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Abstract v

Abstract

Bacterial antimicrobial resistance has emerged as a global health crisis that is estimated to have
directly caused more than 1.2 million deaths in 2019. Further studies even predict an increase
within the next years, if no novel antibiotics are discovered. This thesis establishes two

complementary strategies to target antibiotic-resistant bacteria.

The use of highly reactive molecules, that address multiple target proteins simultaneously
represents a possibility to decrease the chance of resistance formation since bacteria are most
likely not able to mutate multiple proteins at the same time. Nevertheless, as these highly
reactive compounds probably also engage many unwanted off-targets in human cells and lead
to corresponding side-effects, we developed a modular concept of caged electrophiles based on
cysteine-directed bromomethyl ketones that are initially caged as an acetal and are therefore
unreactive. After specific activation by bacterial nitroreductases, the highly reactive
electrophile is liberated. Following initial proof-of-concept studies and extensive labelling
optimizations, we synthesized derivatives with different caging groups to improve the uncaging
process. Thereby, we identified a thiophene-based caged electrophile that is activated even in
living bacteria with proteome-wide labelling comparable to the respective free bromomethyl
ketone. The absence of labelling in a human cell line verified the selective activation in bacteria.
Finally, we confirmed the uncaging process and the reactivity with residue-specific
chemoproteomics. Due to its modularity, this concept is expected to be transferable to other

carbonyl-based electrophiles and other activating enzymes to also target different diseases.

In the second part of this thesis, we studied the emerging Gram-negative pathogen
Moraxella catarrhalis, which is responsible for many respiratory tract infections. Phenotypic
screening identified antibiotically active, cysteine-directed covalent fragments that lack activity
against many other tested bacteria indicating the potential use as narrow-spectrum antibiotics.
Residue-specific chemoproteomic analysis of the cysteine reactivity in lysate of a
B-lactamase-producing M. catarrhalis strain demonstrated that the susceptibility could not be
attributed to increased cysteine reactivity. We profiled the cysteine ligandability in living
M. catarrhalis and identified 228 ligandable cysteines in 173 different proteins. Site-specific
engagement of cysteines in the essential proteins ThiD, PdxJ and SirA-like protein was
demonstrated in vitro. We further established a sulfur-carrier protein activity for the poorly
characterized SirA-like protein, which was inhibited upon compound binding. Taken together,
these results serve as starting points for the development of novel narrow-spectrum antibiotics

to selectively target M. catarrhalis infections.
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Zusammenfassung

Die bakterielle Antibiotikaresistenz hat sich zu einem globalen Gesundheitsproblem entwickelt,
das im Jahr 2019 mehr als 1.2 Millionen Todesfdlle direkt verursacht hat. Weitere Studien
prognostizieren einen deutlichen Anstieg dieser Zahl iiber die nichsten Jahre, sollten keine
neuartigen Antibiotika identifiziert werden. Diese Dissertation beschreibt die Entwicklung

zweier komplementérer Strategien zur Bekdmpfung antibiotikaresistenter Bakterien.

Der Einsatz hochreaktiver Verbindungen stellt eine Moglichkeit zur Minimierung der
Resistenzbildung dar, da Bakterien wahrscheinlich nicht in der Lage sind, mehrere Zielproteine
gleichzeitig zu mutieren. Zur Vermeidung von Nebenwirklungen wurde in dieser Arbeit ein
modulares  Konzept  geschiitzter  Elektrophile basierend auf Cystein-reaktiven
Brommethylketonen entwickelt. Diese wurden zunichst als unreaktives Acetal geschiitzt und
nach Aktivierung durch bakterielle Nitroreduktasen wieder als reaktives Elektrophil freigesetzt.
Zur Optimierung der Freisetzung wurden Derivate mit unterschiedlichen Schutzgruppen
synthetisiert. Dabei wurde ein Thiophen-basiertes Derivat identifiziert, das auch in lebenden
Bakterien eine zum freien Brommethylketon vergleichbare proteomweite Reaktivitédt aufweist.
Die selektive Aktivierung in Bakterien wurde durch fehlende Reaktivitit in menschlichen
Zellen bewiesen. Abschliefend wurde der Freisetzungsprozess und die Reaktivitdt durch eine
chemoproteomische Methode bestétigt. Aufgrund der Modularitit sollte unser Konzept
ebenfalls fiir andere Carbonyl-basierte Elektrophile und Aktivierungsenzyme eingesetzt

werden konnen, um auch weitere Krankheiten zu bekdmpfen.

Im zweiten Teil dieser Arbeit wurde das Gram-negative Bakterium Moraxella catarrhalis
untersucht, das fiir verschiedene Atemwegsinfektionen verantwortlich ist. Durch
phénotypisches Screening wurden antibiotische, Cystein-reaktive kovalente Fragmente
identifiziert, die wegen fehlender Aktivitdt in anderen getesteten Bakterien potenziell als
pathogenspezifische Antibiotika eingesetzt werden konnten. Nach chemoproteomischer
Analyse im Lysat eines B-Lactamase produzierenden M. catarrhalis Stamms konnte die
Sensitivitit nicht auf eine erhohte Cystein-Reaktivitit zurtickgefiihrt werden. Insgesamt wurden
228 Cysteine in 173 Proteinen in lebenden M. catarrhalis als adressierbar identifiziert, wobei
die selektive Reaktion mit den essenziellen Proteinen ThiD, PdxJ und SirA-like protein in vitro
bestitigt wurde. Die zelluldre Funktion des kaum charakterisierten SirA-like protein als
Schwefeltransporter und deren Inhibierung wurde in diesem Rahmen bestitigt.
Zusammenfassend bilden diese Ergebnisse eine Grundlage fiir die Entwicklung neuartiger

pathogenspezifischer Antibiotika zur Therapie von M. catarrhalis Infektionen.
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1 Antibiotic crisis

In 1928, Alexander Fleming discovered by chance that a Penicillium mold strain contaminated
a culture plate of Staphylococci secreting an antibacterially active substance that led to bacterial
lysis. Through further analysis of this observation, he assigned this substance the name
penicillin, which is nowadays well-known as one of the first antibiotics.[!! Together with the
discovery of streptomycin in 1943, this set the starting point for the age of antibiotics and,
through decreasing numbers of deaths caused by infectious diseases, this was also believed as
the starting point of the end for infectious diseases.*>*! The following period from 1950 to 1960
marked the golden age of antibiotics where nearly half of the antibiotics that are in clinical use
nowadays, e.g. tetracyclines in 1953, cephalosporins in 1953, aminoglycosides in 1957 and
vancomycin in 1958, were discovered.>*! However, already in the 1950s first transferable
resistance of bacteria to antibiotics was observed.l”] Even in 1945, in his Nobel Lecture,
Alexander Fleming warned that it was not difficult to generate antibiotic-resistant bacteria in
the laboratory and that resistance formation will most likely also occur inside the human body
through underdosing or human misuse of the antibiotic.>¥] Nowadays bacterial antimicrobial
resistance (AMR) has emerged as a global health crisis gaining more and more public attention
by, for example, the World Health Organization (WHO),! the United Kingdom (UK) and
European Union (EU)B%7! and the United States (U.S.).[%) In general, bacterial AMR arises
through changes in bacteria that cause the drugs that are usually used for treatment of the
bacterial infections to become less effective.['%] The process of resistance development has been
already observed even before the first antibiotics were developed and is a naturally occurring
process, but the excessive and inappropriate use of antibiotics, e.g. their availability without
prescription, unnecessary prescription and their extensive use in agriculture to prevent
infections and promote animal growth rather than treating sick animals, is accelerating the
resistance development.[%7] Especially in agriculture, there is a reported link between antibiotic
usage in animals and resistance formation in humans. This problem is further strengthened
through large numbers of animals living in proximity under non-hygienic conditions which

easily facilitates the spread of antibiotic-resistant bacteria.l”]

A review on AMR from the UK in 2014 estimated that worldwide approximately 700,000
people died annually caused by AMR.[®! In an updated report in 2016, the authors made clear
that this even was an underestimate of the situation due to a poor reporting situation and that
200,000 people died from multidrug-resistant tuberculosis alone.!”l Due to that and based on

further projections on AMR development, the authors kept up their previous outlook of up to
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10 million deaths annually in the year 2050, if no further action is taken to target AMR.I67 A
similar underestimation of AMR could also be observed in the reports from the U.S..[") Based
on the available data in 2013, it was assessed that annually around 2 million people suffered
from an antibiotic-resistant infection and that at least 23,000 people died as a consequence alone
in the U.S..®) In an updated version of this report in 2019 utilizing more data, it became clear
that the situation was completely underestimated with more than 2.6 million antibiotic-resistant
infections and with 44,000 deaths in 2013. Even though the number of infections still increased
to 2.8 million in 2019 alone in the U.S., the number of deaths decreased to 35,000 people
indicating that the taken preventive measurements at least showed some success.”) A most
recently published review in 2022 further systematically analyzed the global burden of AMR
in 2019.11% The authors comprehensively estimated that in 2019 more than 1.2 million deaths
were directly attributable to AMR. Furthermore, the six leading pathogens Escherichia coli,
Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter
baumannii and Pseudomonas aeruginosa were causing 929,000 deaths directly attributable to
AMR, where in addition the methicillin-resistant S. aureus (MRSA) represented the most
deadly pathogen-drug combination with more than 100,000 deaths annually.['”) Within this list
of leading pathogens, not surprisingly, a large fraction belongs to the so-called
ESKAPE (Enterococcus  faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species) pathogens that
were already known to be a severe threat to human health.['!) Already in 2017, the WHO
published a priority list of leading pathogens, for which antibiotic development is urgently
needed, and assigned the ESKAPE pathogens high to critical priority.['?) Additionally, a more
recent priority list published in the review from the U.S. in 2019 also categorized these
pathogens into urgent and serious threats to human health.””) Despite the increased attention to
this global health crisis and the increasing emergence of antibiotic-resistant bacteria, the
development of novel antibacterial agents has slowed down worldwide.*!31 Additionally, most
of pharmaceutical companies have reduced their research activities in this field due to various
reasons and only 20% of drugs against infectious diseases that were in the initial phase of testing
in humans got the final approval from the U.S. Food and Drug Administration (FDA).’ As a
consequence, bacterial resistance formation has exceeded the rate of antibiotic development by
far, leading to a gap of approximately 20 years of discovery. Therefore, the discovery of novel

classes of antibiotics is a major challenge and has a high priority.[*!3
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2 Bacterial antimicrobial resistance development

Most of the commonly available antibiotics employ very similar modes-of-action and address
only a very limited number of essential pathways and targets in bacteria (Figure 1).[4

Membrane structure Cell wall synthesis ( S
\ ‘ Antibiotic ‘

A——%B
Protein ~—
biosynthesis Bypass of essential
pathway . >.
DNA/RNA Folate biosynthesis

synthesis

v

- —
—a

Degradation Target modification
or modification —
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Figure 1: Overview of the most common antibiotic targets in bacteria and mechanisms of bacterial resistance

formation. Adapted from Lakemeyer et al.l'¥]

The main targets include the inhibition of the peptidoglycan/cell wall synthesis (e.g. B-lactams,
glycopeptides), the protein  biosynthesis (e.g. tetracyclines, chloramphenicol,
aminoglycosides), folate and thereby nucleic acid biosynthesis (e.g. sulphonamides), RNA
polymerase (e.g. rifamycins) and DNA gyrase (e.g. quinolones) or interference with the
membrane integrity (e.g. polymyxins).!'*!3] Even though more than 300 essential genes within
bacteria were predicted, most of the available antibiotics focus on this limited subset of targets,
mainly due to the fact that they were derived from natural product sources that were optimized
by evolution towards this small set of targets. As a consequence, multiple resistances within
bacteria are developed against this small subset of targets.!¥ Additionally, resistances often
occur against a whole class of antibiotics and even against a broad range of structurally and
mechanistically unrelated antibiotics.[') The resistance formation is a consequence of
evolutionary processes of bacteria that respond to the selective pressure during antibiotic
treatment that selects for beneficial mutations in their DNA sequences. Bacteria that thereby
generated resistance will survive the antibiotic treatment, while all susceptible strains will die,
which leads to further propagation of the resistant strains.['*] Resulting from this, the excessive
use and abuse of antibiotics will further promote the evolution of resistant strains.[>%71 The
mechanisms of bacterial resistance are well-known and can be divided into different groups
(Figure 1).14171 The drug target binding site can be modified in order to promote limited

antibiotic interaction and, thereby, resistance formation. As an example, resistance against the
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macrolide antibiotic erythromycin is generated by the modification of its binding site on the
ribosome through methylation of an adenine residue catalyzed by a family of

(161 A B-lactam resistance caused by target modification can be found in

N-methyltransferases.
MRSA that carry, in contrast to f-lactam susceptible S. aureus strains, the mec gene. This gene
encodes for the penicillin-binding protein 2a (PBP 2a) that in contrast to the other PBPs, that
are expressed in methicillin-sensitive strains, only has a very low affinity towards methicillin.
PBP 2a can further compensate for the inhibition of the other PBPs and, thereby, render the
bacteria resistant. The expression of PBP 2a usually also generates resistance towards the whole

16,18

class of B-lactam antibiotics.['®!8] Aminoglycoside resistance can also be attributed to target

16,191 Furthermore, it was shown that aminoglycoside resistance also arises from

modification.!
the enzymatic modification of the antibiotics through O-phosphotransferases,
O-adenyltransferases and N-acetyltransferases, which leads to a reduction in their binding
affinities towards their ribosomal targets.[!®!"] The enzymatic degradation of B-lactam
antibiotics through B-lactamases that catalyze the hydrolysis of the B-lactam ring system, which
renders the antibiotic inactive, is one of the main resistance mechanisms against this class.
Especially in Gram-negative bacteria, there is an increasing prevalence of novel -lactamases
that possess a new substrate scope and even lower susceptibility towards p-lactamase
inhibitors.!'®2%1 Another mode of resistance formation is a reduced permeability of the bacteria,
which leads to a reduced uptake of the antibiotic, which can as a consequence not address its
intracellular targets. Reduction of uptake is of special concern in Gram-negative bacteria, since
they possess an additional outer membrane that functions as permeability barrier. This
additional membrane is also one of the explanations for the generally higher resistance of
Gram-negative bacteria towards antibiotics in comparison to Gram-positive bacteria that do not
have an additional outer membrane.[!*161721] Besides reduced permeability, resistance can also
be induced through the active cellular export of the antibiotics by efflux pumps. This
mechanism is typically associated with tetracycline and fluoroquinolone resistance.[!6:17-21:22]
These efflux pump systems can be found in both Gram-positive and Gram-negative bacteria,
but they reach exceptional efficiency and are of major concern especially in the latter due to
their synergistic effects with the additional outer membrane barrier. This comprises that
antibiotics that were able to successfully cross the outer membrane are then actively pumped
out of the bacterial cell again.['”-?!] In general, efflux pumps and especially so-called multidrug
efflux systems can render the bacteria resistant towards multiple different and even structurally
unrelated antibiotics. In order to tackle those resistances, new classes of antibiotics with novel

modes-of-action are urgently needed.[!+!6.17:21.22]
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3 Covalent drugs

In contrast to non-covalent drugs, covalent drugs contain a reactive functional group that
facilitates covalent bond formation with their target proteins in order to increase their overall
affinity.[?>24 In the past, the pharmaceutical industry avoided drugs with a covalent
mode-of-action mainly due to safety concerns through possible off-target reactions that cause

[25.26] This reservation resulted from the fact that some reversible drugs were

severe side-effects.
metabolized to chemically reactive intermediates that covalently modified off-target proteins
and thereby caused toxicity.l*>2’l As a result, nearly all previously existing drugs with a
covalent mode-of-action were not intentionally designed as covalent modifiers, but their
mechanism of action was discovered after their development.[?>26] Agpirin, the oldest covalent
drug on the market, was introduced in 1899 and only in 1971, it was elucidated that its
anti-inflammatory effects resulted from the covalent acetylation of the active site serine in

cyclooxygenase 1, which inhibits prostaglandin synthesis.?428-2]

Another example are
B-lactam antibiotics that mimic the D-Ala-D-Ala motif of the precursors that are involved in
bacterial cell wall biosynthesis. Thereby, they covalently bind to active site serines of PBPs and
inhibit the transpeptidase reaction to form crosslinks within the bacterial cell wall, which
ultimately leads the cell lysis.[?#3%311 A large fraction of approved drugs with a covalent
mode-of-action were antibiotics (47%) until the 1980s, representing their immense impact on
fighting infectious diseases and ultimately also on human health.[?®) In the past decade covalent
drugs have seen a resurgence in the pharmaceutical industry and their distinct strengths have
been recognized.[*) Combining non-covalent binding to targets with a carefully fine-tuned
covalent reactivity was previously applied for mechanism-based or suicide inhibitors targeting
directly catalytically active residues, but current pharmaceutical programs focus on the
development of so-called targeted covalent inhibitors (TCIs).?>261 TCIs are composed of
non-covalent binding motifs that engage the target of interest and of a reactive functional group
that facilitates covalent bond formation with non-catalytic and poorly conserved amino acids at
the target site.[*>] Covalent inhibitors, in general, have distinct advantages over non-covalent
drugs like improved efficiency, opportunity to lower the dosing of the drug, less frequent dosing
of the drug and lower probability of resistance formation.[*?=331 Most of these advantages result
from prolonged target engagement of covalent and, especially, irreversibly covalent inhibitors,
which engage their target permanently until the protein gets degraded and resynthesized.??! The
extended target engagement is due to the mechanism-of-action that in the first step involves the
formation of a non-covalent complex through interactions of the binding motif of the inhibitor

with the target protein. This brings the reactive group in close proximity to a specific
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nucleophilic amino acid residue within the binding pocket and facilitates the formation of the

final covalent complex (Scheme 1).123:25:32-34]
k, k| ] binding element
K k., K k., % reactive group
non-covalent covalent protein
complex complex

Scheme 1: Mechanistic overview of a covalent inhibitor engaging with its target protein.[2325:32-34]

The non-covalent complex formation is kinetically defined by the dissociation constant (Kj),
which depends on the forward (k1) and reverse (k1) rate constants, whereas the covalent bond
formation can be described by the rate constants k> and k-, respectively. In the case of
irreversible covalent bond formation, k> will be zero and can be neglected.>>3# This leads to
a permanent protein inhibition that is in a concentration- and time-dependent manner described
solely by K; and k> (often named Kinact).[>>* Therefore, their properties can be adjusted by either
optimizing the non-covalent binding element (K;) or the reactive group (k2). In regards to
selectivity, care must be taken that there is sufficient non-covalent interaction (Kj;) to ensure
covalent bond formation with the reactive group, while the potency of the reactive group (k2)
has to be carefully fine-tuned in order to avoid off-target engagement.[?*) Irreversible covalent
bond formation also has the inherent advantage of an increased time-of-action, since the target
protein remains engaged until degradation, which uncouples the pharmacodynamics from the
pharmacokinetics.?>%1 As a result, fast clearance rates of drugs in this case do not affect
efficiency of the covalent inhibitors, but contribute to its selectivity assuming that their
non-covalent interaction with off-targets remains short upon clearance and that, within their
short half-lives, the inhibitors do not significantly covalently engage any off-targets.[**]
Resulting from these advantages and through the combination of medicinal chemistry and
modern bioinformatic approaches, covalent inhibitors gained increasing relevance in modern

24-26,36

drug development.! 1 Still nowadays, the majority of approved covalent drugs are

anti-infectives (33%, e.g. B-lactam antibiotics), followed by anti-cancer agents (20%,

e.g. afatinib, ibrutinib, osimertinib), drugs to treat gastrointestinal disorders (15%) and drugs to

).[25.26

treat the central nervous system and cardiovascular diseases (15% 1 Among the antibiotics

that react covalently are the aforementioned B-lactam antibiotics,**3!) B-lactamase inhibitors

38,39 e[40,41 42]

(e.g. clavulanic acid),P”! fosfomycin,[**3°1 D-cycloserin l'and isoniazid (Figure 2).

Targeted covalent inhibitors are mainly designed to target cysteine side chains within proteins.
The cysteine sulfur atom displays the highest nucleophilicity among all natural amino acids and
depending on the surrounding pK, environment it can easily be deprotonated to form the

corresponding thiolate anion, which possesses enhanced nucleophilicity. Due to its reactivity,
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cysteine also plays crucial roles in many catalytic processes and is, therefore, a prime candidate
for inhibitor design. Although the prevalence of cysteines in proteins is quite low (1.9%),
especially non-catalytic cysteine residues have emerged as key targets in recent drug
development.[*8] As examples, all seven approved TCI kinase inhibitors (e.g. afatinib, ibrutinib,

osimertinib) that are used for cancer treatments target cysteine residues within their binding site

to form a covalent interaction (Figure 2).126-36]
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Figure 2: Structures of selected covalent inhibitors discussed in this section including the B-lactam antibiotics
penicillins and cephalosporins,%3! the B-lactamase inhibitor clavulanic acid,?”! fosfomycin, 83
D-cycloserine**#!l and isoniazid*?! as antibiotics and the anti-cancer kinase inhibitors afatinib,

ibrutinib and osimertinib. 123!

The most commonly used functional group for cysteine-directed electrophiles are Michael
acceptors such as a,B-unsaturated amides that are also used in the aforementioned kinase
inhibitors. Additional functional groups include epoxides, nitriles, terminal alkynes,
a-halomethyl ketones and haloacetamides, which all strongly differ in their overall
reactivity.[*$#] The choice of electrophilic functional group strongly depends on the desired
reactivity that should be carefully fine-tuned in order to avoid excessive reactivity and off-target
engagement.[2>3644] A detailed overview of the reactivity and amino acid selectivity of different

functional groups has previously been reported by our group.!*!

Covalent inhibitors and TClIs can be developed utilizing different strategies, like the already
discussed use of non-covalent inhibitors and attaching a reactive functional group at a suitable
position to additionally allow covalent bond formation. Nevertheless, this approach comes with
the limitations that already pre-existing non-covalent binders are needed and that a nucleophilic
amino acid side chain needs to be present in close proximity to the binding site. Recently, the
possibility to screen libraries of small covalent fragments gained more attention. The low
molecular weight of these fragments enables the identification of novel binding sites beyond

substrate pockets, novel modes-of-action, unexpected structures and often yields lead structures
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using a smaller library size compared to conventional approaches.**] Computational
approaches, the use of DNA-encoded libraries as well as chemoproteomic approaches and

others were also used to identify novel covalent inhibitors.[43:46-48]

4 Activity-based protein profiling

In drug discovery processes that are based on phenotypic screens of a library of small
molecules, one of the major challenges is the identification of the targets of the identified hit

9] Proteomic and especially

compounds and the elucidation of the mode-of-action of the drug.
chemoproteomic technologies like activity-based protein profiling (ABPP) have emerged as
key technologies to answer these questions.[*-3!1 In addition to the target identification of small
molecules resulting from phenotypic screens, ABPP can also be used to screen a library of small
molecules against a class of only poorly characterized enzymes and, thereby, to identify new
lead compounds to target those. Further, ABPP can be utilized to analyze and optimize the
selectivity of certain hit compounds, since screenings in complex environments and even in the

background of a whole proteome can be accomplished in a highly parallel fashion.>%1]

Originally, ABPP was developed to investigate and determine the functional states and
activities of a defined subset of proteins and enzymes in complex proteomes and to enable the
quantification of the respective functional states. In this approach, activity-based probes (ABPs)
are used that covalently target the enzyme active sites of a specific and defined class of enzymes
and, thereby, account for the enzyme activity rather than for abundance.’'>5 ABPs usually
consist of three different elements to achieve their function: a reactive group, a linker region
and a tag for further downstream analysis of the bound target proteins. The reactive group
usually consists of an electrophilic reactive group that modifies nucleophilic amino acids of the
targeted class of proteins. E.g. fluorophosphonates preferentially react with activated serine
residues in serine proteases. Alternatively, a photoreactive group, e.g. a diazirine, can be used
instead of a constitutively electrophilic functional group to also target proteins that do not
possess nucleophilic amino acids within their active sites. These ABPs are initially unreactive
but form a highly reactive species upon UV irradiation that forms a covalent bond towards their
targets and, thereby, enables the further downstream analysis. The linker region can be
composed of structurally simple alkyl chains that only generate a spatial distance between the
reactive group and the reporter tag, but they also can contain affinity elements that in addition
to the reactive group enhance the selectivity towards the desired enzyme class. Here, e.g.

peptide linkers mimicking the substrates of proteases can be utilized to selectively target a
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specific class of proteases. Additionally, specifically cleavable linkers were developed that will
be discussed in the following part. The tag of ABPs allows further downstream analysis of the
targeted proteins and can either be an affinity handle like biotin to enable specific enrichment
of proteins with (strept)avidin or a fluorophore for fluorescence scanning.[*>>!-57] Since the
incorporation of biotin or fluorophore tags directly into ABPs often results in limited cellular
uptake and in changes of the physicochemical properties that lead to reduced target binding
affinities, a two-step functionalization method is usually used nowadays.’*36-°1 Here,
copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC), that was discovered by Sharpless'®”]
and Meldal®"! was adapted for ABPP purposes.[®>%3] This approach resembles the most
commonly used biorthogonal reaction in ABPP. Here, relatively small terminal alkyne- and
azide-functionalities are introduced into the ABPs and to the suitable reporter molecules for
downstream analysis, respectively. The use of these small functionalities instead of relatively
large biotin or fluorophore, minimizes structural changes in ABPs and, thereby, usually retains
their physicochemical properties, target affinity and permeability. Additionally, higher
flexibility is generated through the possibility of a variable functionalization of the labelled
proteins with any reporter tag of interest depending on the downstream analysis. The main
disadvantage of this approach is the use of toxic copper (I), which can therefore not be used in
living cells.’**¢31 To circumvent this toxicity issue, alkyne- or azide-functionalized ABPs are
incubated with living cells (“in situ”) first and after subsequent lysis of the cells, the
probe-modified proteins are “clicked” by CuAACI%-83 to the reporter tag functionalized with
the corresponding counterpart (azide- or alkyne-modification). Although both functionalities
are possible on either the ABP or the reporter tag, most commonly the terminal alkyne is
attached as tag on the ABPs and the azide-functionality on the reporter molecules, since this
combination often resulted in lower background labelling.[*36-5°1 Alternatively to avoid toxic
copper (I) and to use the “click” reaction in sifu and even in living animals (“in vivo”), Bertozzi
and coworkers developed a variant of this biorthogonal ligation that proceeds without the use
of copper (I) but is promoted through ring-strain of a cyclooctyne derivatives.l467] After the
reporter molecule was clicked to the ABP-labelled proteins, the further ABPP workflow

depends on the choice of the selected reporter molecule (Scheme 2).[49:31:55,57581
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Scheme 2: Schematic representation of a typical ABPP workflow with an alkyne probe that is modified by

CuAAC!®-631 with rthodamine- or biotin-azide to enable either SDS-PAGE and in-gel fluorescence

scanning or (strept)avidin enrichment followed by LC-MS/MS analysis.[4%31:5557:58]

Typically, to determine the labelling efficiency of the ABP, to optimize labelling conditions
and to rapidly get a first impression of the labelling in general, an analytical ABPP workflow
is applied, in which the alkyne probe-labelled proteins are clicked to a fluorophore, e.g.
rhodamine-azide. After subsequent separation of the sample using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), the labelled proteins can be visualized by
in-gel fluorescence scanning. In a subsequent experiment with the optimized labelling
conditions in hand, a preparative ABPP workflow can be conducted to directly investigate the
labelled proteins. For this purpose, the alkyne probe-treated samples are clicked to biotin-azide.
The strong binding affinity of biotin to (strept)avidin enables a selective enrichment of the
labelled proteins on (strept)avidin-coated beads. The protein disulfide bonds are reduced with
1,4-dithiothreitol (DTT) and free cysteines are alkylated with iodoacetamide (IA). After the
digestion of the proteins directly on the beads with trypsin to the respective peptides, the sample
is analyzed by tandem mass spectrometry coupled to liquid chromatography (LC-MS/MS). The
final data evaluation and identification of modified proteins can be conducted by different
software solutions. The identical workflow is also performed with a vehicle/solvent control
instead of the ABP to determine the background labelling that is present mainly due to
unspecific protein binding to the (strept)avidin beads. Therefore, the final targeted proteins are
determined by comparing the non-specific enriched proteins of the vehicle control with the

enriched proteins of the ABP treated sample.[4-31:55:57:58]

Instead of addressing individual protein classes, it has recently become popular to profile the
ligandability of certain types of amino acid residues in the entire proteome based on their
inherent reactivity.[®8] Here, the ABPP workflow is usually performed in a competitive mode

with broadly reactive alkyne probes that label many residues of a certain type. For this purpose,
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different reactive groups targeting specific amino acid residues like cysteines, lysines and
serines were developed.[*-°155:57:381 A comprehensive study from our group further investigated

s.[%1In the underlying

a large variety of different probes also targeting other amino acid residue
workflow, the compounds of interest can be applied to either cellular lysate (in vitro) or to living
cells (in situ). Simultaneously, another identical sample is prepared that is incubated with a
vehicle control instead of the compound. After treatment, the samples are lysed and labelled
with a broadly reactive alkyne probe that reacts promiscuously with the amino acid residues of
choice. E.g. iodoacetamide-alkyne (IA-alkyne) is often used to profile cysteine residues in the
whole proteome. The samples are then clicked to the reporter molecules of choice and further
analyzed. As a consequence, a decrease in signal intensity of the compound-treated samples in
comparison to the vehicle-treated samples indicates that the used probe did not bind to that
peptide and, therefore, that the protein binding site was already blocked and engaged by the
tested compound. This competitive approach offers several advantages. Firstly, there is no need
for often complex probe synthesis of the inhibitor molecules that are investigated and secondly,
the inhibitors can be investigated without any structural changes caused by the introduction of
an alkyne-handle that possibly could also lead to changes in their biological activity.
Additionally, the potential inhibitors are screened against the whole proteome simultaneously
and, therefore, not only investigated for their potential to bind different proteins, but also for

their selectivity towards the entire proteome,[4-31:35-57.58]

One important pre-requisite for this method to work is that the interactions can be monitored
on a residue-specific basis by detecting and quantifying the peptides modified with the broadly
reactive alkyne probe.>” To achieve this, a concept called tandem orthogonal
proteolysis (TOP)-ABPP was developed.[®®7% In this technology, a reporter molecule was used
that was composed of a linker region containing a tobacco etch virus (TEV) protease cleavage
site between the biotin tag and the azide-handle. After tryptic digestion, the probe-labelled
peptides can be cleaved of the (strept)avidin beads by another digestion with TEV protease.
The probe-modified and unmodified peptides can then be analyzed separately by LC-MS/MS,
which provides simultaneously information about the engaged proteins in general and about the

exact site of labelling.[>>°7:6%.701

Based on this concept, another approach called isotopic tandem orthogonal
proteolysis (isoTOP)-ABPP was developed.[’!) In this concept, the reporter molecules with the
TEV cleavage site additionally were isotopically labelled as heavy and light tag, respectively,
which allowed to study the reactivity of cysteine residues proteome-wide in a quantitative

manner.[”!1 The isoTOP-ABPP workflow was also applied in a competitive fashion to screen
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libraries of electrophilic, cysteine-directed fragments in whole proteomes and living cells in

order to determine their targeted proteins and to quantitatively investigate the ligandability of

cysteine residues within the proteome (Scheme 3).[68.72.731
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Scheme 3: Schematic representation of the competitive isoTOP-ABPP workflow. Two identical samples of
living cells or lysate are incubated with a covalent inhibitor or a solvent control, e.g. DMSO,
respectively. After cell lysis, the samples are treated with a broadly reactive cysteine probe IA-alkyne
and clicked to the heavy- or light-isotopically labelled, TEV cleavable biotin tags, combined, enriched
and digested with trypsin and TEV protease. The isotopically labelled pair of probe-labelled peptides
are then analyzed by LC-MS/MS which generates the competition ratio R reflecting the difference in
MSI signal intensity between the heavy- (DMSO-treated, blue) and light- (compound-treated, red)

labelled peptides and finally the amount of competition.[872-74 B: biotin; RG: reactive group.

Two identical samples of living cells or lysate are incubated with either the covalent inhibitor
fragment or with a vehicle control, mostly dimethyl sulfoxide (DMSO), and after cell lysis
treated with a broadly-reactive [A-alkyne probe that reacts with cysteine residues. The
probe-labelled proteins are then clicked to the heavy- or light-isotopically labelled, TEV
cleavable biotin tags, the samples are combined, enriched on (strept)avidin beads and digested
on the beads with trypsin and TEV protease. This workflow generates isotopically labelled pairs
of probe-labelled peptides that are further analyzed by LC-MS/MS. Finally, a competition
ratio R is generated between the MSI1 intensities of the heavy- (DMSO-treated) and
light- (compound-treated) labelled peptides. Consequently, high R values are obtained, if the
same peptide was more strongly quantified in the DMSO-treated sample, which indicates that
this cysteine residue was already engaged in the compound-treated sample. This R value,
therefore, represents the amount of competition at the cysteine residue.[®®7273] The same
concept was also applied to assess the proteome-wide reactivity and ligandability of lysine
residues by exchanging the cysteine-directed IA-alkyne with a lysine-directed

sulfotetrafluorophenyl ester probe (STP-alkyne).[]
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Adapting this technology, our group developed a residue-specific ABPP workflow that uses
isotopically labelled desthiobiotin (isoDTB) azide tags instead of the isotopically labelled TEV
cleavable biotin tags and is, therefore, termed isoDTB-ABPP (Scheme 4).[7°]
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Scheme 4: Schematic representation of the competitive isoDTB-ABPP workflow. Two identical samples of
living bacteria or lysate are incubated with a covalent inhibitor or a solvent control, e.g. DMSO,
respectively. After cell lysis, the samples are treated with a broadly reactive cysteine probe IA-alkyne
and clicked to the heavy- or light-isotopically labelled isoDTB tags, combined, enriched, digested
with trypsin and eluted from the (strept)avidin beads. The isotopically labelled pair of probe-labelled
peptides are then analyzed by LC-MS/MS which generates the competition ratio R reflecting the
difference in MSI1 signal intensity between the heavy- (DMSO-treated, blue) and
light- (compound-treated, red) labelled peptides and finally the amount of competition.”’) DTB:

desthiobiotin; RG: reactive group.

The isoDTB tags do not contain biotin for (strept)avidin enrichment, but instead desthiobiotin
that more reversibly binds to (strept)avidin. Consequently, the workflow is identical to the
isoTOP-ABPP approach until the tryptic digestion. Afterwards, there is no need for TEV
cleavage off the beads, but instead the probe-labelled peptides can be eluted with acetonitrile
from the beads and directly analyzed by LC-MS/MS.["3!

Another study from our group developed a variant of the isoDTB-ABPP workflow!*! that
utilizes the MSFragger-based FragPipe computational platform!’¢-34 for data analysis, which
enables the investigation of the reactivity and selectivity of diverse electrophilic probes
proteome-wide in an unbiased fashion (Scheme 5).[**1 The isoDTB-ABPP workflow is an
especially useful technology for this analysis since it enables the specific enrichment of
probe-labelled peptides and increases the confidence of peptide assignments due to the isotopic
pattern of the isoDTB tags. In this workflow, two identical samples of either living bacteria or
lysate are both incubated with a reactive alkyne probe. After cell lysis, one sample is clicked to
the heavy- and another sample to the light-labelled isoDTB tags. The samples are combined,
enriched on (strept)avidin beads, digested with trypsin, eluted from the beads and analyzed by
LC-MS/MS.*1 The MSFragger Open Search®*¥ function identifies all masses of
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modification that occurred proteome-wide in the samples.[*! In this way, the modification with
the investigated probe will be displayed as a pair of two high-resolution masses reflecting the
isotopic pattern of the isoDTB tags. Therefore, the masses of modification resulting from probe
treatment can be determined with high confidence.[**] This pair of masses can further be
analyzed with the MSFragger Offset Search!7677-7°-34] function that identifies the amino acid
residues and protein termini, on which the modification occurred proteome-wide and allows to
quantify the amino acid selectivity of the tested probe.*’! The pair of masses of modification
and the corresponding amino acid, on which the modification mainly occurred, are then
analyzed with the MSFragger Closed Search!’6773%-831 and TonQuant!®* quantification module
which finally results in a quantification of the probe-modified peptides.[*] In summary, the
masses of modification, the amino acid selectivity of probes and even the quantification of
probe-modified peptides proteome-wide can be analyzed in an unbiased fashion utilizing this

variant of the isoDTB-ABPP workflow.!*’!
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Scheme 5: Schematic overview of the isoDTB-ABPP workflow*! utilizing the MSFragger-based FragPipe
computational platform for downstream data analysis.”*" Two identical samples of living bacteria
or lysate are incubated with an alkyne probe. After cell lysis, the samples are clicked to the heavy- or
light-isotopically labelled isoDTB tags, combined, enriched, digested with trypsin and eluted from
the (strept)avidin beads. The isotopically labelled pair of probe-labelled peptides are then analyzed
by LC-MS/MS.[*! The MSFragger Open Search!’*®¥ function identifies the masses of modification
that occurred proteome-wide after probe treatment.*> The pair of masses, reflecting the isotopic
pattern of the isoDTB tags and therefore the modification resulting from the probe,[**! are selected for
the MSFragger Offset Search[’677-7%-8 which identifies the amino acid residues and termini where the
modifications occurred and the corresponding amino acid selectivity.[*! The pair of masses of
modification and the amino acid residue, where the modification occurred, are finally analyzed with
the MSFragger Closed Search!’®7789831 and TonQuant® quantification module which enables the

quantification of the probe-modified peptides.[**) DTB: desthiobiotin; RG: reactive group.
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1 Introduction

Drugs are usually developed to engage one single cellular target with high specificity in order
to avoid off-targets and side-effects. Nevertheless, these single-target approaches are often not
effective in therapy, since complex diseases might use compensatory pathways that are not
inhibited by the drug. Additionally, in the case of antibiotics, single-point mutations can render
the bacterium resistant towards single-target drugs. One possibility to overcome these
limitations is a multi-target approach, where the drugs do not have one single cellular target,
but more of them that are either within the same metabolic pathway or completely
unrelated.®-°Y Since it is less probable to develop resistance by single-point mutation against
multi-target drugs compared to single-target drugs and since it is very unlikely that bacteria are
able to mutate multiple target proteins simultaneously, multi-target approaches have the
potential to fight the antimicrobial resistance development and reduce resistance
formation.[®>%% Therefore, recent reviews postulated that an ideal concept for antibiotic
development would be to use highly reactive electrophiles that covalently engage multiple,

91921 Tn order to avoid potential off-targets and deleterious

unrelated intracellular targets.!
side-effects in humans that are probably associated with the use of those highly reactive
compounds, these electrophiles must be delivered in a caged form that is initially unreactive
but gets activated by specific bacterial enzymes to release the reactive electrophile only in
bacteria but not in human cells. Such a concept may be realized through the use of caged
electrophiles that are intrinsically unreactive, but after specific enzymatic activation the caging

group gets cleaved off and the liberated electrophile can engage multiple intracellular targets,

47,90-96]

thus preventing resistance formation (Scheme 6).!

engagement of
activation through various

bacterial enzymes cellular targets
————
I —— & X

>

caged caging reactive
electrophile group electrophile

binding element
#% caging group

inactive reactive group
Y active reactive group

protein

Scheme 6: Schematic representation of a generalized caged electrophile strategy. The caged electrophile is
intrinsically unreactive and only after specific activation through bacterial enzymes a highly reactive
electrophile gets liberated that can engage various intracellular targets simultaneously only in bacteria
but not in human cells. Thereby, the chance of resistance formation and potential side-effects in

human cells are reduced.[*7-99-%]

To this end, bacterial nitroreductases were utilized in many different concepts to selectively

liberate reactive agents specifically only after activation.”>—¢!
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1.1 Bacterial nitroreductases

During their investigations into the mechanism of action of nitrofuran antibiotics, Asnis et al.
identified that these antibiotics are activated in Escherichia coli through the reduction of the

nitro-group catalyzed by flavoproteins.”)

In following studies by McCalla et al. the
corresponding enzymes were further characterized and the genes controlling the reductase
activity were assigned as nitrofuran-sensitive genes nfs4 and nfsB, respectively.”®! In general,
nitroreductases are able to catalyze the reduction of a wide variety of different nitro
group-containing molecules and can be classified into oxygen-insensitive (type I) and
oxygen-sensitive (type IT) nitroreductases.”*~1°! The latter catalyze one electron reductions
strictly under anaerobic conditions to transform the nitro-group to a nitro-anion radical. The
radical gets readily re-oxidized by oxygen under aerobic conditions to its parent nitro-group in
a futile cycle, which also generates superoxides that lead to oxidative stress.”%192191Tn contrast,
the oxygen-insensitive (type I) nitroreductases catalyze consecutive two-electron reductions
under aerobic conditions to form the nitroso-, hydroxylamine- and finally

99.102-107) There are reports that suggest that nitrofuran antibiotics are further

amine-derivative.
converted to the respective open-chain nitrile derivatives after a six-electron reduction.[!04-10%]
The hydroxylamine, which is formed after two consecutive two-electron reductions, is believed
to be a toxic and cancerogenic intermediate that can react with bacterial proteins and DNA
leading to strand breaks in the latter.”*!197-111] The aforementioned major nitroreductase NfsA
and minor nitroreductase NfsB from E. coli belong to the oxygen-insensitive (type I) group.
NfsA has a monomeric molecular weight of 26.8 kDa and is tightly associated with flavin
mononucleotide (FMN) as a prosthetic group. It is active as a homodimer with one FMN per
subunit and it uses nicotinamide adenine dinucleotide phosphate (NADPH) as reducing
equivalent.*>-10L112] Similarly, NfsB is also active as homodimer with one FMN associated to
each monomer and has a monomeric molecular weight of 24 kDa. In contrast to NfsA, NfsB
can accept both, NADPH and nicotinamide adenine dinucleotide (NADH), as electron donor
for reductions.10L111-114] Although NfsA and NfsB are structurally different and have only very
little sequence similarity, both enzymes display similar catalytic properties and can reduce a
wide variety of different nitro-group containing molecules according to a ping-pong bi-bi

99-102,106,111-114

mechanism. ! 1 The fact that both enzymes only catalyze obligatory two-electron

reductions can probably be attributed to the extreme instability of their FMN semiquinone redox

state [99-102,106,111-114]

In general, nitroreductases are widely distributed among bacteria and most bacteria contain

even several different nitroreductase. In E. coli, in addition to the aforementioned NfsA and
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NfsB, at least one other nitroreductase, YdjA is present.”>19:1121 Additionally, a recent study
identified another E. coli nitroreductase, AhpF, that was also able to reduce nitrofuran

derivatives.[!13]

Strikingly, Staphylococcus aureus even contains at least four different
nitroreductases.[!'61 It was also shown that E. coli has to mutate both, the major nitroreductase
NfsA and the minor nitroreductase NfsB in order to develop resistance towards nitrofuran

s.D8H0-112] Even those mutants that were resistant against

antibiotics in two consecutive step
nitrofurantoin, an antibiotic belonging to the nitrofuran class, showed overall decreased growth
in the absence of the antibiotic and in presence of the antibiotic their growth was further
decreased suggesting that they are unable to cause an infection in humans.!'!”) Additionally, no
cross-resistance towards other antibiotics was identified for resistant strains against the
nitrofuran antibiotic furazolidone.['!¥) Apart from bacteria, nitroreductases can also be found
under hypoxic conditions in tumor cells und tumorous tissues. This nitroreductase activity was
utilized in different studies for the selective activation of fluorescent dyes to visualize tumorous

1971231 The nitroreductase DT-diaphorase, that is present in

tissues and their hypoxic status.!
tumors, was utilized to selectively activate the prodrug CB1954 in Walker rat carcinoma cells.
After reduction of the nitro-group, a highly potent DNA crosslinking agent is generated to
exhibit its cytotoxic effect. Nevertheless, human tumors were insensitive towards CB1954,

124-1291 However, it was found

since the mammalian enzyme showed slower reaction kinetics.!
that the E. coli NfsB was able to reduce and activate CB1954 up to 60 times faster compared to
the mammalian enzyme.!'?*! Consequently, NfsB was utilized in many suicide gene therapy
approaches, where an exogeneous enzyme is delivered specifically to the target cells to activate
a prodrug site-specifically. Therefore, NfsB is either coupled directly to an antibody in an
antibody-directed enzyme prodrug therapy (ADEPT) or its respective gene gets delivered to
and expressed in the target cells through appropriate vector systems in the so-called viral- or
gene-directed enzyme prodrug therapy (VDEPT and GDEPT).[!24-130] In addition to NfsB, also
NfsA was utilized in such strategies showing the potential of bacterial nitroreductases to
selectively activate prodrugs at the targeted cells.['*!132] Other studies even report the complete
absence of nitroreductase activity in healthy human cells or at least a low catalytic activity and
different substrate specificity of the corresponding mammalian equivalents.”>=%1331 Due to
these reasons, bacterial nitroreductases are prime candidates for the development of specifically
activatable prodrugs that are only released or activated at the specific site without targeting
healthy human cells which can drastically reduce unwanted side-effects.>2%1331 However,
recent studies could also detect some nitroreductase activity in mitochondria in healthy human

cells, which necessitates careful fine-tuning of the prodrug activation,!!3%135]
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1.2 Concept of caged electrophiles

The aforementioned concept of caged electrophiles (Scheme 6) that are initially unreactive, but

s(192] has so far e.g. been

are activated specifically by enzymes only present at the targeted cell
applied for the reductive activation of nitrogen mustards,!3¢) the generation of alkynylketones
from alkynylcarbinols!!*”] and for the release of isothiocyanates from glucosinolates.[!38:13]
However, these systems only lead to the release of a specific subset of electrophiles and are
also limited towards the activation by specific enzymes. In this work, we wanted to develop
and establish a modular concept of caged electrophiles that can deliver a wide variety of
different electrophilic functional groups and that is additionally also modular in regard to its
activating enzyme. Therefore, we adapted a previously described strategy, where the carbonyl
functionality of bromomethyl ketones was caged as an acetal, which renders them unreactive
towards cellular cysteines and, thereby, prevents cytotoxic effects. This studies, however, do
not utilize enzymatic activation of the caged electrophiles, but rely on UV-irradiation of a
photolabile acetal protecting group to liberate a highly reactive bromomethyl ketone in living
cells.141411 Additionally, we were encouraged by the fact that carbonyl functionalities are
responsible for the reactivity of many different electrophiles that were shown to react with e.g.
cysteines (halomethyl ketones,['*?! peptide aldehydes,!!*>!%3] o, B-unsaturated ketones,!!*4]
alkynylketones!!*”),  lysines  (ethynylbenzaldehydes,!*>!141  boronic  acid-substituted
benzaldehydes, 1461471 alkynylketones,'3”) salicylaldehydes!!4%:1491) " serines (trifluoromethyl

142,150]

ketones,! peptide aldehydes!!'4%1431) arginines (phenyl glyoxals)*>!>!1 and protein

45,145] [152]

N-termini (ethynylbenzaldehydes,! pyridine carboxaldehydes, triazol

153]). Finally, we designed and developed a modular concept of caged

carboxaldehydes!
electrophiles based on cysteine-reactive bromomethyl ketones that are initially caged as an
acetal and can further be specifically activated by bacterial nitroreductases
(Scheme 7)'[45,93,94,96,120,123,140—142]

NO, HN-X

d engagement of
activation through D) Ho o ) yarlou;d o
i + cysteine residues
nitroreductases ] 2 )]\/Br y )J\/SVPOI
o_0 0)(o HN-X
X/Br X/Br
caged reactive blndlr?g elément
electrophile HO  OH electrophile POI protein of interest

Scheme 7: Overview of the modular concept of caged electrophiles and proposed mechanism for the activation
of the caged electrophiles through nitroreductases. The nitro-group gets reduced by bacterial
nitroreductases to the corresponding hydroxylamine- (X =OH) or amine- (X =H) group, which
increases the electron density and leads to a 1,6-elimination process that liberates the highly reactive

electrophile that can then engage various intracellular cysteine residues,[>93:94:96:120.123,140-142]
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In our concept of caged electrophiles, we chose bromomethyl ketones as electrophiles since it
was already shown that caging them as acetals renders them unreactive and their promiscuous

45,140-142] Fyrthermore, we chose bacterial

cysteine-directed reactivity was already established.!
nitroreductases as activating enzymes due to the absence of nitroreductase activity in healthy
human cells, respectively the low catalytic activity of their mammalian equivalents, thus
preventing off-target engagement and corresponding side-effects in human cells.>%1331 n this
way, the initially caged electrophiles are intrinsically unreactive and after reduction of the
nitro-group to the corresponding hydroxylamine- or amine-group by bacterial nitroreductases,
the electron density in the ring system increases, leading to a consecutive 1,6-elimination
process to liberate the highly reactive electrophile that can engage multiple intracellular

[43.93.94.96,120,123.140-142] Ty general, this concept should not only

cysteine residues simultaneously.
be modular in regards to the different carbonyl-containing electrophiles that could be used, but
also different activating enzymes should be utilizable to activate the caged electrophiles, since
there are many reported enzyme families that can liberate the for the fragmentation needed

1551 azoreductases(’*®!  or

amine-functionality, e.g.  proteases,'>  B-lactamases,!
cytochrome P450 enzymes (CYP450).['57] Additionally, altering the structure of the acetal and
the corresponding caging group should allow optimization of the activation properties of the
caged electrophiles as shown in related prodrug strategies.!'*3] Overall, the modular nature of
this concept should enable the fine-tuning of the biological activity, physicochemical
properties, and permeability of the caged electrophiles through structural changes in one or

more of the respective elements of the caged electrophiles.
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2 Scope of the project

In this part of the thesis, we establish our proposed concept of caged electrophiles based on
bromomethyl ketones that are caged as acetals to render them initially unreactive. After specific
activation by bacterial nitroreductases, the highly reactive electrophile gets liberated to engage

multiple  intracellular  proteins at  their  cysteine residues  simultaneously

(Scheme 7) [45,93,94,96,120,123,140-142]

First of all, we aimed to synthesize the free electrophile probe and the corresponding
first-generation caged electrophile to perform proof-of-concept studies through gel-based

labelling experiments in bacterial lysate after preincubation with nitroreductase.

After these initial successes, we set out to further improve the labelling conditions by adjusting
the experimental setup and the used cofactors. While the overall labelling could be significantly
improved to better represent the native conditions in living bacteria, our first-generation caged
electrophile still labelled the proteome significantly less efficient compared to the free

electrophile indicating insufficient activation.

Therefore, we synthesized a library of second-generation caged electrophiles based on different
caging groups with altered electronic properties and activation mechanisms and evaluated their
activation potential with the optimized labelling conditions. Thereby, we identified a promising
thiophene-based caged electrophile, which was selected for more detailed investigations in
another gel-based experiment. We could demonstrate that even endogenous nitroreductase
activity, still present in the bacterial lysate, was sufficient for notable activation of the improved

caged electrophile.

We further expanded our studies to living bacteria, where we could verify reactivity of the
optimized caged electrophile comparable to the free electrophile. Using the same experimental
setup in a human cell line did not lead to the activation of the caged electrophiles, demonstrating

their selectivity towards bacteria.

Finally, we wanted to further analyze the exact mass of modifications and amino acid selectivity
of the caged electrophiles as well as to quantify the labelled peptides using an unbiased
chemoproteomic approach developed in our group based on the isoDTB-ABPP workflow!*! in
combination with the MSFragger-based FragPipe computational platform7®®¥ for data

analysis.
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3 Results and discussion

3.1 Synthesis of the first-generation caged electrophile

To establish the concept of caged electrophiles, we first set out to synthesize a

bromomethyl ketone probe with an alkyne-handle to enable further downstream analysis of the

labelling properties of the probe and its caged derivatives using ABPP experiments.[#+36-5°]

Therefore, analogously to the concept of light-activatable caged electrophiles, we synthesized

the corresponding bromomethyl ketone probe BMK starting from 5-hexynoic acid (1) using a

modified procedure (Scheme §).[140-141.158]

1. oxalyl chloride (5.8 eq)
60 °C, 1 h (CH.Cl,)
2. (trimethylsilyl)diazomethane (2.0 eq)
0°C, 3 h (MeCN/THF 1.4:1)
3.HBr(3.3eq),0°C — rt.
30 min (MeCN/THF 1.4:1)
4. NaBr (30 eq), 70 °C, 2 d (acetone)

« o
WOH 43%
1

Br

4
éo

BMK

Scheme 8: Synthesis of the bromomethyl ketone probe BMK starting from 5-hexynoic acid (1) according to a

modified procedure of Abo and coworkers,[1*%1411 followed by a Finkelstein-reaction analogously to

a patent procedure with an overall yield of 43%.15%

In the first step of this procedure, 5-hexynoic acid (1) was reacted with oxalyl chloride to form
the corresponding acid chloride that immediately after evaporation of excess oxalyl chloride
was converted to the diazomethyl ketone intermediate through nucleophilic attack of
(trimethylsilyl)diazomethane. The nearly complete removal of excess oxalyl chloride was
crucial for the success of the whole synthesis since (trimethylsilyl)diazomethane most likely
was quenched by the excess reagent in initially failed syntheses. The intermediate was further
reacted with hydrobromic acid to form the desired bromomethyl ketone BMK.!4%1411 A fter
flash column purification and the isolation of one single spot, the "H-NMR indicated the
presence of an additional compound that could not be separated from BMK by different solvent
combinations for flash column chromatography or high performance liquid
chromatography (HPLC). After extensive investigations, we were able to identify the second
compound as the corresponding chloromethyl ketone. We hypothesized that this side product
could formed through a direct nucleophilic attack of chloride-anions, that were generated after
the reaction of (trimethylsilyl)diazomethane with the acid chloride intermediate, at the
diazomethyl ketone. Alternatively, a halogen exchange reaction of bromide to chloride in the
final product occurred through the excess chloride-anions present in the solution. Consequently,

the mixture of chloro-substituted analog and BMK was reacted in a Finkelstein-reaction with
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sodium bromide until complete conversion was indicated by "H-NMR.[!38] In this way, we were

able to synthesize BMK with high purity in an overall yield of 43%.

Next, we wanted to synthesize a caging group to generate the first caged derivative of BMK.
For this first-generation of caged electrophile, we chose a para-nitrophenyl caging group since
it is the most widely used motif in literature and since it uses a homologous structure to the
light-activatable approach.[93:94.96,123,133,140.141] Therefore, we started from
2-bromo-acetophenone (2) and converted it to the respective epoxide 3 with a yield of 84%
through a reduction of the ketone functionality with sodium borohydride and an internal
cyclization reaction via a nucleophilic attack of the deprotonated hydroxy-group with bromide

as a leaving group (Scheme 9).[!5]

NO, NO, NO,
NaBH, (0.34 eq), 2 M NaOH (1.8 eq) KoCOs (1.2 eq), 110 °C
0 °C, 35 min (THF/MeOH 1.2:1) 24 h (1,4-dioxane)
84% 51%
BY O o HO  OH
3 4

Scheme 9: Reduction of 2-bromo-acetophenone (2) with sodium borohydride, followed by intramolecular
nucleophilic substation yields epoxide 3 in a yield of 84%,!'* which was further opened with aqueous

potassium carbonate to obtain the caging group 4 with 51% yield.['6%

The epoxide 3 was further opened through the reaction with aqueous potassium carbonate under
reflux according to a published procedure and converted to the caging group 4 in a yield of 51%
(Scheme 9).111 Finally, the first-generation caged electrophile CE1 could be synthesized as a
mixture of diastereoisomers according to a published procedure through the acid-catalyzed

acetalization of BMK with the caging group 4 in a yield of 37% (Scheme 10).[14!]

1-(4"-nitrophenyl)ethane-1,2-diol (4) (1.0 eq), NO,
p-toluenesulfonic acid (1.3 mol%),
S O MgSO, (4.0 eq), 100 °C, o/n (MeCN)
\\/\)J\/Br 37%
o_ 0O
\\\/\)</8r
BMK CE1

Scheme 10: Acetalization reaction of BMK with caging group 4 under acid-catalysis to generate the

first-generation caged electrophile CE1 as a mixture of diastereomers in a yield of 37%.[14!]

141

The obtained yield was lower compared to the literature value of similar compounds.!'*! Tt was

believed that this was due to an insufficient removal of water generated during the acetalization
reaction. In this procedure, magnesium sulfate was added to remove the water, but evidently

141

this could not be achieved in sufficient quantity.['*!) Nevertheless, the first-generation caged

electrophile CE1 could be successfully synthesized to enable proof-of-concept studies.
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3.2  Proof-of-concept studies

Next, we wanted to verify the general feasibility of the concept of caged electrophiles by
comparing the labelling intensities of the free electrophile BMK with the labelling properties
of the caged electrophile CE1 in a gel-based ABPP experiment. In this experiment, the labelling
properties of BMK represented the positive control and the reference for the caged
electrophile CE1, as the complete activation of CE1 by bacterial nitroreductases should lead to
the quantitative liberation of BMK and therefore to the same labelling pattern and intensity.
We chose the E. coli nitroreductase NfsB for our first studies, because it is one of the most
widely used and well-studied bacterial nitroreductase for similar concepts with a specific
activation of prodrugs.['>*139 NfsB was cloned from E.coli BW25113[1%11 with
a N-terminal 6xhistidine (His)-tag and recombinantly expressed and purified utilizing standard

[75]

techniques from a previous literature report from our group!””! and identical with the same

plasmid and expression strain constructs that were already generated during my Master’s

thesis.[162]

For the proof-of-concept studies, according to a protocol established in my Master’s thesis!!®?]
we preincubated either BMK or CEl in a concentration of 20 uM together with different
combinations of the E.coli nitroreductase NfsB (25.3 uM) and NADH (I mM) as a
cofactor!!?L11-114] in 50 mMm phosphate buffer in a total volume of 100 pL. The addition of
dimethyl sulfoxide (DMSO) instead of probe was used as a solvent control experiment to assess
the background labelling. After the preincubation for one hour at room temperature, 100 pL
S. aureus SH1000!'%% lysate (1 mg/mL) were added and incubated with the reaction mixture for
another hour at room temperature to lead to a proteome-wide labelling with BMK and
uncaged CEL1. The resulting final concentrations in this experiment after addition of bacterial
lysate were, therefore, 10 uM BMK or CE1 together with 12.6 uM NfsB and 500 pm NADH.
Subsequently, the probe-labelled proteins were clicked to the fluorescent dye
5-carboxytetramethylrhodamine-azide(TAMRA-azide) using CuAAC,!%63] geparated by
SDS-PAGE and finally visualized by in-gel fluorescence scanning (Figure 3). Additionally, a
Coomassie staining of the gel was performed to determine the protein concentration in the
individual lanes to verify the equal sample loading in all gel lanes, which is shown for a

representative cut-out below the fluorescence gel (Figure 3).
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compound DMSO BMK CE1
NfsB + - 0+ - *+ - _* o)
NADH * = *+ =+ + = S
kDa 63 —

Figure 3: Gel-based labelling experiment for proof-of-concept studies for the caged electrophiles. Free
electrophile BMK and caged electrophile CE1 (final concentration of 10 uM) were preincubated with
different combinations of E. coli nitroreductase NfsB (final concentration of 12.6 uM) and
NADH (final concentration of 500 uM) in 50 mM phosphate buffer. DMSO was added instead of
probe in a control experiment. After preincubation for one hour at room temperature,
S. aureus SH1000!'%% lysate (1 mg/mL) was added and incubated for another hour to lead to a
proteome-wide labelling. The labelled proteins were further clicked by CuAAC*% to
TAMRA-azide, separated by SDS-PAGE and visualized by in-gel fluorescence scanning. The
following Coomassie staining verified equal protein concentrations in all gel lanes and is shown below

the fluorescence gel.

Free electrophile BMK promiscuously labeled the whole proteome independently of
nitroreductase NfsB and NADH addition. The additional very strong protein band at around
24 kDa, that is only observed in the presence of NfsB, most likely corresponded to the added
NfsB itself. In accordance with our hypothesis, the caged electrophile CE1 did show a very
similar labelling pattern after preincubation with both, NfsB and NADH, but with overall lower
intensity. In contrast, caged electrophile CE1 did not show any visible labelling at all in the
absence of both, NfsB and NADH, and in the absence of only NfsB. In the case of only NfsB
addition, a slight labelling pattern could be detected probably due to residual NADH that was
present in the bacterial lysate in a sufficient amount to lead to the activation of CE1 with the
added NfsB. Overall, this gel-based experiment verified that the caged electrophile CE1 could
get activated by NfsB to generate a reactive electrophile that showed labelling properties similar
to free BMK. Additionally, it could be proven that the caged electrophile CE1 did not have any
visible proteome-reactivity without activation by bacterial nitroreductases. While we were able
to verify that the activation of CE1 by NfsB led to a proteomic labelling pattern similar to the
free BMK, this experiment did not give direct evidence for the presence of BMK. Nevertheless,
we were encouraged as this experiment generally demonstrated the feasibility of this modular

approach of caged electrophiles that are specifically activatable by bacterial nitroreductases.
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3.3 Optimization of labelling conditions

After the general verification of our concept of caged electrophiles, we set out to further
improve and optimize the labelling conditions to further improve the labelling intensity of the
caged electrophile CEl, since they were significantly weaker compared to BMK in the initial
gel-based experiment (Figure 3). Therefore, we compared the activation properties of NfsB
with the major E. coli nitroreductase NfsA, where we substituted NADH with NADPH, since
NfsA is reported to only accept NADPH as electron donor.??-191.112] Additionally, we tested the
influence of the addition of FMN on the overall labelling intensity because both nitroreductases

NfsA and NfsB were described to use FMN as prosthetic group (Figure 4).°0-101.111-114]

compound DMSO BMK CE1
NADPH *+ - - + - + - +*+ - - —
NADH = *+ - - + - =—- = +*+ = *
FMN + + = %+ = % % =+ + S s
NfsA _*+ - - + - + + *+ - - — '
NfsB = + - - + - - - + + + BMK
kDa 63 —
=3= + NO,
-— ~
a0 — ===
]
_ o_ O
32 S-Sl
' hd - ‘ CE1
21 — -— "

Figure 4: Gel-based labelling experiment for the optimization of labelling conditions of caged electrophiles.
Free electrophile BMK and caged electrophile CE1 (final concentration of 10 pM) were preincubated
with different combinations of either E. coli nitroreductase NfsA (final concentration of 12.7 um) or
NfsB (final concentration of 12.6 uM) with FMN (final concentration of 12.5pM) and
NAD(P)H (final concentration of 500 pM) in 50 mM phosphate buffer. DMSO was added instead of
probe in a control experiment. After preincubation for one hour at room temperature,
S. aureus SH1000!'% lysate (1 mg/mL) was added and incubated for another hour to lead to a
proteome-wide labelling. The labelled proteins were further clicked by CuAAC*% to
TAMRA-azide, separated by SDS-PAGE and visualized by in-gel fluorescence scanning. The
following Coomassie staining verified equal protein concentrations in all gel lanes and is shown below

the fluorescence gel.

Firstly, we could show that both E. coli nitroreductases NfsA and NfsB were able to activate
caged electrophile CE1 to lead to a proteome-wide labelling with a comparable pattern to
free BMK. This finding was in accordance with literature reports demonstrating that both
nitroreductases were responsible for the activation of nitrofuran antibiotics and that bacteria
needed to mutate both in consecutive steps in order to develop resistance.*®!1%-112] Since our

caged electrophile CE1 was also activated by both nitroreductases nearly equally, we assumed
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and hypothesized that possible resistance development against this class of compounds also
happens in multiple consecutive steps which is assumed to make resistance development overall
slow.P8110-1121 A g expected, the addition of FMN further drastically increased the overall

labelling intensity and the activation properties of CE1.

Nevertheless, we could still detect significant protein labelling at around 24 kDa that probably
represented the labelling of the used nitroreductases NfsA or NfsB, respectively. This direct
reaction of the electrophile with the activation enzyme pointed to the fact that during the
preincubation period large amounts of electrophile were captured by the nitroreductase itself
leading to a reduction in labelling of other proteins as well as to a probable inactivation of the
enzyme. Consequently, we investigated the activation and labelling of CE1 in a coincubation
experiment, where BMK or CE1 were added directly together with NfsA/NfsB, FMN and
NAD(P)H in S. aureus SH1000'%3] lysate (Figure 5).

compound _ BMK CE1
coincubaton -~ _*+ - + -—- + -— + - +
NADPH - - * + - - - - - —
NADH = =— =-— = = = *+ *+ = = o)
FMN = = + + + + + + + + SO~ s
Nfsh - - + + + + - - - - BMK
NfsB - - - - - - * * + +
kDa 63 — - NO,
- - p
—
40_ : z -
- S-Sl
32 — CE1
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63 — - - =

Figure 5:  Gel-based labelling experiment for the optimization of labelling conditions of caged electrophiles.
For preincubation experiments, free -electrophile BMK and caged -electrophile CE1 (final
concentration of 10 uM) were preincubated with different combinations of either E. coli
nitroreductase NfsA (final concentration of 12.7 uM) or NfsB (final concentration of 12.6 uM) with
FMN (final concentration of 12.5 pM) and NAD(P)H (final concentration of 500 pMm) in 50 mMm
phosphate buffer. DMSO was added instead of probe in a control experiment. After preincubation for
one hour at room temperature, S. aureus SH10001%3 lysate (1 mg/mL) was added and incubated for
another hour. Alternatively, for coincubation experiments BMK and CEI1 (final concentration of
10 uM) were incubated with different combinations of either NfsA (final concentration of 12.7 uMm)
or NfsB (final concentration of 12.6 uM) with FMN (final concentration of 12.5 uM) and
NAD(P)H (final concentration of 500 pM) in S. aureus SH10001'63] lysate (1 mg/mL) in a total
volume of 200 uL phosphate-buffered saline (PBS) for one hour at room temperature. For both
experiments, the labelled proteins were further clicked by CuAACI®-%] to TAMR A-azide, separated
by SDS-PAGE and visualized by in-gel fluorescence scanning. The following Coomassie staining

verified equal protein concentrations in all gel lanes and is shown below the fluorescence gel.
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In the case of the coincubation experiment, we exchanged the 50 mM phosphate buffer with
phosphate-buffered saline (PBS), since the activation directly occurred within the bacterial
lysate that was prepared in PBS. In order to directly compare the labelling intensities of the
coincubation with the preincubation experiment, the coincubation was performed in a total
volume of 200 pL by dilution with PBS to obtain the same volume and concentrations of all
reagents as in the preincubation setup. As we hypothesized, the labelling of the used
nitroreductases significantly decreased in coincubation experiments, especially in the case of
NfsB activation. Unfortunately, the overall labelling intensity also slightly decreased compared
to the preincubation experiment, but not to the same extent as the labelling of the individual
nitroreductases. Nevertheless, we could show that CE1 was also activated in the presence of
the whole proteome as background and since these coincubation conditions represented more
closely the realistic conditions in living bacteria, we decided to further continue with the

coincubation setup.

Finally, we wanted to assess the influence of the temperature on the activation properties of the
caged electrophile CE1. Therefore, we performed the identical experiment under coincubation
conditions at either room temperature (25 °C) or at 37 °C, since we assumed that

nitroreductases have increased activity at this elevated temperature (Figure 6).

compound _ BMK CE1
temperature [°C] 25 37 25 37 25 37 25 37 25 37
NADPH = —- *+ +*+ = - = = = =
NADH - - - - - - * * - — o
FMN = = + *+ + + + + + + S e
Nfsh - - + + + + - - - — BMK
NfsB = - - - - - + + + +
kDa 63 —
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Figure 6: Gel-based labelling experiment for the optimization of labelling conditions of caged electrophiles.
Free BMK and caged electrophile CE1 (final concentration of 20 uM) were incubated with different
combinations of either NfsA (final concentration of 25.5 uM) or NfsB (final concentration of
25.3 um) with FMN (final concentration of 25 uM) and NAD(P)H (final concentration of 1 mM) in
S. aureus SH1000!'%3] lysate (1 mg/mL) in a total volume of 100 pL phosphate-buffered saline (PBS)
for one hour at either room temperature (25 °C) or at 37 °C. DMSO was added instead of probe in a
control experiment. The labelled proteins were further clicked by CuAACI%%3] to TAMRA-azide,
separated by SDS-PAGE and visualized by in-gel fluorescence scanning. The following Coomassie

staining verified equal protein concentrations in all gel lanes and is shown below the fluorescence gel.
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It has to be mentioned that starting from this experiment, the final concentrations of all reagents
were doubled compared to the previous experiments, but the ratio of reagents to bacterial lysate
remained unchanged due to the fact that the additional dilution to make preincubation and
coincubation directly comparable was not necessary anymore. It could be seen that at 37 °C the
labelling intensity of CE1 increased in the case of NfsB, whereas for NfsA the labelling was
nearly unchanged or potentially even decreased to some degree. However, NfsB led to stronger
labelling in this experiment in accordance with all previous experiments. Therefore, we focused

on the activation with NfsB in all further experiments and chose 37 °C as reaction temperature.

Summarizing, through different optimization studies we identified the activation of CE1 to be
most efficient in a coincubation setup with the use of NfsB as activation enzyme in the presence

of NADH and FMN at 37 °C.

3.4 Design and synthesis of second-generation caged electrophiles

Even after the optimization of the labelling conditions, we still could detect significantly weaker
labelling of CE1 compared to free BMK that indicated only partial activation and uncaging of
CE1 by the bacterial nitroreductases. A previous literature report that investigated different
caging groups for nitroreductase-based activation of prodrugs identified thiophene-, furane- and
imidazole-based analogs of the para-nitrophenyl caging group that showed drastically
increased activation properties.[!33] Additionally, we adapted the concept of so-called
self-immolative linkers to our concept of caged electrophiles utilizing caging groups with a

164,165

carbamate functionality.! 1'Upon activation through bacterial nitroreductases, a cascade of

elimination processes can occur to liberate the reactive electrophile and three additional reaction

products (Scheme 11) [93,94,96,120,123,140,141,164,165]

NO, HNj-X
0 LM
HN—4 - HN
o activation through “ o ~ o
nitroreductases &7 +H0 )J\/B
—_— > ) \ r
J HN=X NH,
o__0 0){o
< _Br S Br p co,
HO HO  OH _
caged reactive
electrophile electrophile

Scheme 11: Overview of the modular concept of caged electrophiles with self-immolative linkers and proposed
mechanism for the activation through nitroreductases. The nitro-group gets reduced by bacterial
nitroreductases to the corresponding hydroxylamine- (X =OH) or amine- (X =H) group, which
increases the electron density and leads to a cascade of elimination processes that liberate the highly

reactive electrophile [93,94,96,120,123,140,141,164,165]
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The use of this longer self-immolative linker system is described to shorten the distance
between the catalytically active center and the nitro-group and, thereby, to improve the
activation kinetics.['® Additionally, the activation and the resulting fragmentation are
entropically favored since three compounds are released in addition to the reactive electrophile,
especially carbon dioxide that can evolve from the reaction.[!%3] Therefore, we started to

synthesize the respective caging groups and the corresponding caged electrophiles.

3.4.1 Synthesis of improved caging groups

Generally, we wanted to use a similar synthetic strategy as for the para-nitrophenyl group 4
and, therefore, aimed to synthesize the corresponding bromomethyl ketone intermediates. For
the thiophene-based group, aldehyde S was methylated to the corresponding secondary
alcohol 6 using methyllithium and titanium(IV) chloride according to a published procedure

(Scheme 12).1166]

~NO; TiCl, (1.3 eq), CHaLi (1.3 eq), N0,
\ -78 °C — r.t., o/n (Et,0) \
S S
67%
\
S OH
5 6

Scheme 12: Methylation of aldehyde S with methyllithium and titanium(IV) chloride according to a published

procedure to generate the secondary alcohol 6 with a yield of 67%.!16!

This synthesis could be successfully completed, and the reaction product 6 was obtained after
flash column chromatography in high purity with a yield of 67%. The yield was lower compared
to the literature report!!®) maybe due to insufficiently anhydrous reaction conditions, but in an
acceptable range to continue with the further reactions. The generated alcohol 6 was directly
re-oxidized with Dess-Martin periodinane to the respective ketone 7 described in the same
literature report (Scheme 13).[166]

- NO; Dess-Martin periodinane (1.5 eq), o~ NO2
\ 3 r.t., 24 h (CHyClp) \ 4
74%

OH o

6 7

Scheme 13: Oxidation of alcohol 6 with Dess-Martin periodinane to the ketone 7 according to a literature report

with a yield of 74%.11¢¢]

After flash chromatography, again a highly pure product could be obtained in a yield of 74%,
which was also lower compared to literature.['%¢] This decreased yield could probably be
attributed to the partial decomposition of Dess-Martin periodinane, but again was in an

acceptable range. The respective bromomethyl ketone 8 could then be synthesized analogously



II — 3 Results and discussion 32

to a literature procedure through the reaction of methyl ketone 7 with copper(Il) bromide under

reflux (Scheme 14).1167]

X NO2 CuBr; (2.0 eq), 85 °C, o/n - NO;
N (CHCIy/EtOAC 1:1) N
63%
o) B O
7 8

Scheme 14: Bromination of methyl ketone 7 to the bromomethyl ketone 8 using copper(Il) bromide with a yield

of 63% analogously to a published procedure.['®”]

In this reaction, a double brominated derivative was also generated that could be separated by
flash chromatography but reduced the obtained yield to moderate 63%. Similar to the synthesis
of the para-nitrophenyl caging group 4, the bromomethyl ketone 8 was converted to the
epoxide 9 using a similar literature procedure (Scheme 15).[168]

~NO, 1. NaBH, (0.5 eq), 0 °C — r.t., 1.5 h (MeOH) N0,
q 2.K,COj3 (1.0 eq), rit., 20 h (MeOH) \
51%

\

8 9

Scheme 15: Reduction of bromomethyl ketone 8 with sodium borohydride, followed by the intramolecular
nucleophilic substitution and cyclization after addition of potassium carbonate yielded the epoxide 9

in a yield of 51%.!18]

After the reduction of the ketone functionality with sodium borohydride to the corresponding
secondary alcohol, the addition of potassium carbonate led to the intramolecular cyclization
reaction to generate epoxide 9 with a total yield of 51%.[1%8] In the final step of the synthesis,

epoxide 9 was opened to give the thiophene-based caging group 10 (Scheme 16).[168]

. NO, o NO,
N conc. H,SOy (1.3 eq), r.t., 24 h (THF/H,0 5:1) N
35%
HO  OH
9 10

Scheme 16: Epoxide 9 was opened by the addition of sulfuric acid to the corresponding 1,2-diol and

thiophene-based caging group 10 in a yield of 35%.[168]

160 as for the para-nitrophenyl group 4 was not

Using the identical experimental procedurel
successful, therefore another synthetic strategy described in literature was used, where the
epoxide 9 was hydrolyzed and opened to the corresponding 1,2-diol 10 through the addition of
sulfuric acid with a yield of 35%.!168] Unfortunately, this yield was relatively low, but indeed a
significant improvement compared to other procedures where we could only identify traces of
the desired product. Overall, the thiophene-based caging group 10 could be successfully

synthesized over five steps with a total yield of 6%.
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The furane-based caging group was then synthesized using the identical synthetic strategy,

starting with the methylation of the furane-based aldehyde 11 to the secondary alcohol 12

according to the already described literature procedure (Scheme 17).[166]

- NO2 TiCl (1.3 eq), CHaLi (1.3 eq), X NO2
\ o ~78°C — r.t., o/n (Et,0) \ 0
76%
\
e} OH

1" 12

Scheme 17: Methylation of aldehyde 11 with methyllithium and titanium(I'V) chloride according to a published

procedure to generate the secondary alcohol 12 with a yield of 76%.[16]

After flash chromatography, the methylated secondary alcohol 12 could be obtained with high
purity in a yield of 76%. The yield for this furane-based intermediate 12 was higher than for
the corresponding thiophene-derivative 6 and nearly identical to the literature value of 81%.[16¢]
The small difference in yield was probably again due to the sensitivity of the reaction towards
water, which resulted in decreasing yield if no completely dry reaction conditions were
achieved. Nevertheless, the obtained yield was overall sufficient, and it was continued with the
oxidation to the ketone 13 using Dess-Martin periodinane according to the literature procedure

(Scheme 18).1166]

o NO2 Dess-Martin periodinane (1.5 eq), X NO2
\ o r.t., 4 h (CH,Cly) \ o
87%
OH (¢}
12 13

Scheme 18: Oxidation of alcohol 12 with Dess-Martin periodinane to the ketone 13 according to a literature report

with a yield of 87%.116¢]

We could also observe the same trend in the yield for this reaction, where the obtained 87%
after flash chromatography exceeded the 74% yield of the thiophene-analog 7. In this case, we
also outperformed the literature report'®l and, generally, the synthetic route for the
furane-analogs seemed to work more efficiently compared with the thiophene-derivatives.
However, this was not true for the o-bromination of the methyl ketone 13 to the
bromomethyl ketone 14 with copper(Il) bromide that was performed using an adapted literature

procedure (Scheme 19).[1¢7]

. NO2 CuBr; (2.0 eq), 85 °C, o/n o NO2
\ o (CHCI5/EtOAG 1:1) \ o
51%
o) B O
13 14

Scheme 19: Bromination of methyl ketone 13 to the bromomethyl ketone 14 using copper(Il) bromide with a yield

of 51% analogously to a published procedure.['®”]
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The obtained yield of 51% was significantly lower compared to the thiophene-based
bromomethyl ketone 8. This could be attributed to a complex separation problem with flash
chromatography since the product 14 and the respective double brominated side-product nearly
matched in retention time on the column. Despite performing the flash chromatography
carefully, a mixed fraction of product 14 and side-product was obtained, which was discarded.
Nevertheless, the obtained yield of 51% was still acceptable, and the overall purity of the
product 14 was very high. Surprisingly, the following epoxide formation was unsuccessful in
many tries, even though we used the same experimental procedure that we adapted from

literature.[168

1 After thorough troubleshooting, we concluded that the epoxide intermediate
initially identified by mass spectrometry (MS) was formed during the reaction but could not be
isolated. This hinted towards a probable decomposition on the silica column rather than to
problems with the synthesis itself. Therefore, we again generated the epoxide derivative with

the same literature procedure,!!6®]

where bromomethyl ketone 14 was reduced to the
corresponding alcohol with sodium borohydride, followed by the intramolecular substitution
reaction after potassium carbonate addition (Scheme 20). After aqueous work-up and removal
of the solvent, we consequently did not perform any purification procedure. However, we
directly subjected the formed intermediate to hydrolysis with sulfuric acid according to the

168

same literature report!!® to successfully obtain the furane-based caging group 15 with a yield

of 10% over these two steps (Scheme 20).

1. NaBH, (1.0 eg), 0 °C —= rt., 1.5 h (MeOH)
N0, 2.K,CO3 (1.0 eq), rt., 20 h (MeOH) N0,
\ 3. conc. H,S0, (1.3 eq), r.t., 24 h (THF/H,0 5:1) \ d
10%
BF O HO  OH
14 15

Scheme 20: Reduction of bromomethyl ketone 14 with sodium borohydride, followed by the intramolecular
nucleophilic substitution and cyclization after addition of potassium carbonate yielded an epoxide
intermediate. The crude reaction product was opened by the addition of sulfuric acid to the

corresponding 1,2-diol and furane-based caging group 15 in a yield of 10% over two steps.!!%]

The corresponding synthesis of the thiophene-based caging group 10 achieved a total yield of
18% over these two steps, which was significantly higher than for the furane-analog 15. This
was indeed not surprising, since we were not able to isolate and purify the epoxide intermediate
in this reaction, but we were successful for the thiophene-based epoxide 9. Consequently, the
decreased yield could probably be attributed to the use of a crude reaction product, where other
formed side-products maybe interfered with the final hydrolysis of the epoxide. Since it was
the last step in this synthesis of the caging group 15 and we obtained a sufficient amount, this

low yield was acceptable. Overall, we could successfully synthesize also the furane-based
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caging group 15 with a total yield of 3% over four steps which was significantly lower

compared to the thiophene-analog 10, mostly due to the poor yield of the last transformation.

In contrast to the aforementioned synthetic routes to the thiophene-based 10 and
furane-based 15 caging group, the synthesis of the corresponding imidazole-analog was more
complex and included multiple steps. Unfortunately, the o-bromination of the respective
methyl ketone intermediate could not be successfully completed, even though many different
experimental procedures were used for this transformation. Additionally, further different
routes towards this caging group were tried, but none of them led to success. Consequently, we
could not synthesize the imidazole-based caging group, but we continued with the already
synthesized groups 10 and 15 together with the self-immolative caging groups (vide infra). The
synthetic steps until the o-bromination for the imidazole-based caging group will not be
discussed here, as they were also part of the synthesis towards the imidazole-based caging group

with a self-immolative linker, which is discussed in the following part of this thesis.

3.4.2  Synthesis of caging groups with self-immolative linkers

For the synthesis of the caging groups with self-immolative linker systems (Scheme 11),1164.165]
we first synthesized a common linker motif with a 1,2-diol functionality to enable the acetal
formation. On the other side, this linker motif could be modified via a carbamate formation
with the different activation elements of the caging groups to generate a para-nitrophenyl-,

thiophene-, furane- and imidazole-based group with self-immolative linker.

We chose to generate a common linker based on the para-nitrophenyl caging group 4, where
we first needed to protect the 1,2-diol functionality to enable the further transformations. For
this purpose, we protected 1,2-diol 4 as an acetonide 16 through the acetal formation with
2,2-dimethoxypropane under acid-catalysis according to a published patent procedure

(Scheme 21).116%]

NO, 2,2-dimethoxypropane (4.0 eq), NO,
p-toluenesulfonic acid (0.4 eq),
r.t., o/n (acetone)
96%

o_ 0O

HO  ©OH PN

4 16
Scheme 21: Protection of the 1,2-diol4 as an acetonide 16 in a yield of 96% through acetalization with

2,2-dimethoxypropane under acid-catalysis.!®]

After flash chromatography, we could successfully obtain the protected acetonide 16 with high

purity in an excellent yield of 96%, which largely exceeded the literature value.l'®! To finally
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enable the carbamate formation, the nitro-group was reduced according to the same patent
procedure through hydrogenation in presence of palladium on carbon to generate the amine 17

(Scheme 22).116%]

NO, NH,
H,, Pd/C (2 mol%), rt., 16 h (MeOH)
96%
o_ 0 o__0
> >
16 17

Scheme 22: Hydrogenation in presence of palladium on carbon to convert the nitro-group 16 into the amine 17 in

a yield of 96% following a patent procedure.!%]

The common linker motif 17 could be obtained with very high purity directly after filtration,
and no further purification was necessary. Despite achieving a slightly lower yield than the
patent procedure,['%! the obtained 96% were very high with only minimal loss probably during

the filtration process.

After the successful synthesis of the common linker motif 17, we set out to generate the
respective activation elements as corresponding primary alcohols to enable a carbamate
formation. We started with the reduction of commercially available para-nitrophenyl
aldehyde 18 with sodium borohydride to the primary alcohol 19 (Scheme 23).[170]

NO, NO,

NaBH,4 (1.5 eq), 0 °C — r.t., 1 h (MeOH)
91%
o= HO

18 19

Scheme 23: Reduction of the para-nitrophenyl aldehyde 18 with sodium borohydride to the primary alcohol 19 in
a yield of 91%.17%

The product 19 could be obtained in very high purity with an excellent yield of 91%, that was

just slightly lower than the literature value.['”"]

The following carbamate formation together with the common linker motif 17 was conducted
according to an adapted and modified literature procedure.l'’!] Therefore, the amine 17 was
reacted with triphosgene in the presence of triethylamine, followed by the addition of alcohol 19

which was already pretreated with triethylamine (Scheme 24).1171]
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1. triphosgene (0.7 eq), triethylamine (4.4 eq), r.t., 30 min (CH,Cl,)

NO,
NH, 2. (4-nitrophenyl)methanol (19) (1.6 eq), triethylamine (4.4 eq), r.t.,
1 h (DMF/CH,Cl, 1:4) ol
3.2 M HCI (4.0 eq), r.t., o/n (THF) HNJ<O

60%

>

HO  OH
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Scheme 24: The common linker motif 17 was reacted with triphosgene in the presence of triethylamine, followed
by the addition of para-nitrophenyl alcohol 19 that was pretreated with also triethylamine to form a
carbamate functionality. After the reaction was quenched by the addition of diluted hydrochloric acid,

stirring was continued to deprotect the acetonide, which finally resulted in the formation of the

para-nitrophenyl-based caging group with a self-immolative linker 20 in a yield of 60%.17!]

The reaction progress of amine 17 together with triphosgene alone and the final carbamate
formation with alcohol 19 could be monitored by MS. After the starting materials were
completely consumed, the reaction was quenched by the addition of diluted hydrochloric acid.
We chose to end the reaction with acidic conditions since we were then able to continue stirring
in the same reaction vessel under these acidic conditions in order to cleave the acetonide to
generate the final 1,2-diol containing para-nitrophenyl-based caging group with

self-immolative linker system 20 in an overall satisfying yield of 60%.

Next, we used thiophene aldehyde 5 as precursor for the synthesis of the thiophene-based

caging group with a self-immolative linker. We reduced it with sodium borohydride according

to a literature procedure to the corresponding alcohol 21 (Scheme 25).[166]
NaBH,4 (1.5 eq), 0 °C — rt., NO.
® NO- 2 h (MeOH) oy
S 63% s
o= HO
5 21

Scheme 25: Reduction of the thiophene aldehyde S with sodium borohydride to the primary alcohol 21 in a yield
of 63%.[166]

Unfortunately, the obtained yield was significantly lower compared to the literature!!%®! but still
sufficient to proceed the synthesis without the need of reaction optimization. For the subsequent
carbamate formation, we chose and adapted a different literature procedure in order to evaluate,
if a change in the reaction sequence and the isolation of the carbamate that is still protected as
acetonide prior to the deprotection leads to an improved yield.l'’?! Therefore, alcohol 21 was
reacted with triphosgene first, followed by the addition of linker intermediate 17, which was
pretreated with triethylamine, and subsequent isolation and purification of the

acetonide-protected carbamate intermediate 22 (Scheme 26).[172]
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1. triphosgene (0.8 eq), 0 °C, 1 h (THF) ON
2. linker intermediate 17 (1.0 eq), o s
~NO, triethylamine (1.9 eq), 0 °C — r.t., HN—< —
\ o/n (THF) [e]
S 42%
HO
o__0O
>
21 22

Scheme 26: The alcohol 21 was first reacted with triphosgene, followed by the addition of linker intermediate 17
that was pretreated with triethylamine to form the acetonide-protected carbamate derivative 22 with

a yield of 42%.172!

The acetonide-protected derivative 22 could be successfully synthesized and isolated after flash
chromatography in a moderate yield of 42%. Subsequently, this intermediate 22 was subjected
to diluted hydrochloric acid to hydrolyze the acetonide and form the respective thiophene-based
caging group with self-immolative linker 23 (Scheme 27).

ON ON

N
HN — HN—{O § —
o 1M HCI (2.0 eq), r.t.,, 6 d (THF) o
66%

O><O HO  OH

22 23

Scheme 27: Hydrolysis of acetonide-protected intermediate 22 through the addition of diluted hydrochloric acid

generated the thiophene-based caging group with a self-immolative linker 23 in a yield of 66%.

We could isolate the desired caging group 23 in very high purity in a yield of 66% after flash
chromatography. Therefore, we could verify the feasibility of this different synthetic approach
to generate the carbamate-containing caging groups. However, the overall yield of the
carbamate formation followed by the acetonide deprotection, in this case, was lower compared
to the aforementioned procedure. Since these procedures were tested on different chemical
scaffolds, no direct comparisons can be made, but due to the more rapid and easier synthetic
procedure, we decided to use the experimental procedure of the para-nitrophenyl derivative 20
also for the following carbamate-containing caging groups.

Next, we continued with the synthesis of the furane-based alcohol 24 through the reduction of

the corresponding aldehyde 11 with sodium borohydride (Scheme 28).[1¢6]

NO. NO,
N 2 NaBH, (1.2 eq), 0 °C, 1 h (MeOH) \\
\ o o)
91%
o= HO
1" 24

Scheme 28: Reduction of the furane aldehyde 11 with sodium borohydride to the primary alcohol 24 in a yield of
91%.11¢¢]



II — 3 Results and discussion 39

In contrast to the reduction to the thiophene alcohol 21, we decreased the amount of added
sodium borohydride since we hypothesized that the excess reagent was responsible for the
relatively moderate yield. Indeed we were able to increase the yield in this synthesis drastically
to 91%, which also exceeded the reported value in literature.'%®! Utilizing the general synthetic
strategy, we first reacted the common linker motif 17 with triphosgene and triethylamine,
171]

followed by the addition of alcohol 24 that was pretreated with triethylamine (Scheme 29).!

1. triphosgene (0.7 eq), triethylamine (4.4 eq), r.t., 30 min (CH,Cl,) O.N

NH, 2. (5’-nitrofuran-2"-yl)methanol (24) (1.6 eq), triethylamine (4.4 eq), r.t., S
1 h (DMF/CH,Cl, 1:4) o Q"
3.2 M HCI (4.0 eq), r.t., o/n (THF) HNJ{()
59%
o_ O
>
HO OH
17 25

Scheme 29: The common linker motif 17 was reacted with triphosgene in the presence of triethylamine, followed
by the addition of furane alcohol 24 that was pretreated with also triethylamine to form a carbamate
functionality. After the reaction was quenched by the addition of diluted hydrochloric acid, stirring
was continued to deprotect the acetonide, which finally resulted in the formation of the furane-based

caging group with a self-immolative linker 25 in a yield of 59%.!!"!]

After the carbamate formation was completed as indicated by MS, we again quenched the
reaction with diluted hydrochloric acid and continued stirring to obtain the furane-based caging
group with a self-immolative linker 25 in a yield of 59% after flash chromatography. This
obtained yield nearly completely matched the reaction towards the para-nitrophenyl
derivative 20 and exceeded the yield of the thiophene-based caging group 23, which verified

our previous hypothesis that this synthetic procedure is more efficient for this transformation.

Next, we set out to conduct the synthesis of an imidazole-based caging group with a
self-immolative linker, where unfortunately the synthesis of the aforementioned caging group
without the linker failed. Through a pseudo-halogen exchange of sodium azide with tosyl
chloride 26, we first synthesized tosyl azide (TsN3) 27 according to a literature procedure,!'”]

since it was needed as a reagent within the following multi-step reaction sequence (Scheme 30).

o NaNj3 (1.5eq), 0°C —rt, o
5! 16 h (acetone/H,0 3.1:1) N
/©/ b 92% Q/ b
26 27

Scheme 30: Nucleophilic substitution of sodium azide with tosyl chloride 26 to generate tosyl azide 27 in a yield
0f 92%.1173

Tosyl azide 27 could be obtained in very high purity without the need of any purification and

in an excellent yield of 92%. It has to be mentioned that there was some residual solvent present
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in the final product, but due to the potential explosive properties of tosyl azide 27, we did not
further decrease the pressure or increase the temperature to completely remove the solvent.
Additionally, the low amount of residual solvent was not believed to negatively influence the
reaction, in which it was used as a reagent. Starting with the synthesis of the imidazole-based
caging group itself, we build up the imidazole scaffold through a Marckwald cyclization of
dihydroxyacetone dimer 28 with potassium thiocyanate and methylamine hydrochloride to

obtain imidazole derivative 29 (Scheme 31).[174-176]

OH KSCN (1.5 eq), methylamine hydrochloride (1.3 eq), N
0 - - SH
HO r.t., 3 d (n-butanol/acetic acid 6.8:1) \ Y
OH 67% N
Ho © HO
28 29

Scheme 31: Marckwald cyclization of dihydroxyactone dimer 28 with potassium thiocyanate and methylamine

hydrochloride to form the imidazole scaffold 29 in a yield of 67%.!17+17]

The product 29 precipitated during this reaction and could be isolated by filtration without the
need of any further purification in a yield of 67%, which nearly matched the literature report.[!7!
In the next step of the synthesis, the thiol-group of 29 was removed through a desulfurization
reaction with sodium nitrite and nitric acid to generate 30 (Scheme 32).[176]

2.4 M HNOj3 (2.1 eq), NaNO, (0.04 eq), N

1 N 0°C — rt, 2d (Hy0) 1 3
N 55% AN
HO HO
29 30

Scheme 32: Desulfurization reaction of the thiol 29 with sodium nitrite and nitric acid to generate imidazole

intermediate 30 in a yield of 55%.[17¢]

This transformation also did not require any further purification steps and intermediate 30 could
be obtained in high purity with a yield of 55%, which was significantly lower compared to the

[176] Nevertheless, this reaction represented the highest yielding example of our

literature value.
attempts, and the loss of yield could probably be attributed to the complicated extraction of the
product from the crude reaction mixture with hot chloroform. Since the obtained amount was
sufficient for the following reactions, we continued with the protection of the hydroxy-group

with zert-butyldimethylsilyl chloride (TBSCI) to form TBS-protected 31 (Scheme 33).1177]

TBSCI (1.2 eq),
N imidazole (3.0 eq), N
< 3 rt., 3 h (DMF) 1 3
AN 100% AN
HO TBSO
30 31

Scheme 33: Protection of alcohol 30 with tert-butyldimethylsilyl chloride to generate the TBS-protected

imidazole analogue 31 with a yield of 100%.[!"]
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Without any purification, the TBS-protected imidazole derivative 31 could be obtained in high
purity with quantitative yield, that exceeded the literature value.['””) The successful protection
of the hydroxy-group enabled the generation of a carbon nucleophile after deprotonation with
n-butyllithium (n-BuLi) that underwent a nucleophilic substitution reaction with the previously
synthesized tosyl azide 27 to generate an azide-functionalized imidazole scaffold 32

(Scheme 34).11781

1. n-BuLi (1.2 eq), —78 °C, 1 h (THF)

N N.__N
Y 2. TsNy (27) (1.0 eq), =78 °C, 1 h (THF) oY ®
N 97% N
TBSO TBSO
32

31

Scheme 34: Deprotonation of 31 with n-butyllithium generated a carbon nucleophile that subsequently was used

in a nucleophilic substitution reaction with tosyl azide 27 to obtain azide 32 in a yield of 97%.17%

In this synthetic step, our obtained yield of 97% largely exceeded the literature value,"'’® and
we could obtain the azide 32 in high purity. After completing the nucleophilic substitution
reaction, we were able to deprotect the hydroxy-group again. For this purpose, we first tried the
literature procedure by using hydrochloric acid, but unfortunately, this led to decomposition of
the desired product.!’”®! However, analogously to an unrelated literature procedure, we
conducted the deprotection reaction with tetrabutylammonium fluoride (TBAF) to successfully

obtain alcohol 33 with a yield of 75% (Scheme 35).[17°]

TBAF (1.0 eq),

NN N N
T s 0°C — rt, 3h (THF) e ®
N 75% AN
TBSO HO
32 33

Scheme 35: Deprotection reaction of the TBS-protected hydroxy-group in 32 with tetrabutylammonium fluoride
to obtain alcohol 33 in a yield of 75%.!17

Through the hydrogenation with palladium on carbon as catalyst, we subsequently reduced the
azide-functionality to an amine 34, which was obtained in high purity after filtration without

any further purification steps (Scheme 36).[178]

NN N.__NH
T 8 Ha, Pd/C, rt., o/n (MeOH) T 2
N 97% N
HO HO
33 34

Scheme 36: Hydrogenation with palladium on carbon catalysis to reduce the azide 33 to the amine 34 in a yield

of 97%.1178]

The achieved yield of 97% was excellent and was nearly identical to the literature.['”8] In the
final reaction step of this synthetic route towards the imidazole-based alcohol 35, we wanted to

introduce the nitro-group into the structure. Therefore, analogously to a literature report, we
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converted the amine-group into a diazonium tetrafluoroborate salt with sodium nitrite and
tetrafluoroboric acid, followed by the reaction with additional sodium nitrite with copper
powder as catalyst to successfully generate the final nitro-group containing imidazole

derivative 35 (Scheme 37).1178

1. HBF,4 (2.9 eq), NaNO, (1.5 eq), —15 °C, 30 min (H,0) N

N._NH NO
< SR 2. Cu (3.8 eq), NaNO, (5.0 eq), r.t., 24 h (H,0) < SR
AN 59% N
HO HO
34 35

Scheme 37: Generation of a diazonium tetrafluoroborate salt through the reaction of amine 34 with sodium nitrite
and tetrafluoroboric acid, followed by the reaction with sodium nitrite under catalysis with copper
powder successfully formed the nitro-group containing imidazole derivative 35 with a yield of

59%.11781

Despite initial problems with this reaction due to the large amounts of evolving nitrogen and
the insolubility of copper powder, which together led to excessive foam formation within the
reaction flask, the final obtained yield of 59% was in accordance with the literature
procedure.'’8] Having the alcohol 35 in hand, we were able to synthesize the imidazole-based
caging group with a self-immolative linker 36 according to the previously described procedure

(Scheme 38).171]

1. triphosgene (0.7 eq), triethylamine (4.4 eq), r.t., 30 min (CH,Cly)

N
NH; 2. (1"-methyl-2"-nitro-1"H-imidazol-5"-yl)methanol (35) (1.6 eq), o Ng NG,
triethylamine (4.4 eq), r.t., 1 h (DMF/CH,CI, 1:4) HN— N

3.2 M HCI (4.0 eq), r.t., o/n (THF) (0]

28%

X

HO OH

Scheme 38: The common linker motif 17 was reacted with triphosgene in the presence of triethylamine, followed
by the addition of imidazole alcohol 35 that was pretreated with also triethylamine to form a
carbamate functionality. After the reaction was quenched by the addition of diluted hydrochloric acid,

stirring was continued to deprotect the acetonide, which finally resulted in the formation of the

imidazole-based caging group with a self-immolative linker 36 in a yield of 28%.17!!

After flash chromatography, the imidazole-based caging group with a self-immolative linker 36
could be obtained in high purity with a yield of 28%. This yield was lower compared to the
previous carbamate formations potentially due to some interference of the imidazole scaffold
with this reaction, but we could obtain the final product 36 in sufficient amounts and therefore
no further reaction optimization was necessary at this point. Additionally, due to the
high-yielding intermediate steps in the synthetic route, we could obtain the caging group 36 in

a sufficient yield of 4% over eight steps.
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Overall, we could successfully synthesize all planned caging groups with the self-immolative
linker system, the para-nitrophenyl- 20, thiophene- 23, furane- 25 and imidazole-based 36
groups, and could continue with the synthesis of the corresponding caged electrophiles in the

following part.

3.4.3  Synthesis of second-generation caged electrophiles

For the synthesis of the second-generation caged electrophiles, we again used our previously
developed probe BMK to cage it as an acetal with the different newly synthesized caging
groups. Unfortunately, the acetalization reaction with the thiophene-based caging group 10
using the same literature procedure!!*!) as in the synthesis of CE1 did not work, and we could
not even detect traces of the desired caged electrophile. Again, we attributed this to insufficient
removal of water that was generated during the reaction. During my Master’s thesis!!®? we had
similar issues and adapted another literature procedure!'®® to optimize the acetalization
reaction. According to this protocol, we performed the acetalization reaction of BMK with the
thiophene-based caging group 10 under acid-catalysis, where we additionally added triethyl
180]

orthoformate to remove the generated water (Scheme 39).

1-(5"nitrothiophen-2"-yl)ethane-1,2-diol (10) (1.0 eq),

U - NO2
p-toluenesulfonic acid (1.3 mol%), \
S o triethyl orthoformate (1.1 eq), r.t., o/n (CH,Cly) S
xS~ e 13%
o_ 0O
N A
BMK CE2

Scheme 39: Acetalization reaction of BMK with the caging group 10 under acid-catalysis and with the use of

triethyl orthoformate for removal of the generated water to obtain the thiophene-based caged

electrophile CE2 as a mixture of diastereoisomers in a yield of 13%.!80]

With this optimized synthetic procedure, we accomplished the synthesis of the thiophene-based
caged electrophile CE2 as a mixture of diastereoisomers in a yield of 13% and with high purity
after HPLC purification. Unfortunately, the obtained yield was very low, which we again
attributed to insufficient water removal. We hypothesized that this problem was further
increased, since we performed this last step reaction from a multi-step procedure on a very
small scale, where on the one hand the efficient removal of small amounts of water got more
complicated and on the other hand small changes in the used amounts of reagents may have
significantly influenced the outcome of the reaction. Nevertheless, we could not identify a
higher yielding synthetic procedure, and more importantly, we could successfully obtain caged

electrophile CE2 with high purity in sufficient amounts for the following biological evaluation.
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Using the same synthetic strategy, '8l

we also performed the acetalization of BMK with the
furane-based caging group 15 (Scheme 40).

1-(5"nitrofuran-2"-yl)ethane-1,2-diol (15) (1.0 eq),

. . A NOZ
p-toluenesulfonic acid (1.3 mol%), \
S 0] triethyl orthoformate (1.1 eq), r.t., o/n (CH,Cly) 8}
e 10%
o__0O
N~
BMK CE3

Scheme 40: Acetalization reaction of BMK with the caging group 15 under acid-catalysis and with the use of

triethyl orthoformate for removal of the generated water to obtain the furane-based caged

electrophile CE3 as a mixture of diastereoisomers in a yield of 10%.!80]

After HPLC purification, we could also successfully obtain furane-based caged
electrophile CE3 as a mixture of diastereoisomers in a yield of 10%. Similar to CE2, the

obtained yield was again very low, but high enough to continue with the further experiments.

Unfortunately, the acetalization reaction towards the caged electrophiles with self-immolative
linker systems did neither work with the procedure with magnesium sulfate for water

removall!4!]

nor with the newly adapted triethyl orthoformate procedure.!'3") We hypothesized
that the carbamate functionality within the self-immolative caging groups might interfere with
the acetal formation. Therefore, we searched the literature for alternative acetalization
procedures that were also suitable for very small-scale reactions due to low amounts of available
starting materials. We identified a procedure from Tsunoda and coworkers,!'®!1 where the
acetalization was performed with ketones and silylated alcohols in the presence of catalytic
amounts of trimethylsilyl trifluoromethanesulfonate (TMSOTY) as Lewis acid. The main
driving force of this reaction was the formation of the very stable hexamethylsiloxane instead
of water and therefore holds the potential to avoid our previously described problems with

insufficient water removal.['8!]

After synthesizing the TMS-protected derivative of
para-nitrophenyl-based caging group with self-immolative linker 20, we conducted the
acetalization reaction with this new procedure.l'®!] Unfortunately, this method also failed and
we were not able to isolate the caged electrophile. However, in contrast to our previously used
procedures, we could identify traces of the formed product in reaction controls by MS for the
first time showing the general feasibility of this approach. Encouraged by this observation, we
again searched the literature and found an optimized version of this synthetic approach by
Kurihara and Hakamata.l'®? In this procedure, the TMS-protected alcohol was not necessary,
but instead, the acetalization could be performed directly with the ketone, the unmodified

alcohol, catalytic amounts of TMSOTf and the wuse of alkoxysilanes like

isopropoxytrimethylsilane that function as a TMS-source. The authors could show that various
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diols formed disilylated diols during the reaction in the presence of a TMS-source and catalytic
amounts of TMSOTT.182) After thorough optimization of this procedure, we identified reaction
conditions suitable for our approach, where we exchanged the used solvent from
dichloromethane to acetonitrile due to solubility issues and we increased TMSOTf from
catalytic to stoichiometric amounts. Applying these final conditions, we synthesized the
para-nitrophenyl-based caged electrophile with a self-immolative linker CE4 through the
acetalization of BMK with caging group 20 (Scheme 41).!182]

NO,
O
immolative caging group 20 (1.0 eq), isopropoxytrimethylsilane (4.0 eq), HN—<
o

TMSOTf (1.0 eq), —20 °C, o/n (MeCN)
Br 8%

4
go

o_ 0

5

Br

BMK CE4

Scheme 41: Acetalization of BMK with caging group 20 with the use of TMS-source isopropoxytrimethylsilane
and stoichiometric amounts of Lewis acid TMSOTf to obtain para-nitrophenyl-based caged

electrophile with a self-immolative linker CE4 as a mixture of diastereoisomers in a yield of 8%.[!%%

Strikingly, utilizing this optimized procedure,!82] the caged electrophile CE4 was successfully
generated as a mixture of diastereoisomers with high purity. Indeed, the obtained yield was
again very low, but comparable to the previous acetalization reactions and sufficient for further

biological experiments.

Utilizing the identical procedure, we also synthesized the respective thiophene-based caged

electrophile with a self-immolative linker CE5 (Scheme 42).[182]

O,N
o s
immolative caging group 23 (1.0 eq), isopropoxytrimethylsilane (4.0 eq), HN—/< —
“ o TMSOTf (1.0 eq), —20 °C, 4 h (MeCN) e}
S~ 8%
o__ 0O
WB’
BMK CE5

Scheme 42: Acetalization of BMK with caging group 23 with the use of TMS-source isopropoxytrimethylsilane
and stoichiometric amounts of Lewis acid TMSOTT to obtain thiophene-based caged electrophile with

a self-immolative linker CES as a mixture of diastereoisomers in a yield of 8%.[13%!

This synthesis could also be performed successfully to obtain caged electrophile CES as a
mixture of diastereoisomers in a yield of 8%, matching the outcome of the synthesis of CE4
and also verifying the feasibility of this synthetic procedure for the acetalization reaction with

the carbamate-containing caging groups.['#?]
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Consequently, the furane-based caged electrophile with a self-immolative linker CE6 was also
synthesized as a mixture of diastereoisomers in a comparable yield of 9% (Scheme 43).1132]

O,N

o o
immolative caging group 25 (1.0 eq), isopropoxytrimethylsilane (4.0 eq), HN—( —
S (e} TMSOTf (1.0 eq), —20 °C, 3 h (MeCN) o
xS~ e 9%
o__ 0O
\\\/\)</8|‘
BMK CE6

Scheme 43: Acetalization of BMK with caging group 25 with the use of TMS-source isopropoxytrimethylsilane
and stoichiometric amounts of Lewis acid TMSOTT to obtain furane-based caged electrophile with a

self-immolative linker CE6 as a mixture of diastereoisomers in a yield of 9%.[!82]

Finally, we obtained the imidazole-based caged electrophile with a self-immolative linker CE7

as mixture of diastereoisomers, but in this case in a significantly higher yield (Scheme 44).[182]

N
o (Y
-l S
[¢]

NO,

immolative caging group 36 (1.0 eq), isopropoxytrimethylsilane (4.0 eq),
S o TMSOTf (1.0 eq), —20 °C, 4 h (MeCN)
\\/\)J\/Br 28%
o_ O
N~
BMK CE7

Scheme 44: Acetalization of BMK with caging group 36 with the use of TMS-source isopropoxytrimethylsilane

and stoichiometric amounts of Lewis acid TMSOTf{ to obtain imidazole-based caged electrophile with

a self-immolative linker CE7 as a mixture of diastercoisomers in a yield of 28%.[13?!

Summarizing, we successfully synthesized six different second-generation caged

electrophiles CE2-CE7 as mixtures of diastereomers in very high purity.

3.4.4  Synthesis of a negative control compound

Before we started with the biological evaluation of the newly obtained caged electrophiles
CE2-CE7, we additionally wanted to synthesize an appropriate negative control compound for
our subsequent studies. For this purpose, we decided already within my Master’s thesis to use
an unsubstituted phenyl caging group, where no nitro-group for reduction was present.[1?]
According to the same synthetic strategy as for para-nitrophenyl-based caging group 4, we
reduced bromomethyl ketone 37 with sodium borohydride to the respective alcohol, followed
by intramolecular nucleophilic substitution to generate an epoxide intermediate.[!>%192] Without
further purification, we directly hydrolyzed to epoxide intermediate with potassium carbonate
to open the epoxide and finally generated the phenyl-based caging group 38 in a yield of 40%

over these two steps (Scheme 45).[160-162]
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1. NaBH, (0.34 eq), 2 M NAOH (1.8 eq)

0 °C, 35 min (THF/MeOH 1.2:1)
2. K,CO3 (1.2 eq), 110 °C, 24 h (1,4-dioxane)
40%

Br o HO OH

37 38

Scheme 45: Reduction of bromomethyl ketone 37 with sodium borohydride, followed by intramolecular
nucleophilic substation reaction formed an intermediate epoxide,!'>1621 which was further hydrolyzed
and opened with aqueous potassium carbonate to obtain phenyl-based caging group 38 in a yield of

40%'[160,162]

As expected, we could obtain caging group 38 in comparable yields to the very similar
para-nitrophenyl-based caging group 4. Since there was no carbamate functionality present in
the caging group 38, we again used the previously developed acetalization procedure, where
triethyl orthoformate was used for the removal of water, to synthesize the negative control NC
180]

as a mixture of diastereoisomers (Scheme 46).!

1-phenylethane-1,2-diol (38) (1.0 eq),

p-toluenesulfonic acid (1.3 mol%),
triethyl orthoformate (1.1 eq), r.t., o/n (CH,Cl,)
Br 12%

[0}
M
o_ 0O
N~
BMK NC

Scheme 46: Acetalization reaction of BMK with the caging group 38 under acid-catalysis and with the use of

triethyl orthoformate for removal of the generated water to obtain the negative control NC as a

mixture of diastereoisomers in a yield of 12%.[18%

Summarizing all synthetic efforts within this thesis chapter, we were able to synthesize a
bromomethyl ketone probe BMK, seven different caged electrophiles CE1-CE7 and a negative
control NC that were all used for the development and optimization of our concept of caged

electrophiles in the following part of this thesis (Figure 7).
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O,N O,N
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Figure 7: Overview of the synthesized compounds within this thesis for the development of the concept of

caged electrophiles.
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3.5 Evaluation of the labelling of the second-generation caged electrophiles

After we successfully synthesized the library of caged electrophiles CE1-CE7 (Figure 7), we
investigated and evaluated their activation potential and their labelling properties together with
the free electrophile BMK and negative control NC according to our previously optimized
labelling conditions (see chapter 113.3). For this purpose, we coincubated the compounds with
NAD(P)H and FMN in S. aureus SH1000!!6%] lysate in the presence of either NfsA (Figure 8A)
or NfsB (Figure 8B) as activating enzyme, followed by CuAAC®] to TAMRA-azide,

SDS-PAGE separation and in-gel fluorescence scanning.

A B
compound BMK NC CE1 CE2 CE3 CE4 CE5 CE6 CE7 compound BMK _NC CE1 CE2 CE3 CE4 CE5 CE6 CE7
kDa 63 —

.
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Figure 8: Gel-based labelling experiment to evaluate the activation potential and labelling properties of the
library of caged electrophiles CE1-CE7. Free BMK, negative control NC and the caged
electrophiles CE1-CE7 (final concentration of 20 uM) were incubated with either NfsA (A, final
concentration of 25.5 uM) or NfsB (B, final concentration of 25.3 uM) with FMN (final concentration
of 25 uM) and either NADPH (A, final concentration of 1 mM) or NADH (B, final concentration of
1 mM) in S. aureus SH1000'%%! lysate (1 mg/mL) in a total volume of 100 pL PBS for one hour at
37 °C. The labelled proteins were further clicked by CuAAC®*-63! to TAMRA-azide, separated by
SDS-PAGE and visualized by in-gel fluorescence scanning. The following Coomassie staining

verified equal protein concentrations in all gel lanes and is shown below the fluorescence gel.

Since the trend in activation potential and labelling properties of the caged
electrophiles CE1-CE7 was very similar for both activating enzymes, NfsA and NfsB, we will
discuss the results here together. Thus, we could again demonstrate and verify that both E. coli
nitroreductases were able to activate our caged electrophiles. Additionally, we could reproduce
that free electrophile BMK labelled the proteome strongly and that caged electrophile CE1
reacted with a similar labelling pattern, but to a weaker extent. We further demonstrated that
our hypothesized negative control NC indeed did not show any visible labelling, verifying that
the activation by bacterial nitroreductases was responsible for the reactivity of
caged electrophile CE1. The furane-based derivative CE3 showed very similar or even slightly
improved labelling compared to first-generation CE1, while the thiophene-based caged

electrophile CE2 reacted very strongly with the proteome. Strikingly, especially in the case of
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NfsB as activating enzyme (Figure 8B) the labelling intensity was nearly identical to the free
electrophile BMK, which indicated a very efficient and almost complete activation of CE2.
Unfortunately, the caged electrophiles CE4 (para-nitrophenyl-based caged electrophile with a
self-immolative linker) and CE7 (imidazole-based caged electrophile with a self-immolative
linker) did not show any visible labelling at all, whereas the thiophene-based CES and
furane-based CE6 caged electrophiles with a self-immolative linker only led to rather weak
labelling. Therefore, the strategy with the self-immolative linkers did not work efficiently in
our concept. However, we were able to successfully identify the very promising
thiophene-based caged electrophile CE2 during our optimization studies and could demonstrate
that CE2 showed nearly identical labelling as the free electrophile BMK. In the following part
of this thesis, we will focus on caged electrophile CE2 and further investigate its activation

potential and labelling properties.
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3.6 Gel-based labelling of the best caged electrophile in bacterial lysate

During our more detailed investigation on the activation of thiophene-based caged
electrophile CE2, we first of all analyzed if we could also reduce the concentration of added
nitroreductase since CE2 was nearly completely activated in our previous experiment with a
NfsB concentration of 25.3 uM. Indeed, we could show that even a NfsB concentration of 10 um
was sufficient for the nearly complete activation of CE2 and we, therefore, changed our

labelling protocol and adjusted to this concentration in the following experiments.

Next, analogously to our previous proof-of-concept investigations, we assessed the labelling
potential of CE2 compared to free electrophile BMK with different combinations of NADH
and NfsB addition (Figure 9A).
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Figure 9: A Gel-based labelling experiment with different combinations of NADH and NfsB addition. Free
electrophile BMK and optimized caged electrophile CE2 (final concentration of 20 uM) were
incubated with different combinations of NfsB (final concentration of 10 pM), FMN (final
concentration of 25 um) and NADH (final concentration of 1mMm) in S. aureus SH1000!¢
lysate (1 mg/mL) in a total volume of 100 uL PBS for one hour at 37 °C. B Gel-based labelling
experiment with addition of increasing concentrations of the known nitroreductase inhibitor
dicoumarol.'83] Free electrophile BMK and optimized caged electrophile CE2 (final concentration
of 20 uM) were incubated with different combinations of NfsB (final concentration of 10 pum),
FMN (final concentration of 25 uMm), NADH (final concentration of 1mM) and increasing
concentrations of dicoumarol (final concentration indicated in the gel) in S. aureus SH1000!6%)
lysate (1 mg/mL) in a total volume of 100 pL PBS for one hour at 37 °C. A and B The labelled
proteins were further clicked by CuAAC*®! to TAMRA-azide, separated by SDS-PAGE and
visualized by in-gel fluorescence scanning. The following Coomassie staining verified equal protein

concentrations in all gel lanes and is shown below the fluorescence gel.
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We could successfully reproduce the very strong labelling intensity of optimized caged
electrophile CE2 that was nearly identical to the labelling with the free electrophile BMK.
Without the addition of NfsB and NADH no labelling was observed, once more verifying that
nitroreductase activation was responsible for the reactivity of the caged electrophile CE2 and
also showing the general stability of the acetal-protected caged electrophile within our reaction
setup. The rather weak labelling in case of no NADH addition was attributed to residual NADH
that was present in the bacterial lysate, which was also observed in our previous experiments.
Surprisingly, we noticed relatively strong labelling in case of no NfsB addition, which we did
not identify with our previously used caged electrophile CE1. We believed that this was either
due to an unspecific activation or due to endogenous nitroreductase activity that was still present
in the lysate. To further investigate this observation, we repeated this experiment and added a
literature known nitroreductase inhibitor (dicoumarol)!'®¥ to analyze its influence on the
labelling intensity of caged electrophile CE2 (Figure 9B). The overall labelling intensity was
strongly decreased with increasing concentrations of dicoumarol and nearly completely gone at
a dicoumarol concentration of 100 uM. This observation evidently pointed to our hypothesis
that the labelling of CE2 in case of no NfsB addition was caused through the activation by
residual endogenous nitroreductases rather than through a general instability or unspecific

activation.

Overall, we could reproduce the strong activation potential and labelling properties of
optimized caged electrophile CE2 in bacterial lysate and we could further demonstrate that
even without the addition of exogenous nitroreductase caged electrophile CE2 was activated

by endogenous nitroreductase activity.

3.7 Gel-based labelling of the best caged electrophile in living bacteria

Encouraged by the observation that endogenous nitroreductase activity was able to activate
caged electrophile CE2 to yield strong proteome-wide labelling even in bacterial lysate, we set
out to take the next step in the development of our concept of caged electrophiles and moved

from bacterial lysates to experiments in living bacteria.

We increased the electrophile concentration from 20 uM to 200 uM in order to see stronger
labelling patterns, since we could assume that the overall labelling intensity in living bacteria
will be weaker compared to bacterial lysates. Furthermore, we wanted to directly compare the
reactivity of free electrophile BMK, first-generation caged electrophile CE1 and optimized
caged electrophile CE2 together with the negative control NC. Therefore, we treated living
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S. aureus SH1000!'%] with the BMK, CE1, CE2 and NC in a final concentration of 200 um
without the addition of FMN, NADH and NfsB for one hour at 37 °C, followed by lysis of the
bacteria, CuAACI-63 to TAMRA-azide, separation by SDS-PAGE and visualization by in-gel
fluorescence scanning (Figure 10).

compound BMK CE1 NC DMSO

CE2 “_NO,
kDa 63 — \ s
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Figure 10: Gel-based labelling experiment of caged electrophiles in living bacteria. Free BMK, first-generation
caged electrophile CE1, optimized caged electrophile CE2 and negative control NC (final
concentration of 200 uM) were incubated in living S. aureus SH1000!%31 (ODeoo = 40) for one hour at
37 °C. DMSO was used instead of probe in a control experiment. After lysis of the bacteria, labelled
proteins were further clicked by CuAAC®*® to TAMRA-azide, separated by SDS-PAGE and
visualized by in-gel fluorescence scanning. The following Coomassie staining verified equal protein

concentrations in all gel lanes and is shown below the fluorescence gel.

As the positive control, free electrophile BMK also showed very promiscuous labelling
proteome-wide in living bacteria, whereas our first-generation caged electrophile CE1 only
exhibited very weak and barely detectable labelling. The negative control NC also only reacted
very weakly with the proteome. Strikingly, our optimized caged electrophile CE2 proved also
in living bacteria to be activated very efficiently to label the proteome very strongly with a
comparable labelling pattern and intensity as the free electrophile BMK. This observation
demonstrated that optimized caged electrophile CE2 was activated very efficiently even by the
endogenous nitroreductase activity in living bacteria without the need to add any exogenous
enzymes. Furthermore, this emphasized the potential of our concept of caged electrophiles to
selectively deliver highly reactive electrophiles to bacteria using our initially unreactive caged
electrophiles that could get specifically activated by even endogenous nitroreductases in living

bacteria.
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3.8 Gel-based labelling of the best caged electrophile in living human cells

After we demonstrated the high activation of optimized caged electrophile CE2 to lead to a
promiscuous reactivity proteome-wide in living bacteria, we further needed to investigate their
activation and reactivity in human cells. In order to fulfill our hypothesized prerequisites to be
used as potential novel antibiotics, the activation of the caged electrophiles in healthy human
cells must be very low to minimize or even avoid potential human off-target engagement and
the resulting toxic effects. Our hypothesis was based on literature reports that stated
nitroreductase activity is very low or even absent in health human cells.”>~2%133 Nevertheless,
other studies reported also some nitroreductase activity in mitochondria in healthy human cells,
why a careful investigation of the reactivity of our caged electrophiles was necessary.[!3+13]
Since we wanted to analyze the activation potential in healthy human cells and nitroreductase
activity is reportedly present under hypoxic conditions in tumor cells,[!!?-123] we did not use a
cancer cell line for our studies, but we selected the adenovirus transfected embryonic kidney
HEK293 cell line. Consequently, we performed the labelling experiment in living HEK293

cells identical to the experiment in living bacteria (Figure 11).
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Figure 11: Gel-based labelling experiment of caged electrophiles in living HEK293 cells. Free BMK,
first-generation caged electrophile CE1, optimized caged electrophile CE2 and negative
control NC (final concentration of 200 uM) were incubated in living HEK293 cells (750,000 cells
grown to ~90% confluency) for one hour at 37 °C. DMSO was used instead of probe in a control
experiment. After lysis of the cells, labelled proteins were further clicked by CuAACHc063 to
TAMRA-azide, separated by SDS-PAGE and visualized by in-gel fluorescence scanning. The
following Coomassie staining verified equal protein concentrations in all gel lanes and is shown below

the fluorescence gel.

While free electrophile BMK strongly labelled the proteome also in human cells, the
first-generation caged electrophile CE1, the optimized caged electrophile CE2 as well as the
negative control NC did not show any visible and detectable labelling at all as in the control
experiment with the use of DMSO instead of probe. Additionally, prior to cell lysis we analyzed
the morphology of the treated HEK293 cells under the microscope (Figure 12).
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+200 um BMK + 200 um CE1 +200 um CE2

+ 200 pm NC + DMSO

Figure 12: Microscope images of the HEK293 cells after treatment with the free electrophile BMK,
first-generation caged electrophile CE1, optimized caged electrophile CE2 and negative control NC
(final concentration of 200 puMm) for one hour at 37 °C. Additionally, DMSO was used instead of probe

in a control experiment.

The cells that were treated with free electrophile BMK showed a significant rounding, changes
in their morphology and were detached from the culture dish, indicating toxic effects and
corresponding cell death. In contrast to this, all caged electrophiles CE1 and CE2, as well as
the negative control NC did not lead to changes in cell morphology or cell detachment and the
treated cells remained comparable to the DMSO treated cells. These observations were in
agreement with the labelling patterns visible in the gel, where free electrophile BMK strongly
labelled the proteome leading to cell death, whereas CE1, CE2 and NC did not react with the

proteins and therefore did not exhibit toxic effects on the cells.

This verified our initial hypothesis that the caged electrophiles were stable in human cells and
that the nitroreductase activity in healthy human cells was comparably low and not sufficient
for the activation of our caged electrophiles. Generally, this finally demonstrated the potential
of our caged electrophiles towards novel antibiotics that did not show any reactivity on healthy

human cells, but promiscuously engaged and labelled the bacterial proteome.
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3.9 Chemoproteomic analysis of caged electrophiles in bacterial lysate

In order to fully characterize and further analyze our concept of caged electrophiles, we
performed the isoDTB-ABPP workflow!*] developed in our group that utilizes the
MSFragger-based FragPipe computational platform![7¢-*# for data analysis (Scheme 5).[4-76-84]
This chemoproteomic technology enabled the investigation of the mass of modification on the

proteins after treatment with our caged electrophiles, their amino acid selectivity and allowed

quantification of the labelled sites proteome-wide in an unbiased fashion (Figure 13).[4°]
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Figure 13: Structures, masses of modification, amino acid selectivity and quantification of labelled sites for
BMK, CE1 and CE2 using our optimized labelling conditions in S. aureus SH1000[!%%! lysate with
addition of FMN, NADH and NfsB. A-C Structures of the analyzed probes (final concentration of
20 uM). D-F Analysis with the MSFragger Open Search’®#! function identified the masses of
modification resulting from probe treatment, where the expected masses were marked as Amexp.[*

PSM: peptide spectrum matches. G-I The pair of peaks, reflecting the isotopic pattern of the

isoDTB tags with the expected mass of modification resulting from the probe,*! was further analyzed

with the MSFragger Offset Search!’%77-79-34 t¢ identify to amino acid residues and termini, where the
modification occurred.*! J-L Quantification of the probe-labelled cysteines using the MSFragger

Closed Search!’%7780831 and IonQuant® quantification module, where the dashed lines show the

preferred quantification window (-1 <logz2(R)<1) due to the combination of the heavy- and

light-labelled peptides in a 1:1 ratio.*3] All experiments were performed in duplicates.
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We first conducted this experiment in S. aureus SH1000!%] lysate using our optimized
labelling conditions with coincubation of free electrophile BMK and caged electrophiles CE1
and CE2 at 37 °C and addition of FMN, NADH and NfsB. Analogously to the gel-based
labelling experiment, we analyzed free electrophile BMK, first-generation caged
electrophile CE1 and optimized caged electrophile CE2 with this technology in order to
compare the labelling properties of the caged derivatives CE1 and CE2 with the positive
control BMK and to demonstrate the improved activity of CE2 over CE1. We did not include
negative control NC in this study, since the gel-based experiment already showed its
neglectable labelling. The MSFragger Open Search!’6-331 function identified for all three used
probes the same peak pair of the expected masses of modification (Figure 13D-F), which was
in agreement with a previous study from our group with free electrophile BMK.!*! Strikingly,
we now showed and proved for the first time that caged electrophiles CE1 and CE2 indeed led
to the same modification on the labelled proteins as free electrophile BMK. Furthermore, this
demonstrated that the activation of the caged electrophiles followed our initially proposed
mechanisms with the final release of the free electrophile BMK. Additionally, through the
MSFragger Offset Searchl’®77.7984 we verified the expected high cysteine selectivity of our
probes with >89% (Figure 13G-I), which again reproduced the results from our previous study
for BMK.*! Finally, we quantified the probe-labelled cysteines using the MSFragger Closed
Searchl’677:80-83] and TonQuant®! quantification module (Figure 13J-L).[**] Thereby, we could
show that optimized caged electrophile CE2 labelled 1169 cysteines and therefore was equally
reactive as free electrophile BMK, where we could detect 1029 modified cysteines. Generally,
the increased labelling of CE2 over BMK could not be explained, since they were applied in
the same concentration, but this small difference was in an acceptable range of the error of the
experiment. Importantly, we could further verify our previous observation of the gel-based
labelling experiments that the optimized caged electrophile CE2 represented a great
improvement over the first-generation caged electrophile CE1 that only engaged 471 cysteine

residues.

Summarizing, using this chemoproteomic workflow we could successfully demonstrate that
after nitroreductase activation of our caged electrophiles CE1 and CE2 indeed a liberation of
the free electrophile BMK occurred that was then responsible for the proteome-wide labelling.
Further, we could quantitatively verify our initial observation that optimized caged
electrophile CE2 outperformed first-generation caged electrophile CE1 and was equally active

as free bromomethyl ketone BMK.
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3.10 Chemoproteomic analysis of caged electrophiles in living bacteria

Analogously to our gel-based investigation, we next set out to also perform the isoDTB-ABPP

workflow*] with the MSFragger-based FragPipe computational platform[7¢-# with the same

probes CE

1, CE2 and BMK in living S. aureus SH1000!'%%) without the addition of exogenous

nitroreductase, FMN or NADH (Figure 14).
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Figure 14:

Structures, masses of modification, amino acid selectivity and quantification of labelled sites for
BMK, CE1 and CE2 in living S. aureus SH1000['! without the addition of exogenous FMN, NADH
and NfsB. A-C Structures of the analyzed probes (final concentration of 200 uM). D-F Analysis with
the MSFragger Open Search!’6#! function identified the masses of modification resulting from probe
treatment, where the expected masses were marked as Amexp.[**! PSM: peptide spectrum matches.
G-I The pair of peaks, reflecting the isotopic pattern of the isoDTB tags with the expected mass of
modification resulting from the probe,*! was further analyzed with the MSFragger Offset
Search[767779-84 {0 identify to amino acid residues and termini, where the modification occurred. "
J-L Quantification of the probe-labelled cysteines using the MSFragger Closed Search!’%77:80-831 and
IonQuant® quantification module, where the dashed lines show the preferred quantification window
(-1 <log2(R) < 1) due to the combination of the heavy- and light-labelled peptides in a 1:1 ratio. "
All experiments were performed in duplicates. K One cysteine residue (Q9ZAHS5 C304) was
quantified outside the shown region with logx(R) =—7.14.
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After the MSFragger Open Search!’¢-33] analysis, we could again detect the same mass of
modification for all three used probes, which demonstrated that even in living bacteria without
the addition of exogenous nitroreductase the liberation of the free electrophile BMK occurred
and led to the observed proteome-wide labelling (Figure 14D-F). Not surprisingly, the
MSFragger Offset Searchl’%7779-84 also reproduced high cysteine selectivity with >88%
(Figure 14G-I). Similar to our gel-based observation, the MSFragger Closed Searchl’6:77-80-83]
and IonQuant® quantification module verified that first-generation caged electrophile CE1,
which did show very weak labelling in the gel-based experiment, only modified 90 cysteines,
which was very low compared to the 1160 sites of the free electrophile BMK (Figure 14J-L).
More importantly, even for the treatment of living bacteria, optimized caged electrophile CE2,
which could engage 1157 cysteines, largely exceeded the reactivity of first-generation caged

electrophile CE1 and in this case matched the reactivity of free electrophile BMK nearly

exactly.

Overall, the obtained conclusions of the chemoproteomic experiment in bacterial lysate, that
the release of free electrophile BMK was responsible for the reactivity of the caged
electrophiles CE1 and CE2 and that optimized caged electrophile CE2 was equally active as
BMK, could be reproduced and further strengthened in this experiment and additionally it could
be demonstrated that the addition of exogenous nitroreductase, FMN and NADH was not

necessary for the highly efficient activation of optimized caged electrophile CE2.
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4 Conclusion and outlook

In this part of the thesis, we proposed a modular concept of caged electrophiles based on
cysteine-directed bromomethyl ketones that were rendered unreactive and caged through acetal
formation and could be selectively activated by bacterial nitroreductases to engage multiple
intracellular cysteine residues simultaneously, thus preventing human off-target engagement

and toxic side-effects (Scheme 7).[4-93-96,120,123,133,140-142]

For this purpose, we initially synthesized the respective free bromomethyl ketone probe BMK
and a para-nitrophenyl-based caging group 4 that were used together to obtain the
first-generation caged electrophile CE1 as a mixture of diastereoisomers. First
proof-of-concept studies through a gel-based labelling approach of BMK and CE1 in
S. aureus SH1000!'®3 lysate with the addition of E. coli nitroreductase NfsB and NADH as
cofactor!O111-1141 demonstrated the general feasibility of our approach, since we could

successfully observe proteome-wide labelling of CE1 after nitroreductase activation.

Encouraged by this result, we continued with extensive labelling optimization studies, where
we verified that caged electrophile CE1 could not only get activated by NfsB, but also by the
major E. coli nitroreductase NfsA. According to previous literature reports, resistance
formation to nitrofuran antibiotics, which could also get activated by NfsA and NfsB, occurred
in two consecutive mutation steps. We, therefore, hypothesized that possible resistance to the
caged electrophiles also happens in two individual steps and consequently we assumed this

[98,110-112

resistance formation to be overall very slow. I Additionally, we increased the overall

10L111-114) and reduced

labelling intensity through the addition of FMN as prosthetic group®®-
the labelling of the activating nitroreductase itself through the coincubation of caged
electrophile CE1 together with nitroreductase, NAD(P)H and FMN directly in bacterial lysate,
which also represented more closely the native conditions in living bacteria. Lastly, we showed
that labelling at 37 °C instead of room temperature further increased the overall intensity at
least in the case of NfsB as activating nitroreductase. Together, this led to our final optimized
labelling conditions of coincubation of caged electrophile together with NfsB, NADH and FMN

at 37 °C directly in bacterial lysate.

Even after optimization of the conditions, the overall labelling intensity of CE1 was relatively
poor compared to free electrophile BMK indicating insufficient activation. The exchange of
the previously used para-nitrophenyl caging group 4 with thiophene-, furane- and
imidazole-based analogs was reported to drastically increase activation!'*3] and we additionally

adapted the concept of so-called self-immolative linkers, where we also expected improved
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labelling properties (Scheme 11).[93:94.96,120,123,140.141,164.165] We guccessfully synthesized the
thiophene- 10 and furane-based caging group 15 as well as the para-nitrophenyl- 20,
thiophene- 23, furane- 25 and imidazole-based caging group with self-immolative linker 36 in
overall very high purity and moderate yields over multiple individual synthetic steps. Next, we
performed the acetalization reactions with the aforementioned caging groups and free
electrophile BMK to obtain the second-generation caged electrophile CE2-CE7. Additionally,
we synthesized a respective negative control NC without any nitro-group based on the

corresponding phenyl-based caging group 38.

Gel-based labelling of the complete library of caged electrophiles in S. aureus SH1000163]
lysate with the optimized conditions reproduced the rather weak labelling of first-generation
caged electrophile CE1, but showed the overall stability of our caged electrophiles in the
experimental setup and that nitroreductase activation was responsible for the reactivity, since
negative control NC did not lead to significant labelling. While the caged
electrophiles CE4-CE7 with self-immolative linkers seemed to not work well within our
concept, furane-based CE3 already improved labelling, whereas thiophene-based caged
electrophile CE2 showed similar labelling intensities as free electrophile BMK. Another
experiment with different combinations of added NfsB and NADH to CE2 further proved that
nitroreductase activation was responsible for the reactivity. However, even in the case of no
nitroreductase addition, the improved activation properties of CE2 led to sufficient activation
through residual endogenous nitroreductase activity present in the bacterial lysate that could be

inhibited by the addition of a known nitroreductase inhibitor dicoumarol.['8]

Consequently, we took the next step and moved to a labelling experiment in living
S. aureus SH1000!'%3] without the addition of exogenous NfsB, NADH or FMN. The negative
control NC only very weakly reacted with the proteome compared to free electrophile BMK.
First-generation CE1 also showed very weak labelling, but in accordance with our previous
experiments the optimized caged electrophile CE2 represented a huge improvement and led to
nearly identical labelling as positive control BMK. Strikingly, we could further verify our
initial hypothesis and demonstrate that our caged electrophiles CE1 and CE2 as well as
negative control NC did not label the proteome in living cells of the human cell line HEK293
and did not lead to visible changes in cell morphology. In contrast, BMK labelled the proteome

promiscuously and led to cell rounding and possibly cell death.

Finally, we investigated our concept in more detail using the chemoproteomic isoDTB-ABPP

workflow*] with the MSFragger-based FragPipe computational platform7®-#4 to analyze the
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exact modification and amino acid selectivity of the caged electrophiles and to quantify the
labelled sites.[**] We demonstrated both in bacterial lysate with addition of NfsB, NADH and
FMN and in living S. aureus SH1000[!63] that the liberation of free electrophile BMK after
nitroreductase activation of caged electrophiles CE1 and CE2 was responsible for their
reactivity, since the identical masses of modification were measured as expected for the free
electrophile BMK according to a previous study. Consequently, our caged electrophiles CE1
and CE2 reacted preferentially with cysteine residues in a selectivity >88%. Especially in the
experiment in living bacteria, we could quantify the significant improvement of labelled sites
of optimized caged electrophile CE2 (1157 cysteines) over CE1 (90 cysteines) and thereby also
reproduce our observation from the gel-based experiments in a quantitative manner that CE2

was equally active as free electrophile BMK (1160 cysteines).

In the next part of this project an antibiotically active bromomethyl ketone should be identified
and equipped with our optimized thiophene-based caging group 10 to evaluate the antibiotic
potential of our class of compounds. In addition to bromomethyl ketones even other carbonyl
containing electrophiles, as previously mentioned, should be selected and converted to the
respective caged electrophile utilizing the modular nature of our approach. This will limit future
applications in drug developments based on our concept not only to bromomethyl ketone
derived compounds but will expand its range to a diverse set of different electrophiles. The
modularity of this concept in theory will not only allow changes in the electrophile but also in
terms of the activating enzyme. As mentioned above, the caging groups may be adjusted to
different activating enzyme families that are able to liberate an amine-functionality from a
precursor like proteases,'>* B-lactamases,!'>® azoreductases!!>®) or CYP450 enzymes.[!%"]
Lastly, one could envision to further expand the application of caged electrophiles beyond
antibiotics to target different diseases, e.g. cancer, through the selective delivery of
nitroreductases or other activating enzymes to the cells of interest via ADEPT, VDEPT or

GDEPT Strategies_[124—132]

Overall, we could successfully develop, verify and optimize our proposed concept of caged
electrophiles that were selectively activated only in bacteria, but not in human cells, to engage
multiple intracellular cysteine residues simultaneously, and, thereby, provide a basis for future

drug development strategies.
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S Experimental part

These experimental procedures will be published identically in my corresponding publication.
Some experiments were conducted identical as in my Master’s thesis!!é?! and some general
experimental procedures are reported identically or with slight modification to previously

published protocols from our group.!>7%

5.1 Organic synthesis

5.1.1 Materials and methods

Chemicals

All air and water sensitive reactions were carried out in dried reaction flasks under argon
atmosphere using standard Schlenk techniques. Sensitive liquids and anhydrous solvents were
transferred via argon flushed syringes. Commercially available reagents and solvents were used
without further purification. Solvent mixtures are given in v/v. For reactants with given

concentrations or mass fractions, the given mass corresponds to the mass of the pure reactant.

Analytical thin layer chromatography and flash chromatography

Analytical thin layer chromatography (TLC) was performed on silica-coated aluminum
sheets (Merck, TLC Silicagel 60 F254). The spots were visualized using UV-light (A = 254 nm
and A =366 nm) and/or staining with KMnOj solution (1.50 g KMnOs, 10.0 g KoCO3 and
1.25 mL 10 wt% aqueous NaOH in 200 mL H>O) followed by heat treatment. Flash column
chromatography was performed on silica gel (VWR, 40-63 pm) with the indicated solvent

mixture.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectra were recorded at room temperature on an
AVHD-300, AVHD-400, AVHD-500 and AVHD-500cr (Bruker). The chemical shifts (d) are
given in parts per million (ppm) and the spectra are referenced to the residual proton and carbon
signal of the deuterated solvents CDCl3, DMSO-ds and CD3CN.

CDCls: & (*H) =7.26 ppm, & (1*C) = 77.16 ppm

DMSO-ds: 6 (‘H) = 2.50 ppm, & (**C) = 39.52 ppm

CD;CN: 8 ('H) = 1.94 ppm, & (3C) = 118.26 ppm

The following abbreviations were used to describe the coupling patterns: s-— singlet,
d — doublet, t — triplet, q — quartet, p — quintet, br — broad signal, m — multiplet, dd — doublet of
doublets, dt — doublet of triplets, ddd — doublet of doublet of doublets, td — triplet of doublets,
qd — quartet of doublets. The coupling constants (J) are reported in Hertz (Hz). If the signals of
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diastereomers are clearly distinguishable, their combined integrals were normalized for the
whole molecule and the ratio of the diastereomers is reported. Additionally, the NMR signals

resulting from the individual diastereomers are assigned to the major or minor diastereomer.

Mass spectrometry

High resolution mass spectrometry (HRMS) spectra were recorded on either an LTQ-FT
Ultra (Thermo Scientific) or an LTQ Orbitrap XL (Thermo Scientific) coupled to a Dionex
Ultimate 3000 HPLC system (Thermo Scientific). For both devices an electrospray
ionization (ESI) source was used. The spectra were evaluated using XCalibur 2.2 (Thermo

Scientific).

High performance liquid chromatography

Preparative high performance liquid chromatography (HPLC) was performed using
2545 quaternary gradient module (Waters) connected to a 2998 photodiode array
detector (Waters) and a fraction collector II (Waters). The mobile phase consisted of

HPLC-grade acetonitrile (MeCN) and H>O. The used gradients are listed in Table 1.

Table 1:  Gradients of the used HPLC methods.

method A method B method C method D

%-H20  %-MeCN  %-H2O %-MeCN  %-H,O  %-MeCN  %-H.O  %-MeCN

[min]

0 98 2 98 2 65 35 45 55
1 98 2 65 35 65 35 45 55
11 2 98

13 2 98

15 98 2

17 98 2
25 25 75
30 2 98 25 75 45 55
32 2 98
35 98 2 2 98 25 75
37 2 98
40 98 2 98 2 2 98
43 2 98
45 98 2

51 98 2
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5.1.2  Synthesis of the first-generation caged electrophile

1-bromohept-6-yn-2-one (BMK)

1. oxalyl chloride (5.8 eq)
60 °C, 1 h (CH,Cly)
2. (trimethylsilyl)diazomethane (2.0 eq)
0°C, 3 h (MeCN/THF 1.4:1)
3.HBr(3.3eq),0°C — r.t.
30 min (MeCN/THF 1.4:1)
4. NaBr (30 eq), 70 °C, 2 d (acetone)

OH 43%

C;HgBrO
Br M =189.05 g/mol

4
é o
4
éo

BMK
The synthesis was carried out analogously to a published procedure. [!40-141.158]
Hex-5-ynoic acid (1) (441 uL, 449 mg, 4.00 mmol, 1.0eq) was dissolved in dry
dichloromethane (8§ mL) under argon atmosphere, oxalyl chloride (1.99 mL, 2.94 g,
23.2 mmol, 5.8 eq) was added and the reaction mixture was stirred at 60 °C for one hour. Excess
oxalyl chloride and dichloromethane were evaporated under reduced pressure and the residual
oil was dissolved in a mixture of dry acetonitrile (4 mL) and tetrahydrofuran (2.8 mL). The
solution was cooled to 0°C and (trimethylsilyl)diazomethane (4.00 mL, 2 M in hexane,
914 mg, 8.00 mmol, 2.0 eq) was slowly added. After stirring at 0° for three hours,
hydrobromic acid (2.39 mL, 33 wt% in acetic acid, 1.07 g, 13.2 mmol, 3.3 eq) was added and
the resulting mixture was stirred for additional 30 minutes at room temperature. It was diluted
with diethyl ether (40 mL), washed with saturated sodium bicarbonate (6 x 15 mL) and water
(15 mL), dried over sodium sulfate and concentrated under reduced pressure. The crude reaction
product was purified by flash chromatography (pentane/diethyl ether 95:5 — 90:10) to yield a
mixture of bromomethyl ketone BMK and the respective chloromethyl ketone. The mixture
was dissolved in dry acetone (14 mL) under argon atmosphere and sodium bromide (6.17 g,
60.0 mmol, 15 eq) was added. The reaction mixture was stirred at 70 °C for two days in the
dark and additional sodium bromide (6.17 g, 60.0 mmol, 15 eq) was added in small portions
until the completion of the reaction was indicated by 'H-NMR. Subsequently, pentane (15 mL)
was added, the mixture was filtered to remove the formed solid and washed with water (7 mL).
The organic phases were dried over sodium sulfate and concentrated under reduced pressure.
The crude product was purified by flash chromatography (pentane/diethyl ether 95:5) to yield
the bromomethyl ketone BMK (327 mg, 1.73 mmol, 43%) as a light-yellow oil.

TLC: Rr= 0.23 (pentane/diethyl ether 9:1) [KMnO4/UV].

TH-NMR (400 MHz, CDCIl3): & [ppm] = 1.84 (p, 3J=7.0 Hz, 2 H), 1.98 (t, *J=2.7 Hz, 1 H),
2.26 (td, *J=2.7 Hz, *J=7.0 Hz, 2 H), 2.81 (t, *J= 7.0 Hz, 2 H), 3.90 (s, 2 H).

I3C-NMR (101 MHz, CDCl3): & [ppm] = 17.7 (s), 22.5 (s), 34.4 (s), 38.4 (s), 69.6 (s), 83.3 (s),
201.6 (s).
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2-(4’-nitrophenyl)oxirane (3)

NO. NO,

2
NaBH, (0.34 eq), 2 M NaOH (1.8 eq)
0 °C, 35 min (THF/MeOH 1.2:1) CgH/NO3
84% M = 165.15 g/mol
Br O o
2 3

The synthesis was carried out analogously to a published procedure.['>®! To a solution of
bromomethyl ketone 2 (800 mg, 3.28 mmol, 1.0eq) in  methanol (2.1 mL) and
tetrahydrofuran (2.6 mL) was added sodium borohydride (42.2 mg, 1.11 mmol, 0.34 eq) and
2 M sodium hydroxide (3.00 mL, 240 mg, 6.00 mmol, 1.8 eq) at 0 °C. After stirring at 0 °C for
35 minutes, the reaction was quenched by the addition of glacial acetic acid to reach pH = 6.
The resulting mixture was diluted with ethyl acetate (33 mL) and washed with saturated sodium
bicarbonate (25 mL) and saturated sodium chloride (25 mL). The organic phases were dried
over sodium sulfate and concentrated under reduced pressure. Without further purification

epoxide 3 (456 mg, 2.76 mmol, 84%) was obtained as orange solid.

TLC: Rr= 0.39 (pentane/ethyl acetate 7:3) [KMnO4/UV].

'TH-NMR (400 MHz, CDCls): 8 [ppm]=2.78 (dd, 3*J=2.5Hz, 2/=5.5Hz, 1H), 3.23 (dd,
3J=4.1Hz, 2J=5.5Hz, 1 H), 3.96 (dd, *J=4.1 Hz, >J=2.5Hz, 1 H), 7.45(d, >J=8.8 Hz,
2 H), 8.21 (d, ’>J= 8.8 Hz, 2 H).

I3C-NMR (101 MHz, CDCl3): 8 [ppm]=51.6 (s), 51.8(s), 124.0(s), 126.4 (s), 145.4(s),
148.0 (s).
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1-(4"-nitrophenyl)ethane-1,2-diol (4)

NO, NO,

K,CO3 (1.2 eq), 110 °C
24 h (1,4-dioxane) CgHgNO,4
51% M = 183.16 g/mol
o} HO OH
3 4

The synthesis was carried out analogously to a published procedure.['®] Epoxide 3 (698 mg,
423 mmol, 1.0eq) was dissolved in 1,4-dioxane (5.3 mL), 10% aqueous potassium
carbonate (6.78 mL, 678 mg, 4.91 mmol, 1.2 eq) was added and the mixture was stirred under
reflux for 24 hours. After cooling to room temperature, the reaction was quenched by the
addition of 2 M hydrochloric acid until pH = 5 was reached. The reaction mixture was extracted
with diethyl ether (3 x 40 mL), washed with saturated sodium chloride (25 mL), dried over
sodium sulfate and concentrated under reduced pressure. The crude product was purified by
flash chromatography (pentane/ethyl acetate 1:4) to yield caging group 4 (391 mg, 2.13 mmol,
51%) as a light-orange solid.

TLC: Rr= 0.26 (ethyl acetate) [KMnO4/UV].

'TH-NMR (400 MHz, CDCl3): & [ppm] = 1.62 (br, 1 H), 2.70 (br, 1 H), 3.64 (dd, *J=7.9 Hz,
2J=11.2Hz, 1 H),3.85(dd,*/=3.5Hz,%2/=11.2 Hz, 1 H),4.95(dd,*J= 7.9 Hz, /= 3.4 Hz,
1 H), 7.57 (d, >J=8.7 Hz, 2 H), 8.23 (d, °*J = 8.7 Hz, 2 H).

I3C-NMR (126 MHz, CDCl3): 8 [ppm] = 67.8 (s), 73.9 (s), 123.9 (s), 127.0 (s), 147.8 (s, C),
147.8 (s).

HRMS (ESI): m/z calculated for CsHoNO4 [M+formic acid—H]: 228.0514, found: 228.0512.
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First-generation caged electrophile CE1

1-(4"-nitrophenyl)ethane-1,2-diol (4) (1.0 eq), NO,
p-toluenesulfonic acid (1.3 mol%),
S o MgSO, (4.0 eq), 100 °C, o/n (MeCN) C45H16BrNO,
S~ 37% M = 354.20 g/mol
o_ 0O
WB’
BMK CE1

The synthesis was carried out analogously to a published procedure.['*!! To a solution of
bromomethyl ketone BMK (26.5 mg, 0.14 mmol, 1.1 eq), caging group 4 (23.3 mg,
0.13mmol, 1.0eq) and magnesium sulfate (67.4 mg, 0.56 mmol, 4.0eq) in dry
acetonitrile (300 uL) was added a catalytic amount of p-toluenesulfonic acid (1.3 mol%) under
argon atmosphere. The reaction mixture was stirred at 100 °C overnight. After dilution with
ethyl acetate (6 mL), the reaction mixture was washed with water (3 mL), dried over sodium
sulfate and concentrated under reduced pressure. The crude product was purified by flash
chromatography (pentane/diethyl ether 95:5) to yield first-generation caged electrophile CE1
(16.7 mg, 0.05 mmol, 37%) as a light-yellow oil with a diastereomer ratio of 51:49.

TLC: Rr = 0.39 (pentane/diethyl ether 65:35) [KMnO4/UV].

TH-NMR (400 MHz, = CDsCN): 8 [ppm] = 1.60-1.75 (m, 2H), 1.98-2.12(m, 2H),
2.19-2.22 (m, 1 H), 2.23-2.29 (m, 2 H), 3.59-3.78 (m, 3 H), 4.40-4.50 (m, 1 H), 5.27 (dd,
3J=9.1Hz, 3J=62Hz, 1H, major), 5.29(dd, 3/=8.1Hz, *J=6.6Hz, 1H, minor),
7.59-7.69 (m, 2 H), 8.17-8.26 (m, 2 H).

IBC-NMR (101 MHz, CDCl;3): 8 [ppm] = 18.7 (s), 23.3 (s, major), 23.5 (s, minor), 35.9 (s,
minor), 36.0 (s, major), 36.3 (s, minor), 37.2 (s, major), 70.1 (s, major), 70.2 (s, minor), 72.7 (s,
minor), 72.8 (s, major), 78.3 (s, minor), 79.0 (s, major), 84.9 (s, major), 84.9 (s, minor),
111.0 (s, major), 111.1 (s, minor), 124.6 (s, major), 124.7 (s, minor), 128.1 (s, major), 128.2 (s,
minor), 146.7 (s, major), 146.9 (s, minor), 148.9 (s).

HRMS (ESI): m/z calculated for CisH1sBrNO4 [M+H]": 354.0335, found: 354.0336.
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5.1.3  Synthesis of improved caging groups

1-(5 -nitrothiophen-2"-yl)ethan-1-ol (6)

N0, TiCly (1.3 eq), CH3Li (1.3 eq), ~NO,
\ o —78 °C — rt,, o/n (Et,0) Y CeH/NO;S
[ 67% M = 173.19 g/mol
o) OH
5 6

The synthesis was carried out analogously to a published procedure.!'*]
Titanium(IV) chloride (12.4 mL, 1.0 M in dichloromethane, 2.35 g, 12.4 mmol, 1.3 eq) was
slowly dissolved in dry diethyl ether (24 mL) under argon atmosphere. The solution was cooled
to —78 °C and methyllithium (7.76 mL, 1.6 M in diethyl ether, 273 mg, 12.4 mmol, 1.3 eq) was
added dropwise. After the reaction mixture was stirred for 1.5 hours at —78 °C, a solution of
aldehyde 5 (1.5 g, 9.55 mmol, 1.0 eq) in dry diethyl ether (30 mL) was slowly added at —78 °C.
The reaction mixture was allowed to slowly warm to room temperature overnight.
Subsequently, the reaction was quenched by the addition of water (15 mL) at 0 °C and the
aqueous phase was extracted with ethyl acetate (6 x 12 mL). Subsequently, the combined
organic phases were washed with saturated sodium chloride (15 mL), dried over sodium sulfate
and concentrated under reduced pressure. The crude product was purified by flash
chromatography (pentane/ethyl acetate 4:1) to yield alcohol 6 (1.11 g, 6.42 mmol, 67%) as

brown oil.

TLC: Rr= 0.40 (pentane/ethyl acetate 1:1) [KMnO4/UV].

'TH-NMR (500 MHz, CDCl3): 8 [ppm] = 1.62 (d, 3J= 6.5 Hz, 3 H), 2.17 (br, 1 H), 5.12 (qd,
*J=1.0Hz, 3J=6.5Hz, 1 H), 6.89 (dd, “/=1.0 Hz, 3J=4.2 Hz, 1 H), 7.80 (d, *J=4.2 Hz,
1 H).

I3C-NMR (101 MHz, CDCl): & [ppm] =25.5(s), 66.7 (s), 122.2(s), 128.8 (s), 150.7 (s),
159.0 (s).

HRMS (ESI): m/z calculated for CsH7NO3S [M+formic acid—H]: 218.0129, found: 218.0129.
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1-(5 -nitrothiophen-2"-yl)ethan-1-one (7)

o NO2 Dess-Martin periodinane (1.5 eq), o NO2
\ 4 rt, 24 h (CH,Clp) \ d CeHsNO;S
74% M =171.17 g/mol

OH 0]

6 7
The synthesis was carried out analogously to a published procedure.['*®! To a solution of
alcohol 6 (1.11 g, 6.42 mmol, 1.0 eq) dissolved in dichloromethane (75 mL) was added
Dess-Martin periodinane (4.08 g, 9.63 mmol, 1.5 eq) in small portions. After stirring at room
temperature for 24 hours, the reaction was quenched by the addition of saturated
sodium thiosulfate (54 mL) and saturated sodium bicarbonate (54 mL). The mixture was
filtered through Celite® and the aqueous phase was extracted with ethyl acetate (3 x 32 mL).
The combined organic phases were washed with saturated sodium chloride (50 mL), dried over
sodium sulfate and concentrated under reduced pressure. The crude product was purified by
flash  chromatography (pentane/ethyl acetate 4:1) to yield methyl ketone 7 (813 mg,
4.75 mmol, 74%) as light-yellow crystals.

TLC: Rr= 0.58 (pentane/ethyl acetate 1:1) [KMnO4/UV].

'TH-NMR (500 MHz, CDCl3): 8 [ppm]=2.61 (s, 3 H), 7.58 (dd, *J=4.3 Hz, 1 H), 7.89 (d,
3J=4.3 Hz, 1 H).

I3C-NMR (101 MHz, CDCl3): & [ppm] =26.7 (s), 128.4 (s), 130.2 (s), 148.3 (s), 156.6 (s),
190.5 (s).

HRMS (ESI): m/z calculated for CéHsNO3S [M+H]*: 172.0062, found: 172.0061.
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2-bromo-1-(5"-nitrothiophen-2’-yl)ethan-1-one (8)

o NO2 CuBr; (2.0 eq), 85 °C, o/n o NO2
N (CHCI4/EtOAC 1:1) N CgH4BINO;S
63% M = 250.07 g/mol
o) B O

7 8
The synthesis was carried out analogously to a published procedure.['”] The
methyl ketone 7 (813 mg, 4.75 mmol, 1.0eq) was dissolved in a 1:1 mixture of
ethyl acetate (10.9 mL) and chloroform (10.9 mL). Copper(Il) bromide (2.12 g, 9.49 mmol,
2.0 eq) was added and the mixture was stirred at 85 °C overnight. After cooling to room
temperature, the mixture was filtered through Celite®, dried over sodium sulfate and
concentrated under reduced pressure. The crude product was purified by flash
chromatography (pentane/ethyl acetate 85:15) to yield bromomethyl ketone 8 (745 mg,
2.98 mmol, 63%) as light-yellow crystals.

TLC: Rr= 0.44 (pentane/ethyl acetate 7:3) [KMnO4/UV].

TH-NMR (400 MHz, CDCl3): 8 [ppm]=4.34 (s, 2H), 7.71(d, 3J=43Hz, 1 H), 7.91(d,
3J=4.3Hz, 1 H).

I3C-NMR (101 MHz, CDCl3): & [ppm] =29.3 (s), 128.3(s), 131.6 (s), 144.5(s), 157.3 (s),
184.7 (s).

HRMS (ESI): m/z calculated for CsHsBrNOsS [M—H]: 247.9022, found: 247.9023.
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2-(5"-nitrothiophen-2’-yl)oxirane (9)

o NO2 1. NaBH,4 (0.5 eq), 0 °C — r.t., 1.5 h (MeOH) o NO2
\_d 2. K,CO3 (1.0 q), rt., 20 h (MeOH) \ o CgHsNO3S
51% M =171.17 g/mol
Br [0} o

8 9
The synthesis was carried out analogously to a published procedure.['*®! To a solution of
bromomethyl ketone 8 (495 mg, 1.98 mmol, 1.0eq) in methanol (5 mL) was added
sodium borohydride (37.4 mg, 0.99 mmol, 0.5 eq) at 0 °C. After the reaction mixture was
stirred for 90 minutes at room temperature, potassium carbonate (274 mg, 1.98 mmol, 1.0 eq)
was added in small portions. The mixture was stirred for another 20 hours at room temperature
and subsequently quenched by the addition of water (4 mL). The aqueous phase was extracted
with diethyl ether (3 x 5 mL) and the combined organic phases were washed with saturated
sodium chloride (2 x 5 mL), dried over sodium sulfate and concentrated under reduced
pressure.  The crude product was  purified by  flash  chromatography

(pentane/ethyl acetate 85:15) to yield epoxide 9 (174 mg, 1.02 mmol, 51%) as brown oil.

TLC: Rr= 0.33 (pentane/ethyl acetate 6:4) [KMnO4/UV].

TH-NMR (400 MHz, CDCls): & [ppm] =2.93 (dd, *J=2.4Hz, 2J=53Hz, 1H), 3.24(dd,
3J=3.9Hz, 2J=53Hz, 1 H), 4.08 (dd, *J=3.9 Hz, >J=2.4Hz, 1 H), 7.06 (d, ’J=4.2 Hz,
1 H), 7.80 (d, *J=4.2 Hz, 1 H).

I3C-NMR (101 MHz, CDCl3): & [ppm]=49.1 (s), 52.7(s), 124.8(s), 128.7(s), 150.7 (s),
150.9 (s).

HRMS (ESI): m/z calculated for CéHsNO3S [M+H]*: 172.0062, found: 172.0062.
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1-(5 -nitrothiophen-2"-yl)ethane-1,2-diol (10)

N0, o NO2
\ conc. H,SOy (1.3 eq), r.t., 24 h (THF/H,0 5:1) \ CgH/NO,4S
S S
35% M = 189.19 g/mol
0 HO ©OH
9 10

The synthesis was carried out analogously to a published procedure.['®8] Epoxide 9 (163 mg,
0.95 mmol, 1.0 eq) was dissolved in a mixture of tetrahydrofuran (7.4 mL) and water (1.5 mL)
and concentrated sulfuric acid (68 pL, 121 mg, 1.23 mmol, 1.3 eq) was added at room
temperature. The reaction mixture was stirred for 24 hours and neutralized by the addition of
saturated sodium bicarbonate. The aqueous phase was extracted with diethyl ether (3 x 10 mL)
and the combined organic phases were washed with saturated sodium chloride (10 mL), dried
over sodium sulfate and concentrated under reduced pressure. The crude product was purified
by flash chromatography (pentane/ethyl acetate 6:4 — 4:6) to yield caging group 10 (62.6 mg,

0.33 mmol, 35%) as a brown solid.

TLC: Rr= 0.07 (pentane/ethyl acetate 6:4) [KMnO4/UV].

TH-NMR (400 MHz, CDCl): 8 [ppm] = 1.66-2.73 (m, 2H), 3.75(dd, 3J=6.9 Hz,
2J=112Hz, 1H), 3.92(dd, *J=3.6Hz, 2J=11.2Hz, 1H), 5.05(ddd, */=0.9 Hz,
3J=6.9 Hz, 3J=3.6 Hz, 1 H), 6.94 (dd, *J=0.9 Hz, >J=4.2 Hz, 1 H), 7.82 (d, *J = 4.2 Hz,
1 H).

I3C-NMR (101 MHz, CDCIl): 8 [ppm] = 67.3 (s), 70.8 (s), 123.2(s), 128.7(s), 151.2(s),
153.4 (s).

HRMS (ESI): m/z calculated for CcsH7NO4S [M~+formic acid—H]: 234.0078, found: 234.0077.
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1-(5-nitrofuran-2"-yl)ethan-1-ol (12)

v NO2 TiCl4 (1.3 eq), CHaLi (1.3 eq), - NO2
\_d —78°C — rt., o/n (Et,0) \ o CgH7NO,
4 76% M = 157.13 g/mol
0o OH

1 12
The synthesis was carried out analogously to a published procedure.!'%]
Titanium(IV) chloride (27.6 mL, 1.0 M in dichloromethane, 5.24 g, 27.6 mmol, 1.3 eq) was
slowly dissolved in dry diethyl ether (40 mL) under argon atmosphere. The solution was cooled
to —78 °C and methyllithium (17.5 mL, 1.6 M in diethyl ether, 608 mg, 27.6 mmol, 1.3 eq) was
added dropwise. After the reaction mixture was stirred for 1.5 hours at —78 °C, a solution of
aldehyde 11 (3.0 g, 21.3 mmol, 1.0 eq) in dry diethyl ether (48 mL) was slowly added at
—78 °C. The reaction mixture was allowed to slowly warm to room temperature overnight.
Subsequently, the reaction was quenched by the addition of water (33 mL) at 0 °C and the
aqueous phase was extracted with ethyl acetate (6 x 26 mL). Subsequently, the combined
organic phases were washed with saturated sodium chloride (30 mL), dried over sodium sulfate
and concentrated under reduced pressure. The crude product was purified by flash
chromatography (pentane/ethyl acetate 4:1) to yield alcohol 12 (2.55 g, 16.2 mmol, 76%) as

brown oil.

TLC: Rr= 0.34 (pentane/ethyl acetate 1:1) [KMnO4/UV].

'TH-NMR (500 MHz, CDCl3): & [ppm] = 1.61 (d, *J=6.6 Hz, 3 H), 2.16 (br, 1 H), 4.96 (q,
3J=6.6 Hz, 1 H), 6.50 (dd, *J/=0.8 Hz, >J=3.7 Hz, 1 H), 7.27 (d, °*J = 3.7 Hz, | H).
I3C-NMR (126 MHz, CDCl3): & [ppm]=21.6 (s), 63.9 (s), 108.7 (s), 112.6(s), 151.8(s),
161.3 (s).

HRMS (ESI): m/z calculated for CsH7NO4 [M+formic acid—H]: 202.0357, found: 202.0357.
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1-(5 -nitrofuran-2"-yl)ethan-1-one (13)

. NO2 Dess-Martin periodinane (1.5 eq), X~ NO2
\ o r.t., 4 h (CH,Cly) \ o CgHsNO,
87% M = 155.11 g/mol

OH (¢}

12 13
The synthesis was carried out analogously to a published procedure.['*®! To a solution of
alcohol 12 (2.55 g, 16.2 mmol, 1.0 eq) dissolved in dichloromethane (189 mL) was added
Dess-Martin periodinane (10.3 g, 24.3 mmol, 1.5 eq) in small portions. After stirring at room
temperature for four hours, the reaction was quenched by the addition of saturated
sodium thiosulfate (136 mL) and saturated sodium bicarbonate (136 mL). The mixture was
filtered through Celite® and the aqueous phase was extracted with ethyl acetate (3 x 80 mL).
The combined organic phases were washed with saturated sodium chloride (136 mL), dried
over sodium sulfate and concentrated under reduced pressure. The crude product was purified
by flash chromatography (pentane/ethyl acetate 4:1) to yield methyl ketone 13 (2.18 g,
14.1 mmol, 87%) as yellow crystals.

TLC: Rr= 0.52 (pentane/ethyl acetate 1:1) [KMnO4/UV].

'TH-NMR (500 MHz, DMSO-ds): & [ppm] = 2.53 (s, 3 H), 7.70 (d, >J=3.9 Hz, 1 H), 7.80 (d,
3J=3.9 Hz, 1 H).

I3C-NMR (126 MHz, DMSO-ds): 8 [ppm] = 26.4 (s), 113.2 (s), 119.5 (s), 150.7 (s), 152.2 (s),
186.7 (s).

HRMS (ESI): m/z calculated for CéHsNO4 [M+H]": 156.0291, found: 156.0291.
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2-bromo-1-(5"-nitrofuran-2"-yl)ethan-1-one (14)

o NO2 CuBr; (2.0 eq), 85 °C, o/n o~ NO2

\ o (CHCI4/EtOAC 1:1) \ o CgH4BrNO4
51% M = 234.01 g/mol
0o Br o
13 14

The synthesis was carried out analogously to a published procedure.['”] The
methyl ketone 13 (387 mg, 2.50 mmol, 1.0eq) was dissolved in a 1:1 mixture of
ethyl acetate (5.8 mL) and chloroform (5.8 mL). Copper(Il) bromide (1.11 g, 5.00 mmol,
2.0 eq) was added and the mixture was stirred at 85 °C overnight. After cooling to room
temperature, the mixture was filtered through Celite®, dried over sodium sulfate and
concentrated under reduced pressure. The crude product was purified by flash
chromatography (pentane/ethyl acetate 85:15 — 7:3) to yield bromomethyl ketone 14
(300 mg, 1.28 mmol, 51%) as brown oil.

TLC: Rr= 0.42 (pentane/ethyl acetate 7:3) [KMnO4/UV].

'TH-NMR (500 MHz, CDCl3): 8 [ppm]=4.40 (s, 2 H), 7.40 (d, *J=3.9Hz, 1H), 7.41 (d,
3J=3.9 Hz, 1 H).

I3C-NMR (101 MHz, CDCI): 8 [ppm]=29.4 (s), 112.1(s), 119.1(s), 149.2 (s), 152.2 (s),
180.5 (s).

HRMS (ESI): m/z calculated for CéH4BrNO4 [M—H]: 231.9251, found: 231.9251.
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1-(5"-nitrofuran-2"-yl)ethan-1,2-diol (15)

1.NaBH, (1.0 eq), 0 °C — rt., 1.5 h (MeOH)

NO, 2. K,CO3 (1.0 eq), r.t., 20 h (MeOH) N0,
\ o 3. conc. HySO4 (1.3 eq), r.t., 24 h (THF/H,0 5:1) \ o CgH7NO5
10% M = 173.12 g/mol
Bf O HO  OH
14 15

The synthesis was carried out analogously to a published procedure.['*® To a solution of
bromomethyl ketone 14 (468 mg, 2.00 mmol, 1.0 eq) in dry methanol (5.1 mL) was added
sodium borohydride (75.7 mg, 2.00 mmol, 1.0 eq) at 0 °C. After stirring at room temperature
for 90 minutes, potassium carbonate (276 mg, 2.00 mmol, 1.0 eq) was added and stirring was
continued for an additional 20 hours. The reaction was quenched by the addition of water
(4.1 mL) and the aqueous phase was extracted with ethyl acetate (3 x 5 mL). The combined
organic phases were washed with saturated sodium chloride (2 x 5 mL), dried over sodium
sulfate and concentrated under reduced pressure. The crude reaction product was dissolved in
a mixture of tetrahydrofuran (14.8 mL) and water (3 mL) and concentrated sulfuric
acid (144 pL, 255 mg, 2.6 mmol, 1.3 eq) was slowly added. After stirring for 24 hours at room
temperature, the reaction was neutralized by the addition of saturated sodium bicarbonate and
extracted with ethyl acetate (3 x 20 mL). The combined organic phases were washed with
saturated sodium chloride (20 mL), dried over sodium sulfate and concentrated under reduced
pressure. The crude product was purified by flash chromatography (pentane/ethyl
acetate 2:3 — 1:4) to yield caging group 15 (34.4 mg, 0.20 mmol, 10%) as brown oil.

TLC: Rr= 0.17 (pentane/ethyl acetate 2:3) [KMnO4/UV].

'TH-NMR (400 MHz, CD3CN): 8 [ppm] = 3.09 (br, 1 H), 3.74 (t, °*J=5.5 Hz, 2 H), 3.86 (br,
1 H), 4.72 (t,*J=5.5Hz, 1 H), 6.62 (d,*J=3.7 Hz, 1 H), 7.38 (d, *J=3.7 Hz, 1 H).
I3C-NMR (126 MHz, CD3;CN): 8 [ppm] =65.0(s), 68.9 (s), 111.4(s), 113.9 (s), 152.7 (s),
160.6 (s).
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5.1.4  Synthesis of caging groups with self-immolative linkers

2,2-dimethyl-4-(4 -nitrophenyl)-1,3-dioxolane (16)

NO, 2,2-dimethoxypropane (4.0 eq), NO,
p-toluenesulfonic acid (0.4 eq),
r.t., o/n (acetone) C11H43NO4
96% M = 223.23 g/mol
HO  OH 00
4 16

The synthesis was carried out analogously to a published procedure.!'”1 To a solution of caging
group4 (183 mg, 1.00mmol, 1.0eq) in dry acetone(3mL) was added
2,2-dimethoxypropane (0.49 mL, 417 mg, 4.00 mol, 4.0 eq) and p-toluenesulfonic acid
monohydrate (76.8 mg, 0.40 mmol, 0.4 eq) and it was stirred in the dark at room temperature
overnight. After the addition of water (15 mL), the aqueous phase was extracted with
ethyl acetate (2 x 15 mL). The combined organic phases were washed with saturated sodium
chloride (10 mL), dried over sodium sulfate and concentrated under reduced pressure. The
crude product was purified by flash chromatography (pentane/ethyl acetate 9:1) to yield the
acetonide 16 (214 mg, 0.96 mmol, 96%) as a yellow oil.

TLC: Rr= 0.29 (pentane/ethyl acetate 9:1) [KMnO4/UV].

'TH-NMR (400 MHz, CDCl3): 8 [ppm] = 1.50 (s, 3 H), 1.56 (s, 3 H), 3.69 (t, 2= 8.1 Hz, 1 H),
4.39 (dd, 3J=6.7Hz, 2J=8.1 Hz, 1 H), 5.17 (t, >J=6.7 Hz, 1 H), 7.53 (d, *J=8.8 Hz, 2 H),
8.22 (d,*J=8.8 Hz, 2 H).

I3C-NMR (101 MHz, CDCl): 8 [ppm] =259 (s), 26.6(s), 71.5(s), 77.0(s), 110.7 (s),
124.0 (s), 126.9 (s), 147.2 (s), 147.8 (s).
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4-(2',2'-dimethyl-1",3"-dioxolan-4"-yl)aniline (17)

NO, NH,

Hy Pd/C (2 mol%), r.t., 16 h (MeOH) C11H15NO2
96% M =193.25 g/mol
o_ 0O o_ 0O
> PN
16 17

The synthesis was carried out analogously to a published procedure.['®! Acetonide 16 (1.04 g,
4.66 mmol, 1.0 eq) was dissolved in dry methanol (9.5 mL) and palladium on carbon (99.2 mg,
10 wt% Pd, 0.09 mmol, 2 mol%) was added. The mixture was hydrogenated under a hydrogen
balloon for 16 hours. The mixture was filtered through Celite® to remove the catalyst and the
solvent was removed under reduced pressure. Without any further purification, pure

amine 17 (864 mg, 4.47 mmol, 96%) was obtained as an orange oil.

TLC: Rr= 0.13 (pentane/ethyl acetate 4:1) [KMnO4/UV].

'"H-NMR (400 MHz, CD3CN): & [ppm] = 1.38 (s, 3 H), 1.45(s, 3 H), 3.57 (t, »*J=8.2 Hz,
1 H), 4.15 (dd, °J= 6.0 Hz, 2J= 8.2 Hz, 1 H), 4.90 (dd, °J= 8.2 Hz, 3J= 6.0 Hz, 1 H), 6.62 (d,
3J=8.5Hz,2 H), 7.10 (d, °*J = 8.5 Hz, 2 H).

I3C-NMR (101 MHz, CDs3CN): 8 [ppm]=26.2(s), 27.0(s), 72.1(s), 78.8(s), 109.7 (s),
115.2 (s), 128.4 (s), 128.6 (s), 148.9 (s).

HRMS (ESI): m/z calculated for C11HisNO> [M+H]": 194.1175, found: 194.1184.
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(4" -nitrophenyl)methanol (19)

NO, NO,

NaBH, (1.5 eq), 0 °C — r.t., 1 h (MeOH) C7H;NO;4
91% M = 153.14 g/mol
0= HO

18 19

The synthesis was carried out analogously to a published procedure.['’® To a solution of
aldehyde 18 (453 mg, 3.00 mmol, 1.0eq) in dry methanol (6 mL) was added sodium
borohydride (170 mg, 4.50 mmol, 1.5eq) at 0°C. After stirring for one hour at room
temperature, the reaction was quenched by the addition of 1 M hydrochloric acid (4.5 mL) and
it was extracted with ethyl acetate (3 x 20 mL). The combined organic phases were washed
with saturated sodium chloride (10 mL), dried over sodium sulfate and concentrated under
reduced pressure. The crude product was purified by flash chromatography
(pentane/ethyl acetate 3:2 — 1:1) to yield the alcohol 19 (416 mg, 2.72 mmol, 91%) as a
light-yellow solid.

TLC: Rr= 0.34 (pentane/ethyl acetate 1:1) [KMnO4/UV].

'"H-NMR (400 MHz, CDCl3): 8 [ppm] = 1.86 (br, 1 H), 4.84 (s, 2 H), 7.54 (d, *J=8.9 Hz,
2 H), 8.22 (d, *J=8.9 Hz, 2 H).

I3C-NMR (101 MHz, CDCl3): & [ppm] = 64.1 (s), 123.9 (s), 127.2 (s), 147.5 (s), 148.2 (s).
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para-nitrophenyl-based caging group with a self-immolative linker 20

1. triphosgene (0.7 eq), triethylamine (4.4 eq), r.t., 30 min (CH,Cl,) NO,
NH, 2. (4-nitrophenyl)methanol (19) (1.6 eq), triethylamine (4.4 eq), r.t.,
1 h (DMF/CH,ClI; 1:4) ol
3.2 M HCI (4.0 eq), rt., ofn (THF) HN—( C16H16N206
60% o M = 332.31 g/mol
o_ 0O
>
HO  OH
17 20

The synthesis was carried out analogously to a published procedure.['’!! To a solution of
triphosgene (83.1 mg, 0.28 mmol, 0.7 eq) in dry dichloromethane (10 mL) was added a
solution of amine 17 (77.3 mg, 0.40 mmol, 1.0 eq) and triethylamine (244 pL, 178 mg,
1.76 mmol, 4.4eq) in dry dichloromethane (10 mL) under argon atmosphere at room
temperature. After stirring for 30 minutes at the same temperature, a solution of
alcohol 19 (98.0 mg, 0.64 mmol, 1.6 eq) and triethylamine (244 uL, 178 mg, 1.76 mmol,
4.4 eq) in dry N,N-dimethylformamide (4.5 mL) was added and stirred for another hour. The
reaction was quenched by the addition of water (12 mL) and the phases were partitioned
between water (80 mL) and ethyl acetate (2 x 80 mL). The combined organic phases were
washed with 5% aqueous lithium chloride solution (20 mL), dried over sodium sulfate and
concentrated under reduced pressure. The crude reaction product was dissolved in dry
tetrahydrofuran (4.5 mL) and diluted hydrochloric acid (800 uL, 2 M in water, 58.3 mg,
1.60 mmol, 4.0 eq) was added and stirred at room temperature overnight. It was neutralized to
pH = 6 with saturated sodium bicarbonate and extracted with ethyl acetate (3 x 10 mL). The
combined organic extracts were dried over sodium sulfate and concentrated under reduced
pressure. The crude product was purified by flash chromatography (pentane/ethyl acetate 1:4)
to yield the para-nitrophenyl-based caging group with a self-immolative linker 20 (80.3 mg,
0.24 mmol, 60%) as a light-yellow solid.

TLC: Rr= 0.16 (pentane/ethyl acetate 1:4) [KMnO4/UV].

TH-NMR (400 MHz, CD3CN): 8 [ppm]=2.90 (t, 3J=5.6Hz, 1H), 3.37-3.49 (m, 2 H),
3.50-3.60 (m, 1 H), 4.60 (dt, 3J =7.9 Hz, 3*J = 4.0 Hz, 1 H), 5.28 (s, 2 H), 7.29 (d, *J = 8.7 Hz,
2H),7.41(d,3J=8.7Hz 2 H), 7.62 (d, >J= 8.2 Hz, 2 H), 7.94 (br, 1 H), 8.23 (d, >*J = 8.2 Hz,
2 H).

I3C-NMR (126 MHz, CDsCN): & [ppm] = 65.7 (s), 68.4(s), 74.6 (s), 119.3(s), 124.5(s),
127.7 (s), 128.9 (s), 138.0 (s), 138.6 (s), 145.5 (s), 148.5 (s), 154.2 (s).

HRMS (ESI): m/z calculated for Ci1sH1sN20s [M—H]: 331.0935, found: 331.0948.
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(5 -nitrothiophen-2"-yl)methanol (21)

NaBH, (1.5 eq), 0 °C — rt,
NO, 4 NO,
® 2 h (MeOH) ® CsHsNO3S
S 63% S M = 159.16 g/mol
o= HO
5 21

The synthesis was carried out analogously to a published procedure.['*®! To a solution of
aldehyde 5 (471 mg, 3.00 mmol, 1.0eq) in dry methanol (9 mL) was added sodium
borohydride (170 mg, 4.50 mmol, 1.5eq) at 0°C. After stirring for two hours at room
temperature, the reaction was quenched by the addition of 1 M hydrochloric acid (4.5 mL) and
it was extracted with ethyl acetate (3 x 20 mL). The combined organic phases were washed
with saturated sodium chloride (15 mL), dried over sodium sulfate and concentrated under
reduced pressure. The crude product was purified by flash chromatography
(pentane/ethyl acetate 3:2) to yield the alcohol 21 (303 mg, 1.90 mmol, 63%) as a dark yellow
oil.

TLC: Rr = 0.39 (pentane/ethyl acetate 1:1) [KMnO4/UV].

TH-NMR (400 MHz, CDCIl3): & [ppm] =2.32 (s, 1 H), 4.88 (s,2 H), 6.93 (d,*J=4.2 Hz, 1 H),
7.81 (d,3J=4.2 Hz, 1 H).

I3C-NMR (101 MHz, CDCl3): & [ppm] = 60.4 (s), 123.6 (s), 128.9 (s), 151.1 (s), 153.4 (s).
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Protected thiophene-based caging group with a self-immolative linker 22

1. triphosgene (0.8 eq), 0 °C, 1 h (THF) ON
2. linker intermediate 17 (1.0 eq), o s
~NO, triethylamine (1.9 eq), 0 °C — rt,, HN—< =
o/n (THF) ¢} C17H18N206S

s 2% M = 378.40 g/mol

HO

o_ 0

>

21 2
The synthesis was carried out analogously to a published procedure.['’?! To a solution of
triphosgene (95.0 mg, 0.32 mmol, 0.8 eq) in dry tetrahydrofuran (2 mL) was added a solution
of alcohol 21 (66.8 mg, 0.42 mmol, 1.1 eq) in dry tetrahydrofuran (2 mL) under argon
atmosphere at 0 °C. After stirring for one hour at the same temperature, a solution of linker
intermediate 17 (77.3 mg, 0.40mmol, 1.0eq) in dry tetrahydrofuran (2 mL) and
triethylamine (105 pL, 76.9 mg, 0.76 mmol, 1.9 eq) was added and the reaction was allowed to
slowly warm to room temperature overnight. The reaction was quenched by the addition of
water (10 mL), it was neutralized to pH = 6 with saturated sodium bicarbonate and extracted
with ethyl acetate (3 x 20 mL). The combined organic extracts were dried over sodium sulfate
and concentrated under reduced pressure. The crude product was purified by HPLC (method A)
to yield the product 22 (63.8 mg, 0.17 mmol, 42%) as light-yellow solid.

HPLC: tr =20.7 min (method A).

TH-NMR (400 MHz, CD3CN): 8 [ppm] = 1.40 (s, 3 H), 1.47 (s, 3 H), 3.59 (t,°J = 8.0 Hz, 1 H),
4.24 (dd, 3J=6.2 Hz, 2J=8.2 Hz, 1 H), 5.01 (dd, *J = 8.0 Hz,*J = 6.2 Hz, 1 H), 5.31 (s, 2 H),
7.13(d, 3J=42Hz, 1H), 7.32(d, 3J=8.7Hz, 2H), 7.43(d, *J=8.7Hz, 2 H), 7.85(d,
3J=4.2Hz, 1 H), 8.00 (br, 1 H).

I3C-NMR (101 MHz, CDsCN): & [ppm]=26.1(s), 26.8(s), 61.8(s), 72.2(s), 78.2(s),
110.2 (s), 119.7 (s), 127.8 (s), 127.9 (s), 129.8 (s), 135.6 (s), 139.0 (s), 148.6 (s), 152.7 (s),
154.0 (s).

HRMS (ESI): m/z calculated for C17H1sN206S [M—H]: 377.0813, found: 377.09815.
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Thiophene-based caging group with a self-immolative linker 23

ON ON

S
HN%O 3 08 ™
o 1 M HCI (2.0 eq), rt., 6 d (THF) HN_/<O Ci4H14N206S

66% M = 338.33 g/mol

N HO  OH

22 2
To a solution of acetonide 22 (61.6 mg, 0.16 mmol, 1.0 eq) in dry tetrahydrofuran (2 mL) was
added diluted hydrochloric acid (326 puL, 1 M in water, 11.9 mg, 0.33 mmol, 2.0 eq) and it was
stirred for six days at room temperature. It was neutralized to pH = 6 with saturated sodium
bicarbonate and extracted with ethyl acetate (3 x 5 mL). The combined organic extracts were
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified by flash chromatography (pentane/ethyl acetate 1:4) to yield the thiophene-based
caging group with a self-immolative linker 23 (36.2 mg, 0.11 mmol, 66%) as a light-yellow

solid.

TLC: Rr = 0.20 (pentane/ethyl acetate 1:4) [KMnO4/UV].

TH-NMR (500 MHz, CD3CN): 8 [ppm] =2.98 (t, 3J=6.0Hz, 1H), 3.42-3.51 (m, 2 H),
3.51-3.60 (m, 1 H), 4.61 (dt, >J=7.7 Hz, 3*J=3.8 Hz, 1 H), 5.31 (s, 2 H), 7.14 (d, >*J = 4.2 Hz,
1 H), 7.29 (d, 3J = 8.4 Hz, 2 H), 7.40 (d, >J = 8.4 Hz, 2 H), 7.86 (d,>J = 4.2 Hz, 1 H), 7.98 (br,
1 H).

I3C-NMR (126 MHz, CDs3CN): & [ppm]=61.8 (s), 68.4(s), 74.6 (s), 119.4(s), 127.7 (s),
127.7 (s), 129.8 (s), 138.2 (s), 138.3 (s), 148.6 (s), 152.7 (s), 153.9 (s).

HRMS (ESI): m/z calculated for C14H14N206S [M—H]™: 337.0500, found: 337.0495.
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(5 -nitrofuran-2"-yl)methanol (24)

NO NO,
O 2 NaBH, (1.2 eq), 0 °C, 1 h (MeOH) @ CsHsNO,
0 91% o M = 143.10 g/mol
0= HO
1 24

The synthesis was carried out analogously to a published procedure.['*®) To a solution of
aldehyde 11 (705 mg, 5.00 mmol, 1.0 eq) in dry methanol (15 mL) was added sodium
borohydride (227 mg, 6.00 mmol, 1.2 eq) at 0 °C. After stirring for one hour at the same
temperature, the reaction was quenched by the addition of 1 M hydrochloric acid (7 mL) and it
was extracted with ethyl acetate (3 x 20 mL). The combined organic phases were dried over
sodium sulfate and concentrated under reduced pressure. The crude product was purified by
flash chromatography (pentane/ethyl acetate 3:2 — 1:1) to yield the alcohol 24 (653 mg,
4.56 mmol, 91%) as a light-yellow solid.

TLC: Rr= 0.35 (pentane/ethyl acetate 2:3) [KMnO4/UV].

TH-NMR (400 MHz, CDCI3): 8 [ppm] =2.21 (br, 1 H), 4.72 (s, 2 H), 6.56 (d, >J=3.6 Hz,
1 H), 7.29 (d, °*J=3.6 Hz, 1 H).

I3C-NMR (101 MHz, CDCI3): & [ppm] = 57.6 (s), 110.8 (s), 112.6 (s), 152.1 (s), 157.5 (s).
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Furane-based caging group with a self-immolative linker 25

1. triphosgene (0.7 eq), triethylamine (4.4 eq), r.t., 30 min (CH,Cl,) O,N
NH; 2. (5°-nitrofuran-2"-yl)methanol (24) (1.6 eq), triethylamine (4.4 eq), r.t., N
1 h (DMF/CH,CI; 1:4) 0 Q °
3.2 M HCI (4.0 eq), rt., o/n (THF) HNJ{Q Ci4H14N2O5
59% M = 322.27 g/mol
L
HO  OH
17 25

The synthesis was carried out analogously to a published procedure.['’!! To a solution of
triphosgene (83.1 mg, 0.28 mmol, 0.7 eq) in dry dichloromethane (10 mL) was added a
solution of amine 17 (77.3 mg, 0.40 mmol, 1.0 eq) and triethylamine (244 pL, 178 mg,
1.76 mmol, 4.4eq) in dry dichloromethane (10 mL) under argon atmosphere at room
temperature. After stirring for 30 minutes at the same temperature, a solution of
alcohol 24 (91.6 mg, 0.64 mmol, 1.6 eq) and triethylamine (244 uL, 178 mg, 1.76 mmol,
4.4 eq) in dry N,N-dimethylformamide (4.5 mL) was added and stirred for another hour. The
reaction was quenched by the addition of water (12 mL) and the phases were partitioned
between water (80 mL) and ethyl acetate (2 x 80 mL). The combined organic phases were
washed with 5% aqueous lithium chloride solution (20 mL), dried over sodium sulfate and
concentrated under reduced pressure. The crude reaction product was dissolved in dry
tetrahydrofuran (4.5 mL) and diluted hydrochloric acid (800 uL, 2 M in water, 58.3 mg,
1.60 mmol, 4.0 eq) was added and stirred at room temperature overnight. It was neutralized to
pH = 6 with saturated sodium bicarbonate and extracted with ethyl acetate (3 x 10 mL). The
combined organic extracts were dried over sodium sulfate and concentrated under reduced
pressure. The crude product was purified by flash chromatography (pentane/ethyl acetate 1:4)
to yield the furane-based caging group with a self-immolative linker 25 (76.3 mg, 0.24 mmol,
59%) as a light-yellow solid.

TLC: Rr= 0.13 (pentane/ethyl acetate 1:4) [KMnO4/UV].

TH-NMR (500 MHz, CD3CN): & [ppm] = 3.00 (br, 1 H), 3.45 (dd, 3*J=7.8 Hz, 2J=11.2 Hz,
1 H), 3.50(br, 1H), 3.55(dd, *J=4.1Hz, 2J=11.2Hz, 1H), 4.60(dd, 3J=7.8 Hz,
3J=4.1Hz, 1H), 5.18(s, 2H), 6.76 (d, >J=3.7Hz, 1H), 7.29(d, 3J=8.5Hz, 2H),
7.36-7.41 (m, 3 H), 7.93 (br, 1 H).

I3C-NMR (126 MHz, CDs3CN): & [ppm] = 58.7 (s), 68.4(s), 74.6 (s), 113.6(s), 114.3 (s),
119.4 (s), 127.7 (s), 138.1 (s), 138.3 (s), 153.1 (s), 153.7 (s), 154.5 (s).

HRMS (ESI): m/z calculated for C14H14N>O7 [M—H]: 321.0728, found: 321.0720.
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4-methylbenzenesulfonyl azide (27)

o NaN;3 (1.5 eq), 0°C — rt, o N
R C/H;N30,S

‘\s\ 16 h (acetone/H,0 3.1:1) s
/©/ 0 92% /O/ 0 M=197.21 g/mol

26 27

The synthesis was carried out analogously to a published procedure.['”?! To a solution of
tosyl chloride (26) (7.82 g, 41.0 mmol, 1.0 eq) in acetone (74.5 mL) was added a solution of
sodium azide (4.00 g, 61.5 mmol, 1.5 eq) in water (23 mL) dropwise over one hour at 0 °C. The
reaction mixture was allowed to slowly warm to room temperature and stirred for 16 hours. The
acetone was removed under reduced pressure at 25 °C and the aqueous phase was extracted
with diethyl ether (2 x 37 mL). The combined organic phases were washed with
water (2 x 37 mL), 5% sodium bicarbonate (2 x 37 mL), water (2 x 37 mL) and were dried
over sodium sulfate. After the removal of the solvent, 4-methylbenzenesulfonyl azide (27)

(7.41 g, 37.6 mmol, 92%) was obtained as a colorless oil.

TH-NMR (300 MHz, CDCl5): & [ppm] = 2.48 (s, 3 H), 7.33-7.49 (m, 2 H), 7.84 (d,*J = 8.4 Hz,
2 H).

BC-NMR (76 MHz, CDCl3): & [ppm] = 21.9 (s), 127.7 (s), 130.4 (s), 135.7 (s), 146.3 (s).
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I-methyl-2-mercapto-5-hydroxymethyl-1H-imidazole (29)

o. OH KSCN (1.5 eq), methylamine hydrochloride (1.3 eq), N_ _SH

HO r.t., 3 d (n-butanol/acetic acid 6.8:1) \ Y Cs5HgN,0S
OH 67% N M = 144.19 g/mol
Ho © HO
28 29

The synthesis was carried out analogously to a published procedure.l'7+17]

Dihydroxyacetone dimer (28) (20.0 g, 111 mmol, 0.5eq), potassium thiocyanate (32.4 g,
333 mmol, 1.5eq) and methylamine hydrochloride (18.7 mg, 278 mmol, 1.3 eq) were
suspended in n-butanol (170 mL) and glacial acetic acid (25 mL). After the reaction mixture
was stirred at room temperature for three days, the reaction was quenched by the addition of
water (40 mL). Subsequently, the solid was isolated by filtration, washed with water (100 mL)
and diethyl ether (100 mL) to yield 1-methyl-2-mercapto-5-hydroxymethyl-1H-imidazole (29)
(21.3 g, 148 mmol, 67%) as a withe powder.

TLC: Rr= 0.10 (ethyl acetate) [KMnO4/UV].

'TH-NMR (400 MHz, DMSO-ds): & [ppm] = 3.45 (s, 3 H), 4.32 (d, 3*J=5.3 Hz, 2 H), 5.19 (t,
3J=53Hz, 1 H), 6.80 (s, | H), 11.97 (s, 1 H).

I3C-NMR (101 MHz, DMSO-dp): & [ppm] = 30.6 (s), 53.0 (s), 112.2 (s), 130.5 (s), 161.7 (s).
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(1-methyl-1H-imidazol-5-yl)methanol (30)

N. _sH 2.4 M HNO; (2.1 eq), NaNO, (0.04 eq), N

O 0°C — rt, 2d (H,0) Y CsHgN20
AN 55% N M=112.13 g/mol
HO HO
29 30

1761 Sodium

The synthesis was carried out analogously to a published procedure.l
nitrite (197 mg, 2.86 mmol, 0.04 eq) was dissolved in 2.4 M nitric acid (62.5 mL, 9.45 g,
150 mmol, 2.1eq) at 0°C and 1-methyl-2-mercapto-5-hydroxymethyl-1H-imidazole (29)
(10.3 g, 71.4 mmol, 1.0 eq) was added in small portions over two hours. After the stirring for
another 30 minutes at 0 °C, the reaction mixture was allowed to warm to room temperature and
stirred for two days. It was cooled to 0°C and quenched by the addition of solid
sodium hydroxide until pH = 9 was reached. The solvent was removed under reduced pressure
and the solid residue was extracted with hot chloroform (3 x 125 mL). After removal of the
solvent under reduced pressure, (l-methyl-1H-imidazol-5-yl)methanol (30) (4.37 g,

39.0 mmol, 55%) was obtained as a light-yellow solid, which was pure enough for further

transformations without purification.

TLC: Rr= 0.05 (ethyl acetate/methanol 95:5) [KMnOs].

'TH-NMR (400 MHz, DMSO-ds): & [ppm] = 3.60 (s, 3 H), 4.24 (d, 3*J=5.0 Hz, 2 H), 5.01 (t,
3J=5.0Hz, 1 H), 6.76 (s, 1 H), 7.52 (s, 1 H).

I3C-NMR (101 MHz, DMSO-dp): & [ppm] = 30.9 (s), 52.5 (s), 127.1 (s), 131.8 (s), 138.5 (s).
HRMS (ESI): m/z calculated for CsHsN>O [M+H]*: 113.0709, found: 113.0708.
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5-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl- 1 H-imidazole (31)

TBSCI (1.2 eq),
N imidazole (3.0 eq), N
() __rushowm (N a8
N\ 100% N\ M = 226.40 g/mol
HO TBSO
30 31

The synthesis was carried out analogously to a published procedure.['””! To a solution of
alcohol 30 (4.37 g, 39.0 mmol, 1.0 eq) in dry N,N-dimethylformamide (44 mL) was added
imidazole (7.97 g, 117 mmol, 3.0 eq) and tert-butyldimethylsilyl chloride (7.05 g, 46.8 mmol,

1.2 eq) under argon atmosphere. After the mixture was stirred for three hours at room

temperature, it was quenched by the addition of water (77 mL). Subsequently, it was extracted

with diethyl ether (3 x 102 mL) and dried over sodium sulfate. The solvent was removed under

reduced pressure to yield the protected alcohol 31 (8.83 g, 39.0 mmol, 100%) as an orange

solid.

TLC: Rr= 0.36 (ethyl acetate/methanol 9:1) [KMnO4/UV].

IH-NMR (500 MHz, CDCls): 5 [ppm] = 0.05 (s, 6 H), 0.87 (s, 9 H), 3.70 (s, 3 H), 4.65 (s,

2H),6.93 (s, 1 H), 7.62 (s, 1 H).

BC.NMR (101 MHz, CDCls): 5 [ppm] =-5.3 (s), 18.3(s), 25.9(s),

126.9 (s), 131.3 (s), 138.7 (s).

HRMS (ESI): m/z calculated for C11H22N20Si [M+H]": 227.1573, found: 227.1573.

552 (s),
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2-azido-5-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl-1H-imidazole (32)

N 1. n-BuLi (1.2 eq), =78 °C, 1 h (THF) NN
X o, NS 3 .
< ] 2. TsN; (27) (1.0 eq), =78 °C, 1 h (THF) < S C11Hp1N5OSi
N 97% AN M = 267.41 g/mol
TBSO TBSO

31 32

The synthesis was carried out analogously to a published procedure.l!”
n-Butyllithium (9.30 mL, 2.5 M in hexane, 1.49 g, 23.2 mmol, 1.2 eq) was added dropwise to a
solution of the protected alcohol 31 (4.33 g, 19.1 mmol, 1.0 eq) in dry tetrahydrofuran
(37.5 mL) at —78 °C under argon atmosphere. The reaction mixture was stirred for one hour at
this temperature and 4-methylbenzenesulfonyl azide (27) (3.72 g, 18.8 mmol, 1.0 eq) was
slowly added. Stirring was continued for another hour at —78 °C and it was quenched by the
addition of saturated ammonium chloride (15 mL). The aqueous phase was extracted with
ethyl acetate (3 x 40 mL) and the combined organic phases were washed with saturated sodium
chloride (20 mL), water (20 mL) and dried over sodium sulfate. The solvent was removed

under reduced pressure to yield the azide 32 (4.89 g, 18.3 mmol, 97%) as a brown oil.

TLC: Rr= 0.59 (ethyl acetate) [KMnO4/UV].

'TH-NMR (400 MHz, CDCl3): 8 [ppm]=0.05 (s, 6 H), 0.87 (s, 9 H), 3.41 (s, 3 H), 4.56 (s,
2 H), 6.73 (s, 1 H).

I3C-NMR (101 MHz, CDCl): 8 [ppm]=-5.2(s), 18.3(s), 25.9(s), 29.7(s), 55.6(s),
125.2 (s), 130.4 (s), 141.5 (s).

HRMS (ESI): m/z calculated for C11H21NsOSi [M+H]": 268.1587, found: 267.1587.
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(2-azido-1-methyl-1H-imidazol-5-yl)methanol (33)

TBAF (1.0 eq),

N_ N N._N
$ S 0°C — rt, 3h (THF) O 3 CsH/NSO
AN 75% N M = 153.14 g/mol
TBSO HO
32 33

The synthesis was carried out analogously to a published procedure.[!”! To a solution of the

protected alcohol 32 (9.10 g, 34.0 mmol, 1.0 eq) in dry tetrahydrofuran (102 mL) was added
tetrabutylammonium fluoride (34.0 mL, 1 M in tetrahydrofuran, 8.90 g, 34.0 mmol, 1.0 eq) at
0 °C under argon atmosphere. After stirring for one hour at 0 °C, the reaction was allowed to
warm to room temperature over two hours and quenched by the addition of saturated
ammonium chloride (63 mL). Tetrahydrofuran was removed under reduced pressure and the
aqueous phase was extracted with ethyl acetate (6 x 100 mL). The organic phases were
concentrated under reduced pressure and the crude product was purified by flash
chromatography (pentane/ethyl acetate 1:9 — 0:1) to yield the alcohol 33 (3.88 g, 25.3 mmol,

75%) as an orange solid.

TLC: Rr= 0.23 (ethyl acetate) [KMnO4/UV].

'TH-NMR (500 MHz, CDCl3): 8 [ppm] = 3.46 (s, 3 H), 4.55 (s, 2 H), 6.80 (s, 1 H).
I3C-NMR (101 MHz, CDCI3): & [ppm] = 30.1 (s), 54.5 (s), 123.2 (s), 130.8 (s), 141.3 (s).
HRMS (ESI): m/z calculated for CsH7NsO [M+H]": 154.0723, found: 154.0722.
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(2-amino-1-methyl-1H-imidazol-5-yl)methanol (34)

NN N._NH
e 3 Ha, Pd/C, rt., o/n (MeOH) Y 2 CsHgNZO
N 97% N, M = 127.15 g/mol
HO HO
33 34

The synthesis was carried out analogously to a published procedure.l'”®! Azide 33 (3.88 g,
25.3 mmol, 1.0 eq) was dissolved in dry methanol (40 mL) and palladium on carbon (404 mg,
10 wt% Pd, 0.38 mmol, 1.5 mol%) was added. The mixture was hydrogenated under a
hydrogen balloon overnight. The mixture was filtered through Celite® to remove the catalyst
and the solvent was removed under reduced pressure. Without any further purification, pure

amine 34 (3.12 g, 24.5 mmol, 97%) was obtained as an orange solid.

'TH-NMR (400 MHz, DMSO-ds): & [ppm] = 3.27 (s, 3 H), 4.25 (s, 2 H), 4.73 (s, 1 H), 5.22 (s,
2 H), 6.25 (s, 1 H).

I3C-NMR (101 MHz, DMSO-dp): & [ppm] = 28.6 (s), 53.2 (s), 122.2 (s), 126.5 (s), 150.0 (s).
HRMS (ESI): m/z calculated for CsHoN3O [M+H]": 128.0818, found: 128.0817.



I - 5 Experimental part 93

(1-methyl-2-nitro-1H-imidazol-5-yl)methanol (35)

1. HBF,4 (2.9 eq), NaNO, (1.5 eq), —15 °C, 30 min (H,0)

N.__NH. N._NO
1 SR 2. Cu (3.8 eq), NaNO; (5.0 eq), r.t., 24 h (H,0) 1 S CsH7N30;4
AN 59% N M = 157.13 g/mol
HO HO
34 35

The synthesis was carried out analogously to a published procedure.l'’8] Amine 34 (636 mg,
5.00 mmol, 1.0 eq) was dissolved in tetrafluoroboric acid (2.70 mL, 48 wt% in water, 1.27 g,
14.5 mmol, 2.9 eq) and cooled to —15 °C. A solution of sodium nitrite (517 mg, 7.49 mmol,
1.5 eq) in water (1.6 mL) was added and the reaction mixture was stirred for 30 minutes at
—15 °C. The mixture was then added to a suspension of copper powder (1.21 g, 19.0 mmol,
3.8 eq) and sodium nitrite (1.72 g, 24.9 mmol, 5.0 eq) in water (8§ mL) at 0 °C. The suspension
was allowed to warm to room temperature over 24 hours until no gas evolution was visible. It
was extracted with ethyl acetate (3 x 15 mL), dried over sodium sulfate and the solvent was
removed. The solid residue was extracted with dichloromethane (2 x 150 mL) under sonication,
the combined organic extracts were filtered and concentrated under reduced pressure. Without
any further purification, pure product 35 (466 mg, 2.97 mmol, 59%) was obtained as yellow

solid.

TH-NMR (400 MHz, DMSO-ds): & [ppm] = 3.91 (s, 3 H), 4.54 (s, 2 H), 7.11 (s, 1 H).
IBC-NMR (101 MHz, DMSO-ds): & [ppm] = 34.1 (s), 53.0 (s), 126.6 (s), 138.6 (s), 145.7 (s).
HRMS (ESI): m/z calculated for CsH7N303 [M+H]": 158.0559, found: 158.0559.
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Imidazole-based caging group with a self-immolative linker 36

1. triphosgene (0.7 eq), triethylamine (4.4 eq), r.t., 30 min (CH,Cly)

N N
NH, 2. (1"-methyl-2"-nitro-1"H-imidazol-5"-yl)methanol (35) (1.6 eq), 0 Q Y Oz
triethylamine (4.4 eq), r.t., 1 h (DMF/CH,Cl, 1:4) HN—< N\
3.2 M HCI (4.0 eq), r.t., o/n (THF) o C14H16N4Og
28% M = 336.30 g/mol
L
HO OH
17 36

The synthesis was carried out analogously to a published procedure.['’!! To a solution of
triphosgene (68.3 mg, 0.23 mmol, 0.7 eq) in dry dichloromethane (8.5 mL) was added a
solution of amine 17 (63.5 mg, 0.33 mmol, 1.0 eq) and triethylamine (200 uL, 146 mg,
1.45 mmol, 4.4eq) in dry dichloromethane (8§ mL) under argon atmosphere at room
temperature. After stirring for 30 minutes at the same temperature, a solution of
alcohol 35 (82.6 mg, 0.53 mmol, 1.6 eq) and triethylamine (200 uL, 146 mg, 1.45 mmol,
4.4 eq) in dry N,N-dimethylformamide (4 mL) was added and stirred for another hour. The
reaction was quenched by the addition of water (10 mL) and the phases were partitioned
between water (80 mL) and ethyl acetate (2 x 80 mL). The combined organic phases were
washed with 5% aqueous lithium chloride solution (20 mL), dried over sodium sulfate and
concentrated under reduced pressure. The crude reaction product was dissolved in dry
tetrahydrofuran (4 mL) and diluted hydrochloric acid (640 uL, 2Min water, 46.7 mg,
1.28 mmol, 4.0 eq) was added and stirred at room temperature overnight. It was neutralized to
pH = 6 with saturated sodium bicarbonate and extracted with ethyl acetate (3 x 10 mL). The
combined organic extracts were dried over sodium sulfate and concentrated under reduced
pressure. The crude product was purified by flash chromatography (methanol/ethyl acetate
4:96) to yield the imidazole-based caging group with a self-immolative linker 36 (31.4 mg,
0.09 mmol, 28%) as a light-yellow solid.

TLC: Rr= 0.28 (methanol/ethyl acetate 5:95) [KMnO4/UV].

'"H-NMR (500 MHz, CDs3OD): § [ppm] =3.55-3.64 (m, 2H), 4.07(s, 3H), 4.63(t
3J=6.0 Hz, 1 H), 5.29 (s, 2 H), 7.25 (s, 1 H), 7.30 (d, °J = 8.3 Hz, 2 Hz), 7.41 (d, >J= 8.3 Hz,
2 H).

I3C-NMR (126 MHz, CDs3OD): & [ppm] =35.0(s), 56.4(s), 68.6(s), 75.5(s), 119.6(s),
128.0 (s), 129.5 (s), 134.9 (s), 138.2 (s), 139.2 (s), 147.5 (s), 154.7 (s).

HRMS (ESI): m/z calculated for C14HisN4Os [M—H]: 335.0997, found: 335.0988.
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5.1.5  Synthesis of second-generation caged electrophiles

Thiophene-based caged electrophile CE2

1-(5"nitrothiophen-2"-yl)ethane-1,2-diol (10) (1.0 eq),

U o NO2
p-toluenesulfonic acid (1.3 mol%), \
S O triethyl orthoformate (1.1 eq), r.t., o/n (CH,Cl,) S Cq3H14BrNO,4S
S~ e 13% M = 360.22 g/mol
o_ 0O
N A
BMK CE2

The synthesis was carried out analogously to a published procedure.['3 To a solution of
bromomethyl ketone BMK (30.8 mg, 0.16 mmol, 1.1eq), caging group 10 (28.0 mg,
0.15 mmol, 1.0 eq) and triethyl orthoformate (27.0 pL, 24.1 mg, 0.16 mmol, 1.1 eq) in dry
dichloromethane (300 puL) was added a catalytic amount of p-toluenesulfonic acid (1.3 mol%)
under argon atmosphere. The reaction mixture was stirred at room temperature overnight. After
dilution with dichloromethane (3 mL), the reaction mixture was washed with water (3 mL),
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified by HPLC (method B) to yield thiophene-based caged electrophile CE2 (6.90 mg,
0.02 mmol, 13%) as light-yellow oil with a diastereomer ratio of 57:43.

HPLC: tr = 8.0 min (major, method B).

tr = 8.2 min (minor, method B).
TH-NMR (400 MHz, CDsCN): & [ppm] = 1.57-1.72 (m, 2 H), 1.96-2.09 (m, 2 H), 2.20 (4,
4J=2.7Hz, 1 H), 2.22-2.29 (m, 2 H), 3.54-3.66 (m, 2 H), 3.84 (dd, *J=6.9 Hz, /= 8.6 Hz,
1 H, major), 3.89 (t, >J=8.4Hz, 1H, minor), 4.42-4.51 (m, 1 H), 5.41 (dd, *J=6.5 Hz,
3J=8.4 Hz, 1 H, minor), 5.54 (t, >J= 6.9 Hz, 1 H, major), 7.09 (dd, 4/ = 6.5 Hz, 3°J=4.2 Hz,
1 H), 7.87 (d, >J=4.2 Hz, 1 H).
I3C-NMR (101 MHz, CD3CN): & [ppm] = 18.7 (s, minor), 18.7 (s, major), 23.2 (s, minor),
23.5 (s, major), 35.7 (s, minor), 35.8 (s, major), 35.9 (s, major), 36.8 (s, minor), 70.1 (s, minor),
70.2 (s, major), 72.8 (s, major), 72.9 (s, minor), 75.4 (s, major), 75.8 (s, minor), 84.8 (s, major),
84.4 (s, minor), 111.4 (s, minor), 111.5 (s, major), 125.8 (s, major), 126.0 (s, minor), 130.1 (s,
minor), 130.1 (s, major), 151.6 (s, minor), 152.0 (s), 152.3 (s, major).
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Furane-based caged electrophile CE3

1-(5’nitrofuran-2’-yl)ethane-1,2-diol (15) (1.0 eq),

. . S NOZ
p-toluenesulfonic acid (1.3 mol%), \
S 9] triethyl orthoformate (1.1 eq), r.t., o/n (CH,Cly) o C13H44BrNOg
e 10% M = 344.16 g/mol
o_ 0O
wa
BMK CE3

The synthesis was carried out analogously to a published procedure.['3 To a solution of
bromomethyl ketone BMK (45.6 mg, 0.24 mmol, 1.1eq), caging group 15 (38.0 mg,
0.22 mmol, 1.0 eq) and triethyl orthoformate (40.2 pL, 35.8 mg, 0.24 mmol, 1.1 eq) in dry
dichloromethane (440 puL) was added a catalytic amount of p-toluenesulfonic acid (1.3 mol%)
under argon atmosphere. The reaction mixture was stirred at room temperature overnight. After
dilution with dichloromethane (4 mL), the reaction mixture was washed with water (4.4 mL),
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified by HPLC (method B) to yield furane-based caged electrophile CE3 (7.20 mg,

0.02 mmol, 10%) as light-yellow oil with a diastereomer ratio of 64:36.

HPLC: tr = 7.2 min (major, method B).

tr = 7.3 min (minor, method B).
TH-NMR (400 MHz, CDsCN): & [ppm] = 1.55-1.66 (m, 2 H), 1.97-2.03 (m, 2 H), 2.16 (4,
4J=2.8 Hz, 1 H), 2.19-2.27 (m, 2 H), 3.50-3.62 (m, 2 H), 4.11-4.20 (m, 1 H), 4.37-4.44 (m,
1 H), 5.23 (t, °*J=7.1 Hz, 1 H, minor), 5.34 (t, °*J = 6.6 Hz, 1 H, major), 6.73 (d, >J = 3.7 Hz,
1 H, major), 6.77 (d, *J = 3.7 Hz, 1 H, minor), 7.38 (d, >J = 3.7 Hz, 1 H).
I3C-NMR (101 MHz, CDsCN): § [ppm] = 18.6 (s), 23.1 (s, minor), 23.2 (s, major), 35.4 (s,
minor), 35.5 (s, major), 36.0 (s, major), 36.1 (s, minor), 69.5 (s, major), 69.5 (s, minor), 70.0 (s,
major), 70.1 (s, minor), 72.4 (s, major), 72.7 (s, minor), 84.8 (s, major), 84.9 (s, minor),
111.7 (s), 112.7 (s, major), 112.8 (s, minor), 113.5 (s, major), 113.6 (s, minor), 153.3 (s),
155.9 (s, minor), 156.08 (s, major).
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para-nitrophenyl-based caged electrophile with a self-immolative linker CE4

NO,
O
immolative caging group 20 (1.0 eq), isopropoxytrimethylsilane (4.0 eq), HN—<
TMSOTf (1.0 eq), —20 °C, o/n (MeCN) e} Co3H23BrN,Og

Br 8% M = 503.35 g/mol

4
go

Br

4
o
e}

BMK cE4
The synthesis was carried out analogously to a published procedure.!'3?]
Bromomethyl ketone BMK (26.5 mg, 0.14 mmol, 1.0 eq), immolative caging
group 20 (46.6 mg, 0.14 mmol, 1.0 eq) and isopropoxytrimethylsilane (100 uL, 74.0 mg,
0.61 mmol, 4.0 eq) were dissolved in dry acetonitrile (1.5 mL) and cooled to —20 °C.
Trimethylsilyl trifluoromethanesulfonate (25.0 uL, 31.2 mg, 0.14 mmol, 1.0 eq) was added and
the reaction mixture was stirred at —20 °C overnight. The reaction was quenched at this
temperature by the addition of pyridine (100 puL) and slowly warmed to room temperature. It
was diluted with ethyl acetate (10 mL), washed with saturated sodium bicarbonate (5 mL),
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified by flash chromatography (diethyl ether/pentane 3:7 — 35:65 — 45:55 — 55:45) and
subsequently by HPLC (method C) to yield para-nitrophenyl-based caged electrophile with a
self-immolative linker CE4 (5.30 mg, 0.01 mmol, 8%) as colorless oil with a diastereomer ratio

of 6:4.

TLC: Rr= 0.42 (diethyl ether/pentane 4:1) [KMnO4/UV].

HPLC: tr = 24.9 min (method C).

TH-NMR (500 MHz, CD3;CN): 8 [ppm] =1.60-1.72 (m, 2 H), 1.96-2.12 (m, 2 H), 2.20(q,
4J=24Hz, 1H), 2.21-228 (m, 2H), 3.52-3.68 (m, 3 H, both and minor), 3.72 (dd,
3J=9.4Hz, 2J=8.3Hz, 1H, major), 432 (dt, 3J=6.2Hz, 2J=83Hz, 1H), 5.07 (dd,
3J=9.4Hz, 3J=6.2 Hz, 1 H, major), 5.19 (dd, >°J = 8.6 Hz, 3J = 6.3 Hz, 1 H, minor), 5.28 (s,
2 H), 7.34 (d, 3J = 8.6 Hz, 2 H, minor), 7.39 (d, ’*J = 8.6 Hz, 2 H, major), 7.46 (d, >J = 8.6 Hz,
2 H), 7.62 (d, 3J=8.7 Hz, 2 H), 8.03 (br, 1 H), 8.23 (d, 3>J = 8.7 Hz, 2 H).

IBC-NMR (126 MHz, CDsCN): § [ppm] = 18.7 (s), 23.3 (s, major), 23.3 (s, minor), 35.8 (s,
minor), 36.0 (s, major), 36.6 (s, minor), 37.4 (s, major), 65.8 (s), 70.0 (s, major), 70.0 (s,
minor), 72.9 (s, major), 73.0 (s, minor), 79.0 (s, minor), 79.7 (s, major), 84.9 (s), 110.1 (s,
major), 110.2 (s, minor), 119.4 (s), 124.6 (s), 128.1 (s, minor), 128.2 (s, major), 128.9 (s),
133.3 (s, major), 133.6 (s, minor), 139.6 (s, major), 139.6 (s, minor), 145.5 (s), 148.5 (s),
154.1 (s).



I - 5 Experimental part 98

Thiophene-based caged electrophile with a self-immolative linker CES

O,N

o § %
immolative caging group 23 (1.0 eq), isopropoxytrimethylsilane (4.0 eq), HN—/< P
S o TMSOTf (1.0 eq), —20 °C, 4 h (MeCN) o] C21H21BrN206S
S~ % M = 509.37 g/mol
o_ 0O
\\\/\X/Br
BMK CE5

The synthesis was carried out analogously to a published procedure.!'3?]

Bromomethyl ketone BMK (20.2 mg, 0.11 mmol, 1.0 eq), immolative caging
group 23 (36.2 mg, 0.11 mmol, 1.0 eq) and isopropoxytrimethylsilane (76.0 uL, 56.6 mg,
0.43 mmol, 4.0 eq) were dissolved in dry acetonitrile (1.2 mL) and cooled to —20 °C.
Trimethylsilyl trifluoromethanesulfonate (19.0 uL, 23.8 mg, 0.11 mmol, 1.0 eq) was added and
the reaction mixture was stirred at —20 °C for four hours. The reaction was quenched at this
temperature by the addition of pyridine (75 pL) and slowly warmed to room temperature. It
was diluted with ethyl acetate (10 mL), washed with saturated sodium bicarbonate (5 mL),
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified twice by HPLC (method C and method D) to yield thiophene-based caged electrophile
with a self-immolative linker CES (4.60 mg, 9.03 umol, 8%) as light-yellow oil with a

diastereomer ratio of 54:46.

HPLC: tr = 18.1 min (method D).

TH-NMR (400 MHz, CDsCN): 8 [ppm] = 1.60-1.72 (m, 2 H), 1.96-2.10 (m, 2 H), 2.19 (t,
4J=2.6 Hz, 1 H), 2.25 (td, *J = 2.6 Hz, *J = 7.0 Hz, 2 H), 3.52-3.67 (m, 3 H, both and minor),
3.72(dd, 3J=9.4Hz, 2J=8.2Hz, 1H, major), 4.32(dd, *J=6.0Hz, 2J=8.2Hz, 1H),
5.08 (dd, 3J=9.4 Hz, *J = 6.0 Hz, 1 H, major), 5.20 (dd, >J = 8.6 Hz, >°J = 6.3 Hz, 1 H, minor),
5.33(s,2 H), 7.15 (d,3J=4.3 Hz, | H), 7.32-7.48 (m, 4 H), 7.87 (d, *J = 4.3 Hz, 1 H), 7.99 (br,
1 H).

I3C-NMR (101 MHz, CD3;CN): & [ppm] = 18.8 (s), 23.4 (s), 35.9 (s, minor), 36.1 (s, major),
36.6 (s, minor), 38.4 (s, major), 61.9 (s), 70.0 (s, major), 70.1 (s, minor), 73.0 (s), 79.0 (s,
minor), 79.8 (s, major), 85.0(s), 110.2 (s, major), 110.4 (s, minor), 119.7 (s), 127.8 (s),
128.2 (s, minor), 128.2 (s, major), 129.8 (s), 133.7 (s), 139.4 (s), 148.6 (s), 154.0 (s).

Due to low compound amounts the carbon next to the nitro-group could not be detected.

HRMS (ESI): m/z calculated for C21H21BrN2OsS [M—H]: 507.0231, found: 507.0222.
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Furane-based caged electrophile with a self-immolative linker CE6

O,N
o o
immolative caging group 25 (1.0 eq), isopropoxytrimethylsilane (4.0 eq), HN—/< —
S o TMSOTf (1.0 eq), —20 °C, 3 h (MeCN) 0 C21H21BrN,0O7
S~ e 9% M = 493.31 g/mol
o_ 0O
\\\M/Br
BMK CE6

The synthesis was carried out analogously to a published procedure.!'3?]
Bromomethyl ketone BMK (18.1 mg, 0.10 mmol, 1.0 eq), immolative caging
group 25 (30.8 mg, 0.10 mmol, 1.0 eq) and isopropoxytrimethylsilane (68.0 uL, 50.6 mg,
0.38 mmol, 4.0 eq) were dissolved in dry acetonitrile (1.1 mL) and cooled to —20 °C.
Trimethylsilyl trifluoromethanesulfonate (17.0 uL, 21.2 mg, 0.10 mmol, 1.0 eq) was added and
the reaction mixture was stirred at —20 °C for three hours. The reaction was quenched at this
temperature by the addition of pyridine (68 uL) and slowly warmed to room temperature. It
was diluted with ethyl acetate (10 mL), washed with saturated sodium bicarbonate (5 mL),
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified by HPLC (method C) to yield furane-based caged electrophile with a self-immolative
linker CE6 (4.40 mg, 8.91 umol, 9%) as light-yellow solid with a diastereomer ratio of 57:43.

HPLC: tr =22.1 min (method C).

TH-NMR (500 MHz, = CDsCN): 8 [ppm] = 1.60-1.72 (m, 2H), 1.95-2.08(m, 2 H),
2.17-2.20 (m, 1H), 2.22-2.28 (m, 2 H), 3.52-3.68 (m, 3 H, both and minor), 3.72 (dd,
3J=9.4Hz, 2J=82Hz, 1H, major), 4.32(dt, ’J=6.2Hz, 2J=82Hz, 1H), 5.07(dd,
3J=9.4Hz,3J=6.2 Hz, 1 H, major), 5.17-5.23 (m, 3 H, both and minor), 6.77 (d, >J = 3.7 Hz,
1 H), 7.32-7.47 (m, 5 H), 7.94 (br, 1 H).

I3C-NMR (126 MHz, CDsCN): § [ppm] = 18.7 (s), 23.3 (s, major), 23.3 (s, minor), 35.8 (s,
minor), 36.0 (s, major), 36.5 (s, minor), 37.3 (s, major), 58.8 (s), 70.0 (s, major), 70.0 (s,
minor), 72.9 (s, major), 73.0 (s, minor), 79.0 (s, minor), 79.7 (s, major), 84.9 (s), 110.1 (s,
major), 110.3 (s, minor), 113.6 (s), 114.4 (s), 119.5 (s), 128.1 (s, minor), 128.2 (s, major),
133.5 (s, major), 133.8 (s, minor), 137.9 (s, minor), 139.4 (s, major), 153.1(s), 153.7 (s),
154.5 (s).

HRMS (ESI): m/z calculated for C21H21BrN>O7 [M—H]: 491.0459, found: 491.0458.
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Imidazole-based caged electrophile with a self-immolative linker CE7

NY NO,
O \ N
immolative caging group 36 (1.0 eq), isopropoxytrimethylsilane (4.0 eq), HN_(Q N
S o TMSOTf (1.0 eq), —20 °C, 4 h (MeCN) C,1H23BrN4Og
S~ 28% M = 507.34 g/mol
o__ 0O
WB’
BMK CE7

The synthesis was carried out analogously to a published procedure.!'3?]
Bromomethyl ketone BMK (17.7 mg, 0.09 mmol, 1.0 eq), immolative caging
group 36 (31.4 mg, 0.09 mmol, 1.0 eq) and isopropoxytrimethylsilane (66.0 uL, 49.4 mg,
0.37 mmol, 4.0 eq) were dissolved in dry acetonitrile (1 mL) and cooled to —20 °C.
Trimethylsilyl trifluoromethanesulfonate (17.0 uL, 20.8 mg, 0.09 mmol, 1.0 eq) was added and
the reaction mixture was stirred at —20 °C for four hours. The reaction was quenched at this
temperature by the addition of pyridine (60 pL) and slowly warmed to room temperature. It
was diluted with ethyl acetate (10 mL), washed with saturated sodium bicarbonate (5 mL),
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified by HPLC (method C) to yield imidazole-based caged -electrophile with a
self-immolative linker CE7 (13.2 mg, 26.0 umol, 28%) as light-yellow solid with a

diastereomer ratio of 57:43.

HPLC: tr = 18.3 min (method C).

TH-NMR (500 MHz, CD3CN): & [ppm] =1.59-1.71 (m, 2 H), 1.96-2.10 (m, 2 H), 2.19(q,
4J=2.6Hz, 1H), 2.22-227 (m, 2H), 3.51-3.66 (m, 3 H, both and minor), 3.71 (dd,
3J=9.4 Hz, 2J=8.2 Hz, 1 H, major), 3.97 (s, 3 H), 4.31 (dt, >J=6.2 Hz, 2J=8.2 Hz, 1 H),
5.06 (dd, 3J=9.4 Hz, >J= 6.2 Hz, 1 H, major), 5.19 (dd, >J = 8.6 Hz, >*J = 6.3 Hz, 1 H, minor),
522 (s,2 H), 7.19 (s, 1 H), 7.31-7.47 (m, 4 H), 7.99 (br, 1 H).

IBC-NMR (126 MHz, CD3CN): & [ppm] = 18.7 (s), 23.3 (s, major), 23.3 (s, minor), 35.1 (s),
35.8 (s, minor), 36.0 (s, major), 36.5 (s, minor), 37.4 (s, major), 56.5 (s), 70.0 (s, major),
70.0 (s, minor), 72.9 (s, major), 72.9 (s, minor), 78.9 (s, minor), 79.7 (s, major), 84.9 (s),
110.1 (s, major), 110.2 (s, minor), 119.4 (s), 128.1 (s, minor), 128.2 (s, major), 129.6 (s),
133.4 (s, major), 133.7 (s, minor), 134.1 (s), 139.4 (s), 147.5 (s), 153.7 (s).

HRMS (ESI): m/z calculated for C21H23BrN4Os [M—H]™: 505.0728, found: 505.0711.
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5.1.6  Synthesis of a negative control compound

I-phenylethane-1,2-diol (38)

1. NaBH, (0.34 eq), 2 M NAOH (1.8 eq)

0 °C, 35 min (THF/MeOH 1.2:1)
2. K,CO3 (1.2 eq), 110 °C, 24 h (1,4-dioxane) CgH1002
40% M = 138.17 g/mol

Br [¢] HO OH

37 38
The synthesis was carried out analogously to a published procedure and identical to my
Master’s thesis.![°160:1621 To a solution of bromomethyl ketone 37 (2.88 g, 15.0 mmol, 1.0 eq)
in methanol (9.75 mL) and tetrahydrofuran (12 mL) was added sodium borohydride (135 mg,
5.10 mmol, 0.34 eq) and 2 M sodium hydroxide (13.7 mL, 1.10 g, 27.5 mmol, 1.8 eq). After
stirring at 0 °C for 35 minutes, the reaction was quenched by addition of glacial acetic acid to
reach pH = 6. The resulting mixture was diluted with ethyl acetate (150 mL) and washed with
saturated sodium bicarbonate (110 mL) and saturated sodium chloride (150 mL). It was dried
over sodium sulfate and concentrated under reduced pressure. The obtained oil was dissolved
in 1,4-dioxane (18 mL), 10% aqueous potassium carbonate (24.0 mL, 2.40 g, 17.4 mmol,
1.2 eq) was added and stirred under reflux for 24 hours. After cooling to room temperature, the
reaction was quenched by the addition of 2 M hydrochloric acid until pH = 5 was reached. The
reaction mixture was extracted with diethyl ether (3 x 54 mL), dried over sodium sulfate and
concentrated under reduced pressure. The crude product was purified by flash chromatography
(dichloromethane/ethyl acetate 1:1) to yield caging group 38 (820 mg, 5.93 mmol, 40%) as a

white solid.

TLC: Rr= 0.34 (dichloromethane/ethyl acetate 1:1) [KMnO4/UV].

'"H-NMR (400 MHz, DMSO-ds): 8 [ppm] = 3.42 (dd, 3J=5.9 Hz, 2 H), 4.52 (q, *J=5.9 Hz,
3J=42Hz, 1 H),4.70 (t,*J=5.9 Hz, 1 H), 5.20 (d, *J=4.2 Hz, 1 H), 7.17-7.36 (m, 5 H).
I3C-NMR (101 MHz, DMSO-ds): & [ppm] = 67.5 (s), 73.8 (s), 126.2 (s), 126.7 (s), 127.8 (s),
143.4 (s).
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Negative control (NC)

1-phenylethane-1,2-diol (38) (1.0 eq),

p-toluenesulfonic acid (1.3 mol%),
triethyl orthoformate (1.1 eq), r.t., o/n (CH,Cly) C5H47BrO,
Br 12% M = 309.20 g/mol

(e}
\\\/\)J\/
o_ 0O
\\\/\></Br
BMK NC

The synthesis was carried out analogously to a published procedure.['3 To a solution of
bromomethyl ketone BMK (31.2 mg, 0.17 mmol, 1.1eq), caging group 38 (20.7 mg,
0.15 mmol, 1.0 eq) and triethyl orthoformate (27.4 pL, 24.4 mg, 0.17 mmol, 1.1 eq) in dry
dichloromethane (300 puL) was added a catalytic amount of p-toluenesulfonic acid (1.3 mol%)
under argon atmosphere. The reaction mixture was stirred at room temperature overnight. After
dilution with dichloromethane (2.7 mL), the reaction mixture was washed with water (3 mL),
dried over sodium sulfate and concentrated under reduced pressure. The crude product was
purified by flash chromatography (pentane/diethyl ether 95:5) to yield negative

control NC (5.70 mg, 0.02 mmol, 12%) as a colorless oil with a diastereomer ratio of 61:39.

TLC: R = 0.55 (pentane/diethyl ether 65:35) [KMnO4/UV].

TH-NMR (500 MHz, CDCL): 8 [ppm]=1.71-1.81 (m, 2H), 1.99(q, */=2.8Hz, 1H),
2.04-2.20 (m, 2 H), 2.28 (qd, *J=2.8 Hz, 3J=7.1 Hz, 2 H), 3.45-3.61 (m, 2 H), 3.73 (dd,
3J=89Hz, 2J=8.1Hz, 1H, major), 3.82(dd, /=94 Hz, 2/=83Hz, 1|H, minor),
4.34-4.44 (m, 1 H), 5.12(dd, *J=9.4Hz, 3J=6.0 Hz, 1 H, minor), 5.24 (dd, 3J=8.9 Hz,
3J=6.3 Hz, 1 H, major), 7.31-7.45 (m, 5 H).

IBC-NMR (101 MHz, CDCls): & [ppm] = 18.6 (s, minor), 18.6 (s, major), 22.7 (s, minor),
22.7 (s, major), 35.6 (s, major), 35.7 (s, minor), 35.7 (s, major), 36.2 (s, minor), 69.0 (s, minor),
69.0 (s, major), 72.7 (s, minor), 72.8 (s, major), 79.0 (s, major), 79.5 (s, minor), 84.0 (s),
109.7 (s, minor), 109.8 (s, major), 126.4 (s, minor), 126.5 (s, major), 128.6 (s, minor), 128.8 (s,
major), 128.8 (s), 137.6 (s, minor), 137.6 (s, major).
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5.2 Biochemistry

5.2.1 Cloning of NfsA and NfsB

All cloning experiments were conducted according to a published procedure!’>! and identical as
in my Master’s thesis.l'2] N-terminal 6xHis-tagged constructs of E. coli BW25113161 NfsA
(UniProt code: P17117) and NfsB (UniProt code: P38489) were cloned into pET28a+
expression vectors using standard techniques based on polymerase chain reaction (PCR),
restriction, digestion and ligation. PCRs were carried out in a CFX96 Real-time System in
combination with a C1000 Thermal Cycler (BioRad). The PCR mixture contained 10 pL. GC
or HF buffer (NEB), 1 uL ANTP mix (10 mMm), 2.5 uL forward primer (10 uM, NfsA:
5'-CTGCAGCATATGACGCCAACCATTGAACTTATTTGT-3"; NfsB:
5"-CTGCAGCATATGGATATCATTTCTGTCGCCTTAA-3"), 2.5 pL reverse primer
(10 uM,  NfsA: 5'-GTTAGCGGATCCTTAGCGCGTCGCCCAACCCT-3";  NfsB:
5'-GTTAGCGGATCCCGCTAAATCTTCAACCTGGGAT-3"), 1 uL overnight culture of
E. coli BW25113[1%1] as template, 0.5 uL Phusion High Fidelity DNA polymerase (NEB) and
32.5 uL ddH>0. After initial denaturation (98 °C, 30 s), the mixtures underwent 35 cycles of
denaturation (98 °C, 10 s), annealing (NfsA: 72 °C, NfsB: 71 °C, 20 s) and extension (72 °C,
54 s), before a final extension (72 °C, 10 min). PCR products were purified by agarose gel
electrophoresis on a 1% agarose gel run at 90 V for 50 min. After extraction with an E.Z.N.A.
Gel Extraction kit (Omega bio-tek), 500 ng of the PCR products were digested in Cut Smart
buffer (NEB) in a total volume of 50 pL at 37 °C for 90 min using 5 units of the restriction
enzymes Ndel (NEB) and BamHI (Promega), each, which were then inactivated by incubation
at 65 °C for 20 min. Isolation of the digest was carried out using an E.Z.N.A. Gel Extraction kit
(Omega bio-tek). pET28a+ vector was extracted from NEB5a E. coli using a NucleoSpin
Plasmid EasyPure kit (Macherey-Nagel). 1 pug vector was digested in Cut Smart buffer (NEB)
in a total volume of 50 pL at 37 °C for 1 h using 10 units of Ndel (NEB) and BamHI (Promega),
each. In order to dephosphorylate the ends of the restriction sites, 10 units Antarctic
phosphatase (NEB) in Antarctic phosphatase buffer (NEB) were added and digestion was
continued for another 30 min before heat inactivation at 65 °C for 20 min. Purification of the
digested vector was carried out by agarose gel electrophoresis and gel extraction. 14 fmol
digested pET28a+ vector and 42 fmol digested insert were ligated using 1 L Quick Ligase
(NEB) in Quick Ligase buffer (NEB) in a total volume of 20 pL. The ligation mixture was
incubated at room temperature for 5 min and 5 pL of the ligation product were subsequently

transformed into XL1-blue chemically competent cells (Agilent). For this, 50 uL competent



I - 5 Experimental part 104

cells were thawed on ice, cautiously mixed with the respective DNA and kept on ice for 30 min.
Afterwards, the cells were heat-shocked at 42 °C for 45 s and chilled on ice for 2 min.
500 uL SOC (super optimal broth with catabolite repression, 20 g/L peptone, 5 g/L yeast
extract, 600 mg/L NaCl, 200 mg/L KCI, 2 g/ MgS0Os, 20 mM D-glucose) medium were added
and the cells incubated (200 rpm, 37 °C) for 1 h. The cells were harvested by centrifugation
(6,000 xg, 2 min), resuspended in SOC medium and plated on LB agar plates containing
250 pg/mL kanamycin. For preparation of the plasmids, 5 mL of LB medium (10 g/L peptone,
5 g/L NaCl, 5 g/L yeast extract, pH = 7.5) containing 250 ug/mL kanamycin were inoculated
with single colonies of the transformation and incubated (200 rpm, 37 °C) overnight. Plasmid
DNA was prepared using a NucleoSpin Plasmid EasyPure kit (Macherey-Nagel) according to

the manufacturer’s instructions and sequenced by GeneWiz.

5.2.2  Expression and purification of recombinant NfsA and NfsB

The expression and purification of the recombinant NfsA and NfsB were conducted according
to a published procedurel”! and identical as in my Master’s thesis.l'®?] Chemically competent
E. coli BL21(DE3) cells were transformed with the respective plasmids for NfsA and NfsB.
For protein overexpression, 20 mL LB medium containing 250 pg/mL kanamycin were
inoculated with cryostocks of transformed E. coli BL21(DE3) cells and incubated (200 rpm,
37 °C) overnight. 1 L LB medium containing 250 pg/mL kanamycin was inoculated with
10 mL of the overnight culture and incubated (200 rpm, 37 °C). The proteins were expressed at
18 °C overnight after induction at ODgoo = 0.6 with 1 mM isopropyl-B-D-thiogalactoside. Cells
were harvested (6,000 rpm, 10 min, 4 °C), washed with 30 mL PBS (8.18 g/L NaCl,
1.78 g/L. Na,HPO4, 200 mg/L KCl, 240 mg/L KoHPOs, pH = 7.4), resuspended in 20 mL wash
buffer 1 (20 mM Tris-HCIL, pH = 8.0, 150 mM NaCl, 10 mM imidazole) and lysed by sonication
(Bandelin Sonoplus) under constant cooling with ice. Lysate was cleared by centrifugation
(18,000 rpm, 30 min, 4 °C) and the supernatant was purified. Crude soluble lysate was loaded
onto 2mL of Ni-NTA-agarose beads (Qiagen) equilibrated with wash buffer 1 and
flow-through was collected. The column was sequentially washed with 10 column volumes of
wash buffer 1, 10 column volumes of wash buffer 2 (20 mM Tris-HCI, pH = 8.0, 1 M NaCl,
10 mM imidazole) and 10 column volumes of wash buffer 3 (20 mMm Tris-HCI, pH = 8.0,
150 mM NaCl, 20 mM imidazole). The protein was eluted in 5 mL fractions using elution
buffer (20 mm Tris-HCI, pH = 8.0, 150 mM NaCl, 300 mM imidazole). 50 uL of each collected
fraction were mixed with 50 uL 2x Laemmli buffer and analyzed by SDS-PAGE with
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Coomassie staining. Fractions that contained the purified protein were concentrated using
centrifugal filters (Merck) with a 10 kDa cut-off. During the concentration procedure, elution
buffer was exchanged for a storage buffer (20 mM Tris-HCI, pH = 8.0, 150 mM NaCl). Purity
of the isolated proteins was furthermore analyzed by intact protein MS (IPMS).

5.2.3  Cultivation and lysis of S. aureus SH1000 and HEK293 cells

The cultivation and lysis of Staphylococcus aureus SH1000!'6%] was performed according to a
published procedure.*>73) S. qureus SH1000 was a kind gift from Simon J. Foster, The Krebs
Institute, Department of Molecular Biology and Biotechnology, University of Sheffield.!!®*]

For experiments in lysate, day cultures were inoculated with 5 pL of a glycerol stock into 5 mL
of B medium (10 g/L peptone, 5 g/L NaCl, 5 g/L yeast extract, 1 g/L K;HPO4) and grown for
~8 h (200 rpm, 37 °C). B medium was inoculated 1:100 with a day -culture and
incubated (200 rpm, 37 °C) until 1 h after it reached the stationary phase (ODsoo = 6). The cells
were harvested by centrifugation (6,000 xg, 10 min, 4 °C), pellets of 100 mL initial culture
were pooled and the pellets were washed two times with PBS prior to the immediate use or
storage at —80 °C. 5mL PBS were added to the bacterial pellets and the pellets were
resuspended and transferred into 7 mL tubes containing 0.1 mm ceramic beads (Peqlab,
91-PCS-CKOI1L). Cells were lysed in a Precellys 24 bead mill (3 x 30's, 6,500 rpm) while
cooling with an airflow that was pre-cooled with liquid nitrogen. The suspension was
transferred into a microcentrifuge tube and centrifuged (20,000 xg, 30 min, 4 °C). The
supernatant of several samples was pooled and filtered through a 0.45 um filter. Protein
concentration of the lysate was determined using a bicinchoninic acid (BCA) assay (typical
concentrations were between ~2 mg/mL and ~3 mg/ml) and the concentration was adjusted to

1 mg/mL with PBS. The lysates were used immediately for all MS experiments.

For experiments in living bacteria, overnight cultures were inoculated with 5 uL of a glycerol
stock into 5mL of B Medium and grown overnight (200 rpm, 37 °C). B medium was
inoculated 1:100 with an overnight culture and incubated (200 rpm, 37 °C) until
mid-exponential phase (ODgoo = 0.5-1.5) was reached. The cells were harvested by
centrifugation (6,000 xg, 10 min, 4 °C), pellets of 50 mL initial culture were pooled and the
pellets were washed two times with PBS. The pellets were resuspended in PBS to ODgoo = 40

prior to the immediate use.

HEK293 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma
Aldrich) supplemented with 10% fetal bovine serum (FBS, Sigma Aldrich) and
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2 mM L-glutamine at 37 °C with 5% COs. The cells were routinely tested for mycoplasma
contamination. For experiments in living cells, cells were grown to ~90% confluency, washed
with PBS, detached with 1 mL Accutase solution (Sigma Aldrich) and taken up in 9 mL
DMEM. 20 uL of the cells were diluted 1:1 with 0.5% trypan blue solution and counted using
a Neubauer improved cell counting chamber. The cells were diluted with PBS to a final
concentration of 375,000 cells/mL and 2 mL of this suspension (750,000 cells) were seeded
into each well of a 6-well plate that was precoated with a 0.01% poly-L-lysine hydrobromide
(molecular weight 70,000-150,000 g/mol) solution. The cells were grown overnight to ~90%

confluency and washed with PBS prior to the immediate use.

5.2.4  Gel-based labelling experiments in bacterial lysate

The gel-based labelling experiments in bacterial lysate were performed with different
conditions to optimize the labelling properties of the respective probes according to a protocol

[162] As reaction buffer and for making cofactor stock solutions

established in my Master’s thesis.
a 50 mM phosphate buffer (28.9 mM NaoHPOy4, 21.1 mM NaH>PO4-H>O, pH = 7.0) was used in

preincubation experiments and PBS was used in coincubation experiments.

For preincubation experiments, 1 uL of the respective probe (2 mM stock in DMSO for a final
concentration of 10 uM), 1 pL flavin mononucleotide (FMN, 2.5 mM stock in 50 mM phosphate
buffer for a final concentration of 12.5 uM), 2 pL nicotinamide adenine dinucleotide
(phosphate) (NAD(P)H, 50 mM stock in 50 mM phosphate buffer for a final concentration of
500 uM) and 5 pL NfsA/NfsB (NfsA: 509 uM stock in storage buffer for a final concentration
of 12.7 uM; NfsB: 505 uM stock in storage buffer for a final concentration of 12.6 uM) were
incubated in a total volume of 100 uL 50 mM phosphate buffer for 1 h at room temperature.
The reaction was started with the addition of NfsA/NfsB. Different combinations of FMN,
NAD(P)H and NfsA/NfsB addition were tested as indicated in the individual experiments,
where 50 mM phosphate buffer was added to adjust the total volume. Dimethyl sulfoxide was
used instead of probe in control experiments. Subsequently, 100 uL of S. aureus SH100063
(1 mg/mL) lysate were added and incubated together with the reaction mixture for 1 h at room

temperature.

For coincubation experiments, 1 pL of the respective probe (2 mM stock in DMSO for a final
concentration of 20 uM), 1 uL FMN (2.5 mM stock in PBS for a final concentration of 25 pm),
2 uL. NAD(P)H (50 mM stock ins PBS for a final concentration of 1 mM) and different amounts
of NfsA/NfsB (NfsA: 509 uM stock in storage buffer; NfsB: 505 uM stock in storage buffer)
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were incubated with equal amounts of S. aureus SH1000'9] (1 mg/mL) lysate in a total volume
of 100 uL PBS for 1h at either room temperature without shaking or at 37 °C with
shaking (300 rpm). The reaction was started with the addition of NfsA/NfsB. Different
combinations of FMN, NAD(P)H and NfsA/NfsB addition were tested as indicated in the
individual experiments, where PBS was added to adjust the total volume. Dimethyl sulfoxide
was used instead of probe in control experiments. To directly compare pre- and coincubation,
the coincubation was performed in a total volume of 200 puL by dilution with PBS to obtain the
same volume and concentrations as in the preincubation setup. In the case of dicoumarol
addition, 1 pL dicoumarol (100% stock in DMSO, e.g., 1 uL 10 mM stock for a final

concentration of 100 uM) was coincubated with the reaction mixture.

The samples were clicked to 5-carboxytetramethylrhodamine-azide (TAMRA-azide) by adding
24 uL (preincubation experiment) or 12 pL (coincubation experiment) of a click-mix solution
consisting of 240 uL tris(benzyltriazolylmethyl)amine (TBTA, 0.9 mg/mL in 4:1
‘BuOH/DMSO0), 80 pL CuSO4-5H>0 (12.5 mg/mL in H>0),
80 puL tris(2-carboxyethyl)phosphine (TCEP, 13 mg/mL in H>O) and 4 pL. TAMRA-azide
(5§ mM stock in DMSO). After incubation of the samples at room temperature for 1 h, the
reactions were quenched by the addition of 200 pL (preincubation experiment) or
100 pL (coincubation experiment) 2x Laemmli buffer and analyzed by SDS-PAGE.
Modification with TAMRA-azide was detected by in-gel fluorescence scanning and protein

loading was visualized by Coomassie staining.

5.2.5  Gel-based labelling experiments in living bacteria

To 100 pL freshly resuspended living S. aureus SH1000('®] (ODggo = 40) was added
1 pL dimethyl sulfoxide and incubated for 1 h at 37 °C while shaking (200 rpm). Subsequently,
it was added 1 pL of the respective probe (20 mM stock in DMSO for a final concentration of
200 um) or 1 pL dimethyl sulfoxide as a solvent control and incubated for 1 h at 37 °C while
shaking (200 rpm). The cells were harvested by centrifugation (6,000 xg, 10 min, 4 °C) and
washed two times with PBS prior to storage at —80 °C overnight. The pellets were resuspended
in 200 pL PBS, 1 pL lysostaphin (10 mg/mL stock in 20 mM NaOAc buffer, pH = 4.5, Sigma
Aldrich) was added and incubated for 1 h at 37 °C while shaking (1,300 rpm). It was added
4 uL sodium dodecyl sulfate (SDS, 20 wt% in PBS for a final concentration of 0.4 wt%) and
sonicated (Bandelin Sonoplus, 10s, 20% intensity). The lysate was cleared by

centrifugation (21,100 xg, 1 h, r.t.) and 100 uL of the supernatant were transferred to a new
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microcentrifuge tube. The samples were clicked to TAMRA-azide by adding 12 puL of a
click-mix solution consisting of 240 uL TBTA (0.9 mg/mL in 4:1 ‘BuOH/DMSO),
80 uL CuSO4-5H20 (12.5 mg/mL in H20), 80 uL TCEP (13 mg/mL in HxO) and
4 uL TAMRA-azide (5 mM stock in DMSO). After incubation of the samples at room
temperature for 1 h, the reactions were quenched by the addition of 100 uLL 2x Laemmli buffer
and analyzed by SDS-PAGE. Modification with TAMRA-azide was detected by in-gel

fluorescence scanning and protein loading was visualized by Coomassie staining.

5.2.6  Gel-based labelling experiments in living HEK293 cells

Solutions of the respective probes or dimethyl sulfoxide as solvent control in PBS were
prepared by adding 11 pL of the respective probes (20 mM stock for a final concentration of
200 uMm) or 11 pL dimethyl sulfoxide to 1.1 mL PBS. To the freshly prepared and washed
HEK?293 cells (~90% confluency) in a 6-well plate were added 1 mL of the respective probe or
dimethyl sulfoxide solutions and incubated at 37 °C with 5% CO; for 1 h. The cells were
investigated under a microscope and photos were taken to analyze the effect of the probes on
living cells. The cells were scraped into microcentrifuge tubes, harvested by
centrifugation (600 xg, 4 min, 4 °C) and washed with PBS prior to storage at —80 °C overnight.
The cells were resuspended in 150 pL lysis buffer (1% NP40 substitute, 1% sodium
deoxycholate and 0.1% SDS in PBS) and incubated for 10min on ice. After
sonication (Bandeling Sonoplus, 10s, 20% intensity), the lysate was cleared by
centrifugation (21,100 xg, 20 min, 4 °C) and 100 pL of the supernatant were transferred to a
new microcentrifuge tube. The samples were clicked to TAMRA-azide by adding 12 pL of a
click-mix solution consisting of 240 uL TBTA (0.9 mg/mL in 4:1 ‘BuOH/DMSO),
80 uL CuSO4-5H20 (12.5 mg/mL in H20), 80 uL TCEP (13 mg/mL in HxO) and
4 uL TAMRA-azide (5 mM stock in DMSO). After incubation of the samples at room
temperature for 1 h, the reactions were quenched by the addition of 100 uLL 2x Laemmli buffer
and analyzed by SDS-PAGE. Modification with TAMRA-azide was detected by in-gel

fluorescence scanning and protein loading was visualized by Coomassie staining.
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5.2.7 isoDTB-ABPP experiments in bacterial lysate

The chemoproteomic experiments were performed according to a published procedure.*! Two
samples of 1.00 mL freshly prepared lysate of S. aureus SH10001'631 (1 mg/mL) were incubated
with 10 pL flavin mononucleotide (FMN, 2.5 mM stock in PBS for a final concentration of
25 uM), 20 pL nicotinamide adenine dinucleotide (NADH, 50 mM stock in PBS for a final
concentration of 1 mM), 20 uL. NfsB (505 uM stock in storage buffer for a final concentration
of 10 uM) and 10 pL of the respective probe (2 mM stock in DMSO for a final concentration of
20 um) at 37 °C for 1 h while shaking (300 rpm). One sample was clicked to the heavy and one
to the light isoDTB tag by adding 120 uL of a solution consisting of 60 pL TBTA
ligand (0.9 mg/mL in 4:1 ‘BuOH/DMSO), 20 pL CuSO4-5H>0 (12.5 mg/mL in H>0),
20 uL TCEP (13 mg/mL in H»0) and 20 pL of the respective isoDTB tag (5 mM stock in
DMSO). After incubation of the samples at room temperature for 1 h, the light- and the
heavy-labeled samples were combined into 8 mL cold acetone in order to precipitate all

proteins. Precipitates were stored at —20 °C overnight.

5.2.8 isoDTB-ABPP experiments in living bacteria

The chemoproteomic experiments were performed according to a published procedure.*! Two
samples of 1.00 mL freshly resuspended living S. aureus SH1000['631 (ODgoo = 40) were
incubated with 10 uL of the respective probe (20 mM stock in DMSO for a final concentration
of 200 um) at 37 °C for 1 h while shaking (200 rpm). The cells were harvested by centrifugation
(6,000 xg, 10 min, 4 °C) and washed two times with PBS prior to storage at —80 °C overnight.
The pellets were resuspended in 1 mL PBS, 10 pL lysostaphin (10 mg/mL stock in 20 mM
NaOAc buffer, pH =4.5, Sigma Aldrich) were added and incubated at 37 °C for 1 h while
shaking (1,300 rpm). It was added 20 pL sodium dodecyl sulfate (SDS, 20 wt% in PBS for a
final concentration of 0.4 wt%) and sonicated (Bandelin Sonoplus, 10 s, 20% intensity). The
lysate was cleared by centrifugation (21,100 xg, 1 h, r.t.) and 900 pL of the supernatant were
transferred to a new microcentrifuge tube. One sample was clicked to the heavy and one to the
light isoDTB tag by adding 108 pL of a solution consisting of 54 uLL TBTA ligand (0.9 mg/mL
in 4:1 '‘BuOH/DMSO), 18 pL CuSO4-5H20 (12.5 mg/mL in H20), 18 uLL TCEP (13 mg/mL in
H>0) and 18 pL of the respective isoDTB tag (5 mM stock in DMSO). After incubation of the
samples at room temperature for 1 h, the light- and the heavy-labeled samples were combined
into 7.2 mL cold acetone in order to precipitate all proteins. Precipitates were stored at —20 °C

overnight.
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5.2.9  MS sample preparation

The MS samples were prepared according to a published procedure.[*>751 The protein
precipitates were centrifuged (3,500 rpm, 10 min, r.t.) and the supernatant was removed. The
precipitates were resuspended in 1 mL cold methanol by sonification and
centrifuged (21,100 xg, 10 min, 4 °C). The supernatant was removed and this wash step with
methanol was repeated one more time. The pellets were dissolved in 300 pL urea (8 Min 0.1 M
aqueous triethylammonium bicarbonate (TEAB)) by sonification. 900 uL TEAB (0.1 M in
H>0) were added to obtain a concentration of 2 M urea. This solution was added to 1.2 mL of
washed high capacity streptavidin agarose beads (50 puL initial slurry, Fisher Scientific,
10733315) in NP40 substitute (0.2% in PBS). The samples were rotated at room temperature
for 1 h in order to assure binding to the beads. The beads were centrifuged (1,000 xg, 1 min,
r.t.) and the supernatant was removed. The beads were resuspended in
600 uL NP40 substitute (0.1% in PBS) and transferred to a centrifuge column (Fisher
Scientific, 11894131). Beads were washed with 2 x 600 pL NP40 substitute (0.1% in PBS),
3 x 600 uL PBS and 3 x 600 pL. H>O. The beads were resuspended in 600 pL urea (8 M in
0.1 M aqueous TEAB), transferred to a Protein LoBind tube (Eppendorf) and centrifuged
(1,000 xg, 1 min, r.t.). The supernatant was removed, the beads were resuspended in
300 uL urea (8 M in 0.1 M aqueous TEAB) and incubated with 15 pL dithiothreitol (DTT,
31 mg/mL in H>O) at 37 °C for 45 min while shaking (200 rpm). They were further treated with
15 pL iodoacetamide (74 mg/mL in H20O) at room temperature for 30 min while rotating and
with 15 uL DTT (31 mg/mL in H»0) at room temperature for 30 min while rotating. The
samples were diluted with 900 pL. TEAB (0.1 M in H>0) and centrifuged (1,000 xg, 1 min, r.t.).
After removal of the supernatant, the beads were resuspended in 200 pL urea (2M in
0.1 M aqueous TEAB) and incubated with 4 pL trypsin (0.5 mg/mL, Promega, V5113) at 37 °C
overnight while shaking (200 rpm). The samples were diluted by adding
400 pL NP40 substitute (0.1% in PBS) and transferred to a centrifuge column (Fisher
Scientific, 11894131). Beads were washed with 3 x 600 pL NP40 substitute (0.1% in PBS),
3 x 800 uL PBS and 3 x 800 uL H>O. Peptides were eluted into Protein LoBind tubes
(Eppendorf) with 1 x 200 pL and 2 % 100 pL trifluoroacetic acid (TFA, 0.1% in 50% aqueous
MeCN) followed by a final centrifugation (3,000 xg, 3 min, r.t.). The solvent was removed in
a rotating vacuum concentrator (~5h, 30 °C) and the resulting residue was dissolved in
30 uL TFA (0.1% in H20) by sonification for 5 min. Samples were filtered through filters
(Merck, UVC30GVNB) washed with the same solvent by centrifugation (17,000 xg, 3 min,

r.t.) and transferred into MS sample vials. Samples were stored at —20 °C until measurement.
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5.2.10 Sample analysis by LC-MS/MS

(431 5 uL of the samples were

The samples were analyzed according to a published procedure.
analyzed using a Qexactive Plus mass spectrometer (ThermoFisher) coupled to an Ultimate
3000 nano HPLC system (Dionex). Samples were loaded on an Acclaim C18 PepMap100 trap
column (75 pm ID x 2 cm, Acclaim, PN 164535) and washed with 0.1% TFA. The subsequent
separation was carried out on an AURORA series AUR2-25075C18A column (75 um
ID x25cm, Serial No.10257504282) with a flow rate of 400nL/min using
buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in acetonitrile). The
column was heated to 40 °C. Analysis started with washing in 5% B for 7 min followed by a
gradient from 5% to 40% buffer B over 105 min, an increase to 60% B in 10 min and another
increase to 90% B in 10 min. 90% B was held for 10 min, then decreased to 5% in 0.1 min and
held at 5% for another 9.9 min. The Qexactive Plus mass spectrometer was run in a TOP10
data-dependent mode. In the orbitrap, full MS scans were collected in a scan range of
300-1500 m/z at a resolution of 70,000 and an AGC target of 3e6 with 80 ms maximum
injection time. The most intense peaks were selected for MS2 measurement with a minimum
AGC target of 1e3 and isotope exclusion and dynamic exclusion (exclusion duration: 60 s)
enabled. Peaks with unassigned charge or a charge of +1 were excluded. Peptide match was
“preferred”. MS2 spectra were collected at a resolution of 17,500 aiming at an AGC target of
le5 with a maximum injection time of 100 ms. Isolation was conducted in the quadrupole using
a window of 1.6m/z. Fragments were generated using higher-energy collisional

dissociation (HCD, normalized collision energy: 27%) and finally detected in the orbitrap.

5.2.11 isoDTB-ABPP data analysis

The data analysis described in the following sections was performed according to a published

procedure. [+

General setup of analysis software*!

Raw data of the LC-MS/MS analyses was converted into mzML format using the MSconvert
tool (version: 3.0.19172-57d620127) of the ProteoWizard software (version: 3.0.19172
64bit)!'** using standard settings with vendor’s peak picking enabled. For all data analysis it

was used the FragPipe interface (version: 14.0) with MSFragger (version: 3.1.1),[76-81.83
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Philosopher (version: 3.3.10),3%) TonQuant (version 1.4.6)[¥* and Python (version 3.7.3)
enabled.

A FASTA database for S. aureus SH1000'9! was downloaded from www.uniprot.org using a
search for “93061” as “Taxonomy [OC]” at UniProtKB on 27.02.2018.[!83] This corresponds to
the FASTA database for the strain NCTC8325. Comparative sequencing of these two strains
has been reported!'¥¢ and the respective changes have been manually made to the FASTA file.
These include several point mutations, the deletion of the partial proteins Q2FWJ0 and Q2FWJ1
as well as the addition of the rsbU gene from S. aureus Newman (AOAOH3KE27). The reverse
sequences were manually added to the FASTA databases.

Analysis of the mass of modifications with FragPipe(*’]

To survey the landscape of all mass shifts observed on peptides in the data sets, an
OpenSearch7®-#3 was performed with MSFragger. For this purpose, the following settings were
used: Precursor mass tolerance —150 to 1000 Da, (initial) fragment mass tolerance 20 ppm,
Calibration and Optimization “Mass calibration, parameter optimization” enabled, Isotope
Error “0”, enzyme name “trypsin”, cut after “KR”, but not before “P”, cleavage “enzymatic”,
missed cleavages “2”, Clip N-term N enabled, peptide length 7 to 50, peptide mass range 500
to 5,000 Da, no variable modifications, no fixed modifications, all other options were left at the
standard settings. Crystal-Cl”8l was enabled. PeptideProphet!® was run with the following
setting: “--nonparam --expectscore --decoyprobs --masswidth 1000.0 --clevel -2”. PTMProphet
was disabled. ProteinProphet®!] was run with the following settings: “--maxppmdiff 2000000

3

Generate report was enabled with the following settings: “--sequential --razor —mapmods
--prot 0.01”. Run MSI quant was disabled. Run TMT-Integrator was disabled.
PTM-Shepherd!”! was enabled with the following settings: Smoothing factor “2”, Precursor
tolerance “0.01 Da”, Prominence ratio “0.3”, Peak picking width “0.002 Da”, Localization
background “4”. Annotation tolerance “0.01 Da”, Custom mass shifts: a custom mass shift list
was used including only UniMod modifications with less than 400 Da molecular weight as
previously published,*! Ton Types for modification with “b” and “y” enabled and mass
fragment charge “2”. Generate Spectral Library was disabled. For duplicates, both runs were
analyzed as the same experiment. For downstream data analysis, the “global. modsummary.tsv”

file was loaded and the values for the number of PSMs

(“default-ptmshepherd-dataset (PTMs)”) were plotted against the “Theoretical Mass Shift” in
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the mass range between 400 and 1000 Da. The expected and detected mass shifts obtained in

the different experiments were listed in Table 2.

Table 2:  Expected and detected mass shifts obtained from the MSFragger OpenSearch!’6-# in the different
performed experiments.
experiment expected mass shift [Da] detected mass shift [Da]

CEl in bacterial lysate

CE2 in bacterial lysate

BMK in bacterial lysate

CEl in living bacteria

CE2 in living bacteria

BMK in living bacteria

589.3336 (light isoDTB tag)
595.3411 (heavy isoDTB tag)

589.3336 (light isoDTB tag)
595.3411 (heavy isoDTB tag)

589.3336 (light isoDTB tag)
595.3411 (heavy isoDTB tag)

589.3336 (light isoDTB tag)
595.3411 (heavy isoDTB tag)

589.3336 (light isoDTB tag)
595.3411 (heavy isoDTB tag)

589.3336 (light isoDTB tag)
595.3411 (heavy isoDTB tag)

589.3338 (light isoDTB tag)
595.3412 (heavy isoDTB tag)

589.3332 (light isoDTB tag)
595.3390 (heavy isoDTB tag)

589.3320 (light isoDTB tag)
595.3392 (heavy isoDTB tag)

589.3330 (light isoDTB tag)
595.3396 (heavy isoDTB tag)

589.3320 (light isoDTB tag)
595.3404 (heavy isoDTB tag)

589.3320 (light isoDTB tag)
595.3390 (heavy isoDTB tag)

Analysis of amino acid selectivity with FragPipe!*!

To analyze the amino acid selectivity an Offset Search was performed in MSFragger.[6.77.79-84]

For this purpose, the following settings were used in MSFragger: Precursor mass tolerance —20
to 20 ppm, fragment mass tolerance 20 ppm, Calibration and Optimization “None”, Isotope
Error “0/1/2”, enzyme name “trypsin”, cut after “KR”, but not before “P”, cleavage
“enzymatic”, missed cleavages “2”, Clip N-term N enabled, peptide length 7 to 50, peptide
mass range 500 to 5,000 Da, variable modification of 57.02146 Da on C with max. 3
occurrences, no fixed modifications, mass offsets set according to the detected mass shifts
(Table 2), all other options were left at the standard settings. Crystal-C[78] was disabled.
PeptideProphet®® was run with the following settings: “--nonparam --expectscore --decoyprobs
--masswidth 1000.0 --clevel -2”. PTMProphet was disabled. ProteinProphet®!! was run with
the following settings: “--maxppmdiff 2000000”. Generate report was enabled with the

following settings: “--sequential --razor --mapmods --prot 0.01”. Run MS1 quant was enabled
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with the following settings: IonQuant®¥ enabled, M/Z Window “10 ppm”, RT Window
“0.4 min”, Labelling based quant with the detected masses indicated in Table 2 on any amino
acid as indicated by “*”, Re-quantify enabled, Top N Ions “3” Min freq. “0.5”, Min exps “1”,
Min isotopes “2”, Normalize disabled. Run TMT-Integrator was disabled. PTM-Shepherd!”!
was enabled with the following settings: Smoothing factor “2”, Precursor tolerance 20 ppm,
Prominence ratio “0.3”, Peak picking width “20 ppm, Localization background "4", Annotation
tolerance “0.01 Da”, Custom mass shifts: “Failed Carbamidomethylation:-57.021464”, a
custom mass shift list was used including only UniMod modifications with less than 400 Da
molecular weight as previously published,*! Ton Types for modification with b and y enabled
and mass fragment charge “2”. Generate Spectral Library was disabled. For duplicates, both

runs were analyzed as the same experiment.

For downstream data analysis, the two “*.tsv” files for the two experiments were individually
processed. They were filtered to retain only entries that are present in the “psm.tsv” file, which
contains the PSMs filtered by 1% PSM- and protein-level FDR. The column “best locs”
indicates the possible residues modified by the mass offset. MSFragger puts the mass offset on
each residue one-by-one and calculates hyperscores. The residues with the highest hyperscore
are indicated by lower-case letters. Only entries were retained that were localized to a unique
residue as seen by containing one lower-case letter (If there is no lower-case letter, the score
for the unmodified peptide was higher than that for the best modified peptide and therefore no
localization was performed). Next, the entries were filtered for a delta score > 1, where delta
score is the difference of the highest hyperscore and the second highest hyperscore during the
localization. For each entry, the UniProt Code was isolated from the column “Protein” and the
full protein sequence was linked into the table. Based on this information, all peptide sequences
that do not occur exactly once in the identified protein were excluded and the residue number
of the modified residue was determined. If the N-terminus (modification at amino acid 1 or
amino acid 2 if amino acid 1 is not present in the peptide (clipping of N-terminal methionine))
or the C-terminus (last amino acid of the protein) were modified, this was only counted and
labelled as modification of the terminus and not of the respective amino acid at that position.
For each entry, an identifier was generated in the format “UniProtCode” X ’’residue number”,
where X is the one letter code of the modified amino acid or “N-terminal” or “C-terminal” for
terminal modifications. Duplicates of entries with the same identifier were retained only once.
The data of both experiments was then combined and only residues were counted in the final

analysis that were present in both replicates. The fraction off all sites that was modified at each
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amino acid and the termini was reported. In some cases, amino acids with the same reactive

group (D+E, N+Q and S+T) were clustered together.

Quantification with FragPipe(*]

To quantify specific amino acids a Closed Search was performed in MSFragger.[7677-80-84] For
this purpose, the following settings were used in MSFragger. Precursor mass tolerance —50 to
50 ppm, fragment mass tolerance 20 ppm, Calibration and Optimization “none”, Isotope
Error “0/1/2”, enzyme name “trypsin”, cuter after “KR”, but not before “P”, cleavage
“enzymatic”, missed cleavages “2”, Clip N-term N enabled, peptide length 7 to 50, peptide
mass range 500 to 5,000 Da, no fixed modifications, no mass offsets, all other options were left
at the standard settings. Variable modifications were set to the detected masses indicated in
Table 2 on cysteines with max. 1 occurrence and additionally a variable modification of
57.02146 Da on cysteines with max. 3 occurrences was added. Crystal-C[’8 was disabled.
PeptideProphet® was run with the following settings: “--decoyprobs --ppm --accmass --
nonparam --expectscore”. PTMProphet was disabled. ProteinProphet®!! was run with the
following settings: “--maxppmdiff 2000000”. Generate report was enabled with the following
settings: “--sequential --razor --mapmods --prot 0.01”. Run MS1 quant was enabled with the
following settings: TonQuant®¥ enabled, M/Z Window “10 ppm”, RT Window 0.4 min”,
Labelling based quant with the detected masses indicated in Table 2 on cysteines, Re-quantify
enabled, Top N ions “3” Min freq. “0.5”, Min exps “1”, Min isotopes “2”, Normalize disabled.
Run TMT-Integrator was disabled. PTM-Shepherd!”®! was disabled. Generate Spectral Library

was disabled. For duplicates, both runs were analyzed as different experiments.

For downstream data analysis, the “ion_label quant.tsv” files of the two experiments were
analyzed separately. For each entry, the “Modified peptide” was generated as either the “Light
Modified Peptide” or the “Heavy Modified Peptide” based on the entry with the higher
“PeptideProphet Propability”. The masses of probe modification in the “Modified Peptide”
were replaced by an “*” and the mass of carbamidomethylation ([57.0215]) in this entry was
deleted, if present. The full protein sequence was linked into the table. Based on this
information, all peptide sequences that do not occur exactly once in the same protein were
excluded and the residue number of the modified residue was determined. The “identifier” was
generated in the format “UniProtCode” C residue number”, where C is the one letter code of
the modified amino acid cysteine. For each “identifier”, the averaged “Log2 ratio HL”, which

is the log> transformed ratio of heavy and light ions, was determined as average of the “Log2
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ratio HL” of all corresponding ions weighted with the “Total intensity” of the ion, which was
calculated as the sum of “Light Intensity” and “Heavy Intensity” for each ion. The value was
disregarded if the standard deviation of the “Log2 ratio HL” values for all ions of the same
“Identifier” was > 1.41. Furthermore, for each “Identifier” the “Total Intensity”, “Total Light
Intensity” and “Total Heavy Intensity” were calculated as the sum of all “Total Intensity”,
“Light Intensity” and “Heavy Intensity” values of the individual ions, respectively. If several
different “Modified peptides” were detected for the same “Identifier”, the “Modified Peptide”
and the “Peptide Sequence” with the shortest sequence were kept. For all identifiers, the data
for both replicates was now combined into one table. If different “Modified peptides” were
detected for the same “Identifier” in the different replicates, the “Modified Peptide” and
“Peptide Sequence” with the shortest sequence were kept. The “Total Intensity”, “Total Light
Intensity” and “Total Heavy Intensity” was calculated as the sum of all “Total Intensity”, “Total
Light Intensity” and “Total Heavy Intensity” values for all replicates, respectively. The “Log2
ratio HL” values for the replicates were named “Log2 ratio HL replicate 1”” and “Log?2 ratio HL
replicate 2”. The average of these two values was calculated and named “Log?2 ratio HL”. The
value was disregarded, if the standard deviation between the replicates was > 1.41 or if the
identifier was only quantified in one of the replicates. The “Log2 ratio HL” data for all
“Identifiers” was plotted as a violin plot with all individual values shown. The expected value
for the ratio (log2(R) = 0) as well as the preferred quantification window (—1 <logx(R) < 1) were

indicated by dashed lines.
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1 The Gram-negative pathogen Moraxella catarrhalis

Moraxella catarrhalis is a Gram-negative aerobic diplococcus that in the past was well-known
as a harmless commensal bacterium in the human upper respiratory tract.['®71 Over the last
decades it became clear that M. catarrhalis is also responsible for many diseases of the upper
respiratory tract, especially in children, as well as for lower respiratory tract infections in people
suffering from chronic obstructive pulmonary disease (COPD). Consequently, M. catarrhalis
was reclassified and is nowadays accepted as pathogenic bacterium.['37-18%1 The most common
diseases in children caused by M. catarrhalis are sinusitis and otitis media, but also bronchitis
and even pneumonia.l'8”! Particularly noteworthy is acute otitis media as the major cause for
antibiotic usage in childhood, since it was estimated that nearly 80% of all children at least once
suffered from this infection by the age of three years. M. catarrhalis accounts for approximately
15 to 20% of otitis media infections and thereby belongs to the three major causes for this
disease together with Streptococcus pneumoniae and Haemophilus influenzae.l'871%]
Similarly, together with these two organisms, M. catarrhalis was also found in the sputum of
adults with COPD representing the second most frequent cause of exacerbations during COPD
infection after H. influenzae. In total, M. catarrhalis thereby is responsible for around 10% of
exacerbations, which are two to four million cases annually alone in the US.H87-189.191]
Additionally, some M. catarrhalis strains mostly isolated directly from patients suffering from
acute otitis media or COPD were reported to be resistant to human serum, which probably
increases their overall virulence.['8-190-192193] Eyen more important, the majority of all
M. catarrhalis strains, that were clinically isolated, show resistance to -lactam antibiotics due
to the production of different B-lactamases. After the first observation of resistance in 1976, the
number of resistant strains strongly increased to over 90% of the clinical isolates nowadays,
where also reduced susceptibility towards amoxicillin-clavulanic acid was reported, hinting
towards additional resistance mechanisms besides B-lactamases.[!'87-190:194-197] [n addition to the
B-lactam resistance of M. catarrhalis itself, the production of B-lactamases by M. catarrhalis
strains also rendered other respiratory tract pathogens e.g. S. pneumoniae and H. influenzae
resistant or less susceptible to a treatment with this class of antibiotics leading to a protective

effect of M. catarrhalis in coinfections with these other pathogens.[!87-190.194-197]

Overall, M. catarrhalis represents an emerging pathogen of the human respiratory tract system
and the increasing use of pneumococcal vaccines could further increase the number of

respiratory tract infections caused by M. catarrhalis.['37:18%:193.198]
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2 Scope of the project

In this part of the thesis we aimed to identify the antibacterial activity of a library of
electrophiles against Gram-negative M. catarrhalis and to study the ligandable cysteinome in
living M. catarrhalis to develop novel narrow-spectrum antibiotics!!”! that selectively target

infections caused by M. catarrhalis.

Initially, we investigated a library of more than 200 electrophiles mainly consisting of
a-chloroacetamides and a-bromoamides, which were previously analyzed for their
ligandability in S. aureus,”! for their antibacterial activity in M. catarrhalis DSM9143 and the
B-lactamase-producing M. catarrhalis DSM11994.12001 Further, we selected 14 of the most
potent compounds and additionally determined their antibacterial activity in a selection of other
Gram-negative and Gram-positive bacteria to evaluate their potential as narrow-spectrum

antibiotics.

Next, we aimed to analyze the cysteine reactivity in M. catarrhalis DSM119942%]1 analogously
to a previous study!”™! in S. aureus SH1000!'3] using the residue-specific isoDTB-ABPP
workflow.””! Thereby, we obtained broad knowledge about the cysteine reactivity in
M. catarrhalis and could determine that the higher susceptibility of M. catarrhalis towards our

electrophiles was probably not due to an increased overall cysteine reactivity.

Afterwards, we optimized the residue-specific, competitive isoDTB-workflow!’>! to profile the
cysteine ligandability not only in bacterial lysate, but also in living bacteria to also account for
uptake or metabolic inactivation of the tested electrophiles.l””) We could successfully
demonstrate the feasibility of our approach in living bacteria and determined a bacterial density
of ODgoo = 4 as optimal conditions for future experiments. Using these conditions, we profiled
the selected electrophiles to obtain insights into the ligandable cysteinome of M. catarrhalis

DSM11994.12001

Finally, we investigated three ligandable hotspot cysteines in three essential proteins,[2°!! C60
in ThiD, C26 in PdxJ and C15 in SirA-like protein that were targeted by many of our tested
electrophiles in gel-based and intact protein MS (IPMS) experiments to verify the site-specific

[75] Furthermore, we aimed to unravel the enzymatic activity of the

binding of our compounds.
poorly characterized SirA-like protein and to show its inhibition upon compound binding. This
demonstrated that our chemoproteomic workflow!”?! is capable of identifying novel target

proteins that can be exploited in future antibiotic developments.
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3 Results and discussion

3.1 Antibacterial activity screening

In the second project of this thesis, we approached antibiotic development from a different angle
by developing narrow-spectrum antibiotics that selectively target and kill only specific bacteria.
While most of the available antibiotics are active against multiple different bacterial strains
simultaneously, the use of these broad-spectrum antibiotics leads to bacterial resistance
formation and to the consecutive selection for this resistance not only in the bacterial strain
causing the infection, but also in all other pathogenic and non-pathogenic strains present in the
human body that are also exposed to the antibiotic. Especially resistance formation in
commensal non-pathogenic bacteria can have severe effects since these bacteria can store the
resistance information and can possibly transfer their resistance genes to other pathogenic
bacteria in the future leading to complicated antibacterial treatments in future infections.!!%]
Additionally, broad-spectrum antibiotics not only kill the bacterial strain responsible for the
infection, but also target and harm the host microbiome. Disruptions in the microbiome are
reported to have long-term negative effects on the human body. Therefore, the use of
narrow-spectrum antibiotics selectively targeting only the bacterial strain responsible for the

respective infection can have beneficial effects.[!]

We screened a library of more than 200 electrophilic small molecules consisting of mainly
a-chloroacetamides and o-bromoamides, that was previously investigated for their
ligandability in S. aureus in a study from our group,”® for their antibacterial activity in multiple
different Gram-positive and Gram-negative bacterial strains. Thereby, we identified that the
Gram-negative pathogen M. catarrhalis was highly susceptible towards these covalent
fragments. In our initial screen in the strain M. catarrhalis DSM9143 at a single-point
concentration of 12.5 uM, we could identify that 82 of 211 compounds were antibiotically
active, which represents a hit rate of ~39%. Consequently, we repeated the screening at a lower
concentration of 6.3 uM and still found 39 compounds, or 18%, as active. Strikingly, in a

2001 33 compounds

screening in the B-lactamase-producing strain M. catarrhalis DSM11994!
(~16% hit rate) were still identified as antibiotically active at the lower concentration.
Encouraged by these findings of the high susceptibility of M. catarrhalis towards our
electrophile library, we selected and prioritized 43 compounds based on their initial activity and
on structural diversity and performed minimum inhibitory concentration (MIC) assays to

determine their antibacterial activity in a concentration-dependent manner starting from 50 pm

as the highest tested concentration followed by a two-fold series dilution (Figure 15A).



IIT — 3 Results and discussion 121

B
2y ¢ ujL NN ¢ O
N
AN IA® o
>50.0 um cl Cl C'\)J\”/‘\S O

Cl

ENO17 EN020 EN026
o)
50.0 pm N O O\\S,D
R o i o
a X, Cj B O a A
H o | N (o)
H
25.0 pu EN061 EN069 EN081
Cl
[¢] fo) N-Q
. |
» C|QLN/<> /\/\)LN 7
3.1 12.5 pm S g H
3.1
6.3
3.1 EN085 EN091 EN125
6.3
5 12.5 o o
. 6.3 6.3 um cl
: 3.1 g C'JNJ;j 0 s\ 4 ’<S \
> 50.0 > 50.0 s Cl\)kN/L\N HN N
R 1.6 H
3.1
3.1
31 3.4 EN135 EN166 EN179
3.1
3.1 o
Cl\)J\N/\/
- i
1.6 um — Cl\)J\N o
cl H
M. catarrhalis M. catarrhalis cl
DSM9143 DSM11994 EN181 EN212

Figure 15: A Minimum inhibitory concentration (MIC) in uM of the selected 43 electrophiles in
M. catarrhalis DSM9143 and in the B-lactamase-producing M. catarrhalis DSM11994.12°9 The MIC
was determined through the measurement of the optical density of the bacterial culture after 24 h
incubation and no growth was defined as ODsoo < 0.1. The experiments were performed in duplicates
and if different concentrations as MIC value were obtained, the higher value was reported as final
MIC. If there was bacterial growth at higher concentrations of compound, followed by at least three
consecutive lower concentrations without bacterial growth, the lower concentration was reported. In
other cases, the MIC was reported as “unclear”. B Structures of the 14 compounds that were selected

for further cellular target engagement studies.

In this way, we could again verify the high susceptibility of both M. catarrhalis strains against
our electrophile library and could identify many different compounds displaying high
antibacterial activity in the low micromolar concentration range. We further selected 14 of these
compounds (Figure 15B) for further target engagement investigations based on their MIC
values. 13 of those 14 compounds showed antibacterial activity with MIC < 6.3 uM in
M. catarrhalis DSM9143 and, more importantly, even 10 of these 13 active compounds
remained active with still MIC <63 uM in the [-lactamase-producing strain

M. catarrhalis DSM11994.[2001 Additionally, we identified EN166 as not active (MIC >50 um)
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in M. catarrhalis DSM9143, but as active (MIC=3.1 uM) in the resistant strain
M. catarrhalis DSM11994.12001 After we obtained the selection of 14 compounds with
promising antibacterial activity in both tested strains, we wanted to investigate their potential
as narrow-spectrum antibiotics against M. catarrhalis and determined their antibiotic activity
at a comparable high concentration of 25.0 uM in a selection of different Gram-positive
(Staphylococcus aureus SH1000'*]  and  Streptococcus pneumoniae DSM20566)  and
Gram-negative (Klebsiella pneumoniae DSM30104, Acinetobacter baumannii DSM30007 and
Pseudomonas aeruginosa DSM22644) strains (Figure 16).

active active inactive inactive inactive inactive inactive
active active inactive inactive inactive inactive inactive
active active active active inactive inactive inactive
EN061 active active inactive inactive inactive inactive inactive inactive
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EN081 active active inactive active inactive inactive inactive
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M. catarrhalis M. catarrhalis S. aareus S. pneL;moniae K. pneL;moniae A. bau.mannii P. aerL;ginosa
DSM9143 DSM11994 SH1000 DSM20566 DSM30104 DSM30007 DSM22644

Figure 16: Antibiotic activity of the selected 14 electrophilic compounds at a concentration of 25 uM in both
previously tested M. catarrhalis strains®® and in the Gram-positive Staphylococcus aureus
SH1000!%1 and Streptococcus pneumoniae DSM20566 and in the Gram-negative Klebsiella
pneumoniae DSM30104, Acinetobacter baumannii DSM30007 and Pseudomonas aeruginosa
DSM22644. The experiment was performed in duplicates and the measured ODgoo values were

averaged. If the averaged ODsoo < 0.1, the compound was defined as “active”, otherwise as “inactive”.

Even at this relatively high concentration of 25 uM, 9 of the 14 selected compounds did not
show any antibiotic activity against the tested Gram-positive strains and even all 14 compounds

remained inactive against all three investigated Gram-negative strains.

Summarizing, the high antibacterial activity in the low micromolar concentration range of the
selected 14 compounds in M. catarrhalis and the overall absence of activity at 25 uM of most
of these compounds in all other tested bacterial strains indicated their potential use as

narrow-spectrum antibiotics against M. catarrhalis.
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3.2 Chemoproteomic analysis of cysteine reactivity in M. catarrhalis

In the next part of this project and before we investigated the respective targets of the selected
14 compounds, we wanted to assess the overall cysteine reactivity in M. catarrhalis to analyze,
if the higher susceptibility towards our cysteine-directed electrophiles was due to an enhanced

overall cysteine reactivity.

Therefore, we used the residue-specific isoDTB-ABPP workflow developed in our group
(Scheme 4).I751 We adapted the identical workflow with the same cut-off values and definitions
as the previous study from our group developed for the analysis of the cysteine reactivity in
S. aureus in order to directly compare the obtained results from M. catarrhalis with the previous
findings from S. aureus.[”> In this and all further investigations, we focused only on the
resistant, B-lactamase-producing strain M. catarrhalis DSM11994.2%1 To analyze the cysteine
reactivity, one sample of bacterial lysate was treated with a lower concentration of
10 uM TA-alkyne and probe-labelled proteins were clicked to the light-labelled isoDTB tag by
CuAAC,6%-8] whereas another sample of lysate was treated with a higher concentration of
100 uM TA-alkyne and clicked to the respective heavy-labelled isoDTB tag. Afterwards, the
two samples were combined, enriched on (strept)avidin and digested with trypsin. The
probe-labelled peptides were further eluted from the beads and analyzed by LC-MS/MS. Due
to the isotopic pattern of the used isoDTB tags, a reactivity ratio Rio.1 was generated reflecting
the difference in MS1 signal intensity of heavy-labelled (high concentration, 100 uMm) and
light-labelled (low concentration, 10 uM) peptides.’!’>! While at high concentrations
(heavy-labelled) nearly all cysteine will most likely be engaged by IA-alkyne, at a lower
concentration (light-labelled) only the more reactive cysteines will be targeted. Consequently,
a reactivity ratio Rio:1 >> 1 was expected for the majority of cysteines and only very highly
reactive cysteines will also be quantitatively engaged even at a lower concentration and,
therefore, display a ratio of Rio.1 ~ 1. We classified the respective cysteines in three distinct
reactivity groups: low reactive cysteines with Rio.1 > 5, medium reactive cysteines with
5> Rio:1 > 3 and high reactive cysteines with Rio.1 < 3. Additionally, we performed the same
experiment with both samples treated at the higher concentration of 100 uM [A-alkyne as a
control experiment, where we expected an overall ratio of Ri.1 ~ 1.7 We further only analyzed
the cysteines that were detected in both experiments. Thereby, we could quantify and detect
1218 different cysteines and the overall ratio Ri.1 was as expected close to 1 (Figure 17A).
Through the reactivity experiment, we could classify 47 of the detected cysteines as highly
reactive (Rio.1 <3, 3.9%), 106 cysteines as medium reactive (5 > Rio.1 > 3, 8.7%) and 1065

cysteines as lowly reactive (Rio:1 > 5, 87.4%).



IIT — 3 Results and discussion 124

>
w

25+ 10 uM vs. 100 uM IA-alkyne . 100 M. catarrhalis
€ 50 v 80 DSM11994
k) : 2 S. aureus
T 15- i S 60 SH1000
> 2
S 10+ e 40
3 Low reactivity 2
& 517 Medium reactivity 20
oE — = + High reactivity 0
0 400 800 1200 ) - ..&
Peptide # c‘;\‘\\\ (§§\ c’§\\
& &° &
) N )
e N

Figure 17: A Graph of the reactivity data obtained from M. catarrhalis DSM1994.2%! The reactivity ratio Rio:1
that was generated by comparing the labelling intensities of samples treated with high concentration
(100 pm) with samples treated with low concentration (10 uM) IA-alkyne is displayed in black. The
control experiment where both samples were treated at high concentration (100 uM) IA-alkyne and
the respective ratio R1.1 is displayed in grey.”>) B Comparison of the fraction of cysteines that was
classified as highly reactive (Ri0:1 < 3), medium reactive (5 > Rio:1 > 3) and lowly reactive (Rio.1 > 5)
in M. catarrhalis DSM1199412° with the respective fractions in S. aureus SH1000"%3! determined by

a previous study from our group.l’”

When comparing the obtained fractions of cysteines in the different reactivity groups with the
data obtained in S. aureus SH1000!'%%) by a previous study from our group!’! (Figure 17B), it
could be seen that in S. aureus a higher fraction of highly reactive (9.6% vs. 3.9%) and medium
reactive (26.1% vs. 8.7%) cysteines were identified.[’””! Consequently, the overall cysteine
reactivity in S. aureus SH10001%%! was even higher compared to the investigated reactivity in
M. catarrhalis DSM11994120 and, therefore, the higher sensitivity of M. catarrhalis towards
the tested electrophile library could not be attributed to enhanced cysteine reactivity.”>! The
observed higher susceptibility despite a lower overall cysteine reactivity peaked our interest to

study the reactive cysteinome of M. catarrhalis in more detail (Figure 18).
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Figure 18: A, B Fraction of cysteines in M. catarrhalis DSM119942% in the different reactivity groups that were
in essential proteins (A)°!! or at functional sites!!*! (B).I>) C Averaged pPSE values of the cysteines
in the different reactivity groups that were calculated with a recently published tool!?°22%] based on

AlphaFold structures?%42% to assess the cysteine accessibility.[20220%]



IIT — 3 Results and discussion 125

We found that highly reactive (29.8%) and medium reactive (23.6%) cysteines were less
frequently located in essential proteins?°!! compared to lowly reactive cysteines (36.9%,
Figure 18A). This observation was in agreement with the previous study from our group in
S. aureus and probably indicated that highly reactive cysteines are intentionally avoided in
essential proteins in order to avoid binding of reactive electrophiles and corresponding toxicity
issues.l””! Similarly, in agreement with the previous study in S. aureus!”>! and with a study in

human cells,!”!]

we identified an enrichment of highly (19.1%) and medium reactive (18.9%)
cysteines over lowly reactive cysteines (13.1%) at functional sites!!®%) of proteins (Figure 18B),
which further strengthened the previous hypothesis that cysteine reactivity might hint towards
possible functionality.l”!7*] Furthermore, we wanted to assess if the cysteines in the different
reactivity groups also differed in terms of their accessibility for small molecules. Therefore, we
utilized a recently published tool?°%2%31 that calculates prediction-aware part-sphere exposure
(pPSE) values based on AlphaFold structures.?°*2%1 These pPSE values were generated
through the construction of a cone around the amino acid side chains (12 A radius, 70° angle),
followed by the calculation of how many other Cas of proximal amino acids were within this
cone. Consequently, high pPSE values indicate many proximal Cats and therefore a more buried
or less accessible cysteine and low pPSE values reflect cysteines that are less buried and more

accessible.[202:203

I However, we could only detect minor changes in the pPSE values of the
cysteines in the different reactivity groups with only slightly less accessibility of highly reactive
cysteines compared to the others (Figure 18C). Due to the only very small differences, no

significant correlation of accessibility and reactivity could be obtained.

Nevertheless, in our data we could identify many different highly and medium reactive
cysteines at functional sites!!33) in essential proteins.[?°!l Furthermore, these proteins are
involved in key pathways like tRNA modification (C83 at the active site of GatA (UniProt code:
D5V8F8) and C281 at the ATP binding site of Serine-tRNA-ligase (UniProt code: DSVAV4)),
RedOx biology (C54 in the RedOx-active disulfide of the Thiol:disulfide interchange protein
(UniProt code: D5V944)), the synthesis of lipoylated proteins (C198 forming the acyl-thioester
intermediate in LipB (UniProt code: DSVCL4) and C101 and C105 within an iron-sulfur cluster
of LipA (UniProt code: D5VA92)), thymidylate synthesis (active site nucleophile C162 of
Thymidylate synthase (UniProt code: D5V859)) and cofactor synthesis (C148 at the substrate
binding site of RibB involved in the riboflavin synthesis (UniProt code: DSV9A7) and C349 at
the CTP binding site of CoaBC involved in CoA synthesis (UniProt code: D5VD96)).[!83]

Summarizing, we could show that the high susceptibility of M. catarrhalis was not directly due

to enhanced cysteine reactivity and could identify many reactive cysteines within key pathways.
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3.3 Chemoproteomic analysis of cysteine ligandability in M. catarrhalis

Next, we set out to explore the intracellular target proteins of the previously selected
14 compounds (Figure 15B) utilizing the residue-specific, competitive isoDTB-ABPP
workflow (Scheme 4).7>! In contrast to the above-mentioned reactivity experiments, one sample
of bacteria was treated with the respective electrophile, whereas another identical sample was
treated with DMSO as a solvent control instead.””! Afterwards, both samples were treated with
the broadly-reactive IA-alkyne at equal concentrations and the compound-treated samples were
clicked by CuAAC!%-63] to the light-labelled isoDTB tag, whereas the DMSO-treated samples
were clicked by CuAACI®?-] to the heavy-labelled isoDTB tag.[’>] After combining both
samples, the probe-labelled proteins were enriched on (strept)avidin, digested with trypsin and
eluted from the beads followed by LC-MS/MS analysis. This again generated a competition
ratio R between the heavy- (DMSO-treated) and light- (compound-treated) labelled peptides.
Therefore, cysteines, that were engaged by the respective compound in the compound-treated
sample, were quantified more strongly in the DMSO-treated sample leading to higher R values,
whereas cysteines, that were not targeted by the analyzed compound, were quantified equally
in both samples leading to R values of close to 1. This workflow was previously used in our
group to study the cysteine ligandability in S. aureus lysate and, therefore, did not account for
uptake of different compounds or other metabolic inactivation of the compounds.l’ In this
thesis, we set out to optimize and adjust this chemoproteomic technology to study living
bacteria, where we incubate with the respective compound or the DMSO solvent control in
living cells and after cell lysis apply the broadly reactive [A-alkyne, followed by the identical
further workflow.!”>! In this way, it should be possible to identify the intracellular targets of
electrophiles within the environment of intact living bacteria and thereby also account for

possible reduced uptake or other metabolic processes.

3.3.1 Optimization and adjustment of the isoDTB-ABPP workflow

Before we started with the analysis of the intracellular targets of the selected 14 compounds
(Figure 15B), we set out to optimize and adjust the residue-specific, competitive isoDTB-ABPP
workflow for the profiling of living bacteria.[”> For the first benchmark studies, we selected the
a-chloroacetamide EN0O85 as we expected to observe strong competition due to its high
antibacterial activity (1.6 uM) in M. catarrhalis and its already shown proteome-wide reactivity

[75

in S. aureus lysate.””) Instead of using lysate, we grew the resistant B-lactamase-producing

M. catarrhalis DSM 119941200 to the early stationary phase, harvested the cells, washed them
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with PBS and resuspended in PBS to give ODgoo = 40. Initially, we chose this high bacterial
density as we wanted to reduce the amount of needed compound, while still obtaining sufficient
protein concentrations for the subsequent chemoproteomic workflow. We treated the
resuspended cells with 100 uM (Figure 19A) or 20 uM ENO085 (Figure 19B). In this way, we
demonstrated that the residue-specific, competitive isoDTB-ABPP workflow can in principle
be applied to study living bacteria as the approximately 1700 quantified cysteines were

comparable in number to the previous study of S. aureus lysate.[’>]

A B
84 ' ' 84 '
] ) ] )
] ) ] '
= 61 ' ' = 61 : :
e Lo E Lo
gal LS R
| [ | [ '
D% I W Y
..... Y e _-__;:..;i_._:__________
O T : : T T T 1 0 T : : T T T 1
6 -4-20 2 4 6 810 6 -4-20 2 4 6 810
Median log,(R) EN085 100 pum Median log,(R) EN085 20 pm
(ODgno = 40) (ODgno = 40)

Figure 19: Volcano plots for EN085 at 100 uM (A) and 20 pM (B) in M. catarrhalis DSM11994[2%1 at a bacterial
density of ODeoo = 40. The plots show the median log2(R) reflecting the difference in MS1 signal
intensity between the heavy- (DMSO-treated) and light- (compound-treated) labelled peptides and
the statistical significance —logio(p) obtained through a one-sample t-test for all quantified cysteines.
All data result from two biologically independent replicates. The dashed grey lines indicate the cut-off
values for cysteine ligandability of logz2(R) > 2 and —logio(p) > 1.30.073

We further chose the identical cut-off values to determine ligandability as in the previous study,
where we classified a cysteine as ligandable or engaged by a certain compound and as a hit of
this compound, if loga(R) >2 and additionally if the log2(R) was statistically significantly
different from 0 according to a one-sample t-test with p <0.05 (—logio(p) > 1.30).7"! In the
experiment at a concentration of 100 uM ENO085, we identified 16 engaged cysteines
(Figure 19A), whereas in the experiment at 20 uM EN085 we could not detect a single cysteine
as engaged (Figure 19B). Even without the filter for statistical significance, there was no
cysteine with logz(R) > 2 quantified. This observation was surprising as EN085 showed broad
proteome-wide reactivity in S. aureus in a previous study(’> and since a concentration of 20 um
still represented approximately 10-fold MIC value, where the engagement of at least some
cysteines was expected. Due to the absence of any engaged cysteines despite the relatively low
MIC value, we reconsidered the protocol for our chemoproteomic labelling approach and
identified bacterial density as one major difference between the chemoproteomic and MIC
experiment. Whereas in MIC experiments the bacterial density is initially very low, we used an
extremely high density of ODgoo = 40 in the isoDTB-ABPP workflow.[”>) We hypothesized that
at these high bacterial densities highly reactive electrophiles, like EN085, might be quenched
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by different thiols present in the bacterial culture before the compound reaches its intracellular
target proteins. Therefore, we repeated the identical chemoproteomic experiments at
100 uM (Figure 20A) and at 20 uM ENO085 (Figure 20B) at a bacterial density of ODgoo = 4,
where we additionally increased the volume of culture and added compound 10-fold to maintain

identical protein concentrations after bacterial lysis.
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Figure 20: Volcano plots for EN085 at 100 uM (A) and 20 pM (B) in M. catarrhalis DSM11994[2%1 at a bacterial
density of ODeoo =4. The plots show the median logz(R) reflecting the difference in MS1 signal
intensity between the heavy- (DMSO-treated) and light- (compound-treated) labelled peptides and
the statistical significance —logio(p) obtained through a one-sample t-test for all quantified cysteines.
All data result from two biologically independent replicates. The dashed grey lines indicate the cut-off
values for cysteine ligandability of log2(R)>2 and —logio(p) > 1.30.73) C Plot to visualize the
correlation between the chemoproteomic experiment with EN08S at 100 uM at a bacterial density of
ODsoo =40 and at 20 uM at a bacterial density of ODesoo =4. The plot shows the median log2(R)
reflecting the difference in MSI signal intensity between the heavy- (DMSO-treated) and
light- (compound-treated) labelled peptides.”’™ All data result from two biologically independent
replicates. Simple linear regression analysis was conducted with GraphPad Prism version 9.5.0 for
Windows (GraphPad Software, San Diego, California USA, www.graphpad.com) resulting in a
slope = 1.001 and a goodness of fit R? = 0.84.

With the adjusted conditions of the workflow, we were still able to detect a similar number of
cysteines with 1549 at 100 uMm ENO08S and 1695 cysteines at 20 uM EN085. Additionally, we
significantly increased the number of hit cysteines at 100 um ENO85 from 16 to 157
representing an increase of hit rate from ~1% to ~10% from the ODgoo =40 to ODsoo = 4
experiment. This showed that the adjusted protocol also was applicable for our approach and
that it largely increased the number of engaged cysteines as we hypothesized. Nevertheless, the
newly obtained hit rate of ~10% was at the limit that we considered useful for further analysis.
Strikingly, the same trend was also observed in the experiment at 20 uM EN08S, where we now
could identify 15 engaged cysteines (hit rate ~1%), whereas in the previous setup at high
bacterial density no single cysteine was hit. Furthermore, among these hit cysteine we could
identify five cysteines that were described to be in essential proteins.?°!l We further saw

similarities to the previously obtained data at the higher concentration and correlated the data
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at 100 pM ENO8S at ODgoo = 40 with the data at 20 uM ENO085 at ODgoo = 4 (Figure 20C). We
could verify a strong correlation between these experiments after a simple linear regression
analysis (GraphPad Prism version 9.5.0 for Windows, GraphPad Software, San Diego,
California USA, www.graphpad.com) with an obtained slope of 1.001 and a goodness of fit of
R?=0.84. This further verified our initial hypothesis that our reactive electrophiles were
quenched at high bacterial densities by different thiols present in the bacterial culture prior to
reaching their intracellular target proteins. Since we assumed that reactive electrophiles like
ENO08S5, that also showed high antibacterial activity (MIC = 1.6 uM in M. catarrhalis DSM9143
and M. catarrhalis DSM11994[2°°0) reasonably engage different intracellular cysteine residues
covalently that explain their activity, we decided to continue all further chemoproteomic
investigations with the optimized workflow at a bacterial density of ODgoo = 4 to obtain more

relevant and significant information on the intracellular targets of the other selected compounds.

3.3.2  Analysis of cysteine ligandability

Using the optimized residue-specific, competitive isoDTB-ABPP workflow!’>] at a bacterial
density of ODsoo =4, we next investigated the intracellular target cysteines of the 13 other
selected electrophiles (Figure 15B) in duplicates. Importantly, treatment with DMSO as a
solvent control verified that in this setup all cysteines were unaffected and quantified with R ~ 1.
Among the other tested electrophiles, we identified EN026 (31% of quantified cysteines with
median logx(R) >2, Figure 21A), EN179 (52% of quantified cysteines with median log2(R) >2,
Figure 21A) and EN181 (41% of quantified cysteines with median log>(R) >2, Figure 21A) as
highly reactive and highly promiscuous compounds that strongly targeted a large fraction of all
detected cysteines. Since we reasoned that these highly promiscuous compounds were not
suitable for further drug development or target identification studies, we excluded these three
compounds from all further data analysis. On the other side, we detected EN017 without any
hit cysteine and EN125 with only one hit cysteine that was not described to be essential.[2!]
Due to that, we decided to not further investigate these compounds but did not exclude them
from further data analysis. Consequently, we selected the remaining eight compounds and
performed an additional experiment in duplicates to obtain a total of four replicates for these
interesting compounds to obtain more significant and reliable results. The obtained results of
our chemoproteomic investigation of the additionally investigated 13 compounds at 100 um

were visualized as volcano plots (Figure 21B-0).
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Figure 21: A Bar graph of the promiscuity of all investigated compounds in the residue-specific, competitive

isoDTB-ABPP workflow!”™ at 100 uM in M. catarrhalis DSM1199412001 at a bacterial density of

ODsoo = 4. The percentage of targeted cysteines was determined as the percentage of cysteines with

median log2(R) > 2 from all quantified cysteines of the respective electrophile.’>! B-O Volcano plots

for all tested electrophiles at 100 pM (excluding ENO085) and for the control experiment with DMSO
in M. catarrhalis DSM119942%1 at a bacterial density of ODsoo = 4. The plots show the median
loga(R) reflecting the difference in MS1 signal intensity between the heavy- (DMSO-treated) and

light- (compound-treated) labelled peptides and the statistical significance —logio(p) obtained through

a one-sample t-test for all quantified cysteines. All data result from two biologically independent

replicates (B, C, E, J, M and N) or from four biologically independent replicates (D, F, G, H, I, K,

L and O). The dashed grey lines indicate the cut-off values for cysteine ligandability of log2(R) > 2

and —logio(p) > 1.30.17%

Similarly to our data analysis in the benchmark studies with EN08S (Figure 20C), we correlated
the obtained median logx(R) values of the two sets of biologically independent replicates of the
compounds, where the chemoproteomic experiment was performed in a total of four replicates

(Figure 22).
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Figure 22: Plots to visualize the correlation between the two sets of biologically independent replicates of the
residue-specific, competitive isoDTB-ABPP workflow!”’! with EN020 (A), EN061 (B), EN069 (C),
EN081 (D), EN091 (E), EN135 (F), EN166 (G), and EN212 (H) at 100 uM in M. catarrhalis
DSM1199412°0 at a bacterial density of ODeoo = 4. The plots show the median logz(R) reflecting the
difference in MS1 signal intensity between the heavy- (DMSO-treated) and light- (compound-treated)

labelled peptides. The added lines indicate a perfect correlation of 1.1

Strikingly, all evaluated compounds showed a relatively good correlation between the two sets
of two biologically independent replicates, which again verified the reproducibility of our

approach even between different biological replicates in living bacteria.

Even though we could already obtain much information on the ligandable cysteinome of
M. catarrhalis and proved the general feasibility of our method, we profiled all compounds so
far at a relatively high concentration of 100 uM, especially considering the relatively low MIC
values of the respective compounds (Figure 15A). Therefore, we selected six compounds
(EN020, ENO061, EN069, EN091, EN135 and EN166) based on their reactivity profiles to also
analyze their ligandable cysteines at a lower concentration of 20 uM in again two sets of two

biologically independent replicates (Figure 23A-F)
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Figure 23: A-F Volcano plots for EN020 (A), EN061 (B), EN069 (C), EN091 (D), EN135 (E), and EN166 (F)
at 20 pM in M. catarrhalis DSM119942%1 at a bacterial density of ODgoo = 4. The plots show the
median loga(R) reflecting the difference in MS1 signal intensity between the heavy- (DMSO-treated)
and light- (compound-treated) labelled peptides and the statistical significance —logio(p) obtained
through a one-sample t-test for all quantified cysteines. All data result from two sets of two
biologically independent replicates. The dashed grey lines indicate the cut-off values for cysteine
ligandability of logz2(R) > 2 and —logio(p) > 1.30."> G-L Plots to visualize the correlation between the
two sets of biologically independent replicates of the residue-specific, competitive isoDTB-ABPP
workflow!”! with EN020 (G), EN061 (H), EN069 (I), EN091 (J), EN135 (K), and EN166 (L) at
20 uM in M. catarrhalis DSM1199412%] at a bacterial density of ODsoo = 4. The plots show the median
loga2(R) reflecting the difference in MS1 signal intensity between the heavy- (DMSO-treated) and
light- (compound-treated) labelled peptides. The added lines indicate a perfect correlation of 1.1

Even at the lower concentration of 20 uM, we still could detect several hit cysteines (4 hits for
ENO020, 8 hits for EN061, 18 hits for EN069, 5 hits for EN091, 7 hits for EN135, and 4 hits for
EN166) with all tested electrophiles in living M. catarrhalis DSM11994.291  Again
demonstrating the reproducibility of our results, we obtained an overall good correlation
between the two sets of two biologically independent replicates (Figure 23G-L). Finally, we
combined all data from our experiments at a bacterial density of ODgoo = 4 with the three highly

promiscuous compounds EN026, EN179 and EN181 excluded, which resulted in data for
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eleven compounds at 100 puM, six compounds at 20 uM and the DMSO control to give a total
amount of 19 different conditions. Furthermore, we excluded all cysteines that were quantified
in less than three of these conditions from our further analysis. Taken these results together, we
were able to quantify 2073 different cysteines within 817 different proteins, where 228 of the
cysteines (Figure 24A) and 173 of the proteins (Figure 24B) were detected to be ligandable by
at least one of the tested conditions. Interestingly, in 63% of the detected proteins (518 of 8§17
detected proteins) more than one single cysteine was quantified, whereas in 74% of the
ligandable proteins (128 of 173 ligandable proteins) only one cysteine was engaged
(Figure 24C) indicating that even our reactive electrophiles generated specificity in terms of

cysteine engagement.
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Figure 24: A Pie chart indicating the fraction of ligandable cysteines (228) and other quantified cysteines (1845)
among all detected cysteines (2073). B Pie chart indicating the fraction of ligandable proteins (173)
and other quantified proteins (644) among all detected proteins (817). C Bar graph showing the
number of ligandable and quantified cysteines within different proteins. A-C Cysteines and proteins
were grouped as follows: ligandable cysteines/proteins: cysteines that were engaged by at least one
compound with median logz(R) > 2 and —logio(p) > 1.30, and proteins that were engaged by at least
one compound on at least one cysteine residue, respectively; other quantified cysteines/proteins:
cysteines that were quantified in our data but not engaged by any compound, and proteins that were
quantified but no single cysteine residue was engaged by any compound, respectively; quantified

cysteines: total number of quantified cysteines including the hit and non-hit cysteines.!””

Generally, we detected an equal fraction of ligandable cysteines (30%) and other quantified
cysteines (31%) in essential proteins?°!l that were both higher compared to the amount of
essential proteins?°!l (23%) within the complete genome of M. catarrhalis DSM11994[200]
(Figure 25A).1185201 This indicated that we detected more selectively cysteines within essential
proteins?°!] with our approach compared to cysteines in non-essential proteins. Similarly, we
identified more cysteines at functional sites!'®] within our data compared to all cysteines in
M. catarrhalis at functional sites[!%3] (9%). Additionally, we found an enrichment of functional
sitel!®] cysteines among the ligandable cysteines (23%) compared to the other quantified
cysteines (13%, Figure 25B). This indicated that a large fraction of cysteines that were

ligandable with our electrophile library additionally were located at the functional sites!!*>] of
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the corresponding proteins. We hypothesized that these ligandable cysteines at functional

sitesl!®]

were maybe responsible for the high antibacterial activity of our library. We further
classified the ligandable and other detected cysteines into their functional classes based on their
Gene Ontology (GO) terms[?%6-2%°1 that were reported on UniProt (Figure 25C).['%°]
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Figure 25: A, B Fraction of cysteines in M. catarrhalis DSM1199412%1 in ligandable, other quantified and all
cysteines that were in essential proteins (A)?°! or at functional sites (B).['! C Classification of the
fraction of cysteines in M. catarrhalis DSM1199412% in ligandable and other quantified cysteines
into their different functional classes based on their Gene Ontology (GO) terms!?°6-2%1 on UniProt.[!8%)
A-C Cysteines were grouped as follows: ligandable cysteines: cysteines that were engaged by at least
one compound with median logz(R) > 2 and —logio(p) > 1.30; other quantified cysteines: cysteines
that were quantified in our data but not engaged by any compound; all cysteines: all cysteines that
were present in the genome of M. catarrhalis DSM 11994120 according to UniProt!8%) independently
if they were quantified in our data.’™ D Fraction of ligandable cysteines in M. catarrhalis
DSM11994[2%1 in the different reactivity groups with high reactivity (Rio:1 < 3), medium reactivity
(5> Rio:1 > 3) and low reactivity (Rio:1 > 5).[7)

We could detect that ligandable (61%) and non-ligandable cysteines (60%) were found nearly
to the same extent in enzymes as the major functional class among all detected cysteines with
also a similar distribution among the other classified functional classes.!!83-20620%1 We further
referenced our obtained data about cysteine ligandability with our previous results on cysteine
reactivity to show that ligandable cysteines were more likely located in highly (18%) and
medium reactive (20%) cysteines than in cysteines with low reactivity (13%, Figure 25D). This
pointed to the fact that cysteine reactivity strongly correlated with cysteine ligandability, but
strikingly we also detected 129 ligandable cysteines within the low reactivity group, which
demonstrated that beyond cysteine reactivity also more specific interactions between our
electrophiles and the proteins occurred. Furthermore, we again analyzed the accessibility of the

ligandable, other quantified and all cysteines in the genome!'®>! utilizing a recently published
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tool[202:2031 to calculate the pPSE values of the respective cysteines based on AlphaFold!2%4-20]

structures (Figure 26).1202:203]
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Figure 26: A Averaged pPSE values of the ligandable, other quantified and all cysteines in M. catarrhalis
DSM11994.12001 B Percentage of ligandable, other quantified and all cysteines with an pPSE value > 5
in M. catarrhalis DSM11994.2°1 C Classification of the fraction of cysteines in M. catarrhalis
DSM1199412%] in ligandable and other quantified cysteines into highly accessible (pPSE = 0),
accessible (1 < pPSE < 5), slightly buried (6 < pPSE < 10) and highly buried (pPSE > 10) sites. A-C
Cysteines were grouped as follows: ligandable cysteines: cysteines that were engaged by at least one
compound with median logx(R) > 2 and —logio(p) > 1.30; other quantified cysteines: cysteines that
were quantified in our data but not engaged by any compound; all cysteines: all cysteines that were
present in the genome of M. catarrhalis DSM119942%1 according to UniProt!!3%! independently if
they were quantified in our data.”! The pPSE values were calculated with a recently published

tool(20229%] hased on AlphaFold?**2%] structures to assess the cysteine accessibility.[20220%]

The calculated average of the pPSE values (Figure 26A) of the ligandable cysteines
(pPSE = 6.5) was slightly lower compared to the not engaged cysteines (pPSE = 8.3) and to all
cysteines (pPSE = 7.8) present in the genome,!'®) which indicated that more accessible
cysteines were more likely engaged by our electrophiles compared to the others. The same trend
could be observed within the less accessible cysteines (pPSE > 5, Figure 26B) that a lower
percentage of ligandable cysteines (57%) were detected compared to non-hit cysteines (75%)
and all cysteines (69%). Additionally, we classified the cysteines according to their pPSE values
into highly accessible (pPSE = 0), accessible (1 < pPSE <'5), slightly buried (6 < pPSE < 10)
and highly buried (pPSE > 10) sites (Figure 26C) and identified a higher fraction of ligandable
cysteines within the two more accessible groups, whereas not engaged cysteines represented
the majority in the two more buried or less accessible groups.292291 This further strengthened
our previous hypothesis that ligandable cysteines were more accessible compared to
non-ligandable cysteines but more research specifically into this direction has to be done in

order to analyze and verify this observation in more detail.

Next, we set out to analyze some ligandable cysteines in more detail (Figure 27A).
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Figure 27: A Heat map showing the median logx(R) of the selected electrophiles at 100 uM for a set of different
ligandable cysteines. The electrophiles were listed by decreasing promiscuity (percentage of engaged
cysteines) from left to right and the selected cysteines were listed by decreasing ligandability (number
of identified electrophiles that engaged the respective cysteines) from top to bottom. The cysteines
that were further investigated in the following part of this thesis were marked in bold. Data for EN017,
ENO085, and EN125 results from two biologically independent replicates, whereas all data for the
other electrophiles results from two sets of two biologically independent replicates.l”>) B-E Volcano
plots for ENO061 (B), EN069 (C), EN091 (D), and EN166 (E) at 20 uM in M. catarrhalis
DSM 11994129 at a bacterial density of ODgoo = 4. The plots show the median logz(R) reflecting the
difference in MS1 signal intensity between the heavy- (DMSO-treated) and light- (compound-treated)
labelled peptides and the statistical significance —logio(p) obtained through a one-sample t-test for all
quantified cysteines. All data result from two sets of two biologically independent replicates. The
dashed grey lines indicate the cut-off values for cysteine ligandability of logz(R)>2 and
—logio(p) > 1.30. The cysteines that were further investigated in the following part of this thesis were
marked in red. 1: C60 of ThiD (UniProt code: DSV8H6); 2: C26 of PdxJ (UniProt code: DSV8R7);
3: C15 of SirA-like protein (UniProt code: D5V965).075:183
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Overall, we could observe that indeed compounds with increasing promiscuity also
predominantly engaged cysteines with increasing reactivity (top left corner of the heat map),
which was not surprising. More interesting were the more specific interactions, where we could
detect also moderately engaged cysteines by compounds with lower promiscuity (right side of
the heat map), which further strengthened our previous hypothesis that besides cysteine
reactivity and compound promiscuity also more specific interactions between our electrophiles
and certain cysteines occurred. Especially of interest were the engaged cysteines at functional

[185] in essential proteins,!**!) which again include the already discussed highly and medium

sites
reactive cysteines C105 of LipA (UniProt code: D5VA92), C198 of LipB (UniProt code:
D5VCL4) and C54 of the Thiol:disulfide interchange protein (UniProt code: D5V944).[18]
Further, we again detected several cysteines as engaged in key pathways including tRNA
modification (C333 in a zinc binding site of Threonine-tRNA ligase (UniProt code: DSVDFS5),
C374 close to the ATP binding site of Serine-tRNA ligase (UniProt code: DSVAV4) and C116
and C217 in the active site of MnmA (UniProt code: D5VB14)), carbohydrate metabolism (the
catalytically active nucleophile C2 of GImS (UniProt code: D5V915)), amino acid metabolism
(C75 and C222 in the active site of Diaminopimelate epimerase (UniProt code: D5V853)),
cofactor synthesis (C85 in a zinc binding site of RibD (UniProt code: D5VI9B6) involved in
riboflavin synthesis), fatty acid synthesis (C194 in the active site of FabF (UniProt code:
D5V963)) and peptidoglycan synthesis (C408 near the substrate binding site of MurE (UniProt
code: D5V8Z3)).[!85] Interestingly, we identified many engaged cysteines that were involved in
Fe-S clusters (C86, C105 and C108 of LipA (UniProt code: DSVA92), C160 and C163 of NfuA
(UniProt code: D5V8M3) and C12 and C96 of IspH (UniProt code:D5VAC3)) indicating that
this pathway represented a prime target for our electrophile library and probably generally for
covalent inhibitors.[!83] Strikingly, we could further observe that among the six most engaged
cysteines three were located in essential proteins!?®!l pointing to the hypothesis that the
engagement of these cysteines with our electrophiles led to the high antibacterial activity of our
compounds and even further that these cysteines could represent ligandable hotspots for future
antibiotic development (marked in bold in Figure 27A). These ligandable hotspots were at C60
of ThiD (UniProt code: DSV8HO6) involved in thiamin biosynthesis, at C26 of PdxJ (UniProt
code: D5V8R7) involved in pyridoxal phosphate synthesis and at C15 of the uncharacterized
SirA-like protein (UniProt code: D5V965).[!85] These cysteines could all be detected and in
most cases even engaged for many different compounds even at lower concentrations of 20 puM,
which could be seen in the already previously shown volcano plots of EN061, EN069, EN091,
and EN166 with the respective cysteines now highlighted in red (Figure 27B-E).
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3.4 Target engagement and verification studies

In the next part of this project, we aimed to analyze these potential hotspot ligandable cysteines
in the essential proteins?®!l ThiD, PdxJ and SirA-like protein in more detail. Furthermore, as
the isoDTB-ABPP workflow!”! identified these cysteines in a competitive manner, we also set
out to verify the covalent binding of the respective electrophiles to these cysteines through

(73] Therefore, we cloned and recombinantly expressed these proteins

follow-up experiments.
with a C-terminal (for ThiD and PdxJ) or an N-terminal (for SirA-like protein) 6xHis-tag to
enable protein purification using standard techniques that were previously developed in our
group.[” Further, we generated and expressed the respective cysteine to alanine mutants by
site-directed mutagenesis also according to the previously developed protocol.[”*) In the case of
ThiD, in addition to the C60A mutant we cloned and expressed also a C214A mutant and the
respective C60A C214A double mutant, since cysteine C214 was also engaged by some of the
tested electrophiles (Figure 27A). First, we performed a gel-based competitive labelling
experiment with compounds EN061, EN069, and EN091 on ThiD and its respective cysteine

to alanine mutants analogously as previously published (Figure 28).1%]
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Figure 28: Gel-based competitive labelling experiment for target verification studies of ThiD. EN061 (A),
EN069 (B) or EN091 (C) were preincubated at the indicated concentrations with ThiD wildtype
(1 uMm final concentration) in M. catarrhalis DSM1199412% lysate (1 mg/mL) for one hour at room
temperature. DMSO instead of electrophile and the cysteine to alanine mutants instead of ThiD
wildtype or no protein were used in control experiments. After another incubation for one hour at
room temperature with IA-alkyne (10 pM final concentration), the labelled proteins were clicked by
CuAACI®-831 {0 TAMRA-azide, separated by SDS-PAGE and visualized by in-gel fluorescence
scanning. The following Coomassie staining verified equal protein concentrations in all gel lanes and

is shown below the fluorescence gels.”>) WT: wildtype.

We preincubated the electrophiles at the indicated concentrations with ThiD wildtype (1 um
final concentration) in M. catarrhalis DSM 1199412 lysate (1 mg/mL) in a total volume of

50 pL. The addition of DMSO to the cysteine to alanine mutants of ThiD or to only bacterial
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lysate was used in control experiments. After the preincubation for one hour at room
temperature, the broadly reactive IA-alkyne (10 pM final concentration) was added and, after
another incubation for one hour at room temperature, the labelled proteins were clicked to
TAMRA-azide using CuAAC,!%063 separated by SDS-PAGE and visualized by in-gel
fluorescence scanning. Additionally, a Coomassie staining was performed to verify equal
protein loading in all gel lanes, which is shown for a representative cut-out below the
fluorescence gel. Since we performed again a competitive labelling experiment, similarly to the
isoDTB-ABPP experiments, electrophile binding to the cysteines was indicated by decreasing
band intensity.’”] Thereby, we could detect that ThiD was engaged by EN061 in a
concentration-dependent manner (Figure 28A), which was in agreement with the obtained
results from the chemoproteomic experiments (logz(R)=3.0 at 20 uMm (Figure 27B) and
log2(R) = 5.0 at 100 uM (Figure 21F)). At higher compound concentrations, we could even
detect a further decrease in signal intensity beyond the band of the C60A mutant indicating that
probably also C214 was targeted by this compound. Unfortunately, in the case of EN069
(Figure 28B) and EN091 (Figure 28C) we could not observe any significant or only slight
reduction in labelling intensity hinting towards a possible modification of different cysteines
present in ThiD with [A-alkyne that were not engaged and competed by our electrophiles, which
made the verification of compound binding through this gel-based approach impossible.
Nevertheless, we continued with the identical gel-based competitive labelling experiment to

verify electrophile binding to PdxJ (Figure 29).7!
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Figure 29: Gel-based competitive labelling experiment for target verification studies of PdxJ. EN061, EN069,
ENO091 or EN212 were preincubated at the indicated concentrations with PdxJ wildtype (1 pM final
concentration) in M. catarrhalis DSM119942%! lysate (1 mg/mL) for one hour at room temperature.
DMSO instead of electrophile and the C26 A mutant instead of PdxJ wildtype or no protein were used
in control experiments. After another incubation for one hour at room temperature with
IA-alkyne (10 uM final concentration), the labelled proteins were clicked by CuAAC*®! to
TAMRA-azide, separated by SDS-PAGE and visualized by in-gel fluorescence scanning. The
following Coomassie staining verified equal protein concentrations in all gel lanes and is shown below

the fluorescence gels.[”! WT: wildtype.
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Similar to the target verification experiments of ThiD, we could again verify binding of EN061
to C26 of PdxJ, which again was in agreement with our chemoproteomic experiments
(log2(R) = 5.0 at 20 uM (Figure 27B) and loga(R) = 5.7 at 100 puM (Figure 21F)). Unfortunately,
the other investigated electrophiles EN069 and EN091 only slightly decreased the labelling of
PdxJ, whereas EN212 did not show any target engagement at all in this experiment again

pointing towards possible difficulties in the target verification with this gel-based approach.
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Figure 30: IPMS experiments for target verification studies of PdxJ. PdxJ wildtype (5 uM final concentration)
was incubated with either DMSO as a control experiment (identical experiment shown in A, E and I)
or with EN061 (B), EN069 (F) or EN091 (J) (40 uM final concentration), and C26A PdxJ
mutant (5 pM final concentration) was incubated also with either DMSO as a control experiment
(identical experiment shown in C, G and K) or with EN061 (D), EN069 (H) or EN091 (L) (40 um
final concentration) in a total volume of 100 uL. PBS for one hour at 37 °C. All samples were analyzed
by LC-MS and the spectra are shown in the relevant mass range of 27.5-29.5 kDa after deconvolution.
The dashed grey lines indicate the unmodified wildtype protein or the respective modified proteins
shifted according to the expected masses of the modification with the respective compounds

(Am = 263 Da for EN061, Am = 300 Da for EN069, and Am = 266 Da for EN091).[°! WT: wildtype.
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Therefore, we set out to perform intact protein MS (IPMS) experiments with EN061, EN069
and EN091 on isolated PdxJ wildtype and the corresponding C26A mutant according to a
previously published protocol (Figure 30).7) While impurities were detected for the
recombinantly expressed PdxJ wildtype (identical experiment shown in Figure 30A, E and I)
and PdxJ C26A mutant (identical experiment shown in Figure 30C, G and K), we could still
detect that after incubation with EN061 the wildtype protein was selectively modified only once
with the expected mass resulting from EN061 (Am = 263 Da, Figure 30B), whereas the C26A
mutant was not engaged by EN061 (Figure 30D) verifying the site-specific engagement of C26
in PdxJ. Unfortunately, EN069 led to a single and additionally to a double modification of PdxJ
wildtype (Am = 300 Da and Am = 2x 300 Da, Figure 30F), even though C26A mutant was not
targeted at all (Figure 30H). This indicated that C26 was indeed modified by EN069
(log2(R)=2.1 at 20 uMm (Figure 27C) and loga(R)=2.6 at 100 um (Figure 21G)), but an
additional cysteine was most likely also engaged by this compound. For EN091, we could again
detect a single modification of PdxJ wildtype (Am =266 Da, Figure 30J) and no target
engagement of PdxJ C26A mutant (Figure 30L). In this case, PdxJ wildtype was selectively
targeted at C26 by EN091, but not modified quantitatively at the used concentration, which was
in line with the smaller logx(R) at lower concentrations in our chemoproteomic experiment

(log2(R) = 1.5 at 20 uM (Figure 27D) and log2(R) = 3.5 at 100 uM (Figure 211)).

Finally, we were especially interested in the SirA-like protein (UniProt code: D5V965) since it

was targeted by many different of our tested electrophiles and described to be an essential

201

enzyme,'?°!) whose activity was not well understood.[!8]
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Figure 31: Visualization of the targeted cysteine C15 (highlighted with a yellow sphere) in the AlphaFold!2°+20%]
model of SirA-like protein (UniProt code: D5V965),!!351 which was colored according to the predicted
local-distance difference test (pLDDT) indicating the model confidence. The protein was rendered as
cartoon with the solvent-accessible surface shown.?**2%%] This representation was generated by

A. P. A. Janssen (Leiden University).
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We hypothesized that there was a small binding pocket around the targeted C15 (highlighted
with a yellow sphere) visible in the AlphaFold predicted structure indicating that our
electrophiles probably could engage this pocket and thereby potentially inhibit the activity of
SirA-like protein (Figure 31).12042951 Analogously to the previously studied targets, we started
with the identical gel-based competitive labelling experiment to verify binding of EN061,
EN069 and EN166 to C15 of SirA-like protein (Figure 32).7!
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Figure 32: Gel-based competitive labelling experiment for target verification studies of SirA-like protein.
ENO061 (A), EN069 (B) or EN166 (C) were preincubated at the indicated concentrations with
SirA-like protein wildtype (4 um final concentration) in M. catarrhalis DSM11994[2%]
lysate (1 mg/mL) for one hour at room temperature. DMSO instead of electrophile and the C15A
mutant instead of SirA-like protein wildtype or no protein were used in control experiments. After
another incubation for one hour at room temperature with IA-alkyne (40 pM final concentration), the
labelled proteins were clicked by CuAACI®®%] to TAMRA-azide, separated by SDS-PAGE and
visualized by in-gel fluorescence scanning. The following Coomassie staining verified equal protein

concentrations in all gel lanes and is shown below the fluorescence gels.[”! WT: wildtype.

Strikingly, we could detected a concentration-dependent engagement of C15 of SirA-like
protein for EN061 (Figure 32A), EN069 (Figure 32B) as well as for EN166 (Figure 32C) in
line with the chemoproteomic data for EN061 (logx(R) =4.9 at 20 uM (Figure 27B) and
log2(R) = 5.3 at 100 uMm (Figure 21F)), EN069 (log2(R)=5.4 at 20 um (Figure 27C) and
log2(R) = 5.1 at 100 uM (Figure 21G)) and EN166 (log2(R) = 4.8 at 20 uM (Figure 27D) and
log2(R) = 5.3 at 100 um (Figure 21L)).

We also performed IPMS experiments on isolated SirA-like protein wildtype and the C15A
mutant according to the identical protocol (Figure 33).I73] Thereby, we detected both proteins
as two individual peaks with a mass difference of 178 Da (identical experiments shown in
Figure 33A, E and I, respectively in C, G and K). The detected mass shift most likely resulted
from a N-gluconoylation of both proteins, which was described in previous literature reports

for other proteins with a similar N-terminal 6xHis-tag protein starting sequence.210-211]
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Figure 33: IPMS experiments for target verification studies of SirA-like protein. SirA-like protein wildtype

(5 uM final concentration) was incubated with either DMSO as a control experiment (identical
experiment shown in A, E and I) or with EN061 (B), EN069 (F) or EN166 (J) (40 uM final
concentration), and C15A SirA-like protein mutant (5 uM final concentration) was incubated also
with either DMSO as a control experiment (identical experiment shown in C, G and K) or with
EN061 (D), EN069 (H) or EN166 (L) (40 uM final concentration) in a total volume of 100 pL. PBS
for one hour at 37 °C. All samples were analyzed by LC-MS and the spectra are shown in the relevant
mass range of 10.0-12.5 kDa after deconvolution. The dashed grey lines indicate the unmodified
wildtype protein or the respective modified proteins shifted according to the expected masses of the
modification with the respective compounds (Am = 263 Da for EN061, Am = 300 Da for EN069, and
Am =258 Da for EN166).") Each protein was detected as two individual peaks with a mass
difference of 178 Da corresponding to a N-gluconoylation of the proteins after expression.[?!¢21 ' WT:

wildtype.

Reproducing the results from the gel-based labelling experiment, EN061 (Figure 33B), EN069

(Figure 33F) and EN166 (Figure 33J) all nearly quantitatively engaged C15 of SirA-like protein
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with both protein peaks shifted according to the expected masses, while the respective C15A
mutant remained unchanged (Figure 33D, L and H).

After we verified that compounds EN061, EN069 and EN166 indeed strongly target C15 of
SirA-like protein, we were also interested if compound binding led to inhibition of its activity.
Since the activity of SirA-like protein was not completely known or described, we performed
homology searches on UniProt and, thereby, identified structural homology to TusA from
different bacterial strains.[!83] Even though there was only little structural homology with TusA
from E. coli, we utilized the detailed annotation of E. coli to hypothesize the activity of
SirA-like protein.[!83] TusA is described as a sulfur carrier protein that can accept a sulfur from
the protein IscS to form a persulfide intermediate on its catalytically active cysteine residue.
This sulfur can be further transferred by TusA to TusD, which represents an essential pathway
towards the synthesis of 2-thiouridine as precursor for the generation of the wobble base
5-methylaminomethyl-2-thiouridine in bacterial tRNAs. In the first step of this sulfur mediation
process, IscS acts as a cysteine desulfurase converting L-cysteine to L-alanine followed by the
transport of the generated persulide to TusA. Further, it was reported that TusA enhances the
cysteine desulfurase activity of IscS approximately 3-fold.[>!2-2141 While searching the literature
for other similar enzymes, we identified an assay to determine the hypothesized enzymatic

activity of SirA-like protein (Figure 34A).[215216]
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Figure 34: A Proposed enzymatic activity of SirA-like protein and the corresponding assay to determine the
activity through the MS-based measurement and quantification of the generated L-alanine in a coupled
assay with IscS. DTT was used to regenerate the cysteine of SirA-like protein.[?!22!¢1 B Results of the
activity assay of SirA-like protein in the coupled assay with IscS. The amount of generated L-alanine
was quantified as the ms1 intensity and plotted against the used concentration of inhibitor. A positive
control experiment (pos. ctrl.) was performed with IscS and SirA-like protein and the addition of
DMSO as solvent control to determine the maximum amount of generated L-alanine, whereas a
negative control experiment (neg. ctrl.) was performed with only IscS and addition of DMSO to

determine the cysteine desulfurase activity in complete absence of SirA-like protein.[2!3216]

Therefore, we recombinantly expressed also IscS from M. catarrhalis DSM11994[200]

according to a previously developed protocol in our group.”) Next, we adapted the previously
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described assay to our conditions and reasoned that we could probably determine the activity
of SirA-like protein through the MS-based measurement and quantification of the generated
L-alanine in a coupled assay with IscS. We used DTT to regenerate the cysteine of SirA-like
protein and referenced our obtained results to a positive control consisting of IscS and SirA-like
protein and to the negative control representing only the desulfurase activity of IscS
alone.215216] Strikingly, we could detect that SirA-like protein indeed showed the expected
activity as sulfur carrier protein (pos. ctrl. Figure 34B) and enhanced the cysteine desulfurase
activity of IscS significantly (neg. ctrl. Figure 34B) as described in literature for homologous
proteins.[!2-214] Furthermore, we could detect a concentration-dependent inhibition of the
enzymatic activity of SirA-like protein with EN061, EN069 and EN166 and could, thereby,
prove that C15 was the cysteine residue to form the persulfide intermediate,?!2-24 which was

then covalently blocked by our electrophiles.

Overall, these target verification experiments proved the site-specific engagement of C60 of
ThiD, C26 of PdxJ and C15 of SirA-like protein by our tested electrophiles and demonstrated
that our chemoproteomic data in living M. catarrhalis indeed gave valuable insights into
ligandable cysteines that could be further verified by follow-up experiments. Furthermore, we
could unravel the activity of the poorly characterized SirA-like protein and demonstrate its

inhibition upon electrophile binding.
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4 Conclusion and outlook

In the second project of this thesis, we aimed to develop novel narrow-spectrum antibiotics
against the Gram-negative pathogen M. catarrhalis that is the cause of many respiratory tract
infections especially in children and people suffering from COPD with an increasing emergence
of PB-lactamase-producing strains in clinical isolates.[!87-1%1 The identification of
narrow-spectrum antibiotics offers several advantages over broad-spectrum antibiotics since
the natural occurring human microbiome stays unharmed and the spread of the resistance
between different bacteria will be minimized as the selection for resistance will only occur in

the targeted bacterial species.[!]

We screened a library of more than 200 electrophiles mainly consisting of a-chloroacetamides
and o-bromoamides from a previous study from our group!’*) against two M. catarrhalis strains
and identified a high susceptibility of both strains towards our electrophile library with a hit
rate of ~18% in M. catarrhalis DSM9143 and of ~16% in the B-lactamase-producing
M. catarrhalis DSM1199412%01 at a concentration of 6.3 uM. Encouraged by these results, we
further profiled a selection of 43 compounds in a concentration-dependent MIC experiment and
verified their antibiotic activities even in the low micromolar range. We then selected 14 of
these compounds and investigated their antibiotic activity at a comparably high concentration
of 25 uM in two Gram-positive and three other Gram-negative strains and detected that 9 of the
14 compounds were inactive against the Gram-positive and that all compounds were inactive
against the other Gram-negative bacteria indicating the potential use as narrow-spectrum

antibiotics against M. catarrhalis.

Next, we set out to investigate the overall cysteine reactivity in lysate of the
B-lactamase-producing M. catarrhalis DSM11994[2%% with the residue-specific isoDTB-ABPP
workflow that was previously developed by our group to study the cysteine reactivity in
S. aureus.I” In total, we could detect 1218 cysteines and classified them into highly reactive
(R10:1 <3, 3.9%), medium reactive (5 > Rio.1 > 3, 8.7%) and lowly reactive (Rio:1 > 5, 87.4%)

cysteines.[”> Surprisingly, when comparing the data with the previous study in S. aureus,!’

we
identified a smaller fraction of cysteines in both, the high and medium reactive group, which
indicated that an overall increased cysteine reactivity was not responsible for the higher
susceptibility of M. catarrhalis towards our electrophiles. Furthermore, we could observe the
same trends as in the study with S. aureus!’>! that highly reactive cysteines were less frequently
located in essential proteins,!*!l whereas they were enriched at functional sites!!%] of proteins

indicating that cysteine reactivity might hint towards possible functionalities of the
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corresponding protein.’””! Additionally, we identified several high and medium reactive
cysteines that were present in functional sites!!3%) of essential proteins!?!l that could possibly

be exploited as future targets of covalent drugs.

After we obtained a broad overview of the cysteine reactivity in M. catarrhalis, we continued
to profile the cysteine ligandability and the intracellular target proteins of the selection of
14 electrophiles in M. catarrhalis DSM119941209 ysing the residue-specific, competitive
isoDTB-ABPP workflow that was previously used to study cysteine ligandability in lysate of
S. aureus.” To do so, we selected the highly reactive EN085 for our first benchmark studies
to adjust and optimize this chemoproteomic workflow for studies in living bacteria instead of
bacterial lysate to also account for uptake or metabolic inactivation of our electrophiles. First,
we treated living bacteria at a relatively high bacterial density of ODsoo =40 and could
successfully prove that this chemoproteomic experiment was generally feasible to study living
bacteria as we identified approximately 1700 cysteines with 16 cysteines engaged (log2(R) > 2
and —logio(p) > 1.30) at a concentration of 100 uM. Even though ENO085 showed high
antibacterial activity in the MIC experiments (1.6 uM), we could surprisingly not detect any
engaged cysteines at a still relatively high concentration of 20 uM. Since we strongly expected
to identify cysteines as engaged or ligandable by EN085,[>] we reconsidered our protocol and
hypothesized that at high bacterial densities different thiols present in the bacterial culture might
react and quench our reactive electrophile before they are able to engage their target proteins.
Consequently, we repeated the experiment at a bacterial density of ODgoo =4 and could still
detect a similar number of cysteines (1549 at 100 uMm ENO085 and 1695 at 20 uMm EN08S), while
increasing the hit rate from ~1% (16 engaged cysteines) to ~10% (157 engaged cysteine) at
100 uM and from none to ~1% (15 engaged cysteines) at 20 uM. Furthermore, we detected a
very strong correlation between the experiment at 100 uM at ODgoo = 40 with the experiment at
20 uM at ODgoo = 4 (slope of 1.001 and goodness of fit of R? = 0.84). Since we reasoned that
our electrophiles most likely engage several intracellular cysteines explaining their antibacterial
activity, we decided to continue with all further chemoproteomic investigations at the bacterial

density of ODgoo = 4 to obtain more relevant information.

In the following part, we investigated the other 13 compounds at 100 uM with the
residue-specific, competitive isoDTB-ABPP workflow!”*] with the optimized conditions as well
as DMSO in a control experiment and identified EN026, EN179, and EN181 as highly reactive
and promiscuous electrophiles probably not suitable for future drug development, which we
therefore excluded from our further data analysis. For eight of the remaining compounds, we

performed another set of two biological replicates and found an overall good correlation



11T — 4 Conclusion and outlook 148

between the two sets of two independent biological replicates indicating the reproducibility of
our approach. Furthermore, six compounds were selected based on their initial hit profiles and
investigated at the lower concentration of 20 uM again in two sets of two independent biological
replicates with also a very good correlation with each other. Combining all acquired data, we
could in total detect 2073 cysteines in 817 different proteins and could identify 228 cysteines
and 173 different proteins as ligandable by at least one compound. We could further show that
detected cysteines were more frequently found in essential proteins!?®!l and ligandable sites

g[183

were especially enriched at functional sites!!®] in proteins compared to all cysteines present in

e.[185.201] Fyrthermore, we could observe a trend that ligandable cysteines were in

the genom
general more accessible compared to non-ligandable cysteines according to the calculated pPSE

values?922931 based on their AlphaFold!2%+2%%] structures.[292-203]

Lastly, we investigated the potential hotspot cysteines in essential proteins!?’!l that were
liganded by many different of our investigated compounds pointing to the hypothesis that these
cysteines might represent ideal targets for future drug developments. Thereby, we used a
gel-based competitive labelling experiment that was previously developed in our group!”! to
verify that EN061 engaged C60 of ThiD in a concentration-dependent manner. This gel-based
approach!”! also identified binding of EN061 to C26 of PdxJ, which was further verified by
IPMS experiments!’>! showing that EN061, EN069 and EN091 covalently engaged PdxJ
wildtype, whereas the respective C26A mutant was not targeted. Nevertheless, EN069 led to
multiple modifications of PdxJ in this experiment pointing to the fact that also other cysteine
residues were targeted by this compound. We were especially interested in the poorly
characterized SirA-like protein that was targeted at C15 by EN061, EN069 and EN166. We

2042051 predicted structure that

reasoned a possible binding pocket around C15 in the AlphaFold!
could be engaged by our electrophiles to inhibit its activity. We successfully verified by
gel-based and IPMS experiments!’! that all three compounds nearly quantitatively engaged C15
of SirA-like protein, which was in accordance with our chemoproteomic data. Furthermore,

212-216] we identified the activity

through homology search on UniProt!'®>) and literature studies!
of SirA-like protein as a sulfur-carrier protein in a coupled assay with the cysteine desulfurase
IscS and could further demonstrate its concentration-dependent inhibition upon compound
binding indicating that the targeted C15 acted as the cysteine residue forming the persulfide

intermediate.[212-216]

Overall, we could identify several small electrophilic fragments with high antibacterial activity
against the B-lactamase-producing M. catarrhalis DSM119942%1 and could successfully

optimize the residue-specific, competitive isoDTB-ABPP workflow!””! to profile living
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bacteria. Thereby, we could obtain much information on the ligandable cysteinome of
M. catarrhalis and identified several ligandable hotspots for future drug development.
Furthermore, we could unravel the activity of the poorly characterized SirA-like protein and
verify concentration-dependent electrophile binding and the resulting inhibition of its activity.
Summarizing, this work should be the foundation and pave the way for the development of

novel narrow-spectrum antibiotics to treat infections with M. catarrhalis selectively.
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S Experimental part

These experimental procedures will be published identically in my corresponding publication.

Some general experimental procedures are reported identically or with slight modification to

previously published protocols from our group.[*>75]

5.1 Cultivation and lysis of bacterial strains

The cultivation and lysis of bacteria were performed according to a published procedure.[>7°]

The following strains were used and grown in the respective media as indicated in Table 3.

Table 3:  List of the used bacterial strains and the respective growth media.

Strain Name Growth Media
Moraxella catarrhalis DSM9143 PPMIal
Moraxella catarrhalis DSM119942%] PPMIal
Staphylococcus aureus SH1000! BIc]

Klebsiella pneumoniae DSM30104 BHBU!
Streptococcus pneumoniae DSM20566 BHBU!
Pseudomonas aeruginosa DSM22644 LBl
Acinetobacter baumannii DSM3007 LBl

[a] PPM medium: 15 g/L peptone, 1 g/L soluble starch, 5 g/L NaCl, 4 g/L KH;POs,
1 g/L KoHPO4, pH =7.5.211 [b] Staphylococcus aureus SH1000 was a kind gift from
Simon J. Foster, The Krebs Institute, Department of Molecular Biology and Biotechnology,
University of Sheffield.['®¥] [¢] B medium: 10 g/L peptone, 5 g/L NaCl, 5 g/L yeast extract,
1 g/l KoHPOg4. [d] BHB medium: 7.5 g/L brain infusion, 10 g/L heart infusion, 10 g/L peptone,
5 g/L NaCl, 2.5 g/ NaaHPOg4, 2 g/L D-glucose, pH =7.4. [e] LB medium: 10 g/L peptone,
5 g/L NaCl, 5 g/L yeast extract, pH = 7.5.

Overnight cultures of bacteria were inoculated with 5 puL of a glycerol stock into 5 mL of the
indicated medium and grown overnight (200 rpm, 37 °C; for Streptococcus pneumoniae

DSM30104: 5% CO; atmosphere, 37 °C without shaking).
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For experiments in lysate of M. catarrhalis DSM11994,2°0 PPM medium was inoculated
1:100 with an overnight culture and incubated (200 rpm, 37 °C) until 1 h after it reached the
stationary phase (ODsoo = 3). The cells were harvested by centrifugation (6,000 xg, 10 min,
4 °C), pellets of 100 mL initial culture were pooled and the pellets washed two times with
PBS (10 mM Na;HPO4, 1.8 mM KH>PO4, 140 mM NaCl, 2.7 mM KCl, pH = 7.4) prior to the
immediate use or storage at —80 °C. 5 mL PBS were added to the bacterial pellets and the pellets
were resuspended and transferred into 7 mL tubes containing 0.1 mm ceramic beads (Peqlab,
91-PCS-CKOI1L). Cells were lysed in a Precellys 24 bead mill (3 x 30's, 6,500 rpm) while
cooling with an airflow that was pre-cooled with liquid nitrogen. The suspension was
transferred into a microcentrifuge tube and centrifuged (13,000 xg, 30 min, 4 °C). The
supernatant of several samples was pooled and filtered through a 0.45 um filter. Protein
concentration of the lysate was determined using a bicinchoninic acid (BCA) assay (typical
concentrations were between ~2 mg/mL and ~3 mg/ml) and the concentration was adjusted to
1 mg/mL with PBS. The lysates were either used immediately (for all MS experiments) or

stored at —20 °C.

For experiments in living M. catarrhalis DSM11994,121 day cultures were inoculated with
5 uL of a glycerol stock into 5 mL of PPM medium and grown for ~8 h (200 rpm, 37 °C).
PPM medium was inoculated 1:100 with a day culture and incubated (200 rpm, 37 °C) until 1 h
after it reached the stationary phase (ODegoo~3). The cells were harvested by
centrifugation (6,000 xg, 10 min, 4 °C) and washed two times with PBS. The pellets were
resuspended in PBS to either ODgoo = 40 or ODsoo = 4 prior to the immediate use.

5.2 Determination of MIC values

The minimum inhibitory concentration (MIC) was determined according to a published
procedure.[”) Bacterial overnight cultures were diluted 1:10,000 in the respective growth
medium and 100 pL of this dilution was pipetted into a sterile 96-well plate. 1 uL of the
respective  compound (100x stock in dimethyl sulfoxide) was added. The addition of
1 uL. DMSO to the bacterial suspension served as a growth control, whereas the use of only
100 pL of the respective medium with addition of 1 puLL. DMSO served as a sterile control in
several replicates on every plate. The plates were incubated (200 rpm, 37 °C; for Streptococcus
pneumoniae DSM30104: 5% CO; atmosphere, 37 °C without shaking) for 20 h. The MIC was
determined through the measurement of the ODsoo using an infinite-pro plate reader M200pro

(Tecan). For single-point concentration investigations, the measured ODeoo values of the
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replicates were averaged and, if the averaged ODeoo < 0.1, the compound was defined as active
at the tested concentration, otherwise as inactive. For concentration-dependent investigations,
the MIC was determined for each replicate as the lowest concentration for which no bacterial
growth was observed, which was defined as the measured ODgoo < 0.1. If different MIC values
were obtained for the biologically independent replicates, the higher value was reported as final
MIC. If there was bacterial growth at higher concentrations of compound, followed by at least
three consecutive lower concentrations without bacterial growth, the lower concentration was

reported. In other cases, the MIC was reported as “unclear”.

5.3 isoDTB-ABPP experiments in lysate to investigate cysteine reactivity

The chemoproteomic experiment was performed according to a published procedure.[”]
1.00 mL freshly prepared lysate of M. catarrhalis DSM119942%1 were incubated with
20 pL TA-alkyne (5 mM stock in DMSO for a final concentration of 100 puM, high
concentration) at room temperature for 1 h. Another 1.00 mL sample of lysate was incubated
with 20 pL [A-alkyne (500 uM stock in DMSO for a final concentration of 10 pM, low
concentration) at room temperature for 1 h. In additional control experiments, both samples
were treated with high concentration of IA-alkyne. The samples were clicked to the heavy (high
concentration) and light (low concentration) isoDTB tags by adding 120 uL of a solution
consisting of 60 pL tris(benzyltriazolylmethyl)amine (TBTA, 09 mg/mL in 4:1
‘BuOH/DMSO0), 20 pL CuSO4-5H20 (12.5 mg/mL in H>0),
20 pL tris(2-carboxyethyl)phosphine (TCEP, 13 mg/mL in H>O) and 20 pL of the respective
isoDTB tag (5 mM stock in DMSO). After incubation of the samples at room temperature for
1 h, the light- and the heavy-labeled samples were combined into 8 mL cold acetone in order to

precipitate all proteins. Precipitates were stored at —20 °C overnight.

5.4 Competitive isoDTB-ABPP experiments in living bacteria
The chemoproteomic experiment was performed according to a published procedure.!”!

For experiments in high bacterial density (ODsoo = 40), 1.00 mL freshly resuspended living
M. catarrhalis DSM1199412%1 (ODgoo = 40) were incubated with 10 uL of the respective
compound (100x stock in DMSO; e.g., 10 uL. 10 mM stock for a final concentration of 100 pm)
at 37 °C for 1 h while shaking (200 rpm). Another 1.00 mL sample of resuspended living
bacteria (ODgoo =40) was incubated with 10 uL DMSO. The cells were harvested by
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centrifugation (6,000 xg, 10 min, 4 °C) and washed two times with PBS prior to storage at
—80 °C overnight.

For experiments in low bacterial density (ODegoo =4), 10.0 mL freshly resuspended living
M. catarrhalis DSM1199412%1 (ODgoo =4) were incubated with 100 uL of the respective
compound (100x stock in DMSO; e.g., 100 uL. 10 mM stock for a final concentration of
100 um) at 37 °C for 1 h while shaking (200 rpm). Another 10.0 mL sample of resuspended
living bacteria (ODsoo = 4) was incubated with 100 uL DMSO. The cells were harvested by
centrifugation (6,000 xg, 10 min, 4 °C) and washed two times with PBS prior to storage at
—80 °C overnight.

For all experiments, the pellets were resuspended in 1 mL PBS and 20 pL sodium dodecyl
sulfate (SDS, 20 wt% in PBS for a final concentration of 0.4 wt%) was added and sonicated
(Bandelin Sonoplus, 10 s, 20% intensity). The lysate was cleared by centrifugation (21,100 xg,
1 h, r.t.) and 900 uL of the supernatant were transferred to a new microcentrifuge tube.
Subsequently, 9 pL [A-alkyne (10 mM stock in DMSO for a final concentration of 100 um)
were separately added to the lysate with and without competitor and incubated at room
temperature for 1 h. The samples were clicked to the heavy (DMSO-treated) and light
(compound-treated) isoDTB tags by adding 108 uL of a solution consisting of 54 uL TBTA
ligand (0.9 mg/mL in 4:1 ‘BuOH/DMSO), 18 pL CuSO4-5H>0 (12.5 mg/mL in H>0),
18 uL TCEP (13 mg/mL in H20) and 18 pL of the respective isoDTB tag (5 mM stock in
DMSO). After incubation of the samples at room temperature for 1 h, the light- and the
heavy-labeled samples were combined into 7.2 mL cold acetone in order to precipitate all

proteins. Precipitates were stored at —20 °C overnight.

5.5 MS sample preparation

The MS samples were prepared according to a published procedure.[*>75 The protein
precipitates were centrifuged (3,500 rpm, 10 min, r.t.) and the supernatant was removed. The
precipitates were resuspended in 1 mL cold methanol by sonification and
centrifuged (21,100 xg, 10 min, 4 °C). The supernatant was removed and this wash step with
methanol was repeated one more time. The pellets were dissolved in 300 uL urea (8 M,
0.1 M aqueous triethylammonium bicarbonate (TEAB)) by sonification. 900 uL TEAB (0.1 M
in H,O) were added to obtain a concentration of 2 M urea. This solution was added to 1.2 mL of
washed high capacity streptavidin agarose beads (50 pL initial slurry, Fisher Scientific,
10733315) in NP40 substitute (0.2% in PBS). The samples were rotated at room temperature
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for 1 h in order to assure binding to the beads. The beads were centrifuged (1,000 xg, 1 min,
r.t.) and the supernatant was removed. The beads were resuspended in
600 uL NP40 substitute (0.1% in PBS) and transferred to a centrifuge column (Fisher
Scientific, 11894131). Beads were washed with 2 x 600 pL NP40 substitute (0.1% in PBS),
3 x 600 uL PBS and 3 x 600 uL H>O. The beads were resuspended in 600 uL urea (8 M in
0.1 M aqueous TEAB), transferred to a Protein LoBind tube (Eppendorf) and centrifuged
(1,000 xg, 1 min, r.t.). The supernatant was removed, the beads were resuspended in
300 uL urea (8 M in 0.1 M aqueous TEAB) and incubated with 15 pL dithiothreitol (DTT,
31 mg/mL in H20) at 37 °C for 45 min while shaking (200 rpm). They were further treated with
15 pL iodoacetamide (74 mg/mL in H20O) at room temperature for 30 min while rotating and
with 15 uL DTT (31 mg/mL in H»0) at room temperature for 30 min while rotating. The
samples were diluted with 900 pL TEAB (0.1 M in H>O) and centrifuged (1,000 xg, 1 min, r.t.).
After removal of the supernatant, the beads were resuspended in 200 pL urea (2M in
0.1 M aqueous TEAB) and incubated with 4 pL trypsin (0.5 mg/mL, Promega, V5113) at 37 °C
overnight while shaking (200 rpm). The samples were diluted by adding
400 pL NP40 substitute (0.1% in PBS) and transferred to a centrifuge column (Fisher
Scientific, 11894131). Beads were washed with 3 x 600 pL NP40 substitute (0.1% in PBS),
3 x 800 uL PBS and 3 x 800 uL H>O. Peptides were eluted into Protein LoBind tubes
(Eppendorf) with 1 x 200 pL and 2 % 100 pL trifluoroacetic acid (TFA, 0.1% in 50% aqueous
MeCN) followed by a final centrifugation (3,000 Xg, 3 min, r.t.). The solvent was removed in
a rotating vacuum concentrator (~5 h, 30 °C) and the resulting residue was dissolved in
30 pL formic acid (1% in H>O) or 30 pL TFA (0.1% in H>O) by sonification for 5 min.
Samples were filtered through filters (Merck, UVC30GVNB) washed with the same solution
by centrifugation (17,000 xg, 3 min, r.t.) and transferred into MS sample vials. Samples were

stored at —20 °C until measurement.

5.6 Sample analysis by LC-MS/MS

The samples were analyzed according to a published procedure.[*! 5 pL of the samples were
analyzed using a Qexactive Plus mass spectrometer (ThermoFisher) coupled to an Ultimate
3000 nano HPLC system (Dionex). Samples were loaded on an Acclaim C18 PepMap100 trap
column (75 pm ID x 2 cm, Acclaim, PN 164535) and washed with 0.1% TFA. The subsequent
separation was carried out on an AURORA series AUR2-25075C18A column (75 um
ID x25cm, Serial No.10257504282) with a flow rate of 400nL/min using
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buffer A (0.1% formic acid in water) and buffer B (0.1% formic acid in acetonitrile). The
column was heated to 40 °C. Analysis started with washing in 5% B for 7 min followed by a
gradient from 5% to 40% buffer B over 105 min, an increase to 60% B in 10 min and another
increase to 90% B in 10 min. 90% B was held for 10 min, then decreased to 5% in 0.1 min and
held at 5% for another 9.9 min. The Qexactive Plus mass spectrometer was run in a TOP10
data-dependent mode. In the orbitrap, full MS scans were collected in a scan range of
300-1500 m/z at a resolution of 70,000 and an AGC target of 3e6 with 80 ms maximum
injection time. The most intense peaks were selected for MS2 measurement with a minimum
AGC target of 1e3 and isotope exclusion and dynamic exclusion (exclusion duration: 60 s)
enabled. Peaks with unassigned charge or a charge of +1 were excluded. Peptide match was
“preferred”. MS2 spectra were collected at a resolution of 17,500 aiming at an AGC target of
le5 with a maximum injection time of 100 ms. Isolation was conducted in the quadrupole using
a window of 1.6m/z. Fragments were generated using higher-energy collisional

dissociation (HCD, normalized collision energy: 27%) and finally detected in the orbitrap.

5.7 isoDTB-ABPP data analysis

The data analysis described in the following sections was performed according to published

procedures.[*>73]

Data analysis using MaxQuant*>7>]

A FASTA database for M. catarrhalis DSM119942%1 was downloaded from www.uniprot.org
using a search for “1236608” as “Taxonomy [OC]” at UniProtKB on 20.05.2020.['%%) This
corresponds to the FASTA database for the strain M. catarrhalis BBH18.[!3]

Quantification with MaxQuant!?!® was performed according to a published procedure utilizing
a workaround to also allow quantification of peptides that contain one or more
carbamidomethylated cysteines in addition to the isoDTB tag-labelled cysteine.[*>-7>] Briefly, in
this workaround “U”, which normally stands for selenocysteine, is used as a placeholder amino
acid for the modified cysteine. To accomplish this, each cysteine in the FASTA database was
individually replaced with a “U” generating n different sequences with a single “U” for a protein
with n cysteines. For each individual replacement, an entry in the FASTA database was created,
which was named in the format “UniProt code” ”C”’number of the cysteine”. The unmodified
sequence was deleted from the FASTA database, except if the protein did not contain any

cysteine, in which case the unmodified entry was renamed to “UniProt Code” ”C0” and kept
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in the database. In this way, for each cysteine in the database, a unique sequence was created,
in which it was marked as the modified cysteine (by being replaced by the placeholder “U”)
and all other cysteines were marked as unmodified (were remaining “C” in the database). In
this way, there was always only one modified cysteine in each peptide to be detected and
quantified. MS raw data were analyzed using MaxQuant software (version 1.6.17.0).1218]
Standard settings were used with the following changes and additions: The modified FASTA
database with individual substitutions of cysteines with the placeholder “U” were used. Labels
were set on the placeholder amino acid “U” for the light isoDTB tag as light label
(C2sH46N1006S1Se.1) and the heavy isoDTB tag as heavy label (C24'3C4HaNs®N206S1Se.1). A
multiplicity of 2 was set and a maximum number of labelled amino acids of 1. The digestion
enzyme was set to Trypsin/P with a maximum number of missed cleavages of 2. No variable
modifications  were  included. @ The  “Re-quantify”  option  was  enabled.
Carbamidomethyl (C2H3NO) was used as fixed modification on cysteine. Contaminants were
included. Peptides were searched with a minimum peptide length of 7 and a maximum peptide
mass of 4,600 Da. “Second peptides” and “Dependent peptides” were disabled and the option
“Match between run” was enabled with a Match time window of 0.7 min and an alignment
window of 20 min. An FDR of 0.01 was used for Protein FDR, PSM FDR and XPSM FDR.
The “peptides.txt” file of the MaxQuant analysis was used for further analysis. All peptide
sequences without a modified cysteine (placeholder “U”) and all reverse sequences were
deleted. Only the columns “Sequence”, “Leading Razor Protein”, “Start Position” and the
columns for “Ratio H/L” for all replicates were kept. The “Leading Razor Protein” was renamed
to the UniProt Code without the indicator for the number of the cysteine. All individual ratios
were filtered out if the were “NaN” and all other values were transformed into logz-scale. For
each peptide, the data was filtered out, if it was not present in at least two replicates or if the
standard deviation between the replicates exceeded a value of 1.41. For each peptide, an
identifier was generated in the form “UniProt Code” ”C””’residue number of the modified
cysteine”. The data for the same replicate for all peptides with the same identifier, and therefore
the same modified cysteine, were combined. Here, the median of the data was used. The data
was filtered out if the standard deviation exceeded a value of 1.41. Each modified cysteine was
kept in the dataset once with the shortest peptide sequence as the reported sequence. For each
modified cysteine, the values of the replicates were combined, but the individual values were
also reported. The values were combined as the median and the data was filtered out if there

was data not in at least two of the replicates or if the standard deviation exceeded a value of
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1.41. These are the final ratios that are reported. The information on the “Gene Name” and

“Name” was linked back from the FASTA database.

Downstream analysis for the reactivity experiments(’]

The data for the reactivity experiments was analyzed according to a published procedure.[”]
Only the cysteines that are quantified in both the experiment comparing high and low
concentration of IA-alkyne, as well as in the control experiment comparing two samples with
high concentration of [A-alkyne were included. The data was finally transformed back into the
linear scale from the logz-scale. Cysteines with ratios Rio:1 in the experiment comparing high
and low concentration of [A-alkyne are grouped into three bins: high reactivity cysteines:

Ri0:1 < 3; medium reactivity cysteines: 3 < Rio.1 < 5; low reactivity cysteines: Rio.1 < 5.

Downstream analysis for the competitive experiments(’>

The data for the competitive experiments was analyzed according to a published procedurel”]
using the Perseus software.[?!”] All individual values for each modified cysteine for the same
condition were loaded into Perseus and analyzed using a one-sample t-test against a value of
log2(R) = 0. Conditions with p < 0.05 were considered significant and compounds were deemed
to engage a certain cysteine at a specific condition and called a “hit” if the statistical significance
was p < 0.05 and the median ratio was log2(R) > 2. For volcano plots, the median values for
log>(R) and the —logio(p) values derived from Perseus are used. In order to analyze the
reproducibility between the two sets of two biologically independent replicates, the data for the
sets of replicates was processed independently and the values for all cysteines detected in both
sets of replicates were plotted. For the final data analysis, the highly promiscuous compounds
ENO026, EN179 and EN181 and all cysteines that were quantified in less than three conditions
were excluded. A cysteine was defined as ligandable cysteine if it was engaged by at least one
of the conditions with p < 0.05 and log>(R) > 2. For the comparison of the reactivity data with
the ligandability data obtained from the competitive experiments, only cysteines were included
that were quantified in both filtered data sets. The information on the ligandability of a certain
cysteine was linked to its respective reactivity group (high reactivity, medium reactivity and
low reactivity) and the fraction of ligandable cysteines among all cysteines within one reactivity

group was calculated.
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Analysis of protein essentiality!*>7>]

The analysis of protein essentiality was performed similarly as in previous publications.[*>7%]
The essentiality data for M. catarrhalis DSM11994[2%1 was derived from a literature report2°!]
of the essential proteins in M. catarrhalis BBH18, which was used as the FASTA for our data
evaluation, and all entries with values of log>(FC) <—4.70 were used to obtain an essentiality

data sheet containing the log>(FC) and adjusted p-values. This information was linked into the

data tables.[185:193]

Analysis of functional sites!’>]

The analysis of functional sites was performed according to a published procedure.[” For all
entries in the generated FASTA database for M. catarrhalis DSM11994,1291 which was the
FASTA database of M. catarrhalis BBH18,[1°3] functional site annotations were downloaded
using the *.gff files from UniProt on 21.02.2023.'%3] The site information was extracted, and a
list was generated, in which all residues within annotated sites or five amino acid residues or
less away from them were kept. Only annotations for cysteines were kept and only the following
site annotations were considered: Active site, Binding site, Disulfide bond, DNA binding,
Lipidation, Metal binding, Modified residue, Nucleotide binding, Site, Zinc finger. If a cysteine
was in or five amino acids or less away from any of these sites, it was considered a functional

site residue.

Analysis of functional protein classes!”!

The analysis of functional protein classes was performed according to a published procedure.[”]
Gene Ontology terms!2°6-2%1 for all entries in the generated FASTA database for M. catarrhalis
DSM11994,12T which was the FASTA database for M. catarrhalis BBH18,['%*] in the category
“GO — Molecular function” were downloaded from UniProt.[!%5] For each term that was present
in the database at least once, a functional class was annotated manually. In this way, each term
for each protein was assigned to a functional class, if possible. If a protein was only associated
with terms from one functional class, it was assigned to that functional class. If a protein was
associated with terms from different functional classes, the functional class of the protein was
assigned according to this order of priority: enzyme, modulator / scaffolding / adaptor, receptor
/ transporter / channel and then gene expression / nucleic acid-binding. If no functional class

was assigned to any of the terms, the protein was classified as “not assigned”.
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Analysis of protein accessibility

Information on residue accessibility was extracted using StructureMap!?°>2%] with the

adjustment that all releases of AlphaFold2+20]

were searched for matches to the respective
UniProt!'*] code keeping the latest match. The script determines the number of Co atoms in a
cone with a maximum distance of 12 A and an angle of 70° around the respective residue. The
residue identifier was generated for each residue and the accessibility information was only
retained for cysteines and if the quality was 70 or higher. The column “nAA 12 70 pae” was
renamed to pPSE (nAA 12 70 pae), for which a value <5 was considered high accessibility

and a value > 5 was considered low accessibility.[202:20]

5.8 Cloning

All cloning experiments were conducted according to a published procedure.l”>! N-terminal
6xHis-tagged (UniProt ID: D5V965) and C-terminal 6xHis-tagged (UniProt ID: D5V8R7,
D5V8H6 and D5VB25) constructs of M. catarrhalis DSM11994129 were cloned into pET28a+
expression vectors using standard techniques based on polymerase chain reaction (PCR),
restriction, digestion and ligation. Genomic DNA was extracted from 1 mL M. catarrhalis
DSM119942%1 cylture (ODgoo = 1) with a Bacterial DNA Kit (peglab). PCRs were carried out
in a CFX96 Real-time System in combination with a C1000 Thermal Cycler (BioRad). The
PCR mixture contained 10 uL GC or HF buffer (NEB), 1 pL dANTP mix (10 mMm),
2.5 pL forward primer (10 uM, D5V965: 5'-CTGCAGCATATGACCACGATTAACCACAC
ATTAG-3"; D5V8RT: 5’-CTGCAGCCATGGGCAATATACCATTATTAGGTGT
CAATATCG-3'; D5V8H6: 5’-CTGCAGCCATGGGCCAAATCCATCAAATGCGA
CCGAC-3"; D5VB25: 5'-CTGCAGCCATGGGCAGCCAGACTTCACTCATCTATTTA-3"),
2.5 pL reverse primer (10 uM, D5V965: 5'-GTTAGCGGATCCTTATGTGTGCTTTTTTTG
AACCAAGTA-3"; D5V8RT7: 5'-GTTAGCCTCGAGATGATTGGTCGTTTTATCTTGAAC
AAA-3"; D5V8H6: 5'-GTTAGCCTCGAGAATAAAACGATTTGGGATAAGCTGG-3';
D5VB25: 5'-GTTAGCCTCGAGATGCTCTTGCCACTCAACGG-3"), 1 pL genomic DNA
as template (31 ng), 0.5 uL Phusion High Fidelity DNA polymerase (NEB) and
32.5 uL ddH>0. After initial denaturation (98 °C, 30 s), the mixtures underwent 35 cycles of
denaturation (98 °C, 10 s), annealing (D5V965: 71 °C, D5V8R7, D5V8H6 and D5VB25:
72 °C, 20 s) and extension (72 °C, D5V965 and DSV8R7: 57 s; DSV8H6 and D5SVB25: 74 s),
before a final extension (72 °C, 10 min). PCR products were purified by agarose gel

electrophoreses on a 1% agarose gel run at 90 V for 50 min. After extraction with an E.Z.N.A.
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Gel Extraction Kit (Omega bio-tek), 500 ng of the PCR products were digested in Cut Smart
buffer (NEB) in a total volume of 50 uL at 37 °C for 90 min using 5 units of the restriction
enzymes (D5V965: Ndel and BamHI; DSV8R7, DSV8H6 and D5VB25: Ncol and Xhol), each,
which were then inactivated by incubation at 80 °C for 20 min. Isolation of the digest was
carried out using an E.Z.N.A. Gel Extraction Kit(Omega bio-tek). pET28a+ vector was
extracted from NEBS5a E. coli using a NucleoSpin Plasmid EasyPure kit (Macherey-Nagel).
500 ng vector for each construct was digested in Cut Smart buffer (NEB) in a total volume of
50 uL at 37 °C for 1 h using 5 units of the respective restriction enzymes, each. In order to
dephosphorylate the ends of the restriction sites, 5 units Antarctic phosphatase (NEB) in
Antarctic phosphatase buffer (NEB) were added, each, and digestion was continued for another
30 min before heat inactivation at 80 °C for 20 min. Purification of the digested vector was
carried out by agarose gel electrophoresis and gel extraction. 14 fmol digested pET28a+ vector
and 42 fmol digested insert were ligated using 1 pL Quick Ligase (NEB) in Quick Ligase
buffer (NEB) in a total volume of 20 pL. The ligation mixture was incubated at room
temperature for 5 min and 15 pL (D5V965 and DSV8R7) or 10 uL (D5V8H6 and D5VB25) of
the ligation product were subsequently transformed into XL1-blue chemically competent cells
(Agilent). For this, 100 uL (D5V965 and D5V8R7) or 50 uL (D5V8H6 and D5VB25)
competent cells were thawed on ice, cautiously mixed with the respective DNA and kept on ice
for 30 min. Afterwards, the cells were heat-shocked at 42 °C for 45 s and chilled on ice for
2 min. 500 pL SOC (super optimal broth with catabolite repression, 20 g/L peptone,
5 g/L yeast extract, 600 mg/L NaCl, 200 mg/L KCI, 2 g/L. MgSO4, 20 mM D-glucose) medium
were added and the cells incubated (200 rpm, 37 °C) for 1 h. The cells were harvested
(6,000 xg, 2 min, r.t.), resuspended in SOC medium and plated on LB agar plates containing
250 pg/mL kanamycin. For preparation of the plasmids, 5 mL LB medium containing
250 pg/mL kanamycin were inoculated with single colonies of the transformation and
incubated (200 rpm, 37 °C) overnight. Plasmid DNA was prepared using a NucleoSpin Plasmid
EasyPure kit (Macherey-Nagel) according to the manufacturer’s instructions and sequenced by

GeneWiz.

5.9 Site-directed mutagenesis

The Site-directed mutagenesis was performed according to a published procedure.l’>] The
QuickChange site-directed mutagenesis system (Agilent) was used to construct the respective

point mutants starting from the isolated wildtype plasmid DNA, respectively starting from the
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generated D5SV8H6 C60A plasmid DNA for the double point mutant DSV8H6 C60A C214A.
The PCR mixture contained 10 L. GC buffer (NEB), 1 uL ANTP mix (10 mMm), 1 uL forward
primer (10 pM, D5V965 C15A: 5'-GATACCAAAGGGCTGATTGCGCCCGAACCTGTC
ATGCTAC-3"; DS5V8R7 C26A: 5-GGTGTCGGCTATCCTGCGCCCATTAAAGGAG
CGCTG-3'; D5V8H6 C60A: 5-GGCTTTGAACCTGTTGCGCATCAGCTGCT
AAAGGCACAAG-3"; D5V8H6 C214A: 5-GGTGAATTTCATGGATCAGGAGCGTCA
TTAGCCAGCCATATTGCAG-3"; D5SV8H6 C60A C214A: 5'-GGTGAATTTCATGGAT
CAGGAGCGTCATTAGCCAGCCATATTGCAG-3"), 1 puL reverse primer (10 uM, D5V965
CI5A: 5-GTAGCATGACAGGTTCGGGCGCAATCAGCCCTTTGGTATC-3"; D5SVS8R7
C26A: 5'-CAGCGCTCCTTTAATGGGCGCAGGATAGCCGACACC-3"; D5S5V8H6 C60A:
5-CTTGTGCCTTTAGCAGCTGATGCGCAACAGGTTCAAAGCC-3"; D5V8H6 C214A:
5-CTGCAATATGGCTGGCTAATGACGCTCCTGATCCATGAAATTCACC-3"; D5SV8H6
C60A C214A: 5-CTGCAATATGGCTGGCTAATGACGCTCCTGATCCATGAAA
TTCACC-3"), 1 uL template DNA (64-102 ng), 0.5 pL Phusion High Fidelity DNA
polymerase (NEB), 1-3 uL DMSO and 34.5-32.5 pL ddH2O. After initial denaturation (95 °C,
30 s), the mixtures underwent 19 cycles of denaturation (95 °C, 15 s), annealing (55 °C, 30 s)
and extension (72 °C, 5 min), before a final extension (72 °C, 10 min). 10 pL of the PCR
mixture were digested with 20 units Dpnl at 37 °C for 4 h before transformation into XL1-blue
cells was carried out as described above. Plasmid DNA was prepared using a NucleoSpin
Plasmid EasyPure kit (Macherey-Nagel) according to the manufacturer’s instructions and

sequenced by GeneWiz.

5.10 Expression and purification of recombinant proteins

The expression and purification of the recombinant proteins were conducted according to a
published procedure.[’>] Chemically competent E. coli BL21(DE3) cells were transformed with
the respective plasmid. For protein overexpression, 20 mL LB medium containing
250 pg/mL kanamycin were inoculated with the cryostocks of transformed E. coli BL21(DE3)
cells and incubated (200rpm, 37°C) overnightt 1LLB medium containing
250 pg/mL kanamycin was inoculated with 10 mL of the overnight culture and incubated (200
rpm, 37 °C). The proteins were expressed at 18 °C overnight after induction at ODgoo = 0.6 with
1 mM isopropyl-B-D-thiogalactoside. Cells were harvested (6,000 rpm, 10 min, 4 °C), washed
with 30 mL PBS, resuspended in 20 mL wash buffer 1 (20 mm Tris-HCl, pH = 8.0,

150 mM NaCl, 10 mM imidazole) and lysed by sonication (Bandelin Sonoplus) under constant
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cooling with ice. Lysate was cleared by centrifugation (18,000 rpm, 30 min, 4 °C) and the
supernatant was purified. Crude soluble lysate was loaded onto 2 mL of Ni-NTA-agarose
beads (Qiagen) equilibrated with wash buffer 1 and flow-through was collected. The column
was sequentially washed with 10 column volumes of wash buffer 1, 10 column volumes of
wash buffer 2 (20 mM Tris-HCL, pH=8.0, 1 M NaCl, 10 mM imidazole) and 10 column
volumes of wash buffer 3 (20 mM Tris-HCI, pH = 8.0, 150 mM NaCl, 20 mM imidazole). The
protein was eluted in 5 mL fractions using elution buffer (20 mM Tris-HCI, pH = 8.0,
150 mM NaCl, 300 mM imidazole). 50 uL. of each collected fraction were mixed with
50 puL 2x Laemmli buffer and analyzed by SDS-PAGE with Coomassie staining. Fractions that
contained the purified protein were concentrated using centrifugal filters (Merck, D5V965 and
D5V965 C15A: 3 kDa cut-off, DSV8R7, DSV8R7 C26A, DSV8H6, DSV8H6 C60A, DSV8H6
C214A and D5V8H6 C60A C214A: 10 kDa cut-off, DSVB25: 30 kDa cut-off). During the
concentration procedure, elution buffer was exchanged for a storage buffer (20 mm Tris-HCI,
pH = 8.0, 150 mM NaCl). Purity of the isolated proteins was furthermore analyzed by intact
protein MS (IPMS).

5.11 Gel-based competitive labelling experiments

The gel-based competitive labelling experiments were performed according to a published
procedure.’””!  SirA-like protein (UniProt code: D5V965, 4 uM final concentration),
PdxJ (UniProt code: DSV8R7, 1 uM final concentration) or ThiD (UniProt code: DSV8HG6,
I uM  final concentration) wildtype were added to lysate of M. catarrhalis
DSM119942%1 (1 mg/mL) to give a total volume of 50 puL. The addition of no protein or the
addition of the respective single or double-point mutants (D5SV965 C15A: 4 uMm final
concentration, all others: 1 uM final concentration) instead of the wildtype proteins served as
control experiments. 1 puL of the respective compound (50x stock in DMSO; e.g.,
1 uL 2 mM stock for a final concentration of 40 uM) at the indicated concentrations,
respectively 1 uL DMSO as a solvent control was added and it was incubated at room
temperature for 1 h. Subsequently, 1 uL IA-alkyne (DSV8R7 and DSV8R7 C15A: 2 mM stock
in DMSO for a final concentration of 40 uM, all others: 500 pM stock in DMSO for a final
concentration of 10 uM) was added and incubated for another 1 h at room temperature. The
samples were clicked to 5-carboxytetramethylrhodamine-azide (TAMRA-azide) by adding
6 uL of a click-mix solution consisting of 240 uL TBTA ligand (0.9 mg/mL in 4:1
'‘BuOH/DMSO0), 80 uL CuSO4-5H,0 (12.5 mg/mL in H>0), 80 uL. TCEP (13 mg/mL in H>O)
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and 4 pnLL. TAMRA-azide (5 mM stock in DMSQO). After incubation for 1 h at room temperature,
the reaction mixtures were quenched by the addition of 50 uLL 2x Laemmli buffer and analyzed
by SDS-PAGE. Modification with TAMRA-azide was detected by in-gel fluorescence scanning

and protein loading was visualized by Coomassie staining.

5.12 Intact protein MS (IPMS) experiments

The IPMS experiments were performed according to a published procedure.[”>] High-resolution
IPMS was performed to validate the identity of the recombinantly expressed proteins, as well
as to measure the degree of covalent modification of the respective cysteines with the indicated
compounds. Therefore, 10 puL of the respective expressed proteins (50 uM stock in PBS for a
final concentration of 5 uM) and 5 pL of the different compounds (20% stock in DMSO; e.g.,
5 uL 800 uM stock for a final concentration of 40 uM) or DMSO as a solvent control were added
into 85 pL PBS and incubated for 1 h at 37 °C. All samples were measured on a Dionex
Ultimate 3000 HPLC system (Thermo Scientific) coupled to an LTQ Orbitrap XL mass
spectrometer (Thermo Scientific) with an electrospray ionization source (spray volage 4.0 kV,
tube lens 110V, capillary voltage 31V, sheath gas 30 a.u.,, aux gas 15 a.u.). The mass
spectrometer was operated in positive ion mode collecting full scans at high resolution
(R=100,000) in a range of m/z=300-2000. The protein spectra were deconvoluted using
UniDec 2.6.7.

5.13 Activity assay for SirA-like protein

The inhibition of the activity of SirA-like protein was determined by quantification of the
product L-alanine by LC-MS and was performed according to a published procedure.?!>216]
SirA-like protein (2 pM final concentration) or no SirA-like protein as a control were
preincubated with 1 pL of the respective compound (100x stock in DMSO; e.g., 1 uL 1 mm
stock for a final concentration of 10 uM) or 1 uL DMSO as a control for 1 h at 37 °C in
95 uL 3-(morpholin-4-yl)propane-1-sulfonic acid buffer (MOPS, 50 mMm, pH = 7.4). To the
reaction mixtures were added 1 pL DTT (500 mM stock in MOPS buffer for a final
concentration of 5 mM), 1 pL IscS (465 uM stock in storage buffer for a final concentration of
4.65 uM), 1 puL pyridoxal phosphate (1 mM stock in MOPS buffer for a final concentration of
10 uM) and 2 pL L-cysteine (500 mM stock in MOPS buffer for a final concentration of 10 mm)

to reach a final volume of 100 pL and the reactions were incubated for another 30 min at 37 °C.
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A heat control (protein preincubation at 95 °C for 10 min) and samples with the addition of
only one of the two proteins were included as control experiments. All samples were performed
in triplicates. After incubation, 400 puL of cold acetone was added in order to precipitate the
proteins and the samples were stored at —20 °C overnight. The proteins were then pelletized by
centrifugation (21,100 xg, 20 min, 4 °C) and the supernatant was transferred into new
microcentrifuge tubes. The solvent was removed in a rotating vacuum concentrator (45 °C) and
the residues were dissolved in 50 pL formic acid (0.1% in 2:1 HoO/MeCN) by sonification for
5 min. The samples were clarified by another centrifugation (21,100 xg, 10 min, r.t.) and
transferred into MS sample vials. The samples were measured on a Dionex Ultimate 3000
HPLC system (Thermo Scientific) coupled to an LTQ Orbitrap XL mass spectrometer (Thermo
Scientific). The subsequent separation was carried out on an Accucore HILIC
column (150%2.1 mm, 2.6 um, Serial No. 17526-152130, Thermo Scientific) with a flow rate
of 400 uL/min using buffer A (0.1% formic acid and 5 mM ammonium acetate in
50:50 HoO/MeCN) and buffer B (0.1% formic acid and 5 mM ammonium acetate in
5:95 H2O/MeCN). The column was heated to 25 °C. The analysis started with an equilibration
with 5% buffer A for 2 min followed by sample injection and an elution with a linear gradient
from 5% to 50% buffer A over 12 min, an increase to 100 % buffer A over 3 min, a decrease to
5% buffer A over 3 min and an additional 2 min at 5% buffer A. The mass spectrometer was
operated in positive ion mode collecting full scans (R = 60,000) and SIM scans (R = 30,000) in
a range of m/z = 50-500 (full scan), respectively in a range of m/z = 89.55-90.55 (SIM scan)
with the following settings: spray voltage 3.5 kV, tube lens 25V, capillary voltage 6 V,
capillary temperature 350 °C, sheath gas 40 a.u.. The spectra were analyzed with XCalibur 2.2
(Thermo Scientific) and the amount of generated L-alanine was quantified by integrating the

corresponding peak of the SIM scan and by directly comparing the peak areas.
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Amexp

ABP
ABPP
ADEPT

AMR

BCA
BMK
br

C

CE
conc.
COPD
CuAAC
CYP450
d

d

dd

ddd

ddH,O

wavelength

chemical shifts

expected mass

alanine

activity-based probe

activity-based protein profiling
antibody-directed enzyme prodrug therapy
antimicrobial resistance

biotin

bicinchoninic acid

bromomethyl ketone

broad signal

cysteine

caged electrophile

concentrated

chronic obstructive pulmonary disease
copper (I)-catalyzed azide-alkyne cycloaddition
cytochrome P450

day

doublet

doublet of doublets

doublet of doublet of doublets

double-distilled water
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DMEM

DMF

DMSO

DNA

dt

DTB

DTT

e.g.

cq

ESI

et al.

Et,O

EtOAc

EU

FBS

FDA

FMN

GDEPT

GO

HCD

His

HPLC

HRMS

Dulbecco’s Modified Eagle’s Medium
N,N-dimethylformamide

dimethyl sulfoxide

deoxyribonucleic acid

doublet of triplets

desthiobiotin

dithiothreitol

exempli gratia — for example
equivalent

electrospray ionization

et alii

diethyl ether

ethyl acetate

European Union

fetal bovine serum

U.S. Food and Drug Administration
flavin monoculeotide

gravitational force equivalent
gene-directed enzyme prodrug therapy
Gene Ontology

hour

higher-energy collisional dissociation

histidine

high performance liquid chromatography

high resolution mass spectrometry
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Hz

IA

IPMS

isoDTB

isoDTB-ABPP

1soTOP-ABPP

J

ko / ko

ki/ ko

K;

LC-MS/MS

M

m/z
MeCN
MeOH
MIC
min
MOPS
MRSA
MS
NADH
NADPH

NaOAc

Hertz

iodoacetamide

intact protein mass spectrometry
isotopically labelled desthiobiotin azide

residue-specific activity-based protein profiling with
isotopically labelled desthiobiotin azide tags

isotopic tandem orthogonal proteolysis activity-based protein
profiling

coupling constant

reverse rate constant

forward rate constant

dissociation constant

tandem mass spectrometry coupled to liquid chromatography
molar

multiplet

mass-to-charge ratio

acetonitrile

methanol

minimum inhibitory concentration

minute
3-(morpholin-4-yl)propane-1-sulfonic acid
methicillin-resistant S. aureus

mass spectrometry

nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate

sodium acetate
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n-BuLi
NC
NMR
NP40
o/n

ODsoo

PBP
PBS

PCR

pKa
pLDDT
POI
ppm
pPSE

PSM

qd

r.t.

Ry

RG

n-butyllithium

negative control

nuclear magnetic resonance

Nonidet P40

overnight

optical density at 600 nm
para

quintet

penicillin-binding protein
phosphate-buffered saline

polymerase chain reaction

negative decadic logarithm of the hydrogen ion activity
negative decadic logarithm of the acid dissociation constant

predicted local-distance difference test

protein of interest

parts per million

prediction-aware part-sphere exposure

peptide spectrum match
quartet

quartet of doublets
competition ratio

room temperature
retention factor
reactive group

revolutions per minute
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S

SDS

SDS-PAGE

SOC

STP

t

TAMRA-azide

TBAF

TBSCI

TBTA

‘BuOH

TCEP

TCI

td

TEAB

TEV

TFA

THF

TLC

TMSOTf

TOP-ABPP

tr

Tris

second

singlet

sodium dodecyl sulfate

sodium dodecyl sulfate polyacrylamide gel electrophoresis
super optimal broth with catabolite repression
sulfotetrafluorophenyl

time

triplet
5-carboxytetramethylrhodamine-azide
tetrabutylammonium fluoride
tert-butyldimethylsilyl chloride
tris(benzyltriazolylmethyl)amine

tert- butanol
tris(2-carboxyethyl)phosphine
targeted covalent inhibitor

triplet of doublets

triethylammonium bicarbonate
tobacco etch virus

trifluoroacetic acid

tetrahydrofuran

thin layer chromatography

trimethylsilyl trifluoromethanesulfonate

tandem orthogonal proteolysis activity-based protein profiling

retention time

tris(hydroxymethyl)aminomethane
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TsNj3

U.S.

UK

Uuv

VDEPT

WHO

WT

wt%

tosyl azide

United States

United Kingdom

ultraviolet

viral-directed enzyme prodrug therapy
World Health Organization

wildtype

weight percentage
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Appendix
1-bromohept-6-yn-2-one (BMK)
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Figure 35: 'H- and '*C-NMR spectra of 1-bromohept-6-yn-2-one (BMK).
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2-(4"-nitrophenyl)oxirane (3)
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Figure 36: 'H- and '*C-NMR spectra of 2-(4-nitrophenyl)oxirane (3).
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1-(4"-nitrophenyl)ethane-1,2-diol (4)
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Figure 37: 'H- and *C-NMR spectra of 1-(4’-nitrophenyl)ethane-1,2-diol (4).
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First-generation caged electrophile CE1
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Figure 38: 'H- and '3C-NMR spectra of first-generation caged electrophile CEL.
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1-(5 -nitrothiophen-2"-yl)ethan-1-ol (6)
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Figure 39: 'H- and '*C-NMR spectra of 1-(5 -nitrothiophen-2"-yl)ethan-1-ol (6).
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1-(5 -nitrothiophen-2"-yl)ethan-1-one (7)
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Figure 40: 'H- and '*C-NMR spectra of 1-(5"-nitrothiophen-2"-yl)ethan-1-one (7).
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2-bromo-1-(5"-nitrothiophen-2’-yl)ethan-1-one (8)
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Figure 41: 'H- and *C-NMR spectra of 2-bromo-1-(5’-nitrothiophen-2"-yl)ethan-1-one (8).
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2-(5"-nitrothiophen-2’-yl)oxirane (9)
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Figure 42: 'H- and *C-NMR spectra of 2-(5’-nitrothiophen-2"-yl)oxirane (9).
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1-(5 -nitrothiophen-2"-yl)ethane-1,2-diol (10)
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Figure 43: 'H- and '*C-NMR spectra of 1-(5"-nitrothiophen-2"-yl)ethane-1,2-diol (10).
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1-(5-nitrofuran-2"-yl)ethan-1-ol (12)
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Figure 44: 'H- and '*C-NMR spectra of 1-(5 -nitrofuran-2’-yl)ethan-1-ol (12).
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1-(5 -nitrofuran-2"-yl)ethan-1-one (13)
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Figure 45: 'H- and '*C-NMR spectra of 1-(5"-nitrofuran-2’-yl)ethan-1-one (13).
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2-bromo-1-(5"-nitrofuran-2’-yl)ethan-1-one (14)
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Figure 46: 'H- and *C-NMR spectra of 2-bromo-1-(5-nitrofuran-2’-yl)ethan-1-one (14).
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1-(5"-nitrofuran-2"-yl)ethan-1,2-diol (15)
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Figure 47: 'H- and '*C-NMR spectra of 1-(5 -nitrofuran-2’-yl)ethan-1,2-diol (15).
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2,2-dimethyl-4-(4 -nitrophenyl)-1,3-dioxolane (16)
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Figure 48: 'H- and '*C-NMR spectra of 2,2-dimethyl-4-(4 -nitrophenyl)-1,3-dioxolane (16).
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4-(2',2'-dimethyl-1",3"-dioxolan-4"-yl)aniline (17)
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Figure 49: 'H- and *C-NMR spectra of 4-(2",2"-dimethyl-1",3"-dioxolan-4 -yl)aniline (17).
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(4" -nitrophenyl)methanol (19)
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Figure 50: 'H- and '*C-NMR spectra of (4’-nitrophenyl)methanol (19).
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para-nitrophenyl-based caging group with a self-immolative linker 20
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Figure 51: 'H- and 3C-NMR spectra of para-nitrophenyl-based caging group with a self-immolative linker 20.
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(5 -nitrothiophen-2"-yl)methanol (21)
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Figure 52: 'H- and '*C-NMR spectra of (5 -nitrothiophen-2"-yl)methanol (21).
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Protected thiophene-based caging group with a self-immolative linker 22
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Figure 53: 'H- and 3C-NMR spectra of protected thiophene-based caging group with a self-immolative

linker 22.
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Thiophene-based caging group with a self-immolative linker 23
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Figure 54: 'H- and '3C-NMR spectra of thiophene-based caging group with a self-immolative linker 23.
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(5 -nitrofuran-2"-yl)methanol (24)
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Figure 55: 'H- and '*C-NMR spectra of (5 -nitrofuran-2’-yl)methanol (24).
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Furane-based caging group with a self-immolative linker 25
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Figure 56: 'H- and '*C-NMR spectra of furane-based caging group with a self-immolative linker 25.
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4-methylbenzenesulfonyl azide (27)
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Figure 57: 'H- and 3*C-NMR spectra of 4-methylbenzenesulfonyl azide (27).
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I-methyl-2-mercapto-5-hydroxymethyl-1H-imidazole (29)
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Figure 58: 'H- and '*C-NMR spectra of 1-methyl-2-mercapto-5-hydroxymethyl-1H-imidazole (29).
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(1-methyl-1H-imidazol-5-yl)methanol (30)
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Figure 59: 'H- and '*C-NMR spectra of (1-methyl-1H-imidazol-5-yl)methanol (30).
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5-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl-1H-imidazole (31)
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Figure 60: 'H- and '*C-NMR spectra of 5-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl-1H-imidazole (31).
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2-azido-5-(((tert-butyldimethylsilyl)oxy)methyl)-1-methyl-1H-imidazole (32)
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Figure 61: 'H- and *C-NMR spectra of 2-azido-5-(((¢ert-butyldimethylsilyl)oxy)methyl)-1-methyl-
1H-imidazole (32).
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(2-azido-1-methyl-1H-imidazol-5-yl)methanol (33)
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Figure 62: 'H- and '*C-NMR spectra of (2-azido-1-methyl-1H-imidazol-5-yl)methanol (33).
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(2-amino-1-methyl-1H-imidazol-5-yl)methanol (34)
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Figure 63: 'H- and '*C-NMR spectra of (2-amino-1-methyl-1H-imidazol-5-yl)methanol (34).
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(1-methyl-2-nitro-1H-imidazol-5-yl)methanol (35)

g
(%2}
=
o
=3
o
o~
|
N _NO,
"
N\
HO
35
TR L B | S 10 U S S
' ot
o N =
< e <
- N o
16 15 14 13 12 1 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3
1 (ppm)
g
[2]
=
N T © a
~ © 0 r~ oo
W © °2 o -
< ™ N o 23
T T

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30 -40
1 (ppm)

Figure 64: 'H- and *C-NMR spectra of (1-methyl-2-nitro-1H-imidazol-5-yl)methanol (35).
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Imidazole-based caging group with a self-immolative linker 36
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Figure 65: 'H- and '3C-NMR spectra of imidazole-based caging group with a self-immolative linker 36.
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Thiophene-based caged electrophile CE2
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Figure 66: 'H- and '3C-NMR spectra of thiophene-based caged electrophile CE2.
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Furane-based caged electrophile CE3
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Figure 67: 'H- and '3C-NMR spectra of furane-based caged electrophile CE3.
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para-nitrophenyl-based caged electrophile with a self-immolative linker CE4

+75000

+70000

—1.94 CD3CN

£65000
60000
NO2 55000
HN— +50000
L4000
40000
\\\/\(:><J/ Br . 35000
+30000
L2500
20000
115000
£10000

~5000

[
S

C
-
[ =
—_—

-0

;
F

+-5000

2.39%

2.00
0.98
2.06
1.94

—2 - - N
TOMO N N D (=28
OCROON®D cmn B
(= NO O oo

4

~300000
~280000

+260000

37.36
36.55
36.02
35.80
23.30
23.26
1867

%
<

~240000
.—220000
.—200000
+180000
~160000
: 140000
l 120000
+100000
~80000

.-60000

.—40000

+20000

* oy Ll L I S )

~-20000

230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm)
Figure 68: 'H- and '*C-NMR spectra of para-nitrophenyl-based caged electrophile with a self-immolative

linker CE4.
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Thiophene-based caged electrophile with a self-immolative linker CES
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Figure 69: 'H- and '*C-NMR spectra of thiophene-based caged electrophile with a self-immolative linker CES.
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Furane-based caged electrophile with a self-immolative linker CE6
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Figure 70: 'H- and *C-NMR spectra of furane-based caged electrophile with a self-immolative linker CE6.
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Imidazole-based caged electrophile with a self-immolative linker CE7
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Figure 71: 'H- and '*C-NMR spectra of imidazole-based caged electrophile with a self-immolative linker CE7.
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I-phenylethane-1,2-diol (38)
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Figure 72: 'H- and 3C-NMR spectra of 1-phenylethane-1,2-diol (38).
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Negative control (NC)
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Figure 73: 'H- and 3C-NMR spectra of Negative control (NC).
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