
Technische Universität München
Fakultät für Chemie

Investigation of Pyridoxal Phosphate-Dependent

Enzymes and Deciphering Their Role as Novel

Antibiotic Targets in Critical Bacterial Pathogens

by a Chemical Proteomic Strategy

Dissertation zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften von

Martin Pfanzelt





Technische Universität München
Fakultät für Chemie

Investigation of Pyridoxal Phosphate-Dependent
Enzymes and Deciphering Their Role as Novel

Antibiotic Targets in Critical Bacterial Pathogens
by a Chemical Proteomic Strategy

Martin Pfanzelt

Vollständiger Abdruck der von der Fakultät für Chemie
der Technischen Universität München zur Erlangung eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzende: Prof. Dr. Cathleen Zeymer

Prüfer der Dissertation: 1. Prof. Dr. Stephan A. Sieber

2. apl. Prof. Dr. Wolfgang Eisenreich

Die Dissertation wurde am 09.03.2022 bei der Technischen Universität München
eingereicht und durch die Fakultät für Chemie am 30.03.2022 angenommen.
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Abstract

Vitamin B6 plays a vital role in the metabolism of all living organisms. Its bioactive form
pyridoxal 5’-phosphate (PLP) serves as a cofactor of pyridoxal 5’-phosphate-dependent
enzymes (PLP-DEs) and catalyses a large number of different reactions. Due to the
involvement of PLP-DEs in many basic metabolic processes, some of these enzymes
play critical roles in human diseases and are already addressed as important drug
targets.

Based on a previous study in our lab, we synthesised novel pyridoxal (PL)-probes
derivatised at the C2’-, C3’- and C6-position for the investigation of bacterial PLPomes.
For the biological evaluation and suitability of the 13 PL-probes as cofactor mimics,
we first investigated their kinetics in phosphorylation studies with bacterial pyridoxal
kinases (PLKs), which revealed sufficient activation for the majority of our probes.
Growth studies and analytical labelling experiments confirmed probe uptake, activation
and their ability to function as activity-based probes. For the initial experiments, we
worked with S. aureus and E. coli mutants that are both lacking PLP de novo synthesis.
We started to optimise our previous preparative labelling conditions in the S. aureus
mutant strain by comparing different media and probe concentrations. Compared to
our previous study, we enhanced the labelling efficiency by 35%. We then applied our
refined conditions to an E. coli mutant strain. Moreover, we were able to exploit the
PLPome of the Gram-negative P. aeruginosa wild type strain by a set of selected
PL-probes. For all three organisms, a large number of known and putative or poorly
characterised PLP-DEs could be accessed by quantitative mass spectrometry-based
proteomics, using label free quantification (LFQ). Next, we selected five putative
PLP-DEs from the analysed organisms and confirmed PLP-binding as well as catalytic
insights into the function of the aminotransferases PA3659 and PA3798 (P. aerugi-
nosa), the serine/threonine dehydratase PA2683 (P. aeruginosa), the transcriptional
regulator ydcR (E. coli) and the cysteine desulfurase A0A0H2XXHJ5 (S. aureus) by
a series of different biochemical methods, including UV/Vis spectroscopy and targeted
metabolomics. Finally, we screened a library of putative PLP-DE inhibitors for their
antibiotic activity and investigated the targets of four hit compounds by competitive
PLPome profiling. Two target PLP-DEs of the antibiotic compound phenelzine were
further verified by in vitro assays, showcasing that our method is a powerful tool in
drug development to unravel (off)-target proteins in a holistic approach, covering the
whole proteome.

In addition, based on the pro-tide strategy in drug design, we established the
synthesis of a PL3 phosphoramidate probe, which can be used as a PLK independent
cofactor surrogate. Especially the human PLK is highly restricted to its substrates,
which is why the novel probe PL3PA could bypass this fundamental issue.





Zusammenfassung

Vitamin B6 nimmt eine wichtige vitale Rolle im Stoffwechsel aller lebenden Organis-
men ein. Seine bioaktive Form Pyridoxal-5’-phosphat (PLP) dient als Cofaktor von
Pyridoxal-5’-phosphat-abhängigen Enzymen (PLP-DEs) und katalysiert eine große
Anzahl verschiedener Reaktionen. Da PLP-DEs an vielen grundlegenden Stoffwech-
selprozessen beteiligt sind, spielen einige dieser Enzyme eine entscheidende Rolle bei
der Entwicklung von Krankheiten und sind bereits als Angriffsziele für Arzneimittel
bekannt.

Auf der Grundlage einer früheren Studie in unserem Labor haben wir neuartige
Pyridoxal (PL)-Sonden entwickelt, die an der C2’-, C3’- und C6-Position modifiziert
sind, um bakteriellene PLP-DEs zu untersuchen. Zur biologischen Bewertung und
Eignung der 13 PL-Sonden als Cofaktor-Mimetika untersuchten wir zunächst ihre
Kinetik in Phosphorylierungsstudien mit bakteriellen Pyridoxal-Kinasen (PLKs), die
eine ausreichende Aktivierung für die meisten unserer Sonden zeigten. Wachstumsstu-
dien und analytische Labellingsexperimente bestätigten die Aufnahme der Sonden,
ihre Aktivierung und ihre Fähigkeit als aktivitätsbasierte Sonden zu fungieren. Für
die initialen Experimente arbeiteten wir mit S. aureus und E. coli Mutanten, bei
denen die PLP de novo Synthese ausgeschaltet wurde. Zunächst optimierten wir
unsere früheren präparativen Labellingsbedingungen im S. aureus Mutantenstamm,
indem wir verschiedene Medien und Sondenkonzentrationen verglichen. Im Vergleich
zu unserer früheren Studie konnten wir die Labellingseffizienz um 35% steigern.
Anschließend wandten wir unsere verbesserten Bedingungen auf beide Mutanten
an. Darüber hinaus konnten wir das PLPom des Gram-negativen P. aeruginosa
Wildtyp-Stamms mit einer Reihe ausgewählter PL-Sonden zugänglich machen.
Für alle drei Organismen konnte eine große Anzahl bekannter und mutmaßlicher
oder schlecht charakterisierter PLP-DEs durch quantitative, massenspektrome-
triebasierte Proteomik signifikant angereichert werden. Anschließend wählten wir
fünf mutmaßliche PLP-DEs aus den untersuchten Organsimen für ausführlichere
Analysen aus. Wir bestätigten die PLP-Bindung ung konnten katalytische Einblicke
in die Funktion der Aminotransferasen PA3659 und PA3798 (P. aeruginosa), der
Serin/Threonin-Dehydratase PA2683 (P. aeruginosa), des Transkriptionsfaktors
ydcR (E. coli) und der Cystein-Desulfurase A0A0H2XXHJ5 (S. aureus) mit einer
Reihe verschiedener biochemischer Methoden, einschließlich UV/Vis-Spektroskopie und
Metabolomik, gewinnen. Schließlich untersuchten wir eine Bibliothek mutmaßlicher
PLP-DE Inhibitoren auf ihre antibiotische Aktivität und konnten vier zelluläre
Zielstrukturen (Targets) durch kompetitive Proteomikexperimente aufklären. Zwei
der Enzyme, die mit dem Antibiotikum Phenelzin interagieren, wurden durch in
vitro Assays weiter verifiziert. Deshalb ist unsere chemische Proteomik-Methode ein
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leistungsfähiges Werkzeug für die Arzneimittelentwicklung, um (Off-)Target-Proteine
in einem ganzheitlichen Ansatz zu entschlüsseln, der das gesamte Proteom umfasst.

Darüber hinaus haben wir auf der Grundlage der pro-tide Strategie für die Entwick-
lung von Medikamenten die Synthese einer PL3 Phosphoramidat-Sonde erarbeitet,
die als PLK-unabhängiges Cofaktor-Surrogat verwendet werden kann. Insbesondere
die humane PLK ist in Bezug auf ihre Substrate stark eingeschränkt, weshalb die
neuartige Sonde PL3PA dieses grundlegende Problem umgehen könnte.
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Background and Motivation

The first chapter introduces pyridoxal phosphate, the importance of pyridoxal phosphate
dependent enzymes and a chemical proteomic strategy to unravel novel protein functions
and possible antibiotic target enzymes.
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2 1. Background and Motivation

1.1 Cofactors

Cofactors (lat.: co-: together, with; lat.: factor: maker) [1] are essential for cellular
function in all living organisms. A further distinction is made here between coenzymes,
which are only bound to the enzyme during catalysis, and prosthetic groups, which
are constantly bound to their enzymes. [2]
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Figure 1.1: Structures of the 13 vitamins A (1), B1 (6), B2 (7), B3 (8), B5 (9), B6 (10),
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Cofactors can be organic compounds (e.g. vitamins), metal ions, metal-complexes (e.g.
iron-sulfur complexes) or organometallic complexes (e.g. heme). [1] They all specifically
bind to their corresponding apoenzymes and actively take part in catalysis. [1,2] In most
cases, apoenzymes are inactive without their cofactor, highlighting their relevance in a
biological context. [3] In fact, nearly half of all enzymatic reactions are dependent on a
specific cofactor, underlining their importance in all forms of life. [2]

Vitamins (from vital amine, coined by Casimir Funk [4]), 13 in total, are organic
cofactors needed for normal physiological function (figure 1.1). [5,6] Usually, they can not
be synthesized by humans in sufficient amounts which is why they need to be taken up
by nutrition. [7,8] However, plants, fungi and bacteria can synthesize those compounds
themselves. [5] Recently, attention on vitamin metabolic pathways greatly increased
due to the vital importance of vitamins and their involvement in the development of
certain human diseases. [6] Due to the involvement of vitamin dependent enzymes in
crucial metabolic pathways, many of them are already recognized as drug targets. [9]

1.2 Vitamin B6

Vitamin B6 is a collective term for the interconvertible pyridine compounds pyri-
doxine (10), pyridoxamine (14), pyridoxal (15) and their 5’-phosphates pyridoxine
phosphate (16), pyridoxamine phosphate (17) and pyridoxal phosphate (18) (fig-
ure 1.2).
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Figure 1.2: Structures and salvage pathways of the vitamin B6 ensemble in E. coli consist-
ing of pyridoxine (10), pyridoxamine (14), pyridoxal (15) and their 5’-phosphates pyridoxine
phosphate (16), pyridoxamine phosphate (17) and pyridoxal phosphate (18). [10,11]
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In general, two enzymes encoded by the genes pdxK and pdxH, are responsible
for PLP-salvage in E. coli. [10] Pyridoxal kinase (PLK, pdxK ) phosphorylates the
C5’-alcohol of PN, PM and PL. Further, PNP and PMP can be oxidized to PLP
by pyridoxine/pyridoxamine 5’-phosphate oxidase (PNPOx, pdxH ). [12,13] Moreover,
PLP can be dephosphorylated by a phosphatase (ybhA) and a recently identified pyri-
doxal reductase (pdxI ) is able to reduce PL to PN, which complements the important
PL salvage enzymes in E. coli. [14]

PLP is the bioactive compound of vitamin B6, a ubiquitous, versatile cofactor of
pyridoxal phopshate-dependent enzymes (PLP-DEs). Plants and microorganisms are
able to synthesize PLP de novo either through the deoxyxylulose 5-phosphate (DXP)
dependent pathway, found in E. coli and other γ-proteobacteria [15], or through the
d-ribose 5-phosphate (R5P) dependent pathway, which appears in all kingdoms of
life (i.a. fungi, plants, bacteria, animals). [10,12] Humans and other mammals rely on
vitamin B6 uptake from diet. However, a similar salvage mechanism can also be found
there. [10,16]

In order to gain an understanding of PLP and its biological function, one has to
take a closer look at its reactivities. First, PLP is able to react with amines to imines
at its aldehyde. Second, it stabilizes carbanionic intermediates due to its pyridine
nitrogen atom and hydroxyl group. [17,18] In a biological environment, PLP binds to
the active lysine residue of PLP-DEs via a reversible imine bond (“Schiff-base”),
known as the internal aldimine. The active enzyme-cofactor complex can now react
with incoming substrate amines, such as amino acids, in a transamination reaction.
Here, the bond with the active lysine is broken and a new Schiff-base is formed
between the substrate and PLP, called the external aldimine, within the enzymes
active pocket (figure 1.3). [19,20]

Figure 1.3: PLP forms an internal aldimine with the active lysine of a PLP-DE. Transamination
with substrate amines such as amino acids leads to the formation of an external aldimine.

Due to the pyridine nitrogen atom of PLP, which is often protonated during catalysis,
polarisation of the aldimine complex occurs leading to an enhancement of electrophilic-
ity at the C4’ position. Furthermore, aldimines are stabilised by the C3 phenoxide via
hydrogen bonding and resonance stabilisation. [18] All these effects lead to an electronic
sink, meaning that the nitrogen atom withdraws electrons from the substrates Cα (fig-
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ure 1.4 A). This effect results in a weakening of the adjacent σ-bonds of the substrates
and a stabilisation of resulting carbanions by the extended π-conjugation. [21] The
external aldimine can undergo a series of reactions, depending on the enzyme and
the character of its catalytic pocket. [21,22] No matter which of the three Cα-groups is
removed, it leads to the formation of a quinonoid structure, which is able to react
further. If the proton is removed first, further transaminations, racemizations or
eliminations can occur. In addition, decarboxylations and side-chain cleavages of
aldimines are typical chemical transformations in PLP-DEs (figure 1.4 B). [21,22]

Figure 1.4: Reactions catalysed by PLP-DEs. (A) Dipole moment of aldimines illustrating the
electronic sink properties. (B) External aldimines can undergo a series of reactions, depending
on which group of the Cα is cleaved. [21,22] (C) Reaction specificity through stereoelectronic
effects (Dunathan’s hypothesis). [18,21,23]

Reaction specificity of PLP-DEs is kinetically controlled by their catalytic site envi-
ronment and the resulting stereochemical arrangement of the Cα-groups. [18] According
to Dunathan’s hypothesis, the bond, which is preferably cleaved, has to be in a plane
that is perpendicular to that of the delocalised π-system (figure1.4 C). [18,20,21,23] The
schematic illustration of the aldimine orbitals shows, that the bond beeing broken (C-Y)
leads to an extended π-system. Evolution of distinct active pockets in PLP-DEs has
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led to specific enzymes catalysing certain reaction types. Therefore it is not surprising
that mutations in the active pockets of certain PLP-dependent enzyme classes resulted
in different reaction types and rates. [24,25]

PLP alone is able to catalyse reactions, too. These include elimination, transami-
nation and racemisation reactions, some of which can be accelerated with Al3+ and
Cu3+. [17,18,26,27] Additionally, its role as antioxidant, modifier of expression, immune
function regulator and antiepileptic agent must not be underestimated. [28–32]

Another important aspect of PLP is its 5’-phosphate group, which functions as a
firm anchor that can be bound by PLP-DEs in their so-called “phosphate-binding
cup”. [18,33] Denesyuk et al. could show that PLP-DEs from all five fold types share
common recognition patterns for the phosphate group of their PLP-cofactors. [33] A
less important group for catalysis is the 2’-methyl substituent. It does not seem to
have any function and is according to Hill et al. only a relic from its biosynthesis. [34]
This property is going to be important for the whole study of PLP-DEs, as most
probes will be derivatised at this position.

Due to the high reactivity of PLP towards nucleophilic amines and thiols, its
concentration needs to be well regulated and be held at a low level. [35] PLP can be
involved in aldehyde stress reactions, e.g. altering of protein structures, inhibition of
enzyme activities and damage of DNA leading to mutagenisis. [35–38] In eukaryotic cells,
PLP-levels are therefore maintained at around 1µM to avoid toxic effects. [10,35] Home-
ostasis of PLP is mainly regulated by pyridoxal phosphatase, pyridoxine/pyridoxamine
5’-phosphate oxidase and pyridoxal kinases. [10] The latter two enzymes are inhibited by
PLP and can serve as transport enzymes, because they can bind to other PLP-DEs
at high PLP concentrations leading to the transfer of PLP to apo-enzymes. [39–41]
Generally, it is believed that not only free PLP, which is kept at low concentrations,
serves as cofactor source for apo-enzymes but also PLP-amino acid adducts and
PLP-binding proteins like the PLP-homeostasis protein (PLPHP), which is widely
distributed in eukaryotes and bacteria. [10,11,42]

In humans, PLP-deficiency is linked to several disorders of neurological and
non-neurological nature. Often, malfunction of PLK or PNPOx due to mutations or
drug/natural producs induced inhibition are responsible for this effect. The conse-
quences are often severe and partly responsible for diseases like Parkinson’s-disease,
diabetes, cancer, Alzheimers-disease, schizophrenia, autism, epilepsy and oth-
ers. [10,13,43–50] Those tremendous implications on organisms shows that a well regulated
PLP-homeostasis is essential for its health.



1.3. PLP-Dependent Enzymes 7

1.3 PLP-Dependent Enzymes

PLP-DEs already came into existence 1500 to 1000 million years ago, before the
biological kingdoms of life diverged. [51] In total, PLP-DEs were split into seven enzyme
clusters (fold types), five were suggested by Grishin et al. [52] and later two more by
Percudani and Peracchi [22]. Fold type I, termed aspartate aminotransferase family, is
the most diverse family of PLP-DEs including five of the six enzyme classes defined by
the international union of biochemistry and molecular biology. [53,54] The tryptophan
synthase family (fold type II) is similar to fold type I but fold type II enzymes are
evolutionary divers. [54,55] Fold type III (alanine racemase family) enzymes catalyse
amino acid racemisations and decarboxylations. [56,57] The second aminotransferase class
is summarized in fold type IV (d-amino acid aminotransferase family) PLP-DEs, which
transform strictly either (S)- or (R)-substrates. [58] Fold type V (glycogen phosphorylase
family) enzymes use PLP in a different way compared to all other fold types. They
do not use it as an electrophilic catalyst but involve the 5’-phosphate group in an
acid-base catalytic mechanism. [18,59] Adenosylcobalamin (AdoCbl) dependent fold
type VI (lysine 5,6-aminomutase family) and S -adenosyl methionin (SAM) dependent
fold type VII (lysine 2,3-aminomutase family) differ from other PLP-DEs in their
structure and were therefore independently categorized. [22,60,61]

All seven fold types are responsible for 348 distinct activities, which are listed in
the B6-DataBase (link).i These include reactions at the substrates Cα, like racemisa-
tion, decarboxylations, eliminations, transaminations and replacements (figure 1.5).
Replacements and eliminations also apply to both the β- and γ-positions of substrates.
Fold type VI and VII act through a radical mechanism utilizing AdoCbl or SAM
as radical source. [20] The number of PLP-DEs varies widely among organisms. In
general, procaryotic genomes encode a larger proportion (≈1.5%) for PLP-DEs than
most eucaryotes, although the total number of PLP-DEs in eucaryotes is higher. [62]
In bacteria, the number of PLP-DEs correlates with their genome size. Based on
recent literature searches (UniRule [63], UniProt [64], InterPro [65] and GO [66]), S. au-
reus USA300 encodes 48 known and predicted PLP-DEs at a genome size of around
2.87Mbp [67], while E. coli K12 encodes 63 known and predicted PLP-DEs at a genome
size of around 4.64Mbp [68]. Even more known and predicted PLP-DEs are encoded
by P. aeruginosa PAO1 with a genome size of 6.26Mbp [69]. Here, 83 proteins were
found to be at least putative PLP-dependent. These numbers were already predicted
by Percudani and Peracchi in 2003. [62]

i23.02.2022
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Figure 1.5: Simplified examples of PLP-DEs catalysing reactions at the substrates Cα position. [54]
All reactions start at the external aldimine stage followed by the loss of one of the groups at
Cα. Reprotonation or transamination leads to the formation of the product aldimines. Alanine
racemase (alr) catalyses the conversion of l- to d-alanine. Ornithine decarboxylase (ODC)
produces putrescine after hydrolosis of the product aldimine. After formaldehyde has been cleaved
from serine, serin hydroxymethyltransferase (SHMT) is able to form glycine in the end. Tyrosine
aminotransferase (tyr-AT) was chosen as an example of a transamination reaction, starting from
glutamate aldimine. After amine transfer to PLP, which is called the first half reaction of an
aminotransferase, hydroxyphenylpyruvate forms the product aldimine, which can then be released
to form l-tyrosine.



1.3. PLP-Dependent Enzymes 9

Recently, an indolmycin biosynthesis protein from Streptomyces griseus was shown
to be an unprecedented PLP-DE utilizing molecular oxygen for the oxidation of
l-arginine. [70,71] Moreover, PLP-dependent MocR-like transcriptional regulators (TRs)
from the GntR-TR family are widespread among eubacteria. [72] A well-studied example
for this is GabR from Bacillus subtilis, which gets activated by the small neurotransmit-
ter γ-aminobutyric acid (GABA) and PLP, causing a conformational rearrangement
with enhanced DNA-binding capability. [73–75] Lastly, PLP was described to have an
additional role in protein folding, because some PLP-DEs need their cofactor to be
refolded in vivo. [76] As a paradigm of the versatility of PLP-dependent reactions, one
only has to take a closer look at its role in the synthesis of natural products, which is
always a fruitful source for novel bioactive compounds. [71]

However, reactions catalysed by PLP-DEs can not be predicted by their fold type or
structure. In fact, many PLP-DEs are able to catalyse several different reactions. [77]
The three aspects of reactions specificity are: stereochemical effects, protonation state
of the external aldimine and the interaction of the substrate with the enzymes side
chains in its active pocket. [21] For example, SHMT, a fold type I PLP-DE, shows
a broad range of reaction specificity in the absence of its actual substrate, tetrahy-
dropteroylglutamate (THPG). Beside the transfer of Cβ of serine to THPG it can then
also catalyse retroaldol cleavage, racemisation, transamination and decarboxylation. [78]
Enzymes offering a broad range of catalysed reactions must have recognition patterns
for several substrate within their active site in order to distinguish from non-substrates.
In fact, for aspartate aminotransferase it was shown that a single substitution of an
active site residue increased its activity towards dicarboxylic and aromatic substrates.
It even resulted in β-decarboxylation of l-aspartate. [79] This versatility of PLP-DEs
drives research in the field of protein engineering towards novel or unprecedented
reactions, including biocatalytic reactions [80–83] used for pharmaceutical compound
synthesis or biotechnological tools for the synthesis of unnatural amino acids. [18,84]

PLP-DEs do not only play a role in the synthesis, interconversion or degradation
of amino acids, but are also involved in the modulation of steroids, the metabolism
of neurotransmitters (e.g. GABA, dopamine), immune regulation and many other
important metabolic pathways. [13] Due to the involvement of PLP-DEs in these
processes, some play a role in the development of diseases and are already recognized
as drug targets. [9]
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1.4 Inhibition of PLP-Dependent Enzymes

Taking into account that bacteria share only a third of their PLPome with humans,
PLP-DEs represent valuable antibacterial targets. [62] However, since PLP-DEs share
high structural similarity even at low sequence similarity, selectivity of inhibitors,
often derived from amino acids, tends to be a big problem. [54] This is especially
true for alanine racemase (alr) inhibitors, like d-cycloserine (DCS, 19), a clinical
second line antibiotic against tuberculosis, which is known to exhibit severe side
effects such as central nervous system (CNS) toxicity. [85–88] DCS is a natural product
produced by Streptomyces garyphalus and Streptomyces lavendulae and known to
inhibit alanine racemases via a mechanism based route, meaning that DCS binds as
enzyme substrate, which forms an irreversible complex with the target enzyme after it
is transformed into a reactive species by alr. [89] Additionally to inhibiting alr, DCS
inhibits d-ala-d-ala-ligase (ddl) [90,91] and d-aminoacid transaminase (DAT) [92], both
enzymes involved in bacterial peptidoglycan synthesis. Alanine racemase is universal
to bacteria and mycobacteria, since they need d-alanine for their cell wall biosynthesis,
but absent in most eukaryotes, including humans. [9,93–95] Milligan et al. was able
to show that Mycobacterium smegmatis alr deletion mutants were unable to grow
on media lacking d-alanine. [96] These circumstances make alr an attractive clinically
druggable antibiotic target. [9]

Of note, several bacteria (e.g. E. coli, P. aeruginosa, S. aureus, A. baumannii) have
two alanine racemases: alr, which is the main source for d-alanine and constantly
expressed at low levels and dadX, which is induced by l-alanine and thus is most active
when l-alanine is used as a carbon source instead of glucose. [97–100] Hence, bacteria
with two genes encoding for alanine racemase make it difficult to target both enzymes
at once. [101]

Owed to the introduced facts about alr, many different inhibitors were investigated,
partly through high-throughput screening (HTS). Among these are aminoethyl phos-
phonic acid (20) [9,93,101], β-fluoro alanine (21) [9,93,101], trifluoro alanine (22) [101] and
alafosfalin (23) [101,102], which are structurally related to alanine, but also non-substrate
like thiadiazolidinone inhibitors CCG-50014 (24) and 401-7 (25) [103,104] (figure 1.6).
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Figure 1.6: (A) The alanine racemase inhibitors aminoethyl phosphonic acid (20), DCS (19),
β-fluoro alanine (21), trifluoro alanine (22), CCG-50014 (24), alafosfalin (23) and 401-7 (25).
(B) Inhibitors against sulfur metabolism enzymes l-aminoethoxyvinyl glycine (26), aminooxyacetic
acid (27), N-hydrazinocarbonylmethyl-2-trifluoromethyl benzamide (28), NL1 (29), NL3 (30)
and TAT1 (31).

Another druggable bacterial enzyme class is represented by PLP-DEs involved in
trans-sulfur metabolsim. [105] Especially cystathionine β-lyase (CBL) and cystathionine
γ-synthase (CGS) are of interest due to their absence in mammals. [9] Recently, it was
shown in some bacteria, that also human orthologs of cystathionine γ-lyase (CSE)
and cystathionine β-synthase (CBS) are encoded in the bacterial genome, which
suggested an important function. [106] Nevertheless, due to a similar mechanism of
the β- and γ-enzymes of bacteria and humans, specific inhibition of bacterial en-
zymes only is difficult. [9] While l-aminoethoxyvinyl glycine (26) and aminooxyacetic
acid (27) [9,107,108] do not exhibit high selectivity for one of the transsulfuration enzymes,
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N -hydrazinocarbonylmethyl-2-trifluoromethyl benzamide (28) [105] was found by HTS
and showed specific inhibition of bacterial CBL as well as antimicrobial activity against
E. coli.

A remarkable discovery was recently made about several inhibitors of the bacte-
rial enzyme CSE including NL1 (29) and NL3 (30). [109] These inhibitors affect the
H2S-mediated defense system, which protects bacteria against oxidative stress, ren-
dering pathogenic bacteria highly sensitive to a range of different antibiotics. [106,110]
Shatalin et al. showed that those inhibitors potentiate fluoroquinolones, β-lactams,
and aminoglycosides in S. aureus and P. aeruginosa. [109] Moreover, biofilm formation
and the number of persister cells could be reduced. This novel finding is a precious
contribution towards fighting the antibiotic crisis, because combinational antibiotic
treatments with those inhibitors could reduce emergence or spreading of antibiotic
resistance. [109]

Another inhibitor class manipulating sulfur metabolism, cysteine metabolism more
precisely, are N -(phenyl)thioacetamide-linked 1,2,3-triazoles, discovered by Wallace
et al. in 2019. [111] The authors showed that TAT1 (31) was able to disrupt cysteine
metabolism in E. coli by inhibiting cellular cysteine synthase A (cysK ). Moreover,
cysK is absent in humans and is important in essential bacterial metabolic pathways.
The mode of action is most likely caused by a false product formation leading to
growth inhibition. [111]

GABA aminotransferase (GABA-AT) is an ubiquitous enzyme catalysing the re-
versible conversion of GABA to succinic semialdehyde. [112] After conversion into
succinate by succinic acid semialdehyde dehydrogenase, it enters the citric acid cy-
cle. GABA fulfills certain physiological functions in plants [113], mammals [114] and
bacteria [115]. In bacteria, GABA is involved in carbon and nitrogen metabolism. In
vertebrates, GABA is the major inhibitory neurotransmitter in the CNS, where it
binds to chloride-selective ion channel receptors (GABAA, GABAC) and G-protein
coupled receptors (GABAB), controlling neuronal activity via hyperpolarisation of the
postsynaptic membrane. [116–119] Low GABA levels can lead to severe diseases, among
them epilepsy [120], Huntington’s chorea [121], Parkinson’s disease [122], Alzheimer’s dis-
ease [123] and tardive dyskinesia [124]. The need for drugs targeting those diseases is
therefore of great interest. [125] Of note, GABA concentration can not be increased by
administration of GABA itself, as it can not cross the blood-brain barrier. Thus, the
use of specific, brain-accessible GABA-AT inhibitors offers a possibility to increase
GABA levels. [9]
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Ethanolamine-O-sulfate (32) was the first GABA-AT inhibitor reported in litera-
ture. [126] In contrast to this compound, a GABA analogue named vigabatrin (33)
became the only clinically used mechanism based inhibitor of GABA-AT, which is used
for the treatment of convulsion in patients being resistant to other drugs. [127–129] As is
the case for most PLP-DE inhibitors, vigabatrin causes several severe side-effects. The
worst is probably the irreversible loss of peripheral vision, which happens in 30-40% of
patients. [130,131] Another compound developed in the 1970’s is gabaculine (34), which
could not be used in patients because of its toxicity and poor ability to cross the
blood-brain barrier. [9,132]

Aryl semicarbazones, such as semicarbazone 35 were able to increase GABA concen-
trations in rats without showing neurotoxicity. [133] Recently, novel fluorinated cyclic
aminoacid compounds were developed: CPP-115 (36) [134] and OV329 (37) [116], which
is a refined, mechanism-based GABA-AT inhibitor and synthesised from CPP-115.
CPP-115 itself, completed clinical phase I by now [135], is 186 times more potent than
vigabatrin and the newer compound OV329 is 10 times more potant than CPP-115.
Furthermore, OV329 has low off-target activities and good pharmacokinetic prop-
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erties. [116] The inhibition mechanism of CPP-115 is well studied and depicted in
scheme 1.1. [116,134]
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Scheme 1.1: Mechanism based inhibition of human GABA-AT by CPP-115 (36). After
Schiff-base formation, tautomerisation and subsequent hydrolysis of the difluoromethylenyl
group, adduct 41 is formed, which binds to Arg192 and Arg445 via electrostatic interactions
leading to an inhibition of the enzyme. [116]

Schiff-base formation of CPP-115 with PLP and tautomerization of the external
aldimine leads to an enhanced electrophilicity at the CF2 carbon (Michael-acceptor).
Subsequent hydrolysis of the difluoromethylenyl group results in formation of dicar-
boxylate 41. This complex causes a conformational change of the enzyme, enhancing
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electrostatic binding to Arg192 and Arg445. [116] Such inhibitors, which form strong
non-covalent interactions with amino acid residues of the active site and lead to a
loss of activity of the enzyme, are called transition-state mimics. [136] These must be
distinguished from suicide inhibitors, which bind irreversibly to the enzyme via a
reactive intermediate. [137]

Natural products often represent a fruitful source for bioactive compounds, since
some of these secondary metabolites exhibit antibacterial or antifungal properties,
making producers more resistant to pathogenic organisms. [138] Serin hydroxymethyl-
transferase (SHMT) is linked to cancer since growth and proliferation of cancer cells are
supported by different metabolic changes, among them the folate-dependent one-carbon
metabolism. [139] This enzyme therefore has high potential as an anticancer target. [140]
A natural product produced by Mimosa plants, mimosine (38), was shown to be an
active anti-neoplastic drug through inactivation of SHMT. [141] A more recent study
claims, that mimosine acts PLP independently with respect to SHMT inhibition. [142]

l-Canaline (39) and its precursor l-canavanine are naturally occurring metabolites
in leguminous plants, which were found to be toxic to peripheral blood mononu-
cleocytes. l-canaline is an oxygen isostere of l-ornithine and shows inhibition of
ornithine decarboxylase (ODC), which is a PLP-DE catalysing the rate limiting step
in polyamine biosynthesis. [143,144]

Degradation of tryptophane through the kynurenine pathway involves several impor-
tant neuroactive intermediates and therefore misregulation of enzymes involved in this
process are linked to human CNS diseases. [145] Kynurenine aminotransferase (KAT) is
a PLP-DE responsible for the transamination of kynurenine and 3-hydroxykynurenine
to kynurenic acid and xanthurenic acid, repectively. [9] KAT II, mainly located in the
brain, prefers l-kynurenine as substrate. Schwarcz et al. were able to demonstrate
several inhibitory active compounds against KAT II, among them quisqualic acid (40)
with an IC50 in the low micromolar range. [145]

In summary, many different inhibitors, natural products or artificial compounds,
against several PLP-DEs were developed to date. They often mimic enzymes
substrates and lead to an inactivation due to a mechanism-based inhibition, like
CPP-115. The biggest challenge in the development of more selective drug candidates
against PLP-DEs is the functional assignment of uncharacterised enzymes, especially
PLP-DEs, since they represent the biggest class of off-targets. Moreover, studying
PLP-DEs of pathogenic organisms could open up new paths to find suitable antibiotic
targets. Furthermore, mining the cell for the PLP-DE class would allow to narrow
down the function of uncharacterised enzymes to a limited number of possible chemical
transformations enabling a functional characterisation.

Investigation of PLP-DEs is difficult due to the lack of a comprehensive method
gaining a global overview. Several bioinformatics studies on PLP-DEs analysing
conserved active-site characteristics resulted in identification and classification of these
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enzymes, but generally, structural information is needed. [146–149] Due to the vast and
long evolution of PLP-DEs, they often do not share high sequence similarity, even
though their structural similarity is high and has led to the fold-type categorisa-
tion. [22,55] Although, some methods were developed for visualizing the PLPome, e.g.
by western-blot analysis using anti-pyridoxine antibodies, these methods are unsuitable
to quantify distinct PLP-DEs, not to mention unable to detect differences in modified
PLP-DEs. [150]

Fortunately, we were recently able to fill the gap in profiling PLP-DEs by a chemical
proteomic method in order to study the PLPome of a S. aureus [151] (by Hoegl et al.)
transposon mutant lacking PLP de novo synthesis as well as different human cancer
cell lines [152] (by Fux et al.) in their native environment. The method is based on
activity-based protein profiling (ABPP) involving functionalised PL-mimics bearing a
clickable handle.

1.5 A Chemical Proteomic Tool

1.5.1 PLPome Investigation by ABPP

A proteomic tool for the visualisation or quantification of interactions of small molecules
with the whole proteome was first developed by Cravatt et al. [153–159] and Bogyo et
al. [160–163] This powerful technology, termed activity-based protein profiling (ABPP),
allows to investigate proteins in their native biological environment by their activity
without influence of their abundance. [164]

In general, activity-based probes (ABPs) contain a reactive moiety able to covalently
react with its target protein or protein class in a selective manner. In most cases
electrophilic groups like Michael-acceptors, fluorophosphonates, vinylsulfones and
epoxyketons are incorporated to react with nucleophilic residues in the enzymes
active-site, mostly cysteines, serines or lysines. [156] In some cases, other strategies to
irreversibly attach the probe to the enzymes have to be considered, either due to the
inability of introducing a reactive moiety or because of a lack of reactive amino acid
residues in near proximity. One way to overcome these issues is the introduction of
photoreactive groups like diazirines, arylazides, tetrazoles or benzophenones which are
able to form stable covalent bonds upon UV-irradiation. [165,166] These probes are then
called affinity-based probes (AfBPs). Another way is, as we do with our PL-derived
probes, to trap covalent intermediates of a probe bound to its enzyme via chemical
modification, e.g. reduction. Besides the selective covalent interaction of the probe
with its target enzyme(s), ABPs need a functional reporter group (e.g. fluorophore,
enrichment tag, alkyne, azide, cycloalkenes) allowing direct visualisation or enrichment
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or selective reaction with a reporter tag (fluorophore such as rhodamine or enrichment
tag such as biotin) via copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) [154] or
Staudinger-ligation [167,168] with phosphines (figure 1.8).

Reactive group

Activity-based probe

Linker

Reporter

Reporter

Rhodamine Biotin

group

groups

Photoreactive

Photoreactive

group

groups

Affinity-based probe

N3

N N
N3

N N

NN O

O NN
N
H

O

S

NH

HN

O
H

H

A

C

B

Figure 1.8: (A) Schematic illustration of activity- and affinity-based probes. (B) Selection of
possible reporter groups. Either fluorescent or enrichment tags are already installed or small
functional groups allow downstream coupling with reporter tags. (C) The most commonly used
photoreactive groups in affinity-based protein profiling (Af BPP).

Fluorophor reporter groups allow analysis of labelled proteins via SDS-PAGE and sub-
sequent fluorescent readout. [153,169] On the other hand, affinity-enrichment tags such as
biotin allow qualitative identification of labelled proteins via mass-spectrometry based
methods, such as LC-MS/MS (liquid chromatography coupled to tandem mass spec-
trometry). [157] The biotin labelled proteins are first enriched by biotin-avidin affinity
chromatography, followed by a tryptic digest of bead-bound proteins, LC-MS/MS anal-
ysis and bioinformatic evaluation resulting in statistical distribution, often visualised
in so called volcano plots.

As shown in figure 1.8, ABPs or AfBPs can be miniaturised by only adding a small
chemical handle, which can be later functionalised by a reporter tag and additionally
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enhances cell permeability and protein binding in contrast to bulky residues. Inspired
by this methodology, our group developed a PLPome detection strategy utilising
PL-surrogates equipped with alkyne or azide tag. [151] In this thesis, novel probes will
be presented, functionalised at the C2’, C3’ or C6 position (figure 1.9).
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First, functionalised cofactor mimics are taken up by bacterial cells and are subsequently
phosphorylated by cellular PLK. The phosphorylated probes can bind to PLP-DEs
as internal aldimines. After cell lysis, reduction with sodium borohydride forms
stable amines, which are necessary for the downstream process. [171] Next, the labelled
proteome can be enriched by interaction of biotin with avidin agarose beads, followed
by tryptic digest and LC-MS/MS measurement. After statistical evaluation of MS data,
up- or downregulated proteins can be easily visualised by plotting the log2(enrichment)
values with their respective p-values.

Until the 2000s, MS-based proteomic methods were only of qualitative nature giving
protein lists without information about abundance and distribution. For quantification,
a comparison between different states, e.g. probe treated and untreated cells, is required
and can be achieved by both stable isotope labelling or label-free quantification (LFQ)
methods, both of which have characteristic advantages and disadvantages. [172,173] LFQ
methods are unlimited in terms of sample number and economically advantageous due
to lower costs. [174,175] Along with tools for data evaluation like MaxQuant [176] together
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with the MaxLFQ algorithm [174] and stable as well as accurate protein quantification,
LFQ methods became very popular and widespread. [177–179]

ABPP coupled with a LFQ method has surfaced as a powerful tool not only for
studying enzymes in their native, complex environment or for identification of new
enzymes but also for investigation of reversible and irreversible inhibitors through
their ability to hinder probe labelling. [157,180] A competitive ABPP approach facilitates
determination of both selectivity and potency of inhibitors by monitoring off-targets
and differences in enrichment patterns. [158,181]

1.5.2 Competitive ABPP for Antibiotic Target Screening

Many advanced ABPP application strategies for drug development have been de-
veloped over the last decades. [175] In competitive ABPP, cells are first treated with
an inhibitor or binder followed by an ABP, thus decreasing binding of the ABP to
target enzymes by blocking the binding site (figure 1.10). [175] This method excludes
unspecific binding, because only those enzymes are analysed, where the binder interacts
with the enzymes active site. We were already able to apply this methodology to
screen for DCS off-targets in S. aureus. [151] DCS is known to inhibit several PLP-DEs
such as transaminases [92], racemases [90] and decarboxylases [182], causing severe side
effects. [88,183] Here, we did not only find the known off-targets (alr and DAT), but
also two previously undescribed PLP-DEs, ornithin decarboxylase (ODC) and di-
aminopimelate decarboxylase (DAPDC). [151] Moreover, we could show that alr is not
the major target in a cellular context, which was recently suggested by metabolomics
studies in mycobacteria, whereas ddl was described as the primary target. [184,185]
Hence, competitive ABPP proved to be a comprehensive method to study off-targets
of PLP-DE inhibitors.
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Figure 1.10: A competitive ABPP strategy to unravel binding of PLP-DE inhibitors, including
off-targets. One sample is treated with the inhibitor compound and then with a suitable PL-probe.
Here, some of the PLP-DEs get blocked by the inhibitor and the probe is therefore unable to
bind. In parallel, a control sample is only treated with DMSO (or another solvent the inhibitor
is soluble in) and the respective PL-probe. After lysis, reduction and enrichment, the inhibitor
treated sample lacks PLP-DEs, which are not enriched in the downstream LFQ-MS analysis. In
the end, data analysis and comparison of inhibitor treated cells against control samples gives
information about possible target enzymes, here PLP-DEs.

In our competitive ABPP workflow, one sample is treated with the inhibitor compound
followed by a suitable PL-probe. Some of the PLP-DEs get blocked by the inhibitor
and the probe can therefore not bind. A further control sample is treated with DMSO
only and the respective PL-probe. After lysis, reduction of imines, CuAAC and
enrichment of labelled proteins, samples are processed as described in figure 1.9. The
inhibitor treated sample lacks some of the PLP-DEs, which are not enriched due to
their blocked active-site. A comparison of the data, in particular the LFQ-intensities
of hit enzymes, allows the identification of significantly blocked and therefore inhibited
PLP-DEs.

The competitive approach was already applied successfully in the target validation
of electrophilic natural products such as Michael-acceptors and epoxides, which
mostly react with active-site cysteines. [186] Remarkably, recent studies by Zanon et al.
showed a platform for screening electrophilic inhibitors proteome-wide, which target
not only cysteines selectively but also tryptophans, histidines, arginines, methionines,
aspartates and glutamates. [187] This tool will be instrumental to design novel covalent
inhibitors targeting diverse amino acids.
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1.6 Objectives

PLP is arguably the most versatile cofactor and is used by all forms of life. Bound to
the active-site lysine it is involved in many different chemical transformations involving
amino acid metabolism, regulation of immune function and biosynthesis of neurotrans-
mitters. Some PLP-DEs are involved in diseases or represent druggable targets in
pathogens. However, some of these enzymes lack a firm functional assignment. Due to
the current antibiotic crisis, finding new antibiotic targets is becoming increasingly
important. Along with their biological importance, the fact that bacteria share only
about a third of their PLP-DEs with humans strengthen their role as druggable
targets. [62] Therefore, a global overview of the PLPome of pathogenic bacteria would
support the process towards the discovery of selective inhibitors against crucial or
essential PLP-DEs.

Based on former studies in our lab [151,152], this thesis describes the synthesis of novel
PL-probes for ABPP studies, among them a phosphoramidate pro-tide probe. The
probes are derivatised at different ring positions, which will lead to an enhanced labelling
coverage and give rise to a detailed map of binding preferences of certain structural
motifs. Along with a refined labelling strategy, we will investigate the PLPome of
different bacterial organisms, including a S. aureus USA300 transposon mutant and a
E. coli K12 knockout strain lacking PLP de novo biosynthesis as well as P. aeruginosa
PAO1 wild type strain. This will lead to a labelling enhancement described in detail for
S. aureus. Moreover, some uncharacterised or poorly characterised/putative PLP-DEs
will be identified and validated using a series of different methods, among them
metabolomics and different activity assays.

Until now, only a small number of clinically used drugs target enzymes involved in
bacterial metabolism. [188] Since some PLP-DEs are druggable targets, competitive
ABPP is a powerful method to screen compound libraries against this enzyme class
with the aim of finding a selective inhibitor. For this, a small library consisting of
53 compounds will be screened against several pathogenic bacterial strains, spawning
some hit molecules. Four compounds are then further investigated in S. aureus and
E. coli using the described competitive approach. Indeed, PLP-dependent off-targets
will be found, which are then further validated in activity and inhibition assays utilising
purified enzymes.





2
Results and Discussion

In this chapter, results of the thesis will be discussed including the synthesis of
PL-probes and their application as ABPP-probes for enrichment and competitive
studies in different bacterial strains. Moreover, insights into the catalysis of five
poorly characterised PLP-DEs will be given. Finally, the antibiotic screen of a small
compound library with subsequent off-target identification and in vitro validation exper-
iments is presented as an application.
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A cofactor mimic capable of binding to its enzymes requires functionalisation with
clickable handles but also the genuine integrity of the cofactor itself. This chapter will
tell the story from synthetic design of probes, validation of hit enzymes found with
several of these probes and finally their application in competitive ABPP screens for
inhibitors against PLP-dependent enzymes. In the first part, synthetic strategies for
PL-probes will be discussed. Here, three general types will be described as well as a
novel, pro-tide based phosphoramidate probe. In the subsequent chapters, biological
evaluation of the probes, followed by the profiling of bacterial PLPomes and some
validation experiments will be presented. In the end, an in vitro compound screen
of known and putative PLP-DE inhibitors will be performed and four hits will be
further investigated by competitive ABPP and validation experiments by targeted
metabolomics experiments.

2.1 Synthetic Strategy

PL is a highly reactive aldehyde compound, which needs to be protected appropriately
for derivatisation. Many examples in literature describe different protecting strategies,
mostly involving both alcohols and the aldehyde group. Several intermediates were
further functionalised and studied in their capability of catalysing PLP-dependent
reactions. Indeed, some of them were able to replace natural PLP, but often with
lower reaction rates. On the other hand, a group of derivatives were not active at
all in terms of catalysis, including some antivitamins, meaning that they inhibited
function of some PLP-DEs. [189–206] In general, PL can be modified at all ring positions,
the pyridine N, C2’, C3, C4’, the benzylic 5’-phosphate and last but not least, the
aromatic C6 position. Of course, a minimal intervention in the cofactor’s scaffold
would be beneficial, since essential groups for catalysis like the aldehyde should not be
modified. However, Fonda et al. and Mechanik et al. showed, that compound 42 and
43, both modified at the C3, are unsuitable as cofactors for glutamate decarboxylase,
despite binding to the enzyme. [207,208] Moreover, they tested the C5’ derivative 5’-deoxy
PL (44) and found insufficient binding of this mimic. However, Schnackerz et al. could
reconstitute catalytically competent bacterial apo-O-acetylserine sulfhydrylase with
PL 5’-deoxymethylphosphonate (45). [209] C4’ derivatised compounds are often used as
inhibitors, mimicking transition states, such as compound class 46, which often bear
the enzymes substrate bound as amine, e.g. pPTME, a human ornithine-decarboxylase
inhibitor having a tryptophane bound to the PLP scaffold. [210] The aromatic C6 posi-
tion was first derivatised by Doktorova et al. to 6-methyl PLP (47). [211] The compound
showed aldimine formation suggesting toleration by the enzyme. [208] Of note, they
synthesised the compound not by derivatisation of PLP itself but by a Diels-Alder
reaction of oxazoles with dienophiles such as dimethyl maleate. PLP-6-phenylazo
derivatives 48, known from Lambrecht et al. as PPADS compounds and selective
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inhibitors of P2 receptors, were further investigated by Kim et al. [198,199,212] In addition,
pyridine nitrogen derivatives such as deaza-PLP (49) or PLP-N -oxide (50) were
shown to bind to certain PLP-DEs enabling a number of catalysed reactions. [207,213]
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Figure 2.1: Different PLP derivatives at the C3 (42, 43) [207,208], C4’ (46 [210], 51 [207]),
C5’ (44 [207,208], 45 [209]), C6 (48 [198,199,212], 47 [211]), the pyridine nitrogen (49 [213], 50 [207])
and the C2’ (52, 53) [34,203,209,214,215] were already synthesised and investigated regarding their
suitability as cofactor substitute or inhibitor.

Finally, the C2’ position was found to be unimportant for catalysis, since the methyl
group is only a relic from its biosynthesis. [34] Moreover, several studies confirmed
that some modifications, like an extended alkyl group (52) or an bulky dimethyl
group (53), can be tolerated by certain enzymes to fulfil catalysis, despite lower kinetic
parameters (all structures are shown in figure 2.1). [34,203,209,214,215] Furthermore, Snell et
al. concluded, that some enzymes including asp-AT, tryptophanase, arg-decarboxylase
and d-ser dehydratase, allow structural variety at the C2’ position. [215] This fact was
used by our group to design the first generation of PL-probes by Hoegl et al., which
were all derivatised at the C2’-position. [151]
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2.1.1 PL-Derived Probes

For our proteomics approach, PL-probes bearing an alkyne or azide tag for subsequent
attachment of a fluorescent or an enrichment handle are required. Because indispensable
groups for binding to PLP-DEs should not be modified, we exploited the modification
of the C6 (type B) and C3 (type C) sites of PL by the attachment of different alkyl and
triazole moieties. Additionally, the scope of the PL-probe library has been extended
by some more derivatives at the C2’ (type A) (summary scheme 2.1).
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Scheme 2.1: Synthetic overview of all different PL-probe types: type A (57), type B (61) and
type C (63). Adapted from Pfanzelt et al. [170]

2.1.1.1 Type A Probes

A library of five type A cofactor mimics was previously synthesised, termed
PL1-PL5 (figure 2.2). [151] The synthesis of PL1 was inspired by Koryt-
nyk et al. [190] Here, all the three alcohol groups of PN were protected with
tert-butyldimethylsilyl (TBDMS) enabling selective hydroxylation of the C2’-methyl
group via oxidation to the N -oxide and a subsequent Boekelheide-rearrangement. [216]
The alcohol was then oxidised and transformed into a terminal alkyne using the
Ohira-Bestmann-reagent. [217,218] Final deprotection led to the first PL-probe
PL1 (64). [151]
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Figure 2.2: The first generation of PL-probes, PL1-PL5. [151]

PL2 (65), PL4 (67) and PL5 (68) were synthesised utilising the same protected
reactive intermediate. Here, PL is converted into a methylacetal and subsequent
protection of the phenolic alcohol with methoxymehtyl (MOM) chloride leads to
the intermediate (54). [219] Then, an alkylation strategy inspired by Kaiser et al.
utilising linkers with different chain lengths led to the protected precursors 55. [220]
Final deprotection using potassium carbonate and sulfuric acid yielded the three
type A probes PL2, PL4 and PL5. This type A library was later completed by
M. Pfanzelt with PL6, PL7, PL8 and PL9 (figure 2.3). [221] Here, PL8 and PL9
were further functionalised by an azide linker via CuAAC (56). A different synthetic
route was chosen for PL3. Again starting from PN, first the C3 and the C4’ alcohol
groups were protected as acetonide and the remaining 5’ alcohol was protected as
para-methoxybenzyl (PMB) ether using PMB chloride. [200,204,222] Same transformation
steps as for PL1 were applied to yield the C2’ alcohol compound. Activation and
substitution to the C2’ azide followed by deprotection steps and final oxidation to the
aldehyde led to the only azide PL-probe PL3. [151]

In total, nine type A probes were synthesised in order to maximize the labelling
coverage of known and unknown PLP-DEs and reach sub-class specificity.

2.1.1.2 Type B Probes

Type B PL-probes were newly developed by M. Pfanzelt utilising an appropriate
protective group system originally used by Kim et al. for their synthesis of PPADS
compounds. [198,221] First, PL was protected as methylacetal and subsequently reacted
with pivaloyl (Piv) chloride, leading to intermediate 58. [198,221] The different phenolic
alcohol protective group was chosen because it required oxidation stability, which could
not been ensured with MOM. Oxidation with meta-chloroperbenzoic acid (m-CPBA)
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and activation by iso-butyl chloroformate (IBCF) enhanced electrophilicity, which
enabled nucleophilic substitution with different Grignard-linkers (59). Again, one
intermediate was further functionalised with an azide-alkyne linker, yielding the
tetrazole compound 69. Finally, basic deprotection followed by acetal deprotection in
sulfuric acid led to type B probes PL10, PL11 and PL12.

2.1.1.3 Type C Probe

To complete the library, one further compound, termed type C probe, was synthesised in
2018. Starting from PL, deprotonation of the phenolic proton by potassium carbonate
and subsequent substitution with propargyl bromide led to PL13 (62). Interestingly,
the same probe, though for different applications, was synthesised by Saha et al. in
2021. [223] PL13 was designed to show the extent to which the phenolic position is
involved in labelling efficacy.

In summary, 13 different PL-probes bearing structural modifications at the C2’,
C3 or C6 position of the pyridine ring were synthesized (figures 2.2 and 2.3). These
probes serve as chemical tools to access different binding sites of PLP-DEs in our
proteomics methodology. Moreover, taken all probes together, a higher coverage of
labelled enzymes was expected.
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One of the most limiting steps in our labelling approach, especially in human cells, is
the phosphorylation of our probes. Fux et al. could show, that only PL1 is able to
function as a cofactor mimic in certain cancer cell lines in contrast to PL2, because the
human PLK is highly restricted in its substrate specificity. [152] Moreover, cultivation of
cells in defined media lacking natural PL but containing 10µM PL1 for 7 passages (≈
20 days) was required in order to reach accumulation of phosphorylated PL1, namely
PL1P, in PLP-DEs. Due to this circumstance we conceptualized another strategy
to bypass the rate limiting phosphorylation in order to obtain more beneficial probes
with the potential of an enhanced labelling efficiency and enzyme coverage. A very
well studied substance class, in which the phosphate group is first masked and then
intracellularly cleaved by certain enzymes, are the phosphoramidates (PAs). [224] These
moieties are frequently used as prodrugs, molecules with little or no pharmacological
activity until their cleavage to the active, parent drug in vivo. [225] Especially many
antivirals and anticancer-drugs contain phosphoramidate groups, because they are
often derived from nucleosides, which need to be phosphorylated to triphosphates
in vivo in order to be active. [226] The challenge in this case is, that the efficacy of
human nucleoside/nucleotide kinases is often limited which would result in a restricted
therapeutic use of non pro-tide (nucleoside phosphoramidate) masked drugs. As
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another favorable effect, phosphoramidates improve the therapeutic potential by
completely masking the charges of the phosphate group, since negatively charged
molecules are unable to cross cell membranes. [227] The next subsection describes the
general principle of phosphoramidates in biological systems and the development of a
novel PL3 derived phosphoramidate probe.

2.1.2 Pro-Tide Probe PL3PA

Initially, phosphoramidates were only used as pro-tides for antivirals or
nucleoside-analogues in general. Recently, a lot of publications presented ap-
plications of phosphoramidates for different substance classes, e.g. phosphoserine [228]
or fosfoxacine [229]. The phosphoramidate moiety protects phosphate groups until
they are specifically cleaved in situ. Here, aryloxy (phenoxy, naphtyloxy) and
amino acid esters (i.a. l-alanine benzyl or isopropyl esters) are often used as
masking groups, since they ensure high membrane permeability caused by increased
lipophilicity. [225] McGuigan et al. showed in a study on 3’-azidothymidine (AZT), an
anti-human immunodeficiency virus (HIV) agent, that l-alanine yielded the most
potent phosphoramidate prodrug, compared to l-leucine or glycine. [230] Moreover,
AZT phosphoramidates were even active in thymidine-kinase deficient cells, proving
the ability of these compounds to deliver intact nucleoside analogue monophosphates
into intact cells. [231] In consequence, many different drugs with clinical applica-
tion, including sofosbuvir (77) and tenofovir (78), drugs against the hepatitis C
virus (HCV) and HIV, respectively, were developed (figure 2.4 A). [225] The mechanism
of phosphoramidate cleavage can be divided in four steps: two are enzyme-catalysed
and the other two occur spontaneously. First, the amino acid ester 79 is cleaved by an
esterase, which recognises the alanine functionality. [227] The resulting carboxylate 80
spontaneously attacks the phosphor intramolecularly leading to the heterocycle 81.
This cyclic anhydride undergoes hydrolysis to 82, which is not enzymatically catalysed.
Finally, the phopshoalanine is cleaved by cellular phosphoramidase to form the
monophosphorylated compound 83 (figure 2.4 B). Generally, phosphoramidate
compounds can be synthesised using a reactive phosphorochloridate agent, which is
formed in situ from a phosphorodichloridate species, prior to the addition of the
alcohol and a base (e.g. N -methyl imidazole), which is readily modified (figure 2.4 C).
This powerful technology is not only applicable to drugs but also to cofactors, as
Kielkowski et al. and Rauh et al. recently demonstrated in their studies on AMPylated
proteins utilizing an adenosine monopohosphate (AMP) phosphoramidate probe in
ABPP experiments. This probe is cleaved in situ to the monophosphorylated AMP
probe, which is further activated by cellular kinases to the active triphosphorylated
probe. [232–234]
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Based on this preliminary work, we wanted to design a PL phosphoramidate probe
based on an already existing probe scaffold. Such a probe could make the PLPome
profiling independent of cellular PLK activation, making it easier to access PLP-DEs
in human cells.

Initially, the plan was to synthesize a PL2 derived phosphoramidate probe. The
strategy was to first protect the phenolic alcohol at the C3-position of PL2 (65)
with an acidic cleavable protective group, yielding 87, and then couple the benzylic
alcohol with the phosphorochloridate to precursor 88. After deprotection, PL2
phosphoramidate 89 should be formed (scheme 2.2).
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Scheme 2.2: (A) Retrosynthesis of the desired PL2 phosphoramidate probe PL2PA (89). (B)
Synthesis of the reactive phosphorochloridate species 85 from dichloridate 90 and protected
l-alanine 91.

For this approach, different protective groups (PGs) for the C3 alcohol and bases for
prior deprotonation were elucidated directly on PL without any linker. Selectivity
for the phenolic alcohol was shown for all investigated reaction conditions, except for
MOM chloride and potassium carbonate. The latter reaction formed a bis-protected
system. Table 2.1 summarises the tested conditions in this simplified setting.
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Table 2.1: Protective Groups for C3’ in PL2PA Synthesis.

N

R1O

O

OR2

Base Reagent C3’ C5’ Yield

K2CO3 MOMCl MOM OMOM quant.

K2CO3 BnBr Bn OH 45%

NEt3 PivCl Piv OH 40%

NEt3 MOMCl MOM OH 20%

DIPEA MOMCl MOM OH 49%

With N,N -diisopropylethylamine as base and MOM chloride as reagent, C3’ protected
PL was isolated in 49% yield. With this compound in hand, a first test reaction with
the phosphorochloridate 85 was conducted leading to the formation of the desired
product 86. However, due to the low yield, no purification of the final product was
feasible. A possible explanation for the low yield could be the formation of an acetal
species (92), which could be verified by NMR. This observation is well known in
literature: PL or PLP are not only present as hydroxyaldehydes 93 but are in an
equilibrium with their corresponding hemiacetals (figure 2.5 A). [195] This was also the
case for our PL-probes. For example, the NMR-signal of the aromatic proton in the
hemiacetal-form of PL6 appears at 7.96 ppm with an integral of 1. In contrast to that,
the signal of the aromatic proton in the open form is visible at 8.15 ppm with an integral
of 0.04. [221] The equilibrium clearly lies on the side of the hemiacetal. Consequently,
the aldehyde moiety had to be protected, too, in order to achieve acceptable yields in
the coupling reaction (figure 2.5 B). Two main PGs for the aldehyde were investigated,
a methoxime (94) and an acetal (95) (figure 2.5 C).
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To yield the methoxime 94, PL was first reacted with methoxyamine hydrochloride in
ethanol at room temperature overnight. [219] Without purification, the methoxime was
converted to the MOM protected compound 94 in 62% yield. Subsequently, 94 was con-
verted with the phosphorochloridate 85 to result in the protected phosphoramidate 98.
With this compound and the precursor without the phosphoramidate moiety in hand, a
series of test-deprotections was performed, summarised in table 2.2. Mild acidic depro-
tections did not work at all, not even with subsequent heating of the reaction mixture.
Moreover, two mild deprotection reagents, 1,3-dibromo-5,5-dimethylhydantoin (DB-
DMH) [235], and 1,4-diazobicyclo[2,2,2]octane (DABCO) bromine [236], were applied
without any detected conversion. Apparently, the methoxime is highly stable, possibly
due to stabilisation effects within the extended π-system (figure 2.2). Only when using
concentrated chloric acid and 37% paraformaldehyde (CHO) the m/z (mass to charge
ratio) of the desired product found in the mass spectrum, but could not be isolated
due to a very low yield.
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Table 2.2: List of tested conditions for the methoxim deprotection.

N

OO
OR

N
O

N

HO
OR

O

P
O

OPh

H
N

O

O

Ph

R = H,

= PA
98 99

Reagent Temperature Rest Solvent Yield

HCl 0.5n r.t., then reflux PA H2O –

H2SO4 5% r.t. H H2O/acetone –

HCl 1.0n r.t. H THF –

HCl 10%, 37% CHO r.t. PA THF –

K2CO3 r.t. H EtOH –

DBDMH r.t. H DCM/H2O –

HClconc, 37% CHO r.t. H H2O product detectable

DABCO-Br2, 37% CHO r.t. H chloroform/H2O –

Next, the acetal compound 95 was tested as a suitable substrate. First, PL was
protected with 1,2-ethanediol and p-toluenesulfonic acid (p-TsOH). Then, reaction
with MOM chloride resulted in the acetal 95 with a yield of 45% over two steps.
Again, by conversion with the phosphorochloridate 85, phosphoramidate 100 was
obtained. For this compound, all deprotection reactions were conducted bearing the
phosphoramidate moiety. Again, several acidic reagents were used in order to fully
deprotect acetal and ether to the PL-phosphoramidate PLPA (99) (table 2.3)
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Table 2.3: List of tested conditions for the acetal deprotection.

N

OO
O

P
O

OPh

H
N

O

O

Ph

N

HO
O

P
O

OPh

H
N

O

O

Ph

OOO

100 99

Reagent Temperature Solvent Yield

TFA 90% r.t. H2O –

TFA 40% r.t. H2O –

HCl 1.0n r.t. then reflux H2O/acetone –

HCl 6.0n r.t. H2O –

H2SO4 5% r.t. then reflux H2O/acetone –

p-TsOH 25mol% r.t. then reflux H2O/acetone –

I2 10mol% r.t. acetone –

Different concentrations of trifluoro acetic acid (TFA) and HCl as well as sulfuric acid
and p-TsOH [237] did not show any product formation. In addition, iodine in acetone [238]
was also not able to cleave off both groups. Moreover, an open acetal, a semicarbazone
in particular, and a 1,3-dioxane were synthesised with the corresponding MOM group
at the C3’. While it was not possible to isolate the phosphoramidates of the open
acetal and the semicarbazone, the 1,3-dioxane could be isolated in 55% yield. However,
in accordance to all other investigated protective groups, final cleavage was also not
possible for the 1,3-dioxane (data not shown).

Due to the failed test reactions with the discussed system, which would have been
compatible with PL2 synthesis, we focused on a different strategy. This approach
is derived from the PL3 synthesis and utilises adjusted protective groups. First, a
minimal system without any tag was investigated. Therefore, PN hydrochloride (101)
was stirred in 2,2-dimethoxypropane (DMP) and catalytic amounts of sulfuric acid to
yield acetonide 102 quantitatively. Now, the 5’ alcohol could react with the phospho-
rochloridate 85. Luckily, phosphoramidate 103 could be isolated in 79% yield using the
standard reaction conditions. Thereafter, the pure compound was stirred in 90% TFA
and reaction controls were measured every 30minutes. After 1.5 hours, an almost full
conversion to diol 104 was detected. The last step, an oxidation to the 4’-aldehyde had
to be optimised, since the first reaction using manganese(IV)-oxide in dichloromethane
did not result in any product, even after addition of 12 equivalents MnO2 in total
and some methanol. Acetone as solvent did also not yield the desired product. Dess-
Martin-periodinane as oxidising agent gave the acid instead of the aldehyde and
was therefore not further investigated. As a last try, MnO2 in chloroform without
methanol, which was responsible for a methyl ester formation in prior experiments,
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resulted in the phosphoramidate PLPA (99) in 74% yield (scheme 2.3).
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yields PL phosphoramidate PLPA (99).

With this optimised route, a PL3 derived phosphoramidate synthesis was considered.
For this, a different protective group was chosen, because during PL3 synthesis, the
5’-alcohol protective group, a para-methoxybenzyl (PMB) ether, is deprotected in
the very last step, which would be insufficient since this position has to be modified
prior to re-oxidation of the aldehyde. Therefore, tert-butyldimethylsilyl protected
acetal 105 was synthesised from alcohol 102 using imidazole as a base. Due to its
stability to bases, nucleophiles and oxidation, the TBDMS-group suited perfectly for
our purposes. [239] The next series of reactions were adapted from the PL3 synthesis
by Hoegl et al. [151] First, protected acetonide 105 was oxidised to the N -oxide 106
using meta-chloroperbenzoic acid (m-CPBA), which was used directly in the next
step without further purification. Subsequently, trifluoroacetic anhydride (TFAA) and
methanol were utilised in a Boekelheide-rearrangement [216] yielding 2’-alcohol 107
in 60% over two steps. Activation to the 2’-chloride 108 by thionyl chloride at 0 °C
allowed substitution with sodium azide at 100 °C, yielding azide-tagged compound 109
in 66% over two steps. At this stage, the 5’-TBDMS protective group was removed by
tetrabutylammonium fluoride (TBAF) giving alcohol 110 in 71% yield. Next, coupling
with the reactive phosphorochloridate species 85 gave the protected, azide-tagged
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phosphoramidate 111 in 80% yield after purification by flash chromatography. The
critical next step was successful for the azide-tagged system, too. Here, diol 112, termed
PN3PA, was isolated in 46% yield after stirring acetonide 111 in 90% TFA for 2 hours
at room temperature. Finally, oxidation by MnO2 led to the final PL-phosphoramidate
probe PL3PA (113) in a yield of 63% (scheme 2.4).
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Scheme 2.4: PN-HCl (101) is first protected as acetonide 102, followed by its benzyllic alcohol
protection to silyl ether 105. Oxidation to the N-oxide 106 with m-CPBA and subsequent
Boekelheide-rearrangement leads to 2’-alcohol 107. After activation to the chloride 108,
substitution with sodium azide leads to compound 109. After removal of the TBDMS protective
group using TBAF, reaction of alcohol 110 with the phosphorochloridate 85 leads to protected
phosphoramidate 111. Acetonide cleavage to precursor PN3PA (112) and subsequent oxidation
by MnO2 leads to the formation of final phosporamidate probe PL3PA (113).
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The 31P-NMR analysis indicated the presence of two diastereoisomers (≈1:1) with
the chiral center at the phosphorus atom. This is in accordance with other phospho-
ramidate syntheses. [231,232,240] In a total yield of 5.8% over 10 steps, the first described
PL-phosphoramidate ABPP probe PL3PA was synthesised, derived from PL3. With
the novel PL3PA probe, we hope to achieve more efficient enrichment of PLP-DEs,
particulary in human cells, as we bypass the limitation of their PLK. Nevertheless,
only a biological evaluation of this probe can reveal its suitability for our purposes,
which will be discussed in the next section.

2.1.3 Synthesis of Phenelzine Analogues

For our screening and competitive labelling experiments, T. E. Maher synthesised
analogues of the hydrazine compound phenelzine, which was shown to be active against
S. aureus. [170] We utilised a protocol by Prusevich et al. to synthesise the respective
hydrazine compounds 114 from appropriate alkyl halides 115. [241] Hydrazine monohy-
drate was added to the stirred solution of educt halide 115 in ethanol, and the reaction
was refluxed overnight (figure 2.6 A). After purification by preparative reversed-phase
high-performance liquid chromatography (HPLC), products were obtained as TFA
salts (figure 2.6 B).
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Figure 2.6: (A) General synthesis of phenelzine derivatives 114 by substitution of halides 115
by hydrazine. [241] (B) Structures of the 10 synthesized phenelzine derivatives.

With these derivatives in hand, the aim was to investigate the influence of structural
modifications of phenelzine on the antibiotic activity.
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2.2 Biological Evaluation of the Probes

The active form of vitamin B6 is PLP, which is phosphorylated from precursors
according to figure 1.2. For instance, PL is phosphorylated by cellular PLK. Since
our PL-probes are derived from PL, we first investigated whether bacterial kinases
are still able to phosphorylate our probes, bearing structural modifications at several
sites, into their PLP derivatives.

2.2.1 Phosphorylation by pdxK and SaPLK

The probe phosphorylation was monitored in vitro by measuring the UV/Vis absorbance
spectra of a mixture of the corresponding probe, the S. aureus PLK (SaPLK ) or
the E. coli PLK (pdxK ) and adenosine triphosphate (ATP) in kinase buffer, which
contained MgCl2 for ATP complexation. pdxK was cloned and purified from E. coli,
whereas SaPLK was purified from a vector, which was already used in previous
studies. [242] The spectroscopic properties of PL and PLP derivatives, which absorb
light at around 320 nm and 395 nm, respectively (figure 2.7 A), were already utilised in
our earlier study in human cells in order to investigate the phosphorylation turnover of
human PLK with PL1, PL2 and PL3. [152] Similarly, we performed a phosphorylation
assay using all 13 PL-probes with kinetic intervals of 40minutes and 20 cycles in total.
As an example, PL2 phosphorylation by SaPLK and pdxK is depicted in figure 2.7 B
and C (all other compounds are shown in figure A.1 and A.2). The absorbance
of the unphosphorylated species decreased over time, while the absorbance of the
phosphorylated species increased. This two-species state reached an equilibrium during
the last few measurements. Probes with larger modifications at the C6-position, like
PL11 and PL12, were phosphorylated to a very low extent, as visible in figure 2.7 D,
corresponding to SaPLK and pdxK, respectively. Moreover, SaPLK seemed to be less
restricted in substrate specificity, as the overall phosphorylation efficiency was higher.
Nevertheless, pdxK showed higher phosphorylation efficiency for PL13 while PL9
showed significantly different phosporylation, too.
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Figure 2.7: (A) Activation of PL-probes by pyridoxal kinases pdxK or SaPLK was monitored by
measuring UV/Vis absorbance over time. (B) Phosphorylation of PL2 by SaPLK (measurement
every 40min, 20 cycles, n=3, mean±SEM). (C) Phosphorylation of PL2 by pdxK (measure-
ment every 40min, 20 cycles, n=3, mean±SEM). (D) Qualitative comparison of PL probe
phosphorylation efficiency. Here, the difference of initial and final absorbance at wavelengths
of the respective phosphorylated compound is depicted. For PL6 SaPLK phosphorylation, the
difference of initial and final absorbance at wavelengths of the unphosphorylated compound is
depicted. For PL13, phosphorylated compound absorbed at 320 nm and unphosphorylated at
wavelengths outside the measuring range. Adapted from Pfanzelt et al. [170]

We detected phosphorylation of most of our probes in vitro, which is a prerequisite
for efficient labelling of PLP-DEs. The next evaluation step of our library was the
supplementation of PLP by our probes in a PLP de novo synthesis knockout strain
E. coli K12 in order to show, that our probes can function as cofactor surrogates.
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2.2.2 Growth Studies

Similar to our previous study in S. aureus, we utilised a single-gene knockout mutant of
E. coli K12, termed E. coli K12 ∆pdxJ, lacking PLP de novo synthesis. To generate
this knockout mutant, the pyridoxine 5’-phosphate synthase pdxJ was disrupted by
inserting a kanamycin cassette into the open-reading frame (ORF) of pdxJ (originated
from the Keio collection, kindly provided by Prof. K. Jung from the LMU, Mu-
nich). [243] This organism was chosen not only in order to apply our strategy to other
bacteria, but especially to Gram-negative ones, known to be challenging to address.
Unlike Gram-positive bacteria, Gram-negatives possess a second membrane. These
two membranes often block the uptake of small molecules. [244–246] Prior to growth
experiments, the correct knockout insertion was verified by colony PCR, confirming
the insertion of the kanamycin resistance cassette in the correct ORF (data not shown).
For growth studies, bacteria were grown in chemically defined media (CDM) [247] lacking
PL supplemented with certain concentrations of natural PL or probe in a 96-well
plate. The absorbance was measured at 600 nm every 30minutes for 24 hours. Probes
PL1, PL2, PL3, PL6, PL8, PL10 and PL13 were tested (figure 2.8, figure A.3).
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Figure 2.8: Growth of E. coli K12 ∆pdxJ in CDM supplemented with different concentrations
of PL (A), PL2 (B), PL3 (C) and PL13 (D). Adapted from Pfanzelt et al. [170]

Bacteria grew normally in CDM supplemented with natural PL at a concentration of
250 nM or more. On the contrary, they were not able to grow on PL2 supplementation,
a finding we also observed for the S. aureus transposon mutant in our previous
studies. [151] While E. coli could grow on 10µM PL3 to the same extent as with natural
PL, higher concentrations (100 and 200µM) showed toxic effects. Surprisingly, PL13
supplementation led to normal growth from 10µM or more. These results corroborate
two important findings: First, the knockout mutant is clearly dependent on PL
supplementation. Second, some of the probes are able to function as replacements for
natural PL. Even though bacteria could not grow on some of the probes, they still
fulfil their purpose as we already exemplified in previous S. aureus PL2 labelling. [151]
Some PLP-derivatives are unable to support enzymatic catalysis but are able to bind
to certain PLP-DEs (see section 2.1). [34,203,209,214,215,248]

However, since the amount of probes needed for full growth are synthetically imprac-
tical, we decided to adopt the previously used strategy in which the bacteria are first
grown to stationary phase in media containing PL and then transferred into media
supplemented with the respective probe instead of PL. [151,248] Since full media, like



2.2. Biological Evaluation of the Probes 45

B-medium, contain yeast extract, a quantitative control of the vitamin B6 amount
is not feasible. In a summary table of dried yeast extract ingredients by Tomé et
al., 100 g of yeast extract is said to contain 8mg of vitamin B6. [249] The B-medium
used in this study contains 0.5% yeast extract, leading to an approximate vitamin B6
concentration of 1.2µmol. This is almost 5 times higher than our obtained 250 nM
PL-concentration, which was needed for full growth.

We therefore anticipated that lowering the concentration of endogenous PL in growth
media would in turn maximize the incorporation of our PL-probes into PLP-DEs in
our in vivo labelling setting. As we observed in growth studies, 250 nM of PL is the
minimal concentration, which provided normal growth. We subsequently established
growth conditions for all strains investigated in this study. For all strains, no matter if
wild type or mutant, cultivation with a suitable CDM supplemented with 250 nM PL
resulted in reliable growth and sufficient amount of bacteria for preparative labelling
experiments (figure A.4). [170]

With the optimised growth conditions in hand, we first performed analytical labelling
experiments in E. coli (PL3 and PL13). Secondly, we optimised our previously
published preparative labelling conditions in the S. aureus transposon mutant and
compared different probe concentrations as well as two different media.

2.2.3 Analytical Labelling

As described in figure 1.8, fluorophores as reporter groups allow the visualisation
of labelled proteins after SDS-PAGE. [250,251] To asses our experimental setup, we
performed gel-based labelling in both E. coli K12 wild type (wt) and knockout strain.
After growth of bacteria in CDM and labelling with probes PL3 and PL13 in PL-free
CDM, bacteria were lysed and internal aldimines were reduced by NaBH4. Upon
Staudinger-ligation with rhodamine phosphine (PL3) or CuAAC to rhodamine
azide (PL13), several labelled proteins could be visualised by fluorescence scanning (fig-
ure 2.9). [170]
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3

Figure 2.9: Analytical, gel-based labelling of PLP-DEs in E. coli wt and ∆pdxJ at different
PL3 and PL13 concentrations. Equal protein concentrations after gel loading was confirmed by
Coomassie gel staining (Loading Control). Adapted from Pfanzelt et al. [170]

For both probes, bands are visible at probe concentrations of 10µM or more, at least
in the knockout strain. Interestingly, PL3 was able to compete with endogenous PLP,
indicated by specific bands in the E. coli wt samples. In case of PL13, the probe did
not seem to be able to replace natural PLP, resulting in no clearly visible fluorescent
bands in the wt samples.

2.2.4 A Refined Preparative Labelling Strategy

As our previous study concentrated on the S. aureus PLPome, we wanted to optimise
our previous labelling strategy regarding probe concentration and growth medium.
Thus, we tested the effect of PL2 concentration at 10 and 100µM and B-medium vs.
CDM on the labelling efficiency in S. aureus USA300 TnpdxS. Interestingly, we could
increase the number of significantly enriched PLP-DEs from 20 (B-medium, 100µM
PL2) [151] to 27 in CDM with 100µM PL2 (figure 2.10). This benchmark experiment
confirmed 100µM as optimal probe concentration as well as growth of bacteria in
CDM (the labelling time of 2 hours has not been changed, since it was shown, that
almost 100% of PL2 was metabolised into PL2P after this time [151]). Enrichment of
more enzymes was even achieved with 10µM PL2 in CDM compared to 100µM of
the probe in B-medium. These optimised conditions will be adopted for all further
labelling experiments.
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Figure 2.10: Comparison of enriched PLP-DEs in S. aureus using different media (B-medium,
BM or chemically defined medium, CDM) and different PL2 concentrations (10 and 100µM).
Enrichment compared to DMSO representing the t-test results [criteria: log2(enrichment) > 1
and p-value<0.05, n= 3]. Adapted from Pfanzelt et al. [170]

This observation confirmed our previous assumption, that lowering the PL amount in
the growth phase has a positive impact on the later incorporation of cofactor mimics.

2.2.5 The Pro-Tide Probe PL3PA

The pro-tide probe PL3PA was primarily developed to tackle the phosphorylation
issues in human cells. However, before applying the probe in HeLa cells, we investigated
its ability to support bacterial growth, similar to other PL-probes as discussed before.

A BPL3PA and PN3PA PLPA

Figure 2.11: Growth of E. coli K12 ∆pdxJ in CDM supplemented with different concentrations
of PL3PA, PN3PA (A) and PLPA (B).

We therefore supplemented E. coli K12 ∆pdxJ in CDM with various PL3PA con-
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centrations. Simultaneously, we applied the precursor compound PN3PA and the
minimal pro-tide PLPA to the bacteria for comparison (figure 2.11).

PL3PA at 10 and 100µM supports growth almost to the same extent as nat-
ural PL, though with a delay in time. Interestingly, at 10 and 100µM PN3PA
supplementation there is a lag in bacterial growth, similar to the one at high PL3
concentrations (figure 2.8 C). While in the case of PL3 this effect is most likely due
to toxic effects, in the case of PN3PA a lack of oxidation to the aldehyde could be
responsible for the delayed growth. Nevertheless, this hypothesis was never proved.
The PL-phosphoramidate without tag, PLPA, was able to support sufficient growth
from 1µM or more, representing the four-fold concentration of natural PL needed
for full growth. This fact could be explained by the cleavage of the phosphoramidate,
which is a time consuming step. [252]

However, with this data in bacteria no conclusions could be drawn regarding the
selectivity of the phosphoramidate cleavage, nor the fact, that those compounds get
cleaved at all in bacteria.

As a next step, we performed gel-based analytical labelling in HeLa cells. For this
experiment, confluent cells were treated with 10, 50 or 100µM PL3PA for 1.5 hours
or overnight. Furthermore, labelling after various incubation times at 50µM PL3PA
was conducted as well (0.5, 1.5, 3 and 6 hours), which is shown in figure 2.12.
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Figure 2.12: Analytical labelling of HeLa cells with PL3PA using different concentrations at 1.5 h
and 22 h incubation time (left) or different incubation times (right) at 50µM probe. Equal protein
concentrations after gel loading was confirmed by Coomassie gel staining (Loading Control).

Here, Staudinger-ligation with rhodamine-phosphine was performed after labelling,
lysis and reduction with NaBH4. Satisfyingly, in the negative control (DMSO), no
band was visible, indicating low side reactivity. Moreover, increasing concentrations
of PL3PA resulted in a higher intensity of labelled protein bands. Labelling time
investigation revealed a decrease in labelling over time, whereas after 0.5 hours, most
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intense labelling was observed. This unexpected observation is still not fully understood,
but a possible explanation will be given after discussing the preparative labelling in
HeLa cells with the pro-tide probe PL3PA. After labelling of confluent cells with
50µM PL3PA for 30minutes, we further followed the protocol by Fux et al. for
the downstream processing of samples. [152] The MS analysis provided almost 1000
proteins, which were significantly enriched by PL3PA. However, a closer analysis of
the enriched proteins is not meaningful due to the low selectivity of the probe. A
possible explanation for the high number of enriched proteins is difficult, however, one
property of the probe could cause an enrichment of many proteins within a certain
time frame. As detected in the analytical labelling, the intensity of bands decreases
over time. Since we added sodium borohydride immediately after labelling, there could
have been an activation of several protein residues that could have nucleophilically
attacked the still uncleaved phosphoramidate molecules, which would have resulted
in an enrichment of a huge number of proteins (scheme 2.5). Especially the probe
itself (113), the benzyl-ester cleaved intermediate 116 and the heterocycle 117 are
highly electrophilic and presumably reactive towards nucleophiles.
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Scheme 2.5: The three electrophilic species 113, 116 and 117 could be responsible for side
reactions with protein residues causing a high number of enriched proteins in our labelling
experiment in HeLa cells. A short labelling time is therefore not sufficient for our purposes.

We did not test a different labelling time thus far, but the longer the probe is present in



50 2. Results and Discussion

the cells, the more active PL3P should be formed which in turn should result in more
specific labelling. For future experiments, it would be reasonable to first investigate
the PL3PA-cleavage with purified enzymes in vitro before improving the labelling
conditions. Another possibility would be the metabolic quantification of PL3P (119)
after certain dwell times of the parent probe PL3PA in the cells. Here, one could
identify the appropriate time with the highest PL3P concentration.



2.3. PLPome Profiling 51

2.3 PLPome Profiling

All synthesised PL-probes were evaluated regarding their suitability for in vivo pro-
teomics experiments. In vitro phosphorylation studies revealed efficient phosphory-
lation of most of the probes by S. aureus and E. coli pyridoxal kinases. Moreover,
applicability of PL probes as cofactor substitutes was elucidated via bacterial growth
studies in the E. coli knockout mutant. Further, gel-based labelling experiments
confirmed the ability of selected probes to function as PLP-DE detection handles in
situ. With this evaluation data in hand, we followed up with MS-based proteomics in
order to investigate PLP-DEs in S. aureus USA300 TnpdxS, E. coli K12 ∆pdxJ and
P. aeruginosa PAO1 wt.

2.3.1 S. aureus PLPome

Following our chemical proteomic protocol [151] with the refined parameters, we first
investigated the S. aureus USA300 TnpdxS PLPome with all of our PL-probes. Cells
were grown in CDM for 10 hours to stationary phase, incubated with 100µM probe
for 2 hours, lysed using Lysostaphin and internal aldimins were reduced using NaBH4.
Upon precipitation of proteins, CuAAC to biotin-azide or Staudinger-ligation
to biotin-phosphine (in case of PL3) allowed enrichment of the labelled proteome
via avidin-beads. Tryptic digest followed by LC-MS/MS analysis and subsequent
LFQ-quantification [174] revealed characteristic patterns of significantly enriched
PLP-DEs [cut-off criteria: log2 =1 (2-fold enrichment) and p-value< 0.05] which are
visualized in corresponding volcano plots individually (figure 2.13 A, figure A.5) as
well as summarised in a heatmap (figure 2.13 B). Notably, we were able to significantly
enrich 71% of the known and predicted PLPome including 7 additional proteins
representing a remarkable improvement by our refined strategy and extended probe
library. Our expectations were exceeded by the fact that it was possible to achieve
specific labelling of certain PLP-DEs with individual probes. Among the enriched
enzymes was the cystein biosynthesis enzyme cystein synthase (A0A0H2XG73, cysK,
13) [253], which was detected the first time with PL10. Moreover, enzymes such as the
Cys/Met metabolism enzyme A0A0H2XFH9 (7) or the essential A0A0H2XGZ5 (16), a
gluconate operon transcriptional repressor [254] were detected. Additionally, an unchar-
acterised helix-turn-helix (HTH) type transcriptional regulator [65] A0A0H2XF80 (2),
found by PL12 and PL13, as well as A0A0H2XHJ5 (21), an uncharacterised
PLP-DE, found by PL1, PL2, PL3 and PL10, which is essential for growth [254]

were enriched with our PL-probes.
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Figure 2.13: (A) Volcano plot of PL2 enrichment at 100µM in S. aureus USA300 TnpdxS com-
pared to DMSO representing the t-test results [criteria: log2(enrichment) > 1 and p-value< 0.05,
n= 3]. Blue colours depict PLP-DEs. Assigned numbers refer to table A.1. Remaining plots are
shown in figure A.5 (B) Heatmap representing log2(enrichment) values of all known or putative
PLP-DEs in S. aureus for all 13 PL-probes (n=3). Enriched proteins have log2(enrichment)
values higher or equal 1. Not detected (ND) proteins are coloured white. PLP-DEs with a
putative function or which are poorly characterised are marked with an asterisk. Essential enzymes
are marked with a #. [254] This annotation is based on a recent literature research. Adapted from
Pfanzelt et al. [170]



2.3. PLPome Profiling 53

With the overall improvement of the PLP-DE detection in S. aureus, we next started
to analyse the PLPome of more challenging Gram-negative bacteria. To face this
challenge, we first utilised the pdxJ single-gene knockout mutant of E. coli K12. [243]

2.3.2 E. coli PLPome

Applying the same refined strategy in E. coli led to a significant enrichment of 38
PLP-DEs representing 61% of the known or predicted E. coli PLPome for the first
time (figure 2.14). [11,64] The overall coverage reflects the individual labelling preferences
of our 13 PL-probes. This fact highlights that the structural variety of the probes is a
prerequisite to address various binding sites of PLP-DEs. Similar to the S. aureus
PLPome profiling, relevant subclasses of PLP-DEs could be accessed with our new
PL-probes, which would otherwise not have attracted our attention. Again, many newly
detected PLP-DEs fulfil essential functions, such as alaC (3), an aminotransferase
involved in alanine biosynthesis [255], enriched by PL6, iscS (30), an essential cysteine
desulfurase [256], andmetB (37), a cystathionine gamma-synthase involved in methionine
biosynthesis [257], both exclusively enriched by PL10. Again, structural modifications
at the PL scaffold, such as the C6-derivative PL10, complement our detection mimics
by satisfying structural preferences of certain PLP-DEs. Remarkably, this probe
was also able to detect and enrich a putative HTH-transcriptional regulator, termed
ydcR (57). Along with yjiR (63), ydcR is one of the two putative TR’s in E. coli. [11]
Since PLP-DEs in E. coli are quite well investigated, we focused on the characterisation
of ydcR, which will be discussed later.

Overall, we managed to access the PLPome of E. coli as a model Gram-negative
organism using our refined labelling protocol and the versatile PL-probe library. We
not only covered a large number of PLP-DEs but could also show the added value of
our method. Next, we tried to decipher whether our set of probes is able to compete
with endogenous PL in an wild type strain without having its PLP de novo synthesis
eliminated. Addressing this exciting question, we utilised P. aeruginosa PAO1, a
critical pathogenic bacterial strain, causing many deaths mainly due to its antibiotic
muliresistancy. [258,259] Especially in those strains, functional assignment of poorly
characterised protein classes is urgently needed. The goal of this task is to find novel,
unprecedented modes-of-action beyond the scope of well known drug targets.
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2.3.3 P. aeruginosa Wild Type PLPome

P. aeruginosa is one of the ESKAPE-pathogens, an acronym for multiresistant bacterial
strains. The group includes Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter
spp. [258] Similar to E. coli, P. aeruginosa has two cell membranes, which hamper
the uptake of small molecules tremendously. [244–246] Due to the lack of a suitable
transposon mutant or knockout strain of P. aeruginosa, we deliberately utilised the
wild type strain for our PLPome profiling. Since most of the PLP-DEs we have
investigated so far were detected by PL1, PL2, PL3, PL6, PL10 and PL13, we used
this set of six probes for mining the P. aeruginosa PLPome. Satisfyingly, applying our
refined labelling conditions enabled the enrichment of 51% of the known and predicted
P. aeruginosa PLPome (figure 2.15). [64] Here, PL2, PL6 and PL10 contributed the
most to the overall coverage. Among the hits were aruH (4), an aminotransferase
involved in arginine degradation [263], enriched by PL10 and PA0394 (35), known as a
PLP homeostasis protein [63], which was enriched with PL2 and PL6 and homologue
proteins were also highly enriched in S. aureus (A0A0H2XHH8 ) and E. coli (yggS).
Moreover, ilvA2 (24), a threonine dehydratase inferred from homology [66], was highly
enriched by PL13 and PA5313 (68), a putative PLP-dependent aminotransferase [65,66],
was only enriched by PL10. Interestingly, PL10 attracted attention by its ability to
enrich putative or known transcriptional regulators. Differing from E. coli, where only
two TRs are known, P. aeruginosa has a lot more. Among them, PL10 could detect
PA2032, PA2100, PA2897 and PA5283. [65] This obtained selectivity could be caused
by extra space in the active site of this enzyme class, allowing C6-derivatives of PL to
bind selectively.

All three PLPome profiling experiments demonstrate that our PL-probes are able
to enter both Gram-positive and -negative bacteria, are then further activated by
cellular PLKs to the active cofactor mimics, which can compete with endogenous
PLP and finally bind to PLP-DEs. These internal aldimines can then be trapped by
reduction and after enrichment, PLP-DEs can be analysed by LC-MS/MS. Having all
these data in hand, we continued to pursue one of our main goals, the characterisation
of unknown or poorly characterised/putative PLP-DEs, which will be the topic of the
next section.
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2.4 Validation Experiments

A large proportion (30-40%) of genes in all genomes lack functional assignment
or is only poorly characterised. [264] This also applies to genes encoding PLP-DEs.
Sequence-based classification of these enzymes has led to the fold-type classification
without involving their catalytic function. [55] In contrast to this approach, Perducani
and Peracchi improved the functional assignment of PLP-DEs utilising reference
search models, which resulted in a detailed genomic overview. [62] Their studies fur-
ther resulted in the valuable vitamin B6 database, which lists not only the current
number of catalytic activities of PLP-DEs, but also their families, sequences and all
corresponding references. [22] Furthermore, Fleischman et al. utilised different methods,
including secondary structure matching (SSM) using the PDBeFold service in order to
characterise three aminotransferases from the human microbiom. [147] This structural
alignment again demonstrated the similarity of active sites of PLP-DEs, at least
among same reaction type classes, such as aminotransferases. Among others, classical
methods to study PLP-DEs include UV/Vis spectroscopy, since the enzymes show
characteristic absorbance spectra depending on their binding mode. For instance, inter-
nal aldimines (330-360 nm; 420-430 nm) show different absorbance maxima in contrast
to quinonoids (≈500 nm), external aldimines (≈430 nm) or PMP (330 nm). [213] Several
studies could qualitatively show substrate specificities of aminotransferases by investi-
gating changes in the UV/Vis spectrum after adding possible substrates. [147,151,213,265]
Another possibility is the LC-MS(/MS) based determination of reaction products upon
incubating unknown PLP-DEs with substrate libraries. A more complex in vitro
method is named activity-based metabolomic profiling (ABMP), where the protein of
interest is incubated with an metabolome extract. [248] Changes in metabolite levels
can then be measured by LC-MS(/MS). [266] In 2017, Sévin et al. could characterise a
unknown pyridoxine dehydrogenase (pdxI ) from E. coli utilising ABMP. [267] Together
with our PLPome profiling tool, we attempt to verify PLP binding as well as catalytic
insights of several putative PLP-DEs detected in our experiments.

A closer look at the enrichment data revealed a series of uncharacterised or poorly
characterised proteins. All of them were at least annotated as putativePLP-binders (by
UniRule [63], UniProt [64], InterPro [65] or GO [66]). We have then chosen proteins with
the lowest annotation state on UniProt [64] and cloned and overexpressed these proteins
in E. coli BL21 DE3 expression strains. After successful purification, proteins were
first measured in an intact-protein mass spectrometry (IP-MS) experiment in order to
confirm their identity as well as PLP-binding. For this, 10µM of the corresponding
apo-enzyme was measured without and with additional NaBH4, in order to reduce the
internal aldimine (figure 2.16).
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For further characterization, the proteins PA3659 and PA3798, two putative amino-
transferases and PA2683, a probable Ser/Thr dehydratase, all three from P. aeruginosa
were selected. Additionally, ydcR, a putative HTH-type transcriptional regulator from
E. coli as well as A0A0H2XHJ5, a putative cystein desulfurase from S. aureus were
investigated in more detail.

2.4.1 The Aminotransferases PA3659 and PA3798

Aminotransferases (ATs) belong either to the fold-type I or IV group and catalyse
the stereoselective transfer of an amino group from an amine substrate to ketones,
keto acids or aldehydes forming a chiral amine or amino acid and a new keto com-
pound. [58] ATs have become very popular in biotechnology as they can be applied
in the synthesis of optically pure amines, the production of polyamines (β, ω-amino
acids) or the chemo-enzymatic synthesis of drugs. [58,268,269] Most ATs are able to
transform a couple of substrate amines, such as the branched-chain l-amino acid
ATs (BCATs). With decreasing activity, they can convert l-Leu, l-Glu, l-Met, l-Phe,
l-Thr and l-Ala. [58] First insights into AT catalysis can be obtained by UV/Vis
spectroscopy, as PLP-species absorb at different wavelengths during the transamina-
tion (figure 2.17 A). [270,271]

First, PA3659 and PA3798 were amplified by PCR from P. aeruginosa PAO1 genome
using primers with Gateway® sequences. After cloning into the pET-55-DEST™ ex-
pression vector bearing a N-terminal STREP-II purification tag, both proteins were
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overexpressed and obtained in sufficient amounts. The catalytic activity of both
enzymes was investigated in UV/Vis screens with 20 l- and a mixture of 11 se-
lected d-amino acids (AAs). In figure 2.17 B, control samples and one example for a
non-substrate or a preferred substrate are shown, respectively. Upon PLP addition,
internal aldimine (red) peaks at around 400-430 nm increased in contrast to the corre-
sponding unsaturated enzyme (grey). Enzymes treated with hydroxylamine (blue),
which is able to replace PLP, were added as negative controls. The selected d-amino
acids (green) also did not show any conversion for both enzymes. Gly (purple) turned
out to be a non-substrate of PA3659 and l-Trp (brown) as a highly preferred one.
The same experiments were conducted for PA3798, hence with l-Ser as non-substrate
and l-Gln as a preferred substrate (figure 2.17 C). For both d-AAs and non-substrates,
no shifts of absorbance maxima were observed, meaning that no PMP was formed in
the end. On the contrary, the preferred substrates showed a decrease in absorbance
at around 400-430 nm and an increase at around 330 nm (PMP), confirming their
conversion. The full screens of all 20 natural AAs as well as the d-AA mix against
both enzymes are depicted in figure 2.17 D as individual heatmaps. Here, the relative
absorbance difference between protein only and protein plus AA at 390 nm (PA3659 )
or 430 nm (PA3798 ) is depicted. If an AA can function as substrate, its internal
aldimine peak decreases while the PMP absorbance peak increases.

Furthermore, preferred substrates of both enzymes were selected and transam-
inated products (α-ketoacids) were quantified by LC-MS/MS. Therefore, PA3659
and PA3798 (5µM) were individually incubated with 10mM l-Trp and l-Phe or
l-Gln and l-Met, respectively. Additional PLP (100µM) for enzyme saturation
and α-ketoglutarate (5mM) as amine acceptor were added to the reaction mixture.
After incubation at 37 °C for 30minutes, proteins were precipitated and then removed.
The soluble fractions were evaporated and dissolved in LC-MS solvents. Positive
controls showed signals during the applied parallel reaction monitoring (PRM) method.
This MS/MS (MS2) method detects the product molecule, selects and fragments it
resulting in a characteristic daughter ion spectrum. As expected, negative heat con-
trol (HC) samples did not show any product formation, confirming selective enzymatic
turnover (figure 2.18).

In summary, we cloned and expressed two putative aminotransferases from P. aerug-
inosa, found by our PLPome profiling, for which we confirmed PLP-binding by
IP-MS and substrate specificity by UV/Vis-spectroscopy. Furthermore, we were able
to confirm specific enzymatic turnover by a targeted metabolomics assay utilising a
LC-MS/MS method.
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2.4.2 The Serine/Threonine Dehydratase PA2683

The next P. aeruginosa protein for further characterisation was enriched by PL1
and PL2 and is annotated as probable serine/threonine dehydratase. [66] Just like
both ATs, PA2683 was cloned, overexpressed, purified and subsequently verified by
IP-MS (figure 2.16). Serine dehydrates, often called serine deaminases, are able to
dehydrate (-H2O) serine and often threonine. They thereby utilise PLP in a four
step mechanism, leading to the formation of an α, β-unsaturated amino acid. Upon
tautomerisation to an imine, subsequent hydrolysis leads to the formation of either
pyruvate (l-Ser) or oxobutanoate (l-Thr) (figure 2.6). [272,273] Of note, the internal
PLP aldimine is reformed after catalysis and requires no regeneration.
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First, a nicotinamide adenine dinucleotide (NADH)-coupled spectroscopic assay was
utilised for calculation of kinetic parameters for l-Ser conversion. A lot of improvement
steps were necessary to fulfil Michaelis-Menten kinetic prerequisites. Beside
optimisation of enzyme and substrate concentrations, addition of AMP and Mg2+

showed acceleration of the reaction. Addition of ATP and Mg2+ was already known
to enhance kinetics of serine dehydratases [274], however, AMP showed higher potency
as an accelerator in this study. In the end, we found that 2µM PA2683, 6mM AMP
and additional 100µM PLP worked best for our experimental setup using l-Ser
concentrations from 1mM to 2.5M. Moreover, parameters for the coupled assay were
optimised. After the formation of pyruvate, lactate dehydrogenase (LDH) converts it
to lactate, thereby consuming one equivalent NADH. The turnover of PA2683 can
therefore be measured by tracking the absorbance at 340 nm, the absorbance maximum
of NADH. Hence, 2.5mM NADH and 25µg LDH were added per reaction as well. A
series of negative controls was included, showing the integrity of the enzyme as serine
dehydratase (figure 2.19 A). Moreover, a profiling of possible substrates (l-Ser, d-Ser,
l-Thr and d-Thr) was conducted by a targeted metabolomics assay via LC-MS/MS.
This experiment revealed both serine and threonine dehydratase activity, however, with
preference of PA2683 for the l-enantiomers (figure 2.19 B). Together with PA2638,
a confirmed Ser/Thr dehydratase, we were able to give catalytic insights into three
putative PLP-DEs from P. aeruginosa, which we detected with our refined labelling
strategy.
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2.4.3 The Transcriptional Regulator ydcR

E. coli ydcr is described to be a MocR-like HTH-transcriptional regulator (TR) [65,66]
and related proteins have been described before. [74,75,265,275–277] Together with yjiR
they are the only two PLP-dependent MocR TRs in E. coli known so far. [276]
These proteins bear a PLP-dependent domain of the fold type I PLP-DEs and
a short N-terminal helix-turn-helix (HTH) domain which can bind to DNA. [277]
PLP-dependent MocR-TRs are often involved in PLP metabolism as well as γ-amino
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butyric acid (GABA) and taurine metabolism. [276] Moreover, genes encoding these TRs
are often auto-repressors, meaning that their corresponding apo-TRs either repress
expression of their own promoters, like apo-GabR, which needs PLP and GABA to
activate expression [73,74,276], or activate expression, like apo-PdxR, where PLP acts
as a repressor of expression. [276,278–281] As mentioned before, such TRs are likely to
bind to their own promoter regions. [276] Therefore, we had a closer look into the
genome and the promoter regions around ydcR itself (figure 2.20 A). The ydcQ/hicB
operon is located upstream of the ORF while the ydcSTUV-patD operon is located
downstream. The latter encodes a putative ABC transporter system for the transport
of putrescine. [282] PatD itself encodes a γ-amino butyraldehyde dehydrogenase. [283]
Although no target gene is adjacent, in contrast to other MocR-TRs [72], we thought
an influence of putrescine could play a role in binding affinity of ydcR. Here, we tried
to elucidate the binding region of ydcR experimentally utilizing an electrophoretic
mobility shift assay (EMSA). Therefore, we first cloned and overexpressed ydcR with
an attached maltose binding protein (MBP) due to solubility issues. Additionally,
yjiR-MBP was overexpressed as negative control in order to confirm selectivity of ydcR.
Thereafter, we generated fluorescent promoter regions of the ydcR promoter (PRydcR)
and the ydcSTUV-patD promotor (PRydcR-ydcS) (figure 2.20 B). The latter was included
as a negative control, since we did not expect binding to this fragment. We were
able to show specific binding of ydcR to its own promotor region PRydcR from 50 nM
ydcR or more in this experimental setup (figure 2.20 C). Mixing yjiR instead of ydcR
with PRydcR exhibited no binding, which underlines the specificity of ydcR for PRydcR.
The second important negative control, the incubation of ydcR with PRydcR-ydcS also
did not show any significant binding at 200 nM ydcR. We further tested, if PLP
or putrescin have an influence on DNA binding of ydcR (figure A.8). We could not
observe any significant difference, suggesting that the promoter acts independently –
at least in these in vitro assays.

We here elucidated the putative binding region of ydcR, a HTH-TR with a
PLP-binding domain. We observed specific binding of ydcR for PRydcR from 50 nM,
while binding of yjiR to PRydcR or binding of ydcR to PRydcR-ydcS could be excluded.
The final protein that we wanted to characterise further was A0A0H2XHJ5. This
protein was detected in competitive ABPP experiments which are discussed in
section 2.5.
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Figure 2.20: (A) Proposed binding site of ydcR between hicB and ydcR. [11] ydcR binds to
its own promoter PydcR. Situated downstream is the ydcSTUV-patD operon with its own
promoter PydcR-ydcS. (B) Fluorescent promoter regions PRydcR (189 bp containing a 5’-TAMRA)
and PRydcR-ydcS (244 bp containing a 5’-TAMRA) were generated by PCR with corresponding
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starting at 50 nM ydcR. Fluorescent fragments were used at 10 ng. The two lines (*) represent
shifted DNA-protein complexes. [72] As negative controls, we included samples w/o ydcR (lane
1), w/o PRydcR (lane 2), w/ PRydcR-ydcS instead of PRydcR (lane 5) and one sample with yjiR
instead of ydcR (lane 6). To exclude unspecific DNA binding, we added 2µg/µL salmon sperm
DNA (SSDNA) to each sample (except lane 7). Samples containing PLP (lane 3, 10 eq) and
PLP and putrescine (lane 4, 10 eq PLP, 400 eq putrescine) were included (see also figure A.8).
Adapted from Pfanzelt et al. [170]
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2.4.4 The Cysteine Desulfurase A0A0H2XHJ5

Cysteine desulfurases catalyse the β-elimination of l-Cys to l-Ala while forming an
enzyme-bound persulfide, which is subsequently incorporated via an acceptor pro-
tein (FeS assembly protein, iscU, sufU or nifU ) into many different biosynthesis
pathways such as FeS cluster, thiamine, biotin, lipoic acid and NAD biosynthesis (fig-
ure 2.7). [20] There are two different groups of Cys desulfurases, based on sequence
similarity: group I includes the nifS and iscS desulfurases, which contribute to minor
pathways of FeS cluster biosynthesis by mobilising sulfur from l-Cys as a substrate. [20]
Group II consists of the sufS desulfurase, which is mainly activated during stress. [20]
Both systems are widely distributed among procaryotes and higher organisms. In par-
ticular, within bacterial species, group I systems are mainly found in Gram-negative
bacteria like E. coli, while group II system is mostly found in Gram-positive bacteria
such as S. aureus or M. tuberculosis. [284] For B. subtilis and S. aureus, the suf -system
was shown to be essential for cell growth. [285,286] It was revealed that A0A0H2XHJ5
exhibits homology to the very same group II protein, sufS. [66,286] The lack of a trans-
poson mutant in the Nebraska transposon library of S. aureus suggests that this
protein is essential for cell growth. [254] Moreover, the fact that it was one of the hit
enzymes in our phenelzine target screen (subsection 2.5.1), we decided to confirm
its function as cysteine desulfurase and therefore approve it as a member of the
suf -family. Therefore, we cloned, expressed and purified the protein from S. aureus
similar to the other proteins already discussed. After verification of the correct mass
and PLP-binding, we tried to confirm its catalytic activity via a MS-based assay. For
this, we optimised previously published conditions and found 5µM A0A0H2XHJ5,
10mM l-Cys, 5mM dithiothreitol (DTT), 100µM PLP and the FeS assembly protein
A0A0H2XJC0 (sufU ) were sufficient and ideal for this experimental setup. [285,287]
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The formation of l-Ala after 40minutes incubation at 37 °C was detected by a LC-MS
method termed single reaction monitoring (SIM). Here, no MS2 method could be
applied due to the instability of alanine in the collision-induced dissociation (CID)-cell
in the mass spectrometer. Nevertheless, product formation could be reliably quantified,
which confirmed the activity of A0A0H2XHJ5 as cysteine desulfurase (figure 2.21).
Moreover, heat control samples (HC) did not show any product formation.
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Figure 2.21: LC-MS analysis of alanine after incubation of A0A0H2XHJ5 with l-Cys (n=3).
Heat control (HC) samples were treated equally except for incubating the protein for 5min at
95 °C prior to addition of substrates. Adapted from Pfanzelt et al. [170]

In summary, we were able to assign the function of five predicted PLP-DEs from
all three studied organisms. We could confirm the aminotransferase activity and
substrate selectivity of P. aeruginosa proteins PA3659 and PA3798. Further, we
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identified PA2638 as a serine/threonine dehydratase utilising a spectroscopic assay,
which revealed Michaelis-Menten kinetics, as well as a LC-MS/MS based detec-
tion of products. Next, we were able to show the binding site of ydcR, a putative
HTH-transcriptional regulator in E. coli by an EMSA. We found, that it selectively
binds to its own promoter region. Last but not least, A0A0H2XHJ5 from S. aureus
was confirmed to be a cysteine desulfurase via an LC-MS based metabolomics assay.

The second major goal of this work was to identify novel PLP-DE targets of
antibacterial drugs using our PL-probes in a competitive ABPP approach.
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2.5 Application: Screening for Potential Inhibitors

As discussed in the first chapter, a lot of inhibitors targeting PLP-DEs were developed
so far. However, the number of in vivo applications is low due to their associated side
effects. One marketed drug is DCS, which is used as second-line antibiotic against
tuberculosis. DCS inhibits cellular alanine racemase by a mechanism-based inhibition.
However, we were able to reveal three further PLP-DEs as major targets, DAT,
DAPDC and ODC (see section 1.5.2). [151] A competitive approach of our methodology
is therefore suitable to find antibacterial PLP-DE targets.

For our profiling, we first collected an inhibitor library consisting of 53 compounds,
which are either already known in vitro PLP-DE inhibitors, binders of PLP, struc-
turally related compounds to antibacterials or totally novel scaffolds (table 4.10), some
of which were synthesised in our laboratory. First, we pre-screened this library at
500µM against the three bacterial strains used in this study for growth inhibition.
Initial hit molecules were then further screened with a serial dilution down to 25µM.
To our delight, we observed hits in all three bacterial strains (figure 2.22). Interest-
ingly, all 14 molecules tested in the screen were active in S. aureus, five in E. coli
and only three in P. aeruginosa. This confirms the assumption that Gram-negative
bacteria are generally more difficult to access with small molecule inhibitors. Com-
pound CCG-50014, a mycobacterial alanine racemase inhibitor [101,103,104], exhibited
high activity in S. aureus as well as benserazide, a structurally related dihydrox-
yphenylalanine (DOPA)-decarboxylase inhibitor [9], which was also active in E. coli.
This compound is a prodrug, which forms a hydrazine upon hydrolysis, which is able
to bind PLP as hydrazone within the DOPA-decarboxylase. [9,290–292] Carbidopa, a
DOPA-decarboxylase inhibitor [9], and phenelzine, a nonselective monoamine oxidase
inhibitor [9], are both hydrazine compounds, which are generally known to bind plasma
PLP in the cell. [293] Both compounds were active down to 100µM in S. aureus. More-
over, MAC173979, an inhibitor of para-aminobenzoic acid (PABA) biosynthesis under
nutrient limitation, was shown to exhibit moderate activity in S. aureus. [294,295] There
are three enzymes involved in PABA biosynthesis from chorismic acid, pabA, pabB
and pabC, of which pabC is a PLP-dependent aminodeoxychorismate lyase. [294] The
remaining hit compounds are derivatives of phenelzine, which were synthesised by
T. E. Maher. [170]
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As a first compound for competitive PLP-ome profiling in S. aureus, we have chosen
the aromatic hydrazine phenelzine.

2.5.1 Phenelzine in S. aureus

Phenelzine is a marketed drug in the united states and used as non-selective, irreversible
monoamine oxidase inhibitor for the treatment of depressions and panic attacks. [296]
Often, patients resistant to other drug treatments, respond to phenelzine, making it a
second-line antidepressant. [297] Unfortunately, phenelzine has a lot of side-effects due
to its unselective target binding. Among MAO-A and MAO-B, the desired targets,
it also inhibits alanine-transaminase and GABA-AT. [298,299] In addition, phenelzine
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has the ability to bind free PLP in the plasma. Malcolm et al. found in a group
of 19 patients treated with phenelzine, that PLP plasma levels were reduced on
average to approximately 54% compared to a control group. [293] Nevertheless, due
to its antibacterial potency, we set up a competitive labelling experiment utilising
PL2, since this probe covers the majority of PLP-DEs in S. aureus. According to
figure 1.10, we treated cells with three different molar ratios of phenelzine, 75µM,
100µM and 1mM. Additionally, samples to which we first added methylhydrazine
prior to probe treatment and samples with probe labelling prior to phenelzine addition,
were included. With these control experiments, we aimed to exclude false positive
hits. This resulted in several PLP-DEs, which were competed by phenelzine with high
confidence (table 2.4, highlighted in green). These hit enzymes could be enriched by
PL2 and were competed by phenelzine at 1mM. However, methylhydrazine did not
show competition confirming a selective inhibition by phenelzine, suggesting that the
structural features of phenelzine itself and not mere hydrazine reactivity are responsible
for the inhibitory effect. We further anticipated that our probes could react directly
with phenelzine in the bacterial cells or even in the reaction mixture. This is why
we included the second control experiment, in which we first applied PL2 and then
phenelzine afterwards. We allowed PL2 to enter the cells and get activated by SaPLK
before phenelzine could be able to trap the probe. Since some enzymes, highlighted
in orange, show competition with methylhydrazine but with phenelzine after PL2
treatment as well, these PLP-DEs were added to the hit enzymes. These enzymes
could be inhibited by phenelzine, but also show off reactivity towards hydrazines in
general. Only one protein, A0A0H2XI95 was not enriched by PL2 but competed by
phenelzine, which is why we labelled it as a false positive hit enzyme (table 2.4). Of
note, only A0A0H2XFB2 and Q2FFN1 were found to be competed at 100 and 75µM
phenelzine. This lack of competition at these concentrations could be due to the fact,
that hydrazine compounds are highly reactive towards a series of compounds within
the cell, which lowers their level of active species. These effects are also known as
hydrazine poisoning in general.
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Table 2.4: List of PLP-DEs, which were competed with phenelzine at 75µM, 100µM and 1mM.
As a control, bacteria were treated with methylhydrazine prior to PL2 labelling. Proteins in
green could be enriched as well as competed by phenelzine but not by methylhydrazine. Proteins
highlighted in orange were both competed by phenelzine and methylhydrazine, indicating a
possible unspecific inhibition by hydrazines. The red coloured protein could not be enriched and
represents therefore a false positive hit. n.d.= not detected.

Uniprot ID Enrichment
PL2

Competition
Phenelzine

Competition
Methyl-
hydrazine

Competition
PL2 first Essential

1mM Phenelzine; 1mM Methylhydrazine, 100µM PL2

A0A0H2XFD9 + + - + -

A0A0H2XHH8 + + - - +

A0A0H2XII6 + + - - -

A0A0H2XIV3 + + - - -

Q2FF55 + + - - +

A0A0H2XFA8 + + + + -

A0A0H2XFB2 + + + + -

A0A0H2XFF8 + + + + -

A0A0H2XG37 + + + + -

A0A0H2XHJ5 + + + + +

A0A0H2XIS2 + + + + -

Q2FF63 + + + + -

Q2FFN1 + + + + -

A0A0H2XI95 - + - - -

100µM Phenelzine; 100µM Methylhydrazine, 100µM PL2

A0A0H2XFB2 + + - - -

Q2FFN1 + + - - -

Q2FHT1 - + - - +

75µM Phenelzine; 75µM Methylhydrazine, 100µM PL2

A0A0H2XFB2 + + n.d. n.d. -

Q2FFN1 + + n.d. n.d. -

Q2FHT1 - + n.d. n.d. +



2.5. Application: Screening for Potential Inhibitors 73

A plot comparing the LFQ-intensities of DMSO control, PL2 enrichment and the three
different applied phenelzine concentrations for five representative PLP-DEs is depicted
in figure 2.23. As A0A0H2XII6, a Orn/Lys/Arg decarboxylase, and A0A0H2XHJ5,
an essential putative cysteine desulfurase, which we could confirm previously in this
study were both out-competed by phenelzine we chose these two PLP-DEs for further
target validation.
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Figure 2.23: (A) Profile plot of selected proteins from Phenelzine competitive labelling in
S. aureus USA300 TnpdxS. LFQ intensities of 3 individual replicates are depicted. Essential
enzymes are marked with a #. [254] (B) Structure of Phenelzine and volcano plot of Phenelzine
competitive labelling at 10mM compared to 100µM PL2 representing the t-test results [criteria:
log2(enrichment) > 1 and p-value<0.05, n= 3]. Adapted from Pfanzelt et al. [170]



74 2. Results and Discussion

2.5.1.1 Target Verification by Mass Spectrometry

A0A0H2XII6 is a poorly characterised PLP-DE with Orn/Lys/Arg decarboxylase
function. [64] A0A0H2XHJ5 is a cysteine desulfurase as discussed in section 2.4.4. Since
both proteins were out-competed by phenelzine, we wanted to confirm that phenelzine is
able to inhibit their function in vitro, too. For this, we utilised a targeted metabolomics
assay similar to the one confirming the enzymes activity. First, the enzymes were cloned,
overexpressed and purified. After confirming PLP-dependency and correct mass by
IP-MS (figure 2.16), we performed an activity assay with 5µM protein, 10mM l-lysine
and 100µM PLP for 30min at 37 °C in case of A0A0H2XII6. A0A0H2XII6 catalyses
the decarboxylation of l-lysine to cadaverine. For inhibition studies, A0A0H2XII6 was
preincubated with phenelzine at different concentrations (1mM, 100µM, 50µM, 25µM
or 12.5µM) at 37 °C for 40minutes. In case of A0A0H2XHJ5, we incubated 5µM
protein with 2µM A0A0H2XJC0, 10mM l-cysteine, 5mM DTT and 100µM PLP.
Here, A0A0H2XHJ5 was preincubated with 10mM, 1mM, 100µM, 50µM, 10µM or
1µM phenelzine. After incubation, assays were terminated by adding cold acetone,
causing protein precipitation. After the extraction of reaction products, analysis of
cadaverine (A0A0H2XII6 ) by a PRM method and alanine (A0A0H2XHJ5 ) by a SIM
method revealed inhibition for both enzymes by phenelzine (figure 2.24).
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Corresponding half maximal inhibitory concentrations (IC50) of phenelzine were calcu-
lated to be 50.03±1.07µM for A0A0H2XII6 and 14.70±1.22µM for A0A0H2XHJ5.

In summary, we were able to apply our probe PL2 in a competitive labelling
experiment elucidating the PLP-DE targets of the hydrazin compound phenelzine in
S. aureus. The profiling revealed a list of compounds, two of which we were able to
further validate by MS-based assays. Since A0A0H2XHJ5 is an essential PLP-DE,
along with Q2FF55 and A0A0H2XHH8, we assume that they contribute to the overall
antibiotic activity of phenelzine in vivo.

2.5.2 Benserazide in S. aureus

The prodrug benserazide exhibits high antibacterial activity in S. aureus and low
activity in E. coli. Benserazide is most likely cleaved hydrolytically to its respective
hydrazine compound, which is able to bind to PLP. [9,290–292] Its best studied target is
the PLP-DE DOPA-decarboxylase in humans. [9] Inhibiting DOPA-DC, which produces
the important human neurotransmitters serotonin and dopamine, is clinically targeted
to treat Parkinson’s disease. [9] However, since benserazide is a hydrazine inhibitor,
but bears structural modifications and a cleavage step before it is active in contrast
to phenelzine, we similarly profiled the PLP-DE targets by a competitive approach.
We therefore applied three different molar ratios (1:1, 1:10 and 1:100) of benserazide
compared to PL2 (100µM). Again, several PLP-DE target enzymes were found,
two of which are essential and possibly contribute to the overall antibiotic effect of
benserazide (table 2.5). Interestingly, phenelzine and benserazide share a majority of hit
enzymes, possibly due to their hydrazine moiety and aromatic character. Nevertheless,
benserazide has its own primary targets, such as the cysteine/methionine metabolism
enzyme A0A0H2XFH9 [63] or the threonine synthase A0A0H2XH24 [63]. However, no
competition was observed at a 1:1 ratio of benserazide and PL2. Figure 2.25 A depicts
the LFQ-intensities in the DMSO, PL2 and competitor treated samples of selected
PLP-DEs. For example, the LFQ-intensity of A0A0H2XH24 decreases almost to the
level of the DMSO sample with higher benserazide concentrations, while A0A0H2XFQ9
is not affected by high benserazide concentrations. Moreover, figure 2.25 B shows
the plot for the 10mM benserazide vs. 100µM PL3 experiment. At the highest
concentration, 22 PLP-DEs were out-competed whereas only 4 were out-competed at
1mM, indicating the highest selectivity of benserazide for these 4 proteins.

As a last proof-of-concept competitive target validation in S. aureus, we picked
CCG-50014 due to its absence of a hydrazine moiety and unprecedented binding
mode.
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Table 2.5: List of PLP-DEs, which were out-competed with benserazide at different molar ratios
compared to PL2.

Uniprot ID Enrichment
PL2

Competition
Benserazide

10mM

Competition
Benserazide

1mM

Competition
Benserazide

100 µM
Essential

A0A0H2XFA8 + + + - -

A0A0H2XFB2 + + + - -

A0A0H2XFD9 + + - - -

A0A0H2XFF8 + + - - -

A0A0H2XFH9 + + - - -

A0A0H2XFY9 + + - - -

A0A0H2XGP0 + + - - -

A0A0H2XG37 + + - - -

A0A0H2XHU6 + + - - -

A0A0H2XHV8 + + - - -

A0A0H2XHJ5 + + - - +

A0A0H2XH24 + + + - -

A0A0H2XII6 + + - - -

A0A0H2XIS2 + + + - -

A0A0H2XIV3 + + - - -

A0A0H2XJX6 + + - - -

Q2FF55 + + - - +

Q2FF63 + + - - -

Q2FFN1 + + - - -

Q2FGI7 + + - - -

Q2FH01 + + - - -

Q2FIR7 + + - - -
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2.5.3 CCG-50014 in S. aureus

The thiadiazolidinone CCG-50014 was initially found as an inhibitor of regulator
G-protein signaling (RGS) proteins and is still one of the most potent inhibitors of this
protein class to date. [300,301] Prior to this finding, studies on thiadiazolidinones in gen-
eral revealed them as potent dihydroorotate dehydrogenase (DHODase) inhibitors of
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both Gram-positive and Gram-negative enzymes but not the human homologue. [302]
Later, Citustea et al. and Lee et al. screened compounds against alanine racemases of
methicillin resistant S. aureus and the mycobacteria M. tuberculosis and M. smegma-
tis. [103,104] CCG-50014 showed not only an in vitro alr inhibition activity but also an
MIC, which was shown to be twice as high than the IC50 in HeLa cells, making the
compound a potential antibacterial drug candidate, although with a tight therapeutic
window. [103] Therefore, the question of how the compound binds to PLP-DEs arises.
Previous studies claim that there is a covalent interaction between the RGS-proteins
and CCG-50014 via the attack of cysteine residues in proximity. [301,303,304] However,
the alr inhibition studies conclude that the compound is unlikely to interact with
the internal PLP-aldimine or to occupy the substrate binding-site due to spatial
constraints. [103] Based on mass spectrometry results, they further claimed that the
interaction with alr is non-covalent.

In this study, we utilised PL2 to identify PLP-DE off-targets by applying
CCG-50014 at three different concentrations (2.5mM, 500µM and 100µM) with
PL2 at a constant concentration of 100µM. The evaluation of competitive labelling
data revealed several PLP-DEs, which were competed at 2.5mM (9 proteins) and
500µM (1 protein) (table 2.6).

Table 2.6: List of PLP-DEs, which were out-competed with CCG-50014 at different molar ratios
compared to PL2.

Uniprot ID Enrichment
PL2

Competition
CCG-50014
2.5mM

Competition
CCG-50014
500 µM

Competition
CCG-50014
100 µM

Essential

A0A0H2XFD9 + + - - -

A0A0H2XFH9 + + + - -

A0A0H2XFY9 + + - - -

A0A0H2XGP0 + + - - -

A0A0H2XHH8 + + - - +

A0A0H2XHJ5 + + - - +

A0A0H2XIS2 + + - - -

A0A0H2XKI8 + + - - +

Q2FIR7 + + - - -

A0A0H2XFH9, a cysteine/methionine metabolism enzyme with predicted
cystathionine-β-lyase activity [64], was the only PLP-DE, which we found to
be concentration dependently competed (figure 2.26). Interestingly, three of the
out-competed proteins were essential: the already discussed cystein desulfurase
A0A0H2XHJ5, the PLP-homeostasis protein A0A0H2XHH8 and the nifS -type
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cysteine desulfurase A0A0H2XKI8 [64]. While the competitive ABPP experiment
indicates direct binding to these proteins, they do not reveal the mode of binding
of CCG-5001. As cysteine desulfurases contain a catalytically essential cysteine
in proximity to their active lysine [289], there is the possibility that the inhibitor
binds covalently to this cysteine within the active pocket. This hypothesis for the
mode of binding can only be confirmed by direct binding site studies. Of note, the
overall depletion of PLP-DEs is lower in comparison to both hydrazine compounds
phenelzine and benserazide. This is due to a higher reactivity of hydrazines but could
also be explained by a higher selectivity of CCG-50014 due to its unprecedented
binding mode. Figure 2.26 shows a selection of PLP-DEs, some of which were
out-competed by CCG-50014. Moreover, the volcano-plot of the 2.5mM CCG-50014
competition against PL2 is depicted.



80 2. Results and Discussion

A

B

DMSO PL2 100 µM 500 µM 2.5 mM
CCG-50014

17

22

27

32

LF
Q
In
te
ns
ity
/a
.u
.

A0A0H2XFH9
A0A0H2XHJ5#
A0A0H2XFD9
Q2FF55#
A0A0H2XKI8#

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

-5-5.5-6 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2

-lo
g 1

0
p-
va
lu
e

log2 enrichment (2.5 mM CCG-50014/100 µM PL2)

46
10

35

28 21

20
14

7
5

F

N S
NO

O

Figure 2.26: (A) Profile plot of selected proteins from CCG-50014 competitive labelling in
S. aureus USA300 TnpdxS. LFQ intensities of 3 individual replicates are shown. Essential
enzymes are marked with a #. [254] (B) Structure of CCG-50014 and volcano plot of CCG-50014
competitive labelling at 2.5mM compared to 100µM PL2 representing the t-test results [criteria:
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As a final proof-of-concept experiment, we applied our strategy in E. coli to analyse
the targets of MAC173979 by using our PL3 probe.
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2.5.4 MAC173979 in E. coli

MAC173979, a dichloronitrophenyl propenone, was found to inhibit E. coli growth
under nutrient limitation. [294] Utilising a metabolite suppression approach, Zlitni et
al. further proved that MAC173979 inhibits PABA biosynthesis. Unfortunately, they
were not able to determine the specific enzyme target. Nevertheless, kinetic evaluation
of MAC173979 inhibition of the pabA-pabB-pabC system (scheme 2.8) suggested that
it acts as an irreversible, time-dependent inhibitor.
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NH2
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Scheme 2.8: First, chorismate (120) is converted into its 4-amino derivative
4-amino-4-deoxychorismate (121) by pabA and pabB. l-glutamine functions as amino-donor.
PabC, a PLP-DE, then catalyses the release of pyruvate and formation of PABA (122). [305]

Since MAC173979 contains a Michael-acceptor system (figure 2.22), it could be
susceptible to an attack by nucleophilic residues while one chlorine functions as
leaving group. However, synthesis of an analogue lacking the Michael-acceptor
system showed similar IC50 values, invalidating a covalent mode of action of the
inhibitor. The authors claimed, that, although a covalent interaction cannot be
excluded, MAC173979 acts as a noncovalent, time-dependent inhibitor with a very low
dissociation constant. [294] A more recent study by Thiede et al. utilised MAC173979 as
an agent which potentiates the tuberculocidal activity of p-aminosalicylic acid (PAS) by
inhibiting PABA biosynthesis. [295] In gene disruption experiments, the authors showed
that a pabB disruption leads to a more severe defect of M. tuberculosis than disruption
of pabC, which converts 4-amino-4-deoxychorismate (ADC, 121) to PABA (122).
They conclude that pabB disruption generates stronger auxotrophic phenotypes, since
the conversion of ADC to PABA could occur spontaneously, which Wright et al. were
able to show for chorismate. [295,306] In summary, MAC173979 inhibits bacterial PABA
biosynthesis, which either led to cell death in PABA lacking media or to enhancement
of antituberculocidal activitiy of PAS. Nevertheless, a specific enzyme target was not
determined. Therefore, we wanted to address this question by using our competitive
ABPP approach in E. coli. For this we used PL3, since pabC, a potential target
enzyme, was detected with this probe only. We applied three different concentrations
of MAC173979, 10mM, 1mM and 100µM. After data analysis, we found a series of
PLP-DEs to be out-competed (table 2.7). Among them were two essential PLP-DEs,
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glyA, the E. coli SHMT [307], and iscS, a cysteine desulfurase [308]. Many PLP-DEs
with various functions were out-competed at 1mM MAC173979 or more. Of note,
some proteins were only out-competed at 1mM, but not at 10mM, such as glyA or
serC, a phosphoserine aminotransferase. However, due to the fact that glyA and serC
were not enriched by PL3, they are most likely false positive hits in this experiment.
Moreover, pabC was competed at 1mM and 10mM MAC173979, a finding we wanted
to further investigate in vitro.
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Table 2.7: List of PLP-DEs, which were out-competed with MAC173979 at different molar
ratios compared to PL3.

Gene Name Enrichment
PL3

Competition
MAC173979

10mM

Competition
MAC173979

1mM

Competition
MAC173979

100 µM
Essential

adiA + + + - -

alaC - + - - -

alr + + - - -

aspC + + + - -

avtA - + + - -

cysK + + - - -

cysM + + - - -

dcyD + + + - -

dsdA + + + - -

glyA - - + - +

ilvA + + + - -

ilvE + + + - -

iscS + + + - +

kbl + - + - -

ldcC + + + - -

lysA + + + - -

metC + - + - -

pabC + + + - -

selA + + + - -

serC - - + - -

sufS + + + - -

thrC + + + - -

trpB + + + - -

tyrB + + + - -

wecE + + + - -

As shown in figure 2.27 A, some enzymes were more effectively out-competed than
others. ThrC, a threonine synthase [309], exhibited the highest decrease in LFQ-intensity,
while pabC was only weakly affected. Furthermore, the competition experiment at
10mM MAC173979 is depicted in figure 2.27 B.



84 2. Results and Discussion

A

B

N+
-O

O O

Cl

Cl

20

25

30

35

40

LF
Q
In
te
ns
ity

/a
.u
.

DMSO PL3 100 µM 1 mM 10 mM
MAC173979

thrC
glyA#
iscS#
lysA
pabC

50

53

54

28
15

29

32 18

14

39

17
34

3042

52
47

4

7
9

3

1

0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
6.5
7
7.5
8
8.5

-lo
g 1
0
p-
va
lu
e

-4-5-6-7 -3 -2 -1 0 1 2 3 4 65 7
log2 enrichment (10 mM MAC173979/100 µM PL3)

Figure 2.27: (A) Profile plot of selected proteins from MAC173979 competitive labelling in
E. coli K12 ∆pdxJ. LFQ intensities of 4 individual replicates are depicted. Essential enzymes
are marked with a #. [260–262] (B) Structure of MAC173979 and volcano plot of MAC173979
competitive labelling at 10mM compared to 100µM PL3 representing the t-test results [criteria:
log2(enrichment) > 1 and p-value<0.05, n= 4].

Due to the overwhelming evidence for the inhibition of PABA biosynthesis by
MAC173979, but the lack of a clear mechanism of action, we decided to synthesise
MAC173979 and its amine derivative in order to study their activity as possible pabC
inhibitors. We reasoned that MAC173979 could be reduced by nitroreductases within
living cells, like other nitro-compounds, to its respective amine. [310] This compound
could then further bind to PLP-DEs as an external aldimine and function as a
transition state mimic.
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2.5.4.1 Synthesis of MAC173979 and its Amine Derivative

MAC173979 was previously synthesised by Thiede et al. from m-nitroaceto-
phenone (123). [295] After conversion of 123 into its silylvinyl ether 124, reaction
with carbon tetrachloride and catalytic [RuCl2(PPh3)3], MAC173979 (125) was
yielded as a white powder (scheme 2.9 A). Based on this synthesis, we developed
a synthetic route for the MAC173979 amine derivative 126. We started with
m-aminoacetophenone (127), which was first tert-butyloxycarbonyl (Boc) protected
using Boc anhydride (Boc2O). Then, Boc protected amine 128 was converted into the
silylvinyl ether 129 in 95% yield. Fortunately, reaction to the dichlorovinylketon 130
worked for this system as well. The last step, the Boc deprotection, proved to be
more difficult, since we did not receive any product after TFA addition. We therefore
diluted the reaction upon completion with dichloromethane and first washed the
phase with saturated sodium bicarbonate solution [311], which in the end resulted in
5% yield of the MAC173979 amine 126, which was enough compound for further
experiments.
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Scheme 2.9: (A) Synthesis of MAC173979 (125) following a published procedure. [295] (B)
Synthesis of the MAC173979 amine derivative 126 from m-aminoacetophenone (127) in four
steps.
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2.5.4.2 Target Validation

In order to study the potency of both MAC compounds, we utilised a coupled,
NADH-dependent spectroscopic assay which we have already used in our previous
studies on S. aureus pabC. [151,312] Here, chorismic acid is converted by pabB into ADC
using (NH4)2SO4 as amine source. This is the reason for the absence of pabA, the
glutamine amidotransferase, which normally generates ammonia, which pabB can
incorporate into chorismate. [313] Due to the release of pyruvate, the reaction can be
tracked utilising LDH. LDH converts pyruvate to lactate while generating NAD+

from NADH, which we monitored spectroscopically at 340 nm. First, conditions were
set as following: 1µM pabC from E. coli was first incubated with different molar
ratios of MAC173979 or the MAC173979 amine (1:1, 1:10, 1:100, 1:500, 1:1000) for
30minutes at 37 °C. Then 5µM pabB from E. coli, 0.75mM NADH, 1mM chorismate
and 25µg LDH were added to the wells and the reaction was monitored by measuring
the absorbance at 340 nm every minute (figure 2.28). Unfortunately, addition of high
concentrations of both compounds led to inconclusive curves, probably due to the
insolubility of those compounds at high concentrations. Nevertheless, MAC173979
at a 1:1 ratio did not affect the reaction rate, while a ratio of 1:10 and 1:100 seemed
to lower the conversion. On the other side, the MAC173979 amine did not lead to a
significant decrease in pabC activity. Several control experiments proved the integrity
of the assay itself. However, these data are not convincing enough in order to conclude
any inhibitory activity of MAC173979 or its amine derivative against pabC.
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Figure 2.28: The aminodeoxychorismate lyase pabC catalyses the last step of the PABA
biosynthesis, while pyruvate is formed as a side product. Therefore, the reaction rate can be
monitored by a coupled, NADH-dependent spectroscopic assay, where pyruvate is converted to
lactate by LDH, which consumes one equivalent of NADH per turnover. [151,312]
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Summary and Outlook

In this chapter, a summary of the results achieved in this thesis as well as an outlook
on possible developments of the project in the future will be discussed.
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3.1 Summary

To overcome the antibiotic resistance crisis, ways to go beyond the classical scope of
bacterial targets are urgently needed. One possible solution is to mine the cellular
inventory of cofactor-dependent proteins for novel targets exhibiting an essential role
for viability. This approach bears several advantages including the focus on an enzyme
class often involved in crucial cellular processes, the druggability due to confirmed small
molecule (cofactor) binding and the uptake of cofactors into challenging Gram-negative
cells.

Pyridoxal phosphate-dependent enzymes (PLP-DEs) play a crucial role in basic
metabolic processes in all living organisms. Accordingly, some drugs were developed
against promising PLP-DEs, among them antibiotics like d-cycloserine. Investigating
this enzyme class is urgently needed to not only understand their catalytic scope but
also to screen inhibitors off-targets in a competitive approach.

This thesis covers the synthesis and evaluation of pyridoxal derived ABPP probes for
the global profiling of PLP-dependent enzymes in S. aureus, E. coli and P. aeruginosa.
Besides the functional investigation of putative or poorly characterised PLP-DEs,
we screened a small library of putative PLP-DE inhibitors against these strains and
validated target enzymes in vitro, which were out-competed in competitive ABPP
experiments.

In literature, many examples of modified PL(P) scaffolds were shown to exhibit
catalytic activity in some PLP-DEs similar to PLP. We therefore adapted protocols
by Hoegl et al. [151], Kim et al. [198] and Saha et al. [223] and designed synthetic routes for
C2’-, C3’- and C6-derivatised PL ABP’s. Our current PL-probe library consists of 13
derivatives, which bear either an alkyne or an azide tag for ABPP. First, we investigated
the ability of S. aureus (SaPLK) and E. coli (pdxK ) pyridoxal kinases (PLKs) to
convert our probes into biological active cofactor mimics. Except for the bulky,
C6-modified probes PL11 and PL12, which were only poorly phosphorylated, we
could show that all other probes were efficiently activated. Next, we utilized an E. coli
K12 pyridoxine 5’-phosphate synthase knockout strain, termed ∆pdxJ, for growth
experiments in chemically defined media (CDM) lacking PL. This strain is unable
to synthesise PLP de novo and therefore perfectly suitable to show that our probes
can function as cofactor surrogates. Indeed, growth was observed for some tested
probes. This finding underlines the ability of some of our probes to substitute the
natural cofactor. Moreover, we elucidated the minimal amount of PL supplemented
to CDM, which is necessary to support normal growth. All strains investigated were
supplemented with 250 nM PL during growth, no matter if wild type strains or PLP
de novo synthesis mutants. Additional analytical labelling experiments in E. coli K12
wild type and ∆pdxJ with PL3 and PL13 revealed specific labelling of proteins in
both strains. However, signals of bands were more intense in the knockout strain.



3.1. Summary 89

Prior to our PLPome profiling, we tested the influence of probe concentration and
medium on the labelling efficiency. Therefore, we utilised the S. aureus USA300
transposon mutant TnpdxS from our previous study and benchmarked the labelling
efficiency at 10 and 100µM PL2 using full medium (B-medium) or CDM. The number
of enzymes could be increased from 20 (100µM PL2, B-medium) to 27 (100µM PL2,
CDM), demonstrating a huge increase in efficiency when using CDM for bacterial
growth. We anticipate, that a lower amount of PL in the media in turn maximises
the incorporation of our probes into PLP-DEs. With the refined labelling protocol in
hand, we investigated the PLPomes of S. aureus USA300 TnpdxS and E. coli K12
∆pdxJ with our complete set of probes. We were able to enrich 71% (S. aureus) and
61% (E. coli) of the predicted or confirmed PLPome. For the first time, we were
able to show, that our chemical proteomic strategy is transferable to Gram-negative
bacteria. With an optimised set of probes, we managed to mine the P. aeruginosa
wild type strain for PLP-DEs, most likely enabled by a sufficient competition of the
probes with endogenous PLP. Here, we received a coverage of 51% of all known or
predicted PLP-DEs. This showcases, that our methodology is not constrained to the
use of knockout or transposon strains, which are devoid of PLP de novo synthesis.

The high structural diversity of our PL-probe library enabled specific labelling
of certain PLP-DEs with individual probes in all three strains. We found some
PLP-DEs specifically with the new generation of probes, which would otherwise have
escaped our attention. Among them was an uncharacterised HTH-type transcriptional
regulator (ydcR) from E. coli, whose DNA binding site we were able to resolve
via electrophoretic mobility shift assays. We further investigated three putative
PLP-binders from P. aeruginosa and could give insights into the catalytic mechanisms
of PA2683, a serine/threonine dehydratase, as well as the two aminotransferases
PA3659 and PA3798. Third, A0A0H2XHJ5, a putative cysteine desulfurase from
S. aureus, was confirmed to produce alanine from cysteine by a targeted metabolomics
assay. Our methodology proved to be a powerful tool to detect novel or poorly
characterised PLP-DEs in Gram-positive and -negative bacteria.

As an application, we collected a library of 53 putative PLP-DE binders and
screened them against the strains investigated in this thesis. Indeed, 14 compounds
were active in at least one of the three strains. Interestingly, phenelzine, a human
non-selective monoamine oxidase inhibitor, showed high activity in S. aureus. Since
the only chemically reactive group in phenelzine is its hydrazine moiety, we wanted to
further investigate the influence of structural modifications on the antibiotic activity.
We therefore synthesised 10 phenelzine derivatives bearing modifications either at
the phenyl or the aliphatic residue. However, we could not observe a lower minimal
inhibitory concentration in S. aureus, but three of the derivatives were active in
P. aeruginosa, which is generally hard to address with drugs. For our proof-of-concept
experiments, we choose phenelzine, benserazide, CCG-50014 (all in S. aureus) and
MAC173979 (E. coli). Here, we studied the PLP-dependent protein targets in
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competitive ABPP approaches utilising PL2 or PL3. We could show not only that
the compounds inhibit certain PLP-DEs concentration dependently, but were also
able to confirm two enzyme targets of phenelzine, A0A0H2XHJ5 and A0A0H2XII6.
Using targeted metabolomic assays, we showed that phenelzine inhibits A0A0H2XHJ5
cysteine desulfurase and A0A0H2XII6 lysine decarboxylase activity with IC50 values of
14.70±1.22µM and 50.03±1.07µM, respectively. In summary, our chemical proteomic
approach provides the possibility to screen potential drugs for new PLP-dependent
antibacterial targets in diverse pathogenic bacteria.
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Figure 3.1: Graphical summary of the work. Functionalised PL-derivatives were utilised to study
the PLPome of three pathogenic bacteria. Interestingly, certain probes exhibited specific labelling
and showed preferences in their target enzymes. We selected five putative PLP-binders from
all three organisms and were able to give insights into their catalysis by using several different
biochemical methods. In the end, we screened potential PLP-DE inhibitors and could verify two
PLP-dependent protein targets of phenelzine via targeted metabolomics. Adapted from Pfanzelt
et al. [170]

In a side project, a novel, pro-tide-based phosphoramidate probe, PL3PA, was
synthesised in order to circumvent the limiting phosphorylation of certain PLKs.
Especially the human PLK is highly restricted with respect to its substrates. A
phosphoramidate probe could be activated PLK independently in situ and could give
access to organisms, which are more difficult to mine with our classical PL-probes.
First experiments showed, that the kinetics of PL3PA cleavage are not yet ideal for
its application in human cells. Nevertheless, optimising the phosphoramidate moiety
for enhanced kinetics could solve the activation issue and could help us to profile the
human PLPome faster and with a higher coverage, compared to our previous studies
using the unphosphorylated probe PL1. [152]
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3.2 Outlook

The wealth of uncharacterised proteins represents an untapped source for novel drug
targets. However, tools to decipher their function are largely lacking. Hence, strategies
which allow the number of possible enzymatic transformations to be narrowed down
are ideal starting points for functional annotations. Our methodology to mine a
druggable class of enzymes helps to increase our understanding of this diverse, versatile
enzyme family and is able to provide valuable data for inhibitor screening approaches.
Nevertheless, full enzyme characterisation is only possible by combining different
biochemical and microbiological strategies.

In order to increase labelling efficiency and to address different organisms, we synthe-
sised a phosphoramidate PL3 derived probe which is independent from activation by
PLK. With a refined pro-tide-based PL-probe, one could not only perform PLPome
profiling in many different bacterial strains and human cells, but could also utilise the
phosphoramidate for the design of specific inhibitors of PLP-DEs. Many PL-derived
inhibitors, often transition-state mimics, need to be phosphorylated in order to be
active in vivo. For example, the plasmodial ornithine decarboxylase inhibitor PT3 is a
cyclised conjugate of PL and trypthophane, which gets phosphorylated by cellular
PLK enhancing its inhibitory effect drastically. [210] A phosphoramidate transition-state
mimic would logically be more active than its unphosphorylated form in most cases,
since substrate specificity of PLKs are often the restricting factor. In future, phospho-
ramidate transition-state mimics could enhance the inhibitory effect of PL-derived
drugs. For both labelling and inhibitor design with phosphoramidates, it could be
necessary to adjust the reaction kinetics by modulating the residues. Interestingly,
recent studies on kinetics of enzyme-free hydrolysis of phosphoramidates revealed
that substitution of alanine to proline-derivatives enhanced cleavage 45-fold. [252] More-
over, Procházková et al. demonstrated photoinducible phosphoramidate systems for
studying the self-immolation process of this compound class. [314] They concluded that
the kinetics of cleavage highly depends on the amino acid and its sterical demand.
Therefore, adjusting the PL3PA phosphoramidates residues can lead to an increase of
its cleavage rates, which would be beneficial for future PLPome profiling experiments
in different organisms.

Another approach could be the screening of more diverse compound libraries against
their activity on PLP-DEs. As we demonstrated in this study, a proteome-wide profil-
ing of (off)-targets is possible by a competitive ABPP approach with our PL-probes.
Once we are able to address large parts of the human PLPome with our phosphorami-
date probe, the screening could then be extended in order to find inhibitors against
PLP-DEs, which are involved in the development of human diseases. For example, ser-
ine hydroxymethyltransferase and ornithine aminotransferase are key target enzymes,
since they are involved in cell proliferation and cancer development. [315,316]



92 3. Summary and Outlook

Bacterial resistances are becoming more and more common among pathogenic strains,
leading to a limitation in treatability of their infections. Novel antibiotics are therefore
urgently needed. Modern perspectives suggest to re-utilise validated antibacterial
targets and associated lead molecules. [317] One of these studies led to the develop-
ment of an antibiotic, which is active against drug-resistant S. aureus, persisters
and biofilms. [318] The original structure, sorafenib, a human kinase inhibitor, was
structurally derivatised leading to a potent polypharmacological antibiotic. Especially
unprecedented targets like PLP-DEs are attractive clinically druggable targets, since
bacteria only share one third of their PLPome with humans. [62] For instance, several
PLP-dependent bacterial peptidoglycan synthesis enzyme inhibitors were developed,
including d-cycloserine (DCS). [93] However, severe side-effects limit their clinical use.
Since most of the known PLP-DE inhibitors are mechanism-based, refining of their
structure could lead to more selective candidates with less off-targets. Good exam-
ples of this strategy are represented by the cyclic, fluorinated inhibitors developed
by Silverman et al. [116,134,135,319–326] A similar strategy towards refining the chemical
structures would be transferable to the alanine racemase inhibitor DCS. Along with
combined modern techniques like mass spectrometry approaches and computational
docking studies, our chemical proteomic tool could help to determine both selectivity
and potency of novel PLP-DE inhibitors in the future.



4
Material and Methods

Chemical synthesis and biochemical procedures are described in this chapter. Most
experiments were adapted from Pfanzelt et al. [170,221] and Hoegl et al. [151,248]
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4.1 Chemistry

4.1.1 General Methods

All air or water sensitive reactions were carried out under argon atmosphere in
dried reaction flasks. Anhydrous solvents and water-sensitive liquid chemicals were
transferred using argon flushed syringes.

Commercially available starting materials, reagents and anhydrous solvents were
obtained from Sigma Aldrich, TCI Europe, VWR, Roth, and Alfa Aesar, and used
without further purification. Percent values (%) refer to mass percent values. The
solutions used are aqueous solutions, unless otherwise stated.

Analytical thin layer chromatography
Qualitative thin layer chromatography was recorded on silica gel plates (aluminum)
from Merck (0.25mm silica 60, F254). For visualization, TLC plates were observed
under UV-light (λ=254nm and λ=366nm), and/or stained with KMnO4 (3.00 g
KMnO4, 20.0 g K2CO3 and 5.00mL 5% NaOH in 300mL water), CAM (5.00 g Cer-(IV)-
sulfate, 25.0 g ammoniummolybdate and 50.0mL conc. sulphuric acid in 450mL water)
or PMA (5 g phosphomolybdic acid in 100mL ethanol) with subsequent heat treatment
(ca. 250 °C). Column chromatography was carried out using silica gel [40-63µm (Si 60)]
from Merck.

NMR-Spectroscopy
NMR spectra were recorded on Bruker AVHD-400 and AVHD-500 instruments. The
chemical shifts (δ) are reported in parts per million (ppm) and spectra are referenced
to residual proton and carbon signals of the deuterated solvents: [327]
CDCl3: δ (1H)=7.26 ppm, δ (13C)=77.16 ppm
d6-DMSO: δ (1H)=2.50 ppm, δ (13C)=39.52 ppm
CD3CN: δ (1H)=1.94 ppm, δ (13C)=1.32, 118.26 ppm
The following abbreviations are used to describe NMR coupling patterns: s – singlet; d
– doublet; t – triplet; q – quartet; p – quintet; dd – doublet of doublet; m – multiplet;
br – broad. The coupling constants, J, are reported in Hertz (Hz).

Mass-Spectrometry
HRMS spectra were acquired by ESI using a LTQ-FT Ultra or a LTQ-Orbitrap XL
mass spectrometer (Thermo Fisher Scientific). LC-MS measurements were conducted
on a MSQ Plus mass spectrometer (Thermo Fisher Scientific). Processing of mass
spectrometry data was performed using Xcalibur 2.2 (Thermo Fisher Scientific).
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High Pressure Liquid Chromatography
Compounds were purified by preparative, reversed-phase HPLC using a Waters 2545
quaternary gradient module equipped with a Waters 2998 photodiode array detector
and fraction collector on a YMC Triart C18 column (250×10mm, 5µm). Gradients
are listed in table 4.1, using ddH2O and HPLC-grade acetonitrile (no TFA) as the
mobile phase.

Method A Method B Method C

t[min] %-H2O
+0.1% TFA

%-MeCN
+0.1% TFA %-H2O %-MeCN %-H2O %-MeCN

0 98 2 98 2 98 2

1 98 2 90 10 98 2

12 50 50 50 50 70 30

13 2 98 2 98 2 98

14 2 98 2 98 2 98

15 98 2 98 2 98 2

17 98 2 98 2 98 2

Method D Method E

t[min] %-H2O %-MeCN %-H2O
+0.1% TFA

%-MeCN
+0.1% TFA

0 98 2 98 2

1 60 40 80 20

12 2 98 40 60

13 2 98 2 98

14 2 98 2 98

15 98 2 98 2

17 98 2 98 2

Table 4.1: List of used HPLC-gradients.
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4.1.2 Synthesis

4.1.2.1 General Procedures (GP)

Alkylation (GP1) [151,220]

To a dry flask containing anhydrous tetrahydrofuran at 0 °C were added diisopropy-
lamine (2.4 eq) and n-butyllithium (2.5m in hexanes, 2.2 eq), and the reaction mixture
was stirred for 20min. Upon cooling to −78 °C, the corresponding protected intermedi-
ate (1.0 eq) dissolved in anhydrous tetrahydrofuran was added dropwise. After stirring
the reaction for 1 h, propargyl bromide (3.0 eq) was added at −78 °C and the reaction
was allowed to warm to room temperature overnight. The reaction was quenched by
adding satd. ammonium chloride solution (50mL) at −78 °C and water (50mL). The
aqueous layer was extracted with ethyl acetate (4×60mL), and the combined organic
phases were washed with satd. sodium chloride solution (60mL), dried over sodium
sulfate and concentrated under reduced pressure. The crude product was purified by
flash chromatography.

TMS-Protection of Alkynes (GP2) [328,329]

Corresponding alkyne (1.0 eq) was added to a solution of n-butyllithium (2.5m in
hexanes, 2.2 eq) in anhydrous tetrahydrofuran at −78 °C. The solution was then
allowed to warm to 20 °C and was stirred for 30min. Subsequently, trimethylsilyl
chloride (2.5 eq) was added slowly at −78 °C and the reaction was allowed to warm
to room temperature overnight. 5% acetic acid (60mL) was then added and the
mixture was stirred for 2 h at room temperature, concentrated and extracted with
diethyl ether (3×50mL). The combined organic phases were washed with satd. sodium
chloride solution (150mL), dried over sodium sulfate, filtered and concentrated. The
crude product was purified by flash chromatography.

Mesylation of Alcohols (GP3) [328,330–332]

To a solution of corresponding alcohol (1.0 eq) in anhydrous dichloromethane was
added triethylamine (2.0 eq). Methanesulfonyl chloride (1.2 eq) was added dropwise
at −10 °C or −15 °C and the reaction was stirred for 2 h. The reaction mixture was
then poured into 0.5m hydrochloric acid (20mL), the organic layer was separated
and washed with a satd. sodium bicarbonate solution and satd. sodium chloride
solution (each 30mL). The organic phase was dried over sodium sulfate, filtered and
concentrated to yield the corresponding mesylate which was used for the next reaction
step without any further purification.
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Bromination of Mesylates (GP4) [328,331]

To a solution of corresponding mesylate (1.0 eq) in anhydrous acetone was added
lithium bromide (4.8 eq). The reaction was then stirred at 40 °C for 72 h. Upon
completion, most of the solvent was removed in vacuo and diethyl ether (200mL) and
water (20mL) were added. The organic layer was washed with satd. sodium sulfate
solution, satd. sodium bicarbonate solution and water (each 50mL) and subsequently
dried over sodium sulfate, filtered and concentrated in vacuo. The crude product was
purified by flash chromatography.

Substitution with Sodium Azide (GP5) [332,333]

To a solution of corresponding mesylate (1.0 eq) in anhydrous dimethyl formamide was
added sodium azide (1.1 eq), and the suspension was heated to 65 °C with vigorous
stirring for 3 h under argon. Then, water (20mL) was added, the suspension was filtered
through a plug of Celite©, and the Celite© was washed with diethyl ether (100mL).
The water dimethyl formamide mixture was extracted with diethyl ether (3×30mL),
and the combined organic layers were washed with water (2×50mL) and satd. sodium
chloride solution (60mL). The organic phase was then dried over sodium sulfate, filtered
and concentrated in vacuo. The crude product was purified by flash chromatography.

Nucleophilic Substitution (GP6) [198,199]

Protected N -oxide (1.0 eq) was added to a dry flask containing anhydrous tetrahydrofu-
ran and the solution was cooled to−78 °C. Subsequently, iso-butylchloroformate (1.0 eq)
was added dropwise. The reaction was stirred for 30min, upon which correspond-
ing alkyne (2.0 eq) was rapidly added. The reaction was stirred at −78 °C for 1 h
upon which the ice bath was removed and the reaction was allowed to warm to
room temperature for 1 h. The reaction was quenched by adding satd. sodium
bicarbonate solution (30mL) at −78 °C. The aqueous layer was extracted with di-
ethyl ether (3×30mL). The combined organic phases were dried over sodium sulfate
and concentrated under reduced pressure. The crude product was purified by flash
chromatography.

Click-Reaction (GP7) [334]

To a solution of corresponding alkyne (1.0 eq) in acetonitrile/dimethyl sulfoxide (4:1)
were added sodium ascorbate (0.20 eq) and copper sulfate pentahydrate (0.20 eq).
Subsequently, corresponding azide (1.0 eq) was added to the reaction mixture dropwise
under vigorous stirring and the reaction was stirred overnight at room temperature.
Upon completion, the reaction was quenched with satd. ammonium chloride solution
(10mL), forming a white precipitate. After separation, the aqueous layer was extracted
with ethyl acetate (3×30mL). The combined organic phases were washed with satd.
ammonium chloride solution (50mL) and dried over sodium sulfate. Upon concentra-
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tion under reduced pressure, the residue was purified by flash chromatography.

TMS Deprotection (GP8) [329]

To a solution of corresponding TMS-protected alkyne (1.0 eq) dissolved in anhydrous
methanol was added potassium carbonate (1.0-5.0 eq) and the reaction was stirred
overnight at room temperature. Upon completion, diethyl ether and water were
added (each 20mL) and the aqueous layer was extracted with diethyl ether (3×40mL).
After concentration under reduced pressure, the residue was purified by flash chro-
matography.

Acetal and Ether Deprotection (GP9) [151,198]

Corresponding MOM-protected acetal (1.0 eq) was dissolved in a mixture of ace-
tone/water (1:1) containing 5% sulfuric acid and refluxed at 85 °C for 1 h. The reaction
was allowed to cool to room temperature and was then concentrated under reduced
pressure. The product was purified by HPLC using the given method.

TMS, Acetal and Ester Deprotection (GP10) [198]

Corresponding Piv-protected alkyne (1.0 eq) was dissolved in 2% potassium hydroxide
in methanol and stirred at room temperature for 2 h. The reaction was diluted with
dichloromethane (10mL), passed through silica gel and washed with a mixture of
dichloromethane/methanol (1:1). The filtrate was concentrated to dryness and the
resulting brown solid was dissolved in 5% sulfuric acid in acetone/water (1:1). The
mixture was heated at 85 °C for 1 h and then the reaction was allowed to cool down
and acetone was removed under reduced pressure. The product was purified by HPLC
using the given method.

Phenelzine Derivatisation (GP11) [241]

Procedure adapted from a previously published protocol by Prusevich et al. Hy-
drazine monohydrate (10 eq)† was added to a stirred solution of the appropriate alkyl
halide (1.0 eq) in ethanol (3mL). The reaction mixture was refluxed for overnight,
after which the mixture was concentrated to dryness in vacuo. The crude residue was
dissolved in a minimum volume of acetonitrile/water and purified by preparative re-
versed phase HPLC. Unless otherwise stated, the eluents as given in table 4.1 (method
A). The fractions containing the product were combined and dried by lyophilisation.
†CAUTION: Hydrazine monohydrate is highly toxic.
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4.1.2.2 Probe Synthesis

PL1, PL2, PL3, PL4 and PL5 were synthesized as described previously. [151,152]

1-Methoxy-6-methyl-1,3-dihydrofuro[3,4-c]pyridin-7-ol (131) [151,198]

N
H

HO

O

OH

N

HO

O
O

NaHCO3 (2.0 eq)

85 °C, o/n
(MeOH)

C9H11NO3

M = 181.19 g/mol

Cl

132 131

Pyridoxal hydrochloride (7.00 g, 34.4mmol, 1.0 eq) was suspended in anhydrous
methanol (70mL) and refluxed at 85 °C for 1 h. After cooling to room temperature,
sodium bicarbonate (2.89 g, 34.4mmol, 1.0 eq) was added. The reaction was stirred
at 85 °C overnight. The obtained white mixture was filtered three times to remove
precipitated sodium chloride and washed with dichloromethane (1×50mL). Removal
of the solvents caused crystallization of intermediate acetal 131, which was used in
the following reaction without further purification.

TLC: Rf=0.50 (10% MeOH/DCM) [UV/KMnO4].

HRMS (ESI) (C9H11NO3 [M+H]+) calcd.: 182.0817

found: 182.0811.
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1-Methoxy-7-(methoxymethoxy)-6-methyl-1,3-dihydrofuro[3,4-c] pyri-
dine (133) [151,335]

N

HO

O
MeO 1. DIPEA (2.5 eq)

2. MOMCl (1.5 eq)

r.t., 2 h
(DCM)

C11H15NO4

M = 225.24 g/mol

N

O

O
O

O

131 133

1-Methoxy-6-methyl-1,3-dihydrofuro[3,4-c]pyridin-7-ol (5.49 g, 30.3mmol, 1.0 eq) was
dissolved in anhydrous dichloromethane (55mL) and diisopropylethylamine (13.2mL,
9.72 g, 75.8mmol, 2.5 eq) was added while stirring. Chloromethyl methyl ether (3.45mL,
3.66 g, 45.4mmol, 1.5 eq) was then added dropwise at 0 °C and the reaction mixture
was stirred for 2 h at room temperature. After removal of the solvent and purification
by flash chromatography (MeOH/DCM, 1-4%), compound 133 (6.16 g, 27.3mmol,
80% over 2 steps) was obtained as a yellow oil.

TLC: Rf=0.49 (80% EtOAc/hexanes) [UV/CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.15 (s, 1H), 6.26 (s, 1H), 5.43 (d, 4J =6.5Hz,
1H), 5.18 (d, 2J =12.7Hz, 1H), 5.08 (d, 4J =6.5Hz, 1H) 5.03 (d, 2J =12.7Hz, 1H),
3.51 (s, 3H), 3.46 (s, 3H), 2.56 (s, 3H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 150.2, 146.5, 136.0, 135.0, 134.2, 106.2, 96.3,
70.2, 56.9, 54.9, 19.4.

HRMS (ESI) (C11H15NO4 [M+H]+) calcd.: 226.1079

found: 226.1072.

The analytical data are in accordance with previous literature reports. [151]
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1-Methoxy-6-methyl-1,3-dihydrofuro[3,4-c]pyridin-7-yl pivalate (134) [198]

N

HO

O
MeO

N

O

O
O

NEt3 (2.0 eq)

PivCl (1.1 eq)

r.t., 1 h
(DCM)

C14H19NO4

M = 265.31 g/mol

O

131 134

To a solution of 1-methoxy-6-methyl-1,3-dihydrofuro[3,4-c]pyridin-7-ol (3.64 g,
20.1mmol, 1.0 eq) in anhydrous dichloromethane (60mL) was added triethy-
lamine (5.26mL, 3.87 g, 38.2mmol, 1.9 eq). Subsequently, pivaloyl chloride (2.75mL,
2.71 g, 22.5mmol, 1.1 eq) was added at 0 °C and the reaction mixture was stirred for
2 h at room temperature. Upon completion, the solution was concentrated under
reduced pressure to yield compound 134 as a pale yellow oil, which did not require
further purification.

TLC: Rf=0.56 (50% EtOAc/hexanes) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.35 (s, 1H), 6.09 (s, 1H), 5.23 (d,
2J =12.8Hz, 1H), 5.10 (d, 2J =12.8Hz, 1H), 3.37 (s, 3H), 2.45 (s, 3H) 1.40 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 175.5, 150.9, 141.2, 139.6, 138.4, 135.8, 106.1,
70.8, 54.6, 39.4, 27.2, 18.9.

HRMS (ESI) (C11H15NO4 [M+H]+) calcd.: 266.1392

found: 266.1385.

The analytical data are in accordance with previous literature reports. [198]
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1-Methoxy-6-methyl-7-(pivaloyloxy)-1,3-dihydrofuro[3,4-c]pyridine-N -
oxide (135) [198]

N

O
MeO

PivO

N

O
O

O

O

m-CPBA (1.2 eq)

r.t., 19 h
(DCM)

C14H19NO5

M = 281.31 g/mol

O

134 135

Meta-chloro perbenzoic acid (77%, 9.15 g, 23.0mmol, 1.2 eq) was added to a solution of
acetal 134 (5.23 g, 19.7mmol, 1.0 eq) in anhydrous dichloromethane (100mL) in five
portions. After addition, the reaction was stirred overnight at room temperature. Then,
the reaction mixture was quenched with satd. sodium thiosulfate solution (100mL)
and diluted with dichloromethane (80mL). After separation of the phases, the
organic layer was washed with satd. sodium bicarbonate and satd. sodium chloride
solutions (each 100mL), dried over sodium sulfate and concentrated to yield the in-
termediate N -oxide 135 as a pale yellow solid, which was used directly in the next step.

TLC: Rf=0.44 (5% MeOH/DCM) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.19 (s, 1H), 6.03 (s, 1H), 5.18 (d,
2J =13.3Hz, 1H), 5.05 (d, 2J =13.3Hz, 1 H), 3.38 (s, 3H), 2.37 (s, 3H) 1.40 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 174.9, 160.7, 145.0, 142.8, 140.6, 136.3, 106.1,
70.5, 54.7, 39.5, 27.1, 11.6.

HRMS (ESI) (C11H15NO4 [M+H]+) calcd.: 282.1336

found: 282.1333.

The analytical data are in accordance with previous literature reports. [198]
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4.1.2.3 Linker Synthesis

5-(Trimethylsilyl)pent-4-yn-1-ol (136) [328,336]

OH

1. n-BuLi, −78 °C → −20 °C, 30 min

2. Me3SiCl, −78 °C → r.t., o/n

(THF)

OH

Si

C8H16OSi

M = 156.30 g/mol
137 136

Following GP2, alkyne 137 (2.00 g, 23.8mmol, 1.0 eq) was converted with
n-butyllithium (2.5m in hexanes; 21.0mL, 2.2 eq) and trimethylsilyl chloride (7.54mL,
6.46 g, 59.4mmol, 2.5 eq) in anhydrous tetrahydrofurane (40mL). After purifi-
cation by column chromatography (EtOAc/hexanes, 20-60%), TMS protected
compound 136 (3.32 g, 21.3mmol, 90%) was obtained as a pale yellow oil.

TLC: Rf=0.76 (50% EtOAc/hexanes) [CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 3.76 (t, 3J =6.5Hz, 2H), 2.35 (t, 3J =6.5Hz,
2H), 1.77 (p, 3J =6.5Hz, 2H), 0.14 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 106.6, 85.3, 62.0, 31.2, 16.6, 0.10.

The analytical data are in accordance with previous literature reports. [328]
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3-(Trimethylsilyl)prop-2-yn-1-yl methanesulfonate (138) [330]

OH

TMS

O

Si

NEt3 (2.0 eq)

MsCl (1.2 eq)

−15 °C, 2 h

(DCM)
C7H14O3SSi

M = 206.33 g/mol

S

O

O

139 138

Following GP3, alcohol 139 (1.16mL, 1.00 g, 7.98mmol, 1.0 eq) was converted with tri-
ethylamine (2.16mL, 1.58 g, 15.6mmol, 2.0 eq) and methanesulfonyl chloride (6.48mL,
5.53 g, 50.9mmol, 2.5 eq) in anhydrous dichloromethane (40 mL). After concentration
in vacuo, mesylate 138 (1.23 g, 5.96mmol, 75%) was obtained and used for the next
reaction step without any further purification.

TLC: Rf=0.67 (20% EtOAc/hexanes) [KMnO4].
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4-(Trimethylsilyl)but-3-yn-1-yl methanesulfonate (140) [328,331,332]

OH

TMS

O

Si

C8H16O3SSi
M = 220.36 g/mol

NEt3 (2.0 eq)
MeSO2Cl (1.2 eq)

−15 °C, 2 h
(DCM)

S
O

O

141 140

Following GP3, alcohol 141 (2.34mL, 2.00 g, 14.1mmol, 1.0 eq) was converted with tri-
ethylamine (3.91mL, 2.85 g, 28.1mmol, 2.0 eq) and methanesulfonyl chloride (1.31mL,
1.93 g, 16.9mmol, 1.2 eq) in anhydrous dichloromethane (50mL). After concentration
in vacuo, mesylate 140 (3.12 g, 14.1mmol, 100%) was obtained and used for the next
reaction step without any further purification.

TLC: Rf=0.83 (50% EtOAc/hexanes) [CAM].
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5-(Trimethylsilyl)pent-4-yn-1-yl methanesulfonate (142) [328,331]

NEt3 (1.5 eq)

MsCl (1.2 eq)
OH

TMS

O

Si−10 °C, 1 h

(DCM)
C9H18O3SSi

M = 234.39 g/mol

S

O

O

136 142

Following GP3, alcohol 136 (3.48mL, 3.00 g, 19.2mmol, 1.0 eq) was converted with tri-
ethylamine (3.99mL, 2.91 g, 28.8mmol, 1.5 eq) and methanesulfonyl chloride (1.78mL,
2.64 g, 23.0mmol, 1.2 eq) in anhydrous dichloromethane (50mL) at −10 °C. After
concentration in vacuo, mesylate 142 (4.41 g, 18.8mmol, 98%) was obtained and used
for the next reaction step without any further purification.

TLC: Rf=0.87 (50% EtOAc/hexanes) [CAM].
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(4-Bromobut-1-yn-1-yl)trimethylsilane (143) [328]

OMs

TMS

LiBr (4.8 eq)

40 °C, 72 h
(acetone)

Br

Si

C7H13BrSi

M = 205.17 g/mol140 143

Following GP4, mesylate 138 (3.12 g, 14.1mmol, 1.0 eq) was converted with lithium
bromide (5.87 g, 67.7mmol, 4.8 eq) in anhydrous acetone (30mL). The crude product
was purified by flash chromatography (hexanes) to yield bromide 143 (2.69 g,
13.1mmol, 93%) as a clear oil.

TLC: Rf=0.58 (hexanes) [CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 3.34 (t, 3J =7.5Hz, 2H), 2.77 (t, 3J =7.5Hz,
2H), 0.16 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 103.3, 87.2, 29.3, 24.5, 0.1.

The analytical data are in accordance with previous literature reports. [328]
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(5-Bromopent-1-yn-1-yl)trimethylsilane (144) [328,331]

OMs

TMS

Br

Si40 °C, 72 h

(acetone)

LiBr (4.8 eq)

C8H15BrSi

M = 219.20 g/mol
142 144

Following GP4, mesylate 142 (4.40 g, 18.8mmol, 1.0 eq) was converted with lithium
bromide (7.83 g, 90.2mmol, 4.8 eq) in anhydrous acetone (50mL). The crude product
was purified by flash chromatography (hexanes) to yield bromide 144 (3.46 g,
15.8mmol, 85%) as a clear oil.

TLC: Rf=0.42 (hexanes) [CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 3.51 (t, 3J =6.7Hz, 2H), 2.41 (t, 3J =6.7Hz,
2H), 2.04 (p, 3J =6.7Hz, 2 H), 0.15 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 105.2, 85.9, 32.4, 31.6, 18.8, 0.24.

The analytical data are in accordance with previous literature reports. [328]
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(3-Azidoprop-1-yn-1-yl)trimethylsilane (145) [333]

Si

N3

TMS

OMs

65 °C, 3 h
(DMF)

NaN3 (1.1 eq)

C6H11N3Si

M = 153.26 g/mol138 145

Following GP5, mesylate 138 (1.23 g, 5.96mmol, 1.0 eq) was converted with sodium
azide (426mg, 6.56mmol, 1.1 eq) in anhydrous dimethyl formamide (20mL). The
crude product was purified by flash chromatography (EtOAc/hexanes, 5-30%) to yield
azide 145 (366mg, 2.39mmol, 41%) as a clear oil.

TLC: Rf=0.80 (10% EtOAc/hexanes) [KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 3.92 (s, 2H), 0.20 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 97.1, 93.2, 40.8, −0.1.
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(4-Azidobut-1-yn-1-yl)trimethylsilane (146) [332,333]

Si

N3

C7H13N3Si

M = 167.29 g/mol

TMS

OMs

65 °C, 3 h
(DMF)

NaN3 (1.1 eq)

140 146

Following GP5, mesylate 140 (3.41 g, 15.5mmol, 1.0 eq) was converted with sodium
azide (1.11 g, 17.0mmol, 1.1 eq) in anhydrous dimethyl formamide (40mL). The crude
product was purified by flash chromatography (EtOAc/hexanes, 0-30%) to yield
azide 146 (1.89 g, 11.3mmol, 73%) as a clear oil.

TLC: Rf=0.88 (10% EtOAc/hexanes) [KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 3.38 (t, 3J =6.9Hz, 2H), 2.52 (t, 3J =6.9Hz,
2H), 0.16 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 102.8, 87.4, 49.9, 21.1, 0.04.

The analytical data are in accordance with previous literature reports. [332]
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3-(Trimethylsilyl)prop-2-yn-1 magnesium bromide (147) [337]

Br

TMS

ZnBr2 (0.020 eq)

Mg (2.0 eq)

r.t., 2 h
(THF)

MgBr

Si

C6H11BrMgSi

M = 215.45 g/mol148 147

To a dry three-necked flask (100mL) equipped with a condenser and a dropping fun-
nel were added zink(II)bromide (100mg, 442µmol, 2mol%), magnesium (977mg,
40.2mmol, 2.0 eq) and anhydrous diethyl ether (12mL). Then, (3-bromoprop-1-
yn-1-yl)trimethylsilane (3.40mL, 4.00 g, 20.1mmol, 1.0 eq) in anhydrous diethyl
ether (15mL) was added dropwise using a dropping funnel. The addition began
at room temperature and continued for 30min until an exothermic reaction was ob-
served. Following this observation, the mixture was cooled to 0 °C and stirred at this
temperature for an additional 2 h. The freshly generated reagent was directly used in
the following Grignard-reaction.
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4-(Trimethylsilyl)but-3-yn-1 magnesium bromide (149) [338]

TMS

Mg (2.0 eq)

r.t. → 70 °C, 2 h

(THF)

Si

Br MgBr

C7H13BrMgSi

M = 229.48 g/mol143 149

To a dry three-necked flask (100mL) equipped with a condenser and a dropping
funnel, were added magnesium (391 mg, 16.1mmol, 1.5 eq) and anhydrous tetrahydro-
furane (6mL). Then (4-bromobut-1-yn-1-yl)trimethylsilane (2.20 g, 10.7mmol, 1.0 eq)
in anhydrous tetrahydrofurane (8mL) was added dropwise using a dropping funnel.
The addition began at room temperature and continued under reflux at 70 °C for 1 h
until an exothermic reaction was observed. Following this observation, the mixture
was stirred for an additional 1 h. The freshly generated reagent was directly used in
the following Grignard-reaction.
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4.1.2.4 Alkylations

1-Methoxy-7-(methoxymethoxy)-6-(pent-4-yn-1-yl)-1,3-dihydrofuro[3,4-c]-
pyridine (150) [151]

N

O
MeO

MOMO

1. DIPA, n-BuLi, 0 °C, 20 min

2. 4-Brom-1-butyn (3.0 eq), −78 °C, o/n

(THF)

N

O
O

O

C15H19NO4

M = 277.32 g/mol

O

133 150

Following GP1, protected pyridoxal 133 (300mg, 1.33mmol, 1.0 eq) was converted
with diisopropylamine (451µL, 323mg, 3.19mmol, 2.4 eq), n-butyllithium (2.5m
in hexanes; 1.17mL, 188mg, 2.93mmol, 2.2 eq) and 4-bromobut-1-yne (375µL,
531mg, 3.99mmol, 3.0 eq) in anhydrous tetrahydrofuran (9mL). The crude product
was purified by flash chromatography (EtOAc/hexanes, 20-60%) to yield alkylated
compound 150 (48.0mg, 173µmol, 14%) as a pale yellow oil.

TLC: Rf=0.66 (50% EtOAc/hexanes) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.18 (s, 1H), 6.26 (s, 1H), 5.44 (d, 4J =6.5Hz,
1H), 5.19 (d, 2J =12.8Hz, 1H), 5.08 (d, 4J =6.5Hz, 1H) 5.02 (d, 2J =12.8Hz, 1H),
3.52 (s, 3H), 3.47 (s, 3H), 3.00 (t, 3J =7.3Hz, 2H), 2.29 (td, 3,4J =7.3, 2.5Hz, 2H),
1.97 (p, 3J =7.3Hz, 2H), 1.96 (t, 4J =2.5Hz, 1H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 152.8, 146.3, 135.9, 135.7, 133.8, 106.3, 96.4,
84.5, 70.1, 68.6, 57.0, 55.0, 31.7, 27.5, 18.5.

HRMS (ESI) (C13H15NO3 [M+H]+) calcd.: 278.1387

found: 278.1382.
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1-Methoxy-7-(methoxymethoxy)-6-[6-(trimethylsilyl)hex-5-yn-1-yl]-1,3-
dihydrofuro[3,4-c]pyridine (151) [151]

N

O
O

O

Si
C19H29NO4Si

M = 363.53 g/mol

N

O
MeO

MOMO

1. DIPA, n-BuLi, 0 °C, 20 min

2.         (3.0 eq), −78 °C, o/n

(THF)

13 O

133 151

Following GP1, protected pyridocal 133 (300mg, 1.33mmol, 1.0 eq) was converted
with diisopropylamine (451µL, 323mg, 3.19mmol, 2.4 eq), n-butyllithium (2.5m
in hexanes; 1.17mL, 188mg, 2.93mmol, 2.2 eq) and (5-bromopent-1-yn-1-
yl)trimethylsilane (875mg, 3.99mmol, 3.0 eq) in anhydrous tetrahydrofuran (9mL).
The crude product was purified by flash chromatography (EtOAc/hexanes, 20-60%) to
yield alkylated compound 151 (265mg, 729µmol, 55%) as a pale yellow oil.

TLC: Rf=0.61 (50% EtOAc/hexanes) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.19 (s, 1H), 6.28 (s, 1H), 5.48 (d, 4J =6.4Hz,
1H), 5.20 (d, 2J =13.5Hz, 1H), 5.09 (d, 4J =6.4Hz, 1H) 5.05 (d, 2J =13.5Hz, 1H),
3.52 (s, 3H), 3.48 (s, 3H), 2.99 (t, 3J =7.5Hz, 2H), 2.27 (t, 3J =7.5Hz, 2H), 1.83 (p,
3J =7.5Hz, 2H), 1.62 (p, 3J =7.5Hz, 2H), 0.13 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 153.1, 146.8, 136.3, 134.5, 106.2, 96.4, 84.6,
77.4, 70.0, 68.3, 57.1, 54.9, 34.5, 28.7, 28.2, 19.9, 0.32.

HRMS (ESI) (C19H29NO4Si [M+H]+) calcd.: 364.1944

found: 364.1936.
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4.1.2.5 Nucleophilic Substitution

4-Ethynyl-1-methoxy-6-methyl-1,3-dihydrofuro[3,4-c]-pyridin-7-ylpivalate
(152) [198]

N

O
MeO

PivO

O N

O
O

O

iso-Butylchloroformate (1.0 eq)
Ethynyl magnesiumbromide (2.0 eq)

−78 °C → r.t., 2 h

(THF)

C16H19NO4

M = 289.33 g/mol

O

135 152

Following GP6, protected N -oxide 135 (619mg, 2.20mmol, 1.0 eq) was converted with
iso-butylchloroformate (286µL, 301mg, 2.20mmol, 1.0 eq) and ethynyl magnesium-
bromide (0.5m in tetrahydrofuran; 8.80mL, 569mg, 4.40mmol, 2.0 eq) in anhydrous
tetrahydrofuran (7mL). The crude product was purified by flash chromatography
(EtOAc/hexanes, 10-40%) to yield alkylated compound 152 (184mg, 636µmol, 29%)
as a brown yellow solid.

TLC: Rf=0.58 (20% EtOAc/hexanes) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 6.09 (d, 4J =1.8Hz, 1H), 5.22 (dd, 2,4J =13.7,
1.8Hz, 1H), 5.10 (d, 2J =13.7Hz, 1H), 3.36 (s, 3H), 3.31 (s, 1H), 2.44 (s, 3H), 1.38 (s,
9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 175.3, 152.1, 141.2, 139.2, 138.4, 132.2, 106.6,
81.0, 80.0, 71.4, 54.6, 39.4, 27.1, 19.0.

HRMS (ESI) (C16H19NO4 [M+H]+) calcd.: 290.1387

found: 290.1380.
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1-Methoxy-6-methyl-4-[4-(trimethylsilyl)but-3-yn-1-yl]-1,3-dihydrofuro-
[3,4-c]pyridin-7-yl pivalate (153) [198]

N

O
MeO

PivO

O

N

O
O

Oiso-Butylchloroformate (1.0 eq)

−78 °C → r.t., 2 h

(THF)

TMS (2.0 eq)

MgBr

Si

C21H31NO4Si

M = 389.57 g/mol

O

135 153

Following GP6, protected N -oxide 135 (700mg, 2.49mmol, 1.0 eq) was converted
with iso-butylchloroformate (323µL, 340mg, 2.49mmol, 1.0 eq) and freshly prepared
4-(trimethylsilyl)but-3-yn-1-magnesiumbromide in anhydrous tetrahydrofuran (7mL).
The crude product was purified by flash chromatography (EtOAc/hexanes, 5-40%) to
yield a brown yellow solid containing compound among a mixture of products that
could not be separated.

TLC: Rf=0.51 (20% EtOAc/hexanes) [UV/KMnO4].

HRMS (ESI) (C21H31NO4Si [M+H]+) calcd.: 390.2095

found: 390.2093.
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4.1.2.6 Click Reactions

1-Methoxy-7-(methoxymethoxy)-6-2-1-[3-(trimethylsilyl)prop-2-yn-1-yl]-
1H -1,2,3-triazol-4-ylethyl-1,3-dihydrofuro[3,4-c]pyridine (154) [334]

N

O
MeO

MOMO

N

O
O

O

N

N N

N3

TMS

NaAsc (0.20 eq)

CuSO4•5H2O (0.20 eq)

r.t., o/n
(MeCN)

(1.0 eq)

Si C20H28N4O4Si

M = 416.55 g/mol

O

155 154

Following GP7, protected alkyne from PL2 synthesis 155 (220mg, 836µmol,
1.0 eq) was converted with sodium ascorbate (33.1mg, 167µmol, 0.20 eq), copper
sulfate pentahydrate (41.8mg, 167µmol, 0.20 eq) and (3-azidoprop-1-yn-1-
yl)trimethylsilane (128mg, 836µmol, 1.0 eq) in acetonitrile/dimethyl sulfoxide (4:1,
10mL). The crude product was purified by flash chromatography (MeOH/DCM,
2-6%) to yield 154 (232mg, 558µmol, 67%) as a yellow oil.

TLC: Rf=0.61 (10% MeOH/DCM) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.18 (s, 1H), 7.50 (s, 1H), 6.24 (d, 4J =1.6Hz,
1H), 5.42 (d, 4J =6.6Hz, 1H), 5.17 (d, 2J =13.3Hz, 1H), 5.10 (s, 2H), 5.04 (d,
4J =6.6Hz, 1H), 5.01 (d, 2J =13.3Hz, 1H), 3.48 (s, 3H), 3.46 (s, 3H), 3.31-3.22 (m,
2H), 3.22-3.14 (m, 2H), 0.18 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 152.0, 148.0, 146.3, 136.1, 135.5, 133.7, 120.8,
106.3, 96.5, 96.1, 92.8, 70.0, 57.0, 54.9, 40.7, 32.2, 24.4, −0.30.

HRMS (ESI) (C20H28N4O4Si [M+H]+) calcd.: 417.1953

found: 417.1943.
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1-Methoxy-7-(methoxymethoxy)-6-2-1-[4-(trimethylsilyl)but-3-yn-1-yl]-
1H -1,2,3-triazol-4-ylethyl-1,3-dihydrofuro[3,4-c]pyridine (156) [334]

N

O
MeO

MOMO

N

O
O

O

N

N NSi

TMS

N3

NaAsc (0.20 eq)

CuSO4 • 5 H2O (0.20 eq)

r.t., o/n
(MeCN)

C21H30N4O4Si

M = 430.58 g/mol

(1.0 eq)

O

155 156

Following GP7, protected alkyne from PL2 synthesis 155 (210mg, 798µmol,
1.0 eq) was converted with sodium ascorbate (31.6mg, 0.160mmol, 0.20 eq),
copper sulfate pentahydrate (39.8mg, 160µmol, 0.20 eq) and (4-azidobut-1-yn-1-
yl)trimethylsilane (133mg, 798µmol, 1.0 eq) in acetonitrile/dimethyl sulfoxide (4:1,
10mL). The crude product was purified by flash chromatography (MeOH/DCM,
2-6%) to yield 156 (229mg, 532µmol, 67%) as a yellow oil.

TLC: Rf=0.34 (EtOAc) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.18 (s, 1H), 7.39 (s, 1H), 6.25 (d, 4J =1.6Hz,
1H), 5.42 (d, 4J =6.6Hz, 1H), 5.18 (d, 2J =12.7Hz, 1H), 5.04 (d, 4J =6.6Hz, 1H),
5.02 (d, 2J =12.7Hz, 1H), 4.44 (t, 3J =6.9Hz, 2H), 3.48 (s, 3H), 3.46 (s, 3H),
3.30-3.23 (m, 2H), 3.21-3.13 (m, 2H), 2.77 (t, 3J =6.9Hz, 2H), 0.13 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 152.1, 147.7, 146.3, 136.1, 135.5, 133.6, 121.5,
106.3, 102.1, 96.1, 88.2, 70.1, 57.0, 55.0, 48.8, 32.2, 24.5, 22.2, 0.03.

HRMS (ESI) (C21H30N4O4Si [M+H]+) calcd.: 431.2109

found: 431.2103.
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1-Methoxy-6-methyl-4-1-[3-(trimethylsilyl)prop-2-yn-1-yl]-1H -1,2,3triazol-
4-yl-1,3-dihydrofuro[3,4-c]pyridin-7-yl pivalate (157) [334]

N

O
MeO

PivO

N3

TMS

NaAsc (0.20 eq)

CuSO4 • 5 H2O (0.20 eq)

r.t., o/n
(MeCN)

(1.0 eq)

N

O
O

O

N N

N

Si

C22H30N4O4Si

M = 442.59 g/mol

O

152 157

Following GP7, protected alkyne 152 (100mg, 346µmol, 1.0 eq) was converted with
sodium ascorbate (13.7mg, 69.1µmol, 0.20 eq), copper sulfate pentahydrate (17.3mg,
69.1µmol, 0.20 eq) and (3-azidoprop-1-yn-1-yl)trimethylsilane (53.0mg, 346µmol,
1.0 eq) in acetonitrile/dimethyl sulfoxide (4:1, 5mL). The crude product was purified
by flash chromatography (MeOH/DCM, 2-6%) to yield a yellow oil containing
compound among a mixture of products that could not be separated.

TLC: Rf=0.49 (20% EtOAc/hexanes) [UV/KMnO4].

HRMS (ESI) (C22H30N4O4Si [M+H]+) calcd.: 443.2109

found: 443.2108.
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4.1.2.7 TMS Deprotection

6-(Hex-5-yn-1-yl)-1-methoxy-7-(methoxymethoxy)-1,3-dihydrofuro[3,4c]-
pyridine (158) [329]

N

O
O

O

C16H21NO4

M = 291.35 g/mol

N

O
MeO

MOMO

TMS

K2CO3 (5.0 eq)

r.t., o/n
(MeOH)

O

151 158

Following GP8, TMS-protected alkyne 151 (207mg, 569µmol, 1.0 eq) was converted
with potassium carbonate (388mg, 2.85mmol, 5.0 eq) in anhydrous methanol (15mL).
The crude product was purified by flash chromatography (EtOAc/hexanes, 30-70%) to
yield 158 (154mg, 529µmol, 93%) as a yellow oil.

TLC: Rf=0.56 (50% EtOAc/hexanes) [UV/CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.18 (s, 1H), 6.27 (s, 1H), 5.46 (d, 4J =6.5Hz,
1H), 5.19 (d, 2J =12.9Hz, 1H), 5.09 (d, 4J =6.5Hz, 1H), 5.03 (d, 2J =12.9Hz, 1H),
3.52 (s, 3H), 3.47 (s, 3H), 2.95 (t, 3J =7.6Hz, 2H), 2.24 (td, 3,4J =7.6, 2.7Hz, 2H),
1.92 (t, 4J =2.7Hz, 1H), 1.84 (p, 3J =7.6Hz, 2H), 1.63 (p, 3J =7.6Hz, 2H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 153.1, 146.5, 136.3, 134.5, 106.3, 96.4, 84.6,
77.4, 70.1, 68.4, 57.1, 55.0, 31.8, 28.5, 28.0, 18.5.

HRMS (ESI) (C16H21NO4 [M+H]+) calcd.: 292.1549

found: 292.1542.
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1-Methoxy-7-(methoxymethoxy)-6-2-[1-(prop-2-yn-1-yl)-1H -1,2,3-triazol-
4-yl]ethyl-1,3-dihydrofuro[3,4-c]pyridine (159) [329]

N

O
MeO

MOMO

N

N N

TMS

K2CO3 (3.0 eq)

r.t., o/n
(MeOH)

N

O
O

O

N

N N

C17H20N4O4

M = 344.37 g/mol

O

154 159

Following GP8, TMS-protected alkyne 154 (210mg, 504µmol, 1.0 eq) was converted
with potassium carbonate (210mg, 1.52mmol, 3.0 eq) in anhydrous methanol (20mL).
The crude product was purified by flash chromatography (MeOH/DCM, 2-6%) to
yield 159 (169mg, 491µmol, 98%) as a yellow oil.

TLC: Rf=0.51 (EtOAc) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.18 (s, 1H), 7.49-7.41 (m, 1H), 6.26 (d,
4J =1.7Hz, 1H), 5.65 (d, 4J =6.6Hz, 1H), 5.43 (d, 3J =6.6Hz, 1H), 5.19 (d,
2J =13.3Hz, 1H), 5.12 (s, 2H), 5.05 (d, 4J =6.6Hz, 1H), 5.03 (d, 2J =13.3Hz,
1H), 3.49 (s, 3H), 3.47 (s, 3H), 3.31-3.25 (m, 2H), 3.23-3.15 (m, 2H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 201.6, 152.0, 148.5, 146.4, 136.2, 135.5, 133.7,
118.9, 106.3, 98.7, 96.2, 88.8, 70.1, 57.0, 55.0, 32.1, 24.4.

HRMS (ESI) (C17H20N4O4 [M+H]+) calcd.: 345.1557

found: 345.1551.
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6-2-[1-(But-3-yn-1-yl)-1H -1,2,3-triazol-4-yl]ethyl-1-methoxy-7(methoxy-
methoxy)-1,3-dihydrofuro[3,4-c]pyridine (160) [329]

N

O
MeO

MOMO

N

N NTMS

K2CO3 (3.0 eq)

r.t., 3 h
(MeOH) N

O
O

O

N

N N

C18H22N4O4

M = 358.39 g/mol

O

156 160

Following GP8, TMS-protected alkyne 156 (200mg, 464µmol, 1.0 eq) was converted
with potassium carbonate (190mg, 1.39mmol, 3.0 eq) in anhydrous methanol (20mL).
The crude product was purified by flash chromatography (MeOH/DCM, 2-6%) to
yield 160 (155mg, 433µmol, 93%) as a yellow oil.

TLC: Rf=0.25 (EtOAc) [UV/KMnO4].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.19 (s, 1H), 7.38 (s, 1H), 6.25 (d, 4J =1.6Hz,
1H), 5.41 (d, 4J =6.6Hz, 1H), 5.19 (d, 2J =12.8Hz, 1H), 5.05 (d, 4J =6.6Hz, 1H),
5.03 (d, 2J =12.8Hz, 1H), 4.45 (t, 3J =6.8Hz, 2H), 3.49 (s, 3H), 3.47 (s, 3H),
3.31-3.23 (m, 2H), 3.23-3.15 (m, 2H), 2.75 (td, 3,4J =6.8, 2.7Hz, 2H), 2.05 (t,
4J =2.7Hz, 1H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 152.2, 147.8, 146.4, 136.1, 135.6, 133.7, 121.6,
106.3, 96.2, 79.8, 71.5, 70.1, 57.0, 55.0, 48.7, 32.2, 24.5, 20.8.

HRMS (ESI) (C18H22N4O4 [M+H]+) calcd.: 359.1719

found: 359.1710.
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4.1.2.8 Acetal and Ether Deprotection, Final Probes

3-Hydroxy-5-(hydroxymethyl)-2-(pent-4-yn-1-yl)isonicotinaldehyde bisul-
fate (PL6,70) [198]

N

O
MeO

MOMO

N
H

HO

•HSO4

H2SO4 (5%)

85 °C, 1 h

(acetone/H2O)

C12H15NO7S

M = 317.31 g/mol

O
HO

150 70

Following GP9, MOM-protected acetal 150 (48.0mg, 173µmol, 1.0 eq) was deprotected
in acetone/water (1:1; 5mL) containing 5% sulfuric acid. After purification by
HPLC (method B), probe PL6 (10.0mg, 31.5µmol, 19%) was obtained as a fluffy
white solid.

TLC: Rf=0.12 (50% EtOAc/hexanes) [UV/KMnO4].

HPLC: tR=8.3min (method B).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 9.60 (s, 1H), 7.96 (s, 1H), 6.64 (d,
3J =7.8Hz, 1H), 6.41 (d, 3J =7.8Hz, 1H), 5.04 (d, 2J =12.9Hz, 1H), 4.86 (d,
2J =12.9Hz, 1H), 2.81 (t, 3J =7.1Hz, 2H), 2.77 (t, 4J =2.6Hz, 1H), 2.21 (td,
3,4J =7.1, 2.6Hz, 2H), 1.81 (p, 3J =7.1Hz, 2H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 148.0, 145.7, 135.1, 133.7, 132.5, 98.5,
84.5, 71.3, 68.8, 30.3, 26.8, 17.6.

HRMS (ESI) (C12H13NO3 [M+H]+) calcd.: 220.0974

found: 220.0967.
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2-(hex-5-yn-1-yl)-3-hydroxy-5-(hydroxymethyl)isonicotinaldehyde bisul-
fate (PL7,71) [198]

N

HO

H•HSO4
N

O
MeO

MOMO
5% H2SO4

85 °C, 1 h

(acetone/H2O)

C13H17NO7S

 M = 331.34 g/mol

O
HO

158 71

Following GP9, MOM-protected acetal 158 (50.0mg, 172µmol, 1.0 eq) was deprotected
in acetone/water (1:1; 10mL) containing 5% sulfuric acid. After purification by
HPLC (method B), probe PL7 (30.0mg, 90.5µmol, 55%) was obtained as a fluffy
white solid.

TLC: Rf=0.13 (50% EtOAc/hexanes) [UV/CAM].

HPLC: tR=6.0min (method B).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 10.4 (s, 1H), 8.03 (s, 1H), 6.77 (br. s,
1H), 6.45 (s, 1H), 5.07 (d, 2J =13.0Hz, 1H), 4.89 (d, 2J =13.0Hz, 1H), 2.79 (t,
3J =7.4Hz, 2H), 2.73 (t, 4J =2.7Hz, 1H), 2.18 (td, 3,4J =7.4, 2.7Hz, 2H), 1.71 (p,
3J =7.4Hz, 2H), 1.48 (p, 3J =7.4Hz, 2H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 148.0, 146.3, 135.8, 135.3, 131.1, 98.4,
84.5, 71.2, 68.9, 30.1, 27.8, 27.1, 17.6.

HRMS (ESI) (C13H15NO3 [M+H]+) calcd.: 234.1125

found: 234.1121.
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3-Hydroxy-5-(hydroxymethyl)-2-2-[1-(prop-2-yn-1-yl)-1H -1,2,3-triazol-4-
yl]ethyl isonicotinaldehyde bisulfate (PL8,72) [198]

N

O
MeO

MOMO

N

N N

H2SO4 (5%)

85 °C, 1 h

(acetone/H2O)

N
H

HO

N

N N
•HSO4

C14H16N4O7S

M = 384.36 g/mol

O
HO

159 72

Following GP9, MOM-protected acetal 159 (160mg, 465µmol, 1.0 eq) was deprotected
in acetone/water (1:1; 10mL) containing 5% sulfuric acid. After purification by
HPLC (method C), probe PL8 (100mg, 260µmol, 56%) was obtained as a fluffy
white solid.

TLC: Rf=0.10 (EtOAc) [UV/CAM].

HPLC: tR=8.4min (method C).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 9.70 (s, 1H), 7.98 (s, 1H), 7.91 (s, 1H),
7.77 (t, 3J =6.5Hz, 1H), 6.67 (d, 3J =7.7Hz, 1H), 6.42 (dd, 3,4J =7.7,1.7Hz, 1H),
5.84 (d, 3J =6.5Hz, 2H), 5.05 (d, 2J =13.0 Hz, 1H), 4.87 (d, 2J =13.0Hz, 1H),
3.10-3.05 (m, 2H), 3.05-2.97 (m, 2H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 201.3, 147.7, 147.5, 145.8, 135.3, 133.8,
132.5, 120.0, 98.5, 97.6, 88.9, 68.8, 30.9, 23.6.

HRMS (ESI) (C14H14N4O3 [M+H]+) calcd.: 287.1144

found: 287.1136.
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2-2-[1-(but-3-yn-1-yl)-1H -1,2,3-triazol-4-yl]ethyl-3-hydroxy-5(hydroxy-
methyl) isonicotinaldehyde bisulfate (PL9,73) [198]

N

O
MeO

MOMO

N

N N

N
H

HO

N

N N

H2SO4 (5%)

85 °C, 1 h

(acetone/H2O) • HSO4

C15H18N4O7S

M = 398.39 g/mol

O
HO

160 73

Following GP9, MOM-protected acetal 160 (150mg, 419µmol, 1.0 eq) was deprotected
in acetone/water (1:1; 10mL) containing 5% sulfuric acid. After purification by
HPLC (method C), probe PL9 (86.0mg, 216µmol, 52%) was obtained as a fluffy
white solid.

TLC: Rf=0.10 (EtOAc) [UV/KMnO4].

HPLC: tR=8.3min (method C).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 9.70 (s, 1H), 7.99 (s, 1H), 7.88 (s, 1H),
6.67 (d, 3J =6.9Hz, 1H), 6.42 (d, 3J =6.9Hz, 1H), 5.05 (d, 2J =12.9Hz, 1H), 4.87 (d,
2J =12.9Hz, 1H), 4.42 (t, 3J =6.8Hz, 2H), 3.13-3.02 (m, 2H), 3.02-2.05 (m, 2H),
2.90 (t, 4J =2.7Hz, 1H), 2.75 (td, 3,4J =6.8, 2.7Hz, 2H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 147.6, 146.6, 145.7, 135.3, 133.8, 132.6,
122.0, 98.5, 80.7, 73.3, 68.8, 47.8, 31.2, 23.8, 19.2.

HRMS (ESI) (C15H16N4O3 [M+H]+) calcd.: 301.1301

found: 301.1293.
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4.1.2.9 Acetal and Ester Deprotection, Final Probes

2-Ethynyl-5-hydroxy-3-(hydroxymethyl)-6-methyl isonicotinaldehyde
bisulfate (PL10,74) [198]

N

O
MeO

PivO

N
H

HO1. KOH, 25 °C, 2 h, (MeOH)

2. H2SO4 (5%), 85 °C, 1 h, (acetone/H2O)

•HSO4

C10H11NO7S

M = 289.26 g/mol

O
HO

152 74

Following GP10, Piv protected acetal 152 (169mg, 584µmol, 1.0 eq) was deprotected
first in 2% potassium hydroxide in methanol (5mL) followed by deprotection in
acetone/water (1:1; 10mL) containing 5% sulfuric acid. After purification by
HPLC (method C), probe PL10 (78.0mg, 270µmol, 47%) was obtained as a fluffy
white solid.

TLC: Rf=0.16 (10% MeOH/DCM) [UV/KMnO4].

HPLC: tR=6.3min (method C).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 10.2 (br. s, 1H), 6.76 (br. s, 1H), 6.42 (s,
1H), 5.03 (d, 2J =13.4Hz, 1H), 4.85 (d, 2J =13.4Hz, 1H), 4.27 (s, 1H), 2.35 (s, 3H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 147.0, 146.6, 138.7, 133.3, 124.1, 99.1,
81.4, 81.0, 69.2, 18.9.

HRMS (ESI) (C10H9NO3 [M+H]+) calcd.: 192.0661

found: 192.0654.
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3-Hydroxy-5-(hydroxymethyl)-2-methyl-6-[1-(prop-2-yn-1-yl)-1H -1,2,3-
triazol-4-yl] isonicotinaldehyde bisulfate (PL11,75) [198]

N

O
MeO

PivO

N N

N

TMS

N
H

N N

N

HO
1. KOH (5%), 2 h, r.t. (MeOH)

2. H2SO4 (5%), 1 h, 85 °C (acetone/H2O)

• HSO4

C13H14N4O7S

M = 370.34 g/mol

O
HO

157 75

Following GP10, crude Piv protected acetal 157 (1.0 eq) was deprotected first
in 5% potassium hydroxide in methanol (7mL) followed by deprotection in
acetone/water (1:1; 8 mL) containing 5% sulfuric acid. After purification by
HPLC (method B), probe PL11 (17.0mg, 45.9µmol, 14% over 2 steps) was obtained
as a fluffy white solid.

TLC: Rf=0.39 (50% EtOAc/hexanes) [UV/KMnO4].

HPLC: tR=9.6min (method B).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 9.84 (s, 1H), 8.42 (s, 1H), 7.84 (t,
4J =5.2Hz, 1H), 6.69 (d, 3J =8.0Hz, 1H), 6.45 (dd, 3,4J =8.0, 1.7Hz, 1H), 5.92 (d,
3J =5.2Hz, 2H), 5.33 (d, 2J =13.8Hz, 1H), 5.18 (d, 2J =13.8Hz, 1H), 2.42 (s, 3H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 201.7, 148.0, 145.9, 145.8, 134.6, 132.8,
131.9, 119.9, 98.1, 97.5, 89.3, 70.7, 18.9.

HRMS (ESI) (C13H12N4O3 [M+H]+) calcd.: 273.0988

found: 273.0980.
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2-(But-3-yn-1-yl)-5-hydroxy-3-(hydroxymethyl)-6-methylison icotinalde-
hyde bisulfate (PL12,76) [198]

N

O
MeO

PivO

TMS

N
H

HO

•HSO4

1. KOH (5%), r.t., 2 h (MeOH)

2. H2SO4 (5%), 85 °C, 1 h (acetone/H2O)

C12H15NO7S

M = 317.31 g/mol

O
HO

153 76

Following GP10, Piv protected acetal 153 (400mg, 1.03mmol, 1.0 eq) was deprotected
first in 2% potassium hydroxide in methanol (8mL) followed by deprotection in
acetone/water (1:1; 10mL) containing 5% sulfuric acid. After purification by
HPLC (method B), probe PL12 (78.0mg, 246µmol, 24%) was obtained as a fluffy
white solid.

TLC: Rf=0.08 (20% EtOAc/hexanes) [UV/KMnO4].

HPLC: tR=5.5min (method B).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 9.42 (s, 1H), 6.68 (d, 3J =6.7Hz, 1H),
6.41 (d, 3J =6.7Hz, 1H), 5.07 (d, 2J =12.8Hz, 1H), 4.90 (d, 2J =12.8Hz, 1H), 2.74 (t,
4J =2.6Hz, 1H), 2.69 (t, 3J =7.4Hz, 2H), 2.49-2.44 (m, 2H), 2.35 (s, 3H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 144.9, 144.7, 141.6, 134.0, 133.0, 98.8,
84.2, 71.4, 68.9, 33.1, 18.7, 17.3.

HRMS (ESI) (C12H13NO3 [M+H]+) calcd.: 220.0974

found: 220.0967.
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4.1.2.10 PL13 Synthesis

6-methyl-7-(prop-2-yn-1-yloxy)-1,3-dihydrofuro[3,4-c]pyridin-1-ole (PL13,
62) [223]

N

HO

r.t., o/n
(DMF)

O

OH

K2CO3 (2.0 eq)
Propargyl bromide (80%, 1.0 eq)

N

O

C11H11NO3

M = 205.21 g/molHCl

O
HO

132 62

Pyridoxal hydrochloride (500mg, 2.46mmol, 1.0 eq) was dissolved in anhydrous
dimethyl formamide (25mL). Then, potassium carbonate (635mg, 4.91mmol, 2.0 eq)
was added and the mixture was stirred for 15min prior to the addition of propargyl
bromide (80% in hexanes, 274µL, 365mg, 2.46mmol, 1.0 eq). After stirring the
reaction overnight, the solvent was evaporated under reduced pressure and the crude
mixture was purified by column chromatography (MeOH/DCM, 5-10%) to yield
PL13 (126mg, 614µmol, 25%) as an off-white solid.

TLC: Rf=0.44 (10% MeOH/DCM) [UV/CAM].

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 8.15 (s, 1H), 7.10 (d, 3J =7.7Hz, 1H),
6.58 (dd, 3,4J =7.7, 1.7Hz, 1H), 5.07 (d, 2J =13.0Hz, 1H), 4.95 (dd, 4,4J =2.4, 1.1Hz,
2H), 4.92 (d, 2J =13.0Hz, 1H), 3.62 (t, 4J =2.4Hz, 1H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 149.1, 146.5, 136.5, 136.0, 135.7, 98.9,
79.1, 78.8, 68.6, 58.9, 19.3.

HRMS (ESI) (C11H12NO3 [M+H]+) calcd.: 206.0812

found: 206.0811.
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4.1.2.11 Synthesis of Screening Compounds

Trimethyl[1-(3-nitrophenyl)vinyl]oxysilane (161) [295]

TMS-Cl (1.3 eq)
NaI (1.3 eq)
NEt3 (1.3 eq)

r.t., 2 h
(MeCN)

N+O

O- O

N+O

O- O
Si

C11H15NO3Si

M = 237.33 g/mol

162 161

m-Nitroacetophenone (991mg, 6.00mmol, 1.0 eq), trimethylsilyl chloride (951µL,
7.50mmol, 1.3 eq), and triethylamine (1.05mL, 7.50mmol, 1.3 eq) were added to a
flame dried flask. The mixture was stirred at room temperature and a solution of
sodium iodide (1.12 g, 7.50mmol, 1.3 eq) in acetonitrile (7.50mL, 1.0m) was added
dropwise. After stirring the reaction for 2 h, it was cooled to 0 °C and hexanes (6mL)
was added. After adding water (6mL) the phases were separated, and the aqueous
layer was extracted with hexanes (2×6mL). The combined organic phases were
washed with water (2×6mL), dried over magnesium sulfate and concentrated
under reduced pressure. The intermediate trimethylsilyl enol ether 161 (973mg,
4.10mmol, 69%) was obtained as a yellow oil that was used without further purification.
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3,3-Dichloro-1-(3-nitrophenyl)prop-2-en-1-one (163) [295]

CCl4 (3.6 eq)
[RuCl2(PPh3)3]

80 °C, o/n

(CCl4)

N+O

O- O

N+O

O- O
Si

Cl

Cl

C9H5Cl2NO3

M = 246.04 g/mol

161 163

Carbon tetrachloride (1.40mL, 14.5mmol, 3.6 eq) was added to a flame-dried pressure
tube, and the vessel was sealed with a silicon septum. The solvent was frozen at
−78 °C and vacuum was applied to 0.3mbar. The solvent was then allowed to thaw
under vacuum before the vessel was filled with argon. This freeze-pump thaw process
was repeated twice. Ruthenium(II)-tris-triphenylphosphine dichloride (46.0mg,
480µmol, 1mol%) and crude trimethyl[1-(3-nitrophenyl)vinyl]oxysilane (973mg,
4.10mmol, 1.0 eq) were added. The vessel was sealed and heated at 80 °C for 17 h
while stirring. Upon completion, the reaction was cooled down and directly purified by
column chromatography (EtOAc/hexanes, 5-20%) to yield dichlorovinyl 163 (415mg,
1.69mmol, 42%) as a white powder.

TLC: Rf=0.54 (20% EtOAc/hexanes) [UV/KMnO4].

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 7.83-7.89 (m, 1H), 8.03 (s, 1H), 8.44 (ddd,
3,4,4J =7.8, 1.7, 1.1Hz, 3H), 8.50 (ddd, 3,4,4J =8.2, 2.3, 1.0Hz, 1H,), 8.70 (virt. t,
3J ≈ 3J =1.9Hz, 1H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 184.6, 148.1, 137.6, 134.7, 134.6, 130.7,
128.0, 124.7, 122.9.

HRMS (ESI) (C11H12NO3 [M+H]+) calcd.: 206.0812

found: 206.0811.

The analytical data are in accordance with previous literature reports. [295]
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(3-Phenylpropyl)hydrazine trifluoroacetate salt (TM-2-10,164) [241]

Br N
H

NH2

•CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

C11H15F3N2O2

M = 264.25 g/mol
165 164

The title compound was synthesized from 3-phenylpropyl bromide (76.0µL, 99.5mg,
500µmol, 1.0 eq) according to GP11. The crude product was purified by preparative
reversed-phase HPLC, with an applied gradient as following: 2% MeCN (+0.1% TFA)
to 98% in 12min, 98% MeCN (+0.1% TFA) for 2min, to 2% MeCN (+0.1% TFA) in
1min, 2% MeCN (+0.1% TFA) for 2min yielding 164 (32.6mg, 123µmol, 25%) as an
off-white solid.

HPLC: tR=5.5min (method A modified).

1H-NMR (300MHz, CD3OD): δ[ppm]= 7.31-7.27 (m, 2H), 7.23-7.17 (m, 3H), 3.03 (t,
3J =7.8Hz, 2H), 2.71 (t, 3J =7.6Hz, 2H), 1.96 (q, 3J =7.8Hz, 2H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 161.6 (q, J =34Hz, CF3CO2H)†, 140.5,
128.2, 128.0, 125.9, 116.8 (q, J =290Hz, CF3CO2H)†, 50.6, 32.2, 26.5.

19F-NMR (377MHz, CD3OD): δ[ppm]=−76.9 (s, CF3CO2H).

HRMS (ESI) (C9H15N2 [M+H]+) calcd.: 151.1230

found: 151.1232.

The analytical data are in accordance with previous literature reports. [241]
†CF3CO2H peaks poorly characterised due to low signal intensity
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(3,4-Dimethoxyphenethyl)hydrazine trifluoroacetate salt (TM-2-11,166) [241]

Br

•CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

O

O

H
N

O

O

NH2

C12H17F3N2O4

M = 310.27 g/mol
167 166

The title compound was synthesized from 4-(2-bromoethyl)-1,2-dimethoxy-
benzene (40.0mg, 163µmol, 1.0 eq) according to GP11. Purification by preparative
reversed-phase HPLC yielded 166 (16.5mg, 53.0µmol, 33%) as an off-white solid.

HPLC: tR=5.5min (method A).

1H-NMR (300MHz, CD3OD): δ[ppm]= 8.29 (s, 1H), 7.92 (s, 1H), 6.82-6.79 (m,
1H), 6.66-6.59 (m, 2H), 4.51 (d, 3J =6.9Hz, 2H), 3.77 (s, 3H), 3.73 (s, 3H), 3.11 (d,
3J =6.9Hz, 2H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 149.1, 148.1, 130.0, 120.9, 112.1, 111.6, 55.0,
54.9, 45.4, 35.0.

19F-NMR (377MHz, CD3OD): δ[ppm]=−76.9 (s, CF3CO2H).
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N -[3-(2-Hydrazineylethyl)phenyl]acetamide ditrifluoroacetate salt (TM-2-
12,168) [241]

Br

•CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

HN O

H
N

HN O

NH2

C12H16F3N3O3

M = 307.27 g/mol
169 168

The title compound was synthesized from N -(3-(2-bromoethyl)phenyl)acet-
amide (40.0mg, 165µmol, 1.0 eq) according to GP11. Purification by preparative
reversed-phase HPLC yielded 168 (19.8mg, 64.0µmol, 39%) as a yellow oil.

HPLC: tR=5.5min (method A).

1H-NMR (400MHz, CD3OD): δ[ppm]= 7.58 (s, 1H), 7.33-7.24 (m, 2H), 7.03-7.00 (m,
1H), 3.27 (t, 3J =7.6Hz, 2H), 2.93 (t, 3J =7.6Hz, 2H), 2.12 (s, 3H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 170.4, 138.9, 137.7, 128.9, 124.1, 120.2,
118.5, 52.0, 31.4, 22.4.

19F-NMR (377MHz, CD3OD): δ[ppm]=−76.9 (s, CF3CO2H).

HRMS (ESI) (C10H16N3O [M+H]+) calcd.: 194.1288

found: 194.1294.
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[4-(tert-Butoxy)phenethyl]hydrazine trifluoroacetate salt (TM-2-13,170) [241]

Br

•CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

O

H
N

O

NH2

C14H21F3N2O3

M = 322.33 g/mol
171 170

The title compound was synthesized from 1-(2-bromoethyl)-4-(tert-butoxy)-
benzene (40.0mg, 156µmol, 1.0 eq) according to GP11. Purification by preparative
reversed-phase HPLC yielded 170 (36.1mg, 112µmol, 72%) as a white solid.

HPLC: tR=5.5min (method A).

1H-NMR (400MHz, CD3OD): δ[ppm]= 7.19 (m, 2H), 6.98-6.95 (m, 2H), 3.24 (t,
3J =8.0Hz, 2H), 2.91 (t, 3J =8.0Hz, 2H), 1.32 (s, 9H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 161.3-162.1 (q, J =35Hz, CF3CO2H)†, 154.1,
132.0, 128.9, 124.3, 113.3-120.3 (q, J =290Hz, CF3CO2H)†, 78.2, 52.2, 30.5, 27.8.

19F-NMR (377MHz, CD3OD): δ[ppm]=−77.0 (s, CF3CO2H).

HRMS (ESI) (C12H21N2O [M+H]+) calcd.: 209.1648

found: 209.1654.

†CF3CO2H peaks poorly characterised due to low signal intensity
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[2-(Trifluoromethyl)phenethyl]hydrazine trifluoroacetate salt (TM-2-
14,172) [241]

Br

•CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

CF3

H
N

CF3

NH2

C11H12F6N2O2

M = 318.22 g/mol
173 172

The title compound was synthesized from 1-(2-bromoethyl)-2-(trifluoromethyl)-
benzene (40.0mg, 158µmol, 1.0 eq) according to GP11. Purification by preparative
reversed-phase HPLC yielded 172 (27.2mg, 86.0µmol, 54%) as a white solid.

HPLC: tR=5.5min (method A).

1H-NMR (400MHz, CD3OD): δ[ppm]= 7.72-7.70 (m, 1H), 7.63-7.59 (m, 1H),
7.51-7.43 (m, 2H), 3.26-3.22 (m, 2H), 3.15-3.11 (m, 2H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 161.5 (q, J =35Hz, CF3CO2H), 135.8,
132.3, 131.5, 128.4 (q, J =30Hz, CF3), 127.1, 125.8 (q, J =5Hz, CF3), 124.7 (q,
J =270 Hz, CF3), 116.7 (q, J =289Hz, CF3CO2H), 51.5, 28.6.

19F-NMR (377MHz, CD3OD): δ[ppm]=−60.9, −77.0.

HRMS (ESI) (C9H12F3N2 [M+H]+) calcd.: 205.0947

found: 205.0952.
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2-(2-Hydrazineylethyl)pyridine ditrifluoroacetate salt (TM-2-15,174) [241]

N

Br

•2 CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

N

H
N

NH2

C9H12F3N3O2

M = 251.21 g/mol

•HBr

175 174

The title compound was synthesized from 2-(2-bromoethyl)pyridine hydrogenbro-
mide (40.0mg, 150µmol, 1.0 eq) according to GP11. Purification by preparative
reversed-phase HPLC yielded 174 (46.1mg, 126µmol, 84%) as a red solid.

HPLC: tR=5.5min (method A).

1H-NMR (400MHz, CD3OD): δ[ppm]= 8.72 (d, 3J =5.6Hz, 1H), 8.32 (td, 3,4J =8.0,
1.6Hz, 1H), 7.87 (d, 3J =8.0Hz, 1H), 7.77 (t, 3J =5.6Hz, 1H), 3.49 (t, 3J =6.8Hz,
2H), 3.35 (t, 3J =6.8Hz, 2H)†.

13C-NMR (125MHz, CD3OD): δ[ppm]= 161.7 (q, J =34Hz, CF3CO2H), 155.6, 144.2,
143.0, 126.2, 124.1, 115.6 (q, J =291Hz, CF3CO2H), 48.7, 31.2.

19F-NMR (377MHz, CD3OD): δ[ppm]=−76.9 (s, CF3CO2H).

HRMS (ESI) (C7H12N3 [M+H]+) calcd.: 138.1026

found: 138.1021.

†Overlap of compound peak with CD3OD reference quintet prevents solvent peak from
being observed
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3-(2-Hydrazineylethyl)-2-methyl-6,7,8,9-tetrahydro-4H -pyrido[1,2-a]-
pyrimidin-4-one ditrifluoroacetate salt (TM-2-16,176) [241]

N

N

Cl

•2 CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

O

N

N

H
N

O

NH2

C15H20F6N4O5

M = 450.34 g/mol

•HCl

177 176

The title compound was synthesized from pyrimidinone hydrogenchloride 177 (40.0mg,
152µmol, 1.0 eq) according to GP11. Purification by preparative reversed-phase
HPLC, with fraction collection utilising the 275 nm trace, yielded 176 (58.3mg,
130µmol, 85%) as a pale yellow oily residue.

HPLC: tR=5.5min (method A).

1H-NMR (400MHz, CD3OD): δ[ppm]= 3.98 (t, 3J =6.0Hz, 2H), 3.25 (t, 3J =6.8Hz,
2H), 3.10 (t, 3J =6.8Hz, 2H), 2.92 (t, 3J =6.8Hz, 2H), 2.08-2.02 (m, 2 H),
1.99-1.92 (m, 2H). 13C-NMR (125MHz, CD3OD): δ[ppm]= 161.6 (q, J =34Hz,
CF3CO2H), 161.2, 160.6, 152.8, 117.8, 116.8 (q, J =290Hz, CF3CO2H), 48.6, 43.6,
21.9, 20.5, 17.1, 17.0, 16.8

19F-NMR (377MHz, CD3OD): δ[ppm]=−76.9-−76.8 (m, CF3CO2H).

HRMS (ESI) (C11H19N4O [M+H]+) calcd.: 223.1553

found: 223.1561.
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[2-(2,2-Difluorobenzo[d][1,3]dioxol-4-yl)ethyl]hydrazine trifluoroacetate
salt (TM-2-17,178) [241]

Br

•CF3COOH
N2H2•H2O

80 °C, o/n
(EtOH)

O
O

F
F

H
N

O
O

F
F

NH2

C11H11F5N2O4

M = 330.21 g/mol

179 178

The title compound was synthesized from 4-(2-bromoethyl)-2,2-difluoro-1,3-
dioxaindane (40.0mg, 151µmol, 1.0 eq) according to GP11. Purification by preparative
reversed-phase HPLC yielded 178 (33.3mg, 101µmol, 67%) as a white solid.

HPLC: tR=5.5min (method A).

1H-NMR (400MHz, CD3OD): δ[ppm]= 7.16-7.04 (m, 3H), 3.29 (t, 3J =7.Hz, 2H),
3.02 (t, 3J =7.6Hz, 2H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 161.7 (q, J =35Hz, CF3CO2H), 143.4, 142.0,
131.4 (t, J =251Hz, CF3), 124.7, 124.0, 120.2, 116.8 (q, J =290Hz, CF3CO2H), 108.0,
49.5, 26.4.

19F-NMR (377MHz, CD3OD): δ[ppm]=−52.0 (s, 2 F), −77.0 (s, 3 F).

HRMS (ESI) (C9H11F2N2O2 [M+H]+) calcd.: 217.0783

found: 217.0788.
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4-(2-Hydrazineylethyl)benzonitrile trifluoroacetate salt (TM-2-18,180) [241]

Br

•CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)N

H
N

N

NH2

C11H12F3N3O2

M = 275.23 g/mol181 180

The title compound was synthesized from 4-(2-bromoethyl)benzonitrile (40.0mg,
190µmol, 1.0 eq) according to GP11. Purification by preparative reversed-phase
HPLC yielded 180 (20.1mg, 73.0µmol, 38%) as an off-white, yellow solid.

HPLC: tR=5.5min (method A).

1H-NMR (300MHz, CD3OD): δ[ppm]= 7.72-7.69 (m, 2H), 7.48-7.45 (m, 2H), 3.27 (t,
3J =7.8Hz, 2H), 3.02 (t, 3J =7.8Hz, 2H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 132.2, 129.5, 125.4, 118.2, 110.5, 50.9, 33.1.

19F-NMR (377MHz, CD3OD): δ[ppm]=−76.9 (s, CF3CO2H).

HRMS (ESI) (C9H12N3 [M+H]+) calcd.: 162.1026

found: 162.1025.
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4-(2-Hydrazineylethyl)-N,N -dimethylbenzenesulfonamide trifluoroacetate
salt (TM-2-19,182) [241]

Br

•CF3COOH

N2H2•H2O

80 °C, o/n
(EtOH)

S

O

O
N

H
N

S

O

O
N

NH2

C12H18F3N3O4S

M = 357.35g/mol183 182

The title compound was synthesized from 4-(2-bromoethyl)-N,N -dimethylbenzene-1-
sulfonamide (40.0mg, 137µmol, 1.0 eq) according to GP11. Purification by preparative
reversed-phase HPLC yielded 182 (36.3mg, 102µmol, 74%) as a white solid.

HPLC: tR=5.5min (method A).

1H-NMR (300MHz, CD3OD): δ[ppm]= 7.75 (d, 3J =8.0Hz, 2H), 7.53 (d, 3J =8.0Hz,
2H), 3.29 (t, 3J =7.6Hz, 2H), 3.04 (t, 3J =7.6Hz, 2H), 2.68 (s, 6H).

13C-NMR (125MHz, CD3OD): δ[ppm]= 1616 (q, J =35Hz, CF3CO2H), 143.2, 133.7,
129.3, 128.0, 116.7 (q, J =289Hz, CF3CO2H), 108.0, 51.1, 36.9, 31.4.

19F-NMR (377MHz, CD3OD): δ[ppm]=−77.0 (s, CF3CO2H).

HRMS (ESI) (C10H18N3O2S [M+H]+) calcd.: 244.1114

found: 244.1122.
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(E)-3-hydroxy-5-(hydroxymethyl)-2-methylisonicotinaldehyde O-methyl
oxime (184) [339]

N
H

HO

O

OH

Hydroxylamine (1.4 eq)

r.t., o/n
(EtOH)

N

HO

N

OH

OH

C8H10N2O3

M = 182.18 g/mol

Cl

132 184

Hydroxylamine hydrochloride (478 mg, 6.88mmol, 1.4 eq) was added to a stirred
solution of pyridoxal hydrochloride (1.00 g, 4.91mmol, 1.0 eq) in ethanol (100mL).
The reaction was stirred at room temperature overnight. Upon completion, the solvent
was removed under reduced pressure and the residue was purified by HPLC (method
C) to yield methoxim 184 (508mg, 2.79mmol, 57%) as a white solid.

TLC: Rf=0.69 (10% MeOH/DCM) [UV/CAM].

HPLC: tR=1.6min (method C).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 8.64 (s, 1H), 8.20 (s, 1H), 4.73 (s, 2H),
4.06 (s, 3H), 3.78 (s, 1H), 2.62 (s, 3H).

HRMS (ESI) (C8H11N2O3 [M+H]+) calcd.: 183.0765

found: 183.0763.
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4.1.2.12 Synthesis of Pro-Tide Probes PLPA and PL3PA

{2,2,8-Trimethyl-4H -[1,3]dioxino[4,5-c]pyridin-5-yl}methanol (102) [206]

N
H

HO

OH

OH
45 °C, o/n

(DCM)
Cl

H2SO4

OO

N

O
OH

O

C11H15NO3

M = 209.25 g/mol

101 102

Pyridoxal hydrochloride (5.00 g, 24.3mmol, 1.0 eq) was dissolved in anhydrous
dichloromethane (100mL). Then, 2,2-dimethoxypropane (25.0mL, 21.0 g, 202mmol,
8.3 eq) and sulfuric acid (96%, 1.80mL) were added and the reaction was stirred
at 45 °C overnight. Upon completion and cooling down to room temperature, the
mixture was diluted with dichloromethane (50mL) and washed with satd. sodium
bicarbonate solution (2×50mL). The aqueous layer was further extracted with
dichloromethane (4×30mL) and the combined organic phase was dried over sodium
sulfate, filtered and concentrated under reduced pressure. The crude product was
recrystallised from ether/pentane (2:1) to yield the acetal 102 quantitatively as a
white solid.

TLC: Rf=0.76 (50% EtOAc/hexanes) [UV/PMA].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.14 (s, 1H), 4.95 (s, 2H), 4.66 (s, 2H), 2.56 (s,
3H), 1.58 (s, 6H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 148.2, 146.3, 138.9, 129.1, 126.0, 100.0, 60.7,
58.7, 24.9, 18.6.

HRMS (ESI) (C11H16NO3 [M+H]+) calcd.: 210.1125

found: 210.1124.

The analytical data are in accordance with previous literature reports. [206]
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5-{[(tert-Butyldimethylsilyl)oxy]methyl}-2,2,8-trimethyl-4H -[1,3]dioxino-
[4,5-c]pyridine (105) [151]

r.t., o/n
(DCM)N

O
OH

O TBDMS-Cl (1.2 eq)
imidazole (2.5 eq)

N

O
O

O

Si

C17H29NO3Si
M = 323.51 g/mol

102 105

Acetal 102 (2.00 g, 9.56mmol, 1.0 eq) was dissolved in anhydrous dichloro-
methane (30mL) and imidazole (1.63 g, 23.9mmol, 2.5 eq) was added while stirring.
In parallel, tert-butyldimethylsilyl chloride (1.73 g, 11.5mmol, 1.2 eq) was dissolved in
anhydrous dichloromethane (30mL) and subsequently added to the reaction mixture.
After stirring at room temperature overnight the reaction was quenched by adding
satd. sodium bicarbonate solution (50mL) and the aqueous layer was extracted with
dichloromethane (4×50mL). The combined organic phase was dried over sodium
sulfate, filtered and concentrated under reduced pressure. The crude product was
purified by flash chromatography (EtOH/hexanes, 20-80%) to yield the protected
alcohol 105 (2.73 g, 8.44mmol, 89%) as a clear oil.

TLC: Rf=0.64 (5% MeOH/DCM) [UV/CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 7.94 (s, 1H), 4.88 (s, 2H), 4.58 (s, 2H), 2.40 (s,
3H), 1.55 (s, 6H), 0.89 (s, 9H), 0.07 (s, 6H).

13C-NMR (100MHz, CD3OD): δ[ppm]= 147.7, 146.1, 138.6, 129.4, 125.6, 99.7, 61.3,
58.9, 26.0, 24.9, 18.7, 18.4, −5.2.

HRMS (ESI) (C17H30NO3Si [M+H]+) calcd.: 324.1989

found: 324.1990.
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5-{[(tert-Butyldimethylsilyl)oxy]methyl}-2,2,8-trimethyl-4H -[1,3]dioxino-
[4,5-c]pyridine 7-oxide (106) [190,198]

0 °C → r.t., o/n
(DCM)

m-CPBA (1.1 eq)

N

O
OTBDMS

O

N

O
OTBDMS

O

O

C17H29NO4Si
M = 339.51 g/mol

105 106

Protected pyridoxine 105 (2.73 g, 8.44mmol, 1.0 eq) was dissolved in anhydrous
dichloromethane (50mL) and meta-chloroperbenzoic acid (77%, 2.08 g, 9.28mmol,
1.1 eq) was added in portions over 15min at 0 °C. The reaction was allowed to warm
up and stirred overnight at room temperature. Upon completion, satd. sodium
bicarbonate solution (20mL) was added and the aqueous layer was extracted with
dichloromethane (3×30mL). The organic layer was dried over sodium sulfate and
concentrated in vacuo to yield N -oxide 106, which did not require further purification.

TLC: Rf=0.11 (50% EtOAc/hexanes) [UV/CAM].

HRMS (ESI) (C17H30NO4Si [M+H]+) calcd.: 340.1939

found: 340.1940.
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5-{[(tert-Butyldimethylsilyl)oxy]methyl}-2,2-dimethyl-4H -[1,3]dioxino[4,5-
c]pyridin-8-yl)methanol (107) [151,190,216]

0 °C → r.t., 2 h
(DCM)

TFAA (2.0 eq)
MeOH

N

O
OTBDMS

O

O
N

O
OTBDMS

O

HO

C17H29NO4Si
M = 339.51 g/mol

106 107

Trifluoroacetic acid (2.31mL, 3.48 g, 16.6mmol, 2.0 eq) was added to a solution of
crude N -oxide 106 (2.81 g, 8.28mmol, 1.0 eq) in anhydrous dichloromethane (50mL)
via syringe at 0 °C in two batches. The ice bath was then removed and the reaction was
stirred for 2 h. Anhydrous methanol (10mL) was slowly added at 0 °C and the reaction
was stirred for 20min and subsequently allowed to warm to room temperature while
stirring for another 20min. The mixture was diluted with dichloromethane (150mL)
and extracted with satd. sodium bicarbonate solution (50mL). The organic phase
was dried over sodium sulfate, filtered and concentrated under reduced pressure. The
crude product was purified by flash chromatography (EtOAc/hexanes, 20-60%) to
yield the alcohol 107 (1.66 g, 4.89mmol, 60%) as a yellow solid.

TLC: Rf=0.57 (50% EtOAc/hexanes) [UV/CAM].

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 8.04 (s, 1H), 4.89 (s, 2H), 4.82 (t, benzyl
(chloro(phenoxy)phosphoryl)-L-alaninate 1H), 4.67 (s, 2H), 4.46 (d, 3J =5.8Hz, 2H),
1.48 (s, 6H), 0.88 (s, 9H), 0.07 (s, 6H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 148.2, 145.2, 138.2, 131.3, 126.2, 100.0,
60.5, 59.6, 58.3, 26.2, 24.8, 18.3, −4.9.

HRMS (ESI) (C17H30NO4Si [M+H]+) calcd.: 340.1939

found: 340.1939.
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5-{[(tert-Butyldimethylsilyl)oxy]methyl}-8-(chloromethyl)-2,2-dimethyl-
4H -[1,3]dioxino[4,5-c]pyridine (108) [151]

0 °C → r.t., 1.5 h
(DCM)

SOCl2 (10 eq)

N

O
OTBDMS

O

HO
N

O
OTBDMS

O

Cl
C17H28ClNO3Si

M = 357.95 g/mol
107 108

Alcohol 107 (1.66 g, 4.89mmol, 1.0 eq) was dissolved in anhydrous dichloro-
methane (80mL) and cooled to 0 °C prior to the slow addition of thionyl
chloride (3.54mL, 5.81 g, 48.8mmol, 10 eq) via syringe over 30min. The reaction was
stirred for 20min at 0 °C and additional 30min at room temperature. After cooling the
reaction to 0 °C, satd. sodium bicarbonate solution was added until the mixture was
basic (≈100mL). The phases were separated and the organic layer was washed with
satd. sodium bicarbonate and satd. sodium chloride solution (each 20mL), dried over
sodium sulfate and concentrated under reduced pressure to yield crude chloride 108
as a pale yellow oil, which was used directly in the next step without further purification.

TLC: Rf=0.58 (5% EtOAc/DCM) [UV/CAM].

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 8.09 (s, 1H), 4.92 (s, 2H), 4.70 (s, 1H),
4.67 (s, 2H), 1.52 (s, 6H), 0.89 (s, 9H), 0.09 (s, 6H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 146.1, 143.7, 138.6, 133.2, 127.4, 100.6,
60.3, 58.3, 42.3, 26.3, 26.2, 24.9, 24.8, 18.3, 18.3, −2.7, −4.9.

HRMS (ESI) (C17H29ClNO3Si [M+H]+) calcd.: 358.1600

found: 358.1601.
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8-(Azidomethyl)-5-{[(tert-butyldimethylsilyl)oxy]methyl}-2,2-dimethyl-
4H -[1,3]dioxino[4,5-c]pyridine (109) [151]

100 °C, o/n
(MeCN)

NaN3 (1.1 eq)

N

O
OTBDMS

O

Cl
N

O
OTBDMS

O

N3 C17H28N4O3Si
M = 364.52 g/mol

108 109

To a solution of crude chloride 108 (1.72 g, 4.80mmol, 1.0 eq) in anhydrous
acetonitrile (70mL), sodium azide (343mg, 5.28mmol, 1.1 eq) was added and refluxed
at 100 °C overnight. Upon completion, the reaction was washed with satd. sodium
chloride solution (50mL), dried over sodium sulfate and concentrated under reduced
pressure. The crude product was purified by flash chromatography (EtOAc/hexanes,
20-70%) to yield azide 109 (1.17 g, 3.20mmol, 66% over two steps) as a brown oil.

TLC: Rf=0.60 (5% EtOAc/DCM) [UV/CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.07 (s, 1H), 4.90 (s, 2H), 4.62 (s, 2H), 4.44 (s,
2H), 1.58 (s, 6H), 0.91 (s, 9H), 0.09 (s, 6H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 146.4, 143.6, 138.7, 131.9, 126.9, 100.4, 60.9,
58.7, 50.7, 25.8, 24.7, 18.2, −5.4.

HRMS (ESI) (C17H29N4O3Si [M+H]+) calcd.: 365.2003

found: 365.2006.
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[8-(Azidomethyl)-2,2-dimethyl-4H -[1,3]dioxino[4,5-c]pyridin-5-yl] -
methanol (110) [340]

r.t., 15 min
(THF)

TBAF (1.10 eq)

N

O
OH

O

N3N

O
OTBDMS

O

N3 C11H14N4O3

M = 250.26 g/mol
109 110

Azide 109 (358mg, 1.17mmol, 1.0 eq) was dissolved in anhydrous tetrahydrofu-
rane (20mL) and tetrabutylammonium fluoride (1m, 1.17mL, 1.17mmol, 1.0 eq) was
added slowly. After stirring for 15min solvent was evaporated under reduced pressure
and the crude product was purified by flash chromatography (MeOH/DCM, 5-10%)
to yield alcohol 110 (204mg, 815µmol, 71%) as a pale pink oil.

TLC: Rf=0.49 (10% MeOH/DCM) [UV/CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.06 (s, 1H), 4.99 (s, 2H), 4.65 (s, 2H), 4.46 (s,
2H), 3.13 (s, 1H), 1.60 (s, 6H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 146.7, 143.7, 138.7, 131.9, 127.7, 100.8, 60.2,
58.6, 50.5, 24.7.

HRMS (ESI) (C11H15N4O3 [M+H]+) calcd.: 251.1139

found: 251.1138.
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Benzyl [chloro(phenoxy)phosphoryl]-L-alaninate (185) [341]

-78 °C → r.t., 1 h
(THF)

L-AlaOBnOTf (1.0 eq)
NEt3 (2.0 eq)P

ClCl
OO

P

H
NCl

OO

O

O

C16H17ClNO4P
M = 353.74 g/mol

90 85

To a flame dried two-necked flask containing anhydrous dichloromethane (16mL),
phenyl-dichlorophosphate (493µL, 696mg, 3.30mmol, 1.0 eq) and O-benzyl-l-
alaninetoluol-p-sulfonate (1.16 g, 3.30mmol, 1.0 eq) at −78 °C, triethylamine (915µL,
668mg, 6.60mmol, 2.0 eq) was slowly added. The reaction was stirred for 30min at
−78 °C and then allowed to warm up to room temperature, where it was stirred for
another 30min. After removal of the solvent in situ formed phosphorochloridate 85
was used directly in the next step.
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Benzyl {[8-(azidomethyl)-2,2-dimethyl-4H -[1,3]dioxino[4,5-c]pyridin-5-
yl]methoxy}(phenoxy)phosphoryl-l-alaninate (111) [341]

r.t., o/n
(THF)

N-Me-imidazole (2.0 eq)
Phosphorchloridate (2.5 eq)

N

O
OH

O

N3
N

O
O

O

N3

P
O

O
N
H

O

O

C27H30N5O7P
M = 567.54 g/mol

110 111

To a dry flask containing alcohol 110 (200mg, 799µmol, 1.0 eq) in anhydrous
tetrahydrofurane (10mL) was added N -methyl imidazole (129µL, 131mg, 1.60mmol,
2.0 eq). Then, reactive chlorophosphate 85 (≈ 2.00mmol, 2.5 eq) dissolved in
anhydrous tetrahydrofurane (10mL) was slowly added and the mixture was stirred at
room temperature overnight. Upon completion, the reaction was quenched by adding
satd. ammonium chloride solution (20mL) and extracted with ethylacetate (3×30mL).
The combined organic phase was dried over sodium sulfate, filtrated and concentrated
in vacuo. The crude product was purified by flash chromatography (MeOH/DCM,
2-6%) to yield protected phosphoramidate 111 (361mg, 631µmol, 80%) as a colorless,
viscous oil.

TLC: Rf=0.49 (10% MeOH/DCM) [UV/CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 7.98 (s, 1H), 7.34-7.27 (m, 7H), 7.18-7.14 (m,
3H), 5.15-5.06 (m, 2H), 4.99-4.97 (m, 2H), 4.83-4.69 (m, 2H), 4.12-3.97 (m, 1H),
3.68-3.60 (m, 1H), 2.42 (s, 3H), 1.52-1.49 (m, 6H), 1.37 (d, 3J =10.4Hz, 3H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 173.2, 150.6, 148.8, 146.2, 139.3, 135.2, 129.7,
128.6, 128.5, 128.2, 125.1, 120.2, 100.1, 67.3, 63.6, 58.3, 50.4, 50.3, 25.0, 24.5, 20.9,
18.3.

31P-NMR (160MHz, CDCl3): δ[ppm]= 2.33.

HRMS (ESI) (C27H31N5O7P [M+H]+) calcd.: 568.1956

found: 568.1954.
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Benzyl {[6-(azidomethyl)-5-hydroxy-4-(hydroxymethyl)pyridin-3-yl]-
methoxy}(phenoxy)phosphoryl-l-alaninate (112) [232]

r.t., 2 h

TFA (90%)

N

HO
O

HO

N3

P
O

O
N
H

O

O

N

O
O

O

N3

P
O

OPh

H
N

L-AlaOBn

C24H26N5O7P
M = 527.47 g/mol

111 112

Acetal 111 (349mg, 645µmol, 1.0 eq) was dissolved in aqueous trifluoroacetic
acid (90%, 7.5mL) and stirred at room temperature for 2 h. Upon completion, the
reaction was quenched by adding methanol (20mL) which was subsequently removed
azeotropically together with trifluoroacetic acid under reduced pressure. The crude
product was purified by flash chromatography (MeOH/DCM, 2-10%) to yield the
diol 112 (148mg, 281µmol, 46%) as a clear, viscous oil.

TLC: Rf=0.11 (5% MeOH/DCM) [UV/CAM].

1H-NMR (400MHz, CDCl3): δ[ppm]= 8.03 (s, 1H), 7.33-7.28 (m, 7H), 7.18-7.08 (m,
3H), 5.14-4.85 (m, 7H), 4.53 (s, 2H), 4.06-3.94 (m, 2H), 1.38-1.32 (m, 3H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 173.6, 151.1, 150.2, 144.9, 140.6, 136.4, 133.9,
130.9, 130.0, 128.9, 128.5, 128.3, 125.1, 120.6, 66.5, 63.6, 56.4, 50.8, 50.4, 20.1.

31P-NMR (160MHz, CDCl3): δ[ppm]= 2.06.

HRMS (ESI) (C24H27N5O7P [M+H]+) calcd.: 528.1643

found: 528.1639.
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Benzyl {[6-(azidomethyl)-4-formyl-5-hydroxypyridin-3-yl]methoxy}-
(phenoxy)phosphoryl-l-alaninate (113)

r.t., 4 h
(CHCl3)

MnO2 (6.0 eq)

N

HO
O

N3

P
O

O
N
H

O

O

N

HO
O

HO

N3
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O

OPh

H
N

L-AlaOBn

O

C24H24N5O7P
M = 525.46 g/mol

112 113

To a solution of diol 112 (45.0mg, 85.3µmol, 1.0 eq) in anhydrous chloroform (5mL)
was added manganese(IV)-oxide (44.5mg, 512µmol, 6.0 eq) and further 4 equivalents
every hour (133mg, 1.54mmol, 18 eq in total). Upon completion, the suspension was
filtered, the residue washed with chloroform and the filtrate was then concentrated
under reduced pressure. The crude product was purified by HPLC using method
D (tR=5.5min) and lyophilised to generate final probe PL3PA (113) (23.5mg,
44.7µmol, 52%) as a pale brown, viscous oil.

TLC: Rf=0.78 (10% MeOH/DCM) [UV/CAM].

HPLC: tR=5.5min (method D).

1H-NMR (400MHz, CDCl3): δ[ppm]= 11.50 (br s, 1H), 10.28 (s, 1H), 8.19 (s, 1H),
7.37-7.28 (m, 7H), 7.17-7.09 (m, 3H), 5.40-5.24 (m, 2H), 5.16-5.08 (m, 2H), 4.54 (s,
2H), 4.11-3.99 (m, 1H), 3.88-3.67 (m, 1H), 1.38 (d, 3J =7.1Hz, 3H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 196.1, 173.4, 153.7, 150.3, 149.7, 140.7, 135.2,
129.9, 128.8, 128.7, 128.4, 125.5, 121.1, 120.3, 67.6, 62.9, 62.1, 50.6, 50.4, 21.0.

31P-NMR (160MHz, CDCl3): δ[ppm]= 2.34.

HRMS (ESI) (C24H25N5O7P [M+H]+) calcd.: 526.1486

found: 526.1482.
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Benzyl {phenoxy[(2,2,8-trimethyl-4H -[1,3]dioxino[4,5-c]pyridin-5-yl)-
methoxy]phosphoryl}-l-alaninate (103) [341]

N

O
OH

O

N

O
O

O

P

O

O
N
H

N-Me-Im (2.0 eq)
Phosphorchloridate (2.5 eq) O

O

C27H31N2O7P
M = 526.53 g/mol

r.t., o/n
(THF)

102 103

To a dry flask containing alcohol 102 (314mg, 1.50mmol, 1.0 eq) in anhydrous
tetrahydrofurane (12mL) was added N -methyl imidazole (241µL, 246mg, 3.00mmol,
2.0 eq). Then, reactive chlorophosphate 85 (≈ 4.00mmol, 2.5 eq) dissolved in
anhydrous tetrahydrofurane (12mL) was slowly added and the mixture was stirred at
room temperature overnight. Upon completion, the reaction was quenched by adding
satd. ammonium chloride solution (20mL) and extracted with ethylacetate (3×40mL).
The combined organic phase was dried over sodium sulfate, filtrated and concentrated
in vacuo. The crude product was purified by flash chromatography (MeOH/DCM,
2-6%) to yield protected phosphoramidate 111 (621mg, 1.18mmol, 79%) as a colorless,
viscous oil.

TLC: Rf=0.53 (10% MeOH/DCM) [UV/CAM].

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 7.96 (s, 1H), 7.36-7.28 (m, 7H),
7.20-7.10 (m, 3H), 6.23-6.08 (m, 1H), 5.14-5.04 (m, 2H), 5.03-4.92 (m, 2H),
4.89-4.74 (m, 2H), 3.98-3.87 (m, 1H), 2.29 (s, 3H), 1.52-1.40 (m, 6H), 1.25 (t,
3J =7.5Hz, 3H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 173.1, 150.7, 147.2, 145.2, 139.6, 135.9,
129.6, 128.4, 128.0, 127.8, 125.9, 123.8, 120.2, 99.6, 66.0, 62.8, 57.7, 50.0, 48.6, 26.6,
19.6, 18.3.

31P-NMR (160MHz, d6 DMSO): δ[ppm]= 3.67.

HRMS (ESI) (C27H32N2O7P [M+H]+) calcd.: 527.1942

found: 527.1942.
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Benzyl {[5-hydroxy-4-(hydroxymethyl)-6-methylpyridin-3-yl]methoxy}-
(phenoxy)phosphoryl-l-alaninate (104) [232]

N

HO
O

HO

P

O

O
N
H

TFA (90%) O

Or.t., 1.5 h

N

O
O

O

P
O

OPh

H
N

O

O
Bn

C24H27N2O7P
M = 486.46 g/mol103 104

Acetal 103 (621mg, 1.18mmol, 1.0 eq) was dissolved in aqueous trifluoroacetic
acid (90%, 10mL) and stirred at room temperature for 1.5 h. Upon completion, the
reaction was quenched by adding methanol (20mL) at 0 °C which was subsequently
removed azeotropically together with trifluoroacetic acid under reduced pressure. The
crude product was purified by flash chromatography (MeOH/DCM, 5-10%) to yield
diol 104 (554mg, 1.38mmol, 97%) as a clear, viscous oil.

TLC: Rf=0.48 (10% MeOH/DCM) [UV/CAM].

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 9.26 (br s, 1H), 7.90 (s, 1H), 7.39-7.26 (m,
7H), 6.19-6.06 (m, 3H), 5.76 (br s, 1H), 5.13-4.99 (m, 4H), 4.69 (s, 2H), 3.97-3.84 (m,
1H), 2.35 (s, 3H), 1.26-1.18 (m, 3H).

13C-NMR (100MHz, d6 DMSO): δ[ppm]= 173.1, 150.9, 149.5, 147.5, 139.8, 139.7,
135.9, 131.9, 129.6, 128.4, 128.0, 127.8, 124.5, 120.2, 65.1, 63.3, 56.0, 49.9, 48.5, 19.5.

31P-NMR (160MHz, d6 DMSO): δ[ppm]= 3.58.

HRMS (ESI) (C24H28N2O7P [M+H]+) calcd.: 487.1629

found: 487.1628.
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Benzyl {[(4-formyl-5-hydroxy-6-methylpyridin-3-yl)methoxy](phenoxy)}-
phosphoryl-l-alaninate (99)
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Or.t., 4 h
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C24H25N2O7P
M = 484.44 g/mol

104 99

To a solution of diol 104 (58.0mg, 119µmol, 1.0 eq) in anhydrous chloroform (10mL)
was added manganese(IV)-oxide (62.0mg, 715µmol, 6.0 eq) and further 4 equivalents
every hour (186mg, 2.14mmol, 18 eq in total). Upon completion, the suspension was
filtered, the residue washed with chloroform and the filtrate was then concentrated
under reduced pressure. The crude product was purified by HPLC using method
D (tR=5.8min) and lyophilised to generate final probe PLPA (99) (42.6mg,
87.9µmol, 74%) as a pale brown, viscous oil.

TLC: Rf=0.78 (10% MeOH/DCM) [UV/CAM].

HPLC: tR=5.8min (method D).

1H-NMR (400MHz, d6 DMSO): δ[ppm]= 11.93 (br s, 1H), 10.36 (s, 1H), 8.12 (s,
1H), 7.40-7.26 (m, 7H), 7.21-7.10 (m, 3H), 6.29-6.14 (m, 1H), 5.46-5.28 (m, 2H),
5.14-5.00 (m, 2H), 4.03-3.86 (m, 1H), 2.48-2.40 (m, 3H), 1.31-1.20 (m, 3H).

31P-NMR (160MHz, d6 DMSO): δ[ppm]= 3.74.

HRMS (ESI) (C24H26N2O7P [M+H]+) calcd.: 485.1473

found: 485.1473.
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4.1.2.13 Synthesis of the MAC173979 Amine

tert-Butyl (3-acetylphenyl)carbamate (128) [311]

H2N
O

Boc2O (4.0 eq)

r.t., 48 h
(THF)

N
H

O
O

O
C13H17NO3

M = 235.28 g/mol

127 128

To a solution of m-aminoacetophenone 127 (1.35 g, 10.0mmol, 1.0 eq) in anhydrous
tetrahydrofurane (15mL) was added di-tert-butyl dicarbonate (8.72 g, 40.0mmol,
4.0 eq) and the reactionwas stirred for 48 h. Upon completion, the mixture was
concentrated under reduced pressure and the residue was extracted with ethyl
acetate and water. Organic layers were then washed with satd. sodium chloride
solution and dried over sodium sulfate. The crude product was purified by flash
chromatography (EtOAc/hexanes, 20%) to yield 128 (2.23 g, 9.48mmol, 95%) as a
white solid.

TLC: Rf=0.45 (20% EtOAc/hexanes) [UV].

1H-NMR (400MHz, CDCl3): δ[ppm]= 7.95-7.89 (m, 1H), 7.67-7.58 (m, 2H), 7.38 (t,
3J =7.9Hz, 1H), 6.67 (s, 1H), 2.59 (s, 3H), 1.53 (s, 9H).

13C-NMR (100MHz, CDCl3): δ[ppm]= 198.1, 152.8, 139.0, 138.0, 129.4, 123.1, 123.0,
118.2, 81.1, 28.5, 26.9.

HRMS (ESI) (C13H18NO3 [M+H]+) calcd.: 236.1282

found: 236.1282.
The analytical data are in accordance with previous literature reports. [311]
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tert-Butyl {3-[1-(trimethylsilyl)oxy]vinyl}phenylcarbamate (129) [295]

r.t., 30 min
(MeCN)

N
H

OBocHN

O

TMSCl (1.3 eq)
NEt3 (1.3 eq)
NaI (1.3 eq)

Si

O

O
C16H25NO3Si

M = 307.47 g/mol

128 129

Compound 128 (2.23 g, 9.48mmol, 1.0 eq), trimethylsilyl chloride (1.50mL, 1.29 g,
11.9mmol, 1.3 eq), and triethylamine (1.64mL, 1.20 g, 11.9mmol, 1.3 eq) were
added to a flame dried flask. The mixture was stirred at room temperature and a
solution of sodium iodide (1.78 g, 11.9mmol, 1.3 eq) in acetonitrile (12mL, 1.0m)
was added dropwise. After stirring the reaction for 30min, it was cooled to 0 °C and
hexanes (6mL) was added. After adding water (6mL) the phases were separated, and
the aqueous layer was extracted with hexanes (2×6mL). The combined organic phases
were washed with water (2×6mL), dried over sodium sulfate and concentrated under
reduced pressure. The intermediate trimethylsilyl enol ether 129 (2.77 g, 8.96mmol,
95%) was obtained and was used without further purification.

HRMS (ESI) (C16H26NO3Si [M+H]+) calcd.: 308.1677

found: 308.1674.
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tert-Butyl [3-(3,3-dichloroacryloyl)phenyl]carbamate (130) [295]

80 °C, o/n
(CCl4)

N
H

O
BocHN

OTMS

[RuCl2(PPh3)3] (1 mol%)

O

O
Cl

Cl

C14H15Cl2NO3

M = 316.18 g/mol

128 130

Carbon tetrachloride (3.11mL, 32.3mmol, 3.6 eq) was added to a flame-dried pressure
tube, and the vessel was sealed with a silicon septum. The solvent was frozen at
−78 °C and vacuum was applied to 0.3mbar. The solvent was then allowed to thaw
under vacuum before the vessel was filled with argon. This freeze-pump thaw process
was repeated twice. Ruthenium(II)-tris-triphenylphosphine dichloride (86.0mg,
896µmol, 1mol%) and crude trimethylsilyl enol ether 129 (2.77 g, 8.96mmol,
1.0 eq) were added. The vessel was sealed and heated at 80 °C for 17 h while
stirring. Upon completion, the reaction was cooled down and directly purified by
column chromatography (EtOAc/hexanes, 3-15%) to yield dichlorovinyl 130 (1.41 g,
4.46mmol, 50%) as a white powder.

TLC: Rf=0.36 (10% EtOAc/hexanes) [UV].

HRMS (ESI) (C14H16Cl2NO3 [M+H]+) calcd.: 316.0502

found: 316.0503.
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1-(3-Aminophenyl)-3,3-dichloroprop-2-en-1-one (126) [311]

r.t., 1 h
(DCM)

H2N
O

BocHN

O

Cl

Cl

Cl

Cl

TFA
C9H7Cl2NO

M = 216.06 g/mol

130 126

Boc-protected amine 130 (700mg, 2.21mmol, 1.0 eq) was dissolved in dichloromethane
(15mL) and trifluoroacetic acid (6mL) was added. After stirring the reaction for
1 h at room temperature, dichloromethane (30mL) was added and the solution was
washed with satd. sodium bicarbonate solution (30mL). After separation, the organic
phase was dried over sodium sulfate and solvents were removed in vacuo. The crude
product was purified by HPLC using method E (tR=4.5min) and lyophilised to
generate final MAC173979 amine (126) (21.1mg, 9.77µmol, 5%) as a brown oil.

HPLC: tR=4.5min (method E).

1H-NMR (400MHz, CD3CN): δ[ppm]= 7.40 (s, 1H), 7.29-7.24 (m, 3H), 7.00-6.95 (m,
1H).

13C-NMR (100MHz, CD3CN): δ[ppm]= 186.8, 154.8, 137.8, 129.7, 125.5, 120.7, 118.6,
114.8, 114.4.

HRMS (ESI) (C9H8Cl2NO [M+H]+) calcd.: 215.9978

found: 215.9978.
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4.2 Biochemistry

4.2.1 Culture Media

Table 4.2: List of used buffers and media.

Buffer/Medium Ingredients

LB-medium Peptone (10 g), NaCl (5 g), yeast extract (5 g)
in 1 L ddH2O, pH=7.5

B-medium Peptone (10 g), NaCl (5 g), yeast extract (5 g), K2PO4 (1 g)
in 1 L ddH2O, pH=7.5

CDMSA Adapted from [342]

CDMEC Adapted from [247]

CDMPA Adapted from [343]

4.2.2 Cloning and Expression of Proteins

4.2.2.1 PCR and Gene Purification

S. aureus, E. coli and P. aeruginosa genes were amplified by polymerase chain re-
action (PCR) according to table 4.3 and table 4.4. Primers and their annealing
temperatures are given in table 4.5. After verification of the reactions by an 1%
agarose gel, PCR products were purified using a E.Z.N.A.® MicroElute Cycle Pure
Kit (Omega) according to the manufacturers protocol.
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Table 4.3: PCR conditions.

Buffer/Medium Ingredients

Forward primer (10µM) 2.5µL

Reverse primer (10µM) 2.5µL

dNTPs (10mM) 1µL

Genomic DNA (150 ng
µL ) 1µL

5× Phusion HF buffer 10µL

DMSO (1.5µL if necessary)

ddH2O fill up to 50µL

Table 4.4: Thermocyclic conditions.

Step Temperature [°C] Time [s] Cycles

Initial denaturation 98 30 1

Denaturation 98 10
35Annealing see table 4.5 30

Extension 72 30

Final extension 72 10min 1

Hold 4 ∞
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Table 4.5: Primer list.

Primer Gene Organism Sequence Annealing
Temp. [°C] Company

Gateway
pdxK fwd

pdxK E. coli

ggggacaagtttgtacaaaaaagcaggcttt
AGTAGTTTGTTGTT
GTTTAACGATAAG 61 Eurofins

Gateway
pdxK rev

ggggaccactttgtacaagaaagctgggtg
TTATGCTTCCGCCAGCG

Gateway
ydcR fwd

ydcR E. coli

ggggacaagtttgtacaaaaaagcaggcttt
AAAAAATACCAGCAGCTTGC

60 EurofinsGateway
ydcR rev

ggggaccactttgtacaagaaagctgggtg
TTACAGCCGTTCTTGAATAAG

Gateway
yjiR fwd

yjiR E. coli

ggggacaagtttgtacaaaaaagcaggcttt
TACGCGTTATCAACATCTGG

59 EurofinsGateway
yjiR rev

ggggaccactttgtacaagaaagctgggtg
TTATTCCATTGCCCGATACAC

SLIM
MBP tailed

GCCCTGAAAAT
AAAGATTCTCGCC

AGAAGTCTGCGCGTCTTTCAG 68 Sigma
AldrichSLIM

MBP short AGTCTGCGCGTCTTTCAGGGCTTC

SLIM
ydcR tailed

ydcR E. coli

TCTGGCGAGAATCT
TTATTTTCAGGG

CAAAAAATACCAGCAGCTTGC 68 Sigma
AldrichSLIM

ydcR short AAAAAATACCAGCAGCTTGC

PRydcR-ydcS
fwd ydcR-ydcS

intergenic
region

E. coli

[TAMRA]
TAGCGTTTAATTTAATTCCTCTTAG

59 Sigma
AldrichPRydcR-ydcS

rev
[TAMRA]

TAAGGTCTTACTCCTGTCG
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Primer Gene Organism Sequence Annealing
Temp. [°C] Company

PRydcR
fwd ydcR

promotor
region

E. coli

[TAMRA]
GGCGCTTGGCAAAGAGTTATC

59 Sigma
AldrichPRydcR

rev
[TAMRA]

GCAACGAAGGCAAACGATCG
Gateway
iscS fwd

iscS E. coli

ggggacaagtttgtacaaaaaagcaggcttt
AAATTACCGATTTATCTCGACTACTC

61 Sigma
AldrichGateway

iscS rev
ggggaccactttgtacaagaaagctgggtg

TTAATGATGAGCCCATTCGATG
Gateway
iscU fwd

iscU E. coli

ggggacaagtttgtacaaaaaagcaggcttt
GCTTACAGCGAAAAAGTTATC

59 Sigma
AldrichGateway

iscU rev
ggggaccactttgtacaagaaagctgggtg
TTATTTTGCTTCACGTTTGC

Gateway
pabC fwd

pabC E. coli

ggggacaagtttgtacaaaaaagcaggcttt
TTCTTAATTAACGGTCATAAGCAGG

61 Sigma
AldrichGateway

pabC rev
ggggaccactttgtacaagaaagctgggtg
CTAATTCGGGCGCTCAC
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Primer Gene Organism Sequence Annealing
Temp. [°C] Company

Gateway
A0A0H2XHJ5

fwd A0A0H2XHJ5 S. aureus

ggggacaagtttgtacaaaaaagcaggcttt
GCCGAACACTCATTTGAC

61 Sigma
AldrichGateway

A0A0H2XHJ5
rev

ggggaccactttgtacaagaaagctgggtg
TTAAAATTCATAAGAGAAAAACTCCTTC

Gateway
sufU fwd

sufU S. aureus

ggggacaagtttgtacaaaaaagcaggcttt
AATTTTAATAATCTAGA
TCAATTATATAGATCTG 59 Sigma

AldrichGateway
sufU rev

ggggaccactttgtacaagaaagctgggtg
CTATTCTTCTTCAGTCGTACC

Gateway
A0A0H2XII6

fwd A0A0H2XII6 S. aureus

ggggacaagtttgtacaaaaaagcaggcttt
AAGCAACCTATTTT
AAATAAATTAGAAAG 55 Sigma

AldrichGateway
A0A0H2XII6

rev

ggggaccactttgtacaagaaagctgggtg
TTATTCATCCTCAACT

AAAATTTTATTATTTTTA
Gateway

PA2683 fwd
PA2683 P. aeruginosa

ggggacaagtttgtacaaaaaagcaggcttt
CACGACCTGCCTACCTACGACG

68 Sigma
AldrichGateway

PA2683 rev
ggggaccactttgtacaagaaagctgggtg
CTAGCCGCCGAGCAAGGC

Gateway
PA3659 fwd

PA3659 P. aeruginosa

ggggacaagtttgtacaaaaaagcaggcttt
AATACCGCACTCGACAACCTGC

68 Sigma
AldrichGateway

PA3659 rev
ggggaccactttgtacaagaaagctgggtg

TCAGCGCGCCCGCAG
Gateway

PA3798 fwd
PA3798 P. aeruginosa

ggggacaagtttgtacaaaaaagcaggcttt
ATTCAGAGCAAGCTGCCGAATG

66 Sigma
AldrichGateway

PA3798 rev
ggggaccactttgtacaagaaagctgggtg

TCAGATCGCGCATAGCTTTTCC
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4.2.2.2 Gateway Cloning

Cloning was performed using the Invitrogen Gateway® cloning system with
pDONR™201Kan (Invitrogen) or pDONR™207Gen (Invitrogen) as the donor vectors
and pET-55-DEST™Amp (Invitrogen), pETG-41KKan (EMBL) or pDEST007Amp (cus-
tom made) as the destination vectors. Protocols were adopted from Invitrogen [344].
Expression vectors were transformed into E. coli BL21 (DE3).

4.2.2.3 Site-directed and Ligation Independent Mutagenesis (SLIM)

SLIM was chosen to introduce a TEV (Tobacco Etch Virus) protease cleavage site
between the maltose binding protein (MBP) and the protein ydcR. For this, two PCR
reactions were performed: one with a tailed MBP primer (SLIM MBP tailed) and the
short one for ydcR (SLIM ydcR short) and one PCR with the short MBP primer (SLIM
MBP short) and the long one for ydcR (SLIM ydcR tailed). PCR reactions were
conducted as discussed before with additional DMSO (3%), an annealing temperature
of 68 °C and an elongated extension time of 2.5min. PCR products were verified by 1%
agarose gels and sequencing (Genewiz) and purified as described in section 4.2.2.1. The
destination vector was digested with 1µL Dpn I in 5µL of CutSmart® buffer (NEB)
at 37 °C for 1 h. Then, complementary TEV sites were hybridized by taking 20µL
of the respective two PCR fragments and 10µL of H buffer (750 mMNaCl, 125mM
TRIS, 100mM EDTA, pH=9.0). The reaction was conducted at 99 °C for 3min
and two cycles at 65 °C for 5min, followed by 30 °C for 40min. The final vector was
transformed into E. coli BL21 (DE3).

4.2.2.4 Protein Overexpression

LB-media containing 0.1 mg/mL ampicillin (100mg/mL stock in ethanol/ddH2O=1/1)
or 25µg/mL kanamycin (25 mg/mL stock in ddH2O) was inoculated with 1:100
overnight culture of the corresponding vector containing E. coli BL21 (DE3)
strain. After growth at 37 °C to an OD600 of 0.5-0.6, 1mM iso-propyl-1-thio-
galactopyranoside (IPTG, 1M stock in ddH2O) except otherwise stated for
pET-55-DEST™Amp and pETG-41KKan or 2µg/mL anhydrotetracycline (aTet,
2 mg/mL stock in ddH2O) for pDEST007Amp were added and the protein expression
was carried out at the temperature corresponding to table 4.6. Bacteria were then
harvested (6000 rpm, 10min, 4 °C, rotor SLA-3000; Sorvall RC 6+, Thermo Scientific)
and washed with 30mL PBS once prior to cell lysis and protein purification.
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Table 4.6: Proteinexpression conditions.

Protein Name Gene Name Uniprot ID Overexpression MW [Da] Tags
Pyridoxine/pyridoxal/pyridoxamine

kinase pdxK P40191 18 °C, o/n 33,137.0 N-STREP-II

Uncharacterized HTH-type
transcriptional regulator ydcR P77730 18 °C, o/n

0.25mM IPTG 95,690.5 ydcR-TEV-
MBP-C-His

Uncharacterized HTH-type
transcriptional regulator yjiR P39389 18 °C, o/n

0.25mM IPTG 95,942.0 yjiR-MBP-
C-His

Cysteine desulfurase iscS P0A6B7 18 °C, o/n 47,422.5 N-STREP-II
Iron-sulfur cluster

assembly scaffold protein iscU P0ACD4 18 °C, o/n
2µg/mL aTet 16,126.0 N-STREP-II

Aminodeoxychorismate
lyase pabC P28305 18 °C, o/n 32,005.0 N-STREP-II

Probable cysteine desulfurase sufS A0A0H2XHJ5 18 °C, o/n 48,565.0 N-STREP-II
NifU family SUF system
FeS assembly protein SAUSA300_0821 A0A0H2XJC0 18 °C, o/n

2µg/mL aTet 19,294.5 N-STREP-II

Orn/Lys/Arg decarboxylase SAUSA300_0458 A0A0H2XII6 18 °C, o/n 53,370.5 N-STREP-II
Probable serine/threonine
dehydratase, degradative PA2683 Q9I0F5 18 °C, o/n 37,099.0 N-STREP-II

Probable aminotransferase PA3659 Q9HXY0 25 °C, o/n 47,685.0 N-STREP-II

Probable aminotransferase PA3798 Q9HXJ9 18 °C, o/n 45,736.0 N-STREP-II
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4.2.3 Protein Purification of STREP Tagged Proteins

Cell pellets from 2L culture were resuspended in 20mL STREP binding buffer (50mM
NaH2PO4, 300mM NaCl, pH=7.9) and lysed by sonication (7min 30%, 3min
70%, 2 cycles; Bandelin Sonolus HD 2070). The lysate was clarified by centrifu-
gation (18000 rpm, 45min, 4 °C, SLA-3000) and loaded onto a StrepTrap column (GE
Healthcare) pre-equilibrated with STREP binding buffer integrated into a Äkta puri-
fier10 FPLC system (GE Healthcare). Untagged proteins were removed by washing the
column with 10 column volumes STREP binding buffer at a flow rate of 3mL/min. Elu-
tion of STREP-tagged proteins was conducted by applying 5 column volumes STREP
elution buffer (STREP binding buffer, 2.5mM desthiobiotin, pH=7.9). The eluted
fractions were collected, concentrated with a suitable centrifugal mass filter (MWCO:
3/10/30/50 kDa, Millipore) and desalted into STREP binding buffer by loading the
proteins onto a HiTrap Desalting column (GE Healthcare) at a flow rate of 3mL/min.
Eluates were combined, concentrated and protein aliquots were snap frozen in liquid
nitrogen and stored at −80 °C. Protein concentrations were measured at 280 nm on a
Tecan Infinite® M Nano plate reader in a NanoQuant plate™.

4.2.4 Purification of His Tagged Proteins ydcR and yjiR

Protein purification of recombinant ydcR and yjiR using a HisTrap HP 5ml column (GE
Healthcare) for Ni-NTA affinity purification and a HiTrap Desalting 5ml column (GE
Healthcare) for desalting. First, the HisTrap HP 5mL column was equilibrated with
His-Tag purification buffer A (50mM NaH2PO4, 300mM NaCl, 5mM DTT, 20mM
imidazole, pH=8.0). Non-specifically bound proteins were removed by washing
with 14 column volumes buffer A. The tagged proteins were eluted with 4 column
volumes 100% His-Tag purification buffer B (50mM NaH2PO4, 300mM NaCl, 5mM
DTT, 300mM Imidazole, pH=8.0). The protein containing elution fractions were
concentrated (MWCO: 50 kDa) and loaded onto HiTrap Desalting (5mL) column
equilibrated with buffer C (50mM NaH2PO4, 300mM NaCl, 5mM DTT, pH=8.0).
Proteins were eluted with five column volumes of desalting buffer. Eluates were
combined, concentrated and protein aliquots were snap frozen in liquid nitrogen and
stored at −80 °C. Protein concentrations were measured at 280 nm on a Tecan Infinite®

M Nano plate reader in a NanoQuant plate™.
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4.2.5 UV/Vis Measurements

PLP-dependent enzymes bound to PLP absorb at wavelengths which depend on the
protonation state of the internal imine. [151,213,248,270] First, the enzymes were diluted to
100µM in PBS and their absorption was recorded at room temperature on an Infinite®

M Nano by Tecan Trading AG from 300 to 600 nm with 5 nm increments. To determine
possible substrates such as amino acids, proteins were incubated with 500µM of PLP
and 1mM of substrate for 15min prior to the measurement. Additionaly, control
samples containing 25mM hydroxylamine for generation of the apo-enzymes were
performed.

4.2.6 Probe Phosphorylation Studies with pdxK and SaPLK

Qualitative phosphorylation of probes by pdxK and SaPLK was determined by
UV/Vis-spectroscopy measuring the decrease of absorbance of unphosphorylated
species at around 320 nm and the increase of absorbance of phosphorylated species
at around 395 nm. [151,152,248] To a solution containing 2µM pdxK or SaPLK and
1mM PL-probe, ATP was added to a final concentration of 1mM in 100µL kinase-
buffer (50mM HEPES, 50mM KCl, 10mM MgCl2, pH=7.9). The assays were
conducted in a 96-well plate (Nunclon™Delta Surface, Thermo Scientific) and ab-
sorbance spectra were recorded from 285 to 600 nm every 40min on a Tecan Infinite®

M Nano plate reader at 37 °C.

4.2.7 Loading State Studies

To 10µM protein in PBS (25µL), 2µL of 250mM NaBH4 (fresh in 0.1M NaOH) or
PBS (enzyme only) were added and the mixture was incubated for 30min at room
temperature. The reaction was stopped by adding 8µL 0.5% formic acid (pH≈ 5-6)
and neutralized with 5µL 0.1M NaOH (pH≈ 7-8). All samples were then diluted to
50µL with PBS in order to obtain 5µM protein solutions. [151,248] Measurements were
conducted as described in the next paragraph.
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4.2.8 Intact Protein Mass Spectrometry

IP-MS measurements were carried out on an Ultimate 3000 RSLC system (Thermo Sci-
entific) coupled to an LTQ Orbitrap XL mass spectrometer (Thermo Scientific). [151,248]
Protein desalting was performed using a MassPREP desalting column (Waters) at
25 °C. Gradient elution was carried out with 0.1% formic acid (LC-MS grade, Fisher
Analytic) in water (LC-MS grade, Fisher Analytic) (A) and 0.1% formic acid in ace-
tonitrile (MeCN, LC-MS grade, Fisher Analytic) (B). After 2min pre-equilibration
with 6% B, protein samples were injected and eluted with a linear gradient from 6%
to 95% B over 1.5min and 2min at 95% B at 300µL/min flow rate. The column was
re-equilibrated with 6% B for 1min. Mass spectrometric measurements were conducted
in HESI positive mode (H-ESI-II source, Thermo Scientific) with the following param-
eters: 4.0 kV capillary voltage, 350 °C capillary temperature, 31V capillary voltage,
110V tube lens, 30 L/h sheath gas, 15 L/h aux gas. Full scan measurements were ac-
complished in a range from 300-2000m/z in profile mode in the orbitrap at a resolution
of 100,000. Raw spectra were processed with UniDec 2.6.7 for deconvolution.

4.2.9 Assay for PA2683 Activity

Kinetics of PA2683 were measured by a coupled assay: the product pyruvate gets
reduced by lactate dehydrogenase (LDH) while consuming one equivalent of nicoti-
namide adenine dinucleotide (NADH) causing a decrease of NADH absorbance at
340 nm. Reaction solutions of 2µM PA2683, 25µg LDH (5mg/mL stock solution,
Roche), 100µM PLP (1µL of a 10mM stock in ddH2O), 6mM adenosine monophos-
phate (AMP, 3µL of a 300mM stock in ddH2O), 2.5mM NADH (5µL of a 50mM
stock in ddH2O) and varying concentrations of l-Ser (1, 2, 5, 10, 20, 50, 100, 200,
400, 600, 800, 1000, 1500, 2000, 2500mM, stocks in ddH2O) in a total volume of
100µL in buffer (10mM TRIS, 1mM MgCl2, pH=7.5), were transferred into a 96-well
plate (Nunclon™Delta Surface, Thermo Scientific) and absorbance at 340 nm was
recorded every 30 s on a Tecan Infinite® M Nano plate reader at 37 °C with shaking
intervals 5 s prior to measurement. All conditions were performed in triplicates with a
series of control experiments (at 600mM l-Ser): w/o NADH, w/o PA2638, w/o l-Ser,
w/o LDH, w/o AMP, w/o PLP. Reaction rates and Michaelis-Menten kinetics
were calculated in Graphpad Prism 5.03 considering the following parameters

E = ε· c· d↔ c = E

d· ε

• for NADH: 1
d· ε

= 535.91µmol/L at 340 nm with ε = 6.22 1
M · cm

[345]
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• with d = 0.3 cm for 100µL in 96-well plate

4.2.10 EMSA – Electrophoretic Mobility Shift Assay

The protocol was adapted from Kunzmann et al. with modifications. [346] The TAMRA
dye labelled ydcR promoter fragment PRydcR and the intergenic region fragment
PRydcR-ydcS (see table 4.5) of E. coli K12 were generated as described in chapter 4.2.2.1.
Proteins were diluted in 11µL EMSA binding buffer (100mM TRIS, 150mM NaCl,
1mM EDTA, 5% v/v glycerol, pH=8.0) to the following concentrations: 2, 5, 10,
25, 50, 75, 100, 200, 400 nM. Control samples were performed at 200 nM protein
concentration. PLP control samples were diluted in 10.8µL instead of 11µL. Then,
0.5µL salmon sperm DNA (4mg/mL stock in ddH2O, Carl Roth) and 0.5µL PRydcR
or PRydcR-ydcS (20 ng/µL stock in ddH2O, 10 ng total) were added. To PLP control
samples, 0.2µL PLP (120µM sock in ddH2O, 2µM total) were further added. After
incubation for 20min at room temperature, 2µL of loading buffer (EMSA binding
buffer, 0.1% bromphenol blue) were added to the samples and they were loaded
onto a NativePAGE™ 3-12% bis-tris polyacrylamide gel (Invitrogen, 150V, 90min).
Fluorescence imaging was conducted on a GE Healthcare ImageQuant™ LAS-4000
equipped with a 575DF20 Cy3 filter.

4.2.11 Growth Studies

Table 4.7: Bacterial strains.

Strain Source Antibiotic Pressure

S. aureus USA300 TnpdxS

Nebraska Transposon Mutant Library
within the Network on

Antimicrobial Resistance
in S. aureus (NARSA) [254]

Erythromycin
5µg/mL

S. aureus USA300 [254] –

E. coli K12 ∆pdxJ
Kindly provided by

Prof. Kirsten Jung from the LMU
Originated from the Keio Collection [243]

Kanamycin
25µg/mL

E. coli K12 MG1655 Keio Collection [243] –

P. aeruginosa PAO1 Institute Pasteur in France –
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First, minimal concentration of PL or probe supplementation in chemically de-
fined media (CDM) in order to reach normal growth was determined. Therefore,
an overnight culture of E. coli K12 ∆pdxJ was grown in LB-medium containing
25µg/mL kanamycin (25mg/mL stock in ethanol) and washed with CDMEC con-
taining kanamycin (2×5mL) the next day. Bacteria were resuspended in CDMEC
containing kanamycin to an OD600=0.08. To each well containing 198µL bacterial
suspension in a 96-well plate (Nunclon™ Delta Surface, Thermo Scientific), different
concentrations of PL (2µL; 1, 10, 250, 500 nM final) or probe (2µL; 1, 10, 100, 250µM
final) were added and growth was recorded by measuring the absorbance at 600 nm
on a Tecan Infinite® M Nano plate reader at 37 °C over 24 h with shaking intervals
prior to the measurements. All conditions were performed in quadruplicates. Sterile
controls (duplicates) were added for each condition as blanks. Growth curves for
larger cultures (100mL in 500mL flasks or 500mL in 2L buffled flasks containing
250 nM PL and the corresponding antibiotic as given in table 4.7) were recorded
manually by measuring the OD600 every hour. Flasks were incubated at 37 °C with
shaking (200 rpm). Early stationary phases were reached in CDM after 8 h for E. coli
K12 ∆pdxJ, after 6 h for P. aeruginosa PAO1 and after 10 h for S. aureus USA300
TnpdxS. For comparison reasons, growth curves for S. aureus USA300 TnpdxS in
B-medium were also performed. Here, early stationary phase was reached after 6 h.

4.3 Proteomics

Analytical labelling and proteomics were conducted as described previously with
modifications. [151,248]

4.3.1 Analytical Labelling

E. coli K12 ∆pdxJ were inoculated from an overnight culture 1:100 in 100mL CDMEC
containing kanamycin (25µg/mL) and 0.25µM PL (25µL of a 1mM stock in DMSO).
Bacteria were grown for 10 h at 37 °C, harvested (6000×g, 4 °C, 10min) and washed
with CDMEC containing kanamycin (2×5mL). Pelletised bacteria were resuspended
in CDMEC, adjusted to an OD600=40 and 200µL of the suspension were either in-
cubated with 2µL probe (10mM stock in DMSO) or DMSO for 2 h at 37 °C with
shaking. Labelled cells were harvested (6000×g, 4 °C, 10min) and washed with cold
PBS (2×500µL). For the lysis, cells were resuspended in 200µL PBS and sonicated (30 s
at 80%, 3 cycles; Bandelin Sonolus HD 2070). Lysate was clarified by centrifuga-
tion (21,000×g, 30min, 4 °C) and the supernatant (150µL) was transferred into a
fresh tube for reduction with sodium borohydride (6µL of 500mM stock, freshly made
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in 0.1M NaOH). After incubation for 30min at room temperature, proteins were
precipitated by adding 600µL cold acetone (−80 °C). Proteins were then pelletized by
centrifugation (21,000×g, 4 °C, 20min) and washed with cold methanol (2×500µL)
with resuspending steps by sonication (10 s at 10%, 1 cycle). Protein pellets were re-
suspended in 100µL 0.4% SDS in PBS and incubated with a click chemistry mix (5µL
10mM BTTAA in ddH2O, 2µL 50mM CuSO4 in ddH2O, 2µL 5mM rhodamine-azide
in DMSO and 2µL 100mM sodium ascorbate freshly prepared in ddH2O) for 30min
at room temperature. Click reactions were quenched with addition of 100µL loading
buffer and a SDS-polyacrylamide gel (12.5%, 150V, 3.5 h) is performed.

4.3.2 Preparative Labelling

4.3.2.1 S. aureus USA300 TnpdxS Growth, Labelling and Lysis

S. aureus USA300 TnpdxS overnight cultures were grown in 300mL flasks containing
50mL B-medium and 5µg/mL erythromycin (25µL of a 10mg/mL stock in ethanol).
After harvesting (6000×g, 4 °C, 10min), pellets were washed with CDMSA containing
5µg/mL erythromycin (2×10mL) and adjusted to an OD600=6. Large cultures of
500mL CDMSA containing 5µg/mL erythromycin and 0.25µM PL (50µL of a 2.5mM
stock in DMSO) were then inoculated with 1:100 overnight culture and incubated for
10 h at 37 °C with shaking. Bacteria were harvested (6000×g, 4 °C, 10min), washed
with CDMSA containing 5µg/mL erythromycin (2×20mL) and diluted with CDMSA
to an OD600=40. To 1mL bacterial suspension, 100µM probe (10µL of a 10mM stock
in DMSO) or 10µL DMSO were added and incubated for 2 h at 37 °C with shaking.
Bacteria were harvested (6000×g, 4 °C, 10min) and washed with cold PBS (2×1mL).
Lysis was performed by addition of lysostaphin (5µL of a 10mg/mL stock in 20mM
NaOAc, pH=4.5, Sigma Aldrich, Lysostaphin from Staphylococcus simulans) and
incubation for 1 h at 37 °C and 1400 rpm shaking (Eppendorf Thermomixer® R).
The resulting lysate was clarified by centrifugation (20,000×g, 30min, 4 °C) and the
supernatant (900µL) was transferred into a fresh 15mL falcon prior to reduction. For
competitive labelling experiments, bacteria were treated with phenelzine (75, 100,
1000µM, from 20× stocks in ddH2O), benserazide (0.1, 1, 10mM, from 20× stocks in
ddH2O) or CCG-50014 (100, 500, 2500µM, from 100× stocks in DMSO) for 30min at
37 °C with shaking, prior to probe labelling.
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4.3.2.2 E. coli K12 ∆pdxJ Growth, Labelling and Lysis

E. coli K12 ∆pdxJ overnight cultures were grown in 300mL flasks containing 50mL
LB-medium and 25µg/mL kanamycin (50µL of a 25mg/mL stock in ddH2O). Af-
ter harvesting (6000×g, 4 °C, 10min), pellets were washed with CDMEC containing
25µg/mL kanamycin (2×10mL) and adjusted to an OD600=20. Large cultures of
500mL CDMEC containing 25µg/mL kanamycin and 0.25µM PL (50µL of a 2.5mM
stock in DMSO) were then inoculated with 1:100 overnight culture and incubated for
8 h at 37 °C with shaking. Bacteria were harvested (6000×g, 4 °C, 10min), washed
with CDMEC containing 25µg/mL kanamycin (2×20mL) and diluted with CDMEC to
an OD600=60. To 1mL bacterial suspension, 100µM probe (10µL of a 10mM stock
in DMSO) or 10µL DMSO were added and incubated for 2 h at 37 °C with shaking.
After labelling, bacteria were harvested (6000×g, 4 °C, 10min) and washed with cold
PBS (2×1mL). Lysis was performed by sonication (30 s at 80%, 4 cycles; Bandelin
Sonolus HD 2070) and the resulting lysate was clarified by centrifugation (20,000×g,
30min, 4 °C). The supernatant (900µL) was transferred into a new 15mL falcon
prior to reduction. For competitive labelling experiments, bacteria were treated with
MAC173979 (100, 500, 2500µM, from 100× stocks in DMSO) for 30min at 37 °C with
shaking, prior to probe labelling.

4.3.2.3 P. aeruginosa PAO1 Growth, Labelling and Lysis

P. aeruginosa PAO1 wt overnight cultures were grown in 300mL flasks containing
50mL LB-medium. After harvesting (6000×g, 4 °C, 10min), pellets were washed
with CDMPA and adjusted to an OD600=20. Large cultures of 500mL CDMPA
containing 0.25µM PL (50µL of a 2.5mM stock in DMSO) were then inoculated
with 1:100 overnight culture and incubated for 6 h at 37 °C with shaking. Bacteria
were harvested (6000×g, 4 °C, 10min), washed with CDMPA (2×20mL) and diluted
with CDMPA to an OD600=40. To 1mL bacterial suspension, 100µM probe (10µL
of a 10mM stock in DMSO) or 10µL DMSO were added and incubated for 2 h at
37 °C with shaking. After labelling, bacteria were harvested (6000×g, 4 °C, 10min)
and washed with cold PBS (2×1mL). Lysis was performed by sonication (30 s at
80%, 4 cycles; Bandelin Sonolus HD 2070) and the resulting lysate was clarified by
centrifugation (20,000×g, 30min, 4 °C). The supernatant (900µL) was transferred into
a fresh 15mL falcon prior to reduction.
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4.3.2.4 Reduction and BCA Assay

Lysates were reduced by adding 10mM sodium borohydride (2µL of 500mM stock
per 100µL lysate freshly prepared in 0.1m NaOH) and incubation for 30min at room
temperature. Subsequently, proteins were precipitated by adding 4× volume cold
acetone (−80 °C) and stored at −20 °C for at least 2 h. After pelletation of precipitated
proteins by centrifugation (10,000 rpm, 4 °C, 15min, rotor SLA-3000; Sorvall RC 6+,
Thermo Scientific), proteins were washed with cold methanol (−80 °C, 2×1mL). Then,
protein pellets were solubilised by adding 1mL 0.4% SDS in PBS (w/v) and they were
adjusted to the same concentration by a BCA assay (ROTI®Quant, Roth) in a total
volume of 1mL 0.4% SDS in PBS (w/v).

4.3.2.5 Click Chemistry

Samples were treated with 10µL biotin-azide (10mM stock in DMSO, Sigma Aldrich),
50µL BTTAA (10mM stock in ddH2O, Jena Bioscience), 20µL CuSO4 (50mM in
ddH2O) and 20µL sodium ascorbate (100mM stock freshly prepared in ddH2O) and
incubated for 1 h at room temperature. Proteins were precipitated by adding 4×
volume cold acetone (−80 °C) and stored at −20 °C for at least 2 h. After pelletation of
precipitated proteins by centrifugation (20,000×g, 4 °C, 15min), proteins were washed
with cold methanol (−80 °C, 2×1mL).

4.3.2.6 Staudinger Ligation

Samples labelled with PL3 were treated with 20µL EZ-Link™ Phosphine-PEG3-
Biotin (10mM stock in DMSO, Sigma Aldrich) and samples were incubated for 4 h at
37 °C with shaking, followed by 20 h at room temperature. Proteins were precipitated
by adding 4× volume cold acetone (−80 °C) and stored at −20 °C for at least 2 h.
After pelletation of precipitated proteins by centrifugation (20,000×g, 4 °C, 15min),
proteins were washed with cold methanol (−80 °C, 2×1mL).

4.3.2.7 MS Workflow

Protein pellets were resuspended in 1mL 0.4% SDS in PBS (w/v) and cen-
trifuged (20,000×g, room temperature, 15min) prior to avidin bead enrichment.
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50µL of avidin-agarose bead slurry (Sigma Aldrich) were pre-washed with 0.4%
SDS in PBS (w/v) (3×1mL, 400×g, room temperature, 5min) prior to protein
loading and incubation for 1.5 h at room temperature with rotation. Avidin beads
with bound proteins were washed with 0.4% SDS in PBS (w/v) (3×1mL), 6M
urea in MS-H2O (2×1mL) and PBS (3×1mL). After removal of supernatants,
beads were resuspended in 200µL X-buffer (7M urea, 2M thiourea in 20mM
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid (HEPES) buffer, pH=7.5)
and proteins were reduced with 5mM tris(2-carboxyethyl)phosphine (TCEP, 2µL
of a 500mM stock in MS-H2O) for 1 h at 37 °C with shaking. Then, alkylation
with 10mM iodoacetamide [IAA, 4µL of a 500mM stock in 50mM triethylam-
monium bicarbonate (TEAB) buffer] was conducted for 30min at 25 °C before
quenching samples with 10mM dithiothreitol (DTT, 4µL of a 500mM stock in
MS-H2O) for 30min at 25 °C. Proteins were then enzymatically digested using 1µL
LysC (0.5µg/µL, MS-grade, Fujifilm) for 2 h at 25 °C, followed by dilution with
600µL TEAB (50mM) and digestion using 1.5µL trypsin (0.5µg/mL in 50mM acetic
acid buffer, sequencing grade, Promega) for additional 16 h at 37 °C. Reactions were
stopped by adding 10µL formic acid (Pierce™, Thermo Scientific) and beads were
removed by centrifugation (17,000×g, room temperature, 5min). Prior to desalting
using Sep-Pak® C18 cartridges (50mg, Waters), cartridges were first pre-equilibrated
with MeCN (1×1mL), 80% MeCN containing 0.5% formic acid (2×1mL) and 0.1%
trifluoroacetic acid (3×1mL). After sample loading, cartridges were washed with 0.1%
trifluoroacetic acid (3×1mL), 0.5% formic acid (1×500µL) and peptides were eluted
with 80% MeCN containing 0.5% formic acid (750µL). Solvents were removed in
vacuo (centrifugal vacuum concentrator, Eppendorf ) and lyophilized peptides were
dissolved in 25µL 1% formic acid (v/v) and filtered through Ultrafree-MC centrifugal
filters (Merck) prior to the transfer into LC-MS vials. All proteomics experiments
were simultaneously conducted in three biological replicates.

4.3.2.8 MS Measurement and Analysis

Proteomics samples were analysed on an Orbitrap Fusion mass spectrometer (Thermo
Scientific) coupled to an Ultimate3000 nano-HPLC (Thermo Scientific, Dionex)
equipped with an Acclaim™PepMap™100 C18 75µm×2 cm trap (Thermo Scientific)
and an Acclaim™PepMap™RSLC C18 separation column (75µm×50 cm; Thermo
Scientific), both heated to 50 °C, coupled to an EASY-spray™ source. Samples were
loaded onto the trap at a flow rate of 5µL/min with 0.1% trifluoroacetic acid before
being transferred to the separation column at 0.4µL/min. Separation of samples was
performed as following: Starting from 5% buffer B (0.1% formic acid in MeCN) and
95% buffer A (0.1% formic acid in H2O) for 10min, a linear gradient was applied from
5% to 22% buffer B in 105min, followed by an increase of buffer B from 22% to 32%
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in 10min and a subsequent increase to 90% buffer B in 10min, which was kept at 90%
buffer B for 10min. After this isocratic flow, concentration of buffer B was decreased
back to 5% within 0.1min and held at this concentration for another 10min (total
time 152min). MS full scans were recorded at 120000 resolution in the orbitrap with
the following parameters: Ion transfer tube temperature 275 °C, RF lens amplitude
60%, 350-1500m/z scan range, 2.0· e5 AGC target, 3 s cycle time and 50ms maximal
injection time. Peptides with an higher intensity than 5· e3 and charge states from
2-7 were selected and fragmented in the higher-energy collisional dissociation (HCD)
cell at 30% collision energy and analysed in the ion trap using the rapid scan rate.
In the ion trap, following parameters were adjusted: isolation window 1.6m/z, AGC
target 1.0· e4 and a maximal injection time of 100ms.

4.3.2.9 Statistical Analysis of MS/MS Data

Proteomics raw data were analysed using MaxQuant (ver. 1.6.2.10) [176] which uses the
Andromeda search engine. [347] Settings were default except for LFQ-quantification and
match between runs, which were activated during search. The following UniProtKB
databases were used for the searches: E. coli K12 (taxon identifier: 83333, downloaded
09.04.2019), P. aeruginosa PAO1 (taxon identifier: 208964, downloaded 14.04.2020)
and S. aureus USA300 (taxon identifier: 367830, downloaded 04.11.2020). Statistical
analysis was conducted in Perseus (ver. 1.6.5.0). Protein-groups textfiles from the
MaxQuant analysis were loaded into Perseus and first, LFQ intensities were trans-
formed (log2). Further, protein contaminants, ones only identified by site modification
and reverse hits were removed from the matrix. Sample replicates were then equally
annotated and the matrix was filtered for 2 out of 3 valid values in at least one group.
Missing values were imputated for the whole matrix using the following settings: width
0.3, down shift 1.8. Finally, p values were calculated by a two-sided two sample
t-test using a Benjamini-Hochberg false discovery rate correction (FDR, 0.05).
Visualisation of data was realised using a scatter plot [x-axis: student’s t test differ-
ence (probe/control or competitor plus probe/probe); y-axis: −log student’s t-test
p-value (probe/control or competitor plus probe/probe)]. Heatmaps were created
in OriginPro® (ver. 9.7.0.185) by plotting LFQ-intensities against PLP-dependent
enzymes.
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4.4 Targeted Metabolomics Assays

4.4.1 Substrate Screen for PA2683

A 5µM PA2683 solution in buffer (10mM TRIS, 1mM MgCl2, pH=7.5) was incubated
at 37 °C for 30min with 10mM l-Ser, d-Ser, l-Thr or d-Thr (100mM stocks in
ddH2O), 6mM AMP (60mM stock in ddH2O) and 100µM PLP (10mM stock in
ddH2O) in a total volume of 100µL. All conditions were conducted in triplicates and
heat controls (protein pre-incubation at 95 °C for 5min) were performed as negative
controls. Samples were further treated as described in 4.4.5.

4.4.2 Substrate Screen for PA3659 and PA3798

Substrate conversion was determined by quantifying transaminated aminoacids (α-keto-
aminoacids) by LC-MS/MS. A 5µM protein solution in buffer (10mM TRIS, 1mM
MgCl2, pH=7.5) was incubated at 37 °C for 30min with 10mM l-Trp, l-Tyr or
l-Phe for PA3659 and l-Met or l-Gln for PA3798 (100mM stocks in ddH2O), 5mM
2-ketoglutarate (100mM stock in ddH2O) and 100µM PLP (10mM stock in ddH2O)
in a total volume of 100µL. All conditions were conducted in triplicates and heat
controls (protein pre-incubation at 95 °C for 5min) were performed as negative controls.
Samples were further treated as described in subsection 4.4.5.

4.4.3 Inhibition Assay for A0A0H2XII6 with Phenelzine

Inhibition was determined by quantifying the enzymes product cadaverine by
LC-MS/MS. For this, protein A0A0H2XII6 (5µM) was preincubated for 40min
at 37 °C with different concentrations of phenelzine (1mM, 100µM, 50µM, 25µM,
12.5µM; from 100× stocks in ddH2O) in buffer (10mM TRIS, 1mM MgCl2, pH=7.5).
To the solutions, 10mM l-Lys (100mM stock in ddH2O) and 100µM PLP (10mM
stock in ddH2O) were added (final volume 100µL) and the reactions were incubated
at 37 °C for 30min. All conditions were conducted in triplicates and a heat
control (protein pre-incubation at 95 °C for 5min) was performed as negative control.
Samples were further treated as described in subsection 4.4.5.
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4.4.4 Inhibition Assay for A0A0H2XHJ5 with Phenelzine

Inhibition was determined by quantifying the enzymes product alanine by LC-MS. For
this, protein A0A0H2XHJ5 (5µM) was preincubated for 40min at 37 °C with different
concentrations of phenelzine (10mM, 1mM, 100µM, 50µM, 10µM, 1µM; from 100×
stocks in ddH2O) in buffer [50 mM 3-(morpholin-4-yl)propane-1-sulfonic acid (MOPS),
pH=7.4]. To the solutions, 2µM protein A0A0H2XJC0, 10mM l-Cys (500mM stock
in ddH2O), 5mM DTT (500mM stock in ddH2O) and 100µM PLP (10mM stock
in ddH2O) were added (final volume 100µL) and the reactions were incubated at
37 °C for 30min. All conditions were conducted in triplicates. A heat control (protein
pre-incubation at 95 °C for 5min) and samples with only one of each of the two proteins
were performed as control experiments. Samples were further treated as described in
subsection 4.4.5.

4.4.5 Further Sample Preparation

After incubation, reactions were stopped by adding 400µL cold acetone (−80 °C) and
the samples were stored for 2 h at −20 °C to complete protein precipitation. Proteins
were then removed by centrifugation (21,000×g, 4 °C, 20min) and the supernatants
were transferred into fresh 1.5mL tubes for subsequent evaporation of solvents (cen-
trifugal vacuum concentrator, Eppendorf ). Dried samples were reconstituted in 50µL
H2O/MeCN=2/1 + 0.1% formic acid, sonicated for 5min and clarified by centrifuga-
tion (17,000×g, room temperature, 10min). Prior to MS, samples were transferred
into LC-MS-vials.

4.4.6 MS Measurement and Analysis

LC-MS/MS measurements were carried out on an Ultimate™3000 RSLC sys-
tem (Thermo Scientific) coupled to an LTQ Orbitrap XL mass spectrometer (Thermo
Scientific). [151,248] Chromatographic separation was performed using an Accu-
core™ HILIC column (No. 17526-152130, 150×2.1mm, 2.6µm, Thermo Scientific)
at 25 °C. Gradient elution was carried out with 0.1% formic acid (LC-MS grade,
Fisher Analytic) and 5mM ammonium acetate (Optima™ LC-MS grade, Fisher
Scientific) in H2O/MeCN=50/50 (LC-MS grade, Fisher Scientific) (buffer A) and
0.1% formic acid and 5mM ammonium acetate in H2O/MeCN=5/95 (buffer B).
After 2min pre-equilibration with 5% buffer A, samples were injected and eluted with
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a linear gradient from 5% to 50% buffer A over 12min and from 50% to 100% buffer
A over 3min followed by backflushing the column to 5% buffer A over 3min and
re-equilibration at 5% buffer A for 2min at 400µL/min flow rate. Mass spectrometric
measurements were conducted in HESI positive or negative mode (H-ESI-II source,
Thermo Scientific) with the following parameters:
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Table 4.8: Mass spectrometry settings.

Educt Polarity
Capillary
Voltage
[kV]

Capillary
Temp.
[°C]

Capillary
Voltage2

[V]

Tube

Lens [V]

Sheat Gas
[L/h]

Aux Gas
[L/h]

Quant.
Method

Scan
Range

full [m/z]
Serine − 3.80 350 −2.00 −40.00 50 10 PRM 50-600

Threonine − 3.70 350 −16.00 −30.00 60 15 PRM 50-650

Tryptophane − 3.80 350 −6.00 −75.00 65 0 PRM 50-1000

Tyrosine − 3.50 350 −1.00 −65.00 34 0 PRM 50-1000

Phenylalanine − 3.50 350 −8.00 −40.00 34 0 PRM 50-1000

Methionine − 3.80 350 −2.00 −30.00 35 30 PRM 50-1000

Glutamine − 3.80 350 −26.00 −50.00 45 0 PRM 50-1000

Lysine + 3.00 350 5.00 30.00 22 5 PRM 50-1000

Cysteine + 3.50 350 6.00 25.00 40 0 SIM 50-500
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Full scan measurements were accomplished in profile mode in the orbitrap at a
resolution of 60.000, PRM or SIM methods at 30.000 in the orbitrap. Fragmentation
was accomplished by collision-induced dissociation (CID) with parameters given in
table 4.9. Raw spectra were processed with Thermo Scientific XCalibur™ 1.2.

Table 4.9: Settings for MS/MS-methods.
Educt

Compound
Scan Range
PRM [m/z]

Parent Mass
[m/z]

Collision
Energy

Activation
Time [ms]

Serine 50-500 87.01 35.00 30.00

Threonine 50-500 101.02 35.00 30.00

Tryptophane 55-300 202.05 35.00 30.00

Tyrosine 50-300 179.03 35.00 30.00

Phenylalanine 50-300 163.04 35.00 30.00

Methionine 50-200 147.01 35.00 30.00

Glutamine 50-200 144.03 35.00 30.00

Lysine 50-250 103.12 35.00 30.00

4.5 Compound Screen

5mL overnight cultures of wild type strains S. aureus USA300 (B-medium), E. coli
K12 (LB-medium) and P. aeruginosa PAO1 (LB-medium) were diluted 1:10000 in
their corresponding media, distributed in a 96-well plate (Nunclo™ Delta Surface,
Thermo Scientific) and compounds (table 4.10) were first applied at 500µM (from
50mM stock, solvent see table 4.10) to a final volume of 100µL. Hit compounds were
then fine-screened at 250, 100, 50 and 25µM. All experiments were carried out in
triplicates and solvent-only and sterile samples were added as controls.
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Table 4.10: List of screen compounds.

# Compound Structure Mass
[g/mol] Source Literature Solvent

1 EN300-213294 HCl

NH2
O

O
151.59 Enamine H2O

2 EN300-99743
N

NH2
O

HN
115.14 Enamine H2O

3 EN300-6489485
HCl

H2N

O
O 177.63 Enamine H2O

4 EN300-219172 HCl

NH2

O
O

137.56 Enamine H2O

5 EN300-17366
HCl

NH2

S

O 153.62 Enamine H2O

6 EN300-7427659
HCl

NH2

HN

O

212.68 Enamine H2O

7 EN300-6735762
HCl

NH2O

HN 192.68 Enamine H2O

8 EN300-298184
HCl

NH2

HN

O 136.58 Enamine H2O
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# Compound Structure Mass
[g/mol] Source Literature Solvent

9 EN300-7445633
HCl

O

O

H2N 151.59 Enamine H2O

10 BBV-38269949 HN

O

O

NH2

128.13 Enamine H2O

11 EN300-17331
HBr

NH2

O

O 182.02 Enamine H2O

12 EN300-10694 HCl

H2N

S
O O

168.62 Enamine H2O

13 EN300-127487 HCl

NH2

NH
O

136.58 Enamine H2O

14 Isoniazid

N

O
H
N

NH2

137.14 Sigma [35] H2O

15 Mimosine N

O

HO

NH2

OH

O

198.18 Sigma [141] 30mM NaOH

16 Gabaculine H2N
OH

O

•HCl

175.61 Cayman [9,348] DMSO
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# Compound Structure Mass
[g/mol] Source Literature Solvent

17 CCG-50014 F

N S
N

O

O

316.35 Sigma [103,104] DMSO

18 Alafosfalin N
H

P
O

OH
HO

O
H2N 194.14 Carbosynth [101] H2O

19 β-Chloro-l-alanine
O

OH
NH2

Cl

•HCl

160.00 Carbosynth [9,101] H2O

20 TM-2-10 N
H

NH2

•CF3CO2H 264.25 Synthesis DMSO

21 Carbidopa
HO

HO

OH

O

HN
NH2

H2O
244.24 Arcos [9] DMSO

22 Aminoadipic acid OH

O
HO

O NH2

161.16 Sigma [9,145] DMSO

23 Penicillamine
HS

OH

O

NH2

149.21 Sigma [9] H2O

24 Ginkgotoxin

N

HO
OH

O

183.21 Sigma [349] DMSO

25 Ethanolamin-O-sulfat NH2
O

S
O

OHO
141.14 TCI [9] H2O
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# Compound Structure Mass
[g/mol] Source Literature Solvent

26 Gabapentin
H2N

OH

O 171.24 TCI [9] H2O

27 O-Allyl hydroxyl amine O
NH2

•HCl
109.55 TCI [9] H2O

28 Quisqualic acid HN
N

OO

O

H2N O

OH 189.13 Sigma [9,145] 50mM NaOH

29 Benserazide

OH
OHHO

H
N

N
H

O

NH2

OH

HCl

293.70 TCI [9] H2O

30 Eflornithine H2N
NH2

OH

O
F

F

H2O
HCl

236.64 TCI [9] H2O

31 Indole-3-acetyl alanine
N
H

O

N
H

O
OH

246.27 Sigma [9,350] DMSO

32 Canavanine OH

O

NH2

O
NH2N

NH2

H2SO4

274.25 Sigma [9,144] H2O

33 Canaline OH

O

NH2

O
H2N 134.14 Biomol [9,144] H2O

34 Trifluoralanine NH2

H
HO

O

F F
F

HCl

179.53 Sigma [9] H2O
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# Compound Structure Mass
[g/mol] Source Literature Solvent

35 2-Aminobenzene sulfonate
NH2

S
O

O
OH

173.19 TCI [9] DMSO

36 Gyromitrin N
N

O

100.12 Toronto [351] H2O

37 Indole-3-acetyl glutamate
N
H

O

N
H

O
OH

O

OH

304.30 Toronto [9,350] DMSO

38 TM-2-11

H
N

O

O

NH2
•CF3CO2H 310.27 Synthesis DMSO

39 Phenelzine
N
H

NH2

H2SO4

234.27 Carbosynth [9] H2O

40 Aminoethylvinyl glycine H2N
O

OH

O

NH2
HCl

196.63 Carbosynth [9] H2O

41 Propargylglycine OH

O

NH2

113.12 Carbosynth [9] H2O

42 MAC173979 N+
-O

O O

Cl

Cl

246.04 Synthesis [294] DMSO

43 TM-2-12

H
N

HN O

NH2

•CF3CO2H 307.27 Synthesis DMSO
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# Compound Structure Mass
[g/mol] Source Literature Solvent

44 TM-2-13

H
N

HN O

NH2

•CF3CO2H 322.33 Synthesis DMSO

45 TM-2-14
H
N

CF3

NH2 •CF3CO2H 318.22 Synthesis DMSO

46 PL15

O

OH
O

N

205.21 Synthesis DMSO

47 PL-methoxim
OH

HO

N

N
O

196.21 Synthesis DMSO

48 EN300-295489 N
H

NH2

•2HCl
195.09 Enamine DMSO

49 TM-2-15
N

H
N

NH2 •2CF3CO2H 365.23 Synthesis DMSO

50 TM-2-16 N

N

H
N

O

NH2 •2CF3CO2H 450.34 Synthesis DMSO

51 TM-2-17

H
N

O
O

F
F

NH2

•CF3CO2H 330.21 Synthesis DMSO

52 TM-2-18
H
N

N

NH2 •CF3CO2H 275.23 Synthesis DMSO
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# Compound Structure Mass
[g/mol] Source Literature Solvent

53 TM-2-19

H
N

S
N

O

O
NH2

•CF3CO2H 375.35 Synthesis DMSO
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A.1 Supplementary Figures
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Figure A.1: Phosphorylation of PL probes in vitro by pyridoxal kinase (S. aureus SaPLK)
were monitored by measuring UV/Vis absorbance over time (every 40minutes, 20 cycles, n= 3,
mean±SEM). Phosphorylated species absorb at around 395 nm. Phosphorylated PL13 was
measured at around 320 nm due to a different absorbance maximum of the phosphorylated
species. Adapted from Pfanzelt et al. [170]
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Figure A.2: Phosphorylation of PL probes in vitro by pyridoxal kinase (E. coli pdxK) were
monitored by measuring UV/Vis absorbance over time (every 40minutes, 20 cycles, n=3,
mean±SEM). Phosphorylated species absorb at around 395 nm. Phosphorylated PL13 was
measured at around 320 nm due to a different absorbance maximum of the phosphorylated
species. Adapted from Pfanzelt et al. [170]
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C D
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Figure A.3: Growth of E. coli K12 ∆pdxJ in CDM supplemented with different concentrations
of PL1 (A), PL6 (B), PL8 (C) and PL10 (D). Adapted from Pfanzelt et al. [170]
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Figure A.4: (A) E. coli K12 ∆pdxJ growth curve studies. First, minimal PL concentration was
determined for full growth in CDM. Then, growth curves in CDM (+250 nM PL) were monitored
for 100mL cultures in 500mL buffled flasks and 500mL cultures in 2 L buffled flasks. (B) For
P. aeruginosa PAO1, growth studies in CDM (+250 nM PL) were performed for 100mL cultures
in 500mL buffled flasks and 500mL cultures in 2 L buffled flasks. (C) 500mL S. aureus USA300
TnpdxS cultures in CDM (+250 nM PL) or B-medium were grown in 2 L buffled flasks. Adapted
from Pfanzelt et al. [170]
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Figure A.5: Volcano plots for PL probe labelling in S. aureus USA300 TnpdxS. Proteins depicted
in blue are assigned as PLP-dependent (table A.1). Adapted from Pfanzelt et al. [170]
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Figure A.6: Volcano plots for PL probe labelling in E. coli K12 ∆pdxJ. Proteins depicted in
blue are assigned as PLP-dependent (table A.2). Adapted from Pfanzelt et al. [170]
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Figure A.7: Volcano plots for PL probe labelling in P. aeruginosa PAO1. Proteins depicted in
blue are assigned as PLP-dependent (table A.3). Adapted from Pfanzelt et al. [170]
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Table A.1: log2 enrichment (probe/DMSO) values for enrichment in S. aureus USA300 TnpdxS. Putative, uncharacterised or poorly characterized
PLP-DEs are highlighted with a *. Adapted from Pfanzelt et al. [170]

Protein PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8 PL9 PL10 PL11 PL12 PL13

A0A0H2XE82* (1) – – – – – – – – – – – – –

A0A0H2XF80* (2) -1,08414 – 0,09432 – -0,38664 – – -0,11502 – – 0,9022 1,48623 1,03155

A0A0H2XFA8* (3) 0,25965 4,91894 0,15771 4,57367 1,67137 1,63429 2,97393 0,20509 1,42732 0,04267 -0,19543 -0,00464 0,13914

A0A0H2XFB2* (4) 1,84397 0,16767 -0,18846 -0,03617 -0,52175 -2,63006 -1,70015 1,77034 0,2542 0,06352 -0,74329 -0,97785 -0,20897

A0A0H2XFD9 (5) 0,05026 5,4698 0,92426 1,67399 0,22793 1,58091 0,80045 0,00322 0,39225 0,03659 -0,12188 -0,14407 -0,14757

A0A0H2XFF8* (6) 0,6943 9,01239 0,77936 3,32377 0,69914 0,27489 -0,34338 0,26473 -0,46109 4,45942 – -0,10962 -0,85312

A0A0H2XFH9 (7) 1,07418 4,10839 0,56717 2,03346 -0,56259 -0,87862 0,6581 0,01911 0,13771 2,64293 0,34626 0,54366 0,56523

A0A0H2XFQ3 (8) 1,44219 1,60868 1,10674 0,39134 -0,40473 -0,06312 -0,0205 0,011 0,83108 2,43423 -0,07541 -0,10177 -0,07485

A0A0H2XFR6* (9) – – – -0,09786 0,74575 – – – – – – – –

A0A0H2XFY9* (10) 0,38814 7,20174 1,21086 4,89199 2,85207 0,39258 3,90895 0,2895 1,37536 -0,50516 0,51396 1,50015 0,6985

A0A0H2XG37* (11) 0,86332 6,06741 0,5819 1,1497 1,3705 0,04322 0,92263 0,0878 0,28895 2,14205 -0,13253 0,58922 0,09997

A0A0H2XG49 (12) – – – – – – – – – – – – –

A0A0H2XG73* (13) – – – – – – – – – 3,36617 – – –

A0A0H2XGP0* (14) 2,97034 7,23303 2,88196 4,67439 5,71146 0,92358 3,78551 0,16266 3,89286 6,0877 -0,65593 -0,59478 0,10394

A0A0H2XGU8* (15) – 1,17082 – 0,73473 0,54279 – – – – 0,52906 – 1,34282 –

A0A0H2XGZ5* (16) – 2,74854 -0,18988 4,54615 5,39585 – 3,61679 – – – – – –

A0A0H2XGZ7* (17) -0,22195 1,83996 1,29404 2,77666 3,64382 -1,0067 2,15642 -0,19873 0,25795 -0,81604 -0,55704 -0,56564 -0,59669

A0A0H2XH24 (18) 1,2883 2,0164 1,84212 0,29437 0,20957 0,51291 0,4713 0,02074 0,43946 0,36291 -0,0226 -0,06331 0,12252

A0A0H2XHG0 (19) – – – -0,38093 – – – – – – – – –

A0A0H2XHH8 (20) 3,10404 8,15499 2,47296 8,13857 6,26825 4,51037 7,94715 0,4404 7,14618 2,79565 1,73538 1,50471 4,02898

A0A0H2XHJ5* (21) 1,53346 2,27641 2,15774 -1,06287 0,28394 -2,23184 -1,43996 0,19746 -0,62337 2,16575 0,42214 0,31981 0,42984

A0A0H2XHU6 (22) 0,30801 3,54928 0,66048 1,76843 1,1772 0,37864 1,64466 0,04942 0,58017 0,54394 0,08255 0,35441 0,11282

A0A0H2XHV8* (23) -0,56558 2,91549 0,33737 0,49385 0,52662 -1,1468 0,30192 -0,33681 0,29632 0,43284 0,03926 -0,15556 0,00704

A0A0H2XI95 (24) 1,13634 3,90824 0,21697 2,84674 2,04555 2,22231 2,23194 0,22854 4,34528 – – 2,79051 3,00801

A0A0H2XII6* (25) -0,15332 6,00101 3,15812 4,15316 1,47259 2,98356 5,06614 -0,54265 3,59542 0,06757 -1,25623 -0,72271 0,16722
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Protein PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8 PL9 PL10 PL11 PL12 PL13

A0A0H2XIK4 (26) 0,3511 0,33819 0,25082 -0,23606 -0,46604 -0,78807 -0,0013 0,11117 0,0298 4,44618 0,1058 -0,05108 0,02828

A0A0H2XIR1* (27) – – – – – – – – – – – – –

A0A0H2XIS2 (28) 2,96032 6,32416 1,3271 5,18209 4,11747 2,04804 4,29555 0,3358 4,44545 0,2528 -0,10654 0,00105 -0,16732

A0A0H2XIV3* (29) – 3,63244 1,54046 0,7474 0,62582 1,08259 3,75021 – 0,37715 – – – –

A0A0H2XJK0* (30) -0,03317 0,32365 0,11078 0,34121 0,53002 0,01027 0,47104 -0,25801 0,14236 0,8949 -0,12884 -0,20586 -0,08189

A0A0H2XJW8* (31) 2,9582 0,26374 0,71998 -0,31942 -0,08523 -0,37004 -0,13267 0,39267 -0,13206 3,09163 -0,06648 -0,17502 0,03691

A0A0H2XJX6* (32) 1,29621 2,40061 -0,00221 0,92582 0,53751 0,49646 -0,93872 -0,31568 1,3975 -0,22389 0,18851 0,8587 0,65402

A0A0H2XK05* (33) -1,07728 -0,33892 0,07632 0,38771 -0,09277 0,12209 -0,38331 -0,32978 0,0609 -0,57439 -0,47075 -0,40064 -1,92921

A0A0H2XKB4* (34) 0,18029 – – – – – – 0,43603 – – – – –

A0A0H2XKI8 (35) 0,50165 3,89091 0,8738 2,56949 2,41327 – 2,03775 -0,11891 2,92699 1,52153 2,3031 – 1,65623

Q2FF15 (36) 0,36573 1,51848 1,04262 0,07867 0,26254 0,46078 0,41226 -0,06433 0,35079 0,40729 0,04821 -0,1234 0,04982

Q2FF55 (37) 0,80413 2,08203 0,37462 1,24948 -0,23586 0,74239 0,86226 -0,02319 1,17437 -0,14581 -0,06572 0,07417 0,04789

Q2FF63 (38) 1,01731 1,60416 0,56884 0,17038 0,6216 -0,53566 -0,59235 -1,64615 0,14622 0,5202 -0,3018 0,28774 0,34746

Q2FFN1 (39) 0,11804 2,08634 0,44034 2,7823 4,85744 -1,26585 2,24198 -0,23457 0,36894 5,9089 0,13014 -0,64678 0,27374

Q2FG69 (40) -0,38989 -0,19348 0,0741 -0,43152 -0,77787 -0,7007 -0,14324 -0,08113 -0,13529 0,58117 -0,18495 -0,26679 -0,07347

Q2FGI6 (41) -0,15851 -0,14892 0,1722 -0,34192 -0,63137 -0,67651 -0,39591 0,0441 -0,00758 0,31277 0,25354 0,14796 0,12486

Q2FGI7 (42) 0,27925 1,45725 0,39609 0,28693 -1,06872 -0,02084 0,36694 0,08008 0,22787 3,54894 0,23011 -0,00542 0,00597

Q2FH01 (43) – 5,4445 – 1,57587 0,56103 – 1,59325 – – – – – –

Q2FH64 (44) – 2,12949 – – – – – – – – – – –

Q2FHT1 (45) -0,136 0,28872 -0,29209 0,18082 0,57838 0,34243 0,16558 -0,0836 0,38449 -0,08831 -0,0121 -0,07426 0,01011

Q2FIR7 (46) -0,33916 0,80627 -0,09147 0,57352 3,79416 -0,56243 0,05515 -0,16487 0,23725 -0,45107 -0,44557 -0,39551 -0,21629

Q2FKE3 (47) – – – – – – – – – – – – –

Q2FKF1 (48) – – – – – – – – – – – – –
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Table A.2: log2 enrichment (probe/DMSO) values for enrichment in E. coli K12 ∆pdxJ. Putative, uncharacterised or poorly characterized PLP-DEs
are highlighted with a *. Adapted from Pfanzelt et al. [170]

Protein PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8 PL9 PL10 PL11 PL12 PL13

adiA (1) – 3,77605 2,16488 3,5999 – 4,07095 3,7636 – 1,89969 – – – –

alaA (2) -0,05841 -0,28359 0,24267 -0,40858 -0,00548 -0,29424 -0,10791 -0,36247 -0,54974 -0,45286 -0,32564 -0,15729 -0,16233

alaC (3) 2,96456 1,20979 -0,27544 1,48379 1,09582 6,27226 1,16842 -0,26096 0,07501 -0,06246 0,59061 -0,7597 0,09895

alr (4) -2,65317 3,14694 2,59375 2,67323 2,06293 2,76396 2,65239 -1,56388 2,0485 -2,29761 -2,52841 -1,03863 -0,54796

argD (5) -0,0203 -0,45666 0,26912 1,93292 1,04638 -0,18254 0,37062 0,08641 2,56428 0,03024 0,09139 0,00745 0,13031

arnB (6) – – – – – – – – – – – – –

aspC (7) 0,77569 3,54728 2,23612 0,53734 0,38024 3,62542 1,17758 0,24448 0,23921 3,26363 0,25732 0,20374 2,17955

astC (8) 0,25484 -0,15071 0,58774 -0,35119 0,09345 -0,05496 -0,3006 0,20058 -0,38936 0,30595 0,05794 0,30156 -0,04734

avtA (9) 0,45859 0,87522 0,67171 0,20578 -0,3538 0,48393 0,35876 -0,01748 0,64917 0,2168 -0,014 -0,13155 0,14395

bioA (10) – – – – – – – – – – – – –

bioF (11) – – – – – – – – – – – – –

cadA (12) 0,19853 1,47026 -1,20452 1,90305 0,11306 1,25257 2,1473 -0,04689 -0,18503 -0,41995 -0,30007 -0,19803 -0,06552

csdA (13) – – 1,07739 – – – 0,28864 – – – 0,32721 – 1,00418

cysK (14) 0,14693 1,82482 1,64858 0,34365 -0,19665 0,8085 0,50424 -0,11221 1,44711 0,36157 0,32721 0,0141 -0,07134

cysM (15) 2,51545 4,86738 3,74626 4,69114 0,51488 5,08407 3,86551 -0,12803 3,01287 -0,15118 0,56826 0,52792 0,78899

dadX (16) 0,10414 0,74322 0,3923 0,26596 -0,26896 0,52889 0,24467 0,62865 0,14905 0,37421 0,00773 0,06764 -0,40444

dcyD (17) 0,5261 0,24962 2,14512 -0,13773 -0,2257 1,03523 0,82 -0,19436 -0,16201 1,8998 0,0875 0,11217 4,9848

dsdA (18) 0,91984 0,30446 1,42757 0,88665 -0,29641 0,14592 -0,79822 -0,86328 0,21295 -0,16604 -0,05156 -0,06331 0,40213

epmB (19) – – -0,697 – – – – – – – – – 2,75357

gabT (20) 0,09015 -0,17502 0,15882 -0,02069 0,03134 0,00803 0,135 0,08386 0,10654 0,16552 0,11 0,17059 0,05731

gadA (21) 0,13219 0,09329 -0,0712 0,12221 0,18505 -0,02751 0,17603 0,13495 0,34897 0,19193 -0,01579 0,07403 0,03967

gadB (22) 0,01455 -0,039 -0,0829 0,08795 0,11552 -0,04806 0,07497 0,05218 0,53805 0,09989 0,04275 -0,13242 -0,11466

gcvP (23) 0,07205 -0,19994 -0,04263 -0,03179 -0,1172 -0,21718 0,14982 0,18308 -0,22401 -0,0506 0,05765 0,07872 0,24034

glgP (24) 0,14908 0,92874 -0,1162 0,23985 0,0606 0,23601 0,01243 0,28473 -0,13325 0,25759 0,19642 0,17647 0,29828

glyA (25) 0,2051 2,12463 0,82052 1,60491 0,38351 1,78881 2,13055 0,17336 0,96142 0,25952 0,03251 0,04626 0,07132
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Protein PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8 PL9 PL10 PL11 PL12 PL13

hemL (26) 0,11152 -0,30588 -0,01222 -0,37113 -0,02883 -0,3982 -0,37543 -0,07381 -0,33051 0,19502 0,00922 0,05712 0,12743

hisC (27) -0,04189 0,70694 0,2531 0,20994 0,00851 0,20851 0,13756 -0,0727 2,67599 0,99654 0,08803 -0,01695 0,47907

ilvA (28) 0,86356 2,56197 1,33491 0,56674 0,55725 1,27395 0,59603 0,1066 0,18587 0,76776 -0,07721 0,01865 0,23703

ilvE (29) 0,04728 0,8116 1,07396 0,86586 0,30926 0,52982 0,92924 0,04558 0,93287 0,56776 -0,00343 -0,037 1,17442

iscS (30) 0,81009 0,63837 1,26438 0,24885 0,3231 0,78506 0,47028 0,16016 0,20431 2,16938 0,06846 0,33864 0,4292

kbl (31) 0,70923 0,28807 1,30885 -0,06667 -0,11578 2,26237 0,1067 -0,23509 -0,26323 -0,05284 -0,23107 -0,34587 -0,14731

ldcC (32) 1,51926 6,22528 3,08163 6,67522 3,48656 5,88863 6,4106 1,05398 5,8537 1,33254 0,80595 0,33171 1,757

ltaE (33) -0,25659 0,10068 -0,00275 -0,09985 -0,17301 -0,03406 -0,19332 -0,05834 -0,01091 -0,02623 0,1088 0,06909 -0,16069

lysA (34) 0,20636 4,78546 2,24716 1,62301 0,14356 2,08308 1,37017 0,08026 1,17941 -0,0785 -0,09748 -0,18021 0,00457

malP (35) 0,09185 0,74847 -0,04988 0,33364 0,27843 0,41273 0,1584 0,03927 0,16638 0,1006 0,27335 0,04885 0,05646

malY (36) 2,32845 3,30828 0,84771 – 1,50544 3,72664 0,38362 – 1,20154 0,60523 – 0,55577 3,34993

metB (37) 0,38925 4,84031 0,31856 0,63813 0,08622 2,32491 2,8757 0,09864 -0,20054 5,95928 0,57487 0,41756 0,55484

metC (38) 0,78562 2,26592 1,21685 1,99551 3,55889 2,14862 3,25607 0,87641 1,54293 5,17224 0,86423 0,76817 1,86785

pabC (39) – 0,74603 1,86694 -0,51456 – -0,04015 – – – – – – –

patA (40) – – – – – – – – – – – – –

puuE (41) -0,40892 -0,3845 0,19141 -0,6352 -0,54179 -0,27135 -0,83494 0,00313 -0,59221 -0,18773 -0,12992 -0,07783 -0,31806

selA (42) 0,94652 5,93252 1,87896 5,46203 2,79057 5,2626 4,86837 -0,19403 5,02598 3,90719 1,23625 1,25929 3,85745

serC (43) 0,63612 1,42404 0,9872 0,20112 0,02031 0,07001 0,26006 -0,01894 0,19872 1,51399 0,00566 0,08732 0,03444

speA (44) -0,07461 0,54063 -0,04963 2,80382 0,9368 0,6822 3,28603 0,02142 -0,3741 -0,10645 -0,07822 -0,09224 0,8448

speC (45) -0,06077 -0,04048 0,07583 -0,00479 -0,3052 -0,18735 -0,02844 0,2123 0,27154 0,10611 0,12449 0,00426 0,20385

speF (46) – – – – – – – – – – – – –

sufS (47) 0,38689 1,0337 1,51751 -0,28198 0,09508 -0,22784 -0,13155 0,03237 -0,46951 0,03655 0,12717 0,01412 0,14103

tdcB (48) 0,32165 -0,72168 – -0,19115 0,48518 -1,56231 -0,51108 -1,3492 -1,02081 -0,42225 -0,0754 -0,35293 -0,8989

tdcF (49) -0,2919 0,2162 0,62266 0,19704 0,18292 0,24959 -0,09047 -0,1468 -0,48337 -0,54494 -0,56514 -0,63949 -0,26278

thrC (50) 0,3569 0,10776 6,67365 0,65027 1,18091 -0,00746 0,29842 -0,02331 0,43295 -0,0833 0,16448 -0,13199 0,07431

tnaA (51) -0,02476 0,30762 0,27331 0,79921 1,23932 2,69557 1,15177 -0,03325 0,52247 0,16146 0,14665 0,09885 0,29532

trpB (52) 0,24009 5,56203 2,44409 1,83246 1,22585 1,01478 1,82819 -0,02474 2,47655 2,52427 0,02513 -0,11815 1,45314
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Protein PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8 PL9 PL10 PL11 PL12 PL13

tyrB (53) 0,10598 1,89819 2,82859 1,30526 0,37095 1,48013 1,24514 0,33821 3,34635 0,42197 0,111 0,17127 3,5521

wecE (54) 0,14297 1,86216 2,72861 -0,62638 0,55494 1,80855 2,65679 0,48061 2,80288 3,39486 1,49007 0,66464 1,30259

ybdL (55) 1,19739 0,61846 0,31913 – 0,95921 1,12839 0,33693 – – 5,12839 0,75904 -0,44133 0,19442

ycbX* (56) -0,07375 -0,07185 0,01966 -0,26851 -0,12191 -0,18387 6,19E-04 -0,09431 -0,38147 0,23133 0,2309 0,31761 0,38056

ydcR* (57) – – – – – – – – 1,87603 3,48933 – – –

ygeX (58) – – – – – – – – – – – – –

yggS (59) 0,60256 7,68042 2,47062 7,17712 5,92414 8,40229 8,36773 3,0087 8,30433 2,19379 1,12036 0,60896 5,498

yhfS* (60) – – – – – – – – – – – – –

yhfX* (61) – – – – – – – – – – – – –

yiiM* (62) -0,26223 -0,15132 0,01247 0,36017 -0,20599 0,21857 0,60709 -0,71043 0,0519 -0,36917 -0,32284 -0,37464 -0,13935

yjiR* (63) – – – – – – – – – – – – –
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Table A.3: log2 enrichment (probe/DMSO) values for enrichment in P. aeruginosa PAO1.
Putative, uncharacterised or poorly characterized PLP-DEs are highlighted with a *. Adapted
from Pfanzelt et al. [170]

Protein PL1 PL2 PL3 PL6 PL10 PL13

alr (1) -0,16815 -0,66912 0,00101 0,03059 -0,64842 -0,58481

arnB (2) – 3,27877 3,23667 1,81675 3,09822 –

aruC (3) 0,01932 -0,43569 -0,10567 -0,13914 -0,16901 -0,02996

aruH (4) 0,0596 0,92124 0,32619 0,27009 3,70337 0,83621

aspC (5) -0,10748 1,22951 0,22697 -0,04356 0,98695 -0,10197

bauA (6) -0,76929 -0,92811 -0,18488 -0,29373 -0,29602 -0,35666

bioA (7) -0,01476 3,15613 0,51835 1,35033 3,87506 0,22646

cobC (8) – -0,8944 -0,2112 0,29277 – –

csd (9) -0,05418 -1,00397 0,39407 -0,24724 -0,26143 -0,02942

cysK (10) 0,0563 -0,1456 0,04647 -0,09225 0,16138 0,04843

cysM (11) -0,07683 0,22401 0,20868 -0,06056 -0,42662 -0,052

dadX (12) 1,0176 4,53438 1,12851 1,95851 0,09589 0,32168

davT (13) -0,15201 0,235 0,02809 -0,18007 -0,14998 -0,09815

dsdA (14) 0,03316 -0,4136 -0,03529 -0,0997 -0,218 -0,03632

gcvP1 (15) -0,02184 -1,52035 0,0448 -0,11307 -0,47126 -0,01963

gcvP2 (16) 0,1956 -1,86268 -0,29068 0,1984 -0,10745 -0,49451

glgP (17) – -0,00889 – 0,33352 – –

glyA1 (18) -0,41106 4,34592 -0,00714 1,29759 1,64053 -0,20341

glyA2 (19) 0,04714 2,94149 0,22602 0,56561 0,9026 -0,03773

hemL (20) -0,08616 -1,05592 0,05933 -0,33539 -0,34011 -0,08064

hisC1 (21) 0,19946 1,32696 -0,03684 0,04454 0,43291 0,13262

hisC2 (22) – – – – – –

ilvA1 (23) -0,01289 1,03281 -0,01432 -0,04007 0,09776 0,01839

ilvA2 (24) – 3,32546 – – – 3,15457

ilvE (25) -0,02494 3,34234 0,91617 1,61583 0,06765 0,2092

iscS (26) -0,1474 1,41719 0,40887 0,38238 0,50429 -0,15443

kynU (27) -0,04626 -0,88817 -0,08224 -0,31845 -0,1472 -0,08308

ldcA (28) -0,03118 2,85493 0,73031 2,37394 -0,19648 -0,01916

ltaE (29) 0,31529 0,01862 0,14549 0,01814 -0,33108 0,1929

lysA (30) 0,11806 4,05411 0,48495 0,63975 0,57108 0,07157

metY (31) 0,00415 1,88927 0,18785 -0,10065 1,12687 -0,04386

metZ (32) -0,07313 3,48521 0,12321 0,7971 3,20468 0,40957

PA0221* (33) – – – – – –

PA0268* (34) – – – – – –

PA0394 (35) 1,74479 7,88023 1,90571 7,70313 2,2749 3,79348

PA0399* (36) -0,16847 2,055 1,14543 0,13523 2,36552 0,0334

PA0400* (37) -0,03986 3,68675 0,32593 0,24082 3,01691 0,23155

PA0529* (38) – – – – – –

PA0530* (39) – – – – – –
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Protein PL1 PL2 PL3 PL6 PL10 PL13

PA0813* (40) – – – – -0,54108 –

PA0851* (41) 0,6207 2,0508 -0,5436 0,46907 0,90357 1,07339

PA0902 (42) 0,05155 -0,07439 -0,03397 -0,21151 -0,22254 0,00878

PA1061* (43) -0,26964 -0,64178 0,48083 -0,22806 -0,55622 -0,14863

PA1346* (44) – – – – – –

PA1654* (45) 0,10465 -1,69945 -0,4161 -0,17814 -0,97283 0,22948

PA2032* (46) 0,4095 2,01835 0,90083 0,31811 2,33683 0,40828

PA2062 (47) – – – – – –

PA2100* (48) – 2,21657 – – 2,70976 –

PA2104* (49) – – – – – –

PA2229* (50) – – – – – –

PA2531* (51) – – – – – –

PA2683* (52) 1,00465 1,51816 0,05199 0,61376 0,29305 0,24182

PA2828* (53) -0,08198 0,87961 -0,00274 -0,07697 -0,03392 0,09776

PA2897* (54) – – – – 3,32392 –

PA2958* (55) 1,30304 -0,51847 0,13924 -0,21715 4,47515 0,38595

PA3022* (56) -0,15375 1,23315 0,20113 0,18334 -0,05398 0,40938

PA3659* (57) 0,13102 3,96187 0,13903 1,12221 0,83921 0,2585

PA3798* (58) -0,02926 -0,54025 0,0402 -0,05767 1,40585 -0,02507

PA4088* (59) – – – – – –

PA4132 (60) -0,04194 -0,38379 -0,24826 -0,13591 0,14489 0,02965

PA4165* (61) – – – – – –

PA4536* (62) – – – – – –

PA4715* (63) -0,10224 3,45152 0,62657 2,28252 0,1871 -0,08757

PA4722 (64) -0,22994 -1,44068 0,0092 -0,44762 -0,49604 -0,08079

PA4805* (65) – – – – – –

PA4875* (66) – – – – – –

PA5283* (67) – – – – 3,80607 –

PA5313* (68) 0,15271 0,74454 0,00118 0,37663 2,66955 0,62165

PA5431* (69) – – – – – –

PA5523* (70) 0,06097 -2,02042 0,18645 -0,73592 -0,19936 0,15453

pabC (71) – 1,86076 – – – –

phhC (72) -0,0572 1,61292 -0,01181 0,15731 0,67934 0,02572

phnW (73) – – – – 1,94571 –

pvdH (74) – – – – – –

pvdN (75) -0,01682 -1,18374 -0,21261 -0,19103 -0,47165 -0,07739

selA (76) 2,85092 9,17781 2,68217 7,73476 5,7718 1,90309

serC (77) 0,11834 1,16653 0,23289 -0,00196 0,41291 -0,09932

speA (78) 0,03074 0,32425 0,22166 1,27054 0,63761 0,03222

speC (79) -0,08091 3,57223 0,48798 1,01293 0,22675 0,05431

spuC (80) -0,04864 2,76178 0,24016 0,73384 0,31613 0,08904

thrC (81) -0,0357 2,61586 1,98533 -0,13058 0,28814 -0,04355

trpB (82) -0,12115 4,9452 1,39072 0,6838 1,57185 -0,13414
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Protein PL1 PL2 PL3 PL6 PL10 PL13

wbpE (83) 0,2145 3,95289 0,53482 3,30369 2,70911 0,61301
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A.3 NMR-Spectra

1H- and 13C-spectra of PL6
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1H- and 13C-spectra of PL7
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1H- and 13C-spectra of PL8
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1H- and 13C-spectra of PL9
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1H- and 13C-spectra of PL10
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1H- and 13C-spectra of PL11
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1H- and 13C-spectra of PL12
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1H- and 13C-spectra of PL13
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1H- and 13C-spectra of MAC173979
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1H-, 13C- and 19F-spectra of TM-2-10
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1H-, 13C- and 19F-spectra of TM-2-11
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1H-, 13C- and 19F-spectra of TM-2-12
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1H-, 13C- and 19F-spectra of TM-2-13
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1H-, 13C- and 19F-spectra of TM-2-14
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1H-, 13C- and 19F-spectra of TM-2-15
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1H-, 13C- and 19F-spectra of TM-2-16
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1H-, 13C- and 19F-spectra of TM-2-17
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1H-, 13C- and 19F-spectra of TM-2-18
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1H-, 13C- and 19F-spectra of TM-2-19
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1H-spectrum of the PL methoxim
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1H-, 13C- and 31P-spectra of PL3PA
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1H- and 31P-spectra of PLPA
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1H- and 13C-spectra of MAC173979 amine
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