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Measurement of both longitudinal and transverse relaxation
interference (cross-correlation) between *C chemical shift anisot-
ropy and *C-"H dipolar interactions is described. The ratio of the
transverse to longitudinal cross-correlation rates readily yields the
ratio of spectral densities J(0)/J(wc), independent of any struc-
tural attributes such as internuclear distance or chemical shift
tensor. The spectral density at zero frequency J(0) is also indepen-
dent of chemical exchange effects. With limited internal motions,
the ratio also enables an accurate evaluation of the correlation
time for overall molecular tumbling. Applicability of this approach
to investigating dynamics has been demonstrated by measure-
ments made at three temperatures using a DNA decamer duplex
with purines randomly enriched to 15% in *C. e 1999 Academic Press
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INTRODUCTION

readily carried out and, in combination with the transvers
cross-correlation rate, can be useful for elucidati(@) with-
out exchange effects and, in the case of minimal interne
motions, determining the overall tumbling correlation time.
Specifically, the longitudinal and transverse cross-correlatio
rates for®*C CSA and™C—'H dipolar interactions in a DNA
decamer duplex have been measured and reported here.

MEASUREMENT OF DD-CSA CROSS-CORRELATION

Relaxation interference between tH€ CSA and“*C-'H
dipole—dipole (DD) interactions results in the tWiC—{"H}
doublet components differing in both the transverse and lor
gitudinal relaxation rates$8). The**C cross-correlation rates
are given hy

R( 13Cxé 213Cx 1Hz) = 2ad{4\](0) + BJ(wc)}
R(®C, — 21C, H,) = 2ad{6J(wo)},

[1.1]
Heteronuclear NMR techniques developed in the last decade
enable more accurate determination of the frequency and am- [1.2]
plitude of overall molecular tumbling and internal fluctuations,
especially for proteinsl-5). These techniques are based privherea = —2Boré/(3hyy) X f(ox, oy, 02), d = h*yivyé
marily on "H-detectedN/**C/°H relaxation analysis and are(5r&w, and f(ox, oy, 02) = [0x(3 coS0x — 1) + o(3
also applicable to nucleic acids, althou§é and™N chemical C€0S0y — 1) + 0(3 cos6, — 1)1/ 2. v; is the gyromagnetic
shift anisotropy (CSA) values of some nucleic acid residues d@sio of spini, rq is the distance betweeir and “C nuclei,
still unknown. Recently, transverse relaxation interferend® is the magnetic field strengthyc is the carbon Larmor
(cross-correlation) between tH&8N CSA and*N-'H dipolar frequency,o; is theith principal component of the chemical
interactions of peptide backbone amides has been quantfift tensor, and co®; is the direction cosine defining the
tively measured, and this cross-correlation was demonstra@ientation of the“C—'H bond with respect to thith axis of
to be directly proportional to the generalized order paramefée “C chemical shift tensor. The coefficientsandd are not
S? (6) However, in principle, the strength of the relaxatiofPhysical constants, because valuesrfgr, o and coso; are
interference depends on the angles between the unique axegdayfconstants, 10. It is apparent from Egs. [1.1] and [1.2]
the CSA and dipolar tensors, so neither CSA values nor valuggt the ratio of spectral density valuekp)/J(wc), is inde-
of the spectral density(w) are determined from such transendent of the coefficients andd and is determined from
verse cross-correlation experiments. As we demonstrate héfg, two cross-correlation rate®(**Cx — 2*°C« 'H,) and
measurement of the longitudinal cross-correlation rate can 6 'C. — 2"°C; 'H,), as
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Unlike the typically measured transverse relaxation rateansverse (upper) or two-spin longitudinal (lower) magnetiza
R(**Cy) or rotating frame relaxation rate, the transverse crods#n relaxes at a rat®(2*°C, ‘H,) = R(2**C, 'H, — *°C,)
correlation rateR(**Cyx — 2"°Cy 'H,) is not affected by chem- or R(2"°C, 'H;) + R(2"°C, 'H, — °C,), respectively. At
ical exchange effects. Furthermot¥w.) can be deduced by time point b in Fig. 1, the transverse or longitudinal magneti
the full or reduced spectral density mapping proceddte-( zation is given by

13), so the true)(0) value can be determined from Eq. [2]. The

spectral density mapping procedures performed at one mag(trans)= (C,H, + C,/ 2)exd —2A(R(2%3C, 'H,)
netic field strength can yield an apparent value J(0), but

that value may contain contributions from chemical exchange; + R(2Cy *H; > 1Cy))]

such chemical exchange contributions can be distinguished by + (CH, — CJ/2)exd —2A(R(2%C, H,)
carrying out measurements at several magnetic field strengths

enabling the trug(0) value to be determined {). However, — R(2¥Cy 'H; > *Cy))]

when only one or two magnetic fields are available, it would be = CH,(e5 + ex) + Cyles — €x)/2 [4.1]

much better to utilize Eqg. [2] to determine the trl®). a1
If molecular tumbling is assumed isotropic, the correlation o (Iong) = (C;H; + Cz/ 2)exd —2A(R(27°C; Hy)

time is determined without any information abalft.): + R(213C, H, — 13C)))]
T we \Jwo) — R(2%C; 'H, — ¥Cy)]
1 R(C, — 2%°C, H,) , . = CzHz(e; + €7) + Cyle; — €7)12, [4.2]
" 20c U R(®C,—>25C, Hy) 3]

wheree, = exp[-2A(R(2¥Cy 'H,) + R(*®C, — 2"C, 'H,))]
ande; = exp[-2A(R(2¥C;, 'H,) = R(®C, — 2"C, 'H,))].
Some relationships are used from the definitigy) R(**Cy —
2C, *H,) = R(*C, — 2"C, 'H,) = R(2"C, 'H, — **C,) and
R(**C, — 2"°C, 'H,) = R(2"C, 'H, — C,). With scheme
A'in Fig. 1, the'H 90° pulse just after time point b combined
Pulse Schemes for Measurement of Cross-Correlation Raté%'th_the field graQ|eng4 .destroys all two-spin ?’der magne-
tization; thus at time point cg(trans) = —Cy(ex — €x)/2
Figure 1 shows pulse schemes for quantitative measuremantio.(long) = —C,(e; — €,)/2. These in-phase components
of transverse (upper) and longitudinal (lower) cross-correlati@mne converted to antiphase during the delay=21/(2 *Jc.),
between**C—'H dipolar coupling and*C CSA. The pulse prior tot1 evolution. In scheme B, on the contrary, all mag-
sequence to record transverse CSA-DD cross-correlation raietizations are maintained as at time point ¢, whe(eans)=
of nitrogen,R(**Ny — 2*°Ny *H;), reported previouslyg) is —CyH(ex + €x) — Cy(ex — €x)/2 ando(long) = —CH,
identical to the upper sequence of Fig. 1 except for the gradi¢et + e,) — Cy(e; — €7)/2. After the period 2 both the
coherence selection with the sensitivity enhancement scheamiphase and in-phase terms remain unchanged, as the cc
(14), which is set for°C. The lower sequence is quite similaposite 'H pulse is not applied in scheme B. Both terms are
to the upper, although thEC magnetization relaxing during labeled at a*C frequency, and the antiphase magnetization
the cross-relaxation periodA2is longitudinal magnetization are refocused to the observabld magnetization. However,
instead of transverse magnetization. Each pulse sequencehésin-phase components are not refocused because they
essentially a HSQC experiment with a transverse or longitudiain in-phase at the end of periotl. Thus, the ratio of the
nal cross-relaxation period\inserted before th€C evolution signal intensities obtained with schemes A and B becomes
period. To derive the longitudinal cross-correlation rate (lowaimple function of the CSA-DD cross-correlation rates.
pulse sequence), at least two independent measurements are

The equations above are also applicable™d nuclei; the
values or terms pertaining t6C, e.g.,wc, R(**Cx — 2"°Cy
'H,), R(**C, — 2'°*C, 'H,), are simply replaced by those
for **N.

required: the operntH 90° and composite (9622090, |15 (trans)= (e — ex)/(e5 + €x)

180C° pulses are either applied (scheme A) or not applied

(scheme B). The difference between scheme A and scheme B = tarh(2AR(¥Cx — 2"Cx *Hy))  [5.1]
enables observation of cross-correlation effects during the pe- 115 (long) = (€7 — €;)/(e: + €5)

riod 2A. Likewise, at least two independent measurements are

required to derive the transverse cross-correlation rate (upper = tarh(2AR(*°C; — 2%°C; 'Hz)). [5.2]

pulse sequence).
In all schemes;H magnetization is transferred tC at time For both pulse sequences, intensity losses caused by ott
point a in Fig. 1. During the relaxation period 2the antiphase relaxation processes are identical in schemes A and B. Durir
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FIG. 1. Pulse schemes for quantitative measurements of transverse (upper) and longitudinal (lower) cross-correlatioi*Getitedipolar coupling and
3C chemical shift anisotropy. Narrow and wide pulses correspond to flip angles of 90° and 180°, respectively. For each upper and lower pulse segsence
two independent measurements are required to measure the transverse cross-correlation rate (upper pulse sequence) and two independdatareast
required to measure the longitudinal cross-correlation rate (lower pulse sequence): tHél @f¥nand composite (96220-90,) 180 pulses are applied
(scheme A) or not applied (scheme B). In scheme A, the experiments observe cross-correlation effects during tha, pamtbdcheme B functions as the
reference. The upper sequence is identical to that of a repGitedross-correlation experimens)(except the gradient coherence selection with sensitivity
enhancementld) is applied for**C. The lower sequence is quite similar to the upper though*thenagnetization during the cross-relaxation periddi®
longitudinal instead of transverse. Delay durations: 1.19 ms £ 'J¢), 2A = 15, 30, and 60 ms (upper), or 60, 120, 180, and 240 ms (lower). Every puls
phase isx unless indicated. Phase cyclingl = y, —y; $2 = 2(X), 2(—X); $é3 = X; ¢4 = 4(X), 4(y), 4(—X), 4(=Y); ¢5 = X; $6 = 2(X), 2(—X);
Receiver= x, 2(—x), X, —X, 2(x), —x. Quadrature detection in th& dimension is achieved by alternation¢f between< and—x in concert with the polarity
of the gradientg6, and additional 180° increment @f3 (or ¢6) and receiver by eactl increment in the States—TPPI mann&4,(29. All gradients are
rectangular. GradientgiO (5 G/cm, 0.5 ms)gl (3 G/cm, 0.3 ms)g2 (8 G/cm, 1 ms)g3 (3 G/cm, 0.5 ms)g4 (7 G/cm, 1 ms)g5 (30 G/cm, 1 ms)g6 (30
G/cm, 0.25 ms).

the time period b to c1 ms) in Fig. 1, the 2¢H, term in experience identical coupling effects. However, the absolute
scheme A relaxes faster than doesi scheme B. However, value of the observed intensitiés andlz may change signif-
the 1 ms duration is more than two orders of magnitude shorteantly depending on the magnitude of thg. coupling con-
than the inverse of the difference in relaxation rates ofl2C stants and the delay time\2according to the functioml;(cos
and G, so the difference is negligible. In the transverse exr(nJcc)i2A), because th€C 90} pulse just after time point b
periments (upper pulse sequence), any homonucf€s°C combined with the field gradiem4 in Fig. 1 destroys all ¢
scalar couplings may evolve durind2Such coupling will not and 2GH, magnetization generated hj.. couplings. To
affect thel ./l ratio value, because scheme A and B eadvoid this problem, a more complicated pulse sequence
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required @); otherwise the delay timeX2 must be carefully correlation effects between**C—"H dipole and**C—"C dipole
chosen. It is noted that tHg/l 5 intensity ratio is independent could become observable.
of the Jc coupling effects. The longitudinal and transvers& relaxation rate®(*°C,)
and R(**Cy) were measured in a series of 2D heteronuclea
“C—'H correlated spectra using INEPT and reverse INEP
MATERIALS AND METHODS pulse sequences with a gradient sensitivity enhanceme
scheme 14, 21). For R(**Cy) measurements, the continuous-
The sample used here was a DNA decamer duplex in whiatave “°C spin—lock sequence was employed instead of th
every adenosine and guanidine is randomly fractionally e@arr—Purcell-Meiboon-Gill pulse train, where tH€ spin—
riched with 15%*°C and 98%"N stable isotopes. The se-lock pulse field strength was 2.3 kHz (90° pulse widti10
quenced(CATTTGCATC) - d(GATGCAAATG) was selected ws). The Levenburg—Marquardt algorithm of KaleidaGraph 3.
because the solution structure of this oligomer has been w@belbeck Software) was used to extract the relaxation rat
characterized 15, 16. Additionally, detailed™C relaxation constants. Two parameter fitting/ (= Ae ®) was applied,
studies in DO (17) and free molecular dynamics (MD) simu-assuming a monoexponential decay for cross-peak intensitie
lation analysis 18) have been done with this sequence reFhe pulse repetition time was 1.5 s, i.e.3 times**C T1, and
cently. Details of the sample preparation were described time total acquisition time of each 2D spectrum was 3.5 an
previous reports19). The NMR sample contained 0.9 mM of1.7 h forR(**Cy) andR(**C,) experiments, respectively. Each
double strand dissolved in 20 mM phosphate buffer containinglaxation data set was recorded with the following relaxatiol
100 mM NaCl and 0.1 mM EDTA, adjusted to pH 6.8. Thelelay times: 50, 100, 150, 200, 250, 300, 400, and 500 ms f
solvent was 90% kD and 10% DO. All NMR experiments R(**C,) and 8, 16, 24, 40, 56, and 72 ms ®{'°C,). The total
were carried out on a Varian Inova-600 spectrometer operatiagguisition time forR(**Cy) and R(**C,) experiments was 1
at 600 MHz 'H frequency, equipped with a pulsed field graday and; day, respectively.
dient *H/**C/*N triple-resonance probe head. Recorded matri-
ces consisted of 128tY) X 1024 (2) data points with RESULTS AND DISCUSSION
acquisition times of 38t() and 205 mst@). For scheme A
(Fig. 1), 128 scans per FID were collected, whereas 32 scan3he overall correlation timer, was determined by two
were acquired for Scheme B. Other acquisition parametatifferent methods: by th&€C T1/T2 ratio (= R(**C,)/R(**C,))
were described in the legends of Fig. 1. All 2D spectra weraethod and via Eq. [3]. As noted previousR),(for measure-
processed on Sun Sparcstations or IRIS Indigo R5000 workent of 7, the T1/T2 ratio is assumed to be approximately
stations using nmrPipe software (NIH, Bethesd)) @nd our independent of internal motion; of course, this is not alway:
home-written Sparky software (UCSF, San Francisco). Aptrue for a flexible region of a molecule. Tt#0)/J(w¢) ratio
dization consisted of a 90°-shifted sine-squared window funaiethod (Eq. [3]) can determine the overall correlation time
tion applied in theé2 dimension and a 90°-shifted sine functioronly when internal motion is negligible. For the DNA decamer
in thetl dimension; data were zero-filled twice in each dimemssed hereJ(0) and J(wc) were dominated by the overall
sion prior to Fourier transformation. Intensities were takemotion (17), so internal motion was neglected as a first ap
from peak height measurements. proximation. The validity of this approximation will be eval-
The longitudinal and transvers$¥c CSA and*C—"H dipolar uated later. The apparent correlation time was determined fi
cross-correlation rates were determined from data acquireceath CH site of all purine bases by both methods, and the
three temperatures using the following gelay times: 30 ms simply averaged over the nonterminal residues to estimate tl
(transverse, 10°C); 15, 30, 60, and 60 ms (transverse, 20°@Jerall correlation time. On the basis of our previous result
15, 30, 30, and 60 ms (transverse, 30°C); 180 ms (longitudinély), the overall tumbling was assumed to be isotropic rathe
10°C); 60, 120, 180, and 240 ms (longitudinal, 20°C); 60, 12than anisotropic and the terminal residues to be somewh
180, and 240 ms (longitudinal, 30°C). The expeciggdcou- flexible.
pling effects on the absolute intensityide supra were not In Table 1 the correlation times obtained are shown witt
evident for our uniformly 15%°C enriched sample at eitherobserved transverse and longitudinal cross-correlation rat
C8 or C2 positions. From Egs. [5.1] and [5.2], a single 2and theJ(0)/J(150) (=J(0)/J(wc)) ratio value. Within the
delay time is enough to determine a single cross-relaxatistandard deviation of averaging, both methods give identic:
rate, e.g., the data at 10°C. At 20° and 30°C, three or four delasults at the three temperatures: 10, 20, and 30°C. This mee
times were used to evaluate any dependence of the crase newly proposed(0)/J(wc) method of Eq. [3] works very
relaxation rate on delay timeA2 The intensityl /lg ratio well for our DNA decamer molecule. We can first considel
values agree very well with the theoretical relations as vehy theJ(0)/J(wc) method is successful. In the plot of Fig. 2,
function of the delay time &2 shown in Eqgs. [5.1] and [5.2]. the behavior of thd(0)/J(150) ratio is depicted as a function
That means there is no significant second-order effect on thiethe correlation time, based on Eq. [3]. At a glance, the
I /1 ratio throughout the wholeX® period, where the cross-J(0)/J(150) value increases steeply with the correlation time
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TABLE 1 our previous motional analysis of this oligomer, the general
Transverse and Longitudinal Cross-Correlation Rates Mea- ized order paramete®’ and the internal motion correlation
sured at 14.1 T (600 MHz "H Frequency), Spectral Density Ratio, time are determined to be 0.8 0.1 and 0.02+ 0.02 ns,
and Isotropic Correlation Times of a DNA Decamer Duplex at 10, respectively {7). Figure 3 shows the normalizelf0)/J(150)
20 and 30°C* ratio values as a function of the generalized order pararg2ter
where eacld(0)/J(150)ratio value is normalized by the value

30°C 20°C 10°C _ X \ ¢ .
obtained without internal motion. In the upper plots, the inter
R(**Cyx — 2Cy 'H,), nal motion correlation time is maintained at 0.02 ns but the
i’l s 12.83+250  16.70+2.87  26.75:5.52  gyerall correlation timer, is changed from 0.5 to 20 ns. For a
R(TC, = 27°C; Ha), particularS? value, the accuracy of the overall correlation time
s 1.92+ 0.30 1.64* 0.26 164024 ok learlv b Ve ©)/3(150
3(0)/3(150) 024077 14708218 24.03: 495 Jetérmination clearly bceomes more sensitivel(@)/J(150)
7(CSA-DD), ns 3.02- 0.14 3.89+ 0.32 5.03+ 0.56 ratio errors as the correlation time increases. However, even
7(T1/T2), ns 2.86+ 0.21 3.81+ 0.33 525+0.73 S* = 0.6 andr, = 20 ns, the relative error in, does not

exceed more than 20%; this is due to the very fast interns

# Each value is the average over all C8—H8 and C2—-H2 positions, exceRbtion assumed here. In the lower plots of Fig 3 the overa

terminal residues, together with standard deviations on averaB{tCyx —
28Cy H,) and R(*C, — 2C, 'H,) are the observed transverse and longitu-

dinal CSA-DD cross-correlation rates, respectivel§0)/J(150) = (3/

4)[2 X R(™Cy — 28Cy H)R(®C, — 2"°C, 'H,) — 1] is a ratio of spectral 400 ————— ——— ——
density function values at 0 and 150 MHz(CSA-DD) andr.(T1/T2) are the = ]

isotropic correlation times, respectively determined from the CSA-DD cross- 850 3 ]
correlation rates (Eq. [3]) and by the T1/T2 ratio assuming no internal motion. 300 _ ﬁ

5 250 F .
increase. This is because th®)/J(150) ratio value is roughly § 200 b 1
proportional to the square of the correlation time (see Eq. [3]).&

The parabolic relationship shown here reduces the error in the” 150 - 3
correlation time due to the experimental error of the observed 100 F
R(*Cyx — 2%Cy4 'H,)/R(**C, — 2"°C, 'H,) ratio; there is a g
reduction by a factor of about two as a relative error estimated g
by simple error propagation. Our DNA decamer results are ot S e S
illustrated in the lower panel of Fig. 2. Itis noted that the T1/T2 0 5 10 15 20
ratio method also has a quite similar parabolic relation, so this correlation fime (nsec)
merit is not limited to thel(0)/J(w¢) ratio method.

If there was any effect of chemical exchange 4@ relax-
ation, the**C T2 value would be shortened and the T1/T2 ratio
consequently increased. However, #(i8)/J(w) ratio method 30 L e e ISR
is completely independent of such chemical exchange effects. i 1
As shown in Table 1, both the T1/T2 ad)/J(wc) methods 25 [ 24.03 (10°C) ]
give identical correlation times, so it may be concluded that ]
there are no or negligible chemical exchange effects on the.
correlation time value derived. However, it is not safe to
conclude there is no chemical exchange effect @ T2 i 1470 20°0)
because of the following. The presence of a fast internal E 5.08 (10°C)
motion contributes to d(0) value decrease, but a chemical ] ]
exchange effect works in the opposite way. As a result, the 10 | 9243070 489 (20°0) ]
apparentJ(0) may not change much, so the T1/T2 ratio i 3.02 (30 °C) ‘ ]
method may not be very sensitive to chemical exchange. In fact sl b
a small €3 Hz) but explicit effect of chemical exchange was 25 8.0 8.5 40 45 5.0 5.5
found to be necessary to explain (€ relaxation data in BD correlation time (nsec)
(17); the work reported in this paper has been donei®ldnd  FIG.2. The relationship between tt3¢0)/J(150)ratio and the correlation
could differ due to chemical exchange entailing exchangealtifee assuming the isotropic overall tumbling with no internal motia(@)/
protons. J(150) = (2 X 150 MHz) X (correlation time} + 1, whereJ(0) and

. . J(150) are thespectral density values at 0 and 150 MHz, respectively. The
Internal motion Clearly decreases tﬂ'(@)/J(lSO) ratio val- lower panel is an expanded part of the upper one, where experin¥ajal

ues. Such internal motion effects may be considered in th&so)values for a DNA decamer duplex at 10°, 20°, and 30°C are presente
context of the Lipari—-Szabo model-free formalisg2). From with corresponding correlation times.
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1 limited to the J(0)/J(150) ratio method; the T1/T2 ratio
095 - method also has these demerits, so the problem is quite gene
[ /1=06nsec For larger molecules which may have slower overall anc
g 0% ¢ E internal motions, the®®N nucleus could be better thafiC
g 0.85 [ 3 becausel(wc) is more sensitive to internal motion than is
;;,’ 0o | E J(wy) (20).
N L
E 07 ] CONCLUSIONS
g :
o The longitudinal and transverse cross-correlation rates b
065 | ] tween the®C CSA and”®C—"H dipolar interactions of purines
0.60 - : in a DNA duplex have been quantitatively measured. The rati
0 02 04 0.6 0.8 ! of the transverse and longitudinal cross-correlation rate
s R(*Cy, — 2%CIH,)/R(**C, — 2%CiH,), is theoretically
related to the spectral density value ral®)/J(wc) without
dependence upon any structural or physical constants such
; [ internuclear distance, Larmor frequency, or chemical shift ter
sor. Neglecting internal motion, the overall correlation times o
0.95 |- E the uniformly 15%"C-enriched DNA decamer are determined
5 090l vi=0.02 nsec E from the J(0)/J(w() ratio values at three temperatures (10°,
§ 05 b ] 20° and 30°C) in HO. The differences between the average
) ’ 1 correlation time values measured from tfi@ T1/T2 ratio and
T 080 7 from the J(0)/J(w) ratio are smaller than the standard devi-
% o7s b E ation on averaging over all CH sites in the purine bases usir
5 oz ] either method. Thd(0)/J(w() ratio gives the correct correla-
070 F E tion time neglecting the internal motion; this is due to the ven
0.65 [ 20 ] fast internal motion and the relatively high order paramete
0.60 A A A values & ~ 0.8) of the DNA decamer duplex. Théd(0)/
0 0.2 0.4 0.6 0.8 1 J(wc) ratio values, which can be determined from two readily
s? measured cross-correlation rates, should potentially give

FIG. 3. The effect of internal motion on th&0)/J(150) ratio value as a more acc_:urate |3nformat|on about m0|eCUI.ar motlc_)ns than w
function of the generalized order parame®r The Lipari-Szabo model-free Can Obta'_n from*C T1, T2, NQE data. During the flve'month
formalism is employed to assess the internal motion effects. In the upper pltdlial review of our manuscript, a paper appeared which de
the overall correlation time, is changed from 0.5 to 20 ns, while the internalscribes essentially the same approach'fbi='H (23).
correlation timeri = 0.02 ns. In thdower plots the internal correlation time
7; is changed from 0.02 to 2 ns, assuming the overall correlation time3.0
ns. Eachl(0)/J(150) ratio value is normalized by the value obtained without
internal motion.
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