minimizing interac-
tions with the nearest13C nuclei (30).

All NMR relaxation parameters of a biomolecule in solution
are determined by a spectral density functionJ(v) which has
attributes of overall and internal motions. Several analytical
formulas of the spectral density function have been written
based on various dynamic models (5, 31). Most internal motion
models implicate the amplitude and frequency of the assumed
fast internal motion model. Lipari and Szabo (32) presented a
“model-free” approach, used in most recent NMR relaxation
studies, where the amplitude and frequency of the fast internal
motion is related to a generalized order parameter S and an
internal motion correlation timeti, respectively, without spec-

ifying exactly what the motion is. Using these two parameters,
the formula for the spectral density function becomes relatively
simple. In a contrasting approach, Peng and Wagner demon-
strated that the spectral density function itself can be mapped
experimentally at several frequencies by measuring several
relaxation parameters (21). This spectral density mapping
method needs many relaxation parameters but the final results
are independent of any particular dynamic model or assump-
tions and has several merits. For example, in protein studies,
slow exchange processes are identified by an increase in the
effectiveJ(0) with spectrometer field strength (33). For protein
1H–15N systems, a reduced spectral density mapping method is
also available to obtain three spectral density values from three
observed relaxation parameters (34, 35), although it is risky to
apply it to1H–13C systems. Using both the model-free and the
spectral density mapping methods can enhance our perspective
of molecular dynamics.

In the study reported here, many13C relaxation parameters
were analyzed for a DNA decamer duplex in which every
adenosine and guanidine is randomly fractionally enriched
with 15% 13C and 98%15N isotopes. The oligomerd(CATT-
TGCATC) z d(GATGCAAATG) was selected, because its
time-averaged structure has been well characterized (36, 37).
Refinement using restrained molecular dynamics (rMD) yields
a time-averaged structure which may vary only slightly from
the major conformer present in solution. It will be noted,
however, that proton–proton coupling constant data suggested
that most of the sugar rings possessed at least one minor
conformer with altered pucker, implying that interconversion
(internal motion) between the different conformers must occur.
Here we will address two questions. (a) How can we determine
13C relaxation parameters for individual atoms in a DNA
duplex? This entails some difficult problems, e.g., relaxation
analysis of methylene (38) and 13C–13C (23) spin systems.
Here we analyze CH spin systems of sugar 19, 39, 49 and base
8, 2 positions, but not the CH2 methylenes of deoxyribose 29
and 59 to avoid the difficulty of the methylene relaxation and
peak overlap. The effect of neighboring carbons on relaxation
is shown experimentally and theoretically to be negligible
because of the 15%13C enrichment. (b) Is there any sequence
dependence or atomic position specificity manifest in the fast
local motion? Any difference between sugar and base dynam-
ics would certainly be of interest. Both full spectral density
mapping and model-free methods are used to answer this
question. Spectral density values and model-free parameters
are also considered in the context of sugar repuckering inferred
by previously reported scalar coupling data (36).

THEORETICAL BACKGROUND

Spectral Density Mapping per Peng and Wagner

From semi-classical relaxation theory (39, 40), each relax-
ation rate constant can be expressed by a linear combination
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of spectral density function terms sampled at some speci-
fied Larmor frequencies of the spin system. The spectral den-
sity function is the frequency spectrum corresponding to the
Fourier transform of a time-correlation function of the local
magnetic field which fluctuates due to motions of the mole-
cule containing the nuclear spins. The combination of spectral
density function terms depends on the relaxation mechanism
and on the spin coherence order. For CH spin systems, the
primary relaxation mechanisms are due to heteronuclear dipole–
dipole (DD) interactions and the chemical shift anisotropy
(CSA) of the13C nucleus. By analogy with the1H–15N system
(21), one set of six measured relaxation rates2 R(13Cz),
R(13Cx), R(1Hz 3

13Cz), R(21Hz
13Cz), R(21Hz

13Cx), and
R(1Hz) allows numerical calculation of the spectral density
termsJ(v) in the right column matrix via the equation

1
R~Cz!
R~Cx!

R~Hz3 Cz!
R~2HzCz!
R~2HzCx!

R~Hz!

2 5 1
0 E D 0 6D 0

2E/3 E/ 2 D/ 2 3D 3D 0
0 0 2D 0 6D 0
0 E 0 3D 0 1

2E/3 E/ 2 D/ 2 0 3D 1
0 0 D 3D 6D 1

2
3 1

J~0! 1 lRex

J~vC!
J~vH 2 vC!

J~vH!
J~vH 1 vC!

rHCHi

2 , [1]

whereD 5 (m0/4p)2h2gH
2 gC

2/4rCH
6 , C 5 D2vC

2/3, E 5 3D 1
C, andl 5 3/ 2E. rHCH i is the contribution to the longitudinal
relaxation rate of a given proton HC due to all other protons Hi.
Values for each physical constant arem0 5 4p 3 1027 N A22,
h 5 1.0553 10234 N m s,gH 5 26.7523 107 rad T21 s21,
gC 5 6.7283 107 rad T21 s21, and 1 T5 1 N A21 m21. The
internuclear13C–1H bond length,rCH, and13C chemical shift
anisotropyD (5s\ 2 s') were assumed to be constant with
values of rCH 5 1.096 and 1.084 Å for sugar and base,
respectively (41), andus\ 2 s'u 5 40 (42), 150 and 161 ppm
for sugar, C8, and C2, respectively. CSA values for C8 and C2
were obtained minimizing the difference between experimental
and simulated data based on the model-free parameters (vide
infra). The constantD becomes 5.203 109 and 5.563 109

(rad/s)2 for sugar and base, respectively.C becomes 0.483
109, 6.303 109, and 7.203 109 (rad/s)2 at 14.1 T, and 0.333
109, 4.383 109, and 5.003 109 (rad/s)2 at 11.74 T, for sugar,
C8, and C2, respectively. The steady-state heteronuclear NOE

is related to the cross-relaxation rateR(1Hz3
13Cz) and13C

longitudinal relaxation rateR(13Cz) via the equation (39)

NOE5 1 1
gH

gC

R~Hz3 Cz!

R~Cz!
. [2]

In the 1H–13C spin system of macromolecules, the cross-
relaxation rateR(1Hz3

13Cz) is very slow, typically less than
0.1 Hz, and hardly obtained with high precision. Thus exper-
imentally the steady-state heteronuclear NOE is preferred. For
this study, the heteronuclear NOE was used instead of the
cross-relaxation rate itself, so the expression ofR(1Hz3

13Cz)
in Eq. [1] was replaced with NOE andR(13Cz) via Eq. [2].

While the above relaxation rates essentially depend on fast
molecular motions, conformational fluctuations on the time
scale of microseconds to milliseconds can affect transverse
relaxation rates. Fluctuations on this time scale are historically
considered to be chemical exchange.The termRex reflects the
contribution of chemical exchange effects to the transverse
relaxation rates,R(13Cx) and R(21Hz

13Cx). Rex 5 p p L,
whereL is the conventional exchange broadening observed in
spectral peaks when a molecule is undergoing “fast exchange”
(33, 43). In most applications of spectral density mapping,J(0)
includes the chemical exchange term because it is difficult to
distinguish the realJ(0) value from the apparent one. This
effectiveJ(0) value was used originally (21) but, as suggested
recently (33), it will be convenient to call this old-style term
Jeff(0),

Jeff~0! 5 J~0! 1 lRex, [3]

wherel is defined in Eq. [1]. The chemical exchange contri-
bution toJeff(0) may be determined by the use of multiple field
strengths (33). J(0) does not depend on the magnetic field
strength, but the exchange process may be proportional to the
square of the13C Larmor frequency. In other words,Jeff(0)
increases with the square of the spectrometer field strength but
J(0) does not, so measurements at two or more magnetic field
strengths may enable discernment of the exchange contribution
by spectral density mapping.

Model-Free Approach of Lipari and Szabo

The spectral density function is calculated from an autocor-
relation function describing the time dependence of the orien-
tation of a nucleus (CSA mechanism) or a vector connecting
two nuclei (DD mechanism); the orientation is conveniently
expressed as a Wigner rotation matrix element. The correlation
function is a simple exponentially decaying function in solu-
tion, primarily due to random motion of the whole molecule
originating from collisions with solvent or other solute mole-
cules and secondarily from local motions within the molecule.
Each of the overall and internal motions can be independently
expressed as a random process. Random motion, i.e., Mark-

2 The relaxation rates areR(13Cz),
13C spin–lattice relaxation rate;R(13Cx),

13C transverse relaxation of in-phase coherence;R(1Hz 3
13Cz), hetero-

nuclear cross-relaxation rate;R(21Hz
13Cz),

13C longitudinal two-spin order
relaxation rate;R(21Hz

13Cx), transverse relaxation of antiphase coherence;
andR(1Hz), spin–lattice relaxation rate of the carbon-bound proton.
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ovian or Brownian motion, is physically characterized by ex-
ponential decay of the correlation function, so the individual
correlation function is exponential. Lipari and Szabo defined a
limiting value, at very long times, of the internal motion
correlation function as the square of the generalized order
parameterS (32). The term “order parameter” has been used in
the literature to designate bothS andS2. As that is confusing,
in this reportS2 or S is explicitly written together with the term
“order parameter.”

If overall and internal motions are assumed to be indepen-
dent, the total correlation function may be written as a simple
product of the overall and internal correlation functions. In the
simplest approximation, overall and internal motions can be
described respectively by single correlation times,to and ti,
and the total correlation functionC(t) and spectral density
J(v) are (32)

C~t! 5 S1

5
e2t/toD ~S2 1 ~1 2 S2!e2t/t i! [4]

J~v! 5
2

5 SS2
to

1 1 ~vto!
2 1 ~1 2 S2!

t

1 1 ~vt!2D , [5]

where t21 5 to
21 1 ti

21. The precise form of a correlation
function depends on the nature of the molecular motions
(5, 31). Lipari and Szabo do not specify any particular mo-
tional model, so just the exponentials are used as a correlation
function. As a result, the model-free approach does not have a
concrete physical picture of the molecular motion, but does
have a simple form to relate with most physical models. Note
that Eqs. [4] and [5] are the simplest forms of the model-free
approach; more complicated forms can be generated if addi-
tional internal motions or significantly anisotropic overall tum-
bling are considered.

As evident in Eq. [5], three model-free parameters are req-
uisite and sufficient to create a spectral density function, i.e.,
overall correlation timeto, internal correlation timeti, and
order parameterS2. Subsequently, most relaxation parameters
can be simulated by five spectral density values as shown Eq.
[1]. However, two additional parameters, the exchange contri-
bution Rex and the proton–proton longitudinal relaxation rate
rHCHi, are also required for generation of all six relaxation
parameters.Rex andrHCHi may depend on the measured mag-
netic field strength (33), so different values ofRex and rHCH i

are assumed at different field strengths.

METHODS AND MATERIALS

Preparation of the DNA Oligonucleotides

The basic approach to preparation of the labeled DNA
oligomers has been described (44). The 15%13C- and 98%
15N-enriched adenosine and guanidine was prepared using
reported methods (45, 46) with minor modifications (Japanese

Patent No. 4-52118, 1992):Bacillus subtiliswas used instead
of Escherichia coliwith randomly fractionally labeled 15%
[13C]glucose and 98%15NH4Cl as the sole source of carbon
and nitrogen. The labeled nucleoside was chemically converted
to the 29-deoxy form (47) and subsequently its 39-phosphor-
amidite (48), which was used for oligonucleotide synthesis on
a DNA synthesizer (Applied Biosystems Inc., ABI 392). The
two fully protected and labeled DNA strands,d(CATTTG-
CATC) andd(GATGCAAATG), were deblocked and purified
by the conventional C18 HPLC column procedure (49). Every
purine was enriched with13C and15N, but pyrimidines were
not. Final purity of the oligomers was.95% by C18 HPLC.
The 1:1 stoichiometry necessary for duplex formation was
determined by adding aliquots of one decamer to a solution of
the complementary strand oligomer while monitoring with UV
spectroscopy. No peak corresponding to single-strand oligonu-
cleotide was observed for the final DNA solution in the NMR
spectrum. The NMR sample was dissolved in 230ml of 20 mM
phosphate buffer containing 100 mM NaCl and 0.1 mM EDTA,
adjusted to pH 6.8, lyophilized and dissolved in D2O. The
resulting solution was degassed and kept in a 5 mmmicrotube
(Shigemi Inc., Tokyo). The concentration was estimated to be
0.9 mM double-strand by UV absorbance using the absorptiv-
ity calculated from the nearest neighbor approximation method
(e.g., (50)).

NMR Spectroscopy3

All NMR spectra were recorded at 30°C on a Varian UNITY-
plus 600 MHz spectrometer or a GE Omega 500 MHz spec-
trometer with triple-resonance probes. The UNITYplus was
equipped with a unit enabling pulsed field gradients along the
z axis, but the Omega was not. By utilizing earlier1H reso-
nance assignments at 25°C (36), 13C assignments were made
on 2D 13C–1H heteronuclear single quantum coherence
(HSQC) correlation spectra followed by a HSQC–NOESY
spectrum (51). AssumingJCH ' 6–28 Hz, long-range HSQC
spectra were also recorded to correlate the adenine H2 and H8
resonances. Five auto-relaxation rate constants and one hetero-
nuclear NOE were measured for the C–H spin systems of
deoxyribose 19, 39, and 49 and base 8 and 2 positions. The
longitudinal13C relaxation rateR(13Cz), the longitudinal pro-
ton spin–lattice relaxation rateR(1Hz) and the longitudinal
two-spin order relaxation rateR(21Hz

13Cz) were each mea-
sured at two magnetic field strengths—14.1 T (600 MHz1H
frequency) and 11.74 T (500 MHz1H frequency). The in-phase
13C transverse relaxation rateR(13Cx), the antiphase13C trans-
verse relaxation rateR(21Hz

13Cx) and the steady-state13C–1H
NOE were determined at 600 MHz1H frequency only due to
the low sensitivity of our 500 MHz spectrometer.

The relaxation rates were measured in a series of 2D het-
eronuclear13C–1H correlated spectra using an INEPT and a
reverse INEPT to enhance sensitivity. Details of the pulse

3 Pulse sequences and parameters are available from the authors.
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sequences were described previously (21, 23). For all 600 MHz
experiments, several magnetic field gradient pulses were added
to eliminate noise. These gradient pulses suppressed the water
signal so well that presaturation was not used. The13C pulse
field strength was 2.3 kHz (90° pulse width;110 ms) for the
continuous-wave13C spin-lock forR(13Cx) andR(21Hz

13Cx)
measurements at 600 MHz1H frequency. Quadrature detection
in t1 was utilized via the States–TPPI method (52). To enhance
digital resolution and avoid heating during decoupling while
measuring each relaxation parameter,13C–1H correlated spec-
tra of the deoxyribose 19, 39, and 49 (13C shifts of ;78–90
ppm) and the base 2 and 8 nuclei (13C shifts of ;122–144
ppm) were separately acquired as their chemical shifts differ
substantially. Each 2D spectrum consisted of 64 or 128 incre-
ments in the13C dimension with 2048 complex points per FID,
and spectral widths for1H, 13C sugar and13C base of 4000,
1500, and 2500 Hz at 500 MHz1H frequency, and 5000, 1800,
and 3300 Hz at 600 MHz1H frequency, respectively. The pulse
repetition time was 1.5 s, i.e.,;3 times13C T1, and the total
acquisition time of each 2D spectrum was 7, 3.5, and 1.7 h for
13C–1H NOE, R(13Cz), and other experiments, respectively.
Each relaxation data set was recorded with the following
relaxation delay times—R(13Cz): 30, 60, 90, 120, 200, 300,
400, 500, 750, 1000, 1500, and3000 ms at 600 MHz1H
frequency, and 30, 60, 90, 120, 150, 200, 250, 300, 600, 900,
1200, and 1500 ms at 500 MHz1H frequency;R(1Hz): 40, 80,
120, 160, 200, 250, and 300 ms;R(21Hz

13Cz): 40, 80, 120,
160, 200, 250, and 300 ms;R(13Cx): 8, 17, 25, 34, 51, and
68 ms at 600 MHz1H frequency;R(21Hz

13Cx): 5, 10, 15, 20,
25, 30, 40, 50, and 60 ms at 600 MHz1H frequency.
Steady-state13C–1H NOE values were acquired with three
spectra recorded with 3 s ofproton saturation and three others
without proton saturation. The total acquisition time for the
13C–1H NOE andR(13Cz) experiments was 2 days, and 1 day
was required for the other experiments.

The in-phase13C transverse relaxation rateR(13Cx) was
determined three times using three different pulse sequences.
The two-pulse spin echo sequence, the Carr–Purcell–Mei-
boom–Gill (CPMG) sequence, 908x–(–D–1808y–D–)2n–, and
the PERFECT sequence (53), 908x–(–D–1808y–D–908y–D–
1808y–D–)n–, were used instead of a continuous wave spin-
lock to elucidate the effects of the13C–13C scalar coupling on
R(13Cx) measurements with the following relaxation delay
timesD: 4, 12, 21, 37, 53, 70, and 86 ms at 600 MHz. Pulse
field strengths of the spin echo sequences were 20 and 3.7 kHz
for CPMG and 20 kHz for PERFECT; these values were
determined by a 90° pulse width at each pulse power level
within a 5% precision. The PERFECT sequence can refocus
the two-spin homonuclear scalar coupling terms, e.g.,13C–13C
two-spin coherence.

NMR Data Processing and Relaxation Parameter Analysis

All 2D NMR spectra were processed on Sun Sparcstation 2
or Silicon Graphics Inc. IRIS Indigo R5000 workstations using

the software nmrPipe (NIH, Bethesda) (54) and our locally
written SPARKY (see http://picasso.ucsf.edu/software.html).
A 90°-shifted sine-squared window function was applied in the
t2 dimension and a 90°-shifted sine window function was
applied in the t1 dimension. Each dimension was zero-filled
twice prior to Fourier transformation.

The Levenberg–Marquardt algorithm for least squares fit-
ting, utilizing KaleidaGraph 3.0 (Abelbeck Software), was
used to extract relaxation rate constants assuming a monoex-
ponential decay of cross-peak intensities. Three-parameter fit-
ting (y 5 A 2 Be2Cx) was applied toR(13Cz), but two-
parameter fitting was employed (y 5 Ae2Bx) for the other
relaxation data. Intensities were taken from peak heights in-
stead of peak volumes, because there is no difference between
the peak height and volume methods with linewidths un-
changed and experimental intensity errors are easily defined by
the peak height method. Moreover peak volume integration for
small peaks is time-consuming and unreliable. The uncertainty
in the measured height was assumed to be the standard devi-
ation of the spectral noise. Experimental errors in the deter-
mined rates were obtained from the error matrices of the
nonlinear least squares fitting to single exponential functions.
For steady-state NOE values, the error was computed by sim-
ple error propagation based on peak height uncertainties.

Full spectral density mapping was applied at 600 MHz1H
frequency following the protocol of Peng and Wagner (21).
Five relaxation rates and one steady-state NOE were converted
to five spectral density values at five different frequencies and
one proton–proton longitudinal relaxation raterHCHi (Eqs. [1]
and [2]). The exchange contribution was not separated, so at 0
MHz, Jeff(0) (defined by Eq. [3]) was determined, notJ(0). At
500 MHz, only three relaxation parameter measurements were
made due to low sensitivity. These three relaxation rates were
converted to just one spectral density value atvC 5 125 MHz,
J(125). Errors forJ(v) andrHCHi values were estimated by a
Monte Carlo procedure. Experimental relaxation parameters
and their estimated errors were assumed to be the means and
variances of a Gaussian distribution. From each such distribu-
tion, 100 synthetic relaxation data sets were created. Calcula-
tion of J(v) and rHCHi values was performed for each of the
100 synthetic relaxation data sets. The standard deviations of
the resulting ensemble ofJ(v) andrHCHi values were taken as
the estimated errors. One hundred synthetic data sets may be
enough to estimate errors because a simple error propagation
procedure gave similar results, and moreover 200–1000 data
sets were generated for some residues but the resulting errors
were similar to that of only 100.

With minor modifications, model-free parameters were ob-
tained as previously described (20). To find the best model-free
parameters, we minimizedx2,

x2 5
1

n O
i51

n S ~Ri~obs! 2 Ri~calc!!2

s i
2 D , [6]
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whereRi(obs) andRi(calc) were thei th observed and calcu-
lated relaxation parameters, ands i was the estimated error of
the i th observed relaxation parameter. The overall correlation
time to was determined byx2 minimization of the13C T1/T2
ratio (5R(13Cx)/R(13Cz)) assumingS2 5 1. As suggested
previously (20), the T1/T2 ratio was assumed to be approxi-
mately independent ofti and S2; overall correlation time
values were thus calculated for each labeled site in the duplex,
and these values were averaged. The other five model-free
parameters, namelyti, S2, Rex, rHCHi at 500 MHz andrHCHi at
600 MHz, were determined byx2 minimization of all observed
relaxation parameters with a fixedto value which was deter-
mined by the T1/T2 ratio method. Errors for model-free pa-
rameters were also estimated by a Monte Carlo procedure
using 100 synthetic data sets as described above for spectral
density mapping. For most calculations, including spectral
density mapping, Microsoft Excel 5.0 (Microsoft Corp.) was
used with the solver add-in function and the Visual Basic-
based macroprogram.

RESULTS AND DISCUSSION

1H–13C Correlation Spectra and13C Resonance Assignments

Two-dimensional1H–13C correlation spectra of the DNA
decamer were recorded with a refocused-HSQC pulse se-
quence. Each sugar and base spectral region is shown with
peak assignments in Fig. 1(upper and lower, respectively). The
constant time procedure was not used here, but no obvious
13C–13C coupling appeared in 2 h of spectral acquisition.13C
assignments were based on previous1H assignments at 25°C
(36); most 19 and aromatic resonances were easily assigned,
considering a slight shift due to the temperature difference
(30°C in this report). Most 39 and some other peaks were not
assigned due to overlapping1H chemical shifts. To solve this
problem, HSQC–NOESY and long-range HSQC spectra were
acquired. Most intraresidue NOESY cross-peaks including 19,
29, 20, 39, and 49 resonances, and all adenine H2–H8 scalar
correlation peaks through C4 were identified. As a result, all
CH signals were assigned. Most peaks, except five shown in
Fig. 1, were well separated though these resonances emanate
only from purine residues.13C chemical shift values for sugar
carbons were typical of B-DNA, i.e., for the 29-endo sugar
conformation (55).

Over the time period (;1000 h) of this NMR study con-
ducted at 30°C, signals entailing all H8 and H2 protons were
qualitatively observed to decrease due to exchange with sol-
vent deuterium (56). The exchange rate of guanosine H8 was
dependent on the sequence, where that of the 59-terminal
residue (G11) was relatively fast (half-life of;500 h compared
to $1000 h for others). At high temperature, several hours
were sufficient to observe exchange; e.g., to recover aromatic
proton signals, the duplex was heated to;80°C for;3 h. The
order of the exchange rate was guanosine H8 (fast). adeno-

sine H8 (intermediate). adenosine H2 (slow). The sequence
dependence was obvious only for guanine H8 and not clear for
the others within 1000 h (see Fig. 1). For the four guanine H8
protons, the order of the exchange rate was G11@ G6 . G14,
G20. G11 is the 59-terminal residue, and G6 is at the kinked
position in the sequence (37). Based on the proposed exchange
mechanism (56), such relative exchange rates would depend on
accessibility of water to the N7–C8 bond; i.e., both G11 and
G6 would be accessible to water. However, the water accessi-
bility is not sufficient to explain everything; for example, the
39-terminal residue G20 should be accessible to water, but its
exchange rate is slow. These exchange rates may depend on
both water accessibility and nucleic acid structure, because the
nucleic acid’s structure can shift base pKa values (57). More
detailed theoretical and experimental studies will be necessary
to elucidate the effect of nucleic acid structure on this exchange
rate.

The long-range HSQC spectrum was used to correlate in-
traresidue H2 and H8 peaks through the C4 resonance. This
spectrum was surprisingly sensitive for our 15%13C-enriched
sample, and residual13C4–13C5 doublets (ca. 60 Hz) were seen
for most H2–C4 correlation peaks. Total acquisition time was
less than 4 h, which was enough to identify all intraresidue
H2–H8 connectivities for the 0.9 mM sample. The HMBC
experiment was reported for 1.5 mM DNA of a 20-base hairpin
at natural abundance to require a total acquisition time of 80 h
using a 750 MHz spectrometer (58). These experiments should
become a good tool for revealing intraresidue H2–H8 correla-
tions; e.g., the sensitivity for a fully13C-labeled sample would
be six times higher than for that of our 15%13C-enriched
sample although the constant-time procedure or some other
minor modification would be required.

13C Relaxation Rate Contribution from Other13C Nuclei in
15% 13C-Enriched DNA

The 13C signal intensity in a 15%13C-enriched sample is
simply expected to be 15 times higher than that for a natural
abundance sample. However, when directly or nondirectly
bonded13C nuclei are considered, that will not necessarily be
true because of13C contributions from DD or scalar interac-
tions. This could be a serious problem for relaxation analysis.
The scalar contribution perturbs transverse relaxation rates,
and DD interactions change most relaxation rates. In the fol-
lowing we consider how much directly and nondirectly bonded
13C nuclei contribute to the relaxation rates determined.

The directly bonded13C scalar contribution is not evident in
a HSQC spectrum as shown in Fig. 1. This result appears
simple, but let us consider this more carefully. A randomly
fractionally 15% 13C-enriched DNA sample creates a very
complicated carbon spin system with an array of different12C
and13C nuclei. Neglecting long-range, i.e.,13C–13C contribu-
tions from not directly bonded13C, the fraction of each carbon
spin system was computed to be 10.8%12C–13C–12C (singlet),
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FIG. 1. 1H–13C heteronuclear correlation spectra for sugar (upper) and base (lower) resonances of a DNA decamerd(CATTTGCATC) z d(GATGCAAATG).
The refocused-HSQC sequence was used on a Varian Unityplus spectrometer operating at a1H frequency of 600 MHz for a sample consisting of 0.9 mM duplex
in D2O with 20 mM phosphate buffer containing 100 mM NaCl and 0.1 mM EDTA (pH 6.8) at 30°C. Each 2D spectrum resulted from 64 or 128 increments
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1.9% 12C–13C–13C (doublet), 1.9%13C–13C–12C (doublet),
and 0.3%13C–13C–13C (triplet). The doublet peaks are theo-
retically nonnegligible. Actually doublet signals were evident
in a half-day of spectral accumulation, but the triplet was not.
These doublets generally appear as an increase in noise. In the
worst case, it could be;2–20 times larger than the thermal
noise for the typicalS/N ratio of ;5–50. This perturbation
could be serious for many 39 and some 49 signals which had
similar 1H chemical shifts. Most relaxation time values did not
depend on the sequence, as described later; thus these residual
doublet errors were manifest as an amplitude modulation,
cos(pJCCt). The maximum amplitude was estimated as a
singlet/doublet ratio of 18% (1.9/10.8) or smaller depending on
the degree of overlap of the doublet “noise” and the singlet
signal. Most peaks in our experiments did not show this cosine
modulation because the doublets were not heavily overlapping,
but certain 39 and 49 peaks were modulated, as expected. The
maximum amplitude observed was about 7–10%, which is
smaller than that for the fully overlapped case. For these peaks,
many relaxation rates were determined by fitting with and
without the cosine modulation term, but no clear difference
was found. So, while the doublet contribution is not negligible,
it is not serious in most cases. Finally, we reached an important
and simple conclusion about the directly bonded13C contribu-
tion in our experiments. The13C signal detected was attributed
to the12C–13C–12C spin system and assumed to have no scalar
and DD interaction with the directly bonded carbon nuclei as
expected initially, because the1JCC value was larger than the
13C linewidth and triplets were negligible. We caution, how-
ever, that if the constant-time procedure is used in the pulse
sequences employed, these merits will be lost instead of the
slight signal gain usually garnered.

Long-range, i.e., more than two bonds apart,13C contribu-
tions were more complicated to assess than those for the
directly bonded13C case. As above, we can safely neglect the
triplet contribution. However, the indirect13C–13C J coupling
constant is smaller than or similar to the13C linewidth, so
singlets cannot be observed separately from the doublets. The-
oretically both scalar and dipolar interactions are not negligi-
ble. In the case of scalar coupling, principally transverse re-
laxation decay is perturbed. The PERFECT sequence can
refocus the scalar coupling term of the homonuclear two-spin
system (53), but other spin-lock or spin echo sequences cannot.
In our 15%13C-enriched sample most signals were singlets or
doublets, so PERFECT can refocus them. For the 15% en-
riched sample, the scalar coupling effect was estimated by
comparing the13C transverse relaxation ratesR(13Cx) deter-

mined by four different spin-lock or spin echo sequences:
CPMG at high and low power, continuous wave (CW), and
PERFECT (see Fig. S1 of Supplementary Materials placed at
the authors’ website: http://picasso.ucsf.edu). Though the CW
sequence gave slightly slower relaxation rates, no clear pulse
sequence dependence was seen. In other words, the scalar
coupling effect was smaller than our experimental error. In
contrast, the DD contribution was roughly estimated by the
magnitude of the constantD in Eq. [1]. The only difference
between directly and nondirectly bonded CH systems is the CH
distance, i.e., 1.1 Å for the directly bonded system, 2.1–2.2 Å
for two-bond, 2.2–3.5 Å for three-bond, and so on. In our
decamer molecule, the shortest CH distance was 2.5 Å for CH
pairs more than three bonds apart (37). So at least theD value
of the nondirectly bonded CH system was (1.1/2.1)6 ' 48
times smaller than that of the directly bonded CH. However,
the number of the nondirectly bonded protons could be large,
so the resulting systematic error can reach 5–7% in the case of
the protein Ca (59). This might be taken into account as a
fictitious decrease of the CH distance by about 1% (59).

For our system, both directly and nondirectly bonded13C
nuclei had a negligible effect on determination of relaxation
rates. Because this conclusion is applicable only to our system,
we consider the general applicability of 15% enriched samples
for relaxation studies. The directly bonded13C contribution is
theoretically negligible except for errors due to overlap of the
dominant13C singlet signals with12C–13C–13C or 13C–13C–
12C doublets. This error can be eliminated by minor modifica-
tions of pulse sequences, though overlap should not be a
serious problem in a relaxation study. For example, it can be
minimized by changing the constant-time delay fromn/ 2JCC

to 1/4JCC 1 n/ 2JCC, wheren 5 integer. The scalar contri-
bution from nondirectly bonded13C will not be serious for
most macromolecules, as shown experimentally above. The
DD contribution depends on the molecular structure, so CC
and CH distances from carbons and protons not directly
bonded should be calculated before relaxation analysis.

Relaxation Rate Measurements

Before starting our motional analysis, we wish to make sure
that the observed relaxation data are free from systematic
errors. Some potential errors have been pointed out for1H–15N
studies in proteins (for example, (60) and references therein).
Here we consider the1H–13C system in nucleic acids which are
also labeled with 98%15N. First, carbon–carbon and carbon–
nitrogen cross-relaxation are treated. As explained in the pre-

in the 13C dimension with 2048 complex points per free induction decay (FID), with spectral widths for1H, 13C sugar, and13C base of 5000, 1800, and 3300
Hz, respectively. The pulse repetition delay time was 1.5 s, and the total acquisition time was 1.7 h. The following five CH spin pairs were overlapped: C2H2
(A8, A18), C39H39 (G6, G14), C39H39 (A12, A16), C49H49 (G6, A8), and C49H49 (A17, A18). The C8H8 resonance of 59-terminal G11 was too small to be
observed in this particular spectrum due to exchange with deuterium from the solvent D2O. The C39H39 resonance of 39-terminal residue G20 is folded—the
real 13C chemical shift is 73.2 ppm.
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vious section, carbon–carbon DD cross-relaxation was negli-
gible and the carbon–carbon scalar contribution was very
small in our 15%13C-enriched sample. The magnitude of the
carbon–nitrogen DD cross-relaxation was estimated by the
constantD in Eq. [1]. The ratio D(13C1H)/D(13C15N) is
.200, where bond lengthrCN 5 1.3–1.5 Å and gyromagnetic
ratio gN (15N) 5 22.7123 107 rad T21 s21. For the directly
bonded CH system, carbon–nitrogen DD cross-relaxation was
always negligible. On the other hand, scalar coupling constants
between13C and15N range from 0 to 11 Hz as determined by
Kainosho and co-workers (unpublished results). This carbon–
nitrogen scalar interaction may cause systematic errors and
sensitivity loss. In our experiments, the heteronuclear13C–15N
J coupling terms were suppressed by the spin-lock or the spin
echo sequences during the transverse relaxation delay time.
Consequently, both carbon–carbon and carbon–nitrogen inter-
actions were negligible in our system. Even when14N is
considered instead of15N this conclusion will not change,
because the gyromagnetic ratiogN(14N) 5 1.934 3 107 rad
T21 s21 is smaller than that of15N and scalar relaxation of the
second kind (13C–14N) is negligible for the molecule rotating
with a correlation time.2 ns (23).

R(13Cz) measurement. Major error sources were proton–
carbon heteronuclear DD cross-relaxation and carbon DD–
CSA cross-relaxation. Both cross-relaxation contributions can
be eliminated by proton saturation (61, 62). Here proton satu-
ration was accomplished by two long pulses (1.0 and 0.5 ms)
followed by a train of 180° pulses every 5 ms (23). The
longitudinal 13C relaxation rate was measured via inversion–
recovery (IR) experiments. The NOE-type experiment (23, 63)
was also carried out, but the results were not used in our
relaxation analysis. One merit of the NOE-type experiment
was the shorter acquisition time (about 1 day), half that of the
IR experiment. Another merit was the number of parameters to
be fitted: two and three parameters for the NOE and IR exper-
iments, respectively. Nevertheless, the precision of fitted pa-
rameters in the NOE experiment was lower than that in IR
experiments due to low signal-to-noise ratio and the maximum
intensity change during the relaxation period; i.e., in the IR
experiment the signal sign changes from negative to positive
but in the NOE experiment it is always positive. If theS/N
ratio is high enough, precision does not depend on the method
of measuring. For our 0.9 mM 15% 13C-enriched sample, the
sensitivity was not high enough to eliminate this method de-
pendence on fitted parameter precision.

R(13Cx) measurement. Potential error sources were the
homo- and heteronuclear scalar interaction and the carbon
DD–CSA cross-relaxation. The carbon–carbon homonuclear
scalar contribution was negligible, as mentioned above. The
heteronuclearJ coupling interaction was effectively killed by
the continuous wave spin-lock or by short spacing of pulses in
spin echo sequences. Cross-relaxation can be suppressed by the
proton composite 180° pulses every 4 ms within the spin-

locking or the spin echo period (61, 64). The off-resonance
contribution was evaluated according to (65).

R~13Crz9! 5 R~13Cz!cos2u 1 R~13Cx!sin2u, [7]

whereu is the tip angle of the effective field relative to the
laboratoryz-axis as given by the relation tanu 5 (pulse field
strength)/(resonance offset). The sin2u values ranged from 0.75
to 1.0 under our experimental conditions, where the13C pulse
field strength for spin-locking was 2.3 kHz and the spectrum
width was less than 3300 Hz. In the worst case theR(13Cx)
value had anR(13Cz) contribution'20%, although most were
comparable to the experimental error (;10%) and sin2u values
were .0.9. These systematic errors will be recognized as
negativeRex values or relatively smallJeff(0) values.

13C{1H} NOE measurement. In general the absolute value
of the steady-state13C{1H} NOE is small and hardly obtained
as quantitatively as the15N{ 1H} NOE, since the valueg(1H)/
g(13C) 5 3.98 in Eq. [2] is less than half the magnitude of
g(1H)/g(15N) 5 29.86. Peak intensities in an15N{ 1H} NOE
spectrum change from positive in the slow tumbling limit to
negative in the fast narrowing limit, i.e., positive for rigid
regions but negative for flexible regions in most proteins or
nucleic acids. On the contrary, peaks in the corresponding13C
spectrum are always positive, so quantitative observation of the
small signal enhancement with goodS/N ratio is required. This
sensitivity problem has been solved by repeating the same
experiment several times. The most serious problem is not the
sensitivity but the long preequilibrium delay time required by
the small 13C{1H} NOE value. For example, the preferred
preequilibrium delay times were 20 and 45 s for sugar and base
for our experimental conditions, where the averagedR(1Hz3
13Cz) values were 0.15 and 0.07 rad/s for sugar and base. The
R(1Hz 3

13Cz) values were estimated from Eq. [2] using
averaged13C{1H} NOE values andR(13Cx) values of 1.3 and
2.0 rad/s for sugar and 1.1 and 2.6 rad/s for base, respectively.
We examined several pre-equilibrium delay times from 0.5 s to
5.0 s, and found that 3.0 s was a good choice. If the shorter
delay time was used, the NOE value became smaller. If a
longer delay time was used, NOE values became less repro-
ducible due to hardware instability during the increased total
acquisition time (;4 days). Assuming 10–30% underestima-
tion of the NOE value, theR(1Hz3

13Cz) value becomes 1.5-
to 4-fold smaller. That seems consistent with our experimental
results, so our NOE values may be systematically underesti-
mated. In general, this systematic error is minimized by the
long pre-equilibrium delay time but, as mentioned above, sig-
nificant experimental error may occur anyway.

R(21Hz
13Cz) and R(21Hz

13Cx) measurement. Identified er-
ror sources were carbon DD–CSA cross-relaxation and exter-
nal two-spin order induced by proton–proton DD cross-relax-
ation. ForR(21Hz

13Cx), the homo- and heteronuclear scalar
interaction and the off-resonance contribution were addition-
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ally considered but are not mentioned further here (seeR(13Cx)
measurement). Carbon DD–CSA cross-relaxation was reduced
by the 180° proton pulse. Though not eliminated completely,
the resulting systematic error was expected to be small because
DD–CSA cross-relaxation was slow relative to the auto-relax-
ation rates,R(21Hz

13Cz) andR(21Hz
13Cx). For sugar carbons,

CSA values were small (;40 ppm), and the DD–CSA cross-
relaxation rate may be very slow. In contrast, for base carbons
the CSA was large (;150 ppm), so the cross-relaxation rate
could be fast and the resulting systematic error may not be
negligible. External two-spin orders were generated by proton–
proton DD cross-relaxation and experimentally not suppressed
at all. The proton–proton DD cross-relaxation rate is slower
than the auto-relaxation ratesR(21Hz

13Cz) and much slower
than R(21Hz

13Cx); thus the systematic error was expected to
be small, especially forR(21Hz

13Cx). Using the program
CORMA, the maximum error from proton–proton DD cross-
relaxation was estimated to be,10% ofR(21Hz

13Cz) for most
cases but;30% for the base 8 position. The CORMA calcu-
lation will be described later. As shown above, systematic
errors were not neglected but are expected to be small.

R(1Hz) measurement.Heteronuclear DD cross-relaxation
and proton–proton DD cross-relaxation are potential sources of
error. The1H–13C DD cross-relaxation rateR(1Hz 3

13Cz)
was ,0.2 rad/s (vide supra), much slower thanR(1Hz) ' 3
rad/s. The slowestR(1Hz) was 0.9 rad/s found for adenosine
H2, and the corresponding1H–13C DD cross-relaxation rate
was 0.07 rad/s. Always its contribution was less than 10%. The
proton–proton DD cross-relaxation rate was much faster than
that of 1H–13C but slower than the proton DD auto-relaxation
rate. The proton–proton cross-relaxation contribution was sup-
pressed by selective inversion of the13C-attached protons
using the HSQC–NOESY sequence. The13C-attached protons
in both dimensions were 2.25% of all12C- and13C-attached
protons in our 15% enriched sample. At least 85% of the
cross-relaxation detected in the NOESY–HSQC spectrum was
suppressed in the HSQC–NOESY spectrum. Both hetero-
nuclear and proton–proton DD cross-relaxation contributions
were relatively small (15% or less) and comparable to exper-
imental error.

Most relaxation data obtained were not free from systematic
errors, as shown above, although these systematic errors were
comparable to the experimental errors in our system. If the
experimental error is sufficiently small, e.g., 1–2%, these sys-
tematic errors can have serious consequences for subsequent
motional analysis. To study CH vector motion in 15%13C-
enriched nucleic acids, the following should be considered
carefully: nondirectly bonded1H–13C distances, underestima-
tion of 13C{1H} NOE, the off-resonance contribution to
R(13Cx) and R(21Hz

13Cx), the base carbon CSA–DD cross-
relaxation contribution toR(21Hz

13Cz) andR(21Hz
13Cx), and

the proton–proton DD cross-relaxation contribution to
R(21Hz

13Cz).

Assessment of Relaxation Rates

Except for terminal residues, the observed relaxation rates
for a given atom type showed no sequence-specific variation;
i.e., the standard deviation of the relaxation rate values over the
sequence was comparable to the average experimental error,
;5–10% (see Table S1 of Supplementary Materials placed at
authors’ website: http://picasso.ucsf.edu). Values for the trans-
verse relaxation rates,R(13Cx) and R(21Hz

13Cx), and the
steady-state NOE were relatively scattered about the sequence.
Significantly small or large values, which were defined by the
averaged value and its standard deviation, were found for the
following residues and positions;R(13Cx) (19 of G11 and G20,
39 of G11 and G20, 49 of G11 and G20);R(21Hz

13Cx) (19 of
G11, 39 of G11 and G20, 49 of G20); NOE (19 of G11, 39 of
G11 and G20, 49 of G11 and G20);R(13Cz) at 600 MHz (39 of
G20); R(13Cz) at 500 MHz (39 of G20, 49 of A12, 8 of A2);
R(21Hz

13Cz) at 600 MHz (39 of G20); R(21Hz
13Cz) at 500

MHz (19 of G6 and A12);R(1Hz) at 600 MHz (39 of A17);
R(1Hz) at 600 MHz (19 of G6, 39 of G11, 8 of G6 and G20).
In the above 11, 7, 6, 3, and 0 relaxation values were listed for
the 39, 19, 49, 8, and 2 positions, respectively. Values for sugar
relaxation rates were relatively scattered. At base 2 position no
significant deviations were detected, and at base 8 positions the
error bar was too big to see any sequence dependence. Signif-
icantly different values were found for 11, 9, 3, 2, and 1
relaxation parameters for G20, G11, G6, A12, A2, and A17,
respectively. Differences for the terminal residues, G11 and
G20, might be expected. G6 and A12 could be special in
motional and possibly structural character.

Differences in most relaxation rates depended more on chem-
ical position than on position of the residue in the sequence. Most
significant differences were found between sugar and base for
many relaxation parameters. However, this difference could not
be simply attributed to motional differences, since13C CSA
values differed between sugar and base carbons. The proton-
related relaxation rates,R(1Hz), R(21Hz

13Cz) and R(21Hz
13Cx),

depended on chemical position. For example, at the adenine 2
position the proton longitudinal relaxation rate was very slow, but
at the 39 position it was relatively fast. The proton–proton dipolar
auto-relaxation term (rHCHi) reflects both proton densities and
dynamics around proton HC; as proton density clearly differs
around each proton, variations inrHCHi could not be directly
attributed to differences in dynamics.

CH Bond Length and13C Chemical Shift Anisotropy Values

Before applying Eq. [1], let us consider the CH bond length
and the13C CSA values. The CH bond length (rCH) is available
from the literature. However,rCH is not a physical constant;
i.e., it depends on the chemical structure and the molecular
conformation. For example,rCH values of 1.0906 0.005 and
1.0986 0.007 Å, respectively, for the methyl anda positions
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of amino acids (66), and 1.0966 0.005 and 1.0846 0.005 Å,
respectively, for the aliphatic and aromatic positions of nucle-
otides (41) have been published. If vibrational averaging of the
CH bond is considered, it becomes about 2% larger (67, 68).
Ab initio molecular orbital calculations onb-D-ribofuranose
suggest that sugar conformation affects therCH value within
the 0.01 Å range (69). These studies suggest that a givenrCH

value may have a 0.01 or a 0.02 Å error, so the relationship
betweenrCH and the motional parameters should be known.
The order parameterS2 is approximately scaled by the strength
of the dipole–dipole interaction, which is proportional to the
valueD written in Eq. [1]. A 0.01 Å increase in the 1.09 Å CH
distance corresponds to a 5.6% augmentation in the order
parameterS2 (66). In our system,S2 was determined directly,
thus affecting the bond length. The slope in therCH vs S2 plot
was 0.04 and 0.03 unit (5 and 4% increases) per 0.01 Å for
sugar and base, respectively. It was smaller than expected
(5.6%) due to the nonnegligible contribution from the CSA and
internal motion. The fictitious decrease due to the non-directly
bonded proton contribution, the 1% CH distance decrease
corresponding to the 6% increase in the relaxation rate (59),
should also be considered.In any case, the measured order
parameterS2 may have 0.03–0.05 unit uncertainty originating
from ambiguity in CH bond length.

CSA values of sugar carbons were around 40 ppm (42), and
the CSA contribution to relaxation of protonated carbons was
nearly negligible. On the other hand, CSA values for purine
base carbons have not been determined but are assumed to be
relatively large. Principal elements of13C chemical shift ten-
sors have been determined for more than 70 molecules (70),
including 29-deoxythymidine (71) and L-tryptophan (72),
where (s11, s22, s33) 5 (227, 122, 96), (242, 168, 89), (49,
130, 238), (202, 121, 48) in parts per million for C2, C4, C6 of
dT and C2 ofL-Trp, respectively. Assuming axial symmetry,
the CSA valueD 5 us\ 2 s'u was around 120–150 ppm for dT
andL-Trp, much smaller than the value of the toluene aromatic
carbon (180 ppm) used in most13C relaxation studies of DNA
(14, 24, 28). This overestimation can be a serious problem for
determining motional parameters. In the present study, the
order parameterS2 was optimized, changing CSA values in
5-ppm steps from 110 to 185 ppm. The purpose of this calcu-
lation was to obtain the best quantitative estimation of the CSA
contribution to the measured motional parameter (S2 in this
case) and to determine the most appropriate CSA values for
purine ring carbons.

In Fig. 2,S2 (E) andx2 (F) values are plotted against CSA
values for C2 (upper) and C8 (lower). A linear function forS2

and a parabolic function forx2 are shown by the fitted solid
lines. The slopes ofS2 were20.0028 and20.0027 ppm21 for
C2 and C8, respectively, so the 10 ppm uncertainty in CSA
values results in a 0.03 unit ambiguity inS2. A similar rela-
tionship, altering CSA by;20 ppm, changesS2 by ;0.05 and
has been reported for the aromatic ring carbons of the zinc-
finger peptide Xfin-31 (62). The minimumx2 was obtained for

CSA values of 161 and 150 ppm for C2 and C8, respectively.
Our CSA values are much closer to those of the hetero-ring
systems, dT andL-Trp, than to that of toluene. From a statis-
tical view these values may have systematic errors, because our
data set was measured at only two magnetic field strengths, and
the number of samples was less than 10. However, as there was
no compelling reason to use any dT,L-Trp, or toluene CSA
values, 161 and 150 ppm for C2 and C8 were employed in
subsequent calculations. We note that the 20–30 ppm increase
in the CSA value by using the toluene CSA value (180 ppm)
instead of our values (161 or 150 ppm) would lead to a
0.05–0.08 unit decrease inS2.

Spectral Density Mapping

As described in Eq. [1], the spectral density mapping pro-
cedure can be applied to the six relaxation rates observed at
600 MHz. The three relaxation rates measured at 500 MHz,
R(13Cz), R(21Hz

13Cz), andR(1Hz), yielded only the spectral
density value at 125 MHz, the13C frequency at 11.74 T. Thus
the spectral density could be sampled at frequencies of 0, 125,
150, 450, 600, and 750 MHz in our analysis. The spectral
density value at 0 MHz,Jeff(0), included the exchange contri-
bution as defined in Eq. [3]. Some negative spectral density
values were found forJ(450) andJ(600),which is physically
impossible. They could become positive if the large error were
taken into account in those cases. The relative error increased
with increasing monitoring frequency—about 5, 10, 10, 50,
100, and 50% at 0, 125, 150, 450, 600, 750 MHz, respectively.
Essentially, the spectral density is a simple decay function, but
the error was almost constant. The error inJ(600) waslarger
than others, because theJ(600) value was determined by five
relaxation rates including the two transverse relaxation rates.
The error in the transverse relaxation rates was relatively larger
than the others, so the resulting errors forJeff(0), J(600), and
rHCHi were also larger since the transverse terms were sub-
stantial.

The spectral density values obtained may reflect all of the
information from our relaxation data. However, motional in-
formation is limited for the target CH vector motion, and no
motional model is available for the whole molecule. That is,
the relationship between the spectral density values and the
physical picture of the molecular motion is not clear. To clarify
the situation somewhat, the correlation between any single
spectral density value sampled at one frequency and each of the
others was investigated. ThoughJeff(0) and J(600) did not
show any correlations, linear correlations were found for three
combinations,J(150)–J(450), J(150)–J(750), andJ(450)–
J(750). In Fig. 3, two negative correlations are plotted for
J(150) versusJ(450) (top) andJ(750) (bottom) with corre-
lation coefficients ofR 5 0.91 and0.93, respectively. The
slopes andy-intercepts are21.33 and 1.563 10210 s/rad for
J(150)–J(450) and 20.22 and 2.883 10211 s/rad for
J(150)–J(750), respectively. ForJ(450)–J(750), theslope

320 KOJIMA ET AL.



andy-intercept are 0.15 and 3.813 10212 s/rad (R 5 0.95),
respectively. The spectral density is a simple decay function, so
positive slopes are expected. In fact, it is positive forJ(450)–
J(750). The observed variation in spectral density values
cannot be explained by a single correlation time, so at least two
different motions must be required. The combination of a
slower and a faster motion can account for the negative slopes.

The reason is readily understood by using Eq. [5] as an exam-
ple of a model-free approach. In Eq. [5], the total spectral
density function consists of two terms which are related to the
faster and slower motions, respectively. That is, the fractional
contribution of the faster-motion term to the total spectral
density increases with a decrease in that of the slower motion.
This is a negative correlation. If the dominant motions on 150

FIG. 2. The effect of the13C chemical shift anisotropy valueD 5 us\ 2 s'u of nuclei C2 (upper) and C8 (lower) on the generalized order parameterS2

(E) and the root mean square of thex2 residuals (F), which are determined by the model-free calculations described in the text. With the overall correlation time
kept at 3.30 ns,x2 was minimized to determine the model-free parameters, and the calculation was repeated every 5 ppm step for CSA values in the range
110–185 ppm. A linear function forS2 and a parabolic function forx2 are shown by the fitted solid lines. The slopes of theS2 lines are20.0028/ppm for C2
and20.0027/ppm for C8.x2 minima occurred at CSA values of 161 ppm for C2 and 150 ppm for C8.
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and 450 (or 750) MHz differ from each other, the resulting
correlation becomes negative. At 450 and 750 MHz, the faster
motion may be dominant, and at 150 MHz the slower motion
may be dominant. If there are more than three motions, the
situation becomes more complicated.

Previously, linear correlations between spectral density sam-
plings at different frequencies have been noted in spectral

density mapping analysis of the GAL4 protein (73). If the
various motions are not correlated, the spectral density func-
tion J(v) may be expressed by a linear combination of spectral
density termsJi(v) characterizing each motion. This assump-
tion is used in most motional models and analyses, including
the anisotropic overall tumbling and model-free approaches.
For example in Eq. [5], the first and second terms are assumed

FIG. 3. Correlations among spectral density values at 150, 450, and 750 MHz. Two negative correlations are shown forJ(150) versusJ(450) (top) and
versusJ(750) (bottom). A simpley 5 ax 1 b function for this correlation yields correlation coefficientsR 5 0.91 and0.93 for theJ(150)–J(450) and
J(150)–J(750) plots, and their slopes andy-intercepts are21.33 and 1.563 10210 for J(150)–J(450) and20.22 and 2.883 10211 for J(150)–J(750) plots,
respectively. The resulting values of the two correlation times derived are 3.91 ns and 188 ps for theJ(150)–J(450) plot and 3.76 ns and 64 ps for the
J(150)–J(750) plot.
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to be the spectral density function of the overall and internal
motions, respectively, where the order parameterS2 and (12
S2) scale the linear combination. The scaling factor varies on
a residue-by-residue basis and chemical position-to-position
basis, so eachJi(v) component should obey the linear rela-
tionship

Ji~vy! 5 aJi~vx! 1 b, [8]

where a and b are the slope andy-intercept. If theJi(v)
components are given by a Lorentzian shape such as in Eq. [5],
Eq. [8] results in a fourth degree equation intmap,

5bvx
2vy

2tmap
4 1 2~avy

2 2 vx
2!tmap

3 1 5b~vx
2 1 vy

2!tmap
2

1 2~a 2 1!tmap1 5b 5 0. [9]

The four roots of Eq. [9] give the correlation times of the
various motions, though this equation is hardly solved an-
alytically. When a linear correlation is found such as Eq.
[8], each motion may be characterized by a single correla-
tion time. Therefore, the internal motion resulting in Eq. [5]
should correspond to a unique correlation time for all resi-
dues and chemical positions. This is an important result,
because we can count the number of motions by the number
of real roots of Eq. [9]. If more than three real roots are
found, Eq. [5] should be extended to treat additional mo-
tions correctly.

We used the mathematical software Mathematica 2.2 (Wol-
fram Research) to solve Eq. [9]. The resulting correlation times
were 3.916 0.37 ns and 1886 17 ps forJ(150)–J(450),
3.766 0.29 ns and 646 3 ps forJ(150)–J(750), and2.746
0.25 ns and 116 1 ps forJ(450)–J(750). Twoother solutions
were imaginary for each, so only two motions are detectable
for each data set. Errors were estimated by a Monte Carlo
procedure as already described. The fitted parameters, slopes
andy-intercepts, and their estimated errors were assumed to be
the means and variances of Gaussian distributions. A hundred
sets of the slope andy-intercept were created from these
distributions and solved individually 100 times. The standard
deviations of the resulting ensemble of correlation times were
taken as the estimated errors. The difference of each correla-
tion time was larger than the fitting errors, and five correlation
times were found. However, this did not mean the presence of
five apparent motions. As discussed above, the linear relation-
ship of Eq. [8] did not allow any sequence-specific and atom
site-specific variations for each correlation time. The two real
roots of Eq. [9] correspond to two apparent motions, and their
correlation times should be consistent for the three correlation
plots (Fig. 3). Apparently, errors in the slope andy-intercept in
the correlation plots (Fig. 3) or systematic errors in our exper-
imental data were underestimated. However, it is also apparent
that we can safely conclude that in our DNA duplex, two major

motions exist with the slower and faster motions possessing
correlation times of;3–4 ns and;10–200 ps.

Why did Jeff(0) and J(600) not show any correlations?
Primarily, the absolute errors inJeff(0) andJ(600) were 2–5
times larger than the others, which is enough to mask any such
correlation, especially forJ(600). Even for J(150), J(450),
and J(750), the error was large (Fig. 3). However, some
correlation was expected forJ(0) because the absolute value of
J(0) was large; i.e., the relative error was small. In our case
Jeff(0) did not show any correlations with the other spectral
density values, so the exchange termlRex in Eq. [3] is the
likely cause. The exchange contribution can destroy correla-
tions, because the magnitude of the exchange term is indepen-
dent of the frequency which is the basis for the correlation of
spectral density values. To estimate the magnitude of the
exchange contribution in the spectral density mapping proce-
dure, the magnetic field dependences of the six relaxation rates
are required, which were not available in our study. Another
explanation entails anisotropic overall tumbling. A change in
the angle between the CH vector and the principal axes of the
molecule evokes a change in the apparent tumbling rate; this
affects mainlyJ(0) and not the high-frequency terms of the
spectral density. The exchange term and anisotropic overall
tumbling will be reconsidered later.

In the above mapping analysis, Peng and Wagner’s original
method was used instead of reduced spectral density mapping
(34, 35), because the reduced procedure will not enable us to
investigate correlations betweenJ(150), J(450), andJ(750).
Reduced spectral density mapping has been proposed for de-
termining spectral density values from15N T1, T2, and NOE
values, because proton longitudinal, two spin-order longitudi-
nal and transverse relaxation rates generally have some sys-
tematic errors. For protein1H–15N, spectral density values of
J(vH 2 vN), J(vH), andJ(vH 1 vN) are similar each other,
and 10 and 100 times smaller thanJ(vN) and J(0), respec-
tively. Thus eitherJ(vH 2 vN) 5 J(vH) 5 J(vH 1 vN) or
J(vH 2 vN) 5 ((vH 2 vN)/vH)2 3 J(vH) 5 ((vH 2 vN)/(vH

1 vN))2 3 J(vH 1 vN) is assumed in the reduced mapping
treatment. The former equation was based onvt ! 1, but the
latter equation was based onJ(v) } 1/v2, wherevt @ 1.
These two equations give almost identicalJ(0) and J(vN)
values in the protein1H–15N system (34). In our DNA 1H–13C
system, the former equation was not suitable because the
J(450) values were;2–3 times larger thanJ(750) values. In
the latter equation,J(450) values were expected to be 2.8
times larger thanJ(750) values, similar to our result. This
suggests that the order parameterS2 in Eq. [5] is large in our
system. The former equation is appropriate for internal motion
wherevti ; 0.08 forti 5 20 ps at 600 MHz, but the latter is
appropriate for overall motion wherevto ; 12 for to 5 3.3 ns
at 600 MHz. Note that values from complete spectral density
mapping were required for all analyses of our DNA1H–13C
system.

323DNA DYNAMICS VIA 13C RELAXATION



Lipari–Szabo “Model-Free” Approach

For “model-free” analysis, the following information is re-
quired: a physical model for overall rotation, the number of the
internal motions, and assumption of the exchange termlRex in
Eq. [3]. These three aspects of information can be extracted
from the spectral density mapping analysis or the T1/T2 ratio
data. Generally the physical model of the overall motion is not
givena priori but is estimated from the molecular shape. In our
case, either isotropic tumbling or axially symmetric anisotropic
tumbling may be applicable because the molecular shape of our
DNA decamer is most conveniently considered to be a short
cylinder (11, 37, 74). Model selection can be done by analysis
of the 13C T1/T2 ratio. The number of apparent motions is
determined by the spectral density mapping analysis, and it is
two in our case (vide supra). However, the number of internal
motions is still unknown, because it depends on the physical
model of the overall motion; e.g., the axially anisotropic over-
all tumbling model entails two correlation times associated
with the apparent motion about the long and short molecular
axes. If the overall motion is isotropic (or anisotropic), the
number of the internal motions is consequently one (or zero) in
our case. The conformational exchange termlRex also cannot
be assumeda priori. The presence of the exchange term was
suggested from the spectral density mapping analysis of our
relaxation data (vide supra).

For analysis of the overall motion, values for the13C T1/T2
ratio (5R(13Cx)/R(13Cz)) were used because the T1/T2 ratio
is approximately independent of internal motions (20). Shown
in Fig. 4 is a bar graph of the13C T1/T2 ratio values observed
as a function of chemical position and position in the DNA
sequence, wherep and † indicate missing and overlapping
peaks, respectively (see Fig. 1). Data from the two different
strands of the duplex are distinguished by different shadings of
the bars. From Fig. 4, it is apparent that the13C T1/T2 ratios
are roughly identical regardless of position in the residue or the
sequence, so isotropic tumbling was employed as an overall
motion. For each carbon resonance, the T1/T2 ratio was cal-
culated usingS2 5 1 in Eq. [5], and subjected tox2 minimi-
zation to determine theto value. The overall correlation timeto

was determined to be 3.306 0.17 ns by averaging over all
carbons, excluding the terminal residues whereR(13Cz) values
were significantly smaller than the others. When terminal res-
idues were included in these calculations, the correlation time
became 3.246 0.21 ns. The averaged T1/T2 ratio was not
converted to the correlation time, because the CSA contribu-
tions of sugar and base were different. The slower motion with
correlation time of 3–4 ns, identified by spectral density map-
ping analysis, can reasonably be identified with the overall
isotropic motion indicated by this “model-free” analysis. If the
conformational exchange termlRex is considered explicitly,

FIG. 4. Bar graph of the T1/T2 ratio5 R(13Cx)/R(13Cz) for 13C nuclei in the decamer duplex, wherep and † designate missing or overlapping peaks,
respectively (see Fig. 1). The different shading of the bars differentiates the duplex strands. The average T1/T2 ratio is 7.386 0.54, 6.506 0.31, 6.796 0.55,
7.426 0.56, and 7.136 0.55 for 19, 39, 49, 8, and 2, respectively. Base 8 and 2 positions had large13C CSA contributions. The isotropic correlation timeto

5 3.30 6 0.17 ns was determined byx2 residual minimization of the T1/T2 ratio assumingS2 5 1.
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the real T1/T2 ratio and the resulting correlation time could be
smaller than the values ascertained here.

At each position, the averaged T1/T2 ratio was 7.386 0.54,
6.506 0.31, 6.796 0.55, 7.426 0.56, 7.136 0.55, for C19,
39, 49, 8, and 2, respectively, where terminal residues were
excluded. The T1/T2 ratio was somewhat larger for 19, 8, and
2 compared with that for the 39 and 49 positions. Though base
8 and 2 positions have large13C CSA contributions, this
difference could be due to anisotropic overall tumbling. We
can consider the possibility of anisotropic motion more care-
fully, as demonstrated in some protein15N relaxation analyses
(75–77). Assuming a rigid cylindrically symmetric species the
spectral density functionJ(v) may be written as the sum of
three Lorentzians (78),

J~v! 5 C1

t1

1 1 ~vt1!
2 1 C2

t2

1 1 ~vt2!
2 1 C3

t3

1 1 ~vt3!
2 ,

[10]

whereC1 5 (1/4)(3 cos2u 2 1)2, C2 5 3 sin2u cos2u, C3 5
(3/4)sin4u, t1 5 1/(6D'), t2 5 1/(D\ 1 5D'), t3 5 1/(4D\

1 2D'), and u 5 the polar angle between the cylindrical
symmetry axis and the CH internuclear vector.D\ andD' are
diffusion coefficients for rotation around the symmetry and
transverse axes, respectively. TheD\/D' ratio is governed by
molecular shape: the analytical expressions are taken from the
hydrodynamic model of Tirado, Lopez Martinez, and Garcia de
la Torre (79), being appropriate for the range 2# p # 30,
D\/D' 5 4 p p2/(11.523p (1 1 d\) p (ln p 1 d')), d\ 5
1.119p 1024 1 (0.6884/p) 2 (0.2019/p2), d' 5
20.662 1 (0.917/p) 2 (0.050/p2), where p is the ratio
(L/d) of length (L) to diameter (d). The lower limit ofp could
be 1 (1 # p # 30) based on experimental results from the
NMR and depolarized dynamic light scattering (11). For our
DNA decamer duplex,D\/D' 5 1.60, 1.55, 1.51,assuming
zero, one-half (1.6 Å), and one (3.2 Å) hydration shell, respec-
tively. The ratiot1:t2:t3 becomes 1:0.94–0.95:0.79–0.83, so
these three correlation times cannot accommodate either the
3–4 ns slower motion or the 10–200 ps fast motion found in
the spectral density mapping analysis. However, if most DNA
molecules were stacked end to end, theD\/D' value could be
much larger than 10, which would be sufficient to explain the
different correlation times deduced. Considering further the
possibility of this largeD\/D' value, the polar angleu was
calculated from previously determined coordinates (37), i.e.,
100.1°6 11.7°, 71.5°6 33.0°, 104.5°6 27.2°, 80.9°6 17.2°,
and 96.4°6 10.0° for the C19, 39, 49, 8, and 2 positions,
respectively. Most CH vectors aligned approximately perpen-
dicular to the symmetry axis, but the CH vectors for 39 and 49
deviate more. If a CH vector is perpendicular to the molecular
symmetry axis (u 5 908), C1 5 1

4
, C2 5 0, andC3 5 3

4
.

If parallel (u 5 08), C1 5 1, andC2 5 C3 5 0. t1 is always
larger thant3 unlessD\/D' # 1. Since theuu 2 90°u values

at the 39 and 49 positions were larger than the others, slightly
larger correlation times would be expected withD\/D' . 1.
Therefore, T1/T2 ratio values for 39 and 49 positions would be
expected to be larger than those at the 19, 8, and 2 positions.
This theoretical consideration conflicts with the observed re-
sults, so the largeD\/D' value is not realistic in our case. By
x2 minimization of the T1/T2 ratio, on the contrary, a value of
D\/D' 5 0.71 isobtained. That could in principle be related
to dimerization via side-by-side interactions; however, the
overall correlation time of about 3 ns is too small for a dimer
of 40 nucleotides (;13 kDa). Consequently, there is no evi-
dence to support the existence of anisotropic tumbling for our
decamer duplex, although the shape is not spherical. The
inability to detect anisotropic tumbling is largely due to the
limits of experimental error and the alignment of the CH vector
for the 19, 39, 49, 8, and 2 positions perpendicular to the long
axis (vide supra).

Three assumptions were employed in arriving at Eqs. [3] and
[5] for the model-free calculation: isotropic overall tumbling,
one internal motion, and the presence of the conformational
exchange termlRex. The theoretical and experimental bases
for these assumptions were discussed above. For the model-
free parameter optimization, the overall correlation time was
kept at 3.30 ns, which was determined by the T1/T2 ratio
analysis. The other parameters, i.e., the internal correlation
time ti, the order parameterS2, the exchange contributionRex

at 600 MHz, the proton–proton longitudinal relaxation rate
rHCHi at 500 and 600 MHz, were optimized byx2 residual
minimization as defined in Eq. [6]. The initial value of the
internal motion correlation timeti was varied around 10–200
ps, which was found by the spectral density mapping analysis,
to avoid falling into a local minimum of thex2 function. The
measured order parameterS2 is plotted in Fig. 5. Data from the
two different strands of the duplex are distinguished by differ-
ent shadings of the bars in the graph; the symbolsp and †
designate missing or overlapping peaks, respectively (see Fig.
1). From Fig. 5, it is apparent that, except for terminal residues,
the order parametersS2 are similar for most CH vectors. The
average value is 0.796 0.05 (0.776 0.07) excluding (or
including) terminal residues. The average fitting error was
0.04. Evidently, the scatter in values for the order parameterS2

is principally explained by the fitting error. In Fig. 5, three
larger values (A8 19 5 0.87, A12 19 5 0.92, A18 39 5 0.91)
and seven smaller values (G11 19 5 0.69, G11 39 5 0.66, G11
49 5 0.68, A12 49 5 0.70, A12 85 0.67, G20 39 5 0.54, G20
8 5 0.62) were significantly different. Order parameterS2

values for the A12 residue are scattered, and those of A8 19 and
A18 39 are large. The smallestS2 value is 0.54, for the 39
position at the 39 terminus (G20 39). For terminal residues, the
averageS2 was 0.676 0.07. Note that no significantly differ-
entS2 value is evident for G6, which has significantly larger or
smaller relaxation rates.

The optimized internal motion correlation timeti is ;20 ps,
which is consistent with the spectral density mapping analysis
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results. This correlation time is not a well-defined parameter, as
noted previously (80). The average value is 216 16 ps, and the
average fitting error is 19 ps (90% relative error). One negative
value was obtained at the 8 position of G6 due to the very large
relaxation rate error. The largest error was664 ps; thus a
comparison of values has no meaning except for terminal
residues where the averageti value (456 12 ps) was signif-
icantly larger than that of nonterminal residues.

The exchange contributionRex at 600 MHz is small, and the
largest value is 2.6 Hz. The average value is 0.796 0.72 Hz,
and the average fitting error is 0.35 Hz (44% relative error).
The value is quite scattered because for base and 19 positions,
it is larger than for 39 and 49; average values for each 19, 39, 49,
8, and 2 position were 0.80, 0.17, 0.33, 1.56, and 0.69 Hz,
respectively. Five negative values were found—at the A8 39,
G11 39, A12 2, A18 39, and G20 49 positions. Most of them
could be explained by the very large fitting error; however, at
the A18 39 position, it is clearly negative, strongly implying a
systematic error in the transverse relaxation experiments or an
incorrect fitting model. TheseRex values have a positive linear
correlation (coefficient 0.69) with the corresponding {R(Cx) 2
R(Cz)/ 2} values (81), where {R(Cx) 2 R(Cz)/ 2} 5 2E/3
J(0) 1 3D J(vH) 1 Rex (see Eq. [1]).

The proton–proton longitudinal relaxation ratesrHCHi at 500
and 600 MHz clearly reveal position dependence. The order of
rHCHi values is H39 ; 49 ; 8 . 19 . 2 at 500 MHz, and 39 .

49 . 8 . 19 . 2 at 600 MHz. This difference principally
derives from the structure. These results will be considered
later relative to the CORMA calculation. Average values (in
rad/s) are 2.206 0.82 and 2.396 0.92, and average fitting
errors are 0.18 and 0.16 (8% and 7% relative error) at 500 and
600 MHz, respectively. TherHCHi value at 600 MHz should be
smaller than that at 500 MHz if the spectral density function
J(v) is a simple decay function. Our data did not obey that
expectation, suggesting underestimation of the fitting error or
systematic error in the experiments at either 500 or 600 MHz.
The 500 MHz data were doubtful because of lowS/N. From
the magnitude of the relative error, the order parameterS2 was
the most precisely determined parameter (5% relative error),
and the internal correlation timeti was the worst.

In many model-free calculations, three relaxation parameters
(T1, T2, and NOE) have been used, since it is time-consuming
to record and analyze more than three and the relaxation rates
of the proton and the two-spin order coherence seemed to have
some systematic errors. In our case, such errors were carefully
suppressed to be,10%, which was approximately our exper-
imental error. Three relaxation parameters enable determina-
tion of no more than three model-free parameters for each
residue. However, for a more thorough analysis of the DNA
duplex system, which has not been examined in detail previ-
ously, we deemed that the six relaxation rates would be re-
quired for the spectral density mapping and the T1/T2 ratio

FIG. 5. Bar graph of the generalized order parameterS2 for CH positions in the decamer duplex, wherep and † designate missing or overlapping peaks,
respectively (see Fig. 1). The shading of the bars differentiates the two duplex strands. With the overall correlation time of 3.30 ns, the model-free parameters
were determined byx2 residual minimization of nine relaxation parameters recorded at 500 and 600 MHz1H frequencies. The average order parameterS2 was
0.796 0.05.
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analysis. For one thing, even the number of model-free param-
eters which should be considered was not knowna priori. Our
model-free calculation was based on three basic assumptions,
i.e., isotropic overall tumbling, one internal motion, and the
presence of the exchange term. These assumptions were ex-
amined via spectral density mapping analysis and T1/T2 ratio
analysis, and required three model-free parameters. We found
that three relaxation parameters sufficed. When three relax-
ation parameters were used for the model-free calculation of
our DNA decamer, the model-free parameters determined were
similar to those derived using nine relaxation parameters.
However, the resulting model-free parameters were rather scat-
tered and the fitting errors were about two times larger; con-
sequently, the values from the analysis using three relaxation
parameters were not employed in subsequent analyses. Addi-
tionally, if four or more model-free parameters were found to
be required, it would be impossible to apply the method em-
ploying three relaxation parameters. If the spectral density
mapping or the T1/T2 ratio analysis could not be trusted for
some unexpected reason, our assumptions would become
doubtful. Using nine relaxation parameters enabled several
calculations to be carried out, based on different assumptions,
to explore systematic errors in the analysis of DNA duplex
dynamics via spectral density mapping and T1/T2 ratios. Pos-
sible effects from anisotropic overall motion, two internal
motions, or absence of the exchange term could be tested. For
each of these, there was no evidence to fault our basic assump-
tions.

CORMA Calculations

An alternative means of assessing proton–proton relaxation
rates is available, since we have previously derived the time-
averaged structure of the DNA decamer duplex which can be
used as the basis for calculating interproton relaxation rates
(37). Proton–proton dipolar auto- (rHCHi) and cross-relaxation
rates (sHCHi) were calculated using the program CORMA
(COmplete Relaxation Matrix Analysis) (82, 83),which can
account for parameters used in the model-free approach (84).
For the CORMA calculation, the order parameterS2 and the
internal correlation timeti are required for each proton–proton
vector. These parameters cannot be obtained rigorously from
our current analysis, which focuses instead on proton–carbon
vectors. The interproton vector parameters are not available
even if 1H–1H NOESY data and1H–13C (or 1H–15N) model-
free parameters are combined. However, our model-free anal-
ysis indicates that the order parameterS2 for CH vectors is
;0.8 for the whole molecule, so the order parameterS2 is also
expected to be;0.8 for each proton–proton pair. Similarly, the
internal motion correlation timeti of each proton–proton vec-
tor is assumed to be;20 ps. Other input data were the overall
correlation timeto, 3.30 ns, the proton resonance frequency,
600 MHz, and the atomic coordinates (37). Auto-relaxation
rates as well as the sum of cross-relaxation rates were calcu-

lated for each proton to estimate systematic errors in
R(21Hz

13Cz) and R(21Hz
13Cx) which can occur due to the

proton–proton cross-relaxation; for that systematic error, see
Relaxation Rate Measurements, above.

The auto-relaxation rates calculated from CORMA (CORMA
data set) were compared with two experimental values deter-
mined by different methods, i.e., from spectral density map-
ping (mapping data set) and from the model-free approach
(model-free data set). TherHCHi values of the CORMA and
mapping data sets were in the range 0–6 rad/s, but those of the
model-free data set were systematically smaller (0–3 rad/s).
No clear correlation was expected because the experimental
error of the mapping data set was 20–80%, 4–8 times larger
than that of the model-free data set. Although not strong, a
somewhat positive correlation was found among all of them.
Since rHCHi values strongly depend on position, the average
value for each position should be a good indicator with which
to compare data sets. The average values, excluding terminal
residues, are listed in Table S1 (of the Supplementary Materi-
als) for all three data sets. The values are similar for H39
protons, but not for the others, especially H8. The mapping
data set gave values relatively larger than the others. The
standard deviation was large for both H8 and H2 of the
mapping data set and for H8 of the CORMA data set. The order
was well conserved, except for H8: H8. H39 . H49 . H19
. H2 (CORMA data set), H8. H39 . H49 . H19 . H2
(mapping data set), and H39 . H49 . H8 . H19 . H2
(model-free data set). For H8, significantly larger values were
obtained in the CORMA and mapping data sets, although
nonselective1H T1 values of the non-labeled sample were
about 2.0–2.3 s for all H19, H39, H49, and H8 (36). For a
further detailed comparison, the CORMA data set should be
refined using a conformational ensemble procedure (4, 8, 85)
or a very reliable molecular dynamics (MD) simulation, e.g.,
incorporating the particle mesh Ewald (PME) method (86).
Indeed, long molecular dynamics simulations with PME are
currently being conducted on the same DNA duplex as studied
here (87).

Motion of the DNA Decamer Duplex

The spectral density mapping method of Peng and Wag-
ner and the model-free approach of Lipari and Szabo pro-
vide substantial information about motion, e.g., spectral
density values at several frequencies, overall and internal
motion correlation times, and site-specific values of the
order parameterS2. Information derived from the different
approaches could generally be rationalized by some simple
assumptions. Here we validate our assumptions and excep-
tions to yield a consistent picture of the motion for our DNA
decamer.

When axially symmetric tumbling of DNA as a cylinder,
instead of isotropic tumbling, was employed, the order param-
eterS2 and thex2 value increase with increasing ratio of the
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rotational diffusion coefficientsD\/D'. For the DNA decamer,
the upper limit toD\/D' might expected to be 1.5–1.6 from
the molecular shape, but isotropic tumbling withD\/D' 5 1
gave the smallestx2 value. Two reasonable conclusions
present themselves: either isotropic overall tumbling is a suit-
able motional model or any existing anisotropic motion was
not detected. Most CH vectors at 19, 39, 49, 8 and 2 positions
are approximately perpendicular to the helix axis—the sym-
metry axis—and the direction of the various different 39 and 49
CH vectors can be easily affected by small differences in sugar
conformation and motions. Consequently, there was no sub-
stantial evidence either to support or to deny the possible
existence of anisotropic motion. When anisotropic tumbling
with D\/D' 5 1.51–1.60 isassumed, the effective isotropic
correlation time (2D\ 1 4D')21 becomes about 3% larger
than the value determined for the isotropic correlation time,
3.30 ns.

When the exchange term was omitted in fitting the relax-
ation data, thex2 value drastically increased (;50%). How-
ever, if the overall correlation timeto was optimized indi-
vidually for each CH vector in the absence of the exchange
term, the resultingto, S2, andx2 increased about 10%, 1%,
and 1%, respectively. Thex2 value obviously did not change
much, implying that the effect of the exchange term is
principally reflected in a change into value. In other words,
it was difficult to distinguish slow motions from exchange
broadening contributions to theJ(0) value in our analysis.
When two internal motions were assumed instead of one
(88), the derived order parameters and internal motion cor-
relation times did not converge to realistic values for more
than half of the residues. Assuming the absence of an
exchange term and setting the fast internal motion correla-
tion time to 20 ps, about half of the residues had reasonable
values similar to that obtained assuming only one internal
motion, but thex2 values were still not small. A distribution
of the internal motion correlation time was also considered
(59) but thex2 minimization was not successful due to the
very fast internal motion. We note as well that slow internal
motion is not independent of anisotropic overall tumbling in
the numerical fitting of relaxation parameters; i.e., when
D\/D' $ 1.3 and anisotropic overall tumbling occurs, it can
be rationalized as isotropic motion with a nonexistent slow
internal motion (89). Judging fromx2 values and the con-
vergence of the model-free parameters, our basic assump-
tions appear to be more reasonable than other assumptions
and models.

In the model-free calculation discussed above,x2 values
did not change much, either including or excluding an
exchange term, as long as the overall correlation timeto was
fitted independently for each residue. Spectral density map-
ping provides a different perspective on exchange. If ex-
change exists, theJ(0) values determined from the spectral
density mapping are actuallyJeff(0) as shown in Eq. [3]. As
exchange terms were determined from the model-free cal-

culation, these exchange terms could be subtracted from
Jeff(0) to yield a correctedJ(0), Jcor(0). As discussed above,
some correlation (positive or negative) would be expected
betweenJ(0) and the other spectral density values. The
correlation coefficients betweenJcor(0) and J(150), J(450),
andJ(750)were 0.70,20.51, and20.57, respectively, while
correlation coefficients betweenJeff(0) and the others were
0.29, 0.07, and20.25, respectively. Clear correlations were
found forJcor(0), but not forJeff(0). The positive correlation
of Jcor(0)–J(150) and twonegative correlations ofJcor(0)–
J(450) andJcor(0)–J(750) areconsistent with the previous
conclusion that the overall motion is dominant at 150 MHz
and the internal motion is dominant at 450 and 750 MHz.
Exchange effects in principle should be manifest in addi-
tional line broadening, but that could not be demonstrated
by our experimental data because our transverse relaxation
data were recorded only at 600 MHz without pulse field
dependence. Consequently, the time scale of these exchange
terms cannot be firmly established. For example, our anal-
ysis indicates that slow or very slow internal motions are
acceptable as a source of the exchange terms. The large
exchange terms were found at 19 and base positions, to-
gether with largerrHCHi values at the base 8 position. Thus,
the presence of substantial motion around the glycosidic
bond (x angle), as would occur for base pair opening (90),
syn–antiequilibrium interconversion (42), or largex angle
libration (3) could explain the exchange term, although the
time scale is unknown. Evaluation of the time scale of the
large exchange term is currently in progress by1H and 13C
T1r experiments.

The amplitude of the motion is defined by the order param-
eter S2, and the correlation time gives us the apparent fre-
quency of the motion. However, the order parameterS2 is an
abstract number and only experientially related to the concept
of rigid or flexible. The average order parameter valueS2 for
our DNA decamer is 0.796 0.05, a value similar to that of a
well-structured protein core,;0.8–0.9. In other words, our
DNA decamer is as rigid as a typical protein. To give a
physical image to the order parameterS2, the diffusion-in-a-
cone model (31) provides a simple example:S2 5 0.25 cos2u
(1 1 cosu)2, andu 5 the angle of the cone. WhenS2 5 (1,
0.90, 0.80, 0.70, 0.60, 0.50, 0),u 5 (08, 15.18, 21.98,
27.58, 32.78, 37.88, 908), respectively. If0.85$ S2 $ 0.25,
S2 and u are linearly correlated byS2 5 20.019u 1 1.22.
The average order parameterS2 5 0.79 corresponds tou 5
22.5°, which would generally be considered as fairly restricted
motion. The smallest value we found,S2 5 0.54,corresponds
to u 5 35.8°; it is comparatively flexible but still restricted.
Apparently, the motion of our DNA decamer was quite re-
stricted over the whole molecule; no CH vector was freely
moving even at the terminal residues. Strictly, this conclusion
pertains to all of the purine residues which we had labeled, but
it is likely to hold in general.

While our analysis was perhaps more thorough, our con-
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clusions are strongly consistent with and preceded by the
studies of other groups on DNA or RNA double helix
regions (6, 29, 91). For example, the average order param-
eterS2 at the 19 position of a DNA 11-mer was 0.806 0.09
including pyrimidine nucleotides but excluding terminal
residues (29). The order parameterS2 of a self-complemen-
tary DNA octamer was also about 0.8 (6). Even forDTAR
RNA 29-mer, it was concluded thatS2 values at the 6 and 8
positions on the bases were 0.7– 0.9 in the stem region
although13C enrichment was.95% and neighboring carbon
and proton contributions to the relaxation rates were ne-
glected (91) Also of note, the order parametersS2 of intra-
residue1H–1H vectors computed from the molecular dy-
namics trajectory of a DNA octamer were in the range
0.7– 0.9 (92). The examples above also manifest some vari-
ations (ca.: 0.05– 0.1) depending on the sequence, which
were comparable to our experimental errors.

Solid-state2H NMR studies tell us that the amplitude of
a fast local motion was in the order C8 –2H , C6 –2H ,
C2–2H0 , C5–2H9 for the 2H-labeled DNA duplexd(CGC-
GAATTCGCG)2 (18). In solution, the initial buildup rates
of NOESY cross-peaks of the sugar H29–H20 and cytosine
H5–H6 are explained by assuming the identical correlation
time for sugar and base ind(CGCGAATTCGCG)2 (17) and
in d(CGTACG)2 (15), which is qualitatively inconsistent.
Although the precision of the solution data is not very high,
for comparison of these data, Lane calculated the semi-
angles for motion within a cone (12). The amplitude of the
fast internal motion is low for both base and sugar and for
both solution and solid state. However, most amplitudes in
solution are larger than those in the solid state. Due to the
low precision of the data, a detailed comparison may not be
meaningful, but a somewhat enhanced flexibility in the
solution state is apparent. In our solution state analysis, no
difference in motional properties was evident for the sugar
19, 39, 49 and base 8, 2 positions. However, we did not
derive motional parameters for sugar 29 and 59 positions
where higher mobility is expected (6, 13, 16), so details of
the sugar motion were not characterized in this report.

Although most values of the order parameterS2 deviated
little from 0.8 in our study, there were exceptions: those
from different A12 CH vectors were scattered, andS2 values
for A8 19 and A18 39 were large. The exchange contribution
Rex of A18 39 was even negative. A12 and A18 residues are
not terminal (G11, G20) nor at kinked positions (G6, A8,
G14, A16), so structural peculiarities will not readily ac-
count for the exceptions. Assuming two internal motions
without the exchange term (88), an S2 value of 0.70 was
obtained for A18 39 although thex2 value was slightly larger
than that for the one internal motion model; this treatment
did not work well for A8 19 and A12 residues. The fraction
of major S-type sugar conformer (%S) of our DNA decamer
was previously determined from proton–proton scalar cou-
pling constants (36). Both A8 and A18 residues exhibited

lower fractions ofS conformer, 0.76 and 0.82, respectively,
than all others (;0.95) except terminal residues. This sug-
gests that the A8 and A18 residues may possess additional
motion associated with sugar repuckering. The fraction of
the major sugar conformer correlates withJeff(0), the T1/T2
ratio, and the exchange contributionRex for sugar reso-
nances. In Fig. 6, the relationship between the sugar con-
formation fractions andJeff(0) values are plotted for 19, 39,
and 49 positions within the sequence. TheJeff(0) values were
obtained by spectral density mapping. TheJeff(0) values of
19 are systematically large. While we have explained it by
the presence of the slow motion and the exchange contri-
bution termRex, there is another possible explanation. If the
sugar carbon CSA values are assumed to be 19 . 49 $ 39,
the large Jeff(0) values of 19 can be explained without
motional aspects. For example, the 0.1– 0.2 ns/rad differ-
ence inJeff(0) seen between 19 and 39 (49) can result if the
CSA value of 19 carbon is 80 –110 ppm, not 40 ppm.
Individual measured CSA values of sugar carbons would be
required to establish details in sugar motion.

As for sequence-specific variations, a qualitative correla-
tion between %SandJeff(0) is evident in Fig. 6. However, no
obvious correlation was found between %S and the order
parameterS2. For example, while the smallerS2 values were
related to smaller %S values for the terminal residues, G11
and G20, residues A8 and A18 had somewhat largerS2

values but their %S values were smaller. Of course, a
rationalization may lie in the different time scales involved:
the fractional conformer populations may entail conformer
interconversion on a time scale as slow as milliseconds, but
the order parameter reflects motions on a time scale as small
as nanoseconds. When an explicit exchange term was as-
sumed, the observed T1/T2 ratio5 (T1/T2)0 1 T1 3 Rex,
where (T1/T2)0 is the T1/T2 ratio excluding exchange. If T1
were similar for each and the overall motion were isotropic,
a linear correlation between the exchange term and the
T1/T2 ratio would be expected; a positive correlation coef-
ficient of 0.74 was found.Jeff(0) values also manifested a
positive correlation coefficient of 0.76 with the T1/T2 ratio,
because the overall motion is dominant for bothJeff(0) and
the T1/T2 ratio. The three qualitative correlations between
sugar conformational equilibria andJeff(0), the T1/T2 ratio,
and the exchange contributionRex were numerically consis-
tent with each other. However, the correlation of a larger
exchange term with a larger fraction ofS conformer is not
readily understood. We would judge that any changes in
Jeff(0) and the T1/T2 ratio should not be explained by the
exchange termRex for A8, G11, A18, and G20 residues if
the smallerS fraction was related to greater motion. Obvi-
ously, our analyses cannot explain everything, especially for
the A8, A12, and A18 residues. However, the qualitative
correlation found between the fraction ofS-type sugar con-
formation andJeff(0) and the T1/T2 ratio suggests the pres-
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ence of a motion related to the sugar conformational equi-
librium or repuckering motion.

CONCLUSIONS

A careful 13C relaxation study has been carried out on the
DNA decamer duplex,d(CATTTGCATC) z d(GATGCAA-
ATG), in which every adenosine and guanidine residue was
chemically enriched with 15%13C and 98%15N stable iso-
topes. Nine13C relaxation parameters were determined for CH
spin systems of deoxyribose 19, 39, 49 and base 8, 2 positions
within 5–10% experimental error:R(13Cz), R(1Hz) and
R(21Hz

13Cz) were measured at both 500 and 600 MHz (1H
frequency), andR(13Cx), R(21Hz

13Cx), and steady-state
13C–1H NOE were measured at 600 MHz. A dependence of
relaxation parameters on chemical position was clearly ob-
served; however, no sequence-specific variation was readily
evident except for 39 and 59 termini. From theoretical and
experimental considerations, it was demonstrated that the ran-
dom 15%13C enrichment effectively suppressed both scalar
and dipolar contributions of the neighboring carbons and pro-
tons on the relaxation parameters. We examined several po-
tential complicating factors which could lead to systematic
errors. In general, the following problematic issues should be
considered carefully: non-directly bonded short1H–13C dis-
tances, underestimation of13C{1H} NOE, the off-resonance
contribution toR(13Cx) andR(21Hz

13Cx), the CSA–DD cross-
relaxation contribution toR(21Hz

13Cz) and R(21Hz
13Cx) for

base carbons, and the proton–proton dipolar cross-relaxation
contribution toR(21Hz

13Cz). In analysis for our system, we

found that most of them were comparable to the random
experimental errors. For most CH systems in the labeled
decamer duplex with randomly fractionally 15%13C-enriched
purine nucleotides,13C relaxation parameter values were reli-
ably determined.

The full spectral density mapping introduced by Peng and
Wagner and the model-free approach promulgated by Lipari
and Szabo were applied to assess all observed relaxation
parameters in a complementary manner. Spectral density
mapping exhibited a linear correlation between three spec-
tral density values,J(vC), J(vH 2 vC), andJ(vH 1 vC) in
plots containing all measured values, but not for the other
spectral density terms includingJ(0). These linear correla-
tions reflect the effect of overall motion and similar internal
motions for each CH vector in the decamer. Lack of corre-
lations entailingJ(0) imply that relatively slow chemical
exchange contributes to yielding effectiveJeff(0) values.
Assuming a Lorentzian lineshape forJ(v), the slopes and
y-intercepts of these correlation plots yielded two correla-
tion times, 3– 4 ns and 10 –200 ps, which evinced the pres-
ence of two apparent motions. The first value, 3– 4 ns,
corresponds to the value of 3.3 ns obtained for the overall
isotropic tumbling correlation time determined from analy-
sis of13C T1/T2 ratios. The possibility of anisotropic overall
tumbling was examined, but statistical analysis indicated a
better fit to experimental data with the basic assumption of
isotropic tumbling, probably due to the relative alignment of
CH vectors and the level of experimental error. Based on
spectral density mapping and the T1/T2 ratio analysis, three

FIG. 6. The relationship between the fraction of 29-endo(S-type) sugar conformation (%S) as previously determined (36) (—E—) and the effectiveJ(0)
values at positions 19, 39, and 49 as a function of position in the DNA sequence. The effectiveJ(0) values,Jeff(0), were obtained via spectral density mapping.
The bars representJeff(0) values for 19 (darker), 39 (medium), and 49 (lighter).
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basic assumptions were initially employed for the model-
free calculation: isotropic overall tumbling, one internal
motion, and the presence of chemical exchange terms. The
order parameterS2 and the corresponding fast internal mo-
tion correlation time were determined to be about 0.86 0.1
and 206 20 ps, respectively, for the various CH vectors.
For terminal residues, values for the order parameterS2 were
slightly smaller, 0.5– 0.8. No clear differences inS2 were
found between or within sugars and bases. The exchange
term was small (,3 Hz) but explicit. In this DNA decamer,
the internal motion was very fast (ps–ns time scale) and its
amplitude was restricted, e.g., assuming a simple wobble-
in-a-cone model, the internal motion was restricted to an
angular amplitude of622.5° for each of the 19, 39, 49, 2, and
8 positions in the purine nucleotides in the entire duplex.
This is in contrast to the flexible DNA phosphodiester
backbone (5).

We examined the effect of structural parameters, specif-
ically, CH bond length and chemical shift anisotropy, on
motional parameters derived from our analyses. CSA values
of base C2 and C8 were optimized viax2 residual minimi-
zation (Eq. [6], yielding values of 161 and 150 ppm, respec-
tively. A 20 –30 ppm increase in CSA value, using the
toluene CSA value (180 ppm) instead of our optimized
values (161 or 150 ppm), would lead to a 0.05– 0.08 unit
decrease inS2. The dependence of the order parameterS2 on
the CH bond length was found to be 0.04 and 0.03 unit per
0.01 Å for sugar and base, respectively. If vibrational aver-
aging of the CH bond is important, the CH bond length
could be slightly larger (0.01– 0.02 Å) than the value of 1.09
Å used in the analysis, suggesting that the measured order
parametersS2 could be slightly larger,;0.05 unit. System-
atic errors arising from uncertainties in the CSA and the CH
bond length are off-setting and comparable to the fitting
error or the standard deviation of the scatter,;0.05. The
exceptions,S2 values for the A12 residue, A8 19, and A18
39, were not explained very well, possibly due to inappro-
priate assumptions or a motional model. It may be notewor-
thy that for A8 and A18 residues, the fraction of 29-endo
(S-type) sugar conformation (%S) was previously found to
be lower than that for other residues While the %S value had
no clear relationship with theS2 value for A8, A18, and
terminal residues, a qualitative correlation was observed
between the %S value and the effectiveJ(0) and T1/T2 ratio
values. For further analysis of sugar motions, experimental
determination of exactJ(0) values and the exchange contri-
bution termRex will be required at all sugar CH positions,
including 29.
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