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Abstract

Three-dimensional HNCO and HNCA subspectra from a small protein (agitoxin, 4 kDa, enriched in carbon-13
and nitrogen-15), have been obtained by direct frequency-domain excitation of selected carbon and nitrogen sites.
This new technique applies an array of several simultaneous soft radiofrequency spin-inversion pulses, encoded
(on or off) according to nested Hadamard matrices, and the resulting responses are extracted by reference to the
same matrices. This not only simplifies the spectra but, by avoiding extensive sampling in the traditional evolution
dimensions, affords a speed advantage of more than two orders of magnitude.

Multidimensional NMR spectroscopy has many useful
applications, particularly for structural studies on bio-
logical macromolecules such as proteins. This pow-
erful technique would surely be applied to a much
wider range of problems were it not for the protracted
nature of the data-gathering process, which grows in-
exorably as the number of dimensions is increased.
This severely limits the application of multidimen-
sional spectroscopy to protein binding studies, where
the spectra may need to be recorded many times.
There is a practical limit on how long an expensive
NMR spectrometer can be tied down by a single in-
vestigation. Compromises must be made — notably by
sparse sampling in the evolution dimensions, minimal
phase cycling, and deliberate aliasing where this can
be tolerated (van de Ven, 1995).

Complexity, particularly in the proton spectra, can
also be a stumbling block. This problem is often
addressed by non-specific enrichment in carbon-13,
nitrogen-15 or both, thus separating the proton sub-
spectra according to these heteronuclear frequencies.
Howeyver, in an ideal world, enrichment at a few care-
fully chosen sites would be even more desirable for
this would provide further simplification. This pa-
per demonstrates how the equivalent result can be
achieved by a new Hadamard transform procedure
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(Hadamard, 1893) working with globally enriched
proteins. Attention may then be concentrated on res-
onances near the active site of the protein. At the same
time the measurement is speeded up by a very large
factor compared with the traditional multidimensional
Fourier transform method, with no loss of sensitivity
per unit time.

The aim of this work is to derive simple subspectra
of proteins. The innovation is to replace the conven-
tional time-domain evolution periods by direct irradi-
ation in the frequency domain (Kupcée and Freeman,
2003a, b, c), using prior knowledge of the relevant
chemical shifts. Hadamard spectroscopy labels a given
set of NMR responses according to a binary code,
so that although they are all lumped together by a
multiplexing scheme, the individual responses can be
disentangled later by reference to the original modula-
tion code. Multiplexing involves the generation of a set
of selective radiofrequency pulses at the appropriate
frequencies, applied simultaneously and suitably en-
coded so that the corresponding NMR responses can
be separated at the processing stage. Modern NMR
spectrometers are well-equipped for multiplex exci-
tation at several different frequencies (Geen et al.,
1989; Kupce and Freeman, 1993a, b, ¢, 1994). Ear-
lier experiments (Kupce and Freeman, 2003a) have
demonstrated that as many as 2048 simultaneous se-
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Figure 1. The Hadamard experiments were derived from the standard three-dimensional HNCO sequence simply by replacing the usual
evolution periods (A) by Hadamard-encoded arrays of simultaneous soft radiofrequency pulses (B). These are represented by ‘HE’ and employ
simultaneous adiabatic decoupling, represented by [00],. The HNCA version is similar but has the two carbon-13 channels interchanged. These
are the only modifications to the standard HNCO and HNCA sequences described in the literature (Kay et al., 1990, 1994; Yamazaki et al.,
1994), where details of the water flip-back pulses and field-gradient pulses are given.

lective radiofrequency pulses can be generated without
undue power dissipation.

The selectivity in the frequency domain is deter-
mined by the length of the direct excitation sequence —
typically 20 milliseconds in these experiments. There
is minimal ‘cross-talk’ between frequency channels
because Hadamard decoding makes a clean separation
of responses from adjacent channels. The individual
radiofrequencies are used for spin inversion; they are
modulated (on or off) according to the signs in the ap-
propriate row of a Hadamard matrix of order N. This
modulation pattern is changed for each new scan until
a total of N scans has been completed. In a three-
dimensional experiment two levels of encoding are
used, requiring a total of MN scans, where M and
N are the orders of the Hadamard matrices. It is this
product MN that determines the overall duration of the
measurement.

The Hadamard technique involves only minor
(but crucial) modifications of existing standard multi-
dimensional pulse sequences. Consider the case of

a three-dimensional heteronuclear ‘triple-resonance’
experiment where the proton information is tradition-
ally separated into new dimensions by reference to the
carbon-13 and nitrogen-15 chemical shift frequencies.
The Hadamard method dispenses with free precession
of transverse carbon and nitrogen magnetization; in-
stead it labels the information from the various sites by
means of an array of selective spin inversion pulses,
coded on or off in a pattern defined by the rows of
the Hadamard matrix. At each heteronuclear site the
sign of the product operator term 2I7S7z is either re-
versed or left unchanged, thereby reversing (or not) the
sign of the final proton response. (For heteronuclear
multiple-quantum correlation experiments the relevant
product operator term would be 2IxSz or 2IySz.) No
time is wasted on free evolution of heteronuclear spins,
and spin-spin relaxation losses are minimal; the dura-
tion of the selective 180° pulses is comparable with
conventional evolution times. The traditional phase
encoding according to precession frequencies is re-
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Figure 2. The carbon-13 and nitrogen-15 irradiation frequencies required to set up the Hadamard technique were selected from projections
of a conventional three-dimensional HNCA spectrum of agitoxin. Top: the carbon-13 spectrum, where the resonances of Val-6 and Thre-9 lie
within the effective bandwidth (45 Hz) of the inversion pulses. Bottom: the nitrogen-15 spectrum, where Asn-5 and Val-6 lie within the 45 Hz

bandwidth, as do Ile-4 and Cys-8.

placed by a binary Hadamard code, essentially a Walsh
function (Marshall and Comisarow, 1978).

Each scan acquires information from all the se-
lected sites in the form of a composite free induc-
tion decay, which can be finely digitized without
any significant time penalty. The succession of dif-
ferent composite free induction decays is separated
into ‘pure’ components by combining them according
to the plus or minus signs in the columns of the ap-
propriate Hadamard matrix — essentially a Hadamard
transformation (Sloane, 1982). For three-dimensional
spectroscopy, two successive layers of encoding and
decoding are required — a two-dimensional Hadamard
transform. High-definition frequency-domain traces
are derived by conventional Fourier transformation
of the decoded free induction decays. These traces
contain all the necessary information. Like constant-
time experiments, they have no intrinsic linewidths in
the carbon-13 and nitrogen-15 dimensions, although
broadening functions can be imposed if necessary.
Standard routines convert these traces into a three-

dimensional spectrum or into selected plane sections
(Kupce and Freeman, 2003c).

The time saving arises from three different sources.
The most important is the replacement of the exten-
sive sampling in the traditional evolution dimensions
by a limited number of direct excitations at selected
carbon-13 or nitrogen-15 sites in the Hadamard mode.
Suppose that the sampling in the #; and #, time do-
mains of a conventional three-dimensional experiment
requires A and B increments to cover the spectral
widths and achieve the desired resolution, whereas
the direct excitation mode selects only a and b sites,
where a and b are far smaller numbers. The orders of
the Hadamard matrices (M and N) must be chosen to
equal or exceed a and b respectively. Hadamard matri-
ces exist for all orders 4n where 7 is an integer (at least
up to 4n = 264); typical values for the present type of
experiment might be 4n = 8, 12, 16 or 20. The speed
advantage is therefore determined by the ratio AB/MN
which is only slightly smaller than AB/ab. Clearly the
more sites selected for direct excitation, the lower the
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relative advantage of the Hadamard experiment, but
the speed factor only becomes comparable with the
conventional Fourier method for the completely unre-
alistic case that the number of selected sites equals the
number of evolution increments used by the Fourier
mode. Furthermore, the Hadamard technique can
normally dispense with the usual phase cycling and
quadrature detection in the evolution dimensions, sav-
ing even more time. As more frequency dimensions
are introduced, correspondingly larger time factors can
be anticipated.

Multiplex frequency-domain spectroscopy detects
all the chosen signals in every scan, thereby achieving
a sensitivity per unit time at least as high as con-
ventional Fourier transform NMR (Kupce and Free-
man, 1993c; Blechta and Freeman, 1993; Blechta et
al.,1994; Nishida et al., 1995, 1996; Anderson, 1996;
Schraml et al., 1997; Krishnamurthy, 2001). Indeed it
is expected to enjoy an advantage of +/2, because the
full signal is detected rather than a rotating component
(Kaiser, 1974). Consequently, the Hadamard mode is
preferable whenever an adequate signal-to-noise ratio
can be achieved in the shorter accumulation time.

For multidimensional spectroscopy of relatively
small molecules, the resonance frequencies required to
set up a Hadamard experiment are readily obtainable
from one-dimensional spectra recorded in a short time.
In contrast, protein spectra are usually too complex to
be attacked directly by Hadamard spectroscopy. The
resolution and sensitivity are too low to find the requi-
site carbon-13 and nitrogen-15 irradiation frequencies
unless three-dimensional spectra are recorded. The
Hadamard frequency-domain excitation technique re-
ally comes into its own for fast recording of subspectra
of proteins where the carbon-13 and nitrogen-15 fre-
quencies and their assignments are already known.
The advantage is that it permits these subspectra to be
targeted on the really important sites, and the measure-
ments can be repeated very rapidly indeed, allowing
repetitive studies of protein binding or protein folding.

Spectra were recorded on a Varian Inova 700 spec-
trometer. Agitoxin (Krezel et al., 1995), a small 39-
residue protein labelled with carbon-13 and nitrogen-
15, was studied as a 0.3 millimolar aqueous solu-
tion containing 10% heavy water. The simplification
and the faster speed of the Hadamard mode were
illustrated by reference to two widely-used three-
dimensional experiments, HNCO and HNCA (Kay
etal., 1990). Figure 1 shows the pulse sequence for the
HNCO experiment (Kay et al., 1994). The HNCA ver-
sion is very similar (Yamazaki et al., 1994), with the

two carbon-13 channels interchanged. The first stage
is the usual direct polarization transfer from protons.

The requisite carbon-13 and nitrogen-15 frequen-
cies were obtained from the appropriate projections of
three-dimensional HNCA spectra (Figure 2). For the
Hadamard experiment the standard three-dimensional
HNCO and HNCA sequences were modified by re-
placing the conventional evolution periods (Figure 1A)
with arrays of Hadamard-encoded selective radiofre-
quency inversion pulses (Figure 1B) applied directly
in the carbon-13 and nitrogen-15 frequency dimen-
sions. During these soft pulse sequences, simultane-
ous broadband adiabatic decoupling was applied to
protons and nitrogen-15, or to protons and carbon-
13, making sure that the decoupling sequence corre-
sponded to a whole number of 360° rotations. The
C-N decoupling used two 10 ms WURST-2 pulses
(Kupce and Freeman, 1996), and the C-H and N-H de-
coupling employed 1.25 ms WURST-2 pulses nested
within an MLEV-16 phase cycle (Levitt et al., 1982).
All the other experimental parameters of the HNCO
and HNCA sequences were standard settings.

Figure 3A shows strip plots extracted from the
three-dimensional HNCO spectrum of agitoxin, tar-
geting seven residues chosen at random in the
carbon-13 and nitrogen-15 dimensions. The selec-
tive Gaussian inversion pulses had a 45 Hz effective
bandwidth in the nitrogen and carbon frequency di-
mensions, and were gated on and off according to the
signs in the rows of a Hadamard matrix of order 8,
changing the coding pattern in each successive scan:

+H++H+HH+

+H++-———
+H— -+
++-———++
+-+—+—+-—

+-+-—+—+
+-—++-—+
to -+

The ‘all plus’ column, which is more sensitive to
instrumental shortcomings, was not used. Two layers
of encoding were employed, one on nitrogen-15, the
other on carbon-13, requiring a total of 64 scans; there
was no further multiscan averaging. With a recycle
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Figure 3. (A) Strip plots taken from the three-dimensional HNCO Hadamard experiment on 0.3 millimolar agitoxin simplified by random
selection of seven peaks in the carbon-13 and nitrogen-15 dimensions. Experiment duration: 1 min 39 s. (B) The equivalent HNCA Hadamard
experiment, showing the two-bond correlations. Experiment duration: 6 min 4 s.
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Figure 4. Demonstration of the simplification achieved in Hadamard spectroscopy by comparing projections of the three-dimensional HNCA
spectra of agitoxin onto the w;w3 plane. (A) The conventional Fourier transform mode. (B) The Hadamard mode, showing responses from
residues 4 through 11, identified by the dotted circles in (A).
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time of 1.2 s, the overall duration of the measurement
was only 1 min 39 s.

Figure 3B illustrates how the Hadamard HNCA
technique can be used to focus on a particular back-
bone sequence — the residues 4 through 11, a chain
terminated by the Pro-3 and Pro-12 residues. The
Hadamard subspectrum was recorded as an 8 x 8
x 1024 data matrix with 512 complex points in the
Fourier dimension. After the mandatory 64 scans (two
nested Hadamard matrices of order 8) the sensitivity
was not quite high enough to detect the two-bond cor-
relations, so the sequence was repeated four times for
time-averaging purposes. This entailed a total mea-
surement time of 6 min 4 sec. This is far shorter than a
conventional three-dimensional Fourier transform ex-
periment with comparable resolution in the indirect
dimensions.

The simplification achieved by the Hadamard
technique is demonstrated in Figure 4 for three-
dimensional HNCA spectra of agitoxin projected onto
the w1 w3 plane, a mode of display that does not dis-
criminate with respect to the nitrogen-15 frequencies.
The Hadamard spectrum (Figure 4B) is significantly
simpler because it focuses on one specific part of the
molecule, namely the residues 4 through 11, indicated
by dotted circles in Figure 4A. The full conventional
three-dimensional spectrum used to derive the projec-
tion in Figure 4A was recorded in 20 h 43 min with
two scans per increment, whereas the corresponding
Hadamard spectrum required only 6 min. This is a
time saving factor of over 200.

There is every reason to believe that this Hadamard
frequency-domain excitation technique will be ap-
plicable to much larger proteins, and that the conse-
quent time saving for screening experiments will prove
invaluable. Initial measurements on a 19 kDa protein
appear to bear out this contention. In many investiga-
tions of protein function the prime interest is on the
structure and behavior of the region around the active
site, so simplified versions of the three-dimensional
spectra are well-suited to this type of investigation.
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