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Rotating-frame NMR experiments which either emphasize or
suppress cross relaxation, and which simultaneously suppress
TOCSY, COSY, and zero-quantum peaks in NMR spectra, are
presented and analyzed. The new experiments rely on mixing
sequences which follow naturally from the transverse-ROESY (Tr-
ROESY) sequence of Hwang and Shaka, and which are applicable
to larger molecules in solution (spin diffusion limit). In the first
variant a modified Tr-ROESY sequence, called multiple-pulse
ROESY (MP-ROESY), is used to enhance cross-relaxation peak
intensity compared to Tr-ROESY; in the second, called phase-
modulated CLEAN chemical exchange (CLEANEX-PM), cross-
relaxation peaks are greatly attenuated. The two methods are thus
complementary: MP-ROESY is used to observe Overhauser peaks,
and CLEANEX-PM is used to eliminate them, permitting clear
observation of chemical exchange peaks alone. The new tech-
niques are examined by theory and experiment. Practical guide-
lines that will result in high-quality spectra are given, including
the judicious use of continuous weak static magnetic field
gradients. © 1998 Academic Press

Key Words: chemical exchange; CLEANEX-PM; cross relax-
ation; MP-ROESY; magnetic field gradient; zero quantum
dephasing.

INTRODUCTION

polarity as true ROEs and are misleadi®y (ncoherent mag-
netization transfer pathways include both cross relaxation an
chemical exchange9). The algebraic sign of chemical ex-
change cross peaks is opposite that of the ROE cross peal
making it possible to identify cross peaks caused by the dif
ferent mechanismsl( 3) provided that they are resolved. Se-
quential magnetization transfer through chemical exchange ar
cross relaxation can once again lead to additional unwante
peaks. When the spectral features are not completely resolve
the unwanted peaks can greatly complicate the spectral anal
sis by causing partial cancelation of the desired signals.
The embarrassing abundance of magnetization transfer th
can occur in ROESY makes it highly desirable to design
experiments to obsenanly one effect at a timé&leasuring the
cross-relaxation rates while suppressing the TOCSY transfer i
ROESY has been an active area of reseag;iQ-17. We
have proposed th&ansverseROESY (Tr-ROESY) experi-
ment (L3, 19, in which original spin locking field S}-during
the mixing time is replaced with a windowless sequence o
phase alternating 180° pulsg¢480°(x) 180°(—x)],,, and
shown its effectiveness with regard to TOCSY suppression
Tr-ROESY suppresses most TOCSY transfer and averages tl
transverse and longitudinal cross-relaxation rates. For macr
molecules, the transverse and longitudinal cross-relaxatio

In the phase-sensitive 2D ROESY, @) experiment, both rates have opposite signs, and so the buildup of cross pe:

coherent and incoherent magnetization transfer may odeur (ntensity is slower in Tr-ROESY than in conventional ROESY.
4). Coherent magnetization transfer betwderoupled spinsis For smaller molecules, however, the buildup curves of Tr-
undesirable and can be classified broadly as either “TOCSEOESY and of ROESY are roughly the same, as the transver:
type” or “COSY-type” @, 5-7). The two types can be distin- and longitudinal cross-relaxation rates are of the same sign. |
guished by their different cross peak patterns: TOCSY-typgis paper we outline a modified version of Tr-ROESY that
cross peaks are mostly in phase with the diagonal peaks @jiges faster ROE buildup at the cost of some TOCSY suppres
have nonzero integral over the 2D multiplet, while the integrafon, an improvement that may be of interest in the spectros
of antiphase COSY-type cross peak multiplets vanishes. B@$ipy of larger molecules at very high magnetic fields. We cal
mechanisms can give unwanted cross peaks in the ROEf sequence multiple-pulse rotating-frame Overhauser effe
experiment. Of the two, however, TOCSY is the more confuspectroscopy (MP-ROESY).

ing because relayed ROEs, involving a cross relaxation stepAnother possibility in the rotating-frame experiments is a
followed or preceded by a TOCSY step, are of the samgure” chemical exchange spectrum. Although cross peak

) o caused by different incoherent magnetization transfer meche
1 Current address: Department of Radiology, School of Medicine, Johns

Hopkins University, 217 Traylor Bldg., 720 Rutland Avenue, Baltimore, MD
21205.
2To whom correspondence should be addressed.

31n order not to confuse with 3QF T-ROESY (“T” refers Tited frame)
(43), we have changed the abbreviation of transverse-ROESY to Tr-ROESY
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90x ROESY sequence and serves the role of a resonance offset term in t
H‘ U 1T model. The scalar couplingl, provides a “transverse field.”
| 180y [ 180y [ 180y 180, [ 180y [ 180y | \ i A Ao Difference magnetizationl {, — I,,) evolves under the influ-
= Tm an V v ence of the vector sum of these two “fields” according to a
90+ Tr-ROESY simplt_e torque e_quation. If the effective chemical §hift_differ—
[t r T ence is small, either because the true chemical shift differenc
| 180x | 180+ 180x[ 180 180x[180+] \ Na is small or because the scaling factois small, thenJ has the
L n V Vv ability to invert the (;, — I,,) state, much like a soft 180°
90, MP-ROESY pulse can mve_rt spins near resonance. The inversion of the (
-ty - ) —ty— — 1,,) state is nothing other than TOCS¥)( To prevent
|1sox|1so-x[360y|3eo.y|1sox|1so.xﬂ \f\/\ ~ TOCSY transfer, the mixing sequence should thus have
L ARTAA RS nonzero scaling factor over the bandwidth of interest: the
closer A is to unity, the smaller the percentage of unwanted
90« b CLEANEX-PM . TOCSY transfer. The scaling factarcan be calculated for any
I135x|120-x|110x|110-x|120x|135-xﬂ \ Nn per@odic multip_le-pulse sequence by applying the sequence t
- BT ATA R an isolated spin and using the formufl)
G 1a4p
A= t;ow’ [l

FIG. 1. Pulse sequence timing diagrams for different rotating-frame 2D
experiments. In the mixing period, a multiple-pulse sequence is used to control
and manipulate cross relaxation. The absorption-mode 2D spectrumW&e€re B is the net rotation angle of the sequentgjs its
achieved by employing a small gradient throughout the mixing period.  duration, andv is the resonance offset;measures how much
the chemical shift range is locally compressed under the actio
of the multiple-pulse sequence. Note that only the performanc
nisms can be distinguished in ROESY, eliminating both scalaf the sequence at the end of one entire period is important;
coupling and cross-relaxation transfer clarifies the chemidalnot necessary to follow the trajectories in a blow-by-blow
exchange spectrum. We have designed a robust mixing feshion. Decoupling sequences, for example, strive to achiev
guence to accomplish this aim, which we call phase-modulat®d= 0 and are thus of very little use for ROESY or exchange
clean chemical exchange spectroscopy (CLEANEX-PM).( spectra. If, on the other hand, the difference of the effective
It is an improvement of a previously described amplitudeesonance offsets between two coupled spins is large compar
modulated mixing sequence devised for the same purpose &nd, the TOCSY transfer can be effectively suppressed.
which is referred to as CLEANEX-AM109). The suppression of cross-relaxation peaks is a different kin:
We will refer to a number of different pulse sequences, withf problem. Basically, the longitudinal and transverse relax:
timing diagrams laid out in Fig. 1. The sequence for MPation rates operatéaroughoutthe entire pulse sequence, mak-
ROESY is designed to increase the observed cross-relaxatiog it necessary to follow the spin trajectory in detail. The
rate for macromolecules, in which the performance is a cortireory is well understood for the simple case of a pair of spin:
promise between conventional ROESY and Tr-ROESY. Tlmeeld rigidly at a fixed distance and undergoing isotropic reori-
sequence for CLEANEX-PM is intended to inhiliibth the entation with single correlation time. The longitudinal and
scalar coupling and cross-relaxation magnetization transfergiansverse cross-relaxation rates arg2@, 23
exchange spectroscopy, resulting in an unambiguous chemical

exchange spectrum. The particular CLEANEX-PM implemen- v*h? 6
tation in Fig. 1 is appropriate for the spin diffusion limit. (o) = 10r¢ (1 Y dwirt” 1) Te (2]
THEORY _Yh? 3 o 3
(O'tr)ij = 10ri§3 1+ wSTi Ter (3]

The Scaling Factor and Effective Cross Relaxation Rate

When a pair ofl-coupled proton spins are spin locked alonwhere wy/27 is the spectrometer frequency, is the correla-
the y-axis of the rotating frame by a periodic pulse sequencdggn time of isotropic reorientation, ang is the fixed distance
the possibility of TOCSY magnetization transfer can be calcbetween the two spins. In a high-field NMR spectrometer.
lated from a simple geometrical picture using a fictitious 3DBiomolecules with long can reach the “spin diffusion” limit,
vector model which has been discussed in defdil 0. The g7, > 1. This leads tay, = —20y,. If the molecular motion
actual chemical shift difference between the two spins is scaledd magnetic field strength conspire to put the molecule in th
by some factoh between zero and unity under the action of thiatermediate regimay,r, ~ V/5/2, thene,, vanishes and some
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sort of ROESY-type experiment is necessary. When a mulBhase-Sensitive Spectra

ple-pulse sequence is operating, the spins are rapidly but co-

herently reoriented along different directions and the observgo]enctzr Errls\?veitﬁgsggrp);icl;[r:-sovrer?e/;nggt(?rmtigon?rﬁo%tﬁirgz ;)rt]);algsa
cross relaxation rate becomes some weighted averagerpf P orp P ) P
oth F, andF,. It is well known that this usually requires two

ando,. Griesinger and Ernst developed the invariant trajectoP . ) : . ;
method to calculate the effective cross-relaxation rate fora%%nplltude—modulated data sets in which the sine and cosine mo

two-spin system under the influence of a multiple-pulse St lation have been recorded separat8B).(As a corollary, it must

quence 24). Their formula, applied to a periodic multiple- erefore be_possible tol phase the very first increment Fo near
pulse sequence, is pure absorpztlon, S0 that it looks close to a spectrum. obtained aft
a single 90° pulse. Linear frequency phase corrections are und
sirable because they can distort the baseline, making contour plc
1 [ difficult and volume integrals less reliable.
o=— J (ad My () * My, (t) + myy(t) - My, (1)} In conventional ROESY, the natural inhomogeneity o8hdield
Ts o over the sample volume leads to relatively rapid dephasing of ma
netization that is perpendicular to the spin lock field. IfEhdield is
+ oMy (t) - my,(1))dt, [4] strong, this dephasing of either tkieor y-component of the magne-
tization is efficient and can be used naturally to provide the pair o
wherem,  is the projection of the first spin on theaxis, etc., amplitude modulated data sets_required fora phase—s_ensitive Spe
and the integration is carried out over one period. During tI%Jm' Unfor‘[unately,. a strong, f|eld.g|ves a small scaling factqr
mixing period, the projections of these two interacting spins oannd can therefore increase the size of TOCSY peaks. Using

. weaker off-resonance spin locking field results in less efficien
the xy-plane undergo transverse cross relaxation, and the pro- b 9

jections on thez-axis are subject to the longitudinal cross.EphaS'ng because the actual range of nutation frequencies ex|

: . .~ Tienced by an off-resonance spin is somewhat smaller and tt
relaxation. Any other relaxation effects are neglected in thr'1sumber ofy revolutions per unit tirﬁ:e is less. There is also some los
calculation. If o, = —20y,, the longitudinal and transverse P X -

cross-relaxation rates can be canceled as long as the Slgfn%ensmwty, as &, field tilted by an angle from they-axis will

spend twice as much time on tk@xis as on thay-plane. This ephase part of the desirgdnagnetization, giving a co8 loss.

idea has been used to design CLEAN TOCSY and chemic%rI'ES'nger and_ ErnstSG)_recogmzed these problem;s, and sug-
ed bracketing the spin lock by a pair of strong 90° pulses, e.¢

exchange sequences. Previously proposed methods use t ) :

approaches to cancel the cross relaxation rates. The first i% oty)_SL(ﬁ_go(?/)' The gr‘:f] pulse allégnstall tranlfverse rr;ggr:_e-
insert delays into the pulse sequence at appropriate timézsa 'on I theyzplane and the second Teturns afl magnetizatior
letting the spins spend longer on theaxis 25-29. The rom theyzplane to thexy-plane. If the 90° pulses are strong and
secogd is to[;pply Zm ampli'gjde-modulaﬁg field to.move correctly calibrated, the amplitude loss is converted to a milc
the spins at different rates according to the positions of trllmear phase correction in each dimension. In addition, som:

u%wanted coherence transfer pathways arising from the tilted sp
spins @9, 30. The third uses a constalj field in conjunction P Y 9 b
with phase modulation so that the spins spend less time on

H)]ck field are eliminated by the 90° pulse3).
xy-plane compared to theaxis (31).

Tior the sequences we propose here, the 90° pulses a
To assess a given sequence, it is convenient to compute b_?)?

essary for a different reason. The net rotation axis of th
its scaling factor and its effective cross relaxation rate. It i OESY mixing sequencd 80°(x) 180°(~x)], is closely
convenient also to identify the net rotation axisof the

aligned along theg-axis, so that tilted field effects do not enter
sequence, to make sure it is closely aligned with ykeexis.

in. However, near resonance ti#80°(x) 180°(—x)], se-
These three items can be obtained from a numerical integrat%ﬁence forms rotary echoe34j, which results irboth x and
of an ensemble of isolated spins, as a function of resonance

-magnetization being retained. Thus, to obtain a proper phas:
offset, under the pulse sequence. It is not necessary to simuld gsmve Tr-ROESY spectrum, the bracketing'@0 pulses

coupled spin systems. Onae o, andn are known, a compar- ire Ee_qxl;']regdé (fn()j :AIOS? durbgolrjr;tggat_lrohrilss :ﬁ?&:; (Xr)1ase
ison between competitive sequences can be made. The choi% . nIPD=Y) S b
cling can be avoided by making use of weak continuous

may depend somewhat on the molecule under study. |irﬁtticfield radients (see below). The same comments apply
ROESY-type experiments on a small natural product in t 9 ) PPy

intermediate regime, where many spins are coupled and cl 8 other sequences we will introduce.
n chemical shift, a very _Iarge _scahng fac;or may b_e mo%nhancing the Cross-Relaxation Rate: MP-ROESY
important. For a polypeptide with good shift dispersion bu

closer to the spin diffusion limit, a largé may be most  Assuming thato,, and o, are of opposite sign, then the
important. For sequences with similar performance, additiorlahgitudinal and transverse cross-relaxation rates will tend t
criteria such as ease of implementation, tolerance to pulsancel, andr will be less thanoy,.. For Tr-ROESY, we have
miscalibration, etc., can be used to make a final choice. shown (3) that, reasonably close to the transmitter offset,
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_ (1 + sin Oisin 9])(0'“’)” + cos Gi Cos Oj(o'm)ij MP-ROESY 0.5
0 = 2 [5] a )
2 1 3
A= 1T (AalyB,y)? [6]
and
n=(0, 1,0, [7]
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where 6, = tan *(Aw,/yB,) is the tilt angle of the effective

field. In the spin diffusion limito;/o,, = 0.25 near resonance,

while A = 2/ ~ 0.637. A simple way to enhance the effective

cross relaxation is to insert conventionglpulses into Tr- b
ROESY. To avoid perturbing the net axis of the resulting
sequence, the additional pulses should approximate a cyclic
sequence. These considerations suggest the simple sequence
360°(y) 360°(—Yy) as a candidate, giving

Ruvp-roesy = 180°(x)180°(—x)360°(y)

360°(—y)180°(x)180°(—x). [8]
Near resonance, the expected performance of MP-ROESY in -0.5 0 0.5
terms ofa andA can be analyzed by realizing that the 369) AB
360°(—y) segment is fairly cyclic and so has a net rotation B1

‘Emgle of nearly zero a_md a scaling factor of Zer(_)' AS_SUCh’ bOtth. 2. Contour plots of the effective cross-relaxation rai#r,, in the
o and A become weighted averages for the individual se@pin diffusion limit as a function of the resonance of the two spins. (a), (b) The
ments, giving contours 0f180(x) 180(—x) 360(y) 360(—y) 180(x) 180(—x) and 180)
180(—x), respectively.
ow 0.25+(2X1.0)+0.25
oy 4

=0.625 [9] _ .
Suppressing Cross Relaxation: CLEANEX-PM

2+ (2X0) +2/w 1
MP — 4 :;%0.318,

[10] By arranging that the spins spend more time along the
z-axis, o can be reduced as long ag and gy, are of opposite
sign. If oy, is zero (or. ~ V5/2), then the spins should spend
100% of the time along the-axis, a conventional NOESY

showing that the scaling factor is reduced by a factor of twexperiment, whereas i, = —20y,, then the spins should
while the effective cross relaxation has increasednoyethan spend roughly 67% of their time along tkeaxis. There is no
a factor of two. Unfortunately, this simple calculation does n@bvious need for any pulses of phasi this case, akesstime
capture the situation adequately off-resonance, nor doesalieng they-axis is desired, rather than more. The large scaling
address the detailed dependencé at moderate offsets wherefactor and stable net rotation axis requirements remain th
the overshoot of the 36Qy) pulses are significant. Figure 2asame. A large number of candidate sequences can be locat
shows a numerical map offor this sequence as a contour plotjuickly and evaluated, and they differ only in detail. Two
depending on the resonance offsets of the cross relaxing paivmising possibilities for molecules in the spin diffusion
and compares it with that for Tr-ROESY, Fig. 2b. The offsdimit, using 6 or 12 pulses, are

dependence of MP-ROESY is not perfectly symmetric because

the underlying sequence is neither purely symmetric nor anti-

symmetric in time, but the contours are reasonably well be-
haved and there is a definite increas&inear the center of the
range.

Rci = 135°(x)120°(—x)110°(x)

110°(—x)120°(x)135°(—x) [11]
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and CLEANEX-PM

R = 160°(x)130°(—x)60°(x)
40°(—x)90°(x)115°(—x)115°(x)90°(—x)
40°(x)60°(—x)130°(x)160°(—X). [12]

We will refer to the latter sequence as CLEANEX-PM Il. The
effective cross-relaxation rates for both these sequences are quite
small over an extended bandwidth, as shown in Fig. 3. The
comparison sequence is the proposed (laboratory frame) mix-
ing sequence of Fejzet al.,—A— 90°(x) 90°(—x) 90°(—x)
90°(x) —A—, where the delay timed, is equal to the 90°
pulsewidth 29). The CLEANEX-PM sequences null out cross
relaxation more efficiently and, as they have large scaling b
factors, do not give TOCSY peaks either. An important point,
however, is that the cancelation presupposes the relationship
oy = —20y,. If a small ligand is partially bound to, or in weak
association with, a macromolecule, then the effective correla-
tion time may be shorter, leading to detectable ROESY peaks
in addition to any exchange peaks; these ROESY peaks will
have opposite sign to the exchange peaks. These intermolecu-
lar peaks between water and a zinc finger protein have recently
been observedl@). Quite generally, the CLEANEX-PM se-
quences can be used to eliminate Overhauser peaks from a
large macromolecule and thereby focus on some other weakly
interacting ligand that might be present in solution.

Weak Continuous Magnetic Field Gradients During Mixing

As pointed out above, Tr-ROESY and its relatives form
rotary echoes near resonance, making an absorption-mode
phase-sensitive 2D spectrum unlikely unless the bracketing
90°(*y) pulses are used. Another way to eliminatenagne-
tization is to employ, throughout nearly the entire mixing time,

a fairly weak continuous magnetic field gradient. Consider the
Tr-ROESY sequence as an example. The net rotation operator
over one period of the 180x) 180°(—x) sequence has been

FIG. 3. The effective cross relaxation rate/o,, as a function of the

shown to be
R p( 4il -1(Aw)> [13]
= exp —4ijgan | —
Y vB:
resonance offsets of the two interacting spins for the (a) CLEANEX-PM, (b)

to first order inAw. Because the net rotation angle is a nearly; eANEx-PM 11, and (c) laboratory-frame sequence A— 90(x) 90(—x)
linear function of frequency in these sequences, a weak mag¢-x) 90(x) —A—, where the delay time\, is equal to the 90° pulsewidth.
netic field gradient sufficient to broaden the linesb$ kHz The spin diffusion limit has been assumed. The spacing of contour level i
leads to a dispersion in net rotation ang|e5’ by about 10° .' The _initial magnetization was assumed to be parallel to the effective
repetition using a 5-kHz RF field. After several hundred ref2taion @s for all the sequences.

etitions, as would be typical with a mixing time of 100 ms, the

x-component of magnetization is dephased. In theory this gea«s for these sequences remains sufficiently aligned along tf
dient should be turned on and off adiabatically, but in practigeaxis over a large range of offsets so that very little in-phast
it is possible simply to turn the gradient on after a few repenagnetization is lost. Using this method, the’@0y) pulses
titions of the multiple-pulse sequence and turn it off a fewracketing the mixing time can be eliminated.

repetitions before the conclusion of the mixing time. The net Another advantage of the weak gradient emerges when tf
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effect of zero-quantum (ZQ) coherence on the spectrum is MP-ROESY, On resonance
considered. During the evolution tintg, antiphase spin oper- LeuCyH Phe CoH

ators of the forml,I,,, 1,,1,,, etc., arise between coupled a * *
spins. The first term is not removed under the action of ay$L(
sequence and will survive the mixing sequence as a linear
combinationc,l 4,15, + c,l 41,15, leading to weak cross peaks J\ A
*
* *

between coupled spins. These COSY-type cross peaks are

familiar from the 2D NOESY experiment, where they arise * *
from ZQ coherence3p, 3. The ZQ coherence evolves at the
chemical shift difference of the two spins involved, so a MP-ROESY, On resonance, Plus weak PFG

conventional PFG willnot remove homonuclear ZQ coher- b
ence, in contrast to a recent claim in the literatu3@é)( The

chemical shift difference between two proton spins is too weak
a function of theB,, field strength for anything but a PFG that “ J
is a fair fraction ofB,, itself to have any appreciable effect. JLM U\— LJL'

Such a PFG, in the 10,000 G/cm range, is currently not avail- MP-ROESY, Off resonance
able for high-resolution systems. However, as the ZQ coher-

ence evolves at the chemical shift difference of the two spins

involved, it responds to a scaling of the chemical shift differ-

ence under the action of the multiple-pulse sequence. If the }\ \ J
scaling factor) is not completely offset-independent, then, -A-'\— J LA

during a weak PFG, the ZQ frequencies become inhomogenous
to the extent thah differs as a function of the actual center 0.025 0.05 0.075 0.1 02 03 04
offset frequency between the two spins. This dephasing is still L .
pretty slow, but if the PFG is left on throughout the majority of Mixing time/s
the m'X'”Q time, the unwanted CrO_SS peaks_ from Z2Q COherenC%IG. 4. ZQ dephasing by using a weak magnetic field gradient and the
are effectively removed under typical conditions for all weaklyhomogeneity of thes, field for MP-ROESY experiments. After selective
coupled spin pairs. This technique is essentially an adaptatixaitation of the Phe NH resonance, LeyHCand Phe GH were observed as
of the purging schemes proposed by Daeisal. (36) and af_unction of mixing time, where Leu (1 peaks showed a ROE buildup. The
Mitschanget al. (38) for removing ZQ coherence in NOESY SPIn-lock RF field strength was 5.1 kHz. (a) ZQ peaks at Pt @hen the
. .spin-lock transmitter offset was placed at Phe NH. (b) Same as (a) with a sma
and TOCSY spectra. The economy here is that the purg'mpggnetic field gradient on during mixing, leading to ZQ dephasing and
sequenceés the mixing sequence. revealing the buildup of Phe ®. (c) ZQ dephasing due to the inhomogeneity
The last advantage of a long weak PFG arises when carrywighe B, field when the spin-lock transmitter offset was placed at Phid.C
out these experiments in aqueous solution. The largé H
peak, usually placed at the transmitter offset, will have plenty
of time for radiation damping to exert its influence during thlus spectrometer. The target Phe NH was selectively excite
mixing time. The effect will depend partly on whether thdoy the excitation sculpting schem&qj. Stottet al. (41) have
water magnetization trajectory is mostly inverted or mostly shown that even a slightly imperfect selective excitation car
equilibrium during the multiple-pulse sequence. The radiatiggroduce unwanted magnetization, which may lead to artifact
damping can cause differential pumping of the baseline arouindthe final spectrum. Figure 4 shows the dephasing effect o
the water resonance as a function t9f leading to large the unwanted magnetization by using either a weak magneti
baseline distortions in the spectrum. A weak PFG that broaddiedd gradient or the natural inhomogeneity of tBg field.
the H,O resonance to ca. 1 kHz completely stops the radiati@etting the spin-lock transmitter offset to the Phe NH position
damping and leads to high-quality spectt&)( Related use of ZQ coherence that was not dephased produced the COSY-ty|
weak PFGs to narrow the @ resonance in thE,; dimension peak at Phe (H under MP-ROESY (Fig. 4a). By adding a
of 2D spectra by extinguishing radiation damping has besmall gradient, 0.1 G/cm, throughout the mixing period to the
proposed previously30). same experiment as in Fig. 4a, the COSY-type peaks wer
dephased, revealing the buildup of PhgHCpeak (Fig. 4b).
When the spin-lock transmitter offset was placed on the resc
nance of Leu ¢H during the mixing period, the COSY-type
peaks were also dephased due to the inhomogeneity &,the
field (38) (Fig. 4c). The relative intensity of the antiphase
We tested the ZQ dephasing effect by using the gramicidin€DSY-type peak depends on the line shape, the mixing time
dissolved in DMSO-g at 25°C on a 500-MHz Varian Unity- the RF field distribution produced by the probe, and the mixing

EXPERIMENTAL

Attenuation of ZQ Peaks Using a Weak Gradient
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6.0 . . . T nate; (ii) the off-resonance effect can make the cross-relaxatic
2 5ol 0 cancelation imperfect. When the spin-lock transmitter offse
@ : was moved from Leu ¢H to an offset midway between Leu
2 40t g o 0 C_H and Phe NH, the ROE peak intensity was further reducec
% O o At shorter mixing time, the ROE intensity is almost within the
e 3.0 | O o noise level. Therefore, if exchange occurs at the same peak,
e ool O L ® ® can, at most, only slightly reduce the exchange rate using th
s 0© 0o® initial slope analysis. For intermolecular NOE measurements ¢
£ 1.0 —QO longer mixing times, small intramolecular ROE contributions
QOM <.} & Q cc:;n Stl!| exist. Th_us, care has tp be taken to interpret the dat:
anging the spin-lock transmitter offset may be necessary t
0.0 0.1 0.2 0.3 0.4 0.5 authenticate the result.
Mixing time/s
FIG. 5. Plots of the measured ROE buildup of the LeyHXesonance in CONCLUSIONS
the 1D difference spectrum after selective excitation of the Phe NH resonance.
During the spin-lock period, the transmitter offset was placed at Lgt ) We have shown several new windowless multiple-pulse

ROESY, O) MP-ROESY, ®) Tr-ROESY, @) CLEANEX-PM, (©)

CLEANEX-PM 1. sequences that can be used to control and manipulate cro

relaxation. The sequences require no special pulse shapir

capability. The MP-ROESY experiment is a convenient

sequence, as well as the relaxation behavior of the molecy éathod for the measurement of cross-relaxation rates for ma
’ romolecules. The CLEANEX-PM sequence has a larger banc

ltself. For instance, when using CLEANEX-PM in the eXper\ividth over which cross-relaxation rates cancel out than com

iment performed for Fig. 4a, the COSY-type peaks have higher . . . o
. : . . etitive sequences. It also has a large scaling factor to inhib
intensity and persist longer because the scaling factors of e

sequence do not change as rapidly as those of MP-ROESYY TOC_SY_mag_netlzatlon tr_ansfer. This makes it possn_ale_ t
. : - .mdre easily identify the chemical exchange peaks. One distinc
reducing the dephasing ability. Nonetheless, a small gradien

throughout the mixing period in CLEANEX-PM is enough td \_/antage of these_two new sequences is the simplicity W.'t‘
ich they can be implemented, even on older, commercis

dephase the unwanted magnetization, eliminating the COSY- R instruments

type peaks (data not shown). It should be noted that, to avoi '

appreciable signal losses, the gradient strength applied in the

mixing period should not be too strong compared to the spin- ACKNOWLEDGMENTS
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