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Abstract
Signal overlapping is a major bottleneck for protein NMR analysis. We propose a new method, stable-isotope-assisted 
parameter extraction (SiPex), to resolve overlapping signals by a combination of amino-acid selective isotope labeling 
(AASIL) and tensor decomposition. The basic idea of Sipex is that overlapping signals can be decomposed with the help of 
intensity patterns derived from quantitative fractional AASIL, which also provides amino-acid information. In SiPex, spectra 
for protein characterization, such as 15N relaxation measurements, are assembled with those for amino-acid information to 
form a four-order tensor, where the intensity patterns from AASIL contribute to high decomposition performance even if 
the signals share similar chemical shift values or characterization profiles, such as relaxation curves. The loading vectors of 
each decomposed component, corresponding to an amide group, represent both the amino-acid and relaxation information. 
This information link provides an alternative protein analysis method that does not require “assignments” in a general sense; 
i.e., chemical shift determinations, since the amino-acid information for some of the residues allows unambiguous assign-
ment according to the dual selective labeling. SiPex can also decompose signals in time-domain raw data without Fourier 
transform, even in non-uniformly sampled data without spectral reconstruction. These features of SiPex should expand 
biological NMR applications by overcoming their overlapping and assignment problems.

Keywords Combinatorial selective labeling · Stable isotope encoding (SiCode) · Tensor factorization · Spectral 
deconvolution · Non-uniform sampling (NUS) · Relaxation analysis

Introduction

Signal overlapping is almost always an issue in NMR analy-
ses of biomacromolecular structures and functions, because 
it hampers precise quantifications of signal positions, line 

widths, and/or intensities. For example, 15N relaxation meas-
urements, the most widely used method for protein dynamics 
analysis, require accurate readouts of the signal intensities in 
the 2D 1H–15N correlation spectra to extract the relaxation 
rate constants (Kay et al. 1989; Clore et al. 1990). There-
fore, the information for the residues of interest cannot be 
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obtained unless their signal overlapping is resolved (Gümral 
et al. 2013).

This problem can be straightforwardly resolved by intro-
ducing additional dimensions. For example, a three-dimen-
sional HNCO-type experiment can resolve the signal over-
lapping on the 1H–15N plane of 15N relaxation measurements 
if the carbonyl 13C chemical shifts are well separated (Caf-
frey et al. 1998). Its unfavorable longer measurement time 
can be fairly overcome by reducing the sampled data points, 
such as by non-uniform sampling (NUS) methods (Hyberts 
et al. 2014; Mobli and Hoch 2014; Kazimierczuk and Orek-
hov 2015). However, the applicable methods are limited 
because the signal intensity accuracy of the reconstructed 
NUS data is generally less reliable (Mayzel et al. 2017).

Another approach proposed by Orekhov et al. named 
MUNIN (Multi-dimensional NMR spectra interpretation), 
uses polyadic decomposition (PD), which can decompose 
tensors with three or more dimensions to the sum of the 
direct products of vectors. It was first applied to cross peaks 
in a crowded region of a 3D NOESY-HSQC spectrum (Orek-
hov et al. 2001), and then to the 15N  R1ρ relaxation meas-
urements, by considering a series of 2D spectra as 3D data 
(Korzhnev et al. 2001). In the latter case, the overlapping 
signal on the 1H–15N dimensions generally exhibits a differ-
ent relaxation curve along the third “relaxation” dimension, 
enabling the separation of the signals (Korzhnev et al. 2001).

Reducing the number of observable signals is a totally 
different type of approach to the signal overlapping prob-
lem. For this purpose, amino-acid selective isotope labe-
ling (AASIL) is widely used for protein NMR (Vajpai et al. 
2008), since it also facilitates the signal assignments by 
providing amino-acid type information (Yamazaki et al. 
1991; Jaipuria et al. 2012). Especially, dual selective labe-
ling (DSL) of both carbon and nitrogen greatly contributes 
to the main-chain signal assignments (Kainosho and Tsuji 
1982). In general, more signal reduction results in less 
information obtained per labeled sample (Hoffmann et al. 
2018). This trade-off relationship has led to a variety of 
DSL methods, from a single signal observation by labeling 
only one amino acid pair per sample (Yabuki et al. 1998) to 
more comprehensive observations of amide signals using 
a combination of differently labeled samples to represent a 
set of amino acids (combinatorial selective labeling; CSL) 
(Shortle 1994; Parker et al. 2004; Shi et al. 2004; Trbovic 
et al. 2005; Ozawa et al. 2006; Staunton et al. 2006; Wu et al. 
2006; Reckel et al. 2008; Xun et al. 2009; Maslennikov et al. 
2010; Sobhanifar et al. 2010; Hefke et al. 2011; Krishnar-
juna et al. 2011; Jaipuria et al. 2012; Klammt et al. 2012; 
Löhr et al. 2012, 2014, 2015; Maslennikov and Choe 2013; 
Dubey et al. 2016; Laguerre et al. 2016; Hein et al. 2017; 
Hoffmann et al. 2018; Myshkin et al. 2019). We previously 
proposed one of the CSL methods, SiCode (Stable isotope 
encoding), which emphasizes the information content per 

sample to distinguish the 19 non-proline amino acids, with 
as few as three labeled samples, by quantitative fractional 
labeling (Kasai et al. 2015). In this method, the differences 
in the signal intensities among the samples not only provide 
the amino acid information but also contribute to the resolu-
tion of overlapping signals (Kasai et al. 2016).

In this paper, we propose a method for protein NMR 
employing AASIL and tensor decomposition of the spec-
trum, named SiPex (Stable-isotope-assisted Parameter 
extraction). Selective labeling, introduced as an extra dimen-
sion in SiPex, improves the decomposition of overlapped 
signals, as compared to methods using a uniformly labeled 
sample such as MUNIN (Korzhnev et al. 2001). Further-
more, SiPex provides an alternate strategy for protein NMR 
analysis that is independent of the chemical shifts, since it 
directly links the amino-acid and relaxation information of 
the decomposed signals.

Theory

PD, also known as CP (canonical polyadic) decomposi-
tion, PARAFAC (parallel factor analysis), CANDECOMP 
(canonical decomposition), three-way decomposition 
(TWD), or multi-dimensional decomposition (MDD), is a 
method to decompose a tensor to a sum of outer products of 
vectors (Bro 1997; Orekhov et al. 2001). The PD of a three-
order tensor is formulated as

where � is the observed data as a three-order tensor, f is an 
index of components, F is the number of components, af, 
bf, and cf are loading vectors (also called loads, shapes, or 
modes) (Bro 1997; Orekhov et al. 2001), ⊗ denotes the outer 
product, and � is the residual error as a three-order tensor. 
PD is applied to tensors with three or more orders because 
the PD solution of a two-order tensor (i.e., matrix) is not 
unique due to so-called rotational ambiguity, which means 
that the components are mixed (Bro 1997; Orekhov et al. 
2001). In contrast, the PD solution of tensors with three or 
more orders is unique, except for scaling and sign ambigui-
ties (Bro 1997; Orekhov et al. 2001).

MUNIN (Korzhnev et al. 2001; Orekhov et al. 2001) uti-
lizes PD to separate signals from NMR spectra. To measure 
the 15N  R1ρ relaxation rate constants, a set of 2D 1H–15N 
correlation spectra with different relaxation time delays and 
spin-lock offsets is regarded as a single three-order tensor 
(Korzhnev et al. 2001), so that the tensor can be uniquely 
decomposed by PD,

(1)� =

F∑
f=1

�f ⊗ �f ⊗ �f + �
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where f is an index for an amide signal, af and bf are the 
loading vectors along the 1H and 15N dimensions, respec-
tively, and df is a loading vector representing the relaxation 
curve, which can be analyzed by standard exponential fit-
ting. This method is also applicable to other experiments 
using amides as probes, such as measurements of relaxation 
properties including  R1,  R2, and heteronuclear 1H–15N NOE 
enhancements (Korzhnev et al. 2001). It should be noted 
that the relaxation curve df not only provides the relaxation 
properties of the amides but also serves as a clue for signal 
decomposition, when it differs between components.

The determination of amino acid type (amino acid typ-
ing) using SiCode is achieved by the comparison of the 
signal intensities of a set of 2D 1H–15N correlation spec-
tra, 15N-HSQC and HN(CO), acquired using quantitatively 
labeled samples (Kasai et al. 2015). The intensity of the f-th 
amide signal of 15N-HSQC, �HSQC f ∈ ℝ

S , is proportional to 
the 15N labeling ratio:

where wHSQCf is the 15N HSQC intensity of the f-th amide 
signal, assuming that the amide is uniformly 15N labeled, 
�N(p) ∈ [0, 1]S is a vector representing the 15N labeling 
ratios of amino acid p, pf is the amino acid type of the f-th 
amide signal (“residue i”), and S is the number of labeled 
samples. The intensity of the f-th amide signal of HN(CO), 
�HNCO f ∈ ℝ

S , is proportional to the product of the 15N labe-
ling ratio and the 13C labeling ratio:

where wHNCOf is the HN(CO) intensity of the f-th amide sig-
nal when the amide is 100% 15N labeled and the carbonyl of 
the preceding residue (“residue i-1”) is 100% 13C labeled, 
�C(q) ∈ [0, 1]S is a vector representing the 13C labeling ratios 
of amino acid q, qf is the amino acid type of the residue 
i-1 of the f-th amide signal, and ◦ denotes the element-wise 
product. Amino acid typing by SiCode shares the similar 
structure of the problem with the determination of relaxa-
tion properties; i.e., the signal intensities among 2D spectra 
contain information. Therefore, signal decomposition and 
amino acid typing using SiCode are also achieved using PD 
in a similar manner to Eq. 2, by regarding a set of 2D spectra 
as a single three-order tensor,

(2)�
MUNIN

=

F∑
f=1

�f ⊗ �f ⊗ �f + �

(3)�HSQC f = wHSQC f �N(pf )

(4)�HNCO f = wHNCO f �N(pf )◦�C(qf )

(5)�
SiCode

=

F∑
f=1

�f ⊗ �f ⊗ �f + �

where f is an index for an amide signal, af and bf are the 
loading vectors along the 1H and 15N dimensions, respec-
tively, and �f ∈ ℝ

2S is a loading vector representing the 
intensity difference between spectra. The estimations of the 
amino-acid types of the f-th amide signals, p̂f  at residue i 
and q̂f  at residue i-1, can be obtained from cf by minimizing 
the residual error:

Based on these operations, we can convert the intensities 
of the loading vector along the SiCode dimension into the 
amino acid information by selecting the amino acid with the 
nearest labeling ratios to the intensities.

SiPex integrates the amino acid typing and the relaxa-
tion measurement by acquiring relaxation spectra with 
SiCode samples to form a PD problem of a four-order 
tensor:

where � and � are four-order tensors.
This integration gains two advantages. The first is that 

increasing the number of dimensions simply reduces the risk 
of decomposition failure. In SiPex, if overlapping signals 
share the identical (or virtually identical) loading vectors 
in at most one of the four dimensions, then the other three 
dimensions are mathematically sufficient to avoid the rota-
tional ambiguity (Orekhov et al. 2001).

The second is that it also provides an alternative to con-
ventional protein analysis, where the signals in the relaxa-
tion spectra must be identified using previously determined 
chemical shift values. In contrast, each decomposed compo-
nent of SiPex contains both amino-acid information, cf, and 
relaxation information, df. According to the DSL approach 
(Kainosho and Tsuji 1982; Yabuki et al. 1998), the resi-
dues of an amino acid pair (residues i and i-1) that occurs 
only once in the sequence can be unambiguously assigned 
with the amino acid information. Therefore, the relaxation 
properties are obtained along with the assignments for such 
residues, even without the chemical shift information.

(6)�f =

(
�HSQC f

�HNCO f

)

(7)(p̂f , ŵHSQC f ) = argmin
pf ,wHSQC f

‖‖‖�HSQC f − wHSQC f �N(pf )
‖‖‖
2

2

(8)

(q̂f , ŵHNCO f ) = argmin
qf ,wHNCO f

‖‖‖�HNCO f − wHNCO f �N(p̂f )◦�C(qf )
‖‖‖
2

2

(9)� =

F∑
f=1

�f ⊗ �f ⊗ �f ⊗ �f + �
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Results and discussion

Applicability of tensor decomposition to the SiCode 
dataset to determine amino‑acid types

At first, we demonstrate that the NMR spectra of SiCode sam-
ples are suitable for the decomposition to provide amino acid 
information, according to Eqs. 5–8. We prepared three samples 

of a human ubiquitin 3A mutant (Ub3A) protein according to a 
SiCode labeling pattern (Fig. 1a), which was designed to allow 
18 amino acids (excluding cysteine and tryptophan, which did 
not appear in the Ub3A sequence) to be distinguished by the 
signal intensity differences. For the demonstration, a small 
region of interest (ROI) in the 2D 1H-15N plane containing 
the (E)V17 signal (amide signal derived from valine 17 pre-
ceded by glutamate 16) was extracted (Fig. 1b). The HSQC 
and HN(CO) spectra of the three samples were assembled as 
a single three-order tensor (Fig. 1b) with 17 × 9 × 6 points 
along the 1H, 15N, and SiCode dimensions, respectively. We 
performed the PD of the tensor (Fig. 1c), using the alternating 
least squares (ALS) algorithm. The loading vector along the 
SiCode dimension, cf, contained the amino-acid information. 
We decoded the amino-acid information from cf according to 
Eqs. 7–8. The first half of the vector, cHSQCf, indicated that 
the amino-acid at residue i was valine according to Eq. 7, to 
which we assigned 15N labeling ratios of 100%, 75%, and 50% 
(for samples 1–3, respectively, Fig. 1a), and the latter half, 
cHNCOf, indicated that the amino acid at residue i-1 was glu-
tamate according to Eq. 8, to which we assigned 13C labeling 
ratios of 50%, 100%, and 0% (Fig. 1a). Note that the HN(CO) 
intensity of each sample was the product of the 15N labeling 
ratio at residue i and the 13C labeling ratio at residue i-1. We 
successfully extracted the correct amino-acid information for 
both residues i and i-1, suggesting that SiCode is a suitable 
labeling method for use in SiPex.

Decomposition of overlapping signals 
and relaxation measurements

To test the capability of SiPex to decompose overlapping sig-
nals in a 2D 1H–15N plane, we simulated overlap in one merged 
ROI by the element-wise addition of two distinct ROIs, one 
including the (I)Q62 signal and the other including the (R)
G75 signal of the Ub3A protein (Fig. 2a). The chemical shift 
differences of the two signals were 0.002 ppm and 0.35 ppm 
along the 1H and 15N dimensions, respectively. Due to this 
close overlap, signal decomposition is required to obtain the 
signal intensities or volumes for the relaxation analysis.

The loading vector df can accept any line shape, and thus 
several relaxation experiments can be analyzed simultane-
ously. In this study, we analyzed  R1,  R2, and the heteronu-
clear NOE measurements by setting df in Eq. 9 as

where dHSQCf is a scalar value not used in further analy-
sis, dR1f and dR2f are the decay curves for the  R1 and  R2 

(10)�f =

⎛
⎜⎜⎜⎝

dHSQC f

�R1 f

�R2 f

�NOE f

⎞⎟⎟⎟⎠

Fig. 1  Encoding and decoding amino acid information for amide sig-
nals. a The labeling pattern (“codebook”) used in this study. Each 
amino acid is represented as a combination (a “codeword”) of the 
isotope labeling ratios of three labeled samples. The labeling ratios 
of 13C and 15N are indicated as percentages. b A set of 2D spectra 
to form a three-order tensor. A small region-of-interest (ROI) that 
contains the (E)V17 signal was extracted. c Loading vectors of the 
signal. From left to right, the loading vectors along the 1H, 15N, and 
SiCode dimensions are shown as black lines and circles. The best fits 
to the extracted amino-acid information (Eqs.  7and8) are shown as 
red triangles
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measurements, respectively, and �NOE f ∈ ℝ
2 is a vector that 

corresponds to the intensities without and with irradiation 
for the steady-state NOE measurement. The four-order ten-
sor used in this case is illustrated in Fig. 2b. In this case, 
we measured 8 different relaxation time delays for both the 
 R1 and  R2 measurements; therefore, the relaxation dimen-
sion comprises 19 (1 + 8 + 8 + 2) data points. In this study, 
15N-HSQC and HNCO were acquired with a recycle delay of 
1 s, while the relaxation spectra were acquired with a delay 
of 3 s to facilitate the magnetization recovery.

We decomposed the tensor by ALS, assuming the num-
ber of components F = 2 (Fig. 2c). After decomposition, 
the amino acid information can be decoded from cf. The 
decoded amino acids were (I)Q for component 1 (f = 1) 
and (R)G for component 2 (f = 2) (Fig. 2d). The amino acid 
information allowed us to identify components that were in 
an arbitrary order, depending on the random initial values of 
the loading vectors. We confirmed that the relaxation prop-
erties extracted from df (Fig. 2d) showed good agreement 
with those generated by the conventional method, which we 
separately obtained from isolated signals with a uniformly 
labeled sample (Table 1, “Simulated overlapping”).

The actual number of components, F, is unknown at the 
time of decomposition. We tried decompositions with dif-
ferent F values. When F = 1 was assumed, some residual 
error remained (Note S1), suggesting that F was too small 
to explain the data. On the other hand, when F = 3 was 
assumed, the negative values of the loading vectors indicated 
overfitting (Note S1). These results suggested that F = 2 was 
the best assumption.

Intensity differences may hinder the decomposition. 
To simulate such situations, we multiplied the ROI with  
(R)G75 by 0.3 prior to the element-wise addition of ROIs. 
As a result, the (I)Q62 signal had a 2.8-fold larger intensity 
than (R)G75 in the 15N-HSQC spectrum. SiPex still success-
fully decomposed these signals to provide the amino-acid 
and relaxation information (Fig. S6).

We then applied the method to real overlapping signals, 
(L)E16 and (N)V26 (Fig. S7a). The signals were success-
fully decomposed by assuming F = 2 (Fig. S7b) and both 
the amino-acid and relaxation information were obtained 
(Table 1, “Actual overlapping”). We confirmed that F = 2 
was a reasonable assumption by trials with different F val-
ues (Note S1). To evaluate the advantage of using SiCode 

Fig. 2  Decomposition of simulated overlapping signals. a Prepara-
tion of the artificial dataset with overlapping signals. ROIs with the 
same size, including the (R)G75 (indicated by blue crosses) and  
(I)Q62 (indicated by red crosses) signals, were extracted and merged 
by element-wise tensor addition. Only the 15N HSQC spectrum of 
sample 1 is shown. b Illustration of four-order tensor formation 
with a set of 2D spectra. c Loading vectors along the 1H (left) and  
15N (right) dimensions. The first (f = 1) component is shown as black 
lines and circles, and the second (f = 2) component is shown as blue 
lines and squares. d Loading vectors along the SiCode (left) and 
relaxation (right) dimensions. The first (top panels) and second (bot-
tom panels) components are shown. Red triangles and lines indicate 
the best fits for the extraction of amino acid information and the 
exponential decays

Table 1  Amino acids and 
relaxation parameters of Ub3A 
obtained from overlapping 
signals by SiPex, compared 
with those obtained by the 
conventional method with the 
uniformly labeled sample

Residue SiPex Conventional

i i-1 R1  [s−1] R2  [s−1] NOE R1  [s−1] R2  [s−1] NOE

Simulated
overlapping

(I)Q62 Q I 1.50 5.83 0.63 1.50 6.46 0.67
(R)G75 G R 1.39 3.75 0.02 1.45 3.77 0.13

Actual
overlapping

(L)E16 E L 1.59 7.08 0.74
(N)V26 N V 1.75 6.87 0.80
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samples, we performed a three-order tensor decomposi-
tion of the same ROI of spectra acquired with a uniformly-
labeled sample. The three-order tensor decomposition, with 
only the 1H, 15N, and relaxation dimensions, failed to resolve 
these signals (Note S2). These results demonstrated that 
SiPex, fortified by selective labeling, can resolve the over-
lapping signals for the accurate estimation of the intensities 
of each signal, which are necessary for the relaxation meas-
urements, even without time-consuming 3D experiments.

Direct analysis of non‑uniformly sampled 
time‑domain data

In modern NMR, simultaneously excited magnetizations 
with different resonant frequencies are acquired as a mix-
ture in time-domain raw data, and subsequently separated 

by a Fourier transform. The Fourier transform is performed 
for two purposes: one is to visually separate signals mixed 
in raw time-domain data, and another is to extract the reso-
nance frequency; i.e., the chemical shift values, of each mag-
netization by converting the time domain to the frequency 
domain. For the former purpose, the tensor decomposition 
can also separate mixed signals in the time-domain data. For 
this reason, the methods using tensor decomposition, includ-
ing SiPex and MUNIN (Orekhov et al. 2001), can directly 
handle the time-domain data without Fourier transform.

We selected an ROI, in which the 1H chemical shift is 
8.107–8.193 ppm, containing five signals, (G)S-2, (M)
Q2, (E)D52, (T)L56, and (G)G76 (Fig. 3a). Before apply-
ing SiPex to the time-domain data, we tested it with the 
frequency-domain spectra. Assuming F = 5, we successfully 
decomposed the signals (Fig. 3a) and extracted the amino 

Fig. 3  Analysis of non-uniformly sampled time domain data. a 
Decomposition of the ROI in which the 15N dimension is the Fourier 
transformed frequency domain. Black and red lines show positive and 
negative contours, respectively. The leftmost panel is the observed 
data and the right five panels are the decomposed components. Only 
the 15N HSQC spectrum of sample 1 is shown. b Decomposition of 
the same ROI as in (a), but the 15N dimension is the time-domain 

raw data. Both the real and imaginary parts of the complex data are 
shown. c A simulation of NUS in the 15N dimension, by extracting 8 
out of the 64 complex points used in (b). d Loading vectors along the 
SiCode (left) and relaxation (right) dimensions. From top to bottom, 
five decomposed components are shown. The markers and line styles 
are the same as in Fig. 2d
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acid information and relaxation properties (Fig. S3f, Table 2 
“SiPex Frequency domain”). For the frequency domain 
data, the good signal dispersion allowed us to extract the 
relaxation properties with the conventional method (Table 2 
“Conventional Frequency domain”). In contrast, in the time-
domain data before Fourier transform along the 15N dimen-
sion, the signals in the same ROI must be decomposed for 
further analyses (Fig. 3b). We applied SiPex to these time 
domain data, in which the real and imaginary parts of 64 
complex data points were placed along the 15N dimension 
to form 128 real data points. SiPex successfully decomposed 
the signals, as in the case of the frequency domain (Figs. 3b, 
S4f, Table 2 “SiPex Time domain Full sampling”), demon-
strating that SiPex accepts any line shape, including both the 
frequency- and time-domain, of the loading vector along the 
15N dimension. 

NUS is widely used to shorten the measurement time by 
reducing the observed time-domain data points in the indi-
rect dimension(s). We simulated the NUS dataset by extract-
ing 8 complex points, in which the evolution delays for the 
15N dimension were 0.0, 0.9, 1.7, 3.4, 8.1, 9.8, 17.9, and 
26.0 ms (Fig. 3c), out of 64 observed points according to 
the exponentially weighted random sampling (Barna et al. 
1987). The required number of data points depends on the 
number of components, the divergence of vectors along the 
other dimensions, and the distribution of signals along the 
15N dimension. In general, fewer NUS data points increase 
the possibility of the degeneracy of the vectors along the 
15N dimension, which makes the decomposition problem 

difficult. This subset of time-domain data was sufficient for 
the decomposition and extraction of information by SiPex 
(Fig. 3c, d, Table 2 “SiPex Time domain NUS”). We tried 
various numbers for the component F, and found that F = 5 
was the best assumption (Note S1). The decomposition of 
the same ROI with the uniformly labeled sample failed to 
resolve the signals for both the frequency-domain and time-
domain data, indicating that the SiCode dimension is crucial 
for the successful signal decomposition (Note S2).

In this study, the 15N indirect dimension alone was 
employed for the time-domain analysis. For the 1H direct 
dimension, data manipulation in the frequency domain is 
better than that in the time domain, for three reasons. Firstly, 
the direct dimension can be uniformly and fully sampled 
without wasting time. Secondly, the water signal is much 
easier to separate from the amide signals with Fourier trans-
form. Thirdly, the ROI is easier to extract, to reduce the 
computation time.

Each component decomposed by SiPex contains the 
amino acid information of residues i and i-1, as well as the 
relaxation properties of residue i. The amino acid informa-
tion is sufficient to unambiguously assign part of the amide 
signals, according to the DSL approach (Kainosho and Tsuji 
1982; Yabuki et al. 1998). Therefore, for such residues, (M)
Q2, (E)D52, and (G)G76 in this case, we can obtain the 
relaxation properties without determining the chemical shift 
values. This provides an alternative strategy to protein relax-
ation analysis by skipping the chemical shift determination, 
which is essential to interpret the relaxation spectra in the 

Table 2  Amino acids and 
relaxation parameters of Ub3A 
obtained with frequency- or 
time-domain spectra

Residue i i-1 R1  [s−1] R2  [s−1] NOE

Conventional
Frequency domain

(G)S-2 1.21 3.34 -0.30
(M)Q2 1.68 7.22 0.79
(E)D52 1.49 7.90 0.79
(T)L56 1.87 7.80 0.82
(G)G76 1.23 3.33 -0.15

SiPex
Frequency domain

(G)S-2 S G 1.09 3.04 -0.53
(M)Q2 Q M 1.67 7.50 0.85
(E)D52 D E 1.42 7.97 0.79
(T)L56 L T 1.75 7.67 0.80
(G)G76 G G 1.20 3.74 -0.13

SiPex
Time domain
Full sampling

(G)S-2 S G 1.09 3.07 -0.51
(M)Q2 Q M 1.67 7.42 0.84
(E)D52 D E 1.42 7.92 0.79
(T)L56 L T 1.75 7.58 0.80
(G)G76 G G 1.20 3.71 -0.13

SiPex
Time domain
NUS

(G)S-2 S G 1.11 3.09 -0.44
(M)Q2 Q M 1.69 7.41 0.85
(E)D52 D E 1.43 7.90 0.78
(T)L56 L T 1.76 6.93 0.82
(G)G76 G G 1.21 3.84 -0.09
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conventional method. It should be noted that this strategy 
still assigns signals, and is therefore distinct from methods 
that extract information by statistical analysis without sig-
nal assignments (Rumpel et al. 2008; Kodama et al. 2013; 
Arbogast et al. 2017).

In general, NUS is used in combination with spectral 
reconstruction methods (Barna and Laue 1987; Daniell and 
Hore 1989; Hoch et al. 1990; Tugarinov et al. 2005; Hyberts 
et al. 2007; Stern et al. 2007; Coggins and Zhou 2008; Mat-
suki et al. 2009; Holland et al. 2011; Kazimierczuk and 
Orekhov 2011; Bostock et al. 2012; Hyberts et al. 2012; 
Sun et al. 2015; Ying et al. 2017), in which signal properties 
such as intensities, chemical shifts, and line widths are not 
guaranteed to be properly retained. The direct analysis of 
NUS data is not affected by the reconstruction quality, and 
therefore is a more straightforward method. The disadvan-
tage of the direct NUS data analysis without the chemical 
shift information is partly compensated in SiPex, because 
of its ability to assign signals without chemical shift values 
based on DSL.

Analysis of an intrinsically disordered protein

Intrinsically disordered proteins (IDPs) show limited dis-
persion of NMR signals (Alderson and Markley 2013), 
which are difficult to separate even by introducing an 
additional dimension, such as 3D HNCO-based 15N 
relaxation experiments. Since SiPex provides a different 
signal separation strategy, it would potentially be suit-
able for IDP analyses. As a model IDP, we analyzed the 
98-amino-acid Nrf2-ECH-homology 2 (Neh2) domain of 
the nuclear factor E2-related factor 2 (Nrf2) protein (Itoh 
et al. 1999). We prepared four samples according to the 
labeling pattern shown in Fig. S12. The crowded region 
shown in Fig. 4a was divided into 4 subregions. By tensor 
decompositions of each subregion, we obtained 8 signals 
accompanied with amino-acid and relaxation information 
(Figs. 4, S13). The decomposition of 2 signals in subre-
gion 1 is demonstrated in Fig. 4b–d. In subregion 1, we 
found two components with the amino acid types (K)E 
and (R)Q, confirmed as (K)E57 and (R)Q59, respectively, 
by separately performed sequential assignments using 3D 
triple-resonance experiments. The loading vectors and the 
amino-acid and relaxation information of all of the subre-
gions are shown in Fig. S13. In total, 5 out of the 8 sig-
nals confirmed that the amino acids were correct ((D)M17,  
(Y)E47, (K)E57, (R)Q59, and (E)Q66); 2 signals ((A)S 
and (G)S) could not be confirmed due to the sensitivity 
issue of the triple-resonance experiments; and the other 
signal ((S)E) was incorrect because two overlapping signals 
((L)E55, (K)E65) were wrongly treated as a single signal. 
The assigned 4 signals, (Y)E47, (K)E57, (R)Q59, and (E)
Q66, showed similar relaxation parameters to each other 

(Table 3). The relaxation parameters of the other assigned 
signal, (D)M17, were similar to those of an isolated signal, 
(D)L19, which was a closely located residue in the primary 
sequence (Table 3). These results imply the reliability of 

Fig. 4  Analysis of a crowded spectral region of an intrinsically dis-
ordered protein. a 15N HSQC spectrum of sample 1 of the analyzed 
spectral region. Four subregions for individual tensor decomposition 
runs are shown in the blue box and numbered. The decomposed sig-
nals are shown by red crosses with amino-acid information by SiPex. 
b–d Decomposition of subregion 1. b The observed spectrum (left 
panel) was decomposed into two components (right two panels). Only 
the 15N HSQC spectrum of sample 1 is shown. c Loading vectors 
along the 1H (left) and 15N (right) dimensions. The markers and line 
styles are the same as in Fig. 2c. b Loading vectors along the SiCode 
(left) and relaxation (right) dimensions. The markers and line styles 
are the same as in Fig. 2d
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the relaxation parameters obtained from the overlapping 
signals. In this study, the labeling pattern was only used 
to convert the intensities of the loading vector into the 
amino-acid information after the decomposition. A ten-
sor decomposition algorithm using prior knowledge of the 
labeling pattern should improve the decomposition perfor-
mance for highly crowded spectral regions, in the cases of 
IDPs. Although further improvement is required, the results 
showed that SiPex can potentially be applied to IDPs. 

Application and further improvement of SiPex

SiPex decomposes overlapping signals depending on the dif-
ference in the loading vectors, which also contain information 
of interest. In this study, we employed SiCode as a selective 
labeling method because the amino acid information is rep-
resented as the signal intensities (Fig. 1b), and thus it can be 
straightforwardly regarded as the loading vector. Other CSL 
methods, in which the amino acid information is deduced 
from the visual inspection of the presence or absence of sig-
nals (Trbovic et al. 2005; Maslennikov et al. 2010; Jaipuria 
et al. 2012; Dubey et al. 2016; Hoffmann et al. 2018), can 
also be analyzed in the same way as SiCode, by regarding 
them as a special case of SiCode using only 0% or 100% 
labeling. Therefore, the analysis method proposed in this 
study can be used with other CSLs, as well as SiCode. We 
employed SiCode as the most suitable labeling method for 
SiPex, because it requires a smaller number of samples than 
other CSLs to distinguish all of the amino acids (Kasai et al. 
2015). In other words, if the number of samples is limited, for 
example 3, some amino acids must share the same labeling 
pattern in other CSLs, which leads to a loss of amino acid 
information and reduced decomposition performance.

In this study, we integrated the relaxation measurements 
into SiPex by regarding the intensities of multiple spectra 
with different relaxation delays as a loading vector. SiPex 
is also applicable to other experiments using signal inten-
sity modulation in a similar manner, such as paramagnetic 
relaxation enhancement (Otting 2010; Clore 2015), hydro-
gen–deuterium exchange (Englander and Mayne 1992), and 
cross saturation (Shimada 2005).

Further improvement of the decomposition algorithm will 
be required for more difficult targets. In this study, we used a 

simple, in-house ALS program (see Materials and Methods). 
For practical use, we recommend using software packages 
for tensor decomposition that run more efficiently by vari-
ous acceleration methods; for example, the N-way toolbox 
(Andersson and Bro 2000), with which we obtained the 
same results as those presented in this paper (Note S3). By 
using such general-purpose tensor decomposition software, 
it may be possible to improve the decomposition in difficult 
cases by applying appropriate regularization based on the 
background knowledge; for example, non-negativity of the 
signals in the frequency domain and the labeling ratios. To 
further improve the decomposition performance, a special-
ized program using background knowledge more specific 
for SiPex, such as the labeling pattern or the exponential 
decay property in relaxation measurements, is promising. 
Optimizations of the experimental settings, such as the allo-
cation balance on machine time among experiments (HSQC, 
HNCO, and relaxation) and the sampling schedule for NUS, 
also remain as subjects for future investigation.

Conclusion

SiPex integrates two types of separately performed experi-
ments, amino acid typing with AASIL and characterization 
of the target protein, by tensor decomposition of the whole 
data. This not only improved the separation of overlapping 
signals but also directly linked the information of the amino 
acid and the characteristics without chemical shift values. 
When combined with signal assignments based on the DSL 
approach, SiPex provides an alternative method for protein 
analysis without chemical shift determination. The basic 
concept presented here will potentially expand NMR appli-
cations by solving the problems in signal assignments and 
overlapping decomposition for difficult target proteins.

Materials and methods

Sample preparation

The amino acid sequence of Ub3A is the same as resi-
dues 1 to 76 of UniProt P62979, except for three alanine 

Table 3  Amino acids and 
relaxation parameters of Nrf2 
Neh2 obtained by SiPex

Residue i i-1 R1  [s−1] R2  [s−1] NOE

Overlapping (D)M17 M D 1.28 9.2 0.44
(Y)E47 E Y 1.10 22.5 0.66
(K)E57 E K 1.03 20.4 0.59
(R)Q59 Q R 1.12 27.7 0.65
(E)Q66 Q E 1.10 20.3 0.51

Isolated (D)L19 L D 1.40 8.2 0.45
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substitutions (L8A, I44A, and V70A) and an additional 
aspartate residue at its C-terminus (Inomata et al. 2009). 
The amino acid sequence of Nrf2 Neh2 is the same as resi-
dues 1 to 98 of UniProt Q60795. The template DNA encod-
ing Ub3A or Neh2, with a histidine affinity tag sequence 
at its N-terminus, was constructed as previously described 
(Yabuki et al. 2007). Three (Ub3A) or four (Neh2) proteins, 
selectively labeled according to the SiCode labeling pattern 
shown in Fig. 1a (Ub3A) or Fig. S12 (Neh2), were produced 
with the dialysis mode of the cell-free protein synthesis sys-
tem (Kigawa et al. 1995, 2004; Matsuda et al. 2007; Kigawa 
2010), with the inhibition of amino acid scrambling (Yokoy-
ama et al. 2011) as described previously (Kasai et al. 2015), 
using the amino acid mixture described in Table S1 (Ub3A) 
or Table S2 (Neh2). The proteins were purified with a His-
Trap affinity column (GE Healthcare) and subsequently 
cleaved with tobacco etch virus protease. The cleaved Ub3A 
protein contains seven additional residues (GSSGSSG) as a 
cloning artifact at its N-terminus, which are represented by 
negative residue numbers in this paper. The cleaved Neh2 
protein contains an additional glycine residue as a cloning 
artifact at its N-terminus. The proteins were finally purified 
with a HiTrap SP cation exchange column (GE Healthcare) 
(Ub3A) or a HiTrap Q anion exchange column (GE Health-
care) (Neh2). The purified proteins were concentrated to 
1 mM in measurement buffer (50 mM sodium phosphate, 
pH 6.0, 10% 2H2O for Ub3A, 20 mM sodium phosphate, 
pH 8.0, 100 mM sodium chloride, 10% 2H2O for Neh2) by 
ultrafiltration with VIVASPIN 2 MWCO 5,000 concentra-
tors (Sartorius).

NMR measurements

All NMR measurements were performed with an AVANCE 
III HD 700 MHz spectrometer (Bruker BioSpin) equipped 
with a TCI (Ub3A) or a TXI (Neh2) CryoProbe (Bruker 
BioSpin) at 298 K at a 1 mM protein concentration. Two-
dimensional 15N-HSQC, HNCO, 15N-R1-HSQC, 15N-R2-
HSQC, and 1H-15N heteronuclear NOE-HSQC spectra were 
acquired. All NMR data were processed with the NMRPipe 
software (Delaglio et al. 1995). The number of data points, 
the spectral widths, and the carrier frequencies were the 
same for all of the measurements (Tables S3, S4). The delay 
times for the 15N  R1 measurements were 10, 70, 150, 250, 
370, 530, 760, and 1,150 ms (Ub3A) or 10, 150, 300, 450, 
600, 900, 1,200, and 1,500 ms (Neh2). The durations of the 
CPMG sequence for the 15N  R2 measurements were 17.0, 
33.9, 50.9, 67.8, 101.8, 135.7, 186.6, and 254.4 ms. Before 
tensor decomposition, the spectra were multiplied by con-
stant values to compensate for the concentration differences 
among the samples (See Note S4 for details).

Tensor decomposition with alternating least 
squares (ALS)

In the sub-problem of ALS, the loading vector along one 
dimension is solved while assuming that the loading vectors 
along the other dimensions are known. Each element of the 
four-order tensor � in Eq. 9 can be written as:

where I, J, K, and L are the number of data points along each 
dimension. To solve af as a sub-problem, the other three 
dimensions are unfolded to one dimension by introducing 
the new index, m = 1…M, M = JKL,

or in matrix representation,

where X and E are I ×M matrices, A is an I × F matrix, 
and Z is an F ×M matrix. The sub-problem is to find A that 
minimizes the sum of squares of elements of E, when X and 
Z are known. A is updated as

In one iteration of ALS, af, bf, cf, and df are updated likewise 
in sequence.

Since SiPex relies only on 15N-HSQC, HN(CO), and 
15N-HSQC-based relaxation spectra, some elements of the 
four-order tensor were missing (Fig. 2b). The missing ele-
ments were excluded from the calculation of residual errors.

In this study, we used an ALS in-house script running 
on MATLAB 2018b (MathWorks, MA, USA). Iterations 
were stopped when the relative change of the residual error 
between two iterations was small (less than  10–6) or the num-
ber of iterations reached 500. Since the ALS solution is not 
guaranteed as a global optimum (Bro 1997), we tried 100 
ALS runs for one problem using random initial guesses and 
selected the solution with the smallest residual error.

Comparison with the conventional method

For evaluation purposes, we separately obtained the main-
chain assignment and relaxation values using a uniformly 
13C/15N labeled protein. The main-chain assignment was 
achieved with standard triple resonance experiments (Ikura 
et al. 1990; Clubb et al. 1992; Bax and Grzesiek 1993). The 

(11)

xijkl =

F∑
f=1

aif bjf ckf dlf + eijkl

(i = 1… I, j = 1… J, k = 1…K, l = 1…L)

(12)

xim =

F∑
f=1

aif zfm + eim xim = xijkl, zfm = bjf ckf dlf , eim = eijkl

(13)� = �� + �

(14)� = ��
T
(��

T
)−1
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 R1,  R2, and heteronuclear NOE data were also obtained 
using the uniformly labeled sample.

Acknowledgements We are grateful to Prof. Yutaka Ito for helpful 
suggestions. We thank our lab members at RIKEN for assistance with 
sample preparation and valuable comments, and S. Yasuda for secre-
tarial assistance. This work was financially supported, in part, by JST 
PRESTO (JPMJPR1674 for T. Kasai and JPMJPR1673 for S.O.), JSPS 
KAKENHI (16K18508 for T. Kasai and 25120003 for T. Kigawa), JST 
CREST (JPMJCR13M3 for T. Kigawa), and RIKEN Pioneering Project 
“Dynamic Structural Biology” (for T. Kigawa).

Author contributions T. Kasai conceived the project, conducted exper-
iments, and analyzed data. All authors discussed the isotope labeling 
strategy and the experimental results. S.K. and M.Y. discussed the Nrf2 
Neh2 experiments. S.O., T.T., and S.I. discussed the tensor decompo-
sition. T. Kigawa supervised the research. All authors prepared the 
manuscript.

Compliance with ethical standards 

Conflict of interest Takuma Kasai and Takanori Kigawa are inventors 
on a Japanese Patent (Number 6191927) related to this work. Shun-
suke Ono, Seizo Koshiba, Masayuki Yamamoto, Toshiyuki Tanaka, 
and Shiro Ikeda declare that they have no conflict of interest.

Ethical approval This article does not contain any studies with human 
participants or animals performed by any of the authors.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

Alderson TR, Markley JL (2013) Biophysical characterization of 
α-synuclein and its controversial structure. Intrinsically Disord 
Proteins 1:18–39

Andersson CA, Bro R (2000) The N-way toolbox for MATLAB. Che-
mometrics Intellig Lab Syst 52:1–4

Arbogast LW, Delaglio F, Schiel JE, Marino JP (2017) Multivariate 
analysis of two-dimensional 1H, 13C methyl NMR spectra of mon-
oclonal antibody therapeutics to facilitate assessment of higher 
order structure. Anal Chem 89:11839–11845

Barna JCJ (1969) Laue ED (1987) Conventional and exponential sam-
pling for 2D NMR experiments with application to a 2D NMR 
spectrum of a protein. J Magn Reson 75:384–389

Barna JCJ, Laue ED, Mayger MR, Skilling J, Worrall SJP (1987) 
Exponential sampling, an alternative method for sampling in two-
dimensional NMR experiments. J Magn Reson (1969) 73:69–77

Bax A, Grzesiek S (1993) Methodological advances in protein NMR. 
Acc Chem Res 26:131–138

Bostock MJ, Holland DJ, Nietlispach D (2012) Compressed sensing 
reconstruction of undersampled 3D NOESY spectra: application 
to large membrane proteins. J Biomol NMR 54:15–32

Bro R (1997) PARAFAC. Tutorial and applications. Chemometrics 
Intellig Lab Syst 38:149–171

Caffrey M, Kaufman J, Stahl SJ, Wingfield PT, Gronenborn AM, Clore 
GM (1998) 3D NMR experiments for measuring 15N relaxation 
data of large proteins: application to the 44 kDa ectodomain of 
SIV gp41. J Magn Reson 135:368–372

Clore GM (2015) Practical aspects of paramagnetic relaxation 
enhancement in biological macromolecules. Methods Enzymol 
564:485–497

Clore GM, Driscoll PC, Wingfield PT, Gronenborn AM (1990) Analy-
sis of the backbone dynamics of interleukin-1β using two-dimen-
sional inverse detected heteronuclear 15N–1H NMR spectroscopy. 
Biochemistry 29:7387–7401

Clubb RT, Thanabal V, Wagner G (1992) A constant-time three-dimen-
sional triple-resonance pulse scheme to correlate intraresidue 1HN, 
15N, and 13C’ chemical shifts in 15N–13C-labeled proteins. J Magn 
Reson 97:213–217

Coggins BE, Zhou P (2008) High resolution 4-D spectroscopy with 
sparse concentric shell sampling and FFT-CLEAN. J Biomol 
NMR 42:225–239

Daniell GJ, Hore PJ (1989) Maximum entropy and NMR—a new 
approach. J Magn Reson (1969) 84:515–536

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeifer J, Bax A (1995) 
NMRPipe: a multidimensional spectral processing system based 
on UNIX pipes. J Biomol NMR 6:277–293

Dubey A, Kadumuri RV, Jaipuria G, Vadrevu R, Atreya HS (2016) 
Rapid NMR assignments of proteins by using optimized combi-
natorial selective unlabeling. ChemBioChem 17:334–340

Englander SW, Mayne L (1992) Protein folding studied using hydro-
gen-exchange labeling and two-dimensional NMR. Annu Rev 
Biophys Biomol Struct 21:243–265

Gümral D, Fogolari F, Corazza A, Viglino P, Giorgetti S, Stoppini M, 
Bellotti V, Esposito G (2013) Reduction of conformational mobil-
ity and aggregation in W60G β2-microglobulin: assessment by 15N 
NMR relaxation. Magn Reson Chem 51:795–807

Hefke F, Bagaria A, Reckel S, Ullrich SJ, Dötsch V, Glaubitz C, Gün-
tert P (2011) Optimization of amino acid type-specific 13C and 
15N labeling for the backbone assignment of membrane proteins 
by solution- and solid-state NMR with the UPLABEL algorithm. 
J Biomol NMR 49:75–84

Hein C, Löhr F, Schwarz D, Dötsch V (2017) Acceleration of protein 
backbone NMR assignment by combinatorial labeling: applica-
tion to a small molecule binding study. Biopolymers 107:e23013

Hoch JC, Stern AS, Donoho DL, Johnstone IM (1990) Maximum 
entropy reconstruction of complex (phase-sensitive) spectra. J 
Magn Reson (1969) 86:236–246

Hoffmann B, Löhr F, Laguerre A, Bernhard F, Dötsch V (2018) Pro-
tein labeling strategies for liquid-state NMR spectroscopy using 
cell-free synthesis. Prog Nucl Magn Reson Spectrosc 105:1–22

Holland DJ, Bostock MJ, Gladden LF, Nietlispach D (2011) Fast mul-
tidimensional NMR spectroscopy using compressed sensing. 
Angew Chem Int Ed 50:6548–6551

Hyberts SG, Heffron GJ, Tarragona NG, Solanky K, Edmonds KA, 
Luithardt H, Fejzo J, Chorev M, Aktas H, Colson K, Falchuk 
KH, Halperin JA, Wagner G (2007) Ultrahigh-resolution 1H–13C 
HSQC spectra of metabolite mixtures using nonlinear sampling 
and forward maximum entropy reconstruction. J Am Chem Soc 
129:5108–5116

Hyberts SG, Milbradt AG, Wagner AB, Arthanari H, Wagner G (2012) 
Application of iterative soft thresholding for fast reconstruction of 
NMR data non-uniformly sampled with multidimensional Poisson 
Gap scheduling. J Biomol NMR 52:315–327

http://creativecommons.org/licenses/by/4.0/


136 Journal of Biomolecular NMR (2020) 74:125–137

1 3

Hyberts SG, Arthanari H, Robson SA, Wagner G (2014) Perspectives 
in magnetic resonance: NMR in the post-FFT era. J Magn Reson 
241:60–73

Ikura M, Kay LE, Bax A (1990) A novel approach for sequential 
assignment of 1H, 13C, and 15N spectra of proteins: heteronuclear 
triple-resonance three-dimensional NMR spectroscopy. Applica-
tion to calmodulin. Biochemistry 29:4659–4667

Inomata K, Ohno A, Tochio H, Isogai S, Tenno T, Nakase I, Takeuchi 
T, Futaki S, Ito Y, Hiroaki H, Shirakawa M (2009) High-resolu-
tion multi-dimensional NMR spectroscopy of proteins in human 
cells. Nature 458:106–109

Itoh K, Wakabayashi N, Katoh Y, Ishii T, Igarashi K, Engel JD, Yama-
moto M (1999) Keap1 represses nuclear activation of antioxidant 
responsive elements by Nrf2 through binding to the amino-termi-
nal Neh2 domain. Genes Dev 13:76–86

Jaipuria G, Krishnarjuna B, Mondal S, Dubey A, Atreya HS (2012) 
Amino acid selective labeling and unlabeling for protein reso-
nance assignments. Adv Exp Med Biol 992:95–118

Kainosho M, Tsuji T (1982) Assignment of the three methionyl car-
bonyl carbon resonances in Streptomyces subtilisin inhibitor by 
a carbon-13 and nitrogen-15 double-labeling technique. A new 
strategy for structural studies of proteins in solution. Biochemistry 
21:6273–6279

Kasai T, Koshiba S, Yokoyama J, Kigawa T (2015) Stable isotope labe-
ling strategy based on coding theory. J Biomol NMR 63:213–221

Kasai T, Nagata K, Okada M, Kigawa T (2016) NMR spectral analysis 
using prior knowledge. J Phys Conf Ser 699:012003

Kay LE, Torchia DA, Bax A (1989) Backbone dynamics of proteins 
as studied by 15N inverse detected heteronuclear NMR spec-
troscopy: application to staphylococcal nuclease. Biochemistry 
28:8972–8979

Kazimierczuk K, Orekhov VY (2011) Accelerated NMR spectros-
copy by using compressed sensing. Angew Chem Int Ed Engl 
50:5556–5559

Kazimierczuk K, Orekhov V (2015) Non-uniform sampling: post-
Fourier era of NMR data collection and processing. Magn Reson 
Chem 53:921–926

Kigawa T (2010) Cell-free protein production system with the E. coli 
crude extract for determination of protein folds. Methods Mol 
Biol 607:101–111

Kigawa T, Muto Y, Yokoyama S (1995) Cell-free synthesis and amino 
acid-selective stable isotope labeling of proteins for NMR analy-
sis. J Biomol NMR 6:129–134

Kigawa T, Yabuki T, Matsuda N, Matsuda T, Nakajima R, Tanaka A, 
Yokoyama S (2004) Preparation of Escherichia coli cell extract 
for highly productive cell-free protein expression. J Struct Funct 
Genomics 5:63–68

Klammt C, Maslennikov I, Bayrhuber M, Eichmann C, Vajpai N, Chiu 
EJC, Blain KY, Esquivies L, Kwon JHJ, Balana B, Pieper U, Sali 
A, Slesinger PA, Kwiatkowski W, Riek R, Choe S (2012) Facile 
backbone structure determination of human membrane proteins 
by NMR spectroscopy. Nat Methods 9:834–839

Kodama Y, Takeuchi K, Shimba N, Ishikawa K, Suzuki E-i, Shimada 
I, Takahashi H (2013) Rapid identification of ligand-binding 
sites by using an assignment-free NMR approach. J Med Chem 
56:9342–9350

Korzhnev DM, Ibraghimov IV, Billeter M, Orekhov VY (2001) 
MUNIN: application of three-way decomposition to the analy-
sis of heteronuclear NMR relaxation data. J Biomol NMR 
21:263–268

Krishnarjuna B, Jaipuria G, Thakur A, D’Silva P, Atreya HS (2011) 
Amino acid selective unlabeling for sequence specific resonance 
assignments in proteins. J Biomol NMR 49:39–51

Laguerre A, Löhr F, Henrich E, Hoffmann B, Abdul-Manan N, Con-
nolly PJ, Perozo E, Moore JM, Bernhard F, Dötsch V (2016) From 
nanodiscs to isotropic bicelles: a procedure for solution nuclear 

magnetic resonance studies of detergent-sensitive integral mem-
brane proteins. Structure 24:1830–1841

Löhr F, Reckel S, Karbyshev M, Connolly PJ, Abdul-Manan N, Bern-
hard F, Moore JM, Dötsch V (2012) Combinatorial triple-selective 
labeling as a tool to assist membrane protein backbone resonance 
assignment. J Biomol NMR 52:197–210

Löhr F, Laguerre A, Bock C, Reckel S, Connolly PJ, Abdul-Manan N, 
Tumulka F, Abele R, Moore JM, Dötsch V (2014) Time-shared 
experiments for efficient assignment of triple-selectively labeled 
proteins. J Magn Reson 248:81–95

Löhr F, Tumulka F, Bock C, Abele R, Dötsch V (2015) An extended 
combinatorial 15N, 13Cα, and 13C’ labeling approach to protein 
backbone resonance assignment. J Biomol NMR 62:263–279

Maslennikov I, Choe S (2013) Advances in NMR structures of integral 
membrane proteins. Curr Opin Struct Biol 23:555–562

Maslennikov I, Klammt C, Hwang E, Kefala G, Okamura M, Esquivies 
L, Mörs K, Glaubitz C, Kwiatkowski W, Jeon YH, Choe S (2010) 
Membrane domain structures of three classes of histidine kinase 
receptors by cell-free expression and rapid NMR analysis. Proc 
Natl Acad Sci USA 107:10902–10907

Matsuda T, Koshiba S, Tochio N, Seki E, Iwasaki N, Yabuki T, Inoue 
M, Yokoyama S, Kigawa T (2007) Improving cell-free protein 
synthesis for stable-isotope labeling. J Biomol NMR 37:225–229

Matsuki Y, Eddy MT, Herzfeld J (2009) Spectroscopy by integration 
of frequency and time domain information for fast acquisition of 
high-resolution dark spectra. J Am Chem Soc 131:4648–4656

Mayzel M, Ahlner A, Lundström P, Orekhov VY (2017) Measurement 
of protein backbone 13CO and 15N relaxation dispersion at high 
resolution. J Biomol NMR 69:1–12

Mobli M, Hoch JC (2014) Nonuniform sampling and non-Fourier sig-
nal processing methods in multidimensional NMR. Prog Nucl 
Magn Reson Spectrosc 83:21–41

Myshkin MY, Dubinnyi MA, Kulbatskii DS, Lyukmanova EN, 
Kirpichnikov MP, Shenkarev ZO (2019) CombLabel: rational 
design of optimized sequence-specific combinatorial labeling 
schemes. Application to backbone assignment of membrane pro-
teins with low stability. J Biomol NMR 73:531–544

Orekhov VY, Ibraghimov IV, Billeter M (2001) MUNIN: a new 
approach to multi-dimensional NMR spectra interpretation. J 
Biomol NMR 20:49–60

Otting G (2010) Protein NMR using paramagnetic ions. Annu Rev 
Biophys 39:387–405

Ozawa K, Wu PSC, Dixon NE, Otting G (2006) 15N-labelled proteins 
by cell-free protein synthesis. Strategies for high-throughput 
NMR studies of proteins and protein-ligand complexes. FEBS 
J 273:4154–4159

Parker MJ, Aulton-Jones M, Hounslow AM, Craven CJ (2004) A com-
binatorial selective labeling method for the assignment of back-
bone amide NMR resonances. J Am Chem Soc 126:5020–5021

Reckel S, Sobhanifar S, Schneider B, Junge F, Schwarz D, Durst F, 
Löhr F, Güntert P, Bernhard F, Dötsch V (2008) Transmembrane 
segment enhanced labeling as a tool for the backbone assign-
ment of α-helical membrane proteins. Proc Natl Acad Sci USA 
105:8262–8267

Rumpel S, Lakshmi R, Becker S, Zweckstetter M (2008) Assign-
ment-free solution NMR method reveals CesT as an unswapped 
homodimer. Protein Sci 17:2015–2019

Shi J, Pelton JG, Cho HS, Wemmer DE (2004) Protein signal assign-
ments using specific labeling and cell-free synthesis. J Biomol 
NMR 28:235–247

Shimada I (2005) NMR techniques for identifying the interface of a 
larger protein–protein complex: cross-saturation and transferred 
cross-saturation experiments. Methods Enzymol 394:483–506

Shortle D (1994) Assignment of amino acid type in 1H–15N correla-
tion spectra by labeling with 14N-amino acids. J Magn Reson B 
105:88–90



137Journal of Biomolecular NMR (2020) 74:125–137 

1 3

Sobhanifar S, Reckel S, Junge F, Schwarz D, Kai L, Karbyshev M, 
Löhr F, Bernhard F, Dötsch V (2010) Cell-free expression and 
stable isotope labelling strategies for membrane proteins. J Biomol 
NMR 46:33–43

Staunton D, Schlinkert R, Zanetti G, Colebrook SA, Campbell ID 
(2006) Cell-free expression and selective isotope labelling in 
protein NMR. Magn Reson Chem 44:S2–S9

Stern AS, Donoho DL, Hoch JC (2007) NMR data processing using 
iterative thresholding and minimum l1-norm reconstruction. J 
Magn Reson 188:295–300

Sun S, Gill M, Li Y, Huang M, Byrd RA (2015) Efficient and general-
ized processing of multidimensional NUS NMR data: the NESTA 
algorithm and comparison of regularization terms. J Biomol NMR 
62:105–117

Trbovic N, Klammt C, Koglin A, Löhr F, Bernhard F, Dötsch V (2005) 
Efficient strategy for the rapid backbone assignment of membrane 
proteins. J Am Chem Soc 127:13504–13505

Tugarinov V, Kay LE, Ibraghimov I, Orekhov VY (2005) High-reso-
lution four-dimensional 1H–13C NOE spectroscopy using methyl-
TROSY, sparse data acquisition, and multidimensional decompo-
sition. J Am Chem Soc 127:2767–2775

Vajpai N, Strauss A, Fendrich G, Cowan-Jacob SW, Manley PW, 
Grzesiek S, Jahnke W (2008) Solution conformations and dynam-
ics of ABL kinase-inhibitor complexes determined by NMR sub-
stantiate the different binding modes of imatinib/nilotinib and 
dasatinib. J Biol Chem 283:18292–18302

Wu PSC, Ozawa K, Jergic S, Su XC, Dixon NE, Otting G (2006) 
Amino-acid type identification in 15N-HSQC spectra by combi-
natorial selective 15N-labelling. J Biomol NMR 34:13–21

Xun Y, Tremouilhac P, Carraher C, Gelhaus C, Ozawa K, Otting G, 
Dixon NE, Leippe M, Grotzinger J, Dingley AJ, Kralicek AV 

(2009) Cell-free synthesis and combinatorial selective 15N-labe-
ling of the cytotoxic protein amoebapore A from Entamoeba his-
tolytica. Protein Expr Purif 68:22–27

Yabuki T, Kigawa T, Dohmae N, Takio K, Terada T, Ito Y, Laue 
ED, Cooper JA, Kainosho M, Yokoyama S (1998) Dual amino 
acid-selective and site-directed stable-isotope labeling of the 
human c-Ha-Ras protein by cell-free synthesis. J Biomol NMR 
11:295–306

Yabuki T, Motoda Y, Hanada K, Nunokawa E, Saito M, Seki E, Inoue 
M, Kigawa T, Yokoyama S (2007) A robust two-step PCR method 
of template DNA production for high-throughput cell-free protein 
synthesis. J Struct Funct Genomics 8:173–191

Yamazaki T, Yoshida M, Kanaya S, Nakamura H, Nagayama K (1991) 
Assignments of backbone 1H, 13C, and 15N resonances and sec-
ondary structure of ribonuclease H from Escherichia coli by het-
eronuclear three-dimensional NMR spectroscopy. Biochemistry 
30:6036–6047

Ying J, Delaglio F, Torchia DA, Bax A (2017) Sparse multidimensional 
iterative lineshape-enhanced (SMILE) reconstruction of both non-
uniformly sampled and conventional NMR data. J Biomol NMR 
68:101–118

Yokoyama J, Matsuda T, Koshiba S, Tochio N, Kigawa T (2011) A 
practical method for cell-free protein synthesis to avoid stable 
isotope scrambling and dilution. Anal Biochem 411:223–229

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Amino-acid selective isotope labeling enables simultaneous overlapping signal decomposition and information extraction from NMR spectra
	Abstract
	Introduction
	Theory
	Results and discussion
	Applicability of tensor decomposition to the SiCode dataset to determine amino-acid types
	Decomposition of overlapping signals and relaxation measurements
	Direct analysis of non-uniformly sampled time-domain data
	Analysis of an intrinsically disordered protein
	Application and further improvement of SiPex

	Conclusion
	Materials and methods
	Sample preparation
	NMR measurements
	Tensor decomposition with alternating least squares (ALS)
	Comparison with the conventional method

	Acknowledgements 
	References




