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Abstract

Maximum Entropy reconstruction is applied to two-dimensional PISEMA spectra of stationary samples of peptide crystals and pro-
teins in magnetically aligned virus particles and membrane bilayers. Improvements in signal-to-noise ratios were observed with minimal
distortion of the spectra when Maximum Entropy reconstruction was applied to non-linearly sampled data in the indirect dimension.
Maximum Entropy reconstruction was also applied in the direct dimension by selecting sub-sets of data from the free induction decays.
Because the noise is uncorrelated in the spectra obtained by Maximum Entropy reconstruction of data with different non-linear sampling
schedules, it is possible to improve the signal-to-noise ratios by co-addition of multiple spectra derived from one experimental data set.
The combined application of Maximum Entropy to data in the indirect and direct dimensions has the potential to lead to substantial
reductions in the total amount of experimental time required for acquisition of data in multidimensional NMR experiments.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The sensitivity of NMR spectroscopy and, correspond-
ingly, the amount of time that must be devoted to signal
averaging to obtain an adequate signal-to-noise ratio is
strongly affected by the method used to calculate the fre-
quency domain spectrum from the time domain data that
are acquired experimentally. Traditionally, this has been
accomplished by apodization and a few other straightfor-
ward mathematical manipulations (e.g., baseline correc-
tion, zero filling, etc.) of the digitized free induction
decay followed by Fourier transformation [1]. There are
some trade-offs between resolution and sensitivity that
can be made through the application of various apodiza-
tion functions to the time domain data, but overall when
Fourier transformation is employed as the principal step
in data processing there are relatively few opportunities
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for further data manipulation. As a consequence, there is
currently substantial activity in the development of alterna-
tives to Fourier transformation for processing experimental
NMR data, primarily to improve the sensitivity of the
experiment [2]. The most popular alternatives included in
standard software packages are Linear Prediction (LP)
and Maximum Entropy (MaxEnt) [3,4] for the analysis of
multidimensional solution NMR data. In this article, we
describe the application of MaxEnt reconstruction as
implemented in the NMR Toolkit (www.rowland.org/
rnmrtk/toolkit.html) to both the indirect and direct dimen-
sions of two-dimensional polarization inversion spin-ex-
change at the magic angle (PISEMA) spectra [5] of
stationary samples of peptide single crystals and magneti-
cally aligned proteins.

Applications of MaxEnt reconstruction to multidimen-
sional solution NMR have received the most attention
largely because of the time savings associated with non-lin-
ear sampling in the indirect dimensions [6–11]. However,
the potential range of applications of MaxEnt reconstruc-
tion in NMR spectroscopy is much broader, including sol-
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id-state NMR experiments where the generally poor signal-
to-noise ratios and non-exponential free induction decays
limit the applications of LP because of frequency errors
and the appearance of spurious peaks [12]. In addition to
the obvious benefit of decreasing the amount of time devot-
ed to signal averaging, there are advantages associated with
the collection of more t1 points at shorter times, including
probe reliability and sample stability. Both are improved
by the substantial reduction in the total amount of time
they are subjected to high power radiofrequency irradia-
tions, especially in high field experiments. An application
of MaxEnt reconstruction to magic angle sample spinning
solid-state NMR of powder samples has been described
[13].

Solid-state NMR of aligned samples relies on the mea-
surement of orientationally dependent frequencies for indi-
vidual resonances as input for calculating the structures of
proteins that are immobilized as part of supramolecular
complexes, such as membrane bilayers [14] or virus parti-
cles [15]. A relevant feature of this NMR application is that
moderate distortions of line shapes and relative intensities
are readily tolerated, since only the frequencies of the res-
onances are of interest. This allows for more flexibility in
data manipulation compared to the situation frequently
encountered in multidimensional solution NMR experi-
ments on proteins where the observation of weak peaks
in the presence of strong peaks and the quantization of
their intensities are often crucial. Moreover, through appli-
cation of MaxEnt to both the indirect and direct dimen-
sions, it is possible to significantly improve signal-to-
noise ratios with less distortion of intensities than is gener-
ally the case when it is applied only in the indirect
dimension.
Fig. 1. Two-dimensional PISEMA spectra of a single crystal of 15N-acetyl-
obtained by Fourier transformation of 128 linearly sampled t1 points that were
non-linearly sampled t1 points that were acquired in 6 min. (C) Spectrum obta
were acquired in 4 min. No apodization was applied to the data in the indirect (t
an exponential function corresponding to 100 Hz of line broadening followed b
The experimental acquisition parameters were 58.1 kHz 1H B1 field, 1 ms cros
MaxEnt reconstructions of the non-linearly sampled data sets in (B) and (C)
Toolkit. The non-linear sampling schedules were calculated assuming Lorentzia
and (C) 58:1.
2. Results

2.1. MaxEnt and non-linear sampling in t1

PISEMA spectra are separated local field spectra [16]
with high resolution in both the indirect heteronuclear
dipolar coupling and the direct chemical shift frequency
dimensions. The resonance frequencies in both of these
dimensions are orientationally dependent because the
anisotropic nuclear spin interactions are not averaged by
molecular motions in stationary, aligned samples. Chemi-
cally identical sites can have different frequencies in both
dimensions when the chemical shift and heteronuclear
dipolar coupling interaction tensors have different orienta-
tions with respect to the direction of the applied magnetic
field. The most common application is to 15N-labeled
amide sites in polypeptides where the 1H–15N heteronucle-
ar dipolar coupling and 15N chemical shift frequencies pro-
vide orientation constraints as input for calculation of the
three-dimensional structure of the protein backbone [17].

Fig. 1 compares three PISEMA spectra of a 15N-labeled
single crystal of the model peptide N-acetyl-leucine. The
spectra were obtained under identical conditions, except
for the number and spacing of the t1 increments acquired
in the indirect (1H–15N dipolar coupling) dimension. The
four unique molecular orientations of N-acetyl-leucine in
the unit cell result in four resolved resonances that have
the same 15N chemical shift and 1H–15N heteronuclear
dipolar coupling frequencies in all three spectra. One-di-
mensional spectral slices extracted from the two-dimen-
sional spectra in the 1H–15N heteronuclear dipolar
coupling and 15N chemical shift frequency dimensions for
the same resonance, indicated by the arrows, are aligned
leucine at an arbitrary orientation obtained at 700 MHz. (A) Spectrum
acquired in 22 min. (B) Spectrum obtained by MaxEnt reconstruction of 32
ined by MaxEnt reconstruction of 24 non-linearly sampled t1 points that

1) dimension. All of the data in the direct (t2) dimension were multiplied by
y Fourier transformation. Two scans were acquired for each t1 increment.
s-polarization mix time, 5 ms acquisition time, and 5 s recycle delay. The
were performed using identical values of Def and Lambda in the NMR
n line widths of 100 Hz. The signal-to-noise ratios are: (A) 32:1, (B) 175:1,
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on their respective axes in all three spectra. The spectrum in
Fig. 1A was obtained in the conventional way: 128 t1

points were sampled at equal time increments, and pro-
cessed by Fourier transformation; with the free induction
decays from two scans co-added for each t1 increment, data
acquisition required 22 min, and yielded a signal-to-noise
ratio of 32:1 for the two-dimensional spectrum. The spec-
trum in Fig. 1B was obtained under identical conditions,
except that only 32 non-linearly sampled t1 points were
acquired and processed using MaxEnt reconstruction. In
spite of the experimental data being acquired in one-fourth
the amount of time, the signal-to-noise ratio of 175:1 for
the two-dimensional spectrum is substantially higher than
that for the spectrum in Fig. 1A. Comparisons of the
one- and two-dimensional spectra in Figs. 1A and B dem-
onstrate that the combination of non-linear sampling and
MaxEnt reconstruction in the indirect dimension is poten-
tially capable of reducing the total time for acquisition of
two-dimensional solid-state NMR spectra with little or
no broadening of the resonances.

The result in Fig. 1B begs the question of how much sen-
sitivity can be gained through the combination of non-lin-
ear sampling and MaxEnt reconstruction in the indirect
dimension. In our experience with PISEMA on model pep-
tide crystals and magnetically aligned proteins, we have
found that when the non-linear sampling schedule used in
the indirect dimension contains less than about one-fourth
the number of points that would be acquired in the equiv-
alent linearly sampled experiment, the resulting spectra
become very sensitive to the details of the sampling sche-
dule and are generally degraded. This is illustrated by the
spectrum in Fig. 1C, which resulted from non-linear sam-
pling of 24 points in t1. The overall signal-to-noise ratio
(58:1) is only about one-third of that in Fig. 1B (obtained
from 32 t1 points), and the spectral slices display marked
Fig. 2. Two-dimensional PISEMA spectra of uniformly 15N-labeled magnetica
by Fourier transformation of 64 linearly sampled t1 points that were acquire
MaxEnt reconstruction of 25 non-linearly sampled t1 points that were acquired
the data in the indirect (t1) dimension. All of the data in the direct (t2) dimensio
broadening followed by Fourier transformation. Sixteen scans were acquire
56.8 kHz 1H B1 field, 1 ms cross-polarization mix time, 5 ms acquisition time,
distortion in the dipolar coupling dimension as well as larg-
er variations in the relative signal amplitudes.

Non-linear sampling and MaxEnt reconstruction of
PISEMA spectra can also be applied to proteins that are
immobilized and aligned as part of biological supramolec-
ular complexes. This is illustrated in Fig. 2 with a compar-
ison of two-dimensional PISEMA spectra of uniformly
15N-labeled Pf1 bacteriophage, a nucleoprotein filament
that aligns with its long axis parallel to the direction of
the magnetic field. With a total mass greater that 107 Da,
the 46-residue coat protein subunits are immobile on
NMR timescales. We have previously determined the
three-dimensional structure of the Pf1 coat protein using
the frequencies measured in PISEMA spectra like those
in Fig. 2 as input for structure calculations [15]. The
PISEMA spectra are dominated by ‘‘wheel-like’’ patterns
of resonances between about 160 and 230 ppm that are
characteristic of a-helices aligned nearly parallel to the
direction of the magnetic field [18,19]. Both of the spectra
in Fig. 2 resulted from signal averaging of 16 scans for each
t1 point and Fourier transformation of the directly
acquired data in t2. The two-dimensional spectrum in
Fig. 2A was obtained in 136 min with linear sampling of
64 t1 points and Fourier transformation, and that in
Fig. 2B in 52 min with non-linear sampling of 25 t1 points
and MaxEnt reconstruction. The spectrum in Fig. 2B was
acquired in less than half the amount of time, yet its sig-
nal-to-noise ratio of 86:1 is significantly higher than the
24:1 observed in the spectrum in Fig. 2A. Notably, both
spectra have similar appearances, even though many reso-
nances are partially or completely overlapped. As seen with
the data in Fig. 1, the improvement in efficiency arises from
two effects of MaxEnt reconstruction of the data in the
indirect dimension. The smaller number of increments
acquired with non-linear sampling decreases the total
lly aligned Pf1 bacteriophage obtained at 750 MHz. (A) Spectrum obtained
d in 136 min; the signal-to-noise ratio is 24:1. (B) Spectrum obtained by
in 52 min; the signal-to-noise ratio is 86:1. No apodization was applied to
n were multiplied by a Gaussian function corresponding to 100 Hz of line
d for each t1 increment. The experimental acquisition parameters were
and 8 s recycle delay.
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amount of experimental time; with judicious choices of the
processing parameters Def and Lambda the spectra are not
significantly distorted and the signal-to-noise ratios calcu-
lated using standard NMR processing software are
increased. In our experience, the choice of Def should be
similar to the noise level, and both the values and their
ratios need to be varied while monitoring the quality of
the resulting spectra to avoid those combinations of Def
and Lambda that result in added noise or folded peaks [2].

2.2. MaxEnt and non-linear ‘‘sampling’’ in the direct

dimension (t2)

It is also possible to improve the signal-to-noise ratios of
one-dimensional NMR spectra and to obtain additional
gains in multidimensional spectra by applying non-linear
sampling and MaxEnt reconstruction to the data acquired
in the direct dimension. This relies on the differential effects
of MaxEnt reconstructions on the signals and the noise
when applied to different non-linear sampling schedules.
Obviously, the time devoted to signal averaging is not
going to be reduced by the non-linear sampling of experi-
mental data points in the direct dimension, and this is
not done. Instead, sub-sets of data points are selected from
a linearly sampled experimental data set, and these artifi-
cially non-linearly sampled time domain data sets are then
separately subjected to MaxEnt reconstruction to generate
multiple frequency domain spectra.

The results shown in Figs. 1 and 2 demonstrate that it is
feasible to select processing parameters for MaxEnt recon-
struction of non-linearly sampled data, regardless of the
number of data points (provided that it is not too small
of a number), that yield spectra with signal-to-noise ratios
higher than those resulting from Fourier transformation.
These results also demonstrate that the reconstruction of
non-linearly sampled data yield signals with properties,
i.e., frequencies, intensities, phases, line widths, etc., that
are very similar to those resulting from Fourier transfor-
mation of linearly sampled data sets. Significantly, the
properties of the noise can be quite different in spectra
reconstructed from different sub-sets of data extracted
from the same original complete data set, and it is this fea-
ture that provides additional opportunities for data manip-
ulation and improving the signal-to-noise ratio.

The signals resulting from MaxEnt reconstruction of
differently sampled data sets have the same properties
and, therefore, are coherent; however, the noise can have
different properties, and is incoherent for many but not
all combinations of numbers of points and non-linear sam-
pling schedules of the time domain signals. The co-addition
of frequency domain spectra where the signals are coherent
and noise incoherent provided the basis for the earliest
form of signal averaging in continuous wave NMR spec-
troscopy using the computer of average transients (CAT)
[20,21]. The same principle can be extended to the co-addi-
tion of spectra obtained by MaxEnt reconstruction of dif-
ferent non-linearly sampled data sets. By generating
multiple non-linearly sampled time domain data sets from
a single linearly sampled experimental free induction decay,
it is possible to perform virtual signal averaging through
computation without adding to the total amount of time
devoted to signal averaging.

The procedure for virtual signal averaging consists of
acquiring one linearly sampled free induction decay, which
would yield a spectrum by either Fourier transformation or
MaxEnt reconstruction with an inadequate signal-to-noise
ratio. Non-linearly sampled sub-sets of data are extracted
from the complete data set corresponding to the free induc-
tion decay, the data sets are individually subjected to Max-
Ent reconstruction, the noise is examined to ensure that it
is uncorrelated with that of the other spectra already select-
ed, and then the spectra are added. The process is repeated
until the signal-to-noise ratio is adequate for measurement
of the spectral parameters of interest.

The application of MaxEnt reconstruction to one-di-
mensional spectra illustrated in Fig. 3 explicates the princi-
ples of virtual signal averaging. All of the results are
derived from the experimental free induction decay in
Fig. 3A, which was acquired by cross-polarization [22] on
the same single crystal sample of N-acetyl-leucine used to
obtain the results shown in Fig. 1. When processed by Fou-
rier transformation, the one-dimensional spectrum in
Fig. 3B results. There are only three signals because two
of the resonances have the same 15N chemical shift frequen-
cy at this orientation of the crystal in the magnet. Equiva-
lent 100 ppm segments of noise are expanded above and
offset to the right of the spectra.

The dots in Fig. 3C represent the 465 digitized data
points in the experimental free induction decay (Fig. 3A).
When all of these data are subjected to Fourier transforma-
tion, the spectrum in Fig. 3B results; when the same data
are subjected to MaxEnt reconstruction, the spectrum in
Fig. 3D results. All of the spectral properties of both the
signals and the noise in the spectra derived from the com-
plete (465 points) linearly sampled time domain data by
Fourier transformation (Fig. 3B) and by MaxEnt recon-
struction (Fig. 3D) are essentially identical. For this exam-
ple, the processing parameters were chosen so that the pairs
of spectra in Fig. 3 (B (19:1) and D (19:1), and F (30:1), and
H (33:1)) have similar signal-to-noise ratios. The difference
spectrum in Fig. 3J, obtained by subtracting the spectrum
in Fig. 3D from that in Fig. 3B, is plotted on the same ver-
tical scale, and demonstrates that there are only very small
differences between the spectra. Close inspection of the
amplitudes and phases of the expanded regions of noise
in Figs. 3B and D reveal minimal differences; significantly,
the signal peaks are very similar in these two spectra, and
subtract nearly completely. These comparisons demon-
strate that spectra obtained by either Fourier transforma-
tion or MaxEnt reconstruction of the same linearly
sampled time domain data set are essentially identical in
all regards. In contrast, the spectra in Figs. 3F and H,
which resulted from MaxEnt reconstruction of different
sub-sets of the same time domain data, are similar but



Fig. 3. Data processing in the direct dimension. (A) Experimental 1H decoupled 15N free induction decay obtained by cross-polarization from a single
crystal of 15N-acetyl-leucine obtained at 750 MHz. The experimental acquisition parameters were four scans, 62.5 kHz 1H B1 field, 1 ms cross-polarization
mix time, and 6 s recycle delay. The sweep width was 100 kHz. Five hundred and twelve complex data points were collected, but only 465 are available for
processing and are shown in (A) because of the effects of the digital filters. (B) Spectrum obtained by Fourier transformation of the data in (A). (C)
Representation of the free induction decay in (A) using dots for the digitized data points. (D) Spectrum obtained by MaxEnt reconstruction of the data in
(A). (E) Dots representing 200 non-linearly sampled data points taken from (C). (F) Spectrum obtained by MaxEnt reconstruction of the data in (E). (G)
Same as (E) only with a different sampling schedule. (H) Spectrum obtained by MaxEnt reconstruction of the data in (G). An expanded 100 ppm noise
region is offset above and to the right of each of the spectra in (B), (D), (F), and (H). (I) The ‘‘sum’’ spectrum obtained by adding spectra (B) and (D). (K)
The ‘‘sum’’ spectrum obtained by adding spectra (F) and (H). (J) The ‘‘difference’’ spectrum obtained by subtracting (D) from (B). (L) The ‘‘difference’’
spectrum obtained by subtracting (H) from (F). The signal-to-noise ratios for the strongest peaks are: (B) 19:1, (D) 19:1, (I) 19:1, (F) 30:1, (H) 33:1, and
(K) 39:1.
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not identical; in particular, the signals are the same but the
noise is different in the two spectra.

The dots displayed in Figs. 3E and G represent two dif-
ferent sub-sets of the data in Fig. 3C. They were obtained
by selecting 200 points out of the full 465 point data set
shown in Fig. 3C. The points near the beginning of the free
induction decay are sampled more densely than those
acquired at later times, reflecting the quasi-exponential
weighting of the otherwise random sampling schedules
selected using the ‘‘sampsched’’ function in the NMR Tool-
kit for the experimental sweep width. The signals in Figs.
3F and H, which result from MaxEnt reconstruction of
the data in Figs. 3E and G, respectively, have very similar
amplitudes, phases, and frequencies. The noise is quite dif-
ferent in these two spectra, as can be seen by close inspec-
tion of the expanded noise regions and the difference
spectrum in Fig. 3L obtained by subtracting the spectrum
in Fig. 3H from that in Fig. 3F. Note that neither of the
two different spectra in (Figs. 3J and L) has significant sig-
nal intensity, but that the one in Fig. 3L has much larger
noise intensity than the one in Fig. 3J. This demonstrates
that the signals are highly correlated in both pairs of spec-
tra; the noise is correlated when the full data set is pro-
cessed, by either Fourier transformation or MaxEnt
reconstruction; and the noise is uncorrelated when different
non-linearly sampled data sub-sets are processed, which
can only be done with MaxEnt reconstruction because of
the non-linear distribution of data points.

The correlation of noise between pairs of spectra is
shown graphically in Fig. 4. The data from two pairs of
expanded noise regions in Fig. 3 are plotted. The noise in
the spectra in Figs. 3B and D has a very high correlation
coefficient of 0.98 as shown by the correlation plot in
Fig. 4A. This is consistent with the small amplitudes
observed in the difference spectrum in Fig. 3J. In contrast,
the noise in the spectra in Figs. 3F and H has a very low
correlation coefficient of 0.00005, and this is apparent in
both the correlation plot in Fig. 4B and the difference spec-
trum in Fig. 3L.

The differences in the pair wise correlations of the noise
are also evident in the comparisons of the ‘‘sum’’ spectra in
Figs. 3I and K obtained by adding the spectra in Figs. 3B
and D and those in Figs. 3F and H, respectively. Both sig-
nals and noise in the spectrum in Fig. 3I have twice the
intensity as those in either Figs. 3B or D, as expected from
the addition of two highly correlated spectra. The signals in
the spectrum (Fig. 3K) obtained by addition of the spectra
in Figs. 3F and H are also twice as intense as those in either
of the two contributing spectra, however, the noise peaks
are only somewhat more intense than those in either of
the contributing spectra. The comparison between the
two ‘‘sum’’ spectra (Figs. 3I and K) is highly pertinent; it



Fig. 4. Correlation plots of the expanded noise regions from the spectra in
Fig. 3. The intensity of each data point is plotted versus that of the same
point in the spectra that are being compared. The points are selected in
order from left to right in the expanded noise regions. (A) Correlation plot
for the spectra in Fig. 3B (y axis) and 3D (x axis). The correlation
coefficient of 0.98 indicates that the noise is very highly correlated in these
two spectra. (B) Correlation plot for the spectra in Fig. 3F (y axis) and 3H
(x axis). The correlation coefficient of 0.00005 indicates that the noise is
uncorrelated in these two spectra.
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demonstrates that the correlated noise peaks add the same
way signals do, and as a result the signal-to-noise ratios of
the spectra in Figs. 3B, D, and I are identical (19:1). In con-
trast, the addition of spectra with uncorrelated noise gives
a somewhat reduced noise level compared to the signals,
resulting in a net improvement in the signal-to-noise ratio
in the spectrum in Fig. 3K (39:1) compared to that in Figs.
3F (30:1) or 3H (33:1). This demonstrates that when multi-
ple spectra with correlated signals and uncorrelated noise
generated from the same time domain data are added;
the signal-to-noise ratio is improved, as in conventional
signal averaging.

The application of MaxEnt reconstruction methods to
both dimensions of experimental PISEMA data with atten-
dant improvements in the signal-to-noise ratio is illustrated
in Fig. 5 using data obtained from a single crystal of N-ac-
etyl leucine at a different orientation than that used for the
data in Figs. 1 or 3. The two-dimensional spectrum in
Fig. 5A resulted from conventional Fourier transformation
of linearly sampled data in both dimensions. Spectral slices
through the largest and smallest peaks in the chemical shift
frequency dimension are shown, along with expansions of
noise regions. The spectrum in Fig. 5B resulted from the
application of MaxEnt reconstruction to a non-linearly
sampled data set in the indirect dimension and Fourier
transformation of the free induction decay in the direct
dimension. The spectrum in Fig. 5C resulted from a combi-
nation of MaxEnt reconstruction of non-linearly sampled
points in t1 and virtual signal averaging in the direct dimen-
sion. No apodization was applied to the data in either the
indirect or direct dimensions. The gains in signal-to-noise
ratios of the peaks are apparent in the spectral slices. There
are little or no changes in line widths or frequencies of the
resonances. There are some changes in relative intensities,
however, even the weakest peaks have better signal-to-
noise ratios than with conventional Fourier transformation
in both dimensions (Fig. 5A) or a combination of MaxEnt
in the indirect dimension and Fourier transformation in the
direct dimension (Fig. 5B). We find that the suppression of
weak peaks is less severe with when MaxEnt reconstruction
is used in both dimensions than it is with MaxEnt recon-
struction in t1 and Fourier transformation in t2. As a result,
this approach to data processing may prove useful in appli-
cations where weak peaks need to be detected in the pres-
ence of strong peaks, in addition to its role in improving
signal-to-noise ratios.

The application of MaxEnt reconstruction in t1 and vir-
tual signal averaging in t2 to PISEMA data of a protein is
illustrated in Fig. 6. The sample is the trans-membrane
domain of Vpu labeled with 15N in 20 of the 36 residues.
The protein is magnetically aligned in ‘‘unflipped’’ bicelles.
The spectrum in Fig. 6A, obtained by Fourier transforma-
tion in both dimensions has an overall signal-to-noise ratio
of 177:1. By contrast, the spectrum in Fig. 6B obtained by
MaxEnt reconstruction in t1 and virtual signal averaging in
t2 has an overall signal-to-noise ratio of 6206:1. These
improvements in signal to noise are mirrored in the one-di-
mensional spectral slices extracted at the dipolar coupling
frequency marked with the arrows. Also, the MaxEnt
reconstruction in the indirect dimension eliminates the
truncation artifacts (sinc distortions in the baseline) associ-
ated with the intense narrow side chain resonance near
75 ppm, as previously noted by Hoch and Stern [2].
Although there are differences in the relative intensities of
overlapping resonances, the resolution and overall appear-
ance are similar in the spectra generated from the same
experimental data by conventional Fourier transformation
in both dimensions (Fig. 6A) and by the application of
MaxEnt in both dimensions (Fig. 6B).

3. Discussion

The application of MaxEnt reconstruction to PISEMA
spectra provides substantial improvements in the sensitivity
of the experiment. The examples in this article are limited
to two-dimensional PISEMA spectra of a single crystal of



Fig. 5. Two-dimensional PISEMA spectra of a single crystal of 15N-acetyl-leucine obtained at 750 MHz. (A) Spectrum obtained by Fourier
transformation of 128 linearly sampled t1 points that were acquired in 43 min. (B) Spectrum obtained by MaxEnt reconstruction of 48 non-linearly
sampled t1 points acquired in 16 min. (C) Spectrum obtained by MaxEnt reconstruction of the same data as in (B) and the application of virtual signal
averaging to the data in the direct dimension. No apodization was applied to the data in the indirect (t1) dimension. The direct (t1) dimension data in (A)
and (B) were multiplied by a Gaussian function corresponding to 100 Hz of line broadening followed by Fourier transformation. No apodization was
applied to the direct (t2) dimension data in (C). Four scans were acquired for each t1 increment. The experimental acquisition parameters were 45.45 kHz
1H B1 field, 1 ms cross-polarization mix time, 5 ms acquisition time, and 5 s recycle delay. The arrows indicate slices taken through the strongest and
weakest peak in the spectra. The sweep widths were 50 kHz in the direct dimension (t2) and 27.8 kHz in the indirect dimension (t1). The signal-to-noise
ratios for the strongest and weakest peaks, respectively, are: (A) 199:1 and 47:1, (B) 870:1 and 25:1, and (C) 37000:1 and 1800:1.
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a model peptide and magnetically aligned proteins in sta-
tionary samples. Similar applications of MaxEnt recon-
struction can be applied to the variants of PISEMA that
have been developed and applied to single crystals, aligned
samples, and powders in stationary [5,23–28] and magic
angle sample spinning experiments [29–31]. In all cases,
non-linear sampling in indirect dimensions not only reduc-
es the duration of the experiment, but also has the addi-
tional benefit of reducing the impact of the high power
radiofrequency irradiations on the probe and sample.

MaxEnt can be applied in both the indirect and direct
dimensions. By selecting non-linearly sampled data sub-
sets from the complete linearly sampled free induction
decay, it is possible to perform virtual signal averaging to
further improve the signal-to-noise ratios without devoting
additional time to signal averaging. It also results in less
severe suppression of weak peaks in the presence of strong
peaks compared to the application of MaxEnt in only the
indirect dimension. The use of MaxEnt and in the indirect
and direct dimensions has the potential to lead to substan-
tial reductions in the total amount of experimental time
required for acquisition of data for multi-dimensional
NMR experiments.

4. Experimental

4.1. Samples

The single crystal sample of N-acetyl-leucine used in
these experiments has the dimensions of
3.0 · 2.5 · 1.0 mm. It was placed at arbitrary orientations
relative to the direction of the applied magnetic field, and
maintained at room temperature. Different orientations
of the crystal were used for the data in Figs. 1, 3, and 5.

The 50 mg/mL sample of 15N-labeled Pf1 bacteriophage
has been described previously [15]. The sample was main-
tained at 0 �C in a 5 mm glass tube in the solenoid coil of
the probe.

Samples of 15N-labeled membrane spanning domain of
Vpu in bicelles have been described previously [32]. In



Fig. 6. Two-dimensional PISEMA spectra of the trans-membrane domain of Vpu with 20 sites labeled with 15N in magnetically aligned ‘‘unflipped’’
bicelles obtained at 750 MHz. (A) Spectrum obtained by Fourier transformation of 64 linearly sampled t1 points that were acquired in 10.25 h. The data in
the direct dimension were processed with Gaussian multiplication corresponding to 100 Hz line broadening and Fourier transformation. (B) Spectrum
obtained by MaxEnt reconstruction of 28 non-linearly samples t1 points that were acquired in 4.5 h. Ninety-six scans were acquired for each t1 increment.
The processing of the data in the direct dimension is described in the Section 4. The experimental acquisition parameters were 49.0 kHz 1H B1 field, 1 ms
cross-polarization mix time, 5 ms acquisition time, and 6 s recycle delay. The signal-to-noise ratios are: (A) 177:1, and (B) 6206:1. The offset noise region in
(B) is expanded forty fold in the vertical dimension.
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the sample used to obtain the data in Fig. 6, 20 of the 36
residues were labeled with 15N.

4.2. NMR experiments

The experimental data in Fig. 1 were obtained on a spec-
trometer with a 1H resonance frequency of 700 MHz con-
sisting of a Bruker Avance console, a Magnex 700/62
magnet, and a home-built lumped-element probe with a
5 mm ID solenoid coil double-tuned to the 1H and 15N res-
onance frequencies. The experimental data in Figs. 2, 3, 5,
and 6 were obtained on a spectrometer with a 1H resonance
frequency of 750 MHz consisting of a Bruker Avance con-
sole, a Magnex 750/54 magnet, and a home-built lumped-
element probe with a 5 mm ID solenoid coil double-tuned
to the 1H and 15N resonance frequencies. SPINAL-16 het-
eronuclear decoupling was used in all experiments during
data acquisition [33,34].

4.3. Data processing

All of the spectra were processed using the NMR Tool-
kit (www.rowland.org/rnmrtk/toolkit.html). All of the
reconstructions used exponentially weighted schedules gen-
erated using the ‘‘sampsched’’ function with 200 Hz of line-
width and the actual sweep widths as input; it was also used
to select the non-linear schedules for acquisition of experi-
mental data as well as to select the sub-sets of data extract-
ed from complete linearly sampled data sets.

The examples of applying MaxEnt reconstruction to
data in the direct dimensions in Figs. 5 and 6 used a start-
ing data set with 512 complex data points. The non-linearly
sampled data sets contained 200 points. The sweep width
and linewidth input into the ‘‘sampsched’’ function were
varied, and 240 new data sets were generated. The correla-
tion function was calculated for the noise in each spectrum
relative to that in the starting spectrum and the intermedi-
ate summed spectra. Approximately 10% of these were
found to have correlation coefficients <0.1, which were
then subjected to a second filter, and that was to add each
of these spectra one at a time to the previously added spec-
tra and calculate the signal-to-noise ratio; only those that
improved the signal-to-noise ratio were retained. For dem-
onstration purposes, the 12 best data sets were added
together to yield the spectrum in Fig. 5C. These same
twelve schedules were then applied to the protein data
shown in Fig. 6. The second level of checking of signal-
to-noise ratios was carried out, and eight of the data sets
were found to improve the signal-to-noise ratio and were
co-added to give the results shown in the figure.

The signal-to-noise ratios of the two-dimensional spec-
tra were calculated in Sparky (www.cgl.ucsf/home/
Sparky/), and in MatLab (www.mathworks.com/prod-
ucts/matlab/) for one-dimensional spectra using the same
definition. The signal-to-noise ratio is defined as the ampli-
tude of the selected peak (or maximum peak) divided by
the standard deviation of the noise.
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