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A gradient- and sensitivity-enhanced HMQC experiment has been
developed. The sensitivity of the experiment is increased by factors of
=2 and 2 over the conventional and gradient-enhanced HMQC
experiments, respectively. This improvement is achieved by retaining
both the x and the y magnetization components in the indirectly
detected dimension. This experiment will be particularly useful in
NMR studies of large biomolecules as the relaxation time of the
multiple-quantum coherence is much longer than that of the single-
quantum coherence in the slow motion limit. © 1998 Academic Press
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Increasing sensitivity and reducing artifacts are desirable
goals in the design of NMR experiments. In multidimensional
NMR, quadrature detection in the indirectly detected dimen-
sions is achieved by recording cosine- and sine-modulated
signals in two separate experiments to obtain pure absorption
spectra, resulting in a loss of sensitivity by a factor of=2. This
loss can be recovered by retaining both thex and the y
magnetization components in the indirect dimensions, as in the
schemes used in the sensitivity-enhanced TOCSY and HSQC
experiments (1–3). In order to achieve greater suppression of
the solvent signal,t1 noise, and other artifacts in these NMR
experiments, pulsed field gradients were introduced and excel-
lent results were obtained (4–8). However, in conventional
gradient-enhanced experiments,P- andN-type coherences are
not selected simultaneously, which also results in a loss of
sensitivity by a factor of=2. The way that pulsed field
gradients are used in the sensitivity-enhanced HSQC experi-
ment, proposed by Kayet al. (9, 10), selects both types of
coherence and thereby retains the sensitivity. Subsequently,
this sensitivity enhancement scheme has been applied to many
multidimensional NMR experiments (11, 12).

Theoretical calculations (13–15) have shown that, for a
heteronuclear two-spin system in the slow motion limit, mul-
tiple-quantum coherence relaxes much more slowly than sin-
gle-quantum coherence. Recent reports (16–19) describing
NMR experiments on biomolecules have also shown that the

HMQC experiment is more sensitive than the HSQC experi-
ment in certain circumstances, owing to the slower relaxation
rate of the multiple-quantum coherence. This property may
have greater application in NMR studies of large biomolecules
as the rapid relaxation of magnetization is the major factor
responsible for the loss of sensitivity in these experiments.
Here, we report that an enhancement in sensitivity can also be
obtained for the HMQC experiment by using strategies similar
to those given by Palmeret al. (1, 2) and Kayet al. (9, 10), in
which quadrature detection in the indirectly detected dimen-
sion is achieved by postacquisition data processing, and gra-
dients are used to select magnetization pathways without sen-
sitivity loss. The sensitivity of the experiment is enhanced by
a factor of =2 for a heteronuclear IS spin system when
compared with the conventional HMQC method (21). To the
best of our knowledge, no such kind of experiment has been
published. We demonstrate here that a simple modification of
the previously published sensitivity-enhanced HMQC experi-
ment (1, 2) into the corresponding gradient version does not
offer optimal sensitivity enhancement. Optimal enhancement is
obtained by modifying the gradient- and sensitivity-enhanced
HSQC experiment into the gradient- and sensitivity-enhanced
HMQC experiment.

In Fig. 1, we propose three versions of the gradient- and
sensitivity-enhanced HMQC pulse sequences based on the
method of Palmeret al. (1, 2) and the gradient method of Kay
et al. (9, 10). In the t1 evolution period of the first and the
second pulse sequences, Figs. 1A and 1B, twoG1 pulsed field
gradients serve to dephase the S spin and the final pulsed field
gradient,G2, rephases the transferred magnetization so that the
detected I spin magnetization before acquisition becomes

H2I x cos~vst1! 2 I y sin~vst1! if f2 5 x and 2G1 5 2G2

I x cos~vst1! 2 I y sin~vst1! if f2 5 2x and 2G1 5 G2
,

where vs is the Lamor frequency of the S spin;G1 5 gI

BI( z)tI andG2 5 gSBS( z)tS with gI andgS being the gyro-
magnetic ratios of the spins I and S, respectively;BI( z) and
BS( z) are theB fields generated from the pulsed field gradients
for spins I and S; andtI and tS are the durations of these1 To whom correspondence should be addressed.
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gradient pulses. For eacht1 value, two transients correspond-
ing to f2 5 x and f2 5 2x are recorded and stored
separately, and are then added and subtracted, with a 90° phase

shift being applied to the addition of the transients. The final
pure absorption spectrum can be obtained by data processing
according to the method of Stateset al. (20).

FIG. 1. Pulse sequences of the three versions of the gradient- and sensitivity-enhanced HMQC (g/s-HMQC) experiment. The thin and thick vertical bars
represent 90° and 180° pulses, respectively. In these pulse sequences, the delaysD, d1, andd2 are set to1

4J
5 2.77, 1.75, and 0.4 ms,respectively. Phase cycling

is not necessary; however, we used a four-step phase cycle, which isf1 5 0, 0, 2, 2;f2 5 0, 2; f3 5 1, 3; RecC 5 0, 2, 2, 0. Unlabeled pulses are applied
along thex axis. For every secondt1 increment, the phasef2 and the gradientG2 are inverted. The strength of gradientsG1 andG2 is 20 G/cm with durations
of 1.5 and 0.3 ms, respectively, and they are applied along thez axis. Quadrature detection in thet1 dimension is achieved by adding and subtracting the two
consecutive transients as described in the text.
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In the third pulse sequence (Fig. 1C), the second 90° I spin
pulse serves to transfer double- and zero-quantum coherences
to single-quantum coherences, and the magnetization after the
second 90° pulse of spin I becomes

2I z@Sy cos~vst1! 2 Sx sin~vSt1!#.

This term is exactly the same as that in the sensitivity-enhanced
HSQC experiment (9) before the application of the first gradi-
ent. By then employing the second part of the pulse sequence
of the sensitivity-enhanced HSQC and by proper setting of the
two gradients, as described above, the detectable magnetization
becomes the same as that in the first pulse sequence, except

that the sign ofI y is altered. By adopting the same data
processing procedures as described for the first experiment, a
pure absorption spectrum can be obtained. Although, in theory,
the sensitivity gain of these experiments can be as much as=2
over the conventional HMQC experiment, this gain may not be
achieved in practice because of sensitivity loss due to the larger
number of pulses and signal loss through relaxation. It should
be noted that this type of experiment, whereD is used, does not
provide sensitivity enhancements for I2S and I3S spin systems.

The sensitivity enhancements provided by the proposed gra-
dient- and sensitivity-enhanced HMQC (g/s-HMQC) experi-
ments are demonstrated by1H–15N correlation spectroscopy of
a 15N-labeled calmodulin sample. Recordings were made at

FIG. 2. Cross sections of1H–15N HMQC spectra of calmodulin recorded with different pulse sequences: conventional HMQC (2a, 2b), gradient-enhanced
HMQC as proposed by Daviset al. (8) (2c, 2d), and g/s-HMQC version 1 (2e, 2f), version 2 (2g, 2h), and version 3 (2i, 2j). In all these experiments, broadband
decoupling during the acquisition period was accomplished by using the GARP decoupling sequence with a 0.9-kHz radiofrequency field, and 16 scans per
experiment and a relaxation delay of 1 s were used. Spectra were obtained by using the same acquisition and processing parameters for each experiment. The
1D spectra shown here were scaled to the same noise level for comparison.
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30°C on a Varian Inova 500-MHz NMR spectrometer, and the
protein concentration was 1 mM in 90% H2O, 10% D2O at pH
6.8. Spectra from the g/s-HMQC experiments are compared
with those from the conventional HMQC (21) and gradient-
enhanced HMQC experiments (8). Figure 2 displays cross
sections from1H–15N HMQC spectra, scaled to the same noise
level, at15N chemical shifts of 131.3 and 124.0 ppm. Figures
2a and 2b show cross sections from the conventional HMQC
experiment (21) with water suppression achieved by a 70-Hz
presaturation field for a duration of 1 s. Figures 2c and 2d
present cross sections from the normal gradient HMQC exper-
iment (8). Figures 2e and 2f, 2g and 2h, and 2i and 2j show
cross sections of the g/s-HMQC experiments, versions 1, 2,
and 3 (Figs. 1A–1C), respectively. In all the gradient experi-
ments, suppression of the water signal is achieved solely by the
use of pulsed field gradients which avoids sensitivity loss of
exchangeable NH signals caused by presaturation.

Based on an analysis of the signal-to-noise ratios (S/N) of
30 well-resolved NH peaks, the g/s-HMQC experiments, ver-
sions 2 and 3 (Figs. 1B and 1C), achieve sensitivity enhance-
ments by factors of 1.196 0.25 and 1.426 0.30, respectively,
when compared with the conventional HMQC experiment, and
sensitivity enhancements by factors of 1.736 0.22 and 2.106
0.42 over the normal gradient-enhanced HMQC experiment
while version 1 (Fig. 1A) offers only a little enhancement over
the conventional HMQC experiments. The lower sensitivity
enhancement in versions 1 and 2 of the proposed g/s-HMQC
experiment (Figs. 1A and 1B) compared with version 3 (Fig.
1C) is due to gradient diffusion in thet1 evolution time and a
proton homonuclear coupling effect during 4d1 and 2D in
version 1 and 4d1 in version 2. In addition, version 1 of the
experiment has an extra 2D delay which will lead to additional
relaxation loss.

The experimental results described above indicate that ver-
sion 3 of the proposed g/s-HMQC experiments, Fig. 1C, offers
the best sensitivity enhancement. Moreover, version 3 of the
g/s-HMQC experiment offers the most efficient suppression of
the solvent signal and other artifacts. This is because theG1

pulsed field gradient provides an efficient suppression of un-
transferred I magnetization. In versions 1 and 2 of the proposed
g/s-HMQC experiments (Figs. 1A and 1B), the twoG1 pulsed
field gradients cannot suppress the untransferred I magnetiza-
tion. Only G2 serves to suppress it, and a stronger gradient is
required to achieve the same level of suppression of solvent
signals and artifacts.

In summary, we have proposed three versions of a gradient-
and sensitivity-enhanced HMQC experiment. Version 3 (Fig.
1C) is the best, and it provides significant sensitivity enhance-
ment and superior suppression of the solvent signal and arti-
facts over the conventional and gradient-enhanced HMQC
experiments. This experiment can be used as a basic building
block for multidimensional NMR experiments for the study of
large biomolecules to take advantage of the slower relaxation

rate of the double-quantum coherence. Our preliminary results
show that it is possible to further improve the sensitivity of the
g/s-HMQC experiment by using a spin lock for1H during the
t1 period to remove the homonuclear coupling effect (17), and
the g/s-HMQC experiment with the use of a spin lock is more
sensitive than the g/s-HSQC experiment. These results will be
reported later.
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