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Abstract

A novel procedure for reconstruction of 2D separated-local-field (SLF) NMR spectra from projections of 1D NMR data is pre-
sented. The technique, dubbed SLF projection reconstruction from one-dimensional spectra (SLF-PRODI), is particularly useful for
uniaxially oriented membrane protein samples and represents a fast and robust alternative to the popular PISEMA experiment which
correlates 'H-'>N dipole-dipole couplings with >N chemical shifts. The different 1D projections in the SLF-PRODI experiment are
obtained from 1D spectra recorded under influence of homonuclear decoupling sequences with different scaling factors for the heter-
onuclear dipolar couplings. We demonstrate experimentally and numerically that as few as 2-4 1D projections will normally be suf-
ficient to reconstruct a 2D SLF-PRODI spectrum with a quality resembling typical PISEMA spectra, leading to significant reduction

of the acquisition time.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Multidimensional NMR experiments have played a key
role in driving the field of NMR spectroscopy forward since
the concept was introduced in the early seventies [1,2]. 2D,
3D, and even 4D experiments are now routinely used in the
experimental toolbox for, e.g., protein structure determina-
tion, where the large number of resonances requires high-di-
mensional NMR experiments to resolve all peaks and/or to
provide the desired internuclear correlations. The major
drawback of multidimensional NMR spectroscopy is that
the experimental time increases dramatically with the num-
ber of indirect dimensions. In this time not only the sample
has to be stable but also the performance of the RF field
irradiation, which may be an issue of concern in biological
solid-state NMR spectroscopy using relatively strong RF
field strengths on heterogeneous samples [3,4].
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To partly alleviate such problems, multidimensional
experiments with reduced dimensionality have been devel-
oped in order to reduce the acquisition time [5-18]. One of
these is the projection-reconstruction (PR) technique [16]
in which the multidimensional spectrum is reconstructed
from the projections of a number of lower-dimensional spec-
tra. The experimental setup for PR experiments relies on
acquiring multidimensional experiments with simultaneous
incrementation in two or more indirect dimensions. The
direction of the projection is controlled by the ratio between
the simultaneous time increments. In the case of simple spec-
tra with few resonances, only a small number of projections
is needed, while in the case of dense spectra, a more system-
atic PR approach like radial sampling is preferable [17,18]
potentially in combination with advanced data processing
[19]. Reduced-dimensionality techniques have been success-
fully applied for a number of correlation experiments in
liquid- [5-7,9-18] and solid-state [] NMR spectroscopy.

The study of peptides and proteins in oriented phospho-
lipid bilayers by solid-state NMR spectroscopy is a prom-
ising route to membrane protein structure determination
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[20-29]. A key experiment for such studies is a 2D separat-
ed-local-field (SLF) experiment [30] which correlates the
protein backbone amide 'H-'°N dipolar coupling with
the >N chemical shift, since it provides important structur-
al constraints and offers a high spectral resolution [31].
Fig. 1 displays some commonly used SLF pulse sequences.
The simplest SLF experiment with "H homonuclear decou-
pling during #; employs the pulse sequence in Fig. 1c for the
encoding of the indirect dimension and uses a 7 pulse on
the '°N channel to refocus the '°N chemical shift. For ori-
ented protein samples, the most popular variants of the
SLF experiment are the polarization-inversion spin-ex-
change at the magic angle (PISEMA) experiment [32]
(Fig. 1d) and the more recent magic-sandwich-based [33]
experiment dubbed SAMMY [34] (Fig. le). As seen in
Fig. 1 these experiments consist of a cross-polarization
(CP) block to transfer magnetization from 'H to '°N, fol-
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lowed by the ¢; evolution period which for the PISEMA
experiment is a spin-exchange at the magic angle (SEMA)
block which decouples homonuclear 'H-'H dipole-dipole
couplings and suppresses '°N chemical shift evolution,
leaving only the desired heteronuclear 'H-'°N dipole—di-
pole couplings active. In the SAMMY experiment the
SEMA block is replaced by a magic-sandwich sequence
[33] on the 'H channel accompanied by a phase-alternating
spin lock on the '°N channel. Because of the high resolu-
tion in the indirect dimension the t; period may need to
be as long as 5-10 ms [35]. The "H-'°N dipole-dipole cou-
pling couplings restrict the indirect spectral width to be
~25 kHz inducing the need for several hundreds of ¢, incre-
ments to achieve maximum resolution thus leading to very
long experiment times, although a faster variant employing
reduced data sampling and maximum entropy reconstruc-
tion has recently been proposed [36].
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Fig. 1. Schematic illustration of the SLF-PRODI principle. (a) Generic SLF and (b) CP pulse sequences used in this work. The indirect evolution period of
the SLF experiment may use different pulse schemes of which this figure reports (c) standard SLF, (d) PISEMA, and (¢) SAMMY variants. The acquisition
of the 2D time-domain matrices is illustrated in (f) for SLF experiments and (g) SLF-PRODI employing the CP pulse sequence with the following
decoupling schemes: SPINAL-64 (1), MSHOT-3 (2), MREV-8 (3), and FSLG (4) decoupling, and no decoupling (5). The vertical arrow (6) can only be
achieved using pulsed chemical shift suppression (e.g., SEMA) on the N channel.



332 Communication | Journal of Magnetic Resonance 184 (2007) 330-336

In this Communication, we present a fast and experi-
mentally robust alternative to the two-dimensional SLF
pulse sequences based on reconstruction of the SLF spec-
trum from one-dimensional experiments. We call this
experiment SLF projection reconstruction of one-dimen-
sional spectra (SLF-PRODI).

2. Results and discussion

The idea of SLF-PRODI is illustrated in Fig. 1 and uses
the standard cross-polarization (CP) pulse sequence shown
in Fig. 1b with different decoupling schemes during acqui-
sition. In a standard 2D SLF experiment where the indirect
f, dimension encodes the "H-'>N dipole-dipole coupling
while the direct 7, dimension acquires the '°N chemical
shift, the acquisition of the 2D time-domain matrix follows
the arrows shown in Fig. 1f using stepwise increments for
between each 7, slice. With SLF-PRODI we exploit the fact
that applying homonuclear 'H decoupling during the
acquisition period of the CP experiment will not remove
the heteronuclear coupling but only scale it down by the so-
called scaling factor of the decoupling sequence. This im-
plies that such an experiment will sample both the
"H-'>N dipole—dipole coupling and "N chemical shift.
Fig. 1g shows that this corresponds to simultaneous ¢,
and 1, increments in the 2D time-domain matrix resulting
in projections with different angles with respect to the #;
and ¢, axes. The angle of a particular experiment is deter-
mined by the scaling factor of the homonuclear decoupling
sequence. For illustration, Fig. 1g reports the acquisition
traces of regular proton decoupling, the magic-sandwich
based sequence MSHOT-3 [37], MREV-8 [38,39], FSLG
[40], no decoupling, and SEMA. These sequences display
"H-"*N dipole—dipole (Spp)/'°N chemical shift (Scs) scal-
ing factors of 0.35/1 (MSHOT-3), 0.47/1 (MREV-8), 0.58/
1 (FSLG), 1/1 (no decoupling), and 0.82/0 (SEMA). In the
2D time-domain matrix representation in Fig. 1g experi-
ments employing one of these sequences will follow a tra-
jectory along an axis with a slope defined by the scaling
factors, i.e., with an angle of arctan(Spp/Scs) relative to
the N chemical shift axis. We note that angles larger than
45° can not be achieved using the pulse sequence in Fig. 1b
but need pulses on >N to scale down the chemical shift
[41], e.g., by the SEMA sequence.

Experimental SLF-PRODI spectra for a '’N-labeled
N-acetyl leucine (NAL) crystal are shown in Fig. 2a and
result from regular proton decoupling using the SPINAL-
64 [42] sequence (left), FSLG (center), and MSHOT-3
(right) decoupling. For illustration Fig. 2b shows the 2D
representation of these spectra, each of which consists of
two projections mirrored vertically. The reason for having
two projections from each experiment is that the dipolar
dimension contains symmetric doublets reflecting that
the pulse sequences are insensitive to the sign of the heter-
onuclear dipole—dipole coupling. The slopes of the projec-
tions are defined by the 'H-'°N dipole—dipole and '°N
chemical shift scaling factors as discussed above. The final

SLF-PRODI reconstruction should only show peaks where
all projections have intensity. Numerically, this is done by
comparing all available projections and assigning the min-
imum intensity found in these projections to the recon-
structed spectrum. The SLF-PRODI spectrum resulting
from reconstruction of the SPINAL-64 and FSLG projec-
tions (referred to as a SLF-PRODI-2gpinaL FsLG Spectrum
since it results from these two projections) is shown in
Fig. 2c along with a conventional PISEMA spectrum in
Fig. 2d. These spectra have comparable resolution in the
two dimensions. For the NAL crystal, we observe line-
widths of ~50 Hz using SPINAL-64 decoupling and in
favorable cases down to 100 Hz with FSLG decoupling.
In the reconstructed 2D SLF-PRODI spectrum the result-
ing '"H-"N dipolar linewidths are somewhat larger (typi-
cally around 300 Hz) because of the modest scaling factor
of the FSLG sequence. However, despite this fact the
SLF-PRODI linewidths compare reasonably well with
state-of-the-art achievements (~200 Hz) using the PISE-
MA or SAMMY pulse sequences, especially when consid-
ering that the present PISEMA spectrum has been
recorded using 128 ¢ increments while the SLF-PRODI
spectrum was obtained from only two 1D projections.
The PISEMA experiment employed 8 scans for each #,
increment corresponding to a total of 1024 scans, while
for the SLF-PRODI spectrum, the SPINAL-64 experiment
employed 8 scans and the FSLG spectrum employed 64
scans to compensate for the lower peak intensity resulting
from the doublet splitting of all lines. Thus, only a total
of 72 scans was needed for the SLF-PRODI-2 spectrum,
which corresponds to a 14-fold reduction of the experiment
time. We note that in the present example, the SLF-PRO-
DI-3spinaL.FsLG.MsHoT (ot shown) does not improve the
resolution compared to the SLF-PRODI-2 spectrum in
Fig. 2c. This may be ascribed to the fact that the
MSHOT-3 sequence, although theoretically better, in the
present case led to spectra with larger absolute linewidths
than the FSLG and SPINAL experiments. Similar behav-
ior was observed by Wu et al. in the original PISEMA
work [32], where various decoupling sequences were com-
pared. It is important to emphasize, however, that the pri-
mary aim of the SLF-PRODI-3 experiment is not to
improve the resolution of SLF-PRODI-2 but to reduce
the number of artifacts being particularly important for
multiple-labeled samples (vide infra).

To investigate the ability of SLF-PRODI to reconstruct
the correct 2D spectrum Figs. 3 and 4 show sets of SIMP-
SON/SIMMOL simulations [43-45] designed to challenge
the performance of the technique for cases with different
number of resonances in the spectra (e.g., different isotope
labeling patterns). Fig. 3a—c show simulated SLF-PRODI
spectra for three '"H-'°N spin pairs, which could represent
three individual '°N labeled amino acids in a peptide,
employing SLF-PRODI-2 and SLF-PRODI-3 reconstruc-
tions. For comparison, Fig. 3d shows the corresponding
PISEMA spectrum. In this example we observe that the
two SLF-PRODI-2 spectra in Fig. 3a (SLF-PRODI-2gp;.
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Fig. 2. Experimental SLF-PRODI (a-c) and PISEMA (d) spectra. The three panels in (a) display the spectra obtained using SPINAL-64 (left), FSLG
(center), and MSHOT-3 (right) decoupling for a single crystal of '’N labeled N-acetyl leucine along with the corresponding 2D projections in (b). The
reconstructed 2D SLF-PRODI-2gpinaL.rsLG and PISEMA spectra are shown in (c) and (d), respectively.

NaLFsLg) and 3b (SLF-PRODI-2spinar msHot) fail to
eliminate the artificial peaks indicated by arrows. Only
when employing the three projections all together as shown
in Flg 3c (SLF'PRODI'3SPINAL,FSLG,MSHOT) the recon-
structed spectrum is free from artifacts and provides the
correct reconstruction.

In a more challenging case, Fig. 4 numerically explores
the possibility to reconstruct the spectrum of a uniformly
>N-labeled o-helix peptide. Using typical parameters for
the nuclear spin interactions [43] for an ideal 18-residue
a-helix (torsion angles of ¢ = —65° and y = —40°) with a
tilt of 30° relative to the magnetic field, the characteristic
PISA wheel resonance pattern [46,47] appears in the simu-
lated PISEMA spectrum (Fig. 4f). We observe that the
SLF-PRODI-2gpinaLFsLG reconstruction (Fig. 4a) dis-
plays vast amounts of artificial peaks, while the PISA wheel
appears clearly in the SLF'PRODI'3SPINAL,FSLG,MSHOT
(Fig. 4b) and SLF-PRODI-4gpiNAL,FSLG,MSHOT,MREV
(Fig. 4c) reconstructions. However, even the SLF-PRO-
DI-4 reconstruction still contains some artificial peaks,
and while the recognition of the PISA wheel will be

sufficient to obtain information about the helix tilt, the
remaining artifacts may be problematic for the assignment
and detailed interpretation of the spectrum. To improve
this, we would need a combination of more experiments
resulting from homonuclear decoupling sequences with dif-
ferent scaling factors, as suggested by the simulations in
Fig. 4d and e. Fig. 4d shows a SLF-PRODI-4 spectrum
resulting from 1D experiments with heteronuclear dipolar
scaling factors of 0, 0.33, 0.67, and 1, which is free from
the above artifacts. While it is not likely to find a homonu-
clear decoupling sequence with a heteronuclear dipolar
scaling factor of 1, Fig. 4¢ shows a SLF-PRODI-5 spec-
trum from experiments with scaling factors of 0, 0.2, 0.4,
0.6, and 0.8, which also removes all artificial peaks.
Based on experimental and numerical results we judge
that SLF-PRODI-2 or SLF-PRODI-3 experiments should
be sufficient to obtain reliable 2D spectra for sparsely la-
beled samples, while a uniformly labeled peptide may be
at the limit of the capability of SLF-PRODI with the pres-
ent set of homonuclear decoupling sequences. However, it
is easily foreseen that experiments employing homonuclear
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Fig. 4. Simulated 9.4-T SLF-PRODI and PISEMA spectra for an ideal uniformly N labeled o-helix with 18 residues. The spectra show reconstructions
from (a) SLF-PRODI-2gpinaLFsLG, (D) SLF-PRODI-3spinarL rsiGmsHoT, (€) SLF-PRODI-4spinaL FsiG.msHoT MREY: (d) SLF-PRODI-4 from
experiments with heteronuclear dipolar scaling factors of 0, 0.33, 0.67, and 1, (e¢) SLF-PRODI-5 from experiments with heteronuclear dipolar scaling
factors of 0, 0.2, 0.4, 0.6, and 0.8, along with a PISEMA spectrum (f).
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decoupling sequences with adjustable scaling factors may
be used to sample the 2D time domain in a more systematic
way (i.e., in a fashion similar to radial sampling [17,18]) so
this limitation can be overcome. Such experiments could
for example take inspiration from the concept of time-aver-
aged nutation [48] which changes the scaling factor of the
CP experiment. One could envisage experimental realiza-
tion of different scaling by evolution under mixing decou-
pling sequences with different scaling factors.

In the practical realization of the SLF-PRODI experi-
ments, we will always start with the vertical SPINAL-64
decoupling projection followed by FSLG since this decou-
pling sequence has an appreciably large scaling factor. Only
if the reconstructed 2D spectrum contains artificial peaks
will we continue with acquisition of other projections.

3. Conclusions

In conclusion, we have presented the SLF-PRODI tech-
nique which allows us to reconstruct two-dimensional sep-
arated-local-field spectra from few 1D projections. The
technique is particularly useful for sparsely labeled sam-
ples, e.g., with residue-specific '’N labeling, and allows
for very fast acquisition of 2D spectra for such samples.
In our practical example a time-saving of an order of mag-
nitude was reported. For more densely labeled samples
SLF-PRODI may prove to be very valuable for reduction
of the dimensionality of higher-dimensional double- and
triple-resonance experiments, and we anticipate that four-
and even five-dimensional spectra may be acquired within
a reasonable time-frame. Further work along these lines
is in progress.

4. Experimental

All experiments were performed on a Bruker Avance 400
spectrometer with a 9.4 T magnet employing a 4 mm Bruker
triple-resonance MAS probe in double-resonance configu-
ration. The '"H RF field strength was 100 kHz for the 90°
pulse and decoupling period for all experiments, while it
was reduced to 41.8 kHz during the 1 ms CP period as well
as the ¢, period of the PISEMA experiment. The N RF
field strength was 41.8 kHz during CP and 50 kHz during
t, of the PISEMA experiment. The 1D SPINAL-64 was ac-
quired using 8 scans while the homonuclear decoupling
experiments employed 64 scans. The PISEMA experiment
employed 128 ¢, increments, each acquired using 8 scans.

Reconstruction of the 2D spectra was performed either
on the spectrometer employing Bruker AU programs
which will be available for download from our web site
(http://www.bionmr.chem.au.dk), or using SIMPSON.

The '°N labeled N-acetyl leucine (NAL) crystal was syn-
thesized by suspending '*N L-leucine (0.50 g, 3.78 mmole)
and acetic anhydride (0.46 g, 4.54 mmole) in glacial acetic
acid (10 cm?) followed by stirring overnight (or until homo-
geneity is achieved) at room temperature. The resulting
mixture was evaporated to dryness under reduced pressure,

acetone (15 cm®, HPLC grade) was added and the suspen-
sion was filtered to afford a filtrate which was evaporated
under reduced pressure to afford '>’N NAL as a colorless
solid. The solid was dissolved in a minimal amount of boil-
ing methanol and left to cool whilst allowing for slow evap-
oration of methanol (perforated parafilm lid) overnight.
This procedure was repeated twice to form sufficiently large
crystals.
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