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1. SUMMARY

Metabolomics is an interdisciplinary scientific branch dedicated to the study of the
metabolome, the set of low-molecular-weight molecules involved in the chemical reactions of all
living creatures. The absence or presence of some metabolites, and their concentrations, enables
the assessment of the state in which an organism, tissue or cell finds itself at a particular time.
The obtention of this information, which can be extremely relevant from a pharmacological
perspective and/or in research contexts, requires the development of analysis methods that detect
and unambiguously identify as many metabolites as possible.

In this work, six liquid chromatography coupled to mass spectrometry (LC-MS) methods have
been applied to the separation of mixtures containing amino acids, nucleosides and other
metabolites, such as carbohydrates and short-chain organic acids. In order to ensure a proper
resolution of the mixtures, which contained metabolites of varying polarity, the separations were
performed by hydrophilic interaction liquid chromatography (HILIC). The chromatographer was
coupled to an electrospray ionization (ESI) source and analytes were detected through MS using
a time-of-flight (ToF) analyzer.

The obtained chromatograms were examined and compared through the calculation of two
chromatographic response functions (CRFs) to determine which were the best elution conditions.
Aiming to increase peak detection and assignment, models relating the annotated metabolites’
physicochemical properties to their experimental retention times were generated. Then, the
retention times of the unassigned metabolites were predicted. A careful inspection of the
chromatograms, taking into account the predictions of the models, allowed for an increase in the
detected and annotated metabolites, resulting into more of a 10 % augmentation in the total
number of unequivocally assigned peaks.

Keywords: metabolites, LC-MS, HILIC-ESI/ToF, CRF, retention time prediction.
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2. RESuM

La metabolomica és una branca interdisciplinaria de la ciéncia que s'encarrega de I'estudi del
metaboloma, el conjunt de molécules de baix pes molecular que intervenen en les reaccions
quimiques de tots els éssers vius. L'abséncia o presencia de diferents metabdlits, aixi com les
seves concentracions, permeten avaluar 'estat en qué un organisme, teixit o cél-lula es troba en
un instant concret. Per obtenir aquesta informacio, que pot ser extremadament rellevant a nivell
farmacoldgic i/o en contextos de recerca, és necessari desenvolupar métodes d'analisi que
detectin i identifiquin de manera inequivoca tants metabdlits com sigui possible.

En aquest treball s’ha dut a terme la separaci6 de mescles d’aminoacids, nucleosids i altres
metabdlits, com glUcids i acids organics de cadena curta, amb sis metodes de cromatografia de
liquids acoblada a espectrometria de masses. Per tal de garantir la correcta resoluci6 de les
mescles, que contenien metabolits de polaritat diversa, les separacions es van realitzar
mitjangant cromatografia d'interaccié hidrofila (HILIC). El cromatograf estava acoblat a una font
d'ionitzacio per electrospray (ESI) i els analits injectats es van detectar per MS utilitzant un
analitzador de temps de vol (ToF).

Els cromatogrames obtinguts van ser examinats i comparats mitjangant el calcul de dues
funcions de resposta cromatografica (CRFs), que van ser utilitzades per determinar les millors
condicions d’elucio. Amb I'objectiu d’incrementar la deteccid de pics i la seva assignacio, es van
generar models que relacionessin els temps de retencio experimentals dels metabodlits identificats
amb les seves propietats fisicoquimiques. A continuacio, es van predir els temps de retencié de
les molécules no assignades. Una inspeccié6 més detallada dels cromatogrames, tenint en
compte les prediccions dels models, va permetre un augment en la deteccié i la identificacio de
metabdlits, que es va traduir en un increment superior al 10 % en el nombre total de pics assignats
inequivocament.

Paraules clau: metabolits, HILIC-ESI/ToF, CRF, predicci6 de tems de retencio.
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3. INTRODUCTION

Understanding living organisms to the molecular level is of paramount importance in both
health and disease. Over the last decades, technological, statistical and informatic improvements
have provided tools for the analysis of huge biological datasets, giving rise to the “-omic”
sciences’2. These fields, named after the particular entities or processes they focus on, are
known as genomics, transcriptomics, proteomics and metabolomics'2, and provide
invaluable information that helps unveil the complexity of life.

3.1. METABOLOMICS AND METABOLITES

Metabolomics is the discipline in charge of comprehensively analyzing the metabolome, that
is, the complete set of metabolites in a given sample, by means of various techniques34.

Metabolites are low-molecular-weight (MW < 1500 g-mol-') intermediate or final products
formed in metabolic reactions. As such, their absence or presence, and their concentrations, give
insight into the state at which a cell, tissue or organism finds itself at a specific moment in time4.
The human metabolome is comprised of more than 100,000 molecules, including amino acids,
small peptides, nucleosides, organic acids, lipids and carbohydrates. Keeping track of so many
molecules, their functions and locations, as well as their structural and spectral features is a titanic
task. To simplify metabolomics analyses, several databanks, regularly updated, have been
created. The Human Metabolome DataBase (HMDB), the Metabolite and Chemical Entity
database (METLIN)E and MassBank’ are some important examples.

There are two main strategies to follow when facing a metabolomics problem3489. On one
hand, targeted metabolomics aims to quantify a small number of molecules of interest, typically
because they are related to a specific metabolic pathway348. The beforehand definition of the
analytes to be determined enables the development and optimization of analytical methods using
commercial standards8, when available. On the other hand, untargeted metabolomics is more
global in scope, its goal being to measure as many known or unknown metabolites as possible349.
While quantitation is more precise in targeted experiments®, untargeted metabolomics covers a
wider range of molecular families and yields bigger and more complex datasets4® than targeted
metabolomics, which enable the detection of new pathways, for example.

In either approach, it is important to consider sample extraction, treatment and analysis.
Among the various currently available methodologies, some, namely nuclear magnetic
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resonance, require little preparation, whereas others first separate the metabolites based on their
physicochemical characteristics (size, polarity, acid/base equilibria...) to later detect them. These
include gas chromatography, liquid chromatography and capillary electrophoresis coupled to
detection through mass spectrometry410.

3.2. Liquib CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY

Technological advancements have made liquid chromatography coupled to mass
spectrometry (LC-MS) a very robust and widely used methodology in metabolomics'®. It presents
many advantages, including the need for very little quantities of sample, the capacity to separate
and detect large numbers of analytes and the possibility to unequivocally identify them based on
their mass to charge ratio (m/z)*10. However, its main drawbacks are the difficulty to detect small
molecules (MW < 100 g-mol-") and the fact that not all metabolites ionize efficiently under the
same conditions.

3.2.1. Hydrophilic Interaction Liquid Chromatography

Even though chromatography dates back to the late 1850’s"!, the fundaments of liquid
chromatography (LC) theory were established in 1941%2. In LC, a mixture containing the
substances to be separated is injected into a column filled with solid particles, the surface of which
is commonly covered with a fixed liquid that constitutes the stationary phase. The mixture is
eluted through the column with a flow of a solution immiscible to the stationary phase referred to
as the mobile phase. The analytes’ separation is based on each compound’s different distribution
equilibrium between the mobile and the stationary phases. The introduction of packed columns
and the reduction of the particles’ diameter led to improved chromatographic separations by
means of high-performance’3'4 and ultra-high-performance liquid chromatography'® (HPLC and
UPLC, respectively).

The metabolome is formed by a wide variety of molecular families (i.e. carbohydrates, lipids,
acids, amino acids, nucleosides...) with different polarities. Reversed phase liquid
chromatography (RP-LC), in which the stationary phase is less polar than the mobile phases, is
ideal for the separation of non-polar compounds such as lipids. Normal phase liquid
chromatography (NP-LC), where the most polar phase is the mobile phase’, successfully
resolves polar analytes. The separation of non-polar to very polar molecules was significantly
improved in 1990 with the introduction of hydrophilic interaction liquid chromatography
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(HILIC)'?, which is sometimes classified as a subtype of NP-LC, although its separation
mechanism is different and more complex!”."8,

The two main types of HILIC stationary phases are based on either silica or polymeric
particles'8-20, Surface-modified silica stationary phases are prepared by chemically binding polar
alkoxysilanes to the silanol groups present in the unmodified silica surface'®2!. These
alkoxysilanes may include neutral (e.g. amide, cyano, diol), charged (e.g. amine) or zwitterionic
(e.g. sulphobetaine, phosphorylcholine) functionalities. Amide-silica columns, such as TSKgel
Amide-80, have been widely applied to separations of highly polar molecules®, including
metabolomics studies?>-%5. This has also been the case for ethylene bridged hybrid (BEH)
columns2, made up from a type of polymeric stationary phase with improved chemical resistance
when compared to silica-based particles?”. As a result, they can be operated under UPLC
conditions?8, resulting in shorter analysis times. Figure 1, below, shows the functional groups
present in the columns used in the herein described experimental work.

Ra Ot OFt Ot
HH{CH-CHpJn-(CHy-C)yH 1978~ "si-o-si-o
H,N"~0 Ra 0 ? ¢
2 | +0—Si—0-Si—0-Si—0—
R4=Si-R; | | |
| | OEt OEt OEt ],

Figure 1: Amide-functionalized silica (left) and BEH (right) HILIC stationary phases.

Typical HILIC mobile phases, which ionize very well in MS2, consist of a hydro-organic
mixture with a precisely stablished pH that defines the analytes’ ionization state and their
polarity'8. A minimum of 3-5 % v/v of water'” and 60 % v/v of organic solvent?! are essential to
establish the interactions regulating the HILIC retention process. The most commonly used
organic solvent is acetonitrile because it is water-miscible, aprotic and presents a relatively high
elution strength?' when compared to other solvents, such as ethanol or propanol. HILIC
separations may be performed in isocratic or gradient elution mode, the latter starting with a small
percentage of water that is increased over time?!. To maintain a stable pH throughout the
chromatographic experiment, typically in the 2-8 range, buffer salts soluble in the selected
solvents are added to the eluent. Ammonium formate or acetate, highly volatile and soluble?!, are
preferred over phosphate salts, as they prevent the obturation of the MS analyzer’s entry.
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In HILIC, a fixed water-enriched layer is formed in the vicinity of the stationary phase as a
result of its high polarity. The analytes’ retention process is due to partitioning equilibria
occurring between this aqueous layer and the mobile phase'”. Many physical and chemical
phenomena (electrostatic forces, dipoles, Van der Waals interactions, hydrogen bonds and
hydrophobic interactions) are believed to be involved in this process'820. In gradient elution
separations, the first eluting compounds are those with lower polarities. Augmenting the water
concentration in the mobile phase also increases hydrophilic interactions, thereby incrementing
the affinity of polar analytes for the mobile phase and shortening their retention times’s.

3.2.2. Electrospray ionization/Time-of-Flight Mass Spectrometry

Mass spectrometry appeared at the end of the XIX century as an unexpected result of the
cathode rays experiments3? that proved particle theory with the discovery of the electron and its
mass determination3’. These works were the first charge-to-mass ratio (e/m) measurements ever
recorded and led to the construction of the first proper mass spectrometer3?, which was used to
quantify the masses of charged atoms. In the following years, the instrument was further
developed and helped to prove the existence of elemental isotopes?. It was not until the late
1940’s, when spectrometers became commercially available, that mass spectrometry started to
be applied in other experimental sciences and chemists became aware of its potential for
structural elucidation, as well as molecular characterization and identification3!.

The most used ionization method in LC-MS is electrospray ionization (ESI)** because it
enables direct coupling with the LC’s column effluent3® either directly or through a flow divider.
ESl is a soft desorption ion source that typically does not fragmentate molecular ions. It operates
under atmospheric conditions of pressure and temperature. In a first step, the effluent goes
through a nebulizing needle separated from a capillary electrode which generates a difference of
potential between the two. This results in a high electric field charging the liquid’s surface and
forming a spray of droplets that are attracted to the capillary’s entrance. A counterflow of gaseous
nitrogen evaporates the droplets’ liquid content, desolvating them to the point in which the
repulsive electrostatic forces surpass the surface tension (Rayleigh’s limit) and a coulombic
explosion generates smaller droplets. This process takes place until gaseous molecular ions are
formed and enter the capillary, where they are oriented, by application of electromagnetic fields,
to reach the analyzer contained within a vacuum system34.3,
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Ex = % -m-v? (Equation 1)

Ex: kinetic energy, m: mass, v: velocity
One of the best and more used mass analyzers is the so-called “time-of-flight” (ToF)
analyzer®:37, Its working principle is that all generated ions have the same kinetic energy (Ey,
see Equation 1 above), so lighter ions travel faster than heavier ones and reach the detector
earlier. The analyzer's precision is increased in many instruments through reflexion of the
generated ions inside the flight tube3’. The ToF analyser is widely used, as it can be coupled to
other MS analyzers for tandem MS?. In addition, it has no upper m/z limit, acquires spectra very
rapidly and is extremely sensitive, showing a mass-resolving power that allows for the

determination of exact mass-to-charge ratios3” up to four decimals.

3.3. QUANTITATIVE COMPARISON OF CHROMATOGRAPHIC METHODS

In HILIC, many experimental variables affect the analytes’ retention time. The most important
ones are the mobile phase’s composition2038 and pH2, the column temperature'” and the
stationary phase?:3 used. In LC-MS, the analytes’ peaks are obtained from the total ions
chromatogram (TIC) through accurate m/z searches and shown as extracted ion chromatograms
(EICs), as in Figure 2, below.
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Figure 2: Chromatographic analysis for L-anserine (A8) in Method 3b.
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When comparing different experimental conditions and determining which ones yield the best
separation and detection, it is common to visually inspect the chromatograms and to calculate
each pair of peaks’ chromatographic resolution, R, 6, as in Equation 2.

R = 2 (tR,i+1 - tR,i)

i Equation 2
i Wy + Wit (Equation 2)

R;: resolution; t ;: retention time; w;: peak width of peak i

Assuming Gaussian peak shapes, R; reflects the quality of the separation of two contiguous
analytes; for instance, values of 0.5 and 1.0 translate to peak overlaps of around 16 and 2 %, and
purities of 82 and 98 %, respectively?®. Thereby, chromatographic peak resolution reflects the
quality of the separation of two contiguous analytes but it is not an indicator of the whole
chromatogram’s quality40. Moreover, other factors, such as the number of detected molecules or
the analysis time ought to be considered when assessing and quantitatively comparing the
chromatographic quality from a set of experimental data“0. As a result, many chromatographic
response functions, CRFs, that is, mathematical equations which convert some of the previously
mentioned criteria into a single measurable value, have been developed.

2
Z1\1—1 (Ri — Ropt) N ZN—1 (Ri)z
i=1 Ri - (R; = Rpnin)? izt (N—1)-R?

N: number of peaks; R;: resolution between two adjacent peaks;

CRS = (Equation 3)

it
N

Ropt, Rmin: Optimal and minimum acceptable resolution; R: mean resolution of the chromatogram

The chromatography resolution statistic, CRS, shown in Equation 3, was proposed by
Schlabach and Excoffier in 19884 and may be used when comparing chromatograms with varying
number of peaks in both untargeted and targeted analysis. In a CRS comparison, the best
experimental conditions are those yielding the smallest values, as can be deduced by analyzing
its mathematical expression. The first summation in the equation tends to zero when the
experimental resolutions (R;) are similar to the analyst-defined optimal resolution (R,,,.), while
the second summation tries to ensure that peaks are equally distributed throughout the
chromatogram. As long methods may result in better separations, both summations are corrected
by the application of a factor which attempts to minimize the CRS value by favoring methods with
many peaks and short analysis times (found in the denominator and numerator of the correction
factor, respectively).
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N-1
CRE(B) = Z R+ N*—B-|ty—t.|—v-|to—t,] (Equation4)
i=1

=
N: number of peaks; a,(,y: chromatographic weighting factors; R;: resolution between two adjacent peaks;

to, ty: minimum and maximum acceptable analysis time; t,, t;.: retention time of the first and last peaks

Another very popular CRF was proposed by Berridge in 198242 and may be applied for the
optimization of experimental conditions that result in chromatograms with a varying number of
detected analytes*. As shown in Equation 4, it uses three different weighting factors (a, B, v)
which enable the analyst to modulate the relative importance of the number of peaks and the total
analysis time against the summation of chromatographic resolutions. On one hand, the two first
terms of the equation increase the CRF(B) value with growing resolutions and number of detected
peaks. On the other hand, the two last terms decrease the CRF(B) value if the maximum
acceptable analysis time (ty;) and the retention time of the last peak (¢, ) are very different, and/or
if the minimum acceptable analysis time (t,) and the retention time of the first peak (t,) differ
significatively. As a result, the best experimental conditions from a set of chromatographic data
yield higher CRF(B) values than the rest.

3.4. RETENTION TIME PREDICTIONS

The annotation and identification of metabolites in untargeted LC-MS studies is currently
based on accurate mass searches and, when possible, structural elucidations enabled by the
analysis of tandem MS data%3. Ideally, the experimental spectra of a given analyte is compared
to reference spectra contained in libraries such as the HMDBS, METLINS or the MassBank’.
Accurate mass searches yield long lists of candidate metabolites, even when accounting for their
fragmentation patterns, which can be almost identical for similar molecules*3. In addition, there is
an important lack of available information because only a fraction of the metabolome is well
documented, the experimental conditions of the reported spectra are not standardized and some
metabolic areas are significantly poorly covered#. Consequently, many detected peaks may
remain unidentified. In an attempt to improve the assignation ratio, chromatographic retention
time predictions using quantitative structure-retention relationship in silico modellings have been
proposed*3. These calculations relate metabolites’ physicochemical properties to their retention
times under specific chromatographic conditions. To date, very few examples of such modelling
approaches have been applied to HILIC metabolomics studies#345-47,
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Retip is a recently developed and freely available R software-based package for retention
time prediction aimed at facilitating peak annotations in RP-LC and HILIC MS metabolomics
analyses¥. Its predictions are based on physicochemical and structural molecular descriptors.
The most relevant for HILIC RT predictions#” have been found to be the octanol/water partition
coefficient (XLogP48), the number of bonds of the largest T chain, the number of non-rotable
bonds (nRotB), molecular shape indices (Kier*#50) and pKa values. These descriptors are
calculated by the R-based Chemistry Development Kit platform (rCDK)31, a tool that computes
them from chemical structure identifiers, e.g. the simplified molecular input line entry system
(SMILES)%2 and the dashed international chemical identifier (InChlKey)%3. The Retip app uses
many molecular descriptors to generate models with five different non-linear machine learning
algorithms to adequately fit the complex datasets derived from chromatographic separations®455.
All Retip models have been shown to predict most metabolites’ RTs within a range of £1 minutes
from their experimental RTs*/, which in current HPLC and UPLC-MS methods is enough to
significatively discard potential candidates and improve peak annotation.

Three of the algorithms included in the Retip app (which can be thought of as “black boxes”,
the grey-shadowed areas in Figure 3, next page) are the Bayesian-regularized neural network
(BRNN), the random decision forest (RF) and the extreme gradient boost (XGBoost).

Artificial neural networks are algorithms formed by one or more layers of connected
neurons, the circles in Figure 3A, which are processing units that convert various inputs into a
single output through a non-linear parametrized function®. The system learns by
backpropagation34, that is, by calculating the errors of each neuron starting from those in the last
layer and then using this information to modify their behavior and reduce the global error. The
Bayesian approach ensures that the final result is the most probable, given the data used?3®.

RF and XGBoost are decision tree-based machine learning algorithms applicable to the
prediction of continuous values when used in regression mode%. Both RF and XGBoost assume
that many decision trees combined make up a forest that learns more strongly than the separate
trees and cancels out the overfitting individual trees may present®s. On one hand, RF grows large
trees, which are completely independent form each other, in parallel, and gives the same weight
to their individual predictions when reaching a final result. On the other hand, XGBoost generates
shorter trees sequentially, one after the other, so that each of them accounts for and tries to
correct the errors of the previous tree. Contrary to RF, XGBoost gives each tree a different weight
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according to the quality of its predictions (varying sizes in Figure 3C). Trees yielding values closer
to the those considered real have bigger weights, thus improving the model’s final results.

A Input Input
l
'
vff Sw \v
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Output
Input
‘
R R
Output l’
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Figure 3: Schemes representing the structure and functioninf of the
neural network (A), random forest (B) and gradient boost (C) algorithms.

4. OBJECTIVES

The initial goal of the present project was to develop and optimize a HILIC-MS method
which could resolve, detect and unequivocally identify as many metabolites as possible so that it
could later be applied in untargeted metabolomics analyses. However, the lockdown derived from
the SARS-CoV-19 pandemic prevented the realization of much of the planned experimental work.

Consequently, aiming to make the most out of the already acquired HILIC-ESI/ToF
experimental data, the objectives were reevaluated and redefined towards:

1. The analysis and comparison of six different chromatographic methods, both
qualitatively and quantitatively,

2. The selection of the best elution conditions and

3. The retention time prediction of unidentified metabolites in the best chromatographic
conditions so as to improve peak detection and annotation.
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5. MATERIALS AND METHODS

5.1. SOLVENTS AND REAGENTS

The chemicals used for the preparation of mobile phases were of analytical grade:
acetonitrile (=99.9 %, Fischer Scientific), water (ToF quality, Fischer Scientific), hydrochloric acid
(37 %, Acros Organics), ammonia and ammonium acetate (28 % and 298 %, respectively, Sigma
Aldrich), acetic acid (glacial, Panreac) and formic acid (98 %, Merck).

5.2. METABOLITES

The three different metabolite solutions, containing amino acids, nucleosides and a mix of
various types of metabolites (e.g. saccharides and small organic acids) used are described below.
The molecules’ structure and identifiers used all over this work can be found in Appendix 1.

Amino acids standard (Sigma Aldrich): B-alanine, L-alanine, L-a-aminoadipic acid,
L-a-amino-n-butyric acid, y-amino-n-butyric acid, D,L-B-aminoisobutyric acid, NHCl, L-anserine,
L-arginine, L-aspartic acid, L-carnosine, L-citrulline, creatinine, L-cystathionine, L-cystine,
ethanolamine, L-glutamic acid, glycine, L-histidine, L-homocystine, &-hydroxylysine,
hydroxy-L-proline, L-isoleucine, L-leucine, L-lysine, L-methionine, 1-methyl-L-histidine,
3-methyl-L-histidine, L-ornithine, L-phenylalanine, L-proline, L-sarcosine, L-serine, taurine,
L-threonine, L-tryptophan, L-tyrosine, urea and L-valine. The analytes were present in a
concentration equal to 0.5 pmol'mL' £ 4 % in 0.2 N lithium citrate buffer, pH 2.2, 2 % wiv
thiodiglycol and 0.1 % wiv phenol.

Nucleosides test mix (Sigma Aldrich): 50 ppm cytidine, 25 ppm guanosine, 25 ppm inosine,
25 ppm 1-methyladenosine, 100 ppm 5-methylcytidine, 20 ppm 2'-O-methylcytidine, 100 ppm
3-methylcytidine methosulphate, 25 ppm 7-methylguanosine, 50 ppm 5-methyluridine, 25 ppm
B-pseudouridine, 10 ppm 2-thiocytidine dihydrate and 25 ppm uridine in 1 % NaCOOH.

Other metabolites (Sigma Aldrich): Individual solutions from solid 3,4-dihydroxy-D,L-
phenylalanine, D-gluconic acid sodium salt, L-glutamine, L-ornithine monohydrochloride, sucrose,
D-(+)-galactose, citric acid, succinic acid, malic acid, itaconic acid, fumaric acid, pimelic acid,
D-maltose, tryptamine hydrochloride, oxidized glutathione, nicotinamide adenine dinucleotide
hydrate, D-glucose 6-phosphate sodium salt, D-(-)-ribose, L-norleucine, cytidine, uridine, inosine,
dithiothreitol, N-acetyl-cysteine, L-pyroglutamic acid, taurine, 2-ketobutyric acid, a-ketoglutaric
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acid, uridine 5’-monophosphate disodium salt hydrate, cytidine 5'-monophosphate disodium salt,
guanosine 5’-monophosphate disodium salt hydrate and adenosine monophosphate disodium
salt were prepared dissolving the chemicals in water to final concentrations of 1,000 ppm.

5.3. CHROMATOGRAPHIC METHODS

Independent separations of the three different metabolite solutions were carried out in a
Waters Acquity UPLC system where autosampler temperature was set at 10 °C. The analyses
were performed using either a TSKgel Amide-80 HPLC column (length: 250 mm, inner diameter:
2.1 mm, particle size: 5 ym) from Tosoh Bioscience or a BEH HILIC Acquity UPLC column
(length: 100 mm, inner diameter: 2.1 mm, particle size: 1.7 um) from Waters (Figure 1 in page 9).
The chromatographic system was connected to a Waters LCT Premier orthogonal accelerated
ToF mass spectrometer equipped with an ESI ionization source operated both in positive
(ESI+) and negative (ESI-) modes and acquiring full scan spectra from 80 to 1,800 m/z. The
spectrometer working parameters were an electrospray voltage of 3.0 kV or 2.5 kV for ESI+ and
ESI- respectively, a sheath gas flow rate of 600 A.U., an auxiliary gas flow rate of 10 A.U. and a
heated capillary temperature of 350 °C.

Six different chromatographic conditions (Methods 1, 2, 3a-¢ and 4) were assayed. Methods
122 and 225 had previously been developed and published by IDAEA’'s Chemometrics group,
where the present work was developed. Methods 3a-c are adaptations of Method 2 to UPLC
conditions with the objective to maintain a gradient elution profile starting with a small water
percentage while shortening the total run time. Method 4 is recommended by the UPLC
column’s manufacturer for the separation of amino acids. All these conditions were assayed and
compared aiming to further optimize those that yielded better results. A thorough comparison of
the methods described below can be found in Appendix 2.

In Methods 122 and 225, the TSKgel Amide-80 column at room temperature with a flow rate
of 0.15 mL-min-" was used with an injection volume of 5 L (the three metabolites solutions were
three-fold diluted with water to final concentrations of 5-40 ppm). The organic component of the
mobile phase (solvent A) was acetonitrile, with the aqueous component (solvent B) being 5 mM
ammonium acetate pH 5.5. The gradient elution of Method 1 was 0-8 min 25-30 % B, 8-10 min
30-60 % B, 10-12 min 60 % B, 12-14 min 60-25 %, 14-20 min 25 % B. The gradient elution of
Method 2 was 0-3 min 5 % B, 3-27 min 5-70 % B, 27-30 min 70-5 % B, 32-40 min 5 % B.
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Methods 3a-c (adapted from Navarro-Reig et al.%5) and 4 (Gradient Separation of Amino
Acids on AQCITY UPLC BEH HILIC, Waters) used the BEH HILIC Acquity UPLC column at
30 °C. The amino acid standards and nucleosides test mix were injected as is, and the “other
metabolites” stock was diluted to 20 ppm (ACN/water 3:2). In Methods 3a-c, solvents A and B
were the same as for Methods 1 and 2, and a flow rate of 0.3 mL-min-* was used. Method 3a had
an injection volume of 10 pL and an elution gradient of 0-0.6 min 5 % B, 0.6-5.4 min 5-70 % B,
5.4-6 min 70 % B, 6-7 min 70-5 % B, 7-10 min 5 % B. Method 3b had an injection volume of
5 L and an elution gradient of 0-5 min 5-60 % B, 5-6 min 60 % B, 6-6.5 min 60-5 % B, 6.5-8 min
5 % B. Method 3c had an injection volume of 5 pL and an elution gradient of 0-6 min 5-60 % B,
6-7 min 60 % B, 7-7.5 min 60-5 % B, 7.5-9 min 5 % B.

In Method 4, a flow rate of 0.4 mL-min-' and an injection volume of 5 uL were used. The
organic component of the mobile phase (solvent A) was 90:10 ACN/H20 0.2 % HCOOH 10 mM
NH:COOH, while the aqueous component (solvent B) was 50:50 ACN/H20 0.2 % HCOOH
10 mM NH4COOH. The gradient elution of Method 4 was 0-4.36 min 0.1 % B, 4.36-11.88 min
0.1-99.9 % B, 11.88-13 min 99.9 % B, 13-13.2 min 99.9-0.1 % B, 13.2-15 min 0.1 % B.

The resulting chromatograms were analyzed with MassLynx™ Software (Version 4.1,
Waters). EICs were obtained from TICs by searching for the m/z with a value equal to the exact
monoisotopic molecular mass of the loss-of-a-proton adduct ([M-H]) in ESI-, and the loss-of-an-
electron ([M]*), gain-of-a-proton ([M+H]*) or gain-of-an-ammonium group ([M+NHa]*) adducts in
ESI+. The experimental data obtained from the six assayed methods were compared visually and
qualitatively through calculation of their chromatographic resolution statistics*! and
Berridge’s chromatographic response function,

5.4. RETENTION TIME PREDICTIONS

Retention time predictions were calculated using the Retip app*’ as shown in Figure 4, in the
next page. The inputs used were the InChlKeys, SMILES and experimental retention times of
the identified metabolites of the two best experimental methods. From the 291 molecular
descriptors (MD) the Retip package calculates, 56 were filtered out to eliminate information that
was either redundant or constant for the considered metabolites. Three algorithms (BRNN5455,
RF55 and XGBoost5s, represented by circles, squares and triangles in Figure 4) were used to train
models from a random selection of 80 % of the assigned metabolites (to simplify nomenclature,
the models will be referred to with the name of the algorithm used to create them). 10 independent
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permutations of each model were calculated and validated with the information (experimental
RTs and Retip-calculated MDs) of the 20 % remaining analytes. After model training and
validation, each permutations’ relative mean standard error (RMSE), coefficient of
determination (R?), mean absolute error (MAE) and the 95 % confidence of the predicted RTs
(95%=xmin), in minutes, were calculated. For the three models, the two permutations whose
validations yielded better results, that is, lower RMSEs, were selected to carry out the
predictions. To perform them, the molecular descriptors of the unassigned metabolites (the “test”
data in Figure 4) of the two best chromatographic methods, obtained as described above, were
used as inputs to predict the RTs of the unassigned metabolites, that is, the final outputs of
the calculations.

Assigned
metabolites
MD BRNN
-
name 5
exp. RT calculation 80 % RF g:
InChiKey XGBoost 8
SMILES
20 %
5
RMSE §
calculation "3'-
3
Unassigned lowest RMSE
metabolites
MD ' BRNN-predicted RTs o
name calculation | =
InChlKey test RF-predicted RTs a
SMILES | 5
XGBoost-predicted RTs s
INPUTS Best | OUTPUTS

permutations

Figure 4: Retention time prediction using the Retip app#.

The intervals defined by the predicted RTs were reexamined in the experimental
chromatograms using the MassLynx™ Software (Version 4.1, Waters) to unequivocally
annotate peaks generated by analytes with equal monoisotopic molecular masses, as well as to
try and detect previously unfound metabolites.
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6. RESULTS AND DISCUSSION

6.1. PEAK DETECTION AND ASSIGNMENT

The data obtained from independent injections of the three different metabolite solutions were
examined as described in the experimental section. For all elution methods, the analyzed
chromatograms were recorded both in positive and negative ionization modes. In most
separations, ESI- chromatograms showed equal or improved peak detection, typically by a
10 % increase, when compared to ESI+. This could be due to the fact that metabolites are polar
molecules which usually present acid/base equilibria and, thereby, can easily lose a proton and
generate the [M-H]- adduct. All work described from here on in was performed using the datasets
from ESI- chromatograms.

So as to compare the peak detection of the six assayed elution conditions, the information
from the chromatograms corresponding to the amino acids, nucleosides and other metabolites
solutions was combined, and is summarized in Table 1. For HPLC separations, Method 1
enables the detection of more peaks (N) than Method 2 (for detailed peak detection and
annotation, see Tables A1-A3 in Appendix 1). However, Method 1’s shorter run time results in
peak overlaps and poorer separations when compared to Method 2, as shown by its lower mean
chromatographic resolution (R;) and larger mean peak widths (w;). UPLC separations are more
alike among each other than HPLC's, as is to be expected from similar run times and gradient
elutions. Methods 3c and 4 were able to detect less peaks than Methods 3a and 3b, which
consequently yield worse analyte separations. When comparing the latter, although Method 3a
detects more peaks, Method 3b shows higher resolutions and leaner peaks.

HPLC UPLC
Variables Method 1 Method 2 | Method 3a Method 3b Method 3¢ Method 4
N 52 34 56 52 36 44
% Ass. metabolites 58 37 68 57 40 48
t. 15.90 32.68 5.38 5.50 5.97 8.73
ty 5.21 6.63 1.01 1.04 1.32 0.76
> R; 16.51 59.25 8.50 21.97 26.18 25.27
Mean R; (min) 03+£04 2%3 02+£02 04£05 0707 0507
Mean w; (min) 08+11 04+02| 06+04 02+02 02+01 03%0.3

Table 1: Relevant data of all assayed chromatographic methods.
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Metabolite annotation was performed based on the monoisotopic mass of the loss-of-a-
proton adduct. Even though the two columns used presented different stationary phases, the
metabolites’ distribution along the total run times was comparable in all chromatograms (Figure
5A). Moreover, the elution order and patterns shown by both columns under different elution
conditions are practically identical. This is exemplified in Figure 5B, where the peaks of pimelic
acid (015), 1-methyladenosine (N4) and L-phenylalanine (A30) in a HPLC method using an
amide-functionalized silica column (Method 1) and an UPLC method with a BEH column (Method
3b) are superimposable. These observations suggest that the assayed HILIC separations are
based on similar retention processes.
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Figure 5: (A) Typical retention time distributions of the injected metabolites.
(B) Selected EICs of pimelic acid (015), 1-methyladenosine (N4) and L-phenylalanine (A30),
extracted from the TICs of Method 1 (left) and Method 3b (right).
The small peaks in O15 and N4 do not contain the m/z of [M-HT..
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Most metabolites were found in at least one of the chromatograms obtained with different
elution methods. However, molecules such as f-alanine (A1), L-alanine (A2), ethanolamine (A16),
glycine (A18), L-sarcosine (A32) and nicotine adenine dinucleotide (021) were not detected in
any chromatographic analysis. But for NADH, which may be poorly ionized under the
experimental conditions, their detection was expected to be difficult because they present
molecular weights well below 100 g-mol-".

Method 3b

5 100, 253

< N7 N6 N5

% m/z = 256.094 ‘ m/z = 256.094 m/z = 256.094
§ <) HO_  OHq HO  O— HO,  OH

% f"zgj"N)LN/ 24Q| /"ZZS“N/j\ ,“'Z;S"N/j
2 e L_ANH, f“ HO N NH2 HO o N N2

1.00 2.00 3.00 4.00 5.00 6.00 7.00
Time /min

Figure 6: Method 3b’s EIC showing the peaks of three isobaric nucleosides
whose [M-H] mass-to-charge ratio equals 256.094.

The peak assignation of metabolites whose MWs differ from the rest is very high throughput,
but whenever two or more isobars (molecules with the exact same molecular mass) are present,
their annotation based solely on retention times, without additional information such as the
fragmentation patterns derived from tandem MS, is a challenge. Figure 6 illustrates this issue with
5-methylcytidine (N5), 2-O-methylcytidine (N6) and 3-methylcytidine (N7), three isobaric
nucleosides whose [M-H]- monoisotopic mass is 256.0939 g-mol-!. Although three peaks
containing ions with this m/z are visible in Method 3b’s EIC, it is impossible to assign them without
any complementary information.

Metabolite Method1 Method2 Method 3a Method 3b Method 3¢ Method 4
N3 7.90 - 212 2.16 2.09 1.39
026 7.97 - 2.06 213 2.16 1.42

Table 2: Inosine RTs in the nucleoside (N3) and other metabolites (026) chromatograms.

Retention times were found to be reproducible, even if only one chromatogram was
recorded for each metabolite solution and elution method. The “other metabolites” mixture
contained two amino acids present in the amino acids commercial solution (L-ornithine, A29/04,
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and taurine, A34/034) and three nucleosides (cytidine, N1/024, inosine, N3/026, and uridine,
N12/025) also found in the nucleosides mix. As an example, inosine’s RTs, given in Table 2,
differ only in 0.05 + 0.02 min (Experimental RTs can be found in Tables A1-A3 of Appendix 1,
where rows corresponding to the repeated metabolites have been shaded with the same color).

6.2. QUANTITATIVE COMPARISON OF CHROMATOGRAPHIC METHODS

In an attempt to establish the methods providing the best separations, the chromatography
resolution statistic, CRS, and Berridge’s chromatographic response function, CRF(B), of all
assayed separation conditions were calculated.

The CRS values plotted in Figure 7 consider a minimal acceptable resolution (R,,;,,) of 0.5
and an optimal resolution (R,,,) of 1.5, as suggested by its developers*!. The results showed
that, for HPLC conditions, Method 1 yielded better separations than Method 2, with a difference
of one order of magnitude between the two. For UPLC, Methods 3a and 4 performed similarly, in
spite of the difference in the number of peaks they detected (56 and 44, respectively). In addition,
CRS labeled Method 3b as the worse UPLC set of conditions because 20 analytes eluted in the
2.8-3.6 min region, and Method 3c as the best among UPLC conditions, even though it detected
more than 15 metabolites less than Methods 3a and 3b. All of these suggests that CRS gave
chromatographic resolution more importance than desired.

2
_ _ 2
CRS = ZN L (Ri - Ropt) + ZN L (Ry) . t_L
i=1 R; - (R; = Rpin)? i=—1 a-R*| N
12,000 - 11383.73
10,000 1 8457.09
8,000
[72]
© 6,000 4
13}
4,000 3536.94
1519.79 1875.50
2,000 ~ 711.05
0 _-—.

Method 1  Method 2 Method 3a Method 3b Method 3¢ Method 4
HPLC UPLC

Figure 7: Chromatographic resolution statistic values of all assayed methods.

The CRF(B) calculations were carried out keeping either two or one of the three
chromatographic weighing factors («,  and y) constant and equal to 1.0, while sweeping the
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other(s) from 0.5 to 2.0. As expected from the function’s expression, a was the variable playing
the most important role, so much so that when either 8 or y were swept, the CRF(B) values were
practically only affected by a. Figure 8B exemplifies the general trends with the CRF(B) values of
Method 1. In order to account for the different running times of HPLC and UPLC, for Methods 1
and 2, the minimum (t,;) and maximum (t,) acceptable retention times were set at 16 and 30
min, respectively, whereas for Methods 3a-c and 4, the times used were 8 and 15 min. Figure 8A
shows the CRF(B) values calculated with a = 1.5, to increase the relative importance of the
number of detected peaks, and B = y = 1.0. Method 1 was confirmed as the best of the two
HPLC methods, as it presented a higher CRF(B) value, detected more analytes and had a shorter
analysis time than Method 2. According to CRF(B), Methods 3a and 3b yielded comparable
separations. Although Method 3a detected more peaks than Method 3b, they were wider (Figure
8C) and resulted in poorer separations. Taking all these into account, Method 3b was chosen
as the best UPLC method.
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Figure 8: (A) CRF(B) values of all assayed methods. (B) CRF(B) value variation for Method 1
when sweeping a chromatographic weighing factor (o @, B: m, y: A) while keeping the other
two constant and equal to one. (C) Guanosine (N2) peak comparison in Methods 3a and 3b.
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6.3. RETENTION TIME PREDICTIONS

In either of the two best chromatographic methods, less than 60 % of the 78 injected
metabolites were unequivocally assigned. Aiming to annotate isobaric analytes whose peaks
were visible (like those in Figure 6, page 22) and to increase peak detection, the retention times
of unidentified metabolites in Methods 1 and 3b were predicted using the Retip app#” as described
in the experimental section.

The RMSE, Rz, MAE and 95%z=min values of the ten generated permutations of each of the
three models (BRNN, RF and XGBoost) were calculated. When comparing their RMSEs
(Figure 9), all models showed similar prediction properties after validation. The predictions based
on training data (calc) always performed better than those used to validate them (val), as
expected, and RF and XGBoost behaved very similarly from one another, differing a bit from
BRNN's performance. The permutations whose validations yielded lower RMSEs and,
consequently, better R2, were used to carry out the RT predictions; permutations 5 and 3 for
Methods 1 and 3b, respectively (The calculated statistics of the generated models are collected
in Appendix 3.1, where those used for RT predictions are shadowed in light grey).

Method 1 Method 3b
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Figure 9: RMSE values of the models’ calculation and validation.

Due to the way these three algorithms are built, it is possible to detect the variables (in this
work, the molecular descriptors) which are important for the models’ generation. The most
relevant molecular descriptor in the best permutations was the octanoliwater partition
coefficient, XLogP*, with a relative importance typically above 90 %. The number of non-
rotable bonds, nRotB, was also significant, to a lesser extent, in most models. These
observations are in agreement with the results of the Retip app developers#’. However, molecular
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shape indices (Kier24® and Kier350), the number of atoms in the largest 1 chain (nAtomP) and pKa
values were not so decisive as expected. Moreover, the tspaEfficiency (the molecule’s polar
surface area divided by its MW) played a key role in Method 1's models, as did the number of
basic groups (nBase) in those of Method 3b. These differences may be due to the fact that a very
little number of molecules, which covered a small fraction of the total metabolome and, for
the most part, did not present many conjugated or aromatic systems, were used to calculate
and validate the models. The 20 most important molecular descriptors for each models’ best
permutation and their relative importance are shown in Appendix 3.2.
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Figure 10: Model calculation and validation, and RT prediction with BRNN, RF and XGBoost.

Figure 10 shows the generation of the models (calculation and validation), as well as their
application to the prediction of the retention time of unassigned metabolites. The validation data
yielded better results in Method 1 than in Method 3b, which presented lower R2s, specially for the
RF model. Still, the three generated models were able to predict the retention time of most
metabolites with an error of around *1 min. Once the BRNN, RF and XGBoost models were
validated, the retention times of the metabolites which had not been found or unequivocally
identified were predicted as described in the experimental section.
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The experimental chromatograms were carefully inspected again in search of the
unannotated metabolites, this time taking into consideration the intervals defined by the predicted
RTs (Appendix 3.3). This allowed for the finding of the [M-H]- m/z of some previously
undetected metabolites in the predicted intervals and for the discernment of some of the
isobaric compounds (Figure 11, shaded with the same colors). For instance, the assignment of
the isomers 5-methylcytidine (N5), 2’-O-methylcytidine (N6) and 3-methylcytidine (N7) (EIC
shown in Figure 6, page 22) was performed based on the predictions’ intervals, which established
that the elution order was N7<N5<N6.
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Figure 11: Predicted vs experimental RTs of previously unassigned metabolites.
Error bars plot the 95%zmin of the models’ validation.

The quality of the predicted RTs for Methods 1 and 3b could also be assessed when the two
ESI- peaks with m/z=243.0623, which belong to either 3-pseudouridine or uridine, were analyzed.
Both the nucleoside and other metabolites solutions contained uridine, labeled as N12 and 025,
respectively. From the “other metabolites” chromatogram, it was evident that uridine was the
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molecule presenting a shorter RT. The predictions not only showed this tendency, but also
included the experimental RTs within the models’ 95%+min validation.

BRNN RF XGBoost
Method 1 05+12 0307 04+£07
Method3b 05+05 05+05 04+04

Table 3: Absolute errors of the predicted retention times.

When comparing the performance of the three models (Table 3 and Figure 11, in the previous
page), BRNN yielded the less accurate predictions. RF and XGBoost results were very
similar, but XGBoost presented more trueness, that is, lower absolute errors, in both Methods
1 and 3b. Even though XGBoost showed lower precision in the validation step, as represented by
the error bars of Figure 11, its predictions included the experimental retention times of almost all
detected m/z values of the loss-of-a-proton adduct of previously unfound or unassigned
metabolites.

The metabolite annotation after the chromatogram’s reinspection improved for both
methods. In Method 1, it increased from 58 to 69 % due to the assignment of the peaks
corresponding to three amino acids, four nucleosides, two carbohydrates (sucrose and
D-maltose, O7 and Q9, respectively) and a small peptide (oxidized glutathione, O17). In Method
3b, the increase was more pronounced, from 57 to 81 %, because 19 additional peaks were
unequivocally annotated to their corresponding analytes. These included eight amino acids, six
nucleosides, one nucleotide (adenosine 5-monophosphate, 022), the two carbohydrates also
identified in Method 1 and two small organic acids (citric acid, 010, and fumaric acid, O14). Thus,
the RT predictions helped improve the prediction of all injected metabolic families alike.

In summary, the additional information provided by the retention time prediction
allowed for an improvement greater than 10 % in the number of assigned metabolites.
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7. CONCLUSIONS

In this work, hydrophilic interaction liquid chromatography coupled to electrospray ionization
and mass spectroscopy detection after a time-of-flight analyzer has successfully been applied to
the separation of solutions containing metabolites with varying characteristics. An amide-
functionalized silica column and an ethylene bridged hybrid stationary phase have shown
superimposable chromatograms, suggesting very similar retention mechanisms. Electrospray
ionization in the negative mode has yielded better results for the studied analytes, which were 78
small organic molecules, typically presenting various acid/base equilibria.

Six different gradient elution conditions, all of which used mobile phases whose organic
component was acetonitrile, were assayed and compared aiming to find those that resulted in
better separations. This was performed through visual inspection and the calculation of indicators
of chromatographic quality, such as peak widths, chromatographic resolutions, the
chromatography resolution statistic and Berridge’s chromatography response function. Careful
examination of all this information determined that Method 1, a 20 minute-long HPLC method
which uses an amide-functionalized silica stationary phase, and Method 3b, an 8 minute-long
UPLC method with an ethylene bridged hybrid column, were the best and yielded similar
chromatographic separations. Method 3b starts with a lower water percentage in the mobile phase
than Method 1, thereby ensuring that not very polar analytes can be retained and do not elute
with the eluent in the dead time. In addition, considering that shorter run times require less
reagents and allow for the analysis of more samples in less time, thus reducing the cost of the
analysis, Method 3b shows promising applications in future metabolomics studies.

Retention time predictions carried out with different algorithms (Bayesian-regularized neural
network, random decision forest and extreme gradient boost) enabled an improvement greater
than 10 % in peak detection and annotation. Even though all models showed useful predictive
power, and RF and XGBoost performed similarly, XGBoost presented a lower absolute error,
making it the best of the three used algorithms. Given the fact that the retention time prediction of
unidentified analytes in Method 3b allowed for an improvement above 20 % in the number of
unequivocally assigned metabolites, future work could include the application of Method 3b to the
analysis of real samples in either targeted or untargeted approaches. It would be interesting to
complement those analyses with information provided by XGBoost models, whose predictive
power could be further improved by adding experimental data from other metabolic families.
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9. ACRONYMS

ACN: acetonitrile

A.U.: arbitrary units

BEH: ethylene bridged hybrid

BRNN: Bayesian-regularized neural network

CREF: chromatographic response function

CRF(B): Berridge’s chromatographic response function
CRS: chromatographic resolution statistics

EIC: extracted ion chromatogram

ESI: electrospray ionization

HILIC: hydrophobic interaction liquid chromatography
HMDB: human metabolome database

HPLC: high-performance liquid chromatography

LC: liquid chromatography

LC-MS: liquid chromatography coupled to mass spectroscopy
MAE: mean absolute error

METLIN: metabolite and chemical entity database
[M-HY: loss-of-a-proton adduct

MW: molecular weight

MS: mass spectroscopy

m/z: mass to charge ratio

NP-LC: normal phase liquid chromatography

ppm: parts per million (mg-L-)

R2: coefficient of determination

rCDK: R chemistry development kit

RF: random forest

RT: retention time

RMSE: root mean square error

RP-LC: reverse phase liquid chromatography
SMILES: simplified molecular input line entry system
TIC: total ion chromatogram

ToF: time-of-flight

UPLC: ultra-high-performance liquid chromatography
XGBoost: extreme gradient boost

95%=min: 95 % confidence in the predicted retention times
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APPENDICES






APPENDIX 1. STRUCTURES AND RETENTION TIMES

A1.1. AMINO ACIDS

fo) o} o} o 0]
HzN/\)LOH \l)l\OH HOMOH /YLOH H2N \/\)LOH
o} NH, NH,

NH,
A1 p-alanine A2 L-alanine A3 L-a-aminoadipic acid A4 L-a-amino-n-butyric acid A5 y-amino-n-butyric acid
¢ HN N N NH 0 2
2
HgNﬂ)LOH \/if I\(\_ﬁ HQNJLN’\/\HLOH HONOH
HO™ O H NH, O NH,
A6 D L-B-aminoisobutyric acid A8 L-anserine A9 L-arginine A10 L-aspartic acid
O

N OH 2 9 H o NH, o
H<N : HN\H/\,NHz HzNJ\H/\/\i)LOH o:{i‘f HO\H/\/S\/YLOH
o NH, N o NH,
A11 L-carnosine A12 L-citrulline A13 Creatinine A14 L-cystathionine

(0] (0] O

o]
HO i N

HS/\)’LOH \/\NHz HOJ\/\[/U\OH HzN\)LOH </ ]/\‘)LOH
NH, HN

NH, NH,
A15 L-cysteine  A16 Ethanolamine  A17 L-glutamic acid A18 Glycine A19 L-histidine

NH; o OH o} 2 : O
HOW\S,S\/\I)LOH HZN\WOH GJHLOH \/\,)\OH
o} NH, NH, ‘OH NH,

A20 L-homocystine A21 d-hydroxylysine A22 Hydroxy-L-proline  A23 L-isoleucine

(@] 0 le} (0]
WLOH KV\l)J\OH /S\/%OH ‘NWLOH N/Y\I)J\OH
NH2 NH2 NH2 NHz ~

A24 L-leucine A25 L-lysine A26 L-methionine  A27 1-methyl-L-histidine A28 3-methyl-L-histidine

0 (@] o]
0 o]
H,N WLOH OH CyAOH H /\)‘L
0 m . _N \)J\OH HO I OH
2

A29 L-omithine A30 L-phenylalanine A31 L-proline  A32L-sarcosine  A33 L-serine
OH
o}

0-8-0 OH O HN= N, o) o
07 Ao (e e B Ao
NH2 NH2 (0] HO NHZ NHQ

A34 Taurine A35 L-threonine A36 L-tryptophan A37 L-tyrosine A38 Urea A39 L-valine



Monoisotopic Experimental retention times and peak widths /min

D'| 1mass fg-molt [ Method 1 | Method 2 | Method 3a | Method 3b | Method 3¢ | Method 4

A1 89.0477 - - - - - -

A2 89.0477 - - - - - -
A3 161.0688 12.77,0.23 | 19.50,0.32 | 3.40, 0.26 - - 6.76, 0.37
A4 103.0633 12.567, 0.12 - - - 3461, 0.16 -
A5 103.0633 12.567, 0.12 - - - 346, 0.16 -
A6 103.0633 12.567, 0.12 - - - 346, 0.16 -
A8 240.1222 - 26.20,0.67 | 4.77,040 | 471,015 | 5.150.15 -
A9 1741117 32.68,0.38 | 5.26,1.05 | 525,036 | 578 0.34 -

A10| 133.0375 14.20, 0.50 332,034 | 308014 | 331,010 | 7.40,0.25

A1 226.1066 15.66,0.65 | 24.81,0.52 | 4.51,047 | 440,015 | 4.82,023 | 8.73,0.16

A12| 175.0957 13.39,0.32 | 20.99,0.38 | 3.80,0.34 743,015

A13| 113.0589 7.53,0.73 | 15.38,0.22 - 265,015 | 275018 -

A14| 222.0674 14.51,0.50 | 23.94,0.67 | 4.11,0.60 | 4.20,0.24 - -

A15 121.0197 14.70, 0.75 - - - - B

A16 61.0528

A17|  147.0532 12.55,0.30 | 19.19,0.22 | 3.35,0.28 | 3.15,0.13 | 3.40,0.11 | 7.07,0.22

A18 75.0320 - - - - - B

A19 155.0695 15.59,0.45 | 24.77,042 | 4.30,090 | 439,014 | 4.830.16 | 8.05,0.19

A20 |  268.0551 14.16,0.50 | 23.01,0.36 | 3.93,0.38 4.08,0.13 | 7.95,0.15

A21 162.1004 15.63,0.60 | 31.54,0.68 | 528,118 | 533,044 | 5.82,0.33 -

A22| 131.0582 - 20.31,0.34 | 362,049 | 3.36,010 | 3.58,0.10 | 6.28,0.32
17.40, 0.46

A23| 131.0946 9.05b, 0.80 or 3.31,040 | 3.020,0.16 - 3.30,1.10
17.76, 0.33
17.40, 0.46

A24| 131.0946 9.0, 0.80 or - 3.0, 0.16 - 3.30,1.10
17.76, 0.33

A25| 146.1055 - 32.06,0.94 | 538,123 | 538,045 | 597 0.34 -

A26 | 149.0510 967,070 | 18.26,045 | 3.34,0.31 | 3.01,0.10 | 3.21,0.10 | 3.60, 0.67

4.33,0.51 417,025 451,020
A27 169.0851 15.90¢, 1.60 - or or or -
476,017 | 4.70,0.21 5.13,0.14

433,051 | 417,025 | 451,020
A28 | 169.0851 15.90¢, 1.60 - or or or -
4.76,0.17 | 4.70,0.21 5.13,0.14

A29| 132.0899 9.36, 1.40 527,112 | 532,037 | 584,030 | 7.85 1.00

A30| 165.0790 8.36,0.95 | 16.90,0.54 | 3.24,0.35 | 2.93,0.09 - 3.06,0.13

A3l 115.0633 - 19.35,0.25 | 3.59,0.31 | 3.39,0.11 - -
A32 89.0477 - - - - - -

A33| 105.0426 - - - - 3.49, 0.14 -
A34| 125.0147 10.10,1.08 | 18.20,0.25 | 2.93,1.10 | 2.59, 0.11 2.72,0.11

5.70, 1.09

A35| 119.0582 13.02, 0.26 - - 3.24,0.17 -

A36 | 204.0899 7.81,0.95 - 3.06,045 | 2.84,014 | 3.03,0.13 | 2.87,0.30
A37| 181.0739 10.01,0.95 | 18.17,0.50 | 3.28,0.39 | 2.96, 0.11 315,011 | 3.21,0.26
A38 60.0324 - - - - - -
A39| 117.0790 11.30, 0.80 - 346,044 | 3.16,0.12 - -

Table A1: Amino acids’ experimental retention times and peak widths in all assayed
chromatographic conditions. Shaded analytes are also present in the “other metabolites” solution.
Isobaric molecules are indicated with the same superscript letter.



A1.2. NUCLEOSIDES

HO, OH NH;

Z_S OH ;\ HO HO, OH N,\
I OH | NH
HO ¢L NHy ud 2
N1 Cytidine N2 Guanosine N3 Inosine N4 1—melhy|adenosme

NH,
HO, OH N;\

R S O e s
JNRi ’N/\/L )LN o "NMO
NH2 HO NH2 HO

—
A, HO N,
N5 5 methylcylldlne N6 2'-O- methylcylldme N7 3-methylcytidine N8 7-methylguanosine
HO  oH HO,  oH HO, OH HO, (©OH
- . NH . ¥
Z g-,N = . Z gl,/ Z ;N = - Z S N
/" o AL /" O ﬁ): [ANe] /7 O
HO O)\H o N HO N TNH; o
N9 5-methyluridine N10 B-pseudouridine N11 2-thiocytidine N12 Uridine
D Monoisotopic Experimental retention times and peak widths /min

mass /g'mol' | Method 1 Method 2 | Method 3a | Method 3b | Method 3c | Method 4
N1 243.0855 8.70,0.77 | 16.71,0.58 | 2.65,0.70 | 2.47,0.13 | 253,016 | 1.82,0.28

N2 283.0917 8.99,1.20 - 259,160 | 237,013 | 242,022 | 1.64,0.30
N3 268.0808 7.90, 0.95 - 212,019 | 216,019 | 2.09,0.06 | 1.39,0.25
N4 281.1124 6.14,0.80 - 222,135 | 212,019 | 206,015 | 1.26,0.25

239,013, | 247,021, | 1.61,0.26,
253,010 | 2.59,0.16 | 1.95,0.30
or or or
3.85,013 | 4.080.16 | 3.62,0.51

N5 257.1012 6.884,0.70 | 25.52¢,0.44 | 2.70f, 0.54

239,013, | 247,0.21, | 1.61,0.26,
253,010 | 2.59,0.16 | 1.950.30
or or or
3.85,013 | 4.08,0.16 | 3.62,0.51

N6 257.1012 6.884,0.70 | 25.52¢, 0.44 | 2.70,0.54

239,013, | 247,021, | 1.61,0.26,

N7 | 2571012 | 6.88¢,070 | 2552 044 | 2707054 | 293010 | 259,016 | 1.95,0.30

or or or
3.85,0.13 4.08,0.16 | 3.62,0.51
N8 298.1151 - - 2.23,0.12 - - 1.30, 0.33
N9 258.0852 6.20, 0.90 - 1.30, 0.60 1.36, 0.35 132,044 | 0.99,0.27
6.91,0.82 | 14.32,0.73 | 1.42,0.80 1.47,0.30 1.43,0.38 1.01,0.23

N10 244.0695 or or or or or or

9.24,1.05 | 16.89,0.52 | 2.00,0.48 1.87,0.29 1.85,0.43 | 1.25,0.23
N11 259.0627 6.94,0.75 | 19.53,0.14 | 1.40,0.71 1.61,0.28 163,017 | 1.12,0.21
6.91,0.82 | 14.32,0.73 | 1.42,0.80 1.47,0.30 1.43,0.38 | 1.01,0.23
N12 244.0695 or or or or or or

9.24,1.05 | 16.89,0.52 | 2.00,0.48 1.87,0.29 1.85,043 | 1.25,0.23

Table A2: Nucleosides' experimental retention times and peak widths in all assayed
chromatographic conditions. Shaded analytes are also present in the “other metabolites” solution.
Isobaric molecules are indicated with the same superscript letter.




A1.3. OTHER METABOLITES

Q OH OH O (0] (0] o]
HO OH HO
SH \/lYk;)LOH HQNWOH H2N/\/\‘)J\OH
HO 2 OH OH NH, NH,
01 3,4-dihydroxy-D L-phenylalanine 02 D-gulonic acid 03 L-glutamine 04 L-omnithine
HO\ O. .OH HO.__O o O, _OH 0. _OH
3 HO
HO “OH OH OH OH
OH HO" ™0 HO™ ™0 HO" ™0
) 08 D-galactose 010 Citric acid 011 Succinic acid 012 Malic acid
0 0 HO OH
07 Sucrose OH X
e HOWOH HONOH Lo i ;o
o ] o} /
HOMN\)L OH o
- ﬁ/Y 013 Itaconic acid 014 Fumaric acid HO o/
o] o ~ o} 4 HO
S o o HO  OH
S
Oy 7O (o) w 09 D-maltose
)]\/N : W HO OH HN
HO \H/\H OH 015 Pimelic acid |
o] NH, NH,,
017 Glutathione oxidized =N NH 020 Tryptamine
O._N 2
o oY g OH
Po e M. N= OH o
NH2 __O \ o] OH = 0 o) OH

. OH
o O—" HO 0. .0
e P\OH ~~ “OH R
OH HO SH HO  ©OH
023 D-ribose

HO 021 Nicotine adenine dinucleotide 042 D-glucose 6-phosphate
H

o v~ v~ N o~ \/kr

NH, HO  ©OH HO o on NN

043 L-norleucine 024 Cytidine 025 Uridine 026 Inosine
SH 0 0:3-0

OH 0 H 2 o
SH |
HS/\I)\’ )LN OH O=<\Jj OH H /\H)J\OH
H o NH, o}

OH
028 Dithiothreitol 029 N-acetyl-cysteine 031 L-pyroglutamic acid 034 Taurine 038 2-ketobutyric acid

0 o ) N
o HO'™,
HO OH HOGy OH
HO  ©OH

0]
040 a-ketoglutaric acid 045 Uridine 5"-monophosphate 036 Cyhdme 5 —monophosphate

. o] =N
p \R\{ Q o =
b /\g‘ 'F\"O/\Q‘NW)YNHZ
HO
\( OH . NN
NH, HO ©

035 Guanosine 5-monophosphate 022 Adenosine 5-monophosphate



D Monoisotopic Experimental retention times and peak widths /min

mass /g'-mol' | Method 1 Method 2 | Method 3a | Method 3b | Method 3c | Method 4

01 197.0688 12.87,1.10 - 255,031 | 3.24,0.86 - -
02 196.0583 11.80, 1.51 - 256,0.38 | 2.90,0.62 - 3.16,0.27
03 146.0691 13.40, 0.40 - 371,033 | 352,026 | 3.82,0.18 | 6.88,0.14

04 132.0899 8.99, 0.88 - 5.32,0.80 | 5.50,0.35 - -
13.03,0.30 | 20.15,0.39 272,017

07 | 342.1162 or or 2.839,040 | 2.65,0.11 - or
13.04,0.35 | 20.84, 0.58 3.09, 0.33

08 180.0634 13.18,0.75 - 3.02,0.34 | 2.10,0.18 - -
13.03,0.30 | 20.15,0.39 272,017

09 | 3421162 or or 2.839,0.40 | 2.65,0.11 - or
13.04,0.35 | 20.84, 0.58 3.09, 0.33

010 192.0270 - - 3.50, 0.61 - - -
011 118.0266 7.29, 0.60 - 151,093 | 1.76,0.26 | 2.24,0.06 | 0.92,0.16
012| 134.0215 12.16, 1.10 - 254,042 | 3.20,0.77 - 1.80, 0.46
013 | 130.0266 11.85,0.90 | 6.63,0.50 | 1.07,0.29 | 1.04,0.22 - 0.89,0.14

014| 116.0110 12.00, 1.30 - 253, 0.59 - - -
015| 160.0736 7.20, 0.53 - 2.90,0.37 | 266,012 | 3.91,0.12 | 0.80,0.06

017| 6121520 - - 3.64,0.39 | 3.60,0.40 - -

020 | 160.1000 8.90,041 | 16.90,0.32 | 3.80,0.20 | 3.58,0.10 | 3.88,0.15 -

021| 745.0838 - - - - - -
022 | 347.0631 11.79, 140 - - - - 7.30,0.30
023 | 150.0528 - - - - - 1.17,0.18
024 | 243.0855 8.91,0.55 | 16.74,0.30 | 2.78,0.36 | 2.47,0.13 - 1.87,0.20
025| 244.0695 7.01,0.73 | 14.35,048 | 141,055 | 1.48,0.30 - 1.01,0.15
026 | 268.0808 7.97,0.62 - 206,111 | 213,016 | 2.16,0.19 | 1.42,0.14
028 | 154.0122 - - 1.01, 0.06 - - 0.76, 0.07
029 | 163.0303 521,040 - 1.82,1.45 | 2.22,0.19 - 1.54,0.28

031 129.0426 7.32,0.55 | 16.45,0.36 | 2.96,0.36 - - -
034 | 125.0147 10.79, 1.40 - 280,044 | 259 0.11 - 2.41,0.20
035| 363.0580 12.9,0.55 | 19.66,0.29 | 3.38,049 | 3.18,0.23 | 2.58,0.15 | 7.26,0.27
036 | 323.0519 12.93,1.10 - 345,041 | 3.31,0.28 - 7.56, 0.30

038 | 102.0317 - - 1.80,2.10 | 1.07,0.11 - -
040 | 146.0215 741,032 | 16.96,0.25 | 1.20,0.60 | 2.34,0.16 - 1.70, 0.17
042 | 260.0297 13.20,0.27 | 20.22,0.24 | 3.35,0.35 | 3.21,0.26 - 7.28,0.24

043 | 131.0946 9.06, 0.50 - - - - -
045| 324.0359 12.28,0.90 | 18.98,0.35 | 2.99,1.25 | 3.00,0.25 - 6.57, 0.62

Table A3: Other metabolites experimental retention times and peak widths in all assayed
chromatographic conditions. Green- and purple-shaded analytes are also present in the “amino
acids” and “nucleosides” solutions, respectively. Isobaric molecules are indicated with the same
superscript letter.



APPENDIX 2: COMPARISON OF THE METHODS

Method 1 | Method 2 [Method 3a[Method 3b[Method 3c|  Method 4
LC type HPLC UPLC
Stationary | ide-functionalized silica Ethylene bridged hybrid
phase
Column
temperature °C Room temperature 30
Flow rate 0.15 030 040
/mL-min-!
© Oraanic 90:10 ACN/H:0,
8 solvgm ) ACN 0.2 % HCOOH and
s 10 mM NH«COOH
= Adueous 50:50 ACN/H.0,
S q H0, 5 mM NHAc, pH 5.5 (HAC) 0.2 % HCOOH and
solvent (B) 10 mM NH«COOH
Total run
ime fmin 20 40 10 8 9 15
Metabolites 450 20
concentration /ppm
Injection
volume /uL 5 10
Table A4: Comparison of the assayed chromatographic methods.
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Figure A1: Percentage of water in the mobile phases of each method's gradient elution.




APPENDIX 3: RETENTION TIME PREDICTIONS

A3.1. MODEL CALCULATION AND VALIDATION

Method 1 Method 3b
BRNN RF XGBoost BRNN RF XGBoost
Permutation| Statistic | calc val |calc val | calc val |calc val |calc val | calc wval
RMSE |[0.07 248|066 200|128 205|101 0.71[0.30 0.77| 047 1.30
1 R2 1.00 021|097 065|084 067 |0.33 080|096 0.81| 085 0.27
MAE 0.05 185|051 152|098 1.76 | 0.75 0.53|0.23 0.64| 0.35 1.00
95%xmin | 0.12 3.61|1.09 138|209 180 [1.65 093|049 098| 0.79 1.84
RMSE |[043 193|076 1.85| 133 193 (053 096|020 1.00| 0.33 1.17
2 R2 0.98 0.66|09 0.79| 081 0.77 [0.77 092|096 046| 0.95 043
MAE 0.32 173|063 123|111 120 (040 0.73|0.15 091| 0.23 0.97
95%xmin | 0.71 379|128 230|221 218 [0.87 1.94|0.33 1.89| 055 235
RMSE |[0.71 175|125 141|132 142 (054 024|024 038| 0.37 0.46
3 R2 0.96 054|092 067|084 067 |0.83 080|096 045|096 0.75
MAE 056 146|099 1.08| 1.05 112|043 021018 0.35| 0.30 0.41
95%xmin | 1.15 322|222 246|221 244 {090 048|041 0.73| 0.61 0.93
RMSE 040 239|069 2.00| 119 200|048 0.84 ({026 1.04| 0.30 1.12
4 R? 098 043(095 060| 0.85 0.61 |0.82 0.89|0.93 087|096 0.81
MAE 026 207|051 177|090 170|037 0.75({0.17 0.88| 0.23 0.96
95%%min | 068 391|119 349|196 364 (079 137|045 151|050 173
RMSE (061 1.11[0.70 068 | 144 0.83 | 046 055|0.23 0.68| 0.28 0.69
5 R2 096 0.81[096 096| 0.81 0.96 | 0.87 0.68|0.96 0.65| 0.96 0.56
MAE 045 090|057 060| 116 0.75 | 0.35 047 [ 0.17 0.52| 0.23 0.53
95%*min | 1.02 187 (1.16 037 | 240 0.16 | 0.77 0.58|0.38 0.51| 044 0.60
RMSE 060 192|079 156|128 185|047 057(0.04 065| 0.27 0.85
6 R2 096 077095 0.83| 0.82 0.71 |0.88 0.64|1.00 0.54| 0.96 0.54
MAE 043 176|061 128|095 1.66 |0.34 051[0.03 0.54| 021 067
95%xmin | 1.01 373|133 313|212 348 [0.78 1.02|0.06 1.22| 044 0.86
RMSE (045 167|089 1.19| 134 125|055 082|025 0.82| 0.36 1.01
7 R2 098 057[09 0.73| 083 070 [0.76 0.92|0.94 067 | 0.95 0.63
MAE 0.34 119]069 097|105 089 [040 063|0.19 063| 0.26 0.87
95%xmin | 0.75 268|145 214|222 215 (091 155|044 164| 061 205
RMSE |[0.07 217|075 170|134 197 (052 070|026 0.73| 0.27 0.74
8 R2 1.00 054|097 072|082 059|079 0.89(0.94 063| 09 0.80
MAE 0.05 1.84]059 140|101 167 [039 056|0.19 055| 0.21 0.56
95%xmin | 0.12 427|124 296|219 339 [0.87 138|044 146| 043 148
RMSE 011 240|079 1.63| 127 177 | 049 057(0.25 061]| 0.29 0.86
9 R?2 1.00 08209 075|085 063|087 043|095 032|097 0.09
MAE 007 199|062 124|102 138|039 036|0.19 0.38| 0.23 0.65
95%*min | 0.17 448|136 322|208 358 |0.80 081|043 085]| 047 1.37
RMSE |[0.09 256|063 200|116 210|050 062|0.26 0.66| 0.28 0.70
10 R2 1.00 044097 042| 0.88 0.34 {083 0.76 [ 0.94 0.76| 0.96 0.76
MAE 0.06 197|046 155|091 157 (038 042|0.19 049| 0.21 0.50
95%xmin | 0.15 5.16 1.05 3.86| 1.94 3.88 [0.83 1.05|044 113| 047 1.22

Table A5: Calculated statistics for the generation of each model’s ten permutations. Shaded
values correspond to the best permutations, those selected to perform RT predictions.




A3.2. MoST RELEVANT MOLECULAR DESCRIPTORS

BRNN RF XGBoost
Molecular Relative Molecular Relative Molecular Relative
descriptor importance /% | descriptor | importance /% | descriptor | importance /%
XLogP 100.00 XLogP 100.00 XLogP 100.00
nHBAcc 59.53 VP.5 33.02 nBase 10.39
tpsaEfficiency 58.39 SP.5 25.73 tpsaEfficiency 8.31
khs.sNH2 57.27 nHBDon 21.93 SPC.6 6.51
SC5 50.49 tpsaEfficiency 21.28 Kier3 5.57
| MDEC.22 47.08 ALogp2 20.41 ALogP 442
pid nRotB 45.36 VC.3 20.08 nAcid 3.82
2| BCUTc.th 45.05 Kier3 16.64 khs.sNH2 275
£ SC.3 42.50 MDEC.13 16.59 BCUTp.1I 2.58
g Kier2 4117 ALogP 14.67 BCUTc.1h 1.83
k=1 VC.5 39.21 Zagreb 14.60 SPC.5 1.78
s SPC.4 37.94 khs.sNH2 13.89 VPC.5 1.73
S| TopoPSA 37.82 nAcid 13.31 ATSc4 1.67
g ATSm3 37.82 VCH.6 13.23 Fsp3 1.53
Kier3 36.77 VC5 13.22 SCH.7 147
VCH.6 36.66 MW 12.85 nHBAcc 1.40
VC.3 34.79 Fsp3 12.77 BCUTw.1h 1.36
MDEC.33 34.70 MDEN.11 12.33 nRotB 1.35
ATSc1 33.75 TopoPSA 12.32 ALogp2 1.35
ALogP 32.37 ATSm5 12.19 BCUTw.1I 1.15
MDEC.22 100.00 nBase 100.00 XLogP 100.00
khs.sNH2 90.63 XLogP 9243 nBase 50.24
XLogP 86.19 khs.ssCH2 85.02 MDEC.22 36.06
nBase 81.66 khs.sNH2 83.36 BCUTw.1h 18.64
BCUTw.1h 79.69 MDEN.11 78.22 WTPT.5 14.63
= nRotB 69.74 BCUTw.1h 77.56 MDEO.11 13.29
s SP.6 68.39 VPC.5 72.81 Kier3 13.13
| BCUTp.1I 67.59 nRotB 71.81 nRotB 8.04
‘g VP.6 67.14 WTPT.5 70.35 BCUTw.1I 7.55
5| MDEO.11 66.42 fragC 68.33 khs.sNH2 6.97
= ATSp4 64.77 nHBDon 65.75 khs.ssCH2 541
2 VP.2 64.38 khs.sssCH 65.20 WTPT 4 4.83
E VP.3 63.57 MDEC.22 65.05 khs.dO 465
@ VP.5 59.40 Kier3 64.53 nAtomP 3.97
= WTPT 4 58.62 VPC.6 64.29 Kier2 3.72
VP 58.25 VP.4 62.65 tpsaEfficiency 2.25
VP4 58.20 SP.7 62.24 ALogp2 1.99
Fsp3 56.28 VP.6 61.60 ATSc5 1.96
HybRatio 56.28 VCH.7 61.47 Fsp3 1.59
khs.ssCH2 56.01 ATSm4 61.14 VP.1 1.55

Table A6: 20 most important molecular descriptors for the generation of the BRNN, RF and
XGBoost models from Methods 1 and 3b chromatographic data. Common descriptors are
indicated with the same colors.



A3.3. IMPROVED METABOLITE DETECTION AND ANNOTATION

Method 1 Method 3b

MM Predicted RT /min Exp. Predicted RT /min Exp.
Ig'mol'* |BRNN5 | RF5 | XGBoost5 | Interval |RT /min |BRNN3 | RF3 | XGBoost3 | Interval | RT /min
A1 | 89.0477 | 9.82 [1049] 9.86 9.8-10.5 - 3.09 [230 313 2.3-3.1 | 3.06m
A2 | 89.0477 | 11.69 |12.63] 1274 |11.7-12.7| 1224 | 313 |2.46 3.32 25-3.3 | 3.34m
A32 | 89.0477 | 8.27 |8.12 8.62 74102 | 7.84m | 2.65 |2.19 2.86 2.2-2.9 | 2.35m
A4 [103.0633| 10.74 |12.37| 1218 |10.7-124| 12.40m | 3.13 [2.59 3.04 2.6-3.1 | 3.40m
A5 |103.0633| 9.27 | 949 9.70 9.3-9.7 - 373 |272 3.35 2.7-3.7 | 3.70m
A6 |103.0633| 10.11 |10.26] 9.19 9.2-10.1 | 10.07m | 2.85 | 245 2.74 25-29 | 2.75

A3 |161.0688 AASUMG 355 |3.74 3.67 3.5-3.7 | 3.61°
A8 240.1222| 11.32 |13.38] 1320 |11.3-13.4| 11.84m AAUMG

A9 1741117 | 16.96 [14.27| 1415 |14.2-17.0] 16.70m AA&UMG

A12 | 175.0957 AA&UMG 451 [4.50 4.33 4.3-45 | 3.90
A15 121.0197 AAZUMG 3.83 |3.63 3.68 3.6-3.8 -
A16 | 61.0528 | 8.55 |1049| 9.84 8.6-10.5 - 394 243 3.13 24-39 -
A18 | 75.0320 | 11.58 |13.05| 1346 |11.6-13.5 - 3.18 | 247 3.61 2.5-36 -
A20 |268.0551 AAZUMG 445 [3.74 3.59 3.6-45 | 4.08
A22 1131.0682| 8.27 |8.12 8.62 8.2-86 | 7.840 AA&UMG

A23 [131.0946| 9.94 |9.01 8.73 8.7-99 | 9.05 | 2.81 [3.20 2.86 2.8-32
A24 1131.0946| 9.78 |9.13 9.49 9.1-98 | 9.76° | 2.88 [3.18 3.04 2.9-32
A25 |146.1055] 12.94 |13.56] 1291 [12.9-13.6| 13.01m AA&UMG
A27 169.0851| 11.80 |12.31| 1223 |[11.8-12.3 | 12.20 | 4.01 |3.53 3.76 3.7-40 | 4170
A28 169.0851| 11.88 |12.72| 12.60 |[11.9-12.7 | 12.40" | 3.85 |3.52 4.01 3.5-4.0 | 4.700
A31 |115.0633| 6.81 |8.56 8.87 6.8-8.9 - AA&UMG
A33 105.0426| 13.25 |12.91] 13.33 [12.9-13.3| 12.75" | 3.70 |2.54 3.52 25-37 | 3.52
N5 [257.1012| 7.94 |7.36 8.33 74-83 | 6.88 | 1.86 [2.00 2.2 1.8-22 | 2.5%
N6 [257.1012| 6.92 |7.18 8.19 6.9-82 | 8277 | 231 [2.16 2.32 2223 | 4.08
N7 [257.1012| 6.32 |6.98 8.10 6.3-81 | 6.29m | 1.75 |2.01 212 1.7-21 | 2470
N8 |298.1151| 8.02 |7.02 8.70 7.0-78 - 1.66 [2.34 2.58 1.7-26 | 2.00°
N10 [244.0565| 1046 [11.74] 1098 [10.5-11.7| 9.24» | 1.88 |2.31 2.21 1.9-23 | 1.85°
N12/025 244.0695| 7.32 | 8.43 8.88 7389 | 6917 | 166 [2.37 2.28 1.7-24 | 1440
07 |342.1162| 9.21 [12.76] 11.80 9.2-12.8 | 13.03» | 2.55 [2.77 2.95 26-30 | 2.84°
08 |180.0633| 742 | 8.2 8.38 74-84 - AA&UMG
09 |342.1162| 8.75 [12.64] 11.86 8.8-12.6 | 13400 | 213 | 2.7 3.05 21-31| 2.68°
010 |192.0270| 14.02 | 9.23 10.1 9.2-14.0 - 1.74 12.99 24 1.7-30 | 2.87°

2.99

014 [116.0110 AASUMG 148 [184] 220 [1522] 2160
017 [612.1520| 13.81 [1346] 1347 [135-15.8[ 1343¢ AAZUMG
021 [745.0011] 1531 [12.39] 13.42  [124-15.3] 13.34m AA&UMG
022 |347.0631 AASUMG 382 [286] 316 [29-38[ 3.460
023 [150.0528| 6.72 [8.27] 8.29 6.7-8.3 - 227 [293] 205 [21-29] -
028 [154.0122| 618 [9.25] 874 6.2-93 | 8.87m AA&UMG
031 [129.0426 AASUMG 235 [2.95] 249 [2530] 284
038 [102.0317| 6.8 [1053] 869 [6.8105] - AAZUMG
043 [131.0946 AAZUMG 355 [381] 335 [34-38] 3.86°

Table A7: Predicted retention times, examined intervals and newly found m/z and annotated
peaks (MM: monoisotopic mass, Exp. RT: experimental retention time, AA&UMG: metabolites
already assigned and used for the models’ generation, m: detected mass, p: visible peak).






