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1 INTRODUCTION

The widespread application of NMR in the study of macro-
molecular structure is to a large extent the result of the 'H-'H
nuclear Overhauser effect (NOE), whereby it is possible to
obtain distance information relating spatially proximate protons
(see Nuclear Overhauser Effect). For reasonably small mol-
ecules (for example, proteins consisting of ~100 or fewer
residues) this information is readily available from two dimen-
sional (2D) homonuclear NOESY spectra which consist of
cross peaks, with intensities related to the distance between the
participating spins’ (see also NOESY and Biological Macro-
molecules: Structure Determination in Solution). Because
NOE peaks between a particular proton and all other protons

within a radius of approximately 0.5nm can, in principle be
observed, the number of potential NOE cross peaks increases
rapidly with molecular weight. This gives rise to considerable
overlap in 2D NOE spectra of large molecules (>10kDa), mak-
ing it difficult to assign cross peaks and to obtain accurate
distance information. An elegant approach to removing cross-
peak overlap in 2D NOE spectra is to resolve the 2D spectrum
along a third frequency dimension, the °N or '*C chemical
shift of the heteronucleus directly attached to one of the pro-
tons participating in the NOE transfer™ (see also Three- &
Four-Dimensional Heteronuclear Magnetic Resonance). Such
three-dimensional heteronuclear chemical shift correlated-
NOESY spectra contain the same numbers of cross peaks as in
a regular 2D NOESY spectrum, but the information content of
these spectra (i.e., the cross peaks) is dispersed over the chemi-
cal shift range of the heteronucleus. Because of the low natural
abundance of N and B¢, isotopic enrichment is necessary in
order to obtain spectra with high sensitivity.**

Figure 1 illustrates the resolving power of '’N-edited 3D
heteronuclear NOE spectroscopy. In (a), a region from the
regular 2D NOESY spectrum of the protein staphylococcal
nuclease (18kDa) is illustrated. In (b), the corresponding
region is shown illustrating NOEs to NH protons attached to
N nuclei resonating at 122.3ppm. The simplification is
clearly evident.
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Figure 1 Comparison of NH, C,H cross peak regions from 2D
NOESY and 3D NOESY-HMQC experiments recorded at 500 MHz on
a 1.5mM sample of *N-labeled staphylococcal nuclease in 90% H,O
using a 125ms NOE mixing time. (a) Regular 2D NOESY spectrum;
(b) Corresponding region in a slice from the 3D NMR spectrum, where
("H,NH) cross peaks are separated according to the '>N chemical shift
of the amide nitrogen one-bond-coupled to the NH proton. The section
displays NH, C,H correlations only for those amides that have an N
chemical shift of 122.3 + 0.3 ppm. The 3D data set was collected as a
128 x 32 x 256 complex matrix (¢, tp, t3). Sixteen transients were
accumulated for each FID, and the total experimental time was about
64h. Data were zero filled prior to Fourier transformation to yield a
256 x 64 x 512 data matrix (F), F,, F3) for the absorptive part of the
spectrum. (Source: A. Bax, Annu. Rev. Biochem., 1989, 58, 223)
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The simplification of a crowded NOESY spectrum as a result
of the resolving power of the heteronuclear chemical shift
enables the unambiguous assignment of many of the cross
peaks, facilitates the use of automated peak picking and assign-
ment methods, and significantly increases the effective
molecular weight limitations of NMR. The method .has been
used for the structure elucidation of proteins having molecular
weights as large as ~25 kDa,S’6 RNA,7 and oligosacharides.8 In
the following sections, descriptions of many of the pulse
sequences currently in use are given, with emphasis on the 3D
NOESY-HMQC sequence and improved versions of NOESY-
HSQC with pulsed field gradients. In addition, protein appli-
cations of these experiments are highlighted.

2 HMQCHSQC)-NOESY AND NOESY-HMQC
(HSQC) EXPERIMENTS

The heteronuclear correlated 3D NOESY experiment con-
sists of elements of (i) the regular 2D 'H-'H NOESY
experiment and (ii) the proton-detected heteronuclear chemical
shift correlation experiment. The latter element can be of the
HMQC (heteronuclear multiple quantum correlation)9 or HSQC
(heteronuclear single quantum correlation)'® variety, giving rise
to 3D NOESY-HMQC, 3D HMQC-NOESY or 3D NOESY-
HSQC, 3D HSQC-NOESY experiments, respectively. In these
heteronuclear three-dimensional experiments, the flow of mag-
netization is controlled by the editing effect
heteronucleus. In what follows, a brief discussion of the
HMQC-NOESY"! experiment will be provided, followed by a
more detailed examination of the NOESY-HMQC!? scheme.
In subsequent sections, some HSQC versions of the experi-
ments will be described.

2.1 3D HMQC-NOESY

Figure 2(a) illustrates one version of the HMQC-NOESY
pulse scheme.’ In order to ensure maximum sensitivity, mag-
netization originates on the sensitive proton spin, and proton

magnetization is also ‘detected during acquisition (t3). Proton .

magnetization is recorded during #;, with the effects of the
large one-bond 'H-X scalar coupling refocused through the
action of the 180° X pulse applied in the middle of the #; evol-
ution period. Subsequently, antiphase magnetization is
generated during the 7 ) delay and converted into
"H-X double and zero quantum coherence by the application
of the first 90° X pulse. The chemical shift of the heteronu-
cleus is recorded during the 7, delay. The 'H 180° pulse
_ applied in the center of the #, evolution delay interconverts
zero and double quantum coherences, so that effectively only
X chemical shift is allowed to evolve during this period. Sub-
sequently, antiphase proton magnetization is regenerated with
the application of the second 90° X pulse, and refocusing due
to the "H-X scalar coupling is allowed to occur during the sec-
ond 7 delay. Because of the phase cycle on the first 90° X
pulse, only magnetization originating from proton spins directly
coupled to X spins is retained. During the mixing time, magne-
tization on X-nucleus attached proton spins is transferred to all
protons in close proximity. Therefore, during the acquisition
time 3, protons that resonate in the entire proton chemical shift
_range may be detected. Thus, for an '*N-labeled protein (X =
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Figure 2 Pulse sequences for (a) 3D HMQC-NOESY, and (b), (c)
3D NOESY-HMQC experiments. Narrow (wide) pulses are applied
with a flip angle of 90° (180°). Unless otherwise indicated all pulses
are applied along the x axis. All 'H and '*C pulses are applied at the
ughest field possible (about 20 kHz), while typical >N pulses are
applied with a field of about 5-6 kHz. The delay 7 is set to slightly less
than [2J(X, H)]™! to minimize relaxation losses. Quadrature in #, and ,
is achieved via States—TPPI'® of ¢; and ¢,, respectively [sequences (a)
and (b)], and ¢; and ¢4, respectively [sequence (c)]. In (b), 7 = 4.5 ms,
and >N decoupling is achieved with a 1 kHz WALTZ-16" decoupling
field. In (c), 7 = 3.3 ms. During 3, '*C decoupling is achieved with a
GARP™ sequence using a 3.5-4.0kHz field, and "*CO decoupling
during #, is achieved with a SEDUCE-1° field (about 1.5kHz at peak
height) centered at 175 ppm. The *C 180° pulse in the center of 7, is
of the composite variety. The phase cycling employed in (a) is ¢; =
2(x),2(—x); ¢ = x,—x; Rec. = x,2(—x),x; the phase of the last 'H pulse
is incremented by 90° with the receiver phase after every four
transients. That in (b) is ¢ = x,—x; ¢, = 2(x),2(—x); Rec. = x,2(—x),x.
That in (c) is ¢; = x—x; ¢ = 2(0),2(—x); @3 = 2(01),2(=y);Pa =
8(x),8(—x); ¢5 = 4(x),4(—x); Rec. = 4(x,—x),4(—x,x). [Adapted from (a)
Fesik and Zuiderweg;11 (b) Marion et al.,'? and (c) Ikura et al.'”]

15N) dissolved in H,O, the acquisition dimension is similar to
the acquisition dimension of a regular 2D NOESY experiment.
The final 3D spectrum consists of a set of 2D 'H-H (Fy/F5)
NOESY maps separated according to the amide 15N chemical
shift along the third frequency dimension (F,). In contrast to
the indirectly detected dimension of a regular 2D NOESY

~map, the F; dimension of each Fy/F3 plane consists of signals

originating only from protons attached to '°N, owing to the
editing effect of the HMQC part of the sequence. Despite the
spectral simplification attainable with >N chemical shift separ-
ation in the third dimension, protein NH, C,H cross peaks can
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be obscured if the C,H resonates close to the water resonance.
Therefore, applications of this experiment have primarily been
for samples dissolved in D,0 with X = '3C, and the reverse
version, the NOESY-HMQC experiment, where the crucial
NH, C,H cross peaks are easily observed, has been the pre-
ferred choice for '*N-labeled protein samples dissolved in
H,O.

2.2 3D N-Edited NOESY-HMQC

Figure 2(b) illustrates the pulse scheme used to record 3D
>N-edited NOESY-HMQC spectra of '*N-labeled molecules.'?
The flow of magnetization during the course of the pulse
sequence is conveniently described using the product operator
formalism.”® A simplified description of the magnetization
transfer events is presented here. Let [, and [, be spin operators
for two protons in close proximity, with only spin b coupled to
an >N spin, denoted by the operator N. The effects of relax-
ation during all delays, with the exception of the mixing time,
are neglected. At point a in the pulse scheme of Figure 2(b),
the equilibrium density operator is given by 7,, and I,, for
spins a and b respectively. The behavior of magnetization from
point a to the beginning of the mixing period Ty, (point c¢) is
described by

—Z,y cos(w,tr) + Ly sin(w,t)  {b}

Lo {a} oon —ly o
—Iby cos(wbtl) + Iy sin(wbtl) {b}

jbz {a} _iby
(1)

90°H —?azcos(w,,tl) {c}

—Ip; cos(wpty)  {c}

where the letters in curly brackets { } denote the positions in
the sequence where the appropriate density operators apply and
w; is the resonance frequency of spin i (a,b). Note that the
effects of 'H-'">N scalar coupling are refocused by the end of
the 1, period due to the application of the >N 180° pulse in the
center of this delay. Depending on the relative phases of the
first two 'H 90° pulses, either the cosine- or the sine-modu-
lated component of magnetization is stored along the z axis at
point c¢. One approach to obtaining quadrature in F; is to store
both components in separate memory locations and sub-
sequently combine them by the method of States et al.’® In
what follows, only the first line of the phase cycle that appears
in the legend to Figure 2(b) is assumed (i.e., ¢; = ¢, = x). In
the case of macromolecular applications, the transverse com-
ponents of magnetization [e.g., e sin (w,r) and T sin (wpt))]
that are present at the beginning of the mixing period decay
rapidly as a result of short transverse relaxation times, and
have therefore been omitted from equation (1). The use of a
pulsed field gradient during this delay and/or the appropriate
phase cycling can eliminate signals arising from such terms.

During the mixing period T, magnetization is transferred
between proximate protons:

~I, cos(wat1) {c} 1. —Al, cos(waty) — ALy, cos(wgt) {d}
—1, cos(wpty) {c} —Bly, cos(wyty) — Bl cos(wpt;) {d}

)

where A, A’, B, and B’ are constants that depend on the mixing
time, the inverse sixth power of the distance between spins a

and b and the motional properties of the internuclear vector
connecting spins a and b. The values of A, A, B, and B’ are
easily obtained by solving the set of coupled differential
equations that describe cross relaxation between spins a and b.
Details can be found in the text by Noggle and Schirmer,?® and
will not be repeated here. In general, A’ = B'. Since only pro-
ton b is attached to a nitrogen spin N, the only terms of the
density operator that give rise to observable magnetization after
the HMQC portion of the sequence (with the appropriate phase
cycling of ¢,) are those proportional to f,. Following the con-
version into transverse proton magnetization by the proton 90°
pulse at point 4 in the sequence, these terms evolve into proton
magnetization that is antiphase with respect to spin N during
the first 7 period:

—A'ly, cos(wet1)  {d} soom A'lpy cos(wati) {e}
. —_—
=Bl cos(wpty)  {d} Bly, cos(wpty)  {e}
®)
7 —A2IN, cos(waty)  {f}
T, Rt
—B2I, N cos(wpty)  {f}

In the derivation of equation (3) the delay 7 has been set equal
to [2J(N,H)]™". In addition, 'H chemical shift evolution during
7 has been neglected, since the 'H 180° pulse applied in the
center of the #, evolution period refocuses the effect of proton
chemical shifts. The 90° N pulse at point f creates zero and
double quantum terms, which subsequently evolve in £, to give
N-spin chemical shift labeling:

—A' 20N, cos(wat1)  {f} oon A20, N, cos(wat)  {g}
—B2I,.N, cos(wpt1)  {f} BZ?;,XN), cos(wptr) {g}

Yo 180°H A2, N, cos(waty ) cos(wnt,)  {h}
2 Ak
B21,:Ny cos(wpty ) cos(wnty)  {h}

where the sin(wyt,) terms have been neglected, since for ¢, =
x these terms do not contribute to the observed signal.

After the second 90° N pulse, the double and zero quantum
terms are converted into antiphase proton magnetization, which
is allowed to refocus into observable proton magnetization
during the second 7 delay. Evolution during the acquisition
time 75 then yields

A'Tyy cos(wath) cos(wnty)  {j}
Blyy cos(wphy) cos(wnty)  {j}
(5)
N Ay cos(w,t ) cos(wnity) cos(wpts) (cross peak)
Blyy cos(wpty ) cos(wita) cos(wyts) (diagonal peak)

for the y component of magnetization. Similar relations hold
for the x component of magnetization.

Fourier transformation of the resultant signal gives rise to
cross peaks at (w,.w) located in a slice through the 3D data
set with '°N frequency wy. In addition, a diagonal peak at
(wp,wp) in the same slice is also observed. That is, a NOE cross
peak at the chemical shift of the proton from which magnetiza-
tion originated (F;), the chemical shift of the destination NH
proton (F3), and the shift of the '°N nucleus directly coupled
to the NH spin (F,) are obtained. Unlike 2D 'H-'"H NOESY

For References see p. 4743
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maps, which are symmetrical, ">N-edited maps are asymmetri-
cal, since the >N editing that occurs during the course of the
pulse scheme ensures that only the transfer of magnetization to
an NH proton is observed. Note that the crucial (C,H, NH)
NOE connectivities occur as (F,F3) cross peaks, and can be
detected in a straightforward manner without interference from
the residual water signal, as shown in Figure 1.

2.2.1 Practical Aspects of 3D Heteronuclear-Edited NOESY
Pulse Schemes

2.2.1.1 Water Suppression. Because N-edited NOESY ex-
periments provide crucial information linking NH protons to
neighboring proton spins, these experiments must be performed
on protein samples dissolved in H,O. Water suppression
schemes must therefore be employed to minimize the dynamic
range problem that the use of this solvent presents. Suppression
of the intense water signal is often achieved through the use of
a weak coherent presaturation field (<30Hz) applied during
the relaxation delay prior to the first 90° excitation pulse. In
addition, saturation of the water resonance can proceed during
the mixing time. In an early implementation of the experiment,
Kay et al.?! described the use of an off-resonance DANTE?
sequence to suppress the water, with the carrier positioned in
the center of the NH region. In addition, an off-resonance jump
and return sequence of the type, 45°,~7—45°,, where 7 is set
according to the relation 7 = (2 x offset of H,0)"! and where
the carrier is centered in the NH region, was inserted in place
of the 90° 'H pulse applied immediately after the mixing
period.

The use of presaturation has been shown significantly to
decrease the intensity of cross peaks originating from labile
protons. This can lead to a significant overall decrease in the
intensity of the protein envelope due to the effect of saturation
transfer. We have recently shown in applications involving the
cellulose binding domain of a cellulase from Cellulomonas fimi
(CBD, a dimer of monomers of molecular weight 11kDa) that
the use of a presaturation field (30 Hz) applied for 1s prior to
the start of the experiment can decrease the protein envelope
by as much as 40%.>* Montelione and co-workers have
recently compared a number of different water suppression
schemes as a function of sample pH, showing that presaturation
gives the largest decrease in signal.24 Grzesiek and Bax have
also emphasized the importance of not saturating the water
resonance,?® and have suggested a strategy involving the use
of pulsed field gradients and selective pulses on the water
to ensure the placement of water magnetization on the +z
axis prior to the start of the detection period in each transient.
Pulse schemes incorporating field gradients are discussed in
Section 3.

2.2.1.2 Phasing in the indirectly detected dimensions (F,, F5).
After Fourier transformation, the indirectly detected dimensions
can be phased using calculated phase parameters. The approach
of choice is to set the initial values of # and #, [#;(0), 1,(0)]
prior to running the experiment in order to obtain spectra hav-
ing first-order phase corrections of either 0° or 180°. This
ensures that flat baselines are obtained.? Tt is straightforward
to calculate the appropriate values for #(0) and £,(0) for a
given pulse sequence, and in what follows we consider the N
NOESY-HMQC sequence of Figure 2(b). Noting that, to a
good first approximation, a 90° pulse can be replaced by a
delta function pulse followed by a delay of (2/m)7go, Where T9g

For list of General Abbreviations see end-papers

is the 90° pulse width,?” the sampling delay in the #; dimension
(NOESY portion of the sequence) is given by

sd(11) = Zroo(H1) + a0 () + 110 ©

where Too(H) is the "H 90° pulse width and 750(N) is the '°N
180° pulse width. The sampling delay in the #, dimension (the
HMQC portion of the sequence) is given by

sd(z) = 2 () + i (H) + 12(0) )

where Tigo(H) is the duration of the 'H 180° pulse in the
middle of #,.*"

If the data are acquired in the States format, the linear phase
correction that must be applied in F; (i = 1, 2) is given by
sd(t;) x 360/At;, where At; is the dwell time in the 7;th dimen-
sion.?® In order to ensure that no net phase correction is
applied in the center of the spectrum, a zeroth-order phase cor-
rection of —0.5sd(t;) x 360/At; must be applied as well. It
should be clear that if the sampling is delayed by exactly 1 Az,
a linear phase correction of 180° is required across the spec-
trum. In this case, aliased peaks will be of opposite sign
relative to peaks that are not aliased.

2.3 Application to Uniformly 13C-Enriched Molecules

The '*C NOESY-HMQC and HMQC-NOESY experiments
provide valuable distance information linking two carbon-bound
protons. For reasons of sensitivity, these experiments, like the
5N versions discussed previously, are performed on highly
enriched, uniformly labeled samples. The use of highly enriched
13C molecules results in a significant increase in the linewidths
of the attached proton(s). The heteronuclear dipolar coupling
between a directly coupled '*C—"H pair is approximately a factor
of two larger than the coupling from an I5N-'H spin pair. A sec-
ond complication associated with the use of uniform labeling is
the introduction of homonuclear carbon—carbon scalar couplings,
varying from approximately 60 Hz for 13C,~"*CO couplings to
approximately 35 Hz for aliphatic carbons. These couplings can
significantly degrade the resolution available in spectra. Fortu-
nately, the large chemical shift difference between carbonyl
spins and the aliphatic spins allows for the efficient decoupling
of the *C,~'3CO scalar interaction using selective shaped
decoupling schemes such as SEDUCE-1."® In order to minimize
the effects of the aliphatic couplings, maximum acquisition times
fmax = 10ms are chosen in the carbon dimension, where fmax <
[ZJ(C,C)]’1 and J(C,C) is the aliphatic scalar coupling constant.
While this does limit resolution in the carbon dimension, it must
be kept in mind that in many protein applications, the Bcr,
values are on the order of only 10-20 ms.

Figure 2(c) illustrates a pulse scheme for the 13C NOESY-
HMQC sequence.17 The flow of magnetization is essentially
identical to that discussed in connection with the '“N-edited
version of the experiment, and will therefore only be summar-
ized as follows:

NOE J(CH) J(CH)
Hi(n) ~ "H = B Gi(t) —— "Hy(t) (8)

with chemical shift evolution recorded during #;, #,, and f3.
Note that the reverse pathway, where magnetization originates
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Figure 3 Comparison of (a) a section of an (F, F3) slice taken at F, = 17.8 ppm from the 500 MHz 3D 13C NOESY-HMQC spectrum of a
1.5mM 95% '3C-labeled sample of calmodulin, 6.2 mM Ca®* and (b) the same region of the 600 MHz regular 2D NOESY spectrum of a 1.5 mM
unlabeled calmodulin sample, 6.2 mM Ca”*, using mixing times of 120 ms. The 3D data set was collected as a matrix of 128% x 64* x 512 points
(1, tp, £3) in about 60h (* denotes complex points). (Reproduced by permission of Academic Press from M. Ikura, L. E. Kay, R. Tschudin, and A.

Bax, J. Magn. Reson., 1990, 86, 204)

on spin j and is transferred via the NOE to spin i, is also
possible (providing that both proton spins i and j are bound
to ’C nuclei), so that symmetry related cross peaks are
observed at (H;,C;,H)) and (H;,C;H,). For the case of distinct
carbons C; and C;, the symmetry related cross peaks will
appear on different slices in the 3D data set. These symmetry
related pairs are extremely helpful in the unambiguous assign-
ment of NOE cross peaks.

Because of the large carbon chemical shift range, extending
from approximately 10 ppm for methyl carbons to 140 ppm for
aromatic carbons, many of the cross peaks in the 3D B3C-edited
NOESY spectra are aliased in the carbon dimension. Typically,
a carbon spectral width of 3-4kHz is employed with the car-

bon carrier positioned at about 65 ppm. The sampling delay in
the carbon dimension is adjusted so that a 180° first-order
phase correction is required. In this way, cross peaks that have
been aliased an odd number of times are 180° out of phase
relative to peaks that are not aliased or have been aliased an
even number of times.

Figure 3 illustrates the power of the 3D 'C NOESY-
HMQC experiment in removing the overlap in the crowded ali-
phatic region of the regular NOESY spectrum. A comparison
of a slice from the 3D data set recorded on the protein calmo-
dulin (MW = 16.7kDa) with the same region of a 2D
spectrum clearly shows the resolving power in increasing the
dimensionality from two to three.”

For References see p. 4743
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Up to this point in our discussion, we have focused on a number
of the basic NOESY-HMQC and HMQC-NOESY pulse
sequences, as they appeared in the literature, prior to the devel-
opment of pulsed field gradient methods. It is generally the case
that these experiments can be significantly improved with the in-
corporation of field gradients, and the use of this novel
technology in such applications is discussed in the next section.

3 PULSED FIELD GRADIENT METHODS

Recent developments in pulsed field gradient technology
have led to many useful applications in high-resolution NMR
spectroscopy (see Field Gradients & Their Application). The
use of gradients allows for the efficient removal of the intense
water signal in the case of samples dissolved in H,0,% the
elimination of undesired coherences that produce artifacts,” a
decrease in the number of phase cycling steps, thereby redu-
cing the overall data collection time for sufficiently
concentrated samples,*® and the selection of particular coher-
ence transfer pathways.*" By incorporating field gradient pulses
into many of the experiments discussed earlier, data sets with
improved suppression of solvent and artifacts can be obtained.
A Dbrief discussion of two heteronuclear-edited gradient
NOESY experiments is presented; an N-edited NOESY-
HMQC experiment developed by Vuister et al.*® that can be
recorded using only a single transient for each '°N data point,
and a simultancous N-, *C-edited NOESY-HSQC experi-
ment.

3.1 Gradient 3D NOESY-HMQC

A pulse scheme for the gradient-enhanced 3D NOESY-
HMQC experiment developed by Vuister and co-workers is
shown in Figure 4(a).*® In this experiment, the coherence trans-
fer pathway whereby magnetization passes through nitrogen is
selected with the use of the appropriate pulsed field gradients.
Because it is not possible for water magnetization to traverse
this pathway, excellent levels of water suppression can be
achieved. The gradients g;—gs; are employed for coherence
transfer selection by adjusting their strengths according to the

ratio gy:8,:83 = 4.94:494:1.0 (yug/yn = —9.88), while the
gradient pair (G,) applied on opposite sides of the 'H 180°
pulse in the middle of the #, period ensures that any artifacts
that could be created owing to imperfections in this pulse are
eliminated.? In this experiment, pure amplitude-modulated
data are recorded in the #; dimension in the normal fashion.
However, the use of gradients g;—g3 results in the generation
of phase-modulated data in the 7, dimension, and therefore
spectra must be presented in the absolute value mode after pro-
cessing. Note that phase cycling is not necessary in the present
application. Thus, it is possible to obtain spectra in short
periods of measuring time, assuming that the sample is suffi-
ciently concentrated so that the signal-to-noise ratio is not
limiting. For this reason, this experiment is useful for kinetic
studies and for studies of molecules that are stable for only
short periods of time. The requisite absolute value represen-
tation of the data, however, does result in a considerable loss
in resolution, which is especially critical in macromolecular ap-
plications.

3.2 Simultaneous ’N-,'*C-Edited NOESY

An advantage associated with the development of pulsed
field gradient technology is the potential of recording all spec-
tra necessary for a protein structure determination using only a
single '’N-,'3C-labeled sample dissolved in H,O. In addition to
minimizing the number of samples necessary for a structure de-
termination, the use of just a single sample also ensures that
ambiguities arising from a comparison of data recorded on a
number of different samples prepared with slight differences
can be minimized. This is important in order to maximize the
efficiency of automated or semi-automated assignment and
structure determination approaches.

The CN NOESY-HSQC experiment illustrated in Figure
4(b) provides NOEs between any two proximate protons in
N-,"3C-labeled proteins separated by the chemical shift of the
heteroatom to which the destination proton is attached.*
Because spectra are recorded on samples dissolved in H,O,
valuable NOEs involving NH protons are also observed.

Pulsed field gradients are used in this experiment to aid in
the removal of artifacts as well as to assist in water suppres-

Figure 4 Pulse sequences for (a) the gradient NOESY-HMQC and (b) the gradient CN NOESY-HSQC experiments. Narrow (wide) pulses are
applied with a flip angle of 90° (180°). Unless otherwise indicated, all pulses are applied along the x axis. All 'H and '*C pulses are applied at the
highest field possible (about 20kHz), while typical '°N pulses are applied with a field of about 5-6kHz. In (a), quadrature in 7, is achieved via
States-TPPI'® of ¢1; T = 4.5ms. Gradients are of 0.8 ms in duration and are sine-bell in shape. Gradient strengths are g, = g, = 63.7mT m}, Z3x
= —129mTm™, g1, = g2, = 20.5mTm™", g3, = —42mTm ', and G, = 19.7mT m~'. The G, gradient in Ty, is applied for 0.4ms and cycled
through 7, 21, 35, and 499 mTm ' in successive transients. In (b), the x, y 'H purge pulses immediately after the acquisition are applied for 8 and
5ms respectively, with a 10kHz field. The '*C pulses are centered at 67 ppm. The first 180° 3C pulse is a composite 90°,180°,90°, pulse. The
GARP decoupling is preceded by high-power °N and '*>C pulse pairs as described by Bax et al.>® The delays 7, and 7, were both set to 1.7 ms.
Quadrature in #; and 1, is achieved via States—TPPI*® of ¢; and ¢,, respectively. The diagram at the bottom of the figure illustrates the adjustment of
timing delays in order to obtain a 180° first-order phase correction in F, for both '*N- and '*C-modulated data. The first '°C pulse, of duration pwc,
commences at 6; = [(m — 2)/w](pwn — pwc) after the start of the BN ¢, pulse of duration pwn, while the B¢ pulse immediately after the #,
evolution period begins &, = (2/7)(pwn — pwc) after the start of the corresponding '*N pulse (pwc < pwn). By setting the initial 1, value, £,(0) =
(2SWo)™! — [(4/m)pwn + 2pw], where SW;, is the spectral width in the '*C and >N dimensions and pw is the 'H 90° pulse width, a 180° first-order
phase correction in F, is obtained. The following phase cycle is employed: ¢ = 4(x),4(—x); ¢» = 8(x),8(—x); ¢3 = (x,y,—x,—); ¢4 = 4(x),4(—x);
rec. = (X,—y,—Xxy,—X,y.X,—y,—X,y.x,—y.x,—y,—xy). The durations and strengths of the gradients are g; = (3ms, 150mT m_l), g> = (1ms,
200mTm™), g3 = g4 = (Ims, 80mTm™"), g5 = (4ms, 300mTm '), g¢ = 3ms, —180mTm ™), and g7 = gg = (1 ms, 80mTm™}). A delay of at
least 50 us between the application of a gradient pulse and the subsequent application of an rf pulse is employed. All gradient pulses are rectangular
in shape. (Adapted from (a) Vuister et al.3 and (b) Pascal et al.*?)

For References see p. 4743




4740 THREE-DIMENSIONAL HMQC-NOESY, NOESY-HMQC, & NOESY-HSQC

sion. A detailed description of the utility of each gradient is
found elsewhere.>? Gradients gs and ge are particularly import-
ant for water suppression, since, during the time of their
application, the magnetization of interest is of the form LX,
where [, and X, are the z components of 'H and N or ®C
magnetizations, respectively, while water magnetization is pre-
13C(F,) = 43.5 ppm sent in the transverse plane and hence is dephased by the
0 combined action of the gradient pair (gs, ge). For this reason,
A G% 176 y (? an HSQC-type transfer of magnetization from 'H to X must be
0

employed rather than an HMQC transfer.>*** Figure 5 illus-
trates the quality of water suppression obtained with the
R present sequence with the BN pulses set to zero (i.e., 3¢
% ' NOESY-HSQC) for a 1.5mM sample of the cellulose binding
“Q domain CBD. The noise from the residual water obscures a

: region of approximately +0.2ppm around the water line

0 (4.8 ppm) in Fs.

: . The basic flow of magnetization transfer in this experiment
' can be described by the following two independent pathways:

o4 - NOE J(NH)

N,H
o YH(ry) — NH = "N(z,) o)

NH(z3) ©)

NOE J(CH) 13 o

S J(CH)
R () X2 on O B () 10

CH(zs) (10)

with chemical shifts recorded during #;, f,, and f;. Note that
each (F, F3) slice of the data set is labeled with either the "N
or 13C chemical shift of the heteroatom to which the destina-
0 . ’ tion proton is attached. For proteins, 13C- and "N-bound pro-
0 . . tons generally have quite distinct chemical shifts, and
therefore, with the possible exception of a few backbone or
side-chain amide and aromatic protons, the extra information in
these spectra relative to single I5N- or *C-edited data sets does
not create ambiguities in interpretation.

A particularly important feature of the CN NOESY-HSQC
data set is that, for each NOE cross peak between a carbon-
bound proton and a nitrogen-bound proton at position
(CH,N,NH), it is possible to find a symmetry-related cross
peak at (NH,C,CH). The experiment also provides NOEs
between exclusively carbon-bound or nitrogen-bound protons.
Figure 6 shows a number of slices from a 150ms CN
NOESY-HSQC data set obtained on a 1.5mM sample of the
5 C-terminal SH2 domain from phospholipase-Cyl complexed

with a 12-residue phosphotyrosine-containing peptide.

Fy (*H) ppm

~

. .@)‘ — 8

! Figure 5 Section of an (Fj, F3) slice from the 3D gradient B¢
¢. 9 ) NOESY-HSQC spectrum recorded at 500 MHz on a 1.5mM sample of
s |- L I5N-,'3C-labeled CBD, pH 7.0, 90% H,0/10% D,O at 30°C,
displaying a region close to the water resonance. The mixing time was
) @ NH p@ 150ms and the data set was acquired as a 128 x 32 x 416 complex
matrix (f;, t, t3), in about 90h. The data were processed to give

P & Qg A absorptive spectra consisting of 256 x 64 x 1024 points in each of
0 G80 o —9 (Fy, F5, F5). Residual water not eliminated by the gradients was
. removed using a postacquisition time domain deconvolution

' 4| g ' 4| 0 procedure.>® Cross peaks due to either NOEs to water or exchange
’ q ’ with labile groups are indicated with asterisks. Interresidue NOEs are

F5 (H) (ppm) Jabeled with the residue name. (Adapted from Muhandiram et al %) *

For list of General Abbreviations see end-papers
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Figure 6 Slices from a CN NOESY-HSQC data set recorded at 500 MHz on a 1.5mM sample of the protein—peptide complex PLCyl SH2-
pY1021, showing pairs of ‘symmetry-related’” cross peaks for NOEs between L80NH and L77C,H (a, b) and M26NH and 155CsH (c, d). The cross
peaks are observed on planes with the appropriate F, chemical shift being either that of >N or '*C, depending on whether the destination proton is
an amide or aliphatic proton. The cross peak of interest from each slice is connected to the diagonal on the corresponding slice by a vertical line.
Peaks are labeled with the atom name, and interresidue NOEs are additionally labeled with the residue name. The NOE mixing time was 150 ms,
and the data set was acquired as a 128 x 32 x 416 complex matrix (¢, t,, f3), in about 90 h. The data set was processed to give absorptive spectra
consisting of 256 x 128 x 1024 points in each of (F, F,, F3). In order to optimize the resolution of the >N lines, linear prediction was employed
in t,. The intensity of the residual water signal was minimized through the time domain deconvolution procedure discussed by Muhandiram et al. ¥
(Reproduced by permission of Academic Press from S. M. Pascal, D. R. Muhandiram, T. Yamazaki, J. D. Forman-Kay, and L. E. Kay, J. Magn.
Reson., Ser B, 1994, 103, 197)

4 SENSITIVITY-ENHANCED VERSIONS OF 3D the use of the product operator formalism."® Immediately prior
HETERONUCLEAR-EDITED NOESY to detection, the magnetization that originates on spin a and is
EXPERIMENTS transferred to spin b is described by
In the past several years, a family of elegant pulse schemes s = x) = Al cos(wntz) — dralyy sin(wntz)] cos(warr) (1)

has been developed by Cavanagh, Palmer, and Rance that
offers significant improvements in sensitivity for certain classes . A
; 36,37 “di ; _ p(dy = —x) = Allpy cos(wntz) — 61.mlpy sin(wntr)] cos(watr)  (12)
of experiments. In the case of a two-dimensional exper P P2 bx N2 1.1 4by N2 al1
iment, for example, sensitivity gains are recognized because

both the cosine- and the sine-modulated #; components are where § is the density operator, M is the number of protons
refocused into observable magnetization prior to detection. In (spins 1) attached to the heterospin (spin N), A is a factor that
this section, a description of a nongradient, sensitivity-  depends, among other things, on the efficiency of transfer of /-
enhanced '*N-edited NOESY-HMQC experiment™ is pre- spin magnetization from spin a to spin b, and 61,y = 1 if M =
sented, followed by a discussion of a sensitivity-enhanced I,SN‘ 1 and zero otherwise. Note that separate data sets are recorded
edited NOESY-HSQC gradient experiment.38 In the latter ex- for ¢, = x and ¢, = —x. Using the present approach, phase-

periment, saturation of water is minimized as well by  modulated data are generated in the 7, dimension, as equations
employing selective pulses on water to restore magnetization to (11) and (12) suggest.

the +z axis prior to detection. In order to generate pure absorptive lineshapes, the data can

be recombined by taking the sum and the difference of the data

sets obtained for ¢, = +x for a given value of £, to generate a

41 Sensitivity-Enhanced 3D “N-Edited NOESY-HMQC ~ "e" data set of the form

Figure 7(a) illustrates the pulse scheme used to record N-

edited NOESY-HMQC spectra with increased sensitivity.*”

Although the sequence is slightly more complicated than the .
unenhanced version illustrated in Figure 2(b), the flow of mag- (11) = (12)  p = —2Al, cos(wgty) cos(wntz) (DIFFERENCE)

netization throughout the experiment is easily understood with (14)

(11) + (12)  p = —6142Aly, cos(watr) sin(wnt)  (SUM)  (13)

For References see p. 4743
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Figure 7 Pulse sequences for (a) sensitivity-enhanced 3D NOESY-
HMQC and (b) sensitivity-enhanced gradient 3D NOESY-HSQC
experiments. Unless otherwise stated, all parameters are as in Figure 2.
In both experiments, quadrature in #; is achieved by States—TPPI of ¢;.
(a) The phase cycle is ¢ = x,—x; ¢ = 2(x),2(=x); ¢3 = 2(1),2(—y);
Rec. = x,2(—x),x. The phase of ¢, is inverted after four transients, and
the data are stored separately. Quadrature in 7, is achieved using the
method of States.'® (b) The shaped pulse on 'H is a ‘water -selective
90° pulse. This pulse is either a 2ms rectangular pulse (125Hz field)
or a 2ms shaped pulse (270 Hz field at peak height) having the profile
of a 90° SEDUCE-1 element.’® The phase cycle is ¢, = x,—x; ¢, =
4(x),4(—x); P53 = 2(x),2(—x); ¢4 = x; Rec. = 2(x,—x),2(—x,x). For each
1, increment, the phase ¢, and the receiver phase are inverted. For each
t, value, two FIDs are recorded and stored separately, with the phase
¢4 and the amplitude of the gradient pulse g1, inverted for the second
FID. The delays 7, 7, and 7, are set to 2.4ms (<[4J(N,H)]71), 1.5ms
and 0.5ms respectively. The durations and strengths of the gradients
are g, = 2ms, 100mTm™"), g, = (0.5ms, 80mTm™"), g3 = g4 =
(0.75ms, 50mTm™"), gs = 2ms, —150mTm™"), g6 = (1.25ms,
300mTm™), g7 = gg = (0.5ms, 80mTm™"), go = g0 = (0.5ms,
50mTm™"), and g, = (0.125ms, 278 mTm™"). The strength of g1, is
optimized by maximizing the signal. (Adapted from (a) Palmer et al.¥’
and (b) Zhang et al.%®)

Note that the SUM signal is proportional to fy, while the
DIFFERENCE signal is proportional to /,. For this reason, a
90° zeroth-order phase correction is applied to either the SUM
or the DIFFERENCE data (not both) in the time domain. After
these simple time-domain manipulations have been performed,
a data set is obtained that contains peaks that are purely
absorptive after processing using the States recipe.’® For the
case where M = 1 (i.e., an AX ""N,NH heteronuclear spin sys-
tem) the process of taking the sum and the difference of the
signals described by equations (11) and (12) increases the sig-
nal intensity by a factor of two relative to signals in spectra
recorded using an unenhanced sequence. The noise floor
increases by a factor of /2 during this process, so that the net
increase in signal-to-noise ratio is a factor of V2. Of course,
this theoretical sensitivity gain does not include potential losses
that can occur owing to the increased number of pulses and
delays in the sequence relative to the unenhanced version. For
protein applications considered to date, appreciable increases in
sensitivity have been obtained. Figure 8 compares the F; traces
from regular and sensitivity-enhanced NOESY-HMQC spectra

For list of General Abbreviations see end-papers
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(a)

Figure 8 Comparison of conventional (bottom trace) and sensitivity-
enhanced NOESY-HMQC (top trace) spectra of the protein calbindin
recorded at 500 MHz. Both experiments were acquired in the same
overall time as 100 x 32 x 1024 complex data sets with 16 transients
per FID. The NOE mixing time was 150 ms. The figure shows Fy cross
sections for (a) Lys12 and (b) Glu35 taken at F,, F3 frequencies of the
backbone amide '°N and proton resonances, respectively. The increase
in the RMS baseplane noise for the enhanced spectrum, compared with
the conventional one, agrees with the theoretical value of /2. The
average S/N improvements between the enhanced and conventional
spectra are (a) 1.41 and (b) 1.39. (Reproduced by permission of
Academic Press from A. G. Palmer, J. Cavanagh, R. A. Byrd, and M.
Rance, J. Magn. Reson., 1992, 96, 416)

of ’N-labeled calbindin D9 (75 amino acids) in 90% H,0O/
10% D,0, with sensitivity enhancements close to the theoreti-
cal maximum of /2 realized.

4.2 Sensitivity-Enhanced Gradient 3D NOESY-HSQC

Figure 7(b) illustrates the sensitivity-enhanced 3D N-edi-
ted NOESY-HSQC sequence with gradients used to suppress
artifacts, to aid in the suppression of the intense solvent signal
and to select for '°N magnetization during the nitrogen evol-
ution time f. In the selection of 5N magnetization using
gradients, a sensitivity enhancement approach is taken based
on the nongradient sensitivity-enhanced method discussed
above.?® Sensitivity in the experiment is increased further by
restoring the water signal to the +z axis prior to detection®® in
order to minimize the saturation of water during the course of
the experiment. The detailed mechanism of the experiment is
reported elsewhere.®® Tt can easily be understood how the water
is stored along the +z axis after each transient by noting that
for mixing times T, in excess of about 50ms, the effect of
radiation damping is such that water magnetization is restored
to the +z axis at point a in the pulse scheme in a manner inde-
pendent of the phase ¢; of the first 'H 90° pulse. In order to
facilitate radiation damping, ¢; is phase-cycled 45°, 225° as
opposed to 0°, 180° (x, —x). Immediately after the first 'H
90°, pulse (point b in the sequence), the water magnetization is
along the y axis, while the signal of interest is of the form N,
where I, and N, are the z components of the NH and >N mag-
netizations, respectively. The water-selective pulse applied at
this point rotates the (on-resonance) water magnetization to the
—z axis without perturbing the signal of interest. Application
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of the gradient gs immediately after the selective pulse ensures
that any residual water magnetization in the transverse plane is
completely dephased, thereby eliminating radiation damping at
this point. It is straightforward to show that the effect of the
remaining proton pulses on the water is such that water magne-
tization resides along the +z axis at the start of the acquisition
period 3.

A product operator description similar to that given above
shows that, immediately prior to acquisition, the magnetization
associated with an NH proton is given by

(s = £x) = A cos(watr) [:I:iby cos 0y + I, sin 6] (15)

where [, and I, are the x and y components of NH magneti-

zation, and all other symbols defined as above. The value of 6,

is given by 0, = wnty + WB1(D)T1 = YuB()T> for ¢4 = x,

where wy is the '’N Larmor frequency, ; is the gyromagnetic

ratio of spin 7, and 7; (i = 1, 2) is the duration of the z gradient

pulse generating a magnetic field of magnitude B; at position z

in the sample. Assuming that

1. the gradients used to select for '’N magnetization (gs, g11)
are sufficiently strong that they cause complete dephasing of
magnetization, and

2. for ¢4 = +x, the gradients are adjusted so that ynB,(z)T; =
FyubBaD)72,

Equation (15) reduces to

p(¢a = £x) = A cos(waty ) [Fpy cos(wnty) + Iy sin(wnty )] (16)

For each value of #,, data sets are recorded with ¢, = x,
NB1()T1 = —YuBa(2)T2, and ¢4 = —x, YNB1(D)T1 = YuBa(2) T2,
and stored in separate memory locations. The data are sub-
sequently manipulated in the time domain, as described in con-
nection with the enhanced NOESY-HMQC experiment above,
to yield a purely absorptive spectrum after Fourier transform-
ation. Enhancements in signal-to-noise ratio by a factor of as
much as /2 relative to unenhanced experiments can be
obtained using this approach.

5 CONCLUDING REMARKS

The development of heteronuclear, multidimensional, multi-
nuclear MR spectroscopy has facilitated large numbers of
structural studies of macromolecules, and has significantly
increased the size of molecules that can be studied. The hetero-
nuclear-edited NOESY experiment provides the crucial
distance information necessary for these structure determi-
nations. Presently, the interpretation of NOESY data sets is the
time-consuming step in the structure determination process.
Current efforts are focusing on ways of providing a more auto-
mated approach to the assignment of NOE cross peaks and the
calculation of structures.
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1 WHY ARE THREE- (3D) AND FOUR-
DIMENSIONAL (4D) EXPERIMENTS REQUIRED?

The principal source of geometric information used to solve
3D structures of macromolecules by NMR resides in short
(<5 A), approximate, interproton distance restraints derived from
nuclear Overhauser enhancement (NOE) measurements.)™ In
order to extract this information it is essential first to comple-
tely assign the 'H spectrum of the macromolecule in question
and then to assign as many structurally useful NOE interactions
as possible. The larger the number of NOE restraints, the
higher the precision and accuracy of the resulting structures.”™
Indeed, with current state-of-the-art methodology it is now
possible to obtain NMR structures of proteins at a precision
and accuracy comparable to 2 A resolution crystal struc-
tures. 312

For proteins of 100 residues or less, conventional homonuc-
lear two-dimensional (2D) NMR methods can be applied with
a considerable degree of success."”"*'* As the number of resi-
dues and molecular weight increases beyond 100 kDa and 12
kDa, respectively, two main obstacles present themselves,
which has made it necessary to extend the 2D NMR techniques
to higher dimensions and to develop new approaches. First, the
increased spectral complexity arising from the presence of a
larger number of protons results in extensive chemical shift
overlap and degeneracy, rendering the 2D spectra uninterpreta-
ble. Second, the rotational correlation time increases with
molecular weight resulting in large 'H linewidths and a con-
comitant severe decrease in the sensitivity of correlation
experiments based on intrinsically small three-bond 'H-'H
couplings. These obstacles can be overcome by increasing the
dimensionality of the spectra to resolve problems associated
with spectral overlap and by simultaneously making use of het-
eronuclear couplings that are larger than the linewidths to
circumvent limitations in sensitivity.8’9 This approach necessi-
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