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Abstract: NMR spin relaxation in the rotating frame (Ry,) is one of few methods available to characterize
chemical exchange kinetic processes occurring on us—ms time scales. Ry, measurements for heteronuclei
in biological macromolecules generally require decoupling of H scalar coupling interactions and suppression
of cross-relaxation processes. Korzhnev and co-workers demonstrated that applying conventional *H
decoupling schemes while the heteronuclei are spin-locked by a radio frequency (rf) field results in imperfect
decoupling [Korzhnev, Skrynnikov, Millet, Torchia, Kay. J. Am. Chem. Soc. 2002, 124, 10743—10753].
Experimental NMR pulse sequences were presented that provide accurate measurements of R, rate
constants for radio frequency field strengths > 1000 Hz. This paper presents new two-dimensional NMR
experiments that allow the use of weak rf fields, between 150 and 1000 Hz, in Ry, experiments. Fourier
decomposition and average Hamiltonian theory are employed to analyze the spin-lock sequence and provide
a guide for the development of improved experiments. The new pulse sequences are validated using ubiquitin
and basic pancreatic trypsin inhibitor (BPTI). The use of weak spin-lock fields in Ry, experiments allows
the study of the chemical exchange process on a wider range of time scales, bridging the gap that currently
exists between Carr—Purcell-Meiboom—Gill and conventional R;, experiments. The new experiments also
extend the capability of the Ry, technique to study exchange processes outside the fast exchange limit.

1. Introduction Ry,8 1t techniques for achieving detailed insights into kinetic

Biological functions of proteins, such as catalysis and ligand Processes in biological systems.
binding, necessarily are associated with chemical transforma- R, rotating-frame relaxation experiments lock magnetization
tions and conformational transitiohs\uclear magnetic reso- ~ along the direction of the effective field in the rotating frame
nance (NMR) spectroscopy is sensitive to dynamic processesby application of a radio frequency (rf) field. The experiment
in proteins with atomic resolution on a wide range of time scales. ¢an be performed using near-resonance or off-resonance rf fields,
Dynamic processes grs—ms time scales increase the relaxation respectively, called on-resonance and off-resonégexperi-
rate constants for transverse magnetization because chemicdnents. The relaxation rate constai®,, for decay of the
or conformational changes that alter local magnetic environ- magnetization component parallel to the effective field in the
ments introduce a stochastic time dependence of the resonancéotating framegwe, is a function of the amplitude of the applied
frequencies of the affected nuclear spins. Such dynamic If field, w1, and of the resonance offset from the spin-lock
phenomena in NMR Spectroscopy are referred to as Chemicalcarrier, Q. Parameters that characterize the kinetics of the
exchange processes. The CaPurcel-Meiboom-Gill (CPMG) chemical exchange process are obtained from the variation of
and Ry, spin relaxation experiments are two major techniques Ri, as a function ofwe, called relaxation dispersichCPMG
for measuring transverse relaxation rate constants and charactert€laxation experiments monitor the decay of transverse mag-

izing chemical exchange processes @s+ms time scales. netization in a series of spirecho pulse sequence elements.
Several studies have proven the usefulness of CPN@&nd Chemical eXChange is characterized from the variation in the
T Columbia University. o (6) Ishima, R.; Freedberg, D. I.; Wang, Y. X.; Louis, J. M.; Torchia, D. A.
* University of Cincinnati College of Medicine. Structure1999 7, 1047-1055.
(1) Fersht, AStructure and mechanism in protein science: a guide to enzyme (7) Eisenmesser, E. Z.; Bosco, D. A.; Akke, M.; Kern, Science2002 295
catalysis and protein foldingV. H. Freeman: New York, 1999. 1520-1523.
(2) Palmer, A. G.; Kroenke, C. D.; Loria, J. Rlethods EnzymoR001, 339, (8) Akke, M.; Palmer, A. GJ. Am. Chem. S0d.996 118 911-912.
204—238. (9) Akke, M.; Liu, J.; Cavanagh, J.; Erickson, H. P.; Palmer, AN@t. Struct.
(3) Grey, M. J.; Wang, C.; Palmer, A. G. Am. Chem. So2003 125, 14324~ Biol. 1998 5, 55-59.
14335. (10) Mulder, F. A. A.; van Tilborg, P. J. A.; Kaptein, R.; Boelens JRBiomol.
(4) Mulder, F. A. A.; Mittermaier, A.; Hon, B.; Dahlquist, F. W.; Kay, L. E. NMR 1999 13, 275-288.
Nat. Struct. Biol.2001, 8, 932-935. (11) Vugmeyster, L.; Kroenke, C. D.; Picard, F.; Palmer, A. G.; Raleigh, D. P.
(5) Kovrigin, E. L.; Cole, R.; Loria, J. FBiochemistry2003 42, 5279-5291. J. Am. Chem. S0d.996 122 5387-5388.

10.1021/ja038721w CCC: $27.50 © 2004 American Chemical Society J. AM. CHEM. SOC. 2004, 126, 2247—2256 m 2247



ARTICLES Massi et al.

transverse relaxation rate constd®y, as a function of the time
delay between refocusing pulses in the sgcho sequence,
7ep- An effective field strength for the CPMG experiment can
be defined asvceme = 12Y%7¢, to illustrate the fundamental — severe as spin-lock field strength decreases. This article presents
similarity of these two method<. a theoretical analysis of thBy, experiment that guided the
Line shape analysis also is widely used to study exchange design of modified pulse sequences capable of using lower spin
processe$®14however, more detailed investigation is possible lock field strengths. The new pulse sequences were validated
by Ri, and CPMG experiments because the rf field strength using ubiquitin and basic pancreatic trypsin inhibitor (BPTI).
and pulsing rate provide additional variables under experimental The remainder of the paper is organized as follows: (i) The
control. experimental methods used to validate the new pulse sequences
13C and®N Ry, relaxation experiments in biological macro- ~ are described. (i) The theoretical analysis used to develop the
molecules typically use effective rf field strengths, = wd new pulse sequences is outlined. (iii) Experimental results for
(27), of the order of +6 kHz to ensure thate > J, whereJ 5N Ry, relaxation in ubiquitin and BPTI are presented. (iv) The
is the IH—13C or H—15N scalar coupling constant. CPMG  theoretical and experimental results are discussed.
relaxation experiments typically use effective field strengths,
vepme = wcepvd (27), on the order of 25500 Hz corresponding
to 7¢p 22—1 ms, being limited by the maximum pulsing rate
that is experimentally feasible. As a result, CPMG experiments
are used most often to measure slower, ms timescaleRgnd
are used most often to characterize fagtstjmescale, chemical
exchange processes.

correlation can result in incomplete decoupling of the scalar
coupling interaction and lead to overestimation Ry, rate
constant$3 The errors in theRy, rate constants become more

2. Materials and Methods

NMR 5N relaxation measurements were performed on 1.25 mM
[U—15N] sample of ubiquitin (90% KD/10% DO, 10 mM sodium
phosphate buffer, pH 5.8,= 298 K) and on a 1.4 mMUJ—**N] sample
of BPTI (90% H0/10% DO, pH 5.1,T = 300 K). Ubiquitin relaxation
data were collected at a static magnetic field strength of 11.7 T, using
a Bruker DRX500 or Varian Inova 500 NMR spectrometer. BPTI data

Recent theoretic 1’ and experiment#t studies have  were collected at 14.1 T, using a Bruker DRX600 spectrometer.
demonstrated tha,, rotating frame experiments have unique Temperatures were calibrated using a sample of 100% methanol.
advantages in the characterization of exchange processes outsid@elaxation rate constants were determined from a series of two-
the fast exchange limit. In particular, when exchange results dimensional spectra recorded with different relaxation delays (11 or
from transitions between chemical states with site populations 12 spectra, including duplicates). Intensities of cross-peaks were fitted

that are highly skewed, thig;, experiment becomes sensitive

to the resonance frequency of the minor species, rather than
the dominant species. As a result, complete characterization of

an exchange process is possible using relaxation data acquire
at a single static magnetic field strength by varying both the
field strength and resonance frequency of the rf field. In contrast,
the CPMG experiment normally requires that data be acquired
at multiple static magnetic field strengtHs.

This paper describdg, experiments that utilize weak rf fields
ranging from 150 to 1000 Hz. These experiments bridge the
time scale gap between the CPMG and conventidRgl
experiments using strong rf fields1000 Hz and facilitate the

use ofRy, methods for characterizing slow exchange processes.

The new pulse sequences extend the applicabilityRgf

to monoexponential decay functions to git®l spin relaxation rate
constants; uncertainties were estimated by jackknife simulatfons.
Spectra were processed using nmrPp&parky?® and Curvefit
www.palmer.hs.columbia.edu).

15N R; andR; values were measured as described previously using
inversion recovery and CPMG experimeftsMaximum relaxation
delay values of 800 ms and 200 ms were used Rprand R;,
respectively. The interval betweefiN 18C° pulses in the CPMG
sequence of th&; experiment was equal to 1 ms.

N Ry, rate constants were measured using the pulse sequences
shown in Figure £2The pulse sequences consist of a refocused INEPT
polarization transfer scheni&?®a spin-lock relaxation period of total
lengthz, the indirectt; labeling period, and a gradient PEP sensitivity
enhanced detection schefé!Before and after each spin-lock period,
15N magnetization was rotated between thaxis of the rotating
reference frame and theaxis of the tilted reference frame using the

relaxation dispersion to the study of a broader range of exchangepyise sequence element;98 y — 90; _,,, where¢ = x ory, y =

processes in biological macromolecules.
The major difficulty in the use of weak rf fields it*C or
N Ry, experiments arises becaudd 180° pulses orH

/w1 — 4r9d7m, w1 is the Rabi amplitude of the radio frequency spin-
lock field, andzqg is the length of the 90pulses®? This method relies
on the approximation that tap ~ [, where § = Q/vy. This

decoupling sequences must be used to suppress the effects giPproximation is valid when| is small. Therefore only resonances

cross-correlation between dipetdipole (DD) and chemical
shift anisotropy (CSA) relaxation mechanisffis??2 As shown

by Korzhnev and co-workers, the methods used to suppress cros

(12) Ishima, R.; Torchia, D. AJ. Biomol. NMR1999 14, 369-372.

(13) Rao, B. D. NMethods Enzymoll989 176, 279-311.

(14) Lian, L. Y.; Barsukov, I. L.; Sutcliffe, M. J.; Sze, K. H.; Roberts, G. C. K.
Methods Enzymoll994 239, 657—700.

(15) Trott, O.; Palmer, A. GJ. Magn. Reson2002 154, 157—-160.

(16) Trott, O.; Abergel, D.; Palmer, A. GJol. Phys.2003 101, 753-763.

(17) Abergel, D.; Palmer, A. GConcepts Magn. ResoR003 19A 134-148.

(18) Korzhnev, D. M.; Orekhov, V. Y.; Dahlquist, F. W.; Kay, L. E.Biomol.
NMR 2003 26, 39-48.

(19) Millet, O.; Loria, J. P.; Kroenke, C. D.; Pons, M.; Palmer, A. GAm.
Chem. Soc200Q 122 28672877.

(20) Boyd, J.; Hommel, U.; Campbell, I. @hem. Phys. Letl99Q 175, 477~
482

(21) Palmer, A. G.; Skelton, N. J.; Chazin, W. J.; Wright, P. E.; Rance, M.
Mol. Phys.1992 75, 699-711.

(22) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.Magn.
Reson.1992 97, 359-375.
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with |3| < 0.4 were analyzed, corresponding to an alignment error of
<5%. Three different schemes were employed to suppress scalar
(S:oupling evolution andH—N DD/**N CSA relaxation interference.

(23) Korzhnev, D. M.; Skrynnikov, N. S.; Millet, O.; Torchia, D. A.; Kay, L.
E. J. Am. Chem. So@002 124, 10743-10753.

(24) Philippopoulos, M.; Lim, CJ. Mol. Biol. 1995 254, 771-792.

(25) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax)A.
Biomol. NMR1995 6, 277—293.

(26) Goddard, T. D.; Kneller, D. GSPARKY 3University of California, San
Francisco.

) Farrow, N. A.; Muhandiram, R.; Singer, A. U.; Pascal, S. M.; Kay, C. M,;
Gish, G.; Shoelson, S. E.; Pawson, T.; Forman-Kay, J. D.; Kay, L. E.
Biochemistry1994 33, 5984-6003.

(28) Morris, G. A.; Freeman, Rl. Am. Chem. S0d.979 101, 760-762.

(29) Burum, D. P.; Ernst, R. Rl. Magn. Reson198Q 39, 163-168.

(30) Palmer, A. G.; Cavanagh, J.; Wright, P. E.; Rance JMMagn. Reson.
1991, 93, 151-170.

(31) Kay, L. E.; Keifer, P.; Saarinen, 3. Am. Chem. S0d.992 114, 10663~
10665

(27

(32) Yamaiaki, T.; Muhandiram, R.; Kay, L. B. Am. Chem. S0d.994 116
8266-8278.
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Figure 1. Pulse sequences for the measurementdfRy,. Narrow and wide filled bars indicate 9@nd 180 pulses, respectively. All pulses are applied

with phasex unless otherwise indicated. Open rectangles indicate spin-lock periods, always applied witk. giba3e pulses are applied with the carrier
frequency centered on the water resonance with the exception of those applied during the periods described in Schemes 1, 2, and 3 which are applied in th
center of the amide region. Delays axe= 2.7 ms,y = l/lw1 — 4r9¢/7r, Wwherew; is the spin-lock field strength, antl= 0.406 ms. The total length of the

spin-lock period is equal te. 15N decoupling during acquisition is performed using a 1.25 kHz GARP sequdéiite. phase cycle i) = X — X; ¢2 = 2(X),

2(—X); ¢3 = 4(X), 4(—X); drec = X, —X, —X, X. The gradients are sine shaped of length (in ms) equéhte 2.0,G, = 0.2,G3 = 1.5,G4 = 1.0,Gs = 1.0,

Gg = 2.0,G7 = 0.4, andGg = 0.2 and of strength (in G/cm) equal @&; = 9, Gy; = 4, Gz, = 10, Gaxy, = 25, Gsxyz = 20, Geyyz = 40, G7, = 5, Ggyy, = 40.

G and Gg are used for gradient coherence selection. Gradient PEP coherence selection is obtained by inverting the sign @geadigftasess.3! In

Scheme 3, a different number ¥fi 180° pulses,m, is applied depending on the length of the spin-lock perigaith 0 < 7 < Tmax22 For 0 < 7 < Tmay/3,

m = 0 and no'H 180 pulses are applied. Fatmad3 < 7 < 2tmad3, M= 1; for 2rma/3 < 7 < Tmax M = 2; and forr = rpa, M= 3.

Scheme 3 was recently proposed and validated by Korzhnev and co-that the 99 — y — 90;__, elements were replaced by tanh/tan
workers for field strengthe, > 1000 Hz? In this approach, the number  adiabatic sweep¥.The tanh/tan adiabatic pulse had a duration of 10

of 180° 'H decoupling pulses applied depends on the length a$ ms, and the frequency sweep began-d5 000 Hz from the carrier
described in the figure caption. Scheme 2 uses twd® 1BOpulses frequency. The maximum length of the spin-lock period in all the
applied at/4 and 3/4 during the spin-lock period. Scheme 1 effectively experiments was equal to 120 ms.

uses two 180H pulses applied at/4 and 3/4, but*>N magnetization The relaxation rate constant in the rotating frame is giveit#y

is returned to the-axis and the rf field turned off prior to the pulses;

after the 180 H pulses, field gradient pulses are applied to dephase R, =Ry col o + R, sSi 6 (1)

any transverse magnetization components.

The performance of each of the decoupling schemes in Figure 1
was evaluated by measuring., using the ubiquitin sampleRy,
experiments were performed at four different spin-lock field strengths
(1000, 500, 250, and 150 Hz). The maximum length of the spin-lock
period in all the experiments was equal to 160 ms.

Relaxation dispersion was measured for the backBéeamide

wheref = arctan{./Q2) andQ is the resonance offset from the spin-
lock carrier frequency. ThudN R; rate constants can be calculated
using measured values Bf, andR; relaxation rate constants. Standard
methods for error propagation have been used to estimate the uncertain-
ties inR, arising from experimental uncertaintiesia,, Ry, andf. In

ne ' _ > _ the presence of an exchange proc&sss R+ Rey, in whichRis the

spin in residue Cys 14 in BPTI. This resonance is known to undergo relaxation rate constant due to relaxation mechanisms other than

chemical exchange broadening due to isomerization of the Cys 14 o, nange For two-site exchange that is fast on the chemical shift time
Cys 38 disulfide bond Ry, experiments described in the pulse sequence scale?

depicted in Scheme 1 of Figure 1 were performed on the BPTI sample
using 10 different spin-lock field strengths (1486, 277+ 3, 424+ 2
3, 542+ 3, 689+ 4, 806+ 3, 904+ 3, 1000+ 3, 1099+ 3, 1235 Rex= Kex@e (G + @07) &)
=+ 3 Hz). In addition, off-resonand®,, experiments, where the spin-

lock rf frequency was set outside the spectral region of interest, were (33) Mulder, F. A. A.; de Graaf, R. A.; Kaptein, R.; Boelens JRMagn. Reson.

performed using a spin-lock field strength of 1220 4 Hz and 1998 131, 351-357.

resonance offsets of 1213 and 1734 Hz. These experiments Were(34) Sb{gfdargbg‘éprmdples of nuclear magnetisn@xford University Press:
. X s .

performed using the pulse sequence of Scheme 2 of Figure 1 except(35) Deverell, C.; Morgan, R. E.; Strange, J.Mol. Phys.197Q 18, 553-559.
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a . © (—1)4
alt) = Z—cos(zr(Zk + Dtire,) (4)
H &2k + 1)
To analyze the effect of the scalar coupling interaction on
15N CW the Ry, relaxation experiment, we changp to a tilted reference
frame defined by a unitary transformatist(t) = U;H(t)U; ™1
i In with U1 = exp[ifS)]. The z-axis of the tilted frame is oriented
' ' ' ' at an angled relative toz-axis of the rotating frame. In the
b ' ' ' tilted frame, the Hamiltonian becomes
1 N
H(t) = oS + a(t)27J(1,S, cosf — 1,5, sinf)  (5)
= in which we = (Q? + w19)"2 The propagator for evolution under
@ OF . A(t) is given by
. pta
U(t) = T exp{ —i fH(t) dt’} (6)
1k i
in which T is the Dyson time-ordering operafSThis propaga-
L 1 L 1 L 1 " .
0 Tl o2 3,4 Toe tor can be written a%’
t U(t) = Ug()U (1) (7

Figure 2. 'H decoupling during®N spin-locking sequences. (a) Decoupling  \yhere
is achieved for a total spin-lock periad= nzcyc by applying*H 180° pulses

at teyd4 and 3J¢yd4. (b) a(t) describes the sign of the scalar coupling — -

Hamiltonian in eq 3 as a function of time; every time %h180° pulse is UO(t) exp{ 'weszt} (8)
applied,a(t) changes sign.

.t~ -
Uy(t) = Texp{—i [A(t) dt} =exp{—iHt}  (9)

wherekey is the exchange rate constafieyx = papsdw?, pa andpsg are ~

the fractional populations of sites A and B, ada@ is the difference H is the effective Hamiltonian in an interaction frame rotating

between thé®N chemical shifts of the two sites A and B. aroundS, with frequencywe:
The spin-lock field strengths used in tii&, experiments were .
calibrated by off-resonance continuous wave decoupling as previously H = a(t)27dU,(1,S, cosf — 1,Ssind)U, " (10)
described. Reported uncertainties are obtained from curvefitting. .
Variation in w; due toB; inhomogeneity is~10% as measured by a = a(t)27J1,S, cost — a(t)27Jl, S sin 6 cosw,t

transient nutation experlme?ﬁ. + a(t)ZJT:HZS,SIn 0 sin a)et

3. Theory in which U, = expliodtS). H is the average Hamiltonian given
We begin by analyzing the spin-lock sequence shown in by*

Figure 2a. In this scheme, 18fH decoupling pulses are applied - S0, oW

atzeyd/4 and 3¢yd4, and the scheme is repeated cyclically such H=H"+H"+.. (11)

thatz = nzeye. This decoupling scheme has been analyzed by ; which

Korzhnev and co-workers using a local field appro#dHerein,

we use a Fourier decomposition and average Hamiltonian

theory?” to provide additional insight and guide the development

of improved pulse sequences. .
The effectiveS spin Hamiltonian in the rotating reference HY = ;—I ﬁ; dt, ﬁ:z[ﬂ(tz), H(t,)] dt, (13)

frame during the period can be written &8 t

— 1 ~
HO= 2[Rt dy (12)

are the zeroth- and first-order contributions to the average
H(t) = QS, + o,S, + a(t)27J1.S, (3) Hamiltonian. In generald, H®, and H® are functions oft.
However, ifweteyc = 2mz, wheremis an integer, thetlo(zcyc)
wherea(t) is the periodic square wave function shown in Figure =1,
2Db, the radio frequency field is assumed to hayghase, and
is thel—S scalar coupling constant. Operatdrand S refer to U(n7gy0) = Ui(7ey0) (14)
IH and *N, respectively. In this picture, the effect of the
18(° pulses is to introduce a time dependence into the scalar
coupling Hamiltonian. The Fourier series aft) is

and the average Hamiltonian is defined for 7cyc in eq 12.
The average Hamiltonian is calculated by expanding the

trigonometric functions in eq 10 and integrating term by term.

The first term in eq 10 does not contributeHé) because the

(36) Guenneugues, M.; Berthault, P.; Desvaux,JHViagn. Reson1999 136,

118-126.
(37) Haeberlen, U.; Waugh, J. Bhys. Re. 1968 175 453-467. (39) Ernst, R. R.; Bodenhausen, G.; WokaunPAinciples of nuclear magnetic
(38) Jaroniec, C. P.; Tounge, B. A,; Rienstra, C. M.; Herzfeld, J.; Griffin, R. G. resonance in one and two dimensip@xford University Press: Oxford,
J. Magn. Reson200Q 146, 132-139. 1987.
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average value dd(t) is zero. Usinga(t) given in eq 4, the second ’[cos(hnvercy - 1]
and third terms of eq 10 are expanded as ¢ = arcta .
q P sin(2rnvgr,,o)
— a(t) 2731,Ssin 6 cosnt + a(t)27Jl,S sin 6 sinwt = =MW Toye (21)
. © (1) In the new frame,
= —27Jsin6 IZS(EO—{ cos[21(2k + 1)ty + ot
k= (2k + 1).7'[ H(O) =2 jlzs(r (22)
+ cos[2r(2k + 1)/t — w ]t} +
o (—1)f2 where
21J sindl sin[27(2k + 1)/z,,. + ot )
S atarr 1T Dot 0 L 2sing °° (-1
_ J= SiN(MoTveTey0) Z}
— sin[27(2k + 1), — ot} (15) N> =o(2k + 1)[(2k + 1) — veTeyd
I ) . — _Jsing .
The contributions of the first and third terms of eq 15H@) = Z—SIn(nﬂveTch
approach zero rapidly whenf22k + 1)/teyc + welt > 1 and 2TV Ty

can be neglected (vide infra). Keeping only the second and
fourth terms, the parts dl(t) that contribute significantly to

H© are

- o (-1
H(t) ~ 27 J sinezo—
=2k + 1)

x {cos[(K+ 1 — v, J2rtity, ]IS

o 1= veteye 3= Vlgye
X |—m—19 7 + vy 7 (23)

wherey(X) is the digamma functiof
The evolution of theS, = S magnetization is thus

Sz = nt,) = S(0)cosr Iz, ) exp(—R,, )
= 8(0)cosp(I/ve)sindF (vere )] eXp(—Ry Nty (24)

iK1 = verg)2mtiTe JI S} (16) where exponential decay of the spin-locked magnetization has

. . o been assumed and
Whenevemezey is an integer, the propagator is given by eq

14. In this situationH(t) and, consequentl{{© vanish unless

sin(vet,,d 1—vr
the condition Fn(Verch — 2n; cy! [-J‘L’ . 1/)( 4e cyc) +
Veleoye = 2k+1 a7 1/)(3 B :e‘[cyc)] (25)

is also satisfied. In this special ca$t?) is obtained simply as Equation 24 shows that decoupling is not achieved by the

periodic sequence of Figure 2a. Instead, the spin-locked
magnetization is modulated by an averaged scalar coupling
given by eq 23 or by eq 19 when eq 17 is satisfied. Figure 3
with showsJ, plotted as a function ofetcyc, for different values of

n. For large values of, the maxima of] are strongly peaked

for vereye = 2k + 1 as predicted by eq 18, (vercyo) is a bound
function, as shown in the inset of Figure 3; consequently, the
cosinusoidal modulation of the magnetization depends on the
Equations 17 and 19 are equivalent to eqs 5.1 and 6 of Korzhnevatio J/ve. Numerical calculations shown in Figure 3 also
et al., respectivel§3 Thus, the local field approach of Korzhney ~demonstrate that the same qualitative results are obtained from

and co-workers is equivalent to average Hamiltonian theory €4S 15 and 16. Becaust® is scaled by M, J or Fr(vereyq)

under the condition thatly(zcy) is cyclic. obtained by integration of eq 16 and of eq 15 converge to one
More generally, the lowest order contribution to the average @nother for increasing values of The departure of eq 24 from

Hamiltonian calculated over the full spin lock periads Nzeye, a purely exponential decay introduces systematic errors into

HO = 27318, (18)

J= (_1)(vercyc+ 1y22J sin@ (19)

TVeTeye

is given by values ofR;, measured experimentally, as described by Ko-
rzhnev et af®
o ke The form of eq 24 immediately suggests improved decoupling
HO = 9| S;ZJ sino (D sin(ammete,d strategies. By fixingn = 1 and varyingre,c = 7, rather than
z

fixing z¢yc and varyingn such thainre,c = 7, the argument of
the cosine function in eq 24 is bounded. Provided that the ratio
Jiveis sufficiently small, eq 24 will be nearly exponential. This
approach is embodied in Scheme 2 of Figure 1. Figure 4
comparesS(t) plotted as a function of time for experiments

Zo +
2 &2k + [(2k + 1) — vere,d

o 2Jsing 2 (_1)k[cos(27m/etcyt) —1] (20)
S om 2 (2k+ D[k + 1) — 7,

i i ; ifi itahi (40) Abramowitz, M.; Stegun, |I. AHandbook of mathematical functions with
This expression can be Slmpllfled by SWItChIng to a new formulas, graphs, and mathematical tablB®ver Publications: New York,

reference frame obtained by a rotation aro@thy an angle: 1974.
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Figure 5. Comparison oR; values obtained using the three-pulse sequences
presented in Figure IR, values obtained from Scheme 3 at a spin-lock
field strength of 1018+ 8 Hz are plotted on the-axis in both panel a

and b; the accuracy of the results have been established by Korzhnev and
co-workers?® R, values obtained from Scheme 1 and from Scheme 2 are
plotted on they-axis of panel a and b, respectively. The spin-lock field
strengths used were 1010 7 Hz for Scheme 1 and 1022 10 Hz for

Figure 3. Incomplete decoupling by repetitid pulses.|J/J sin 0] is
plotted againstercyc for different values ofn (n = 1 black,n = 3 red,
andn = 9 blue); 4 is the number oftH & pulses applied during the
15N spin-lock periodr = nreyc, separated by a delay equal#gJ2. The
dashed line representd/J sin 6|, for n = 1, obtained from the aver-
age Hamiltonian calculated by integrating all terms in eq 15. The inset
shows Fn(veteyo), defined in eq 25, plotted againstrcyc for different

values ofn (the same legend applies)(vereyd) is periodic with a period ~ Scheme 2.
equal to 4vereye. The dashed line represerfg(vercy), for n = 1, ob-
tained from the average Hamiltonian calculated by integrating all terms in 12_ TTTTTTTTTT
eq 15. 10~ a —
1 _8F |
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-1
1 1 | 1 | 1 | 1 RZ (S )
0 0.1 0.2 0.3 0.4 ) )
t (s) Figure 6. Comparison ofR; values obtained from the pulse sequence

depicted in Scheme 3 of Figure 1 at different spin-lock fields. The values
of R, obtained with a spin-lock field strength equal to 108 Hz are
plotted on thex-axis versus those obtained at 586 Hz (a), 249+ 3 Hz

(b), and 156+ 5 Hz (c) on they-axis.

Figure 4. Time evolution ofS(t) from eq 24 during the application of an
on-resonance spin-lock field of strength equal to (a) 1000 Hz, and (b) 500
Hz. S(t) is modulated by an averaged scalar couplingiven by eq 23
with n = 1 (solid line) or by eq 19, when eq 17 is satisfied, with fixeg o ) .
= 3/ve and variablen (dashed line). decomposition (although different from eq 4) and hence will

generate a nonvanishing scalar coupling average Hamiltonian
that varyn and that varyr.,.. In accordance with theoretical in the tilted reference frame. The pulse sequence shown as
expectations, cosinusoidal modulation of the decay is nearly Scheme 1 in Figure 1 is designed to interupt the periodicity of
absent whem = 1 andve, > 500 Hz forJ = 92 Hz. the decoupling pulses by applying dephasing gradients while
A second conclusion drawn from the theoretical analysis is magnetization is stored along theaxis of the laboratory
that any sequence of 188H decoupling pulses has a Fourier reference frame.
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Figure 7. Comparison ofR, values obtained from the pulse sequence 8 __ __
presented in Scheme 2 of Figure 1 at different spin-lock fields. The values e L i
of R, obtained with a spin-lock field strength equal to 102210 Hz are ‘59, 6 I
plotted on thex-axis versus those obtained at 586 Hz (a) and 254 6 o L 4
Hz (b), on they-axis. 4+ -
As the ratioJ/ve is reduced, higher order contributions to the 2 —
average Hamiltonian are expected to become more important. 0 U L]
The relative contribution oH® to the average Hamiltonian is 0 2 4 6 8 10 12
scaled by the ratio of théd/ve, the contributions of higher order R, s

termsH® are expected to decrease dsd)P.
4. Results

4.1. Comparison of the DifferentRy, Pulse Sequenceg.he

Figure 8. Comparison ofR; values obtained from the pulse sequence
depicted Scheme 1 of Figure 1 at different spin-lock fields. The values of
R, obtained with a spin-lock field strength equal to 168 Hz are plotted

on thex-axis versus those obtained at 58% Hz (a), 249+ 5 Hz (b), and

three decoupling schemes presented in Figure 1 have been testeth6 + 5 Hz (c), on they-axis.

using the ubiquitin sample. Measured value&gffor residues
with |3] < 0.4 were converted tB using eq 1 and measured
values ofR;. Use ofRy, rather tharRy,, facilitates comparison

consistent with the earlier experimental work of Korzhnev and
co-workerd® and with the theoretical analysis for Scheme 2

between results recorded for different rf field strengths becausepresented in eq 24 fal've < 1. If v = 150 Hz, then the pulse

R, does not depend on the tilt angle, which varies with field

sequence depicted in Scheme 3 shows three different decay

strength for any given resonance. The pulse sequence shownegimes, each corresponding to a different numbéio18C
in Scheme 3 of Figure 1 has been proven to give accurate valuegulses applied during the spin-lock period, highlighted in

of Ry, and R, when the effective fielde = 1000 Hz?® The
values ofRy, measured for ubiquitin using this sequence are

different colors. As described above, because the decoupling
scheme changes discontinuously each time andiHet80°

the reference values for comparison with the other schemes inpulse is added, a different average Hamiltonian is active during

Figure 1.

the different time periods of the experiment. The data shown

Figure 5 shows that the new pulse sequences, Schemes 1 antbr Scheme 2 exhibits an oscillatory behavior superimposed on

2 of Figure 1, yield accurate measurements of Rg rate
constants whem, is equal to 1000 Hz. Figure 6 shows that as
ve is reduced below 250 Hz, the valuesRf, measured with

the exponential decay. At this effective field strengih,e =
0.6 and the modulation of the decay due to the fundtiprzcy.)
in eq 24 is significant. Only Scheme 1 generates a monoexpo-

Scheme 3 become systematically overestimated. Figure 7 showsential decay wheme = 150 Hz. At even lower fields, where
that the pulse sequence employing Scheme 2 gives accuraté/ve ~ 1, even data recorded with Scheme 1 begins to show

results forRy, for ve as low as 250 Hz. The magnetization decay
profiles cannot be fit with single-exponential functions when
ve = 150 Hz (vide infra). Figure 8 shows that the pulse sequence
depicted in Scheme 1 gives accurate valueRgffor field
strengths as low ag = 150 Hz. Figure 9 shows the relaxation
decay curves for residue Arg 72 of ubiquitin obtained for the
three experiments using two spin-lock field strengths. Wihen

= 1000 Hz, all three decoupling schemes yield magnetization

evidence of oscillatory behavior (not shown).

4.2. BPTI Dispersion Curve.Figure 10 shows the relaxation
dispersion curve for residue Cys 14 of BPTI. Both on-resonance
and off-resonancBy, experiments have been used to character-
ize dispersion over a wide range of. The on-resonanciy,
experiment used the pulse sequence presented in Scheme 1 in
Figure 1. The off-resonancBy, experiment uses the pulse
sequence depicted in Scheme 2 of Figure 1 where théio

decay profiles that are monoexponential. These results are90° pulses preceding and following the spin-lock period have
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Figure 9. Relaxation decay curves for residue Arg T2,= 11 Hz, at two spin-lock field strengths, (a, b, ¢) 1010 Hz and (d, e, f) 150 Hz, for the
experiments employing the pulse sequences presented in Figure 1, (a, d) Scheme 3, (b, €) Scheme 2, and (c, f) Scheme 1. In (a, d), thel A8Gber of
pulses applied are (black) zero, (red) one, (green) two, and (blue) three.

been substituted by adiabatic pul§é®ata were fit using eqs  decoupling results from periodic applicationsf 180° pulses

1 and 2 assuming fast exchange. A value of 6:09.08 st during the spin-lock period. The present analysis emphasizes
was used fong, measured as previously descritfédsood that incomplete decoupling occurs because harmonic frequency
agreement is apparent between the results of the off- and on-components of the time-dependentoupling,a(t), are nearly
resonancery, experiments in Figure 10. The results obtained matched to the effective frequeney. Insights garnered from
from fitting of kex and ®ey, respectively, are equal to 7600 the theoretical treatment have been used to design two new pulse
200 st and 28 800t 800 s2. This value ofkeis in agreement  sequences aimed at providing accurate measuremeRts fofr

with a value of~7000 s measured by CPMG experimenrits.  rf field strenths<1000 Hz. These experiments allow measure-
Using a value ofw = 13604 90 s, obtained from a global ment ofRy, relaxation rate constants for effective field strengths
analysis of CPMG dispersion data at three temperatures andas low as 250 Hz for Scheme 2 and 150 Hz for Scheme 1 for

two static magnetic field strengtRsye estimategpg = 1.6 & 15N spins in proteins with aflH—1°N scalar coupling constant
0.2% from @y, which agrees with a value of 1.& 0.2% of 92 Hz. The performance of the proposed experiments has
reported in the same study. been validated experimentally using both ubiquitin and BPTI.

Importantly, as Figure 10 highlights, the present results sam- Similar experiments can be applied to rotating-frame relaxation
ple the relaxation dispersion curve at values of the effective rf of *H and!3C spins.
field that are larger than those accessible by CPMG experiments. The new techniques are accurate for a spectral region of
On the other hand, the values »f = 1000 Hz accessible in 10 44, because placement of the magnetization along the
conventional on- and off-resonanBg, experiments alone are  gjrection of the effective field is necessary for accuracy of
too strong to completely characterize the dispersion curve. the R;, measurements. As the rf field strength decreases, a
Hence, the proposed pulse sequences ( Schemes 1 and 2 igmaller region in the NMR spectrum is accessible to Rag
Figure 1) permit more complete characterization of the disper- experiment. Thus, more than oRg, experiment with different
sion profile than either CPMG or conventional on- and off- gpin-lock carrier offsets might be needed to measure the
resonancei,, experiments. relaxation rate for all the spins of interest. For off-resonance
5. Discussion and Conclusion Ry, experiments withve > 1000 Hz, adiabatic sweeps are more
effective that pulse-interupted free precession methods for
aligning magnetization along the effective fifdn the present
case, maintaining the adiabatic condition for weak rf fields
results in very long adiabatic sweeps and relaxation losses
become prohibitive.

In agreement with the local field approa¢hthe theoreti-
cal analysis of theR;, experiment suggests that incomplete

(41) Wang, C.; Grey, M. J.; Palmer, A. @. Biomol. NMR2001, 21, 361—
366.
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Figure 10. Relaxation dispersion for residue C14 of BPTI. The top panel
shows 1Rex as a function ofw? calculated from the on-resonang,
experiment using 10 field strengths ranging from 150 Hz and 1.2 kHz. The
straight line shows the fit for fast exchange limit, wik = 7600+ 200

s land®., = 28 800+ 800 s2 In the bottom paneR: is plotted against

wi, the two points corresponding to the highest values gfrepresented

as squares, have been obtained using the off-resorfip@xperiment as
described in the text. The curve is drawn using the same valules ahd

D, fitted from the data shown in the top panel. A value of 6409.08 st

was used foth measured as previously descrifédlhe dark and light

this relaxation mechanism was observed in the present applica-
tions, reduction of th& relaxation rate constant by deuteration
of remote proton sites may be advisable in larger proteins.
CPMG andRy, rotating-frame relaxation experiments have
been the choice for studying exchange processes that occur in
the time scale range of microseconds to millisecéh@®MG
sequences are sensitive to exchange processes with time con-
stants in the range of hundreds of microseconds to milliseconds.
Ry, sequences can use much higher effective field strengths and
for this reason have been used most often to characterize faster
processes with smaller time constants, of the order of micro-
seconds, that are inaccessible to CPMG experiments.

The proposed pulse sequences allow the use of lower effective
fields and the characterization of slower processes that could
not be studied until now byR;, relaxation dispersion. The
possibility of employing both experimental methods to study
exchange processes under the same experimental conditions
allows an easier combination of the results obtained with these
two techniques, giving access to an extended sampling of
motional time scale¥’ Furthermore, to use new expressions for
Ry, outside the fast exchange limit recently presented by Palmer
and co-workerd> 17 low spin-lock field strengths must be
utilized. TheRy, experiment allows complete characterization
of the kinetics of the exchange process using data acquired at
a single static magnetic field strength, in contrast with the CPMG
experiment that requires data at multiple magnetic field strengths.
Most importantly, for systems outside the fast exchange limit,
both magnitude and the sign of the chemical shift difference
0w of the exchanging species can be obtained frRp
experimentd? In contrast, CPMG experiments only measure

gray areas of the plot represent the range of effective fields respectively the magnitude obw, and additional experiments are required

accessible to CPMGryc = 1ms) and conventional on- and off-resonance
Ri, (v1 = w1/2r = 1000 Hz) experiments.

The new sequences suppress the contributions febimH
dipole—dipole>N CSA relaxation by applyingH 18C° pulses
at7/4 and 3/4. This sequence element is sufficient to average
relaxation interference to zero to second order in filfesingle
pulse applied at/2 would reduce the magnitude dby a factor

to determine the sigft 44 Knowledge ofdw is essential to gain
insights into structural changes associated with exchange
processes.

An ever increasing number of applications of CPMG &gl
techniques to biological macromolecules are being reported. The
new experiments presented herein promise to enlarge the range
of biological dynamical phenomena that can be investigated by

of 2 compared with the proposed experiments; however, a singleNMR spectroscopy.

pulse only averages the relaxation interference contribution to

first order in time?! For this reason, we prefer the approach
presented in Schemes 1 and 2 of Figure 1 &#3N] proteins.
In the case of J-15N; U-2H] proteins, the difference between

15N in-phase and anti-phase relaxation rate constants is smalle

and a single 180 pulse may be sufficient to obtain good
suppression of relaxation interfereriée.

When the applied rf field is very weak, scalar relaxation of
the second kint? may contribute to the observed relaxation

dispersion. As described in the Appendix, the relaxation rate
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Appendix

The evolution of an'®N scalar-coupled doublet subject to

constant for scalar relaxation in the rotating frame is given by scalar relaxation of the second kind, resulting from relaxation

c_ R, 7 Fl(w? + 72 w, = 7,

Y| Rywil(wf + 225

(26)

W, <md

in which Ryy is the longitudinal relaxation rate constant of
the amide!H spin and the rf carrier is assumed to be posi-

tioned on-resonance with an average frequency of the two

doublet components andr2 > Ryy. Although no evidence for

(42) London, R. EJ. Magn. Reson199Q 86, 410-415.

of the H spin, is described By
dfs®] _[ra—k « S50
dt[83(t)] B [k Ly = k”sf(t)] (A

in which

(43) Skrynnikov, N. S.; Dahlquist, F. W.; Kay, L. B. Am. Chem. So2002
124, 12352-12360.

(44) Shaka, A. J.; Barker, P. B.; Freeman,JRMagn. Resonl985 64, 547—

562.
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in which 4 is a real eigenvalue of the matrix:

i N
a
S(Ia(t) 0 7 0 R]_H/Z 0 0 I
S’ =[S0 (A2) —7d 0 ®, 0 Ry/2 0
|SI“0)] 0 ~w; AR 0 0 Rif2| 1o
. n RlH/2 0 0 0 —md 0 ( )
sIA(t) 0 Riy2 0 7d 0 on
gty =|s® (A3) 0 0 Ri/2 0 @1 AR
ISz|ﬁ(t)I in which AR = R, — Ry. The eigenvalues of this matrix are
approximated by expanding the characteristic polynomial,
-R, Q+xl 0 truncating terms of ordel® or greater, and solving the resulting
L,=[-Q-m1 R W, (A4) quadratic equatiof? Two eigenvalues are obtained, correspond-
0 —w, -R ing to the caserd < w; and 7J > wi. Using the two
approximate eigenvalues yields the final expressions:
_Rz Q—-—nJ 0 R =
Ly=|-Q+m R o (A5) I - ) .
0 M R 2JZJ 2P‘1 22wl 2R2+R1H 2260l 2 w2 o
100 JTJ+CL)1 .71'J+(,Ul .7[J+(Ul
k=Ry/20 10 (A6) 22 " o] . B A,
001 PP+ 02t 2R+’ P+ ol '
and Ry is the longitudinal relaxation rate constant for thé (A9)
spin. For simplicity, the rf carrier is assumed to be on-resonance . ) L
with the Larmor frequency of the spin; thereforeQ = 0. In The terms proportional t8; andR, simply reflect the projection

addition, the limitzz] > Ry is assumed because resolved into tilted frames for each of the doublet components. The third
doublets normally are observable in protein NMR spectra. The term, proportional tdR;, is the contribution to relaxation from

rotating frame relaxation rate constant is given by scalar relaxatl_on of the_ sgcongl kind in the presence of an on-
resonance rf field and is identical to eq 26.
R,=R+Ry2-1 (A7) JA038721W
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