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A gradient- and sensitivity-enhanced HMQC experiment has been  HMQC experiment is more sensitive than the HSQC exper
developed. The sensitivity of the experiment is increased by factorsof ~ ment in certain circumstances, owing to the slower relaxatio
V2 and 2 over the conventional and gradient-enhanced HMQC rate of the multiple-quantum coherence. This property ma
experiments, respectively. This_improvement is achie_ved by_retgining have greater application in NMR studies of large biomolecule
both the x and the y magnetization components in the indirectly o yhe ranid relaxation of magnetization is the major factc
detected dimension. This experiment will be particularly useful in responsible for the loss of sensitivity in these experiment:

NMR studies of large biomolecules as the relaxation time of the H  that h ti itivit Iso
multiple-quantum coherence is much longer than that of the single- ere, we report that an enhancement in sensitivity can aiso

guantum coherence in the slow motion limit. © 198 Academic Press obtained er the HMQC experiment by using strategies §imi|a
Key Words: HMQC; pulsed field gradient; sensitivity !0 those given by Palmast al. (1, 2) and Kayet al. (9, 10, in
enhancement. which quadrature detection in the indirectly detected dimer

sion is achieved by postacquisition data processing, and gt
dients are used to select magnetization pathways without se

Increasing sensitivity and reducing artifacts are desiraldétivity loss. The sensitivity of the experiment is enhanced b
goals in the design of NMR experiments. In multidimensional factor of \/2 for a heteronuclear IS spin system when
NMR, quadrature detection in the indirectly detected dimegempared with the conventional HMQC methdtll), To the
sions is achieved by recording cosine- and sine-modulateest of our knowledge, no such kind of experiment has bee
signals in two separate experiments to obtain pure absorptjmmblished. We demonstrate here that a simple modification
spectra, resulting in a loss of sensitivity by a facton@. This  the previously published sensitivity-enhanced HMQC experi
loss can be recovered by retaining both theand they ment (1, 2) into the corresponding gradient version does nc
magnetization components in the indirect dimensions, as in thiéer optimal sensitivity enhancement. Optimal enhancement
schemes used in the sensitivity-enhanced TOCSY and HSQEained by modifying the gradient- and sensitivity-enhance
experiments 1-3). In order to achieve greater suppression diSQC experiment into the gradient- and sensitivity-enhance
the solvent signalt; noise, and other artifacts in these NMRHMQC experiment.
experiments, pulsed field gradients were introduced and excelin Fig. 1, we propose three versions of the gradient- an
lent results were obtainedt{£8. However, in conventional sensitivity-enhanced HMQC pulse sequences based on t
gradient-enhanced experimen®s,andN-type coherences aremethod of Palmeet al. (1, 2) and the gradient method of Kay
not selected simultaneously, which also results in a loss ef al. (9, 10. In the t; evolution period of the first and the
sensitivity by a factor ofV2. The way that pulsed field second pulse sequences, Figs. 1A and 1B,®ygulsed field
gradients are used in the sensitivity-enhanced HSQC expeiadients serve to dephase the S spin and the final pulsed fi
ment, proposed by Kagt al. (9, 10, selects both types of gradient,G,, rephases the transferred magnetization so that tl
coherence and thereby retains the sensitivity. Subsequentlgtected | spin magnetization before acquisition becomes
this sensitivity enhancement scheme has been applied to many
multidimensional NMR experimentd.{, 19. . .

Theoretical calculations18-19 have shown that, for a {_lx codwdy) — Iy Sinlwdy) if ¢2 - X and &, ___Gz,
heteronuclear two-spin system in the slow motion limit, mul- I codady) — Iy siflwdy)  if $2 = —xand I3, = G,
tiple-quantum coherence relaxes much more slowly than sin-
gle-quantum coherence. Recent repoi$-19 describing where o, is the Lamor frequency of the S spiG, = 7,
NMR experiments on biomolecules have also shown that tB z)' andG, = ysBS(2) 7> with v, and ys being the gyro-

magnetic ratios of the spins | and S, respectiv@y(z) and
BS(z) are theB fields generated from the pulsed field gradient:
1 To whom correspondence should be addressed. for spins | and S; and' and r° are the durations of these
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FIG. 1. Pulse sequences of the three versions of the gradient- and sensitivity-enhanced HMQC (g/s-HMQC) experiment. The thin and thick vertic
represent 90° and 180° pulses, respectively. In these pulse sequences, tha délagnds2 are set tet = 2.77,1.75, and 0.4 meegspectively. Phase cycling
is not necessary; however, we used a four-step phase cycle, whidh=is0, 0, 2, 2;¢2 = 0, 2; ¢3 = 1, 3; Rec¥ = 0, 2, 2, 0. Unlabeled pulses are applied
along thex axis. For every secorig increment, the phas#2 and the gradier, are inverted. The strength of gradief@s andG, is 20 G/cm with durations
of 1.5 and 0.3 ms, respectively, and they are applied along thés. Quadrature detection in thedimension is achieved by adding and subtracting the twc
consecutive transients as described in the text.

gradient pulses. For each value, two transients correspond-shift being applied to the addition of the transients. The fine
ing to ¢2 = x and ¢2 = —x are recorded and storedpure absorption spectrum can be obtained by data process
separately, and are then added and subtracted, with a 90° ples®rding to the method of Statetal. (20).
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FIG. 2. Cross sections ofH-**N HMQC spectra of calmodulin recorded with different pulse sequences: conventional HMQC (2a, 2b), gradient-enhé
HMQC as proposed by Davet 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, broad
decoupling during the acquisition period was accomplished by using the GARP decoupling sequence with a 0.9-kHz radiofrequency field, and 16 s
experiment and a relaxation delaf/bs were used. Spectra were obtained by using the same acquisition and processing parameters for each experime
1D spectra shown here were scaled to the same noise level for comparison.

In the third pulse sequence (Fig. 1C), the second 90° | sgimt the sign ofl, is altered. By adopting the same data
pulse serves to transfer double- and zero-quantum coherenmegessing procedures as described for the first experiment
to single-quantum coherences, and the magnetization after fuee absorption spectrum can be obtained. Although, in theor

second 90° pulse of spin | becomes the sensitivity gain of these experiments can be as mush2s
over the conventional HMQC experiment, this gain may not b
21[S, cogwd;) — S, sin(wsty) ]. achieved in practice because of sensitivity loss due to the larg

number of pulses and signal loss through relaxation. It shou

This term is exactly the same as that in the sensitivity-enhandeginoted that this type of experiment, whéres used, does not
HSQC experimentd) before the application of the first gradi-provide sensitivity enhancements fgSland S spin systems.
ent. By then employing the second part of the pulse sequencd he sensitivity enhancements provided by the proposed gr
of the sensitivity-enhanced HSQC and by proper setting of thleent- and sensitivity-enhanced HMQC (g/s-HMQC) experi:
two gradients, as described above, the detectable magnetizatiwmnts are demonstrated Hy—">N correlation spectroscopy of
becomes the same as that in the first pulse sequence, exaepN-labeled calmodulin sample. Recordings were made
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30°C on a Varian Inova 500-MHz NMR spectrometer, and thate of the double-quantum coherence. Our preliminary resul

protein concentration was 1 mM in 90%,8, 10% D,O at pH show that it is possible to further improve the sensitivity of the

6.8. Spectra from the g/s-HMQC experiments are compargts-HMQC experiment by using a spin lock fti during the

with those from the conventional HMQQJ) and gradient- t, period to remove the homonuclear coupling effdcf)( and

enhanced HMQC experiment8)( Figure 2 displays cross the g/s-HMQC experiment with the use of a spin lock is mort

sections fromH-"*N HMQC spectra, scaled to the same noissensitive than the g/s-HSQC experiment. These results will |

level, at*>N chemical shifts of 131.3 and 124.0 ppm. Figureseported later.

2a and 2b show cross sections from the conventional HMQC
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