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Sampling Scheme and Compressed Sensing Applied to Solid-
State NMR Spectroscopy

Eugene C. Lin and Stanley J. Opella*

Department of Chemistry and Biochemistry, University of California, San Diego, La Jolla,
California 92093-0307

Abstract
We describe the incorporation of non-uniform sampling (NUS) compressed sensing (CS) into
Oriented Sample (OS) Solid-state NMR for stationary aligned samples and Magic Angle Spinning
(MAS) Solid-state NMR for unoriented ‘powder’ samples Both simulated and experimental results
indicate that 25% to 33% of a full linearly sampled data set is required to reconstruct two-and
three-dimensional solid-state NMR spectra with high fidelity. A modest increase in signal-to-noise
ratio is accompanies the reconstruction.

Introduction
NMR spectroscopy has intrinsically low sensitivity. As a result, long periods (days – weeks)
of signal averaging are often required to obtain signals in multidimensional experiments on
proteins and other biopolymers that can be confidently identified above the noise level.
However, progress is being made along several avenues to improve the sensitivity of the
NMR experiments and decrease the amount of time required for signal averaging, including
the use of very low probe and sample temperatures[1], dynamic nuclear polarization (DNP)
[2; 3], and shortening the recycle delay by reducing T1 of the detected magnetization[4].
However, these approaches may be inapplicable to some samples, especially proteins and
their complexes, because of the destabilizing and denaturing effects of adding chemicals or
freezing the samples. For example, membrane proteins must reside in liquid crystalline
phospholipids under physiological conditions of temperature and pH in order to function and
adopt their native structures. Alternatively, several spectroscopic approaches generally
referred to as non-uniform sampling (NUS) are being developed to improve sensitivity that
do not require perturbation of the sample or its environment [5].

The most general approach to increasing the efficiency of NMR experiments is to acquire
less data. Either lengthening the sampling interval or truncating the acquisition time in the
indirect dimensions can reduce the experimental time, but at the cost of lower resolution or
aliasing of signals. Here we describe a NUS scheme that consists of random sampling grids
that can minimize these disadvantages for applications to solid-state NMR of stationary,
aligned samples as well as unoriented ‘powder’ samples undergoing magic angle spinning.
The archetypical examples are single-and poly-crystalline samples of small molecules, such
as model peptides. However, our primary motivation is to improve the sensitivity of
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structure determination proteins in biological supramolecular assemblies, such as virus
particles and membranes using orientated samples (OS) solid-state NMR and rotationally
aligned (RA) solid-state NMR, which involve stationary and spinning experiments,
respectively.

The free induction decays (FIDs) are the directly or indirectly observed time dependent
signals that decrease in intensity over time due to relaxation. Traditionally, the intensities in
the form of voltages at audio frequencies are measured at regular intervals in order to
accommodate the requirements of the fast Fourier transform algorithm, which enables the
analysis of signals in the frequency domain instead of the time domain where they are
acquired. The most commonly used approach to reducing the number of data points
collected in the indirect dimension of a multidimensional experiment is to perform
uniformly distributed random sampling, for example under-sampling the signal in the
indirect dimensions and reconstructing the spectra by numerical methods. Linear prediction
(LP)[6] and maximum entropy (MaxEnt)[7–10] are widely applied to multi-dimensional
NMR signal reconstructions, and recently maximum entropy interpolation (MINT)[11; 12]
has been applied successfully in MAS solid-state NMR experiments. LP extrapolation is
applicable when the signal-to-noise ratio is high or the signals are not highly truncated,
otherwise the signal processing creates artifacts or decreases resolution[9]. To avoid these
issues and provide high quality reconstructions, NUS and MaxEnt or MINT can be
combined. Other approaches are proposed to reconstruct the spectra without using entropy
as constraint, such as, projection-reconstruction (PR)[13; 14], multi-dimensional
decomposition (MDD)[15; 16], GFT[17], non-uniform Fourier transformation (nu-FT)[18],
spectroscopy by integration of frequency and time domain information (SIFT)[19–21],
among others. Compressed sensing (CS) [22–24], a method under rapid development in the
fields of imaging and signal reconstruction, has been successfully applied to MRI [25; 26].
Recent applications of CS in solution NMR experiments [27–31] have shown that it requires
less data than MaxEnt for comparable results, and has better performance on weak signals
[28]. Remarkably, this method has been used to reconstruct three-and four-dimensional
solution NMR data sets with only 0.8% sampling [31]. The underlying principle of CS is
that if the data set is sparse enough, then very limited information is sufficient to reconstruct
the whole data set with high fidelity. Consequently CS is well suited for NMR spectroscopy
because experimental NMR data can be treated as sparse, although there are significant
quantitative differences between the data from solution NMR and solid-state NMR
experiments. Here we describe the adaptation and steps towards optimization of CS for the
stationary sample and MAS solid-state NMR.

Non-uniformly distributed data sampling has several advantages. First of all, it can be
tailored to emphasize the early, more intense portion of the FIDs, where the signal-to-noise
ratios are the highest. Several schemes have been proposed for solution NMR conditions
[32–36]. Even though these methods are robust, they still have higher risks of distortions for
sampling the signals in solid-state NMR experiments due to the generally faster signal decay
in the time domain. Among these methods, the sine-weighted Poisson-gap sampling
method[34] appears to be closest to the requirements for solid-state NMR. Here we
demonstrate the effects of varying the most relevant parameters, such as the sampling
percentage, uniform sampling region, and the exponential decay weighting function in order
to tailor the NUS schemes for solid-state NMR experiments [36]. Sampling percentage
refers to the ratio of non-uniformly sampled points (Figure 1B) to the uniformly sampled
points (Figure 1A). The uniform sampling region is set in the beginning of the free induction
decays. An exponential decay weighting function modulates the random sampling in order
to minimize sampling the low signal-to-noise ratio region, as shown in Fig. 1B. We
optimized the NUS schemes for oriented samples, such as single crystals of model peptides
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and magnetically aligned proteins, and then extended the schemes to unoriented ‘powder’
samples of model proteins and proteins undergoing magic angle spinning.

A sparse data set refers to the situation where only a few basis functions have non-zero
coefficients in a defined space. Under this condition, it is possible to use only a small
amount of information to reconstruct the entire data set; therefore, the concept is referred to
as compressed sensing[23]. Theoretically, using l0 norm minimization it is feasible to find
the sparest solution (the original data) subjected to the constraints (the limited information
obtained). However, l0 norm minimization is a NP-hard (non-deterministic polynomial-time
hard) problem, which means that the upper bound of computational time is the polynomial
expression of the size of input; as a result, it is not possible to solve this problem efficiently.
Instead, l1 norm minimization is used to obtain an approximation of the solution. By
applying Fourier transformation to these data, high-resolution spectra can be obtained from
sparse data.

Based on the properties of NMR signals, we can solve the minimization problem by using a
Lagrange multiplier, as shown in Equation (1).

(1)

F is the discrete Fourier transform operator; S is the under sampling operator; w is the
weighting; x is the solution, y is the observation, and λ is Lagrange multiplier. In terms of
NMR spectroscopy, y is the FID measured in the time domain, x is the reconstructed signal
in the frequency domain, S is the NUS scheme, and w is the decay rates of the signals. w
should be estimated from the knowledge, and the NUS schemes are generated with the same
conditions. Since the reconstructed space is larger than the sampling space, the under
sampling operator is applied first so that both dimensions are in agreement, as shown in the
first term in Equation (1). Iterative soft thresholding (IST)[22; 24] is applied to efficiently
solve this minimization problem. The thresholding is adjusted during each iteration, and
only signals with intensities higher than the thresholding are included in the reconstruction.

Results
Compressed sensing was originally developed for sparse data. It is highly effective with
solution NMR spectra because the resonance line widths are often <20 Hz and spread over a
range of ~10 kHz. In contrast, in solid-state NMR spectra, individual signals and the dipolar
doublets generated in separated local field experiments usually have much broader line
widths, between 200 Hz and 400 Hz, spread over a similar frequency range.

We randomly generated one-dimensional FIDs from five or ten frequencies. Each example
consisted of forty different FIDs with a decay rate corresponding to 400 Hz ± 100 Hz line
widths of signals observed in solid-state NMR spectra. These decay rates correspond to
typical sold-state NMR signals, and once CS is demonstrated to work under these conditions
it is likely to work with narrower line width signals (sparser data) obtained with improved
experiments and instrumentation, and in favorable cases. The FIDs consist of 128 points
with a dwell time of 40 μs. Various amplitudes of noises were added to each FID. In
addition to a noiseless spectrum, we obtained spectra with signal-to-noise ratios of 32, 16, 8,
4 and 2. Fifty NUS schemes were randomly generated under each set of conditions, which
were varied by the parameters listed above. Sampling percentages of 50%, 33%, 25%, 20%,
15%, and 10% were applied to the 128 points in the time domain. The uniform sampling
regions were 75%, 50%, 25%, 10%, and 0% of the sampling size. The exponential decay
rates of the weighting functions were chosen to be 1, 2, 3, 4 and 5-times the decay rates of
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original FID. Taken together a very large number of tests were performed in this semi-
empirical analysis; 150 NUS schemes with different parameters were randomly generated
fifty times, and were applied to eighty spectra with six different signal-to-noise ratios. We
evaluated the performance of reconstructions by l2 norm (L2) as indicated in equation (2)
[36],

(2)

where yi and xi are the intensities in the noiseless and reconstructed spectra respectively at
the frequency i.

The forty simulated spectra that were generated were used to evaluate the overall
performance of each NUS scheme. The averaging of L2 was determined by comparing the
noiseless and reconstructed spectra (Figure 2A). Since the primary goal of this development
is to reduce the experimental time while preserving the quality of the experimental data, we
first investigated the percentage of under-sampling that could be tolerated by CS with solid-
state NMR signals. The probability of the random sampling is modulated by an exponential
decay function with the decay rate of 400 Hz. The relationships between sampling
percentages under different signal-to-noise ratios in terms of L2 are shown in Figure 2A.
The trends of L2 rising with decreasing sampling percentage were observed for spectra with
signal-to-noise signal ratios > 4. As expected, larger errors were apparent when the signals
were generated with fewer restraints. The results suggest that to obtain a reliable
reconstruction, the lowest signal-to-noise ratio that is viable is ~ 10. The growth rates of L2
are faster when the sampling percentage is < 20%, suggesting that to maintain the quality of
reconstructions, at least 20% of the original data is needed. These results have been
confirmed under other spectroscopic conditions where most reconstructions were performed
with at least 20% of the full data set [27; 28].

The performance of NUS schemes is improved by incorporating a uniform sampling region
at the beginning of the FID because this is where the signal-to-noise ratios are highest. The
first few points are especially important, especially when the total number of sampled points
is very limited. The uniform sampling regions examined ranged from 0% to 75% of the
sampled data, and this provides similar results to both “Poisson-Gap Sampling”[34] and
“Non-uniform weighted sampling”[37]. Figure 2B shows that including 10% and 25%
uniform sampling regions improves L2 by 10% to 20%. As the uniform region becomes a
larger percentage of the data, the effect of its inclusion becomes similar to truncation, and
the reconstructed spectra lose resolution, which is reflected in the case of 25% sampling
with 75% uniform sampling region. The standard deviations of L2 were significantly
reduced by the inclusion of the uniform region at the beginning of the FID, demonstrating
that the stability of reconstructions is improved.

One of the simulated spectra and its “best” and “worst” reconstructed spectra are compared
in Figure 3. In order to investigate the limits of this approach to NUS, we examined
reconstructions of 25% sampling with 0%, 10%, 25%, and 50% uniform sampling region for
the signals with signal-to-noise ratios equal to 16 and 8, as shown in Figure 3 based on the
L2 behaviors shown in Figure 2B. From the analysis of L2, we find that 25% sampling and a
signal-to-noise ratio of ~ 8 are about the minimums for reliable reconstructions, thus spectra
obtained under these conditions are most sensitive to improvements due to variations in the
sampling scheme. By adding the uniform sampling region, even the most difficult cases can
be improved. The resolutions degrade slightly when the uniform sampling region increases,
and, therefore, we find that 10% or 25% uniform sampling regions give the best results.
Generally speaking, the signals can be identified with reasonable confidence, and the
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spectral resolution maintained even in the low frequency region (<2 kHz) in separated local
field (SLF) spectra. Simulated spectra that would require the same amount of experimental
time but have different signal-to-noise ratios are also provided for comparisons of the
quality of reconstructed spectra.

As is well known, the signal-to-noise ratios can be doubled by a four-fold increase of
experimental time. Conversely, using one quarter of the experimental time gives one half of
the signal-to-noise ratio. Therefore, we compare spectra with signal-to-noise ratios of 4, 8,
and 16 obtained with uniform sampling to equivalent spectra obtained with between 8 % and
25% non-uniform sampling. The reconstructed spectra all have higher signal-to-noise ratios
than the uniformly sampled spectra acquired in the same amount of experimental time. In
addition, two-to five-fold increases in the decay rates from the weighting function were
tested, but the reconstructions were not improved even with the addition of uniform
sampling regions at the beginning of the FIDs.

Similar results were obtained with more crowded spectra (10 dipolar doublets with line
widths of 400 ± 100 Hz span spread over +/− 10 kHz). We found the optimal conditions to
correspond to 33% sampling with a 25% uniform sampling region at the beginning of the
FID. However, 25% sampling is also adequate to provide reliable reconstructions. The same
methods used to optimize the two-dimensional NUS schemes were applied to three-
dimensional schemes. In practice, it generally takes too long to sample the whole space
(Figure 4A) in these higher-dimensional experiments. Therefore, the typical strategy is to
truncate the sampled space (Figure 4B) to 10% – 25% of the full space to perform the
experiments within a reasonable amount of time, and then use LP to improve the resolution
of the signals. Taking this into consideration, we designed the sampling percentage for two-
dimensional NUS schemes based on the truncated space instead of the whole sampling space
(Figure 4C). The optimized two-dimensional NUS schemes correspond to 25% – 33%
sampling with 12.5% uniform sampling region over a 15% truncated space.

The optimization NUS schemes is illustrated with SLF spectra obtained using the SAMPI4
experiment on the membrane-bound form of uniformly 15N labeled Pf1 coat protein in
DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) / DHPC (1,2-dihexanoyl-sn-
glycero-3-phosphocholine) bicelles. The sensitivity (signal-to-noise ratio ~10) and line
widths of spectra are similar to those in the simulations. The SLF spectrum was acquired
with 80 t1 points, shown in Figure 5A, to which was applied Fourier transformation in the t1
dimension without additional processing. The reconstructions from 50%, 33%, and 25%
NUS with a 20% uniform sampling region are shown in Figure 5B, C, and D, respectively.
All the reconstructions yield well-resolved spectra, which suggests that the optimized NUS
schemes are applicable to SLF experiments of membrane proteins in phospholipid bilayers.

Using a 20% uniform sampling region, we demonstrated the application of NUS with two-
dimensional 13C/13C correlation experiments on the membrane protein MerF in aligned
bicelles. 96 t1 complex points were acquired in the conventional 13C/13C correlation
experiment (Figure 6A) and 48, 32, and 24 t1 complex points were acquired in the NUS
experiments, shown in Figure 6B, C, and D, respectively. No significant differences were
observed between the regular and reconstructed spectra. We extracted spectral slices at 59
ppm and 179 ppm, which are representative of the Cα and CO spectral regions in Figure 7,
where the strongest peaks are normalized. The signals are successfully reconstructed from
the sparse region (59 ppm) with various sampling percentages. When the sampling
percentage is < 25%, the line shapes are simplified, which may result in distortions. An
advantage of using oriented sample solid-state NMR spectroscopy for protein structure
determination is that it is based on frequency measurements, and line shape distortions or
broadenings do not affect the results. For the crowded region (179 ppm), reconstructions
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from 50% data compare favorably with the regular signals and even provide improved
signal-to-noise ratios [38]. However, fine structure of the signals is lost as the sampling
percentage is reduced. These effects are caused by over-compression, which means that
either the sampling percentage is too low or the information in a crowded region is too large
to compress. To compare the reconstructed and regular spectra, we measured the intensities
of 61 diagonal and cross peaks, and plot the correlations in Figure 8. The overall (diagonal
and cross peaks) correlations show very high fidelity between reconstructed and regular
spectra, which are insensitive to the sampling percentages. For the cross peaks, the high
correlations (~0.9) are found with 33% and 50% sampling, but decrease to about 0.8 for
25% sampling. The average signal-to-noise ratios of cross peaks in 50%, 33%, and 25%
sampling spectra are 1.48, 0.90, and 0.78, respectively, relative to the regular spectrum,
which reflects the impact of T2 on the signal-to-noise ratios due to the relative increase in
noise towards the end of the FIDs. First, the results are consistent with the sensitivity
enhancement equation in that the maximum enhancement is achieved when the maximum
acquisition (tmax) is 1.26T2 [38]. In this experiment T2 is about 3ms and tmax is 3.8ms for
50% sampling, and the largest enhancement is obtained under these conditions. A second
way to evaluate the sensitivity of NUS schemes has been proposed according to the
sampling points, spectral widths and T2 [39]. The “relative sensitivities” of these three
sampling schemes (50%, 33%, and 25%) are 0.58, 0.46 and 0.38, and the “peak-to-side-lobe
ratios” are 6.61, 5.13, and 5.97. Even though, the signal-to-noise ratios decrease slightly, the
overall performance of the experiments is still improved when the savings in total
experimental time is taken into account.

We also incorporated the NUS schemes described above into a three-dimensional HETCOR/
SLF experiment[40], which provides correlations among 1H chemical shifts, 1H-15N dipolar
couplings, and the 15N chemical shifts measured in the direct dimension. The conventional
(Figure 9A and C) and NUS (Figure 9B and D) experiments are first demonstrated on a
single crystal of 15N-labeled N-acetyl-leucine (NAL) at an arbitrary orientation. 20% of the
sampling points (614 points) were selected based on the same rules as employed in the two-
dimensional NUS schemes, and the size of the uniform sampling region is 20% of the
selected sampling points. 20% NUS spectra show comparable results with the fully sampling
spectra; however, compared to the performance in solution NMR experiments, there should
be opportunities for further optimization [31] even for the broader line widths encountered
in solid-state NMR spectra.

Discussion
In practice, the usual strategy to efficiently obtain the data in multidimensional NMR
experiments is to highly truncate the indirect dimensions, and then apply LP to recover some
of the lost resolution. If necessary, further resolution is obtained by adding dimensions to the
experiments; however, the line widths are sacrificed in order to acquire a three-or four-
dimensional spectrum within a reasonable amount of time. We performed the NUS version
of the experiment by sampling 33% of the full set of data points experiment in two ways: by
reconstructing the spectrum with the same number of scans, which means we only utilize
one-third of the experimental time required for the spectra shown in Figure 10B and E (40
scans, 4 s recycle delay); and by reconstructing the spectrum with three times the number of
scans which means we utilize the same amount of the experimental time but each data set
has 1.7 times the signal-to-noise ratio shown in Figure 10C and F (120 scans, 4 s recycle
delay). In both cases spectra with improved resolution were obtained.

CS was originally proposed to reconstruct sparse data. In NMR spectroscopy, sparse data
most closely resemble solution NMR spectra, which have signals with relatively high signal-
to-noise ratios and narrow line widths spread over a large frequency range. We investigated
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the performance of CS for solid-state NMR studies of proteins with broader line widths and
a wide range of signal-to-noise ratios, which is challenging because the conditions are not
ideal for CS, and the sizes of datasets available for processing are limited. To optimize the
NUS scheme, knowledge of the line widths and signal-to-noise ratios of both conventional
and reconstructed spectra are required. However, in most cases these can be quickly
measured or estimated from preliminary experiments on the same or similar samples. The
results show that CS can provide reconstructions in two-and three-dimensional experiments
using 25% – 33% sampling for spectra having signal-to-noise ratios ~ 10. The splitting
artifacts are especially prominent in the low sensitivity and highly under-sampled
experiments[22]. With these parameters the vast majority of signals are faithfully
reproduced, although a few may be ambiguous following the reconstructions because of
variations of the intensities. However, in terms of efficiency, only 25% – 33% of
experimental time is required to obtain spectra with similar (or even higher) signal-to-noise
ratios. In the future, wavelet transforms can be implemented [26], which transforms the
spectral signals to the frequency domain and is advantageous for crowded spectra and solid-
state NMR experiments associated strong spin interactions, such as dipolar coupling
networks among like spins.

Using CS under optimized conditions it is possible to increase the efficiency, resolution, and
signal-to-noise ratio of solid-state NMR spectra on stationary and spinning samples.

Experimental Methods
The generation of simulated FIDs, NUS schemes, and spectral reconstructions were
performed with MATLAB (Mathworks, http://www.mathworks.com/) scripts. The IST
algorithm is based on the pseudo-code proposed by Drori[24]. The direct dimension of the
spectra was first processed with NMRpipe[41], and then, the indirect dimensions were
reconstructed using the IST algorithm.

The two-dimensional NUS magic angle spinning solid-state NMR experiments were
performed with a home-built 1H/13C/15N triple resonance probe at 800 MHz 13C/13C
correlation experiments utilized the dipolar assisted rotational resonance (DARR) pulse
sequence[42] for mixing, and we also implemented the repetitive cross-polarization (REP-
CP) contacts via equilibration-re-equilibration of the proton bath [43; 44] to improve 1H/13C
magnetization transfer. A 60-residue truncated construct of a mercury transport protein,
MerFt, [45] was incorporated into 14-O-PC proteoliposomes at pH=6. The protein to lipid
molar ratio was 1:68, and the MAS rotors contained a total of ~2 mg protein. All the spectra
were acquired with 20 ms mixing at 5°C and a spinning rate of 11,111 Hz.

Stationary sample solid-state NMR experiments were performed using a home-built 1H/15N
double resonance probe on a Bruker Avance spectrometer (http://www.Bruker-Biospin.com)
at a 1H resonance frequency of 700 MHz Two-dimensional SLF and three-dimensional NUS
HETCOR/SLF[40] experiments were performed with B1 field strength of 50 kHz at 42 °C,
and 1H and 15N carrier frequencies of 9 ppm and 100 ppm, respectively. 512 complex points
were acquired with dwell time of 40 μs in the direct dimension. The sample consisted of 3
mg of the membrane-bound form of the uniformly 15N-labeled 46-residue coat protein of
bacteriophage Pf1 incorporated into q = 3.2 DMPC/DHPC bicelles[46] (q is the molar ratio
of long chain to short chain lipids).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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• Compressed Sensing reduces experimental time in solid-state NMR.

• The non-uniform sampling scheme was optimized for solid-state NMR.

• A modest increase in signal-to-noise ratio accompanies the CS reconstruction.
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Figure 1.
Illustrations of sampling schemes. A. Uniform sampling scheme (regular experiments). B.
Non-uniform sampling (NUS) scheme consisted by a. the uniform sampling region and b.
the sampling region that the sampling probabilities are modulated by an exponential decay
weighting function.
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Figure 2.
The values shown in the figure are the averages of every fifty NUS schemes generated by
different conditions that are applied to the simulated spectra. Lower L2 values indicate
higher similarities between the reconstructed and noiseless spectra. A. The qualities of
reconstructions with various sampling percentages under different signal to noise ratios. It
shows that the reconstructions have similar tendencies to the ideal signal if the signals have
signal-to-noise ratio ~10, and the errors of reconstructions increase much faster if the
sampling percentage lower than 20%. B. The qualities of reconstruction by adding uniform
sampling region for 33% and 25% sampling. The reconstructions are improved by adding
for 10% to 25% uniform sampling region. The error bars indicate the standard deviations of
L2, which are significantly improved by introducing uniform sampling region, implying the
qualities reconstructions are more stable. Lagrange multiplier is 0.05 for reconstructing the
simulated signals.
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Figure 3.
Best and worst reconstructed spectra of 25% sampling with 0% to 50% uniform sampling
region on the spectra with signal to noise ratios equal 16 and 8. These spectra are chosen
from fifty reconstructions of a selected simulated spectrum, and the criterion is based on L2,
which is shown on each spectrum. The regular spectra shown in the left column for
comparing the qualities of spectra acquired with the same amount of time. 25% sampling
with signal to signal-to-noise ratio = 16 should be compared to the regular spectrum with
signal-to-noise ratio = 8, and 25% sampling with signal to noise =8 should be compared to
the regular spectrum with signal-to-noise ratio = 4. Most of the peaks can be reasonably
identified after the improvement.
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Figure 4.
Illustrations of two-dimensional sampling schemes A. Regular sampling scheme B.
Truncated sampling scheme (10% of regular sampling scheme) C. NUS scheme (33% of
truncated sampling scheme).
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Figure 5.
15N-detected SLF spectra of Pf1 protein in DHPC/DMPC bicelles. A. Fully sampled
spectrum with 80 t1 points. Reconstructions from B. 50%, C. 33% and D. 25% sampling.
Lagrange multiplier is 0.01. The slices are extracted from 81ppm.
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Figure 6.
Two-dimensional 13C/13C correlation spectra of MerF protein in 14-O-PC liposomes with
20ms mixing time. A. Fully sampling Fourier transform spectrum with 64 scans.
Reconstructions from B. 50%, C. 33% and D. 25% sampling also with 64 scans. Lagrange
multiplier is 0.03.
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Figure 7.
Slices extracted from 59 ppm and 179 ppm in the t2 dimension of Fig. 5 showing the details
of reconstructions: From the bottom to the top, regular experiment, reconstructions from
50%, 33%, and 25% respectively, where the strongest peaks are normalized. The average
signal to noise ratios of cross peaks in 50%, 33%, and 25% sampling spectra are 1.48, 0.90,
and 0.78 folds relative to the regular spectrum, respectively.
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Figure 8.
Correlation plots of the intensities between regular and reconstructed spectra of Fig. 5. All
the intensities are normalized to their own spectra. A. Correlation plots of diagonal and cross
peaks. B. Correlation plots of cross peaks.
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Figure 9.
Three-dimensional HETCOR-SAMMY spectrum and its reconstructed spectra of 15N-
labeled NAL single crystal. A. Conventional three-dimensional HETCOR/SLF spectrum (32
t1 complex points, 96 t2 points). B. Reconstructed three-dimensional HETCOR/SLF
spectrum 614 points (20%). C, and D. are the two-dimensional planes extracted from the 1H
chemical shift at 12 ppm in A. and B., respectively. Lagrange multiplier is 0.01.
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Figure 10.
Three-dimensional HETCOR-SAMMY spectrum and its reconstructed spectra of 15N-
labeled Pf1 coat protein. A. Conventional three-dimensional HETCOR-SAMMY spectrum
(20 t1 complex points, 32 t2 points, and 40 scans). B. Reconstructed three-dimensional
HETCOR-SAMMY spectrum (212 points, and 40 scans). C. Reconstructed three-
dimensional HETCOR-SAMMY spectrum (212 points, and 120 scans). D, E., and F. are the
two-dimensional planes extracted from the 1H chemical shift at 9.5 ppm in A., B., and C.,
respectively. Lagrange multiplier is 0.05.
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