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Abstract

Annotating compounds with high confidence is a critical element in metabolomics. 3C-detection
NMR experiment INADEQUATE (incredible natural abundance double-quantum transfer
experiment) stands out as a powerful tool for structural elucidation, whereas this valuable
experiment is not often included in metabolomics studies. This is partly due to the lack of
community platform that provides structural information based INADEQUATE. Also, it is often
the case that a single study uses various NMR experiments synergistically to improve the quality
of information or balance total NMR experiment time, but there is no public platform that can
integrate the outputs of INADEQUATE and other NMR experiments either. Here, we introduce
PYyINETA, Python-based INADEQUATE network analysis. PyINETA is an open-source platform that
provides structural information of molecules using INADEQUATE, conducts database search, and
integrates information of INADEQUATE and a complementary NMR experiment 13C J-resolved
experiment (}3C-JRES). Those steps are carried out automatically, and PyINETA keeps track of all
the pipeline parameters and outputs, ensuring the transparency of annotation in metabolomics.
Our evaluation of PyINETA using a model mouse study showed that our pipeline successfully
integrated INADEQUATE and 3C-JRES. The results showed that 3C-labeled amino acids that were
fed to mice were transferred to different tissues, and, also, they were transformed to other
metabolites. The distribution of those compounds was tissue-specific, showing enrichment of
particular metabolites in liver, spleen, pancreas, muscle, or lung. The value of PyINETA was not
limited to those known compounds; PyINETA also provided fragment information for unknown

compounds. PyINETA is available on NMRbox.
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Robust annotation of compounds is a critical task in metabolomics. In NMR metabolomics,
compound annotation is primarily based on chemical shifts of H, 13C, or both. Two-dimensional
(2D) experiments increase the confidence level of annotation, providing correlations between
protons or protons and carbons in molecules!. Although *H-detection 2D experiments have been
successfully implemented in metabolomics for this purpose® 3, 3C-detection NMR can
complement 'H-NMR and improve the quality of information®>. $3C-NMR has a broader chemical
shift range and fewer overlapping peaks than *H-NMR, which is ideal for metabolomics samples
that are complex mixtures of compounds®. 3C-NMR can directly detect quaternary carbons,
which leads to a broader coverage of carbon information in molecules. Most importantly from a
perspective of structural elucidation, 3C-NMR can directly extract the backbone structure of
molecules’ 8, essential information in structural elucidation.

Among various 3C-NMR experiments, INADEQUATE (incredible natural abundance
double-quantum transfer experiment)® stands out as a powerful tool for structural elucidation.
This experiment unambiguously detects 3C-13C connectivity and extracts networks of carbons in
molecules. INADEQUTE suffers from low natural abundance of 13C-13C couplings in molecules (i.e.,
less than 1 in every 10* C-C bonds), but this experiment can benefit from isotopic enrichment and
becomes applicable to metabolomics samples®. Although one could apply INADEQUATE to many
samples in a metabolomics study and profile the metabolome differences between samples?,
INADEQUATE requires a relatively long time for data collection, and this approach is not always
practical especially when spectrometer time is limited. Thus, it is useful to have a profiling
experiment that requires less instrument time but can be easily used with INADEQUATE.

Although an obvious choice is a simple 1D 3C experiment to profile all samples in a study, 3C-
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enriched samples leads to complicated peak shapes and more overlap than experiments at
natural abundance 3C.

Our approach to the problem is to use a 2D 3C J-resolved experiment (*3*C-JRES), which
separates chemical shifts from coupling constants into different dimensions. A 1D projection of
a 2D 3C-JRES is free from multiplets and can be collected quickly enough for efficient profiling.
The output can be statistically processed!® and linked to 2D spectra for a representative sample
such as internal pooled sample, a mixture of aliquots of all the study samples, for annotation.
This can meet the requirement of less overall experiment time and reliable compound
information. It has been shown that a combination of *C-JRES for profiling and INADEQUATE for
annotation can achieve both reducing overall experiment time and maintaining the quality of
structural information for a metabolomics study!?.

In addition to the robust compound annotation, the benefit of introducing INADEQUATE
is also its suitability for computational tasks. Clendinen et al. (2015) developed INETA
(INADEQUATE network analysis) that computationally constructs networks of backbone carbons
in molecules using the INADEQUATE rules. In INADEQUATE, two directly bonded carbon atoms
resonate at their natural frequencies along the acquisition dimensions and at the sum of their
frequencies along the indirect double-quantum dimension. This leads to pairs of peaks that are
symmetric along a diagonal with slope 2 (i.e., Y = 2X on an INADEQUATE spectrum), and these
pairs of INADEQUATE peaks are then linked vertically to expand the network. INETA used the
constructed networks to search an internal INADEQUATE database, which was simulated using

assigned 3C chemical shifts and chemical structures of compounds deposited in Biological
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93  Magnetic Resonance Bank (BMRB)*2. INETA was used to annotate the endo- and
94  exometabolomes of 3C-enriched Caenorhabditis elegans®.
95 Despite the clear advantages of being able to annotate metabolites using INADEQUATE,
96 there are several obstacles to its routine use. First, samples need to be isotopically labeled with
97  13C. Many microorganisms and plants can be uniformly enriched using a carbon source such as
98  13C-glucose at modest cost®. This is more challenging for human studies, but select targeted
99  pathways using isotope tracers with ex vivo tissue slices or cell cultures are regularly studied®3-1>,
100 This paper applied the approach in isotopically-labeled mice to show feasibility. Second, access
101 to a high-sensitivity cryogenic 1*3C NMR probe is necessary. Such probes are made commercially
102  and can be accessed through large NMR facilities with user programs such as The National High
103  Magnetic Field Lab (https://nationalmaglab.org/) or The Network for Advanced NMR
104  (https://usnan.nmrhub.org/). Third, the previous software developed by our group to perform
105 INETA was written using Mathematica, which is not open source. Finally, software has not
106  previously been developed to integrate INADEQUATE with 3C JRES data.
107 Here, we propose PyINETA, an open-source platform that can automatically integrate
108 INADEQUATE and JRES data. In addition to the functions that were originally implemented in
109 INETA, our new PyINETA seamlessly transfers INADEQUATE information to JRES, providing
110  compound information to individual JRES peaks. The pipeline is run on Python, and researchers
111 can freely implement this open-source platform to various metabolomics studies. We evaluated
112 the applicability of PyINETA using a model mouse study, in which metabolites originating from

113  13C-labeled diet were examined.
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114 As the number of metabolomics publications increases rapidly, transparency of studies is
115  becoming more critical than ever?®. This is especially true for compound annotation where the
116  basis for annotation is required with significant rigor!’ but is not always reported in publication®.
117  PyINETA is designed to report all the annotation steps, providing a community platform that
118  ensures the reproducibility and transparency of compound annotation in metabolomics.

119

120 Experimental Section

121 We first developed PyINETA, a Python package that is capable of annotating compounds based
122  on INADEQUATE and transferring the compound information to 3C-JRES. We then demonstrate
123 the functionality by evaluating a variety of tissues collected from a mouse study where mice were
124  fed with a diet that contained *3*C-labled amino acids.

125

126  Development of PyINETA

127  PyINETA performs a series of tasks, including importing data, constructing networks, database
128  matching for INADEQUATE spectra, and transferring the annotation information to JRES peaks.
129  The pipeline requires two input file types, configuration file and spectra. Configuration file
130 contains all the information relating to parameters used for the analysis. Available PyINETA
131  parameters are summarized in Supplementary Table S1. After a configuration file and
132 INADEQUATE and JRES spectra are loaded, the pipeline initializes a PyINETA class object. This
133  object contains two chemical shift vectors for a spectrum (i.e., ppm values for the direct and
134  double-quantum dimensions), along with an intensity matrix. The input spectra are .ft files

135  prepared by NMRPipe?®.
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136 Next, PyINETA defines peaks. First, the pipeline collects peak data points from a spectrum.
137  For this step, users define the maximum and minimum thresholds for intensity (parameters
138 ‘PPmax’ and ‘PPmin’, respectively), and those values are used to distinguish signals from
139  background noise. To collect data points, the pipeline initially uses a threshold of PPmax. Then,
140 it iteratively decreases the threshold and collect data points until the threshold reaches PPmin.
141  Users can define the number of iterations (‘steps’). Any data points collected on a previous
142  iteration step are not subjected to subsequent steps. To define peaks from collected data points,
143  clustering was used. For each iteration step, collected data points are first clustered along the
144  direct dimension using a threshold for the distance of the center of mass (‘PPCS’). Then, data
145  points are clustered along the double-quantum dimension using a second threshold (‘PPDQ’).
146  Each cluster represents a single peak. Their center of mass corresponds to a peak center, and all
147  other points define peak area.

148 Once peaks are defined, the pipeline creates INADEQUATE networks. In INADEQUATE,
149  carbons next to each other in a molecule have the same chemical shift value in the double-
150 quantum dimension. Using this rule, horizontally aligned peaks are extracted. To meet the
151  definition of horizontally aligned peaks, the difference in chemical shift between peaks in the
152  double-quantum dimension needs to be less than a threshold (parameter ‘DQT’). INADEQUARTE
153 has another rule that, for carbons next to each other in a molecule, the sum of chemical shift
154  values in the direct dimension is equal to their chemical shift values in the double-quantum
155 dimension (i.e., sum-rule). Using this rule, horizontally aligned peaks are screened:

156  |(CS1+ CS2) - mean [DQ1,DQ2]| <= SumXY
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157  where CS1 and CS2 represent chemical shift values for Carbons 1 and 2 in the direct dimension,
158 DQ1and DQ2 chemical shift values in the double-quantum dimension for Carbons 1 and 2, SumXY
159 athreshold, respectively. Also, in INADEQUTE, carbons next to each other in a molecule have the
160 same distance from a line of Y = 2X (i.e., diagonal-rule). Horizontal peaks are further screened by
161  the diagonal-rule to define horizontal networks:

162  |(CS1-DQ1)/2 - (CS2-DQ2)/2|<=SDT

163  where SDT is a threshold. When multiple horizontal networks are originating from sequential
164  carbonsinasingle compound, those horizontal networks can be linked by vertically aligned peaks
165 of a shared carbon. To meet the definition of vertically aligned peaks, two peaks need to have a
166  chemical shift difference less than a threshold (‘CST’) in the direct dimension.

167 Once networks are created, PyINETA starts database matching. In this pipeline, every
168  single peak in the network is initially compared to peaks in a simulation database in the PyINETA
169  package. This simulated database is created using experimental spectra deposited in BMRB!% 20
170  (details are in Section ‘Generation of a simulated INADEQUATE database’). Firstly, when the
171  distance between sample peaks and database peaks is less than a threshold (‘CSMT’), peaks are
172 considered as matched peaks. Secondly, when the number of chemical shift matches between
173  database networks and sample networks is more than a threshold (‘NCMT’), they are considered
174 to be matched networks. Matched networks are subsequently analyzed along the double-
175 quantum dimension. For this step, when the difference in chemical shift between database
176  networks and sample networks is less than a threshold (‘DQMT’), database networks are
177  considered as matched networks. Since all the database entries that satisfy the criteria are

178  considered as matched networks in this scheme, it is potentially possible to find multiple matches
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179  for any given network. To evaluate the resulting matches, two scores, hit score and coverage
180 score, are assigned to each matched network. Hit score quantifies the proportion of peaks in
181  sample networks that matched a specific database entry, whereas coverage score represents the
182  proportion of peaks in a database entry that matched those in a sample network. For both hit
183  score and coverage score, 1 is the maximum value. For JRES peaks, peak area values are
184  calculated (‘Peak_Width_1D’) and the presence and absence of peaks corresponding to
185 INADEQUATE are defined using a threshold value (‘Intensity_threshold_1D’).

186 Finally, a summary file reports all the major statistics about the number of peaks that
187  passed every step. Results from each step are also saved as pickle files (i.e., an object serialization
188  mechanism in Python).

189 The developed pipeline is installed on NMRbox?!. The source code is also available on

190 GitHub (https://github.com/edisonomics/PyINETA.git), along with instructions and example
191  datasets.

192

193  Generation of a simulated INADEQUATE database

194 We constructed a simulated INADEQUATE database using structural information and
195 experimental 1D 13C spectra deposited in the BMRB database!?. The simulated database we used
196 in this study contains 1,973 entries, covering 1,209 metabolites. The simulated database is
197 available as a json file in the package. Additionally, when users need to create their own
198 simulated spectra, the module gen_PyINETAdb.py is available. Input format for this module is

199  either NMR-STAR?? or tables with chemical shifts and structural information. The ambiguity

10


https://doi.org/10.1101/2024.07.10.601875
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.07.10.601875; this version posted July 13, 2024. The copyright holder for this preprint (which

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

information for peaks in input files are retained as ambiguity scores and reported in the final

PyINETA output.

In vivo 13C labeling and sample preparation

All animal experiments and protocols have been reviewed and approved by the Institutional
Animal Care and Use Committee of the Max Planck Institute of Psychiatry. Three 8-week-old
male C57BL/6 mice (Charles River Laboratories, Maastricht, The Netherlands) were housed
under standard conditions (12-h light/dark cycle, lights on at 0600 h, room temperature 23 +

2 °C, humidity 60%, tap water and food ad libitum) and fed with standard rodent diet (Harlan
Laboratories, Inc., Indianapolis, IN, USA) for one week. For adaptation prior to labeling the
animals were first fed an unlabeled Ralstonia eutropha bacterial protein-based rodent diet
(Silantes GmbH, Munich, Germany) for 4 days. The food supply was then switched to 13C-
labeled Ralstonia eutropha bacterial diet (Silantes GmbH) for 14 days (Supplementary Tables S2
and S3). Following labeling the animals were sacrificed and organs and blood isolated. The
partially 13C-labeled animals did not show any discernible health effects compared to animals
fed with a standard diet, and had similar weight gains as animals fed with standard food (data
not shown). Tissues were homogenized in 30 volumes of ice cold 80% methanol, homogenates
were centrifuged and supernatants were dried. Dried samples were resuspended in 50 pL of

deuterated water and methanol (1:4 volume ratio) (Supplementary Table 4).

NMR data collection and processing

11
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221  Datawere collected on a Bruker Avance Neo 900 MHz with a 5-mm TXO cryoprobe (Bruker), using
222 NMR tubes with a diameter of 1.7 mm (Bruker). For INADEQUATE experiment, default pulse
223  programs with adiabatic 180° pulses (Bruker nomenclature, inadphppsp) was used. For JRES,
224 Bruker’s default pulse program (jresdcqf) was modified to implement an adiabatic 180° pulse
225  after we verified adiabatic 180° pulse is necessary in collecting 3C-JRES on our 900 MHz magnet?!?,
226  Detailed parameter settings are in Supplementary Table S5. TopSpin 4.0.9 was to operate the
227  spectrometer.

228 All the NMR spectra were processed using NMRPipe®°. Briefly, for both INADEQUATE and
229  JRES, FID was Fourier-transformed after applying a squared sine-bell function and a double zero-
230 filling on both direct and indirect dimensions. For JRES, spectra were further tilted and
231  symmetrized. Detailed NMRPipe processing parameters are in Supplementary Table S6. Further
232 data processing for JRES spectra was conducted using Metabolomics Toolbox
233 (https://github.com/edisonomics/metabolomics_toolbox) on MATLAB R2022b (MathWorks).
234  Briefly, projection spectra were created from JRES, and they were aligned with the CCOW method
235  (function ‘guide_align1D’) and normalized by the probabilistic quotient normalization (PQN)
236  method?? (‘normalize’). The ALATIS numbering system?* was used for describing carbon numbers.
237 All the raw data, NMRPipe processing scripts, processed data, PyINETA output files, and
238  MATLAB scripts are available in Metabolomics Workbench with Study ID STO03304.

239

240  Results and Discussion

241

242 PyINETA provides a flexible environment for INADEQUATE-JRES integration

12
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243 Since PyINETA uses various parameters to perform a series of tasks, we utilize a system of
244 ‘configuration file’ (Figure 1, left), which contains all the parameters that will be used in the
245  pipeline (Supplementary Information 1 for an example configuration file). Users can manage and
246  overview the pipeline with this single stage.

247 Users can also fine tune each step using this configuration file. For example, signal-to-
248  noise levels in JRES can vary greatly between samples, and users can set threshold parameters
249  that are appropriate for a specific spectrum. In optimizing parameters, users do not need to run
250 the whole pipeline, and each step can be run separately by defining the -s option. This saves
251  computational time.

252 Using parameters in a configuration file and an input INADEQUATE spectrum
253  (Supplementary Figure S1-a), the pipeline constructs INADEQUATE networks and searches for the
254  constructed networks in an internal database (Figure 1, middle). The internal database is based
255  on 13C chemical shift and chemical structure of metabolites deposited in BMRB!?, which was
256  originally implemented in Clendinen et al. (2015). BMRB is one of the largest databases in
257  experimental NMR data from small molecule metabolomics. When users have a compound(s) of

258 interest that are not deposited in BMRB, they can manually add those compounds to the internal

PyINETA Workflow

I INADEQUATE .

j: Configuration file network iméjggion Files:
| construction o 'Summary'
— Input utput '
'_I-‘ INADEQUAETE _ P > P ,’:‘/Iztt‘éfer';

spectrum
e Jsp ‘MatchJres’
— :
Datab Figures

: , : JRES spectrum mitach?ﬁg 9
'

Figure 1 Workflow of PyINETA
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259  PyINETA database. This includes other experimental or computational databases that provide 3C
260  peaks assigned to a known structure and computed chemical shifts from putative compounds.
261 Finally, as a key component, PyINETA integrates the information of INADEQUATE and 3C-
262  JRES (Figure 1, middle). PyINETA reads a raw 3C-JRES spectrum and creates a projection. Then,
263  peaks are picked from the projection spectrum, peaks between INADEQUATE and JRES are
264  matched, and compound information based on INADEQUATE will be transferred to JRES. We
265 made this component optional so that users can still use this pipeline when only INADEQUATE
266  spectra are available.

267 After this processing, results are reported as a set of output files (Figure 1, right);
268  ‘Summary file’ overviews the number of peaks passed every step in INADEQUATE processing
269  steps (Supplementary Information 2 for an example file). ‘Networks file’ provides chemical shift
270  values for network peaks (Supplementary Information 3). ‘Matches file’ shows matched database
271  entries, compound names, and peak connectivity information (Supplementary Information 4).
272 Matches file also contains confidence scores for those matches (i.e., ambiguity score, hit score,
273  and coverage score; see Experimetal Section for details), and users can evaluate the reliability of
274  annotation. The INADEQUATE-JRES integration step is summarized as an output file
275  ‘file_5Matchlires.xlsx’. (Supplementary Information S5).

276 In addition to those summary files, PyINETA provides figures for individual networks and
277  matched compounds for INADEQUATE (examples will follow in the next section). Similarly,
278  PyINETA creates figures for matched peaks for INADEQUATE and JRES. This capability was

279 implemented to enable users to further validate the results of the automatic annotation. The

14
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280 annotation information made by this new PyINETA is consistent with that of the original study
281  INETA® (Supplementary Information 6; Supplementary Table S7).

282

283  I3C-JRES profiling showed clear tissue-specific spectral patterns

284 We applied '3C-JRES profiling to a mouse study where a fate of a diet was investigated
285  (Figure 2a). Three mice were fed with a diet that contained 3C-labeled amino acids, including
286 nine essential and seven essential amino acids. After this feeding, mouse tissues were collected
287  and the distribution of metabolites originating from those amino acids were analyzed in several
288  tissues including liver, adrenal gland, lung, muscle, pancreas, plasma, brain, spleen, and thymus.
289  JRES spectrain those tissues were consistent between the three mice (Supplementary Figure S2),
290 and the higher intensities were observed in liver samples. Also, 3C-JRES peaks were composed
291  of sharp singlets, as expected.

292

293  PyINETA was able to integrate INADEQUATE and JRES information automatically

294 Since the profiling results was consistent between mice, and the liver samples had the
295  highest intensities, we first used one of the liver samples (Sample ID, 30) for the evaluation of
296  INADEQUATE-JRES integration in PyINETA. From an INADEQUATE spectrum collected for the liver
297  sample, PyINETA constructed 67 INADEQUATE networks (Figure 2b; Supplementary Information
298 3 for alist of all networks). The majority (52 out of 67) of the networks were single network that
299 linked two peaks, whereas 15 networks were longer, containing 8 peaks at maximum in a network
300 (Network 8) (Supplementary Information 3 for a complete list). Networks with just two carbons

301 could reflect the original structure of compound, including the case where networks are
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Figure 2 (a) Exper|menta| workflow of this study; (b) Example of INADEQUATE networks for a mouse liver sample
constructed b PyINETA c) JRES projection for the same sample. Peaks picked by PyINETA are highlighted

in different coro INADEQUATE JRES palr found by PyINETA. A compound name was also assigned using

a database, which i |s Iactate for this pair; (e) Mapping owya JRES peak in different tissues. JRES peaks for C1

for lactate are shown here. All the plots for (b), (c), and (d) are from the original outputs from PyINETA,

with a slight graphical modification. Chemical structure was drawn using ChemDraw V23.

302 fragmented spectroscopically by heteroatoms in molecules. They, however, could also originate
303 from compounds with longer-backbones when whole networks were not created

304 computationally and fragmented into shorter networks. We observed both cases in our output.
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305 For example, choline is a compound with a backbone of a single network (C-C) and was found in
306 a single horizontal network of Network 44 (Supplementary Figure S1-b). On the other hand,
307 lactate, which has a network of three carbons (C-C-C), was found in two separate horizontal
308 networks (Networks 7 and 55) because of missing vertical connection of two horizontal networks
309 (Supplementary Figures S1-c and d). Those broken networks can be manually inspected or
310 improved by relaxing the tolerance parameter for vertical network construction (CST;
311 Supplementary Table S1).

312 PyINETA then searched for those 67 networks in the database, and 46 networks matched
313  with at least one candidate compound (Supplementary Information 4). The rest of the 21
314  networks did not have any matched compound, indicating that they are compounds that are not
315 in BMRB (‘unknown compound’ hereafter).

316 One network can potentially match more than one compound in the database when
317 compound structures are similar. Also, a single compound can potentially exist in more than one
318 network as described above. We further investigated the results using PyINETA’s function of
319  output figures and excluded matches with less confidence due to partial structural similarity. As
320 aresult, the matched networks were those for 21 compounds (Table 1). They included amino
321  acids (alanine, glutamine, leucine, lysine, threonine, glutamic acid, isoleucine, valine, and proline),
322 an amino sugar (D_glucuronate), an amino alcohol (2_Aminoethyl_dihydrogen_phosphate),
323  amino sulfonic acids (hypotaurine and taurine), a pyrimidine (barbituric acid), amines (betaine,
324  choline, ethanolamine, and putrescine), and organic acids (lactic acid and chloroacetic acid). They

325 alsoincluded 16 unknown compounds (Table 1).
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Table 1 List of compounds and corresponding INADEQUATE networks detected by PyINETA for a mouse
liver sample. Only a conservative list of metabolites based on the inspection of the original output is
shown. The Original outputs are in Supplementary Information 3 and 4. For numbering of carbons, the
ALATIS numbering system was used, except for unknown compounds where chemical shift values were
indicated in parentheses. *Only partial structural information was available in the BMRB entry.

Class Compound BMRB Network ID Backbone carbons
reference ID in PyINETA extracted

Amino acid Alanine bmse000028 3,41 C1-C2-C3
Glutamine bmse000038 17 C1-C3
Leucine bmse000042 32 C3-C5
Lysine bmse000043 9, 10, 22 C2-C1-C3-C5
Threonine bmse000049 6 c1-C2
Glutamic acid bmse000037 27 Cc2-C4
Isoleucine bmse000041 1,2 C1-C3, C2-C4
Valine bmse000052 4,5 C1-C3-C2
Proline bmse000047 15 C1-C3

Amino sugar D-glucuronate* bmse000440 57 C1-C3-C6

Amino O-phosphorylethanlamine bmse000308 33 c1-C2

alcohol

Amino Hypotaurine bmse000452 25 C1-C2

sulfonic acid
Taurine bmse000120 30 c1-C2

Pyrimidine Barbituric acid bmse000346 59 C2-C1-C3

Amine Betaine bmse000069 54 C4-C5
Choline bmse000285 44 C4-C5
Ethanolamine bmse000276 36 c1-C2
Putrescine bmse000109 12 C3—-C2-C1-C4

Organic acid Lactic acid bmse000208 7,55 C1-C2-C3
Chloroacetic acid bmse000367 38 c1-C2
Uk-13 - 13 C(25.8)-C(183.0)
Uk-16 - 16 C(28.0)-C(60.9)-C(182.2)
Uk-20 - 20 C(31.7)-C(32.5)
Uk-28 - 28 C(37.6)-C(52.6)
Uk-34 - 34 C(43.7)-C(53.6)
Uk-35 - 35 C(43.9)-C(174.3)—C(59.2)
Uk-39 - 39 C(49.3)-C(46.8)-C(68.2)
Uk-40 - 40 C(52.7)-C(61.8)
Uk-42 - 42 C(55.2)-C(173.8)
Uk-45 - 45 C(60.6)-C(61.5)
Uk-46 - 46 C(68.9)-C(62.0)
Uk-49 - 49 C(63.5)-C(78.8)
Uk-51 - 51 C(65.7)-C(177.6)
Uk-58 - 58 C(77.3)-C(89.7)
Uk-62 - 62 C(117.6)—C(126.4)
Uk-64 - 64 C(121.1)—C(151.6)
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327 Next, PyINETA analyzed a JRES spectrum collected for the same sample (Supplementary
328  Figure S1-e). Among 67 INADEQUATE networks, 65 of them had JRES peaks in the corresponding
329 regions (Figure 2c; Supplementary Information S5 for a complete list). PyINETA then transferred
330 compound information based on INADEQUATE to JRES peaks (Figure 2d). PyINETA seamlessly
331  paired INADEQUATE and JRES.

332

333 PyINETA revealed the distribution of metabolites originating from a diet in different tissues

334  Since PyINETA transformed compound information to JRES peaks, we were able to examine the
335  distribution of a specific metabolite in different tissues based on JRES (Figure 2e). We further
336 extended this analysis to other metabolites and examined the distribution of metabolites in
337 different tissues. For this analysis, we used representative JRES peaks (no overlapping peaks with
338 aminimum intensity of 0.1), and 19 compounds are included in the following analysis. We found
339 three different categories (Figure 3). Among the 19 compounds, 13 of them were enriched in
340 liver compared with other tissues (Compound Type-A) (Figure 3). Compounds in this category are
341 amino acids (lysine, glutamic acid, alanine, and glutamine), an organic acid (lactic acid), and an
342  amino sugar (D-glucuronate). On the other hand, two metabolites were depleted in liver but
343  enriched in other tissue(s) (Type-B) (Figure 3); they included an amino alcohol (O-
344  phosphorylethanlamine) in pancreas and spleen, and an amino sulfonic acid (hypotaurine) in
345  pancreas. Finally, four compounds are enriched in both liver and other tissues (muscle, spleen,
346  lung, or pancreas) (Type-C; Figure 3). They are amino acids (valine, threonine, and isoleucine) and
347  an amino sulfonic acid (taurine). Since INADEQUATE detects *3C-13C coupling in molecules that

348  occurslessthan 0.01% in natural abundance, here we interpret that the metabolites in our results
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Figure 3 Distribution of compounds in the mouse tissues. Those are compounds originated from "*C-labeled
diet the mice were fed with. Gray insets: Peak intensities based on JRES (z-scored). Error bars, standard
deviation (n = 3). When a compound in a specific tissue is enriched compared with any other tissue,

they are highlighted in pink (ANOVA with multiple comparison; a complete statistical summary is

in Supplementary Figure S3. The values for this figure are also in Metabolomics Workbench).

349  are originating from the 3C that were fed to the mice, and the effects of natural abundance
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350 metabolites that were originally present in tissues are negligible.

351 There could be different sources explaining those metabolites. Lysine, isoleucine, valine,
352  and threonine are essential amino acid and were included in the 13C-labeled amino acids in the
353 diet, suggesting that those amino acids were directly distributed from the diet to tissues (i.e.,
354  exogenous; Supplementary Figure S4). Alanine and glutamic acid were also contained in the diet,
355  but, also, they are non-essential amino acids and the mice might have synthesized them (i.e.,
356 endogenous), leaving a possibility that those amino acids were either exogenous, endogenous,
357  or both (Supplementary Figure S4). On the other hand, glutamine, another non-essential amino
358 acid was not included in the diet, indicating that glutamine was exclusively endogenous in this
359 system. Metabolites other than proteinogenic amino acids (D-glucuronate, lactic acid,
360 ethanolamine, taurine, O-phosphorylethanol amine, hypotaurine), they are exclusively
361 exogenous (Supplementary Figure S4).

362 Liver plays a central role in amino acid metabolism, and this was reflected by our results.
363  Netuptake of alanine predominantly occurs in liver?, consistent with the observation of enriched
364 alanine in liver (Type-A pattern). Alanine is further used in liver to produce other metabolites
365 including glutamate?®, which was also in the Type-A pattern. Alanine also serves as a major
366  precursor for gluconeogenesis which occurs in liver?® 2’. Those transformation processes suggest
367 that the rate of alanine uptake was exceeding that of transformation, resulting in the enriched
368 alanine observed in this study. Similarly, liver is one of the dominant tissues that take up
369 glutamine?® 27, On the other hand, branched-chain amino acids (BCAAs) isoleucine, valine, and
370 threonine were not exclusively high in liver but were also abundant in other tissues (Type-B). This

371  could be due to the fact that BCAAs can escape catabolism in liver because of low activity of BCAA
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372 transferases and inefficient uptake of BCAAs in liver?> 27: 28, Other compounds abundant in liver
373  arealsorelated to those metabolism and roles. Lactate is a precursor for gluconeogenesis which
374  occurs in liver?, taurine one of the abundant amino acids with diverse physiological functions in
375 liver®®, and glucuronic acid a compound that is used in glucuronidation in liver3l. On the contrary,
376  hypotaurine was depleted in liver but enriched in pancreas. High level of hypotaurine
377  biosynthesis occurs in pancreas in mouse32,

378

379  PyINETA also revealed the distribution of unknown compounds originating from the diet

380  PyINETA was useful even when compounds are not in the database. Out of 67 networks, 21 did
381 not match any of entry in BMRB. Even under that situation, we were able to track those
382 compounds, showing its backbone structure and distribution in different tissues (Figure 3; Table
383 1). For example, Uk-16 is a compound that is not in the database, but PyINETA extracted its
384  backbone structure and chemical shift information. Because INADEQUATE and JRES are already
385 linked by PyINETA, we were able to trace this unknown compound using JRES and revealed the
386 distribution in different tissues. Uk-16 was exclusively enriched in liver compared with other
387  tissues, indicating that this is a compound that is actively processed in liver but has not been
388 covered in the BMRB.

389 In NMR metabolomics in general, database matching is primarily focused on peaks that
390 matched database compounds, and peaks that did not match database compounds are usually
391 notretained. On the other hand, PyINETA treats matched and unmatched networks equally and
392  provides structural information. Since PyINETA has a capability of adding new entries to the

393 internal database, users can make use of the obtained knowledge on unknown compounds in
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394  future studies. If there is a match of an unknown compound between studies, that is a finding of
395 acommon unknown compound.

396 Tracking metabolites using stable isotopes to understand metabolic pathway and flux has
397 been an active field since its establishment!® 33, Despite the success and tremendous value of
398 this approach to track targeted compounds*, investing unknown compounds in this framework
399 s a laborious task, and effort has been made to develop untargeted approaches regardless of
400 analytical platform3*. PyINETA is capable of handling unknown compounds and can contribute to
401  tackling this challenge in this field.

402

403  Ensuring the reproducibility of compound annotation in metabolomics

404  PyINETA keeps track of all the parameters used in the pipeline as a configuration file. Also, the
405 results from individual steps are saved as pickle files. Those pickle files contain all the information
406  of the PyINETA class that is required to reproduce the results. Because of this system, annotation
407  information from PyINETA is completely reproducible. Users can also deposit those files to
408 databases such as Metabolomics Workbench® along with original data to ensure the
409 reproducibility of compound annotation in a study.

410

411  Conclusion

412  PyINETA removes current stumbling blocks in the field of metabolomics, making the best use of
413 13C-NMR and improving the transparency and reproducibility of compound annotation. In

414  addition to the example study we presented here, PyINETA is expandable to any system that can
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415 be labeled to address specific questions in various research fields. PyINETA is installed on
416  NMRbox?! and publicly available.

417

418  Supporting Information

419  Additional experimental details, tables, and figures (51-S4) are provided separately as a .docx file.
420
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546  Figure legends

547

548  Figure 1 Workflow of PyINETA

549  Figure 2 (a) Experimental workflow of this study; (b) Example of INADEQUATE networks for a
550 mouse liver sample constructed by PyINETA; (c) JRES projection for the same sample. Peaks
551 picked by PyINETA are highlighted in different colors; (d) INADEQUATE-JRES pair found by
552  PyINETA. A compound name was also assigned using a database, which is lactate for this pair; (e)
553  Mapping of a JRES peak in different tissues. JRES peaks for C1 for lactate are shown here. All the
554  plots for (b), (c), and (d) are from the original outputs from PyINETA, with a slight graphical
555  modification. Chemical structure was drawn using ChemDraw V23.

556  Figure 3 Distribution of compounds in the mouse tissues. Those are compounds originated from
557  13C-labeled diet the mice were fed with. Gray insets: Peak intensities based on JRES (z-scored).
558  Error bars, standard deviation (n = 3). When a compound in a specific tissue is enriched compared
559  with any other tissue, they are highlighted in pink (ANOVA with multiple comparison; a complete
560 statistical summary is in Supplementary Figure S3. The values for this figure are also in

561 Metabolomics Workbench).
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