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Abstract
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The human microbiome has a profound impact on host physiology by generating highly
reactive compounds that can contribute to the development of diseases. These microbial
metabolites have a substantial potential that can serve as valuable indicators or biomarkers for
different health conditions. Nevertheless, elucidating the microbiota composition and function
remains challenging due to its remarkable diversity and complex. Furthermore, conducting
a comprehensive analysis of the entire metabolome in a single analytical measurement is
difficult. Researchers often employ derivatization techniques in analytical chemistry, which
involve modifying the chemical structure of molecules to enhance their detectability, ionization
properties and stability during analysis. However, derivatization carries the risk of introducing
artifacts or chemical alterations that may compromise the accuracy of analytical results.
Consequently, more advanced techniques are urgently required to improve the precision of
derivatization-based metabolomics.

In response to this challenge, we have developed chemoselective probes immobilized onto
magnetic beads to capture metabolites within biological samples. This innovative method
improves the mass spectrometric sensitivity by up to a factor of one million, due to the efficient
removal of sample matrix background through magnetic separation and improved ionization
properties of the metabolites via derivatization. Our approach, termed quant-SCHEMA, has
demonstrated the qualitative detection of metabolites containing carbonyl and amine groups
with exceptional sensitivity and reproducibility. Additionally, we have successfully applied this
method with improved probe design to quantitatively analyse carbonyl-containing metabolites,
leading to the discovery of four valuable nutritional biomarkers. Furthermore, we have
developed a precise quantification method for short-chain fatty acids (SCFAs) based on this
chemoselective probe. The successful implementation of our chemoselective probes highlights
the importance of chemical biology tools in advancing metabolomics, which we have termed
chemical metabolomics,

This comprehensive mass spectrometric analysis expands the horizons of metabolomics-
driven biomarker discovery. We envision that our innovative chemical biology tool will
find widespread utility in metabolomics analysis, providing valuable insights into microbial
interactions with the human host and the development of diseases.
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Introduction

Trillions of diverse microorganisms inhabit the surfaces and cavities of the
human body, with a particularly significant presence in the gastrointestinal
tract'>. These microbial communities play an active role in various metabolic
processes and engage in the exchange of metabolites, both among themselves
and with their human host*”. A major advantage of the co-evolved relation-
ship between these communities and their host lies in their collective defences
against pathogenic infections®'°. In contrast, abnormal alterations of the com-
position of the gut microbiota, termed microbiota dysbiosis, have been asso-
ciated with the development of diseases and a range of other pathological con-
ditions''""*. While major progress has been made through metagenomic se-
quencing, which has revealed alterations in the abundance of specific bacterial
species, the molecular mechanisms underlying communication between the
host and the microbiota largely remain a mystery> '*"_ It is worth highlighting
that the genetic pool of the microbiota contains approximately 400 times more
genetic information than the human genome. Within this vast genetic reser-
voir, numerous genes encode metabolic reactions orthogonal to the human
metabolism, giving rise to the metabolic modification of xenobiotics—com-
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Figure 1 Overview of the connections among xenobiotic, gut microbiota, metab-
olites, and diseases. Figure adapted from reference 17.
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pounds that cannot be produced by the human body> ® '* (Figure 1). Im-
portantly, many of these microbial-derived compounds possess unknown bi-
oactivity'>?!. Elucidating the chemical structures of these bioactive metab-
olites and understanding their roles in human physiology holds the potential
to provide insights into the complex interactions between the microbiota and
their host, thereby enhancing our comprehension of relevant disease mech-
anisms. Notably, data from The Human Metabolome Database (HMDB) re-
vealed that more than 80% of predicted metabolites remain not detected and
identified”>,

To date, a principal goal of metabolomics biomedical research is to explore
certain specific biomarkers of multiple diseases, drug toxicity, and efficacy®®
8 Besides, personalized medicine and precision medicine are the other bene-
fits from biomedical research in metabolomics® *°. For instance, these bi-
omarkers could be applied for the selection of optimal therapeutic intervention
and evaluation of response to treatment. Metabolomics-derived biomarkers
can have a heavy impact on clinical and translational study because most of
the metabolites are species-independent and the evaluation methods of these
metabolites are usually non-invasive®*"#2. Metabolomics research is mainly
focused on the analysis of the metabolome — the small molecules (< 1 kDa),
which can be found in a specific biological sample or an organism — and is
therefore the emerging method of choice for the analysis and discovery of
known as well as unknown microbiota-derived metabolites®>. However, the
analysis of these metabolites poses significant challenges due to the complex-
ity of the microbiota, chemical diversity, and the requirement for high detec-
tion sensitivity’>*3¢. Therefore, the development of advanced techniques is ur-
gently needed to overcome analytical limitation in metabolomics research.

The following part of the introduction will focus on the current development
of metabolomics approaches, existing challenges and a detailed discussion on
chemical metabolomics strategies.

Current analytical approaches for metabolomics

Metabolomics aims at the comprehensive investigation of all metabolites pre-
sent within biological samples. These metabolite extracts undergo analysis us-
ing either nuclear magnetic resonance (NMR) spectroscopy’”** or mass spec-
trometry (MS)***!. Each of these techniques has their distinct strengths and
limitations in metabolomics analysis. NMR stands out as a non-destructive
technique, allowing samples to be utilized for further studies without any loss.
Additionally, NMR based metabolomics can provide direct quantitative anal-
ysis. However, NMR's drawback often lies in its relatively low sensitivity,
which limits its capability to detect a broad spectrum of metabolite signals. In
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contrast, MS exhibits heightened sensitivity compared to NMR and it is able
to detect metabolites that NMR is not capable of. Nevertheless, the excep-
tional sensitivity of MS introduces the challenge of background noise, which
unavoidably complicates the subsequent data analysis. This often results in
metabolites with weak ionisability hidden through the background noise.
Moreover, the application of MS frequently requires coupling with high per-
formance separation techniques, such as liquid chromatography (LC) or gas
chromatography (GC), which are the relatively popular technique for effec-
tively separating metabolites within analysed samples*. Mass spectrometric
analysis has emerged as the method of choice for global metabolomics analy-
sis due to its ability to detect and analyse thousands of metabolites with supe-
rior sensitivity compared to NMR analysis. Furthermore, MS based metabo-
lomics analysis allows us to perform MS/MS fragmentation to obtain each
fingerprints of the each desired molecule®. Since molecule has their specific
fragmentation patterns, we can validate the metabolite structure via MS/MS
spectrum comparison with online database.

Challenging in conventional metabolomics

To comprehensively analyse the complete or near-complete metabolome de-
mands methodologies that exhibit high metabolic coverage, sensitive detec-
tion, accurate quantification, and confident metabolite identification. How-
ever, it is analytically challenging due to the extreme complexity of the metab-
olome and various practical considerations*. Firstly, the complex diversity in
the chemical and physical properties in metabolites often yields inadequate
instrument responses simultaneously within a single analysis*'. Consequently,
employing multiple instrumental approaches for a single biological sample
becomes necessary to maximize the coverage of the metabolome (Figure 2A).
It unfortunately introduced extra time and costs. Secondly, the wide range of
concentrations (from pM to mM) in biological molecules renders the impos-
sibility to obtain all metabolic information qualitatively or quantitatively at
the same time** *°. Additionally, the detection and quantification of the low
abundant metabolites are difficult, particularly when these metabolites gener-
ate weak instrumental responses*’. Thirdly, biological samples usually are
very precious, irrespective of where they are collected from. In certain cases,
the sample amount can be exceedingly limited. For instance, cerebrospinal
fluid (CSF) is one of the best samples to be investigated for metabolic profil-
ing of brain activities. However, the collection of the CSF demands profes-
sional operation with care, and the volume of this sample type can be little
(i.e., approximately 10 pL from a mouse)*”**. Thus, highly sensitive methods
are required to analyse these sample types. Finally, while numerous metabo-
lite databases have emerged in the past two decades, rapid identification of
both known and unknown metabolites in metabolomics research remains an
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additional challenge. It is mainly because of the limited availability of the au-
thentic standards and complicated sample matrices that can leave the difficulty
in the acquisition of high-quality MS and MS/MS spectra.

Derivatization

Derivatization is one of the most promising approaches to conquer these lim-
itations. This strategy involves the integration of chemical modification with
conventional metabolomics to improve the mass spectrometric analysis*'.
The rationale behind this strategy is that over 95% of the metabolites contain
at least one functional group among amine, carboxylic acid, hydroxyl, car-
bonyl and thiol, offering opportunities for chemical modification’’. Using
chemical modification on metabolites not only allows for the enhancement of
the ionization of metabolites during MS analysis but also enable the improve-
ment of chemical property for better separation performance in GC or LC. The
advancement of derivatization holds the potential to discover previously un-
detectable metabolites that are inaccessible using standard metabolomics ap-
proaches (Figure 2B). While numerous chemical derivatization methods have
been reported over the last decades®™, a crucial aspect — the isolation step —
has often been overlooked, leading to the generation of inferior sample matri-
ces. The high abundance of derivatization reagents can cause ion suppression
and instrument contamination, while the harsh conditions applied may even
alter metabolite structures.

Although a few methods have been developed over the past two decades to
address these challenges, these approaches frequently suffer from other limi-
tations®” ¢!, Therefore, it is crucial to develop chemical biology techniques that
allow for the selective discovery and analysis of these compounds. These
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Figure 2 Overview of global metabolomics and the comparison between standard
metabolomics process (A) and derivatization-based metabolomics (B). The con-
ventional metabolomics includes sample preparation, sample analysis and data
analysis. Figure inspired by literature S. Zhao et al.
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methodologies are urgently needed to unveil the bioactivity of these metabo-
lites and their impact on the human host. By investigating the interplay be-
tween microbiota and their metabolic by-products, we can gain profound in-
sights into the complex web of interactions that govern human health and pave
the way for novel therapeutic approaches.

Chemical derivatization in metabolomics

Chemical derivatization, a well-established practice in analytical chemistry,
has been used to tackle many analytical issues. The goal of chemical derivat-
ization lies in transforming analytes into new compounds with altered chemi-
cal and physical properties for improved analysis using chemical reagents.
The application of chemical derivatization in metabolomics were part of many
successes over recent two decades. For example, METPR was firstly devel-
oped by Cravatt and his laboratory to tag, capture and profile specific portions
of the metabolome®'. 4-channel chemical isotope labelling (CIL) has been de-
veloped to profile metabolomics with covering amine/phenol, hydroxyl, car-
boxyl, and carbonyl containing metabolites by Li and co-workers®. Similarly,
MetFish has also been developed using similar labelling reagents to identify
and quantify amine, carboxyl, carbonyl and hydroxyl metabolites with an ad-
ditional step for metabolites isolation using liquid-liquid extraction®. There
are some other studies included chemical derivatization, but their coverage of
the metabolite classes is limited®’. The simple utilization of derivatization re-
agents without organic chemistry thoughts behind gives rise to many issues,
such as chemoselectivity challenges, side reactions, limited yield and harsh
condition to be applied. The ideal chemical reaction for metabolite derivatiza-
tion should encompass following key factors: 1) highly chemoselectivity; 2)
mild reaction condition, ideally in room temperature; 3) green chemistry, no
additional reagents needed; 4) high reaction conversion rate. To attain these
goals, expertise in organic chemistry is highly recommended in the develop-
ment of optimal chemoselective modifications for metabolite analysis.

Current chemoselective reaction overview

Many chemical derivatization reagents have been developed over the past dec-
ades. The summary of diverse derivatization reagents can be found in Figure
3. Most of the chemoselective modifications in metabolomics have been in-
spired by chemoproteomics as the development of proteomics is more ad-
vanced than metabolomics field®. However, it is noted that the reagents
require different properties for the investigation of metabolites compared to
proteins.
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Chemoselective moieties for amine modification

Amine-containing metabolites are crucial in many biological processes, such
as cellular functions, signalling pathways, and overall physiological homeo-
stasis®. They also constitute the predominant portion of metabolites derived
from the gut microbiota. For example, dopamine, serotonin, norepinephrine,
and histamine, which function as neurotransmitters and are representative
amine-containing metabolites®. In addition, amino acids, essential compo-

nents of proteins, contain amine functional groups. Amino acids metabolism

also provide valuable insights into investigating various disease develop-

ments®®,

Although metabolites with amine groups are easy to protonate under acidic

mobile phase condition and ionize in the ESI source, the high polarity of

amine-containing metabolites presents challenges in achieving adequate re-
tention on reverse-phase columns for effective separation. There are several
reagents widely used in amine modification including dansyl chloride®, 4-
aminophenyl disulfide (APDS)®” and NHS-ester®®.
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Figure 3 Summary of chemoselective moieties for amines, carbonyls, hydroxyls,
carboxyls and thiols. N-Hydroxysuccinimide (NHS); 4-Sulfo-2,3,5,6-Tetrafluoro-
phenol (STP); Methylbenzylamine (MBA); Bicyclobutane (BCB).
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Chemoselective moieties for carbonyl modification

Carbonyl-containing metabolites are a highly reactive compound class that
can form conjugates with DNA and proteins®. They participate in a wide
range of biochemical pathways, and their dysregulation has been linked to
many pathological conditions’*’2. Moreover, the International Agency for Re-
search on Cancer has classified six carbonyl-containing metabolites as carcin-
ogens’. Within this class, reactive oxygen species (ROS) play a crucial role
in cellular signalling across many biochemical processes. However, ROS
dysregulation can prompt the reaction of carbonyl species with cellular mac-
romolecules, resulting in detrimental disruptions to normal physiology’ 7.
Imbalances between ROS production and antioxidant defences have been as-
sociated with pathologies in diseases such as cancer, retinopathy, and asthma’®.

Carbonyl, a neutral functional group, poses challenges for ionization in ESI,
regardless of whether in positive or negative mode analysis. Additionally, car-
bonyl-containing metabolites, often important and low in abundance such as
hormones. The derivatization can significantly enhance detection sensitivity,
and several labelling reagents are widely used’’. For instance, hydrazine and
alkoxyamine are two very common reagents that react with carbonyls to form
hydrazone and alkoxime respectively. The main difference between these two
reactive moieties is the reversibility. Hydrazones tend to be hydrolysed more
easily under neutral conditions compared to alkoxime due to the inductive ef-
fect of oxygen in alkoxime compared to nitrogen in hydrazine’. In addition,
reductive amination is another strategy to react with carbonyls, but limited
application has been found due to harsh conditions using reducing reagent.

Chemoselective moieties for carboxylic acid modification

Carboxylic acids are important metabolites due to their central roles in a wide
range of biochemical processes in human body. They serve as essential con-
stituents in energy-producing pathways like the Krebs cycle, contributing to
the generation of ATP. The carboxylic acids analysis allows for the detailed
investigation of entire TCA cycle, but the multi-carboxylate groups in these
metabolites present a challenging in the accuracy of the analysis. Furthermore,
carboxylic acids serve as foundational building blocks for the biosynthesis of
many biomolecules. Beyond their structural functions, carboxylic acids also
function as buffering agents in the regulation of biological fluid pH and the
maintenance of a stable internal environment. Notably, short-chain fatty acids
(SCFAs), a subset of carboxylic acids, hold significant importance and are
extensively produced by the gut microbiome.

The detection of carboxylic acids using LC-MS is usually conducted in nega-

tive mode analysis. However, the sensitivity of carboxylic acids is relatively
low, often suffered from matrix effects. One of the most common strategies to
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label carboxylates is to use primary or secondary amine to react with carbox-
ylic acid via amide coupling, such as DMED® and 4-BNMA?™. However,
these reactions required amide coupling reagents like EDC or DMAP, which
can cause undesired side reactions between endogenous amines and targeted
carboxylic acids.

Chemoselective moieties for hydroxyl modification

Alcoholic hydroxyl groups are generally neutral moiety with low ionization
efficiency. Derivatization of hydroxyl can significantly improve their detec-
tion efficiency. Since the hydroxyl is also nucleophile but weaker compared
to amines, the highly chemoselective reaction are required to avoid any side
reaction with amines in biological samples®'. To date, there is limited methods
available to chemoselectively react with alcohols, but dansyl chloride has been
used to label hydroxyl group with different condition compared to amine re-
action as a compromised choice®. Similarly, phenol also contains hydroxyl
group, but it has different chemical properties compared to alcohols. The
availability of developed chemoselective reaction is limited.

Chemoselective moieties for thiol modification

Thiols represent an important class of metabolites that is crucial for the regu-
lation of homeostasis®’. Cysteine (Cys) and glutathione (GSH) stand as essen-
tial biological thiols, working to maintain cellular redox balance® %, Altered
levels of these two thiols lead to higher mortality rates attributed to patholog-
ical conditions including coronary artery disease, Crohn's disease, and type 2
diabetes®**’. Additionally, the host-microbiota mutualism, these microorgan-
isms also synthesize and maintain specific thiol-containing molecules to sev-
eral essential cellular functions®.

The derivatization of thiols requires not only the enhancement of detection
efficiency but also the consideration of stability improvement. Biological thi-
ols, unlike other functional groups, exhibit limited stability and often undergo
natural oxidation to form disulfides during sample preparation processes™.
Consequently, in some cases, pretreatment with agents like TCEP or other
reducing reagents becomes necessary to accurately detect biological thiols.
Commonly used derivatization reagents for reacting with thiols include bro-
moacetonylquinolinium bromide®® and iodoacetamide®. Recently, the devel-
opment of bicyclobutane by our laboratory has emerged as a mild-condition
method for detecting thiols®”.

Chemical biology tools

Chemical biology is to study and manipulate biological systems at the molec-
ular level, which requires instrumental or molecular tools to facilitate it. These

18



tools bridge the gap between chemistry and biology, enabling chemical biol-
ogists to explore and understand complex biological processes. Researchers
in this field often utilize small molecule libraries, chemical probes, fluorescent
labelling, bioorthogonal chemistry, optogenetics and protein engineering
tools®. Cleavable linkers are also an essential component of chemical biology
tools, which enables precise control over the release of molecules and provid-
ing valuable insights into biological processes and therapeutic interventions”.

Cleavable linker for sample matrix removal

Cleavable linkers have been broadly utilized in other chemical biological
fields, such as proteomics, drug delivery and controlled release systems (Fig-
ure 4)**. These linkers are designed to be cleaved under specific chemical con-
ditions. Depending on the conditions of cleavage, they can be categorized as
photocleavable, acid-labile, redox-sensitive, enzyme-cleavable, and more.
Despite their broad application in related fields, the incorporation of cleavable
linkers in metabolomics remains relatively limited. There are several major
advantages to include a cleavable linker in chemical metabolomics workflow.
(1) It affords chemical accessibility, enabling the connection between the re-
active site and solid phase support moiety. This facilitates the isolation and
enrichment of captured metabolites. (2) The step of sample matrix removal
results in reduced ion suppression and improved peak shape due to cleaner
chromatography. (3) The metabolite isolation step can reduce the risk of the
false positive identification of metabolites. (4) The complex sample matrix
removal can help us to unify the LC-MS output across different sample types

Cleavable Reactive Metabolites
moiety site
+ @@ O
Q — -raggﬂ, - oY
Soild support linker
Metabolite
Derivatization
i Unreacted
Bioorthogonal i
Cleavage metabolites
Solid phase
separation Target analyte

@’f-—-—‘i

Figure 4 Strategy of using cleavable linker in metabolomics analysis. Solid sup-
port can be used for metabolite isolation. Cleavable moiety can help for the release
of metabolites after capturing. Tagged linker can be designed for specific diagnos-
tic properties. Reactive site helps for targeting at desired metabolites.
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with different salt concentration. A uniform analytical solution matrix can en-
hance accuracy of comparing different metabolites among different sample
types. These mentioned advantages are often absent in the conventional chem-
ical derivatization methods.

Other chemical biology developments in metabolomics

An increasing number of chemical biologists are engaging in metabolomics to
explore and elucidate the metabolism of humans and other organisms. For ex-
ample, the Schroeder laboratory has undertaken extensive research, using the
C. elegans model organism, to identify previously unknown metabolites that
regulate various biological processes’*®. Their dedication to validate these
metabolites of interest through total synthesis or isolation followed by 2D
NMR spectroscopic analysis has unveiled the structures and biological func-
tions of unknown metabolites. Similarly, the Johannsen laboratory has utilized
their in-house chemical probes (alkyne-labelled metabolite analogue) to elu-
cidate newly discovered metabolites”'*'. Meanwhile, the Balskus laboratory
has combined enzymatic assays with metabolomics to decipher the human mi-
crobiome'?*'™, These chemical biology tools have not only advanced the field
of metabolomics but have also contributed significantly to our improved un-
derstanding of human physiology and metabolism.

Quantification in metabolomics

Quantification is one of the essential methods in analytical chemistry to deter-
mine the amount or concentration of specific analytes in samples. Calibration
curves are needed to build up for the quantification of molecules of interest,
which is plotted by measuring a series of known concentration of target mol-
ecules. Internal standard calibration is usually more preferable due to its
higher accuracy and precision. An internal standard is added into unknown
samples, and the ratio of the analyte's peak area to the internal standard's peak
area is used to determine the concentration of the analyte, compensating for
variations in sample preparation and instrument response.

Isotopic labelling is a powerful technique in quantification in mass spectrom-
etry-based analysis, such as proteomics and metabolomics'®. There are two
main types of isotopic labelling techniques commonly used for quantification.
The first one is to incorporate the stable isotopes in cleavable linkers allow us
to tag the analytes to accurately quantify the abundance of molecules in dif-
ferent samples. For example, Isotope-Coded Affinity Tags (ICAT) in protein
quantification'® and Chemical isotopic labelling (CIL) in metabolomics®.
Another quantification method using isotopic labelling is called Stable Isotope
Labelling with Amino Acids in Cell Culture (SILAC)'"". Cells are grown in a
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Figure 5 Overview of (A) precise quantification and (B) relative quantification using
isotopical labelling.

culture medium containing stable isotopic labelled amino acids to investigate
the protein expression levels quantitatively.

Quantification using isotopic labelling have major advantages. Firstly, it al-
lows for precise and accurate quantification of analytes in complex mixtures
due to the distinguishing mass difference between labelled and unlabelled
samples. The direct comparison between samples in a single MS experiment
provide better quality of the data outcomes compared to the conventional
semi-quantitative analysis. Secondly, isotopically labelled molecules can also
serve as internal standards to eliminate the variation in sample preparation.

Precise quantification using internal standards

Precise quantification using internal standards is a common analytical strategy
to enhance the accuracy and reliability of measurement of specific mole-
cules'®. By using internal standards, we can not only obtain and calculate the
concentration of target molecules, but also remove any variations due to sam-
ple handling or matrix effects to obtain highly accurate measurements'?”. Fur-
thermore, when we quantify target molecules using internal standards, cali-
bration curves can be recorded for different sample types to ensure reliable
quantification'®. Additionally, the ideal internal standards are isotopic la-
belled compounds with at least 3 Da difference to avoid any interference from
natural isotopic pattern''’. However, these isotopic labelled internal standards
are generally expensive or even not commercially available, which leads to
the difficulty to precise quantify molecules of interest. In derivatization strat-
egies, we can have isotopic labelled in cleavable linker, which allows us to
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readily synthesize any molecules of interest within limited organic chemistry
steps.

Relative quantification for biomarker discovery

Metabolomics is one of the powerful methods for biomarker discovery, as it
enables the identification of specific metabolites can serve as indicators of
biological process, disease states and response to treatments'''"'"*. Untargeted
metabolomics can rapidly quantify thousands of metabolites simultaneously
to obtain alteration of their abundance between different sample sets. However,
the conventional metabolomics studies usually are semi-quantitative meaning
that they required to compare the abundance of interesting metabolites in two
different injections in LC-MS. The comparison between two different LC-MS
injections can introduce many instrumental errors since the LCMS responses
can be varied in different injections. Although many computational methods
have been reported to use internal standards or quality control (QC) samples
for data normalization''*"'8 it is not likely to remove instrumental errors en-
tirely. Derivatization can solve this problem properly, as it will only need a
single LC-MS analysis by combining the control sample (light-tagged) and
comparative sample (heavy-tagged). The major advantage of this method is
that we can significantly remove the entire instrumental error, as the natural
metabolites and isotopic labelled metabolites are analysed simultaneously due
to their nearly identical chemical and physical properties. The isotopic label-
ling tags will allow us to differentiate where the metabolite comes from. Ad-
ditionally, chemical metabolomics does not require normalization step after
obtaining the MS data, which can be more accurate and more time efficient.
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Aims

In this PhD thesis, we aimed at developing new chemical biology methods
that can advance the analysis of metabolites qualitatively and quantitatively.
These methods were focused on using chemical tools to chemoselectively in-
vestigate metabolites and ultimately to identify new biomarkers. The detailed
aims were:

1. Development of the new reactive sites for multifunctional metabo-
lomics analysis targeting amines, carbonyls (ketones/aldehydes), and
carboxylic acids.

2. Design and development of chemoselective probes.

3. Identification of amine- and carbonyl-containing metabolites from
human urine, plasma, fecal samples.

4. Application of chemoselective probes for quantitative analysis of car-
bonyl-containing metabolites in human samples.

5. Application of chemoselective probes for precise quantification of
SCFAs in bacterial cultures.

6. Nutritional biomarker discovery using chemical metabolomics in hu-
man urine samples.
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Methods

General

All non-aqueous reactions were performed using flame- or oven dried glass-
ware under an atmosphere of dry nitrogen. All reagents and solvents were
purchased from Sigma-Aldrich or Fischer Scientific and were used without
further purification. The in-house built metabolite library was obtained from
MetaSci. Mass spectrometry grade solvents were used for UHPLC-ESI-MS
analysis. Solutions were concentrated in vacuo on a Heidolph or an IKA rotary
evaporator. Thin Layer Chromatography (TLC) was performed on silica gel
60 F-254 plates. Visualization of the developed chromatogram was performed
using fluorescence quenching or staining with CAM (cerium ammonium mo-
lybdate), ninhydrin. Chromatographic purification of products was accom-
plished using flash column chromatography on Merck silica gel 60 (40—63
um. All synthesized compounds were =95% pure as determined by NMR.
NMR spectra were recorded on Agilent 400 MHz spectrometer (1H NMR:
399.97 MHz, 13C NMR: 100.58 MHz). Chemical shifts are reported in parts
per million (ppm) on the 6 scale from an internal standard. Multiplicities are
abbreviated as follows: s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet. Glass vials used for handling magnetic beads were microwave vials
from Biotage (0.2-0.5 mL or 0.5-2.0 mL). All chemical synthesis protocols
and characterization data are available in the Supplementary Information.

Synthesis Schemes

Synthesis Scheme of each chemical probes are included here. The details of
each chemical synthesis step can be found in Supplementary Information. No-
tably, phenyl-">Cs labelled compounds have been synthesized following the
same scheme.
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Scheme 2 The synthesis of carbonyl specific probe. '*C labelled probe synthesis fol-
lowed the same procedure.

—_— > —_— —_—

h h DCM, rt, 2h
Cbz\u/\/N\/\N,Boc MeOH, rt, 5 BOC\u/\/N\/\NHZ DCM, rt, 5 Boc\u/\/N\/\u,Fmoc
Quantitaan 86% Quantitanj

16 33 34

o}

Boc\H/O\AOH

oY@ HBUT, HOBT, DIPEA, OY© o TFA, OY© o
—_— —_—

DCM, rt, 16 h N N DCM,rt, 2h < N
Fmoc\u/\/N\/\NH2 Fmoc. H/\/N\/\NJ«K/O N Boc Fmoc. H/\/N\/\NJ«K/O NH,
71% Quantitativ
35 36 37
Carbonyl standards Piperine
pinlitchahtanie ey o I R, ° Q R,
rt,5h N
Fmoc\u/\/N\/\HJ\/O\N)\R2 HZN/\/N\/\H)K/O N)\Rz
38 14
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25



HO*@\/EOC
[e] No (o)

[o} [0} (o} j\ [0}
22
~o o OAN/\/N\/\NHZ ~o X o N/\/N\/\N Boc
H HBTU, HOBT, DIPEA H H N
O,N DCM, 16 h, r.t. O2N ~
32 55.8% 39
2M LiOH, H;O/MeOH = 1:1, O
30min, rt. o )OL o
B HO S 0~ "N N~ N Boc
H H N
quant. O,N ~
40

n)k@\/?oc ]
o, o,
N ° TFA, DCM, U

o 2h et H HO” R
22 bz ANy Boc NNy
—_— —_— -
cbz N N i 1 i H H
\ﬂ/\/ I~y HBTU, HOBT, DIPEA N N HBTU,HOBT, DIPEA
DCM, 16 h, r.t. quant. DCM, 16 h, rt.
21 o 41 42
92.5%
24a:R,=H
o o 24b: Ry = CHy
Hy, Pd in carbon, o 24c: Ry = CHyCH,
o N R MeOH, 5 h, r. N R 24d: Ry = CH,CH,CH,
P2 NNy °Y HATNTISN Ny °Y 24e: Ry = CH;CH,CH;CHy
H H N H n 24f: Rg = CH(CH3)OH
~ ~
43a-f 24a-f

Scheme 5 The synthesis of SCFAs conjugates. '3C labelled probe synthesis followed
the same procedure.

26



Magnetic beads general handling scheme

0]
(0]

o} (o}
O/\NHZ + HO)D/\/\OA”/\/N\/\HK/O\H,BOC
O,N

2 31

PyBOP, HOBT, DIPEA,
DCM/DMF, r.t., 16 h

o] o] O*(J::j o]
O/\N)D/\AOAN/\/N\/\N*/O\N,BOC
H H H H
O,N

2 a4

TFA,
DCM, rt, 5h

Metabolic mixture
DMF
rt, 16 h

o) 0 o*{i::j o)
O/\N)D/\/\O)LN/\/N\/\NK/O\N/)\RZ
H H H
O,N

Pd(OAc),, PhsP,
1,3-dimethylbarbituric acid,

THF, rt, 5h
o o oi,ii j
o Ry



UPLC-MS analysis

The UPLC-MS analysis was performed in a Synapt G2 Q-TOF mass spec-
trometer or a Maxis II ETD Q-TOF mass spectrometer using an electrospray
ionization (ESI) source with an Acquity UPLC system or an Elite UHPLC
system and equipped with an Acquity UPLC® BEH C18 column (1.7 um,
100x2.1 mm) or a Waters ACQUITY UPLCVR HSS T3 column (1.8 mm,
100 2.1 mm). Milli-Q water with 0.1% formic acid was used as mobile phase
A and LCMS grade methanol with 0.1% formic acid was used as mobile phase
B. The column temperature was kept at 40 °C, and the autosampler was kept
at 4 °C. The flow rate was set to 0.22 mL/min. The gradient used was as fol-
lows: 0—2 min, 0% B; 2—15 min, 0—100% B; 15—-16 min, 100% B; 16—17 min,
100-0% B; 17-23 min, 0% B. The system was controlled using the Compass
HyStar software package from Bruker. High-resolution mass spectra were ac-
quired in positive mode at a mass range of m/z 50-1200. The samples were
introduced into the q-TOF using positive electrospray ionization. A solution
of sodium formate (0.5 mM in 2-propanol: water, 90:10, v/v) was used to cal-
ibrate the instrument. Data acquisition was performed in MSE mode. The sam-
ples were injected to the UPLC-MS system in a randomized order with QC
samples injected in the beginning and end of the sample list in both ionization
modes, as well as after every eight samples (7 QCs in each ionization mode in
total).

Magnetic beads bound chemoselective probe
preparation procedure

Preparation of carbonyl-specific probes

MagnaBind Amine Derivatized Beads slurry (50 pL, Thermo ScientificTM)
was transferred into a 1.5 mL Eppendorf tube. Original solution from supplier
was taken out by magnetic separation. The beads were washed with THF
(2x150 uL) followed by phosphate buffer (2x150 uL, 25 nM, pH 7.5). DMF
(150 uL) was added to the Eppendorf followed by 5 uL DIPEA and then vor-
texed for at least 30 s to yield the unprotonated amine. The beads were washed
with DMF (150 pL) followed by DCM (150 pL). An amide coupling solution
(4.5 mM PyBop, 3.3 mM HOBT, 1% DIPEA v/v in DCM) and probe solution
(3 mM "’Cs or "*Cs probe in DMF) were freshly prepared in separate. The
probe solution (100 uL) and amide coupling solution (100 uL) were combined
into the Eppendorf tube containing magnetic beads. The mixture was shaken
and incubated using a Thermomixer (1,500 rpm, 25 °C, overnight.). The solu-
tion was removed and the beads consecutively washed with 2 X150 uL. THF
and 2 X150 uL DCM. After removal of all the solution, DCM (190 pL) and
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TFA (10 pL) were added in sequence to the Eppendorf for Boc deprotection.
The mixture was shaken and incubated with a Thermomixer (1,500 rpm, 25 C,
5 h). The reaction mixture was removed and followed by washing with THF
(2X150 pL). DCM (150 pL) and DIPEA (10 pL) were added in sequence to
the Eppendorf for amine deprotonation and TFA neutralization. The beads
were washed with DMF (2x150 uL). The beads were suspended in the DMF
(300 pL), ready to be used for sample treatment. Note: for carbonyl-
containing metabolite detection only, *C probes then are not needed to be
prepared.

Preparation of amine-specific probes

MagnaBind Amine Derivatized Beads slurry (50 pL, 320 nmol, Thermo
ScientificTM) was transferred into a 1.5 mL Eppendorf tube. Original solution
from supplier was taken out by magnetic separation. The beads were washed
with THF (2x150 uL) followed by phosphate buffer (2x150 pL, 25 nM, pH
7.5). DMF (150 uL) was added to the Eppendorf followed by 5 uL. DIPEA
and then vortexed for at least 30 s to yield the unprotonated amine. The beads
were washed with DMF (150 pL) followed by DCM (150 pL). An amide
coupling solution (4.5 mM PyBop, 3.3 mM HOBT, 1% DIPEA v/v in DCM)
and probe solution (3 mM probe in DMF) were freshly prepared in separate.
The probe solution (100 pL) and amide coupling solution (100 pL) were
combined into the Eppendorf tube containing magnetic beads. The mixture
was shaken and incubated using a Thermomixer (1,600 rpm, 25 C,
overnight.). The solution was removed and the beads consecutively washed
with 2 X150 uLL. THF and 2 X150 pL DCM. After removal of all the solution,
DCM (190 pL) and TFA (10 pL) were added in sequence to the Eppendorf
for Boc deprotection. The mixture was shaken and incubated with a
Thermomixer (1,500 rpm, 25 °C, 5 h). The reaction mixture was removed and
followed by washing with THF (2x150 uL). DCM (150 pL) and DIPEA (10
puL) were added in sequence to the Eppendorf for amine deprotonation and
TFA neutralization. The beads were washed with DMF (2x150 pL) and EtOH
(2x150 pL). The beads, suspended in the EtOH (300 uL), were added with
3,4-Diethoxy-3-cyclobutene-1,2-dione (5 uL) and trimethylamine (3 puL). The
suspension was agitated at 25 °C in a ThermoMixer (1,600 rpm) for 16 h.
After the reaction was complete, the supernatant was removed and the beads
were washed with THF (3 x 200 uL) followed by EtOH (2% 200 pL). The
beads were suspended in the EtOH (300 pL), ready to be used for sample
treatment.

29



Preparation of SCFAs-specific probes

MagnaBind Amine Derivatized Beads slurry (50 pL, Thermo ScientificTM)
was transferred into a 1.5 mL Eppendorf tube. Original solution from supplier
was taken out by magnetic separation. The beads were washed with THF
(2x150 pL) followed by phosphate buffer (2x150 pL, 25 nM, pH 7.5). DMF
(150 pL) was added to the Eppendorf followed by 5 pL DIPEA and then
vortexed for at least 30 s to yield the unprotonated amine. The beads were
washed with DMF (150 pL) followed by DCM (150 pL). An amide coupling
solution (4.5 mM PyBop, 3.3 mM HOBT, 1% DIPEA v/v in DCM) and probe
solution (3 mM in DMF) were freshly prepared in separate. The probe solution
(100 pL) and amide coupling solution (100 plL) were combined into the
Eppendorf tube containing magnetic beads. The mixture was shaken and
incubated using a Thermomixer (1,500 rpm, 25 “C, overnight.). The solution
was removed and the beads consecutively washed with 2 X150 pL. THF and
2X 150 uL DCM. After removal of all the solution, DCM (190 pL) and TFA
(10 uL) were added in sequence to the Eppendorf for Boc deprotection. The
mixture was shaken and incubated with a Thermomixer (1,500 rpm, 25 C, 5
h). The reaction mixture was removed and followed by washing with THF (2
X150 uL). DCM (150 pL) and DIPEA (10 uL) were added in sequence to the
Eppendorf for amine deprotonation and TFA neutralization. The beads were
washed with DMF (2x150 pL). The beads were suspended in the DMF (100
uL), ready to be used for sample treatment.

Sample preparation for chemical metabolomics

Preparation of fecal metabolite extracts

A scalpel was used to collect approximately 30 mg of the frozen fecal sample
from ten different patients (stored at 80 C) in specialized tube D (MP
Biomedicals). Ultrapure water (50 pL) and LCMS grade methanol (200 pL)
were added into each tube. The mixture was vortexed and subsequently
homogenized by a FastPrep 24 homogenizer (3 cycles, 6 m/s, 40 s, MP
Biomedicals). The mixture was taken out from tube D into Eppendorf tubes
and stored at -20 “C for at least 1 h for protein precipitation. The supernatant
was collected after centrifugation (18,620 g, 5 min, 4 ‘C). The extracts from
ten patients were combined and direct used in the bead treatment.

Preparation of urine metabolite extracts

Ice cold methanol (200 puL) was added to urine sample aliquots (50 uL) for
protein precipitation. Each sample was vigorously shaken for 30 s and then
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cooled at 4 °C for 30 min. The supernatant was taken out and transferred into
empty Eppendorf tubes and the organic solvents were removed from the
supernatant through vacuum centrifugation. The residue was directly used in
bead treatment.

Preparation of plasma metabolite extracts

Ice cold methanol (200 pL) was added to plasma sample aliquots (50 pL) for
protein precipitation. Each sample was vigorously shaken for 30 s and then
cooled at 4 C for 30 min. The supernatant was taken out and transferred into
empty Eppendorf tubes and the organic solvents were removed from the
supernatant through vacuum centrifugation. The residue was directly used in
beads treatment.

Preparation of bacterial metabolite extracts

Anaerobic Cultivated Human Intestinal Microflora system (ACHIM) culture
was originally obtained from the fresh feces of a healthy Scandinavian donor
on an ordinary Western diet. The culture has been re-cultivated every week in
anaerobic conditions as described previously (Patent Number: WO
2013/053836A). This ACHIM culture is referred to as “healthy gut microbiota”
in this thesis and the 1:10 dilution of the ACHIM culture is represented here
as “weak gut microbiota”. Salmonella typhimurium SL.1344 at 107 or 106
colony forming units (CFU) were co-cultured with the “Healthy” and “Weak”
gut microbiota in vitro, respectively. Further antibiotic treatment with 50
pg/mL of Spectinomycin was added to both conditions to evaluate the
influence of the antibiotic treatment on the interaction between the gut
microbiota and Salmonella. “Healthy” and “Weak” gut microbiota without
Salmonella nor antibiotic were used as negative control for the analysis.
Salmonella culture without gut microbiota culture is considered the positive
control for the CFU comparison.

All tubes were grown anaerobically in a 9 mL culture system. On day 1 and
day 5 after co-culture, Salmonella and gut microbial numbers were counted
by series dilution and plated on CHROMagar Salmonella agar plates
(CHROMagar, Paris France) and modified YCFA plates (recommended from
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ)
supplemented with 2 g/I. maltose and 2 g/L cellobiose, all reagents from
Sigma-Aldrich, Germany), and grown aerobically and anaerobically,
respectively as published before.2

In addition, on day 1 and day 5, 2 mL supernatant without bacteria from all
the conditions was collected after filtering the culture mix through the 0.2 pm
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PES-membrane filter (Whatman Uniflo, Cytva UK). Afterwards, the
supernatant was mixed with 8 ml ice-cold methanol (Sigma-Aldrich, Germany)
and kept at -80°C until further quant-SCHEMA analysis. 10 uL bacterial
extract (2 pL bacterial sample + 8 pL. MeOH) was direct used in the bead
treatment.

Ethical approval

Patient fecal, plasma and urine samples were obtained in accordance with the
World Medical Association Declaration of Helsinki and all patients gave
written informed consent. Approval for the study was obtained from the
ethical committee at Karolinska University Hospital (Ethical approval number:
Dnr 2017/290-31). Fecal, plasma and urine samples were collected using
routine clinical collection protocols and all patient codes have been removed
in this publication. All samples were stored at —80 °C.

The dietary intervention study was conducted in accordance with the
guidelines stated in the current revision of the Declaration of Helsinki, and
informed consent was obtained for all subjects. All procedures involving
human subjects were approved by King's College London Research Ethics
Committee (HR-17/18-5353) and registered at the National Institutes of
Health clinicaltrials.gov as NCT03573414.

Chemical metabolomics procedure

Treatment condition for carbonyl-specific probes

A suspension of activated beads in DMF (300 uL) was used to mix with the
biological sample extract. One drop of 1M HCI were added into the mixture
for protonation of carbonyl group before it was shaken for 16 h at 1,500 rpm
and 25 “C. The biological sample extract solution was removed from the beads
via magnetic separation and the beads were washed with THF (2 x 200 pL)
before being resuspended in THF (300 pL), ready to be used for bioorthogonal
cleavage treatment. Note: for the separate treatment of '2C and *C probes,
different time points of biological samples can be treated correspondingly.

Treatment condition for amine-specific probes

A suspension of activated beads in DMF (300 uL) was used to mix with the
biological sample extract in a solution of 1% v/v trimethylamine in ethanol.
The mixture was shaken for 16 h at 1500 rpm and 55 °C. The biological
sample extract solution was removed from the beads via magnetic separation
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and the beads were washed with THF (2 x 200 pL) before being resuspended
in THF (300 pL), ready to be used for bioorthogonal cleavage treatment.

Treatment condition for SCFAs-specific probes

A suspension of activated beads in DMF (100 puL) was used to mix with the
biological sample extract. A capture solution (4.8 mM HBTU, 3.6 mM HOBT,
1% DIPEA v/v in DCM) was freshly prepared in separate and 100 pL of this
solution was added into Eppendorf for SCFAs capture before it was shaken
for 16 h at 1,500 rpm and 25 ‘C. The remaining biological sample extract
solution was removed from the beads via magnetic separation and the beads
were washed with THF (2 x 200 uL) before being resuspended in THF (300
uL), ready to be used for bioorthogonal cleavage treatment.

Bioorthogonal cleavage treatment

The suspension of beads was transferred to a glass vial. Triphenylphosphine
(97.0 uL, 12.9 mM in THF, 1.25 umol) and dimethylbarbituric acid (90.0 uL,
30.7 mM in THF, 2.76 umol) solutions were added to the vial, followed by
palladium (II) acetate solution (84.0 puL, 6.53 mM in THF, 549 nmol). The
vial was quickly sealed and a stream of nitrogen was passed through until
approximately half the volume of the suspension remained. The vial was
agitated at intervals on a vortexer and the reaction was allowed to continue 16
hat 25 °C. In parallel, a sample of unmodified beads was treated with the same
cleavage conditions as the activated beads treated with human sample extract
and used as control sample. The supernatant was removed from the beads
using magnetic separation and the solvent removed using a vacuum centrifuge.
The residues were redissolved in MeOH (30 pL each) and triphenylphosphine
and triphenylphosphine oxide were precipitated through the addition of water
(120 pL each). The suspension was centrifuged (benchtop centrifuge, 12,000
g, 5 min), the supernatant removed, and the solvent was again removed with
the vacuum centrifuge. The residues were redissolved in water/acetonitrile
solution (95:5 v/v) and submitted for LC-MS analysis.

Preparation of probe-conjugated standards

The probe-conjugated standards can be prepared by either magnetic beads-
bound probe treatment or simplified probes (Fmoc-probes) treatment. The
magnetic beads bound probe treatment can follow the procedure above by
replacing biological sample extracts into standard solution. The Fmoc probe
treatment procedure can be found below.
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A solution of Fmoc-protected probe (50 pL, 1.0 mM in MeOH) was
evaporated under reduced pressure. The residue was combined with DCM (50
ul) and TFA (100 puL). The solution was shaken at 1,500 rpm for 2 h at 25 C,
before the solvents were removed under reduced pressure. The residue was
then combined with a solution of four standards (0.5 equiv. each in 400 pL
DMF). The resulting solution was then shaken under the corresponding
reaction conditions. The solvents were then removed under reduced pressure,
and the residues were treated with piperidine (80 pL) and shaken at 1,500 rpm
for 4 hat 25 “C. The piperidine was then removed under reduced pressure, and
the residue was redissolved in MeOH (100 pL) followed by water (400 pL).
The solution was diluted as necessary in a solution of water and acetonitrile
(95:5 v/v) before being submitted for UPLC-MS analysis.

Data analysis

Data files from the LC-MS analysis were converted into either NetCDF file
format using MassLynx 4.1 (Waters) or the MZML file format using MS
convert (ProteoWizard). The chromatograms and mass spectra were processed
using the XCMS R package for peak alignment''. The feature list was
reduced by eliminating those features with an m/z value less than 293.1609
(the m/z value corresponding to the monoprotonated probe with the smallest
carbonyl compound — formaldehyde). Features with intensities > 30,000 ion
count, retention time > 1.5 min and %CV of the QCs < 30 were selected for
further statistical analysis as considerably higher than noise. Mass values of
each feature with 263.1503 subtracted (corresponding to the mass of the
tagged probe) were compared to the human metabolome database in order to
find plausible candidates for the parent metabolites with carbonyl functional
group. Then the filtered dataset was normalized based on the QCs using
SERRF to eliminate the technical error. (Fan et al. 2019) Commercial or
synthetic standards were then used to confirm the identity of the metabolites
and identification of the correct regioisomers. An overview of the data was
provided by principal component analysis (PCA) and heatmap, prior to which
the data was auto-scaled wusing the metabolomics platform
www.metaboanalyst.ca. The normality of the test statistics, p values and ROC
analysis were evaluated using the same platform, and the data were distributed
normally. The combinatory variables used for the calculation of AUC in ROC
analysis were obtained using binary logistic regression in SPSS.
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Method development
LOD and LOQ measurement.

Synthetic conjugated standards were prepared in a solution of water and
acetonitrile (95:5 v/v) at a range of concentrations (1 uM, 100 nM, 50 nM, 25
nM, 10 nM, 5 nM, 1 nM, 0.5 nM, 0.3 nM, 0.1 nM) before being submitted for
UPLC-MS analysis. More specific concentrations can be prepared if it is
needed. The measurement was based on the conventional concepts that signal
to noise ratios at least higher than 3 and 10 corresponding to Limit of
Detection (LOD) and Limit of Quantification (LOQ), respectively. The signal
to noise ratios were calculated according to European Pharmacopoeia
guidelines by using MassLynx 4.1(Waters) or using DataAnalysis 5.0
(Bruker).

Bead loading capacity experiment

In five independent experiments, 50 pL beads was utilized to conjugate the
general probes 18 (1.67 mg, 3.0 umol, 10 equiv.) following the same
procedure as above. Then synthetic '*C labelling cleavage product 3Cs-30
(5.0 uL in 30 mM) were spiked into these reaction mixtures after these bead-
bound simplified probes were independently cleavage under the same
bioorthogonal cleavage condition. These five independent cleaved samples
were prepared into 50 uL of water and acetonitrile (95:5 v/v) before being
submitted for UPLC-MS analysis.

Chemical metabolomics procedure optimization

To optimize the chemoselective probe procedure for large-scale analysis, its
cleavage behavior in different vessel types was compared to the previously
described standard procedure. The cleavage reagents were added to the probe
solution (30 uM in MeOH) in the different vessel types (Standard vials,
Eppendorf tubes, Eppendorf tubes with screw cap). 0.5 pL of a '*C-labelled
internal standard was added into each vessel before the metabolite release
treatment as described above. In addition, cleavage was performed in standard
1.5 mL Eppendorf tubes in ambient air as a negative reference. The
experiment was conducted in triplicates for each vessel type. After UHPLC-
MS analysis, the data was analyzed for the peak areas of the cleaved probe
product to perform the comparison.
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Results and discussion

This thesis primarily focuses on the development of advanced chemical
metabolomics tools for qualitative and quantitative analysis of metabolites in
human and bacterial samples. The ultimate goal is to discover potential
biomarkers that reflect various biological states. Additionally, the thesis also
explores the development of novel chemical modification reactions within the
field of metabolomics. We began with the qualitative detection of carbonyl
and amine-containing metabolites for the discovery of previously
undetectable metabolites®* '?* 2! This was achieved through either the
adaption of more advanced moieties or the development of novel chemical
modification moieties for improving reactivity and stability. Our approach
involved the construction of conjugated libraries, which enabled the rapid
validation of the chemical structures of detected carbonyl-containing
metabolites (as discussed in Paper I). Notably, utilization of our method
validated three to four times more metabolites compared to other published
techniques for carbonyl detection. Furthermore, we introduced a novel
chemical modification moiety known as squaramides, designed to selectively
conjugate with amine-containing metabolites. The advantageous chemical
properties of squaramides, including stability and reactivity, significantly
enhanced the detection of amine-containing metabolites, as detailed in Paper
II. Moreover, we have expanded the application of chemoselective probe from
qualitative detection to quantitative analysis. We developed a chemoselective
quantitative analysis, termed quant-SCHEMA, utilizing isotopically labelling
technology (as presented in Paper II1)*’. The application of quant-SCHEMA
led to the discovery of a list of previously undetectable metabolites. The
detection of the pairs of '*C and *C with specific 6.0201 Da difference in mass
spectrometric analysis enhances the confidence level of metabolite validation.
Expanding the utility of quant-SCHEMA, we designed a chemical reactive
moiety tailored for short-chain fatty acids, as outlined in Paper IV'*% This
method exhibited remarkable sensitivity, requiring only 2% of the sample
volume for quantifying SCFAs, leaving the majority of the sample volume
available for conventional metabolomics methods without any loss. In the end
of the thesis, our novel methodology was successfully applied to the discovery
of dietary biomarkers in an upscaled analysis (as detailed in Paper V)'*. Four
carbonyl-containing metabolites demonstrated high sensitivity and specificity
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as biomarkers in both training and validation datasets. Further discussion on
these findings will follow in subsequent sections.

Chemical metabolomics for qualitative analysis

Metabolic ketones and aldehydes
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Figure 6 Chemoselective probe for carbonyl-containing metabolite analysis. (A)
Schematic overview of our methodology using chemoselective probes immobilized
to magnetic beads for metabolite conjugation. (B) Chemoselective probe chemical
workflow.

In my first leading publication during my PhD studies, we have further utilized
the chemoselective reactive site alkoxyamine to capture carbonyl-containing
metabolites present in fecal and urine samples from the pancreatic cancer
patients. This research is based on a previously reported research
communication'?’ led by Dr. Louis Conway, which has developed the first
application of alkoxyamine as a reactive site for capturing carbonyl-
containing metabolites in fecal sample. This advanced probe is immobilized
onto magnetic beads and enables facile probe activation for simple sample
treatment and subsequent metabolite extraction. The key moiety of the probe
is the bioorthogonal cleavage site p-nitrocinnamyloxy-carbonyl (Noc)'?,
which can be efficiently cleaved under mild bioorthogonal conditions using
palladium (0) catalysis.

Carbonyl-containing compounds are reactive metabolites that can be
produced by a range of bacteria commonly found in the human gut. However,
due to their poor ionizability, it is difficult to analyse the importance of these
compounds in the human gut using mass spectrometric-based analysis. Our
study design is based on the magnetic bead-immobilized probe 1. After Boc-
deprotection, the straightforward activation yields the immobilized and Boc-
protected alkoxyamine 2 that is used to treat human samples to conjugate
metabolic ketones and aldehydes 3. Under mild bioorthogonal cleavage
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Figure 7 (A) Reference conjugate synthesis for metabolite validation. (B) LOD
measurement. (C) Metabolite validation.

4 8
x

conditions, the captured carbonyl-containing metabolites were released as the
general structure 4, ready for analysis using UPLC-MS (Figure 6).

To validate our developed method, we synthesized a simplified probe 7
synthesized from aniline 5 and NHS-activated carboxylic acid 6 under peptide
coupling conditions. We optimized probe activation conditions and confirmed
the stability of the conjugate under treatment conditions. The synthetic
metabolite conjugates 4 were further used in metabolite validation through co-
injection experiments and to measure the ionizability of these metabolite class.
The limit of detection (LOD) for the butanone conjugate 4a was determined
to be less than 10 nM in positive ionization mode, which corresponds to 50
fmol. However, no clear peak was observed for unconjugated butanone even
at 10 mM demonstrating signal enhancement by a factor of at least one million
(Figure 7).

One major challenge in metabolomics analysis is the validation of the exact
chemical structures of regioisomers. Metabolites catalogued in databases such
as HMDB?, Sirius'®, MZmine'?*, and Metlin'?’ can be identified through
MS/MS fragmentation comparisons. Another method for compound
validation with higher confidence level is the co-injection of a synthetic or
commercially available reference compound with the natural metabolite in the
sample to compare chromatographic and mass spectrometric properties and
unambiguously distinguish regioisomers. Consequently, we have developed a
straightforward synthetic approach to prepare reference compounds for the
validation of the chemical structures of metabolites, allowing us to synthesize
these references within 24 hours (Figure 8). We prepared a library of 94
carbonyl-containing metabolite conjugates for structure validation in a pooled
fecal sample for maximizing metabolite coverage. This metabolite library is
suitable for large-scale carbonyl screening in any type of biological sample
with enhanced mass spectrometric sensitivity. In this study, after we have
captured carbonyl-containing metabolites using our chemoselective probe, we
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Figure 8 Chemoselective probe procedure and metabolite validation. (A) Proce-
dure for the capture and extraction of carbonyl-containing metabolites from hu-
man samples. (B) Preparation of metabolite-conjugate standards (3) Validation of
captured metabolites using
have firstly performed the standard procedure using XCMS to annotate
tentative metabolite structures and secondly directly compared the captured
metabolites to our newly built in-house carbonyl conjugates reference library
to rapidly obtain the carbonyl-containing metabolite profile (Figure 9A).

Urinary carbonyl-containing metabolites have not yet been analysed in the
context of pancreatic cancer. As carbonyl-containing compounds are highly
reactive and can interact with other biomolecules, leading to the degradation
of regulatory proteins, enzymes and DNA modifications, we applied our
method to the analysis of patient urine samples. Following the identical
procedure for sample treatment and bioinformatics processing, we identified
a total of 99 ketones and aldehydes in the urine samples. By comparing the
carbonyl-containing metabolite UPLC-MS information with our newly
constructed in-house reference, we validated 40 metabolites present in at least
one of these three samples through co-injection experiments with these
synthetic conjugate-standards. Among these compounds, 35 had been
reported previously in human samples according to HMDB. The high
sensitivity of our methods led to the discovery and confirmation of five
metabolites glycolaldehyde, cyclopentanone, glutaraldehyde, hexanal, and
myrtenal, which have not yet been reported in this human sample type
demonstrating the versatility of our method (Figure 9B).

The versatility of this metabolite library was demonstrated by investigating a
fecal sample pooled from eight different patients to discover metabolic
ketones and aldehydes derived from microbiota metabolism. After LC-MS
based analysis of the captured and released metabolite conjugates, we
compared the obtained features with the recorded conjugate library data. The
comparison of retention times and m/z values between the metabolite library
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Figure 9 (A) Overview of the analysis of human samples using the chemoselective
probe methodology using either a bioinformatic workflow (left) or comparison
with a metabolite library. A pooled fecal sample constituted from eight samples
and three individual urines. (B) Validated carbonyl-containing metabolites in hu-
man urine samples sorted by molecular weight.

and the dataset led to the validation of 33 carbonyl-containing metabolites,
which is approximately twice as many as validated in individual samples. Our
procedure also identified five metabolites, which until now have not been
detected in human fecal samples (glycolaldehyde, lactaldehyde,
glutaraldehyde, myrtenal, and cyclopentanone).

In summary, our advanced chemical metabolomics method was successfully
applied for the first time to the analysis of carbonyl compounds in urine
samples leading to the discovery of five previously undetected metabolites.
We also report the construction of a metabolite conjugation library of 94
ketone- or aldehyde-containing metabolites for unambiguous structure
validation and demonstrate its utility by applying it to the analysis of a pooled
fecal sample. In this sample, we discovered five metabolites previously
unknown to be analysed in feces. These results highlight that our bipartite
approach using our chemoselective probe combined with either sophisticated
bioinformatic analysis or a unique conjugation library allows for the discovery
of unknown as well as the validation of known metabolites in complex human
samples. This study lays the foundation for selective metabolomics analysis
of carbonyl-containing compounds at low concentrations in any sample type
and the discovery of biomarkers of disease.
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Metabolic amines

In Paper II, we introduced a novel chemoselective moiety, squaric acid, for
the first analysis of metabolic amines. Amines play crucial roles in biological
processes, with this class of metabolites containing the largest percentage of
gut microbiota-derived compounds. Specifically, amino acids, short peptides,
and neurotransmitters are vital for human physiology'*®. However, it is
estimated that many metabolites in human fecal samples remain undiscovered,
along with their chemical structures. Identifying this metabolite class in fecal
samples is essential for gaining deeper insights into gut microbiome
metabolism and its association with human health'?®. Fecal samples are rich
in gut microbiota-derived metabolites. Chemical modification is a useful
technique for enriching metabolites and enhancing their detection. N-
hydroxysuccinimide (NHS) and sulfo-N-hydroxysuccinimide (sulfo-NHS)
are commonly used moieties for labelling amines. However, the stability of
these moieties poses a critical challenge, limiting their use in amine-specific
chemoselective reactions'? '*°,

We sought to activate our chemoselective probe with a new and more stable
moiety for the analysis of amines. 3,4-Diamino analogues of squaric acid,
known as squaramides, are utilized for selective amine conjugation in various
research fields, including materials science, medicinal chemistry, and
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Figure 10 Chemoselective probe for amine-containing metabolite analysis. (A)
Probe design: magnetic beads (black), bioorthogonal cleavage site (pink), linker
(blue), and activation site (red). (B) Chemoselective probe treatment workflow
that includes a magnetic separation step from the sample matrix after incubation.
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sensors'*!. Squaric acids are also used for bioconjugation of macromolecules,
specific cell labelling, and bioisosteric replacement due to their high
selectivity for reacting with amines under slightly basic conditions. However,
this chemoselective functional group has not been widely reported in
metabolomics-based investigations. Due to the favourable properties of the
squaric acid moiety, we activated our recently developed chemoselective
probe with this moiety for the analysis of amine-containing metabolites in
human samples (Figure 10). Before applying this new methodology to human
samples, we first tested the properties of probe activation, conjugation
chemistry, and the stability of the released metabolite conjugates using a
synthesized simplified probe 8. We optimized the conditions for the synthesis
of 8 from intermediate 9 with squaric acid diethyl ester to activate
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Figure 11 Method validation. (A) Synthetic scheme for conjugated metabolites
and six representative examples. (B) Reactivity condition analysis for five metab-
olites. Colour-code green: detected; red: not detected. (C) Extracted ion chromato-
grams (EICs) for LOD comparison of 11a and 1-aminopropane as well as 11f and
2-amino-1-propanol. (D) Stability of 11a and 11f for treatment with Pd(OAc),,
PPh;, dimethylbarbituric acid.
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immobilized probe 10. Monosquaramide 8 was then tested for reactivity and
chemoselectivity with five representative metabolites that cover diverse amine
functionalities commonly found in metabolites. The reactions of 8 with 1-
aminopropane (a primary amine), piperidine (a secondary amine), aniline (an
aromatic amine), L-serine (an amino acid), and N-acetyl-1-cysteine (a thiol)
were monitored under different reaction conditions, including pH values of
7.5, 8.5, and 9.5, as well as 1% trimethylamine in ethanol. The results were
analysed via UPLC-MS analysis and confirmed that basic conditions or the
addition of an organic base increased reactivity. Importantly, this moiety only
reacted with amine-containing molecules and not with the thiol nucleophile
N-acetyl-L-cysteine, demonstrating its chemoselectivity for amines under the
tested conditions (Figure 11). Based on these successful results, we
synthesized metabolite conjugates 11a—e to determine the limit of detection
(LOD). The lowest LOD value was determined to be 80 pM for the conjugate
of 1-aminopropane 11a in positive MS ionization mode, which corresponds
to 400 amol. The LOD for unconjugated 1-aminopropane was determined to
be 100 uM, highlighting a mass spectrometric sensitivity increase by a factor
of 1.25 million for 11a. The LOD for the other tested metabolites ranged from
100 pM to 1.0 uM. Next, we determined the stability of squaramides of the
general structure 11 under the cleavage conditions involving the
bioorthogonal moiety Noc. The stability under cleavage conditions, using
Pd(OAc),, PPhs, and dimethylbarbituric acid, was analysed to eliminate the
possibility of undesired decomposition of the captured metabolites in human
samples. All conjugates remained unaltered even after 16 hours of treatment,
confirming the stability of 4 throughout our entire sample preparation
procedure (Figure 11C).

Upon method optimization, we treated human fecal samples collected from
three different pancreatic cancer patients with probe 12 (Scheme 1). The
treatment of fecal samples with 12 was performed according to our previously
reported procedures with minor modification. The outcome from the
bioinformatic analysis identified more than 3000 significantly altered features
after removal of features following these criteria: (i) m/z values smaller than
the ammonium conjugate (<319.1401 Da), (ii) less abundant in the metabolite
extract compared to the control sample, (iii) not significantly altered features
(p-values > 0.05), (iv) features that eluted before 1.5 min. The filtering process
was followed by the comparison of the m/z values from the candidate features
with HMDB to determine their tentative chemical structures.

This study represents the first application of squaric acid for chemoselective
analysis of amine metabolites in metabolomics-based studies. The high
stability of the formed conjugates of squaramide with metabolites and the
enhanced ionization properties of these conjugates led to the successful
capture and analysis of amine-containing metabolites in human fecal samples.
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The highly improved LOD at pM concentrations resulted in the detection of
three previously undetected metabolites in this sample type, as well as a series
of microbiota-derived metabolites. This analysis resulted in 165 metabolites
annotated with chemical structures with a 10-ppm accuracy. Using our
constructed in-house conjugated metabolite library, we confirmed 39
metabolites at the highest confidence level through UPLC-MS validation
experiments. Furthermore, we detected 12 microbiota-derived metabolites in
these fecal samples, providing direct insights into gut microbiota metabolism
and its interaction with the human host. This method can now be utilized for
monitoring amine metabolites in any biological sample.

Chemical metabolomics for qualitative analysis

Relative quantification (quant-SCHEMA)
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Figure 12 Chemoselective probe for quantitative analysis of metabolites in human
samples. (A) Chemical probe design. (B) Workflow for guant-SCHEMA. (C) Sim-
plified synthetic scheme.

In paper III, we have described an innovative methodology to quantify gut
microbiome and human metabolites with high sensitivity. As all our previous
publication were focused on the qualitative analysis to identify and discover
metabolites, this second-generation chemical probe method allows for direct
quantitative analysis of carbonyl-metabolites. The high sensitivity for detailed
analysis of the importance of those microbial metabolites and to understand
how they involved in the disease development.
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The novel quantitative chemical probes have been redesigned to enable a new
chemical biology methodology for advanced mass spectrometric analysis that
we have termed Quantitative Sensitive CHEmoselective MetAbolomics
(quant-SCHEMA)). The synthesis of '2C/"*C isotopically labelled analogues of
the probe and separate sample treatment allows for comparative and
quantitative analysis of endogenous and microbiota-derived metabolites in
human samples at low concentrations (Scheme 2). While isotope-labelling is
a well-established part of the (chemo)proteomic workflow, it is rarely used in
metabolomics due to the higher structural diversity of metabolites and
concentration differences. The few reports are based on simple chemistry
without separation from the sample matrix, require harsh conditions for
coupling, are limited in the validation of metabolites, or have only been
applied to a single sample type. This second generation of chemoselective
probes described in this study now facilitates quantitative analysis and
overcome the limitations that other method has to encounter. The redesign of
the probe scaffold that only contains the bioorthogonal cleavage site from the
first-generation probe and now provides several advantages. i) quantitative
and comparative analysis between two sample sets by use of a light and a
heavy labelled probe; ii) a new coupling chemistry to amino-activated
magnetic beads facilitates a shorter synthetic route; iii) the reactive site is
introduced to a primary amine for more efficient activation; iv) precise
quantification of selected metabolites at low fmol concentrations without the
need of commercially available isotope labelled compounds; v) treatment of
three different human sample types with the identical procedure; and vi)
biomarker discovery using a combination of isotope-labelled chemoselective
probe methodology and bioinformatic metabolomics analysis (Figure 12A).

The treatment of this new generation probe is different from the first-
generation probe, even though the magnetic separation and bioorthogonal
cleavage remain. In brief, this new quantitative methodology is based on
chemoselective probe 13 that is immobilized to magnetic beads and a
corresponding stable isotopically labelled analogue *Ce-13. After separate
incubation (light probe for sample collected from time point 1 and heavy probe
for sample collected from time point 2) for 16 h to capture carbonyl-containing
metabolites, the beads were isolated from each sample using a magnet, washed,
and combined for bioorthogonal cleavage. The resulting tagged metabolites
of the general structure 14/"3Cg-14 were analysed using UPLC-MS. The
obtained data was analysed using the bioinformatic software package XCMS
in R. Both conjugated metabolites 14 and 3 Cg-14 can be distinguished by their
mass difference of 6.0201 Da without interference from the natural isotope
distribution, while both elute at the same retention time due to the same
physicochemical properties. These advantages allow us to easily identify the
desired metabolites when the pairs of the signals with 6.0201 Da difference
are observed at the same retention time (Figure 12B).
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these compounds (c=100 uM each) to human urine samples with metabolites
spiked in at the same concentration resulted in a recovery rate of 49-67 % with
an average RSD of 8.2 % demonstrating the highly reproducibility of this
methods. Our method was designed for straightforward identification of the
captured carbonyl-containing metabolites via bioinformatic analysis using
XCMS through the difference of A=6.0201 Da in the MS chromatogram. The
adapted XCMS can help us to collect the pairs with these two criteria: 1)
difference of 6.0201 Da; ii) within retention time <0.05 min. The efficiency
and reproducibility of the novel method were tested using a pooled fecal
sample from ten patients to maximize the number of carbonyl-containing
metabolites. The sample was split in two equal parts and each was treated
either with the light (13) or with the heavy *C-labeled chemoselective probe
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Figure 13Method validation. The same biological sam-

ple has been treated 3 times to determine the reproduci-
bility of this method.
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(B3Ce-13), the conjugates were cleaved from the magnetic beads after magnetic
separation and analysed using UPLC-MS analysis. This experiment led to the
identification of 239 metabolite pairs representing the identification of 239
carbonyl-containing metabolites with higher level of the confidence than the
conventional m/z value-based metabolite assignments. The ratios of these
detected 239 pairs were mainly clustered in the expected Log, = 0
demonstrating the precision of this method as it accounts for differences
between both synthetic analogues, coupling efficiency to the magnetic beads,
metabolite conjugation, bioorthogonal cleavage, and UPLC-MS analysis
(Figure 13).

This analysis was followed by an additional reproducibility test in urine
samples from one patient but collected 6 months apart. Samples T1 and T2
were split in three parts each and each aliquot of T1 was treated with probe
13, while each aliquot of T2 was treated with probe 3Cg-13. In this
reproducibility experiment, 60 out of 82 pairs of labelled and unlabelled
tagged metabolites were commonly detected in all independently replicas,
which were identified out of 3,127 common features. As we expected, these
60 metabolite pairs were found to be up- and down-regulated in the same
direction in repeated analyses (Figure 13). The LOD and LOQ of this
compound class were also determined. The acetone-conjugate 14b can be
detected at a concentration of 100 pM, which corresponds to an LOD of 500
amol. Furthermore, the LOQ for conjugates of acetone (14b) and butanone
(14c) using this new method is ¢=0.5-5nM (Scheme 3).

For this study, we collected urine and plasma samples from the same high-risk
patients for pancreatic cancer at two different time points T1 and T2. We have
applied our developed quant-SCHEMA method for direct comparative
analysis of both time points for each of the three individuals. The total number
of detected carbonyls in these samples, confirmed by the pairs of the light and
heavy tags, are 180 metabolites for plasma and 203 for urine samples. This
reliable extraction and isolation of large numbers of carbonyl metabolites
enables the large-scale analysis of this reactive compound class in human
samples for biomarker discovery and is enhanced to previous studies due to
the improved MS sensitivity and metabolite identification procedure. The
treated urine and plasma samples were analysed in parallel with the same
control sample in a randomized sequence allowing for comparison of the
samples through principal components analysis. This unsupervised
multivariate analysis clearly separated plasma and urine samples, but also
clearly grouped samples according to collection time, while replicates
remained tightly clustered. Importantly, our method permits identification of
metabolic variations in individuals over time that can in the future be utilized
to identify disease onset. This has so far been unavailable for broad coverage
of carbonyl-metabolites in clinical human samples.
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As our quant-SCHEMA analysis is based on isotope-labelled metabolite tags,
it allows not only for the identification of metabolites but also their precise
quantification in complex biological matrices. Additionally, our method
provides a new straightforward possibility to synthesize '*Cs-labelled
standards for the precise quantification of a metabolite of interest. This is
advantageous as not all metabolites are commercially available as stable
isotope labelled analogues. We synthesized light and heavy labelled standards
of the acetone conjugate 14 b and *Cg¢-14 b to measure a calibration curve
enabling quantification of acetone in urine and fecal samples (Figure 14).

Our sensitive mass spectrometric analysis also led to the identification of
previously undetected metabolites in all three investigated sample types. Due
to removal of the captured metabolites from the complex sample matrix using
magnetic separation, analysis in parallel of metabolites present in all three
human sample types is possible. The retention time and peak shape for our
analysis is identical for every sample type. This is an important advantage as
the magnetic separation removes the common matrix effect that other
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48



derivatization methods and standard metabolomics studies need to consider
through additional normalization procedures.

In summary, the developed new method represents a reproducible chemical
biology tool to enhance metabolomics and metabolite analysis in complex
human samples. This new methodology is based on a chemoselective probe
immobilized to magnetic beads with a light and heavy isotope tag that allows
for advanced analysis to compare with other derivatization methods for
metabolite analysis, which lack separation from the sample matrix and must
overcome matrix interferences. Due to the combination of natural and isotope-
labelled conjugates before LC-MS analysis, this new method does not require
any normalization procedure including internal standards or normalization of
different sample types. This is necessary in general metabolomics analysis to
reduce technical errors. This comprehensive analysis allows for enhanced
mass spectrometric approaches to biomarker discovery and the possibility to
monitor patients and their disease progression at different timepoints is a new
tool towards personalized medicine and diagnostics.

Precise quantification — Short chain fatty acids (SCFAs)

In Paper IV, we continued to develop quant-SCHEMA to expand its
applications. We noticed the high sensitivity, reproducibility of this method,
and the importance of short-chain fatty acids (SCFAs)”* '*2. This led us to the
idea of developing a precise quantification method for SCFAs with minimal
sample cost. The enhanced sensitivity not only improves the detection limit
but also allows for a reduction in sample volume usage. What if we could
accurately measure SCFAs using only 2% of the sample volume, while the
remaining sample could be used for conventional metabolomics processes?
To achieve this, we conducted a series of experiments to further refine our
quant-SCHEMA (Figure 15, Scheme 4). Baed on the research from Paper 11,
we incorporated our chemoselective probes with N-methylbenzylamine as a
new carboxylic acid chemoselective reactive moiety.

The SCFA conjugates and their '*Cg-labelled SCFAs conjugates for the
calibration curve were synthesized from a simplified probe. We coupled
synthetic intermediate 21 with 4-(Boc-aminomethyl)benzoic acid 22 using
common amide coupling reagents HBTU, HOBT, and DIPEA (Scheme 5).
The simplified probe was then treated under acidic conditions to remove the
Boc protecting group for activation. The activated probe 23 was coupled with
formic acid (FA), acetic acid (AA), propanoic acid (PA), butyric acid (BA),
valeric acid (VA), and lactic acid (LA) using amide coupling conditions to
obtain the corresponding SCFAs conjugates 24a-f and their respective *Cs-
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labelled conjugates 24a-f* (see Figure 16A). These optimized conditions were
also applied for the immobilized probe experiments in biological samples.
After synthesizing these SCFA conjugates, we prepared a series of
concentration solutions to determine the six LOD/LOQ values and the six
calibration curves. Serial dilutions were prepared for each SCFA conjugate to
calculate the signal-to-noise ratios (see Figure 16B). The rough LOQ for these
analytes was determined to be either 10 nM (50 femtomoles for FA, AA, and
LA) or 1 nM (5 femtomoles for PA, BA, and VA). The calibration curves were
prepared through three independent experimental procedures, demonstrating
near-perfect linearity. The details of LOD/LOQ were also determined (R? >
0.9994, see Figs. 16C). Additionally, a linear concentration range was tested
from 1 nM to 1000 nM. Using these calibration curves, we validated the
method by quantifying an identical bacterial sample six times to assess its
reproducibility. The relative standard deviations (RSD) ranged between 7.1%
and 17.7%. These highly reproducible results (average RSD of 12.40%)
demonstrate the robustness of this new method (see Figure 17A). We also
conducted an experiment to determine the matrix effect by quantifying the
same sample four times, with sample matrix and without sample matrix. The
matrix effect led to a reduction in the detection signal from 68.3% to 83.9%.
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Meanwhile, the matrix removal step improved the reproducibility of this

quantification method by reducing the RSD from 23.6% to 8.4%.

One of the major advantages of our method is its high sensitivity, requiring
only a minimal amount of the investigated biological sample. This combines
well with global metabolomics analysis, as our method utilizes just 2% of the
sample extract for precise SCFAs quantification. The remaining sample
volume can then be used for conventional global metabolomics analysis. In
this study, quant-SCHEMA was applied to 2 pL of the bacterial sample to
investigate alterations in SCFAs between the healthy microbiome (H), a co-
culture of the healthy microbiome and Sa/monella (H+S), and the co-culture
of the healthy microbiome with Sa/monella in the presence of the antibiotic
Spectinomycin (H+S+Ab) at two different time points (day 1 and day 5). We
selected an antibiotic-resistant Salmonella strain as a realistic example to
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Figure 17 SCFAs quantification. (A) Quantification of SCFAs in the random iden-
tical sample 6 times to validate the method reproducibility (See also Table S4).
Bioorthogonal cleavage condition: triphenylphosphine, dimethyl-barbituric acid,
and Pd(OAc), in THF for 5 hours. (B) Total SCFA quantification in biological
samples and (C) individual SCFA values. Each condition was analysed as tripli-
cates. Error bars are standard deviation.

represent the disruption of the healthy microbiome after antibiotic treatment,
which has been shown to affect SCFA concentrations. Additionally, a diluted
ACHIM culture, referred to as a 'weak' gut microbiome with lower bacterial
density and SCFA concentration, was tested to evaluate our method's
performance in such conditions (see Figure 17B). The antibiotic-treated
samples (H+S+Ab) showed a significant decrease in total SCFA levels on day
5 compared to day 1, regardless of the health of the gut microbiome (Figure
17B). This reduction in total SCFA production is consistent with literature
reports on antibiotic treatment, confirming the validity of our method. Our
results also reveal that acetate, propionate, and butyrate are the SCFAs
primarily affected in cultures treated with Spectinomycin. Moreover, the total
SCFA concentrations in the healthy microbiome (H) slightly decreased after
5 days of culture compared to an increase observed in the co-cultures with
Salmonella. This observation aligns with reports suggesting that the healthy
microbiome's SCFA production may be linked to pathogen starvation through
increased sugar consumption.

Based on the successful SCFA experiments conducted with a small volume of
sample extract, we utilized the remaining sample for global mass spectrometry-
based metabolomics analysis. We identified the main metabolites altered in
three groups: the healthy microbiome, the Salmonella co-culture (H+S), and the
antibiotic-administered culture (H+S+Ab). The chemical structures of 44
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metabolites from the Top100 features with the highest statistical significance
were determined through metabolite annotation using HMDB. A total of 13
metabolites were validated with the highest confidence level through
comparison with reference standard compounds. Both N-acetylated amino acids
were found to be reduced, while the amino acids valine and tyrosine showed
significant increases after Streptomycin treatment. The reduction of N-
acetylated amino acids after antibiotic treatment correlates with the decrease in
acetic acid, which is required for the biosynthesis of the acetyl-donor Acetyl-
CoA'**. These findings are novel and indicate that our method holds significant
promise in discovering compounds with activity against pathogens, especially
antibiotic-resistant bacteria. This demonstrates the powerful application of our
combined quantification methodology for volatile metabolites and the
metabolites in standard global metabolomics analysis.

In summary, we have developed a novel method for the precise quantification
of short-chain fatty acids with high sensitivity. This method only requires 2%
of the global metabolomics sample volume, conserving precious biological
samples while obtaining SCFA concentrations accurately. To illustrate this
significant advantage, we also conducted conventional global metabolomics
analysis using the remaining sample extract. Our quantitative methodology
underwent validation through a series of analytical experiments, including
linearity, limit of quantification, reproducibility, and a positive control
experiment in the presence of an antibiotic. As a proof-of-concept study for
our methodology, we successfully and precisely quantified the concentrations
of SCFAs in 36 bacterial samples and conducted metabolomics analysis in
parallel to identify metabolic alterations in these bacterial co-cultures. We
envision that these quantitative chemoselective probes will find application in
various biomedical studies for SCFA quantification, as they require only small
sample volumes. This chemical metabolomics strategy can be combined with
other analyses for low-quantity samples.

Chemical metabolomics for biomarker discovery

In Paper V, we applied quant-SCHEMA to a dietary intervention study aimed
at discovering potential nutritional biomarkers. This was the first application
of quant-SCHEMA for large-scale sample size analysis (78 vs 78), as in
previous publication, we initially developed and tested the method with a
small sample number only. As a result, we conducted a series of optimization
experiments to enhance the performance of quant-SCHEMA in large-scale
analysis.
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Figure 18 (A) General workflow for the dietary intervention study including sam-
ple collection, metabolite extraction, chemical metabolomics treatment, UHPLC-
MS analysis, and data interpretation. (B) Workflow for dietary biomarker discov-
ery. The study includes 78 volunteers with the collection of urine samples at two
timepoints V1 andV2. The samples were split in 48 urine pairs for two training
and 30 urine pairs as validation sets (N = 156 urine samples). (C) Overview of the
chemoselective probe treatment procedure and metabolite structure validation of
the tagged metabolites with authentic standards.

Polyphenols offer health benefits but have low bioavailability**'*’. Few
studies have investigated the relationship between polyphenols and gut
microbiota using metabolomics combined with metagenomics*® *°. Our
objective was to conduct a detailed analysis of carbonyl-containing
metabolites to discover unknown bioactive compounds in a dietary
intervention study, elucidating the effects of nutritional metabolism. We
successfully employed our recently developed chemical metabolomics
method, quant-SCHEMA, for semi-quantitative analysis of urine samples
collected before and after the consumption of a (poly)phenol-rich breakfast
comprising flaxseeds, raspberries, and soy milk, to obtain the dietary carbonyl
profile. While individual carbonyl metabolites have been linked to dietary
changes, no comprehensive investigation of this compound class has been
reported. The results of our extensive analysis of carbonyl metabolites were
used to identify metabolic differences resulting from the dietary intervention,
potentially revealing candidate biomarkers. To assess the quality of these
carbonyl-containing biomarkers, we employed a common metabolomics-
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based biomarker discovery strategy. We divided the sample cohort into two
training sample sets and one validation set. We selected 48 urine samples (24
vs 24) as Batch 1 Training Set (B1TS), another 48 urine samples (24 vs 24) as
Batch 2 Training Set (B2TS), and 60 urine samples (30 vs 30) for the
biomarker validation set (VS). Sample volumes were adjusted based on
creatinine concentration to normalize metabolite concentrations. Our
chemical metabolomics approach was then applied identically to these three
sample sets but at different time points. Metabolites identified as statistically
significant in both training sample sets were ranked as tentative biomarkers
and tested in the validation set to confirm their status as dietary biomarkers
(Figure 18).

We initially aimed to investigate global alterations in the carbonyl-containing
metabolome during the dietary intervention. To gain a comprehensive

Table 1 Validated carbonyl-containing metabolites using our in-house library.
Highlighted acetaldehyde was statistically significantly increased in V2 compared
to V1. Highlighted 2,3-Pentanedione was statistically significantly reduced in V2
compared to V1.

Monoisotopic  Conjugated Library Urine
Carbonyl conjugates Source
Mass m/z RT (min) RT (min)
1 Formaldehyde 30.0106 293.1609 10.2 10.17 Seeds
2 Acetaldehyde 44.0262 307.1765 10.89 10.9 Berries, seeds, milk and soy
3 Acetone 58.0419 321.1922 11.01 10.57 Decarboxylation of ketone bodies
4 Propanal 58.0419 321.1922 11.53 10.83 Foods, berries
5 Glycolaldehyde 60.0211 323.1714 9.98/10.27 9.82
6 Butanone 11.93/12.30
72.0575 335.2078 12.27/12.46
7 Butanal 12.30/12.48 Red raspberry, seeds, soy and milk
8 Hydroxyacetone 74.0368 337.1871 9.92/10.52 9.77/10.54 Foods
9 Lactaldehyde 74.0368 337.1871 9.94/10.56 10.54 Animal foods
10 Diacetyl 86.0368 349.1871 11.08 11.29 Flavoring agent
11 2-Pentanone 349.2235 12.66/12.87
12 Isovaleraldehyde 349.2235 12.83/13.05 Blueberries
86.0732 12.83/13.00
13 2-Methylbutyraldehyde 349.2235 12.84/13.02
14 Valeraldehyde 349.2235 12.93/13.14 Berries, soy and milk product
15 1-Hydroxy-2-butanone 88.0524 351.2027 13.9 13.9 Plants
16 Cyclohexanone 98.0731 361.2234 12.65/12.93 12.89 Berries and cereal products
17 2,3-Pentanedione 100.0524 363.2027 12.15/12.50 12.00/12.28 Berries and teas
18 Acetylacetone 100.0524 363.2027 11.16 112 Berries
19 3-Hexanone 363.2391 13.48 Raspberry, flaxseed, soy milk
20 2-Methyl-3-pentanone 363.2391 13.51 Corns
21 2-Methylpentanal 100.0888 363.2391 13.59 13.31/13.47 Onion
22 2-Hexanone 363.2391 13.33/13.51
23 Hexanal 363.2391 13.59/13.73 Raspberry, flaxseed, soy milk
24 Benzaldehyde 106.0419 369.1922 13.56 13.25 Natural plant foods
25 2:3-Dimethyl-32H)- 112.0524 3752027 9.74 9.92
furanone

26 Levulinic acid 116.0473 379.1976 10.90/11.46 11.94 Cellulose
27 Ketoisocaproic acid 130.0630 393.2133 11.53/12.65 11.65 Animal foods
28 Safranal 150.1045 413.2548 11.01/12.23 11.69 Teas and fruits
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overview of carbonyl alterations, we combined the analysis of BI1TS, B2TS,
and VS (78 vs 78). We selected the top 50 common features among these three
distinct datasets based on p-values from paired Student's t-tests. The heatmap
illustrates that most carbonyl-containing metabolites decreased as a result of
the dietary intervention. This could be attributed to two possible reasons: i) In
V1, the volunteers were in a fasting state and generated energy by consuming
fats to produce more ketone bodies. The switch to the (poly)phenol-rich
breakfast led to a shift in energy generation toward glucose. ii) Another
possibility is the antioxidant properties of flaxseeds, raspberries, and soy milk.
The consumption of this (poly)phenol-rich diet may facilitate the clearance of
carbonyl-containing metabolites from the human body.

Based on the successful global carbonyl profiling, we aimed to obtain
structural information for the top hits by applying our in-house library. The
highest level of validation for detected metabolite structures was achieved
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Figure 19 Metabolite identification procedure. (A) Comparative fragmentation
analysis of carbonyl-conjugated metabolites with in-house prepared reference
standards. (B) MS/MS fragmentation analysis of one of the tentative biomarkers 4-
amino-2-methylpyrimidine-5-carbaldehyde with annotated MS fragmentation ions.
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through co-injection analysis with synthetic or commercially available
reference compounds that exhibited identical chromatographic properties and
MS/MS fragmentation patterns as the metabolite in the biological sample
(Confidence level 1). Metabolites annotated in databases could be identified
through MS/MS fragmentation comparisons (Confidence level 2). The in-
house metabolite conjugate library described in Paper I facilitates rapid
structure validation by directly comparing the retention time and MS/MS
fragmentation pattern between the natural metabolite and the constructed
library compound (Figure 18C). This straightforward method provided rapid
insights into the chemical structure of carbonyl-containing metabolites. We
successfully validated 30 carbonyl-containing metabolites by directly
comparing them to the conjugated library. As expected, most of these
validated carbonyls were previously associated with specific food sources
based on comparisons with HMDB and the Food Database (FooDB). For
instance, acetaldehyde, butanal, valeraldehyde, 3-hexanone, and hexanal were
directly linked to the consumption of various berries, seeds, and soy products.
Propanal, cyclohexanone, 2,3-pentanedione, acetylacetone, benzaldehyde,
and 2-undecanone primarily originated from fruits, particularly berries.
Kynurenine, a product of milk consumption, could be linked to soy products
(Table 1). To facilitate the discovery of other carbonyl-containing metabolites,
we also identified compounds through MS/MS fragmentation analysis. To
achieve this, we first generated MS/MS fragmentation spectra for standards
from our conjugated library. This analysis revealed the presence of the
fragment 148.0757 in all conjugated standards, resulting from the partial loss
of the probe linker. This finding confirmed the bioinformatic data analysis
output and provided an additional diagnostic fragment to enhance confidence
in the identification of carbonyl-containing metabolites (Figure 19A).

The first training set (BITS) yielded 132 features with a 1.5-fold alteration
and p-values < 0.05. Consistent with the global analysis, more carbonyl-
containing metabolites were found at reduced levels after the dietary
intervention. A similar analysis was conducted for B2TS, resulting in over 275
significantly altered features with a fold change of over 1.5. Upon comparison
of the feature lists from these two sets, we identified 24 features commonly
altered in both training data sets, providing a higher level of confidence in the
validity of these metabolites as dietary biomarkers. We successfully annotated
5 of these 24 biomarker candidates by comparing the detected high-resolution
mass without the probe tag with HMDB. The presence of the diagnostic
MS/MS tag fragment (m/z = 148.0754) for all five metabolites confirmed the
presence of a carbonyl group in their chemical structure. The MS/MS
fragmentation analysis for 4-amino-2-methylpyrimidine-5-carbaldehyde
serves as a representative example of structural elucidation (see Figure 19B).
The loss of the methyl group and amino moiety from the dietary compound
was observed (m/z =307.1513, 292.1404, 278.1248). These three fragment
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ions are specific and were not observed in the MS/MS analysis of our
constructed library of over 100 compounds. For instance, 1-
(methyldithio)acetone (a / p-value = 0.0129 in BITS, 0.0005 in B2TS),
glucose ketone (¢ / p-value < 0.0001 in BITS, 0.0261 in B2TS), and
thiacremonone (e / p-value =0.0019 in BITS, 0.0016 in B2TS) increased after
the consumption of flaxseeds, raspberries, and soy milk, whereas 4-amino-2-
methylpyrimidine-5-carbaldehyde (b / p-value = 0.0021 in B1TS, 0.0082 in
B2TS) and 6’-methoxypolygoacetophenoside (d / p-value < 0.0001 in both
BI1TS and B2TS) were found at reduced levels.

In the validation data set (VS /30 V1 and 30 V2 samples), we performed a
targeted analysis specifically to investigate the five biomarker candidates and
determine the alterations within this independent sample cohort. Metabolite e
was excluded as a false positive hit in the validation set due to its low statistical
significance (p = 0.1598). Since compound a was significantly increased in
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Figure 20 Discovery and evaluation of dietary biomarkers. (A) Tentative struc-
tures for the identified biomarkers and their chemical formulas: a: C4H80S2, b:
C6H7N30, c: C7TH1007, d: C15H20010, e: C6H803S. Mass spectrometric in-
tensities and statistical analysis in the three different data sets (paired Student’s t-
test, p-values: * p <0.05; ** p<0.01 and *** p <0.001); (B) ROC analysis in the
validation set for different combinations of the metabolites.
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this third sample set, we further evaluated it through receiver operating
characteristic (ROC) analysis to assess its specificity and sensitivity. The ROC
analysis validated this metabolite as a promising nutritional biomarker based
on AUCs of 0.735, 0.805, and 0.790 for BITS, B2TS, and VS, respectively
(see Figure S7-S9). Additionally, metabolite ¢ was consistently identified as
significantly increased after the consumption of the (poly)phenol-enriched
breakfast in the three datasets BI1TS, B2TS, and VS. Similarly, carbonyls d
and b consistently decreased after dietary intervention in B1TS, B2TS, and
VS (see Figure 20A). The AUC values for these four candidates ranged from
0.735 to 0.840, confirming a low risk of false positive assessment.

As even the most suitable single metabolite marker carries a high risk of false
positives, we combined the top four metabolites and conducted a ROC
analysis in various combinations with three or all four metabolites (see Figure
20B). This analysis yielded high AUC values ranging from 0.880 to 0.911,
underscoring the high sensitivity and selectivity of these four metabolites as
biomarkers for this (poly)phenol-rich diet.

In summary, we applied a new chemical metabolomics approach for the first
time in a dietary context, with a specific focus on carbonyl-containing
metabolites. This compound class is important due to its relevance to
microbiome metabolism and the quenching properties of polyphenols on
reactive oxygen species. In this study, we utilized the recently developed
quant-SCHEMA method, which we optimized for large-scale analysis. Our
analysis of a sample cohort comprising 78 individuals who consumed a
(poly)phenol-rich breakfast consisting of raspberry powder, flaxseeds, and
soy milk for three days led to the discovery of novel dietary biomarkers. In
total, we identified a set of four carbonyl-containing metabolites that serve as
markers for this diet. This study underscores the advantages of advanced
chemical biology methods in nutritional research.
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Conclusion

Metabolomics is an evolving scientific research field that demands a diverse
array of tools to facilitate its expansion and practical application. To date,
metabolomics methodologies have led to significant achievements in
biomarker discovery and the exploration of disease development. Metabolites
as small molecules with modifiable functional groups such as amines,
carbonyls, carboxylic acids, and hydroxyl groups, offer abundant
opportunities for chemoselective modifications. This success of dissertation
represents the importance of the integration of organic synthesis and chemical
biology into metabolomics research. Consequently, there's an increased
demand for interdisciplinary skills to advance metabolomics forward. While
analytical chemistry remains critical, expertise in chemical biology and
organic chemistry is essential for pioneering new discoveries.

This dissertation marks the successful development of a series of novel
chemical biology tools for advanced metabolomics analysis including the
elucidation of metabolite structure and quantitative analysis for biomarker
discovery. We have established and introduced chemical metabolomics step
by step from qualitative to quantitative analysis. We have designed a chemical
probe consisting of a solid support (magnetic beads), a bioorthogonal cleavage
site (Noc), a tagging linker and a chemoselective reactive site. This innovative
design enables the chemoselective enrichment of desired metabolites,
significantly enhancing the reliability of mass spectrometry detection and
minimizing false positives. Magnetic beads expedite metabolite isolation, and
the cleavable linker allows us to release target metabolites. The tagging
process substantially improves the chemical and physical characteristics of
metabolites, similar to other derivatization techniques.

In the first paper, we introduced a strategy for constructing metabolite
conjugate libraries to swiftly validate metabolite structures, yielding twice as
many validated metabolites as other reported methods. We also identified five
previously undetectable metabolites. This demonstrates that our bipartite
approach, involving our chemoselective probe combined with sophisticated
bioinformatic analysis or a constructed conjugates library, allows for the
discovery and validation of known and unknown metabolites in complex
human samples. This study lays the foundation for selective metabolomics
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analysis of carbonyl-containing compounds at low concentrations and the
identification of disease biomarkers.

In the second paper, we described the development of a novel chemoselective
reaction moiety for amine conjugation in metabolomics, using squaric acid for
the first time. We determined its chemoselectivity, reactivity, stability, and
ionizability, successfully capturing as well as analysing amine-containing
metabolites in human fecal samples. Due to its superior properties, we have
detected three previously undetected metabolites in this sample type and a
range of microbiota-derived metabolites. Furthermore, we have designed a
more reliable and straightforward method for synthesizing a library of 93
amine-containing metabolites for efficient validation of metabolites with
coverage of different metabolite classes.

The third paper transformed our chemical probe from qualitative detection to
quantitative analysis by redesigning it to incorporate isotopically labelled
linkers. In addition, we have also shortened the synthesis for better utilization
in the future. This methodology, based on a chemoselective probe
immobilized to magnetic beads with light and heavy isotope tags, outperforms
other derivatization methods in metabolite analysis, which lack separation
from the sample matrix and must overcome matrix interferences. Due to the
combination of natural and isotope-labelled conjugates before LC-MS
analysis, it does not require for normalization procedures, internal standards,
or adjustments for different sample types, facilitating the detection and
quantification of 21 previously undetected metabolites. This comprehensive
method enhances mass spectrometric analysis to biomarker discovery and
enables personalized medicine and diagnostic monitoring.

In the fourth paper, due to high importance of short-chain fatty acids and
biological sample volume, we have designed a specific reactive site
facilitating the precise quantification of SCFAs. This method only requires 2%
of the global metabolomics sample volume to save precious biological
samples and to additionally obtain the SCFA concentrations. Our quantitative
methodology has been validated by a series of analytical experiments
including linearity, limit of quantification, reproducibility, and a positive
control experiment in the presence of an antibiotic. The designed synthetic
route of *Cs-labelled conjugates allows for the synthesis of the corresponding
internal standard for any desired carboxylic acid metabolite as our method
does not require a commercially available isotopically labelled standard. We
anticipate widespread application of these quantitative chemoselective probes
in biomedical studies due to their minimal sample volume requirement.

In the last paper, we have reached an important step, biomarker discovery, of
the development of new chemical biology tools for metabolomics. We have
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applied a new chemical metabolomics approach for the first time in a dietary
context with a focus on carbonyl-metabolites. These metabolites are
significant due to their connection with microbiome metabolism and their role
in quenching reactive oxygen species, especially in the presence of
polyphenols. We optimized our gquant-SCHEMA method for large-scale
analysis in a dietary study, identifying novel dietary biomarkers that represent
a (poly)phenol-rich diet. This study demonstrates the value of advanced
chemical biology methods in nutritional research.

In conclusion, this dissertation describes the journey of developing chemical
probes for metabolomics analysis and lays the groundwork for chemical
metabolomics. Initially, our focus was on qualitatively detecting carbonyl and
amine-containing metabolites, but our journey evolved to encompass
quantitative analysis of carbonyls and SCFAs to better understand their roles
in biological processes. Furthermore, this dissertation bridges the gap between
analytical chemistry and chemical biology, highlighting the essential role of
organic chemistry in this scientific field.
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Popularvetenskaplig sammanfattning

Ténk om ménga sjukdomar kunde diagnostiseras i ett tidigt skede under en
vanlig hilsoundersokning?

Den ménskliga mikrobiomen, ett komplext ekosystem av mikroorganismer
som bor i vara kroppar, spelar en avgoérande roll for var allménna hélsa. Ny
forskning har visat att dessa mikroskopiska invénare har en djupgiende
paverkan pé virdens fysiologi genom att producera hogt aktiva foreningar,
d.v.s. mikrobiella metaboliter. Dessa metaboliter kan paverka utvecklingen av
olika sjukdomar pé ett betydligt sétt. Upptackten av mikrobiella metaboliter
som potentiella indikatorer eller biomarkdrer for hélsotillstdnd erbjuder en
spannande mdjlighet. Hur kan vi gora det till verklighet?

"Metabolomik"” &dr studien av molekyler som produceras fran
amnesomsittningen. Upptickten av metaboliter &r ett avgdrande steg for
biomarkorsupptickt. Men forstielsen av mikrobiotans sammansittning och
funktion dr fortfarande oklart pd grund av dess enastdende komplexitet.
Dessutom ér det mycket svért att genomfora en omfattande analys av hela
metabolomen. Som svar pa dessa utmaningar vander forskare sig ofta till
derivatiseringstekniker.

Derivatisering innebér att dndra metaboliters struktur for att forbattra deras
detekterbarhet och stabilitet under analysen. Aven om derivatisering har varit
ett viardefullt verktyg inom metabolomik, men derivatiseringen riskerar att
introducera artefakter, som i sin tur kan leda till férsimrade noggrannhet i
analytiska resultat. Darfor finns ett brddskande behov av mer avancerade
tekniker for att forbéttra precisionen i derivatiseringsbaserad metabolomik.

I denna doktorsavhandling har vi utvecklat en banbrytande metod som kallas
kemisk metabolomik. Denna innovativa metod anvénder kemiska sonder som
immobiliserats pd magnetiska parlor for att finga metaboliter i biologiska
prover. De framgangsrika resultaten med kemoselektiva sonder inom kemisk
metabolomik understryker betydelsen av kemiska biologiverktyg for att
frimja metabolomik. Denna omfattande avhandling representerar ett
betydande framsteg i var forméga att uppticka biomarkorer och fa insikter om
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mikrobiella interaktioner med den méanskliga viarden och utvecklingen av
sjukdomar.

Nar vi avsldjar mikrobiomens hemligheter, faltet for kemisk metabolomik
genomgér en revolutionerande biomarkorsupptickt inom metabolomik.
Denna innovativa metod erbjuder potentialen att ge vérdefulla insikter om
relationerna mellan mikrobiella samhillen inom vara kroppar och olika
hélsotillstand. Med sin forbéttrade precision och kénslighet, kemisk
metabolomik lovar att bli ett vardefullt verktyg for att fraimja var forstaelse av
den minskliga mikrobiomens paverkan pa minsklig hilsa. Vi ar entusiastiska
over véara lovande resultat, eftersom det representerar ett betydande steg
framat i forstaelsen av mikrobiotans &mnesomsittning.
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