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Abstract: Anomalous crosspeaks and additional resonances in the indirectly detected dimension have been previously
observed in a number of 2D NMR experiments applied to samples having at least one concentrated species. These
unexpected peaks exhibit all the characteristics of intermolecular multiple-quantum coherences. Since these coherences
are possible within the concentrated species alone, their creation and subsequent detection may be one of the causes
for poor water suppression in a variety of biomolecular NMR experiments, e.g., the conventional MQ-filtered- (MQF)
and MQ-COSY experiments applied to proteins/peptides in 90% water. In this report, we experimentally characterize
the creation/observation of intermolecular waterater MQ coherences using variable-angle pulsed field gradients.

We show that the existing theoretical picture is consistent with all of our experimental observations, thereby validating
the predictive power of the intuition gained from this picture. We also provide an increased understanding of the
effect that variable-angle gradients can have on the intensity of observable magnetization arising from these
intermolecular MQ coherences. Finally, we establish a basis on which one may reasonably speculate concerning the
impact of these coherences on water suppression within the repertoire of gradient-enhanced heteronuclear experiments
that are currently being applied ¥C/25N isotopically labeled proteins in 90% water.

physical basis. Such coherences, however, are also possible
Anomalous crosspeaks and additional resonances in theWithin a single concentrated speci€se.g., 90% water, in

Introduction

indirectly detected dimension have been previously observed12l09y to what has already been observed for the phenomena

in a number of 2D NMR experiments applied to samples having
at least one concentrated specdie®, e.g., a protein in 90%

water. These unexpected peaks exhibit all the characteristics

of intermolecular multiple-quantum (MQ) coherenéésthe
existence of which, however, is impossible under the traditional
theoretical framework of high-field NMR. Previous studies have

of multiple spin echoes (MSE$}:12 Intermolecular water
water MQ coherences may therefore be one of the major causes
for poor water suppressidhin the conventional MQ-filtered-
(MQF) and MQ-COSY experimerits!® applied to proteins/
peptides in 90% water.

The basis for the intermolecular MQ coherences has been

focused on intermolecular coherences either between a concent€cently described using a general density-matrix framework.

trated and a dilute specfesr between two concentrated speties
in order to provide a better understanding of their underlying
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multiple-quantum signals and the effects of gradient direction
on their absolute intensities.

In this paper, we experimentally characterize the creation/
observation of intermolecular watewater MQ coherences. We
show that the theoretical picture in ref 2 is consistent with all
of our experimental observations, thereby validating the predic-
tive power of the intuition gained from this picture. We also
provide an increased understanding of the effect that variable-
angle gradients can have on the intensity of observable
magnetization arising from these intermolecular MQ coherences.
Finally, we establish a basis on which one may reasonably
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Figure 1. Gradient-enhanced nQF-COSY experiment with multiple-

axis gradient capability. 90RF pulses are represented by wide lines
and 180 pulses, by black rectangles. RD is the relaxation delay. The

speculate concerning the impact of these coherences on watefecycle time, e, is equal to (RD+ t,) wheret, is the total acquisition

suppression within the repertoire of gradient-enhanced hetero-

nuclear experiments that are currently being applied@s'>N
isotopically labeled proteins in 90% water.

Dipolar Refocusing

The theoretical treatment in ref 2 predicts that the dipolar
refocusing of an intermolecular two-quantum (2Q) coherence
depends oiP;(cosd) wheref is the angle between the applied
gradient vector and the axis of the static magnetic field.
Suppression of this dipolar refocusing with a magic-angle
gradient § = 54.7, P,(cos#) = 0) has previously been verified
experimentally for the CRAZED sequeféé COSY sequence
which incorporates a 2Q filté). A P,(cos#) dependence was
originally observed for the relative amplitude of the second
stimulated echo in pure water following a Q987—90°%
sequencé? Within the density-matrix picture, we ascribe this
echo to the dipolar refocusing of intermolecular single-quantum
coherence between two water molecules.PAcos #) depen-

time along the directly acquired dimension.,8lnd Sl indicate proton

RF purge pulseé8 with phasesx andy, respectively.A; and A, are
gradient recovery delays and are typically set to 0.4 and 1.1 ms,
respectively. G, and Gx are defined as By(2)/dz and dB(z)/dx,
respectively, and denote the linear variation aleagdx, respectively,

of the zzcomponent of the magnetic flux density. The anglie defined

by the relation tard = |G,|/|G,|, and the angle is defined by the
relation tanp = |G,|/|G,|. All gradient pulses within a given experiment
have the samef( ¢) angles. Gradient&, and G, are typically set to
(7.9 G/cm, 0.3 ms) and (14.8 G/cm, 10 ms), respectively, in magnitude
and duration. We have also introduced a small but practical modification
to an existing approach for eliminating the 28&focusing pulse prior

to thet, acquisition period?® which is normally required to obtain phase-
sensitive data inF,. It may be quite difficult to synchronize data
collection with other hardware events, e.g., gradient and RF pulses,
when the latter occur during only part of the acquisition period. Instead
of starting data acquisition immediately after the third® 9fllse,
regardless of the state of the receiver, we have elected to stagt the
data collection at a time after the final9pulse corresponding to some
multiple]j of the spectral width. The minimum value for this time would

dence has also been recently demonstrated for the intensity ofoe that necessary to accommodate bothGhgradient pulse and its
the residual water magnetization in the gradient-enhanced (GE)associated recovery delay. Prior to conventional processing, the FID

2QF-COSY®3 In the course of these investigations, we have
reconfirmed thé profile for dipolar refocusing of intermolecular
2Q coherenceand have also characterized the dipolar refocusing
of even higher-order coherences.

Figure 1 depicts the GE MQF-COSY experiment used to

characterize the effect of variable-angle gradients on the intensity

of residual water magnetization. It is an adaptation of a
previously published GE MQF-COSY experiméht> With
this sequencef is the angle in spherical coordinates that
describes the gradient direction in tkeplane and is defined
by the relation tar® = |G,//|G,. |Gy and|G,| represent the
magnitudes of the linear variation alomgandz, respectively,
for thez-component of th&, magnetic flux density. Similarly,
¢ is the angle in spherical coordinates that describes the gradien
direction in thexy-plane and is defined by the relation tar=
IGy|/|Gx. One can generalize th# dependence of intermo-
lecularnQ-derived signal by a simple extension of the original
density-matrix analysis.

Consider that the final Y0pulse in Figure 1 converts the
selectednQ coherence intm-spin, single-quantum coherence
involving multiple water molecules, represented as

n—1
Ixi II Izk
k=1

in the Cartesian-coordinate spin-operator formaflérm — 1
dipolar couplings will be required duririgto refocus thisr-spin

single-quantum coherence to observable magnetization. Be-

data is right-shifted points and padded at the front wittzeroes as
previously describeéh.

— 1 dipolar couplings as follows:

. h=1N
S 0™ I 15 DycosGsT) &

where§, is the time-domain intensity of the intermolecuté)-
derived signal at a particular tintgin the acquisition dimension;
D4 is the dipolar coupling between spins 1 apdG is the
strength of the gradient pulse directed along an axis defined by
the vectors; ands = rj-s with rj representing the vector from
tthe origin to spinj. The sum in eq 1 can be replaced by an
integral over the sample volume, which, fGreuiT < 1,
evaluates as proportional to

[3(s2)* — 1)/2 = P,(cosb) 2)
where co¥) = s-z. Using the result in eq 2, one can simplify
eq 1 to be

-1
S0 TT Pcos) (32)

= (t," )I[P(cosO)]" (3b)

S, is related by Fourier transformation tq, the frequency-
domain intensity of the intermoleculanQ-derived signal.

cause each first-order coupling between pairs of spins can beBecause anyf or ¢ dependence is invariant to Fourier

treated independently, eq 7 in ref 2 can be modified to tneat

(16) Richter, W.; Warren, W. Encycl. Magn. Resorl996 in press.
(17) Sgrensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.;
Ernst, R. R.Prog. Nucl. Magn. Reson. Spectro4€83 16, 163-192.

transformation, eq 3b predicts tHatscales with Po(cos6)]"1
and thatl, is independent of.

We have experimentally verified these two predictions of eq
3b. Figure 2 (parts A and B) presents 1D data from a GE 3QF-
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Figure 2. (A) The antiphase signal from residual water following a 3Q gradient filter is displayed as a functbmith ¢ fixed at @ for
sgnG2/Gs) = 1. The intensity of the antiphase signdl, ¢), is defined ashy — hu)/2 wherehy and hys are the maximum heights of the
downfield and upfield peaks, respectively, in the antiphase resonance. The baseline defines the zero level. (B) The antiphase signal from residual
water following a 4Q gradient filter is displayed as a functiorfakith ¢ fixed at @ for sgnG2/Gs) = 1. (C) Experimentaln(6, 0)1,(0, 0) ratios

are plotted as a function @ffor n = 2 (a), 3 (O), and 4 @). Calculated IP(cos6)]"* curves are drawn faon=2 (—), 3 (— =), and 4 - — ).
Experimentall;(0, ¢)/15(0, 0) ratios are plotted as a function ¢f(black, ¢). The sample was 2 mM unlabeled BPTI in 90% water. The pulse
sequence and parameters described in Figure 1 were used wi@u (= 1 for data acquisition. The data were collected at 3@ ®n a Varian
UnityPlus 500 using @H/*3C/*N triple-resonance probe equipped with a self-shielded triple-axis gradient coil. The relatared & gradient
strengths were calibrated in the following manner. Briefly, the gradient amplifier DAC value forakis, DAGsy, was set to 13058 and that for
the z-axis, DAGs,, to 9246, corresponding to a gradient pulse theoreticallg,at)= (54.7, 0°). DACg, was then scaled by thegradient strength
relative to the z gradient strength as measured by a gradient profile experiment. The calibration was then refined as previously*d&ftribed.
0 ~ 54.7, DACg, was adjusted to DA& in order to achieve a null in the residual water signal following a 2Q gradient filter. The calibration
constant between theaxis gradient and thg-axis gradient, which is analogous to the rgt&|/|Gy| for a uniform DAC value, is then given by
(DACs//DACgy)*tan(54.7).

and 4QF-COSY, respectively, on 2 mM BPTI in 90% water. magnetization arising from intermolecular 2Q coherence is also
No phase cycling was utilized in collecting these data; @nd graphed in Figure 2C. Phase-sensitive peak intensiti&s,

= @1 = @2 = X. 0 was varied from @to 9C° in steps of 3. ¢) are defined ashi — hy)/2 wherehgs andhys are the maximum
These sets of spectra illustrate the line shape of the residualheights of the downfield and upfield peaks, respectively, in the
water resonance and demonstrate the effed of both the  antiphase resonance of tmQ-filtered residual water. For
intensity and absolute phase of this resonance as a function ofeference, the baseline defines the zero level. All experimental

the coherence order of the filter. Figure 2C presents both (6, ¢) values have been normalized to the peak intensity
experimental and calculated phase-sensilipeofiles of residual obtained ford = 0° and¢ = 0°, which corresponds thy(0, 0)
water magnetization arising from intermolecular 2Q, 3Q, and ’ e

4Q coherences during the tw periods in the pulse sequence. Four observations are readily made concerning the data
The experimental phase-sensitigeprofile of residual water presented in Figure 2. Firstly, the residual water resonance in
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Figure 2 (parts A and B) exhibits an antiphase line shape. This
is consistent with the water magnetization being rendered
observable during the detection period by a refocusing mech-
anism, e.g., dipolar coupling. Secondly, the relative phase of
the resonance in Figure 2A, which arises from 3Q-filtered
residual water, does not change éss increased from Oto

90°. Such behavior is expected for all odd coherence-order
filters. In contrast, an equivalent set of spectra from the GE
4QF-COSY (Figure 2B) exhibits a phase inversion Gass
increased. A phase inversion is also observed in the GE 2QF-
COSY set of spectra (Figure 8 in supporting information). In

both the 2Q and 4Q cases, this phase inversion occurs around

0~55° and is expected for all even coherence-order filters.
Thirdly, a comparison of each set of experimemtéd, 0)/1,(0,

0) ratios with its respectivePp(cos 0)]"* curve in Figure 2C
reveals a strong correlation. In addition, the experimen(@l
@)15(0, 0) ratio varies minimally withp in Figure 2C. Both
the 6 dependence and thedependence df, predicted by eq

3b have therefore been validated by experiment. Finally, a
single-axis transverse gradient is noted to & hore effective
than its axial counterpart in suppressing residual water magne-
tization arising from intermoleculamQ coherences that exist
during the twoA; periods.

Higher Order Terms in ¢°

Retention of higher order terms in the equilibrium density
matrix (0°) is a key factor in the density-matrix theory that
explains the intermolecular watewater MQ coherences.
From previous control experiments, we have observed that the
intermolecular solutewater 2Q correlations exhibit the same
relative phase whether the first pulse in the CRAZED pulse
sequence produces a°afr a 270 spin rotation. This can only
occur if the correlations arise from initial states represented by
products of an even number bfterms, e.g.l;l;. States with
an odd number of,lterms, e.g.), and il must show an
inversion of phase in going from a 9@ a 270 tip angle for
the initial pulse. Furthermore, the long relaxation delay (25 s)

used in those experiments has precluded any relaxation-based

memory effects between transients.

To address more thoroughly the relationship between higher
order terms inp® and intermoleculanQ coherences, we have
collected a more quantitative set of data in this study. Figure
3 presents data on intermolecular 2Q- and 3Q-derived residual

water magnetization acquired using the pulse sequence of Figure

1 under the following conditions:0 is fixed at O (axial
gradient); théH carrier is placed 500 Hz downfield of the water
resonance; and thig evolution time is incremented from 0O to
10 ms in steps of 10@s. Ift; = 0, terms in the Taylor series
expansion oi° such as

n
I, IT 1, (4a)
are rotated to
. N
(1)1, L 1 (4b)

by the second 90pulse. No intermolecular watemwaternQ
coherence is therefore present during the tg@eriods to be
selected by the gradient. Ifty = 1/[4*(Vwater — Vcarried], the

first three pulses in Figure 1 transform the states described by
eq 4a into
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Figure 3. Thet; time-domain profile f = 2, 3) and thd-; frequency-
domain profiles § = 2, 3) of the residual water signal following an
nQ gradient filter with6é = 0° and ¢ = 90° are shown. The pulse
sequence in Figure 1 was used. Tié carrier was placed 500 Hz
upfield of the water resonancA /27 = 500 Hz), and a relaxation
delay of 20 s (RD in Figure 1) was used. Important resonances are
labeled with their correspondinyQ harmonic value. The residual water
signal intensity is displayed in absolute value magdeanges from 0
to 10 ms in steps of 100s. The data were collected at 300 on a
Varian UnityPlus 500 using &H/*C/**N triple-resonance probe
equipped with a self-shielded triple-axis gradient coil: (A)2Qrofile,
(B) 3Q t; profile, (C) 2QF; profile, (D) 3QF; profile.
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just prior to the firstA, period, which gives rise to the maximum  magnetization placed along thez axis depends upof, the

intensity of intermoleculanQ coherences during the periods. extent to which radiation damping acts to restore that magne-
For example].lx can be decomposed into the following ZQ tization to the+z axis must also depend uptn It is in this
and DQ terms: way that radiation damping may act to modulate the signal
intensity of residual water iy, thereby contributing to the
ZQ: (I 1+I27 + I17I2+)/4 (6a) additional resonance frequencies observed in Figure 3 (parts C
and D).
DQ: (I 1+|2+ +1,71,7)/4 (6b) IntermoleculanQ coherences can also arise from amgpin
term ing® wherem = n. For example, the three-spir? term
The signal intensity of am-spin, nQ term, Sy(tz), depends  lalzlz can give rise to the termu(l2 15" + 127157) during A
therefore ont; and is described analytically by eq 7 (see Figure 1), which can subsequently lead to terms such as
lylodds, at t; = 0. The latter term is finally refocused to
S(t) = sin”[gwateh] @) observabld;, magnetization during by dipolar coupling. The
additionalm-spin pathways leading to intermolecular water
where Quater = 27T (Vwater — Vcarriey)- waternQ coherences exhibit @-dependence given by
Peak intensities of residual water from the 2Q- and 3Q-filtered
data acquired in this manner are displayed as a functioniof sit" ™ (Q,aels) COS(Q arels) (9a)

Figure 3 (parts A and B, respectively). Figure 3 (parts C and

D) presents the experimentBl frequency profiles for inter-  where

molecular 2Q- and 3Q-derived residual water magnetization,

respectively, obtained by Fourier transformation of the k= (m— n) modulo 2 (9b)
interferogram taken at the center of the water resonan€g.in ]

The relationship between these experimerftal frequency and af dependence given byj(cos6)]™*. Furthermore, the
profiles and the theoretical quanti(ty) defined in eq 7 is  actual intensity of the residual water signal that arises from such

more easily seen by recasting eq 7 in a Fourier series specificallyPathways also depends upon both the maximum value df the

for then = 2 (2Q) andn = 3 (3Q) cases: acquisition time and the recycle time. Finally, we conclude
that the experimental data are consistent with the theory that
Si(t) =1 — cos(X2,et1) (8a) intermolecular waterwaternQ coherences arise from-spin
terms ing® wherem > n.
Sy(ty) = 3 SiN@Q,4ety) — SIN(BRyatety) (8b) If the intermoleculanQ-derived residual water magnetization

in fact arises from higher orden-spin terms ins°, one would
Sy(t1) and S(ty) reflect the intensity of intermolecular 2Q- and ~ expect the intensity of this magnetization to become increasingly
3Q-derived residual water magnetization, respectively, as amore sensitive td; saturation effects for larger values wt
function oft;. The Fourier transform (FT) of eq 8a yields peak To test this expectation, we have measured the intensities of
maxima at (2, 0, +2)*(Quwate/27 ) Hz in a 1:1:1 intensity ratio, intermolecular 2Q- and 3Q-derived residual water magnetization
and the FT of eq 8b, peak maxima at3, —1, +1, +3)*(Quate/ in a sample of unlabeled BPTI in 90% waterdat= 0° for two
27 ) Hz in a 1:3:3:1 intensity ratio. Note that themodulation different relaxation delays (RD): 2 and 25 s. The measured
frequencies indicated by eq 8 do not correspond directly to the signal intensity is denoted d4n(RD) wheren represents the
evolution of the gradient-selectau) coherences but rather quantum order of the intermolecular watavater coherence.
reflect the evolution of the quantum states, created by the initial To simplify the analysist; has been set ta/(2*Qyate). Only
90°, pulse in Figure 1, which are subsequently transformed into nQ pathways for whiclk = 0 (see eq 9) therefore contribute to
the relevantnQ coherences by the second®°9@ulse. The the residual water magnetization observed dutingFurther-
relative peak frequencies and intensities predicted by eqs 8amore, the single pathway with = m should dominate, as
and 8b are in semiquantitative agreement with the experimentaldemonstrated by the results in Figure 3. The experimental
data presented in Figure 3 (parts C and D, respectively). A results are summarized in Table 1Mg(2)/My(25).
close examination of thi profile data in Figure 3 reveals that Since the pulse sequence in Figure 1 uses RF purge pulses
whenQuaiets is an even multiple ofr, a good null in the signal to scramble all magnetization prior to the relaxation delay, the
intensity of the residual water is obtained. In contrast, when experimental recycle timérc is equivalent to RD. At least to
Quatets is an odd multiple ofz, only a minimum in intensity is a first approximation, one would heuristically expect the ratio
obtained, but not a good null. This observation, in addition to of steady-state equilibrium magnetizatioMqf) to thermal
the many other weak harmonics present in Baefrequency equilibrium magnetizationM°) for ann-spin term inc® to be
profiles in Figure 3, is not accounted for with the simple model given by Mn/Mn)". Incorporating these heuristic expectations
described by eqgs 7 and 8. into the standard equation describiiig saturation recovery,

The explanation for these weak additional harmonic peaks one obtains

may lie partly in a more thorough analysis of the basic
assumptions inherent in eq 7: intermolecuté) coherences M., ~ M {1 — expTrdr)}" (20)
arise solely frorm-spin terms ino®, and radiation damping is
ignored. For the pulse sequence depicted in Figure 1, values TheT; of the bulk water in this sample has been measured
of Quaeet1 that are odd multiples ofr result in the water by saturation recovery to be 3.640.01 s. Usindrl (water)=
magnetization being placed along the axis by the second  3.64 s, we have calculated theoretical valuesMgf2)/M,(25)
9 pulse. Radiation damping may then act to rotate the inverted from eq 10 and present these values in Table 1. A comparison
water magnetization back to thez axis. In contrast, values between the experimental and theoretldaf2)/M,(25) andM3-
of Quatets that are even multiples aof result in the water (2)/M3(25) values in Table 1 reveals reasonably good agreement.
magnetization being placed along the axis by the second  Thus, the intensities of the intermolecular waterater 2Q and
90° pulse. Magnetization along the€z axis is insensitive to ~ 3Q coherences observed by this experiment scale quantitatively
the effects of radiation damping. Since the amount of water with the intensities of the two- and three-spin states in the
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Table 1. Experimental and Calculated Ratios of Signal Intensities
at Two Different Values of the Relaxation Delay for Intermolecular
Water—WaternQ Coherences

exptl (E) calc (G
M2(2)/M3(25) 0.16 0.179
M3(2)/M3(25) 0.06 0.076

a Calculated using an experimentiwater)= 3.64+ 0.01 s.

equilibrium density matrix, respectively. This observation
strongly supports the interpretation that intermolecui@-
derived residual water magnetizaton derives from threspin
terms ino®. Based on eq 10, one also predicts that for normal
recycle times used in NMR experiments applied to biological
macromolecules Hc ~ 1.2 s), a dramatic decrease in the
intensity of intermolecular watemwater nQ coherences will
occur asn, the coherence order, increases.

2QF-COSY

Figure 4 presents GE 2QF-COSY spectnead2 mMsample
of unlabeled BPTI in 90% water. No presaturation of the water

Mattiello et al.

the obscured region is two-fold more narrow than that in the
z-gradient spectrum, it is nonetheless six-fold wider than that
in the magic-angle spectrum. Compared to thgradient
spectrum, thex-gradient spectrum allows the identification of
seven additionatH,—*H scalar correlations in BPTI. Practi-
cally, x-gradients yield better water suppression t@nadients

in the GE 2QF-COSY, but magic-angle gradients are superior
to eitherz- or x-gradients in this regard.

We have also examined the effect of the limited phase cycling
on the residual water intensity. Because a major source of
residual water signal in the GE 2QF-COSY experiment is
expected to arise from two-spin terms dfi that exist at the
end of the relaxation delay, one would predict that cycling the
phasep; of the first 90 pulse k,—Xx) in concert with the receiver
phaseg; should further attenuate that signal. 1D 2Q-filtered
experiments have confirmed this prediction, demonstrating a
5-fold reduction in water signal intensity upon implementation
of this two-step phasecycle. These data are shown in Figure 5
(parts A and B). Consistent with the theory, we have also
observed a minimal reduction in the intensity of the residual

resonance during data acquisition and no low-frequency solventwater signal in 1D 3Q-filtered experiments following the

filtration!® during data processing have been employed. A
limited two-step phasecyclep{ = x,—x and ¢, = X,—X) has

been used. The data are presented in a phase-sensitive manner

with F; quadrature by the hypercomplex meti8dGradients
have not been used to obtai quadrature in these spectra.
All gradients have the santevalue within a given experiment.
Three cases have been examined: = 0° (Figure 4A,;
z-gradient);0 = 54.7 (Figure 4B; magic-angle-gradient); and
6 = 90° (Figure 4C;x-gradient). The phase of the second 90
pulse is shifted 45relative to that of the first 90pulse (1 =
45°).20 |n this way, the magnitude of the intermolecular water

implementation of the same two-step phase cycle. These data
are shown in Figures 5 (parts C and D).

Van Zijl and co-workers have recently published similar
results for a GE 2QF-COSY experiment in which magic-angle
gradients were employéd. Their experiment, however, used
more extensive phase cycling and did not remove the effects
of radiation damping duringy on H resonances (usuall,)

that lie sufficiently close to the water resonance. Furthermore,
the magic-angle character of their gradient pulses was achieved
through the simultaneous application of three equistrength

water 2Q coherence is the same for both the real and imaginaryorthogonal gradients. In theory, a minimum of two orthogonal

parts of the complex, interferogram. If these two 9Qulses
have the same phase for the regatomponent yet are 9®ut-
of-phase for the imaginarty component, the intensity of the
intermolecular waterwater 2Q coherence will be much stronger
in the > spectrum comprising the imaginatgycomponent. The
resulting differential baseline distortion between the two sets
of F, spectra can lead to afy quadrature artifact. The 45
phase shift largely eliminates this problem.

The residual water line alorfg in the z-gradient 2QF-COSY
spectrum (Figure 4A) is both wide and noisy, obscuring
approximately 0.6 ppm ifr2 (4.35-4.95 ppm). There is also
moderate F,-bleed”, which manifests itself as streaks emanating
from the F; water line that are parallel to thE, axis. In
contrast, the residual water line is extremely narrow in the
magic-angle 2QF-COSY spectrum (Figure 4B). The reduction
in the intensity of the residual water signal by the magic-angle
character of the gradients also leads to dramatically kess
bleed. Becaus€&,-bleed tends to arise from a lack of phase

gradient coils is necessary to generate a magic-angle gradient.
In practice, we have shown in Figure 4 that magic-angle
gradients generated with only two orthogonal gradient coils are
sufficient to obtain significant gains in water suppression in GE
2QF-COSY spectra.

NH-HSQC and CC-NOESY

We have also investigated the benefit of magic-angle
gradients in the gradient-enhanced, sensitivity-enharided
15N HSQC! (GESE-HSQC) with water-flipback pulsés.One
observes that because such sequences preserve single-spin water
magnetizationl§ terms ing®) throughout the course of the RF
pulse train, they should also preservepin water-water states.
For this reason, watewater MQ coherences will not be
efficiently excited during the pulse sequence, and magic-angle
gradients may provide only a minimal improvement in overall

constancy in the detected residual water signal, the smaller thewater suppression in this type of experiment. Two sepakate

residual water signal, the smaller the magnitude ofRbleed.
Only a region of approximately 0.05 ppm iR, remains

15N GESE-HSQC spectra have been acquined & mMsample
of 13C/15N-labeled ubiquitin: one witl® = 0° and the other

obscured by the residual water line in the magic-angle spectrum.with 8 = 54.7 for all gradients. These data are provided in

This is a 12-fold improvement over tlzegradient spectrum and
allows the identification of 13 additionatH,—H scalar
correlations in BPTI. We have also acquireg-gradient 2QF-
COSY spectrum (Figure 4C), in which the residual water line
obscures approximately 0.3 ppmiga (4.5-4.8 ppm). Although

(18) Marion, D.; Bax, A.J. Magn. Reson1989 83, 205-211.

(19) States, D. J.; Haberkorn, R. A.; Ruben, D].JMagn. Resori1982
48, 286-292.

(20) Stonehouse, J.; Clowes, R. T.; Shaw, G. L.; Keeler, J.; Laue, E. D.
J. Biomol. NMR1995 5, 226-232.

the supporting information (Figure 9). No presaturation of the
water resonance during acquisition and no low-frequency solvent
filtration during data processing have been employed. A
comparison of the level and quality of water suppression
between these two HSQC spectra reveals no readily discernible
differences.

(21) Kay, L. E.; Keifer, P.; Saarinen, 0. Am. Chem. S0d.992 114,
10663-10665.
(22) Grzesiek, S.; Bax, Al. Am. Chem. S0d993 115 12593-12594.
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Figure 4. 2D 'H—H GE 2QF-COSY spectra recorded on a sample of 2 mM unlabeled BPTI in 90% water. The pulse sequence of Figure 1 was
used with all gradients having the same angtgspj within a given experiment was fixed at 0. Acquisition parameters were s = 10 kHz,
M= 255 ms,A; = 0.4 ms,A; = 1.1 ms,G; = 7.9 G/cm for 0.3 msG, = 7.9 G/cm for 1 msG; = 15.8 G/cm for 1 msG, = 14.8 G/cm for
10 ms, Sk = 4.0 ms, Sk = 2.5 ms, and’B;(*Hs.) ~ 18.5 kHz. The phase cycle was = x, —x; ¢> = 45°; and¢, = x, —x. Four transients were
signal-averaged per FID. The data were collected at 30.6n a Varian UnityPlus 600 using&/*3C/**N triple-resonance probe equipped with
a self-shielded triple-axis gradient coil. All gradients were rectangular in shape. No passive eddy current compensation or gradient-amplifier blanking
was used: (Ap = 0°, (B) & = 54.7, and (C)0 = 90°.

A similar comparison has also been made for the 4D gradient- both to preserve water magnetization and to maintain a sufficient

enhanced, constant-time, coherence-transfer-e&@g'3C- level of gradient-based artifact suppression. Secondly, gradients
separated NOES¥ (Figure 10 in supporting mformanon). are used to select tR&C,cceporsingle-quantum coherence during
There are at least two reasons why this particdf@/*C- the constant-timé; evolution period. This is analogous to the

separated NOESY E’ShOU'd benefit more from magic-angle gradient-based coherence selection performed in the previous
gradients than théH—1N GESE-HSQC with regards to water g nQF-COSY experiments. Two separate’20L3C-filtered
suppression. Firstly, it has not been possible in this NOESY NOESY spectra have been acquiredal mMsample ofC/

(23) Farmer Il, B. T.; Metzler, W. J.; Mueller, L. Manuscript in 15N-Iabgled ubiquitin: .one witty = 0° (Figu.re 6A) and the
preparation. other with6 = 54.7 (Figure 6B) for all gradients. Only two
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transients are signal-averaged per FID. The phase éfthg, 3.0
90° sampling pulse is cycled—x) in concert with the receiver 3.5 .
phase. A comparison of these tW&C/*3C-filtered NOESY o

spectra reveals that better water suppression and lgdde€d"
are afforded by magic-angle gradients than bgradients. 4.
Unfortunately, the level of improvement in the NOESY is not

as dramatic as that observed in the 2QF-COSY spectra (Figure
4). There are at least two factors, however, that determine the ; . : .
overall level of water suppression in any heteronuclear-filtered Fr e B e e e e
experiment: (1) the level of water suppression per transient and 5:5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.3

(2) the level of signal cancellation that can be achieved by
cycling the receiver phase,€x). 1D first increments from  Figure 6. 2D C/**Cfiltered NOESY spectra recordech@ 1 mM

the 13C/13C-filtered NOESY, presented in Figure 7, indicate that Sample of*C/*N-labeled ubiquitin using the 4B°C/*C-separated,
the level of water suppressier transienis significantly better ~ constant-time, coherence-transfer-echo NOESY pulse seqteAce.

. . . . . diagram of the pulse sequence and relevant acquisition parameters are
with magic-angle gradients than withgradients but that the provided as supporting information (Figure 10). All gradients have the

final level of water suppression _after two transients is on_ly same angles( ¢) within a given experimenip was fixed at 6. No
moderately better. The explanation for the latter observation water-flipback pulséd were employed. Gradient-based coherence

is currently unknown. selectiof®3was used to achieVéC editing in the'Haccepordimension.

The mixing time was set to 100 ms. Two transients were signal-

averaged per FID. The data were collected at 3@Oon a Varian

UnityPlus 500 using &/**C/**N triple-resonance probe equipped with
All of the experimental evidence presented in this study _aself-shlelded trlp_le-aX|s gradient coil. All gradmnts Were_rectangu_la_r

strongly supports key aspects of the theory, originally proposed g} sha_lpe. No passwe eddl/ Cljrrent compfnsatlon or gradient-amplifier

o anking was used: (AY = 0° and (B)6 = 54.7.

by Warrenet al.? to explain intermolecular solutevater and

water-water MQ coherences. Thé,(¢)-profile data in Figure first explored in3He?*25 and recently in more conventional

2 are consistent with the theory that intermolecular watester samples such as pure waté#226 In both of these studies, the

single-quantum coherences are refocused to observable magclassical Bloch equations have been modified as previously

netization during, by a macroscopic dipolar effect. Both the describe@ to include the “dipolar demagnetizing field”. This

t;- and Fy-profile data in Figure 3 and the; relaxation data  theoretical treatment yields good agreement with experiment

support the contention that the origin of these MQ coherencesfor simple pulse sequences. Warren and co-workers have

lies in hlgher-ordgr terms I_no' . ) ) (24) Deville, G.; Bernier, M.; Delrieux, J. MPhys. Re. B 1979 19,
The incorporation of a dipolar demagnetizing field into the 5666-5688. _ _
Bloch equations has also been used to explain the origin of these (25) Einzel, D.; Eska, G.; Hirayoshi, Y.; Kopp, T.; Wle, P.Phys. Re.

MQ coherence&® Two studies relate these additional peaks to Let(téé)g gtéd5f§,r§ 3A1.2;‘..2-3Bl§\}vte|| R.: Bowley, R. MI. Magn. Resor991,

the phenomenon of multiple echoes in concentrated solutions,93, 516-532.
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A generated with only two orthogonal gradient coils suffice in a
practical sense. These observations suggest that a single-axis
gradient coil whose gradient direction is either at or close to
I VR PO P VR VR U PO VO YO YO Y the magic angle should be sufficient to realize the improvements
in water suppression described in this report. Moreover, the
design of such a gradient coil has already been proposed and
evaluated at 500 MHz on a 5mm sample of wafeFor 8 mm
probes, a single-axis, magic-angle gradient coil may provide
the needed improvement in overall water suppression without
incurring any additional degradation in RF performance.

The extension of magic-angle gradients to heteronuclear
B double-resonance experiments has not yet yielded a dramatic

improvement in water suppression. There are perhaps several

reasons for this. First, a typical recycle time for these
+ B - - experiments is 1.2 s. The maximum intensity for an intermo-
lecular water-water nQ coherence is therefore reduced by

(0.281) relative to that obtained with a recycle tinre 20 s.
Second, techniques which minimize the amount of transverse

C
water magnetization at the end of the RF pulse train are
becoming more widespread tHy-based/detected double- and
triple-resonance experimer#s?232 These techniques, however,
also tend to minimize the excitation of intermolecular water
waternQ coherences from higher-order termsth Nonethe-

less, magic-angle gradients have yielded dramatic increases in
the level of water suppression in GE nQF-COSY spectra, both
D in our laboratories and in othet3and have also provided the

means to validate a novel theérgescribing the creation/
detection of intermolecular MQ coherences.
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