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L Summary
Recently, the identification of small bacterial molecules has been of great interest. They act, for
example, as virulence factors or toxins of pathogenic bacteria and in some cases have harmful
effects on the physiology of their hosts. In this context, neurodegenerative effects of the

bacterial metabolite aerugine on dopaminergic neurons have been identified.!

This thesis work aimed at detection and quantification of the production of aerugine in human
pathogenic bacteria. To achieve this, an LC-MS/MS method enabling the detection and
quantification of aerugine from liquid cultures was developed. (R)-aerugine was synthesized
via an already established stereospecific synthesis pathway for usage as reference material for
LC-MS/MS method development. In addition, deuterated aerugine was synthesized as an
internal standard for the use as extraction control. The LC-MS/MS method for detection and
quantification of aerugine from liquid cultures was established using Pseudomonas aeruginosa.
Neurotoxic effects of aerugine have been observed at exposure of 3-4 uM.! By means of this
successfully established quantification method, it could be shown that P. aeruginosa produces
aerugine in a concentration of 6.43 + 1.09 uM within 24 h. This finding can be emphasized
with regard to the discovery of the effects of neurotoxic metabolites from human pathogenic

bacteria on the development of neurodegenerative diseases, such as Parkinson's disease.

Furthermore, a screening for culturing conditions to induce aerugine production in the human
pathogenic bacteria Yersinia enterocolitica (DSM 4780) and Klebsiella pneumoniae
(DSM 30104) was performed. By this the chemically defined minimal medium PMH, after
feeding of salicylic acid and L-cysteine, was identified to possibly induce aerugine production
in Y. enterocolitica. Furthermore, the screening identified deferrated PGM to be a growth
medium for further investigations of aerugine production by K. pneumoniae. Initial experiments
on the inhibition of aerugine production by P. aeruginosa and Y. enterocolitica did not yield
statistically significant results due to incompleteness and insufficient quality of the data. It is

suggested to repeat these experiments in the future.

Finally, four aerugine derivatives were synthesized for a small structure activity relationship
study, by condensation reaction of various benzonitriles and L-cysteine. Despite best efforts,
results of biological testing, which is performed by the Leist Group at University of Konstanz,

were not available within the timeframe of this thesis.



Overall, the results of this work could make a small contribution to understanding the role of
human pathogenic bacteria in the development of neurodegenerative diseases, in particular

Parkinson's disease.

IL. Zusammenfassung
In letzter Zeit ist die Identifizierung kleiner bakterieller Molekiile von groBem Interesse. Sie
wirken zum Beispiel als Virulenzfaktoren oder Toxine pathogener Bakterien und haben in
einigen Féllen schidliche Auswirkungen auf die Physiologie ihrer Wirte. In diesem
Zusammenhang wurden neurodegenerative Auswirkungen des bakteriellen Metaboliten

Aerugin auf dopaminerge Neuronen festgestellt.'

Ziel dieser Arbeit war der Nachweis und die Quantifizierung der Produktion des neurotoxischen
Metaboliten Aerugin in humanpathogenen Bakterien. Zu diesem Zweck wurde eine LC-
MS/MS-Methode entwickelt, die den Nachweis und die Quantifizierung von Aerugin aus
Flissigkulturen ermdglicht. (R)-Aerugin  wurde {iber einen bereits etablierten
stereospezifischen Syntheseweg synthetisiert und diente als Referenzmaterial fiir die
Entwicklung der LC-MS/MS-Methode. Dariiber hinaus wurde deuteriertes Aerugin als interner
Standard fiir die Verwendung als Extraktionskontrolle synthetisiert. Die LC-MS/MS-Methode
zum Nachweis und zur Quantifizierung von Aerugin aus Fliissigkulturen wurde mit
Pseudomonas aeruginosa etabliert. Neurotoxische Wirkungen von Aerugin wurden zuvor bei
einer Exposition von 3-4 pM beobachtet.! Mit Hilfe dieser erfolgreich etablierten
Quantifizierungsmethode konnte gezeigt werden, dass P. aeruginosa innerhalb von 24 h
Aerugin in einer Konzentration von 6,43 + 1:09 uM produziert. Dieses Ergebnis kann im
Hinblick auf die Erforschung der Auswirkungen neurotoxischer Metabolite humanpathogener
Bakterien auf die Entwicklung neurodegenerativer Erkrankungen, wie der Parkinson-

Krankheit, hervorgehoben werden.

Des Weiteren wurde ein Screening nach Kultivierungsbedingungen zur Induktion der
Aeruginproduktion in den humanpathogenen Bakterien Yersinia enterocolitica (DSM 4780)
und Klebsiella pneumoniae (DSM 30104) durchgefiihrt. Dabei wurde festgestellt, dass das
chemisch definierte Minimalmedium PMH nach Zufithrung von Salicylsdure und L-Cystein
moglicherweise die Aeruginproduktion in Y. enterocolitica induziert.* Dariiber hinaus erwies
sich deferriertes PGM als ein Wachstumsmedium fiir weitere Untersuchungen der
Aeruginproduktion durch K. pneumoniae. Erste Tests zur Hemmung der Aeruginproduktion

von P. aeruginosa und Y. enterocolitica ergaben aufgrund von Unvollstindigkeit und



unzureichender Qualitdt der Daten keine statistisch signifikanten Ergebnisse. Es wird

vorgeschlagen, diese Versuche in Zukunft zu wiederholen.

SchlieBlich wurden vier Aeruginderivate fiir Studien zur Struktur-Aktivitits-Beziehung durch
Kondensationsreaktion verschiedener Benzonitrile und L-Cystein synthetisiert. Die Ergebnisse
dieser Studie, die durch die Arbeitsgruppe Leist an der Universitit Konstanz durchgefiihrt wird,

lagen zum Zeitpunkt der Fertigstellung dieser Arbeit noch nicht vor.

Die Ergebnisse dieser Arbeit konnten einen kleinen Beitrag zum Verstidndnis der Rolle
humanpathogener Bakterien bei der Entstehung neurodegenerativer Erkrankungen,

insbesondere der Parkinson-Krankheit, leisten.
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Abstract

English: Bacterial small molecules can act as virulence factors or toxins of pathogenic bacteria
and in some cases have harmful effects on the physiology of their hosts. This work aimed at
detection and quantification of the production of the neurotoxic metabolite aerugine in human
pathogenic bacteria. To achieve this, an LC-MS/MS method enabling the detection and
quantification of aerugine from liquid cultures was developed. Deuterated aerugine was
synthesized as an internal standard for the use as extraction control. A method for the in-house
deuteration of salicylic amide was successfully established for this purpose. By means of the
LC-MS/MS quantification method, it could be shown that Pseudomonas aeruginosa
(DSM 22644) produces aerugine in a concentration of 6.43 £+ 1.09 uM within 24 h. This finding
can be emphasized with regard to the discovery of the effects of neurotoxic bacterial metabolites
on the development of neurodegenerative diseases, such as Parkinson's disease. Finally, four

aerugine derivatives were synthesized for a small structure activity relationship study.

Deutsch: Bakterielle kleine Molekiile konnen als Virulenzfaktoren oder Toxine von
pathogenen Bakterien wirken und in einigen Fillen schéddliche Auswirkungen auf die
Physiologie ihrer Wirte haben. Ziel dieser Arbeit war der Nachweis und die Quantifizierung
der Produktion des neurotoxischen Metaboliten Aerugin in humanpathogenen Bakterien. Zu
diesem Zweck wurde eine LC-MS/MS Methode entwickelt, die den Nachweis und die
Quantifizierung von Aerugin aus Fliissigkulturen ermoglicht. Deuteriertes Aerugin wurde als
interner Standard fiir die Verwendung als Extraktionskontrolle synthetisiert. Dazu wurde
erfolgreich eine Methode zur in-house Deuterierung von Salicylamid etabliert. Mit Hilfe der
LC-MS/MS Quantifizierungsmethode konnte gezeigt werden, dass Pseudomonas aeruginosa
(DSM 22644) innerhalb von 24 h Aerugin in einer Konzentration von 6,43 £+ 1,09 uM
produziert. Dieses Ergebnis ist im Hinblick auf die Entdeckung der Auswirkungen
neurotoxischer bakterieller Metabolite auf die Entstehung neurodegenerativer Erkrankungen,
wie Zum Beispiel der Parkinson-Krankheit, hervorzuheben. SchlieBlich wurden vier

Aeruginderivate fiir eine kleine Struktur-Aktivitits-Beziehungsstudie synthetisiert.



1. Introduction

1.1. Bacterial small molecules

Very often, an individual is no longer considered as a single human being, but as a holobiont -
the ensemble of cells, tissues, organs, and microbes that colonize niches in the human body.
Interactions between microbes and their hosts can be facilitated via small molecules.® In this
way, microbial metabolites enable reciprocal or harmful interactions with their hosts. Small
molecules are also an important element of communication within microbial populations.!®!!
Bacteria, as well as other microbes, also secrete small molecules as a weapon in the competition
for the uptake of limited nutritional components.'>!3 In many cases, small molecules act as
virulence factors or toxins of pathogenic bacteria and have harmful effects on the hosts

physiology.'¥ For these reasons, the identification of small bacterial molecules has recently been

of great interest.

The gut-microbiome-brain axis

An important example of interactions between bacteria and their hosts is the influence of the
gut microbiome on the health of the entire organism, with the gastrointestinal tract being the
area of the human body most colonized by microorganisms.!> The gut microbiome is not only
associated to gastro-intestinal disease, but also neurodegenerative and central nervous system
(CNS) disorders. This has led to the assumption of the gut microbiome being linked to the
nervous system by the gut-microbiome-brain axis.'®'® After passing through the intestinal
barrier, microbial metabolites are involved in neurotransmission, act as immune mediators or
microbe-associated molecular patterns.!*! Furthermore, they seem to have effects on the CNS,
by means of the circulatory, immune and enteric nervous system or the vagal nerve.??>>* For
example, a reduced diversity of gut microbiomes in patients suffering from the most common
neurodegenerative disorder, which is Alzheimer’s disease, has been shown.>> And also Major
Depressive Disorder can be associated to changes in the gut microbiome and is linked to an

increased abundance of Bacteroides and certain metabolic alterations.?®

Siderophores — bacterial iron chelators

Communities of microorganisms often live in biological niches with limited amounts of
nutrients. Competing for limited resources, they produce molecules that are useful for the
uptake of rare nutrients such as iron.?” Although iron is one of the most abundant elements in
the earth's crust, its availability to living organisms is limited. When iron is sequestered to
oxidizing environments, water soluble ferrous iron is oxidized to water insoluble ferric iron.
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Ferric iron precipitates as hydroxide at physiological pH and is no longer biologically

available.?®

Bound to heme proteins or as iron sulfur clusters, iron is part of redox reactive enzymes.?’ For
this crucial part in electron transport chains and its role in redox reactive reactions of many
organisms, iron is essential for growth and survival of not only humans, but also bacteria.?’ In
vertebrates ferric iron is bound to transferrin and lactoferrin to be transported via blood
plasma.’° By this means, ferric iron is sequestered by the host itself, for example during an
infection. In competition for the limited amount of bioavailable iron, microorganisms also
produce small molecules acting as iron chelators.?” The secreted iron chelators, also considered
as siderophores, facilitate the uptake of iron-siderophore complexes through receptors and
uptake systems that are specific for certain siderophores. As iron is also essential for bacterial
growth during an infection, siderophores may act as virulence factors.'* For example, it has
been shown that deletions in genes required for synthesis of yersiniabactin, a siderophore of
Klebsiella pneumoniae, caused a decrease in virulence of these mutant strains using a in vivo

intranasal infection model.'*

Bacterial toxins

Pathogenic bacteria affect human health particularly by the production of various toxins. Well-
known examples for toxin producing bacteria constitute of Corynebacterium diphtheriae,
Bordetella pertussis or Vibrio cholerae.’'>* Clostridium species like C. tetani and C. botulinum
are known to produce various neurotoxins interfering with acetylcholine receptors of
neuromuscular junctions.** Furthermore, it has been shown that various pulicatins, produced by
Streptomyces sp., selectively bind human serotonin receptor 5-HT2, or show in vitro effects on
mouse dorsal root ganglion neurons.*® And also neurotoxic effects of a microbial metabolite
produced by the common soil bacterium Streptomyces venezuelae were previously described

by Caldwell and coworkers as further discussed in the following paragraph.*®

Aerugine — a bacterial metabolite with neurotoxic effects

As already mentioned above, Caldwell and coworkers unveiled the neurotoxic role of a
metabolite from the commensal soil bacterium S. venezuelae.>® They describe damaging effects
of the molecule on dopaminergic nerve cells as possible risk factor for developing Parkinson's
disease (PD). PD is a widespread neurodegenerative disease, but its pathogenesis is still not
fully understood. Probably, beside genetic factors, also environmental factors such as certain

pesticides play a role.’” Recently, Uckert and coworkers identified the neurotoxic metabolite

from S. venezuelae as the iron chelator aerugine.!



Uckert and coworkers demonstrated that the neurotoxicity of aerugine is specific to human
dompaminergic neurones and that the toxicity is caused by its specific structure and is not due
to general toxic effects of phenolic compounds. Knowledge about the molecular mechanisms
of aerugines neurotoxicty is limited. However, some results from Uckert and coworkers suggest
that apoptosis and possibly ferroptosis or dopaminergic autooxidation may play a role.
Aeruginol, a structurally highly related metabolite that was also isolated from S. venezuelae
appeared to be a less potent neurotoxicant than aerugine. In comparison to structural analogues
of aerugine, Uckert and coworkers could show that its aliphatic hydroxy group seems to be
important for neurotoxicity.! It is not known, whether aerugine is naturally produced by
S. venezuelae as (R)- or (S)-enantiomer and if there are any differences in the toxicity of the

stereoisomers.

1.2. Parkinson’s disease

PD is a chronic neurodegenerative disease that affects motility and causes problems with body
movements. Symptoms include tremors of body parts, rigidity, slowed movements or
difficulties with walking.®® Besides these main symptoms, PD can also be followed by
gastrointestinal dysfunctions, such as constipation.'® The death of dopaminergic neurons in the
substancia nigra results in the development of PD. The substantia nigra is a region in the
midbrain where a high number of dopamine producing nerve cells is located.>* Therefore, it
plays an important role for dopamine messaging pathways that are involved in the control of

body movements.

In the following, genetic and environmental risk factors are discussed. Furthermore, the

influence of the human microbiome and microbial metabolites is pointed out.

Genetic risk factors

In PD, neurodegeneration can be caused by aggregation of the protein alpha-synuclein,
followed by the formation of intransient fibrils. As previously published, the synuclein gene
seems to be exclusively expressed in nervous system tissue.*’ Aggregation within dopaminergic
neurons seems to especially impair the function of these cells.!® This formation of alpha-
synuclein aggregates seem to be correlated to mutation in the alpha-synuclein gene SNCA,
which is also designated as PARK1 and 4.*'*> There are further PARK-designated genes that
are involved in family associated PD cases. For example, the E3 ubiquitin ligase parkin encoded

by PARK2, or leucine-rich repeat kinase 2 (LRRK?2) designated as PARKS and others. *>#*



Environmental risk factors
Furthermore, environmental risk factors seem to play an important role in the development of
PD. The herbicide Paraquat, the pesticide Rotenone and the fungicide Maneb correlate with the

development of PD, to name just a few examples.?”#>4

Influence of the microbiome

Scheperjans et al. argue for an influence of environmental factors due to the early involvement
of gastrointestinal symptoms such as constipation. To add on this, they observed an altered gut
microbiome in Parkinson's patients, showing an increased abundance of Enterobacteriaceae in
patients affected by an impaired motor phenotype.'® In line with these findings, the involvement
of the human microbiome intrudes to play an important role for Parkinson’s pathogenesis. In
addition, it was shown that peripheral inflammation enhances LPS-induced
neuroinflammation. They observed increased inflammatory markers in the substantia nigra of
rats, after inducing ulcerative colitis by ingestion of dextran sulfate sodium.!” Furthermore, it
has been observed in a mouse model, that alterations of intestinal microbiota influence alpha-

synuclein pathogenesis, promoted via microbial short chain fatty acid production.'®

Bacterial metabolites as environmental risk factors

It was hypothesized by Caldwell and Watkins et al. that also metabolites from soil bacteria
might contribute to PD, which is in accordance with the often-stated higher prevalence of the
disease in rural areas.*®*” Uckert and coworkers state that the influence of soil bacteria derived
metabolites might be limited. They argue that the same compounds might be produced by
human pathogenic bacteria, due to the horizontal gene transfer (HGT) of relevant biosynthetic

gene clusters. !

1.3. Homologous biosynthetic gene clusters

Many bacterial secondary metabolites are produced via non-ribosome peptide synthetase
(NRPS) modules that are encoded in biosynthetic gene clusters and form assembly lines of
enzymatic units.”> As for example, many siderophores and thiazoline- or thiazole-related
metabolites. Various thiazoline- and thiazole-related bacterial secondary metabolites are
formed via highly homologous biosynthetic pathways and therefore, highly homologous genes
are involved in their biosynthesis.! For instance, homologues of biosynthetic genes that are
involved in the biosynthesis of watasemycin by S. venezuelae are involved in the biosynthesis
of pyochelin by Pseudomonas aeruginosa.'? Especially biosynthesis of pyochelin is very well

described in the literature.>>



It can be assumed that aerugine is also formed by a NRPS module. Uckert and coworkers
hypothesize that pathogenesis associated biosynthetic gene clusters might be spread across soil
and human pathogenic bacteria, due to HGT of relevant gene clusters.! Aerugine was first
isolated in 1987 from Pseudomonas aeruginosa.*® Its structure contains a thiazoline ring and it
belongs to the family of 2- hydroxyphenylthiazolines (figure 1-1). These metabolites are non-

ribosomal peptide products mainly produced by Gram negative bacteria.

Other members of the 2-hydroxyphenylthiazoline family are shown in Figure 1-1 as well. Many
of these thiazoline- and thiazole-related small molecules are considered as siderophores of
bacterial pathogens. For example, yersiniabactin 4 is produced by highly virulent Yersinia
species such as Yersinia pseudotuberculosis, Yersinia pestis and Yersinia enterocolitica.
Pyochelin 2 and aerugine 1 are both produced by the ubiquitous and potentially pathogenic
bacterium Pseudomonas aeruginosa.**>° But some members of the 2-hydroxyphenylthiazoline
family also have antibiotic or neuroactive effects. Watasemycin 5, isolated from marine
S. venezuelae showed antimicrobial activity against bacteria and yeasts.’! Lin et al. detected
binding of pulicatins (6-10) and aerugine 1 to serotonin 5-HT receptors, which are involved in

the gut-brain axis and have central roles in human physiology.®

Watasemycin, pyochelin and aerugine are 2-hydroxyphenylthiazolines and therefore, it can be
suggested that aerugine may be produced for example as a shunt product of the same

biosynthetic pathways.
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Figure 1-1 Members of the 2-hydroxyphenylthiazoline family (1: aerugine, 2: Pyochelin, 3: Enantiopyochlein,
4: Yersiniabactin, 5: Watasemycin, 6: Pulicatin A, 7: Pulicatin B, 8: Pulicatin C, 9: Pulicatin D,10: Pulicatin E).

Biosynthetic gene cluster analysis

By using the bioinformatic portal AntiSMASH, aerugine biosynthesis by other human
pathogenic bacteria can be suggested. AntiSMASH is a bioinformatic tool, which allows
identification, annotation, and analysis of secondary metabolite biosynthesis gene clusters.
Uckert and coworkers carried out a biosynthetic gene cluster analysis and identified
K. pneumoniae and Y. enterocolitica as further possible aerugine producing organisms. The
biosynthetic pathway of aerugine synthesis by S. venezuelae was investigated based on the work
of Inahashi and coworkers, who propose biosynthetic pathways for various 2-
hydroxyphenylthiazolines in P. aeruginosa and S.venezuelae.'"> The biosynthetic pathway of
aerugine synthesis by S. venezuelae that is proposed by Uckert and coworkers is depicted in

Figure 1-2.
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Figure 1-2 Biosynthetic gene cluster of watasemycin of Streptomyces venezuelae ATCC 10712 investigated via
antiSMASH and proposed biosynthesis of watasemycin and aerugine. Homologs of the pyochelin gene cluster of
Pseudomonas aeruginosa are indicated in brackets; black arrows: genes encoding biosynthetic enzymes, white
arrows: genes with transport and regulatory functions. Figure taken from Uckert et al.!

In this mechanism proposed by Uckert et al., salicylic acid is formed in a first step, followed
by condensation to cysteine and finally the hydrolysis of aerugine. Salicylic acid is produced
via salicylate synthase Sven0506. Salicylic acid is then activated by adenylation domain
Sven0510 and loaded on the peptide carrier domain of NRPS module Sven0512, via reaction
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with the thiol group of phosphopantetheine. Cysteine is also activated with the help of the
cysteine adenylation domain and loaded on the Sven0512 module. The methyl transferase-like
epimerization domain of Sven0512 is nonfunctional. The heterocyclisation domain catalyzes
condensation of the salicyl thioester with the cysteinyl thioester, both bound to the NRPS
module, to form a thiazoline ring. Finally, aecrugine might be produced by hydrolysis of the

thiazoline ring.!

1.4. Bacterial strains

The bacterial strains investigated for aerugine production in this thesis research include the
human pathogenic bacteria P. aeruginosa (DSM 22644), Y. enterocolitica (DSM 4780) and
K. pneumoniae (DSM 30104), which belong to the phylum Proteobacteria. The HGT of
biosynthetic gene clusters involved in the production of aerugine between these human
pathogenic bacteria and the soil bacterium S. venezuelae seems plausible, as biofilms and
aquatic environments have been observed to be hotspots of HGT. ** HGT of antibiotic resistance
genes from antibiotic producing Actinobacteria to Proteobacteria has been shown and HGT of

genes involved in siderophore acquisition has also been observed. >-°

Streptomyces venezuelae belongs to the class of Actinomycetes, a group of Gram positive,
spore forming soil bacteria. Many of these filamentous and aerobe bacteria are known to
produce a variety of antibiotics that are active against other bacteria.”’ For example,
S venezuelae produces the broad band antibiotic chloramphenicol, which is used against typhus
with high efficacy.’® The production of antibiotics might play a role for mediating the nutrient
uptake and competition of cohabitating Streptomyces species in soils.> In addition,
Streptomyces species including S. venezuelae have been shown to produce siderophores, as for
example desferrioxamine or watasemycin, in low iron-environments.'>*’ Furthermore, aerugine

was identified as metabolite of S. venezuelae.!

Pseudomonas aeruginosa are Gram negative, polar flagellated bacteria that can grow under
anoxic conditions and with very simple nutritional requirements. These ubiquitous bacteria are
also opportunistic pathogens causing urogenital tract and systemic infections especially in

immunocompromised patients. In cystic fibrosis, the presence of P. aeruginosa plays a major

t60

role in disease development.”” Under iron-limited conditions, P. aeruginosa produces the

siderophores pyochelin, pyoverdine and the metabolite aerugine.'*!3



Yersinia enterocolitica are facultative anaerobic, non- spore-forming, Gram-negative
Enterobacteria that are widespread in nature. The bacteria are distributed in water, food and
especially swine as a host for human pathogenic strains. The pathogenicity of Y. enterocolitica
mainly includes Yersiniosis, which is a disease of the intestinal tract. Infection with
Y. enterocolitica is obtained mainly from food borne origins and rarely from blood
transfusions.®! Lassen et al. found the involvement of acute or chronic neurological disorders
in 14 of 458 with Yersiniosis hospitalized patients.®> Followingly, they hypothesize that
infection with Y. enterocolitica might be connected to the development of neurologic disorders.
Under iron-limited conditions Y. enterocolitica produces the siderophores yersiniabactin and

yersiniophore.®*:%4

Klebsiella pneumoniae are facultative anaerobic, encapsulated, non-spore forming and non-
motile gram-negative Enterobacteria. They inhabit the environment in soil or surface water and
can colonize the human intestinal mucosa or oropharynx without harmful effects. From there,
they can invade other tissues and cause a variety of diseases such as pneumonia, urinary tract
infections or bacteremia, not only in immunocompromised individuals. Recently, the
occurrence of hypervirulent strains and antibiotic resistances make the bacterium an increasing
threat as a cause of nosocomial infections.®> The factors that play a role for the virulence of
K. pneumoniae partially include its siderophores enterobactin, yersiniabactin, salmochelin and

aerobactin.®®¢’

1.5. Conditions for the biosynthesis of bacterial siderophores

As the secretion of siderophores mainly occurs under limited availability of iron, growth
conditions are of essential importance for their biosynthesis and consequentially for their

detection.

For example, it was stated in the literature that incubation temperature may have influence on
siderophore production. Piscibactin production by Vibrio aguillarum and pyoverdine
production in Pseudomonas fluorescens seem to be favored at low temperatures.®®
Furthermore, adding substrates that are used in biosynthesis to growth media could also be
beneficial for siderophore production. It has been shown that it is possible to increase the
siderophore production of desferroxamine E in Streptomyces olivaceus by adding L-lysine.” In
Microbacterium spp. siderophore production was increased by adding glutamic acid or
asparagine.’! And siderophore production of staphyloferrin A in staphylococci by adding D- or

L-ornithine.”?
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In the following various growth media are discussed that have been used for cultivation and

siderophore production in Yersinia and Klebsiella.

Siderophore production of Yersinia

Perry et al. published a method to prepare a chemically defined minimal medium for the
investigation of iron accumulation by Yersiniae.* This culture medium should prevent the
supply of external iron, as it reduces the use of chelating components. For example, the usage
of buffer systems like morpholinopropanesulfonic acid (MOPS), which is a poor iron chelator,
should reduce the introduction of external iron.”” Furthermore, an iron chelation step is
performed to remove iron from the medium. Later, Staggs et al. published a very similar
chemically defined minimal medium, and named it PMH, to study the iron acquisition system
of Y. pestis.”* PMH differs in that MOPS is exchanged for N-2-hydroxyethylpiperazine-N'-2-
ethanesulfonic acid (HEPES) as a buffering agent. It is not stated what PMH stands for. Yfu
ABC iron transport system of Y. pestis was investigated by culturing in PMH2, where
piperazine-N,N'bis[2-ethanesulfonic acid] (PIPES) is used instead of the HEPES buffer

system.”” PMH2 was also used for the extraction, purifaction and identification of
yersiniabactin of Y. pestis.”® Yersiniabactin biosynthetic gene cluster was investigated in

Y. enterocolitica using nutrient broth (NB) after iron chelation using 2,2 -dipyridyl.%

Siderophore production of Klebsiella

The production of siderophores in K. pneumoniae has been carried out using various culture
media, often after an iron chelation step. Excretion of enterochelin by K. pneumoniae was
detected in a chrome azurol S (CAS) agar plate assay using M9 minimal medium plus casamino
acids.”” Siderophore production in K. pneumoniae was assessed in iron-chelated M9 minimal
medium plus casamino acids.”® And interaction of lipocalin, transferrin and the siderophores
enterobactin and yersiniabactin during pneumonia was investigated in vitro by cultivating
K. pneumoniae in Luria-Bertani broth (LB) after iron-chelation with 2,2 -dipyridyl.”’
Furthermore, production of enterochelin by K. pneumoniae cultured in a chemically defined

medium for siderophore production in Yersiniae was reported.’

1.6. Detection of bacterial small molecule metabolites via LC-MS/MS

Recently, liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) is a
technology on the advance. The coupling of a separation technique to a highly sensitive detector

enables the identification and quantification of analytes in complex matrices in the parts per
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million (ppm) range, or ng/mL scale.®! Therefore, this combination enabled commercialization

and routine use of mass spectrometry in clinical diagnostics.’>%3

In LC-MS/MS, analytes are ionized and injected into the vacuum of a mass spectrometer, after
separation by high pressure liquid chromatography (HPLC). Ionization produces charged
fragments of analytes. The detection of these fragments, which have a specific mass-to-charge
ratio (m/z), is then used to identify the corresponding analytes.®':8*%5 In tandem mass
spectrometry, selectivity is increased by a second fragmentation step for selected fragments.
These sequential fragmentation steps are often realized by the spatial arrangement of three
quadrupoles in a mass spectrometer. A quadrupole consists of four metal rods, to which an
oscillating electric field is applied. In this way a quadrupole acts as a bandpass filter that only

lets through ions of a certain m/z ratio. 3%

One widespread realization of a LC-MS/MS instrument is a (Ultra-)High Performance Liquid
Chromatography [(U-)HPLC] system connected to a triple quadrupole mass spectrometer, as
depicted in Figure 1-3. The analytes are ionized and isolated from the chromatography solvent
by Electrospray lonization (ESI). ESI applies high voltages to create an electrically charged
spray or aerosol. During this process the analytes are solvated in tiny droplets after being
nebulized. In the gas phase, isolated ions then enter the mass spectrometer where a vacuum is
created step by step. Quadrupoles 1 and 3 act as bandpass filters that select 1ons by specific m/z
ratios. After ionization, certain Precursor lons are selected to be further fragmented into Product
Ions in the collision cell. Product Ions of a certain m/z value are then passed through to the
detector. The m/z values can be determined via electric voltage that is applied to the
quadrupoles. Quadrupole 2 acts as a collision cell where Precursor Ions are fragmented into
Product Ions with the help of an inert collision gas. The fragmentation of a Precursor lon into
a specific Product Ion is called a transition. If a specific transition is selected for an MS/MS
experiment, this method is called Selected Reaction Mode (SRM). SRM experiments enable
the detection and quantification of analytes in a complex matrix with high sensitivity, as the

signal-to-noise ratio is increased when only certain fragments are detected.?!-36%7
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Figure 1-3 Depiction of a liquid chromatography—tandem mass spectrometry system. Fragmentation via
electrospray ionization (ESI) followed by triple quadrupole fragmentation. (figure taken from Thomas et al.%)

LC-MS/MS offers interesting applications for the detection and quantification of siderophores,
and several examples have recently been published in this area. For example, a validated
method for LC-MS/MS quantification of pyochelin and pyoverdin as possible cystic fibrosis
biomarker, using a '3C labeled internal standard, was published.®® Another LC-MS/MS
quantification method for pyochelin of P. aeruginosa was presented using caffeine as internal
standard.®® Also quantification of yersiniabactin and colibactin in E. coli and K. pneuimoniae
by LC-MS/MS using 5,6,7,8-tetradeutero-3,4-dihydroxy-2-heptylquinoline as internal standard
has been reported.””®! Siderophores influence on virulence of pathogenic E. coli was
investigated by LC-MS/MS quantification of secreted siderophores in a chicken model, after
deletions of export and synthesis genes in E. coli.”” Szamosvari et al. suggest a procedure to
quantify saturated and unsaturated 2-alkyl-4(1H)-quinolone N-oxides from Pseudomonas and

Burkholderia via LC-MS/MS using NQNO-2-'3C internal standard as extraction control.”

Furthermore, attempts have been made to detect and quantify siderophores in soil samples.
Ferrichrome and ferricrocin was identified in soil samples from Sweden by LC-MS/MS.
Siderophores in soil samples were quantified via LC-MS (single quadrupole) experiments and

an untargeted approach using ultra-high resolution mass spectrometry was reported.”*°

1.7. Quantification via LC-MS/MS

LC-MS/MS is a powerful tool for the detection and quantification of small bacterial molecules.
Nevertheless, some characteristics of this method must be considered. In addition to the
essential importance of calibration for quantification, the problem of matrix effects can be
significant for quantification. Furthermore, sample preparation influences can affect the quality

of the measurements.

Calibration
Calibration can be performed via external calibration of the analyte or a surrogate in the working

solvent. Quantification methods of bacterial small molecules for research purposes are
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frequently performed in this way.?*° External calibration can also be performed by mimicking
the matrix of the samples to be analyzed. Szamosvari et al, for example, dissolve and
subsequently extract the analyte from the growth medium used and then carry out an external
calibration.”? Ji et al. perform the calibration by dilutions of the analyte in homogenized serum

to develop a validated quantification method for clinical purposes.®®

Matrix effects

During ionization, coeluting matrix components can suppress or enhance the ionization of the
analyte itself and therefore, have impact on sensitivity of measurements. This problem is known
as ion suppression or ion enhancement and is an especially difficult problem when dealing with
biological matrices like blood, saliva, or urine. A very important factor in reducing effects and
complexity of the matrix is the preparation of the samples. Sample preparation can consist of
centrifugation and filtration steps to pellet cells and collect supernatants and extraction to avoid
ions such as potassium, sodium, chloride, etc. The reproducibility of sample preparation steps,

e.g. during extraction, can be monitored by using an internal standard as extraction control.””
100

Internal standards

Very often stable isotopologues such as '>C containing or deuterated compounds are used as
internal standards. When used as an extraction control, the internal standard is added to the
sample prior to extraction and undergoes the same preparation steps as the analyte, which was
also performed by Szamosvari and coworkers.” In this way, it can be monitored whether

negative measurements, where no analyte is found, are due to insufficient extraction.

Deuterium is a stable hydrogen isotope. The bond dissociation energy of C-D bonds is higher
compared to the corresponding C-H bonds.? This opens a highly interesting space of potential
applications, for example labelling of internal standard compounds for LC-MS/MS. In mass
spectra, deuterium-labelled compounds differ from their corresponding unlabeled versions by
their m/z ratio.!°! In addition, it is described in the literature that deuterated compounds elute

somewhat earlier than the same non-deuterated compounds.'”!

Deuterium-containing
compounds hardly differ in their chemical properties from their hydrogen-containing versions,

so that a similar behavior can be assumed during extraction.!'%?
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2. Aims of this thesis

The aim of this thesis is to detect and quantify the production of the neurotoxic metabolite
aerugine in human pathogenic bacteria and to determine whether its (R)- or (S)-enantiomer is
produced. To achieve this, an LC-MS/MS method enabling the detection and quantification of
aerugine from liquid cultures will be developed. This includes the synthesis of an internal

deuterated standard as extraction control.

For method development, extracts of Pseudomonas aeruginosa cultures, which are known to
produce aerugine, will be used. In parallel to aerugine quantification, it will be investigated
whether quantification of pyochelin in P. aeruginosa is possible from the same samples. Once
the LC-MS/MS quantification method is established in the P. aeruginosa system, it will be used
to find growing conditions for Klebsiella pneumoniae (DSM 30104) and Yersinia enterocolitica
(DSM 4780) under which the production of aerugine is induced. Once the growth conditions
that induce the production of aerugine have been identified for the above-mentioned human
pathogenic bacteria, it will be shown whether these organisms produce (R)- or (S)-aerugine via
chiral HPLC. Furthermore, effects of increasing iron concentrations in the culture media will
be investigated via LC-MS/MS quantification. Another aim of the thesis is the synthesis of
several aerugine derivatives. These derivatives will enable a small structure-activity

relationship study to further investigate the mode of action of aerugine.

Altogether, this work aims to contribute to the understanding of the role of human pathogenic

bacteria in the development of neurodegenerative diseases, particularly Parkinson's disease.

15



3. Results and Discussion

3.1. Stereospecific synthesis of (R)-aerugine

The stereospecific synthesis of (R)-aerugine 1 was carried out as established by Dr. Felix
Anderl, employed as a senior scientist of the Bottcher group. The first step of this synthesis
consists of the reduction of L-cysteine to L-cysteinol, which was adapted from Rodrigues et

al.!® The conditions for the reduction are shown in Figure 3-1 (reaction a).
O

a)
HOJ\‘ASH 9. HO/\‘ASH

NH,

H

N
+ HO SH e ~ e
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e L
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Figure 3-1: Synthesis of (R)-aerugine (compound 1) by reduction of L-cysteine to L-cysteinol and
condensation of 2-hydroxybenzonitrile and L-cysteinol. Conditions: a) BH3;SMe,, THF, 0 °C to rt, 16 h, sealed
under N. b) 0.1 M phosphate buffer pH = 6.4, 16 h at 65 °C, sealed under N, 25% yield (reaction b).

By performing the reduction prior to the condensation reaction, pure enantiomers of the final
compound can be obtained from L- or D-cysteine.!®® Furthermore, the formation of disulfide
byproducts, which would reduce yields and complicate purification of the final product, can be
avoided in this way.'®® Following the reduction step, a condensation reaction of L-cysteinol to
2-hydroxybenzonitrile was performed as shown in Figure 3-1 (reaction b). Reactions a and b
were performed as one-pot reaction, without purification in between. In this condensation

reaction, carried out under aqueous buffered conditions, a thiazoline ring is formed.

In this work the condensation reaction was carried out successfully with a yield of 25% using

2-hydroxybenzontrile as the limiting starting compound.

3.2. Synthesis of a deuterated internal standard for LC-MS/MS

Based on the established stereospecific synthetic pathway for (R)-aerugine, this work aims at
the synthesis of deuterated aerugine as an internal standard for LC-MS/MS analysis. In general,
deuterated starting compounds are expensive and only small amounts are required for LC-
MS/MS analysis. Instead of purchasing deuterated starting compounds such as deuterated L-
cysteine or 2-hydroxybenzonitrile, this work presents a cost-saving alternative. The approach
pursued involves the deuteration of 2-hydroxybenzonitrile and subsequent condensation to L-
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cysteinol. Therefore, deuteration of arenes was investigated to establish an in-house deuteration

procedure of the starting material for the further synthesis of the internal standard itself.
Deuteration of arenes by Pt/C catalyzed H-D exchange

To develop a suitable deuteration procedure for synthesis of the internal standard, Pt/C
catalyzed H-D exchange was performed according to the work of Sawama and coworkers.? In
a first step, deuteration of salicylic acid (compound 2-d) was reproduced. The reaction was

carried out in the conditions shown in Figure 3-2.

0] D 0]
OH a) D OH
—
OH D OH
2 2d D

Figure 3-2: Deuteration of salicylic acid (compound 2). Conditions: a) 10% Pt/C (6 mol%), D>O (2 mL)/2-
PrOH (1 mL), rt, 23 h; then 90 °C, 21 h, sealed under N, 42% yield.

Proceeding of H-D exchange was determined by the decrease in intensity of signals
corresponding to aromatic hydrogens in the '"H-NMR spectra. This decrease was determined
relative to the solvent peak or a reference compound that was added prior to recording the NMR
spectrum. However, the reaction showed very slow proceeding and complete H-D exchange
was not reached. Therefore, an attempt was made to improve the reactions efficiency by
increased temperature. The dependency of the H-D exchange on temperature was already
examined by Ito ef al.> According to their work, especially in Pd/C catalyzed H-D exchange
reactions, but also in Pt/C catalyzed H-D exchange of phenol, deuteration efficiency can be
improved by heating. In line with these findings, the H-D exchange reaction that was performed
in this thesis work using salicylic acid as a substrate, proceeded significantly faster, after heating
to 90 °C. After increasing the reaction temperature, almost full exchange of aromatic hydrogens

by deuterium atoms could be observed.

Based on the conditions that enabled reproducing deuteration of salicylic acid in this work,
deuteration of 2-hydroxybenzonitrile as an educt for aerugine synthesis, several aerugine
derivatives and salicylic amide were investigated. The results are shown in Figure 3-3 and Table

3-1.
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Figure 3-3: Deuteration of 2-hydroxybenzonitrile and aerugine derivatives. A: Deuteration conditions: a) 10%
Pt/C (6 mol%), D,O (2 mL)/2-PrOH (1 mL) 90 °C, 16 h, sealed under N2. b) 10% Pt/C [3 mol%), D,O (8 mL)/2-
PrOH (4 mL), 90 °C, 16 h, sealed under N, 64% yield. B: Compounds 2-d - salicylic acid, 3-d - 2-
hydroxybenzonitrile, 1-d - (R)-aerugine, 4-d - (R)-dihydroaeruginoic acid, 5-d - (R)-2-(2'-hydroxyphenyl)-4-
methoxycarbonyl-4,5-dihydrothiazole, 6-d - salicylic amide. Grade of deuteration is indicated with % D.

Deuteration of 2-hydroxybenzonitrile was not successful, which could be due to the presence
of the strongly electron withdrawing nitrile group. Low H-D exchange efficiencies for
neighboring aromatic carbons of nitrile groups have been observed already.’ Furthermore,
deuteration of aerugine derivatives was not successful, which might be caused by the presence
of a sulfur atom in these compounds acting as a catalytic poison for Pt/C. This was also observed

by Ito and coworkers, where H-D exchange of thiophenol showed deuteration efficiency of less

than 10%.3

Considering results of previous publications by Sawama and Ito et.al., it could be hypothesized
that salicylic amide itself could be successfully deuterated by Pt/C catalyzed H-D exchange.>*
It has been shown that introducing amines to hydroxylated arenes does not affect H-D
exchange. Furthermore, replacement of carboxylic groups by amide groups seems to have only
a minor effect on deuteration of aromatic carbons located in immediate vicinity of the amide

group.’
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Table 3-1 Deuteration efficiency of compounds: 2-d - salicylic acid, 3-d - 2-hydroxybenzonitrile, 1-d - (R)-
aerugine, 4-d - (R)-dihydroaeruginoic acid, 5-d - (R)-2-(2'-hydroxyphenyl)-4-methoxycarbonyl-4,5-
dihydrothiazole, 6-d - salicylic amide.

Compound Chemical shift [ppm] Integrated area Deuteration [%D]

2-d 7.68 0.09 95
7.34 0.04 98
6.78; 2H 0.08 98
1-d 7.38, 2H 1.68 13
6.97 0.75 25
6.87 0.74 26
3-d 7.82 0.12 88
7.38 0.65 35
6.91 0.72 28
6.87 0.18 82
4-d 7.88 0.51 49
7.49 0.54 46
6.97, 2H 1.51 25
5-d 7.29, 2H 1.77 12
6.87 0.82 18
6.79 0.82 18
6-d 7.74 0.31 76
7.34 0.21 84
6.84, 2H 0.32 88
6-d upscale 7.62 0.16 88
7.27 0.17 87
6.79, 2H 0.34 87

In line with the findings of Sawama and Ito et al., H-D exchange was carried out successfully
with salicylic amide. And, for eight times upscale, D-O amounts could be reduced by 50%
without impairment of H-D exchange efficiency. This observation is in accordance with
previous findings about the effects of reduced D>O usage on the deuteration efficiency of

benzoic acid.?

Concerning the hypothetical reaction mechanism, proceeding of the H-D exchange is highly
dependent on the absence of oxygen withdrawing hydrogen from the Pt/C-D>O-H> complex
that has been discussed by Ito and coworkers as mechanism for the exchange reaction.’
Hydrogen is crucial for formation of this complex and in the reaction mixture isopropanol is
used as a hydrogen donor. Platinum catalyzes the dehydrogenation of isopropanol to acetone
leading to the generation of hydrogen, which is needed for the activation of platinum prior to

complex formation.
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Synthesis of 2-hydroxybenzonitrile

Following successful deuteration of salicylic acid, a synthesis pathway for the deuterated
starting material of aerugine was established. In this work, the approach of introducing the
amino group by generating salicylic amide and subsequent dehydration to 2-
hydroxybenzonitrile was followed. Prior to synthesis of deuterated 2-hydroxybenzonitrile,

synthesis conditions were optimized using non-deuterated starting materials.

First, salicylic acid 2 was transformed into the more reactive corresponding methyl ester as
shown in Figure 3-4. For this, hydrogen chloride was generated in situ by the addition of
acetylic chloride to methanol (MeOH) and was used as a reagent for the acidic catalysis of
carboxylic acid esterification, as described in the literature.” After successful esterification with
yields of up to 95%, salicylic methyl ester 7 was transformed to salicylic amide 6 via

ammonolysis (reaction b).

0 0 0
N
c),d
©jU\OH a) @owm b) ©\)J\NH2 ). d)_ ©\/
OH OH OH OH
2 7 6 3

Figure 3-4: Esterification of salicylic acid 2, followed by ammonolysis of salicylic methyl ester 7 to salicylic
amide 6 and reduction to 2-hydroxybenzonitrile 3. Conditions: a) AcCl, MeOH, heated to reflux, 16 h, 95% yield.
b) ammonia in pressure vial, 85 °C, 16 h, 89% yield. Dehydration. Conditions: c) triphosgen, pyridine, 0 °C — rt,
16 h, sealed under N», 41% yield. d) Burgess reagent, THF, rt, 1.5 h, sealed under N,.

To obtain deuterated 2-hydroxybenzonitrile, dehydration of acidic amide 6 to the corresponding
nitrile 3 was performed. In this thesis two possible dehydration reactions are compared. First,
Einhorn et al. described a phosgene pyridine dehydrating agent that converts acidic amides into
nitriles.!® Due to the toxic properties of phosgene, triphosgene is used as a substituent in
organic synthesis and for industrial purposes.'® As a solid, triphosgene is more practical and
safer to handle than poisonous phosgene gas. To prevent handling of the extremely poisonous
phosgene gas, in this work the dehydration reaction using phosgene in pyridine was adapted by
the usage of triphosgene in pyridine as dehydrating agent (reaction ¢). Second, Burgess reagent
has been suggested as a mild and chemo-selective dehydrating agent of amides to nitriles.' By
using Burgess reagent, dehydration of salicylic amide was performed within less than
2 h (hours) yielding 52% 2-hydroxybenzonitrile without the usage of any toxicants (reaction d).

Consequently, amide dehydration by Burgess reagent was used for all further experiments.
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Synthesis of aerugine-d4

Finally, synthesis of the deuterated internal standard was performed by condensation reaction
of 2-hydroxybenzonitrile-ds and L-cysteinol (see Figure 3-5). Deuterated salicylic amide was
generated by deuteration of salicylic amide, and dehydration was performed using Burgess

reagent as described in Figure 3-4. The synthesis pathway is shown in Figure 3-5.

D O D N
~
D NH, a) D ~
—
D OH D OH
D D

2d 3d
—OH
D N D s—
D Z b O
+ HOT Y sH 2, D SN
D H NH
! © 2 D OH
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Figure 3-5: Dehydration of deuterated salicylic amide. Conditions: a) Burgess reagent, dry THF, rt, 1.5 h, sealed
under N, 52% yield. Condensation of deuterated 2-hydroxybenzonitrile and L-cysteinol to form deuterated
aerugine. Conditions: b) 0.1 M phosphate buffer pH = 6.4, 16 h at 65 °C, sealed under N, 12% yield.

In conclusion, synthesis of the deuterated internal standard was performed successfully. In this
work, two pathways to obtain deuterated 2-hydroxybenzonitrile as starting material for its
synthesis, starting with deuteration of salicylic acid or deuteration of salicylic amide, were
investigated in parallel. Especially, in-house deuteration of salicylic amide, using deuterium
oxide (D20) as inexpensive deuterium source, presents an interesting reaction for synthesis of
further deuterated thiazoline compounds. One example is the 2-hydroxyphenylthiazoline family
which includes antibiotic and neurotoxic bacterial metabolites. Deuterated standards of these
metabolites may be of interest in analytical applications as well as in applications studying drug

metabolism, kinetics, or reaction mechanism.’

3.3. Development of a LC-MS/MS quantification method

For detection and quantification of aerugine in human pathogenic bacteria, an LC-MS/MS
quantification method was developed. An attempt was made to quantify pyochelin in parallel.
Extraction of bacterial supernatants and conditions for LC-MS/MS measurements were based
on the work of Szamosvari et al. and Savchenko et al.>”* Sufficient extraction was controlled
using deuterated aerugine as internal standard. Detection was performed in SRM mode and
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fragments for detection were identified in Product Ion Scans of synthetic aerugine, pyochelin
and of the internal standard aerugine-ds. Hypothetical fragmentation patterns and probable

structures of the most abundant fragments are discussed in the following paragraphs.

Reference spectra and Peak assignment

Mass spectra of aerugine, aerugine-ds and pyochelin were obtained in Product Ion Scan mode
and are shown in the following chapter. Fragmentation pathways are discussed, and possible
structures of the most abundant peaks are proposed. The most abundant peaks were selected for
quantification of the molecules in SRM mode. Figure 3-6 shows the ms? spectrum of aerugine
and proposed structures of the most abundant fragments in the spectrum and a probable
fragmentation pattern. Chromatograms and ms® spectra without annotations can be found in the

appendix.

It should be mentioned that the proposed structures are plausible, but hypothetical structures.
The rearrangement reactions during dissociation inside the collision cell of the mass
spectrometer are complex and there is a lack of knowledge about fragmentation patterns in

tandem MS.%*

22



120.05

100

90% -
@ 801 H {,@H \,BC‘B i X--u/
£ 70 @A o~ SN SN
3 H>S J\ OH | Hs,
5 60 = - D
= OH OH o OH
= 50 177 96
:_-:: a.!(J7 M+1
= "i [m/z = 210]

30 92 06 Rt = 4.24 min

203 102.03

136 97
m:{ 9105 l 97 601 210 00
0 1 l | - 1
T T T L | T T T T Trr LA | LAABES ¢ TrerT) TYrAxY T T Ty | EEd § TTrYrY T T LB RLRad bR | L Lo ) "
80 90 100 110 120 130 140 150 160 170 180 180 200 210 220 230 240

miz

B
[m/z=92]
-CO
[28] M+1]
©] S . OH S
//NH - 3-Mercapto- i ;>'(:'/ 3@
(:( propan-1-ol N - CH;0H N
-~ "b —_—
OH [92] OH [32] OH
[m/z =120] [m/z =210] [m/z=178]
-H20 - 2-hydroxy-
[18] l benzontrile
[119]
[m/z =102]
H
@ W
stJ\‘ “OH
[m/z =91]

Figure 3-6 MS? reference spectrum of aerugine (compound 1) with proposed fragments and proposed
fragmentation pattern of aerugine. A: MS? reference spectrum obtained in Product Ion Scan mode after injection
of synthetic aerugine with assignment of proposed fragments. B: Most abundant fragments of the MS? spectrum
and neutral losses with the corresponding m/z value in brackets.

The molecule peak with m/z 210 represents the non-fragmented molecule after addition of one
hydrogen atom and is also the peak with the highest m/z value in the spectrum. The most
abundant fragment m/z 120 is probably formed by cleavage of carbon heteroatom bonds, which
results in thiazole ring opening. The positive charge is retained at the heteroatom (N) by
hydrogen rearrangement and the resulting fragment with m/z 120 represents the base peak of
the mass spectrum. After cleavage of the carbon-heteroatom bond, the charge could also
migrate to the a-carbon. The fragment with m/z 91 might be formed, due to further charge
migration to the sulfur atom and neutral loss of 2-hydroxybenzonitrile. Reactions leading to
such fragments have been referred to as competitive or complementary reactions following
carbon-heteroatom bond cleavage. According to the [M + 1H] + 1 rule, the sum of the m/z

values of these fragments adds up to the molecule peaks m/z value + 1.8 In other words, the
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sum of the fragments m/z 120 and m/z 91 corresponds to the molecule peak’s m/z value 210 +
1, which gives 211. Further fragments that can be seen in the Product Ion Scan spectrum are
probably obtained by neutral loss of -CO, -H>O and -CH3OH (fragments: m/z 92, m/z 102 and
m/z 178). These neutral losses have been studied by Levesen and coworkers and are very
common for dissociation reactions after ESI.'"” Due to the lack of understanding of dissociation
reactions and complex rearrangement of the structures, the structures of some fragments that

are found in the spectrum cannot be proposed in a plausible way.®*
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Figure 3-7 shows the MS? spectrum of aerugine-ds with assignment of the most abundant

fragments and a probable fragmentation pattern.
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Figure 3-7 MS?reference spectrum of aerugine-ds (compound 1-d) with proposed fragments and a probable
fragmentation pattern of aerugine-ds. A: MS? reference spectrum obtained in Product Ion Scan mode after
injection of internal standard aerugine-ds4 with assignment of proposed fragments. B: Most abundant fragments of
the MS? spectrum and neutral losses with the corresponding m/z value in brackets.

Fragmentation of aerugine-ds probably takes place in the same pattern as fragmentation of
aerugine. When comparing mass spectra of aerugine and aerugine-ds, the m/z values of
fragments containing the aromatic ring differ by m/z 4. This is due to the four adjacent heavy
deuterium atoms. Furthermore, the assumption that only fragment m/z 91 is not derived from
the aromatic part of the molecule is reassured, as it is the only fragment that does not differ by

m/z 4.
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Figure 3-8 shows the MS? spectrum of pyochelin with assignment of the most abundant

fragments and a probable fragmentation pattern.
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Figure 3-8 MS? reference spectrum of pyochelin with proposed fragments and a probable fragmentation
pattern. A: MS? reference spectrum obtained in Product Ion Scan mode after injection of synthesized pyochlein
with assignment of proposed fragments. B: Most abundant fragments of the MS? spectrum and neutral losses with
the corresponding m/z value in brackets.

The molecule peak with m/z 325 (see Figure 3-8) corresponds to non-fragmented pyochelin
with addition of one proton. Fragments m/z 120 and m/z 206 presumably emerge in a similar
way as fragments m/z 91 and m/z 120 from fragmentation of aerugine. Two carbon-heteroatom
bonds are cleaved, and the thiazole ring is opened. For this cleavage, the [M + 1H] + 1 rule
applies. 3% The sum of the fragments m/z 120 and m/z 206 corresponds to the molecule peak’s
m/z value 325 + 1, which gives 326. It appears that also a carbon-carbon bond that is connecting

the thiazolin and the thiazolidine ring is cleaved during the fragmentation process; giving
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fragments m/z 180 and m/z 146. Again the [M + 1H] + 1 rule applies. The sum of the fragments
m/z 180 and m/z 146 corresponds to the molecule peak’s m/z value 325 + 1, which gives 326.%
Fragments m/z 128 and m/z 172 are generated by neutral loss of -H>O and -H>S from fragments
m/z 146 and m/z 206. With the data obtained from this low-resolution Product Ion Scan, no
plausible structure for the m/z 190 fragment can be suggested. Nevertheless, also in a previously
published LC-MS/MS quantification method, this fragment has been used for SRM-mode

quantification of pyochelin.®

3.4. Quantification of aerugine in bacterial liquid culture supernatants

Quantification was performed via external calibration in the 0.01-2.0 mg/L range and the
corresponding calibration curves can be found in the appendix. For parallel detection of
pyochelin it was necessary to redissolve extracted supernatants in 100% MeOH, before
measurements. Probably solubility of pyochelin in 50% MeOH in H2O is not sufficient for
detection. Furthermore, using 100% MeOH as solvent resulted in a limit of detection (LOD) of

0.015 mg/L instead of 0.023 mg/L and therefore, a slight increase in sensitivity of the method.

First, detection of acrugine in supernatant extracts of P. aeruginosa strain PAO1 was performed
showing that extraction and measurement conditions were suitable for detection of aerugine.
PAOL is known to produce aerugine and therefore, was used as a positive control to test the
quantification method. Furthermore, secreted aerugine concentrations were within the
calibration range and therefore, no dilution of samples or adaptation of the calibration range

had to be performed.

In the following, results from LC-MS/MS measurements of bacterial liquid cultures are shown.
Supernatants of bacterial liquid cultures were collected after centrifugation and extracted with
ethyl acetate (EA). Before extraction, internal standard aerugine-ds was added as extraction

control.

3.4.1 Analysis of aerugine levels during bacterial growth
Production of aerugine was monitored during bacterial growth over time. PAO1 was cultured
in M8 at 37 °C and aerugine concentration was measured after 6 and 24 h. Figure 3-9 shows
data corresponding to measurements of three independent biological replicates and supernatant

extraction was performed in triplicates.
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Figure 3-9: Aerugine production of PAO1 in M8 after incubation for 6 h and 24 h at 37 °C. Data represent
mean =+ standard deviation from three independent biological subcultures. Extraction of the samples was performed
in technical triplicates and using an internal standard as extraction control. Two-tailed paired t-test was performed.
Statistically significant differences are indicated by asterisks (p* < 0.05).

Aerugine could not be detected in PAO1 supernatants after 6 h. However, after 24 h, the
concentration of secreted aerugine was 1.34 + 0.23 mg/L which corresponds to a concentration
of 6.43 + 1.09 uM. This shows that the extraction and quantification method developed in this
work is suitable to measure the production of aerugine and the calibration was performed in a
realistic concentration range. Furthermore, M8 is a suitable minimal medium to induce aerugine
production in PAOI. Interestingly, this concentration lies above the half-maximal effective
concentration of 3—4 uM for aerugine‘s neurotoxicity in human dopaminergic neurons
(LUHMES cells) documented by Uckert and coworkers.! For further investigations it may be
of interest to monitor aerugine production by PAO1 up to 48 h to determine whether the

concentration has reached a plateau after 24 h or continues to rise.

3.4.2 Screening of conditions inducing aerugine production in Y. enterocolitica
and K. pneumoniae

To induce aerugine production in Y. enterocolitica and K. pneumoniae, different growth media
were investigated. Figure 3-10 and Figure 3-11 show screenings to find growth conditions for
further investigation. Various growth media, the addition of the aerugine biosynthesis-
substrates L-cysteine and salicylic acid and deferration of growth media were investigated. In
this first screening of the growth conditions only individual measurements were carried out.
The use of the deuterated internal standard assured that negative measurements were not due to

poor extraction efficiency.
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3.4.3 Screening of various growth media
A variety of growth media were tested in an initial screening. Minimal medium 8 (M8) is of
interest as it has already been used for aerugine production by PAOI1 (see Figure 3-9). Peptone
growth medium (PGM), trypticase soy yeast medium (TSYM) and marine broth (MB) represent
undefined growth media with a variety of nutrient sources. PMH is a chemically defined
minimal medium developed to study siderophore production in Yersiniae.”* After cultivation of
PAO1 in M8 and TSYM for 48 h, the experiment was terminated due to poor phase separation

during extraction.

0.5
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0.4 O Y. enterocolitica
M PAO1
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Figure 3-10 Screening for growth media inducing aerugine production in K. pneumoniae and
Y. enterocolitica. After incubation, supernatants were collected after centrifugation and extraction was performed
after adding aerugine-d, as internal standard. Incubation of K. pneumoniae DSM 30104, Y. enterocolitica DSM
4780 and PAO1 DSM 22644 in indicated growth media (M8: minimal medium 8; PGM: peptone growth medium,
PMH: chemically defined minimal medium; TSYM: trypticase soy yeast medium, MB: marine broth) at 37 °C for
48 h.

As shown in Figure 3-10, no aerugine production was observed in M8, PGM, PMH, TSYM or
MB by K. pneumoniae or Y. enterocolitica. PAO1 appears to produce small amounts of
aerugine in PGM and PMH after 48 h (0.05 and 0.06 mg/L, corresponding to 0.24 uM and
0.29 uM). This is far below the concentration of 6 uM detected after 24 h culturing PAOI in
MBS and below the concentration of 3-4 uM causing neurotoxicity documented by Uckert ez al.!
For this reason, the cultivation of PAO1 in these media was not investigated further in this
thesis. However, it would be of particular interest to obtain data on the aerugine concentration
after 48 h of cultivation of PAO1 in MS8. It could therefore be suggested to increase the

centrifugation time for the cell pelleting step to improve phase separation during extraction.
Screening upon feeding salicylic acid and L-cysteine

For further investigations, substrates of the biosynthetic pathway (Figure 3-11) of aerugine

production were added to the growth media.
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Figure 3-11 Screening for growth media inducing aerugine production in K. pneumoniae and
Y. enterocolitica upon feeding salicylic acid and L-cysteine. After incubation, supernatants were collected after
centrifugation and extraction was performed after adding aerugine-ds as internal standard. A: Incubation of K.
pneumoniae in indicated growth media (M9a: minimal medium M9 + 0.5 % casamino acids; M9b: M9 + 0.5 %
casamino acids and 1 mM CaCl,, PGM; TSYM) with addition of salicylic acid and L-cysteine (100 pM each: +;
200 uM each: ++) at 37 °C for 24 h. B: Incubation of K. pneumoniae and Y. enterocolitica in indicated growth
media (M8, PMH) with addition of salicylic acid and L-cysteine (100 uM each: +; 200 uM each: ++) and iron (Fe:
0.1 uM FeCl3) at 37 °C for 24 h.

Figure 3-11 A shows aerugine production in Y. enterocolitica after feeding salicylic acid and L-
cysteine (100 uM each) in PMH. To confirm these findings, the experiment has been repeated
in biological triplicates and the results are shown in Figure 3-13. K. pneumoniae showed no
aerugine production under other growth conditions, including cultivation in M9 containing
casamino acids with and without CaClz, or in PGM and PMH. Feeding salicylic acid and L-
cysteine at concentrations of up to 200 uM also did not induce aerugine production in

K. pneumoniae (Figure 3-11 B).

PMH was developed for siderophore production in Yersiniae.* It undergoes a deferration step
during its preparation and therefore, presents iron depleted growth conditions. K. pneumoniae
also produced its siderophore enterochelin in this medium.*® Though, also after feeding the
substrates salicylic acid and L-cysteine, aerugine was not detected in K. pneumoniae cutured in
PMH. Growth media including complex nutrient sources such as casamino acids, yeast extract,
or tryptone have been used to induce siderophore production in K. pneumoniae.”’ As figure B
shows, the introduction of complex nutrient sources and the addition of substrates did not
stimulate the production of aerugine in K. pneumoniae. It could be that aerugine production in
K. pneumoniae is very sensitive to the iron concentration-in the growth medium. The detection
of siderophores in K. pneumoniae, that is of course also sensitive to the iron concentration in
growth media, has been reported for complex growth media that have undergone a deferration

step.’®”” Therefore, in this thesis work next a deferrated complex medium was investigated.
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Deferratation of growth media

K. pneumoniae was incubated in deferrated PGM, with or without feeding salicylic acid and L-
cysteine, for 24 h at 25 or 37 °C. Due to a mistake in sample preparation a known amount of
synthetic aerugine was added together with the internal standard and centrifugation during
collecting supernatants of bacterial cultures was performed at varying speed. Figure 3-12 shows
the detected quantity of aerugine “as measured”, and after subtracting the known amount of
aerugine added as “corrected”. The “!” in the diagram legend indicates this error in sample
preparation.
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Figure 3-12 Screening for growth media inducing aerugine production in K. pneumoniae. (PGMd: PGM after
1 h deferration step with Chelex 100; +. feeding with 100 pM salicylic acid and 100 uM L-cysteine) (! Before
extraction 0.02 mg/L aerugine were added, due to a mistake in sample preparation.) Aerugine concentration is
shown “as measured” before, and as “corrected”, after subtracting 0.02 mg/L from the detected concentration.

Figure 3-12 shows detection of aerugine in deferrated PGM. No obvious effect due to substrate
feeding or decreased incubation temperature can be seen in the graph. The detected
concentrations of at least 0.11 mg/L in each sample, are above the LOQ. Therefore, the

accidentally added amount of 0.02 mg/L synthetic aerugine can be subtracted.

In ESI-MS coeluting matrix components can enhance or suppress ionization of analytes.
According to the literature, it seems that strong ion enhancement of SSE > 150% is observed
rarely and furthermore ion suppression seems to be more frequent.”’ 19019110 Oply certain
analytes showed ion enhancement of >200%, if ammonium hydroxide was used as pH
additive.!'’ It seems not very probable that the aerugine signal above the LOQ is due to ion
enhancement effects of the accidentally added 0.02 mg/L synthetic aerugine. For detection of
the signal observed, this would mean the detected signal is five times higher due to matrix
effects. If ion enhancement effects for ESI MS/MS experiments that are described in the

literature are considered, ion enhancement at this level is not very probable. From this it can be
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concluded that the detected signals are probably not due to ion enhancement. At the very least,
it can be suggested to repeat this experiment and investigate whether K. pneumoniae produces

aerugine when incubated in deferrated PGM at 37 °C within a time frame of 48 h.
Analysis of aerugine levels upon L-cysteine/salicylic acid feeding

Substrates for the biosynthetic pathway of aerugine production (see Introduction, Figure 1-2)
were added to the growth media. Production of aerugine upon feeding these substrates, namely
salicylic acid and L-cysteine, was monitored during bacterial growth over time. Y. enterocolitica
was cultured in PMH at 37 °C and aerugine concentration was measured after 6 and 24 h. Figure
3-13 shows data corresponding to measurements of three independent biological cultures and
extraction of supernatants performed in triplicates. Due to a mistake in sample preparation a
known amount of synthetic aerugine was added together with the internal standard and
centrifugation during collecting supernatants of bacterial cultures was performed at varying
speeds. Data from technical replicas showing a relative standard deviation above 30% were

excluded.
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Figure 3-13 Aerugine production of Y. enterocolitica in PMH upon feeding salicylic acid and L-cysteine
(100 uM each), after 6 h and 24 h of incubation time. Data represent mean + standard deviation of three
independent biological cultures. Extraction of the samples was performed in technical triplicates and using an
internal standard as extraction control (! Before extraction 0.02 mg/L aerugine were added, due to a mistake in
sample preparation. Therefore, 0.02 mg/L were subtracted from the measured concentrations, before transferring
raw data to Graph Pad Prism.).

It can be observed that aerugine seems to be accumulating within a time frame of 24 h (Figure
3-13). Although accumulation of aerugine can be observed within 24 h the whole experiment

must be repeated. Due to the errors in sample preparation, these data are not reliable proof that
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Y. enterocolitca produces aerugine. Further, it would be of interest to monitor aerugine

production up to 48 h.
Analysis of aerugine levels upon Fe(III) addition

Production of aerugine by PAO1 and by Y. enterocolitica under increasing concentrations of
iron from 0.1-100 uM FeClz was measured. Figure 3-14 shows data corresponding to
measurements of three independent biological cultures and extraction of supernatants
performed in triplicates. Due to a mistake in sample preparation of one biological replicate for
PAOI1 and of all three biological replicates for Y. enterocolitica, a known amount of synthetic
aerugine was added together with the internal standard and centrifugation during collecting
supernatants of bacterial cultures was performed at varying speeds. Furthermore, some results
were excluded as in some replicate’s extraction was not successful at all (internal standard was

not found), or the relative standard deviation of technical replicates was above 30%.
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Figure 3-14: Aerugine production of PAO1 (A) and Y. enterocolitica (B) depending on increasing iron
concentrations (0.1 pM; 1.0 pM; 10.0 pM; 100 pM FeCls). Incubation of PAO1 in M8 and Y. enterocolitica in
PMH (including salicylic acid and L-cysteine, 100 pM each) at 37 °C for 24 h. A: Data represent mean =+ standard
deviation from three independent biological cultures for iron concentrations of 0.1-100 puM. Extraction of the
samples was performed in technical triplicates and using an internal standard as extraction control (! Before
extraction 0.02 mg/L aerugine was added to one biological replicate, due to a mistake in sample preparation.
Therefore, 0.02 mg/L were subtracted from the measured concentrations of this replica, before transferring raw
data to Graph Pad Prism.). Ordinary one-way ANOV A was performed. No statistically significant differences were
identified. B: Data represent mean + standard deviation from three independent biological subcultures. Extraction
of the samples was performed in technical triplicates and using an internal standard as extraction control (! 0.02
mg/L aerugine was added, due to a mistake in sample preparation. Therefore, 0.02 mg/L were subtracted from the
measured concentrations, before transferring raw data to Graph Pad Prism.):

Figure 3-14 A shows detected aerugine concentrations at increasing iron concentrations in the
growth medium after cultureing PAOI1. The concentrations were 0.98 mg/L + 0.62 mg/L at
0.1 uM FeClz, 1.25mg/L+0.74 mg/l. at 1.0 uM FeCl3, 0.34 mg/L +0.36 mg/L  at
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10.0 uM FeCls and 0.09 mg/L +0.12mg/LL. at 100.0 uM FeCl; (corresponding to
4.69 uM +£2.97 uM, 598 uM £3.54 uM, 1.63uM=£1.72uM and 0.43 uM £0.57 uM
aerugine). Relative standard deviations lie between 60 and 130% and therefore, results should
be handled with care. Ordinary one-way ANOVA did not show significant differences of
aerugine production due to increasing concentrations of iron in the growth medium. As
indicated in the figure, one sample underwent differences during sample preparation. As can be
seen in more detail in the appendix, this biological replicate has much lower aerugine
concentrations. Therefore, it is possible that high standard deviations and the lack of
significance of the concentration differences is due to variations in the centrifugation step
during cell pelleting. Therefore, it is strongly recommended to repeat at least this biological

replicate to obtain reliable data from the experiment.

Figure 3-14 B shows detected aerugine concentrations in Y. enterocolitica supernatant extracts
of 0.25+0.16 mg/L at 10.0 uM FeCl; (corresponding to 1.20 uM £ 0.77 uM aerugine) and
signals after culturing at 100.0 uM FeClz below the LOD. These findings must be handled with
care as the data belong to samples that were affected by inequalities during sample preparation.
Especially because of incompleteness of the data it is recommended to repeat the whole

experiment to investigate whether aerugine production is inhibited at 100 pM FeCls.

3.5. Quantification of pyochelin in PAO1

Pyochelin is an important siderophore of P. aeruginosa. As with aerugine, neurotoxicity has
been observed by the Leist group at the University of Konstanz, Germany. Therefore, its
quantification would be of interest. Pyochelin production was monitored in parallel with the
production of aerugine by PAO1. Figure 3-15 shows signals measured after incubation after 6 h
and 24 h and at iron concentrations of 0.1-100 uM. Data corresponds to measurements of three

independent subcultures and extraction of supernatants performed in triplicates.
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Figure 3-15 Detection of Pyochelin. Data represent means of technical triplicates from three independent
biological subcultures. Upper limit of quantification (ULOQ) defined as the integrated peak area of the signal
corresponding to 2 mg/mL pyochelin. A: Pyochelin production of PAO1 in M8 depending on incubation time. B:
Pyochelin production of PAO1 in M8 with increasing iron concentrations.

Figure 3-15 shows that the pyochelin concentration in the samples exceeds the upper limit of
quantification (ULOQ). For example, the detected pyochelin concentration after 6 h would be
2.39 mg/L + 0.55 mg/L and after 24 mg/L + 8.19 mg/L, which is clearly out of the calibrated

range. Therefore, the Integrated Peak Area is plotted in the diagram instead of the concentration.

In consideration of this result, it is suggested that the concentration range of the calibration
needs to be adjusted. Quantification via LC-MS/MS is usually performed in the range of 0.1-
1 mg/L.}” To suggest a suitable calibration range already existing LC-MS/MS methods should
be considered. Periplasmic and cytoplasmic pyochelin has been detected after culturing
P. aeruginosa mutant strains in iron deficient growth medium in concentrations up to 100 uM.*
Due to the experimental set up in this publication, pyochelin-Fe complexes were added to the
growth medium to investigate the bacterial ABC transporter system. Secreted pyochelin
concentrations are expected to be smaller. Another publication presents an LC-MS/MS method
for quantification of pyochelin in sputum samples of cystic fibrosis patients.’® For detection as
a biomarker only secreted pyochelin is measured. Calibration was performed in the range of
0.25-25 uM or 0.04-8.13 mg/L. Consequently, adjusting the calibration range to 0.04-
8.00 mg/L should be considered for further experiments. If the calibrated area still does not
include the detected signals that are shown for example in Figure 3-15, the samples should be
diluted before injection into the mass spectrometer. In this case, simultaneous quantification of

aerugine and pyochelin would not be possible without additional sample preparation steps.
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3.6. Synthesis of aerugine derivatives

The synthesis of aerugine derivatives for structure-activity relationship (SAR) studies was
performed. Condensation reactions of L-cysteinol with various benzonitriles were carried out
to obtain aerugine derivatives with changes in the phenyl group (Figure 3-16). Theoretically, a
large variety of compounds can be obtained in this simple way. Synthesis of compounds 8, 9,
10 and 12 (Table 3-2) was performed to investigate the influence of the position and
methylation of the hydroxyl group, which may be involved in important stabilizing hydrogen

bonds. Compound 11 was synthesized to investigate whether halogen bonds play a role.

a) . .
benzonitrile + HO/Y\SH — = aerugine-derivative

NH,
Figure 3-16 Synthesis of aerugine derivatives by condensation reaction of L-cysteinol to various benzonitriles.
Conditions: a) 0.1 M phosphate buffer pH = 6.4, 72 h at 65 °C, sealed under No.

Table 3-2 shows the derivatives that were synthesized as part of this thesis.

Table 3-2 Aerugine derivatives. Yields correspond to amounts obtained after flash chromatography.

Structure Compound Yield

8 11%
OH
N
OM
© 9 0%
S OH
- o/
o
MeO
10 30%
S/> /OH
>N
Cl
11 38%
S OH
= "l]/
N
12 50%
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Only the synthesis of compound 9 was not successful. It is very likely that this compound was
lost during purification, as it was later successfully synthesized by Nathalie Worz, PhD student
in the Bottcher group. The methylation of the 2-hydroxyl group is of particular interest to
determine whether this group is involved in important stabilizing hydrogen bonds that are
crucial for bioactivity. In addition to investigating the influence of methylation of hydroxyl
groups, the effect of different positions of hydroxyl groups is also frequently investigated in
SAR studies.!!""!'? The importance of the aliphatic hydroxyl group of aerugine has already been
demonstrated by Uckert and co-workers.! The formation and influence of halogen bonds can
also be investigated by introducing halogen atoms.!'*!'> In this work, a chloro group
(compound 11) was introduced as one example. In conclusion, it can be stated that the synthesis
of four aerugine derivatives was successful and it could be shown that this derivative library
can be easily extended. The synthesized derivatives were sent to the Leist Group at the
University of Konstanz for biological testing. The results were not yet available when this work

was completed.
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4. Conclusion and Outlook

This thesis work aimed at detection and quantification of the production of the neurotoxic
metabolite aerugine in human pathogenic bacteria. To achieve this, an LC-MS/MS method
enabling the detection and quantification of aerugine from liquid cultures was developed. This
included the synthesis of an internal deuterated standard as extraction control. Another aim was

to investigate whether aerugine is produced as its (R)- or (S)-enantiomer via chiral HPLC.

(R)-aerugine was synthesized via an already established stereospecific synthesis pathway for
usage as reference material for LC-MS/MS method development. In addition, deuterated
aerugine was synthesized as an internal standard for the use as extraction control. During this,
in-house deuteration of salicylic amide was performed, based on prior work about the
deuteration of arenes via H-D exchange.>® The LC-MS/MS method for detection and
quantification of aerugine from liquid cultures was established using Pseudomonas aeruginosa.
Neurotoxic effects of aerugine have been observed at exposure of 3-4 uM.! By means of this
successfully established quantification method, it could be shown that P. aeruginosa produces
aerugine in a concentration of 6.43 + 1:09 uM within 24 h. This finding can be emphasized
with regard to the discovery of the effects of neurotoxic metabolites from human pathogenic
bacteria on the development of neurodegenerative diseases such as Parkinson's disease. In the
future would be of interest to monitor accumulation of aerugine within a time frame of up to
48 h and compare aerugine production in various growth media and upon feeding of salicylic
acid or L-cysteine. Furthermore, it was shown that quantification of pyochelin in P. aeruginosa
is dependent on the solvent that is used for redissolving samples before the measurement and
that calibration in the 0.01-2.00 mg/L range is not suitable for quantification of pyochelin. It

may be suggested to increase the calibration up to 8.00 mg/L.

A screening for culturing conditions to induce aerugine production in other human pathogenic
bacteria was performed. By this the chemically defined minimal medium PMH, after feeding
of salicylic acid and L-cysteine, was identified to possibly induce aerugine production in
Y. enterocolitica.* Further measurements seemed to confirm this finding, but due to errors
during sample preparation and incompleteness of data, it was not possible to fully proof
aerugine production by Y. enterocolitica. Furthermore, the screening identified deferrated PGM
to be an interesting growth medium for further investigations of aerugine production by
K. pneumoniae. Due to unlucky circumstances resulting in downtime of the mass spectrometer
and the limited time frame, further measurements could not be performed within the scope of

this master thesis. Initial tests to inhibit aerugine production of P. aeruginosa and
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Y. enterocolitica by adding increasing iron concentrations did not give statistically significant

results. It is suggested to repeat these experiments in the future.

Followingly, it was not possible to investigate whether aerugine is produced as its (R)- or (S)-
enantiomer by the human pathogenic bacteria that were investigated in this study. Therefore, it
is only possible to suggest the chemically defined minimal medium PMH, after feeding of
salicylic acid and L-cysteine and deferrated PGM for further investigation. If aerugine
production of Y. enterocolitica and K. pneumoniae can be verified in the future, production as

its (R)- or (S)-enantiomer should be investigated using these growth conditions.

Finally, four aerugine derivatives for SAR studies were synthesized successfully by
condensation reaction of various benzonitriles and L-cysteine. It is suggested to further increase
this derivative library in the future. The synthesized derivatives were sent to the Leist Group at
the University of Konstanz for biological testing. The results were not yet available when this

work was completed.
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5. Experimentals

5.1. General

Chemicals and solvents were purchased from Sigma-Aldrich, Carl Roth, BLD pharmaceuticals

or VWR Chemicals and were used as received.

Thin layer chromatography (TLC) was performed using technical grade solvents and Standard
SIL G Silica Layers on Aluminum Sheets UV254 (Macherey-Nagel™, Alugram™) and
detection by short/long wave UV-light and permanganate staining. Column chromatography

was performed with Silica gel 60 (40 — 63 um, Merck Millipore) and technical grade solvents.

NMR spectra were recorded on Bruker Avance-III 400 spectrometers with chemical shifts (6)
in ppm relative to residual solvent signals. Multiplicities are indicated by s — singlet, d - doublet,
t - triplet, q - quartet, quint. - quintet, m — multiplet and coupling constant J is given in Hz.

NMR data were analyzed with MestReNova version 6.0.2 - 5475.

LC-MS/MS analysis was performed on Vanquish™ Horizon/Flex UHPLC system (Thermo
Fisher Scientific) in combination with TSQ® Series II Quantum (Thermo Fisher Scientific)
using LC-MS grade solvents only. LC-MS/MS data were processed using Xcalibur Version 4.5.

Statistical analysis and visualization of data was performed using a test version of Graph Pad

Prism 10.2.0 (392).

Standards for LC-MS/MS and HPLC and synthesis products were sterile filtered using syringe
sterile filters (0.2 um, PTFE membrane, minispike outlet 25 mm, VWR), before injection.
Filtrates were dried under a gentle stream of nitrogen and on the lyophilizer (alpha 2-4 Isc basic,
CHRIST). HPLC was performed using Shimadzu HPLC system (LC-20AT pump, DGU-20A
degassing unit, CBM-20A system controller, SPD-M20A detector).

Media and buffers were prepared using milliQ water (Purelab ultra, Elga) and sterilized by
autoclaving (VX-120, SYSTEC) if not stated otherwise. If stated, pH was adjusted using diluted
aqueous HCI or NaOH (SevenCompact, Mettler Toledo).

Bacterial liquid cultures were pelleted using Centrifuge 5430 R (Eppendorf). Supernatants of
bacterial liquid cultures were sterile filtered using 1 mL syringes and sterile syringe-filters

(0.2um, Acrodisc™ syringe filter, wwPTFE, Minispike outlet, 13 mm).
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5.2. Synthesis

5.2.1. General procedure A - stereospecific synthesis of aerugine and derivatives
The stereospecific synthesis of (R)-aerugine was carried out according to the procedure
established by Dr. Felix Anderl, senior scientist of the Bottcher Group. The conditions of the

reaction are shown in Figure 5-1.

)

a)
HOJ\ﬁSH —— HO” Y7 sH

NH, NH,

N
Z S OH
b) Y
. HO SH —V» Pt
@( ~ N
OH NH,

OH

Figure 5-1: Reduction of L-cysteine to L-cysteinol and condensation of 2-hydroxybenzonitrile and L-cysteinol.
Conditions: a) BH3SMe,, THF, 0 °C to rt, 16 h, sealed under N. b) 0.1 M phosphate buffer pH = 6.4, 16 h at
65 °C, sealed under N».

Borane dimethyl sulfide complex (6.0 eq) was added to a stirred suspension of L-cysteine
(1.0 eq) in dry tetrahydrofuran (THF) (0.2 M) at 0°C. Reaction process was monitored by
addition of MeOH (0.2 mL) to 0.1 mL of the reaction mixture, evaporation of solvents, and
subsequent 'H-NMR spectroscopy in D>O. After 6 h, the 'H-NMR spectrum showed full
conversion of L-cysteine to L-cysteinol. The reaction mixture was slowly warmed to ambient
temperature and MeOH (1.0 mL/eq) was carefully added. 2-hydroxybenzonitrile (0.7 eq) and
aqueous KH>PO4/KoHPO4 buffer (pH 6.4, 0.1 M, 1.5 mL/eq) were added and the resulting
mixture was heated to 65 °C. After 16 h, the reaction mixture was cooled to ambient temperature
and extracted with dichloromethane (DCM) (3 x 4 mL). Combined organic layers were dried

over Na;SO4 and concentrated under reduced pressure.

For synthesis of aerugine derivates L-cysteine (1.0 eq), borane dimethyl sulfide complex
(3.6 eq), (THF) (1.1 M), MeOH (4.5 mL/eq), benzonitrile (0.5-1.1 eq) and aqueous
KH>PO4/K;HPO4 buffer (pH 6.4, 0.1 M, 8.0 mL/eq) was used. The condensation reaction was
performed for 72 h at 90 °C.

5.2.2. General procedure B - deuteration of arenes, aerugine and derivatives
The H-D exchange reaction was performed according to Sawama et al.> 10% platinum on
activated char coil (Pt/C) (0.05 —0.06 eq) was added to a stirred solution of the substrate

(1.0 eq) in D20 (1 mL/eq) and isopropanol (2-PrOH) (0.5 mL/eq). The reaction mixture was
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stirred for 16 h at 90 °C, until 'H-NMR spectroscopy indicated sufficient deuteration. Pt/C was
removed from the reaction mixture through filtration (Celite). Deviations from the general

procedure are stated for each compound.

5.2.3. (R)-aerugine (Compound 1)

1 5

S/>

" 3 2 2 \N 4'-|I
’ 3

° OH

6

OH
/
6

Figure 5-2 (R)-2-(4-(Hydroxymethyl)-4,5-dihydrothiazol-2-yl)phenol ((R)-aerugine, Compound 1).
Reduction of L-cysteine followed by condensation reaction with 2-hydroxybenronitrile (20 mg,
0.16 mmol, 0.7 eq) was carried out according to general procedure A. Purification of the residue
by column chromatography (SiOz; PE/EA = 2:1) yielded (R)-aerugine (compound 1) as a pale
yellow solid (8.4 mg, 0.04 mmol, 25%).

1:

Rf: 0.4 (PE/EA=1:1).

'H NMR (400 MHz, MeOD) & 7.43 (dd, J = 8.5, 1.5 Hz, 1H, H3"), 7.38 — 7.32 (m, 1H, H-5"), 6.94 (d, J = 7.6 Hz,
1H, H-6"), 6.91 — 6.86 (m, 1H, H-4"), 4.84 — 4.79 (m, 4.2 Hz, 1H, H-4), 3.83 — 3.78 (m, 2H, H-6 ), 3.51 — 3.45 (m,
1H, H-5a), 3.33 (d, J = 3.0 Hz, 1H, H5b).

13C NMR (101 MHz, MeOD) & 173.58 (C2), 160.19 (C1°), 134.06 (C5°), 131.60 (C3"), 119.95 (C6"), 117.81 (C4"),
79.51 (C4), 64.25 (C6), 33.71 (C5).

5.2.4. Deuteration of salicylic acid (Compound 2-d)

Figure 5-3 Salicylic acid-d4 (Compound 2-d)
The H-D exchange reaction of salicylic acid (35 mg, 0.25 mmol, 1.0 eq) was performed
according to general procedure B. In this case, the reaction was performed at ambient
temperature before heating to 90 °C. After 23 h a 'H-NMR spectrum was recorded indicating
slow proceeding of the reaction. The reaction mixture was stirred for another 16 h at 90 °C,
until '"H-NMR spectroscopy indicated sufficient deuteration. The mixture was dried under

reduced pressure yielding pure compound 2-d (15 mg, 0.11 mmol, 42%) as an off-white solid.
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2-d:
'H NMR (400 MHz, D,0) & 7.68 (m, 0.05H, H-6), 7.34 (t, 0.02H, H-4), 6.78 (m, 0.02H, H-3, H-5).

5.2.5. Deuteration of 2-hydroxybenzonitrile (Compound 3-d)

D
-N
D Cc~
D OH
D

Figure 5-4 2-hydroxybenzonitrile (Compound 3-d).

Deuteration of 2-hydroxybenzonitrile (12 mg, 0.10 mmol, 1.0 eq) was performed using
Pt/C (0.05 eq), DO (1 mL/eq), 2-PrOH (0.5 mL/eq) according to general procedure B.
Nitromethane (5.4 pL, 0.1 mmol, 1.0 eq) was added as an internal standard to the stirred
reaction mixture. 'H-NMR spectroscopy of the reaction did not show deuteration and the

reaction mixture was discarded.

5.2.6. Deuteration of (R)-aerugine (Compound 1-d)

OH
S D S\/N>””/

D OH
D

Figure 5-5 (R)-2-(4-(Hydroxymethyl)-4,5-dihydrothiazol-2-yl)phenol ((R)-aerugine, Compound 1-d).
Deuteration was performed using (R)-aerugine (21 mg, 0.10 mmol, 1.0 eq), Pt/C (0.06 eq), D-O
(1 mL/eq), 2-PrOH (0.5 mL/eq) according to general procedure B. Nitromethane (5.4 pL,
0.1 mmol, 1.0 eq) was added as an internal standard to the stirred reaction mixture. 'H-NMR

spectroscopy of the reaction did not show deuteration and the reaction mixture was discarded.

5.2.7. Deuteration of (R)-2-(2'-hydroxyphenyl)-4-methoxycarbonyl-4,5-
dihydrothiazole (Compound 4-d)

Figure 5-6 (R)-2-(2'-hydroxyphenyl)-4-methoxycarbonyl-4,5-dihydrothiazole (Compound 4-d).
Deuteration was performed wusing (R)-2-(2'-hydroxyphenyl)-4-methoxycarbonyl-4,5-
dihydrothiazole (27 mg, 0.12 mmol, 1.0 eq), Pt/C (0.06 eq), DO (1 mL/eq), 2-PrOH

(0.5 mL/eq) according to general procedure B. Nitromethane (5.4 puL, 0.1 mmol, 1.0 eq) was
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added as an internal standard to the stirred reaction mixture. 'H-NMR spectroscopy of the

reaction did not show deuteration and the reaction mixture was discarded.

5.2.8. Deuteration of (R)-dihydroaeruginoic acid (Compound 5-d)

D S OMe
@)

D OH
D

Figure 5-7 (R)-dihydroaeruginoic acid (Compound 5-d).
Deuteration was performed using (R)-dihydroaeruginoic acid (22 mg, 0.09 mmol, 1.0 eq), Pt/C
(0.06 eq), DO (1 mL/eq), 2-PrOH (0.5 mL/eq) according to general procedure B.
Nitromethane (5.4 pL, 0.1 mmol, 1.0 eq) was added as an internal standard to the stirred
reaction mixture. '"H-NMR spectroscopy of the reaction did not show deuteration and the

reaction mixture was discarded.

5.2.9. Deuteration of salicylic amide (Compound 6-d)

D O

6
D 1
NH,
2

D4 OH

3
D

Figure 5-8 Salicylic amide-ds (Compound 6-d)

Deuteration of salicylic amide (279 mg, 2 mmol, 1.0 eq) was performed according to general
procedure B using Pt/C (0.06 eq), D-O (8 mL/eq) and 2-PrOH (4 mL/eq) and yielding the
product as orange solid (184 mg, 1.3 mmol, 64%).

6-d:

'H NMR (400 MHz, D;0) § 7.71 — 7.55 (m, 0.19H, H-6), 7.31 — 7.25 (m, 0.22H, H-4), 6.83 — 6.73 (m, 0.15 H, H-
3, H-5).
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5.2.10. Salicylic acid methyl ester (Compound 7)

Figure 5-9: Salicylic acid methyl ester; Methyl 2-hydroxybenzoate (Compound 7).

Acetyl chloride (2 mL, 28 mmol, 2.8 eq) was added to MeOH (100 mL), and the resulting
mixture was stirred at ambient temperature for 15 min. Then, salicylic acid (1.38 g,
10 mmol, 1.0 eq) was added, and the resulting mixture was heated to reflux. After 16 h, the
reaction mixture was cooled to ambient temperature and concentrated under reduced pressure.
The product was dissolved in DCM (2 mL) and purification of the residue by column
chromatography (SiO2; PE/EA = 4:1) yielded the product as pale-yellow oil
(1.45 g, 9.54 mmol, 95%) with the characteristic smell of wintergreen.

7:

R 0.8 (PE/EA =2:1).

'H NMR (400 MHz, MeOD) § 7.84 — 7.78 (m, 1H, H-6), 7.51 — 7.42 (m, 1H, H-4), 6.90 — 6.80 (m, 2H, H-3, H-
5).

5.2.11. Salicylic amide (Compound 6)

Figure 5-10: Salicylic amide; 2-hydroxybenzamide (Compound 6).
Salicylic acid methyl ester 7 (120 mg, 0.79 mmol, 1.0 eq) was transferred to a pressure vial and
7 M ammonia in MeOH (0.8 mL, 5.6 mmol, 7.1 eq) was added. The orange reaction mixture
was stirred at 85 °C overnight. TLC (PE/EA = 2:1) of the clear yellow reaction mixture showed
incomplete conversion to a more polar product. The reaction mixture was dried under reduced
pressure yielding the product as orange solid (80 mg, 0.59 mmol, 74%) that was used without
further purification.
6:
R 0.3 (PE/EA =2:1).

'H NMR (400 MHz, CDCL3) § 7.37 (t, J= 7.8 Hz, 1H, H-4), 7.31 (d, J= 7.8 Hz, 1H, H-6), 6.93 (d,J=9.2 Hz, 1H,
H-3), 6.84 — 6.76 (m, 1H, H-5).
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5.2.12. 2-hydroxybenzonitrile (Compound 3)

Figure 5-11: 2-hydroxybenzonitrile (Compound 3).

The following reaction was adapted from the work of Einhorn et al.'* Triphosgen (16 mg, 0.05
mmol, 0.33 eq) was added to a solution of salicylic amide (20 mg, 0.15 mmol, 1.0 eq) in
anhydrous pyridine (0.25 mL) under nitrogen at 0 °C. The reaction was diluted with diethyl
ether and washed with H>O (10 mL), 2 M aqueous HCI (10 mL), and H>O (10 mL). The organic
layer was dried over NaSOg, filtrated, and concentrated under reduced pressure. Purification
by column chromatography (SiO2; PE/EA =3:1 to 1:1) yielded 2-hydroxybenzonitrile as a pure
off-white solid (7.1 mg, 0.060 mmol, 41%).

3:

R 0.5 (PE/EA=1:1).

'H NMR (400 MHz, CDCl3) § 7.57 — 7.47 (m, 2H, H-4, H-6), 7.06 — 6.97 (m, 2H, H-3, H-5).

5.2.13. 2-hydroxybenzonitrile-d4 (Compound 3-d)

Figure 5-12: 2-hydroxybenzonitrile-ds (Compound 3-d).
The dehydration reaction using Burgess reagent was based on the work of Claremon et al.!% 1-
Methoxy-N-triethylammoniosulfonyl-methanimidate (Burgess reagent) (343 mg, 1.44 mmol,
1.1 eq) provided by Dr. Felix Anderl, senior scientist of the Bottcher Group, was added to
deuterated salicylic amide (184 mg, 1.3 mmol, 1.0 eq) under nitrogen. Dry THF (4.8 mL) was
added, and the reaction mixture was stirred at ambient temperature. After 1 h, TLC (n-
hexane/EA = 1:1) showed incomplete conversion to 2-hydroxybenzonitrilie and therefore,
Burgess reagent (147 mg, 0.62 mmol, 0.48 eq) was added to the reaction mixture again. After
1.5 h, TLC (n-hexane/EA = 1:1) showed full conversion to a less polar product. Purification of
the product by column chromatography (SiO2; PE/EA = 3:1 to 1:1) yielded 2-
hydroxybenzonitrile as off-white solid (0.68 mmol, 84 mg, 52%) that was used for

condensation reaction to L-cysteinol.
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3-d:

R 0.6 (n-hexane/EA=1:1).

'H NMR (600 MHz, CDCls) & 7.54 — 7.50 (m, 0.3H, H-4), 7.56 — 7.43 (m, 0.1H, H-6), 7.01 — 6.99 (m, 0.19H, H-
3, H-5), 6.13 (s, 1H, -OH).

13C NMR (151 MHz, CDCls) & 158.19 (C2), 134.26 (C4), 132.33 (C6), 120.63 (C5), 116.36 (C3), 116.05 (-CN),
99.46 (C1).

5.2.14. (R)-aerugine-d4 (Compound 1-d)

Figure 5-13 (R)-aerugine-ds; 2-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]phenol-d4 (Compound 1-
d).

Reduction of L-cysteine followed by condensation reaction with 2-hydroxybenronitrile-d4
(41 mg, 0.33 mmol, 0.7 eq) was carried out according to general procedure A. Purification of
the residue was performed by column chromatography (SiO2; PE/EA = 2:1) and extraction of
fat impurities with acetonitrile (ACN) (3 mL) and n-hexane (3 x 3 mL). The organic layer was
dried under reduced pressure yielding (R)-aerugine-d4+ (compound 1-d) as a pale yellow solid
(8.7 mg, 0.04 mmol, 12%).

1-d:

R 0.4 (PE/EA=I1:1).

'H NMR (600 MHz, MeOD) § 7.45 — 7.42 (m, 0.29H, H-5"), 7.36 (s, 0.10H, H-3"), 6.95 — 6.92 (m, 0.10H, H-6"),
6.89 (t, J=3.8 Hz, 0.11H, H-4"), 4.85 — 4.80 (m, 1H, H-4), 3.83 — 3.77 (m, 2H, H-6), 3.52 — 3.46 (m, 1H, H-5a),
3.36 - 3.32 (m, 1H, H-5b).

13C NMR (151 MHz, MeOD) § 173.90 (C2), 160.15 (C1°), 134.01 (C5"), 131.54 (C3), 119.77 (C6"), 117.70 (C2"),
117.45 (C4"), 79.24 (C4), 64.19 (C6), 33.65 (C5).

Analytical HPLC was performed to control purity of the internal standard. For analytical HPLC,
20 pL of sterile filtered aerugine-d4 in MeOH (1 mg/100 pL) were injected. Analytical HPLC
of aerugine-d4 was performed using a C-18 Reprospher LC column (250 x 10 mm, 5 pm, Dr.
Maish Gmbh). LC-method with solvent A = H,O + 0.1% FA; B=MeOH + 0.1% FA: Tomin B =
50%; Tsmin B = 50%; T20min B = 90%; T30min B = 90%; T40min B =90%. The flow rate was 2 mL/min
and detection was performed at 190, 254 and 355 nm.
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5.2.15. 4-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]phenol (Compound 8)
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18 OH

6’ “2°N 6
4 3

HO™ >

Figure 5-14: 4-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]phenol (Compound 8).
Reduction of L-cysteine followed by condensation reaction with 4-hydroxybenzonitrile
(107 mg, 1.0 mmol, 1.0 eq) was carried out according to general procedure A. Purification of
the residue was performed by column chromatography (SiO2; PE/EA = 1:1) yielding the product
as a pale yellow solid (21 mg, 0.10 mmol, 11%). 21 mg of the product were injected for
preparative HPLC using a C-18 Reprospher LC column (250 x 10 mm, 5 pm, Dr. Maish Gmbh).
LC-method with solvent A = H,O + 0.1% FA; B=MeOH + 0.1% FA: Tomin B = 50%; T4omin B
= 50%; Tsomin B = 90%; Teomin B = 90%. The flow rate was 2 mL/min, and detection was
performed at 190, 254 and 355 nm. Fraction 12.5-15.0 min was collected and dried under
reduced pressure yielding 20 mg. The compound was further purified by Nathalie Worz, PhD
student of the Bottcher group.
8:
R 0.2 (PE/EA=I1:1).
'H NMR (700 MHz, MeOD) & 7.71 — 7.66 (m, 2H, H-3", H-5"), 6.85 — 6.81 (m, 2H, H-2’, H-6"), 4.74 — 4.68 (m,
1H, H-4), 3.82 (m, 1H, H-6a), 3.74 — 3.69 (m, 1H, H-6b), 3.52 — 3.47 (m, 1H, H-5a), 3.40 — 3.36 (m, 1H, H-5b).
13C NMR (176 MHz, MeOD) & 171.56 (C2), 162.11 (C17), 131.43 (C3"), 131.25 (C5"), 125.66 (C4"), 116.27 (C2’,
C6"), 80.00 (C4), 63.97 (C6), 35.30 (C5).

5.2.16. 2-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yljmethoxybenzol

(Compound 9)
N
S
4 N 2\/N>4m6
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Figure 5-15: 2-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-ylJmethoxybenzol (Compound 9).
Reduction of L-cysteine followed by condensation reaction with 2-methoxybenzontrile
(100 pL, 1.44 mmol, 1.1 eq) was carried out according to general procedure A. Purification of
the solid product by column chromatography (SiO2; PE/EA = 1:1) gave 199 mg of an impure
yellow solid. Further purification by column chromatography did not result in isolation of the
desired product. 'TH-NMR spectra of these compounds did not indicate that the desired product

had formed and therefore, the fractions were discarded.
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5.2.17. 4-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yljmethoxybenzol
(Compound 10)

~ 0T # .

Figure 5-16: 4-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-ylJmethoxybenzol (Compound 10).
Reduction of L-cysteine followed by condensation reaction with 4-methoxybenzonitrile (83 mg,
0.62 mmol, 0.49 eq) was carried out according to general procedure A. Purification of the
residue was performed by column chromatography (SiO2; PE/EA = 4:1 to 100% EA) yielding
the product as a pale yellow solid (41 mg, 0.19 mmol, 30%). 41 mg of the product were injected
for preparative HPLC using a C-18 Reprospher LC column (250 x 10 mm, 5 pm, Dr. Maish
Gmbh). LC-method with solvent A = H,O + 0.1% FA; B =MeOH + 0.1% FA: Tomin B = 50%;
Tsmin B = 50%; T20min B =90%; T30min B = 90%; T4omin B =90%. The flow rate was 2 mL/min and
detection was performed at 190, 254 and 355 nm. Fraction 9.0-21.5 min was collected and dried
under reduced pressure yielding 27 mg. The compound was further purified by Nathalie Worz,
Phd student of the Bottcher group.

10:

R 0.2 (PE/EA=I1:1).

'H NMR (700 MHz, MeOD) § 7.81 — 7.75 (m, 2H, H-3", H-5"), 7.01 — 6.97 (m, 2H, H-2", H-6"), 4.76 — 4.70 (m,
1H, H-4), 3.87 (s, 3H, H-7"), 3.85 — 3.81 (m, 1H, H-6a), 3.77 — 3.71 (m, 1H, H-6b), 3.55 — 3.49 (m, 1H, H-5a),
3.43 - 3.37 (m, 1H, H-5b).

13C NMR (176 MHz, MeOD) & 171.20 (C2), 163.92 (C1°), 131.20 (C5°), 131.10 (C3"), 126.87 (C4"), 114.92 (C2"),
114.68 (C6"), 80.15 (C4), 64.00 (C6), 55.94 (C7), 35.39 (C5).
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5.2.18. 2-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]chlorophenol
(Compound 11)
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Figure 5-17: 2-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]chlorophenol (Compound 11).
Reduction of L-cysteine followed by condensation reaction with 2-chlorobenzonitrile (80 mg,
0.58 mmol, 0.46 eq) was carried out according to general procedure A. Purification of the
residue was performed by column chromatography (SiO2; PE/EA = 9:1 to 100% EA) yielding
the product as pale yellow solid (51 mg, 0.22 mmol, 38%). 50 mg of the product were injected
for preparative HPLC using a C-18 Reprospher LC column (250 x 10 mm, 5 pm, Dr. Maish
Gmbh). LC-method with solvent A = H,O + 0.1% FA; B =MeOH + 0.1% FA: Tomin B = 50%;
Tsmin B = 50%; T20min B =90%; T30min B = 90%; T4omin B =90%. The flow rate was 2 mL/min and
detection was performed at 190, 254 and 355 nm. Fraction 13.0-22.0 min was collected and
dried under reduced pressure yielding 26 mg. The compound was further purified by Nathalie
Worz, Phd student of the Bottcher group.
11:
R 0.9 (PE/EE=1:2).
'H NMR (700 MHz, MeOD) § 7.60 — 7.58 (m, 1H, H-3"), 7.53 — 7.50 (m, 1H, H-6"), 7.48 — 7.44 (m, 1H, H-5"),
7.41—7.38 (m, 1H, H-4"), 4.82 — 4.78 (m, 1H, H-4), 3.86 (dd, J= 11.1, 4.6 Hz, 1H, H-6a), 3.81 —3.75 (m, 1H, H-
6b), 3.66 — 3.60 (m, 1H, H-5a), 3.55 — 3.50 (m, 1H, H-5b).
13C NMR (176 MHz, MeOD) § 170.08 (C2), 134.24 (C2"), 132.60 (C5), 131.42 (C3"), 131.39 (C6"), 128.12
(C4"), 80.22 (C4), 63.62 (C6), 36.76 (C5).
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5.2.19. [4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]benzol (Compound 12)
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Figure 5-18: [4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]benzol (Compound 12).
Reduction of L-cysteine followed by condensation reaction with benzonitrile (80 puL, 80 mg,
0.78 mmol, 0.61 eq) was carried out according to general procedure A. Purification of the
residue was performed by column chromatography (SiO2; PE/EA = 1:1) yielding the product
as pale yellow solid (75 mg, 0.39 mmol, 50%). 56 mg of compound 12 were injected for
preparative HPLC using a C-18 Reprospher LC column (250 x 10 mm, 5 pm, Dr. Maish Gmbh).
LC-method with solvent A = H,O + 0.1% FA; B=MeOH + 0.1% FA: Tomin B =50%; Tsmin B =
50%; T20min B = 90%; T30min B = 90%; Taomin B =90%. The flow rate was 2 mL/min and detection
was performed at 190, 254 and 355 nm. Fraction 19.0-22.5 min was collected and dried under
reduced pressure yielding 19 mg. The compound was further purified by Nathalie Worz, Phd
student of the Bottcher group.
12:
R 0.2 (PE/EE=1:1).
'H NMR (600 MHz, MeOD) & 7.85 — 7.79 (m, 2H, H-2", H-6"), 7.54 — 7.49 (m, 1H, H-4"), 7.48 — 7.41 (m, 2H, H-
3',H-5), 4.79 — 4.74 (m, 1H, H-4), 3.86 — 3.81 (m, 1H, H-6a), 3.78 — 3.73 (m, 1H, H-6b), 3.57 — 3.51 (m, 1H, H-
5a), 3.45 — 3.40 (m, 1H, H-5b).

13C NMR (151 MHz, MeOD) § 171.39 (C2), 134.07 (C1°), 132.36 (C4"), 129.46 (2C, C3’, C5"), 129.08 (2C, C2’,
C6"), 80.14 (C4), 63.71 (C6), 35.12 (C5).
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5.3. Biological experiments

5.3.1 Media and buffer compositions

Y. enterocolitica (DSM 4780), K. pneumoniae (DSM 30104) and PAO1 (DSM 22644) were
cultured in Trypticase soy yeast medium (TSYM) (30 g/ CASO broth, 3 g/L yeast extract,
pH=7-7.2), lysogeny broth (LB) (20 g/L LB, pH = 7 - 7.2), minimal medium (MS)
(1 mM MgSOs - 7 H20, 8.6 mM NaCl, 22 mM KH2POs, 12 mM Na.HPOs, 0.2% D-glucose,
0.5% Casamino acids, pH = 7 - 7.2), minimal medium M9 (M9 salts (8.6 mM NaCl,
20 mM NH4Cl, 22 mM KH:PO4, 12 mM Na.HPO.), 1 mM MgSOs, 0.2% D-glucose) and
peptone growth medium (PGM) (1 mM MgSO4, 50 mM NaCl, 1 mM CaCl,, 10 mM
KH>PO4/K2HPO4 buffer [pH 6], 0.32% peptone). Directly before use, M9 was prepared from
stock solutions that were autoclaved separately beforehand (5x M9 salts, 100x MgSQO4, 100x
glucose). In some cases, M9 was substituted with 0.5% Casamino acids from a 200 g/L stock
or I mM CaCl; from a 100x stock. KH2PO4/KoHPOj4 buffer (pH 6) was added to PGM from a
1 M stock directly before use.

The defined minimal medium PMH was prepared according to Table 5-1 as a 2x concentrated

1.”* The components were dissolved in 750 mL milliQ water and

stock, adapted from Staggs ef a
pH was adjusted to 7.5. The medium was filled up to 1 L with millliQ water and deferrated
while stirring with 4.14 g Chelex 100 resin (Bio-Rad) for 1 h. After the deferration step, Chelex
100 resin was filtered off and the medium was sterile filtered using vacuum filtration units
(0.22 pm, BT 1000 PES Bottle Top Filters, Sartolab®). The defined minimal medium was not
autoclaved. Aliquots of the 2x concentrated medium were diluted 1:1 with autoclaved milliQ
water and MgCl> was added to a final concentration of 20 mM from a 2.0 M stock solution,

directly before use.
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Table 5-1: Composition of 1x PMH. (* MgCl, was added to 1x PMH directly before use from a 2 M stock to a
final concentration of 20 mM; adapted from Staggs et al.’*).

Component mM (1x PMH) mM (2x PMH stock)
HEPES 25.0 50.0
K;HPO, 2.5 5.0
MgCl, * 20.0 40.0
Na,S,0; 2.5 5.0
NH,4Cl 10.0 20.0
Glucose 10.0 20.0
D, L-alanine 2.5 5.0
L-arginine hydrochloride 1.0 2.0
L-Asparagine 2.5 5.0
L-Aspartic acid 1.0 2.0
L-Glutamic acid 5.0 10.0
L-Glutamine 1.0 2.0
Glycine 5.0 10.0
L-Histidine 1.0 2.0
L-Isoleucine 1.0 2.0
L-Leucine 1.0 2.0
L-Lysine 1.0 2.0
L-Methionine 1.0 2.0
L-Phenylalanine 1.0 2.0
L-Proline 5.0 10.0
L-Serine 5.0 10.0
L-Threonine 2.5 5.0
L-Tryptophan 0.1 0.2
L-Tyrosine 1.0 2.0
L-Valine 1.0 2.0
D-Biotin 0.002 0.004
Calcium pantothenate 0.004 0.008
Thiamine hydrochloride 0.003 0.006

Solutions for addition of substrates to growth media and for the examination of the effect of
different FeCls concentrations were prepared as shown in Table 5-2. Components were

dissolved in 50 mL milliQ water and autoclaved.

Table 5-2: Preparation of substrate solutions.

Component MW [g/mol] final concentration [mM]
Salicylic acid 138.1 10
L-cysteine - HCI1 - H,O 175.6 10
Iron (III)-chloride Hexahydrate 270.3 10

Furthermore, a 1.0 mM FeCl; solution was prepared by diluting 5 mL 10 mM FeCls solution

with 45 mL autoclaved milliQ water.
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5.3.2 Preparation of cryo stocks
Cryo stocks (trypticase soy yeast extract medium [TSYM], 25% glycerol) of Yersinia
enterocolitica subsp. enterocolitica DSM 4780 (Y. enterocolitica) and Klebsiella pneumoniae
subsp. pneumoniae DSM 30104 (K. pneumoniae) and a cryo stock of Pseudomonas aeruginosa
DSM 22644 (PAOL1) (LB; 25% glycerol) were prepared and stored at -80 °C. PAO1 was derived
from Shubham Joge, Phd. Student of the Bottcher group. Y. enterocolitica and K. pneumoniae
were prepared from DSMZ glass ampoules according to the procedure that is described by the

Leibniz-institute DSMZ, using TSYM as growth medium.!!¢

5.3.3 Preparation of overnight cultures (ONCs) and subcultures
5 mL ONCs in LB medium were inoculated from cryo stocks and incubated at 37 °C overnight.
20 mL or 10 mL subcultures were inoculated with 200 pL or 100 nL. ONC and incubated at

37 °C, unless otherwise indicated.

5.3.4 Extraction conditions
Supernatants were collected according to the procedure described in chapter 5.1 and extracted

as described in chapter 5.4.1.

5.3.4.1 Analysis of aerugine and pyochelin levels during bacterial growth

Aerugine production by PAO1 in minimal medium M8 was followed over time. The experiment
was performed in biological triplicates derived from three independent ONCs, as shown in

Table 5-3. Extraction was performed in technical triplicates.

Table 5-3 Aerugine production by PAO1 over time.

Organism Medium, incubation temperature Incubation time [h]
PAO1 MS; 37 °C 6 h; 24 h
PAO1 MS; 37 °C 6 h; 24 h
PAO1 MS; 37 °C 6 h; 24 h

To find conditions for K. pneumoniae and Y. enterocolitica to produce aerugine, a screening for
aerugine production in various growth media was performed in single biological and technical

replicates. An overview of the examined conditions can be seen in Table 5-4 and Table 5-5.

Time dependency of aerugine production by Y. enterocolitica was measured in parallel with the

dependency on iron concentration in the growth medium (see Table 5-9).
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Table 5-4: Overview of conditions screened for aerugine production in K. preumoniae and Y. enterocolitica.

Organism Medium, incubation temperature  Incubation time
K. pneumoniae MS; 37 °C 48 h
Y. enterocolitica MS; 37 °C 48 h
PAO1 PGM; 37 °C 48 h
K. pneumoniae PGM; 37 °C 48 h
Y. enterocolitica PGM; 37 °C 48 h
PAO1 PMH; 37 °C 48 h
K. pneumoniae PMH; 37 °C 48 h
Y. enterocolitica PMH; 37 °C 48 h
K. pneumoniae TSYM; 37 °C 48 h
Y. enterocolitica TSYM; 37 °C 48 h
K. pneumoniae Marine broth; 37 °C 48 h
Y. enterocolitica Marine broth; 37 °C 48 h

5.3.4.2 Analysis of aerugine and pyochelin levels upon L-cysteine/salicylic acid

feeding

To induce aerugine production in K. pneumoniae and Y. enterocolitica, M8 and PMH were
substituted with salicylic acid and L-cysteine by adding 100 pL of 0.01 M stock solutions to
10 mL medium to obtain final concentrations of 100 uM each. Furthermore, FeCls was added
to a final concentration of 0.1 uM by adding 1 pL of a 1.0 mM stock to 10 mL medium. These
experiments were performed in single biological and technical replicates. An overview is given
in Table 5-5.

Table 5-5: Inducing aerugine production by feeding salicylic acid and L-cysteine, incubation at 37 °C.

Organism Medium Incubation time
K. pneumoniae M8 (100 uM salicylic acid; 100 uM L-cysteine) 24 h
Y. enterocolitica M8 (100 uM salicylic acid; 100 uM L-cysteine) 24 h
K. pneumoniae  PMH (100 uM salicylic acid; 100 uM L-cysteine) 24 h
Y. enterocolitica PMH (100 uM salicylic acid; 100 uM L-cysteine) 24 h
K. pneumoniae  PMH (100 uM salicylic acid; 100 uM L-cysteine; 0.1 uM 24 h
FeCl3
Y. enterocolitica PMH)(IOO uM salicylic acid; 100 uM L-cysteine; 0.1 uM 24 h
F CC13)

Further screenings for aerugine production in K. pneumoniae were performed and are
summarized in Table 5-6. Media were substituted with salicylic acid and L-cysteine-in 100 uM
and 200 uM final concentrations each. 10 mL aliquots minimal medium M9 were further
substituted with 250 uLL Casamino acids (200 g/L) to a final concentration of 0.5% or 100 uL

100x CaCl; to obtain a final concentration of 1 mM CaCls.
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Table 5-6: Substituting M9, PGM and TSYM to induce aerugine production in K. pneumoniae.

Organism Medium, incubation temperature Incubation time

K. pneumoniae M9 (0.5% Casamino acids; 100 uM salicylic acid; 100 uM 24 h
L-cysteine); 37 °C

K. pneumoniae M9 (0.5% Casamino acids; 1 mM CaCly; 100 uM salicylic 24 h
acid; 100 uM L-cysteine); 37 °C

K. pneumoniae  PGM (100 puM salicylic acid; 100 uM L-cysteine); 37 °C 24 h

K. pneumoniae  TSYM (100 uM salicylic acid; 100 uM L-cysteine); 37 °C 24 h

K. pneumoniae M9 (0.5% Casamino acids; 200 uM salicylic acid; 200 uM 24 h
L-cysteine); 37 °C

K. pneumoniae M9 (0.5% Casamino acids; 1 mM CaCl,; 200 uM salicylic 24 h
acid; 200 uM L-cysteine); 37 °C

K. pneumoniae  PGM (200 puM salicylic acid; 200 uM L-cysteine); 37 °C 24 h

K. pneumoniae  TSYM (200 puM salicylic acid; 200 uM L-cysteine); 37 °C 24 h

Furthermore, K. pneumoniae was cultured in deferrated PGM, with and without adding salicylic
acid and L-cysteine, and at 25 °C or 37 °C (Table 5-7). Due to a mistake in sample preparation
of one biological replicate, a known amount of synthetic acrugine was added together with the
internal standard and centrifugation during collecting supernatants of bacterial cultures was
performed at varying speeds.

Table 5-7 Incubation of K. pneumoniae in PGM, after 1 h deferration using Chelex 100 resin. (!) indicates
mistake in sample preparation.

Organism Medium, incubation temperature Incubation time

K. pneumoniae (!) PGM (deferrated, 100 uM salicylic acid; 100 uM L- 24 h
cysteine); 25 °C
K. pneumoniae (!) PGM (deferrated); 25 °C 24 h

K. pneumoniae (!) PGM (deferrated, 100 uM salicylic acid; 100 uM L- 24 h
cysteine); 37 °C
K. pneumoniae (!) PGM (deferrated); 37 °C 24 h

5.3.4.3 Analysis of aerugine and pyochelin levels upon Fe(III) addition

The effects of substituting iron were examined by adding FeCls in increasing concentrations to
the growth medium. FeClz was added to 10 mL aliquots of medium. Aerugine production by
PAO1 in M8 and Y. enterocolitica in PMH (including salicylic acid and L-cysteine, 100 uM
each) with 0.1 uM, 1.0 uM, 10.0 uM and 100.0 uM FeCl; was examined (Table 5-8). Four or
five subcultures with the four/five different FeCls concentrations were inoculated from one
ONC and considered as one biological replicate. Supernatants were collected after 24 h and

extracted in three technical replicates.
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Due to a mistake in sample preparation to some biological replicates, a known amount of
synthetic aerugine was added together with the internal standard and centrifugation during

collecting supernatants of bacterial cultures was performed at varying speeds.

Table 5-8: Effect of FeCl; concentration on aerugine production in PAOL. (!) indicates mistake in sample

preparation.
Organism  ONC Medium, incubation
FeCl; [uM] temperature Incubation time [h]

PAOL1 ONCIl1 0.1 MS:; 37 °C 24 h
PAO1 ONC1 1.0 M3; 37 °C 24 h
PAOL1 ONCIl1 10.0 MS:; 37 °C 24 h
PAO1 ONC1 100.0 MS; 37 °C 24h
PAO1 ONC2 0.1 M8; 37 °C 24 h
PAO1 ONC2 1.0 M8; 37 °C 24 h
PAO1 ONC2 10.0 M8; 37 °C 24 h
PAO1 ONC2 100.0 MS; 37 °C 24 h
PAO1 (}) ONC3 0.1 MS; 37 °C 24 h
PAO1 (}) ONC3 1.0 M8; 37 °C 24 h
PAOL1 ()  ONC3 10.0 MS; 37 °C 24h
PAO1 ()  ONC3 100.0 MS; 37 °C 24 h

Conditions for investigating aerugine production by Y. enterocolitica over time (6 h and 24 h)
and upon increasing iron concentrations (0.0-100.0 uM) in the growth medium are shown in

Table 5-9.

Table 5-9 Effect of FeCls concentration on aerugine production in Y. enterocolitica. (!) indicates mistake in
sample preparation.

Organism ONC FeCl; Medium, incubation
[uM] temperature Incubation time [h]

Y. enterocolitica (!) ONCI1 0.0 PMH+SA/L-cys; 37 °C 6h,24h
Y. enterocolitica (!) ONCI 0.1 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica (!) ONCI1 1.0 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica () ONC1  10.0 PMH+SA/L-cys; 37 °C 24h

Y. enterocolitica () ONCI 100.0 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica (!) ONC2 0.0 PMH+SA/L-cys; 37 °C 6h,24h
Y. enterocolitica (!) ONC2 0.1 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica (!) ONC2 1.0 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica (1) ONC2 10.0 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica () ONC2  100.0 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica (!) ONC3 0.0 PMH+SA/L-cys; 37 °C 6h,24h
Y. enterocolitica (!) ONC3 0.1 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica (!) ONC3 1.0 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica () ONC3  10.0 PMH+SA/L-cys; 37 °C 24 h

Y. enterocolitica (1) ONC3 100.0 PMH+SA/L-cys; 37 °C 24 h
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5.4 Analytical methods

5.4.1 General extraction procedure of secondary metabolites from bacterial liquid
cultures

1 mL samples of 10 mL or 20 mL subcultures were taken at indicated timepoints and bacteria
were pelleted by centrifugation (4500 rcf, 5 min). Supernatants were sterile filtered and then
stored at -80 °C in 1 mL Eppendorf tubes. Prior to extraction of 300 puL aliquots with 300 pL
HPLC grade EA in technical triplicates, samples were thawed and 3 pL of internal standard
aerugine-d4 in MeOH (2 pg/mL) were added. Extraction was performed in MS vials with FEP
membrane caps (REF 702732, FEP 1.0 mm, Macherey Nagel) by vortexing for 5 seconds. To
improve phase separation, MS vials were centrifuged (41 rcf, 1 min) in MS racks. 100 pL
aliquots of organic layer were pipetted into MS vials (LABSOLUTE, Art: No. 7663222) with
100 pL inlets (LABSOLUTE, Art: No. 7615290), dried under a gentle stream of nitrogen and
stored at -80 °C. Directly before measurement, samples were redissolved in 100 pL of indicated

solvent (50% MeOH in H>O or 100% MeOH).

5.4.2 Calibration curves for quantification
For calibration, a dilution series of aerugine (2.00 mg/L, 1.00 mg/L, 0.50 mg/L, 0.25 mg/L,
0.05 mg/L, 0.01 mg/L) was prepared by serial dilution of 10 mg/L stocks in triplicates.
Dilutions were prepared in 50% MeOH / H>O and in 100% MeOH. Furthermore, a dilution

series of pyochelin in 100% MeOH according to the same scheme was prepared.

Calibration was performed using the methods SRM-210-120 and SRM-325-190 (see chapters
5.4.4 and 5.4.5) and subsequently, regression function and value of determination (R?) were
calculated using Xcalibur Version 4.5. For pyochelin, integration was performed for two peaks
(pyochelin exists in an equilibrium of two diastereomers that are separated by chromatography)
and therefore, two calibration curves were obtained. The signals of both retention times were
added for each dilution to obtain a regression function for total pyochelin. Regression functions

are shown in Table 5-10.

Table 5-10: Regression function and value of determination (R?)

Solvent Regression function R?

Aerugine 50% MeOH y=4170 * x - 24776 0.9998
Aerugine 100% MeOH y=6129 * x - 3659 0.9995
Pyochelin I 100% MeOH y=4258 * x - 39516 0.9999
Pyochelin II 100% MeOH Y =1925 *x - 6636 0.9998
Pyochelin total 100% MeOH y=6183 * x - 46152 0.9999
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LOD and limit of quantification (LOQ) were determined according to formula I and II after

regression analysis using Excel Version 2312.

LOD 3 x standard error )
slope

LOQ 10 * standard error 1)
slope

Calculated LOD and LOQ values of synthetic aerugine in 50% MeOH / H>O and 100% MeOH

are shown in Table 5-11.

Table 5-11: LOD and LOQ values of synthetic aerugine.

Solvent LOD [mg/L] LOQ [mg/L]
Aerugine 50% MeOH 0.023 0.076
Aerugine 100% MeOH 0.015 0.051
Pyochelin 100% MeOH 0.007 0.023

5.4.3 LC-MS/MS analysis
Ultra-high performance liquid chromatography (U-HPLC) was performed on a Vanquish™
UHPLC system (Thermo Fisher Scientific) equipped with a Nucleodur C18 Gravity-SB 150 x
2 mm, 3 um column (Macherey-Nagel) and Nucleodur C18 Gravity-SB 4 x 2 mm, 3um
precolumn with the column heated to 40 °C. LC-method with 5 puL injection volume and solvent
A =water +0.1% FA; B=ACN + 0.1% FA: Tomin B=20%; T10omin B = 100%; T12min B = 100%;
Ti3min B = 20%; Tismin B = 20%. The flow rate was 0.5 mL/min and detection by MS/MS
analysis was performed using TSQ® Series II Quantum (Thermo Fisher Scientific) mass
spectrometer with heated electrospray ionization H-ESI (HESI-II probe, Thermo Scientific),
Ion Source in positive mode, with ion spray voltage = 3500 V, vaporizer temperature = 300 °C,
capillary temperature = 380 °C, sheath gas pressure = 60 psi, 1on sweep gas pressure = 2 psi,
and auxiliary gas = 10 psi. Fragmentation patterns were obtained via Product Ion Scan mode,
with a fixed collision energy of 30 eV and a mass range of m/z = 75 - 350 for aerugine and

aerugine-d4 and a mass range of m/z = 90 — 400 for pyochelin.
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5.4.4 Quantification of aerugine in bacterial cultures
To measure the concentration of aerugine in bacterial extracts, a Single Reaction Monitoring
(SRM) mode tandem mass spectrometry method was developed. Fragmentation patterns were

obtained by Product Ion Scan.

A Precursor Ion Scan of synthetic aerugine in 50 % MeOH / H,O (1.0 mg/L) gave retention
time (Rt) = 4.24 min for the m/z = 210 precursor. Subsequently, a fragment with m/z = 120 was
identified via a Product Ion Scan and selected for development of a Single Reaction Mode
(SRM) method. A Precursor Ion Scan of the deuterated internal standard aerugine-d4 in MeOH
(1 mg/L) gave Rt = 4.21 min for the m/z = 214 precursor and a fragment with m/z = 124
identified by a Product Ion Scan. Settings for SRM scan methods can be obtained in Table 5-12.

Table 5-12: SRM methods for LC-MS/MS quantification of aerugine.

Compound R¢ Precursor Product ion Method
Aerugine 4.24 m/z=210 m/z =120 SRM-210-120
Aerugine-dy4 4.21 m/z =214 m/z =124 SRM-214-124

5.4.5 Quantification of pyochelin in bacterial cultures
A Precursor Ion Scan and a Product Ion Scan was performed for pyochelin in MeOH

(0.5 mg/L). Settings for SRM scan methods are shown in Table 5-13.

Table 5-13 SRM method for LC-MS/MS quantification of pyochelin.

Compound R¢ Precursor Product ion Method
Pyochelin I 5.34 m/z =325 m/z =190 SRM-325-190
Pyochelin II 5.78 m/z =325 m/z =190 SRM-325-190

Pyochelin was synthesized by Dr .Felix Anderl, senior scientist of the Bottcher Group, and his
student Patrick Schimpl. The resulting four pyochelin diastereomers were separated by Dr. Gina
Porras Brenes, postdoctoral researcher of the Bottcher group, by reversed phase
chromatography. Pyochelin I and II are in a natural equilibrium and were used for calibration.

Therefore, method SRM-325-190 gives signals at R = 5.34 and R =5.78.
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Supplementary Figure 21 3C-NMR of 2-[4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]chlorophenol

(Compound 11).
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Supplementary Figure 22 'H-NMR of [4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]benzol

(Compound 12).
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Supplementary Figure 23 *C-NMR of [4-(hydroxymethyl)-4,5-dihydro-1,3-thiazol-2-yl]benzol

8.6 HPLC - chromatograms
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Supplementary Figure 24 Analytical HPLC of (R)-aerugine-d4 (Compound 1-d). Chromatogram.

87



o000
i T 5w
‘ |
5o
- l
I
P | ]
00 28 160 I 150 e @s | @ @5 ®o e s da £n s ED e g5 m
g ety - 905,022
TS SEEw A = T T e T
o] \
\
\
500 | \‘
R
|\
o ox e
0o as 50 3 160 125 180 s 200 s 200 als a0 o s o s e} als 00 s ) sis mn
sy e ntsnsty - 08387
ST AT T T T EET en TR
son Mo
2] | /
o LY
*\\ \ / \\
] N W’/ N,
\ ; P e
L — g i
i % = £3 o s rh 7= e £ 2 75 ED ER ER ED & 3= e as En o =h = A
Supplementary Figure 25 Purification of Compound 8. Chromatogram.
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Supplementary Figure 27 Purification of Compound 11. Chromatogram.
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8.7 LC-MS/MS - ms? spectra
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Supplementary Figure 29 Product Ion Scan of synthetic aerugine. Selected ion chromatogram and ms?

spectrum.
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Supplementary Figure 30 Product Ion Scan of aerugine-ds4. Selected ion chromatogram and ms? spectrum.
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Supplementary Figure 31 Product Ion Scan of pyochelin L. Selected ion chromatogram and ms? spectrum

(R¢=5.34 min).
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Supplementary Figure 32 Product Ion Scan of pyochelin II. Selected ion chromatogram and ms? spectrum
(R¢=5.78 min).

8.8 LC-MS/MS calibration curves
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Supplementary Figure 33 Calibration aerugine in 50% MeOH in H:O.
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Supplementary Figure 34 Calibration aerugine in 100% MeOH.
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Supplementary Figure 35 Calibration pyochelin 1.

2500

2500

92



4500000
4000000
3500000
3000000
2500000
2000000
1500000
1000000

500000

Signal [Integrated Peak Area]

pyochelin Il

y =1924,9% - 6636,4

R?=0,9998 .

o
.
.
.
.
.
.
.
.
.
.
o
o

o
.
.
.
.
.
.
.
.
.
.
.
.

o
.
.

0 500 1000 1500 2000

concentration [ng/mL]

Supplementary Figure 36 Calibration pyochelin II.
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8.9 LC-MS/MS quantification raw data

Supplementary Table 1 Aerugine quantification over time in PAO1 and Y. enterocolitica. (Y .ent.: Y.
enterocolitica DSM4780, (!) indicates error in sample preparation, in grey: relative standard deviation of

technical triplicates >30%)

Sample Integrated Area sample Integrated Area
PAO1-6h-1-1 16405 Y.ent.-6h-1-1 (1) 2005558
PAO1-6h-1-2 15440 Y.ent.-6h-1-2 (1) 788515
PAO1-6h-1-3 11116 Y.ent.-6h-1-3 (1) 758697
PAO1-6h-2-1 12111 Y.ent.-6h-2-1 (1) 60320
PAO1-6h-2-2 15940 Y .ent.-6h-2-2 (1) 49445
Y.ent.-6h-2-3 (1) 52326
PAO1-6h-3-1 20109 Y.ent.-6h-3-1 (1) 119807
PAO1-6h-3-2 17914 Y.ent.-6h-3-2 (!) 122666
PAO1-6h-3-3 15940 Y.ent.-6h-3-3 (1) 109648
PAO1-24h-1-1 9105272 Y.ent.-24h-1-1 () 6215765
PAO1-24h-1-2 | 9029267 Y.ent.-24h-1-2 (1) 6312732
PAO1-24h-1-3 | 8980243 Y.ent.-24h-1-3 (1) 4951288
PAO1-24h-2-1 6610632 Y.ent.-24h-2-1 (1) 1417316
PAO1-24h-2-2 | 5959105 Y.ent.-24h-2-2 (1) 1367904
PAO1-24h-2-3 | 6061972 Y.ent.-24h-2-3 (1) 1437684
PAO1-24h-3-1 8966599 Y.ent.-24h-3-1 () 1490379
PAO1-24h-3-2 | 8676910 Y.ent.-24h-3-2 () 1510058
PAO1-24h-3-3 | 8327019 Y.ent.-24h-3-3 (1) 1517237
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Supplementary Table 2 Aerugine quantification upon iron addition in PAO1 and Y. enterocolitica. (Y .ent.:

Y. enterocolitica DSM4780, “!” indicates error in sample preparation;

11313

in grey: relative standard deviation of technical triplicates >30%)

Sample Integrated Area | sample Integrated Area
PAO1-Fe0.1-1-1 7521221 Y.ent.-Fe0.1-1-1 (!) -
PAOI1-Fe0.1-1-2 6515054 Y.ent.-Fe0.1-1-2 () -
PAO1-Fe0.1-1-3 4775591 Y.ent.-Fe0.1-1-3 (!) -
PAO1-Fe0.1-2-1 10185345 Y.ent.-Fe0.1-2-1 (!) -
PAO1-Fe0.1-2-2 9083347 Y.ent.-Fe0.1-2-2 (%) 1714200
PAOI1-Fe0.1-2-3 9742652 Y.ent.-Fe0.1-2-3 (!) 1502189
PAO1-Fe0.1-3-1 (1) 2296588 Y.ent.-Fe0.1-3-1 (!) 819470
PAO1-Fe0.1-3-2 (1) 2273816 Y.ent.-Fe0.1-3-2 (!) 606807
PAOI1-Fe0.1-3-3 (1) 2305816 Y.ent.-Fe0.1-3-3 (!) 557080
PAOI-Fel-1-1 12807183 Y.ent.-Fel-1-1 (}) -
PAOI1-Fel-1-2 11645244 Y.ent.-Fel-1-2 (1) 595805
PAOI-Fel-1-3 10283356 Y.ent.-Fel-1-3 (}) 579446
PAOI1-Fel-2-1 9375178 Y.ent.-Fel-2-1 () 3336162
PAOI-Fel-2-2 8598984 Y.ent.-Fel-2-2 () 2360124
PAO1-Fel-2-3 8291202 Y.ent.-Fel-2-3 (1) 1955367
PAO1-Fel-3-1 (Y 2852010 Y.ent.-Fel-3-1 (1) 1085225
PAOI-Fel-3-2 (1) 2684886 Y.ent.-Fel-3-2 (}) 1170889
PAO1-Fel-3-3 (Y 2833409 Y.ent.-Fel-3-3 (1) 788817
PAOI-Fel0-1-1 4383528 Y.ent.-Fel0-1-1 () 773853
PAOI1-Fel0-1-2 4377226 Y.ent.-Fel0-1-2 (1) 3387622
PAO1-Fel0-1-3 4618705 Y.ent.-Fel0-1-3 () 744164
PAOI1-Fel0-2-1 186216 Y.ent.-Fel0-2-1 (1) 2953913
PAOI1-Fel0-2-2 197427 Y.ent.-Fel0-2-2 (1) 2613894
PAOI1-Fel0-2-3 194361 Y.ent.-Fel0-2-3 (1) 2480013
PAOI1-Fel0-3-1 () 1738035 Y.ent.-Fel0-3-1 () 756428
PAOI-Fel0-3-2 (1) 1853227 Y.ent.-Fel0-3-2 (1) 773518
PAOI1-Fel0-3-3 (1) 1641178 Y.ent.-Fel0-3-3 (1) 581599
PAOI1-Fel00-1-1 253385 Y.ent.-Fel00-1-1 (1) 93227
PAOI1-Fel00-1-2 225771 Y.ent.-Fel00-1-2 () 93362
PAOI1-Fel00-1-3 244510 Y.ent.-Fel00-1-3 (1) 95221
PAOI1-Fel00-2-1 1641767 Y.ent.-Fel00-2-1 (1) 211173
PAO1-Fel00-2-2 1513766 Y.ent.-Fel00-2-2 (1) 231763
PAO1-Fel00-2-3 1288570 Y.ent.-Fel00-2-3 (1) 85854
PAO1-Fel00-3-1 (1) 198470 Y.ent.-Fel00-3-1 (1) 145090
PAOI1-Fel00-3-2 (1) 182849 Y.ent.-Fel00-3-2 (1) 136575
PAO1-Fel00-3-3 (1) 187298 Y.ent.-Fel00-3-3 (1) 123614

excluded due to insufficient extraction,
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Supplementary Table 3 Screening for aerugine in PAO1, K. pneumoniae and Y. enterocolitica. (!) indicates

error in sample preparation.

Organism Medium, incubation temperature Integrated
Area

K. pneumoniae | M8; 37 °C NF

Y. enterocolitica | MS; 37 °C NF

PAO1 PGM; 37 °C 305806

K. pneumoniae | PGM; 37 °C NF

Y. enterocolitica |PGM; 37 °C NF

PAO1 PMH; 37 °C 376562

K. pneumoniae | PMH; 37 °C NF

Y. enterocolitica | PMH; 37 °C NF

K. pneumoniae | TSYM; 37 °C NF

Y. enterocolitica | TSYM; 37 °C NF

K. pneumoniae | Marine broth; 37 °C NF

Y. enterocolitica | Marine broth; 37 °C NF

K. pneumoniae | M8 (100 uM salicylic acid; 100 pM L-cysteine) NF

Y. enterocolitica | M8 (100 uM salicylic acid; 100 uM L-cysteine) NF

K. pneumoniae | PMH (100 uM salicylic acid; 100 uM L-cysteine) NF

Y. enterocolitica | PMH (100 uM salicylic acid; 100 pM L-cysteine) 2170259

K. pneumoniae | PMH (100 uM salicylic acid; 100 uM L-cysteine; 0.1 uM FeCl;) | NF

Y. enterocolitica | PMH (100 uM salicylic acid; 100 pM L-cysteine; 0.1 pM FeCls) | 2154867

K. pneumoniae M9 (0.5% Casamino acids; 100 uM salicylic acid; 100 uM L- | NF
cysteine); 37 °C

K. pneumoniae M9 (0.5% Casamino acids; 1 mM CaCly; 100 pM salicylic acid; | NF
100 uM L-cysteine); 37 °C

K. pneumoniae PGM (100 uM salicylic acid; 100 uM L-cysteine); 37 °C NF

K. pneumoniae TSYM (100 uM salicylic acid; 100 uM L-cysteine); 37 °C NF

K. pneumoniae M9 (0.5% Casamino acids; 200 uM salicylic acid; 200 uM L- | NF
cysteine); 37 °C

K. pneumoniae M9 (0.5% Casamino acids; 1 mM CaCly; 200 pM salicylic acid; | NF
200 uM L-cysteine); 37 °C

K. pneumoniae PGM (200 uM salicylic acid; 200 uM L-cysteine); 37 °C NF

K. pneumoniae TSYM (200 uM salicylic acid; 200 uM L-cysteine); 37 °C NF

K. pneumoniae () | PGM (deferrated, 100 pM salicylic acid; 100 uM L-cysteine); | 806034
25°C

K. pneumoniae () | PGM (deferrated); 25 °C 722838

K. pneumoniae (!) | PGM (deferrated, 100 pM salicylic acid; 100 pM L-cysteine); 37 | 731518
°C

K. pneumoniae (!) | PGM (deferrated); 37 °C 670821
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Supplementary Table 4 Detected pyochelin concentrations. (IA = Integrated Area)

sample pyochelin I [TA] pyochelin II [TA] pyochelin I + 11 [IA]
PAO1-Fe0.1-1-1 136377648 87101850 223479498
PAO1-Fe0.1-1-2 124177688 79456292 203633980
PAO1-Fe0.1-1-3 98054044 61348147 159402191
PAO1-Fe0.1-2-1 208123379 125277880 333401259
PAOI1-Fe0.1-2-2 191077627 115765212 306842838
PAO1-Fe0.1-2-3 203850264 122139235 325989499
PAO1-Fe0.1-3-1 70587202 39692320 110279522
PAO1-Fe0.1-3-2 69286388 38555717 107842105
PAOI1-Fe0.1-3-3 72773984 40146966 112920950
PAOI1-Fel-1-1 207226046 129572448 336798495
PAOI1-Fel-1-2 200771280 127499824 328271105
PAOI-Fel-1-3 0 110548115 110548115
PAOI-Fel-2-1 198463541 117730761 316194303
PAO1-Fel-2-2 194376256 113704294 308080549
PAOI-Fel-2-3 180374122 105142698 285516820
PAOI1-Fel-3-1 0 40677520 40677520
PAOI-Fel-3-2 73821033 41795434 115616468
PAOI1-Fel-3-3 70099520 39051741 109151262
PAOI1-Fel0-1-1 81861482 47996967 129858449
PAOI-Fel0-1-2 81691103 47725741 129416844
PAOI1-Fel0-1-3 0 52310719 52310719
PAOI1-Fel0-2-1 6470077 2051549 8521626
PAOI1-Fel0-2-2 7196514 2230462 9426975
PAO1-Fel0-2-3 7043355 2139363 9182718
PAOI1-Fel0-3-1 42580887 24780071 67360957
PAOI1-Fel0-3-2 41741914 23905084 65646998
PAOI1-Fel0-3-3 36891145 20741439 57632585
PAOI1-Fel00-1-1 610286 279091 889377
PAOI1-Fel00-1-2 559141 261932 821073
PAOI1-Fel00-1-3 1031182 432283 1463465
PAOI1-Fel00-2-1 36951580 17544812 54496392
PAOI1-Fel00-2-2 32234579 15086814 47321394
PAOI1-Fel00-2-3 33443896 15868396 49312292
PAO1-Fel00-3-1 3501678 1132597 4634275
PAO1-Fel00-3-2 3396652 1115767 4512419
PAO1-Fel00-3-3 3238469 1112685 4351155

97



