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Abstract

A new two-dimensional scheme is proposed for accurate measurements of high-resolution chemical shifts and heteronuclear dipolar
couplings in NMR of aligned samples. Both the 1H chemical shifts and the 1H–15N dipolar couplings are evolved in the indirect dimen-
sion while the 15N chemical shifts are detected. This heteronuclear correlation (HETCOR) spectroscopy yields high-resolution 1H chem-
ical shifts split by the 1H–15N dipolar couplings in the indirect dimension and the 15N chemical shifts in the observed dimension. The
advantages of the HETCOR technique are illustrated for a static 15N-acetyl-valine crystal sample and a 15N-labeled helical peptide sam-
ple aligned in hydrated lipid bilayers.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

High-resolution orientational restraints, derived from
observations of a wide range of anisotropic nuclear spin
interactions such as chemical shifts, homo- and hetero-
nuclear dipolar interactions, and quadrupolar interactions,
have been widely used for protein and peptide structural
elucidations from aligned samples that have a unique ori-
entation with respect to the magnetic field axis, such as
membrane-bound proteins oriented in a hydrated lamellar
phase lipid environment [1–9]. In such aligned systems, the
data from orientation-dependent nuclear spin interactions
within a peptide plane permit the characterization of the
peptide plane orientation with respect to the alignment
axis. By obtaining the orientations of all peptide planes
with respect to the same alignment axis, three-dimensional
backbone conformation and topology of the aligned sam-
ples can be achieved. Polarization inversion spin exchange
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at the magic angle (PISEMA) [10], which correlates the ori-
entation-dependent, anisotropic 1H–15N heteronuclear
dipolar couplings and 15N chemical shifts, has become a
powerful tool to obtain the orientations of peptide planes
with respect to the magnetic field axis. In particular, the
resonance patterns in the PISEMA spectra of uniformly
labeled membrane proteins either mechanically aligned
on glass plates or magnetically aligned bicelles form PISA
wheels (polarity index slant angle) [11,12], which uniquely
defines the helix axis tilt with respect to the alignment axis.
However, the anisotropic 1H chemical shift interactions,
which provide complementary information, such as the
hydrogen bonding geometry [13–16] for the peptide planes,
can not be obtained from the PISEMA experiments. In this
regard, time-consuming three-dimensional experiments are
typically used for measuring the anisotropic 1H chemical
shifts [14,15].

With a frequency-switched Lee-Goldburg (FSLG)
sequence [17] to suppress proton homonuclear dipolar
interactions during the spin exchange period, PISEMA
has dramatically improved the resolution of the anisotropic
heteronuclear 1H–15N dipolar coupling and 15N chemical
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shift correlation spectra. However, the performance of the
PISEMA experiments largely depends on the FSLG decou-
pling efficiency, which is very sensitive to the setting of 1H
carrier frequencies. In the first half of the FSLG unit
(+LG), the 1H radio-frequency (RF) field, +B1H, is applied
to an offset above a 1H resonance frequency (+DxH). In the
second half of the FSLG unit (�LG), the opposite 1H RF
field, �B1H, is applied to the offset below the 1H resonance
frequency (�DxH). Spin-locking along the magic angle,
hM, is achieved by setting the RF amplitude and offset to
fulfill hM = tan(B1H/DxH). Under such an ideal condition,
the +LG effective field is exactly opposite to the �LG effec-
tive field so that the high-order terms in the average Ham-
iltonian of the FSLG sequence are suppressed [17].
However, in the presence of a 1H resonance offset, D, the
direction of the +LG effective field is h+ = tan [B1H/
(DxH + D)], while the direction of the �LG effective field
becomes h� = tan[�B1H/(�DxH + D)]. Obviously, the
+LG and +LG effective fields do not lie along lines of
opposite direction any more. As a result, the high-order
terms can no longer be sufficiently suppressed in the aver-
age Hamiltonian of the FSLG sequence. For a uniformly
labeled protein in which there is a wide range of 1H reso-
nance frequencies due to their anisotropic chemical shifts,
especially at high fields, where much-needed sensitivity
and chemical shift resolution can be greatly improved, it
is simply impossible to satisfy the ideal FSLG condition
for all resonances simultaneously. In the PISEMA spectra,
such 1H offset effects greatly broaden and thus attenuate
the dipolar oscillation peaks in the dipolar dimension of
the PISEMA spectra, increase unwanted artifact intensities
at zero-frequency of the dipolar dimension, and result in
experimental 1H–15N dipolar couplings larger than what
they should be.

Many new spectroscopic methods have been proposed
to address these problems arising from the 1H offset effects.
Recently, p pulses were introduced between the FSLG
units to refocus the 1H chemical shift dispersion in the
Broadband-PISEMA (BB-PISEMA) experiments [18,19].
However, the p pulse width used has to be very short in
order to maintain sufficient FSLG decoupling, especially
in strongly coupled spin systems. Alternatively, the
SAMMY [20] and SAMPI4 [21] sequences were proposed
in which the homonuclear decoupling is achieved by on-
resonance pulses using the principle of magic sandwiches.
However, due to their long dwell time (7p), compared to
(4p) as in the PISEMA experiments, relatively high power
1H RF pulses are required in the dipolar dimension in
order to avoid spectral folding in this dimension. Corre-
spondingly, high power 15N RF pulses must be used in
order to satisfy the Hartmann–Hahn condition for spin
exchange. Use of high power RF pulses is not only techni-
cally challenging in probe designs particularly for the low
frequency 15N channel with a large rectangular sample coil
[22], as typically used to acquire weak NMR signals from
aligned samples, but it also results in undesirable sample
heating for hydrated biological samples [23]. Recently,
Ramamoorthy and co-workers proposed separated local
field experiments based on heteronuclear isotropic mixing
[24,25], during which the 1H homonuclear dipolar interac-
tions are suppressed and both the 1H and 15N chemical
shift anisotropies are refocused by p pulses allowing the
scaled 15N–1H dipolar couplings to drive the polarization
exchange. Similar to the SAMMY or SAMPI4 experi-
ments, this isotropic mixing also requires the use of high
power RF pulses on both the 1H and 15N channels.

In this work, we propose a new scheme in which the
magic sandwich high order truncation (MSHOT) homonu-
clear decoupling sequence [26] is used in the 1H chemical
shift (i.e., t1) dimension, while the 15N chemical shifts are
detected (i.e., t2 dimension) during high power 1H decou-
pling. This high-resolution two-dimensional (2D) hetero-
nuclear correlation (HETCOR) experiment correlates the
orientation-dependent, anisotropic 1H chemical shifts and
15N chemical shifts in the presence of 15N decoupling dur-
ing the t1 dimension. In the absence of 15N decoupling dur-
ing the t1 dimension, the 1H–15N heteronuclear dipolar
couplings evolve along with the 1H chemical shifts, result-
ing in dipolar splittings in the 1H chemical shift dimension.
Such dipolar splittings are high-resolution since the local
fields produced by dilute spins at the location of abundant
spins are selectively detected, as in proton detected local
field (PDLF) experiments [27,28]. In this study, the advan-
tages of this new scheme will be demonstrated by using a
static 15N-acetyl-valine crystal sample and a 15N-labeled
helical peptide sample aligned in hydrated lipid bilayers.

2. Experimental

All NMR measurements were carried out on a Bruker
Avance 600 NMR spectrometer with Larmor frequencies
of 600.13 and 60.82 MHz for 1H and 15N, respectively,
using an NHMFL low electrical field PISEMA probe [29]
with a rectangular coil dimension of 7.6 · 5.6 · 11 mm.
The SPINAL decoupling sequence [30] with the 1H RF
amplitude of 62.5 kHz was used in all experiments during
15N detection in the t2 dimension. 15N and 1H chemical
shifts were referenced to the 15N signal and water peak of
an aqueous 15N-labeled ammonium sulfate solution (5%,
pH 3.1) at 0 and 4.7 ppm, respectively. In all spectra plot-
ted here, the scales in the t1 dimension were corrected based
on the experimentally determined scaling factors.

Fig. 1a shows the basic pulse sequence for PISEMA
experiments. After conventional CP, 15N magnetization is
enhanced while the 1H magnetization is flipped to the
magic angle, followed by the sequence used for polariza-
tion inversion spin exchange. In our PISEMA experiments,
the 15N RF spin-lock amplitude of 40 kHz used in the CP
was determined via the measurement of 180� pulse-length,
while the matching 1H RF spin-lock amplitude was cali-
brated to be 40 kHz experimentally by the measurement
of 1H 180� pulse-length via indirect observation of the
15N signals through CP. The CP contact time was 1 ms.
In order to maintain the Hartmann–Hahn match condition
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Fig. 1. Pulse sequences for two-dimensional (2D) correlation experiments.
(a) PISEMA and (b) HETCOR. The 15N spins are decoupled in the t1

dimension using a train of grey 15N pulses.
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during the spin exchange period, the 1H RF amplitude was
decreased to 33 kHz, which was also experimentally cali-
brated, so that the effective field along the magic angle
remained 40 kHz. For each cycle, FSLG was achieved
[31] by sweeping the phase of the spin-locking field linearly
from 0� to 207.8� for 24.8 ls (+LG) and then from 27.8� to
�180� for another 24.8 ls (�LG). Thus the t1 increment of
49.6 ls generated a dipolar spectral width of 20.16 kHz in
the resulting 2D PISEMA spectra. A scaling factor of
0.80 was determined experimentally [31].

Fig. 1b shows the pulse sequence used for our 1H–15N
HETCOR experiments. In the t1 dimension, the MSHOT
sequence [26], consisting of basic magic sandwich units
with four-step phase cyclings, is applied to suppress the
proton homonuclear interactions. A 1H 90� pulse at the
end of the t1 dimension selects the quadrature components
using the States phase cycling in the t1 dimension, followed
by a short cross-polarization contact time, sCP, to ensure
that the 15N magnetization is the result of transfer from
its closest 1H. In the absence of 15N pulses in the t1 dimen-
sion, both the 1H chemical shifts and the 1H–15N dipolar
couplings are evolved, resulting in the 1H–15N dipolar split-
tings in the 1H chemical shift dimension of the HETCOR
spectra. Such dipolar splittings are high-resolution since
the 1H local fields produced by 15N are selectively detected
via the short CP contact, as in PDLF experiments [27,28].
With a train of grey 15N pulses in the t1 dimension, the 1H
chemical shifts are evolved, leading to typical 1H–15N
HETCOR spectra. In our HETCOR experiments, the 1H
RF amplitude used for MSHOT decoupling was
62.5 kHz (i.e., 4.0 ls and 16.0 ls for 90� and 360� pulse
widths, respectively) and the delay sd was 7.0 ls, giving rise
to a dwell time of 54.0 ls in the t1 dimension. The 1H car-
rier frequency was placed in the center of the 1H chemical
shift dimension and no artifacts due to quadrature detec-
tion were observed in our spectra. A scaling factor of
0.32 was determined experimentally, which is slightly smal-
ler than the theoretical value [26]. Both the 1H and 15N RF
spin-lock fields during CP were 40 kHz and sCP was 50 ls
to transfer the 1H magnetization to its covalently bonded
15N. In fact, in the aligned samples, such a short CP con-
tact time is efficient enough to enhance the 15N signals
owing to the rapid buildup of the 15N magnetization in
the presence of the dipolar oscillation during CP [32,33],
although the rate of the buildup is dependent upon the
15N–1H dipolar coupling. However, in the presence of
weak 1H–15N dipolar couplings, there is a need to use more
sophisticated CP sequences with a long contact time such
as SAMPI4 [21].

3. Results and discussion

Fig. 2 shows the 2D correlation spectra of a static 15N-
acetyl-valine (NAV) crystal and their representative 1D
slices along the t1 dimension. Two 15N resonances were
observed at this arbitrary orientation due to the existence
of two magnetically inequivalent molecules per unit cell
in the crystal [34]. In these experiments, the 1H carrier fre-
quency was set to the protons that are directly bonded to
the 15N peak at 60.8 ppm (i.e., 1H on-resonance decou-
pling). In the PISEMA spectrum (Fig. 2a), no line-broad-
ening was applied in the t1 dimension before Fourier
transform (FT). From the 1D slice shown in Fig. 2d, the
dipolar line-width was 354 Hz and the measured 15N–1H
dipolar splitting was 10.8 kHz. A relatively broad dipolar
line-width observed here is probably due to the use of a rel-
atively weak 1H RF field in our PISEMA experiments. The
truncation of the zero-frequency component leads to the
ripple in the spectrum. In the HETCOR spectra (Fig. 2b
and c), a Lorentzian line-broadening of 300 Hz was applied
in the t1 dimension before FT. The measured 1H linewidth
was 1.6 ppm (i.e., 960 Hz) after compensating for the scal-
ing factor in the 1H chemical shift dimension. Fig. 2b
shows the HETCOR spectrum in the absence of 15N decou-
pling in the 1H chemical shift dimension. Clearly, each of
the 15N resonances correlates with a doublet in the 1H
chemical shift dimension. The small wiggling at the base-
line probably stems from the fact that a single magic sand-
wich unit was used for the t1 increment. Theoretically, the
MSHOT sequence uses four magic sandwich units for a
complete cancellation of up to the 5th high-order term of
the 1H homonuclear dipolar interactions [26]. Fig. 2e shows
the slice taken at 60.8 ppm along the t1 dimension, showing
a high-resolution doublet with a splitting of 10.8 kHz,
which is the same as in Fig. 2d, corresponding to the
1H–15N dipolar coupling. In Fig. 2e, no artifacts were vis-
ible in the center of the doublet, while in the PISEMA spec-
trum artificial intensities at the zero-frequency are typically
present. In the presence of 15N decoupling in the 1H chem-
ical shift dimension, each of the doublets collapses into a
single resonance in the 1H chemical shift dimension, as
shown in Fig. 2c. Fig. 2f shows the slice taken at
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60.8 ppm along the 1H chemical shift dimension, indicating
the high-resolution 1H resonance at 10.8 ppm. It can be
noticed from Fig. 2e and f that this 1H resonance at
10.8 ppm is positioned in the center of the doublet and
its peak intensity is almost twice that of the doublet. In
other words, the 1H chemical shift can be extracted by
averaging the positions of the peaks in the doublet. There-
fore, with no 15N decoupling applied in the 1H chemical
shift dimension the HETCOR spectrum allows us to simul-
taneously obtain the 1H chemical shifts, the 1H–15N dipo-
lar couplings, and 15N chemical shifts, without the need
to perform time-consuming three-dimensional experiments
[14,15]. Moreover, compared to other techniques such as
BB-PISEMA [18,19], SAMMY [20], SAMPI4 [21], and het-
eronuclear isotropic mixing [24,25], where both high power
1H and 15N RF pulses are used, this new approach does not

require 15N high power RF pulses for measuring the
15N–1H dipolar couplings. Indeed, the observation of the
doublets, rather than the singlets, reduces the sensitivity
in half. However, in return, the important 1H chemical shift
information becomes available for structural characteriza-
tion. It is worth noting that the splitting of the resonances
into doublets does not necessarily crowd the 2D spectra
when the tilt of the helix with respect to the bilayer normal
is away from the magic angle. In fact, it forms two asym-
metric wheels, instead of one as in PISEMA spectra.

Fig. 3 shows the slices taken at 60.8 ppm, marked with
an arrow in Fig. 2, along the t1 dimension of the PISEMA
spectra and the HETCOR spectra without 15N decoupling
recorded at different 1H offsets. Obviously, in the PISEMA
spectra with the 1H offsets of ±4 kHz, the dipolar line-
width is significantly broadened and the signal intensities
are greatly attenuated, which mainly stems from the offset
dependence of the homonuclear decoupling efficiency. A
larger 1H RF field could decrease this offset effect on the
homonuclear decoupling efficiency. On the other hand,
the dipolar splitting becomes larger at a given 1H offset
(e.g., ±4 kHz) than that observed with the 1H on-resonance
condition. This 1H offset dependence of the dipolar split-
ting has been well demonstrated before [18–21,31] even
with a very large 1H RF field [35]. In fact, the 1H offset
induces a mismatch between the 1H effective field and the
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15N spin-lock field during the spin exchange period, which
results in experimental 1H–15N dipolar couplings larger
than what they should be. The 1H offset effect of the dipo-
lar splitting depends not only on the degree of the mis-
match but also on the 15N–1H dipolar couplings being
studied. In general, such a 1H offset effect is more sensitive
to the mismatch when the 15N–1H dipolar coupling is smal-
ler. In contrast, the measured line-width of the 1H reso-
nance at �20 ppm in the HETCOR spectra was 1.6, 1.6,
and 1.7 ppm and the dipolar splitting was 10.9, 10.8, and
10.4 kHz for the 1H offset of �4, 0, and +4 kHz, respec-
tively. Both the dipolar splitting and the intensities of the
doublet vary slightly (less than 6%) in the range of the
1H offsets. It is noticeable that the doublet appears not to
be symmetric, especially at the 1H offset of +4 kHz, which
might stem from the offset dependence of the MSHOT
decoupling efficiency. Fig. 4 shows the dependence of the
observed dipolar splitting from the PISEMA and HET-
COR spectra as a function of 1H offset. Clearly, the dipolar
splitting from the HETCOR spectra is less sensitive to the
1H offset in the range of from �10 to +4 kHz compared to
the PISEMA spectra. It can be noticed that a relatively
weak 1H RF field (33 kHz giving rise to an effective field
of 40 kHz) was used in our PISEMA experiments. A stron-
ger 1H RF field should reduce the dependence on the 1H
offset effect but can hardly eliminate it [35]. On the other
hand, the use of a strong 1H RF field requires a strong
15N RF field to fulfill the spin exchange match condition,
which is challenging in terms of NMR probe designs for
the low gamma nucleus and large sample coil. In this
regards, the advantage of the HETCOR method is signifi-
cant, since it does not require the 15N RF field for measur-
ing the 1H–15N dipolar couplings.
Piscidins, amphipathic cationic antimicrobial peptides
(ACAPs) from the mast cells of fish, are believed to play
a crucial and direct role in the fight against many aquatic
bacterial infections [36,37]. Two isoforms of these peptides,
piscidins 1 and 3 (i.e., p1 and p3) have been structurally
analyzed using solid state NMR [38,39]. Here, the amidat-
ed 15N-V10G13I16p1-NH2 peptide of amino acid sequence
FFHHIFRGIVHVGKTIHRLVTG was chemically syn-
thesized and an hydrated oriented sample was prepared
for solid state NMR by using lipid films of 1,2-dimyri-
stoyl-sn-glycero-3-phosphatidyl-choline (DMPC) and 1,2-
dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) (DMPG)
containing 10 mg of peptide, as detailed previously [39].
Fig. 5 shows the 2D correlation spectra of the 15N-
V10G13I16p1-NH2 peptide aligned in hydrated lipids (with
a molar peptide to lipid ratio of 1:20 and a DMPC to
DMPG molar ratio of 3:1) and their representative 1D
slices along the indirect dimension. The 1H carrier fre-
quency was set to 10.8 ppm in these experiments. Three
sharp 15N resonances were observed in the spectra at
39.9, 43.7, and 54.0 ppm, having line-widths of 1.7, 1.8,
and 2.4 ppm, respectively (with 10 Hz line-broadening).
Clearly, the peptide sample is well aligned and its helical
axis is almost perpendicular to the magnetic field and the
bilayer normal since the observed 15N chemical shifts are
close to the perpendicular component of the 15N chemical
shift tensor. Based on the measurements from specific
labeling samples [39] and simulations of PISA wheels and
dipolar waves [40], the 15N resonances at 39.9, 43.7, and
54.0 ppm were tentatively assigned to the I16, G13, and
V10 label sites, respectively, In the PISEMA spectrum
(Fig. 5a), no line-broadening was applied in the t1 dimen-
sion before FT. From the 1D slices, the observed dipolar
line-widths were 380, 400, and 510 Hz and the 15N–1H
dipolar splitting were 10.2, 8.4, and 9.0 kHz for the I16-,
G13-, and V10-labeled sites, respectively.
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Fig. 5b shows the superimposed HETCOR spectra of
the 15N-V10G13I16p1-NH2 peptide oriented in hydrated lip-
ids with (red) and without (black) 15N decoupling in the t1

dimension. Below the 2D spectra are representative 1D
slices along the indirect dimension of the HETCOR spec-
trum in the absence of 15N decoupling. In these HETCOR
spectra (Fig. 5b), a Lorentzian line-broadening of 1200 Hz
(i.e., 2.0 ppm) was applied in the t1 dimension before FT.
Such a large line-broadening used in the processing is
mainly for masking the signal truncation in the t1 dimen-
sion, since some signals were still visible after 48 t1 incre-
ments. Fortunately, this truncation does not affect the
resolution in the 2D spectra because the three resonances
from this sample are well resolved, although the signals
in the 1D dipolar slices are significantly broadened. In
the presence of 15N decoupling, the HETCOR spectrum
showed that the amide 1H chemical shifts are 15.4, 10.4,
and 11.3 ppm, having line-widths of 3.3, 3.3, and
3.5 ppm, after compensating for the scaling factor in the
1H chemical shift dimension, for the 15N I16-, G13-, and
V10-labeled sites, respectively. Therefore, in these PISEMA
and HETCOR experiments, the 1H offsets for the I16, G13

and V10 sites were 2.76, 0.24, and 0.30 kHz, respectively.
In the absence of 15N decoupling, the observed 1H line-
widths from the HETCOR spectrum were 3.5, 3.9, and
3.7 ppm, after considering the scaling factor, slightly
broader than that obtained from the HETCOR in the pres-
ence of 15N decoupling. In addition, the measured 15N–1H
dipolar splittings from the HETCOR spectrum were 9.8,
8.4, and 8.9 kHz for the I16-, G13-, and V10-labeled sites,
respectively. Clearly, the 15N–1H dipolar splittings for the
G13 and V10 sites generated from the HETCOR spectrum
are the same as from the PISEMA spectrum, owing to
the fact that the amide protons from these two-labeled sites
are almost under on-resonance irradiation conditions.
However, the 15N–1H dipolar splitting obtained from the
PISEMA spectrum for the I16 site is about 400 Hz greater
than that from the HETCOR spectrum, due to the 1H off-
set (e.g., 2.76 kHz) effects in the PISEMA spectra. There-
fore, in multiple-site-labeled samples, the HETCOR
spectrum in the absence of 15N decoupling not only accu-
rately measures 15N–1H dipolar splittings for all sites, but
also provides 1H chemical shifts for the amide protons.
Characterization of the p1 structure is a necessary step in
the search for relationships between structural motifs,
interactions with biological membranes, potency, and
mechanisms of action. The PISEMA experiments
performed as part of the structural studies [39] and corre-
sponding simulations have indicated that the peptide is a-
helical and oriented perpendicular to (�89�) the bilayer
normal. The additional 1H chemical shift information
obtained here may give new insights about the interactions
of the peptide helix with the bilayer and aqueous environ-
ments. Detailed studies are currently in progress.
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4. Conclusion

We have demonstrated that two-dimensional high-reso-
lution 1H–15N heteronuclear correlation (HETCOR) spec-
troscopy provides an efficient means for simultaneously
measuring anisotropic 1H–15N dipolar couplings, 1H chem-
ical shifts, and 15N chemical shifts in NMR spectroscopy of
aligned samples. Here, the MSHOT homonuclear decou-
pling sequence [26] is used to suppress the 1H homonuclear
dipolar interactions while allowing for the evolution of
1H–15N dipolar couplings and 1H chemical shifts in the
indirect dimension. The robust MSHOT sequence is capa-
ble of sufficient suppression of the 1H homonuclear interac-
tions even in the presence of substantial 1H offsets and
15N–1H dipolar couplings, which can not be achieved by
the FSLG sequence, although the former sequence exhibits
a smaller scaling factor than the latter one. It has been
shown here that when the 1H RF amplitude is 62.5 kHz,
the obtained 1H–15N dipolar splittings and the signal inten-
sities of the HETCOR spectra are not sensitive to the 1H
carrier frequency in a bandwidth of at least 14 kHz. It is
anticipated that the effective 1H bandwidth for the HET-
COR spectra should increase with an increase of the 1H
RF amplitude. Thus, this new approach provides signifi-
cant additions to other recently developed techniques
[18–21,24,25] in terms of minimizing the 1H offset effects
as well as obtaining anisotropic 1H chemical shift informa-
tion. With a large effective 1H bandwidth, this approach
will be particularly useful at higher fields where the anisot-
ropy of the diamagnetic or paramagnetic susceptibility can
aid sample alignment thus enhancing both the 1H and 15N
resolution. More importantly, this HETCOR scheme pro-
posed here does not require high power 15N pulses, which
further minimizes the RF heating of hydrated samples
and reduces the specifications for the RF probes. Poten-
tially, such a HETCOR scheme can be converted into a
1H-detected HETCOR scheme, which may significantly
enhance the sensitivity. It is expected that the HETCOR
scheme will become valuable in the structural studies of
aligned samples such as membrane proteins oriented in
hydrated lipid bilayers.
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