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Measurement of both longitudinal and transverse relaxation
nterference (cross-correlation) between 13C chemical shift anisot-
opy and 13C–1H dipolar interactions is described. The ratio of the
ransverse to longitudinal cross-correlation rates readily yields the
atio of spectral densities J(0)/J(vC), independent of any struc-
ural attributes such as internuclear distance or chemical shift
ensor. The spectral density at zero frequency J(0) is also indepen-
ent of chemical exchange effects. With limited internal motions,
he ratio also enables an accurate evaluation of the correlation
ime for overall molecular tumbling. Applicability of this approach
o investigating dynamics has been demonstrated by measure-
ents made at three temperatures using a DNA decamer duplex
ith purines randomly enriched to 15% in 13C. © 1999 Academic Press

Key Words: molecular motion; spectral density analysis; corre-
ation time.

INTRODUCTION

Heteronuclear NMR techniques developed in the last de
nable more accurate determination of the frequency and
litude of overall molecular tumbling and internal fluctuatio
specially for proteins (1–5). These techniques are based
arily on 1H-detected15N/13C/2H relaxation analysis and a
lso applicable to nucleic acids, although13C and15N chemica
hift anisotropy (CSA) values of some nucleic acid residue
till unknown. Recently, transverse relaxation interfere
cross-correlation) between the15N CSA and15N–1H dipolar
nteractions of peptide backbone amides has been qua
ively measured, and this cross-correlation was demonst
o be directly proportional to the generalized order param

2 (6) However, in principle, the strength of the relaxat
nterference depends on the angles between the unique a
he CSA and dipolar tensors, so neither CSA values nor v
f the spectral densityJ(v) are determined from such tran
erse cross-correlation experiments. As we demonstrate
easurement of the longitudinal cross-correlation rate ca

1 To whom correspondence should be addressed. E-mail: jam
icasso.ucsf.edu.
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eadily carried out and, in combination with the transve
ross-correlation rate, can be useful for elucidatingJ(0) with-
ut exchange effects and, in the case of minimal inte
otions, determining the overall tumbling correlation tim
pecifically, the longitudinal and transverse cross-correla

ates for13C CSA and13C–1H dipolar interactions in a DNA
ecamer duplex have been measured and reported here

MEASUREMENT OF DD–CSA CROSS-CORRELATION

Relaxation interference between the13C CSA and13C–1H
ipole–dipole (DD) interactions results in the two13C–{1H}
oublet components differing in both the transverse and
itudinal relaxation rates (6–8). The13C cross-correlation rate
re given by

R~ 13CX3 213CX
1HZ! 5 2ad$4J~0! 1 3J~vC!% [1.1]

R~ 13CZ3 213CZ
1HZ! 5 2ad$6J~vC!%, [1.2]

herea 5 22B0r CH
3 /(3hgH) 3 f(sX, sY, sZ), d 5 h2gH

2gC
2/

5r CH
6 ), and f(sX, sY, sZ) 5 [sX(3 cos2uX 2 1) 1 sY(3

os2uY 2 1) 1 sZ(3 cos2uZ 2 1)]/ 2. g i is the gyromagneti
atio of spini , r CH is the distance between1H and 13C nuclei,

0 is the magnetic field strength,vC is the carbon Larmo
requency,s i is the i th principal component of the chemic
hift tensor, and cosu i is the direction cosine defining t
rientation of the13C–1H bond with respect to thei th axis of

he 13C chemical shift tensor. The coefficientsa andd are no
hysical constants, because values forr CH, s i and cosu i are
ot constants (9, 10). It is apparent from Eqs. [1.1] and [1.

hat the ratio of spectral density values,J(0)/J(vC), is inde-
endent of the coefficientsa and d and is determined from

he two cross-correlation rates,R( 13CX 3 213CX
1HZ) and

(13CZ 3 213CZ
1HZ), as

J~0!

J~vC!
5

3

4 S2
R~ 13CX3 213CX

1HZ!

R~ 13CZ3 213CZ
1HZ!

2 1D . [2]@
1090-7807/99 $30.00
Copyright © 1999 by Academic Press

All rights of reproduction in any form reserved.
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170 KOJIMA ET AL.
nlike the typically measured transverse relaxation
(13CX) or rotating frame relaxation rate, the transverse cr
orrelation rateR(13CX 3 213CX

1HZ) is not affected by chem
cal exchange effects. Furthermore,J(vC) can be deduced b
he full or reduced spectral density mapping procedure11–
3), so the trueJ(0) value can be determined from Eq. [2]. T
pectral density mapping procedures performed at one
etic field strength can yield an apparent value forJ(0), but

hat value may contain contributions from chemical excha
uch chemical exchange contributions can be distinguish
arrying out measurements at several magnetic field stre
nabling the trueJ(0) value to be determined (11). However
hen only one or two magnetic fields are available, it woul
uch better to utilize Eq. [2] to determine the trueJ(0).
If molecular tumbling is assumed isotropic, the correla

ime is determined without any information aboutJ(vC):

t 5
1

vC
Î J~0!

J~vC!
2 1

5
1

2vC
Î6

R~ 13CX3 213CX
1HZ!

R~ 13CZ3 213CZ
1HZ!

2 7 . [3]

he equations above are also applicable to15N nuclei; the
alues or terms pertaining to13C, e.g.,vC, R( 13CX 3 213CX

HZ), R( 13CZ 3 213CZ
1HZ), are simply replaced by tho

or 15N.

ulse Schemes for Measurement of Cross-Correlation R

Figure 1 shows pulse schemes for quantitative measure
f transverse (upper) and longitudinal (lower) cross-correla
etween13C–1H dipolar coupling and13C CSA. The puls
equence to record transverse CSA–DD cross-correlation
f nitrogen,R( 15NX 3 215NX

1HZ), reported previously (6) is
dentical to the upper sequence of Fig. 1 except for the gra
oherence selection with the sensitivity enhancement sc
14), which is set for13C. The lower sequence is quite simi
o the upper, although the13C magnetization relaxing durin
he cross-relaxation period 2D is longitudinal magnetizatio
nstead of transverse magnetization. Each pulse seque
ssentially a HSQC experiment with a transverse or longi
al cross-relaxation period 2D inserted before the13C evolution
eriod. To derive the longitudinal cross-correlation rate (lo
ulse sequence), at least two independent measuremen
equired: the open1H 90° and composite (90y–220x–90y)
808 pulses are either applied (scheme A) or not app
scheme B). The difference between scheme A and sche
nables observation of cross-correlation effects during th
iod 2D. Likewise, at least two independent measurement
equired to derive the transverse cross-correlation rate (u
ulse sequence).
In all schemes,1H magnetization is transferred to13C at time

oint a in Fig. 1. During the relaxation period 2D, the antiphas
e
s-

g-

e;
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ransverse (upper) or two-spin longitudinal (lower) magne
ion relaxes at a rateR(213CY

1HZ) 6 R(213CY
1HZ 3

13CY)
r R(213CZ

1HZ) 6 R(213CZ
1HZ 3

13CZ), respectively. A
ime point b in Fig. 1, the transverse or longitudinal magn
ation is given by

sb(trans)5 ~CYHZ 1 CY/ 2!exp@22D~R~213CY
1HZ!

1 R~213CY
1HZ3

13CY!!#

1 ~CYHZ 2 CY/ 2!exp@22D~R~213CY
1HZ!

2 R~213CY
1HZ3

13CY!!#

5 CYHZ~e X
1 1 e X

2! 1 CY~e X
1 2 e X

2!/ 2 [4.1]

sb (long)5 ~CZHZ 1 CZ/ 2!exp@22D~R~213CZ
1HZ!

1 R~213CZ
1HZ3

13CZ!!#

1 ~CZHZ 2 CZ/ 2!exp@22D~R~213CZ
1HZ!

2 R~213CZ
1HZ3

13CZ!!#

5 CZHZ~e Z
1 1 e Z

2! 1 CZ~e Z
1 2 e Z

2!/ 2, [4.2]

hereeX
6 5 exp[22D(R(213CX

1HZ) 6 R(13CX 3 213CX
1HZ))]

nd eZ
6 5 exp[22D(R(213CZ

1HZ) 6 R(13CZ 3 213CZ
1HZ))].

ome relationships are used from the definition (8), R( 13CX 3
13CX

1HZ) 5 R(13CY3 213CY
1HZ) 5 R(213CY

1HZ3
13CY) and

(13CZ 3 213CZ
1HZ) 5 R(213CZ

1HZ 3
13CZ). With scheme

in Fig. 1, the1H 90° pulse just after time point b combin
ith the field gradientg4 destroys all two-spin order magn

ization; thus at time point c,sc(trans)5 2CY(eX
1 2 eX

2)/ 2
ndsc(long)5 2CY(eZ

1 2 eZ
2)/ 2. These in-phase compone

re converted to antiphase during the delay 2t 5 1/(2 1JCH),
rior to t1 evolution. In scheme B, on the contrary, all m
etizations are maintained as at time point c, wheresc(trans)5
CYHZ(eX

1 1 eX
2) 2 CY(eX

1 2 eX
2)/ 2 andsc(long) 5 2CYHZ

eZ
1 1 eZ

2) 2 CY(eZ
1 2 eZ

2)/ 2. After the period 2t both the
ntiphase and in-phase terms remain unchanged, as the
osite 1H pulse is not applied in scheme B. Both terms

abeled at a13C frequency, and the antiphase magnetizat
re refocused to the observable1H magnetization. Howeve

he in-phase components are not refocused because th
ain in-phase at the end of periodt1. Thus, the ratio of th

ignal intensities obtained with schemes A and B becom
imple function of the CSA-DD cross-correlation rates.

I A/I B (trans)5 ~e X
1 2 e X

2!/~e X
1 1 e X

2!

5 tanh~2DR~ 13CX3 213CX
1HZ!! [5.1]

I A/I B (long)5 ~e Z
1 2 e Z

2!/~e Z
1 1 e Z

2!

5 tanh~2DR~ 13CZ3 213CZ
1HZ!!. [5.2]

or both pulse sequences, intensity losses caused by
elaxation processes are identical in schemes A and B. D
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171DD–CSA CROSS-CORRELATION
he time period b to c (;1 ms) in Fig. 1, the 2CZHZ term in
cheme A relaxes faster than does CZ in scheme B. Howeve
he 1 ms duration is more than two orders of magnitude sh
han the inverse of the difference in relaxation rates of 2CZHZ

nd CZ, so the difference is negligible. In the transverse
eriments (upper pulse sequence), any homonuclear13C–13C
calar couplings may evolve during 2D. Such coupling will no
ffect the I A/I B ratio value, because scheme A and B e

FIG. 1. Pulse schemes for quantitative measurements of transverse
3C chemical shift anisotropy. Narrow and wide pulses correspond to flip
wo independent measurements are required to measure the transvers
equired to measure the longitudinal cross-correlation rate (lower pulse
scheme A) or not applied (scheme B). In scheme A, the experiments
eference. The upper sequence is identical to that of a reported15N cross-co
nhancement (14) is applied for13C. The lower sequence is quite similar

ongitudinal instead of transverse. Delay durations:t 5 1.19 ms (14
1JCH), 2D

hase isx unless indicated. Phase cycling:f1 5 y, 2y; f2 5 2(x), 2(2x
eceiver5 x, 2(2x), x, 2x, 2(x), 2x. Quadrature detection in thet1 dimens
f the gradientg6, and additional 180° increment off3 (or f6) and recei
ectangular. Gradients:g0 (5 G/cm, 0.5 ms);g1 (3 G/cm, 0.3 ms);g2 (8 G/c
/cm, 0.25 ms).
er

-

h

xperience identicalJ coupling effects. However, the absol
alue of the observed intensitiesI A andI B may change signi
cantly depending on the magnitude of theJCC coupling con
tants and the delay time 2D according to the functionP i(cos
(nJCC) i2D), because the13C 908X pulse just after time point
ombined with the field gradientg4 in Fig. 1 destroys all CX
nd 2CXHZ magnetization generated byJCC couplings. To
void this problem, a more complicated pulse sequen

per) and longitudinal (lower) cross-correlation between13C–1H dipolar coupling an
les of 90° and 180°, respectively. For each upper and lower pulse sequeleast
ross-correlation rate (upper pulse sequence) and two independent mts are
quence): the open1H 90° and composite (90y–220x–90y) 1808 pulses are applie
erve cross-correlation effects during the period 2D, and scheme B functions as t
lation experiment (6) except the gradient coherence selection with sensi
he upper though the13C magnetization during the cross-relaxation period 2D is
5, 30, and 60 ms (upper), or 60, 120, 180, and 240 ms (lower). Every
3 5 x; f4 5 4(x), 4(y), 4(2x), 4(2y); f5 5 x; f6 5 2(x), 2(2x);
is achieved by alternation off5 betweenx and2x in concert with the polarit
by eacht1 increment in the States–TPPI manner (14, 24). All gradients are

1 ms);g3 (3 G/cm, 0.5 ms);g4 (7 G/cm, 1 ms);g5 (30 G/cm, 1 ms);g6 (30
(up
ang
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172 KOJIMA ET AL.
equired (9); otherwise the delay time 2D must be carefull
hosen. It is noted that theI A/I B intensity ratio is independe
f the JCC coupling effects.

MATERIALS AND METHODS

The sample used here was a DNA decamer duplex in w
very adenosine and guanidine is randomly fractionally
iched with 15% 13C and 98%15N stable isotopes. The s
uenced(CATTTGCATC) z d(GATGCAAATG) was selecte
ecause the solution structure of this oligomer has been
haracterized (15, 16). Additionally, detailed 13C relaxation
tudies in D2O (17) and free molecular dynamics (MD) sim

ation analysis (18) have been done with this sequence
ently. Details of the sample preparation were describe
revious reports (19). The NMR sample contained 0.9 mM
ouble strand dissolved in 20 mM phosphate buffer conta
00 mM NaCl and 0.1 mM EDTA, adjusted to pH 6.8. T
olvent was 90% H2O and 10% D2O. All NMR experiments
ere carried out on a Varian Inova-600 spectrometer oper
t 600 MHz 1H frequency, equipped with a pulsed field g
ient 1H/13C/15N triple-resonance probe head. Recorded m
es consisted of 128 (t1) 3 1024 (t2) data points with
cquisition times of 38 (t1) and 205 ms (t2). For scheme A
Fig. 1), 128 scans per FID were collected, whereas 32 s
ere acquired for Scheme B. Other acquisition param
ere described in the legends of Fig. 1. All 2D spectra w
rocessed on Sun Sparcstations or IRIS Indigo R5000 w
tations using nmrPipe software (NIH, Bethesda) (20) and our
ome-written Sparky software (UCSF, San Francisco). A
ization consisted of a 90°-shifted sine-squared window f

ion applied in thet2 dimension and a 90°-shifted sine funct
n the t1 dimension; data were zero-filled twice in each dim
ion prior to Fourier transformation. Intensities were ta
rom peak height measurements.

The longitudinal and transverse13C CSA and13C–1H dipolar
ross-correlation rates were determined from data acquir
hree temperatures using the following 2D delay times: 30 m
transverse, 10°C); 15, 30, 60, and 60 ms (transverse, 2
5, 30, 30, and 60 ms (transverse, 30°C); 180 ms (longitud
0°C); 60, 120, 180, and 240 ms (longitudinal, 20°C); 60,
80, and 240 ms (longitudinal, 30°C). The expectedJCC cou-
ling effects on the absolute intensity (vide supra) were no
vident for our uniformly 15%13C enriched sample at eith
8 or C2 positions. From Eqs. [5.1] and [5.2], a singleD
elay time is enough to determine a single cross-relax
ate, e.g., the data at 10°C. At 20° and 30°C, three or four d
imes were used to evaluate any dependence of the c
elaxation rate on delay time 2D. The intensityI A/I B ratio
alues agree very well with the theoretical relations a
unction of the delay time 2D shown in Eqs. [5.1] and [5.2
hat means there is no significant second-order effect o

A/I B ratio throughout the whole 2D period, where the cros
h
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orrelation effects between a13C–1H dipole and13C–13C dipole
ould become observable.
The longitudinal and transverse13C relaxation ratesR( 13CZ)

nd R( 13CX) were measured in a series of 2D heteronuc
13C–1H correlated spectra using INEPT and reverse IN
ulse sequences with a gradient sensitivity enhance
cheme (14, 21). For R( 13CX) measurements, the continuo
ave 13C spin–lock sequence was employed instead of
arr–Purcell–Meiboon–Gill pulse train, where the13C spin–

ock pulse field strength was 2.3 kHz (90° pulse width;110
s). The Levenburg–Marquardt algorithm of KaleidaGraph

Abelbeck Software) was used to extract the relaxation
onstants. Two parameter fitting (y 5 Ae2Bx) was applied
ssuming a monoexponential decay for cross-peak inten
he pulse repetition time was 1.5 s, i.e.,;3 times13C T1, and

he total acquisition time of each 2D spectrum was 3.5
.7 h forR( 13CX) andR( 13CZ) experiments, respectively. Ea
elaxation data set was recorded with the following relaxa
elay times: 50, 100, 150, 200, 250, 300, 400, and 500 m
(13CZ) and 8, 16, 24, 40, 56, and 72 ms forR( 13Cx). The tota
cquisition time forR( 13CX) and R( 13CZ) experiments was
ay and1

2 day, respectively.

RESULTS AND DISCUSSION

The overall correlation timetc was determined by tw
ifferent methods: by the13C T1/T2 ratio (5R( 13Cx)/R( 13Cz))
ethod and via Eq. [3]. As noted previously (2), for measure
ent of tc the T1/T2 ratio is assumed to be approxima

ndependent of internal motion; of course, this is not alw
rue for a flexible region of a molecule. TheJ(0)/J(vC) ratio
ethod (Eq. [3]) can determine the overall correlation t
nly when internal motion is negligible. For the DNA decam
sed here,J(0) and J(vC) were dominated by the over
otion (17), so internal motion was neglected as a first
roximation. The validity of this approximation will be ev
ated later. The apparent correlation time was determine
ach CH site of all purine bases by both methods, and
imply averaged over the nonterminal residues to estima
verall correlation time. On the basis of our previous res
17), the overall tumbling was assumed to be isotropic ra
han anisotropic and the terminal residues to be some
exible.
In Table 1 the correlation times obtained are shown

bserved transverse and longitudinal cross-correlation
nd theJ(0)/J(150) (5J(0)/J(vC)) ratio value. Within the
tandard deviation of averaging, both methods give iden
esults at the three temperatures: 10, 20, and 30°C. This m
he newly proposedJ(0)/J(vC) method of Eq. [3] works ver
ell for our DNA decamer molecule. We can first consi
hy theJ(0)/J(vC) method is successful. In the plot of Fig.

he behavior of theJ(0)/J(150) ratio is depicted as a functio
f the correlation time, based on Eq. [3]. At a glance,
(0)/J(150) value increases steeply with the correlation t
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173DD–CSA CROSS-CORRELATION
ncrease. This is because theJ(0)/J(150)ratio value is roughl
roportional to the square of the correlation time (see Eq.
he parabolic relationship shown here reduces the error i
orrelation time due to the experimental error of the obse
(13CX 3 213CX

1HZ)/R( 13CZ 3 213CZ
1HZ) ratio; there is a

eduction by a factor of about two as a relative error estim
y simple error propagation. Our DNA decamer results

llustrated in the lower panel of Fig. 2. It is noted that the T1
atio method also has a quite similar parabolic relation, so
erit is not limited to theJ(0)/J(vC) ratio method.
If there was any effect of chemical exchange on13C relax-

tion, the13C T2 value would be shortened and the T1/T2 r
onsequently increased. However, theJ(0)/J(vC) ratio method
s completely independent of such chemical exchange ef
s shown in Table 1, both the T1/T2 andJ(0)/J(vC) methods
ive identical correlation times, so it may be concluded

here are no or negligible chemical exchange effects on
orrelation time value derived. However, it is not safe
onclude there is no chemical exchange effect on13C T2
ecause of the following. The presence of a fast inte
otion contributes to aJ(0) value decrease, but a chemi
xchange effect works in the opposite way. As a result
pparentJ(0) may not change much, so the T1/T2 ra
ethod may not be very sensitive to chemical exchange. In
small (,3 Hz) but explicit effect of chemical exchange w

ound to be necessary to explain our13C relaxation data in D2O
17); the work reported in this paper has been done in H2O and
ould differ due to chemical exchange entailing exchange
rotons.
Internal motion clearly decreases theJ(0)/J(150) ratio val-

es. Such internal motion effects may be considered in
ontext of the Lipari–Szabo model-free formalism (22). From

TABLE 1
Transverse and Longitudinal Cross-Correlation Rates Mea-

ured at 14.1 T (600 MHz 1H Frequency), Spectral Density Ratio,
nd Isotropic Correlation Times of a DNA Decamer Duplex at 10,
0 and 30°Ca

30°C 20°C 10°C

(13CX 3 213CX
1HZ),

s21 12.836 2.50 16.706 2.87 26.756 5.52
(13CZ 3 213CZ

1HZ),
s21 1.926 0.30 1.646 0.26 1.646 0.24

(0)/J(150) 9.246 0.77 14.706 2.18 24.036 4.95

c(CSA–DD), ns 3.026 0.14 3.896 0.32 5.036 0.56

c(T1/T2), ns 2.866 0.21 3.816 0.33 5.256 0.73

a Each value is the average over all C8–H8 and C2–H2 positions, e
erminal residues, together with standard deviations on averaging.R( 13CX 3
13CX

1HZ) and R(13CZ 3 213CZ
1HZ) are the observed transverse and long

inal CSA–DD cross-correlation rates, respectively.J(0)/J(150) 5 (3/
)[2 3 R(13CX 3 213CX

1HZ)/R(13CZ 3 213CZ
1HZ) 2 1] is a ratio of spectra

ensity function values at 0 and 150 MHz.tc(CSA–DD) andtc(T1/T2) are the
sotropic correlation times, respectively determined from the CSA–DD c
orrelation rates (Eq. [3]) and by the T1/T2 ratio assuming no internal mo
).
he
d

d
e

is

ts.

t
e

al
l
e

ct

le

e

ur previous motional analysis of this oligomer, the gene
zed order parameterS2 and the internal motion correlatio
ime are determined to be 0.86 0.1 and 0.026 0.02 ns
espectively (17). Figure 3 shows the normalizedJ(0)/J(150)
atio values as a function of the generalized order parametS2,
here eachJ(0)/J(150) ratio value is normalized by the val
btained without internal motion. In the upper plots, the in
al motion correlation time is maintained at 0.02 ns but
verall correlation timetc is changed from 0.5 to 20 ns. Fo
articularS2 value, the accuracy of the overall correlation ti
etermination clearly bceomes more sensitive toJ(0)/J(150)
atio errors as the correlation time increases. However, ev
2 5 0.6 andtc 5 20 ns, the relative error intc does no
xceed more than 20%; this is due to the very fast inte
otion assumed here. In the lower plots of Fig. 3 the ov

FIG. 2. The relationship between theJ(0)/J(150)ratio and the correlatio
ime assuming the isotropic overall tumbling with no internal motion.J(0)/
(150) 5 (2p 3 150 MHz)2 3 (correlation time)2 1 1, whereJ(0) and
(150) are thespectral density values at 0 and 150 MHz, respectively.
ower panel is an expanded part of the upper one, where experimentaJ(0)/
(150) values for a DNA decamer duplex at 10°, 20°, and 30°C are pres
ith corresponding correlation times.
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orrelation time is kept at 3.0 ns, but the internal mo
orrelation timet i is changed from 0.02 to 2 ns. The lar
nternal motion correlation times give steeper decrease
(0)/J(150) ratio values withS2. If S2 5 0.6 andt i 5 2 ns,
he relative error intc approaches nearly 40%. Consider
oth plots and our previous motional analysis in D2O, it is
vident that our calculated overall correlation time may
nderestimated but by less than 5%. In general, when
mplitude of the internal motion and/or the internal mo
orrelation time is large, theJ(0)/J(150) ratio method shoul
ot be used to determine the overall correlation time becau

he large error that arises from neglecting internal motion
ther words, if the internal motion correlation time is not
nough, theJ(0)/J(150) ratio value leads to large systema
rrors in the correlation time determined. This problem is

FIG. 3. The effect of internal motion on theJ(0)/J(150) ratio value as
unction of the generalized order parameterS2. The Lipari–Szabo model-fre
ormalism is employed to assess the internal motion effects. In the uppe
he overall correlation timetc is changed from 0.5 to 20 ns, while the inter
orrelation timeti 5 0.02 ns. In thelower plots the internal correlation tim

i is changed from 0.02 to 2 ns, assuming the overall correlation timet 5 3.0
s. EachJ(0)/J(150) ratio value is normalized by the value obtained with

nternal motion.
in

e
he

of
n
t

t

imited to the J(0)/J(150) ratio method; the T1/T2 rat
ethod also has these demerits, so the problem is quite ge
or larger molecules which may have slower overall

nternal motions, the15N nucleus could be better than13C
ecauseJ(vC) is more sensitive to internal motion than
(vN) (10).

CONCLUSIONS

The longitudinal and transverse cross-correlation rate
ween the13C CSA and13C–1H dipolar interactions of purine
n a DNA duplex have been quantitatively measured. The
f the transverse and longitudinal cross-correlation r
(13CX 3 213CX

1HZ)/R( 13CZ 3 213CZ
1HZ), is theoretically

elated to the spectral density value ratioJ(0)/J(vC) without
ependence upon any structural or physical constants su

nternuclear distance, Larmor frequency, or chemical shift
or. Neglecting internal motion, the overall correlation time
he uniformly 15%13C-enriched DNA decamer are determin
rom the J(0)/J(vC) ratio values at three temperatures (1
0° and 30°C) in H2O. The differences between the aver
orrelation time values measured from the13C T1/T2 ratio and
rom theJ(0)/J(vC) ratio are smaller than the standard de
tion on averaging over all CH sites in the purine bases u
ither method. TheJ(0)/J(vC) ratio gives the correct correl

ion time neglecting the internal motion; this is due to the v
ast internal motion and the relatively high order param
alues (S2 ; 0.8) of the DNA decamer duplex. TheJ(0)/
(vC) ratio values, which can be determined from two rea
easured cross-correlation rates, should potentially giv
ore accurate information about molecular motions than

an obtain from13C T1, T2, NOE data. During the five-mon
nitial review of our manuscript, a paper appeared which
cribes essentially the same approach for15N–1H (23).
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