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Summary

Pollen allergy is a complex, multicausal disease with rising prevalence across the
world. Currently, pollen allergy is treated mainly by symptom management and
allergen-specificimmunotherapy. In order to develop new treatment options, a greater
understanding of the underlying mechanism of the disease is needed. Based on
disease hypotheses like the hapten theory and the danger model, electrophilic small
molecules in pollen could play a part in the sensitisation process and the exacerbative
nature of the disease. The research on small molecules in pollen is lagging behind in
contrast to their protein counterparts, which is why the aim of this project was to
develop a method to enable the detection and identification of electrophiles in pollen

extracts.

Method development in this work explored i) in situ detection and identification
methods with liquid chromatography-mass spectrometry and ii) nucleophilic labelling
with an affinity tag in order to facilitate a subsequent purification step, before
investigating the potential of using a solid-supported nucleophilic probe. Finally, a
probe was developed, consisting of a polystyrene solid support, a hyperacid-sensitive
linker and a disulfide-protected cysteine that could act as a nucleophile to capture the
electrophilic target molecules upon deprotection. The advantages of the probe are the
following: i) the nucleophilic cysteine could be selectively deprotected, and a method
was developed to quantify the released cysteine (8.65 + 2.65 %) and therefore the
amount of reactive sites on the resin; ii) the solid nature of the probe enabled a set-
up in cartridges intended for solid-phase extraction, which allowed consecutive
washes and reagent additions; iii) the hyperacid sensitive linker enabled the release
of formed cysteine adducts after reaction; and finally, iv) due to the design of the
probe, only mono-addition of cysteine was observed, except in cases where adducts
could decompose. The probe was tested on model compounds, a model extract that
was spiked with model compound and lastly, on diverse pollen extracts (Ambrosia
psilostachya, Ambrosia artemisiifolia, Phleum pratense, Betula pendula, Urtica dioica,
Corylus avellana). Both model compound and model extract experiments were
successful; adduct formation was observed and the adducts were successfully
isolated and characterised by nuclear magnetic resonance. However, due to the low
abundance of electrophilic compounds in the extract, it unfortunately was not possible
to isolate and characterise any compounds from pollen extracts, aside from two

compounds isolated from a larger pollen extract experiment with Ambrosia
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psilostachya. The two isolated compounds were shown to be coumaroyl spermidine-

like structures, however, their exact structure could not be determined.
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Zusammenfassung

Pollenallergie ist eine komplexe multikausale Krankheit mit weltweit steigender
Pravalenz. Derzeit wird die Pollenallergie hauptsachlich durch Symptommanagement
und allergenspezifische Immuntherapie behandelt. Ein besseres Verstandnis des
Krankheitsmechanismus ist erforderlich, um neue Behandlungsmdglichkeiten zu
entwickeln. Basierend auf Krankheitshypothesen wie der Hapten-Theorie und dem
Gefahrenmodell kénnten elektrophile kleine Molekile in Pollen eine Rolle im
Sensibilisierungsprozess und in Exazerbationsepisoden der Krankheit spielen. Die
Forschung an solchen Molekiilen ist im Gegensatz zu Proteinallergenforschung
zurtickgeblieben, weshalb das Ziel dieses Projekts darin bestand, eine Methode zu

entwickeln, mit der solche Moleklile nachgewiesen und identifiziert werden kdénnen.

Die Methodenentwicklung in dieser Arbeit untersuchte i) In-situ-Nachweis- und
Identifizierungsmethoden durch Flissigchromatographie mit Massenspektrometrie-
Kopplung und ii) eine Nachweismethode durch nukleophile Adduktbildung mit einer
Affinitdtsmarkierung, um einen nachfolgenden Reinigungsschritt zu erleichtern, bevor
schlussendlich das Potenzial der Verwendung von einer feststoffgetragenen
nukleophilen Sonde untersucht wurde. Eine Sonde wurde entwickelt, die aus einem
festen  Polystyroltrager, einem saureempfindlichen Linker und einem
disulfidgeschiitzten Cystein besteht, das als Nukleophil mit elektrophilen
Zielmolekilen reagieren kann. Die Vorteile der Sonde sind die folgenden: i) das
nukleophile Cystein konnte selektiv entschiitzt werden, und es wurde eine Methode
entwickelt, um das freigesetzte Cystein und damit die Menge an reaktiven Stellen auf
dem polymaren Tragermaterial zu quantifizieren (8,65 + 2,65%); ii) der feste
Aggregatszustand der Sonde ermoglichte einen Aufbau in Kartuschen, die fir die
Festphasenextraktion  vorgesehen  waren; dieser Aufbau  ermoglichte
aufeinanderfolgende Waschungen und Reagenzzugaben; iii) der sdureempfindliche
Linker ermdéglichte die Freisetzung gebildeter Cysteinaddukte nach der Reaktion; und
schlielich, iv) aufgrund des Designs der Sonde wurde nur Monoaddition von Cystein
beobachtet, auller in Fallen, in denen sich Addukte zersetzen konnten. Die Sonde
wurde an Modellverbindungen getestet, einem Modellextrakt, das mit einer
Modellverbindung versetzt war, und schlieRlich an verschiedenen Pollenextrakten
(Ambrosia psilostachya, Ambrosia artemisiifolia, Phleum pratense, Betula pendula,
Urtica dioica, Corylus avellana). Sowohl die Experimente mit Modellverbindungen als

auch mit dem Modellextrakt waren erfolgreich; Adduktbildung wurde beobachtet und
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die Addukte wurden erfolgreich isoliert und durch Kernspinresonanzspektroskopie
charakterisiert. Aufgrund der geringen Menge elektrophiler Verbindungen im Extrakt
war es jedoch leider nicht méglich, abgesehen von zwei Verbindungen, die aus einem
grolkeren Pollenextraktversuch mit Ambrosia psilostachya isoliert wurden,
Verbindungen aus Pollenextrakten zu isolieren und zu charakterisieren. Es wurde
gezeigt, dass die beiden isolierten Verbindungen Cumaroylspermidin-ahnliche

Strukturen sind, ihre genaue Struktur konnte jedoch nicht bestimmt werden.
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Chapter 1

Chapter 1 Introduction

1.1 Pollen Allergy

The term ‘allergy’ was introduced by Clemens von Pirquet in 1906 and is used to
describe an exaggerated immune response to stimuli generally considered harmless’.
Nowadays this term has been adulterated to describe a set of immunoglobin E(IgE)-
mediated allergic diseases which are often characterised by atopy. Atopy is defined
as a tendency to develop an exaggerated IgE immune response?. Both allergy and
atopy fall under type | hypersensitivity, but while all atopic disorders are allergic, there

are many allergic disorders that are not IgE-mediated and hence not atopic®.

Pollen allergy is one of the allergic diseases classified as type | hypersensitivity.
Although the term pollen allergy is often used to describe solely seasonal allergic

%10 and, in rare cases,

rhinitis, pollen can also induce asthma*®, eczema
anaphylaxis''"'2. Therefore, in this thesis the term ‘pollen allergy’ will include all

exaggerated immune responses towards pollen.

Hence, pollen allergy is the suffering from one or more of these allergic disease
conditions when exposed to specific plant pollen. Plant pollen is an important
aeroallergen since it is responsible for up to 40 % of respiratory allergies, which affect
around 20 % of the population worldwide''*. A more precise estimation for the
incidence of pollen allergy in general is difficult, as respiratory allergy can also be
caused by other allergens. In polluted regions, pollen can carry and interact with
additional pollutants and irritants in the air. These agglomerates of airborne particles
can have enhanced allergenicity' which may influence the sensitisation process'®.

The resulting respiratory allergy is therefore not fully attributable to pollen allergy.

Interestingly, higher socioeconomic status and living in urban areas increase the
prevalence of pollen allergy. In industrialised countries, the prevalence of allergic
respiratory disease has been on the rise due to changes in living standards, climate

718 "and is projected to continue rising'®>%. Pollen allergy

change and air pollution
could become even more prevalent or be more aggravated due to association to
pollutants that can act as irritants/exacerbators, and/or because certain substances
in pollen are upregulated by abiotic stress on the pollen-producing plants, in other

words, pollution could make pollen more allergenic?”.



Chapter 1

This thesis chapter will first review the pathophysiology of allergic diseases, then
discuss treatment options for the disease, followed by an overview of three disease
hypotheses and lastly, discuss pollen and its composition in order to set the scene for
Chapter 1.2.

1.1.1 Pathophysiology

In principle, allergy is an inappropriate immune response of the adaptive immune
system to an innocuous entity, which results in inflammation. Most commonly, this
inappropriate hypersensitivity is atopic and characterised by an excess production of
IgE?2. There are also non-atopic allergic diseases®, but the mechanisms behind these
are less well-understood, which is why this thesis will focus on atopic, IgE-mediated

allergy.

Depending on the site of allergen entry and the predisposition of the individual towards
allergy, the affected organs and symptoms can vary (Table 1.1). Several organs can
be affected and numerous symptoms can appear at the same time. Episodes of
exacerbation during which symptoms break out suddenly can occur as well, e.g. an
asthma attack or a breakout of eczema. If an allergen reaches the bloodstream or the
body reacts in an especially violent way, the effects can be systemic and lead to
allergic anaphylaxis. Allergic anaphylaxis is a severe, rapid onset systemic reaction
that can be potentially life threatening. It can affect several of the aforementioned
organs and the severity and rapid eruption is what makes it so dangerous if no

adequate treatment is given.

Affected Organ Response

Airways Asthma, bronchial constriction, increased mucus production, inflammation of the
airways leading to bronchial hyperreactivity

Ears Inflammation of the external, middle and inner ear

Eyes Allergic conjunctivitis, redness, itching

Gastrointestinal tract Abdominal pain, bloating, vomiting, diarrhea

Nose Allergic rhinitis, increased mucus production

Sinuses Allergic sinusitis, increased mucus production

Skin Allergic eczema, contact dermatitis, wheal-and-flare reaction, edema, increased

vascular permeability

Systemic Anaphylaxis, edema, increased vascular permeability

Table 1.1 Symptoms of allergic response?.
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The symptoms experienced as part of an allergic reaction are the result of
inflammation. Inflammation is an orchestrated effort that involves cells of the immune
system, inflammatory mediators, and structural cells. In allergic disease, it is not
possible to account for the breadth of allergic disease manifestation with the
malfunctioning of a single cell or mediator, as a factor that plays a key role in one
disease phenotype may only have a minor role in another phenotype. An overview of
the main cells and components involved in the manifestation of allergy is shown in

Figure 1.1.
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Figure 1.1 Overview of the main cells and components involved in the manifestation of allergy;
granulocytes: mast cells®*25, neutrophils?®, eosinophils?’, basophils?®; lymphocytes included in the T
helper Type 1/T helper type 2 (Th1/Th2) balance?®®; monocytes: macrophages® and dendritic cells®'-32;
IgE3® and high-affinity IgE receptor (FceRI)34.
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A characteristic across all allergic diseases, however, is the involvement of
hyperactive Th2 cells, causing a tilt in the Th1/Th2 balance, which alters the nature of
the immune response®. T cells control and shape the immune response. A Th1-
mediated response leads to cell-mediated immunity whereas a Th2-mediated
response leads to antibody-mediated immunity. Both ultimately cause inflammation,
though the mode in which it develops is different, and, due to the nature of the
cytokines they excrete, Interferon gamma (IFN-y) for Th1 and Interleukin(IL)-4 for Th2,
these pathways mutually suppress each other. Th1 is thought to have developed for

the defence against intracellular parasites, and bacterial and fungal infections,
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whereas Th2 is thought to have evolved as another response to pathogens,
particularly helminths?®3¢. Th2 and Th1 cells both develop from naive T helper cells
(Th0). These ThO helper cells differentiate as a response to the stimuli they receive.
These stimuli include the surrounding cytokine profile, the hormones present, the
nature of the antigen, the cell type presenting an antigen, and the binding of the T cell
receptor with the major histocompatibility complex-antigen complex?®. Both mature T
cell subsets promote further differentiation of their own kind with their cytokine
secretion, which is why once one subset is hyperactive, it is hard to reverse the trend.
Another interesting fact is that in cases where either Th1 or Th2 polarization can
occur, there is a bias towards Th22°. In allergy, a Th2-dominated response leads to
the exaggerated production of allergen-specific IgE, which is not counter-regulated by

other cells or mediators®’.

The progress of allergic disease can be roughly divided into three phases: i)
sensitisation phase, ii) early phase reaction and iii) late phase reaction. A pictorial

representation of the three phases can be found in Figure 1.2.

1.1.1.1 Sensitisation

Before an allergic reaction can be initiated by allergen binding to antigen-specific
FceRI-bound IgE on mast cells or basophiles, an individual needs to be sensitised to
the allergen, i.e. antigen-specific FceRI-bound IgE needs to be present®.

Sensitisation is the process in which antigen-specific IgE is formed for the first time®.

First, the individual needs to be exposed to the allergen. Not all encounters with a
potential allergen lead to sensitisation, even in genetically predisposed (atopic)
individuals. In order to produce antigen-specific IgE, an allergen antigen has to be
taken up by a cell capable of antigen presentation*®*'. This cell migrates to a lymph
node and, in the presence of IL-4*?, presents the processed antigen to naive T cells
that then differentiate to Th2 cells**. These Th2 cells secrete IL-4 and IL-13 and thus
induce B cells to undergo class switching by changing from immature
immunoglobin M production to mature, antigen-specific IgE production. This process
is highly regulated and influenced by a plethora of factors as both cells and mediators
influence each other**. After class switching, IgE levels modulate the amount of FceRl
by affecting the turnover rate and in turn, the receptor dictates the intensity of the
immune response***’. How the upregulation of FceRl is triggered in the disease
progress is not precisely known; what is known, is that IgE binding to the alpha chain

is a minimal requirement for induction of upregulation®®.
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Ultimately, class switching is regulated by Th1 and Th2 cytokine secretion. Th1 and
Th2 are mutually suppressive by promoting differentiation of ThO cell towards their
own kind; cytokines IL-4, IL-5, IL-9 and IL-13 promote the development of Th2 cells
whereas IFN-y and IL-2 promote Th1 cell development. In allergy, overactive Th2
secrete |IL-4, IL-5, IL-9 and IL-13 and thus further skew the balance towards Th2 cell
differentiation. There seems to be a strong genetic component to this imbalance.
Examples for genes that affect the Th1/Th2 balance are the GATA3 gene and the
TBX21 gene, which promote Th2**° and Th1®' differentiation respectively. The
source of the initial stimulus that first enables switching to a Th2 phenotype and thus

causes sensitisation has not been identified*®.

There are pathways that can rein in the allergic response and induce tolerance.
Dendritic cells that encounter allergenic antigen with their FceRI-bound IgE induce
CD4 T cells to differentiate into regulatory T cells (Treg) that suppress T cell
responses and thus induce tolerance of antigens, which means not all IgE action is
necessarily pro-inflammatory®?. This mechanism of tolerance induction, however,

seems to be absent in allergic individuals.

1.1.1.2 Early Phase

After sensitisation has taken place, an early-phase IgE-mediated reaction can occur
within the first minute upon allergen exposure. This reaction can be either localised
or systemic. Allergic reactions are triggered when allergens cross-link with IgE bound
to FceRI on various immune cells®>*. Aside from mast cells, IgE can also be FceRI-

bound to basophils, eosinophils, monocytes, macrophages and platelets.

The early phase response is predominantly characterised by mast cell degranulation
following the crosslinking with antigen®®. Mast cell degranulation involves secretion of
mediators like histamine, cytokines and chemokines, as well as the de novo synthesis
and release prostaglandins®®, leukotrienes®® and platelet-activating factor®’.
Histamine, upon binding to histamine H1 receptors, causes an immediate increase in
local blood flow and vessel permeability, in turn leading to edema and local
inflammation. By triggering additional receptors like neural receptors, histamine can
also cause itching and sneezing. The effects of histamine characterise the early

phase®®.

The resulting effects are the symptoms that allergic individuals experience, which can

vary depending on intracellular molecular events that further influence de novo
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synthesis and release of mediators®. This reaction is further amplified by the
recruitment of other cells like eosinophils, basophils, Th2 cells and B cells. Usually
this very strong reaction is reserved to combat parasitic infections, but in allergic

individuals this response is dysregulated.

1.1.1.3 Late Phase

Depending on the dose of allergen and on how strong an immune reaction was
triggered, a late reaction may occur. Caused by the mediators released from mast
cells in the early phase reaction and by recruitment of other cells like eosinophils,
basophils and neutrophils®®®', the late phase reaction usually develops after 2-6 h

and peaks 6-9 h after allergen exposure and usually fully resolves in 1-2 days®.

Eosinophils can synthesise chemical mediators, as well as release toxic granule
proteins and free radicals. These can Kkill invading organisms but can also cause
damage to the surrounding tissues. Because eosinophil activation involves damage
to the host, this process is highly regulated and only few eosinophils are produced in
absence of an infection. When Th2 cells are activated, however, more eosinophils are
produced and released into circulation. Eosinophil degranulation releases major basic

protein which leads to the degranulation of basophils and more mast cells.

Basophils are similar to eosinophils in terms of their abundance when no infection is
present versus when an infection is present. They express FceRI on their cell surface
and are recruited to sites where defence against pathogens is required or where an

allergic reaction is occurring.

A persistent late phase reaction can lead to permanent alterations in the tissue
affected, an example being airway tissue remodelling in asthma. In this way, a single
allergen exposure leads to an acute allergic reaction and cools off after 1-2 days, but
persistent or repetitive challenge can lead to development of chronic allergic
inflammation that comes with associated tissue alterations. An example for this
phenomenon is the asthmatic lung in which the layers of the airway wall are

permanently altered®?.

1.1.2 Treatment

As allergy is a complex disease, the disease phenotype of individuals can vary vastly.
An individual can be allergic by developing rhinitis, asthma, eczema or a combination
of these conditions with varying severity, and sometimes also with associated

comorbidities, which can also exacerbate the disease®®*. Additionally, the disease



Chapter 1

phenotype and severity can change with age, an example being the atopic or allergic
march, a term coined to describe the progress of allergic disease from childhood to
adolescence, often initiated with atopic dermatitis and followed by allergic rhinitis and
asthma®. Pollen allergy is a very heterogeneous disease and thus treatments have
to be tailored to the patient’s clinical case. Current treatment strategies for allergy are

allergen avoidance, desensitisation therapy and symptom management.

The long-term effects of avoiding allergens have been previously studied in the
context of dust mite allergy; i) improved bronchial reactivity to histamine®® and ii)
reduced dust mite-specific IgE serum levels have been reported in patients allergic to
dust mites®®8. This, however, is not a viable long-term strategy for individuals with
pollen allergy since pollen is ubiquitous in the air during flowering season of its
respective plant®®. Furthermore, it is not known whether the conclusions from a dust
mite study can be applied to pollen allergy. All in all, allergen avoidance, although a
cornerstone of treating allergic patients, finds little applicability in patients that are

allergic to pollen.

Desensitisation therapy, also called allergen-specificimmunotherapy, is a therapeutic
approach during which allergen is administered to the patient subcutaneously or
sublingually over an extended period of time’'"4. Although the mechanism is not
thoroughly understood, the clinical efficacy of this therapy is well documented’, with
tolerance being sustained for at least 2-3 years after stopping the treatment’®’’. A
hypothesis is that immunoglobin G induced by desensitisation therapy inhibits IgE-
mediated mast cell degranulation’®. So far, desensitisation therapy is the only

approach that tackles the cause of the disease and not only the symptoms.

Lastly and the most used therapeutic approach is symptom management. Symptom
management with drugs ameliorates the symptoms but does not stop the disease
progression. Due to the heterogeneity of the disease and different organs being
affected depending on disease phenotype, many different treatment approaches have
been developed. This chapter will first introduce small molecule approaches, then
discuss new treatment options enabled by monoclonal antibodies and lastly give an

outlook on pollen allergy treatment.

1.1.2.1 Small Molecule Approaches in the Treatment of Allergy

The treatment of allergic diseases with various chemical substances started almost a

century ago. Today, small molecule drugs used in the treatment of allergy include a
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variety of structures inspired by nature, as well as some completely synthetic drugs.
Some of these were developed to address symptoms caused by physiological
changes induced by the immune response chain, whereas others directly address the
allergic cascade. Several examples of small molecules used in the treatment of allergy
are shown in Table 1.2 and will be discussed in the course of this chapter. Small
molecule drugs that address the physiological manifestations of the disease, i.e. do
not interfere with the immune response chain and offer organ-specific alleviation of
the symptoms, will be discussed first. Next, drugs that address the immune response

chain directly, also termed ‘drugs with systemic application’, will be discussed.

Drugs with organ-specific effects Disease Phenotype Effect

Alpha-1 receptor agonists Rhinitis Vasoconstriction

Beta agonists Asthma Bronchodilation

Muscarinic antagonists Asthma Bronchodilation

Leukotriene receptor antagonists Asthma Mitigation of Bronchoconstriction
Lipoxygenase inhibitors Asthma Mitigation of Bronchoconstriction
GABAergic agonists Skin Mitigation of Itching Sensation
Antihistamines Block H1 receptors and prevent histamine

Mast cell stabilisers Prevent mast cell degranulation

Cromones Unknown/prevent mast cell degranulation

Corticosteroids Anti-inflammatory effects, mediator suppression

Table 1.2 Small molecules used in the treatment of allergy.

1.1.2.1.1 Small Molecule Drugs with Organ-Specific Symptom Alleviation

Symptoms of allergic reactions can be localised in different organs and thus can be
treated using organ-specific solutions. These drugs specifically address the
physiological manifestation of the immune response, e.g. constriction of the airways
in asthma. This chapter will highlight some examples that are used in the treatment

of allergic rhinitis, asthma and eczema.

In allergic rhinitis, nasal congestion occurs through the same mechanism as rhinitis
caused by the common cold, and hence can be treated with nasal decongestant
usually used for the common cold. Alpha-1 receptor agonists like phenylephrine
cause vasoconstriction and thus symptom relief. Anticholinergic nasal allergy sprays

can also be used to achieve the same effect.

Asthma can be treated with a number of asthma-specific approaches. One of the most
commonly used drug classes in asthma are beta agonists, e.g. salbutamol. Beta

agonists act as bronchodilators and thus can be used to prevent bronchoconstriction
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and asthma attacks’®. Another mechanism to achieve bronchodilation is by utilisation
of muscarinic antagonists, like tiotropium bromide. Bencycloquidium bromide and
methscopolamine are being investigated for their action as muscarinic
bronchodilators®®. Another drug class used specifically for asthma are
antileukotrienes, also called leukotriene receptor antagonists. Leukotrienes cause
contraction of airway smooth muscle, microvascular hyperpermeability and mucus
hypersecretion®'. Drugs like montelukast inhibit leukotriene receptors and thus
suppress the function of these inflammatory mediators®¥®®. Lipoxygenase inhibitors,
like zileuton, inhibit 5-lipoxygenase which is involved in leukotriene synthesis and thus

interrupt the mediator chain®°.

GABAergic agonists are being investigated as a potential means to address the
itching sensation of eczema. Recently gained understanding of the pathophysiology
of acute and chronic itch shows that GABAergic agonists like ethchlorvynol could
potentially be used against the histamine-induced itching sensation in allergy. This,

however, is still investigatory due to the sedative side-effects®.

Many of these drugs are very effective in the treatment of symptoms caused by allergy
without targeting the immune response chain at play in allergic disease. Especially in
the treatment of asthma, where immediate symptom relief is of utmost importance,

these drugs have an essential function in managing episodes of exacerbation.

1.1.2.1.2 Small Molecule Drugs Addressing the Immune Response Chain

Having looked at organ-specific treatment options, treatment options that have targets
in the immune response chain of allergic disease and thus can address allergy
symptoms regardless of their localisation. This subchapter will discuss these major
classes of drugs: antihistamines, mast cell stabilisers, cromones and lastly,

corticosteroids.

Antihistamines bind histamine H1 receptors on mast cells, effectively suppressing the
effect of histamine in the allergic cascade. They are one of the oldest treatment
options. First generation antihistamines were approved for medical use starting from
the 1950s and include a variety of drug classes, like ethylenediamines,
ethanolamines, alkylamines, piperazines and tri- and tetracyclics. Examples of drugs
of each of these groups are mepyramine, clemastine, pheniramine, chlorcyclizine and
promethazine. Many of these drugs have undesirable properties due to their

additional systemic effect on also the central nervous system and their generally

10
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promiscuous nature, causing e.g. anticholinergic effects. This is why they have largely
been superseded by the second generation of antihistamines. Second generation
antihistamines were developed to be more selective for the peripheral H1 receptor
and thus have less side effects®. Some examples that are in use are cetirizine and
loratadine. For the treatment of allergic eczema, topical drugs such as azelastine and
olopatadine were developed®. Antihistamines find application in eye drops for the
treatment of allergic rhinitis and can be used as a prophylactic drug for pollen-induced

asthma during flowering season.

Mast cell stabilisers prevent mast cell degranulation and thus prevent histamine and
other mediators from being released®. Finn and Walsh® have compiled an overview
of natural and synthetic mast cell stabilisers, which demonstrates the variety in
structures that are reported to prevent degranulation. Natural mast cell stabilisers
include flavonoids, coumarins, phenols, terpenoids and theanine; examples for
synthetic mast cell stabilisers are midostaurin®, hypothemycin® and fullerenes®.
Some, like azelastine and olopatadine, also have H1 receptor antagonism as a
property®.The precise mode of action of mast cell stabilising molecules is still

unknown®+%°

. It seems likely that these very different structures have different
mechanisms of action. As mast cell stabilisers are a very heterogeneous group, their

applications in the treatment of pollen allergy are similarly varied.

Anti-allergic cromones were originally found in the 1960s, the first one being cromolyn
sodium'®, followed by the discovery of nedocromil'®. They are a subset of mast cell
stabilisers as their mechanism of action was found to be different from other mast cell
stabilisers. What is known about their mechanism of action is that tachyphylaxis is
observed, and protein kinase C activation is promoted. Putative therapeutic
mechanisms that would be in line with these observations are G protein-coupled
receptor 35 activation, so far regarded as an orphan receptor with downstream effects
on protein kinase C, and activation of an endogenous anti-inflammatory loop, the Anx-
A1/FPR system'%%'% The exact mechanism is still a mystery. Nedocromil is used as
an inhaler for asthma and as eye drops for rhinitis, whereas cromolyn sodium is no

longer used due to its short half-life.

Corticosteroids are a class of steroid hormones that includes glucocorticoids and
mineralocorticoids. The reason why corticoids, or more precisely, glucocorticoids that
are analogues of cortisol, are used in the treatment of allergic symptoms is due to

their anti-inflammatory, immunosuppressive and vasoconstrictive effects. They

11
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display three principal mechanisms of action: i) NF-kB inhibition, ii) induction of anti-
inflammatory protein expression by MAPK phosphatase | and IkB kinase and iii)
inhibition of 5-lipoxygenase and cyclooxygenase-2'%. Corticosteroids remain one of
the most effective anti-inflammatory drug classes available for the treatment of allergic
diseases'®'®  Their side effects, however, are considerable, and include
immunosuppression, hypertension, hyperglycemia, osteroporosis and changes in
metabolism'®. In addition to the physical side effects, 20 % of patients receiving high
doses of corticosteroids also develop psychiatric disorders'®. These symptoms

reverse upon discontinuation of therapy'®®

. Therefore, although corticosteroids remain
one of the most used treatments for severe cases of allergy-induced inflammation,
the physiological and psychiatric side effects are not to be overlooked. Corticosteroids
are used e.g. as steroidal nasal sprays in rhinitis, as inhalers in asthma and for variety

of topical formulations for the treatment of eczema.

Drugs that can be used to manage different manifestations of the same disease are
powerful tools in disease management. Their effects, however, come with associated
side effects, thus some of the drugs discussed have dedicated formulations and
administration routes in order to minimise these side effects. Nonetheless, the side
effects of some of the systemically active drugs are considerable and therefore do not
make those drugs an ideal choice. Often, these drugs are used in tandem with drugs
discussed in Chapter 1.1.2.1.1 as a treatment regimen for both the chronic disease

and episodes of exacerbations.

1.1.2.2 Treatments enabled by Monoclonal Antibodies

Monoclonal antibodies have recently opened the door to a plethora of treatment
options since they enable binding modes inaccessible to small molecules'. Several
monoclonal antibodies have been approved for medical use, e.g. omalizumab
(approved 2003), dupilumab (2017) and benralizumab (2017). Omalizumab is an anti-
IgE Fc region antibody, whereas dupilumab and benralizumab use the so-called anti-
IL approach'""'2_ Both the anti-IgE and the anti-IL approaches will be discussed in

order to give an overview of the developments in the field of treating allergic disease.

Since allergy is a disease characterised by an excess of IgE which causes the
exaggerated immune response, it stands to reason that inhibiting IgE signalling would
inhibit the allergic cascade and thus positively impact the clinical manifestation of the
disease. Omalizumab is an anti-IgE Fc region antibody that results in a reduction of

IgE available for binding to FceRI and at the same time also reduces FceRIl on mast

12
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cells and basophils'™®. Numerous monoclonal antibodies that target IgE are currently
being evaluated in clinical trials, an example being ligelizumab''®. Once approved,
ligelizumab is expected to supersede the currently used treatment, omalizumab, for
the indication of chronic spontaneous urticaria’*"'"°. Omalizumab and ligelizumab are
two examples of targeted monoclonal antibody development for therapeutic
applications; however, not all of antibody approaches that target IgE signalling are
successful. An example is the antibody quilizumab''®, which targets the IgE pathway
and although the treatment lowered the serum IgE levels by 30 % in patients, there

were no observable changes in disease severity''""8,

ILs are important mediators in allergic disease: they are involved in the differentiation
of Th2 cells and serve as signalling molecules in the allergic cascade. IL-inhibitors
like dupilumab and benralizumab serve to inhibit effects caused by disease-
associated ILs and thus alleviate symptoms by breaking part of the mediator chain.
IL-4, IL-5, IL-13, IL-4Ra and IL-5Ra approaches are under investigation and will be

discussed in turn''?18,

IL-4 is an attractive target since it is involved in the class switching from immature
immunoglobin M to mature IgE producing B cells'®. Together with IL-13, IL-4
facilitates transmigration of eosinophils, T cells, monocytes and basophils. Although
blocking IL-4 seems like an attractive approach, clinical trials have yet to show efficacy
and benefits in patient treatment, as shown by the example of the aborted clinical trial

of pascolizumab'?'12,

IL-5 is a critical agent for regulating eosinophils'?-'?°, When eosinophils degranulate,
their granules cause damage to the surrounding tissues, therefore they play an
important role in the pathogenesis and severity of the allergic disease. Inhibiting IL-5

can reduce the eosinophil count and ameliorate clinical symptoms in some

111,126 b127—128

patients Examples for anti-IL-5 treatments are mepolizuma and

reslizumab'?®.

IL-13 is reported to induce cells towards the Th2 pathway'*°. Lebrikizumab''-'** and
tralokinumab '3 both bind to IL-13 and are both still under investigation and pending

approval.

An alternative to inhibition of the signalling pathway by targeting the ILs themselves
is binding to their receptors. Two receptors have been identified as successful
therapeutic targets. IL-4Ra and IL-5Ra. Both IL-4 and IL-13 bind to the heterodimeric

13
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combination of the IL-4Ra and IL-13Ra receptor, thus, blocking IL-4Ra inhibits both
IL-4 and IL-13 signalling. Dupilumab is an approved drug with IL-4Ra as target'®.
Functioning in the same manner, IL-5 signalling can also be suppressed by targeting
the alpha chain of the IL-5 receptor (IL-5Ra). Benralizumab binds to IL-5Ra and is

approved as a treatment for asthma'*.

To conclude this chapter, different targets for monoclonal antibodies and their efficacy
have been discussed. Monoclonal antibodies allow for new ways to treat the disease
since they can be used to address targets that are inaccessible to small molecules.
They are found to be an effective addition to the assortment of treatment options for
allergy. They do, however, come with one major disadvantage not addressed in this
chapter, which is their cost. Furthermore, they are predominantly used for symptom

management rather than treating the disease itself.

1.1.2.3 Outlook on Pollen Allergy Treatment

Pollen allergy remains a major health burden that has a substantial impact on quality
of life and the economy'®. Patients with pollen allergy often trivialise their disease

and neglect it'.

Currently, treatment options for pollen allergy mostly address the symptoms of the
disease rather than the cause. Although a lot of progress has been made in finding
genetic markers for the disease and examining environmental factors that could be
relevant for the disease progression, many questions remain open as to the origin
and sensitisation process of the disease and why pollen allergy seems to be clustered
around specific types of pollen allergens. The treatment options are largely the same
as they were 20 years ago, and new findings have not translated into new treatment
options addressing the root cause of this disease’?. Symptom management remains
the most common approach. Monoclonal antibodies have enabled new ways of
treating the disease, however, they are inaccessible to many people due to their

associated cost.

To conclude, pollen allergy is a complex, heterogeneous disease and is still difficult
to treat directly. Desensitisation therapy remains the only therapeutic approach to
obtain long-lasting cessation of symptoms but comes at the price of having to undergo
a lengthy treatment regimen. Understanding the disease pathology better will

ultimately be key in treating the root cause of the disease.
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1.1.3 Disease Hypotheses

Since many aspects of the disease, most importantly, the origin for its manifestation,
are not clearly understood, hypotheses have been made in an attempt to explain the
sudden rise in prevalence. First of all, there seems to be a nature versus nurture
dichotomy; allergic diseases have a genetic component that is additionally also
heavily influenced by environmental factors' "3, The relationship can be illustrated

1144

with the analogy ‘genetics loads the gun and epigenetics pulls the trigger’'**. It seems

145-146

evident that there is a genetic component to the disease , and at the same time,

genetics alone cannot fully account for the sharp rise in prevalence of this disease.

There also seems to be a consensus that allergic sensitisation can start during the
embryo-fetal development, and that the first three post-natal years are important in
shaping the immune system and thus also the immune responses of an individual.
Materno-fetal interactions during pregnancy are skewed towards the Th2 phenotype,
as Th1-mediated immune responses are avoided due to the potential of IFN-y to act
as an abortifacient. IgE levels in the fetus are proportionate to maternal levels, so
mothers who are atopic will expose their fetuses to higher quantities of IgE through

147-148 and

the amniotic fluid. The human immune system is thought to have a Th2 bias
this bias gradually diminishes during the first 2 years of infancy (correlated with IL-12
productive capacity in early life). In patients that develop allergy, the Th2 response
becomes increasingly stronger'*®'%. Furthermore, the first years determine the gut
microbial flora which is also thought to play a vital role in the development of the
immune system, and thus in the determination of whether an individual will be prone

to allergic disease or not.

Besides these known facts and correlations, some hypotheses have also been
postulated as an attempt to explain other aspects of the disease. Three of them will
be discussed in the following subchapters, namely the hygiene hypothesis, the hapten

theory and the danger model.

1.1.3.1 Hygiene Hypothesis

The hygiene hypothesis is a theory that traces its origins back to an article written by
Strachan™®. He observed that prevalence of atopy is inversely correlated with
household size, and concluded that infection in early childhood can prevent the
development of allergic disease. This hypothesis was then named the ‘hygiene

hypothesis’, which in a way is a misnomer, as priming the immune system is not
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necessarily related to personal hygiene and can be misunderstood by laymen™’.
Renaming the hypothesis, however, was unfruitful. Thus, the now so-called hygiene
hypothesis explains the rise in allergic diseases by a decline in infection during
childhood, or conversely, by the reduced exposure to beneficial symbiotic bacteria or

parasites'?1%3,

This comes from the evidence that there is a stark contrast between allergy
prevalence in industrialised versus developing countries'*, as well as urban versus
rural areas within the same country'>'*°, This observation is explained by the differing
lifestyles, which includes dietary changes, better sanitation, and increased
vaccination and usage of antibiotics. These observations tie in with the Th1 and Th2
imbalance. Less exposure to bacterial and viral infections during infancy leads to
insufficient stimulation of Th1 cells, resulting in the immune system leaning towards
proallergic Th2 responses. Arguably, there are two findings that contradict this theory:
i) the rise in prevalence of Th1-mediated autoimmune diseases and ii) that helminth
infections, to which the immune response is also Th2-mediated, are reported to be

protective from allergic disease'*'0%%,

To elaborate on i), incidences of Th1-mediated autoimmune diseases such as type 1
diabetes have been steadily increasing. Th1-mediated autoimmune diseases and
Th2-mediated allergic diseases seem to be linked at a population level, which stands
in stark contrast to the Th1/Th2 imbalance hypothesis; according to the hypothesis,
these two disease groups should be negatively associated as Th1 and Th2 are
mutually inhibitory'®®. The hypothesis here is that these two diseases are determined
even more upstream from the Th1/Th2 imbalance, and the observed imbalance is a
symptom, not a cause'®. This is further substantiated by the fact that both

autoimmune disease and allergic disease can co-exist in the same individual'®.

In short, the hygiene hypothesis is too general to explain the complex group of allergic
diseases and their relationship to helminth infections and autoimmune diseases®'®.
So far, the hypothesis is consistent with the fact that infection with certain agents is
as protective against autoimmune diseases as it is against allergic disease'®®,
Evidence suggests that strategies like giving birth naturally as opposed to having a
caesarean section, breast feeding, social and hence infectious exposure to other
children and an appropriate diet and antibiotic use, can ensure that a proper

microbiome is built up during infancy and can mitigate potential allergic diseases'®
170
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1.1.3.2 Hapten Theory

Karl Landsteiner conceived the original definition of haptens in the 1920s''172,

Haptens are small molecules that are not inherently immunogenic, but can bind to a
protein and in this way become immunogenic due to their newly formed structural
properties being able to interact with the immune system'”®. The allergen in this case
is the hapten, i.e. the chemical, but the antigen is the haptenated peptide. The
definition in itself is elegant, although the reality is that unconjugated haptens can also

react within the body via mechanisms that do not affect the immune system.

The evidence to date shows that hapten association has to be covalent in order to
result in a bond that is strong enough to produce an antigen that can be recognised’’*
'8 The primary targets for hapten binding are nucleophilic amino acid side chains like
lysine, cysteine and histidine. Research shows that many contact allergens are
hapten-originated'’’. Oftentimes, haptens are drugs or synthetic additives, but they
can also come from nature. It is also possible that haptens are endogenous in the
body, as is the case in some autoimmune diseases. If the hapten derives from another

compound by metabolism in the body, this compound is called a pro-hapten.

In the case of hapten research, which is usually conducted with experimental
haptens'’®, two phases are distinguished: the afferent phase, also known as
sensitisation phase, and the efferent phase, also known as the elicitation phase.
Usually, the sensitisation phase lasts 10-15 days in humans and the elicitation phase
takes 24-72 h, and possibly even longer with weaker haptens'’®. In allergic contact
dermatitis, it was found that for strong haptens, a single contact was sufficient to

induce both the afferent and the efferent phases of disease at the same time'"®.

The hapten theory gathers special interest in two areas of allergic disease, namely in

180-181

contact dermatitis, in which it presents a key theory in sensitisation , and in drug

174,182

allergy , but it is also an interesting theory when looking at other allergic
diseases'®®. Molecules that can act as haptens are also being researched as a

therapeutic tool to saturate mast-cell bound IgE prior to allergen exposure'®.

Interestingly, haptens can elicit allergic reactions in both airways and the skin, but the
actual sensitisation process has been reported to occur through the skin'®. By using
the example of allergic contact dermatitis, many roles of individual cell types like T

cells, Langerhans cells and mast cells have been elucidated, but the treatment options

17



Chapter 1

remain symptomatic and the exact link between haptens and atopy is still poorly

understood'78186-188

1.1.3.3 Danger Model

A commonly used model to explain why the immune system reacts is the self-nonself
model; the immune system recognises something as nonself and thus reacts. This
model, however, struggles to explain some findings, like non-rejection of an embryo
in a mother's womb, or the necessity of adjuvants in vaccines. This has made it
necessary to adapt the model by making exceptions and building even more models

on top of this mode|'8%-19

. In order to better accommodate for these observations,
Polly Matzinger suggested the so-called danger model in 1994'" (Figure 1.3). This
model stands on the shoulders of the self-nonself model by adding another layer: it
suggests that the body is more concerned with dangerous and potentially harmful
stimuli rather than foreign stimuli, and shows a different viewpoint on how we can
think about immunology. It is proposed that rather than react to nonself entities, the
body will answer to ‘danger signals’. In principle, that means that in absence of a
danger signal, an antigenic signal will induce tolerance while in presence of a danger

signal, it will lead to sensitisation'®.

infection
(PAMPs)
dangerous
cl c d e f b
self non-self

a d e f
Responses to SNS -+ - + 4+ 4+
each set INS - - - - + +
predicted by: Danger - - + + + -

Figure 1.3 Self-nonself paradigm and the danger model. Abbreviations from in figure: PAMPs: pathogen-
associated molecular patterns; SNS: self-nonself; INS: infectious-nonself. Reproduced with permission’,
copyright AAAS.

" From Matzinger, P., The Danger Model: A Renewed Sense of Self, Science 296 (2002) 301-305.
Reprinted with permission from AAAS.
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This analogy also has some interesting aspects in the context of pollen allergy, as it
is an exaggerated response to agents that are otherwise considered innocuous. It has
also been suggested that this model has implications for the hapten theory, as
haptens can also act as irritants and in this way trigger sensitisation, followed by
exaggerated hostile immune reactions'®. So far, most of the publications involving

192-194

the danger model and allergy have been in the fields of contact dermatitis and

drug allergy'®®, and some have also tried to address how this model can fit into what

we already know about the immune system'%¢-1%7,

1.1.4 Composition of Pollen

Since the origin and sensitisation process in pollen allergy are unclear (Chapter 1.1.1)
and hypotheses introduced in Chapter 1.1.3 give reason to believe that small reactive
molecules associated with the allergen could lead to sensitisation and thus to disease,

this chapter will now take a step back and examine the cause for pollen allergy: pollen.

In pollen allergy, pollen is the trigger for the allergic cascade. Scientists have studied
both the entity itself, and the proteins and small molecules it can contain. Pollens are
two- or three-celled organisms'®® with a diameter between 15 um and 60 um'®. They
are complex constructs of proteins and small molecules that are used by angiosperms
and gymnosperms to transport genetic material for sexual reproduction®®. Pollen can
be either wind-dispersed by being released in a vast surplus during the flowering
period of the respective plant, or insect-dispersed by being carried by pollinating

insects which transport and disperse pollen in the search of nectar.

The immune system recognises various pollen protein antigens from various plant
species. The allergens have been catalogued on databases such as Allergome
(www.allergome.org) and Allergen (www.allergen.org). Many protein allergens have
been extensively studied in order to elucidate the origin of allergenicity and also in the
pursuit of better understanding of the disease. It has been reported that out of 157 at
least partially sequenced pollen allergens, those that can be clustered are clustered
into 29 protein families (Figure 1.4)*°. These protein families feature proteins with
both known and unknown functions. Expansin®', for example, is a protein that is
involved in plant growth, and profilin is a ubiquitously present protein that is known for

cross-reactivity?%2

. Other protein family clusters, like the Bet v 1-like cluster, are still
under investigation as it is currently still unknown what their exact function are, but
many of their effects in the human physiological system have been studied?’®2%.

Some allergenic proteins, like beta-expansins, also have nonallergenic analogues,
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the alpha-expansins, which serve a similar function but are not as allergenic as their
counterpart. The question that begs to be asked is this: if function is not the key to

allergenicity, what other defining feature could be?

A
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Expansin C-terminus
Profilin

EF hand

Expansin N-terminus
Ole e 1-like

Pectate lyase
Ribonuclease

Bet v I-like
Glycosyl hydrolase 28
FAD binding
Thaumatin-like
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Figure 1.4 Protein family distribution of pollen allergens, showing numbers of sequences in all families in
pollen. Reproduced with permission?, copyright Elsevier.

Whilst the cause for the triggering of the allergic cascade can be attributed to various
protein components of the pollen, which serve tasks like pollen germination, pollen
tube growth or protection of genetic information®®®, the possible role of small
molecules in the context of pollen allergy has barely been investigated. The body,
however, is exposed to these compounds at the same time as it is exposed to the

allergen, so their effect on the body could play a role in allergic disease.

Pollen grains have walls made out of cellulose and sporopollenin which make them
very resistant to degradation. They have been reported to be stable for over centuries
under dry conditions'™. The outside of the grain is also covered with proteins,
saccharides and lipids that are only loosely attached to pollen. The mixture of
compounds covering the outside is species-specific and relevant bioactive

206

compounds tend to be water soluble“™®. The outside can furthermore contain flavonoid
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and carotenoid pigments, lignin, and pectin. Wind-pollinated plants tend to have

starchy pollen whereas insect-pollinated plants tend to have pollen rich in fat®®’,

Inside the pollen interior are mainly proteins, lipids, carbohydrates and nucleic
acids®®. Some of the aforementioned serve as precursors for plant hormones, such
as dinor isoprostanes. These are the plant analogue to human prostaglandins and
isoprostanes?®®2'° that are thought to be involved in plant host defence and stress
signalling, but their effects on the human immune system are not known?''2'2, Under
physiological conditions, pollen grains release lipids that activate human neutrophils
and eosinophils in vitro; furthermore, pollen can induce activation and maturation of

dendritic cells in vitro®'>.

Pollen grains are generally too large to penetrate the small airways where asthma
occurs®™.  Cytoplasmic fragments, however, are small enough® thus pollen
fragmentation or rupture could be why they are allergenic. It also appears that pollen
as a whole structure is not the problem; the issue is what it contains. Experiments with
pollen extract show that it can reach the areas relevant for asthma and also induce
bronchospasm within a few minutes, which is in agreement with the sudden acute
symptoms of asthma, whereas whole pollen only triggers a reaction several hours

later?'.

Another hypothesis is that pollen actually acts as a carrier for small particles that are
able to penetrate into the bronchial regions and be responsible for symptoms seen in
this area®'®. An additional interesting observation is that pollen, under humid

217-218

conditions, liberates pro-inflammatory eicosanoid-like substances , can activate

granulocytes®’® and induce activation and maturation of dendritic cells in vitro®®,
which means that pollen grains themselves could potentially contribute to an
inflammatory response, even in non-atopic individuals. This is interesting, considering
that currently we only have limited understanding as to how allergic sensitisation
works, and these mediators liberated from pollen could play a part in the process. It
is not clear why proteins pose as allergens; there is the question of why individuals
develop allergies against technically speaking a biologically inert protein in the first
place, and whether this is actually induced by some sort of adjuvant which could be a

small molecule component of pollen®®°,

In summary, although secondary metabolites of pollen have been investigated, their
role in the development of allergic disease has not been thoroughly questioned as of

yet. Pollen could harbour reactive secondary metabolites that, additionally to their
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intended function, could play a role in the pathogenesis of pollen allergy and in the
sensitisation process. Examining reactive small molecules contained in pollen could
potentially shed light on the origin of the disease and thus identifying such molecules

of interest is the next logical step.
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1.2 Identifying Reactive Compounds

Reactive compounds readily undergo chemical reactions. In the human body, such
compounds can have positive effects, e.g. be used in the treatment of a disease, and
can also have negative effects, e.g. side effects of medication. Reactivity can thus be
desirable but also undesirable. Identifying reactive compounds is key to examining
such reactivity. When discussing reactive compounds and as such, reactivity, the
terms and reaction conditions need to be defined exactly, because reactivity is a
relative term. Under the right circumstances, even the most inert structures, like noble
gases, can display reactivity. In order to identify reactive compounds, one has to first
understand the underlying principles of reactivity, then, define the type of reactivity
that is relevant for the study and lastly, review how one could experimentally identify
and analyse reactive compounds of interest. This chapter will address these three

points in the following subchapters, starting with chemical reactivity.

1.2.1 Chemical Reactivity

In principle, chemical reactions are governed by the principles of thermodynamics and
kinetics. Thermodynamics describe the energy states, i.e. heat and work involved in
chemical reactions, and thus the direction of a reaction process, whereas kinetics
concerns itself with the rate of chemical reactions. This section will first talk about
thermodynamic aspects, followed by kinetic aspects, and then come to a conclusion

on what makes a compound reactive.

1.2.1.1 Thermodynamics in Chemical Reactivity

All chemical reactions involve energy. Thermodynamics concerns itself with the
energy levels of states and whether a resulting energy state from a reaction is more
stable, i.e. favourable, or less stable, i.e. unfavourable, than the initial energy state.
This determines whether a reaction is feasible and thus is very relevant when

discussing chemical reactivity.

Thermodynamics has four fundamental laws that express empirical facts about
energy. Two of these laws, the first (1) and the second (2), are relevant when it comes
to examining chemical reactivity and explain why certain reactions happen and why

certain molecules are reactive under physiological conditions.
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(1) Energy can be neither created nor be destroyed.

(2) Entropy of the entire universe, as an isolated system, will always increase

over time.

The first law of thermodynamics (1) describes the law of energy conservation. In the
context of chemical reactions this means that the net energy of an isolated system
(neither energy nor mass can be exchanged with surroundings) does not change.
Changing the make-up of a molecule, however, can result in a net energy gain or loss
with respect to just the reactants and products within a thermodynamically closed
system (heat and work can be exchanged with its surroundings, but not matter). This
energy change in chemical reactions is thermodynamically described by the Gibbs

free energy (Equation 1.1).
G=H-TS

Equation 1.1 Gibbs free energy definition. Enthalpy (H) is a thermodynamic measure of the total heat
content of a system, i.e. the internal energy and the product of pressure and volume. Entropy (S) is a
measure of the number of microstates in a system, often also called the degree of disorder or

randomness in a system.

G is the Gibbs free energy which is used to quantify the maximum amount of non-
expansion work that can be extracted from the system in question at chemical
equilibrium. Since total enthalpy and entropy are hard to quantify, the equation is most
often used to express the change of two states (Equation 1.2): the reactant state and
the product state. This equation also shows directionality; the products and reactants

can be reversed in order to examine the retro-reaction.

reactants — products

AG = Gproducts - Greactants
AG = AH —TAS
Equation 1.2 Change in Gibbs free energy and directionality of the equation.

AG is the difference in maximum amount of work of the reactants and products states.
A positive AG means that the new energetic state (products state) is outside of the
maximum amount of non-expansion work that can be extracted from the preceding
state (reactants state), and thus it means that this reaction is thermodynamically
unfavourable or unfeasible. Conversely, a negative AG indicates that the new

energetic state (products state) is achievable within the maximum amount of non-
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expansion work that can be extracted of the preceding energetic state (reactants
state). A reaction that has negative AG is also called a ‘spontaneous’ reaction, in other
words, a thermodynamically feasible reaction. This means that in order for a
compound to be reactive and its associated reaction to be thermodynamically
feasible, the compound needs to be in a higher energy state than the prospective
product, i.e. the reactive compound needs to carry an inherent thermodynamic
instability. The energy difference between products and reactants as a result of this
instability drives the reaction towards a more stable product. Such an instability, also
quantified by potential energy, can be due to a partial positive or negative charge, as
is the case with electrophiles and nucleophiles, or due to angle, torsional or steric

strain.

Knowing the relationships between G, H and S, and their individual definitions, it
becomes evident why negative AG is favourable. There is, however, one more way to
explain this relationship, and this involves the not yet discussed second law of
thermodynamics (2). The second law of thermodynamics can be stated as the
maximum entropy principle. As stated previously in (2), entropy is maximised in an
isolated system at equilibrium. The minimum energy principle is a restatement of the
same law: for a closed system with fixed entropy, the total energy is minimised at
equilibrium. This means that the system strives to minimise energy and form more

stable bonds. This is another way to explain the relationship between AG, AH and AS.

A 4 . B

Energy
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Figure 1.6 Examples for reaction diagrams. A shows a 2D reaction coordinate diagram; B shows a 3D
reaction coordinate diagram, also called a potential energy surface. Reproduced with permission’.

T CC BY-SA 3.0 license, copyright AimNature.
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Consolidating all the relevant principles of thermodynamics, these states can be
depicted in an energy diagram, also called a reaction coordinate diagram. The
diagram plots the relative energies of reactants, products, and the transition states
that are involved in the process, against the reaction progress, also called the reaction
coordinate. This energy profile is most commonly used as a theoretical representation
of a chemical reaction and serves to illustrate kinetic and thermodynamic concepts
(Figure 1.6A); there is also a branch of computational chemistry that concerns itself
with calculating and modelling potential energy surfaces to examine molecules and

their interactions (Figure 1.6B).

Figure 1.6A depicts a reaction where the reactants A undergo a reaction via the
transition state B to form the products C. In the course of this bond breaking and
making process, the intermediate state B represents the highest energy state on the
reaction coordinate. The height difference between A and C is AG®, which can be
equated to AG found in Equation 1.2. This height difference comes into play when
discussing directionality of the reaction; the thermodynamically more stable outcome
will be formed. In the example of Figure 1.6A, C would be preferentially formed over
A, so the direction of the reaction is towards the formation of C. If the positions of A
and C would be reversed, i.e. A would be at lower energy than C, the reaction would
proceed in the reverse manner because then, thermodynamically, A would be
preferentially formed over C. This example leads to the next concept to be discussed:

reversibility.

The Gibbs free energy equation (Equation 1.2) describes that AG is the difference in
maximum amount of work of the reactant and product states. This maximum can only
be obtained if the process in question is a completely reversible process, with a
forward and a reverse reaction. A reversible reaction may reach an equilibrium,
quantified by Kequiibrium, Which can be expressed by the reaction constants Kiorwara for
the forward reaction and Kerse fOor the reverse reaction at reaction conditions
(Equation 1.3).

aAd+ bB =cC+dD

K _ Kforward _ [C]C[D]d
PO Kreverse  [A]°[B]?

Equation 1.3 Reaction constants at equilibrium for a sample reaction of a stoichiometric equivalents of
A and b stoichiometric equivalents of B to give ¢ stoichiometric equivalents of C and d stoichiometric
equivalents of D.
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When an equilibrium is reached between the starting materials and the products, their

relative abundance is decided by Kequiibrium Which is also related to AG® (Equation 1.4).
AG® = _RTln(Kequilibrium)
Equation 1.4 Relationship between Gibbs free energy and the equilibrium constant Kequilibrium

Ultimately, the directionality and the relative abundance of starting materials and
products at equilibrium is decided by the difference in Gibbs free energy AG® at
constant reaction conditions. An equilibrium can be changed by a change of
concentration, temperature, volume or pressure, upon which a new equilibrium will be
established according to the changed conditions, as stated by Chatelier’s principle. In
principle, all reactions are reversible. In many cases, however, the equilibrium lies so
much towards the product side that the reaction will continue to proceed in one
direction until the starting material is effectively no longer present. Practically, such a
reaction is considered to be irreversible, as it will only reverse under certain

conditions.

To summarise the key points of this chapter, there is a thermodynamic driving force
for reactions to happen; they can be driven by enthalpy or entropy. This directional
driving force can be quantified by the Gibbs free energy difference AG®°, which then
indicates whether a reaction is feasible or not. This, however, does not mean that the
reaction will actually occur. In order for a reaction to occur within a reasonable
timeframe it needs to be kinetically feasible. The next chapter will examine chemical

Kinetics.

1.2.1.2 Kinetics in Chemical Reactivity

Kinetics is the study of reaction rates. Kinetics concerns itself with elementary steps,
reaction mechanisms, and collisions between reaction partners. The prerequisite for
a reaction is the collision of the reactants. This, as dictated by kinetics, needs to occur

with enough energy for the reaction to happen.

In the energy diagram, whilst thermodynamics is depicted by the energetic difference
between reactants and products AG®, kinetics of the reaction are depicted by the
height of the activation energy AG*. Going back to the sample reaction diagram
depicted in Figure 1.6A, the height of the energy difference between starting material
A and transition state B is the activation energy AG* that needs to be overcome in

order to form the products C. While thermodynamics indicates the direction of the
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reaction, i.e. whether the forward or the reverse reaction is favoured, kinetics dictates
how fast this process occurs, i.e. the rate of the reaction. This is especially important
in physiological systems, as we often deal with both bioavailability and affinity to the

target at the same time as we deal with rate of clearance and elimination.

Thus, the smaller the activation energy AGH is, the faster the reaction will occur. A
reaction can be thermodynamically very favourable but have a huge kinetic barrier,
e.g. the conversion of carbon from diamond to graphite which is thermodynamically
very favourable, but practically will not happen at ambient conditions because the

energy barrier is so high®*'.

The activation barrier represents the energy required to reach the transition state. In
this transition state, chemical bonds are partially broken and partially formed. This is
a very high energy state, which is why enough energy has to be supplied in order to
for the reaction to proceed to this state. Optimal orbital overlap and favourable steric
interactions can lower the energy required to overcome this activation barrier.
Catalysis can also considerably lower the energy barrier. Catalysts can stabilise the
transition state, optimise orbital overlap and open an alternative reaction mechanism.

This can lower the activation energy required and thus can speed up the reaction.

There is a transition state per elemental step and thus an activation barrier for each
elemental step in a reaction mechanism. As a consequence, measuring a reaction
constant for a multistep reaction is sometimes difficult. The rate law of a reaction is
dependent on the reaction mechanism by which the products are formed from
reactants. When reactions have more than one transition state, the highest energy
transition states represent reaction bottlenecks. The rate of these elemental steps will
determine the overall rate of the entire reaction. Once bottlenecks are recognised, the
specific elemental steps can be optimised in order to stabilise the transition state and
thus lower the energy barrier. Another way to speed up the rate of reaction is by
changing the temperature, or the concentration. The more likely the reaction partners
are to collide, the higher the rate constant. The rate constant essentially quantifies the
frequency of collisions that result in a reaction. Increased temperature and
concentration both make collision of particles more likely. Both of these factors,

however, can cause unwanted side reactions if they are too high.

If a reaction can produce more than one product, the reaction outcome will depend

on whether the reaction is under thermodynamic or kinetic control at given reaction
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conditions. If the reaction is reversible, the thermodynamically most stable product
will form. If the reaction is irreversible, then reaction is under kinetic control and the
product with the lowest activation barrier will form, even if it is thermodynamically a
less stable product. This explains i) why some non-equilibrium reactions have a
number of side products as not only the thermodynamically most stable product is
formed, and also ii) why a reaction that results in enantiomers will always give a
racemic mixture under achiral conditions — there is no thermodynamic or kinetic

preference for either enantiomer.

To conclude this chapter, reactivity is a relative term and thus will always depend on
the reaction partner. The study of both kinetics and thermodynamics of a specific
reaction can enable researchers to tweak the conditions towards a more optimised
reaction outcome. Having reviewed both thermodynamic and kinetic factors, we can
conclude that compounds are generally reactive because of two reasons: i) they are
high energy and strive to minimise their energy and ii) the transition state towards the
products is energetically feasible; in other words, the activation barrier is
comparatively low. In the next chapter, these concepts will be contextualised with the

reactivity that we are interested in: electrophilicity.

1.2.2 Electrophiles and Their Chemical Reactivity

Sourcing from the theories mentioned in Chapter 1.1.3, one can hypothesise that
small molecules in plant pollen could play a part in the sensitisation, elicitation and/or
exacerbation of the disease. They could act as haptens, chemical irritants or trigger
an effector mechanism related to the allergic cascade. The latter could occur via non-
covalent interactions, but the former two, hapten and irritant activity, necessitate the
formation of bonds with entities in the body. In Chapter 1.2.1, it was discussed that
reactivity is a relative concept and that it depends on the reaction partner in question.
In this case, we are interested in compounds that would react in a physiological
system. One group of compounds that are known to react in the body are
electrophiles. This chapter will give an overview of concepts that are important for
assessing electrophilicity, then explain why electrophiles are especially interesting in
a physiological setting, and lastly discuss some examples and applications of

electrophilic reactivity.

An electron-rich species is termed nucleophile, because it is attracted to a full or
partial positive charge to which it can donate its excess electrons, whereas an

electron-deficient species is termed electrophile. By donating electron density to the
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electron-deficient partner, a covalent bond is formed between the nucleophile and the
electrophile, and a thermodynamically more stable product is formed. The driving
force for the bond formation is the increased thermodynamic stability of the products.
Molecules can have several sites of varying electron density, which means that
molecules can carry several reactive sites, and sometimes even possess both

nucleophilic and electrophilic moieties at the same time.

Nucleophiles are electron donors, and thus Lewis bases, and electrophiles are
electron acceptors, and can also be called Lewis acids. Thus, scales of the negative
logarithm of the acid dissociation constant (pKa) can be used as an approximation for
relative reactivity. In general, factors that influence the pKa also influence
electrophilicity; these factors are the charge on the electrophilic site, inductive effects
of the surrounding atoms, resonance stability of the conjugate base, and steric
accessibility of the electrophilic side. Generally speaking, the more charged, the more
negative the inductive effect of the surrounding atoms, the more stable the conjugate
base and the more sterically accessible, the stronger the electrophile. All these factors
will influence which products will be formed if several products can be formed as a
result of a reaction, which can be explained by concepts found in Chapter 1.2.1. This,

however, is not the only concept to judge electrophilicity by.

Another concept that is often used to explain reactivity of Lewis acids and bases is
the ‘hard and soft acids and bases’ (HSAB) theory, also called the Pearson acid-base
concept®®*?2_ |t is a theory used to qualitatively explain chemical properties and
reaction outcomes®**. ‘Hard’ describes species that are small, have high charge
density and thus are weakly polarisable, whereas “soft” would describes species that
are big, have low charge density and are therefore highly polarisable. Hard acids react
faster and form stronger bonds with hard bases, and the same holds true for soft acids
and soft bases. An example for a hard and a soft electrophilic site in a single molecule
is an o,p-unsaturated carbonyl group, also known as a Michael acceptor. Michael

acceptors can react in two positions, the 2 position and the 4 position (Figure 1.8).
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Figure 1.8 Scheme depicting the both 1,2- and 1,4-addition to a Michael acceptor.

30



Chapter 1

Although in the same molecule, these two positions have different characteristics
according to the HSAB theory. The 2 position is considered a hard electrophilic site
due to the strong negative inductive effect exerted by carbonyl oxygen, which results
in a low degree of polarisation, whereas the 4 position is considered to be soft, as the
electrons in the double bond are more loosely held and more polarisable. Depending
on the nucleophile, either the product of 1,2- or of 1,4-addition can be preferentially
formed. Hard nucleophiles add quickly to the 2 position. Since these nucleophiles are
often strong bases, this process is irreversible and the 1,2-product, the kinetic product,
is formed. Examples for hard nucleophiles are metal hydrides, Grignard reagents and
strong bases like organolithium compounds. If the nucleophile is soft and thus a weak
base, the 1,2-addition is reversible which then means that the reaction is under
thermodynamic control, and the 1,4-addition is preferred, as the thermodynamically
stable double bond of the carbonyl group is retained. Examples for such soft

nucleophiles are alcohols, thiols and amines.

Since the reactivity of electrophiles, as well as the degree of electrophilic behaviour,
is highly dependent on the reaction partner, it is important to know what sort of
reactivity can be expected in a physiological setting. Proteins and nucleic acids make
up the maijority of biological matter and these tend to contain nucleophilic centres like
cysteine, lysine, serine and threonine®?®. In terms of HSAB, these nucleophiles are
rather soft. Thus, soft electrophiles can bind to these sites and interfere with biological
functions®?®%?’. Such electrophiles could potentially also react as haptens or act as

danger signals, as described in Chapter 1.1.3.

Having established that the body has potential nucleophiles that electrophiles could
react with, examples and applications of electrophilic reactivity will now be discussed.
First, electrophilic natural products in general will be discussed, followed by examples
of uses of electrophiles in the industry, and lastly, some examples of natural product

electrophiles will be highlighted.

Electrophilic natural products and their biological targets have been extensively
reviewed by Gersch et al”®®. They have categorised electrophiles into three major
groups: Michael acceptor systems, ring-strained scaffolds and other compounds
(Figure 1.9).
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A Michael acceptor systems
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Figure 1.9 Electrophilic moieties grouped into three categories, A Michael acceptor systems, B ring-
strained scaffolds and C other compounds. Adapted with permission?2®, copyright The Royal Society of

Chemistry.
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As can be seen in Figure 1.9, electrophilic natural products make up a diverse group
of structures with different electrophilic moieties. Natural products, just like enzymes,
have evolved as a result of selective pressure since they give organisms a selective
advantage®?®. In the words of Ho et al, they are made by proteins to interact with other
proteins??°. In order to provide a selective advantage, they have to be tailored for a
specific use, e.g. to inhibit microbes, deter predators or attract potential mates. Thus,
it stands to reason that they also cover a wide variety of biological functions. Some
natural products can also interact with multiple targets and hence be multifunctional.
This phenomenon in which multiple targets are addressed by the same compound by
design is called polypharmacology®®. Another phenomenon that is similar to
polypharmacology is reactive promiscuity, in which compounds serendipitously or
inconveniently react with unintended targets. Electrophiles found in plant pollen could

also express such reactive promiscuity and interact with proteins in the human body.

As natural products have evolved to bind with other proteins, they find two main uses
in the industry: their potential as leads in drug discovery and as model compounds for
the study of biological targets. These two uses will be discussed in the following

paragraphs.

To this date, natural products and their derivatives are important as leads for drug
discovery in the pharmaceutical industry?®. Natural product electrophiles, however,
have an ambivalent position in drug discovery. Electrophiles are often associated with
toxicity or carcinogenicity?®'2*2, Electrophiles can cause toxicity via irreversible adduct
formation at regulatory cysteine thiolate residues of functionally important proteins®**
24 Cysteine is a thiol-containing amino acid and a highly reactive soft nucleophile. It
is a privileged structure due to this property: it can serve as a catalytic nucleophile in
enzymes, is crucial to protein folding due to its ability to form disulfide bridges and
used as a redox scavenger and switch due to its oxidation potential?>*>%*". Due to the
inherent reactivity as a potential nucleophile and as a redox participant, there seems
to be an evolutionary selection against the use of cysteine?**2*°. Mutations of cysteine,
next to tryptophan, have the highest probability of causing disease*%2*'. Covalent
binding to such cysteine residues can be equally detrimental. Thus, as reactivity at
off-target cysteine is a high risk, electrophiles are often ruled out as potential drug

leads.

On the other hand, electrophiles can be selectively employed for their specific

reactivity. They can be used in modern drug development as chaperones to deliver
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targeted therapy, e.g. as warheads for targeted covalent inhibitors®**?*®, These
inhibitors need to be carefully designed in order to prevent irreversible reaction with
off-target thiols. Long et al propose to target kinetically privileged cysteines in the body

for selective drug development®**

. Another example for the potential for electrophiles
in drug development is the covalent inhibition of the Transient Receptor Potential
cation channel A1 (TRPA1) by electrophiles®*. Inhibition of TRPA1 is found to induce
phase-2-enzymes that protect against carcinogenesis. Furthermore, some of the most
important drugs to be ever discovered are electrophiles: electrophilic antibiotics like
penicillin have been in use ever since their discovery®*®. Therefore, even though the
reactive potential of electrophiles can be a detriment, it can also be precisely what

makes a drug selective and effective.

Another practical use for reactive electrophiles is in research. As electrophiles form
covalent bonds, the study of natural product electrophiles has enabled researchers to
identify their biological targets and find out more about their function®”?*’. Many
electrophiles found in Figure 1.9 are used as model compounds for the study of
biological functions. Parthenolide, wortmannin and lactivicin (shown in Figure 1.9),
will now be discussed in detail as examples for electrophilic natural products with

applications in research and in drug development.

Parthenolide is a sesquiterpene lactone produced by plants of the Asteraceae and
Magnoliaceae family. It is reported to have anti-inflammatory and anti-tumour
properties, and novel targets continue to be reported due to its polypharmacology?®*®.
The two electrophilic moieties of parthenolide are the a-exo-methylene vy-
butyrolactone (Michael acceptor type reactivity) and the epoxide (ring strain
reactivity), both of which have been reported to be involved in the compound’s
bioactivity**°. Parthenolide is investigated as a potential lead in drug discovery and

used as a model compound for research®®,

Wortmannin is an example for an activated furan, which falls into the Michael acceptor
type electrophile group. It was isolated from Penicillium wortmannii and it possesses
antifungal and antiproliferative activity. Wortmannin inhibits the lipid kinase
phosphatidylinositol 3-kinase (PI 3-kinase) and the Polo-like kinase (PLK)®'2%2, |ts
mechanism of action involves nucleophilic addition of lysine residue 802, which
results in ring opening of the furan and formation of a f-amino a,-unsaturated ester
(Figure 1.10). Wortmannin continues to be used as a model compound for the study
of Pl 3-kinase and PLK?**%%°,
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wortmannin 22 Lys802
PI 3-K

Figure 1.10 Mechanism of the reaction of wortmannin with the active site of Pl 3-kinase. Reproduced

with permission??®, copyright The Royal Society of Chemistry.

Lactivicin is a non-beta-lactam antibiotic that was discovered in a screen for new

2% |t inhibits penicillin binding proteins and

inhibitors of bacterial cell wall biosynthesis
B-lactamases. Serine in the catalytic site attacks the cycloserine of lactivicin and
opens the adjacent y-lactone (Figure 1.11)%*". This reaction mechanism may make
this structure a useful lead for making even better penicillin binding protein and [3-

lactamase inhibitors?%®.
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Figure 1.11 Mechanism of lactivicin with the active serine residue of penicillin binding protein.
Reproduced with permission??®, copyright The Royal Society of Chemistry.

In this chapter, the reactivity of electrophiles, electrophiles in physiological systems
and examples for electrophiles in use in both research and drug development have
been discussed. It was shown that highly reactive compounds can be both shunned
for their reactivity and exploited for their reactivity. The next chapter will discuss

methods for the detection and identification of electrophiles.

1.2.3 Methods for Detection and Identification of Electrophiles

This chapter will give an overview of methods for the detection and identification of
electrophiles. Although electrophiles are clearly compounds of interest in a biological
context, a lot of research with electrophiles actually involves using electrophiles to
identify new protein targets, rather than using proteins and other compounds to
identify new electrophiles®?”?*°. There are, however, two research fields in particular

that have invested interest in the detection and identification of reactive electrophiles,
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namely the study of environmental pollutants as cause for chronic diseases, and drug
development. A variety of methods have been developed, which can be classified as
biological methods and purely chemical methods. Examples for both will be discussed

in the subsequent subchapters.

1.2.3.1 Biological Methods

The methods presented in this chapter are a selection of methods that employ cells
or enzymes, and in general are intended for the use on biological samples. Depending
on what the context of the interest in electrophiles is, there are different approaches
to detecting and identifying them. This chapter will first discuss the methods
addressing environmental pollutants, followed by the methods used in drug

development.

Electrophiles have garnered a specific interest in the field of environmental causes for
chronic diseases because of their associated toxicity. Adductomics, the study of DNA
and protein adducts, utilises a variety of MS analysis methods of gas chromatography-
MS and LC-MS, including (MSMS) scan modes like product ion scan (PIS), neutral
loss scan (NLS), selected reaction monitoring (SRM) and multiple reaction monitoring
(MRM) (Figure 1.12)0-261,
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Figure 1.12 MSMS scan modes on a triple quadrupole. Abbreviations in figure: MS1: mass analyser 1;
CID: collision-induced dissociation; MS2: mass analyser 2; A Product ion scan: a precursor ion is
selected in the first mass analyser quadrupole and the second one scans for all its product ions; B PIS:
a product ion is selected by the second mass analyser quadrupole and the precursor masses of this
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product are scanned for in the first mass analyser quadrupole; C NLS: the two mass analysers are
synchronised and scan for a mass difference; D MRM: also called multiple ion monitoring, a fixed mass
transition is scanned for by scanning for a fixed ion mass in the first quadrupole mass analyser and then
for a specific fragment of that ion in the second quadrupole mass analyser. Reproduced with permission®,
copyright AAAS.

High resolution mass spectrometry (HRMS) is also used to obtain high accuracy mass
measurements in order to be able to resolve isotopic peaks of ions. The aim is to
measure adducts in tissue samples specific to chronic diseases. Glutathione (GSH)
and DNA adductomes include metals, thiols and electrophilic species. A commonly
used method for measuring protein adducts is the analysis of adducts with
haemoglobin and human serum albumin®?. In this way, exogenous reactive
electrophiles®® and also endogenous electrophiles®®* can be analysed. One of the
approaches is the so-called FIRE procedure. The acronym describes the procedure:
fluorescein isothiocyanate (FITC) is used for measurement of adducts (R) formed with
electrophiles using a modified Edman procedure®®. N-alkylated valine adducts are
detached from the haemoglobin structure by cyclisation with FITC to give a product
that can be selectively enriched by SPE (Figure 1.13). These adducts are then
analysed using LC-MSMS.
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Figure 1.13 Reaction mechanism of the FIRE procedure. Abbreviation in figure: FTH (fluorescein
thiohydantoin). Reproduced with permission?%®, copyright Elsevier.

This modified Edman procedure allowed the identification and quantification of
acrylamide, glycidamide and ethylene oxide in blood samples from non-smokers®®®
and was further used to investigate adduct differences in between smokers and non-
smokers®®. In general, these studies are aimed towards low molecular weight

electrophiles as they are often volatile environmental pollutants.

* Reprinted from Domon, B., Aebersold, R., Mass spectrometry and protein analysis, Science 312 (2006)
212-217. Reprinted with permission from AAAS.
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The second category of biological methods to be discussed are the ones employed
for drug development. In drug development, the identification of reactive metabolites
is paramount in order to assess the safety of drug leads and to be able to discard

problematic drug leads early on?®’.

In the analysis of reactive electrophilic metabolites, human or rat liver microsomes are
often used with a nucleophilic trapping agent, since reactive metabolites tend to be
short-lived due to their reactivity. Examples of trapping reagents include GSH, N-
acetylcysteine (NAC), amines (like semicarbazide and methoxylamine), or cyanide
anion®*?°. While GSH and NAC are soft nucleophiles, semicarbazide,

methoxylamine and cyanide are hard nucleophiles.

GSH is the body’s endogenous electrophile scavenger and thus is one of the most
commonly used trapping reagents. GSH can be detected using MSMS in the NLS and
PIS mode: NLS due to a fragment neutral loss of 129 Da from GSH or loss of a whole
GSH molecule, which would result in a neutral loss of 307 Da; PIS by detection of a
parent ion of m/z (Figure 1.14). This was demonstrated on a variety of known

compounds®' 1?72,
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Figure 1.14 Fragments of GSH for NLS and PIS.

Gan et al utilised derivatised GSH with a dansyl group in order to be able to quantify
reactive metabolites in vitro?’?. The incorporation of the danysl group allowed LC
analysis with a fluorescence detector additionally to MS. Dansylated GSH was found
to be as reactive as GSH, although it did not serve as a substrate for glutathione-S-

transferase and thus could not make use of this conjugation mechanism.

Another example for electrophile screening was published by Nikolic et a”>. The aim
was to identify xenobiotic electrophilic cytochrome P450 metabolites of potential drug
leads by using ultrafiltration-MS. Rat liver microsomes were trapped by an
ultrafiltration membrane in a flow-through chamber, and samples were flow-injected
through this chamber and directly led into an on-line electrospray mass spectrometer

for analysis. Trapping of reactive xenobiotic metabolites was achieved by using GSH.
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In contrast to the methods used for the identification of biologically relevant
environmental pollutants, the methods for drug development are generally aimed at
compounds that are in the size range of secondary metabolites, which is more similar

to what we are interested in examining.

1.2.3.2 Chemical Methods

This subchapter will address methods that are chemistry-based and do not involve
cells or enzymes. Many of the presented methods will approach the detection and
identification of electrophiles from a more general and theoretical angle, examining
reactivity of a sample itself as opposed to reactive metabolites formed by enzymatic
digest. This chapter will first briefly discuss in silico methods before moving on to in

vitro methods.

There is the possibility to use in silico calculations and modelling to predict reactivity.
This, however, requires advance knowledge of the structures to be assessed. It is
more of a tool to assess relative reactivity rather than to discover new reactive natural
products. An example is the paper published by Mulliner et al, who modelled reactivity
using GSH as a model nucleophile®™. In silico assessment and bioinformatics can be
a powerful tool to be used in tandem with wet lab methods to narrow down potential

leads.

Several research groups have explored different experimental approaches for
identification, and sometimes also isolation, of reactive electrophiles. These methods
range from in situ methods, sometimes followed up with tag-assisted purification, and

purification facilitated with a solid support?”>28',

In in situ methods, the nucleophile is added directly to the sample. Electrophiles in the
sample form covalent adducts with the nucleophile, which, when analysed via LC-MS,
will manifest as a shift in retention time (rt), mass, and potentially will also add some

other spectroscopically detectable property.

Caprioglio et al have developed an NMR assay which leverages the reactivity of thia-
Michael reactivity of cysteamine?®”®. The thia-Michael reaction is known for its possible
reversibility and its potential to undergo redox reaction which makes it difficult to
assess the reactivity of thia-Michael acceptors. In order to characterise the reactivity
of different thia-Michael acceptors, the cysteamine assay records NMR spectra in situ,
thus enabling the characterisation of the formed products and, if present, the reaction

equilibrium?®2,
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As an example, Castro-Falcon et al have successfully used two different tags with
phenyl halide moieties that served both as an MS and ultraviolet (UV) tag (Figure
1.15)?’®, Their phenyl bromide probe was found to be more reactive with beta-lactam
and beta-lactone-based electrophiles, while their phenyl chloride probe was found to
be more reactive with epoxides. Testing these probes in bacterial extracts resulted in
successful tagging and identification of electrophilic compounds in the mixture, e.g.
salinosporamide A via reaction with its beta-lactone, and cyclomarin A and salinamide

A via epoxide ring opening.
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Figure 1.15 Pharmacophore probes. Reproduced with permission$, copyright American Chemical

Society.

Detecting and identifying compounds in situ by LC-MS has the advantage of not
having to isolate and purify the compounds prior. This, however, only works with
known compounds. When previously unknown compounds are detected, isolation
and purification are an unavoidable necessity in order to accurately elucidate their
structures. This is the reason why, although many methods are technically in situ,
when faced with new compounds researchers still have to undergo the lengthy
process of isolation and purification. Cox et al used a combination of bioinformatics
and nucleophilic labelling of dehydrated amino acids with dithiothreitol (DTT) to
investigate natural products containing dehydrated amino acid moieties. After LC
purification and comparison to analogous structures, they discovered a new structure,

cyclothiazomycin C?77,

Since purification and isolation are unavoidable, another approach can be used to link
the purification and isolation to detection. An immobilised probe on a solid support
was used by Jeon et al to isolate natural products with terminal alkyne moieties®®'. An
azide probe was designed that would form a fluorescent probe upon successful

copper(l)-catalysed azide-alkyne cycloaddition (CuAAC) (Figure 1.16). The

§ Reproduced with permission from Castro-Perez, J., Plumb, R., Liang, L., Yang, E., A high-throughput
liquid chromatography/tandem mass spectrometry method for screening GSH conjugates using exact
mass neutral loss acquisition, Rapid Commun. Mass Spectrom. 19 (2005) 798-804. Copyright (2016)
American Chemical Society.
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fluorescent moiety was used to identify extracts in which adduct formation had

occurred.

probe linker solid support
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Figure 1.16 Concept for the procedure employed by Jeon et al for the analysis of natural products with
terminal alkyne moieties from natural product extracts?®!. Reproduced with permission™, copyright The

Royal Society of Chemistry.

After cycloaddition and removal of unreacted extracts, they cleaved the formed
adducts from the bead. Their linker was a (2-phenyl-2-trimethylsilyl)ethyl-linker which
they cleaved with a solution of tetra-n-butylammonium fluoride in water?®3. Adducts
were analysed by LC-MS and UV/visible (Vis) spectroscopy; the triazole formed by
CuAAC additionally served as a UV tag for detection.

” Jeon, H., Lim, C., Lee, J. M., Kim, S., Chemical assay-guided natural product isolation via solid-
supported chemodosimetric fluorescent probe, Chem. Sci. 6 (2015) 2806-2811. - Published by The Royal
Society of Chemistry
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1.3 Conclusion and Project Aims

This thesis, titled ‘the method development for the detection and identification of
pathophysiologically relevant electrophiles’, touches on several topics that needed to
be addressed to set the scene for an investigation. This chapter will consolidate all
the conclusions from Chapter 1.1 and 1.2 relevant for this dissertation and present

the rationale and aims of this project.

In Chapter 1.1, pollen allergy was introduced as a complex, multicausal disease with
rising prevalence across the world. Currently, this disease is mainly treated by
symptom management rather than by addressing the disease at its roots. The only
true disease treatment that exists to this date is allergen-specific immunotherapy,
which is a lengthy and cumbersome treatment and often does not offer permanent
cessation of allergic symptoms. Even though allergen-specific immunotherapy is used
to achieve desensitisation, ultimately, our understanding for why this process works
is just as limited as it is for why sensitisation occurs in the first place. Since
sensitisation and desensitisation are inextricably linked, understanding one will

potentially lead to a deeper understanding of the other.

Many disease hypotheses have been formulated in an attempt to explain the rising
prevalence and the origins of the disease. The introduction reviewed three of them:
the hygiene hypothesis, the hapten theory and the danger model. The latter two could
lead to believe that reactive molecules associated with pollen allergens could be
involved in the sensitisation process. Furthermore, reactive molecules could have a
role in the exacerbative episodes of the disease. Both of these arguments make a
solid case that studying reactive molecules in pollen could lead to new learnings about

the disease.

How one could go about identifying reactive compounds is explored in Chapter 1.2.
As reactivity is a relative term, Chapter 1.2.1 introduced thermodynamic and kinetic
concepts, which lay the foundation for a discussion about reactivity in subsequent
method chapters of this dissertation. Chapter 1.2.2 presented electrophiles as our
main compound class of interest, explained their biological relevance and highlighted
some examples and uses in industry and research. Chapter 1.2.3 reviewed published
methods that detect and identify electrophiles, which showed what had already been
done. Further, the efforts of these research groups and their strategies could serve

as an inspiration for our method development efforts.
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Having reviewed the introductory chapters, Chapter 1.1 and 1.2, this finally leads us

to the rationale and extended working hypothesis of this project.

Reactive small molecules in pollen represent an underresearched area, especially in
comparison to protein allergens. Electrophiles in pollen have the potential to react as
haptens and danger signals, therefore could play a crucial role in both the
sensitisation and exacerbation phase via immunological mechanisms. The extended
working hypothesis is that small molecules could also exacerbate allergic disease by
eliciting a purely physiological reaction in the human body that adds to the
immunological response. Small molecules present in pollen can stimulate body tissue
via traditional drug-receptor interactions, causing for instance contraction of the

airway smooth muscle, as found in asthma attacks.

Thus, the aim of this project was to develop a method that can detect and identify
pathophysiologically relevant electrophiles in pollen extracts. This could serve as a
starting point to discover molecules previously undiscovered or deemed uninteresting,

and their study could lead to new learnings in the field of pollen allergy.
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Chapter 2 Materials and Methods

2.1 Materials

2.1.1 Solvents

The following solvents were used in the scope of this work (Table 2.1).

Table 2.1 Table of solvents.

Grade and Information

Name from the Supplier Supplier Use

Acetone For analysis EMSURE® Merck, Darmstadt, Germany HPLC/UPLC

Acetonitrile ChromAR® HPLC Macron Fine Chemicals, HPLC
Radnor, PA, USA

Acetonitrile Lichrosolv® Merck, Darmstadt, Germany HPLC/UPLC

Dichloromethane
(DCM)

grade for GC residual
analysis

Scharlab, Barcelona, Spain

Resin Experiment

Dimethylformamide
(DMF)

AnalaR NORMAPUR

VWR, Radnor, PA, USA

Resin Synthesis

Dimethyl sulfoxide
(DMSO)

Extra pure

Scharlab, Barcelona, Spain

Resin Experiment,
Sample Preparation

DMSO-d6

D-enrichment > 99.95 %

Acros Organics, Geel, Belgium

NMR

Ethanol (EtOH)

absolute GPR RECTAPUR

VWR, Radnor, PA, USA

Resin Synthesis

Formic acid (FA) 98 % pure Acros Organics, Geel, Belgium HPLC

FA 99 % pure Biosolve, Dieuze, France HPLC/UPLC

n-Hexane Re-distilled Resin Experiment

Isopropyl alcohol suitable for LC and UV Macron Fine Chemicals, HPLC/UPLC

(2-PrOH) spectrophotometry Radnor, PA, USA

Methanol (MeOH) Re-distilled Extract Generation

MeOH HPLC grade Reuss Chemie, Tagerig, Resin Experiment
Switzerland

MeOH anhydrous Macron Fine Chemicals, Resin Experiment
Radnor, PA, USA

Tetrahydrofuran Macherey-Nagel Extract Generation

(THF)
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Chapter 2

The following reagents were used in the scope of this work (Table 2.2).

Table 2.2 Table of reagents.

Name

Supplier

Use

CI-TCP(Cl)-resin

CEM Corporation, Matthews, NC, USA

Resin Synthesis

2-Chlorotrityl chloride resin

Bachem, Bubendorf, Switzerland

Resin Synthesis

Diisopropylcarbodiimide (DIC)

Sigma-Aldrich, Buchs, Switzerland

Resin Synthesis

N, N-diisopropylethylamine
(DIPEA)

Sigma-Aldrich, Buchs, Switzerland

Resin Synthesis

5,5’-Dithiobis-(2-nitrobenzoic acid)
(Ellman’s Reagent)

Sigma-Aldrich, Buchs, Switzerland

Electrophile and Cysteine
Quantification

DTT

Sigma-Aldrich, Buchs, Switzerland

In Situ Detection

1,2-Ethanedithiol

Sigma-Aldrich, Buchs, Switzerland

Nucleophilic Peptide
Synthesis

Fmoc-Ala-OH

CEM Corporation, Matthews, NC, USA

Resin Synthesis

Fmoc-Asp(OtBu)-OH

CEM Corporation, Matthews, NC, USA

Nucleophilic Peptide
Synthesis

(Fmoc-Cys-OH):

Bachem, Bubendorf, Switzerland

Resin Synthesis

Fmoc-His(Trt)-OH

Bachem, Bubendorf, Switzerland

Nucleophilic Peptide
Synthesis

Hexafluoroisopropyl alcohol
(HFIP)

Sigma-Aldrich, Buchs, Switzerland

Resin Experiment

2-Mercaptoethanol (BME)

Sigma-Aldrich, Buchs, Switzerland

Resin Experiment

Methionine

Axonlab, Baden-Dattwill, Switzerland

Resin Experiment

1-Methyl-2-pyrrolidinone (NMP)

Sigma-Aldrich, Buchs, Switzerland

Resin Synthesis

piperazine

Sigma-Aldrich, Buchs, Switzerland

Resin Synthesis

Potassium iodide

Hanseler AG, Herisau, Switzerland

Resin Synthesis

Triethylamine (TEA)

Sigma-Aldrich, Buchs, Switzerland

Electrophile Quantification

Trifluoroacetic acid (TFA)

Sigma-Aldrich, Buchs, Switzerland

Nucleophilic Peptide
Synthesis, Resin
Experiment

Triisopropylsilane (TIS)

Sigma-Aldrich, Buchs, Switzerland

Nucleophilic Peptide
Synthesis
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2.1.3 Buffers

The following chemicals were used for buffers (Table 2.3).

Table 2.3 Table of buffer chemicals.

Name Supplier Use
Potassium dihydrogen phosphate Merck, Darmstadt, Germany In situ Detection
di-Potassium hydrogen phosphate Merck, Darmstadt, Germany In situ Detection

2.1.4 Model Compounds

The following model compounds were used in the scope of this work (Table 2.4).

Table 2.4 Table of model compounds.

Name Supplier

NAC Sigma-Aldrich, Buchs, Switzerland
Alantolactone Sigma-Aldrich, Buchs, Switzerland
Atropine Sigma-Aldrich, Buchs, Switzerland
Berberine chloride Sigma-Aldrich, Buchs, Switzerland
Chnicin Carbosynth Limited, Staad, Switzerland
Cynaropicrin Extrasynthese, Genay Cedex, France
Cysteine Roth, Karlsruhe, Germany

Forskolin Extrasynthese, Genay Cedex, France
GSH Sigma-Aldrich, Buchs, Switzerland
Glutathione disulfide (GSSG) Sigma-Aldrich, Buchs, Switzerland
Mangiferin Sigma-Aldrich, Buchs, Switzerland

N-(1-naphthyl)-N-phenylmethacrylamide Alfa Aesar, Haverhill, MA, United States

Parthenolide Chengdu Biopurify Phytochemicals. Chengdu, China
Penicillin V Sigma-Aldrich, Buchs, Switzerland
Valerenic acid Extrasynthese, Genay Cedex, France
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2.1.5 Plant Material

Tiliae flos conc. Ph. Eur. was purchased from Dixa, St. Gallen Switzerland. All pollen
plant material in Table 2.5 was sourced from Greer Laboratories, Lenoir, NC, United

States.

Table 2.5 Table of plant pollen materials.

Species Lot Number
Ambrosia psilostachya P3701938-2
Ambrosia psilostachya P3757208
Ambrosia psilostachya P4129072-1
Ambrosia psilostachya P4576841
Ambrosia artemisiifolia P3024704-3
Ambrosia artemisiifolia P3744652-2
Ambrosia artemisiifolia P3396120-3
Ambrosia artemisiifolia P335440-18
Ambrosia artemisiifolia P3392522-19
Phleum pratense P319351-7
Phleum pratense P3280848-1
Phleum pratense P3743977-1
Phleum pratense P3929196-1
Betula pendula P3317516-1
Betula pendula P3317540-1
Betula pendula P3752220
Urtica dioica P3730565
Urtica dioica P4079048-1
Urtica dioica P4889415
Corylus avellana P976555-1
Corylus avellana P1330035-2
Corylus avellana P4530617
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2.2 Methods

2.2.1 Extract Preparation

Commercially obtained plant parts were milled using a M20 universal mill (IKA,
Staufen, Germany). If the supplier provided powdered product, then the subsequent

extraction step was performed without prior milling.

All extracts with source material of less than 6 g were generated by Accelerated
Solvent Extraction (ASE) utilising a Dionex ASE200 Accelerated Solvent Extractor.
For each extraction, three cycles of solvent were added to fill the cell size and the
extraction occurred at 70 °C and 120 bar. In the case of pollen extracts, pollen was
extracted with the following three solvents in sequence of increasing polarity: n-
hexane, THF and MeOH. Tiliae Flos MeOH extract was prepared by only extracting
with MeOH.

One batch of Ambrosia psilostachya (batch number P4129072-1) was ordered in bulk
(105 g) and is designated as P4129072-1'. 5 g of that batch were extracted using the
ASE method detailed previously, the rest (100 g) was extracted using a serial
percolation at ambient pressure and temperature. The solvents used were n-hexane
(800 ml), THF (1000 ml) and MeOH (1500 ml).

2.2.2 Sample Drying

In order to render samples of any kind solvent-free, a series of different techniques

was employed according to the size and nature of the samples.

Rotary evaporation. Two types of rotary evaporators were used. One type was a
Rotavapor R-215 coupled with a Vacuum Controller V-850, a Heating Bath B-491 (all
BUCHI, Flawil, Switzerland) and a PC 3000 series vacuum pump (vacuubrand,
Wertheim, Germany) cooled by a Unichiller (Huber, Offenburg, Germany). The other
type was a multiway rotary evaporator, Multivapor P-12, coupled with a Vacuum
Controller V-855 and Vacuum Pump V-700 (all BUCHI) and cooled by a polystat cc1

(Huber), for the simultaneous evaporation of larger sample bulks.

Centrifugal Evaporation. An EZ-2 Plus Genevac (SP Industries, Warminster, PA,
United States) was used for centrifugal evaporation. Standard settings were used at

a maximum temperature of 35 °C.
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Evaporation under Nitrogen Flow. For small sample sizes, a PIAG Evapor equipped
with a heating block (Portman Instruments, Biel-Benken, Switzerland) set to 30 °C

under nitrogen flow was used for solvent removal.

Lyophilisation. A Gamma 1-16 LSC ice condenser (Christ, Osterode am Harz,
Germany) was used for lyophilisation. Prior to lyophilisation, the samples were made
free of organic solvent by rotary evaporation and frozen over an ethanol ice bath or in

a freezer at -20 °C.

2.2.3 Liquid Chromatography (LC) Analysis

All the LC methods used for the work presented in this dissertation are summarised

in this chapter.

Samples were made particle free by centrifugation for 10 min at 16’168 x g
(13’200 rpm) at 20 °C using a MiniSpin plus (Vaudaux Eppendorf, Schénenbuch,

Switzerland) to sediment residual particles before taking an aliquot for analysis.

2.2.3.1 Analytical High Pressure Liquid Chromatography (HPLC)

Analytical profiling was carried out on two different instruments, one a Shimadzu

system, the other a Waters system.

The Shimadzu HPLC System (Kyoto, Japan) consisted of a degasser, a binary pump,
a column thermostat, a photodiode array (PDA) detector (SPD-M20A) with a
temperature-controlled UV cell that was connected to a triple quadrupole mass
spectrometer with ESI and APCI interface (LCMS-8030) and an Alltech 3300
evaporative light scattering detector (BUCHI, Flawil, Switzerland) via a T split. The
MS conditions were as follows: positive and negative ion spectra were recorded
simultaneously in the range of m/z 250 to m/z 2000; capillary voltage: 4.5 kV; scan
speed: 15000 u/s; event time: 0.150 s. Evaporative light scattering detector conditions
were as follows: nitrogen flow: 3.0 I/min, temperature: 45 °C. Data acquisition and
analysis were performed with LabSolutions 5.89 software (Shimadzu, Kyoto, Japan).
The column used for analysis was the Waters SunFire™ C18 (3.5 ym 3.0 mm x
150 mm i.d.) coupled to a guard column (10 mm x 3.0 mm i.d.). Mobile phases were
0.1 % FA in water (eluent A) and 0.1 % FA in acetonitrile (eluent B). The gradient was
5 % B for 2.0 min, then up to 100 % B in 30.0 min, at 100 % for 5.0 min, down to 5 %
in 0.1 min, following by a re-equilibration at 5 % for 7.9 min, with total run time of 45

min.
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Other HPLC analyses were performed on an ACQUITY UPLC system coupled to an
ACQUITY TQD (Waters, Milford, MA, USA) under lower pressure HPLC conditions.
The cooling light-protected autosampler was set at 10 °C in-between runs, at 20 °C
for runs and the column oven was set at 45 °C. A Waters SunFire™ C18 column
(3.5 yum 3 mm x 150 mm i.d.) was used for qualitative analysis of the samples. Mobile
phases were 0.1 % FA in acetonitrile:water (5:95) (eluent A), and 0.1 % FA in
acetonitrile (eluent B). For qualitative analysis a linear gradient of 5 % to 100 % B in
8 min was used. The exact method details, conditions and tune settings can be found
in the method section of the Appendix. Data acquisition and analysis were performed

with MassLynx 4.1 software (Waters).

2.2.3.2 Semi-preparative HPLC

Three different system were used for isolation depending on availability and detector
requirements: an Agilent system with a PDA and MS detector, an Alliance system with

a PDA detector and another Agilent system with a PDA detector.

The first system consisted of a 1200 series binary pump, a 1290 Infinity Il series
injection module with a 10-port rotary valve that connected to a 1100 series PDA
detector (all Agilent, Basel, Switzerland). A dynamic splitter (split ratio 3:40, model
691 Series Adjustable Makeup-Flow Splitter, ASI, Richmond, USA) led to a collection
port and to a 6120 series quadrupole mass spectrometer (all Agilent). Make-up flow
for the spectrometer was delivered by a 1290 Infinity Il series quaternary pump. The
column used was a Waters SunFire™ C18 (5 um 10 mm x 150 mm i.d.) equipped
with a guard column (10 mm x 10 mm i.d.). The mobile phase was water (eluent A)
and acetonitrile (eluent B), and the make-up flow for the T split was 0.1 % FA in
acetonitrile:water (1:1). MS detection was performed with a scan range from m/z 100
to m/z 1000. Data acquisition and analysis was performed with OpenLAB 2.3 and
ChemRTD 1.2 software (both Agilent).

The second system semi-preparative system was an Alliance system consisting of a
2690 Separation Module and a Waters 996 PDA (all Waters). Mobile phases and
columns were the same as above. Data acquisition and analysis was performed with

Empower 2 software (Waters)

The third system was an 1100 series instrument consisting of pump, sample manager,

column heater and PDA detector (Agilent). Mobile phases and columns were the
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same as above. Data acquisition and analysis was performed with OpenLab CDS
ChemStation Edition (Agilent).

2.2.4 Spectrophotometric Assay

Samples were dissolved in DMSO to obtain a solution of 50 mg/ml. If solubility was
an issue, lower concentrations were utilised. A solution of parthenolide (1.13 mg/ml
in DMSO) was used as a standard for construction of the calibration curve. Extract
samples were both measured with and without Ellman’s Reagent. The calibration
curve included five different concentrations (cal10, cal20, cal30, cal50 and cal100)
and a blank (cal0). For the preparation of the blanks and calO for the calibration curve,
100 pl of DMSO was used as sample. For both the extract sample blanks and the
extract samples, 20 yl of extract (50 mg/ml) was dispensed into 80 pl of DMSO.
Parthenolide was chosen as a calibrant because its reaction with NAC is
stoichiometric and goes to completion. The calibration curve samples contained 10
I, 20 wl, 30 i, 50 ul and 100 ul of parthenolide solution (1.13 mg/ml) in DMSO which

were then made up to a total volume of 100 pl using DMSO.

The experiment outline detailed in Table 2.6 was followed.

Table 2.6 Experimental procedure of the spectrophotometric assay

Experimental Procedure

1st step 1. The sample (100 pl) is pipetted into the vial.

2. NAC (0.429 mg/ml) in MeOH (200 pl) is added.

3. TEA (40 pl) is added.

Incubation for at least 40 minutes

2nd step 4. 0.1 M Monobasic/dibasic phosphate buffer at pH 8.0 (30 pl) is added to blanks, Ellman’s
Reagent (16 mg/ml) in 0.1 M monobasic/dibasic phosphate buffer at pH 8.0 is added to
samples and calibration curve samples.

5.  The mixture is washed into a volumetric flask (10 ml) and the volume is made up to 10
ml with MeOH.

The samples were measured thrice on a multiplate reader at 416 nm.

As only a limited number of volumetric flasks was available for the final dilution step,
the extract sample blanks were measured first while the remaining samples were
stored in the fridge (-4 °C) for their prolonged incubation time. The samples were
measured on a Plate CHAMELEON Multilabel Detection Platform (Hidex, Turku,
Finland) equipped with a 415-4416 Absorption filter 416 nm BW10 12.5 mm. This

experiment was repeated on three separate days to give three independent data sets
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that were ultimately analysed together. The results are reported as averaged out over

the three data sets.

2.2.5 Nuclear Magnetic Resonance (NMR) Analysis

NMR spectra were recorded on two different instruments.

One was a 500 MHz Avance III™ spectrometer (Bruker BioSpin, Fallanden,
Switzerland) operating at 500.13 MHz for 'H and 125.77 MHz for "*C nuclei. '"H NMR
data and correlation spectroscopy (COSY), heteronuclear single quantum coherence
(HSQC), and heteronuclear multiple bond correlation (HMBC) spectra were measured
at 23 °C in a 1 mm TXI probe with a z-gradient. Standard pulse sequences of the

software package Topspin 3.5pl7 were used.

The other instrument was a Bruker Avance Ill Neo 600 MHz NMR spectrometer
equipped with a QCI 5 mm Cryoprobe and a SampleJet automated sample changer
(Rheinstetten, Germany). The frequency for '"H NMR was 600 MHz, the frequency for
3C NMR was 151 MHz.

Spectra were analysed using Bruker TopSpin 3.5pl7 and ACDLabs Spectrus

Processor (Toronto, Canada).

2.2.6 In Situ Detection Methods
2.2.6.1 GSH Experiment with Parthenolide

GSH was tested as potential nucleophile for the project against a model electrophile,
parthenolide. GSSG was used as a negative control for GSH. Parthenolide solutions
was prepared in DMSO (2 mg/ml), GSH and GSSG solutions were prepared in 0.1 M
phosphate buffer at pH 7.4 (10 mg/ml). The following samples were prepared and
measured in HPLC-MS (Table 2.7).

Table 2.7 Sample composition for the GSH experiment with parthenolide.

Sample Number Buffer content (15 pl) DMSO content (15 pl)

1 Buffer DMSO

2 Buffer DMSO containing parthenolide
3 Buffer containing GSH DMSO

4 Buffer containing GSSG DMSO

5 Buffer containing GSH DMSO containing parthenolide
6 Buffer containing GSSG DMSO containing parthenolide
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Additionally, another sample was prepared with the same composition as sample 6
(Table 2.7) and injected three consecutive times to see if there are any kinetic
differences. This sample was mixed, and the injection method was started 5 minutes
later. HPLC-MS conditions used for this chapter are the same as described in Chapter
2.2.31.

2.2.6.2 GSH Experiment with Ambrosia psilostachya Extract
Ambrosia psilostachya extract (P3757208) was tested with GSG and GSSG in the

same manner as described in Chapter 2.2.6.1, but with different concentrations. The
extract was used at 50 mg/ml in DMSO and GSH and GSSG were used at
concentrations of 5 mg/ml in 0.1 M phosphate buffer at pH 7.4. HPLC-MS conditions

used for this chapter are the same as described in Chapter 2.2.3.1.

2.2.6.3 In Situ Detection Using Tandem Mass Spectrometry (MSMS) Methods

For the NLS and PIS experiments, a separate MS method was written in MassLynx.
In NLS mode, neutral losses of m/z 129 were recorded in negative mode with a
collision energy of 30 V. The scan range of was m/z 131-1000. In PIS mode, the
precursor ions of m/z 272 were recorded in negative mode with a collision energy of
40 V. The scan range was m/z 103-1000.

2.2.7 Methods for the Assessment of Affinity-Tag Assisted Electrophile
Detection

2.2.7.1 Synthesis of Nucleophilic Peptide
The nucleophilic peptide was synthesised by solid-phase peptide synthesis (SPPS)

was performed on a Liberty Blue™ instrument (CEM). Unless stated otherwise,
followed the User Guide published by the manufacturer was followed. More details on
the methods can be found in the Appendix. CI-TCP(CI) ProTide Resin (0.1 mmol
equivalent) was used. Fmoc-His(Trt)-OH, Fmoc-Asp(OtBu)-OH and Fmoc-Cys(Trt)-
OH were dissolved in DMF at a concentration of 0.2 M in DMF. 0.5 M DIC in DMF
was used as activator. 10 % piperazine (w/v) in EtOH:NMP (10:90) was used as
deprotection reagent. Upon completion of the procedure, the synthesised resin was
transferred out of the reaction vessel by rinsing with DMF. Cleavage was performed
outside of the Liberty Blue with TFA/TIS/H20/1,2-ethanedithiol (92.5/2.5/2.5/2.5). The
reaction mixture was agitated for 3.5 h at RT. By application of the cleavage cocktail
to the resin beads, the peptide was cleaved off the resin and the Trt-protecting groups

were removed in the same step. The resin beads were removed by filtration. The
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peptide was precipitated in ether and sedimented as a pellet by centrifugation at

13’200 rpm for 5 min. The supernatant was removed.

The peptide mass was checked by HPLC-MS on the ACQUITY UPLC system
(Chapter 2.2.3.1).

2.2.7.2 Experiments with Nucleophilic Peptide
2.2.7.2.1 Experiments with C6His and 6His

Peptides C6His and 6His were used immediately for analysis with parthenolide.
Peptide, L-histidine and L-cysteine concentrations for this experiment were 10 mM in
DMSO, parthenolide was used as a 10 mM solution in DMSO, DTT was used as a
200 mM solution in water. When no DTT was used, the missing volume was made up
with water instead. The following samples were prepared (Table 2.8). HPLC-MS
analysis was performed on the ACQUITY UPLC system (Chapter 2.2.3.1).

Table 2.8 Sample composition for the pilot experiment with the nucleophilic probe.

Sample Electrophile (20 pl) Test Nucleophile (20 pl) Reducing Agent (20 pl) | Additional Solvent
Number (20 pl)
1 Parthenolide in DMSO | DMSO None DMSO
2 Parthenolide in DMSO | L-Histidine in DMSO None DMSO
3 Parthenolide in DMSO | L-Histidine in DMSO DTT DMSO
4 Parthenolide in DMSO | L-Cysteine in DMSO None DMSO
5 Parthenolide in DMSO | L-Cysteine in DMSO DTT DMSO
6 Parthenolide in DMSO | 6His in DMSO None DMSO
7 Parthenolide in DMSO | 6His in DMSO DTT DMSO
8 Parthenolide in DMSO | C6His in DMSO None DMSO
9 Parthenolide in DMSO | C6His in DMSO DTT DMSO

2.2.7.2.2 Experiments with CD6His

Purification of CD6His was performed using semi-preparative HPLC as described in
Chapter 2.2.3.2. The eluents were water and 0.1 % FA (eluent A) and acetonitrile and
0.1 % FA (eluent B), the gradient was 1 % B isocratic for 5 min, then up to 100% in
20 min, the column used was a semi-preparative Atlantis T3 column (5 um 10 mm x
150 mm i.d.).

HPLC-MS analysis was performed on the ACQUITY UPLC system (Chapter 2.2.3.1).
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2.2.8 Experiments with the Solid-Supported Nucleophilic Probe
2.2.8.1 Synthesis of the Solid-Supported Nucleophilic Probe

The synthesis of the solid-supported nucleophilic probe was performed on a Liberty
Blue™ instrument (CEM) and, unless stated otherwise, followed the User Guide and
the CI-MPA ProTide and CI-TCP(CI) ProTide Resin Loading Procedure of the
manufacturer. Fmoc-Ala-OH in DMF was used at a concentration of 0.2 M in DMF,
and (Fmoc-Cys-OH),, was used at a concentration of 0.1 M in DMF due to solubility.
1.0 M DIPEA with 0.125 M KI solution was used as loading reagent, and 10 %
piperazine (w/v) in EtOH:NMP (10:90) was used as deprotection reagent. Two types
of resins were synthesised, one that coupled CI-TCP(CI) to alanine, abbreviated as
Ala-TCP, and the other to a cysteine dimer, abbreviated as Cys-TCP. Fmoc-Ala-OH
(0.2 M in DMF) was used for the synthesis of Ala-TCP, and (Fmoc-Cys-OH), (0.1 M
in DMF) was used for Cys-TCP. Upon completion of the procedure, the synthesised
resin was transferred out of the reaction vessel by rinsing with DMF. The resin was

used within two days of synthesis.

2.2.8.2 Pilot Study Utilising the Solid-Supported Nucleophilic Probe
2.2.8.2.1 Pilot Experiment Procedure

Sample stock solutions (10 mM in DMSO) were prepared for this experiment. The
synthesised resin (0.1 mmol equivalent) was resuspended in DMF to be split into four
aliquots. The aliquots were transferred into SPE cartridges (CHROMABOND®
reservoir columns, 2 ml, with PE frits, Macherey-Nagel, Diren, Germany). The
cartridges were fitted onto a standard 12-port model Supelco Visiprep™ SPE Vacuum
Manifold (Merck).

The following procedure was followed:
i. Wash resin with 10 ml THF
ii. Wash resin with 10 ml MeOH

iii. Add 5 ml 2 M 2-BME in MeOH and leave to incubate for 30 min. Wash
resin with 7 ml 2 M 2-BME in MeOH, collect the flow-through. Wash resin
with another 3 ml MeOH

iv. Add sample (12.5 pl for single compound test, 2 x 12.5 ul for compound
mixture) the glass vial with another 600 yl DMSO that is added to resin as
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Vi.

Vii.

well. The mixture is left to incubate for 17.5 h at RT. Collect the flow-
through. Wash with 10 ml THF

Wash resin with 10 ml MeOH

Add with 1 % TFA in MeOH (5 ml). Leave the mixture to incubate for 1 h,
then, collect the flow-through. Wash resin with 10 ml MeOH

Wash resin with 10 ml THF

For each step, the flow-through was collected and dried on a PIAG Evapor equipped

with a heating block (Portman Instruments, Biel-Benken, Switzerland) set to 30 °C

under nitrogen flow. The leftover dried residue was redissolved in DMSO (325 pl) for
HPLC analysis.

2.2.8.2.2 Pilot Experiment Repeat

The synthesised resin (0.1 mmol equivalent) was resuspended in MeOH and
transferred into SPE cartridges (CHROMABOND® reservoir columns, 6 ml, with PE

frits, Macherey-Nagel, Duren, Germany). The cartridges were fitted onto a standard

12-port model Supelco Visiprep™ SPE Vacuum Manifold (Merck).

The following procedure was followed:

Vi.

Vii.

viii.
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Wash resin with 5 ml MeOH
Wash resin with 5 ml MeOH
Wash resin with 5 ml MeOH

Add 50 ul 2-BME and 5 ml MeOH, leave the mixture to stir for 1 h at RT.

Wash resin with 10 ml.

Add parthenolide (12 mg) in DMSO (2 ml) and leave to mixture incubate
for 17.5 h. Wash with 10 ml MeOH and 10 ml DCM.

Wash resin with 10 ml MeOH

Add with 1 % TFA in MeOH (5 ml). Leave the mixture to incubate for 30
min, then collect the flow-through. Wash resin with 10 ml MeOH and 10 ml
DCM.

Wash resin with 10 ml THF
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For each step, the flow-through was collected and dried on a PIAG Evapor equipped
with a heating block (Portman Instruments, Biel-Benken, Switzerland) set to 30 °C
under nitrogen flow. The leftover dried residue was redissolved in DMSO (325 pl) for
HPLC analysis. When adduct formation was observed, the sample collected from step
(vii) was used for purification by semi-preparative HPLC (Chapter 2.2.3.2) with
solvents water (eluent A) and acetonitrile (eluent B) with the following gradient: 5 %

to 20 % B in 10 min, isocratic at 20 % for 10 min.

2.2.8.2.3 Adapted Method for Spectroscopic Cysteine Quantification

This method used the same stock solutions as the previous method described in
Chapter 2.2.4. Two sample sets were prepared, a ‘blank’ set and a set that was
reacted with Ellman’s Reagent, called ‘sample’ set. The samples were prepared in
HPLC vials. For the calbibration curve (0, 0.000010, 0.000025, 0.000050, 0.000100,
0.000250 and 0.000500 mmol), 200 pl of NAC solution in MeOH of the appropriate
concentration was added into the vial; 200 ul of MeOH was added to the blanks and
the analyte samples. 50 ul of DMSO was added to all calibration curve samples and
the blanks. 30 ul DMSO and 20 ul of sample (500 mg/ml in DMSO) were added into
analyte samples. 30 pl of 0.1 M phosphate buffer at pH 8.0 was added to the ‘blank’
series; 30 ul of Ellman’s Reagent containing buffer solution was added to the ‘sample’
series. 200 pl of MeOH was used to wash down any remaining droplets in the vial.
200 pl of each sample were pipetted into a 96-well-plate for spectroscopic
measurement on the Plate CHAMELEON Multilabel Detection Platform (Hidex).

2.2.8.3 Method Optimisation

2.2.8.3.1 Adjustment of Cleavage Conditions

Previous cleavage conditions of 1 % TFA in MeOH for 30-60 min in Chapter 2.2.8.2
were replaced with HFIP:DCM (1:4 v/v) for 5 h at RT. An experiment with this new
cleavage step was conducted. The remaining method steps were the same as
described in Chapter 2.2.8.2.3.

2.2.8.3.2 Wash Solvent Optimisation

2.2.8.3.2.1 Preliminary Dead Volume Experiment

Untreated CI-TCP(CI) ProTide resin (0.1 mmol equivalent, 192 mg dry residue for
loading capacity 0.52 mmol/g) was weighed out, resuspended in DMF and transferred
into an SPE cartridge (2 ml). Methylene blue (0.1 % in DMSO) solution was added
until the clear solvent in the cartridge was completely displaced with blue dye in order

to determine the approximate dead volume.
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The differences in wash behaviour of DCM, n-hexane, acetone, ethyl acetate and
MeOH were observed. The solvent to be tested was added to the cartridge and left to
percolate slowly until no more change could be observed. The behaviour was noted,
then methylene blue was added to replenish the dye on the resin so that the next

solvent could be tested.

2.2.8.3.2.2 Solvent Tests

Due to manual nature of the SPE set-up utilised, the flow rates were recorded for each
step and kept lower than 1 ml/min. CI-TCP(CI) resin (0.192 g) weighed into an
Eppendorf tube (1.5 ml) was left to swell in DMF (1.2 ml). The mixture was
resuspended and 300 pl of the mixture was transferred into each of the four prepared
cartridges. The Eppendorf tube was washed with DMF (850 ul), and an aliquot of the
resuspended mixture (200 pl) was transferred into each cartridge. The cartridge was
washed out with MeOH (10 ml) to replace DMF and the elute was collected as X1 (X
is a placeholder for A/B/C/D and DCM/n-hexane/acetone/ethyl acetate respectively).
The analyte mixture (1.25 mM) was then loaded onto the cartridge and left to incubate
for 17 h. DMSO (200 pl) was layered on top the cartridge to prevent the cartridge from
drying out. After incubation, a wash of MeOH (10 ml) was performed to confirm that
all the resin-cartridge set-ups behave the same. The elute was collected as sample
X2. The cartridge was then washed with 3 x 10 ml test solvent and the elute of each
wash was collected as samples X3-X5. Two final washes with MeOH (2 x 10 ml) were
performed and collected as X6 and X7. The samples were dried under nitrogen and
reconstituted in DMSO (325 ul) for HPLC-MS analysis.

2.2.8.3.3 Cysteine Quantification by Ultra Performance Liquid Chromatography
(UPLC)-MSMS

A UPLC-MSMS method for determining the quantity of reactive cysteine-dimer-
coupled resin by quantifying the released cysteine from reduction with 2-BME was
developed. The same Waters system as for HPLC analysis was used for UPLC
quantification; an ACQUITY UPLC system coupled to an ACQUITY TQD (Waters,
Milford, MA, USA) with the cooling light-protected autosampler set at 10 °C in-
between runs, at 20 °C for runs and the column oven set at 45 °C. A Waters ACQUITY
UPLC® HSS T3 column (1.8 um 2.1 mm x 100 mm i.d.) with corresponding pre-
column was used for quantification. The injection solvent used for this quantification
was a mixture of 65 % A (0.1 % FA in water ) and 35 % B (0.1 % FA in acetonitrile).

All standards and analytes were prepared in injection solvent. The calibration curve
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was prepared using cysteine, the candidates evaluated as internal standard (IS) were
methionine, NAC and atropine. The multiple reaction monitoring (MRM) transitions for
cysteine were m/z 121.50>75.92 as quantifier and m/z 121.50>58.89 as qualifier. The
methionine transition was m/z 149.80>104.00. The NAC transition was m/z
163.90>122.00. The atropine transition was m/z 289.50>123.90. For the calibration
curve, 8 cysteine serial dilutions (0.00 pug/ml, 0.25 ug/ml, 1.25 pg/ml, 2.50 pg/ml,
5.0 ug/ml, 10.00 pg/ml, 20.00 ug/ml and 25.00 ug/ml) and three quality control
preparations (0.75 pg/ml, 12.50 uyg/ml and 20.00 ug/ml) were prepared. The IS
working solution was prepared by serial dilution to give a 10 ug/ml solution. The
samples used for quantification were a 1:1 mixture of cysteine-containing standard or
analyte and IS solution that was vortexed and spun down. Separation was performed
with a gradient of 5 % to 10 % B in 1.5 min. The detailed conditions can be found in
the method section of the Appendix. The QuanLynx add-on for MassLynx 4.1 (Waters)

was used for analysis.
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2.2.8.4 Updated Method Utilising the Solid-Supported Nucleophilic Probe
The resin was transferred into SPE cartridges (CHROMABOND® reservoir columns,

6 ml, with PE frits, Macherey-Nagel, Duren, Germany) containing magnetic stirrers.
The cartridges were fitted onto a standard 12-port model Supelco Visiprep™ SPE
Vacuum Manifold (Merck). The prepared resin was transferred into the SPE cartridge
by resuspension in DCM:MeOH (1:1).

The following procedure was followed:
i. Wash resin with 10 ml DCM:MeOH (1:1)
ii. Wash resin with 10 ml DCM:MeOH (1:1)
iii. Wash resin with 10 ml DCM:MeOH (1:1)

iv. Wash resin with 2 ml MeOH to remove previous solvent, then add 200 pl
BME and 2 ml MeOH, leave the mixture to stir for 60 min at RT, then, the
flow-through is collected. The resin is washed with 50 mI DCM:MeOH (1:1)

V. Wash resin with 400 yl DMSO to remove previous solvent, then add the
dissolved sample from the HPLC glass vial, wash the glass vial with
another 600 yl DMSO that is added to resin as well. The mixture is left to
stir for 17.5 h at RT then, the flow-through is collected. The resin is washed
with 50 ml DCM:MeOH (1:1)

Vi. Wash resin with 10 ml DCM:MeOH (1:1)

Vii. Add 1 ml of HFIP and 4 ml of DCM. Leave the mixture to stir for 5 h, then,
the flow-through is collected. The resin is washed with 50 ml DCM:MeOH

(1:1)
viii. Wash resin with 10 ml DCM:MeOH (1:1)

For each step, the flow-through was collected and dried on a PIAG Evapor equipped
with a heating block (Portman Instruments, Biel-Benken, Switzerland) set to 30 °C
under nitrogen flow. The leftover dried residue was weighed and redissolved in DMSO

or injection solvent to give a concentration of 1 mg/ml for HPLC analysis.
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2.2.8.5 Reactions with Model Reactions
2.2.8.5.1 Model Reactions with Cysteine
Model compounds (1-3 mg) were dissolved in DMSO to give a 0.01 M solution.
Equimolar amounts of cysteine solution (0.01 M in DMSO) were added and the
samples were shaken in a BioShake iQ (Quantifoil Instruments, Jena, Germany) at

200 rpm at room temperature (RT) for 17.5 h. The samples were diluted 1:100 in
DMSO prior to HPLC analysis.

2.2.8.5.2 Purification of Model Compound Adducts

Purification occurred via semi-preparative HPLC (Chapter 2.2.3.2). The reacted
adduct compounds were purified using water (eluent A) and acetonitrile (eluent B)
with the following gradients: alantolactone (isocratic 32 % B), cynaropicrin (5 % to
16 % B in 10 min followed by isocratic at 16 % for 18 min), N-(1-Naphthyl)-N-
phenylmethacrylamide (5 % to 65 % B in 10 min, isocratic at 65 % for 2 min), penicillin
V (30 % B for 10 min, to 55 % in 10 min, 55 % for 8 min, to 100 % in 5 min).
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2.2.8.5 Adapted Method for the Processing of the Larger Batch

Cys-TCP was synthesised in batches until a total of 1.25 g was obtained, in the same
manner as described in Chapter 2.2.8.1. The cartridge size was larger to
accommodate for the larger amount of resin. For this experiment, 3.74 g of Ambrosia

psilostachya was used.

The following procedure was followed:
i. Wash resin with 30 ml DCM:MeOH (1:1)
ii. Wash resin with 30 ml DCM:MeOH (1:1)
iii. Wash resin with 30 ml DCM:MeOH (1:1)

iv. Wash resin with 5 ml MeOH to remove previous solvent, then add 1.5 ml
BME and 5 ml MeOH, leave the mixture to stir for 60 min at RT, then, the
flow-through is collected. The resin is washed with 90 ml DCM:MeOH (1:1)

V. Wash resin with 1 ml DMSO to remove previous solvent, then add the
dissolved sample from the HPLC glass vial. The mixture is left to stir for
17.5 h at RT then, the flow-through is collected. The resin is washed with
180 ml DCM:MeOH (1:1)

Vi. Wash resin with 30 ml DCM:MeOH (1:1)

Vii. Add 2 ml of HFIP and 8 ml of DCM. Leave the mixture to stir for 5 h, then,
the flow-through is collected. The resin is washed with 90 ml DCM:MeOH

(1:1)
viii. Wash resin with 30 ml DCM:MeOH (1:1)

For each step, the flow-through was collected and dried on a PIAG Evapor equipped
with a heating block (Portman Instruments, Biel-Benken, Switzerland) set to 30 °C
under nitrogen flow. The leftover dried residue was weighed and redissolved in

injection solvent to give a concentration of 1 mg/ml for HPLC analysis.
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Chapter 3 Quantifying Electrophiles in Extracts
3.1 Introduction

Previous research in this laboratory by Alen Bozi¢evi¢ has yielded that electrophiles

are present in numerous allergenic plant pollen (Figure 3.1)%4,
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Figure 3.1 Electrophile content of Ambrosia artemisiifolia plant parts and pollen from a selection of other
plant species. Reproduced with permissiontT, copyright American Chemical Society.

A common class of electrophilic natural products are sesquiterpene lactones, which
feature a,B-unsaturated carbonyls and are therefore UV-active®®. In order to find out
whether sesquiterpene lactones could be the electrophiles present in pollen extracts,
extracts were subjected to PDA measurements (Figure 3.2). Whilst pollen of the

Asteraceae family showed absorption at 254 nm, non-Asteraceae did not show

Tt Reproduced with permission from BozZigevié, A., De Mieri, M., Nassenstein, C., Wiegand, S.,
Hamburger, M., Secondary metabolites in allergic plant pollen samples modulate afferent neurons and
murine tracheal rings, J. Nat. Prod. 80 (2017), 2953-2961. Copyright (2017) American Chemical Society.
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absorbance. This meant that non-Asteraceae plant pollen contained electrophiles that

were not sesquiterpene lactones.

A more in-depth analysis on Ambrosia artemisiifolia and Ambrosia psilostachya plant
pollen showed that pollen of these species both contain electrophilic sesquiterpene
lactones and polyamines. Non-Asteraceae pollen were not investigated, so it is not
known what electrophiles they could contain. In order to shed some light on what
these electrophiles were, pollen extract batches from plant species of interest needed
to be examined in more detail. This chapter will discuss the selection of the pollen

samples, their extraction and their characterisation.
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Figure 3.2 PDA measurement results of plant pollen extracts at 254 nm. Reproduced with permission#,

copyright American Chemical Society.
3.2 Pollen Batches and Extract Generation

Pollen species of particular interest were the ones that have electrophile content but

no absorbance at 254 nm. From the ones tested in previous research, four were

# Reproduced with permission from Bozicevi¢, A., De Mieri, M., Nassenstein, C., Wiegand, S.,
Hamburger, M., Secondary metabolites in allergic plant pollen samples modulate afferent neurons and
murine tracheal rings, J. Nat. Prod. 80 (2017), 2953-2961. Copyright (2017) American Chemical Society.
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selected: Betula pendula, Corylus avellana, Phleum pratense and Urtica dioica. For
testing purposes, two batches of the Asteraceae family were also included. Ambrosia
psilostachya and Ambrosia artemisiifolia were chosen for two reasons: i) continued
interest in the natural compounds of the Ambrosia family and ii) previous research on
these two plant pollen extracts had given insight on their composition, therefore they

would constitute ideal test extracts in the method development process.

Since the quantities of previously tested pollen batches were not enough to start a
new series of experiments, new batches had to be ordered. For each plant species
pollen, several batches were ordered in order to account for batch to batch variability
and to make sure that at least one of the batches would contain electrophiles (Table
2.5). The extracts were prepared by ASE as described in Chapter 2.2.1, the yields
can be found in Table 3.1. Every pollen batch generated three extracts by serial

extraction with three different solvents: n-hexane, THF and MeOH.

Table 3.1 Pollen extract yields of the pollen batches ordered. Total yield corresponds to quantity of
residue extracted of all solvents combined.

Isolated Pollen Starting Total

Species Lot Number Solvent Mass (mg)  Material (g) Yield(%)
Ambrosia psilostachya P3701938-2 Hexane 21.3 4.8503

Ambrosia psilostachya P3701938-2 THF 286.3 4.8503 30.2
Ambrosia psilostachya P3701938-2 MeOH 1157.8 4.8503

Ambrosia psilostachya P3757208 Hexane 10.8 4.8331

Ambrosia psilostachya P3757208 THF 287.7 4.8331 23.6
Ambrosia psilostachya P3757208 MeOH 840.4 4.8331

Ambrosia psilostachya P4129072-1 Hexane 34.3 4.8460

Ambrosia psilostachya P4129072-1 THF 405.2 4.8460 27.2
Ambrosia psilostachya P4129072-1 MeOH 880.7 4.8460

Ambrosia psilostachya P4576841 Hexane 4.8 4.9961

Ambrosia psilostachya P4576841 THF 298.0 4.9961 29.1
Ambrosia psilostachya P4576841 MeOH 1149.0 4.9961

Ambrosia artemisiifolia P3024704-3 Hexane 299.6 2.4207

Ambrosia artemisiifolia P3024704-3 THF 159.2 2.4207 384
Ambrosia artemisiifolia P3024704-3 MeOH 470.3 2.4207

Ambrosia artemisiifolia P3744652-2 Hexane 16.8 2.2009

Ambrosia artemisiifolia P3744652-2 THF 156.4 2.2009 32.6
Ambrosia artemisiifolia P3744652-2 MeOH 545.3 2.2009

Ambrosia artemisiifolia P3396120-3 Hexane 203.0 2.6142

Ambrosia artemisiifolia P3396120-3 THF 172.8 2.6142 33.6
Ambrosia artemisiifolia P3396120-3 MeOH 502.9 2.6142

Ambrosia artemisiifolia P335440-18 Hexane 238.7 2.1557

Ambrosia artemisiifolia P335440-18 THF 172.2 2.1557 37.8
Ambrosia artemisiifolia P335440-18 MeOH 404.3 2.1557
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Ambrosia artemisiifolia P3392522-19  Hexane 286.6 2.5406
Ambrosia artemisiifolia P3392522-19 THF 164.2 2.5406 38.2
Ambrosia artemisiifolia P3392522-19  MeOH 520.3 2.5406
Phleum pratense P319351-7 Hexane 82.2 4.6518
Phleum pratense P319351-7 THF 266.0 4.6518 15.3
Phleum pratense P319351-7 MeOH 365.9 4.6518
Phleum pratense P3280848-1 Hexane 30.0 4.3511
Phleum pratense P3280848-1 THF 118.5 4.3511 15.8
Phleum pratense P3280848-1 MeOH 540.4 4.3511
Phleum pratense P3743977-1 Hexane 41.9 4.5290
Phleum pratense P3743977-1 THF 126.1 4.5290 11.4
Phleum pratense P3743977-1 MeOH 351.1 4.5290
Phleum pratense P3929196-1 Hexane 47 .1 4.4900
Phleum pratense P3929196-1 THF 93.7 4.4900 18.3
Phleum pratense P3929196-1 MeOH 681.5 4.4900
Betula pendula P3317516-1 Hexane 163.3 4.6534
Betula pendula P3317516-1 THF 441.2 4.6534 32.3
Betula pendula P3317516-1 MeOH 900.6 4.6534
Betula pendula P3317540-1 Hexane 181.6 4.7336
Betula pendula P3317540-1 THF 394.3 4.7336 30.2
Betula pendula P3317540-1 MeOH 853.0 4.7336
Betula pendula P3752220 Hexane 147.7 4.6252
Betula pendula P3752220 THF 438.5 4.6252 31.5
Betula pendula P3752220 MeOH 868.5 4.6252
Urtica dioica P3730565 Hexane 48.8 4.7094
Urtica dioica P3730565 THF 356.7 4.7094 36.9
Urtica dioica P3730565 MeOH 1334.5 4.7094
Urtica dioica P4079048-1 Hexane 48.2 4.7758
Urtica dioica® P4079048-1 THF 109.7 4.7758 29.9
Urtica dioica P4079048-1 MeOH 1148.9 4.7758
Urtica dioica P4889415 Hexane 32.1 4.6652
Urtica dioica P4889415 THF 182.1 4.6652 29.1
Urtica dioica P4889415 MeOH 1145.6 4.6652
Corylus avellana P976555-1 Hexane 28.7 4.5384
Corylus avellana P976555-1 THF 401.9 4.5384 34.2
Corylus avellana P976555-1 MeOH 1120.9 4.5384
Corylus avellana P1330035-2 Hexane 27.4 4.6923
Corylus avellana P1330035-2 THF 344.0 4.6923 29.2
Corylus avellana P1330035-2 MeOH 998.8 4.6923
Corylus avellana P4530617 Hexane 20.7 4.5102
Corylus avellana P4530617 THF 309.2 4.5102 28.1
Corylus avellana P4530617 MeOH 938.2 4.5102

@Extract yield lowered due to a post-extraction contamination before yield determination. The yield recorded is for the

residue that was salvaged.
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Generally, the batches of the same species showed similar patterns of absolute
extraction yields for the individual solvents. The pollen batches had been defatted by
the supplier, so the low yields for the n-hexane extracts were not surprising. After

extract generation, the next step was quality control by HPLC.
3.3 Extract Analysis by HPLC

The extract profiles were measured on two separate instruments coupled to mass
analysers. An aliquot of dry extract was dissolved in DMSO and measured on the
Shimadzu HPLC System (Chapter 2.2.3.1), another aliquot was dissolved in injection
solvent (Chapter 2.2.8.3.3) and measured on the ACQUITY UPLC system (Chapter
2.2.3.1). This was done for quality control reasons and to check how similar the

individual species batches were (data not shown).

Although the general profiles of pollen batch extracts within a species were the same,
there were differences in peak areas and thus abundancies of individual constituents.
The electrophile content of all the extracts generated needed to be measured to know
how much electrophile content could be expected. Furthermore, it was decided to
reorder a larger quantity of the batch of Ambrosia psilostachya that contained the
highest amount of electrophiles, in order to have a pollen test extract to use for method
development and to have a larger batch to work with for a later isolation. The next
chapter will discuss the spectrophotometric quantification of electrophile content of

the pollen extracts generated.
3.4 Spectrophotometric Quantification with Ellman’s Reagent

Previous quantification of electrophile content in plant extracts in this group was
performed using a spectrophotometric method adapted from Salapovic et al (Chapter
2.2.4)*®_In this method, the sample’s reactive potential was quantified with an excess
of NAC, which was used as a proxy for electrophile content. This approximation was
in line with our interest to identify electrophiles that were reactive in a physiological
setting, since cysteine and other thiolates are one of the sources of endogenous

nucleophilicity.
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Figure 3.3 Reaction of Ellman’s reagent with free thiols.
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Samples were first left to react with a known quantity of excess NAC for 40 min, then,
Ellman’s Reagent was added to react with the remaining NAC, resulting in a
quantifiable colour change. The basis of this spectrophotometric assay is the reactivity
of Ellman’s reagent with free thiol moieties to give a coloured reaction product, 2-nitro-

5-chlorobenzoate dianion, that has a characteristic absorption at 412 nm (Figure 3.3).

Consequently, by measuring absorbance at 412 nm and thus the abundance of the
coloured product, the amount of NAC that previously reacted with the sample could
be indirectly quantified. Due to the constraints in the wavelength adjustment of the
equipment available, the measurements were carried out at 416 nm, which still
allowed for construction of a calibration curve. The calibration curve was constructed
using a model electrophile, parthenolide. The graph compiled for Phleum pratense is
shown in Figure 3.4. The remaining graphs for the other plant species can be found
in the Appendix (Figure S.1 to Figure S.5)
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Figure 3.4 Calibration curve and interpolated data points for Phleum pratense.

The tabulated results for n-hexane, THF and MeOH extracts tested are reported in
the Appendix (Table S.1) and the results are graphically represented in Figure 3.5. It
was found that different plant species showed distinct characteristic distribution
patterns of relative electrophile content. In Ambrosia artemisiifolia and Betula

pendula, electrophilicity was solely located in the THF extract. Corylus avellana
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P976555-1 (Lot #1) had some electrophilicity in the n-hexane extract, but apart from

that outlier, this species also had all its electrophilic content in the THF extract. Urtica

Concentration (mM)

W Hexane Extract ] Tetrahydrofuran Extract [ Methanol Extract

Figure 3.5. Electrophilic content of the individual pollen extracts generated by serial extraction with
hexane, THF and MeOH, plotted as a bar chart, as result of the NAC-based spectrophotometric assay.
The concentration of electrophiles was plotted in reference to the standard utilised, parthenolide, by
means of a calibration curve. The samples where the electrophile content fell underneath the threshold
for quantification, i.e. below 0.45 mM, were denoted as ND for not determined. Lot numbers are
abbreviated to single digits in this figure. The numbers follow the batch number sequence of Table 3.1.

dioica had most of its electrophilicity concentrated in the THF extract as well.
Ambrosia psilostachya and Phleum pratense had their electrophilic content split up
between the solvent extracts, with some electrophilicity found in each solvent extract,
but the majority remained in the THF extract.

From these measurements, it could be concluded that the majority of the electrophilic
compounds were moderately polar as they were located in the THF extract. Analyses

would therefore focus on the THF extracts of these pollen batches. Based on the
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electrophile content in the THF extracts of the different Ambrosia psilostachya
batches, it was decided to reorder 100 g of batch P4129072-1. This batch was
extracted by percolation as detailed in Chapter 2.2.1. Since this extraction method is
different from the original extraction, which was performed with ASE, these two

extracts were not merged. The newly ordered batch was denoted as P4129072-1".

A putative gram formula mass (GFM) can be used to estimate the total amount of
electrophiles in mg. GFM 250 gmol™ and GFM 400 gmol™" were chosen as example
masses since secondary metabolite GFMs often fall into the mass range between 250
gmol™ and 400 gmol™". Combining data of the THF extract yields and the quantification

of electrophile content with the putative masses, Table 3.2 was generated.

Table 3.2 Electrophile content estimation of the THF extracts by extrapolation with putative GFM 250
gmol' and GFM 400 gmol-'. The second batch of P4129072-1 ordered is listed as a separate entry
P4129072-1" at the end of the table, as the extraction method was different. The electrophile content of
P4129072-1’ was extrapolated from P4129072-1.

Extract Electrophile Total Mass for Mass for
Mass Concentration  Electrophile GFM 250 GFM 400
Species Lot Number (mg) (mM) Content (umol) (mg) (mg)
Ambrosia psilostachya  P3701938-2 286.3 2.250 6.44 1.61 2.58
Ambrosia psilostachya  P3757208 287.7 1.934 5.56 1.39 2.23
Ambrosia psilostachya P4129072-1 405.2 2.311 9.37 2.34 3.75
Ambrosia psilostachya  P4576841 298.0 2.012 6.00 1.50 2.40
Ambrosia artemisiifolia _P3024704-3 159.2 4.125 6.57 1.64 2.63
Ambrosia artemisiifolia  P3744652-2 156.4 4.225 6.61 1.65 2.64
Ambrosia artemisiifolia  P3396120-3 172.8 4.180 7.22 1.81 2.89
Ambrosia artemisiifolia _P335440-18 172.2 3.595 6.19 1.55 248
Ambrosia artemisiifolia  P3392522-19 164.2 4.255 6.99 1.75 2.79
Phleum pratense P319351-7 266.0 2.981 7.93 1.98 3.17
Phleum pratense P3280848-1 118.5 4.612 547 1.37 2.19
Phleum pratense P3743977-1 126.1 4.751 5.99 1.50 240
Phleum pratense P3929196-1 93.7 4.667 4.37 1.09 1.75
Betula pendula P3317516-1 441.2 1.948 8.59 2.15 3.44
Betula pendula P3317540-1 394.3 2.100 8.28 2.07 3.31
Betula pendula P3752220 438.5 2.468 10.82 2.71 4.33
Urtica dioica P3730565 356.7 2.288 8.16 2.04 3.26
Urtica dioica P4079048-1 109.7 1.732 1.90 0.47 0.76
Urtica dioica P4889415 182.1 2.953 5.38 1.34 2.15
Corylus avellana P976555-1 401.9 1.945 7.82 1.95 3.13
Corylus avellana P1330035-2 344.0 1.927 6.63 1.66 2.65
Corylus avellana P4530617 309.2 3.166 9.79 245 3.92
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Ambrosia psilostachya _P4129072-1  5240.0 _ 2.311 121.11 30.28 48.44
Based on this analysis, it was evident that only very small amounts of active

electrophiles were present in each extract. This meant that the method for detecting,
purifying and identifying electrophiles needed to be able to work on very small

amounts.
3.5 Conclusions

Pollen batches were selected and extracted by ASE. HPLC analyses were performed
on the extracts and their electrophile content was quantified using UV spectroscopy.
Extracts of the same species overall seemed to contain the same type of compounds
and had the same reactivity profile but had differences in abundance and therefore in
electrophile content. Based on the analysis, batch P4129072-1 was reordered and
processed as P4129072-1". After calculating the total electrophile content, it became
evident that only very small amounts of electrophiles were present in each extract.
This needed to be considered during the method development process. Method
development first took an in situ approach as LC methods require only very small

amounts of compound, which will be described in Chapter 4.
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Chapter 4 In situ Detection of Electrophiles in
Chromatography

4 .1 Introduction

Due to the limited amount of extract material available for study, method development
first focused around the detection and identification in situ via LC methods. LC allows
for analysis of complex samples by separation according to their interaction with the

column stationary phase.

The presence of an electrophile can be confirmed by the reaction with a nucleophile.
Comparing a pre-reaction sample to a post-reaction sample by using an LC-coupled
detector would potentially enable the detection of electrophiles in extract samples, as
structural changes of molecules, like adduct formation, can result in a change in rt.
Additionally, different LC detectors can be leveraged in the same way, as structural
changes can also affect other physicochemical properties, e.g. mass or UV absorption
that could be detected by MS or UV/Vis detectors respectively. This can render adduct
structures easily detectable. Thus, by carefully choosing the nucleophile, it is possible
to further modify the electrophile in a way that a resulting adduct can be easily

identified as the product of a nucleophilic addition.

Detection of electrophiles with LC detection methods can be addressed in a number
of different ways, and this chapter serves to recount the different approaches that
were attempted in order to find a method that could work in the context of natural
product research. In Chapter 4.2, methods utilising MS Scan will be discussed, in
Chapter 4.3 MSMS methods will be the subject.

4.2 In Situ Detection by Mass Spectrometry (MS) Scan

The earliest stage of the project focused solely on identifying the compounds by

means of qualitative assessment by comparing pre- and post-reaction samples.

As raised in the introduction, formation of an adduct could result in a change in rt and
mass that could be quantified using LC-MS. This change can be observed by
comparison of a sample that has not been exposed to the nucleophile (pre-reaction)
with a sample that has been exposed to the nucleophile (post-reaction), as

demonstrated in Figure 4.1.
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Figure 4.1 Sample LCMS comparison of a pre-reaction and a post-reaction sample. In this example the
electrophile reacts with an added nucleophile to form an adduct. The reaction does not entirely go to
completion as can be seen by the remaining electrophile peak in the post-reaction chromatogram.

Signals that appear in the post-reaction chromatogram that are not present in the pre-
reaction chromatogram are adducts, whereas signals that are present in the pre-
reaction chromatogram but disappear in the post-reaction chromatogram should be
electrophiles. The spectral data recorded by LC-coupled detectors can be analysed.
The work presented in this dissertation utilised two commonly used detector types,
MS and UV/Vis, which will now both be discussed.

MS measures the mass-to-charge ratio of ions. This gives information about the mass
of the whole molecule as well as its most commonly formed fragments, depending on
the ionisation mode used. Since an adduct is formed, both the rt and the mass should
differ from the starting material. MS could give information about both the electrophile
and the adduct mass, which could be valuable information for compound

identification.

The second detection method used in the work of this thesis was UV/Vis. UV/Vis
detection is a standard method to detect UV/Vis-active compounds in mixtures.
Organic compounds that have conjugated double bonds or aromatic rings can absorb
energy from light in the region of UV/Vis, which enables their detection. Using a
nucleophile that in itself is UV/Vis active could enable facile detection. Furthermore,
UV/Vis spectra can give valuable information on the compound structure as some

compound classes have characteristic absorption spectra®’.

If an identification could not be made based on the already available data, the isolation
of the peaks of interest for further analysis, e.g. NMR, would become necessary.
There were two options for pursuing further analysis: a) isolating the electrophiles

from an unreacted, i.e. pre-reaction, sample or b) isolating the adducts from a post-
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reaction sample. If the unreacted electrophiles could be isolated, it would be possible
to elucidate the native structure of the electrophiles in the sample. Conversely, one
could also isolate the adducts formed after the reaction, which could be an option if
the former option was not possible due to the complexity of the pre-reaction sample
mixture. Another reason for isolating the post-reaction adducts would be analysing
the mechanism of adduct formation by figuring out at which site of adduct formation

occurred.

Reactive electrophiles that enter the body are usually quickly quenched by the body’s
nucleophilic ‘safety net’, GSH. The GSH reservoir regulates oxidation and reduction
in the body. It is involved in many biological processes, examples being transport,
metabolism and protection of cells®®. GSH is the most abundant nonprotein
intracellular thiol in the body and its biological function also includes the scavenging
of reactive electrophiles®®. Often, GSH and its analogues are used for the
characterisation of metabolic stability?®>?%®. Thus, as it was planned to characterise
electrophiles that could possibly be reactive in vivo, this physiologically relevant

nucleophile was the logical first choice.
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Figure 4.2 Reaction of model compound parthenolide with GSH and GSSG. HPLC-MS traces (positive
ion mode) were recorded with a scan range m/z 160-1000. Intensity scaled to max peak.
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GSSG is the disulfide formed from two GSH molecules and hence should have no
activity as a nucleophile, which is why it was chosen as a negative control. These two
compounds were tested as described in Chapter 2.2.6.1 against an electrophilic

model compound, parthenolide (Figure 4.2).

GSH was found at rt 3.0 min with m/z 308 [M+H]". In the same sample, another mass
was found, namely m/z 307 [M+2H]** and m/z 613 [M+H]" at rt 3.4 min, which
corresponds to the mass of GSSG. This meant that GSH could form GSSG in situ via
oxidation at ambient conditions. In the GSSG sample, GSSG was found at rt 3.4 min
with m/z 307 [M+H]* and m/z 613 [M+2H]*". Parthenolide (m/z 249 [M+H]", rt 22.1
min) showed to be reactive with GSH, forming an adduct with had an m/z that was
the sum of parthenolide plus GSH (m/z 556 [M+H]", rt 13.8 min). Interestingly, in the
sample with GSSG, one can find the unreacted parthenolide (m/z 249 [M+H]*, rt 22.1
min) but also another peak (m/z 431 [M+2H]** and m/z 861 [M+H]") with rt 12.1 min.
Judging by the m/z value observed, it seemed that GSSG reacted with parthenolide
as well; this mass corresponded to the sum of the masses of GSSG and parthenolide.

This indicated that GSSG could not be used as a non-nucleophilic control for GSH.

In the course of this experiment, the kinetics of the reaction of parthenolide with GSH
was also examined. A reaction mixture of GSH and parthenolide was injected three
consecutive times directly after mixing (Figure 4.3). It was found that the reaction of
parthenolide with GSH was fast; there was no unreacted parthenolide in any of the
runs, which meant that this particular reaction was not only spontaneous but also

practically instantaneous.
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Figure 4.3 Reaction of parthenolide with GSH. (1) was injected 5 min after mixing. Each run took a total
of 45 min, (1), (2) and (3) were injected one after another. HPLC-MS traces (positive ion mode) were

recorded with a scan range m/z 160-1000. Intensity scaled to max peak.

75



Chapter 4
With these results, an experiment was launched with an extract (Chapter 2.2.6.2), the
THF extract Ambrosia psilostachya (Lot P3757208). This extract had been previously

shown to have high electrophile content in the quantification experiment (Figure 4.4).
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Figure 4.4 Top: blank Ambrosia psilostachya extract; centre: reaction of Ambrosia psilostachya extract
with GSH; bottom: reaction of Ambrosia psilostachya extract with GSSG. HPLC-MS traces (positive ion

mode) were recorded with a scan range m/z 160-1000. Intensity scaled to max peak.

What could be observed from this experiment was that there were a number of peaks
that appeared in the reactions with both GSH and GSSG between rt 6.0 min and rt
12.5 min which were previously not in the blank extract sample. GSH is a big molecule
and influences the rt of its adducts, which explained this shift to an earlier rt. GSSG
was previously shown to be reactive, therefore observing a similar shift with the

extract as GSH was expected.

The Ambrosia psilostachya extract is known to contain electrophilic sesquiterpene
lactones. These sesquiterpene lactones in the extract likely reacted with GSH, which
explained the surge in signals around rt 6.0 min to 12.5 min. By comparing the pre-
and post-reaction samples, it was not possible to tell which exact peaks in the pre-
reaction sample corresponded to electrophiles that would be interesting to purify. This
stemmed from the inherent complexity of extracts, but it could also be that reactive
compounds do not react fully with the nucleophile and instead form an equilibrium,
like in the example figure shown previously (Figure 4.1). This made an interpretation
of the obtained data difficult, even though some electrophiles in this extract had been

previously reported®®*.

The newly formed adducts in the post-reaction sample were also too convoluted and

too similar in rt to consider a purification. GSH, being a rather large molecule,

76



Chapter 4

influenced the rt of the formed adduct greatly and thus caused the maijority of the
formed adducts to aggregate around similar rt. The m/z values found in the post-
reaction sample could not be mapped clearly to known masses of compounds
reported in Ambrosia psilostachya. Furthermore, multiple addition of GSH was also

an option, since GSH was not added in a stoichiometric manner.

To consolidate the findings of this experiment, the reaction of GSH with parthenolide
worked very well, however, working with an extract proved to be difficult. GSH is a big
molecule that influenced the rt of formed adducts greatly, which was why many of the
adducts ultimately had very similar rt and overlap. From there, figuring out which
masses were relevant was very difficult. A way to circumvent this would be using a
different type of tag, perhaps a smaller one that would not influence the rt so greatly.
Additionally, there was the possibility of multiple reactions with more than one

stoichiometric equivalent of GSH.

This experiment had shown that the qualitative approach to this problem may not
work. The biggest problem was the fact that it was not possible to force reaction to go
to completion under the used reaction conditions. This made the analysis more
difficult because every peak would have to be evaluated individually by all the mass
peaks that they include. To make this task less tedious and time-consuming,
automated mass tables could be generated with the LabSolutions software and a

quantitative approach could be utilised.

In terms of the experimental setup, in order to compare two states of an extract
(reacted vs. unreacted) it would be essential to make sure that the changes were
statistically relevant, i.e. measuring replicates by injecting the same sample several
times. What could also help in this part of the experiment is the use of an internal
standard that could confirm the comparability of the measurements in terms of r,
mass accuracy, integrated area. Other things to consider would be isobaric masses,
ionisation states and isomers, as at that stage of the project the premise essentially
was that structures with the same mass and the same rt were the same compound.
Thus, shifting these experiments to MSMS might be very insightful e.g. in the case of

isomers with close rt.

A possible solution would be moving the MS analysis from HPLC to UPLC. This would
reduce measuring times and would potentially solve the problem of not being able to
see full peak disappearance of the electrophile upon addition of the nucleophile as

NLS could be used. After consultation, it became clear that in order to make any
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assessment of the small changes observed in the chromatograms, it would be
necessary to average them out over several measurements, n > 6. This would

increase the measuring time considerably, even with a method transfer to UPLC.
4.3 In Situ Detection by MSMS Methods

MSMS approaches were investigated in parallel with the experiments detailed in the
previous chapter. Mentioned briefly in Chapter 1.2.3.1 of the Introduction, MSMS

enables additional scan modes. In this chapter, the potential use of PIS and NLS are

investigated.
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Figure 4.5 MS2 Scan of the samples. HPLC-MS traces (positive ion mode) were recorded with a scan
range m/z 121-1000. Intensity scaled to max peak.

GSH is a commonly used molecule for conjugation reactions, thus MSMS
fragmentation of GSH conjugates have been reported®®*. In positive mode, GSH is

reported to undergo a neutral loss of pyroglutamic acid (loss of 129 Da)?">. In negative
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mode, and a fragment ion of m/z 272 is lost, corresponding to deprotonated y-
295

glutamyl-dehydroalanyl-glycine“*. An experiment was devised to test the applicability

of these methods with the instrumentation available (Chapter 2.2.6.3).

In this experiment, a blank sample, GSH, Ambrosia psilostachya extract, and a
mixture of Ambrosia psilostachya and GSH were measured in MS2 Scan (Figure 4.5)
and then subjected to NLS (Figure 4.6) and PIS (Figure 4.7), tuned to the fragments
previously stated. These experiments were performed on a UPLC system under

HPLC conditions, which enabled the shorter run time.
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Figure 4.6 NLS for the fragment 129 ES+ of the samples. HPLC-MS traces (positive ion mode) were
recorded with a scan range m/z 131-1000. Intensity scaled to max peak.

The MS2 Scan data showed that peaks from the chromatogram shifted to an earlier
rt upon reaction with GSH (Figure 4.5), same as the experiments in the previous
chapter (Figure 4.4). NLS of the same samples only showed noise with the exception

of the unreacted Ambrosia psilostachya extract (Figure 4.6); neutral loss could be
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observed at rt 5.19 min. This is interesting as no GSH was in this sample, thus this
must be the result of a fragment formed by extract endogenous substances. The

Ambrosia psilostachya and GSH containing sample did not show any peaks in NLS.

At the same time as recording NLS, PIS was also recorded (Figure 4.7). Unlike in
NLS, the PIS spectrum of GSH showed GSH elution around rt 0.78 min. Furthermore,
there seemed to be an accumulation of signal intensity in the Ambrosia psilostachya
sample which was shifted to an earlier rt in the Ambrosia psilostachya mixed with
GSH sample. These signals, however, were not clear and thus not very useful in the
further investigation of electrophiles in this extract.
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4.4 Conclusions

This chapter illustrated the different approaches that were examined in the context of
in situ detection with one model compound, GSH. Another model compound, NAC,
was also investigated, but the results were similarly inconclusive. The main problem
that had been identified was the fact that the spectra were difficult to deconvolute as
extracts are complex mixtures and the reactive compounds might be minor
compounds. Addition<ally, it was very likely that structural confirmation of reacted
electrophiles would be required in the future, which meant that purification of either
electrophiles from a pre-reaction sample or adducts from a post-reaction sample
would be unavoidable. Provided the reactive compounds in each extract sample
amounted to 1-2 mg in each extract sample and these were, at the time of purification,
still present inside a complex extract mixture, purifying pure compound would be very
difficult. The next chapter will address the approach that was investigated next,

namely affinity tag-assisted electrophile detection and purification.
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Chapter 5 Affinity Tag-Assisted Electrophile Detection
and Purification

5.1 Introduction

As in situ methods did not prove to be successful due to the complexity of the samples,
tag-assisted electrophile pull-down was investigated as the next step. It was
recognised that due to the small amount of active electrophilic content, purification
could become very difficult and structural confirmation would be required. The idea
was that the nucleophile could be a tagged probe with properties that would allow a
subsequent purification step selective for formed adducts. This was the first attempt

to link detection and purification in order to minimise the loss of compound.
5.2 Probe Design

Affinity tag-assisted purification is commonly used in biochemistry for protein isolation

after recombinant protein expression®*®

. Over the years, many different approaches
have been developed in order to facilitate the purification process. Some already
established methods could be adapted for the use in this project. A probe that would
be useful within the scope of this project would contain a suitable affinity-tag linked to
a moiety with a nucleophilic centre for reaction. Since the tag would have to be
designed and assembled de novo, the probe could be designed specifically for this
project. Ideally, the nucleophile would consist of three sections: a nucleophilic section
for reacting with electrophiles of interest, a section that enables targeted purification,
and potentially a linking section that connects the two aforementioned parts (Figure
5.1). This chapter will address each element of the probe in turn before revealing the

final probe design.

) Linker
Afﬁnlty Tag 4—

Figure 5.1 Elements required for probe design.

5.2.1 Affinity Tag

There are many different ligands used in affinity chromatography which are each

specialised to retain a different type of target molecule. Many of these methods were
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optimised for specific uses that were not relevant for this project. Therefore, only two
of the affinity tags that are commonly used will be discussed, namely the biotin and

the poly-histidine tag.

Both of these tags have specialised, commercially available resins and columns; the
biotin tag can be retained on immobilised avidin or streptavidin, and the poly-histidine
tag can be retained by immobilised nickel-nitrilotriacetic acid (Ni-NTA). The retention
is achieved by different interactions. The biotin-avidin/streptavidin interaction involves
multiple hydrogen bonds and van der Waals interactions that allow biotin to be buried
inside the protein®*-2°®, The poly-histidine tag is retained on Ni-NTA supports due to
chelation to the Ni** ions (Figure 5.2). Biotin was commercially available whereas

poly-histidine could not be purchased in a project-relevant form.
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Figure 5.2 Ni-NTA interaction with a poly-histidine tag. Reproduced with permission?®°, copyright
Elsevier.

5.2.2 Linker

The affinity tag and the probe could be directly covalently bound to each other without
a specific linking moiety binding them. This, however, could be a missed opportunity,
as the linking section could serve as more than just as a connector between the

nucleophilic and the purification part — it could be designed as a cleavable linker.

The reason why a cleavable linking section would be beneficial was that the affinity
tag could be cleaved from the adduct after affinity purification. Both the biotin and the

poly-histidine tag suggested in the previous subchapter are very bulky tags that could
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complicate an NMR analysis post-purification. If the affinity tag could be cleaved off,
the only remaining part attached to the electrophile would be the nucleophilic centre

and potentially a remainder of the cleavable section.

5.2.3 Nucleophilic Centre

The intention was to remain with a nucleophile that is physiologically relevant, such
as GSH. Since the body utilises soft cysteine-bearing nucleophiles, and the
nucleophilicity of GSH is also linked to its cysteine building block, the reactive moiety
could be a cysteine residue or another thiol nucleophile. The nucleophilic moiety
would have to be already part of the molecule that could be selectively purified or

synthetically introduced into the molecule.

5.2.4 Probe Structure Considerations

Weighing in all the earlier ideas and considerations from the previous subchapters, a
final structure for pilot studies needed to be decided on. This subchapter will discuss

the deliberations that were made to decide on the final structure.

Biotin was considered as affinity tag. It possesses a carboxylic acid moiety that can
be functionalised with a nucleophilic centre. Since the process of functionalisation
could potentially be cumbersome, options that were commercially available were
researched first. Thiolated biotin polyethylene glycol (PEG) derivatives and biocytin,
which is the amide formed from biotin and lysine, were found as potential candidates.

Both of these options were rather expensive at the time, so they were dismissed.

The other tag that was considered was poly-histidine. A commonly used number of
histidines for a poly-histidine tag is six, a tag that is also called a hexa histidine(6His)-
tag. Although not commercially available, its synthesis was possible via SPPS, which
could also be used for the incorporation of a nucleophilic centre. Thus, it was decided
to work with a 6His-tag for the design of this nucleophilic probe. Since 6His could not

be readily bought as a tag, it needed to be synthesised.

The next step was deciding on a nucleophilic centre. Remaining close to physiological
nucleophiles, like GSH, the obvious choice for a small molecule that could be
incorporated was cysteine. Cysteine is an amino acid and could be easily attached to
the 6His-tag in the same SPPS process. Furthermore, it is the most nucleophilic
amino acid and therefore in line with the previously tested nucleophiles GSH and
NAC.
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Having determined both the affinity tag and the nucleophilic centre, there was the
possibility to include a linking moiety. It was also possible to skip a potential linker
entirely and to bind the 6His-tag directly to cysteine, which would give HzN-
HHHHHHC-OH (C6His). The resulting short nucleophilic peptide made for an
interesting design choice, as GSH is a peptide as well. The other option was to include
a cleavable linker. Staying faithful to the peptidic design, aspartic acid could be
introduced between the 6His-tag and cysteine as a guiding motif for enzymatic
cleavage. Endoprotease AspN could be used to cleave aspartic acid N-terminally to
release bound adducts without the 6His-tag, e.g. In H.N-HHHHHHDC-OH (CD6His),
AspN would cleave 6His. It was decided that before investigating the possibility of a
cleavable linker, the concept of using an affinity tag needed to be tested first by

synthesising and testing a simple test peptide.

Alternatively to C6His, the peptide structure H;N-CHHHHHH-OH could be
synthesised, with cysteine bound N-terminally instead of C-terminally. Cysteine would
have an adjacent electron-withdrawing group regardless at which terminus of the
histidine chain it would be placed; thus, the assumption was made that the difference
in the pKa of the thiolates of the two possible structures would be similar. Another
idea was to mimic the situation in GSH, i.e. a reactive cysteine situated not at a
terminus, but inside the peptide chain. This idea was dismissed for two reasons: i)
this would not be compatible with building in a cleavage site for removal of the 6His-
tag in the future and ii) the steric hindrance caused by the histidine side chains could

Figure 5.3 C6His Structure.
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Finally, it was decided to synthesise C6His (Fig 5.3) as a first test peptide and

investigate CD6His at a later stage.
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5.3 Nucleophilic Peptide Probe Pilot Study

SPPS was used for the synthesis of C6His, and also a control peptide, 6His. 6His was
designed as a negative control to account for nonspecific binding with the histidine
residues. These two peptides would be used as crude test peptides to quickly assess
whether this approach was feasible at all. Once a test had confirmed this could be a
valid method for electrophile detection, purified CD6His would be used for the actual

pilot study that would also test the affinity purification and the tag cleavage.

The Liberty Blue peptide synthesiser used for SPPS utilises the Fmoc synthetic
strategy. This synthetic strategy is now the most commonly used one in small scale
SPPS, as it proceeds at milder conditions than the previously discovered Boc
strategy*®. The Fmoc strategy utilises Fmoc-protected amino acids in order to
achieve consecutive chain extension with amino acid building blocks from C- to N-
terminus. SPPS uses a solid support to enable consecutive reagent additions and
washes in a facile manner. After each coupling step, the Fmoc-protected N-terminus
of the newly coupled amino acid building block is deprotected for the next coupling,
until full chain extension is achieved. During this whole process, reactive side chains
need to be orthogonally protected in order to prevent side reactions. After the last

coupling, the side chains are usually deprotected in the same step as the
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Figure 5.4 Injection of C6His and 6His post-synthesis. HPLC-MS traces (positive ion mode) were

recorded using selected ion recording mode.
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Figure 5.5 Parthenolide tests with L-histidine, L-cysteine, 6His, C6His with and without DTT. HPLC-MS
traces (positive ion mode) were recorded with a scan range m/z 121-1900. Intensity scaled to max peak.
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cleavage from the solid support. For the synthesis of C6His, both cysteine and

histidine needed to have Trt-protected side chains.

The peptides C6His and 6His were synthesised using the procedure detailed in
Chapter 2.2.7.1. After peptide precipitation, the peptides were immediately used for a
test without being lyophilised. Aliquots were weighed out to make a 5 mg/ml solution
and were first injected on the Waters instrument to check whether the peptides

synthesised had the correct mass (Figure 5.4).

The masses were confirmed to be m/z 945 and m/z 842 for C6His and GHis
respectively. The peak at rt 5.82 min on the C6His chromatogram seemed to be the
product forming an intermolecular disulfide bridge, giving the C6His-dimer. Based on
this result it was decided to add DTT in subsequent tests. As a next step, both
peptides were tested against the model compound parthenolide (Figure 5.5, left side;
Chapter 2.2.7.2.1). Their constituent amino acids L-histidine and L-cysteine were

tested in the same experiment.

Based on this analysis, it was concluded that the incubation time of 1 h was not
enough, thus, the same samples were reinjected on the next day, to give the results

shown in Figure 5.5, right side.

The parthenolide peak was found at rt 8.69 min with m/z 249 [M+H]". No reaction was
observed with L-histidine. The L-cysteine parthenolide adduct could be found at rt
6.19 min and m/z 370 [M+H]". Further, the C6His-parthenolide adduct was found at rt
4.60 with m/z 1193 [M+H]* and m/z 597 [M+2H]**. There was a peak with m/z 420
and m/z 828 at rt 7.96 min which occurred in all the DTT-containing reaction mixtures,
which led to the conclusion that this peak was likely caused by a reaction between
parthenolide and DTT. It was unclear what product had formed. In the chromatogram
with C6His, parthenolide and DTT, this peak was not so prominent, likely due to the
competing reduction of C6His-dimer. Generally speaking, all the DTT-containing
samples had fragment peaks in the area between 6.40 min and 9.40 min, which were

hypothesised to be due to unwanted side reactions occurring in the presence of DTT.

As this experiment showed promising results for the reactivity of C6His and also
showed no adduct formation for 6His, it was decided to move forward and synthesise
CD6His as well (Chapter 2.2.7.2.2). CD6His was purified on a semi-preparative
system to give 31.6 mg peptide. The peptide was again injected into the Waters

system to see whether purity was achieved (Figure 5.6).
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Figure 5.6 Quality control of CD6His. Different mass extracts corresponding to the CD5His, CD4His and
CD3His were generated for this chromatogram. HPLC-MS traces (positive ion mode) were recorded with
a scan range m/z 121-1900.

At first it seemed that the peptide degraded since the peak was not sharp. The
conditions under which the peptide was synthesised and handled, however, were
standard conditions, so this seemed unlikely. After examining potential side reactions
or side products of the synthesis, it was discovered that the additional peaks were not
caused from degradation but caused by the synthesis itself. Whilst it was attempted
to synthesise CD6His, CD5His and CD4His were also part of the product mixture.
This is attributed to the fact that coupling histidine consecutively is problematic due to
the steric bulk of both the extending chain and the incoming amino acid building block.
This steric hindrance makes each coupling step not 100 % effective, leaving some
chains unextended and thus giving the shorter peptide chains like 5His and 4His as
side products. Purification of CD6His was attempted but due to the very close rts and

no observable separation, this was not further pursued.
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5.4 Conclusions

This section of the thesis examined the possibility of using a nucleophilic peptide
probe that could form adducts with electrophiles and be selectively purified. Whilst
this seemed like a promising way to link detection and purification, this part of the
project was aborted due to the inability of synthesising the nucleophilic peptide and
the control peptide in a pure manner in order to properly conduct a proof-of-concept
experiment. Another reason why this method development approach was halted was

because a more promising lead was discovered, which will be discussed in Chapter 6.
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Chapter 6 Solid-Supported Nucleophilic Probe
Development and Optimisation

6.1 Introduction

In the exploratory experiments with the nucleophilic peptide probe CDG6His,
synthesising the pure histidine chains remained a roadblock to properly conduct a
proof of concept experiment. During a discussion on the strategy moving forward, the
idea of taking advantage of the resin beads used in SPPS surfaced. The idea was
that instead of coupling a nucleophile that could be retained on a column, the
nucleophile could be tethered onto a solid support, such as a resin bead. Immobilising
a nucleophile on solid-support by using resin beads for SPPS would have the
following advantages: i) the captured electrophiles would be linked to a solid, thus
unreacted compounds can be easily washed off and ii) in many resin beads for SPPS
there is an in-built peptide release mechanism that we could utilise to release reacted

electrophiles.
6.2 Solid-Supported Nucleophilic Probe Design

For the design of the immobilised probe, as with the previous nucleophilic peptide
approach, we needed to decide on three separate parts for the design: a section that
enabled targeted purification, a linking section that connected and could be cleaved,
as well as a nucleophilic section for reacting with electrophiles of interest. These
sections could also be termed anchor, linker and probe (Figure 6.1). Unlike in the
previous peptide design, the linking section of the solid support needed to be
cleavable. The following subchapters will discuss the individual sections of the solid-

supported nucleophilic probe.

. Anchor

. Linker . Probe

Figure 6.1 Solid-supported nucleophilic probe design.
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6.2.1 Anchor

In this solid-supported probe, the section that enabled the targeted purification was
the polymer aggregate used in SPPS. This polymer aggregate will be addressed as
‘resin’ for discussion in this thesis. A commonly used resin is polystyrene, which was
also used for all the previous syntheses of nucleophilic peptide. The only factors that
are important for a solid support are chemical stability and reactive inertness, which

are both characteristics of commercially available polystyrene resins.

6.2.2 Linker

Commercial resins are manufactured for the use in SPPS, thus already have an in-
built chemical release mechanism which is triggered upon addition of a cleavage
cocktail. Standard resins used in Fmoc strategy SPPS are cleaved with TFA-
containing cocktails. Therefore, building this cleavage mechanism de novo was not
required, as it was possible to choose among options offered by commercially
available resins. A standard resin used for the SPPS of the nucleophilic peptide is the
rink amide resin, which has a polystyrene and PEG core connected to Rink Amide
linkers (Figure 6.2A). The recommended cleavage cocktail for this resin is
TFA/TIS/H2O/dioxa-1,8-octane-dithiol (92.5/2.5/2.5/2.5).

Fmoc
“NH cl
cl
Z
H I
- \n/\o o) o~ - X
o |

(o}

ZI

Figure 6.2 Linker structures, drawn as found on the supplier website of CEM. The polystyrene core and
PEG linkers are not shown and represented by the bead. A: Rink Amide ProTide Resin; B: CI-TCP(CI)
ProTide Resin.

Whilst these cleavage conditions are tolerated by peptides, they are too harsh for
natural product adducts. This is why in this case we opted for a linker with milder
cleavage conditions: a trityl linker containing resin, CI-TCP(CI) ProTide Resin, was
chosen, which can be readily cleaved with 1 % TFA (Figure 6.2B)and was also

previously used for the synthesis of the nucleophilic peptide.
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6.2.3 Probe

As for the nucleophilic probe, it was decided to keep cysteine as the nucleophile,

resulting in the following final product Cys-TCP (Figure 6.3).

Cys-TCP

. Anchor . Linker

. Probe

Figure 6.3 Structure of the cysteinyl probe immobilised on solid support.

6.3 Solid-Supported Nucleophilic Probe Pilot Experiment

6.3.1 Solid-supported Cysteinyl Probe Synthesis

Cys-TCP would be synthesised using the Fmoc synthetic strategy. The standard
cysteine building block for Fmoc-protected synthesis is Fmoc-Cys(Trt)-OH. The Trt-
protecting group protects the reactive thiol side chain of cysteine and only cleaves at
high percentages of TFA. Usually, the Trt-protecting group is cleaved at the same

time as the peptide is released from the resin.

NH2
O, - Qe
cl NH Tmoc ) H
+ Oﬁ)\/s\s/\‘/NH - o cl
./n O O OH Ho o N O Q
L l

HO/—%O

y\/ R Cl 47;
L )
N
‘/ 3 O HR
o

| . Anchor . Linker . Probe

Cys-TCP

Figure 6.4 Strategy for the synthesis and application of Cys-TCP.

For our purposes, however, a different protecting group was required that could be
cleaved separately and under milder conditions than 1 % TFA in order to not break

the trityl linker. In search of a suitable building block for the incorporation of cysteine,
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Fmoc-protected cysteine dimer, (Fmoc-Cys-OH),, was found. This molecule features
Fmoc-protected N-termini essential for the Fmoc synthetic strategy and a disulfide
bridge that protects the thiol groups. The disulfide bond can be easily and orthogonally
cleaved with a reducing agent. The following strategy for the synthesis and application

was devised (Figure 6.4).

The scheme shows the coupling of (Fmoc-Cys-OH), to the CI-TCP(CI) ProTide Resin,
giving cysteine dimer-coupled resin ‘protected Cys-TCP’ which is then activated to
form ‘reactive/activated Cys-TCP’. Reactive Cys-TCP then can be used for the

capture of electrophiles and release of cysteine-electrophile adducts.

The first step was to synthesise protected Cys-TCP by SPPS. CI-TCP(CI) ProTide
Resin has a dedicated technical note by the manufacturer CEM, detailing how to best
use it for synthesis. The recommendations of CEM were generally followed (Chapter
2.2.8.1). The only change that had to be made was concentration of the reagent
(Fmoc-Cys-OH),. This compound was not soluble at the recommended concentration
of 0.2 M and was therefore halved to 0.1 M. A 0.1 mmol batch of protected Cys-TCP

was synthesised for each sample in the pilot experiment.

6.3.2 Solid-Phase Extraction (SPE) Set-Up

A pilot experiment was devised to test the concept and determine the practical details
for the use of Cys-TCP. Knowing that repeated washes would be required, the
experiment was designed to be carried out in SPE cartridges. In this way, the solid
resin beads would be kept inside the cartridge while solvent and unbound species
could be removed from the cartridge. Further, this set-up would allow multiple
experiments in tandem, as the SPE vacuum manifold used featured 12 ports and each
port could be used for a separate experiment. The addition of reagent and solvent
would occur in a percolation-like manner, with solvent and reagent passing through
the cartridge. It was assumed that the application of reduced pressure by a vacuum
pump might be necessary to obtain the samples with sufficient speed; this, however,
was not found to be the case, and all the samples were generated without the

application of reduced pressure.

The samples to be analysed in a first pilot experiment were a blank, parthenolide,
atropine and a mixture of parthenolide and atropine. The blank would enable
assessment of what peaks are present even without sample present. Parthenolide, a

reactive electrophile, was chosen as positive control for the reactivity of Cys-TCP.

94



Chapter 6
Atropine, a non-electrophilic compound, was chosen as negative control. The mixture
of both parthenolide and atropine was also tested in order to assess whether the resin
could react selectively with parthenolide in the presence of non-reactive atropine. The
steps (i)-(vii) were planned ahead (Table 6.1).

Table 6.1 Pilot experiment outline, showing the samples A-D and the procedure steps (i)-(vii).

Sample (i) (ii) (iif) (iv) (v) (vi) (vii)
A | Blank =
DMSO z & c
. ® o <
B | Parthenolide T o o
5 mg/ml in DMSO <9 g T <3
= ~ 0
C | Atropine 3 E 2L 3 <3 =
, < c £ & = Eac| E
5 mg/ml in DMSO - ® Sw i = 2od |
) X 7} g B = k= = o c g =
D | Parthenolide + Atropine o om = 2 o 2
i s I o 3 - Sz =
5 mg/ml in DMSO L 2 053'2 é 3 é a £3292 a
respectively e = O~ E £2 = |o==| 2

Steps (i) and (ii) served to wash the protected Cys-TCP and remove residual DMF left
from the synthesis. Step (iii) was the activation step in which the cysteine dimer was
reduced with 2-BME to give activated Cys-TCP. A MeOH wash was performed after
the reduction with 2-BME to remove any 2-BME and cleaved cysteine present. Step
(iv) was the incubation with sample, followed by a wash with THF to remove any
unreacted compound. Step (v) was another wash with MeOH. Step (vi) was the
cleavage with 1 % TFA in MeOH, followed by a wash with MeOH. Step (vii) was a
final wash with THF to confirm all the cleaved product was washed off. The
experiment was conducted as described in Chapter 2.2.8.2.1. The results of the

experiment are shown in Figure 6.5 and Figure 6.6.

It was observed that in the experiment with parthenolide, a peak was visible at rt 6.14
min with m/z 274 after incubation, and another two peaks were found in the sample
after cleavage from the resin at rt 5.38 min and rt 5.55 min with m/z 231/249 and m/z
370 respectively (Figure 6.5, right side). The peak with m/z 370 [M+H]" corresponded
to the parthenolide-adduct. Both the mass, which was the molecular ion of
parthenolide (m/z 249) with an m/z increase of +121 corresponding to the mass of
cysteine, and the observed rt (5.55 min) corresponded to previous measurements in
Chapter 5.3. The other two peaks, however, could not be assigned. It was not known

what the source of the peak at rt 6.14 min with m/z 274 was, perhaps
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Figure 6.5 HPLC-MS data from the first pilot experiment. Left: data from the experiment with blank
DMSO, chromatograms scaled to 8.5E6; right: data from the experiment with parthenolide,
chromatograms scaled to 1.5E7. HPLC-MS traces (positive ion mode) were recorded with a scan range
m/z 121-1000.
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Figure 6.6 HPLC-MS data from the first pilot experiment. Left: data from the experiment with atropine,
chromatograms scaled to 1.0ES8; right: data from the experiment with parthenolide and atropine,
chromatograms scaled to 1.0E8. HPLC-MS traces (positive ion mode) were recorded with a scan range
m/z 121-1000.

it had occurred due to a contamination. As for the peak at 5.38 min with m/z 231/249,
m/z 249 would correspond to the [M+H]" mass of parthenolide, however, parthenolide

should elute later than the adduct, which indicates that this peak is likely something
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different. The experiment was repeated with parthenolide to confirm that these peaks

were not a by-product of contamination (Chapter 6.3.3).

In the experiment with atropine, one peak was visible at rt 4.33 min with m/z 290. No
other peaks were visible in subsequent samples, which was consistent with the

hypothesis that atropine does not react with Cys-TCP.

In the experiment with the mixture of parthenolide and atropine, after incubation, three
peaks were visible at rt 4.32 min, rt 6.15 min and rt 7.34 min, with m/z 290, m/z 274
and m/z 349 respectively. M/z 290 corresponded to the [M+H]" mass of atropine, m/z
274 appeared to be the same peak as previously observed in the experiment with
parthenolide and m/z 349 is a mass that had not been previously observed and also
could not be rationalised. In the sample after cleavage, a peak was observed at rt
5.55 min with m/z 370 which corresponded to the [M+H]" of the formed parthenolide-
adduct.

In conclusion, this experiment gave interesting insights into how Cys-TCP can be
incorporated into the method. Although a parthenolide peak was not observed, a peak
of its formed adduct was in the sample after the cleavage step. In general, there
seemed to be an issue with the parthenolide aliquot that was used in this experiment
as masses were observed that were not expected and not explained. Therefore, this
experiment had to be repeated with a fresh aliquot. Atropine proved to be a valid

negative control.

6.3.3 Purification of Parthenolide-Adduct

The experiment with parthenolide needed to be repeated for two reasons: i) the
confidence in the previously obtained data was not high, as unexpected and
unexplained m/z values were observed in the mass spectrum, and ii) we wanted to
isolate the parthenolide-adduct in order to know where binding of the cysteine
occurred. Furthermore, the quantity previously used was not sufficient for purification.
Based on the m/z observed, it seemed that cysteine added to parthenolide through
nucleophilic addition, resulting in a mass increase of 121 Da. It was suspected that

this addition proceeded via the exomethylene group of parthenolide.

At that point, a change of solvents was considered, as well as testing different protocol
parameters to see their effect. In addition, higher quantities of resin and test
compound had to be used for isolation. The method described in Chapter 2.2.8.2.2

was followed and the following data was obtained (Figure 6.7)
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Figure 6.7 HPLC-MS data from the add-on experiment for the pilot experiment, chromatograms scaled

to 1.0E8. HPLC-MS traces (positive ion mode) were recorded with a scan range m/z 121-1000.
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The parthenolide peak was found around rt 8.23 min with m/z 249. This rt was different

than observed in the previous experiment. This was in agreement with the hypothesis
that there had been a contamination in the parthenolide aliquot used in the last
experiment. Additionally, major differences were observed in this experiment: i) the
solvent mixture of DCM:MeOH apparently had difficulties washing out the remaining
parthenolide after the incubation step and ii) there were a number of peaks with m/z
370, the expected mass, in the sample after the cleavage with 1 % TFA. This was
unexpected since only one product was anticipated, namely an adduct with cysteine
bound to the exomethylene group. The adducts were purified in order to find out more
about their nature and determine why so many adducts were formed. Purification was
performed on a semi-preparative HPLC-UV-MS system as described in Chapter

2.2.3.2 to give the following separation profile (Figure 6.8).
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Figure 6.8 HPLC-UV trace of a semi-preparative purification of parthenolide adducts from the pilot Cys-
TCP experiment, released by treatment with 1 % TFA in MeOH. PDA trace, max plot displayed in graph.
The peaks that were isolated are marked 1-6.

The adducts were collected and NMR spectra in DMSO-d6 were recorded (Figure
6.9). From the NMR spectra, it was gathered that addition had in fact occurred at the
exomethylene position as originally had been predicted; however, some other change
had occurred in the parthenolide structure. Searching through published literature of
parthenolide, it was found that Castaneda-Acosta and Fischer had previously
described Lewis acid-initiated rearrangements of parthenolide, resulting in six

different products®'. The release of formed cysteine-adducts had occurred in the
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presence of Lewis acid, 1% TFA. The use of TFA could have caused the
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Figure 6.9 "H NMR spectra in DMSO-d6 of isolated peaks 1-6 in Figure 6.8, in comparison to the 'H
spectrum of unreacted parthenolide (spectrum at bottom, blue). The signals at 5.73 and 6.23 ppm
corresponding to the exomethylene protons at C-13 (marked with an arrow) disappear in the product

spectra.

rearrangement of the only parthenolide-adduct that was formed initially, in order to
give six rearranged products with cysteine bound at the site where the exomethylene
group used to be. This explanation was plausible, so in future optimisation steps the
cleavage conditions needed to be adjusted in order to prevent any Lewis acid-induced

rearrangements from happening.

6.3.4 Spectroscopic Quantification of Cysteine

Quantification of cysteine was an important step as we had no other method to confirm
whether the coupling of the resin with the Fmoc-protected cysteine dimer had worked
and or how many activated Cys-TCP sites were actually available for reaction with
electrophiles. The intention was to quantify the amount of liberated cysteine from the
2-BME reductive step using a spectroscopic method similar to the one used in
Chapter 3.4. The formerly used protocol with Ellman’s reagent for the quantification
of electrophiles, however, was an indirect quantification of electrophile content. This
time, the analytes that needed to be quantified were not electrophiles, but cysteines.

Therefore, NAC was used for the calibration curve instead of parthenolide, and the
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whole method was adapted as described in Chapter 2.2.8.2.3 in order to directly

quantify the amount of cysteines.

In the indirect quantification method, the highest point in the calibration was
represented by 200 pl NAC (0.429 mg/ml in MeOH). All the other calibration curve
points had a lower cysteine concentration, since they are reduced by reaction with the
calibration curve standard for electrophilicity, parthenolide. For a direct quantification
method, the concentration of NAC directly correlates to the concentration of reacted
Ellman’s reagent in solution and thus the coloured side product. This meant that a
calibration curve could be directly constructed by increasing and decreasing the
concentration of NAC. Furthermore, TEA could be removed completely from the
procedure since it was previously used to facilitate the reaction between NAC and
reactive electrophiles in solution. The aggregate data from three separate runs is
shown in Figure S.6, the associated multiplate reader data can be found in Table S.2
of the Appendix. Judging by the plotted data, this adapted assay was not suitable for
the quantification of cysteine. The linear regression curve had an R? value of 0.95 and
the samples that were measured were at the limit of quantification. Therefore, the

cysteine quantification method had to be adapted.

6.3.5 Learnings from the Pilot Experiment

The pilot experiment showed that the concept of using a solid-supported nucleophilic
probe was promising. The Anchor-Linker-Probe concept was tested and was shown
to be successful. Adduct formation with the model compound occurred as predicted,
and the release mechanism was found to work, although the cleavage conditions
resulted in the rearrangement of the formed adduct. The SPE set-up enabled
processing of several samples at once and the cartridge system combined with the
resin beads allowed sequential washes and reagent additions and facile collection of
eluates. Further, the quantity of released cysteine in the reduction step with 2-BME
could not be determined by using an adapted version of the assay with Ellman’s
Reagent; it was clear that the reduction step was successful based on the
chromatograms obtained from the experiment, but in order to quantify the active Cys-

TCP sites, a new method for quantification needed to be established.
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6.4 Method Optimisation

After the first pilot experiment, there were a number of details in the procedure that
needed to be further optimised or changed completely before settling on a procedure

for future experiments. These optimisation steps will be discussed in this chapter.

6.4.1 Adjustment of Cleavage Conditions

First and foremost, the cleavage conditions needed to be adjusted (Chapter
2.2.8.3.1). The cleavage conditions that were used in the pilot experiment resulted in
the rearrangement of parthenolide, which indicated that 1 % TFA was too harsh. This
meant that alternative cleavage options for the linker needed to be testing. Literature
research revealed that trityl linkers may also be cleaved using HFIP:DCM (1:4 v/v)*%.
Following this lead, an experiment was conducted to test these conditions on the Cys-
TCP (Figure 6.11).
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Figure 6.11 Comparison of the samples after cleavage using 1 % TFA (top) and HFIP:DCM (1:4 v/v)
(bottom). Intensity scaled to max peak. HPLC-MS traces (positive ion mode) were recorded with a scan
range m/z 121-1000.

Unlike in the previous experiment, only a single adduct was formed with m/z 370.
Purification and NMR analysis (Table S.3) of this parthenolide adduct revealed that
the site of reaction in fact was indeed at the C-13 position of parthenolide, resulting in
a disappearance of the proton signals of the exomethylene group (Figure 6.12). This
was consistent with reports from literature indicating that the most reactive site of

parthenolide is the exomethylene group®®°.
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Figure 6.12 Disappearance of the C-13 exomethylene group 'H signals in '"H NMR.

In conclusion, HFIP:DCM (1:4 v/v) would be used for the proof-of-concept experiment
as it was found to be a more suitable cleavage condition than 1 % TFA in MeOH for
the cleavage of cysteine-adducts of natural products, as it did not result in the Lewis

acid-induced rearrangement of parthenolide.

6.4.2 Wash Solvent Optimisation

In the previous pilot experiment, the wash solvents were THF and MeOH. THF was
chosen because the extracts to be tested in the future were THF extracts, and MeOH
was selected in order to have a polar wash. Both solvents were chosen as a starting
point to conduct a pilot experiment, but needed to be re-evaluated. It was decided to
keep MeOH as a polar wash but replace THF with a more suitable solvent. In the
experiment that was performed with MeOH and a mixture of DCM:MeOH (Figure 6.7),
the washes did not remove compound in the same manner as in the initial pilot
experiment (Figure 6.5). It was unclear whether this happened due to the solvents
used, their volume, or due to the flow rate of the washes. In both previous

experiments, the flow rates were not recorded, so this, additionally to solvent identity,
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needed to be tested. The experimental details for this can be found in Chapter
2.2.8.3.2.
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Figure 6.13 The structures of atropine, berberine, cnicin, cynaropicrin, forskolin, mangiferin, parthenolide

and valerenic acid.
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Figure 6.14 Assembled HPLC-MS traces of atropine, berberine, cnicin, cynaropicrin, forskolin,
mangiferin, parthenolide and valerenic acid. This chromatogram is an overlay of individual injections of
each compound. Next to the peak assignment, the rt and which ionisation mode the compound can be
visible in is indicated. ES- traces are shown for cnicin (m/z 377 [M-H]), forskolin (m/z 409 [M-HJ),
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mangiferin (m/z 421 [M-H]'); ES+ traces are shown for atropine (m/z 290 [M+H]*), berberine (m/z 336.
[M+H]*), cynaropicrin (m/z 227 [2M+H]*), parthenolide (m/z 249 [M+H]*), valerenic acid (m/z 235 [M+H]*).

The solvents DCM, hexane, acetone and ethyl acetate were tested. As the solvent
was required to be able to elute a variety of different compounds, a mixture of eight
compounds was assembled: atropine, berberine, cnicin, cynaropicrin, forskolin,
mangiferin, parthenolide and valerenic acid (Figure 6.13). This compound mixture will

be referred to as ‘mixture of eight compounds’ in the subsequent text.

These compounds were tested on HPLC-MS so that subsequent analysis of the

solvent experiment would not be complicated by peak overlap (Figure 6.14).

Further, a preliminary experiment to determine the dead volume was designed in
order to know how much solvent volume had to be loaded onto the cartridge for
optimal overlap with the resin. Spiking DMSO with methylene blue gave the
advantage that resin coverage by the analyte could be visually confirmed and the
dead volume could be examined immediately. The approximate dead volume of a
resin batch size of 0.1 mmol with loading capacity 0.52 mmol/g was determined to be

20 pl for a sample dissolved in DMSO.

Since the dye was already loaded onto the resin in the cartridge, the differences in
wash behaviour of DCM, hexane, acetone, ethyl acetate and MeOH were tested
qualitatively. The solvent to be tested was added to the cartridge and left to percolate
slowly until no more change could be observed. The behaviour was noted, then
methylene blue was added to replenish the dye on the resin. Whilst all the other
solvents tested struggled to remove the blue hue of the resin, DCM washed methylene
blue out completely and returned the resin back to its original colour. Two additional
striking observations were made: i) no channels could be observed in the packing of
the resin and ii) the resin swelling changed with different solvents and when the
solvent was DCM, the resin occupied the biggest volume due to its swelling and was
visually observed to have the same size as in DMF. Conversely, when MeOH was the
solvent, the resin bead size visually shrunk. In hexane, the resin looked almost ‘dried
out’; in acetone and ethyl acetate the resin beads had approximately the same size
as in MeOH. The conclusions drawn from this were the following: i) swelling can
change immensely depending on solvent, ii) hexane does not seem to be an ideal
solvent due to its swelling properties, iii) the activation of Cys-TCP with 2-BME should
occur before the packing of the cartridge, especially since 2-BME is added with MeOH

and its swelling properties could affect the reaction if the resin is simply left to stand
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without motion, and iv) the resin packing did not seem to be affected by swelling and

de-swelling since no channels were observed, with the exception of hexane.

Next, the mixture of eight compounds was added the untreated resin in order to see
which solvent would be the best to replace THF. The flow rates were controlled
manually by twisting the cartridge port until a satisfactory flow was achieved. The
times required for 10 ml of solvent to pass the resin-filled cartridge was recorded in

order to calculate the flow rate (Table 6.2)

Table 6.2 Elution time range and flow rate ranges recorded for the experiment. The elution time indicates
the fastest and the slowest elution time for each sample set which were then used to calculate the range
of flow rates.

Wash Elution time for 10 ml Flow Rate Range(ml/min)
X1: MeCH (0) 12min17s+1min 50 s 0.814 - 0.708
X2: MeOH (1) 19 min 52 s +2 min 28 s 0.503 — 0.448
X3: Test Solvent (1) 18 minds+2min39s 0.553 —0.483
X4: Test Solvent (2) 21 min27s+1min36s 0.466 — 0.434
X5: Test Solvent (3) 13min56s+2min16 s 0.718 - 0.617
X6: MeOH (2) 9min12s+1min24s 1.087 — 0.943
X7: MeOH (3) 13min 10 s +2min 26 s 0.759 — 0.641

The samples were analysed by HPLC-MS (Figure 6.15). The following observations
were made: i) the DMSO used for the reconstitution of the samples seemed to be
contaminated with a peak around rt 7.20 min, confirmed by a blank; ii) there were no
differences between the solvents, although there was an unidentified peak in the ethyl
acetate wash at rt 9.49 min, perhaps due to impurities in the solvent; iii) as previously
observed, hexane had a de-swelling effect on the resin that made it look dry and thus

was excluded as a solvent replacement for THF.

As a conclusion, it was found the flow rate of the wash determined much of the quality
of the wash. No nonspecific binding was confirmed for the resin, so most solvents
should be able to draw out the compounds that the cartridge was subjected to. It was
decided to perform future washes with MeOH and DCM at a flow rate of around 0.5

ml/min.
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Figure 6.15 HPLC-MS data example of a solvent wash experiment, scaled to 5.0E6. HPLC-MS traces
(positive ion mode) were recorded with a scan range m/z 121-1000.

6.4.3 SPE Set-Up

Up until now, the SPE set-up was used to conduct the experiment. The reagents were
added in a manner that resembled percolation, and incubation was essentially letting
the resin stand for an extended period of time with the reagent in solution. Adding an
element of motion to the reaction mixture could potentially increase the rate of reaction
by increasing the chances of collision of the reactants and ensure that every resin

bead is equally exposed to the reagent.

The SPE vacuum manifold consisted of an SPE-stand that was fitted with ports with
screw-type valves that served as connecting points for the SPE cartridges, and a
glass container which held the tubes for the collection of elute and could be connected
to a vacuum pump for the application of vacuum. The SPE-stand could be detached
from the glass container. This meant that if magnetic stirrers were inserted into the

SPE cartridges and the stand was moved on top of a magnetic stirrer plate, the resin
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bead reagent mixture could be agitated. This had an additional benefit that dead

volumes and resin bead packing no longer needed to be considered.

After checking that such a set-up would indeed be feasible by assembling it without
any resin beads, it was decided to make use of magnetic stirrers in the experiment

procedure in the future.

6.4.4 Quantification of Cysteine Residues as Quality Control

The experimental details for this subchapter can be found in Chapter 2.2.8.3.3.
Previously, cysteine quantification was attempted using the adapted Ellman’s
procedure. The results for this experiment, however, were not convincing since the
regression line was an R? value of 0.95 and generally departed from linearity (Figure
S.6). Another way to achieve this quantification was to perform MRM quantification.
Cysteine is a commonly used compound and was found to be the quantified analyte
in a number of papers®®3%. These papers quantified cysteine with a structural
analogue as IS, methionine or NAC. It was attempted to use these compounds as IS
for the quantification of cysteine (Figure 6.16 and Figure 6.17, Figure S.7 and Figure
S.8, Table S.4 and Table S.5).

Compound name: Methionine

Response Factor: 958.7

RRF SD: 621.795, % Relative SD: 648581
Response type: External Std, Area

Curve type: RF
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Figure 6.16 Methionine IS levels for calibration curve samples (crosses) and quality controls (squares).
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Compound name: N-acetylcysteine
Response Factor: 2589.27

RRF SD: 1187.74, % Relative SD: 45.8715
Response type: External Std, Area
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Figure 6.17 NAC IS levels for calibration curve samples (crosses) and quality controls (squares).

The IS levels of methionine and NAC were never stable, which was unexpected since
the same IS had been used in literature. It seemed that in both the case of methionine
and NAC, the IS levels both increased gradually until saturation was reacted (Table
S.4 and Table S.5). Finally, a non-structural analogue that also was known to not
interact with cysteine was chosen instead: atropine (Figure 6.18 and Figure 6.19;
Table S.6).

Compound name: Atropine

Response Factor: 241987

RRF SD: 11034.3, % Relative SD: 4.55987

Response type: External Std, Area

Curve type: RF
225000 X X
200000
175000

150000

125000

Response

100000
75000
50000
25000

0 Point
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22

Figure 6.18 Atropine IS levels for calibration curve samples (crosses) and quality controls (squares).
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Compound name: Cysteine

Coefficient of Determination: R*2 = 0.998577

Calibration curve: -2.82417e-005 * x*2 + 0.010116 * x + -0.000674618
Response type: Internal Std ( Ref 2 ), Area * (IS Conc. / IS Area )

Curve type: 2nd Order, Origin: Include, Weighting: Null, Axis trans: None
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Figure 6.19 Calibration curve of the cysteine quantification experiment. The calibration curve samples
are represented by crosses, the quality control samples as squares. R? value = 0.998577. Table with
data points and standard deviations found in Table S.6.

Atropine gave stable IS levels and standardised the cysteine curve. This curve shows
a satisfactory R? value, the associated data points showed acceptable standard
deviation (standard deviation of each data point within +15 %), and the quality control
points were in range of the curve (standard deviation standard deviation of each data
point within +15 %), which meant that the quantification experiment was successful.
Therefore, this method was used for quantification of cysteine-containing samples in

the proof-of-concept experiment discussed in Chapter 6.5.
6.5 Proof-Of-Concept

The findings from method optimisation were consolidated in a procedure described in
Chapter 2.2.8.4. This experimental procedure was followed for the proof-of-concept

experiment described in this chapter.

As before, this proof-of-concept would test Cys-TCP (0.0750 mmol equivalent)
against a blank (DMSO), parthenolide (positive control), atropine (negative control)
and a mixture of parthenolide and atropine. All samples were used at half of the Cys-
TCP stoichiometric equivalent (0.0375 mmol). Furthermore, alanine coupled to CI-
TCP(CI) ProTide Resin (Ala-TCP) would be synthesised as a control for nonspecific
binding caused by the resin beads. Ala-TCP would be tested against the a blank
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(DMSOQ), parthenolide and atropine. The amounts were the same as in the Cys-TCP

experiment.

One last part of this proof-of-concept experiment sequence was pulling out a small
amount of parthenolide. For the previous experiments, an equimolar amount of
compound to resin total loading capacity was tested, which, i) given that the true
number of active sites on Cys-TCP was lower and can change between batch sizes
and ii) since natural products tend to be present at much lower amounts, did not reflect
what the method was intended for. This is why in this experiment 1 mg of parthenolide,
as opposed to 9.3 mg (0.0375 mmol) in the previous experiment, would be used as a
sample in order to see whether the method can succeed in detection, purification and

NMR analysis of small amounts.

The samples of these experiments were analysed by HPLC-MS. The chromatograms
for these experiments can be found in the Appendix as Figure S.9 to Figure S.12. The
key findings will now be discussed with key chromatograms extracted from the figures

in the Appendix.

First, the experiment between Cys-TCP and parthenolide will be discussed (Figure
6.20). The method procedure was changed to a sequence of three washes, the
reduction step with 2-BME, incubation with sample, a wash to remove unreacted
compounds, release of cysteine-bound adduct, and a wash to confirm everything had

been washed out.

Based on Figure 6.20, the capture of parthenolide and the release of parthenolide
adduct was successful. The adduct mass, m/z 370 [M+H]*, was seen in at rt 5.55 min.
The mass of parthenolide, m/z 249 [M+H]*, was found in at rt 8.15 min both in the
sample collected after incubation with the sample and also in the sample after the
cleavage step, at rt 8.14 min. The wash performed between those two samples
showed no peaks, therefore all the excess parthenolide from the incubation had been
washed out. Any parthenolide found after the cleavage step must have been formed
by the adduct via a retro-1,4-Michael reaction. This was supported by literature
reporting that the retro-1,4-Michael reaction to parthenolide had been previously

observed®’.
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Figure 6.20 Experiment with Cys-TCP and parthenolide. HPLC-MS traces (positive ion mode) were

recorded with a scan range m/z 121-1000.
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Moving on to the other samples tested on Cys-TCP, the reactions with the blank

sample, atropine and the mixture of atropine and parthenolide will now be discussed.

The sample reaction with the blank (DMSQO) sample was performed in order to know
which peaks were present when no compound was in the sample (Figure S.9, left
side). The experiment did not show any notable abnormalities, besides confirming
that the peaks at rt 4.41 min and rt 5.65 min were standard peaks in the reduction

process with 2-BME.

Parthenolide
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Figure 6.21 HPLC-MS traces of experiments with Cys-TCP and equimolar amounts of parthenolide (A
and B, scaled to 1.0E8), equimolar amounts of atropine (C and D, scaled to 9.0E7), and equimolar
amounts of a stoichiometric mixture of parthenolide and atropine (E and F, scaled to 3.6E7). HPLC-MS
traces (positive ion mode) were recorded with a scan range m/z 121-1000.

Figure 6.21 shows the chromatograms of the eluate from the incubation (Figure
6.21ACE) and the eluate from the cleavage step with HFIP:DCM (1:4 v/v) (Figure

6.21BDF) for the reactions with parthenolide, atropine and the mixture of atropine and

114



Chapter 6

parthenolide. The two chromatograms from the previous parthenolide reaction in
Figure 6.20 are shown again in Figure 6.21 in order to enable side-by-side

comparison.

The negative control atropine did not react with the cysteinyl probe and eluted
completely after incubation, as could be seen by the peak at rt 4.26 min in Figure

6.21C and the absence of peaks in Figure 6.21D.

In the reaction with Cys-TCP and the mixture of atropine and parthenolide, essentially
a combination of the separate reactions with atropine and parthenolide occurred. Non-
electrophilic atropine eluted without reaction, whereas electrophilic parthenolide
reacted to give parthenolide-adduct, which was released after the cleavage. This
confirmed that Cys-TCP selectively reacted with electrophiles like parthenolide,
whereas non-electrophilic compounds like atropine were washed off after incubation.
The full data for the experiments with Cys-TCP can be found in Figure S.9 to Figure
S.10.

The full data for the experiments conducted with Ala-TCP can be found in the
Appendix as Figure S.11 to Figure S.12. These experiments showed that any binding
previously observed for the Cys-TCP experiments were not due to non-specific
interactions of the resin, validating that binding via the nucleophilic cysteine was the

only way in which molecules could be retained on Cys-TCP after incubation.

The last experiment in this series of proof-of-concept experiments was the experiment
with 1 mg of parthenolide (Figure S.12, right side). In this experiment, no parthenolide
eluted after the incubation step since all of the starting material had reacted with the
resin. Parthenolide formed by retro-Michael-addition was observed at rt 8.14 min with
m/z 249, and parthenolide-adduct was observed after the cleavage step at rt 5.55 min
with m/z 370. Subsequent purification the sample yielded 1.5 mg of parthenolide-

adduct which equated to complete conversion of starting material into adduct.

Lastly, for the experiments with Cys-TCP, the amount of cysteine released in the
reduction step with 2-BME was quantified using the MSMS method. The yield was
found to be 8.65 + 2.65 % (Table S.6). This yield was rather low and could potentially
be increased by further optimisation, e.g. by re-examining the reduction step with 2-
BME and using the quantification method for yield monitoring. The results of this
experiment served as quality control and were used to determine the quantity of Cys-

TCP required for future experiments.
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6.6 Conclusions

In this chapter, the potential of a solid-supported nucleophilic probe Cys-TCP was
evaluated. Cys-TCP featured a reactive moiety that could be selectively activated,
form adducts with electrophiles in a sample and then cleaved off selectively to release

the formed adducts.

The probe was synthesised using SPPS and tested in a pilot experiment in an SPE
set-up. This set-up facilitated consecutive washes and reagent additions to Cys-TCP
and enabled removal of eluate for sample collection without having to disturb Cys-
TCP. Purification of the adducts from the experiment was attempted, as was
assessment of the amount of activated Cys-TCP by quantification of the released
cysteines in the 2-BME reduction step. From analysis of this first pilot experiment, it
was concluded that the method showed promise but needed optimisation. In the
optimisation process, various aspects of the method were re-examined in order to
streamline the process, resulting in the adjustment of the cleavage conditions,
investigation of solvent effects, changing the SPE set-up and the MRM method

development for the quantification of released cysteine with the IS atropine.

Having consolidated the findings of optimisation, a new method was assembled for
experiments with Cys-TCP which formed the foundation for a series of proof-of-
concept experiments. The proof-of-concept experiments demonstrated that the solid-
supported nucleophilic probe worked as expected with positive and negative controls
and excluded matrix effects by testing a non-reactive probe, Ala-TCP. Furthermore, it
was demonstrated that Cys-TCP could also work with a small amount of reactive

material.

The next step for this method would be the application on other compounds and

extracts, which will be discussed in the next chapter.
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Chapter 7 Application of the Cysteinyl Probe

7.1 Introduction

The previous chapter focused on the method development and the proof-of-concept
experiment of the immobilised cysteinyl probe. This chapter will discuss the
experiments that were conducted with the probe, starting tests with model
compounds, then test with a model compound spiked into a test extract, and lastly the

experiments with the pollen extracts that were discussed in Chapter 3.
7.1 Model Compounds

So far, Cys-TCP had only been tested with parthenolide and atropine. It was important
to see how Cys-TCP would interact with compounds that may be structurally different
from parthenolide in order to have a better understanding of how Cys-TCP would
react. Subchapter 7.1.1 will address how those compounds were selected and

subchapter 7.1.2. will detail the experiments with Cys-TCP.

7.1.1 Model Compound Selection

It was important to select electrophiles that were structurally different. To this end, the
compounds shown in Figure 7.1 were selected. These compounds were first reacted
with stoichiometric amounts of cysteine in order to assess their reactivity with no resin
present (refer to Chapter 2.2.8.5.1 for the method). These cysteine reactions were
analysed by HPLC-MS (Figure 7.2).

pane

o
/—OH

Compound 1 Compound 2 Compound 3 Compound 4

Figure 7.1 Chemical structures of model compounds; 1: N-(1-naphthyl)-N-phenylmethacrylamide; 2:
alantolactone; 3: cynaropicrin; 4: penicillin V.
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N-(1-naphthyl)-N-phenylmethacrylamide Model Reaction

Cynaropicrin Model Reaction
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Figure 7.2 Model reactions with cysteine, HPLC-MS traces (positive ion mode) were recorded with a
scan range m/z 121-1000. Reactions of model compounds 1-4 with cysteine. A, C, E, G: HPLC-MS
analysis of unreacted model compound; B, D, F, H: HPLC-MS analysis of reaction with cysteine. A-B
scaled to signal intensity 9.0E7, C-D scaled to 9.0E7, E scaled to 1.1E7, F scaled to 6.7E6, G-H scaled
to 1.0E8. HPLC-MS traces (positive ion mode) were recorded with a scan range m/z 121-1000.

Compound 1 had rt 9.31 min with m/z 288 and formed one adduct with rt 6.25 min
with m/z 409 (Figure 7.2AB). Alantolactone had rt 9.67 min with m/z 233 and formed
two adducts, one with rt 6.34 min and one with rt 6.48 min, with m/z 354 and m/z 354
respectively. These two adducts were likely diasterecisomers formed by addition to
the Michael acceptor site of alantolactone. Cynaropicrin had rt 6.50 min with m/z 347
and formed two adducts, one with rt 5.00 min and one with 5.21 min, with m/z 468
and m/z 468. These two products were likely formed at two different reactive sites in
cynaropicrin. Penicillin V had rt 7.52 min with m/z 351 and formed a product with m/z
472 at rt 6.95. The peak at rt 5.75 min had m/z 591 and could potentially be a double-

adduct. For the peaks formed around rt 8.37 min no clear m/z could be assigned.

All of the compounds shown in Figure 7.2 showed reactivity with cysteine and were
therefore found to be appropriate for the use in model reactions with Cys-TCP that

are described in the subsequent chapter.
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7.1.2 Experiments with Model Compounds

In theory, only mono-addition should be possible due to the catch-and-release
mechanism of Cys-TCP. The earlier experiment with parthenolide only showed mono-
addition. This, however, could be because parthenolide does not have another
reactive site that is electrophilic enough to react with another stoichiometric equivalent
of cysteine. Another observation made previously was that adduct formation
proceeded through nucleophilic addition of cysteine via its thiol group, resulting in a

change of mass by +121 Da.

The next experiments with model compounds should be able to confirm whether
mono-adduct formation was a by-product of the probe design, as cynaropicrin has
several reactive sites, and if a mass increase of +121 Da is observed for all

compounds.

The experiment with compound 1 followed the method described in Chapter 2.2.8.2.2.
For all other experiments with Cys-TCP, the same experiment protocol was followed
as for the proof-of-concept experiment (Chapter 2.2.8.4), but with varying batch sizes.
The full data for this experiment can be found in the Appendix as Figure S.13 to Figure

S.16. Selected chromatograms are shown to illustrate the main findings (Figure 7.3).
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Figure 7.3 Model compound reactions with Cys-TCP. A, C, E, G: HPLC-MS analysis of flow-through after
incubation with sample, washing off unreacted and excess sample (step v); B, D, F, H: HPLC-MS
analysis of released cysteine adducts after cleavage with HFIP:DCM (1:4) (step vii). A-B scaled to signal
intensity 9.0E7, C-D scaled to 9.0E7, E-F scaled to 5.0E7, G-H scaled to 1.2E8. Inserts in
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chromatograms C and E show peak rt of pure compound since no excess compound was washed out.
HPLC-ESIMS traces (positive ion mode) were recorded with a scan range m/z 121-1000.

The main compounds were isolated by semi-preparative HPLC and analysed by NMR
(Figure 7.3). The following section now will discuss each model compound in order to

explain the data shown in Figure 7.3 and Figure 7.4.

Compound 1 Compound 2 Compound 3 Compound 4
15
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Compound 1a Compound 2a/2b

Compound 3a Compound 4a

Figure 7.4 Chemical structures of model compounds and their confirmed adducts.

The synthetic compound N-(1-naphthyl)-N-phenylmethacrylamide (1, m/z 288,
[M+H]") formed a single adduct 1a (m/z 409, [M+H]*) (Figure 7.2AB). The adduct
structure was confirmed by NMR (Table S.7), but the configuration at the site of the
addition was not determined. This case is similar to parthenolide, which also only

formed a single product.

Alantolactone (2) is a sesquiterpene lactone with a reactive a,-unsaturated carbonyl
group at C-13. The reaction of 2 (m/z 233, [M+H]") went to completion (Figure 7.3C)
and formed two products, 2a and 2b (Figure 7.3D), both with m/z 354, [M+H]". They
corresponded to the two diastereoisomers formed upon addition. Due to overlapping
signals of H-7 and H-11 in the HSQC spectra of adducts 2a (Table S.8) and 2b (Table
S.9) the relative stereochemistry at C-11 could not be established in this sample. In
order to be able to clearly assign relative compound structures by NMR methods, a
better signal-to-noise ratio in a purer sample or measuring a Nuclear Overhauser

Effect spectroscopy spectrum would have been required.

Next, the sesquiterpene lactone cynaropicrin (3) (m/z 347, [M+H]*, Figure 7.3EF) was
tested as a model for a natural product possessing three reactive sites at C-13, C-15

and C-18, as demonstrated by the model reactions in Chapter 7.1.1. In this case, one
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major adduct 3a was formed, with rt 4.94 min and m/z 468, [M+H]", corresponding to
a mono-adduct at C-13, as confirmed by NMR data (Table S.10). Smaller peaks in
the HPLC-MS chromatogram at rt 4.48 min and 5.16 min also showed a molecular
ion at m/z 468, and they likely corresponded to the other two possible mono-adducts.
The peaks at rt 6.10 min and 6.27 min exhibited m/z 410 and m/z 480, respectively,
but could not be further characterised due to low abundance. Surprisingly, several
peaks around rt 4.20 min showed m/z 589, which would correspond to adducts with
two cysteine residues. The '"H NMR data of the isolated compounds from rt 4.20
showed that not only the A11,43 but also the A+71s double bond had disappeared,
indicating addition of cysteine residues at C-13 and C-18. Considering the design of
the resin and its loading capacity multiple addition of cysteine residues to a typical
‘small molecule’ such as a plant secondary metabolite was unlikely. We assumed that
the compounds with m/z 589 are formed by reaction of a mono-adduct with cysteine
liberated during the decomposition of adducts via retro-thia-Michael addition. The
retro-Michael reaction is often observed to be reversible, and was previously also
observed with parthenolide. This reversibility is also reported in literature to be the
cause for decomposition that makes compounds difficult to isolate®®”. Similarly, for the
compounds found at rt 4.48 min and 5.16 min, even though uncharacterised, it was

hypothesised that these were products of decomposition.

Penicillin V (4; m/z 351, [M+H]") is not a Michael acceptor, but was selected because
of its highly electrophilic beta-lactam ring. Penicillin V reacted to give one major
compound (4a) at rt 6.96 min (m/z 472, [M+H]*)(Fig. 7.3GH). The structure of 4a was
confirmed by NMR spectral data (Table S.11). The peaks between rt 7.30 and
7.89 min had MS spectra that could not be assigned, and isolation was not successful.
We assume that these were the result of decomposed adducts, similar to what
occurred to cynaropicrin (3). The yields of all the purifications are reported in Table
S.12.

This chapter examined the reaction of Cys-TCP with a range of model compounds,
showing cases where the analysis was very straightforward, like the cases of
parthenolide and compound 1, but also cases where the analysis was more complex,
like the cases of cynaropicrin and penicillin V. As before, formation of the mono-
adduct with a mass increase of +121 Da was generally observed. A cynaropicrin
adduct that was isolated had the mass of a bi-addition product, but this adduct was

likely the side product of a decomposition. Multiple reactive sites can make the
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problem more complex; however, when weighing this method against the purification
from an extract, this may be a trade-off that ultimately still makes isolation easier. An
interesting aspect about multiple reactive sites was that the abundance of the
products in principle showed a distribution according to reactivity. Cysteine is a soft
nucleophile, therefore favours soft electrophilic sites for bond formation. 1,4-addition
was observed for 1-3 as this addition was thermodynamically favourable. In the case
of cynaropicrin (3), other products were observed, and since the thia-Michael reaction
is reversible, these abundances of the products should be determined by
thermodynamic stability. This is feature that could potentially be interesting for other

investigations into the reactivity of compounds.
7.2 Model Compound Spiked in a Test Extract

The aim of this method development process was the application on plant extracts.
Therefore, it was necessary to demonstrate that Cys-TCP could isolate an

electrophile from a complex mixture of compounds, e.g. a test extract.

Tiliae flos MeOH extract is known to contain phenolic compounds such as flavonoids
and phenylpropanoids, which are not known to be particularly electrophilic. In this
experiment, Tiliae flos MeOH extract (200 mg) and parthenolide spiked into Tiliae flos
MeOH (0.0375 mmol parthenolide and 200 mg extract) extract were tested on Cys-
TCP (0.075 mmol). The procedure described in Chapter 2.2.8.4 were followed. As
before, the full data can be found in the Appendix (Figure S.17). The key
chromatograms for the experiment outcome are shown in Figure 7.4, together with a

chromatogram of untreated Tiliae flos MeOH extract.
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Figure 7.4 Capture of parthenolide from a spiked Tiliae flos MeOH extract. Top: chromatogram of the
extract. Centre: cysteine adducts from a Cys-TCP experiment with the extract, after cleavage with
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HFIP:DCM (1:4 v/v) (step vii). Bottom: cysteine adducts from a Cys-TCP experiment with extract spiked
with parthenolide, after cleavage with HFIP:DCM (1:4 v/v) (step vii). Signal intensity percentage scaled
to highest peak. HPLC-MS traces (positive ion mode) were recorded with a scan range m/z 121-1000.

Parthenolide could be observed in the HPLC-MS analysis at rt 5.54 min with m/z 370,
and was isolated with a purified adduct yield of 0.7 mg, sufficient for a clean NMR.
Two other peaks were observed in Cys-TCP treated Tiliae Flos extract (Figure 7.4,
centre) at rt 5.72 min (m/z 396 [M+H]") and rt 6.06 min (m/z 410 [M+H]"), which were
also found in the piked extract (Figure 7.4, bottom) with a retention shift. It was
attempted to isolate these two adducts, but the low amounts that were obtained were

not enough for a de novo characterisation.

This experiment demonstrated that this method was able to pull out parthenolide from
an extract matrix and give enough purified adduct for a clean NMR spectrum. Some
low abundance electrophile-adducts were also found in the eluate of the cleavage
step; however, an elucidation of their structure was not possible. This showed that
even though this method can successfully pull out spiked compounds, minor

compounds in extracts can still be challenging due to their low abundance.
7.3 Testing Pollen Extracts

The pollen extracts from Chapter 3 were tested on Cys-TCP next. Due to supplier
issues, CI-TCP(CI) ProTide Resin was exchanged for 2-chlorotrityl chloride resin by
Bachem. The exact differences between these two resins are not known since only
limited information was available from both suppliers. The previously used resin had
a 2-chlorotrityl linker bound to PEG-ylated polystyrene via an amide moiety. For the
new resin the exact chemical structure beside the 2-chlorotrityl linker is unknown.
Before using this new resin systematically for all extracts, it needed to be tested. Two
batches of Cys-TCP were synthesised using this resin and tested against
parthenolide and Ambrosia psilostachya P4129072-1. This extract batch was chosen
as test extract since it had been reordered this batch for a larger scale experiment,
thus the risk of using this extract was the lowest. For all the experiments, except for

the large batch P4129072-1’, a resin batch size equivalent to 0.25 mmol was used.

The experiment results for parthenolide and Ambrosia psilostachya P4129072-1 are
shown in Appendix Figure S.18 and Figure S.19. A problem was identified, where
parthenolide adduct was found in the sample after incubation (Figure S.18). This

meant that the linker on the new resin was likely more acid-sensitive than the one
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previously used. In order to reduce premature cleavage the MeOH used for these
experiments was changed to anhydrous MeOH. Another interesting observation from
this experiment was that Cys-TCP synthesised from the new resin changed its colour

from the usual yellow orange to dark red upon addition of HFIP:DCM (1:4 v/v).

After this experiment, the other pollen extracts were tested in batches of three to five.
The tested extract amounts are recorded in Table S.13 of the Appendix. The
chromatograms for these experiments are shown in Figure S.20 of the Appendix; in
this case, due to the large volume of data, only the extract profile and the sample after
cleavage from step (vii) are shown, not the full data. For each extract, the sample from
step (vii) was subjected to semi-preparative analysis and purification on the HPLC-
MS instrument with a dynamic splitter (described in Chapter 2.2.3.2). This chapter will
first discuss all the smaller batches of pollen extract and then discuss the large batch
P4129072-1".

Even with Cys-TCP to aid in the purification process, it was not possible to isolate any
adduct species formed in these experiments due to the limited amount of extract and
the low abundance of electrophilic content, as was shown in Table 3.2. The
electrophile content was already low to begin with, and additionally, those
electrophiles were likely also a mixture of products, making the purification difficult at
best. The adduct masses observed in the purification process, however, were

recorded in Appendix Table S.14.

It was attempted to match the adduct masses with reported compounds from the
respective plant species. This was done based on the assumption that adducts are
formed by nucleophilic addition with cysteine. A mass of m/z 122 (corresponding the
[M+H]" of cysteine) was deducted from the adduct mass [M+H]" in order to give the
putative original mass of the electrophile, [M] i.e. GFM. This highly speculative method
was met with varying degrees of success, as some masses could be mapped to
known structures (Figure 7.5), but the majority of the masses could not be explained.
In Ambrosia psilostachya, the adduct masses m/z 384, 386 and 402 could correspond
to parthenin (GFM 262 gmol™), coronopilin (GFM 264 gmol ™) and psilostachyin (GFM
280 gmol™), all compounds previously reported to be isolated from this plant®®43%,
Interestingly, the most prominent peak in these extracts had m/z 600, which would
correspond to GFM 478 gmol™, and it could not mapped to any reported compound.
Similarly, another albeit smaller peak with m/z 616 could also find no matching

reported mass.
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The Ambrosia artemisiifolia also showed a number of peaks, but none of the masses
were found to correspond to any reported compounds Interestingly though, pollen
extracts from this species also showed peaks with m/z 600 and m/z 616, just like
Ambrosia psilostachya. This could be due to those plants belonging to the same

family, hence having similar secondary metabolites.

In the case of Phleum pratense, no masses matched up except m/z 462, which would
translate to GFM 340 gmol™'. Gamahonolide B with GFM 340 gmol'was previously

reported in association with Phleum pratense®®.

Betula pendula has many reported natural products, but only one m/z matched up,

namely putative GFM 474 gmol™ for 12,20,25-trihydroxydammar-23-en-3-one>'.

Among the m/z values observed for Urtica dioica, only one matched to a known
compound, namely putative GFM 354 gmol™, which corresponded to the mass of

chlorogenic acid®'".

The final pollen species of pollen species examined was Corylus avellana. There,

putative GFMs 284 gmol™?, and 354 gmol'matched to the reported masses of

312-313
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Figure 7.5 Chemical structures of mapped compounds.

The experiment with the batch P4129072-1’ was adapted to accommodate for the
larger amount of extract and the quantity of the resin beads. The exact procedure is
detailed in Chapter 2.2.8.5. The chromatogram of the HPLC-MS analysis is shown in
Figure 7.6.
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A major peak with m/z 600 was observed at rt 6.27 min during the HPLC-MS analysis.

Purification was performed as in the previous experiments and gave a number of
samples. The majority had yields that were too low for further analysis. Two samples,
5a and 5b (both m/z 600) with yields of 0.7 mg and 0.9 mg respectively, were
submitted for NMR analysis on a cryoprobe. The spectral data can be found in
Appendix Figure S.21 to Figure S.23. The spectral data of 5b (data not included) was
considerably worse than the data set of 5a, and they seemed to be structurally related

compounds, thus the analysis focused on 5a.

At first glance, two things could be said: i) the sample was not pure and ii) 5a seemed
to be a coumaroyl spermine or spermidine-type structure (Figure 7.7); this impression
was based two distinct areas in the HSQC where the peaks aggregated, the first in
the area of 'H 1.50-3.47 ppm and "*C 27.17-47.86 pm, indicating short chains of CH;
that are close to heteroatoms, and the second in the area of 'H 6.38-7.37 ppm and
C 116.19-139.15 pm, indicating an aromatic or double bond conjugated
environment. Furthermore, this hypothesis was also based on the fact coumaroyl

spermidine structures had been previously isolated from Ambrosia psilostachya®*.
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Ambrosia psilostachya tested on Cys-TCP (Bachem), scaled up
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Figure 7.6 Cys-TCP experiment with Ambrosia psilostachya batch P4129072-1'. Signal intensity
percentage scaled to 1.0E7. HPLC-MS traces (positive ion mode) were recorded with a scan range m/z
121-1000.
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Figure 7.7 Chemical structures of spermine, spermidine and p-coumaroyl acid

The m/z observed for 5a was 600, which, if a molecular ion peak [M+H]*, would
correspond to a putative GFM of 599 gmol™, which is interesting piece of information,
as this can tell us about the potential of nitrogen atoms in the structure. The nitrogen
rule states that organic compounds containing only the elements H, C, N, O, Si, P, S
and the halogens have an odd nominal mass if there is an odd number of nitrogen
atoms present, but an even one if an even number of nitrogen atoms are present.
Based on the previous hypothesis that this is indeed spermine or spermidine-type
structure, the original structure 5 (putative GFM 478 gmol”') must have an even
number of nitrogen atoms. The two possible options are that the original structure 5

has either two nitrogen atoms or four.

In the area of the short CH»-chain signal, three patches of signals could be observed
in HSQC, one around "*C 27 ppm, one around *C 35 ppm and one around "*C 47
ppm. These seemed to be different types of CH»-environments, which could indicate
that there were three different types of short CH,-chains, which could be adjacent to

nitrogen atoms (Figure 7.8).

Figure 7.8 Example of a spermine/spermidine-type structure.

Accommodating for the signals observed in the aromatic area and based on putative
GFM of 599 gmol™, two coumaroyl side chains were added. In the HSQC, there were
four signals in the area that were the most intense ('H-'*C ppm as follows: 6.38-
119.21 ppm; 6.77-116.19 ppm; 7.31-139.15 ppm; 7.37-129.66 ppm). The other
signals in this area have less intensity. An explanation would be that those coumaroyl
substituents are substituted at different nitrogen atoms in the spermine/spermidine-
like structure and that those intense signals are attributable to the most abundant

compound. Another explanation would be that those coumaroyl-substituents are not
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necessarily all para-substituted. These two explanations could account for the
quantity of peaks in the aromatic region and be consistent with previous findings, i.e.
that this sample was not pure but the compounds in the sample all had the same m/z
and the same rt during purification. This sample could indeed be a mixture of
spermine/spermidine-like structures with coumaroyl groups substituted on different
nitrogen atoms in the structure, of which some coumaroyl groups that are not para-

substituted.

Since 5a is the NMR spectrum of a compound that, according to the method used,
should be cysteine-adduct, it was necessary to account for this cysteine. Cysteine-
adducts were isolated previously, therefore a range into which the 'H and C shifts
could fall was known. The cysteine CH 'H shift ranged from 3.30-4.40 ppm and the
3C shift ranged from 53.5-55.4 ppm. The cysteine CHz 'H shift ranged from 2.75-
3.20 ppm and the *C shift ranged from 25.2-36.8 ppm. In the HSQC of 5a, a signal
could be found at 3.16 ppm-37.00 ppm, that could correspond to the CH-group of
bound cysteine. The peak that could correspond to the CH.-signal, however, was not
observed. All the observed CH,-signals did not match the expected values. This was
problematic since absence of this CH»-signal could mean that the compound is not,
in fact, bound to cysteine at all. If cysteine was bound to this structure, it would be
unlikely for cysteine to be connected to one of the coumaroyl-substituents since this
would break the chain of conjugated double bonds, which would be visible in the NMR
spectrum. The more likely binding spot in the currently constructed structure would be

one of the nitrogen atoms.

Combining all of the findings, a putative structure was constructed in order to match
the observed mass, featuring two coumaroyl groups and a cysteine bound to the

thermospermine-like structure (Figure 7.9).

fﬁﬁ

HN ~~N o~ NN
Exact Mass: 599.28

Figure 7.9 Putative chemical structure for 5a.

The sample was too impure to confirm the proposed structure for 5a. Further, it was

not possible to ascertain through which exact mechanism such a nucleophilic addition
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of cysteine could have occurred. What could be said for certain is that 5a is a likely a
coumaroyl spermidine-like structure and this is in line with previous findings from this

group?®,
7.4 Conclusions

Model compounds were successfully tested on Cys-TCP. The main adducts formed
were isolated and characterised by NMR. Next, parthenolide spiked into the model
extract, Tiliae Flos MeOH, was tested on Cys-TCP. The parthenolide adduct was
successfully formed by the probe and allowed purification with a yield of 0.7 mg,
enough for the compound structure to be confirmed by NMR. Lastly, pollen extract
batches were tested on Cys-TCP. Due to the limited amount of electrophilic content
in these extracts, it was not possible to isolate and identify any compounds for certain.
The observed m/z masses of these pollen extract experiments were used for finding
out if compounds of corresponding masses had been previously found. This highly
speculative analysis based on the assumption that adduct formation with cysteine
always resulted in a mass increase of +121 Da was met with varying degrees of
success. Furthermore, a big batch of Ambrosia psilostachya pollen extract was tested
on Cys-TCP. Two compounds were isolated with sufficient amount for NMR
submission, and were found to be structurally related. Based on the NMR analysis of
these compounds, it concluded that these structures were likely coumaroyl

spermidine-like structures.
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Chapter 8 Conclusions and Future Perspectives

Pollen allergy is a multicausal, complex disease that affects millions of people
worldwide. Treatment options for this disease currently consist of mainly symptom
management rather than addressing the disease directly. The only treatment regimen
that addresses the disease directly is allergen-specific immunotherapy, a treatment
approach to achieve desensitisation to an allergen, leading to cessation of allergic
symptoms. This treatment regimen is lengthy, requires regular medical attention and
furthermore, often does not offer permanent relief of the disease, as symptoms can
resurface years after stopping the treatment. The process of desensitisation, although
clinically observed, is not well-understood; the same holds true for the process that
actually triggers allergic disease, sensitisation, and the nature of the exacerbative
episodes of the disease. Since sensitisation and desensitisation are likely inextricably
linked, understanding one will potentially lead to a deeper understanding of the other,
which could result in a greater overall understanding of the disease that could

translate into new treatment options.

Many hypotheses have been made in an attempt to understand the underlying causes
of the disease. Amongst these hypotheses are two, the hapten theory and the danger
model, that lead to believe that small molecules associated to allergens could be
involved in the sensitisation process. Reactive small molecules in pollen represent an
underresearched area in comparison to their protein counterparts and investigating
them could shed some light on the sensitisation process and the exacerbative
episodes of the disease. They could be involved in the disease via immunological
mechanisms in the allergic cascade and also elicit a physiological reaction in the
human body and thus aggravate the disease. Therefore, this project aimed to develop
a method that could detect and identify pathophysiologically relevant electrophiles in
pollen extracts, as this could serve as a starting point to gain new learnings in the field

of pollen allergy.

After compiling a selection of extracts and characterising their electrophile content,
method development started out as an in situ approach. It was recognised that
electrophiles make up a very small proportion of the total extract, thus using LC-MS-
based methods for the detection and identification of electrophiles seemed appealing.
The nucleophiles used for the identification of electrophiles were GSH and NAC. After
testing the nucleophiles with the electrophilic model compound parthenolide and a

model extract of Ambrosia psilostachya, it was discovered that although this approach
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may work with model compounds, extracts were too complex to be analysed in this
manner since i) there were many overlapping peaks, making it difficult to discern
which mass peaks were the most important, ii) the addition of nucleophiles to
electrophiles could potentially be nonstoichiometric and not result in a simple m/z
change of adding the respective masses of the reactants, therefore calculating the
original mass after having identified an adduct mass was not possible, and iii) the
reactions with nucleophiles may not go to completion, which meant that identifying
which peaks belonged to electrophiles of interest was difficult. Furthermore, it was
realised that isolation and subsequent structure elucidation would be required to
confirm electrophile identity, so the efforts then focused on linking detection and

purification.

In an attempt to combine detection and purification, a nucleophile, cysteine, was
linked via an aspartic acid residue, that served as a guiding motif for enzymatic
cleavage, to an affinity tag, 6His, that would potentially facilitate a subsequent
purification step after LC analysis. The resulting nucleophilic probe was the peptide
CD6His. The synthesis of the nucleophilic probe via SPPS turned out to be
challenging due to the histidine chain. It was presumed that the bulky side chains

lowered the coupling efficiency.

Another approach to link detection and purification was taken, namely tethering the
nucleophile onto a solid support via a cleavable linker. By taking advantage of
materials already in use in SPPS, a polystyrene-supported nucleophilic probe with a
hyperacid sensitive linker attached to cysteine, Cys-TCP, was constructed and tested
in a pilot experiment. After promising results in this pilot experiment, further
optimisations were performed before conducting a proof-of-concept experiment. Cys-
TCP was shown to capture the model electrophile parthenolide, not react with the
negative control atropine and release formed parthenolide-adducts after application
of a cleavage cocktail. In the course of the experiment, it was also discovered that the
thia-Michael reaction with parthenolide is reversible due to the presence of starting
material found after cleavage. Matrix effects were excluded by testing an unreactive
probe, Ala-TCP. The ability to pull out small amounts of electrophiles was also
demonstrated by testing 1 mg of parthenolide which resulted in the isolation of 1.5 mg
parthenolide adduct. Furthermore, a quality control step was engineered into the

probe in order to be able to quantify the amount of reactive nucleophilic probes
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available on the solid support, which showed that 8.65 + 2.65 % of the reactive sites

were available for reaction.

As a next step, another series of model compounds were tested on Cys-TCP. These
experiments showed that adduct formation was usually accompanied with a m/z
increase of +121 Da and that generally, mono-addition is observed, unless the thia-
Michael reaction was reversible and resulted in the formation of side products as part
of the decomposition process. The main adducts of each reaction were purified and
characterised. The next experiment was with a Tiliae flos MeOH extract and with Tiliae
flos MeOH extract spiked with parthenolide. In this experiment, it was demonstrated
that an electrophile in an extract could be selectively pulled out and purified. This was
followed by the final round of experiments using the pollen extracts that had been
prepared at the beginning. The experiments showed that isolating low abundance
molecules is difficult, even with a probe to assist in purification. The problem
encountered was that although the total electrophile content was extrapolated to 1-2
mg per extract batch, ultimately those compounds themselves were a mixture of
products and it was not possible to single out any adducts formed for structure
elucidation except in the case of one larger batch of Ambrosia psilostachya extract,
where a coumaroyl spermidine structure was isolated. Although the exact structure

could not be confirmed, this was in agreement with previous findings in this extract.

In this thesis method development for the detection and identification of
pathophysiologically relevant electrophiles in pollen was investigated. Ultimately, this
method development process was an odyssey of trial and error, where different
approaches were tested and evaluated. The best approach developed was a solid-
supported nucleophilic probe that i) can be selectively activated and the number of
active sites can be quantified by MRM, ii) reacts with its cysteine moiety in a mono-
additive fashion, and iii) has a hyperacid sensitive linker for the release of formed
adducts. By using the tools that have been already developed, like the quantification
assay for quality control, that this probe and method could be further developed in

order to give better yields for future experiments.

Retrospectively analysing the journey, there are both learnings from the experiments
that could improve experiments in the future, and also further experiments that would

be interesting to pursue in the future.
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Starting with the former, a fact that had become very clear especially towards the end
was that the amount of reactive content in pollen extracts is very small, similar to
minor compounds in plant extracts from other plant parts. The difference here,
however, is that unlike in standard natural product research, this work started out with
an amount of pollen, 5 g per batch, which is very little when the end goal is compound
isolation and NMR characterisation. This naturally is a restriction imposed by the
nature of pollen, as they are not easy to collect, thus are expensive. Nonetheless,
starting out with larger amounts may allow future researchers to be more successful
in the endeavour of isolating and characterising new structures. During the
optimisation of the method, more factors could have been optimised in order to
increase the yield of active Cys-TCP, if it were not for time constraints. An example
for this is the reduction step with 2-BME that was not further optimised, which could
have made a big impact in the yield of active Cys-TCP sites after deprotection.
Isolating minor compounds from plant extracts is a very difficult task, hence making
sure the method is as effective as possible is crucial. The quantification method for
cysteine released after the 2-BME step could give insights into the effectiveness of
various optimisation aspects. Another challenge that came up towards the end was
having had to switch supplier for the resin beads that were used in synthesis. From
the experiments conducted, it seemed that the new resin linker was more acid
sensitive than the previously used one, which naturally impacted the experiments. All
in all, there were lessons to be learned and findings that will improve future

experiments.

The experiments in this dissertation mainly focused on using MS methods in order to
detect and purify formed adducts. Experiments that would be interesting to pursue in
the future would involve using UV/Vis detection additionally to MS detection.
Incorporating an additional UV/Vis active tag into the probe could have improved
detection sensitivity and made purification of the released adduct via UV/Vis detection

possible.

Furthermore, once interesting electrophiles in pollen extracts are identified, they could
be tested in both immune response models and in physiological cell models to gauge
their effect on a cellular level. It is our hope that by investigating small reactive
molecules in pollen, our understanding of the disease can be furthered and translated

into future treatment options.
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Appendix
Methods

Liberty Blue methods. SPPS methods included three different types of steps: the
coupling step of the first amino acid, the standard coupling step and the final

deprotection step.

First amino acid coupling step: the resin was left to swell in DMF for 10 min before
starting the reaction. Then, both the chloride loading solution (1.0 M DIPEA and
0.125 M KIl) (2 ml) and the building block to be coupled (0.2 M in DMF, 5 ml) were
added and the mixture was microwaved at 80 °C with 75 W for 60 s as ramping stage
and then settled at 90 °C at 20 W for another 540 s. After microwaving, a manifold
wash was performed with 5 ml DMF, then, the sample was washed with 4 ml DMF

with drain time 5 s for four times.

Standard coupling step: 4 ml deprotection cocktail (10 % piperazine (w/v) in
EtOH:NMP 10:90) was added to the resin reaction chamber, then microwaved at
75 °C with 155 W for 15 s as ramping stage and then settled at 90 °C at 30 W for
another 50 s. After microwaving, the sample was washed with 4 ml DMF with drain
time 5 s for 4 times. The next amino acid building block to be coupled (0.2 M in DMF,
2.5 ml) was added, left at 25 °C for 120 s and then microwaved at 50 °C at 35 W for
another 480 s.

Final deprotection step: 5 ml of deprotection cocktail (10 % piperazine (w/v) in
EtOH:NMP 10:90) was added, then microwaved at 75 °C with 155 W for 15 s as
ramping stage and then settled at 90 °C at 30 W for another 50 s. After microwaving,

the sample was washed with 4 ml DMF with drain time 5 s for 4 times.

Waters system data acquisition - Qualitative. Standard qualitative analysis was
performed on the UPLC system under HPLC conditions with a SunFire™ C18 (3.5 ym
3 mm x 150 mm i.d.). Weak wash solution was 0.2 % TFA in acetonitrile and water
(1:1). Strong wash solution was 0.2 % in a mixture of acetonitrile, 2-PrOH, and
acetone (4:3:3). Seal wash solution was a mixture of acetonitrile and water (1:9). The
pressure limit was set to 6000 psi. The wash solution volumes were set to 600 pl for
weak wash and 200 ul for strong wash. The sample manager was set to 20 °C, the

column oven to 45 °C. The injector was set to partial loop injection. The gradient used

135



Appendix

was as follows (flow rate of 0.6 ml/min): 5 % B for 2 min, up to 100 % B of 8 min, at
100 % B for 2 min, to 5 % B in 0.1 min, at 5 % B for 2.9 min.

Detection was performed with both PDA and MS. The PDA was set to scan
wavelengths from 210 — 400 nm, the resolution was set to 1.2 nm and the recording
speed was 20 points/s. The MS method was set to scan in both positive and negative
ion mode for m/z values of 121 — 1000. The detection time window was set between

2.00 — 12.00 min. The tune file conditions were as follows:

Capillary 4.00 kV
Cone 30V
Extractor 1V
RF Lens 0.1V
Source Temperature 150 °C
Desolvation Temperature 400 °C
Gas Flow 800 I/h
Cone Gas Flow 10 1/h
LM Resolution 1 15.0
HM Resolution 1 15.0
lon Energy 1 3.0
Entrance 50
Collision 3

Exit 50.0
LM Resolution 2 15.0
HM Resolution 2 15.0
lon Energy 0.5
Gain 2.00

Waters system data acquisition - Quantitative. Quantification of cysteine was
performed on the UPLC system with an ACQUITY UPLC® HSS T3 (1.8 um 2.1 mm
x 100 mm i.d.) with the matching pre-column (both Waters). Flow rate was set to 0.4
ml/min. The pressure limit was set to 15000 psi. The wash solution volumes were set
to 800 pl for weak wash and 200 pl for strong wash. The sample manager was set to
20 °C, the column oven to 45 °C. The injector was set to partial loop injection. The
inlet method was configured as follows: 5 % B for 0.50 min, up to 10 % B of 1.50 min,
to 100 % B in 0.50 min, at 100 % for 0.20 min, to 5 % B in 0.29 min, at 5 % B for 0.51

min.

Detection was performed with MSMS. The MS method was set to scan in positive ion
mode. The detection time window was set between 0.50 — 3.10 min. The tune file

conditions were as follows:
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Capillary 2.90 kV
Cone 36V
Extractor 3V
RF Lens 0.1V
Source Temperature 150 °C
Desolvation Temperature 350 °C
Gas Flow 500 I/h
Cone Gas Flow 10 1/h
LM Resolution 1 4.5
HM Resolution 1 14.6
lon Energy 1 0.4
Entrance 1
Collision 20
Exit 0.5

LM Resolution 2 12.8
HM Resolution 2 154
lon Energy 0.5
Gain 1.00

The MS file for the detection of cysteine with IS methionine was as follows:

Compound Transition Dwell Time | Cone (V) Collision (V)
(s)
Cvsteine 121.50>75.92 0.103 20 18
y 121.50>58.89 0.103 20 20
Atropine 289.50>123.90 | 0.103 44 24

Shimadzu Conditions. Needle wash solution was acetonitrile/MeOH/isopropyl
alcohol/water (1:1:1:1).

Agilent Conditions for Semi-Preparative Purification. Seal wash was MeOH:2-
PrOH/water (1:1:1). The sample and the column were at RT. The MS detection in

positive ion mode settings were as follows:

Mass Mass Fragmentor | Gain Threshold | Stepsize | Speed
Low High (u/s)
100 1000 125 1.00 150 0.10 1733

lon source was set to API-ES, peak width 0.050 min, cycle time 0.54 s/cycle.
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Figures
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Figure S.1 Calibration curve and interpolated data points for Ambrosia psilostachya.
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Figure S.2 Calibration curve and interpolated data points for Ambrosia artemisiifolia.
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Figure S.3 Calibration curve and interpolated data points for Betula pendula.
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Figure S.4 Calibration curve and interpolated data points for Urtica dioica.
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Corylus avellana
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Figure S.5 Calibration curve and interpolated data points for Corylus avellana.
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Figure S.6 Calibration curve of the adapted version of the indirect method previously used to quantify
electrophile content.
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Compound name: Cysteine

Coefficient of Determination: RA2 = 0.952472

Calibration curve: 0.0106864 * x"2 + 0.45027 * x + -0.129142
Response type: Internal Std ( Ref 2 ), Area * (IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Include, Weighting: Null, Axis trans: None
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Figure S.7 Cysteine calibration curve with IS methionine. Data found in Table S.3.

Compound name: Cysteine

Coefficient of Determination: R*2 = 0.880262

Calibration curve: -8.95963e-005 * xA2 + 0.253676 * x + 0.0346365
Response type: Internal Std ( Ref 2 ), Area * (IS Conc. / IS Area )
Curve type: 2nd Order, Origin: Include, Weighting: Null, Axis trans: None
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Figure S.8 Cysteine calibration curve with IS NAC. Data found in Table S.4.
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Blank DMSO tested on Cys-TCP
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Figure S.9 Data from Cys-TCP proof-of-concept experiment. Left: data from the experiment with blank

DMSO, chromatograms scaled to 1.4E7; right: data from the experiment with parthenolide,

chromatograms scaled to 1.0E8. HPLC-MS traces (positive ion mode) were recorded with a scan range

m/z 121-1000.
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Parthenolide and Atropine tested on Cys-TCP
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Figure S.10 Data from Cys-TCP proof-of-concept experiment. Left: data from the experiment with

atropine, chromatograms scaled to 9.0E7; right: data from the experiment with parthenolide and atropine,

chromatograms scaled to 3.6E7. HPLC-MS traces (positive ion mode) were recorded with a scan range
m/z 121-1000.
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Blank DMSO tested on Ala-TCP
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Figure S.11 Data from Ala-TCP proof-of-concept experiment. Left: data from the experiment with blank

DMSO, chromatograms scaled to 4.0E6; right: data from the experiment with parthenolide,

chromatograms scaled to 5.5E6. HPLC-MS traces (positive ion mode) were recorded with a scan range
m/z 121-1000.
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Parthenolide (1 mg) tested on Ala-TCP
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Left: data from the Ala-TCP experiment with

atropine, chromatograms scaled to 1.3E7; right: data from the Cys-TCP experiment with 1 mg

parthenolide, chromatograms scaled to 8.5E7. HPLC-MS traces (positive ion mode) were recorded with

a scan range m/z 121-1000.
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N-(1-naphthyl)-N-phenylmethacrylamide tested on Cys-TCP
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Figure S.13 Data from the Cys-TCP experiment with N-(1-naphthyl)-N-phenylmethacrylamide (1), scaled
to 9.0E7. HPLC-MS traces (positive ion mode) were recorded with a scan range m/z 121-1000. The
sample from the third wash step at the beginning and the final wash after incubation with compound were
not recorded.
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Alantolactone tested on Cys-TCP
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Figure S.14 Data from the Cys-TCP experiment with alantolactone (2), scaled to 9.0E7. HPLC-MS traces
(positive ion mode) were recorded with a scan range m/z 121-1000.
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Cynaropicrin tested on Cys-TCP
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Figure S.15 Data from the Cys-TCP experiment with cynaropicrin (3), scaled to 5.0E7. HPLC-MS traces
(positive ion mode) were recorded with a scan range m/z 121-1000.
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Penicillin V tested on Cys-TCP
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Figure S.16 Data from the Cys-TCP experiment with penicillin V (4), scaled to 1.2E8. HPLC-MS traces
(positive ion mode) were recorded with a scan range m/z 121-1000.
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Tiliae Flos tested on Cys-TCP

1004
=1
8
=
3 =
Q
=
3
a A
O T T T T T T T T T T T T T vTime
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
1004
K=
8
E3
g =
]
=
=
8
O T T T T T T T T T T T T T T vTime
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
1004
<
8
=
T 2
(o]
Q
=
=
2
() — R o e e e LML <]
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
w1004
=
@
o~
s
EREES
= Leiduah Y TP AL R
[N aatuscossbismerntoniutninbmtntddat i ;1)1
a 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
1004
£ o
= >~
2
E
£
O T T T T T T T T T T T T T T vTime
= 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
100+
=1
8
=
T =
(o]
Q
=
=
8
0 o Time
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
1004 6.06
= 5.72
(8]
a
o
s
I
(]
o
©
>
©
K] 0 WY X )
o Tree e ey 11Me
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
1004
=
8
=
T X
o]
Q
2
=
a
) E— S ——— )
2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

DCM:MeOH Wash DCM:MeOH Wash

DCM:MeOH Wash

with 2-BME

K Depr: ti

1 with

Cleavage HFIP:DCM DCM:MeOH Wash

DCM:MeOH Wash

Parthenolide-spiked Tiliae Flos tested on Cys-TCP

100~
°\°<
0 T e ey |G
20 30 40 50 60 70 80 90 100
100+
=
0 T T T T T T T T T T T T T T T VTime
20 30 40 50 60 70 80 90 100
100+
°\°<
0 R R e R e aamae o ALLLLALS]
20 30 40 50 60 70 80 90 100
100+
24
A A .
0 e Time
20 30 40 50 60 70 80 90 100
100+
<]
8{4
O T T T T T T T T T T T VTIme
20 30 40 50 60 70 80 90 100
100-
=]
0 T T T T T T T T T T T T T T T VTIme
20 30 40 50 60 70 80 90 100
100~ 554
2] 6.10
5.35 3f4
) et e Time
20 30 40 50 60 70 80 90 100
100+
x4
O e e TiME
20 30 40 50 60 70 80 90

Figure S.17 Left: data from the Cys-TCP experiment with Tiliae Flos MeOH extract, chromatograms

scaled to 4.0E7; right: data from the Cys-TCP experiment with Tiliae Flos MeOH extract spiked with

parthenolide, chromatograms scaled to 8.0E7. HPLC-MS traces (positive ion mode) were recorded with

a scan range m/z 121-1000.
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Parthenolide tested on Cys-TCP (Bachem)
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Appendix

Figure S.18 Experiment of Cys-TCP made from Bachem resin with parthenolide, chromatograms scaled

to 8.0E7. HPLC-MS traces (positive ion mode) were recorded with a scan range m/z 121-1000.
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Ambrosia psilostachya tested on Cys-TCP (Bachem)
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Figure S.19 Experiment of Cys-TCP made from Bachem resin with Ambrosia psilostachya extract (Lot
P4129072-1), chromatograms scaled to 1.0E7. HPLC-MS traces (positive ion mode) were recorded with
a scan range m/z 121-1000.
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Figure S.20 Pollen extract experiments. Abbreviations: AP (Ambrosia psilostachya); AA (Ambrosia
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artemisiifolia); PP (Phleum pratense); BP (Betula pendula); CA (Corylus avellana). AA chromatograms
scared to 1.0E7, PP P3743977-1 scaled to 8.0E6, the remaining scaled to 5.0E6. HPLC-MS traces
(positive ion mode) were recorded with a scan range m/z 121-1000.
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Figure S.21 MS data of compound 5a, scaled to highest intensity.
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Figure S.22 H spectrum of compound 5a, recorded on the 500 MHz Avance IlI™ spectrometer described
in Chapter 2.2.5.
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Figure S.23 NMR HSQC data of compound 5a, recorded on the Bruker Avance Il Neo 600 MHz NMR
spectrometer described in Chapter 2.2.5.
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Tables

Table S.1 PDA measurement results and interpolated concentrations for all the plant extracts measured.

Calculated
Concentration Standard
Species Lot Number Solvent | Absorbance | (mM) Deviation (mM)
Ambrosia psilostachya | P3701938-2 Hexane | 0.722 1.47 0.89
Ambrosia psilostachya | P3701938-2 THF 0.713 2.25 2.55
Ambrosia psilostachya | P3701938-2 MeOH 0.737 0.26 0.67
Ambrosia psilostachya | P3757208 Hexane | 0.733 0.55 3.41
Ambrosia psilostachya | P3757208 THF 0.717 1.93 1.69
Ambrosia psilostachya | P3757208 MeOH 0.726 1.17 1.62
Ambrosia psilostachya | P4129072-1 Hexane | 0.720 1.64 5.81
Ambrosia psilostachya | P4129072-1 THF 0.713 2.31 0.11
Ambrosia psilostachya | P4129072-1 MeOH 0.728 0.97 5.44
Ambrosia psilostachya | P4576841 Hexane | 0.733 0.57 1.20
Ambrosia psilostachya | P4576841 THF 0.716 2.01 2.49
Ambrosia psilostachya | P4576841 MeOH 0.728 0.97 5.21
Ambrosia artemisiifolia | P3024704-3 Hexane | 0.771 0.31 3.15
Ambrosia artemisiifolia | P3024704-3 THF 0.271 4.13 2.91
Ambrosia artemisiifolia | P3024704-3 MeOH 0.804 0.06 2.54
Ambrosia artemisiifolia | P3744652-2 Hexane | 0.774 0.29 2.03
Ambrosia artemisiifolia | P3744652-2 THF 0.257 4.23 3.20
Ambrosia artemisiifolia | P3744652-2 MeOH 0.810 0.01 3.69
Ambrosia artemisiifolia | P3396120-3 Hexane | 0.822 -0.09 4.32
Ambrosia artemisiifolia | P3396120-3 THF 0.264 4.18 2.50
Ambrosia artemisiifolia | P3396120-3 MeOH 0.777 0.26 4.51
Ambrosia artemisiifolia | P335440-18 Hexane | 0.873 -0.47 4.43
Ambrosia artemisiifolia | P335440-18 THF 0.341 3.59 2.35
Ambrosia artemisiifolia | P335440-18 MeOH 0.806 0.05 3.47
Ambrosia artemisiifolia | P3392522-19 | Hexane | 0.789 0.14 7.09
Ambrosia artemisiifolia | P3392522-19 | THF 0.254 4.25 2.52
Ambrosia artemisiifolia | P3392522-19 | MeOH 0.772 0.30 3.80
Phleum pratense P319351-7 Hexane | 0.717 0.74 1.88
Phleum pratense P319351-7 THF 0.420 2.98 3.24
Phleum pratense P319351-7 MeOH 0.240 4.35 4.41
Phleum pratense P3280848-1 Hexane | 0.706 0.80 3.86
Phleum pratense P3280848-1 THF 0.206 4.61 3.62
Phleum pratense P3280848-1 MeOH 0.464 2.61 9.06
Phleum pratense P3743977-1 Hexane | 0.669 1.09 3.03
Phleum pratense P3743977-1 THF 0.188 4.75 3.32
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Phleum pratense P3743977-1 MeOH 0.530 2.12 8.18
Phleum pratense P3929196-1 Hexane | 0.771 0.31 2.87
Phleum pratense P3929196-1 THF 0.198 4.67 3.69
Phleum pratense P3929196-1 MeOH 0.535 2.09 5.95
Betula pendula P3317516-1 Hexane | 0.328 0.33 3.23
Betula pendula P3317516-1 THF 1.948 1.95 4.22
Betula pendula P3317516-1 MeOH 0.042 0.04 0.53
Betula pendula P3317540-1 Hexane | 0.272 0.27 0.59
Betula pendula P3317540-1 THF 2.100 2.10 3.06
Betula pendula P3317540-1 MeOH 0.014 0.01 0.35
Betula pendula P3752220 Hexane | -0.011 -0.01 0.47
Betula pendula P3752220 THF 2.468 247 3.54
Betula pendula P3752220 MeOH 0.083 0.08 0.55
Urtica dioica P3730565 Hexane | 0.856 0.86 1.94
Urtica dioica P3730565 THF 2.288 2.29 3.79
Urtica dioica P3730565 MeOH 0.421 0.42 0.68
Urtica dioica P4079048-1 Hexane | 0.336 0.34 1.26
Urtica dioica P4079048-1 THF 1.732 1.73 2.54
Urtica dioica P4079048-1 MeOH 0.481 0.48 1.57
Urtica dioica P4889415 Hexane | 0.336 0.34 1.26
Urtica dioica P4889415 THF 2.953 2.95 3.54
Urtica dioica P4889415 MeOH 0.685 0.69 1.04
Corylus avellana P976555-1 Hexane | 0.724 0.72 1.54
Corylus avellana P976555-1 THF 1.945 1.95 3.34
Corylus avellana P976555-1 MeOH 0.266 0.27 1.92
Corylus avellana P1330035-2 Hexane | 0.307 0.31 0.71
Corylus avellana P1330035-2 THF 1.927 1.93 3.33
Corylus avellana P1330035-2 MeOH 0.042 0.04 1.83
Corylus avellana P4530617 Hexane | 0.282 0.28 1.06
Corylus avellana P4530617 THF 3.166 3.17 3.75
Corylus avellana P4530617 MeOH 0.121 0.12 0.67
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Table S.2 Spectroscopic quantification of cysteine by using an adapted version of the indirect method
previously used to quantify electrophile content.

Calibr Absorbance Run Absorbance Run Average 1013
Absorbance Run 1
ants 2 3 Absorbance mmol
cal6 | 6.61E-01 7.51E-01 7.74E-01 7.29E-01 8'100'5'
cal5 | 4.18E-01 6.49E-01 6.01E-01 5.56E-01 5'150'5'
cald | 2.07E-01 2.60E-01 2.75E-01 2 48E-01 (1)'100'5'
cald | 7.57E-02 1.74E-01 1.66E-01 1.38E-01 g'ZOOE'
cal2 | 8.70E-02 6.97E-02 8.67E-02 8.11E-02 5'250'5'
calt A77E-02 1.43E-02 3.20E-02 9.56E-03 (1)'200'5'
cal0 | 9.00E-03 -4.97E-02 AATE-02 A.74E-02 2'(%)'5
Samp Absor [c1073 Absor 1073 Absor 1073 Average 1073 St.
les ance mmol ance mmol ance mmol Absorbance mmol Dev.
239E- | 147E- | 161E- | 8.05E- 114E- | 3.34
1 01 04 01 05 ND ND 2.00E-01 01 E-05
3336 | Z0%% | 5406- | 270E- | ND ND -2.72E-02 236E- | %0
2 04 02 05 02
OI9E | LTO% | 7.80E- | 3.90E- | ND ND -3.68E-02 280E- | 110
3 02 05 02
3.00E- | 1.00E- | 1.15E- | 5.74E- 292E- | 282
4 02 06 01 05 ND ND 7.24E-02 02 E-05

ND: Sample amount not sufficient for a 3™ run
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Table S.3 'H and "*C NMR Spectroscopic Data (500 MHz) for parthenolide (1) (measured in methanol-

ds) and adduct 1a (measured in DMSO-d).

2 (0]
3 )
OH
1
position 3c, type? 3u (Jin Hz) 3c, type? 3u(Jin Hz)
1 126.5, CH 5.30, brdd (12.2, 2.4) 124.6, CH 522, m
2 25.5, CH2 2.16, m 23.7, CH2 2.34°
247, m 2.06°
3 37.9, CH2 2.1,ddd (12.6, 5.3, 2.0) 36.1, CH2 2.01°
1.25, m 112, m
4 63.7,C 61.2,C
5 68.1, CH 2.92,brs 65.4, CH 2.78°
6 84.7, CH 3.99, m 81.6, CH 3.98,1(9.0)
7 49.1, CH 2.94, m 47.0, CH 2.26°
8 32.0, CH2 2.18, s 1.69°
1.80, m 28.8, CH2 1.91, m
9 42.6, CH2 222, m 40.4, CH2 2.16°
2.35, m 2.03, m
10 136.7,C 134.4,C
11 141.8,C 47.5, CH 2.78°
12 172.1,C 175.8,C
13 122.1, CH: 5.73,d (3.1) 30.1, CH2 2.98°
6.23, d (4.0) 2.91°
14 17.6, CH3 1.73,s 16.6, CHs 1.64,s
15 18.1, CH3 1.31,s 16.8, CHs 1.20, s
' 169.6, C
53.8,CH 3.51, m
34.8, CH2 291, m
3.11,dd (13.8, 3.8)

@ Chemical shifts extracted from HSQC and HMBC

b Overlapping signals
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Table S.4 Calibration curve of cysteine with IS methionine, automatic integration, no manual adjustment.

Name Type gt:r.lc. RT Area ng/ml IS Area
Blank1-1 Blank

Cal0-1 Standard 0 113.673
Cal1-1 Standard 0.25 151.665
Cal2-12 Standard 1.25 0.62 104.793 1 319.716
Cal3-1 Standard 25 0.62 248.616 1.2 606.439
Cal4-1 Standard 5 0.62 654.743 3.2 453.013
Cal5-1 Standard 10 0.62 1993.823 9.2 405.767
Cal6-1 Standard 20 0.62 5958.632 21.5 411.14
Cal7-1 Standard 25 0.62 11162.282 28.2 528.621
Blank2-1 Blank

QCL1 QC 0.75 0.62 436.709 1.7 646.048
QCL2 QC 0.75 0.62 537.852 1.8 740.657
QCM1 QC 12.5 0.62 10289.195 17.8 915.663
QCM2 QC 12.5 0.62 10196.908 14.9 1138.746
QCH1 QC 20 0.62 18123.584 22,5 1175.375
QCH2 QC 20 0.62 17884.93 20.4 1328.296
Blank1-2 Blank

Cal0-2 Standard 0 1459.471
Cal1-22 Standard 0.25 0.62 219.607 0.6 1613.934
Cal2-2 Standard 1.25 0.62 1192.096 2.2 1292.29
Cal3-2 Standard 25 0.62 2328.191 3.3 1605.632
Cal4-2 Standard 5 0.62 4596.884 5.6 1681.016
Cal5-2 Standard 10 0.62 9192.807 10.7 1556.723
Cal6-2 Standard 20 0.62 18481.809 19.3 1473.529
Cal7-2 Standard 25 0.62 23438.531 21 1666.578
Blank2-2 Blank
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Table S.5 Calibration curve of cysteine with IS NAC, automatic integration, no manual adjustment.

Name Type gt:r.lc. RT Area ng/ml IS Area
Blank1-1 Blank

Cal0-1 Standard 0 113.673
Cal1-1 Standard 0.25 151.665
Cal2-12 Standard 1.25 0.62 104.793 1 319.716
Cal3-1 Standard 25 0.62 248.616 1.2 606.439
Cal4-1 Standard 5 0.62 654.743 3.2 453.013
Cal5-1 Standard 10 0.62 1993.823 9.2 405.767
Cal6-1 Standard 20 0.62 5958.632 21.5 411.14
Cal7-1 Standard 25 0.62 11162.282 28.2 528.621
Blank2-1 Blank

QcCL1 QC 0.75 0.62 436.709 1.7 646.048
QCL2 QC 0.75 0.62 537.852 1.8 740.657
QCM1 QC 12.5 0.62 10289.195 17.8 915.663
QCM2 QC 12.5 0.62 10196.908 14.9 1138.746
QCH1 QC 20 0.62 18123.584 22,5 1175.375
QCH2 QC 20 0.62 17884.93 20.4 1328.296
Blank1-2 Blank

Cal0-2 Standard 0 1459.471
Cal1-22 Standard 0.25 0.62 219.607 0.6 1613.934
Cal2-2 Standard 1.25 0.62 1192.096 2.2 1292.29
Cal3-2 Standard 25 0.62 2328.191 3.3 1605.632
Cal4-2 Standard 5 0.62 4596.884 5.6 1681.016
Cal5-2 Standard 10 0.62 9192.807 10.7 1556.723
Cal6-2 Standard 20 0.62 18481.809 19.3 1473.529
Cal7-2 Standard 25 0.62 23438.531 21 1666.578
Blank2-2 Blank
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Table S.6 Quantification of cysteine in proof-of-concept samples with Cys-TCP (scale 0.15 mmol) with

IS atropine, manual integration.

Name Type gtc::lc RT Area ng/ml IS Area
Blank1-1 Blank
Cal0-1 Standard | 0 213858.688
Call-1 Standard | 0.25 0.64 523.925 0.3 243332578
Cal2-1° Standard | 1.25 0.64 2484.117 1.1 228677.844
Cal3-1 Standard | 2.5 0.64 5709.601 2.3 250124.828
Cald-1 Standard | 5 0.64 11604.783 4.8 244169.5
Cal5-1 Standard | 10 0.64 23296.49 9.4 254312.063
Cal6-1 Standard | 20 0.65 47050.141 20 247741.609
Cal7-1 Standard | 25 0.64 57804.887 243 252900.813
Blank2-1 Blank
QCL1 ac 0.75 0.65 1795.896 0.8 247570.25
QcL2 ac 0.75 0.64 1877.264 0.8 248872.813
QcMi Qc 125 0.64 30555.596 12.3 255019.609
QCM2 ac 125 0.64 29894.703 12.3 249559.953
QCH1 Qc 20 0.64 45520.68 19 250940.969
QCH?2 Qc 20 0.64 46983.484 19.6 250982.125
Blank1-2 Blank
Cal0-2 Standard 0 225349.156
Cal1-22 Standard | 0.25 0.65 608.576 0.3 251773.75
Cal2-2 Standard | 1.25 0.64 2788.772 1.2 240800.719
Cal3-2 Standard | 2.5 0.64 6169.033 25 250480.953
Cal4-2 Standard | 5 0.64 12669.277 5.4 237431.156
Cal5-2 Standard | 10 0.64 24615.508 10.3 245491.969
Calg-2 Standard | 20 0.64 47031.488 20.4 241995.328
Cal7-2 Standard | 25 0.64 58106.133 255 243358.406
Blank2-2 Blank
Proof-of-concept Blank Analyte 1 2.03 241201.172 1.0 241201.172
Proof-of-concept Analyte 2.03 261820.078 1.1 261820.078
Parthenolide 1
Proof-of-concept Analyte 2.04 288932.281 1.2 288932.281
Atropine 1
Proof-of-concept Analyte
Parthenolide and 2.03 262343.281 1.1 262343.281
Atropine 1
lF:’IFOOf'Of'CO"CGPt Tiliae | Analyte 1 2.04 257624.938 1.1 257624.938
os

Proof-of-concept Tiliae | Analyte
Flos  spiked  with 2.03 257943.766 11 257943.766
Parthenolide 1
Proof-of-concept 1 mg | Analyte 2.04 252070.359 1.0 252070.359
Parthenolide 1

2exluded
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Table S.7 'H and '3C NMR Spectroscopic Data (500 MHz) for N-(1-naphtyl)-N-phenylmethacrylamide

(1) (measured in DMSO-ds) and adduct 1a® (measured in CDCls).

15 15
14 16 14 16
13 13
3 17 N 17
2 18 18
12 12
4 423 2123
1 1
8a 10 8a 10
9 8 9
1a
position 3¢, type® SH (J in Hz) 3¢, type® 3H (Jin Hz)
1 Not observed
2 38.5, CH 2.59¢
3 5.18, s | 36.0, CH2 2.58¢
5.04, brs 3.01¢
4 1.81, m 18.5, CH3 1.06, m
5 Not observed
6 7.17, quin (4.3) 125.6, CH 7.08, m
7 7.554 125.5, CH 7.47¢
8 7.554 127.1, CH 7.57, m
8a Not observed
9 7.93, m 122.9, CH 8.08, m
10 7.554 126.3, CH 7.52¢
11 7.554 126.3, CH 7.52¢
12 7.31,d (4.3) 128.3, CH 7.85, m
12a Not observed
13 Not observed
14 7.31,d (4.3) 128.4, CH 7.52¢
15 8.00¢ 128.5, CH 7.244
16 7.31,d (4.3) 128.4, CH 7.52¢
17 8.00¢ 128.5, CH 7.244
18 7.31,d (4.3) 128.4, CH 7.52¢
1’ Not observed
2 53.9, CH 3.88, m
3 33.7, CH2 3.01¢

@ Only "H spectrum recorded

b Data not recorded

¢ Chemical shifts extracted from HSQC and HMBC

4 Qverlapping signals
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Table S.8. 'H and '®C NMR Spectroscopic Data (500 MHz) for alantholactone (2) and adduct 2a (both

measured in DMSO-ds).

2 2a
position 3c, type? 8r (J in Hz) dc, type® 8r (J in Hz)
1 40.7, CH2 111, m 42.3, CH2 1.58, brd (3.7)
1.53, m 1.13, m
2 15.9, CH2 1.40, m 17.2, CH2 1.64, m
1.78, m 1.58, m
3 31.9, CH2 1.52, brd (1.5) 33.1, CH2 1.55, m
4 36.4, CH 2.45, m 38.5, CH 2.52, m
5 147.3,C Not observed
6 119.3, CH 5.22,d (4.3) 116.1, CH 5.32,d (2.8)
7 3.67, dddd (6.6, 4.3, 1.9,
38.2, CH 1.9) 37.8,CH 3.19, brd (5.5)
8 75.4, CH 4.86, ddd (6.7, 3.1, 3.1) 771, CH 481, m
9 41.7, CH2 1.53, m 43.0, CH2 1.54, brs
1.99, dd (15.0, 3.8) 2.01, m
10 31.7,C Not observed
11 139.5,C 491, CH 2.52, m
12 169.2, C Not observed
13 121.1, CH2 6.03,d (1.8) 29.1, CH2 2.49, m
5.76,d (1.5) 2.93,brd (1.8)
14 27.9, CHs 1.11,s 29.2, CHs 1.18, m
15 22.1, CHs 1.06, d (7.3) 23.4, CHs 1.13,d (7.6)
1 Not observed
55.4, CH 3.36, m
36.8, CH: 277, m
3.03, m

@ Chemical shifts extracted from HSQC and HMBC
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Table S.9. 'H and '3C NMR Spectroscopic Data (500 MHz, DMSO-dg) for alantholactone (2) and adduct

2b.
2 2b
position dc, type? du(Jin Hz) 8¢, type? du(Jin Hz)
1 40.7, CH2 111, m 41.1, CHz 1.12, m
1.53, m 1.54, m
2 15.9, CH2 1.40, m 16.1, CH2 1.40, brd (13.4)
1.78, m 1.79, brd (13.1)
3 31.9, CH2 1.52, brd (1.5) 32.1, CH2 1.53, m
4 36.4, CH 2.45m 36.8, CH 2.46, m
5 147.3,C 147.3,C
6 119.3, CH 5.22,d (4.3) 120.0, CH 5.22,d (3.4)
7 3.67, dddd (6.6, 4.3, 1.9,
38.2, CH 1.9) 38.8, CH 3.00, m
8 75.4,CH 4.86, ddd (6.7, 3.1, 3.1) 76.2, CH 4.96, m
9 41.7, CH2 1.53, m 41.8, CH2 1.51, m
1.99, dd (15.0, 3.8) 1.97,dd (14.7, 3.1)
10 31.7,C Not observed
11 139.5,C 48.0, CH 251, m
12 169.2, C 176.5, C
13 121.1, CH2 6.03,d (1.8) 31.6, CH2 291, m
5.76,d (1.5)
14 27.9, CHs 1.11,s 28.1, CHs 1.16, s
15 22.1, CHs 1.06, d (7.3) 22.1, CHs 1.11,d (7.3)
1 Not observed
53.5, CH 3.36, m
33.9, CH2 2.82,m
3.06, brd (11.9)

@ Chemical shifts extracted from HSQC and HMBC
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Table S.10 'H and '*C NMR Spectroscopic Data (500 MHz, DMSO-ds) for cynaropicrin (3) and adduct

3a.
HO! -
3
3
position | 3¢, type® 3u (Jin Hz) 3c, type? 3u (Jin Hz)
1 43.7,CH 2.92° 43.0,CH 2.90°
2 38.3, CH2 1.95, m 38.3, CH2 1.58, m
1.64, m 2.06, m
3 71.7,CH 4.36, m 71.8,CH 435, m
4 153.2,C Not observed
5 494, CH 2.87° 49.3,CH 2.76°
6 77.9,CH 4.35,brs 78.6, CH 421, m
7 46.1, CH 3.22, m 47.3,CH 2.70°
8 73.3,CH 5.09° 75.3, CH 5.03°
9 36.3, CH2 2.27,dd (14.3, 3.7) 39.4, CH2 2.65, m
2.67,dd (14.3,5.2) 2.21°
10 142.6, C Not observed
11 137.8,C 46.3, CH 3.04°
12 168.3, C Not observed
13 120.5, CH: 5.52,d (3.1) 31.6, CH2 2.75°
6.02,d (3.1) 2.93, m
14 116.5, CH: 484, m 116.0, CH: 4.90°
5.09° 5.05, m
15 110.0, CH2 5.232, m 109.2, CH: 5.16°
16 164.5, C Not observed
17 140.6, C Not observed
18 123.8, CH: 6.18, m 124.3, CH: 6.15, m
5.91, m 5.88, m
19 59.3, CH2 4.18,s 59.6, CH2 433, m
’ Not observed
54.1, CH 3.31°
35.6, CH: 2.75°
3.02°

@ Chemical shifts extracted from HSQC and HMBC

b Overlapping signals
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Table S.11 'H and '*C NMR Spectroscopic Data (500 MHz, DMSO-dg) for penicillin V (4) and adduct 4a

16 17 16__\
18 18
15 15
14
4 4a

position | &c, type® 8r (J in Hz) dc, type? 8r (J in Hz)

1

2 63.4,C 57.7,C

3 69.9, CH 4.30,s 72.4,CH 3.61s

5 66.9, CH 5.53, m 65.8, CH 5.03,brs

6 57.9, CH 5.56, m 56.6, CH 4.47,brs

7 172.6,C Not observed

8 168.4, C Not observed

9 30.7, CHs 1.59, s 26.3, CHs 1.20, s

10 26.2, CH3 1.50, s 26.7, CHs 1.52,s

11 167.3,C 167.4,C

12 66.1, CH: 4.63,d (2.4) 66.5, CH2 4.55,brs
4.60, br s

13 157.3,C 157.3,C

14 114.4, CH 6.94° 114.4, CH 6.97°

15 129.1, CH 7.29° 129.0, CH 7.28,brt (7.8,

16 121.0, CH 6.96, m 120.9, CH 6.96°

17 129.1, CH 7.29° 129.0, CH 7.28, brt (7.8)°

18 114.4, CH 6.94° 114.4, CH 6.97°

1 Not observed

2 543 4.36, m

3 25.2 2.80, m
2.89, m

2 Chemical shifts extracted from HSQC and HMBC

b Overlapping signals
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Table S.12. Yield table of experiments with Cys-TCP.

Appendix

Sample Starting Resin | Starting Material | Crude Yield (mg) Post-Purification
(mmol) (mg) Yield (mg)

Compound 1a 0.100 57.4 21.7 6.5

Compound 2a 0.150 5.7 3.9 0.2

Compound 2b 0.150 5.7 3.9 0.4

Compound 3a 0.225 15 8.0 2.5

Compound 4a 0.225 16.7 14.7 1.2

Table S.13 Table of tested pollen extract amounts on Cys-TCP.

Species Lot Number Mass (mg)
Ambrosia psilostachya P3757208 131.0
Ambrosia psilostachya P4129072-1 187.7
Ambrosia psilostachya P4576841 272.9
Ambrosia artemisiifolia P3744652-2 110.1
Ambrosia artemisiifolia P3396120-3 143.8
Ambrosia artemisiifolia P335440-18 147.5
Ambrosia artemisiifolia P3392522-19 50.0
Phleum pratense P319351-7 50.0
Phleum pratense P3743977-1 109.4
Phleum pratense P3929196-1 78.6
Betula pendula P3317516-1 351.0
Betula pendula P3317540-1 331.1
Betula pendula P3752220 413.9
Urtica dioica P3730565 293.5
Urtica dioica P4079048-1 715
Urtica dioica P4889415 165.5
Corylus avellana P1330035-2 315.3
Corylus avellana P4530617 254.0
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Table S.14 Masses observed during purification of the pollen extract cleavage (step vii) samples.

Ambrosia Ambrosia Phleum Betula pendula Urtica dioica Corylus

psilostachya artemisiifolia pratense avellana
Obfﬁl’zved PuGt:t,\i/\l/e Ob;e/rzved PuGt:t,\i/\I/e Obfne/rzved PuGt::\i/\IIe Obfne/rzved PuGt::\i/\IIe Obfne/rzved PuGt::\i/\IIe Obfne/rzved PuGt::\i/\IIe
346 224 324 202 260 138 251 129 300 178 324 202
358 236 332 210 291 169 268 146 321 199 406 284
370 248 366 244 300 178 300 178 370 248 413 291
384 262 406 284 332 210 321 199 385 263 416 294
386 264 410 288 343 221 324 202 406 284 427 305
394 272 415 293 354 232 332 210 426 304 476 354
398 276 426 304 370 248 336 214 427 305 546 424
402 280 437 315 383 261 338 216 476 354 558 436
410 288 438 316 385 263 350 228 438 366 588 466
415 293 439 317 402 280 415 293 496 374
416 294 455 333 410 288 420 298 546 424
418 296 476 354 419 297 426 304 558 436
428 306 480 358 426 304 436 314 566 444
430 308 496 374 453 331 437 315 578 456
432 310 501 379 462 340 438 316 588 466
449 327 546 424 476 354 455 333 589 467
471 349 578 456 480 358 476 354 616 494
476 354 584 462 490 368 488 366 628 506
488 366 600 478 496 374 506 384 697 575
501 379 616 494 508 386 546 424 698 576
508 386 622 500 512 390 558 436 768 646
535 413 628 506 546 424 588 466 785 663
546 424 686 564 558 436 596 474
566 444 698 576 698 576 616 494
584 462 628 506
589 467 698 576
600 478
616 494
641 519
648 526
659 537
768 646
787 665
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