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Despite their advantages in analysis, 4D NMR experiments are still infrequently used as a routine tool in
protein NMR projects due to the long duration of the measurement and limited digital resolution.
Recently, new acquisition techniques for speeding up multidimensional NMR experiments, such as non-
linear sampling, in combination with non-Fourier transform data processing methods have been pro-
posed to be beneficial for 4D NMR experiments. Maximum entropy (MaxEnt) methods have been
utilised for reconstructing nonlinearly sampled multi-dimensional NMR data. However, the artefacts aris-
ing from MaxEnt processing, particularly, in NOESY spectra have not yet been clearly assessed in compar-
ison with other methods, such as quantitative maximum entropy, multidimensional decomposition, and
compressed sensing.

We compared MaxEnt with other methods in reconstructing 3D NOESY data acquired with variously
reduced sparse sampling schedules and found that MaxEnt is robust, quick and competitive with other
methods. Next, nonlinear sampling and MaxEnt processing were applied to 4D NOESY experiments,
and the effect of the artefacts of MaxEnt was evaluated by calculating 3D structures from the NOE-
derived distance restraints. Our results demonstrated that sufficiently converged and accurate structures
(RMSD of 0.91 Å to the mean and 1.36 Å to the reference structures) were obtained even with NOESY
spectra reconstructed from 1.6% randomly selected sampling points for indirect dimensions. This sug-
gests that 3D MaxEnt processing in combination with nonlinear sampling schedules is still a useful
and advantageous option for rapid acquisition of high-resolution 4D NOESY spectra of proteins.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

For the structure determination of small to medium size pro-
teins by solution NMR, 3D NOESY experiments are usually ana-
lysed for the collection of NOE-derived distance restraints, even
though assignment ambiguity due to degeneracy of 1H resonances
remains for one of the 1H dimensions. Further separation of the
ambiguous 1H dimension with the chemical shifts of directly
bound 13C or 15N nuclei in 4D spectra is a straightforward way to
resolve the degeneracy. However, 4D NOESY experiments are less
commonly used due to the long duration of the measurement
and limited digital resolution in indirectly observed dimensions
because generally insufficient data points are acquired in order
to keep the measurement time manageable. It would therefore
be advantageous to be able to measure 4D NOESY spectra with
good digital resolution in affordable measurement time.

NMR spectroscopy is an inherently insensitive technique, thus
new acquisition schemes for speeding up multidimensional NMR
experiments are demanded for dramatic improvements in both sen-
sitivity and resolution. Among the various approaches, nonlinear
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sampling for indirectly acquired dimensions (also called non-uni-
form sampling or sparse sampling) [1–3] has been shown to be a
robust technique. The effect of reduced sampling schemes on struc-
ture determination has also been assessed [4].

Since discrete Fourier transform (FT) cannot be used for pro-
cessing sparsely sampled data, maximum entropy (MaxEnt) [5,6]
has been used as an alternative for more than 20 years. Recently,
multi-dimensional decomposition (MDD) [7], non-uniform Fourier
transform [8,9] and forward maximum-entropy reconstruction
[10,11] have been proposed. More recently, lp-norm (0 < p 6 1)
minimisation referred to as compressed sensing (CS) was intro-
duced to the NMR field [12,13]. We have reported an extended ver-
sion of MaxEnt based on the MemSys5 package [14], quantitative
maximum entropy (QME) [15]. For the reconstruction of 4D NMR
spectra, MDD [16], CLEAN [17,18], MaxEnt [19,20], and iterative
soft thresholding (IST) [21] have been applied.

One of the major criticisms to non-FT methods is their question-
able reliability in reproducing cross peaks with proper signal inten-
sity, especially in the case of signals with a wide dynamic range as
in NOESY-type experiments. However, it has not yet been clearly
compared the quality of ‘‘classical’’ MaxEnt processing in NOESY
spectra with that of other methods.

In this report, we applied MaxEnt processing to 3D 15N-sepa-
rated and 13C-separated NOESY of a small protein, the Thermus
thermophilus HB8 TTHA1718 gene product, and compared its reli-
ability in reproducing accurate signal intensity from nonlinearly
sampled data with the alternative approaches MDD, CS, and
QME. In addition, we employed a nonlinear sampling scheme in
4D 13C/15N-separated and 13C/13C-separated NOESY of TTHA1718
and assessed the quality of MaxEnt processing on these 4D NOESY
data by calculating 3D structures from the NOE-derived distance
restraints obtained from the reconstructed spectra.

2. Materials and methods

2.1. Sample preparation and NMR spectroscopy

The expression and purification of 13C/15N-labelled TTHA1718
were performed as described previously [22]. The final 13C/15N-
TTHA1718 fractions were concentrated to approximately 1.0 mM
and dissolved in M9 medium containing 10% D2O for NMR lock.

NMR experiments were performed at 37 �C probe temperature
in a triple-resonance cryoprobe fitted with a z-axis pulsed field gra-
dient coil, using a Bruker Avance 600 MHz spectrometer. The 3D
15N-separated and 13C-separated NOESY experiments were mea-
sured with 80 ms NOE mixing time and a total of 512 (t3, 1H acqui-
sition) � 128 (t1, 1H) � 32 (t2, 15N or 13C) complex points. The 4D
13C/15N-separated and 13C/13C-separated NOESY experiments were
measured with 8 transients, a 200 ms NOE mixing time and a total
of 512 (t4, 1HN acquisition) � 32 (t1, 1H) � 24 (t2, 13C) � 8 (t3, 15N)
and 512 (t4, 1H acquisition) � 24 (t1, 1H) � 20 (t2

13C) � 18 (t3
13C)

complex points, respectively. The total measurement times for
the 4D 13C/15N-separated and 4D 13C/13C-separated NOESY experi-
ments were 5.7 and 6.4 days, respectively. These 3D and 4D NOESY
data are henceforth referred to as ‘‘reference’’ data.

In order to achieve nonlinear sampling, the pulse sequences
were modified according to the procedure reported by Rovnyak
et al. [3]. The pulse programs with conventional and nonlinear
sampling and the VC list generator program are available from
the corresponding author.

2.2. Preparation of various data sets with conventional and nonlinear
sampling

For the evaluation of the artefacts arising from the employment
of nonlinear sampling and MaxEnt processing, data sets with
various randomly sampled points in the indirect dimensions were
prepared from the reference 3D and 4D NOESY data. For the non-
linearly sampled data, sampling schemes were generated using
an in-house program. Six steps for random reduction of sampling
points, 1/2, 1/4, 1/8, 1/16, 1/32 and 1/64, were generated for 3D
NOESY experiments, while seven steps of sampling points, 1/2,
1/4, 1/8, 1/16, 1/32, 1/64 and 1/128 were generated for 4D NOESY
experiments. In order to assess the deviation due to the selected
sampling points, three different sampling schedules were gener-
ated from different random seeds for each random reduction step.
Next, new data sets were concatenated by rearranging the raw data
based on the schedules. These 3D and 4D NOESY data are hence-
forth referred to as ‘‘nonlinearly sampled’’ data.

For comparison, conventionally (linearly) sampled 4D 13C/15N-
separated and 4D 13C/13C-separated NOESY data sets with reduced
numbers of data points were also prepared corresponding to
approximately 1/2, 1/4, 1/8, 1/16, 1/32 and 1/128 of the reference
data sets. These 4D NOESY data are henceforth referred to as ‘‘line-
arly sampled’’ data. The parameters, e.g. total number of data points
for all indirect dimensions, are described in Supplementary Table S1.

2.3. Data processing and spectral analysis

The reference, nonlinearly sampled and linearly sampled 3D and
4D NOESY data were processed with 2D and 3D MaxEnt, respec-
tively, on LINUX-PCs using the AZARA 2.7/2.8 software suite (W.
Boucher, http://www.bio.cam.ac.uk/azara/). Consequently, 3D
NOESY spectra were produced with 512 (F3, 1H) � 512 (F1,
1H) � 128 (F2, 13C or 15N) data points, and 4D 13C/15N-separated
NOESY and 4D 13C/13C-separated NOESY spectra were produced
with 512 (F4, 1HN) � 128 (F1, 1H) � 128 (F2, 13C) � 64 (F3, 15N), and
480 (F4, 1H) � 128 (F1, 1H) � 128 (F2, 13C) � 128 (F3, 13C) data points,
respectively. The duration of 3D MaxEnt processing depends upon
the number of iterations, the sizes of both input and output data,
etc. Typically the processing took 10–20 min for 3D 13C/15N-sepa-
rated NOESY and 6–16 h for 4D 13C/13C-separated NOESY data using
a LINUX-PC with a 3.4 GHz Intel Core i7-4770 CPU. In addition, the
‘‘reference’’ 3D and 4D spectra were also processed with conven-
tional FT on Azara for all dimensions. For 4D Fourier transform, lin-
ear prediction was utilised for the indirect dimensions.

In order to assess the quality of MaxEnt-processed 3D NOESY
data, MDD, CS [with IST and iteratively reweighted least-squares
(IRLS) algorithms], and QME processing were employed for
comparison.

The MDD and CS processings were performed by the MDDNMR
software [23] on the nmrPipe [24] platform. After processing the
directly acquired dimension (t3) by FT using nmrPipe, MDD and
CS calculations were performed by employing the standard param-
eters used in the example scripts of the software, and 3D interfer-
ograms were reconstructed with 256 (t1) � 64 (t2) complex points
for the indirect dimensions. The indirect dimensions were then
apodised, zero-filled (�2) and processed with FT.

The QME processing was performed by a C-language program
after processing the directly acquired dimension (t3) by FT using
Azara.

All spectra were visualised and analysed on LINUX-PCs with the
combination of customised macro programs on the OpenGL-ver-
sion of ANSIG 3.3 software [25,26] and the CcpNmr Analysis
2.2.2 software [27]. Peak positions were identified using the auto-
mated peak picking algorithm of Azara.

2.4. Structure calculation

The structure calculations were performed with the program
CYANA [28] version 3.0 using automated NOE assignment [29]
and torsion angle dynamics for the structure calculation [30].

http://www.bio.cam.ac.uk/azara/
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Assigned peak lists were converted from ANSIG into XEASY format
as input data for the structure calculation. Backbone dihedral angle
restraints obtained from chemical shifts with the program TALOS
[31] were added to the input for CYANA. Structure calculations
were performed simultaneously on 20 processors of a Linux cluster
system with 3.07 GHz Intel Core i7-950 processors.

3. Results

3.1. Comparison of various methods for the reconstruction of 3D
NOESY spectra

The comparison of a representative F1(1H)–F2(15N or 13C) slice
between the 3D NOESY spectra reconstructed by various methods
are shown in Supplementary Figs. S1 (3D 15N-separated NOESY)
and S2 (3D 13C-separated NOESY). The root mean square error
(RMSE) of the peak intensities against the spectra processed from
the reference data by FT was employed for the validation of the
spectra with the number of sampling points systematically
reduced from 1/2 to 1/16 (Fig. 1). Since the number of picked peaks
decreased with the reduction of sampling points, the RMSEs con-
verged for all the methods to nearly identical values, �0.3 and
�0.2 in 13C- and 15N-separated NOESY, respectively. These results
show that the spectra processed by MaxEnt and QME had slightly
better quality than those processed by MDD or IST, over almost the
entire range of sampling data points. The IRLS-processed 15N-sep-
arated NOESY spectra were better than those of MaxEnt and QME
in the cases of all and 1/2 data points. QME somewhat outper-
formed MaxEnt, which is considered to be the effect of automatic
estimation of the Lagrange multiplier, k, in QME. On the other
hand, in all cases the standard deviations were rather large and
with overlap of the distributions of the data from the different
methods, which required to evaluate the statistical significance
of the spectrum qualities among them. Statistical hypothesis test-
ing was thus performed by three standard approaches, the Student
and Welch t-tests, and the Wilcoxon rank-sum test, which were
selected according to normality and equality of variance. The p-val-
ues of the RMSEs with MaxEnt compared to MDD, IST and IRLS for
the 13C/15N-selected NOESY spectra with 1/4 data points were suf-
ficiently small for rejecting the null hypothesis that the two RMSEs
are equal, except for that of the 13C-separated NOESY spectra
between MaxEnt and IRLS, 0.244. These results show that, at least
in our evaluation criteria, the quality of the spectra by MaxEnt are
equivalent or even better than those from other processing meth-
ods. Hence MaxEnt can be one of the options for the reconstruction
of 3D NOESY spectra even at present.
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Fig. 1. The quality of the reconstructions of 15N- (A) and 13C- (B) separated NOESY spectra
(purple), and IST (light blue). The RMSE, shown on logarithmic scale, are the root-mean-s
FT-processed reference data. The lines, and up and down arrow marks show the average a
references to colour in this figure legend, the reader is referred to the web version of th
3.2. 3D MaxEnt processing of the reference 4D NOESY data

3D MaxEnt processing of the two reference 4D NOESY spectra of
TTHA1718 was performed, and nicely separated 4D spectra were
obtained and analysed. On the basis of the collected NOE-derived
distance restraints and with/without TALOS-derived backbone u/
w dihedral angle restraints the 3D structures of TTHA1718 were cal-
culated three times repeatedly with different seed values (Supple-
mentary Table S2). The average of these three runs showed well-
converged ensemble of structures with a backbone root mean
square deviation (RMSD) of 0.32 ± 0.01 Å (with dihedral angle
restraints) to the mean coordinates, and is similar to the structure
that was determined previously [22] with a backbone RMSD of
0.57 ± 0.02 Å (with dihedral angle restraints), indicating that the
NOE cross peaks in the reference 4D NOESY spectra are sufficient
for the 3D structure calculations with good accuracy and precession.
3.3. 3D MaxEnt processing of the nonlinearly sampled and linearly
sampled 4D NOESY data

Next nonlinearly sampled and linearly sampled 4D NOESY data
with various numbers of sampling points were processed and
analysed with the essentially identical protocols. Fig. 2 and Supple-
mentary Fig. S3 show the comparison of a representative F1(1H)–
F2(13C) slice between the spectra. Obviously, in the linearly sam-
pled spectra, line broadening of cross peaks becomes significant
with decreasing the number of sampled data points. In contrast,
in the nonlinearly sampled spectra, the line shaped remained sim-
ilar even with much reduced numbers of sampled data points.
3.4. Intensities of NOE cross peaks in the MaxEnt-processed 4D NOESY
spectra

Statistics of NOE-derived distance restraints collected for each
representative data set are summarised in Supplementary
Table S3. There was a tendency that the more data points were
omitted, the fewer number of NOE cross peaks were picked. Never-
theless, when comparing the nonlinearly sampled spectra versus
linearly sampled counterpart, more NOE cross peaks were observed
in the nonlinearly sampled spectra, and this difference became sig-
nificant when more data points were omitted. In order to examine
this tendency, intensities of NOE cross peaks from various MaxEnt-
processed 4D spectra were plotted against the intensity of the cor-
responding cross peaks in the reference spectra (Supplementary
Figs. S4–S7). Since the absolute intensity of cross peaks decreased
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Fig. 2. Schematic illustration of the conventional (A) and the nonlinear sampling schemes with 1/2 (B), 1/4 (C), 1/8 (D), 1/16 (E), 1/32 (F), 1/64 (G), and 1/128 (H) randomly
selected sampling points for t1, t2 and t3 indirect dimensions of the 4D 13C/15N-selected NOESY spectra. A representative F1(1H)–F2(13C) cross section at F4(1HN) = 7.68 ppm and
F3(15N) = 121.2 ppm was extracted and shown for the MaxEnt processed 4D 13C/15N-selected NOESY spectra reconstructed from the conventionally acquired reference data (I)
and the data with 1/2 (J), 1/4 (K), 1/8 (L), 1/16 (M), 1/32 (N), 1/64 (O), and 1/128 (P) randomly selected sampling points. Similarly, a representative F1(1H)–F2(13C) cross section
at F4(1H) = 6.74 ppm and F3(13C) = 117.85 ppm (aliased) was extracted and shown for the MaxEnt processed 4D 13C/13C-selected NOESY spectra reconstructed from the
conventionally acquired reference data (Q) and the data with 1/2 (R), 1/4 (S), 1/8 (T), 1/16 (U), 1/32 (V), 1/64 (W), and 1/128 (X) randomly selected sampling points.
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Fig. 3. Superpositions of the 20 final structures of TTHA1718 calculated from distance restraints obtained from 4D 13C/15N-separated and 13C/13C-separated NOESY data with
conventional sampling (A and I), and with the nonlinear samplings of 1/2 (B and J), 1/4 (C and K) 1/8 (D and L), 1/16 (E and M), 1/32 (F and N), 1/64 (G and O), and 1/128 (H and
P) randomly selected complex points for the indirect dimensions. The ensemble of structures shown in panels A–H (colour coded in blue) were calculated from the NOE-
derived distance restraints and TALOS-derived dihedral angle restraints, while the backbone dihedral angle restraints were excluded for the calculations of the structures
shown in panels I–P (colour coded in grey). The previously reported 20 final structures of TTHA1718 (PDB ID: 2ROE) calculated from the NOE-derived distance restraints from
the 3D 15N-separated and 13C-separated NOESY with the conventional sampling are shown in red for comparison. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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as the number of sampled data points was reduced, peak intensities
were normalised relative to the reference cross peaks for each spec-
trum by an overall normalisation factor given by the ratio of the
average logarithms of peak intensities in both spectra. Generally
speaking, the intensities of NOE cross peaks were fairly correctly
reproduced from the MaxEnt-processed data sets. However, for
weaker NOE cross peaks, the more data points were omitted, the
more underestimated were the intensities. This presumably caused
the drop of the numbers of picked NOE cross peaks in the spectra.

3.5. Structure calculations based on the NOE-derived distance
restraints obtained in the MaxEnt-processed 4D NOESY spectra

The effect of the artefacts arising by employing nonlinear sam-
pling and 3D MaxEnt processing to 4D NOESY spectra was evaluated
by calculating structures based on the NOE-derived distance
restraints obtained in the MaxEnt-processed 4D NOESY spectra
with various reduced numbers of sampling points. The calculations
were performed with essentially the identical procedure as for the
reference data set. Fig. 3 and Supplementary Fig. S8 show the super-
imposed 20 final conformers calculated from the NOE-derived dis-
tance restraints obtained in the MaxEnt-processed 4D NOESY
spectra from nonlinearly sampled and linearly sampled data,
respectively. The effect of adding backbone dihedral angle restraints
from TALOS analysis was also compared in the figures. Structural
statistics are summarised in Supplementary Tables S4–S7. Corre-
lated with the decrease of the numbers of NOE cross peaks used,
there was a tendency that the more data points were omitted, the
less the ensembles of final structures converged. Backbone RMSD
to the averaged coordinates of the reference structures increased
for the structures calculated from the spectra reconstructed from
much reduced numbers of sampling points. As was mentioned
above, the intensities of relatively weaker NOE cross peaks were
underestimated in the spectra reconstructed from the data with
much reduced data points. In addition, there is a tendency that
long-range NOEs, which are essential for the definition of the proper
protein fold, are generally weaker than intra-residual and sequen-
tial NOEs. Therefore, it can be concluded that the reduction of sam-
pling points decreased the relative percentage of long-range
structural restraints, thus ultimately increasing the backbone RMSD
to the reference structures. Nevertheless, we emphasise that, with
the same number of data points, the convergence of the final struc-
tures from nonlinearly sampled data were much better than from
linearly sampled data. Even with 1/64 data points, the MaxEnt-pro-
cessed spectra could provide structures with fairly good agreement
(backbone RMSD of 1.36 Å to the reference coordinates) with the
reference structure and with reasonable precision (backbone RMSD
of 0.91 Å to the average coordinates).
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4. Discussion

The comparison of various processing methods showed that the
classical MaxEnt is still a robust, quick and competitive way to
reconstruct 3D NOESY spectra. It is also remarkable that 3D
MaxEnt successfully reconstructed 4D NOESY, particularly the 4D
13C/13C-NOESY spectra. 4D 13C/13C-NOESY spectra have large diag-
onal (self-correlated) cross peaks, and their large dynamic range in
peak intensity have been thought to be problematic for MaxEnt
processing.

The main artefacts arising from nonlinear sampling and non-FT
processing were deviations of peak intensities, the loss of original
cross peaks, and the emergence of false signals. The second prob-
lem is, to a certain extent, inevitable when utilising nonlinear sam-
pling, since the reduction of total acquisition time causes a
decrease of the signal-to-noise ratio of the data. The third problem
is not likely to have happened since the MaxEnt iteration process
with Azara starts from a ‘‘flat’’ spectrum. And even if it happened
the false peak problem may not be significant because the
automated NOE assignment algorithm implemented in CYANA
excludes ‘‘orphan’’ artefact cross peaks. The first problem, the devi-
ation of intensities for NOE cross peaks from their ‘‘real’’ values, is
usually not harmful for structure calculations, since the NOE inten-
sities are generally interpreted as distance restraints with conser-
vatively set upper distance bounds. Because of the inverse sixth
power intensity-to-distance relationship the relative error of the
upper distance bounds is only one sixth of the relative error of
the cross peak intensities. Indeed, structure calculations from dis-
tance restraints for which the ±100% errors were introduced to the
intensity of NOE cross peaks showed no significant changes in the
structures (Supplementary Fig. S9 and Supplementary Table S8).
From this point of view 3D MaxEnt is still a valuable option for
the processing of nonlinearly sampled 4D NOESY data. However,
the mis-calibration of intensities started having a significant effect
to decrease the numbers of picked NOE cross peaks in the case of
much reduced data points, e.g. in the case of 1/128 random
sampling points, thereby affecting the accuracy of the calculated
structures. Nevertheless, we emphasise that 4D NOESY with
nonlinear sampling is very advantageous to rapid determination
of accurate global folds, particularly for cases suffering from short
sample life times or low sensitivity.
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