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RESUME

Les métabolites sont de petites biomolécules, incluant les intermédiaires du métabolisme, qui sont
impliqués dans des réactions essentielles a la survie d'un organisme. Les métabolites phosphorylés jouent
un réle critique dans plusieurs voies métaboliques telles que la glycolyse, la voie des pentoses phosphates
et le métabolisme lipidique. En raison de leur réles importants, des perturbations dans les concentrations
de phosphométabolites peuvent étre liées a plusieurs désordres. L'étude de ces composés pourrait
permettre une meilleure comprehension des perturbations liées aux maladies. Cependant, dans de
nombreux cas, les métabolites phosphorylés sont difficiles a analyser dans des échantillons biologiques
complexes. Les métabolites contenant des thiols jouent également un réle important dans de nombreuses
fonctions cellulaires et peuvent souvent étre instables en conditions de stress oxydatif, ou méme pendant
le stockage des échantillons. Les composés thiols libres sont particulierement difficiles a mesurer avec
précision dans des échantillons biologiques complexes, car ils peuvent former des disulfures ou des
produits oxydés, ne refletant pas leur concentrations biologiques réelles. Afin d'améliorer la détectabilité
de ces composés, des flux de travail utilisant la LC-MS/MS ont été développés. Pour améliorer la détection
des phosphométabolites, une plateforme LC-MS/MS a haute résolution a été utilisée suivant différents
stratégies de préparation d’échantillons pour I'enrichissement de ces métabolites, avec des mélanges de
standards ainsi que des extraits de foie de souris et de C. elegans comme matrices biologiques complexes.
La comparaison de méthodes pour la détection des phosphométabolites a démontré I'enrichissement de
ces molécules avec une résine de dioxyde de titane (TiO,). L'extraction en phase solide incorporant des
interactions d’échanges d’anion et de phase inverse (MAX) est bien adapté aux composés acides, incluant
plusieurs métabolites phosphorylés. Pour améliorer la détection des composés contenant des
groupements thiols, I'avantage d'utiliser des réactions de dérivatization a été démontré, en incorporant
des réactifs marqués légers et lourds pour les rendre plus stable avec une sensibility accrue. Une méthode
ciblée utilisant la chromatographie liquide couplée a la spectrométrie de masse en tandem en mode MRM
(suivi de réactions multiples) a été développée pour le suivi de trois métabolites spécifiques, dont la

cysteine, le glutathion et la cystéine N-acétylée.

Mots clés : Phosphométabolites, thiols, disulfures, métabolites, spectrométrie de masse, chromatographie

liquide, métabolomique
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ABSTRACT

Metabolites are small biomolecule products and intermediates of metabolism, many of which are involved
in reactions essential for the survival of an organism. Phosphorylated metabolites are known to have
critical roles in several metabolic pathways such as glycolysis, the pentose phosphate pathway and lipid
metabolism. Therefore, perturbations in phosphometabolite concentrations can be linked to several
disorders. Studying these specific compounds could provide a better understanding of metabolic
perturbations occluding in disease. However, in many cases, phosphorylated metabolites are hard to
analyse in complex biological samples. Thiol-containing metabolites also play important roles in many
cellular functions and are often unstable under oxidative stress conditions or even during sample storage.
Free thiol compounds are therefore difficult to accurately measure in complex biological samples, as they
can easily form disulfides or oxidized products. To increase the detectability of these compounds, tailored
workflows using LC-MS/MS were developed. For improved detection of phosphometabolites, a
semi-targeted method was developed using a high resolution LC-MS/MS platform to detect
phosphometabolites that were enriched using various solid-phase extraction methods. The optimized
methods were further compared using mouse liver and C. elegans biological samples. The comparison of
methods for the detection of phosphometabolites demonstrated the enrichment of these molecules with
titanium dioxide (TiO3) resin. Solid-phase extraction incorporating anion exchange and reversed-phase
(MAX) interactions is well suited for acidic compounds, including several phosphorylated metabolites. To
improve the detection of compounds containing thiol groups, the advantage of using derivatization
reactions was demonstrated, incorporating light and heavy labeled reagents to make them more stable
with increased sensitivity. A targeted method using liquid chromatography coupled with tandem mass
spectrometry in multiple reaction monitoring (MRM) mode was developed for the monitoring of three

specific thiol-containing metabolites, namely cysteine, glutathione, and N-acetylated cysteine.

Keywords : Phosphometabolites, thiols, disulfides, metabolites, mass spectrometry, liquid

chromatography, metabolomics
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CHAPITRE 1

Introduction

Metabolites are small molecules implicated in various biological processes, many of which are essential
for the survival of an organism. These molecules are a direct result of biological reactions, and therefore
their concentrations can be used as an indication of biochemical activity (Haggarty & Burgess, 2017). In
particular, metabolites change more rapidly than genetic material, and even protein
synthesis/degradation, making them potentially more representative of an organism’s phenotype. As such,
by studying the metabolome, the complete set of metabolites present in a biological system metabolites
have the potential to contribute to a better understanding of the current state of an organism, such as a

metabolic pathway impacted by a particular disease or diet (Cui et al., 2018).

Despite the very promising role metabolomics has for health-related research, it comes with its own set
of challenges. The metabolome is made up of highly diverse compound classes, with varying
physiochemical properties such as their polarity, charge, size and stabilities. As a result, there is not one
fit-for-all analytical method that allows for the identification and quantitation of all metabolites in a
biological system (Kuehnbaum & Britz-McKibbin, 2013). To circumvent this challenge, various analytical
methods have been developed to study particular groups of metabolites, including examples for estrogen
conjugates using LC-MS (Nguyen et al., 2010), nucleotide analysis by LC-MS/MS (Yang et al., 2010), and
aromatic compounds using GC-MS (Fiehn, 2016). Specific considerations need to be taken when dealing

with highly complex biological samples which will be discussed in this Master’s thesis.

1.1 Metabolites and Metabolomics
1.1.1 Metabolites

Metabolites are small organic molecules (less than 1500 Da) that are products and intermediates of various
metabolic pathways and cellular regulatory processes in a biological system. These compounds undergo
modifications during metabolic reactions and are necessary for growth, function and maintenance of living
cells (Dwivedi et al., 2010; Haggarty & Burgess, 2017). Comprising of a wide range of chemical and physical
structures, they play significant roles in various biological functions (such as energy production and storage,
as well as signal transduction). As such, the concentration of these compounds serves as an indication of

biochemical activities taking place in an organism, cell, or organ (Cui et al., 2018; Johnson et al., 2016). As



metabolites are a result of enzymatic reactions by proteins, which are in turn a result of gene expression
(Figure 1.1A), they are usually representative of a given phenotype and can change very quickly in response

to an environmental stressor, pharmacological intervention or disease state (Tan et al., 2016).

1.1.2 Metabolomics

Through omic studies, a better understanding of a biological system can be gained as it gives a more
comprehensive understanding of the molecules that make up a cell, tissue or organism, which allows the
organism to be studied as a whole. Different omic approaches are aimed at studying important molecules
that make up an organism such as genes (genomics), mRNA (transcriptomics), proteins (proteomics), and
metabolites (metabolomics). By studying an organism as a whole, it allows for a better understanding of
both normal physiological processes and disease processes. Through omic strategies, it allows for

biomarker discovery and drug discovery as shown in Figure 1.1B (Horgan & Kenny, 2011).
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Figure 1.1 A) Interaction of the genome, transcriptome, proteome, and metabolome with the
environment in a system, and B) the interaction of the various omic technologies and their
applications. Adapted from Tan et al., 2016.

With genomics, the genome of an organism is studied and can reveal genetic abnormalities. Studying these
abnormalities help further the understanding of diseases that have a genetic determination. With
transcriptomics, one is able to study the genes that are being expressed at any particular moment, while
proteomics aims to study the structure and function of proteins within an organism or system (Horgan &

Kenny, 2011).



Metabolomics is the study of all the metabolites in a biological system, the metabolome, under a given set
of conditions. Metabolites are products and intermediates of biochemical pathways, which are regulated
by proteins. These proteins are a product of the translation of mRNA, which in turn is a product of the
transcription of DNA. The metabolome often can more adequately describe the phenotype of a given
biological system that is being studied, particularly due to the fact that the metabolome changes more
rapidly than genetic material (Figure 1.1A). As metabolite concentrations can be linked to different
signaling and enzymes activities, metabolomics has the ability to profile important changes occurring in

disease and different exposures (Alberts et al., 2002; Haggarty & Burgess, 2017).

There are two main approaches to studying and analyzing metabolites, known as untargeted and targeted
methods. When performing an untargeted analysis, a large number of metabolites can be analyzed in an
unbiased approach. Also known as a “hypothesis-generating” approach, this type of approach allows for
the simultaneous measurement of metabolites within a sample without prior knowledge of its
composition. Through an untargeted analysis, novel metabolites can be discovered, which could allow
disease mechanisms to be better studied and understood. When using a targeted approach, a specific list
of known metabolites is analyzed. This approach is often “hypothesis-driven” for the validation of

preliminary results with increased quantitative accuracy usually built into these assays (Becker et al., 2012).

Metabolites have a wide range of diversity in their structures and chemical properties, as well as their
function in a biological organism, including several involved in very different metabolic pathways, which
makes them quite challenging to study, especially with untargeted workflows. This diversity means that
these compounds vary widely in reactivities, structural features, polarity, volatility, and concentrations.
Though this diversity allows for the wide functionality of metabolites, it also creates analytical challenges
as compounds are often analysed by exploiting specific characteristics of a class of compounds (Zhang et
al., 2023). As the metabolome does not consist of a repeated structural element (such as the case is for
protein, DNA, and RNA), the exploitation of specific characteristics of a compound is difficult. The
differences in concentrations between trace and abundant compounds also make it difficult to measure
metabolites. As such, there is no one single analytical technique that allows for the measurement of all
metabolites at one time (Collins et al., 2021). Therefore, it is important to use analytical techniques that
are versatile and robust enough to study various types of compounds. While sample preparation methods
based on compounds of interest help ensure that the analytical method used maintains its robustness and

consistency, this is not possible with purely untargeted approaches (Lepoittevin et al., 2023). Based on the



chemical and physical properties of compounds of interest, purification or fractionation techniques can be
selected. Once separated, metabolites are then analyzed for structural elucidation and quantitation, with
the most common methods involving mass spectrometry (MS) detection, or alternatively, nuclear
magnetic resonance (NMR) spectroscopy, each with its own limitations and advantages (Horgan & Kenny,

2011).

In this project, the focus was on the detection of specific classes of metabolites by tailoring semi-targeted
approaches to study compounds that have common chemical moieties which can be used for selective
purification, derivatization, or that would produce common fragment ions in tandem mass spectrometry
(MS/MS) (Wang et al., 2016). To analyze and produce MS/MS spectra, liquid chromatography coupled to
high resolution tandem mass spectrometry (LC-HRMS/MS) was employed due to its robustness, sensitivity,
and versatility. Samples were prepared using various techniques, including solid phase extraction and
derivatization methods to selectively explore phosphorylated and thiol-containing metabolites,

respectively.

For untargeted liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) analyses, the
processing workflow (Figure 1.2) was as follows: 1) sample preparation, 2) LC-MS/MS analysis including
separation and detection of metabolites, 3) (putative) identification of metabolites by comparing the
tandem MS (MS/MS) spectra obtained from the sample to those from various spectral databases, and 4)
statistical and pathway analysis to find biologically-relevant changes (such as disease markers). Spectral
databases are libraries that contain the MS/MS spectra of pure chemical standards, with the most common
spectral databases being the Human Metabolome Database (HMDB) and National Institute of Standards
and Technology (NIST). MS/MS spectra is dependent on the instrument used, and so using an in-house
spectral database provides increased confidence in the identification of metabolites (Cui et al., 2018;

Wishart, 2008).
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Figure 1.2 LC-HRMS/MS metabolomics workflow from sample preparation to data processing steps

1.2 Liquid Chromatography Coupled to High Resolution Mass Spectrometry (LC-HRMS/MS)
1.2.1  High Performance Liquid Chromatography (HPLC)

Chromatography is a separation technique that is used to separate individual compounds from samples of
varying complexities, including complex biological matrices such as plasma, with some of the most
common methods using either gas chromatography (GC) or liquid chromatography (LC). Based on the
compounds of interest and matrix, chromatography is used prior to introducing the sample into a mass
spectrometer to increase the detectablity and to help with the identification of compounds. The
separation is based on the principle that compounds in a mixture are distributed based on their
physico-chemical properties between the stationary phase in the column and a mobile phase (MP), which
is liquid (LC) or gas (GC). It is the interaction between of the compounds in the samples with these two
phases that allow for the effective separation of molecules within the mixture. Based on various molecular
characteristics such as adsorption, polarity, charge, and the molecular size, compounds will have various
levels of affinity to the stationary phase. Therefore, each compound has a characteristic retention time
(RT), which is the amount of time taken for a compound to elute. This interaction allows for compounds,
such as amino acids, carbohydrates and fatty acids, to be separated within a suitable time interval (Coskun,

2016; Tan et al., 2016).

While GC is used to study volatile and thermally stable compounds, LC can be used for a wide range of
thermally unstable and non-volatile samples. High-performance liquid chromatography (HPLC) has
become a method of choice to couple with MS detection for highly sensitive methods, including those

involving metabolomic applications and biologically active molecules (Coskun, 2016). In the context of this



project, phosphorylated metabolites and thiol-containing metabolites are particularly difficult to detect

due to polarity and instability, respectively.

For the separation of various groups of metabolites using LC, different chromatography methods are used,
with the most common methods being normal phase (NP), reverse-phase (RP) and hydrophilic interaction
chromatography (HILIC). Normal phase chromatography uses a polar stationary phase with a non-polar
mobile phase thus leading to polar compounds to be retained for longer on the stationary phase.
Unfortunately, the mobile phases that are traditionally used for normal phase are not very compatible
with LC-MS applications. When performing reverse-phase chromatography, a solvent gradient of
decreasing polarity is used with a hydrophobic non-polar stationary phase in order to retain and separate
compounds. As such, polar compounds elute faster than non-polar compounds as the higher the
hydrophobicity of the surface of the stationary phase is, the longer the analytes are retained. HILIC
chromatography, on the other hand, uses a more hydrophilic stationary phase while using a solvent
gradient of increasing polarity, usually involving relatively high salt concentrations (Emwas, 2015; Hanai,
2007). While reversed-phase liquid chromatography (RPLC) has its limitations with its retention times and
ability to separate polar compounds, this technique is widely used in metabolomic studies thanks to ease
of use, wide-range applicability, and reproducibility compared to HILIC and normal phase (Haggarty &
Burgess, 2017).

As the individual compounds interact with the stationary phase, compounds within a mixture can be
separated. When performing RPLC, the column is filled with functional groups, such as C18 hydrophobic
chains bound to silica particles, making a non-polar column. It is the interaction of the individual
compounds and the functional groups of the stationary phase that allow a mixture to be separated. Based
on adsorption, partitioning, and ion-exchange mechanisms, the intermolecular interactions between the
compounds in a sample and the stationary phase leads to differential migration which then allows
compounds to elute at different times (Kuehnbaum & Britz-McKibbin, 2013; Snyder et al., 2011). As the
separation of compounds is based on the interaction they have with the stationary phase, it is important
that the chemistry of the stationary phase of the column is understood. This is particularly important as
the functional group of a column is selective for certain compounds, such as a C18 column that is known
for its affinity for non-polar compounds. As such, various columns were explored in the context of this

project for their ability to separate the compounds of interest.



1.2.2 Tandem Mass Spectrometry

Mass spectrometry is a qualitative and quantitative analytical technique that ionizes molecules and
separates them based on their m/z (mass-to-charge ratio) (Garg & Zubair, 2025). Once separated, the
compounds are introduced into the mass spectrometer, where they are ionized, accelerated, and detected
(Figure 1.3). As the mass analyzer is only able to detect charged compounds, the ionization of compounds
is a crucial step for the detection of compounds. This step takes place at the ionization source of the mass
spectrometer where the separated molecules are ionized and brought to gaseous phase. Depending on
the mode of analysis, this ionization forms ions with either positive or negative charges. These ions then
travel through a magnetic or electrical field in the mass analyzer where they are sorted based on their m/z.
Once they make contact with the detector, the signals are generated and recorded by a computer system.
These signals are then displayed graphically as a mass spectrum which shows the relative abundance of

the signal according to the m/z ratio of the ions (Ho et al., 2003).

Using multiple mass spectrometers in tandem with each other, LC-MS/MS involves multiple steps of mass
spectrometry where fragmentation takes place at each stage. By adding multiple stages of mass analyzers,
the first analyzer will first isolate the precursor ion. The precursor ion will then fragment through either a
dissociation process or a chemical reaction which forms product ions and neutral fragments. These ions
and fragments are then passed through to a second mass analyzer (Madeira & Floréncio, 2012; Sleno &
Volmer, 2004; Gross, 2004). Thus, m/z separation is achieved by the ions being selected in one section of
the system, disassociated in the next intermediatory region and the disassociated products are then
further analysed in the second mass analyzer. As tandem mass spectrometry uses a combination of
analyzers, it exploits the strengths of each analyzer such as the specificity of quadrupoles and the ability
of a time-of-flight system to accurately measure mass. When combining two different types of mass
analyzers together, a hybrid tandem mass spectrometry system is formed, such as the commonly used
quadrupole time-of-flight (QQTOF). Through the use of controlled fragmentation of precursor ions,
LC-MS/MS can provide crucial structural information of analytes in the presence of high resolution and
mass accuracy (Wang et al., 2023). As such, through LC-MS/MS, identification, quantitation, and structural

elucidation of the compounds in a complex sample can be performed. Therefore, the versatility, selectivity,



sensitivity, and quantitative power of LC-MS/MS has made it the most commonly used technique for

metabolomic analysis (Emwas, 2015; Wang et al., 2023; Yang et al., 2010).
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Figure 1.3 Diagram of A) hybrid quadrupole time-of-flight (QqTOF) and B) triple quadrupole (QqQ)
tandem mass spectrometry systems. Adapted from Madeira & Floréncio, 2012.

Quadrupole (Q) and time-of-flight (TOF) are two of the most common mass analyzers used to separate
ions based on their m/z. Different mass analyzers have specifications related to their resolution (or
resolving power) and mass accuracy. The resolving power of an analyzer is its ability to separate
neighboring ions in a mass spectrum. The mass accuracy is its ability to accurately measure the exact m/z
of a compound of interest. A system with high resolving power has the potential for high mass accuracy
when properly calibrated, and therefore can detect a compound within a low ppm (parts per million) error.
To distinguish between different compounds, the error of its measured m/z should be as low as possible,
to allow confirmation of its chemical formula. Quadrupoles are inherently low resolution analysers and
function at unit resolution, whereas modern TOF systems range from 15, 000 to over 50, 000 resolving

power, which can be calculated by the measured mass divided by the smallest distance between

neighboring ions that can be well separated (m/Am).



A Q analyzer is able to separate ions by using quadripolar fields. This analyzer consists of four cylindrical
rod electrodes that extend in the z-direction and is mounted in a square configuration. With opposite rods
being electrically connected, a radio frequency (RF) potential is applied with a direct current (DC) potential
superimposed over each other which cause ions to oscillate as they pass through the quadrupole. By
varying the frequency of the RF and potential of the DC, only ions of a specific m/z range will have stable
trajectories as they do not encounter the charged rods. On the other hand, ions outside of the specified
m/z range would oscillate into the rods, expelling them from the analyzer. Therefore, it is only the ions
with stable trajectories that are detected as ions with unwanted m/z are filtered out. One of the major
advantages of a Q analyzer is its high transmission capabilities and its ability to isolate ions within a specific
m/z (Gross, 2004). A TOF analyzer is able to separate ions based on the principle that ions with different
m/z travel at different speeds as they move through a field-free region. Before entering the flight tube, all
the ions have the same kinetic energy. As ion speed is dependent on their m/z, ions of smaller m/z reach
the detector quicker compared to ions with a larger m/z. Its high transmission, large m/z range and ability
to measure exact masses make TOF mass analyzer an ideal choice for studying compounds in an
untargeted way in order to differentiate compounds in a complex mixture having similar m/z (Haag, 2016;

Gross, 2004).

Two distinct LC-MS/MS platforms were used in this research project. A quadrupole-time of flight system
(QqTOF) (Sciex TripleTOF 5600+) and a triple quadrupole platform (QqQ) (Sciex QTRAP 5500) were
employed for untargeted high-resolution (accurate mass) measurements and targeted multiple reaction
monitoring (MRM) assays, respectively, both of which were equipped with electrospray ionization (ESI),
as shown in Figure 1.3, both being coupled to HPLC at analytical flow rates (between 0.25 — 0.5 mL/min).
ESI is a soft ionization source that minimizes in-source fragmentation and is easily coupled to LC at
analytical flow rates, making it ideal for analyzing biologically-relevant metabolites within complex

biological samples (Ho et al., 2003).

In a QQTOF system (Figure 1.3A), a Q mass analyzer is followed by a RF-only quadrupole which acts as a
collision cell for ion fragmentation, which is then followed by a TOF analyzer allowing for both MS and
MS/MS spectra to be acquired at high resolutions. The first quadrupole (Q1) will serve to either pass ions
of a certain m/z range or isolate specific precursor ions of interest to selectively pass them through the
mass spectrometer into the collision cell (Gross, 2017). Collisions between the precursor ion and an inert

gas (usually nitrogen (N2) or argon (Ar)) lead to an increase in internal energy. The increased internal



energy induces the decomposition of the precursor ion to form the fragment ions needed for acquiring a
MS/MS spectrum (Haag, 2016; Madeira & Floréncio, 2012; Gross, 2017). QqTOF systems are often
employed in untargeted metabolomics analyses. While metabolites have a wide range of structures, there
are also a number of metabolites that have very similar elemental formulae. Therefore, in order to
differentiate between compounds that are very similar to one another, high resolving power is necessary,
in both the MS and MS/MS mode. Coupled with high mass accuracy, high-resolution tandem mass
spectrometry (HRMS/MS) can be used to confirm the exact masses of compounds as well as their fragment
ions. As the fragmentation pattern is dependent on the structure of the compound, a MS/MS spectrum
allows for the confirmation or elucidation of a structure even if their exact masses are very similar to each
other, as seen in Figure 1.4. This makes MS/MS crucial for the identification or selective detection of
compounds in complex samples. It is through spectral matching with databases of known metabolites that
the putative identification of unknown metabolites can help characterize complex biological samples in
untargeted metabolomics. The QgTOF instrument was used for the detection of phosphorylated

metabolites in standard mixes and complex biological extracts in the context of this project.
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Figure 1.4 Example of MS/MS spectra of a peak putatively identified as phosphorylcholine in a
biological sample with proposed fragmentation scheme illustrated on the structure. The mirror plot
denotes the MS/MS spectra found in the database showing excellent agreement.

In a QqQ (Figure 1.3B), a third quadrupole (Q3) serves to measure the m/z of fragment ions, otherwise the
system works in a similar fashion to the QqTOF described above. The most common scan mode used for

QqQ platforms is MRM, where the precursor and fragment ions pairs are determined before a targeted
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analysis. Therefore, Q1 and Q3 will isolate ions for the detection of a defined ion pair, where the precursor
and fragment ion selected is referred to as a transition (Ho et al., 2003). This allows the QqQ to be highly
selective and sensitive. LC-MRM performed on the QqQ produces smaller data files with much faster data
processing time compared to QqTOF untargeted data files. As such, a targeted MRM method was

employed for the study of thiol- and disulfide-containing metabolites.

Two modes of data acquisition can be performed for acquiring MS/MS in an untargeted manner:
data-dependant acquisition (DDA) and data-independent acquisition (DIA). As DDA was performed
throughout this project, it will be briefly explained. In DDA mode, which is also known as Information
Dependant Acquisition mode (IDA), a MS full-scan data acquisition is initially done as a survey scan, which
is immediately followed by multiple MS/MS analyses on a list of precursor ions that are selected based on
selection criteria (usually the most intense ions in the survey scan). Only precursor ions of a specific
intensity within this range are chosen for further fragmentation in the collision cell. With these parameters,
the user can specify, for example, that in each cycle, only the ten highest intensity ions will be selected for
fragmentation. Depending on the analytes of interest, these parameters can be changed leading to good
quality MS/MS spectra as there will be little to no interference from ions outside of the selection window

of interest (Figure 1.5).
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Figure 1.5 Data-dependant aquisition (DDA/IDA) allows high quality MS/MS spectra to be obtained by
selecting the most intense precursor ions as shown in this example

Despite the sensitivity of LC-MS/MS for the detection of a wide range of compounds, matrix effects from

biological samples can affect results. Matrix effect (ion suppression or ion enhancement) is generally
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defined as the difference one sees in the response of a compound in a standard mix compared to the
response seen of the same compound in a biological matrix. Matrix effects are caused by the co-elution of
endogenous (such as salts, carbohydrates, amines) and exogenous substances (such as mobile phase
additives like buffer salts and other contaminants). The presence of matrix effects in ESI makes the
detection of certain compounds difficult. In particular, if the matrix compounds are present in high
concentrations compared to the compound of interest, the matrix compounds can cause ion suppression
of the compound of interest, where the ability of a compound to ionize is reduced (Panuwet et al., 2016).
To reduce the matrix effect for the detection of compounds, certain classes of metabolites would need
tailored workflows in order to improve their detectability (Matuszewski et al., 1998). As such, as
phosphorylated metabolites and thiol-containing compounds are two classes of metabolites that have a
wide range of polarities and can be present at low concentrations, developing a tailored workflow that

would reduce matrix effects is one of the main goals of this Master’s thesis.

1.3  Phosphorylated metabolites and possible enrichment methods

By focusing on subclasses of metabolites, a semi-targeted, more tailored method can be developed for
their detection and quantitation by LC-MS/MS. One such subclass of interest are phosphorylated
metabolites (phosphometabolites), which include several enzyme substrates or products from essential
metabolic reactions, signalling molecules, and building blocks of various biomolecules (Figure 1.6)
(Wohlgemuth, 2023). These metabolites can be involved in phosphorylation events and are important for
various cellular functions such as cell growth, differentiation and energy metabolism (Salovska et al., 2013).
As such, perturbations in their concentrations can be linked to energy related disorders. While these
metabolites play an important role in various central metabolic pathways such as glycolysis, the Pentose
Phosphate Pathway (PPP) and the Krebs Cycle, they come with their own set of analytical challenges, such
as low concentrations, a wide range of polarities, and the potential for being affected by deleterious matrix
effects (Salim et al., 2012). It is therefore of interest to develop analytical methods that would allow better

detectability of these metabolites from complex biological samples.
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The separation and quantitation of phosphometabolites has been a topic of interest since the early 1960’s
and 1970’s as seen in the work from Bessman, who developed an automated apparatus for
phosphorylated intermediate detection (Bessman, 1974), and Kauffman, who studied the PPP in the brain
by quantifying phosphometabolites (Kauffman et al., 1969). While numerous other studies, such as the
MS detection of myo-inositol phosphate compounds (Qiu et al., 2020), have been performed since then,
there is still more improvements that are needed to more comprehensively study these metabolites by

LC-MS/MS.

In proteomics, phosphorylation sites of specific amino acid residues are important in the context of
signaling pathways and have long been a subject of intense research with specific tailored enrichment
methods being used over the last couple decades (Salovska et al., 2012). By enriching phosphorylated
proteins or peptides prior to LC-MS/MS analysis, increased sensitivity and efficient characterization can be
achieved. In phosphoproteomics, the three most widely used techniques include immunoaffinity
chromatography using selective antibodies against phosphorylated residues, immobilized metal affinity
chromatography (IMAC), and metal oxide affinity chromatography (MOAC), often using titanium dioxide
as a solid support for enrichment (Gafken & Lampe, 2006; Thingholm et al., 2009) (Table 1.1).

Table 1.1 Various methods used for the detection of phosphopeptides or proteins from literature

Technique used Principle Example Reference
Anti-phosphotyrosine antibodies enrich
Immunoaffinity | Antibodies used to target tyrosine phosphorylated proteins in cells to Steen et al.,
chromatography phosphorylated sites study epidermal growth factor receptor 2002
signaling pathway
Immobilized . A 10-fold enrichment of phosphorylated
. Positively charged metal . .
metal affinity . . peptides achieved compared to TenBroek et al.,
ions on a resin chelate to . .
chromatography 2 metal binding licand non-phosphorylated peptides when using 2001
(IMAC) gl IMAC
. N Phosphorylated peptides were isolated from Pinkse et al.,
. Metal oxides, titanium L. . . . .
Metal oxide . . . proteolytic digests using TiO; solid phase resin 2004
Affinit dioxide and zirconium
chromatog\r/aphy dioxide (TiOy, ZrO,), used
(MOAC) for their affinity to Different resins tested for their ability to Z%Zy;'l ilz?/zi'a
phosphate groups detect phosphopeptides ot e;l 2012
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When performing immunoaffinity chromatography, using antibodies for phosphoproteins can be costly
and the limited selectivity of one antibody would necessitate the use of multiple antibodies for different
sites of phosphorylation (Gafken & Lampe, 2006). IMAC is a widely used enrichment method for
phosphopeptides, where metal ions (such as iron, aluminium, and zirconium (Fe®*, AP* and Zr*)) are
chelated to a stationary phase such as silica or agarose beads using a metal binding ligand (also known as
a metal chelator) like nitriloacetic acid or imidodiacetic acid (Batalha et al., 2012). The metal chelation
allows the positive charge on the metal ions to attract the negatively charged phosphate group. However,
this method exhibits non-specific binding of non-phosphorylated peptides. As such, there has recently
been a rise of using MOAC as an alternative to IMAC. This recently gained popularity comes from the
superior specificity and robustness MOAC has over IMAC (Salovska et al., 2013). Using metal oxides, such
as titanium dioxide and zirconium dioxide (TiO,, ZrO;), that have a strong affinity for phosphate ions,
MOAC exploits this property which enables the phosphate ions to bind non-covalently to the metal oxides
while washing non-phosphoryalted species away, as demonstrated by Pinkse et al. using TiO, (Pinkse et
al., 2004). This interaction is based on the ion-exchange between the metal oxide and the phosphate group
which acts as a Lewis acid-base pair. Between the two metal oxides mentioned, TiO; is more commonly
used for phosphopeptide enrichment as it is more robust towards experimental reagents, exhibits
increased enrichment capabilities and is therefore more commercially available. While these methods
have traditionally been used to study phosphopeptides, there has been less exploration of these methods
for the detection of phosphometabolites. In this project, some methods designed for phosphoproteomics
applications were tested for their usefulness for phosphometabolomics, with a particular focus on MOAC

methods.

1.4  Thiol- and disulfide-containing metabolites

The other metabolite subclass studied in this research project are thiol-containing metabolites, which are
metabolites that have a free sulfhydryl (-SH) or disulfide moiety. Low molecule weight (LMW) thiols, such
as glutathione (GSH), cysteine (Cys), and hydrogen disulfide, are important compounds involved in redox
biology (Figure 1.7A). They are involved in various biochemical reactions of cellular metabolism, the
detoxification of reactive oxygen and nitrogen species, and the maintenance of cellular redox homeostasis.
Thiols are also involved in the structural and functional control of many proteins. However, these
compounds can be reactive and unstable and, therefore, have specific detection challenges (L. Wang et

al., 2022).
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As a well-regulated redox state of an organism is essential for normal physiological function and cellular
metabolism, thiols play an important role in the antioxidant defence mechanism of an organism. Through
the oxidation of free thiols (LMW thiols), disulfide compounds can form where a covalent bond is formed
between two sulfur atoms (R-S-S-R’) (Figure 1.7B). As such, through this redox reaction, free thiols have
the ability to form and transfer disulfide bonds (Figure 1.7C). Therefore, free thiols are susceptible to direct
oxidation or trapping of other reactive metabolites, making them one of the major targets of reactive
oxygen species (ROS). High levels of ROS can cause oxidative stress damage in cells and tissues. Therefore,
as the redox mechanism of thiols and disulfides maintain the cellular redox environment, pertubations in
their concentrations can be linked to oxidative stress (Baba & Bhatnagar, 2018). As oxidative stress is linked
to diseases such as cancer and cardiovascular disease, as well as various tissue damage and dysfunction
that is associated with aging, thiols can be used as potential biomarkers for these conditions. Therefore,
because of the role these thiols play, optimizing a method for their increased stability in biological extracts
prior to their quantitation would provide a better understanding of their biological roles in health and

disease.
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Glutathione oxidized/glutathione disulfide (GSSG)
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Figure 1.7 A) Examples of thiol- and B) disulfide-containing metabolites. C) Through this redox
reaction, thiols and disulfides help maintain the redox state of an organism.

Despite the importance of these compounds, the quantitation of thiol species has remained a challenge
largely due to their low concentrations and poor stability. The diversity of thiols also prove to be a major
challenge when it comes to the selectivity of a method for thiols within a biological matrix. A method

developed by Tominaga and his team has widely been used for the detection of thiols in wine, where
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p-hydroxymercuribenzoate sodium is used for a liquid/liquid extraction of 3-mercaptohexanol acetate in
wine (Tominaga, 1996). While efficient and specific to volatile thiols, this extraction leads to the inability
to detect other non-volatile thiols. The length of the method also increases pre-treatment time and thiol
concentration (Berthou et al., 2022). A number of quantitation methods have been developed over the
years (Table 1.2). However, some of these methods are time-consuming, expensive, and can involve
dangerous solvents and chemicals. While using derivatization agents help improve the detection of thiols,
they also increase the sample preparation time. This increased sample preparation time can have a
negative impact on the detection on certain types of thiols. Therefore, it is important to consider this when

developing a sample preparation method.

Table 1.2 Literature review of quantitation methods for the detection and quantitation of
thiol-containing compounds

Method and Principle Example Reference
Nanoparticles with affinity for Various nanomaterials have been used for the Hakkinen,
thiols for capture or purification detection and quantitation of thiols 2012
Prejtre.atrrllent of thej matrix by Addition of acetic acid for the stabilization and Camera et
acidification, organic solvent guantitation of GSH in blood al., 2001

addition, or filtration to remove
unwanted compounds for
improved chromatographic

Liquid-liquid extraction by p-hydroxymercuribenzoate | Tominaga,

response sodium to isolate volatile thiols 1996
Derivatization agents to improve s Sass &
e . The use of n-propyl chloroformate as derivatizing agent
the sensitivity and detection of . L Endres,
for the detection of homocysteine in human plasma
target compound 1997

Nanoparticles (such as gold nanomaterials) have gained popularity thanks to their specificity, reactivity,
and stability. However, the use of nanoparticules can be costly as they are non-reusable and their
production can be restricted as their specificity to thiols is greatly dependent on their physiochemical
properties (Berthou et al., 2022). While pre-treatment methods have been widely used for thiol detection
as demonstrated by Camera et al. and Tominga, the length of the method must be taken in consideration.
This is largely due to the instability of thiols that leads to rapid oxidation which can affect the quantitation
of the thiol of interest (Camera et al., 2001; Tominaga, 1996). Using derivatization agents could be used to
stabilize the free thiols and prevent their oxidation. By stopping the oxidation reaction, it would allow for

a more accurate quantitation of thiols as more stable species whose concentration will not be altered by
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oxidation will be present (Sass & Endres, 1997). As such, methods to stabilize these thiol-containing
metabolites were explored for the scope of this project. In particular, as thiols are known for the formation
of disulfide compounds by oxidation, particular attention was focused on developing a method that would
restrict this formation and, by extension, allow for the accurate identification of both thiols and disulfides

in a given sample.

1.5 Objectives

Phosphorylated and thiol-containing metabolites are important compounds that are involved in various
metabolic pathways and cellular functions. However, these compounds have analytical challenges such as
the co-elution with other metabolites in complex samples, exhibiting ion suppression from sample
matrices causing difficulty in the detection of these compounds. While there has been various methods
developed for the detection of these compounds, there is no one universally accepted method for the
detection of all phosphometabolites or thiols. Therefore, the main objective of this project is to work
towards tailored workflows that would improve the detectability of these compounds, in the hopes that
phosphometabolites and free thiols can be measured quantitatively to follow perturbations in important
metabolic pathways in the context of studying oxidative stress, signaling pathways or disease biomarker

discovery.

In the semi-targeted analysis of phosphorylated and thiol-containing metabolites, LC-ESI-HRMS/MS was
used for the detection and characterization of these compounds. ESI was used as it is a gentle ionization
method that is less likely to negatively impact molecules that contain labile groups susceptible to in-source
fragmentation or thermal degradation (Koley et al., 2022). As this project focused on improving the
detection of specific subclasses of metabolites, various methods that target different metabolite
subclasses were explored to increase metabolite coverage for a given sample. Increasing metabolic
coverage would give a better understanding of a sample at a metabolic level. For the detection of
phosphometabolites, sample preparation methods were studied by adapting methods previously used in
phosphoproteomics applications. Results from this work are presented in Chapter 3. For thiol-containing
compounds, derivatization methods were explored, as presented in Chapter 4, to stabilize these
compounds as well as increasing their retention on the HPLC column, with the goal of improving

detectability and quantitation of these compounds from biological matrices.
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CHAPITRE 2

Materials and Methods

2.1  Materials
2.1.1 Chemicals

Two commercial metabolite mixes (named “HILIC” and “RPIP” mixes by the vendor) used were obtained
from Fluidome Inc (Calgary, AB, Canada). The “HILIC” mix contains a total of 99 compounds (including 7
phosphorylated compounds) with a concentration range of 20 to 1000 uM. The “RPIP” mix contains 14
compounds (including 2 phosphorylated compounds) with a concentration range of 20 to 1000 uM. The
metabolites in these mixes belong to three categories: amino acids and derivatives, central carbon
metabolites and vitamins, and nucleotides and derivatives. Analytical standards (Tables 2.1 and 2.2) and
HPLC grade solvents were obtained from Sigma-Aldrich (Oakville, ON, Canada), including ammonium
bicarbonate (ABC), ammonium hydroxide (NH4,OH), iodoacetamide (IAM), acetonitrile (ACN), methanol
(MeOH), ethanol (EtOH), and formic acid (FA). Hydrogen peroxide (H»0,), glycolic acid and trifluroacetic
acid (TFA) were obtained from Fisher (Hampton, NH, USA). Custom derivatization agent
N-(4-hydroxyphenyl)-2-iodoacetamide (also named IPAP), as well as its deuterated form (Ds-IPAP) were
synthesized in-house as previously described (LeBlanc et al., 2014). Dithiothreitol (DTT) was obtained from
Thermo Fisher Scientific Inc. (Waltham, MA, USA). Ultra-pure water (H,O) was produced using a UV

Millipore Synergy system (Billerica, MA, USA).

2.1.2 Sample preparation materials

MAX cartridge (1 cc, 30 mg) was obtained from Waters Ltd (Milford, MA, USA). MassPrep™
Phosphopeptide Enrichment pElution plate and MassPrep™ Enhancer powder was part of the MassPrep™
Phosphopeptide Enrichment Kit that was obtained from Waters Ltd (Milford, MA, USA). Bulk TiO; resin
was obtained from SiliCycle Inc (Quebec City, QC, Canada) and placed into an empty 1 mL SPE reservoir
obtained from Agilent (Santa Clara, CA, USA). Polystyrene thiophenol (PS-Thiophenol) resin (1.37 mol/g,
with an average size of 88 um) was obtained from Artisan Technology Group (Champaign, IL, USA).
SiliaMetS Thiol (Si-Thiol) metal scavenger resin (1.15 mol/g with a size range from 40 — 64 um) was

obtained from SiliCycle Inc (Quebec City, QC, Canada).
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2.1.3 Biological samples

Mouse liver samples of three different subgroups (control, disease, treated) of a mouse model of Hunter
Syndrome, or Mucopolysaccharidosis Il (MPS IlI) were obtained from a collaboration with the Auray-Blais
lab (Department of Pediatrics, Université de Sherbrooke, Sherbrooke, QC, Canada). C. elegans samples
were obtained from the Bénard lab (Department of Biology, UQAM, Montreal, QC, Canada). Healthy
wild-type mouse tissue samples (liver, brain and feces) and serum was obtained from the animal facility

at UQAM, in collaboration with the Pilon lab (Department of Biology, UQAM).

2.2 Sample preparation methods
2.2.1 Preparation of standards and mixes for method testing

To study phosphometabolites, the two in-house mixes of phosphometabolites prepared contained the
analytical standards that are displayed in Table 2.1. The individual analytical standard stocks were
prepared in H,O. To study thiol- and disulfide-containing metabolites, the free thiols and disulfide
compounds used are displayed in Table 2.2. The individual analytical standard stock solutions were

prepared in H,O at a concentration of 1 mg/mL.
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Table 2.1 Phosphometabolites used for method optimization, including their formula, exact neutral

monoisotopic mass and structure

Exact
Mix Compound Name Formula monoisotopic Structure
mass
(neutral)
6-Phospho-D-gluconate o on (')'
MIX 2 P ( 6PG)g CoH13010P 277.0319 HOWO/T\OH
O OH &n OH
NH,
0 N S
Ad ine diphosphat Ho—u—o—lu—o < )N
MIX 1 enosine GIPOSPRATE | ¢ H1sNsO10P, | 428.0367 T o NN
(ADP) OH OH
OH OH
NH,
N S
Adenosine HO—L'—O ¢ )N
N —
MIX 1 monophosphate (AMP) C10H14Ns0O7P 283.0941 (l')H o N
OH_OH
hylphosph i
Aminoethylphosphonic HO—IB
MIX 2 2cid (AMPA) C;HsNO3P 126.0315 l ~ NH,
OH
NH,
. . Ny
Cyclic adenosine ¢ )
MIX 1 monophosphate C10H12Ns06P 330.0598 Ho O o N N7
(cAMP) >P/ i 7
v
°© \o OH
NH,
o) SN
Cytidine monophosphate HO—'Fl—o | PN
MIX 1 CoH14N30gP 324.0591 | o N ®)
(CMP) OH
OH OH
Q
MIX 2 D-Glucose 6-Phosphate CeH1:06P 261.0370
(G6P)
MIX 2 Erythrose 4-phosphate CaHgOoP 501.0159

(E4P)
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Table 2.1 (continued) Phosphometabolites used for method optimization including their formula, exact
neutral monoisotopic mass and structure

monoisotopic

Exact

Mix Compound Name Formula mass Structure
(neutral)
i
—p— o
Fructose-6-phosphate HO—P—0 ol
MIX 1 (F6P) CeH1309P 261.0370 OH HO
oH OH
Glyceraldehyde I OH
MIX 1 phosphate C3H,06P 171.0053 HO—FI’—O\/H]/H
(GAP) OH o
(@]
Glycerol 3-phosphate i
MIX 2 (G3P) C3Hg9Og6P 173.0210 Ho/jf\o C\);OH
. I 0._.0
ANT ~p~
MIX 2 Glycerophosphorylcholine CeHaoNOGP 258.1101 T\/\O/P\O/\;/\OH
(GPC) 5
o
[¢]
. I A NH
Guanosine HO—P—0 <L
N
MIX 1 monophosphate (GMP) C10H14Ns0gP 364.0653 CI)H N~ “NH,
OH OH
i
Inosine monophosphate HO—P—0
MIX 1 (”VIP) C10H13N40gP 349.0544 (‘)H
MIX 2 Phosphoserine CsHsNOGP 186.0162 HO. O
(SEP) HO™ ~O
)oY
N
MIX 1 Riboflavin-5-phosphate CurHyiNOgP 457.1120
(R5P)
OH OH
Mmix2 |  Ripose S-phosphate CsH1108P 231.0264 O A Osp-OH
(Ri5P) P~oH
OH 0]
0
ﬁ NH
- |
Thymidine HO—P—O /§
. N~ 0
MIX 1 monophosphate (TMP) Ci10H15N20gP 323.0639 (|)H o
OH
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Table 2.2 Thiol- and disulfide-containing compounds used for derivatization tests including their
formula, exact neutral monoisotopic mass and structure

Exact
Compound Name Formula monoisotopic Structure
mass (neutral)

1-Propanethiol CsHsS 76.0347 _~_-SH
2-methyl-1-propanethiol CqH10S 90.0503 \(\SH
. . HO
Thioglycolic acid CHaOsS 91.9932 \[(\SH
(TGA) o)

Thiophenol CeHeS 110.0190 @\
SH

, O NH,
Cys‘cte'"e CsH/NOSS 121.0198 }—\;
(Cys) HO SH
4-Aminothiophenol CeH/NS 125.0299 HZNO—SH
S-Methyl methanethiosulfonate CoHeOuS 125.9809 O\\S/S\
(MMTS) 2o ‘ T
(0]
2,6-dimethylbenzenethiol
(DMET) CsH10S 138.0503 (;(SH
Cystamine CaH12N3S; 152.0442 HN S ™>Nn,
- i SH
4-chlorobenzene methanethiol CHyCIS 157.9957
(CBMT)
Cl
(@) OH
N-Acetylcysteine CsHoNO3S 163.0303 HN” - SH
(NAC) Y
HsC (e}

Dithiodiglycolic acid
(DTG)

o)
C4H604S> 181.9708 HO\H/\S/S\)kOH
o
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Table 2.2 (continued) Thiol- and disulfide-containing compounds used for derivatization tests including
their formula, exact molecular weight and structure

Exact
Compound Name Formula monoisotopic Structure
mass (neutral)
. Hy NHy
Cysteine ethy| ester CsHCINOS | 185.0277 HS\>\[(O\/CH3
(CEE) 3

Thioctic acid / Lipoic acid (LA) CsH1405S; 206.0435 HOT(\/\\\" CS/S

Cystine CeHN204S, | 240.0239 m/b ﬁ)k
(Cys-Cys)
o 500
Tetraethylthiuram disulfide C1oHa0N>Ss 296.0509 /\NJ\S/S N~
(TETD) L hig
S
' NH, H
Glutathione CaHNOS 307.0838 HOMN“, N/}rOH
(GSH) 0 0 Hoo

5,5-dithiobis(2-nitrobenzoic acid)

Q
s. OH
(DTNB) C14HgN>0sS; 395.9722 o /?/ s 1
N+
d

M\)LWOH

O O H (0]
N
HOWH \)kOH
NH, o

Glutathione oxidized/glutathione

Ha,N 12.152
disulfide (GSSG) C20H32Ne01252 612.1520
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2.2.2 Metabolite extraction from biological samples
2.2.2.1 Mouse liver samples

To prepare the liver samples for extraction, EtOH:H,0 (85:15% v/v) and 0.5 mm glass beads was added to
the liver samples in a bead beating tube to homogenize them using a bead beating machine
(Bead Ruptor 12) (Omni Inc., Kennesaw, GA, USA). The supernatant was then dried down using a universal
vacuum concentrator (SpeedVac) (Fisher Scientific, Mississauga, ON, Canada) and reconstituted with 25%

MeOH for analysis (Figure 2.1).

Weigh and transfer into a Homogenization I Centrifugation 8 min Reconstitute in
bead beating tube 3x60s 14000 rpm, 4°C - 25% MeOH

E
L ¢ -
EtOH:H,0 (85:15% v/v)

(ratio of 10 uL/mg)
+ 400 mg 0.5 mm glass beads

Mouse liver
(Control, MPS, ERT)

Supernatant

Dried Extract Reconstituted
200 pL aliquot

homogenate

Figure 2.1 Mouse liver sample homogenization method to prepare the liver for analysis

2.2.2.2 C. elegans samples

To prepare the C. elegans samples for extraction, MeOH and 0.5 mm glass beads was added to the samples
in a bead beating tube and homogenized using the Bead Rupter 12. The supernatant was then collected
and a simple protein precipitation extraction was performed using MeOH. The supernatant of this
extraction was then dried down using the SpeedVac (Figure 2.2) and reconstituted with specific diluant

solutions for analysis.

Transfer 150 pL of

each sampleinto a Homogenization Centrifugation 8 min
0
bead beating tube 2x60s 1 14000 rpm, 4°C
{? — k —) —) —
C. elegans 600 uL MeOH Supernatant Dried C. elegans
(WT and 2 eat-2 mutants as +L tsp (50 mg) 0.5 mm 3 x 180 pl aliquot extract
preliminary test samples) 64
glass beads

Figure 2.2 Sample homogenization method for the preparation of C. elegans samples for untargeted
and semi-targeted phosphometabolite analysis
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2.2.2.3 Mouse tissue samples

To study thiol-containing metabolites, mouse tissue samples (liver, brain, feces and serum) was extracted.
To prepare the feces for analysis, 100 mM ABC buffer pH 8.0 was added to the samples in an Eppendorf
tube. The sample was then spun down and the homogenate was then used for further analysis
(Figure 2.3A). To prepare the liver and brain samples for extraction, 100 mM ABC buffer pH 8.0 and 0.5
mm glass beads was added into a portion of each tissue type for homogenization using the Bead Ruptor

12. The homogenate was then used for further analysis (Figure 2.3B).

A.
Weigh and transfer Vortex Centrifugation 8 min
into eppendorf tube (30s) T 14000 rpm, 4°C
, ——- — ——
i '
Mouse + 100 mM ABC pH 8.0 Supernatent
feces (10 pL/mg) (feces homogenate)
B.
Weigh and transfer into Vortex Centrifugation 8 min
abead beating tube (2x30s) (I 14000 rpm, 4°C
—— — —
o ‘ Homogenization
v ’ 2x90s L
. "’.'°,‘,‘,?° +100mM ABC pH 8.0 Supernatent
rain/iiver (10 pL/mg) (tissue homogenate)

+ é spoon (100 mg) 0.5 mm
glass beads

Figure 2.3 Protocol performed for the preparation of A) feces homogenate, B) liver, and brain
homogenates for analysis

2.2.3 Phosphometabolite enrichment methods

For the detection of phosphometabolites, three different solid-phase extraction (SPE) methods were
tested. A typical SPE cartridge contains a solid chromatographic packing material, also known as the
sorbent, that is packed between porous frits. Based on the chemistry of the sorbent that contains

surface-modified silica supports, SPE methods are able to separate different compounds of a given sample
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through the interaction of the compounds with the sorbent. This interaction allows the compounds to bind
to the sorbent which are then released by using an elution solution that is an appropriate organic solvent
at a specific pH level. This clean-up method results in a relatively clean and enriched sample with a
desirable concentration. As a more concentrated sample is produced, this clean-up method creates
enriched samples that would allow for the better detection of low abundant compounds (Figure 2.4).
When using a mixed-mode sorbent, a wider range of both hydrophobic and hydrophilic metabolites can
be extracted compared to using a sorbent containing only one mode. A mixed-mode SPE exhibits two or
more modes of interaction mechanisms as functional groups are attached to the silica surface of the
sorbent (Badawy et al., 2022; Poole & Poole, 2012; Wu et al., 2019). As such, compounds can be separated
on the basis of both polarity and functional group. The specific properties of the three methods tested are

discussed below:

i) Oasis Mixed-mode Anion-eXchange (MAX) SPE cartridge

The Oasis MAX SPE cartridge is a quaternary (4°) amine-based mixed-mode anion-exchange
derivative of the Oasis HLB (Hydrophilic-lipophilic Balanced) cartridge that has a polymeric
sorbent that is stable from pH 0 — 14. With a mixed-mode sorbent, the MAX SPE has both
reversed-phase and ion-exchange functionality. More specifically, it is able to perform anion
exchange, which allows the MAX cartridge to have greater selectivity and sensitivity for acidic
compounds. With the presence of a 4° amine (permanently positively charged) group, the
sorbent retains negatively charged (anionic) compounds, as the anions bind to the positively
charged amine groups. When an acidic elution solution is run through the cartridge, it
protonates the anions bound to the sorbent making them neutral. This neutrality unbinds the
once negatively charged analyte from the amine group and elutes the compounds (Waters,

2010).

i) Metal Oxide Affinity Chromatography (MOAC) using titanium dioxide (TiO,)

The principle of MOAC is based on the affinity of certain functional groups to metal oxide
surfaces. This method has become an interesting alternative to IMAC due to its specificity and
robustness, and was previously demonstrated by Kweon and Hakansson, who further studied
MOAC for the detection of phosphopeptides. In the context of this project, TiO, was used as

a sorbent in a SPE-based enrichment method.
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iiii) Waters MassPrep™ pElution plate

Waters MassPREP pElution plate is a 96-well micro-scale SPE plate developed by Waters for
the selective enrichment of phosphoproteins. Included in the MassPREP™ Phosphopeptide
Enrichment Kit, the high affinity sorbent in this plate allows for a high selectivity for
phosphopeptides. In contrast to IMAC technology that is commonly used for the detection of
phosphopeptides, there is no need for the use of a metal chelator that is normally used
because of the affinity phosphate groups have to metal ions. This makes this pElution plate
easy to use for phosphopeptide enrichment. This kit also includes a chemical (Enhancer™)
which further improves the selectivity of phosphopeptides by displacing non-phosphorylated
peptides (Waters, 2007).

SPE performed under Eva
g porate and 2
vacuum manifold Collect elute reconstitute LC-MS Analysis
[N
- —_—
] — — —

In
R

Conditioning Sample Loading Washing Elution

Interferon . Compounds of interest

Figure 2.4 General workflow of SPE methods using a vacuum manifold. Before introducing the sample
of interest, the SPE cartridge is conditioned to allow analytes of interest to be recovered once the
elution solvent is passed through the cartridge.
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2.2.4 Thiol derivatization reactions

Through derivatization reactions, derivatization agents are able to chemically alter a compound by
targeting a specific site of the compound of interest, such as an alkylating agent that replaces a hydrogen
(H) with another group. This modification leads to decreased volatility, modified chromatographic
properties, and greater ionization efficiency. Therefore, derivatized compounds are produced that can be
better detected using MS/MS (Ghafari & Sleno, 2024). For the optimization of the detection of thiol- and
disulfide-containing metabolites, methods that would allow for the stabilization of these compounds were
focused on by using the alkylating agents IAM, IPAP, and D.-IPAP as derivatization agents. To prepare the
alkylating agents, a 100 mM IAM solution was prepared in H,O while the 10 mM and 100 mM IPAP and
D4-IPAP solutions were prepared in ACN. To prepare the reducing agent, 10 mM and 100 mM DTT solutions
were prepared in H,0. Scavenger resins (PS-thiophenol and Si-thiol) was also used in these reactions. The
properties and reaction mechanisms of the alkylating agents, reducing agents, and resins are discussed

further below:

i) Alkylating agents

a. lodoacetamide (IAM)
IAM (ICH2CONH,) reacts with compounds to form an irreversible carboxamidomethyl
derivative (R-CH2CONH,) through a nucleophilic substitution reaction (Figure 2.5A and
2.5B).

b. N-(4-hydroxyphenyl)-2-iodoacetamide (IPAP)
IPAP (CgHsINO;) reacts with compounds to form an irreversible IPAP derivative

(R-CsH7NO3) through a nucleophilic substitution reaction (Figure 2.5A and 2.5C).

c. Deuterated-IPAP (Ds-IPAP)
In order to accurately quantify analytes, internal standards (IS) are used where it
should have similar properties to the analyte of interest and, most importantly, not
be present in the samples of interest. As such, isotopically labeled IS’s such as
deuterated (D, 2H) and *C-labeled analogues have become the golden standard for
guantitation as they would share the same chemical characteristics as the analyte of
interest. By using a labeled IS, the analyte of interest and the IS would have similar

extraction efficiency and chromatographic retention times, where the mass shift
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ii)

i)

between the two compounds would allow for their differentiation by mass
spectrometry (Ghafari & Sleno, 2024). By using a deuterium-labeled IPAP (D4-IPAP,
CsHiD4INO,), it would react with compounds in a similar fashion to IPAP through a
nucleophilic substitution reaction, forming an irreversible heavy labeled Ds-IPAP

derivative (R-CsH4D4NO,) (Figure 2.5A and 2.5D).

Reducing agent
a. Dithiothreitol (DTT)

DTT is a dithiol that is commonly used to reduce disulfides. In this reaction, the DTT
itself is converted into a cyclic disulfide and the disulfide is reduced into the free thiols

(Figure 2.6A and Figure 2.6B).

Scavenger resins

Scavenger polymer resins are resins that are used to quench a completed reaction and
selectively react with any excess reactants and/or reaction byproducts. This reaction
would produce reactants that are bonded to the scavenger resin and can then be removed
by filteration. Based on its functional group, different scavenger resins will be selective for

certain chemical groups.

a. Polystyrene-Thiophenol (PS-Thiophenol)
PS-Thiophenol is a lightly cross-linked polystyrene thiophenol resin that is based on
an aminomethyle resin with a tethered thiophenol functionality. Functioning as an
electrophile scavenger, this resin has the ability to bind to alkylating agents such as
alkyl halides and to quench the reaction and remove any excess present in a given

sample (Resins and Reagents, n.d.) (Figure 2.7A).

b. Si-Thiol
Made up of irregular silica gel, SiliaMetS® Thiol (Si-Thiol) is a metal scavenger with the
ability to scavenge for a wide range of metals such as silver, mercury, and copper

(Figure 2.7B) (SiliaMetS Specification Sheet, n.d.).
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Figure 2.5 Alkylation agents used as derivatization agents, where A) depicts the molecular compounds
of IAM, IPAP, and D;-IPAP. The reaction of free thiols with (B) IAM, (C) IPAP, and (D) D4-IPAP show the
derivative compounds that would form when each agent is used.

A.
OH T
SH
HS/\)\/ C4H1002S;
OH m/z 154.01
B.
OH OH
HS/\)\/SH + R/S\S/R —_— 2R-SH + Iijz
OH

OH

Figure 2.6 A) Molecular structure of the reducing agent (DTT). Figure B depicts the reduction
mechanism of disulfides using DTT.
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Figure 2.7 A) PS-Thiophenol and B) Si-Thiol scavenger resins used in derivatization reactions for the
detection of thiol- and disulfide-containing metabolites
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2.3  LC-MS/MS analyses

The columns used for the project were obtained from Imtakt USA (Portland, OR, USA) (Scherzo™ SM-C18

and Scherzo™ SM-C18 Metal Free), Phenomenex (Torrance, CA, USA) (Luna RP PFP™ (2) 100A and Luna

C18(2)), Thermo Fisher Scientific (Waltham, MA, USA) (Acclaim™ Organic Acid), and Agilent Technologies

(Santa Clara, CA, USA) (ZORBAX Eclipse Plus C18) (Table 2.3 and Figure 2.8).

Table 2.3 Properties of the LC columns used for the detection of phosphometabolites and thiol- and
disulfide-containing metabolites

support

Retention
Column Dimensions Chemistry . Selectivity
mechanism
. . Basic and acidic
Scherzo™ SM-C18 Weak anion and cation Reversed phase,
150 x 3 mm, ) . ) . . compounds;
(Scherzo column) ligands combined with C18 | Cation and anion . .
3 uM . selective for highly
reverse phase chemistry | exchange
polar compounds
Scherzo SM-C18 . . Reverse phase, Basic and acidic
Weak anion and cation . .
Metal-Free 150 x 2 mm, . Cation and anion compounds;
ligands; metal-free PEEK . .
(Scherzo MF 3 uM exchange, selective for highly
column body
column) Normal phase polar compounds
H-bonding
Pentafluorophenyl propyl ! Acidi lar, an
Luna RP-PFP™ | 100x 2.1 mm, | " chtafluorophenylpropyl | o gicole, cidic, polar, and
(PFP) group bound to . . aromatic
(PFP column) 3 uM silica orous core T-Tt interactions, compounds
P Hydrophobicity P
Halogenated
C18 column; octadecyl , !
Luna C18(2) 20x 2.0 mm, . ! " i . aromatic, and
silane bound to silica Hydrophobicity .
(Mercury column) 3.0 um . i conjugated
surface in porous particles
compounds
Thermo Acclaim™
. . Porous C18 phase; Small organic acids,
Organic Acid 100 x 2.1 mm, ) .
. . metal-free PEEK column | Reverse phase e.g, nucleic acids
(Organic Acid 2.6 UM L
body and aromatic acids
column)
1 .
ZORBAX Eclipse . C18 column; . Acidic, basic, and
50 x 4.6 mm, | dimethyl-n-octadecylsilane .
Plus C18 1.8 um bonded to a borous silica Reverse phase highly polar
(ZORBAX column) <K P compounds
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Figure 2.8 Differences in the chemistries of the six columns used throughout the project, along with
their dimensions. From (Acclaim Columns Overview, n.d.; Agilent ZORBAX Eclipse Plus C18, n.d.;
Imtakt Scherzo Metal Free Column, n.d.; Phenomenex LC Product Guide, n.d.; Scherzo C18 Family, n.d.)

2.3.1 LC-HRMS/MS (instrumentation, sources conditions, MS/MS parameters, LC conditions)

LC-HRMS/MS analysis was performed by injecting samples onto a LC column using a Nexera UHPLC
(Shimadzu, Columbia, MD, USA) coupled to a TripleTOF 5600+ (QgTOF) mass spectrometer (SCIEX,

Concord, ON, Canada) equipped with a DuoSpray source in both positive and negative electrospray mode.

The ion source parameters were set at 450°C for source temperature, 5000 (or -4500) V for ion-spray
voltage and 80 V for declustering potential (DP), 35 psi for curtain gas, 50 psi for nebulizer gas (nitrogen)
and drying gases. The collision energy (CE) voltage was set at 10 V for MS acquisition and 30 V for MS/MS
acquisition. An in-house standard mix (from m/z 120 — 922) was injected every four samples for
auto-calibration of the system in MS and MS/MS mode to ensure the systems accuracy. While the same
set of samples were analyzed, each of the columns used for LC-HRMS/MS analysis were of different
compositions and sizes. Therefore, the acquisition parameters (LC separation, MS, and MS/MS) must be
adjusted and optimized to achieve optimal results for each column. The LC separation parameters and the

MS and MS/MS parameters for the columns used are described in Table 2.4.
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Table 2.4 LC-HRMS/MS parameters used for LC-HRMS/MS analysis based on the column used

Gradient elution

18 min:
3% for 2 min, 65% at 15 min, 95% at 15.5 min

Columns
Parameters Scherzo Organic
PFP Scherzo ME Acid Mercury ZORBAX
Mobile Phase A H,0 + 0
(MPA) 0.1% FA H,0 +0.1% FA
Mobile Phase B 100% 0
(MPB) MeOH ACN +0.1% FA
Flow rate
. 0.25 0.30 0.30 0.30 0.50 0.50
(mL/min)
Column
Temperature NA NA NA NA 40 40
(°c)
IDA
Aquisition mode IDA (8 most intense ions) Full scan . (5 most
intense ions)
3 min: 8 min:

10% for 0.5
min, 50% at 1.8

5% for 0.5 min,
20% at 3 min,

[») H o)
(% of MPB) and held for 2.5 min m”?’ 95%atl9 85% at 5 min and
min and held .
) held for 0.5 min
for 0.6 min
75-975 120-925
TOF M ion ti
OF MS range 80 —980 (200 ms accumulation time) (900 ms. (300 ms'
(m/z) accumulation accumulation
time) time)
50 -625 (150 ms
MS/MS range 40 — 800 (100 ms accumulation time) NA accumulation
(m/z) H
ime)
Cycle time (sec) 1.1 1.0 1.1

2.3.2

LC-MRM (instrumentation, sources conditions, MS/MS parameters, LC conditions)

LC-MRM analysis was performed by injecting samples onto the ZORBAX column using a Nexera UHPLC

(Shimadzu, Columbia, MD, USA) coupled to a QTRAP 5500 (QqQ) mass spectrometer (SCIEX, Concord, ON,

Canada) equipped with Turbo lonSpray ion source in positive electrospray mode. MRM acquisition mode

was used, with the transitions used detailed in Table 2.5. For each dwell transition, the minimum dwell
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time was 50 ms and a total cycle time of 1.1 sec. Chromatographic separation of metabolites of interest
was performed using the ZORBAX column with a flow rate of 0.5 mL/min, column temperature of 40°C,
and gradient elution with H,O (MPA) and ACN (MPB), both containing 0.1% FA. This column used the same
gradient elution for both the QqTOF and QqQ (Table 2.4).

Table 2.5 MRM method for the detection of GSH, Cys, and NAC IPAP and Ds-IPAP derivatives using the
specific transitions for each derivative

Compound Q1 Mass (Da) Q3 Mass (Da) Dwell Time (ms) CE (V)
140 50 31
Cys IPAP 271
182 50 19
144 50 31
Cys D4-IPAP 275
186 50 19
140 50 41
208 50 41
GSH IPAP 457 182 50 31
328 50 19
382 50 25
144 50 41
212 50 41
GSH D4-IPAP 461 186 50 31
332 50 19
386 50 25
140 50 41
NAC IPAP 313 166 50 41
208 50 41
144 50 41
NAC Ds4-IPAP 317 170 50 41
212 50 41
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2.4  Data processing

Data was acquired using Sciex Analyst TF (v1.7.1) software and data visualization used PeakView (v2.2)
with MasterView 1.1 from Sciex. For untargeted data processing, MarkerView (v1.2.1, Sciex) software was
used for peak picking to find unique features using m/z and RT. The putative identification of metabolites
was performed on Sciex OS-Q by importing the features list produced through MarkerView. The
identification of the metabolites was done by performing spectral matching using several databases (SCIEX
all-in-one HR-MS metabolite library, NIST database, and an in-house library of standard metabolites). The
putative metabolites were determined using a mass error cutoff of £ 10 ppm and a library score of 80 for
MS/MS spectral matching. This library score is based on the MS/MS spectra generated from the
experiment and is compared to the MS/MS spectra in the libraries, where a high library score indicates a
higher similarity to the library. Therefore, with the mass error cutoff and a high library score, the
confidence in the identification can be increased. To ensure adequate signal/noise and proper integration

of each putative metabolite, peak verification was performed using MultiQuant software (Sciex).

For the comparison of some of the biological samples, the results were first processed using the
MultiQuant software and were then imported into MarkerView for most likely ratio normalization prior to
statistical analysis using a Welch corrected t-test and Principal Component Analysis (PCA). Heat maps were
constructed using NG-CHM Builder from MD Anderson Cancer Centre (Houston, TX, USA), where a csv file
was used to upload the data of the defined peak area of each compound identified in a given sample (Ryan
et al., 2020). For each compound, the peak areas were normalized relative to the highest peak area for a
given compound. For the heat map, hierarchical clustering was applied to row ordering options specifying
Euclidean distance metric and Ward agglomeration with the original order was specified for column
ordering options and no covariates were assigned. To further analyze the metabolites, enrichment analysis
and group identification was performed using MetaboAnalyst 5.0 (Montreal, QC, Canada) (Pang et al.,,
2021). The HMDB numbers of the metabolites were used for analysis with Small Molecule Pathway

Database (SMDB) based pathways selected and using metabolite sets containing at least 2 entries.
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CHAPITRE 3

Enrichments methods to improve the detection of phosphorylated metabolites

Phosphometabolites are known to be challenging to analyze by LC-MS/MS given their low abundance and
limited ionization efficiency. Therefore, developing an optimized method for the detection and
qguantitation of phosphometabolites will allow for the development and discovery of biomarkers by
following perturbations in impacted metabolic pathways. For the development of this optimized workflow,
various chromatographic methods and pre-column purification methods were explored and optimized

using LC-HRMS/MS.

3.1 Method Optimization
3.1.1 HPLC Chromatography Optimization

While the separation of compounds through LC is driven by the distribution equilibrium of a solute
between a mobile phase and the stationary phase, the selectivity of specific compounds comes from the
interaction of the compounds within a mixture to the compounds that make up the stationary phase of
the column. Therefore, it is important to take into consideration the chemical structure of the stationary
phase when choosing the column for LC-MS/MS (Hanai, 2007; Kuehnbaum & Britz-McKibbin, 2013). When
performing RPLC, such as is the case in this project, the surface of the silica particles on the solid phase is
coated with an organic layer. This layer is mostly made up of siloxanes with alkyl (—=C,H;..1) or aryl (=CsHs,
an aromatic ring with one H atom removed) end groups. The end group determines how the analytes of
interest interact with the stationary phase. Based on the number of carbon atoms bound to the silica
particles of the column, the column is able to retain various degrees of polar and non-polar compounds,
with the hydrophobicity increasing with the increasing alkyl chain length. Long alkyl chains such as a C18
column will retain less polar compounds for a longer period of time leading to the more polar compounds
eluting first, while a C8 column will elute less polar compounds earlier as these compounds would be
retained for a shorter period of time (Gross, 2017). The mobile phases used for RPLC is composed of water
and organic solvents, such as ACN or MeOH, and it passes through the stationary phase through isocratic
elution or gradient elution. Isocratic elution is performed by retaining the same composition of mobile
phase solvent throughout the separation, while the percentage of the mobile phase solvents change over
time when using a gradient elution. By using a gradient elution, as is the case for this project, it would

allow very hydrophobic molecules to elute from the column (Snyder et al.,, 2011). As such, as

37



phosphometabolites have a wide range of polarities, columns with different chemistries were tested using
a gradient elution to study their ability to separate and therefore, improve the detection of

phosphometabolites.

When performing untargeted metabolomics analysis in the Sleno lab, the Scherzo and the PFP columns
are commonly used. In particular, the Scherzo column is known for its ability to separate highly polar and
ionizable compounds and the PFP column is known for its ability to separate small polar compounds. By
using the two columns for the same sample, complementarity is gained as a diversity of compounds can
be separated and, ultimately, detected. While a good amount of diversity is gained when using the two
columns, the main goal of testing different columns was to see if there was a major improvement in the
chromatographic response when using different columns. In particular, the Scherzo MF and the Organic
Acid columns were tested due to the chemistry of their stationary phases. Similar to the Scherzo column
for retention mechanisms, the Scherzo MF column is considered metal free as the internal tubing surface
of this column is made with polyether ether ketone (PEEK) material which is surrounded by its stainless-
steel casing. The presence of the PEEK tubing makes it inert to chelating compounds, which are compounds
that form complexes with metal ions by binding to multiple points. In the presence of metal, these
chelating compounds will interact with the metal surface of the LC column causing chromatographic tailing
and an increased RT. As the Scherzo MF column uses PEEK for its internal tubing, chelating compounds will
have a lowered interaction with metal producing less peak tailing, sharper chromatographic peaks and an
earlier RT. As the phosphate group in phosphometabolites allows them to form strong bonds with metal
ions, the lack of metal in this column makes it an interesting alternative for better detection. This reduced
interaction would also allow for compounds that would elute later on the Scherzo to be eluted earlier on
the MF column (Product Guide MagReSyn Zr-IMAC HP, 2022). As such, if there are compounds that elute
too late on the Scherzo column, the MF column has the potential to be able to separate and detect them.
The Organic Acid column is made up of a porous C18 phase and is stable when using 100% aqueous and
low pH conditions. This stability makes it suitable for separating organic acids, such as nucleic acids. This
column is also packed with a metal-free PEEK column body, reducing the potential for peak tailing similar
to the Scherzo MF column. As some phosphometabolites are small in size, this column was an interesting

alternative for the detection of small phosphometabolites.

To compare the four columns (Scherzo, PFP, Scherzo MF, and Organic Acid columns), a mix containing

phosphometabolites of known concentrations was created (Table 2.1). This mix was created by diluting
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the individual standards in 25% MeOH to create a solution of UM concentrations. The phosphometabolite
Mix 1 (Table 2.1) was then analyzed by injecting 10 pL in both positive and negative mode on the QqTOF
in IDA mode for the 8 most intense ions, using the parameters described in Table 2.4. By using the same
mix for all the columns, it would allow for the direct comparison of the columns ability to separate and

detect the phosphometabolites.

3.1.1.1 HPLC Chromatography results
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6 1 2 6
2.0e6y 5 1.0e6
3
. LSes 5 . 7 |
2 3 2 10e6
Z Z
§ 1.0e6 I § L
= = 5.0e5
5.0e5 \ :
, |
0.0e0 - - - 0.0e0 .
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (min) Time (min)
Organic Acid 6 PFP
2.0e6} 1 2.0e6"
2 3
5
2 15e6 2 15e6 4 5
|
= c ]
2 1.0e6 2 106 | ‘\
£ £
I
5.0e5 5.065 ‘
Al ! "‘
0.0e0 1l 0.060 b/
12 3 456 7 8 9 10 11 12 13 14 15 16 17 12 3 45 6 7 8 9 1011 12 13 14 15 16 17
Time (min) Time (min)
@ e @ camp @ awp @ Ao
@ ™r ® cmp @ cvrp

Figure 3.1 Extracted ion chromatogram (XIC) of phosphometabolite Mix 1 in negative mode when
injected on Scherzo MF, Scherzo, Organic Acid, and PFP columns

From the extracted ion chromatograms (XIC) of the four columns (Figure 3.1), the four columns were able
to identify seven out of ten compounds that were present in the mix. The XIC of a compound is the
chromatrogram of a peak of a specific m/z value recorded as a function of the retention time. Similar to
the Scherzo column, the MF column was able to separate the phosphometabolites well and produced
sharp peaks. As the MF column contains less metal, the phosphometabolites eluted earlier compared to
when they eluted when using the Scherzo column. For example, cAMP eluted at around 8 min on the
Scherzo while it eluted at around 6 min on the MF column. While this shift in retention would allow
compounds that elute later on the Scherzo column to be detected when using the MF column (RT of IMP

is 16 min on the Scherzo column vs the RT of IMP is around 9 min on the MF column), there is the potential
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that if a compound is too polar, it would not be detected when using the MF column. This scenario is seen
in the XIC results of CMP on the Scherzo and MF column, where the RT of CMP on the Scherzo column is
around 3 min, while CMP is not detected when using the MF column. From XIC of the Organic Acid column,
the compounds eluted around 2 min with barely any separation. As such, this showed that the Organic
Acid column would not be able to separate the compounds of interest. From the XIC of the PFP column,
most of the compounds elute before 5 min. While the separation is not as clear as that seen on the Scherzo
column, there a number of compounds detected using the PFP column (TMP and ADP) that were not seen

when using the Scherzo column.

Therefore, from the results of the four columns, the Organic Acid column was removed from further
testing due to its inability to separate the compounds. While the MF column was able to separate the
compounds of interest well, there was no advantage of using the MF column over the Scherzo column. As
such, from the results, there was no significant advantage of using different columns to the Scherzo and
PFP columns already used in the lab. By using both the Scherzo and PFP columns, polar compounds that
are not well retained on the Scherzo column are more likely to be retained when using the PFP column,
thereby increasing the number of compounds detected when using the two columns in conjunction with
each other. In addition, as untargeted analysis is performed using the two columns, the Scherzo and PFP
columns, the optimized methods for phosphometabolites developed can be compared to any untargeted
analysis performed. As there was no significant advantage in using a different column, pre-column

enrichment methods for increased phosphometabolite detection were then explored.

3.1.2 Enrichment methods optimization

Based on the compounds of interest, it is important that the appropriate sample preparation method is
chosen prior to LC-MS/MS analysis. As such, similar to the selection of the LC column, the type of sample
preparation method used for the purification and enrichment of the sample of interest must take into the
consideration. In brief, sample preparation methods are used to remove interfering molecules and
compounds in the matrix of interest. Therefore, it is important to consider the interaction between the
compound of interest and the chemistry of the preparation method as the sample containing the
compound of interest must be in its most concentrated form possible for detection and measurement
when injected in the LC-MS/MS system. One major drawback of LC-ESI-MS is the occurrence of ion-
suppression or enhancement that is caused by the matrix or other interferons in the sample as it can lead

to poor and unreliable data and can heavily affect the reproducibility, linearity, and accuracy of a method.
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As such, sample preparation methods are used to try to reduce the introduction of matrix components
into an analytical system. Through these methods, it not only increases the number of detected
metabolites of interest, it also prevents build-up on the LC column and reduces the matrix effect in a given
sample (Hanai, 2007; Lepoittevin et al., 2023; Trufelli et al., 2011). As this matrix effect continues to be
one of the major challenges in the detection of phosphometabolites, various enrichment methods were

explored to reduce this effect which would, in turn, enrich the low abundant phosphometabolites.

The most widely used sample preparation method is a protein precipitation extraction (PPE) where a
miscible organic solvent (such as MeOH or ACN) is used, largely due to its large metabolic coverage and
low cost. While a large metabolic coverage from a method is normally desirable, the wide range of
specificity from solvent-based precipitation methods hinders the detection of low abundant metabolites,
such as phosphometabolites. Therefore, to gain more specificity, a more selective method such as
combining a solvent extraction with a SPE can be used. While performing a SPE would reduce the overall
metabolic coverage of an extraction, it can also reduce the matrix effect of a complex sample and enrich
the sample before being analyzed by LC-MS/MS (Lepoittevin et al., 2023; Wu et al., 2019). This makes
this sample preparation method an ideal choice for the detection of low abundant phosphometabolites.
The three SPE methods explored were MAX SPE cartridge, TiO, SPE cartridge and the MassPREP™
pElution plate (as described in Chapter 2, Section 2.2.3) by adapting and optimizing methods that were
used for the detection of phosphopeptides such as those based on affinity, metal ion, and ion exchange

interactions (Batalha et al., 2012).

The MAX SPE cartridge was tested as, while not specific for phosphorylated compounds, it is known to be
selective for acidic compounds and a number of phosphometabolites are also acidic. The use of TiO, was
explored as metal oxide surfaces (such as TiO; and ZrO,) are known to have a particular affinity to
phosphate-group containing compounds (Kweon & Hakansson, 2006). This affinity is due to the bidentate
nature of the negatively charged phosphate group (-PO4*) where two electron pairs are donated to the
positively charged metal ion and the ability for the metal oxide to act as Lewis acids. TiO, and ZrO; have
been used for SPE-based enrichment methods for phosphopeptides and phosphoproteins, with TiO; being
more commonly used compared to ZrO, (Si-Hung et al., 2019). While much of this work has been focused
on the detection of phosphopeptides, the same cannot be said for using the principle of MOAC for the
enrichment of phosphometabolites, making TiO, an interesting approach for the selectivity of

phosphometabolites. To use TiO; as a sorbent in a SPE method, approximately 50 mg of bulk TiO; resin
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was placed into an empty 1 mL capacity reservoir (with one frit). The Waters MassPREP™ pElution plate
was tested as it was developed for the detection of phosphopeptides. As the detection for
phosphopeptides comes from the interaction of the phosphate groups with the affinity sorbent, this plate
was tested to see if this same affinity would allow for the enrichment of phosphometabolites. The
Enhancer™ from the MassPREP™ kit was also tested to study its ability to displace non-phosphorylated
compounds which, by extension, would be able to enrich phosphorylated compounds. For the
development of an optimized protocol using the three extraction methods, a literature review was
performed and the protocols were adapted and tested to study their ability to detect phosphometabolites

(Aryal & Ross, 2010; Salovska et al., 2013; Yu et al., 2007).

In order to test these methods for the detection of phosphometabolites, a metabolite mix of 104
metabolites and 8 phosphometabolites (Mix 2, Table 2.1) was extracted using the methods shown in
Figure 3.2. For this mix (Mix 2), a combination of the two commercial mixes and additional
phosphometabolites (aminoethylphosphonic acid, glycerophosphorylcholine, erythrose 4-phosphate)
were combined together and diluted in 25% MeOH to create a solution of UM concentrations. A total of
10 different extraction methods were tested, with 6 methods being tested with the MAX SPE cartridge
(Figure 3.2) and 4 methods for both the TiO, SPE cartridge and the MassPREP™ puElution plate each (Table
3.1). By using a mix with both phosphometabolites and non-phosphorylated metabolites, the strength of
the methods for the detection of phosphometabolites can be better studied. To study the efficiency of the
sample preparation methods, recovery samples were prepared which represents a sample with a 100%
yield as this sample was simply prepared as a mix and injected and was not subjected to any extraction
methods. The recovery samples were prepared by combining 100 uL of Mix 2 and 100 pL of 50% MeOH
for the MAX methods, and 100 pL of Mix 2 with 100 pL of 0.5% FA in 25% MeOH for the TiO, and
MassPREP™ uElution plate enrichment methods. For this analysis, 10 pL of the final sample for each
method and their recovery samples was injected on the Scherzo and PFP columns and analyzed on the

QgTOF in both ESI modes.
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Dilution SPE Method Elute Dry &

Reconstitute
2% FA in 50%
0.1% FA > >
(4x dilution) . MeOH
OR
1% FA 25% MeOH
(4x dilution) |I, (2x dilution)
OR
100% H,0 2% FA in 100%
(4x dilution) MAX - MeOH -
Metabolite Mix
104 metaboli
+ 8 phosphomets
65% ACN, 2% TFA,
0.1M Glycolic acid
(4x dilution)
(e TiO, Cartridge
1% TFA in 30% ACN (bulk resin added
(4x dilution) to empty cartridge) 0.4 M NH,OH 0.5% FA
OR . pH 11 in 25% MeOH
0.2% TFA in 80% ACN in 30% ACN (2x dilution)
(4x dilution)
OR
0.2% TFA in 80% ACN
* Enhancer MassPREP

(4x dilution) pElution Plate

Figure 3.2 Protocol used to test enrichment methods using MAX SPE catridge, TiO, SPE cartridge, and
the MassPREP™ pElution plate

For the MAX SPE methods, three different loading buffers with varying levels of acidification using FA
(0% FA (100% H>0), 0.1% FA in H>0, and 1% FA in H,0) was tested. As the MAX SPE cartridge is selective
for anionic compounds, acids are generally used for pH control which in turn can affect the retention
selectivity of the cartridge. However, if the sample is too acidic, it could cause protonation of the
compounds leading to more anionic compounds. This could potentially lead to more compounds being
formed that are not true anions themselves, where they are rather adducts formed from other compounds
present in the mixture. The formation of these adducts could then lead to the misidentification of
unknown compounds. Therefore, by changing the amount of FA, the effect acidification levels has on the
ability of a compound to be retained on the sorbent can be studied. As the ionization state of a compound
changes the way it interacts with the SPE sorbent, it is important to use an elution solution that allows for
the greatest number of compounds to be eluted. When using the appropriate elution solution, the
interaction between the analyte of interest and the functional group of the sorbent in weakened, allowing
the compounds to be eluted. By using a polar solvent, which is considered a weak elution solution,
compounds would be retained on the sorbent for a longer amount of time which, in turn, would improve

the fractionation and retention of compounds. Therefore, two elution solutions (2% FA in 50% MeOH and
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2% FA in 100% MeOH) for the MAX SPE methods were tested, where the presence of H;0 in the 2% FA in
50% MeOH would increase the polarity of the solution. By testing the two elution solutions, it would help

determine which elution solution would allow for the retention of a wider range of compounds.

To test the TiO; cartridge and the MassPREP™ pElution plate, four methods were adapted and tested.
When used for the detection of phosphopeptides, previous studies have demonstrated that ACN would
prevent hydrophobic interactions between peptides and the sorbents used for their enrichment. By
creating a more acidic environment, TFA would minimize the binding of non-phosphorylated peptides. The
addition of glycolic acid was shown to be an effective non-phosphorylated peptides-excluding agent
(Salovska et al., 2013). When using MassPREP™ uElution plate, a loading buffer solution of 0.2% to
0.5% TFA in 80% ACN was recommended to be used (Waters, 2007). From the MassPREP™ kit, the
MassPREP™ Enhancer powder is solubilized in the same loading buffer solution recommended. The
MassPREP™ Enhancer power is used to improve the selectivity of phosphopeptides by displacing the
non-phosphorylated peptides from the sorbent of the MassPREP™ pElution plate. As these additions have
been shown to improve the detection of phosphopeptides, the same additions were tested to study their
effectiveness on the detection of phosphometabolites. As such, to study the effect of ACN and TFA, various
concentrations were tested. Glycolic acid was added into the loading buffer to study its ability to exclude
non-phosphorylated metabolites. To test the Enhancer power, the Waters method was tested by

preparing the loading buffer with and without the Enhancer powder.

For the MAX methods, 100 plL of Mix 2 was diluted in 400 pL of the loading buffer for a total of 500 pL of
the sample. The MAX cartridge was conditioned using 1 mL of MeOH, followed by 1 mL of H,O before
loading the sample onto the conditioned cartridge. The cartridge was then washed with 200 plL of
2% NH4OH followed by 200 pL of MeOH. To elute the compounds of interest, 500 pL of elution solution
was then used which was then dried down using the SpeedVac. The dried sample was then reconstituted
in 200 pL of 25% MeOH. To test the effect of acid in the loading buffer, MAX methods 1 and 4 used 0.1%
FA, MAX methods 2 and 5 used 1% FA, and MAX method 3 and 6 used 100% H,0. To test the elution
solution, MAX methods 1 to 3 used 2% FA in 100% MeOH and MAX methods 4 to 6 used 2% FA in 50%
MeOH.

For the TiO; cartridge and MassPREP™ pElution plate methods, 100 pL of Mix 2 was diluted in 300 pL of

the loading buffer for a total of 400 pL of sample. For clarity, the loading buffers, conditioning and wash
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solutions used in these two methods are described in Table 3.1. Following these steps, 400 uL of
0.4M NH4OH pH 11 in 30% ACN was used to elute the compounds of interest which was then dried down
using the SpeedVac. The dried sample was then reconstituted in 200 pL of 0.5% FA in 25% MeOH. To test
the MassPREP™ Enhancer power, a 50 mg/mL Enhancer solution was prepared using 0.1 g of the powder

dissolved in 2 mL of 0.2% TFA in 80% ACN, as previously described (Waters, 2007).

Table 3.1 The conditioning solutions, loading buffers, and washing solutions used for the optimization
of TiO; cartridge and MassPrep™ uElution plate methods 1 to 4

and 2% TFA

Method 1 Method 2 Method 3 Method 4
o 200 pL of 1% TFA in 200 pL H,0 200 pL H,0
Conditioning NA 30% ACN 200 uL of MeOH | 200 L of MeOH
50 mg/mL
Loading Buffer 0 . 0.2% TFA in 80% Enhancer powder
ACN 1% TFA in 80% ACN
(300 pL) 65% AC % TFA in 80% AC ACN in 80% ACN and
0.2% TFA
0.1M Glutamic
Wash 1 (200 pL) acid in 65% ACN NA NA NA

Wash 2 (200 puL)

0.5% TFA in 65%

1% TFA in 50% ACN

0.2% TFA in 80%

0.2% TFA in 80%

ACN ACN ACN
0.2% TFA in 80% 0.2% TFA in 80%
0, 0,
Wash 3 (200 pL) 30% ACN 30% ACN ACN ACN
3.1.2.1 Enrichment method results

The recovery of each phosphometabolite was calculated by comparing the area under the chromatogram
of the phosphometabolite of interest in the recovery sample to the area under the chromatogram of the
phosphomet when extracted using a specific enrichment method (Equation 3.1). With this percentage,
one is able to study the efficiency of an analytical extraction process by using a known amount of an
analyte (Kumar et al., 2022). Therefore, by comparing the recoveries of the phosphometabolites from each

method, it would determine which method would best enrich the phosphometabolites of interest.
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Eq3.1

Area of compound when extracted

Recovery % = ( ) * 100

Area of compound in recovery samples
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Figure 3.3 Recovery percentages of the phosphometabolites of interest injected on the Scherzo column
when extracted using the MAX SPE cartridge, the TiO, SPE cartridge, and the MassPREP™ pElution
plate. Most phosphometabolites were better detected in negative mode, while
glycerophosphorylcholine was only detected in positive mode.
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Based on the results on Figure 3.3, the MAX and TiO; enrichment methods gave the best recoveries of the
phosphometabolites, while the MassPREP™ pElution plate gave low recoveries of phosphometabolites,
with a maximum recovery of 46%. This could be due to the sorbent of the pElution plate being part of a
kit specifically designed for the enrichment of phosphoproteins, where the composition of the sorbent is
known to have an affinity for phosphopeptides. This affinity could, in turn, mean the sorbent has a low
affinity for phosphometabolites. This low affinity could be due to the difference in size between
phosphopeptides and phosphometabolites, where phosphopeptides are larger than phosphometabolites.
As the pElution plate is designed for the enrichment of phosphopeptides, the size of the sorbent could
allow for an increased interaction between the phosphopeptides and the sorbent, thereby potentially
making the sorbent size too large for phosphometabolites. An increased sorbent size could mean that the
phosphometabolites would not be able to bind to the sorbent, thus allowing the phosphometabolites to

pass through the pElution plate instead of being retained and enriched.

As such, between the MassPREP™ pElution plate and the TiO; cartridge, the optimization using the TiO,
cartridge was further explored instead of the pElution plate. When looking at the recoveries of the
phosphometabolites, they were well recovered across the four TiO, enrichment methods. Among the four
methods, TiO, Cartridge 3 (using 0.2% TFA in 80% ACN and a conditioning step) gave the best overall
recovery (average recovery of 66%). From the MAX enrichment methods, phosphoserine had a high
recovery percentage of 78% using MAX 6 (using 100% H,O0 as the loading buffer and 2% FA in 50% MeOH
as the elution solution). However, the other phosphometabolites were poorly recovered, with the MAX
methods 1 to 3 using 2% FA in 100% MeOH being unable to recover any of the phosphometabolites of

interest.

In a follow-up experiment, the selectivity for phosphometabolites of the MAX and TiO, enrichment
methods were studied, focusing on the two methods with the best recoveries of phosphometabolites for
both MAX and TiO.. In order to study this selectivity, the recovery of non-phosphorylated metabolites was
calculated (Figure 3.4). From the results, MAX 6 showed high recovery percentages of non-phosphorylated
metabolite groups, where the recovery percentages of acetyl amino acids are 81% and the recovery
percentage of nucleotides/co-factors and vitamins was 83%. MAX 4 (wash solution: 0.1% FA in H,0 and
elution: 2% FA in 50% MeOH) had lower recovery percentages of the three groups (14% vs 18%, 58% vs
81%, 63% vs 83%). This confirms the ability for the MAX enrichment methods to recover not only

phosphometabolites, but more generally, compounds with acidic moieties. When looking at the TiO;
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enrichment methods, the recovery percentages were much lower compared to that of the MAX
enrichment methods, with the highest recovery percentage being 14% when using TiO; Cartridge 3. This

shows that the TiO; enrichment methods are more selective for phosphometabolites, as expected.

120%

100 %
80%
60 %
40 %
20%
I
N b

% Recovery

Amino Acids Acetyl Amino Acids Nucleotides / Co-factors / Vitamins
(n=24) (n=8) (n =24)
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Figure 3.4 Comparison of the percentage recovery of non-phosphorylated metabolite groups for the

selectivity of phosphometabolites when using the two methods recovering the most phosphorylated
compounds in the standard tested with MAX and TiO, SPE cartridge. The error bars for each method

are based on measuring several compounds in each class.

Based on the recovery results of the different methods tested, the TiO, Cartridge 3 and MAX 6 methods
were used for further testing. The TiO, Cartridge 3 method includes a conditioning step and uses 0.2% TFA
in 80% ACN as the loading buffer and 0.4M NH4OH pH 11 in 30% ACN as the elution solution for the
enrichment of phosphometabolites. MAX 6 uses 100% H,0 as the loading buffer and 2% FA in 50% MeOH
as the elution solution for the enrichment of more acidic compounds. These optimized methods were then

used to extract biological samples to further study the validity of the methods.

3.2 Metabolite extraction from biological samples

While the phosphometabolites of interest were well detected when using a standard mix, it is important
to study the effectiveness of an optimized method using real biological samples. Based on the results from
the optimization of enrichment methods, the two best MAX and TiO, methods (MAX 6 and TiO, Cartridge 3)

were used for metabolite extraction from mouse liver and C. elegans samples. To compare the strength of
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the more selective methods, the samples were also extracted using a generic EtOH and MeOH extraction

method respectively that would serve as the untargeted analysis.

3.2.1 Metabolomics study from a MPS Il disease mouse model

A set of liver samples available from a study on MPS Il in a mouse model was used as a biological model
sample set to further investigate the improvement of detecting phosphometabolites in complex biological
samples. These same samples were previously investigated using a more generic untargeted
metabolomics workflow in the Sleno lab, serving for a direct comparison of results for metabolite coverage
and, more specifically, phosphometabolite quantitation. Briefly, Mucopolysaccharidosis Type Il (MPS 1),
also known as Hunter Syndrome, is a rare X-linked lysosomal storage disorder that is mainly seen in boys.
This disorder is caused by a deficiency of the iduronate-2-sulfatase enzyme (IDS), which causes an
accumulation of mucopolysaccharides, also known as glycosaminoglycans (GAGs), in lysosomal cells.
When there is insufficient IDS, GAGs cannot be broken down, which in turn causes various systemic
impairments and physical symptoms such as liver enlargement, heart disease, and skeletal deformities.
While there is currently no cure for MPS I, several treatments are available to help with the various
physical ailments it causes. To target the deficiency of IDS directly, the current course of treatment involves
enzyme replacement therapy (ERT) where the patient receives recombinant IDS to compensate for the
lack of the enzyme. With a global occurrence of about 1:100, 000 to 1:170, 000 male births, the rarity of
MPS Il makes it difficult to study (Stapleton et al., 2017).

Three groups of mice were included in this study: the control group (healthy wild type (WT) mice), the IDS-
knockout mice (as a model of MPS Il), and the latter following treatment with ERTwhich is used as a clinical
therapy for most MPS |l patients, as previously described (Menkovic et al., 2019). From this previous study,
it was shown that the liver tissue had high levels of GAG accumulation, making it interesting to further
study, particularly as MPS Il is known to cause liver enlargement. As such, liver samples from these three
groups were accessed through a collaboration with the Auray-Blais lab (at University of Sherbrooke’s

hospital research center) for a metabolomics study by LC-MS/MS.

Samples were first homogenized as previously described in Chapter 2, section 2.2.2.1. The reconstituted
liver homogenates (50 uL) were diluted 10-fold in 100% H,0 for the MAX enrichment method and in 0.2%
TFA in 80% ACN for the TiO; enrichment method (as shown in Figure 3.5). Once the samples were loaded

onto the conditioned cartridge, 500 pL of each washing solution was used.. At the addition of the elution
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solution, 600 uL of each elution solution was used for the respective methods. The resulting extracts were
dried in the SpeedVac and reconstituted with 200 pL of 25% MeOH (Figure 3.5). For untargeted analyses,
the liver homogenates were dried directly and reconstituted in 25% MeOH. For the analysis, 10 uL of each
sample was injected on the Scherzo and PFP columns (as described in Chapter 2, Section 2.3) and analyzed

on the QqTOF in positive and negative ion modes.

‘ Control
MPS

Mucopolysaccharidosis

85% EtOH ERT
extracts  Epzyme replacement therapy
Dilution {10:1 100% H,0 0;320’;7:;""
1
MAX TiO, Cartridge
Wash 2% NH,OH 050’:622":“
Wash 100% MeOH 100% H,0
Elution EEHCoOl ?)-::‘1::";;’:
— in 50% MeOH ACN
Recon 25% MeOH 25% MeOH
MAX TiO,

Figure 3.5 MAX and TiO, SPE enrichment methods used to study mouse liver samples

3.2.1.1 Results

To study the results of the MPS Il liver extracts and the ability of the optimized methods to detect
phosphometabolites, the results from the EtOH extraction, and the MAX and TiO, enrichment methods
were compared. The enrichment ability of the MAX and TiO, enrichment methods were first studied by
comparing the total ion chromatogram (TIC) of the three extraction methods, where the TIC is the sum of
the intensities of all the mass spectral peaks produced from one scan. From the results of the TIC
(Figure 3.6), the intensity of the TIC of the EtOH method was higher than that of both the MAX and TiO,
enrichment methods. Between the MAX and TiO; enrichment methods, the intensity of the TIC of the TiO;

enrichment method is lower that of the MAX enrichment method. As the optimized methods are meant
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to enrich and reduce the complexity of a given sample, the reduced complexity would lead to a TIC of
lowered intensity which is reflected in the results. As the TiO, enrichment method is more specific than
the MAX enrichment method, the difference in the intensities of their TIC demonstrated that the TiO;
enrichment method is able to reduce the complexity of a sample more than the MAX enrichment method.
Therefore, the two enrichment methods would allow for the detection and determination of compounds

that would otherwise be masked when using the EtOH extraction.

Scherzo (+) PFP (-)
2507 EtOH (Untargeted) EtOH (Untargeted)

1.5e7

5.0e6

5e6

3e6

Figure 3.6 Selected total ion chromatogram (TIC) results shown from the three extracts of the MPS I
liver samples, injected on the Scherzo column (in positive mode) and PFP column (in negative mode),
showing the large decrease in overall signal as the sample preparation method selectivity increases

Identified features (putative metabolites) were then studied to determine how many metabolites can be
detected and identified when using a particular method, where a feature is defined as a peak that
corresponds to a specific m/z that elutes at a specific retention time. A feature is then identied as a specific
compound using a mass cutoff of + 10 ppm and a spectral matching library score of > 80. The total number
of metabolites identified from the Scherzo and PFP columns for each method in both positive and negative

mode are displayed in Figure 3.7.
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Figure 3.7 Venn diagram of putative metabolites identified from the EtOH, MAX, and TiO, methods
and analysed on Scherzo and PFP columns in both ESI modes. From the total number of identified
features, the percentage of phosphometabolites identified was also calculated.

From the results in Figure 3.7, the EtOH extraction yielded the largest number of identified features
compared to the other methods and the MAX enrichment method yielded a larger number of identified
features compared to the TiO; enrichment method. However, a higher percentage of phosphometabolites
were identified when using the MAX enrichment method compared to the EtOH method and an even
higher percentage of phosphometabolites were identified using the TiO, enrichment method compared
to the MAX enrichment method. While there were some unique compounds identified using the different
methods, there was also an overlap of compounds being identified. This shows that there is a certain
degree of complimentarity among the three methods, where certain compounds are only seen when one

method is used, meaning that more information can be gained when performing more specific methods.

In the context of the MPS Il disease, putative biomarkers were identified by performing a t-test between
the control samples and the disease MPS Il samples (Table 3.2). When there is a significant change in an
identified feature between two sample groups, it is considered as a putative biomarker. Significantly
changing features were determined by performing a t-test to obtain the p-values (< 0.05) and fold change
(FC) values (+ 1.5). When looking at these results, similar results to identified features was seen, where

the EtOH extraction yielded a greater number of putative biomarkers compared to the two other
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enrichment methods. When comparing the putative biomarkers, it was seen that the MAX method was
able to identify a number of unique phosphometabolites compared to the EtOH extraction. While a lower
number of putative biomarkers were identified, a number of phosphometabolites were identified using
the TiO; enrichment method that are not seen when performing the other two methods. These results
demonstrate the complementarity of data that can be obtained from the two enrichment methods, which

would, in turn, allow for greater insight of the metabolic changes in a disease model.
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Table 3.2 List of putative phosphometabolites found as significantly changing in MPS mouse model
liver using three extraction methods (using EtOH extraction, MAX SPE, and TiO; cartridge)

Metabolite name (putative ID) Formula m/z R_T Colur'nn Samp!e FC pvalue  FC p-value _FC p-value
(min) (polarity) extraction (EtOH) (EtOH) (MAX) (MAX) (TiO,) (TiO,)
Adenosine monophosphate CioH1sNsO,P 3461 2.4 PFP - EtOH 1.69 2.1E-03| 1.88 2.6E-02
Adenosine monophosphate CioHi4NsO,P 3461 4.5 PFP - EtOH -1.69 5.6E-03| -1.60 4.5E-02
Arabinofuranosyluracil monophosphate CgH;3N,04P 323.0 25 PFP - EtOH 3.54 2.1E-02
Cytidine monophosphate CgH14N304P 3220 2.0 PFP - EtOH 1.88 2.1E-04| 1.69 4.1E-03
Fructose 1,6-bisphosphate CeH1404,P, 339.0 24 PFP - EtOH 1.52 1.9E-02
Glycerol 3-phosphate C3HqO6P 171.0 2.2 PFP - EtOH -1.61 7.2E-03 -1.80 2.9E-02
Guanosine monophosphate CioH1uNsOgP 362.1 3.1 PFP - EtOH 3.17 7.4E-04| 3.84 2.5E-03
Inosinic acid CwHisN,OgP  347.0 2.9  PFP- EtOH 4.02 1.1E-02 3.63 1.0E-02
Adenosine monophosphate CioHi4NsO,P 3481 2.4 PFP + EtOH 2.11 1.5E-04
Citicoline CiaHyN,OP, 489.1 3.0  PFP+ EtOH 1.92 3.5E-04| 1.78 1.1E-03| 1.77 3.4E-03
Glucose-1-phosphate CgH1304P 261.0 2.0 PFP + EtOH 1.77 1.5E-02
Glycerol 3-phosphate C5HyO6P 173.0 2.2 PFP + MAX -1.62 4.3E-02| -1.82 2.5E-02
Glycerophosphocholine CgHyoNOgP 258.1 2.7 PFP + EtOH -1.96 7.1E-04 -1.67 2.4E-02
Guanosine monophosphate CioHiuNsOgP  364.1 2.7 PFP + EtOH 4.63 6.2E-04| 3.68 9.1E-04
Inosinic acid CioH13N4OgP  349.1 2.9 PFP + EtOH 4.45 4.8E-03 3.44 8.2E-03
Uridine monophosphate CoH413N,04P 325.0 25 PFP + EtOH 7.04 1.5e-03
Adenosine monophosphate CioH1uNsO,P  346.1 6.5 Scherzo- EtOH 1.75 6.8E-03| 1.66 4.4E-03
Adenosine monophosphate CioH1sNsO,P 346.1 8.2 Scherzo- MAX -1.53 4.0E-02
Cytidine diphosphate ethanolamine Cy;HyoN4O44P, 4451 2.9 Scherzo-  EtOH 1.55 3.8E-02
Cytidine monophosphate CyH14N;04P 3220 29 Scherzo- EtOH 2.69 7.8E-05| 1.73 4.2E-04
Glycerol 3-phosphate C5HoOgP 171.0 10.7 Scherzo- TiO, -1.94 2.1E-03
Guanosine monophosphate CioH14NsOgP 362.1 14.8 Scherzo - EtOH 4.09 3.9E-03| 4.16 1.5E-03| 3.21 4.5E-04
Inosinic acid CioH13N4,OgP 347.0 16.4 Scherzo- TiO, 3.65 3.5E-03
myo-inositol diphosphate CeH140415P, 339.0 11.5 Scherzo- EtOH 1.64 3.6E-02
Adenosine monophosphate CioHi4NsO,P 3481 6.5 Scherzo+  EtOH 1.37 5.0E-04
Adenosine monophosphate CioH1sNsO,P 3481 8.2 Scherzo+  TiO, -1.51 2.6E-02
Citicoline CiaHpN,O1,P, 489.1 2.9 Scherzo+  MAX 1.77 1.6E-04| 1.79 3.0E-03
Cytidine monophosphate CgH,4N304P 324.1 3.6 Scherzo+  EtOH 1.57 4.9E-06
Glucosamine-6-phosphate CeH14NOgP 260.1 2.5 Scherzo+ MAX 1.92 3.2E-02| 1.80 4.8E-02
Glycerol 3-phosphate C3HoO6P 173.0 10.6 Scherzo+  TiO, -1.66 3.3E-02
Glycerophosphocholine CgH,oNOgP 258.1 29 Scherzo+  EtOH -1.74 8.0E-04 -1.85 1.8E-02
Guanosine monophosphate CioH14NsOgP 364.1 15.0 Scherzo+  EtOH 1.89 1.5E-03 3.41 6.3E-04
Uridine monophosphate CoH413N,04P 325.0 13.1 Scherzo+ TiO, 1.70 3.1E-02

FC: Fold change of peak areas between MPS vs. WT groups of mouse liver samples

p-value: from Student's t-test of normalized peak areas from each high-resolution extracted chromatogram
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Principal Component Analysis (PCA) was performed on the three groups (Control, ERT, and MPS ) to study
the clustering of the putative metabolites identified (Figure 3.8A and 3.8B). From the supervised PCA plots,
a clear separation of the control and MPS Il samples was seen. However, between the MPS Il group and
the ERT group, there was no clear distinction, particularly when using the MAX and TiO, enrichment
methods. The EtOH extraction showed a better distinction between these two groups. This lack of
distinction seen when using the enrichment methods seems to suggest that while the methods detect

putative biomarkers, the biomarkers are not involved in the pathways that are specifically impacted by

the disease.
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Figure 3.8 A) Supervised PCA plots for the MAX and TiO, enrichment methods using Scherzo and PFP
columns in both positive and negative mode. B) Supervised PCA plot for EtOH extractions using the
combined data from both Scherzo and PFP column in both positive and negative mode.
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A pathway enrichment analysis was then performed on the putative biomarkers from each method to
show which pathways the metabolites originate from (Figure 3.9). Through this analysis, the impact of a
disease can be better understood as if a group of metabolites identified from a disease sample originate
from one specific pathway, it would indicate the impact the disease has on a metabolic level. From this
analysis, there were a number of similar pathways being impacted by all three methods. However, there
were certain pathways that are only impacted when only one of the methods was performed, such as
butyrate metabolism pathway that seems to be unique to the TiO, enrichment method and pyrimidine
metabolism pathway that seems to be unique to the MeOH extraction. There also seemed to be pathways
identified only when the enrichment methods are used (for example, De Novo Triacylglycerol pathway
seen when both MAX and TiO; extractions were performed) and are not seen when performing the less
selective EtOH extraction. This shows that there is a level of complimentarity when using enrichment
methods alongside a less selective method like the EtOH extraction. While performing a pathway analysis
on its own is limited without studying specific compounds, it can be used as a preliminary tool to look at
the complementarity of various methods. For example, in this analysis, as some of the same pathways are
impacted with different enrichment levels, combining two datasets, such as the TiO; and the untargeted
dataset could reveal an increased number of metabolites changing and help prioritize certain impacted

pathways for further studies.
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Figure 3.9 Pathway enrichment analysis of EtOH extraction, and MAX and TiO, enrichment methods

3.2.2 C. elegans samples subjected to phosphometabolite enrichment methods

Caenorhabditis elegans (C. elegans) is a well characterized model organism that is widely used in biology,
and is increasingly useful to study mechanisms of disease. This 1 mm long, free-living soil nematode

(microscopic worm) has a short life cycle of approximately 30 days and its transparent body allows for easy

57



observation and labelling, making it an ideal biological model (Li et al., 2023). As such, this model organism
was also used to study the metabolomics coverage obtained using the two methods that were developed
through this work on phosphometabolites. It was chosen since, through previous untargeted experiments
performed in the Sleno lab, it was noted that a large number of phosphometabolites were identified. For
comparison of the samples in this study, approximately 30, 000 mixed stage dried C. elegans extracts (from
a generic MeOH extraction procedure with bead beating, as described in Chapter 2, Section 2.2.2.2) were
reconstituted with 100 pL of 0.5% FA in 10% ACN and subjected to untargeted metabolomics workflows.
For the MAX and TiO, enrichment methods, the dried extracts were reconstituted with 450 uL of their
respective reconstitution solutions and subjected to the same two enrichment method as for the liver
samples. The resulting extracts were then dried down under nitrogen and reconstituted in 100 pL of 0.5%

FA in 10% ACN (Figure 3.10).

Dried C. elegans extract

+ }
. 1% NH,OH in 0.2% TFA in
Recon (3:1) H,0 80% ACN
(]
MAX TiO, Cartridge
0.2%TFA in
Wash 2% NH,OH 30% ACN
+ }
Wash 100% MeOH 100% H,0
+ '
Elution el ?JI: :ﬂl :r;ﬂug
— in 50% MeOH ACN
‘ }
Recon 0.5% FA 0.5% FA 0.5% FA
I in 10% ACN in 10% ACN in 10% ACN
MAX Tio, MeOH
L J L ]
v L]
Semi-targeted analysis Untargeted analysis

Figure 3.10 Sample extraction methods for semi-targeted analysis (using MAX and TiO, enrichment
methods) and untargeted analysis (using MeOH extraction)

Similar to the mouse liver samples, the results from MeOH extraction, and MAX and TiO, enrichment
methods were compared. More specifically, the phosphometabolites identified using the three methods

were studied and compared in Figure 3.11. From this heatmap, while there are a number of
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phosphometabolites seen from each method, there was also considerable overlap of the
phosphometabolites identified. However, there was still a wider range of phosphometabolites seen when
using the TiO; enrichment method compared to the MAX enrichment method and the MeOH extraction
method. In many cases, some phosphometabolites that were identified in multiple worflows yielded
greater peak areas with the TiO, procedure, as shown in a few examples highlighted in Tables 3.3 and 3.4.
As mutant C. elegans samples were tested, this preliminary data helped highlight the metabolic differences
between the WT species and mutant species, which would help point towards future further studies of

these differences.

MAX MeOH Tio,

[y

Normalized arearatio*

0

*with sum of
all areas

Mutantl Mutant2 WT Mutantl Mutant2 WT Mutantl Mutant2 WT

Figure 3.11 Heatmap of putative phosphometabolites identified from Scherzo and PFP columns in both
ESI modes using MeOH, MAX, and TiO; extraction methods
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Table 3.3 List of putative metabolites from C. elegans identified with different sample extraction
methods (from negative ion mode data)

Peak Peak Peak
RT Column

Metabolite Name (putative ID) Formula m/z (min) (polarity) Area Area A.rea
(MeOH) (MAX) (TiO,)
ADP CyoH1sNsO50P, 4260 2.3 PFP- 2.19E+05
AMP CioH1aNsO,P  346.1 2.3 PFP-  2.27E+07 4.89E+07
CMP CoH14N;OgP  322.0 2.0 PFP-  8.89E+05 1.40E+06
Flavin mononucleotide C;7H,;N,OgP 4551 12.1 PFP-  1.27E+06 1.91E+06
Glucose phosphate CegH130P  259.0 2.3 PFP-  1.03E+07 2.98E+06 1.72E+07
Glycerol 3-phosphate C5HyO6P 171.0 2.2 PFP-  1.03E+07 5.05E+06 2.18E+07
GMP CioH1aNsOgP 362.1 2.8 PFP-  4.22E+07 7.17E+06
Inosinic acid CioH13N,OgP  347.0 3.5 PFP - 6.87E+06
Phosphoglyceric acid C;H,0,P 185.0 2.7 PFP - 4.41E+05 1.45E+06
Phosphoserine C;HgNOgP  184.0 21 PFP - 2.03E+05
Ribose phosphate CsH;,04P  229.0 2.1 PFP-  1.74E+06 2.54E+05 1.35E+06
Uridine diphosphate CgHy4N,04,P, 403.0 2.3 PFP - 3.38E+05
UDP-glucose Ci5HuN,04,P, 565.0 2.1 PFP-  8.73E+03 1.10E+04
UMP CoHy3N,00P  323.0 2.5 PFP - 1.70E+07 1.56E+07
AMP CioH14NsO,P  346.1 5.3 Scherzo- 6.88E+07 6.66E+07 8.51E+07
AMP CioH1sNsO,P  346.1 7.8 Scherzo- 6.57E+05 7.35E+05 7.86E+05
AICAR CoHisN,OgP  337.1 7.2 Scherzo- 7.40E+04 6.72E+04 1.15E+05
cAMP CioH12NsOgP  328.0 8.8 Scherzo - 4.17E+04
CMP CoH14N3;OgP  322.0 3.0 Scherzo- 3.23E+06 3.63E+06 1.27E+07
dCMP CyH4N3O,P  306.0 3.3 Scherzo- 2.70E+05 2.29E+05 1.52E+06
Deoxy-glucose phosphate C¢Hi30gP  243.0 10.0 Scherzo- 1.69E+06 6.01E+05 2.41E+06
dAMP CioH1aNsOgP 330.1 6.8 Scherzo- 3.21E+05 3.14E+05 4.17E+05
dGMP CioH1aNsO,P  346.1 11.7 Scherzo- 7.92E+05 1.63E+06
DHAP C5H,04P 169.0 10.6 Scherzo- 2.60E+06 4.07E+05 2.36E+06
Glucosamine phosphate C¢HisNOgP  258.0 2.5 Scherzo - 3.93E+05 2.69E+05
Glucose phosphate C¢H130P  259.0 8.5 Scherzo- 2.87E+07 1.28E+07
Glycerol 3-phosphate C3HyO6P 171.0 6.5 Scherzo- 8.13E+04 5.91E+04 1.16E+05
Glycerol 3-phosphate C3HyO6P 171.0 10.0 Scherzo- 4.22E+07 1.81E+07 6.06E+07
GMP CioH1aNsOgP  362.0 11.0 Scherzo- 7.97E+07 5.12E+07 9.97E+07
NAD C,1H,;N;,0.4P, 662.1 5.9 Scherzo- 4.10E+05 1.45E+05
Phosphorylethanolamine C,HgNO,P  140.0 2.6 Scherzo- 5.96E+05 1.64E+05 1.04E+06
Phosphoserine C;HgNOgP  184.0 7.0 Scherzo- 2.62E+05 2.71E+05 5.73E+05
Pyridoxal phosphate CgH,oQNOP  246.0 7.0 Scherzo- 2.46E+05
Ribose phosphate CsH;10gP  229.0 9.6 Scherzo- 7.29E+06 1.83E+06 4.17E+06
UMP CoHy3N,00P  323.0 12.4 Scherzo - 1.64E+08

60



Table 3.4 List of putative metabolites from C. elegans identified with different sample extraction
methods (from positive ion mode data)

Peak Peak Peak
Metabolite Name  (putative ID) Formula m/z R,T Colur-nn Area Area Area
(min)(polarity) " v\ o) (MAX)  (TiO,)
AMP CioH1sNsO,P 348.1 2.3 PFP+  2.58E+07 2.83E+07 3.03E+07
Citicoline CiHy6N4011P, 489.1 3.3 PFP+  1.04E+06 3.50E+05
CMP CoH14N30gP 3241 2.0 PFP+  7.75E+05 1.31E+06 1.71E+06
dAMP CioH1aNsOgP 3321 2.4 PFP + 3.25E+04 7.67E+04
Flavin mononucleotide Ci7H1N4OgP 457.1 122 PFP+  6.13E+05 8.20E+05
Glucose phosphate CeHi300P 2610 2.3 PFP + 6.44E+05
Glycerol 3-phosphate C;HyOgP  173.0 2.2 PFP+  4.43E+05 8.94E+04 1.29E+06
Glycerophosphocholine CgH,oNOgP  258.1 2.8 PFP+  1.12E+07
GMP CioH1sNsOgP 364.1 2.8 PFP+ 1.81E+07 1.17E+07 1.66E+06
NAD Cy1H,N,0.,P, 664.1 2.6 PFP+  7.85E+04 1.21E+05
Phosphorylcholine CsH,NO,P 1841 2.7 PFP + 2.36E+05 7.75E+06
Phosphorylethanolamine C,HgNO,P 1420 1.9 PFP + 2.80E+05
Thiamine Monophosphate C;,H7N,O4PS 3451 2.3 PFP+  4.91E+05
UMP CoHy3N,0P 325.0 2.5 PFP+ 2.89E+06 1.61E+06 4.21E+06
cAMP CiHNsOGP 330.1 85 Scherzo+ 1.02E+05 7.78E+04
AMP CioH1aNsO,P 3481 53  Scherzo+ 4.50E+07 4.41E+07
AMP CyoHNsO,P 348.1 7.8 Scherzo+ 3.44E+05 3.61E+05 6.61E+05
AICAR CoHisN,OgP 339.1 7.2 Scherzo + 5.83E+04
Citicoline CraHycN,O P, 489.1 3.1  Scherzo+ 8.23E+05 3.23E+04 4.27E+05
CMP CoH14N;OgP 3241 3.0 Scherzo+ 1.98E+06 3.20E+06
dAMP CioH1aNsOGP 332.1 6.8 Scherzo+ 2.94E+05 2.84E+05 3.37E+05
dGMP CioH1aNsO,P 3481 11.7 Scherzo+ 3.13E+05 6.35E+05
Glucose phosphate CeHi300P 2609 85  Scherzo+ 4.58E+06
Glycerol 3-phosphate CsHyOcP  173.0 9.7 Scherzo+ 4.50E+06 1.75E+06 7.38E+06
Glycerophosphocholine CgH,oNOgP  258.1 2.8  Scherzo+ 7.28E+06
GMP CioH1aNsOgP 363.7 11.0 Scherzo + 2.42E+07 4.30E+07
Inosinic acid CioHi3N,OgP 349.3 5.1  Scherzo+ 2.29E+06
NAD C,;H,;N,0.,P, 664.1 59 Scherzo+ 1.00E+05
Nicotinamide mononucleotide Ci1HisN,OgP 335.1 2.9  Scherzo + 4.00E+05 3.97E+05
Phosphorylcholine CsH,,NO,P 1841 2.8 Scherzo+ 1.46E+05 7.47E+06
Phosphorylethanolamine C,HgNO,P 142.0 2.6 Scherzo+ 3.56E+05 5.41E+05
Phosphoserine C3HgNOgP  186.0 7.0 Scherzo+ 1.13E+05 1.09E+05
Phosphotyrosine CoHi,NOgP  262.0 129 Scherzo + 1.10E+05
Pyridoxal phosphate CgHoNOgP 2479 7.0 Scherzo+ 2.25E+05
Thiamine Monophosphate C;,Hi7N,O4PS 3451 2.3 Scherzo + 3.41E+05 4.34E+05
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From the heatmap and table of the identified phosphometabolites of the putative metabolites, the three
methods were able to detect a number of overlapping phosphometabolites. As such, to better understand
if the TiO, method is able to better detect phosphometabolites, XICs of the phosphometabolites were
examined (Figure 3.12). From these results, all three methods were able to identify and detect inosinic
acid, phosphoryl-ethanolamine, CMP, and pyridoxal-5-phosphate. However, when the intensity of the
peaks were compared, the TiO; enrichment method produced higher intensity peaks compared to the
other methods. This shows that, while the TiO, enrichment method does not significantly increase the
number of phosphometabolites identified from these C. elegans samples, this enrichment method

improves the quality of the detection of phosphometabolites in general.
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Figure 3.12 Extracted ion chromatograms to compare sensitivity of detection of four
phosphometabolites detected in the three extraction methods using the Scherzo column in negative
mode
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CHAPITRE 4

Strategies to optimize the detection and quantitation of thiol and disulfide metabolites

Reactive oxygen species (ROS) increase in tissues and cells when exposed to high levels of oxygen and
toxins, including some xenobiotics or environmental pollutants. These reactive species can cause an
imbalance and disrupt normal cell function, leading to oxidative stress. This phenomenon is often linked
to cancer and cardiovascular diseases, as well as tissue damage associated with aging. As such, a
well-regulated redox state of an organism is essential for normal physiological function and cellular
metabolism. This state is largely controlled by the cell’s antioxidant defense system, where many thiols
are used to maintain homeostasis of the system (Baba & Bhatnagar, 2018). In biological systems, thiols
and disulfides are involved in a disulfide exchange reactions, where thiols can be oxidized to form disulfides.
These disulfides can then be reduced back to free thiols by the reduction of the disulfide bond (Winther &
Thorpe, 2014). While important for the maintenance of the redox state of an organism, this reaction can
make it difficult to quantify free thiol metabolites as the oxidation of free thiols can take place even during
storage. This can lead to the incorrect identification of endogenous free thiols as the disulfide exchange
reaction makes it difficult to differentiate between a free thiol that is freely present and a free thiol present

as a result of the reduction of disulfides.

An important step in studying thiol- and disulfide-containing compounds in biological samples is the ability
to assess thiol-disulfide status. As free thiols are reactive and unstable, they could oxidize to form disulfides
(including mixed-disulfides), as well as other oxidized species (for example, sulfoxides), during sample
storage or preparation steps, making it difficult to accurately quantify the levels of a particular free thiol
or disulfide. The common approaches taken to preserve free thiols involve using an acid to reduce the
potential for oxidation or the use of a trapping agent that can alkylate the free thiol and thus stabilize it.
In this work, the potential for using thiol alkylation as a strategy for stabilization and better detection of
biological thiols by LC-MS/MS was examined (Hansen & Winther, 2009). By using alkylating agents such as
iodoacetamine (IAM), the sulfhydryl (-SH) group of a thiol forms a thioether (R-S-R’, also known as a sulfide)
which effectively blocks and “traps” the free thiol from oxidation, as well as making it more suitable for
LC-MS analysis. Depending on the agent, the addition modifies the target compound in various ways such
as decreased volatility, modified chromatographic properties, and greater ionization efficiency (Ghafari &
Sleno, 2024). Disulfides are also often difficult to detect by LC-MS as they can be very polar. These

compounds can be reduced in order to study them by using reducing agents such as dithiothreitol (DTT).
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With a reducing agent, the disulfide bond (R-S-S-R’) is reduced to form their corresponding thiols. Through
the derivatization of the newly formed free thiols, one can assess the amount of thiols present, as well as
their disulfide forms, including mixed disulfides, in a given sample (Erel & Erdogan, 2020; Hansen &

Winther, 2009).

Therefore, to determine if free thiols are endogenous or from a disulfide, the workflow proposed in this
project involves using light and heavy labeled derivatization agents to create pairs for the detection of
derivatized thiols, from their free or disulfide forms, respectively (Figure 4.1). The light labeled
derivatization agent would first alkylkate and stabilize free thiols present in biological samples. DTT can
then be added to reduce the disulfide bonds present in the sample, creating new free thiols, which could
then be alkylyzed by the heavy labeled derivatization agent. This would allow for the differentiation
between true free thiols and free thiols that are a product of the reduction of disulfide compounds, and

thus better establish the thiol-disulfide status of a given metabolite.

By modifying the target compounds, derivatization leads to an improved ionization efficiency and reduced
matrix effect as derivatization would increase the molecular weight of the LMW thiols. By using a light and
heavy labeled derivatization agents, it would also improve identification of a compound as the RT of both
derivatives would be similar. Additionally, the use of a light and heavy labeled derivatization agent can
provide Q1/Q3 transitions that can then be used for quantitative MRM analysis (Ghafari & Sleno, 2024;
Phipps et al., 2019).

To capture Break disulfide To capture free thiols
free thiols bonds from disulfides

Light labeled
derivatizing DTT —-
agent

Figure 4.1 Experimental workflow hypothesis using light and heavy labeled derivatization agents

4.1 Derivatization testing

To test the efficiency of two derivatization agents with similar chemistries (iodoacetamide (IAM) and N-
(4-hydroxyphenyl-2-iodoacetamide (IPAP)), two standard mixes, where one contained free thiols and the

other contained disulfides (Chapter 2, Table 2.2) was used. DTT was added to reduce the disulfide bond to
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create a free thiol. For both mixes, DTT was added prior to the derivatization to ensure no disulfides are
present at the time of alkylation with IAM or IPAP (Figures 4.3 and 4.4). As IAM is commonly used for the
alkylation in proteomics workflows, it was tested alongside the in-house IPAP compound which follows
the same chemistry of reaction, but with a larger side chain added which would increase the

hydrophobicity of the resulting products.

To study the free thiols, 495 uL of a mix of 11 free thiols at 20 ug/mL in H,0 each was combined with 5 pL
of 100 mM DTT and incubated for 15 min at 37°C. After incubation, 150 pL of the mix was separated into
two different tubes to test the two derivatization agents. To each tube, 50 pL of 100 mM ABC buffer pH 8.0
and 5 pL of either 100 mM IAM or 100 mM IPAP was added to the mix and incubated for 30 min at 37°C
under light sensitive conditions (in the dark). To study the efficiency of the derivatization, four states of
each compound were monitored: as the free thiol, the disulfide, as well as its IAM and IPAP alkylated
products (derivatives). As such, the free thiol mix before and after the addition of DTT injected (3 pL of
20 ug/mL of free thiol), along with the mixes containing IAM and IPAP (4 pL of 15 pug/mL of the free thiol),
with 4 samples for each of the 11 free thiols. These reactions (the monitored high-resolution XIC of the
protonated precursors of interest in Table 4.1) were monitored by LC-HRMS using a short gradient of a
Mercury column (Table 2.3 for dimensions and Table 2.4 for parameters). By the addition of derivatization
agents, the free thiols derivatives should produce XICs of higher intensities compared to their
non-derivatized counterparts. In Figure 4.2, the example of 4-chlorobenzene methanethiol (CBMT) as a
model thiol is shown, with no detection of the non-alkylated species. When looking at the free thiol and
disulfide states, no peaks of interest were seen in the XICs. Nicely defined peaks were seen for the forms
of derivatized CBMT. When comparing the two derivatization agents, the IPAP derivative had a higher

intensity and increased retention time.
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Figure 4.2 CBMT, a model thiol where four species (free thiol, disulfide, IAM, and IPAP derivatives)
were monitored. The HPLC separation parameters used are also indicated.
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Table 4.1 XIC list of the monitored states of free thiol compounds tested showing their [M+H]* m/z

values and related formulas

Compound State Formula Mw [M+H]* m/z
Free thiol CsHsNOsS 163.03032 164.03759
Nfacetw cvgte\'ne Disulfide C10H15N 20652 324.04498 325.05226
(NAC) IAM derivative C7H12N2045 22005178  221.05906
IPAP derivative C13H16N20sS 312.07799 313.08527
Free thiol CsH7NS 125.02992 126.0372
i . Disulfide Ciz2H12N252 248.04419 249.05147
4-Aminothiophenol
IAM derivative CgH1oN20S 182.05138 183.05866
IPAP derivative C14H14N2025 274.0776 275.08488
Free thiol C7H7CIS 157.9957 159.00298
A-chlorobenzene methanethiol Disulfide Ca4H15Cl55, 313.97575  314.98303
(CBMT) IAM derivative C4Hy,CISNO 21501716  216.02444
IPAP derivative  C;sH,CISNO,  307.04338  308.05065
Free thiol CsH11NO2S 149.05105 150.05833
Disulfide CioHyoN,0,5,  296.08645  296.0859
L-Cysteine ethyl ester
IAM derivative C;H4N,0,55 206.07251 207.07979
IPAP derivative C13H1gN,0,5 298.09873  299.10601
Free thiol C3H7NO2S 121.01975 122.02703
Cysteine Disulfide CeHyaN,0,5, 240.02385  241.03113
(Cys) IAM derivative CsHqgN, 055 17804121  179.04849
IPAP derivative C1 H1aN;0,5 270.06743  271.07471
Free thiol CsH105 138.05032 139.0576
) ) Disulfide CsH1sS, 274.08499  275.09227
2,6-dimethylbenzenethiol o
IAM derivative CypH43SNO 195.07179 196.07906
IPAP derivative CieHy7SNO, 287.098 288.10528
Free thiol CioH17N3065 307.08381 308.09108
i Disulfide CyoH3aNg015S, 612.15196 613.15924
IAM derivative C1,H,0N,055 364.10527 365.11255
IPAP derivative C.oH,4N, 0,5 45613149  457.13876
Free thiol CaH10S 90.05032 91.0576
) Disulfide CaHigSs 178.08499  179.09227
Methyl propanethiol o
IAM derivative CeH,3NOS 147.07179 148.07906
IPAP derivative C,,H,;SNO 239.098 240.10528
Free thiol CzHsS 76.03467 77.04195
) Disulfide CoHySs 150.05369  151.06097
Propanethiol o
IAM derivative CH,,SNO 133.05614 134.06341
IPAP derivative C,.H,sSNO 22508235  226.08963
Free thiol CaHaa5 91.9932 93.00048
Disulfide C,H.0,S 181.97075 182.97803
Thioglycaolic acid o e
IAM derivative C,H,0;NS 149.01467 150.02194
IPAP derivative CagH1,0NS 241.04088  242.04816
Free thiol CsHeS 110.01902 111.0263
) Disulfide CoH10S, 218.02239  219.02967
Thiophenol o
IAM derivative CgHgSNO 167.04049 168.04776
IPAP derivative C14H13SNO, 259.0667  260.07398
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The compiled results from the free thiols are shown in Figure 4.3, where all thiols tested were detected in
their IPAP derivatized states. While a few of the thiols were still detectable in their free thiol forms, these
peaks are at much lower intensities compared to their derivatized counterparts, as well as being much less
retained on the HPLC column (lower RT). When comparing the IPAP derivatives to IAM derivatives, only
three thiols were well detected as IAM derivatives. Five more IAM derivatives were detected but at much
lower intensities and with very early retention times compared to their IPAP derivatives. In general, IPAP

always resulted in better detectability and higher retention of the resulting species, due to its increased

hydrophobicity.
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Figure 4.3 XIC of the free thiols tested using IAM and IPAP as derivatization agents

To study the disulfides, a similar test to the free thiol mix was performed. As the test with the free thiols
mix demonstrated that IPAP is able to produce well detected derivatives, only IPAP was used for this test.
For this study, 495 pL of a mix of 8 disulfides at 20 pg/mL each in H,O was combined with 5 uL of
100 mM DTT and incubated for 15 min at 37°C. After incubation, 150 pL of the mix was placed into a
separate tube. To this tube, 90 uL of 100 mM ABC buffer pH 8.0 and 60 mL of 10 mM IPAP was added to
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the mix and incubated for 30 min at 37°C in the dark. Similar to the free thiols, two states of each
compound were monitored (the disulfide and its IPAP derivative) by LC-HRMS (Table 4.2). For these
samples, 3 pL of the 20 pg/mL disulfide mix and 6 pL of the 15 pg/mL disulfide mix containing IPAP was

injected on the Mercury C18 column.

Table 4.2 XIC list of the monitored states of disulfide compounds tested showing their [M+H]* m/z
values and related formulas

M+H]*
Compound State Formula MW [ ]
m/z

Disulfide C,H.0,S, 125.98092 126.9882

S-Methyl methanethiosulfonate

IPAP derivative CyH 0,5 197.05105 198.05833
B . . Disulfide C4H60452 181.97075 182.97803
Dithiodiglycolic acid
IPAP derivative C,oH1zN, 0.5 226.0776  227.08488
Disulfide CgH,,0,5, 206.04352 207.0508
Thioctic acid 'P/?Po::r;;izg've CieH2NO4S;  357.10685 358.11413
'P/?Tlpv\if:::z')ve CoH3gO6N,S,  506.15453  507.16181
Cvstami Disulfide C,H,N.S, 152.04419 153.05147
stamine
y IPAP derivative C,oHi4N, 0.5 226.0776  227.08488
Custi Disulfide C,H )N, 0,8, 240.02385 241.03113
stine
y IPAP derivative C,H,N,O,S  270.06743 271.07471
Disulfide CoH,0N,S 296.05094 297.05821
Tetraethylthiuram disulfide L 10T20T2m
IPAP derivative C;HgN,0,S,  298.08097 299.08825
Disulfide C,,HgN,O.S 395.97221 396.97949
5,5-dithiobis(2-nitrobenzoic acid) e w82
IPAP derivative CH,N,OS  348.04161 349.04888
Disulfide C,oH;,N O, S 612.15196 613.15924
Glutathione oxidized (GSSG) o 20 32 671272
IPAP derivative CeHuN,O,S  456.13149 457.13876

From the disulfide mix (Figure 4.4), improved detection of the disulfides of interest as derivatives wasalso
seen, similar to the free thiols. With these results, it was confirmed that all disulfides were better detected
as IPAP derivatives than in their disulfide forms. These results further demonstrated the need to derivatize
free thiols and disulfides for their increased detection, especially in the context of complex biological

samples when matrix effects will impede their detection even further without derivatization.
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Figure 4.4 High resolution extraction ion chromatograms of disulfides tested and their IPAP derivatives
formed

Similar to IAM, IPAP is sensitive to light and was prepared fresh before use for these initial tests. However,
as IPAP is dissolved in ACN, while IAM is usually dissolved in H,0, the stability of the storage of IPAP in
solution was tested. To study this stability, a fresh 10 mM IPAP in ACN solution was prepared and a
previously prepared and stored 10 mM IPAP in ACN solution was used for the derivatization of a mix of
free thiols and disulfides. In a tube containing 100 pL of a mix of free thiols and disulfides at 10 pg/mL each
in H,0, 150 pL of 100 mM ABC buffer pH 8.0 and 20 plL of the fresh 10 mM IPAP solution or stored 10 mM
IPAP solution was added and incubated for 30 min at 37°C in the dark. If IPAP is indeed stable as a stored
solution, there would be little to no difference between the responses seen from the samples using fresh
IPAP solution and the stored IPAP solution, as seen in the example of dimethylbenzenthiol in Figure 4.5.
By calculating the difference in peaks areas of IPAP derivatives from the fresh and stored IPAP (Table 4.1),
it was determined that IPAP solution was stable for at least 3 months. With the increased stability of this
solution, there is a reduction in waste of the reagent as a fresh solution does not need to be weighed out

and prepared fresh for each experiment.
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Figure 4.5 Overlaid extracted ion chromatograms of dimethylbenzenethiol IPAP derivatives formed
when using fresh and stored IPAP reagent shown as an example

Table 4.3 Results for the comparison of using fresh IPAP and stored IPAP for selected thiols

Name [M+H'] m/z Error Area % Area Difference
(Da) (ppm) (Fresh IPAP/Stored IPAP)
NAC 313.08527 Fresh IPAP 0.9 47192 1%
C15H;SN, 0 ' Stored IPAP| 0.7 | 47484 0
Aminothiophenol Fresh IPAP 0.6 188353
nOthIop 275.08488 |-+ oo 2%
C,,H1,5N,0, Stored IPAP 1 192710
GSH 457 13876 Fresh IPAP 2.5 416512 1%
C15H4SN,Og ' Stored IPAP| 3 [414328 0
Thioglycolic acid 20204816 Fresh IPAP 0.5 29001 1%
CyoH1,0,SN ' Stored IPAP [ 0.6 | 28747 °
Thiophenol 260.07398 Fresh IPAP 0.9 187318 1%
C,,H.5SNO, ' Stored IPAP 0.9 190069 °
Dimethylbenzenethiol Fresh IPAP 0.6 202978
288.10528 -3%
C,H,,SNO, Stored IPAP| 2.1 |197826

Once IPAP was chosen as the derivatization agent, both light and heavy labeled IPAP (IPAP and D4-IPAP,
respectively) with a mix of free thiols and disulfides was tested. Based on the proposed hypothesis
workflow (Figure 4.1), the free thiols would be derivatized with the light reagent, followed by the
reduction of disulfide bonds with DTT, and subsequent labeling of the thiols produced from disulfide

cleavage with the heavy Ds-IPAP reagent. In this reaction, 100 plL of a mix of free thiols and disulfides at
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10 pg/mL each was used. To this mix, 150 pL of 100 mM ABC buffer pH 8.0 and 20 uL of 10 mM IPAP
solution was added and incubated for 30 min at 37°C in the dark. After this incubation, 90 pL of 10 mM
DTT was added and subsequently incubated for 15 min at 37°C. Following the second incubation, 50 pL
of 100 mM Ds-IPAP solution was then added and incubated for 30 min at 37°C in the dark. An additional
50 pL of 10 mM DTT was added at the end to quench the alkylation reaction. In particular, DTT was
added in excess to the amount of IPAP added to break disulfide bonds and to quench the first reaction,

since DTT would theoretically capture residual IPAP (Figure 4.6).

Y Incubate Incubate Incubate Incubate &
100 pL of Free Thiol 20 pL of 27°C 90l of 37 37 50 pL of 37°c
Disulfide Mi
' [;0 :::,r:,‘:ea‘::l 100mM IPAP 30 min 10 mM DTT 15 min 30 min 10mM DTT 15 min
Dimethylbenzenethiol Thioctic acid
Thiophenol Dithiodiglycolic acid
NAC GSSG
Methyl
Aminothiophenol .
P methanethiosulfonate
Cysteine ethyl ester

Figure 4.6 Workflow to test the ability of light and heavy labeled IPAP (IPAP and D4-IPAP) to form
derivative pairs that can be used to differentiate between free thiols and disulfides

Based on the hypothesis of this reaction, the free thiols in the mix would only form IPAP derivatives and
no D4-IPAP derivatives would form as all free thiols present would be alkylated with IPAP. On the other
hand, the disulfide compounds in the mix would not produce any IPAP derivatives as there would be no
derivatization sites for the alkylation reaction of IPAP to take place as there are no -SH groups present.
Therefore, only D4-IPAP derivatives of the disulfide would form once DTT is added which would reduce the
disulfides to their free thiol form. However, this test produced some unexpected results (Figures 4.7 and
4.8). The free thiols dimethylbenzenethiol, aminothiophenol and thiophenol, all aromatic thiols, follow the
proposed hypothesis, where only the IPAP derivatives of these compounds were detected. For NAC
(N-acetyl cysteine) and cysteine ethyl ester, peaks for both IPAP and D4-IPAP derivatives were seen in a
close 1:1 ratio, suggesting the presence of NAC and cysteine ethyl ester as both a free thiol and a disulfide
with itself or other free thiols. These results seem to demonstrate that stored stocks of these free thiols

were able to form disulfides more readily than the aromatic thiols tested.
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Figure 4.7 Overlaid XIC of the IPAP and D4-IPAP derivatives of free thiols, with the ppm of each
derivative detected

For the disulfides tested, it was theorized that only the Ds-IPAP derivatives would be detected, however in
each case their IPAP derivative was also detected. Methyl methanethiosulfonate is not a traditional
disulfide compound, however the S-S bond does get cleaved by DTT. The resulting free thiol, methanethiol,
formed mainly the Ds-IPAP derivative but a significant proportion of the IPAP derivative was still present
(Figure 4.8). Thioctic acid is a molecule that has an intramolecular disulfide bond and therefore has two -SH
groups as possible alkylation sites. As such, the reduced thioctic acid can be singly or doubly derivatized,
which resulted in the detection of the doubly derivatized version by both IPAP and Ds-IPAP. For
dithiodiglycolic acid and GSSG, although it was expected that only the D4-IPAP derivative would be
detected given the experimental set-up, there was essentially an equal amount of the IPAP and D4-IPAP
derivatives formed. Therefore, it was concluded that, although DTT was added in excess to IPAP, it does
not completely quench it’s ability to continue to alkylate once disulfides are reduced. Therefore, once the

free thiols are formed, both IPAP and D4-IPAP are present to create their corresponding derivatives.
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Figure 4.8 Overlaid XIC of IPAP and D4-IPAP derivatives of disulfides with ppm of each derivative

detected

4.2 Testing with biological samples

Using fresh biological mouse tissue samples available (liver, brain, serum, and feces), the derivatization
reactions for endogenous thiols in complex metabolite extracts using IPAP and D4-IPAP was investigated.
The samples were prepared as described in Chapter 2, Section 2.2.2.3. These samples were then subjected
to the derivatization reaction as described below (Table 4.4) and the resulting samples were analysed using
the untargeted metabolomics workflows using the Scherzo column on the QqTOF instrument in positive

mode, with an injection volume of 15 pL. When studying the results of this test, cysteine (Cys), GSH, and
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NAC were specifically focused on. In this experiment, if free thiols are present in the samples, they would

produce a 1:1 ratio of IPAP and D4-IPAP derivatives as both derivatization agents were added at the same

time.

Table 4.4 For the derivatization reaction of mouse tissue samples, the procedures followed are
described below. The liver and brain samples were processed in the same way, while the feces and

serum samples were processed slightly differently.

Sample PPE Derivatization reaction Quenching reaction
+ 100 plL 100 mM ABC buffer pH 8.0
+ 50 puL 10 mM IPAP + 100 pL 10 mM DTT
100 pl. of +50 pL 10 mM Dy-IPAP
feces NA .
homogenate Incubation for 15
J Incubation for 30 min at 37°C in the min at 37°C
dark
100 L of
liver + 200 pL 100 mM ABC buffer pH 8.0
homogenate 200 pL +50 puL 10 mM IPAP +100 pL 10 mM DTT
+ 200 pL supernatent + 50 pL 10 mM Ds-IPAP
MeOH used for Incubation for 15
100 pL of extraction Incubation for 30 min at 37°C in the min at 37°C
brain dark
homogenate
+ 100 plL 100 mM ABC buffer pH 8.0
200 pL + 50 puL 10 mM IPAP +100 pL 10 mM DTT
15 plL of + 60 pL supernatent + 50 pL 10 mM Ds-IPAP
serum MeOH used for Incubation for 15
extraction Incubation for 30 min at 37°C in the min at 37°C
dark

From the results of this study, differing levels of GSH, Cys, and NAC were detected. When looking at the

exact mass for the GSH IPAP derivative (Figure 4.9), a large peak eluting at 10.5 min was seen in all samples.

A second smaller peak at around 8 min was also observed in the brain, liver, and serum samples with

varying intensities, with the highest intensity seen in the liver sample and the lowest intensity seen in the

serum sample. However, this peak was not observed in the feces samples. When looking more closely at

the mass spectra for each of these peaks (Figure 4.10), the peak at 10.5 min exhibited a triplet isotopic

pattern, whereas the peak at 7.8 min contained the expected double isotopic pattern. The doublet had

peaks at m/z 457.1345 and m/z 461.1596. The triplet had peaks at m/z 453.1113, m/z 457.1364 and m/z
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461.1614, where the middle peak was higher than the others. When a heavy labeled compound is used
with its corresponding light labeled version, it produces a doublet with a mass difference that corresponds
to the difference between the heavy labeled compound and the light labeled compound, which was
4.02511 Da (where four H atoms are replaced with deuterium atoms (*H) from the Ds-IPAP compound) in
this case. Therefore, the differences between the peaks of the doublet (at 7.8 min) and the triplet (at 10.5
min) were calculated, and were confirmed to have a mass shift of 4.02511 Da between the peaks in their

respective spectra.
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Figure 4.9 XIC for exact masses of GSH IPAP and D,-IPAP derivatives in fresh mouse brain, liver, serum,
and feces samples

Between each monoisotopic peak in both the doublet and the triplet, there was a difference of 4.02511 Da.
This difference is the exact difference between the IPAP and the D4-IPAP, showing the presence of a light
and heavy labeled derivative pair. However, the triplet shows that the compound is double deuterated
while the doublet shows the compound is deuterated once. While DTT is used to reduce disulfide bonds,
it is also a thiol that can be derivatized. In particular, DTT is a thiol with two alkylation sites, and can

therefore be derivatized with IPAP at two sites or with D4-IPAP at two sites. As IPAP and D4-IPAP is present
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in the same mix, it is possible that both IPAP and D4-IPAP derivatizes the DTT at the same time, producing
a compound alkylated by IPAP at one site and by Ds-IPAP on the other site. This scenario was seen with
the triplet at 10.5 min. The peak at m/z 453.1113 represents DTT that has been derivatized by IPAP at two
sites. The peak at m/z 457.1364 represents DTT that has been derivatized by IPAP at one site and D4-IPAP
at another site. The peak at m/z 461.1614 represents DTT that has been derivatized by D4-IPAP at two sites.
For the peak at 7.8 min, the peak at m/z 461.1596 represents the GSH IPAP derivative and m/z 457.1345
represents the GSH D4-IPAP derivative, with a mass difference of 4.02511 Da. These results confirmed that
the GSH peak seen in the sample at 7.8 min was that of the GSH IPAP derivative. The triplet peak would
have to then come from a doubly derivatized compound based on the unique isotopic pattern. When
considering all the samples, it was proposed that this peak would be the result of derivatized DTT (as
shown in Figure 4.10 below), with exact mass measurements confirming this hypothesis. It is therefore
very important to closely examine high-resolution MS traces and consider any side reactions that can occur
in a complex sample.
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Figure 4.10 TOF-MS of the two peaks seen in the mouse liver samples in the extracted ion

chromatogram of GSH IPAP and GSH D,;-IPAP derivatives

77




For the detection of Cys, a wide peak corresponding to the Cys IPAP derivative eluted at around 6 min,
with the liver sample having the highest intensity compared to the other three biological samples (Figure
4.11). When looking at the MS spectrum, a doublet was seen with a mass difference of 4.0248 Da. The
peak at m/z 271.0730 represents the Cys IPAP derivative and the peak at m/z 275.0980 represents the Cys
D4-IPAP derivative. While the peak at 6.4 min was not as well defined as the GSH IPAP peak at 7.8 min, it
can be determined that the peak is in fact that of the Cys IPAP derivative by using the MS spectrum (Figure
4.12), even if the chromatographic method used with the Scherzo column is not ideal for this specific

compound. The NAC IPAP derivative was not detected in these samples using this untargeted method.
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Figure 4.11 Extracted ion chromatograms for exact masses of Cys IPAP and D,-IPAP derivatives in fresh
mouse brain, liver, serum, and feces samples
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Figure 4.12 TOF-MS spectra of Cys IPAP and Cys D,-IPAP derivatives

As a complementary method to the untargeted approach using the Scherzo column, and to improve the
peak shapes seen, a targeted method on the triple quadrupole (QgQ) platform in MRM mode was
developed for the specific detection of the IPAP and D4-IPAP derivatives of GSH, Cys, and NAC in these
samples. This method was developed using a ZORBAX column (as described in Chapter 2, Section 2.3),
resulting in a 9 min method including re-equilibration time. GSH, Cys, and NAC standard stocks were
derivatized with IPAP to form their corresponding derivatives using the LC-MRM targeted method. The
transitions for each IPAP derivative were chosen based on fragmentation seen on the MS/MS spectra
obtained using the QqTOF high-resolution analysis. From the fragmentation of the GSH IPAP derivative,
the product ion at m/z 382 corresponds to the loss of the glycine neutral (loss of 75 Da, with ion formula
Ci16H20N306S*), the product ion at m/z 328 corresponds to loss of gamma-Glu portion of the molecule (loss
of 129 Da, with ion formula C13H1sN30sS*). Other fragment ions chosen in the targeted method (m/z 208,
182, 144) are analogous to those previously described for the fragmentation spectrum of the adduct
between acetaminophen and cysteine (a positional isomer of Cys IPAP) (Sleno et al., 2007). Using this
relatively high throughput method, excellent separation between the three compounds was seen. The
GSH IPAP derivative eluted at 3.1 min, the Cys IPAP derivative at 2.2 min, and the NAC IPAP derivative at

4.0 min (Figure 4.13). Based on these results, the chosen transitions for the IPAP and D4-IPAP derivatives

79



were optimized for collision energies (CE) yielding the best sensitivity of detection. Table 2.5 (Chapter 2)

outlines the final list of MRM transitions (based on nominal masses), dwell times, and CE used.
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Figure 4.13 LC-MRM traces for the detection of GSH IPAP, Cys IPAP, and NAC IPAP of derivatized stock
solutions, 15 pg of each injected on ZORBAX column

Once the LC-MRM method was optimized, the biological samples previously analysed on the QqTOF were
re-injected (at 5 pL, which is half the injection volume previously used for untargeted method) on the QqQ
using the optimized targeted method. An important step for the optimization of a MRM method is the use
of standards whenever possible, since transition ratios (signal intensity ratios between different transitions
for the same analyte) can be determined along with the correct RT of each compound of interest, which
can be used to confirm the presence of compound without interferences in complex samples. This is
important as interference peaks can elute at the same RT as the compound of interest. Therefore, to study
the results of these biological samples, all the transitions of GSH IPAP, Cys IPAP, and NAC IPAP derivatives
were analyzed in detail. From the results shown in Figure 4.14, the MRM method confirmed the results
from the QqTOF, where GSH IPAP and Cys IPAP derivatives were well detected, while the NAC IPAP
derivative could not be confirmed with confidence due to very low signal. While a small peak was seen at
the relevant RT, based on the transition ratio of the NAC IPAP standard, it was determined that this peak
is most probably the result of interference. This confirmed that for this sample set, NAC IPAP was not
detected, similar to the results seen when injected on the QqTOF. The peak at 4.9 min (Figure 4.15), which

showed a large signal in a number of transitions for the GSH IPAP derivative, did not correspond to any of
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the three compounds of interest. This peak was present in all biological samples and they all had the same

intensity, pointing towards it coming from an interference in the derivatization reaction, and not from the

actual biological sample. In these samples, IPAP and Ds-IPAP was used in a 1:1 ratio and therefore a 1:1

ratio for the signal intensity of the IPAP and Ds-IPAP derivatives was expected when looking at the MS

spectrum of this peak at 4.9 min. As the peak of interest for the GSH IPAP derivative was confirmed with

the standard at 3.1 min, it was clear that this other rather large peak was the same derivatized DTT peak

that had been characterized previously using the high-resolution untargeted LC-QqTOF method (Figure

4.10).
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Figure 4.14 Overlaid XIC of MRM transitions of Cys IPAP, GSH IPAP, and NAC IPAP in derivatized
standard mix (at 3 pg/mL), as well as mouse liver, feces, brain and serum samples. The GSH IPAP
derivative transition m/z 457 - 328 was omitted in these traces due to signal saturation in liver

sample
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Figure 4.15 Overlaid extracted ion chromatograms of GSH IPAP and GSH D;-IPAP transitions shown
from a mouse brain sample

4.3  Quantitative analysis of GSH-GSSG mixtures

Previous testing performed resulted in some unexpected results in terms of the ratios seen between the
IPAP and D4-IPAP derivatives, as seen in Figure 4.15. Therefore, to further study these results, GSH-GSSG
mixtures of varying ratios were tested. By using known concentrations of the free thiol and disulfide, the
hypothesized workflow (Figure 4.1) was tested for its ability to accurately quantify the thiol-disulfide ratio
in real samples. For this test, GSH-GSSG mixtures with various ratios of GSH and GSSG (50:0, 40:10, 25:25,
10:40, 0:50 (GSH:GSSG)) were prepared and tested using fresh solutions of GSH and GSSG prepared in H,O
at a starting concentration of 10 pug/mL. In individual tubes, different volumes of the 10 pug/mL GSH and
GSSG solutions were combined (50 pL GSH: 0 pL GSSG, 40 pL GSH: 10 pL GSSG, 25 pL GSH: 25 pL GSSG,
10 plL GSH: 40 pL GSSG, and 0 pL GSH: 50 pL GSSG). In each tube, 90 uL of 100 mM ABC buffer pH 8.0 and
20 pL of 10 mM IPAP solution was added to alkylate the free thiols in the mix. The addition of IPAP was
performed in the dark and incubated for 30 min at 37°C. To quench the reaction and cleave disulfide bonds,
20 pL of 10 mM of DTT was then added and incubated for 15 min at 37°C. A volume of 40 pL of
10 mM Ds4-IPAP was then added to the mix and incubated for another 30 min at 37°C in the dark. This step

of the derivatization reaction would then alkylate the newly formed GSH from the reduction of GSSG. The
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optimized LC-MRM method was used to monitor the GSH IPAP and D4-IPAP derivatives formed (with 1 pL

injections).

Based on the initial hypothesis, a decreasing amount of GSH would result in the reduced formation of GSH
IPAP derivatives. As the amount of GSSG increases, there would be an increased formation of GSH D4-IPAP
derivatives as there is more GSSG available to be reduced into GSH following the addition of DTT. Therefore,
as the ratio of GSH decreases and the GSSG ratio increases, the ratio between the IPAP and D4-IPAP peaks
would also change. At 50:0, the GSH IPAP peak should be the only peak present. As the GSSG amount
increases, the intensity of the GSH D4-IPAP derivative peak would increase, while the intensity of the GSH
IPAP derivative peak would decrease. As a ratio of 25:25, the peak height of the two derivatives would be
equal. At the ratio of 0:50, the GSH D4-IPAP derivative would be the only peak present as there would be
no GSH present as a free thiol for the alkylation of IPAP to take place. However, when examining the results
(Figure 4.16), they did not reflect this theoretical hypothesis. From the results, even at a ratio of 50:0, a
substantial proportion of the GSH Ds-IPAP derivative was detected. At 25:25, the IPAP and D4-IPAP
derivative peaks were not present in a 1:1 ratio as predicted. Instead, the GSH D4-IPAP derivative peak had
a lower intensity compared to the GSH IPAP derivative. At a ratio of 0:50, both IPAP and D4-IPAP derivatives
were formed. This test suggests that IPAP was still present when the DTT cleaves the disulfide bond.
Therefore, when the disulfide bonds are reduced to form the free thiols, IPAP was still available to form
GSH IPAP derivatives. By performing this test, it also seems to suggest that DTT is not able to quench the
IPAP reaction as previously hypothesized. This was quite surprising since this procedure is used routinely
in proteomics workflows to reduce potential overalkylation of peptides by using IAM (having the same
reactive groups). But since it was demonstrated that IPAP was much more stable in solution compared to
IAM, there are some definite differences between the two molecules, with the ability for DTT to quench

its reaction being one of them.
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Figure 4.16 Overlaid extracted ion chromatograms of GSH IPAP (m/z 457.1 - 328.0) and GSH D;-IPAP
(m/z 461.0 - 332.0) derivatives formed in a GSH-GSSG mixture with varying ratios of GSH and GSSG
to study the derivatization reaction using IPAP and D4-IPAP

4.4  Quenching Test

To precisely quantify the free thiols present in a biological sample by using light and heavy labeled reagents,
it is important to be able to quench the reaction of the light labeled reagent. This is particularly important
as a reducing agent such as DTT is needed to reduce disulfides to allow for the derivatization of their free
thiol products with the heavy labeled reagent. If the light labeled reagent reaction is not properly
quenched, it would still be present along with the heavy labeled reagent. This would then lead to both
reagents reacting with the newly formed free thiols, and therefore, leading to potential light labeled

derivatives being misidentified as free thiols rather than reduced disulfides.

From the results described above in Section 4.3, it suggests that DTT does not quench the alkylating
reaction of IPAP very well. Therefore, acidifying the solution with FA was tested as an alternate quenching
solution in a time course reaction with GSSG and IPAP solution. In this reaction, 10 mM DTT and 2.5% FA
were used as the two quenching solutions. To perform this experiment, 10 mM of IPAP was added to a
solution of 10 pg/mL of GSSG dissolved in 100 mM ABC buffer pH 8.0 in the dark. This mix was then

incubated at 37°C for 0 min, 5 min, 10 min, 15 min, and 30 min. At the end of each timepoint, either the
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DTT or FA solution was added, with the exception of the 0 min timepoint, where the quenching solution
was added before the addition of IPAP (Figure 4.17), to be used as a control. As FA would not reduce GSSG,
no GSH IPAP derivatives would form at 0 min. At the other timepoints, if the reaction is quenched by the
guenching solutions added in excess compared to free thiol or the acidified environment, no IPAP
derivatives would be able to form as the alkylation reaction would be halted even if free thiols are present.

No
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Figure 4.17 Overlaid extracted ion chromatograms of GSH IPAP transition m/z 457 - 328 from a time
course experiment comparing the ability of DTT and FA to quench the IPAP derivatization reaction. A
simplified workflow illustrates the sample preparation steps.

With a final concentration of 6.6 pg/mL of GSSG, 2 plL of each sample was injected onto the ZORBAX
column using the LC-MRM method. To study the difference between the two quenching solutions, the
m/z457.1 - 328.1 GSH IPAP derivative transition was studied (Figure 4.17). When looking at the DTT
quench, a large GSH IPAP derivative peak with an intensity of 3.2e6 was seen at the 0 min timepoint. As
DTT was added before the addition of IPAP, GSSG was reduced to form GSH which would then react with
the IPAP to form GSH IPAP derivatives. When adding DTT at each timepoint, the intensity of the GSH IPAP
derivative peak did not change. When studying the FA quench, the GSH IPAP derivative peak with the
highest intensity was seen after the 30 min timepoint with an intensity of 2.2e4, which is almost 100 times

smaller than the lowest intensity GSH IPAP derivative peak formed when using the DTT quench (1.5e6
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intensity formed at 10 min). The difference in the intensity of the GSH IPAP derivative peaks confirmed
the hypothesis that DTT is not able to quench the IPAP reaction. As the alkylation reaction is not stopped,
the remaining IPAP will react with the newly formed free thiols to form IPAP derivatives. The acidification
strategy is therefore quite promising for quenching the reaction prior to reducing the disulfides and
completing the heavy labeling reaction (with pH adjustment for the second alkylation reaction, of course).
This formation also helped demonstrate that an incubation time as low as 5 min is sufficient for the IPAP
alkylation reaction to take place. This is advantageous as it could significantly reduce the time needed for

sample preparation using this derivatization strategy in real biological samples.

4.5 Depletion Test using thiol-containing solid phase resins

Another method to quench the IPAP reaction was explored involving the use of a solid phase resin with
thiol groups which could react with the IPAP solution. Based on this reaction, the resin can be used to
remove any excess light labeled IPAP that is present before the addition of DTT for the reduction of
disulfides in the sample. This would then theoretically allow the newly formed thiols to react with only the
D4-IPAP and not IPAP, which would, in turn, allow for the improved identification of thiols and reduced
disulfides. For this method, two thiol resins that were available in the lab were tested: a polystyrene-based
thiophenol resin (PS-thiophenol) and a silica based alkyl thiol resin (Si-Thiol). Acting as scavenger resins for

alkylating compounds, residual IPAP present in the reaction would react with the free thiols in the resin.

Each resin was tested by adding IPAP and DTT to a 10 pg/mL GSSG solution in 100 mM ABC buffer pH 8.0.
To prepare the resins for use, they were washed with 500 pL of 100 mM ABC buffer pH 8.0 twice, spinning
down the mix and removing the supernatant. Once washed, 1 mg of resin (as a slurry in 20 pL of ABC buffer)
was transferred into a new tube containing 200 uL of ABC buffer along with 10 pL of 10 mM IPAP solution
with its subsequent incubation period of 15 min at 37°C in the dark. The resin was then removed by
transferring 200 uL of the supernatant, taking care to not transfer any resin, followed by the addition of
50 pL of 10 pg/mL GSSG solution and 15 pL of 10 mM DTT and incubated for 15 min at 37°C in the dark.
To prepare control samples for this reaction, 2 samples were prepared using no resin. In one sample, 50 pL
of the 10 pg/mL GSSG solution in ABC and 15 pL of 10 mM DTT was combined together in a tube and
incubated for 15 min at 37°C and was used as a positive control for the presence of GSH IPAP derivatives.
In the other sample, 50 pL of the 10 pg/mL GSSG solution in ABC was added into a tube and was used as a
negative control for the presence of GSH IPAP derivatives. Samples were then analysed using the LC-MRM

method with 2 pL injections. As a control, the sample with GSSG and DTT with no resin would form GSH
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IPAP derivatives while the sample with GSSG and no resin would not form GSH IPAP derivatives as the
GSSG would remain as a disulfide. To test if the resins need to be reduced prior to use, the resins were
also reduced using DTT before being washed with 100 mM ABC buffer, similar to the previously described
test. As the results of DTT treated resins and the non-DTT treated resins were the same, it seems to suggest

that the resins do not need to be reduced prior to use.
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Figure 4.18 Extracted ion chromatograms of GSH IPAP derivative (transition m/z 457.1 - 328.1)
formed when using two different resins for IPAP depletion

From the results of the GSH IPAP derivative peak (using m/z 457.1 - 328.1 transition) (Figure 4.18), a high
intensity peak at 2.0e6 was seen in the positive control, with no GSH IPAP derivative peak was detected in
the negative control as expected. By using the results of the positive control, the ability of the resins to
deplete IPAP can be studied where if the resins are able to deplete the IPAP, the intensity of the GSH IPAP
derivative peak formed when using the resins would be significantly lower than that of the control peak.
A large GSH IPAP derivative peak similar to the positive control was seen when using the PS-Thiophenol
resin. A GSH IPAP derivative peak was also seen when using the Si-Thiol resin, however the intensity of
this peak was at 1.0e5, which was more than 20 times lower than the peak height seen when using the
PS-Thiophenol resin. This shows that PS-Thiophenol resin was not able to deplete IPAP, while Si-Thiol resin
was able to deplete it. Therefore, for the depletion of the alkylation reagent IPAP, Si-Thiol resin is a
promising candidate. This would then allow the alkylation of free thiols from reduced disulfides by the
heavy labeled D4-IPAP to take place more accurately in real samples, although this still needs to be verified

with further testing.
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4.6 Detection of oxidative species from oxidative stress

When exposed to oxidative environments, thiols can form oxidized species such as R-SOH, R-S(O)OH and
R-S(0,)OH (Figure 4.19). Among these species, sulfenic acid is known as a reaction intermediate due to its
instability and high reactivity, making it difficult to detect and study, while the other species are more
stable. However, the presence of these species help better understand the redox signaling of a system
(Bindoli et al., 2008). A simple oxidation stress test was performed to study the formation of oxidative
species from GSH and GSSG using the derivatization procedure with IPAP. This test was performed with
GSSG and GSH with increasing amounts of hydrogen peroxide (H,0,), at varying concentrations,

representing approximately 15X, 30X, 75X, and 300X the concentration of thiol tested.

R-SH — [R-SOH] — R-S(0)OH — R-S(0),0H

Thiol Sulfenic acid Sulfinic acid Sulfonic acid

Figure 4.19 Oxidized species formed from the oxidation of thiols

For this experiment, separate GSH and GSSG solutions of 1 mg/mL each were freshly prepared. In separate
tubes, increasing levels of 0.5 mM H,0, was added to 100 pL of each solution (GSH or GSSG) for a final
concentration of 0.2 mg/mL of GSH and/or GSSG in each tube, followed by the addition of DTT and IPAP.
These samples were then analyzed using the LC-MRM method, targeting GSH IPAP derivatives. From these
results (Figure 4.20), it was observed that GSH IPAP derivatives still formed in both the GSSG and GSH
solutions until 30X H;0,. At 75X, a drop in the intensity of the GSH IPAP derivative peak formed was
observed, with a complete disappearance of the GSH IPAP derivative at 300X. The GSSG solution was not
affected at 75X as expected since GSSG is protected against oxidative stress in their disulfide forms.
However, GSSG yielded similar results at 300X as GSH where no GSH IPAP derivative peak was detected.
The samples were then analyzed on the QqTOF to determine if oxidized species formed by 75X and 300X
with GSH could be detected, using the same 9 min chromatographic method with the ZORBAX column as
the method used for the LC-MRM data.
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Figure 4.20 XICs of GSH IPAP derivatives formed under increasing levels of oxidation when analyzed
using the MRM method

From the results from the QqTOF, the TIC showed the presence of some species in the oxidative sate of
300X that is not seen at a lower oxidative state, with a peak seen at 4.9 min that was seen in both the GSH
and GSSG solutions. From the TOF-MS spectra, it was determined that this peak is actually intact IPAP
(Figure 4.21). This seems to suggest that high levels of H,0O; actually prevents the derivatization reaction

as IPAP is still present in the mix only under these conditions.

To determine if oxidative species can be derivatized for identification, the sulfenic and sulfoxide versions
of the GSH IPAP derivative formations were monitored. From the results, the only oxidative species that
was observed was a singly oxidized (+10, GSH+0) species when GSH was tested at 75X H,0,. As the other
oxygen derivatives were not detected, it could suggest that they cannot be derivatized in this manner. As
this is rather preliminary data, more experiments should be planned to continue to study the usefulness

of using the derivatization method developed to study oxidized versions of thiols in biological samples.
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Figure 4.21 A) TIC of GSSG and GSH IPAP derivatives formed when performing an oxidative stress test.
B) To confirm the peak at 4.9 min, the extracted ion chromatogram of the GSH IPAP derivative was
verified, along with its TOF-MS spectra. C) The singly oxidised GSH + O IPAP derivative was seen in the
75X sample, with the TOF-MS spectra for confirmation.
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CONCLUSION

The detection of phosphorylated and thiol-containing metabolites continues to be a challenge largely due
to their range of polarities, low abundance, and matrix effects affecting their detection in complex
biological samples. A particular challenge seen when studying thiol and disulfide metabolites is their
unstable exchange reactions and instability to oxidation. These two metabolic subclasses play cruicial
biological roles in several metabolic pathways, many of which involve the body’s antioxidant defence
mechanisms. Thus, pertubations in their concentrations can be useful indications of imbalances occurring
in cancers, energy disorders, and oxidative stress, for example. As such, it is important to be able to detect
and quantify these compounds to better understand certain biological events. With this in mind, tailored
workflows have been developed in this research project to improve the detection of these compounds by

LC-MS/MS.

While there is a breadth of literature available for the detection and quantitation of phosphoproteins, the
same cannot be said for phosphometabilites. As such, to optimize the detection of phosphometabolites,
the development of an enrichment method that would allow these low abundant compounds to be better
detected was the focus. In particular, MAX and TiO, enrichment methods were studied using LC-HRMS/MS
analysis on a QqTOF platform in untargeted analyses. From the results of both mouse liver and C. elegans
extracts, the TiO, enrichment method often yielded less metabolites, but with a higher proportion of
phosphometabolites. While not as specific for the phosphorylated compounds of interest, the MAX SPE
method remains an interesting alternative for these compounds with its broader selectivity for acidic
analytes. In the context of studying disease models, using the two enrichment methods allowed for more
complementary data to be gained compared to a more general sample preparation method. This allows
for a broader understanding of a disease, as was the case when applied to a MPS mouse model to
investigate changes in metabolite levels in the liver. Additionally, these methods were compared in the

analysis of C. elegans samples.

A key result of this project was the ability to demonstrate the exploitation of the interaction between TiO;
and the phosphate groups to improve the detection of phosphometabolites. Although the methods tested
in this project showed promise, there is still much work to be done to further optimize this approach. The
take away message is that both MAX and TiO; are interesting but do not necessarily yield increased

phosphometabolites that are significantly changing in the MPS model compared to the more generic EtOH
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extraction. Therefore, more work needs to be performed to optimize protocols to have the best selectivity

for phosphometabolites, such as exploring different enrichment methods that use TiO..

Future work for improved phosphometabolite detection could involve testing a workflow that has a TiO,
capture step (using a spin cartridge column that contains a TiO, sorbent) and analysing both captured and
non-captured metabolites for increased coverage. As the spin column is already filled with TiO; resin, it
would remove the need to prepare an in-house cartridge or performing bulk extractions in tube format.
Additionally, it would be interesting to investigate combining 2 to 3 subsequent SPE steps with
complementary interaction mechanisms (for instance MAX and MCX) to yield even higher coverage in

untargeted metabolomics workflows.

Another potentially interesting avenue involves using a TiO; HPLC column to reduce the need to perform
pre-extraction enrichment methods. By employing a system that would involve two columns, such as a
TiO, trapping column and another analytical LC column, they can be used in conjunction with one another.
Complementary data could potentially be obtained by first analysing compounds not trapped on the pre-
column, followed by their elution and subsequent analysis of phosphometabolites in a subsequent
injection (with a tailored LC gradient possible for increased throughput). This would also reduce the

quantity of biological samples required as only one sample would need to be prepared for two analyses.

To improve the detection of thiol- and disulfide-containing compounds, thiol-specific derivatization
reactions were investigated, where the main objective was to use light and heavy labeled derivatizing
agents to distinguish between true free thiols and disulfides in complex biological matrices. However,
testing the initial planned hypothesis revealed contradictory information, where the IPAP seemed to
derivatize both true free thiols and free thiols formed from the disulfide reduction. This led to the
exploration of methods that would halt the light reagent reaction such as using free thiol resins to deplete
IPAP, or changing the pH level of the sample. By using free thiol resin, it was demonstrated that the resin
tested was able to remove any excess unreacted IPAP still present after the alkylation reaction, thus
qguenching the IPAP reaction before the reduction reaction. Additionally, a preliminary oxidative stress test
revealed that certain oxidized species of GSH was derivatized and detected, while confirming that

disulfides are not susceptible oxidation as free thiols under in vitro oxidative conditions.

The main goal in the investigation of thiol metabolites was to gain a better understanding of the chemistry

of these metabolites, some of which have low stability in samples stored prior to analysis, as well as to
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improve their detection. Free thiols benefit greatly by derivatization to stabilize their oxidizable sites as
well as increase their hydrophobicity and thus their detectability. Preliminary work with a free thiol silica
resin showed promise for halting the alkylation reaction of free thiols in a sample, prior to cleavage of

disulfides and their subsequent alkylation with a heavy labeled reagent.

Future work for improved thiol detection involve incorporating the use of a thiol-containing resin in a
biological context and further testing the ability for accurate quantitation of free thiol-disulfide ratios. This
would allow for further exploration of the detection of oxidized species, and other free thiol compounds,
as it was noted that there are differences in their propensity to form disulfides from free thiols in simple
solutions based on their structures, with aromatic thiols being much more stable and even NAC having
increased stability compared to Cys in solution. By developing targeted methods for thiol- and disulfide-
containing metabolites, their pertubations can be studied in the context of diseases linked to oxidative

stress in a facile way with increased sensitivity compared to untargeted workflows.
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