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Abstract: Rotating-frame relaxation rates, Ri,, are often measured in NMR studies of protein dynamics.
We show here that large systematic errors can be introduced into measured values of heteronuclear Ry,
rates using schemes which are usually employed to suppress cross-correlation between dipole—dipole
and CSA relaxation mechanisms. For example, in a scalar-coupled two-spin X—H spin system the use of
1H WALTZ16 decoupling or 'H pulses applied at regularly spaced intervals leads to a significant
overestimation of heteronuclear Ry, values. The problem is studied experimentally and theoretically for
N—H and '¥C—!H spin pairs, and simple schemes are described which eliminate the artifacts. The
approaches suggested are essential replacements of existing methodology if accurate dynamics parameters

are to be extracted from spin-lock relaxation data sets.

Introduction

Heteronuclear NMR spin-relaxation measurements provide
a powerful tool to probe conformational dynamics in macro-
molecules:™ N relaxation methods are now routine for
studying backbone mobility in proteins® and have been
supplemented in the past few years by fAé@and?H relaxation
techniques, allowing direct probes of protein side-chain
dynamicss~1* Many relaxation experiments rely on the applica-
tion of on- or off-resonance radio frequency (rf) fields which
lock magnetization along the effective field in the rotating
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framel®> On-resonance rotating frame relaxation experiments
have been used routinely to estimate transverse relaxation rates,
Ry, for the analysis of pico- to nanosecond time-scale dynamics
in proteinst® Off-resonance experiments, in turn, have been
employed to quantify micro- to millisecond time scale confor-
mational exchange in macromoleculés?! Recent theoretical
developments suggest that rotating-frame experiments are likely
to be extremely useful in characterizing exchange processes that
are outside the fast-exchange lirfit.

The accurate description of protein dynamics by NMR is
predicated on the use of robust experimental methods that are
free of any systematic errors. Uncertainties in heteronuclear
autorelaxation rates on the order 6f2% are usually obtained
from exponential fitting of signal intensities in a series of
relaxation spectra or in repeated measurementhis is,
however, a very optimistic estimate if one considers the potential
systematic errors that may be inherent to a particular experiment
or that may be introduced due to hardware imperfections. For
example, heteronucled, values derived fronRy, measure-
ments can be affected by poor alignment of magnetization along
the effective field?° miscalibration of the spin-lock field strength
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used for the correction of resonance offset effects, spin-lock dimensional spectra recorded with different relaxation delays. Maximal
field inhomogeneity, and power losses after long rf irradiation. ~ delays employed were 750 and 200 ms fr and R(CPMQG),
Systematic biases may also be introduced ifo values respectively, with the spacing betweéiN x pulses in the CP_MG
measured in spirecho experiments due to off-resonance effects Seéduence set to 0.66 ms. TR(CPMG) values were numerically

of 7 pulses in CPMG pulse traifé25and a recent repdtthas corrected to account for off-resonance effects associated with the CPMG
described how such artifacts can be corrected, yielding accuratqf;?;#:g\]/gefgﬁesal field strength of 5.4 kHz), as described by
transverse relaxation rates. IncreaBedates obtained frorRy, 15 R ' btained using the pul hown in Fi
measurements relative to those measured from CPMG-based 1, rates were obtained using the pulse sequence shown in Figure

. The essential elements of the pulse scheme have been described
pulse sequence®(CPMG), were noted in several backbone hreyiousiy® and will not be repeated here. Note that during the spin-

5N relaxation studi€8-?>2" and could not be explained by  |ock period of duratioT magnetization from eackN spin is placed
properly taking into account off-resonance effects in the CPMG along an effective field given by the vector sum of theBf)(field and
experimentg4 the residual Zeeman field, which differs for each distitt nucleus.
Cross-correlation between dipeldipole and chemical shift ~ This is achieved in all experiments described in the present work using
anisotropy (CSA) relaxation mechanisms complicates the mea_s_cheme 1 of Figure_ 1 in_which _chemical shif;precession occurs for
surement of heteronuclear autorelaxation rates in prétsin fixed delays, described in detail elsewh&&:=' Placement of the
1H and3C—1H spin pair8-30 The application of either proton magnet|zat|on_ in t_hls dll‘eCtIOI’l. ensures that there is little sgnsmwty
. . loss due to rf field inhomogeneity which would lead to the rapid decay
7 pulses 03rl proton C(_)mpOSI'_[e .pulse decoupling schemes (_e'g"of the component of the signal that is orthogonal to the effective spin-
WALTZ16%) essentially eliminates these cross-correlation |, axis. An improved version of the experiment, described in Mulder
effects in heteronucleaR(CPMG) andRy, experimentg?-* et al?® (scheme 2 in Figure 1), uses adiabatic pulses to achieve

although elevate®,(CPMG) values resulting from imperfec-  alignment of magnetization vectors from individual amide sites along
tions in decoupling have been reporf8d® In the present  their effective fields. The conclusions obtained in the present study

contribution we show that the use of eithét 7 pulses orfH with regard to the experimental schemes of Figure 1 are equally valid
decoupling during the spin-lock period can lead to systematic for sequences which use these adiabatic pulses.
overestimations of heteronucleBi, values, potentially com- To assess the efficacy of a number of different approaches for

promising their use in the characterization of protein dynamics. Suppression of cross-correlation betwé#—'H dipolar and*N CSA
Herein, we describe the origin of such artifacts and illustrate ré'axation mechanisms we have used the sequence of Figure 1, with
both with experimental and simulated data that the effects can V?(;'t%zsof#?p;isﬁlotﬂen;e?;ﬂi rseﬁgeggrr]‘:Z#] ibsyvxllgﬁer?:oit:e% ";’: dthe
be substantial. Subsequently, simple experimental pulse schemeg P pe X i ) o

are presented which remove cross-correlation effects without., * relaxation rate of the side chaifi indole spin of this residue can

¢ > ST EE therefore be obtained rapidly by recording a series of one-dimensional
introducing systematic bias iRy, values. These schemes are  gpecira with variable spin-lock timeB(Figure 1).35N¢ Ry, values were

applied to the measurement BN Ry, values in protein L, @ obtained by exponential fitting of signal decays composed of at least

small folded domain composed of 63 resid&&¥ Excellent 12 data pointsT values ranging from 10 to 180 ms). In addition we
correlations betweeR, rates measured via the CPMG experi- have also measuréfN¢ R; and R,(CPMG) rates for this residue with
ment and the nevR,, schemes are demonstrated. the®N carrier placed on resonand®y, values for all of the backbone
15N spins of protein L were obtained from a set of two-dimensional
Materials and Methods Ry, spectra with a maximum spin-lock duration of 120 ms. In all cases

N R; values were obtained from measufg andR; rates according
to R, = (Ry, — Ry cog 09)/sir? Os, wherefs = arccotQg/vig), visis
15N spin-lock field strength (in Hz), an@s is the resonance offset
from the spin-lock carrier (Hz).

We have also extended our studies to include measuremeHs of
Ru, R(CPMG), andRy, rates in*3C—H spin pairs. Specifically in this
case, all experiments were performed on a sample of fractionally
deuterated pyruvate labeled witfC at the methyl position, dissolved
in deuterated glycerol. Pulse schemes, analogous to the sequence

described by Ishima et &.have been employed, with selection of
(23) fl%c-:;nlnze(’ugues, M.; Berthault, P.; Desvaux,JHMagn. Resonl999 136 methyl isotopomers of the fordfCHD,, so that!3C relaxation in an
(24) Korzhnev, D. M.; Tischenko, E. V.; Arseniev, A. $.Biomol. NMR200Q AX spin system (to good approximation) could be investigated. All

17, 231-237. ) experiments on pyruvate were recorded at 278 K at 11.7 T with spin-
(25) Ross, A.; Czisch, M.; King, G. G1. Magn. Reson1997, 124, 355-365.

(26) Lee, B. M.; De Guzman, R. N.; Turner, B. G.; Tjandra, N.; Summers, M. lock periodsT varying from 0 to 128 ms.

Relaxation Measurements!N Spin-relaxation measurements were
performed on a sample of the spectrin SH3 dorf{gBimM in protein,
pH 3.5, 90% HO, 10% BO, 1 uM leupeptin, 1uM pepstatin, 800
uM Pefabloc, 278 K) at 11.7 T and on a sample of protein L (1.8 mM
in protein, 50 mM sodium phosphate buffer, pH 6.0, 298 K) at 14.1 T.
15N R; andR,(CPMG) values were measured as described previdsly.

N R; andR,(CPMG) values of backbone amides in protein L were
obtained by fitting the intensities of cross-peaks in a set of two-
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ee, A. L. and, A. . blomol. )y — . . .
(28) Boyd, J.: Hommel, U.; Campbell, I. Zhem. Phys. Lett.99Q 175 477— calibrated accord_lng t_o the method of I_Desv_aw_( an_d CO-WorReDR
482 the probes used in this study the resulting distributions are almost

(29) l\agllmg{{yé-lgg?z37'39'%%%_';‘-13-; Chazin, W. J.; Wright, P. E.; Rance, M. gymmetric with center (Hz)/half-width (Hz) of 1170/4%N, spectrin

(30) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.Magn. SH3 domain, 11.7 T), 1630/68°, protein L, 14.1 T) and 1810/60
Reson.1992 97, 359-375. (*%C, pyruvate, 11.7 T).

(31) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJRMagn. Resonl1983 . . . . . . L
52, 335-338. Numerical Simulations. Simulations of spin dynamics in they,

(32) Wikstrom, M.; Drakenberg, T.; Forsen, S.; Sjobring, U.; Bjorck, L. experiments of Figure 1 were performed by numerical solution of the
Biochemistry1994 33, 1401114017.

(33) Scalley, M. L.; Yi, Q.; Gu, H. D.; McCormack, A.; Yates, J. R.; Baker, D.

Biochemistryl1997 36, 3373-3382. (36) Griesinger, C.; Ernst, R. R. Magn. Reson1987, 75, 261-271.
(34) Blanco, F. J.; Ortiz, A. R.; Serrano, L. Biomol. NMR1997, 9, 347-357. (37) Yamazaki, T.; Muhandiram, R.; Kay, L. B. Am. Chem. S0d.994 116,
(35) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay, C. M.; 8266-8278.
Gish, G.; Shoelson, S. E.; Pawson, T.; Formankay, J. D.; Kay, L. E. (38) Ishima, R.; Louis, J. M.; Torchia, D. Al. Am. Chem. Sod999 121,
Biochemistry1994 33, 5984-6003. 11589-11590.

10744 J. AM. CHEM. SOC. = VOL. 124, NO. 36, 2002



Measurement of Heteronuclear R;, Rates

ARTICLES

y
Wbl

Scheme 1

Ira'caataf)8

5N I I

&,
L

9.9 3 3

9: 9.

2100000

:LQ

Y

Scheme 2

a-d

y

|I ( Spin—lockl \

9 9

9 9,9

s

o 4[] [If] N1

[

[ = I - ]

° ° ¢ [cw d fcw
d s d d d d, d, d.d,
[ waLTz16 | [xTxTxT-] M < |
N )n

Figure 1. Pulse schemes for the measurement®™f Ry, values. Scheme 1 is an experiment proposed by Akke and Péimigite scheme 2 shows the
improved sequence of Mulder et®@INarrow (wide) solid bars correspond 42 () rf pulses applied with phase unless indicated otherwise, at a carrier
frequency ofwc. In scheme 1 the narrow open bars #ié pulses with flip angles ofi/2 — arccot@/v1s), wherevssis the!>N spin-lock field strength and

Q is the spin-lock offset fronwc. The phases of these pulses are inverted when the sighabfanges. Note that the carrier is switched fregto wct+Q
immediately prior toT and then back right after. In scheme 2 adiabatic pulses are used to transfer magnetization freawisht® the off-resonance
spin-lock field and vice versa, as described by Mulder e’Asee this paper for details). Experiments in the present paper were recorded with scheme 1.
All H pulses, except those used to attenuate cross-correlation duritiylthgin-lock, are applied with the carrier frequency centered on the water resonance.
The CW and WALTZ16! *H decoupling schemes-6 kHz fields) are centered in the middle of the amide region. During the spin-lock interval of duration

T an N field of ~1.7 kHz is typically employedA 1 kHz 15N WALTZ16 decoupling field®! is employed during acquisition. Values of the delaysare
= 2.25 ms,tp = 1/(4np) ~ 2.75 ms,0 = 0.75 ms, & = vid(Q%H11S), 2n8 = vid(Q%Hv12) — 2/vn, Wherewy is the field of thel®N pulses. Gradient
strengths in G/cm (length in ms) age = 0.4 (1/2), g1 = 5.0 (1.0),g. = 4.0 (0.5),gs = 10.0 (1.0),g4 = 8.0 (1.0),g5s = 25.0 (1.0),gs = 15.0 (1.25),g7 =

4.0 (0.5),08 = 14.8 (0.125). The phase cycle employedpis= (X,—X), ¢2 = (Y), #3 = 2(X), 2(y), 2(—X), 2(=Y), pa = (X), ¢rec =

(X,—X,—X%,X), with the

spin-lock field applied along the-axis. For each; increment axial peaks are shifted to the border of the spectrum by inversignimfconcert with the
receiver phaser..>2 Quadrature detection iR, is achieved using the enhanced sensitivity appré&ehwhereby separate spectra are recorded wii{ug)

and @a+m,—ge) for eacht; value. The'>N spin-lock is applied during the perigBwith 15N magnetization aligned along the effective field in the rotating
frame as discussed by Griesinger and Efhdtamazaki et af” and Akke and Palmég The different'H sequences that have been used to suppress cross-
correlation during thé>N spin-lock interval,T, are illustrated in panels-al. IH & pulses separated by delays @e applied in scheme a, scheme b Uses
WALTZ16 decoupling, while sequences ¢ and d emplblycontinuous wave (CW) irradiation. In scheme c the phase ofth€W field is alternated
betweerx and—x everyd ms (typicallyd = 10 ms), while in sequence d alternation is random, ditigpically 10 ms, on average. Details of the implementation

of the random phase alternation procedure are available upon request. Briefly, the pulse sequence code allows the user to define a basicratierval of du
7 during which the phase of the CW field is fixed. ThusTit= v a CW field of phase is applied, while ifT = 2z, then a single phase change (frerno

—X) occurs at some random time.Tf= kz, there areK — 1) changes in phase during the spin-lock interval, sodhat r on average. The code developed

can be easily ported from Varian spectrometers as long as it is possible to access a random number generator from calls inside the pulse sequence.

Liouville—von Neumann equatiofi.We have considered an isolated
two-spin system consisting of a protbrand heteronucleus (**N or
13C) relaxed by dipole-dipole and CSA § only) mechanisms. Cross-
correlation between thle-Sdipolar,SCSA interactions has been taken
into account, with the explicit expression for the elements of the
Redfield relaxation matrix described elsewh&fguring the course of
a pulse sequence the spin density opera{ty, evolves under the effect
of Hamiltonians accounting for (i) chemical shift evolutidics =
21Q\lz + 21QsS, whereQ, and Qs are resonance offsets for spihs
ands, (ii) scalar couplingH; = 27J1;S;, wherelJ is the scalar coupling
constant in Hz, and (iii) rf fieldsHy = 27vylx + 27v1sS, wherevy,
andvis are the strengths of rf fields applied at or near the frequencies
of spinsl andS respectively. The density operator at the beginning of
spin lock, p(0), is given byS, = S sin s + & cos 0s wherefs =
arccotQgdvig), corresponding to magnetization of heteronucl&is
locked along its effective field in the rotating frame.

Numerical simulations have been performed ¥t—!H and3C—
1H groups using values of-90 Hz for NH and 140 Hz for CH

along withryy = 1.02 A and?®N¢ CSA parameters ofy;; = —62.8
ppm, o2, = 5.8 ppm andrsz; = 57.0 ppni® whereg; is theith principal
component of thé>N CSA tensor andbss is directed along the NH
bond. All calculations made use of the simplest form of the Lipari
Szabo spectral density functiéhwith the correlation time for fast local
motion set to 0.

Additional simulations fotSN—H groups (Figures 3, 4, and 6) have
also been carried out using either 1.0 or 2.0 kPl spin-lock fields,
that are either homogeneous or inhomogeneous with a distribution of
field strengths given by the relation expfx — %)%, wherex, = 1
or 2 kHz,s = 50 Hz. Note that rf inhomogeniety 8H pulses andH
CW decoupling fields have not been taken into account in any of the
simulations. Backbon&N relaxation rates were generated assuming
7r = 5.0 ns and an axially symmetric CSA tensor witly = —160
ppm?#2 All of these simulations used a 35.7 kHz rf field féil pulses
or a 5.0 kHz'H decoupling field.

In the case of simulations involving the relaxation of tf@ methyl
carbon in*3CHD, isotopomers in pyruvate, values of = 5.0 ns,&

J-coupling constants. In some cases (see Figure 2) simulations were= 0.17,rcy = 1.09 A and an axially symmetri#C CSA tensor with
compared directly to experiment, and parameters used were identicalAc = 25 ppm**were found to exactly reproduce experimenta R

to those employed in experiment. In addition, dynamics parameters and R(CPMG) rates. Note that three-fold rotation about the methyl-
used in the computations were adjusted so as to reproduce the measure@veraging-axis sets an upper bound #rof 0.111, indicating that

R, and R,(CPMG) relaxation rates. Simulations of the experimental
Ry, profiles for the N spin of Trp41 of the spectrin SH3 domain (Figure

methyl rotation may be hindered in pyruvate or, alternatively, that the
Lipari—Szabo model used to interpret the dynamics may well be overly

2) were based on auto- and cross-relaxation rates calculated using arsimplistic, requiring more complex spectral density functions (along

overall tumbling timezg = 10.1 ns and an order paramet&r= 0.93

(39) Ernst, R. R.; Bodenhausen, G.; WokaunPAinciples of Nuclear Magnetic
Resonance in One and Two Dimensiddgford University Press: Oxford,
1987.

(40) Ramamoorthy, A.; Wu, C. H.; Opella, S.JJ.Am. Chem. S0d.997, 119,
10479-10486.

(41) Lipari, G.; Szabo, AJ. Am. Chem. S0d.982 104, 4546-4559.

(42) Hiyama, Y.; Niu, C. H.; Silverton, J. V.; Bavoso, A.; Torchia, D. A.
Am. Chem. Sod988 110 2378-2383.
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Figure 2. Experimental (open circles) and simulated (solid lines) transverse relaxationRgtebtained fromRy, values of (i) the'>N¢ spin of Trp41 in

the spectrin SH3 domain &) and of (ii) the'3C spin of thel*CHD; group of pyruvate (d). Dashed lines in the plots denoteRhealue measured using

a CPMG-based pulse scheme withl/13C 7 pulses applied on-resonance. Dipoetiipole/CSA cross-correlation in tHe, experiments is suppressed #y

7 pulses®®23° (plots a,b,d) or by'H WALTZ16 decoupling?® (plot c) applied during thé>N/13C spin-lock interval. (a}>N¢ R, vs H inter-pulse delay, @,
measured using an on-resonance 1.17 KiNizspin-lock; (b)*N¢ R, vs 15N offset from the spin-lock carrier for®>= 2 ms and a field of 1.17 kHz. (&N

R; vs 15N offset using a 4.6 kHZH WALTZ16 decoupling field to suppress cross-correlation and a 1.17 kHz spin-lock fieltfGd, versus 2 measured

with a 1.8 kHz on-resonancéC spin-lock.?>N and**C Ry, values were simulated as described in Materials and Methods using distributions of the spin-lock
fields (i.e., rf inhomogeneity) measured according to Desvaux and co-wakers.

with additional relaxation measurements) for the interpretation of the s pulses at a rate that prevents the flow of in-phase to anti-
measured rates. However, since the goal of the present work is not tophase magnetization (fro8x to 25«1, for example}®2°or the
obtain insight into the dynamics of pyruvate in solution but rather to application of decoupling field®. Both methods are used in
be able to simulate the artifacts observed experimentalB;jimeas- measurements d&,, relaxation rates (Figure 1a,b), and as we

urements, we were satisfied with the above set of dynamics parameters. . ; .
. . ) . show below through results obtained from both simulation and
In all simulations the appareR, relaxation rate was obtained from

the decay of the magnetization along the effective spin-lock field. €XPeriment substantial systematic errors can result.

Twenty values of the magnetization at time points ranging fiom Figure 2a-c shows experimental (circleB) values calculated

0 to 200 ms were obtained by projecting the density operator onto from measuredy, rates (see Materials and Methods) for the
Scsinfs+ S cosbs, and these values subsequently fitted with a single- 15N¢ of Trp41 in the spectrin SH3 domain along with the
exponential decay functiom exp(-Ri,T). corresponding values obtained from simulation (solid lines). In
Results and Discussion Figure 2a the scheme of Figure 1la has been employed with an

Standard Methods for Suppression of Cross-Correlation ~ °N on-resonancespin-lock field of 1.17 kHz and a spacing
Result in OverestimatedR;,. It has long been recognized that ~between successiVél z pulses given by @ (horizontal axis).
cross-correlation between->H dipolar and X chemical shift ~ The dashed line in Figure 1 indicates tR(CPMG) value
anisotropy relaxation interactions can have a significant impact obtained with on-resonance heteroatempulses applied during
on measured heteroatom spin-relaxation r&te¥.For example, ~ the CPMG pulse train. In what follows, tH(CPMG) values
for an ®N—!H spin pair attached to a protein tumbling are assumed to be error-free, justified by the conclusions of this
isotropically in solution with a correlation time of 9 ns it was work. Good agreement is noted between experimental and
shown that cross-correlation can lead to an underestimation ofsimulated R, values obtained fromR,, rates, with large
the transverse autorelaxation decay rate of i spin by discrepancies observed betwd®irates obtained frorR;, and
approximately 25% for measurements recorded at 1£%7The CPMG-based approaches. At first glance the dependeriRge of
effects of dipole-CSA cross-correlation can be eliminated in values generated from spin-lock methods on the rate of
transverse spin-relaxation experiments by the applicatiéhlof ~ application of 'H pulses seems counterintuitive since the

10746 J. AM. CHEM. SOC. = VOL. 124, NO. 36, 2002
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Figure 3. Systematic errors if®N R; values obtained fronRy, measurements when regularly spaéedz pulses are applied during theN spin-lock. In
the raticAR/RE™", AR, = R — RS RS is the actual transverse relaxation ra#°is the apparent transverse relaxation rate obtained from the simulated
Ry, data, as described in the text. In the simulations a 1.0 kHz (plots a,c) or 2.0 kHz (plots b,d) spin-lock field is employed, which is either assumed to be
homogeneous (dashed lines) or inhomogeneous with a distribution given by the relatietfxexpto)?/s?), wherex, is the By spin-lock field strength and
s = 50 Hz (bold solid lines). (a), (bAR/RE*" vs IH inter-pulse spacing,d® using an on-resonanééN spin-lock; (c), (d)ARSRE’" vs 1N offset from the
spin-lock carrier with @ = 5 ms.

magnetization of interest during the spin-lock period is pure calculated from a simulatef, rate and the correct value used
in-phase S, but as we show below these effects can be easily in simulations,R"", for spin-lock fields of 1 and 2 kHz. The

explained. bold lines correspond to simulations carried out including the
Figure 2b illustrates th&;, profile obtained as a function of  effects of inhomogeneity, modeled as described in Materials
offset with an'®N spin-lock field,v;s, of 1.17 kHz, 21 = 2 ms. and Methods, while the dashed lines assume perfectly homo-

In this figure a positive offset corresponds to the carrier geneous fields. Errors decrease as a function of increasing spin-
positioned upfield of the Trp 41°N¢ resonance. In Figure 2c  lock field and can be completely eliminated in simulations by
the pulse scheme of Figure 1b has been employed with a  setting the value of the heteronuclear scalar coupling constant,
WALTZ16 decoupling field of 4.6 kHz. As in the case of J, to zero. When inhomogeneity is taken into account, the
suppression of cross-correlation through the applicatiolHof =~ magnitude of the errors decreases although the range of delays
7 pulses (Figure 1a) large errors result when continuous 2d and 15N offsets over which errors are observed becomes
decoupling fields are applied as well. significantly larger. Of interest, application 8  pulses leads
The errors inRy, are not limited to measurements’&i spin to an asymmetry in the offset dependenceRgf (Figure 3c),
relaxation. Figure 2d shows experimental and simulated datavis = 1 kHz, 2 = 5 ms and (Figure 3d);s= 2 kHz, 241 =5
from the 13CHD, methyl of a fractionally deuterated pyruvate ms. This asymmetry can be eliminated by setting zero or
sample obtained with a 1.8 kHz on-resonance spin-locking field by neglecting>N—!H dipolar,’>N CSA relaxation interference,
with IH 7 pulses applied everyd®®ms, and it is clear that  although the precise origin of this effect remains to be
substantial errors iA*C R, rates occur as well. investigated.
To investigate how errors iR, values depend on parameters Figure 4a-c shows simulations of the time evolution 5N
such as rf inhomogeneity and spin-locking field strength we magnetization in an isolaté8N—H spin system during an on-
have carried out a number of additional numerical simula- resonance homogeneous spin-lock of 1 kHz fdrv2lues of
tions for isolated'>N—H spin pairs. In all of the simulations 1.5 (solid line) and 3.5 ms (dashed line). In the case whdre
we have assumed’@N spin attached to a molecule tumbling z pulses are not applied and cross-correlation between dipole
isotropically with a correlation time of 5 ns. Figure-3d shows and CSA interactions are neglected, single exponential decays
(AR)/(R™), whereAR; is the difference between @ value of S are observed, while the term$2; and Zl; are not
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extracted fronRy, Ry, and heteroatom NOE values. For example,
overestimation oR; leads to excessively large values for the
overall rotational correlation timer extracted fromRy/R;
ratios® and to erroneous values of order parameters and
correlation times describing internal dynamt€4:4>The arti-
factual offset-dependence & values noted in Figure 2b,c
complicates the extraction of accurate microsecond-to-mil-

0.61 A\ lisecond time scale dynamics parameters from off-resonance
25.11:(0 0 Ry, experiments. With these problems in mind we turn our
I attention now to describing the origin of the errors using a simple

-0-6: “local field” model and subsequently present a pulse scheme

to eliminate them.

Modeling the Effects of!H sz Pulses Using a “Local-Field”
Approximation. The numerical simulations shown in Figures
2—4 have been performed in a space of 16 product operators
that describes the complete evolution of an isolated two-spin

1 1/, spin system. To obtain a physical picture of the effects of
0 0.1 0.2 03 0.4 IH 7 pulses on the evolution of magnetization during a spin-
t[s] lock period, however, it is more convenient to simplify the
problem by using a “local-field” approach. In this formulation
1 d a single isolated spirs (heteronucleus) is considered in the
presence of local fields resulting from the scalar coupled spin
0.6 ° | (proton). These local fields can be included in a simple manner
by additional Hamiltoniangil, ¢, which have the same form as
0.2 ) the Schemical shift Hamiltonianil F = 7JS andH F = —7JS$
corresponding to spid in the Y/, (o) or =%, (B) state,

0 / [si).l respectively. Conside® magnetization at an offset &g Hz
from the carrier so that the effective residual Zeeman field for
Figure 4. Simulation of the evolution of (a¥x, (b) 25z, and (c) &Iz each of theS doublet components is given §gs+J/2 (I spin

operators I( — H, S — 15N) during application ba 1 kHz on-resonance ; _ -
homogeneous spin-lock field withd 7 pulses applied every 1.5 ms (solid in thea state) and2s—J/2(1 spin in the state). In what follows

line) or 3.5 ms (dashed line). The simulations consider all 16 basis operators\We refer toS spin magnetizati.on COUpleq o and H spin
necessary to describe the complete evolution of an isolated two-spin systemstates at the start of the spin-lock period 8y, and S_1,,

(see Materials and Methods). At= 0 magnetization is of the forr8, and respectively_ |mmed|ate|y prior to the Spin_lock period of

the length of the magnetization vector is set to 1. Note that a “local field” . ; . . o . .
treatment (see text) predicts identical time behavioSoin the case when durationT in Figure 1S spin magnetization is aligned along

14 7 pulses are not applied or in the absence of cross-correlation, an the effective fieldn = (v150.£2g)/v, wherevisis the magnitude
exponential decay i is obtained with a rate of 8.1°% (d) Experimental (Hz) of the spin-lock field applied along theaxis andv is the

time dependence of the evolution $f obtained for thé>N¢ spin of Trp41 . > >

of the spectrin SH3 domain during application of an on-resonance 1.17 eﬁ?Ct'Ve frequ_encyﬂ/ = y/v1istQs Note, hov‘{ever' th?-t the
kHz spin-lock field andH x pulses every 1.5 ms (solid circles) and the  artifacts described above would be present, irrespective of the
exponential decay expected basedRy(CPMG) data (solid line). initial placement ofS magnetization.

produced at all (not shown). In contrast, wHehar pulses are The evolution ofSy, during the spin-lock period in which
applied, the decay d is strongly modulated which results in ~ *H 7 pulses are applied along tkeaxis according to the scheme
an apparent increase in measuRsglvalues if the signal (over  (d—mx(1)—d—d—mn(l)—d)n, Figure 1a, can be calculated as a
intervals from 0 to 200 ms, for example) is fitted to an series of & consecutive rotations of the magnetizati&n,
exponential decay function (see below). Of note, the transfer according to the following: (i) rotate about the vectay, =
of magnetization frontk to lx is effectively blocked during (v150Qs + J2)lvy; with a frequencyyy, = /V§S+(QS+ JI2)?
the spin-lock period. Simulations show, for example that for for a time d, (i) subsequently rotate abouh_1, =
2d = 3.5 ms and starting frorS8x = 1 att = 0, Ix or |y terms
with magnitudes of no more than:3 107> are created. Thus,
the oscillations in signal observed in Figure 4a,b do not derive
from the Hartmana-Hahn effect where magnetization transfers
effectively between scalar coupled sgihg.e., fromSto I, see
below). Figure 4d shows the time dependenc&dbr the 15N¢
spin of Trp41 of the spectrin SH3 domain measured using an
on-resonance spin-lock field of 1.17 kHz witld 2= 1.5 ms
(circles) along with the exponential decay expected based on
R:(CPMG) measurements (solid line). The oscillations are much
!ess pronounced in the experimental profile sinceBhdield (43) Kay, L. E.: Torchia, D. A Bax, ABiochemistryL989 28, 8972-8979.
is not perfectly homogeneous. (44) Korzhnev, D. M.; Orekhov, V. Y.; Arseniev, A."S. Magn. Resonl997,
Errors inR;, rates measured using spin-lock-based experiments ., 127 184-191.

o X (45) Orekhov, V. Y.; Pervushin, K. V.; Korzhnev, D. M.; Arseniev, A. B.
are expected to have a significant effect on dynamics parameters ° Biomol. NMR1995 6, 113-122.

(1150.Qs—J2)lv_1with a frequency 1/, = y/VicH(Qe—J/2)

for a time 21 and (iii) rotate abouh;/,, with a frequency, for

an additional period of timd, (iv) repeat steps {iiii) ntimes.
Note that the effect ofH 7 pulses during the spin-lock interval
is to invert the sign of the local-field Hamiltonian so that rotation
axes and frequencies alternate betwegsvi, andn_1,v_1/,
respectively. A similar set of rotations can be performed for
S 1, and the net magnetization at the end of the spin-lock
interval is given by the sum of the two spBcomponents.
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Figure 5. Schematic representation of effective fields described in the text
(a, b) and the rotations of magnetization about these fields during the spin-
locking interval in arRy, experiment. (a) Vectorns = (v150,Qs)/v, N1z =
(115.0Qst+I2) 12 andn_yp = (115,025~ I2)W_115, With v = \/12+Q2,

vip = A/ VAHQFI2) andv_1i = 4/v2cH(Qg—J2). In the scheme of
Figure 1 magnetization is placed alon@t the start of the spin-lock period
and subsequently evolves due to applicatiodbfr pulses. (b) After each
successived—y(l)—d—d—u4(I)—d) interval the evolution can be described

in terms of rotations about axe§’, andn®", for Smagnetization coupled

to proton spins in thex (Si2) andf (S-1/2) states, respectively. (c) Actual
trajectory ofSy, during a f—sx(1)—d—d—m(I)—d) element, with magne-
tization originating alongn. (d) Effective rotation about the ax'ra,f;fz by

the anglenest corresponding to the sum of the three rotations shown in plot
c. The angle®q and e are given in eq 3. The figure has been prepared
assuming thafl is negative.

Figure 5a illustrates the relative positions of vectoys, n—1,
andn in the X—Z plane for the case af < 0.

The sequence of rotations listed above;iy), describing the
evolution ofS;, can be expressed in terms of a series of unitary
transformations where the magnetization ve&g«(t), sampled
stroboscopically, is given at the end of the period of tirde,4
as

Sip(4dn) = (U)"S,,(0)U )" @)
whereU = Uj;iUgUg andUg), Uiy, Uiy are rotations described
in each of steps {iiii) listed above. We can replac&]" with
a single effective rotation afies about the axisies, and it can
be shown that this effective axis lies in th& plane (see below).
In a similar mannenes andnes can be obtained foB- ;.

To calculateness and ot for Sy, andS-1, we have used the
formula for combining successive rotations of anglesand
®, about axesn; and n into a single rotation of angleyet
about an axig,*®

Nt =

2.1)
2.2)

(SiC6Ny + €SN, — 1SN X NY)/S
Ciot = GG — $SN1N,

In eq 2 ¢ and s are equal to cos$/2) and sini/2),

(46) Elliott, J. P.; Dawber, P. GSymmetry in PhysicgMacmillan: London,
1979; Vol. 2.

respectivelygrot = COSQor/2), Sot = SiN(oif2), andny, ny, and
Nyor are normalized. Successive application of eq 2 to consecutive
rotations described in {iiv) above gives forS;;

sin(@9) sinf(¢/2)
cos@)
eff

o (3P 2
co{ﬁ) =cos(2) — > (1—/) sin (69 (¢ cosgp) —
sin@)) sin (@) (3.2)

where only the leading terms ir/¢), v = 4/v3+Q3% have

been retained. In eq@ = arccotQg/vis), ¢ = 27d 4/ Vi +Q5
off IS effective rotation angle, antly is the angle between the
effective rotation axiges in the XZ plane andh. Expressions
for S_1» can be obtained directly from eq 3 by replacifig
with —6ex. Figure 5b illustrates the spatial relationship between
nSh, n°,,, andn, wheren$l, andn®", are the effective rotation
axes pertaining to the evolution &f,, andS_1;, respectively.

In the case that the spin-lock field is applied on-resonance
exact equations fdflett andoss can be derived in compact form.
In this case

tan@,,) = —(9) 3.1)

v

_ sin (2p) sinf(y/2)
tan Ge) =+ cog(¢) costy) + sik(q) *1)
cos(%f) = co<(¢) cos(yp) + sin(g) (4.2)

where ¢ = arctan/(2v19), ¥ = 2rd /vis+(J2f° and the

—(+) signin eq 4.1 is selected f&/»(S-1/2). The leading terms
in a power series expansion of eq 4 with respeci/igs are

identical to those in eq 3 witlRs = 0, as expected.

Equations 34 show that after any integral number of
elementsd—y(1)—d—d—mx(1)—d) Sy, andS_;1; lie on surfaces
of cones, with axes tilted b§es (S2) and —0Oesr (S-1/2) from
the effective magnetic field directiom, While it is tempting,
therefore, to think of the magnetization components as evolving
in a cone, the actual trajectory is more complicated, as indicated
in Figure 5c for the case d&,. Here the magnetization first
precesses abount,, for a timed at a frequency ofy,, followed
by precession about-1/, for a time 2 at a frequency of—1/,,
and so forth. Despite the complexity of the path, the magnetiza-
tion always returns to the surface of the cone at time points
that are integral multiples of & Figure 5d illustrates the
effective cone of precession for ti&, component reflecting
the idea of stroboscopic sampling at time poinds.4

As discussed above, at time poindnduring the spin-lock
period one-half of the magnetization effectively resides on the
surface of a cone with axis defined b}, while the other half
is on the surface of a second cone defineahﬁg/,2 (Figure 5b).
To excellent approximation the sum of tl8&magnetization
components lies along the effective fisldHowever, this sum
oscillates a5, andS_1/, precess on their respective cones so
that the amount of “spin-locked” magnetization is less than what
is expected. This, in turn, leads to increased meadgfgchtes.
For certain unfortunate combinations@fJ, Qs, andvis, each
magnetization componert(; andS-1) can be driven far from
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the direction of the effective field such that the relaxation 0.4
measurement becomes severely compromised.
The modulation oS spin magnetization is most pronounced AR2 03
whenn®" _ deviate most significantly from (i.e., whenfes = corr
90°). Starting from eq 3 and assuming tllat < 1 we readily
obtain the approximate condition for the maximum modulation 0.2}
effect where theRy, rates are most in error, which can be L
expressed equivalently as, 0.1
4d = (2k + L) vig+ Q4 (5.1) 0
o N S |
\/ TR 4.0 2.0 0 -2.0 -4.0
Qq==£4/((2k + 1)/4d)" — vig (5.2)
“N offset [kHz]

wherek is an integer. The values dfand Qs predicted by eq ) i i )
5 are in perfect agreement with valuesdadnd Q- that produce Figure 6. Simulated systematic errors H?N R, values obtained frori,,

P g ; ) stile P measurements when on-resonatgeCW fields are applied during tHéN
the maximum enhancements (spikesRgfin experiments and  gpin-lock interval. In the raticd R/R", AR, = R — R R is the
simulations (Figures 2 and 3). actual transverse relaxation rate, @R is the apparent transverse rate

For the case wheréde; ~ 90° niﬁllz are very nearly obtained from the simulations. TH&N Ry, experiment is “simulated” as

. . described in the Materials and Methods using a 2.0 kHz homogeneous spin-
perpendicular  ton gfnd preceﬁssmn of t_hsl/z and S, lock field. Values ofAR/R"" are plotted as a function PN offset from
components apounuz and nZy,, reSPeC'F'VeWa_ leads t0 &  the spin-lock carrier using a 5.0 kH# CW field applied with phasex
cosine modulation of the net magnetization with a frequency (red) and with phase alternated betweeand —x randomly, on average

given by vmeg Where 2rvimeq = oef/(4dn) and once per 10.0 ms (yellow), 5.0 ms (green), and 2.0 ms (blue).
v = (%)(2) (6) while achieving good suppression of cross-correlation over the
mod —\ 4zzd J\w wide range of5N/13C and'H chemical shift offsets that might

] ) ) ) be encountered in protein studies. Specifically we have examined
where only the leading term id/p’) has been retained. Consider 5 number of simple phase-modulated continuous wave (CW)

for example a*N Ry, experiment duw ~ —90 Hz) with the 14 jrradiation schemes that might meet the requirements outlined
5N spin-lock applied on-resonance with a field strength of 1 Zpgve.

kHz and 2 = 2.5 ms. The**N magnetization decay measured  The simplest method to suppress cross-correlation is to apply
in this experiment is, to good apprOX|m?t|o_n described by 5 constant-phase CW field during the heteroatom spin-lock
eXp(Ry,t) COS(2tVmod), With vmod = 5.7 s, similar to Ry, period. It is well-known thabn-resonancéH CW irradiation
rates measured in small proteins. Clearly, fitting this decay completely suppressé&8N—1H dipolar/5N CSA cross-correla-
profile with a monoexponential function leads to a dramatic +tjgn 15 Both simulated (Figure 6, red) and experimental data

overestimation of the relaxation rate. Equation 6 predicts that (Figure 7a) establish that error-fré&, rates can be measured
the extent to whictR;, is overestimated will decrease with  oyer g wide range of5N offsets as long as the Hartmann

increasing delays betweéhl & pulses (&), higher spin-lock
fields, v1s, and increasing offsetsQ2s, in agreement with

experiment and numerical simulations (Figures 2, 3). Examplesg qvoided. At typicalN spin-lock field strengths of 42 kHz

of Sspin signal modulations that can be expected from 1 kHz, 5.4 using 56 kHz on-resonancéH rf fields the matching
homogeneous field, on-resonance spin-lock experiments have,nqition given above is met fo¥N shifts of 4.5-6.0 kHz
been given in Figure 4ac obtained from simulations using the  fom the spin-lock carrier (see Figure 6), allowing precise
complete two-spin system basis set. An experimental profile of R, measurements for smaller offsets. Unfortunateli

S signal decay is also shown (Figure 4d). It is noteworthy that ~\v/ irradiation only attenuates XH dipolar, X CSA cross-
the “local field” approximation considered here predicts the .4 related cross-relaxation by the factor dhswhere 6, =

correct time dependence 6. _ arccot/v1).15 This level of suppression may be sufficient for

_ Improved Methods for the Suppression of Cross-Correla-  5ccyrate measurementsRyf, values of3Ce or methyl'3C spins

tion in the Heteronuclear Ry, Experiment. The simulations in CHD, groups3® due to their relatively small CSA valuéd4

and experimental results described above establish the problems, 4 the small shift dispersion of the directly attached protons.
associated with measuring heteroatBiprates that are free of However, for'5N—1H spin pairs in proteins suppression of cross-
cross-correlation effects between dipolar and CSA interactions. . re|ation by off-resonand# rf fields is not satisfactory (see
Clearly, experimental approaches involving the usétfz Figure 7b).

pulses applied at regular short-spaced intervatslaVALTZ16 Figure 1c,d illustrates improved schemes for suppression of
decoupling during the spin-lock interval are not good solutions. ..os<_correlation. In Figure 1c the phase of thé CW
Although we have not examined other composite decoupling i aiation field is inverted everg ms, while in Figure 1d the

schemes here, it is expected that these will also prove gy 1nck period is divided into a series of intervals of random
problematic. We have therefore looked for alternative schemes

which do not introduce systematic errors in measigdalues (47) Hartmann, S. R.; Hahn, E. Phys. Re. 1962 128 2042-2053.

Hahn coherence transfer conditithQ? + v, = Q3 + v
wherevy andvisareH and®™N rf field strengths, respectively,
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Figure 7. Experimentally derived transverse relaxation rakespf Trp4115N¢ from the spectrin SH3 domaiR; values were calculated from experimental
15N Ry, rates (1.17 kHz field) measured usittg CW decoupling (4.6 kHz field, a; 3.0 kHz, b) with phasé¢solid circles), with phase alternated between

x and —x at equally spaced 10 ms intervals (solid squares) and with phase alternated randomly as described in the text, on average once per 10 ms (open

circles). The dashed lines in the plots demark ReCPMG) value obtained using a CPMG sequence With z pulses applied on-resonance. &) R,

vs 15N offset from the spin-lock carrier measured with on-resonahc€W fields. For comparative purposes the scale is the same as used in Figure 2. (b)
15N R; vs H offset from the carrier using an on-resonafeé spin-lock field.

duration with the phase of rf applied during each successive from the decrease in the measured relaxation rate due to the
interval differing by 180. The random phase alternation of rf incomplete suppression of dipet€SA cross-correlations.
employed here is an implementation of noise decoupling, Systematic phase alternation of the CW field every 10 ms using
proposed originally by Erngf with the average rate of phase the scheme of Figure 1c gives acceptable results over a
alternation under experimental control. Thus, when phase bandwidth o2 kHz (solid squares). Better results are obtained,
alternations are described as occurring every 2 ms on averagehowever, with random phase alternation every 10 ms, on average

for example, (see below) what is meant is that during a spin-

lock interval of T ms (T/2) — 1 phase changes would occur,
with the time between changes (denoteddyyin Figure 1d)
randomly varying with each scan such that

T/2
d=Tms

As a first test we have performed simulations to compare
the performance of on-resonance CW decoupling using a fiel
of constant phase (Figure 6, red) with firedecoupling scheme

reported in Figure 1d (Figure 6, phase alternations every 2, 5

and 10 ms, on average, denoted by blue, green, and yellow

curves respectively) using a homogeneous 2 KiNzspin-lock
field. Not surprising, efficient suppression of cross-correlation
is achieved over a wide range &N offsets in all cases.

However, if the phase alternation is too fast (more than once

every 5 ms) the simulatetPN R;, values overestimate the

correct values by several percentage points. In contrast, for rate

on the order of once per-510 msRy, values are essentially
error-free.

Figure 7a show3°N R, values obtained from experimental
Ry, rates of the'>N¢ spin of Trp41 in the spectrin SH3 domain
using a 4.6 kHZ'H on-resonance CW decoupling field with
constant phase (solid circles), with phase alternation by 180
every 10 ms (solid squares) and with random alternation o

(bandwidth of~+3 kHz). We recommend, therefore, that this
approach be employed on a per-transient basis. A formal analysis
of the suppression of cross-correlation by random phase
alternation of the'H CW decoupling field is presented in the
Appendix. Briefly, the idea behind the approach is to suppress
the transfer from in-phaseS{) to anti-phase magnetization
(25«lz) using a scheme which is sufficiently broadbanded so as
to cover the range of amidel offsets in a protein. The sequence
used here effectively averages to z&rbmagnetizationlf) at

g @ rate that is fast compared to cross-correlated relaxation

over a wide range ofH offsets so that the flow of magnetiza-

tion from S to 25«17z due to cross-correlation is essentially

canceled.

As a final check that randomly changing the phase ofthe
CW decoupling field suppresses cross-correlation and does not
introduce other systematic errors into the measuremetiNof
Ry, values we have measured transverse relaxation rates for
protein L using the scheme of Figure 1d. These values have

Jbeen subsequently compared with those obtained with CPMG-

based schemes.

Figure 8a shows a comparison of backbéé R,(CPMG)
values with those obtained using the sequence of Figure la
(applyingH z pulses every 4 ms). Note that the CPMG data
has been corrected for off-resonance effétta. systematic
difference in the rates is obtained with the values measured in

f the spin-lock experiment on average higher by 7%. In contrast,

phase £x, open circles) every 10 ms, on average. The dashed a" excellent correlation is noted betweRif{CPMG) and spin-

line indicates thdx(CPMG) value. It is clear that all methods
of proton decoupling are equally effective. In contrast, for off-

resonancéH decoupling the performance of the constant phase

CW field is poor for'H offset values greater than approximately
0.8 kHz (Figure 7b, 3 kHz field, solid circles) as is observed

(48) Ernst, R. RJ. Chem. Phys1966 45, 3845-3861.

lock R, values when the sequence of Figure 1d is employed,
using a 4.5 kHZH CW decoupling field, with random phase
alternation every 10 ms, on average (Figure 8b).

An alternative strategy to suppress cross-correlation effects
between dipolar and CSA relaxation mechanisms while at the
same time avoiding the artifacts described in the present work
is one in which'H pulses are applied only infrequently (see
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8 . . : : , ; ; T/2 (i.e., [T/4—m(*H)—T/4]2), while for T = 7 3 H 7 pulses
R, . a are inserted during the spin-lock (i.eJ/¢—m(*H)—T/6]s).
[1/s] Figure 8c shows the correlation betweRs{R,,) values mea-
r 1 sured on protein L using this approach &aR{4CPMG) values,
(CPMQG) | g‘*‘e%?g | corrected for off-resonance effe@fsAn excellent correlation
@ e betweenR, values measured using these two methods is
or @@w ] obtained as well.
e . Over the past decade a large number of NMR-based dynamics
studies have made use of transverse relaxation rates obtained
from Ry, measurements. We have shown here that such values
can be in error when eithéi  pulses applied at regular short-
4 . . . . . . . spaced intervals or WALTZ16 decoupling fields are employed
to suppress cross-correlation betweer K dipolar, X CSA
8 g relaxation interference. The errors can be minimized (less than
R, I b ] ~5%) so long as spin-lock fields greater than 2 kHz and delays
[1/s] betweertH 7 pulses in excess of 5 ms are employed. However,
T 1 systematic errors can be reduced substantially beyond this level
(CPMG) with new schemes which have been tested through both
simulation and experiment. It is anticipated that these new
methods will be important additions to experiments for measur-
ing both ps-ns and sloweps—ms dynamics via on- and off-
51 ] resonance spin relaxation, in particular in cases when a wide
range of spin-lock fields are employéd.
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Appendix

57 ] The efficient suppression éIN—'H dipolar—1°N CSA cross-
correlation over a wide range & offsets by the application

of a IH rf field with random phase alternations can be
rationalized using the formalism developed by Griesinger and
Ernst50 We start with eq 8 of their work which describes the
time-dependent effective cross-relaxation rate between two
normalized magnetization mod&s and B;

4 5 6 7 8
R,[1/s] (R,)

Figure 8. ExperimentaR; values of backbon&N spins in protein L. (a)
R,(CPMG) values after correction for off-resonance efféétgs R, rates
obtained fromRy, values,Rx(Ry,), measured using the scheme of Figure
la with™H 7 pulses applied every 4.0 ms and a 1.6 kHz spin-lock field. (b)
Correlation betweeiR(CPMG) values (after correction for off-resonance
effects) andRx(Ry,) rates measured using a 4.5 kitd CW fie!d with
random phase alternation on average once per 10.0 ms (Figure 1d). (ch\vherel is the Redfield relaxation superoperafoand trajec-

Correlation betweeR,(CPMG) values andRx(Ry,) rates measured with : ] ] - .
infrequent application ofH & pulses. In the present implementatiBy, tories Bi(t) and By(t) are calculated neglecting relaxation as

values were calculated from a series of nif¥dl spin-lock delays,T,
extending to 120 ms. FOF < 40 ms, 40 ms< T <80 ms, 80 mss T <
120 ms andl = 120 msk =0, 1, 2, or 3 pulses, respectively, were applied
according to the schem@&/(2k)—m(*H)—T/(2K))k k=o. In the CPMG scheme
92 us N & pulses were applied at 37& intervals.

R =1 [ T8 ©)FB()} dt (A1)

B(t) = U(BU (1), B() = U®BU ()  (A2)

The unitary transformatior(t), describing evolution of
magnetization underi) an rf field with phase randomly
alternated fronx to —x applied to spirl and i) an off-resonance
spin-lock field on spinS is given by,

Figure 2a and eq 6). Simulations establish that if spin-lock times
extend up ta &~ Ty, and that if threéH x pulses are applied
during this interval’®N transverse relaxation rates are measured
that exceed the correct value by less than 2%. We have
implemented a scheme where for X spin-lock timéssuch
that 0< T < 7/3, 'H pulses are not applied, fef3 < T < 27/3

a singlex pulse is applied in the center of the spin-lock period, “9) ﬁﬁ’g‘ﬁggg Luginbuhl, P.; Otting, G.; Guntert, P Wuthrich)kBiomol.
for 2t/3 < T < 7 a pair of!H pulses are applied separated by (50) Griesinger, C.; Emnst, R. ehem. Phys. Lettl98§ 152, 239-247.

U = U,(OU0) (A3)
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where

n

Ut) = !:l

n
expl-i(egrylx + Q)AL ZAtq =t (A4.1)
&

Ug(t) = exp[=i(v1sS + QS

andeq is a factor alternating between 1 and accounting for
phase changes of the rf field applied on shin

Consider now the dipoteCSA cross-correlated cross-
relaxation rate betweeB; = S, and B, = 2SI, where S,
corresponds to spin-lockesimagnetizationS, = S sin 0s +
& cosfs, Os = arccotQgdvig). SubstitutingB; and B; into eq
Al and making use of the fact thetcommutes withJg(t) and
S, commutes withU;(t) and Ug(t) we obtain

(A4.2)

ROD-CSA) = Tr{ ngzs'z(% L/: U, ()l Zufl(t')dt')} (A5)

Focusing on the integral in eq A5 we note that it can be
represented as a linear combination

% J:)t U,()12 Ul_l(t')dt' = xxOly + x(Oly + 221, (A6)

where
1 t ' —Lruy
1® =3 Trlq fo V)1V (0)dt} TG a=xy.z
(A7)
Substituting eq A6 into eq A5 we obtain

R = 5 r0T{S 2513

q=Xy,z

(A8)

Goldman has showhthat in the case of dipoteCSA cross-
correlated relaxatiomr{S,I2S/I;} = 0 for g = xy leading
finally to

RPN = (0 Tr{ ST 281} (A9)

The factoryz(t) can be viewed as an attenuation coefficient

0.5

Xz
0.47

0.3}

-:§§~_

0.2f¢%:

0.17

. 2000 0 -2000 . —4600
'H offset [kHz]

Figure 9. Attenuation factoyz (see Appendix) versusi offset, illustrating
averaging offH Z-magnetization under the action of a 5.0 kHt rf field
with constant phaset (= 20 ms, thin solid line), with random phase
alternation betweerand—x, on average at intervals of 10 ms< 20 ms,
dashed linet = 100 ms, bold solid line) (see Appendix for details).

4000

period of timet over which the integration is performed in egs
A5—7 is chosen such that it is short on the time scale of cross-
relaxation but much longer than the average inteMglin eq
A4 corresponding to a period of constaht rf phase. Under
these conditions the effective cross-relaxation rate defined by
eq A9 becomes essentially time-independenit) = xz
RPD-CSA(t) ~ RPD-CSA

The attenuation coefficient in eq A9 represents the average
z-projection of the magnetization vectbrover the trajectory
sampled during thé!H decoupling scheme with randomly
alternated phase. Figure 9 shows valueg0és a function of
H offset far a 5 kHz CW rf field with no phase alternation
after a period of 20 ms (thin solid line) andrfa 5 kHz field
with the phase alternated betweer and—x, on average every
10 ms, after 20 ms (i.e., one phase change; dashed line) and
after 100 ms (i.e., nine phase changes; bold solid ljnejalues
shown are averages over 100 realizations (i.e., are computed
from 100 trajectories with random phase switching). Note that
the number of phase changes increases with the length of the
relaxation delay, leading to improved suppression of cross-
correlated spin-relaxation. This is important since, unless

that characterizes the efficiency of the proposed decoupling yppressed, the effects of cross-correlation become more

scheme for suppression of dipel€SA cross-correlations. The

(51) Goldman, MJ. Magn. Resonl984 60, 437—452.

(52) Marion, D.; Ikura, M.; Tschudin, R.; Bax, Al. Magn. Reson1989 85,
393-399.

(53) Kay, L. E.; Keifer, P.; Saarinen, 7. Am. Chem. S0d.992 114, 10663~
10665

(54) Schlefjcher, J.; Sattler, M.; Griesinger, Ahgew. Chem., Int. Ed. Engl.
1993 32, 1489-1491.

pronounced with increased relaxation delays. Figure 9 shows
that for a spin-lock time of 100 mg; values are close to zero

for H offsets less thant1.5 kHz, leading to very efficient
suppression of cross-correlation. Excellent suppression has been
observed experimentally, as illustrated in Figure 7b.
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