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Field gradient techniques in NMR spectroscopy

Lewis E Kay

The University of Toronto, Toronto, Canada

In recent years NMR spectroscopy has emerged as a powerful technique
for studying the structure and dynamics of biomolecules in solution. The
development of shielded pulsed-field gradient coils for high-resolution NMR
spectroscopy has led to significant improvements in a large number of
experiments which are used to provide such information. Experiments
enhanced with pulsed-field gradients have fewer artifacts, suffer far less from
problems of solvent suppression and have reduced phase cycles relative
to their non-gradient counterparts. The whole array of NMR experiments
available for macromolecular structure determination is likely to benefit
substantially from the incorporation of gradient pulses.
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Introduction

The past several years have witnessed a tremendous
growth in the application of NMR spectroscopy
to a wide array of problems of biological interest.
This growth is the result of a number of important
methodological and instrumental improvements. On the
methodology side, the development of multi-dimen-
sional NMR in concert with triple-resonance techniques
has significantly reduced the molecular mass restrictions
previously imposed on structural studies by NMR
[1]. From an instrumental perspective, increased field
strength and improved radio-frequency electronics have
had a significant impact. However, an equally important
breakthrough has been the recent development of
pulsed-field gradient technology and the availability of
such instrumentation from all leading commercial NMR
manufacturers.

Although pulsed-field gradients were introduced into
NMR imaging more than 20 years ago (2], a number
of technical problems had to be overcome before
such gradients could be successfully incorporated into
high-resolution NMR studies. Specifically, the major
technical problem stems from the fact that the appli-
cation of a pulsed-field gradient in the static field By
interferes with the receiver and the lock systems of the
spectrometer. This interference introduces a significant

dead time before data acquisition or the application of a
subsequent radio-frequency pulse. The development of
probes with actively shielded gradient coils has drastically
reduced recovery times, permitting the use of short and
intense static gradients.

Before the development of gradient technology, artifacts
in NMR experiments were eliminated by phase cycling,
i.e. by repeating the experiment several times with
different phases for pulses and/or the receiver. This
process requires excellent spectrometer stability, often
for a period of several days. Even with perfect stability,
data acquisition times in practice often limit the extent
of phase cycling, leading to incomplete suppression of
artifacts. In contrast, the use of pulsed-field gradients
permits the suppression of artifacts on a per scan
basis, thereby reducing the demand for long-term spec-
trometer stability [3,4]. This is particularly important,
for example, in heteronuclear applications involving
unlabeled compounds [5¢].

The usefulness of pulsed-field gradients in high-resolu-
tion NMR spectroscopy can be understood by noting
that the application of a gradient pulse imparts a phase
shift to transverse magnetization, the amplitude of which
is proportional to the position of the resonating nuclei
in the magnetic field, the gyromagnetic ratio of the spins
affected by the gradient, and the magnitude and duration
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of the gradient pulse. We can express this mathematically
as:

Ap = v2G1G6

where Ad is the phase change of transverse magnetization
arising from spins located a distance z from the center
of the gradient coil, 7; is the gyromagnetic ratio of the
spins, G is the strength of the gradient pulse and 1 its
duration.

Note that in this expression it is assumed that the
gradient pulse creates a magnetic field that varies linearly
along the Z-axis, which is the most common case.
Because the signal intensity is the sum of magnetization
from all regions of the sample, a sufficiently strong
gradient pulse will completely attenuate the signal. A
clear discussion of these results has been provided by
van Zijl and co-workers [6] and recently in an excellent
review by Keeler er al. [7°].

Pathway rejection versus pathway selection

Gradients can eliminate undesired signals in NMR spec-
tra in at least two distinct ways. The first approach
is based on the concept of pathway rejection. In an
NMR experiment the signal of interest follows a distinct
magnetization-transfer pathway, while would-be artifacts
originate from other pathways. During the course of a
pulse scheme it is likely at some point that the magne-
tization of interest lies along the Z-axis while the re-
maining signals are in the transverse plane. In its most
simplistic form, the application of a pulsed-field gradient
at this point preserves the signals along Z and dephases
transverse magnetization. As long as this magnetization
is not refocussed by subsequent gradient pulses, potential
artifacts originating from such signals are eliminated.

One of the earliest uses of such an approach involved the
application of a homospoil pulse during the mixing pe-
riod of a nuclear Overhauser enhancement spectroscopy
(NOESY) experiment. More recently, Bax and Pochap-
sky [8] have described in detail how gradients can be
employed to reject unwanted pathways and eliminate
artifacts caused by pulse imperfections.

An alternative strategy involves the use of gradients to
actively select for the magnetization pathway of interest.
In this case, application of the first gradient-selection
pulse dephases all of the magnetization in the trans-
verse plane, including the desired signal, and a subse-
quent gradient pulse refocuses only the magnetization
of interest. A simple application of coherence pathway
selection is provided in the early work of Bax et al. [9],
in which gradients were used to select particular orders
of multiple-quantum coherence.

More recent applications include coherence transfer
pathway selection in multi-dimensional heteronuclear
spectroscopy, in which the first selection gradient pulse
is applied when the desired magnetization resides on the
heteronucleus, and the final gradient selection occurring
before detection, when proton magnetization is present.
In this case, the amplitudes and/or durations of these
gradient pulses must be adjusted accordingly to reflect
the differences in gyromagnetic ratios of the heteronu-
clear and proton spins.

Initial examples of the use of gradients to select for
coherence-transfer pathways provided spectra featuring
cross peaks with mixed mode lineshapes; for biological
applications this is particularly undesirable because reso-
lution is critical. Subsequently, a number of groups have
demonstrated the feasibility of obtaining pure absorptive
spectra by either time-domain or frequency-domain ma-
nipulation of data sets obtained by alternating the rel-

ative signs of the coherence-transfer selection gradients
[10-12].

A major limitation of the pathway selection approach
described above is that only one of the two pathways
which normally contribute to the observed signal can
be selected. As a result, sensitivity is reduced by a factor
of /2 at least, depending on the positioning of the se-
lection gradients in the pulse scheme. Fortunately, the
non-gradient enhanced-sensitivity heteronuclear pulse
schemes developed by Rance and coworkers [13] are
easily modified to incorporate gradients [14,15,16°]. In
the absence of relaxation and pulse imperfections these
enhanced-sensitivity pulsed-field gradient experiments
are a full factor of 2 more sensitive than gradient-based
experiments with coherence-transfer pathway selection
that do not make use of the enhanced-sensitivity ap-
proach, and a factor of \/E more sensitive than non-
gradient pure-absorption experiments.

Unfortunately, these sensitivity gains are only possible for
the detection of spin systems where the heteronucleus
is coupled to a single proton. Whereas experiments to
assign the backbone protons of labeled proteins which
are based on the detection of the NH proton fall into
this category, other important classes of experiments re-
quire detection of magnetization from methylene and
methyl groups. Griesinger and coworkers [17¢] have
recently shown that, with a small number of modifi-
cations, it is possible to use the same gradient-based
selection approach to observe cross peaks from CH,
and CHj groups, albeit without the sensitivity gain of
v/2 that accompanies cross-peak intensities from CH
spin systems. The reader should note that it is not pos-
sible to maximize the sensitivities of signals originating
from CH, CHj; and CHj groups simultaneously using
this approach; compromise delays must be chosen when
signals from methyl, methylene and methine groups are
to be observed.
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Solvent suppression

One of the key advantages associated with the use
of pulsed-field gradients is the suppression of the
intense solvent signal in samples dissolved in H,O. This
is of particular importance in biological applications
where the concentration of solvent protons relative
to individual solute protons is in the order of 105,
The use of gradients for coherence-transfer pathway
selection suppresses the solvent signal de facto because
the solvent protons are unable to traverse the selected
pathway. In cases where coherence-transfer selection is
not employed, a popular alternative strategy of solvent
suppression, termed WATERGATE, and developed by
Sklenar and coworkers [18], can be used. In this method,
a selective 1H refocusing pulse which excites the region
of interest, but not the HyO signal, is applied at the
end of the pulse sequence. The insertion of gradients
on opposite sides of the proton pulse ensures that the
water signal is completely dephased while the signal of
interest is unaffected. This approach is extremely robust
and easy to use.

Recently, Hwang and Shaka [19] have developed a more
general approach for solvent suppression. In their pulse
scheme, denoted by A=G1-5-G-G2-S-G), where S
is any pulse sequence, and Gy and G; are gradients
satisfying the condition that the application of G, does
not refocus magnetization dephased by Gy, transverse
magnetization is returned to its original position by
the action of A. However, the amplitude of the signal
is attenuated by a factor, P2, where P is the probability
that a spin is flipped by S (P2=0 corresponds to
the elimination of signal). The authors demonstrate
water-suppression levels of >30 000-fold for

S = (soft —180y) — (hard — 180_yx)

where the soft 180, pulse is water-selective.

Although gradient approaches that dephase water result
in excellent solvent suppression, they should be avoided
if at all possible. Magnetization exchange between
dephased water and labile solute protons, such as NH
or OH protons in proteins, for example, decreases the
intensity of the labile protons. Furthermore, saturation
transfer can result in a significant decrease of the
1H spectral envelope [20]. The deleterious effects of
water saturation and dephasing have long been known
and the importance of minimizing water saturation
has recently been articulated in an excellent paper by
Grzesiek and Bax [21]. These workers point out that
once the water protons become saturated (dephased)
during an experiment, they will remain in this state
because the repetition rate between scans is much
more rapid than the longitudinal relaxation rate of
the H,O 1H spins. Consequently, it is important that
gradient pulses that act as ‘homospoils’ be applied
only when the water magnetization is stored along
the Z-axis and that water magnetization be returned to

the +Z-axis before detection. Significant improvements
in the signal-to-noise ratio of spectra that include
such ‘water flip back methods’ have been reported
[21,22+,23°]. The incorporation of this methodology
into enhanced-sensitivity experiments that make use
of gradients for coherence transfer selection has also
recently been described [22¢,23°].

Utility of pulsed-field gradients in
high-resolution studies of protein structure

Backbone and side-chain resonance assignment

A particularly powerful approach for the backbone
assignment of proteins making use of 15N,13C and
'H multi-dimensional spectroscopy has been devel-
oped over the past few years [1). Two of the most
useful experiments include the HNCACB [24] and
the CBCA(CO)NH [25], which provide correlations
linking 13Ca/13CB, 15N and NH chemical shifts.
Because both of these experiments detect magnetization
arising from a single backbone NH proton attached to
a heteroatom, it is straightforward to incorporate the
enhanced sensitivity pulsed-field gradient methodology
described above [16°]. Moreover, the large number
of delays in the triple-resonance experiments required
for magnetization transfer between coupled nuclei
allows the insertion of coherence-transfer selection
gradients into these pulse schemes with only a minimal
increase in the duration of the experiments. An
enhanced-sensitivity pulsed-field gradient version of
the HNCO experiment has been reported where
the benefits of the ‘water flip back approach’ for
a cellulose-binding-domain fragment at pH 7.0 were
clearly established [23¢].

Recently Mariani et al. [26] reported a time-shared ex-
periment where H(N)CAHA and H(CA)NNH schemes
were recorded simultaneously. In this case, gradients
were used to eliminate magnetization from spurious
pathways. Further, Sattler et al. [27] have developed
a clever way of using gradients to select for both

~(15N,NH) and (13C,CH) correlations in a simultaneous

ISN,NH and 13C,CH HSQC experiment. Excellent
water suppression is demonstrated in these experiments,
although the benefits of enhanced sensitivity for the
carbon experiment are significantly less than for the
nitrogen version because of the use of compromise delays
necessary to maximize the sensitivity from CH, CH,
and CHj groups, pulse imperfections arising from the
large dispersion of carbon chemical shifts, and evolution
attributable to carbon—carbon scalar couplings during the
delays in the pulse scheme.

The use of gradients to suppress so efficiently the solvent
signal has led to the development of gradient-based
experiments for side-chain assignment that allow record-
ing of spectra in HyO. An INEPT-based version of
the HCCH-TOCSY with gradients used to remove
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artifacts and eliminate the water signal has been
reported [28], and more recently Wang and Zuiderweg
[29*°] have developed a heteronuclear-cross polarization
version of the experiment with gradients used for
pathway rejection that provides high-quality spectra with
outstanding water suppression. Sattler et al. [30*¢] have
reported elegant HCCH-TOCSY experiments which
make use of two enhanced-sensitivity elements and
in which coherence transfer selection is achieved via
pulsed-field gradients. The ability to assign completely
a protein based on spectra recorded on a single H,O
sample is significant because ambiguities associated with
comparing spectra obtained on different samples possibly
prepared under different conditions or showing isotope
shifts (H,O versus D7) can be avoided.

Gradient-enhanced nuclear Overhauser enhancement
(NOE) experiments

NMR-based structures are obtained by exploiting the
1/r6 distance dependence of the NOE intensity on
the distance (r) between two proximal spins. Because
of the central importance of these experiments in
the structure determination process it is not surprising
that considerable efforts have been directed towards
their improvement through the design of experiments
which incorporate pulsed-field gradients. Recently,
enhanced-sensitivity pulsed-field gradient 15N-edited
NOESY experiments have been developed [31,32].
These experiments utilize radiation damping as an active
element to ensure that the water magnetization is
returned to the +Z axis before detection in a manner
independent of the phases of the radio-frequency pulses.
13C-Edited NOESY-HSQC experiments have been
reported in which water suppression is achieved through
the use of intense homospoil gradient pulses applied
when the magnetization of interest lies along the Z
axis and the water magnetization is in the transverse
plane (33,34]. The recording of NOE experiments
on samples dissolved in HoO allows the simultaneous
observation of NOEs directed to nitrogen-bound and
carbon-bound protons. Pascal et al. [35°] have demon-
strated a simultaneously 15N,13C-edited three-dimen-
sional (3D) NOESY-HSQC experiment which records
the chemical shifts of the two heteroatoms coupled to
the protons giving rise to an NOE.

The incorporation of field gradients in four-dimensional
(4D) NOE experiments has had a particularly significant
impact on spectral quality. Muhandiram et al. [36] have
developed a 4D 15N,13C NOESY experiment with
gradients used to select for the coherence-transfer path-
way traversing nitrogen using the enhanced-sensitivity
approach described previously. The use of gradients in
this way has led to a reduction by a factor of 2 in the
number of phase-cycling steps, allowing measuring time
to be allotted to improving resolution, and to an increase
in sensitivity of ~40%. Significant improvements in the
original 4D 13C-13C NOESY experiments were made
by Vuister and colleagues [37] in their development of

gradient-based HMQC-NOESY-HMQC and HMQC-
NOESY-HSQC pulse schemes with excellent levels of
artifact suppression. Very recently, Farmer and Mueller
[38] have demonstrated a 4D simultaneous 15N,13C and
I5N,15N gradient-enhanced NOE experiment and have
provided a very clear description of the usefulness of
gradients in the elimination of artifacts.

Gradient-based experiments for the study of
molecular complexes

With recent significant improvements in NMR method-
ology, the technique has become increasingly attractive
for the study of molecular complexes. The approach
most often taken is one in which one class of molecules
(protein) in the complex is labeled with 15N,13C while
the other molecular class (DNA/RNA, drug, peptide)
is unlabeled. The 15N,13C-labeled component can be
readily studied using the large array of triple-resonance
multi-dimensional experiments that now exists in the
literature. A substantial body of experiments has also
been developed for the assignment of the unlabeled
ligand and for obtaining NOE constraints connecting the
ligand with the labeled molecule.

Several significant improvements in these experiments
have been made through the use of pulsed-field
gradients. In a recent publication, Bax and co-workers
[39°] have described an isotope-filtered two-dimensional
(2D) HOHAHA experiment for providing correlations
within spin systems of the unlabeled ligand. Signals
from protons bound to 13C spins are dephased during
the HOHAHA period and pulsed-field gradients are
employed to minimize artifacts arising from spurious
magnetization-transfer pathways.

Building on earlier work by Folkers et al. [40], Boelens
and colleagues [41] have described 2D time-shared
15N,13C double half-filtered experiments in which it
is possible to record: (a) NOEs between protons within
either the labeled or unlabeled component exclusively,
or (b) inter-monomer NOEs between protons across
the molecular interface. Gradients are employed to
minimize the phase cycle and to aid in the elimination
of artifacts. It is very straightforward to extend the
2D NMR experiments which provide inter-molecular
NOE contacts to a third dimension in cases where
spectral overlap precludes the use of 2D spectroscopy.

Lee et al. [42] have recently developed a 3D 13C
Fi-edited, F3-filtered HMQC NOESY experiment for
assigning intermolecular NOEs between isotope-labeled
and -unlabeled components of a complex. The exper-
iment makes use of pulsed-field gradients to dephase
magnetization arising from protons one-bond coupled to
13C spins during the purging portion of the sequence;
this reduces significantly an extensive phase cycle that
would otherwise be necessary.
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Application of pulsed-field gradient
spectroscopy in the study of protein dynamics

Developments in heteronuclear NMR methods have
found important applications in areas outside protein
structure determination. Heteronuclear spectroscopy
combined with uniform labeling of the protein of
interest with either 15N or 13C permits the study of
the dynamics at virtually every position in the molecule.
Early versions of 15N relaxation experiments relied on
saturation or dephasing to suppress the signal from the
water peak. Saturation transfer from the water to labile
spins on the protein via either the NOE or chemical
exchange can lead to errors in measured relaxation rates
or 15N-1H NOE values, and subsequently to errors in
the extracted motional parameters [21,43].

The use of pulsed-field gradients in combination
with water flip back methods results in significant
improvements in the accuracy of measured relaxation
rates. Recently, pulse schemes that incorporate co-
herence transfer selection with enhanced sensitivity
as well as water-selective pulses to minimize water
dephasing/saturation have been proposed [44¢,45°] for
the measurement of 135N Ty, T, relaxation times and
the 15N-1H heteronuclear NOE. Tolman and Preste-
gard [46] have described a gradient-based experiment
which permits simultaneous measurement of (a) the
heteronuclear (X) transverse relaxation rate and (b) cross
correlation between the heteronuclear TH-X dipolar and
the X spin chemical shift anisotropy interactions.

The relaxation experiments described above provide a
measure of molecular motions with correlation times less
than the overall molecular correlation time although the
T, relaxation time is also sensitive to dynamics in the
microsecond to millisecond range.

Slower process can be monitored via hydrogen-exchange
spectroscopy, and elegant NOE and rotating frame
Overhauser enhancement (ROE) experiments have been
developed by Grzesick and Bax [47] for obtaining
quantitative measures of NH hydrogen-exchange rates
with water so long as the exchange rates are greater than
~0.2 s

Pulsed field gradients for the measurement of
diffusion

An important criterion to establish at the start of any
structure determination is the aggregation state of the
molecule in question. Very recently, Altier1 et al. [48¢°]
have developed pulsed-field gradient NMR experiments
that are suitable for measuring diffusion constants of
macromolecules in aqueous solution. The methods have
been applied to determine the aggregation states of a
number of different protein systems, including a dimer
of molecular mass 38 kDa. Pulsed-field gradient diffusion

experiments have also been used to estimate an upper
bound for the lifetime of bound water molecules in
the protein bovine pancreatic trypsin inhibitor (BPTT).
The time dependence of NOE cross peaks between the
bound waters and protons of the protein is obtained
using a modified 2D homonuclear NOESY experiment
containing self-compensating pulsed-field gradients [49]
applied before and after the mixing time. A fit of the
intensity of the cross peaks as a function of increasing
gradient strength allows the extraction of the residence
lifetime of the bound waters. Using this novel approach,
Dotch et al. [50**] obtain a maximum lifetime of ~1 ms
for internal water molecules in BPTI.

Three-axis versus one-axis gradients

A recent paper by Warren and co-workers [51] has
demonstrated intermolecular multiple-quantum coher-
ences between bulk water and solute. This surprising
result can be explained by disregarding the high-tem-
perature approximation normally used in NMR and
by including long-range dipolar interactions between
spins. Magic-angle gradients can dramatically reduce this
effect. For this reason, the use of magic-angle coherence-
selection gradients in double quantum filtered COSY
(DQF COSY) experiments offers far superior water-
suppression performance compared with other gradient
combinations [52]. Nevertheless, improved performance
of a three-axis system in relation to a one-axis coil
in the context of other experiments has not been
clearly established so far. It is clear, however, that in
experiments that employ more than a single gradient
it is easier to ensure that successive gradient pulses do
not refocus magnetization dephased by earlier gradients
using a three-axis system.

NMR spectroscopy with B; gradients

The use of By gradients for coherence transfer selection
and artifact suppression has become well established
in the past several years; it is also possible to use
By field gradients for the same purpose, although the
technology has until now been much less popular. That
the application of By gradient pulses does not perturb the
spectrometer and that very negligible rise and fall times
are associated with the gradient pulses makes their use
very attractive.

One of the most popular applications of B; field
gradients is in heteronuclear NMR, where the inherent
B, field inhomogeneity supplied by a standard probe
is used to dephase signals arising from proton spins
which are not coupled to the heteroatom of interest
[53]. More sophisticated uses of the technology include
employing By gradients to induce coherence transfers in
single-scan NOESY [54] and correlation spectroscopy
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[55] experiments and in heteronuclear pulse schemes
[56].

Otting [57°] has proposed a clever application of Bj
gradients for improving the resolution and sensitivity
in NOE and ROE experiments. The application of
spin lock pulses of equal duration on opposite sides of
the t; evolution period serves to defocus magnetization
(including water) before the evolution period and
refocus it afterwards. This leads to the suppression of
radiation damping during ty and subsequently improves
the quality of NOE/ROE cross peaks connecting water
and protein protons.

Only a few applications of By gradients in macromolec-
ular NMR are known at present, but this is perhaps not
surprising, considering the early stages in development
of this technology. This area may well expand rapidly
during the next few years.

Conclusions

The development of pulsed-field gradient NMR. ex-
periments represents an important advance over the
NMR methods of a few years ago. Gradients provide
for a significant reduction in the artifact content of
spectra, aid in the suppression of the intense solvent
peak in H>O experiments, and reduce the requirements
for phase cycling. Moreover, gradient-based experiments
open up the possibility of studying interactions between
water and solute in a far more quantitative fashion than
would otherwise be possible. It is likely that pulsed-field
gradients will be used in every high-resolution NMR
laboratory within the not too distant future.

Note added in proof

Recently Dingley et al. [58°%] have developed pulsed
field gradient methods for the measurement of transla-
tion diffusion constants of molecules. The methodology
presented is similar to results published by Byrd and
co-workers [48°*].
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