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Pulsed field gradients have found a number of important
applications in high-resolution protein spectroscopy. Two of
the most attractive features of using pulsed field gradients
include a reduction in the number of artifacts in multidi-
mensional NMR experiments, where phase cycling is often
limited to a small number of steps ( /-4), and the elimination
of the intense solvent signal in H,O samples (5-7).

Our laboratory is developing a family of gradient multi-
dimensional NMR experiments which enable the solution-
structure determination of proteins based on data recorded
on a single H,0 sample. The use of a single sample to record
all of the spectra required for a structure determination has
a number of advantages over approaches which require both
H,0 and D,0 samples. First, for proteins which cannot be
expressed in high yields, there is a considerable cost advan-
tage. Second, the use of a single sample eliminates ambiguities
in comparing peak tables from spectra recorded on different
samples where the effects of isotope shifts or slight differences
in sample conditions can be significant. This has important
consequences for automated or semiautomated resonance
assignment and structure determination. Recently we have
reported pulse schemes for recording HCACO-type spectra
(7) and HCCH-TOCSY spectra (8) on H,0 samples using
gradients both to minimize the phase cycling and to eliminate
the H,O signal. In this Communication, we describe a gra-
dient *C NOESY-HSQC experiment (gd-NOESY-HSQC)
which enables the recording of NOE spectra on samples of
13C-labeled protein dissolved in H>O.

Figure 1 illustrates the gd-NOESY-HSQC sequence that
we have developed. The basic pathway of magnetization
transfer in the sequence is straightforward and can be out-
lined by

NOE JHuC

Jac
'H: (1)) —> 13C,(fz) —— 'H/(153),

lHj

where the appropriate transfer mechanisms are given above
each arrow, 'H; and '°C; are one-bond coupled, and the
chemical shifts of 'H;, '3C;, and 'H, evolve during ¢,, ¢,, and
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15, respectively. In what follows a brief description of the use
of gradients in the gd-NOESY-HSQC sequence is presented.

Application of the 902, 'H pulse establishes proton trans-
verse magnetization which subsequently evolves during ¢,.
During the first 1,/2 period, evolution of 'H magnetization
due to the large '"H-"3C coupling establishes terms of the
form [,S., where [, and S. denote transverse | and longi-
tudinal S magnetization, respectively. If a perfect '*C 180°
pulse is applied at the center of the ¢, evolution period, the
effects of 'H-"3C scalar coupling are completely refocused
at the end of the ¢, interval. However, many of the spins
experience an imperfect pulse due to the large >C bandwidth
as well as RF inhomogeneity effects. This results in the trans-
formation of /,.S. into zero and multiple-quantum terms.
For large molecules, these terms will likely decay completely
during the subsequent mixing time; however, the application
of the gradient g3 ensures that these terms are completely
dephased. If, on the other hand, parts of the sample do not
experience the effects of the '*C 180° pulse, terms of the
form 1.S. will be generated following the application of the
second 'H 90° pulse. These terms may not decay completely
during 7,, and can potentially give rise to artifacts. The ap-
plication of a '*C 90° pulse during the mixing time followed
by a gradient pulse ensures that these terms are completely
eliminated.

Gradient pulses g3 and g4 are applied toward the end of
the mixing interval T}, to allow radiation damping to restore
water magnetization to the +z axis. After the mixing period,
application of a 902 'H pulse reestablishes transverse mag-
netization. During the subsequent 27, period, proton spins
coupled to '*C evolve due to the large one-bond 'H-'3C
scalar coupling, and immediately prior to the 907 'H pulse
the magnetization term of interest is of the form /.S, while
water magnetization can be described by 7,. The gradient
pulse pair (g5, g6) sandwiching the 'H/'*C 180° pulses in
the middle of the 27, period is applied to eliminate artifacts
that might be created by pulse imperfections. In addition,
the gradient pair eliminates water magnetization that escapes
the 'H refocusing pulse so that at 27, all of the water mag-
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FIG. 1. Pulse sequence of the gd-NOESY-HSQC experiment. Narrow (wide) pulses represent a flip angle of 90° (180°). All 'H hard pulses are applied
with a 21.7 kHz field with the carrier set on the water line. Immediately after acquisition, 'H, , purge pulses are applied, using a 10 kHz field for 8 and 5
ms, respectively. The crafted pulses employed in some of the experiments were 21 ms, with the RF power adjusted for the first pulse to give an on-
resonance flip angle of 90°. The second pulse was adjusted in order to minimize the resultant water signal and was typically set to a power level 10 dB
greater. The shape profile for the crafted pulses used is given in Ref. (5). The *C pulses were centered at 43 ppm and applied using an 18.5 kHz field.
The *>C 180° pulse applied in the center of the ¢, period is of the composite variety (9071805907 ). C’ decoupling during 7, was performed with the
SEDUCE-1 (18, 19) decoupling sequence using a 600 Hz field centered at 175 ppm. Carbon decoupling during acquisition was achieved with GARP ( 20)
using a 3.5 kHz field. The GARP decoupling is preceded by a high-power '*C pulse pair as described previously (27). "N decoupling during ¢, was
implemented using the WALTZ-16 (22) decoupling scheme with a [ kHz field. The delays used were d2 = 0.1 s, relaxation delay = 0.9 s for experiments

where the crafted pulses were used and d2 = 0, relaxation delay = 1.0 s for experiments with no crafted pulses, 7, = 0.15 s, and 7, = 1.7 ms. The phase
cvcle used was ¢, = (X, —X). @2 = 2(1). 2(—3), 3 = 4(xX), 4(—X), g = B(X). 8(—X), 5 = (X, ¥, —X, —)), ¢ = 4(x), 4(~x), Rec = [x, —p, —x,
v 2(=x, v, X, —y), X, —y, —x, v]. Phase ¢s was cycled in order to climinate weak quadrature artifacts in the acquisition dimension. Quadrature in ¢,

and ¢, was achieved via States-TPPI of ¢, and ¢,. respectively. The durations and strengths of the gradients are: gl = (10 ms, 2 G/cm), g2 = (8 ms, 4
G/em), g3 = (3 ms, 15G/cm). g4 = (1 ms, 20 G/cm), g5 = g6 = (1 ms, 8 G/cm), g7 = (4 ms, 30 G/cm), g8 = (3 ms, —~18.8 G/em), g9 = gl10 = (1
ms, 22 G/cm). The gradients are employed in such a way as to maximize the time between the application of a gradient pulse and subsequent application
of an RF pulse. A delay of at least 50 us is found to be necessary in order to avoid sensitivity losses. The crafted pulses are enclosed in brackets to indicate

that their use is not essential in this experiment.

netization is along the y axis. This is necessary for the efficient
removal of water magnetization by gradient pulses g7 and
g8. Subsequent application of a 'H 907 pulse creates lon-
gitudinal spin order, I.S., for proton spins coupled to '*C,
while water magnetization remains in the transverse plane
afier the pulse and hence is dephased via the action of gra-
dients g7 and g8. It is for this reason that an HSQC rather
than an HMQC sequence must be implemented. The use of
the longer pulse scheme relative to the '>*C NOESY-HMQC
sequence (9) does not increase the artifact content of the
spectra since gradients are employed; however, a slight sen-
sitivity decrease (depending on the RF homogeneity profile
of the probe) is experienced due to the increased number of
pulses.

It is important to note that gradients g7 and g8 must be
applied with opposite polarity since they are separated by a
'H 180° pulse (2). If g7 and g8 were of the same polarity
and with a perfect '"H 180° pulse in the middle of the ¢,
interval, the effects of g7 and g8 with respect to water
suppression would cancel. Indeed, in the limit of equal du-
rations, amplitudes, and polarities for g7 and g8, the appli-

cation of these gradients would not attenuate the water signal
at all, neglecting the effects of diffusion. The absolute areas
under the gradients g7 and g8 were deliberately set to be
different to ensure that water magnetization in regions of
the sample not affected by the 'H 180° pulse in the middle
of #, is not refocused. In addition, potential artifacts that
could be created by imperfections in the 'H 180° pulse re-
sulting in the transformation of z operators into transverse
operators are eliminated by the application of g8.

It should be noted that in order to minimize relaxation
losses which occur during the application of g7 and g8 at a
rate given by the decay of the longitudinal ‘H-'3C spin order,
it is important that reasonably strong gradients be applied
for short periods of time. Application of the gradient pair
(g9, g10) eliminates possible artifacts due to imperfections
in the final '"H/'3C 180° pulses. The desired magnetization
is along the x axis immediately prior to detection while the
small residual water magnetization is along the y axis. The
final '"H 902 pulse has no effect on the desired signal, but
serves to rotate any residual water magnetization from the
transverse plane to the z axis before acquisition (7).
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In order to obtain high-resolution protein structures by
NMR, it is important that as many NOEs as possible be
obtained. This includes NOEs to Ha protons, which fre-
quently resonate at or near the intense H,O signal. It is
therefore crucial that as much of the solvent signal be elim-
inated as possible. An approach combining the use of gra-
dients and RF pulses is employed to eliminate the intense
solvent line. The use of gradients to dephase the water signal
while the magnetization of interest is of the form I1.S.., and
hence invariant to the action of the gradients, has been de-
scribed above. Several additional approaches for water
suppression can be employed. Immediately after the detec-
tion period, 10 kHz x, y scrambling pulses ( /0) of duration
8 and 5 ms, respectively, are appiied. In addition to elimi-
nating any repetition-rate artifacts (/ /), these pulses also aid
in water suppression. Following the relaxation delay, during
which magnetization recovers to a steady-state value, the
water signal can be further suppressed through the applica-
tion of selective-excitation /gradient pulses as suggested pre-
viously by Hurd and co-workers (5).

The selective pulses that are employed in the present study
are obtained via optimization using the method originated
by Shinnar (/2) and LeRoux (/3) and are described else-
where (5). The first selective pulse was of duration 21 ms
and the power level was adjusted to give a 90° pulse on
resonance. This is followed by a gradient pulse to eliminate
magnetization that is rotated into the transverse plane by
the selective RF pulse. The second selective pulse, also of
duration 21 ms, was adjusted in intensity to minimize the
water signal. On our spectrometer this is achieved using ap-
proximately 10 dB more power for the second pulse. The
adjustment of power levels and durations for the shaped
pulses is most conveniently achieved using a hard 90°—
acquire sequence, preceded by the shaped pulses. The ap-
plication of the selective pulses and gradients suppresses sig-
nals originating from protons resonating at or very close to
the water line or from resonances which are in exchange
with water. Duration d2 ( ~ 100 ms) allows bleached signals
to recover via the efficient cross-relaxation pathways which
occur in macromolecules in a manner analogous to the
SCUBA technique suggested by Mueller and co-workers
(14). We have found that although the use of the crafted
pulses does improve the quality of water suppression, their
use is not essential and for this reason the crafted pulses are
indicated in parentheses in Fig. 1.

Despite improved water suppression, the crafted-pulse/
gradient approach used at the beginning of the sequence
does result in a concomitant loss in the intensities of some
of the cross peaks. The use of a “mixing” period immediately
following the selective pulses partially restores the intensity
of these peaks, but at the expense of decreasing the intensities
of cross peaks arising from protons that are close in space
to the bleached protons. Figure 2 illustrates the effects of the
use of the crafted pulses by comparing 2D NOE spectra of
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FI1G. 2. Comparison of 2D spectra acquired without (A) and with (B)
the crafied pulses using the sequence in Fig. 1 with a *3C 180° pulse inserted
in the middle of 1, to ensure that the '"H-"H cross-peak intensities are not
modulated by the >C chemical shift of the attached carbons. Each spectrum
was acquired with 96 complex ¢, points, 16 transients/r, point, a mixing
time of 0.15 s, relaxation delay = 1.0 s, d2 = 0 (A) and relaxation delay =
0.95s,d2 = 0.1 s (B). giving rise to an acquisition time of about one hour.
The arrows in (B) point to some of the regions in the spectrum where the
use of the crafted pulses has resulted in a decrease in signal intensity.

the Cellulomonas fimi cellulose binding domain (CBD;, di-
mer of 110 amino acids/monomer) recorded with the se-
quence in Fig. 1 without (Fig. 2A) and with (Fig. 2B) the
use of such pulses. The spectra were recorded on a sample
of 1.5 mM "N, '*C CBD, 90% H,0, 10% D,O, pH 7.0, T
= 30°C. The experiments were performed on a Varian
UNITY-500 spectrometer equipped with a pulsed-field-gra-
dient accessory and a triple-resonance probe with an actively
shielded z gradient. It is clear that certain regions in the spec-
trum recorded with the use of the crafted pulses are somewhat
reduced in intensity. Some of these regions are indicated by
arrows in the figure. Another striking difference between the
spectra is the appearance of a large number of cross peaks
at F; = 4.8 ppm, the chemical shift of water in spectra re-
corded without the crafted pulses. Many of these peaks arise
due to NOEs involving labile groups (15}, such as hydroxy
moieties of serine and threonine residues. It is interesting to
note that 29 of the 110 residues in CBD are either threonine
or serine. In addition, some of the peaks may reflect the
presence of bound water molecules ( /6) or may be the result
of NOEs with Ha protons which are degenerate with the
water resonance.
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FIG. 3. Slices from 3D *C gd-NOESY-HSQC data sets at §'>C = 43.5 t}
ppm acquired without (A) and with (B) crafted pulsesona 1.SmMsample | Tsla
of N, “C-labeled CBD, pH 7.0, 90% H0, 10% D,O. T = 30°C. Both é ~
spectra were acquired as 128 X 32 X 416 complex data sets and processed "?N : NH L5 0
to give absorptive spectra consisting of 256 X 64 X 1024 points in each of é¢ 5 ¢ ’
(F,, Fy. F3). The "*C carrier is set to 43 ppm and a spectral width of 3 kHz ? ‘ e
is employed. This results in extensive aliasing of resonances. Because a first- N29NH 3 N29NH A
order phase correction of 180° is employed in the '*C dimension, both \é ‘
positive and negative cross peaks will be observed. In the figure only positive @ afp VSONH § o VSONH
peaks are shown and the *C frequency associated with the labeled peaks is L q L 9.0
indicated in the upper left corner. In both (A) and (B) mixing times of 0.15
s were employed with a relaxation delay of 0.9 sand d2 = 0.1 s (with crafted Q49 a Q49 o,
pulses) or a relaxation delay of 1.0 s (no crafted pulses), giving rise 10 a K28 NH , - NH ¢ |
total acquisition time of approximately 90 hours for each 3D data set. In . . O 4 K28 ¢ b
both cases residual water was removed using a postacquisition processing 5.6 4.8 5.6 4.8
procedure described in the text. Cross peaks due to NOEs to water or arising F3 ('H) ppm

due to NOEs involving exchanging hydroxy groups are indicated with as-
terisks.

Residual water not eliminated by the gradients can be
effectively attenuated in a postacquisition manner using a
low-order polynomial fit of the data to remove the low-fre-

FIG. 4. Slices from 3D °C gd-NOESY-HSQC data sets at 3C = 53.4
ppm acquired without (A) and with (B) crafted pulses. The 'Ha and "Ca
shifts of K28 and Q49 nearly overlap. NOEs to K28« are indicated on the
left side of the line through the cross peaks while NOEs to Q49« are indicated
on the right side. Intraresidue NOEs are indicated as NH, a, 8, etc., while
interresidue NOFs are labeled with the appropriate contacts. Only positive
peaks are indicated. Cross peaks due to NOEs to water or arising due to
NOEs involving exchanging hydroxy groups are indicated with asterisks.
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with substantially less residual water. This approach is to be
contrasted with the method of Marion et al. (17), where the
convolved FID is subtracted directly from the original FID.
Although the residual water signal is very efficiently removed
in this latter method, so are many cross peaks to He protons.

Figures 3 and 4 illustrate the quality of the data obtained
using the gd-NOESY-HSQC sequence without (Figs. 3A and
4A) and with (Figs. 3B and 4B) the use of crafted pulses.
The spectra were recorded on the CBD sample under the
sample conditions described above. Both data sets were ac-
quired as 128 X 32 X 416 complex data matrices with ac-
quisition times of 25.6 ms (¢,), 10.7 ms (¢,), and 52 ms (¢3).
Although the suppression of water is superior where crafted
pulses have been employed, even in their absence it is possible
to observe NOE peaks to Ha protons with chemical shifts
close to water. Unlike the D,O NOESY experiment, the
present experiment also provides NOEs between aliphatic/
aromatic and NH protons, as is illustrated in both of the
figures. While such NOEs are extremely important in a
structure determination, it should be kept in mind that the
increased number of magnetization-transfer pathways avail-
able to carbon-bound protons in proteins dissolved in H,O
may result in a decrease in the intensity of many of the NOE
cross peaks relative to cross peaks in NOESY spectra recorded
on samples dissolved in D,O. The differences in cross-peak
intensities for H,O and D,0 spectra vary depending on the
number of transfer pathways available to the protons in-
volved and their relative importance. Included in such path-
ways are transfers to water molecules. It is interesting to note,
for example, the cross peaks to G80« in Fig. 3A at | ~ 4.8
ppm that are indicated by asterisks. These cross peaks may
be due to NOEs with bound water or may arise as a result
of NOE:s involving labile groups. Note that these peaks are
absent in Fig. 3B (recorded with crafted pulses) and they are
also absent in spectra recorded in D,O.

In summary, we have described a gd-NOESY-HSQC se-
quence for recording '*C-edited NOESY spectra in H,0. Al-
though a small amount of residual water remains, it is none-
theless possible to observe cross peaks at least as close as 0.2
ppm from the water. NOEs from all protons in the protein
are observed in one experiment using a single H,O sample.
The recording of all data for a structure determination from
a single sample should facilitate automated or semiautomated
structure determination.
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Note added in proof.  In order 1o achieve more efficient '*C decoupling
covering aromatic and aliphatic resonances we now record spectra with the
13C carrier placed at ~67 ppm.
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