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Abstract We describe a strategy for stable isotope-aided
protein nuclear magnetic resonance (NMR) analysis, called
stable isotope encoding. The basic idea of this strategy is
that amino-acid selective labeling can be considered as
“encoding and decoding” processes, in which the infor-
mation of amino acid type is encoded by the stable isotope
labeling ratio of the corresponding residue and it is deco-
ded by analyzing NMR spectra. According to the idea, the
strategy can diminish the required number of labelled
samples by increasing information content per sample,
enabling discrimination of 19 kinds of non-proline amino
acids with only three labeled samples. The idea also
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enables this strategy to combine with information tech-
nologies, such as error detection by check digit, to improve
the robustness of analyses with low quality data. Stable
isotope encoding will facilitate NMR analyses of proteins
under non-ideal conditions, such as those in large complex
systems, with low-solubility, and in living cells.

Keywords Amino-acid selective stable isotope labeling -
Cell-free protein synthesis - Coding theory - Combinatorial
selective labeling - Signal assignment

Introduction

Stable-isotope (SI) labeling of proteins is an essential
technique to investigate three-dimensional structures,
ligand interactions or dynamics of proteins by nuclear
magnetic resonance (NMR) spectroscopy. The assignment
of the main-chain signals, which is generally the first step
in these analyses, is usually achieved by a sequential
assignment method based on a combination of triple res-
onance experiments on proteins uniformly labeled with '>N
and °C (Grzesiek and Bax 1993). Amino-acid selective SI
labeling (AASIL) helps to discriminate the amino-acid type
of each signal, independently of the triple resonance
experiment-based sequential assignment. Therefore, it is
especially useful for the signal assignment of difficult tar-
gets, such as large complex systems (Bertelsen et al. 2009),
low-solubility proteins (Cervantes et al. 2013), and proteins
in living cells (Hembram et al. 2013). The dual selective
labeling method, which utilizes both amide nitrogen and
carbonyl carbon labeling, narrows down the assignment
possibilities even further (Kainosho and Tsuji 1982), and as
a consequence leads to the assignment, without the need
for triple resonance experiments, of amino-acid pairs
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occurring only once in the sequence. However, for the
discrimination of all amino-acids, these simple AASIL
schemes require a large number of samples, which are
typically the same as the number of amino acids (19 for
nitrogen or 20 for carbon). For this reason, various com-
binatorial selective labeling (CSL) schemes (Parker et al.
2004; Shi et al. 2004; Trbovic et al. 2005; Staunton et al.
2006; Wu et al. 2006; Maslennikov et al. 2010; Sobhanifar
et al. 2010; Hefke et al. 2011; Krishnarjuna et al. 2011;
Jaipuria et al. 2012; Lohr et al. 2012; Maslennikov and
Choe 2013) were developed to reduce required number of
samples, by representing amino acids as combination of SI
labeled samples rather than simply assigning one amino
acid to one SI labeled sample. For example, a CSL scheme
developed by Parker et al. (2004), which is based on the
dual selective approach, can discriminate 16 amino-acids
with one uniformly '>C and '’N-labeled reference and four
selectively (100 or 0 % for '*C and 100 or 50 % for "N,
respectively) labeled samples. The use of labeling ratio of
100 or 50 % for ISN, rather than that of 100 or 0 %, ensures
obtaining '*C labeling information from HN(CO) spec-
trum, irrespective of '°N labeling ratio. Otting and col-
leagues reported simpler CSL scheme using five samples
(Wu et al. 2006), based on the single selective '*N-labeling
approach, in which spectral overlaps were diminished by
labeling one amino acid with high occurrence and at most
three ones with low occurrence in each sample. Dotche and
colleagues developed focused CSL (Trbovic et al. 2005;
Sobhanifar et al. 2010), in which 6 or 7 amino acids fre-
quently appearing in transmembrane regions of membrane
proteins were labeled with "N or 1-'*C. They further
improved the CSL to discriminate up to 20 amino-acids
with a number of samples labeled with >N and/or '*C by
using dual selective approach (Hefke et al. 2011), or to
discriminate 12 amino-acids with only three samples by
introducing triple selective approach (Lohr et al. 2012), in
which the samples were labeled with the combination of
ISN, 1-13C, and '3C/"N. Choe and colleagues also
improved membrane protein-focused CSL (Maslennikov
et al. 2010; Maslennikov and Choe 2013) to discriminate
up to 19 amino-acids except for glutamate with six samples
simply labeled with '>C and/or "’N. A couple of compu-
tational methods for designing labeling patterns for CSL
were employed (Maslennikov et al. 2010; Hefke et al.
2011; Maslennikov and Choe 2013) in order to maximize
assignable residues by using dual selective approaches.
We realized that AASIL can be considered as an “en-
coding-and-decoding” process. Digital communication
frequently involves the “encoding-and-decoding” process,
in which a sender converts a letter to a code word,
according to a predefined table associating each letter with
a codeword (Fig. 1a). The converted codeword, consisting
of binary digits, is transmitted through a communication
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channel, and then the receiver converts it back to the letter
according to the table. Similarly, in the AASIL process, if
the SI labeling pattern is regarded as a codeword table, the
information of the amino acid type of each residue is
converted to a codeword according to the table, and then it
is retrieved from the observed NMR spectra according to
the table. Based on this consideration, we propose a novel
SI-labeling strategy based on coding theory, which we call
stable isotope encoding (SiCode). Using this strategy, here
we report a labeling scheme to discriminate all of 19 non-
proline amino-acids with as few as three selectively labeled
samples and a method to further improve noise-tolerance
with error detection system.

Results

From the point of view of SiCode, the simplest AASIL
scheme, in which 19 (for nitrogen) or 20 (for carbon)
samples labeled with only a single amino acid are prepared,
can be considered as a system in which each amino-acid is
assigned to a specific 19 or 20-digit binary codeword with
only a single ‘1’ digit (Fig. Sl1a). One CSL scheme pro-
posed by Parker et al. (2004), which utilizes the combi-
nation of one uniformly labeled sample and four selectively
labeled samples in order to discriminate 16 amino acids,
can be considered as a system in which the information is
assigned to a 4-digit binary codeword (Fig. S1b). As long
as binary digits are used as codewords, each sample can
contain an information amount of one bit, thus limiting the
number of discriminable amino acids to 2", where n is the
number of selectively labeled samples. In AASIL, it is
better to minimize the number of labeled samples, in terms
of costs and sample preparation workload, as well as NMR
machine time. Based on the SiCode concept, such mini-
mization can be achieved by increasing the information
content per sample by using three or more discrete SI-
labeling levels, while the abovementioned CSL schemes
utilize no more than two levels. As the simplest case of this
idea, we have designed a novel scheme to use ternary digits
as codewords, and an example of a codeword table based
on a dual selective approach is shown in Fig. 1b (see
“Materials and methods” section for details). In this
scheme, the ternary digits, “0”, “1”, and “2”, are repre-
sented by SI-labeling levels of 50, 75, and 100 % (for "°N)
or 0, 50, and 100 % (for 13C), respectively. Moreover, by
using only the codewords with at least one “2”, the sample
with the largest intensity for each signal can be used as a
fully-labeled reference. The number of assignable code-
words based on this scheme is 19, which is the exact
number required for representing non-proline amino acids.
Thus, we can discriminate 19 kinds of non-proline amino
acids with only three labeled samples, by omitting the
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Fig. 1 Concept and application of the SiCode strategy. a Consider-
ation of AASIL as an “encoding-and-decoding” process, by analogy
to digital communication. See text for details. b One of the labeling
patterns based on the SiCode strategy. For each amino acid and each
sample, the '*C and '°N labeling ratios are shown as percentages. The
corresponding 3-digit ternary codewords are indicated in the right-
most column. ¢ Cross peaks of residue D73 of the Smoothelin CH
domain. Raw data are shown with black lines, while fitted Gaussian

additional uniformly labeled reference sample used in the
abovementioned CSL (Parker et al. 2004). As a proof of
concept, we have applied this scheme to the 116-amino-
acid CH domain of Smoothelin protein (BMRB ID:
11572), as described in detail in the Materials and Methods
and Supplementary Information. We used an Escherichia
coli-based cell-free protein synthesis system (Kigawa et al.
1999, 2004; Matsuda et al. 2007; Seki et al. 2008) sup-
plemented with metabolic inhibitors (Yokoyama et al.
2011) in order to achieve the accurate SI-labeling ratios we
designed (Fig. 1b) for preparing the three kinds of labeled
samples. A pair of 2D ’N-HSQC and 2D HN(CO) spectra
were acquired for each of the three samples so that six
spectra in total were obtained (full spectra are shown in
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functions are shown with red lines. The SI indices and the
corresponding ternary digits are shown in blue letters. Codewords
and judged amino acids are shown in black bold letters. d SI index for
each amino acid type of all 89 isolated main-chain signals of the
Smoothelin CH domain. Open black circles indicate the averaged SI
index, accompanied with its standard deviation as an error bar. Red
squares indicate the designed labeling ratio

Fig. S2), and accurate signal intensities on each spectrum
were obtained by fitting the signal to a two-dimensional
Gaussian function. The '"N-labeling ratios of the corre-
sponding residue (residue i) were calculated from the
HSQC signal intensities, and the '*C-labeling ratios of the
preceding residue (residue i — 1) were calculated simi-
larly, using both the HSQC and HNCO signal intensities.
These back-calculated SI labeling ratios are referred to as
“SI indices”.

Figure 1c shows the cross peaks of six spectra of residue
D73, which is preceded by residue A72. The SI indices of
I5N of the residue i were 100, 76.2, and 50.0 %, respec-
tively, which correspond to the codeword “210”, indicat-
ing that this signal is from an aspartate residue. The SI
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indices of '*C of the residue i — 1 were 49.3, 100, and
97.0 %, respectively, which correspond to the codeword
“122”, revealing that the preceding residue is alanine. To
investigate the decoding performance of SiCode, we ana-
lyzed 89 isolated (i.e. non-overlapping) main-chain signals
out of 111 observable (non-proline) main-chain signals.
The amino-acid types of all 89 isolated main-chain signals
were correctly discriminated except for two preceding
proline residues, as they are not Sl-labeled in this scheme
(see more examples in Fig. S4). The SI indices of these
signals are accurate and precise enough to distinguish
among the three levels, thus demonstrating that our strategy
can be performed with sufficient accuracy and precision
(Fig. 1d, see Supplemental Note S1 for the influence of the
signal-to-noise ratio on the SI indices).

Difficult targets under more challenging conditions,
such as higher molecular size, lower solubility, lower sig-
nal intensity, and/or limited NMR machine time, usually
suffer from poor spectrum quality, which would contribute
to errors in decoding. The robustness of SiCode can be
further improved by applying information technologies,
especially under these severe conditions. Check digit is a
widely used error detection technique enabling reliable
data transmission over an unreliable data path. We have
designed a more robust scheme by implementing check

digit (Fig. 2a), where the 1st-3rd samples act as data digits,
as described above, while the 4th sample acts as check digit
for error detection (see Supplementary Information for
details). We have applied this scheme to the 110-amino-
acid SH2 domain of the BMX protein (BMRB ID: 11573,
full spectra are shown in Fig. S3), and the signals of residue
Y77 are shown in Fig. 2b. Based on the high signal-to-
noise ratio spectra, the combination of the codeword “102”
and the check digit “17; i.e., tyrosine, was deduced from
the >N SI indices of the four samples, as expected (upper
panel of Fig. 2b). In contrast, based on the spectra with
nearly 5-fold lower signal-to-noise ratios (lower panel of
Fig. 2b), the calculated check digit “2” from the observed
codeword “202” did not coincide with the observed check
digit “1”, because the >N SI index of the first sample
(92.0 %; i.e., digit “2”) mistakenly exceeded the threshold
of digit “1” (87.5 %). This result demonstrated that the
robustness was certainly improved by introducing the error
detection mechanism using the check digit (see Supple-
mentary Note S2 for further discussion).

In the case of the BMX SH2 domain, 7 suspicious
overlapped pairs of signals were identified by visual
inspection, and 6 of them were detected by the error
detection (Fig. S5). By fitting each overlapped pair to two
two-dimensional Gaussian functions, 5 pairs of main-chain

check
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Fig. 2 Error detection and peak deconvolution with the SiCode
strategy. a Expanded labeling pattern with check digits calculated
with the checksum algorithm, based on the pattern shown in Fig. 1b.
The corresponding Sl-labeling ratios for the 4th sample are shown.
b Cross peaks of residue Y77 of the BMX SH2 domain, representing
data digits (samples 1-3) and check digit (sample 4). All four '°N-
HSQC spectra are shown. The high signal-to-noise ratio data obtained
with 0.35 mM protein with 8 scans (upper panel) and the low signal-
to-noise ratio data obtained with 0.05 mM protein with 16 scans
(lower panel) are shown. The estimated peak height of the check digit
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spectrum from the data digits is shown in the yellow area. SI indices
and converted ternary digits are shown in blue letters. The underlined
check digit (i.e., sample 4) indicates a detected error. The codeword,
the proper check digits and the judged amino acid are shown in black
bold letters. ¢ Deconvolution for discriminating overlapped peaks for
residues A35 and V109 of the BMX SH2 domain. The observed
spectra are shown in the upper panel, while the two Gaussian
functions fitted to the observed spectra are separately shown in the
two lower panels. SI indices, codewords, and judged amino acids are
shown similarly
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signals and 1 pair of side-chain signals were correctly
discriminated (Fig. S5). For example, the overlapped pair
signals of residues A35 and V109, shown in Fig. 2c, were
successfully discriminated as two codeword and check
digit pairs, “122 and 0” and “112 and 2”, corresponding to
alanine and valine, respectively. These results indicate that
signal overlapping, which can impair correct discrimina-
tion in the conventional CSL, was managed by the peak
deconvolution implemented as Gaussian peak fitting in the
decoding process of SiCode.

Discussion

As described above, conventional CSL schemes generally
uses two SI-labeling levels, enabling that 1 bit information is
contained in each labeled sample (Parker et al. 2004; Shi
etal. 2004; Trbovic et al. 2005; Staunton et al. 2006; Wu et al.
2006; Maslennikov et al. 2010; Sobhanifar et al. 2010; Hefke
et al. 2011; Krishnarjuna et al. 2011; Jaipuria et al. 2012;
Maslennikov and Choe 2013). In the previously mentioned
triple selective CSL approach (Lohr et al. 2012), three SI-
labeling types can be discriminated for both residues i and
i — 1: unlabeled, '*N-labeled, or 2-'>C/'*N-labeled for the
residue i and unlabeled, 1-! 3C-labeled, or 1,2-13C-1abeled for
the residue i — 1, respectively, being considered that 1 trit
(ternary digit) information is contained in each sample. In
this report, we demonstrated a version of SiCode, in which
each labeled sample contains 1 trit information by using
three SI-labeling levels rather than by increasing number of
labeling types. Our approach can discriminate nearly all
amino-acids by using simpler combination of >N and
By 15N-lablings, and introduce additional information like
check digits for robust data analysis.

More complicated labeling patterns than that using three
labeling levels can be easily achieved by using the cell-free
protein synthesis system without SI scrambling (Yokoyama
et al. 2011). Assuming that thermal noise of the observed
data is the main reason for distorting the SI index, the
labeling pattern should be designed in order to maximize
minimum Euclidean distance between amino acids to
achieve the best noise tolerance (see Supplementary Note
S3 for the detailed discussion). Based on this strategy, we
can easily design labeling patterns for the given number of
samples and the given number of amino-acids, such as the
pattern to discriminate 20 amino acids including proline.
Since noise tolerance in discrimination between two
specific amino acids depends on their information distance,
specialized labeling patterns would be useful in some
cases. For example, in the sequential assignment, amino
acid pairs with similar Co and CP chemical shifts could be
easily discriminated with the help of SiCode specially
designed so that such amino acid pairs have long

information distance. When SI scrambling in the protein
expression system is not strictly suppressed, the distance
around the scrambling-prone amino acids should be
increased. As mentioned above, noise tolerance of the
selective labeling method can be evaluated based on the
information distance. SiCode is the noise-tolerant method
compared to the other selective labeling methods under the
given total measurement time (see Supplementary Note S3
for the detail).

One of the major motivations to use AASIL is simplifying
NMR spectrum by reducing the number of signals. Signal
overlapping usually impede amino acid discrimination
especially in CSL, therefore, the number of labeled amino-
acids is reduced according to its occurrence in some CSL
(Trbovic et al. 2005; Wu et al. 2006; Sobhanifar et al. 2010;
Lohr et al. 2012). In the present study, we labeled all of the
non-proline 19 amino acids, however, quantitative peak fit-
ting used for decoding information in SiCode solved the
signal overlapping issue as demonstrated. In addition to
noise-tolerance based on coding theory, this feature will be
especially crucial for analyzing difficult targets.

Almost all of the CSL studies, including this work, have so
far used the cell-free synthesis system for protein expression
in order to achieve the accurate Sl-labeling by avoiding SI
scrambling and dilution. SiCode can be performed using the
protein expression system with manageable level of SI
scrambling (see Sample Preparation section in the Supple-
mentary Information). In addition, customized labeling pat-
tern suitable for specific expression system could be designed
by evaluating its SI scrambling profile based on information
distance between amino acids (see Supplementary Note S3).
Therefore, SiCode could also be achieved by in vivo
expression system, for example, by the combination of the
single protein production system (Suzuki et al. 2007; Sch-
neider et al. 2010) and amino-acid auxotroph E. coli strains.

SiCode introduces a new concept into AASIL, by
enabling the combination with information techniques that
have rarely used in NMR field, such as detection of errors in
signal intensities. From the standpoint of information sci-
ence, its performance will be further improved, for instance,
by optimizing the labeling pattern according to the amino
acid content or sequence of the target, or by increasing the
number of labeling levels or samples to expand the code-
word’s space, which will enable the implementation of
redundant messages for error detection and correction.

Materials and methods
Designing the codeword table

As mentioned in the text, the number of codewords con-
sisting of three ternary digits with at least one “2” is 19.
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Therefore, 19 kinds of non-proline amino acid types can be
discriminated with only three kinds of labeled samples. We
designed the codeword tables shown in Figs. 1b, 2a based
on the following considerations (see Supplementary Note
S3 with respect to the SI-labeling ratio).

First, the signal intensity of each sample is disturbed by
protein concentration differences and/or other technical
reasons, such as magnetic field inhomogeneity (hereafter
called “intensity disturbance”). The intensity disturbance
has to be compensated, because the accuracy and precision
of SI indices are critical for decoding amino acid infor-
mation in the SiCode strategy. For this compensation, the
signal of a fully labeled amino acid in all samples, namely
that mapped to the codeword “222”, was used as described
below (see Supplementary Note S4 for the result of the
compensation). We have assigned “222” to glycine, as
shown in Fig. 1b, because its signal rarely overlapped with
other signals in '"H-'"N HSQC-type spectrum and thus it
can be easily distinguished.

Second, as described in the text, the E. coli-based cell-
free system supplemented with metabolic inhibitors to
suppress isotopic scrambling (Yokoyama et al. 2011) was
used in order to achieve accurate and precise SI labeling,
which is quite crucial for SiCode. However, asparagine to
aspartate conversion could not be fully suppressed because
5-diazo-4-oxo-L-norvaline, which can achieve this sup-
pression (Yokoyama et al. 2011), was not used in the
present study because it was unavailable. In order to
overcome this scrambling issue, we assigned asparagine
and aspartate to “220” and “210”, respectively. As both
amino acids were designed to have the same digit “2” or
“0”, namely the same SlI-labeling ratios, for samples 1 and
3, the scrambling does not matter. In addition, we inten-
tionally lowered the SI-labeling ratio of aspartate in the
protein production processes of samples 2 and 4, whereas
asparagine was fully labeled, so that the SI-labeling ratio of
aspartate would be within the range for digit “1” (between
25 and 75 % for '°C and between 62.5 and 87.5 % for "N,
as described below) even if it became increased by aspar-
agine to aspartate conversion. For the same reasons, 6-di-
azo-5-oxo-L-norleucine, which is responsible for
suppressing glutamine to glutamate conversion (Yokoyama
et al. 2011), was not used in the present study. In order to
overcome this scrambling, glutamine and glutamate were
assigned to “022” and “021”, respectively, and the SI-
labeling ratio of glutamine for the preparation of samples 3
and 4 was intentionally lowered, as described in Supple-
mentary Information.

Third, from an economic viewpoint, we designed the
table in order to limit the total consumption of relatively
expensive Sl-labeled amino acids; for example, tryptophan
is assigned to “002”.
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NMR spectral analysis for amino-acid
discrimination of the Smoothelin CH domain

All NMR spectra were recorded on an AVANCE 700
spectrometer equipped with a CryoProbe (Bruker Biospin,
Germany) at 295 K, and processed with the program
NMRPipe (Delaglio et al. 1995). Acquisition and pro-
cessing parameters are shown in Table S1. For the 'H-'>N
HSQC spectrum of sample 1, cross peaks were picked with
the program NMRview (Johnson and Blevins 1994). The
peaks were grouped so that a pair of peaks for which the
chemical shift difference was less than 0.1 ppm in proton
and 0.8 ppm in nitrogen was in the same group.
Discrimination of amino acids was achieved as follows.
At first, to obtain the precise peak intensity of each cross
peak, least square fitting to the two-dimensional Gaussian
functions shown in Eq. 1 was performed for every peak
group, using the program R (http://www.r-project.org/
index.html) with the minpack.lm package (http://CRAN.R-
project.org/package=minpack.lm):

Tusqci (x,y) dissqct
Tnsoca (%, ) aIﬁSch
Tusqes(x,y) RN a]IiISQC3
Tuncor (x,) =1 | diincon
Tincoz (%, y) Tincor
Tancos (X, ) Tincos
X exp (— i xé)z - b= y§)2>
20% 20}

(1)
where x and y are the chemical shifts of the 'H and '°N
axes, respectively, Iysqci (x,y) is the intensity at position
(x, y) of HSQC of sample 1 (so are Igsqc2(x,y) to
Iuncos(x,y)), n is the number of peaks in the group, and x](;,
Y6» 0%, 05, and dafigoc 1O Afncos are Variables. Initial values
for fitting were: chemical shifts of picked peak as described
for x& and y%, intensity of each spectrum at position (x5, y5)
for afisoc; 10 dfincos» 0.02 ppm for ¢f, and 0.15 ppm for
aif. The distribution of line width variables o, and o, is
shown in Fig. S6.

Secondly, to discriminate the amino acid type of the
residue i of each amide signal, 15N SI indices were cal-
culated by

apsqe = absmax{ausqci, aHsQC2, AHSQC3 | (2)
I'N1 1 AHsQCl
e | =- AHSQC2 (3)
HSQC
N3 Q \ ansqcs


http://www.r-project.org/index.html
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where apsqc is the HSQC intensity when the sample is
100 % 'SN labeled, ryi, rna, and rys are the SN ST index of
each sample. Distribution of apsqc values is shown in
Fig. S6. The function absmax was defined by

max{a},
min{a},

if |max{a}| > |min{a
absmax{a} = { if Imax}aﬂ < ||min§a%|| “)
Since apsqc is the HSQC intensity of 100 % 5N labeled
sample, apsqc value of negative signals such as aliased
peaks should be negative. Therefore, the absmax function
should be used instead of simple max function to process
both positive and negative signals. Each SI index was

converted to the ternary digit by

dni = 1, if 625%§}"Nl<875% (5)
0, if 37.5% < rn; <62.5%

The amino acid type was judged from the combination of
converted digits, based on the labeling pattern shown in
Fig. 1b.

Thirdly, as the labeling ratios for glycine were defined
as 100 % for all samples (Fig. 1b), the intensity distur-
bance was corrected based on the average labeling ratios of
the signals judged as those of glycine residues in the sec-
ond step (see “Designing the codeword table” section for
details), as follows:

IHSQC1(XJ)/,,T
NI
Ill-ISQCl(x7y) Tusqea(x, y) %
HsQc2 (x,) Tnsqcs (X, Y)/T
I}-ISQCS(xvy) _ N3 (6)
IHNCOIExvyg 1HNC01(X7y)/rT;1
Tancoa (X, Y N
I xX,y)
IﬁNcos (x,y) nco2( y)/ rﬁ’z
Tincos (%, y) /5

where Igoc; (%, ) to fyneos(x,y) are the corrected inten-
sities, Iusqci (x,y) to Inncos(x,y) are the raw intensities,

E is the average of the ry; values of residues judged as

glycine, and so are r, and rg;. After this compensation for
the intensity disturbance, the first and second steps were
repeated using the corrected intensities.

Finally, the 13C SI indices of the residue i — 1 of each
amide signal were calculated. As the signal intensity of
HNCO was proportional to both the '°N labeling ratio of
the residue i and '°C labeling ratio of the residue i — 1
(Ikura et al. 1990), the labeling ratio of 13C was calculated
by

/ AHNCO1
dyNcol P / N1

! — HNCO2
agnco2 | = / N2 (7)
d 4HNCO3/

HNCO3 'N3
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’ _ / / ’
ayNco = absmax{aHNCOl » GINCO2: FHNCO3 } (8)
!
rci 1 ayncol
o /
ez | = a4 AyNCo2 )
HNCO \ 4/
res AHNCO3

where rcy, rc2, and rc3 are the 13C SI index of the residue
i — 1 of each sample. Each SI index was converted to the
ternary digit by

2, if 75% < re; <100 %
dei=4{ 1, if25%<rci<75% (10)
0, if —25%<rc;<25%

Note that the SI index could be negative, because it was
back-calculated from signal intensities that might be cor-
rupted by noise. The amino acid type of the residue i — 1
was judged from the combination of the converted digits in
a similar manner to the type of the residue i, as described
above.

NMR spectral analysis with error detection by check
digit for the BMX SH2 domain

The NMR spectral measurement and analysis for the BMX
SH2 domain were performed by essentially the same pro-
cedure as described above for the Smoothelin CH domain,
except for the following. Firstly, NMR spectra were
acquired at 298 K. Secondly, peak fitting was simultane-
ously performed for all four of the samples, including
sample 4 for check digit, by:

Tnsqct (%, ) al‘i‘SQC‘
Tusqca (x,y) a]f{Sch
Tnsqcs (%, ) aﬁsqm
Insqca(x, y) _ - aIIfISQC4
Iuncor (x,) =1 | afncor
Iuncoa (%, y) a¥incon
Iuncos (%, ) ¥ incos
Tuncos(x,y) afincos
o[ )
Zo'fc 20{“.

Then, the 5N SI indices were calculated by

ausqc = absmax{ausqci, aHsQC2; AHSQC3 | (2)
I'N1 AHsQCl
N2 _ 1 AHSQC2 (3/)
N3 aygsQc | 4HsQc3
N4 AHSQC4
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Note that since the reference intensity apgqc was evaluated
from the first three samples; i.e., the data digits, the SI
index of the 4th sample, 4, might exceed 100 %. Each SI
index was converted to the ternary digit by

2, if875%<m;i<1125%
0, if 37.5% <mi<62.5%

dni =

—_—

The *C SI indices and their corresponding ternary digits
for the residue i — 1 were calculated by

/ AHNCO1 /
ayncol N1
ayncon HNCO3/ N2 /
d — | dnncos/ (7)
HNCO3 a 'N3
!/
dyNCo4 HNCO4/ N4
! _ / ! !
auNco absmax{aHNCOI » GHINCO27 YHNCO3 } (8)
!
rci ayncol
!
rez _ 1 AyNCco2 (9/)
= !
rc3 aynco a}{NCOS
rca AyNCO4

2, if 75% < rei < 125%
. if 25% < rei<75%
0, if —25%<rc;<25%

&
|

(10)

Thirdly, if the converted check digit from the labeling
ratio of sample 4 was inconsistent with the digit generated
based on the defined codeword, as in Fig. 2a (see Sup-
plementary Note S5 for the detail of check digit calcula-
tion), the judged amino acid type was considered to be
incorrect.
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